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ABSTRACT: Ligand-mediated polymeric micelles have enormous potential
for improving the efficacy of glioma therapy. Linear—dendritic drug—polymer
conjugates composed of doxorubicin (DOX) and polyethylene glycol (PEG)
were synthesized with or without modification of choline derivate (CD). The
resulting MeO—PEG—DOX; and CD—PEG—DOXj could self-assemble into
polymeric micelles with a nanosized diameter around 30 nm and a high drug
loading content up to 40.6 and 32.3%, respectively. The optimized formulation
20% CD—PEG—DOX; micelles had superior cellular uptake and antitumor
activity against MeO—PEG—DOX; micelles. The subcellular distribution using
confocal study revealed that 20% CD—PEG—DOX; micelles preferentially
accumulated in the mitochondria. Pharmacokinetic study showed area under
the plasma concentration—time curve (AUC,_,) and C,,,, for 20% CD—PEG—
DOX; micelles and DOX solution were 1336.58 + 179.43 mg/L-h, 96.35 +
3.32 mg/L and 140 + 0.19 mg/Lh, 1.1S + 025 mg/L, respectively.

Biodistribution study showed the DOX concentration of 20% CD—PEG—DOXj; micelles treated group at 48 h was 2.37-fold
higher than that of MeO—PEG—DOX; micelles treated group at 48 h and was 24 fold-higher than that of DOX solution treated
group at 24 h. CD—PEG—DOX; micelles (20%) were well tolerated with reduced cardiotoxicity, as evaluated in the body weight
change and HE staining studies, while they induced most significant antitumor activity with longest media survival time in an
orthotopic mouse model of U87-luci glioblastoma model as displayed in the bioluminescence imaging and survival curve studies.
Our findings consequently indicated that 20% CD—PEG—DOX; micelles are promising drug delivery system for glioma

chemotherapy.
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Bl INTRODUCTION

With the rapid progress of nanotechnology, nanomedicines
have sparked a rapidly growing interest as they have shown
great promise to overcome intrinsic limitations associated with
small molecule chemotherapeutic drugs, such as poor water
solubility, undesired pharmacokinetics, and severe side
effects." ™ Among them, drug—polymer conjugates and nano-
particles have been explored as drug carriers for delivery of
chemotherapeutic drugs. Due to their tunable particle sizes and
surface properties, these drug delivery systems are regarded as
the hot area of anticancer research, especially in combination of
advantages of both drug—polymer conjugates and nano-
particles.*™”

Some drug—polymer conjugates including antibody drug
conjugates (ADC) with well-defined structures have reached
the clinical trials.”” The solubility of chemotherapeutic drugs
could be increased by covalent linkage to water-soluble
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polymers like N-(2-hydroxypropyl) methacrylamide (HPMA)
and poly(ethylene glycol) (PEG)."”"" The tumor specificity
could be improved by conjugation to tumor targeting
antibodies. Well-defined structure, prolonged blood circulating
time, and specific tumor targeting contributed to the superior
antitumor effects. However, in order to avoid the fast renal
clearance and maximize the tumor targeting, these polymers or
antibodies are often designed to have molecular weights higher
than 30—40 kDa, thus leading to relatively low drug loading
content.'”"* The exposure of payloads to the plasma may cause
drug degradation. Besides, the large amount use of polymers or
antibodies not only increases the cost, but also potentially
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imposes safety issues. "> Thus, these major problems remain
to be solved for the optimum design of drug delivery systems.

Nanoparticles are also promising drug delivery systems that
have been widely studied in both preclinical and clinical trials
for systemic cancer treatment. Among them, polymeric micelles
are of particular interest.'"*° Polymeric copolymers with
appropriate hydrophobic to hydrophilic ratios could self-
assemble into core—shell micelles. The chemotherapeutic
drugs can be encapsulated inside the hydrophobic core with
high drug loading content and protected from degradation. The
drug loaded micelles could accumulate preferentially in solid
tumors through enhanced permeability and retention (EPR)
effect. Besides, the sides effects could be avoid by the alerted
biodistribution. However, the burst dilution, plasma protein
adsorption, high blood flow shear stress, and uptake by kupffer
cell or reticuloendothelial system could lead to instability of
micelles.”' ™’ Thus, the in vivo stability of micelles should be
further improved.

The ideal drug delivery systems should integrate the
advantages of drug—polymer conjugates and micelles including
well-defined structure, long blood circulation time, specific
tumor targeting and high drug loading content. Polymeric
copolymers with various architectures, including linear and
linear—dendritic copolymers, have been explored as drug
%732 Compared with linear amphiphilic block copoly-
mers, linear—dendritic copolymers are a unique class of
polymers with good biocompatibility, well-defined structure
and tunable aggregation properties. Due to more easily deform
and reptate through the pores of the renal, the linear—dendritic
architecture has superior in vivo stability against the linear
one.””** Given that linear—dendritic copolymers have tunable
aggregation properties, the combination of linear hydrophilic
and dendritic hydrophobic blocks or of linear hydrophobic and
dendritic hydrophilic blocks has proven to be a promising
approach to build amphiphilic copolymers that can self-
assemble into micelles with high drug loading content.*>*°
The tumor-specific targeting could be achieved by introducing
the targeting moiety to one end of polymer. Taking these
together, we could integrate the advantages of linear—dendritic
architecture and tunable aggregation property by using water-
soluble polymers as hydrophilic segments and chemotherapeu-
tic drugs as hydrophobic segments, which are covalently linked
to water-soluble polymers. The water-soluble polymers could
be further modified with targeting ligand. These amphiphilic
drug—polymer conjugates could self-assemble into micelles as
ideal drug delivery systems.

Glioma, the most common intracranial tumor, is considered
as an incurable disease due to its high mortality and poor
prognosis. Many classic and effective chemotherapeutics cannot
reach the glioma due to the poor drug penetration caused by
the vascular/tumor barrier such as blood—brain tumor barrier
(BBTB) and blood—brain barrier (BBB). Some of the BBTB
derived from normal brain microvessels retain some features of
BBB and have smaller pores than other solid tumor.’” As
compared with other nanomedicines, micelles (in the sub-100
nm range) could penetrate and accumulate more effectively in
solid tumors (such as pancreatic and glioma tumors) due to
their small sizes.”®”” The dual targeting to BBB and glioma
could be achieved by targeting ligand. Thus, drug—polymer
conjugates with BBB targeting moiety which could self-
assemble into micelles could serve as ideal drug delivery
systems for glioma therapy.

carriers.

In this study, we proposed a novel polymeric micelle system
for glioma therapy. Choline derivate (CD) with dual BBB and
glioma transporter affinities was utilized as the targeting
ligand.**~* PEG was chosen as the hydrophilic segment
because it was the most widely used shell forming polymer that
can prolong the blood circulation time of nanomedicines.
Besides, it was one of the safe polymers approved by the Food
and Drug Administration. Doxorubicin (DOX), an anthracy-
cline antibiotic, was selected as the model drug and
hydrophobic segment. It was among the most widely used
anticancer agents that inhibited the growth of many cancerous
cell lines, including glioblastoma.“”44 Besides, the florescent
nature ensured the precise tracking of the micelles. DOX was
covalently linked to eight hydroxyl ends of PEG through
carbonate bonds. Two drug-conjugating polymers, CD—PEG—
DOXg and MeO—PEG—DOX;, were synthesized and charac-
terized. The micelles were prepared via a dialysis method. The
particle size, in vitro release, cellular uptake, and intracellular
distribution were investigated. The formulation was optimized
in the pharmacokinetics study. The biodistribution, tumor
accumulation, antitumor activity, and cytotoxicity were fully
evaluated.

B MATERIALS AND METHODS

MeO-PEG-OH (MW S kDa) was purchased from Yuanye
Technology (Shanghai, China). Doxorubicin HCI was obtained from
melonepharma (Dalian, China). CD was synthesized as published
previously.”> Other reagents, if not specified, were purchased from
Sigma-Aldrich and used without purification.

Synthesis and Characterization of MeO—PEG-DOXz; and
CD—PEG—DOX;3. MeO—PEG—OH; was synthesized as previously
described, comprising a 5 000 MW PEG segment and 8 hydroxyl
groups.” Attachment of CD was performed as below.

MAL-PEG—OH with a molecular weight of 5 kDa (360 mg, 1
equ.) and CD (99 mg, 2 equiv) was dissolved in 3 mL of MeOH and
the reaction mixture was stirred overnight at room temperature. The
excess CD was purified by dialysis against H,O using a Green bird
membrane (MWCO = 3500), followed by distillation to afford 380 mg
of CD—PEG—OH. The final product was characterized by '"H NMR
which was recorded on a Bruker AMX-600 NMR spectrometer, using
tetramethylsilane (TMS) as an internal standard and (CDj;),SO as
solvent.

CD-PEG-OH (380 mg, 1 equiv) was dissolved in 4 mL of
CH,Cl,. Benzylidene-2,2-bis(oxymethyl) propionic Anhydride (90 mg,
2 equiv) and DMAP (6 mg, 0.4 equiv) was added. Then, the reaction
mixture was stirred for 6 h at room temperature. The excess anhydride
was quenched by adding 1 mL of MeOH. After stirring for another S
h, the mixture was precipitated into 250 mL of diethyl ether. The
precipitate was filtered to afford the product as a white powder. The
benzylidene protection was removed by acidic hydrolysis. The white
powder was dissolved in 4 mL of 1 N HCl and reacted for 5 h at room
temperature. The product was purified by dialysis against H,O,
followed by distillation to afford 300 mg of CD—PEG—OH,.

CD—PEG-OH, (300 mg, 1 equiv) was dissolved in 4 mL of
CH,Cl,. Benzylidene-2,2-bis(oxymethyl) propionic Anhydride (275
mg, 8 equiv) and DMAP (18 mg, 1.6 equiv) was added. Then the
reaction mixture was stirred for 15 h at room temperature. The excess
anhydride was quenched by adding 1 mL of MeOH. After stirring for
another 7 h, the mixture was precipitated into 250 mL of diethyl ether.
The precipitate was filtered to afford the product as a white powder.
The benzylidene protection was removed by acidic hydrolysis. The
white powder was dissolved in 4 mL of 1 N HCI and reacted for 15 h
at room temperature. The product was purified by dialysis against
H,O0, followed by distillation to afford 230 mg of CD—PEG—OH,.

CD-PEG-OH, (230 mg, 1 equiv) was dissolved in 4 mL of
CH,Cl,. Benzylidene-2,2-bis(oxymethyl) propionic Anhydride (326
mg, 20 equiv) and DMAP (19 mg, 4 equiv) was added. Then the
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reaction mixture was stirred for 15 h at room temperature. The excess
anhydride was quenched by adding 1 mL of MeOH. After stirring for
another 8 h, the mixture was precipitated into 250 mL of diethyl ether.
The precipitate was filtered to afford the product as a white powder.
The benzylidene protection was removed by acidic hydrolysis. The
white powder was dissolved in 4 mL of 1 N HCI and reacted for 24 h
at room temperature. The product was purified by dialysis against
H,O0, followed by distillation to afford 130 mg of CD—PEG—OH;.
The final product was characterized by 'H NMR as described above.

MeO—PEG—OH, (150 mg, 1 equiv) was dissolved in 8 mL of
CH,Cl,, and pyridine (650 uL, 320 equiv) was added, followed by 4-
nitrophenyl chloroformate (820 mg, 160 equiv). The reaction mixture
was stirred at room temperature overnight, and then the white solid
was filtered off and washed with CH,Cl,. Then, the product was
precipitated into 200 mL of diethyl ether. The resulting white powder
was filtered to afford the product as well as some excess 4-nitrophenyl
chloroformate and pyridinium chloride. The resulting white solid (70
mg, 1 equiv) was dissolved in 2 mL of anhydrous N,N-
dimethylformamide (DMF), and DOX HCI (119 mg, 20 equiv) was
added, followed by triethylamine (54.8 uL, 40 equiv). The reaction
mixture was then stirred in the dark for 24 h. The product was purified
by preparative SEC (Sephadex LH20, GE Healthcare) in 99:1
methanol/acetic acid. The high-molecular-weight fractions were
purified further by preparative SEC (Sephadex G2S, GE Healthcare)
in water. The high-molecular-weight fraction was lyophilized to
provide MeO—PEG—DOX; as a red powder (78 mg). The final
product was characterized by 'H NMR. The amount of DOX
conjugated to the copolymer was determined by measuring the
absorbance at 488 nm of a solution of copolymer in water, using an
extinction coefficient for DOX of 11 500 L-mol™"-cm™."> The weight-
average molecular weight (M,) and polydispersity index were
measured by gel permeation chromatography (GPC, Polymer
Laboratories Inc.). The polymer was dissolved in tetrahydrofuran.
Polystyrene standards were used to generate the calibration curve.
These tests were conducted using tetrahydrofuran as a carrier solvent
at 35 °C with a flow rate of 1 mL/min.

CD-PEG—OHy (130 mg, 1 equiv) was dissolved in 6 mL of
CH,Cl,, and pyridine (43S uL, 320 equiv) was added, followed by 4-
nitrophenyl chloroformate (548 mg, 160 equiv). The reaction mixture
was stirred at room temperature overnight, and then the white solid
was filtered off and washed with CH,Cl,. Then the product was
precipitated into 200 mL of diethyl ether. The resulting yellow solid
like product was filtered and dried on vacuum. The resulting product
was dissolved in 2 mL of anhydrous DMF, and DOX HCl (128 mg, 20
equiv) was added, followed by triethylamine (59 uL 40 equiv). The
reaction mixture was then stirred in the dark for 24 h. The product was
purified as described above. The high-molecular-weight fraction was
lyophilized to providle CD—PEG—DOX; as a red powder (65 mg).
The final product was characterized by 'H NMR and GPC as
described above. The amount of DOX conjugated to the copolymer
was also determined spectroscopically.

Preparation and Characterization of MeO—PEG—-DOX; and
CD—-PEG—DOX; Micelles. The micelles were prepared via a dialysis
method. Briefly, 5 mg of MeO—PEG—DOX; or CD—PEG—DOX; was
dissolved in 1 mL of DMF and dialysis against H,O for 24 h. The
micellar solutions were then filtered through 0.22 ym filters and stored
at 4 °C. For micelles with different CD—PEG—DOX; weight ratios (n
% CD—PEG—DOXg, n = 10, 20, 40), a mixture of 1—n % of MeO—
PEG—DOX; and n% of CD—PEG—DOX; was dialysis against H,O to
obtain the designed micelles.

The morphologies of the micelles were observed by transmission
electron microscopy (TEM; Tecnai G2 spirit Biotwin, FEI). A drop of
MeO—-PEG—DOX; or 20% CD—PEG—DOX; micellar solution was
deposited on a carbon-coated copper grid and excess solutions were
tapped with a filter paper. Then, the grid was dried at room
temperature before visualization.

Cellular Uptake. U87-luci cells were obtained from American
Type Culture Collection (ATCC, Rockville, MD, USA) and cultured
at 37 °C in a humidified 5% CO, atmosphere. Growth medium was
Dulbecco’s modified Eagle’s medium (DMEM) which supplemented
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with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 ug/
mL streptomycin. U87-luci cells were seeded at a density of 5 X 10*
cells/well in 6-well plates (Corning-Coaster, Tokyo, Japan). Cells were
incubated for 24 h and checked under the microscope for confluency
and morphology. Then, cells were incubated with DOX, MeO—PEG—
DOX; or 20% CD—-PEG—DOX; micelles with equal DOX
concentration of 10 pg/mL for 4 h at 37 °C, respectively. Free
excessive CD (1 mM) was also added to block the targeting effect.
Then, cells were digested, centrifuged, and washed twice with PBS.
The fluorescence intensity was analyzed using a flow cytometer
(FACSCalibur, BD Biosciences, Bedford, MA) equipped with an argon
ion laser (488 nm) as the excitation source. The cells without any
treatment used as the control. For each flow cytometer analysis, 1 X
10* events were collected and data were analyzed using BD FACSDiva
software (BD Biosciences).

Cytotoxicity Assay. The cytotoxicity of DOX, MeO—PEG—
DOX; and 20% CD—PEG—DOX; micelles against U87-luci cells was
evaluated by MTT assay. Cells were seeded at a density of 5 X 10°
cells/well in a 96-well plate. After 24 h incubation, cells were then
washed twice with Hank’s solution and exposed to 160 uL of different
concentrations of DOX, MeO—PEG—DOX; or 20% CD—-PEG—
DOX; micelles at 37 °C for 48 h. To assess cell viability, 40 uL of
MTT (2.5 mg/mL) solution was added into each well and incubated
at 37 °C for 2 h. The medium was removed and 100 yL of DMSO was
added to each well to dissolve the formazan crystals formed by the
living cells. Cells without treatment were served as control
Absorbance was read at 570 nm and corrected at 630 nm by dual
wavelength detection using a Multiskan MK3 microplate reader
(Thermo Scientific). Cell viability was calculated as the survival
percentage of control.

Subcellular Distribution. U87-luci cells were seeded at a density
of § X 10* cells/well in a 15 mm glass bottom cell culture dish (NEST,
Wuxi, China). Cells were incubated for 24 h and checked under the
microscope for confluency and morphology. Then cells were
incubated with DOX or 20% CD—PEG—DOX; micelles with equal
DOX concentration of 10 ug/mL for 2 or 24 h at 37 °C, respectively.
Ten micorliters (10 uL) of of Hochest 33342 (1 ug/mL in Water) and
1 uL of Mito Tracer Red FM (0.5 pg/mL in DMSO) was added 10
min before imaging. Cells were examined using a confocal microscopy
(Carl Zeiss LSM710, Germany).

Pharmacokinetics and Biodistribution Studies. The pharma-
cokinetics of different DOX formulations were detected in SD rats
administered intraveinously (iv) via the tail vein at a dose of S mg
DOX-equiv/kg (n = 6). The blood samples of each group were
collected in heparinized tubes at different time point (0.083, 0.25, 0.5
1, 2, 4, 8, 12, 24, 48 h). The biodistribution study was performed in
U87-luci-bearing nude mice. For xenograft model, nude mice were
anaesthetized by intraperitoneal (ip) injection of 10% chloral hydrate.
U87-Luci cells (1 X 10° in § uL PBS) were implanted into the right
striatum (1.8 mm right lateral to the bregma and 3 mm of depth) of
the mice by using a stereotactic fixation device with mouse adaptor. At
the 28th day after implantation, model mice received DOX solution,
MeO—-PEG—DOX; and 20% CD—PEG—DOX; micelles at a dose of 5
mg DOX-equiv/kg (n = 4). Mice were sacrificed by cervical dislocation
(2, 24, and 48 h after administration), and their main organs were
excised, washed with cold saline, dried over filter paper, weighed, and
frozen at —80 °C until analysis. All animal experiments were carried
out in accordance with guidelines evaluated and approved by the ethics
committee of Fudan University, Shanghai, China.

Determination of DOX was performed after acid hydrolysis to
release doxorubicinone from polymer-bound DOX followed by
HPLC."® Briefly, S0 uL of plasma sample or 10% (w/v) tissue
homogenate was exposed to S0 uL of 4 M HCI at 60 °C for 0.5 h.
Then, 200 uL of MeOH was added to precipitate the proteins.
Following centrifugation twice (12000 rpm, S min), 20 uL of each
sample was injected into HPLC (Agilent, ODS C18 column (4.6 X
250 mm, S ym particle size), 0.01 M KH,PO,/acetonitrile/acetic acid
= 65:35:0.3 (v/v/v), 1.0 mL/min, RT, Ex/Em = 480/560 nm) for
doxorubicinone quantification.
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Figure 1. Synthetic route of MeO—PEG—DOX; and CD—PEG—DOXG.

Tumor Distribution. At the 28th day after implantation, model
mice received DOX solution, MeO—PEG—DOX; and 20% CD—
PEG—DOX; micelles at a dose of 5 mg DOX-equiv/kg. Mice were
sacrificed by cervical dislocation 48 h after administration, and the
excised brain tumors were fixed in 4% paraformaldehyde for 48 h,
placed in 15% sucrose PBS solution for 24 h until subsidence, then in
30% sucrose for 48 h until subsidence. Afterward, brain tumors were
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frozen in OCT embedding medium (Sakura, Torrance, CA) at —80
°C. Frozen sections of 20 um thickness were prepared with a cryotome
Cryostat (Leica, CM 1900, Wetzlar, Germany) and stained with 300
nM DAPI for 10 min at room temperature. The slides were mounted
with coverslips and visualized with a confocal microscopy.
Antitumor Efficacy. U87-Luci-bearing mice received three
injections of DOX solution, MeO—PEG—DOX; and 20% CD-—
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Figure 2. '"H NMR spectrum of (A) MeO—PEG—DOX;, (B) CD—PEG—OHj, and (C) CD—PEG—DOX,. The red arrows indicate the specific

peak of each segment.

PEG—DOX; micelles at a dose of 5 mg DOX-equiv/kg on days 14, 21,
and 28. Control groups received PBS only. Mice were imaged
noninvasively for luciferase expression 2 days after each injection (days
16, 23, and 30). Briefly, 150 mg/kg D-luciferin was administered via
intraperitoneal injection, and mice were anesthetized with 1%
isoflurane/oxygen mixture. Then, bioluminescence imaging was
obtained at 15 min post luciferin injection using IVIS Spectrum with
Living Image software 4.2 (Caliper Life Science). The quantitative
total bioluminescence was measured by drawing regions of interest
(ROIs) around tumor areas enclosing emitted signals. Background was
subtracted by measuring same sized ROIs in areas without light
emission (n = 3). For survival study, all groups were inspected twice
daily. Survival time of the animals and body weights were also
recorded (n = 12).

Toxicity Evaluation. U87-Luci-bearing mice received three
injections of DOX solution, MeO—PEG—DOX; and 20% CD-—
PEG—DOX; micelles at a dose of S mg DOX-equiv/kg on days 14, 21,
and 28. One day after the treatment, mice were sacrificed, and sections

of the main organs were stained with hematoxylin and eosin.

B RESULTS AND DISSCUSION

Design, Synthesis, and Characterization of MeO—
PEG-DOXg and CD—PEG—DOXg. In a general perspective,
hydrophobic chemotherapeutics can be loaded into micelle
delivery systems in a covalent or noncovalent manner."’
Regardless of release profile, covalently loaded drugs have long
blood circulation times, which could maximize the EPR effect.>®
Besides, it was possible to maintain the drug concentration
inside the therapeutic window for longer time in the tumor
tissue as compared to free drug. In our previous work, we
synthesized an amphiphilic copolymer, MeO—PEG—RA; for
the successful delivery of paclitaxel to breast cancer.” In this
study, we designed a linear—dendritic copolymer composed of
polyethylene glycol (PEG) and doxorubicin (DOX). This
copolymer was further attached with targeting ligand CD and
spontaneously assembled into micelle.

The overall synthetic route is shown in Figure 1. First, the
targeting ligand CD was attached to MAL—PEG—OH via
Michael addition. The amplification of hydroxyl ends achieved
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Figure 3. Characterization of micelles. Transmission electron microscopy (TEM) micrographs of (A) MeO—PEG—DOX; and (B) 20% CD—PEG—
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through three rounds of anhydride acylation and acetal
hydrolysis, resulting CD—PEG—OHj. Analysis of 'H NMR
spectrum showed the successful CD conjugation, with the
appearance of CD isoquinoline protons observed (Figure 2B).
Further analysis of the integration values indicated that CD—
PEG—OHj contained 1.06 CD. DOX was conjugated to CD—
PEG—OHjg and MeO—PEG—OH; using 4-nitrophenyl chlor-
oformate as a linker. And the resulting CD—PEG—DOX; and
MeO—PEG—DOX; was characterized by '"H NMR and GPC
(Figure 2, Supporting Information Figure S1). Peaks between 7
and 8 ppm represented the protons of anthracene ring in DOX.
Because of the overlapped integration, it was difficult to
calculate the numbers of DOX conjugated to the copolymer.
We utilized GPC and UV absorption at 488 nm to evaluate the
conjugation efficiency. The DOX conjugation degree calculated
from GPC results was 7.85 for MeO—PEG—DOXj and 6.05 for
CD-PEG-DOX,. The amount of DOX conjugated to
copolymer was 40.6 and 32.3%. These results indicated the
successful synthesis of liner-dendritic copolymers.
Preparation and Characterization of Micelles. Micelle
structures formed spontaneously upon dialysis against ddH,O.
The TEM images showed both homogeneous sizes of MeO—
PEG-DOX; and 20% CD-PEG-DOX; micelles (Figure
3A,B). The optimization of CD conjugation was discussed in
the pharmacokinetic studies. Both micelle formulations were
around 30 nm, as determined by DLS (Figure 3C,D). Using a
dialysis method, DOX solution showed a rapid release of 40%
of the drug in the first hour, and the total release was almost
90% by 24 h. However, MeO—PEG-DOX; or 20% CD—
PEG—DOX; micelles either exhibited slow drug release, with
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cumulative release less than 10% of the drug by 24 h in PBS
solutions (Supporting Information Figure S2).

Cellular Uptake. The cellular uptake of DOX solution,
MeO—PEG—-DOX, and 20% CD—PEG—DOX; micelles into
U87-luci cells was analyzed by flow cytometry. CD—PEG—
DOX; micelle showed higher fluorescent intensity than MeO—
PEG—DOX; micelle which can be decreased by excessive CD.
However, the fluorescent intensity of both micelles treated
groups were much less than that of DOX solution treated group
(Figure 4). Although DOX hydrochloride has high solubility in
the aqueous solution (>10 mg/mL), the anthracene ring in the
molecular structure endows its hydrophobic nature. It can
diffuse through the cell membranes easily via a passive manner.
Thus, the DOX solution had higher cellular accumulation than
micelles treated groups.

Cytotoxicity Assay. The in vitro antitumor activity was
determined by MTT assay as shown in Figure 5. The ICg, of
each group was 14.62, 6.04, and 0.81 pg/mL for MeO—PEG—
DOXg, 20% CD—PEG—DOXg micelles, and DOX solution.
This was consistent with cellular uptake results. The DOX
solution treated group with highest cellular accumulation had
the lowest ICs value, and 20% CD—PEG—DOX; had higher
antitumor activity than that of MeO—PEG—DOX;.

Subcellular Distribution. Although micelle groups had
lower cellular uptake and slow DOX release rate, they both
exhibited moderate antitumor activity as compared with DOX
solution. Herein, subcellular distribution was carried out to
investigate the cytotoxicity mechanism of micelles. As shown in
Figure 6, DOX distributed in both cytoplasm and nucleus
regions after 2 h of incubation. DOX in the cytoplasm was
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Figure S. Cytotoxicity of DOX solution, MeO—PEG—DOXj, and 20%
CD—PEG—DOX; micelles against U87-luci cells. Data are represented
as means + SD (n = 4).

partially colocalized with the mitochondria which was stained
by Mito Tracer Red. DOX in the nucleus was totally
colocalized with Hoechst stained DNA. After 24 h incubation,
the nuclear membranes became permeable. DOX and Mito
Tracer Red were spread out in the whole cell. DOX itself could
preferentially accumulate in the nuclear and insert into DNA to
induce apoptosis. While 20% CD—PEG—DOX, appeared only
in the cytoplasm in the first 2 h. It displayed total colocalization
with the mitochondria, after 24 h of incubation, 20% CD—
PEG-DOX; also appeared in the nucleus. Meanwhile,
penetration of Mito Tracer Red into the nucleus indicated
the leakage of the nuclear membranes. The common pathway
of cellular internalization for micelles was endocytosis.
However, 20% CD—-PEG—DOX; showed obvious accumu-
lation in mitochondria other than in lysosome. In the DNA
mobility retardation study, CD—PEG—DOX; was proved to
intercalate into plasmid DNA at different weight ratios
(Supporting Information Figure S3). The mitochondrial DNA
may also be affected by CD—PEG—DOXg. When the nuclear
membrane became permeable, it could further accumulate into
the chromosomal DNA and induce the tumor apoptosis
together with released DOX. This could be the explanation for

its cytotoxicity.

Pharmacokinetics Study. The long plasma half-lives of
micelles could ensure the maximum beneficial of EPR effect
and specific targeting for tumor accumulation. Micelles with
different CD conjugation ratios may have different blood
retention time. Thus, micelles with different CD—PEG—DOX
weight ratios (n% CD—PEG—DOX,, n = 0, 10, 20, 40, 100)
were iv injected into SD rats. The concentration of DOX in the
plasma was measured at various time points (Figure 7) and the
pharmacokinetic parameters were calculated using noncom-
partmental analysis (Table 1). Compared with DOX solution,
all micelles retained in the blood circulation for long time
except for 100% CD-PEG—DOX;. The linear—dendritic
structure, ester linkage, and the possible n—7x interaction
between anthracene rings of DOX contributed to the high in
vivo stability of micelles. The area under the plasma
concentration—time curve (AUC(0—t)) and mean residence
time (MRT(0—t)) decreased dramatically when the weight
ratio of CD—PEG—DOX; reached 100%. While, there was no
difference in the initial blood concentration and C,,, of all
micelle groups which were 100 times higher than those of the
DOX solution group, respectively. The concentration of DOX
in 100% CD—PEG—DOX, dropped to the same level of that in
DOX solution group 2 h after injection. Make a balance
between targeting and blood circulating time, 20% CD—PEG—
DOX; with high AUC(0—t) and long MRT (0—t) was selected
as the optimal micelle formulation.

Biodistribution Study. U87-Luci-bearing nude mice were
administrated with DOX solution, MeO—PEG—DOX; and
20% CD—PEG—DOX; micelles. Then, DOX concentrations in
main organs and tumors were measured at 2, 24, and 48 h after
administration (Figure 8). For DOX solution treated group,
DOX concentration in all organs decreased along with time.
Because of the long circulating time, DOX concentration in
micelles treated groups increased from 2 to 48 h. The drug
accumulation was significantly greater at 48 h than that at 2 h,
especially in tumors. The DOX concentration of 20% CD—
PEG—DOX; micelle treated group at 48 h was 2.37-fold higher
than that of MeO—PEG—DOX; micelle treated group at 48 h
and was 24 fold-higher than that of DOX solution treated
group at 24 h. This indicated the superiority of micellar
formulation and targeting ligand. Another important phenom-
enon observed was the higher liver uptake of 20% CD—PEG—
DOXg micelle than MeO—PEG—DOX; micelle at each point.
This might be the explanation for dramatic blood concentration
decrease of 100% CD—PEG—DOX; micelle treated group. The
liver uptake could lead to fast clearance of 100% CD—PEG—
DOX;¢ micelle from the blood circulation. This was consistent
with results of positron emission computed tomography (PET)
imaging using FCH, which showed a high background signal in
the liver.*>*

Tumor Distribution. To investigate the tumor penetration
in the tumor and nearby heathy brain tissue, we examined
tumor sections of DOX solution, MeO—PEG—DOX; and 20%
CD—-PEG—-DOX; micelles treated groups under fluorescent
microscope (Figure 9). In the perspective of fluorescent
intensity, DOX was almost undetectable due to the rapid
clearance from the blood circulation 48 h after administration.
Both micelles showed obvious accumulation due to the EPR
effect. 20% CD—PEG—DOX; micelle exhibited more tumor
accumulation than MeO—PEG—DOX; micelle due to the
targeting effect of CD ligand. In the perspective of fluorescent
distribution, both micelles accumulated near the tumor edge. A
similar tumor distribution was found using a CD modified
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Figure 7. Pharmacokinetic profiles in SD rats after iv administration of
DOX solution, MeO—PEG—DOX; and CD—PEG-DOX; with
different CD ratios at a dose of S mg DOX-equiv/kg. Data are
represented as means + SD (n = 6).

nanoprobe which induced a ring-enhancing lesion. The
hyperosmosis prevented the micelles from penetrating into
deeper tumor regions.”” This observation indicated that the

treatment should be started at an earlier stage. Another concern
should be the nonspecific accumulation of 20% CD—PEG—
DOXg micelle in normal brain tissue because the choline
transporter was also expressed in this region. Here, the
fluorescent imaging showed little accumulation of 20% CD—
PEG—DOX; micelle in brain tissue. One explanation was that
both the expression and Vmax of choline transporters in tumors
was higher than those in normal brain tissue.”””"

Antitumor Efficacy. U87-Luci-bearing glioma model had
stable luciferase expression. When ip administrated with D-
fluorescein sodium, the glioma region could release photons for
bioluminescence imaging. This modality could offer a non-
invasive and real-time way to monitor the tumor growth.>”
Nude mice bearing U87-luci glioma xenograft were received
three iv injections of DOX solution, MeO—PEG—DOX; and
20% CD—PEG—DOX; micelles at a dose of 5 mg DOX-equiv/
kg on days 14, 21, and 28. Bioluminescence imaging was
performed on days 16, 23, and 30 and tumor bioluminescence
was quantified by measuring pseudocolor intensity. The body
weight change and median survival time were also monitored
(Figure 10). Compared with the control group, mice in all
treatment groups displayed significantly slower increase rates of

Table 1. Noncompartmental Analysis of Pharmacokinetic Parameters

10% CD—PEG—

parameter DOX MeO—-PEG—-DOX, DOX,
AUC(0—t) (mg/L-h) 140 + 0.19  966.58 + 165.85° 1372.21 + 202.68“
MRT(0—t) (h) 1411 + 1.60 1118 +221 1501 + L11
Cinax (mg/L) 1.15 + 0.25 106.90 + 6.14" 111.49 + 3.99“

20% CD—PEG— 40% CD—PEG— 100% CD—PEG—

DOXg DOXg DOXg
1336.58 + 179.43° 417.05 + 68.85% 67.05 + 2.28"
1521 + 0.40 12.00 + 0.78 0.79 + 0.07°
96.35 + 3.32° 116.68 + 7.12° 105.49 + 5.62°

“P < 0.001 compared with DOX solution. “P < 0.001 compared with other micelle groups. Data were statistically analyzed by one-way ANOVA with

Bonferroni post-test.
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Figure 9. Tumor distribution of DOX solution, MeO—PEG—DOXj and 20% CD—PEG—DOXj; micelles 48 h after iv administration. Brain tumor
sections were imaged under confocal microscope. N, normal brain; T, glioma; dashed line, boundary of the glioma. The nucleus was stained by DAPI

(blue), and red is the signal of DOX.

light intensity. Among these groups, light intensities in MeO—
PEG—DOXj micelle treated groups were higher than those of
DOX solution and 20% CD—-PEG—-DOX; micelle treated
groups. While, DOX exhibited comparable tumor inhibition
with 20% CD—PEG—DOX; micelle (Figure 10A and B). As
estimated from pharmacokinetics and tissue distribution
studies, DOX distributed into the whole body quickly and
nonspecifically. The tumor accumulation was much lower than
micelles. However, DOX itself could be efficiently concentrated
into the nuclear to induce the cell apoptosis. Its therapeutic
effect was confirmed by in vivo apoptosis detection using
TUNEL assay (Supporting Information Figure $4). Compared
with DOX group, the high AUC(0—t) and targeting efficacy
contributed to the tumor accumulation of 20% CD—PEG—
DOXg micelle, which remedied the relatively low in vitro
cytotoxicity. Thus, 20% CD—-PEG—DOX; micelle showed
most significant antitumor activity. The median survival time
was 47 days for 20% CD—PEG—DOXj; micelle treated group,

41.5 days for MeO—PEG—DOX; micelle treated groups, 34.5
days for DOX solution treated group, and 33.5 days for saline
treated group (Figure 10D). Although remarkable tumor
inhibition and apoptosis were observed in DOX treated
group, no benefit of median survival time emerged. Three
doses of DOX solution caused 2 g of body weight loss on
average. No obvious change was found in other groups (Figure
10C).

Toxicity Evaluation. A major bottleneck of using chemo-
therapy in clinical is its side effects. And sometimes these side
effects are lethal for patients including the cardiotoxicity of
DOX.>® Most studies suggested that DOX can be catalyzed into
semiquinone metabolites which can directly kill the cells. At the
same time, large amounts of free radicals in the metabolic
process binding to proteins, nucleic acids, and macromolecules
could further cause cell damage. Besides, DOX had high
binding affinity to the myocardial cardiolipin. This could lead to
sustained damage to cardiac cells. To further evaluate the
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Figure 10. Antitumor efficacy after iv administration of different DOX formulations. U87-Luci-bearing mice received three injection of DOX
solution, MeO—PEG—DOX,, and 20% CD—PEG—DOX; micelles at a dose of 5 mg DOX-equiv/kg on days 14, 21, and 28. Control groups received
PBS only. (A) Noninvasive bioluminescence imaging of U87-luci-bearing mice at different time points after treatment (day 16, 23, 30). (B)
Quantification of signals from the entire abdominal region of each mouse (n = 3) Data were statistically analyzed by unpaired ¢ test. *P < 0.0S and
#*P < 0.01 were considered significant. (C) Body weight change and (D) Kaplan—Meier survival curves of model mice (n = 12). Data are

represented as means + SD.

toxicities of different formulations, sections of main organs,
including heart, liver, spleen, lung, and kidney, were stained
with hematoxylin and eosin. As shown in Figure 11, green
arrows in the heart section of DOX solution treated group
indicated myocardial hypertrophy caused by DOX. An
unexpected finding was the pneumonemia in the lung section
of DOX solution treated group as reveled by black arrows.
While having effective antitumor effect, DOX solution
treatment did not improved the median survival time due to
the above-mentioned toxicities. Another side effect may rise
from the fast clearance of DOX from blood circulation. DOX
could permeate out of the blood vessel wall resulting ulcer and
necrosis of tissues.”* For micelle treated groups, no obvious
toxicities were found in liver even though micelle formulations
had high liver accumulations. As the main metabolic organ, the
liver can dispose a greater dose of DOX without affecting its
normal function. Another inspiring result was that micelles also

induced no obvious cardiotoxicity, regardless of comparable
heart accumulation to DOX solution. The different intracellular
fate may reduce the cardiotoxicity (Figure 6). Micelles also had
no cytotoxicity in other organs. Together with improved tumor
accumulation, reduced side effects maximized the therapeutic
effect of 20% CD—PEG—DOX; micelle.

B CONCLUSION

In this study, MeO—PEG—DOX; and 20% CD—PEG—DOX;
micelles with high drug loading content were synthesized
successfully. Micelles showed both high in vitro and in vivo
stability due to the linear—dendritic architecture. Meanwhile,
20% CD—-PEG—DOX; exhibited higher cellular uptake and
glioma accumulation than MeO—PEG—DOX,. Moreover, the
altered intracellular distribution and improved biodistribution
reduced the cytotoxicity of micelles. Taking those together,
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20% CD—PEG—DOX; maximized the therapeutic effects and
minimized the side effects of DOX. This linear—dendritic
polymer—drug conjugation with CD modification could be a
promising platform for glioma chemotherapy.
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