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ABSTRACT: Recently, micelles, which are self-assembled by
amphiphilic copolymers, have attracted tremendous attention as
promising drug delivery systems for cancer treatment. Thus, the
hydrophobic core of the micelles, which could efficiently en-
capsulate small molecular drug, will play a significant role for the
anticancer efliciency. Unfortunately, the effect of hydrophobicity of
micellar core on its anticancer efficiency was rarely reported.
Herein, the amphiphilic diblock polymers of poly(ethylene glycol)
and polyphosphoester with different side groups (butyl, hexyl,
octyl) were synthesized to tune the hydrophobicity of the micellar
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core. We found that the in vitro cytotoxicity of the DOX-loaded micelles decreased with the increasing hydrophobicity of
micellar core due to the drug release rate. However, following systemic delivery, the DOX-loaded micelles with the most
hydrophobic core exhibited the most significant inhibition of tumor growth in a MDA-MB-231 tumor model, indicating the

importance of hydrophobicity of core on the antitumor eflicacy of drug delivery systems.
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Bl INTRODUCTION

Small molecular chemotherapeutic drugs are still one of the
most common treatments for cancer, but its therapeutic efficacy
is limited by the low bioavailability and side effects.'~* Over the
past decades, self-assembled micelles based on amphiphilic block
copolymers, which can efficiently encapsulate hydrophobic
anticancer drugs,”~' have improved their pharmacokinetics
and biodistribution profile and anticancer effect.''™'® As an
example, Samyang Corporation developed a micelles based on
poly(ethylene glycol)-block-poly(lactide acid) (PEG-b-PLA) to
encapsulate the paclitaxel, known as Genexol-PM, achieving
2—3-fold higher levels of biodistribution in tumors and is
currently launched in the Korean market.'” Among the current
self-assembled micelles as drug delivery system, poly(ethylene
oxide) (PEG) has been most widely used as the outer shell of
micelles due to its superior capability to prevent plasma protein
adhesion, and thus increase the circulation time of drug follow-
ing intravenous injection.lg_21 On the other hand, biodegrad-
able aliphatic polyesters, including poly(lactide acid) (PLA),**
poly(d,l-lactide-co-glycolide) (PLGA),**** poly(e-caprolac-
tone),”> and poly(hydroxybutyrate),* are usually used as the
hydrophobic core.*” The hydrophobicity of these aliphatic
polyesters contributes to the formation of the hydrophobic core
of micelles.”®* Previous studies from Langer’s group have
demonstrated that the release rate of encapsulated drug depend
on the composition of micellar hydrophobic core, which
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subsequently affect the antitumor efficacy.®® Therefore, the
hydrophobicity of the core could significantly closely relate to
the antitumor efficacy of the drug-loaded micelles. To the best
of our knowledge, the effect of hydrophobicity of the micellar
core on the antitumor efficacy was rarely reported. Because
tuning the hydrophobicity of the micellar core is difficult.
Polyphosphoesters (PPEs) with repeating phosphoester
linkages in the backbone were a kind of biodegradable polymer
for biomedical applications.>" Up to now, lots of PPEs based poly-
mers bearing different reactive pendant groups such as alkyl,>*
hydroxyl,* allyl,** and amino groups® have been developed.
Recently, Wooley et al. have demonstrated that the PPEs could
converted into hydrophobic polymers via introducing a relative
bulky alkyl group.’” The pentavalent nature of phosphorus in
the backbone provides more structural flexibility of PPE poly-
mers. Thus, its properties can be adjusted through changing the
side group conjunct to phosphorus. It is possible to tune the
hydrophobicity of the polyphosphoester by the side chains.
Herein, we synthesized three amphiphilic copolymers of PEG
and PPE via the ring-opening polymerization of cyclic phos-
phoester monomers bearing different alkyl chain lengths. These
amphiphilic block copolymers can self-assemble into core—shell
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Figure 1. (A) GPC spectra of PEG, PEG-b-PBEP, PEG-b-PHEP, and PEG-b-POEP. (B) '"H NMR spectra of PEG-b-PBEP, PEG-b-PHEP, and PEG-
b-POEP (in CDCl,). (C) Excitation spectra of pyrene in aqueous solution of PEG-b-PHEP at various concentrations (4, = 373 nm). (D) Plot of
the I 35/I55; ratio (from pyrene excitation spectra) versus log C for PEG-b-PBEP, PEG-b-PHEP, and PEG-b-POEP.

micelles with a hydrophobic PPE core, which allows the
hydrophobic DOX encapsulation. The influence of hydro-
phobicity of the core about cellular internalization, intracellular
drug release, and in vitro cytotoxicity were observed. Also, the
biodistribution, pharmacokinetics and therapeutic eflicacy for
MDA-MB-231 tumor following systemic administration were
demonstrated to reveal how the hydrophobicity of the micellar
core affects its anticancer efficiency.

B EXPERIMENTAL SECTION

Materials and Characterizations. Pyrene, 1-butanol, 1-hexanol,
and octanol were purchased from Aladdin Chemical Co. Ltd.
(Shanghai, China). 2-Chloro-2-oxo-1,3,2-dioxaphospholane (COP)
was synthesized by a method described previously,*® then it was
distilled under reduced pressure before use. Ultrapurified water (18 M
Q cm) was prepared using a Milli-Q synthesis system (Millipore,
Bedford, MA). The hydrophobic drug DOX was obtained by
incubating DOX-HCl (Zhejiang Hisun Pharmaceutical Co., Ltd,
10.0 mg) with triethylamine (Aladdin Chemical Co., Ltd,, 3.5 mg) in
dimethyl sulfoxide (DMSO) overnight. Dulbecco’s modified eagle
medium (DMEM) and fetal bovine serum (FBS) were purchased from
Gibco and Hyclone, respectively. Monomethoxy PEG (M, = 5000 g/mol),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
and 1,5,7-Triazabicylo[4.4.0]dec-S-ene (TBD) were purchased from
Sigma—Aldrich.

The molecular weights and the molecular weight distributions
were measured on a Waters gel permeation chromatography (GPC)
system.>” Nuclear magnetic resonance (NMR) spectra were recorded
in deuterated chloroform (CDCl;) or deuterated water (D,0) with an
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AVANCE III 400 MHz NMR spectrometer. The size of the micelles
and size change of micelles incubated with 10% FBS was measured in
aqueous solution by Malvern Zetasizer Nano ZS90 dynamic light
scattering instrument with a He—Ne laser (633 nm) and 90° collecting
optics. The concentration of doxorubicin (DOX) was determined by
high-performance liquid chromatography (HPLC) using a Waters
1525 HPLC system according to previously reported method.*®

Synthesis of Cyclic Phosphoester Monomers. 2-Butoxy-2-oxo-
1,3,2-dioxaphospholane (BEP), 2-hexoxy —2-oxo-1,3,2-dioxaphospho-
lane (HEP) and 2-octoxy-2-oxo-1,3,2-dioxaphospholane (OEP) were
synthesized by esterification of 2-chloro-2-oxo-1,3,2-dioxaphospholane
(COP) with 1-butanol, 1-hexanol, and 1-octanol, respectively. Briefly,
alcohol and triethylamine (TEA) were dissolved in anhydrous tetra-
hydrofuran (THF) at 0 °C. A solution of COP in anhydrous THF was
dropwise added to the former mixture under magnetic stirring. The
molar ratio of COP/TEA/alcohol was 1/1/1. The reaction was carried
out at 0 °C overnight. After the reaction, the salt was removed first
through a Schlenk funnel under N,. The filtrate was concentrated and
distilled under a vacuum to obtain the product.

Synthesis of Diblock Copolymer PEG and PPE. The diblock of
PEG and PPE with different side group was obtained by ring-opening
polymerization of different cyclic phosphoester monomers using PEG
as the macroinitiator. The TBD was used as the catalyst.>* In a typical
example, PEG (0.500 g, 0.10 mmol, M, = 5000 g/mol) and monomer
(3.40 mmol) were mixed in anhydrous THF (9.1 mL) in a fresh
flamed and nitrogen-purged flask. After stirring for 10 min, TBD
(13.9 mg, 0.10 mmol) was added. The reaction was further stirred for
S min, and then terminated with benzoic acid (0.122 g, 1.0 mmol).
The residue was concentrated and precipitated into a cold diethyl
ether/methanol mixture (10/1, v/v) twice.
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Figure 2. Dynamic light scattering measurement and transmission electron microscopic image of (A) NPpyp/DOX, (B) NPpypp/DOX, and (C)
NPpopp/DOX. (D) Changes in size of the micelles NPpppp/DOX, NPpypp/DOX, and NPppp/DOX in DMEM medium containing 10% FBS.
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Figure 3. In vitro release of DOX from NPpppp/DOX, NPpypp/DOX, and NPpogp/pox at different pH (A) 7.4 or (B) S.S.

Critical Micellization Concentration (CMC) Measurements.
To detect the CMCs of these amphiphilic diblock copolymers, we first
prepared the micelles by the dialysis method. Typically, ultrapurified
water (10 mL) was dropwise added to the DMSO solution of the
diblock polymer (10 mg) through a syringe pump under gentle
stirring. After stirring for an additional 3 h, the solution was transferred
to a dialysis tube (MWCO 3500) to remove DMSO. After dialysis
against ultrapure water for 24 h, the micelles were obtained. Sub-
sequently the fluorescence probe pyrene was used to detect the CMC
according to previously reported method.*’

Preparation of DOX-Loaded Micelles. The DOX-loaded
micelles of these copolymers were prepared through nanoprecipitation
method. Typically, the 1.0 mL DMSO solution of diblock copolymers
(10.0 mg) and DOX (1.0 mg) were dropwise added to 10 mL of
ultrapurified water under stirring. After further stirring for 2 h, the
solution was transferred to a dialysis tubing (MWCO 3500) and
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dialyzed against ultrapurified water for 24 h. The unloaded DOX was
removed through a 0.45 um filter (Millipore), and the DOX-loaded
micelles were obtained.

In Vitro Drug Release. DOX-loaded micelles aqueous solution
was suspended in phosphate buffer (PB buffer, 0.02 M, pH 7.4 or 5.5)
at a DOX concentration of 50 yg/mL. The solution (1 mL) was trans-
ferred into the dialysis membrane tubing (MWCO 14 kDa). Then the
tubing was immersed in the each buffer (10 mL) at 37 °C with gentle
shaking (80 rpm). The external PB buffer was collected at pre-
determined intervals and lyophilized for HPLC analysis to determine
the concentration of DOX.

Cell Culture. The human MDA-MB-231 breast cancer cells from
the American Type Culture Collection (ATCC) were cultured in
complete medium (DMEM with 10% FBS) at 37 °C in a 5% CO,
atmosphere.

dx.doi.org/10.1021/am5068723 | ACS Appl. Mater. Interfaces 2014, 6, 2270922718
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Figure 4. (A, B) Flow cytometric analyses of MDA-MB-231 cells after incubation with free DOX or DOX-loaded micelles (NPpggp/DOX, NPpypp/
DOX, and NPpqpp/DOX) for (A) 2 or (B) 4 h. (C) Relative MFI from flow cytometric analyses for 2 and 4 h. (D) Total DOX accumulation in
MDA-MB-231 cells after incubation for 2 and 4 h. The final concentration of DOX in the culture medium was 4.0 pg/mL.

Cell Internalization. For flow cytometric and HPLC analysis,
MDA-MB-231 cells were seeded in 24-well plates (5 X 10* cells per
well). After incubation at 37 °C with 5% CO, overnight, the medim
was replaced with fresh complete DMEM medium. Then, free DOX or
DOX-loaded micelles were added, and the final DOX concentration
was 4.0 yg/mL in the culture medium. After further incubation for
2 or 4 h, the cells were washed with PBS, trypsinized, and fixed with
1% formaldehyde for FACS analyses (FACS Calibur flow cytometer,
BD Biosciences, USA) and HPLC analyses according to a previously
reported method.*'

Additionally, to analyze the intracellular distribution, the
MDA-MB-231 cells were seeded on coverslips in 24-well plates
overnight. The medium was replaced fresh complete medium as
descript above. After being incubated for 6, 12, or 24 h at 37 °C, the
cells were washed with PBS, fixed with 1% formaldehyde, and counter-
stained with Alexa Fluor 488 phalloidin.

In Vitro Cytotoxicity Assays. MDA-MB-231 cells (5000 cells per
well) were seeded in 96-well plates in DMEM (100 uL) and further
incubated overnight. The original medium was replaced with fresh
complete medium containing free DOX or DOX-loaded micelles
at different DOX concentrations. After 72 h of incubation, MTT
assay was used to analyze the cell viability according to the standard
protocol.

Pharmacokinetics Studies. DOX or DOX-loaded micelles were
intravenously injected into ICR mice at a DOX dose of 10 mg per kg
weight (n = 4 for each group). The blood samples were collected at
the predetermined time point. The blood was treated, and the con-
centration of DOX in the plasma was analyzed by HPLC as previously
reported methods.*'

Animals and Tumor Model. Female BALB/c nude mice (6 weeks
old) purchased from the Beijing HFK Bioscience Co., Ltd. were used
to establish a human breast cancer xenograft MDA-MB-231 tumor
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model and all animals received care in compliance with the guidelines
outlined in the Guide for the Care and Use of Laboratory Animals.
The procedures were approved by the University of Science and
Technology of China Animal Care and Use Committee. The cells
(2 X 106 for each mouse) were injected into the mammary fat pat of
female Balb/c nude mice. After the tumor volume reached 60 mm?,
the mice were used for subsequent experiments.

Drug Biodistribution. DOX or DOX-loaded micelles were
intravenously injected into BALB/c nude mice bearing MDA-MB-231
xenograft tumors. The injection dose of DOX was 10 mg per kg
weight (n=4 for each group). For imaging experiment, the mice were
anaesthetized and imaged with a Xenogen IVIS Lumina system
(Caliper Life Sciences, USA) at a predetermined time point. For
quantitative analysis, the mice were sacrificed, and then the organs
were collected, washed with PBS. Subsequently the DOX bio-
distribution was analyzed according to previously reported methods.*
Moreover, the excised tumor tissues were fixed in 4% formaldehyde
and then treated with 30% sucrose overnight. Five ym of tumor frozen
sections were obtained, and counterstained with Alexa Fluor 488
phalloidinand with DAPI, respectively. Finally, the slices were
observed by LCSM.

Inhibition of Tumor Growth. Balb/c nude mice bearing MDA-
MB-231 xenograft tumors were randomly divided into five groups
(n =35), the above formulations were intravenously injected once every
other days at an equivalent DOX dose of 5.0 mg/kg. The volume of
the tumor was monitored every other day, and the estimated volume
was calculated according to the formula: tumor volume (mm®) = 0.5 X
length X width®.

Immunohistochemical Analysis. One day after the last injection,
tumor tissues were excised, fixed in 4% formaldehyde, and embedded
in paraffin for analysis. Paraffin-embedded 5 ym tumor sections were
obtained for immunnohistochemical staining of the proliferating cell

dx.doi.org/10.1021/am5068723 | ACS Appl. Mater. Interfaces 2014, 6, 2270922718
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nuclear antigen (PCNA) and the terminal transferase dUTP nick-end
labeling (TUNEL) assay.*

B RESULTS AND DISCUSSION

Synthesis of Amphiphilic Diblock Polymer of PEG and
PPE with Different Side Groups. To demonstrate the effect
of hydrophobicity of micellar core on anticancer efficiency of
drug-loaded micelles, we synthesized the amphiphilic diblock
polymers of PEG and PPE with different side groups to tune
the hydrophobicity of the micellar core. First, we synthesized
several of cyclic phosphoester monomers with different alkyl
side groups, and obtained the corresponding diblock copolymer
using PEG as macroinitiator. The polymerizations were
accomplished rapidly to high monomer conversion in § min
by TBD catalyzed ring-opening polymerization. Successful syn-
theses were confirmed by GPC and NMR analyses. As shown
in Figure 1A, the elution volumes of these amphiphilic diblock
polymers were all about 21.3 mL, against 22.20 mL of PEG.
Compared with the macroinitiator PEG, the decrease of elution
volume suggested the formation of diblock polymer. The 'H
NMR spectra of diblock polymers were depicted in Figure 1B,
it was found that all the resonances could be assigned to the
corresponding protons. The average degrees of polymerization
(DP) of phosphoester block were calculated by comparisons of
the integrals of proton resonances of PEG backbone (4.35 ppm)
to those of PPE backbone(3.65 ppm), which indicated that the
DP of these three diblock polymers PEG-b-PBEP, PEG-b-PHEP
and PEG-b-POEP were 23, 21, and 21, respectively.

Self-Assembly of Amphiphilic Diblock Polymer of PEG
and PPE with Different Side Groups and DOX Loading.
To demonstrate whether the hydrophobicity of these syn-
thesized polymers can be turned by the side group of PPE
block, we analyzed the CMCs of these polymers by the
fluorescent probe pyrene. As shown in Figure 1C, a red shift of
the fluorescence excitation spectra of pyrene was observed with
the increased concentration of diblock polymer, which indi-
cated micelles were the prepared. The intensity ratios of the
band at 338.0 and 336.0 nm from the excitation spectra were
plotted against copolymer concentrations as shown in Figure 1D.
From the sigmoidal shape curve, the CMC values were calculated
as 1.2 X 107, 6.3 x 107> and 5.2 X 107> mg/mL of PEG-b-
PBEP, PEG-b-PHEP and PEG-b-POEP, respectively. The
longer alkyl side groups will lead to increased hydrophobicity,
resulting in stronger hydrophobic—hydrophobic interaction and
lower CMC. These data demonstrated that these three diblock
polymers (PEG-b-PBEP, PEG-b-PHEP and PEG-b-POEP) can
form micelles with hydrophobic polyphosphoester core, and
the hydrophobicity of core can be tuned by changing the side
groups of PPE block. To further certify this speculation, these
micelles were lyophilized, and the 'H NMR spectra of these
micelles in D,0 were analyzed. As shown in Figure S1 in the
Supporting Information, the signals (5 4.34) assigned to
protons of PPE main chain gradually disappeared when the
alkyl length of the side groups were increased, while signals of
PEG block (3.72 ppm) were still prominent, indicating the
hydrophobicity of hydrophobic polyphosphoester core in-
creased with increasing alkyl length of the side groups.

To demonstrate the effect of hydrophobicity of micellar core
on anticancer efficiency, we used DOX, which is one of the
most commonly used chemotherapeutic drugs in clinic, as a
model anticancer drug. After DOX loading, these three diblock
polymers, PEG-b-PBEP-, PEG-b-PHEP-, and PEG-b-POEP-
based micelles were denoted as NPpgep/poxy NPpyep/pox and

NPpgen/DOX NPp,es/DOX

NPpogs/DOX

Figure S. Cellular subcellular distribution of DOX-loaded micelles
(NPpgep/DOX, NPpypp/DOX, and NPporp/DOX) for different
periods of time.
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Figure 6. Cytotoxicity of DOX-loaded micelles (NPpggp/DOX,
NPpyep/DOX, and NPpogp/DOX) in MDA-MB-231 cells for 72 h.
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Figure 7. Plasma DOX concentration versus time after intravenous
injection of free DOX or DOX-loaded micelles (NPpppp/pox
NPpygp/pox and NPpogp/pox) (mean + SD, n = 4).

NPpogp/pox- As shown in Figure 2, the average sizes of
these three DOX-loaded micelles were around 100 nm. The
size of NPpppp/pox was slightly larger than NPpygppox and
NPpogp/pox- TEM images showed the micelles took on a classic
circular micelle structure with a slightly smaller average
diameter compared with DLS measurements, indicating the
existence of hydrophilic PEG corona in aqueous solution.
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Moreover, the PEG shell prevented aggregation of these
micelles (Figure 2D).

The effect of hydrophobicity of micellar core on the drug
release rate was first evaluated at pH 7.4 and pH S5.5. As shown
in Figure 3A, the drug release rate from NPpopppox Was
significantly decelerated compared with NPpggp/pox and
NPpyep/pox- Moreover, a similar trend was observed when
the DOX-loaded micelles were incubated in buffer at pH 5.5
(Figure 3B). It should be noted that the glass transition
temperature (Tg) for PEG-b-PBEP, PEG-b-PHEP and PEG-b-
POEP were between —60 °C and —80 °C (see Figure S2 in the
Supporting Information). Thus, the polymers were viscous flow
state at room temperature, indicating that the state of the
micellar core did not affect the drug release. Moreover, the drug
release rate from hydrophobic polyphosphoester core was not
affected by the degradation rate of the polymeric carriers.**

These results indicated that the drug release rate was mainly
depended on the hydrophobicity of the polyphosphoester core
in these systems, and the drug release rate decreased with
increasing hydrophobicity of micellar core.

Cellular Internalization and Intracellular Drug Dis-
tribution. We evaluated the cellular internalization of these
DOX-loaded micelles by flow cytometry and HPLC. After
incubation at 37 °C for 2 or 4 h, intracellular fluorescence was
analyzed. As shown in Figure 4A—C, cells incubated with
NPpgep/pox exhibited slightly stronger intracellular fluorescence
than that incubated with NPpygppox or NPpopp/pox. This
result could be because that the release rate of DOX from
NPpgep/poxy Which was quenched after encapsulation (see
Figure S3 in the Supporting Information), was faster than that
from NPpupp/pox ©f NPpopp/pox (Figure 3), which resulted in
the enhanced intracellular fluorescence. The cellular internalization

dx.doi.org/10.1021/am5068723 | ACS Appl. Mater. Interfaces 2014, 6, 2270922718
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was further quantitatively analyzed the concentration of DOX
by HPLC (Figure 4D). According to the HPLC results, it
was clearly demonstrated that cells cultured with these three
DOX-loaded micelles had similar intracellular DOX contents,
indicating that the hydrophobicity of micellar core did not
influence the cellular uptake of these DOX-loaded micelles.

Followed by the FACS and HPLC detection, we demon-
strated whether the hydrophobicity of the micellar core affected
the intracellular DOX distribution by LCSM. As same as the
FACS experiment, we incubated the MDA-MB-231 cells with
DOX-loaded micelles for 2 h. And then the culture medium
was replaced with fresh medium, and further incubated for 4,
10, or 22 h to avoid the extracellular released DOX. Alexa Fluor
488 phalloidin and DAPI were used to counterstain the
cytoskeleton F-actin and cell nuclei, respectively. As displayed
in Figure 5, the red fluorescence from NPpggp/pox, NPpyep/pox
or NPpogp/pox Was dominantly localized in cytoplasm at 6 h.
However, after increased the incubation times, the red DOX
fluorescence was gradually transferred from cytoplasm to
nucleus when the cells were incubated with NPpggp/pox, and
there is merely signal outside the nucleus at 12 h. In contrast,
after 12 h of incubation, most of the DOX were still retained
in in the cytoplasm for NPpygp/pox and NPpogp/pox groups. For
NPpopp/pox With the most hydrophobic core, DOX was rarely
observed in the nuclei even after 24 h of incubation. This result
indicated that the intracellular drug release rate decreased with
increasing hydrophobicity of the micellar core. This phenomen-
on was consistent with the release profile of DOX from these
micelles with different degrees of hydrophobic core (Figure 3).

In Vitro Cytotoxicity Assay of DOX-Loaded Micelles.
DOX disturbed the tumor cells through the inhibition of
replication, transcription and translation of DNA.** We have
demonstrated the intracellular drug release and distribution
could be affected by the hydrophobicity of micellar core.
Furthermore, we incubated tumor cells with these DOX-loaded
micelles for 72 h followed by a standard MTT assay to evaluate
the cytotoxicity of these nanoparticles. As shown in Figure 6,
NPpgep/pox exhibited the strongest cell growth inhibition,
within an ICy, of 0.85 pg/mL, and the highest ICy, was
2.70 pg/mL for NPpogp/pox- These data demonstrated that
although the hydrophobicity of micellar core did not influence
the cellular uptake of these DOX-loaded nanoparticles (Figure 4),
it significantly influence the in vitro cytotoxicity. NPpgrp/pox
with the weakest hydrophobic core was much more efficient in
inhibiting cell growth.

Plasma Pharmacokinetics and Biodistribution. The
tumor environment is highly complex, which could not be
simulated simply in vitro. The effect of hydrophobicity of
micellar core on its in vivo fate was further evaluated. The
pharmacokinetics and biodistribution of these DOX-loaded
micelles were first examined. These DOX-loaded micelles were
intravenous injected into the ICR mice, and free DOX was used
as control. The blood was collected at 5 min, 30 min, 1 h, 2 h,
6 h, 12 h, 24 h, and 48 h later, and the plasma DOX concen-
tration was determined by HPLC. As shown in Figure 7, free
DOX was eliminated rapidly after the intravenous injection.
Among DOX-loaded micelles, the NPppgppox showed a
relatively fastest clearance, which might be attributed to the
fastest drug release rate (Figure 3) and the rapid clearance of
released DOX. In contrast, prolonged half-time in blood
circulation was observed for NPpypppox 0r NPpogp/pox-
Meanwhile, the area under the concentration curve (AUC,,)
of NPpugp/pox (225.65 + 24.48 mg/(L h)) was lower than that

of NPPogp/pox (309.53 + 23.07 mg/(L h)), which analyzed by
DAS 3.0 software. It is worth noting that the significant
difference of the concentration of DOX between NPpygp/pox
and NPpopp/pox wasobserved only after a time point of 6 h.
This result indicated that the micelles with the most
hydrophobic core exhibited the longest circulation time,
whereas NPpggp/pox with the weakest hydrophobic core was
cleared rapidly from the circulation.

Furthermore, to demonstrate the effect of hydrophobicity of
micellar core on drug biodistribution in vivo, we evaluated the
DOX content in tumors following intravenous injection of
above formulations into nude mice bearing MDA-MB-231
tumor model. The distribution was analyzed at different time
point through the fluorescence signal collected by Xenogen
IVIS Lumina system and HPLC quantitative detection. As
shown in Figure 8A, free DOX was mainly cleared through
kidney during first 6 h, and uptake by tumors was 1.46, 1.07, and
049% at 6, 12, and 24 h (Figure 8), respectively. In contrast,
the tumor uptake of DOX was all enhanced for these three
DOX-loaded micelles, and these micelles were primarily retained
in the liver and spleen. Among these DOX-loaded micelles, the
NPpgep/pox showed a lowest accumulation in tumor. For the
other two groups, 2.45 and 2.07% of the injection dose per gram
of tumor was detected for NPpogp/pox at 6 and 12 h, whereas the
NPpyiep/pox only delivered 2.05 and 1.68% of the injection dose to
pre gram of tumor (p < 0.05). Therefore, we speculate that
although the NPpopp/pox exhibited the similar cellular uptake
potencies to NPpgrp/nox and NPpupp/nox (Figure 4), but it could
avoid drug leak in the circulation because of the most hydrophobic
core (Figure 7), resulting in the highest drug accumulation.

In addition, the cellular internalization of these formulations
following intravenous injection was demonstrated by the
confocal microscopic observations of tumor tissue sections
(Figure 9). The strongest red fluorescent signal of DOX in
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Figure 9. Free DOX, NPpgp/DOX, NPpypp/DOX, and NPpopp/DOX
internalized by tumor cell at 48 h after intravenous injection and the
image were observed by LSCM. Cell nucleus and cytoskeleton were
stained by Alexa Fluor 488 phalloidin (green) and DAPI (blue),
respectively.
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Figure 10. (A) Antitumor growth experiment of free DOX, NPpgpp/DOX, NPpypp/DOX, and NPpgpp/DOX to MDA-MB-231-bearing nude mice
(n =5). (B) Tumor weight at the end point of the treatment; (C) hematoxylin-eosin staining, cell proliferation, and apoptosis in tumor tissue after

the treatment.

tumor was observed following NPpopppox administration,
which confirmed that the highest drug accumulation in tumor
tissue was due to the most hydrophobic core.

In Vivo Antitumor Efficacy. To evaluate the anticancer
efficacies of these three DOX-loaded micelles, we establish
MDA-MB-231 breast tumors in situ in Balb/c nude mice. After
the average tumor volume exceeded 60 mm®, mice were
randomly divided into 5 groups and treated with PBS, free
DOX (5.0 mg/kg) and DOX-loaded micelles at equivalent dose
of DOX twice in 1 week. The tumor growth was moderately
inhibited by intravenous injection of free DOX at 5.0 mg/kg
compared with PBS group (Figure 10A). In contrast, all of the
DOX-loaded micelles could inhibit the tumor growth more
effectively compared with DOX groups. Among these three
groups, the NPpggp/pox showed the lowest inhibition, whereas
the NPpopp/pox showed the best tumor inhibition. The tumor
weight was also shown in Figure 10B, further supported the
above result. Moreover, it is worth noting that the repeatedly
injection of these formulations did not induce the change of
body weight during the treatment (see Figure S4 in the
Supporting Information), indicating that the antitumor efficacy

of these formulations was not due to the cytotoxicity. These
results demonstrated that the micelles with the most hydro-
phobic core were much more efficient in inhibiting tumor
growth, which is significantly different compared with that in
vitro.

Furthermore, we examined the cell proliferation (PCNA-
positive) and apoptosis (TUNEL-positive) in tumor tissues
after the treatment through immunohistochemical or immuno-
fluorescence analyses. From Figure 10C, compared with PBS
group, the free doxorubicin could increase cell apoptosis and
reduce cell proliferation simultaneously. Corresponding to the
tumor inhibition results, the administration of DOX-loaded
micelles could markedly enhance the above effects, and the
most obvious inhibiting proliferation and inducing apoptosis
were found in NPpogp/pox group.

Bl CONCLUSIONS

In conclusion, to evaluate the effect of the hydrophobicity of
micellar core on antitumor efficacy, we have rationally designed
hydrophobic polyphosphoester-based micelles, which possess
different alkyl side chain lengths. We found the hydrophobicity
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of these micellar core significantly affected by the different alkyl
side chain. Moreover, after the encapsulation of hydrophobic
doxorubicin, the drug release rate was also related to the hydro-
phobicity of micellar core. Although DOX-loaded micelles with
the lowest hydrophobic core showed the most powerful
inhibition in vitro, the increased hydrophobicity of micellar
core significantly enhanced tumor growth inhibition in a
MDA-MB-231 tumor model because of the prolonged
circulation time, enhanced drug retention in tumors, and
reduced unnecessary drug loss in tumor microenvironment.
Overall, this research demonstrated the hydrophobicity of
polymeric core could play a key role on the antitumor efficacy
of drug delivery systems.
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"H NMR spectrum of the micelles in D,0, DSC traces for
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