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Two novel prodrug polymers POEG-b-PSSDas (redox-sensitive) and POEG-b-PCCDas (redox-insensitive), which
consist of poly(oligo(ethylene glycol) methacrylate) (POEG) hydrophilic blocks and dasatinib (DAS, an
oncogenic tyrosine kinases inhibitor) conjugated hydrophobic blocks, were designed as dual-functional carriers
for codelivery with doxorubicin (DOX). Both carriers retained antitumor activity of DAS and could form mixed
micelles with DOX. Compared to POEG-b-PCCDas micelles, incorporation of disulfide linkage into POEG-b-
PSSDas micelles facilitated efficient cleavage of DAS from prodrug micelles in tumor cells/tissues, leading to a
higher level of anti-tumor activity in vitro and in vivo. In addition, DOX-loaded POEG-b-PSSDas micelles
exhibited triggered DOX release under a redox environment (10 mM glutathione, GSH), and demonstrated
enhanced cytotoxicity against 4T1.2 and PC3 cell lines compared to DOX and DOX-loaded POEG-b-PCCDas
micelles. More importantly, DOX-loaded POEG-b-PSSDas micelles were more effective in inhibiting the tumor
growth and prolonging the survival rate in an aggressive murine breast cancer model (4T1.2) compared to DOX-
loaded POEG-b-PCCDas micelles and a micellar formulation co-loaded with DOX and DAS. This redox-responsive
prodrug micellar system provides an attractive strategy for effective combination of tumor targeted therapy and
traditional chemotherapy, which warrants further investigation.

1. Introduction

interfering with specific signaling pathways and relevant kinases
involved in the tumor development and metastasis. Dasatinib (DAS) is

Owing to the intrinsic heterogeneity of tumor cells, monotherapy
based on a single drug has some limitations in cancer treatment, such as
drug resistance, narrow therapeutic windows and inevitable side effect
induced by high dosage of single drug [1,2]. Combination therapy with
multiple drugs of different anti-cancer mechanisms can overcome these
limitations and thus becomes a promising strategy in clinical cancer
treatments [3,4].

It is well known that the success of combination therapy greatly
depends on the choice of drugs. Recently, the focus of drug screening
has shifted from traditional chemotherapeutics to molecular targeted
therapeutics, including monoclonal antibodies and small molecule
inhibitors [5,6]. Different from traditional cytotoxic chemotherapy,
targeted therapy inhibits the proliferation of cancer cells through
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a FDA-approved multi-targeted inhibitor that targets to various critical
oncogenic tyrosine kinases, including BCR/ABL kinases and Src family
kinases (SFK) [7-10]. Encouraging outcomes have been obtained for
DAS treatment in various cancers, such as leukemia, lung cancer,
prostate cancer and ovarian cancer [11-13]. More importantly, DAS
exhibits a reduced side effect compared with traditional cytotoxic
chemotherapeutic drugs [14,15]. Because of its distinct anti-cancer
mechanism and toxicity, DAS has become an excellent candidate for
combination therapy with traditional chemotherapeutic drugs, includ-
ing cisplatin [16], paclitaxel (PTX) [17-19] and doxorubicin (DOX)
[20-22]. However, the extremely low solubility of DAS and different
pharmacokinetic properties of the combined drugs will lead to poor
uptake and suboptimal dose ratio of the two drugs at the tumor sites
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[23,24]. Besides, direct use of these drugs via systemic administration
might result in poor biodistribution and severe systemic toxicities. As a
result, it is highly demanded to develop safe and efficient delivery
strategies which can co-deliver the two drugs to tumor sites to improve
the therapeutic efficacy and minimize the systemic toxicities.

Over the past decades, polymers with diverse structures have been
widely explored as drug delivery carriers [25-28]. Among them,
micelles formed by amphiphilic polymers have attracted tremendous
attention due to the capability of encapsulating hydrophobic drugs and
efficient delivery of encapsulated drugs to tumor sites via the enhanced
permeability and retention (EPR) effect [29]. For example, PEG-PCL
polymeric micelles were employed as a carrier to encapsulate DAS, and
it was found that DAS encapsulated in this carrier significantly
inhibited the proliferation, adhesion and migration of tumor cells
compared to free DAS, which might be attributable to the enhanced
solubility of DAS [30]. Our group previously developed a PEG-Fmoc
(PLFCL) micellar carrier for co-delivery of DAS and DOX, and DOX &
DAS/PLFCL nanomicelles demonstrated improved synergistic anti-
cancer activity compared to the combination of free DOX and DAS in
vivo [31]. Nevertheless, these systems showed limited DAS loading
capacity (< 4% wt) and relatively low stability, especially when co-
encapsulating other drugs, which necessitates the use of a large amount
of pharmacologically “inert” carriers to deliver sufficient dose of DAS to
tumor tissues.

Alternatively, prodrug polymers provide an attractive strategy to
increase the drug payload and reduce the amount of inert material
[32,33]. Moreover, prodrug polymers with amphiphilic properties
could be used as dual-functional carriers to co-load other drugs and
achieve synergistic effect [34]. Furthermore, polymeric prodrug car-
riers can realize controlled release of both conjugated drugs and
encapsulated drugs in response to a particular stimulus via introducing
stimuli-responsive linkages between the drug and the polymer back-
bone. It is reported that the glutathione (GSH) concentrations
(2-10 mM) in the cytoplasm are 100-1000 fold higher than that in
the extracellular compartment. In addition, GSH levels are found to be
further increased in tumor tissues compared to the normal tissues
[35,36]. Therefore, disulfide linkages can be incorporated into the
prodrug polymers to generate redox-responsive nanoparticles, which
are able to promote drug release in the tumor cells [37,38].

In this work, we designed and synthesized a redox-responsive DAS-
based prodrug polymer by introducing a disulfide linkage between DAS
and polymer backbone, denoted as POEG-b-PSSDas. For comparison,
POEG-b-PCCDas prodrug polymer without disulfide linkage was also
synthesized (Scheme 1). These amphiphilic polymers could self-assem-
ble to form prodrug micelles and serve as carriers to further encapsulate
DOX. We hypothesize that DOX-loaded POEG-b-PSSDas micelles could
rapidly release DOX and DAS following uptake by tumor cells as a result
of disulfide cleavage under high redox environment, leading to effective
therapy (Scheme 2).

2. Materials and methods
2.1. Materials

Dasatinib and DOX‘HCI were purchased from LC Laboratories. 4-
nitrophenyl chloroformate was purchased from Acros. 2-Azobis(isobu-
tyronitrile) (AIBN) was purchased from Sigma-Aldrich and purified by
recrystallization in anhydrous ethanol. Dulbecco's phosphate buffered
saline (DPBS) was purchased from Lonza. Penicillin-streptomycin
solution and fetal bovine serum (FBS) were purchased from
Invitrogen. Dulbecco's Modified Eagle's Medium (DMEM), trypsin-
EDTA solution, 3-(4,5-dimethylthiazol-2-yD)-2,5-diphenyl tetrazolium
bromide (MTT), Triton X-100, Hoechst 33342 and LysoTracker Green
DND-26 were all purchased from Sigma-Aldrich. N-methacryloyl-N-
(tert-butoxycarbonyl)aminohexyl methacrylamide (MBA) [39], N-
methacryloyl-N’-(t-butyoxycarbonyl)cystamine (MBC) [40], POEG
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macroCTA [34], and 4-nitrophenyl-actived dasatinib Das-NO, [41]
were prepared according to the literatures. All other reagents were of
analytical or chromatographic grade.

2.2. Synthesis of POEG-b-PMBA and POEG-b-PMBC polymers

AIBN (1mg, 0.0062mmol), POEG macroCTA (175 mg,
0.0194 mmol), MBA (128 mg, 0.45 mmol) or MBC monomer (144 mg,
0.45 mmol) and 1 mL dried 1,4-dioxane were added into a Schlenk
tube, and deoxygenated by free-pump-thawing for three times. Then the
mixture was filled with N, and immersed into an oil bath thermostated
at 85 °C (for MBA monomer)/90 °C (for MBC monomer) to start the
polymerization. After 24 h, the reaction was quenched by immersing
the tube into liquid nitrogen and the mixture was precipitated in diethyl
ether for 3 times. The POEG-b-PMBA and POEG-b-PMBC polymers were
obtained after vacuum drying. Conversion of MBA monomer was 53%
and conversion of MBC monomer was 50%.

'H NMR of POEG-b-PMBA (400 MHz, CDCl,): 4.12 (s, 4H), 3.67 (s,
60H), 3.40 (s, 6H), 3.10 (s, 4H), 2.10-1.62 (brm, 6H), 1.58-1.19 (brm,
20H), 1.15-0.76 (brm, 9H);

"H NMR of POEG-b-PMBC (400 MHz, CDCls): 4.12 (s, 4H), 3.67 (s,
60H), 3.52-3.42 (m, 4H), 3.40 (s, 6H), 2.85 (s, 4H), 2.10-1.62 (brm,
6H), 1.44 (s, 10H), 1.15-0.76 (brm, 9H).

2.3. Synthesis of POEG-b-PCCDas and POEG-b-PSSDas polymers

The POEG-b-PMBA and POEG-b-PMBC polymers were deprotected
at room temperature in TFA/DCM (1/1, v/v) mixture for 2 h, and then
precipitated in cold diethyl ether and dried in vacuum to give the Boc-
deprotected products POEG-b-PCC and POEG-b-PSS. Then, the as-
synthesized Boc-deprotected polymers (130 mg, 0.011 mmol) and 4-
nitrophenyl-actived dasatinib Das-NO, (220 mg, 0.337 mmol) were
dissolved in 4 mL DMSO with 180 pL DIPEA. After stirring at 37 °C
for 24 h, the reaction mixture was transferred into a dialysis bag
(3500 Da MW cutoff) against DMSO for 2 days, and then deionized
water for 1day. The final products POEG-b-PCCDas and POEG-b-
PSSDas were obtained after lyophilization.

'H NMR of POEG-b-PCCDas (400 MHz, DMSO-de): 9.87 (s, 1H), 8.22
(s, 1H), 7.39-7.16 (brm, 3H), 4.10 (s, 4H), 3.52 (s, 60H), 3.26 (s, 6H),
3.10 (s, 4H), 2.10-1.62 (brm, 6H), 1.58-0.76 (brm, 15H);

H NMR of POEG-b-PSSDas (400 MHz, DMSO-d): 9.87 (s, 1H), 8.22
(s, 1H), 7.39-7.16 (brm, 3H), 4.10 (s, 4H), 3.52 (s, 60H), 3.46-3.39 (m,
4H), 3.26 (s, 6H), 2.85 (s, 4H), 2.10-1.62 (brm, 6H), 1.15-0.76 (brm,
9H).

2.4. Characterization of the synthesized monomer and polymers

'H NMR spectrum was examined on a Varian-400 FT-NMR spectro-
meter at 400.0 MHz with CDCl; and DMSO-dg as the solvent. Molecular
weight (M, and M,,) and distribution (M,,/M,) of the synthesized
polymers were measured by gel permeation chromatography (GPC)
performed on a Waters 515 HPLC pump and a Waters 717 Plus
Autosampler equipped with a Waters 2414 refractive index detector.
Tetrahydrofuran (THF) was used as the eluent with a flowing rate of
1.0 mL/min at 35 °C. A series of commercial polystyrene standards with
narrow molecular weight distribution were applied to calibrate the GPC
elution traces.

2.5. Preparation and characterization of blank and DOX-loaded micelles

Doxorubicin base (DOX), used for the preparation of micelles, was
obtained by the reaction of Doxorubicin'HCl (DOX-HCI) with 1.5M
equivalents of triethylamine in DMSO for 24 h. The blank and DOX-
loaded redox-sensitive POEG-b-PSSDas micelles and redox-non-sensi-
tive POEG-b-PCCDas micelles were prepared through a dialysis method.
Briefly, POEG-b-PSSDas and POEG-b-PCCDas polymers were dissolved
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Scheme 1. Synthesis routes for POEG-b-PCCDas and POEG-b-PSSDas polymers via RAFT polymerization and post-modification.

in DMSO at a concentration of 10 mg/mL. DOX/DMSO stock solution
(10 mg/mL) was added into the polymer solution (DOX/poly-
mer = 10%, w/w) and the mixture was placed into a dialysis bag
(MWCO 3.5 kDa), and dialyzed against 10 mM PBS for 3 days to remove
free DOX and organic solvent. The solution was filtered through a
0.45 mm filter and then lyophilized. Blank micelles were similarly
prepared except that no DOX was added.

The size distribution and zeta potential of blank and drug-loaded
micelles were examined by dynamic light scattering (DLS) through a
Malvern Zeta Nanosizer. The morphology was observed by transmission
electron microscopy (TEM) using negative staining method.

The DOX concentration was detected by a Waters 2475
Fluorescence Detector with excitation at 490 nm and emission at
590 nm. The drug encapsulation efficiency (DEE) was calculated as
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=

Scheme 2. Illustration of redox-sensitive POEG-b-PSSDas prodrug micelles as a carrier for co-delivery of DOX. This system can achieve controlled release of DAS and DOX in response to

intracellular GSH.
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the ratio between the amount of drug in the micelles and the amount of
input drug. The drug loading capacity (DLC) was calculated as the
percentage of the drug amount incorporated in the micelles versus the
total amount of input materials (drug plus polymer).

2.6. Critical micelle concentration (CMC) of POEG-b-PFTS micelles

The CMC values of POEG-b-PCCDas and POEG-b-PSSDas micelles
were determined by fluorescence measurement using nile red as a
fluorescence probe. Briefly, nile red dissolved in DCM was added to
test-tubes and the solvent was allowed to be evaporated at room
temperature. POEG-b-PCCDas and POEG-b-PSSDas micelles ranging
from 1.0 X 10" * to 5 x 10~ ! mg/mL were then added into nile red.
The final concentration of nile red was kept at 6.0 x 10~ 7 M. The
micelles were kept overnight to allow the solubilization equilibrium of
nile red. Excitation was carried out at 550 nm and emission spectra
were recorded from 570 to 720 nm. The CMC value was determined as
the cross-point when extrapolating the intensity at low and high
concentration regions.

2.7. Disassembly of blank micelles triggered by GSH

The disassembly of redox-sensitive POEG-b-PSSDas micelles in
response to various concentrations of GSH was monitored by DLS to
follow the size change at different time intervals. Briefly, 2 mL of POEG-
b-PSSDas micellar solution containing GSH (10 pM and 10 mM) was
placed in an incubation shaker at 37 °C at a rotation speed of 100 rpm
for 4h. For comparison, POEG-b-PSSDas micelles incubated without
GSH and redox-non-sensitive POEG-b-PCCDas micelles with and with-
out 10 mM GSH were included as controls, respectively.

2.8. In vitro DOX release in simulated extracellular and intracellular
conditions

The DOX release from DOX/POEG-b-PSSDas and DOX/POEG-b-
PCCDas micelles at various concentrations of GSH was studied using
a dialysis method. Briefly, 2 mL of DOX/POEG-b-PSSDas micelles
containing 0.5 mg of DOX were placed in a clamped dialysis bag
(MWCO 3.5 kDa) and immersed in 80 mL of 0.1 M PBS buffer solution
containing 0.5% (w/v) Tween 80 and various concentrations of GSH (0,
10 uM and 10 mM). The experiment was performed in an incubation
shaker at 37 °C at 100 rpm. At selected time intervals, 4 mL aliquots of
the medium were withdrawn and the same volume of fresh medium
was added. For comparison, free DOX and DOX/POEG-b-PCCDas
micelles incubated with and without 10 mM GSH were included as
the redox-non-sensitive control. DOX release from micelles was mea-
sured by fluorescence spectrometry.

2.9. Cell culture

4T1.2 is a mouse metastatic breast cancer cell line. PC3 is a human
prostate carcinoma cell line. The two types of cells were cultured in
DMEM culture medium, containing 10% (v/v) fetal bovine serum and
100 IU/mL penicillin and 100 pg/mL streptomycin at 37°C in a
humidified 5% C0,-95% air atmosphere.

2.10. Animals

Female BALB/c mice, 6-8 weeks in age, were purchased from
Charles River (Davis, CA). All animals were housed under pathogen-
free conditions according to AAALAC guidelines. All animal-related
experiments were performed in full compliance with institutional
guidelines and approved by the Animal Use and Care Administrative
Advisory Committee at the University of Pittsburgh.
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2.11. In vitro cytotoxicity assay

4T1.2 and PC3 cancer cell lines were used for in vitro cytotoxicity
study. Cells were seeded in 96-well plates at a density of 1.5 x 10°
(4T1.2) and 3 x 10°% (PC3) cells/well and incubated 24 h to allow cell
attachment. Then cells were treated with various concentrations of free
DOX, DOX/POEG-b-PCCDas and DOX/POEG-b-PSSDas micelles. Other
groups include cells treated with Das, blank POEG-b-PCCDas and POEG-
b-PSSDas micelles at equivalent Das concentrations as in corresponding
drug-loaded groups. After incubation for 72 h, the cell viability was
measured via MTT assay as reported before [34]. Untreated cells were
included as a control.

2.12. Cell uptake and intracellular trafficking

4T1.2 cells were seeded in glass bottom dishes (In Vitro Scientific,
USA) at a density of 1 x 10° cells/dish. Following culture for 24 h, cells
were treated with free DOX, DOX/POEG-b-PCCDas and DOX/POEG-b-
PSSDas micelles in FBS-free culture medium (Life Technologies, USA)
for 2 and 4h, respectively. The concentration of DOX was kept at
20 pg/mL. Then cells were stained with Hoechst 33342 (1 mg/mL) for
20 min, and LysoTracker Green DND-26 (50 nM) (Invitrogen, USA) for
30 min, followed by three washes with ice-cold PBS. The intracellular
distribution of DOX of various formulations was observed under a
confocal laser scanning microscope (CLSM, FluoView 1000, Olympus,
Japan).

2.13. Endocytosis pathways analyzed by flow cytometry (FCM)

4T1.2 cells were seeded into six-well plates at a density of 4.0 x 10°
cells/well. Following culture for 24 h, cells were pre-incubated with
three different endocytosis inhibitors separately for 30 min at the
working concentrations that were not toxic to the cells (5 mM
methyl-p-cyclodextrin (MBCD), 0.45 M sucrose, or 5 UM cytochalasin
D) [42]. Then, the medium was replaced with fresh medium, and DOX/
POEG-b-PCCDas and DOX/POEG-b-PSSDas micelles were added at a
DOX concentration of 2 ug/mL, respectively. After incubation for 2 h,
the culture medium was removed and the cells were washed twice with
PBS. The cells were detached by trypsin, and the harvested cells were
resuspended in 400 uL fresh medium for FCM assay. The mean
fluorescence intensity of DOX in cells was analyzed in the FL2 channel
by FCM (MACSQuant Analyzer 10, Miltenyi Biotec, Germany).

2.14. DAS release from POEG-b-PCCDas and POEG-b-PSSDas micelles

4T1.2 cells were seeded in a 6-well plate at a density of 3 x 10°
cells/well. After 24 h of incubation for cell attachment, the medium was
aspirated and the cells were incubated with blank POEG-b-PCCDas and
POEG-b-PSSDas micelles for 24, 48 and 72 h. The cells were washed
with ice-cold PBS three times and lysed with 0.1% Triton X-100. The
lysates were vortexed and then centrifuged at 14,000 rpm for 10 min at
4 °C. Supernatants were subjected to MS analysis on a UPLC-QTOF MS
system with an Acquity UPLC BEH C18 column. The amounts of DAS
released from POEG-b-PCCDas and POEG-b-PSSDas micelles were
presented as ng of DAS per microgram protein.

2.15. Plasma pharmacokinetics and tissue distribution

Female CD-1 mice (5 mice/group) were i.v. administered with
DOX-HCl, DOX/POEG-b-PCCDas, and DOX/POEG-b-PSSDas micelles at
a DOX dosage of 5 mg/kg. At different time points, blood samples were
collected and centrifuged at 2500 rpm for 15 min. Acetonitrile (350 pL)
was added to the plasma and the samples were centrifuged at
12,000 rpm for 5min. Then, the supernatants were collected for
HPLC analysis.

For tissue distribution study, female BALB/c bearing 4T1.2 tumors
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(~400 mm®) were used. DOX/POEG-b-PCCDas and DOX/POEG-b-
PSSDas micelles were injected into the mice through tail vein at a dose
of 5mg DOX/kg body weight. One day post injection, mice were
sacrificed and tumor tissues were collected, weighted and homogenized
with 2 mL solvent (acetonitrile: H,O = 1:1, v/v). The samples were
centrifuged at 3500 rpm for 10 min, and the supernatants were
collected and dried under airflow. The residues were then dissolved
in a mixture of acetonitrile and H,O (1:1, v/v) and centrifuged at
14,500 rpm for 10 min. The clear supernatants were collected for HPLC
analysis.

2.16. In vivo therapeutic efficacy

Female BALB/c mice were s.c. inoculated with 4T1.2 cells at a
density of 2 X 10° cells/mouse. When the tumor sizes reached around
50 mm?, mice were randomly divided into six groups (n = 8) and i.v.
administered with saline, DOX & Das/PEG-Fmoc micelles, blank POEG-
b-PCCDas, blank POEG-b-PSSDas micelles, DOX/POEG-b-PCCDas and
DOX/POEG-b-PSSDas micelles at a DOX dose of 5 mg/kg on days 0, 3
and 6, respectively. Tumor volumes were calculated according to the
formula: (L x W?) /2, in which L is the longest and W is the shortest
tumor diameter (mm). Data were presented as relative tumor volume
(the tumor volume at a given time point divided by the tumor volume
prior to first treatment). Changes in body weights of all mice were also
monitored during the entire course of treatment.

After completion of the in vivo therapy study, tumor tissues were
excised and fixed in PBS solution containing 10% formaldehyde,
followed by embedment in paraffin. The paraffin-embedded tumor
samples were sectioned into slices at 5pum using an HM 325 Rotary
Microtome. The slices were then stained with hematoxylin and eosin
(H&E) for histopathological examination under a Zeiss Axiostar plus
Microscope (PA, USA).

In a separate experiment, the survival of the tumor-bearing mice
was examined. The end point of survival was defined as animal death or
when the implanted tumor volume reached ~1000 mm?. The survival
rate was plotted as Kaplan Meier curves and the median survival of
mice was calculated.

2.17. Statistical analysis

Statistical analysis was performed with two-tailed Student's t-test
between two groups and one-way analysis of variance (ANOVA) for
multiple groups, followed by Newman-Keuls test if p < 0.05. Survival
data were generated by the Kaplan-Meier method and statistical
significance was determined by Mann Whitney U tests. In all statistical
analyses, p < 0.05 was considered statistically significant, and
p < 0.01 was considered highly statistically significant.

3. Results and discussion

3.1. Synthesis and characterization of POEG-b-PCCDas and POEG-b-
PSSDas polymers

The POEG-b-PCCDas and POEG-b-PSSDas polymers were synthe-
sized following Scheme 1. First, POEG macroCTA (M, = 9KkDa,
n = 18) was synthesized by reversible addition-fragmentation transfer
(RAFT) polymerization as reported previously with some modification
[34]. By using POEG macroCTA as RAFT chain transfer agent, MBA and
MBC monomers were polymerized respectively to yield POEG-b-PMBA
and POEG-b-PMBC polymers, and the polymerization kinetics was
studied. As shown in Fig. S1A, the synthesis of POEG-b-PMBA diblock
copolymer proceeded rapidly in 1, 4-dioxane at 85°C without an
obvious induction period. Fig. S1B depicts the kinetic plots of In
([Mol/[M,]) versus reaction time, where [My] denotes the initial
monomer concentration and [M,] denotes the monomer concentration
during polymerization. It exhibited a good linear relationship, indicat-

47

Journal of Controlled Release 258 (2017) 43-55

ing the living polymerization of MBA monomer. The polymerization of
MBC monomer by POEG macroCTA proceeded very slowly at 85 °C
with only 30% conversion being achieved after 24 h (data not shown).
So we increased the polymerization temperature to 90 °C. Fig. S2
depicts the kinetic results of the plots for the synthesis of POEG-b-
PMBC diblock copolymer. The polymerization rate was fast and around
53% conversion was obtained after 6 h (Fig. S2A). In the initial stage,
the polymerization exhibited a linear relationship for the In([Mo]/[M])
against time, indicating the living polymerization of MBC monomer
(Fig. S2B).

The polymer structures of POEG-b-PMBA and POEG-b-PMBC were
confirmed by 'H NMR (Fig. S3). The peaks at 3.40 ppm (a) and
3.67 ppm (b, c) were attributed to the hydrophilic POEG block of the
polymers. The peaks at 1.44 ppm were ascribed to the Boc groups of
POEG-b-PMBA (f in Fig. S3A) and POEG-b-PMBC (h in Fig. S3B)
respectively. The number of repeat units in the PMBA and PMBC blocks
was calculated to be 9 based on the relative intensity ratio of the peaks
at 3.40 ppm and 1.44 ppm. GPC analyses further confirmed the
successful synthesis of POEG-b-PMBA and POEG-b-PMBC polymers
(Table S1).

In the next step, the Boc-groups of the as-synthesized POEG-b-PMBA
and POEG-b-PMBC polymers were deprotected in TFA/DCM solution.
After deprotection, amine-bearing polymers POEG-b-PCC and POEG-b-
PSS were obtained and characterized by 'H NMR (Fig. S4). The peak at
1.44 ppm belonging to Boc group disappeared, which indicated the
successful deprotection of Boc-groups.

4-nitrophenyl-actived dasatinib Das-NO, was synthesized according
to the literature [41] and then conjugated with the POEG-b-PCC and
POEG-b-PSS polymers to afford the POEG-b-PCCDas and POEG-b-
PSSDas polymers, respectively. The structures of these polymers were
characterized by '"H NMR. As shown in Fig. 1, the successful conjuga-
tion of DAS to the polymers was confirmed by the appearance of peaks
at 9.87 ppm, 8.22 ppm, 7.39-7.16 ppm and 6.06 ppm. By comparing
the integrals of signals at 8.22 ppm (e) with those at 3.26 ppm (a), the
number of DAS units per molecule was calculated to be 9, which
indicated that almost all of the amine groups in the polymers were
functionalized with DAS. DAS loading content in the POEG-b-PCCDas
and POEG-b-PSSDas polymeric prodrug carriers is calculated to be
around 28% (w/w) (Table 1), which is significantly higher than that of
previously reported PEG-Fmoc carrier (4%) [31].

3.2. Physicochemical characterization of blank and DOX-loaded micelles

POEG-b-PCCDas and POEG-b-PSSDas prodrug micelles were pre-
pared by a dialysis method. The CMC values of both prodrug micelles
were measured by using nile red as a fluorescence probe. As shown in
Fig. S5 and Table 1, POEG-b-PSSDas micelles showed decreased CMC
values (13.2 ug/mL) compared to POEG-b-PCCDas micelles (21.3 pg/
mL). The redox-sensitivity of POEG-b-PSSDas micelles was examined by
monitoring the size changes in response to GSH with POEG-b-PCCDas
micelles as a control (Fig. 2). It can be seen that the POEG-b-PCCDas
micelles were stable in the presence of 10 mM GSH (Fig. 2A), while the
size of POEG-b-PSSDas micelles increased from 167 to 1608 nm after
exposure to 10 mM GSH for 4h (Fig. 2B), indicating the partial
disassembly of POEG-b-PSSDas micelles. We also evaluated the stability
of the POEG-b-PSSDas micelles under 10 uM GSH which mimics the
redox environment of the extracellular compartment. As shown in
Fig. 2B, no obvious size change was observed for POEG-b-PSSDas
micelles after 4 h incubation with 10 uM GSH, suggesting that POEG-b-
PSSDas micelles could maintain its stability under the mildly redox
environment in the blood circulation.

It has been reported that DAS synergizes with DOX to block cell
growth, migration and invasion in a variety of breast cancer cell lines,
and the synergy comes from inhibition of distinct pathways by DAS and
DOX [21]. Our group further confirmed the synergistic effect of DAS
and DOX in 4T1.2 breast cancer-bearing mice [31]. Therefore DOX was
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Fig. 1. 'H NMR spectra of the POEG;g-b-PCCDaso (A) and POEG;g-b-PSSDas, (B) polymers in DMSO-dg.

selected in this work as a model drug to evaluate the capability of
POEG-b-PCCDas and POEG-b-PSSDas prodrug micelles as dual-func-
tional carriers to achieve co-delivery of two different therapeutics.
DOX-loaded micelles were similarly prepared as prodrug micelles, and
DOX loading capacity and loading efficiency were examined by
fluorescence measurement. As shown in Table 1, both POEG-b-PCCDas
and POEG-b-PSSDas showed high DOX loading capacity (= 8.3%) and
loading efficiency (= 90.0%). The size distribution and morphologies of

Table 1

both DOX-loaded micelles were characterized by DLS and TEM (Fig. 3).
DOX-loaded POEG-b-PCCDas (Fig. 3A) and POEG-b-PSSDas (Fig. 3B)
micelles showed an average hydrodynamic diameter of 187.9 nm and
200.8 nm, respectively, which were slightly larger than that of DOX-
free micelles. The TEM images shown in Fig. 3C&D presented a
spherical morphology for DOX-loaded POEG-b-PCCDas and POEG-b-
PSSDas micelles. Fig. 3E & F show the particle size histograms obtained
from the TEM data. The particle sizes of DOX-loaded POEG-b-PCCDas

Physicochemical characterization of blank and DOX-loaded POEG-b-PCCDas and POEG-b-PSSDas micelles.

Micelles Number of DAS units® DAS content (%)* Mass ratio (rng:mg)b CMC (ug/mL)" Size (nm)° Zeta Potential (mV) DLC(%)° DLE(%)"
POEG-b-PCCDas 9 28% - 21.3 152.0 0.62 - -
DOX/POEG-b-PCCDas - 10:1 - 187.9 —1.88 8.8 96.2
POEG-b-PSSDas 9 28% - 13.2 167.6 —1.56 - -
DOX/POEG-b-PSSDas - 10:1 - 200.8 —-1.32 8.3 90.0

2 Calculated according to 'H NMR results.

> CMC = critical micelle concentration.

¢ Mass ratio of the input polymer to DOX.

4 Measured by dynamic light scattering particle sizer.
¢ DLC = DOX loading capacity.

f DLE = DOX loading efficiency.
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Fig. 3. The DLS measurements and TEM images of DOX-loaded POEG-b-PCCDas (A & C) and POEG-b-PSSDas (B & D) micelles. Scale bar is 100 nm. The size distribution histograms of
DOX-loaded POEG-b-PCCDas (E, 23.1 = 2.6 nm) and POEG-b-PSSDas (F, 23.7 * 1.5 nm) micelles as determined from the TEM images.

and POEG-b-PSSDas micelles were determined to be 23.1 + 2.6 nm
(Fig. 3E) and 23.7 *= 1.5 nm (Fig. 3F), respectively. The difference in
micelle sizes between the DLS and TEM might stem from the different
principles of analysis involved in the two techniques [43]. DLS is an
intensity-based technique, which is more sensitive to the larger
particles. While TEM measurement is based on a scattering of electrons
in sample irradiation, and shows stronger emphasis of the smallest
components in the size distribution. Another possible reason is that DLS
provides hydrodynamic size which includes the hydration layer around
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the particle, while TEM presents the size of the dried particle [44,45].
The zeta potentials of the blank and DOX-loaded micelles were also
determined by the Zetasizer. As shown in Table 1, all of the micelles
showed the zeta potentials close to 0 mV.

In vitro DAS and DOX release profiles were studied in PBS solution
with varying GSH concentrations (0, 10 uM, 10 mM). As shown in
Fig. 4A, little DAS release was observed from POEG-b-PCCDas micelles
within 48 h in both the absence and presence of 10 mM GSH. For POEG-
b-PSSDas micelles, little DAS was released in the presence of 10 uM
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Fig. 4. (A) Cumulative DAS release profiles from POEG-b-PCCDas and POEG-b-PSSDas micelles. (B) DOX release profiles of DOX-loaded POEG-b-PCCDas and POEG-b-PSSDas micelles
with free DOX as the control. PBS containing 0.5% (w/v) Tween 80 and different concentrations of GSH (0, 10 uM, 10 mM) was used as the release medium. Data are presented as

means = SD (n = 3).

GSH, further indicating the excellent stability of POEG-b-PSSDas
micelles in the mildly redox environment of extracellular compartment,
which was consistent with the result shown in Fig. 2B. In the presence
of 10 mM GSH, the release of DAS from POEG-b-PSSDas micelles was
accelerated with about 40% of DAS being released within 48 h.

DOX release profiles of DOX-loaded POEG-b-PCCDas and POEG-b-
PSSDas micelles were shown in Fig. 4B. Free DOX solution showed
burst release of DOX at pH 7.4, and almost 100% DOX was released at
12 h. In comparison, DOX-loaded POEG-b-PCCDas and POEG-b-PSSDas
micelles showed a slow release of DOX in the absence of GSH, and only
30% of the total DOX was released at 12 h. In the presence of 10 mM
GSH, no acceleration in DOX release was observed for DOX/POEG-b-
PCCDas micelles, while DOX release from POEG-b-PSSDas micelles was
drastically accelerated with 70% DOX being released after 12 h. This is
likely due to the disassembly of micelles induced by GSH. We also
noticed that addition of 10 uM GSH did not affect the release kinetics of
DOX-loaded POEG-b-PSSDas. These results suggested that DOX-loaded
POEG-b-PSSDas micelles are stable in the mildly redox environment of
extracellular compartment, but are triggered to release DOX rapidly in
response to highly redox environment after intracellular uptake.

3.3. In vitro cytotoxicity

The cytotoxicity of POEG-b-PCCDas and POEG-b-PSSDas prodrug
micelles was examined by MTT assay in 4T1.2 and PC3 cells with free
DAS as a control. As shown in Fig. 5, all the treatments inhibited the
tumor cell proliferation in a DAS concentration dependent manner.
Both POEG-b-PCCDas and POEG-b-PSSDas prodrug micelles exhibited
lower cytotoxicity compared to free DAS at equivalent amounts of DAS,
which suggested that not all of the DAS could be cleaved from the
prodrug micelles in a relative short period of treatment. POEG-b-PSSDas
prodrug micelles were more active in inhibiting tumor cell proliferation
than POEG-b-PCCDas prodrug micelles in both 4T1.2 and PC3 tumor
cells (Fig. 5A, B). The ICso (half maximal inhibitory concentration)
values of POEG-b-PCCDas and POEG-b-PSSDas in 4T1.2 and PC3 cells
were summarized in Table S2. POEG-b-PSSDas showed ICso values of
1.49 pg/mL and 2.34 pg/mL in 4T1.2 and PC3 cells respectively, which
was much lower than those of POEG-b-PCCDas (4.79 ug/mL in 4T1.2
cells and 13.9 pg/mL in PC3 cells). The enhanced cytotoxicity of POEG-
b-PSSDas may be attributed to the improved release of DAS from the
prodrug micelles through the GSH-mediated cleavage of disulfide
linkage in the cytoplasm.

To test this hypothesis, the concentrations of released DAS in 4T1.2
cells were analyzed by HPLC-MS at different time points (24 h, 48 h,
72h) following treatment with POEG-b-PCCDas or POEG-b-PSSDas
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micelles (Fig. 5C). Significantly greater amounts of parent DAS were
detected from cells treated with POEG-b-PSSDas as compared to cells
treated with POEG-b-PCCDas, supporting the notion that the facilitated
release of Das from POEG-b-PSSDas contributed significantly to the
enhanced toxicity.

Fig. 6 shows the cytotoxicity of free DOX, DOX-loaded POEG-b-
PCCDas and DOX-loaded POEG-b-PSSDas micelles in 4T1.2 (Fig. 6A)
and PC3 cells (Fig. 6B). DOX-loaded POEG-b-PCCDas micelles were less
effective in killing tumor cells than free DOX and DOX-loaded POEG-b-
PSSDas micelles. It is likely that DOX/POEG-b-PSSDas micelles become
disassembled in response to intracellular GSH following uptake, result-
ing in enhanced release of encapsulated DOX, and therefore, improved
cell killing effect compared to DOX/POEG-b-PCCDas micelles. Table S2
shows the ICsq of free DOX, carrier alone and DOX-loaded micelles. The
ICso of DOX-loaded POEG-b-PSSDas micelles was 0.18 pg/mL in 4T1.2
cells, which was significantly lower than that of free DOX
(ICs0 = 0.45 ug/mL) and POEG-b-PSSDas prodrug carrier alone
(ICso = 1.49 ug/mL). Similar results were also found in PC3 cells,
suggesting a synergistic effect between POEG-b-PSSDas carrier and the
co-delivered DOX.

3.4. Intracellular trafficking and endocytosis mechanism

Intracellular distribution of DOX-loaded POEG-b-PCCDas and
POEG-b-PSSDas micelles was investigated by confocal laser scanning
microscopy (CLSM). 4T1.2 cells were incubated with free DOX, DOX/
POEG-b-PCCDas and DOX/POEG-b-PSSDas micelles for 2h and 6 h,
respectively. At 2h, for all the treatment groups, DOX fluorescence
signals were found to be distributed largely in perinuclear region of
cells, some of which were colocalized with endo/lysosomes (Fig. 7A).
After 6 h incubation, compared with DOX/POEG-b-PCCDas, more DOX
fluorescence signals appeared in nuclei for DOX/POEG-b-PSSDas mi-
celles, which was comparable to that of free DOX (Fig. 7B). This result
further indicated that introduction of disulfide linkage in the DOX/
POEG-b-PSSDas system led to GSH-triggered micelle disassembly and
rapid DOX release, which likely explains the higher cytotoxicity of
DOX/POEG-b-PSSDas micelles over DOX/POEG-b-PCCDas micelles.

Endocytosis pathways of DOX/POEG-b-PSSDas and DOX/POEG-b-
PCCDas micelles were then investigated by flow cytometry with
different endocytosis inhibitors, including methyl-B-cyclodextrin
(MBCD, caveolae-mediated endocytosis inhibitor), sucrose (clathrin-
mediated endocytosis inhibitor) and cytochalasin D (macropinocytosis
inhibitor) [42]. Fig. S6 shows the DOX fluorescence intensity in 4T1.2
cells after 2 h incubation with DOX/POEG-b-PSSDas micelles (Fig. S8A)
or DOX/POEG-b-PCCDas micelles (Fig. S6B). DOX/POEG-b-PCCDas and
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Fig. 5. MTT cytotoxicity of POEG-b-PCCDas and POEG-b-PSSDas prodrug micelles in 4T1.2 mouse breast cancer cell line (A) and PC3 human prostatic carcinoma cell line (B) with free
DAS as the control. Cells were treated with different micelles for 72 h and values reported are the means = SD for triplicate samples. *P < 0.05, **P < 0.01 (POEG-b-PSSDas micelles
vs Das); “P < 0.05, “*P < 0.01 (POEG-b-PSSDas micelles vs POEG-b-PCCDas micelles). (C) HPLC-MS analysis of the amounts of released free DAS in 4T1.2 cells treated with POEG-b-
PCCDas and POEG-b-PSSDas micelles at different time points (24 h, 48 h, 72 h). **P < 0.01 (POEG-b-PSSDas micelle vs POEG-b-PCCDas micelle).

DOX/POEG-b-PSSDas were comparable in DOX uptake in the absence of
endocytosis inhibitors, and the relative mean fluorescence intensity of
both micelles were used as the reference (100%), respectively. Treat-
ment with either inhibitor led to a significant decrease in the cellular
uptake of DOX/POEG-b-PCCDas micelles with an inhibition rate of
86.7%, 80.4%, or 84.5% for MBCD, sucrose or cytochalasin D,
respectively (Fig. S6A). These data suggest that DOX/POEG-b-PCCDas
micelles were taken up by 4T1.2 cells via multiple pathways including
macropinocytosis, clathrin-mediated endocytosis, and caveolae-
mediated endocytosis, which are the three major endocytic pathways
for macromolecules [42]. Similar results were shown for DOX/POEG-b-
PSSDas micelles, suggesting that uptake of the two micellar carriers was
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mediated by similar mechanisms.

3.5. Plasma pharmacokinetics and tissue distribution

The plasma pharmacokinetic profiles of DOX/POEG-b-PCCDas and
DOX/POEG-b-PSSDas micelles were evaluated with free DOX'HCI as a
control. As shown in Fig. 8A, the plasma DOX concentrations decreased
rapidly following i.v. administration of free DOX. In contrast, both
DOX/POEG-b-PCCDas and DOX/POEG-b-PSSDas micelles showed a
significantly slower kinetics of DOX clearance from the blood. The
DOX concentrations for DOX/POEG-b-PCCDas and DOX/POEG-b-
PSSDas were significantly higher than those for free DOX at all time
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Fig. 6. MTT cytotoxicity assay of DOX-loaded POEG-b-PCCDas and POEG-b-PSSDas micelles in 4T1.2 (A) and PC3 cell line (B) after 72 h treatment. Data are presented as the

+
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SD for triplicate samples.*P < 0.05, **P < 0.01 (DOX/POEG-b-PSSDas micelles vs Das); ##p < 0.01 (DOX/POEG-b-PSSDas micelles vs POEG-b-PCCDas micelles).
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Fig. 7. Confocal laser scanning microscopic images of 4T1.2 cells after incubation with free DOX, DOX/POEG-b-PCCDas and DOX/POEG-b-PSSDas micelles for 2 h (A) and 6 h (B). The
nuclei were stained with Hoechst 33342, and endo/lysosomes were stained by LysoTracker DND-26.
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points examined. No significant difference was noticed between DOX/ mice. Compared with free DOX, significantly higher amounts of DOX
POEG-b-PCCDas and DOX/POEG-b-PSSDas in the kinetics of DOX were detected in tumors after treatment with DOX/POEG-b-PCCDas or
clearance from the blood. DOX/POEG-b-PSSDas micelles (Fig. 8B). In addition, tumors treated

The tissue distribution of DOX for DOX/POEG-b-PCCDas and DOX/ with DOX/POEG-b-PSSDas seemed to have more DOX accumulation
POEG-b-PSSDas micelles was also investigated in 4T1.2 tumor-bearing compared to DOX/POEG-b-PCCDas group although it is not statistically
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Fig. 8. Pharmacokinetics and biodistribution of DOX/POEG-b-PCCDas and DOX/POEG-b-PSSDas micelles. (A) Blood kinetics of DOX in CD-1 mice following i.v. injection of DOX/POEG-
b-PCCDas and DOX/POEG-b-PSSDas micelles at a dose of 5 mg DOX/kg with free DOX as a control. (B) Tissue distribution of DOX in 4T1.2 tumor-bearing BALB/c mice 24 h following i.v.
injection of DOX/POEG-b-PCCDas, DOX/POEG-b-PSSDas micelles or free DOX (5 mg DOX/kg). **P < 0.01 (DOX/POEG-b-PSSDas micelle vs DOX, DOX/POEG-b-PCCDas micelle vs
DOX).
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Fig. 9. In vivo antitumor activity of free and DOX-loaded POEG-b-PCCDas and POEG-b-PSSDas prodrug micelles in a syngeneic murine breast cancer model (4T1.2) with saline and
DOX & DAS/PEG-Fmoc formulation as controls. Three injections on days 0, 4 and 8 were made with a DOX dosage of 5 mg/kg. (A) Tumor volume changes with time. Data are presented as

mean *

SD (n = 8). *P < 0.05; **P < 0.01. (B) Representative photographs of the harvested tumor from each treatment group at day 20; (C) Histological analyses of tumor tissues

collected on day 20 using H & E staining. (D) Changes of body weight in mice following different treatments.

significant (P = 0.13). More studies are required in the future to further
confirm this difference. It is also apparent that DOX/POEG-b-PCCDas
and DOX/POEG-b-PSSDas micelles showed more accumulation of DOX
in tumors than in other tissues (Fig. 8B). These data demonstrated that
POEG-b-PCCDas and POEG-b-PSSDas could serve as excellent carriers to
efficiently deliver DOX into tumors.

We also performed a preliminary study in determining the amounts
of free DAS in tumor tissues at 24 h following treatment with DOX/
POEG-b-PCCDas and DOX/POEG-b-PSSDas micelles (Fig. S7).
Significantly more DAS was found in tumors treated with DOX/
POEG-b-PSSDas micelles compared to those treated with DOX/POEG-
b-PCCDas. The differences in the amounts of free DAS between the two
groups were much more dramatic than those in the amounts of DOX in
the tumor tissues (Fig. 8B). This is likely due to a rapid release of DAS
from POEG-b-PSSDas micelles after they reach the highly redox
environment of tumors (Fig. 4A). It is hypothesized that DAS is released
from POEG-b-PCCDas through the enzyme-mediated hydrolysis, which
is relatively ineffective due to the steric hindrance of POEG hydrophilic
shell. This will be different for POEG-b-PSSDas micelles in which the
disulfide linkage is first cleaved in response to the high GSH levels in
tumor cells. The released small DAS-conjugates are then effectively
hydrolyzed by the intracellular esterases to generate the parent DAS
(Fig. S8). Of course, a likely more effective uptake of DOX/POEG-b-
PSSDas micelles by tumors might also contribute to the more free DAS
detected in tumor tissues. More studies are needed in the future to
further confirm this hypothesis. Nevertheless, these results suggested
that introduction of disulfide linkage into the POEG-b-PSSDas led to
higher effective concentrations of DAS in tumor tissues, which shall
play an important role in improving the anti-tumor activity of the
prodrug carrier.
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3.6. In vivo therapeutic efficacy

The in vivo therapeutic efficacy of POEG-b-PSSDas prodrug carrier
and DOX/POEG-b-PSSDas mixed micelles was evaluated in an aggres-
sive 4T1.2 mouse tumor model. Previously, our group developed a
pharmacologically “inert” PEG-peptidic conjugate (PLFCL) as a carrier
for codelivery of DOX and DAS, and discovered that DOX & DAS/PLFCL
micelles were much more effective in tumor inhibition than the free
DOX and DAS combination [31]. So DOX & DAS/PLFCL micelles were
also included as a control in this study. As shown in Fig. 8A, POEG-b-
PSSDas prodrug micelles showed much better anti-tumor activity than
POEG-b-PCCDas micelles (*P < 0.05), which was consistent with the
in vitro MTT cytotoxicity results (Fig. 5). It is also noted that both
POEG-b-PCCDas and POEG-b-PSSDas micelles exhibited significantly
improved therapeutic effect after loading DOX (**P < 0.01), suggest-
ing that the DAS cleaved from the prodrug carriers could produce
synergistic antitumor effect with co-delivered DOX. Moreover, DOX-
loaded POEG-b-PSSDas micelles were more active than DOX-loaded
POEG-b-PCCDas micelles in inhibiting tumor growth, further confirm-
ing that incorporation of disulfide linkage into the polymer systems
resulted in an overall improvement in tumor-inhibition effect either for
prodrug alone or DOX-loaded micelles.

Fig. 9A also shows that DOX-loaded POEG-b-PSSDas micelles were
more effective than PLFCL micelles co-loaded with DOX and DAS at the
same dose of DOX and DAS, which suggested that the DAS-based
prodrug carrier strategy was more suitable for co-delivery of DAS and
DOX. The possible reason is that the nature of DAS makes it difficult to
be encapsulated by micelles and the noncovalent encapsulation of DAS
and DOX into one single micellar system will result in poor stability in
vivo, leading to premature DAS release before being delivered to tumor
sites. In contrast, DAS-conjugated prodrug strategy can effectively
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Fig. 10. Kaplan-Meier survival curves for syngeneic murine breast cancer model (4T1.2) after various treatments. Three injections were made on days 0, 4 and 8.

prevent premature DAS release in the blood circulation and promote
drug release at the tumor sites to maximally exert its antitumor activity.

Fig. 9B showed the photographs of the harvested tumors on day 20.
The smallest tumor size was observed for the mice treated with DOX-
loaded POEG-b-PSSDas micelles, which further confirmed its improved
therapeutic efficacy over other formulations. Then, the histological
changes of tumors following different treatments were analyzed by
H &E staining. As shown in Fig. 9C, the tumors in saline-treated mice
showed typical morphology of cancer cells with large nuclei. The tumor
tissues in other treatment groups showed altered morphology with cell
damage and shrunk nuclei. The group treated with DOX-loaded POEG-
b-PSSDas micelles exhibited the largest necrosis area, further validating
the best anti-tumor activity of this redox-responsive combination
therapy. All of the treatments were well-tolerated as demonstrated by
similar increases in body weighs over time compared to control group
(Fig. 9D).

In a separate experiment, the survival rates of the mice with
different treatments were further examined. As shown in Fig. 10,
control mice group treated with saline exhibited a short median
survival time of 20 days. In comparison, mice treated with POEG-b-
PCCDas, POEG-b-PSSDas, DOX/POEG-b-PCCDas, and DOX & DAS/
PLFCL had an improved survival rate with a median survival time of
23, 26, 30, and 34 days, respectively. The longest survival time
(38 days) was observed in the group treated with DOX-loaded POEG-
b-PSSDas micelles, which suggested that incorporation of disulfide
linkage into the prodrug system could not only suppress the tumor
growth, but also prolong the survival time. These results clearly
demonstrate that the combination of chemotherapy and targeted
therapy achieved by our redox-responsive DOX/POEG-b-PSSDas mi-
celles leads to an improved and synergistic therapeutic effect, which
warrants further investigation.

4. Conclusions

We have developed a redox-sensitive, polymeric prodrug carrier,
POEG-b-PSSDas for effective co-delivery of DAS and DOX. Compared to
a redox-insensitive counterpart, POEG-b-PCCDas, POEG-b-PSSDas was
more active either as carrier alone or as DOX/carrier mixed micelles,
which is likely attributed to the accelerated release of both DAS and
DOX following intracellular delivery. More importantly, in vivo deliv-
ery of DOX via POEG-b-PSSDas prodrug carrier led to significant
inhibition of tumor growth, which was more effective than codelivery
of DAS and DOX via a pharmacologically “inert” micellar carrier.
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