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The combination of a chemotherapeutic drug with a multidrug resistance (MDR) modulator has emerged as a promising strategy for treating MDR cancer. To
ensure two drugs could be simultaneously delivered to tumor region at the optimum ratio, and the MDR modulator could be released earlier and faster than the
chemotherapeutic drug to inactivate P-glycoprotein (P-gp) and subsequently inhibit the pumping out of the chemotherapeutic drug, a smart pH-sensitive
polymeric micelles system with high drug loading and precise drug ratio was designed and prepared by conjugating doxorubicin (DOX) to poly(styrene-co-maleic
anhydride) (SMA) derivative with adipic dihydrazide (ADH) through a acid-cleavable hydrazone bond, and then encapsulating disulfiram (DSF), a P-gp inhibitor as
well as an apoptosis inducer, into the micelles formed by the self-assembly of SMA-ADH-DOX (SAD) conjugate. The pH-sensitive polymeric micelles system enabled
a temporal release of two drugs: encapsulated DSF was released fast to inhibit the activity of P-gp and restore cell apoptotic signaling pathways, while conjugated
DOX was released in a sustained and pH-dependent manner and highly accumulated in drug resistant cells to exert therapeutic effect, due to the inactivation of
P-gp by DSF. The smart co-delivery system was very effective in enhancing the cytotoxicity by increasing the intracellular accumulation of DOX and promoting the
apoptotic response, and showed the most effective inhibitory effect on the growth of drug-resistant breast cancer xenografts as compared to other combinations
of both drugs. In a word, this smart co-delivery system has significant promise for the dlinical therapy of MDR cancer.
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he combination therapy has been
Tadopted in clinics as a primary cancer

treatment regimen. On the one hand,
the combination of multiple drugs with
different molecular targets can delay the
cancer adaptation process, thereby redu-
cing the possibility of cancer cell mutations.
On the other hand, the co-administration
of multiple drugs that target the same cel-
lular pathway can function synergistically
for better therapeutic efficacy with higher
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target selectivity." Unfortunately, the cur-
rent combination therapies are far from
perfect. The varying pharmacokinetics, bio-
distribution and membrane transport prop-
erties among different drug molecules,
which will result in inconsistent drug uptake
and suboptimal drug combination at the
tumor site, make dosing and scheduling
optimization extremely difficult>* These
challenges drive scientists to find the new,
clever and elegant approaches for cancer
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treatment by incorporating nanotechnology with com-
bination therapy.

The combination of multiple agents within a single
nanocarrier can guarantee the simultaneous delivery
of drugs, and provide advantages over the combina-
tion of the single administration of the free drugs. The
multiagent systems should have high drug loading
and precise drug ratio to ensure sufficient amount of
drugs delivered to tumor site at optimum ratio. An-
other requirement for multiagent nanocarriers is to
remain stable in the blood circulation and specifically
release drugs at the tumor site to maximally exert their
antitumor activities and reduce side effects.>® Further-
more, for reversal of multidrug resistance (MDR), the
modulator should be released earlier and faster than
the chemotherapeutic drug to inactivate drug efflux
pumps in advance and then inhibit the pumping out of
the chemotherapeutic drug. However, the present
approaches for combination therapy are the noncova-
lent encapsulation of two drugs in a single nanocarrier,
which can result in poor stability and batch-to-batch
variability in drug loading and release kinetics, espe-
cially when two drugs possess different solubility,
charge and molecular weight. In addition, the encap-
sulation of hydrophilic drugs could result in low drug
loading and encapsulation efficiency.”?

To resolve above problems, here we designed a
smart pH-sensitive polymeric micelles system with
high drug loading and precise drug ratio to co-deliver
the hydrophilic doxorubicin (DOX) and the hydropho-
bic disulfiram (DSF) (a P-gp inhibitor and apoptosis
inducer) in a temporal release manner to restore
apoptotic signaling pathways and overcome MDR. At
first, DOX was conjugated to poly(styrene-co-maleic
anhydride) (SMA) derivative with adipic dihydrazide
(ADH) through an acid-cleavable hydrazone bond, and
then DSF was encapsulated into the micelles formed
by the self-assembly of SMA-ADH-DOX (SAD) conju-
gate. The DSF-loaded SAD micelles (DSM) enabled a
temporal release of two drugs: encapsulated DSF was
released fast to inhibit the activity of P-gp and restore
cell apoptotic signaling pathways, while the conju-
gated DOX was released in a sustained and pH-depen-
dent manner and highly accumulated in cancer cells to
exert therapeutic effect. The potency of this smart co-
delivery system in reversing MDR was evaluated in
DOX-resistant breast cancer cells (MCF-7/ADR cells)
and in MCF-7/ADR tumor-bearing mice. It was ex-
pected that the combination therapy could promote
synergistic actions and deter the development of
cancer resistance.

RESULTS AND DISCUSSION

Synthesis and Characterization of SAD Conjugate. The aim
of this work was to design and develop acid-cleavable
SAD micelles to co-deliver DOX and DSF into tumor
tissue and overcome MDR. To avoid the steric
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hindrance and introduce the hydrazide groups into
the backbone, SMA was first derivatized with ADH, and
then, DOX was conjugated to the pendant hydrazide
groups of SMA-ADH (SA) via an acid-sensitive hydra-
zone bond (Figure S1). The conjugation was then
confirmed by "HNMR spectra and UV scanning spectra.
The presence of the characteristic resonances of styr-
ene residue of SMA (6.8—7.4 ppm) and DOX (4.3, 5.1,
545, 7.6, 7.85, and 8.0 ppm) in the '"H NMR of SAD
indicated that the conjugate was successfully synthe-
sized (Figure S2). In the UV scanning spectra (Figure S3),
SA showed no absorption in the range of 600—400 nm,
while SAD exhibited a broad absorption peak, which was
indentified with free DOX, confirming the successful
synthesis of SAD conjugate. Elemental analysis showed
that approximately 88.2% of maleic anhydride was re-
acted with ADH, while about 23.2% of the grafted ADH
was further reacted with DOX (Table S1). Furthermore, the
content of DOX in SAD conjugate determined by fluores-
cence spectrophotometry was as high as 25% (w/w).

The hydrazone linker was hydrolytically cleavable,
particularly at low pH values, and the hydrolysis rate
was negatively related to the pH value. As shown in Figure
S4, SAD exhibited a monodispersed peak at 11.5 min
when analyzed by high performance liquid chromatog-
raphy (HPLC), while free DOX was eluted at 2.7 min. The
incubation of SAD at low pH values for 2 h led to partial
degradation of the hydrazone bonds, resulting in two
separate elution peaks, corresponding to DOX and SAD,
respectively. Additionally, the hydrolysis rate accelerated
with the decrease of pH value, suggesting that the smart
polymeric micelles designed here was pH-sensitive.

Preparation and Characterization of DSM. The synthe-
sized SAD conjugate could self-assemble into micelles
in an aqueous solution with a small particle size of 88.58 +
4.12 nm and a narrow distribution, determined by dy-
namic light scattering (DLS). In addition, SAD exhibited a
negative zeta potential of —22.8 mV, which might due to
the higher amount of carboxyl groups on the micelles
surface than that of hydrazide groups (Figure S5A). The
transmission electron microscopy (TEM) image showed
that the micelles were generally in spherical shape with
good monodispersity (Figure S5B). Furthermore, SAD
micelles displayed high drug loading capacity for the
MDR modulator DSF (drug loading content up to 5%).
The DSF-encapsulated micelles also exhibited spherical
morphology with no appreciable change of particle size
and zeta potential in comparison with blank micelles,
implying a good stability of the nanosystem (Figure 1A,B).
The particle size of micelles was beneficial for tumor-
targeting delivery, which was large enough to avoid renal
filtration and small enough to penetrate through the leaky
vasculatures in tumor region, while reducing reticuloen-
dothelial system (RES)-mediated clearance.’

The in vitro colloidal stability of micelles was eval-
uated in the presence of bovine serum albumin (BSA),
which is known as an amphiphile trap that disrupts
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Figure 1. (A) Size distribution and zeta potential of DSM determined by DLS. (B) TEM image of DSM. (C) Time-dependent
colloidal stability of DSM in water containing 1%, 5% and 10% BSA at 37 °C. The ratio of diameters is the ratio between the
time-dependent hydrodynamic diameter and the initial hydrodynamic diameter in water. (D) Zeta potential changes of DSM
after incubation with 1%, 5% and 10% BSA at 37 °C for 24 h. Inset: photographs of DSM after incubation with BSA at 37 °C for
24 h. (E and F) Time-dependent cumulative release of DSF (E) and DOX (F) from DSM at different pH values.

micellar nanocarriers.'® SAD and DSM were diluted in
water containing various concentrations of BSA at
37 °C, and the time-dependent changes in hydrodynamic
diameter were determined by DLS. The particle size
increased with BSA concentration and incubation time
increasing (Figure 1C and Figure S5C). Both micelles were
very stable in water containing 1% BSA, and no significant
size change was observed after even 24 h incubation.
When the concentration of BSA increased to 5% (the
physiological concentration of BSA),'' the hydrodynamic
size of micelles increased to about 1.3-fold of the original
size after 24 h aging at 37 °C, but the particles still exhibited
good dispersibility. Even when the concentration of
BSA was as high as 10%, there was still no visible particle
precipitation observed for both micelles. In addition, the
incubation of micelles with BSA led to an increase of
the zeta potential (Figure 1D and Figure S5D), which might
be due to the relatively low pH value of micellar solution
(pH ~4.5), resulting from the presence of more carboxyl
groups than hydrazide groups on the surface. At this pH,
BSA had a slight positive charge, and the absorption of BSA
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on micelles surface would neutralize and shield the nega-
tive charge of micelles, leading to an increase of the zeta
potential. Additionally, the nearly neutral charge of BSA
could reduce its interaction with micelles, thereby decreas-
ing the amount of BSA that absorbed to micelles surface.
Furthermore, at the physiological environment, BSA would
have a net negative charge, which could further reduce its
absorption to negatively charged surface of micelles,
resulting in high stability of the micelles, and then pro-
longed circulation time.'?

DSM was expected to enable a temporal release of
two drugs: DSF was fast released to inhibit the activity
of P-gp, and DOX was released in a sustained manner in
response to endosomal pH environment and highly
accumulated in cells, achieving selective and efficient
intracellular drug release and finally reversing MDR. To
demonstrate this potential, the release kinetic for each
drug was quantified. As presented in Figure 1E, DSF
showed a fast release, 92.6% and 70.2% of DSF were
released within 12 h incubation at pH 5.0 and 7.4,
respectively. The fast release of DSF could guarantee
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the quick inactivation of P-gp, and subsequently the
high accumulation of DOX in cells. In contrast, the
release of DOX was found to be significantly slower in
buffer solution that models the blood environment
(pH 7.4 at 37 °C), and only a slight release (up to 15.3%)
was observed within 96 h incubation, while the release of
DOX became fast in a buffer that simulates the condition
in the endosomes of target cells (pH 5.0 at 37 °C), and
92.1% of DOX was released from the micelles within 96 h
incubation in a sustained manner (Figure 1F). This pH-
dependent release behavior was highly desirable for
targeted cancer therapy because it could significantly
minimize the amount of premature drug release during
circulation in the bloodstream, yet provide a sufficient
amount of drug to effectively kill the cancer cells once the
micelles were internalized through endocytic pathways.

DOX Accumulation and Efflux Assay. DSF has been re-
ported to can inhibit P-gp activity in vitro by covalently
modifying cysteine residues within the nucleotide-
binding domains and/or by blocking its maturation,
leading to an increased intracellular accumulation of
cytotoxic drugs.'®'* The effect of DSF on the intracel-
lular accumulation and efflux of DOX was performed in
DOX-resistant MCF-7/ADR cells and DOX-sensitive
MCF-7 cells. As expected, free DOX accumulation in
MCF-7/ADR cells was extremely low, even incubation
for 4 h, but significantly increased when co-incubation
with DSF was used due to the inhibitory effect of DSF on
P-gp. SAD and DSM could be internalized into the cells
through endocytic pathways like other nanocarriers and
counteracted the effect of P-gp mediated drug efflux,
leading to high cellular accumulation (Figure 2A). On the
contrary, as a result of the low expression of P-gp, the
accumulation of all DOX formulations in MCF-7 cells was
relatively high and increased with prolongation of
incubation time (Figure 2B).

In drug efflux assay, cells were first cultured with
free DOX, a mixture of free DOX and DSF (DOX + DSF),
SAD, a mixture of SAD and DSF (SAD -+ DSF) or DSM for
4 h, and then incubated with fresh medium for different
time. The amount of DOX retained in cells was deter-
mined by FACSCalibur system. The results showed that
the content of DOX was very low in free DOX solution
treated MCF-7/ADR cells and continuously decreased
within the subsequent incubation as a result of efflux
effect of P-gp. When DOX was combined with DSF, its
concentration in cells was significantly higher and
showed no obvious decrease. Similarly, the amount of
intracellular DOX was also decreased in MCF-7/ADR cells
treated by SAD as incubation time increased, due to the
pumping out of DOX by P-gp after being released from
the conjugate, and the decrease was markedly pre-
vented by the addition of DSF. While in DSM treated
MCF-7/ADR cells, the intracellular concentration of DOX
was highest and the downward trend was slowest
(Figure 2Q). In MCF-7 cells, the DOX concentration in
the beginning stage of the test was remarkably higher
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than thatin MCF-7/ADR cells, and no significant changes
were seen within 4 h incubation (Figure 2D).

Subcellular Localization. The localization of DOX in
cells was additionally observed by confocal micro-
scopy. In MCF-7/ADR cells (Figure S6), free DOX
showed little sign of uptake and mainly located around
the cell membrane after 4 h incubation, due to the
efflux effect of P-gp. The addition of DSF significantly
increased the uptake of DOX, as indicated by the pres-
ence of higher red fluorescence intensity. Although
SAD could increase the cellular uptake through by-
passing drug efflux pumps, a part of DOX was found to
colocalize with cell membrane, which could be be-
cause of the pumping out by P-gp after being released
from SAD. In contrast, cells treated with SAD + DSF and
DSM not only showed high red fluorescence intensity,
but also reduced the amount of DOX colocalized with
cell membrane. In MCF-7 cells (Figure S7), the red
fluorescence intensity in cells incubated with DOX
alone was comparable to that exposed to DOX in
combination with DSF, indicating that DSF did not
affect the uptake of DOX due to the low expression
of P-gp in MCF-7 cells. Cells cultured with SAD, SAD +
DSF and DSM only showed slightly higher red fluores-
cence intensity compared with that treated with DOX.
In addition, no obvious red fluorescence was observed
in cell membrane surrounding, indicating the absence
of DOX colocalized with cell membrane. Interestingly,
DOX internalized into cells was localized in cytoplasm
around the nucleus in MCF-7/ADR cells for all DOX
formulations after incubation for 4 h, while DOX could
easily enter into nucleus in MCF-7 cells. Three-dimen-
sional (3D) confocal microscopic images displayed a
similar fluorescence profile (Figure 2E,F, Figure S8 and
Figure S9). DOX was excluded from nucleus in MCF-7/
ADR cells, on the contrary, most of DOX entered nucleus
in MCF-7 cells. Since one of the pharmacological me-
chanisms of DOX was to inhibit the synthesis of nucleic
acid through inserting into the nucleic acid after en-
trance into nucleus, the prevention for the nuclear
localization of DOX could be one of MDR mechanisms.

It was reported that the entrance of free DOX into
cells was accomplished by passive diffusion without
the requirement for a specific transporter as following,
DOX first bound to anionic phospholipids in mem-
brane via electrostatic interaction, then entered cells
through a flip-flop mechanism between the two mem-
brane leaflets.”>'® However, in drug resistant cells,
internalized DOX was generally trapped in intracellular
organelles and then extruded from cells by P-gp.'” The
long residence-time of the drug in the inner leaflet of
the plasma membrane allowed P-gp a better opportu-
nity to remove it from the cells.'® For nanocarriers,
endocytic pathways were the main mechanism for
cellular internalization after binding to cell surface,
which could bypass the drug efflux pumps and subse-
quently increase cellular uptake.'”” 2" For example,
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Figure 2. (A and B) The accumulation of DOX in MCF-7/ADR cells (A) and MCF-7 cells (B) after incubation with DOX, DOX +
DSF, SAD, SAD + DSF and DSM for different time. (C and D) The efflux of DOX from MCF-7/ADR cells (C) and MCF-7 cells (D).
Cells were first treated with DOX, DOX + DSF, SAD, SAD + DSF and DSM for 4 h, and then incubated with fresh medium for
various times. (E and F) 2D and 3D confocal microscopicimages of MCF-7/ADR cells (E) and MCF-7 cells (F) after culturing with
DSM for 4 h. Nucleus and lysosome were stained by Hoechst 33342 and LysoTracker Green, respectively. (Scale bar: 5 um).

both caveolae- and clathrin-mediated endocytosis were
involved in the internalization of DOX-Hyd@AuNPs into
MCF-7/ADR cells.?2 The confocal microscopic images of
MCF-7/ADR cells shown in Figure 2E and Figure S8
revealed that the red fluorescence from DOX was mainly
localized in the acidic organelles labeled with Lysotrack-
er Green (green) after 4 h incubation, indicating the
involvement of endocytic pathways. The localization in
the acidic organelles was probably the prerequisite for
the triggered intracellular drug release via the breakage
of hydrazone bonds.

In Vitro Cytotoxicity. The cytotoxicity of various drug
formulations was investigated by 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
and the ICsq value (the concentration that inhibited cell
growth by 50%) was calculated simultaneously (Figure
3A,B and Table S2). The reduction of MTT is thought to
mainly occur in the mitochondria through the action of
succinate dehydrogenase, therefore providing a mea-
sure of mitochondrial function.® In MCF-7/ADR cells,
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as a result of highly overexpression of P-gp, the ICsq
value of free DOX was as high as 0.32 mg/mL, which
was ~480-fold resistant to DOX in comparison with the
parent MCF-7 cells (ICso = 6.73 x 10~* mg/mL). After
conjugation to SMA, the cytotoxicity of DOX was highly
increased by 37.2-fold, due to high cellular uptake.
When DSF was added, the cytotoxicity of DOX was
further increased as a result of increased DOX inter-
cellular accumulation and the apoptosis-promoting
effect of DSF. The ICsq values of DOX + DSF, SAD +
DSF and DSM in MCF-7/ADR cells were 51.4-, 65.5-, and
89.7-fold less than that incubated with free DOX solu-
tion, respectively. In MCF-7 cells, DOX could be inter-
nalized easily and accumulated in cells at high level
due to low expression of P-gp, thereby resulting in high
cytotoxicity. The conjugation of DOX to SMA resulted
in no obvious increase in the cytotoxicity of DOX.
However, when DOX was combined with DSF, its
cytotoxicity was increased, which could be due to the
effect of DSF on cell apoptosis. The IC5 values of DOX
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Figure 3. (A and B) Viability of MCF-7/ADR cells (A) and MCF-7 cells (B) after treatment with DSF, DOX, DOX + DSF, SAD, SAD +
DSF and DSM at different concentrations for 48 h. (C and D) LDH released from MCF-7/ADR cells (C) and MCF-7 cells (D)
exposed to DSF, DOX, DOX + DSF, SAD, SAD + DSF and DSM at different concentrations for 48 h. (E) The cellular and nuclear
morphology of MCF-7/ADR cells after treatment with DSM for 48 h. (Scale bar: 50 um). (F and G) Flow cytometry analysis for
apoptosis (E) and cell cycle change (G) of MCF-7/ADR cells induced by DSM.

in DOX + DSF-, SAD + DSF-, and DSM-incubated cells
were 1.48-, 2.23-, and 2.90-fold less than that treated
with DOX solution, respectively.

The cytotoxicity of various formulations was veri-
fied by lactate dehydrogenase (LDH) release assay, an
indicator of plasma membrane damage. The data of LDH
release assay were well coordinated with MTT assay
(Figure 3C,D and Table S3). In MCF-7/ADR cells, conjuga-
tion to SMA and combination with DSF all significantly
elevated the levels of LDH release when compared with
free DOX. The LDsq (median lethal dose) of DOX + DSF,
SAD, SAD + DSF and DSM showed 74.8-, 53.4-,82.8-,and
98.8-fold decrease, respectively, compared with that
treated with DOX solution. However, the increase of
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LDH release in MCF-7 cells induced by DOX + DSF,
SAD, SAD + DSF and DSM was not as remarkable as that
in MCF-7/ADR cells, showing only 1.52-, 1.10-, 2.24-, and
2.99-fold increase, respectively, when compared with
free DOX. The high cytotoxicity of DSM in MCF-7/ADR
cells indicated that the multifunctional delivery system
for the combination of chemotherapeutic agents and
MDR modulators could significantly overcome MDR.
Cell Apoptosis and Cell Cycle Assay. It has been reported
that DSF could induce cell apoptosis through different
mechanisms including the inhibition of proteasome
activity, the prevention of NF-«B translocation, and the
induction of reactive oxygen species generation,®* 2’
thereby synergistically enhancing the in vitro cytotoxicity
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Figure 4. (A and B) Plasma concentration—time profiles of DOX (A) and DSF (B) in rats after intravenous administration of
various drug formulations at the dose of 10 mg DOX/kg and 2 mg DSF/kg.

and apoptotic effect of chemotherapeutic drugs, such
as 5-fluorouracil,?® gemcitabine®>3° and DOX.3" In this
work, it was demonstrated that DSF could increase
intracellular accumulation and decrease efflux of DOX
in MCF-7/ADR cells through inhibiting P-gp activity.
Thus, the synergistic effect of DOX and DSF on cell
apoptosis was evaluated. As indicated in Figure 3E and
Figure S10A, MCF-7/ADR cells exposed to DOX alone
did not show any visible apoptosis characters after 48 h
incubation, and the conjugation could enhance the
apoptotic effect of DOX through increasing its cellular
uptake, while DSF alone could induce cell apoptosis,
and the combination with DOX significantly increased
the apoptotic effect. Most of cells appeared to have
apoptotic morphology after treatment with DOX +
DSF, SAD + DSF and DSM, as shown by marked
changes in cellular and nuclear morphology, including
chromatin condensation, membrane blebbing, nuclear
breakdown, and the appearance of membrane-asso-
ciated apoptotic bodies. The apoptotic cells were
further quantified by prodium iodide (Pl)/Annexin V
staining and flow cytometric analysis (Figure 3F and
Figure S10B). DOX showed high synergistic effect with
DSF on promoting cell apoptosis, resulting in 42.6-,
47.3-, and 48.9-fold increase in number of apoptotic
cells for DOX + DSF-, SAD + DSF-, and DSM-treated
cells, compared with free DOX-treated cells.

DOX could insert into the minor grooves of nucleic
acids to inhibit their synthesis, and finally change the
cell cycle.®? Figure 3G and Figure S10C showed that
cells treated with DSF or DOX alone exhibited similar
cell cycle with control cells, while DOX significantly
changed the cell cycle after combination with DSF or
conjugation to SMA, resulting in 64.9% and 63.7% reduc-
tion in the percentage of Gy/G; phase, and 8.1- and 7.8-
fold increase in the percentage of G,/M phase, respec-
tively. In addition, the conjugate could further change cell
cycle when combination with DSF, as a result of higher
DOX accumulation in cells. After incubation with SAD +
DSF and DSM, the percentage of Go/G, phase was reduced
by 83.5% and 85.2%, and the percentage of G,/M phase
was increased by 10.2- and 10.8-fold, respectively.

In Vivo Pharmacokinetics. The mean DOX plasma con-
centration as a function of time following intravenous
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administration of DOX, DOX + DSF, SAD, SAD + DSF
and DSM was illustrated in Figure 4A, and the pharma-
cokinetic parameters, obtained by fitting the data to a
two-compartment model, were summarized in Table
S4. Significant differences in pharmacokinetic profiles
were observed for free DOX and DOX conjugates. Free
DOX was quickly removed from the circulating system
after intravenously administration, showing a biphasic
pattern with a rapid distribution phase (t; /5, = 0.04 h) and
arapid terminal elimination phase (t;,,5=7.75 h), and the
addition of free DSF showed no obvious effect on the
pharmacokinetic profile of free DOX. However, DOX
conjugates, including SAD, SAD + DSF and DSM, all
significantly changed DOX pharmacokinetic parameters
in comparison with free DOX, as indicated by significantly
higher area under the curve (AUC,_..), elimination half-
life (t1/5), mean residence time (MRT,_..), and signifi-
cantly lower total clearance (CL). Specifically, the AUC,_..,
t1/25 and MRT,_.. for DSM were 70.52 ug-h/mlL, 23.82 h
and 47.60 h, which were 5.77-,3.07-, and 5.59-fold higher
than that of free DOX, respectively, while CL for DSM was
3.98-fold lower than that of free DOX, implying a longer
retention of the drug in blood circulation.

The concentration—time curve of DSF after admin-
istration of DSF, DOX + DSF, SAD + DSF and DSM was
illustrated in Figure 4B, and the pharmacokinetic para-
meters were summarized in Table S5. The plasma
concentration of DSF in rats injected with free DSF
significantly decreased over time, and was below the
HPLC detection limit after 2 h. The AUC,_.., t1,,5 and
MRT,_.. for free DSF were only 1.05 ug-h/mL, 1.60 h
and 1.25 h, respectively, while the CL for free DSF was
as high as 1519.70 mL/(h/kg). On the contrary, DSM
significantly slowed the decrease of the plasma con-
centration of DSF, showing a higher t;,55 (29.79 h) with
ahigher AUC,_.. (15.95 ug-h/mL). The increased blood
circulation time of DSF by DSM was also evidenced by
the increase of MRT,_.. (45.25 h) and the decrease of
CL (143.52 mL/(h/kg)) in comparison with free DSF. The
long systemic circulation time and slow plasma elim-
ination rate of DSM were probably due to their low
protein absorption and high colloidal stability, which
could reduce the clearance rate by RES, thereby
prolonging blood circulation time.

VOL.7 = NO.7 = 5858-5869 = 2013 ACNJANIC)

WWW.acsnano.org

5864



A Tumor Heart Liver Spleen Lung Kidney

w
&

EDOX EDOX+DSF BESAD © SAD+DSF ®DSM

DOX (% IDIg tissue)

Tumor Heart Liver Spleen Lung Kidney

D 120 E 25
= 100
pt o

L]
5 80 | s 20
s 60 1 %
‘g =

=
2 40 g 151
g m
T 207
[}
Y | 10 . ' ’ . .

0 5 10 15 20 25 30
Time (day) Time {day)

Figure 5. (A) Fluorescence images of tissues and tumor at 4 h after intravenous administration of DSM. (B) Quantitative
analysis for the biodistribution of DOX in MCF-7/ADR tumor-bearing mice at 4 h after intravenous administration of DOX,
DOX + DSF, SAD, SAD -+ DSF and DSM. (C) Frozen section of tumor separated from MCF-7/ADR tumor-bearing mice receiving
DSM. (Scale bar: 10 um). (D) Changes of tumor volume after intravenous injection of saline, DSF, DOX, DOX + DSF, SAD, SAD +
DSF and DSM formulations in MCF-7/ADR tumor-bearing nude mice. (E) Body weight changes of MCF-7/ADR tumor-bearing
mice after treatment with saline, DSF, DOX, DOX + DSF, SAD, SAD + DSF and DSM formulations. Statistical significance: *P <

0.05, **P < 0.005 and ***P < 0.0005.

Biodistribution. The biodistribution of various formu-
lations containing DOX was investigated in MCF-7/ADR
tumor model which was generated by injection of 1 x
10° cells in 100 uL RPMI 1640 medium into the right
axilla of female BALB/c nude mice. At 4 h after intra-
venously administration with DOX, DOX + DSF, SAD,
SAD + DSF and DSM at the dose of 10 mg DOX/kg and
2 mg DSF/kg, the tumor-bearing mice were sacrificed,
and the heart, liver, spleen, lung, kidney and tumor
were excised. The distribution of DOX in each tissue
was observed using the FX Pro in vivo imaging system
(Figure 5A and Figure S11A). DOX, both administrated
alone and combined with DSF, showed very low
accumulation in tumor, but relatively high accumula-
tion in liver, lung and kidney, suggesting that the
combination of DOX with DSF could not promote the
tumor uptake of DOX on systemic level. The low
concentration in tumor and high content in normal
tissue were contributed to the high systematic toxicity
of free DOX. On the contrary, the conjugate of DOX,
either alone or combined with DSF or co-delivered with
DSF, all showed high tumor accumulation, likely due to
the enhanced permeability and retention (EPR) effect.
Meanwhile, the distribution of DOX was also observed
in highly perfused organs, such as liver and lung,
because of the high circulating blood passed through
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these organs, as well as the unavoidable uptake by the
RES in these organs. The biodistribution of DOX was
further quantified (Figure 5B). The results were consis-
tent with the fluorescence imaging, showing that the
micelles were mainly accumulated in liver and lung,
followed by tumor. Specifically, the content of DOX in
tumor treated with SAD, SAD + DSF or DSM was about
3-fold of that administrated with DOX alone or combina-
tion with DSF. The high tumor accumulation of DOX
conjugates would enhance their antitumor effect in vivo.

The tumors were further sectioned, stained with
Hoechst 33342 and observed under a confocal micro-
scopy for the detailed distribution of DOX in tumor, as
reported previously.®*** The red fluorescence was
barely observed in tumors treated with DOX alone or
in combination with DSF, while the red fluorescence
was fairly high in that treated with micelles, including
SAD, SAD + DSF and DSM (Figure 5C and Figure S11B).
In addition, micelles showed wide distribution through-
out the tumor tissue, demonstrating increased tissue
penetration. The increased penetration and accumula-
tion of micelles in tumor might be attributed to their
suitable particle size and negative charged surface,
which were beneficial for reduced nonspecific binding,
prolonged circulation time, better use of EPR effect and
finally the accumulation in tumor.
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In Vivo Antitumor Effect. To evaluate whether the
increased cytotoxicity and improved biodistribution
can lead to enhanced therapeutic efficacy, the anti-
tumor efficacy was performed in mice bearing MCF-7/
ADR tumor. As shown in Figure 5D and Figure 512, free
DOX exhibited a considerable tumor inhibition in vivo
compared with the control group. At the end of experi-
ment, the tumor volume and tumor weight of free
DOX-treated group was 58.12% and 62.40% of control
group, respectively. SAD could further improve the
inhibitory effect, showing 78.18% and 81.76% reduc-
tion in tumor volume and tumor weight at the end of
21 days, respectively. However, the addition of free DSF
showed no obvious enhancement in antitumor effect,
either in combination with free DOX or SAD, indicating
that free DSF could not promote the antitumor effect of
DOX on systemic level. When DOX and DSF were co-
administrated in DSM, the highest antitumor activity
was achieved, with almost completely inhibition of
tumor growth. The tumor volume of DSM-treated
group was only 4.21% of control group at the end of
experiment, which was 12.8-fold and 4.4-fold smaller
than that treated with DOX + DSF and SAD + DSF,
respectively. In addition, the tumor inhibition rate of
DSM was 97.7%, which was significantly higher than
that of DOX + DSF (42.6%) and SAD + DSF (85.7%). The
superior therapeutic efficacy of DSM could be attributed
to the high tumor accumulation of two drugs, increased
cellular uptake by tumor cells and the synergistic effect
of DOX and DSF on cytotoxicity and apoptosis.

Body weight changes in all mouse groups, as an
indicator of systemic toxicity, were measured simulta-
neously (Figure 5E). The body weight of saline- and
DSF-treated mice showed a relatively fast increase,
which might be partly due to the fast growth of tumor.
Severe weight loss was seen in mice after administra-
tion with free DOX alone or in combination with DSF,
clearly indicating the serious systemic toxicity of free
DOX. Whereas weight in the other groups, including
those treated with SAD, SAD + DSF or DSM, did not
change greatly, demonstrating the absence of severe
systemic toxicity. The cardiotoxicity was further inves-
tigated by histopathological analysis and the results
were shown in Figure S13. Compared with saline
group, obvious accumulation of neutrophils was ob-
served in hearts of mice treated with free DOX and
DOX + DSF, indicating that free DOX possessed evi-
dent cardiac toxicity, and the combination with free

MATERIALS AND METHODS

Materials. SMA with a molar styrene to maleic anhydride
ratio of 1:1 in the backbone (molecular weight 5500 Da) was
gifted by Sartomer Company, Inc. (Guangzhou, China). DSF and
ADH were obtained from TCI (Shanghai, China). DOX, trypan
blue and MTT were purchased from Sigma-Aldrich (St. Louis,
MO). Hoechst 33342 and LysoTracker Green were obtained from
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DSF could not decrease the cardiotoxicity of free DOX,
perhaps because of its lack of effect on DOX biodis-
tribution. In contrast, no acute pathological change
was detected in SAD-, SAD + DSF- and DSM-treated
groups, demonstrating that micelles could reduce the
cardiac toxicity, probably through reducing the accu-
mulation of DOX in heart. The high antitumor effect,
together with the lack of systemic toxicity, suggested
that DSM could act as an ideal nanoplatform for the
smart co-delivery of chemotherapeutic drugs and MDR
modulators into tumors for more effective cancer
treatment.

It has been reported that 50—60% of drug devel-
opment failure is due to insufficient efficacy and ~20%
is due to clinical or preclinical safety.>>3° Thus, the low
therapeutic efficacy with high toxicity is the main
problem that need to be solved for medical applica-
tion. Specifically, the development of MDR is one of
main reasons for tumor treatment failure, which will
reduce drug accumulation in tumor site and prevent
drug from entering tumor cells to exert its therapeutic
effect.3”® In addition, the physicochemical properties
of drug formulations also influence the transport be-
havior in blood and consequently biodistribution, as
well as cellular uptake and trafficking.>° The smart pH-
sensitive and temporal-controlled polymeric micelles
designed here possessed favorable properties for
tumor accumulation and internalization by tumor cells,
such as suitable particle size, narrow distribution,
negative zeta potential, high stability, temporal release
for inhibition of P-gp and drug accumulation in MDR
tumor cells. As a result, the smart drug co-delivery
system could be promising for medical application due
to high therapeutic efficacy with low systemic toxicity.

CONCLUSION

DSM exhibited a variety of attractive properties in a
smart fashion, such as high drug loading with precise
drug ratio, long circulation time, improved cellular
internalization, and temporal release within tumor cells
for inactivation of P-gp and drug accumulation. As a
result, DSM could significantly enhance the cytotoxi-
city of DOX, induce cell apoptosis and change cell
cycle. Importantly, DSM showed high tumor accumula-
tion and excellent antitumor effect in MDR tumor with
low systemic toxicity. The smart co-delivery system
could be the promising intracellular delivery nanove-
hicles for effective combination therapy.

Molecular Probes (Eugene, OR). DiO was purchased from Beyo-
time (Jiangsu, China). Other chemicals if not mentioned were
obtained from Sinopharm Group Chemical Reagent Co., Ltd.
(Shanghai, China) and were of analytical grade.

Synthesis and Characterization of SAD Conjugate. SAD was synthe-
sized through two steps as shown in Figure S1. First, SMA was
derivatized with ADH via a ring-open reaction between the
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hydrazide groups and the maleic anhydride units in the present
of triethylamine (TEA) according to the previous method,*® with
a little modification. Briefly, ADH (344.6 mg, 1.98 mmol) and TEA
(2 g, 19.8 mmol) dissolved in dimethyl sulfoxide (DMSO) were
placed into a round-bottom flask, followed by the dropwise
addition of SMA (200 mg, 0.99 mmol of maleic anhydride) in
DMSO. The reaction was carried out at room temperature for
24 h with stirring. The reaction mixture was then dialyzed
using cellulose dialysis membranes (MWCO: 3.5 kDa, Spectrum
Co.) against deionized water for 3 days to remove DMSO and
unreacted ADH. After that, water was removed by rotary
evaporation, and the polymer SA was dried under vacuum
overnight.

Conjugation of DOX to SA was accomplished by formation
of a hydrazone between the ketone of DOX and the hydrazide
side chain of SA. SA (100 mg, 0.25 mmol of hydrazide) and DOX
(71.9 mg, 0.12 mmol) were dissolved in methanol and reacted
for 48 h in dark at room temperature. After the reaction was
finished, the reaction solution was condensed by rotary eva-
poration and dialyzed against deionized water. The polymer
SAD was centrifugalized, dried under vacuum and obtained as
red powder. Conjugation was confirmed by 'H NMR spectra
recorded on Varian Mercury Plus-400 NMR spectrometer
(Varian) operated at 400 MHz. UV scanning spectra were con-
ducted on an UV—vis spectrophotometer (UV-2450, Shimadzu,
Japan) to confirm the successful synthesis of SAD conjugate.
Elemental analysis was measured on an organic element analyzer
(VarioELCUBE, Elementar Analysen systeme GmbH, Germany).
The content of DOX in SAD conjugate was determined by
fluorescence spectrophotometer (F4600, Hitachi, Japan) with
an excitation wavelength of 485 nm and emission wavelength
of 590 nm using a standard calibration curve.

The acid degradation of SAD was performed as following,
SAD solution was first adjusted to pH 6.0, pH 5.0 or pH 4.0, and
then incubated at 37 °C for 2 h. After that, the treated solution
was analyzed with Waters HPLC system, equipped with a Waters
€2695 separations module, a Waters 2998 photodiode array
detector, and a XBridge C;g column. HPLC grade methanol/0.1%
formic acid (60/40, v/v) was used as the mobile phase at 30 °C
with a flow rate of 1.0 mL/min.

Preparation and Characterization of DSM. SAD (10 mg) and DSF
(1 mg) co-dissolved in 1 mL dimethylformamide (DMF) were
dropwise added to 5 mL pure water under vigorous agitation.
The micellar solution was then dialyzed against deionized water
and filtered with a Millipore filter (pore size: 0.45 um) to elim-
inate unencapsulated DSF. The blank SAD micelles were also
prepared as described for DSF-loaded SAD micelles except for
the absence of DSF. Size distribution and zeta potential of SAD
and DSM were measured by DLS using a Zetasizer (ZS90,
Malvern, U.K.) with a scatter angle of 90° at 25 °C. The morpho-
logic examination of micelles was performed by TEM (Tecnai
G2 F20 S-TWIN, FEI, Hillsboro, OR) with negative stain method.
Before analysis, the samples were stained with 2% (w/v) phos-
photungstic acid, and then placed on copper grid with films and
air-dried prior to imaging. The colloidal stability of micelles
was evaluated in the presence of BSA. Briefly, SAD and DSM
diluted in water containing 1%, 5% or 10% BSA were incubated
at 37 °C, and the change of micelles size over time was
determined by DLS.

The release profile of DSF and DOX from DSM was measured
in 0.1 M phosphate buffer solution (PBS, pH 7.4) and 0.1 M
acetate buffer solution (ABS, pH 5.0) at 37 °C. In brief, DSM
dissolved in PBS or ABS were sealed in a dialysis bag (MWCO:
10 kDa), and immersed in 5 mL of PBS or ABS at 37 °C with
continuously shaking (100 rpm). At predetermined time points,
all release media were taken out for content measurement and
replenished with an equal volume of fresh media. The amount
of the released DOX and DSF was measured using fluorescence
spectrophotometry and HPLC method, respectively.

Cell Culture. MCF-7 and MCF-7/ADR cells, obtained from the
American Type Culture Collection (ATCC, Manassas, VA) and
Keygen Biotech. Co., Ltd. (Nanjing, China), respectively, were
cultured in RPMI 1640 medium containing 10% fetal bovine
serum, 100 U/mL penicillin G sodium and 100 ug/mL strepto-
mycin sulfate at 37 °C and 5% CO, in a humidified incubator.
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Drug resistance of MCF-7/ADR cells was maintained by addition
of DOX (1 ug/mL) in the medium.

DOX Accumulation and Efflux Assay. MCF-7 and MCF-7/ADR cells
seeded in 24-well plates (5 x 10* cells/well) were treated with
DOX, DOX + DSF, SAD, SAD + DSF or DSM for 1, 2 and 4 h at
37 °C. The concentrations of DOX and DSF were 5 and 1 ug/mL,
respectively. At the end of experiment, the extracellular fluo-
rescence was quenched with 0.4% trypan blue for 2 min, and
cells were then trypsinized, washed three times with ice-cold PBS,
resuspended in 500 uL PBS and measured by FACSCalibur system
(BD Biosciences, Oxford, UK.). The fluorescent intensity was
calculated by CellQuest software, and blanked by untreated cells.

To investigate the efflux of DOX, MCF-7 and MCF-7/ADR
cells were first treated with DOX, DOX + DSF, SAD, SAD + DSF or
DSM (5 ug DOX/mL and 1 ug DSF/mL) for 4 h. After washing
twice with PBS, cells were further incubated with fresh medium
for 1,2 and 4 h at 37 °C. Then, the extracellular fluorescence was
quenched with 0.4% trypan blue for 2 min, and cells were
collected and washed with PBS before the DOX retained in cells
was determined by FACSCalibur system.

Subcellular Localization. MCF-7 and MCF-7/ADR cells were
seeded on 10 mm? glass coverslips placed in 24-well plates
and cultured with DOX, DOX + DSF, SAD, SAD + DSF or DSM (5
ug DOX/mL and 1 ug DSF/mL) for 3.5 h, followed by staining
with Hoechst 33342 and DiO or Hoechst 33342 and Lyso Tracker
Green for additional 0.5 h at 37 °Cin dark. After the extracellular
fluorescence was quenched, cells were washed twice with PBS
and fixed with 4% paraformaldehyde for 30 min. Then, cells
were mounted on glass slides and visualized using confocal
microscope (FluoView TM FV1000, Olympus, Japan).

In Vitro Cytotoxicity. MCF-7 and MCF-7/ADR cells seeded in 96-
well plates (1 x 10* cells/well) were incubated with DSF, DOX,
DOX + DSF, SAD, SAD + DSF or DSM at various drug concen-
trations (mass ratio of DOX to DSF was fixed at 5:1) for 48 h; cell
culture supernatants were then harvested and assayed for LDH
activity using the LDH release assay kit (Beyotime), according to
the manufacturer's protocol. Released LDH were expressed as a
percentage of maximum LDH release induced by the incubation
of cells with 1% Triton X-100, after normalization to cells treated
with corresponding formulations. Meantime, treated cells were
further incubated with 200 L fresh medium containing 0.5 mg/mL
MTT for additional 4 h. After the medium was removed, 150 ulL of
DMSO was added to dissolve the crystals formed by living cells.
Absorbance at 570 nm was measured using a microplate reader.
Cell viability was expressed as a percentage of the absorbance to
that of the control experiment without treatment.

Cell Apoptosis and Cell Cycle Assay. MCF-7/ADR cells seeded in
12-well plates (1 x 10° cells/well) were treated with DSF, DOX,
DOX + DSF, SAD, SAD + DSF or DSM (5 ug DOX/mL and 1 ug
DSF/mL) for 48 h, and then stained with Hoechst 33342 at 37 °C
for 30 min in dark. The cellular and nuclear morphology was
observed using a fluorescence inversion microscope (IX81,
Olympus, Japan). For quantitative measurement of apoptosis,
treated cells were harvested, washed twice with ice-cold PBS,
stained with Annexin V-FITC and Pl for 15 min at room temperature
in the dark, and then analyzed by FACSCalibur system. For cell
cycle assay, treated cells were collected, washed twice with ice-
cold PBS, fixed with 70% ethanol at 4 °C overnight and treated with
RNase A for 45 min, followed by PI staining for 30 min. The
alteration of cell cycle was analyzed by FACSCalibur system.

Animals and Tumor Model. Adult Sprague—Dawley rats (200 +
20 g) and female BALB/c nude mice aged 5 weeks (16—20 g)
were supplied by Shanghai Experimental Animal Center and
kept under a 12 h light/dark cycle at the Animal Care Facility.
The animals were given daily fresh diet with free access to water
and acclimatized for at least 5 days prior to the experiments.
The in vivo experiments were carried out under the guideline
approved by the Institutional Animal Care and Use Committee
(IACUQ) of the Shanghai Institute of Materia Medica, Chinese
Academy of Sciences. Subcutaneous tumor model was gener-
ated by injection of 1 x 10° MCF-7/ADR cells into the right axilla
of nude mice. The tumors were allowed to grow to ~100 mm?
before experiment.

In Vivo Pharmacokinetics. Sprague—Dawley rats were ran-
domly divided into six groups, and injected intravenously with
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DSF, DOX, DOX + DSF, SAD, SAD + DSF and DSM, respectively,
at the dose of 10 mg DOX/kg and 2 mg DSF/kg. Approximately
0.5 mL of blood samples was collected in a heparinized tube
from the orbital venous plexus at 5, 15,and 30 min,and 1, 2, 4, 6,
8, 10, and 24 h post injection and immediately centrifuged at
5000 rpm for 10 min to harvest plasma samples. Drugs were
extracted from plasma by deproteinization using acetonitrile,
followed by centrifugation at 10 000 rpm for 10 min. The content
of DOX and DSF in supernatant was then measured by fluores-
cence spectrophotometry and HPLC method, respectively.

Biodistribution. To assess the tissue distribution of DOX for-
mulations, the MCF-7/ADR tumor-bearing mice were intrave-
nously injected via tail vein with DOX, DOX + DSF, SAD, SAD +
DSF and DSM at the dose of 10 mg DOX/kg and 2 mg DSF/kg,
respectively. Mice were sacrificed at 4 h after administration,
and the heart, liver, spleen, lung, kidney and tumor were excised,
washed with cold saline and observed using the FX Pro in vivo
imaging system (Carestream Health). For quantitative analysis,
tissue samples were then homogenized in 0.5 mL acetonitrile,
followed by centrifugation at 10 000 rpm for 10 min. The content
of DOX in each tissue was measured using fluorescence spectro-
photometry, and expressed as percentage of the injected dose
per gram of tissue (%ID/g tissue). To investigate the detail of
DOX distribution in tumor site, the tumor was sectioned at 5 um
thickness using cryostat microtome (SLEE, Mainz, Germany), and
stained with Hoechst 33342 for confocal microscopy observation.

In Vivo Antitumor Effect. Mice bearing MCF-7/ADR tumor were
randomly divided into seven groups (n = 6) and administrated
intravenously once a week with saline, DSF, DOX, DOX + DSF,
SAD, SAD + DSF or DSM for three weeks at the dose of 10 mg
DOX/kg and 2 mg DSF/kg, respectively. Body weight and tumor
volume ([major axis] x [minor axis])?/2, measured by calipers)
were monitored and recorded twice a week over a period of
21 days. Tumor volume of saline-treated group on day 21 was
normalized to 100% for all groups. At the end of experiment,
mice were sacrificed, and tumors were excised, weighted and
photographed. In addition, the hearts were also collected, fixed
in 10% formalin and embedded in paraffin; the paraffin-em-
bedded tissues were then sectioned at 5 um thickness and
stained with hematoxylin and eosin (H&E) for histopathological
analysis.

Statistical Analysis. All values were expressed as mean + SD
and each value was the mean of at least three repetitive
experiments in each group. Nonparametric test was performed
using IBM SPSS statistics to assess the significance of the
difference between two groups.
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