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ABSTRACT: Tumor metastasis is a leading cause of breast cancer-related death.
Taxane-loaded polymeric formulations, such as Genexol PM and Nanoxel M using
poly(ethylene glycol)-poly(D,L-lactide) (PEG-PLA) micelles as drug carriers, have
been approved for the treatment of metastatic breast cancer. Unfortunately, the
physical instability of PEG-PLA micelles, leading to poor drug loading, premature
drug leakage, and consequently limited drug delivery to tumors, largely hinders
their therapeutic outcome. Inspired by the enantiomeric nature of PLA, this work
developed stereocomplex PEG-PLA micelles through stereoselective interactions
of enantiomeric PLA, which are further incorporated with a hypoxia-responsive
moiety used as a hypoxia-cleavable linker of PEG and PLA, to maximize
therapeutic outcomes. The results showed that the obtained micelles had high
structural stability, showing improved drug loading for effective drug delivery to
tumors as well as other tissues. Especially, they were capable of sensitively
responding to the hypoxic tumor environment for drug release, reversing hypoxia-induced drug resistance and hypoxia-promoted cell
migration for enhanced bioavailability under hypoxia. In vivo results further showed that the micelles, especially at a high dose,
inhibited the growth of the primary tumor and improved tumor pathological conditions, consequently remarkably inhibiting its
metastasis to the lungs and liver, while not causing any systemic toxicity. Hypoxia-responsive stereocomplex micelles thus emerge as
a reliable drug delivery system to treat breast cancer metastasis.

KEYWORDS: polymeric micelles, stereocomplex, hypoxia-responsiveness, drug delivery, breast cancer, tumor metastasis

■ INTRODUCTION

Breast cancer is one of the most common cancer types that
affect women, accounting for 30% of newly diagnosed cases
globally, and remains the second leading cause of cancer-
related death after lung cancer in women.1 Localized breast
cancer generally has a high 5 year survival rate, up to 90% in
developed countries.2 Once metastasized to distant organs,
such as the lungs, liver, and brain, it becomes largely incurable
with its 5 year survival rate sharply decreasing to approximately
20%, leading to 90% of breast cancer-caused death.3 Chemo-
therapy is one of the standard treatment regimens to treat
locally advanced and metastatic breast cancer. Currently,
taxanes including paclitaxel (PTX) and docetaxel (DTX), the
first-generation taxanes, and cabazitaxel (CTX), the second-
generation taxane, are the most effective and widely used
therapeutic agents in treating both advanced and metastatic
breast cancer. However, taxanes are poorly water-soluble, and
the use of nonionic surfactants, such as Cremophor EL and
Tween 80, as solubilization agents, is required, which leads to
severe side effects. This triggers the development of new
surfactant-free taxane formulations.

Biocompatible and biodegradable polymers have been
extensively studied as pharmaceutical excipients, due to their
diversity and flexibility in the structure and physicochemical
properties. With the development of nanotechnology, poly-
mers are designed as nanoparticle-based drug carriers to carry
drugs, improve their pharmacokinetic profile, and deliver them
to target sites. In comparison to other polymer-based
nanoparticles, such as polymersomes and hydrogels, polymeric
micelles self-assembled from amphiphilic block copolymers in
an aqueous solution have a high percentage of the hydrophobic
core and are very suitable for carrying taxanes.4 Moreover, as
most antitumor drugs in clinics are hydrophobic, polymeric
micelles are thus a particularly valuable system for cancer
indications. Poly(ethylene glycol) and poly(D,L-lactide) (PLA)
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are approved polymers for human use and their block
copolymer (PEG-PLA) is the most commercially successful
material for drug delivery.5 Two PLA-PEG polymeric micelle
formulations, Genexol PM and Nanoxel M carrying PTX and
DTX, respectively, have been approved to treat multiple types
of cancer. Clinical data evidenced that Genexol PM and
Nanoxel M generally had a high maximum tolerated dose
(MTD), low systemic toxicity, and at least an equal therapeutic
outcome in comparison to their conventional formulations.6,7

Despite great successes, one major obstacle of PEG-PLA
micelles that limits their application is instability. For example,
Nanoxel M was found to remain stable for only up to 6 h after
reconstitution with saline for injection;8 Genexol PM released
95% of loaded PTX under sink conditions within 48 h.9 This
issue leads to premature drug release, which not only increases
the risk of high drug exposure to healthy tissues but also limits
drug delivery to tumor sites. Tremendous efforts have been
exerted to improve the stability of polymeric micelles by
exploiting chemical cross-linking of either core or shell

segments or noncovalent interactions between copolymers,
such as hydrophobic, electrostatic, host−guest, hydrogen
bonding, coordination, and stereocomplex interactions.10

Among them, stereocomplexation through stereoselective
interactions between two enantiomeric polymers, resulting in
significant improvements in thermal and mechanical perform-
ances compared with parent polymers, has gained increasing
attention. Enantiomeric poly(ethylene glycol)-poly(D-lactide)
(PEG-PDLA) and poly(ethylene glycol)-poly(L-lactide) (PEG-
PLLA) are the most studied copolymers for stereocomplex-
ation.11 Various stereocomplex PEG-PLA polymeric micelles
based on stereocomplexation between PLA12,13 or between
PLA and PLA-conjugated prodrug14−17 have been designed.
High drug-loading capacity (DLC) and high stability after drug
loading are reported in these cases.
Apart from possessing high stability when circulating in

blood, an ideal drug delivery system should be capable of
releasing its payloads quickly once reaching tumor sites. High
stability of a carrier implies slow drug release even at tumor

Figure 1. Synthesis and characterization of the copolymers. Synthetic procedures for (A) mPEG-PDLA, mPEG-PLLA, and mPEG-PLA and (B)
mPEG-AZO-PDLA, mPEG-AZO-PLLA, and mPEG-AZO-PLA. 1H NMR spectra of (C) mPEG-PDLA, mPEG-PLLA, and mPEG-PLA and (D)
mPEG-AZO-PDLA, mPEG-AZO-PLLA, and mPEG-AZO-PLA.
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sites, resulting in local drug concentrations remaining low, not
enough to kill tumor cells. We previously reported a silane-
containing hybrid liposomal system, and in vivo results revealed
that drug-loaded hybrid micelles with improved stability
against undesirable drug leakage even had a limited therapeutic
outcome, as compared to free drugs.18 In this context,
stereocomplexation is, in part, unfavorable to the ultimate
therapeutic outcome of the micelles. Endowing stereocomplex
polymeric micelles with a stimuli-responsive property that
causes micelle destabilization for on-demand drug release is a
potential modality to solve this problem.
Stimuli-responsive polymeric micelles that can respond to

acidic pH, overexpressed specific enzymes, high redox
potential, and hypoxia from tumor microenvironments have
been extensively explored for controllable drug release.19−22

According to our previous findings, a hypoxia-responsive drug
delivery system, showing high sensitivity in responding to
hypoxia and universal applicability regardless of tumor cell
types, is a more reliable system.18,23−25 Considering this, we
herein designed DTX-loaded stereocomplex PEG-PLA mi-
celles incorporated with a hypoxia-responsive moiety to
maximize therapeutic outcomes and minimize undesirable
side effects in treating breast cancer metastasis. The obtained
micelles showed a high drug-loading capacity and a high
stability after drug loading, as compared to enantiomeric and
racemic micelles. More importantly, they could sensitively
respond to hypoxia in vitro and in vivo for accelerated drug
release. Due to the successful drug delivery and enhanced
bioavailability under hypoxia, the micelles were capable of
effectively inhibiting breast cancer growth and its metastasis to
the lungs and liver.

2. MATERIALS AND METHODS
2.1. Materials. Enantiomeric PDLA and PLLA (Mw = 2000),

racemic PLA (Mw = 2000), methylated PEG with an amino-terminal
(mPEG-NH2, Mw = 2000), and N-hydroxysuccinimide-terminated
mPEG (mPEG-NHS, Mw = 2000) were purchased from Tuoyang
(Shanghai, China). Rhodamine B (RhB), dicyclohexylcarbodiimide
(DCC), N-hydroxysuccinimide (NHS), sodium hydrosulfite
(NaS2O4), azobenzene-4,4-diamino (AZO), and docetaxel (DTX)
were obtained from J&K Scientific Ltd. (Beijing, China). The near-
infrared-emitting (NIR) fluorescent dye Cy5.5 was purchased from
Lumiprobe Corporation (FL). All other chemicals were from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All
reagents were of analytical grade and used as received. Millipore water
was used for all experiments unless otherwise noted.
The human triple-negative breast cancer cell line (MDA-MB-231)

and mouse breast cancer cell line (4T-1) were got from the Institute
of Biochemistry and Cell Biology (Shanghai, China). Hoechst 33342
(Hoechst), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), and a calcein-AM/propidium iodide (PI) double stain
kit were purchased from Beyotime (Shanghai, China). BALB/c mice
(6 weeks, 15−20 g, female) were supplied by the Animal Center of
Nantong University and used under the guidance of the Animal Care
and Use Committee of Nantong University.
2.2. Synthetic Procedures. 2.2.1. Synthesis of Copolymers.

Nonresponsive mPEG-PDLA, mPEG-PLLA, and mPEG-PLA were
synthesized through the classic amide reaction of PEG-NH2 with PLA
having a carboxyl terminal in the presence of DCC and NHS.
Hypoxia-responsive copolymers were synthesized via two steps: (1)
synthesis of mPEG-AZO through activated mPEG-NHS and AZO
and (2) synthesis of mPEG-AZO-PDLA, mPEG-AZO-PLLA, and
mPEG-AZO-PLA through the amide reaction of PEG-AZO with
PDLA, PLLA, and PLA, respectively. Detailed synthetic procedures
are shown in Figure 1 and the Supporting Information. The structure

of the obtained copolymers was verified by 1H NMR on a 400 MHz
NMR spectrometer (Avance III, Bruker) using CDCl3 as the solvent.

2.2.2. Preparation of Polymeric Micelles. Polymeric micelles were
prepared through the self-assembly technique. In a typical experiment
to synthesize hypoxia-responsive stereocomplex micelles (AZO-SC-
PMs), 10 mg of mPEG-AZO-PDLA and 10 mg of mPEG-AZO-PLLA
were dissolved in 2 mL of dimethyl sulfoxide (DMSO), followed by
the addition of 10 mL of water drop by drop with vigorous stirring.
The mixture was then dialyzed against water for 24 h to obtain AZO-
SC-PMs. Hypoxia-responsive enantiomeric polymeric micelles (AZO-
D-PMs and AZO-L-PMs) and racemic polymeric micelles (AZO-DL-
PMs) as well as nonresponsive D-PMs, L-PMs, DL-PMs, and SC-PMs
were also prepared using their corresponding copolymers. The critical
micelle concentration (CMC) of micelles in water was determined by
the dynamic light scattering technique (DLS, Zetasizer ZS90,
Malvern) proposed by previous work.26,27 The intersection of
regression lines from the plot of scattering intensity against the
copolymer concentration was calculated as CMC.

Drug-loaded polymeric micelles (D-PMs/DTX, L-PMs/DTX, DL-
PMs/DTX, SC-PMs/DTX, AZO-D-PMs/DTX, AZO-L-PMs/DTX,
AZO-DL-PMs/DTX, and AZO-SC-PMs/DTX) were prepared by
dissolving DTX with the copolymers in DMSO based on the
procedure described above. Similarly, RhB and Cy5.5-labeled
polymeric micelles were also prepared for in vitro and in vivo
fluorescence observation, respectively.

2.3. Micelle Characterization. 2.3.1. Size, Morphology, and
Surface Properties. The size and morphology of micelles were
observed on a transmission electron microscope (TEM, JEM-1230,
Japan) operating at 80.0 kV, and their hydrodynamic size,
polydispersity index (PDI), and surface properties were determined
by DLS. Samples were dropped on a copper grid and dispersed in
water for TEM and DLS characterization, respectively.

2.3.2. Stereocomplexation. X-ray diffraction (XRD) measure-
ments were carried out to verify stereocomplexation on a
diffractometer operating under 40 kV voltage and 40 mA current
using Cu Kα radiation (λ = 0.15418 nm) (D8 Advance, Bruker).
Thermal properties of the stereocomplex structure were studied by
differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) (STA 449 F5, Netzsch) in a N2 environment at a
heating rate of 20 °C/min.

2.3.3. Drug Loading. Drug-loading efficiency (DLE, %) and drug-
loading capacity (DLC, %) of micelles were determined by high-
performance liquid chromatography (HPLC, Waters). A standard
curve was preconstructed by plotting peak area versus DTX
concentrations ranging from 1 to 20 μg/mL (y = 30,168x −
14,520, R2 = 0.9997). DTX was dissolved in methanol. HPLC
conditions were as follows: C18 reversed-phase column; methanol/
acetonitrile (35:65, v/v) as the mobile phase; and 230 nm as the
detection wavelength. Afterward, 0.2 mL of freshly prepared micelle
solution was treated with 3 mL of methanol, followed by sonication
for 5 min. After filtering with a 0.22 μm filter, the solution containing
loaded DTX was collected for HPLC analysis. Note that free DTX in
water is ignorable, due to its poor water-solubility (<10 μg/mL
experimentally). DLE is defined as loaded DTX relative to initially
added DTX (w/w), and DLC is the DTX percentage in drug-loaded
micelles. The weight of micelles was acquired after lyophilization. RhB
loaded into micelles was treated with the same protocol and
quantitatively analyzed based on a preconstructed standard curve (y
= 133,633x − 49.067, 2−6 ng/mL, R2 = 0.9991) on a
fluorospectrophotometer (RF-5301 PC, Shimadzu). The excitation
and emission wavelengths were 560 and 590 nm, respectively.

2.3.4. In Vitro Response to Hypoxia. Chemical hypoxia was
generated using Na2S2O4, according to our previous work.25 Blank
micelles were sealed in the hypoxic condition in a quartz cuvette for
12 h, and the changes in characteristic peaks of blank micelles before
and after hypoxic treatment were recorded to study in vitro response
to hypoxia on a UV−vis spectrophotometer (UV-2401PC,
Shimadzu). Similarly, drug-loaded micelles were also sealed in the
hypoxic condition, and at predetermined intervals, an equivalent
solution was withdrawn and centrifuged to remove the released DTX
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aggregate. The residual containing unreleased DTX was then treated
with methanol for HPLC analysis to study in vitro drug release
triggered by hypoxia. A cumulative DTX release curve was acquired
by plotting the percentage of the total released DTX at predetermined
intervals relative to loaded DTX versus time.
2.4. Cell Experiments. 2.4.1. Cell Monolayer and Spheroid

Culture. 4T-1 and MDA-MB-231 cells were cultured in RPMI-1640
and L15 culture media, respectively, supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotics in a humidified CO2 (5%)
atmosphere. Cells growing as a monolayer were collected using
trypsin, centrifuged, and then seeded at a density of 3000/well in a
low attachment 384-well U-bottom plate (PrimeSurface, Sumilon) to
form cell spheroids. The culture medium was refreshed every 1−2
days. Note that MDA-MB-231 cell spheroids were not formed using
this plate.
2.4.2. Cellular Uptake, Tumor Penetration, and Hypoxia-

Responsive Drug Release. The general cell monolayer treatment
protocol: when growing to approximately 80% confluence under
normoxia, 4T-1 or MDA-MB-231 cells were treated with RhB in its
free form and loaded in micelles and subsequently incubated for 2 h
under normoxia. After washing twice with phosphate-buffered saline
(PBS) (pH = 7.4) to remove uninternalized RhB and micelles, the
cells were subjected to normoxia, fixed hypoxia (1% O2), and gradient
hypoxia for another 3 h for further analysis. A hypoxia incubator
(INVIVO2, Ruskinn) was used to generate the fixed hypoxia. The
gradient hypoxia was generated by placing a φ14 mm coverslip onto
the cells cultured and treated in a polystyrene/glass confocal dish
(No. BDD011035, JET BIOFIL), where the oxygen concentration
decreased from the edge to the center of the coverslip. The
fluorescence from the cells was detected to study cellular uptake
and hypoxia-responsive drug release on a confocal laser scanning
microscope (CLSM, TCS SP8, Leica) using a RhB filter set.
Cell spheroids cultured in U-bottom wells for 7 days were treated

to study tumor penetration and hypoxia-responsive drug release.
Following the treatment under normoxia for 5 h, the spheroids were
carefully washed with PBS (pH = 7.4), suctioned from wells, and put
on a glass-bottom culture dish for fluorescence observation.
2.4.3. Cell Viability. 4T-1 and MDA-MB-231 monolayers and

spheroids were treated with different DTX formulations, followed by
washing with PBS (pH = 7.4), based on the protocol described in
Section 2.4.2. Cell monolayers were further incubated under normoxia
or hypoxia, for 48 and 6 h for the MTT assay and calcein-AM/PI
double staining, respectively. Cell spheroids were incubated under
normoxia for 24 h for calcein-AM/PI double staining. The MTT assay
and calcein-AM/PI double staining were performed according to the
standard protocol recommended by the manufacturer.
2.4.4. Cell Migration. Cell migration was assessed by wound

healing. After the treatment according to the procedures described in
Section 2.4.2, cell monolayers cultured in a 6-well plate were
scratched using a 1 mL pipette to generate a wound area. After the
incubation under normoxia and hypoxia, respectively, for 24 h, the
wound of the cells was recorded on an inverted microscope. Cell
migration ratio is defined as the reduced wound area after the
treatment relative to the initial area without cells before the treatment.
The wound area was acquired using ImageJ software.
2.5. Animal Experiments. 2.5.1. Tumor Model. BALB/c mice

were used to establish an orthotopic murine model of breast cancer
metastasis. BALB/c mice were inoculated with a PBS suspension of
4T-1 cells (1 × 107 cells/mL, 100 μL) in the left 4th mammary fat
pad. The mice were then housed in standard cages and given free
access to food and water. The cell suspension was placed on ice prior
to use.
2.5.2. Pharmacokinetics, Tissue Distribution, and NIR Imaging.

A pharmacokinetic study was carried out in healthy BALB/c mice.
The mice were intravenously injected with DTX in its free form and
loaded in micelles at 10 mg/kg body weight. At predetermined
intervals, the mice were euthanized and the blood sample taken from
the mouse orbital was centrifuged at 8000 rpm for 10 min. The
collected plasma was then treated with a mixed solution of chloroform
and methanol (4:1, v/v) to extract DTX. Extracted DTX in the

chloroform layer was collected after centrifugation at 8000 rpm for 10
min. After removing chloroform using a rotatory evaporator, the
samples were added with methanol to completely precipitate the
proteins. Following centrifugation, methanol solution containing DTX
was collected and filtered for HPLC analysis.

Tissue distribution was assessed in tumor-bearing mice. When a
tumor became palpable on the 14th day after tumor cell inoculation,
the mice were intravenously injected with DTX in its free form and
loaded in micelles at 10 mg/kg body weight. At 24 h post-injection,
the mice were euthanized for perfusion-fixation and some main
tissues, including the liver, spleen, lungs, kidneys, heart, and tumor,
were then harvested. Tissue samples were homogenized in PBS (pH =
7.4) and treated to analyze DTX by the HPLC method using the
procedure for pharmacokinetic studies.

In another experiment, tumor-bearing mice were intravenously
injected with Cy5.5 loaded in micelles. At 24 h post-injection, the
mice were euthanized and the tissues of the liver, spleen, lungs, heart,
and tumor were harvested for NIR imaging using a small-animal
dedicated IVIS imaging system (Lumina II, Caliper Life Sciences).
Cy5.5 fluorescence intensity was acquired by IVIS imaging software.

2.5.3. Drug Treatment. On the 14th day after tumor cell
inoculation, tumor-bearing mice were divided into six groups (five
mice per group): (1) PBS control group; (2) free DTX (10 mg/kg);
(3) DL-PMs/DTX (10 mg/kg); (4) SC-PMs/DTX (10 mg/kg); (5)
AZO-SC-PMs/DTX (10 mg/kg); and (6) high-dose AZO-SC-PMs/
DTX (20 mg/kg). Free DTX was dissolved in PBS containing DMSO
(1%, v/v) for animal experiments as well as cell experiments. The
mice intravenously received drug treatment every 4 days for a total of
five times.

The body weight and tumor volume of the mice were monitored
every other day, and the survival situation of the mice was checked
every day. The tumor volume was calculated as V = (L × W2)/2,
where L and W represent the tumor length and width, respectively.
On the 31st day after tumor cell inoculation, all mice were euthanized
and tumors were harvested from mice, weighed, and photographed.
Moreover, tumors, as well as harvested lungs and livers, were rinsed
with PBS (pH 7.4), fixed with paraformaldehyde, embedded in
paraffin, and cut into slices for haematoxylin/eosin (H&E) staining.
Lungs and livers were also fixed with Bouin’s solution (Feiyu Bio,
China) and photographed to observe metastatic nodules.

2.5.4. Safety Assessment. Before assessing therapeutic outcomes,
hematologic and biochemical examinations were carried out to
evaluate the drug tolerance of different drug formulations, which was
also considered as a guide for the treatment dose. Healthy BALB/c
mice received intravenous injection of PBS, DTX, DL-PMs/DTX, SC-
PMs/DTX, and AZO-SC-PMs/DTX at 10 or 20 mg of DTX/kg every
4 days for a total of five times. At 24 h following the last injection, all
mice were euthanized and blood samples were taken from the orbit.
One part of each blood sample was used to count the white blood
cells (WBCs), hemoglobin (HGB), and platelets (PLTs) on a BC-
2800 Auto Hematology Analyzer (Mindray, China); the other was
used to analyze aspartate aminotransferase (AST) and the total
bilirubin on a clinically used biochemical analyzer (Roche).

In another experiment, after assessing therapeutic outcomes, other
tissues of tumor-bearing mice, such as the heart, spleen, and kidneys,
were harvested from the euthanized mice and prepared for H&E
staining for histopathological examination.

2.6. Statistical Analysis. All data were analyzed using GraphPad
Prism 8.0. Unpaired Student’s t-test and the one-way analysis of
variance (ANOVA) test were used to statistically compare two groups
and multiple groups, respectively. A p-value below 0.05 (p < 0.05) was
considered statistically significant.

3. RESULTS AND DISCUSSION
3.1. Stereocomplex Micelles Facilitate Drug Loading.

We first synthesized a series of copolymers. To synthesize
hypoxia-responsive copolymers, activated mPEG-NHS was
used as the starting material, the NHS terminal of which was
conjugated with AZO. The obtained mPEG-AZO was further
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conjugated with PDLA, PLLA, and PLA via a simple amide
reaction, producing hypoxia-responsive mPEG-AZO-PDLA,
mPEG-AZO-PLLA, and mPEG-AZO-PLA, respectively. AZO
acted as a hypoxia-responsive linker of hydrophilic mPEG and
hydrophobic PLA in these three copolymers. Nonresponsive
mPEG-PDLA, mPEG-PLLA, and mPEG-PLA were also
synthesized for comparison through a one-step amide reaction
(Figure 1A,B). The successful synthesis of all copolymers was
confirmed by 1H NMR. As shown in Figure 1C,D, mPEG-
PDLA, mPEG-PLLA, and mPEG-PLA show the peaks of
mPEG at 3.4−3.7 ppm28 and of PLA at 1.6 and 5.2 ppm,29

while hypoxia-responsive copolymers display the characteristic
peak of AZO at 7.8 ppm,30 differentiating them from the
nonresponsive ones. There was no difference among the three
nonresponsive copolymers and among the three hypoxia-
responsive copolymers.
Amphiphilic copolymers could self-assemble into micelles in

aqueous conditions. CMC is the concentration above which
micelles are formed. As the self-assembly of an amphiphilic
copolymer is driven by its hydrophobic segment, stereo-
complexation through tight packing of PLA segments is thus
supposed to lower CMC of micelles. CMC values of AZO-D-
PMs, AZO-L-PMs, AZO-DL-PMs, and AZO-SC-PMs were
26.3, 25.8, 22.5, and 10.1 mg/L, respectively. Stereocomplex
micelles were of the lowest CMC as expected (Table S1). DLS
further showed that all blank micelles possessed a hydro-
dynamic diameter (Dh) of 140−230 nm with a narrow size
distribution (PDI < 0.25), and stereocomplex micelles (SC-
PMs and AZO-SC-PMs) generally had a smaller Dh than
enantiomeric (D-PMs, L-PMs, AZO-D-PMs, and AZO-L-

PMs) and racemic micelles (DL-PMs and AZO-DL-PMs), also
due to the tight packing of PLA segments. The AZO group led
to a Dh increase of AZO-incorporated micelles in comparison
to AZO-free micelles, as it reinforced the rigidity of
copolymers as well as micelles.31 All micelles were negatively
charged with a ζ-potential less than −20 mV (Figure S1 and
Table S1).
It has been reported that stereocomplex formation by

blending equivalent enantiomeric PLA is driven by CH3···O =
C, resulting in a new crystalline structure,32 as illustrated in
Figure 2A. Crystalline structures of AZO-D-PMs, AZO-L-PMs,
AZO-DL-PMs, and AZO-SC-PMs were studied by their XRD
patterns (Figure 2B). All micelles showed sharp peaks at 19.1
and 23.2°, belonging to the crystallized PEG segment.33 A
diffraction peak at 16.7°, reported for PLA homopolymers,34

appeared in AZO-D-PMs and AZO-L-PMs, which disappeared
in AZO-DL-PMs and AZO-SC-PMs. Especially, two new peaks
appeared at 11.9 and 20.8° in AZO-SC-PMs, which were
characteristic of the crystalline structure of stereocomplex
PLA.35 The XRD results indicated the formation of the
stereocomplex structure and also confirmed the amorphous
nature of racemic PLA.36 Thermal properties of the micelles
were determined by DSC and TGA. DSC profiles demon-
strated that the melting temperature (Tm) of AZO-D-PMs and
AZO-L-PMs was approximately 135 °C and it slightly
increased to 147 °C for AZO-DL-PMs; after stereocomplex-
ation, Tm increased by 70 °C, up to 205 °C (Figure 2C). TGA
further showed that the thermal decomposition behavior of
enantiomeric and racemic micelles was almost the same, and
the rapid weight loss started from 215 °C in these samples;

Figure 2. Stereocomplex structure with improved structural stability for drug loading. (A) Schematic illustration of stereocomplexation of PDLA
and PLLA. (B) XRD, (C) DSC, and (D) TGA profiles of enantiomeric, racemic, and stereocomplex micelles. (E) DLE and DLC of enantiomeric,
racemic, and stereocomplex micelles at varying DTX feeding. (F) Schematic illustration of high drug loading of stereocomplex micelles. Note that
actual stereocomplexation should take place among many enantiomeric PDLA and PLLA molecules. Data are presented as mean ± standard
deviation (SD) (n = 3).
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comparatively, the weight loss accelerated above 242 °C for
stereocomplex micelles (Figure 2D). Stereocomplexation
significantly improved the thermal properties of micelles for
high structural stability. Thermal decomposition of all micelles
with different configurations tended to be consistent when the
temperature continued to rise, due to their same intrinsic
nature.
As the stereocomplex structure endowed micelles with

improved structural stability, its positive impact on drug
loading and stability after drug loading was predictable. As
shown in Figure 2E and Table S2, DLE values of AZO-D-PMs,
AZO-L-PMs, and AZO-DL-PMs for an example of 1:4 of fed
DTX to micelles were 46.4, 63.2, and 57.2% with 10.4, 13.6,
and 12.5% in DLC, respectively; DLE and DLC increased to
75.6 and 15.9%, respectively, for AZO-SC-PMs. AZO-SC-PMs
generally displayed a relatively high DLE and DLC in
comparison to all other AZO-incorporated micelles. A similar
phenomenon was found in AZO-free micelles. The stability of
drug-loaded micelles was another concern. Micelle suspension
with a massive precipitate was considered unstable. Drug
loading had an insignificant effect on the Dh, PDI, and ζ-
potential of the micelles (Table S3); however, it greatly
affected the stability (Table S2). At 1:2 ratio of fed DTX to
micelles, all drug-loaded micelles with a high DLC were
unstable and a massive precipitate was observed within 0.5 h.
With decreasing DTX feeding, the stability of all micelles

increased and stereocomplex micelles, as well as racemic
micelles, remained stable for more than 48 h, showing higher
stability than enantiomeric micelles. It was interesting that
AZO-L-PMs, as well as L-PMs, exhibited a higher loading
capacity than their enantiomeric micelles and racemic micelles.
Chirality in DTX for spatial interaction with PLLA might
contribute to this result. Despite the high stability, the drug
loading of racemic micelles was unsatisfactory. A high drug
loading accompanied by high stability was achieved only in
stereocomplex micelles, resulting from the entrapment of
hydrophobic DTX in the stereocomplex PLA core with
improved structural stability (Figure 2F). Note that in terms
of drug loading and stability, DTX-loaded micelles at 1:4 ratio
of fed DTX to micelles were used for all cell experiments as
well as animal experiments at a dose of 10 mg/kg, while those
at 1:3 ratio were used for animal experiments at a high dose of
20 mg/kg.

3.2. Hypoxia-Responsive Drug Release Augments In
Vitro Antitumor Activity under Hypoxia. AZO, as a linker
of hydrophilic and hydrophobic segments of the copolymers,
will undergo reductive cleavage under hypoxia, leading to the
structural change of self-assembled micelles and concomitant
drug release (Figure 3A). UV−vis spectra revealed that free
AZO displayed one broad peak around 414−440 nm and this
peak shifted to 377 nm after being incorporated into micelles.
Especially, the characteristic peak of AZO disappeared in all

Figure 3. AZO cleavage in responding to hypoxia for the structural change of hypoxia-responsive micelles and concomitant drug release. (A)
Schematic illustration of the response to hypoxia. UV−vis spectra of (B) AZO and (C) AZO-SC-PMs before and after hypoxic treatment. SC-PMs
were considered as their corresponding controls. (D) TEM images of AZO-SC-PMs before and after hypoxic treatment with SC-PMs as a control.
Cumulative drug release of (E) nonresponsive and (F) hypoxia-responsive enantiomeric, racemic, and stereocomplex micelles before and after
hypoxic treatment. The hypoxic reductive condition was generated by Na2S2O4. All data are presented as mean ± SD (n = 3). **p < 0.01 SC-PMs
versus DL-PMs and ***p < 0.001 SC-PMs versus D-PMs and L-PMs under normoxia in panel (E) and ***p < 0.001 AZO-SC-PMs versus AZO-
D-PMs, AZO-L-PMs, and AZO-DL-PMs under normoxia in panel (F).
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AZO-incorporated micelles, and a sharp peak belonging to the
aniline group appeared at 306 nm when exposed to the

reductive hypoxic condition generated by Na2S2O4 (Figures
3B,C and S2). Nonresponsive SC-PMs displayed no character-

Figure 4. In vitro release in responding to hypoxic tumor cells. (A) Schematic illustration of the generation of gradient hypoxia by placing a
coverslip onto the cells cultured and treated in a confocal dish. CLSM observation of RhB in (B) MDA-MB-231 and (C) 4T-1 cells under gradient
hypoxia. CLSM observation of RhB in (D) MDA-MB-231 and (E) 4T-1 cells under a specific normoxia (21% O2) and hypoxia (1% O2) by a
hypoxia workstation and (F and G) their corresponding quantitative analysis of RhB fluorescence. (H) CLSM observation of RhB in 4T-1 cell
spheroids and (I) corresponding quantitative analysis of RhB fluorescence. All cells were treated with free RhB, SC-PMs/RhB, and AZO-SC-PMs/
RhB with equivalent RhB. The data are acquired using ImageJ and presented as mean ± SD (n = 3). **p < 0.01 and ***p < 0.001.
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istic peaks. UV−vis spectra confirmed the cleavage of AZO
after hypoxic treatment. The cleavage of AZO detached the
hydrophilic and hydrophobic segments of the copolymers and

thus destabilized the micelles. As validated by TEM images,
SC-PMs could maintain their original size and spherical
morphology, while AZO-SC-PMs seemed to fuse together and

Figure 5. Hypoxia-responsive drug release for enhanced in vitro antitumor activity. The MTT assay of (A) MDA-MB-231 and (B) 4T-1 cells under
normoxia and hypoxia. Calcein-AM/PI double staining of (C) MDA-MB-231 and (D) 4T-1 cells under normoxia and hypoxia and (E) quantitative
analysis of MDA-MB-231 cells. (F) Calcein-AM/PI double staining of 4T-1 cell spheroids and the corresponding quantitative analysis of (G)
calcein-AM and (H) PI fluorescence. (I) Wound-healing assay of 4T-1 cells under normoxia and hypoxia and (J) corresponding quantitative
analysis of the migration ratio. The cells were treated with free DTX, SC-PMs/DTX, and AZO-SC-PMs/DTX with equivalent DTX. The DTX
concentrations were 40, 140, and 20 μg/mL for panels (C) and (D), (F), and (I), respectively. Data are acquired using ImageJ and presented as
mean ± SD (n = 6 for the MTT assay and n = 3 for the other experiments). *p < 0.05, **p < 0.01, and ***p < 0.001.
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lost their original shape once exposed to hypoxia (Figure 3D).
The diameters of both SC-PMs and AZO-SC-PMs in TEM
were less than 100 nm, smaller than Dh. Cumulative release
profiles demonstrated that all micelles gradually released their
payloads under normoxia, and the premature drug release of
SC-PMs was around 10% in 24 h, while it was more than 30%
for D-PMs, L-PMs, and DL-PMs (Figure 3E). Stereo-
complexation significantly improved the stability of the
micelles (**p < 0.01 SC-PMs versus DL-PMs and ***p <
0.001 SC-PMs versus D-PMs and L-PMs under normoxia).
AZO-incorporated stereocomplex micelles also displayed a
higher stability under normoxia (***p < 0.001 AZO-SC-PMs
versus AZO-D-PMs, AZO-L-PMs, and AZO-DL-PMs),
although AZO incorporation partially impaired their stability,
as characterized by increased premature drug leakage (Figure
3F). Importantly, AZO-free micelles remained stable under
hypoxia, showing the same release behavior as those under
normoxia; in contrast, the drug release of AZO-incorporated
micelles was remarkably accelerated under hypoxia, almost
approaching a plateau within 3 h, as a result of the hypoxia-
triggered structural change. AZO-SC-PMs thus possessed a
high stability under physiological conditions and a high
sensitivity for drug release in responding to hypoxia.
Cell experiments were performed to study the cellular

uptake and tumor penetration of the micelles for enhanced in
vitro antitumor activity in responding to hypoxia. We first
placed a coverslip onto the cells in a confocal dish, resulting in
gradient hypoxia with the oxygen supply gradually decreasing
from the edge to the center of the coverslip (Figure 4A).
CLSM images exhibited that the fluorescence intensity from
the cells treated with RhB and SC-PMs/RhB remained
consistent under gradient hypoxia. Comparatively, the
fluorescence intensity from the AZO-SC-PMs/RhB group
increased along with a decreased oxygen supply (Figure 4B,C),
indicating the high sensitivity in responding to hypoxia. In the
following, the hypoxia workstation was used to study hypoxia-
responsive release under specific hypoxia (1% O2). Different
from RhB and SC-PMs/RhB groups showing no difference in
the fluorescence intensity under normoxia (21% O2) and
hypoxia, the AZO-SC-PMs/RhB group exhibited a significantly
higher intensity under hypoxia than under normoxia (Figure
4D−G). CLSM results also demonstrated that internalized
RhB in its free form and loaded in micelles was mainly located
in the cytoplasm, unable to enter the nucleus. A similar trend
was found in MDA-MB-231 and 4T-1 cells. The hypoxia-
responsive release was further evaluated in tumor cell
spheroids that could better mimic actual tumor microenviron-
ments. Tumor cell spheroids were observed by CLSM z-stack
scanning from the top with a spheroid surface defined as 0 μm.
As shown in Figure 4H,I, AZO-SC-PMs/RhB penetrated the
whole spheroids and displayed a significantly high average
fluorescence intensity, as a result of spontaneously responding
to the hypoxic environment of cell spheroids.
Generally, the fluorescence intensity of the AZO-SC-PMs/

RhB group under hypoxia is significantly higher than that of
the free RhB group, solidly corroborating that nanocarriers
enhance cellular uptake through nanoparticle-mediated
endocytosis. The inconformity that compared with RhB, SC-
PMs/RhB display a weak fluorescence in cell monolayers, due
to the shield effect of micelles, but a strong fluorescence in cell
spheroids, indicates that nanocarriers greatly facilitate tumor
penetration for cellular uptake. In addition, as emphasized in
Section 2.4.2, the cell monolayers were treated with different

RhB formulations and allowed for uptake for 3 h, followed by
the removal of uninternalized formulations before hypoxic
treatment. Therefore, hypoxia-responsive release takes place
inside cells at least, in this case, indicating that hypoxia
promotes the overexpression of some intracellular reductases
including azoreductase to reduce AZO for drug release.37 The
overexpressed azoreductase is reported to be localized in the
lysosome, in recent work.38 Moreover, as the only stimulus
exerted to cells to trigger release is hypoxia, regardless of tumor
cell types, it strongly suggests that the hypoxia-responsive drug
delivery system is reliable and universal.
The therapeutic outcome of a drug formulation is highly

associated with its effective drug dose. As responsive drug
release considerably improves the local drug dose, enhanced in
vitro antitumor activity of AZO-SC-PMs/DTX under hypoxia
is predictable. In vitro antitumor activity was first determined
by the MTT assay. All drug formulations exhibited
concentration-dependent cytotoxicity against MDA-MB-231
and 4T-1 cells (Figure 5A,B). DTX showed limited
cytotoxicity under hypoxia, due to hypoxia-induced resistance
to chemotherapy.39 Although improved cellular uptake was
achieved, the SC-PMs/DTX group still presented an
unsatisfactory therapeutic outcome under hypoxia, which was
even suppressed at high drug concentrations compared with
free DTX. Endowing SC-PMs/DTX with a responsive feature
augmented the antitumor activity of micelles. AZO-SC-PMs/
DTX presented a significantly increased cytotoxicity under
hypoxia, showing a statistical difference in comparison to free
DTX and SC-PMs/DTX. The trend in MDA-MD-231 and 4T-
1 cells was the same. The micelles without drug loading were
nontoxic to the cells, regardless of normoxia or hypoxia (Figure
S3). Calcein-AM/PI double staining was carried out to detect
living/dead cells. It was observed that dead cells in the AZO-
SC-PMs/DTX group increased under hypoxia, as compared to
DTX and SC-PMs/DTX groups (Figures 5C,D and S4).
Quantitative analysis further demonstrated that more than 50%
of MDA-MB-231 cells were dead in the AZO-SC-PMs/DTX
group under hypoxia, whereas cell death was not more than
30% in all other groups (Figure 5E). AZO-SC-PMs/DTX
significantly aggravated cell death under hypoxia. Noting that
due to the growth in the cluster, it was difficult to
quantitatively analyze the dead ratio of 4T-1 cells. Calcein-
AM/PI double staining was also performed in cell spheroids.
The results demonstrated that as compared to DTX and SC-
PMs/DTX groups, calcein-AM fluorescence decreased, while
the PI fluorescence increased in the AZO-SC-PMs/DTX group
(Figure 5F). Quantitative analysis further confirmed that
although no significant difference in the calcein-AM
fluorescence intensity was observed, the PI fluorescence
intensity in the AZO-SC-PMs/DTX group was significantly
higher than those in DTX and SC-PMs/DTX groups (Figure
5G,H), as a result of facilitated tumor penetration for hypoxia-
responsive release. Cell migration is an important step for
distant metastasis of tumor cells. As a nonexpensive and highly
reproducible method, the wound-healing assay was executed to
determine the inhibitory effect of AZO-SC-PMs/DTX on
tumor cell migration under hypoxia. The results demonstrated
that hypoxia generally promoted cell migration in DTX and
SC-PMs/DTX groups as well as in the control group. This
result was well consistent with that in the MTT assay, where
cell viability was augmented under hypoxia. AZO-SC-PMs/
DTX reversed hypoxia-promoted cell migration, showing a
considerable inhibitory effect (Figure 5I,J).
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Together, these results corroborate the fact that hypoxia
promotes cell proliferation and migration for metastasis and
induces drug resistance, thus setting a major obstacle to
chemotherapy. Although it has been widely reported that
nanoparticles as drug carriers are capable of attenuating the
resistance of tumor cells to chemotherapy through a series of
mechanisms,40 in vitro antitumor activity of SC-PMs/DTX is
still inhibited, due to their high stability that makes effective
drug dose remain low. It thus recommends that a drug delivery
system with very high stability is not an optimal choice for
cancer therapy. Of course, the high stability of a carrier is
beneficial to biocompatibility, as SC-PMs/DTX with improved
cellular uptake is less toxic than free DTX. Once endowed with
a hypoxia-responsive moiety, AZO-SC-PMs/DTX reverse
hypoxia-induced drug resistance and hypoxia-promoted cell
migration. The augmented antitumor activity of AZO-SC-

PMs/DTX is achieved by facilitated tumor penetration and
cellular uptake mediated by nanoparticles for rapid drug release
to an effective drug dose in responding to hypoxia.

3.3. Stereocomplex Micelles Facilitate Drug Accumu-
lation for Hypoxia-Responsive Intratumoral Release.
Hematologic and biochemical examinations were first carried
out to evaluate the systemic toxicity of different drug
formulations and guide treatment doses using the protocol
illustrated in Figure 6A. Hematologic examination revealed
that drug treatment generally decreased WBCs, HGB, and
PLTs, especially exhibiting a dose-dependent decrease in the
DTX group (Figure 6B). The DL-PMs/DTX group exhibited a
higher drug tolerance than the DTX group, and the increased
DL-PMs/DTX dose lowered WBC and PLT but had no
considerable effect on HGB. Importantly, hematology
functions in SC-PMs/DTX and AZO-SC-PMs/DTX remained

Figure 6. Drug tolerance evaluation and improved tissue distribution of hypoxia-responsive stereocomplex micelles for triggered release in
responding to intratumoral hypoxia. (A) Protocol of drug treatment for hematologic and biochemical examinations. (B) Normalized count of
WBCs, HGB, and PLTs at 24 h following the last treatment. (C) Normalized level of AST and total bilirubin at 24 h following the last treatment.
Healthy BALB/c mice received intravenous injection of PBS, DTX, DL-PMs/DTX, SC-PMs/DTX, and AZO-SC-PMs/DTX at 10 or 20 mg of
DTX/kg body weight every 4 days for a total of five times. (D) DTX content in plasma over time. Healthy BALB/c mice received intravenous
injection of PBS, DTX, DL-PMs/DTX, SC-PMs/DTX, and AZO-SC-PMs/DTX at 10 mg of DTX/kg body weight. (E) DTX content in the liver,
spleen, lungs, kidneys, heart, and tumor at 24 h post-injection. Tumor-bearing mice received intravenous injection of DTX, DL-PMs/DTX, SC-
PMs/DTX, and AZO-SC-PMs/DTX at 10 mg of DTX/kg body weight. ID/g = injected dose per gram tissue. (E) NIR fluorescence imaging of
harvested tissues at 24 h post-injection and (F) corresponding quantitative analysis. Data were acquired by IVIS software. (G) Tumor-bearing mice
received intravenous injection of SC-PMs/Cy5.5 and AZO-SC-PMs/Cy5.5. Data are presented as mean ± SD (n = 4−5 for hematologic and
biochemical examinations and n = 3 for the other experiments). *p < 0.05, **p < 0.01, and ***p < 0.001.
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relatively high, regardless of the drug dose. Biochemical
examination further revealed that DTX treatment led to the
increase of AST reflecting the liver function and encapsulating
DTX into micelles reduced its damage to the liver (Figure 6C).
No significant change was observed in total bilirubin after drug
treatment. Based on hematologic and biochemical examina-
tions, 10 mg of DTX/kg is considered a relatively safe dose for
all drug formulations, while 20 mg of DTX/kg is safe only for
stereocomplex micelles. The improved drug tolerance of
stereocomplex micelles is attributed to the high stability of
the stereocomplex structure that prevented micelles from
premature leakage for prolonged blood circulation time, as
evidenced by the pharmacokinetic study (Figure 6D).
The 4T-1 cell line, derived from a spontaneous BALB/c

mammary tumor, is one of the highly metastatic cancer cell
lines. The 4T-1 tumor can spontaneously metastasize mainly to
the lungs and second to the liver through blood and/or
lymphatic routes, while the primary tumor still grows in situ,
resembling human metastatic breast cancer.41,42 4T-1 cells
were thus injected into the mammary fat pad of BALB/c mice
to establish an orthotopic murine model of breast cancer
metastasis. The accumulation of a drug, especially in tumors, is
a vital characteristic to determine its therapeutic outcome.
Tissue distribution was carried out to assess the effect of the
stereocomplex structure on drug accumulation in various
tissues including tumors. As shown in Figure S5, all drug
formulations were widely distributed to the liver, spleen, lungs,

kidneys, heart, and tumor at 12 h post-injection; DTX-loaded
micelles exhibited a high tissue accumulation in comparison to
free DTX, indicating that DTX experienced a different
metabolism route when encapsulated into micelles. Tissue
accumulation of DTX-loaded micelles, as well as DTX in
normal tissues, decreased over time while increasing in tumors,
due to the enhanced permeation and retention (EPR) effects
(Figure 6E). Moreover, it was observed that SC-PMs/DTX
generally had a higher tissue accumulation than DL-PMs/
DTX. One reason is that SC-PMs/DTX is more stable than
DL-PMs/DTX for a prolonged blood circulation time and
improved pharmacokinetic performance (Figure 6D and Table
S4), favoring their distribution to various tissues. Another
possible reason is that since SC-PMs/DTX has a higher drug
loading with more DTX in one micelle, according to Figure 2E,
more DTX is taken up when phagocytosis of tissues reaches a
saturation point. Figure 6E also revealed a reduced
accumulation of AZO-SC-PMs/DTX in normal tissues, due
to stability impairment caused by rigid AZO. Especially, the
accumulation of SC-PMs/DTX, as well as AZO-SC-PMs/
DTX, in tumors was found to be higher than that of DL-PMs/
DTX. It therefore strongly suggests that nanoparticles with a
high drug loading can facilitate drug accumulation in tumors
for enhanced therapeutic outcomes.
As the HPLC method, used to quantitatively determine the

DTX content in tumors, was unable to differentiate released
DTX from encapsulated DTX, NIR imaging was performed to

Figure 7. In vivo therapeutic outcome in inhibiting the growth of the primary 4T-1 tumor. (A) Protocol of drug treatment for in vivo antitumor
activity evaluation. (B) Tumor volume monitoring over time. (C) Digital images of harvested tumors and (D) tumor weight at the end of the
experimental period. (E) H&E staining images of the whole tumor section and the corresponding zoomed images. Starting from the 14th day,
BALB/c mice received intravenous injection of PBS, DTX, DL-PMs/DTX, SC-PMs/DTX, and AZO-SC-PMs/DTX at 10 or 20 mg of DTX/kg
body weight every 4 days for a total of five times. Data are presented as mean ± SD (n = 3−6). *p < 0.05. 1 = PBS, 2 = DTX (10 mg/kg), 3 = DL-
PMs/DTX (10 mg/kg), 4 = SC-PMs/DTX (10 mg/kg), 5 = AZO-SC-PMs/DTX (10 mg/kg), and 6 = high-dose AZO-SC-PMs/DTX (20 mg/
kg).
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evaluate hypoxia-responsive intratumoral release. Tumor-
bearing mice received intravenous injection of SC-PMs/
Cy5.5 and AZO-SC-PMs/Cy5.5, and at 24 h post-injection,
some main tissues were imaged. As shown in Figure 6F,H,
AZO-SC-PMs/Cy5.5 exhibited an approximate fluorescence
intensity in normal tissues but a significantly high fluorescence
intensity in tumors, as compared to SC-PMs/Cy5.5. According
to drug tissue distribution, SC-PMs/Cy5.5 and AZO-SC-PMs/
Cy5.5 should be of approximate accumulation in tumors. The
significantly high fluorescence intensity of AZO-SC-PMs/
Cy5.5 in tumors was thus attributed to the triggered release in
responding to intratumoral hypoxia. It is worth noting that
drug accumulation of DTX-loaded micelles in the kidneys was
comparable to that in the spleen, lungs, and heart, whereas the
fluorescence intensity of Cy5.5-loaded micelles in the kidneys
was outstandingly high, covering the fluorescence in tumors
(Figure S6). Different metabolic routes of DTX and Cy5.5
might lead to this huge difference. As NIR imaging is mainly

used to observe hypoxia-responsive release in tumors, the NIR
image of the kidneys is not provided herein. No metastatic
nodules were observed in the lungs as well as other normal
tissues at this experimental point.

3.4. Hypoxia-Responsive Stereocomplex Micelles
Inhibit the Growth and Metastasis of Orthotopic Breast
Cancer. To evaluate the therapeutic outcome of different drug
formulations, tumor-bearing mice intravenously received
treatment of PBS, DTX, DL-PMs/DTX, SC-PMs/DTX, and
AZO-SC-PMs/DTX at 10 mg of DTX/kg every 4 days for a
total of five times, which started from the 14th day after tumor
cell inoculation (Figure 7A). A high-dose group (20 mg of
DTX/kg for AZO-SC-PMs/DTX) was additionally performed.
Figure 7B demonstrated that the tumor volume in the PBS
group gradually increased over time. After treatment, tumor
growth in DTX, DL-PMs/DTX, and SC-PMs/DTX was
inhibited (*p < 0.01 versus PBS); however, no difference
was found among these three groups. Parallel in vivo antitumor

Figure 8. In vivo therapeutic outcomes in inhibiting 4T-1 tumor metastasis to the lungs and liver. (A) Digital images of harvested lungs after
Bouin’s fixation and (B) number of macroscopic metastatic nodules on the surface of lungs. Black arrows indicate metastatic nodules. H&E staining
images of the whole (C) lungs and (D) liver section and the corresponding zoomed images. Starting from the 14th day, BALB/c mice received
intravenous injection of PBS, DTX, DL-PMs/DTX, SC-PMs/DTX, and AZO-SC-PMs/DTX at 10 or 20 mg of DTX/kg body weight every 4 days
for a total of five times. Data are presented as mean ± SD (n = 3−6). *p < 0.05, **p < 0.01, and ***p < 0.001. 1 = PBS, 2 = DTX (10 mg/kg), 3 =
DL-PMs/DTX (10 mg/kg), 4 = SC-PMs/DTX (10 mg/kg), 5 = AZO-SC-PMs/DTX (10 mg/kg), and 6 = high-dose AZO-SC-PMs/DTX (20
mg/kg).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c23737
ACS Appl. Mater. Interfaces 2022, 14, 20551−20565

20562

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23737/suppl_file/am1c23737_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23737?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23737?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23737?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23737?fig=fig8&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c23737?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


activity of DL-PMs/DTX with free DTX was also observed in
the literature,14 despite improved drug accumulation in the
tumor through the EPR effects. This result was in good
coincidence with the clinical data that the outstanding
advantage of Nanoxel M using DL-PMs as carriers over
DTX is MTD but not antitumor activity.43 It was noted that
although SC-PMs/DTX did not exhibit superior therapeutic
outcomes in inhibited tumor growth over DL-PMs/DTX, they
were capable of alleviating histological conditions of tumors
and effectively inhibiting tumor metastasis, as discussed later.
AZO-SC-PMs/DTX remarkably augmented therapeutic out-
comes, showing a significant difference in inhibiting tumor
growth relative to the other groups (*p < 0.05 versus DTX,
DL-PMs/DTX, and SC-PMs/DTX). It thus implies that a
rapid drug release to an effective dose in tumors is crucial for
nanocarrier-based chemotherapy. At the end of the exper-
imental period, the tumors were harvested, photographed, and
weighed. As shown in Figure 7C, tumor sizes in the two AZO-
SC-PMs/DTX groups were visibly smaller than those in the
other groups. The tumor weight accorded well with the tumor
size (Figure 7D). Histological characteristics of the tumors in
different groups were evaluated by H&E staining. Figure 7E
provides H&E staining images of the whole tumor tissue
section and the corresponding zoomed images. It was observed
that tumor cells in the PBS group packed tightly and were filled
with abundant stroma, indicating that tumor cells were in rapid
proliferation. DTX, as well as DL-PMs/DTX, showed a certain
antitumor efficacy, and the proliferation of tumor cells was
inhibited with a little scattered necrotic area observed in these
two groups. SC-PMs/DTX considerably alleviated histological
manifestation of tumors with condensed nuclei and a large
necrotic area, contrasting starkly with the result in Figure 7B
that SC-PMs/DTX showed no difference in inhibiting tumor
growth, as compared to DTX and DL-PMs/DTX. AZO-SC-
PMs/DTX exhibited satisfactory therapeutic outcomes with
few tumor cells and larger necrotic areas, especially in the high-
dose group, which was attributed to hypoxia-responsive release
after drug accumulation. During the experimental period, drug
treatment did not significantly prolong survival time; however,
it delayed the death of the mice (Figure S7A). Especially, the
number of dead mice in the AZO-SC-PMs/DTX group was
found to be less than that in the other groups. Drug treatment
had no effect on the body weight of the mice (Figure S7B). No
body weight loss was found in all groups, suggesting that the
micelles even at a high drug dose were not toxic, which was
consistent with hematologic and biochemical examinations.
Moreover, the mice in the PBS group were observed to be
emaciated along with aggravated tumor burden. An emaciated
body and increased tumor size balanced the body weight,
making it not different from the other groups.
The capability of the micelles in inhibiting tumor metastasis

to distant organs, such as the lungs and liver, was our concern.
Harvested lungs and livers were fixed with Bouin’s solution and
photographed. As demonstrated in Figure 8A,B, breast cancer
aggressively metastasized to the lungs, showing a great number
of macroscopic metastatic nodules on the surface of the lungs
in the PBS group. After treatment with DTX and DL-PMs/
DTX, tumor metastasis was inhibited with reduced metastatic
nodules (*p < 0.05 versus PBS). No significant difference was
observed in these two groups. Less metastatic nodules were
observed in the SC-PMs/DTX group (*p < 0.05 versus DTX
and DL-PMs/DTX), probably due to alleviated histological
manifestation of tumors and/or improved drug accumulation

in the lungs. AZO-SC-PMs/DTX further inhibited tumor
metastasis to the lungs, showing a significant difference in
comparison to the other groups. (*p < 0.05 versus SC-PMs/
DTX, **p < 0.01 versus DTX and DL-PMs/DTX, and ***p <
0.001 versus PBS). Especially, the high-dose AZO-SC-PMs/
DTX group showed a remarkable efficacy in inhibiting tumor
metastasis and almost no metastatic nodules were observed.
No metastatic nodules were observed on the surface of the
livers in all groups (Figure S8). Histological characteristics of
the lungs and livers were also evaluated by H&E staining. As
shown in Figure 8C, the PBS group was characteristic of a
damaged pulmonary architecture accompanied by large
metastatic foci, irregular pulmonary bronchioles, and thickened
alveolar walls, displaying pathological evidence of lung
metastasis.44 These pathological characteristics were still
observed after treatment with DTX and DL-PMs/DTX, and
pulmonary architecture damage seemed to be alleviated in
some extent after treatment with SC-PMs/DTX. Tumor
metastasis to the lungs was considerably inhibited after
treatment with AZO-SC-PMs/DTX, with only some little
metastatic foci observed. Especially, the pulmonary architec-
ture was well preserved in the high-dose AZO-SC-PMs/DTX
group, appearing normal with uniformly expanded alveoli
throughout the lungs and normal pulmonary vessels and
alveolar walls.45 On the other hand, although there were no
macroscopic metastatic nodules on the surface of the livers in
all groups, H&E staining revealed that histological change
occurred, which was characterized by the formation of a lot of
metastatic foci around hepatic vessels (Figure 8D). The
number of metastatic foci was reduced after treatment with
AZO-SC-PMs/DTX and notably, metastatic foci were barely
observed in the high-dose AZO-SC-PMs/DTX group. H&E
staining of the lungs and liver verified the high efficacy of
AZO-SC-PMs/DTX, especially at a high dose, in inhibiting
breast cancer metastasis to distant organs, although their
efficacy in inhibiting primary tumor growth was not eye-
catching. Moreover, although there was no difference in the
tumor volume among DTX, DL-PMs/DTX, and SC-PMs/
DTX, pathological conditions in the tumor, lungs, and liver in
the SC-PMs/DTX group were better than those in DTX and
DL-PMs/DTX groups. Generally, the high efficacy of AZO-
SC-PMs/DTX in inhibiting breast cancer metastasis to the
lungs and liver is owing to the following factors: (1) the
stereocomplex structure of AZO-SC-PMs/DTX facilitates drug
delivery to tumors for hypoxia-triggered release, which greatly
maximizes bioavailability of DTX to effectively kill tumor cells
and inhibit their distant metastasis and (2) the stereocomplex
structure of the micelles facilitates drug delivery to the lungs as
well as the other tissues, which also effectively kill metastatic
tumor cells.
At the end of the whole experiment, some other tissues

including the heart, kidneys, and spleen were also harvested for
H&E staining (Figure S9). No infiltration of the 4T-1 tumor to
these tissues was observed in all groups. Drug treatment also
did not cause remarkable tissue toxicity.

■ CONCLUSIONS
In summary, we attempted to fabricate hypoxia-responsive
stereocomplex PEG-PLA micelles to treat breast cancer
metastasis. We first synthesized a series of copolymers for
the self-assembly of enantiomeric, racemic, and stereocomplex
micelles. Stereocomplex micelles showed high structural
stability, improving drug loading and reducing drug leakage.
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Once endowed with a hypoxia-responsive feature, the micelles
were capable of sensitively responding to the hypoxic tumor
microenvironment, leading to enhanced bioavailability under
hypoxia. In vivo results further showed that the micelles,
especially at a high dose, inhibited the growth of the primary
tumor and remarkably inhibited its metastasis to the lungs and
liver, as a result of effective drug delivery, facilitated by the
stereocomplex structure, and the subsequent hypoxia-respon-
sive drug release at hypoxic sites. Together with high
biocompatibility, hypoxia-responsive stereocomplex micelles
were therefore a safe and effective drug delivery system in
treating breast cancer metastasis.
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