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Reduction-responsive core-crosslinked hyaluronic
acid-b-poly(trimethylene carbonate-co-dithiolane
trimethylene carbonate) micelles: synthesis and
CD44-mediated potent delivery of docetaxel to
triple negative breast tumor in vivo†

Yaqin Zhu,‡ab Jian Zhang,‡a Fenghua Meng,a Liang Cheng,*ac Jan Feijen *ab and
Zhiyuan Zhong *a

Future cancer therapy relies on the development of simple, selective and bioresponsive nanomedicines.

Herein, we report that reduction-responsive core-crosslinked hyaluronic acid-b-poly(trimethylene carbonate-

co-dithiolane trimethylene carbonate) micelles (HA-CCMs) can be easily synthesized and achieve efficient

CD44-mediated delivery and triggered cytoplasmic release of docetaxel (DTX) to MDA-MB-231 human triple

negative breast tumor in vivo. DTX-loaded HA-CCMs exhibited a favorable size of 85 nm, low drug leakage

and glutathione-responsive DTX release. HA-CCMs were efficiently taken up by CD44-overexpressing MDA-

MB-231 cells as indicated by flow cytometry. DTX-loaded HA-CCMs induced selective apoptotic activity

toward MDA-MB-231 cells in vitro. Notably, over 7-fold longer blood circulation time and 4-fold stronger

tumor accumulation were observed for DTX-loaded HA-CCMs compared to free DTX. Cy5-labeled HA-CCMs

revealed deep tumor penetration at 6 h post injection. DTX-loaded HA-CCMs were shown to effectively

suppress the progression of MDA-MB-231 tumor and significantly extend mice survival time. These hyaluronic

acid-shelled and disulfide-crosslinked micelles with great simplicity and selectivity are highly promising for

treating various CD44-overexpressing cancers.

Introduction

Micelles with a distinct core–shell structure are considered
to be the most ideal nanocarrier for lipophilic anticancer drugs
such as docetaxel (DTX).1–3 Notably, most micelles have exploited
poly(ethylene glycol) (PEG) as a shell.4,5 In order to accomplish
targeted therapy, cell-specific ligands are typically linked to the other
end of PEG.6–9 Moreover, to retard drug leakage in the circulation
and enhance drug release at the tumor site, sophisticated
chemistries have been employed to stabilize micelles and to

endow stimuli-sensitivity, respectively.10–13 These multifunctional
micellar systems, though exhibiting improved therapeutic efficacy
in animal studies, are highly complex and create formidable
challenges for clinical translation.3,14 In recent years, several
groups reported that hyaluronic acid (HA)-functionalized nano-
medicines can target CD44-expressing cancer cells in vitro and
in vivo.15–19 HA could also be used as a substitute for PEG to
obtain CD44-targeted micelles and vesicles.20–22

Interestingly, our and other’s recent work has demonstrated
that disulfide-crosslinking can simultaneously address the problems
of stability and drug release issues.17,23–26 Based on a proprietary
dithiolane trimethylene carbonate (DTC) monomer and with PEG as
a hydrophilic polymer, we constructed a variety of biodegradable
nanosystems for targeted cancer chemotherapy or gene therapy.27–31

It has to be emphasized that nanosystems based on DTC are
comparably easy to fabricate and subject to self-crosslinking.

In this paper, we report the fabrication and application of
reduction-responsive and core-crosslinked HA-shelled micelles
(HA-CCMs) for targeted delivery of DTX to CD44-overexpressing
MDA-MB-231 human triple negative breast tumor in vivo
(Scheme 1). Notably, the HA-CCMs are based on one single
block copolymer, HA-b-poly(trimethylene carbonate-co-dithiolane
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trimethylene carbonate) (HA-P(TMC-DTC)). Triple negative breast
cancers (TNBCs) are difficult to treat with poor prognosis32,33

due to their low expression level of the estrogen receptor (ER),
progesteron receptor (PR), and human epidermal growth factor
receptor-2 (HER2), which are often the targeting sites of anti-
bodies or therapeutic drugs.34,35 Here, MDA-MB-231 triple negative
breast tumor was chosen as a model because it is known to
overexpress CD44.36,37 Our results revealed that DTX-loaded
HA-CCMs effectively suppressed the progression of MDA-MB-
231 tumor and significantly extended mice survival time. These
HA-shelled and disulfide-crosslinked micelles with great
simplicity and selectivity provide a promising platform for
treating various CD44-overexpressing cancers.

Materials and methods
Materials

Hyaluronic acid (HA, Mw = 8 kDa, Bloomage Freda Biopharm Co.,
Ltd) was desalted using acidic deionized water.38,39 Dithiolane
trimethylene carbonate (DTC) was synthesized according to our
previous report.27 Free DTX (10 mg mL�1) was prepared by
dissolving DTX in a 1 : 1 mixture of Tween 80 and absolute
ethanol. Other materials used are described in the ESI.†

Synthesis of HA-P(TMC-DTC)

The HA-P(TMC-DTC) copolymer was synthesized via a click
reaction between HA-alkynyl (Mn = 8 kDa) and N3-P(TMC-DTC)

(Mn (1H NMR) = 5.9 kDa, Mw/Mn (GPC) = 1.2), as previously
reported.40 Yield: 90%. 1H NMR (600 MHz, D2O: DMSO-d6 = 1 : 9,
Fig. S1, ESI†): HA (d 1.80 ppm, d 3.12–3.51 ppm and d 4.26–4.45
ppm), TMC (d 1.92 and 4.10 ppm), DTC (d 3.01 and 4.10 ppm),
and methine proton of triazole (d 8.12 ppm).

Cy5-labeled HA-P(TMC-DTC) was synthesized by reacting
Cy5-NH2 with the carboxyl groups of HA. Briefly, HA-P(TMC-
DTC) (50 mg, 3.6 mmol) dissolved in DMSO (1 mL) was activated
with EDC (2.8 mg, 14.4 mmol) and NHS (0.8 mg, 7.2 mmol) for
15 min and then Cy5-NH2 (3.3 mg 5.4 mmol) was added. The
reaction was carried out for 24 h at 30 1C. The final product,
Cy5-labeled HA-P(TMC-DTC), was isolated through extensive
dialysis against DMSO for 24 h, then against DMF for 24 h
followed by precipitation in cold diethyl ether and drying
in vacuo at room temperature. Yield: 78.6%. The degree of substitu-
tion of Cy5 was 1.2 per HA chain determined by fluorescence
spectrophotometry (Thermo Scientific, USA).

Preparation and characterization of blank and DTX-loaded
micelles

Blank HA-CCMs were prepared by dropwise addition of the
DMSO solution of HA-P(TMC-DTC) (100 mL, 10 mg mL�1) to
phosphate buffer (PB, 900 mL, pH 7.4, 10 mM), followed by
incubation in a shaking bath overnight (37 1C, 200 rpm). Then,
the micelles were extensively dialyzed against PB (10 mM, pH
7.4) for 12 h at ambient temperature. Cy5-labeled micelles were
obtained by adding 10 mol% Cy5-HA-P(TMC-DTC) polymer.

DTX-loaded HA-CCMs were prepared similarly using an
organic phase consisting of a mixture of HA-P(TMC-DTC)
(10 mg mL�1 in DMSO) and DTX (10 mg mL�1 in DMSO). Drug
loading content (DLC) and drug loading efficiency (DLE) were
determined by adding an excess amount of the reductive agent
DTT to DTX-loaded micelle suspensions (1 mg mL�1, 200 mL)
and incubating at 37 1C at 200 rpm overnight to fully
de-crosslink the micelles. Subsequently, acetonitrile (800 mL)
was added and incubated for 2 h to extract DTX. The solution
was then filtered using a microfiltration membrane (pore size:
450 nm, Millipore, USA) and the concentration of DTX
was determined with an Agilent 1260 HPLC according to our
previous report.29

DLC and DLE were calculated using the following formulae:

DLC (wt%) = (weight of loaded drug/total weight of polymer

and loaded drug) � 100

DLE (%) = (weight of loaded drug/weight of drug in feed) � 100

In vivo pharmacokinetics

The blood circulation time of DTX-loaded HA-CCMs or free
DTX was evaluated by determining the DTX level in blood at
different times after i.v. injection (10 mg DTX equiv. per kg).
Briefly, B50 mL of blood was taken from the retro-orbital sinus
of Balb/C mice at prescribed time points. The blood samples
were lysed in Triton X-100 (0.15 mL, 1%) and sonicated. To
extract DTX, methanol (1 mL) was added to the blood samples
and the samples were then incubated for 12 h at �20 1C.

Scheme 1 Schematic illustration of reduction-responsive core-crosslinked
hyaluronic acid-b-poly(trimethylene carbonate-co-dithiolane trimethylene
carbonate) micelles (HA-CCMs) for CD44-mediated delivery and triggered
cytoplasmic release of docetaxel (DTX) to human MDA-MB-231 triple negative
breast cancer cells.
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After gentle vortexing and centrifugation at 30 065 � g for
15 min, the DTX concentration in the supernatant was determined
by HPLC as described above. The t1/2b (elimination half-life) of DTX
was calculated using the Software Origin 8.0.

In vivo imaging

Subcutaneous MDA-MB-231 human breast tumor-bearing mice
were established by injecting 50 mL of MDA-MB-231 cell suspensions
(2 � 108 cells per mL) into the right hind flank of mice. The
experiment starts after the tumors have grown to an average volume
of about 150 mm3. To evaluate the targeting ability of HA-CCMs,
200 mL of Cy5-labeled micelles were intravenously (tail vein)
injected in tumor-bearing mice at a dose of 20 mg kg�1. The
mice were anesthetized with pentobarbital sodium (10 mg mL�1

in PBS) at a dose of 62.5 mg kg�1 at 6, 12, 24 and 48 h post
injection. Near-infrared fluorescence imaging of the mice was
performed using an IVIS Lumina II imaging system (Caliper,
MA, USA), Ex = 633 nm and Em = 668 nm.

Biodistribution

For the biodistribution study, MDA-MB-231 breast tumor-bearing
nude mice were established as described above. Briefly, DTX-
loaded HA-CCMs or free DTX (10 mg DTX equiv. per kg) was
injected via the tail vein into the MDA-MB-231 tumor-bearing
mice. After 12 h, the main organs (liver, heart, spleen, lungs and
kidneys) and tumor were removed from the mice, washed with
PBS and then weighed. DTX was extracted using methanol and
determined by HPLC as previously reported.29

Tumor penetration

The tumor penetration behavior of HA-CCMs was investigated
by immunofluorescence analysis. Briefly, the MDA-MB-231
breast tumor-bearing mice were tail vein injected with Cy5-labeled
HA-CCMs at 20 mg kg�1. Tumors were collected at 2, 6 and 12 h.
After fixation in 4% formalin and embedding in paraffin, tumor
blocks were sliced and stained according to our previous study.29

In vivo antitumor efficacy

MDA-MB-231 breast tumor bearing nude mice were established
to evaluate the antitumor efficacy of DTX-loaded HA-CCMs
either with a single dose or multi-dose treatment. Mice treated
with PBS or free DTX were used as the control. Treatments were
started when the tumor volume reached about 50 mm3 (day 0).
The mice were randomly placed in five groups (6 mice per
group) and injected intravenously with the above formulations.
For single dose treatment, 50 mg DTX equiv. per kg was given
on day 0. Multi-dose injection was repeated every 3 days 5 times
at 10 mg DTX equiv. per kg. The injection volume was 0.2 mL
per 20 g of the mouse body weight. To study the active-targeting
effect of HA-CCMs, one group of mice was pretreated with free
HA in PBS (50 mg kg�1) for 10 min before the administration of
DTX-loaded HA-CCMs. Mice were weighed and tumor volumes
were determined every three days using calipers according to
the formula V = 0.5 � length � width2. At day 21, the tumor and
main organs of one mouse of each group were excised, fixed and
sliced for hematoxylin and eosin (H&E) staining. Tumor tissues

were further stained with terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL). Finally, the stained tissues
were observed with a microscope (Leica QWin, Germany).

Statistical analysis

All data are expressed as the mean � SD. Significance among
the groups was assessed by one-way analysis of variance (ANOVA),
followed by post hoc tests (Bonferroni correction). Significance
was established when p o 0.05.

Results and discussion
Synthesis of reduction-responsive and core-crosslinked HA-
shelled micelles

The objective of this study was to create simple, selective and
bioresponsive nanosystems for efficient cancer chemotherapy,
for which we designed reduction-responsive core-crosslinked
HA-shelled micelles (HA-CCMs). Notably, the HA-CCMs were
fabricated from one single block copolymer, HA-P(TMC-DTC),
in which HA serves as a hydrophilic and CD44-targeting shell
whereas P(TMC-DTC) serves as a self-crosslinkable and reduction-
responsive core. HA-P(TMC-DTC) was synthesized via a click
reaction between HA-alkynyl (Mn = 8.0 kg mol�1) and azido-
P(TMC-DTC), which was prepared with an Mn of 5.9 kg mol�1

and a DTC molar fraction (FDTC) of 0.15, as calculated from
1H NMR (Fig. S2, ESI†). 1H NMR of HA-P(TMC-DTC) (Fig. S1, ESI†)
showed a peak at d 8.12 of the methine proton of triazole. The
integral ratio of peak f at d 1.78 assignable to the methyl protons of
HA and peak g (d 8.12) was 60/1, indicating equivalent coupling
between HA-alkynyl and azido-P(TMC-DTC). In addition, the FT-IR
spectra (Fig. S3, ESI†) revealed that peaks at 2130 cm�1 (–CRC–)
of HA-alkynyl and 2100 cm�1 (–NRN) of N3-P(TMC-DTC) com-
pletely disappeared, supporting the successful synthesis of HA-
P(TMC-DTC).

Interestingly, HA-P(TMC-DTC) formed micelles (HA-CCMs)
with a diameter of 80 nm and a low polydispersity index (PDI)
of 0.07, as determined by dynamic light scattering (DLS)
(Fig. 1A). TEM corroborated a uniform size distribution. As reported
for HA-functionalized nanoparticles,41,42 HA-CCMs showed a
negative surface charge of �27 mV (Table 1). As anticipated,
HA-CCMs are highly stable against dilution (Fig. S4A, ESI†) and
10% FBS (Fig. 1B), due to crosslinking of the micellar core
via the spontaneous polymerization of dithiolane.27 The self-
crosslinking of disulfide bonds may be initiated by a small
amount of thiols in the polymers. In addition, the ring tension
of dithiolane in the micelle core may also play an important role
in the cleavage of disulfide bonds. However, quick destabilization
of HA-CCMs was found in a 10 mM glutathione (GSH) reductive
environment (Fig. S4B, ESI†). HA-CCMs revealed decent loading of
DTX (Table S1, ESI†). HA-CCMs loaded with 6.6 wt% DTX dis-
played a narrow distributed size of 85 nm. With the increase of
DTX feed ratio to 20%, the micelle size also increased to 94 nm
and drug loading efficiency reached saturation. The release of DTX
was markedly accelerated by 10 mM GSH (Fig. 1C), signifying
the rapid reduction-responsivity of the HA-CCMs. The stability
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of DTX-loaded HA-CCMs in DMEM containing 10% FBS was
also studied. Fig. S4C (ESI†) showed that the size of the micelles
did not change much in 24 h, indicating that DTX-loaded
HA-CCMs are stable in blood.

Targetability and antitumor effect toward CD44-overexpressing
MDA-MB-231 cells

MDA-MB-231 breast cancer cells were used as a model to study
the targetability of HA-CCMs. To verify their CD44 overexpression,
MDA-MB-231 cells were stained with the PE-Cy5 labeled CD44
antibody and observed using confocal and flow cytometry. The
results displayed nearly 200-fold stronger fluorescence for
MDA-MB-231 cells than for normal fibroblast L929 cells
(Fig. S5, ESI† and Fig. 2A), demonstrating high CD44 expression
in the MDA-MB-231 cells. To study their cellular uptake, HA-CCMs
were labeled with Cy5. Notably, flow cytometry analysis showed
the efficient uptake of HA-CCMs by MDA-MB-231 cells in 4 h,
which was, nevertheless, significantly prohibited by pretreating
the cells with free HA (Fig. 2B), indicating that HA-CCMs
are taken up by MDA-MB-231 cells via a receptor-mediated
pathway.

Firstly, the cytotoxicity of blank HA-CCMs was studied by
MTT assay in MDA-MB-231 cells, which showed that the blank
micelles have good biocompatibility (cell viability 492%,
Fig. S6, ESI†). The antitumor effect of DTX-loaded HA-CCMs
toward the MDA-MB-231 cells was evaluated by live/dead and
apoptosis assays. Fig. 3A shows severe cell shrinkage and death
(red) following 4 h of treatment with DTX-loaded HA-CCMs. In
addition, the MTT assay also displayed higher cytotoxicity for
DTX-loaded HA-CCMs than free DTX, indicating that DTX in
HA-CCMs was clearly more potent than free DTX. DTX is known
to suppress cell growth by disrupting microtubule assembly
and activating the pro-apoptotic signal pathway.43,44 Apoptosis
studies using Annexin V and PI staining confirmed that
DTX-loaded HA-CCMs induced significant apoptosis (42%) of
the MDA-MB-231 cells, which was slightly more effective than
free DTX (36% apoptosis) (Fig. 3B). These results indicate
that DTX-loaded HA-CCMs can be efficiently taken up by the

Table 1 Characterization of HA-CCMs

Entry
DTX feed
ratio (wt%) Sizea (nm) PDIa Zetab (mV) DLEc (%)

DLCc

(wt%)

1 0 80 � 1 0.07 �27 � 1 — —
2 10 85 � 1 0.11 �26 � 1 38 4.1
3 15 85 � 2 0.10 �27 � 1 40 6.6
4 20 94 � 2 0.13 �29 � 2 40 9.1

a Determined by dynamic light scattering (DLS), PB (10 mM, pH 7.4).
b Determined by a Zetasizer Nano-ZS, PB (10 mM, pH 7.4). c Drug
loading content (DLC) and drug loading efficiency (DLE) determined
by HPLC.

Fig. 2 (A) CD44 receptor expression on MDA-MB-231 breast cancer cells
determined by flow cytometry. Normal L929 fibroblast cells were used as
the control. (B) Cellular uptake of Cy5-HA-CCMs in MDA-MB-231 breast
tumor cells determined by flow cytometry after 4 h incubation. The CD44
receptor blocking experiment was performed by incubating cells with
free HA (final concentration: 5 mg mL�1) for 4 h prior to incubation with
Cy5-HA-CCMs.

Fig. 3 (A) Live/dead assay of MDA-MB-231 cells after 4 h incubation with
either DTX-loaded HA-CCMs or free DTX (1 mg DTX equiv. per mL) and
another 44 h culture in fresh medium. Live cells (green) and dead cells
(red). Bar: 20 mm. Cells without treatment are used as the control.
(B) Apoptosis assay of MDA-MB-231 cells after 4 h incubation with either
DTX-loaded HA-CCMs or free DTX (1 mg DTX equiv. per mL) and another
20 h culture in fresh medium. Cells without treatment are used as the
control.

Fig. 1 Size distribution, stability and reduction-sensitivity of HA-CCMs. (A) Size
distribution of micelles determined by DLS and size and morphology of micelles
obtained by TEM. (B) Micelle stability of HA-CCMs in the presence of 10%
FBS. (C) In vitro drug release of DTX loaded HA-CCMs either in the
presence or absence of 10 mM GSH (pH 7.4, 37 1C).
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MDA-MB-231 cells and that loaded DTX can be rapidly released
into the cytoplasm.

Pharmacokinetics, biodistribution and tumor penetration
studies

The in vivo pharmacokinetic study on tumor-free mice showed
that the level of DTX in HA-CCMs firstly quickly decreased due
to their distribution from blood to the liver, spleen and other
tissues after injection (t1/2a = 0.20 � 0.04 h), but this t1/2a is
still significantly longer (p o 0.01) than that of free DTX (t1/2a =
0.01 � 0.05 h).45–47 Subsequently, it was noticed that DTX in
HA-CCMs had an extended elimination half-time (t1/2b) of 5.1 h,
which was at least 7 times longer than for free DTX (t1/2b = 0.72 h,
Fig. 4A), demonstrating that HA-CCMs can significantly prolong
the circulation time of DTX.10,17,20 We further studied the tumor

accumulation of Cy5-labeled HA-CCMs over time following
i.v. injection into MDA-MB-231 breast tumor-bearing mice. As
indicated in Fig. 4B, strong tumor accumulation was found at
6–48 h post-injection of Cy5-labeled HA-CCMs, revealing excellent
tumor targeting and retention of HA-CCMs in the MDA-MB-231
breast tumor. The tumor accumulation was greatly decreased
when mice were pre-treated with free HA, signifying the important
role of active targeting in tumor accumulation and retention of
HA-CCMs.48,49 Furthermore, the amount of DTX in the tumor and
different organs was quantitatively determined 12 h after injection
of DTX-loaded HA-CCMs. Notably, a high tumor accumulation of
6.2% of injected dose per gram of tissue (%ID/g) was observed for
DTX-loaded HA-CCMs, which was at least a 4-fold enhancement
over free DTX (Fig. 4C).

To investigate their tumor penetration ability, a key factor
for tumor therapy,3,50,51 we examined the distribution of Cy5-
labeled HA-CCMs in the MDA-MB-231 tumor 2, 6 and 12 h after
injection. The results showed that at 2 h, all HA-CCMs were
co-localized with blood vessels (Fig. 5A). At 6 h post injection,
Cy5-labeled HA-CCMs were distributed throughout the whole
tumor tissue and a prolonged time of 12 h gave even stronger
Cy5 fluorescence in the tumor tissue and also inside the

Fig. 4 (A) In vivo pharmacokinetics of DTX in HA-CCMs and free DTX in
Balb/C mice. (B) In vivo imaging of Cy5-labeled HA-CCMs in MDA-MB-231
breast tumor bearing mice. (C) Biodistribution of DTX in the main organs
and tumor 12 h after tail vein injection of DTX-loaded HA-CCMs or free
DTX (10 mg DTX equiv. per kg).

Fig. 5 (A) Tumor penetration behavior of Cy5 labeled HA-CCMs (red) at 2,
6 and 12 h post injection observed using confocal microscopy. Cell nuclei
were stained with DAPI (blue). CD31 antibody (green) was used for the
staining of tumor blood vessels. The scale bar represents 40 mm. (B)
Quantitative analysis for the Cy5 intensity in tumor tissue slices presented
as the average integrated optical density (IOD) level at 2, 6 and 12 h. Data
are presented as means � SD (n = 3). **P o 0.01.
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tumor cells, as indicated by the quantitative analysis for the Cy5
intensity in tumor tissue slices (Fig. 5B). Intratumoral penetration
is often a big hurdle for nanomedicines due to the presence of
high interstitial fluid pressure (IFP) and dense stromal tissue in
the tumor.52 The long circulation time, efficient tumor accumu-
lation and deep tumor penetration render HA-CCMs particularly
interesting for the treatment of MDA-MB-231 breast tumor.

Targeted treatment of MDA-MB-231 human breast tumor

MDA-MB-231 breast tumor-bearing mice were treated with DTX-
loaded HA-CCMs in either a single (50 mg DTX equiv. per kg) or
a multiple dose scheme (10 mg DTX equiv. per kg, 5 injections).
Fig. 6A shows that the multi-dose treatment effectively inhibited
tumor growth, which was apparently more effective than the

single-dose treatment. In contrast, the multiple injection of free
DTX at the same dose could not effectively suppress tumor
growth. Moreover, pre-injection of free HA prior to treatment
with DTX-loaded HA-CCMs led to a significantly decreased
tumor-suppressive effect, signifying the important role of active
targeting in MDA-MB-231 cancer treatment. The tumor images
corroborated that mice treated with a multi-dose of DTX-loaded
HA-CCMs had the smallest tumor volume (Fig. 6B). Fig. 6C
displays that only free DTX caused a slight body weight loss and
that all micellar formulations were well tolerated. Most remark-
ably, all mice treated with a multi-dose of DTX-loaded HA-CCMs
survived over 60 days (Fig. 6D). In comparison, mice treated
with free DTX or PBS all died on day 35. These results point out
that DTX-loaded HA-CCMs mediate high-efficiency targeted
treatment of CD44-overexpressing MDA-MB-231 breast tumors.
The histological analysis using H&E staining showed little
damage of normal organs in the micellar DTX treated groups,
while obvious cell necrosis was found in the liver of the free DTX
treated group (Fig. S7, ESI†). In tumor tissues, mice treated with
a multi-dose of DTX-loaded HA-CCMs showed extensive necrosis
evidenced by H&E staining and severe apoptosis by TUNEL
staining (Fig. 7), which is in line with the superior antitumor
efficacy of DTX-loaded HA-CCMs.

Conclusions

We have demonstrated that reduction-responsive, core-crosslinked,
and hyaluronic acid-shelled biodegradable micelles (HA-CCMs)
mediate the highly potent and targeted chemotherapy of
MDA-MB-231 human triple negative breast tumor in nude mice.
HA-CCMs fabricated from one single block copolymer possess
many interesting properties: (i) they have a decent loading of
docetaxel, favorable size, low drug leakage and glutathione-
responsive DTX release; (ii) docetaxel-loaded HA-CCMs can
selectively target and suppress the growth of MDA-MB-231 cells;
(iii) they show a long blood circulation time, strong tumor
accumulation and deep tumor penetration; and (iv) docetaxel-
loaded HA-CCMs effectively suppress the progression of MDA-
MB-231 tumor and significantly improve mice survival time.
These simple, selective and bioresponsive micellar systems have

Fig. 6 In vivo antitumor efficacy of DTX-loaded HA-CCMs in MDA-MB-
231 tumor bearing nude mice with either a single dose or multi-dose
treatment. The free DTX, PBS and HA (50 mg kg�1) pre-treated groups
were used as controls. The above formulations were intravenously injected
into different groups of mice on day 0, 3, 6, 9 and 12 at a dosage of 10 mg
DTX equiv. per kg. (A) Tumor growth curves of different mice groups over
21 days, (n = 6). *p o 0.05, **p o 0.01. (B) Representative tumor blocks
removed from mice in different groups at the end of the experiment (day
21). (C) Body weight variations in different groups within 21 days of MDA-
MB-231 tumor bearing nude mice. (D) Kaplan–Meier survival curves of
nude mice treated with different formulations within 60 days, (n = 5). Data
of A and C are given as means � SD (n = 5).

Fig. 7 H&E and TUNEL staining of tumor sections excised from subcutaneous MDA-MB-231 breast tumor bearing nude mice following 21 days of
treatment with different formulations (Leica microscope, magnification 400�). Bar: 50 mm.
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emerged as a highly appealing platform for targeted chemother-
apy of CD44-overexpressing cancers.
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