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ABSTRACT
Most breast tumours are heterogeneous and not only contain the bulk of differentiated tumour cells
but also a small population of highly tumorigenic and intrinsically drug-resistant cancer stem cells
(CSCs). Herein, a pH-sensitive nanoparticle with simultaneous encapsulation of curcumin and doxorubi-
cin (CURDOX-NPs) was prepared by using monomethoxy (polyethylene glycol)-b-P (D,L-lactic-co-glycolic
acid)-b-P (L-glutamic acid) polymer to simultaneously target the differentiated tumor cells and CSCs.
CURDOX-NPs had a mean diameter of 107.5 nm and zeta potential of �13.7mV, determined by DLS.
Drug-loading efficiency for curcumin and doxorubicin was reaching to 80.30% and 96.2%, respectively.
Moreover, a cascade sustained-release profiles with the faster release of CUR followed by a slower
release of DOX was observed in normal pH7.4 condition. Moreover, a pH-sensitive release profile for
each cargo was seen in pH5.0 condition. The anti-tumour effect of CURDOX-NPs on CSCs-enriching
MCF-7/ADR mammospheres was confirmed by in vitro. Moreover, a significant regression of tumour
growth after treatment with CURDOX-NPs was also observed in Xenograft mice model. The percentage
of CSCs in tumour significantly decreased from 39.9% in control group to 6.82% after treatment with
CURDOX-NPs. The combinational delivery of CUR and DOX may a potentially useful therapeutic strategy
for refractory breast cancer.
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Introduction

Breast cancer is the most common cancer diagnosed in
women and is the second most frequent cause of cancer
mortality in western women [1]. Current breast tumour thera-
pies including surgical resection, chemotherapy or radiother-
apy mainly focus on bulk population reduction of tumour
cells, any of which was not able to prevent the relapse and
metastasis of breast cancer [2]. Recently, most breast tumours
are heterogeneous and contain small population of highly
tumorigenic and intrinsically drug resistant cancer stem cells
(CSCs). CSCs are thought to constitute a small subset of cells
within a tumour that both initiate relapse and metastasis of
cancer because of their capacity for self-renewal and inherent
chemo- and radio-resistance and give rise to an increase in
non-tumorigenic cancer cell progeny population through dif-
ferentiation. In breast cancer, these cells, variously termed
breast cancer stem cells (CSCs) or tumour-initiating cells
(TICs), are distinguished by characteristic markers, such as the
cell surface antigens CD44high/CD24low or ALDH1 enzymatic
activity. CSCs often overexpress drug efflux transporters,

spend most of their time in non-dividing G0 cell cycle state,
and therefore, can escape the conventional chemotherapies
[2]. Thus, targeting CSCs is essential for developing novel
therapies to prevent cancer relapse and emerging of drug
resistance.

Doxorubicin (DOX), an anthracycline cationic antibiotic,
has been used as first-line drug against a wide range of
human cancers including breast cancer, lymphadenoma and
many types of soft tissue sarcomas [3,4]. However, multiple
exposure of DOX usually resulted in tumour drug resistance
and severe cardiac toxicity, which limited its broad applica-
tion in clinics. A variety of nanocarriers have been developed
to overcome these limitations. Liposome (DoxilVR ), polymeric
micelles (SP1049CVR and NK911VR ) has been approved by FDA
to overcome these drawbacks of DOX [5]. For example,
DoxilVR successfully can significantly prolong in vivo retention
time of DOX, reduce its cardiac toxicity and raise the max-
imum tolerate dose during therapeutic process. However, the
anti-tumour effect of DoxilVR against most of tumours includ-
ing breast cancer, especially for refractory drug-resistant
breast tumours, was not significantly enhanced accordingly.
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Inversely, the dangerous side effect called the hand foot syn-
drome was produced because the long circulation time of
DoxilVR in vivo increased the distribution of DOX to normal
skin tissue [6]. Alternatively, SP1049CVR prepared by Pluronic
L61 and L127 at 1:8 molar ratios is a micelle preparation with
physical encapsulation of DOX [7]. SP1049CVR has been eval-
uated in stage of clinical phase II for refractory drug-resistant
breast cancer in view of the ability of Pluronic to overcome
the multi-drug resistance. However, because DOX was physic-
ally encapsulated in pluronic-based micelles through the
weak hydrophobic interaction, its in vivo pharmacokinetics
was not significantly improved as indicated in stage of clinical
phase-I study. The blood AUC value of SP1049CVR was only
12.5% higher than that of the common DOX solution prod-
uct, and severe cardiac toxicity was still existing [8].

Curcumin (CUR), a kind of lipophilic active ingredient, is a
low-molecular-weight polyphenol compound derived from
the rhizome of the plant Curcuma longa [9]. Recently, several
researchers have found that CUR and its derivants have the
anti-tumour activity to increase the sensibility of multiple
first-line chemotherapeutic drugs to drugs-resistant tumour
[10]. Besides, several reports have showed that CUR could act
on ROS-MAPK and NF-jB-signalling pathway, thus inhibiting
growth of three-negative breast cancer, breast cancer stem
cells and hindering permanent inactivation of drug-resistant
pump, P-gp [11]. CUR has been approved for the clinical pre-
vention of tumour drug resistance. It has been reported that
the use of CUR as a chemical sensitizer in combination with
doxorubicin or other first-line chemotherapeutics can improve
its anti-tumour efficacy and reduce its cardiac toxicity [12].
Especially, there is a growing concern for the ability of CUR
to induce apoptosis of cancer stem cells in many cancer
types including breast cancer [13], liver cancer [14]. It was
reported that CUR treatment also specifically targeted CSC-
like cell population via inhibiting Wnt/b-catenin and Sonic
Hedgehog pathways, the suppression of CD44þ/CD24�and
CD49fþ/CD24þ subpopulations and the subsequent impair-
ment of mammosphere formation [15]. But the clinical appli-
cation of CUR via oral administration was limited by its
low bioavailability [16]. Besides, it was also difficult to be
administrated by intravenous injection due to its low water
solubility [17].

In our previous study, a novel triblock copolymer,
monomethoxy (polyethylene glycol)-b-P (D,L-lactic-co-glycolic
acid)-b-P (L-glutamic acid) (mPEG-PLGA-PGlu), was success-
fully synthesized. It was discovered that mPEG-PLGA-PGlu
copolymer was self-assembled into nanoparticles with a
hybrid core of PLGA and PGlu, and a PEG shell through
controlling the length of each block. Moreover, the self-
assembled nanoparticles of mPEG5k-PLGA20k-PGlu (60) poly-
mer (subscript number denotes the molecular weight of each
block; k denotes 1000Da; number in brackets denoted the
number of the repeating number of L-glutamic units) were
specifically responsive to an endosomal pH of 5.0–6.0 due to
the configuration transition of the PGlu segment [18]. The
model drug, DOX, could be easily loaded into the hybrid-core
nanoparticles with a high drug loading of 25% through elec-
trostatic interaction with PGlu segment [19]. Considering the
existence of hydrophobic PLGA block, the hydrophobic model

drug, CUR, is also expected to be encapsulated inside hybrid
core of mPEG-PLGA-PGlu nanoparticles through hydrophobic
interaction.

In this study, a pH-sensitive dual drug-loaded nanoparticle
(CURDOX-NPs) was prepared by using mPEG-PLGA-PGlu poly-
mer to simultaneously target the breast cancer stem cells and
the differentiated tumour cells. The particle size, surface
potential, morphology and drug-loading capability of
CURDOX-NPs were carefully characterized in vitro. The effect-
ive anti-tumour effect of CURDOX-NPs was also confirmed by
in vitro and in vivo. Additionally, the ability of CURDOX-NPs
to kill the heterogeneous tumour cells in tumour tissues was
also evaluated in vitro tumour spheroid and in vivo Xenograft
mice model.

Material and methods

Materials

mPEG5k-PLGA20k-PGlu (60) was synthesized according to our
previous publications. Curcumin (CUR, purity of 98%) were
purchased from WAKO (Japan); Doxorubicin (DOX, purity of
98%) was purchased from Beijing HVSF united chemical
materials company (Beijing, China). RPMI-1640 culture
medium, foetal bovine serum (FBS), diastase and digestive
enzyme (TRYPSIN) were purchased from GIBCO Corporation
(USA); methyl thiazolyl tetrazolium (MTT) and DAPI were
purchased from sigma (USA).

Preparation of dual drug-loaded polymer nanoparticles

The drug-loaded nanoparticles were prepared by nanopreci-
pation method. In brief, curcumin and mPEG-PLGA-PGlu
copolymer were firstly co-dissolved in 6ml N,N-dimethy for-
manide (DMF) under magnetic stirring as organic phase.
Afterward, 4ml aqueous solution of doxorubicin hydrochlor-
ide was slowly dripped into the organic phase under vigorous
stirring, and the mixed system continued reacting for 30min.
And then, the reaction mixture was dialyzed (Mw cut-off,
3500 Pa) against distilled water for 24 h to remove the
organic phase, and distilled water was replaced four times (3,
6, 12 and 24 h) during dialysis. Finally, the mixture was centri-
fuged to remove the drug precipitation at a speed of
12,000 rpm and the supernatant drug-loaded nanoparticles
were collected for study. Series of formulations were pre-
pared by changing the amount of total drugs or copolymer
in formulations. In each formulation, the molar ratio of CUR/
DOX was controlled at 1:1, and total drugs/copolymer was
fixed to be 1:20. As controls, the single drug-loaded nanopar-
ticles including CUR-loaded nanoparticles or DOX-loaded
nanoparticles were also prepared by the similar procedure
above.

The drug-loading content and encapsulation efficiency

The loading content (DL) and entrapment efficiency (EE) of
drug-loaded nanoparticles were determined by HPLC assay
after destroying the nanoparticles. Briefly, 100 lL drug-loaded
nanoparticles was added to 3ml acetonitrile in a volumetric
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flask, and further sonicated to destroy the nanoparticle. After
filtration through a membrane with pore size of 0.8 lmm,
the filtrate was detected by HPLC (Hitachi L-2130 pump,
L-2400 UV-Vis spectrophotometer). HPLC condition was listed
as follow: Eclipse XDB-C18 column (250mm� 4.6mm, 5 lm);
mobile phase: acetonitrile-water (60:40, v/v); flow speed of
1.0ml/min; detect waver at 210 nm; column temperature
of 25 �C. The drug-loading content, DLC(%) and the drug-
loading efficiency, DLE (%) were calculated by the following
equations, respectively. DLC%¼weight of the drug in nano-
particles/(weight of the feeding polymerþweight of
drug)� 100%; DLE%¼ (weight of the practical drug in nano-
particles/weight of the feeding drug)� 100%.

Particle size and morphology of drug-loaded
nanoparticles

The size and Zeta potential of the prepared nanoparticles
were determined by dynamic light scattering (DLS). The
nanoparticles solutions were first filtered through a 0.8 lm
disposable membrane filter prior to measurement and were
determined p by NICOMPTM 380 with the laser wavelength
at 632.8 nm and a scatter angle of 90

�
at room temperature

after proper dilution. The morphology of the nanoparticles
was examined using a JEOLJEM-2000EX transmission electron
microscope (100 kV accelerating voltage) with phosphotung-
state acid solution (2%, w/w) staining.

DSC and fluorescent spectrum

In order to analyse the status of the encapsulated drugs in
polymeric nanoparticles, the lyophilized powders of nanopar-
ticles solution were determined by calorimeter (Mettler
Toledo, Switzerland) equipped with a refrigerated cooling sys-
tem. Samples (approximately 5mg, accurately weighed)
including DOX�HCl, CUR, mPEG-PLGA -PGlu copolymer, phys-
ical mixtures of (DOXþCURþmPEG-PLGA-PGlu copolymer)
and lyophilized CURDOX-NPs, were analysed at heating tem-
perature ranging from �30 �C to 300 �C with a linear heating
rate of 5 �C/min.

To investigate the localization of DOX in the nanoparticles,
the fluorescence spectra of the drug-loaded nanoparticles
were recorded before and after incubation with equivalence
of DMF. The excitation wavelength was fixed at 480 nm, and
the emission spectrum of DOX was recorded from 500 to
720 nm at a scan speed of 2 nm/s.

In vitro release profiles of DOX and CUR from
CURDOX-NPs

The release profiles of CUR and DOX from nanoparticles were
performed at 37 �C using a dialysis method depicted in litera-
ture [20]. Briefly, 2ml of CURDOX-NPs solutions were placed
in a dialysis bag (cut off, 3500), hermetically sealed and the
bulk dialysis bag was immersed into 50ml of release medium
(pH7.4 PBS or pH5.0 acetate buffer) containing 1% (v/v) SDS
under continuous shaking at 100 rpm. At predetermined time
intervals, 1ml of release medium was withdrawn for analysis.

Meanwhile, an equal volume of fresh PBS was supplemented
to maintain the constant release medium. The concentration
of CUR and DOX were analysed by HPLC method described
earlier. The cumulative release percentage (%) was deter-
mined by dividing the cumulative amount of DOX/CUR recov-
ered in the dialysis medium by the total amount in the
nanoparticles.

In vitro cytotoxicity of CURDOX-NPs against
MCF-7/ADR cells

In vitro culture of MCF-7/ADR cells
Human breast carcinoma cells (MCF-7) and doxorubicin-
resistant human breast carcinoma cells (MCF-7ADR) were pur-
chased from Nanjing Kaiji Biotech. Ltd. Co. (Nanjing, China).
MCF-7 cells were cultured in PRMI-1640 supplemented with
10% FBS, while DOX (1 lg/mL) was supplemented in RPMI-
1640 containing 10% of FBS for culture of MCF-7/ADR. Cells
were cultured in a humidified atmosphere at 37 �C with 5%
CO2. The cells were subcultured with 0.25% trypsin–EDTA
after reaching 85% of confluence.

Cytotoxicity assay
In order to demonstrate the reversal of multidrug resistance
by curcumin, in vitro cellular toxicity of free DOX solution
(DOX-S), DOX-NPs, CUR-NPs and CURDOX-NPs against the
sensitive MCF-7 cells and resistant MCF-7/ADR cells was
assayed by the MTT method. MCF-7 cells or MCF-7/ADR cells
were seeded at 8� 103 cells/well in 96-well plates and
allowed to grow overnight in culture medium. Afterward,
100 lL of RPMI-1640 medium containing free drugs or
equivalent drugs-loaded nanoparticles were added to the
plate for 48 h. Then, the culture medium was removed,
replaced with 90 lL fresh medium and 10 lL MTT solution
(5mg/mL) and further incubated for 4 h under normal growth
conditions. After incubation, MTT was removed and 200 lL
DMSO was added to dissolve the formazan. The absorbance
was assayed at 492 nm in a microplate reader. As a control,
cells were grown in culture medium in the absence of drugs,
and three wells were set in each group. The cell survival rate
was calculated according to the following formula: cell sur-
vival rate (%)¼ (A test/A control)� 100%; A test, Absorbance of
test group; A control: Absorbance of control group. Meanwhile,
IC50 value, the drug concentration at cell viability of 50% was
calculated by modified Curtis's method.

Cellular uptake studies
MCF-7/ADR cells were seeded at a density of 1� 103 in 6-well
culture plates and grow overnight. The medium was replaced
with a fresh medium including free DOX solution (DOX-S) or
DOX-NPs/CURDOX-NPs with an equivalent DOX concentration
(10lg/mL) for a further 4-h incubation. Then, the cells were
washed three times with ice-cold PBS and fixed with 4% par-
aformaldehyde for 20min. The nuclei were then counter-
stained with DAPI for 5min. The cells were rinsed three times
with PBS, and closed by 70 lL 50% glycerol for laser
confocal microscopy. As a control, the in vitro cellular uptake
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of DOX-S, DOX-NPs and CURDOX-NPs by the sensitive MCF-7
cells was also evaluated.

Toxicity of CURDOX-NPs against tumour spheroid of
MCF-7/ADR

Culture of MCF-7/ADR tumour spheroid and identification
of breast cancer stem cells
MCF-7/ADR mammospheres were developed using the liquid
overlay method as previously described. In brief, MCF-7/ADR
cells were seeded into 48-well plates pre-coated with 2%
agarose hydrogel at a density of 4� 103 cells per well and
cultured for several days at 37 �C in the presence of 5% CO2.
The compact MCF-7/ADR spheroids were selected for subse-
quent experiments after 7 days of culture.

MCF-7/ADR mammospheres were collected for identifying
phenotype and purity of MCF-7 cancer stem cells. Briefly, the
mammospheres were enzymatically dissociated by adding
trypsin (0.25%, g/100ml), washed with cold PBS (pH 7.4) and
simultaneously stained with 5ml anti-CD44-FITC and 5ml
anti-CD24-PE at 4 �C for 30min in the staining buffer (PBS pH
7.4). The sample was then washed three times with cold PBS
(pH 7.4) and resuspended in 500ml of cold PBS and assayed
on a FACScan flow cytometer (Becton Dickinson, San Jose,
CA). Side scatter and forward scatter profiles were used to
eliminate cell doublets.

Growth inhibition of MCF-7/ADR mammospheres and
killing the heterogeneous cells in mammospheres
MCF-7/ADR mammospheres were treated with CUR-NPs
(equivalent CUR concentration of 40 lg/mL) or DOX-NPs
(equivalent DOX concentration of 40 lg/mL) or CURDOX-NPs
(equivalent CUR and DOX concentration was 18.2lg/mL and
21.8lg/mL, respectively). Flesh DMEM medium was served as
negative control. At different time point after treatment,
MCF-7/ADR mammospheres were observed with an inverted
microscope (Chongqing Optical & Electrical Instrument Co.
Ltd., Chongqing, China). The length diameter (dmax) and
width diameter (dmin) of each spheroid were measured every
day for 3 days. The spheroid volume (V) was calculated using
the following formula: V¼ 0.5� dmax�dmin

2.

In vivo anti-tumour effect

The dissociated MCF-7/ADR mammosphere cells at a density
of 3� 106 cells were injected subcutaneously into the right
flank region of Balb/c nude mice. When the tumour volume
grew to approximately 100mm3, the mice were randomly
assigned to a control (saline) group, CUR-NPs group, DOX-
NPs group and CURDOX-NPs, each group containing six mice.
Different formulations were given at the same drug dose of
2.5mg/kg and administered intravenously through the tail
vein every other day four times in all. The body weight and
tumour size were measured and recorded every other day
after administration. Tumour volume was calculated by the
following formula: V¼ (L�W2)/2. W and L were the minor
and maximum axes of the tumour, respectively. Mice were

sacrificed on the 18th day, and the tumour weight was meas-
ured to evaluate the antitumor effect.

Analysis of cancer stem cells in tumours after
treatments

At the end of the treatment, tumours were collected from all
groups and washed 3 times by PBS. After the tumours were
cut into 1mm3 of small pieces, enzymatic digestion was per-
formed by using collagenase III at 37 �C for 2 h. To obtain sin-
gle cells, cell suspension was filtered through a 40-lm cell
strainer. Cells were washed three times with PBS, re-sus-
pended in 100ml of cold PBS, and stained with anti-human
CD44-FITC and CD24-PE on ice for 30min. After washed three
times with cold PBS, the cells were suspended in 400ml of
cold PBS and the percentage of cancer stem cells (CD44þ/
CD24�) was analyzed by flow cytometry using the FACScan
instrument.

Toxicity of CURDOX-NPs against normal tissues

To evaluate the toxicity of CURDOX-NPs, the rats were sacri-
ficed at the end of treatment, and samples of heart, liver,
spleen, lung and kidney were collected and routinely stained
with haematoxylin and eosin (HE).

Statistical analysis

Student’s t-test was used to evaluate the statistical signifi-
cance of differences between formulations. Value was
denoted as mean± standard deviation (SD) and the data
were considered statistically significant at p< .05.

Results and discussions

Preparation and characterisation of dual drug-loaded
mPEG-PLGA-PGlu nanoparticles

In our previous, amphiphilic mPEG-PLGA-PGlu copolymer was
easily self-assembled into negatively charged nanoparticles
with a hybrid core of PLGA and PGlu, and a stealth PEG shell
by the classical nanoprecipitation method. Moreover, a high
drug loading of ca.25% for doxorubicin hydrochloride was
reached through electrostatic interaction with the negative
hybrid-core. In this study, the poorly soluble CUR was firstly
dissolved in DMF together with mPEG-PLGA-PGlu copolymer
as organic phase, rendering occurrence of hydrophobic inter-
action between CUR and PLGA segment. When aqueous DOX
solution was added to organic phase, two phenomena, that
was, CUR-binding PLGA segments was separated from
organic phase and hydrophobic electrostatic complex
between DOX and PGlu segment was instantaneously formed,
dominated co-encapsulation of CUR and DOX in hybrid core
of nanoparticles. In order to explore drug-loading content
and encapsulating efficiency of mPEG-PLGA-PGlu nanopar-
ticle, series of formulations were prepared by changing the
amount of total drugs or copolymer in formulations. The
results were shown in Table 1. A high encapsulating
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efficiency of DOX, more than 90%, was also obtained in all
these formulations, and its loading content was easily
adjusted, ranging from 1.18% to 6.61%. By contrast, it was
more difficult for CUR to obtain the high the loading content
and encapsulating efficiency because of a weak hydrophobic
interaction between CUR and PLGA block. The drug-loading
content and encapsulating efficiency of CUR was highly
dependent on the ratio of CUR/copolymer in formulation. As
the ratio of CUR/copolymer increased, the EE of CUR
increased from 51.7% to 90.9%, while its loading content
decreased accordingly from 2.61% to 1.14%. Because of high
crystal properties for CUR, less than 5% of CUR loading in
PLGA-based polymeric nanoparticles was also reported in
these publications [21–23].

Particle size and zeta potentials of the blank nanoparticles
(Blank NPs), single drug loaded nanoparticles (DOX-NPs; CUR-
NPs) and series of dual-drugs loaded nanoparticles (CURDOX-
NPs) were determined by DLS. The average size of the blank
NPs was 211.2 ± 1.3 nm and the Zeta potential was
�25.4 ± 0.2mV. Compared with the blank NPs, the particle
size of CUR-NPs increased slightly to 228.5 ± 1.5 nm, and its
zeta potential (mV) was 23.8 ± 0.3mV, which was not signifi-
cantly different from that of blank NPs. By contrast, after
loading DOX, Dh of DOX-NPs become smaller than the corre-
sponding blank NPs, and its zeta potential increased
inversely. Dh of DOX-NPs was reduced to 102.1 ± 0.4 nm and
zeta potential increased to �21.2 ± 0.6mV. Especially for ser-
ies of CURDOX-NPs, with the increase in the ratio of DOX/
copolymer, Dh of CURDOX-NPs decreased from 380.7 ± 0.3 nm
to 56.2 ± 0.2 nm, while the zeta potential increased from
�20.8 ± 0.3mV to �5.2 ± 0.2mV, as shown in Table 1. These
results indicated denser solid nanoparticles were formed after
drug loading due to the strong electrostatic interaction
between DOX and the side carboxyl of PGlu. For the formula-
tion (CURDOX-NPs-5), because of its advantageous character-
istics such as a comparatively high DLC and EE for CUR and a
suitable particle size and zeta potential, it was selected for
the following studies.

The morphology of CURDOX-NPs

The morphology of the drug-loaded nanoparticles was deter-
mined by TEM. As indicated in Figure 1, sphere-shaped struc-
tures were observed for all the nanoparticles regardless of
signal drug-loaded nanoparticles (CUR-NPs or DOX-NPs) or
dual drugs loaded nanoparticles (CURDOX-NPs). For CUR-NPs,

TEM image clearly showed an evenly distributed spherical
particles population and exhibited a smaller dried nanopar-
ticle size (ca.95 nm) than Dh determined by DLS (Figure 1(A)).
This dried particle size was obviously smaller than that deter-
mined by DLS because of dehydration of the hybrid-core and
shrinkage of the PEG shell induced by water evaporation
under high vacuum before TEM measurement. However, for
DOX-NPs or CURDOX-NPs, the dried particle size detemined
by TEM was slightly smaller with Dh determined by DLS. For
example, a particle size just decreased from 103.4 nm of Dh

to ca. 98 nm of dried nanoparticle size for CURDOX-NPs. Due
to the dense solid core of these nanoparticles after DOX load-
ing, it was only the dehydration of the PEG layer and not the
hybrid core that was responsible for the reduced particle size
in the dry state.

Drug crystal property inside CURDOX-NPs

The crystal status of the encapsulated DOX and CUR in poly-
meric nanoparticle was analysed by DSC and results were
shown in Figure S1A. For pure drugs, the melting point (Tm)
for DOX could be observed at 218 �C, which was consistent
with value reported in literature [24], whereas for CUR at 174.
2 �C as similar as results in the publication [17]. For mPEG-
PLGA-PGlu copolymer, a wide endothermic peak at 58.6 �C
was attributed to the glass transition temperature (Tg) of
PLGA block. Besides, there appeared a weak endothermic
peak at 104 �C, which corresponded to the temperature of
the first-order transformation (TLC) between two stable hel-
ical conformations of PGlu block, from 7/2 to an 18/5 a-hel-
ical conformation [25]. The physical mixture of
(CURþDOXþ Polymer) showed all the endothermic peaks
that had been observed for the individual pure component.
By contrast, for CURDOX-NPs, either Tm of DOX or CUR disap-
peared, indicating the molecular dispersion of the two crystal
drugs (CUR and DOX) in nanoparticles. Meanwhile, TLC of
PGlu was also absent and only the peak ascribed to Tg
of PLGA segment was observed, indicating co-encapsulation
of PGLu together with DOX. The co-encapsulation of DOX
together with PGlu was further confirmed by the fluorescence
spectrum technique. The fluorescence intensity of the encap-
sulated DOX in CURDOX-NPs was significantly quenched,
while it was instantly recovered when the nanoparticles were
destroyed by DMF (Figure S1B), indicating localization of DOX
inside the core of the nanoparticles. When DOX was encapsu-
lated in nanocarriers, its self-fluorescence was quenched

Table 1. Characteristics of various formulations of nanoparticles (n¼ 3, mean ± SD).

DLC (%) DLE (%)

No Polymer(mg)
Total drug (mg)
(DOXþ CUR) CUR DOX CUR DOX Dh(nm) Zeta potential

Blank NPs 200 – – – – – 211.2 ± 1.3 �25.4 ± 0.2
DOX-NP 200 2.5þ 2.5 – 2.28þ 0.34 95.00 ± 1.89 102.1 ± 0.4 �21.2 ± 0.6
CUR-NP 200 2.5þ 2.5 1.87 ± 0.41 – 76.91 ± 2.56 – 228.5 ± 1.5 �23.8 ± 0.3
DOXCUR-NP-1 100 5þ 5 2.61 ± 0.12 4.31 ± 0.14 57.73 ± 2.32 95.66 ± 3.35 56.2 ± 0.2 �5.2 ± 0.2
DOXCUR-NP-2 200 5þ 5 1.81 ± 0.04 2.28 ± 0.11 72.94 ± 3.45 95.80 ± 2.15 102.1 ± 0.1 �11.2 ± 0.1
DOXCUR-NP-3 300 5þ 5 1.42 ± 0.03 1.61 ± 0.13 87.86 ± 2.76 96.85 ± 1.36 380.7 ± 0.3 �16.2 ± 0.3
DOXCUR-NP-4 200 2.5þ 2.5 1.14 ± 0.05 1.18 ± 0.07 90.90 ± 4.21 96.76 ± 1.23 87.2 ± 0.1 �20.8 ± 0.3
DOXCUR-NP-5 200 5þ 5 1.91 ± 0.13 2.29 ± 0.19 80.30 ± 1.82 96.21 ± 1.34 103.4 ± 0.3 �11.7 ± 0.1
DOXCUR-NP-6 200 7.5þ 7.5 1.84 ± 0.21 6.61 ± 0.33 51.79 ± 2.68 94.51 ± 2.36 121.5 ± 0.2 �8.2 ± 0.6
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because of a concentrated DOX aggregates in local micro-
environment. The similar results were also obtained in these
publications [26,27].

In vitro release profile of CUR and DOX from
CURDOX-NPs

The in vitro drug release profiles of CURDOX-NPs in pH7.4
PBS and pH5.0 acetate buffer were shown in Figure 2. A pH-
sensitive release profile for each cargo from nanoparticles
was seen regardless of CUR or DOX. In pH7.4 release medium,
a slow release profile from CURDOX-NPs was observed for

both of CUR and DOX. Only 22% of the encapsulated DOX
and 50% of the encapsulated CUR were released from
CURDOX-NPs at 6 h, respectively, while more than 85% of
CUR and DOX were released from their corresponding solu-
tion formulations (DOX-S or CUR-S) at 6 h. However, in pH5.0
acetate buffer, 85% of DOX and 80% of CUR was released
from nanoparticles after 6 h, respectively. Meanwhile, a floccu-
late precipitate was formed in dialysis bag in the pH5.0
release medium. These suggested that the structure of
CURDOX-NPs was destroyed in pH5.0 release medium due to
protonation of the side carboxyl groups on the PGLu block.
This hypothesis has been confirmed by TEM technique in our

Figure 1. Particles size distribution and transmitted electronic microscopy (TEM) of CUR-NPs (A, D), DOX-NPs (B, E) and CURDOX-NPs (C, F).

Figure 2. In vitro release profiles of DOX (A) and CUR (B) from nanoparticle formulation (CURDOX-NPs) or solution formulations (DOX-S or CUR-S) in pH7.4 PBS or
pH5.0 acetate buffer.
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previous study [18]. Interestingly, CUR release from nanopar-
ticles was faster than DOX in pH7.4 release medium. This
may due to the fact that the hydrophobic force between
PLGA chain and CUR is weaker than the electrostatic inter-
action between PGlu segments with DOX, rendering ease of
premature release of CUR. A faster release of CUR from PLGA-
PEG nanoparticles was also observed in the similar study [28].
The cascading release profiles of two drugs with different
therapeutic mechanism may be more in line with the needs
of the practical treatment. For example, the treatment of
drug-resistant tumours often require a faster release of P-gp
inhibitor to increase the concentration of a slower release of
chemotherapy drugs in these drug-resistant cells [29,30].

In vitro cytotoxicity and cellular uptake of CURDOX-NPs

MCF-7/ADR cell line has been demonstrated to be highly
resistant against DOX in previous study [31]. To evaluate the
therapeutic effect of the combination of CUR and DOX,

in vitro cytotoxicity of CURDOX-NPs against MCF-7/ADR after
24 h or 48 h of incubation was also evaluated in this study.
The cytotoxicity of free DOX solution (DOX-S), single drug-
loaded NPs including DOX-NPs or CUR-NPs against MCF-7/
ADR were also tested for comparison. The results were shown
in Figure 3(A,B). Except for CUR-NPs or DOX-S, a dose- and
time-dependent cell proliferation inhibition against sensitive
MCF-7/AR cells and DOX-NPs was more obviously exhibited
for DOX-NPs or DSDDOX-NPs. After incubation of 24 h or
48 h, more than 80% of the cells were survival for CUR-NPs at
the whole concentration range, indicating no obvious cyto-
toxicity against MCF-7/ADR. Despite a certain level of cell pro-
liferation inhibition for DOX-S at high concentration, its IC50
values, a concentration at which 50% cells were killed, were
highly reaching to 188.56lg/mL at 24 h of incubation, indi-
cating the strong resistance for MCF-7/ADR against DOX. By
contrast, the sensitivity of MCF-7/ADR to DOX was enhanced
when exposed to DOX-NPs. The IC50 value of DOX-NPs
decreased to be 105 ± 1.2 lg/mL and 57.4 ± 1.0 lg/mL after

Figure 3. Cytotoxicity of the different formulation against MCF-7/ADR after incubation of 24 h (A) and 48 h (B), and (C) the fluorescent distribution of DOX in MCF-
7/ADR cells after treatment with different formulations for 4 h at 37 �C.
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24 h and 48 h of incubation, respectively. Meanwhile, the
dose-dependent cytotoxicity for CURDOX-NPs was displayed
and its strongest cytotoxicity against MCF-7/ADR was
observed among these formulations. The IC50 value of
CURDOX-NPs was determined to be 52.4 ± 2.7lg/mL and
26.2 ± 1.8 lg/mL after 24 h and 48 h of incubation, respect-
ively, significantly lower than that of DOX-NPs. It could be
noted that the IC50 value of CURDOX-NPs at 48 h was more
than 2.2 times lower than that of DOX-NPs and 7.2 times
lower than that of DOX-S.

Alternatively, in order to better demonstrate the reversal
of multidrug resistance by curcumin, the cytotoxicity of these
formulations against the sensitive MCF-7 cells were also
studied and results were displayed in Figure S2. The MCF-7
cells were more sensitive to DOX-containing formulations in
comparison with MCF-7/ADR cells line. All the DOX-contain-
ing formulations including DOX-S, DOX-NPs and CURDOX-NPs
displayed dose- and time-dependent cell proliferation inhib-
ition against sensitive MCF-7 cells and DOX-NPs exhibited the
slightly enhanced cellular toxicity than that of free DOX-S.
IC50 after treatment with all these formulation was compar-
able and estimated to be in range of 0.6 lg/ml to 1.1 lg/ml,
which was significantly lower than that observed in MCF-7/
ADR cells line. As expectedly, the MCF-7 cells were less
sensitive to curcumin-containing formulation (CUR-NPs) than
DOX-containing formulations. The calculated IC50 values were
31.60 ± 1.21lg/ml and 13.41 ± 1.21lg/ml after 24 h and 48 h
treatment with CUR-NPs, respectively. The resulting IC50 of
CUR-NPs was comparable to that of curcumin encapsulated
in pH-responsive chitosan mesoporous silica nanoparticles in
publication [32]. But cytotoxicity of CUR-NPs against MCF-7
cells was higher than that against MCF-7/ADR.

Cellular uptake of CURDOX-NPs

Furthermore, the cellular uptake of CURDOX-NPs by MCF-7/
ADR cells was also examined by laser confocal microscopy
after 4 h of incubation at 37 �C. Results were displayed in
Figure 3(C). A faint DOX fluorescence was distributed inside
cytoplasm of MCF-7/ADR and the DOX was seldom trans-
ported to cellular nuclei, where its active target resided. The
localized drug efflux pumps such as P-gp, were over-
expressed on cellular membrane of MCF-7/ADR cells, which
were responsible for recognizing the chemotherapeutic
agents and pumping them out of cells, leading to the very
low drug concentration in target sites. On the contrary, DOX
encapsulated in polymeric nanoparticles could enter the cell
via endocytosis, bypassing the direct recognition of P-gp.
Thus, it was seen that more DOX was distributed to cellular
nuclei for DOX-NPs (Figure 3(C)). But it was reported that a
part of endocytosed drug near cytoplasm membrane was still
recognized and pumped out. CURDOX-NPs can first release
CUR to suppress P-gp pumps and prevent exclusion of DOX
out of cells. Therefore, a significant DOX fluorescence was
observed inside nuclei of MCF-7/ADR after treated with
CURDOX-NPs, even though the concentration of DOX in
CURDOX-NPs was equivalent with DOX-NPs (10lg/mL).
Massive DOX distribution for CURDOX-NPs in nuclear

compartments resulted in its strong cytotoxicity against MCF-
7/ADR DOXCUR-NPs.

As control, the cellular uptake of these formulations by
sensitive MCF-7 cells was also examined by laser confocal
microscopy after 4 h of incubation at 37 �C. Results were
shown in Figure S3. There was excessive red florescence of
DOX distributed inside the cellular nuclei of MCF-7 cells
treated with these formulations. Moreover, no significant dif-
ference in cellular florescent intensity was observed between
these cells treated with various formulations. These results
suggested DOX regardless of free form or the encapsulated
form was easily uptaked by sensitive MCF-7 cells.

Enrichment and identification of breast cancer stem cells

The spheroid-forming culture (mammosphere for breast can-
cer) has also been used to isolate or enrich breast CSCs
[33]. This is a useful method for studying the properties of
breast CSCs and therapeutic strategies that target them
[34,35]. In this study, mammosphere of MCF-7/ADR was suc-
cessfully cultured on 2% agarose hydrogel, as shown in
Figure S4A. After 7 days of culture, mammosphere gradually
grow to be approximately 800lm of diameter and were
digested using trypsin for identification of breast cancer
stem cell line. Figure S4B displays the phenotype of the
mammosphere-derived MCF-7/ADR cancer stem cells identi-
fied with high expression of CD44 (marked as CD44þ) but
low expression of CD24� (marked as CD24�). The CD44þ/
CD24� cells were the tumorigenic stem cells and identified
as the breast cancer stem cells by flow cytometry. The pur-
ity of MCF-7/ADR cancer stem cells dissociated from the
mammospheres in serum-free culture medium was 45.1%,
while it was only 4.36% for the typical adherent MCF-7/ADR
cells (Figure S4C).

Growth inhibition of mammosphere and killing
heterogeneous tumour cells by CURDOX-NPs

In vitro growth inhibition of MCF-7/ADR mammosphere was
investigated after treatment with different formulations.
Results were exhibited in Figure 4(A,B). the size and volume
of mammospheres of MCF-7/ADR were reduced as compared
with those applying PBS (pH7.4, blank control). CURDOX-NPs
exhibited the most powerful inhibition of tumour spheroid
growth. Just at the third day after treatments, it was
observed that the tumour spheroids with PBS grew rapidly,
with volumes as high as 1.6 times its primary volume. In con-
trast, an obvious growth inhibition of mammosphere was
observed in a group treated with various drug-loaded NPs
formulations. The volumes of mammosphere on day 3 were
only 1.2, 0.9 and 0.5 times that of the primary volume after
treatment with CUR-NPs, DOX-NPs and the CURDOX-NPs,
respectively. The representative images observed under an
inverted microscope were in agreement with the quantitative
data. This enhanced effect of CURDOX-NPs might be caused
by the enhanced DOX concentration in drug-resistant MCF-7/
ADR cells because of the targeting ability of CUR against
efflux pump, P-gp.
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Accordingly, to confirm whether the heterogeneous
tumour cells were killed in breast cancer, after 3 days of treat-
ment, the surface markers expression of the dissociated MCF-
7/ADR mammosphere cells were further analysed by flow
cytometry. Results were shown in Figure 4(C). The percentage
of CD44þ/CD24� cells was increased by the DOX-NPs treat-
ment compared to the control group; conversely, the CD44þ/
CD24� cells percentage was decreased to a great extent by
the CUR-NPs or CURDOX-NPs treatments (Figure 4(C)).
Furthermore, the CURDOX-NPs treatment was significantly
more effective at reducing the CD44þ/CD24� cells population
than the CUR-NPs treatment. This was due to the fact that
massive killing of the common breast cancer cells made more
CUR be available by the concealed breast cancer stem cells in
mammospheres.

In vivo antitumour effect

The in vivo anti-tumour efficacy of normal saline (Control),
CUR-NPs, DOX-NPs and CURDOX-NPs was evaluated in MCF-
7/ADR tumour-bearing mice. As shown in Figure 5, tumours
treated with saline grow faster than that in other groups.
Both single drug-loaded nanoparticle of CUR-NPs and DOX-
NPs showed significant inhibition of tumor growth compared
with the saline group (p< .05). Moreover, DOX-NPs exhibited
a better inhibition of tumour growth than CUR-NPs. By con-
trast, CURDOX-NPs treatment produced the slowest tumour

growth in MCF-7/ADR tumour-bearing mice. Meanwhile, the
tumour weight for the CURDOX-NPs group was significantly
lower than that of other groups, which was in agreement
with the tumour growth inhibition results, indicating its best
anti-tumour effect. Despite not the first-line chemotherapeu-
tic agent, the anticancer efficacy of CUR was proved through
inhibiting NF-jB pathway and targeting breast cancer stem
cells in vitro and in vivo [11]. Especially, when CUR combined
with the first-line chemotherapeutic drug (DOX), the most
effective inhibitory effect on the growth of drug-resistant
breast cancer xenografts was reported due to the enhanced
distribution of DOX through inhibition of P-gp [36].

Animal body weight changes were used as a marker of
the toxicity of anti-tumor therapeutic agents in tumour-bear-
ing animals. The body weight loss, less than 10%, was low for
mice treated with all these formulations at total drug dose of
2.5mg/kg/each time, confirming the low systemic toxicity of
all these formulations. The low toxicity against normal tissues,
especially heart, may be associated with the low adminis-
trated dose of DOX.

Anti-proliferative effect of CURDOX-NPs on cancer stem
cells in vivo

The cells population recovered from the tumours at the end
of the treatments was analysed. As shown in Figure S5,
the percentage of cancer stem cells from mice treated with

Figure 4. (A) microscopic images and (B) the relative spheroid volume of MCF-7/ADR spheroid after treatment with different formulations, and (C) the percentage
of CD44þ/CD24� cells in MCF-7/ADR mammospheres after 3 days of treatment with various formulations. The dissociated MCF-7/ADR mammosphere cells were
stained with anti-CD44-FITC and anti-CD24-PE antibodies.
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CUR-NPs or CURDOX-NPs was significantly lower than that of
the control group. The percentage of cancer stem cells in the
tumours treated with CURDOX-NPs was lower than that in
the tumours treated with CUR-NPs (15.0% vs. 6.82%), attribut-
ing to more availability of CUR by the concealed breast can-
cer stem cells after DOX-induced destruction of the common
breast cancer cells in vivo. In contrast, after the treatment
with DOX-NPs, the percentage of cancer stem cells was much
higher than that of the control group, which was consistent
with findings reported by others [37,38].

Toxicity of CURDOX-NPs against normal tissues

To evaluate the toxicity of CURDOX-NPs, pathological
HE-stained sections from the heart, liver, spleen, lung and
kidney were assayed (Figure S6). Regardless of treatment
with single drug-loaded nanoparticles (CUR-NPs/DOX-NPs) or
dual drugs-loaded nanoparticles (CURDOX-NPs), there was
not any noticeable organ damage or inflammatory lesions in
the heart, liver, spleen, lung or kidney of rats, indicating
that CURDOX-NPs did not cause significant toxicity in the
treated rats.

Conclusions

Recently, cancer stem cells (CSCs) have been considered to
be a source for initiation, invasion, metastasis and recurrence

of breast tumour [39,40]. It has become a new strategy to
simultaneously target the CSCs and the differentiated tumour
cells by concomitant delivery of CSCs-targeting agents and
traditional chemotherapeutics. Doxorubicin hydrochloride has
been used as first-line drug against breast cancer. Curcumin
was reported to specifically target CSC-like cell populations in
tumor. The use of CUR as a chemical sensitizer in combin-
ation with doxorubicin can improve antitumor efficacy
against refractory breast cancer and reduce DOX-induced car-
diac toxicity. But whether the therapeutic mechanism of com-
binational treatment was associated with cancer stem cells
has not been clarified. Moreover, in view of existence of
inconsistent pharmacokinetics profiles between CUR and
DOX, there are few strategies with high efficiency and ability
to simultaneously deliver them into breast tumor tissue in
clinical treatment, which may compromise their anti-tumour
effect.

In this study, a pH-sensitive dual drug-loaded nanoparticle
with simultaneous encapsulation of curcumin and doxorubi-
cin (CURDOX-NPs) was prepared by using monomethoxy
(polyethylene glycol)-b-P (D,L-lactic-co-glycolic acid)-b-P (L-
glutamic acid) polymer (mPEG-PLGA-PGlu) to simultaneously
target the breast cancer stem cells and the differentiated
tumour cells. Despite of the tremendous difference in physio-
chemical properties between CUR and DOX, the definite drug
loading sites for mPEG-PLGA-PGlu copolymer, for example,
PLGA segment for CUR loading and PGlu block for DOX load-
ing, render the nanoparticles reaching high drug-loading

Figure 5. In vivo anti-tumour efficacy of various formulations, (A) tumour growth of MCF-7/ADR cancer xenografts treated with saline (control), CUR-NPs, DOX-NPs
and CURDOX-NPs at a total drug dose of 2.5mg/kg; (B) the loss of body weight of tumour-bearing mice after treatment; (C) tumour image and (D) tumour weight
excised at 17 days post-treatment (n¼ 6, p< .05).
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efficiency for each cargo. Moreover, CURDOX-NPs exhibited a
cascade sustained-release profiles with the faster release of
CUR followed by a slower release of DOX was observed in
normal pH7.4 condition. Meanwhile, a pH-sensitive release
profile of each cargo from nanoparticles was seen in tumour-
associated pH5.0 condition. These release behaviour was
beneficial to enhance DOX distribution in tumour, thus result-
ing in massive killing of the differentiated tumour cells. The
effective anti-tumour effect of CURDOX-NPs on refractory
MCF-7/ADR-bearing Xenograft mice model was confirmed by
in vitro. The percentage of cancer stem cells in the tumours
significantly decreased from 39.9% in control group to 6.82%
after treatment with CURDOX-NPs, indicating the simultan-
eous killing of heterogeneous tumour cells in breast cancer.
The combinational delivery of CUR and DOX may a poten-
tially useful therapeutic strategy for refractory breast cancer.
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