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a b s t r a c t
Metastasis and chemotherapy resistance are the leading causes of breast cancer mortality. Celecoxib
(CXB), a selective cyclooxygenase-2 (COX-2) inhibitor, has antiangiogenetic activity and inhibitory effect
on tumor metastasis, and can also enhance the sensitivity of chemotherapeutic drug doxorubicin (DOX)
in breast cancer. To combine anticancer effects of DOX and CXB more efficiently, we designed a
pH-sensitive nanotherapeutic system based on propylene glycol alginate sodium sulfate (PSS), a marine
sulfated polysaccharide that possesses anti-platelet aggregation activity and has been used as a heparinoid drug in China. A facile one-pot nanoprecipitation method was used to prepare this nanotherapeutic
system named as PSS@DC nanoparticles, in which DOX and CXB were complexed to form hydrophobic
nanocores and PPS coated these nanocores through conjugation with DOX via a highly acid-labile
benzoic-imine linker. PSS@DC nanoparticles showed distinct pH-sensitivity and significantly accelerated
the release of DOX at the acidic pH mimicking the tumor microenvironment and endocytic-related organelles. Compared to single- and mixed-drug treatments, PSS@DC nanoparticles notably inhibited the
growth of mouse breast cancer 4T1 cells with an IC50 of about 0.82 lg/mL DOX, and meanwhile reduced
cell migration, invasion and adhesion abilities more efficiently. In 4T1 tumor-bearing mice, PSS@DC
nanoparticles exhibited good tumor-targeting ability and markedly inhibited tumor growth with an
inhibition rate of approximately 73.3%, and furthermore suppressed tumor metastasis through antiangiogenesis. In summary, this nanotherapeutic system shows a great potential for the treatment of
metastatic breast cancer by combining chemotherapy and COX-2 inhibitor.
Statement of Significance
A pH-sensitive nanotherapeutic system (PSS@DC nanoparticles) containing both chemotherapeutic drug
doxorubicin (DOX) and COX-2 specific inhibitor celecoxib was designed based on a marine sulfated
polysaccharide that possesses anti-platelet aggregation activity and has been used as a heparinoid drug
in China. PSS@DC nanoparticles had distinct pH-sensitivity and could accelerate the release of DOX at the
acidic pH values of tumor microenvironment and endocytic-related organelles. Both in vitro and in vivo,
PSS@DC nanoparticles showed synergistic effects on the suppression of breast tumor growth and metastasis by combining chemotherapy and COX-2 inhibition.
 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
⇑ Corresponding authors.

E-mail addresses: lichunyu@tmu.edu.cn (C. Li), wangyinsong@tmu.edu.cn
(Y. Wang).
1
T. Zhang and H. Liu contributed equally to this work.

Breast cancer is the most common malignancy and ranks the
second highest morbidity and mortality in women worldwide.
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Despite some recent advances that have been achieved in diagnosis
and treatment of breast cancer, it remains a highly lethal disease
due to its relapse and metastasis [1]. Previous evidences have
revealed that cancer has high degree of heterogeneity and each
tumor mass is comprised of cancer cells with different genetic
mutations, malignant degrees and drug sensitivities [2,3]. Therefore, single agent chemotherapy is not often effective against
breast cancer and also shows some limitations, e.g. numerous side
and toxic effects, drug resistance caused by long-term treatment,
and even accelerating tumor progression and metastasis [4–6]. At
present combination treatment through blocking multiple targets
simultaneously is widely considered as one of the most promising
strategy to overcome tumor heterogeneity.
Recent breakthroughs have shown that cyclooxygenase-2 (COX2) is often over-expressed in various cancers as compared to normal tissues and its expression level is directly associated with
advanced cancer stage [7]. COX-2 can be involved in cancer development and progression through promoting cell division, inhibiting cell apoptosis, altering cell adhesion, improving tumor drug
resistance, or stimulating tumor neovascularization, so many
investigations have used it as a molecular target for cancer treatment and confirmed its effectiveness [8,9]. The direct evidence is
that there is a significant correlation between the COX-2 inhibition
activity of nonsteroidal anti-inflammatory drugs (NSAIDs) and
their antitumor efficacies [10]. Celecoxib (CXB), a selective COX-2
inhibitor, can notably inhibit tumor cell growth and suppress
tumor angiogenesis and metastasis [11,12]. Besides, it also exhibits
potent chemosensitizing activity through down-regulating the
expression of P-glycoprotein (P-gp) in resistant cancer cells [13].
In multiple cancers, CXB can significantly enhance the therapeutic
efficacy of chemotherapeutic drug doxorubicin (DOX) and alleviate
its toxicity, demonstrating their synergistic anticancer effects
[14,15]. However, CXB has poor water-solubility and low bioavailability [16], and furthermore DOX combined with CXB perhaps has
some unexpected side effects due to their lack of tumor-targeting
specificity. All these will dramatically limit the clinical application
of these two drugs in cancer combination treatment.
The rapid development of nanocarrier technologies provides
possibility to solve the above problems. Nanocarriers can increase
drug solubility, improve drug stability and bioavailability, minimize drug toxic side effects, and deliver drug molecules specifically
to tumors through the enhanced permeability and retention (EPR)
effect and/or the active tumor-targeting effect [17,18]. Most
importantly, nanocarriers can encapsulate multiple anticancer
drugs with different therapeutic mechanisms and deliver them
simultaneously, thus is very favorable for cancer combination therapy [19,20]. Recently, stimuli-sensitive or intelligent nanocarriers
have attracted more and more attention because of their advantages in drug controlled release. By responding to the internal
stimuli (e.g., pH, temperature, enzyme, redox, and H2O2) and/or
the external stimuli (e.g., magnetic, light and ultrasound), drugs
can be controllably released from intelligent nanocarriers at the
target site in a desirable fashion [21–23]. This will not only help
to alleviate the toxic and side effects of anticancer drugs on normal
tissues, but also be beneficial to exert synergistic effects of different anticancer drugs.
In this study, we designed a pH-sensitive nanoparticle system
(PSS@DC nanoparticles) based on propylene glycol alginate sodium
sulfate (PSS) for the co-loading, targeted delivery and controlled
release of DOX and CXB. PSS is a marine polysaccharide sulfate
from the kelp and has been used as a heparinoid drug for treatments of hyperlipidemia and ischemic cardio-cerebrovascular diseases in China. It has high water solubility, good biocompatibility,
low toxicity and unique anti-platelet aggregation activity [24–26].
Recent studies have shown that sulfated polysaccharides can be
used as one kind of angiogenesis inhibitors for suppressing tumor
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metastasis due to their inhibitory function on platelet activation
[27,28]. Here, PSS was used as a carrier material as well as a therapeutic agent. As shown in Scheme 1A, a facile one-pot nanoprecipitation method was applied to prepare PSS@DC nanoparticles,
in which DOX and CXB were complexed to form hydrophobic cores
and PSS was coated on the surfaces to form hydrophilic shells
through conjugation with DOX via a highly acid-labile benzoicimine linker. As a dynamic covalent bond, the benzoic imine is
stable at the neutral pH, but starts to hydrolyze at an acidic pH
about 6.5, corresponding to the mildly acidic extracellular environment of solid tumors [29]. Hence, it has been widely used for controlling drug release. Scheme 1B illustrates the functional
mechanisms of PSS@DC nanoparticles against metastatic breast
cancer. PSS@DC nanoparticles can reach tumor site through the
EPR effect due to their nanometer size. In the weakly acidic tumor
microenvironment, the benzoic-imine linker between PSS and DOX
will rupture and subsequently release PSS and DOX/CXB cores. PSS
can inhibit platelet aggregation and further impair tumor neovascularization. DOX/CXB cores can be internalized by cancer cells
via endocytosis to exert cytotoxic and COX-2 inhibition effects. In
this study, we also evaluated the synergistic effects of PSS@DC
nanoparticles on the suppression of breast cancer growth and
metastasis both in vitro and in vivo.
2. Materials and methods
2.1. Materials
DOX�HCl and CXB were purchased from Meilun Biotech (Dalian,
China). PSS with a molecular mass of 20 kDa and a sulphur content
of 12.0% was obtained from School of Medicine and Pharmacy,
Ocean University of China (Qingdao, China). Dimethylaminopyridine (DMAP), 4-carboxybenzaldehyde (4-CB), anhydrous DMSO
and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride were (EDC�HCl) were purchased from J&K Scientific (Beijing,
China). Polyvinylpyrrolidone (PVP, K-30), hematoxylin-eosin
(H&E), methylthiazolyldiphenyl-tetrazolium bromide (MTT) and
40 ,60 -diamidine-20 -phenylindole dihydrochloride (DAPI) were purchased from Sigma-Aldrich (St Louis, MO, USA). Other chemical
reagents were analytical grade and obtained from various commercial sources.
2.2. Cells and animals
Mouse breast cancer cell lines 4T1 and luciferase-labeled 4T1
(4T1-Luc) were both obtained from Biovector NTCC (Beijing, China)
and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco, Life Technologies, USA) containing 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin at 37 C in a humidified
atmosphere of 5% CO2. To simulate the tumor microenvironment,
the pH of cell culture media was adjusted to about 6.5. Female
BALB/c normal mice with 4–6 weeks old were bought from Vital
River Laboratory Animal Technology (Beijing, China). They were
fed sterile food and water under standard laboratory conditions.
Orthotopic mouse model for breast cancer was established by
injection of 4T1 or 4T1-Luc cells into the breast pad of mice. All
animal experiments were approved by the Tianjin Medical University Animal Care and Use Committee and conducted in accordance
with the Guide for Care and Use of Laboratory Animals.
2.3. Synthesis and characterization of benzoic aldehyde-modified PSS
(PSS-CHO)
4-CB was firstly reacted with 3 M equivalents of EDC and DMAP
in 2.5 mL of anhydrous DMSO for 1 h. Next, 300 mg of PSS was
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Scheme 1. Illustrations for preparation of PSS@DC nanoparticles using one-pot nanoprecipitation method (A) and their inhibitory mechanisms on breast cancer growth and
metastasis (B).

dissolved in 7.5 mL anhydrous DMSO containing 0.45 g of concentrated sulfuric acid and then added into the above 4-CB solution
under stirring. The mixture was continuously stirred at 35 C for
48 h and afterwards dialyzed against deionized water to remove
DMSO and unreacted small molecules. The dialysate was finally
freeze-dried to obtain PSS-CHO. We synthesized three PSS-CHO
samples (PSS-CHO-1, PSS-CHO-2 and PSS-CHO-3) with different
degrees of substitution (DS) of benzoic aldehyde group by varying
the addition amount of 4-CB from 5 mg to 20 mg. These PSS-CHO
samples were chemically characterized by the proton nuclear magnetic resonance (1HNMR) and Fourier transform infrared (FT-IR)
spectroscopic techniques. The 1HNMR spectra were recorded in
deuterated DMSO using an AVANCE III NMR spectrometer
(400 MHz, Bruker, Germany). The IR spectra were scanned by an
FT-IR spectrometer (NEXUS 470, Nicolet, USA) using KBr pellets.
The DS values of benzoic aldehyde group in PSS-CHOs were
detected in NaOH solution (pH 11) by an ultraviolet–visible (UV–
Vis) spectrophotometer (UV-2450, Shimadzu, Japan) at 261 nm.
2.4. Preparation and characterization of PSS@DC nanoparticles
10 mg of DOXHCl was mixed with 100 mg of CXB at a weight
ratio of 1/10 in 2.5 mL of anhydrous DMSO containing 3 equiva-

lents of triethylamine (TEA) and then stirred for 12 h at room temperature. Next, different amounts of PSS-CHO ranged from 1 mg to
4.5 mg were added into 300 lL of the above solution, and the mixtures were continuously stirred for 24 h to assure sufficient reaction time for the formation of benzoic-imine between PSS-CHO
and DOX. After that, the mixtures were dropwise added into
4 mL of borate buffer (pH 8.5) containing 1 mg of PVP and then
stirred at 600 rpm for 30 min. The obtained milky solutions were
processed by dialysis in borate buffer to remove DMSO and thus
acquired PSS@DC nanoparticles. For further detecting the formation of benzoic-imine covalent bond between PSS-CHO and DOX,
we synthesized DOX-conjugated PSS (PSS-DOX) and prepared its
nanoparticles using the same method only without adding CXB.
The morphologies of PSS@DC nanoparticles were observed by a
transmission electron microscope (TEM) (Hitachi HT7700, Tokyo,
Japan). The sizes, polydispersity indexes (PDIs) and zeta potentials
of PSS@DC nanoparticles were measured using a Zetasizer Nano ZS
system (Malvern Instruments, Malvern, UK). To evaluate the
in vitro stability of PSS@DC nanoparticles, we continuously monitored their size changes during a 6-day storage in pH 7.4 phosphate buffered saline (PBS) supplemented with and without 10%
FBS. To characterize the benzoic-imine covalent bond between
PSS-CHO and DOX, PSS-DOX and PSS@DC nanoparticles were
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freeze-dried and then chemically structured by the 1HNMR and FTR spectroscopies. To further evaluate the pH-triggered cleavage of
benzoic imine linker, PSS-DOX nanoparticles were respectively
incubated in PBS with pH 7.4 and pH 6.5 at 37 C for 6 h, and then
exhaustedly dialyzed in borate buffer for removing the cleaved
DOX. The dialysates were freeze-dried and their 1H NMR spectra
were recorded subsequently.
2.5. Thermal analysis and X-ray diffraction of CXB and DOX in PSS@DC
nanoparticles
Differential scanning calorimetry (DSC) analysis and X-ray powder diffraction (XRD) technique were used to study the thermal
behaviors and crystal states of CXB and DOX in PSS@DC nanoparticles. 6–8 mg of powder samples of free DOX, free CXB, DOX/CXB
mixture with a weight ratio of 1/10, and PSS@DC nanoparticles
were performed using a Netzsch DSC 214 Polyma thermal analyzer
(NETZSCH, Germany) while the temperature increased from 30 C
to 290 C at a rate of 10 C/min under a nitrogen atmosphere. These
powder samples were placed on the 1 cm3 glass panels and performed using an X-ray diffractometer (Smart Lab, Rigaku, Japan)
over a 2h range of 3-40 with a step size of 0.01.
2.6. Drug loading and in vitro release behaviors of PSS@DC
nanoparticles
The loading contents and encapsulation efficiencies of DOX and
CXB in PSS@DC nanoparticles were determined using the high performance liquid chromatography (HPLC) method. For extracting
DOX, PSS@DC nanoparticles were diluted with 0.1 M HCl solution,
vibrated for 3 h, and then filtered through a filter with 0.22 lm
pore size to obtain sample solution. For extracting CXB, PSS@DC
nanoparticles were poured into methanol, vigorously vortexed
for 1 min, centrifuged at 10,000 rpm for 30 min, and then the
supernatant was collected as sample solution. The contents of
DOX and CXB in the above sample solutions were detected using
a HPLC system containing Waters 515 pump and Waters 2487
UV detector (Waters Technologies, Milford, MA, USA). A Waters
C18 analytical column (4.6  250 mm, 5 lm) was used and column
temperature was 25 C. For detecting DOX, the mobile phase consisted of acetonitrile/0.05 M KH2PO4 buffer (35/65, v/v, pH 3.0)
and the detection wavelength was 480 nm. For detecting CXB,
the mobile phase consisted of methanol/water (85/15, v/v) and
the detection wavelength was 254 nm. The flow rate was set at
1 mL/min.
The in vitro releases of DOX and CXB from PSS@DC nanoparticles were evaluated in PBS with pH values of 7.4, 6.5 and 6.0 using
a dynamic dialysis method. Briefly, PSS@DC nanoparticles were
transferred into dialysis bag and dispersed in 100 mL release media
and then placed in air bath at 37 ± 0.2 C under shaking at 100 rpm.
At prescribed time intervals, 0.5 mL of release media was removed
and 0.5 mL of fresh release media was added meanwhile. The
amounts of released DOX and CXB were then determined by the
HPLC methods as described above.
2.7. Cellular uptakes of PSS@DC nanoparticles
4T1 cells were seeded into12-well plates and incubated for 12 h
for cell adherence. Then, these cells were incubated separately
with free DOX and PSS@DC nanoparticles at the DOX concentration
of 1 lg/mL for 0.5, 2, 6, and 12 h. Next, the cells were fixed with 4%
paraformaldehyde, stained with DAPI, and finally imaged by a FV1000 confocal microscopy (Olympus, Tokyo, Japan). Besides, the
cellular uptakes of PSS@DC nanoparticles in 4T1 cells were quantitatively detected using the flow cytometry. Briefly, the cells were
seeded into 12-well plates at a density of 1.0  105 cells/well and

415

incubated with free DOX and PSS@DC nanoparticles at the DOX
concentration of 1 lg/mL. After incubation for different times,
the cells were harvested and analyzed using a flow cytometer
(Beckman Coulter, USA).
2.8. Cytotoxicity of PSS@DC nanoparticles
The cytotoxicity of PSS@DC nanoparticles was evaluated in 4T1
cells using MTT assay. Briefly, the cells were seeded in 96-well
plates at a density of 1.0  104 cells/well and pre-incubated for
12 h. Then, the cells were incubated separately with free DOX, free
CXB, DOX/CXB mixture, and PSS@DC nanoparticles at different
drug concentrations. After incubation for 48 h or 72 h, the culture
medium was replaced with 100 lL of MTT reagent and the cells
were further incubated for 4 h. After that, the culture medium
was removed and 150 lL of DMSO was added. Finally, the absorbance of each well was detected at 490 nm using a microplate
reader (BioTek EPOCH, USA) and the cell viability was calculated
by the normalization of all values to the negative control.
2.9. Cell apoptosis and cell cycle analysis
4T1 cells were seeded in 6-well plates at a density of 2.4  105
cells/well and incubated separately with free DOX, free CXB, DOX/
CXB mixture and PSS@DC nanoparticles for 24 h. The DOX and CXB
concentrations were 1 and 10 lg/mL, respectively. After that, the
cells were harvested and washed with cold PBS solution. For apoptosis detection, the cells were incubated with cold binding buffer
and processed with the Annexin V-APC/7-AAD staining solution
(BD Pharmingen, San Diego, CA, USA). For cell cycle analysis, the
cells were fixed in cold 75% ethanol at 4 C overnight and processed with propidium iodide (PI)/RNase staining solution (BD
Pharmingen, San Diego, CA, USA). Finally, all cells were analyzed
by a flow cytometry.
2.10. Wound healing assay
Wound healing assay was carried out by a method we reported
previously [30]. Briefly, 4T1 cells were seeded into the 60 mm
dishes at a density of 8  105 cells/dish and incubated for 12 h to
100% confluence. After that, the culture media were replaced with
the fresh serum-free media containing free DOX, free CXB, DOX/
CXB mixture, and PSS@DC nanoparticles, and the cells were further
incubated for 24 h. The DOX and CXB concentrations were 0.5 and
20 lg/mL, respectively. A linear scratch wound was then created
across the middle of the well’s surface using a pipette tip. Next,
the cells were washed with PBS and incubated in fresh serumfree medium. At predetermined time points (0, 3, 6, 9, 12, and
24 h), the widths of the wounds were quantified and meanwhile
the images were taken with an IX50 microscope (Olympus, Tokyo,
Japan).
2.11. Cell adhesion assay
Adhesion assay was performed as described previously [31].
4T1 cells were pretreated separately with free DOX, free CXB,
DOX/CXB mixture, and PSS@DC nanoparticles for 24 h. The DOX
and CXB concentrations were 0.5 and 20 lg/mL, respectively. Next,
the cells were lysed with 0.25% trypsin for 30 s and re-suspended
in serum-free media at a density of 2  105 cells/mL. After incubation for additional 30 min, the cell suspension was seeded into the
24-well plates containing glass cover slips that were coated with
fibronectin (10 ng/mL) at the density of 2  105 cells per well. After
further incubation for 5, 15 and 30 min, the non-adherent cells
were washed away with PBS. The adherent cells were fixed with
methanol and counted under a light microscope in 6 separate
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fields. To eliminate the deviation induced by subjective factors, all
experiments were carried out in double-blind.
2.12. Transwell invasion assay
4T1 cells were seeded into the upper chambers coated with
matrigel (BD Biosciences, MA, USA) at a density of 4  104 cells/
well and then incubated in serum-free media containing free
DOX, free CXB, DOX/CXB mixture, and PSS@DC nanoparticles for
24 h. The DOX and CXB concentrations were 0.5 and 20 lg/mL,
respectively. Then, the cells were allowed to migrate for 24 h
toward the lower chambers filled with culture media containing
10% FBS. The cells that migrated to the bottom side of membranes
were stained with 1% crystal violet and visually counted in 6 random fields under a microscope. To eliminate the deviation induced
by subjective factors, all experiments were carried out in doubleblind.
2.13. Biodistribution of PSS@DC nanoparticles in breast tumor-bearing
mice
Tissue distribution and tumor accumulation of PSS@DC
nanoparticles were evaluated in 4T1 tumor-bearing mice by
detecting the fluorescence of DOX. When the tumor size reached
about 400 mm3, the mice were separately injected with normal
saline (the control), free DOX and PSS@DC nanoparticles through
tail vein at the DOX dose of approximately 8 mg/kg. At 6 and
24 h post injection, all mice were sacrificed by cervical dislocation,
and their main organs (heart, liver, spleen, lung and kidney) and
tumors were removed and subsequently imaged by an IVIS
in vivo imaging system (PerkinElmer, USA). At least three mice
were used for each measurement.
2.14. Antitumor efficacy of PSS@DC nanoparticles in metastatic breast
cancer mice
4T1-Luc tumor-bearing mice were randomly divided into 7
groups with 10 mice per group and separately received the treatments of normal saline (the control), free DOX, free CXB, free
PSS, DOX/CXB mixture, PSS/DOX/CXB mixture and PSS@DC
nanoparticles through intravenous injection. The DOX, CXB and
PSS doses were 3, 30 and 4.5 mg/kg, respectively. All treatments
were carried out by every 2 d for 6 consecutive times. Tumor volumes and mouse body weights were measured throughout the
whole treatment period. At 21 d after starting treatment, 3 mice
were randomly selected from each group and intraperitoneally
injected with D-Luciferin. Afterwards, the main organs were
rapidly removed from these mice and then imaged by an IVIS
in vivo imaging system (PerkinElmer, USA). After completing treatments, all mice were sacrificed, and the main organs and tumors
were then harvested for histopathological and immunohistochemical detections.
For histopathological examination, the excised organs and
tumors were fixed in 4% paraformaldehyde, embedded in paraffin,
and sectioned into 5-lm-thick slices by slicing machine (RM2255,
Leica, Germany). Then, the sections were stained with hematoxylin
and eosin (H&E, Sigma-Aldrich) and imaged by a fluorescence
microscope. Angiogenesis and platelet activation in tumor tissues
were evaluated by immunohistochemical analysis. Briefly, the
tumor sections were processed separately with rabbit anti-CD31
polyclonal antibody (1:50, Abcam, Cambridge, MA, USA) and rabbit
polyclonal antibody against platelet-derived growth factor-B
(PDGF-B) (1:200, Bioss Biotechnology, Beijing, China) overnight at
4 C, and further processed with a secondary antibody of HRP conjugated goat anti-rabbit IgG (1:1000, ZSGB-BIO, Beijing, China).
After that, the tumor sections were stained with diaminobenzidine
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and hematoxylin, and finally observed under a fluorescence
microscope.
2.15. Statistical analysis
Results in this study are presented as means ± SD. The differences among groups were determined using Student’s t-test or
one-way ANOVA analysis followed by Tukey’s post-test. A P value
less than 0.05 was considered as statistical significance.
3. Results and discussion
3.1. Preparation and characterization of PSS@DC nanoparticles
In PSS-CHO nanoparticles, PSS was coated on the surfaces of
DOX/CXB hydrophobic cores through conjugation with DOX via a
highly acid-labile benzoic-imine linker. Here, we firstly synthesized PSS-CHO by chemical grafting of 4-CB to the polysaccharide
chain of PSS. Three PSS-CHO samples were obtained by varying
the addition amount of 4-CB during synthesis. The DS values of
benzoic aldehyde group determined by the UV–vis method were
11.8%, 28.4% and 50.3%, respectively corresponding to PSS-CHO-1,
PSS-CHO-2 and PSS-CHO-3. As shown in Table S1, PSS@DC
nanoparticles prepared from PSS-CHO-3 had a smaller size and a
more narrow distribution than those prepared from PSS-CHO-1
and PSS-CHO-2, and moreover showed a much higher stability
in vitro. Hence, PSS-CHO-3 was used for preparation of PSS@DC
nanoparticles in the following experiments. In the 1HNMR spectrum of PSS-CHO-3 (Fig. S1A), the characteristic proton shifts of
aldehyde group and benzene ring were clearly observed at 10.06
and 7.9–8.2 ppm, respectively. In the IR spectrum of PSS-CHO-3
(Fig. S1B), the CAH and C@O stretch vibrations of aldehyde group
appeared severally at 2934 and 1744 cm1, and also the C@O
stretch vibration of ester bond between PSS and 4-CB appeared
at 1684 cm1. These results demonstrated that PSS-CHO-3 was
successfully synthesized by using the synthesis method in this
study.
As reported in the previous investigations [32,33], DOX combined with CXB showed significant synergistic anticancer effects
at a weight ratio ranged from 1/2 to 1/75. For searching an optimal
weight ratio of DOX/CXB, we evaluated the cytotoxicity of DOX/
CXB mixture in breast cancer 4T1 cells after 72-h incubation at different weight ratios according to these investigations. The results
showed that free CXB had no significant cytotoxicity at a concentration below 25 lg/mL (Fig. S2A), but enhanced the cytotoxicity
of DOX in a concentration-dependent manner (Fig. S2B). This
meant that CXB increased the sensitivity of 4T1 cells to DOX. When
the weight ratio of DOX/CXB changed from 1/10 to 1/80, the
chemosensitizing effect of CXB tended to be gentle. Hence, 1/10
was believed was an optimal weight ratio of DOX/CXB and used
for preparation of PSS@DC nanoparticles. Next, we prepared
PSS@DC nanoparticles using a facile nanoprecipitation method,
by which the formation of benzoic-imine linkage between PSSCHO-3 and DOX and the self-assembly of nanoparticles could be
efficiently accomplished in a one-pot procedure.
PSS@DC nanoparticles with different weight ratios of PSS-CHO3/DOX/CXB were prepared and their size and size distributions
were also characterized. The results are shown in Table S2. With
the increase of addition amount of PSS-CHO-3, PSS@DC nanoparticles exhibited a slight change in size, but their size distribution was
firstly narrowed and then broadened evidently. By contrast,
PSS@DC nanoparticles at the weight ratio of 1.5/1/10 had the
smallest size (126.5 nm) and the narrowest size distribution (PDI
was only 0.084). All PSS@DC nanoparticles displayed negative zeta
potentials, indicating that PSS-CHO-3 was mainly located on the
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nanoparticle surfaces. When the PSS-CHO-3/DOX/CXB weight ratio
was higher than 1.5/1/10, PSS@DC nanoparticles maintained a relatively constant zeta potential, demonstrating the efficient surfacecoating of PSS-CHO-3. Considering the above factors comprehensively, 1.5/1/10 was chosen as a weight ratio of PSS-CHO-3/DOX/
CXB to prepare PSS@DC nanoparticles. The TEM observation
showed that PSS@DC nanoparticles had a spherical shape with a
clear ‘‘core-shell” structure (Fig. 1A) and their size determined by
dynamic laser scattering method was smaller than 150 nm
(Fig. 1B), an appropriate size for the nanoparticles extravasating
from tumor blood vessels [34,35]. Moreover, PSS@DC nanoparticles
were stable in PBS supplemented with and without 10% FBS, and
their size and size distribution only slightly changed over a 7-day
storage period (Fig. 1C).
In order to investigate the formation of benzoic-imine linkage
between PSS-CHO-3 and DOX, we also prepared PSS-DOX nanoparticles without loading CXB and then characterized their chemical
structure by the 1HNMR and FR-IR methods. Compared to PSSCHO-3, the proton peak of aldehyde group almost completely disappeared and the chemical shift of imine proton appeared at
8.68 pp min the 1HNMR spectrum of PSS-DOX nanoparticles
(Fig. S1A), and furthermore the stretching vibration of the CAH
bond in aldehyde group at 2934 cm1 was significantly weakened
and the C@N stretching vibration appeared as a shoulder peak at
1596 cm1 in the IR spectrum of PSS-DOX nanoparticles
(Fig. S1B). These characteristic signals were also visible in the
1
HNMR (Fig. S3A) and IR spectra (Fig. S3B) of PSS@DC nanoparticles. Thus it can be seen that the benzoic imine bond was successfully formed between PSS-CHO-3 and DOX. Next, the DSC and XRD
techniques were applied to investigate thermal behaviors and crystal states of DOX and CXB in PSS-CHO nanoparticles. The DSC
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curves of DOX, CXB, DOX/CXB mixture, and PSS-CHO nanoparticles
are shown in Fig. 1D. The melting endothermic peaks of DOX and
CXB appeared respectively at 217.6 C and 166.5 C, which were
visible in the DC curve of DOX/CXB mixture, but almost completely
disappeared in the DC curve of PSS@DC nanoparticles. From the
XRD patterns (Fig. 1E), the characteristic diffraction peaks of DOX
and CXB were completely absent in PSS@DC nanoparticles. These
results meant that DOX and CXB existed in PSS@DC nanoparticles
as amorphous states.
3.2. Drug loading and in vitro release behaviors of PSS@DC
nanoparticles
PSS@DC nanoparticles had a strong ability for co-loading DOX
and CXB. The loading contents of these two drugs measured using
the HPLC method were 6.2% (DOX) and 66% (CXB), and their encapsulation efficiencies reached up to 84.8% and 86.9% accordingly. In
PSS@DC nanoparticles, a highly acid-labile benzoic-imine linker
was introduced between PSS-CHO-3 and DOX. According to the previous report, benzoic imine bond is stable around the physiological
pH, but starts to hydrolyze at the extracellular pH of solid tumors
(about pH 6.5) and is rapidly cleaved at the endosome pH range
(pH 4.5–6.5) [28]. Recently, it has been used widely to develop pHsensitive nanocarriers for cancer treatments [36,37]. Here, we firstly
evaluated the pH-triggered cleavage of benzoic imine bond in PSSDOX nanoparticles by the 1H NMR method. After 6-h incubation at
pH 6.5 and pH 6.0, PSS-DOX nanoparticles showed different characteristic proton signals in the chemical shift range of 7.5–10.2 ppm as
compared with incubation at pH 7.4 (Fig. 2A). The proton signals of
benzoic imine group and DOX at 7.8–9.0 ppm were reduced notably
and meanwhile the chemical shift of aldehydic proton appeared at

Fig. 1. Characterization and in vitro properties of PSS@DC nanoparticles. (A) The morphology of PSS@DC nanoparticles observed by the TEM. (B) The size distribution of
PSS@DC nanoparticles detected by the dynamic laser scattering method. (C) The changes of size and polydispersity indexes (PDIs) of PSS@DC nanoparticles during storage in
PBS supplemented with and without 10%. The DSC curves (D) and XRD patterns (E) of free DOX, free CXB, DOX/CXB mixture (1/10, w/w) and PSS@DC nanoparticles.
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10.1 ppm, indicating that the benzoic imine bond was partially
cleaved. We also observed the morphological changes of PSS@DC
nanoparticles after 6-h incubation at pH 6.5 using the TEM. As
shown in Fig. 2B, PSS@DC nanoparticles were visibly disintegrated
(PSS shell came off from nanoparticles) and only the DOX/CXB nano
complex could be observed, which should be ascribed to the detachment of polysaccharide shells triggered by the cleavage of benzoic
imine bond at pH 6.5.
The in vitro releases of DOX and CXB from PSS@DC nanoparticles were further assessed in PBS with different pH values using
the dynamic dialysis method. DOX showed significant pHsensitive release behavior from PSS@DC nanoparticles and its
release rate was gradually accelerated when the pH value of
release medium decreased from 7.4 to 6.0 (Fig. 2C). However, no
significant difference was observed in the releases of CXB at different pH values (Fig. 2D). By comparison with CXB, DOX showed a
slightly slower release at pH 7.4 and notably faster releases at pH
6.5 and pH 6.0. It indicated that the pH-sensitive release of DOX
from PSS@DC nanoparticles was partially due to the cleavage of
benzoic imine bond between PSS-CHO-3 and DOX. Due to the high
hydrophobicity of CXB and DOX, about 80% of the CXB and 50% of
the DOX are not released in the pH 6.0 hydrophilic solution at the
end of the in vitro release assay. These in vitro release data consistent with literature reports [38,39]. In view of the acidic pH of
tumor microenvironment and endocytic-related organelles [40],
we believed that this pH-sensitive drug release behavior would
help to the release of DOX in tumor site to exert its cytotoxicity.
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3.3. Cellular uptake and localization of PSS@DC nanoparticles in breast
cancer cells
Given that the efficient cell entry and intracellular release are
very important for exerting therapeutic effects of anticancer drugs,
we further investigated the cellular uptakes and intracellular locations of free DOX and PSS@DC nanoparticles in mouse breast cancer 4T1 cells after incubation for different times. The confocal
images are shown in Fig. 3A. With the extension of incubation
time, free DOX and PSS@DC nanoparticles both exhibited gradually
enhanced intracellular fluorescent signals of DOX. After cellular
internalization, free DOX was mainly located in the nuclei due to
its rapid diffusion through the nuclear membrane. However, the
intracellular fluorescence of DOX derived from PSS@DC nanoparticles was firstly located in the cytoplasm at 0.5 and 6 h, and then
mostly entered the nuclei at 12 h. This demonstrated that DOX
could be intracellularly released from PSS@DC nanoparticles by
responding to the acidic endosomal pH, thus would certainly help
to exert its cytotoxicity. The data of flow cytometry and the compare of intracellular fluorescent intensities are shown in Fig. 3B
and C, respectively. Free DOX showed much higher intracellular
fluorescence intensity than PSS@DC nanoparticles at 0.5 h after
incubation owing to its rapid cell-entry speed by molecular diffusion. However, no significant difference was observed in their
intracellular fluorescent intensities at 6 h and 12 h, demonstrating
that PSS@DC nanoparticles could deliver DOX into 4T1 cells
efficiently.

Fig. 2. In vitro evaluation of pH-sensitivity of PSS@DC nanoparticles. (A) The 1HNMR spectra of PSS-DOX nanoparticles after 6-h incubation at pH 7.4, pH 6.5 and pH 6.0. (B)
The TEM image of PSS@DC nanoparticles after 6-h incubation at pH 6.5. The in vitro releases of DOX (C) and CXB (D) from PSS@DC nanoparticles at pH 7.4, 6.5 and 6.0.
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Fig. 3. Cellular uptakes and intracellular locations of PSS@DC nanoparticles. The confocal images (A) and flow cytometric analyses (B) of 4T1 cells incubated with free DOX
and PSS@DC nanoparticles for different times. (C) The comparison of intracellular fluorescence intensities between free DOX- and PSS@DC nanoparticles-treated 4T1 cells.
** indicates P < 0.01 as compared to free DOX.

3.4. Cytotoxicity of PSS@DC nanoparticles in breast cancer cells
The cytotoxicity of PSS@DC nanoparticles was detected in
breast cancer 4T1 cells by the MTT assay. The above results showed
that free CXB itself had no cytotoxicity but significantly increased
the cytotoxicity of DOX (Fig. S2), which was basically consistent
with previous reports that COX-2 inhibition could increase the sensitivity of breast cancer cells to chemotherapy [15,41]. Just as
expected, PSS@DC nanoparticles and the DOX/CXB mixture both
exhibited much higher cytotoxicity than free DOX after 48-h treatments (Fig. 4A) due to the chemosensitizing effect of CXB. As
shown in Fig. 4B, the IC50 values of PSS@DC nanoparticles and
the DOX/CXB mixture were about 0.82 and 1.3 lg/mL DOX respectively, which were obviously lower than that of free DOX (approximately 2.1 lg/mL). Additionally, PSS@DC nanoparticles exhibited
slightly higher cytotoxicity as compared to the DOX/CXB mixture
at the same DOX and CXB concentrations. It demonstrated indirectly that PSS@DC nanoparticles could effectively deliver CXB into
cancer cells to exert anticancer activities.
The effects of PSS@DC nanoparticles on induction of cell cycle
arrest and apoptosis were further assessed in 4T1 cells. Fig. 4C
shows the results of cell apoptosis after various treatments. Free
CXB almost did not induce cell apoptosis at a concentration of
10 lg/mL, further confirming its non-cytotoxicity. Compared to

free DOX, the DOX/CXB mixture and PSS@DC nanoparticles both
significantly induced the early-stage apoptosis at the DOX concentration of 1 lg/mL. Moreover, PSS@DC nanoparticles exhibited a
notably increased cell apoptosis at late stage than both free DOX
and DOX/CXB mixture. Fig. 4D shows cell cycle distributions after
various treatments. Compared to the control, free DOX significantly arrested cell cycle at S phase, while free CXB, DOX/CXB mixture and PSS@DC nanoparticles all induced cell cycle arrest at G2/
M phase. But by contrast, PSS@DC nanoparticles displayed stronger
arresting effect than free CXB and DOX/CXB mixture. These results
further demonstrated that DOX and CXB co-loaded by PSS@DC
nanoparticles could exert their synergistic effects against breast
cancer more efficiently.
3.5. In vitro inhibitory effects of PSS@DC nanoparticles on breast
cancer metastasis
Cancer metastasis is a multistep process that involves of the
detachment of cancer cells from the primary tumor, migration
and invasion through the surrounding tissues and basement membranes, intravasation and survival in the small blood vessels or
lymphatic channels, and colonization in a distant target organ
[42]. Previous studies have reported that CXB can effectively suppress cancer metastasis through impairing the migration, invasion
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Fig. 4. In vitro inhibitory effects of PSS@DC nanoparticles on the growth of breast cancer cells. The cytotoxicities (A) and the comparison of IC50 values (B) of free DOX, DOX/
CXB mixtures and PSS@DC nanoparticles in 4T1 cells after 48-h treatments. The DOX/CXB weight ratios in DOX/XCB mixtures and PSS@DC nanoparticles were 1/10. The flow
cytometric analyses of apoptosis (C) and cell cycle distributions (D) in 4T1 cells with treatments of free DOX, free CXB, DOX/CXB mixture, and PSS@DC nanoparticles for 24 h.
The DOX and CXB concentrations were approximately 1 and 10 lg/mL, respectively. * and ** indicate P < 0.05 and < 0.01 as compared to the control; ## indicates P < 0.01
between two treatment groups.
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and adhesion abilities of cancer cells [11–13]. So we investigated
the influence of PSS@DC nanoparticles on the migration, invasion
and adhesion of breast cancer cells by using the wound healing,
transwell and adhesion assays, thus preliminarily evaluated their
suppression effects on breast cancer metastasis. Compared to free
DOX and free CXB, the DOX/CXB mixture and PSS@DC nanoparticles both notably inhibited the migration of 4T1 cells, but PSS@DC
nanoparticles exhibited significantly stronger inhibitory potency
than the DOX/CXB mixture (Fig. 5A and B). Similar results were
obtained in the adhesion and tranwell assays that PSS@DC
nanoparticles significantly reduced the adhesion (Fig. 5C) and invasion activities (Fig. 5D and E) of 4T1 cells as compared to the
single- and mixed-drug treatments. The above results demonstrated that PSS@DC nanoparticles had synergistic inhibitory
effects on metastasis of breast cancer cells through co-loading
DOX and CXB.
3.6. Biodistribution of PSS@DC nanoparticles in breast cancer mice
A mouse model of orthotopic breast cancer was established by
injecting 4T1 cells into the breast pad of mice and then used to
evaluate biodistribution of PSS@DC nanoparticles. By utilizing
the strong autofluorescence of DOX, we could detect tissue distri-
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butions and tumor accumulation of PSS@DC nanoparticles in 4T1
tumor-bearing mice after intravenous injection with a fluorescence imaging system. Compared to free DOX, PSS@DC nanoparticles significantly decreased the DOX distribution in the lung
and meanwhile increased its tumor accumulation at 6 h after
administration (Fig. 6A and B). It indicated that PSS@DC nanoparticles successfully delivered DOX and CXB to the tumor site
through the EPR effect. At 24 h after administration, free DOX
was mostly metabolized and cleared from the body of mice,
and only very weak fluorescent signals were observed in the liver,
kidney, lung and tumor tissues; but by contrast, PSS@DC
nanoparticles still displayed a relatively strong fluorescent signal
in the tumor (Fig. 6C and D). This demonstrated that PSS@DC
nanoparticles efficiently improved the tumor accumulation of
DOX in breast cancer mice. According to the previous reports
[43,44], sulfated polysaccharides such as heparin can compete
the binding of P-selectin to its ligands. Given that P-selectin
and its ligands are often over-expressed in many malignant
tumors, this competitive binding will be favorable for the selective tumor-accumulation of sulfated polysaccharide. From this it
can be seen that there is perhaps another unexpected mechanism
besides the EPR effect to be involved in tumor-targeted delivery
of PSS@DC nanoparticles.

Fig. 5. In vitro suppression effects of PSS@DC nanoparticles on breast cancer metastasis. (A) The wound healing images of 4T1 cells at 0 and 24 h after treatments of free DOX,
free CXB, DOX/CXB mixture, and PSS@DC nanoparticles. (B) The migration abilities of 4T1 cells with various treatments for different times. (C) The adhesion abilities of 4T1
cells at 5, 15 and 30 min after various treatments for 24 h. The microscopic images (D) and the numbers (E) of 4T1 cells that invaded across transwell chambers at 24 h after
various treatments. The DOX and CXB concentrations were 0.5 and 20 lg/mL, respectively. PSS@DC nanoparticles used in these experiments were prepared at a DOX/CXB
weight ratio of 1/40. * and ** separately indicate P < 0.05 and < 0.01 as compared to the control; ## indicates P < 0.01 between two treatment groups.
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Fig. 6. Tissue distribution and tumor-accumulation of PSS@DC nanoparticles in 4T1 tumor-bearing mice. The fluorescent images of major organs and tumor tissues removed
from the mice at 6 h (A) and 24 h (C) after intravenous injections of normal saline (the control), free DOX and PSS@DC nanoparticles at the DOX dose of 8 mg/kg.
The comparisons of mean radiant efficiencies (MREs) of chemiluminescence signals detected from major organs and tumor tissues at 6 h (B) and 24 h (D) after
administrations. ** indicates < 0.01 between two treatment groups.

3.7. In vivo inhibitory effects of PSS@DC nanoparticles on metastatic
breast cancer
We build a mouse model of metastatic breast cancer by orthotopically implanting 4T1-Luc cells into the mice and the lung
metastasis was clearly observed in these mice at 12 d after inoculation (Figs. S4A and B). According to the previous reports [5,45],
DOX-loaded nanoparticles with excellent tumor-targeting property had significant anti-tumor effects in vivo at the dose of DOX
ranged from 2.5 to 3.5 mg/kg. In order to highlight the sensitization
and synergistic effects of CXB, we herein selected 3 mg/kg of DOX
and 30 of free CXB to evaluate the inhibitory effects of PSS@DC
nanoparticles on the growth and metastasis of breast cancer in
4T1-Luc tumor-bearing mice. All treatments including free DOX,
free CXB, free PSS, DOX/CXB mixture, PSS/DOX/CXB mixture, and
PSS@DC nanoparticles were carried out every 2 days for 6 consecutive times. The tumor volumes and bodyweights of the mice were
detected during the whole treatment period, and the pathological
changes of major organs and tumors were also analyzed using
the H&E staining after treatments. The curves of tumor growth
are shown in Fig. 7A. PSS and free CXB exhibited no significant
inhibitory effect on the tumor growth and free DOX significantly
inhibited the tumor growth. Compared to free DOX, the mixtures
of DOX/CXB and PSS/DOX/CXB and PSS@DC nanoparticles all
showed significantly enhanced tumor-inhibitory efficacy, indicating that CXB had prominent chemotherapeutic sensitization effect
in breast cancer mice. More importantly, PSS@DC nanoparticles
displayed much stronger tumor-inhibitory effect than other two
mixed-drug treatments e.g., the tumors in PSS@DC nanoparticlestreatment group were smallest in size (Fig. 7B). The tumor growth
inhibition rate of PSS@DC nanoparticles was 73.3 ± 2.47%. Thus it
could be deduced that tumor-targeted delivery and controlled
release of DOX and CXB by PSS@DC nanoparticles would help to

exert synergistic anticancer effects of these two drugs. The weight
changes of the mice are shown in Fig. 7C. Free DOX, DOX/CXB and
PSS/DOX/CXB mixtures decreased the mouse body weight mainly
due to the side and toxic effects of DOX, while no significant
changes of body weights were observed in the mice with other
treatments. Furthermore, the major organs of these mice showed
no pathological changes (Fig. S5), but the tumor necrosis was
clearly visible in the mice treated with PSS@DC nanoparticles
(Fig. 7D). These results suggested that tumor-targeted delivery of
PSS@DC nanoparticles could not only improve therapeutic effects
of DOX and CXB on breast cancer, but also alleviate their toxicities
on normal organs and tissues.
When the treatments were completed, 3 mice were intraperitoneally injected with D-luciferin and then their major organs were
removed for further fluorescence imaging and pathological examination. The metastases from primary breast tumor could be
detected easily by observing the strong bioluminescence from
4T1-Luc cells. The fluorescence images of the heart, liver, kidney,
spleen and lung are shown in Fig. 7E. The metastases mainly
occurred in the lung and the numbers of metastatic focuses were
significantly reduced in all treatment groups as compared to the
control. The mean fluorescence intensities (MFIs) in the lung were
then quantified and the results are shown in Fig. 7F. Free CXB suppressed the lung metastasis, which should be owing to its strong
inhibitory effects towards both tumor cells and tumor angiogenesis by inhibiting the activity of COX-2 according to the previous
reports [11–13]. Compared to free CXB and DOX/CXB mixture,
the PSS/DOX/CXB mixture exhibited significantly enhanced suppression efficiency on the lung metastasis, demonstrating that
PSS was also involved in this suppression effect. More importantly,
the mice treated with PSS@DC nanoparticles showed the weakest
metastatic signal and similar results were also obtained in the
pathological analysis. As shown in Fig. 7G, almost no lung
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Fig. 7. Inhibitory effects of PSS@DC nanoparticles on the growth and metastasis of breast cancer in 4T1 tumor-bearing mice. The curves of tumor growth (A) and the
photograph of tumors (B) in the mice with treatments of normal saline (the control), PSS, free DOX, free CXB, DOX/CXB mixture, PSS/DOX/CXB mixture, and PSS@DC
nanoparticles. The microscopic images of H&E stained sections of tumors (D) and lungs (G) from the mice with different treatments. (C) The changes of mouse body weights
during the whole treatment period. The bioluminescence images of major organs (E) and the comparison of mean fluorescence intensities (MFIs) in the lung from the mice
with different treatments (F). The DOX, CXB and PSS doses were 3, 30 and 4.5 mg/kg, respectively. * and ** indicate P < 0.05 and < 0.01 as compared to the control; ## indicates
P < 0.01 between two treatment groups. Red dotted lines represent the lung metastases. Scale bars represent 100 lm. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

metastatic lesion was observed in the H&E stained sections from
PSS@DC nanoparticles-treated mice. These results further confirmed that PSS@DC nanoparticles had synergistic inhibitory
effects on breast cancer metastasis through co-loading and targeted delivery of DOX and CXB.
As previously reported, COX-2 plays an important role in breast
cancer promotion and its over-expression can stimulate tumor
neovascularization by up-regulating the expression of vascular
endothelial growth factor [11,12]. Hence the inhibition of COX-2
mediated by CXB shows potent inhibitory effect against tumor
metastasis through antiangiogenesis. A recent study has shown
that heparin can inhibit tumor metastasis by reducing plateletinduced epithelial-mesenchymal transition program and prevent
the formation of cancer cells with stem cell-like properties [28].

As a heparin-like drug, PSS can inhibit platelet aggregation and
has strong antithrombotic and anticoagulant effects [24–26], and
therefore we believe that PSS also has anti-metastasis activity in
breast cancer through inhibiting platelet activation and functions.
Hence, we further evaluated the suppression effects of PSS@DC
nanoparticles on tumor angiogenesis and platelet aggregation
through examining the expressions of CD31 and PDGF-B in tumor
tissues using the immunohistochemical assay. As shown in Fig. 8A
and 8B, all treatments except free DOX notably reduced the tumor
microvessel density in 4T1-Luc tumor-bearing mice, but the PSS/
DOX/CXB mixture and PSS@DC nanoparticles displayed more
potent antiangiogenic activity than other treatments, indicating
their synergistic effects against tumor angiogenesis. By contrast,
PSS@DC nanoparticles showed a significantly stronger antiangio-
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Fig. 8. Suppression effects of PSS@DC nanoparticles on tumor angiogenesis and platelet aggregation in 4T1 tumor-bearing mice after various treatments. The microscopic
images of tumor sections with staining of CD31 (A) and PDGF-B (C). The mean microvessel densities (MVDs) (B) and relative PDGF-B contents (D) in tumor tissues. Brown
color represents the positive staining of CD31 or PDGF-B. * and ** indicate P < 0.05 and <0.01 as compared to the control; ## indicates P < 0.01 between two treatment groups.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

genic activity than the PSS/DOX/CXB mixture, which should be
attributed to their efficient tumor-targeted delivery. The detection
results of PDGF-B expressions are shown in Fig. 8C and 8D.Compared to the control, PSS prominently decreased the PDGF-B
expression, thus confirming our deduction that PSS could suppress
tumor metastasis through inhibiting platelet aggregation. Moreover, the PSS/DOX/CXB mixture and PSS@DC nanoparticles exhibited synergistic effects against platelet aggregation, and evidently
PSS@DC nanoparticles had a much higher suppression efficacy
due to their tumor-targeted delivery. In short, PSS@DC nanoparticles showed significant inhibitory effects on the primary and metastatic breast tumors.
Based on the above results, we further analyzed the advantages
and disadvantages of PSS@DC nanoparticles for breast cancer treatment. First, PSS@DC nanoparticles can targetedly deliver and controllably release DOX and CXB in breast tumor, thus will help to
enhance the therapeutic effects and reduce the side and toxic
effects of these two drugs. Second, PSS@DC nanoparticles have synergistic inhibitory effects on breast tumor growth and metastasis
owing to the chemosensitizing and anti-metastatic effects of CXB.
Third, the loading with PSS@DC nanoparticles will contribute to
improve the water-solubility and bioavailability of CXB. Fourth,
PSS is not only used as a carrier material for preparation of PSS@DC
nanoparticles but also exerts antiangiogenic effect to a certain
extent, which is favorable for suppressing breast tumor metastasis.
However, the content of PSS in PSS@DC nanoparticles is relatively
low and apparently cannot meet PSS to fully exert its pharmacological actions in vivo. And hence, we will try to increase its content
in PSS@DC nanoparticles in the future investigation.

4. Conclusions
In this study, PSS was used as a carrier material to prepare
PSS@DC nanoparticles for co-loading, targeted delivery and controlled release of DOX and CXB, thus to exert synergistic effects
of these two drugs against metastatic breast cancer. PSS@DC
nanoparticles exhibited significant pH-sensitivity and accelerated
the release of DOX at the acidic pH mimicking the tumor microenvironment and endocytic-related organelles due to the cleavage of
benzoic-imine linker between PSS and DOX. Both in vitro and
in vivo, PSS@DC nanoparticles inhibited the growth and metastasis
of breast cancer very efficiently and showed good tumor-targeting
property. Altogether, our results demonstrated that this pHsensitive nanotherapeutic system has a great potential for the
treatment of metastatic breast cancer by combing chemotherapy
and COX-2 inhibitor.
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