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Abstract 
One of the major goals of precision oncology is to promote combination therapy to improve efficacy and reduce side effects of 
anti-cancer drugs based on their molecular mechanisms.  In this study, we aimed to develop and validate new nanoformulations 
of docetaxel (DTX) and bortezomib (BTZ) for targeted combination therapy to treat human esophageal cancer.  By leveraging our 
versatile disulfide cross-linked micelles (DCMs) platform, we developed nanoformulations of DTX and BTZ (named DTX-DCMs and 
BTZ-DCMs).  Their physical properties were characterized; their anti-cancer efficacies and mechanisms of action were investigated 
in a human esophageal cancer cell line in vitro.  Furthermore, the in vitro anti-tumor activities of combination therapies (concurrent 
drug treatment, sequential drug treatment, and treatment using different ratios of the drugs) were examined in comparison with the 
single drug treatment and free drug strategies.  These drug-loaded nanoparticles were spherical in shape and relatively small in size 
of approximately 20–22 nm.  The entrapment efficiencies of DTX and BTZ into nanoparticles were 82.4% and 84.1%, respectively.  
The drug release rates of DTX-DCMs and BTZ-DCMs were sustained, and greatly increased in the presence of GSH.  These nanodrugs 
were effectively internalized by KYSE30 esophageal cancer cells, and dose-dependently induced cell apoptosis.  We further revealed a 
strong synergistic effect between DTX-DCMs and BTZ-DCMs against KYSE30 esophageal cancer cells.  Sequential combination therapy 
with DTX-DCMs followed by BTZ-DCMs exhibited the best anti-tumor efficacy in vitro.  This study demonstrates that DTX and BTZ could 
be successfully nanoformulated into disulfide cross-linked micelles.  The nanoformulations of DTX and BTZ demonstrate an immense 
potential for synergistic combination therapy to treat human esophageal cancer.
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Introduction
Esophageal cancer is one of the most common malignant 
tumors worldwide.  Global cancer statistical data[1] estimate 
that there are 456 000 new cases of esophageal cancer in the 
world, accounting for 3.2% of all malignant tumors that were 
diagnosed in 2012.  In China, esophageal cancer cases account 
for approximately 50% of all new cases worldwide.  Chinese 
esophageal cancer has killed 197 500 people, accounting for 
49.35% of the global total.  In China, the current death totals 
due to esophageal cancer rank fourth out of all malignant 
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tumors[2].
Precision medicine is an emerging approach to disease 

treatment and prevention that considers the variability in an 
individual’s environment, lifestyle and genetics.  The short-
term goals involve expanding precision medicine into cancer 
research.  Testing combinations of targeted agents to identify 
approaches to improve their efficacy and to overcome drug 
resistance is a major emphasis of precision oncology[3].  

Docetaxel (DTX), a semi-synthetic analog of paclitaxel 
(PTX), can prevent physiological microtubule depolymeriza-
tion, resulting in cell cycle arrest in the G2/M phases and cell 
death in cancer cells[4].  It has proven effective in a range of 
tumors[5–9], such as breast cancer, ovarian cancer, non-small-
cell lung cancer, gastric carcinomas and esophageal cancer.  
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DTX promotes the expression of the cell cycle inhibitor p27 
and inhibits expression of the antiapoptotic gene Bcl-2[10, 11].  
Bortezomib (BTZ, Velcade®), a selective and potent inhibitor 
of the proteasome, promotes apoptosis via the stabilization of 
p53, p21, p27, and IkappaB-alpha, resulting in nuclear factor 
kappaB inhibition[12].  BTZ has also been shown to overcome 
Bcl-2-mediated protection from apoptosis[13].  BTZ combined 
with DTX exhibited excellent activity in preclinical models of 
human solid tumors, especially in pancreatic cancer, NSCLC, 
head and neck squamous cell carcinoma (HNSCC), prostate 
cancer, gastroesophageal junction (GEJ) and gastric adeno-
carcinoma[14–18].  Combination therapy also reduced tumor 
microvessel densities, which was related to tumor cell produc-
tion of the vascular endothelial growth factor and increased 
levels of apoptosis in tumor-associated endothelial cells[15].  In 
addition, a California cancer consortium trial for NSCLC con-
firmed that DTX plus BTZ given either sequentially or concur-
rently have similar response rates (RR) and progression-free 
survivals (PFS).  The median survival in the sequential arm 
exceeded published survival estimates for either agent alone 
or in combination[18].  Moreover, preclinical studies in pros-
tate and lung cancer models indicated that sequential DTX-
BTZ treatment was more effective than BTZ-DTX treatment[19].  
The explicable mechanism for this phenomenon may be that 
BTZ promotes cell cycle arrest before the M phase, which then 
interferes with DTX-induced apoptosis[15].  The knowledge 
gained from clinical practice regarding the interactions of 
these two agents has great implications for improving esopha-
geal cancer therapy.

Although it appears promising, the application of this 
combination therapy is restricted due to the poor solubility, 
low selective distribution and fast elimination of the drugs.  
Furthermore, it has been reported to cause severe systemic 
toxicity, including bone marrow suppression, musculoskeletal 
toxicity, peripheral neuropathy and hypersensitivity reactions 
attributable to either the drug itself or the solvent system[20–23].  
The toxicity remarkably limited the intensity of chemotherapy 
and lessened the quality of life for the patients.

To successfully address these issues, several formulation 
approaches have been attempted to enhance the physicochem-
ical properties, such as using nanoparticles, liquid self-nano-
emulsifying drug delivery systems (SNEDDS)[24] and pretreat-
ment with P-glycoprotein inhibitors[25].  Nanoparticle formula-
tion can deliver drugs specifically to tumor sites while sparing 
normal tissues to increase the therapeutic index.  We have 
demonstrated that reversible disulfide cross-linked micelles 
(DCMs)[26] could minimize the premature release of drugs 
from carriers while they are circulating in the blood stream.  
Cross-linking not only improved the structural stability of 
micelles but also controlled the release rates of the entrapped 
drugs[27].  It was also demonstrated that the disulfide cross-
linked micellar formulation of PTX (PTX-DCMs) was more 
efficacious than both free drugs and the non-cross-linked 
formulation of PTX at equivalent doses of PTX in the ovarian 
cancer xenograft mouse model[28].  Taking advantage of this 
unique nanoplatform, we aimed to develop nanoformulations 

of DTX and BTZ by encapsulating them into DCMs, which are 
formed by the self-assembly of telodendrimers (PEG5k-Cys4-
L8-CA8).  Thus, the delivery of DTX-DCMs and BTZ-DCMs 
could be accomplished by a passive process, which refers to 
particle transportations into tumor cells and the interstitium 
by passive diffusion and convection[29].  A selective accumula-
tion of particles that contain DTX and BTZ could be achieved 
through enhanced permeability and retention (EPR) effects in 
vivo.

In this study, we have presented the development and vali-
dation of a new nanoformulation of DTX and BTZ for esopha-
geal cancer treatment.  The drug loading efficiency, size and 
morphology of these nanoformulations were characterized by 
high-performance liquid chromatography (HPLC), dynamic 
light scattering (DLS) and transmission electron microscopy 
(TEM), respectively.  The drug release was investigated by the 
dialysis method.  The cellular uptake of DTX-DCMs and BTZ-
DCMs was evaluated by confocal laser scanning microscopy 
in the human esophageal cancer cell line KYSE30.  Upon treat-
ment, cell apoptosis and cell cycle analysis were determined 
with flow cytometry.  Potential molecular mechanisms were 
discovered by Western blot analysis.  Finally, the in vitro anti-
tumor activities of combination therapies (concurrent drug 
treatment, sequential drug treatment, and treatment using dif-
ferent ratios of the drugs) using DTX-DCMs and BTZ-DCMs 
were evaluated in KYSE30 cells in comparison with single 
treatment and free drug treatment.

Materials and methods
Materials 
DTX was purchased from AK Scientific Inc (Mountain 
View, CA, USA).  BTZ was purchased from LC Laboratories 
(Woburn, MA, USA).  1,1’-Dioctadecyl-3,3,3’,3’-tetramethylin-
dodicarbocyanineperchlorate (DiD) and 4’,6-diamidino-2-phe-
nylindole (DAPI) were purchased from Life Technologies 
(Grand Island, NY, USA).  Human KYSE30 esophageal squa-
mous epithelial cancer cells were obtained from the American 
Type Culture Collection (Rockville, MD, USA).  RPMI-1640 
medium was purchased from Gibco (Carlsbad, CA, USA).  
MTT [3-(4,5-dimethyl-diazol-2-yl)-2,5 diphenyl tetrazolium 
bromide] and all other chemicals were purchased from Sigma-
Aldrich (St Louis, MO, USA).  Anti-p-ERK, anti-PKCε, anti-
p38, anti-Bcl-2 and anti-p65 were purchased from ABGENT 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Synthesis of DCM 
The thiolated telodendrimer (PEG5k-Cys4-L8-CA8) was synthe-
sized via solution-phase condensation reactions from MeO-
PEG-NH2 utilizing stepwise peptide chemistry[28, 30].

Preparation and characterization of DTX-DCMs and BTZ-DCMs
DTX was loaded into the micelles using the solvent evapora-
tion method[31].  Briefly, DTX (1 mg) and PEG5k-Cys4-L8-CA8 
telodendrimers (20 mg) were first dissolved in chloroform in 
a 1-mL round-bottom flask.  The chloroform was evaporated 
under a vacuum to form a thin film.  PBS buffer (1 mL) was 
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added to re-hydrate the thin film, followed by 20 min of soni-
cation.  The DTX-loaded micelles were then cross-linked via 
O2-mediated oxidization as described above.  The amount of 
drug loaded into the micelles was analyzed with an HPLC 
system (Milford, MA, USA) after the drugs were released from 
the micelles by adding 9× acetonitrile followed by 10 min of 
sonication.  Drug loading was calculated according to the 
calibration curve between the HPLC area values and the con-
centrations of the drug standard.  Loading capacity is defined 
as the highest drug concentration that can be achieved by the 
micelles in an aqueous solution, while loading efficiency is 
defined as the ratio of drug loaded into micelles to the initial 
drug content.  Part of the DTX-loaded micelle solution was 
stored at 4 °C for characterization, and the rest was lyophi-
lized[32, 33].  The preparation method for BTZ-DCMs is similar 
to the steps mentioned above.  DiD (hydrophobic NIRF dye, 
0.5 mg/mL) was loaded into the micelles either separately 
or together with the drugs using the same method described 
above.  The micelle solution was filtered with a 0.22-μm filter 
to sterilize the sample.  

The morphology, particle size distribution (diameter, nm), 
polydispersity index (PDI), and surface charge (zeta potential, 
mV) of DTX-DCMs and BTZ-DCMs were characterized by 
transmission electron microscopy (TEM, Philips CM-120, 
Amsterdam, Netherlands) and dynamic light scattering 
(DLS) instruments (Malvern, Zetasizer nano series Nano-
ZS, Malvern, UK, respectively).  The drug concentrations of 
DTX-DCMs and BTZ-DCMs were kept at 1.0 mg/mL for DLS 
measurements.  All measurements were performed at 25 °C, 
and the data were analyzed with Zetasizer Nano Software 
v3.30.  For TEM, the aqueous micelle solution (1 mg/mL) 
was deposited onto copper grids and measured at room 
temperature.  The drug loading content (DLC) and the drug 
loading efficiency (DLE) of DTX-DCMs and BTZ-DCMs were 
calculated using the following equations: DLC (%)=Wloaded drug/
Wdrug loaded DCMs×100% and DLE (%)=Wloaded drug/Wfree drug×100%.

Drug release study
The in vitro drug release profiles for the different formulations 
of DTX and BTZ were measured using the dialysis method.  
DCMs were prepared with 20 mg/mL telodendrimer and 
loaded with 1 mg/mL DTX and BTZ.  Aliquots of the conven-
tional formulations of DTX (1 mg/mL), BTZ (1 mg/mL), DTX-
DCMs and BTZ-DCMs were injected into dialysis cartridges 
with a MWCO of 3.5 kDa (Thermo Scientific, Rockford, IL, 
USA).  Cartridges were dialyzed against 1 L of PBS with shak-
ing at 100 rpm in the presence of 10 g/L activated charcoal to 
create a sink condition.  The concentrations of DTX and BTZ 
that remained in the dialysis cartridges at various time points 
were measured with a UV-visible spectrometer after releasing 
the drug from the micelles by adding 9× DMSO followed by 
10 min of sonication.  Values are reported as the mean for each 
triplicate sample.

Cell culture and cellular uptake 
Cells were cultured in ATCC-formulated RPMI-1640 medium 

supplemented with 10% fetal bovine serum (FBS), 100 U/mL 
penicillin G and 100 μg/mL streptomycin at 37 °C using a 
humidified 5% CO2 incubator.  

For the cellular uptake study, the DiD dye was co-loaded 
with DTX into DCMs using a similar method that was used 
to generate the DTX-loaded DCMs.  The KYSE30 esophageal 
cancer cell line was seeded at a density of 5×104 cells per well 
on eight-well tissue culture chamber slides (BD Biosciences, 
Bedford, MA, USA) overnight.  The cells were incubated with 
DiD-DTX-DCMs for 4 h and washed three times with PBS.  
The slide was fixed with 4% paraformaldehyde, and the cell 
nuclei were stained with DAPI.  After mounting with cover 
slips, the slides were observed under a confocal laser scanning 
microscope (Carl Zeiss, LSM 800, Zeiss, Jena, Germany).

In vitro cytotoxicity assay and optimization of the drug loading 
ratio
The cell viability after treatments with DTX, BTZ, BTZ-DCMs, 
DTX-DCMs or combination treatment was determined by the 
MTT assay (GraphPad Prism5.0, CA, USA)[34].  KYSE30 cells 
were seeded in 96-well plates at a density of 5×103 cells/well 
24 h prior to the treatment.  Cells were treated in triplicate 
with various concentrations of DTX, BTZ, BTZ-DCMs, DTX-
DCMs or combination treatment, as indicated.  After 72 h 
of incubation, the cultured medium was removed and fresh 
medium containing MTT dye (2 mg/mL) was added to each 
well; the plates were incubated at 37 °C for 4 h.  The absor-
bance at 490 nm was detected using a microplate ELISA reader 
(SpectraMax M2, Molecular Devices, USA).  Cell viability, as 
a percent of the untreated control, was calculated as follows: 
[(ODtreat–ODblank)/(ODcontrol–ODblank)×100%] for triplicate wells.  
The combination therapy was performed by adding BTZ-
DCMs and DTX-DCMs concurrently as well as sequentially.  
We further investigated the impact of the drug ratio on the 
variability of the KYSE30 cells.  The pre-selected initial concen-
trations of DTX-DCMs/BTZ-DCMs for combination therapy 
were 200 μg/mL:40 μg/mL (5:1), 200 μg/mL:100 μg/mL (2:1), 
200 μg/mL:200 μg/mL (1:1), 100 μg/mL:200 μg/mL (1:2), and 
40 μg/mL:200 μg/mL (1:5).  Then, a series of dilutions was 
prepared using a double dilution method, and 10 different 
concentrations were used for the in vitro cytotoxicity assay.  To 
obtain reliable results, the experiments described above were 
repeated three times.

Apoptosis detection and cell cycle analysis by flow cytometry
KYSE30 cell apoptosis was assessed using Annexin V-FITC 
and propidium iodide (PI) double staining (Pharmingen, San 
Diego, CA, USA).  Cells in the logarithmic growth phase were 
placed in a 6-well plate at a density of 1×106 cells per well over-
night.  Later, the cells were treated with 0.3, 3 and 30 µg/mL 
DTX-DCMs for 24 h.  All cells and supernatants were collected 
for analysis.  After centrifugation, the cells were stained with 
10 µg/mL Annexin V-FITC at room temperature in the dark 
for 30 min.  Before analysis was performed, 20 µg/mL PI was 
added and the samples were incubated for 5 min on ice while 
being protected from light.  Samples were analyzed by flow 



934
www.nature.com/aps

Wang XS et al

Acta Pharmacologica Sinica

cytometry (Becton-Dickinson, Mansfield, MA, USA).
For cell cycle analysis, the cells were treated as previously 

described.  After 24 h of drug incubation, the cells were col-
lected and fixed with 70% alcohol containing 3% serum at 
4 °C for 24 h.  RNase-A (Sigma-Aldrich) was added to a final 
concentration of 100 μg/mL in a water bath for 30 min at 37 °C 
for digestion.  Propidium iodide was added to a final concen-
tration of 50 μg/mL in an ice bath for 30 min away from light 
for staining.  After filtering with a 300-screen nylon mesh, the 
cells were observed by flow cytometry.  The number of cells 
in the G0/G1, S and G2/M phases was calculated with FlowJo 
software.  Testing was performed in triplicate for each group.  

Protein preparation and Western blot analysis
Several proteins that are involved in apoptosis and cell cycle 
regulation were analyzed by Western blot.  DTX was added, 
followed by DTX-DCMs, after 1×106 cells were cultured for 
24 h, and then the cells were washed with PBS and lysed in a 
buffer containing 20 mmol/L Tris-HCL (pH 7.6), 150 mmol/L 
NaCl (pH 6.85), 1 mmol/L EDTA (pH 8), 1% Triton X-100, 2.5 
mmol/L sodium pyrophosphate, 1 mmol/L sodium orthovan-
adate (Na3VO4), 1 mg/mL leupeptin, 1% protease inhibitor 
cocktail and 1% phosphatase inhibitor cocktail (Sigma-Aldrich 
NV/SA, Bornem, Belgium).  The lysates were centrifuged 
at 12 000×g for 10 min at 4 °C and then boiled for 5 min.  The 
protein concentration of the lysate was detected using the Bio-
Rad Bradford protein assay (Nazareth Eke, Belgium), and 25 

μg of denatured protein was subjected to SDS-PAGE (10% 
SDS-acrylamide gel) with a loading buffer that contained 80 
mmol/L Tris–HCl (pH 6.8), 5% SDS, 10% glycerol, 5 mmol/L 
EDTA (pH 8), 5% 2-mercaptoethanol, 0.2% bromophenol blue 
and 1 mmol/L phenylmethylsulfonyl fluoride.  The separated 
proteins were transferred at 100 mA to PVDF membranes (Bio-
Rad) for 2 h.  The membranes were incubated as indicated 
with the following primary antibodies: p-ERK (anti-ERK1 
antibody), NF-κB (Ser536), p38 (p38 antibody), PKCε (PKCε 
antibody), Bcl-2 (Bcl-2 antibody) and α-tubulin (Sigma-Aldrich 
NV).  A peroxidase-conjugated secondary antibody (1:4000 
dilution, ECL Anti-mouse or Anti-rabbit IgG HRP linked, Na 
931, GE Healthcare Biosciences/Amersham, Diegem, Belgium) 
was added.  Immunoreactive bands were visualized with 
SuperSignal West Dura Extended Duration Substrate, which 
is an enhanced chemiluminescent substrate (Pierce Biotech-
nology, Rockford, IL, USA), and the results of electrophoresis 
were analyzed by Quantity One (Bio-Rad).  Each experiment 
was performed independently at least three times.  

Statistical analysis
Statistical analyses were performed using Student’s t-test 
for two groups and one-way analysis of variance (ANOVA) 
for multiple groups.  All results are expressed as the 
mean±standard error (SEM) unless otherwise noted.  A value 
of P<0.05 was considered statistically significant.  

Figure 1.  DLS size distribution and TEM image of DTX-DCMs (A) and BTZ-DCMs (B).  (Left) The diameters of DTX-DCMs and BTZ-DCMs were 22.4±9 
nm and 20.6±8 nm, respectively, as analyzed by DLS.  Their PDIs were 0.18±0.06 and 0.17±0.05, respectively, and the Zeta potential results were 
+26.9±3.7 mV and +28.1±2.9 mV, respectively.  (Right) These drug-loaded nanoparticles were uniformly sphere-shaped according to observation by 
TEM.
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Results
Characterization of drug-DCMs
As analyzed by DLS (Figure 1, left), DTX-DCMs and BTZ-
DCMs were 22.4±9 nm and 20.6±8 nm in diameter, respec-
tively, with a narrow distribution.  The PDIs of DTX-DCMs 
and BTZ-DCMs were 0.18±0.06 and 0.17±0.05, respectively, 
while their zeta potential was +26.9±3.7 mV and +28.1±2.9 mV, 
respectively.  According to TEM observations, these drug-
loaded nanoparticles were uniformly sphere shaped, and their 
size agreed with the DLS results.  Through HPLC analysis, we 
determined the drug content and loading efficiency of DTX 
and BTZ in DCMs.  The DLE of DTX in DTX-DCMs and BTZ 
in BTZ-DCMs was 82.4% and 84.1%, respectively, while the 
DLCs were 15.6% and 13.7%, respectively.

Cell uptake 
Confocal laser scanning microscopy was utilized to study the 
intracellular delivery of DTX- and BTZ-loaded DCMs.  The 
cellular uptake of empty and drug-loaded nanoparticles with 

fluorescent labeling (DiD) was investigated in KYSE30 human 
esophageal cancer cells after 2 h of incubation.  As shown in 
Figure 2, DTX-DCMs and BTZ-DCMs could be effectively 
internalized into KYSE30 cells.  In addition, confocal micros-
copy images demonstrated that the drug-DCMs in tumor cells 
were mainly located in the cytoplasmic region of KYSE30 cells 
after internalization (Figure 2).  

Flow cytometry analysis
Cell apoptosis analysis
To characterize the apoptotic effects of the DTX-DCMs and 
BTZ-DCMs in relation to mitotic arrest activities, the apoptosis 
of KYSE30 cells at different concentrations was assessed 
using flow cytometry.  After KYSE30 cells were exposed to 
drug-DCMs with different concentrations for 2 h, KYSE30 
cells were analyzed by FlowJo 7.6.1 software.  As shown in 
Figure 3, the early apoptosis rates of KYSE30 cells at different 
concentrations of DTX-DCMs were 0.152% (0.3 μg/mL) and 
0.486% (3 μg/mL), and the late apoptosis rates were 5.79% 

Figure 2.  Intracellular delivery of DTX-DCMs and BTZ-DCMs.  Uptake of free DiD, DiD-loaded DCMs and DiD/drug co-loaded DCMs (red) in KYSE30 
esophageal cancer cell lines.  Cells were cultured in 8-well chamber slides with cover glass overnight.  Cells were pre-treated with Hoechst 33342 (blue) 
for 10 min for nuclear staining followed by incubation with DID in PBS.  Imaging was acquired at 2 h using a confocal laser scanning microscope. Scale 
bar=10 μm.  
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(0.3 μg/mL) and 8.64% (3 μg/mL).  The total apoptosis rates, 
including early and late apoptosis, were approximately 5.94% 
(0.3 μg/mL) and 9.12% (3 μg/mL).  In comparison to DTX-
DCMs, the total apoptosis rates of DTX were approximately 
12.91% (0.3 μg/mL) and 19.97% (3 μg/mL).  Additionally, 
the early apoptosis rates of KYSE30 cells at different 
concentrations of BTZ-DCMs were 0.276% (0.3 μg/mL) and 
0.386% (3 μg/mL), and the late apoptosis rates were 7.00% 
(0.3 μg/mL) and 11.4% (3 μg/mL).  The total apoptosis rates, 

including early and late apoptosis, were approximately 
7.27% (0.3 μg/mL) and 11.78% (3 μg/mL).  In addition, the 
total apoptosis rates of BTZ were approximately 19.07% (0.3 
μg/mL) and 40.70% (3 μg/mL).  It was demonstrated that 
total apoptosis rates stably increased with increases in drug 
concentration.

Cell cycle analysis
The anti-cancer effect of DTX has been shown to be related 

Figure 3.  Cell apoptosis analysis represented as a histogram.  The proportion of different cell apoptosis phases (Q1: necrotic cells; Q2: late apoptotic 
cells; Q3: early apoptotic cells; Q4: live cells) with different concentrations (0.3 and 3 μg/mL) of drug-DCMs and free drug are analyzed by flow 
cytometry.  The percentage of cells in different cell apoptosis phases is expressed in the histogram, and the data are presented as the mean and SE 
from three independent experiments.
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to blocked mitosis, which results in cell cycle arrest in the 
G2/M phase.  To investigate whether aberrant mitosis was 
observed in DTX-DCMs-treated KYSE30 cells, increasing con-
centrations (0.3, 3, and 30 μg/mL) of DTX-DCMs were used 
to treat KYSE30 cells following cell cycle analysis.  The results 
obtained from the different concentrations are shown in Figure 
4.  DTX-DCMs caused a dose-dependent increase of G2 phase 
accumulation.  The percentages of G2 phase accumulation after 
0.3 and 3 μg/mL DTX-DCMs treatments were 26.92% and 
35.71%, respectively.  Additionally, the percentages of the G1 
phase cells decreased to 6.66% and 1.03% at the concentrations 
of 0.3 and 3 μg/mL DTX-DCMs, respectively.  Most of the 
cells were dead at 30 μg/mL and the results are not shown.  
The results also confirmed that DTX-DCMs caused cell cycle 
arrest, eventually resulting in cancer cell apoptosis.  As shown 
in Figure 4, the proportion of the differentiating stages that 
were treated with different concentrations of BTZ-DCMs was 
analogous, which illustrated that BTZ was not the drug that 
induced apoptosis by inhibiting differentiation.  The results 
from DTX and BTZ were similar to that of DTX-DCMs and 
BTZ-DCMs (Figure 4).

Western blot analysis
Western blot was used to investigate the possible molecular 
mechanisms of DTX-DCMs and BTZ-DCMs against KYSE30 
cells.  Some factors, such as p-ERK, p65, p38, Bcl-2 and PKCε, 
were reported to affect the growth and proliferation of vari-
ous cancers.  Thus, these factors were selected to examine 
and explore the mechanisms of DTX-DCMs and BTZ-DCMs 
on KYSE30 cells in this study.  The results showed that the 
expression levels of p-ERK, p65 and PKCε in cells after treat-
ment with both nanodrugs were increased compared with the 
control group, but the levels of p38 and Bcl-2 were decreased 
(Figure 5).  Alpha-tubulin was used as a protein loading con-
trol.  

Figure 4.  Cell cycle distribution represented as a histogram.  Cell 
cycle distribution and arrest in the G1, S and G2 phases with different 
concentrations (0.3 and 3 μg/mL) of drug-DCMs and free drug were 
analyzed by flow cytometry.  The percentage of cells in each phase is 
expressed in the histogram, and the data are presented as the mean and 
SE from three independent experiments.

Figure 5.  Western blot analysis represented as a histogram.  The levels of 
p-ERK, p65, p38, Bcl-2 and PKCε in KYSE30 esophageal cancer cell lines 
treated with free DTX/DTX-DCMs and BTZ/BTZ-DCMs assayed by Western 
blot.  α-Tubulin was used as a protein loading control.

Drug release and optimization of the drug loading ratio
As shown in Figure 6, the drug release from DTX-DCMs and 
BTZ-DCMs was sustained.  The initial drug release rates of 
DTX-DCMs and BTZ-DCMs in the first 24 h was approxi-
mately 20%, and then it decreased even more.  In the presence 
of GSH, the release rates in 24 h were greater than 40%.  The 
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results show that this nanocarrier has the characteristic of a 
sustained release, and it could be triggered by GSH to release 
drugs at the intracellular level[28].  We evaluated different drug 
combinations to optimize the drug ratio of DTX-DCMs and 
BTZ-DCMs.  Among all the pre-selected drug ratios, the IC50 
was the lowest when the ratio of DTX-DCMs:BTZ-DCMs was 
1:1.

In vitro anti-tumor activities of the nanoformulations
The in vitro cytotoxicity of free drug, blank DCMs (nanocar-
rier) and drug-loaded DCMs was evaluated in KYSE30 cells 
by the MTT assay.  As shown in Figure 7A, the cell killing 
between the groups of free DTX and DTX-DCMs was simi-
lar, and the IC50 concentration was 43.26 μg/mL in the DTX 
group and 49.65 μg/mL in the DTX-DCMs group.  The cell 
viability decreased sharply in the concentration range of 32 to 
64 μg/mL, and the cell survival rate was relatively stable in 
the concentration range of 0.5 to 32 μg/mL.  For BTZ, the IC50 
concentration was 25.13 μg/mL in the BTZ group and 25.09 
μg/mL in the BTZ-DCMs group.  The cell viability decreased 
dramatically in the concentration range of 0.7 to 64 μg/mL.  

Furthermore, the cell viability data indicated that there was no 
obvious toxicity of blank DCMs (Figure 7A).

To investigate the synergistic effect of the two nanoformula-
tions, KYSE30 cells were treated with DTX-DCMs and BTZ-
DCMs concurrently (named as DTX-DCMs+BTZ-DCMs) and 
sequentially (DTX-DCMs followed by BTZ-DCMs (named as 
DTX-DCMs/BTZ-DCMs) and BTZ-DCMs followed by DTX-
DCMs (named as BTZ-DCMs/DTX-DCMs).  The cell viabil-
ity was evaluated by the MTT assay.  The results in Figure 
7B and 7C revealed that treatment of KYSE30 cells with the 
combination of DTX-DCMs and BTZ-DCMs led to significant 
increases in apoptosis and induction of cell death compared 
to DTX-DCMs or BTZ-DCMs alone, indicating that they have 
a synergistic effect on esophageal cancer cells.  Furthermore, 
the sequential treatment with DTX-DCMs followed by BTZ-
DCMs was more effective than concurrent treatment (DTX-
DCMs+BTZ-DCMs) and sequential treatment that was 
administered in a different order (BTZ-DCMs/DTX-DCMs).  
Determined by means of variance analysis (Figure 7C), the 
concentrations from 1.56 to 25 μg/mL were all statistically sig-
nificant (P<0.05), which further confirmed that the best anti-

Figure 6.  Drug release and optimization of the drug loading ratio.  (A) The drug release curve showed the release process of drug-DCMs in PBS and 
GSH.  (B) MTT assays showed cell viability results when DTX-DCMs were 0, 3.125, 6.25, 12.5 and 25 μg/mL with different concentrations of BTZ-DCMs.  
(C) MTT assays showed cell viability results when BTZ-DCMs were 0, 1.56, 3.125, 6.25 and 12.5 μg/mL with different concentrations of DTX-DCMs.  (D) 
MTT assays showed cell viability results the when the drug loading ratios of DTX-DCMs/BTZ-DCMs were 5:1, 2:1, 1:1, 1:2, 1:5.
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tumor activity was achieved with the sequential treatment 
of DTX-DCMs/BTZ-DCMs.  To further investigate whether 
DTX-DCMs and BTZ-DCMs had a synergistic effect, we ana-
lyzed combination indexes (CI) using CompuSyn software 1.0.  
The CI values of DTX-DCMs and BTZ-DCMs (concurrently 
and sequentially) are exhibited in Table 1 and Figure 7D.  It 
was revealed that most CI values were less than 0.5, except for 
the BTZ-DCMs/DTX-DCMs group, which had a concentration 
of 50.00 μg/mL.  Most importantly, when the concentrations 
were less than 25.00 μg/mL, the CI values of the DTX-DCMs/
BTZ-DCMs were all less than 0.3, which strongly indicated 
that there is a synergistic effect between DTX-DCMs and BTZ-
DCMs against KYSE30 cells.

Discussion
The main factor that hinders the application of anti-cancer 
drugs is the dose-limiting toxicity.  Due to the lack of selectiv-
ity, high doses of anti-cancer drugs were administered to reach 

an effective blood concentration.  However, high drug con-
centrations result in severe side effects in patients.  Moreover, 
drug bioavailability is low.  To overcome the above problems, 

Table 1.  The CI values of DTX-DCMs with BTZ-DCMs (concurrently or 
sequentially).

  Total dose                                       CI value
    (μg/mL)                   DTX-DCMs+               DTX-DCMs/              BTZ-DCMs/
                                     BTZ-DCMs                  BTZ-DCMs                DTX-DCMs

 
 100.000  0.38410  0.32832  0.38410 
 50.000  0.43294  0.36407  0.59334 
 25.000  0.39302  0.26210  0.40568 
 12.500  0.20926  0.14833  0.28740 
 6.250  0.13598  0.08899  0.20994 
 3.125  0.11732  0.06720  0.26497

Figure 7.  Anti-tumor activity and cytotoxicity of DTX-DCMs and BTZ-DCMs in KYSE30 cells and a combination index plot.  MTT assays showing the 
viability of KYSE30 cells after 48 h of incubation with different concentrations of free drug, blank DCMs and drug-DCMs.  The DTX-DCMs+BTZ-DCMs 
denotes that BTZ-DCMs and DTX-DCMs are concurrently combined.  DTX-DCMs/BTZ-DCMs denotes that BTZ-DCMs were sequentially followed with DTX/
DCMs, and the opposite sequential order is denoted by BTZ-DCMs/DTX-DCMs.  (A) MTT assay results of free drug, blank DCMs and drug-DCMs.  (B) 
MTT assay result of DTX-DCMs, BTZ-DCMs and DTX-DCMs with BTZ-DCMs (concurrently or sequentially).  (C) Histogram of DTX-DCMs with BTZ-DCMs 
(concurrently or sequentially).  Variance analysis was used in the comparison group, and it was all statistically significant at concentrations that ranged 
from 1.56 to 25 μg/mL (P<0.05).  (D) The combination index plots of DTX-DCMs with BTZ-DCMs (concurrently or sequentially).  The CI values of these 
three agents were mostly less than 0.5, which indicates that there is a synergistic effect between DTX-DCMs and BTZ-DCMs.



940
www.nature.com/aps

Wang XS et al

Acta Pharmacologica Sinica

anti-cancer drugs can be loaded into nanocarriers.  Nanoscale 
drug delivery systems have been investigated due to their 
effective protection against drug resistance, their targeted 
delivery of drugs, improvements in their therapeutic indexes, 
and reduced adverse effects[35–37].  To date, only a very limited 
number of nanomedicines have been approved for clinical use, 
such as albumin-bound paclitaxel[38], non-PEGylated liposomal 
doxorubicin[39] and polymeric micelle-formulated paclitaxel[40].

An ideal nanocarrier should have a high drug loading effi-
ciency for many drugs, a relatively small particle size (10–100 
nm), low toxicity, good stability, controlled release and excel-
lent tumor-targeting capabilities[41-43].  Based on these criteria, 
we chose disulfide cross-linked micelles as a versatile nano-
platform to formulate the anti-cancer drugs DTX and BTZ.  We 
showed the size of DTX-DCMs and BTZ-DCMs to be 22.4±9 
nm and 20.6±8 nm, respectively.  Furthermore, the entrapment 
efficiency of both DTX and BTZ in DCMs was greater than 
80%.  

Through analysis of cell apoptosis and the cell cycle, the 
mechanisms underlying DTX-DCMs-mediated cell death were 
further explored in the KYSE30 human esophageal cancer 
cell line.  Our data suggested that multiple mechanisms were 
potentially involved.  We found that DTX-DCMs significantly 
induced apoptosis, and the biological factor that induced 
apoptosis was drug-induced cell cycle arrest in the G2 phase.  
To further explore the potential molecular mechanism and 
signaling pathway of DTX-DCMs-mediated cell death, we 
analyzed some proteins related to apoptosis.  Based on West-
ern blot analysis, we hypothesized that p-ERK/PKCε/ NF-κB 
may be the signaling pathway involved.  Boutros et al[44] dem-
onstrates that ERK activation is involved in several functions, 
including cell proliferation.  Chauvin et al[45] reported that the 
DTX-induced activation of the ERK signaling pathway can 
increase PKCε activity by 30% and the phosphatidic acid level 
by 1.6-fold.  In addition, the activity of PKCε was positively 
correlated with phosphorylated ERK1/2 levels[46].  Nuclear 
factor κB (NF-κB) is an ubiquitously distributed transcription 
factor that controls the expression of genes involved in the cell 
cycle, immune responses, cell and tissue differentiation, and 
DNA repair[47].  NF-κB activation has proven to be an impor-
tant signaling pathway in the occurrence and development 
of many kinds of tumors.  An earlier report showed that the 
tumor suppressor function of NF-κB was mediated by down-
regulating protein phosphatase 1a, which leads to the pres-
ervation of phosphorylation on p-ERK and inhibition of the 
apoptotic pathway[48].  In our present study, we presumed that 
the p-ERK/PKCε/NF-κB pathway might be a latent signal-
ing pathway during cancer cell treatment with DTX.  Further 
studies are warranted to investigate this in detail.  Further-
more, we used cell cycle analysis to confirm that BTZ was not 
the drug that induced apoptosis by inhibiting differentiation.  
Using Western blot analysis, we demonstrated that BTZ acti-
vated the intrinsic pathway by down-regulating p38 and anti-
apoptotic proteins, such as Bcl-2.  The activation of Bcl-2 may 
increase MMP and activate caspase-3, and increased levels of 
cleaved caspase-3 are reliable indicators of apoptosis[30].  Thus, 

we suggest that p38/NF-κB/Bcl-2 may be the potential signal-
ing pathway that induces apoptosis.  Interestingly, Western 
blot analysis demonstrated that the level of PKCε protein was 
slightly changed, but p-ERK was obviously up-regulated fol-
lowing BTZ treatment, indicating that BTZ and DTX may have 
a synergistic effect.  

We systemically investigated the impact of the sequence and 
the drug ratio of the combination therapies on in vitro antitu-
mor activities.  Our data from the MTT assays demonstrated 
that the most effective method was using a 1:1 ratio of DTX-
DCMs and BTZ-DCMs in sequential treatment (DTX-DCMs/
BTZ-DCMs).  The data were statistically significant in concen-
trations ranging from 1.56 to 25 μg/mL (P<0.05) compared 
with the other treatments.  Furthermore, we analyzed the com-
bination indexes through CompuSyn software 1.0.  Based on 
the CI plot and the CI values of DTX-DCMs and BTZ-DCMs, 
we concluded that there was a synergistic effect between DTX-
DCMs and BTZ-DCMs, particularly when DTX-DCMs were 
applied prior to BTZ-DCMs.  This result is consistent with pre-
vious preclinical studies in prostate and lung cancer models[19].  
These findings suggest an immense potential for the sequen-
tial treatment method (DTX-DCMs/BTZ-DCMs) in clinical 
applications to improve the therapeutic responses to DTX and 
BTZ.

In summary, we have successfully developed nanoformu-
lations of DTX and BTZ by utilizing disulfide cross-linked 
micelles.  These DTX- and BTZ-loaded nanoparticles were 
relatively small in diameter and exhibited a high drug load-
ing efficiency.  These nanodrugs could be effectively internal-
ized by human esophageal cancer cells, and they played a 
significant role in cell apoptosis.  Furthermore, there was a 
strong synergistic effect between DTX-DCMs and BTZ-DCMs 
against an esophageal cancer cell line.  Sequential combination 
therapy with DTX-DCMs followed by BTZ-DCMs showed the 
best in vitro anti-tumor efficacy.  In vivo therapeutic and toxic-
ity studies are currently underway to further evaluate DTX-
DCMs and BTZ-DCMs in esophageal cancer animal models.  
The nanoformulations of DTX and BTZ showed great promise; 
therefore, further investigations of combination therapy to 
improve the treatment efficacy of esophageal cancer are war-
ranted.  
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