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ABSTRACT
Purpose A multidrug resistance (MDR) modulator, di-
sulfiram (DSF), was incorporated into pure paclitaxel
(PTX) nanoparticles to construct a smart paclitaxel-
disulfiram nanococrystals (PTX-DSF Ns) stabilized by
β-lactoglobulin (β-LG), with the aim to reverse MDR
and therefore enhnce cytotoxicity towards Taxol-
resistant A549 cells (A549/TAX).
Method PTX-DSF Ns was prepared by antisolvent precipi-
tation method. Flow cytometry was used to determine the cell
uptake, drug efflux inhibition, cell cycle phase arrest and ap-
optosis. MDR-1 gene expression level was detected by real
time quantitative PCR and gel electrophoresis.
Results PTX-DSF Ns prepared from the optimized formula-
tion had an optimum diameter of 160 nm, was stable and had
a high drug-loading capacity. Importantly, the uptake of
PTX-DSF Ns in A549/TAX cells was 14-fold greater than
the uptake of PTXNs. Furthermore, PTX-DSF Ns promoted
5-folds increase in apoptosis, enabled 7-folds reduction in the
IC50, and rendered 8.9-fold decrease in the dose compared
with free PTX.
Conclusion PTX-DSF Ns with a precise mass ratio offer
efficient cytotoxicity against Taxol-resistant cells and a
novel approach for codelivery and sensitizing MDR

cancer to chemotherapy. In addition, the use of
nanosuspensions as a combined treatment provides a
new research avenue for nanosuspensions.
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ABBREVIATIONS
A549 Sensitive human lung adenocarcinoma cell line
A549/
TAX

Taxol resistant human lung adenocarcinoma cell
line

ABC ATP-Binding Cassette
BCA Bicinchoninic acid
β-LG β-lactoglobulin
CD Circular Dichroism
cDNA Complementary DNA
CI Combination index
CLSM Confocal laser scanning microscope
DAPI 4, 6-diamidino-2-phenylindole
DL Drug loading
DLS Dynamic light scattering
DMSO Dimethyl sulfoxide
DRI Dose reduction index
DSF Disulfiram
EE Encapsulation efficiency
FBS Fetal bovine serum
FDA Food and Drug administration
FITC Fluorescein 5(6)-isothiocyanate
HPLC High-performance liquid chromatography
IC50 Half maximal inhibitory concentration
MDR Multidrug resistance
MDR-1 Multidrug resistance gene-1
MTT 3-(4, 5-dimethylthiazol-2yl)-2, 5-

diphenyltetrazolium bromide
PBS Phosphate buffer saline
PDI Polydispersity index
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P-gp P-glycoprotein
PI Propidium iodide
PTX Paclitaxel
PTX-DSF Free Paclitaxel-Disulfiram formulation
PTX-DSF
Ns

Paclitaxel-Disulfiram nanococrystals

PXRD Powder X-ray Diffraction
RNA Ribonucleic acid
RT-qPCR Real time quantitative PCR
SEM Scanning electron microscopy
TEM Transmission electron microscopy
Trp Tryptophan

INTRODUCTION

Lung cancer is the leading cause of cancer-related deaths in
the world (1). Chemotherapy is an effective measure to pro-
long survival in patients with lung cancer (2). However, the
success of chemotherapy is hindered by the development of
MDR during treatment (3). It is estimated that MDR is re-
sponsible for over 90% of treatment failure in patients with
metastatic cancers, especially lung cancer (4). Accordingly, the
reversal of MDR is a key determinant that sensitizes MDR
tumor cells to chemotherapeutics. P-glycoprotein (P-gp)-me-
diated drug efflux, an overexpression of transporter protein
encoded by MDR-1 gene, allows the efflux of chemothera-
peutics from tumor cells and is a crucial factor that is respon-
sible for MDR (5). Therefore, downregulating the P-gp is a
promising strategy for MDR reversal.

DSF is a poorly water-soluble drug with a water-solubility
of 0.2 mg/mL, which was approved by the FDA as a treat-
ment for alcoholism in 1951 and has the potential to reverse
MDR (6). DSF is capable of suppressing P-gp-mediated
drug efflux by interacting with the cysteine moiety with-
in P-gp and restoring the sensitivity of cancer cells to
chemotherapeutics (7,8).

Consequently, we hypothesized that a combination of con-
ventional chemotherapeutics, such as PTX with DSF, would
be a smart approach to reverse MDR and enhance apoptosis.
However, the cocktail approach is limited by various draw-
backs, including different physicochemical properties of
paired drugs, different pharmacokinetics and biodistribution
of drug combinations, and different membrane transport
mechanisms, leading to suboptimal co-drug concentrations
at the target site (9,10). Nanocarriers are a potent tool for
codelivery of multiple drugs, due to their outstanding merits,
including the nanoscale size of the particles that allows specific
accumulation at the target site, decreased side effects, alter-
ations in performance in vivo, and enhanced solubility and
drug stability (11–13). However, these conventional nanopar-
ticles have limited drug-loading ability of less than 10% and
potentially induce toxicity in normal tissues (14). Furthermore,

the synergistic effect between two drugs is strongly dependent
on the dose ratio (15). Therefore, an accurate ratio of two
combined drugs is critical for developing a perfect combina-
tory drug delivery system.

Nanosuspensions of insoluble active compounds are a col-
loidal dispersion consisting of nanocrystals and a minimal
amount of stabilizers (16). In contrast with other
nanomedicines, such as liposomes, polymer micelles, and in-
organic nanocarriers, nanosuspensions have a markedly
higher drug-loading capacity because they mainly consist of
pure drug particles (17,18). Other advantages of
nanosuspensions include reduced personal variability and
food effects, improved treatment outcomes with decreased
side effects, and low toxicity to normal organs; thus,
nanosuspensions represent promising nanomedicines
(19–23). As shown in our previous reports, β-LG coats drug
particles in nanosuspensions and significantly prolongs the
half-life in the blood circulation (24). Here, we designed
PTX-DSFNs employing β-LG as a stabilizer, which possessed
a high drug-loading capacity at a precise co-drug ratio for
MDR reversal and enhanced cytotoxicity toward Taxol-
resistant cells. As depicted in Scheme 1, we postulated that
the DSF released from PTX-DSF Ns would inactivate the
P-gp-mediated drug efflux pump and thus sensitize drug-
resistant tumor cells to a chemotherapeutic agent, PTX, ulti-
mately enhancing apoptosis and therapeutic effects. Various
in vitro proof-of-concept experiments were performed to study
the potential effects of PTX-DSF Ns on reversing MDR in
sensitive and Taxol-resistant A549 human lung adenocarcino-
ma cells, A549 and A549/TAX cells, respectively.

MATERIALS AND METHOD

Materials

PTX (99% purity) was purchased from Yew Biotechnology
Co., Ltd. (Jiangsu, China). DSF (≥ 97% purity), bovine serum
albumin (BSA), β-LG (90% purity), fluorescein 5(6)-isothiocy-
anate (FITC) (90% purity) and 3-(4, 5-dimethylthiazol-2yl)-2,
5-diphenyltetrazolium bromide (MTT) (98% purity) were
purchased from Sigma-Aldrich Co., Ltd. (St. Louis, MO,
USA). The Annexin V-FITC/PI apoptosis detection kit was
obtained from Nanjing KeyGen Biotech Co., Ltd. (Nanjing,
China), the cell cycle assay kit was purchased from Solarbio
Science & Technology Co., Ltd. (Beijing, China), and the
caspase-3 and -9 calorimetric assay kit was obtained from
Nanjing KeyGen Biotech Co., Ltd. (Nanjing, China). The
BCA protein estimation kit was purchased from Beyotime
Institute of Biotechnology Co., Ltd. (Haimen, China). The
QuantiTect SYBR Green PCR kit was obtained from
QIAGEN Inc. (Germantown, MD, USA). Human lung ade-
nocarcinoma A549 cells were purchased from Nanjing
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KeyGen Biotech Co., Ltd. (Nanjing, China) and Taxol-
resistant A549/TAX cells were established in our lab using
the dose escalation method. Fetal bovine serum (FBS) and
RPMI-1640 cell culture medium were obtained from Wisent
Inc. (St. Bruno, Quebec, Canada). PBS, trypsin-EDTA (more
than 6000 U/mg) and a 100 U/ml penicillin+100 μg/ml
streptomycin solution were obtained from Nanjing KeyGen
Biotech Co., Ltd. (Nanjing, China).

Preparation and Characterization

PTX-DSF Ns was prepared and β-LG was denatured using
methods described in our previous report (25), with a few
modifications. Briefly, 30 mg of β-LG was added to a tube
containing 30ml of distilled water to prepare a 1mg/ml β-LG
protein solution (antisolvent protein solution in water). After
vigorous vortexing, stirring for 2 h at room temperature and

Scheme 1 (1) PTX-DSF Ns were prepared by antisolvent precipitation method. (2) PTX-DSF Ns enter resistant lung adenocarcinoma cells (A549/TAX) and
deliver a synergistic concentration of PTX and DSF to the tumor cells. (3) Released DSF suppresses overexpressed MDR-1 associated P-gp efflux pump,
subsequently (4) increases intracellular PTX concentration and finally (5) promotes apoptosis by initiating (6) caspase-3 and caspase-9 cascade and (7) G2/M
cell cycle phase arrest.
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adjusting the pH to 7.0 using 0.1 M HCL or NaOH, the
protein solution was heated to more than 90°C for 30 min.
Then, the PTX-DSFNs was prepared by using the antisolvent
precipitation method. Briefly, 6 mg of PTX and 1 mg DSF
were co-dissolved in 1 ml of organic solvent (acetone) to pre-
pare 6:1 mg/ml dual drug solution. Then, 1 ml of the dual
drug solution was poured into 10 ml of a 1 mg/ml protein
solution (less than 4°C) with constant stirring. After antisolvent
precipitation, formulations were immediately sonicated with
an ultrasonic probe (20–25 kHz, Scientz Biotechnology Co.,
Ltd. Ningbo, China) at 600W for 15min. The duration of the
ultrasonic burst was set to 3 s, with a pause of 4 s between two
ultrasonic bursts. During ultrasonication, the temperature was
controlled with an ice bath (4°C). Finally, PTX-DSF Ns were
evaporated under reduced pressure with a rotating speed of
50 rpm at 25°C for 30 min to remove the residual acetone.

The FITC-PTX-DSF Ns or FITC-PTXNs were prepared
by co-dissolving FITC, DSF, and PTX in case of FITC-PTX-
DSF Ns, while FITC and PTX for FITC-PTX Ns in acetone
as an organic phase prior to use (26).

Particle Size, Polydispersity Index (PDI), and Zeta
Potential

The particle size and PDI were measured according to the
dynamic light scattering (DLS) principle using a 90Plus
ZetaPlus Zeta Potential Analyzer (Brookhaven Instruments,
Holtsville, NY, USA) at 25°C. The PDI was used as a measure
of the particle size distribution. Raw data were collected over
5 min at 25°C and at an angle of 90°. The size was expressed
as an intensity-weighted Gaussian distribution (with Chi-
square va lue <3) . The sur face charge of the
nanosuspensions was determined by measuring the elec-
trophoretic mobility at 25°C. The sample was diluted
100-fold in water prior to the measurement.

Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM)

The SEM test was performed on a Philips XL30 SEM
(Eindhoven, Holland) at an excitation voltage of 10 kV. The
diluted sample was placed on a brass stub and dried at 25°C.
Then, the sample was coated with gold using a sputter coater
for 180 s under a vacuum.

The TEM examination was conducted on a JEM-
1230TEM (Tokyo, Japan) at an accelerated voltage of
200 kV. After a 200-fold dilution, one drop of sample was
deposited on a copper mesh and dried at 25°C, followed by
removing the excessive sample with filter paper. Next, one
drop of 2% (w/w) phosphotungstic acid was added to stain
the sample for 30 s. After removing the superfluous phospho-
tungstic acid, the sample was desiccated at 25°C for 5 min.

In Vitro Stability

In vitro colloidal stability was examined in high ionic strength
solutions, including saline (0.9% NaCl, ionic strength
154mM), phosphate buffer saline (PBS, pH 7.4, ionic strength
162.7 mM) and PBS containing 10% serum (pH 7.4), by mea-
suring the particle size, PDI and zeta potential. The particle
size, PDI and surface charge of samples were assayed at spe-
cific time points.

Powder X-Ray Diffraction (PXRD) Analysis

A PXRD examination was conducted on a D8 advance dif-
fractometer (Bruker, Germany) over the 2.5–50° 2θ range at a
scan rate of 3°/min, where the tube anode was Cu with Ka =
0.154 nm monochromatized with a graphite crystal. The pat-
tern was collected at a 40 kV tube voltage and 60 mA of tube
current in step scan mode (step size 0.02°, counting time 1 s/
step).

Fluorescence and Circular Dichroism (CD) Spectra

The fluorescence spectrum was investigated by scanning from
300 to 800 nm at an excitation wavelength of 295 nm using a
fluorescence spectrometer (Shimadzu RF-5301 PC, Japan).
Far (190–250 nm) and near (250–420 nm) CD spectra were
recorded on J-810 spectrometer (Tokyo, Japan) equipped with
a temperature controlling unit and a quartz cuvette to deter-
mine the secondary and tertiary structures of the native and
denatured β-LG protein solution in water, as well as β-LG in
PTX-DSF Ns with different drug-loading capacities, in which
the β-LG concentration remained constant in each formula-
tion. The ellipticity was expressed in millidegrees. The follow-
ing parameters were used for CD examinations: wavelength,
190–420 nm; bandwidth, 1 nm; scanning speed, 100 nm/min;
cell length, 0.1 cm; response, 1 s; temperature, 25°C; β-LG
concentration, 0.15mg/ml (pH 7.0). The samples used for the
fluorescence spectroscopy analysis were same samples used to
collect CD spectra, except the concentration of β-LG was
0.25 mg/ml (pH 7.0).

Drug Encapsulation Efficiency (EE%) and Drug Loading
(DL%)

PTX-DSF Ns were incubated with 15 ml of a pepsin solution
(5%) to digest the β-LG and break the nanoparticles for 12 h,
diluted with 3 ml of diethyl ether and centrifuged at 10,000 g
for 10 min to determine the EE% and DL%. Next, the super-
natant was collected and analyzed using the high-
performance liquid chromatography (HPLC) system
(Shimadzu LC-10AT, Kyoto, Japan) described below. The
EE% and DL% of PTX and DSF were calculated using fol-
lowing formulas:
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EE %ð Þ ¼ Amount ofdrugencapsulated=Amount ofdrugadded� 100%

DL %ð Þ ¼ Amount ofdrugencapsulated=Amountofβ�LG� 100%

In Vitro Drug Release

The in vitro release test was performed at two different pH
(pH 7.4 and 5.4) using the dialysis method and a 3.5 kDa
molecular weight cutoff dialysis bag. Dialysis was per-
formed in an incubator with a shaking speed of
100 rpm/min at 37°C. The release media were PBS with
1% (w/v) Tween-80 at pH 7.4 or 5.4. At predetermined
time intervals, 2 ml of sample were withdrawn from the
dialysis bag and replenished with the respective fresh re-
lease medium. Upon centrifugation at 15,000 g for 5 min,
the concentrations of PTX and DSF in the supernatant
were quantified using HPLC system equipped with an
LC-10AT pump and SPD10A UV-detector (Shimadzu,
Tokyo, Japan). PTX and DSF were separated on a
Diamonsil C18 column (4.6 mm × 250 mm) at 227 and
275 nm, respectively. A mixture of methanol and water
(80: 20, v/v) was used as the mobile phase with a flow rate
of 1.0 ml/min at 37°C. The injection volume was 20 μl.

Cell Culture

A549 and A549/TAX were cultured in RPMI-1640 supple-
mented with 10% FBS and 100 U/ml penicillin+100 μg/ml
streptomycin at 37°C in a 5% CO2 humidified incubator
(Thermo Scientific, Waltham, MA, USA).

Establishment of A549/TAX Cells

A549/TAX cells were obtained using the dose escalation
method, as described in previous reports (27,28). Briefly,
A549 cells in logarithmic growth phase were cultured in
RPMI-1640 medium for 48 h. Next, cells that had reached
80% confluence were incubated with Taxol at a PTX con-
centration of 20 ng/ml for 24 h. Because Taxol induces apo-
ptosis, sensitive cells died and then surviving cells were collect-
ed and cultured in Taxol-free culture medium until the next
logarithmic phase. In the next cycle, cells were cultivated and
Taxol induced apoptosis as described in the previous cycle
until the Taxol concentration had increased from 20 ng/ml
to 400 ng/ml in a gradient (20, 40, 60, 80, 100, 200, 300 and
400 ng/ml). The process was repeated until the A549 cells
grew steadily in medium containing 400 ng/ml Taxol. At this
stage, the A549 cells were A549/TAX cells. The fold resis-
tance of A549/TAX cells was calculated by determining the
half maximal inhibitory concentration (IC50).

The drug resistance of A549/TAX cells was maintained by
the addition of 100 ng/ml Taxol to the medium. Before

performing any cell-based experiment, A549/TAX cells were
cultivated in Taxol-free culture medium for at least three days.

Cellular Uptake and Intracellular Tracking

A549 and A549/TAX cells were seeded in 24-well plates (1 ×
105 cells/well) and incubated for 24 h at 37°C. Then, cells
were treated with FITC-PTX-DSF Ns for 0.5, 1, 2, 4 and 8 h
at 37°C at FITC concentrations ranging from 20 to 800 ng/
ml in PBS (the mass ratio of PTX to DSF was 5:1). Next, cells
were dissociated from the plates, collected, washed with PBS 3
times, and resuspended in 500 μl of PBS. Finally, the fluores-
cence intensi ty was measured by f low cytometry
(FACSCalibur, BD Biosciences, USA).

A549 and A549/TAX cells (1 × 105 cells) were seeded on
glass bottom culture dish (10 mm2) with a cover and were
incubated for 24 h at 37°C. Then, the cells were incubated
with FITC-PTX-DSF Ns in cell culture medium at a fixed
FITC concentration of 800 ng/ml for 1, 2 and 4 h (mass ratio
of PTX to DSF was 5:1) to examine the cellular localization.
Cells were washed with ice-cold PBS 3 times, fixed with 4%
paraformaldehyde, incubated with fresh medium con-
taining LysoTracker Red for 2 h, washed with PBS
for 3 times, incubated with DAPI (0.2 μg/ml) for
20 min, and rinsed with PBS for 3 times. Cells were
subsequently observed under a confocal laser scanning
microscope (CLSM, LSM700, Zeiss, Germany).

Efflux Inhibition Assay

Quantitative and qualitative drug efflux studies were per-
formed. For the quantitative drug efflux analysis, A549/
TAX cells were seeded in 24-well plates (1 × 105 cells/well)
and cultured for 24 h at 37°C. Then, cells were treated with
FITC-PTXNs and FITC-PTX-DSF Ns for 12 h at a FITC
concentration of 800 ng/ml (the mass ratio of PTX to
DSF was 5:1). Next, cells were trypsinized, collected,
washed with PBS 3 times, resuspended in 500 μl of
PBS, and finally subjected to fluorescence measurements
using flow cytometry.

For the qualitative drug efflux assay, the cells were incubat-
ed with FITC-PTX Ns or FITC-PTX-DSF Ns at a FITC
concentration of 800 ng/ml (the mass ratio of PTX to DSF
was 5:1) for 12 h, fixed with 4% parafo1rmaldehyde, treated
with LysoTracker Red for 2 h and stained with DAPI (0.2 μg/
ml) for 20 min. Finally, the cells were visualized with CLSM.

Cytotoxicity, Apoptosis and Synergistic Effects

The cytotoxicity of A549 and A549/TAX cells was assessed
using the MTT assay. Briefly, cells were seeded in 96-well
plate (5 × 104 cells/well) and cultured for 24 h to allow the
cells to attach to the surface. Cells were then incubated with
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different formulations at different drug concentrations for 24
and 48 h. The mass ratio between PTX and DSF in the free-
drug combination formulation and PTX-DSF Ns was fixed at
5:1. In this experiment, untreated cells were used as a control.
Next, 20 μl of MTT solution in PBS (5 mg/ml) were added to
the each well, followed by a 4-h incubation at 37°C and the
addition of 150 μl of DMSO. Finally, the absorbance was
determined at 490 nm using a spectrophotometer
(Thermo Sc ien t i f i c Mul t i s kan FC Microp la t e
Photometer, Waltham, MA, USA). Using the same
method, the cytotoxicity of β-LG and the blank solution
used to dissolve free drugs and their combination was
also determined. The IC50 values were calculated using
GraphPad Prism 5.01 software (GraphPad Software Inc.
La Jolla, CA, USA).

For the cellular apoptosis assay, A549 and A549/TAX
cells were seeded in 6-well plate at a density of 5 × 105 cells/
well and incubated for 24 h at 37°C. Then, cells were incu-
bated with the different formulations for 48 h. For the quan-
titative assessment of cellular apoptosis, the treated cells were
collected, washed with PBS 3 times and stained with the
Annexin V-FITC/PI apoptosis detection kit at room temper-
ature for 15 min in the dark. Next, the cells were analyzed by
flow cytometry.

The synergistic interaction between PTX and DSF was
calculated at a fixed mass ratio using the CI equation (29,30):

CI ¼ D1

Dx1
þ D2

Dx2

Where Dx1 and Dx2 are PTX and DSF concentrations alone
required to inhibit 50% of cell growth, respectively, and D1

and D2 are the PTX and DSF concentrations in the combi-
nation treatment that also inhibit 50% of cell growth.
Notably, CI <1, CI = 1 and CI > 1 indicated synergistic,
additive and antagonistic effects, respectively. The CI
and DRI were calculated using CompuSyn 1.0 software
(ComboSyn, Inc., USA).

Mechanism of the Synergistic Effect

Cell Cycle Analysis

For the cell cycle analysis, A549 and A549/TAX cells
were seeded in 6-well plates at a density of 5 × 106

cells/well and incubated for 24 h at 37°C. Then, cells
were incubated with the different formulations for 48 h
(the mass ratio of PTX to DSF was 5:1). The treated cells
were then collected, washed with ice-cold PBS 3 times
and fixed with 70% ethanol overnight at 4°C. Next, the
cells were consecutively treated with RNase A and 5 μg/
ml PI for 30 min in the dark. Finally, the alterations in the
cell cycle were analyzed by flow cytometry.

Caspase-3 and Caspase-9 Assay

Caspase-3 and caspase-9 assays were performed to explore the
apoptosis mechanism. The assays were conducted using
caspase-3 and -9 calorimetric assay kits, according to manu-
facturer instructions. Briefly, A549 and A549/TAX cells were
seeded in 6-well plates (5 × 106 cells/well) and incubated for
24 h at 37°C. Then, cells were incubated with the different
formulations for 48 h. Next, cells were washed with PBS 2
times and collected by centrifugation at 2000 rpm for 5 min.
After removing the PBS, 200 μl of lysate buffer for the
caspase-3 assay and 100 μl for the caspase-9 assay were added
to the cells, incubated on ice for 20 min, vigorously vortexed
for 10 s and centrifuged at 10,000 rpm at 4°C to collect the
supernatant (cell lysate). The total protein concentration was
measured using the BCA protein estimation kit. Caspase as-
says were performed bymixing 50 μl of cell lysate with 50 μl of
2 × reaction buffers and 5 μl of caspase substrate and then
incubating the mixture for 4 h in the dark at 37°C. Finally,
the optical density of the reaction mixture was measured at
405 nm using a spectrophotometer (Thermo Scientific
Multiskan FCMicroplate Photometer, Waltham, MA, USA).

MDR-1 Gene Expression Assay

The analysis of MDR-1 expression was performed using RT-
qPCR. Briefly, total RNA was extracted from A549 and
A549/TAX cells using Trizol reagent, according to the man-
ufacturer’s instructions. The purity and concentration of RNA
were estimated using a NanoDrop spectrophotometer
(Thermo Scientific, MA, USA). Total RNA (1 μg) was used
to synthesize cDNAs in a 20 μl reaction mixture on a Master
Cycler Nexus GSX1 (Eppendorf, NY, USA) with the follow-
ing 40 thermal cycles: 25°C for 5 min, 50°C for 15 min and
85°C for 5 min.

The RT-qPCRwas performed in 20 μl reaction mixture of
each sample in triplicate in 96-well plate and run on Quant
Studio 3 Real-time qPCR (Applied Biosystems, CA, USA).
The specific primers used to amplify the MDR-1 and β-actin
cDNAs are shown in Table SI. Here, β-actin was used as
housekeeping gene for normalization. In each reaction mix-
ture, the primer and cDNA concentrations for each gene were
0.4 μl and 50 ng, respectively. The amplification cycle condi-
tions were: 95°C for 5 min (pretreatment stage 1), 95°C for
10 s and 60°C for 30 s (cycling or reaction stage 2), 95°C for
15 s, 60°C for 1 min and 95°C for 15 s (melting curve stage 3)
for a total of 35 thermal cycles. The expression level of the
MDR-1 mRNA was normalized to β-actin expression, and
relative mRNA levels were calculated by 2-ΔΔCT method
(31). Finally, after amplification, the PCR products (10 μl) of
each reaction were subjected to electrophoresis in a 2% aga-
rose gel.
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Statistical Analysis

All results are presented as means ± SD, and each value was
the mean of three replicate independent experiments per-
formed in parallel. Statistical analyses were performed using
the 2-way ANOVA test. All analysis are shown compared to
the control and the significance of the difference is indicated as
*P < 0.05, **P < 0.01, or ***P < 0.001.

RESULTS

Preparation and Characterization

The present s tudy was aimed to des ign a novel
nanosuspension for the codelivery of PTX and DSF to over-
come MDR and promote cytotoxicity in Taxol-resistant cells.
Here, β-LG, which acted as a stabilizer, was used to coat the
nanococrystals of PTX and DSF (PTX-DSF Ns) prepared
using an antisolvent precipitation method. First, we optimized
the formulations by increasing the concentration of PTX (1–
10mg) while maintaining the DSF concentration at a constant
value (1 mg) or increasing the DSF concentration (0.1–1 mg)

while maintaining PTX concentration at a fixed concentra-
tion (6 mg). As displayed in Fig. S1, the smallest particle size,
approximately 160 nm, was obtained from the combination of
6 mg:1 mg or 5 mg:1 mg of PTX and DSF. The for-
mer combination had a higher drug-loading capacity
and a lower PDI value than the latter combination,
and therefore, it was selected as the optimized formula-
tion for the subsequent studies.

The PTX-DSF Ns prepared from the optimized formula-
tion exhibited a slightly milky color but was transparent and
homogeneous in physical appearance and had a hydrodynam-
ic diameter, PDI and surface charge of 160 nm, 0.23 and
approximately −24 mV, respectively (Fig. 1, panel A). The
negative charge was due to the β-LG coating (32). SEM and
TEM examinations confirmed that the PTX-DSF Ns showed
a rod-like morphology with particle diameter of approximate-
ly 150 to 200 nm (Fig. 1, panels B and D). The freeze-dried
PTX-DSF Ns exhibited incompact and porous features (Fig.
1, panels C and E); after redispersion in water, a considerable
number of rod-like particles with a length of approximately
150 to 200 nm was observed (Fig. 1, panel E). Based on these
results, PTX-DSFNs was able to be freeze dried for long-term
storage. Furthermore, according to the HPLC results,

Fig. 1 Characterization. (a) Size distribution, zeta potential and an optical picture of PTX-DSF Ns. SEM images of (b) PTX-DSF Ns and (c) freeze dried sample.
(d) TEM images of PTX-DSF Ns and (e) redispersed sample. (f) Physical stability. (g) PXRD assay.
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the drug-loading capacities of PTX and DSF in the optimized
formulation of PTX-DSF Ns were approximately 36.23 ±
0.9% with an EE% of 96.6 ± 0.24% and 7.38 ± 0.12% with
an EE% of 81.2 ± 1.35%, respectively. Based on subsequent
calculations, the accurate mass ratio of PTX to DSF in PTX-
DSF Ns was approximately 5:1. Surprisingly, the drug-
loading capacity of the MDR modulator drug (DSF) was 3–
6-fold greater than in the previously reported studies (33,34).

In Vitro Stability

The stability of PTX-DSF Ns regarding particle size and PDI
was examined in three different solutions: saline, PBS pH 7.4
(high ionic strength solution) and PBS pH 7.4 supplemented
with 10% FBS (physiological fluid). The particle size in saline
decreased from 162 nm to 140 nm, whereas the PDI was
increased from 0.13 to 0.28 over time. No noticeable changes
in these two parameters were observed in PBS pH 7.4. In PBS
pH 7.4 + 10% FBS, the particle size and PDI of PTX-DSFNs
increased from 162 to 202 nm and from 0.13 to 0.22, respec-
tively (Fig. 1, panel F), owing to protein absorption.

Zeta potential is also an important parameter that deter-
mines the physical stability of nanoparticles. The zeta-
potential values of PTX-DSF Ns were changed from −22 to
−23 mV and −22 to −27 mV in saline and PBS pH 7.4
medium, respectively. In PBS pH 7.4 + 10% FBS, the zeta
potential varied significantly from −22 to −10 mV at the
end of study period (Fig. 1, panel F).

PXRD Analysis

As shown in Fig. 1, panel G, PTX showed three intense peaks
(A, B, and E) at 2θ equal to 5.68°, 8.96° and 12.42°, and DSF
showed four characteristic peaks (O, R, S, and U) at 17.05°,
21.46°, 24.68° and 29.82°. In contrast, no characteristic peaks
were observed for β-LG, whereas the physical mixture
displayed five peaks (A, B, E, S, and U) at 5.68°, 9.06°,
13.88°, 24.54°, and 29.72°, respectively. For PTX-DSF Ns,
four characteristic peaks (A, B, S, and U) at 5.74°, 13.92°,
24.58° and 29.76° were observed. The freeze dried PTX-
DSF Ns powder exhibited major diffraction peaks for
both PTX (A and E) and DSF (S and U), although
the intensity of the peaks was not as high as the raw
powders. Thus, PTX and DSF were mainly present as
microcrystals in PTX-DSF Ns.

Fluorescence and CD Spectra

Fluorescence spectroscopy is a potent tool used to study the
structure and conformational changes in proteins (35,36). The
emission characteristics of tyrosine, phenylalanine, and tryp-
tophan (Trp) residues present in many proteins have been
proven to be quite handy in understanding the binding

mechanisms and conformational changes in proteins upon
interactions with membranes (37), small molecules (38,39)
and nanoparticles (40–43). In this study, the interaction be-
tween β-LG and the cocrystals of PTX and DSF was investi-
gated using fluorescence spectroscopy. β-LG contains two Trp
residues with intrinsic fluorescence; however, fluorescence
quenching occurs as the local hydrophobic environment of
the Trp residue is disrupted. The effects of heat-induced de-
naturation and drug-loading capacity on the fluorescence
quenching of β-LG are shown in Fig. 2, panels A and B. A
significant decrease in fluorescence intensity was observed for
denatured β-LG compared with the native protein, indicating
that the heat-induced denaturation exposed the Trp residues
in the protein to less hydrophobic conditions. Specifically, the
incorporation of cocrystals (the mass ratio of PTX to DSF was
5:1) into the denatured β-LG solution significantly quenched
the fluorescence, followed by a red shift of λmax from 353 to
359 nm, regardless of the difference in drug-loadings, indicat-
ing robust interactions between them. Interestingly, the max-
imum intensity increased as the drug-loading capacity in-
creased, and in particular, the intensity markedly increased
as the drug-loading capacity increased to 5 mg:1 mg
of PTX: DSF. At low drug-loading capacities, the drug
tended to interact with the protein, subsequently
forming protein-drug complexes that ultimately assembled in-
to nanocomplexes and re-established a hydrophobic environ-
ment for the Trp residues. In contrast, at high drug-loading
capacities, the protein tended to absorb on the hydrophobic
surface of drug particles and thus allowed the Trp residues to
be trapped in a more hydrophobic environment (18).

CD spectroscopy was performed to further understand the
interaction between the cocrystals with β-LG. CD spectrosco-
py is a very sensitive and comprehensive tool used to monitor
the alterations in secondary and tertiary structures in proteins
induced by guest molecules. Figure 2, panels C-F shows the far
and near UV-CD spectra of native and denatured β-LG and
the effects of drug-loading capacity on the denatured β-LG.
The far CD spectra of native and denatured β-LG exhibit a β-
sheet structure and α-helix with a wide negative minimum at
λmax 218 nm; however, the denatured β-LG exhibited a de-
crease in the negative minimum and therefore displayed de-
creased α-helical contents after heat-induced denaturation
(Fig. 2, panels C and E). The near CD spectra also showed a
positive peak for native β-LG at approximately 360 nm and a
negative peak at λmax 353 nm for denatured β-LG. Based on
these changes, the heating process induced conformational
changes in the secondary and tertiary structures of β-LG
(44). Importantly, the drug-loading capacity of PTX and
DSF (mass ratio of PTX to DSF was 5:1) significantly influ-
enced the CD spectra of denatured β-LG. In detail, as the
drug-loading capacity increased from 0 to 36 mg (30 mg:6 mg
of PTX: DSF), the negative minimum decreased, with a red
shift of λmax from 218 nm to 236 nm in far CD spectra, and the
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Fig. 2 Fluorescence emission spectra of (a) native and denatured β-LG, (b) different drug combination ratio of PTX-DSF Ns. (c) Far and (e) near UV-CD of
native and denatured β-LG, (d) far and (f) near UV-CD of different drug combination ratio of PTX-DSF Ns. The β-LG concentration in the aqueous phase was
0.25 and 0.15 mg/ml for fluorescence spectrum and CD examination, respectively.
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negative minimum increased, with a red shift of λmax from 351
to 337 nm in near CD spectra (Fig. 2, panels D and F).
Nonetheless, these changes spanning low and high drug-
loading capacities were different due to the formation of dif-
ferent nanoformulations and subsequent placement of the in-
trinsic fluorescent residues of the protein in a new environ-
ment, consistent with the fluorescence spectra. Collectively,
these data revealed alterations in the secondary and tertiary
structures of denatured β-LG induced by the cocrystals and
thus verified a robust interaction between the two.

In Vitro Drug Release

The in vitro drug release profile of PTX-DSFNs was evaluated
to examine whether the DSF would be temporally released in
a sustainable manner to achieve constant inactivation of the P-
gp drug efflux pump, as well as to observe the release behavior
of PTX from PTX-DSF Ns after cellular uptake. As shown in
Fig. 3, panels A and B, approximately 68% and 83% of DSF
were released from PTX-DSF Ns at 12 h at pH 7.4 and 5.4,
respectively, with an initial burst of 54% at pH 7.4 and 60% at
pH 5.4 within 1 h. Furthermore, at 48 h, approximately 70%
and 88% of DSF were released at pH 7.4 and 5.4, respective-
ly. In contrast, more than 90% of DSF was released from raw
DSF particles at 1 h. At 12 h, 68% and 83% of PTX were
released from PTX-DSF Ns, with an initial burst of 18% and
30% in the first 1 h at pH 7.4 and 5.4, respectively. Moreover,
approximately 78% and 96% PTX were released at 48 h at
pH 7.4 and 5.4, respectively. Similarly, PTX release from raw
particles displayed a very fast pattern, with complete release
observed at 1 h. Thus, the β-LG coating on the cocrystals
delayed the drug release, although smaller sized particles have
an increased surface for release. The following reasons may
contribute to this result. Initially, the protein coating may limit
the drug diffusion into the release media. Second, the inter-
play between the drug and protein and the subsequent forma-
tion of protein-drug complexes slowed the release (45).

Overall, the fast and sustained kinetics of DSF release from
PTX-DSF Ns will guarantee the swift and constant suppres-
sion of the P-gp drug efflux pump, ultimately reversing MDR.
PTX release kinetics showed that an efficient level of PTX
would be available to induce the apoptosis of cancer cells after
cellular uptake.

Cellular Uptake and Intracellular Tracking

The levels of MDR-1 in A549 cells post-treated with Taxol
were assayed by RT-qPCR and gel electrophoresis to ascer-
tain the establishment of the Taxol-resistant A549 cell line
(A549/TAX cells). As depicted in Fig. S2, panels A and B,
A549/TAX cells expressed 2.2-fold higher levels of theMDR-
1 than parent A549 cells, which was confirmed by gel
electrophoresis showing that a bright band for the
MDR-1 was observed in A549/TAX cells. Thus,
A549/TAX cells had a significant ability to resist
Taxol and were used in subsequent studies.

For the quantitative measurement of cellular uptake in
A549/TAX and A549 cells, cells were incubated with
FITC-PTX-DSF Ns. In general, the cellular uptake of
FITC-PTX-DSF Ns occurred in a time- and concentration-
dependent manner in the two cell lines (Fig. 4, panels A and
B). In contrast, the uptake of nanoparticles in A549/TAX cells
was much higher than that in A549 cells due to the inactiva-
tion of P-gp drug efflux pump.

After treatment with FITC-PTX-DSF Ns, the cells were
observed by CLSM (Fig. 4, panels C and D). The intracellular
green fluorescence around the nucleus in A549 cells became
stronger over time. In contrast, the green fluorescence in
A549/TAX cells at 1 h or 2 h was more robust than that at
4 h. In both cell lines, when LysoTracker red-labeled lyso-
somes and green fluorescent FITC-PTX-DSF Ns were
merged, a yellow color appeared, indicating that FITC-
PTX-DSF Ns were located in lysosomes and that the cellular
uptake occurred through the endo-lysosomal pathway. Again,

Fig. 3 In vitro release profiles of (a) DSF and (b) PTX from raw particles or PTX-DSF Ns in pH 5.4 or pH 7.4 media containing 1% Tween-80 at 37°C.
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at initial time points (1 h and 2 h), the intracellular accumu-
lation of FITC-PTX-DSF Ns in A549/TAX cells was
significantly greater than that in A549 cells. Taken to-
gether, the intracellular accumulation of PTX-DSF Ns
in A549/TAX cells was markedly improved compared
with that in A549 cells.

Efflux Inhibition Assay

DSF downregulates P-gp expression by covalently altering the
cysteine residues within the nucleotide binding region, which
leads to the higher cellular uptake of cytotoxic drugs (46). A
drug efflux assay was performed to further verify that the
inactivation of P-gp by DSF enabled higher uptake of FITC-
PTX-DSF Ns in A549/TAX cells. In this study, two types of
nanoparticles, FITC-PTX Ns and FITC-PTX-DSF Ns, were
formulated. As depicted in Fig. 5, panel A, the uptake of
FITC-PTX Ns was initially time-dependent, and the maxi-
mum fluorescence intensity was observed at 8 h, but the in-
tensity then unexpectedly decreased. On the other hand,
FITC-PTX-DSF Ns showed a significant increase in fluores-
cence intensity in a time-dependent manner and peaked at
12 h, with no decline. The cellular uptake of FITC-PTX-

DSF Ns at 8 and 12 h was approximately 2-fold and 14-fold
greater than that of FITC-PTX Ns.

A549/TAX cells were further examined by CLSM (Fig. 5,
panel B). Interestingly, FITC-PTX Ns-treated cells showed
lower intracellular and extracellular green fluorescence; in
contrast, FITC-PTX-DSF Ns-treated cells displayed visible
intracellular green and yellow fluorescence. Based on these
findings, we concluded that: ( i ) A549/TAX cells
overexpressed P-gp and therefore expelled FITC-PTX Ns,
which was visualized as extracellular green fluorescence; (ii)
DSF from FITC-PTX-DSF Ns successfully inactivated P-gp
in A549/TAX cells, allowing for significant intracellular ac-
cumulation of FITC-PTX-DSF Ns over time.

Cytotoxicity, Apoptosis and Synergistic Effects

We first examined the cytotoxicity of β-LG and a blank
cocktail solution (used to prepare the free-drug formu-
lation) toward both cell lines (A549 and A549/TAX).
No obvious cytotoxicity was observed even at high β-
LG concentrations (Fig. S3).

A549 and A549/Tax cells were treated with different free-
drug combinations (PTX-DSF mass ratios of 1:1, 3:1, 5:1 and

Fig. 4 Flow cytometry analysis of cellular uptake of FITC-PTX-DSF Ns in (a) A549 and (b) A549/TAX at different concentrations of FITC after incubation for
different durations. CLSM images of (c) A549 and (d) A549/TAX cells treated with FITC-PTX-DSF Ns for different durations at fixed FITC concentration of
800 ng/ml. Scale bar: 20 μm.
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10:1) for 24 or 48 h and then the combination index (CI) and
dose reduction index (DRI) were calculated, which a smaller
value of CI indicates a better synergistic effect. The lowest CI
values, including IC25, 35, 50, 65, 75 and 90, were observed for the
5:1 ratio (Fig. S5 and S6, panels A-D) for A549/TAX cells.
Moreover, the DRI for the ratio exhibited an approximately
1-fold and 2-fold increase compared with the other ratios in
these two cell lines (Fig. S5, and S6 panels E and F), respec-
tively. Based on these results, the 5:1 ratio of the free-drug
combination promoted the synergy between the two drugs.
Accordingly, a mass ratio of PTX-DSF of 5:1 was selected
for further cytotoxicity study.

As displayed in Fig. S4, panels A-D, all formulations exhib-
ited dose-dependent cytotoxicity. In general, the viability de-
creased as the drug concentrations increased from 0.1 to
100 μg/ml of PTX. Compared with a single drug, the free-
drug combination (PTX-DSF) and PTX-DSF Ns induced
more substantial toxicity in A549 cells (Fig. S4, panels A and
B), particularly in A549/Tax cells, indicating the synergistic
effect. Critically, the viability of cells treated with PTX-
DSF Ns was significantly lower than that treated with
PTX-DSF. In particular, PTX-DSF Ns induced the ap-
optosis of A549/TAX cells (Fig. S4, panels C and D) at
a greater efficiency than PTX-DSF, indicating a potent
antitumor efficiency in vitro.

IC50 values were calculated based on the PTX concentra-
tion to ascertain the advantage of PTX-DSF Ns (5:1) com-
pared to PTX-DSF and are shown in Table I. In A549 cells,
PTX-DSF and PTX-DSF Ns decreased the IC50 values by
>2-fold and 6-fold, respectively, compared with PTX. While,
for A549/TAX cells, IC50 values for PTX-DSF and PTX-
DSF Ns were reduced by 2.2/4.4-fold and 6/8-fold after
24 h/48 h incubation, respectively, compared with PTX.
These data revealed the competent synergistic effect of the
two drugs. Most importantly, PTX-DSF Ns (with a mass ratio
of PTX/DSF of 5:1) achieved IC50 values of 1.82 and
2.08 μg/ml for A549 cells after a 24-h and 48-h incubation,
respectively, whereas the IC50 values for A549/TAX cells

were 2.03 and 1.82 μg/ml after a 24-h and 48-h incubation,
respectively. In contrast, at 24 and 48 h after treatment, PTX-
DSF exhibited IC50 values of 3.82 and 3.24 μg/ml for A549
cells and 4.65 and 3.17 μg/ml for A549/TAX cells, respec-
tively. According to a further comparative calculation, the
PTX dose in PTX-DSF Ns required to generate the IC50

value was 1-fold lower than PTX-DSF, indicating a signifi-
cantly enhanced synergistic effect of PTX-DSF Ns.

The CI for PTX-DSF Ns was calculated to validate the
hypothesis that better synergy occurred between PTX and
DSF in PTX-DSF Ns in A549/TAX cells. The CI values
for PTX-DSF Ns at the IC50 for A549 cells were 0.206 and
0.335 at 24 h and 48 h after incubation, whereas the CI values
for A549/TAX cells were 0.193 and 0.113 at 24 h and 48 h,
respectively (Fig. 6, panels A and B). We also calculated CI
values at IC25, 35, 50, 65, 75 and 90, which were also in the
synergistic range (CI ≤ 1), and observed synergism at all inhib-
itory concentrations (IC). Importantly, these Cl values for
A549/TAX cells were less than the values for A549 cells
and the DRI values for A549/TAX cells were markedly in-
creased compared with A549 cells. Based on these data, PTX-
DSF Ns achieved both synergism and a very promising PTX
dose reduction; thus the PTX-DSF Ns have the potential to
lower the systemic toxicity of the anticancer drug.

Fig. 5 (a) Cellular uptake of FITC-PTX Ns and FITC-PTX-DSF Ns in A549/TAX cells assayed by flow cytometry. (b) CLSM images of A549/TAX cells treated
with FITC-PTX-DSF Ns or FITC-PTX Ns for 12 h at a fixed FITC concentration of 800 ng/ml. Scale bar: 20 μm.

Table I aIC50 (μg/ml) Values for A549 and A549/Tax Cells After Treatment
with Different Formulations for 24 or 48 h (n= 3)

Formulation A549 A549/Tax

24 h 48 h 24 h 48 h

PTX 12.59±
2.03

11.78±
0.91

14.97±
2.35

16.90±
0.49

DSF 40.27±
2.73

23.28±
3.12

49.48±
4.99

70.50±
1.48

PTX-DSF 3.82± 0.13 3.24± 0.11 4.65± 0.08 3.17± 0.06

PTX-DSF Ns 1.82± 0.11 2.08± 0.41 2.13± 0.15 1.82± 0.28

a IC50 Half maximum inhibitory concentration
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An Annexin V-FITC/PI staining assay was performed and
both apoptotic and necrotic cells were quantified by flow cy-
tometry to analyze apoptosis in A549 and A549/TAX cells.
In A549 cells, both PTX-DSF and PTX-DSF Ns induced
apoptosis in a significantly higher percentge than the single
drugs; however, the total percentage of apoptotic cells induced
by the two formulations was similar at approximately 77%. In
contrast, the two formulations combining PTX and DSF in-
duced a marked increase in the percentage of apoptotic
A549/TAX cells compared with single drugs, however,
PTX-DSF Ns induced 80% apoptosis while PTX-DSF in-
duced 48% apoptosis (Fig. 7, panels A and B). Interestingly,
the administration of DSF alone also induced apoptosis in
both cell lines to some extent (33,47), indicating the potential
anticancer activity of DSF, which requires further exploration.

Mechanism of the Synergistic Effect

Cell Cycle Analysis

The chemotherapeutic agent PTX interrupts the dynamic
instability of microtubules required for cell division, thus caus-
ing cell cycle arrest and promoting the death of rapidly divid-
ing cancer cells (48). A cell cycle analysis was performed to
estimate the effects of PTX-DSF Ns on the cell cycle of A549
and A549/TAX cells (Fig. 8, panels A and B). In both cell
lines, PTX predominantly generated cytotoxicity by decreas-
ing and increasing the percentage of cells in G0/G1 and G2/
M phases, respectively. In addition, the DSF treatment signif-
icantly reduced the percentage of A549 cells in G0/G1 phase,
increased the percentage in G2/M phase, and subsequently
displayed a certain amount of cytotoxicity. The combined
formulations PTX-DSF and PTX-DSF Ns further increased
the percentage of A549 cells in G2/M phase compared with

free PTX. Importantly, treatment with PTX-DSF or PTX-
DSF Ns resulted in more substantial reduction in the percent-
age of A549/TAX cells in G0/G1 phase (6%) and an increase
in the percentage of cells in G2/M phase (50%) compared
with free PTX (16% and 35%, respectively), indicating their
enhanced efficiency. By further reducing the percentage of
cells in G0/G1 phase and increasing the percentage of cells
in G2/M phase, the combination of PTX and DSF generated
potent cytotoxic effects on A549 cells, particularly Taxol-
resistant cancer cells.

Caspase-3 and Caspase-9 Assay

Caspase-3 and caspase-9 assays were performed on both
A549 and A549/TAX cells after incubation to determine
the underlying apoptosis mechanism. These data are shown
in Fig. 9, panels A and B. In A549 cells, caspase-3 expression
was upregulated by the combined formulations of PTX-DSF
and PTX-DSF Ns compared with PTX, and caspase-9 ex-
pression was increased by PTX-DSF Ns. A similar increase
of caspase-3 expression was observed in A549/TAX cells
treated with PTX-DSF or PTX-DSF Ns; meanwhile, PTX-
DSF Ns increased caspase-9 expression, but PTX-DSF did
not. PTX-DSF Ns promoted caspase-3 and -9 expressions to
a greater extent than PTX-DSF, and potently enhanced the
apoptosis and synergistic effect of the two drugs.

MDR-1 Gene Expression Assay

P-gp is encoded by the MDR-1 in multidrug-resistant cells
(49). In this study, the expression of the MDR-1 in A549/
TAX cells treated with different formulations was assayed by
RT-qPCR and gel electrophoresis. As depicted in Fig. 9,
panels C and D. The PTX treatment had little impact on

Fig. 6 Combination index (CI) for A549 and A549/TAX cells treated with PTX-DSF Ns (5:1) for (a) 24 h or (b) 48 h. CI< 1, CI = 1 and CI > 1 indicate
synergistic, additive and antagonistic effects, respectively. The inset shows the dose reduction index (DRI) for PTX.
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MDR-1 expression. In contrast, DSF, PTX-DSF and PTX-
DSF Ns downregulated the MDR-1 expression by approxi-
mately 1-fold, 1-fold and 2.4-fold, respectively, comparedwith
PTX. Interestingly, PTX-DSF Ns decresed the MDR-1 ex-
pression by 1.4-fold compared with PTX-DSF, again reveal-
ing their enhanced synergistic effect. Based on these results,
DSF indeed downregulated the MDR-1 expression in A549/
TAX cells, and PTX-DSF Ns further improved this inhibitory
effect.

DISCUSSION

Nanosuspensions are a promising approach to address the
solubility and bioavailability of insoluble drugs and reduce
their side effects. Currently, more than 10 nanosuspension
products have been launched in the market, indicating their
great potential in clinical applications (17). Consequently,

nanosuspension products have attracted the attention of a
large number of researchers interested in examining their
in vivo fate (50), endocytic pathway for cellular entry (51), sur-
face decoration for enhancing targeted delivery to the disease
site (52), etc. On the other hand, pure drug nanoparticles in
nanosuspensions undoubtedly belong to a type of nanoparti-
cles, such as liposomes, micelles or nanocapsules, which have
been employed as carriers for drug delivery. Unfortunately,
the reported nanosuspensions only focus on the therapeutic
effects instead of the carrier function that serves the drug de-
livery. Here, we present a nanosuspension coloaded with PTX
and DSF, in which two drugs coprecipitate together to form
cocrystals. Using β-LG as the stabilizer, the two drugs were
incorporated into the particles, achieving codelivery of PTX
and DSF. The stability of these PTX-DSF Ns was improved
by the β-LG coating (a globular protein) via hydrophobic in-
teractions between the drugs and coating protein. Few reports
demonstrated that nanosuspensions can serve as carriers for

Fig. 7 (a) Flow cytometry analysis for apoptosis in A549 and A549/TAX cells after treatment with different formulation at a PTX or DSF concentration of 5 μg/ml
for 48 h at 37°C. (b) Quantitative assay of early and late apoptosis in A549 and A549/TAX cells. The mass ratio for PTX-DSF and PTX-DSFNs was 5:1. n= 3, *P
< 0.05, **P< 0.01, and ***P< 0.001.
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codelivery. The conventional carriers for codelivery have
low drug-loading capacity, thus reducing the therapeutic
effect (14); moreover, this low capacity is shared by two
drugs, further discounting the treatment. In contrast, the
total drug-loading capacity of the present PTX-DSF Ns is
approximately 43% (drug percentage compared to the
weight of stabilizer), and the loadings of PTX and DSF
are 36% and 7%, respectively; therefore, this formulation
possesses promising potential to improve therapeutic out-
comes. Moreover, the ratio of the combined chemothera-
peutics is essential for the efficacy of the combination
treatment, because the ratio of two drugs determines the
possibility of synergism and antagonism of a combinatori-
al formulation (53). Accordingly, the mass ratio of two
drugs in combined carriers should be precisely controlled
or tuned (54). The precise control of both drugs in con-
ventional carriers is poor, due to their low drug-loading
capacity and the use of a complicated process for their
preparation. Here, accurately tuning the mass ratio of
both drugs in PTX-DSF Ns was easily achieved due to
the simple preparation process, further implying the po-
tential increased potency of nanosuspensions in the com-
bined treatment.

DSF is an efficient MDR modulator that inhibits ef-
flux and therefore markedly increases the accumulation
of nanoparticles in Taxol-resistant cells. The uptake of
FITC-PTX-DSF Ns in A549/TAX cells at 8 and 12 h
post-incubation was 2-folds and 14-folds higher than
FITC-PTX Ns; in particular, FITC-PTX Ns were almost
completely exported at 12 h post-incubation (Fig. 5).
Thus, DSF played a vital role in the enhanced uptake
of nanoparticles in Taxol-resistant cells. Furthermore,
based on the results of the MDR-1 assay, DSF in
FITC-PTX-DSF Ns reduced MDR-1 expression more
than 2-fold in Taxol-resistant cells compared with con-
trols; in addition, the administration of DSF alone de-
creased the MDR-1 expression by 1-fold compared with
the controls (Fig. 9). P-gp is encoded by the MDR-1.
Therefore, by downregulating the MDR-1 expression
and inactivating the P-gp pump, DSF increased the up-
take of nanoparticles in A549/TAX cells. Moreover, the
MDR reversal induced by DSF was significantly en-
hanced when DSF was encapsulated with PTX in nano-
particles. In fact, P-gp-mediated drug efflux is a common
barrier to cancer chemotherapy and other disease
treatments (55) as well as oral absorption (56). This

Fig. 8 (a) Cell cycle arrest and (b) cell cycle phase distribution of A549 and A549/TAX cells after treatment with different formulations at a PTX or DSF
concentration of 5 μg/ml for 48 h at 37°C. The mass ratio for combination of free PTX and DSF (PTX-DSF) and PTX-DSF Ns was 5:1. n= 3, *P< 0.05, **P
< 0.01, and ***P< 0.001.
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discovery can be adapted to promote the uptake of
nanoparticles in other types of MDR cells to improve
their therapeutic outcomes. Interestingly, DSF promoted
2.5-folds and 1.8 folds increases in the number of apo-
ptotic A549 and A549/TAX cells, respectively; these
levels were as high as the cytotoxic agent PTX, indicat-
ing that DSF might represent a potential anticancer
agent.

Indeed, PTX-DSF Ns are a potent strategy for enhancing
the sensitivity of Taxol-resistant cells to chemotherapy. PTX is
one of the most effective chemotherapeutic agents at curing
various cancers (57); however, the development of drug resis-
tance stemming from drug efflux by P-gp in cancer cells rep-
resents a major barrier to enhance the treatment efficacy (58).
Hence, strategies that inactivate P-gp and inhibit drug efflux
are crucial to sensitize the resistant cells to the chemothera-
peutic effects of PTX. DSF reduces MDR-1 expression and
significantly inhibits P-gp in A549/TAX cells, thus increasing
the intracellular accumulation of PTX in PTX-DSF-treated
cells and enhancing cytotoxicity. However, DSF is a very un-
stable drug (59,60), and the cellular uptake of the free drug is
limited, markedly reducing the synergy between PTX and

DSF. Furthermore, in A549/TAX cells, the IC50 based on
PTX in PTX-DSF Ns is decreased 1-fold compared with
PTX-DSF, indicating their great potential to reduce side ef-
fects; moreover, PTX-DSF Ns induced a 1.7 folds higher ap-
optotic rate than PTX-DSF. The DRIs based on PTX in
PTX-DSF Ns were also decreased by approximately 40%
and 60% in A549 and A549/TAX cells, respectively, com-
pared with PTX-DSF (Fig. 6). Therefore, by amplifying the
synergistic mechanism, PTX-DSFNs induce efficient cytotox-
icity toward Taxol-resistant cells with a dramatic dose reduc-
tion. Overall, the present PTX-DSFNs provide a potent strat-
egy for combined therapy due to its extremely high drug-
loading capacity, easy preparation and scale up.

CONCLUSION

In this study, a novel nanosuspension formulation for
codelivery, PTX-DSF Ns, is reported, which features an ex-
tremely high drug-loading capacity for both drugs, a precise
combinatory ratio, and potent cytotoxicity and apoptosis in
A549 cells, particularly Taxol-resistant cells, with low IC50 via

Fig. 9 Caspase-3 and-9 activity (a, b) of A549 and A549/TAX cells after treatment with different formulations. Determination of MDR-1 gene expressions in
A549/TAX cells by (c) RT-qPCR and (D) Gel electrophoresis. The mass ratio for free-drug combination of PTX and DSF (PTX-DSF) and PTX-DSF Ns was 5:1.
The cells were treated with different formulations at a PTX or DSF concentration of 5 μg/ml for 72 h at 37°C. n= 3, *P< 0.05, **P< 0.01 and ***P< 0.001.
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a synergistic mechanism, including reduced MDR-1 expres-
sion (P-gp inactivation), upregulated caspase-3 and caspase-9
expression, and increased arrest in G2/M phase of the cell
cycle. To the best of our knowledge, this report is the first to
show that nanosuspensions of insoluble drugs serve as a
codelivery and combined therapy system. We believe that
these f ind ings wi l l broaden the appl ica t ions o f
nanosuspensions in drug delivery and offers a new research
avenue for nanosuspensions. In addition, this novel
nanosuspension formulation is an effective approach for sen-
sitizing Taxol-resistant cells to PTX chemotherapy and there-
fore has promising potential in the clinic, due to the high drug-
loading capacity and easy preparation procedure. Based on
our findings, PTX-DSF Ns display potent cytotoxicity toward
Taxol-resistant cells along with a significant dose reduction
and are a promising combined strategy for sensitizing MDR
cancers to chemotherapy. In addition, the newly identified
function of nanosuspensions in a combined treatment pro-
vides new research opportunities for nanosuspensions.
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