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Abstract: Multidrug resistance (MDR) is one of the major obstacles in successful chemotherapy. 

The combination of chemotherapy drugs and multidrug-resistant reversing agents for treating 

MDR tumor is a good strategy to overcome MDR. In this work, we prepared the simple redox-

responsive micelles based on mPEG-SS-C
18

 as a co-delivery system to load the paclitaxel 

(PTX) and dasatinib (DAS) for treatment of MCF-7/ADR cells. The co-loaded micelles had a 

good dispersity and a spherical shape with a uniform size distribution, and they could quickly 

disassemble and rapidly release drugs under the reduction environment. Compared with MCF-7 

cells, the DAS and PTX co-loaded redox-sensitive micelle (SS-PDNPs) showed stronger cyto-

toxicity and a more improving intracellular drug concentration than other drug formulations in 

MCF-7/ADR cells. In summary, the results suggested that the simple co-delivery micelles of 

PTX and DAS possessed significant potential to overcome drug resistance in cancer therapy.

Keywords: redox responsive, overcoming multidrug resistant, co-delivery, paclitaxel, dasatinib

Introduction
Currently, cancer is a leading cause of death worldwide.1 Hence, there is an urgent 

need to develop effective approaches for cancer therapy.2 Among these therapies, 

conventional chemotherapy is indispensable against cancer. However, the therapeutic 

efficacy of chemotherapy is usually limited by multidrug resistance (MDR), especially 

in advanced stages of cancer.3,4 Although the mechanism of MDR is complex, the 

overexpression of P-glycoprotein (P-gp) encoded by the MDR1 gene in cancer cells 

has been regarded as the major mechanism of MDR, which is able to pump various 

chemotherapeutics, such as doxorubicin (DOX) and paclitaxel (PTX), out of the cells, 

leading to low intracellular concentration of drug to kill the cells.5–8

PTX, a natural extractive compound from the Pacific yew tree (Taxus brevifolia), is 

one of the most effective chemotherapeutic agents, which has a great potency to treat 

a broad spectrum of solid tumors, such as breast cancer, ovarian cancer, lung cancer, 

and so on.9–12 However, the use of PTX alone in clinical trials always leads to MDR.13 

Moreover, PTX resistance occurred in .70% of patients at the time of initial diagnosis 

and almost in all patients upon relapse.14,15 Therefore, researchers have tried to find 

agents against the MDR of cancer cells, such as verapamil, cyclosporine A, tamoxifen, 

quinidine, and so on.13,16 Dasatinib (DAS) is a tyrosine kinase inhibitor, which targets 

various kinases such as Src, BCR-Abl, FAK, c-Kit, and so on.17–19 This advantage of 

action by DAS suggests its potential application in combination chemotherapy with 

other anticancer drugs. For example, Xiao et al20 and Teoh et al21 both demonstrated 
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that DAS had synergistic activity with PTX and carboplatin 

in ovarian cancer cells. This combination therapy had been 

used in clinical trials.22 Moreover, Chen et al23 have found 

that DAS could reverse the MDR of breast cancer MCF-7 

cells to DOX by downregulating the expression of P-gp via 

inhibiting the activation of ERK signaling pathway. Hence, 

DAS has a profound potential role in reversing MDR.23 

Otherwise, the extremely low solubility of PTX and DAS 

and different pharmacokinetic properties of the combined 

drugs will decrease the therapeutic efficacy. Besides, direct 

use of these drugs via systemic administration might result 

in severe systemic toxicities and poor biodistribution.24,25 

Therefore, it is strongly recommended to develop safe and 

efficient delivery strategies that not only can co-deliver the 

two drugs to tumor tissues but also can increase the thera-

peutic efficacy and minimize the systemic toxicities.24,26,27 For 

example, Sun et al developed a simple PEGylated peptidic 

nanocarrier for effective co-delivery of DOX and DAS for 

combination chemotherapy.24 The results showed that this 

co-delivery system could increase the intracellular concentra-

tion of DOX and achieve a very high rate of tumor growth 

inhibition in vivo.

In the past few decades, stimuli-responsive polymeric 

micelles have attracted more attention as delivery vehicles for 

tumor drug. These nanocarriers can release drugs in response 

to internal or external stimuli, such as changes in pH value, 

enzyme level, light, temperature, and redox potential.28–32 

Among these stimuli-responsive polymeric nanocarriers, 

reduction-sensitive polymeric micelles containing disulfide 

linkages have been extensively studied for intracellular anti-

cancer drug delivery due to the existence of a high difference 

in the redox potential between the reducing intracellular fluids 

and the mildly oxidizing extracellular milieu.33 It has been 

reported that the intracellular concentrations (2–10 mM) of 

glutathione (GSH) are 100–1,000-fold higher than those in 

the extracellular compartment.34 In addition, the concentra-

tion of GSH in many tumors has been reported to be fourfold 

higher than that of normal tissues.34,35 Therefore, disulfide 

linkages can be stable in blood circulation and reversibly 

cleavable in response to reductive conditions. Moreover, the 

reduction-sensitive polymeric micelles containing disulfide 

linkages are usually designed to burst release the encapsu-

lated agents in response to GSH. For example, Cui et al33 

reported a reduction-sensitive micelle based on PEG-S-S-

C16, which could efficiently internalize into HeLa cells and 

release DOX into the cytoplasm.

In this work, we designed and synthesized a simple 

reduction-sensitive polymeric micelle based on PEG-

SS-C
18

 for co-delivery of PTX and DAS (SS-PDNPs) 

to overcome MDR. In SS-PDNPs, the disulfide bonds 

present in the main chain of the amphiphilic polymer 

could be immediately cleaved in response to the intracel-

lular redox environment, leading to quick disassembly 

of the micelles and rapid drug release (Scheme 1). The 

release behavior of the co-delivery system was investi-

gated. The in vitro experiments, including drug release, 

cellular internalization and drug accumulation in MDR 

cancer cells, and cell cytotoxicity induced by SS-PDNPs, 

were systematically investigated against the MDR 

cancer cells. The SS-PDNPs co-delivery system may 

serve as a potential candidate for reversing MDR treatment.

Experimental procedures
Materials
Monomethoxy-poly(ethylene glycol) (mPEG; Mn =2,000 Da) 

was purchased from Laysan Bio Co., Arab, AL, USA and 

dried in toluene by azeotropic distillation before use. DAS 

was purchased from Dalian Meilun Biotech Co., Ltd. 

(Dalian, People’s Republic of China). 3,3′-Dithiodipropionic 

acid (DTPA), octanedioic acid (OTDA), octadecylamine  

(C
18

-NH
2
), and GSH were purchased from Sigma-Aldrich Co. 

(St Louis, MO, USA) and used as received. PTX was pur-

chased from Zelang Medical Technology Co., Ltd. (Nanjing, 

People’s Republic of China). MTT, Hoechst 33342, and  

BCA protein assay kit were all purchased from Beyotime 

(Shanghai, People’s Republic of China). RPMI 1640 

medium, fetal bovine serum (FBS), and penicillin–streptomy-

cin solution were purchased from Thermo Fisher Scientific 

(Waltham, MA, USA). All the other chemical reagents were 

of analytical grade and used as received.

synthesis of mPeg-ss-c18 and 
mPeg-cc-c18
mPEG-SS-C

18
 was synthesized by two steps with a typical 

amidation reaction. First, mPEG was reacted with DTPA 

to obtain mPEG-SS-COOH. In a simple procedure, DTPA 

(15.75 mg, 0.075 mM), EDC⋅HCl (19.2 mg, 0.1 mM), and 

NHS (11.5 mg, 0.1 mM) were dissolved in 10 mL of dry  

N,N-dimethylformamide (DMF) under an argon atmosphere, 

and the reaction mixture was maintained under stirring for 

4 h at room temperature. Subsequently, mPEG-NH
2
 (100 mg, 

0.05 mM) and triethylamine (TEA) (42.8 mg, 0.4 mM) were 

dissolved in 20 mL of dry DMF and then added into the above-

mentioned solution. The coupling reaction was maintained at 

room temperature for 48 h. The excess solvent was removed by 

distillation under reduced pressure and then dialyzed (molecular 

weight cutoff [MWCO] 1 kDa) against distilled water, and the 

product mPEG-SS-COOH was obtained by lyophilization.
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Then, mPEG-SS-COOH was reacted with C
18

-NH
2
 to 

obtain PEG-SS-C
18

. Typically, mPEG-SS-COOH (100 mg, 

0.05 mM), 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDC) (19.2 mg, 0.1 mM), and N-hydroxy-

succinimide (NHS) (11.2 mg, 0.1 mM) were dissolved in 

10 mL of dry dichloromethane under an argon atmosphere, 

and the reaction mixture was maintained under stirring for 

4 h at room temperature. Subsequently, C
18

-NH
2
 (20 mg, 

0.075 mM) and TEA (42.8 mg, 0.4 mM) were dissolved in 

5 mL of dry dichloromethane and then added into the above-

mentioned solution. The coupling reaction was maintained at 

room temperature for 48 h. The excess solvent was removed 

by distillation under reduced pressure, the product was dis-

solved in DMSO and then dialyzed (MWCO 1 kDa) against 

DMSO and distilled water, and the product mPEG-SS-C
18

 

was obtained by lyophilization.

As a control, mPEG-CC-C
18

 was also synthesized by a 

similar method, expect that DTPA was replaced by OTDA.

Preparation of blank and drug-loaded 
micelles
The blank redox-sensitive micelles (named SS-NPs) and 

redox-nonsensitive micelles (named CC-NPs), PTX-loaded 

redox-sensitive micelles (named SS-PNP), PTX and DAS 

co-loaded redox-sensitive micelles (named SS-PDNP) and 

redox-non-sensitive micelles (named CC-PDNP) were pre-

pared by a dialysis method. In brief, 10 mg of PTX, 6 mg of 

DAS, and mPEG-SS-C
18

 (45 mg) were dissolved in 10 mL 

Scheme 1 schematic illustration of the combination of PTX and Das by using a redox-responsive micelle for overcoming MDr in cancer cells.
Abbreviations: Das, dasatinib; P-gp, P-glycoprotein; PTX, paclitaxel; MDr, multidrug resistance.
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of DMSO, and the mixture was stirred at room temperature 

for 4 h. After that, the mixture solution was placed into a 

dialysis bag (MWCO 1 kDa) and dialyzed against distilled 

water for 48 h. The solution in the dialysis bag was filtered 

through a 0.45 µm filter and then lyophilized to obtain 

SS-PDNPs. The other micelles were prepared by the similar 

method except that no DAS or both drugs.

The concentrations of PTX and DAS were determined 

by the high performance liquid chromatography (HPLC) 

method. The drug loading content (DLC) and drug encap-

sulation efficiency (DEE) were calculated according to the 

following formulae:

 
DLC (wt%)

Weight of drug in the micelles

Weight of the who
=

lle micelles
100%×

 

 
DEE (wt%)

Weight of drug in the micelles

Weight of fed dru
=

gg
100%×

 

characterization
1H NMR spectra were examined on a Varian-400 FT-NMR 

spectrometer at 500 MHz by using D
2
O or DMSO-d

6
 as the 

solvent depending on polymer solubility. The size distribution 

and zeta potential of all micelles were investigated by dynamic 

light scattering (DLS) (Zs90; Malvern Instruments, Malvern, 

UK). The morphology was observed by transmission elec-

tronic microscopy (TEM) (Hitachi Ltd., Tokyo, Japan).

critical micelle concentration (cMc) 
of ss-NP and cc-NP micelles
The CMC values of SS-NP and CC-NP micelles were 

evaluated using Nile red as the fluorescence probe.24 The 

polymer solution with a concentration ranging from 1×10−5 

to 5×10−1 mg/mL was added into the Nile red solution, and 

the final concentration of Nile red was fixed to be 6×10−7 M. 

The fluorescence spectra of the polymer solutions were mea-

sured by a fluorescence spectrometer (F-7000; Hitachi). The 

emission spectra were recorded from 570 to 720 nm. Subse-

quently, the CMC value of dual micelles was determined as 

the cross-point when extrapolating the intensity ratio at the 

polymer concentration regions.

Disassembly of blank micelles triggered 
by gsh
The size changes of redox-sensitive SS-NP micelles in 

response to various concentrations of GSH in PBS (10 mM, 

pH 7.4) were monitored by DLS measurement at different 

time intervals. Typically, 2 mL of SS-NP micellar solution 

in PBS containing GSH (0, 10 µM, and 10 mM) was placed 

in a shaking bed at 37°C at a rotation speed of 120 rpm. 

At different time intervals, the size of SS-NPs was detected 

by DLS. As a control, CC-NP micelles with and without 

10 mM GSH were also measured, respectively.

In vitro reduction-triggered drug release
The release behaviors of PTX and DAS from SS-PDNP 

micelles at various concentrations of GSH were measured 

using a dialysis method. Briefly, 4 mL of SS-PDNPs con-

taining 1 mg PTX and 0.5 mg DAS was transferred to a 

clamped dialysis bag (MWCO 3.5 kDa) and then immersed 

in 20 mL of PBS (0.1 mM, pH 7.4) containing 1% (w/v) 

Tween 80 or PBS with various concentrations of GSH 

(0, 10 µM, and 10 mM) in a shaking bed at 37°C at 120 rpm. 

At predetermined time intervals, 0.5 mL of external buffer 

was withdrawn and replaced with the same volume of fresh 

medium. From comparison, the release profile of PTX and 

DAS from CC-PDNPs with and without 10 mM GSH was 

studied as control. PTX and DAS released from drug-loaded 

micelles were measured using the HPLC method.

cell culture
Human breast cancer cells MCF-7 and MCF-7/ADR were 

purchased from Institute of Biochemistry and Cell Biology, 

Shanghai Institutes for Biological Sciences, Chinese Acad-

emy of Sciences (Shanghai, People’s Republic of China). 

These cells were cultured in RPMI 1640 medium with 10% 

FBS, 100 U/mL penicillin G sodium, and 100 µg/mL strepto-

mycin sulfate at 37°C and 5% CO
2
 in a humidified incubator. 

The drug resistance of MCF-7/ADR cells was maintained by 

addition of DOX (2 µg/mL) in the medium.

In vitro cytotoxicity assay
Optimization of the drug combination
The cytotoxicities of free drug combinations were studied by 

using the MTT assay. For this purpose, MCF-7/ADR cells were 

seeded in 96-well plates at a density of 1×104 cells/well and 

incubated overnight at 37°C. After that, the cells were treated 

with free PTX+DAS (mass ratio of PTX:DAS =10:1, 5:1, 2:1, 

1:1, 1:2, and 1:5, respectively) for 48 h, and the final concentra-

tion of drug was uniform at 5 µg/mL. The cell viability was 

determined via MTT assay as described subsequently.

MTT assay
The different micelles against MCF-7 and MCF-7/ADR cells 

were evaluated in vitro by the MTT assay. Briefly, MCF-7 

and MCF-7/ADR cells were seeded in 96-well plates at a 
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density of 1×104 cells/well and incubated overnight to allow 

cell attachment. Then, the cells were treated with PTX, 

DAS, PTX+DAS, SS-PNPs, DAS+SS-PNPs, SS-PDNPs, 

and CC-PDNPs at various drug concentrations (mass ratio 

of PTX to DAS was fixed at 2:1) for 48 h. After that, the 

cell viability was measured via MTT assay as reported 

earlier,36 and the untreated cells were included as control. 

The cytocompatibility of the blank micelles was also evalu-

ated by MTT assay, and the concentration of SS-NPs and 

CC-NPs ranged from 6.3 to 800 µg/mL.

cellular uptake and subcellular 
localization
Rh B was used as a probe, and the cellular uptake was 

studied by fluorescence microscopy. Typically, MCF-7/ADR 

cells and MCF-7 cells were seeded in six-well plates at the 

density of 1×105 cells/well and incubated for 24 h to allow 

cell attachment. Then, the cells were treated with free Rh 

B+PTX, free Rh B+DAS, Rh B-loaded SS-PNPs, DAS+Rh 

B-loaded SS-PNPs, and Rh B-loaded SS-PDNPs (10 µg 

Rh B/mL, 2 µg PTX/mL, and 1 µg DAS/mL) in FBS-free 

culture medium for 1 and 3 h, respectively. After that, the 

cells were treated with Hoechst 33342 for 10 min, followed 

by washing three times with ice-cold PBS and fixed with 4% 

paraformaldehyde for 15 min. Then, the cells were observed 

under an inverted fluorescence microscope system (Nikon 

Eclipe Ti; Nikon Corporation, Tokyo, Japan).

Laser scanning confocal microscope (LSCM) was used 

to study the subcellular localization of SS-NPs. Briefly, 

MCF-7/ADR cells were seeded in six-well plates (involved 

a slides) at the density of 1×105 cells/well and incubated for 

24 h to allow cell attachment. Then, the cells were treated 

with coumarin-6-labeled SS-NP micelles in FBS-free culture 

medium for 1 and 3 h, respectively. After that, the cells were 

stained with LysoTracker Red for 30 min and Hoechst 33342 

for 10 min, followed by washing three times with ice-cold 

PBS and fixed with 4% paraformaldehyde for 15 min. Then, 

the cells were mounted on glass slides and visualized using 

a confocal microscope (LSCM, Fluoview 1000; Olympus 

Corporation, Tokyo, Japan).

Quantitative analysis of PTX intracellular 
accumulation
To investigate the PTX accumulation in cells, MCF-7 

and MCF-7/ADR cells were seeded in 24-well plates at 

the density of 5×104 cells/well and incubated overnight 

to allow cell attachment. Then, the cells were treated with 

PTX, DAS, PTX+DAS, DAS+SS-PNPs, SS-PDNPs, and 

CC-PDNPs (PTX, 2 µg/mL and DAS, 1 µg/mL) for 1, 2, 

and 4 h at 37°C. After incubation, the cells were washed 

three times with cold PBS, and then 100 µL of cell lysis 

buffer (1% of Triton X-100) was added and incubated for 

30 min. Subsequently, cell supernatants were collected by 

centrifuging at 10,000 rpm for 10 min, and the concentration 

of PTX was measured by HPLC. The BCA protein assay kit 

(Beyotime) was used for quantifying the protein amount, 

and the determined PTX amount was normalized for protein 

concentrations of cell lysates.

Inhibition of P-gp efflux test
To assay the function of P-gp efflux pump in drug-resistant 

cells, we employed Rhodamine 123 (Rh 123) as the model 

agent for evaluating P-gp transport activity as described 

previously.37,38 Briefly, MCF-7 and MCF-7/ADR cells were 

seeded into 24-well plates at the density of 5×104 cells/well 

and incubated overnight to allow cell attachment. Then, the 

cells were treated with Rh 123 (1 µg/mL) for 4 h. Then, the 

medium was replaced with PTX, PTX+DAS, SS-PNPs, 

DAS+SS-PNPs, SS-PDNPs, and CC-PDNPs (PTX, 2 µg/mL 

and DAS, 1 µg/mL) for 1 h. Eventually, the Rh 123 accumu-

lation in cells was determined by flow cytometry. A total of 

10,000 cells were recorded for each sample, and all experi-

ments were repeated three times.

apoptosis analysis
Qualitative apoptosis analysis by nucleus morphology 
observation
The MCF-7/ADR cell nucleus morphology after different 

treatments was investigated by Hoechst 33342 staining. 

In brief, MCF-7/ADR cells were seeded into 24-well plates 

and incubated for 24 h. After that, the cells were exposed 

to a medium containing Taxol, SS-PNPs, SS-PDNPs, and 

CC-PDNPs (5 µg/mL PTX and 2.5 µg/mL DAS) for 12 h, 

while the control cells were treated with drug-free medium. 

Then, the cells were washed with PBS for three times, fixed 

with 4% paraformaldehyde solution, stained with Hoechst 

33342, and observed by fluorescence microscope.

Quantitative apoptosis analysis by annexin V-FITc/PI 
double staining
Quantitative apoptosis assay was evaluated by FCM using 

V-FITC/PI (Beyotime) staining by the manufacturer’s instruc-

tions. Briefly, MCF-7/ADR cells were incubated in six-well 

plates for 12 h and exposed to a medium containing Taxol, 

SS-PNPs, SS-PDNPs, and CC-PDNPs (5 µg/mL PTX and 

2.5 µg/mL DAS) for 12 h. The cells incubated with drug-free 
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medium were used as a control. At the end of the incubation 

time, the cells were trypsinized, collected, and suspended in 

binding buffer. Then, the cells were stained by a mixture of 

annexin V-FITC and PI for 30 min in the dark and analyzed 

by flow cytometry.

statistical analysis
The results were given as mean ± SD. One-way single 

factorial analysis of variance (ANOVA) was performed to 

determine statistical significance of the data. In all statistical 

analyses, p,0.05 was considered to be statistically signifi-

cant, and p,0.01 was considered to be highly statistically 

significant.

Results and discussion
synthesis and characterization of 
Peg-ss-c18
mPEG-SS-C

18
 and mPEG-CC-C

18
 were obtained through 

two-step coupling reaction illustrated in Scheme S1.

First, mPEG-NH
2
 was reacted with DTPA to obtain 

mPEG-SS-COOH, and the product was confirmed by 
1H NMR spectra. As shown in Figure 1A, the mPEG-SS-

COOH was successfully synthesized, and the signals at 

δ 2.99 ppm contributed to the methylene peaks of DTPA 

(−CH
2
−CH

2
−SS−CH

2
−CH

2
−) and those at δ 3.78 ppm 

contributed to the methylene peaks of mPEG. Furthermore, 

the number of disulfides was calculated by comparing the 

integrals of signals at δ 2.99 and 3.45 ppm demonstrating 

an equivalent coupling of mPEG with DTPA.

Then, mPEG-SS-C
18

 was obtained through the amidation 

reaction at room temperature. The product was confirmed by 
1H NMR. As shown in Figure 1B, all the peaks in the spectra 

were well assigned. The signals at δ 3.78 and 3.45 ppm were 

contributed to mPEG and those at δ 0.88, 1.27, and 1.65 ppm 

were contributed to C
18

. Comparison of the integrals of 

signals at δ 3.78 and 1.27 ppm showed an equivalent coupling 

of mPEG-SS-COOH with C
18

.

As a control, the redox non-sensitive mPEG-CC-C
18

 

polymer was also prepared (1H NMR spectra shown in 

Figure S1).

characterization of the ss-PDNP 
micelles
The blank micelles were prepared by a dialysis method, and 

the micelles’ main properties are summarized in Table 1. 

The CMC values of SS-NPs and CC-NPs were surveyed by 

using Nile red as a fluorescence probe. As shown in Table 1, 

SS-NP micelles showed decreased CMC value (29.5 µg/mL) 

compared to CC-NP micelles, as reported previously.33  

The redox sensitivity of SS-NP micelles was confirmed by 

measuring the size changes in response to GSH with CC-NPs 

as a control. As shown in Figure 2E and F, the CC-NP micelles 

were stable in the presence of 10 mM GSH for 3 h, while the 

size of SS-NP micelles changed from 130 to 1,209 nm after 

being incubated with 10 mM GSH for 3 h, indicating quick 

disassembly of SS-NP micelles. Furthermore, the stability of 

SS-NP micelles under 10 µM GSH (mimics the extracellular 

redox environment) was also evaluated. There is no obvious 

Figure 1 The 1h NMr spectra of mPeg-ss-cOOh (A) in h2O and mPeg-ss-c18 
(B) in cDcl3.
Abbreviation: mPeg, monomethoxy-poly(ethylene glycol).

Table 1 Properties of dual blank micelles (n=3)

Sample Size  
(nm)a

PDIa Zeta potential 
(mV)a

CMC 
(mg/L)b

ss-NPs 122±11.2 0.158±0.07 −4.9±1.7 29.5
cc-NPs 108±8.9 0.186±0.08 −6.5±1.2 35.4

Notes: aMicelle size and zeta potential were measured by Dls. bMeasured using 
Nile red as a fluorescence probe.
Abbreviations: cMc, critical micelle concentration; Dls, dynamic light scattering; 
PDI, polydispersity index.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.dovepress.com/get_supplementary_file.php?f=Figure S1.pdf


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

8049

simple reduction-sensitive co-delivery micelle of PTX/Das

size change after being exposed to 10 µM GSH for 3 h, 

indicating that SS-NP micelles could be stable in the presence 

of mildly redox environment in the blood circulation.

To measure the optimal combination ratio of PTX and 

DAS, the in vitro toxicity of MCF-7/ADR cells treated with 

free PTX, free DAS, and free drug combination at various mass 

ratios was evaluated by MTT assay. Maximum cytotoxicity 

profile of MCF-7/ADR cells was achieved at a PTX/DAS 

mass ratio of 2:1 (Figure S1). Maybe in this mass ratio, the 

DAS could effectively inhibit the function of P-gp. Therefore, 

this mass ratio was selected as the optimal ratio for the fol-

lowing studies.

The particle size distribution and TEM image of dual 

drug-loaded redox-sensitive SS-PDNP micelles and redox-

insensitive CC-PDNP micelles are displayed in Figure 2A–D, 

and their main properties are summarized in Table 2. The 

results showed that dual micelles had a good dispersity and a 

spherical shape with a uniform size distribution. The average 
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Figure 2 The hydrodynamic size distribution and TeM images of redox-sensitive ss-PDNP micelles (A and C) and redox-insensitive cc-PDNP micelles (B and D). size 
change profiles of SS-NPs (E) and cc-NPs (F) in response to gsh. scale bar is 200 nm.
Abbreviations: gsh, glutathione; TeM, transmission electronic microscopy.
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size of redox-sensitive SS-NP micelles was 158±15 nm, 

which favored passive tumor targeting by enhanced perme-

ability and retention effect.34

In vitro redox-responsive drug release
The aim of this work was to design and develop redox-

responsive drug delivery vehicle, which could burst release 

of two drugs under GSH richer environment. To verify 

this potency, the in vitro release profiles of each drug were 

evaluated in PBS solution with various GSH concentrations. 

As shown in Figure 3B, little DAS release was observed 

from CC-PDNP micelles within 24 h in both the absence and 

presence of 10 mM GSH. Similarly, little DAS was released 

from SS-PDNPs incubated without GSH or with 10 µM 

GSH, further indicating the excellent stability of SS-PDNPs 

in intracellular environment, which was consistent with the 

result shown in Figure 2C. However, ∼81.2% of DAS was 

released from SS-PDNPs within 24 h in the presence of 

10 mM GSH, indicating that the SS-PDNP micelles could 

quickly disassemble in GSH richer environment.

The release profiles of PTX from SS-PDNP and CC-

PDNP micelles are shown in Figure 3A. In the absence of 

GSH, SS-PDNPs and CC-PDNPs showed a slow release 

of PTX and only 43.2% of the total PTX was released at 

24 h. In comparison, no acceleration in PTX was observed 

for CC-PDNP micelles in the presence of GSH within 24 h, 

while PTX release from SS-PDNP micelles was significantly 

accelerated with 59.1% PTX being released at 10 h and 77.3% 

PTX being released after 24 h. This was attributed to the rapid 

disassembly of SS-PDNPs in response to the high concentra-

tion of GSH. Dramatically, the addition of 10 µM GSH did 

not obviously affect the release kinetics of SS-PDNPs. These 

results suggested that SS-PDNP micelles could be stable in 

the mildly redox environment in blood circulation, but could 

release PTX rapidly in response to GSH richer environment 

after being intracellular in cancer cells.

cytotoxicity analysis
In vitro cytotoxicity was determined by MTT assay. As shown 

in Figure 4A and B, both SS-NP and CC-NP blank micelles 

did not show significant cytotoxic effect in drug-sensitive 

MCF-7 cells and drug-resistant MCF-7/ADR cells in the 

range of 6.3–800 µg/mL, which proved the non-cytotoxicity 

of the two micelles.

The in vitro cytotoxicity of PTX and DAS at different 

formulations was also measured by MTT, and the results 

Table 2 Properties of ss-PDNPs and cc-PDNPs (n=3)

Sample Size 
(nm)

PDI Zeta potential 
(mV)

DLC (%) DEE (%) Mass ratio 
PTX:DASPTX DAS PTX DAS

ss-PDNPs 158±15 0.237±0.09 −8.3±1.52 8.90 4.22 97.84 91.74 2.1:1
cc-PDNPs 130±10 0.252±0.03 −7.3±2.13 9.50 4.35 96.72 90.12 2.2:1

Note: Data are presented as mean ± sD.
Abbreviations: DAS, dasatinib; DLC, drug loading content; DEE, drug encapsulation efficiency; PDI, polydispersity index; PTX, paclitaxel.
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are shown in Figure 4C and D, Table S1, and Figure S3. 

As known, MCF-7/ADR cell line was a typical resistant 

human breast cancer cell line of DOX with cross resistance 

to PTX.39 The IC
50

 value of Taxol (free PTX) was 53.25 

and 2.28 µg/mL for MCF-7/ADR cells and MCF-7 cells, 

respectively, which verified the serious PTX resistance in 

MCF-7/ADR cell. After being encapsulated in SS-NPs, the 

cytotoxicity of PTX increased, maybe due to high cellular 

uptake. Fortunately, when PTX was combined with DAS, 

the cytotoxicity of PTX highly increased as a result of 

increased PTX intracellular accumulation by inhibiting the 

P-gp function of DAS. The IC
50

 values of PTX+DAS, SS-

PNPs, SS-PDNPs, and CC-PDNPs in MCF-7/ADR were 

6.5-, 5.6-, 12.5-, and 5.2-fold less than that treated with Taxol, 

respectively. Thereby, the PTX resistance in MCF-7/ADR 

cells could be greatly reduced by the co-delivery system. As a 

control, in MCF-7 cells, PTX could be internalized easily 

and accumulated in cells at high level due to low expression 

of P-gp (Figure 4D), hence, all forms of drugs could cause 

significant cytotoxicity. For CC-PDNPs and SS-PDNPs, the 

cell cytotoxicity was significantly different both in MCF-7 

and MCF-7/ADR cells; this might be attributable to the 

fact that drug encapsulated in CC-PDNPs was difficult to 

be released.

cell uptake of drug-loaded micelles
To explore the enhanced cytotoxicity of SS-PDNPs on 

MCF-7/ADR cells, the cellular uptake of various drug formu-

lations was measured. Rh B, a substrate of P-gp,39,40 was used 

as a probe to test the ability of the cellular uptake of various 

Figure 4 Biocompatibility of ss-NPs and cc-NPs in McF-7/aDr cells (A) and McF-7 cells (B). In vitro cytotoxicity of Taxol, Das, PTX+Das, ss-PNPs, Das+ss-PNPs, 
ss-PDNPs, and cc-PDNPs against McF-7/aDr cells (C) and McF-7 cells (D) after treatment for 48 h. Data are presented as mean ± sD (n=4).
Abbreviations: Das, dasatinib; PTX, paclitaxel.
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drug formulations, and the cellular uptake was performed 

by fluorescence microscope in the MCF-7 cells (Figure S4) 

and MCF-7/ADR cells (Figure 5). As shown in Figure S2, all 

samples exhibited a significant red fluorescence throughout 

the cytoplasm after 3 h of exposure, which suggested that 

Rh B had been effectively taken up by MCF-7 cells. After 

DAS was added, the fluorescence did not obviously increase 

due to low expression of P-gp. However, it is hard for Rh B to 

accumulate in cytoplasm of drug-resistant MCF-7/ADR cells 

(Figure 5). As shown in Figure 5, after adding DAS, the red 

fluorescence highly increased by inhibiting the P-gp function. 

Since, the SS-PNPs and SS-PDNPs could be internalized into 

the cells through endocytic pathways like other nanoparticles 

and counteracted the P-gp effect of mediating drug efflux, 

leading to cellular fluorescence further increase.

To further demonstrate the drug accumulation in MCF-7/

ADR cells, the intracellular PTX concentration was quan-

titatively measured at different time intervals. As shown 

in Figure 6, the intracellular accumulation of all drug 

formulations was time-dependent. Compared with Taxol, 

much higher intracellular accumulation of free PTX can 

be detected in MCF-7/ADR cells when it is combined with 

DAS or loaded in SS-NPs (Figure 6A). As a comparison, the 

intracellular free PTX stayed at a low level due to the relative 

low hydrolysis rate of the ester bond in CC-PDNPs. These 

results further confirmed that the quick cleavage of “S-S” 

bonds led to the quick disassembly of polymer micelles and 

rapid release of drugs, eventually increased intracellular free 

PTX amount as expected. In MCF-7 cells, the intracellular 

PTX concentration of all drug formulations was obviously 

higher than that of MCF-7/ADR cells (Figure 6B). We found 

that the PTX concentration in MCF-7 cells treated with 

SS-PDNPs was significantly higher than that treated with 

CC-PDNPs, which may be caused by the rapid release of drug 

from SS-PDNPs in response to the reductive environment. 

This was consistent with the results (Figure 5).

Moreover, the subcellular localization of coumarin-6-

labeled SS-NPs in MCF-7/ADR was observed with LSCM. 

As shown in Figure 7, the endo/lysosomes were labeled with 

red fluorescent probe, and the yellow fluorescence which was 

the co-localization of green fluorescence (coumarin-6) and 

the red fluorescence (Lysosome red track) was observed after 

Figure 5 Fluorescence images of McF-7/aDr cells after 1 or 3 h incubation with the rh B in the presence of Taxol, PTX+Das, or loaded in ss-PNPs, Das+ss-PNPs, 
ss-PDNPs, and cc-PDNPs.
Abbreviations: Das, dasatinib; PTX, paclitaxel.
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treating MCF-7/ADR cells with SS-NPs for 1 h, indicating 

that the endocytic pathway was involved. As the culture time 

increased to 3 h, more green fluorescence was observed in 

the cytoplasm and outside of the endo/lysosomes, which 

may be due to the escape of SS-NP micelles from the lyso-

somes. These phenomena suggested that the SS-NP micelles 

were internalized by endocytosis pathway as reported 

previously.33

P-gp inhibition assay
Overexpressed P-gp on the membrane of MCF-7/ADR cells 

was one of the major causes of the MDR phenomenon.41 

The expression level of P-gp of MCF-7 and MCF-7/ADR cells 

used in this work was first detected by Western blot shown in 

Figure S5. Compared with MCF-7 cells, MCF-7/ADR cells 

exhibited significant P-gp expression. Rh-123 retention fluo-

rescence intensity was used to evaluate the inhibition effect 

of DAS on P-gp. As shown in Figure 8, the fluorescence 

intensity of free Rh-123 was quite low in MCF-7/ADR cells, 

because Rh-123 was a kind of P-gp substrate, which could 

easily be pumped out by MCF-7/ADR cells. After treating 

with verapamil and DAS, increased fluorescence intensity 

was observed, which suggested that the function of P-gp 

efflux pump has decreased. The intensity of SS-PDNPs 

Figure 6 PTX accumulation in McF-7/aDr cells (A) and McF-7 cells (B) after incubation with Taxol, PTX+Das, ss-PNPs, Das+ss-PNPs, ss-PDNPs, and cc-PDNPs for 
different time intervals.
Note: Data are presented as mean ± sD (n=3), *p,0.05, **p,0.01, and ***p,0.001.
Abbreviations: Das, dasatinib; PTX, paclitaxel.

Figure 7 confocal laser scanning microscopic image of McF-7/aDr cells after incubation with coumarin-6-labeled ss-PDNPs.
Note: The nuclei were stained with hoechst 33342, and endo/lysosomes were stained with lysoTracker red.
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was markedly higher than others. It is possible that DAS 

amount could be increased in cells after encapsulation in 

micelles and eventually the RH-123 retention increased in 

MCF-7/ADR cells. Therefore, it might be concluded that 

DAS could effectively inhibit the function of P-gp and avoid 

the “pumping-out” of the drug, resulting in an increase in 

chemosensitivity on MCF-7/ADR cells. Moreover, the DAS 

and PTX co-loaded redox-sensitive micelles could effectively 

overcome MDR in MCF-7/ADR cells.

apoptosis induction of ss-PDNPs
The MDR cell apoptosis caused by the different formula-

tions of PTX was first qualitatively analyzed by Hoechst 

staining and observed by fluorescence microscope. 

As shown in Figure 9A, the nuclei in the control cells were 

homogeneously stained blue and similar to the cytoplasm. In 

comparison to some typical apoptosis features, such as cell 

shrinkage, chromatin condensation, and fragmentation of 

the nucleus, the apoptotic body appeared in the cells treated 

with different PTX formulations. This was in harmony with 

the results of MTT analysis. To quantitatively verify the 

extent of apoptosis caused by SS-PDNPs and other forms, 

annexin V-FITC/PI double staining assay was performed and 

evaluated. As shown in Figures 9B and S6, the apoptosis 

percentage in MCF-7/ADR cells treated with SS-PDNPs 

was 26.2%, which significantly improved 5.6-fold than that 

of Taxol (4.6%), and was also higher than that of SS-PNPs 

and CC-PDNPs, respectively. All these results could dem-

onstrate that the DAS has the potential for reversing the 

resistance of PTX.

Conclusion
A simple redox-sensitive polymer was successfully synthe-

sized and applied in anticancer drug delivery. The broad-

spectrum anticancer drug PTX and P-gp inhibitor DAS 

were co-encapsulated into these simple polymeric micelles 

to treat drug-resistant breast cancer. The SS-PDNPs co-

delivery system showed rapid drug release in response to 

GSH and significantly increased cytotoxicity and intracel-

lular concentration in drug-resistant MCF-7/ADR cells by 

inhibiting the P-gp function in cell membranes. Thereby, 

the co-delivery of chemotherapy drugs and P-gp inhibitor 

together by redox-responsive polymeric micelles may pro-

vide potential to treat MDR breast cancer in clinical trials.

Figure 8 P-gp activity assay of rh 123 accumulation in McF-7/aDr cells.
Abbreviations: P-gp, P-glycoprotein; rh 123, rhodamine 123.

Figure 9 cell apoptosis analysis of McF-7/aDr cells with Taxol, ss-PNPs, ss-PDNPs, and cc-PDNPs after 12 h treatment. 
Notes: (A) Nucleus apoptosis assay. (B) Annexin V-FITC/PI double staining by flow cytometry.
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