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Aim: Oral chemotherapy using anticancer drugs would improve the clinical practice and the life 

quality of patients. The aim of the present study was to develop paclitaxel hybrid nanomicelles 

for oral administration to treat resistant breast cancer. 

Methods: Evaluations were performed on human breast cancer MCF-7 cells, drug-resistant 

breast cancer MCF-7/Adr cells, and in MCF-7/Adr-xenografted BALB/c nude mice. The 

nanomicelles were composed of the polymer soluplus, d-α-tocopheryl polyethyleneglycol 1000 

succinate (TPGS
1000

), and dequalinium (DQA). The constructed paclitaxel hybrid nanomicelles 

were ~65 nm in size. 

Results: The nanomicelles improved cellular uptake and anticancer efficacy in the resistant 

breast cancer cells and induced mitochondria-mediated apoptosis. The mechanism of the apop-

tosis-inducing effect was related to the co-localization of the nanomicelles with mitochondria; 

the activation of pro-apoptotic protein Bax, cytochrome C, and apoptotic enzymes caspase 9 

and 3; and the inhibition of anti-apoptotic proteins Bcl-2 and Mcl-1. Oral administration of 

paclitaxel hybrid nanomicelles had the same anticancer efficacy as the intravenous injection 

of taxol in resistant breast cancer-bearing mice. The oral suitability of this formulation was 

associated with the nanostructure and the actions of TPGS
1000

 and DQA. 

Conclusion: The fabricated paclitaxel hybrid nanomicelles could provide a promising oral 

formulation to treat drug-resistant breast cancer.

Keywords: paclitaxel, nanomicelles, oral, drug-resistant breast cancer, mice

Introduction
Chemotherapy plays a crucial role in eliminating cancer cells during clinical treatment. 

Most chemotherapeutic agents are only given by intravenous administration, while an 

oral administration of an anticancer drug could be greatly beneficial for the patients. 

For example, a patient with breast cancer who has received comprehensive treatment 

in hospital still needs to receive chemotherapy after being discharged from the 

hospital. Accordingly, oral administration, rather than intravenous injection, would 

be an optimal choice. Oral chemotherapy is a key step toward chemotherapy at home, 

and the development of oral anticancer drugs would improve the clinical practice and 

the life quality of patients. Most clinically used anticancer agents are not suitable for 

oral administrations because of their poor absorption via the gastrointestinal tract. 

Therefore, how to develop oral administration of the anticancer drugs remains an 

unsolved scientific issue in the treatment of breast cancer.

Paclitaxel is a broad-spectrum anticancer drug that is effective in treating various 

solid tumors, such as breast cancer and ovarian cancer.1–3 In clinical treatment, pacli-

taxel is administered intravenously as a formulation containing dehydrated alcohol and 

a surfactant (cremophor EL). The main issues concerning the clinically used paclitaxel 
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formulation are that administration of paclitaxel is limited 

to the injection method, and the surfactant in the paclitaxel 

formulation could cause severe side effects, including hair 

loss, muscle pain, serious allergic reaction, neurotoxicity, 

and nephrotoxicity.4,5

In the present study, we designed orally deliverable 

paclitaxel hybrid nanomicelles using the hypothesis that 

functionalized nanomedicine could be orally administered 

to treat breast cancer. Paclitaxel was formulated into hybrid 

micelles prepared with the polymer soluplus, d-α-tocopheryl 

polyethyleneglycol 1000 succinate (TPGS
1000

), and dequal-

inium (DQA).

Soluplus is an amphiphilic polyvinyl caprolactam– 

polyvinyl acetate–polyethylene glycol graft copolymer and 

has solubilization potential for water-insoluble drugs.6,7 

Micelles formulated with soluplus have a low critical 

micelle concentration value (about 10-8 M) and small in size 

(~65 nm).7 In the molecular structure, soluplus has a hydro-

philic polyethylene glycol backbone and several hydrophobic 

vinylcaprolactam/vinyl acetate side chains. Its hydrophobic 

carbonyl group can form hydrogen bonds with the hydroxyl 

groups of drug molecules, thus increasing the drug loading 

(DL) capacity and the stability of the micelles.

TPGS
1000

 is a nonionic surfactant that has been used in 

pharmaceutical dosage forms after its approval by the US 

Food and Drug Administration (FDA) as a safe pharmaceu-

tical adjuvant. It can increase drug solubility, enhance drug 

encapsulation efficiency (EE),8 and prolong the duration of 

the drug in the blood. Moreover, TPGS
1000

 could improve the 

oral bioavailability of anticancer drugs and inhibit drug efflux 

by ATP-binding cassette transporter (ABC transporters) 

overexpressing cells, such as drug-resistant cancer cells and 

gastrointestinal tract cells.9,10 Therefore, TPGS
1000

-containing 

nanomicelles could successfully promote the oral absorption 

of anticancer drugs.11

DQA, 1,1′-(1,10-decanediyl) bis-(4-amino-2-methyl 

quinolinium), is an amphipathic cationic compound that 

is usually used as an antiseptic and disinfectant for wound 

dressings and mouth infections. Recent research indicated 

that DQA could selectively accumulate in mitochondria, 

driven by the transmembrane electric potential.12,13 Incorpora-

tion of cationic DQA in hybrid micelles might enhance the 

electrostatic interaction of the hybrid micelles with the nega-

tively charged sialic acid groups in the intestinal mucus and 

with the negatively charged cancer cell membrane, thereby 

promoting intestinal absorption of the hybrid micelles and 

the subsequent cellular uptake by cancer cells.

The objectives of the present study were to develop orally 

deliverable paclitaxel hybrid nanomicelles, to investigate 

their anticancer efficacy in resistant breast cancer-bearing 

animals by oral administration, and to reveal their mecha-

nism of action.

Materials and methods
Materials
Soluplus was kindly provided by BASF Auxiliary Chem. 

Co., Ltd. (Shanghai, China). TPGS
1000

 was purchased 

from Sigma-Aldrich Co. (St Louis Co., MO, USA). DQA 

was obtained from Hangzhou Sanhe Chemicals, Co., Ltd. 

(Hangzhou, China). Paclitaxel was purchased from Nanjing 

Tianzun Zezhong Chemicals, Co., Ltd. (Nanjing, China). 

Coumarin and rhodamine 123 were purchased from Sigma-

Aldrich Co. Other chemical reagents were obtained from 

Beijing Chemical Reagents (Beijing, China).

Preparation of paclitaxel hybrid 
nanomicelles
Paclitaxel hybrid nanomicelles were prepared via the fol-

lowing procedure. Briefly, soluplus, TPGS
1000

, and DQA 

(1/0.8/0.4 molar ratio) were used as micelle materials. 

Materials and paclitaxel (materials:drug =20:1, w/w) were 

dissolved in methanol in a pear-shaped flask. The methanol 

was then evaporated to form a thin film using a vacuum 

rotary evaporator. The thin film was hydrated with deion-

ized water, followed by moderate stirring for 2 h. The 

paclitaxel hybrid nanomicelles were obtained by filtration 

of the micelle suspensions through a 0.22 µm polycarbonate 

membrane. Paclitaxel nanomicelles were prepared using the 

same protocol as that for the paclitaxel hybrid nanomicelles 

except without adding DQA and TPGS
1000

.

Coumarin hybrid nanomicelles and rhodamine 123 

hybrid nanomicelles were prepared similarly as fluores-

cent probes.

Characterization of the nanomicelles
The mean particle size, polydisperisty index (PDI), and zeta 

potential of the various nanomicelles were estimated using 

a Nano Series Zen 4003 Zeta sizer (Malvern Instruments 

Ltd., Malvern, UK). The morphology of the paclitaxel 

hybrid nanomicelles was observed using transmission elec-

tron microscopy (TEM; Tecnai G2 20ST, FEI Co., Ltd., 

Tokyo, Japan).

The DL and EEs were investigated using a high per-

formance liquid chromatography (HPLC) method (Agilent 

Technologies Inc., Santa Clara, CA, USA). All experiments 

were performed three times. The DL and EE were evaluated 

using the following formula: DL (%) = (W
i
/W

PMs
) × 100%, 
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EE (%) = (W
i
/W

total
) ×100%, where W

i
 is the amount of 

encapsulated paclitaxel in the nanomicelles, W
PMs

 is the total 

amount of the encapsulated paclitaxel and nanocarriers, and 

W
total

 is the total amount of paclitaxel.

The in vitro release of paclitaxel from the paclitaxel 

hybrid nanomicelles was assessed by the dialysis bag 

method. Briefly, 1 mL of nanomicelles containing 60 µg of 

paclitaxel was added into a dialysis bag (molecular weight 

cut off=12–14 kDa; Greenbird Inc., Shanghai, China), 

and dialyzed in 40.0 mL of simulated gastric fluid (SGF, 

0.1 M HCl solution, pH 1.2) for 2 h with 100 revolutions 

per minute at 37°C±0.5°C. This was followed by dialyzing 

in 40.0 mL of simulated intestinal fluid (SIF, phosphate 

buffered saline [PBS] containing 137 mM NaCl, 2.7 mM 

KCl, 8 mM Na
2
HPO

4
, and 2 mM KH

2
PO

4
, PBS pH 7.4) 

for 48 h under the same conditions. A 0.5 mL volume of 

release solution was sampled at 0.5, 1, 2, 4, 8, 12, 24, and 

48 h, while an equal volume of corresponding fresh release 

medium was added immediately. One milliliter of paclitaxel 

solution was used as a control. The paclitaxel solution 

was prepared by diluting a paclitaxel DMSO solution with 

distilled water. The sample was determined by HPLC as 

mentioned earlier. Each test was repeated in triplicate.

Cell culture
Human MCF-7 breast cancer cells were provided by the 

Institute of Materia Medica (Chinese Academy of Medi-

cal Sciences and Peking Union Medical College, Beijing, 

China) and the MCF-7/Adr drug-resistant breast cancer cells 

were provided by the Institute of Hematology and Blood 

Diseases Hospital (Chinese Academy of Medical Sciences 

and Peking Union Medical College). Cells were cultured in 

Roswell Park Memorial Institute 1640 medium (Macgene 

Biotech Co., Ltd, Beijing, China) containing 10% heat-inac-

tivated fetal bovine serum (Macgene Biotech). To maintain 

the drug resistance of MCF-7/Adr cells, MCF-7/Adr cells 

were cultured in the presence of 2 µM doxorubicin and 

passaged for 1 week in a drug-free medium before the test. 

The cells were incubated at 37°C in a humidified environ-

ment containing a 5% CO
2
 atmosphere.

MCF-7/Adr cellular uptake
To evaluate MCF-7/Adr cellular uptake qualitatively, 

MCF-7/Adr cells were seeded into chambered coverslips 

at a density of 3×105 cells/well under 5% CO
2
 at 37°C for 

24 h. Free rhodamine 123, rhodamine 123 nanomicelles, 

and rhodamine 123 hybrid nanomicelles were applied to 

the chambered coverslips for 4 h. The final concentration of 

rhodamine 123 was 10 µM. The culture medium was used 

as a blank control. Cell culture medium was removed after 

incubation, and the cells were washed three times with PBS. 

The cell nuclei were stained with Hoechst 333342 (5 µg/mL) 

for 20 min and then washed with PBS for three times. Finally, 

the cells were analyzed using a laser scanning confocal 

microscope (Leica SP2; Leica Microsystems, Wetzlar, 

Germany) to observe the images of rhodamine 123 uptake 

by the MCF-7/Adr cells (excitation wavelength=488 nm, 

emission wavelength=560 nm).

To evaluate MCF-7/Adr cellular uptake quantitatively, 

MCF-7/Adr cells were seeded into six-well culture plates at 

a density of 3×105 cells/well under 5% CO
2
 at 37°C for 24 h. 

Free rhodamine 123, rhodamine 123 nanomicelles, and rhod-

amine 123 hybrid nanomicelles were applied to the six-well 

culture plates for 3 h. The final concentration of rhodamine 

123 was 10 µM. The culture medium was used as a blank 

control. The cells were washed for three times with PBS 

(pH 7.4), fixed with 4% paraformaldehyde (v/v) for 15 min 

under 5% CO
2
 at 37°C, trypsinized with 0.25% trypsinase, 

and collected. The harvested cells were subjected to FACScan 

flow cytometry to measure the fluorescence intensity of rhod-

amine 123 to assess the quantity of cellular uptake (excitation 

wavelength=488 nm, emission wavelength=560 nm).

Targeting the mitochondria of MCF-7/
Adr cells
The mitochondria-targeting feature of the paclitaxel hybrid 

nanomicelles was evaluated using a confocal laser scanning 

fluorescent microscopy for MCF-7/Adr cells. Coumarin 

was applied as the fluorescent probe. Briefly, MCF-7/Adr 

cells were seeded into chambered coverslips at a density of 

3×105 cells/well and cultured for 24 h under 5% CO
2
 at 37°C. 

Free coumarin, coumarin nanomicelles, and coumarin hybrid 

nanomicelles were added to the wells, respectively. The final 

concentration of coumarin was 1.0 µM. After incubation for 

4 h, cells were washed with PBS (pH 7.4) three times. The 

mitochondria of cells were then stained with 200 nM Mito 

Tracker Deep Red FM (Thermo Fisher Scientific, Waltham, 

MA, USA) for 30 min under 5% CO
2
 at 37°C, and cells were 

washed with PBS (pH 7.4) for three times. The cell nuclei 

were stained with Hoechst 333342 (5 µg/mL) for 30 min. 

The cells were then washed with PBS (pH 7.4) twice and 

observed under a laser scanning confocal microscope. Com-

posite images were created by overlapping the images from 

the individual channels.

In vitro cytotoxicity
To assess the growth inhibition of different paclitaxel 

formulations on the MCF-7 or MCF-7/Adr cells, cells 
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were seeded in 96-well culture plates at a density of 5×103 

cells/well and grown for 24 h under 5% CO
2
 at 37°C. Various 

concentrations of the different formulations were separately 

added into the wells, consisting of free paclitaxel, paclitaxel 

nanomicelles, and paclitaxel hybrid nanomicelles. The final 

concentration of paclitaxel ranged from 0 to 10 µM. The 

culture medium was used as a blank control. After 48 h, 

cell viability was estimated on the base of the absorbance at 

540 nm on a microplate reader (Bio-Rad model 680; Bio-Rad 

Laboratories, Inc., Hercules, CA, USA) using the sulforhod-

amine B (SRB) staining assay.14 The following formula was 

used to calculate the survival rate: survival rate (%) = (A
540 nm

 

for the treated cells/A
540 nm

 for the control cells)×100%, where 

A
540 nm

 is the absorbance value. Dose‑effect curves were 

constructed. The tests were performed in triplicate.

Apoptosis-inducing effect
Apoptosis was evaluated using an Annexin V647/ 7-Amin-

oactinomycin D (7AAD) staining apoptosis detection kit 

(Nanjing Keygen Biotech. Co., Ltd., Nanjing, China) by 

flow cytometry. Briefly, MCF-7/Adr cells were seeded into 

six-well culture plates at a density of 3×105 cells/well and 

cultured for 24 h under 5% CO
2
 at 37°C. The cells were then 

incubated with free paclitaxel, paclitaxel nanomicelles, and 

paclitaxel hybrid nanomicelles for 12 h, respectively. The 

final concentration of paclitaxel was 10 µM. The culture 

medium was used as a blank control. After incubation, the 

cells were washed twice with PBS (pH 7.4), collected, and 

resuspended in 0.3 mL binding buffer provided in the detec-

tion kit. Cells were incubated with 5 µL Annexin V647 for 

15 min in the dark at room temperature and then with 5 µL 

7AAD for 10 min. The cells were analyzed by flow cytometry 

to assess the apoptosis-inducing effect.

Apoptosis-inducing mechanism
Apoptosis-inducing signaling pathways were studied in 

drug-resistant MCF-7/Adr breast cancer cells after treatment 

with different formulations by a high-content screening 

system. MCF-7/Adr cells were seeded into 96-well culture 

plates at a density of 3×105 cells/well and cultured for 24 h 

under 5% CO
2
 at 37°C. The cells were incubated with blank 

culture medium, free paclitaxel, paclitaxel nanomicelles, 

and paclitaxel hybrid nanomicelles for 6 h under the same 

conditions. The final concentration of paclitaxel was 10 µM. 

The cells were fixed with 4% paraformaldehyde for 15 min 

under 5% CO
2
 at 37°C and penetrated with 0.5% Triton 

X-100 and 0.3 M glycine for 15 min. After washing with 

PBS (pH 7.4) for three times, the cells were incubated with 

5% goat serum for 2 h at room temperature. Subsequently, 

the cells were incubated with primary antibodies recognizing 

caspase 3, caspase 9, cytochrome C, Bax, Bcl-2, and Mcl-1 

(Sangon Biotech Co., Ltd., Shanghai, China), respectively, 

for 6 h at 4°C, and then washed with PBS for three times. 

Afterward, the cells were incubated with relevant secondary 

antibodies (Alexa Fluor 647-labeled Goat Anti-Rabbit 

IgG[H+L] and Alexa Fluor 647-labeled Goat Anti-mouse 

IgG[H+L]) for 2 h at room temperature and then stained 

with Hoechst 333342 (5 µg/mL) for 30 min. Both primary 

and secondary antibodies were diluted according to the 

manufacturer’s instructions. Finally, the cells were washed 

with PBS (pH 7.4) twice and preserved in 50 µL of PBS. 

The apoptotic proteins were estimated with a high-content 

screening system (Perkin Elmer, Inc., Waltham, MA, USA) 

and quantified using the Columbus system.

Anticancer efficacy in mice by oral 
administration
To investigate the antitumor efficacy in vivo, female BALB/c 

nude mice (initially weighing 16–18 g) were purchased 

from the Peking University Health Science Center. All 

animal experiments were performed in accordance with the 

principles of the Guide for the Care and Use of Laboratory 

Animals and were approved by the Institutional Animal 

Care and Use Committee of Peking University. Tumor 

models were established by injecting MCF-7/Adr cells 

(1×107 cells/mice) subcutaneously into the right flanks of the 

nude mice. The volume of tumors in mice was observed and 

recorded. When the volume of tumors reached ~150 mm3, 

mice were sorted into the following experimental groups 

(n=6 in each group) randomly: physiological saline (orally 

[po]), taxol (10 mg/kg, po), taxol (10 mg/kg, intravenous 

[iv]), and paclitaxel hybrid nanomicelles (10 mg/kg, po), 

which were administered to the mice on the 18th, 20th, 

22nd, 24th, 28th, and 30th day postinoculation. The tumor 

volume and body weight of the mice were then measured 

every 2 days. Tumor volumes (V) were calculated by the 

following formula: V = (L × W2)/2 (mm3), where L and W 

represent the length and width, respectively. The body weight 

of mice was investigated during the course of experiment to 

assess possible toxic effects of the formulations. Mice were 

sacrificed on the 31st day post-inoculation, and then tumor 

tissues were removed and weighed immediately.

Statistical analysis
Data are represented as the mean ± SD. One-way analysis 

of variance was used to determine the significance among 
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the groups, after which post hoc tests with the Bonferroni 

correction were used for comparison between individual 

groups. A value of P,0.05 was considered statistically 

significant.

Results
Preparation and characterization of the 
nanomicelles
The preparation and characterization of the nanomicelles 

included average particle sizes, PDI, zeta potential, DL 

capacity, and EE (Table 1). Schematic representations of 

the paclitaxel nanomicelles and paclitaxel hybrid nanomi-

celles are shown in Figure 1A. The results demonstrated 

that the average particle size of the paclitaxel hybrid 

nanomicelles was ~65 nm, with a narrow size distribu-

tion (PDI,0.20). The addition of TPGS
1000

 and DQA had 

no effect on the particle size. To better describe the shape 

of the paclitaxel hybrid nanomicelles, their morphology 

was observed using TEM (Figure 1B). The paclitaxel 

hybrid nanomicelles were spherical, and their apparent 

size was similar to ~65 nm. The zeta potential values 

of paclitaxel nanomicelles and paclitaxel hybrid nanomicelles 

were ‑14.6±0.77 mV and -0.679±0.15 mV, respectively. The 

DL efficiencies of the paclitaxel nanomicelles and paclitaxel 

hybrid nanomicelles were 5.57%±0.15% and 5.05%±0.18%, 

respectively. The EEs of both the nanomicelles were  

above 85%.

The in vitro release rates of nanomicelles were observed 

in the SGF for 2 h and in the SIF for 48 h, successively. 

The accumulative release of paclitaxel from free paclitaxel, 

paclitaxel nanomicelles, and paclitaxel hybrid nanomi-

celles in SGF was about 20.29%, 9.31%, and 15.15% at 

2 h, while they were 26.99%±3.68%, 37.43%±2.65%, and 

39.74%±3.69% at 48 h, respectively (Figure 1C). The results 

indicated that the paclitaxel leakage percentage from the 

paclitaxel nanomicelles or paclitaxel hybrid nanomicelles 

was less than 40% over 48 h in the simulated gastrointes-

tinal tract.

MCF-7/Adr cellular uptake
The cellular uptake efficiency by MCF-7/Adr cells after treat-

ment with free rhodamine 123, rhodamine 123 nanomicelles, 

or rhodamine 123 hybrid nanomicelles was assessed by 

confocal laser scanning microscopy (Figure 2A). Green fluo-

rescence indicated that rhodamine 123 was internalized by the 

cells, while blue fluorescence indicated that Hoechst 333342 

was located in the cell nuclei. The results demonstrated that 

free rhodamine 123 had the weakest fluorescence intensity in 

MCF-7/Adr cells, while rhodamine 123 hybrid nanomicelles 

exhibited the strongest fluorescence intensity.

The fluorescence intensity of rhodamine 123 was further 

quantitatively demonstrated by flow cytometry (Figure 2B 

and C). The results indicated that the mean fluorescence inten-

sities after treatment with culture medium, free rhodamine 

123, rhodamine 123 nanomicelles, and rhodamine 123 hybrid 

nanomicelles for 4 h were 552.90±8.68, 9,737.43±184.35, 

19,441.83±1,058.27, and 269,311.43±9,848.60, respectively. 

The results were consistent with the qualitative results for 

cellular uptake observed using confocal laser scanning 

microscopy.

Targeting the mitochondria of MCF-7/
Adr cells
The targeting effects of coumarin hybrid nanomicelles in 

MCF-7/Adr cells were evaluated by confocal laser scan-

ning microscopy (Figure 3). Mitochondria in the cells were 

stained with red fluorescence by Mito Tracker Deep Red 

FM, and free coumarin acted as a green fluorescent probe 

to indicate the subcellular localization of the drug. A bright 

yellow fluorescence indicated overlapping red and green 

fluorescence, indicating the co-localization of the drug with 

the mitochondria. The results showed that coumarin hybrid 

nanomicelles were accumulated selectively into the mito-

chondria, while coumarin nanomicelles and free coumarin 

did not localize in the mitochondria.

In vitro cytotoxicity
Growth inhibitory effects of various formulations on MCF-7 

and MCF-7/Adr cells were measured using an SRB assay 

(Figure 4). Blank hybrid nanomicelles showed neglectable 

cytotoxicity to MCF-7 and MCF-7/Adr cells. All formula-

tions exhibited paclitaxel concentration-dependent cyto-

toxic effects on MCF-7 and on MCF-7/Adr cells. The dose 

required for 50% growth inhibition (IC50 value) for the 

Table 1 Characterization of paclitaxel hybrid nanomicelles

Measurements Blank hybrid 
nanomicelles

Paclitaxel 
nanomicelles

Paclitaxel 
hybrid 
nanomicelles

Particle size (nm) 61.05±0.14 63.41±0.58 64.03±0.77
Polydisperisty index 0.11±0.02 0.14±0.04 0.18±0.04
Zeta potential (mV) -0.8±0.64 -14.60±0.77 -0.68±0.15
Encapsulation 
efficiency (%)

– 96.21±0.48 86.40±0.93

Drug loading 
efficiency (%)

– 5.57±0.15 5.05±0.18

Note: Data are presented as mean ± SD.
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paclitaxel hybrid nanomicelles, paclitaxel nanomicelles, and 

free paclitaxel were 0.287 µM, 0.3767 µM, and 0.8359 µM, 

respectively, for MCF-7 cells and 1.105 µM, 9.949 µM, and 

23.21 µM, respectively, for MCF-7/Adr cells. Free paclitaxel 

exhibited obvious cytotoxicity to MCF-7 cells but was less 

cytotoxic to MCF-7/Adr cells. Paclitaxel nanomicelles 

evidently improved the cytotoxicity of paclitaxel toward 

MCF-7/Adr cells. Moreover, paclitaxel hybrid nanomicelles 

showed stronger cytotoxicity to MCF-7/Adr cells compared 

with free paclitaxel or with paclitaxel nanomicelles. Briefly, 

the degree of cytotoxicity was paclitaxel hybrid nanomi-

celles . paclitaxel nanomicelles . free paclitaxel . blank 

hybrid nanomicelles.

Apoptosis-inducing effect
Apoptosis-inducing effects of various formulations on 

MCF-7/Adr cells were evaluated by flow cytometry 

(Figure 5). The percentage of apoptosis in MCF-7/Adr 

cells after treatment with culture medium, free paclitaxel, 

paclitaxel nanomicelles, and paclitaxel hybrid nanomicelles 

was 0.88%±0.52%, 1.76%±0.74%, 8.54%±1.25%, and 

32.93%±5.85%, respectively. Paclitaxel hybrid nanomi-

celles showed the most evident apoptosis-inducing effect in 

MCF-7/Adr cells compared with paclitaxel nanomicelles or 

with free paclitaxel.

Apoptosis-inducing mechanism
The levels of apoptotic proteins and enzymes in MCF-7/

Adr cells after treatment with various formulations were 

measured using a high-content screening system (Figure 6). 

The results revealed that after treatment with culture medium, 

free paclitaxel, paclitaxel nanomicelles, and paclitaxel 

hybrid nanomicelles, the activities of cytochrome C were 

1.00±0.03, 1.05±0.05, 1.08±0.05, 1.19±0.03; the activities of 

caspase 9 were 1.00±0.01, 1.02±0.03, 1.08±0.02, 1.16±0.04; 

the activities of caspase 3 were 1.00±0.01, 1.03±0.03, 

1.06±0.03, 1.19±0.02; the activities of Bax were 1.00±0.17, 

1.07±0.06, 1.11±0.03, 1.25±0.06; the activities of Bcl-2 

were 1.00±0.09, 0.88±0.07, 0.79±0.03, 0.72±0.02; and the 

activities of Mcl-1 were 1.00±0.06, 0.91±0.06, 0.86±0.04, 

0.79±0.02, respectively. The results showed that pacli-

taxel hybrid nanomicelles could increase the activity of 

Figure 1 Characterization of paclitaxel hybrid nanomicelles.
Notes: (A) Schematic representations of paclitaxel nanomicelles (A1) and paclitaxel hybrid nanomicelles (A2). (B) Transmission electron microscopy image of paclitaxel 
hybrid nanomicelles, scale bar =50 nm. (C) Paclitaxel release rates (%) of paclitaxel solution, paclitaxel nanomicelles, and paclitaxel hybrid nanomicelles in simulated gastric 
fluid (pH 1.2, for 2 h) and simulated intestinal fluid (pH 7.4, until 48 h) at 37°C. Data are presented as mean ± SD (n=3).
Abbreviation: TPGS1000, d-α-tocopheryl polyethyleneglycol 1000 succinate.
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cytochrome C, caspase 9, caspase 3, and pro-apoptotic 

protein Bax but decreased the activity of anti-apoptotic 

protein Mcl-1 and anti-apoptotic protein Bcl-2.

Anticancer efficacy in mice by oral 
administration
Anticancer efficacy was indicated by the volume and weight 

of tumor tissue in MCF-7/Adr-bearing mice (Figure 7A 

and B). The rank of tumor volume or weight was pacli-

taxel hybrid nanomicelles (po) $ taxol (iv) . taxol (po) . 

control (po). The tumor inhibition rate of paclitaxel hybrid 

nanomicelles by oral administration (87.45%±12.15% at 

day 30) was similar to that of taxol by intravenous injection 

(73.26%±24.02% at day 30).

The body weight changes of the tumor-bearing mice 

were recorded during the experiment (Figure 7C). The 

results showed that the body weight of the mice showed no 

evident change after oral administration of paclitaxel hybrid 

nanomicelles; however, the body weight showed a moderate 

reduction after intravenous injection of taxol.

Discussion
In this study, a nanostructure for oral drug delivery was devel-

oped for cancer therapy. The fabricated paclitaxel hybrid 

nanomicelles could be administrated orally, thus permitting 

chemotherapy at home and the avoidance of side effects, 

such as allergic reaction caused by the surfactant. The oral 

suitability of paclitaxel hybrid nanomicelles is derived from 

the nanostructured micelles and the action of the functional 

materials TPGS
1000

 and DQA.

The constructed paclitaxel hybrid nanomicelles were 

characterized as having a nanosize (with a narrow dis-

tribution), high DL and EE, and a low drug leakage rate 

(Figure 1). The appropriate particle size (50–100 nm) 

of the nanomicelles could enhance oral absorbability by 

improving the transport across the gastrointestinal tract 

and absorption into the blood system.11,15,16 Furthermore, 

the PEGylated TPGS
1000

 allows the micelles to escape 

from the fast uptake by reticuloendothelial system, while 

the nanostructure improves the permeation and retention 

effect, thus effectively accumulating nanomicelles into the 
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Figure 2 Intracellular uptake by MCF-7/Adr cells after treatment with various formulations.
Notes: (A) Laser scanning confocal fluorescence images of cells. Rhodamine 123 was used as a fluorescent indicator, while the nucleus was stained with Hoechst 333342. 
(B and C) Flow cytometry analysis of intracellular uptake by MCF-7/Adr cells: 1, control; 2, rhodamine 123; 3, rhodamine 123 nanomicelles; 4, rhodamine 123 hybrid 
nanomicelles. P,0.05; a, vs control; b, vs rhodamine 123; c, vs rhodamine 123 nanomicelles. Data are presented as mean ± SD (n=3).
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Figure 3 Co-localization of paclitaxel hybrid nanomicelles with mitochondria in MCF-7/Adr cells. After treatment with various formulations for 4 h, co-localization was 
observed by laser scanning confocal microscopy. Coumarin was used as the fluorescent probe.

tumor site.17 In addition, soluplus could form hydrogen 

bonds with paclitaxel, which improves the stability of the 

nanomicelles, enhances the DL and EE, and reduces drug 

leakage.

The cellular uptake evaluation revealed that the hybrid 

nanomicelles could be internalized more efficiently by drug-

resistant cancer cells (Figure 2). The enhanced cellular uptake 

of the hybrid nanomicelles could be attributed to TPGS
1000

, 

which inhibits drug efflux by the ABC transporters.18 

Moreover, positively charged DQA could improve cellular 

uptake by adsorption onto the negatively charged cancer 

cell membrane. Further studies on the localization of the 

nanomicelles suggested that the hybrid nanomicelles could 

be specifically accumulated into mitochondria, leading to 

mitochondrial dysfunction (Figure 3). The co-localization 

of the hybrid nanomicelles with mitochondria resulted from 

the mitochondria targeting effect of DQA, driven by the 

transmembrane electric potential.19

According to the in vitro cytotoxicity assay, the blank 

hybrid nanomicelles exhibited lower cytotoxicity, indicating 

their safety as a nanocarrier (Figure 4). Paclitaxel hybrid 

nanomicelles had the strongest inhibitory effect on MCF-7 

cells or MCF-7/Adr cells. In particular, the paclitaxel hybrid 

nanomicelles significantly improved the anticancer efficacy 

in MCF-7/Adr cells compared with paclitaxel nanomicelles 

or free paclitaxel, demonstrating that the paclitaxel hybrid 
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Figure 4 Survival rates of MCF-7 (A) or MCF-7/Adr (B) cells after treatment with various formulations. P,0.05; a, vs hybrid blank nanomicelles; b, vs paclitaxel solution; 
c, vs paclitaxel nanomicelles. Data are presented as mean ± SD (n=3).

nanomicelles could evidently circumvent drug resistance of 

the cancer cells. The mechanism can be explained by the 

following two aspects. On the one hand, TPGS
1000

 is able to 

inhibit drug efflux by ABC transporters overexpressed on the 

membrane of resistant cancer cells.20,21 On the other hand, 

the mitochondria targeting effect induced by DQA increases 

apoptosis of the resistant cancer cells, as discussed in the 

following section.

The paclitaxel hybrid nanomicelles exhibited the stron-

gest apoptosis-inducing effect on MCF-7/Adr cells among 

the formulations (Figure 5). The mechanistic investigation 

showed that the apoptosis induced by the paclitaxel hybrid 

nanomicelles is mediated by mitochondria-dependent sig-

naling pathways (Figure 6). Paclitaxel hybrid nanomicelles 

co-locate with mitochondria, destroying the mitochondrial 

membrane and leading to the release of cytochrome C into 
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Figure 5 Induced apoptosis on MCF-7/Adr cells after treatment with various formulations.
Notes: (A,B) 1, control; 2, paclitaxel solution; 3, paclitaxel nanomicelles; 4, paclitaxel hybrid nanomicelles. P,0.05; a, vs control; b, vs paclitaxel solution; c, vs paclitaxel 
nanomicelles. Data are presented as mean ± SD (n=3).
Abbreviation: 7AAD, 7-Aminoactinomycin D.

the cytosol.22,23 Meanwhile, the paclitaxel hybrid nanomi-

celles decreased the levels of anti-apoptotic proteins Bcl-2 

and Mcl-1 while upregulating the level of pro-apoptotic 

protein Bax, which triggers the increased permeability of the 

transmembrane pore (PT pore), thus facilitating the release 

of cytochrome C. Consequently, the released cytochrome C 

further activates the upstream apoptotic enzyme caspase 9 

and then the downstream effector caspase 3, finally inducing 

a cascade of apoptotic reactions.24,25

Oral efficacy was demonstrated in a resistant cancer 

MCF-7/Adr-xenografted nude mouse model (Figure 7). 

The result showed that the effects of oral administration of 
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Figure 6 Activation of pro-apoptotic proteins and inhibition of anti-apoptotic proteins in MCF-7/Adr cells after treatment with various formulations.
Notes: (A–F) 1, control; 2, paclitaxel solution; 3, paclitaxel nanomicelles; 4, paclitaxel hybrid nanomicelles. P,0.05; a, vs control; b, vs paclitaxel solution; c, vs paclitaxel 
nanomicelles. Data are presented as mean ± SD (n=3).

paclitaxel hybrid nanomicelles were comparable to those 

of intravenous injection of taxol. In addition, the pacli-

taxel hybrid nanomicelles exhibited the potential to inhibit 

resistant breast cancer cells. Compared with the normal 

control, the paclitaxel hybrid nanomicelles did not cause 

any appreciable toxicity in the mice. Collectively, these 

results revealed the prospect of this formulation for further 

development.

Figure 7 (Continued)
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In summary, the fabricated paclitaxel hybrid nanomicelles 

were ~65 nm in size and exhibited enhanced cellular uptake 

and significant anticancer efficacy to treat resistant breast 

cancer cells. In addition, they effectively induced apoptosis 

of the cancer cells, which was related to the co-localization 

of the nanomicelles with mitochondria; the increase of pro-

apoptotic protein Bax, cytochrome C, and apoptotic enzymes 

caspase 9 and 3; and the decrease in anti-apoptotic proteins 

Bcl-2 and Mcl-1. Oral administration of the paclitaxel hybrid 

nanomicelles manifested the same anticancer efficacy as 

the intravenous injection of taxol in resistant breast cancer-

bearing mice. The oral suitability of this formulation was 

associated with the nanostructure and the actions of TPGS
1000

 

and DQA. In conclusion, the fabricated paclitaxel hybrid 

nanomicelles represent a promising oral formulation to treat 

drug-resistant breast cancer.
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Figure 7 Antitumor efficacy by oral administration of paclitaxel hybrid nanomicelles in drug resistant breast cancer-bearing mice.
Notes: (A) Tumor volume changes in mice after administration; (B) tumor weight in mice after administration; (C) body weight changes of mice after administration. 1, control 
(saline, po); 2, taxol (po); 3, taxol (iv); 4, hybrid paclitaxel nanomicelles (po). P,0.05; a, vs control (saline, po); b, vs taxol (po). Data are presented as mean ± SD (n=6).
Abbreviations: po, orally; iv, intravenous.
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