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Abstract: Resistance to cytotoxic chemotherapy is the main cause of therapeutic failure and death in women with 
breast cancer. Overexpression of various members of the superfamily of adenosine triphosphate binding cassette 
(ABC)-transporters has been shown to be associated with multidrug resistance (MDR) phenotype in breast cancer 
cells. MDR1 protein promotes the intracellular efflux of drugs. A novel approach to address cancer drug resistance 
is to take advantage of the ability of nanocarriers to sidestep drug resistance mechanisms by endosomal delivery of 
chemotherapeutic agents. Doxorubicin (DOX) is an anthracycline antibiotic commonly used in breast cancer chemo-
therapy and a substrate for ABC-mediated drug efflux. In the present study, we developed breast cancer MCF-7 cells 
with overexpression of MDR1 and designed mesoporous silica nanoparticles (MSNs) which were used as a drug 
delivery system. We tested the efficacy of DOX in the breast cancer cell line MCF-7/MDR1 and in a MCF-7/MDR1 
xenograft nude mouse model using the MSNs drug delivery system. Our data show that drug resistance in the hu-
man breast cancer cell line MCF-7/MDR1 can be overcome by treatment with DOX encapsulated within mesoporous 
silica nanoparticles.
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Introduction

Breast cancer is currently one of the most prev-
alent neoplasia, and around one in 10 Western 
women will develop breast cancer at some time 
in their life [1]. It is the second most common 
cause of cancer death in women, and despite 
radical mastectomy approximately one third of 
affected women die. At present, chemotherapy 
including adjuvant and neoadjuvant chemo-
therapy is the major treatment for breast can-
cer. Although chemotherapy improves survival 
rates in the adjuvant setting, around 50% of all 
treated patients will relapse. The major reason 
for therapeutic failure is the development of 
resistance against the anticancer agents used. 
The development of a multidrug resistance 
(MDR1) phenotype in advanced breast cancer 
is primarily responsible for the failure of current 
treatment regimens [2, 3]. Such a MDR1 phe-
notype can be intrinsic (primary) or acquired 
(secondary). Two types of MDR1 have been dis-

tinguished: P-glycoprotein-dependent and non-
P-glycoprotein-dependent MDR1. P-glycoprotein 
is a member of the ABC (adenosine triphos-
phate binding cassette)-transporters superfam-
ily. ABC-transporters act as energy-dependent 
drug efflux pumps, thereby decreasing the 
accumulation of cytotoxic agents in the intracel-
lular millieu [4-6]. The most extensively studied 
mechanism of drug resistance is the P-glyco- 
protein-dependent phenotype characterized by 
a typical cross resistance pattern against natu-
ral product-derived anticancer agents, such as 
anthracyclines (doxorubicin and epirubicin are 
among the most effective cytotoxic drugs used 
in the treatment of breast cancer), epipodophyl-
lotoxins, vinca alkaloids, or taxanes, and revers-
ibility by the calcium channel inhibitor verapamil 
and cyclosporin A derivatives.

Strategies for overcoming P-glycoprotein-
dependent MDR1 have been tested. Pharma- 
cologically active drug resistance-reversing 
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compounds are designed as MDR1 modulators 
or chemosensitizers. One obstacle in applying 
MDR1 modulators arises from their intrinsic 
toxicity at doses necessary for activity, such as 
heart failure, hypotension, hyperbilirubinemia, 
bone-marrow and neurological toxicity. In addi-
tion, tumor cells can develop resistance to 
these chemosensitizers. Another approach to 
reverse drug resistance of MDR1 is the use of 
P-glycoprotein inhibitors. Verapamil was found 
to inhibit the function of P-glycoprotein and 
reverse drug resistance [7-10]. This discovery 
led to clinical trials which attempted to reverse 
drug resistance using agents such as amioda-
rone, cyclosporine, valspodar and VX710. 
Although significant progress has been made in 
reversing drug resistance using these strate-
gies, clinical trials have mostly failed. Thus, it is 
necessary to explore new approaches to 
reverse drug resistance in breast cancer.

Nanotechnology has been widely used in biolo-
gy and medicine for anticancer therapy. The 
nanoparticle-based drug delivery systems offer 
numerous advantages including low toxicity, 
controlled release of drugs, and the ability to 
target cancer cells with cancer specific mole-
cules [11-17]. Construction of a nanoparticle-
based drug delivery system to bypass the efflux 
action of P-glycoprotein has been proven to be 
a promising approach to reverse drug resis-
tance [18, 19]. Doxorubicin (DOX) is anthracy-
cline antibiotic commonly used in breast can-
cer chemotherapy and a substrate for 
MDR1-mediated drug efflux. We designed mes-
oporous silica nanoparticles (MSNs) for cancer 
diagnosis and therapy. In the present study, we 
tested the efficacy of DOX in the breast cancer 
cell line MCF-7/MDR1 and in a MCF-7/MDR1 
xenograft nude mouse model using the MSNs 
drug delivery system.

Materials and methods

Development and characterization of MCF-7/
MDR1 cells

The drug-resistant MCF-7/MDR1 cell line was 
derived from MCF-7 cells purchased from the 
American Type Culture Collection (ATCC, 
Manassas, VA, USA) by selection with the che-
motherapeutic DOX. According to a previous 
report [20], we developed DOX-resistant MCF-7 
cells (MCF-7/MDR1) by exposing MCF-7 cells to 
increasing doses of DOX (1, 5, 10, 25, 50, 100, 
500, 1000, 5000 ng/mL) for 24 h followed by 
3-4 days of recovery before exposure to the 

next dose. MCF-7/MDR1 cells were then frozen 
and stored in liquid nitrogen. Fresh aliquots of 
MCF-7/MDR1 cells were used in all experi-
ments to ensure that these cells did not revert 
to a drug sensitive phenotype. The DOX dose 
reducing viability by 50% (IC50) was more than 
20-fold greater in MCF-7/MDR1 cells than in 
their wild-type progenitors.

The mRNA of MDR1 was determined in MCF-7 
control cells and MCF-7/MDR1 cells by quanti-
tative real-time RT-PCR. The total RNA in MCF-7 
and MCF7/MDR1 cells was extracted. The 
expression level of MDR1 mRNA in MCF7 and 
MCF7/MDR1 cells was determined by a quanti-
tative real-time RT-PCR using the Applied 
Biosystems 7500 (850 Lincoln Centre Drive 
Foster City, CA 94404 USA) with specific primer 
sets to MDR1 gene as follows: MDR1 forward 
primer: 5-TGACATTTATTCAAAGTTAAAAGCA-3, 
MDR1 reverse primer: 5-TAGACACTTTATGCAA- 
ACATTTTCAA-3. The house keeping gene glycer-
aldehyde-3-phosphate dehydrogenase (GAP- 
DH) was used as an internal control. GAPDH 
forward primer: 5’-GCAGGGGGGAGCCAAAAG- 
GGT-3’ and reverse primer: 5’-TGGGTGGCA- 
GTGATGGCATGG-3’.

We determined the MDR1 protein in MCF-7 
control cells and MCF-7/MDR1 cells to charac-
terize drug resistance in the cell line using 
western blot assay, immunohistochemical 
staining and fluorescent immunohistochemical 
staining with a MDR1 specific antibody. For the 
western blot assay, cells were lysed using lysis 
buffer, and then equivalent amounts of protein 
were loaded and electrophoresed on 8% gradi-
ent SDS-PAGE gel and transferred to a nitrocel-
lulose transfer membrane (PROTRAN Whatman, 
Germany). After blocking the membrane, it was 
probed with primary antibodies against MDR1 
(Santa Cruz Biotechnology, Dallas, USA, diluted 
1:200), and alpha-tubulin (Cell Signaling 
Technology, Boston, USA, diluted 1:1000) at 
4°C overnight. Thereafter, the blots were 
washed, and then incubated with horseradish 
peroxidase conjugated secondary antibodies. 
Finally, immunoreactive bands were visualized 
using chemiluminescence (Thermo Scientific, 
Waltham, USA).

Preparation and physicochemical characteris-
tics of MSNs

The rod-like MSNs were synthesized using pro-
cedures according to those previously pub-
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lished [21-23]. Typically, 0.53 mmol CTAB and 
0.016 μmol PFOA were dissolved in deionized 
96 g H2O. After stirring for 1 h, 0.7 mL NaOH 
aqueous solution (2 M) was added. The tem-
perature of the solution was increased to 80°C. 
Then 6.3 mmol TEOS was added to the above 
mixture dropwise within 3 min under steady 
stirring at about 600 rpm. The solution was 
stirred for another 2 h. The products were col-
lected by centrifugation and washed with etha-
nol. The as-synthesized nanoparticles were dis-
persed in ethanolic HCl to remove the surfactant 
from the mesopores. The solvent-extracted 
particles were collected by centrifugation, 
washed with ethanol, and dried under vacuum. 
The structures of MSNs were characterized 
using transmission electron microscopy (JEOL 
JEM-2100, Japan) operated at 200 kV. X-ray dif-
fraction (XRD) patterns were recorded on an 
X’Pert Pro powder diffractometer equipped 
with Cu Kα radiation. N2 adsorption-desorption 
isotherms were obtained at 77 K by using a 
Micromeritics ASAP Tristar II 2020 system. The 
samples were degassed at 453 K. The 
Brunauer-Emmett-Teller (BET) method was uti-
lized to measure the specific surface areas. 
The pore size distribution curves were obtained 
from the adsorption branches of the isotherms 
by using the Barrett–Joyner–Halanda (BJH) 
method. The pore volume was measured from 
the amount adsorbed at a maximum relative 
pressure (P/P0).

Drug loading and release

The mixed solution of 2 mg/mL MSNs and 0.5 
mg/mL DOX in phosphate buffered saline (PBS) 
underwent ultrasound to obtain a homoge-
neous solution. HCl and NaOH were used for pH 
adjustment. The mixed loading solution was 
adjusted to pH 5.4, pH 6.4, and pH 7.4, respec-
tively. After these loading solutions had been 
stirred for 24 h, the different DOX-loaded MSNs 
were centrifuged, washed three times with PBS 
and were named DMSN-5.4, DMSN-6.4, and 
DMSN-7.4, respectively. The drug entrapment 
efficiency was calculated using the following 
Equation 1 [24].

The release profile was determined as previ-
ously reported [25]. The DOX-loaded MSNs 

were re-dispersed and transferred into a dialy-
sis bag (cutoff molecular weight, 8,000~14,000 
Da). The bag was placed in 40 mL of PBS solu-
tion at pH 7.4 (i.e. physiological environment), 
pH 6.5 or pH 5.6 and gently shaken. The vol-
ume of the release medium was kept constant 
by adding fresh medium after each collection. 
The release of DOX was observed over 2, 4, 8, 
16, 20, and 24 h periods, respectively. The con-
centration of DOX was measured using a UV/
VIS spectrometer (Lambda 35, PerkinElmer) 
and compared with the standard curve.

Evaluation of cytotoxicity of DOX delivered by 
MSNs in MCF-7/MDR1 cells

The cellular internalization of DOX and DMSN-7 
in MCF-7 and MCF-7/MDR1 cells was observed 
and assessed by photography after incubation 
with free DOX or equivalent DMSN-7 at 18.3 
μg/mL. After 6 h incubation, the cells were 
washed thrice with PBS and fixed with 4% para-
formaldehyde solution for 20 min, then washed 
thrice with PBS. For detection of DOX, λex = 
520 nm and λem = 580 nm filter sets were 
used. The quantitative evaluation of free DOX 
and DMSN-7 cellular internalization was per-
formed under a fluorescence microscope 
(Olympus I×71, Japan) at ×400 magnification 
and the fluorescent intensity of DOX was mea-
sured with Image Pro Express software (Media 
Cybernetics, USA).

The in vitro cytotoxicity of DMSNs was tested 
via terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) assay 
and cell viability by MTT assay. TUNEL assay 
was also used to detect apoptosis [7]. Cell 
apoptosis after drug treatment was determined 
by TUNEL assay using the in situ cell death 
detection kit-POD (Roche, Burgess Hill, UK) 
according to the manufacturer’s instructions. 
Photographs of apoptosis of the two cell lines 
were recorded under a X fluorescence micro-
scope at ×100 magnification.

A total of 5×103 cells in 100 μL medium were 
plated into each well of a 96-well plate. Cells 
were incubated at 37°C for 2 h. The superna-
tant was carefully removed, 100 µL medium 
and 10 µL of a 5 mg/mL MTT solution were 

Drug entrapment efficiency % initial weight of DOX
initial weight of DOX weight of DOX in supernatant solution

100%=
-

#^ h

Equation 1:
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added and incubated for a further 3 h. Viable 
cells internalize MTT into their mitochondria 
and metabolize it into blue formazan crystals. 
The supernatant in each well was aspirated 
and 100 µL dimethyl sulfoxide (DMSO) was 
added to solubilize cells and MTT crystals. After 
4 h of shaking on an Eppendorf Thermomixer at 
37°C and 400 rpm to dissolve all crystals, the 
blue color was determined using a multiwall 
scanning spectrophotometer at a wavelength 
of 490 nm.

Tumor animal model and in vivo treatment

Athymic BALB/c nu/nu female mice (6 weeks) 
were housed and received humane care in 
compliance with the Guide for the Care and Use 
of Laboratory Animals of Nanjing University 
School of Medicine. The MCF-7/MDR1 cell sus-
pension (0.2 mL, 5×107 cells/mL) was injected 

into the breast of mice. When tumor volumes 
were greater than 200 mm3, the mice were ran-
domly divided into three groups. The mice were 
administered (A) physiological saline, (B) DOX, 
and (C) DMSN-7 intratumorally every 5 days. 
The DOX concentration in group B and D was 3 
mg/kg body weight. Mice were imaged at day 5 
post-injection using the IVIS imaging system 
(Caliper Life Sciences). Three weeks post 
administration, they were euthanized according 
to the animal protocol, and their tumors were 
immediately collected and weighed.

Statistical analysis

All values are shown as the mean ± standard 
error of the mean. Statistical analysis was per-
formed using the One-way ANOVA and a signifi-
cant difference test using SPSS statistical soft-
ware (SPSS version 15.0, SPSS Inc, Chicago, IL, 

Figure 1. High expression of MDR1 in MCF-7/MDR1 breast cancer cells. (A) MDR1 mRNA was expressed in MCF-7/
MDR1 cells, but not in MCF-7 control cells. The house keeping gene GAPDH was used as an internal control of gene 
expression. (B) MDR1 protein was detected in MCF-7/MDR1 cells, but not in MCF-7 control cells. The house keeping 
gene-tubulin was used as an internal control. (C and D) MDR1 protein was not positively stained in MCF-7 control 
cells (C), but was positively stained in the cellular membrane and cytoplasm of MCF-7/MDR1 cells by immunohis-
tochemical staining (D). (E and F) MDR1 protein was positively stained in the cellular membrane and cytoplasm in 
MCF-7/MDR1 cells using fluorescent immunohistochemical staining.
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USA). Statistical significance was defined as a P 
value≤0.05.

Results

High expression of MDR1 in MCF7/MDR1 
cells

MDR1 mRNA was highly expressed in MCF7/
MDR1 cells, but not in MCF7 control cells 
(Figure 1A). MDR1 protein was detected in 
MCF7/MDR1 cells, but not in MCF7 control 
cells by western blot (Figure 1B). In cell slides 
prepared from cultured cells, MDR1 protein 
was highly expressed in the cytoplasm and cel-
lular membrane of MCF7/MDR1 cells, but was 
not expressed in MCF7 control cells (Figure 
1C-F). Our data show that MDR1 was highly 
expressed in MCF7/MDR1 cells, but not in 
MCF-7 control cells.

Efficacy of DOX loading and release in the 
MSNs system depends on the solution pH

Transmission electron microscopy (TEM) imag-
es of the mesoporous silica nanospheres pre-
pared using cetyltrimethylammonium bromide 
(CTAB) surfactant as a structure-directing agent 
revealed rod-shaped structures with a mean 
particle diameter of approximately 110 nm, uni-
form pore size of 2.7 nm and aspect ratio (AR) 
of 2.1-2.5. High-magnification TEM demonstrat-
ed the mesochannels of the spheres to be con-
tinuous throughout the shells with openings at 
the surface and fully oriented radially to the 
sphere surface, indicating readily accessible 
mesochannels that favor the adsorption and 
release of guest molecules (Figure 2A). X-ray 
diffraction patterns of all the samples are 
shown in Figure 2B. The positions of the peaks 

Figure 2. A. Transmission electron microscope image of MSNs exhibiting rod-shaped particles with a mean particle 
diameter of approximately 110 nm, uniform pore size of 2.7 nm and aspect ratio (AR) of 2.1-2.5. B. X-ray diffrac-
tion patterns of all the samples. The positions of the peaks represent the ordered hexagonal pore arrangements. 
C. The supernatant solutions of DMSN-5.4, DMSN-6.4, and DMSN-7.4 showed less color, respectively, indicating 
increased entrapment of DOX. D. The drug entrapment efficiency of DMSN-5.4, DMSN-6.4, and DMSN-7.4 increased 
by 25.2%, 63.8%, and 94.0%. There was a significant difference in entrapment of DOX with different solvent pH 
values (P<0.001).
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represent the ordered hexagonal pore arra- 
ngements.

We tested the PBS solvent at different pH val-
ues on the loading efficacy of DOX. The amount 
of drug loaded significantly depended on the 
pH value of the loading solution. The superna-
tant solutions of DMSN-5.4, DMSN-6.4, and 
DMSN-7.4 showed less color, respectively 
(Figure 2C). The drug entrapment efficiency of 

Cybernetics, USA). There was no difference in 
cellular internalization of DOX and DMSN-7.4 in 
MCF-7 cells (Figure 4B). Cellular internalization 
of DMSN-7.4 was greater than DOX in MCF-7/
MDR1 cells (P<0.001) (Figure 4C).

TUNEL assays can efficiently detect cell apop-
tosis by labeling the terminal ends of nucleic 
acids of DNA fragments. As shown in Figure 4D, 
DMSN-7.4 was able to induce not only MCF-7 

Figure 3. Drug release efficacy was investigated in a physiological pH 
condition (PBS, pH 7.4) and acidic environment (pH 6.5 and 5.6). At pH 
7.4, DMSNs have a low release rate of DOX, while at pH 5.6 and 6.5 the 
DOX release rate is high. The cumulative drug release rate for DMSN-7.4 
reached 46.1% and 39.7% at pH 5.6 and 6.5, respectively.

these samples increased by 
25.2%, 63.8%, and 94.0%, res- 
pectively (Figure 2D). There was 
a significant difference in the 
entrapment of DOX with differ-
ent solvent pH values (P<0.001). 
DMSN-7.4 had the highest drug 
entrapment efficiency.

The drug release efficacy was 
investigated in a physiological 
pH condition (PBS, pH 7.4) and 
acidic conditions (pH 6.5 and 
5.6) (Figure 3). DOX release rate 
was higher in the acidic condi-
tions than in the physiological 
pH condition. At pH 7.4, DMSNs 
had a low release rate of DOX, 
while at pH 5.6 and 6.5 the rate 
of DOX release was high. The 
accumulative drug release rate 
for DMSN-7.4 reached 46.1% 
and 39.7% at pH 5.6 and 6.5, 
respectively. These results sug-
gest that the MSNs drug delivery 
system was favorable for DOX 
entrapment at physiological pH 
and release at acidic pH for 
reversal of MDR1.

The MSNs-DOX drug delivery 
system increases the cytotoxic-
ity of DOX in MFC-7/MDR1 cells

Cellular internalization of DOX 
and DMSN-7.4 in MCF-7 and 
MCF-7/MDR1 cells was observed 
by fluorescence microscopy 
(Figure 4A). The quantitative 
evaluation of free DOX and 
DMSN-7.4 was performed by 
photography under a fluores-
cence microscope (Olympus 
I×71, Japan) at ×400 magnifica-
tion and measured with Image 
Pro Express software (Media 
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cell apoptosis, but also MCF-7/MDR cell apop-
tosis, whereas equivalent free DOX showed no 
obvious apoptosis fluorescence after 24 h 
incubation.

The cytotoxicity of MSNs was measured by MTT 
in both MCF-7 and MCF-7/MDR1 cells at differ-
ent concentrations. MSNs exhibited limited tox-
icity with 71.4% cell viability of MCF-7 cells at 
1600 μg/mL and negligible cytotoxicity at 800 
μg/mL or lower (Figure 5A). MSNs exhibited no 
obvious cytotoxicity in MCF-7/MDR1 cells at the 
concentrations of 50 to 1600 μg/mL even after 
culturing for 48 h (Figure 5B). These data dem-
onstrate the excellent biocompatibility of 
MSNs, which were safe at 800 μg/mL for both 
MCF-7 and MCF-7/MDR1 cells.

To determine whether DMSN-7.4 could reverse 
MDR1, the anticancer activities of free DOX 

and DMSN-7.4 were evaluated in MCF-7 control 
cells and MCF-7/MDR1 cells by MTT assays. 
Free DOX and DMSN-7.4 showed dose-depen-
dent toxicity in MCF-7 and MCF-7/MDR1 cells 
(Figure 5C and 5D). The half-maximum inhibi-
tory concentration (IC50 value) of DMSN-7.4 was 
7.38 μg/mL, whereas that of free DOX was 
34.8 μg/mL in MCF-7/MDR1 cells. The cytotox-
icity of DOX and DMSN-7.4 was similar in MCF-7 
cells at all the concentrations tested (Figure 
5C). The cytotoxicity of DMSN-7.4 was high in 
MCF-7/MDR1 cells at the higher concentrations 
of 5.8 and 18.3 mg/mL (P<0.001) (Figure 5D).

The MSNs-DOX drug delivery system increases 
therapeutic efficacy in vivo

To compare the therapeutic effect of free DOX 
and DMSN-7.4 nanoparticles, both formula-
tions were administered at an equivalent dose 

Figure 4. A. Cellular internalization of DOX and DMSN-7.4 in MCF-7 and MCF-7/MDR1 cells was observed by fluores-
cence microscopy. B and C. The quantitative evaluation of free DOX and DMSN-7.4 was performed by photography 
under a fluorescence microscope (Olympus I×71, Japan) at ×400 magnification and measured with Image Pro Ex-
press software (Media Cybernetics, USA). D. TUNEL assay showing apoptosis by free DOX and DMSN-7.4 in MCF-7 
cells and MCF-7/MDR cells after 24 h incubation.
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to MCF-7/MDR1 tumor-bearing mice. Five days 
after administration, the intratumoral DOX dis-
tribution was analyzed by DOX autofluores-
cence. As shown in Figure 6A, the free DOX 
group showed a small DOX signal similar to the 
saline group in the tumors, and the DMSN-7.4 
group accumulated more DOX in the tumors, 
indicating retention of DMSN-7.4 in the tumor. 
At the end of the experiment, the free DOX 
group showed no significant tumor shrinkage, 
however, one mouse had pinhole-like skin dam-
age induced by chemotherapy. The DMSN-7.4 
group had a significantly reduced (34%) effect 
on the tumor weight of MCF-7/MDR xenografts 
in comparison with the saline group (Figure 
6B).

Discussion

For the majority of patients with breast cancer, 
precision therapy with the combination of con-

ventional cytotoxic anticancer drugs, endocrine 
therapeutic agents (tamoxifen), and immuno-
logical-based target therapy (monoclonal anti-
body trastuzumab) is necessary after radical 
mastectomy. Multidrug resistance to cytotoxic 
chemotherapy is the main cause of therapeutic 
failure and death in women with breast cancer. 
Although, several mechanisms have been iden-
tified to contribute to clinical drug-resistance in 
breast cancer, the problem of resistance to 
anticancer drugs has not disappeared. A novel 
approach to address cancer drug resistance is 
to use the advantages of nanocarriers to side-
step drug resistance mechanisms by endosom-
al delivery of chemotherapeutic agents [18, 19, 
25].

In the present study, we demonstrated the use 
of a mesoporous silica nanoparticle drug load-
ing system to overcome DOX resistance in 

Figure 5. Cytotoxicity of the MSNs was measured by MTT in both MCF-7 and MCF-7/MDR1 cells at different con-
centrations. A. MSNs exhibited limited toxicity with 71.4% cell viability of MCF-7 cells at 1600 μg/mL and negligible 
cytotoxicity at 800 μg/mL or lower. B. MSNs exhibited no obvious cytotoxicity in MCF-7/MDR1 cells at the concentra-
tions of 50 to 1600 μg/mL even after culturing for 48 h. C. No significant difference in cell viability of MCF-7 control 
cells after exposure to different concentrations of free DOX and DMSN-7.4. D. There is a significant difference in the 
viability of MCF-7/MDR1 cells at the concentrations of 5.8 and 18.3 (mg/mL) (P<0.001).
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MDR1 human breast cancer MCF-7 cells and a 
MDR1 xenograft from the same cell line in nude 
mice by codelivering DOX. MCF-7 is a DOX sen-
sitive breast cancer cell line. We successfully 
induced overexpression of MDR1 in MCF-7 
cells by exposing cells to a gradient concentra-
tion of DOX. Drug resistance in MCF-7/MDR1 
cells was confirmed by the detection of MDR1 
mRNA and MDR1 protein using RT-PCR, west-
ern blot, immunohistochemical staining, and 
fluorescent immunochemistry staining.

We synthesized rod-like MSNs with a mean par-
ticle diameter of approximately 110 nm, uni-
form pore size of 2.7 nm and an aspect ratio 
(AR) of 2.1-2.5. We selected this type of rod-like 
MSN as the carrier for DOX delivery based on 

er intracellular DOX concentration than free 
DOX in MCF-7/MDR1 cells. This demonstrated 
that DMSN-7.4 can increase the intracellular 
DOX concentration with the assistance of 
active energy-dependent endocytosis of 
nanoparticles.

We found that DOX was highly uploaded into 
MSNs at physical pH (7.4) and released from 
nanoparticles at acidic pH. The tumor microen-
vironment is acidic (pH 5.8-7.6) and endo-
somes/lysosomes are acidic (pH 4-6). DOX was 
released more readily at pH less than 6.5. DOX 
release at acidic pH indicates that DOX is 
released preferentially in the endosomal/lyso-
somal compartment of cells where it is protect-
ed from drug efflux.

Figure 6. The MSNs-DOX drug delivery system increases therapeutic efficacy in 
vivo. A. The free DOX group showed as small DOX signal similar to the saline 
group in the tumors, and the DMSN-7.4 group accumulated more DOX in the tu-
mors. B. The free DOX group showed no significant tumor shrinkage. The DMSN-
7.4 group had a significant therapeutic effect as indicated by the tumor weights 
(*P<0.05, **P<0.01).

results reported by H 
Meng and colleagues [22]. 
They demonstrated that 
human cervical cancer 
(HeLa) cells and human 
lung cancer (A549) cells 
endocytose rod-shaped 
MSNs through a macropi-
nocytosis process and 
have maximal uptake of 
these particles. Their data 
showed that rod-shaped 
particles determined the 
rate and abundance of 
MSNs uptake by the mac-
ropinocytosis process in 
cancer cell lines. MSNs 
with an AR of 2.1-2.5 were 
taken up in larger quanti-
ties compared to shorter 
or longer rods by this pro-
cess. The rod-shaped 
MSNs synthesized in the 
present study had good 
efficacy for DOX delivery 
and good uptake by breast 
cancer MCF-7/MDR1 cells.

The natural fluorescence 
of DOX allows it to be 
tracked visually, and we 
observed the internaliza-
tion of DOX-loaded rod-like 
nanoparticles (DMSN-7.4) 
and free DOX in vitro with 
fluorescence microscopy. 
DMSN-7.4 showed a high-
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Conclusions

The use of nanotechnology for chemotherapeu-
tic drug delivery in breast cancer treatment is a 
promising strategy to overcome drug resis-
tance. Here, we demonstrate that drug resis-
tance in a MDR1-overexpressed human breast 
cancer cell line can be overcome by treatment 
with DOX encapsulated within mesoporous sili-
ca nanoparticles.
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