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Abstract: The purpose of this study was to explore whether magnetic Fe
3
O

4
 nanoparticles 

(Fe
3
O

4
-MNP) loaded with cisplatin (Fe

3
O

4
-MNP-DDP) can reverse DDP resistance in lung 

cancer cells and to investigate mechanisms of multidrug resistance in vitro and in vivo. MTT 

assay showed that DDP inhibited both A549 cells and DDP-resistant A549 cells in a time-

dependent and dose-dependent manner, and that this inhibition was enhanced by Fe
3
O

4
-MNP. 

An increased rate of apoptosis was detected in the Fe
3
O

4
-MNP-DDP group compared with a 

control group and the Fe
3
O

4
-MNP group by flow cytometry, and typical morphologic features 

of apoptosis were confirmed by confocal microscopy. Accumulation of intracellular DDP in 

the Fe
3
O

4
-MNP-DDP group was greater than that in the DDP group by inductively coupled 

plasma mass spectrometry. Further, lower levels of multidrug resistance-associated protein-1, 

lung resistance-related protein, Akt, and Bad, and higher levels of caspase-3 genes and proteins, 

were demonstrated by reverse transcriptase polymerase chain reaction and Western blotting in 

the presence of Fe
3
O

4
-MNP-DDP. We also demonstrated that Fe

3
O

4
-MNP enhanced the effect 

of DDP on tumor growth in BALB/c nude mice bearing DDP-resistant human A549 xenografts 

by decreasing localization of lung resistance-related protein and Ki-67 immunoreactivity in cells. 

There were no apparent signs of toxicity in the animals. Overall, these findings suggest potential 

clinical application of Fe
3
O

4
-MNP-DDP to increase cytotoxicity in lung tumor xenografts.

Keywords: Fe
3
O

4
, nanoparticles, multidrug resistance, reversal, DDP-resistant A549 cells, 

cisplatin

Introduction
The incidence of lung cancer is increasing worldwide, and non-small cell lung cancer 

(NSCLC) poses a serious threat to human life and health.1 Unfortunately, more than 

half of patients with NSCLC have advanced disease at diagnosis, and have missed 

the opportunity for surgery, so chemotherapy plays an important role in treatment of 

the disease. Cisplatin (DDP)-based combination chemotherapies are used as standard 

treatment for patients with advanced NSCLC and good performance status,2 and have 

been shown to achieve significant improvement in overall survival and quality of life.3,4 

However, DDP-based regimens often have severe side effects, which are a frequent 

cause of poor tolerability, limited therapeutic efficacy, and drug discontinuation.5 

Therefore, novel strategies for treatment of lung cancer are urgently needed.

Recently, one promising strategy to reduce the toxicity of chemotherapy while 

maintaining its therapeutic effects has been to use drug-coated polymer nanospheres 

or nanoparticles, which can increase the chemosensitivity of tumor cells.6,7 Previous 

studies have shown that magnetic Fe
3
O

4
 nanoparticles (Fe

3
O

4
-MNP) when used as 
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a drug delivery system can enhance the sensitivity of anti-

cancer drugs and reverse drug resistance in DDP-resistant 

SKOV3 human ovarian cancer cells.8,9 Moreover, an in vivo 

study has shown that Fe
3
O

4
 nanoparticles copolymerized 

with daunorubicin and 5-bromotetrandrine strongly inhibit 

growth of xenograft tumors in nude mice.10 However, to date, 

the signal transduction pathways involved in the beneficial 

effects of Fe
3
O

4
-MNP in the treatment of lung cancer are 

largely unknown.

Preclinical research on resistance markers is focused on 

established human cancer cell lines selected for resistance or 

on xenografts derived from these cell lines. Multidrug resis-

tance, either inherent or acquired, is a serious problem and 

one of the most important obstacles to successful treatment of 

lung cancer. Therefore, a better understanding of drug resis-

tance mechanisms and ways to disrupt the relevant signaling 

might be an efficient strategy to improve survival of patients 

with lung cancer.11 In the past decade, a number of studies 

of intrinsic resistance of tumor cells to chemotherapy have 

focused on transporter proteins, including P-glycoprotein, 

multidrug resistance-associated protein (MRP), and lung 

resistance-related protein (LRP),12 which promote resistance 

by increasing drug efflux, decreasing drug influx, drug inac-

tivation, and alteration of drug targets.13

Patient-derived tumor xenografts may also play a key role 

in the search for more reliable multidrug resistance markers. 

There is accumulating evidence that several chemothera-

peutic agents involved in the treatment of cancer interfere 

with the phosphatidylinositol 3-kinase/Akt pathway,14 in 

which abnormalities of the signal transduction pathway are 

important in tumorigenesis and tumor progression. Akt is a 

cytosolic intracellular signal transduction protein that may 

be a prognostic factor by being closely associated with the 

development and progression of NSCLC.15 Further, Ki-67 

is a nuclear protein of unclear function, but is present in 

all proliferating cells, including those in normal and tumor 

 tissue.16 It is present during all active phases of the cell cycle 

(G1, S, G2, and mitosis) and is a biologic tumor marker that 

follows changes in tumor proliferation between pretreated 

and treated samples, typically core biopsies and surgical 

samples.17 Therefore, downregulation of Ki-67 may also be 

used as a marker of the effect of Fe
3
O

4
-MNP loaded with 

DDP (Fe
3
O

4
-MNP-DDP) on NSCLC xenografts.

Motivated by those considerations, the present study inves-

tigated a novel therapeutic strategy targeting  DDP-resistant 

lung cancer in vitro and in vivo, and provides theoretical 

evidence for its clinical application.

Materials and methods
Materials
The following materials were obtained for use in this study: 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT, Sigma, St Louis, MO, USA); cisplatin (Qilu 

Pharmaceutical Co, Ltd, Jinan, People’s Republic of China); 

RPMI-1640 medium (Gibco BRL, Grand Island, NY, USA); 

fetal bovine serum (Gibco, Carlsbad, CA, USA); penicillin 

and streptomycin (Gibco BRL); an Annexin V-fluorescein 

isothiocyanate (FITC) apoptosis detection kit (Becton 

Dickinson, Franklin Lakes, NJ, USA); fluorechrome dye 4, 

6-diamidino-2-phenylindole (DAPI, Santa Cruz Biotechnology 

Inc, Santa Cruz, CA, USA); Lipofectamine™ 2000 

(Invitrogen Life Technologies, Carlsbad, CA, USA); a reverse 

transcriptase polymerase chain reaction (RT-PCR) kit (TaKaRa 

Biotechnology Co, Ltd, Dalian, People’s Republic of China); 

a bicinchoninic acid protein assay kit (Beijing Com Win Biotech 

Co, Ltd, Beijing, People’s Republic of China); monoclonal 

antihuman MRP1, LRP, Bad, Akt1, P-Akt1, caspase-3, β-actin 

antibody, and horseradish peroxidase-labeled immunoglobulin 

G (Santa Cruz Biotechnology Inc); monoclonal anti-LRP 

and Ki-67 antibody for immunocytochemistry (Sigma); and 

secondary antimouse biotinylated antibody (Gibco BRL).

Preparation of drug-loaded nanoparticles
Following on from previous studies,18 Fe

3
O

4
-MNP were 

synthesized by electrochemical deposition under oxidizing 

conditions, and their morphology was observed by transmis-

sion electron microscopy (JEM-2100, JEOL, Tokyo, Japan). 

Before use, the Fe
3
O

4
-MNP were well dispersed in RPMI-

1640 medium containing 10% (v/v) heat-inactivated fetal 

bovine serum using ultrasound to obtain a colloidal suspension 

of Fe
3
O

4
-MNP. Next, 25 µg/mL Fe

3
O

4
-MNP was added under 

mechanical stirring to a final volume of 200 µL containing a 

certain concentration of DDP (v/v). The time taken to polym-

erize Fe
3
O

4
-MNP-DDP at 4°C was 24 hours.9

Cell lines
Cisplatin-resistant A549 cells were cultured in RPMI-

1640 medium supplemented with 10% fetal bovine serum, 

2 µmol/L L-glutamine, 100 U/mL penicillin, and 100 µg/mL 

streptomycin at 37°C, 95% relative humidity, and 5% CO
2
. 

To maintain their drug resistance, DDP-resistant A549 cells 

were cultured with 5 µg/mL DDP and then cultured further 

in DDP-free RPMI-1640 medium for two days before start-

ing the experiment.
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Cell proliferation assay
For the cell viability assays, 5 × 104/mL of DDP-resistant 

A549 cells were incubated with Fe
3
O

4
-MNP, DDP, or Fe

3
O

4
-

MNP-DDP. Meanwhile, A549 cells were incubated with 

a series of concentrations of DDP, and cells treated with 

RPMI-1640 medium alone were used as controls. After incu-

bation for 48 hours, 20 µL of MTT solution (5 mg/mL) was 

added to each well at 37°C in the dark for at least 4 hours. 

Formazan crystals were dissolved in 200 µL of dimethyl 

sulfoxide in each well, and reduction of MTT was quanti-

fied by absorbance at a measurement wavelength of 540 nm 

and a reference wavelength of 630 nm using a plate reader 

(Bio-Rad Laboratories, Tokyo, Japan). The cell inhibition rate 

was calculated as (1 − A 
treated cells

/A 
control cells

) × 100%. These 

experiments were repeated at least three times.

Apoptosis assay by flow cytometry
After treatment for 48 hours as described above, the cells 

were harvested, stained, and evaluated for apoptosis by flow 

cytometry according to the manufacturer’s protocol. Briefly, 

1 × 106 cells were stained with 5 µL of Annexin V-FITC 

for 20 minutes in the dark, and 10 µL of propidium iodide 

(5 µg/mL) in 1 × binding buffer was then added to each 

sample. Next, apoptosis was determined by flow cytometry 

(FACSCalibur, Becton-Dickinson) using Cell Quest software 

(BD Biosciences, San Jose, CA, USA).

Immunofluorescence staining  
and confocal microscopy
Cells were cultured on cover slips, and kept in a 35 mm Petri 

dish for 16–20 hours before treatment. After being cultured 

for 48 hours as described earlier, the cells were washed 

with isotonic phosphate-buffered solution (pH 7.4) and then 

fixed with 4% paraformaldehyde solution for 20 minutes at 

37°C. Next, the cover slips were washed three times with 

phosphate-buffered solution and stained with 2.5 µg/mL 

DAPI solution for 10 minutes at room temperature. Finally, 

the cells were washed twice with phosphate-buffered solu-

tion, and morphologic changes in apoptotic tumor cells were 

observed immediately by confocal microscopy (FluoView® 

FV1000, Olympus, Tokyo, Japan).

Measurement of intracellular  
DDP accumulation
Intracellular exchange of DDP was measured by inductively 

coupled plasma mass spectrometry (ICP-MS, X-7 Series, 

Thermo Fisher Scientif ic Inc, Waltham, MA, USA).19 

Briefly, 5 × 104/mL cells were incubated with DDP or 

Fe
3
O

4
-MNP-DDP for 48 hours. After incubation, the cells 

were washed twice with phosphate-buffered solution, and 

centrifuged at 3000 rpm for 30 minutes. The pellet was then 

dissolved in 33% nitric acid, and the concentration of DDP 

was determined by ICP-MS.

Transfection
DDP-resistant A549 human lung cells were cultured as 

described already.20 Transfection was done with Lipo-

fectamine 2000 under serum-free conditions according to 

the manufacturer’s recommendations. Briefly, DDP-resistant 

A549 cells were seeded at a density of 5 × 103 into six-well 

plates for 24 hours, which grew to 50%–70% confluence 

by the next day. After washing with phosphate-buffered 

solution, the DDP-resistant A549 cells were transfected 

by Lipofectamine 2000 using pEGFP-N1 Vector, as in our 

recently reported study,21 then incubated at 37°C in a 5% 

CO
2
 incubator for 48 hours. The cells were then cultured in 

medium containing Geneticin 800–1000 µg/mL. The trans-

fected clones were used for transplantation in vivo.22

Tumor model and treatment
BALB/c mice (aged 4 weeks, mean body weight 20 g) were 

purchased from the Shanghai National Center for Laboratory 

Animals and kept in a specific pathogen-free environment 

where temperature was maintained at 22°C and humidity in 

the range of 40%–50%. Studies involving these mice were 

performed in adherence with the Guidelines for the Care 

and Use of Laboratory Animals of the National Institute 

of Health.

To assess the effect on tumorigenicity, stable transfected 

DDP-resistant A549 cells were harvested and the BALB/c 

mice were subcutaneously inoculated on the left abdominal 

wall with 1 × 107 cells suspended in 0.2 mL of RPMI-

1640 medium, for developing the NSCLC xenograft. When 

tumor sizes in the nude mice had reached an approximate 

volume of 200 mm3, calculated by the following equation:

 Tumor volume V (mm3) = 1/2 × a × b2

where a is the longest diameter and b is the shortest diam-

eter, the tumor-bearing mice were randomly allocated to a 

control group, a Fe
3
O

4
-MNP group, a DDP group, or a Fe

3
O

4
-

MNP-DDP group (n = 6 per group). Each mouse received 

an intraperitoneal injection of normal saline (0.2 mL), 

Fe
3
O

4
-MNP (22 mg/kg in 0.2 mL of normal saline), DDP 
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(7.5 mg/kg in 0.2 mL of normal saline), or 22 mg/kg Fe
3
O

4
-

MNP and 7.5 mg/kg DDP in normal saline. Tumor growth 

was monitored by multispectral acquisition and analysis (CRi 

Maestro™ system, Cambridge Research and Instrumentation 

Inc, Woburn, MA, USA) for four weeks. Thereafter, the mice 

were sacrificed and their tumor xenografts were harvested 

and processed for histopathologic analysis to determine 

protein expression.

RT-PCR assay
After treatment for 48 hours as described above, total cel-

lular RNA was extracted using TRIzol reagent, and RT-PCR 

was performed according to the manufacturer’s instructions. 

Briefly, 1 µg samples of total RNA were used to synthesize 

cDNA at 30°C for 10 minutes, 42°C for 30 minutes, 99°C for 

5 minutes, and 5°C for 5 minutes. The newly synthesized cDNA 

was then amplified by RT-PCR at 94°C for 5 minutes, 94°C 

for 45 seconds, 55°C for 45 seconds, and 72°C for one minute 

for 35 cycles. RT-PCR primers were used for MRP1 (526 base 

pair [bp]) sense: 5′-TC AAATACCTGCTGTTCGG-3′ and 

antisense: 5′-TGAAGTCCTGTCCTGATGCCA T-3′; LRP 

(391 bp) sense: 5′-GTGGTGGTAGGAGATGAGTG-3′ 
and antisense: 5′-CCA GATGTCCACGAGGAGG-3′; Bad 

(304 bp) sense: 5′-GCTCTTCCTTTGTTCATCTC C-3′ and 

antisense: 5′-CATCTGGCTCGGGGTTACTGC-3′; Akt1 

(159 bp) sense: 5′-T ACTCTTTCCAGACCCACGAC-3′ 
and antisense: 5′-GGACTACCTGCACTCGGA G-3′;  
caspase-3 (459 bp) sense: 5′-TGTCGATGCAGCAAACCT-3′ 
and antisense: 5′-CATCCAGTCGCTTGTGC-3′; β-actin 

(270 bp) sense: 5′-CTA CAATGAGCTGCG TGTGGC-3′ 
and  antisense: 5′-CAGGTCCAGACGCAGGATGGC-3′. 
The PCR products were then separated on 1.5% agarose gel 

and band intensities were quantified directly on gel photo-

graphs by Imager Master VDS image analysis (Amersham 

Pharmacia Biotech, Piscataway, NJ, USA).

Western blot assay
After incubation for 48 hours as described above, the cells 

were collected and total protein from each sample was 

separated in 10% sodium dodecyl sulfate polyacrylamide 

gel electrophoresis gels using a modified radioimmunopre-

cipitation assay buffer. The proteins were then transferred to 

a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). 

Western blotting was performed with 1:1500 or 1:1000 

dilutions of monoclonal antibodies against either antihu-

man MRP1, LRP, Bad, Akt1, P-Akt1, caspase-3, or β-actin 

antibody in 5% nonfat milk, followed by horseradish perox-

idase-labeled immunoglobulin G as a secondary antibody 

(1:2000). The blots were visualized by densitometry scans 

(ECL system, Amersham Biosciences, Little Chalfont, UK) 

according to the manufacturer’s instructions.

Immunocytochemistry study
Tissue sections 4 µm thick were cut from representative 

formalin-fixed and paraffin-embedded blocks, deparaffinized 

in xylene, and rehydrated routinely before staining. Sections 

were treated with 7% hydrogen peroxide in methanol for 

20 minutes, microwaved for 5 minutes in citrate phosphate 

buffer (pH 6.0), and incubated with 5% milk in distilled water 

for 45 minutes, with thorough washing in phosphate-buffered 

solution between steps.

Individual sections were incubated with monoclonal anti-

LRP and Ki-67 antibody (working dilution 1:100) at 4°C 

overnight. After washing, the sections were reincubated with 

a secondary antimouse biotinylated antibody (1:1000) in a 

dark room for one hour. Next, stained slides were examined 

to identify localization of LRP and Ki-67 immunoreactivity 

within the cells. Cytoplasmic staining was considered to be 

positive for LRP, and nuclear staining was considered to be 

positive for Ki-67.23

Statistical analysis
The data are presented as the mean and standard deviation. 

All analyses were performed using the Statistical Package 

for Social Sciences version 13 (SPSS Inc, Chicago, IL, 

USA). Differences were evaluated using the Student’s t-test 

or analysis of variance. P , 0.05 was considered to be sta-

tistically significant.

Results
Morphology of magnetic Fe3O4 
nanoparticles
Transmission electron microscopy indicated that the majority 

of Fe
3
O

4
-MNPs were spherical in shape with particle sizes 

of about 30 nm (Figure 1).

Fe3O4-MNPs enhanced inhibition  
of DDP in cells
When DDP-sensitive and DDP-resistant A549 cells were 

treated with various concentrations of DDP for 12, 24, and 

48 hours, DDP-sensitive A549 cells were more sensitive to 

treatment with DDP than were DDP-resistant A549 cells 

 (Figure 2). MTT assay showed that inhibition of DDP-resistant 

A549 cells treated with DDP occurred in a time-dependent and 

dose-dependent manner, and was significantly increased in 
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the presence of Fe
3
O

4
-MNP (P , 0.05, Figure 3), suggesting 

that Fe
3
O

4
-MNP could reverse DDP resistance and enhance 

cytotoxicity in DDP-resistant A549 cells.  Interestingly, 

Fe
3
O

4
-MNP alone, at concentrations of 12.5 µg/mL to 

75 µg/mL, could slightly inhibit proliferation of DDP-resistant 

A549 cells, and there was no statistically significant differ-

ence compared with the control group (P . 0.05, Figure 3), 

suggesting that Fe
3
O

4
-MNP did not have marked toxic effects 

in DDP-resistant A549 cells. On the basis of the findings of 

our MTT assay and previous research,9 we selected 25 µg/mL 

as the optimal concentration of Fe
3
O

4
-MNP for targeted drug 

delivery in the present study.

Annexin V-propidium iodide assays  
for apoptosis
After 48 hours, there was no significant difference in the rate 

of apoptosis between cells in mice treated with Fe
3
O

4
-MNP 

E171 75 KV X50000 222.22 nm

Figure 1 Magnetic Fe3O4 nanoparticles seen on transmission electron microscopy.
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alone and the control group (P . 0.05). The apoptotic rate 

was significantly higher in the group treated with Fe
3
O

4
-

MNP-DDP than in the groups treated with DDP alone or 

Fe
3
O

4
-MNP alone, or the control group (Figure 4), suggesting 

that Fe
3
O

4
-MNP could enhance DDP-induced apoptosis.

Nuclear morphologic changes  
in DDP-resistant A549 cells
Nuclear DAPI staining was performed and cells were 

observed by confocal microscopy to confirm that apop-

tosis was occurring. DDP-resistant A549 cells in the 

control and Fe
3
O

4
-MNP groups were found to have an 

intact nuclear structure with consistent low-intensity 
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Accumulation of intracellular DDP
ICP-MS showed that accumulation of intracellular DDP 

in the Fe
3
O

4
-MNP-DDP group was nearly three-fold 

higher than that in the DDP group (15.28 ± 1.16 µg/L and 

5.53 ± 0.09 µg/L, respectively, P , 0.05) when DDP-resistant 

A549 cells had been treated for 48 hours, suggesting that the 

presence of Fe
3
O

4
-MNP could prevent drug release from 

resistant cells and allow marked accumulation of DDP inside 

DDP-resistant A549 cells.

Transcription of genes by RT-PCR
Computer-assisted image analysis indicated that DDP 

20 µmol/L had no obvious effect on the transcription of 

genes in DDP-resistant A549 cells. Of note, less transcrip-

tion of MRP1, LRP, Akt1, and Bad as well as higher levels 

of caspase-3 were detected in the Fe
3
O

4
-MNP-DDP group 

than in the control and Fe
3
O

4
-MNP groups after incubation 

for 48 hours (P , 0.05). However, there were no significant 

differences in genes detected in DDP-resistant A549 cells 

between the Fe
3
O

4
-MNP and control groups (P . 0.05, 

Figure 6).

Protein expression detected 
by Western blotting
After treatment with Fe

3
O

4
-MNP-DDP for 48 hours, 

computer-assisted image analysis showed that levels of MRP1 

and LRP proteins were significantly downregulated compared 

with the control, DDP, and Fe
3
O

4
-MNP groups (P , 0.05), 

and levels of both proteins were markedly decreased in the 

presence of Fe
3
O

4
-MNP (Figure 7). In contrast, there was no 

significant difference between the Fe
3
O

4
-MNP and control 

Figure 5 Changes in nuclear morphology of DDP-resistant A549 cells after 
treatment for 48 hours (DAPI staining, ×400). (A) Control, (B) 25 µg/mL Fe3O4-
MNP, (C) 20 µmol/L DDP, and (D) Fe3O4-MNP-DDP. 
Notes: The red arrows indicate the apparent apoptotic cells with incomplete nuclear.
Abbreviations: Fe3O4-MNP, magnetic Fe3O4 nanoparticles; DDP, cisplatin; 
DAPI, fluorechrome dye 4, 6-diamidino-2-phenylindole.
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Abbreviations: Fe3O4-MNP, magnetic Fe3O4 nanoparticles; DDP, cisplatin; MRP, multidrug resistance-associated protein; LRP, lung resistance-related protein.

blue fluorescence (Figure 5A and B), whereas more 

apparently apoptotic  DDP-resistant A549 cells showing 

high-intensity blue  fluorescence were observed in the 

DDP and Fe
3
O

4
-MNP-DDP groups (Figure 5C and D). 

Interestingly, cells in the later stages of apoptosis showing 

either an irregular cell profile or formation of budding 

prominences on the cell surface, and apoptotic bodies 

were subsequently observed more often in the Fe
3
O

4
-

MNP-DDP group (Figure 5D), indicating that Fe
3
O

4
-

MNP could induce apoptosis in DDP-resistant A549 cells 

exposed to DDD.
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groups (P . 0.05), suggesting that Fe
3
O

4
-MNP can enhance 

downregulation of LRP and MRP1 expression. We also found 

that levels of caspase-3 and Akt1 proteins in the DDP group 

were markedly elevated when compared with levels in the 

control group (P , 0.05), and were enhanced by Fe
3
O

4
-MNP 

(P , 0.05, Figure 7). In contrast, Akt1 and Bad protein levels 

in DDP-resistant A549 cells treated with Fe
3
O

4
-MNP-DDP 

were lower than those in the control group and in the group 

treated with DDP alone (P , 0.05).

Inhibition of tumor growth
A lump with skin-colored wrinkles was observed in the 

left abdominal wall of each mouse for approximately a 

week after injection of the transfected DDP-resistant 
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Figure 7 Expression of proteins in DDP-resistant A549 cells after treatment for 48 hours. 
Notes: Line 1, control; line 2, 25 µg/mL Fe3O4-MNP; line 3, 20 µmol/L DDP; line 4, Fe3O4-MNP-DDP. #P , 0.05 versus control group; *P . 0.05 versus DDP alone. 
Abbreviations: Fe3O4-MNP, magnetic Fe3O4 nanoparticles; DDP, cisplatin; MRP1, multidrug resistance-associated protein-1; LRP, lung resistance-related protein.

Figure 8 Tumor volumes in mice after treatment for four weeks. (A) Control, 
(B) 25 µg/mL Fe3O4-MNP, (C) 20 µmol/L DDP, and (D) Fe3O4-MNP-DDP. 
Abbreviations: Fe3O4-MNP, magnetic Fe3O4 nanoparticles; DDP, cisplatin.

A549 cells, and tumor volumes soon reached a mean of 

200 mm3. Thereafter, the BALB/c mice were randomly 

assigned to the treatment groups and were treated for 

nearly a month, with tumors growing increasingly larger 

in the Fe
3
O

4
-MNP and control groups, with no obvious 

difference between these two groups in tumor volume 

(554 ± 38 mm3 and 417 ± 31 mm3,  respectively, P , 0.05, 

Figure 8A and B). Interestingly, tumor volumes in the 

mice indicated that DDP alone had moderate antitumor 

efficacy (Figure 8C), whereas subcutaneous tumor growth 

was suppressed more effectively in mice treated with 

22 mg/kg Fe
3
O

4
-MNP and 7.5 mg/kg DDP (265 ± 23 mm3 

and 149 ± 16 mm3, Figure 8D), suggesting that the pres-

ence of Fe
3
O

4
-MNP enhanced the effect of DDP on tumor 

growth.

Immunocytochemistry
LRP protein was seen to be overexpressed in the cytoplasm 

of tumor cells from the control and Fe
3
O

4
-MNP groups 

 (Figure 9A and B), but was markedly decreased after treat-

ment with DDP, with the largest effect seen in the group 

treated with Fe
3
O

4
-MNP-DDP (Figure 9C and D). We also 

found the strongest Ki-67 positivity in the control and Fe
3
O

4
-

MNP groups, with no significant difference in this regard 

between these two groups (Figure 9E and F). However, 

expression of Ki-67 was weaker in tissues treated with Fe
3
O

4
-

MNP-DDP (Figure 9G and H).

Toxicity in mice
All of the mice tolerated the study agents satisfactorily, 

showing no gross signs of cumulative adverse effects, such 
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20 µmol/L DDP Fe3O4-MNP-DDPControl 25 µg/mL Fe3O4-MNP

Figure 9 Immunocytochemistry staining for lung resistance-related protein. (A–D) and Ki-67(E–H) in mice tumor model tissue (×200). 
Abbreviations: Fe3O4-MNP, magnetic Fe3O4 nanoparticles; DDP, cisplatin.

as weight loss, ruffling of fur, or behavioral and postural 

changes.

Discussion
Debate continues regarding the value of dose-intense che-

motherapy, with analyses suggesting that initially increasing 

low doses of chemotherapy is of benefit in the treatment of 

NSCLC, but that little additional benefit is gained using 

higher doses of  chemotherapy.24 Resistance to cisplatin-based 

chemotherapy is still one of the major obstacles in the treat-

ment of lung cancer, and is generally considered to be related 

to multidrug resistance genes, apoptosis-related genes, and 

abnormal function of DNA repair genes,25 although the under-

lying mechanisms are not yet fully understood. To overcome 

drug resistance and reduce side effects during chemotherapy, 

a suitable drug delivery system is required to enhance drug 

accumulation at the tumor site.

During the last few decades, Fe
3
O

4
-MNP have been the 

most commonly used magnetic nanoparticles, and are a 

favorable candidate for directing active anticancer agents to 

tumors in vivo and to protect sensitive tissues from toxicity.26 

In light of these characteristics, we have focused on their 

ability to reverse multidrug resistance in lung cancer cells 

and the mechanisms involved. The Fe
3
O

4
-MNP prepared for 

use in this study had a spherical shape and a mean particle 

size of about 30 nm, and are therefore suitable for biologic 

application in vitro and in vivo. Our cytotoxicity results 

show that DDP markedly inhibited growth of A549 cells 

and DDP-resistant A549 cells in a time-dependent and dose-

dependent manner, and that this was augmented by Fe
3
O

4
-

MNP, with no significant effect of Fe
3
O

4
-MNP alone on 

DDP-resistant A549 cells (Figures 2 and 3). ICP-MS showed 

that intracellular DDP concentrations in cells treated with 

Fe
3
O

4
-MNP-DDP were higher than those in DDP-treated 

cells, which may be related to the underlying mechanism 

for nanoparticles entering cells being endocytotic and/or 

pinocytotic rather than merely a consequence of simple 

passive permeation,27 thus reducing excretion of DDP. This 

suggests that the presence of Fe
3
O

4
-MNP can effectively 

prevent drug release from resistant cells and increase intra-

cellular accumulation of DDP in DDP-resistant A549 cells, 

which may be related to sustained release of DDP into the 

cytoplasm and reduced  excretion. We also found that rates 

of apoptosis in DDP- resistant A549 cells were higher in the 

Fe
3
O

4
-MNP-DDP group than in the DDP group, which was 

further demonstrated by the morphologic features of cell 

nuclei stained with DAPI. All of these observations indicate 

that Fe
3
O

4
-MNP can achieve more cytotoxicity and reverse 

DDP resistance in lung cancer cells via accumulation of 

DDP inside cells.

Multiple mechanisms are involved in the cytotoxic 

effects of DDP, and most believe that the multidrug resis-

tance phenomenon is associated with decreased intracellular 

accumulation of drugs and overexpression of transmem-

brane transporters, such as P-glycoprotein and MRP1, both 

of which are members of the ATP-binding cassette protein 

transporter superfamily, acting as drugs and/or xenobiotic 

efflux pumps and modifying drug metabolism via glutathione-

S-transferase or cytochrome P450 activity, alterations in 

DNA repair mechanisms, and modifications in apoptotic 

signaling.28 MRP, a 190 kDa transmembrane protein, is an 

ATP-dependent membrane transport protein, and when an 
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anticancer drug enters a tumor cell, MRP uses the hydrolysis 

energy of ATP to pump the drug back out of the cell, reduc-

ing the intracellular drug concentration and increasing drug 

resistance.29 It is generally accepted that increased MRP 

expression occurs in tumors with multidrug resistance.30,31 

In the present study, we demonstrated that Fe
3
O

4
-MNP alone 

could not decrease MRP1 expression, but could enhance 

downregulation of MRP1 when combined with DDP, which is 

consistent with observations in other studies.32 However, some 

researchers have reported that expression of MRP1 does not 

occur in response to treatment with cisplatin in lung cancer 

cell lines or patients,33 and these conflicting observations 

might be due to different models being used. On the other 

hand, LRP, an important part of the vault in human cytoplasm 

and the nuclear membrane, is also suspected of triggering 

multidrug resistance and being involved in the intracellular 

distribution of cytotoxic agents.34,35 Accumulating evidence 

indicates that NSCLC with high expression of LRP is resistant 

to cisplatin.36,37 In our present study, LRP expression in the 

Fe
3
O

4
-MNP-DDP group was less than that in the DDP group, 

whereas Fe
3
O

4
-MNP alone did not decrease LRP expression 

in DDP-resistant A549 cells. These results suggest that the 

regulatory mechanism of both LRP and MRP1 expression is 

associated with the multidrug resistance phenotype.28

The results of some studies point to the fact that one of 

the important mechanisms of tumorigenesis and resistance 

to anticancer drugs is blockade of the pathway triggering 

apoptosis.38,39 Understanding of the molecular mechanisms of 

resistance to DDP may lead to improved treatment strategies 

for DDP-resistant tumors and increased survival in patients 

with lung cancer. Recent observations indicate that the phos-

phatidylinositol 3-kinase and mitogen-activated extracellular 

signal-regulated kinase pathways may contribute to the 

effect of Akt activation, which has been shown to be a novel 

mechanism in promoting resistance to DDP in many human 

malignances, including lung cancer.40,41 To ascertain whether 

the Akt pathway is activated in DDP-resistant A549 cells, 

we monitored levels of mRNA and protein for Akt1 and 

observed less transcription and expression of Bad and Akt1; 

in contrast, we observed higher protein expression of Akt1 in 

DDP-resistant A549 cells treated with Fe
3
O

4
-MNP-DDP 

than in those treated with DDP alone. Moreover, phospho-

rylation of Akt in DDP-resistant A549 cells decreased after 

treatment with DDP and inhibition of Akt was markedly 

enhanced by Fe
3
O

4
-MNP-DDP. To gain further insight into 

the mechanism of apoptosis triggered by Fe
3
O

4
-MNP-DDP, 

we used a Western blot assay to determine whether activa-

tion of caspase-3 was involved in DDP-induced apoptosis 

in DDP-resistant A549 cells. Our data show that levels of 

mRNA and protein for caspase-3 in the Fe
3
O

4
-MNP-DDP 

group were higher than in controls, including both the 

Fe
3
O

4
-MNP and DDP only groups, which further confirms 

that Fe
3
O

4
-MNP enhance the effect of DDP on activation 

of caspase-3. Bad induces apoptosis by inhibiting members 

of the antiapoptotic Bcl-2 family, such as Bcl-xL, thereby 

allowing two other proapoptotic members, Bak and Bax, 

to form complexes, leading to the release of cytochrome c, 

activation of caspase-3, and apoptosis.42 In light of the present 

data and previous findings, the notion that the Akt pathway 

is involved in cisplatin resistance in lung cancer cell lines is 

strengthened, and regulation of this pathway may augment 

apoptosis in DDP-resistant lung cancer cell lines.

It is important to evaluate both the toxicity and potency of 

any given chemotherapeutic agent in vivo.43 Patient-derived 

xenograft models could serve as a link between clinical 

research and in vitro studies in cell lines. The CRi Maestro 

is an affordable in vivo system for fluorescence-based small 

animal imaging and offers improved sensitivity, flexibility, 

and quantitative accuracy for visible and near-infrared 

labels. In our present study, multispectral acquisition and 

analysis showed that tumor volumes in BALB/c mice treated 

with DDP were moderately decreased in size, whereas 

those treated with Fe
3
O

4
-MNP-DDP showed more effec-

tive suppression of subcutaneous tumor growth (Figure 8). 

Interestingly, either injection of a curative dose of DDP or 

Fe
3
O

4
-MNP had no obvious side effects on the host within a 

short period of time based on the body weight of mice. Thus, 

the use of a Fe
3
O

4
-MNP formulation is feasible.

On the other hand, preclinical platforms for evaluating 

novel therapies and prediction markers to monitor standard 

treatment are required. Immunopositivity for Ki-67 is found 

in highly proliferative cells, and high Ki-67 immunopositivity 

is frequently found in poorly differentiated carcinomas.44,45 

Our results showed more nuclear Ki-67 immunoreactivity in 

tumor model tissues, while those treated with Fe
3
O

4
-MNP-

DDP showed lower nuclear Ki-67 immunoreactivity, indicat-

ing that Fe
3
O

4
-MNP-DDP can inhibit cell proliferation and 

tumor growth. Further, other researchers have shown that 

overexpression of LRP in a subgroup of cisplatin-resistant 

NSCLC cell lines plays an important role in drug resistance, 

in which involved the NSCLC cells from toxic impacts of 

cisplatin by intrinsic mechanism.46 Thus, LRP may be a 

predictor of the response to treatment in NSCLC. In our 

present study, high LRP immunoreactivity was observed in 

the cytoplasm of tumor cells in the control and Fe
3
O

4
-MNP 

groups, whereas that in Fe
3
O

4
-MNP-DDP-treated tumor cells 
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was clearly decreased, suggesting that Fe
3
O

4
-MNP-DDP can 

reverse multidrug resistance and kill tumor cells in vivo. On 

the basis of the antiproliferative effect of Fe
3
O

4
-MNP -DDP 

seen in this study, we postulate that inhibition of growth of 

solid tumors may also be achievable in vivo.

Conclusion
Overall, the results of this study suggest that Fe

3
O

4
-MNP 

enhance the anticancer activity of DDP in vitro and in vivo 

without obvious systemic toxicity. Therefore, there is the 

potential for clinical application of Fe
3
O

4
-MNP-DDP to 

reverse DDP resistance in lung cancer cells.
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