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Abstract

Background: Lung cancer is one of the important health threats worldwide, of which 5-year survival rate is less
than 15%. Non-small-cell lung cancer (NSCLC) accounts for about 80% of all lung cancer with high metastasis and
mortality.

Methods: Cisplatin loaded multiwalled carbon nanotubes (Pt-MWNTS) were synthesized and used to evaluate the
anticancer effect in our study. The NSCLC cell lines A549 (cisplatin sensitive) and A549/DDP (cisplatin resistant) were
used in our in vitro assays. MTT was used to determine Cancer cells viability and invasion were measured by MTT
assay and Transwell assay, respectively. Apoptosis and epithelial-mesenchymal transition related marker proteins were
measured by western blot. The in vivo anti-cancer effect of Pt-MWNTs were performed in male BALB/c nude mice
(4-week old).

Results: Pt-MWNTS were synthesized and characterized by X-ray diffraction, Raman, FT-IR spectroscopy and scan
electron microscopy. No significant cytotoxicity of MWNTS was detected in both A549/DDP and A549 cell lines.
However, Pt-MWNTS showed a stronger inhibition effect on cell growth than free cisplatin, especially on A549/DDP.
We found Pt-MWNTS showed higher intracellular accumulation of cisplatin in A549/DDP cells than free cisplatin and
resulted in enhanced the percent of apoptotic cells. Western blot showed that application of Pt-MWNTS can signifi-
cantly upregulate the expression level of Bax, Bim, Bid, Caspase-3 and Caspase-9 while downregulate the expression
level of Bcl-2, compared with free cisplatin. Moreover, the expression level of mesenchymal markers like Vimentin and
N-cadherin was more efficiently reduced by Pt-MWNTS treatment in A549/DDP cells than free cisplatin. In vivo study
in nude mice proved that Pt-MWNTS more effectively inhibited tumorigenesis compared with cisplatin, although
both of them had no significant effect on body weight.

Conclusion: Pt-MWNT reverses the drug resistance in the A549/DDP cell line, underlying its possibility of treating
NSCLC with cisplatin resistance.
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Background

Lung cancer is one of the leading causes of deaths

all over the world [1]. Non-small cell lung cancer
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5-year overall survival rate less than 5% [4]. A number
of factors may increase the risk of lung cancer, such as
air pollution and smoking [5].

In the last few years, many progresses were made in
the treatment of lung cancer [6], among these plati-
num-based chemotherapy is most commonly used,
especially for patients in advanced stages [7]. Cispl-
atin is one of the chemotherapeutic drugs widely used
in clinic. It has shown anticancer activity in a variety
of tumors including cancers of the ovaries, lung, and
solid tumors of the head and neck [8-10]. However,
the sensitivity of tumor cells to cisplatin will be sig-
nificantly reduced after long-term use, resulting in
acquired drug resistance [11]. The underlying mecha-
nisms of drug resistance were complicated. Platinum-
uptake rely on multiple transporters. Dysregulation
of primary transporters were responsible for cisplatin
resistance by influencing platinum cell accumula-
tion [12-15]. Besides, increased detoxification system
was also a reason for cisplatin resistance. Elevated
expression of glutathione reductase is often seen in
the resistant-cells [16]. Chelating with metallothio-
nein (MT) proteins can also inactivate the anti-tumor
activity of platinum [17]. Moreover, platinum can form
platinum—-DNA adducts and the increasement of DNA
repair process is the most prominent feature of plat-
inum-resistance cells which cause cell resistance [18,
19]. Decreased apoptosis and increased autophagy
also responsible for platinum-resistant, since plati-
num-resistant tumor cells usually have a lower level of
apoptosis induction and increased autophagy [20-23].

In addition to the above, epithelial-mesenchymal
transition (EMT) is a process underlying the malig-
nant progression of carcinoma, and is also one of
the important mechanisms of cisplatin resistance in
tumor cells [24]. Recently, study shows that tumor cells
acquire characteristics of invasiveness and metasta-
sis through EMT and lead to increased resistance to
antitumor drugs [25-27]. Yang et al. found that Jag-
gedl can cooperate with the JAK/STAT3 pathway to
promote EMT and further facilitate the invasion and
migration of platinum-resistant ovarian cancer cells
[28]. Besides, a previous study reported that the switch
expression of CD44 variant in oral cancer resulted
in tumor cell cisplatin-resistance by inducing EMT
progress [29]. These results indicated that EMT is of
great importance during tumor cells platinum resist-
ance process and highlighted the potential of targeting
EMT in clinical application of platinum. In this study,
we used carbon nanotubes to load cisplatin and inves-
tigated its potential to reverse platinum resistance in
NSCLC by inhibiting EMT progress.
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Materials and methods

Cell culture

The NSCLC cell lines A549, A549/DDP were pur-
chased from Cell Bank of Chinese Academy of Sciences
(Shanghai, China). A549 and A549/DDP Cells were cul-
tured in PRIM 1640 (GIBCO, NY, USA) containing 10%
fetal bovine serum (Biological Industries) and 1% peni-
cillin/streptomycin at 37°C under 5% CO2.

Preparation and characterization of Pt-MWNTS

MWNTS were synthesized according to a previously
report [30]. MWNTS were characterized by X-ray dif-
fraction, FT-Raman and FT-IR spectrometry. To pre-
pare Pt-MWCNTs, cisplatin was mixed with MWNTS
dispersed in PBS and stirred overnight at room tem-
perature in dark conditions. Unloaded cisplatin was
removed by thoroughly dialyzing the reaction mixture
against PBS. Encapsulation efficiency and drug-loading
capacity of cisplatin onto MWNTS were quantified at
254 nm by UV-vis spectroscopy based on a standard
curve of cisplatin.

MTT assay
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bro-
mide (MTT) was used to determine cells viability. A549
and A549/DDP cells were seeded in 96-well plates. Then
cells were treated with different concentration of Pt and
Pt-MWNTS at 0.01, 0.01, 0.1, 1, 10, 100 uM for 48 h, fol-
lowed by incubation with MTT for 4 h. 100 pl dimethyl
sulfoxide was added to each well to dissolve the formazan
crystals. Finally, absorbance at 490 nm were measured in
a microplate reader.

Colony formation assay

About 500 A549 or A549/DDP cells were seeded in
10-cm dishes containing complete medium and drugs as
indicated. The plates were gently put in CO2 incubator.
After 7 days, the colonies were stained with 0.1% crystal
violet and counted.

Transwell assays

For transwell assay, the upper chamber was added with
DMEM culture solution (200 pL; containing 3 x 10*
cells), while the lower chamber was added with DMEM
(500 pL; containing 20% FBS). After incubation for 24 h
at 37°C under 5% CO?2, the cells that did not penetrate
the membrane surface in the upper chamber were wiped
off. And the cells in the lower chamber were washed with
PBS for 3 times, and fixed with paraformaldehyde for
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10 min, and finally stained with 0.1% crystal violet. The
number of cells were counted under a light microscope
(Olympus, Tokyo, Japan).

HPLC

To analyze the intracellular cisplatin, cells were harvested
and washed by serum-free medium for 3 times. The
supernatant was discarded and resuspended in 0.3 ml of
distilled water. Cells were lyzed by repeated freeze—thaw,
and the supernatant was centrifuged at 10,000 rpm/min
for 30 min. The detection was performed by C18 chro-
matographic column use cisplatin as a standard. Mobile
phase was methanol: water (prepared according to the
volume ratio of 2:1). The flow rate was 1.0 ml/min. The
ultraviolet detection wavelength was 254 nm, and the
detection sensitivity was 0.01AuFS.

Western blot

The cells were collected by a mixture of RIPA buffer
and protease inhibitor (100:1). To get total protein, cells
were broken up by Selecta Sonopuls and centrifuged
after ultrasonication. Protein concentration was deter-
mined by BCA method. Protein samples were separated
by polyacrylamide gel and then transferred onto NC
membrane (Millipore). The membrane was blocked in
5% nonfat milk at RT for 1 h, and then probed with pri-
mary antibodies. Primary antibodies against bax (1: 1000,
GeneTex), bcl2 (1: 1000, GeneTex), caspase-3 (1: 1000,
GeneTex), and casapase (1: 1000, GeneTex) were incu-
bated overnight at 4 °C. Secondary antibodies (1: 10,000,
abcam) was incubated for 50 min. Bands were visualized
using Western Bright ECL (Advansta) and captured with
ImageQuant Chemiluminescent Imaging System, LAS
500 (GE Healthcare Bio-sciences AB). The relative band
intensity was quantified with image]2 software and nor-
malized to B-actin.

Nude mice

Animal study was approved by the Ethics Committee of
Jinan People’s Hospital Affiliated to Shandong First Med-
ical University. Male BALB/c nude mice (4-week old)
were maintained in pathogen-free conditions. Nude mice
were injected subcutaneously with 5x 10° A549/DDP
cells in 100 ul PBS for tumor formation. Normal saline
served as the control. The next day, Pt and Pt-MWNTS
were administrated by intravenous injection. Tumors
were removed for assessments after 18 days.

Statistical analysis
The statistical analyses were performed using a two-tailed
Student’s paired t-test and one-way ANOVA. P values of
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less than 0.05 were considered significant. Experiments
were repeated more than 3 times.

Results

Characterization of Pt-MWNTS

Carbon nanotubes (CNTs) are a kind of new carbon-
based nanomaterials (NMs) that could be used in lots of
areas from electronics to biotechnology [31]. Carbon-
based materials including multiwall carbon nanotubes
(MWCNTs) recently have attracted significant atten-
tion in a series of reports concerning their potential use
in cancer treatment [32, 33]. MWNTS were synthesized
according to a previously reported method [30] and
loaded with cisplatin to generate Pt-MWNTS. Figure la
shows the outlook of Pt-MWNTS. Figure 1b shows the
TEM of Pt-MWNTS. The absorption spectrum of Pt-
MWNTS shows a strong peak between 200 and 300 nm
(Fig. 1c—e).

Anticancer effect of Pt-MWNTS on cisplatin-resistance cell
lines

To evaluate the anticancer efficacy of Pt-MWNTS, it was
incubated with human non-small cell lung cancer cell
line (A549) and human cisplatin-resistant lung adeno-
carcinoma cell line (A549/DDP) at different doses for
48 h. MTT assay indicated that A549 cells were highly
susceptible to cisplatin and Pt-MWNTS, while A549/
DDP cells displayed resistance to cisplatin, but was sen-
sitive to Pt-MWNTS, suggesting that Pt-MWNTS can
significantly reverse cisplatin resistance (Fig. 2a, b). To
see if the observed anticancer effect of Pt-MWNTS was
due to the intrinsic cytotoxicity of MWNTS, the cyto-
toxicity of MWNTS at the same concentration was
also evaluated (Fig. 2c). No significant cytotoxicity was
detected in both A549/DDP and A549 cell lines, indicat-
ing that the enhanced anti-tumor proliferation activity of
Pt-MWNTS was due to the loaded cisplatin. To further
test the inhibition effect on cell growth, colony formation
assays were performed using cisplatin and Pt-MWNTS.
As shown in Fig. 2d, both drugs had similar inhibition
effects on A549 cells. Importantly, a stronger inhibition
effect of Pt-MWNTS on cell growth was observed in
A549/DDP cells. Overall, these data suggested that Pt-
MWNTS could inhibit the growth of cisplatin-resistant
cancer cells (Fig. 2).

Cellular uptake of Pt-MWNTS

In order to track the cellular internalization and intracel-
lular distribution of Pt-MWNTS in A549/DDP, the cells
were treated with Rhodamine B labeled Pt-MWNTS and
observed the cells by confocal laser scanning microscopy
(Fig. 3a). Moreover, the uptake of Pt-MWNTS was also
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Fig. 1 Synthesis and characterization of Pt-MWNTS. a X-ray diffraction of purified MWNTS; b FT-Raman spectroscopy of purified MWNTS; ¢ FT-IR
spectroscopy of purified MWNTS; d UV — vis spectra of cisplatin loaded MWNTS showing the strong absorbance of cisplatin around 250 nm; e High

studied via fluorescently labeled Pt-MWNTS by flow
cytometry (Fig. 3b). The results showed that cellular
uptake of Pt-MWNTS was increased from 1 to 4 h in a
time-dependent manner. Pt-MWNTS were mainly dis-
tributed in the cytoplasm. Then, we compared the intra-
cellular accumulation of cisplatin and Pt-MWNTS by
HPLC. As shown in Fig. 3c, Pt MWNTS showed higher
intracellular accumulation of cisplatin in A549/DDP cells.
Overall, these data suggested that Pt-MWNTS facilitate
the uptake of the loaded cisplatin into the cytoplasm.

Underlying mechanism of Pt-MWNTS on cellular toxicity
To study the mechanism of Pt-MWNTS, Annexin-V/PI
staining of the A549 and A549/DDP cells was performed
for the detection of apoptosis. Cells treated with Pt-
MWNTS showed higher apoptosis rate, containing both
early and late stage apoptosis (Fig. 4a). On the contrary,
the apoptosis rate was lower in the cisplatin treatment
group, especially in A549/DDP cells (Fig. 4b). Western
blot results also showed that application of cisplatin and
Pt-MWNTS can significantly upregulate the expression
level of Bax, Bim, Bid, Caspase-3, Caspase-9 and PAPR-1
while the expression level of Bcl-2 was downregulated
(Fig. 4c, d and Additional file 1: Fig. S1). These data
revealed that Pt-MWNTS showed higher pro-apoptotic
effect than free cisplatin.

Moreover, transwell assay was performed to test the
effect on cell invasion. We found that cisplatin-resist-
ant lung adenocarcinoma cell line (A549/DDP) show
enhanced migration and invasion ability than A549, and
Pt-MWNTS could significantly inhibit its migration and
invasion ability (Fig. 5a, b). EMT is one of the important
mechanisms of cisplatin resistance in tumor cells [27],
thus we hypothesized that Pt-MWNTS inhibit cispl-
atin-resistant cells growth by regulating EMT progress.
We first compared the EMT related markers expression
level between A549 cell lines and A549/DDP cell lines.
As shown in Fig. 5c, d, cisplatin-resistant cell line A549/
DDP showed higher expression level of mesenchymal
markers like Vimentin and N-cadherin than that of A549
cells. Meanwhile, the protein expression levels of EMT-
induced transcription factors Snail, Slug and Twistl
were also significantly increased. After the addition of
cisplatin or Pt-MWNTS to A549/DDP cells, the expres-
sion of EMT interstitial markers and transcription fac-
tors was inhibited at different degrees and the effect of
Pt-MWNTS was better than cisplatin, indicating that Pt-
MWNTS could inhibit the occurrence of EMT by regu-
lating the interstitial markers and transcription factors in
the process of EMT.
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Fig. 2 Pt-MWNTS reverse drug resistance and affect colony formation of A549/DDP. MTT assay of NSCLC cell lines a A549 and b A549/DDP treated
by Pt and Pt-MWNTS at different cisplatin concentration for 48 h (n=5). ¢ Using different concentration of MWNTS to treat A549 and A549/DDP
cells for 48 h (n=5 per group). d—f Colony formation assay of A549 and A549/DDP cells. Cells were seed in 10-cm dish at a density of 500 cells/dish.
Then cells were treated with PBS (control), MWNTS, cisplatin (Pt) and Pt-MWNTS at a concentration of 50 uM. After 7 days, we stained the dishes
with crystal violet to count the number of colonies. The colony formation rate was calculated by divide the total colony number in each well by 500.

Application of Pt-MWNTS inhibits tumorigenesis in vivo
We then verify the ability of Pt-MWNTS on NSCLC
tumorigenesis.

in nude mice model (Fig. 6a). A549/DDP cells were
subcutaneously injected into 20 nude mice and were ran-
domly divided into 4 groups. Cisplatin and Pt-MWNTS
were delivered to nude mice by intravenous injection
the next day. After about 3 weeks, mice receiving cispl-
atin (Pt) and Pt-MWNTS exhibited smaller tumor vol-
ume and tumor weight than control group and MWNTS
group (Fig. 6b, c). Moreover, the inhibition effects of Pt-
MWNTS was stronger than cisplatin. Both of them have

no significant effect on body weight (Fig. 6d). Immuno-
histochemical images of tumor sections indicated less
blood vessels and stronger apoptosis in Pt-MWNTS
treated group than free cisplatin (Pt) (Fig. 6e). Therefore,
our data suggested that Pt-MWNTS inhibited tumo-
rigenesis in vivo, and the efficiency was better than free
cisplatin.

Discussion

Lung cancer is a leading cause of cancer-related deaths
over the world. Multiple kinds of Chemotherapeutics
such as cis-platinum are currently available for lung
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cancer treatment, while eventually none of them can
escape from drug-resistance of tumor cells, which can
limit their anti-tumor efficacy. Thus, providing novel
strategies for overcoming platinum-resistance is of great
importance. In this study, we used MWNTS as a car-
rier to deliver cisplatin. We found that application of
Pt- MWNTS can significantly promote the apoptosis of
human cisplatin-resistant lung adenocarcinoma cell line
A549/DDP and inhibit the expression of EMT marker
proteins and downstream transcription factors, and thus
suppress the migration and invasion ability of cancer
cells in vitro. In vivo study further confirmed that Pt-
MWNTS can inhibited the tumorigenesis of A549/DDP.

Therefore, our data suggested that Pt-MWNTS could
reverse the drug resistance of cisplatin in lung cancer.
Platinum compounds were widely used in chem-
otherapy of numerous human cancers and drug
resistance has always been one of the therapeutic chal-
lenges. The underlying mechanism of drug resistance
were complicated. Copper efflux transporters ATP7A
and ATP7B were reported playing an important role
in platinum drug resistance [11]. Besides, EZH2 pro-
tein was found to be over-expressed in drug-resistant
cancer cells and a nanoparticle system containing
siEZH2 can reverse cisplatin resistance [34]. It is said
that Cyclooxygenase-2 (COX-2) promotes ovarian
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Fig. 4 Pt-MWNTS induced cell apoptosis of A549 & A549/DDP. a Representative flow cytometry data for the detection of apoptosis in A549 and
A549/DDP cells treated with PBS, MWNTS, cisplatin (Pt) and Pt-MWNTS at 30 ug/ml. b Quantification of the percent of apoptotic cells in each
treatment group. ¢ Representative western blot showing the protein levels of apoptosis markers Bax, Bid, Bim, Bcl-2, Caspase-3, Caspase-9 and
PAPR-1. B-actin served as loading control. A549/DDP cells were treated under different drug concentration for 48 h. d Quantification of the relative
amount of each protein detected by western blot. Data represented mean =+ SD of three independent experments. (n=3, *P<0.05, **P<0.01,

cancer cell cisplatin resistance by regulating EMT pro-
gress [35]. In this study, we found that Pt- MWNTS
can reverse cisplatin resistance by regulating EMT in
A549/DDP. Multiwalled carbon nanotubes have been
identified as an efficient drug carrier [36], and was
first explored having potential to enhance treatment
of cancer cells by coupling with laser irradiation [37].

Study has shown that MWNTs exhibited no toxicity
when it used alone, but dramatically decreased cell
viability when combined with laser irradiation [38]. In
our study, we use MWNTs as a carrier of cisplatin to
reverse the drug assistance of NSCLC. We found that,
combination of cisplatin and MWNTT significantly pro-
moted the accumulation of cisplatin in cells.
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Platinum compounds are widely used chemothera- or high-dose chemotherapy was correlated with better
peutic agents, but in our study, we only study Pt- progression free survival [39], thus finding a proper
MWNTS effects on NSCLC, whether it can reverse dose of Pt-MWNTS for clinical study is of great
drug resistance of other cancer like ovarian cancer importance in the future.
needs further study. It is said that use of dose-intense
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Conclusions

In summary, we report for the first time that MWNT
loaded Platinum eventually achieve reverse drug
resistance by inhibiting EMT in NSCLC. Pt- MWNT
reverses the drug resistance in the A549/DDP cell line,
underlying its possibility of treating NSCLC with cispl-
atin resistance.
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