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We aimed to develop a new approach to detect the invasiveness and metastatic degree of hepatocellular
carcinoma cells (HCC) based on their epithelial mesenchymal transition (EMT) status by using patterned
carbon nanotubes (CNT) without any further surface functionalization. We used well differentiated HUH7
and poorly differentiated SNU182 cells to examine and compare their adhesive features on patterned
CNTs. We found that the well differentiated HUH7 cells attached significantly more on the patterned
CNTs than the poorly differentiated SNU182 cells due to the difference in epithelial and mesenchymal

gj{&ﬁf{immbe phenotypes of these cells. Collagen coated patterned CNTs having less roughness resulted in a decrease in
Cancer cell the number of attached cells compared to non-coated patterned surfaces indicating that surface topog-
Differentiation raphy playing also a vital role on the cell attachment. LDH testing indicated no adverse, or thereof toxic
Collagen effect of collagen coated or non-coated patterned surfaces on the HCC cells. The results of this study
Patterning clearly suggest that patterned CNT surfaces can be used as a diagnostic tool to determine the invasive-
Toxicity ness and metastatic level of HCCs. Hence, CNTs could be considered as a promising diagnostic tool for the

detection of differentiation and invasiveness of the HCC cells.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Cancer is a devastating disease and responsible for high mor-
tality rates [1]. The aggressiveness of a cancer cell depends on its
interaction with neighboring cellular structure, and the metasta-
sis of these cells to distant organs is one of the main causes of
cancer mortality [2,3]. Hence, the factors that regulate the attach-
ment of cancer cells are one of the most heavily studied areas of
biology. Epithelial-mesenchymal transition (EMT) is one of these
processes that has important roles in the regulation of the adhesion
of cancer cells leading to an increase in invasiveness and metastatic
potentials [4].

During development, EMT is a normal physiological and
required process and has critical roles in embryogenesis. Epithelial
and mesenchymal cells are two different cell types with dis-
tinct cell morphologies and functions [4]. The cells with epithelial
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characteristic are polarized immobile cells which interact with
basement membrane. On the other hand, cells in mesenchymal
phenotype become more migratory and invasive with distinct mor-
phology, protein expression and gene signatures. EMT is initiated
by several steps including; activation of transcription factors such
as Twist and Snail, expression of specific proteins and microRNAs,
reorganization of cytoskeleton and production of certain enzymes
as aresult of which an epithelial cell gain mesenchymal character-
istic [5,6].

The cells undergoing EMT typically lose the expression of
epithelial cell markers such as E-cadherin, and gain mesenchy-
mal marker expressions, like a-SMA, N-Cadherin, vimentin and
fibronectin [6]. These cells lose their adhesive features to neighbor-
ing cells or to a surface or substrate such as extracellular matrix.
Adhesion occurs from the action of family proteins, called cell
adhesion molecules (CAMs) which cadherin is a member of this
family. The tumors in early stages undergoing EMT process become
aggressive malignancies with increased invasiveness, metastasis
and survival abilities [7,8]. Cancer cells undergoing EMT lose their
adhesive properties. Thus, the relation between the tumor aggres-
siveness and EMT was clearly shown in hepatocellular carcinoma
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(C) VA-CNTs after ACCVD
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Fig. 1. (a) Side view SEM images of VA-CNTs. Inset shows TEM image of CNTs. (b) Top view SEM image of patterned CNT surface with the inset showing a high magnified
image from the wall of cavity. (c) Schematic representation of CNT surfaces after patterning and collagen coating.

(HCC) which is the third leading cause of world’s cancer related
mortality [9]. HCC is an epithelial cancer with four stages including
well differentiated, moderately differentiated, poorly differenti-
ated and undifferentiated tumors. The poorly differentiated cells
gain mesenchymal phenotype through EMT to become more inde-
pendent from the underlying tissue, with increased capacity to
invade and metastase [10].

Novel strategies have been developed to classify and character-
ize the stages of cancer cells. The nanostructured materials such
as nanowires [11], metal nanoparticles [12,13] and quantum dots
[14] have been widely investigated both for cancer treatment and
diagnosis applications. These recent advances in the field of bio-
materials also triggered research on carbon nanotubes (CNTs) for
the investigation of various cellular interactions [15]. There are
number of studies reporting the use of CNTs as a nano-fibrous scaf-
folds for living cells [16-21]. Furthermore, the unique properties
of CNTs prompted their application as a potential new tool for the
detection of different types of cancer cells (oral, prostate and lung
cancers) not only by taking advantage of their functionalization
(e.g. binding specific markers on CNTs) [22-27] but also through
exploiting their rigid surface properties for entrapping cancer cells
[28,29]. For instance, improvement in the sensitivity and detection
limits of cells have been achieved by the integration of CNTs in
immunosensors [22,24,25].

In this study, we have employed patterned vertically aligned
CNTs (VA-CNTSs) as a tool to assess the invasiveness and metastatic
degree of cancer cells based on their EMT properties. Our results
showed that well differentiated HCC cells attached more on the
patterned CNTs compared to the poor differentiated HCC cells
due to their EMT characteristics without displaying any cyto-
toxic effects. Hence, our results suggest that VA-CNTs could be

developed in to a promising tool for the detection of differentiation
and invasiveness of the HCC cells.

2. Materials
2.1. Synthesis and patterning of VA-CNTs

VA-CNTs were grown by alcohol catalyzed chemical vapor
deposition (ACCVD) method on oxidized Si (100) surfaces as
described before in our previous study [18]. Sandwich catalyst lay-
ers (Al/Co/Al) were prepared for the growth of VA-CNTSs by using
the electron beam and thermal evaporation techniques [18]. Si sub-
strates with the aforementioned layers were introduced into the
ACCVD furnace for the growth of VA-CNTs through reduction and
reaction steps using ethanol as a carbon source at temperature
of 625°C under flowing H, and Ar gases (20sccm and 100 sccm,
respectively). After the growth, patterning was induced to the VA-
CNTs by using a dropper filled with deionized water. Following
this step, some of the patterned CNTs were treated with 1 g/l
sterilized collagen solution for every cm? (approximately 10:1
weight ratio of collagen to CNT) resulting in two separate groups
of patterned CNT arrays; one non-coated and the other collagen
coated.

2.2. Cell culture

We used two human HCC lines (SNU182 and HUH?7) in our
experiments. SNU182 is poorly differentiated and HUH7 is well
differentiated hepatocellular cancer cell line. SNU182 cells were
cultured in RPMI medium (Lonza, Verviers, Belgium) supplemented
with 10% fetal bovine serum, 1% non-essential amino acids and



G. Kucukayan-Dogu et al. / Applied Surface Science 351 (2015) 27-32 29

1% Penicillin/Streptomycin antibiotic. HUH7 cells were cultured in
DMEM medium (Lonza) supplemented with 10% fetal bovine serum
and 1% Penicillin/Streptomycin antibiotic.

3. Methods
3.1. Total RNA isolation and reverse transcription

HCC cells were trypsinized and total RNAs were extracted from
the precipitate by using NucleoSpin RNA II Kit (MN Macherey-
Nagel, Duren, Germany). ProtoScript M-MuLV First Strand cDNA
Synthesis Kit (New England Biolabs, MA, USA) was used to prepare
cDNAs from total RNA according to the manufacturer’s protocol.

3.2. RT-PCR

All PCR reactions were performed with 1 .l cDNA, for 30 cycles.
The amplifications for E-cadherin, Vimentin, Fibronectin, a-SMA,
N-Cadherin, Slug, Twist1, Sip1 and GAPDH were performed using
Taq PCR Kit (New England Biolabs, MA, USA). The primers and
amplicon sizes were listed in Table 1. The initial denaturation step
was performed at 94°C for 30s, followed by 30 cycles of denatur-
ation at 94 °C for 30s, annealing at 60°C for 30s and extension at
68 °C for 30s. The final extension step was performed at 68 °C for
5 min. The products were analyzed on 1.5% agarose gel.

3.3. HCCs on patterned CNT surfaces

The VA-CNTs were placed in 6-well plates and 3 x 10° num-
bers of HUH7 and SNU182 cells were cultured on each well in 3 ml
medium. A negative control group with VA-CNT excluding any cul-
tured cells was also prepared. At the 3rd day of cell culture, the
cells were washed with PBS and prepared for imaging by scan-
ning electron microscope (SEM) at low vacuum mode (40 bar) and
accelerating voltage of 10 kV.

3.4. Cytotoxicity of VA-CNTs surfaces on HCC

The VA-CNTs were placed in 96-well plates in triplicates and
2 x 10 numbers of HUH7 and SNU182 cells were cultured on
wells in 200 pl medium. LDH Cytotoxicity Detection Kit (Clontech®,
Mountain View, CA) was used to measure the cytotoxicity accord-
ing to the manufacturer’s protocol. The readings were performed
by using an ELISA reader at the wavelength value of 490 nm. For the
calculations, the average value of background group readings was
subtracted from all of the sample readings.

3.5. Statistical analysis

All the results were analyzed with ANOVA. Minitab® 15 Statis-
tical Software was used to make multiple comparisons of control
to experimental groups. All the comparisons were performed using
Fisher’s test with 95% confidential interval. The graphs were drawn
by the usage of GraphPad® program.

4. Results and discussion
4.1. Preparation of VA-CNTs

VA-CNTs were synthesized through ACCVD method on Si sub-
strates using sandwich catalyst design (Al/Co/Al) as we reported
previously [18]. The side view SEM image of VA-CNTs revealed
that CNTs were 10 wm in height whereas their average diame-
ters were around 10nm shown by TEM analysis (Fig. 1a). Prior
to the cell seeding step on CNTs, we created asperities for the
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Fig. 2. EMT expressions of HUH7 and SNU182 cell lines at mRNA level.

growth. Aforementioned patterning step was induced by dropping
deionized water on these surfaces. As a result of water contact
of VA-CNTs, the aligned CNTs were collapsed and surrounded by
standing CNTs forming cavities (Fig. 1b). The average width of these
cavities was 10 wm. The mechanism behind the formation of self-
assembled patterning is based on the elasto-capillary effect and
hydrophobic property of aligned CNTs as explained by us and oth-
ers previously [18,30]. Our experimental design of patterning was
shown in Fig. 1c. Following the patterning process, patterned CNTs
were either treated with collagen or not and were designated as
patterned collagen coated and non-coated CNT surfaces thereafter.

4.2. EMT marker expressions of HCC

We monitored the EMT marker expression profiles of two HCC
lines at mRNA level (Fig. 2). Our results showed that SNU182 cell
line was positive for the expression of all the mesenchymal mark-
ers tested except Sip1 (Vimentin, Fibronectin, a-SMA, N-Cad, Slug,
Twist1). In contrary to SNU182, only three of the tested mes-
enchymal markers (Vimentin, «-SMA and N-Cad.) were found to be
expressed in HUH7 cells. Hence, the expression profiles of these cell
lines confirmed that SNU182 cells are poorly differentiated whereas
HUH?7 cells are well differentiated HCC cell line [10]. In parallel to
previous reports, our results also indicated that HUH7 had a more
epithelial characteristic compared to SNU182 cells [10].
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Primer sequences used in PCR amplifications.

Gene name Forward primer (5'-3") Reverse primer (5'-3')
E-Cadherin GACTCGTAACGACGTTGCAC GGTCAGTATCAGCCGCTTTC
Vimentin GCAGGAGGAGATGCTTCAGA ATTCCACTTTGCGTTCAAGG
Fibronectin AATATCTCGGTGCCATTTGC CAGTAGTGCCTTCGGGACTG
a-SMA TATCAGGGGGCACCACTATG GCTGGAAGGTGGACAGAGAG
N-Cadherin TCCAGACCCCAATTCAATTAATATTAC AAAATCACCATTAAGCCGAGTGA
Slug CTTTTTCTTGCCCTCACTGC AGCAGCCAGATTCCTCATGT
Twist1 GGAGTCCGCAGTCTTACGAG TCTGGAGGACCTGGTAGAGG

SIP1 TGTAGATGGTCCAGAAGAAATGAA TTGGCAAAGTATTCCTCAAAATCT
GAPDH GGCTGAGAACGGGAAGCTTGTCAT CAGCCTTCTCCATGGTGGTGAAGA

4.3. Proliferation and attachment of HCCs on patterned CNTs

After the CNT surfaces were modified and sterilized by UV for
one hour, poor (SNU182) and well (HUH7) differentiated HCC cells
were seeded on both non-coated and collagen coated patterned
CNT surfaces. The cells were incubated for 3 days on the patterned
CNT surfaces and low vacuum SEM imaging was performed to
assess the relation between their differentiation levels and attach-
ment ability both on collagen coated and non-coated patterned

CNT surfaces (Fig. 3). Fig. 3a and b show SEM images of attached
HUH?7 cells on collagen coated and non-coated patterned CNT sur-
faces, respectively. Furthermore, attached SNU182 cells were also
observed both on collagen coated and non-coated patterned CNT
surfaces (Fig. 3¢ and d, respectively). For comparison of the num-
ber of attached cells on patterned CNTs, we counted the cells under
SEM and average areal cell density was calculated dividing the total
cell number on the surface to total surface area. The density plot
given in Fig. 3e indicates that the average cell number for well
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Fig. 3. Low vacuum SEM images of HUH7 and SNU182 cells after seeded and cultured for 3 days on (a and c) collagen coated and (b and d) non-coated patterned CNT surfaces,
respectively. (e) Density plot for HUH7 and SNU182 cell number on collagen and non-coated patterned CNT surfaces.
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Fig. 4. LDH assay of cancer cells on non-coated and collagen coated CNT surfaces.
Low control (LC) and high control (HC) groups represent the case where there is no
CNT surface.

differentiated cells were higher than the number for poor differ-
entiated ones. The difference between the areal density of well and
poor differentiated cells was statistically significant (significance
value, p<0.05). This suggests that patterned CNT surfaces can be
used for defining the differentiation level of HCC cells.

Collagen by itself has poor mechanical properties while CNTs
have high elasticity and tensile strength in addition to their
nanoscale dimensions [31,32]. Hence, to enhance the mechanical
and functional properties of collagen, collagen blended with CNTs
are used as composite biomaterials [33-35]. In our study, although
collagen is used as a coating on the patterned CNTs, a significant
effect of collagen is observed for the well differentiated cells. The
number of well differentiated cells on collagen coated patterned
CNTs was comparably lower than non-coated patterned CNTs. Con-
trarily, there was no significant effect of collagen coating on the
attachment of poor differentiated cells which is likely reflecting
the already low adhesive propensity of these cells (Fig. 3e).

It is well known that surface topography and roughness has a
key role on the attachment of cells [36-38]. Collagen coating of
CNTs may be smoothing the roughness by infiltrating and filling the
voids between CNTs. Thereby, less surface area would be available
for cell attachment which could be the reason for the observation
of less number of cell attachment and growth for collagen coated
surfaces. Several SEM images displaying the smoothing effect of
the collagen coating are provided as supplementary information.
The results summarized above suggest that the difference in the
attachment ability of poor and well differentiated HCC cell lines
on the non-coated CNT surfaces could be used for evaluating the
differentiation level and thus aggressiveness of HCC cell lines.

Toxicity of CNTs has also been a controversial subject for
researchers since there are conflicting reports on their toxicity
[17,39,40]. Therefore, in order to investigate the cytotoxic effect of
patterned CNT surfaces on HCC cell lines we performed LDH cyto-
toxicity analysis both on collagen coated and non-coated patterned
CNTs (Fig. 4). In LDH test, two control groups were used; low con-
trol (LC) and high control (HC) groups in which HCC cells were
seeded on bare plate surfaces. LC group shows the minimum LDH
release while HC represents the maximum release. The closer the
absorbance readings of the samples to HC, the more cytotoxic the
conditions are for that sample. Our LDH results clearly showed that
HUH7 and SNU182 cells had minimum LDH release on the non-
coated and coated patterned CNTs. This result indicates that CNTs
are not cytotoxic for these HCC lines. This data also suggests that

the difference in the attachment rates of the two cell lines are due
to cells’ interaction characteristics with CNT surfaces; not because
of the cytotoxic effects of the CNT surfaces. Therefore, the well
differentiated HCC line, HUH7 had greater tendency to attach on
CNT surfaces when compared to the poor differentiated HCC line,
SNU182.

The difference in the cancer cells ability to attach to patterned
CNT arrays will be particularly an important tool for the diagno-
sis of the exact tumor cell type and differentiation status not only
for hepatocellular cancer but for many different cancers. Molecular
characterization of tumor cells is very important, since its charac-
terization is the indicator of the classification of liver cancer similar
to proposed for lung cancer [41,42]. Therefore, nanomedical device
for the classification of hepatocellular cancer is important for the
possible treatment of these tumors in the future.

5. Conclusion

We have demonstrated that patterned CNT surfaces have poten-
tial to distinguish between well differentiated HUH7 and poorly
differentiated SNU182 cells. This is based on the difference in
observed propensity of adhesion of HCCs on the collagen coated and
non-coated patterned CNT surfaces according to their aggressive-
ness and metastatic grades. Our results showed that significantly
more number of well differentiated HUH7 cells were observed on
CNT surfaces than the poorly differentiated SNU182 cells irrespec-
tive of whether the CNT surfaces were coated with collagen or not
(p<0.05). However, this difference in the cell adhesion was not due
to any toxic effect of CNTs, since the attached form of patterned
CNTs on a rigid surface was found to have no toxic effects on the
HCC cells as determined by LDH test. Furthermore, the number of
attached cells was doubled on the non-coated patterned CNT sur-
faces when compared to collagen coated patterned surfaces, where
collagen coating acted as a smoothing agent. Hence, it can be said
that physical topography of the surfaces may have an important
role on the HCC attachment. Through this technique metastatic
grade of cancer cells could be detected in a fast and facile way,
which could be used easily applied for diagnosis in order to deter-
mine the most effective therapy strategy depending on the tumor
characteristics.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.apsusc.2015.05.
054
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