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a b s t r a c t

In this study we examine multiwall carbon nanotube (MWCNT) based nanosystems i.e. aligned MWCNT
matrices, as potential scaffolds for cell growth and tissue engineering. We present the effect of samples
purification and surface modification on the viability, adhesiveness and morphology of human normal
gingival fibroblasts (HGF-1) and human osteosarcoma (U2OS) cell lines. We employ spectroscopic and
analytical techniques (Scanning Electron Microscopy, Thermal Gravimetric Analysis, Atomic Force Mi-
croscopy, Raman and Fourier Transform Infrared Absorption Spectroscopy and Confocal Microscopy) in
order to characterize the obtained structures. Furthermore, we analyze the expression level of selected
cell adhesion-related genes by the quantitative real-time (qRT-PCR) method and the cell viability for
MWCNT powders. We show that the surface structure of MWCNTs carpets contributes to the adhesion of
cells. Additionally, we report the increased expression level of integrin, talin and fibronectin, proteins
which are involved in cell attachment. We speculate that carbon nanotube based materials can be
consider as potential candidates for biomedical purposes and as a biocompatible scaffold for cell growth.

© 2016 Published by Elsevier Ltd.
1. Introduction

New nanomaterials for tissue engineering applications are
highly demanded and still drive much attention. One of major ap-
proaches in this area, and in regenerative medicine, is the appli-
cation of carbon-based nanomaterials, including graphene and
carbon nanotubes, in different shapes and forms. Several types of
carbon-based matrices have been proposed so far i.e. MWCNTs
platform based on polymer, ones with specified cavities size, car-
bon based nanocomposites [1]. MWCNTs dispersed in polymer
matrixes, aligned MWCNTs [2] and many others. The main reason
to implement carbon nanostructures into scaffolds is to improve
the mechanical properties by increasing the Young modulus and
tensile strength of the structure. Furthermore, the combination of
carbon nanomaterials with substrates support cell attachment,
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growth and differentiation [3]. Moreover, carbon nanomaterials can
be biologically functionalized with various molecules to design
scaffolds for tissue growth [4,5]. CNTs show a high binding affinity
to biomolecules, including extracellular matrix (ECM) proteins, e.g
fibronectin. Interestingly, authors proposed fibronectin e carbon
nanotubes composite (hybrid nanostructure) as a pattern (matrix)
for controlled cell adhesion and growth of various cells [6,7].

Recently, the interactions of CNTs with cells have been studied,
for example adhesion, morphogenesis, proliferation and differen-
tiation [8e11]. The adhesion and proliferation of different type of
cells (include gingival fibroblasts) have previously been studied on
various surfaces (e.g., on polystyrene, glass and titanium, hy-
droxyapatite/collagen composites) [12,13]. Many reports highlight
the interaction between CNTs and different types of cells [14].
During in vitro studies, a good adhesion and proliferation of the
investigated cells has been observed [15]. It has been found that
CNTs combined with several materials (e.g., biopolymers) improve
cell contact and adhesion [16]. CNT based nanomaterials allow for
the quick adaptation of cells to a new environment by modulating
the expression of a key protein involved in adhesion (integrin), as
well as providing stronger adhesion and survival [17]. Aoki et al.
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reported osteoblast-like cell proliferation, showing that alkaline
phosphatase activity and protein adsorption on CNT based sub-
strates are higher than on polycarbonate membranes and graphite,
as a result cell growth on CNTs greatly extended in all directions
[18]. Previous studies report that CNT based matrices can be also
applied to enhance the growth and differentiation of neurons [19].
One of approaches is to use MWCNT based structures as scaffolds
for tissue engineering, for example potential biomaterial in bone
reconstruction. It has been shown that carbon nanotube composite
scaffolds are biocompatible materials with sufficient mechanical
strength for the repair and regeneration of bone [20]. Different
groups of nanomaterials can be considered in term of using them in
biomedical applications i.e. individual CNTs, CNTs filled with
magnetic nanoparticles, CNT based carpets. Due to their unique
physical, chemical and mechanical properties as well as the pos-
sibility of their biofunctionalization, CNTs can be potentially
applied in drug delivery systems, bio-imaging, contrast agents,
gene carriers and as implants [21e23]. However, the surface
modification and cytotoxicity of carbon nanomaterials are a crucial
points in case of cell adhesion, therefore biocompatibility control.
In the scientific literature there is still many contradictory results
about cytotoxicity of CNTs [24]. In recent years, CNT carpets have
gained attention in in vitro studies due to their high processing
capability, mechanical stability, low cytotoxicity and parallel
alignment [25]. Due to their potential application for tissue engi-
neering, it is important to study the cell adhesion and growth on
different sorts of MWCNT matrices, i.e. pristine MWCNT based
carpers or covalently modified. Well-aligned MWCNT based
matrices, i.e. MWCNT carpets, enable them to be used in regener-
ative medicine and tissue engineering [26]. The distribution of
functionalized MWCNTs in the scaffold structures enhances surface
hydrophilicity and provides a preferable microenvironment for cell
attachment [27]. Mainly, MWCNT based carpets are synthesized by
the Floating Catalyst Chemical Vapor Deposition (FCCVD) route on a
quartz substrate typically using a metallocene-hydrocarbon solu-
tion [28]. This method allows control over the size, shape and
alignment of MWCNT based matrices. In recent years, scientists
have drawn attention to the application of carbon materials in
dentistry and oral regenerativemedicine, thus composites aremore
tough and can be easily employed as implants. Since MWCNTs
might be produced in different forms, they can be used as a new
class of implants. Previous research has concluded that CNT func-
tionalized with sodium hyaluronate (HY-SWCNT) may be a poten-
tial biomaterial for application in dentistry in regenerative
therapies, i.e. for tooth socket repair [29]. Dental filling (glass ion-
omer cement) with incorporated MWCNTs for dental restorations
has revealed high strength and hardness and reduced loss due to
friction and wear [30]. Due to the increasing attention of MWCNT
based matrices in dentistry and tissue engineering, it is necessary
to study various cellular mechanisms, for example adhesion and
proliferation.

In this work, we synthesized, modified and characterized the
surface of MWCNT based carpets in terms of their potential use-
fulness in cell culturing and tissue engineering. Annealing at
1900 �C, purification in hydrochloric acid (HCl) and oxidation in
Sulfuric and Nitric acid were conducted in order to change the
MWCNT morphology and surface. We investigated the effect of
MWCNTs on the viability of human gingival fibroblast (HGF-1) and
human bone osteosarcoma epithelial (U2OS) cell lines. Further-
more, we studied the interaction of cells with the potential scaf-
folds by using Scanning Electron Microscopy, Atomic Force
Microscopy and Confocal Microscopy. We have found that the F-
actin cytoskeleton organization modulates the MWCNT matrices
surface. We also discussed their capability for future orthopedics
and dental implants as well as tissue engineered scaffolds.
2. Materials and methods

2.1. MWCNT carpet synthesis

Multiwall carbon nanotube based carpets were synthesized by
using the Floating Catalyst Chemical Vapor Deposition (FCCVD)
route. Ferrocene was used as a catalyst and toluene as a carbon
source, as a result, well-aligned MWCNTcarpets were obtained (as-
prepared denoted as AP-MWCNT) [31]. Two sorts of MWCNT based
carpets with 2 wt%, 5 wt% of ferrocene were used for further in-
vestigations. The ferrocene concentration determined the diameter
of MWCNTs and the Fe particles size embedded within the tube.
MWCNT carpets were annealed for two hours in argon atmosphere
at 1900 �C to obtain well-graphitized MWCNT carpets (AN-
MWCNT) and to remove the Fe particles from the MWCNTs.
Furthermore, all carpets were treatedwith HCl at 60 �C overnight to
obtain purified MWCNT (HCl-MWCNT). Finally, to attach covalently
functional groups to the outer surface of MWCNTs, reflux treatment
was conducted at 120 �C for 20 min using a sulfuric/nitric acid
mixture (sulfuric acid 98% and nitric acid 70%, SigmaeAldrich) e
REF-MWCNT. Multiwall carbon nanotube based carpets (5%) were
milled for 10 h in a quartz container using the Retsch MM40 mill in
order to obtain fine MWCNT powder.

2.2. Structural and morphological characterization

The morphology of MWCNT based carpets was studied under a
Scanning Electron Microscope (SEM Jeol 7001TTLS). The Raman
spectroscopy data were obtained on a inVia Ranishaw confocal
Raman microscope (Ranishaw) with 50 � /0.75 microscope objec-
tive (LEICA) and by engaging 633 nm He/Ne laser with 1800 gr
mm�1 grating. The laser power used was 1.5 mW at the stage. All
experiments were done on the powdered samples. Each Raman
spectrumwas obtained in the range of 1000e3000 cm�1 corrected
by the WiRE™ 3.3 software attached to the instrument.

Fourier Transformed Infrared (FTIR) absorption spectra were
obtained using a Bruker Optics IFS 66/s spectrometer in the wave
number range 800 cm�1 to 4500 cm�1 with a resolution of 4 cm�1.
Pre-measured carbon structures were mixed with potassium bro-
mide (KBr) and then compressed into a thin pallet. Thermal
Gravimetric Analysis (TGA) was carried out in air atmosphere by
heating the samples up to 1000 �C at a rate of 10 �C/min. Atomic
force microscopy (AFM) measurements were performed using the
Icon Scanning Probe Microscope (Bruker) in contact mode. Anti-
mony doped silicon tips (RTESP, f0: 339e352 kHz k: 20e80 N/m)
were used for MWCNT carpets imaging. Each topography image
was obtained at 0.2 Hz and 512 lines. All AFM data analysis were
performed by Gwyddion software.

2.3. Cell culture

Human bone osteosarcoma (U2OS) cell line and human gingival
fibroblasts (HGF-1) cell line were purchased from the American
Type Culture Collection (ATCC, USA). U2OS cells were cultured in
Dulbecco's Modified Eagle Medium (DMEM, SigmaeAldrich) sup-
plemented with 10% (v/v) fetal bovine serum (FBS, SigmaeAldrich)
and 1% (v/v) antibiotics (penicillin, streptomycin). HGF-1 cells were
grown in Dulbecco's Modified Eagle Medium (DMEM, ATCC)
modified to contain 1 mM sodium pyruvate and supplemented
with 10% (v/v) fetal bovine serum (FBS, SigmaeAldrich). Cells were
grown as a monolayer at 37 �C under a humidified atmosphere of
5% CO2.When the culture reached a near confluence 80%, cells were
washed with phosphate buffer saline (PBS), trypsinized with
Trypsin-EDTA (SigmaeAldrich), counted using an Automated Cell
Counter (BioRad) and passaged on sterile tissue culture plates.
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2.4. Cell imaging by SEM

SEM analyses were used to study cell attachment to theMWCNT
based carpet surfaces. U2OS and fibroblasts cells were seeded at a
cell concentration of 1 � 104 cells/mL onto the MWCNT based
carpets and incubated for 24 h. All MWCNT based carpets were
sterilized prior cell seeding using UV irradiation (UVc, ~254 nm).
Sterile MicroWell Plates (HydroCell, Thermo Scientific) were used
to prevent cells from attaching to the well surfaces. The adhesion of
U2OS cells was analyzed by SEM after fixing with glutaraldehyde
(2.5%) in PBS and cacodylate buffer 0.1 M (cacodylic acid, Sigma-
eAldrich), dehydrating with a graded series of ethanol (50%, 75%,
90% and 100%) for 10 min each. Then, samples were coated with
100 nm Au layer prior to SEM imaging at an accelerating voltage of
5 kV. The adhesion of cells on MWCNT based carpets was analyzed
using a JEOL scanning electron microscope (SEM Jeol 7001TTLS).

2.5. Cell imaging by confocal microscopy

To assess the cytoskeletal responses (organization) of gingival
fibroblasts to the MWCNT based carpets confocal microscopy was
applied. Oregon Green 488 Phalloidin (Life Technologies) and
DRAQ5 (Cell Signaling Technology) dyes were used to stain the
cytoskeleton and nuclei, respectively. HGF-1 cells (1 � 104 cells/
well) were seeded onto the MWCNT based carpets using an 8-well
LabTek chambered cover-glass system (Nunc) and cultivated for
24 h. Then, the samples were processed for confocal microscopy
visualization. BeforeOregonGreen 488 Phalloidin staining,MWCNT
based carpets were washed twice with PBS (SigmaeAldrich) to
remove non-adherent cells. Then, the samples were fixed with 3.7%
(v/v) formaldehyde solution (SigmaeAldrich) in PBS and then per-
meabilized 0.1% (v/v) Triton X-100 (SigmaeAldrich) in PBS for
5 min. Oregon Green 488 Phalloidin solution in PBS containing 1%
BSAwas added to each well and then incubated for 20 min at room
temperature. After incubation, samples were washed twice in PBS.
Cell nuclei were stained with DRAQ5 at a concentration of 5 mM for
5 min at room temperature. Finally, samples were washed twice
with PBS and immediately observed using confocal microscopy.
Samples were visualized with an Olympus FV 1000 confocal mi-
croscope. The 488 nm (for Oregon Green) and 635 nm (for DRAQ5)
line lasers were used for fluorescence excitation of HGF-1 cell or-
ganelles and the emitted light was detected in the range of
495e580 nm and 655e755 nm, respectively.

2.6. Cell viability and cytotoxicity analyses

The cell viability after incubation with MWCNTs was evaluated
using Cell Proliferation Reagent WST-1 (Clontech) and Cell Count-
ing Kit-8 CCK-8 (Sigma). U2OS and fibroblast cells were plated in
96-well plates with density of 1 � 104 cells per well and incubated
for 24 h in 37 �C, 5% CO2 atmosphere. After incubation overnight,
the mediumwas removed and several concentrations (6, 10, 30, 50,
100, 200, 300, 500, 600 mg/mL) of MWCNT powder dispersed in cell
medium were added to the cells. Cells cultured without MWCNTs
were used as the positive control. Wells which were treated with
DMSO (10% - dimethyl sulfoxide) represented the negative control.
After 24 h, 10 mL of WST-1 and CCK-8 solution was added to each
well and incubated for an additional 1, 2 and 3 h at 37 �C. The
optical density of each well was determined at 450 nm by using
spectrophotometrically multiwall plate reader (Biochrom Anthos
Zenyth 340). Each experiment was repeated three times.

2.7. RNA extractions and cDNA synthesis

The U2OS cells were seeded at a density 1.5 � 105 cells/ml on
MWCNTs based carpets and maintained for 24 h in an incubator
under standard conditions (at 37 �C, humidified atmosphere of 5%
CO2). As well, HGF-1 and U2OS cells were cultivated separately with
MWCNTs (10mg/mland30mg/ml) thatwereused forcarpet synthesis.

Total RNA from cells was extracted by using RNeasy Mini Kit
(Qiagen) according to the manufacturer's protocols. The purity and
concentration of obtained RNA were determined spectrophoto-
metrically by NanoDrop 2000c (Thermo Scientific). For each sam-
ple, 1 mg of RNA was used for reverse transcriptase reaction (cDNA
synthesis) by using QuantiTect Reverse Transcription Kit (Qiagen).
Each reaction of cDNA synthesis was carried out in 14 ml volume.
The reactions were carried out according to the QuantiTect Reverse
Transcription Kit (Qiagen) suggested manual. In next step, the
synthetized cDNA was used for real time PCR experiments.

2.8. Measurement of cell adhesion relativeegene expression level
by qRT-PCR

In this study we analyzed the expression of the adhesion related
genes using quantitative Real time PCR (qRT-PCR) technique. The
qRT-PCR experiments were performed on a CFX96 (C1000) (Bio-
Rad) instrument in 96-well plates (Multiplate PCR Plates, Low 96-
well Clear, Bio-Rad). In this work we monitored the number of
mRNA copies for integrin, vinculin, talin, fibronectin, osteonectin
and GAPDH (human glyceraldehyde-3-phosphate dehydrogenase)
used as a housekeeping reference gene. Each qRT-PCR reaction
mixture consisted of cDNA template, SYBR Green dye (iTaq Uni-
versal SYBR Green Supermix, Bio-Rad), forward and reverse
primers, sterile DNase-free water (Sigma). The total volume of each
reaction was 10 ml. All reactions were performed in triplicate.
Primers sequences and thermal profile of qRT-PCR reactions are
listed in Supplementary materials.

3. Results and discussion

3.1. Morphological characterization

The hydrophobic MWCNT matrixes (Fig. 1a) were firstly char-
acterized by SEM (Fig. 1b). Consecutively, the quality of the inves-
tigated MWCNT carpets was assessed quantitatively by Raman
Spectroscopy. The Raman spectra of 5% AP-MWCNTs, AN-MWCNTs,
HCl-MWCNTs and REF-MWCNTs are presented in Fig. 1c. The AP-
MWCNTs show the characteristic modes: D (double-resonance
mode), G (tangential stretching mode), G0 (two phonon process) at
1338 cm�1, 1586 cm�1, 2665 cm�1, respectively. Annealing and
further purification of the carpets cause a shifting of peak positions
to a lower wave number. The D-band is indicative of structural
disorder due to disruption of sp2 C]C bonds, whereas the G-band
results come from the tangential vibration of graphitic carbon
atoms [32]. The ratio of integral intensities ID/G commonly used for
a quantitative estimation of the defect density and amount of
amorphous carbon on the MWCNT walls is 0.95 for AP-MWCNTs
(see Fig. 1d) and this decreases for AN-MWCNTs and HCl-
MWCNTs to 0.62 and 0.61, respectively. During the oxidation pro-
cess, the graphite-like structure of the MWCNT walls is damaged
but in a controllable manner and the functional groups are attached
to their surface. This is reflected in the increase in the ID/G for REF-
MWCNTs (ID/G ¼ 0.85) compared with AN-MWCNTs and HCl-
MWCNTs. Mode G0 is particularly sensitive to sample purity [33].
It is evident in Fig. 1d that the largest treatment dependent change
is observed for the intensity ratio IG0/D.

Owing to its high sensitivity to the localized vibration of mo-
lecular moieties, FTIR spectroscopy is a perfect tool to identify
molecular groups attached to the MWCNT walls. Fig. 2a shows
infrared spectra of 5%-MWCNTs for as-prepared, annealed, purified



Fig. 1. a) Picture of hydrophobic MWCNT carpet and b) SEM micrograph of aligned MWCNTs. c) Raman spectra of 5% AP-MWCNTs, AN-MWCNTs, HCl-MWCNTs and REF-MWCNTs.
d) Three different ratios of D, G, G0 Raman peaks for selected samples.

Fig. 2. a) Infrared absorption spectra of 5% AP-MWCNT, AN-MWCNT, HCl- MWCNT and REF-MWCNT carpets. The Roman numerals denote the following vibrations: (I) OH
stretching, (II) CH3 symmetric and asymmetric stretching, (III) C]O stretching, (IV, V) C]C stretching of aromatic groups of CNTs, (VI) CH bending vibration in COH moieties. b)
Thermal Gravimetric analysis for 5% AP-MWCNTs and AN-MWCNTs.
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and refluxed samples. Absorption peaks at IV (at 1635 cm�1) and V
(1570 cm�1), corresponding to the C]C stretching mode of the
aromatic core within CNTs, are more pronounced for purified car-
pets than as-synthesized ones. During the oxidation treatment,
carboxyl and aldehyde groups are created. Consequently, peak III
(at 1720 cm�1) attributed to C]O stretching vibration within the
carboxyl group and the absorption band (at 1380 cm�1) ascribed to
CH vibration in COH group show up in the spectrum of the refluxed
sample [34]. The impact of the MWCNT diameter and length on the
efficiency of the oxidation process is described elsewhere [31].

To study the thermal stability, thus the quality of the MWCNT
based material, thermal analysis was performed. The purity of the
carbon based materials, i.e. amorphous carbon species and
embedded Fe particles within MWCNTs, was examined as well.
Apart from the initiation temperature, in which the material starts
to decompose, a highly valuable parameter is the so-called oxida-
tion temperature, which is often described as the thermal stability
point of a carbon based material. The more graphitized the carbon
based material, the higher the thermal stability point is [35,36].
Fig. 2b shows the weight loss vs temperature dependency for both
AP-MWCNT and AN-MWCNT. The initiation temperature was
around 618.7 �C and 701.1 �C for AP-MWCNT and AN-MWCNT,
respectively. Additionally, the oxidation temperature was much
higher for MWCNTs after the annealing process compared to as-
prepared ones. This confirms the higher quality of the initial ma-
terial used for further processing, i.e. fewer defects within the tubes
or the presence of a catalyst. The properties of the samples were
characterized using atomic force microscopy (AFM) working in
contact mode in order to measure the roughness of the samples
(Fig. 3) which was found to be z 600 nm.

3.2. MWCNT carpet e cell interaction studies by SEM and confocal
microscopy

Cell attachments and morphology on differently modified
MWCNT carpets were investigated using SEM and confocal



Fig. 3. AFM images of MWCNTs carpet.
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microscopy. All carpets were verified in terms of their biocompat-
ibility and possibility of use as potential scaffolds for two selected
types of cell lines: HGF-1 and U2OS. In the field of biomaterials and
its applications as scaffolds in tissue engineering, physical proper-
ties such as (elasticity, roughness) and chemical composition are
essential and may modulate the condition of the cells. A good level
of cells attachment to the MWCNT carpet was observed after one
day of incubation (24 h). Moreover, the biocompatibility of MWCNT
Fig. 4. SEM images of HGF-1 and U2OS cells grown on 5% MWCNT carpets after 24 h of incu
cells on 5% HCL-MWCNT, d) U2OS cells on 5% REF-MWCNT. Arrows indicate cells on the M
based carpets was increased by acid treatment. Considering the fact
that functionalized (REF-MWCNTs) are more hydrophilic, cell in-
teractionsmay be better than those for non-functionalized ones, i.e.
AP-MWCNT, AN-MWCNT, HCl-MWCNT. In addition, MWCNT based
carpets changed their structure after acid treatment (Fig. 4) and
SEM analysis confirmed cell anchoring after the incubation of cells
with both 2% REF-MWCNT (see Supplementary materials) and 5%
REF-MWCNT. As shown in Fig. 4 a,b, the HGF-1 cells were elongated
bation. a) HGF-1 cells on 5% HCL-MWCNT, b) HGF-1 cells on 5% REF-MWCNT, c) U2OS
WCNT matrices surface.
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along MWCNTs on the side of 5% REF-MWCNTs carpet. Similarly, in
Fig. 4c,d, U2OS cells were well adhered to the 5% REF-MWCNTs
matrices.

Additionally, cell imaging via a confocal microscope was inves-
tigated in order to observe the morphology and cell attachment on
the scaffolds. The cytoskeleton structure was visualized after
staining the samples with a high affinity F-actin Oregon Green 488
Phalloidin dye. Oregon Green provides green fluorescence, while
phalloidin binds F-actin with high selectivity. Additionally, nuclei
were stained with DRAQ5 dye. The cytoskeleton of cells growing on
a MWCNT carpet is clearly visible and this indicates the normal
growth and proliferation of the cells. However, the shape and
roughness of the top walls of the scaffold surfaces induce the
reorganization of the actin cytoskeleton. The confocal microscopy
imaging shows the loss of the typical elongated morphology and
cytoskeleton organization of the HGF-1 cells (Fig. 5b and c). The
actin filament network spreads in different directions modifying
the proper organization and location of F-actin. In control samples
(cells incubated in LabTek chamber cover glass system), the cyto-
skeleton arrangement tends to be aligned in one direction (Fig. 5f
and g). Nucleus morphology investigation revealed an unchanged
shape and size for cells grown on MWCNT matrices, thus that the
incubation of cells with MWCNT matrices does not induce cell
death. We conclude that the oxidized surface on MWCNT (REF-
MWCNT) enables the creation of good environmental conditions
for cells to grow and proliferate.

Another factor which can improve cell adhesion is protein
serum, which penetrates through MWCNT matrix pores. MWCNT
carpets can easily be permeated by proteins and growth factors
present in the culture medium. A similar feature has already been
observed by He et al. [37] for NIH 3T3 cells. The obtained results
suggest that MWCNT carpets investigated in this study can be
considered to be three dimensional (3D) scaffolds. Fig. 6 shows the
SEM images of HGF-1 cells cultured with an HCl-MWCNT carpet
which confirms that gingival fibroblasts are attached to the edges,
sides and top surfaces of matrices. Confocal images (Fig. 6) of nuclei
and cytoskeleton after DRAQ5 staining verify the possibility of cell
Fig. 5. Confocal images of HGF-1 grown on (aed) 5% HCl-MWCNT carpets and (eeh) wells
growth along the sides of carpets.
In order to verify the possibility of applying MWCNT based

carpets as scaffolds, another type of cells was tested in this study.
Similar to HGF-1, U20S cells were well distributed on carpet sur-
faces, especially in the case of HCl-MWCNT matrices. In contrast to
HGF-1, we noticed that U2OS cells create homogenous films, pref-
erentially on HCl-MWCNT (Fig. 4c). Therefore, cells also migrate
inside the carpets and grow towards the MWCNT matrices for REF-
MWCNT (Fig. 4d).

Interestingly, the cells show close contacts with the surrounding
MWCNTs within carpets. A number of filopodia were found after
cell incubation with both HCl-MWCNT and REF-MWCNT carpets.
The strong attachment between fibroblast HGF-1 cells and
MWCNTs within the matrices suggests the low toxicity of potential
scaffolds. SEM analysis showed the formation of tight junctions
between cell filopodia and MWCNTs (Fig. 7). These results confirm
the biocompatibility of the studied materials. Based on many sci-
entific data and our studied carbon platform can be potentially used
as a scaffold materials [38,39].

3.3. Cytotoxicity

The cell viability was determined to estimate the toxicity of
MWCNTs using the WST-1 and CCK-8 assays. In both tests the for-
mation of formazan dye depends on the mitochondrial activity. To
evaluate MWCNTs cytotoxicity, U2OS and fibroblast cells were
treated for 24 h with several concentrations of MWCNT in hu-
midified atmosphere. Two controls were designed, negative un-
treated control which was the maximum cells viability (97e99%)
and positive control inwhich was the cells were treated with DMSO
(9e24%). The WST-1 and CCK-8 assays results of Fig. 8 demon-
strates a prominent decrease metabolic activity of cells treated
increasing concentrations of MWCNTs. Using a concentration of
600 mg/mL resulted in a survival rate of 55% in U2OS and 21% in
HGF-1 for WST-1 assay, and properly 49% and 29% for CCK-8 assay.
Studied concentrations of MWCNTs did not show the significant
cytotoxicity (Fig. 8).
(cells incubated in LabTek chamber cover glass) after cytoskeleton and nuclei staining.



Fig. 6. HGF-1 cells on 5% HCl-MWCNTs; a,b) SEM images and cef) confocal images after cytoskeleton and nuclei staining of cells on HCl-MWCNT carpets. On a and c dashed arrows
indicate the carpet edges. b and d show the top surfaces of a carpet.

Fig. 7. SEM images of contacts between HGF-1 cells and MWCNTs; a, b) HCl-MWCNT and c, d) REF-MWCNT. Red arrows point tight junctions between cell filopodia and MWCNTs.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.4. Quantitative RT-PCR (qRT-PCR)

The expression (the number of mRNA copies) of the adhesion
related genes was determined in samples taken from U2OS cells
incubated for 24 h on MWCNT based carpets as well as with O-
MWCNT (after REF treatment) powder. Similarly, the mRNA level
for the adhesion related genes was studied for HGF-1 cells incu-
bated for 24 h with O-MWCNTs. The number of transcript copies
was normalized to GAPDH expression level. The higher gene
expression level was obtained for integrin, talin and fibrinectin in
U2OS cells grown on MWCNTs carpets compared with cells incu-
bated on control substrate (tissue plate). Integrins play a significant
role in cell adhesion, invasion and migration. Those cell receptors
allow the attachment of cells to their surrounding environment e.g.
extracellular matrix or other cells. Moreover, are essential for
transmission of intracellular signals that regulate cell adhesion
process [40]. In our research we noticed the higher expression level
of integrin, fibronectin and talin for U2OS cells cultivated on
MWCNT carpets. Conversely, we observed the lower expression
level of integrin and fibronectin for HGF-1 after incubation with
MWCNTs. We attribute these changes to the expression level of
fibronectin which is related to expression level of integrin into the
cell and its influence on the modification of cell cytoskeleton or-
ganization and cell adhesion to MWCNT carpets. Differences



Fig. 8. Cell viability obtained for (a) U2OS and (b) Fibroblast cell lines for various concentration of MWCNT. Relative cell viability was determined by WST-1 and CCK-8 assays. Data
are shown as means of four independent experiments with standard deviations. K� are untreated cells and Kþ cells treated with DMSO.
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between fibronectin level of U2OS and HGR-1 results from different
type of studied cell lines i.e. osteosarcoma and normal fibroblasts.

In our studies we noticed increase of gene expression for talin in
HGF-1 cells cultured on O-MWCNTs (30 mg/ml) comparedwith cells
incubated with O-MWCNTs (10 mg/ml) and grown on control sub-
strate. Interestingly, U2OS cultured on carpets andMWCNTs as well
as HGF-1 cells grown with MWCNTs showed decreased expression
level of vinculin and osteonectin (Fig. 9). Vinculin is a protein with
many binding site for cytoskeletal proteins and plays role in the
Fig. 9. Expression profile of adhesion related genes (integrin, talin, vinculin, osteonectin and
powder respectively.
initial contact between cells and the extracellular matrix. Similarly,
in previous studies, Soo-Ryoon et al. showed significantly lower
expression of vinculin in NIH-3T3 fibroblasts after 24 h of incuba-
tion with reduced graphene oxide and MWCNTs [41].

4. Conclusion

The structural analysis revealed that modified MWCNTmatrices
have better quality than as-prepared ones. The high roughness
fibronectin) for U2OS and HGF-1 cells for MWCNT carpets and oxidized (REF) MWCNT
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factor of side walls of MWCNT carpets enables the cell attachment.
Moreover, to obtain high hydrophilic and biocompatible surfaces,
MWCNT carpets were defected in a controllable manner. The ex-
istence of carboxyl and aldehyde groups resulted in evident
attachment of HGF-1 and U2OS cells for purified and oxidized
samples. The F-actin cytoskeleton organization indicated cell
growth in different directions on the matrix top surfaces. Addi-
tionally, the proper cell adhesion is confirmed by the increase of
expression level of selected adhesion related genes (talin, integrin
and fibronectin for U2OS). Rapid decrease of viability for U2OS and
fibroblast cells was not observed. Our research showed that
MWCNT based carpets are biocompatible with human bone oste-
osarcoma cells and gingival human fibroblasts, clearly showing that
these materials may be used as matrices for future potential tissue
engineering applications.
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