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Abstract The aim of the study was to fabricate and
extensively characterize a layer of carbon nanotubes
deposited on the surface of titanium, in order to prove that,
by selecting proper type of carbon nanotubes and altering
different parameters of the electrophoretic deposition pro-
cess, we are able to obtain products having a different
influence on cells—either favouring or inhibiting their
survival. In the study, a novel mixture of solvents was used
to suspend as-received tubes and then applied in the elec-
trophoretic deposition. High charging capability and high
yield of the obtained deposits are promising results when
considering up-scaling the process. The surface of the
obtained multi-walled carbon nanotubes-coated titanium
samples was characterized using SEM, AFM, XPS and
Raman microspectroscopy. The carbon nanotube layer
showed nanorough topography and was formed of ran-
domly and loosely distributed tubes, and XPS study
revealed that there was a significant amount of C—O bonds.
These properties were found to be favourable to osteoblast
survival, spreading and growth.
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1 Introduction

Owing to their unique properties, such as extremely high
mechanical properties [1], or good electrical and thermal
conductivity  [2], multi-walled carbon nanotubes
(MWCNTs) are currently proposed to be applied in
numerous fields of materials engineering, including bio-
medicine. Although some applications require usage of a
single, separated tube, most of them require forming a
micro- or macro-assembly. This can be done either by
incorporating the MWCNTs into a polymer matrix or by
forming a free-standing film or layer on the substrate of
choice. First approach is generally applied when CNTs are
aimed to improve the properties of the matrix. However, an
introduction of an additional component may hinder the
CNTs—CNTs interactions, reducing come of their benefi-
cial properties. Meanwhile, forming purely CNTs—CNTs
network may offer the possibility of obtaining a micro- or
macro-scale product without reducing the level of inter
tube interactions.

Among proposed in the literature methods for fabricat-
ing CNT layers (or buckypapers), some of the most popular
appear to be printing, drop casting and electrophoretic
deposition (EPD). In the first two methods, movement of
the particles towards the substrate is induced and governed
only by the gravitation forces, while the formation of layer
results from the solvent evaporation. Additionally, there is
no selectivity where it comes to chemical species being
deposited. As a result, highly heterogeneous films are
formed, built up not only from the CNTs of assorted sizes,
shapes and amount of functional groups, but also from the
CNT synthesis by-products. Additionally, orientation of the
tubes is random and cannot be controlled and the CNTs—
CNTs and CNTs—substrate interactions are weak [3].
Contrary to these methods, the EPD is not only facile and
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cost effective, but may also be selective for different type
and amount of chemical species, guaranteeing better
repeatability of the process and higher quality of the
obtained layers. Moreover, this method can yield materials
of highly steerable properties—by altering the type of a
solvent, voltage, distance between the electrodes or time of
deposition, one can obtain materials that are either dense or
holey, strongly or weakly adhered to the surface of the
substrate [3, 4]. Thus, requirements for different applica-
tions, including biomedical, can be met.

Proper solvent selection is an important step in planning
the EPD experiments. Usually, a mixture of organic sol-
vents or water is applied. Water assures high yields of
deposits but at the same time, its hydrolysis compromises
the quality of deposits. On the other hand, organics yield
more uniform deposits, but much higher voltages are
required and low deposition rate is observed [4]. Thus, a
mixture of organics (based on Du’s work, acetone and
ethanol were chosen [5]) with a small addition of water
should be expected to provide the most satisfactory results.
To provide higher repeatability of the process, commer-
cially available, OH-functionalized CNTs were used with
no additional chemical treatment. This is also a novelty in
the field of the EPD of the CNTs—majority of scientists
suggest initial oxidation that introduces functional groups
to the CNT walls. In this approach, it is very hard to obtain
reproducible results, and we believe that this is an origin of
numerous scientific discrepancies concerning some of the
basic CNT properties, including biocompatibility.

In our recent study, we reported fabrication of well-
adhered to each other, dense CNT layers that are highly
conductive, non-toxic and in the same time inhibitive
towards osteoblast proliferation. We hypothesized that
large share of carboxyl groups retarded osteoblast spread-
ing and growth [6]. On the other hand, in our different
study, we found that fibroblasts are virtually insensitive for
CNT surface chemistry and topography, suggesting that
there is some other quality of CNT layers that has a major
influence on fibroblasts and overcompensates for other
properties. This quality, however, is yet to be defined [7].
In the following study, we present results complementary
to our previous works. We reveal that it is also possible to
fabricate CNT layers that are supportive for osteoblast
adhesion and hypothesize that this type of material, due to
its biomimetic properties, may exhibit an enhanced
bioactivity, as already reported in some of the studies [8],
and thus may be considered as a permanent implant in
biomedical applications.

In the first step of the study, a stable CNT suspension
was prepared and used in the EPD. While depositing the
layers, we monitored the current density flow to obtain
information about the suspension stability and deposition
kinetics. Morphology of the fabricated layer was evaluated

@ Springer

using SEM, where both the surface and the cross-section
were observed, giving some information about the thick-
ness of the layer. Topography of the layers was evaluated
by an atomic force microscope (AFM). Afterwards, Raman
spectroscopy and X-ray photoelectron spectroscopy were
used to evaluate crystallinity, purity, type and amount of
functional groups of both the deposited CNTs and the
starting material. This shed some light on the potential
selectivity of the EPD process. Consecutively, indirect and
direct contact cytotoxicity tests were performed as well as
osteoblast morphology on tested surface was analysed in
order to assess the biocompatibility of the fabricated CNT
layer. In vitro experiments were conducted using human
osteoblasts as due to their biomimetic properties, CNTs
appear to be promising materials for bone regeneration.
Finally, the biocompatibility results were correlated with
physicochemical properties of the sample and influence of
some of the basic material properties on its biocompati-
bility was established.

2 Materials and methods
2.1 Carbon nanotubes and titanium

Multi-walled carbon nanotubes, functionalized with OH
groups (CNTs—OH), were purchased from the Nanostruc-
tured & Amorphous Materials, Inc., USA. Vendor-pro-
vided characteristics can be found on the producer site [9].
Sixty squares with side lengths of approx. 10 mm were
cut from titanium plate. The samples were placed for
10 min in ultrasonic bath with acetone and ethanol, con-
secutively, in order to remove any organic residues.
Afterwards, the samples were treated for 30 s with 5 %
fluoric acid, resulting in HF-treated titanium platelets (T1i).
The reaction was stopped by the thorough washing with
distilled water, until the pH of the washed over liquid was
neutral. Apart from dissolving the titanium dioxide, HF is
also expected to increase the surface area of the material,
increase adhesion of the layer and improve biocompati-
bility of final product [10, 11]. All reagents were purchased
from Avantor Performance Materials Poland, Gliwice.
Approx. 70 mg of the CNTs—OH were dispersed in the
mixture of 15 mL of 96 % vol. ethanol, 5 mL of acetone and
4 mL of distilled water, with an aid of an ultrasonic processor
Vibra-cell, type VCX 130 from Sonics & Materials, Inc.,
equipped with a 6-mm probe. The resulting suspension is
referred to as the CNTs—OH_ea throughout the article.

2.2 Electrophoretic deposition

The CNTs—OH_ea suspension was used during the EPD
process. The set-up consisted of a DC power source
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DC Power Source

Fig. 1 Electrophoretic deposition set-up

(EL561R from ThurlbyThandar Instruments Limited, UK),
a multimeter (34405A, Agilent, USA) connected to a
computer, and one stainless steel counter electrode, placed
in an electrolytic bath—scheme is presented in Fig. 1. The
process was carried out with applied voltage of 30 V, for
10 s. Distance between the titanium platelet and counter
electrodes was 5 mm. During the deposition, current
magnitude was recorded using BenchVue 1.1 software.
After the successful deposition, samples were left to dry in
room atmosphere conditions. Accordingly fabricated
materials were subsequently washed with ethanol in order
to remove CNT species that were not bonded to the surface
of titanium. Before the experiments, tested samples were
sterilized in 70 % ethanol solution followed by the expo-
sure to UV light up to 1 h under the hood.

2.3 Physicochemical characterization
2.3.1 Scanning electron microscopy

All SEM measurements were performed using ultra-high-
resolution scanning electron microscope—Nova NanoSEM
200, manufactured by FEI Europe Company. The mea-
surements were performed in low vacuum conditions,
using a Helix detector and an accelerating voltage of 10, 15
or 18 kV. Dimensions of the tubes and the thickness of the
layer were evaluated using Visio 2010 software. A total of
20 (CNT diameters) or 10 (thickness of the layer)

independent measurements were performed, and the results
were expressed as means + standard deviations (SD).

2.3.2 Atomic force microscopy

MultiMode 8 Bruker microscope, operating in a tapping
mode, equipped with antimony-doped silicon tips (spring
constant = 40 N/m) was used to evaluate the topography
of both titanium and the deposited layer.

2.3.3 Raman microspectroscopy

Raman spectra were collected using Renishaw inVia
spectrometer, and the Raman light was dispersed by a
diffraction grating with 2400 grooves/mm. The samples
were excited with an argon ion laser using excitation
wavelength at 514.5 nm. The laser power (~1-3 mW at
the sample surface) was kept well below the level that
causes damage to the sample.

2.3.4 X-ray photoelectron spectroscopy

Evaluation of the elements present on the surface of the
material, together with their chemical states, was per-
formed using X-ray photoelectron spectroscopy (XPS)
(Vacuum Systems Workshop Ltd., England). As the exci-
tation source, Mg Ka X-ray radiation with 200 W energy
was used. Electron energy analyser was set to FAT mode
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with pass energy 22 eV. Depth of analysis was about 5 nm.
The average spatial resolution of the applied system is
3 mm, and thus a single measurement is assumed to be
representative for the whole sample. Calibration of the
spectra was performed by assuming binding energy of
Cls to be always 284.6 eV. Spectral analysis was per-
formed using XPS Peak 4.1 software. Quantitative evalu-
ation of components with different binding energies was
performed based on peaks’ areas.

Both XPS and Raman Spectroscopy tests were per-
formed on Ti—~CNTs—OH sample and the starting material,
CNTs-OH, in order to evaluate whether the EPD process
favours deposition of the CNTs of different structural
properties and to provide information about the chemical
composition of the CNTs being deposited.

2.4 In vitro cell culture experiments
2.4.1 Live/dead staining

In vitro experiments were carried out using hFOB 1.19
cell line (normal human foetal osteoblasts), obtained from
ATCC (American Type Culture Collection). The cells
were cultured according to ATCC recommendation as it
was described earlier [6]. To assess the cytotoxicity of
tested samples (Ti and Ti-CNTs—OH) in direct contact
with the cells, human osteoblasts were seeded directly on
the specimens as described previously [6] and after 24-
and 48-h incubation stained using Live/Dead Double
Staining Kit containing calcein-AM and propidium iodide
(PI) dyes (Sigma-Aldrich Chemicals) in accordance with
the manufacturer protocol. Stained live (green) and dead
(red) cells were observed under fluorescence laser scan-
ning microscope, using two-dimensional scan technique
(Olympus Fluoview IV81 equipped with FV1000 laser
scanner).

2.4.2 Colorimetric cytotoxicity evaluation

Indirect cytotoxicity evaluation was performed using fluid
extracts of the samples and colorimetric WST-8 test
(Sigma-Aldrich Chemicals) as it was described earlier [6].
Briefly, osteoblasts were seeded on polystyrene 96-multi-
well plates and then exposed to the extracts of Ti—-CNTs—
OH and unmodified Ti samples, which were prepared
according to ISO 10993-5 [12]. Polystyrene extract (PS)
served as negative control of cytotoxicity, whereas 0.1 %
phenol solution served as positive control. After 24- and
48-h incubation with the extracts, WST-8 test was per-
formed in accordance with the manufacturer protocol to
evaluate cell metabolic activity via measurement of mito-
chondrial dehydrogenases activity. Full details on the
experimental cell culture procedures can be found in our
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previous study [6]. The results obtained with WST-8 test
were expressed as mean values + standard deviation (SD).
The unpaired ¢ test was performed to assess statistical
differences (P < 0.05) between tested samples and control
group (GraphPad Prism 5, version 5.03 software).

2.4.3 Cell morphology evaluation

To assess osteoblast morphology on the tested samples (Ti
and Ti—-CNTs—-OH), hFOB 1.19 cells were seeded directly
on the specimens and after 48-h incubation stained using
AlexaFluor635phalloidin (Invitrogen) for F-actin filaments
labelling and Hoechst 33342 dye (Sigma-Aldrich Chemi-
cals) for nuclei counterstaining. The staining procedure
was described previously [6]. Stained cells were observed
under fluorescence laser scanning microscope.

3 Results and discussion
3.1 Current density flow during the EPD

In order to prove the applicability of the chosen solvent
composition, current density was recorded during the
deposition. Representative curves for three separate depo-
sitions are presented in Fig. 2. The curves were very sim-
ilar to each other, proving high repeatability of the process
and stability of the CNT suspension. During the deposition,
the current density flow was found to increase rapidly when
the power source was turned on, proving charging capa-
bility of the applied dilution. After an initial rapid increase,
the current density value was stabilized at approx. 0.5 mA.
Relatively small value of the current density minimizes the
risk of suspension heating and electrochemical attack of the
deposit, while its high stability during the deposition is
expected to provide consistent kinetics of the deposition [4]
yielding an uniform assembly [13].
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Fig. 2 Current density versus time graphs recorded for three
distinctive samples during the EPD process
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3.2 Physicochemical evaluation
3.2.1 Scanning electron microscopy

Morphological evaluation of the layers was performed via
SEM imaging with no thermal spraying of conductive
layer. Low magnification observations were performed on
both the titanium and the deposited layers, and the results
are given in Fig. 3. It can be seen that the CNTs evenly
covered the surface of titanium, mimicking its morphol-
ogy—after the deposition, the grain boundaries of titanium
were still clearly visible, as shown in Fig. 3d. The surface
of the Ti-CNTs—OH was found to be composed of a layer
of uniformly distributed CNTs, covered with randomly but
evenly distributed larger agglomerates (as seen in Fig. 3b).
Presence of agglomerates suggests deposition from the
flocculated state, as already suggested in our previous study
[7]. Observation of the layer under higher magnification
revealed that the CNTs thoroughly covered the titanium
surface and the layer was formed of randomly oriented
MWCNTs (Fig. 4a). The layer appeared to be poorly
organized, and CNTs gave rather scattered structure
(Fig. 4b). At the same time, no large pores in the structure
were observed, indicating that the amount of water was
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small enough to prevent the gas evolution caused by water
hydrolysis at the electrodes [4] and the ethanol/acetone
ratio was well chosen [5]. Diameter of the CNTSs present on
the surface of the Ti—-CNTs—OH ranges between 10 and
35 nm, with a mean of 23.2 + 6.5 nm. After observing the
surface of the layer, the sample was cut using steel plate
scissors and placed perpendicularly under the microscope.
In Fig. 4c, d, the in-depth morphology of the layer was
observed. The layer was found to be relatively thick (mean
thickness of 4.64 £+ 0.9 pum), suggesting that the deposition
rate was high, possibly due to high dielectric constant of
the solvents mixture and high mobility of the particles in
the applied solution. The CNTs in the layer appeared to be
uniformly distributed throughout the layer (Fig. 4c),
exclusive of the inner most surface, where the CNT
packing was observed in such an extension that it was hard
to differentiate between neighbouring tubes (Fig. 4d). In-
depth heterogeneity of the CNT distribution may be
induced by the building up pressure of the subsequently
depositing CNTs, increasing density and favouring optimal
packaging at the interface between the tubes and the metal.
Meanwhile, uniform distribution further from titanium
substrate suggests that the suspension was stable during the
deposition, as observed via current density measurements.
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Fig. 3 SEM images obtained at low magnifications for comparison of surface morphologies of Ti (a, ¢) and Ti-CNTs—OH (b, d) samples
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Fig. 4 SEM evaluation of the Ti-CNTs—OH sample; surface images obtained at magn. 50,000x (a) and magn. 100,000x (b); cross-section
images obtained at magn. 20,000x (c) and magn. 100,000x, focus at the inner most layer (d)

3.2.2 Atomic force microscopy

Results obtained with the AFM are presented in Fig. 5,
with increasing magnification. It can be seen that the sur-
face of titanium had a micro-scaled roughness (Fig. 5a),
attributed to the presence of grains and most likely
increased during a HF treatment. Deposition of CNTs was
found to smooth the surface, reducing its anisotropy and
making it more uniform in the micro-scale (Fig. 5b). At the
same time, presence of CNTs introduced an additional
nanotopography (nanoroughness) to the surface of the
material (Fig. 5d). As suggested in the literature, nanoto-
pography might influence the process of focal adhesion,
improving or worsening cell adhesion and proliferation by
increasing surface area and forcing different integrin ori-
entation and/or agglomeration [14]. In Fig. 5a, b, presence
of agglomerates was revealed, which is in good agreement
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with the results obtained with SEM (Fig. 3) and suggests
deposition from the flocculated state.

3.2.3 Raman microspectroscopy

The first-order region (1100-1800 cm™ ") of all the
obtained spectra is given in Fig. 6. For all of the car-
bonaceous species, this region contains the most informa-
tive and prominent bands: the G band (~ 1580 cm™Y),
attributed to carbon atoms within the polyaromatic struc-
ture, and the D band (~ 1350 cmfl), which arises from the
presence of defects. G band is specific for all graphitic-
based materials and is ascribed to the crystallinity and
pristine arrangement of atoms [15], whereas the D band,
also called the defect band, arises from the breathing mode
of the carbon rings, which become Raman active at the
borders of the crystallite areas due to the loss of their
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Fig. 5 Surface topography a
evaluation of Ti (a, ¢) and Ti—
CNTs—OH (b, d) performed via

AFM; images show

microtopography (a, b) and
nanotopography (c, d) of the

tested samples

translational symmetry [16, 17]. This band originates from
the double resonances, involving phonons and defects [16,
18], and is commonly used to evaluate the level of disorder
in carbon materials (CM), e.g. vacancies or defects on CNT
walls. Spectrum of poorly organized CM additionally

Ti-CNTs-OH .

1.5 uym

-1.5 um

Ti-CNTs-OH

250.0 nm

-250.0 nm

Height

reveals other bands, one of which is the weak shoulder of
the G band, the D’ band, arising from the double resonance
feature of the in-plane defects and heteroatoms [19-22].
Figure 6 shows Raman spectrum of the as-received
CNTs—OH placed on the silicon wafer (A) and spectrum of
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Fig. 6 Raman spectra using excitation line of 514.5 nm, region
1800-1100 cm_l; a CNTs-OH, placed on a silicon wafer; b Ti—
CNTs—OH; the spectra were offset for better clarity

Ti—CNTs—OH sample (B). In all of the given spectra, two
distinctive bands can be found: the D band and the G band.
Additionally, a high-frequency D’ shoulder of the G band
(~1618 cm™') was visible in all the spectra, indicating
presence of the defective graphite-like structures.

Bands assignments and quantitative evaluation of CNT
crystallinity were collected in Table 1. Quantitative
assessment was done by calculating the R1 (Ip/lg)
parameter, which is a relative integral intensity ratio and
provides information about the proportion between the
defected and crystalline structure within the tested sample.
The higher the R1 ratio is, the lower is the level of crys-
tallinity of the tested sample [15, 20, 23-25]. Basing on the
R1 ratio, no significant differences in the structure of the
CNTs were observed and the CNTs in the layer were found
to have similar level of crystallinity to the starting material.
However, when considering the band absorption wave-
length, some changes can be found. For the Ti~-CNTs—-OH,
a significant downshift of both D and G bands was
observed, probably as a manifest of the residual stress

present in the layer and as a consequence of relatively
strong CNTs—CNTs interactions [26]. While being depos-
ited, the CNTs were strained by interacting both with the
substrate and with each other, elongating the chemical
bonds, weakening their strength and causing less loss in
energy of the Raman scattered light. As a consequence, a
downshift of the bands can be observed [27]. Although
some of the very recent studies gave some input in corre-
lating the strain with the high-frequency Raman modes
downshift in the CNTs, quantification of stress in
MWCNTs is still impossible at this time [28].

3.2.4 X-ray photoelectron spectroscopy

All of the obtained spectra consist of two significant pho-
toelectric lines: one is attributed to the carbon (Cls with
binding energy of 284.6 eV) and the other to the oxygen
(Ols with binding energy of 532.9 eV) atoms in the sam-
ple. In both samples, different shapes of spectral lines of
both atoms were observed (Fig. 7a, b, respectively) and
thus presence of different amount of various functionalities
was expected. In order to prove that, deconvolution of the
bands was performed. Obtained quantitative results are
presented in Fig. 7c, d. During the deposition, the amount
of the oxygen atoms was observed to change: from the
starting material with an average amount of 9.5 %, less
oxidized CNTs (7.6 %) were found in the outer surface of
the layer. The reason for that might be interactions between
some of the functional groups during the deposition,
inducing removal of the oxygen.

In both spectra, deconvolution of the Cls band (Fig. 7c)
revealed presence of two main peaks: one with B.E. of
284.6 eV, which is attributed to carbon atoms in the sp2
hybridization [29-32], forming subsequent graphitic layers
of the MWCNTSs; and the other, at 285.8 eV, arising from
the presence of various defects in the structure of the tubes,
which may also be the places where the hydroxyl and ether
functional groups were attached [32, 33]. It can be
observed that during the deposition, the amount of defects
(and possibly also OH and C-O-C, groups) increased—
from 17.5 % for the CNTs—OH to 30 % in the case of Ti—
CNTs—OH. This might be explained either by a selectivity
of the process, favouring deposition of the CNTs with more
defects (or functional groups), or by the interactions of the
neighbouring tubes, leading to a formation of new defects.

Third observable peak was found to have a B.E. of
approx. 287 eV for the CNTs—OH and 287.5 eV for the Ti—

Table 1 Assignments of

. / —1 —1 —1

Raman bands [em~'] observed Types of CNTs film coatings D' [cm™ ] G [cm™ ] D [ecm™ ] R1

for CNT coating films CNTs-OH 1624 1589 1354 1.28
Ti—-CNTs-OH 1617 1583 1354 1.25
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Fig. 7 High-resolution XPS spectra of the Cls (a) and Ols (b) bands
peaks found in the spectrum of the CNTs—OH and Ti-CNTs—OH; the
bands are maximized for better clarity; quantitative and qualitative

CNTs-OH. Higher binding energies suggest presence of
double bonds [32] between carbon and oxygen atoms
instead of a single bond [34, 35]. In both samples, another
component of the carbon band was connected to the pres-
ence of the carboxyl functional groups [32, 36], with B.E.
of 288.9 and 290.2 eV for the CNTs—OH and Ti-CNTs-
OH, respectively. Higher value of the B.E. might suggest
that part of the functional groups underwent a recombina-
tion, resulting in formation of the carbonates and/or acid
anhydride [32]. In the Ti—-CNTs—OH, the relative amount
of COO groups was higher (7.7 %, compared to 6.5 %),
implicating that during the deposition, CNTs with higher
amount of carboxyl species were favoured over the less
carboxylated ones, possibly thanks to the higher electric
charge.

In the case of the CNTs, a quantitative evaluation of the
carbon-based chemical species may be ambiguous, since
many distinctive functional groups may possess very sim-
ilar binding energies. Furthermore, differentiation between
energies arising from either a defect or oxygen-based
chemical specie may be very troublesome. Therefore,
many researchers suggest supporting the Cls evaluation
with a deconvolution of the oxygen band. This is backed up
by a very high probability that all of the oxygen atoms,

3500
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2
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C=0, C-OH C-0, C-0-C, COOCH, acid H20
COO anhydride
531.40 533.00 534.40 535.90

evaluation of the deconvoluted Cls (¢) and Ols (d) bands, found in
the spectra of the tested samples

present in the sample, arise from functional groups present
on the sidewalls of the CNTs. Thus, this approach is
expected to provide a more accurate knowledge on the
amount and type of the oxygen-based chemical species. A
quantitative evaluation of the oxygen-based species is
given in Fig. 7d. It can be seen that in the Ti~-CNTs—OH,
an amount of the C=0 and C-OH groups was smaller
(17.3 %) than in the CNTs-OH (24.8 %) [20, 29]. This
suggests that the increased intensity of the 285.8 eV in the
Ti—-CNTs—OH is attributed mostly to the presence of
structural defects, instead of functional groups. At the same
time, an increased intensity of the peak at 533 eV was
observed, indicating presence of higher amount of various
COQO species and ether [20], suggesting interaction of some
of the functional groups at the cost of carboxyl groups [35].

It is hard to unequivocally point out the main reason for
different chemical composition of the CNTs deposits, when
compared to the starting material. We believe that there
might be at least three causes for that. First of all, in the
starting material, we have a population of assorted CNTs,
some of which do not have a sufficient mobility under the
influence of the electric current and are not deposited on
the surface of titanium. Thus, the EPD fractionates the
tubes and only CNTs of selected amount and type of
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functional groups are deposited. Secondly, one must con-
sider CNTs flocculation that may induce interactions
between the functional groups and change the overall
electric charge of the CNTs. As a consequence, chemical
composition of the tubes in a dilution can be very different
than in the starting material. Finally, the CNTs can be
forced to interact with one another under the influence of
the electric current, causing formation of new functional
groups, and stress induces creation of defects.

3.3 In vitro cell culture experiments

In the present work, WST-8 test was performed to evaluate
the cytotoxic effect of the tested sample extracts on human
foetal osteoblasts (hFOB 1.19) after 24- and 48-h exposure.
The extracts were found not to affect cell viability
throughout the full length of the experiment as near 100 %
metabolic activity of the hFOB cells compared to the PS
extract-treated control cells was observed (Fig. 8).
According to the ISO 10993-5, a sample that has no
cytotoxic effect on cells might be regarded as biocompat-
ible [12].

Live/dead double fluorescence staining confirmed
results obtained with WST-8 test and proved that the
CNTs-OH coating did not affect cell viability. Fluores-
cence laser scanning microscope observation showed good
osteoblast growth on both titanium and carbon nanotube
surfaces (Fig. 9). Only small amount of dead cells (red
fluorescence) was observed on both samples. Moreover,
48 h after cell seeding osteoblasts were well spread and
had lengthened shape, indicating their good adhesion to the
tested surfaces.

Cell morphology analysis using fluorescence laser
scanning microscope revealed that osteoblasts seeded on

-

N

o
)

H24h

80

=23
o

S
o

% of negative control

N
o

o

negative Ti
control-PS

Ti-CNTs-OH positive
control-0.1%
phenol

Fig. 8 Cytotoxicity evaluation of the tested sample extracts, using
hFOB 1.19 cells by means of WST-8 assay; the values for the PS
extract-treated control cells and the sample extract-treated cells were
significantly different according to the unpaired ¢ test (*P < 0.05)
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both, Ti and Ti—-CNTs—OH, specimens were well spread,
flattened, had typical lengthened shape and extensive
cytoskeletal structure (Fig. 10). Moreover, after 48-h
incubation, there were similar amount of cells on both
tested samples. However, osteoblasts cultured on the Ti—
CNTs—OH surface had noticeably smaller and deformed
nuclei (Fig. 10b). Some recent papers demonstrated that
micro-structured surfaces may cause nucleus deformation
[37, 38] which does not affect cell viability, proliferation
and differentiation [38]. Thus, it may be inferred that
observed abnormal morphology of nuclei was caused by
specific Ti—-CNTs—OH micro-topography resulting from
uniformly distributed CNT layer covered with randomly
but evenly distributed larger agglomerates.

According to available literature, osteoblast adhesion
and proliferation is highly dependent on the surface prop-
erties of the biomaterial like surface chemistry and charge
[39] as well as wettability and topography [40]. Osteoblasts
reveal better growth on polar nanorough surfaces with
lower water contact angle (higher wettability) compared to
the nanosmooth materials with higher water contact angle
(lower wettability) [40]. Thus, it may be concluded that
good osteoblast adhesion and growth on the Ti-CNTs—OH
resulted from its nanorough surface (Fig. 5d) and relatively
high wettability, slightly higher compared to the Ti sample
(Fig. 11) as proven in our recent report [7]. Moreover, in
our previous study it was demonstrated that CNTs—OH
layer increases the total surface energy of Ti, whereas it
slightly decreases the polar part compared to the Ti sam-
ple—probably due to the small amount of polar groups and
increased nanoroughness [7].

In our other research [6], it was proved that CNT layer
deposited for 30 s from water (Ti—-CNTs—H,O) possessed
comparable non-cytotoxicity to the Ti—~CNTs—OH, but
was found to be less favourable to osteoblast adhesion,
spreading and growth. This observation is most likely a
result of significantly different chemical composition of
previously tested sample (Ti-CNTs-H,0O). In mentioned
study, a densely packed and highly oxidized layer of
CNTs, with a large share of C=0 groups and over two
times higher amount of oxygen-based functional groups,
was reported to decrease the level of osteoblast spreading
and proliferation, while still being biocompatible [6].
Herein, the surface was formed of more randomly and
loosely distributed tubes, with a significantly lower
amount of oxygen, mainly observed by the reduction of
the C=0 species, and these properties were found to be
favourable to osteoblast survival, adhesion and spreading.
Thus, proposed within this study EPD of CNTs on tita-
nium surfaces may allow obtaining biocompatible mate-
rials for biomedical applications as orthopaedic
permanent implants whenever covering by bone tissue
cells is desired.
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Fig. 9 Fluorescence laser . . oy = . &N
scanning microscope images of - 4 ) o ’ b TI-CNTS.,-O HI24h . i
cells growing on the surface of . : ’ .‘.‘ @ - e 3
Ti (a, ¢) and Ti-CNTs—OH (b, % > o . T . ‘ ° - <
d) after live/dead staining; ' .
images were obtained after 24-h
(a, b) and 48-h (c,

d) incubation; cytoplasm of
viable cells was stained with
calcein-AM dye (green
fluorescence), and nucleic acids
of dead cells were stained with
PI dye (red fluorescence); magn.
100x

’
'Y

d” Ti-CNT

u, ‘ e

b Ti-CNTs-OH

Fig. 10 Fluorescence laser scanning microscope observation of cells AlexaFluor635phalloidin (red fluorescence), and the nuclei were
cultured on the surface of Ti (a) and Ti-CNTs—OH (b) samples 48 h stained with Hoechst 33342 (blue fluorescence); magn. 200x
after cell seeding; F-actin filaments of cytoskeleton were stained with
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Ti-CNTs-OH

0=69"£2°

Fig. 11 Images presenting water contact angle measurement for Ti
(a) and Ti—-CNTs—OH (b) samples

The aim of the study was to fabricate and extensively
characterize a layer of carbon nanotubes deposited on the
surface of titanium by electrophoretic deposition process.
In the research, we reported two major novelties in the field
of the electrophoretic deposition of the CNTs—first of all,
we used commercially available CNTs with no additional
chemical treatment. This might provide higher repeatabil-
ity of the results and might be the first step in up-scaling
the process. Secondly, a novel composition of solvents was
applied to form a stable suspension of CNTs. This sus-
pension was found to have a large charging capability and
particles mobility, resulting in stable kinetics of deposition
and a high yield of deposits. These promising results might
be the first step in up-scaling the process of the EPD of the
CNTs.

4 Conclusion

EPD can be used to fabricate CNT layers of different
properties, depending on the parameters of the process,
designed to meet specific criteria for the targeted appli-
cation, including biomedical. Influence on cells will
depend on the chemistry and nanotopography of the sur-
face and those parameters can be controlled and the
process can be designed in such a way that desired
specifications are met. Conducted research presented
herein resulted in successful fabrication of CNT layer that
is found to be supportive for osteoblast growth. By
comparison with our other studies [6], it was proved that
by selecting proper type of CNTs and altering different
parameters of the process, electrophoretic deposition of
CNTs on materials may be reproducible simple method to
obtain products having different influence on osteo-
blasts—either inhibiting [6] or favouring their adhesion
and survival. Thus, by carefully tailoring the process, one
can obtain CNTs-based materials that could find appli-
cation in different fields of biomedicine—as permanent

@ Springer

implants that should be covered by host tissue or tempo-
rary implantable devices in which covering by connective
tissue is not a desired phenomenon.
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