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Abstract Multi-walled carbon nanotube (MWCNT)-
Bioglass (BG) matrix composite was fabricated using a
facile and scalable aqueous colloidal processing method
without using any surfactants followed by spark plasma
sintering (SPS) consolidation. The individual MWCNTSs
were initially uniformly dispersed in water and then entirely
immobilized on the BG particles during the colloidal pro-
cessing, avoiding their common re-agglomeration during the
water-removal and drying step, which guaranteed their uni-
form dispersion within the dense BG matrix after the con-
solidation process. SPS was used as a fast sintering technique
to minimise any damage to the MWCNT structure during the
high-temperature consolidation process. The electrical
conductivity of BG increased by 8 orders of magnitude with
the addition of 6.35 wt% of MWCNTSs compared to pure BG.
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Short-duration tests were used in the present study as a
preliminary evaluation to understand the effect of incorpo-
rating MWCNTs on osteoblast-like cells. The analysed cell
proliferation, viability and phenotype expression of MG-63
cells showed inhibition on 45S5 Bioglass®~MWCNT com-
posite surfaces.

1 Introduction

There is an increasing need to develop novel materials for
applications in tissue engineering. Bone scaffolds play a
crucial role in bone regeneration by providing a support
structure for bone defect sites and facilitating cell adhesion,
proliferation and functionalities [1, 2]. Bone scaffolds
should have enough bio-compatibility so that they can be
absorbed in vivo by replacing new bone without disturbing
the functions of the human body. Besides having good
biological properties, bone scaffolds need to have sufficient
mechanical properties to support hard tissue repair [3, 4].
45S5 Bioglass® (BG) with osteoconductive, anti-bacterial,
anti-inflammatory and potential angiogenic effects has
been considered an excellent material for producing bone
tissue scaffolds [5-10]. Bioglass, developed in 1971 by
Prof. Larry Hench, has received increased attention due to
its excellent properties in the field of biomaterials and
regenerative medicine [11, 12]. Since the surfaces of bio-
materials are in direct contact with the biological envi-
ronment of the body, the surface properties of BG plays a
crucial role in governing its biomedical applications.
Hence, surface modification approaches are continuously
being investigated for improving the biocompatibility and
bioactivity of biomaterials [13].

The preparation of bioglass composites containing
nanostructures has been a subject of growing interest in the
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recent scientific literature [14]. Especially carbon nano-
materials with their unique combination of mechanical,
electrical and thermal properties. They have found use in a
wide range of applications including the biomedical sector
[15-29]. Carbon nano-materials (graphene family) have
been used to modify the functionality of biomaterials
because of their unique ability to stimulate protein adhe-
sion along with improved cellular functions [30]. The main
advantages of using carbon nano-materials for biomedical
applications include: (1) incorporation of nano-roughness
on BG surface, which can lead to enhanced cell attachment
and proliferation [31]; (2) improved electrical conductivity
can help in cell stimulation by physioelectrical signal
transfer with related beneficial effects on cell growth and
tissue regeneration [32]; and (3) improved mechanical
properties (i.e. strength and fracture toughness), which can
strengthen the concept of BG scaffolds for biomedical
applications [2, 33]. According to Porwal et al., the
incorporation of graphene nanoplatelets (GNP) in BG
resulted in an enhancement of the rate of hydroxyapatite
formation (in vitro testing) compared to pure BG. This was
ascribed to the nano surface roughness introduced by the
GNP in the composite. They reported an increase of 9
orders of magnitude in the electrical conductivity of BG
with 5 vol % loading of GNP [34]. Similarly Meng et al.
produced CNT coated BG scaffolds by the foam replication
method and observed no significant difference in the cell
culture of mesenchymal stem cells (MSCs) for coated and
uncoated CNT scaffolds [35]. From a structural point of
view, Jia et al. reported an improvement in the flexural
strength (159 %) and fracture toughness (105 %) of 45S5
BG reinforced with CNTs [36]. In the presence of electrical
simulation in the case of polycarbonate urethane (PCU)-
CNT film, Khang et al. reported an enhancement of up to
50 % in chondrocyte adhesion and long term cell densities
(up to 2 days) as compared to the pure PCU. With elec-
trical simulation, there was a more than 200 % improve-
ment in cell density, confirming the positive effect of the
enhanced electrical conductivity of the PCU-CNT film
[32].

Although CNTs possess various advantageous proper-
ties for tissue engineering, there are concerns about their
cytotoxicity and biodegradation [37, 38]. The reaction of
the cells to the CNTs depends on three major factors: (1)
purity; (2) morphology and; (3) loading of the nano-filler.
Purity of the carbon nano-fillers is very important. CNTs
contain metal nano-particles as impurities which reduces
the bioactivity of CNTs. Another problem is the non-sol-
ubility of CNTs in water based solvents, which means that
non-biocompatible solvents need to be used for processing.
Acid treatment of CNTs can solve both of these problems;
it removes metal nano-particles and functionalizes the
CNTs, making them water soluble. Authors have reported
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improvement in bio-activity with functionalisation of
CNTs [39]. The morphology of carbon nano-materials also
plays a crucial role in understanding the bioactivity of such
materials. Since CNTs have fibrous needle like shape, their
shape might affect the bioactivity of the prepared com-
posites. Authors have reported that CNTs damage the
lysosomal membranes in cells [37, 40]. Also, the loading of
CNTs in bio-materials can play a crucial role in deter-
mining its bioactivity. The bioactivity of nano-composites
mainly depends on the interaction of the cells with the
incorporated nano-phase since the matrix is already
bioactive. Although, high loading of CNTs can have vari-
ous advantages, like improved mechanical and electrical
properties, their effect in cell environments are still not
clear. So far, no extensive report has been published on the
material processing and the in vitro cell culture behaviour
of the BG-MWCNT composites. In our work we report the
fabrication of well dispersed MWCNT-BG matrix com-
posite using a facile and scalable aqueous colloidal pro-
cessing method without using any surfactants followed by
spark plasma sintering (SPS) consolidation. The details
about the processing and characterizations of the BG and
BG-MWCNT composite are provided in the following
sections. We clarify the effects of MWCNTSs incorporation
on the in vitro cell culture response of BG. Therefore,
human osteoblast-like cells were used to evaluate their cell
morphology cultured on the different BG samples.

2 Materials and methods

In order to prepare well dispersed MWCNT (6.35 wt%)-
BG matrix composite powder, a facile and scalable aque-
ous colloidal processing method was used. The processing
steps were developed to: (1) achieve good dispersion of
individual MWCNTs within the BG matrix without using
any potentially toxic surfactants; and (2) sinter the com-
posite without damaging the MWCNTs structure. A load-
ing of 6.35 wt% MWCNTs was selected because previous
work showed that this produced optimum mechanical
properties [36]. This loading is also sufficient to form a
percolating network of MWCNTs to make the BG matrix
electrically conductive. Details about the processing and
characterisations are provided in the following sections.

2.1 Preparation of a highly stable, aqueous
MWCNT colloidal suspension

Highly pure pristine MWCNTSs (Hodogaya Chemical Co.,
Ltd.) synthesized by a catalytic chemical vapour deposition
process and graphitized/purified at approximately 3000 °C
were used as the starting material. To make them dis-
persible and colloidally stable in water, their hydrophobic
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surfaces were functionalized using a controlled acid treat-
ment process. The details are described elsewhere [41-47].
The resulting functionalized MWCNTs were hydrophilic
and still highly crystalline [41-44, 47]. Briefly 1.4 g of the
pristine MWCNTSs was refluxed in 120 mL of 3:1 v/v ratio
of 98 % H,SO, and 68 % HNOj; acid mixture for 20 min at
110 °C. The treated MWCNTs were then thoroughly
washed with ultrapure water and filtered using a 1.2 pm
membrane, probe sonicated, and dispersed in ultrapure
water (2.8 g/L) for 10 h while being cooled continuously.
The natural pH of the as-prepared highly stable suspension
was ~4.1 with a zeta potential value of ~—40 mV. The
pH of the 10 h sonicated MWCNT suspension was then
adjusted to ~ 11.7 (zeta potential ~—55 mV) using NaOH
solution, before being added to the aqueous BG dispersion.

2.2 Preparation of composite powder

The steps for the preparation of the powder mixture are
illustrated in Fig. 1. Briefly, 20.6 g of BG powder was dis-
persed in 550 ml of ultrapure water (~37 g/L) and probe-
sonicated for 3 h while being vigorous magnetically stirred.
This process was performed to break the particles aggregates
so that they would provide a better host for the MWCNTs. The
natural pH and zeta potential of the resulting dispersion were
~11.7 and ~—32 mV respectively. The BG dispersion,

however, had poor colloidal stability mainly due to the large
micro-meter scale size of the particles. Therefore, combined
sonication and stirring was performed to prevent the BG
particles agglomeration prior to the addition of the MWCNTs.

The MWCNTs aqueous suspension was then rapidly added
to the vigorously stirred and sonicated BG dispersion and the
mixture was vigorously stirred and sonicated for 10 min to
allow the uniform dispersion of the MWCNTSs with the parti-
cles. The mixture was then vigorously stirred for 2 h (no soni-
cation) before being left stagnant. The stirring process could
have enabled numerous collisions between the MWCNTSs and
BG particles leading to the generation of attractive van der
Waals forces that could overcome the repulsive electrostatic
forces, thus resulting in the formation of MWCNT-coated BG
particles. After 10 min of stagnation of the mixture, all of the
MWCNTs and BG particles were settled leaving behind a
transparent, MWCNT-free supernatant, this suggests the arrest
and immobilization of the entire MWCNTs by the BG particles.
The settled powder (~6.35 wt% MWCNTSs) was collected and
dried overnight in air at 100 °C followed by grinding and
sieving of the powder using a 250 mesh sieve.

2.3 Sintering and characterizations

Bioglass powder (as received) and BG-MWCNT
(6.35 wt%) composite powders were sintered into 1 cm

10 h sonication 3 h sonication 10 min sonication + Stop sonication
Vigorous stirring Vigorous stirring Vigorous stirring 2h vigorous stirring
A = o A
N+ > [T my RS
2 6 5 ) 6 /o )
@ SAChy a2
= o5 Y =R DX
Aqueous MWCNT Aqueous bioglass Rapid addition of A to B Enabling the collision of
suspension dispersion while sonicating/stirring MWCNTs and bioglass
particles

Stagnancy for 10 min

CNT-free supernatant

=

Complete capture of the MWCNTs by
the bioglass particles during the
collisions

Drying of sediment powder -
(~ 6.35 wt% MWCNT)

at 100 °C, overnight in air

SPS

Fig. 1 Schematic showing processing steps involved in the fabricati

on of well dispersed MWCNT-BG matrix composite
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disks of 3 mm thickness using an SPS furnace (HPD 25/1,
FCT systems, Germany) at 550 °C with a 2 min dwell
time, 70 MPa pressure and in a vacuum environment [34,
48, 49]. The temperature was raised at a heating rate of
50 °C/min up to 500 °C and then 10 °C/min from 500 to
550 °C/min to avoid overheating of the BG and BG-
MWCNT composite. It should be noted that BG and BG—
MWCNT powders were held in the SPS furnace at 300 °C
for 5 min to remove any trapped solvent from the powders
after processing. Pressure was applied from the start and
kept constant throughout the sintering process. The sintered
samples (10 mm diameter, 3 mm thickness discs) were
then grounded and polished down to 4000 grit using SiC
paper. The theoretical densities of the composite were
estimated using the rule of mixture and taking the densities
of BG and MWCNTs to be 2.72 and 2.1 g/cm®, respec-
tively, while bulk densities were calculated using Archi-
medes’ method [44]. Raman spectroscopy (Renishaw
Ramascope, He-Neon Laser-633 nm) was performed on
the sintered samples in order to analyse any damage to the
MWCNTSs during high temperature processing. The dense
samples were characterized using SEM (JEOL JSM-6300).
Since, BG-MWCNT composite was electrically conduc-
tive there was no need to have a gold/carbon coating on the
sample. Samples were fractured and the fractured surfaces
were analysed directly in the SEM. XRD (Siemens
Diffraktometer-D5000) was done in reflection mode with
Cu-Ka incident radiation from 5 to 70° (2 theta) and step
size of 0.033°. The electrical conductivity measurements
were performed using a two point probe method. The
voltage was applied from O to 1 V using an Agilent volt-
meter in steps of 0.1 V and I-V curves were recorded. The
resistivities of the samples were determined using the
formula p = (R x A)/L, where R is the resistance, A is the
cross sectional area and L is the length of the sample.
Silver paste was used to prepare the electrodes on the cross
sectional areas of the samples.

2.4 In vitro biocompatibility studies
2.4.1 Cell culture and analysis

Since the morphological organization of osteoblasts exhi-
bits cell-substrate adhesion, it would be a sensitive indi-
cator of the biocompatibility of a biomaterial. To evaluate
the cell compatibility of the MWCNT-modified BG com-
pared with the standard BG, a osteoblast-like cell line, MG-
63 (Sigma), was used (Fig. 2). MG-63 cells express mainly
elongated and polygonal phenotype with many filopodias.
These cells were cultured at 37 °C in an atmosphere of
95 % humidified air and 5 % CO,, in DMEM (Dulbecco,
Germany) containing 10 vol% fetal bovine serum (FBS,
Sigma-Aldrich, Germany) and 1 vol% penicillin/
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Fig. 2 Light microscope image of the applied MG-63 cell line

streptomycin (Life technology, Germany). Cells were
grown for 48 h to confluence in 75 cm® culture flasks
(Nunc, Denmark), before being harvested using Trypsin/
EDTA (Sigma, Germany). They were counted by a
hemocytometer (Roth, Germany) and diluted to a final
concentration of 1 x 10° cells/ml.

Before cell seeding, the samples were sterilized by dry
heating at 160 °C for 7 h. To reduce the well-known pH
shift of the BG, samples were pre-cultivated in a culture
media for 3 days. Afterwards the cells were seeded in
direct contact in a 48-well cell culture plate (Greiner,
Germany). To compare the morphology of the cell grown
on the test samples, cell culture dishes were used as a
reference material.

Cell proliferation was evaluated using the BrdU label-
ling and detection kit (Roche, Germany). Briefly, after 48 h
of incubation, the samples were removed from the culture
medium, immersed in 10 uM BrdU labeling medium and
placed in an incubator (5 % CO,, 37 °C). After 2 h the
BrdU labeling medium was aspirated and the cells were
fixed by addition of 1 ml FixDenat and incubated at 25 °C.
After 30 min, the fixing solution was aspirated and 1 ml of
anti-BrdU-POD working solution was added. The samples
were again incubated at 25 °C. After 90 min, the antibody
conjugate was aspirated and the scaffolds were washed
three times with washing buffer solution. After drying, the
samples were incubated with 1 ml of substrate solution at
25 °C until the color development was sufficient for pho-
tometric detection. The reaction was stopped by the addi-
tion of 250 pl of 1 M H,SO, and the absorbance of the
samples was measured in an ELISA reader (PHOmo,
anthos Mikrosysteme GmbH, Germany) at 450 nm.

The water soluble tetrasodium (WST) assay was used to
determine cell viability. After cell cultivation, the cell
culture medium was removed and samples were washed
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with 0.5 mL phosphate buffered saline (PBS). Afterwards,
0.25 mL WST medium (containing 1 vol% of WST
reagent (Cell Counting Kit-8, Sigma) and 99 vol% of
DMEM medium) was added and incubated for 2 h. After
incubation, 0.1 mL of the supernatant was transferred to a
96-well culture plate and spectrometically measured using
a microplate reader (PHOmo, anthos Mikrosysteme GmbH,
Germany) at 450 nm.

2.4.2 Cell visualization

To visualize the cells attachment and distribution on the
samples, the cell cultures were evaluated using fluores-
cence and scanning electron microscopy, which were per-
formed as follow:

2.4.2.1 Fluorescence microscopy (FM) To observe the
formation of cytoskeleton and cell distribution in contact
with BG samples, fluorescence microscopy (FM, Sco-
pe.Al, Carl Zeiss) was used after staining. After the cul-
tivation period of 48 h, the adherent cells were fixed with
3.7 vol% paraformaldehyde for 10 min and permeabilised
with 0.1 vol% Triton X-100 (in PBS) for 10 min at room
temperature. Green fluorescent Sytox (Molecular Probes)
and red fluorescent Rhodamine Phalloidin (Molecular
Probes®) were used for cell staining. To detect the
cytoskeleton, the cells were incubated for 60 min with
phalloidin (diluted 1:50 by volume) at room temperature
followed by incubation with 1 pg/ml Sytox for 5 min.
Samples were washed and left in PBS for microscopic
imaging.

2.4.2.2 Scanning electron microscopy (SEM) The cell
cultures were washed with PBS, fixed with a solution
containing 3 vol% glutaraldehyde (Sigma, Germany) and
3 vol% paraformaldehyde (Sigma, Germany) in 0.2 M
sodium cacodylate buffer (pH 7.4), and finally rinsed with
PBS for SEM analysis (Auriga CrossBeam, Carl Zeiss
Microscopy GmbH, Germany). All samples were dehy-
drated in graded ethanol series (30, 50, 70, 80, 90, 95, and
99.8 vol%). Samples were maintained at 99.8 vol% etha-
nol and critical-point dried (EM CPD300, Leica,
Germany).

2.4.3 Statistics

Results are presented using the mean value and standard
deviation of four replicates of each sample type. All results
were normalized to cell growth on a Petri dish
(REF = 100 %). The differences in analysis parameters
between the different samples investigated were evaluated
by one-way analysis of variance (ANOVA). The level of
the statistical significance was defined at P < 0.05 (Origin

8.1G, Origin Lab Corporations, USA). The significance
level was set as *P < 0.05, **P < 0.01 and ***P < 0.001.
For the comparison of the mean values the Tukey test was
used.

3 Results and discussion

3.1 Sintering, microstructural characterisation
and electrical conductivity

Figure 3a shows the SPS data during sintering of BG and
BG-MWCNT composite. Speed (piston travel rate, black
curve), relative piston travel (blue curve) and temperature
(red curve) were plotted to evaluate any changes in the
sintering curve of BG with the addition of MWCNTs. The
sintering curve of pure BG showed a single sharp peak at
490 °C suggesting viscous flow as the sintering mecha-
nism. In comparison, the sintering curve of the BG-
MWCNTSs composite became broader with a sintering peak
at 510 °C. The addition of MWCNTs to the BG matrix
increased the viscosity of the BG-MWCNT composite,
which leads to an increase in the sintering temperature and
broadening of the sintering peak. Similar behaviour was
observed for BG-graphene nanoplatelet (GNP) composites,
in which case the sintering temperature was increased by
50 °C with the addition of GNPs [34]. Figure 3b shows the
XRD spectra of BG and BG-MWCNT composite. XRD
confirmed the crystallisation of the BG and BG-MWCNT
composite after sintering at 550 °C. Na,CaSi;Og (PDF
00-012-0671) was observed as the main crystalline phase
for both BG and BG-MWCNT composite. In the case of
BG-MWCNT, there was an overlapping of the peaks at
26.3° of the Na,CaSi3;Og phase and MWCNTs. Comparing
the XRD spectra of both materials it was clear that BG was
more crystallised compared to BG-MWCNT composite.
MWCNTs increased the viscosity of the BG matrix, and
thus retarded the densification (Fig. 3a) and inhibited the
crystallisation. A similar behaviour has been reported for
other CNT and GNP composites [34, 50].

In order to confirm the damage to MWCNTs during high
temperature processing Raman spectroscopy was per-
formed. Figure 4 shows the Raman spectra of BG-
MWCNTs powders (before SPS) and BG-MWCNTSs bulk
sample (after SPS). Typical D, G and D’ peaks corre-
sponding to MWCNTs were observed for both BG-
MWCNTs powders and bulk samples. The D band in
MWCNTs corresponds to disorder and defects, the G band
represents the in plane vibrations of the Carbon—Carbon
bonds and D’ band is attributed to the overtone of the D
band [51]. The ratio of the intensities of D and G bands (Ip/
Ig) can be used to quantify the damage induced in com-
posites during high temperature processing. The Ip/Ig ratio

@ Springer
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Fig. 3 a Sintering profiles showing speed (piston travel rate), relative piston travel, temperature; and b XRD spectra of BG and BG-MWCNT
(6.35 wt%) composite sintered at 550 °C with 2 min dwell time and 70 MPa pressure

in the case of BG-MWCNTSs composite powders was
found to be 0.54 which increased to 0.97 after SPS pro-
cessing suggesting some damage was induced to MWCNTSs
during high temperature processing. Also D, G and D’
peaks in the case of BG-MWCNTs bulk samples (after
SPS) were shifted to higher wavenumbers by 7, 12 and
13 cm™" respectively when compared to BG-MWCNTSs
powders (before SPS). The up shift in D, G and 2D bands
in the case of BG-MWCNTs bulk samples (after SPS) was
produced by compressive residual stresses introduced on
MWCNTs due to mismatch in elastic moduli and thermal
coefficients of expansions of BG and MWCNTs [41, 46,
51]. Similar behaviour has also been reported for BG-
graphene nano-platelet composites [34].

Table 1 shows the bulk and relative theoretical densi-
ties, and electrical conductivities of the BG and BG-—
MWCNT (6.35 wt%) composite. The density measure-
ments confirmed ~99 % relative density for the BG-—
MWCNT composite compared to ~ 100 % density in the
case of pure BG. This could be related to the increased
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viscosity of the BG-MWCNT composite, which was also
observed in its sintering profile. The electrical conductivity
of BG-MWCNT composite increased by 8 orders of
magnitudes compared to pure BG. The increase in elec-
trical conductivity was due to the formation of a perco-
lating network of MWCNTs in the BG matrix. The
formation of a percolating network was also confirmed by
SEM images. Figure 5 shows SEM images of a fracture
surface of BG-MWCNT composite, which shows the dis-
tribution of individual MWCNTs within the dense BG
matrix. MWCNTs were found to be uniformly and indi-
vidually distributed throughout the BG matrix. The BG
particles immobilized the entire well-dispersed MWCNTs
in water during the colloidal processing, which avoided the
common re-agglomeration of MWCNTs during the water-
removal and drying step, and resulted in a uniform distri-
bution of MWCNTs within the dense BG matrix after the
SPS consolidation. The good interface between BG and
MWCNTSs was confirmed by analysing the high magnifi-
cation SEM images of the fractured surface of the
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Fig. 4 Raman spectra of BG-MWCNTs composite powders (before
SPS) and bulk samples (after SPS)

composite. Figure 5 (¢) shows exposed MWCNTSs on the
fracture surface, which were either pulled out from the BG
matrix or failed/buckled during the composite fracture [46,
52]. Since the interface between BG and MWCNTSs was
strong in shear and due to presence of residual compressive
stresses on the MWCNTs in the radial direction (Fig. 4),
the MWCNTSs underwent a unique multiwall-type failure
resulting in more energy dissipation during the fracture [47,
52]. MWCNTs failure occurred mainly due to strong
interfacial shear resistance which would not be possible
without an intimate interface between BG and MWCNTs
[44, 47]. It should be noted that MWCNTSs used in the
present study were dispersed in the BG matrix using water
as the solvent without the use of any potentially toxic
surfactants. This novel non-toxic and environmentally
friendly approach can be used for the fabrication of com-
posites containing nanostructure reinforcements (1D or
2D).

3.2 In vitro biocompatibility

Due to their excellent mechanical properties, CNT (both
multiwall and single wall CNT) are of high interest in the
preparation of reinforced biodegradable composites for
biomedical applications where mechanically resistant but
still bioactive materials are required [37, 38, 40, 53].
Although the effect of CNT on the cellular metabolism in
bone cells still remains unclear, CNT have been considered
to impart a beneficial role on bone cell behaviour [31, 32,
35]. In vitro tests with established cell lines (e.g. MG-63)
are usually carried out for 24—48 h when a completely new
biomaterial is tested in order to generate reproducible
results about the interactions between cells and the bio-
material [54-58]. Such test setups are created to determine
eventual changes in the cell proliferation behaviour as well
as to assess modifications in cell morphology caused by the
material. Such short-duration tests were used in this study
as a preliminary evaluation to understand the effect of
incorporating MWCNTs on MG63 cells. In Fig. 6 cell
proliferation measured by DNA-synthesis and cell viability
detected by mitochondrial activity of MG-63 cells is shown
after 48 h of incubation. Both materials induced a con-
siderably reduction of cell activities compared to the REF
material. Furthermore, cell proliferation of MG-63 cells
was significantly (P < 0.001) inhibited on the MWCNT
samples. Similar results were obtained using the cell via-
bility measurement.

Figure 7 shows representative fluorescence microscopy
images of MG-63 cells on different surfaces after 48 h of
cultivation. In the case of the BG sample, the surface seems
to be covered completely by MG-63 cells. Compared to the
cell culture dish (REF), MG-63 cells expressed on BG have
the typical osteoblastic phenotype: mainly elongated and
polygonal phenotype with many filopodias and well-
formed strongly expressed actin fibers. For the BG-
MWCNT composite, the osteoblasts were less attached;
exhibiting less spreading behavior, a much smaller diam-
eter and a more cuboidal shape. There were few or even no
cytoskeleton formed in the MG-63 cells. After the initial
adhesion, MG-63 cells developed their cytoskeleton
spreading on the biomaterial surface. For MG-63 cells thin
actin fibers can be detected around the nuclei. On the REF
surface, osteoblasts showed similar behavior as seen for
cells on BG. They were well spread with a distinctive,
filamentous actin network.

Table 1 Bulk, theoretical and relative theoretical densities, and electrical conductivity of BG and BG-MWCNT composite (6.35 wt%)

Sample Bulk density (g/cm3) Theoretical density (g/cm3) % relative density Electrical conductivity (S/m)
BG 2.72 2.72 100 6.13 x 1078
BG + MWCNTs (6.35 wt%) 2.64 2.67 98.9 6.5 x 107!
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Fig. 5 a Low; and b high magnification SEM images of fracture
surfaces of BG-MWCNT (6.35 wt%) composite showing the uniform
distribution of individual MWCNTSs within the dense BG matrix;
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Fig. 6 Cell proliferation and cell viability of MG-63 osteoblast-like
cells on BG, BG-MWCNT composite (6.35 wt%) and REF after 48 h
of cultivation
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¢ shows the exposed MWCNTs on the fracture surface, which were
either pulled out from the BG matrix or failed/buckled during the
composite fracture due to strong interfacial shear resistance

After the initial adhesion, MG-63 develops their
cytoskeleton spreading on the BG and REF surfaces.
However, it seems that BG-MWCNT composite inhibited
the adhesion of cells. The MG-63 cells are seen to be
rounded. Interestingly, comparing MG-63 and rat mes-
enchymal stem cells cultured on BG for 48 h, as investi-
gated previously [59], the MG-63 cells exhibited a more
rounded morphology with pseudopodia extending across
peaks. In general, although the samples with MWCNT
exhibited some degree of toxicity, different cell types
(osteoblasts, fibroblasts, endothelial cells, etc.) respond to
biomaterial surfaces in different manners.

The in vitro and in vivo biocompatibility of MWCNTs is
controversially discussed in the literature [37, 38, 40]. For
example, Ghosh et al. reported genotoxic effects of
MWCNTS on bone marrow stromal cells [60]. The detected
DNA fragmentation shown in the Ghosh et al. study could
also be the reason for the reduced DNA-synthesis in MG-
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Fig. 7 Nucleus and actin formation of MG-63 osteoblast-like cells
on; a BG; b BG-MWCNT composite (6.35 wt%); and ¢ REF after
48 h of cultivation

63 cells found here (Fig. 6). As mentioned above, it was
shown that lysosomal damage is one of the main reasons
for CNTs leading to apoptotic and necrotic cell death [40].
This effect could be the reason for the inhibition of pro-
liferation in MG-63 cells cultured on MWCNT containing

samples for 48 h. Furthermore, the measured reduced
mitochondrial activity could be caused by direct injury
from the MWCNT or indirectly by fragments of the dam-
aged lysosome [40]. Nevertheless, it is interesting to put
the present results in the context of the available literature
on CNT-bioactive glass composites. In a relevant study
involving CNT coated 45S5 BG-based scaffolds, Meng
et al. [35] also showed an inhibition of viability of MSC on
CNT coated scaffolds compared to pure BG scaffolds
during 4 weeks of incubation. Simultaneously, however, an
increase of the measured ALP was measured suggesting
improved in vitro osteogenesis imparted by the MWCNT
coating. In another study, MG-63 cells cultured on poly(3-
hydroxybutyrate) (P(3HB)) composites with bioactive
glass particles and MWCNTs exhibited a reduced cell
behaviour after 24 h of contact with samples containing
MWCNT and the authors stated that MWCNTS as fillers in
a polymeric matrix at concentrations >2 wt % could have
an inhibition influence on cell proliferation [61]. Moreover,
polysulfone films covered with and without MWCNTs
were also tested with fibroblasts and osteoblasts for 7 days
of incubation [62].

The measured cell viabilities, 11-6, collagen and osteo-
calcin synthesis indicated no negative cellular behaviour of
the CNT. Generally, BG is a biocompatible and bioactive
biomaterial exhibiting high surface reactivity. The cell
morphology of MG-63 cells was observed by SEM after
48 h of incubation on the different sample surfaces (Fig. 8).
MG-63 osteoblast-like cells spread extensively and were
flattened on the BG surface. They were of polygonal shape
with filopodia or very thin extensions. It seemed that the
cells did not have any preferred orientation. Some of them
appeared thicker in the central area of the nucleus and flat-
tened in the peripheral regions. Furthermore, in some areas
of the sample the MG-63 started to form a multilayer
structure, although cell proliferation and viability of MG-63
cells on BG is strongly reduced compared to the reference
material after 48 h of cultivation (Fig. 6). The cell density
on BG-MWCNT composite was much lower compared to
pure BG samples. In addition, the morphology of MG-63
osteoblast-like cells on BG-MWCNT was polygonal and
some cells showed a delayed spreading. As discussed pre-
viously, bioactivity of nano-materials depend on various
factors including purity, morphology and loading of CNTs.
Consequently, if cell DNA is fragmented or cell organelles
like lysosomes are damaged through MWCNT, the cell
morphology is also affected by the event. Cell spreading and
cytoskeleton expression are inhibited through apoptotic and
necrotic effects. Several studies could demonstrate that
changes in the cell morphology are typical effect of CNTs on
adherent growing cells [63, 64]. Although there has been
extensive research on CNT reinforced biomaterials, our
understanding of the cytotoxicity of CNTs is still
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Fig. 8 SEM images of cell morphology of MG-63 osteoblast-like
cells on; a BG; b BG-MWCNTSs composite (6.35 wt%); and ¢ REF
after 48 h of cultivation

inconclusive and more research is needed on this topic to
gain further knowledge on the mechanism of interaction of
CNT (embedded in a matrix material or protruding from a
surface) with relevant cells.

@ Springer

4 Conclusions

Well dispersed MWCNT-BG matrix composite powder
was prepared using a facile and scalable aqueous colloidal
processing route without using any surfactants. BG and
BG-MWCNT powders were sintered using SPS at 550 °C
with 2 min dwell time under 70 MPa pressure. MWCNTSs
were shown to be individually and uniformly distributed
within the dense BG matrix, which is due to their entire
immobilization on the BG particles during the colloidal
processing step, avoiding their common re-agglomeration
during the water-removal and drying step. The electrical
conductivity of BG increased by 8 orders of magnitude
with the addition of 6.35 wt% MWCNTs, which is due to
the formation of a percolating network of MWCNTs within
the dense BG matrix. The in vitro cell activity results on
the materials evaluated using a cell line (MG-63 osteoblast-
like) suggests that BG-MWCNT composite inhibited the
attachment of cell line cultures. Fewer cells were observed
on the composite surface. The cytoskeleton was not
expressed and no dense monolayer was formed for BG—
MWCNT composite compared to pure BG. For that reason,
further studies on BG-MWCNT composite substrates
should be carried out for longer cell culture times to assess
the long-term biological compatibility of the material.
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