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A B S T R A C T

Nanotopography of culture substrate acts as a positive cue in cell-biomaterial based tissue regeneration.
Considering the potentiality of carbon nanotubes (CNTs) this study was designed to evaluate its two
functionalized form by an in vitro culture condition using canine mesenchymal stem cells as cellular
model. Cells were isolated and its behaviour, proliferation and differentiation processes were elucidated
onto CNT substrates. Beside the variations in cellular behaviour it was remarkably noted that even though
proliferation was reduced but osteogenic and chondrogenic differentiation was enhanced over multi-
walled CNTs, whereas neuronal differentiation was better supported by single walled CNTs as evidenced
by our cytochemical, immunocytochemical, gene expression and flow cytometry assays. The former one
was noticed more cytocompatible by our different apoptosis studies. The outcome of these experiments
collectively indicated that hydroxylated functionalized CNTs could be a potential scaffold constituent for
future experimentations as well as for the application in regenerative medicine.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Multipotent mesenchymal stem cells (MSCs) are extensively
used in regenerative medicine for their valuable features of self-
renewability and differentiation potentiality that give support to
the regeneration of diseased tissues [1,2]. Behaviour of stem cell
can be controlled effectively by manipulating the culture
substrates [3]. Nanotopography, one of the regulatory biophysical
cues has been shown to be an integral part of tissue regeneration in
stem cell based therapy where cells and scaffolds are the two major
components in successful making of engineered tissue [4].
Developments in nanotechnology have documented the potenti-
ality of carbon nanotubes (CNTs) as scaffold component in tissue
engineering application owing to their unique mechanical,
chemical properties [5].
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Among the animal models, dog (Canis lupus familiaris) exhibit
nearly similar physiological and behavioural characteristics to
human and, clinical trials of human drugs performed over dog
propose that this species could also be a promising animal model
in regenerative medicine [6,7]. In recent years, variety of nano-
materials like nanomorphous calcium phosphate, hydroxyapatite,
chitosan, and alginate hydrogel have been tested on canine model
for prospective tissue engineering applications [8–11].In canines,
MSCs can be isolated from sources like bone marrow, adipose
tissue and umbilical cord components [12–14]. These cells also
have therapeutic potentiality as evidenced in veterinary medicine
[15]. Therefore, canine MSCs could be an alternative cellular model
for experimental regenerative medicine as well as for the purpose
of in vitro evaluation of various nanomaterials before their
application. Recently, in this laboratory three different types of
carboxyl and polyethylene glycol functionalized CNTs have been
tested on canine MSCs aiming to categorize their suitability as
scaffold component [16]. However, apart from few toxicity studies
on human cell lines [17,18], hydroxyl (�OH) functionalized CNTs
have been least explored for their applicability in biomedical
sciences and not been tested in the area of cell biomaterial based
tissue engineering. Therefore, the objective of this study was to
find out such possibility using canine MSCs as cellular model. In
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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this study, canine MSCs have been isolated from bone marrow,
characterised, cultured and differentiated in vitro over two
varieties of (�OH) functionalized CNT substrates. Different
experiments have been conducted principally to observe the
cellular behaviour, lineage specific differentiation potentiality of
canine MSCs onto (�OH) CNTs, and also to evaluate the
cytocompatibility of these substrates. Outcome of this study
could lay a platform for in vivo application of (�OH) functionalized
CNT scaffolds for stem cell based regenerative medicine and tissue
engineering in future.

2. Materials and methods

2.1. Isolation of canine mesenchymal stem cells

Healthy dogs (Canis lupus familiaris) were utilized for the
collection of bone marrow which was aseptically aspirated from
iliac crest by complying with the guideline of Ethics Committee
(IAEC). Mononuclear cells were first separated by density gradient
centrifugation followed by plating with MSC culture medium
(supplementary document) in tissue culture flask (Nunc, Germany)
and maintained in a humidified incubator of 5% CO2 at 370C. Cells
were serially passaged by trypsinization method. We checked their
spindle shaped morphology, plastic adherent property, immuno-
phenotypic expression of MSC specific markers and also their
lineage specific differentiation potential in vitro.

For immunophenotyping, the confluent culture was fixed in 4%
paraformaldehyde in PBS for 20 min at room temperature (RT),
Fig. 1. Characterization of canine mesenchymal stem cells (MSCs).
(A) Canine MSCs. (a) bone marrow mono nuclear cells and (b) fibroblastic morphology in
markers. Scale: 50 mm. (C) Flow cytometry of surface markers (D) Cytochemical staining 

100 mm and (c) Oil red-O, scale: 50 mm.
washed with PBS, and permeabilized in 0.25% Triton X-100 in PBS
for 15 min. After PBS washing, nonspecific binding was blocked
with 2% bovine serum albumin (BSA) in PBS for 1 h at room
temperature. Cells were incubated with MSC specific primary
antibodies (positive for CD 73, CD 90, CD 105 and negative for CD
45; supplementary document) for overnight at 40C. After washing
with PBS, the cells were then incubated with corresponding
secondary antibodies (supplementary document), for 4 h in
darkness at room temperature. After PBS washing, culture
substrate was counter stained with DAPI ProLong1 Gold antifade
solution (Invitrogen, USA). Images were captured in inverted
fluorescence microscope (Carl Zeiss, Germany) with Axio Vision
4.0 image analysis system. To evaluate homogenecity of canine
MSCs, fourth passage cells were analyzed by the use of flow
cytometry. Aliquots containing 1 �106 cells for each marker was
separately fixed, permeabilized blocked followed by incubation
with primary and secondary antibodies as per the standard
immunocytochemical staining protocol with the same combina-
tions of antibodies used earlier for each marker. Flow cytometer
(FACS Calibur, BD Bioscience, USA) settings were established using
unstained cells. Cells were gated by forward scatter to eliminate
debris. To eliminate the possible auto fluorescence of canine MSCs,
contribution of unstained cells were removed in the measured
channel. Data was analysed by recording 10,000 events with Cell
Quest Pro software (BD Bioscience, USA). For tri-lineage differen-
tiation, canine MSCs were maintained to get 70–80% confluence
before replacing with differentiation medium. Briefly, the MSC
medium was discarded and the wells were washed with PBS.
 P3. Scale: 100 mm (B) Immunostaining with MSC surface markers and pluripotency
after In vitro differentiation into (a) alizarin red, scale: 100 mm (b) alcian blue, scale:
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Respective differentiation medium (supplementary document)
was added in individual wells and maintained inside CO2

incubator. Mediums were refreshed on every 3rd day and
maintained for 21 days for osteogenic, chondrogenic and
adipogenic differentiations. Thereafter, the cultured cells were
first washed with PBS and then fixed with 4% paraformaldehyde,
stained with alizarin red, alcian blue and oil red-o for respective
differentiations. After washing substrates were imaged by phase
contrast microscope (Olympus, Japan). Passage 4 Canine MSCs
were used for all further experimentation.

2.2. Fabrication of CNT substrates

For preparing CNT substrates, hydroxyl functionalized Single
Walled Carbon Nanotubes (OH-SWCNTs; Sysco Research Laboratory,
India; diameter 1–2 nm, length 5–30 mm) and Multi Walled Carbon
Nanotubes (OH-MWCNTs; Sysco Research Laboratory, India; diam-
eter 10–20 nm, length 10–30 mm) were dispersed separately in
ethanol (0.1 wt %) by 4 h of sonication to get proper dispersion and
homogeneity. Suspension was spray coated over pre-heated round
coverslips to make a thin coating of CNTs. These CNTsubstrates were
UVsterilizedpriorto cell culture. Tovisualizethe surfacetopography,
Field Emission Scanning Electron Microscopic (FESEM; Zeiss,
Germany) imaging at an accelerating voltage of 10 kV was done.

2.3. Cell behaviour over CNT substrates

Cells were cultured at a density of 1000cells/cm2 in tissue
culture plate as control and also onto CNT substrates. Cell
Fig. 2. Characterization of CNT substrate and cellular behaviour study.
(A) FSEM images of two types of CNT films. (B) P4 cells on control and CNT films. Scale bars
actin filament. Scale bars: 20 mm. (E) Cell spreading area at different time intervals. Th
spreading area was measured with Image J software after imaging
different fields on day 2, 4 and 6 of the experiment.

We immunostained these cells to visualize the difference if any
in the orientation of F-actin filament. Cultured cells were fixed
with 4% paraformaldehyde (PFA), permeabilized by TritonX-100
and blocked for nonspecific site using 2% bovine serum albumin
(BSA). The immunostaining with Alexa Fluor1 680 conjugated
phalloidin was followed by nuclear staining with DAPI ProLong1

Gold antifade solution (both Invitogen, USA).
Further we checked the colony forming ability of the cells

cultured over CNT substrates. Cells were seeded at low density
of 50cells/cm2 over control as well as coated coverslips placed
in 6-well culture plates and maintained for 14 days. After
paraformaldehyde fixation the culture plates were stained by
0.5% crystal violet solution. The colonies showing more
than 20–30 cells were counted over the control and CNT
substrates.

2.4. Cytocompatibility evaluation of CNT substrates

We performed three different experiments to evaluate the
cytocompatibility of these CNT substrates. Cells cultured in the
culture plate without any CNTcoated coverslips were taken as control.

Cytocompatibility was assessed by the changes observed in the
rate of cell proliferation onto the CNT substrates. Cells were plated
at a density of 1 �104/cm2 both onto control and substrates.
Metabolically active cell number was quantified at different days of
culture by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Invitrogen kit, USA).
: 100 mm. (C) Colony forming assay on control and CNT films. (D) Immunostaining of
e symbols * indicate significance (P < 0.05) with respect to control (n=30).
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We checked the expression changes in different genes
associated with cell apoptosis. Total RNA was extracted from the
cultured cells by TRIzol1 reagent (Invitrogen, USA) and comple-
mentary DNA (cDNA) was synthesised using iScriptTM cDNA
Synthesis Kit (Bio-Rad, USA). Reverse transcriptase-polymerase
chain reaction (RT-PCR) and semi-quantitative gene expression
analysis was carried out by Real-Time PCR system (Bio-Rad, USA)
using SsoFastTM EvaGreen1 Supermix kit (Bio-Rad, USA) with the
canine specific primers for the apoptosis associated genes like BAX,
CASP3, CASP8 and CASP9. The GAPDH was taken as house keeping
control gene. Among these, primers of CASP8 and CASP9 have been
designed by DNA star software (supplementary document).
Changes in expression of different transcripts were calculated
and represented in terms of fold change with respect to cells
cultured on control plate [19].

Further we quantified the apoptotic and necrotic cells onto CNT
substrates. Flow cytometry assay was done by using Annexin
V- FITC/PI Apoptosis Detection Kit (BioVision, USA) in a FACS
Calibur (BD Bioscience, USA). Data was analysed with Cell Quest
Pro software (BD Bioscience, USA).

2.5. In vitro differentiation over CNT substrates

Canine MSCs were cultured both on CNTs and control (culture
wells without CNT coated coverslips), at the density of 12500/cm2

and maintained for 3 days to get 70–80% confluence before
replacing with differentiation medium. Briefly, the MSC medium
was discarded and the wells were washed with PBS. Respective
differentiation medium (supplementary document) was added in
individual wells and maintained inside CO2 incubator. Mediums
Fig. 3. Cytocompatibility study.
(A) Cell proliferation study by MTT assay of canine MSCs cultured on control and different
control conditions. (C) Annexin V–PI flow cytometry assay. For all qualitative experimen
between the films, respectively, on a particular day.
were refreshed on every 3rd day and maintained for 21 days for
osteogenic and chondrogenic differentiations. In case of neuronal
differentiation 24 h prior to neuronal induction cells were bathed
with pre-induction medium followed by switching over to
induction medium (supplementary document) for another six
days. Medium was refreshed on every 3rd day.

2.5.1. Cytochemical staining
After 21 days of osteogenic and chondrogenic differentiation,

cultured cells were first washed with PBS and then fixed with 4%
paraformaldehyde, stained with alizarin red and alcian blue
respectively. After washing substrates were imaged by phase
contrast microscope (Olympus, Japan).

2.5.2. Differentiation associated gene expression
On day 14 and 21 of osteogenic and chondrogenic differ-

entiations and, after 6 days of post induction in case of neuronal
differentiation total RNA was extracted and was reverse
transcribed for cDNA synthesis. RT-PCR and semi– quantitative
gene expression study for the respective experiments was carried
out by Real-Time PCR system (Bio-Rad, USA) with canine specific
primers of osteocyte specific genes BGLAP, SPP1 and COL 1A1;
chondrocyte specific genes Col 2A1, ACAN and SOX9; and neuron
specific genes TUBB3, MAP2 and NES. GAPDHwas considered as the
endogenous house keeping control gene. Among these, primer of
MAP2 has been designed by DNA star software (supplementary
document). Fold changes of in transcript expression were
calculated by the method proposed by Pfaffl [19] with respect
to cells differentiated onto control plate without any CNT
substrate.
 CNT films. (B) Gene expression study. Dashed line indicates values of target genes in
ts the symbols * and # indicate significance (P < 0.05) with respect to control and
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2.5.3. Immunophenotyping of differentiated cells
At the end of differentiation experiments immunocytochemis-

try was done to detect osteocalcin for osteocytes and aggrecan for
chondrocytes localization in control and CNT substrates. After
neuronal induction, we immunostained the differentiated cells
with neuron specific markers like β-III tubulin and MAP2.

To quantify the differentiated cells and to express it in terms of
percentage positive cells compared to control flow cytometry assay
was done. Cultured cells were harvested and immunostained by
incubation with same set of antibodies used for immunocyto-
chemistry. Data acquisition was done in flow cytometer (FACS
Calibur, BD Bioscience, USA).

2.6. Statistical analysis

All quantitative data was analyzed by one way ANOVA, followed
by Duncan Post hoc test (SPSS Inc, USA) and expressed as
mean � standard error of the mean. Statistical significance was
considered at p < 0.05 for all the experiments.

3. Results

3.1. Isolation, culture and characterization of canine MSCs

The bone marrow derived cells were round in shape initially
but, as the day progressed some of the cells became adherent and
afterwards attained the spindle shaped morphology (Fig. 1A). Cells
were able to maintain this morphology in succeeding passages.
Fig. 4. Osteogenic differentiation of canine MSCs.
(A) Alizarin red staining over control and CNT films. Scale-100 mm. (B) Immunofluoresc
Dashed line indicates values of target genes in control conditions. (D) Flow cytometry of
respect to control and between the films, respectively for the qualitative experiments.
Immunophenotyping of cell monolayer showed positive for CD73,
CD90, CD105 while negative for CD45, also expressed pluripotency
markers Nanog and Oct4 (Fig. 1B). Quantification of surface
markers by flow cytometry revealed that 92.18% cells were positive
for CD73, 97.7% for CD90, 96.5% for CD105 and 0.58%
were positive for CD45 indicating that the cell population utilized
in this study were predominantly the MSCs (Fig. 1C). Cells were
able to differentiate into osteocytes, chondrocytes and adipocytes
under standard in vitro differentiation. Osteogenic differentiation
was evident by presence of mineralized aggregates in Alizarin Red
staining. Proteoglycan accumulation was evidenced by alcian blue
staining after chondrogenic differentiation. Adipocyte differentia-
tion was confirmed by presence of lipid droplets in Oil Red O
staining (Fig. 1D).

3.2. Characterization of CNT substrates

Substrates were prepared over coverslip and visualized for
topography. FESEM images indicated that a layer of CNTs were
formed by both the types and individual nanotubes were notable
(Fig. 2A).

3.3. Cellular behaviour study

Nano feature over the cover slip evidenced by SEM images could
be helpful for the cells to interrelate at the cell-material interface.
To check its effect, cellular behaviours such as cell area, colony
forming assay as well as stress filament was evaluated. Canine
ence of osteocalcin positive cells. Scale-50 mm. (C) Relative gene expression study.
 osteocalcin-positive cells. The symbols * and # indicate significance (P < 0.05) with
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MSCs proliferated well while maintaining their fibroblastic
morphology both in control and CNT substrates (Fig. 2B). Sub-
populations of cells were also capable to generate new colonies
onto the CNT culture substrates. The ability of canine MSCs to form
colony was notably lower on both SWCNT and MWCNT substrates
compared to control (Fig. 2C) but cell spreading area was noticed
significantly higher initially over SWCNT scaffold compared to
control and MWCNT scaffold (Fig. 2E). By immunocytochemical
staining we evidenced discrete stress fiber bundles in treatment
groups which seems more prominent as well as oriented parallel
with each other as compared to control (Fig. 2D).

3.4. Cytocompatibility of CNT substrates

MTT assay indicates the biocompatibility of culture substrates
with respect to the proliferative behaviour of cells. Cell number
decreased significantly on both the CNT surfaces (Fig. 3A). Among
the OH functionalized CNTs, cell proliferation was found better in
MWCNT compared to SWCNT throughout the experiment indicat-
ing MWCNT as less cytotoxic to canine MSCs.

Relative expression of apoptosis associated genes were studied
upto 6th day of culture (Fig. 3B). Expressions of BAX and CASP3 were
always noticed considerably higher on SWCNT as compared to
control and MWCNT substrates. However, the CASP9 was noticed
high on MWCNT substrate initially but together with CASP8 it was
found significantly high only in SWCNT group after day 6. It is to be
noted that BAX, CASP3 and CASP8 were never found considerably
high in the cells cultured over MWCNT substrates.
Fig. 5. Chondrogenic differentiation of canine MSCs.
(A) Alcian blue staining over control and CNT films. Scale-100 mm. (B) Immunofluoresce
Dashed line indicates values of target genes in control conditions. (D) Flow cytometry o
respect to control and between the films, respectively for the qualitative experiments.
These results were found in accordance with our flow
cytometry assay of AnnexinV-PI stained cells during culture
period. The percentages of early apoptotic as well as necrotic
cells were noticed significantly higher on both types of CNT
substrates upto day 6 of culture. However, a higher percentage of
cells were found necrotic over SWCNT substrate (Fig. 3C).

3.5. In vitro differentiation study

3.5.1. Osteogenic differentiation
Alizarin Red staining after 21 days of osteogenic induction of

canine MSCs showed some deposition of mineralized aggregates in
control and CNT scaffolds. Although not quantified, an apparently
higher number, size and darker nodules were noticed over MWCNT
substrate (Fig. 4A). We checked the relative expression profile of
osteocyte specific genes like BGLAP, SPP1and Col1A1. Expression
profile of BGLAP and SPP1 was always found significantly higher in
MWCNT, while ColIA1 in case of SWCNT (Fig. 4C). Immunostaining
with anti-osteocalcin antibody confirmed the differentiation on
both control and CNT (Fig. 4B). On flow cytometry analysis
significantly higher population of BGLAP positive cells were
noticed onto the MWCNT substrates (Fig. 4D).

3.5.2. Chondrogenic differentiation
Alcian Blue staining of chondrogenic culture showed proteo-

glycan aggregates in both control and CNT substrates. Apparently,
larger aggregateswere noticed over MWCNT (Fig. 5A). Immunos-
tainingby anti-aggrecan antibody established the differentiation
nce of aggrecan positive cells. Scale bars: 50 mm. (C) Relative gene expression study.
f aggrecan positive cells. The symbols * and # indicate significance (P < 0.05) with
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both onto control and CNT (Fig. 5B). Time dependent relative
expression profiles of chondrogenesis associated genes ACAN, Col
2A1 and SOX9 revealed significant higher expression over MWCNT
substrates (Fig. 5C). Significantly higher number of aggrecan
positive cells was found over MWCNT substrate as evidenced by
flow cytometry (Fig. 5D).

3.5.3. Neuronal differentiation
We noticed some morphological changes of canine MSCs during

neuronal differentiation process. Changes in fibroblastic to a
neuron like morphology and with multiple branching was noticed
(Fig. 6A, B). Relative expressions of neuron specific genes TUBB3,
MAP2 and NES were significantly higher in SWCNT compared to
control and MWCNT (Fig. 6C). The immunophenotypic expression
of β III-tubulin and MAP2 confirmed the neuronal differentiation
process (Fig. 6D, E). Flow cytometry analysis of β-Tubulin III
positive cells indicated that canine MSCs cultured over SWCNT
yielded more number of differentiated cells compared to control
and MWCNT substrates (Fig. 6F).

4. Discussion

Fibroblast like morphology, expression of MSC specific surface
markers, in vitro differentiation ability and non expression of
haemopoietic stem cell markers led us to consider that the cell
population utilized in this study were of MSCs.
Fig. 6. Neuronal differentiation of canine MSCs.
(A) MSCs after 24 h of preinduction. Scale bars: 50 mm. (B) After 6 days of induction. Sca
target genes in control conditions. (D) Immunofluorescence of β-III tubulin-positive cel
tubulin-positive cells. The symbols * and # indicate significance (P < 0.05) with respec
4.1. Cellular behaviour study

Although the capability to form colonies was less but the
evidence of larger spreading area of the MSCs cultured over CNT
might be due to the dissimilarity in cytoskeleton orientation
caused by the CNT surface. Influence of CNTs on hMSC morphology
and its greater spreading area has been noticed earlier [20,21].
Later in our experiment we found an improved differentiation of
MSCs which might be due tothe higher cell spreading leading to
enhanced mechanotransduction process [22].

Stress fibre abundance and organization are modulated by
mechanical stress cell encounters at cell-biomaterial interface
[23].The parallel orientation of actin filament network might
due to the cells’ attempt to resist their additional deformation over
the CNT culture substrates [24]. From overall cellular behaviour
study, we hypothesised that better cell spreading, organized stress
filament abundance have been noticed as canine MSCs had a
positive topographical cue for in vitro culture.

4.2. Cytocompatibility of CNT substrates

Cell needs more energy in adopting any nanomaterial surface
resulting in a drop of their proliferation rate which is also common
to the stem cells of different species over CNT culture substrates
[20,25–28]. Moreover, stem cell proliferation rate is generally
reduced after the initiation of differentiation process. It has been
le bars: 20 mm. (C) Relative gene expression study. Dashed line indicates values of
ls and (E) MAP2-positive cells. Scale bars: 20 mm. (F) Flow cytometry assay of β-III
t to control and between the films, respectively for the qualitative experiments.
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reported that human MSCs (hMSCs) may differentiate early when
cultured on fabricated nanocomposites including CNT substrates
[21,29]. Although the rate of proliferation was slow but there was
no evidence of decline in cell number indicating that CNTs do not
have considerable cytotoxic effect on canine MSCs.

CASP8 and CASP9 expression are influenced by the extracellular
and intrinsic cues respectively whereas both in a combined way
trigger the executioner CASP3 [30]. Non significant variation in
CASP8 expression on the MWCNT substrate might be the indication
that the surface did not affect adversely to cause apoptosis.
However, we noticed an initial higher expression of CASP9 on
MWCNT which might be the consequence of CNT’s cellular
internalization capacity [31].

Categorizing CNTs as “toxic” is debatable as its effect on cell varies
on application and cell type [32]. Size of CNTs and its dispersing
ability in culture media have been reported to be the influencing
factors in considering cytotoxicity [31,33,34]. Moreover, CNTs were
found more biocompatible when present as a scaffold component
because of less endocytosis by the cells [35–38]. Liu et al. [18], in their
study on a human cell line found that hydroxylation of MWCNTs
reduces its cytotoxic effect by limiting the activation of mitochon-
drial mediated apoptotic pathway. Results established in these
experiments illustrate the potentiality of OH-MWCNT as low
cytotoxic substrate.

4.3. In vitro differentiation study

Much effort has been given to study the molecular mechanisms
of interactions between stem cells and the anchoring nanomaterial
substrate. In brief, mechanosensors of cell membrane and
cytoplasmic transducers are primarily responsible for the modu-
lation of stem cell proliferation and differentiation. Therefore, the
mechanotransduction process is considered as the governing
factor in modulating the behaviour of stem cells when cultured
onto nanomaterial scaffolds [22,39].

The SPP1 is upregulated at the initial mineralization phase of
osteogenesis while BGLAP is considered asthe specific gene for
osteoblast differentiation and helps to accumulate minerals in
[40,41]. Further, Type-I collagen (COL1A1), is an ECM protein
influence cellular behaviour at the time of differentiation [42]. In
our experiment, significant expression of BGLAP and SPP1 might be
the indication of better osteogenesis leading to the generation of
osteoblastic cells in MWCNT substrates. Better mineralization
noticed by alizarin red staining, more osteocalcin-positive cells in
flow cytometry onto MWCNT are in accordance with gene
expression experiment. Several factors like topography of the
culture substrate and its roughness, better cell spreading and
tensile strength on actin filament have positive influences over
osteogenesis [43–46]. Improved osteogenesis of MSCs has been
reported in many of the studies on different species [20,26,46–48].
We could able to identify MWCNT substrate as a cue in acceleration
of osteogenic differentiation process in canine MSCs.

The expression of ACAN and Col 2A1, the integral cartilage ECM
components were found to be enhanced on MWCNT substrate
might be due to the surface modification by CNTs. Charged nature
of COOH in CNTs might augment Col 2A1 expression leading to the
modulation of chondrocyte biology [49]. Human MSCs cultured for
chondrogenic differentiation over SWCNT scaffolds enhanced GAG
synthesis within 2 weeks whereas such effect slightly decreased
when cultured in a medium suspended with CNT particles [50].
Herein MWCNT substrates have enhanced chondrogenesis process
compared to SWCNT as evidenced by gene expression study and
flow cytometry assay of aggrecan positive cells.

CNTs have been explored widely as culture substrates for
neuronal growth and differentiation because these nanotubes
accelerate the onset of neuronal electrical activity, which directly
interferes with neuronal signalling [51]. Spontaneous neuronal
differentiation of human and rat bone marrow-derived MSCs on
CNT substrates have also been reported [52,53]. In our study,
neuron-like morphological changes and immunopositivity for β-III
tubulin and MAP2 indicate that the MSCs had differentiated into
neurons on the CNT substrates. In terms of our gene expression
study canine MSCs differentiated better towards mature neurons
on the SWCNT. More in number of β-III tubulin-positive cells on
SWCNT as assessed by flow cytometry was in agreement with our
gene expression findings. These results suggest that OH function-
alized SWCNT based substrates might be considered as a promoter
for stem cell differentiation toward the neuronal lineage.

5. Conclusions

In this study, we evaluated the effect of hydroxylated
functionalized CNT substrates on canine bone marrow-derived
MSCs considered as an in vitro cellular model. CNT surface
induced slower proliferation rate, lower colony forming ability
with changes in cytoskeleton orientation of the cells. MWCNT was
noticed to be better cytocompatible with respect to proliferation
and apoptosis studies and by the proper selection of CNTs it is
possible to accelerate the stem cell differentiation. The
differentiation studies suggest that OH-MWCNT has positive
influence on osteogenic and chondrogenic differentiation of
canine MSCs, while neuronal differentiation can be promoted
by using OH-SWCNT substrate. The findings of our study will lead
to comprehend the variations in behavior and differentiation
potentiality of canine MSCs of on CNT substrates which could be
the essential information for its future application in regenerative
medicine.
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