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aligned carbon nanotubes; as two dimensional sheets and on three dimensional textiles. Raman
spectroscopy is used to confirm the presence of chondroitin sulfate, which is critical in light of the
unreliability of traditional dye based assays for carbon nanomaterial substrates. The textile exhibits a very

high affinity for chondrocyte growth and could present a route to implantable, flexible cartilage scaffolds
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Introduction

Due to its lack of vascularization, cartilage is inherently limited
in its ability to repair itself."* The need for synthetic materials
that can be used either in vivo or in vitro to enhance or
synthetically grow cartilage are therefore in high demand.®
Nanoscale morphology has been identified as a key parameter
in the development of scaffolds for tissue engineering.” The
complex structure of cartilage has been difficult for tissue
engineers to replicate and to date there are only a few examples
of synthetic scaffolds that have been able to adequately encou-
rage chondrocyte growth.>® The most effective scaffolds have
been derived from native cartilage, or polymer structures
coated with natural proteins and polysaccharides such as
collagen or chitosan.”® These scaffolds are inevitably hindered
by inclusion of natural materials, which vary by batch, and
require extraction from animal models and post processing to
produce sterile structures for culturing or implantation. Carbon
nanotubes (CNTs) and their assemblies have been identified as
potentially biocompatible substrates due to their morphology
on the scale of cell adhesion sites.”'® Studies have shown that
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with tuneable mechanical properties.

they can encourage the growth of chondrocytes, particularly
under electrical stimulation."’ Previous CNT structures have
made use of CNT alignment,"” although these CNTs have often
to be pretreated to add functionalization for cell growth™™° or
used in composites.”” 2 There has been little investigation of
the interaction of pristine CNT structures with chondrocytes,
mostly due to the difficulties associated with processing CNTs
into 3 dimensional scaffolds without chemical treatment or
hybridisation. In this study, a completely synthetic scaffold is
produced from pristine CNTs eliminating the need for
chemical processing, which is intrinsically ad hoc. The use of
vibrational spectroscopy is also developed for more accurate
material characterization on nanostructured substrates.

Results and discussion

The CNTs are grown as an aligned forest using the chemical
vapour deposition (CVD) method and then drawn to produce an
aligned sheet of CNTs. The sheet can be used as a two-
dimensional cell culture substrate or twisted into fibres that
can be woven into hierarchical 3-dimensional scaffolds (Fig. 1).
A single forest can produce several hundred metres of sheet or
fibre and so provides a simple and efficient production method.
Most importantly, no chemical treatments are required. The
spinning and weaving process, although completed by hand for
this study, is an easily scalable process.

The chondrocytes grow and proliferate on the CNT scaffolds
as shown in Fig. 2. The primary constituent of cartilage is
collagen type II, and as can be seen from immunocytochemical
staining (Fig. 2) production is similar for samples with the CNT
substrate as for the control groups. There appears to be lower
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Fig. 1 Aligned CNT substrates (a) aligned aerogel sheet with inset to show
the Raman map of the G peak (characteristic CNT peak at ~ 1585 cm™})
intensity of the CNTs and a twisted fibre after spinning, (b) plain weave
textiles, inset to show close up and with a five pence piece for scale.

Fig. 2 Chondrocyte growth on flat, aligned CNT arrays (a—c) and controls
(d—=f). (@ and d) Optical micrographs on day 4 (b and e) SEM images of
growth after 6 days, (c and f) confocal fluorescence images, primary anti-
collagen type Il antibodies were visualised using Alexa488-conjugated
anti-rabbit secondary antibodies (green). Nuclear DNA was stained with
DAPI (blue).

cell proliferation for the substrates initially which is to be
expected, as cells that are functioning as chondrocytes, producing
extracellular matrix (ECM), are likely to proliferate more slowly
than cells cultured on standard 2D culture scaffolds. Traditional
proliferation tests, such as MTT, have proven to be unreliable, as
the carbon nanotubes interact strongly with the dye and modify
the fluorescence.”’ " The cell growth is often observed to be
aligned with the axial direction of the CNTs; this indicates that the
cytoskeleton is interacting directly with the CNT substrate. Align-
ment may provide some insight into the production of collagen
and other ECM macromolecules in these systems, as the scale of
the CNT bundles is similar to that of the collagen fibres within a
cartilage tissue. A single collagen fibril is 1.5 nm in diameter and
300 nm long, with the units in a fibre staggered by 67 nm.* The
scales of the collagen fibrils and fibres are therefore within the
same regime as the individual CNTs and bundles and so chon-
drocytes in contact with the aligned CNT bundles mimic the
native ECM around themselves. This mimicry leads to the main-
tenance of the chondrocyte phenotype and expression of cartilage-
specific ECM components on these scaffolds.

Woven fibre textiles have been demonstrated in the litera-
ture to present a good mechanical substructure for chondrocyte
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Fig. 3 SEM images of woven CNT textile, 6 days after seeding with
chondrocytes (a) overview of a piece of the textile covered with cartilage,
(b) the cartilage can be seen to coat the individual fibres within the textile
before expanding across to form a continuous layer (c) CNT fibre exposed
at the edge of the textile, (d) a crack in the cartilage reveals the CNT fibre
within, (e) SEM image with EDS elemental map overlays and composition.

growth, providing a scaffold with similar mechanical response
to that of natural cartilage.?*>® These scaffold structures have
proven to be some of the most effective. The fabrication of a
woven, pristine CNT textile provides some insight into the
morphological response of the chondrocytes to the scaffold
structure. The textiles fabricated in this work from CNT fibres
showed a particularly strong affinity for the growth of chon-
drocytes. After only 6 days in culture the textiles were coated in
cartilage-like, ECM material. The coating was across almost the
entire textile and was several microns thick. The structure
under SEM is highly similar to that of natural cartilage derived
from animal models® (Fig. 3).

Raman spectroscopy has long been the standard tool for the
characterisation of carbon nanomaterials, and it has been
proven to be an increasingly powerful tool for the understand-
ing of tissue culture.’® It is particularly sensitive to variation in
the ECM structure, including changes due to substrate interac-
tions and even cancerous phenotype.*'** This type of struc-
tural identification is particularly important for the cartilage
and bone, which are defined by the specific ECM.**° The
Raman spectra from three regions of the post-growth textile are
presented in Fig. 4. The characteristic D, G and 2D peaks of the
carbon nanotubes can be seen, unfortunately, due to the nature
of the carbon bonds, the CNT peaks overlap with the amide
bands in both the FTIR and Raman spectroscopy, however the
peaks at lower wavenumbers are clearly distinguishable. The
energy dispersive spectroscopy (EDS) (Fig. 3) shows the depos-
ited material is composed of carbon, nitrogen and oxygen, in
roughly the ratios that are found in collagen.>® The Raman and
IR spectra indicates the presence of collagen and more impor-
tantly chondroitin sulfate (CS), the primary glycosaminoglycan
found in cartilage (the peak assignments are listed in
Table 1).*>?%% It can be seen that in some regions there
appears to be calcification, although EDS indicates that these
are most likely deposits rather than crystallites within the
structure, and the intensity is significantly lower than the CS
signal. Importantly, there are two Raman peaks that are unique
to healthy cartilage, the CS peaks at 937 cm ™' and at 1060
cm ! respectively. These peaks are present in all the spectra

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Vibrational spectroscopy of ECM material (a) Raman spectra from
three different regions with characteristic CNT peaks identified, (b) close
up of region of interest from two regions with prescient peaks labelled, (c
and d) FT IR spectroscopy with a close up of the region of interest.

taken across the textile. There are also two peaks that are indicative
of calcification, at 958 cm™" and 1070 ecm™" respectively, although
these peaks are present in some spectra, these peaks are not
consistently present in all areas. Therefore it seems highly likely
that this deposition is cartilage grown in vitro. The use of Raman and
FTIR to identify the cellular deposits is critical, as many traditional
fluorescence based techniques are not reliable for nanomaterial
substrates, especially carbon nanotubes.>** The fabric-like nature
of these substrates would make them ideal candidates for implants,
especially across defects as they can be designed to fit in a specified
region and they should be robust enough to be manipulated and to
withstand the in vivo environment.

Experimental
Substrate preparation

The CVD forests are provided by University of Texas at Dallas. They
are multiwalled forests grown via CVD as described in ref. 41-43.
The forests are used as received and are either drawn as a single
aligned sheet for the 2D substrates, or attached to a rotating motor
which is drawn and twisted to create fibres. The fibres are used as

Table 1 Raman features of chondrocyte seeded textile after 6 days growth

Paper

is, or woven into a textile. The aligned sheet is attached to the glass
substrate using a polydimethylsiloxane (PDMS) layer.

Cell culture

Cartilage was removed from the stifle and elbow condyles of
skeletally mature Staffordshire bull terrier types, euthanised for
unrelated veterinary reasons. Chondrocytes were isolated as
described previously with type II collagenase.** Primary canine
chondrocytes (PCCs) were cultured in low-glucose Dulbeccos Mod-
ified Eagle Medium (DMEM) containing GlutaMAX I and sodium
pyruvate (Thermo Fisher Scientific, Waltham, MA USA) supplemen-
ted with 11.3 mg mL " sucrose (Sigma-Aldrich Ltd Dorset, England)
in a humidified incubator at standard culture conditions (37 C, 5%
CO,) for a maximum passage number of four. Osmolality of medium
was 380 mOsm. Cells were subcultured every 3 or 4 days by rinsing
the monolayer cultures in sterile phosphate buffer saline (PBS;
Oxoid, Basingstoke, UK), then dissociated using sterile trypsin- EDTA
(Sigma-Aldrich). For microscopy and immunocytochemistry, PCCs in
low passage number (P:1-P:4) were seeded onto either CNT-coated
and uncoated (control) glass coverslips (borosilicate, 18 x 18 mm,
0.13-0.17 mm thick; Thermo Scientific) or onto woven CNT textiles
at an initial density of 20000 cells per well in 6-well culture plates
(NUNC, Thermo Fisher Scientific) containing 3 mL of culture
medium. Cell cultures were maintained on 2D CNT scaffolds and
uncoated control glass coverslips for 4 days; for scanning electron
microscopy 6 day-old cultures were used. After four or six days of
culture cells were rinsed in PBS and fixed in 4% formaldehyde
(Thermo Fisher) dissolved in PBS.

Characterisation

Immunocytochemistty was performed to visualise the production of
collagen type I in 4-day old cultures of PCCs seeded onto glass
coverslips coated with aligned CNT. PCCs cultured on uncoated glass
coverslips were used as control. Cultures were fixed in 4% formalde-
hyde dissolved in PBS. After rinsing in PBS, cellular membrane was
permeabilised in PBS supplemented with 2.5% bovine serum albumin
(Sigma-Aldrich) and 0.75% Triton X-100 (Sigma-Aldrich), nonspecific
binding sites were blocked with PBS supplemented with 5% bovine
serum albumin, then cultures were incubated with rabbit polyclonal
anti-collagen II primary antibody (Abcam, Cambridge, UK), at a
dilution of 1:250 at 4 °C overnight. For visualisation of the primary
antibody, anti-rabbit Alexa Fluor 488 conjugate secondary antibody
(Thermo Fisher Scientific) was used at a dilution of 1:1000. Specificity

Area 1 (cm™")

Area 2 (cm ™)

Area 3 (cm™ 1)

Assignment Reference values®>*°
Collagen, non-cartilagenous proteins 816
Collagen, proline 850
Chondroitin sulfate C-O-C 937
0SO; ™~ 1058-1064
1275
1380
Calcified cartilage (PO,*") 959
(Cos*) 1070
Amide I 1660-1670
Amide II 1554
Amide III 1245-1270

This journal is © The Royal Society of Chemistry 2017
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841

938
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1385

1080
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Overlap G peak
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of secondary antibody was confirmed by staining cells cultured on the
same CNT scaffold; in these experiments, no a-specific signals were
detected (data not shown). Cultures were mounted in Vectashield
mounting medium (Vector Laboratories, Peterborough, England)
containing 1.5 ¢ mL ™' DAPI for nuclear counterstaining. Immuno-
fluorescence confocal imaging was performed using a Nikon A1M
Confocal Microscope (Nikon Corporation, Tokyo, Japan). Images were
acquired using NIS Elements acquisition soft- ware. 405 and 488 nm
lasers were used to excite DAPI (nuclei in blue) and Alexa488
conjugated secondary antibody detecting anti-collagen type II (green),
respectively, in both treated and control samples. Emission signals
were detected through 450/50 and 525/50 filters for blue and green
channels, respectively. Images were captured using a planapochromat
40 x air or 60 x oil objectives. All images were processed by using the
NIS Elements package (Nikon) and Photoshop software. Pinhole size
was 39.6 um. All confocal data sets were of scan zoom of 1, and line
averaged eight times.

Phase contrast microscopy was performed by a Nikon DS
Vi1-U2 camera on a Nikon TS100 inverted microscope (Nikon
Corporation, Tokyo, Japan) with four-day old culture of PCC
cells. All images were captured at a 1600 x 1200 resolution
using a 10/0.25 NA air objective. Exposure time was 100 ms. For
image acquisition and processing, NIS Elements F 3.0 software
package (Nikon, Tokyo, Japan) was used.

Raman spectroscopy was carried out on an NT-MDT spectro-
scope, using 473 nm laser excitation and a x20 objective for all
flat samples. Textile was analysed using the same laser but a
%100 objective. 40 s exposures were used for all polarisation
spectra and 20 s exposure for the textiles averaged over 10
spots. SEM was carried out with a Jeoul SEM with 10 kv
accelerating voltage, EDS was collected over 6 min cycles using
NSS spectral scanning software. Samples were gold coated.
FTIR microscopy was performed using a Perkin Elmer Spotlight
400n FTIR microscope. The sample was mapped over different
regions, with spectra accumulated 10 times at each point.

Conclusions

Primary chondrocytes are seen to grow and align on pristine CNT
arrays in two-dimensions and to express high levels of ECM
materials when cultured on 3D textiles composed of aligned CNT
fibres. The ECM material is identified from Raman spectra as
cartilage from the presence of chondroitin sulfate and collagen
peaks. The scaffolds are entirely synthetic and un-functionalised,
dictating that the growth is due to a suitable morphological structure
from the CNTs, rather than a chemically mediated response.
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