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There is a significant need to understand the complexity and heterogeneity of articular cartilage to develop more
effective therapeutic strategies for diseases such as osteoarthritis. Here, we show that carbon nanotubes (CNTs) are
excellent candidates as a material for synthetic scaffolds to support the growth of chondrocytes—the cells that pro-
duce andmaintain cartilage. Chondrocytemorphology, proliferation, and alignmentwere investigated as nanoscale
CNT networks were applied to macroscopically textured polydimethylsiloxane (PDMS) scaffolds. The application
of CNTs to the surface of PDMS-based scaffolds resulted in an up to 10-fold increase in cell adherence and 240%
increase in proliferation, which is attributable to increased nanoscale roughness and hydrophilicity. The introduc-
tion of macroscale features to PDMS induced alignment of chondrocytes, successfully mimicking the cell behavior
observed in the superficial layer of cartilage. Raman spectroscopy was used as a noninvasive, label-free method to
monitor extracellular matrix production and chondrocyte phenotype. Chondrocytes on these scaffolds successfully
produced collagen, glycosaminoglycan, and aggrecan. This study demonstrates that introducing physical features at
different length scales allows for a high level of control over tissue scaffold design and, thus, cell behavior.Ultimately,
these textured scaffolds can serve as platforms to improve the understanding of osteoarthritis and for early-stage
therapeutic testing.
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Introduction

Osteoarthritis is a painful disease characterized
by the loss of articular cartilage, the smooth tis-
sue covering the ends of bones. The function of
articular cartilage is to provide cushioning and fric-
tionless movement at the joint. Osteoarthritis is
highly prevalent, currently affecting over 240 mil-
lion people worldwide.1 It is essential to consider in
vitro models of cartilage to study arthritis and test
potential therapeutic strategies, reducing the need
for extensive animal testing or human trials.
To engineer cartilage in vitro, suitable scaffold

designs must be considered. It has been estab-

lished that an effective scaffold should imitate the
cells’ extracellular matrix (ECM).2–5 Doing so can
improve cell proliferation5 and ensure the artifi-
cially produced tissue has the same characteristics
as it would in vivo.4 However, mimicking the struc-
ture of the ECM is rarely explored at both the nano
and macroscales.6 This is of utmost importance,
especially for articular cartilage, which has a partic-
ularly unique structure at these length scales. The
ECM of cartilage consists mainly of collagen and
proteoglycans (composed of a core protein bonded
to glycosaminoglycan (GAG) chains).2 Aggrecan
is a cartilage-specific proteoglycan, containing
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chondroitin sulfate (CS), a sulfated GAG (sGAG).7
The biomolecules of cartilage form a fibrous,
nanoscale structure, which chondrocytes directly
interact with in the cartilage matrix.
On the macroscale, articular cartilage is divided

into zones, which vary by the arrangement and
alignment of collagen fibers and chondrocytes8,9—
the cells of cartilage. The induction of chondrocyte
alignment has previously been explored by using
patterning of proteins atop a substrate to improve
cell adhesion in specific patterns.10,11 However, due
to interactionwith cells, these proteins do notmain-
tain their integrity with time and cells lose the cue
to which they align.12,13 Alternatively, guiding cell
alignment by altering the topographical features of
a scaffold surface ensures that the cue to which
cells align is maintained for the duration of their
culture.14–18
Carbon nanotubes (CNTs) have emerged as a

promising contender as scaffolds for the produc-
tion of engineered cartilage.19–29 This is largely
due to their intrinsic ability to provide fibrous
nanoscale topography resembling that of the
ECM,19,20,22 simulating the immediate environ-
ment that chondrocytes interact with in vivo. The
addition of nanoscale topography has been shown
to increase cell adhesion19,24 and improve chondro-
cyte proliferation.26,30 A higher cell number will
ensure that cartilage constructs can be produced
more rapidly and reduces the initial sample size
required for cell isolation. Moreover, CNTs are
less likely to cause inflammation12 and are more
mechanically stable than other naturally derived,
more commonly used scaffold materials.12,23 A
common issue of current tissue engineering scaf-
folds is the dissolution or cell uptake of material,
leading to a loss of scaffold structural integrity31–35
and the production of engineered tissue with
properties inferior to native tissue.36–39

There have been some studies displaying the
promise of scaffolds either fabricated from or sup-
plemented with CNTs. CNT-enriched polycarbon-
ate urethane (CNT/PCU) films demonstrated an
enhancement of chondrocyte adhesion and cell
density by almost 50% compared to the PCU
control, which is attributable to improvements in
nanoscale surface roughness.19 Additionally, sur-
face coating with carboxyl-functionalized single-
walled carbon nanotubes (SWNTs-COOH) caused
an upregulation in the chondrocytes’ collagen and

fibronectin gene expression, indicating an improved
ability to produce cartilage and increased cell adhe-
sion, respectively.23 King et al.22 demonstrated that
woven textiles made from dry-spun multi-walled
carbon nanotube (MWNT) yarns led to the pro-
duction of key cartilaginous components, includ-
ing collagen and aggrecan. Bahrami Miyanji et al.28
found that adding SWNTs to a chitosan-gelatin scaf-
fold improved wettability, scaffold stability, and cell
viability.
In addition to nanotopographical features, the

scaffold’s mechanical properties should match that
of the cell surroundings in vivo, to ensure that the
properties of the engineered tissue match that of
native tissue.40–42 The Young’s modulus of cartilage
has been observed to fall within the range of 2–
12 MPa,43–48 with variations observed due to the
age of donor, sample location, and testing param-
eters. Changes in mechanical properties have been
shown to significantly alter cell spreading, prolifer-
ation, and chondrogenic gene expression.40,49,50

The addition of nanoscale surface topography
mimicking the native structure of cartilage has been
shown to improve cell growth and production of
key cartilaginous components.19,22–24,26,30 Addition-
ally, controlling the alignment of cells has been
rarely explored but shown to be vital to replicate
the structure of native cartilage.10–17 Here, poly-
dimethylsiloxane (PDMS) was used to introduce
anisotropic macroscale features to control cellular
organization, allowing mimicry of cell shape and
alignment as observed in the native cartilage zonal
structure. CNTs were utilized in this work to intro-
duce nanoscale topography, and the resulting pro-
duction of cartilage components was investigated.
Additionally, we describe the use of rarely explored
Raman spectroscopy as a noninvasive, nondestruc-
tivemethod of biochemical analysis that can be per-
formed in situ.

Materials and methods

Materials
Liquid elastomer PDMS consisting of two parts
(part A containing vinyl groups and part B
with hydrosiloxane groups) was purchased from
Farnell (QSil 216 250G, Acc Silicones). Carboxyl-
functionalized multi-walled nanotubes (MWNTs-
COOH) were obtained from Nanocyl (95% purity,
Batch no. 151124). The performance of scaf-
folds was compared to polyester-based coverslips
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(NuncTM ThermanoxTM Coverslips, Thermo Fisher
Scientific).
Enzymes for chondrocyte isolation, pronase

and collagenase II, were purchased from Gibco,
Thermo Fisher. All cell culture reagents, includ-
ing Dulbecco’s Modified Eagle Medium (DMEM),
fetal bovine serum (FBS), trypsin, penicillin–
streptomycin, and sucrose were purchased from
Sigma-Aldrich.
Ethanol (BioUltra, for molecular biology, ≥

99.8%, Sigma-Aldrich) and acetic acid (glacial,
ReagentPlus R©, ≥ 99%, Sigma-Aldrich) were used
for cell fixation, as described below. The non-
ionic surfactant Triton X-100 (Sigma-Aldrich) was
used for membrane permeabilization, and bovine
serum albumin (BSA; Sigma-Aldrich) was used to
block nonspecific binding of antibodies prior to
immunofluorescence.
Aggrecan staining was accomplished using an

anti-aggrecan antibody (ab3778, Abcam) and a
goat anti-mouse secondary antibody (ab150113,
Abcam). The nuclei of chondrocytes were stained
with the fluorescent dye DAPI (4′,6-diamidino-
2-phenylindole, H-1200, VECTASHIELD, Vector
Laboratories).

Fabrication of scaffolds
This work explored four types of scaffolds, where
the micro and nanoscale features were varied.
Microscale features were introduced by the use
of textured PDMS (T-PDMS), and the effect of
these physical features on chondrocyte behaviorwas
compared to chondrocytes grown on flat PDMS
(F-PDMS). CNTs were used to provide nanoscale
features, and the effect of CNTswas compared to the
respective substrates without the addition of CNTs.
The performance of these four scaffolds was com-
pared to an overall control of standard cell culture
plastic (NuncTM ThermanoxTM coverslips), referred
to as control. A schematic of the different scaffolds
used is shown in Figure S1 (online only).
To produce flat and textured PDMS substrates,

liquid PDMSwas used, consisting of two parts (part
A and part B). Upon vigorous mixing of the two
resin components in a 10:1 ratio (A:B, respectively)
for ∼1 min, the container was placed in a desicca-
tor attached to a vacuum pump for up to an hour to
enable the air trapped within the mixture to easily
escape. The mixture was then poured either into a
flat plastic petri dish, or over a textured mold made

of a commercial lenticular lens to produce the dif-
ferent topographies. This was then left for 6 h at
room temperature to form a crosslinked network of
dimethyl siloxane group. Once set, the PDMS was
peeled away from themold, cut to size, and attached
to the bottom of a 24-well plate using liquid PDMS
mixture applied to the underside of the scaffold.
To produce CNT-coated scaffolds, MWNTs-

COOHwere first dispersed in de-ionized (DI) water
at a concentration of 0.1 mg mL−1. To obtain
a homogeneous dispersion, an ultrasound horn
(Branson sonifier 150, Fisher Scientific) was used at
an output power of 20 W for 5 min (6 kJ). A spray
gun (Futurekart airbrush, 0.3 mm, 7 cc) was used to
deposit the CNT dispersion onto substrates in a fine
mist. All substrates (F-PDMS, T-PDMS, and con-
trol) were sprayed simultaneously, and each time,
the spray gun was kept at 20 cm from the surface
of the sample at a consistent flow rate of dispersion.
For each test, 20mL of dispersion was deposited per
30 samples (∼40 cm2 surface area).

Substrate characterization
To determine the suitability of the produced sub-
strates, they were characterized with regard to their
nanoscale roughness, transmittance, surface wetta-
bility, and stiffness. A stylus profilometer (Dektak
150, Veeco Instruments) was used to obtain the
topographical cross section of textured scaffolds and
the size of features.
To evaluate the topography and quantify the

roughness of substrates, atomic force microscope
(AFM) (NTEGRA, NT-MDT, Russia) was used,
in semicontact mode at an average set point of
10. Golden silicon probes (NSG01 and NSG10;
obtained from NT-MDT) were used, with an aver-
age force constant of 14.3 N/m. Root mean square
(RMS) roughness was obtained by the software
associated with the AFM (NOVA P8 Spectra).
The transmittance of substrates under study was

recorded at 550 nm using a UV-visible light spec-
trophotometer (UV-2501PC, Shimadzu). Wettabil-
ity of the substrates was measured using drop
shape analysis method (DSA25B, Krüss). The static
sessile-drop contact angle betweenDI water and the
substrate was recorded by the ADVANCE software.

Chondrocyte isolation and cell culture
Articular cartilage was obtained from the metacar-
pophalangeal joints of cows from a local abat-
toir. Chondrocytes were isolated by the enzymatic
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digestion of bovine articular cartilage, as previously
described.51 After isolation, 1 × 106 chondrocytes
were seeded in a 25-cm2 cell culture flask for expan-
sion at 37 °C for 2 weeks. Cell culture media con-
sisted of DMEM supplemented with 10% FBS, 1%
penicillin/streptomycin, and 80 mM sucrose. To
monitor cell health and observe growth rates during
culture, optical light microscopy was used (Nikon
TS100, Nikon Instruments, Tokyo, Japan).
Chondrocytes were grown for up to 7 days to

visualize cell adhesion,morphology, and alignment,
and 14 days for analysis using Raman spectroscopy.
Cells were fixed prior to characterization. Briefly,
media was removed, and the cells washed with
phosphate-buffered solution (PBS) two to three
times before all liquid was removed and the fixa-
tive (99% ethanol and 1% acetic acid) was added.
The fixative was left on for 30 min at room tem-
perature before being removed and the substrates
washed with PBS.

Immunofluorescence
All fluorescence imaging techniques were per-
formed after fixation, as described above. An
upright Nikon Eclipse Ci-S fluorescence micro-
scope (Nikon Instruments) fitted with a Nikon DS-
Fi2 camera was used. To enable cell counting on the
scaffolds, the nuclei were stained with the fluores-
cent dye DAPI. The nuclei of the cells were visu-
alized using standard DAPI filters (ex/em: 360/460
nm).
For aggrecan detection, cells were incubated

at room temperature with 0.5% Triton X-100 in
PBS for 15 min on an orbital shaker (PS-M3D
Multi-function 3D Rotator, Grant Instruments) to
permeabilize the cells. Afterwashingwith PBS, non-
specific bindingwas blocked using 0.5%BSA in PBS
for 1 h at room temperature on an orbital shaker,
followed by washing and overnight incubation at
4 °Cwith a 1:200 dilution of anti-aggrecan antibody.
Next, cells were washed before incubation at 4 °C
with a 1:500 dilution of goat anti-mouse secondary
antibody for 1 hour. After washing with PBS, sam-
ples are imaged using an FITCfilter (ex/em: 480/535
nm). DAPI was used to counterstain the nuclei.

Scanning electron microscopy
Scanning electron microscopy (SEM) (JSM-7100F,
JEOL) was used to investigate cell alignment and
the extent of cell interaction with substrates. Before
imaging, cells were fixed and left to air dry before

a 2 nm layer of gold was deposited by a sputter
coater (Emitech K575X, Quorum Technologies) to
provide a conductive coating. This is to improve
the signal-to-noise ratio during SEM imaging and
hence acquire better quality images. Substrates were
attached to a metal stub by carbon tape for study.

Raman spectroscopy
A Raman spectrometer (NTEGRA Spectra, NT-
MDT) was used in inverted mode to determine
the presence of biomolecules related to the intra
or extracellular components of chondrocytes. A
473 nmwavelength laserwas usedwith a 60× objec-
tive lens. This laser wavelength was selected due to
its high energy, resulting in more intense spectra
and low autofluorescence, thus making the result-
ing spectra easy to analyze. For detailed analysis,
an 1800/600 grating was applied, resulting in an
∼1 cm−1 step size. To observe a broader range of
wavelengths, a 150/500 grating was applied, result-
ing in an ∼5 cm−1 step size.

To determine the contribution from chondro-
cytes and the ECMmaterial produced, Raman spec-
tra of the scaffolds were obtained to serve as a
baseline. For PDMS-based scaffolds, an F-PDMS
scaffold was used, prepared as described above. To
obtain a prominent CNT signal from the PDMS-
CNT baseline, a 20 μL drop of the 0.1 mg mL−1

MWNT-COOH/DI-water dispersionwas drop-cast
onto F-PDMS.
Samples of chondrocytes grown on PDMS-based

scaffolds were exposed to the laser for 500 s, dur-
ing which time the spectra were obtained. Despite
the relatively long exposure time, no sample damage
was observed as evaluated using opticalmicroscopy.
For baselines of scaffold materials, 20-s expo-
sure was sufficient. Finally, when components were
scanned atop silicon wafers, such as the cell media
and chondrocyte cell suspension, the exposure time
was 60 and 120 s, respectively.
Raman spectra obtained from each sample were

first baseline-corrected by Baseline Correction with
Asymmetric Least Squares Smoothing52 to remove
background signal. Spectra were then normalized
by the PDMS peak at 1257 cm−1, as this was iden-
tified as being unchanged and unobscured within
each data set.
Polarized Raman spectroscopy was made pos-

sible by altering the angle of the polarizer placed
between the sample and the spectrophotometer.
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Figure 1. Scanning electron microscopy (SEM) cross-section images of bovine cartilage. (A) Articular cartilage at 430× mag-
nification. (B) Chondrocyte lacunae at 1800× magnification. (C) Interior of the chondrocyte lacunae at 10,000× magnification.
Chondrocytes are absent from the cartilage due to fixation processes.

This was easily controlled from the software associ-
atedwith the Raman system (NovaTM software, NT-
MDT). So as not to overexpose the sample, spectra
were recorded at 30° intervals. Polarized data were
fitted on a polar plot using a protocol described in
the Supplementary Information (online only).

Statistical analysis
Data were expressed as the mean ± standard devi-
ation. All experiments were repeated at least three
times and the statistical significance was deter-
mined by single-factorANOVA,whereP< 0.05was
considered statistically significant.

Results

Cartilage structure
In order to appropriately design and engineer syn-
thetic scaffolds that mimic the structure of the
natural chondrocyte environment, SEM imaging
was performed on bovine articular cartilage to
observe the detailed structure (Fig. 1). SEM images
displayed the organization of cartilage (Fig. 1A),
whereby the lacunae (pockets where chondrocytes
sit within the ECM matrix) were evident, high-
lighting the distribution of chondrocyte position-
ing and organization within the cartilage matrix.
A single lacuna was examined (Fig. 1B), where the
highly fibrous nature of the ECM was revealed.
The fibers surrounding the lacuna were anisotropic
and relatively large in diameter (∼0.5 μm). The
lacuna appeared elongated parallel to fiber orienta-
tion, demonstrating the alignment of chondrocytes
with the fibers of the ECM. Conversely, inside the
lacuna (Fig. 1C), fibers appeared isotropic and sig-
nificantly smaller in diameter (∼50–100 nm).

These findings suggest that an appropriate scaf-
fold to support the growth of chondrocytes requires
anisotropic features to guide chondrocyte align-
ment, but with isotropic, nanoscale, fibrous topog-
raphy. To mimic the nanostructure of ECM,
MWNTs-COOH were used in this study, with
an average diameter and length of 9.8 nm and
0.78μm, respectively, asmeasured byAFM. PDMS-
based substrates were studied and polyester-based
substrates (referred to herein as plastic based)
were used as a control, and both were coated
with MWNTs-COOH using spray deposition. The
choice of PDMS in this study was dictated by the
fact that it is a biologically inert synthetic polymer
with mechanical properties closely resembling the
mechanical properties of native articular cartilage.
The average static elastic modulus of articular carti-
lage has previously been reported to be in the range
of 2–12 MPa.45–48 The indentation test performed
on our substrates revealed the stiffness of pristine
PDMS to be 8.7 ± 0.6 MPa, matching that of carti-
lage (Fig. S2, online only).

Improvement of cell–scaffold interactions by
CNT coating
Four different scaffold architectures were pre-
pared in this study: flat (F) and textured (T)
PDMS scaffolds (F-PDMS and T-PDMS, respec-
tively) that were either coated with MWNT-COOH
(F-PDMS-CNT and T-PDMS-CNT) to enhance
their nanoscale characteristics or left uncoated.
Three-dimensional (3D) AFM images demonstrate
the microscale structure of PDMS without and with
CNT coating (Fig. 2A and B, respectively). Where
CNT coating was present, entangled fibrous archi-
tecture was observed.
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Figure 2. Representative three-dimensional (3D) AFM topography images displaying the variation in topography at the nano to
microscale. (A) F-PDMS, where the smooth PDMS surface is shown with some microscale defects. (B) F-PDMS-CNT showing a
network of CNTs atop PDMS.

The RMS surface roughness of F-PDMS mea-
sured by AFM was ∼32 nm, which increased to
∼86 nm after coating with CNTs (Table 1). Both
F-PDMS and F-PDMS-CNT substrates showed
greater roughness than the control uncoated plas-
tic (∼0.3 nm) and the control coated with CNTs
(∼16 nm) (Fig. S3, online only).
The transmittance at 550 nm (T550) of F-PDMS

was 93% compared to 86% for the standard cell cul-
ture control. The addition of a thin CNT coating
reduced T550 by only 10% for both the control and
F-PDMS. This indicates that the CNT spray depo-
sition method employed was highly reproducible
regardless of the type of substrate used.
To examine the wettability of the scaffolds, con-

tact angle measurements were performed by drop
shape analysis of water on substrates. The contact
angle (θ) of F-PDMS was 112°, which was increased
significantly when compared to the control sub-
strate. This was improved by 9° by coating with
CNTs, making F-PDMS-CNT more hydrophilic.
Similarly, the addition of a CNT coating to cell cul-
ture plastic resulted in a decrease of water contact
angle yielding a more hydrophilic surface.
Optical microscopy images qualitatively demon-

strated the improvements in cell coverage due to
the addition of CNT coating (Fig. 3A, D, and G).
The control-CNT substrate (Fig. 3A) showed
a complete coverage of cells across the entire
substrate. The high level of interaction between
chondrocytes and CNTs was observed on the
control-CNT substrate using SEM (Fig. 3B and
C). Chondrocytes can be seen to adhere extremely
well, as demonstrated by cells merging with the

fibrous CNT-based architecture, the flattening of
the chondrocytes’ morphology, and the signif-
icant presence of dendritic extensions. In com-
parison, optical microscopy images of F-PDMS
(Fig. 3D) show a sparse covering of cells, but
more importantly, islands of cells are observed
where chondrocytes have clustered together.
Chondrocytes grown on F-PDMS show lower
interaction with pristine PDMS substrate compared
to F-PDMS-CNT (Fig. 3D–F). The chondrocytes’
morphology appears rounder, in an attempt to
minimize contact with the substrate. However, as
PDMS is more flexible than plastic, wrinkling of
the surface is observed where dendritic projections
from chondrocytes meet the substrate; this wrin-
kling is absent in the control-CNT sample (Fig. 3C).
The issues with low interaction between cells and
pristine PDMS are mitigated by the addition of a
thin CNT coating on the surface of the F-PDMS-
CNT substrate (Fig. 3G–I). The presence of CNTs
causes chondrocytes to spread evenly over the entire
surface. Interestingly, due to the force exerted by
chondrocytes on PDMS substrates, local wrinkling
of PDMS occurs regardless of whether the CNTs
are present or not (Fig. 3I and F, respectively).
DAPI staining was used to visualize the nuclei of

chondrocytes and enable cell counting (Fig. 4A–F).
After 1 day of culture on these scaffolds, the dif-
ferences in chondrocyte number are nonsignificant
for all substrates, apart from F-PDMS, which dis-
plays a significantly lower cell count (Fig. 4G, 6 ±
3 cells/mm2 compared to 27–58 cells/mm,2 P <

0.05). After 3 days in culture, the cell count remains
the lowest for F-PDMS (20 ± 11 cells/mm2),
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Table 1. Physical properties of the different scaffolds used

Parameter Control Control-CNT F-PDMS F-PDMS-CNT

Transmittance T550 (%) 86 ± 2 76 ± 2 93 ± 2 83 ± 2
RMS roughness (nm) 0.3 ± 0.1 16 ± 1 32 ± 14 86 ± 18
Water contact angle θ (°) 68 ± 2 48 ± 1 112 ± 1 103 ± 7

followed by T-PDMS (44 ± 19 cells/mm2), com-
pared to all other scaffolds. However, this is
improved by the addition of CNTs (297 ± 52
cells/mm,2 P << 0.05 for F-PDMS-CNT and 198
± 55 cells/mm,2 P << 0.05 for T-PDMS-CNT).
Longer term cell culture (7 days) shows the most
substantial differences in cell behavior between dif-
ferent scaffold types. There is a significant increase
in cell number due to the addition of CNTs onto
all substrates, namely, on control-CNT, F-PDMS-
CNT, and T-PDMS-CNT compared to their pris-
tine counterparts (150%, 210%, and 240% increase,
respectively, P< 0.05), which is clearly visible in the
fluorescent microscopy images (Fig. 4A–F).

Control of chondrocyte alignment using
textured PDMS
With the aim to control cellular organization,
PDMS was patterned to produce textured PDMS
(T-PDMS). The topography of T-PDMS was
explored using confocal microscopy and AFM
(Fig. 5A and B, respectively). The average width
and height of the grooves were 267 and 36 μm,
respectively, as measured by a stylus profilometer.
The AFM study revealed a significant increase
in the roughness of T-PDMS at the peak of the
grooves as opposed to the trough and it is evident
that immediately below the peak, this roughness
is significantly reduced (Fig. 5B). This increase in
roughness was simply due to imperfections between
individual lenticules of the mold used, arising from
manufacturing limitations. When PDMS is cast
on top of this mold and subsequently removed
after crosslinking, its surface texture is directly
transferred onto the molded substrate.
Optical micrographs (Fig. 5C) show that using

T-PDMS as cell scaffolds resulted in a significant
alignment of cells on top of the grooves. Chon-
drocytes align in the direction of the features
introduced by molding of PDMS, using contact
guidance.53 Moreover, there is a significantly greater
cell number at the peaks of these features com-

pared to the troughs. SEM images allow insights into
cell morphology (Fig. 5D), where chondrocytes on
T-PDMS appear elongated in the direction of the
grooves. High magnification SEM imaging shows
cell–substrate interactions with T-PDMS (Fig. 5E),
where wrinkling is observed at the surface of the
substrates, as was seen with F-PDMS.
The alignment of chondrocytes was mitigated

when CNTs were added, as in the case of the
T-PDMS-CNT scaffold (Fig. 5F–H). Optical micro-
graphs show the vast difference in cell distribu-
tion compared to T-PDMS, whereby cells are found
equally distributed on the peaks and troughs of
the textured scaffold. The cells are randomly ori-
ented, and overall cell density has vastly increased
with the addition of CNTs. A flatter cell mor-
phology was observed for chondrocytes grown on
T-PDMS-CNT when compared to pristine T-
PDMS (Fig. 5G). Dendritic extensions protruded
from cells in several directions, as opposed to the
pristine scaffold, where they were found to extend
parallel to the features of the textured scaffold.
Wrinkling was observed where the cell meets the
scaffold surface (Fig. 5H). SEM, optical microscopy,
and fluorescence microscopy for aggrecan were uti-
lized to visualize and further highlight chondrocyte
alignment (Fig. 6A–C).

Identification of cartilage components using
Raman spectroscopy
Raman spectroscopy was used to assess ECMmate-
rial produced by chondrocytes cultured on the
scaffolds after 2 weeks (Fig. 7). Cells successfully
produced all constituent biomolecules of carti-
lage, namely, collagen (at 898, 1231, 1254, 1289,
1356, and 1468 cm−1),9,54–57 GAG (1379 and 1408
cm−1),9,55 and CS (1058 and 1280 cm−1),9,22,54,55
which is present in the cartilage-specific proteogly-
can aggrecan (comprehensive Raman peak assign-
ments for all scaffolds under study are shown in
Table S1, online only). There were some nonspe-
cific proteins identified at 1120 cm,−1 55–57 and the
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Figure 3. Optical microscopy images taken after 7 days of culture (left) and SEM micrographs taken after 3 days of culture
(middle and right) of chondrocytes grown on control-CNT (A–C), F-PDMS (D–F), and F-PDMS-CNT (G–I).

amino acid phenylalanine was observed at 1004
cm−1.9,54,57 The most significant contributions to
this spectrum were associated with DNA (1094
cm−1),56 indicating that theRaman spectrum in this
instance was obtained at the nucleus of a cell. A
representative spectrum is shown in Figure 7A; the
spectra obtained for all scaffolds under study can
be found in Figure S4 (online only), with associated
peak assignments.

Control of collagen fiber alignment using
textured PDMS
Polarized Raman spectroscopy was used on the
PDMS-based scaffolds to examine the alignment of
collagen fibers by analyzing the polarization depen-
dence of the Raman peak at 1356 cm−1, which
is attributable to collagen wagging.58,59 Polarized
Raman spectra were obtained as a function of polar-
ization angle from 0° to 330° from cells grown on
pristine T-PDMS (Fig. S5, online only). There was a
clear increase in intensity observed at a polarization

angle of 90° and 270°, with the intensity being at its
lowest at 0° and 180° (Fig. 7B). This corresponds to
the collagen molecules of the sample aligning per-
pendicularly to the polarization of the laser beam.
This was established by obtaining the depolariza-
tion ratio (ρ), which is defined as the ratio of the
intensity of the depolarized to the polarized compo-
nent (Eq. (2) in the Supporting Information, online
only), where polarization dependence is defined as
ρ < 0.75.60 For T-PDMS, a depolarization ratio of
ρ = 0.46 was found, confirming the alignment of
collagen fibers on this substrate. This is highlighted
by the radial plot produced by obtaining the inten-
sity for the 1356 cm−1 peak at each angle of polar-
ization. For an anisotropic distribution, the fitting
produces the oblong shape observed here, whereas
an isotropic distribution results in a circular plot.
As chondrocyte alignment was lost with the

addition of spray-coated CNTs, the spectra of
chondrocytes grown on T-PDMS were compared
to that of T-PDMS-CNT and F-PDMS-CNT to
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Figure 4. Representative DAPI fluorescence microscopy images of all substrates after 7 days of cell culture. (A) Control. (B) F-
PDMS. (C) T-PDMS. (D) Control-CNT. (E) F-PDMS-CNT. (F) T-PDMS-CNT. (G) Cell count per unit area is displayed for 1, 3,
and 7 days of cell culture on each scaffold type. ∗P < 0.05, compared to control.

investigate the resulting changes in collagen align-
ment (Figs. S6 and S7, online only). The intensity
of the collagen peak of the T-PDMS-CNT polar
plot appeared random with respect to polarization
angle (Fig. 7C). When the data were fitted, the aver-
age depolarization ratio ρ = 0.75 was obtained,
corresponding to a lack of alignment, although the
depolarization ratio is on the border differentiating

alignment from isotropic arrangement, indicating
that perhaps the textured features play some role
in the alignment of collagen. Similarly, the collagen
contribution observed at 1356 cm−1 on F-PDMS-
CNT shows that intensity is not dependent on
polarization (Fig. 7D), as confirmed by a depolar-
ization ratio of fitted data of ρ ∼ 1, indicating a
lack of alignment of collagen fibers.
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Figure 5. (A) A confocal microscopy image displaying the 3D macroscale topography of T-PDMS. (B) A 3D topography AFM
image showing the nano to microscale topography of T-PDMS, highlighting the increased roughness on the peak of the grooves.
Optical microscopy images taken after 7 days of culture (left) and SEM micrographs taken after 3 days of culture (middle and
right) of chondrocytes on T-PDMS (C–E) and T-PDMS-CNT (F–H).

Discussion

This study demonstrates that the behavior of chon-
drocytes can be influenced by the topography of
their underlying substrate. First, we observe that
roughness is a key parameter in improving cell
adhesion to PDMS and that the addition of CNTs
atop PDMS produces an isotropic fibrous architec-
ture and hence an enhanced roughness. This mim-
ics the combination of nano and microscale struc-
ture seen in native cartilage. CNTs provide a higher
relative surface area, and, thus, more points of
adhesion for cellular proteins, aiding cell adhesion.
Improving cell adhesion, in turn, improves growth
conditions for cells, encouraging proliferation and
the production of cartilage-specific ECM.26,30 It is
vital to improve upon the growth rates of chondro-
cytes, as osteoarthritic patients must currently wait
up to 6weeks for autologous chondrocyte expansion

alone, so an improvement of 150–240% is incred-
ibly significant in being able to improve quality of
life sooner. Additionally, the substrates used can
help provide a platform for testing of emerging
osteoarthritis therapies. Animal testing is currently
considered an essential part of arthritis research—
rules set by the home office state that animals can
only be used where there is no alternative.61 Pro-
viding a viable alternative platform for testing will,
therefore, reduce the need for animal testing.
MWNTs-COOH were selected here to mimic

the fibrous architecture of the ECM. The choice
of the type of CNTs was dictated by their dis-
persibility inwater, without the need for organic sol-
vents or stabilizing agents, such as surfactants, that
are widely cytotoxic.62,63 Moreover, the presence of
the carboxyl (COOH) functional groups on a sub-
strate has been demonstrated to improve cell adhe-
sion. It is well established that the COOH group
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Figure 6. Alignment of chondrocytes along the peaks of T-PDMS demonstrated through various microscopy techniques: (A)
SEM, (B) brightfield optical microscopy, and (C) aggrecan staining of chondrocytes, counterstained with DAPI (green and blue
fluorescence, respectively).

self-associates in solution. A proton is donated from
the hydroxyl (OH) group, creating a negative charge
at the surface. This alters the surface charge, which
is a known controlling factor of cell adhesion and
biocompatibility,64 as it mimics the negative charge
of ECMmolecules, such as the sulfate and carboxyl
groups of proteoglycans—the second largest group
of biomolecules within cartilage.23
High optical transparency is a key attribute of a

successful tissue scaffold since it enables the visu-
alization of cell culture using readily available opti-
cal microscopy techniques. All PDMS-based scaf-
folds showed optical transmittance comparable, if
not improved relative to the control. This is due
to greater innate optical properties of PDMS com-
pared to standard cell culture plastic. This demon-
strates that PDMS-based substrates are optimal for
chondrocyte culture in any standard lab, without
the need for specialized equipment to observe cell
growth and health.
PDMS possesses the ideal mechanical properties

for a chondrocyte scaffold as they resemble the
mechanical properties of native articular cartilage.
However, its poor wetting properties lead to a
diminished number of cells observed on its sur-
face. Chondrocytes were observed to form clusters
in order to minimize cellular contact with the
substrate due to poor affinity with its surface. Scaf-
folds, including PDMS, are usually modified with
the protein fibronectin to enable efficient cellular
attachment.65 Organic materials, however, can
increase the risk of infection as they are more
likely to promote bacterial adhesion and colonizat-
ion;66–68 therefore, our scaffolds were coated with
wholly synthetic CNTs instead. The addition of
CNTs to the surface of PDMS led to a ∼10%

improvement in wettability. As a result, chondro-
cytes displayed a higher affinity for the scaffold
surface. Local wrinkling of PDMS occurs (with and
without the addition of CNTs), where dendritic
projections from chondrocytes meet the surface
of the substrate. This is due to cell-generated
stresses (traction forces) leading to substrate
deformation.69,70 Chondrocytes utilize a process
called mechanotransduction to sense the stiffness
of the underlying material onto which they are
seeded.71 Mechanotransduction is the transfor-
mation of a mechanical stimulus detected by cells
into a chemical response. Therefore, the ability of a
substrate to deform is imperative in cartilage tissue
engineering. Cells are only able to exert force onto
a substrate once adhesion proteins interact with the
substrate. There is no evidence of traction forces on
the control coated with CNTs, as this substrate is
too stiff, limiting the ability of cells to deform and
interact with the substrate.
Choosing between textured PDMS and flat

PDMS coatedwithCNTs provides the ability to con-
trol the distribution and density of chondrocytes,
which is crucial for the biomimicry of native car-
tilage. The architecture of cartilage is highly com-
plex and is organized into different zones that vary
by chondrocyte and fiber alignment. To success-
fully mimic each of the different zones of cartilage,
it is vital to be able to control the organization of
chondrocytes. For example, the type of cell arrange-
ment observed on F-PDMS-CNT, where chon-
drocytes are isotropically distributed, most closely
resembles the middle zone of the cartilage. In the
superficial zone of cartilage, cells are aligned per-
pendicular to the surface of the joint, providing
a smooth surface for movement. The anisotropic
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Figure 7. Representative Raman spectra of T-PDMS substrates after 14 days of chondrocyte culture. (A) T-PDMS substrate
(black) and T-PDMS seeded with chondrocytes (gray). Polarized Raman spectra were obtained and then the intensity of the col-
lagen peak at 1356 cm−1 was plotted as a function of polarization angle from 0o to 330° for cells grown on: (B) T-PDMS, (C)
T-PDMS-CNT, and (D) F-PDMS-CNT.

arrangement of chondrocytes can be induced using
textured PDMS, where the presence of macroscopic
physical features triggers the alignment of chondro-
cytes along the peaks of the grooves. To our knowl-
edge, there are no reports in the literature showing
the behavior displayed here, where chondrocytes
align at the peak of features. When grooved pat-
terning had been used previously for chondrocytes,

the groove width was significantly narrower than
the cell width.14,16,22 This was done with the aim
of guiding subcellular components, such as den-
dritic extensions, focal adhesions, and actin fila-
ments. However, this is often inconsistent as cells
are able to grow across and beyond the patterns,
which are smaller than the average width of the
cells themselves. Conversely, when cell alignment
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has been attempted with patterns wider than cell
size, it has been with the purpose of providing con-
straints. Thus, cells align between the peaks of the
patterns, as opposed to along the peaks,72–74 and
cell alignment was observed in the concave part of
the feature.73–76 The unusual assembly of chondro-
cytes on top of the grooves arises from an increase
in the roughness of the peak of the grooves com-
pared to the troughs. We have established here that
surface roughness has a key function in cell attach-
ment. Since the tops of the grooves are rougher than
the base of the grooves, this is likely the reason
for the preferential growth and improved growth
rate of chondrocytes on the uppermost part of
the textured PDMS scaffolds. Then, using contact
guidance, chondrocytes align against the macro-
scopic features of the grooves. Chondrocytes elon-
gate and stretch parallel to the length of the peaks,
whereas at the troughs, they are rounder. This is the
same behavior observed on F-PDMS, whereby the
rounder morphology is caused by the cell minimiz-
ing contact with an unsuitable surface.
It must be noted that although the enhanced

surface roughness of PDMS is advantageous for
the cells’ attachment, nanoscale roughness can be
applied in a more controlled and tunable manner
using CNTs. CNTs have the additional advantage
of resembling fibrous ECM that is so important in
in vivo conditions, as well as being electrically con-
ductive (Fig. S8, online only). Although outside the
scope of the work presented here, it has been previ-
ously suggested that electrical stimulation of chon-
drocytes is beneficial to their proliferation.19,77 This
further highlights the functionality of these PDMS-
based scaffolds decoratedwith a conductive, nanofi-
brous CNT network.
Chondrocytes are commonly grown to expand

their number for implantation or in vitro cartilage
formation. However, during this process, chondro-
cytes commonly lose their phenotype.78 This means
they are no longer able to produce cartilage-specific
biomolecules, such as aggrecan, and can, therefore,
not maintain or form cartilage tissue. Immunoflu-
orescence analysis of aligned cells suggests that
there is a high expression of aggrecan, demon-
strating that textured PDMS supports the growth
of healthy, cartilage-producing chondrocytes. As
well as confirming the presence of aggrecan, it is
vital to analyze the production of cartilage com-
ponents. Raman spectroscopy reveals here that key

cartilage components were successfully produced
on all scaffolds investigated in this study, namely,
the presence of collagen and CS, an sGAG chain
found in aggrecan, demonstrating that these scaf-
folds are capable of successfully forming cartilage
in vitro.
During long-term culture of chondrocytes, it is

also a common issue that they will deposit hydrox-
yapatite (Ca10(PO4)6(OH)2), a calcium phosphate
mineral found in bone and calcified cartilage, but
not in hyaline cartilage. Calcified cartilage is found
between hyaline cartilage and the bone in joints,
and it is also made up of and maintained by chon-
drocytes. However, it does not have the appropriate
structure or mechanical properties to provide the
same function as hyaline cartilage in the joint. This
work shows that Raman spectroscopy is the ideal
tool to indicate whether scaffolds encourage the
production of hyaline or calcified cartilage. Chon-
drocytes grown for 2 weeks on the scaffolds pro-
duced here showed nomarkers of calcified cartilage.
Additionally, the OSO3

– symmetric stretch peak
(∼1060 cm−1) arising from the cartilage-specific
proteoglycan aggrecan has been shown to be absent
in the Raman spectra of calcified cartilage.57 Our
Raman investigations clearly show the presence of
this OSO3

– peak, further highlighting the poten-
tial for these scaffolds to specifically produce hyaline
cartilage.
Raman spectroscopy was also used as a tool to

evaluate the alignment of collagen, the most preva-
lent component of cartilage. Our polarized Raman
spectroscopy examination indicates a preferential
alignment of collagen fibers parallel to chondro-
cytes, as is observed in the superficial zone of carti-
lage in vivo. This is an important findingwith regard
to the mimicking of cartilage zones, which vary
by chondrocyte and collagen alignment.9 There is
no evidence of an innate polarization dependence
of the wagging mode of collagen, as the move-
ment of the vibration is asymmetric.79,80 Therefore,
the polarization dependence exhibited by the colla-
gen detected is a clear indication of the alignment
of collagen fibers on textured PDMS. Significantly,
these results indicate that the use of textured PDMS
enables the control of both chondrocytes and colla-
gen fiber alignment. As chondrocyte alignment can
be negated by the addition of CNTs, this enables
to reproduce different zones of cartilage in a highly
controlled fashion.
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Conclusion

We have demonstrated the need for nanostructured
scaffolds to mimic the ECM of chondrocytes in
order to improve the quality of resulting cartilage
constructs. This work outlines ways in which phys-
ical properties of tissue engineering scaffolds can
be altered to control cell behavior, including pro-
liferation and alignment. A substantial increase in
nanolevel roughness (∼270% increase by the addi-
tion of CNT coating on PDMS-based scaffolds) was
found to improve cell adhesion. It was also possi-
ble to control the direction of growth of chondro-
cytes by the introduction ofmicro-sized anisotropic
features without the presence of CNTs. In the pres-
ence of randomly arranged CNTs, the cells cease to
conform to microscale features. This implies that
cells preferentially take cues regarding their align-
ment from nanoscale topography. To our knowl-
edge, the cell behavior of aligning at the peaks of
macroscale features has never been reported before.
This provides fundamental knowledge to the field of
tissue engineering for the design of smart scaffolds.
These initial results indicate that the system has
excellent biocompatibility, with chondrocytes pro-
liferating on and interacting with all PDMS-CNT
substrates.
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