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Introduction

In recent years, there has been a significant amount of 
research into the ability to influence the differentiation of 
mesenchymal stromal cells (MSCs) into specific cell line-
ages using approaches which utilise materials such as control 
of stiffness,1 chemistry2 and topography.3 One area of par-
ticular interest is the influence the topographical environ-
ment has on MSC differentiation. MSCs have the potential to 
differentiate into a number of functional cells including retic-
ular, adipogenic, chondrogenic and osteoblastic cells.4

The ability to influence MSC differentiation has many 
in vivo implications.5 When considering the field of 
orthopaedic surgery, if MSCs were to differentiate into 
soft tissues rather than bone, this could result in aseptic 
loosening requiring revision surgery in the uncemented, 
weight-bearing implant and poorer joint mobility in the 
non-weight-bearing implant.3 Thus, the development of 
materials that would encourage osteogenesis would be 
beneficial to this field.

Cells are influenced by the topographical features of 
their surrounding environments. In vivo this includes a 
variety of different structures including collagens and pro-
teins.6 The growth of the microelectronics sector has 

facilitated the development of approaches that can be used 
to study the role of nanoscale topographies in vitro.7 For 
example, electron beam lithography (EBL) can be used to 
create ultra-precise arrays of nanoscale features down to 
the scale of 10 nm in X and Y.3

Recent studies have illustrated that the positioning of 
nanoscale pits originally defined by EBL in silicon but 
then reproduced in biocompatible polymers such as poly-
methylmethacrylate (PMMA) and polycaprolactone (PCL) 
can be used to guide MSC growth8 and differentiation.3 
This concise study was designed to extend in vitro testing 
of a nanotopography with osteoinductive properties.
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Current thinking shows that MSCs differentiate towards 
osteoblast lineage through adhesion elongation9 and 
increased intracellular tension10,11 driving the activation of 
osteo-specific transcription factors such as RUNX212 
through phosphorylation.

We test this in SaOS2 populations looking at adhesion 
formation, cytoskeletal organisation, myosin activation 
(phosphorylation – pSer 19 chosen, as it is phosphorylated 
by Rho-A kinase (ROCK) that is implicated in osteogene-
sis through cytoskeletal contraction)10 and RUNX2 com-
partmentalisation. Furthermore, we also look for the 
longer-term osteogenic marker, osteopontin (OPN), to 
check that changes at the adhesion and cytoskeletal tension 
levels translate to changes in osteogenic phenotype.

Methods and materials

Material preparation

The shims for the substrates used in this project were made 
using EBL and nickel die fabrication, as described in detail 
in other studies.13 In brief, the master shim, NSQ 50 pat-
tern, was fabricated to form an array of pits 120 nm in 
diameter and 100 nm in depth with a random displacement 
of ±50 nm, maintaining an average 300 nm pitch. See 
Figure 1. Nickel dies were made directly from the patterned 
resist samples and a 50-nm layer of nickel–vanadium (NiV) 
was sputter coated on the samples by electroplating. The 
dies were plated to approximately 300 μm thickness.

The protective polyurethane coating was stripped using 
chloroform in an ultrasound bath for 15 min. Polymer rep-
lication on PCL was done by thumb embossing by heating 
the PCL beads at 80°C and then pressing onto the master 
NSQ 50 shim or a flat control shim. The substrates were 
then plasma treated in ambient air at 30 W power for 
20 seconds (Harrick PDC-002; Harrick Plasma Ltd, NY, 
USA), to improve hydrophilicity, followed by disinfection 
in 70% ethanol for at least 30 min and serial washes in 
phosphate-buffered saline (PBS) and then in Dulbecco’s 

Modified Eagle’s medium (DMEM; described below) 
before placement in 24-well plates.

Cell culture

Cells used in this project included MSCs as a topographical 
control and the SaOS2 cell line as a mature osteoblast model. 
MSCs were isolated from the bone marrow obtained from 
total hip replacement residual tissue with the cells selected by 
plastic adhesion, a recognised selection method,14 from two 
donors: one for cytoskeleton staining and one for phenotypic 
testing. All cells were grown in T75 vented tissue culture 
flasks within a humidified incubator at 37°C with 5% CO2. In 
basal media DMEM (Sigma) supplemented with 10% foetal 
bovine serum (FBS; Sigma), 1% (v/v) 200 mM L-glutamine 
(Gibco), 11 mg/mL 1% sodium pyruvate (Sigma), 1% 
Minimum Essential Medium non-essential amino acid 
(MEMNEAA; Gibco) solution and 2% antibiotics (6.74 U/
mL penicillin–streptomycin, 0.2 μg/mL Fungizone; Sigma). 
Culture medium was changed twice weekly and cell growth 
was examined visually under a light microscope.

Cell density was maintained at 70% by passaging the 
cells every 3–5 days, depending on cell line. Cells were 
washed twice with filtered 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES) saline solution (0.01 M). 
The cells were detached by adding trypsin/ethylenediamine-
tetraacetic acid (EDTA) solution and incubated for 3 min at 
37°C. The reaction was stopped by the addition of the cul-
ture medium. Finally, after cell count, the cells were trans-
ferred to a new flask with a fresh medium or seeded on 
surfaces.

Cell seeding

All surfaces were sterilised by washing with 1× PBS (three 
times), once with HEPES saline solution (0.01 M) and 
once with DMEM, and then transferred to a sterile 24-well 
plate. The cells were seeded at 1000 cells/cm2.The incuba-
tion time was 3, 7, 21 or 28 days, according to the experi-
ment type with cells fed twice per week.

Immunocytochemistry

For immunocytochemistry, SaOS2 and MSCs were seeded 
on topographies for the required time for the different 
experiments. The samples were fixed at 37°C for 15 min 
using a 10% formaldehyde fixative solution and the cells 
were permeabilised at 4°C for 5 min using 0.5% Triton 
X-100 Perm Buffer. In order to block non-specific binding, 
1% (w/v) bovine serum albumin (BSA) in PBS was added, 
and the cells were incubated at 37°C for 5 min. After fixa-
tion and permeabilisation, the cells were stained using 
[1:50] dilution anti-vimentin (Sigma), anti-tubulin 
(Sigma), (Abcam), p-RUNX2 (Thermo Fisher), anti-vin-
culin (clone hVIN-1; Sigma) [1:150], p-myosin light chain 
(Phospho Ser 19; Cell Signalling) [1:100] or anti-OPN 

Figure 1. SEM of NSQ 50 nanotopography showing EBL-fabricated 
pits that are 120 nm in diameter and 100 nm in depth arranged in a 
disordered array where pits are randomly offset from the centre 
position by up to 50 nm on both the X- and Y-axes in relation to a 
true square position with 300-nm centre–centre spacing.
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(1:100 in 1% BSA/PBS AKm2A1 (OPN; Autogen 
Bioclear, UK) in 1% (w/v) BSA/PBS) and rhodamine- 
conjugated phalloidin (Molecular Probes) [1:200] in 1% 
(w/v) BSA/PBS that binds and stains actin.

Hence, osteocalcin (OCN; mouse monoclonal antibody 
[1:50] in PBS; sc-73464, Santa Cruz Biotechnology) was 
used for MSC immunofluorescence and OPN (as above) 
for SaOS2 quantification. Three material replicates were 
used in this process.

The samples were incubated at 37°C for 1 h and subse-
quently washed three times for 5 min in 1× PBS/0.5% 
Tween-20. A secondary biotinylated anti-mouse antibody 
(Vector Laboratories) was added [1:50] in 1% (w/v) 
BSA/PBS and the samples were incubated at 37°C for 
1 h. The samples were washed as before and incubated 
with fluorescein isothiocyanate (FITC)-conjugated 
streptavidin (Vector Laboratories) [1:50] in 1% (w/v) 

BSA/PBS at 4°C for 30 min. Finally, the samples were 
washed again and mounted using VECTASHIELD 
mountant with 4′,6-diamidino-2-phenylindole (DAPI) 
nuclear stain (Vector Laboratories). Protein intensity vis-
ualisation was performed by a fluorescence microscope 
(Zeiss Axiovert 200M, 10× magnification, numerical 
aperture (NA): 0.5).

ImageJ software was used for data acquisition of OPN 
staining intensity, using the three material replicates with five 
areas imaged on each, from the control and NSQ50 
substrates.

Statistical analysis

After analysis by ImageJ software, statistical analysis for 
OPN integrated intensity was performed by the Mann–
Whitney U test where *** represents p < 0.001.

Figure 2. Adhesion and cytoskeletal observations for MSCs cultured on planar control and NSQ 50 test surfaces after 7 days of 
culture. pMyosin staining for MSCs on control (a) and NSQ 50 (b) surfaces showing increased pMyosin stress fibre co-localisation 
on the NSQ 50 surface (arrows). Focal adhesion staining showing few adhesions in MSCs on controls (c) compared to cells on NSQ 
50 (d) – see the insets for more detail. Activated pRUNX2 localisation to the nucleus was more prevalent in MSCs on NSQ 50 (f, 
arrowhead) compared to cells on control (e). Red – actin, blue – nucleus, green – pMyosin/vinculin/pRUNX2.
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Ethics

Ethics were granted by Greater Glasgow and Clyde NHS 
Biorepository.

Results

MSCs

To confirm the published effects of nanotopography, first 
the MSC response was examined. For MSCs, actin 
cytoskeleton, pMyosin, vinculin in cell adhesions and 
pRUNX2 localisation were examined at day 7. On the pla-
nar controls, the MSCs had poorly defined stress fibre 
cytoskeleton (Figure 2(a)), while on NSQ 50, tight actin/
pMyosin co-localisation was observed (Figure 2(b)). 
While adhesions were plentiful in MSCs on planar control 
and were much longer in MSCs on NSQ 50 (Figure 2(c) 
and (d)). Increased nuclear pRUNX2 compartmentalisa-
tion was noted for MSCs on NSQ 50 rather than control 
(Figure 2(e) and (f)). At 21 days of culture, OCN staining 
demonstrated evidence of bone nodule development in 
MSCs on NSQ 50 but not on control (Figure 3(a) and (b)).

SaOS2

First, considering pMyosin, a greater association of pMyo-
sin with actin stress fibres was observed at both day 3 and 
day 7 for osteoblasts cultured on NSQ 50 compared to that 
on planar control (Figure 4(a), (b), (k) and (l)).

Vinculin immunostaining demonstrated that at day 3 
SaOS2 on control had very few adhesions compared to 
cells on NSQ 50 (Figure 4(c) and (d)). On day 7, cells on 
the control could be seen to have formed cell adhesions 
(Figure 4(m)). However, adhesions for cells on NSQ 50 
had become more elongated (Figure 4(n)). We chose to 
stain SaOS2 with vimentin and tubulin only as these cells, 
representing mature osteoblasts, are the main focus of the 
study and their response is less well documented in other 
studies than MSCs.

Vimentin staining revealed that at both days 3 and 7 
SaOS2 cells on the control samples formed filamentous 
networks around the nucleus (Figure 4(e) and (o)). On 
NSQ 50, however, the networks were radiating to the cell 
peripheries (Figure 4(f) and (p)). Tubulin staining showed 
mature microtubule networks on all samples at both time 
points (Figure 4(g), (h), (q) and (r)).

Looking at pRUNX2 nuclear localisation at day 3, very 
little evidence of RUNX2 activity was noted in SaOS2 on 
either the control (Figure 4(i)) or NSQ 50 (Figure 4(j)). By 
day 7, however, differences were noted. On the planar con-
trol, the cells had some nuclear pRUNX2 co-localisation 
(Figure 4(s)), but this was far more notable in SaOS2 on 
the NSQ 50 nanotopography (Figure 4(t)).

Extending culture out to day 28 and quantifying OPN 
expression using image analysis showed significantly 

higher expression of this bone marker protein (Figure 5). 
OPN was analysed in SaOS2 because, in our experience, it 
is easier to quantify than OCN as it is an earlier and more 
abundant marker.

Discussion

This study reports that MSCs differentiate towards osteo-
blastic lineages, while SaOS2, derived from osteosarcoma 
cell lines used here to represent mature osteoblast, popula-
tions display greater degrees of adhesion formation, 
cytoskeletal organisation and myosin activation on our 
NSQ 50, disordered, nanotopography than on the planar 
surfaces. Osteogenesis occurs through adhesion elonga-
tion, pMyosin/actin stress fibre co-localisation (indicating 
increased intracellular tension)15 and pRUNX2 nuclear 
compartmentalisation. This leads to increased expression 
of bone-related phenotypic marker proteins (OCN and 
OPN).16 Looking at the cytoskeletal proteins vimentin and 
tubulin, differences in vimentin were noted. Vimentin 
changes suggested mechanotransductive differences, 
potentially from differences in adhesion.17

Figure 3. Osteocalcin staining in MSCs after 21 days 
of culture: (a) MSCs on control show very low levels of 
osteocalcin staining; (b) MSCs on NSQ 50 show high levels of 
OCN stain in bone nodule–like morphologies (arrows). Red 
– actin, blue – nucleus, green – OCN.
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The results demonstrate a similar mechanism of osteo-
genic commitment and indicate that implants patterned 
with the NSQ 50 topography should work whether in a 
marrow or bony environment possibly in a synergistic 
manner.18 Furthermore, this data fits well with the litera-
ture where MSCs have been shown to differentiate into 
osteoblasts via adhesion tension–dependant pathways 
using adhesive ligands,10,11,19,20 stiffness21,22 and chemis-
try2-based stimulation.23

How adhesion formation is controlled by nanoscale topog-
raphy is still poorly understood. Clearly, the topography–pro-
tein interface could be important. It is thus interesting to note 
that the contact angle of the NSQ surface and control is simi-
lar8 and that matrix proteins such as fibronectin can absorb 
within pits as well as in between pits.24 This could mean that 
the NSQ topography allows larger adhesions to form via 
increased surface area, but it is hard to imagine cells being 
able to utilise such small, high-aspect ratio, features as extra 

Figure 4. Adhesion and cytoskeletal observations for SaOS2 cultured on planar control and NSQ 50 test surfaces after 3 and 7 days 
of culture. pMyosin at day 3 and day 7 showed enhanced stress fibre co-localisation for cells on NSQ 50 (b and l) compared to those 
of planar control (a and k, arrows). Considering focal adhesions, few were noted in cells on control at day 3 (c) compared to NSQ 50 
at the same time point (d, arrow heads). By day 7, adhesions were noted in SaOS2 on control (m, arrowheads), but longer adhesions 
were observed in cells on NSQ 50 (n, arrows). On planar control, vimentin networks were observed around the nucleus of SaOS2 
cultured on control at 3 (e) and 7 (o) days. On NSQ 50, however, the cells could be seen to have radiating vimentin networks 
extending to the cell peripheries at both days 3 (f) and 7 (p) of culture. At both time points and on both control and test materials, 
SaOS2 cells were seen to have well-organised microtubule networks (g, h, q and r). Considering pRUNX2 nuclear localisation at day 
3, very little was noted on either the control (i) or NSQ 50 surface (j). However, at day 7, while nuclear localisation remained low in 
cells on control substrates (s), high levels of nuclear localisation was seen in cells on NSQ 50 (t, arrows).
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surface. Increased adhesion may arise from adhesion bridg-
ing. It is understood that adhesion feature (e.g. arginine, gly-
cine, aspartic acid, arginylglycylaspartic acid (RGD)) 
densities of <70 nm allow integrin gathering20,25,26 into mature 
adhesions. It is also notable that disorder in the RGD layout 
on the nanoscale can increase adhesion gathering.20 It is also 
emerging that, for more mature adhesions, gaps – such as sur-
face discontinuities – can be bridged by intracellular adhesion 
components such as vinculin and zyxin. Different extracellu-
lar matrix proteins can bridge different gaps. Previous reports 
have noted that MSCs on the NSQ surface express more vit-
ronectin and cells can efficiently bridge gaps on vitronectin-
coated substrates.27

While we used the biodegradable polymer PCL, it is 
becoming possible to pattern more widely used orthopae-
dic materials, such as titanium, using approaches such as 
anodisation.28,29 The ability to transfer patterns such as 
NSQ 50 into materials such as titanium, ceramic or poly-
ethylene will allow powerful osteoinductive cues to be pat-
terned onto these conventional implant materials without 
loss of mechanical integrity. Recent studies showed the 
potential use of disordered, but not random, patterns in 
orthopaedic implants with increased bone contact 
observed. They used block co-polymer phase separation to 
create masks. These masks can be used to selectively ano-
dise oxide patterns in titanium by growing titanium oxide 
features in the pattern it carries.29–31

Other techniques for controlling the order of topogra-
phy include phase separation (polymer demixing) and 
nanotube patterning. In vitro data indicate that such sur-
faces can also be used to control MSC differentiation 
towards bone lineage;32–35 in vivo data is also emerging 
which demonstrate that translation is possible.36

Although we have only touched upon it briefly, this 
area of research opens up the possibility of future studies 
to the development of nanopatterned titanium orthopae-
dic implants, with controlled topographies, that will lead 
to improved osteogenesis and hence improved implant 
success rates and, ultimately, better outcomes for 
patients.
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