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The understanding of cellular response to the shape of their environment would be of benefit
in the development of artificial extracellular environments for potential use in the production
of biomimetic surfaces. Specifically, the understanding of how cues from the extracellular
environment can be used to understand stem cell differentiation would be of special interest
in regenerative medicine.

In this paper, the genetic profile of mesenchymal stem cells cultured on two osteogenic
nanoscale topographies (pitted surface versus raised islands) are compared with cells treated
with dexamethasone, a corticosteroid routinely used to stimulate bone formation in culture
from mesenchymal stem cells, using 19k gene microarrays as well as 101 gene arrays specific
for osteoblast and endothelial biology.

The current studies show that by altering the shape of the matrix a cell response (genomic
profile) similar to that achieved with chemical stimulation can be elicited. Here, we show that
bone formation can be achieved with efficiency similar to that of dexamethasone with the
added benefit that endothelial cell development is not inhibited. We further show that the
mechanism of action of the topographies and dexamethasone differs. This could have an
implication for tissue engineering in which a simultaneous, targeted, development of a tissue,
such as bone, without the suppression of angiogenesis to supply nutrients to the new tissue is
required. The results further demonstrate that perhaps the shape of the extracellular matrix
is critical to tissue development.

Keywords: nanobioscience; mesenchymal stem cells; osteogenesis; differentiation;
nanotopography; microarray
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1. INTRODUCTION

An array of studies over many years indicate that cells
respond to the shape of their environment through
changes in morphology; this is commonly termed
contact guidance (Weiss & Garber 1952; Curtis &
Varde 1964). Initial work using microtopography
showed that other cellular responses include migration,
adhesion, cytoskeletal organization and gene regulation
(Clark et al. 1987, 1990; Wojciak-Stothard et al.
1995, 1996). More recently, it has been shown that
nanoscale topography can have similar effects (Curtis &
Wilkinson 2001) as determined with a large number
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of terminally differentiated cell types including fibro-
blasts (Dalby et al. 2002b, 2004a,d), endothelial cells
(Dalby et al. 2002a), epithelial cells (Andersson et al.
2003a—c), neurons (Clark et al 1991; Rajnicek &
McCaig 1997; Rajnicek et al. 1997) and macrophages
(Wéjciak-Stothard et al. 1996).

We have previously published studies that demon-
strate the formation of bone nodules on highly defined
topographies with nanoscale depths and on random
nanotopographies (Dalby et al. 2006a,b). The forma-
tion of bone nodules is an indicator of an enhanced
bone-forming potential as the bone mineral (apatite
formed by calcium phosphates similar to synthetic
hydroxyapatite) is formed within the nodules. In an
extension of this work, we consider here whether some
of these topographies could change stem cell differen-
tiation through changes in genome regulation. In this

This journal is © 2008 The Royal Society
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study, stro-1-immunoselected mesenchymal stem cells
(MSCs) were cultured on nanotopographies selected
from the above studies and microarray was used to
examine similarities in the patterns of gene expression
when compared with cells treated with dexamethasone,
a glucocorticoid steroid commonly used to increase
MSC differentiation to osteoblasts.

stro-1 has been shown to be a marker of multipotent
cells extracted from the bone marrow, termed MSCs
(Oreffo et al. 1998; Triffitt & Oreffo 1998). A wealth
of evidence indicates that mesenchymal stem cell multi-
potency can give rise to cells of the adipogenic (fat),
chondrogenic (cartilage), osteoblastic (bone), myo-
blastic (muscle), endothelial and mesothelial (vascula-
ture) and fibroblastic and reticular (connective tissue)
lineages and generate intermediate progenitors with an
apparent degree of plasticity (Bianco et al. 2001; Oreffo
et al. 2005). Thus, MSCs give rise to a hierarchy of bone
cell populations with a number of developmental stages:
MSC, determined osteoprogenitor cell, preosteoblast,
osteoblast and, ultimately, osteocyte (Friedenstein
1976; Bianco & Robey 2001; Oreffo et al. 2005).

The cells were selected as an ideal orthopaedic repair
material would have to influence this osteoprogenitor
cell mix in vivo to differentiate into mature osteoblasts
rather than connective tissue cell types. The mature
osteoblasts would then produce the appropriate extra-
cellular matrix collagen type I and apatite mineral
required for new bone formation.

Advances in microarray bioinformatics, such as
Ingenuity Pathway Analysis (IPA), as used here, have
allowed a move away from gene fishing and the problems
associated with microarray reliability. Rather, it is now
possible to consider gene responses as groups and
functions. To do this, a primary statistic is first
generated, such as rank product (RP) (Breitling et al.
2004) which considers fold-change, false discovery rate
(FDR) and array spot quality and has traditionally been
used to produce, for example, dendrographs as used
initially in this study. Instead, the ranked results are
used to feed robust changes into pathway and functional
databases, and thus an integrative rather than an
individual approach is used. This approach was used
here in order to locate signalling pathways of interest
and then to highlight downstream function.

While it seems more appropriate to use large arrays
to search for patterns or groups of gene activity, arrays
can also be used to observe individual gene changes.
Reliable oligo (short, highly specific, DNA-expressed
sequence tags) macroarrays have been used here to look
for individual ‘hits’ in specialized function analysis.

The selected nanoscale topographies were produced
by two methods. Firstly, polymer demixing where
blends of polystyrene (PS) and polybromostyrene in
a toluene solvent were spin coated on to Si wafers.
Depending on the polymer blend, spin speed and
the ratio of polymer to solvent, different topographies
were produced. In this study we consider 33 nm high
islands. Secondly, photolithography, routinely used in
the production of microchips, has been used to produce
pits with a depth of 400 nm and a diameter of 40 pm
(similar in scale to osteoclastic resorption pits).
Both have been shown to produce increased levels of

J. R. Soc. Interface (2008)

osteocalcin (a bone matrix-specific protein) in osteo-
progenitor cells when compared with planar surfaces
(Dalby et al. 2006a,b).

To provide directly comparable topographies that
have been fabricated by different routes in different
bulk materials, directly comparable Ni intermediaries
were used. These are negatives of the master materials
manufactured by electroplating. These shims can then
be used to emboss positive replicas into polymers like
polymethylmethacrylate (PMMA). This technique can
produce replicas with 5 nm resolution.

The capacity to elicit desirable patterns of stem cell
differentiation offers clear benefits in regenerative
medicine, specifically tissue engineering. A key goal of
tissue engineering is the production of bioactive scaffold
materials that will support a new tissue formation to
replace diseased or damaged tissue. Current strategies
include the use of factors, such as dexamethasone, for
stem cell stimulation, with the limitations therein for
in vivo translation.

A further goal in tissue engineering is angiogenesis.
The ability to engineer complicated tissues in the
laboratory from specialized cells is currently limited as
a consequence of robust angiogenic protocols. This is
the reason why stem cells, especially autologous tissue
stem cells, have the potential to underpin the whole
tissue engineering discipline. To engineer new bone,
ideally an enriched osteoblast population would be
stimulated from the stem cells, in addition to which
endothelial cells capable of forming new capillaries
within the nascent tissue would also be required.

In this study, three types of microarray were used.
Firstly a 19k gene general cDNA array, then a 101
gene osteospecific oligo macroarray and finally a 101
gene endothelial-specific macroarray. The MSCs
were cultured for 14 days (and 28 days for pathway
analysis) as this is the time point when proliferation
slows and large-scale differentiation commences
(Stein & Lian 1993).

2. MATERIAL AND METHODS

2.1. Materials

2.1.1. Photolithography. Three silicon wafers were
cleaned under acetone in an ultrasonic bath for 5 min.
They were then rinsed thoroughly in reverse osmosis
water (ROH,0) and blow-dried under air flow. They
were first spun with a primer for 30 s at 4000g and again
with S1818 photoresist for 30 s at 4000¢g and baked for
30 min at 90°C. The resulting layer was measured to be
1.8 pm in thickness. The photoresist layer was exposed
to UV light through a chrome mask featuring an array
of pits on a Karl Suss MA6 mask aligner for 3.8 s. Then,
the resist layer was developed for 75s in 50 :50
Microposit developer and ROH,O.

The specific design pattern, in this case circles, was
achieved by reactive ion etching using the exposed
photoresist as a mask. The silicon substrate was etched
in the silicon tetrachloride gas plasma of a PLASMALAB
System 100 machine (gas flow, 18 sccm; pressure,
9 mTorr; rf power, 250 W; DC bias, —300 V). The
wafer was etched individually at 7 min at a nominal
etch rate of 18 nm min . It was then stripped of resist
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in an acetone ultrasound bath for 5 min, followed by a
5 min soak in concentrated sulphuric acid/hydrogen
peroxide mixture before rinsing thoroughly in ROH,O
and drying in air flow.

2.1.2. Polymer demizing. PS (Aldrich secondary
standard, UK) and poly(4-bromostyrene) (PBrS;
Aldrich, UK) were each reprecipitated twice, to remove
low molecular weight materials before use. In order to
produce the test materials, a 60% PBrS/40% PS w/w
blend was used to form nanoscale ‘islands’. A spin speed
of 3000¢ and a total polymer concentration of 3% in
toluene were used to produce 55 nm high features.

2.1.3. Nickel shims. Nickel dies were made directly from
the patterned resist samples. A thin (50 nm) layer of
Ni-V was sputter coated on the samples. This layer
acted as an electrode in the subsequent electroplating
process. The dies were plated to a thickness of
approximately 300 pm.

Once returned from the plater, the nickel shims were
cleaned by firstly stripping the protective polyurethane
coating using chloroform in an ultrasound bath for
10-15 min. Secondly, silicon residue was stripped
by being wet etched in 25% potassium hydroxide at
80°C for 1 hour. Shims were rinsed thoroughly in ROH,O
and then air dried. The shims were finally trimmed to
approximately 30 X 30 mm sizes using a metal guillotine.

Imprints of the nickel shims into PMMA was achieved
using an Obducat nanoimprinter (temperature, 180°C;
pressure, 15 bar; time, 300 s). The imprints were trimmed
and depth measurements (Dektak) were made of a
random sample from each etch depth category. Random
samples were taken for inspection by atomic force
microscopy or scanning electron microscopy.

Planar PMMA (Ra of 1.17 nm over 10 mm) was used
as a control substrate.

2.1.4. Cell extraction and culture. Human osteopro-
genitors were extracted from bone marrow samples
obtained from haematologically normal patients under-
going routine hip replacement surgery as described
previously (Yang et al. 2003). These cells represent the
adherent bone marrow stromal cell fraction. MSCs were
selected from the osteoprogenitor population using
stro-1 antibody and magnetic cell sorting (Howard
et al. 2002; Mirmalek-Sani et al. 2006), as described
previously. MSCs were maintained in a basal medium
(10% FCS/aMEM, Life Technologies, UK) at 37°C
with 5% CO, under humid conditions. The cells were
trypsinized from a culture flask before counting with a
haemocytometer for seeding onto the materials. To
trypsinize, the cells were washed with HEPES/saline
and detached for 5 min in 0.06% trypsin in versine. The
trypsin was quenched with complete medium before
centrifugation, counting and seeding.

The cells were seeded onto the materials at 1X10*
cells em ™2 and the medium changed twice weekly. For
microarray and macroarray analysis, one set of cells
was cultured with a similar medium containing DEX
(10 nM) and r-ascorbic acid (150 pg ml™").

J. R. Soc. Interface (2008)

It is noted that cells from two patients were used
(both at passage 1). One set for the microarrays and
another for the macroarrays. It is further noted that our
initial published findings describing the histochemical
observation of osteoprogenitor cells on the materials
were performed with cells from two other patients
(Dalby et al. 2006a,b).

2.1.5. Microarrays. Individual gene expression changes
were detected using spotted DNA microarrays. The
arrays were printed with 19k distinct human tran-
scripts obtained from the Ontario Cancer Institute
Microarray Centre (http://www.microarrays.ca).
Complete protocols for the generation of fluorescence
labelled samples from whole cell RNA, hybridization to
DNA microarrays and data processing can be found at
this website (and has been previously published; Dalby
et al. 2003). The cells were cultured for 14 days. At this
point, the cells were lysed and total RNA was extracted
using an Absolutely RNA kit (Stratagene, UK). Next,
mRNA was extracted using pellet paint. The resulting
mRNA was amplified using a GeneChip Eukaryotic
Small Sample Target Labelling Assay Version II
(Affymetix, UK) using the Two Cycle cDNA Synthesis
method. Two micrograms of mRNA were hybridized to
the arrays (four replicates for each sample) after reverse
transcription with Alexa 555-dUTP for test and Alexa
647-dUTP for control RNA (Invitrogen, UK). Data
were exported and log normalized into a spreadsheet
before cluster analysis using published protocols (Eisen
et al. 1998).

IPA was used via a licence to Ingenuity Systems,
(www.ingenuity.com) in order to identify (i) canonical
signalling pathways and (ii) functional pathways. Here,
the RP-generated gene lists cut at 50% FDR were
uploaded into the TPA server as input data. IPA uses
pathway libraries derived from the scientific literature.
Statistics for functional analysis were performed by
Fischer’s exact test (as done automatically by the
software with p<0.05 considered significant).

2.1.6. Macroarrays. For specific observation of osteo-
blastic and endothelial differentiation, GEoligoarrays
(Tebu-bio, UK) were used according to the manufac-
turer’s instructions. In brief, the cells were seeded onto
the materials (three replicates) at 1X 10" cells per ml
and the medium changed twice weekly for 14 days. At
this point, the cells were lysed and total RNA was
extracted using an Absolutely RNA kit (Stratagene,
UK). The control and test RNAs were reverse
transcribed with biotin-UTP (InVitrogen, UK).
Finally, the RNAs were hybridized to the arrays and
exposed to an X-ray film for detection. The online
software from Tebu-Bio was used for the detection of
expressed genes. Please note that, owing to a
restricted sample size, fully quantitative analysis was
not viable. Thus, a semi-quantitative approach has
been used whereby positive ‘hits’ were recorded on
each array.
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Figure 1. Images of the test nanotopographies. (a) Scanning
electron microscopic image of a 40 um wide, 400 nm deep pit
produced by photolithography embossed into PMMA
(40 : 400). (b) Atomic force microscopic image of 33 nm high
islands produced by polymer demixing embossed into PMMA
(3% : 3000).

3. RESULTS

Photolithographically produced pits were reproduced
in PMMA with good fidelity. The originals had a
diameter of 40 pm and a depth of 400 nm. The imprints
had a diameter of 40 pm and a depth of 362 nm—
referred to as 40 : 400, as dimensions derived from the
original diameter : original depth (images of imprints
are shown in figure la).

In contrast, polymer demixed islands did not repro-
duce with such good fidelity. The originals had a mean
height of 55 nm. The imprints had a height of 33 nm.
These samples are referred to as 3% : 3000 derived from
total polymer : spin speed (images of imprints shown in
figure 1b). Planar PMMA controls had an Ra (roughness
average) value of 1.17 nm over 10 mm.

Microarray results and cluster analysis (Eisen et al.
1998) comparing MSC gene regulations for 40 : 400 and
3% : 3000 demonstrated at-a-glance similarities/
differences in gene profiles that are displayed in the
electronic supplementary material. The most notable
trend was for broad upregulation of the genome in
MSCs cultured on 3% : 3000 and with dexamethasone.
At the same time the regulation of genes in MSCs
cultured on 40 : 400 was rather more in flux and, while a

J. R. Soc. Interface (2008)

large number of similarly upregulated areas were noted,
there was also a mix of up- and downregulations (see
figure S1, electronic supplementary material). Another
predominant trend was that of downregulation on the
topographies and upregulation with dexamethasone
treatment (figure S2, electronic supplementary
material).

In order to look into these changes in genomic
regulation, IPA was used. Ingenuity pathway canonical
analysis (well-defined cellular signalling cascades) and
functional analysis showed a broad number of similarities
and some differences between MSCs stimulated by the two
test topographies compared with each other and with
dexamethasone treatment (figure 2). It is noted at this
point that the pathway analysis does not indicate the
direction of regulation, rather just that statistically
significant changes have been noted for a number of
genes in the pathway. To look more in depth, the
individual pathways need to be viewed (as is done in the
electronic supplementary material for selected pathways).

A number of topography-only (i.e. not significantly
influenced by dexamethasone) pathways were noted,
including p38 mitogen-activated protein kinase
(MAPK), actin cytoskeletal signalling, fibroblast
growth factor (FGF) and platelet-derived growth
factor (PDGF) (note that although the FGF and
PDGF pathways were below the p<0.05 significance
threshold they are considered here as there was no
output for dexamethasone-treated cells and that is of
clear interest to this study; figure 2a).

p38 MAPK is involved in inflammation and apoptosis
(Cook et al. 2007; figure 2a) and, while the 40 : 400
topography downregulates genes in the cytoplasm, this
causes an upregulation of genes in the nucleus. However,
3% : 3000 induces upregulation of cytoplasmic pathways
and downregulation of nuclear pathways (figure S3,
electronic supplementary material).

Actin is involved in a broad range of signalling
events related to focal adhesions, cell motility (cell
lamellipodia) and cell sensing of substrate (filopodia;
Burridge & Chrzanowska-Wodnicka 1996; figure 2a).
Figure S4, electronic supplementary material, shows
that for MSCs on the 40 : 400, a small number of up-
and downregulations were noted within the pathway;
however, 3% :3000 induced a large number of
upregulations.

FGF is involved in cell differentiation, proliferation,
morphogenesis and angiogenesis ( Wilkie 2005). Here, it
was shown that while the 40 : 400 topography causes a
balance of up- and downregulations in the pathway, the
3% : 3000 topography results mainly in upregulation of
the FGF pathway (figure S5, electronic supplementary
material) (figure 2a).

PDGEF is involved in cell proliferation and survival
(Ruiz et al. 2007). Figure S6, electronic supplementary
material, shows that, while culture on the 40 : 400
topography results in a small number of downregulations,
culture of MSCs on 3% : 3000 results in a broad number of
pathway-associated upregulations (figure 2a).

The 3% :3000 substrate specifically produced
statistically significant changes in two pathways in
which no genes fits were noted for cells on 40 : 400 and
only non-statistically significant outputs for cells
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Figure 2. Ingenuity pathway analysis for MSCs cultured on the test topographies for 14 days. (a) Canonical pathway analysis for
MSCs cultured on the 3% : 3000 and 40 : 400 test substrates compared with cells treated with dexamethasone. (b) Functional
analysis showing a broad range of functional pathways active in cells in all growth conditions. Arrows indicate the trend of gene
regulations within the pathway (up arrow, upregulations; double-headed arrow, balance of up- and downregulations; down
arrow, downregulations). The threshold line shows the significance cut-off.

cultured with dexamethasone. These were integrin-
related signalling, which has effects on cell adhesion,
motility, cytoskeleton and signalling (Burridge &
Chrzanowska-Wodnicka 1996), and extracellular
receptor kinase (also known as MAPK; ERK, associ-
ated with proliferation and differentiation; Dai et al.
2007; figure 2a). It should be noted at this point that
MAPKSs fall into several groups and can be broadly
classified as p38 MAPKs and ERKs (ERKs contain
several MAPK groups). As has been described, the
ERKSs have roles in proliferation and differentiation and
the p38 MAPKs in cell survival.

General upregulation was noted for MSCs cultured
on 3% : 3000 and with dexamethasone (non-statistically
significant) for integrin signalling. An interplay of up-
and downregulations was noted for both 3% : 3000 and
dexamethasone treatment (again only statistically signi-
ficant for alterations to the pathway in cells on the
3% : 3000 topography; figure 2a).

Functional analysis can be considered as the output
of canonical signalling. Figure 2b shows a broad number
of functional pathways statistically significantly
affected in MSCs by the two test topographies and by

J. R. Soc. Interface (2008)

dexamethasone treatment. However, analysis of up- or
downregulations within the pathways shows that the
topographies have some specificity of action, whereas
dexamethasone non-specifically stimulates all the
pathways. Of particular note is that the topographies
produce a balance of up- and downregulations in
connective tissue development and function, and
predominantly upregulation in skeletal and muscular
system development. However, dexamethasone treat-
ment results in the upregulation of both functional
pathways (figure 2b).

By 28 days, none of the pathways highlighted at
14 days were noted in MSCs cultured on 3% : 3000 and
with dexamethasone, but pathways associated with
ERK were still noted in the cells cultured on 40 : 400
although to a non-statistically significant level (figure 3a).
Also at 28 days of culture, fewer functional pathways
were highlighted. Again the topographies showed more
selectivity of pathways affected in the MSCs than
dexamethasone treatment. In particular, the 3% : 3000
was not influencing pathways as diverse as nervous system
development, cardiovascular development and general
organ development at this later time point (figure 3b).
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Figure 3. Ingenuity pathway analysis for MSCs cultured on the test topographies for 28 days. (a) Canonical pathway analysis for
MSCs cultured on the 3% : 3000 and 40 : 400 test substrates compared with cells treated with dexamethasone. (b) Functional
analysis showing a range of functional pathways active in cells in all growth conditions. Arrows indicate the trend of gene
regulations within the pathway (up arrow, upregulations; double-headed arrow, balance of up- and downregulations; down
arrow, downregulations). The threshold line shows the significance cut-off.

In an extension of the microarray analysis, 101 gene
osteospecific arrays were used to compare mesenchymal
stem cell differentiation for cells cultured on the test
topographies and with dexamethasone (on planar
material) with untreated cells cultured on planar
control. The arrays demonstrated that cells cultured
with dexamethasone displayed the highest levels of
osteogenic upregulation (25 gene hits) followed by
MSCs cultured on 3% : 3000 (15 gene hits) and 40 : 400
(11 gene hits). In contrast, the cells cultured on the
planar control demonstrated only three gene hits.
interestingly, genes upregulated in MSC on the test
topographies included genes critical in osteoblast
adhesion (intercellular adhesion molecule 1, ICAMI;
integrin aM, ITGAM; integrin al, ITGA1), collage-
nous matrix modelling and signalling (transforming
growth factor receptor, TGFBR1; matrix metallopep-
tidase 8, MMPS; collagens, COL) and osteospecific

J. R. Soc. Interface (2008)

matrix production and mineralization (BGLAP (or
osteocalcin), alkaline phosphatase, ALPL; Diehn et al.
2003; table 1).

To test for endothelial characteristics, 101 gene
endothelial-specific arrays were used. The arrays
demonstrated that dexamethasone-treated cells pro-
duced only three hits, while untreated control cells
produced seven hits. MSCs on 40 :400 produced a
result comparable to dexamethasone-treated cells
with only two hits. The cells cultured on 3% : 3000
produced a result closer to that of control with five hits
for genes, including TFPI2 (tissue factor pathway
inhibitor 2), KIT, ALOX5 (arachidonate 5-lipoxy-
genase), IL6 (interleukin 6), ENPEP (glutamyl amino-
peptidase), AZU1 (azurocidin) and RIPK1 (receptor
(TNFRSF)-interacting serine-threonine kinase 1). All
are implicated in the interaction of tissue and blood
cells (table 2).
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Table 1. Summary of osteospecific gene hits (number of positive hits for each test condition is shown), including a brief
description of function derived from Stanford Source (Diehn et al. 2003).

osteoblast array gene hits for MSCs on test surfaces

gene full name control 40 : 400 3% : 3000 DEX function
TGFBRI1 transforming growth factor 2 3 3 3 cell signalling and
beta receptor 1 differentiation
MMP8 matrix metalloprotease 8 1 3 3 3 matrix remodelling
ICAM1 intercellular adhesion molecule 1 0 3 3 3 cell-cell adhesion
BGLAP bone Gla protein 0 3 2 3 bone-specific matrix
(osteocalcin) protein
MGP matrix Gla protein 0 0 1 2 associates with bone
matrix
COL18A1 collagen 18 0 0 0 2 matrix protein
COL17A1 collagen 17 0 0 1 0 matrix protein
COL12A1 collagen 12 0 0 0 2 matrix protein
COL11A1 collagen 11 0 0 1 0 matrix protein
COLT7A1 collagen 7 0 2 1 3 matrix protein
COL5A1 collagen 5 1 3 2 3 matrix protein
COL1A1 collagen 1 0 3 1 2 matrix protein
ALPL alkaline phosphatase 0 3 0 3 phosphate
homeostasis
AMBN ameloblastin 0 0 0 1 enamel protein
ITGA1 integrin ol 0 3 3 3 cell-matrix
adhesion
ITGA3 integrin o3 0 0 3 0 cell-matrix
adhesion
ITGAM integrin oM 0 0 0 1 cell-matrix
adhesion
CSF2 colony-stimulating factor 2 0 1 0 3 cell differentiation
ALAP type 1 tumour necrosis factor 0 0 3 0 interacts with IL6
receptor-shedding aminopep-
tidase regulator
FGFR fibroblast growth factor receptor 0 0 0 1 cell differentiation
CALCR calcitonin receptor 0 0 0 1 G-protein signalling
EGFR epidermal growth factor 0 0 0 1 cell differentiation
receptor
BMP1 bone morphogenic protein 1 0 0 0 1 cell differentiation

4. DISCUSSION

It is clear that cells in vivo exist within a complex three-
dimensional environment with nanotopography pro-
vided by surrounding matrix milieu, for example
collagen banding (67 nm repeat pattern) and protein
folding and microtopography as well as interactions
with neighbouring cells and bone apatite (Gadegaard
et al. 2003). Thus, it is of interest to try and harness
such cues for in vitro tissue development and eventual
use for the design of medical materials.

A key question in cell biology is that of tissue-specific
cell differentiation and the mechanism controlling the
process. The cells have the same genome and same
transcription factor pool to drive gene regulation while
cells in different parts of the body take on a vast array of
different and distinct phenotypes (Getzenberg 1994).
Thus, from the results, it is tempting to speculate that
topography could be an important component in tissue-
specific development through mechanotransductive
pathways as will be discussed.

In recent years it has become self-evident that cells
can use features such as filopodia (or microspikes),
which have a tip diameter in the range of 50-100 nm, to
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gather and use spatial information. The cells can use
filopodia to produce contact guidance with features as
small as 10 nm high—around the size of a typical
protein (Dalby et al. 2004a—c). In addition, it has also
been observed that MSCs have an increased interaction
with topography compared with differentiated cells like
fibroblasts (Hart et al. 2007). This evidence that stem
cells are exquisitely sensitive to their nanoenvironment
adds further evidence that the topographical environ-
ment is important for tissue-specific differentiation.

In previous histochemical studies where osteocalcin
and osteopontin were immunolocalized for using
antibodies, it was observed that osteoprogenitor cells
on the 40:400 surface produced nodules rich in
osteocalcin, but with little osteopontin (Dalby et al.
2006b). However, osteoprogenitors cultured on the
3% : 3000 surface produced nodules rich in both
osteocalcin and osteopontin (Dalby et al. 2006a).
These results suggest that the 3% :3000 surface is
more osteoinductive than the 40 : 400 surface.

This current study has demonstrated that an
in-depth pathway analysis reveals large differences
between topographical and chemical (dexamethasone)
stimulation. Dexamethasone treatment appears to be
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Table 2. Summary of endothelial specific gene hits (number of positive hits for each test condition), including a brief description

of function derived from Stanford Source (Diehn et al. 2003).

endothelial array gene hits for MSCs on test surfaces

gene full name control ~ 40:400 3% :3000 DEX function

TFPI2 tissue factor pathway inhibitor 2 3 3 3 plasmin-mediated matrix
remodelling

KIT KIT 3 2 0 transmembrane receptor for
mast cell growth factor

ALOX5 arachidonate 5-lipoxygenase 1 2 0 synthesis of leukotrienes

1L6 interleukin 6 2 1 0 B-cell differentiation

ENPEP glutamyl aminopeptidase 1 1 2 B-cell differentiation

AZU1 azurocidin 1 1 0 0 monocyte and fibroblast
chemotactic glycoprotein

SELE selectin E 0 0 1 mediates cell adhesion to
the vasculature

RIPK1 receptor (TNFRSF)-interacting 1 0 0 cell signalling

serine—threonine kinase 1

wide-ranging and unspecific in action with a broad
number of canonical and functional pathways stimu-
lated. The canonical pathways were stimulated only to
small degrees with dexamethasone, but the broad
changes in genomic regulations (mainly upregulations
as shown by the dendrographs in figures S1 and S2,
electronic supplementary material) did trigger a large
number of functional pathways at both 14 and 28 days
of culture.

The topographies, however, were more selective in
the canonical pathways affected, but the targeted
pathways tended to be significantly changed with
both up- and downregulations implicated. The results
indicate that actin cytoskeleton signalling and p38
MAPK signalling pathways are targeted by topogra-
phies at the micro- and nanolevels (i.e. both 40 : 400
and 3% : 3000). Integrin and ERK (MAPK) signalling
pathways appear to be specifically targeted by the
topography with only nanoscale dimensions
(3% : 3000). That cells use filopodia, driven by actin
and forming integrin-containing adhesions in response
to nanotopography (Dalby et al. 2004b) tallies well with
the specific activation of adhesion and cytoskeleton-
related pathways (MAPKs are a signalling cascade
influenced by the actin cytoskeleton; Burridge &
Chrzanowska-Wodnicka 1996).

The guidance of filopodia by nanotopography and
subsequent changes in cytoskeletal arrangements and
signalling may alter mechanical forces within the cell.
Such mechanisms have recently been described in
fibroblasts cultured on topography whereby cytoskeletal
rearrangements affect the interphase nucleus organiz-
ation and genomic regulation (Dalby et al. 2007 a,b). Such
theories are developments of original work on mechanical
force involvement in cell function. Examples include
fibroblast traction being important in collagen morpho-
genesis and homeostasis (Harris et al. 1981; Brown et al.
1998; Eastwood et al. 1998) and involvement of com-
pression in cartilage function (Guilak 1995).

It is further interesting that the topographies, through
their selective influence of canonical signalling, affected
the same functional pathways as dexametha-sone
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through its broad action. Again, however, the topogra-
phies lead to a balance of up- and downregulations in
the functional pathways whereas dexamethasone treat-
ment leads to a predominate, non-discriminate upregula-
tion. A key goal in bone tissue engineering is to
reduce soft-tissue formation and increase hard-tissue
formation. At 14 days, the topographies produced a large
number of downregulations in the connective tissue
development pathways and predominantly upregula-
tions in the skeletal system development pathways.
Dexamethasone, however, produced only a non-specific
upregulation.

By 28 days of culture, very few canonical pathways
were being differentially regulated compared with planar
control in the MSCs, with only a few non-statistically
significant observations being made for the 40 :400
material. Similarly, for the functional analysis at 28 days,
while dexamethasone was still having a stimulatory
effect and 40 : 400 was still influencing upregulations in
some of the pathways, the 3% : 3000 material showed
few changes compared with planar control.

These, and the previous histochemical results
(Dalby et al. 2006a,b), fit in well with the original
observations by Stein and Lian on the progression of
osteogenic differentiation (Stein & Lian 1993). After
initial adhesion and proliferation, pathways associated
with cell differentiation and tissue formation are
activated (around day 14 where we show most
canonical and functional gene activity here). By day
21, osteocalcin- and osteonectin-rich nodules should be
evident (as demonstrated on the test materials at
21 days of culture in Dalby et al. 2006a,b) and, by
28 days of culture, gene activity would be reduced as
mineralization and matrix maintenance occur after the
initial high levels of cellular activity.

While MSCs on both topographies appear to adhere
approximately to this time course, it seems that the
cells on the 3% : 3000 may have been encouraged to
enter into osteogenic differentiation slightly faster than
those on the 40 : 400 material and, once entering into
the differentiation sequence, hold to the osteogenic time
course. This is evidenced by an increased canonical
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signalling at day 14 and a reduced signalling at day 28
in cell populations cultured on 3% : 3000 compared
with those on 40 : 400. A second explanation may be
that, due to the inherent plasticity of the stem cells,
different proportions of the cells enter the osteoblastic
lineage; hence, the high levels of functional output at
day 14 on both test materials, yet the reduced
osteospecific response when compared with dexametha-
sone treatment for cells on 40 : 400.

When considering the endothelial arrays, it is
important to note that dexamethasone induced a
paucity of gene hits, indicating that, while its action
may be broad, endothelium is a phenotype suppressed
by its other actions. The cells cultured on the
nanotopographies did, however, show a degree of
plasticity with a larger number of endothelial hits
being observed, notably in cells cultured on the
3% : 3000 nanoislands. This variation in differentiation
as a consequence of topography could have impli-
cations for tissue engineering, whereby replacement
tissue could be cultured in witro for transplantation
in vivo. The ability to create surfaces that can deliver
vascularized bone in vitro from autologous MSC would
represent a significant advance.

In conclusion, it appears that the topographies
produce a far more subtle and specific mode of action
than dexamethasone, targeting a small number of
canonical pathways (actin, integrin, p38 MAPK and
ERK). Dexamethasone could, in fact, be considered a
rather blunt tool in that it is efficient in stimulating
stem cells, but does this by suppressing growth and
switching many genes on non-specifically. The topo-
graphies, however, allow normal cell growth and
proliferation, but promote osteogenic differentiation of
the MSCs along the time-lines of classical differen-
tiation studies. At the same time, they do not suppress
endothelial differentiation.

There are other interesting material approaches as it
has been shown that both material hardness and
chemical /protein patterning can alter the differen-
tiation of stem cells (Engler et al. 2004, 2006; McBeath
et al. 2004). Topography, however, has the advantage
as it is not easily removed like protein patterns and it
does not affect material properties for the purpose as
changing Young’s modulus might. We also note that,
when considering topography with serum-containing
medium, questions of chemistry will also arise. It is our
opinion that these topographies rather than changing
interaction with serum proteins (to which the cells
adhere) will simply change the presentation of the
proteins to the cells.

It could thus be perceived that topography presents
a preferable approach to stem cell modulation in bone
tissue engineering than chemical or hormonal treat-
ments. Understanding the mechanisms and controls
therein is currently under investigation in our
laboratories.
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