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Previous studies have shown that microgroove-initiated contact guidance can induce bone
formation in osteoprogenitor cells (OPGs) and produce changes in the cell proteome. For
proteomic analysis, differential in-gel electrophoresis (DIGE) can be used as a powerful
diagnosticmethod to provide comparable data between the proteomic profiles of cells cultured
in different conditions. This study focuses on the response of OPGs to a novel nanoscale pit
topography with osteoinductive properties compared with planar controls. Disordered near-
square nanopits with 120 nm diameter and 100 nm depth with an average 300 nm centre-
to-centre spacing (300 nm spaced pits in square pattern, but with G50 nm disorder) were
fabricated on 1!1 cm2 polycaprolactone sheets. Human OPGs were seeded onto the test
materials. DIGE analysis revealed changes in the expression of a number of distinct proteins,
including upregulation of actin isoforms, beta-galectin1, vimentin and procollagen-proline,
2-oxoglutarate 4-dioxygenase and prolyl 4-hydroxylase. Downregulation of enolase,
caldesmon, zyxin, GRASP55, Hsp70 (BiP/GRP78), RNH1, cathepsin D and Hsp27 was
also observed. The differences in cell morphology and mineralization are also reported using
histochemical techniques.
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1. INTRODUCTION

The use of surface topography to direct stem cell
differentiation has been proposed as a newand innovative
strategy in bone tissue engineering. Different features of
nanoscale topography can influence a number of cell
types in various ways. For example, well-defined
nanopillar arrays of polyethylene glycol were used to
modulate the adhesion and growth of cardiomyocytes
(Kim et al. 2005); ridge/grooves fabricated in polystyrene
can induce contact guidance and produce oriented
growth of glioma cells along defined directions (Zhu
et al. 2004); the morphology and proliferation of smooth
muscle cells was altered when cultured on nanogrooved
surfaces (Yim et al. 2005); microneedle-like posts have
been used as mechanical sensors to control cell adhesion
and it was found that RhoA had a vital role in this
mechanism (Tan et al. 2003); and nanoporous alumina
membranes with different sizes can alter the molecular
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responses of smooth muscle cells (Nguyen et al. 2007).
These, and similar, studies indicate a role for nanotopo-
graphy in the modulation of tissue formation.

Recent work from our laboratories has also implicated
roles for nanoscale topography in skeletal cell differen-
tiation and implications therein for bone tissue engin-
eering (Dalby et al. 2006a,b, 2007c). When considering
nanopits (120 nm diameter and 100 nm depth) fabri-
cated by electron-beam lithography (EBL), it was seen
that the changes in pit spacing by as little as G20 nm
could strongly influence bone osteoid formation in vitro.
Pits in an absolute square arrangement with 300 nm
centre-to-centre spacing showed little production of bone
osteoid, whereas by adding degrees of controlled disorder
(near square) strongly induced osteoid formation to an
optimum of G50 nm (NSQ50). Totally random pit
placing resulted in a low degree of bone matrix formation
(Dalby et al. 2007c). This shows the exquisite level of
control that can be elicited on progenitor and stem cells
by control and manipulation of their nanoenvironment.
doi:10.1098/rsif.2008.0447
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The same pits were also seen to strongly affect the
formation of focal adhesions in human osteoblasts. The
square arrangement leads to a shift in the distribution
of focal complexes (less than 2 mm), focal adhesions
(2–5 mm) and super long adhesions (more than 5 mm)
towards the transient focal complexes. However, the
near-square topography caused a shift in the opposite
direction towards an increased density of the super long
adhesions (Biggs et al. 2007b). A study in fibroblasts
cultured on the absolute square pits used immunotrans-
mission electron microscopy to show that the cells could
not form adhesions over the pits, and thus the surface
area available to the cells to form adhesions was reduced
(Dalby et al. 2007a). However, the results of studies of
the adhesion length (Biggs et al. 2007b) suggest this is
otherwise in cells cultured on the near-square pits, i.e. the
pits rather induce adhesion formation in bone cells.

Larger pit systems, more similar in size to osteoclast
resorption pits, produced by photolithography, with
pits of 362 mm depth and 40 mm diameter, have also
been observed to promote the induction of bone osteoid
and the expression of the osteoblast-specific extracellu-
lar matrix proteins (osteocalcin and osteopontin; Dalby
et al. 2006b). Nanopits have also been shown to affect
the integrin expression in human foetal osteoblast cells
and to induce differences in the expression of integrin-
mediated cell signalling molecules, e.g. focal adhesion
kinase (FAK) in the osteoblastic cells (Lim et al. 2007).
These results suggest roles for biomimicry in the
fabrication of biomaterial topographies. That is, when
techniques such as EBL are employed to produce
nanosurfaces, perhaps a biological level of disorder
must be included, or perhaps natural features (such as
resorption pits in bone) should be incorporated.

In this study, the novel near-square nanopit arrays
embossed in the biodegradable polymer polycaprolac-
tone (PCL, approved for use in the body) has been
further considered with respect to their influence on
osteoprogenitor proteomes. Coomassie blue and ali-
zarin red have been used to observe the cellular
morphology of the human osteoprogenitors. Further
to this, differential in-gel electrophoresis (DIGE) has
been used to probe differences in the proteomes of
osteoprogenitor cell (OPG) populations cultured on the
near-square material compared with planar control.

Human OPGs were chosen as they contain a mixture
of cells from primitive mesenchymal stem cells to
osteoprogenitor and mature osteoblasts with cells at
different stages of commitment. This heterogeneous cell
mix has the potential to differentiate into mature
osteoblasts and is representative of the adherent cells of
the bone marrow (Triffitt et al. 1998; Oreffo et al. 2005).

DIGE is a technique that facilitates comparative
proteomic analysis by the separation of protein extracts
on two-dimensional gels, after labelling with spectrally
resolvable fluorophores. Owing to the small areas of
topography used, a saturation labelling protocol was
adopted in which all the cysteine residues were
fluorescently labelled to maximize the sensitivity of
protein detection (Marouga et al. 2005). Mass spec-
trometry was employed to identify proteins that were
observed to be differentially expressed in the protein
identification and assignation of up- or downregulation.
J. R. Soc. Interface (2009)
2. MATERIALS AND METHODS

2.1. Fabrication

Samples were made in a three-step process of EBL,
nickel dye fabrication and hot embossing. Silicon
substrates were coated with ZEP-520A resist to a
thickness of 100 nm. After the samples were baked
for a few hours at 1808C, they were exposed in a
Leica LBPG 5-HR100 beamwriter at 50 kV. We have
developed an efficient way to pattern a 1 cm2 area with
1–10 billion pits. Three different pit sizes were made
using different spot sizes. An 80 nm spot size was used,
finally resulting, after embossing, in pits with a
diameter of 120 nm. The pitch between the pits was
set to an average of 300 nm with a G50 nm error (in
x and y) written into the placement of the pits at the
centre of the square. After exposure, the samples were
developed in o-xylene at 238C for 60 s and rinsed in
copious amounts of iso-2-propanol.

Nickel dyes 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 dyes
were plated to a thickness of approximately 300 mm. A
diagram of the EBL process is shown in figure 1.

Polymeric replicas were made in PCL (Sigma-
Aldrich) sheets. A PCL sheet was cut into 1 cm2

squares before being cleaned with 75 per cent ethanol
followed by deionized water and blown dry with cool
air. The PCL substrates were heated by light until they
started to melt. Either the nickel dye or the planar
slides were embossed onto the PCL substrates. The
PCL substrates were cooled down and the moulds were
removed. The samples were denoted as being near
square G50 nm (NSQ50; figure 2).
2.2. Cell culture

Human OPGs were obtained from haematologically
normal patients undergoing routine surgery. Only
tissue that would have been discarded was used with
the approval of the Southampton and South West
Hants Local Research Ethics Committee. Primary
cultures of bone marrow cells were established as
described previously (Yang et al. 2003).

Human OPGs including the osteoblasts were cul-
tured in 75 cm2 tissue culture flasks at passage 2. The
culture was maintained in basal medium (a-MEM
containing 10% FCS and 2% antibiotics) at 378C,
supplemented with 5 per cent CO2. Confluent cell
sheets were trypsinized and 1!105 cells were seeded
onto NSQ50 and control flat PCL sheets. The tissue
culture was maintained in a static culture, and the
medium was changed twice per week.
2.3. Histology

Coomassie blue was used to monitor cell morphology at
two time points (one and three weeks, selected to allow
viewing of individual cells and nascent bone nodules).
The PCL sheets with cultured cells were fixed in
4 per cent formaldehyde in PBS for 15 min at each time
point. Cell staining was performed using 5 per cent
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Figure 1. The diagram of NSQ50 fabrication using EBL.
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Coomassie blue in 40 per cent methanol and 10 per cent
acetic acid for 5 min. The stained materials were
washed twice in tap water. The samples were viewed
by brightfield microscopy. Pictures were taken with a
greyscale digital camera (Scion Corporation Model
CFW-1310M).
2.4. Scanning electron microscopy

Cells were fixed with 1 per cent glutaraldehyde (Sigma,
UK), buffered in 0.1 M sodium cacodylate (Agar, UK;
48C, 1 hour) after a three-week culture period to allow
the viewing of any nascent bone nodules. The cells
were then postfixed in 1 per cent osmium tetroxide
(Agar), and 1 per cent tannic acid (Agar) was used as
a mordant, dehydrated through a series of alcohol
from 20 to 70 per cent, stained in 0.5 per cent uranyl
acetate, followed by a further dehydration in 90, 96 and
100 per cent alcohol. The final dehydration was in
hexamethyldisilazane (Sigma), followed by air-drying.
Once dry, the samples were sputter coated with gold
before examination with an Hitachi S800 field emission
scanning electron microscopy (SEM).
2.5. Alizarin staining

Two per cent alizarin red stain (pH 4) was prepared by
mixing 2 g of alizarin red S (Sigma) with 100 ml of
water, and diluted ammonium hydroxide was added
to adjust the pH. After three weeks of culture, in order
to view nascent nodules, the osteoprogenitors were
fixed in 4 per cent formaldehyde for 15 min at 378C.
Then, they were stained with 2 per cent alizarin red for
5 min before washing with water. The samples were
J. R. Soc. Interface (2009)
viewed by brightfield optical microscopy. Pictures were
taken with a greyscale digital camera (Scion Corpo-
ration Model CFW-1310M).
2.6. Protein extraction and protein precipitation

After five weeks’ culture, to ensure sufficient levels of
protein for analysis, the cell sheets were lysed in 1 ml
of the DIGE lysis buffer (7 M urea, 2 M thiourea, 4%
CHAPS and 30 mM Tris base pH 8.0) with 1! final
concentration of general purpose protease inhibitor
cocktail (Sigma-Aldrich). The cell suspension was left
at room temperature for 1 hour with vigorous mixing
every 20 min. The suspension was then centrifuged at
2100g for 10 min to remove the insoluble material.
The proteins were precipitated from the supernatant by
addition of four volumes of 100 per cent cold acetone.
After centrifugation, the protein pellets were washed
with 80 per cent acetone and resuspended in the DIGE
lysis buffer. The Bradford protein assay was used to
determine the amount of protein extracted from each
material. Briefly, varying concentrations of BSA (50, 25,
12.5, 6.25 and 3.125 mg mlK1) were prepared and used as
a standard curve; 200 ml of protein assay reagent (Bio-
Rad) was mixed with 10 ml of each standard and sample.
The reaction was left to progress at room temperature
for 5 min. Absorbance was measured at 595 nm. Protein
concentrations of the protein extract from the test
materials were determined from the standard curve.
2.7. Differential in-gel electrophoresis
2.7.1. Saturation labelling. Five micrograms of the
extracted proteins were added into sterile microfuge
tubes. The protein in each tube was reduced with 1 ml of
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Figure 2. SEM and AFM images of NSQ50 nanopitted substrates. (a) Near-square nanopits with 120 nm diameter, 100 nm depth
and with average 300 nm centre-to-centre spacing (300 nm spaced pits in square pattern, but with G50 nm disorder) on
poly(carbonate) substrates produced by EBL and embossing were viewed by SEM. (b) Embossed PCL sheet was analysed by
atomic force microscopy to confirm that the nanoscale topography was successfully transferred.
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2 mM TCEP. The reactions were incubated at 378C in
the dark for 1 hour. The protein in each tube was
labelled with the required volumes (2 ml) of Cy3 and
Cy5 in the dark for 30 min (typically, 5 mg of protein
requires 2 nmol TCEP and 4 nmol of CyDye). Equal
volumes of 2! sample buffer (7 M urea, 2 M thiourea,
4% w/v CHAPS, 2% w/v IPG buffer pH 4–7 and 2%
w/v DTT) were added to stop the reactions. The
proteins labelled with Cy3 and Cy5 were mixed
together. Two-dimensional gel electrophoresis was
performed. Three pairs of tests and controls were used
to compare with each other tomeet the statistic criteria.
2.7.2. Two-dimensional gel electrophoresis. The first-
dimension isoelectric focusing (IEF) was performed
on IPG strips (24 cm; linear gradient pH 4–7) using
an Ettan IPGphor system (GE-Healthcare). The IEF
was performed using the following voltage programme:
30 V constant for 12 hours; 300 V constant for 1 hour;
linear up to 600 V for over 1 hour; linear up to 1000 V
for over 1 hour; linear up to 8000 V for over 3 hours;
then, 8000 V constant for 8.5 hours. The current
was limited to 50 mA per strip and the temperature
was maintained at 208C. After focusing, the strips were
equilibrated for 15 min in 5 ml of reducing solution
(6 Murea, 100 mMTris–HCl pH8, 30%v/v glycerol, 2%
w/v SDS, 5 mg mlK1 DTT). For the second-dimension
SDS–PAGE, IPG strips were placed on the top of
12 per cent acrylamide gels cast in low-fluorescence
glass plates and then sealedby 0.5 per cent (w/v) agarose
overlay solution. Gels were run at constant power
50 W/gel until the bromophenol blue tracking front
had reached the base of the gel. Fluorescence images of
the gels were obtained by scanning on a Typhoon 9400
scanner (GE Healthcare). Cy3 and Cy5 images were
scanned at 532/580 nm and 633/670 nm excitation/
emission wavelengths, respectively, at a pixel size of
100 mm resolution. Image analysis and statistical
quantification of the relative protein expression
was performed using DECYDER v. 5.1 software
(GE Healthcare).
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2.7.3. Preparative two-dimensional gel. Three hundred
micrograms of protein extracted from human osteopro-
genitors cultured in a tissue culture flask was reduced by
6 ml of 20 mMTCEP and then labelled with 20 ml of Cy3
DIGE flour. After this, two-dimensional gel electro-
phoresis was performed and the gel scanned as described
earlier. The preparative gel image was matched with
analytical DIGE gel images and the spots of interest
were selected for further analysis. A pick list was
generated, containing gel coordinates that were used to
direct spot cutting for spots of interest. The gel spots
were excised using an Ettan Spot HandlingWorkstation
(Amersham Biosciences, UK), and each gel piece was
placed in a separate well of a 96-well plate. The gel pieces
were washed three times in 100 ml of 50 mM ammonium
bicarbonate, 50 per cent v/v methanol and then twice in
100 ml 75 per cent v/v acetonitrile, before drying. The
gel pieces were rehydrated with trypsin solution (20 mg
trypsin mlK1 and 20 mM ammonium bicarbonate), and
incubated for 4 hours at 378C. Peptides were extracted
from the gel pieces by washing twice in 100 ml of 50 per
cent acetonitrile/0.1 per cent trifluoroacetic acid (v/v),
before being transferred in solution to a fresh 96-well
plate and dried before mass spectrometric (MS)
analysis. The use of a preparative gel was required
owing to the detection limits of the MS and the protein
yield from our small samples.
2.7.4. MS/MS and database analysis. Trypsinized
peptide solutions were mixed at a 1 : 1 ratio with a
saturated a-cyano-4-hydroxycinnamic acid matrix in
0.3 per cent TFA, and spotted on stainless steel MALDI
sample plates (Applied Biosystems, Framingham,MA).
Peptide mixtures were then analysed using MALDI/
TOF/TOF (4700 Proteomics Analyzer, Applied Bio-
systems). MALDI–TOF spectra were collected from
m/z 800–2800 and up to 10 peaks were selected for the
MS/MS analysis. Protein identification was performed
using GLOBAL PROTEOME SERVER EXPLORER software
(Applied Biosystems) using the NCBI human protein
database. The identificationwasassigned toaprotein spot
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Figure 3. OPGs cultured on PCL substrates in static culture: (a) 5 days on flat surface, (b) 5 days on nanopits, (c) three weeks on
flat surface and (d ) three weeks on nanopits. Note that the cells on the nanopits at day 5 were less spread than the flat surface. By
three weeks, dense aggregates appear on nanopits, similar in appearance to bone nodules.
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feature if the protein score was calculated to be greater
than 50, correlatingwith a 95 per cent confidence interval.
Theprotein identificationswere assignedusing theMascot
search engine, which gives each protein a probability-
based MOWSE score. In all cases, variable methionine
oxidationwasused for searches.AnMStolerance of 1.2 Da
for MS and 0.4 Da for MS/MS analysis was used. Only
proteins identified with a significant score (p!0.05) were
included, corresponding to a MOWSE score greater than
100. Where multiple proteins were identified, only the
highest scoring identification was included in the results.
3. RESULTS

3.1. Cell morphology and histology

Coomassie blue staining after 5 days indicated that the
OPGs on the flat control were observed to be well spread,
while osteoprogenitors on the NSQ50 test surface
appeared lesswell spread (figure 3).Highermagnification
observation, however, showed that similar cell numbers
could be observed in each image grab area, and that the
cells on the NSQ50 topography were smaller (figure 4).

After three weeks of static culture, confluent cell
layers (90%C) were observed on control. Dense
clusters of cells were noted on the nanopit surface
(figure 3) with the appearance of bone osteoid.
Scanning electron microscopic evaluation confirmed
these results with nodule formation only observed on
NSQ50 (figure 5). Alizarin red staining of calcium was
observed after three weeks’ culture on both NSQ50 and
control materials (figure 6). Dense aggregates with
intense staining, however, were observed only on the
NSQ50 test topography.
J. R. Soc. Interface (2009)
3.2. Differential in-gel electrophoresis

DIGE results showed that the expression of a number of
proteins was significantly modulated following the
culture of human OPGs on NSQ50 compared with
those cultured on flat control (figure 7). The results,
including name, direction and magnitude of regulation
and at a glance function, of the identified proteins are
shown in table 1.
3.2.1. Proteins with increased expression. Significant
upregulations of actin isoforms, beta-galectin1, vimen-
tin and procollagen-proline, 2-oxoglutarate 4-dioxy-
genase and prolyl 4-hydroxylase were noted.

Electrophoretic area 1. Procollagen-proline, 2-
oxoglutarate 4-dioxygenase and prolyl 4-hydroxylase
are a group of enzymes that play critical roles in the
maturation of collagen fibres (Pihlajaniemi et al. 1991).
Hydroxyproline is involved in hydrogen bond forma-
tion, which is important for the stabilization of collagen
fibres (Ramachandran et al. 1973). Prolyl 4-hydroxylase
catalyses the formation of 4-hydroxyproline in collagens
and the reaction which is catalysed by prolyl
4-hydroxylase requires Fe2C, 2-oxoglutarate, O2 and
ascorbate and involves an oxidative decarboxylation of
2-oxoglutarate (Kivirikko et al. 1989). The upregulation
of these enzymes suggests increasing collagen synthesis
in cells cultured on nanopits.

Electrophoretic area 2. Vimentin is the major
skeletal intermediate filament cytoskeletal protein
and is involved in a wide range of cellular activities.
Intermediate filaments play an important role in
supporting the location of the organelles (Katsumoto
et al. 1990). Furthermore, the intermediate filaments
respond to mechanical stresses with great sensitivity
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Figure 5. Scanning electronmicrographs of osteoprogenitor interaction withNSQ50 nanopits comparedwith planar control. On the
NSQ50 topography (a–d) cells could adhere and differentiate to form a dense aggregate of cells similar in appearance to bone nodules
(a,b). (c,d) Cells used their filopodia to sense nanopit topography surface. On the flat surface (e–h ) cells were fully spread
andproliferated to formaconfluent tissue layer (e, f ).Also, (g,h) cells using their filopodia to sense the substratumsurface canbe seen.
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Figure 4. A higher magnification of different areas on (a,c) flat surfaces and (b,d) nanopits showed that the numbers of
osteoprogenitors after adhering to both surfaces were similar after 5 days’ culture.
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(Thoumine et al. 1995) and have postulated roles in
mechanosensitive signalling via, for example, cellular
tensegrity (Wang et al. 1993; Ingber 1997). In a
previous study, the osteoblast-like cell line MC3T3-E1
showed higher expression of vimentin during the
differentiation and mineralization phase than in the
proliferation phase, suggesting that vimentin may have
a role in bone maturation (Kitching et al. 2002).
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Electrophoretic area 3. Actin is a cytoskeletal
protein known to be important in topographical contact
guidance (Wojciak-Stothard et al. 1995). Changes in
actin organization have also been reported in response
to nanoscale topographies (Dalby et al. 2003). Increase
in well-organized actin stress fibres is associated with
enhanced osteogenic activity (Titushkin & Cho 2007).
This may be through the generation of tension by actin
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Figure 7. Typical DIGE images as analysed by DECYDER Image Analysis Software. (a,c) The images of proteins labelled by Cy3
and (b,d) the images of proteins labelled by Cy5. Peak volumes of each spot were compared with each other. A twofold difference
in peak volume was used as a cut-off to determine the difference in protein expression between the test and the control. In all
DIGE gels, there were areas showing results of up- and downregulation. These spots were used for protein identification.
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Figure 6. (a,b) Alizarin red staining for calcium accumulation. Positive calcium staining could be seen three weeks after cell
seeding. (b) Dense aggregates of cells, bone nodules, were observed on only NSQ50.
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stress fibres effecting the formation of focal adhesions
that have critical roles in cell response to materials
through transmembrane integrins linking the extra-
cellular matrix to the cytoskeleton. Such changes to
cellular adhesion will change signalling from associated
proteins, such as FAK, extracellular receptor kinase
(ERK) and Src family kinases, all of which interact
during FAK autophosphorylation during adhesion
maturation and stress fibre assembly (Chrzanowska-
Wodnicka & Burridge 1996; Dalby et al. 2008).

Electrophoretic area 4. Upregulation of beta-galac-
toside-binding lectin precursor (galectin precursor) and
galectin-1 was found. These results may indicate
increased osteo-specific differentiation on NSQ50
J. R. Soc. Interface (2009)
compared with control (Aubin et al. 1996; Choi et al.
1998; Colnot et al. 1999), as the expression of galectin in
skeletal tissue is controlled by Runx2 during the matrix
maturation stage of osteoblastic development (Stock
et al. 2003). Galectin-1 was found to be associated with
the nuclear matrix in differentiated osteoblasts. It was
detectable only in the nuclear matrix of differentiated
osteoblasts (Choi et al. 1998).
3.2.2. Proteins with decreased expression. Significant
downregulations for enolase, caldesmon, zyxin,
GRASP55, Hsp70, (BiP/GRP78), RNH1, cathepsin
D and Hsp27 were found.



Table 1. Typical DIGE images as analysed by DECYDER Image Analysis Software. (Figure 7a,c shows the images of proteins
labelled by Cy3. Figure 7b,d shows the images of proteins labelled by Cy5. Peak volumes of each spot were compared against each
other; 2.0-fold difference in peak volume was used as a cut-off to determine the difference in protein expression between test and
control. In all DIGE gels there were areas showing results of up- and downregulation. These spots were used for protein
identification.)

electrophoretic
area name function summary

expression resulting
from static culture

1 procollagen-proline, 2-oxoglutarate
4-dioxygenase and prolyl 4-hydroxylase

collagen formation 2.50G1.13

2 vimentin cytoskeleton (intermediate filament) 2.93G0.51
3 actin cytoskeleton (microfilament) 3.55G1.57
4 beta-galactoside-binding lectin

precursor (galectin precursor)
regulation of cell adhesion 3.63G0.82

5 Hsp70 and GRP78 (BiP) chaperone K2.39G0.29
6 GRASP55 reassembling of Golgi apparatus K2.81G0.82
7 RNase inhibitor RNA degradation inhibition K2.77G0.77
8 zyxin focal adhesion forming K2.83G0.89
9 caldesmon calmodulin and actin-binding protein K5.03G0.99
10 alpha-enolase enzyme in glycolytic pathway K2.58G0.31
11 cathepsin D lysosomal protease K2.23G0.31
12 heat shock protein 27 (Hsp27) chaperone K4.23G0.39
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Electrophoretic area 5. Previous studies have indi-
cated that certain isoforms of Hsp70 were down-
regulated. Heat shock 70-kDa protein 8 isoform 1
(HSPA8) is expressed on the cell surface of the human
embryonic stem cells and downregulated upon differ-
entiation (Son et al. 2005). A decrease in mtHSP70 is
important for the induced differentiation of HL-60
promyelocytic leukaemia cells (Xu et al. 1999). By
contrast, other studies showed an increase in Hsp70
(GRP78/Bip) during differentiation (Nakai et al. 1995).
In addition, Cotrupi & Maier (2004) have also
suggested that cells in microgravity express Hsp70 in
order to maintain their proliferative potential. While
little is understood yet about this group of proteins, it
seems likely that the heat shock proteins will be
important in modulation, osteoblastic proliferation
and differentiation. Some evidence suggests that mito-
gen-activated protein kinases (MAPKs) of the ERK
family alter Hsp70 transcription. The ERK signalling
pathway induces the expression of Hsp70 (Hung et al.
1998), and inhibition of ERK reduces the expression of
Hsp70 in response to various stressors (Yang et al. 2004;
Keller et al. 2008).

Electrophoretic area 6. Downregulation of RNase in-
hibitor was also noted in a previous study (Kantawong
et al. in press) that consideredprogenitor cells on grooves.
Activity of the RNase is inhibited by the formation of a
complex with an inhibitor (such as RNH1). In vivo, more
than 95 per cent of ribonuclease is complexed with an
inhibitor, and the inhibitor/RNase ratio is elevated in
proliferating tissues (Schneider et al. 1988). Thus, it may
be that this result indicates the lower proliferative
activity of the cells on the NSQ50 (compared with
control) as a consequence of differentiation to matrix
secreting cells.

Electrophoretic area 7. Downregulation of Golgi
reassembly stacking protein 2 (GRASP55) might
indicate the decrease of mitotic activity of the
cultured cells on disordered nanopits. GRASP55 plays
J. R. Soc. Interface (2009)
a mitogen-activated protein kinase kinase/extracellular-
activated protein kinase (MEK/ERK)-regulated role in
Golgi ribbon formation and cell cycle progression
(Feinstein & Linstedt 2008). GRASP55 mediates
assembly of Golgi stacks in an in vitro assay (Shorter
et al. 1999).

Electrophoretic area 8. Zyxin is one of the LIM
domain proteins at focal adhesion plaques (Wang &
Gilmore 2003). Zyxin is a phosphoprotein localized at
the sites of cell-substratum adhesion and also plays a
role as an intracellular signal transducer. Zyxin and
its partners have been implicated in the spatial control
of actin filament assembly as well as in pathways
important for cell differentiation (Beckerle 1997). This
group of proteins also shuttle through the nucleus and
may regulate gene transcription by interaction with
transcription factors (Wang & Gilmore 2003).

Electrophoretic area 9. Downregulation of caldes-
mon can also be correlated with the previous proteomic
study considering grooved topography (Kantawong
et al. in press). Caldesmon is an actin-binding protein.
In non-muscle cells, it influences contractility by inter-
fering with focal adhesion and stress fibre assembly
(Helfman et al. 1999; Li et al. 2004). Thus, this result
appears to fit well with the previous observation of the
increased actin isoform expression. This result is also in
agreement with a further previous study (Inoue et al.
2000), which indicated that caldesmon is down-
regulated during osteoblastic differentiation.

Electrophoretic area 10. Downregulation of alpha-
enolase provides further evidence informing us that
culture cells on NSQ50 were differentiating (compared
with control). Alpha-enolase was found upregulated in
proliferating human keratinocytes and downregulated
in differentiating cell types (Olsen et al. 1995).

Electrophoretic area 11. Cathepsin D is a well-
characterized aspartic protease expressed ubiquitously
in lysosomes. The enzyme has broad substrate speci-
ficity at acidic pH. Cathepsin D is important in
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bone degradation owing to a role in extracellular matrix
degradation. Cathepsin D has also been implicated
in cell growth and apoptosis, and expressed as a
marker for osteoclast differentiation. Osteoclasts are
macrophage-derived cells developed from the haemo-
poietic lineage. This suggests that the protein
expression during cell differentiation depends on indi-
vidual cell types.

Electrophoretic area 12. Heat shock protein 27
(Hsp27) is a downstream regulator of actin filament
structure and dynamics (Landry & Huot 1995). Hsp27
is involved in the regulation of actin polymerization
and stability (Benndorf et al. 1994; Huot et al. 1996),
and participates in cell proliferation and differentiation
during tissue development (Wang et al. 2003; Matalon
et al. 2008; Takahashi-Horiuchi et al. 2008). By
contrast, Hsp27 expression was decreased in this
study. Hsp27 overexpression has been shown to
increase FAK phosphorylation and focal adhesion
formation, depending on integrin-mediated actin cyto-
skeleton polymerization (Lee et al. 2008).
4. DISCUSSION

This study has examined the differential osteoblast
proteomic profiles of the cells cultured on an osteogenic
nanotopography, NSQ50, and planar control over a
35 day time frame and demonstrated significant
regulation of a number of matrix, cytoskeletal, heat
shock and molecular and biochemical players.

A previous study from our group considering DIGE
of OPGs cultured on microtopography (grooves;
Kantawong et al. in press) considered that the
microgrooved topography altered the cell morphology
and induced changes in the protein expression profiles
via arrangement of the cytoskeletal network (Dalby
et al. 2007a,b). The cytoskeleton is thought to act as an
integrated network transducing changes in cellular
tension to the nucleus via the close relationship of the
cytoskeletal intermediate filaments (e.g. vimentin) and
the nucleoskeletal intermediate filaments (the lamins)
(Ingber 2003). Furthermore, lamins have been
described as being intimate with interphase chromatin
(Bloom et al. 1996).

It has been reported that nanoscale topographies
can induce changes in the cell adhesion complex for-
mation (Biggs et al. 2007a, 2008), cell morphology
(Biggs et al. 2007b), cytoskeleton network and nuclear
organization (Dalby et al. 2007b). The present study
was undertaken to investigate whether such changes
translate to comparative changes in the protein
expression on a highly novel nanotopography where
the genome has been investigated; the protein
expression profile providing definitive evidence of
transcriptional protein changes as a consequence
of alterations to the gene expression.

Here, we have studied the protein profiles in long-
term culture (five weeks). As observed with cells on
microgrooves, the cytoskeleton, and regulation of the
cytoskeleton, is of central importance. The influence of
microscale features on the cytoskeletal filaments and
tubules is easier to appreciate owing to the scale of
the features compared with the cell, i.e. they are of the
J. R. Soc. Interface (2009)
same order of magnitude. However, nanoscale features
are far smaller than the cell, corresponding in size to
features such as filopodia, and thus it seems likely
that nanotopography will change the cell behaviour
through alteration in adhesion formation rather than
mechanical constraint.

In this study, the novel osteogenic nanotopography,
NSQ50, results in changes in the protein expression
profiles of the cultured OPGs, confirming that nanoto-
pography can direct cell differentiation with impli-
cations therein for the future design of scaffolds and
biomaterials for reparative approaches.

In recent publications looking at nanoscale topogra-
phies (including NSQ50) and genomic regulations
(Dalby et al. 2007c, 2008), we have shown that there
are several canonical (well-defined) signalling pathways
that appear to be specifically triggered by nanotopo-
graphy. These include actin- and integrin-related
signalling. The proteomic observation of the cyto-
skeletal and regulatory protein changes suggests
translation of these pathways from the genome to the
proteome. This is critical for the expression of
phenotype from genomic regulations.

NSQ50 has previously been shown to modulate the
osteoid formation in vitro in basal media, while OPGs
grown on planar control appear to have a more
fibroblastic morphology (Dalby et al. 2007c). It is
clear that NSQ50 attenuates cell adhesion as shown in
the downregulation of zyxin and Hsp27, which will
affect FAK signalling downstream. These changes will
have effects on the cell cytoskeleton and subsequent
cellular traffickings. Since cathepsin D is involved in
the protein trafficking and protein degradation
pathways, it might be postulated that the down-
regulation of this enzyme results from the changes in
cellular trafficking activity. The maturation of cath-
epsin D depends on the clathrin-mediated trafficking
of TGN-derived cargo, which is regulated via actin
assembly (Carreno et al. 2004; Poupon et al. 2008).

The most important change influenced by NSQ50 is
the attenuation of cell proliferation as shown in the
downregulation of Hsp70 and Golgi reassembly stack-
ing protein (GRASP55), the downstream regulator of
the mitogen-activated protein kinase kinase
(MEK)/extracellular-activated protein kinase (ERK)
pathway (Jesch et al. 2001). Downregulation of RNH1
also shows agreement that the proliferation rate of cells
on NSQ50 should be decreased. Changes in the
expression of galectin and procollagen-proline, 2-oxo-
glutarate 4-dioxygenase and prolyl 4-hydroxylase all
imply changes in the maturational state of the
progenitor cells and thus this investigation suggests
that the balance of these proteins could be important in
topographically induced bone cell differentiation and
bone formation.

The NSQ50 topography is of interest as it represents
a previously untried middle route, that of cont-
rolled disorder. Previously, only highly ordered (sub-
nanometre error) and totally random topographies
have been tested. It would appear from these, and
previous genomic and histological results, that this
middle pathway provides a powerful stimulus for
differentiation. It could be postulated that while nature
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can achieve high degrees of order, the potential for
additional discrete levels of disorder to modulate the
cell differentiation and activity offer exciting new
avenues, as yet unexplored, in regenerative medicine.
5. CONCLUSIONS

Disordered nanopits imprinted onto a PCL substrate
are a stimulator of human OPG differentiation. Here,
we demonstrate a differential proteomic technique to
study the cell response to nanotopography and show a
number of significant changes in the protein expression.
The changes implicate the modulation of focal adhe-
sions and the cytoskeleton as having central roles in
inducing cell differentiation on nanotopography.

The development of materials that can elicit desired
responses in stem cell and progenitor cell populations
will underpin tissue engineering, where a key driver is
the formation of complex tissues in the laboratory. This
requirement for complex nanostructures indicates the
need to further elucidate the mechanisms and dis-
ordered structures implicated in stem cell differen-
tiation and potential therein for developing innovative
strategies to tissue repair.

Only tissue that would have been discarded was used
with the approval of the Southampton and South West
Hants Local Research Ethics Committee.
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