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ARTICLE INFO ABSTRACT

Article history:

To fight bone diseases characterized by poor bone quality like osteoporosis and osteoarthritis, as well as
in reconstructive surgery, there is a need for a new generation of implantable biomaterials. It is envi-
sioned that implant surfaces can be improved by mimicking the natural extracellular matrix of bone
tissue, which is highly a organized nano-composite. In this study we aimed to get a better understanding
of osteoblast response to nanometric grooved substrates varying in height, width and spacing.
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ﬁ‘;{l"ggdz o A throughput screening biochip was created using electron beam lithography. Subsequently, uniform
Osteoblsstg Py large-scale nanogrooved substrates were created using laser interference lithography and reactive ion
Interface etching. Results showed that osteoblasts were responsive to nanopatterns down to 75 nm in width and
Calcification 33 nm in depth. SEM and TEM studies showed that an osteoblast-driven calcium phosphate (CaP)

mineralization was observed to follow the surface pattern dimensions. Strikingly, aligned mineralization
was found on even smaller nanopatterns of 50 nm in width and 17 nm in depth. A single cell based
approach for real time PCR demonstrated that osteoblast-specific gene expression was increased on
nanopatterns relative to a smooth control. The results indicate that nanogrooves can be a very promising

Cell morphology
Gene expression

tool to direct the bone response at the interface between an implant and the bone tissue.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The use of implants has become a common treatment for end
stage destructive joint diseases like osteoporosis, osteoarthritis and
bone tumors. These bone diseases are characterized by poor bone
quality, decreased bone formation or increased bone resorption.
Current therapy includes the replacement of damaged tissue by the
installation of an implant. To increase the lifespan of implants in
these compromised patients, there is a need for a new generation of
implantable biomaterials, for which it is supposed that improvement
of initial bone tissue response should lead to long-term implant
stability.[1] This initial response depends on several factors, but most
important are the interface interactions between bone tissue and the
biomaterial surface. Key parameters are surface wettability and
surface topography.[2] Cells are known to be very sensitive to the
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surface topographical environment and recognize surface topo-
graphical alterations, which subsequently can induce changes in the
cytoskeleton, cell shape and differentiation.[3] Besides this cellular
effect, surface nanostructure can serve as a template to control the
initiation and growth of apatite crystals, the major building block of
bone tissue.[4] In this context it is envisioned that one approach to
improve interface interactions between implants and the
surrounding bone tissue is by mimicking the natural extracellular
matrix (ECM) of bone tissue in order to stimulate osteoblast adhe-
sion, proliferation and differentiation. The natural bone ECM is
a highly organized nanocomposite, consisting of molecules like
collagen type-1 and hydroxyapatite[5,6]. Collagen type-I forms fibrils
with an interfibrillar spacing of 68 nm and 35 nm depth. The
hydroxyapatite crystals are embedded in these fibrils [6] and have an
average size of 50 x 25 x 4 nm°>. The bone surface has an average
roughness value (R;) of 32 nm.[7] Many groups have already verified
the effect of mimicking the bone surface nanoroughness using
various biomaterials [7-18] and showed a beneficial effect of nano-
roughness on osteoblast proliferation.[8,9,13,14] However in all these
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studies, nanometric surface structures were formed by random
processes like self-organization via polymer demixing, colloidal
lithography, acid etching or grinding.[11,12,17] The response of
osteoblasts to ordered textures has also been reported, but merely on
a micrometer (i.e. >1pum) or sub-micrometer topography (i.e.
1 wm > 100 nm).[19-21] It is shown that cells are especially
responsive to groove/ridge patterns and on such surfaces aligned as
well as migrated along the groove direction. Also ECM formation [22]
and mineral deposition has been shown to be promoted along such
sub-micrometer grooves.[21] However, so far most studies focused
on the cell response to grooves with only one dimension (either
depth or width) in the nanometer scale (i.e.1-100 nm), while leaving
the other dimension always at micron or just submicron-scale, i.e.
considerably larger than the natural bone ECM [20,21,23,24].

In this paper, we report on the response of osteoblast-like cells
to grooved substrates nanometric in all dimensions. Several aspects
of the cellular response were studied, i.e., (1) adjustment of the
shape of osteoblasts and the position of focal adhesions, (2) the
interface between osteoblast-like cells and substrates, and (3) gene
expression profiles.

2. Materials and methods
2.1. Substrates

A silicon biochip containing 50 different nanometric patterns
was generated using electron beam lithography (EBL) as described
by Loesberg et al. [25] employing Hydrogen Silsesquioxane resist, as
described by van Delft et al. [26,27] The field patterns consisted of
squares of 500 x 500 um containing patterns with nanogroove-to-
ridge ratios of 1:1, 1:3 and 3:1. As a control for cellular orientation,
silicon substrates with microgrooves (depth of 0.25 pum and a pitch
of 2 um; [28]), as well as smooth substrates were used. All silicon
substrates were used as templates for the production of polystyrene
(PS; Acros, Geel, Belgium) replicates for cell culture [28].

2.2. Large scale uniform nanogrooved substrates created with laser
interference lithography

After screening of the biochip, also large scale, uniformly
nanogrooved silicon wafers were created using laser interference
lithography (LIL). A setup was used based on the Lloyd’s interfer-
ometer, where a regular pattern was produced by interference of an
incident laser beam and a mirror reflected beam.[29] The period of
the interference pattern, and thus of the grating recorded in the
resist layer on the substrate, is given by the equation: P=}/(2sin q)
where the period (P) is determined by the wavelength (1) of the
beam source and the angle (q) at which two coherent beams are
interfering. With a 266 nm light source, periods of 150 nm up to
1000 nm were produced.[30] An optimized antireflective photo-
resist layer [30] was spin coated on a silicon wafer. After illumi-
nation and development of the resist layer, the grating was
transferred to the substrate by a reactive ion etching process using
a Plasmatherm 790 system (Unaxis, Utrecht, The Netherlands).
An optimized method of reactive ion etching using parameters
giving anisotropic etch profiles in nanoscale was used. SFg:0;
(instead of CHF3:0,) plasma chemistry gave well defined structures
transferred on silicon. Using this setup, highly regular patterns
were produced over areas of about 2 x 2 cm?.

2.3. Polystyrene replicas
For the reproduction of the PS replicas, 0.5 g PS dissolved in

3 mL chloroform was casted onto a 3” silicon wafer and the
chloroform was evaporated. PS rings (2.0 cm &) were glued to

substrates using a small amount of casting solution to create cell
culture dishes. Substrates received a radiofrequency glow-
discharge (RFGD; Harrick, Ossining, USA) treatment for 5 min at
10~2 mbar for sterilization and to improve wettability.

2.4. Atomic force microscopy (AFM)

Surface topography was quantitatively evaluated using
a Dimension atomic force microscope (AFM; Dimension 3100,
Veeco, Santa Barbara, CA). Tapping in ambient air was performed
with 118 pm long silicon cantilevers (NW-AR5T-NCHR, NanoWorld
AG, Wetzlar, Germany) with average nominal resonant frequencies
of 317 kHz and average nominal spring constants of 30 N/m. This
type of AFM probe has a high aspect ratio (7:1) portion of the tip
with a nominal length of >2 um and a half-cone angle of <5°.
Nominal radius of curvature of the AFM probe tip was less than
10 nm. The probes are especially suited to characterize the manu-
factured nanogrooves.

Height images of each field/sample were captured in ambient air
at 50% humidity at a tapping frequency of 266.4 kHz. The analysed
field was scanned at a scan rate of 0.5 Hz and 512 scanning lines.
Nanoscope imaging software (version 6.13r1, Veeco) was used to
analyse the resulting images. Surface roughness (root mean
squared (RMS), nm) and depth (nm) were obtained and averaged
for three random fields per substrate.

2.5. Cell culture

Osteoblast-like cells were obtained as described before [31].
Briefly, femurs of 40-43 day old male Wistar WU rats (local
approval number DEC 2004156). The femurs were washed three
times in alpha Minimal Essential Medium (aMEM; Gibco, Invi-
trogen Corp., Paisley, Scotland) with 0.5 mg/mL gentamycin and
3 ug/mL fungizone. The epiphyses were removed and the diaph-
yses were flushed out cell culture medium containing 10% fetal
calf serum (Gibco), 50 ug/ mL ascorbic acid (Sigma-Aldrych,
Zwijndrecht, the Netherlands), 10 mm Na-B-glycerophosphate
(Sigma), 10~ M dexametasone (Sigma) and 50 pg/mL gentamycin
(Gibco).

After one day medium was refreshed to remove non-adherent
cells. After 7 days of primary culture, cells were detached with
trypsin/EDTA (0.25% w/v trypsin/0.02% EDTA) and seeded onto the
substrates at 10% cells/cm?.

2.6. Cellular orientation

At 24 h, cells were washed in PBS and fixed for 10 min in 3%
formaldehyde (PFA; Sigma-Aldrych) and 0.02% glutaraldehyde
(Acros) in PBS. Cells were permeabilized in 1% Triton X100 (Koch,
Colnbrook, England) in PBS for 5 min and subsequently incubated
with PBS containing 5% BSA (Sigma) for 30 min to block aspecific
epitopes. Actin filaments of cells were fluorescently stained with
Alexa-fluor 568 conjugated phalloidin (1:200 Molecular probes,
Invitrogen Corp., Paisley, Scotland) diluted in PBS containing 1% BSA
and 0.1% Tween-20 (Merck, Schuchardt, Germany). The specimens
were examined using an Olympus FV1000 confocal laser scanning
microscope (CLSM, Olympus, Center Valley, USA).

Orientation of osteoblast-like cells on grooved substrates was
examined by taking photographs of cells and determining the
angle relative to the line direction. The images were analysed
with Image] software (Image ], La Jolla, USA). Inclusion criteria for
cells were: the cell was not in contact with other cells and the
cell was not in contact with the image perimeter. Statistical
analysis was performed using SPSS for Windows (SPSS14.0,
Chicago, USA).
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2.7. Immunofluorescence staining

After 24 h, osteoblast-like cells were washed 3 times in PBS and
fixed for 10 min in 3% PFA and 0.02% glutaraldehyde in PBS and
permeabilized in 1% Triton X100 in PBS for 5 min. Cells were then
incubated in PBS containing 5% BSA for 30 min to block aspecific
epitopes. o-Vinculin labelling was performed overnight with
mouse monoclonal primary antibodies (1:500; Sigma) in PBS
containing 1% BSA and 0.1% Tween-20. This incubation step was
followed by incubation with goat anti-mouse secondary antibody
Alexa-fluor 488 conjugated IgG (1:200; Molecular Probes, Invi-
trogen), Alexa-fluor 568 conjugated phalloidin for F-actin fluores-
cence (1:200; Molecular probes) and DAPI staining for nucleic
UV-visualization (1:2500) diluted in PBS containing 1% BSA and
0.1% Tween-20 for 2 h at room temperature. Finally, the specimens
were examined with an Olympus FV1000 CLSM.

2.8. Transmission electron microscopy (TEM)

Osteoblast-like cells were cultured for 12 and 16 days and
subsequently washed in PBS, fixed in 2% glutaraldehyde in 0.1 m
sodium-cacodylate for 5 min and washed in 0.1 m sodium-cacody-
late. Subsequently cells were post-fixed in 1% 0sO4 for 60 min and
dehydrated in a graded series of ethanol (5 min in 70%, 80%, 90%,
96%, 100% ethanol and finally 100% filtered ethanol). The patterned
areas were then cut into pieces and embedded in epoxy resin
(Electron Microscopy Sciences, Hatfield, USA). The specimens were
first incubated overnight in a mixture of 1:1 Epoxy resin:EtOH
100%, washed three times in pure epoxy resin and then incubated
overnight in pure epoxy resin. The epoxy resin was polymerized at
65 °C. After polymerization ultrathin sections of approximately
130 nm thickness were cut for TEM analysis using a diamond knife
(Diatome) and collected on 100 mesh grids (Electron microscopy
sciences, Hatfield, USA). After drying, sections were stained in
uranyl acetate for 30 min and subsequently in lead citrate for
10 min. Sections were examined with a JEOL TEM 1010 (Nieuw
Vennep, the Netherlands). The electron dense areas observed with
TEM, were further analyzed using EDX-TEM analysis (FEI, Eind-
hoven, The Netherlands).

2.9. Scanning electron microscopy (SEM)

At 3, 8 and 16 days, cells were washed in PBS, fixed for 5 min in
2% glutaraldehyde in 0.1 m sodium-cacodylate and washed for
5 min in 0.1 m sodium-cacodylate. Fixed cells were dehydrated in
a graded series of ethanol (5 min in 70%, 80%, 90%, 96%, 100%
ethanol and finally 100% water free ethanol) and dried to air in
tetramethylsilane. The specimens were sputter-coated with gold
(10 nm) and examined with a Jeol 6310 SEM.

2.10. RNA isolation and reverse transcriptase PCR

Cells were cultured for 12 h, 48 h and 5days, washed 3x in PBS
and subsequently excised from nanogrooved substrates of
1000 nm, 300 nm and 150 nm groove pitch. Since cells were seeded
at such a low density, conventional reverse transcriptase and QPCR
was replaced by a single-cell based approach as described by Shieh
et al. [32] mRNA isolation was performed using the Absolutely
RNA® Nanoprep kit (Stratagene, La Jolla, USA) according to manu-
facturer’s protocol. Briefly, the cells were lysed in 100 pL of lysis
buffer containing 0.7 uL of B-mercaptoethanol. Subsequently
100 puL EtOH 70% was added, thoroughly mixed and transferred into
an RNA-binding nano-spin cup. The sample was centrifuged at
12,000xg for 60 s, the filtrate was discarded and 300 pL of low-salt
wash buffer was added. The sample was centrifuged and the filtrate

was removed. 15 pL of DNase-solution (2.5 pL RNase-Free DNase-I
mixed with 12,5 uL DNase digestion buffer) was added to the
sample and incubated for 15 min at 37 °C. 300 pL of high-salt wash
buffer was added to and subsequently centrifuged at 12,000xg for
1 min. The filtrate was discarded, 300 pL low-salt wash buffer was
added to the spin-cup and centrifuged. 8 uL of Elution buffer was
added to the sample and incubated for 2 min at room temperature.
The sample was collected by centrifugation at 12,000xg for 5 min.

After obtaining the mRNA, a first strand reverse transcriptase
PCR was performed using the Superscript™ III First-strand
Synthesis System for RT-PCR (Invitrogen) according to manufac-
turers protocol. The collected 8 uL of mRNA was incubated with
1 uL of dNTPs (1 mm end concentration), 0.5 uL random hexamers
and 0.5 pL oligo (dT)o primers (both 0.5 um end concentration) for
5 min at 65 °C to anneal the primers to the mRNA. The following
components were subsequently added: 2 uL 10x reaction buffer,
4 L 25 mm MgCly, 2 uL 0.1 m DTT, 1 pL RNaseOUT (40 U/uL)and 1 pL
superscript III RT (200 U/uL). The reaction mix was incubated for
10 min at 25 °C for further primer annealing, 50 min at 50 °C for
reverse transcription and 5 min at 85 °C to terminate the reaction.
Then 1 pL RNase H was added to the tube and incubated for 20 min
at 37 °C for RNA digestion. This solution was stored at —20 °C until
further use.

2.11. Real time PCR

The cDNA will then be amplified and specific gene expression is
quantified in a real-time PCR. For this reaction, 12.5 uL master mix,
2 pLDNA, 3 pL primer mix (1.5 pL forward primer and 1.5 pLreverse
primer are mixed) and 7.5 uL DEPC. Subsequently the PCR is
performed in a Real-Time PCR reaction apparatus with the desired
temperatures. The used primers were from B1-integrin, B3-integ-
rin, collagen type-I, alkaline phosphatase (ALP), osteocalcin (OCN),
osteopontin (OPN) and B-actin (sequences are given in Table 1). The
expression of the tested genes was calculated via the 22ACt
method [33] relative to smooth controls. Statistical analysis was
performed using SPSS for Windows (SPSS 14).

3. Results
3.1. Substrates

Biochip templates and PS replicates were routinely checked by
atomic force microscopy (AFM) (Fig. 1a, b) and scanning electron

Table 1
Overview of the sequences of the used primers.

Primer Sequence

Col-1 F5'-AACCCGAGGTATGCTTGATCT-3'
R5’-CCAGTTCTTCATTGCATTGC-3'

ALP F5'-GGGACTGGTACTCGGATAACGA-3'
R5'-CTGATATGCGATGTCCTTGCA-3’

Chbfal F5'-GCCACACTTTCCACACTCTC-3’
R5'-CACTTCTGCTTCTTCGTTCTC-3’

OCN F5'-CGGCCCTGAGTCTGACAAA-3’
R5'-GCCGGAGTCTGTTCACTACCTT-3'

BSP F5'-TCCTCCTCTGAAACGGTTTCC-3'
R5'-GGAACTATCGCCGTCTCCATT-3’

B-Actin F5'-TTCAACACCCCAGCCATGT-3'
R5'-TGTGGTACGACCAGAGGCATAC-3'

Int a1 F5'-AGCTGGACATAGTCATCGTC-3'
R5'-AGTTGTCATGCGATTCTCCG-3'

Int 81 F5'-AATGTTTCAGTGCAGAGCC-3’
R5'-TTGGGATGATGTCGGGAC-3'

GapdH F5'-TCCTGCACCACCAACTGCTT-3’

R5-GAGGGGCCATCCACAGTCTT-3'
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Fig. 1. Three-dimensional (3D) AFM topography image and height profile of silicon wafers with groove dimensions of (a) a width of 300 nm and a depth of 158 nm. 3D AFM
topography image and height profile of a PS-substrate with (b) a width of 500 nm and a depth of 153 nm. SEM graphs of PS-substrates with a width of (c) 500 nm and (d) 80 nm.

microscopy (SEM) (Fig. 1c, d). The dimensions are summarized in
Table 2.

Similar large-scale nanotextures of 2 x 2 cm? were produced Table 2
using laser interference lithography (LIL) followed by reactive ion Feature dimensions of topographically patterned substrata.
etching (RIE). This technique was applied to facilitate both quali-
tative and quantitative in vitro studies. The LIL-derived silicon

E-beam derived biochip

substrates and the PS replicates were analyzed using AFM and SEM Pitch Depth Roughness
(PS replicates are shown in Fig. 2 and a list of dimensions is given in (nm) (nm + SE) (nm = SE)
Table 2) 1000 153.3+2.7 69.1+1.0
) 600 158.0+3.2 64.4+0.7
400 1492 +1.2 539+18
. . 300 119.9+2.6 36.7+13
3.2. Cellular orientation 200 774+ 41 220405
160 51.9+3.4 15.3+0.3
The studied groove/ridge patterns had an evident effect on 100 172+£35 92+07
osteoblast morphology, and were found to induce alignment of the 50 153251 G708
. . . 60 11.6+1.1 83+0.1
osteoblast cell shape and internal F-actin filaments (Fig. 3a). 40 109411 6.6+ 0.4
On textures with sizes equivalent to the natural bone ECM (i.e. 2000 353.9+ 8.2 1633+ 105
a groove width of 150-75 nm and depth down to 33 nm; region et s s
between red lines in Fig. 3c) a clear interaction between the grooves 1000 158 4 10
and cells resulting in alignment was found, while on dimensions 600 122.3+10
with a width of 50 nm and a 17 nm depth or smaller (Fig. 3b) cells 300 486+1.8 31
did spread randomly. An analysis of the alignment is shown 200 518+2.7 27

quantitatively in a Box-Whisker plot (Fig. 3c). Alignment of 150 327420 18
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Fig. 2. 3D AFM topography image and height profiles of LIL-derived PS-substrates with a width of (a) 150 nm (49 nm depth) and (b) 75 nm (33 nm depth). SEM graphs of substrates

with a width of (c) 150 nm and (d) 75 nm.

osteoblasts on the LIL-derived substrates was similar to the corre-
sponding biochip dimensions (Fig. 3¢, asterisks).

A trend analysis of deviation of osteoblast alignment from the
average median of all data (10°, red line in Fig. 3¢) in Fig. 3d showed
that: (1) cells aligned to sub micrometer grooves, and (2) osteoblast
alignment gradually decreased with decreasing groove widths
(p-value < 0.01). This phenomenon was persistent down to
a groove width of 75 nm and depth of 33 nm. Below this point cells
did not morphologically recognize surface topography anymore.
This dimension can therefore be considered a threshold point for
morphological nanopattern recognition by osteoblasts.

3.3. Focal adhesions

It was observed that focal adhesions were mainly oriented to the
groove direction on groove widths down to 150 nm (and 120 nm
depth) (Fig. 4a, b), whereas focal adhesions were oriented randomly
on surfaces with a groove width of less than 50 nm (and depth of
17 nm) (Fig. 4c). In agreement with cellular alignment, a decreasing
groove pitch resulted in decreased focal adhesion alignment
(Fig. 4b). Higher magnification imaging revealed that the aligned
focal adhesions tended to reside on top of the ridges (Fig. 4d).

3.4. Transmission and scanning electron microscopy

TEM images demonstrated that cells descended into grooves
(Fig. 5b). The electron dense material deposited in between the
grooves at the interface between cells and substrate surface
(asterisks in Fig. 5a and c) was analyzed with energy dispersive
X-ray analysis (EDX) and confirmed to be calcium and phosphorous
(asterisks in Fig. 5, EDX in Fig. 5d). Additional electron dense areas
(arrowheads in Fig. 5) as seen in TEM were found to consist of CaP
and proteins (mainly collagen, arrows in Fig. 5) which corresponds
to the formation of an extracellular mineralized matrix. Compar-
ison of TEM sections at 12 and 16 days demonstrated that cell
bodies in time are gradually driven away from the interface by
a mineralized ECM; after 12 days of culture, osteoblasts resided
inside the nanogrooves and only a small amount of CaP was shown
to be deposited on the bottom of the grooves below the cells
(Fig. 5b). However, after 16 days the interface consisted of a thick
extracellular mineralized matrix layer produced by osteoblasts
covering the ridges (Fig. 5¢).

Further SEM analysis demonstrated that the CaP was deposited
in an aligned mode after 8 days of culture (Fig. 6). Strikingly,
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Fig. 3. Cell alignment of osteoblast-like cells to grooved substrates (overlay fluorescence and SEM image). Cells were stained for F-actin (red) and the nucleus (DAPI): (a) with
a width of 150 nm (120 nm depth) and (b) a width of 50 nm (17 nm depth). (c) A Box-Whisker plot showing the cellular alignment to the nanogrooves (a median of 45° is random
orientation). The median is marked in the box and the box-corners indicate the 25th to 75th percentiles. Note that cells start to align to nanopatterns from a minimal groove width
of 75 nm (33 nm depth). The overall median orientation is 10° (dotted line). Asterisks represent the LIL-derived substrates. (d) Scatter plot of percentage of osteoblasts on the
grooved patterns that are higher than the average median of 10°. The trend analysis demonstrates a groove dependent decrease of cellular orientation (R? of trendline is 0.93). The
regions between the red lines are indicating the pattern sizes that are considered equivalent in size to the ECM.

whereas osteoblasts did not align to a groove width below 75 nm
(and 33 nm depth), CaP deposition aligned even down to a groove
width of 50 nm (and 17 nm depth) (Fig. 6b).

3.5. Real-time quantitative PCR analysis

The genes studied in the real-time quantitative (Q)PCR were
coding for the four bone differentiation markers, (i.e. alkaline

phosphatase (ALP), osteocalcin (OCN), bone sialoprotein (BSP) and
the Cbfal/Runx2 transcription factor (Cbfal)), the major ECM
protein collagen type-I (Col-I) as well as the @-1 and B-1 chains of
the integrins, which are responsible for cell-substrate adhesion of
cells. Relative gene expression was normalized to the household
B-actin gene expression.

The expression of the tested genes was measured relative to
smooth controls at three different time points (t=1, 3 and 6 days)
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Fig. 4. Inmunofluorescence micrograph of osteoblast-like cells cultured on nanogrooved substrates. Focal adhesions (z-vinculin, green) on a groove width of (a) 500 nm (153 nm
depth) were mostly aligned with the groove direction, whereas alignment of focal adhesions to a groove width of (b) 150 nm (120 nm depth) had diminished and was random on
a groove width of (c) 50 nm (17 nm depth). (d) An overlay of a fluorescent micrograph with a light micrograph. ¢-Vinculin staining on a width of 300 nm (158 nm depth) shows that
focal adhesions mainly reside on top of the ridges. Green, vinculin; red, F-actin; blue, nuclei. Bars: 10 pm.

on three different groove pitches (p= 1000 nm, 3000 nm and
150 nm) for cells obtained from three different rats is shown in
Table S1. The results demonstrated large differences in response to
grooved relative to smooth substrates between the individual rats.
Statistical analysis confirmed these differences (two-way Anova,
p < 0.05, except for integrin-1f). However, data also demonstrated
a clear pattern favoring the grooved substrates (Fig. 7a). In order to
confirm this pattern, a ranking analysis was performed on the
expression of the osteoblast specific markers (ALP, OCN, BSP, Coll
and Cbfal) between the four surfaces at three time points (Fig. 7b).
The analysis confirmed that expression of osteoblast-specific genes

at day three and day six were increased on the grooved substrates
compared to the smooth control (Friedman-test, p < 0.05). More-
over, the analysis indicated that a 500 nm groove width (158 nm
depth) was more inductive for osteoblast differentiation than 150
and 75 nm widths (49 nm and 33 nm) respectively.

4. Discussion
The aim of this study was to understand the morphological and

differentiation response of osteoblasts to nanogrooved substrates.
In order to achieve this, osteoblast response to these grooves was

Fig. 5. TEM images of osteoblast-like cells cultured for 12 (a, b) or 16 days (c) on grooved substrates with groove widths of respectively a. 75 nm (33 nm depth), b. 150 nm (49 nm
depth) and c. 300 nm (122 nm depth). An electron dense area is formed in the interface between cells and substrate (asterisks in (a) and (c)). In the intercellular regions
a mineralized ECM is formed by the presence of CaP (arrowheads) and collagen-I (arrows). In b. is shown that osteoblast-like cell bodies descend into 150 nm wide grooves. (d).
Elemental analysis in the interface (asterisks in (a), (c)) shows that the electron dense area is indeed mineralized ECM, i.e. rich in calcium and phosphate (phosphor). C: Cell body.

Scale bars represent 1 pm.
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Fig. 6. SEM images of osteoblast-like cells cultured for 8 days on grooved substrates.
Osteoblast-like cells on a groove width of (a) 500 nm (153 nm) deposited CaP in an
aligned fashion at the interface between cells and the substrate. Aligned CaP deposi-
tion at the interface was also observed at a groove width of (b) 50 nm (17 nm depth).

first assessed by performing an alignment analysis. The current
study shows that osteoblasts are responsive to grooves with
a nanoscale in all dimensions (groove and ridge width and depth).
Zhu et al. [21] and more recently, Yang et al. [20] reported that bone
cells aligned to nanogrooves down to respectively 150 nm width
and 70 nm in depth or 90 nm width and 300 nm in depth. However,
in both studies the actual groove spacing or depth were
sub-micrometer and thus not very representative of the natural
bone ECM [6]. In the current study, grooved substrates were used
which in all dimensions were nanometric, including substrates in
the range of natural bone ECM (75 nm groove width and 33 nm
depth), to determine the response of osteoblasts in terms of
alignment and morphology. Osteoblast response to nanopatterns
was first screened using the biochip. From the results of this study,
interesting groove dimensions were determined and nanogrooved
substrates with a large area were created using laser interference
lithography (LIL) and subsequent reactive ion etching (RIE). The
major advantage of LIL over other techniques like electron beam
lithography and ion beam lithography is the high patterning speed
and significantly greater area [29,34]. This step is necessary as only
upscaling of production techniques will enable the production of
actual orthopedic and dental implants, and later in vivo validation
of the current experimental results.
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Fig. 7. Influence of surface topography on gene expression. (a) Effects of the groove
dimensions on gene expression of ALP, OCN, BSP, Col-I, Cbfal and the Int -1 and -1
by osteoblast-like cells relative to the smooth substrate. Data are expressed as 2 24¢
and range, n = 3. Values were normalized to B-actin and relative to smooth substrates.
Asterisks: significant difference (p <0.05). (b) Cumulative ranking of osteoblast-
specific genes (ALP, OCN, BSP, Col-I and Cbfal) expressed at three time points (day 1, 3
and 6). The difference in expression of each gene between the four substrates was
ranked 1 (lowest expression) to 4 (highest expression) for each time point. The column
heights represent the osteoblast-specific gene expression relative to the other groove
dimensions.

The results from investigations on the cell and cell-substrate
interface demonstrate that osteoblast-like cells align to grooves
approximating the natural extracellular bone matrix. In this
context, focal adhesions are important for the specific recognition
and response to the patterns as already described for micrometer
ridges [35]. Focal adhesions are associated with the tips of actin
filaments, serve to adhere the cell to the ECM proteins and are able
to sense the surrounding of the cell [36]. As early as 1979, Ohara
and Buck [37] hypothesized that cells cannot align to surface
features if focal adhesions cannot sense grooves with an excessive
pitch (which is the sum of groove width and ridge width). The
results presented in the current study demonstrated that both focal
adhesion and cellular alignment decreased similarly with
a decreasing groove pitch. Corroborating with the Ohara and Buck
theory, these findings implicate that cells cannot align to grooves
with a too small pitch because the patterns are not recognized by
their focal adhesions.

Scanning and transmission EM studies demonstrated that the
ECM mineral CaP is deposited in between the grooves by
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osteoblasts in an aligned fashion. This finding corroborates with the
in vivo situation, where hydroxyapatite crystals deposited by
osteoblasts are embedded in the spaces between highly organized
collagen-I fibrils of similar dimensions as the grooves [6]. Possibly
the osteoblasts recognize the nanogrooved substrate as a natural
ECM environment and respond accordingly by the production of an
organized ECM. Accordingly, a standardized nano-structured
implant surface topography can be important for the formation of
an organized bone ECM with high strength starting at the interface
between the implant surface and bone tissue. In vivo studies are
needed to validate whether indeed such an organized extracellular
bone matrix is formed.

Alternatively, nanogrooved substrates can serve as a model
system in vitro for obtaining a better fundamental insight into the
initial osteoblasts response to the natural ECM. Recently, Pouget
et al. [4] demonstrated that calcium carbonate crystals with a crit-
ical size of 70 nm are formed under the control of a negatively
charged template. In accordance with this study, nanogrooves
might serve as a template (nucleation points) to study structured
calcium phosphate mineralization. TEM observations in the current
study demonstrated that the amount of CaP deposited by the
osteoblasts in between the grooves is increasing. However, the
nucleation state of these CaP particles at these and later time points
still has to be determined.

Further, the results demonstrated that osteoblast gene expres-
sion was highly influenced by individual rat differences. Several
studies already demonstrated the advantageous influence of
aspecific surface nano-roughness on osteoblast-like gene expres-
sion.[38-41] The rank analysis on the gene expression confirmed
that a statistically significant upregulation also exists for the
ordered nanotextures. Grooved surfaces, and in particular 500 nm
wide grooves, are advantageous for osteoblast differentiation.
Ponader et al. [39] and Yang et al. [41] demonstrated that gene
expression on rough substrates relative to polished controls
decreased from day three to seven during incubation. In agreement
with these studies, the nanogrooved substrates seem to be specif-
ically effective in the very first days of osteoblast-specific gene
expression, which suggests that nanotextures can steer initial
osteoblast differentiation.

5. Conclusion

In summary, this study proved by using several microscopic
techniques and single cell Q-PCR that nanogrooves have a profound
influence on osteoblast behavior. Osteoblasts are responsive to
nanopatterns down to 75 nm in width and 33 nm in depth. Nano-
texture-driven mineral deposition is induced and responsive to
even smaller nanopatterns of 50 nm in width and 17 nm in depth.
In addition, gene expression of osteoblast specific markers (ALP,
OCN, BSP, Coll and Cbfal) is upregulated by nanogrooves. The
results indicate that nanogrooves can be a very promising tool to
direct the bone response at the interface between an implant and
the bone tissue, which can benefit the installation of implants in
compromised patients.
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