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Relative influence of surface topography and surface
chemistry on cell response to bone implant materials.

Part 2: biological aspects
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Abstract: A current medical challenge is the replacement of tissue which can be thought of in
terms of bone tissue engineering approaches. The key problem in bone tissue engineering lies
in associating bone stem cells with material supports or scaffolds that can be implanted in a
patient. Beside bone tissue engineering approaches, these types of materials are used daily in
orthopaedics and dental practice as permanent or transitory implants such as ceramic bone
filling materials or metallic prostheses. Consequently, it is essential to better understand how
bone cells interact with materials. For several years, the current authors and others have
developed in vitro studies in order to elucidate the mechanisms underlying the response of
human bone cells to implant surfaces. This paper reviews the current state of knowledge and
proposes future directions for research in this domain.
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1 INTRODUCTION

Understanding the way in which cells interact with
materials is a crucial topic in the biomaterial and
tissue engineering areas. Cells respond to nanos-
tructures and microstructures, for example, with the
extracellular matrix (ECM) where the nanometre-
sized collagen fibrils are organized in three-dimen-
sional (3D) meshes of micrometre-sized fibres. More-
over, because the ECM is composed of a variety of
specific proteins, and in the case of bone, also
of mineral components, the cellular environment
exhibits a chemistry and mechanical behaviour with
which the bone cells are used to interacting. A
current medical challenge is the replacement of
tissue which can be thought of in terms of bone
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tissue engineering approaches. The key problem in
bone tissue engineering lies in associating bone stem
cells with material supports or scaffolds that can be
implanted in a patient. This approach to promoting
the growth of new bone tissue has the potential to
replace bone grafts. The implantation of the cell-
containing scaffolds can occur immediately after
their synthesis or it can be delayed until after a
period of in vitro culture. This period allows the
acceleration of the interactions of cells with the
scaffold thus improving the survival chances of
the hybrid material after implantation. Beside bone
tissue engineering approaches, these types of ma-
terials are used daily in orthopaedics and dental
practice as permanent or transitory implants such as
ceramic bone filling materials or metallic prostheses.
Consequently, it is essential to better understand
how bone cells interact with materials. For several
years, the current authors and others have developed
in vitro studies in order to elucidate the mechanisms
underlying the response of human bone cells to



implant surfaces [1-5]. This paper reviews the
current state of knowledge and proposes future
directions for research in this domain.

2 DEFINITION OF MECHANISMS INVOLVED IN
CELL-SURFACE INTERACTIONS

The majority of cells in the body (with the major
exception of blood cells) adhere to an ECM. In bone
tissue, the cells that form bone, the osteoblasts, and
the cells that degrade bone, the osteoclasts, both
adhere and grow on ECMs composed of proteins (90
per cent collagen and 10 per cent other proteins) and
proteoglycans filled with calcium phosphate mine-
rals. In vitro, these cells can survive only if they can
adhere to a surface and thus only if this adhesion is
achieved can the cells continue to grow and differ-
entiate. The first interactions between the cell and the
surface, both in vitro and in vivo, will define the
quality of the cell-implant and tissue-implant inter-
faces. After only a few seconds of contact between the
surface and the fluid (the culture medium in vitro
or interstitial fluids or blood in vivo), the surface
becomes coated by water and proteins. Thus, the
remaining cells will sense the surface features of the
ECM through this adsorbed layer. Cells first adhere
through physicochemical interactions such as ionic
forces and van der Waals forces and later through

various biomolecules, both those adsorbed on the
surface and those involved in cell response to the
environment. The key molecules in this process
are the cell’s surface receptors, called integrins, that
are transmembrane molecules that in vivo mediate
the interactions with ECM molecules. Integrins are
heterodimers that consist of one alpha and one beta
subunit that can be combined to form receptors
specific for amino-acid sequences such as the ar-
ginine-glycine—aspartic acid (RGD) recognition motif
present in many ECM proteins. There are eight
different alpha sub-units and 11 different beta sub-
units, that can be combined to form 24 different
integrin receptors. These integrin receptors act as an
interface between the intracellular and extracellular
compartments. On the extracellular side they interact
with the ECM and on the intracellular side they
interact with the molecules of the cytoskeleton and
with signalling molecules at the adhesion sites, called
focal adhesions (Fig. 1). Thus, they can transmit a
signal from the ECM to the nucleus through a
biochemical signal transduction pathway. This signal
transduction involves the accumulation and phos-
phorylation of several proteins such as FAK, Src, Rho
GTPases, ERK, JNK etc. [6]. Alternatively, the signal
can be transmitted mechanically since there exists a
physical link between the focal adhesion sites and
nuclear membrane created by the cytoskeleton [7].
Actually, integrins are physically ‘hardwired’ to the
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Fig. 1

Schematic diagram of the proteins involved in adhesion of eukaryotic cells on materials.

Integrins are transmembrane proteins that form with other intracellular proteins the focal
adhesions. On these focal adhesions are connected actin fibres (thin lines) that physically
join the cell membrane and nuclear membrane such as microtubules (bold lines). Signal
transduction from cell membrane to nucleus can pass through a direct mechanotransduc-
tion way (straight arrows) or indirectly by biochemical signal transduction (twisted arrows)



nucleus through the cytoskeleton. This involves the
LINC complex (for linker of nucleoskeleton and
cytoskeleton) and the coupling between KASH and
SUN proteins such as nesprins with intermediate
filaments or actin fibres [8]. This 3D configuration
may act so as to order the nucleus and then co-
ordinate transcription [9]. The potential use of
nanoimprinting to directly imprint the topography
onto the cell has been proposed [10].

When the integrin receptors interact with the
ECM-adsorbed biomolecules, they cluster to form
focal adhesions. At this point the cytoskeleton is
reorganized to allow the spreading of cells to the
substrate. The cytoskeleton is composed of three
different molecules: actin fibers, tubulin microtu-
bules, and vimentin, desmin, or keratin microfila-
ments. In the focal adhesions, these cytoskeletal
molecules interact with signalling molecules such as
talin, paxillin, vinculin, tensin, and protein kinases
[11]. Focal adhesions are closed junctions in which
the distance between the substrate surface and the
cell membrane is between 10 and 15nm. Some
authors call them focal complexes when they are
shorter than 1 pm, focal adhesions when they measure
between 1 and 5um, and supermature adhesions
when they are over 5 um [12]. There is kinetic activity
in these systems in that nascent close contacts trans-
form into focal contacts before they become focal
adhesions. The transition between these different
phases is force dependent [5]. Moreover, in tissues
or inside the 3D ECM, fibrillar adhesions have also
been described [13].

Another group of essential proteins that are in-
volved in a cell’s capacity to adhere, spread, divide, and
migrate are the myosins [14]. They are actin-based
motor proteins that translocate along actin fibres and
allow their contraction. After adhesion and spreading,
the cells secure their shape stability through a prestress
state maintained by myosin motors transmitted by
actin fibres throughout the cell body and balanced by
microtubules [15, 16]. If needed, cells are able to
migrate in order to find a more suitable place for
their further development. Also, if the point on the
substrate at which they are cultured has an anisotropic
topography such as a groove, the cells migrate and
orient themselves as a function of the axis of the
groove. This phenomenon is called ‘contact guidance’
and has been only observed in vitro.

It has been demonstrated by several authors
that filopodia are the cell’s tools for exploring its
surroundings [17]. Recently, Fujita et al. [18] per-
formed a time lapse analysis of cell alignment on
nano-grooved patterns and demonstrated that the

filopodia probed the area surrounding the cell pro-
trusion before movement into this area. However,
it was also shown that when the cell protrusions
extend perpendicularly to a groove axis they retract
more rapidly than those parallel to the groove axis.
Also, in protrusions parallel to the groove axis, actin
filaments form wider focal adhesions at filament
termination whereas when the protrusions are per-
pendicular to the groove axis, the focal adhesions are
formed less easily and appear fragmented (Fig. 2).
Thus, it appears that the major mechanism in cell
alignment on grooves is not the filopodial sensing
but rather the retracting phase of the cell protrusion
that is related to the quality of the focal adhesions
(18].

All these biochemical and mechanical interactions
allow signal transduction to the nucleus that either
induces cell death through apoptosis if the adhesion
is not possible or cell growth and cell differentiation
if cell adhesion and spreading can be achieved.

After adhesion and migration, cells divide and pro-
liferate across the surface. They further differentiate
which means that they synthesize the molecules
they normally synthesize in their tissue of origin.
Osteoblasts will synthesize collagen and the other
proteins normally found in bone tissue. Also, they
are able to induce their own in vitro mineralization
in certain culture medium conditions and to pro-
duce a mineralized bone-like tissue [19].

Generally, the investigation of cell-surface inter-
actions tends to be focussed on the initial cell
adhesion phase and little attention is paid to cell-
surface interactions after this point. It is the current
authors’ contention that it is also necessary to con-
sider the influences of surface topography and che-
mistry at the complex interfaces between the cell
and the ECM [20]. Various methods have been
developed to quantify the cell-surface adhesion
strength. When the ECM is not involved, aspiration,
centrifugation, and fluid flow techniques have been
used to detach the cell populations. Micromanipula-
tion methods based on micropipettes, microcanti-
levers, and optical or magnetic tweezers, have been
used to detach isolated cells [3]. The cell-surface
interactions can also be evaluated using an enzy-
matic detachment method. First, the adhesion of
human osteoblasts after 24 h, called short-term ad-
hesion, is quantified. At the end of this first phase,
all the cells are spread on the surface and their
cytoskeleton is well organized. However, at this point
they have neither expressed Bl and o3 integrin
molecules nor synthesized matrix proteins [21]. In
addition, the long-term adhesion, which represents
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Fig. 2 Model for cell alignment on the nanogrooved substrate. (a) Actin filaments parallel to the
grooves form wide focal adhesions at filament terminations. However, termination of
perpendicular filaments is fragmented because a focal adhesion is formed only on the
ridge. (b) Filopodia movements are isotropic, i.e. no specific direction is observed for their
extension and retraction against the nanogrooved structure. This finding suggests that
filopodia probing does not play a major role in cell alignment. Cell protrusions extend
isotropically, and those that are perpendicular to the nanogrooved pattern retract more
rapidly than those parallel to the nanogrooved pattern. These cell protrusion dynamics
force a cell to elongate and align along the nanogrooved pattern (Reproduced with

permission from [18])

the strength of the cell-material interface formed
during 3 weeks of culture involving the ECM proteins
synthesized by the cells themselves and the cell-cell
contacts, can also be quantified [20]. This long-term
adhesion has been shown to be better correlated
with topography, especially hybrid roughness para-
meters that quantify roughness organization, whereas
short-term adhesion is more influenced by surface
chemistry [22-28].

Another very important point to consider in the
study of cell-surface interactions is the phenotype of
the cells which is related to their original tissue type.
Cell lines produced from normal healthy tissue are
called primary cell lines. Their phenotype is very
close to the one of cells inside the tissue but they are
in general more difficult to culture in vitro. More-
over, they cannot be cultured for more than a few
weeks and for only a limited number of passages
(change from one culture dish to a new one). Other
cell lines, called permanent cell lines, are produced

by the immortalization of primary cell lines or are
derived from bone tumours. The major advan-
tages of these permanent cell lines are their high
proliferation capacity and the ability to culture them
for almost indefinite periods. However, their pheno-
type can be slightly different from their initial or
normal phenotype. It has been frequently observed
that the cell phenotype has a strong influence on cell
response to a material surface [29]. For example, it is
clear that the adhesion mechanism of blood cells is
different to that of cells originating from connective
tissues such as fibroblasts, keratinocytes, or vascular
cells since the extracellular environment in their
tissues of origin are very different. Primary and
permanent cell lines are also very different in term
of their adhesiveness. Tumour cells tend to lose part
of their ability to adhere to an ECM as the number of
proliferations increases. It has been shown that both
tumour cells and immortalized cells have a more
diffuse cytoskeleton and are more deformable than



normal cells [30]. The current authors recently ob-
tained important results using two osteosarcoma-
derived cell lines that are frequently used for analys-
ing the influence of surface topography on bone
cells: SaOs-2 and MG63 [31]. Those cells cultured on
poly-L-lactic acid (PLLA) micro-pillared substrates
displayed a previously unreported extensive deforma-
tion of their nucleus. This deformation was not seen
using bone-marrow-derived human mesenchymal
stem cells (hMSCs). The shape of the nuclei reflected
the shape of the micropillars; as if the cells had
pushed their nuclei in-between the pillars. More
surprising, whilst this deformation should impair
future growth and differentiation, the two osteosar-
coma cell lines demonstrated a proliferation and
differentiation capacity comparable to the one they
display on flat PLLA substrates. These results have
been reproduced using immortalized cell lines origi-
nating from bone and other tissues thus demonstrat-
ing that the response of both cancerous and im-
mortalized cell lines to topography can be abnormal
[32]. Remarkably, this deformation is not due to any
external pressure and is reminiscent of the type of
deformation that a cancerous cell can encounter
when it undergoes metastatic migration. The mechan-
ical properties of cancerous cells can be related to
their metastatic potential; cells that are more likely to
form tumors in vivo are more deformable [33, 34].
Additionally, this change in shape of the nucleus is
surprising given that the nucleus is thought to require
a particular architecture for correct functioning. In-
deed, it has been found that locating genes close to
the nuclear lamina induces a switching off of the
genes in question [35, 36]. Deformation of the nucleus
increases the surface-to-volume ratio and, hence, the
proportion of switched off genes should increase.
Thus, it would be of interest to continue to study these
deformed cells in order to test if they can act as
a surrogate system for the biological behaviour of
malignant cells during their metastatic dissemination.
From this section of the review it is clear that non-
cancerous and non-immortalized cell lines must be
preferred for use in the study of cell-surface interac-
tions and in particular for the investigation of the
influence of topography on bone cells.

Concerning the mechanisms of the cell response
to surface topography, it has been proposed that
cells react to the presence of discontinuities on the
surface. Discontinuities have been defined as struc-
tures

with a radius of curvature less than the average length of
a pseudopodium or of the distance part of the sensing
elements that control cell movements [37].

Thus, the reaction to discontinuities involves focal
adhesions and the actomyosin cytoskeleton and
is related to the mechanisms of the mechanical
sensitivity of cells. When a cell or a pseudopodi-
um meets a concave or convex structure, the cell
receptors and actomyosin cytoskeleton undergo vary-
ing degrees of deformation or compression [38] and
this induces a reorganization of the attachment and
cytoskeletal structures [39]. Dunn and Heath [40]
have shown that fibroblasts were affected by a con-
vex ridge in a prism substrate if its angle was greater
than 4°. The cells displayed discontinuities in their
cytoskeletal microfilament bundle system which co-
incided with a discontinuity in the substrate [40]. It
has also been shown that the cytoskeleton is involved
in cell interaction with grooved surfaces thus demon-
strating cell sensitivity to concave surfaces [41].
Recently, a very interesting study has demonstrated
that the response of cells to equivalent concave and
convex structures made in polymethyldisiloxane was
different. The cells preferentially adhered and mi-
grated on the convex structures rather than on the
concave structures [42]. This definitively confirms
that the cells are able to identify and discriminate
between concave and convex surfaces.

Another proposed mechanism for the cell re-
sponse to surface topography is that the strains
introduced into the cytoskeleton could in turn in-
fluence ion channels as observed in the stretch re-
ceptors of a variety of organisms [43].

Different hypothesis have been proposed for the
mechanisms underlying the identification of dis-
continuities. One is based on the thermodynamics of
the ECM adsorption. The discontinuities may differ
in reactivity from nearby planar surfaces due to the
existence of unsaturated bonds. This would alter
the adsorption of ECM proteins and then modify the
response of cells that would reflect the differences in
adhesiveness related to surface topography [44].
Another hypothesis has proposed that the disconti-
nuities represent energy barriers, the surface geo-
metry and chemistry influencing the size and po-
sition of these energy barriers. Then cells modify
their orientation, adhesion, or spreading in order to
minimize their contact with high-energy disconti-
nuities [45].

3 RESPONSE OF CELLS TO SURFACE
TOPOGRAPHY

Historically, the first in vitro studies of cell response
to surface topography were performed on surfaces
whose topography was controlled and measured at



the micron scale. When the objective was to compare
surfaces with different roughness amplitudes, very
frequently, the authors changed the process without
considering the consequences of this change on the
surface morphology or the surface chemistry [46-48].
Another cause for misunderstandings in this field is
the practice of defining a surface by its manufacturing
process instead of concisely defining it by its to-
pographical parameters [19]. This practice has led to
erroneous comparisons of surfaces since it is known
that a process can induce different topographies
when it is applied to different materials. Indeed, it is
extremely rare in the literature that the surface
topography is correctly characterized: by associating
amplitude, frequency, and hybrid parameters [49].
In general, the amplitude parameters (R, R, R,) are
commonly considered but the frequency and hybrid
parameters are more rarely quantified [50]. It should
be noted that the current authors compute more than
100 roughness parameters and then statistically
correlate these parameters with biological parameters
in order to determine the surface parameter(s) to
which the cells respond. Using this approach it has
been shown that the parameters that describe the
morphology of the topography and particularly its
degree of organization are the parameters that better
correlate with the adhesion of human primary osteo-
blasts [21, 51].

The proliferation and differentiation potential
of MG-63-osteosarcoma-derived cells has been re-
ported to be positively influenced by surface rough-
ness although the attachment level is reduced [47,
52, 53]. These findings have been independently
confirmed in several papers in the literature [27, 54—
59], however, there are papers that contradict these
findings [60-62]. This disparity highlights the influ-
ence of the used cell model and the necessity for
detailed characterization of the roughness of sub-
strates to be performed in order to allow valid
comparison of results. The topography of substrates
is in general either poorly defined or the use of
different surface treatments (polishing, turning, blast-
ing, acid etching, plasma spraying etc.) renders com-
parisons invalid.

There have been extensive attempts to elucidate
the mechanisms underlying the MG63 cells response
to topography. It has been demonstrated that the cells
exhibit a more differentiated phenotype on rough
surfaces and that their response to systemic factors
such as the vitamin D metabolite 1o, 25(0OH),D3 or
17B-estradiol is also stimulated by roughness [63-66].
In addition to how cells respond to exogenous factors,
surface roughness has been shown to affect regula-

tory factors synthesized by cells such as prostaglan-
dins (PGE1, PGE2), transforming growth factor betal
(TGFEB1) [52, 53, 63], and osteoprotegerin [67, 68]. It
has been shown that this effect can be mediated by
protein kinase A and phospholipase A2 [4, 65, 69, 70].
These effects have been reproduced using bone cell
lines immortalized from mice or derived from rat
calvaria that present a more differentiated maturation
state than the MG-63 cells. The sensitivity to rough-
ness appears to be higher for immature cells com-
pared to more mature ones [64].

It has been demonstrated that o5B1 and «2f1
integrins are involved in the MG-63 cells response
to titanium substrates with different surface rough-
ness levels. In particular it was highlighted that o581
mainly influenced cell proliferation whereas «21 sig-
nalling was required for MG-63 cell differentiation
[71-73]. However, contradictory results that show no
expression of o5, o3, and o6 integrin subunits on
sandblasted titanium substrates and o5 integrin
subunits on polished substrates but with o2, a4, av,
B1, and B3 integrin subunits being expressed on both
substrates have been published in the literature [74].
Human primary osteoblasts express o3p1 integrins
but not 21 integrins whatever the roughness of
the titanium substrates [21]. However, expression of
the B1 and B3 integrin subunits by human primary
osteoblasts and MG-63 osteoblastic cells was observed
in fibrillar adhesions visualized by immunofluores-
cence on smooth-structured titanium surfaces but not
on coarser surfaces [75, 76]. Flow cytometric analysis
was used to confirm a slight increase in the expression
of B1 and B3 integrins on cells detached from coarse
surfaces compared to smooth ones [76, 77]. These
observations illustrate the difficulty in comparing
results obtained by different experimental methods
or using different cell lines. The role of integrins in the
response of osteoblasts to bone materials has been
comprehensively reviewed in [6].

In addition to substrates treated by the classical
methods used for bone implant surface preparation,
some experiments have been performed on grooved
substrates in order to analyse the influence of rough-
ness on anisotropic grooved surfaces such as can be
found on screws or dental implants. A systematic
orientation of cells in the direction of grooves has
been observed [44, 78-82] and it has been elucidated
that the cell orientation is not a function of the
chemical nature of the substrate although the mor-
phology of cells was influenced both by topography
and chemistry [79]. By comparing isotropic rough
surfaces obtained by sandblasting and acid etching to
grooved surfaces, a higher osteoblastic cell adhesion



and proliferation was isolated on the latter surfaces
[78]. The dimension of the grooves is also critical and
grooves measuring about 10 pm in width have been
shown to significantly increase viability [81] and
adhesion of osteoblastic cells [44]. Finally, the pre-
sence of a micro-topography inside the grooves has
been shown to further increase the orientation of cells
[82].

3.1 Scale effect

As seen in part 1 a very important parameter to
consider is the scale used to calculate the roughness
parameter relative to the cell scale. Surfaces pre-
pared by electro-erosion are particularly favourable
for long-term adhesion of human osteoblastic cells.
The topography of electro-eroded titanium surfaces
has been analysed at two different scales: above the
human osteoblastic cell scale (>50um) and below
the cell scale (<50um). Above the cell scale, the
surfaces were considered to be rough with a melted
relief and smooth edges whereas below the cell scale,
these surfaces were relatively smooth and presented
a flat area permitting the adhesion of cells in a
favourable environment that resembles a basin
between reliefs [83]. Thus, it appears that rough
surfaces are preferred by human bone cells; parti-
cularly when they can provide relatively flat areas at
their own scale that help the anchoring of the cells.
In order to control the surface chemistry, the electro-
eroded samples were coated with a thin (nanometre
range) gold layer. The previous results were con-
firmed demonstrating that the cell response was
solely a topography-related effect [83].

An interesting way of systematically exploring the
dependence of surface chemistry on surface rough-
ness is to use a single process to produce a gradient
of roughness on a single sample. Kunzler et al. [84]
used sandblasting followed by a chemical smoothing
process to create a surface on an aluminium sheet
whose R, values changed between 1 and 6 um. To
ensure a constant surface chemistry, the samples
were further replicated in an epoxy resin and coated
with titanium. A linear increase of proliferation of rat
calvaria osteoblasts was observed although human
gingival fibroblasts showed a decreased prolifera-
tion. Thus, it appears that for this range of R, and for
the same surface organization, the cell response is
linearly dependent on the roughness amplitude but
the nature of this response is cell dependent. Again
this study illustrates the importance of the cell
phenotype. Here, the cell phenotypes influenced
the cell response either by their different tissue

origin or by their different size and morphology
since rat calvaria osteoblasts are smaller and present
a more cubical morphology than human fibroblasts.

Recently, driven by the development of nanopat-
terning methods, the influence of nanotopography
on cell response has started to be studied. This is
particularly pertinent since the cells reaction to
topography is mediated by proteins that have na-
nometre scales. Using nanofeatures prepared by
colloidal lithography, Dalby et al. [85] studied the
response of fibroblasts to nano-columns 160 nm
high and 100nm in diameter. They demonstrated
a decreased cell adhesion and spreading on the
nanocolumns characterized by smaller, fainter focal
adhesions and a disorganization of the cytoskeleton.
Andersson et al. [86] observed that on columns of 58,
91, 111, and 166 nm width, the larger the feature, the
more spread the cells became. On surfaces with
nano-pits with diameters of 35, 75, and 120 nm,
fibroblasts were able to sense topography down to
35nm using their filopodia [87]. On nano-grooved
polystyrene substrates with groove depths from 5 to
350 nm and widths from 20 to 1000 nm, Loesberg et
al. [88]concluded that depth was the most important
parameter influencing cell alignment and that 35 nm
was the threshold feature size for fibroblasts since
below this value contact guidance was no longer
apparent. This dimension can be related to the
optimum distance for cell adhesion (58 nm) that was
determined in elegant studies on surfaces presenting
nanoparticles decorated with the RGD peptides
involved in integrin recognition and separated by a
controlled distance [89-91].

One area of considerable interest is the determi-
nation of the size threshold to produce an effect in
cells. Dalby et al. [92] demonstrated that cells are
able to respond to 13 nm tall islands and Dalby et al.
[93] reported increased filopodia production and
smaller focal contacts on 10nm tall islands com-
pared to the values obtained for flat surfaces. These
observations were confirmed by Lim et al. [94] who
showed that worm-like structures 14nm tall in-
creased human fetal osteoblastic cell attachment,
spreading, integrin subunit expression, and focal ad-
hesion protein synthesis compared to taller struc-
tures (29,45nm) and flat control surfaces. In con-
clusion, these results suggest that the size threshold
for cell detection could be less than 10 nm; however,
the control of the topography under this threshold
remains an open problem.

These results obtained on model surfaces are
useful for elucidating mechanisms for specific nano-
scale cell features; however, they are not really re-



presentative of the implants’ actual nanotopogra-
phy. In general, the materials used for implants have
a random nanotopography, meaning that the surface
does not present any organization or direction. An
anodization process can be used to produce nano-
tubes or nanopores [95-98] and it has been shown
that small nanotubes (~ 30 nm in diameter) promote
adhesion of osteoblasts [99] or hMSCs [100] without
noticeable differentiation whereas larger nanotubes
(70-100nm in diameter) elicite a dramatic cell
elongation which induces cytoskeletal stress and
selective differentiation. The same anodization pro-
cess can be used to create random nano-sized pat-
terns on oxide layers such as titanium dioxide and
alumina [101, 102]. An experiment has been per-
formed on titanium substrates micropatterned using
electrochemical micromachining and further treated
by acid etching and anodization in order to change
the nanotopography of the microfeatures. Hemi-
spherical cavities measuring 10, 30, and 100 pum in
diameter were produced [101]. After anodization or
acid etching of the 30 um cavities, it was shown that
MG63 cells adhered and proliferated better on the
treated cavities than on the polished ones, especially
after the anodization treatment. These studies con-
firm that implant surfaces should be controlled at
every scale since the cells are able to identify and
react to both nano-sized features and micron-sized
features.

The concept of nanophase materials or nanoma-
terials has been proposed to describe materials with
structural units that are between 1-100nm [103,
104]. Several studies have reported improved in vitro
osteoblast adhesion on the surfaces of nanophase
materials created from a wide range of materials
including ceramics [105, 106], metals [105, 107, 108],
polymers [109, 110], and composites [111, 112]. This
effect has been shown to be due to improved pro-
tein adsorption characteristics [113, 114] that are
a consequence of their surface energy properties
[103]. However, to date only a few in vivo studies
have been performed to test the effect of nanophase
materials on integration in bone tissue. Nanostruc-
tured Al,O; topographic features applied to ma-
chined implants promoted a greater bone-specific
gene expression in tissues adjacent to implants after
implantation in rabbit tibias and an associated
increase in bone-to-implant contact and torque
removal [115]. Similarly, a greater amount of new
bone formation was observed in contact with a
tantalum-based scaffold coated with nanohydroxya-
patite (nano-HA) than on scaffolds coated with
conventional HA [103]. The results obtained on

nano-HA were inconsistent and appear to be depen-
dent on the implantation method. Nano-HA in-
creased bone formation when no gap existed
between bone and implant but failed to enhance
bone formation in a gap-healing model [116, 117].

3.2 Organization of topography

As previously discussed, when cells are cultured on
an anisotropic topography such as a groove, cells
orientate themselves along the axis of the groove
because of the contact guidance phenomenon. Also,
when the surface consists of an organized array of
pillars the cells are able to identify this organization
and orient themselves in the orthogonal direction
[41]. Normally, however, it is difficult to define the
topographic organization for implant surfaces pre-
pared by classical process (plasma spraying, sand-
blasting...) that display rather isotropic surfaces.
As discussed in part 1 of this paper, numerous
approaches have been proposed to solve the pro-
blem of how to define the degree of organization on
a surface. It is the current authors experience that
the parameters that best describe the organization
are those that are correlated with long-term adhe-
sion on the implant surface, for example, (see Fig. 3)
the Order parameter that describes with the highest
relevance the adhesion of human osteoblast cells on
electro-eroded surfaces presented in [51] and [118].
The study of cell organization at the nanometre scale
has been recently reported [119]. hMSCs were
shown to differentiate better on surfaces presenting
slight disorder of 120nm diameter nanopits (dis-
placed square placements) compared to a hexago-
nal, square, or even random placement. Their dif-
ferentiation was comparable to the one obtained
with an osteogenic medium containing stimulative
factors such as dexamethasone and L-ascorbic acid.
This confirms that cells are sensitive to surface
organization at both the nanoscale and microscale
and that they prefer relatively disordered surfaces.
However, these experiments were done with bone-
derived cells that have in vivo a relatively disorga-
nized environment. Other cells such as keratocytes,
fibroblasts, or endothelial cells that have rather
organized environment in their tissue of origin have
shown a different behaviour in vitro [120].

The validity of the results obtained in vitro need to
be confirmed in vivo since the key factor for using in
vitro studies is an improved implant surface. In vivo,
it has been shown that the roughness of implants
permits the interlocking of bone tissue by increasing
the bone-to-implant contact length as well as
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Fig. 3 The classification of the 35 roughness parameters in terms of the adhesion power that

represents the long-term adhesion. X-axis: roughness parameters divided in 14 frequency
parameters (left of the dotted line) and 21 amplitude parameters (right of the dotted line).
Y-axis: standard deviation of the residuals obtained from the statistical correlation
analysis between each roughness parameter and adhesion power. The lower the standard
deviation of the residuals the higher the correlation with adhesion power (reprinted

from [51])

biomechanical integration with bone [121]. In a
systematic review of the literature on the effect of
implant surface roughness on bone response and
implant fixation, Shalabi et al. [122] concluded that
almost all papers reported an enhanced bone-to-
implant contact with increasing surface roughness
and also that a significant relation was found
between push-out strength and surface roughness.

However, the influence of the organization of the
surface topography at different scales on implant
integration in vivo remains an open topic. To the best
of the current authors’ knowledge, the only work
dedicated to a comparison of surface topography is
the paper of Goransson and Wennerberg [123] who
considered isotropic and anisotropic implant tita-
nium surfaces with similar roughness levels. In their
study they failed to demonstrate any difference in the
integration to bone of the two implant surfaces during
the first 3 months after implantation.

4 RESPONSE OF CELLS TO SURFACE
CHEMISTRY

The tailoring of surface chemistry, as discussed
in part 1 of this paper, is now possible thanks to
new techniques such as self-assembled monolayers
(SAMs), molecular grafting, polymer brushes, poly-
mer gradients, etc. However, these techniques have
been developed on glass or silicon substrates and
are not easily transferred to bone implant surfaces.
Using these techniques, it was shown that the in
vitro adhesion of cells was favoured on moderate to
highly hydrophilic substrates. In particular using
SAMs, it was shown that the differentiation of
osteoblasts was higher on hydrophilic substrates
(OH- and NH,-terminated SAMs) than on hydro-
phobic substrates (COOH- and CH3- terminated SAMs)
[124]. This was also confirmed in vivo with thicker
fibrous capsules formed around implants coated



by CHs-terminated SAMs compared to COOH- and
OH-terminated SAMs [125]. Gradients of polymers
with variable surface energy have been prepared
and used to demonstrate that surface energy in-
fluences adhesion, spreading, and proliferation of
human fetal osteoblasts and to confirm that these
cells prefer moderate hydrophilic positions in the
gradient [126]. Chemical gradients were recently
developed using plasma polymers [127]. A mixed
gradient from hydrophobic polymer plasma (hex-
ane) to a hydrophilic plasma polymer (allylamine)
was produced and used to confirm that adhesion
and proliferation of fibroblasts are higher on the
hydrophilic part of the gradient [127].

In pioneering work on non-model surfaces Scha-
kenraad et al [128] demonstrated on 13 different
polymers and glass substrates that the spreading of
human fibroblasts reached its maximum for an
intermediate surface energy. Using a polymer/cal-
cium phosphate composite, the zeta potential was
found to influence osteoblastic cell differentiation;
however, no direct relation was found between at-
tachment and proliferation of osteoblasts on bioma-
terials and the surface energy of substrates [129].
In vitro studies that compared osteoblastic cell
adhesion and proliferation on different biomaterials
with almost the same finish treatment have been
performed. They showed better results on the more
hydrophilic materials that presented a higher protein
adsorption [130]. It was subsequently shown that
human osteoblasts are able to identify and respond to
slight modifications in surface chemistry [131, 132].
Notably, it was demonstrated that the intracellular
signalling of human osteoblasts was modified on
titanium implanted with Mg or Zn ions [133]. Hallab
et al. [23] compared various materials with controlled
surface energy and surface roughness and reported
that a roughly parabolic relationship existed between
fractional polarity (polar component divided by total
surface energy) and cellular adhesion strength. The
highest adhesion strength was again obtained for
intermediate fractional polarity. Using a variety of
biomaterials, Liu et al. [134] concluded that the
adhesion of hFOB1.19 human osteoblasts was de-
layed and attenuated on hydrophobic surfaces. From
these studies it can be concluded that in general
osteoblast cells adhere and proliferate better on
moderate to highly hydrophilic substrates and this
probably explains the observed higher adsorption of
proteins such as fibronectin.

Pioneering in vivo work has shown that implant-
ing CoCrMo to create different surface energy states
resulted in closer tissue adhesion at high-surface-

energy implants whereas a separation existed be-
tween tissue and the low-surface-energy implants
[135]. Most in vivo studies on the influence of im-
plant surface chemistry have been performed using
titanium-based implants. Numerous treatments in-
cluding acid etching (101, 136-138], electrochemical
oxidation [139-141], UV treatment [142, 143], and
plasma immersion/ion implantation [144] can be
used to modify the titanium surface chemistry.
Electrochemical oxidation methods have been ex-
tensively used to modify the surface chemistry by
adding ions such as calcium [145], sulphur [139],
phosphorus [139], or magnesium [141] to the native
titanium oxide layer covering the implant. This
approach leads to implants with one half presenting
a turned native oxide surface and the other being a
test surface. After implantation in the cortical tibial
bone of rabbits, the osseointegration of the implants
was studied using histomorphometry and by mea-
suring the removal torque value. The osseointegra-
tion of the modified titanium surface was found to
be systematically higher than the unmodified sur-
face [139, 141, 145]. Even if, as is usually the case,
the electrochemical treatment used to modify the
surface chemistry also modified the surface rough-
ness, it was stated in these papers that the authors
believed that their results were more likely the result
of the effect of changes in the surface chemistry and
that a biochemical bonding occurred that facilitated
a rapid and strong integration of implants particular
at earlier healing periods [141].

Interesting results have been obtained in clinical
dental practice using titanium implants treated by
sandblasting with large grits of 0.25-0.50 mm fol-
lowed by acid etching with HCI-H,SO, (SLA surfaces)
[136, 138, 144]. Even if the osseointegration of these
implants was good [138, 146-148], several studies
have considered the modification of the SLA surfaces
in order to achieve faster intimate implant bone
bonding. The treatment of SLA surfaces by CO, ion
implantation [144] or H,0,/HCI [137] improved their
osseointegration. A very interesting modification of
the SLA surface in order to enhance surface free
energy and hydrophilicity of SLA implants has been
proposed by Rupp et al. [149]. These modified SLA
implants (modSLA) are produced in the same way as
SLA implants but after the acid etching procedure
they are rinsed in NaCl and stored in an isotonic NaCl
solution under a protective N, atmosphere to
preserve the chemically active stage until implant
placement. The in vitro results obtained using mod-
SLA show that the osteoblasts grown on the modified
surfaces exhibit a more differentiated phenotype



[150, 151] and in vivo results have confirmed the
higher osseointegration and a decrease of the healing
time in clinical applications [146, 152]. The efficiency
of the modSLA implants has been explained in terms
of a homogenous wetting of the complete surface
without formation of an air/water interface; thereby
facilitating the interaction of the implant surface with
organic molecules such as proteins adsorbed from
blood [136]. For more information on the potential of
modSLA implants interested readers are referred to
the recent review by Schwarz et al. [153]. Aita et al.
[142] UV treated machined and acid etched titanium
surfaces and demonstrated that the UV treatment
favoured implant osseointegration. Aita et al. [143]
explained this observation in terms of the elimination
of oxygen-containing hydrocarbons from the surface
leading to a higher adsorption of proteins from the
body fluids. The following section discusses the role
of adsorbed or grafted proteins on a cell’s response to
materials.

5 ROLE OF ADSORBED OR GRAFTED PROTEINS
ON A CELL’S RESPONSE TO MATERIALS

5.1 Adsorbed proteins

As previously discussed, the surfaces that the cells
interact with are nearly always coated with proteins
adsorbed from the biological fluids. The way in
which these biomolecules are adsorbed and the
conformation they adopt will ‘condition’” how the
cells recognize them using their integrins. As pre-
viously discussed, modifications of the surface topo-
graphy or chemistry influence the surface energy
that in turn changes the way the proteins are ad-
sorbed. Proteins on the surface are different in terms
of quality, quantity, and conformation, all messages
that the cells are able to decipher using their in-
tegrins [154].

The surface chemistry and surface energy influ-
ence the protein adsorption and they are modified
by the adsorbed proteins. The surface energy of 13
different polymer substrates has been shown to have
no influence on human fibroblast adhesion after the
serum proteins were adsorbed on the surfaces [128].
SAMs are convenient tools to study this phenom-
enon. Lee et al. [155] demonstrated that the fibro-
nectin binding efficiency on CHj;-, NH,-, COOH-,
and OH-terminated SAMs can be directly correlated
with the adhesion of erythroleukemia cells and that
fibronectin adsorbed on COOH-terminated SAMs
interacts more with o581 integrins than fibronectin
adsorbed on OH-terminated SAMs. This suggests

that surface charges, and in particular negative
charges, are also a significant factor for protein
adsorption and presentation to integrins. It is gen-
erally thought that hydrophilic substrates adsorb
lower levels of proteins and induce less modification
in their conformations [156, 157]. Thus, proteins
retain a more active conformation on hydrophilic
substrates than on hydrophobic substrates. How-
ever, the adsorption of albumin is larger and faster
on hydrophobic substrates [158-161]. The Vroman
effect allows the replacement of a rapidly adsorbed
protein with a low affinity for a surface, such as
albumin, by a protein with a higher affinity, such as
fibronectin. When albumin and fibronectin are mixed,
the albumin adsorbs on hydrophobic surfaces whereas
fibronectin adsorbs on hydrophilic surfaces [160].
Cooperation can also exist between different proteins.
The presence of albumin is known to prevent
conformational changes in adhesive proteins such as
fibronectin and permit their interaction with integrins
by their RGD sites [160].

It is known that HA and more generally calcium
phosphate materials adsorb large amounts of fibro-
nectin and vitronectin from serum and that the
proteins are adsorbed in a conformation that pro-
motes the binding of hMSCs [162]. This is one of the
events that take place at the interface between a
bioactive ceramic and the surrounding biological
environment [163]. For bioactive materials such as
calcium phosphate ceramics, bioactive glass, and
glass-ceramics the following processes can occur.

1. Dissolution from the ceramic.

2. Precipitation from solution onto the ceramic.

3. Ion exchange and structural rearrangement at
the ceramic-tissue interface.

4. Diffusion from the surface boundary layer into
the ceramic.

5. Solution-mediated effects on cellular activity.

6. Deposition of either the mineral phase or the
organic phase without integration into the ce-
ramic.

7. Deposition with integration into the ceramic.

8. Chemotaxis to the ceramic surface.

9. Cell attachment and proliferation.

10. Cell differentiation.

11. ECM formation [163].

This sequence of events is considered to be the
driving force for the high osseointegration capacity
of bioactive materials since the first four processes
create a stable and highly topographically complex
surface at the submicron scale with which bone
bonding can occur [164].



In addition to this submicron surface, micropor-
osity in the ceramics can also significantly influence
cell function. Microporous (pores with a diameter
< 10 um) HA, the beta phase of tricalcium phosphate
(BTCP), and biphasic phosphate ceramics (BCP) can
in specific conditions have an osteoinduction ca-
pacity when implanted alone (without hMSCs) in
heterotopic sites i.e. in extra-osseous sites [165-168].
There exists an optimal specific surface area and a
minimum threshold in the microporosity below
which bone will not be induced. Additionally, the
dissolution capacity of the ceramic is also an
important factor in a material’s osteoinduction be-
haviour since osteoinduction is higher with BCPs
than with HA and significantly delayed in biomater-
ials that initially do not contain calcium phosphate
i.e. alumina and titanium. The mechanism for this
osteoinduction capacity is not well elucidated but it
has been postulated that the precipitation of apatite
that occurs in bioactive materials could be accom-
panied by the co-precipitation of growth factors
such as bone morphogenic proteins from the body
fluids which in turn could recruit cells to differenti-
ate into the osteogenic lineage [166, 168]. However,
it is important to note that this osteoinduction is a
transient phenomemon that disappears in time and
has not been consistently observed for all animal
types.

In addition to the adsorption of proteins from the
biological fluids, the cells themselves synthesize
their own ECM on the substrate. Several papers in
the literature highlight the point that the organiza-
tion of the ECM reflects the cell layer organization
[21, 58, 169]. Moreover, it was recently shown using
confocal microscopy that a pre-adsorption of fibro-
nectin on rough titanium substrates resulted in an
irregular pattern with a higher amount of protein on
the peaks than in the valleys. This was attributed to
the physicochemical heterogeneity of the rough
surfaces [169]. The fibronectin fibrils synthesized
by the MG63 cells were overlaid on top of this pre-
adsorbed fibronectin layer and did not penetrate
into the topography by more than half of the
maximum peak-to-valley distance [169].

5.2 Functionalization of surfaces with proteins or
peptides

As previously discussed the modification of sur-
face topography or surface chemistry of titanium
implants induces an increased protein adsorption
from biological fluids and an increase in the cell
adhesion on their surface [143]. Another approach to

improve cell adhesion on implants is to immobilize
adhesive proteins or peptides on their surface. Type-
I collagen has been shown to significantly increase
bone growth and bone-to-implant contact after
covalent grafting on smooth and rough pure tita-
nium substrates [170, 171]. Coating a titanium sur-
face with the GFOGER collagen-mimetic peptide
significantly improved the peri-implant bone regen-
eration and osseointegration compared to a surface
modified with type-I collagen [172].

Similarly, grafting the o5B1-integrin-specific FN
fragment FNIII;_;, onto a titanium implant signifi-
cantly increased osseointegration compared to RGD-
functionalized and unmodified titanium surfaces
[173]. The effect of coating titanium implants with
RGD peptides has been widely studied and in gen-
eral the osseointegration of the RGD-coated im-
plants has been reported to be enhanced compared
to an uncoated titanium surface [6, 174-177]. How-
ever, when compared to titanium surfaces coated
with either collagen or collagen-chondroitin sulphate,
the RGD-coated titanium appears to be less effi-
cient for osseointegration [178, 179].

The possibility of accelerating osseointegration of
HA coatings [180] or sintered HA disks by using a
RGD coating has been explored. The RGD coating
appears to be either inefficient [180] or to signifi-
cantly inhibit the osseointegration of the implants
[181]. These results were interpreted as being caused
by the RGD peptides preferentially binding to the
integrins which thus were no longer available for
binding to the adhesion proteins adsorbed on the
HA from the biological fluids. Since the integrin-
RGD complexes have a lower efficiency for cell
survival than integrin-adhesion protein complexes,
the osseointegration of RGD-coated HA implants is
lower than that of the uncoated HA. Thus, it appears
that for materials with a high adsorption potential for
adhesion proteins from biological fluids, the coating
or grafting of RGD peptides is not advisable.

6 RELATIVE INFLUENCE ON CELLS OF SURFACE
TOPOGRAPHY AND SURFACE CHEMISTRY

It is very difficult to isolate the relative influences of
surface topography and chemistry on the cells. In
a pioneering study by Britland et al. [182] model
surfaces presenting simultaneous parallel and or-
thogonal topographic (micro-grooves) and adhesive
guidance (aminosilane tracks) were investigated and
it was reported that the adhesive response consis-
tently dominated the topography response. Nebe
et al. [183] compared the influence of roughness and



surface energy of polymeric and metal surfaces
on fibroblast adhesion and concluded that surface
energy was more important that surface roughness
in determining cell adhesion and proliferation [23].
A correlation was found between cell adhesion and
surface free energy as well as surface roughness.
However, the latter correlation was visible only when
the substrates were divided into two classes of ma-
terials with either a high or low surface energy. This
finding suggests that the influence of roughness
on cell adhesion strength may be secondary to the
surface energy for high surface energy materials
(metals). On nickel-titanium alloys, Ponsonnet et al.
[25] observed that the free energy of the surface was
a dominant factor on cell adhesion and alkaline
phosphatase activity whereas cell proliferation was
modulated by roughness (this effect increasing
during cell culture) and by chemistry (this effect
remaining stable over time) together. However, Wirth
et al. [27] observed that total protein content and cell
morphology were independent of both these para-
meters. Nebe et al. [183] also performed systematic
correlation studies and demonstrated that several
cellular parameters describing adhesion, spreading,
integrin expression, proliferation, and differentiation
were quantitatively correlated with material para-
meters describing surface roughness or electroche-
mical surface characteristics. The surface roughness
amplitude (R,) correlated with cell adhesion, 1
integrin focal contact length, cell spreading, and cell
proliferation but not with the cell differentiation
(gene expression of bone sialoprotein). Additionally,
most of the electrochemical parameters correlated
with cellular parameters describing adhesion, B1
integrin focal contact length, and cell spreading.
Additionally, the corrosion resistance (R.o) coIre-
lated negatively with adhesion and bone sialoprotein
expression i.e. when R, increased the two cellular
parameters decreased. The correlation of cellular and

material surface parameters has also been used by
the current authors to define the main parameters
that influence cell response. The short-term and
long-term adhesion levels of human osteoblasts on
metallic substrates with different topographies were
compared before and after coating with a thin (a few
nanometres) gold-palladium layer, in order to com-
pare substrates with the same surface chemistry.
Short-term adhesion was mainly influenced by sur-
face chemistry (by the presence of the coating)
whereas long-term adhesion was mainly influenced
by surface topography (roughness amplitude and
surface morphology) [22, 83, 184, 185]. Logically,
proliferation is influenced by both factors since it is
related to both short-term and long-term adhesion
(Table 1). These studies on metallic materials were
reproduced on ceramic materials. In this case, the
sensitivity of cells to topography and chemistry was
dependent on the individual material. On -TCP, the
main parameter was the surface chemistry that
negatively affected the initial cell adhesion but
positively affected the proliferation and differentia-
tion. On HA, the main factor was the surface
topography that increased cell differentiation but
lowered proliferation [28].

7 CONCLUSIONS

Knowledge of the complexity of cell-material inter-
actions is vital for future developments in biomater-
ials and tissue engineering; however, there is still a
long way to go before a clear understanding is
achieved, as illustrated in this review. A lot of factors
both on the cellular and on the material side
influence these interactions and must be controlled
systematically during experiments. On the cellular
side, it was highlighted that the cell phenotype must
be as close as possible to the phenotype of the cells

Table 1 Summary of the influence of material parameters on cell response. Material: material of substrates (pure
titanium, titanium alloy Ti6Al4V, stainless steel 316L). Roughness: roughness amplitude (R, = 0.85um or
R, =2.35um). Process: process used to produce topography (electro-erosion, sandblasting, polishing,
machining, acid etching). Coating: coating of samples by electro-sputtering of a few-nanometre-thick gold-
palladium layer. Short-term adhesion: number of cells adhered after 1 day of culture. Long-term adhesion:
strength of the cell-material interface formed during 21 days of culture quantified by the adhesion power
parameter. Proliferation: number of cells after 21 days of culture (for more details see [20])

Material Roughness Process Coating
Short-term adhesion Yes, with process No Yes Yes
Long-term adhesion No Yes, with process Yes No
Proliferation No No Yes Yes

Short-term adhesion is significantly influenced by surface chemistry; long-term adhesion is significantly influenced by surface topography;
proliferation is influenced by surface topography and surface chemistry.



used for in vivo implants. The use of cell lines issued
from tumours must be avoided in the future notably
for studying the influence of surface topography.
The reproducibility of techniques used to quantify
cellular response must be controlled in order to
allow the comparison of results from different la-
boratories. With the same objective, as seen in part 1
of this review, the surface of implants need to be
rigorously characterized and defined in terms of
several complementary and pertinent parameters.
Detailed knowledge of the physicochemical char-
acteristics of the surface will allow their correlation
with the parameters that characterize the biological
response. This approach will allow a detailed under-
standing of the response of bone cells and tissue to
implant materials and allow the process to be
optimized. Finally, an effort should be made to
apply this approach to implants after in vivo im-
plantation to validate if the knowledge acquired on
cell-material interactions in vitro is applicable to the
in vivo case.

REFERENCES

1 Boyan, B. D., Hummert, T. W., Dean, D. D., and
Schwartz, Z. Role of material surfaces in regulat-
ing bone and cartilage cell response. Biomaterials,
1996, 17, 137-146.

2 Brunette, D. M. and Chehroudi, B. The effects of
the surface topography of micromachined tita-
nium substrata on cell behavior in vitro and in
vivo. J. Biomech. Engng, 1999, 121, 49-57.

3 Anselme, K. Osteoblast adhesion on biomaterials.
Biomaterials, 2000, 21, 667-681.

4 Boyan, B. D., Lohmann, C. H., Dean, D. D,,
Cochran, D. L., and Schwartz, Z. Mechanisms
involved in osteoblast response to implant surface
morphology. Annu. Rev. Mater. Res., 2001, 31,
357-371.

5 Dalby, M. J. Topographically induced direct cell
mechanotransduction. Med. Engng Phys., 2005,
27, 730-742.

6 Siebers, M. C., Ter Brugge, P. ]J., Walboomers,
X. F., and Jansen, J. A. Integrins as linker proteins
between osteoblasts and bone replacing materials.
A critical review. Biomaterials, 2005, 26, 137-146.

7 Wang, N., Tytell, J. D., and Ingber, D. E. Me-
chanotransduction at a distance: mechanically
coupling the extracellular matrix with the nucleus.
Nat. Rev. Mol. Cell Biol., 2009, 10, 75-82.

8 Starr, D. A. A nuclear-envelope bridge positions
nuclei and moves chromosomes. J. Cell Sci., 2009,
122, 577-586.

9 Gieni, R. S. and Hendzel, M. J. Mechanotransduc-
tion from the ECM to the genome: are the pieces

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

now in place? J. Cell Biochem., 2008, 104, 1964—
1987.

Curtis, A. S. G., Dalby, M. J., and Gadegaard, N.
Nanoprinting onto cells. J. R. Soc. Interface, 2006,
3, 393-398.

Wozniak, M. A., Modzelewska, K., Kwong, L., and
Keely, P. J. Focal adhesion regulation of cell
behavior. Biochimica et Biophysica Acta, 2004,
1692, 103-119.

Biggs, M. ]., Richards, R. G., McFarlane, S.,
Wilkinson, C. D., Oreffo, R. O., and Dalby, M. ]J.
Adhesion formation of primary human osteoblasts
and the functional response of mesenchymal stem
cells to 330nm deep microgrooves. J. R. Soc. In-
terface, 2008, 5, 1231-1242.

Cukierman, E., Pankov, R., and Yamada, K. M.
Cell interactions with three-dimensional matrices.
Curr. Opin. Biotech., 2002, 14, 633-639.

Baker, J. P. and Titus, M. A. Myosins: matching
functions with motors. Curr. Opin. Cell Biol., 1998,
10, 80-86.

Ingber, D. E. Cellular mechanotransduction: put-
ting all the pieces together again. FASEB J., 2006,
20, 811-827.

Trepat, X., Lenormand, G., and Fredberg, J. J.
Universality in cell mechanics. Soft Matter, 2008,
4, 1750-1759.

Dalby, M. ]., Gadegaard, N., Curtis, A. S. G., and
Oreffo, R. 0. C. Nanotopographical control of
human osteoprogenitor differentiation. Curr. Stem
Cell Res. Ther., 2007, 2, 129-138.

Fujita, S., Ohshima, M., and Iwata, H. Time-lapse
observation of cell alignment on nanogrooved
patterns. J. R. Soc. Interface, 2009, 6, S269-S277.
Meyer, U., Biichter, A., Wiesmann, H. P., Joos, U.,
and Jones, D. B. Basic reactions of osteoblasts on
structured material surfaces. Eur. Cells Mater.,
2005, 9, 39-49.

Anselme, K. and Bigerelle, M. Modelling ap-
proach in cell/material interactions studies. Bio-
materials, 2006, 27, 1187-1199.

Anselme, K., Bigerelle, M., Noel, B., Dufresne, E.,
Judas, D., Iost, A., and Hardouin, P. Qualitative
and quantitative study of human osteoblast ad-
hesion on materials with various surface rough-
ness. J. Biomed. Mater. Res., 2000, 49, 155-166.
Anselme, K. and Bigerelle, M. Statistical demon-
stration of the relative effect of surface chemistry
and roughness on human osteoblast short-term
adhesion. J. Mater. Sci., Mater. Med., 2006, 17,
471-479.

Hallab, N. J., Bundy, K. J., O’Connor, K., Moses,
R. L., and Jacobs, J. J. Evaluation of metallic and
polymeric biomaterial surface energy and surface
roughness characteristics for directed cell adhe-
sion. Tissue Engng, 2001, 7, 55-71.

Vitte, J., Benoliel, A. M., Pierres, A., and Bon-
grand, P. Is there a predictable relationship
between surface physical-chemical properties and
cell behaviour at the interface? Eur. Cells Mater.,
2004, 7, 52-63.



25

26

27

28

29

30

31

32

33

34

35

36

37

38

Ponsonnet, L., Comte, V., Othmane, A., Lagneau,
C., Charbonnier, M., Lissac, M., and Jaffrezic, N.
Effect of surface topography and chemistry on
adhesion, orientation and growth of fibroblasts on
nickel-titanium substrates. Mater. Sci. Engng C,
Mater. Biol. Appl., 2002, 21, 157-165.

Anselme, K., Linez, P., Bigerelle, M., le Maguer,
D., le Maguer, A., Hardouin, P., Hildebrand, H. F.,
Iost, A., and Leroy, J.-M. The relative influence of
the topography and chemistry of Ti6Al4V surfaces
on osteoblastic cell behaviour. Biomaterials, 2000,
21, 1567-1577.

Wirth, C., Grosgogeat, B., Lagneau, C., Jaffrezic-
Renault, N., and Ponsonnet, L. Biomaterial sur-
face properties modulate in wvitro rat calvaria
osteoblasts response: roughness and or chemistry?
Mater. Sci. Engng C, Mater. Biol. Appl., 2008, 28,
990-1001.

dos Santos, E. A., Farina, M., Soares, G. A., and
Anselme, K. Chemical and topographical influ-
ence of hydroxyapatite and beta-tricalcium phos-
phate surfaces on human osteoblastic cell beha-
vior. J. Biomed. Mater. Res. A, 2009, 89, 510-520.
Anselme, K. and Bigerelle, M. Role of materials
surface topography on mammalian cell response.
Int. Mater. Rev., 2010, submitted.

Ben-Ze’ev, A. The cytoskeleton in cancer cells.
Biochimica et Biophysica Acta, 1985, 780, 197-212.
Davidson, P., ﬁzgelik, H., Hasirci, V., Reiter, G.,
and Anselme, K. Micro-structured surfaces cause
severe but non-detrimental deformation of the
cell nucleus. Adv. Mater., 2009, 21, 3586-3590.
Davidson, P., Fromigue, O., Marie, P., Hasirci, V.,
Reiter, G., and Anselme, K. Topographically in-
duced self-deformation of the nuclei of cells:
dependence on cell type and proposed mechan-
isms. J. Mater. Sci., Mater. Med., 2010, 31, 939-946.
Ochalek, T., Nordt, F. J., Tullberg, K., and Burger,
M. M. Correlation between cell deformability and
metastatic potential in B16-F1 melanoma cell
variants. Cancer Res., 1988, 48, 5124-5128.

Guck, J., Schinkinger, S., Lincoln, B., Wottawabh,
F., Ebert, S., Romeyke, M., Lenz, D., Erickson,
H. M., Ananthakrishnan, R., Mitchell, D., Kas, J.,
Ulvick, S., and Bilby, C. Optical deformability as
an inherent cell marker for testing malignant
transformation and metastatic competence. Bio-
phys. J., 2005, 88, 3689-3698.

Reddy, K. L., Zullo, J. M., Bertolino, E., and
Singh, H. Transcriptional repression mediated by
repositioning of genes to the nuclear lamina.
Nature, 2008, 452, 243-247.

Sexton, T., Schober, H., Fraser, P., and Gasser,
S. M. Gene regulation through nuclear organiza-
tion. Nat. Struct. Mol. Biol., 2007, 14, 1049-1055.
Curtis, A. S. G. and Wilkinson, C. Topographical
control of cells. Biomaterials, 1997, 18, 1573-1583.
Sanz-Herrera, J. A.,, Moreo, P., Garcia-Aznar,
J. M., and Doblare, M. On the effect of substrate
curvature on cell mechanics. Biomaterials, 2009,
30, 6674-6686.

39

40

41

42

43

44

45

46

47

48

49

50

51

52

Ingber, D. E. Tensegrity: the architectural basis of
cellular mechanotransduction. Annu. Rev. Phy-
siol., 1997, 59, 575-599.

Dunn, G. A. and Heath, J. P. A new hypothesis of
contact guidance in tissue cells. Exp. Cell Res.,
1976, 101, 1-14.

Su, W. T., Chu, I. M., Yang, J. Y., and Lin, C. D. The
geometric pattern of a pillared substrate influences
the cell-process distribution and shapes of fibro-
blasts. Micron, 2006, 37, 699-706.

Park, J. Y., Lee, D. H,, Lee, E. ]., and Lee, S. H. Study
of cellular behaviors on concave and convex micro-
structures fabricated from elastic PDMS mem-
branes. Lab Chip, 2009, 9, 2043-2049.

Blackshaw, S. E. and Thompson, S. W. Hyperpo-
larizing responses to stretch in sensory neurones
innervating leech body wall muscle. J. Physiol.,
1988, 396, 121-137.

Chen, J., Mwenifumbo, S., Langhammer, C.,
McGovern, J., Li, M., Beye, A., and Soboyejo,
W. 0. Cell/surface interactions and adhesion on
Ti-6Al-AV : effects of surface texture. J. Biomed.
Mater. Res. B, Appl. Biomater., 2007, 82, 360-373.
Feinberg, A. W., Wilkerson, W. R., Seegert, C. A.,
Gibson, A. L., Hoipkemeier-Wilson, L., and
Brennan, A. B. Systematic variation of microto-
pography, surface chemistry and elastic modulus
and the state dependent effect on endothelial cell
alignment. J. Biomed. Mater. Res. A, 2008, 86,
522-534.

Naji, A. and Harmand, M. F. Study of the effect of
the surface state on the cytocompatibility of a Co-
Cr alloy using human osteoblasts and fibroblasts.
J. Biomed. Mater. Res., 1990, 24, 861-871.

Martin, J. Y., Schwartz, Z., Hummert, T. W,,
Schraub, D. M., Simpson, J., Lankford, J., Dean,
D. D., Cochran, D. L., and Boyan, B. D. Effect
of titanium surface roughness on proliferation,
differentiation, and protein synthesis of human
osteoblast-like cells (MG63). J. Biomed. Mater.
Res., 1995, 29, 389-401.

Nishimura, N. and Kawai, T. Effect of micro-
structure of titanium surface on the behaviour of
osteogenic cell line MC3T3-El. J. Mater. Sci.,
Mater. Med., 1998, 9, 99-102.

Gadelmawla, E. S., Koura, M. M., Maksoud, T. M. A,
Flewa, I. M, and Soliman, H. H. Roughness
parameters. J. Mater. Process. Technol., 2002, 123,
133-145.

MacDonald, W., Campbell, P., Fisher, J., and
Wennerberg, A. Variation in surface texture mea-
surements. J. Biomed. Mater. Res. B, Appl. Bioma-
ter., 2004, 70, 262-269.

Anselme, K. and Bigerelle, M. Topography effects
of pure titanium substrates on human osteoblast
long-term adhesion. Acta Biomater., 2005, 1, 211-
222.

Kieswetter, K., Schwartz, Z., Hummert, T. W,,
Cochran, D. L., Simpson, J., Dean, D. D., and
Boyan, B. D. Surface roughness modulates the
local production of growth factors and cytokines



53

54

55

56

57

58

59

60

61

62

63

64

by osteoblast-like MG-63 cells. J. Biomed. Mater.
Res., 1996, 32, 55-63.

Links, J., Boyan, B. D., Blanchard, C. R,
Lohmann, C. H., Liu, Y., Cochran, D. L., Dean,
D. D., and Schwartz, Z. Response of MG63 osteo-
blast-like cells to titanium and titanium alloy is
dependent on surface roughness and composition.
Biomaterials, 1998, 19, 2219-2232.

Deligianni, D. D., Katsala, N. D., Koutsoukos,
P. G., and Missirlis, Y. F. Effect of surface
roughness of hydroxyapatite on human bone
marrow cell adhesion, proliferation, differentia-
tion and detachment strength. Biomaterials, 2001,
22, 87-96.

Deligianni, D. D., Katsala, N., Ladas, S., Sotir-
opoulou, D., Amedee, J., and Missirlis, Y. F. Effect
of surface roughness of the titanium alloy Ti-6Al-
4V on human bone marrow cell response and on
protein adsorption. Biomaterials, 2001, 22, 1241-
1251.

Mustafa, K., Wennerberg, A., Wroblewski, J.,
Hultenby, K., Silva Lopez, B., and Arvidson, K.
Determining optimal surface roughness of TiO,
blasted titanium implant material for attachment,
proliferation and differentiation of cells derived
from human mandibular alveolar bone. Clin. Oral
Implant Res., 2001, 12, 515-525.

Brett, P. M., Harle, J., Salih, V., Milhoc, R., Olsen,
I., Jones, F. H., and Tonetti, M. Roughness re-
sponse genes in osteoblasts. Bone, 2004, 35,
124-133.

Postiglione, L., di Domenico, G., Ramaglia, L.,
di Lauro, A. E., di Meglio, F., and Montagnani, S.
Different titanium surfaces modulate the bone
phenotype of SaOS-2 osteoblast-like cells. Eur. J.
Histochem., 2004, 49, 213-222.

Hamilton, D. W. and Brunette, D. M. The effect of
substratum topography on osteoblast adhesion
mediated signal transduction and phosphoryla-
tion. Biomaterials, 2007, 28, 1806-1819.
Castellani, R., de Ruijter, J. E., Renggli, H., and
Jansen, J. A. Response of rat bone marrow cells to
differently roughened titanium discs. Clin. Oral
Implant Res., 1999, 10, 369-378.

Rosa, A. L. and Beloti, M. M. Rat bone marrow cell
response to titanium and titanium alloy with
different surface roughness. Clin. Oral Implant
Res., 2003, 14, 43-48.

Setzer, B., Bachle, M., Metzger, M. C., and Kohal,
R. J. The gene-expression and phenotypic re-
sponse of hFOB 1.19 osteoblasts to surface-
modified titanium and zirconia. Biomaterials,
2009, 30, 979-990.

Boyan, B. D., Batzer, R., Kieswetter, K., Liu, Y.,
Cochran, D. L., Szmuckler-Moncler, S., Dean,
D. D., and Schwartz, Z. Titanium surface roughness
alters responsiveness of MG63 osteoblast-like cells to
10,25-(OH),D3. J. Biomed. Mater. Res., 1998, 39,
77-85.

Lohmann, C. H., Bonewald, L. F., Sisk, M. A,,
Sylvia, V. L., Cochran, D. L., Dean, D. D., Boyan,

65

66

67

68

69

70

71

72

73

B. D., and Schwartz, Z. Maturation state deter-
mines the response of osteogenic cells to surface
roughness and 1,25-dihydroxyvitamin Djs. J. Bone
Miner. Res., 2000, 15, 1169-1180.

Lohmann, C. H., Sagun, R., Sylvia, V. L,
Cochran, D. L., Dean, D. D., Boyan, B. D., and
Schwartz, Z. Surface roughness modulates the
response of MG63 osteoblast-like cells to 1,25-
(OH), D3 through regulation of phospholipase A,
activity and activation of protein kinase A. J.
Biomed. Mater. Res., 1999, 47, 139-151.
Lohmann, C. H., Tandy, E. M., Sylvia, V. L., Hell-
Vocke, A. K., Cochran, D. L., Dean, D. D., Boyan,
B. D., and Schwartz, Z. Response of normal
female human osteoblasts (NHOst) to 17p-estra-
diol is modulated by implant surface morphology.
J. Biomed.Mater. Res., 2002, 62, 204-213.

Boyan, B. D., Lossdorfer, S., Wang, L., Zhao, G.,
Lohmann, C. H., Cochran, D. L., and Schwartz, Z.
Osteoblasts generate an osteogenic microenviron-
ment when grown on surfaces with rough micro-
topographies. Eur. Cells Mater., 2003, 6, 22-27.
Schwartz, Z., Olivares-Navarrete, R., Wieland,
M., Cochran, D. L., and Boyan, B. D. Mechanisms
regulating increased production of osteoprote-
gerin by osteoblasts cultured on microstructured
titanium surfaces. Biomaterials, 2009, 30, 3390-
3396.

Boyan, B. D., Sylvia, V. L., Liu, Y., Sagun, R.,
Cochran, D. L., Lohmann, C. H., Dean, D. D., and
Schwartz, Z. Surface roughness mediates its
effects on osteoblasts via protein kinase A and
phospholipase A,. Biomaterials, 1999, 20, 2305-
2310.

Schwartz, Z., Lohmann, C. H., Sisk, M. A,
Cochran, D. L., Sylvia, V. L., Simpson, J., Dean,
D. D., and Boyan, B. Local factor production by
MG63 osteoblast-like cells in response to surface
roughness and 1,25-(OH),D3 is mediated via pro-
tein kinase C- and protein kinase A-dependent
pathways. Biomaterials, 2001, 22, 731-741.
Wang, L., Zhao, G., Olivares-Navarrete, R., Bell,
B. F., Wieland, M., Cochran, D. L., Schwartz, Z.,
and Boyan, B. D. Integrin B1 silencing in osteo-
blasts alters substrate-dependent responses to 1,25-
dihydroxyvitamin D3. Biomaterials, 2006, 27, 3716~
3725.

Keselowsky, B. G., Wang, L., Schwartz, Z., Garcia,
A. ], and Boyan, B. D. Integrin o5 controls
osteoblastic proliferation and differentiation re-
sponses to titanium substrates presenting differ-
ent roughness characteristics in a roughness
independent manner. J. Biomed. Mater. Res. A,
2007, 80, 700-710.

Olivares-Navarrete, R., Raz, P., Zhao, G., Chen,
J., Wieland, M., Cochran, D. L., Chaudhri, R. A,,
Ornoy, A., Boyan, B. D., and Schwartz, Z. Integrin
alpha2betal plays a critical role in osteoblast
response to micron-scale surface structure and
surface energy of titanium substrates. Proc. Natl.
Acad. Sci. USA, 2008, 105, 15,767-15,772.



74

75

76

77

78

79

80

81

82

83

84

85

86

Sinha, R. K. and Tuan, R. S. Regulation of human
osteoblast integrin expression by orthopedic im-
plant materials. Bone, 1996, 18, 451-457.

Nebe, B., Liithen, F., Baumann, A., Beck, U.,,
Diener, A., Neumann, H.-G., and Rychly, J.
Effects of titanium surface topography on the
cell-extracellular matrix interaction in osteoblasts.
Mater. Sci. Forum, 2003, 426-432, 3023-3030.
Liithen, F., Lange, R., Becker, P., Rychly, J., Beck,
U., and Nebe, B. The influence of surface rough-
ness of titanium on B1 and B3-integrin adhesion
and the organization of fibronectin in human
osteoblastic cells. Biomaterials, 2005, 15, 2423—
2440.

Lange, R., Liithen, F., Beck, U., Rychly, J.,
Baumann, A., and Nebe, B. Cell-extracellular
matrix interaction and physico-chemical charac-
teristics of titanium surfaces depend on the
roughness of the material. Biomol. Engng, 2002,
19, 255-261.

Jayaraman, M., Meyer, U., Biihner, M., Joos, U.,
and Wiesmann, H.-P. Influence of titanium sur-
faces on attachment of osteoblast-like cells in vitro.
Biomaterials, 2003, 25, 625-631.

Lu, X. and Leng, Y. Quantitative analysis of osteo-
blast behavior on microgrooved hydroxyapatite
and titanium substrata. J. Biomed. Mater. Res. A,
2002, 66, 677-687.

Anselme, K., Bigerelle, M., Noél, B., Loison, I.,
and Hardouin, P. Kinetic study of the expression
of B-catenin, actin and vinculin during osteoblas-
tic adhesion on grooved titanium substrates.
Biomed. Mater. Engng, 2004, 14, 545-556.

Ismail, F. S. M., Rohanizadeh, R., Atwa, S.,
Mason, R. S., Ruys, A. J., Martin, P. J., and
Bendavid, A. The influence of surface chemistry
and topography on the contact guidance of MG63
osteoblast cells. J. Mater. Sci., Mater. Med., 2007,
18, 705-714.

Anselme, K., Bigerelle, M., Noél, B., Iost, A., and
Hardouin, P. Effect of grooved titanium substra-
tum on human osteoblastic cell growth. J. Biomed.
Mater. Res., 2002, 60, 529-540.

Bigerelle, M., Anselme, K., Noél, B., Ruderman,
I., Hardouin, P., and Iost, A. Improvement in the
morphology of surfaces for cell adhesion: a new
process to double human osteoblast adhesion on
Ti-based substrates. Biomaterials, 2002, 23, 1563—
1577.

Kunzler, T. P., Drobek, T., Schuler, M., and
Spencer, N. D. Systematic study of osteoblast
and fibroblast response to roughness by means of
surface-morphology gradients. Biomaterials, 2007,
28, 2175-2182.

Dalby, M. J., Riehle, M. O., Sutherland, D. S.,
Agheli, H., and Curtis, A. S. Fibroblast response to
a controlled nanoenvironment produced by col-
loidal lithography. J. Biomed. Mater. Res. A, 2004,
69, 314-322.

Andersson, A. S., Brink, J., Lidberg, U., and
Sutherland, D. S. Influence of systematically varied

87

88

89

90

91

92

93

94

95

96

97

nanoscale topography on the morphology of
epithelial cells. IEEE Trans. Nanobiosci., 2003, 2,
49-57.

Dalby, M. ]., Gadegaard, N., Riehle, M. O.,
Wilkinson, C. D., and Curtis, A. S. Investigating
filopodia sensing using arrays of defined nano-pits
down to 35nm diameter in size. Int. J. Biochem.
Cell Biol., 2004, 36, 2005-2015.

Loesberg, W. A., te Riet, J., van Delft, F. C.,
Schon, P., Figdor, C. G., Speller, S., van Loon, J.
J., Walboomers, X. F., and Jansen, J. A. The
threshold at which substrate nanogroove dimen-
sions may influence fibroblast alignment and
adhesion. Biomaterials, 2007, 28, 3944-3951.
Walter, N., Selhuber, C., Kessler, H., and Spatz,
J. P. Cellular unbinding forces of initial adhesion
processes on nanopatterned surfaces probed with
magnetic tweezers. Nano Lett., 2006, 6, 398-402.
Cavalcanti-Adam, E. A., Micoulet, A., Bliimmel,
J., Auernheimer, J., Kessler, H., and Spatz, J. P.
Lateral spacing of integrin ligands influences cell
spreading and focal adhesion assembly. Eur. J.
Cell Biol., 2006, 85, 219-224.

Arnold, M., Hirschfeld-Warneken, V. C., Loh-
muller, T., Heil, P., Blummel, J., Cavalcanti-
Adam, E. A., Lopez-Garcia, M., Walther, P.,
Kessler, H., Geiger, B., and Spatz, J. P. Induction
of cell polarization and migration by a gradient of
nanoscale variations in adhesive ligand spacing.
Nano Lett., 2008, 8, 2063—-2069.

Dalby, M. J., Pasqui, D., and Affrossman, S. Cell
response to nano-islands produced by polymer
demixing: a brief review. IEE Proc. Nanobiotech-
nol., 2004, 151, 53-61.

Dalby, M. J., Riehle, M. O., Johnstone, H.,
Affrossman, S., and Curtis, A. S. Investigating
the limits of filopodial sensing: a brief report using
SEM to image the interaction between 10 nm high
nano-topography and fibroblast filopodia. Cell
Biol. Int., 2004, 28, 229-236.

Lim, J. Y., Dreiss, A. D., Zhou, Z., Hansen, J. C,,
Siedlecki, C. A., Hengstebeck, R. W., Cheng, J.,
Winograd, N., and Donahue, H. J. The regulation
of integrin-mediated osteoblast focal adhesion
and focal adhesion kinase expression by nanos-
cale topography. Biomaterials, 2007, 28, 1787-
1797.

Swan, E. E. L., Popat, K. C., Grimes, C. A., and
Desai, T. A. Fabrication and evaluation of nano-
porous alumina membranes for osteoblast cul-
ture. J. Biomed. Engng, 2005, 72, 288-295.

Popat, K. C., Eltgroth, M., LaTempa, T. J., Grimes,
C. A,, and Desai, T. A. Titania nanotubes: a novel
platform for drug-eluting coatings for medical
implants? Small, 2007, 3, 1878-1881.

Popat, K. C., Chatvanichkul, K. I., Barnes, G. L.,
LaTempa, T. J., Grimes, C. A., and Desai, T. A.
Osteogenic differentiation of marrow stromal cells
cultured on nanoporous alumina surfaces. J. Bio-
med. Mater. Res. A, 2007, 80, 955-964.



98

99

100

101

102

103

104

105

106

107

108

109

110

111

Peng, L., Eltgroth, M. L., LaTempa, T. J., Grimes,
C. A, and Desai, T. A. The effect of TiO,
nanotubes on endothelial function and smooth
muscle proliferation. Biomaterials, 2009, 30,
1268-1272.

Brammer, K. S., Oh, S., Cobb, C.]., Bjursten, L. M.,
van der Heyde, H., and Jin, S. Improved bone-
forming functionality on diameter-controlled TiO,
nanotube surface. Acta Biomater., 2009, 5, 3215-
3223.

Oh, S., Brammer, K. S., Li, Y. S. J., Teng, D.,
Engler, A. J., Chien, S., and Jin, S. Stem cell fate
dictated solely by altered nanotube dimension.
Proc. Natl. Acad. Sci. USA, 2009, 106, 2130-2135.
Zinger, 0., Anselme, K., Denzer, A., Habersetzer,
P., Wieland, M., Jeanfils, J., Hardouin, P., and
Landolt, D. Time-dependent morphology and ad-
hesion of osteoblastic cells on titanium model
surfaces featuring scale dependant morphology.
Biomaterials, 2004, 25, 2695-2711.

de Oliveira, P. T., Zalzal, S. F., Beloti, M. M.,
Rosa, A. L., and Nanci, A. Enhancement of in vitro
osteogenesis on titanium by chemically produced
nanotopography. J. Biomed. Mater. Res. A, 2007,
80, 554-564.

Liu, H. and Webster, T. J. Nanomedicine for
implants: a review of studies and necessary
experimental tools. Biomaterials, 2007, 28, 354-
369.

Sato, M. and Webster, T. J. Nanobiotechnology:
implications for the future of nanotechnology in
orthopedic applications. Expert Rev. Med. Deuv.,
2004, 1, 105-114.

Colon, G., Ward, B. C., and Webster, T. J. In-
creased osteoblast and decreased staphylococcus
epidermidis functions on nanophase ZnO and TiO,.
J. Biomed. Mater. Res. A, 2006, 78, 595-604.
Webster, T. J., Ergun, C., Doremus, R. H., Siegel,
R. W,, and Bizios, R. Enhanced functions of
osteoblasts on nanophase ceramics. Biomaterials,
2000, 21, 1803-1810.

Webster, T. J. and Ejiofor, J. U. Increased osteo-
blast adhesion on nanophase metals: Ti, Ti6Al4V,
and CoCrMo. Biomaterials, 2004, 25, 4730-4739.
Balasundaram, G. and Webster, T. J. Increased
osteoblast adhesion on nanograined Ti modified
with KRSR. J. Biomed. Mater. Res. A, 2007, 80,
602-611.

Miller, D. C., Thapa, A., Haberstroh, K. M., and
Webster, T. J. Endothelial and vascular smooth
muscle cell function on poly(lactic-co-glycolic
acid) with nano-structured surface features. Bio-
materials, 2004, 25, 53-61.

Miller, D. C., Haberstroh, K. M., and Webster, T. J.
PLGA nanometer surface features manipulate fi-
bronectin interactions for improved vascular cell
adhesion. J. Biomed. Mater. Res. A, 2007, 81,
678-684.

Price, R. L., Waid, M. C., Haberstroh, K. M., and
Webster, T. J. Selective bone cell adhesion on

112

113

114

115

116

117

118

119

120

121

122

123

formulations containing carbon nanofibers. Bio-
materials, 2003, 24, 1877-1887.

Price, R. L., Ellison, K., Haberstroh, K. M., and
Webster, T. J. Nanometer surface roughness in-
creases select osteoblast adhesion on carbon nano-
fiber compacts. J. Biomed. Mater. Res. A, 2004, 70,
129-138.

Webster, T. J., Ergun, C., Doremus, R. H., Siegel,
R. W,, and Bizios, R. Specific proteins mediate
enhanced osteoblast adhesion on nanophase cera-
mics. J. Biomed. Mater. Res., 2000, 51, 475-483.
Webster, T. J., Schadler, L. S., Siegel, R. W., and
Bizios, R. Mechanisms of enhanced osteoblast
adhesion on nanophase alumina involve vitronec-
tin. Tissue Engng, 2001, 7, 291-301.

Mendonca, G., Mendonca, D. B., Simoes, L. G.,
Araujo, A. L., Leite, E. R., Duarte, W. R., Cooper, L.
F., and Aragao, F. J. Nanostructured alumina-
coated implant surface: effect on osteoblast-related
gene expression and bone-to-implant contact
in vivo. Int. J. Oral Maxillofac. Impl., 2009, 24,
205-215.

Meirelles, L., Ardvisson, A., Andersson, M.,
Kjellin, P., Albrektsson, T., and Wennerberg, A.
Nano hydroxyapatite structures influence early
bone formation. J. Biomed. Mater. Res. A, 2008, 87,
299-307.

Meirelles, L., Albrektsson, T., Kjellin, P., Arvids-
son, A., Franke-Stenport, V., Andersson, M.,
Currie, F., and Wennerberg, A. Bone reaction to
nanohydroxyapatite modified titanium implants
placed in a gap-healing model. J. Biomed. Mater.
Res. A, 2008, 87, 624-631.

Bigerelle, M., Anselme, K., Dufresne, E., Hard-
ouin, P., and lost, A. An unscaled parameter to
measure the order of surfaces. A new surface
elaboration to increase cells adhesion. Biomol.
Engng, 2002, 19, 79-83.

Dalby, M. J., Gadegaard, N., Tare, R. S., Andar, A.,
Riehle, M. O., Herzyk, P., Wilkinson, C. D. W,, and
Oreffo, R. O. C. The control of human mesench-
ymal cell differentiation using nanoscale symmetry
and disorder. Nat. Mater., 2007, 6, 997-1003.
Hamilton, D. W., Chehroudi, B., and Brunette, D.
M. Comparative response of epithelial cells and
osteoblasts to microfabricated tapered pit topo-
graphies in vitro and in vivo. Biomaterials, 2007,
28, 2281-2293.

Cooper, L. F. A role for surface topography in
creating and maintaining bone at titanium en-
dosseous implants. J. Prosthet. Dent., 2000, 84,
522-534.

Shalabi, M. M., Gortemaker, A., Van’t Hof, M. A.,
Jansen, J. A., and Creugers, N. H. Implant surface
roughness and bone healing: a systematic review.
J. Dent. Res., 2006, 85, 496-500.

Goransson, A. and Wennerberg, A. Bone forma-
tion at titanium implants prepared with iso- and
anisotropic surfaces of similar roughness: an in
vivo study. Clin. Implant Dent. Res., 2005, 7, 17-23.



124

125

126

127

128

129

130

131

132

133

134

135

136

Keselowsky, B. G., Collard, D. M., and Garcia,
A. J. Integrin binding specificity regulates bioma-
terial surface chemistry effects on cell differentia-
tion. Proc. Natl. Acad. Sci. USA, 2005, 102,
5953-5957.

Barbosa, J. N., Madureira, P., Barbosa, M. A., and
Aguas, A. P. The influence of functional groups of
self-assembled monolayers on fibrous capsule
formation and cell recruitment. J. Biomed. Mater.
Res. A, 2006, 76, 737-743.

Lim, J. Y., Liu, X., Vogler, E. A., and Donahue,
H. J. Systematic variation in osteoblast adhesion
and phenotype with substratum surface character-
istics. J. Biomed. Mater. Res. A, 2004, 68, 504-512.
Zelzer, M., Majani, R., Bradley, J. W, Rose, F. R,,
Davies, M. C., and Alexander, M. R. Investigation
of cell-surface interactions using chemical gradi-
ents formed from plasma polymers. Biomaterials,
2008, 29, 172-184.

Schakenraad, J. M., Busscher, H. J., Wildevuur,
C. R. H,, and Arends, J. The influence of sub-
stratum surface free energy on growth and
spreading of human fibroblasts in the presence
and absence of serum proteins. J. Biomed. Mater.
Res., 1986, 20, 773-784.

Moller, K., Meyer, U., Szulczewski, D. H., Heide,
H., Priessnitz, B., and Jones, D. B. The influence
of zeta potential and interfacial tension on oste-
oblast-like cells. Cells Mater., 1994, 4, 263-274.
Hunter, A., Archer, C. W., Walker, P. S., and
Blunn, G. W. Attachment and proliferation of
osteoblasts and fibroblasts on biomaterials for
orthopaedic use. Biomaterials, 1995, 16, 287-295.
Howlett, C. R., Zreiqat, H., Wu, Y., McFall, D. W.,
and McKenzie, D. R. Effect of ion modification
of commonly used orthopedic materials on the
attachment of human bone-derived cells. J. Bio-
med. Mater. Res., 1999, 45, 345-354.

Zreiqat, H., Evans, P., and Howlett, C. R. Effect of
surface chemical modification of bioceramic on
phenotype of human-bone derived cells. J. Biomed.
Mater. Res., 1999, 44, 389-396.

Zreiqat, H., Valenzuela, S. M., Nissan, B. B,,
Roest, R., Knabe, C., Radlanski, R. J., Renz, H.,
and Evans, P. J. The effect of surface chemistry
modification of titanium alloy on signalling path-
ways in human osteoblasts. Biomaterials, 2005,
26, 7579-7586.

Liu, X., Lim, J. Y., Donahue, H. J., Dhurjati, R.,
Mastro, A. M., and Vogler, E. A. Influence of
substratum surface chemistry/energy and topo-
graphy on the human fetal osteoblastic cell line
hFOB 1.19: phenotypic and genotypic responses
observed in vitro. Biomaterials, 2007, 28, 4535—
4550.

Baier, R. E., Meyer, A. E., Natiella, J. R., Natiella,
R. R,, and Carter, J. M. Surface properties de-
termine bioadhesive outcomes: methods and re-
sults. J. Biomed. Mater. Res., 1984, 18, 337-355.
Ferguson, S. J., Broggini, N., Wieland, M., de
Wwild, M., Rupp, F., Geis-Gerstorfer, J., Cochran,

137

138

139

140

141

142

143

144

145

146

147

148

D. L., and Buser, D. Biomechanical evaluation of
the interfacial strength of a chemically modified
sandblasted and acid-etched titanium surface. J.
Biomed. Mater. Res. A, 2006, 78, 291-297.

He, F. M., Yang, G. L., Lj, Y. N., Wang, X. X., and
Zhao, S. F. Early bone response to sandblasted,
dual acid-etched and H,0,/HCI treated titanium
implants: an experimental study in the rabbit. Int.
J. Oral Maxillofac. Surg., 2009, 38, 677-681.

Kim, H., Choi, S. H., Ry, J. J., Koh, S. Y., Park,
J. H,, and Lee, I. S. The biocompatibility of SLA-
treated titanium implants. Biomed. Mater. Engng,
2008, 3, 1-6.

Sul, Y.-T., Johansson, C. B., Kang, Y., Jeon, D.-G.,
and Albrektsson, T. Bone reactions to oxidized
titanium implants with electrochemical anion sul-
phuric acid and phosphoric acid incorporation. Clin.
Implant Dent. Res., 2002, 4, 78-87.

Sul, Y.-T., Johansson, C. B., Roser, K., and
Albrektsson, T. Qualitative and quantitative ob-
servations of bone tissue reactions to anodised
implants. Biomaterials, 2002, 23, 1809-1817.

Sul, Y. T., Kang, B. S., Johansson, C., Um, H. S.,
Park, C. J., and Albrektsson, T. The roles of surface
chemistry and topography in the strength and rate
of osseointegration of titanium implants in bone. J.
Biomed. Mater. Res. A, 2009, 89, 942-950.

Aita, H., Att, W,, Ueno, T., Yamada, M., Hori, N.,
Iwasa, F., Tsukimura, N., and Ogawa, T. Ultra-
violet light-mediated photofunctionalization of
titanium to promote human mesenchymal stem
cell migration, attachment, proliferation and dif-
ferentiation. Acta Biomater., 2009, 5, 3247-3257.
Aita, H., Hori, N., Takeuchi, M., Suzuki, T.,
Yamada, M., Anpo, M., and Ogawa, T. The effect
of ultraviolet functionalization of titanium on
integration with bone. Biomaterials, 2009, 30,
1015-1025.

Braceras, 1., de Maeztu, M. A., Alava, J. 1., and
Gay-Escoda, C. In vivo low-density bone apposi-
tion on different implant surface materials. Int. J.
Oral Maxillofac. Surg., 2009, 38, 274-278.

Sul, Y.-T., Johansson, C. B., and Albrektsson, T.
Oxidized titanium screws coated with calcium
ions and their performance in rabbit bone. Int. J.
Oral Maxillofac. Impl., 2002, 17, 625-634.

Buser, D., Broggini, N., Wieland, M., Schenk, R. K.,
Denzer, A. J., Cochran, D. L., Hoffmann, B., Lussi,
A., and Steinemann, S. G. Enhanced bone apposi-
tion to a chemically modified SLA titanium surface.
J. Dent. Res., 2004, 83, 529-533.

Cochran, D. L., Buser, D., ten Bruggenkate, C. M.,
Weingart, D., Taylor, T. M., Bernard, J. P., Peters,
F., and Simpson, J. P. The use of reduced healing
times on ITI implants with a sandblasted and
acid-etched (SLA) surface: early results from
clinical trials on ITI SLA implants. Clin. Oral
Implant Res., 2002, 13, 144-153.

Bornstein, M. M., Schmid, B., Belser, U. C., Lussi,
A., and Buser, D. Early loading of non-submerged
titanium implants with a sandblasted and acid-



149

150

151

152

153

154

155

156

157

158

159

etched surface. 5-year results of a prospective
study in partially edentulous patients. Clin. Oral
Implant Res., 2005, 16, 631-638.

Rupp, F., Scheideler, L., Olshanska, N., de Wild,
M., Wieland, M., and Geis-Gerstorfer, J. En-
hancing surface free energy and hydrophilicity
through chemical modification of microstructured
titanium implant surfaces. J. Biomed. Mater. Res.
A, 2006, 76, 323-334.

Zhao, G., Schwartz, Z., Wieland, M., Rupp, F.,
Geis-Gerstorfer, J., Cochran, D. L., and Boyan,
B. D. High surface energy enhances cell response
to titanium substrate microstructure. J. Biomed.
Mater. Res. A, 2005, 74, 49-58.

Zhao, G., Raines, A. L., Wieland, M., Schwartz, Z.,
and Boyan, B. D. Requirement for both micron-
and submicron scale structure for synergistic
responses of osteoblasts to substrate surface
energy and topography. Biomaterials, 2007, 28,
2821-2829.

Schatzle, M., Mannchen, R., Balbach, U., Ham-
merle, C. H., Toutenburg, H., and Jung, R. E.
Stability change of chemically modified sand-
blasted/acid-etched titanium palatal implants. A
randomized-controlled clinical trial. Clin. Oral
Implant Res., 2009, 20, 489-495.

Schwarz, F., Wieland, M., Schwartz, Z., Zhao, G.,
Rupp, F., Geis-Gerstorfer, J., Schedle, A., Brog-
gini, N., Bornstein, M. M., Buser, D., Ferguson,
S. J., Becker, J., Boyan, B. D., and Cochran, D. L.
Potential of chemically modified hydrophilic sur-
face characteristics to support tissue integration of
titanium dental implants. J. Biomed. Mater. Res. B,
Appl. Biomater., 2009, 88, 544-557.

Wilson, C. J., Clegg, R. E., Leavesley, D. 1., and
Pearcy, M. J. Mediation of biomaterial-cell inter-
actions by adsorbed proteins: a review. Tissue
Engng, 2005, 11, 1-18.

Lee, M. H., Ducheyne, P., Lynch, L., Boettiger, D.,
and Composto, R. Effect of biomaterial surface
properties on fibronectin-a5p1 integrin interac-
tion and cellular attachment. Biomaterials, 2006,
27, 1907-1916.

Baujard-Lamotte, L., Noinville, S., Goubard, F.,
Marque, P., and Pauthe, E. Kinetics of confor-
mational changes of fibronectin adsorbed onto
model surfaces. Colloid Surf. B, Biointerfaces, 2008,
63, 129-137.

Iuliano, D. J., Saavedra, S. S., and Truskey, G. A.
Effect of the conformation and orientation of
adsorbed fibronectin on endothelial cell spreading
and the strength of adhesion. J. Biomed. Mater.
Res., 1993, 27, 1103-1113.

Faucheux, N., Schweiss, R., Liitzow, K., Werner,
C., and Groth, T. Self-assembled monolayers with
different terminating groups as model substrates
for cell adhesion studies. Biomaterials, 2004, 25,
2721-2730.

Rodrigues, S. N., Gongalves, 1. C., Martins, M. C. L.,
Barbosa, M. A., and Ratner, B. D. Fibrinogen
adsorption, platelet adhesion and activation on

160

161

162

163

164

165

166

167

168

169

170

171

172

mixed hydroxyl-/methyl-terminated self-assembled
monolayers. Biomaterials, 2006, 27, 5357-5367.
Scotchford, C. A., Gilmore, C. P., Cooper, E.,
Leggett, G. ]J., and Downes, S. Protein adsorption
and human osteoblast-like cell attachment and
growth on alkylthiol on gold self-assembled mono-
layers. J. Biomed. Mater. Res., 2002, 59, 84-99.
Uyen, H. M. W,, Schakenraad, J. M., Sjollema, J.,
Noordmans, J., Jongebloed, W. L., Stokroos, I., and
Busscher, H. J. Amount and surface structure of
albumin adsorbed to solid substrata with different
wettabilities in a parallel plate flow chamber. J.
Biomed. Mater. Res., 1990, 24, 1599-1614.

Kilpadi, K. L., Chang, P. L., and Bellis, S. L.
Hydroxylapatite binds more serum proteins, pur-
ified integrins, and osteoblast precursor cells than
titanium or steel. J. Biomed. Mater. Res., 2001, 57,
258-267.

Ducheyne, P. and Qiu, Q. Bioactive ceramics : the
effect of surface reactivity on bone formation and
bone cell function. Biomaterials, 1999, 20, 2287—
2303.

Davies, J. E. Bone bonding at natural and bio-
material surfaces. Biomaterials, 2007, 28, 5058—
5067.

Ripamonti, U. Osteoinduction in porous hydro-
xyapatite implanted in heterotopic sites of differ-
ent animal models. Biomaterials, 1996, 17, 31-35.
Yuan, H., Zou, P., Yang, Z., Zhang, X., de Bruijn,
J. D., and de Groot, K. Bone morphogenetic protein
and ceramic-induced osteogenesis. J. Mater. Sci.,
Mater. Med., 1998, 9, 717-721.

Yuan, H., Yang, Z., Li, Y., Zhang, X., de Bruijn, J.
D., and de Groot, K. Osteoinduction by calcium
phosphate biomaterials. J. Mater. Sci.,Mater. Med.,
1998, 9, 723-726.

Habibovic, P., Yuan, H., van der Valk, C. M.,
Meijer, G., van Blitterswijk, C. A., and de Groot, K.
3D microenvironment as essential element for
osteoinduction by biomaterials. Biomaterials, 2005,
26, 3565-3576.

Pegueroles, M., Aparicio, C., Bosio, M., Engel, E.,
Gil, F. ]J., Planell, J. A., and Altankov, G. Spatial
organization of osteoblast fibronectin matrix on
titanium surfaces: effects of roughness, chemical
heterogeneity and surface energy. Acta Biomater.,
2010, 6, 291-301.

Morra, M., Cassinelli, C., Cascardo, G., Cahalan,
P., Cahalan, L., Fini, M., and Giardino, R. Surface
engineering of titanium by collagen immobiliza-
tion. Surface characterization and in vitro and in
vivo studies. Biomaterials, 2003, 24, 4639-4654.
Morra, M., Cassinelli, C., Cascardo, G., Maz-
zucco, L., Borzini, P., Fini, M., Giavaresi, G., and
Giardino, R. Collagen I-coated titanium surfaces:
mesenchymal cell adhesion and in vivo evaluation
in trabecular bone implants. J. Biomed. Mater. Res.
A, 2006, 78, 449-458.

Reyes, C. D., Petrie, T. A., Burns, K. L., Schwartz,
Z., and Garcia, A. J. Biomolecular surface coating



173

174

175

176

177

178

179

to enhance orthopaedic tissue healing and inte-
gration. Biomaterials, 2007, 28, 3228-3235.
Petrie, T. A., Raynor, J. E., Reyes, C. D., Burns,
K. L., Collard, D. M., and Garcia, A. J. The effect of
integrin specific bioactive coatings on tissue
healing and implant osseointegration. Biomater-
ials, 2008, 29, 2849-2857.

Kroese-Deutman, H. C., van den Dolder, J.,
Spauwen, P. H., and Jansen, J. A. Influence of
RGD-loaded titanium implants on bone formation
in vivo. Tissue Engng, 2005, 11, 1867-1875.
Elmengaard, B., Bechtlod, J. E., and Soballe, K. In
vivo study of the effect of RGD treatment on bone
ongrowth on press-fit titanium alloy implants.
Biomaterials, 2005, 26, 3521-3526.

Ferris, D. M., Moodie, G. D., Dimond, P. M,,
Gioranni, C. W. D., Ehrlich, M. G., and Valentini,
R. F. RGD-coated titanium implants stimulate in-
creased bone formation in vivo. Biomaterials, 1999,
20, 2323-2331.

Dard, M., Sewing, A., Meyer, J., Verrier, S.,
Roessler, S., and Scharnweber, D. Tools for tissue
engineering of mineralized oral structures. Clin.
Oral Invest., 2000, 4, 126-129.

Rammelt, S., Illert, T., Bierbaum, S., Scharnweber,
D., Zwipp, H., and Schneiders, W. Coating of
titanium implants with collagen, RGD peptide and
chondroitin sulfate. Biomaterials, 2006, 27, 5561-
5571.

Bernhardt, R., van den Dolder, J., Bierbaum, S.,
Beutner, R., Schwarnweber, D., Jansen, J. A.,
Beckmann, F., and Worch, H. Osteoconductive
modifications of Ti-implants in a goat defect
model: characterization of bone growth with SR

180

181

182

183

184

185

puCT and histology. Biomaterials, 2005, 26, 3009—
3019.

Bitschnau, A., Alt, V., Bohner, F., Heerich, K. E.,
Margesin, E., Hartman, S., Sewing, A., Meyer, C.,
Wenisch, S., and Schnettler, R. Comparison of
new bone formation, implant integration and bio-
compatibility between RGD hydroxyapatite and
pure hydroxyapatite coating for cementless joint
protheses. An experimental study in rabbits. J.
Biomed. Mater. Res. B, Appl. Biomater., 2009, 88,
66-74.

Hennessy, K. M., Clem, W. C., Phipps, M. C,,
Sawyer, A. A., Shaikh, F. M., and Bellis, S. L. The
effect of RGD peptides on osseointegration of
hydroxyapatite biomaterials. Biomaterials, 2008,
29, 3075-3083.

Britland, S., Morgan, H., WojiakStodart, B., Riehle,
M., Curtis, A., and Wilkinson, C. Synergistic and
hierarchical adhesive and topographic guidance of
BHK cells. Exp. Cell Res., 1996, 228, 313-325.

Nebe, J. G., Luethen, F., Lange, R., and Beck, U.
Interface interactions of osteoblasts with struc-
tured titanium and the correlation between physi-
cochemical characteristics and cell biological para-
meters. Macromol. Biosci., 2007, 7, 567-578.
Anselme, K. and Bigerelle, M. Effect of a gold-
palladium coating on the long-term adhesion of
human osteoblasts on biocompatible metallic
materials. Surf. Coat. Technol., 2006, 200, 6325-
6330.

Bigerelle, M. and Anselme, K. Statistical correla-
tion between cell adhesion and proliferation on
biocompatible materials. J. Biomed. Mater. Res. A,
2005, 72, 36-46.





