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Abstract

In order to assess how bone substitute materials determine
bone formation in vivo it is useful to understand the
mechanisms of the material surface/tissue interaction on a
cellular level. Artificial materials are used in two
applications, as biomaterials alone or as a scaffold for
osteoblasts in a tissue engineering approach. Recently, many
efforts have been undertaken to improve bone regeneration
by the use of structured material surfaces. In vitro studies
of bone cell responses to artificial materials are the basic
tool to determine these interactions. Surface properties of
materials surfaces as well as biophysical constraints at the
biomaterial surface are of major importance since these
features will direct the cell responses. Studies on osteoblast-
like cell reactivity towards materials will have to focus on
the different steps of protein and cell reactions towards
defined surface properties. The introduction of new
techniques allows nowadays the fabrication of materials
with ordered surface structures. This paper gives a review
of present knowledge on the various stages of osteoblast
reactions on material surfaces, focused on basic cell events
under in vitro conditions. Special emphasis is given to
cellular reactions towards ordered nano-sized topographies.
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Introduction

Recently, many efforts have been undertaken to improve
bone regeneration by the use of acellular or cellular
implant materials. The nature of the bone-implant interface
in the clinical situation is determined by many factors
resulting in different cellular responses to the implant
system both in experimental and clinical situations (Oreffo
and Triffitt, 1999). Because bone/biomaterial interactions
take place at the material surface, osteoblasts covering
the implant surface are the crucial cells determining the
tissue response at the biomaterial surface. The process of
cell interaction on materials is highly dynamic and
depends on various parameters influencing the cell
responses (Anselme 2000, Figure 1). It is a step by step
process from the initial contact to a long term cell
response. The whole interaction can be divided into
different acellular and cellular events. Protein adsorption
is believed to be the first event that takes place after contact
of body fluids and is influenced by physico-chemical
characteristics of the material. It is followed by the
attachment phase which occurs rapidly (Boyan et al.,
1996, Meyer et al., 1997) The adhesion phase occurs over
longer periods and involves various biological molecules
(extracellular matrix proteins, cell membrane proteins, and
cytoskeleton proteins) which interact together to induce
the subsequent cell response in terms of migration and
differentiation. A bone-like mineral formation at the
material surface should be the ultimate stage of a bone-
like osteoblast reaction (Davies et al., 1990). The outcome
of the long term osteoblast reaction is further influenced
by the biophysical (mechanical and electrical)
environment which will be present at the material/cell
interface under functional conditions. In this respect, it is
important to realise that the above mentioned features take
place on all substitute systems independently of their
composition.

This paper gives a review of present knowledge on
the various stages of osteoblast reactions on material
surfaces, focused on basic cell events on structured
surfaces in vitro. Structured surface characteristics of
materials with special respect to their physico-chemical
influences towards osteoblasts will be emphasised. The
aim of this review is to highlight useful information for
the understanding of osteoblast/surface interactions in
order to improve present and future biomaterials.

Osteoblast Cell Lines
In vitro models of bone-like cell behaviour have been
widely used based on the success of osteoblast cell cultures
(for review see Oreffo and Triffitt (1)). Different culture
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systems have been used: (1) osteosarcoma cell lines; (2)
intentionally immortalised cell lines; (3) nontransformed
clonal cell lines, (4) primary cultures (eg. bone marrow
stromal cells, intramembranous bone or periostal derived
cells) (Burger et al., 1995; Cooper et al., 1998; Davies et
al., 1986; Jones et al., 1991; Macnair, 1997).  Concerning
the use of the various cell culture methods in testing of
material surfaces it is important to recognise the
characteristics of each cell system.

Osteosarcoma cell lines are known to display patterns
of gene expression, modes of adhesion, or signal
transduction pathways that are based on a particular stage
of differentiation. Most cell lines do not demonstrate a
complete pattern of in vitro differentiation. The
development of established clonal osteoblast-like cells from
rat osteosarcomas (MG-63, UMR and ROS series) provided
cell lines that were homogeneous, phenotypically stable,
easy to propagate and maintain in culture (Yamagushi et
al., 1998). They expressed many of the properties of non-
transformed osteoblasts. But, as with cancer cells, these
cells are transformed and display an aberrant genotype,
have an uncoupled adhesion/division relationship,
demonstrate a substrate independent attachment and,
exhibit phenotypic instability in long term culture.
Therefore, these osteoblast-like cells do not reflect the
normal phenotype of primary osteoblast-like cells.
Therefore, a substrate dependent cell reaction is difficult
to assess.

Other approaches have been done by using clonally
derived immortalised or spontaneously immortalised cell
lines (neonatal mouse MC3T3E1 and fetal rat RCJ cell
lines; Elgendy et al., 1993; Grigordias et al., 1990).
Although none of these lines behaves exactly alike and
the results of experiments with them differ in detail (Aubin,
1998), they do have some common features (alkaline
phosphatase activity, collagen type I production, bone-like
nodule formation). Despite these common features cells
can be in different stages of growth and development under
cell culture conditions. They have therefore various
phenotypic expressions, depending on the cell culture
situation. Conditionally transformed immortalized human

osteoblast cell lines were developed by various researchers
aimed to investigate the behaviour of osteoblasts towards
external stimuli. Xiaoxue and co-worker (2004) for
example evaluated the generation of an immortilized
human stromal cell line, which contains cells able to
differentiate into the osteoblastic cell line. Concerning the
use of immortalised cells in biomaterial testing it is
important to recognise that all cell lines impose the
disadvantage of having unique phenotypes, so that the
morphological sensitivity towards a changing environment
(material surface) is impaired.

Non-transformed and primary cultured osteoblasts
display in this respect a well-defined inverse relationship
of proliferation and differentiation (Owen et al., 1990).
Measures of osteoblast-specific matrix protein expression
define valuable reference points used in observation of
regulated osteoblast physiology especially when a
substratum dependent reaction is under investigation. They
have the advantage of an environmental dependent cell
behaviour. Oreffo and Triffitt (1999) demonstrated that
primary cells are able to react sensitively to minor
alterations of their surrounding, a  key feature which is
advantageous in surface testing. To evaluate osteoblast
reactions on biomaterial surfaces the use of primary and
non-transformed cells seems therefore to be advisable.
Concerning the use of primary osteoblast-like cells in
testing of artificial surface it is important to recognise that
the reaction of cells towards the material is also dependent
on the cellular maturation stage (Boyan et al., 1996).
Additionally, it should be emphasised that the behaviour
of osteoblasts on artificial surfaces is dependent on the
experimental cell culture conditions (for review see Coehlo
and Fernandes, 2000). There are a number of parameters
that influence the expression of the osteoblastic phenotype
in cell culture, most important the culture medium, culture
time, number of passages and the presence of compounds.
The presence of ascorbic acid, ß-glycerophosphate and
dexamethasone influence the in vitro behaviour of
osteoblast-like cells. It is known that ß-glycerophosphate
for example may allow (under some circumstances
ectopic) mineral formation in osteoblast-like cell cultures.
Dexamethasone is described as inducing cell
differentiation and reducing  cell proliferation, indicative
for a reciprocal and functionally coupled relationship
between proliferation and differentiation. Therefore, it is
convenient to select suitable experimental conditions, but
the culture conditions should be well defined in order to
compare results from material testing by osteoblast-like
cells in-vitro.

Materials

Application of biomaterials can be conceptualised as the
use of materials to replace lost structures, augment existing
structures or promote new tissue formation (Burg et al.,
2000). Common degradable and non-degradable implant
materials can be divided into synthetically produced metals
and metal alloys, ceramics, polymers, and composites or
modified natural materials (Meyer et al., 2004a). Whereas
non-resorbable materials like steel or titanium alloys are

Figure 1: Influencing material surface parameter on
osteoblast behaviour.
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commonly used for prosthetic devices, resorbable bone
substitute materials are mainly investigated for their
feasibility in bone replacement therapies. Various approaches
used in the design of bone substitute materials have focused
on the degradation and ultimate replacement of the material
with new tissue. Whether or not a material is biodegradable,
its surface properties will influence the initial cellular events
at the cell-material interface. The difference in the two groups
is the fact that the influence of the material surface towards
osteoblasts is changing in degradable materials and therefore
depends on the stage of degradation (Meyer et al., 2004b).
While the inclusion of materials requirements is standard in
the design process of implants or engineered bone
substitutes, it is also critical to incorporate the cellular
behaviour of osteoblasts towards the material surface in order
to engineer a clinically relevant device. Four types of
materials have been experimentally and/or clinically studied
as bone substitute materials or scaffold materials for
applications in tissue engineering: (A) various groups of
synthetic organic materials including (I) biodegradable and
bioresorbable polymers which have been used for clinically
established products, such as polyglycolide, optically active
and racemic polylactides, polydioxanone, and
polycaprolactone; (II) polymers which are under current
clinical investigation, such as polyorthoester,
polyanhydrides, and polyhydro-xyalkanoate; and (III)
entrepreneurial polymeric biomaterials, such as poly (lactic
acid-co-lysine); (B) synthetic inorganic materials (e.g.
hydroxyapatite, calcium/phosphate composites, glass
ceramics); (C) organic materials of natural origin (e.g.
collagen, fibrin, hyaluronic acid); and (D) inorganic material
of natural origin (e.g. coralline hydroxyapatite). Several
investigations have been published on the general properties
and design features of these biodegradable and bioresorbable
polymers and scaffolds (for review see Hutmacher, 2000).
It is important to consider, that independent from the
underlying material itself surface characteristics can differ.
All biomaterials possess a complex, fabrication dependent
three dimensional surface topography consisting of regular
or non-regular micrometer and nanometer sized features.
Surface properties are related both to molecular interactions
and the surface topography (Barthlott and Neinhuis, 1997).
The difference in surface properties may then have profound
effects on the protein adhesion and the following cellular
attachment.

Surface Effects on Biological Phenomena

The term ‘basic reactions of osteoblasts on material surfaces’
covers in a time related manner different phenomena: protein
adsorption at the material surface, followed by the attachment
phase which occurs rapidly and involves short-term events.
Physico-chemical interactions between cells and materials
involving ionic forces, van der Waals forces, and other forces
govern this attachment process. The adhesion phase follows
the attachment phase. Osteoblast adhesion on material
surfaces occurs in the longer term and involves various
biological molecules interacting together to induce signal
transduction and consequently regulating the subsequent cell

response. It is important to note that the mentioned steps
describe the cell reaction in an idealised manner, whereas
in reality they are complex and interconnected.

Protein Adsorption

Cells do not interact with a naked material either in vitro
or in vivo. At each step, the material is conditioned by
the biological fluid components (for review see Elwing,
1998). The pH as well as the ionic composition and
strength of solution, temperature and the functional group
of proteins and substrates are the factors determining
protein adsorption (Vroman effect: Vroman, 1987).
Protein adsorption is believed to be a very early event
that takes place after contact of body fluids with artificial
surfaces. Small rapidly diffusing proteins attach early
after substrate/protein interaction at the surfaces, but are
then replaced by larger proteins with high affinity to the
surface.  Some of the bone proteins have chemotactic or
adhesive properties, notably because they contain an
Arg–Gly–Asp (RGD) sequence which is specific to the
fixation of cell membrane integrin receptors. Various in
vitro experiments have demonstrated the importance of
isolated RGD-sequence containing peptides (fibronectin,
vitronectin) in promoting adhesion of bone cells (Meyer
et al., 1998; Moursi et al., 1997) exerting also strong
effects on matrix maturation and mineralisation (Rezania
and Healy, 2000).

Material Characteristics/Cell Interaction

Different material properties have been proposed as
influencing the biological response. The surface
topography and the physico-chemical surface
characteristics are the most important parameters. The
relationship between the topographical and physico-
chemical properties of materials and their effect on the
protein adsorption followed cellular activity is, as
mentioned, complex and generally not solved. Cells act
with surfaces in several ways, directly and indirectly.
Oxygen tension and other parameters act on cells in
culture in a complex manner. It is widely accepted that
the topography and chemistry of the surface of an implant
to a large extent determine the biological reaction to the
device, but there is little information on how these factors
interact in the production of biological responses. The
lack of knowledge is based to a great extent from the
difficulty in varying surface chemistry and topography
independently. Only a few studies were performed to
investigate the relation between surface topography and
surface chemistry. A direct relationship for example was
found between roughness and surface energy of
polymethylmetacrylate (PMMA) materials (Combe et al.,
2004). The complex and sometimes unknown or
undetermined interrelations between topographical and
physio-chemical properties of materials make the
comparison of cellular in-vitro findings difficult,
especially in light of the consideration that both
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parameters have an influence on protein and cell adherence
at the same time (Scotchford et al., 2003). The following
description of bone cell culture findings towards material
topography and surface chemistry should be seen in
consideration of the above mentioned limitations.

Surface topography
One of the most important parameters affecting osteoblast
reactivity is the three-dimensional morphology of the
substrate. The three-dimensional morphology can be
conceptualised as the size, the shape and the surface texture
of the material. Various studies (Dalby et al., 2000)
demonstrated that bone cells are sensitive to the gross
morphology of a material but difficulty exists on
interpreting the present data due to a lack of comparable
studies. When examining the behaviour of osteoblast-like
cells on surfaces with different roughness, controversial
findings were reported. The differences found in osteoblast
behaviour towards different surface topographies may
partly be based on the different cell lines used for the
surface testings as some authors used primary (Jayaraman
et al., 2004) and others osteosarcoma cell lines (Martin et
al., 1995). More importantly, it is difficult to compare the
in vitro findings on osteoblast behaviour on surfaces with
different topographies because there is no consensus
concerning the proper representation of implant surface
topography (Cooper, 2000). Many different surfaces are
categorized as ‘rough’ or ‘smooth`, a system that has
segregated machined material surfaces from others. The
main misunderstanding is the practice of defining a surface
by its manufacturing process instead of concisely define
the topographic measurements (Macdonald et al., 2004).
Most of these surface roughness investigations evaluated
the osteoblast behaviour on micro structured surfaces
(Curtis and Clark, 1990; Curtis and Wilkinson, 1997), but
recent research emphasises that in addition to the micro
topography, cells use the nano topography of the substrate
for orientation and migration (Curtis and Wilkinson, 2001;
Dalby et al., 2000; Wang et al., 2000). The relevance of
the older (macro structure) studies to the osteoblast
behaviour in vivo is questionable since in vivo adhesion
structures (e.g. cell membranes, basement membranes) are
comprised of much smaller nanometer scale features
(Webster et al., 2000). Whereas it was generally accepted
that various cell types, like osteoblasts, align themselves
along defined substrate morphologies inscribed on culture
surfaces (Domke et al., 2000), a process known as contact
guidance, the relation between ordered nano topography
and cell behaviour is to a great extent unknown. In 1941
Paul Weiss wrote about his hypothesis of contact action or
guidance where a microscopic body (in his study nerve
fibres) can follow an ultramicroscopic interface with its
terminal pseudopodia. He stated that any ultrastructural
orientation of the medium, no matter how attained, may
have some effect on the nerve fibres. In 1964 Curtis and
Varde showed substrate topography also has controls,
convex surfaces enhancing overlap and grooves
minimising overlap.   Recent investigations on ordered
nanostructured surfaces, fabricated according to the
method described by Gleiche et al. (2000), reveal that

structured nanophase surfaces lead to a predictable
osteoblast orientation and migration on these surfaces
(Lenhert et al., 2004), a prerequisite to reach a defined
cell colonisation during directed tissue formation (Figure
2). Numerous studies have demonstrated that cell shape
and orientation are related to gene expression, and changes
in cell shape that follow cell adhesion on material surfaces
by alterations in cell-extracellular matrix contacts are
associated with changes in the differentiated phenotype
of cells. These alterations in cell shape are associated with
cytoskeletal changes that may affect much of a cell’s
metabolism (Martines et al., 2004). How cells respond to
these structures is probably due to actin- myosin tension
structures of cells. Cells produce significant amount of
tension and primary osteoblasts in culture produce larger
amounts of tension than it was shown for other cells.

Surface Chemistry
It is well known that cells are also sensitive to differences
in the physico-chemical properties of materials.
Differences in the chemistry of the outer most functional
groups of a surface clearly affect cell responses, although
the exact mechanisms are not fully understood (Schwartz
and Boyan, 1994). Anisotropic topographies, such as
topographical grooves, chemically patterned stripes, or the
curved surface of a fibre are known to exert morphological
as well as physico-chemical features on cells at the same
time, indicative for the complex environmental influence
on cells. Important physico-chemical characteristics of
surfaces are the zeta potential and the interfacial tension.
The zeta potential is defined as the differences in potentials
between the surface of a tightly bound layer and a diffuse
layer. It was found that osteoblasts are most likely
influenced by the properties of the surface charge (Möller
et al., 1994). The interfacial tension or wettability as an
additional influencing parameter is measured as a property
of the interaction forces (or adhesion forces) between
different materials and their interaction with the cohesion
forces within the materials (Andrade, 1973). Möller et al.
(1994) investigated the relation between attachment and

Figure 2: Fabrication of highly ordered nanostructures
over extended areas by Langmuir-blodgett transfer (bar
indicates magnification).
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proliferation of osteoblasts and biomaterials with different
wettability but found no direct correlation between the
wettability of the material surface and the osteoblast
reaction towards the material. Recent investigations (Redey
et al., 2000) revealed that low osteoblast cell attachment
and collagen production were related to a low wettability
of substrates. They suggested that an enhancement of polar
components of the surface improves cell attachment and
matrix synthesis. All investigations reveal that a change
in surface chemistry has significant sequel with respect to
osteoblast function, but direct correlations between distinct
parameters and cell function are not entirely cleared, due
to problems in processing surfaces with defined surface
chemistry and topography (Liao et al., 2003). The element
composition of the material surface was found to have also
distinct effects on osteoblast behaviour (Zreiquat and
Howlett, 1999; DiSilvio et al., 2002). The observed
differences between cell behaviour on pure titanium or
titanium alloys is known, but the underlying mechanisms
are not well known. It has not yet been solved whether the
presence of elements in the material or the ion release of
such materials affects cell behaviour (Meyer et al., 1993;
Matsuoka et al., 1999; Loty et al., 2000).

Cell Adhesion, Migration and Proliferation

The physico-chemical driven attachment of osteoblasts
with surfaces has therefore profound effects on the
subsequent cell adhesion, followed by proliferation,

migration and phenotypic differentiation (Figure 3).
Osteoblasts adhere to artificial substrates through adhesion
molecules (Meyer et al., 1997), contact sites which are
classified depending on the distance of the cell from the
substrate (Chen and Singer, 1982). The cell-matrix
adhesions mechanically connect the internal actin filaments
to the matrix. The complex is known as a focal adhesion,
focal plaque or focal contact. Contacts between cells and
solids were first observed using the surface contact light
microscope (Ambrose, 1956) and their distance of closest
approach to the surface was found to be approximately
10nm using interference reflection microscopy (IRM)
(Curtis, 1964). Using this technique, it indicated that there
is no extracellular material between the cells and glass in
the adhesions. No fragments were observed using IRM,
when the cells de-adhere from the glass and the adhesions
were observed to be confined to cell edges and pseudopods.
It was not until the late sixties that a transmission electron
microscope (TEM) was used to observe cell contacts
(Cornell, 1969), confirming their distance of closest
approach. Izzard and Lochner (1976) studied cell-substrate
contacts using IRM and found that focal contacts occur
linearly beneath the associated cytoplasmic stress fibres.
These are equivalent to the amorphous electron dense
material and oriented microfilaments described by
Abercrombie and co-workers (1971). Using chick
fibroblasts the technique was used to identify three types
of separation. They are: focal adhesions appearing black
and corresponding to approximately 10-15nm separation
from the substrate under the peripheral regions of the

Figure 3: Stages of osteoblast/titanium surface interaction. Scanning electron microscopy (bar indicates
magnification). A) Cell attachment, b) cell spreading, c) cell proliferation, d) cell migration, e)matrix synthesis
(immune staining of osteonectin) and f) mineral formation (bar 1µm).
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leading lamellae; close contacts of broader grey areas,
corresponding to approximately 30nm separation; and
white regions of greater separation, corresponding to
approximately 100-140nm. Richards and co-workers
showed in 1995 that shear forces of the impingement on
materials were seen to be greater than the cohesive strength
of the cells in the impinged area, causing their rupture.
The cell bodies were removed during impingement, leaving
the sites of adhesion and other cellular material behind.
Close examination of the areas of detached cells revealed
“ghosts” where some of the cells were attached before
impingement. These “ghosts” on higher magnification
were seen to be remnants of the lower surface adhesions
and membranes of the detached cells. Focal contacts are
therefore tenacious adhesion sites that remain attached to
the substratum even when cells are forcibly detached,
indicating their function as anchorage structures (Balaban
et al., 2001). The external faces of focal contacts present
specific receptor proteins such as integrins. They act as an
interface between the intra- (cytoskeleton) and extracellular
(matrix proteins) compartment. The cytoskeletal proteins
are assumed to be the most important intracellular
structures responsible for the intracellular part of cell
attachment and for signal transduction (for review see
Jones et al., 1995, Krause et al.,  2000).

It was shown by different investigators, that tissue
responses at material surfaces are related to the integrin
related cell adhesion (Kay et al., 2002; Liu et al., 2001;
Meyer et al., 1998; Price et al., 2003; Zinger et al., 2003)
Cell proliferation and migration is the attachment following
phase between the cell and the material surface (for review
see Anselme, 2000). Concerning cell attachment and
migration it was found that osteoblasts settled on smoother
surface tend to spread out, forming greater number of focal
contacts (Jayaraman et al., 2004). In general, cells with a
low motility form strong focal adhesions while motile cells
form less adhesive structures. An intermediate level of
attachment force induces a maximal migration rate. Also,
a high migration rate is associated with a lower level of
osteoblast differentiation.

Matrix Formation and Mineralisation

The expression of the final stages of osteogenic
differentiation on biomaterial surfaces implies the
production of an osteoid-like matrix (Plate et al., 1998,
Wiesmann et al., 2003). It is known that the newly formed
mineral in bone and in cell culture is based on the synthesis
of mineral spherites. The mineral spherites are likely to be
present at the initiation sites of mineral formation in vivo
as well as in vitro cultures. Osteoblast culture models as
well as non-cellular models have demonstrated the
potential effect of nanostructured surface characteristics
on mineralising matrix formation (Catledge et al., 2002;
Hartgerink et al., 2001) but one limitation of interpretation
of these data is the lack of analytical data concerning the
surface structure as well as the mineral structure (Linhart
et al., 2001). It is also important to note that some
controversies exist about mineralisation in cell culture

systems. It is to date not finally solved whether the
presented mineralisation processes are culture artefacts or
not, especially because in cell culture, matrix vesicle
mediated mineralisation is not followed by collagen
mineralisation (Wiesmann et al., 2003).

Functional Aspects of Osteoblast/Surface
Interactions

In order to conceptionalise long term reactions it is
important to recognise that cells are not only influenced
by the material itself but also by the biophysical constraints
of the material surface under function. This is obvious in
directly loaded implants (dental implants, osteosynthesis
plates) but also present at the material interface in
functionally loaded locations (Meyer et al., 2003). The
application of non-destructive physiological and
hyperphysiological in vitro mechanical constraints to the
cell/material interface permits understanding of biophysical
effects on the synthesis of adhesion proteins, cell growth
and cell differentiation (Büchter et al., 2005a). The
biophysical mechanisms underlying the cell response at
material surfaces may include direct or indirect mechanical
effects (Frost, 2000), electromechanical effects
(Pienkowski and Pollack, 1983), or enhancement of
molecular transport mechanisms (Piekarski and Munro,
1977). Osteoblasts can sense small deformations that arise
on the surface of biomaterials as a result of mechanical
loading (Jones et al., 1991). Therefore, load transfer from
material surfaces to osteoblasts may have profound effects
on cell behaviour. In presence of deformations at the
biomaterial surface forces will be pertubed by the
osteoblasts through the attachment sites (Jones et al., 1995).
Mechanical stimulation was shown to result in an altered
expression of alkaline phosphatase, osteopontin,
osteocalcin, and collagen type I and an enhancement of
proliferative activity (Klein-Nulend et al., 1997, Hillsley
and Frangos, 1997; Harter et al., 1995). As mechanical
stimulation is able to promote tissue formation in vitro
(Jones et al., 2003), a new approach is the development of
“mechano-active” biomaterials with optimised inherent
physical properties (Wiesmann et al., 2004; Yang et al.,
2002). Surface deformations leads not only to a
deformation of cells in the microenvironment of the tissue
but simultaneously also to a fluid flow related generation
of electrical potentials (Büchter et al., 2005b). Many
experiments in this field of research have evaluated the
effect of electrical fields on bone cell behaviour (Fukada
and Yasuda, 1957), but the mechanism of electric cell
modification at material surfaces is not completely
understood. Recent investigations demonstrated that the
presence of electric fields has distinct effects on osteoblasts
in vitro (Hartig et al., 2000). Furthermore, electrical effects
on osteoblast cell cultures in long term experiments were
well suited to alter the cascade of biochemical processes
at artificial surfaces resulting in a newly formed
extracellular matrix which leads to improved biomineral
formation (Wiesmann et al., 2001).
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Discussion and Perspectives

Biomaterial and material related biomolecular engineering
strategies focus to increase the biofunctional activity and
therefore represent promising strategies for the engineering
of robust biofunctional devices (Jung et al., 2001).

Clinical aspect
In order to improve clinically used materials, it must be
recognized what is known about the in-vivo effect of
structured biomaterials on bone. It is not clear whether in-
vitro evaluations are predictive of or correlated with in
vivo outcomes, because the in vivo effect of surface
topography and chemistry on the nature of the adherent
cell population, its diversity, its activity, and its clinical
relevance has for none of the biomaterials been fully
elucidated. Based on the current knowledge of basic
osteoblast reactions on structured materials, patterning
material surfaces, surface alteration of materials by
selectively adsorb adhesion peptides, coating of surfaces
with proteins or growth factors, and imprinting surfaces
with genome containing vectors are current approaches to
‘activate’ biomaterial surfaces (Garcia and Keselowski,
2002).

Surface patterning
As novel advances in material processing techniques
enable to produce surface topographies below a micro scale
level (Scotchford et al., 2003), a number of studies have
begun to assess the response of various cellular phenotypes
to nanotopography surfaces (Curtis and Wilkinson, 1999).
A review of these studies indicates that different cell

phenotypes have different levels of sensitivity (Dalby et
al., 2002; Curtis et al., 2001). Osteoblasts were shown to
react to features as low as to the 10 nm dimension, a width
that is comparable to a single collagen fibre (Rice et al.,
2003). Only a limited number of studies evaluated the in
vivo effects of nanotopographies in respect to bone healing.
Hallgren and colleagues (2001) for example revealed no
statistically significant differences in the
histomorphometric or biomechanical results between the
nano patterned and control implants.

Peptide/Protein adhesion
Based on the knowledge that protein adsorption on surfaces
influences the cell adhesion behaviour, selective coating
of surfaces with proteins offer improvements of osteoblast
behaviour on artificial surfaces (Figure 4; Zhang et al.,
2002). Different techniques were used to deposit proteins
at nano structured surfaces (Sarikaya et al., 2003; Biebuyck
and Whitesides, 1994; Gau et al., 1999; Kim et al., 1995;
Xia and Whitesides, 1998). Whereas attempts to imprint
defined peptides have met with only limited success, Shi
et al.  (1999) reported in a recent study on a new method
for imprinting surfaces with specific protein-recognition
sites. The identification of recognition sequences, such as
RGD or fibronectin (FN) fragments, that mediate cell
adhesion has stimulated the development of adhesive
surfaces (Cutler and Garcia, 2003) Adherent cells spread
and assembled focal adhesions containing, vinculin, and
talin on these surfaces, but the cell adhesion was not
associated with a subsequent enhancement of cellular
functions. Among the proteins collagen is a main candidate
for surface coatings (Nagei et al., 2002; Schliephake et

Figure 4: Collagen adhesion on titanium surface (Atomic force microscopy).
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al., 2004; Rammelt et al., 2004), followed by bone
sialoprotein coatings (O’Toole et al., 2004). Various growth
and differentiation factors, notably members of the
Transforming Growth Factor- family (TGF-, PDGF, BMP-
2, BMP-7, IGF) are being now studied as material coatings
in order to improve bone healing (Hartwig et al., 2003;
Esenwein et al., 2003; Kandziora et al., 2002). Growth
factors coaxed with materials have experimentally shown
that they retain their biological activity (Liu et al., 2004)
but it is up until recently unknown whether these proteins
may improve implant healing in vivo. Coaxing of material
surfaces with genome sequences is a future perspective
(Thorwarth et al., 2004) in an effort to improve biomaterial
surfaces, but the immanent biological, legal and ethical
aspects have to be solved before this approach can be used
in clinical trials.

Conclusion

A variety of claims are made regarding the effect of surface
structure on enhancing the performance of bone
biomaterials, but many in vitro and in vivo experimental
observations have key limitations in their interpretations.
Additional basic research regarding the relationship of
defined ordered surface topography and chemistry to cell
and tissue behaviour is needed to better define surfaces
that can improve the behaviour of bone at biomaterials.
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