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Abstract

This paper reviews current approaches to the enhancement
of bone regeneration at the interface with implant devices,
by immobilization of biomolecules to titanium surfaces. In
particular, techniques based on surface linking of peptides
or extracellular matrix (ECM) proteins are reviewed, trying
to describe surface modification approaches and to present
results of chemico-physical and biological evaluations, both
in vitro and in vivo. Based on existing literature, surface
modification by peptides or ECM proteins appears as an
effective way to stimulate bone regeneration over that
provided by titanium, as suggested by basic studies and in
vitro results and confirmed by in vivo findings.
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Introduction

Titanium is the material of choice for load-bearing, bone
contacting applications since the pioneering work of
Branenmark. Titanium implant devices are being widely
used for a variety of indications and most of the various
techniques in use are evidence-based and predictable.
Interfacial interactions at the bone-implant interface are
recognised as the key to osseointegration and an extensive
literature exists on titanium surfaces and interfaces
(Davies, 1991; Davies, 2000; Brunette et al., 2001). A
huge number of approaches to the surface modification
of titanium, to improve further clinical results and extend
the spectrum of indications, exist as well. Despite its
significant success as a biomaterial, titanium and its
surface are still actively investigated: for instance, in dental
implantology, the need exists to address difficult clinical
settings, e.g. an intended implant site compromised
because of poor bone quality. The latter definition, from
a clinical point of view, encompasses for instance low
bone density, in the case of highly cancellous bone, or
low vascularity, in the case of primarily cortical bone, or
insufficient quantity of bone (in terms of the width of the
alveolar ridge). In the field of artificial vertebral discs,
Cunningham suggested recently that the most important
and most challenging aspect is for the implanted device
to encourage osseointegration at the bone—metal interface,
while preserving the biomechanical properties of motion
(Cunningham, 2004). In both dental implantology and
orthopaedic applications the increase in life expectancy
poses new challenges (and opens new markets) for surface
treatment of implant devices, able locally to improve bone
density or to accelerate initial healing times during
integration even in old or, in general, pathologic bone.
Briefly, many open issues still exist, despite the huge
literature and applications mentioned earlier.
Traditionally, the approach to surface modification of
titanium has been based on the control of surface
topography (Brunette et al., 2001), on ceramic coatings,
and, more recently, on physicochemical (Rupp et al.,
2006) or inorganic approaches (Cooper et al., 2006).
Currently, a significant research effort is aimed at the
Biochemical Modification of Titanium Surfaces (BMTiS).
Puleo and Nanci (1999) provided a clear definition of
this field a few years ago: “Biochemical surface
modification endeavours to utilize current understanding
of the biology and biochemistry of cellular function and
differentiation. Much has been learned about the
mechanisms by which cells adhere to substrates, and major
advances have been made in understanding the role of
biomolecules in regulating differentiation and remodelling
of cells and tissues, respectively. The goal of biochemical
surface modification is to immobilize proteins, enzymes,
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or peptides on biomaterials for the purpose of inducing
specific cell and tissue responses or, in other words, to
control the tissue implant interface with molecules
delivered directly to the interface.... In contrast to calcium
phosphate coatings, biochemical surface modification
utilizes critical organic components of bone to affect tissue
response”.

A few years after the previous definition, the number
of studies and the interest for this field are rising constantly.
In a recent forum on dental implant surfaces, Hammerle
(2005) commented as follows: “Another fascinating area
of development is the possibility of binding bone-
stimulating agents to implant surfaces. Increased
understanding of the function of growth factors and
extracellular matrix proteins regarding the recruitment,
attachment, proliferation, and differentiation of osteoblasts
has lead to extensive research in this field. .... In summary,
the topographic design of implant surfaces has reached a
high degree of sophistication. Additional physical
modifications, such as increasing the surface energy of
the implant, can probably further improve osteointegration.
Major progress, however, is expected to occur when
surfaces with bone-stimulating agents become available”
This review tries to gather existing pieces of evidence that
substantiate the fascinating scenario defined by the
previous quotations. In particular, perusal of the scientific
literature shows that BMTiS can roughly be itemised in
the following classes, even if some overlap exists: surface
modification by peptides; surface modification by
ExtraCellular Matrix (ECM) proteins; surface modification
by Bone Morphogenetic Proteins (BMPs) and growth
factors; approaches based on pharmacologically active
biomolecules. Most approaches involve the surface
immobilization of the mentioned biomolecules, others —
especially when it comes to BMPs and growth factors, are
based on controlled release or local application. Due to
the width of the field, this review focuses on existing
literature on BMTiS by immobilization of peptides and
ECM proteins. Methods based on BMPs or growth factors,
including those involving their delivery, will be discussed
in a forthcoming paper.

BMTiS is eminently multidisciplinary in nature and
could be approached from different viewpoints. In this
paper, the author tried to follow the guidelines listed below:

- what molecules were used?

- what mechanism was targeted?

- how were molecules linked to the surface?

- how was it confirmed that molecules are indeed on

the surface?

- what are biological results, either in vitro or in vivo?

- were improvements over non-biochemical treatments

obtained?

The papers that are reviewed are those that present data
on BMTiS by peptides or ECM proteins, not those that
deal with basic studies on peptides or ECM protein function
or their solution properties. For each of the two quoted
groups, an initial section covers physicochemical and in
vitro studies, while a second section presents in vivo results.
Some papers not dealing explicitly with Ti surfaces, but
involving surface immobilization and of interest to follow
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the general evolution of the field are reported as well.
Papers are, in general, presented in chronological order.
Exceptions are however made, for instance, when it is more
convenient to follow straight away the evolution of the
work from the same group, or to discuss together works
involving the same molecule.

BMTIS by linking of peptides

The ability of cells to adhere to an extracellular material,
proliferate and organise extracellular matrix molecules into
a functional tissue is central to successful tissue genesis
(Miyamoto et al., 1998). A heterodimeric cell membrane
receptor family known as integrins is involved in cell
adhesion (the first step in the sequence of cell attachment)
to extracellular matrix proteins (Lebaron et al., 2000).
Integrins interact with short amino acid sequences within
extracellular matrix molecules. In particular, the sequence
Arg-Gly-Asp (RGD) has been identified as mediating
attachment of cells to several plasma and extracellular
matrix proteins, including fibronectin, vitronectin, type I
collagen, osteopontin and bone sialoprotein (Grzesik and
Robey, 1994). It has been shown that synthetic peptides
that contain the amino acids RGD, such as GRGDSP (Gly-
Arg-Gly-Asp-Ser-Pro), can essentially mimic cell
attachment activity of the parental molecule (Pierschbacher
and Ruoslahti, 1984a; Pierschbacher and Ruoslahti,
1984Db). Cellular recognition of simple peptides suggests
their potential usefulness of conveying particular cell
adhesion properties to a material surface, thus enhancing
cell-material interactions. Peptide linking to materials
surfaces has since then recognised as a way for enhancing
cell interactions with biomaterials (Massia and Hubbell,
1990).

The practical interest of this approach, beside the
obvious interest for basic studies, stems from the
consideration that a simple peptide of a few hundred
Daltons only mediates cell attachment similar to its
considerably larger parental molecule of multiples of a
hundred thousand Daltons. Peptides can be produced
synthetically, allowing precise control of their chemical
composition and avoiding issues related to concerns on
proteins from animal sources. Relative to high-molecular-
weight proteins, peptides are generally more resistant to
denaturing insults such as variations in pH and heat. The
widespread view, just quoted, is probably a bit simplistic
(proteins size, shape and conformation are not merely an
unnecessary complication, rather they are crucial for
protein function), yet it is true that clever synthetic work
can provide peptides able to stimulate specific cell
behaviour, as discussed in the following section.

BMTIS by linking of peptides. Analytical and In vitro
studies

Dedicated studies on the effect of surface linked peptides
on osteoblast behaviour start in the second half of the
nineties. Among them, Dee et al. (1996) provided examples
of effects on osteoblasts of RGDS (Arg-Gly-Asp-Ser)
immobilized to surface-aminated glass. In an interesting
paper they elaborate on the observation that RGD mediated
adhesion does not account completely for osteoblast
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adhesion (Dee et al., 1998). For instance, association
between cell-membrane heparan sulphate proteoglycans
and heparin binding sites in ECM proteins can play a role
too. For this reason, the heparan sulphate binding sequence
Lys-Arg-Ser-Arg (KRSR) should be included in the
rationale design of proactive bone contacting biomaterial
together with RGD. Rezania and Healy (1999a), based on
studies aimed at the identification of the integrin subunits
responsible for the initial adhesion of human osteoblast-
like cells, linked to an amino functionalized quartz surface,
via a heterofucntional cross-linker, -RGD- and the heparan-
binding domain -Phe-His-Arg-Arg-Ile-Lys-Ala- (-
FHRRIKA-) or mixtures of the two in different ratios
(Rezania and Healy, 1999b). Surfaces were probed by a
range of surface sensitive techniques; i.e. contact angle
measurements, ellipsometry and X-ray photoelectron
spectroscopy. The surface density of immobilized peptides
was found in the 4-6 pmol/cm? range. Several aspects of
the interaction of rat calvaria osteoblast-like cell with the
surfaces were evaluated. In particular, following 24 d in
culture, the areas of mineralized ECM formed on surfaces
with 50 and 75% -FHRRIKA- were significantly larger
than those of other surfaces.

Among the first examples of peptide immobilization
to titanium, Xiao et al. (1997), investigated Arg-Gly-Asp-
Cys (RGDC) binding to 3-aminopropyltriethoxylsilane
(APTES) functionalized titanium surfaces. The coupling
reaction involved a typical hetero-bifunctional cross-linker,
N-succinimidyl-3-maleimidopropionate (SMP), reacting
with the terminal amino groups on Ti and through covalent
addition of the cysteine thiol groups of the peptide. A
schematic of the process, reprinted from the quoted paper,
is shown in Figure 1. The modified surfaces were evaluated
by chemico-physical techniques such as X-ray
photoelectron spectroscopy (XPS), radiolabelling and
ellipsometry. Figure 2 shows the evolution of the carbon
chemical environment during the different steps of the
process, as reflected by the Cls peak obtained by XPS
analysis. The growth of the N-C=0 component at 289.0
eV indicates the introduction of maleimide and peptide
bonds on the surface. From XPS data the peptide surface
density was calculated to be approximately 0.03 nmol/cm?.
This is a clear example of the important role played by
surface spectroscopies (supported by and combined with
other surface sensitive techniques) in monitoring the
evolution of surface chemistry through the several surface
modification steps often required in BMTiS. Several other
very nice examples have been presented and will be
reviewed later on in this section.

De Giglio et al. (1999, 2000) presented an approach
based on the coupling of peptides to polypyrrole(PPY)-
coated titanium substrates. Polypyrrole can be grown
electrochemically directly onto metallic substrates leading
to remarkably adherent overlayers. The synthetic peptide
Cys-Gly-(Arg-Gly-Asp)-Ser-Pro-Lys (CG(RGD)SPK)
was grafted to the polymer substrate via the cysteine
residue. The effectiveness of grafting was monitored by
XPS. A higher adhesion of neonatal rat calvarial osteoblasts
to RGD-modified PPy-coated Ti as compared to
unmodified PPy-coated Ti and glass coverslip substrates
was detected. According to the Authors, the peptide surface
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Figure 1. Sequence of titanium surface modification
according to the approach described by Xiao et al.
(1997). Ti surfaces are amino-functionalized by 3-
aminopropyltriethoxylsilane (APTES).The coupling
reaction involvs N-succinimidyl-3-maleimido-
propionate (SMP) reaction with the terminal amino
groups on Ti and through covalent addition of the
cysteine thiol groups of the Arg-Gly-Asp-Cys (RGDC)
peptide. Reprinted from Figure 1 of Xiao SJ, Textor
M, Spencer ND, Wieland M, Keller B, Sigrist H (1997)
Immobilization of the cell-adhesive peptide Arg-Gly-
Asp-Cys (RGDC) on titanium surfaces by covalent
chemical attachment. J] Mater Sci Mater Med 8:867-
872, original copyright Chapman and Hall, with kind
permission of Springer Science and Business Media.
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Figure 2. Evolution of the carbon chemistry on Ti
surface modified according to the method shown in
Figure 1, as detected by the shape of the Cls peak
obtained by XPS analysis. The growth of the N-C=0
component at 289.0 eV indicates the introduction of
maleimide and peptide bonds on the surface. Reprinted
from Figure 2 of Xiao SJ, Textor M, Spencer ND,
Wieland M, Keller B, Sigrist H (1997) Immobilization
of'the cell-adhesive peptide Arg-Gly-Asp-Cys (RGDC)
on titanium surfaces by covalent chemical attachment.
J Mater Sci Mater Med 8: 867-872, original copyright
Chapman and Hall, with kind permission of Springer
Science and Business Media.

density achieved by this approach was of the order of a
few nmoles/cm?.

Concerning the relevance of peptide surface density
on cell behaviour, an interesting study was presented by
Rezania and Healy (2000). RGD-modified quartz surfaces
with ligand densities varying over two orders of magnitude
were prepared to assess the long-term function of
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osteoblasts on peptide-derivatised surfaces, using the 15
amino acid peptide Ac-Cys-Gly-Gly-Asn-Gly-Glu-Pro-
Arg-Gly-Asp-Thr-Tyr-Arg-Ala-Tyr-NH,
(CGGNGEPRGDTYRAY). After 3 weeks in culture,
surfaces modified at a density above 0.62 pmol/cm?
significantly enhanced mineralization compared with a
RGD surface density of 0.01 pmol/cm?, control RGE (Arg-
Gly-Glu) surfaces, or clean surfaces adsorbed with serum
proteins.

Another approach was presented by Bearinger et al.
(1998). Quartz samples were surface modified by
interpenetrating Polymer network (IPN) coating. The IPN
was a thin adherent film (approximately 20 nm) comprised
of acrylamide (AAm), ethylene glycol (EG), and acrylic
acid (AA) — grafted my means of photoinitiated free radical
polymerisation. These networks were further modified to
promote specific cell adhesion by tethering peptides.
Surface characterization was performed by contact angle
measurements, spectroscopic ellipsometry and X-ray
photoelectron spectroscopy. Rat calvarial osteoblasts
attached to Arg-Gly-Asp (RGD) modified IPNs at levels
significantly greater than on clean quartz, Arg-Gly-Glu
(RGE) modified, with or without serum in the media. Cell
adhesion and mineralized ECM formation were dependent
specifically on the peptide sequence present at the surface.
The same approach was later applied to titanium surfaces
(Barber et al., 2003). In this case an RGD containing 15
amino acid sequence from rat bone sialoproteins was linked
to the IPN coating on Ti. The paper presents an accurate
characterization of the treated surface by XPS. Significant
improvements in bone mineralization by primary rat
calvarial osteoblast were reported.

Kantlehner etal. (2000) investigated the behaviour of
cyclic ¢(-RGDfK-) (Arg-Gly-Asp-Dphe-Lys). This peptide
is (v)B(3)- and o v)B(5)-integrin-selective and, using the
lysine side chain of c(-RGDfK-), it was bound to a number
of linker molecules containing an acrylamide end group.
The acrylamide group can be used to bind the peptide
covalently to acrylate polymer surfaces. In studies
involving the surface  modification  of
polymethylmethacrylate (PMMA), the coated surfaces
effectively bind to murine osteoblasts as well as human
osteoblasts in vitro when a minimum distance of 3.5 nm
between surface and the constrained RGD sequence is
provided. Some in vivo data were also provided, showing
that peptide-coated PMMA pellets implanted into the
patella groove of rabbits were integrated into the
regenerating bone tissue faster and more strongly than
uncoated PMMA pellets.

A nice study on the importance of the interfacial
microenvironment of immobilized RGD has been
presented by Houseman and Mrksich (2001). Using the
SAMs on gold approach, systems composed by mixtures
of RGD and oligo(ethylene glycol) groups, that resist the
nonspecific adsorption of proteins were prepared. The
surface density of peptides ranged from 17 to 0.7 pmol/
cm?. The microenvironment of the peptide ligands was
controlled by using thiols that present either tri-, tetra-,
penta-, or hexa(ethylene glycol) units, changing in this way
the average distance separating the glycol groups and the
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peptide ligand, while the structure and properties of the
background remain unchanged. It was found that cell
attachment to monolayers, presenting a fixed density of
peptide, decreased as the length of the oligo(ethylene
glycol) group increased. At lower densities of immobilized
peptide, decrease was more pronounced. Attachment and
spreading did not depend on the density of peptide on
monolayers presenting tri(ethylene glycol) groups, but
showed a high sensitivity to the density of ligand on
monolayers presenting longer glycol oligomers. These
results are a clear indication that the microenvironment of
the peptide ligand influences the affinity of the integrin-
peptide.

Dettin et al. (2002) investigated peptides carrying RGD
motifs and of sequences mapped on human vitronectin.
Osteoblast adhesion experiments on polystyrene plates
coated with the peptides were presented. Peptides were
simply passively adsorbed to the PS surface, no surface
characterization data were presented. An interesting novel
peptide, carrying the X-B-B-B-X-B-B-X motif (where B
is a basic amino acid and X is a nonbasic residue), was
shown to promote proteoglycan-mediated osteoblast
adhesion very effectively.

Cavalcant-Adam et al.(2002), confirmed the
improvement of osteoblast activity on flexible silicone
surfaces where RGD peptides were covalently linked to
surface amino groups introduced by silane chemistry.
Huang et al. (2003) investigated gold-coated titanium
surfaces. Using SAMs techniques, two types of peptides,
RGDC (Arg-Gly-Asp-Cys) and RDGC (Arg-Asp-Gly-
Cys), were immobilized. Surface characterization involved
X-ray photoelectron spectroscopy and Fourier transform
infrared spectroscopy. Cell culture tests of primary calvarial
osteoblasts were performed. Four and 8 hours after culture,
cell attachment was enhanced on RGDC surfaces.
Increased cell spreading and significantly greater cell
proliferation were also observed in cells grown on the
RGDC-coated surfaces. Interestingly, osteoblasts on
RGDC surfaces showed osteocalcin (OC) mRNA
expression at day 15, that is significantly earlier as
compared with controls: osteoblasts on Ti and RDGC-
coated surfaces began to show OC mRNA expression just
at day 21, providing evidence of the enhanced functions
of osteoblasts cultured on the RGDC-modified surfaces.

Zreiqat et al. (2003) presented a very interesting paper
that not only discusses the effect of surface-tethered RGD
peptides on bone cells adhesion and differentiation, but
also on bone remodelling. Briefly, a thirteen amino-acid
RGD peptide Gly-Arg-Gly-Asp-Ser-Pro-Tyr-Gly-Gly-
Gly-Gly-Gly-Cys (GRGDSPYGGGGGC) was linked to
Ti-6Al1-4V (Ti grade 5) surfaces aminated by silane
chemistry, through the thiol on the cysteine residue and a
maleimide coupler. An analogous peptide bearing the non-
adhesive RGE (Arg-Gly-Glu) sequence was coupled as
well as a control. Surface characterization was nicely
performed by XPS analysis and the surface density of
peptides was estimated by radio-labelling, resulting in the
range of 40pmol/cm?. Human bone-derived cells, obtained
from bone removed at hip replacement, were cultured on
peptide-coated and control surface. A number of biological



M Morra

parameters were measured, confirming — in agreement with
previously quoted papers, that RGD coated titanium
surfaces appear to promote differentiation of osteoblasts.
In particular, the expression of bone matrix mRNA was
enhanced on RGD surfaces as compared to other samples:
increased expression of mRNAs for osteocalcin (at 7 days),
pro-collagen I (at 7 days), alkaline phosphatase (at 14 days,
Figure 3) on the RGD bound Ti-6Al1-4V, compared with
the native Ti-6Al-4V was found. Therefore, RGD appears
to promote differentiation of osteoblasts more than the
other substrates by enhancing the expression of bone matrix
mRNAs. By the evaluations of molecules involved in the
control of osteoclastogenesis, it was found that all tested
surfaces promote osteoclast formation and bone turnover,
that is this effect seems more related to general surface
properties and not to the specific cellular recognition and
activity of RGD sequence.

Another interesting multidisciplinary study has been
provided by Porte-Durrieu et al.(2004). Two RGD
containing peptides displaying a different conformation
were linked to Ti-6Al-4V alloy surfaces: linear RGD and
cyclo-(Asp-Dphe-Lys(mercaptopropionyl)-Arg-Gly)
(cyclo-DfKRG). The coupling reaction involves
silanization with APTES, cross-linking with SMP and
finally immobilization of peptides thanks to thiol bonding,
and in-depth discussion is presented on the role and
importance of surface preparation. The surface chemistry,
after the different steps, was evaluated by XPS. The density
of peptides grafted onto the surface was found to be around
20 pmol/mm?, by radioactivity measurement. Evaluation
of the adhesion between 1 and 24h of osteoprogenitor cells
isolated from human bone marrow shows significant
improvement over the untreated surface, and better results
for the cyclic peptide over the linear one for 24h data. A
recent paper by the same group (Pallu et al., 2005) extends
the previous work, investigating the differentiation of
human osteoprogenitor cells: in this case, cyclo-DfKRG
is either covalently linked as described before or simply
adsorbed to Ti6Al4V surfaces. In the latter case, both a
thiol and a phosphonate anchor are tested. Significant
differences were found comparing “covalent linking” Vs.
“adsorption procedure”.

While previous approaches to surface modification are
mostly based on the coupling of peptides to amino-
functionalized surfaces, an alternative way was suggested
and investigated by Xiao et al. (2001), Tosatti et al.(2003,
2004) and Hansson et al. (2005). Briefly, poly-(L-lysine)
(PLL), like other polycations, irreversibly adsorbs to
negatively charged surfaces. A graft copolymer was
synthesized, containing poly-(L-lysine) (PLL) as the
substrate-binding and poly(ethylene glycol) (PEG) as
protein adsorption-resistant pendant side chains (PLL-g-
PEG) (Van der Vondele et al., 2003). A fraction of the
grafted PEG was functionalized by covalent conjugation
to the peptide motif RGD to induce cell binding. This graft
copolymer adsorbs spontaneously from dilute aqueous
solution onto negatively charged surfaces, yielding water-
stable coatings. Several properties of coatings obtained
by this approach were tested.

An interesting paper by this group highlights many of
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Figure 3. Expression of alkaline phosphatase mRNA
by human bone-derived cells cultured on peptide-
modified titanium alloy surfaces for 7 and 14 days. In
situ hybridization and immunohistochemistry-based
ELISA assays using microtiter plate method. Mean of
six wells + standard deviation. Graph of a representative
experiment of four replicates. Data show increased
expression of mRNAs for alkaline phosphatase at 14
days on the RGD bound Ti-6Al-4V, compared with the
native Ti-6Al-4V and with the other controls. Reprinted
from Zreiqat H et al., 2003, with permission.

the basic questions of this field (Tosatti et al., 2004).
Briefly, MG63 immature osteoblast-like cells were cultured
on smooth Ti surfaces (both smooth and rough) that were
modified with adsorbed monomolecular layers of PLL-g-
PEG. Coatings were functionalized with varying amounts
of a RGD peptide Gly-Cys-Arg-Gly-Tyr-Gly-Arg-Gly-
Asp-Ser-Pro-Gly (GCRGYGRGDSPG), coded PLL-g-
PEG/PEG-RGD or a nonbinding RDG control sequence
Gly-Cys-Arg-Gly-Tyr-Gly-Arg-Asp-Gly-Ser-Pro-Gly
(GCRGYGRDGSPG) coded PLL-g-PEG/PEG-RDG. The
peptide surface concentration was varied between 0 and
6.4 pmol/cm?. The striking evidence from this paper is that
the scarcely cell-adhesive PLL-g-PEG induces more cell
differentiation than the RGD bearing polymer. As
suggested in the paper, these results exemplify the inverse
relationship between proliferation and differentiation often
remarked in vitro. The shift observed from low cell number
but high phenotype expression on PLL-g-PEG to high cell
number but reduced phenotype expression on PLL-g-PEG-
RGD suggests that RGD binding may reduce
differentiation of osteoblasts to an extent conducive to
proliferation rather than stimulating differentiation. This
fundamental topic of BMTiS will be discussed again
several times later on, while comparing peptides and ECM
proteins modifications.

The same groups has recently presented a study
comparing cell adhesion and morphology to control and
RGD functionalized-PLL-g-PEG coated machined and
roughened titanium implants (Schuler et al., 2006).
Osteoblast attachment and footprint areas increased with
increasing density of the RGD-containing peptide and this
effect was not affected by surface topography (i.e smooth
Vs. rough).
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An interesting paper by Senyah et al. (2005) reminds
that caution is always required before attributing a given
effect on cell behaviour to specific peptide bioactivity.
More general surface properties, such as hydrophobicity/
philicity, are always at work over and above specific
effects. Changing, for instance, the peptide sequence may
result (and, in general, does result) in the modification of
unspecific surface properties at large, and this in turn will
affect cell adhesion to a given surface. In the quoted paper
(Senyah et al., 2005) RGD sequences were linked to
borosilicate glass and titanium surfaces using silanisation
chemistry. Successful peptide immobilisation was proven
by fluorimetric measurements and confocal image analysis.
Invitro cell proliferation assays were employed to compare
the adhesion potentials of RGD containing peptides to the
three peptides designed by Senyah and coworkers. Results
show that the RGD sequence is not necessarily required
to enhance the adhesion of cells to non-biological surfaces
and that the number of adhering cells can be increased by
changes in the peptide hydrophobicity.

Reyes and Garcia (2003, 2004) presented an interesting
approach aimed at engineering of bioadhesive surfaces
that specifically target the o, integrin. To achieve this
goal they designed a stable, triple-helical, collagen-mimetic
peptide that contains the GFOGER (Gly-Phe-Hydroxypro-
Gly-Glu-Arg) hexapeptide sequence from residue 502-507
of the alpha(I) chain of type I collagen. Three different
coupling schemes were tested successfully to link the active
peptide to polystyrene surfaces. Studies on focal adhesion
of MCT3T3-E1 cells show that the surface-immobilized
GFOGER not only promotes adhesion comparable to type
I collagen, but it also may mimic post-adhesion signalling
similar to collagen coated surfaces. A couple of recent
reviews by the same Authors provide broad overviews on
the subject (Garcia and Reyes, 2005; Garcia, 2005)

Recent activity has focused on new approaches to
peptide immobilization. Auernheimer et al. (2005) and
Auernheimer and Kessler (2006) have discussed coating
titanium implants with a tailor-made cyclic-RGD peptide,
presenting approaches to coat titanium by peptides bearing
phosphonic acid groups.

Groll et al. (2005) presented an interesting approach,
based on immobilization to Ti surfaces of reactive star-
shaped poly(ethylene glycol) prepolymers (Star PEG). The
surface deposited films were modified with linear RGD
peptides in different concentrations. Human mesenchymal
stem cells (hMSC) failed to adhere to unmodified Star PEG
layers, while adhesion and growth occurred on peptide
modified substrates. Cells show the expression of
osteogenic marker genes after 14 days, a time comparable
to cultivation on cell culture plastic, leading to the
conservative statement that the Star PEG/RGD film did
not influence negatively the differentiation process.

Other interesting reflections on the role of immobilized
peptides are contained in a recent paper by Ku et al. (2005),
that investigated the effect of recombinant fragment of
fibronectin and vitronectin that contains the binding site
for integrins. Fragments were passively adsorbed to Ti
discs. MC3T3-E1 cells seeded upon the fibronectin
fragment-coated titanium showed a marked increase in cell
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adhesion, proliferation, and differentiation over the other
test sample. In this paper, the inverse relationship between
proliferation and differentiation detected in previously
quoted work by Tosatti et al. (2004) was not detected.

BMTIS by linking of peptides. In vivo studies

The first in vivo study showing evidence of increased
bone formation by RGD coated implants was presented
by Ferris et al. (1999). A study was designed to evaluate
the quality and quantity of the new bone formed in response
to titanium rods surface-coated with the peptide sequence
Arg-Gly-Asp-Cys (RGDC) in rat femora. The peptide was
immobilized to the surface using the chemistry commonly
adopted for SAMs: smooth titanium samples were gold
coated and RGDC immobilized using gold-thiol chemistry
in water-alcohol solutions. Samples were sterilized in
alcohol. Histomorphometric analysis showed a
significantly thicker shell of new bone formed around
RGD-modified versus plain implants at 2 and 4 weeks.
Mechanical pull-out testing conducted at 4 weeks revealed
that the average interfacial shear strength of peptide
modified rods was greater than control rods, although this
difference was not statistically significant. As remarked
in the paper (possibly following specific referees
comments), the study did not include a non-specific peptide
control, so that the question remains open whether the
observed improvement was due to non-peptide-related
non-specific interactions. Also, the paper does not show
any data on surface characterization of the test samples.

Schliephake et al. (2002) failed to detect benefits due
to organic coating of titanium implants on periimplant bone
formation and bone/implant contact. In particular, implants
with square cross-sections were inserted press fit into
mandibles of 10 beagle dogs. Peptides were linked to a
collagen coating. Implants (Ti6Al4V) had a polished
surface, a collagen coating, and collagen coating with
covalently bound RGD peptides. Bone formation was
evaluated by morphometric measurement of the newly
formed bone around the implant and the percentage of
implant bone contact. Samples were examined at 1 and
three months. Differences between the surface types were
not significant, providing only weak evidence that coating
of titanium implants with RGD peptides in the form used
may increase periimplant bone formation in the alveolar
process. This approach will be discussed again while
describing more recent work by the same group.

A submitted, but readily available paper by Germanier
et al. (2004, the web address is indicated in the reference
list), presents in vivo results on the approach by Tosatti
and coworkers described in the previous section. Starting
from Sandblasted Large grit Acid etched (SLA) titanium
implant surfaces the following samples were prepared
(notation is that reported in the previous section): SLA+
(PLL-g-PEG); SLA + (PLL-g-PEG/PEG-RDG), that is a
PEG coating biofunctionalized with the inactive peptide
(Arg-Asp-Gly); SLA + (PLL-g-PEG/PEG-RGD], that is a
PEG coating biofunctionalized with the active (Arg-Gly-
Asp) sequence. Implants were placed in the maxilla of
miniature pigs; histology was performed at 2 and 4 weeks.
Evaluation at 2 weeks shows that only the active (PLL-g-
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PEG/PEG-RGD] coating gives statistically significant
improvement of bone to implant contact (BIC) over that
afforded by SLA alone. Statistical comparison between
the different coatings is not provided. At 4 weeks, both
“non specific” coatings, that is (PLL-g-PEG) and the
inactive (PLL-g-PEG/PEG-RDG) yield statistically
significant improvement over the control SLA and the
bioactive SLA + (PLL-g-PEG/PEG-RGD] surface. No
clear explanation for this result can be suggested. An
interesting observation from the data, reported in Table 2
of the paper, is that the RGD surface is the only one that
does not show any BIC growth from 2 to 4 weeks. The
actual meaning and implications of these data are not
known and require more in depth investigations.

Kroese-Deutamn et al. (2005), evaluated new bone
formation in a porous titanium (Ti) fibre mesh implant,
coated with cyclic RGD peptide containing a phosphonate
anchor. The titanium meshes were soaked in the coating
solution and the peptide was allowed to immobilize
overnight. Samples were sterilized by gamma sterilization
(25 kGy). The RGD-Ti implants were inserted into the
cranium of a rabbit and were compared with porous
titanium fibre mesh disks without RGD sequence and with
an open control defect. Histologic and histomorphometric
examinations were performed 2, 4 and 8 weeks
postoperatively. A significant increase in bone formation,
or bone ingrowth, was detected in the RGD-Ti group
compared with the Ti group after 4 and 8 weeks.

Elmengaard et al.(2005a,b), recently presented two
interesting papers on the in vivo effects of RGD coated
titanium in press-fit and bone-defects models. In the first
study (2005a), sixteen unloaded cylindrical plasma sprayed
Ti6Al4V implants coated with cyclic RGD peptide were
inserted as press-fit in the proximal tibia of 8 mongrel dogs
for 4 weeks. Uncoated control implants were inserted in
the contralateral tibia. Bone ongrowth increased
significantly and fibrous tissue ongrowth was significantly
reduced for RGD-coated implants. Bone volume was
significantly increased in a 0-100 micron zone around the
implant and increases in median ultimate shear strength
and energy to failure were also observed. In the second
study (2005b), the effects of cyclic RGD-coated implants
on tissue integration and implant fixation in two cancellous
bone-gap models in canine were evaluated. Plasma-
sprayed Ti-6Al-4V implants were investigated at 4 weeks,
the fixation was evaluated by push-out test and
histomorphometry. Mechanical implant fixation was
improved for RGD-coated implants. Unloaded RGD-
coated implants showed a significant increase in bone
whereas both loaded and unloaded implants showed a
significant reduction in fibrous tissue anchorage.

Both studies were performed using a RGDfK (Arg-
Gly-Asp-Dphe-Lys) peptide with a thiol anchor. Coating
was performed in a 100 uM solution in phosphate buffer,
for 24 h, followed by washing. The papers do not report
surface characterization data or info on the surface peptide
density.

The last two works reported in this section are ideal
links with the following one on surface modification by
ECM proteins. Schliephake et al. (2005), a work of this
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group has already been quoted (Schliephake et al., 2002),
evaluated periimplant bone formation around titanium
screws implanted in dog. Briefly, ten adult female
foxhounds received experimental titanium screw implants
in the mandible, 3 months after removal of all premolar
teeth. Four types of implants were evaluated in each animal:
implants with machined titanium surface, implants coated
with collagen I, implants with collagen I and cyclic RGD
peptide coating (Arg-Gly-Asp) with low and high RGD
concentrations. Here low and high RGD concentration is
related to the peptide concentration in the coating solution,
100 umol/mL and 1000 pmol/mL respectively. Collagen
was linked to the titanium surface by low voltage
anodization (5 V), followed by dip-coating in collagen and
cross linking by carbodiimide chemistry up to a surface
density of 44 pg/cm?. Peptides, bearing pendant acrylate
groups, were UV grafted to the collagen coated implants.
No surface chemistry data are reported in the paper,
concerning collagen and collagen/peptides modified
implants. Periimplant bone regeneration was assessed
histomorphometrically after 1 and 3 months in five dogs
each by measuring bone implant contact (BIC) and the
volume density of the newly formed periimplant bone
(BVD). After 1 month, BIC was enhanced significantly in
the group of implants coated with the higher concentration
of RGD peptides as compared to Ti surface; however, no
significant difference was detected between groups with
organic coating (collagen and RGD low and high). Volume
density of the newly formed periimplant bone was
significantly higher in all implants with organic coating.
Again, no significant difference was found between
collagen coating and RGD coatings. After 3 months, all
implants with organic coating gave better results than
uncoated implants, without showing differences between
the three different groups. Briefly, type I collagen alone
performed without statistically significant difference as
compared to RGD coatings. After all, the reason why RGDs
are of interest is that they are contained in collagen. This
topic will be discussed later on.

The last paper reviewed in this section contains again
a comparison between RGD and collagen. In a very
interesting paper, Bernhardt et al. (2005) evaluated
titanium implants coated with collagen type I, type III, or
RGD peptide, and placed in the femur of goats together
with an uncoated reference. Collagen coatings were
performed after allowing overnight fibrillar assembly.
Cyclo(-RGDfK)(-tetraphosphonyl-lysil-lysil-diamido-
heptaethyleneglycol), where the four phosphonate groups
act as an anchor, was surface linked by surface adsorption
followed by anodization at4 V. All samples were sterilized
by gamma rays. Bone contact and volume were determined
after 5 and 12 weeks implantation, using both
histomorphometry and synchrotron radiation micro
computed tomography (SR pCT). Both methods revealed
similar tendencies in bone formation for the differently
bio-functionalized implants: after 5 and 12 weeks, all three
coatings showed a significant increase in bone volume over
the uncoated reference, with the highest results for the
collagen coatings, while the RGD coating showed only a
slight improvement compared with the reference material.
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Interestingly, collagen type III, appeared to be the more
effective coating in areas of less dense spongious bone.
While this point will be discussed in more depth in the
following section, it is of interest to close the present section
by quoting the comments of Bernhardt and co-workers on
the superiority of collagen over RGDs: “as RGD is not
involved in further signalling events like the larger matrix
molecules due to their much higher number of potential
interaction sites, cell adhesion may not be the only element
involved in cell response to implants”.

BMTIiS by ECM proteins

The last sentence of the previous section introduces BMTiS
by ECM proteins. If, from one side, it is submitted that the
practical interest of peptide-based approaches is that a
simple peptide of a few hundred Daltons only replicates
the behaviour of its considerably larger parental molecule
of multiples of a hundred thousand Daltons, the question
is how far this tenet holds. An interesting study by Jikko
etal. (1999) addresses some crucial point of collagen and
its peptides’ role in osteoblast differentiation. Actually, as
discussed in the following, many studies involving ECM
proteins are based on collagen. Collagen, and the cell-
binding domains it contains, play an important role in
osteoblast cells behaviour (Lebaron et al., 2000),
promoting not only cell adhesion but also osteoblastic
differentiation of bone marrow cells and controlling a
number of aspects of their progression along the osteogenic
pathway (Jikko et al., 1999; Mizuno et al., 2000; Salasznyk
etal., 2004). Based on existing literature, it is then possible
to speculate that collagen coated surfaces can either or
both recruit more osteogenic cells precursors; and provide
a more favourable environment for osteogenic cells’
differentiation following instructions from cell-matrix
interactions and from diffusible molecules. These
principles are at the basis of BMTiS by collagen and ECM
proteins in general, and will be reviewed in the following
sections.

BMTIS by ECM proteins. Analytical and In vitro
studies
Literature analysis shows that early papers on surface
modification of Ti by proteins were mostly concerned with
improving adhesion of the soft tissue to implants, this way
promoting a stable seal that could avoid bacterial invasion
of the bone-contacting portion. In this vein, Lowenberg et
al. (1988) coated porous Ti6AI4V discs with collagen and
with collagen incorporating platelet-derived growth factor
(PDGF); coated discs exhibited significantly higher
attachment and orientation indices compared with controls
and the orientation index was further enhanced by addition
of PDGF to the collagen. It was concluded that attachment
and orientation of cells on Ti can be modified by the
application of biological molecules, suggesting a useful
application in clinical implantology.

Dean et al. (1995) reported that fibronectin coating of
Ti surfaces resulted in a two to three times enhancement
of gingival fibroblast binding, with a lesser effect on
epithelial cells. Laminin coating resulted in three to four
times enhancement of gingival epithelial cell binding on

Modification of titanium surfaces

all implant surfaces tested, with a lesser effect on
fibroblasts. Thus, the two cell types exhibited distinct
preferences for the different molecules tested, suggesting
that cell-selective Ti surfaces are feasible, in principle.
Laminin-5 coatings were investigated further by Tamura
etal. (1997) and El-Ghannam et al. (1998). The first study
is focused on the formation of a biological seal around the
transmucosal portion of dental implants. Laminin isoform,
laminin-5, a component of basement membranes, plays a
crucial role in the assembly and maintenance of
hemidesmosomes, that connect the gingival epithelium to
dental implants. In vitro data reported in the paper show
that laminin-5 as a biological coating of titanium-alloy
promotes cell attachment of a gingival epithelial cell line,
IHGK. IHGK cells assembled hemidesmosomes within
24h of attachment to laminin-5-coated titanium alloy but
not to the titanium alloy alone. In the second paper (EI-
Ghannam et al., 1998), that contains nice surface
characterization by XPS, ToF SIMS and AFM, DNA
analysis showed that laminin-5 enhanced attachment of
normal human epidermal keratinocytes (NHEK) to Ti-6Al-
4V significantly more than did laminin-1 or uncoated
controls. The results were also affected by the previous
surface treatment (unpassivated Vs. passivated) of Ti.

Papers presented so far were based on the passive
adsorption of proteins. Methods based on covalent
attachment have been presented as well. Endo (1995a,b),
described the covalent linking of human plasma fibronectin
(pFN) onto gamma-aminopropyltriethoxysilane (gamma-
APS) functionalized NiTi substrate with glutaraldehyde
through Schiff’s base formation. XPS analysis was used
to follow the modification of surface chemistry through
the different steps, and the amount of immobilized pFN
was determined by a fluorometric method. The pFN was
immobilized at a surface density of 1.1 micrograms/cn?,
and significantly promoted fibroblast spreading. Nanci et
al. (1998) also used Aminosilane chemistry, while Mikulec
and Puleo (1996) and Puleo et al. (2002) presented two
interesting papers on the use of p-nitrophenylchloroformate
chemistry to couple biomolecules to native hydroxyl
groups and on amino functionalization by plasma
deposition. Matsumura and co-workers presented an
approach to the surface immobilization of collagen that
was used also for the modification of Ti implants
(Matsumara et al., 2000; Peng et al., 2001; Matsumara et
al., 2002). Briefly, collagen was linked to poly(ethylene-
co-vinyl alcohol) (EVA) coatings on Ti implants. An
interesting paper describes adhesion and proliferation of
periodontal ligament cells on this “ibrid” material,
suggesting the possibility of PDL regeneration on dental
implants.

The just quoted works introduce published studies on
BMTiS by collagen that will take the lion share in the rest
of this paper. A number of studies have demonstrated the
pivotal role of collagen in modulating cell growth and
differentiation; some of them have been quoted in the
beginning of this section. In bone the extracellular matrix
is composed of approximately 85% type I collagen and
cellular interaction with matrix components has been
shown to be important in the regulation of the osteoblast
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phenotype. Thus, collagen is of obvious interest in BMTiS.
Geissler et al. (2000) investigated the adhesion of rat
calvarial osteoblasts to uncoated and collagen type I-coated
titanium over a period of 24 h. Collagen was adsorbed
passively, with and without fibrillogenesis, on TiAIV disks.
Surfaces were characterized by SEM, ELISA and staining
tests. Data show that collagen type I-coating accelerates
initial adhesion of osteoblasts in the presence of foetal calf
serum, however one hour after plating, no differences in
the percentage of adherent cells between the surfaces
investigated were found. Tests involving solubilized
petpides suggest that osteoblasts adhere to collagen type
I-coated materials by means of integrin betal but not by
interacting with RGD peptides, whereas adhesion to
uncoated titanium alloy is mediated by RGD sequences
but not by means of integrin 1.

De Giglio et al. (2001), whose work has already been
quoted in the peptide section, presented an interesting
approach on collagen immobilization based on polypyrrole
films, directly grown on implant materials and modified
by the inclusion of collagen during the polymer
electrodeposition step. Surface characterization by XPS
and SEM shows the effectiveness of film modifications.

Nagai et al. (2002) investigated the influence of the
collagen coating, on titanium, on the initial attachment of
human gingival fibroblasts. Scanning electron microscopy
(SEM) was used to investigate the morphological changes
of cultured human gingival fibroblasts on four different
surfaces, i.e. non-coated mirror-polished titanium,
collagen-coated titanium, non-coated tissue-culture
polystyrene and collagen-coated polystyrene. Collagen
coating of titanium effectively promoted initial cell
attachment, improving the activity of human gingival
fibroblasts.

Rochlecke et al. (2001) investigated the behaviour of
primary osteoblasts grown on both fibrillar collagen-coated
and tropocollagen-coated Ti6A14V. A number of
parameters were evaluated, including cell attachment,
spreading, cytoskeletal organization, focal contact
formation, proliferation and expression of a differentiated
phenotype. In comparison to uncoated titanium alloy,
collagen-coated alloy enhanced spreading and resulted in
a more rapid formation of focal adhesions and their
associated stress fibres. Osteoblasts had a higher
proliferative capacity on collagen coated samples and the
intracellular expression of osteopontin was upregulated
compared to uncoated titanium alloy. Contrary to these
results, Becker et al. (2002) evaluated proliferation,
differentiation, and mineralization of osteoblasts on type I
collagen-coated Ti6Al4V. Precoating of the samples with
type I collagen did not affect extensively, proliferation,
the activity of alkaline phosphatase, collagen synthesis,
calcium accumulation or the mRNA levels for collagen I
alphal, osteopontin, osteocalcin, MMP-2 and TIMP-2. The
results obtained in this work suggest that collagen-coating
alone is not sufficient to accelerate differentiation of rat
calvarial osteoblasts on Ti6Al4V. Adsorption of collagen
was performed at 25C for 15 min in phosphate buffer at
pH 7, yielding a surface density of 3-6 pg/cm?, no
throughout surface characterization data are presented in
the paper.

Modification of titanium surfaces

A similar result, that is the lack of significant effects
due to different coatings, was presented by Van den Dolder
et al. (2003). The objective of this study was to evaluate
the effects of fibronectin and collagen I coatings on
titanium fibre mesh on the proliferation and osteogenic
differentiation of rat bone marrow cells. Three main
treatment groups were investigated, in addition to uncoated
titanium fibre meshes: Ti meshes were coated with
fibronectin, with collagen I, and first with collagen I and
then subsequently with fibronectin. Rat bone marrow cells
were cultured for 1, 4, 8, and 16 days on coated titanium
fibre meshes and uncoated control. There were no
significant effects of the coatings on cellular proliferation
as indicated by the DNA quantification analysis. When
antibodies against fibronectin and collagen I integrins were
used, a significant reduction in cell proliferation was
observed for the uncoated titanium meshes coated with
collagen and meshes coated with both collagen and
fibronectin. The different coatings also did not affect the
alkaline phosphatase activity of the cells seeded on the
coated meshes. Altogether, these results show that a
fibronectin or collagen I coating does not stimulate the
differentiation of rat bone marrow cells seeded in a titanium
fibre mesh. Full evaluation and comparison with different
results obtained by other groups are hampered by the lack
of information on the true surface chemistry: as reported
in the experimental section of the paper: “The meshes were
used uncoated as received or coated with either fibronectin
(50 mg/mL) or collagen I (100 mg/mL) or both collagen I
and fibronectin. For coating, the meshes were added in a
fibronectin or collagen I solution for 1 h. During this time
period, fibronectin and collagen I proteins have been
adsorbed to the meshes”.

Bierbaum et al. (2003a,b) have investigated coatings
obtained by adsorption of collagen I, collagen III and
fibronectin. The paper focuses on the effect of
fibrillogenesis and fibril morphology on adsorption.
Increasing the collagen type III amount, results in a
decrease of fibril diameter, while no significant changes
in adsorption occur. The surface density of collagen was
calculated between 40 and 60 pg/cm?. Interestingly, the
amount of fibronectin bound to the heterotypic fibrils
depended on fibrillogenesis parameters such as ionic
strength or concentration of phosphate, and varies with
the percentage of integrated type I1I collagen. The second
paper of the series addresses responses of primary
osteoblastic cells from rat calvariae. Differences in alkaline
phosphatase activity (ALP) and collagen synthesis were
observed between differently composed collagen coatings.
Also, cell shape and morphology was affected by the
collagen layer thickness and nature.

Kim et al. (2005) recently investigated the stability of
collagen I coating (obtained by adsorption), the role of
fibrillogenesis and of crosslinking on osteoblast response
(using the MG63 cell line). The degree of assembly was
varied with the incubation time and the differently
assembled collagen was coated on the Ti. Some samples
were crosslinked by carbodiimide. It was found that both
fibrillar assembly and crosslinking improve the stability
of the collagen. Cellular responses were improved
significantly when the collagen was assembled to fibrils
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and the assembly degree was increased. The paper stresses
that some of the conflicting result reported above involving
in vitro tests of adsorbed collagen could be accounted for
by the different effects engendered by the different degree
of assembly of collagen.

Muller and coworkers (Muller et al., 2006) have
recently presented a comprehensive review on the effect
of surface pre-treatment of titanium on the immobilization
of fibrillar collagen. The paper describes the effect of the
density of interfacial bonds and of cross-linking on the
stability of surface collagen layers and on osteoblast-like
cell response.

An interesting paper by Pham et al. (2003), which
discussed the ultimate protein-based coating that is a native
extracellular matrix coating on Ti surfaces, closes this
section. Briefly, osteoblast-like SAOS-2 cells were allowed
to synthesize and assemble their extracellular matrix
(ECM) on titanium surfaces. After that, cells were removed
selectively by exposition of the samples to 15 mM NH40OH
solution for 6 min. The attachment, spreading and
morphology of SAOS-2 cells to Ti coated with a native
ECM (ECM-Ti) was compared with those to Ti and peptide
sequence RGDS- or fibronectin-immobilized Ti. Results
show an increase of cell density at 4h in the order Ti<
RGDS-Ti< fibronectin Ti < ECM-Ti, even if statistical
analysis of data is not reported.

BMTIS by ECM proteins. In vivo studies

Reports on in vivo behaviour of collagen coated Ti implants
have been published since a conference abstract of 2002
(Rammelt et al., 2002; Another very interesting abstract
by the same group has been presented recently, Rammelt
etal., 2005). The first full paper providing in vivo evidence
of enhanced osteointegration by surface modifcation of Ti
implants by collagen was published in 2003 (Morra et al.,
2003). Type I collagen was covalently linked to a surface
grafted polyacrylic acid layer. The paper reports detailed
surface characterization by XPS, AFM in dry and aqueous
environment and a study of the environment-dependent
aqueous interface of coated Ti by AFM force distance
curves. Invivo studies in rabbit femur at 4 weeks, involving
EtO sterilized samples, show a significant increase of bone
growth and bone-to-implant contact of collagen coated Ti
as compared to control Ti implants. The histomorphometric
results were later supported by more findings from the
same model, showing significant improvement of
mechanical parameters such as peri-implant bone
microhardness (Morra et al., 2005a), and push-out force
(Morra et al., 2005b). While the just quoted data were
obtained on “machined” Ti surfaces, a recent paper from
the same group shows the benefit of the collagen coating
even on more topographically sophisticated titanium
surfaces (Morra et al., 2006). The combined effect of
topography and biochemical cues is indeed an interesting
path of implant devices evolution. The collagen coating
was applied to titanium implants surface-treated by
galvanostatic anodization and characterized by nanoporous
surface topography (Figure 4). Experiments in the
trabecular (cancellous) bone tissue of the epiphysis of the
distal femora, in a 4 weeks rabbit model, show
improvements of both bone to implant contact and bone
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Figure 4. SEM image showing the surface topography
of nanoporous Ti surface bearing a covalently linked
collagen coating. The implant surface provides the
superposition of topographical and biochemical cues.
The calculated average pore diameter is about 350 nm
(from Morra et al., 2006).
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Fig. 5 Examples of histological sections obtained from
4 week implants in rabbit femur trabecular bone: a: Ti;
b: collagen coated Ti. (Fast green and acid fucsin,
magnification 10x, from Morra et al., 2006).

ingrowth, even if the latter is slightly not significant (p =
0.056) when compared to the control. Figure 5 shows
histological sections comparing control (a) and collagen
coated (b) implant interfaces. Note the very low density
typical of trabecular bone and the definitely more vigorous
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bone regeneration at the collagen coated Ti surface. The
large interconnected pores between the struts and sheets
of trabecular bone tissue are filled by marrow that provides
mesenchymal cells for bone regeneration. Cellular
differentiation is induced by biochemical cues, both soluble
and insoluble, in the environment immediately surrounding
cells. Insoluble cues arise largely from cellular binding to
ECM proteins, chief among them collagen (Salasznyk et
al., 2004). Is the implant interface of Fig. 5b providing the
insoluble cues required for the differentiation of
mesenchymal cells along the osteogenic pathway,
mimicking in part the function of actual ECM? This is the
spirit of BMTiS, more studies are required to confirm
promising indications supplied by histology data.

A couple of other relevant papers have already been
quoted in the RGDs section: Schliephake et al. (2005)
compared Ti, collagen I coated Ti and the latter with further
immobilization of RGD at two different concentrations in
foxhound implants in mandible (the coating procedures
have already been described). Even if the focus of the study
was RGD, data clearly show the role of collagen alone:
after 1 month, volume density of the newly formed
periimplant bone was significantly higher in all implants
with organic coating, that is collagen and collagen plus
RGD, without difference between collagen coating and
RGD coatings. Bone implant contact was not different
between the different organic coatings. After 3 months,
both BIC and BVD were significantly higher in all implants
with organic coating, than in implants with Ti surfaces.
Thus, no direct evidence exists that the further RGD linking
to collagen (that is obviously the best provider of RGD
and more) bears further improvement; but evidence exists
that collagen improves BIC and BVD as compared to Ti,
in the spirit of this section.

The second, already quoted, paper is the recent work
by Bernhardt et al (2005): the improvement of
performances offered by collagen type I and III over RGD
have been commented upon already (even if, as discussed
in the conclusions section, the lack of surface
characterization of RGD coated implants does not allow
us to make definite statements on “what-kind-of-RGD-
coated-implant” has actually been tested). However, a
fascinating finding presented in this paper, that deserves
further comment, is the different behaviour of collagen I
Vs. collagen III — the latter seemingly inducing faster bone
apposition in the less dense spongious bone. The paper
suggests that this difference can be accounted for by the
fact that collagen I has been described as critical in the
signalling cascade for the expression of the mature
osteoblast phenotype and mineralization of the ECM,
proving particularly useful in settings with high tissue and
cell density. Collagen type III, on the other hand, is
associated with early phase phenomena, such as cell
proliferation and matrix deposition and this could be of
help in situation of low bone and cell density. If confirmed,
these observations could open the way to finely-tuned
BMTiS, where, depending on the specific site and
application, a specific molecule or set of molecules could
be used to its best effect.

Rammelt et al. (2004) presented a study in rat,
involving coating by adsorption of type-I collagen on
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titanium rods. Coated and uncoated pins were inserted into
the tibia of adult rats and histology and immuno-
histochemistry were performed at 1, 2, 4, 7, 14 and 28
days. Results show that, at day 4, the interface around the
collagen-coated implants displayed a granulation tissue
with higher numbers of cathepsin D-positive mono-
nucleated cells, compared to the uncoated implants. Active
osteoblasts were increased around the collagen-coated pins
at day 4 and 7. After 28 days of implantation, direct bone
contact and newly formed bone averaged better around
the collagen-coated pins as compared to uncoated pins,
but the difference was not significant. Overall, these results
suggest an increased early bone remodelling around
titanium pins through collagen coating.

Contrary to previous findings, Svehla et al. (2005)
observed no effect of fibrillar atelopeptide and PEG
crosslinked collagens coatings, placed directly into porous
sintered bead structures, on bone ingrowth — using a
skeletally mature bicortical, bilateral ovine tibia model.
Implants were either injected with 60 mg/mL bovine skin
fibrillar collagen, 60 mg/mL bovine skin fibrillar collagen
crosslinked with 0.5% disuccinimidylglutarate
polyethelene glycol, or left without collagen. Bone
ingrowth into the implants increased with time, although
differences were not significant. At 4 weeks woven bone,
that remodelled with time, was present within the pores.
Both fibrillar and crosslinked forms of dermal type I
collagen did not alter bone ingrowth significantly. The
paper does not report detailed surface analysis and it is a
bit difficult to compare the approach used in this paper
with other approaches to collagen coating.

Beside collagen, a recent paper describes the use of
bone sialoprotein coatings (O’Toole et al., 2004): BSP
coated implants were implanted into rat femora, and
evaluated at days 10, 20 and 30. Harvested femoral
implants were subjected to pullout testing and then
examined histologically. Results show osteoinductive
activity of BSP-coated implants; pullout however was not
affected by BSP coating.

Conclusions

In the sections above, existing works on BMTiS by
peptides and ECM proteins were reviewed. Even
considering the large differences between experimental
approaches, level of sophistication of chemico-physical
and biological evaluations, accuracy of experiments and
statistical evaluation, it is reasonable to conclude that the
soundness of the underlying principles is supported by
experimental results; and that in vivo results exist that show
that bone regeneration at the interface with titanium implant
devices can be improved over that of plain Ti by surface
modification by peptides or ECM proteins. The field
defined by the opening quotations by Puleo and Nanci
(1999) and Hammerle (2005) is an open and interesting
reality, at least as far as animal studies are involved.
Crucial questions still remain, first of all the actual
clinical benefits of the reported improvements. These data,
however, depend on the specific application, and can only
be addressed by specific clinical studies. Sterilization is
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an important issue for actual application of the surface
concepts to implant devices. Several of the quoted papers
meritoriously report the way samples were sterilized,
partially relieving concerns related to stability to
sterilization of the delicate molecular structures involved.
Yet, sterilization, especially in the case of irradiation
(gamma or beta rays) remains one of the main variables to
be checked, because of concerns related to irradiation-
induced cross-linking, ablation, oxidation or — in general,
modification of the specific chemical structure. Shelf-life,
or the expected lifetime of the molecularly engineered
surface structure, packaged and sterilized, is another key-
point that deserves much attention, and that is not often
tackled in the relevant literature.

Concerning peptide-based approaches, it is a matter of
reflection that, despite much basic work aimed at finding
sequences specifically targeted to bone cells and overcome
the “universality” and lack of selectivity of the RGD signal,
the most widely tested peptide in vivo just bears the RGD
sequence.

Possibly for the reason mentioned above, and
considering in vivo studies, it is of interest to observe that
whenever the peptide approach is compared to the “whole
protein” approach, the latter gives better or equivalent
results. This point has been somehow discussed in the
previous sections.

Another very important observation is the sensitivity
of the bone tissue response to the details of surface
chemistry, to the point that even differences between
collagen I and collagen III coatings were captured in one
paper (Bernhardt et al., 2005). This is very different from
the generalized lack of sensitivity to surface chemistry
widely described by Ratner in soft tissue implants (Ratner,
1993; Ratner and Bryant, 2004). In fact, the same collagen
coating that improves cortical and trabecular bone response
in rabbit, yields the same unspecific encapsulation provided
by untreated Ti when tested in rabbit muscle (Morra et al.,
2003). Obviously, primary stability in the bone bed is a
mandatory requirement to elicit surface-chemistry
dependent bone regeneration, stressing the role of
micromotion and modulus mismatch in the ubiquitous
foreign body response detected in soft tissue implants.

The very same sensitivity to the details of surface
chemistry makes it mandatory to provide, together with
biological data, thorough surface chemical
characterization. Many of the quoted papers provide very
nice investigations by a range of surface sensitive
techniques. But sometimes, especially when it comes to
papers presenting in vivo data, often stemming from
medical environments, surface characterization is
completely lacking, and this occurrence seriously reduces
the information content and the usefulness of the data.
Actual surface chemistry data are required to be in the
position to speculate on the actual role of surface chemistry
on the experimental outcome.

Finally, interpretation of both reviewed approaches is
based solely on effects on cell adhesion and/or
differentiation. That is, they are viewed on the light of the
cell-adhesion and growth paradigm (Larsson et al., 2001).
Present research on biomaterial science underlines the role
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of early phases and places the general device-tissue
interaction in the broader frame of wound healing. Actually,
bone cells reach the implant surface well after
inflammatory cells and after several steps of the
inflammation and wound-healing cascade (Larsson et al.,
2001). Thus, even if data are interpreted in terms of bone
cells-Ti surface interaction, the contribution of other
mechanisms should not be excluded. Notoriously, for
instance, collagen exerts pro-coagulant activity that could
also play a significant role, through enhanced platelet
activation and concurring release of growth factors; and,
as a consequence, in providing the temporary fibrin
network matrix required for cell migration to the implant
surface, as nicely described by Davies (2003). In the same
vein, BMTIiS strategies could not be necessarily limited at
targeting the cell adhesion/differentiation couple. Targeting
specific steps of the wound healing cascade and putting
natural bone regeneration mechanisms in the optimum
condition to perform could be an interesting strategy as
well.
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