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PROTEOGLYCANS AT THE BONE-IMPLANT INTERFACE
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ABSTRACT: The widespread success of clinical implantology stems from bone’s ability to form rigid, load-bearing connections
to titanium and certain bioactive coatings. Adhesive biomolecules in the egtraceliular matrix are presumably responsible for
much of the strength and stability of these junctures. Histochemical and spectroscopic analyses of retrievals have been sup-
plemented by studies of osteoblastic cells cultured on implant materials and of the adsorption of biomolecules to titanium
powder. These data have often been interpreted to suggest that proteoglycans permeate a thin, collagen-free zone at the most
intimate contact points with implant surfaces. This conclusion has important implications for the development of surface mod-
ifications to enhance osseointegration. The evidence for proteoglycans at the interface, however, is somewhat less than com-
pelling due to the lack of specificity of certain histochemical techniques and to possible sectioning artifacts. With this caveat
in mind, we have devised a working model to explain certain observations of implant interfaces in light of the known physical
and biological properties of bone proteoglycans. This model proposes that titanium surfaces accelerate osseointegration by
causing the rapid degradation of a hyaluronan meshwork formed as part of the wound-healing response. 1t further suggests
that the adhesive strength of the thin, collagen-free zone is provided by a bilayer of decorin proteoglycans held in tight asso-
ciation by their overlapping glycosaminoglycan chains.

Key words. Osseointegration, protecglycans, implant, interface.

(1) Introduction

he forcible insertion of a metallic implant into freshly

wounded bone is an insult that could produce either
chronic inflammation or fibrous encapsulation of the
intruder. These results were indeed typical during much
of the early history of implantology, when stainless steel
and cobalt alloys were the primary implant materials.
Some unstable attachments could not adequately sup-
port the forces of functional loading and eventually led
to failure of the implant (Galante et al., 1991). In the
1960s and ‘70s, results from the Brdnemark group radi-
cally modified expectations for root-form (cylindrical
screw-type) dental implants by pioneering the use of
non-atloyed titanium (“commercially pure” or cpTi)
together with techniques that minimized surgical trauma
and a passive (non-loaded) phase for healing of the bone
(Albrektsson et al., 1983). On-going implant modifica-
tions have included the use of porous or bioactive coat-
ings in attempts to form better bone-bonding surfaces
(Ducheyne, 1988; Lucas et al., 1993).

In current practice, bone tissue tolerates the pres-
ence of titanium implants and usually forms a relatively
rigid, load-bearing interface, an outcome termed
“osseointegration” by Brdnemark et al. (1982). These con-
ditions have clearly enhanced the quality of life for large
numbers of edentulous and partially edentulous

patients. Yet significant challenges remain. Premature
loading can disrupt the healing process and may shorten
the effective life expectancy of the implant. Most
endosteal implants therefore must be securely interfaced
with the adjacent bone before the functional prostheses
can be attached. The months of waiting and of limited
function may be a period of hardship for the patient.
With over 300,000 dental implants used annually in the
United States alone, a delayed time for integration rep-
resents a sizable economic issue.

We have yet to learn all of the reasons for titanium’s
biocompatibility with bone or, for that matter, the most
basic molecular interactions which occur at the implant
interface. It is most interesting that several investigators
(Linder et al., 1983; Johansson et al., 1989; Steflik et al,
1992; Murai et al., 1996) have observed a thin layer of
“proteoglycan-rich” ground substance at intimate con-
tact points between retrieved specimens of implant sur-
faces and the adjacent bone. This finding makes sense
physiologically, i.e., proteoglycans are key components of
the extracellular matrix in a variety of tissues where they
play significant roles in cell adhesion, proliferation,
migration, and differentiation. In bone, they may act to
stabilize certain growth factors and have been implicated
in the control of mineralization (Gehron Robey, 1989).

A previous article in this journal discussed how sev-
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eral components of the extracellular matrix may relate to
osseointegration (Stanford and Keller, 1991}. By focusing
specifically on proteoglycans, this current review has
three objectives: (1) to describe briefly the general struc-
ture and theorized functions for proteoglycans, particu-
larly in bone; (2) to review critically the evidence for pro-
teoglycans at the bone-implant interface; and {3) to meld
this information into a model regarding the role of pro-
teoglycans (PGs) in the interaction of bone with bioma-
terial surfaces.

(1) Proteoglycans: Structure and Function

Several excellent reviews, including at least three in this
journal (Uittc and Larjava, 1991; Rahemtulla, 1992
Bertolami and Messadi, 1994}, have treated in various
degrees the subject of proteoglycan structure and func-
tion (see also Hardingham and Fosang, 1992; lozzo and
Murdoch, 1996}. Comprehensive discussions of the PGs
of bone and cartilage have been published (Gehron
Robey, 1989; Roughley and Lee, 1994). This critique will
briefly survey those proteoglycans most likely to be rele-
vant to bone-biomaterial interactions.

The primary structure of proteoglycans consists of a
protein core bearing one or more covalently attached
sulfated polysaccharide chains, or glycosaminoglycans
(GAGs). GAGs are generally classed into five major cate-
gories, depending on the nature of the repeating disac-
charide units. Chondroitin sulfate (CS) consists of alter-
nating residues of glucuronic acid and N-acetyl-galac-
tosamine; the latter may be sulfated on either the 4- or
the 6-carbon. Dermatan sulfate (DS) differs from CS in
that most of the glucuronic acid residues have under-
gone epimerization to iduronic acid. Heparin and
heparan sulfate (HS) consist of alternating N-acetyl-glu-
cosamine and either glucurenic or iduronic residues; the
monosaccharides are sulfated to a greater degree in
heparin than in HS. The keratan sulfate {KS) disaccharide
contains N-agcetyl-galactosamine and galactose, either of
which may be sulfated. Hyaluronic acid (HA), now gener-
ally referred to as hyaluronan, is a polymer which con-
sists of repeating, unsulfated, disaccharides of glucuronic
acid and N-acetyl-glucosamine. HA is usually grouped
within the family of proteoglycans, even though it is not
found covalently attached to a protein core. It is includ-
ed in this review because it is often found complexed
with true PGs and may also play a significant role in the
events leading to osseointegration.

The prototype for proteoglycan structure is the large,
chondroitin sulfate PG of bovine nasal cartilage, which
bears a polypeptide portion of approximately 220,000 Da.
As many as 100 chains of chondroitin sulfate, each con-
sisting of about 40 disaccharide units, are linked via
xylose-containing linkage regions to serine residues in the
center portion of the protein core (Rodén, 1980). These
multiple GAG chains, closely spaced and extending out-

ward from the polypeptide, give the molecule its charac-
teristic “bottlebrush” appearance. Several smaller chains
of keratan sulfate are attached to the core, in most cases
closer to the protein’s amino terminus than the CS chains.
Several non-GAG oligosaccharides are linked via both N-
and O-glycosidic linkages to the protein; these carbchy-
drate chains are structurally similar to those found on
many serum and cell-associated glycoproteins. The large
cartilage PG is now referred to as aggrecan, due to its abil-
ity to form extremely large aggregates with hyaluronan
polymers. Several aggrecan PGs bind vie globular domains
at their amino termini to short stretches of glucuronic
acid-glucosamine disaccharides in the hyaluronan mole-
cule. The PG:HA interactions are stabilized by non-PG link
glycoproteins, resulting in a highly anionic complex with a
molecular mass of several million. The high concentration
of these huge aggregates in cartilage matrix resists the
displacement of water and provides the tissue with much
of its resilience {Roughley and Lee, 1994).

Conlflicting reports indicate that large chondroitin
sulfate PGs (CSPGs) may either inhibit (Dziewiatkowski
and Majznerski, 1985; Chen and Boskey, 1986) or stimu-
late (Linde et af., 1989; Hunter and Szigety, 1992) miner-
alization, depending tc some extent on whether the
studies were conducted with soluble or immobilized pro-
teoglycans. Another large CSPG, dubbed versican, is
found in developing and healing bone and is gradually
replaced by smaller PGs as calcification proceeds.
Versican (12 CS chains; mol wt ~1 million} is structurally
distinct from aggrecan but shares its ability to bind
hyaluronan. A complex of this PG with hyalurcnan may
provide a short-lived, spongy framework needed for the
construction of mature bone {Gehron Robey, 1996).

Heparan sulfate PGs {HSPGs) are synthesized by sev-
eral osteoblast-like cell lines in vitro {Fedarko et al., 1990;
Takeuchi et al., 1990: McQuillan et al., 1991). There is some
evidence for low levels of HS in mineralized tissues
including incisors (Prince et al, 1984) and in human
dentin (Branford White, 1978); in these locales, heparan
sulfate may be associated with the cell membrane rather
than with the extracellular matrix. HSPGs have been
implicated in cell attachment as part of focal adhesions
which anchor fibroblasts to underlying substrates; these
structures contain elevated levels of the syndecan 4
HSPG (Woods and Couchman, 1994). Fibroblast growth
factors bind to specific structural regions of HS polysac-
charide chains rather than to the protein cores of the
proteoglycans (Ruoslahti and Yamaguchi, 1991). HSPGs
in growth plate matrix may act as a reservoir for these
factors (Chintala et al., 1994).

Two small proteoglycans, decorin and biglycan, are
at the opposite end of the size spectrum from aggrecan.
Decorin {also known as PG-11} and biglycan (PG-1) both
have core polypeptides of approximately 37,000 Da.
{Gehron Robey, 1989). Decorin has a single GAG chain
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near its amino terminus, while biglycan has two such
chains, yielding total M s of approximately 80,000 and
120,000, respectively. Both PGs are found in a wide vari-
ety of tissues in addition to bone and cartilage.
Interestingly, decorin in most connective tissues bears a
dermatan sulfate GAG chain, while in bone the polysac-
charide is chondroitin sulfate. The functional signifi-
cance of this difference is unknown. While there is about
55% homology in their amino acid sequences, the two
proteins are distinct gene products which vary not only
in primary structure but also in the regulation of their
synthesis (Gehron Robey, 1989). Both decorin and bigly-
can contain several leucine-rich repeat sequences
(LRRs); the possible importance of this feature for bio-
material interactions will be discussed later.

When corneal or tendon tissue preparations are
stained with cationic probes such as Cupromeronic Blue,
an array of short filaments appears to ornament the sur-
faces of the collagen fibrils (Scott, 1988, 1990, 1992ab).
These decorative filaments consist of small dermatan
sulfate PGs (hence the name decorin) which may restrain
the growth or fusion of the fibrils. In vitro studies demon-
strate that decorin’s protein core, rather than its GAG
chain. interacts with collagen types I and I (Brown and
Vogel, 1989). Decorin and biglycan appear to react with
identical binding sites on the collagen molecule, though
with considerably different affinities (Schénherr et al.,
1995). This difference is underscored by the sensitivity of
the interactions to anion concentration. While both PGs
bind to collagen in low (3-5 mM) phosphate or sulfate
buffers, only decorin binds to the fibrils in higher (30
mM) concentrations of phosphate {Pogéany et al., 1994).
The core proteins of both decorin and biglycan bind with
high affinity to transforming growth factor-B (TGF-B)
(Hildebrand et al., 1994). TGF-B ‘s biclogical activities
may be either neutralized or enhanced when it is com-
plexed with decorin, suggesting that a decorin-rich
matrix may serve as a repository for the growth factor
{(Ruoslahti and Yamaguchi, 1991; Takeuchi et al., 1994).

The mineralized matrix of fetal porcine calvarial
bone contains not only decorin but also another, struc-
turally distinct, small CSPG (M, = 110,000} that appears
to be unique to hard tissues (Goldberg et al., 1988). This
novel PG (HAPG3 or CSPG Ill) is secreted by osteoblastic
cells and rapidly associates with hydroxylapatite crystals;
together with osteopontin, it may be involved in regulat-
ing crystal growth (Nagata et al., 1991). This function may
be shared by a pair of small keratan sulfate PGs, termed
lumican and fibromodulin, which are the most abundant
PGs in unmineralized cementum (Cheng et al.. 1996).

(1I) Evidence for PGs at the Interface

{A) RETRIEVALS

The presence of proteoglycan-like material at the

implant interface was implied nearly 25 years ago when
James conducted histochemical studies on Vitallium®
implants retrieved from dog maxillae (1973). When the
specimens were stained with Periodic Acid Schiff-alcian
blue and examined by light microscopy, each revealed an
acid mucopolysaccharide (glycosaminoglycan) layer
adjacent to the metal surfaces. The most intensely
stained areas had a density similar to that of epithelial
basement membrane.

Albrektsson et al. (1982) and Linder et al. (1983) con-
firmed and extended these findings at the ultrastructural
level. These workers sought to avoid the artifacts which
can arise when a bulk metal sample is thin-sectioned;
this processing can easily disrupt the fine structure of
the tissue in the first 10 to 100 nm from the metal sur-
face. As an alternative, they coated polycarbonate rods
with thin (120-250 nm) layers of pure titanium or gold
and implanted them into adult rabbit tibiae for 12 wks.
Examination of the retrieved and sectioned rods by TEM
revealed a 20-50-nm zone of collagen-free ground sub-
stance closest to the metal surface. This was bordered by
a second layer, 100-500 nm in thickness, which contained
randomly distributed coliagen fibers and occasional
osteocytes; a third layer consisted of collagen fibers ori-
ented in orderly bundles. Each of the layers showed
some evidence of calcification, with fewer deposits in the
zones closest to the metal. Both ruthenium red (RR) and
lanthanum intensely stained the 20-50-nm layer, an
effect that was greatly diminished if the sections were
pre-treated with chondroitinase or hyaluronidase. The
authors concluded that the "amorphous” interface zone
contains a mixture of CSPGs and hyaluronic acid in
unknown proportions. In contrast to the Ti-coated
implants, the golden retrievals had a broader RR-positive
zone with a minimum thickness of 50 nm.

These investigators subsequently repeated the cpTi
studies and compared the tibial responses to polycar-
bonate plugs coated with zirconium, 316L stainless steel,
or titanium-6 aluminum-4 vanadium alloy (Albrektsson et
al., 1985; Albrektsson and Hansson, 1986; Johansson et
al., 1989). In each case, the interface formed on the pure
titanium coatings was consistent with the earlier obser-
vations (Linder et al., 1983). However, the other materials
yielded quite different results. For zirconium, the PG-rich
layer at the metal surface was 40-50 nm thick, followed
by a random collagen filament layer up to 300 nm from
the surface where collagen bundies could first be detect-
ed. At the stainless steel interface, a layer populated by
inflammatory cells was separated from the metal by a
collagen-free PG coat of several hundred nm thickness.
In the case of the titanium alloy, the PG layer ranged in
width from 50 to 100 nm, followed by a collagen network
up to 1000 nm (1 wm) thick; collagen bundles appeared
no closer than 500 to 1000 nm from the metal surface.
The bone tissues were more easily dislodged from the
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gold or stainless steel surfaces than from the pure titani-
um implant. The PG layers were significantly thicker on
the former two materials than on the latter, suggesting
“an inverse relationship between the thickness of the
ground substance layer and the force of attachment”
(Linder et al., 1983). The implications of this observation
will be discussed later.

Some years later, Linder and co-workers (1989) ana-
lyzed the tissue reactions to implants of bulk metal
retrieved from rabbit tibiae after 11 months. On each of
the four metals tested (pure titanium, titanium alloy,
stainless steel, and Vitallium |CoCrMo]), the thickness
of the ground substance layer was less than 50 nm, but
no characterization of this layer, i.e., by staining with
ruthenium red, was reported. Considerable variation
was seen in the organization of collagen fibrils in the
adjacent zones and in their distance from the implant
surface. Unlike Albrektsson, Linder found no consistent
pattern relating interface morphology to implant surface
chemistry.

This disagreement illustrates some of the difficulties
inherent in studies of bone-metal interfaces. The amor-
phous zone lacks easily recognizable features and is sus-
ceptible to fixation artifact. This technical problem,
together with several inventive solutions and their draw-
backs, has been reviewed by Linder (1992). For example,
metal-sprayed polycarbonate plugs are relatively easy to
section, yet questions persist as to whether the chem-
istry of the surface is truly representative of that of bulk
materials; moreover, the mechanical properties of an
implant, especially in a load-bearing situation, would be
far different for a polymeric core than for a solid metal.
Freeze-fracturing bulk metal implants, however, unavoid-
ably removes up to 10 nm of the interface tissue.
Interpretation of electron micrographs of the interface is
also problematic. Chehroudi et al. (1992) coated titanium
onto micromachined epoxy substrates and implanted
them subcutaneously near rat parietal bones. From their
perspective, collagen fibrils abutted directly onto the
titanium coating with no intervening amorphous layer.
When another investigator viewed the same micro-
graphs, he observed a collagen-free interface zone at the
metal surface (D. Steflik, in discussion following
Chehroudi et al., p. 102).

Sennerby et al. bolstered the case for the amorphous
zone with their analysis of solid cpTi screws retrieved
from rabbit tibiae (1992). Electropolishing the speci-
mens removed much of the bulk metal near the implant
surface and facilitated sectioning of the interface. The
fracture technique was applied to a parallel set of sam-
ples for separation of the embedded tissue from the
metal surface. When they combined the results from
these two complementary approaches and took into
account the pitfalls of each, the authors concluded that
collagen fibrils closely approached the titanium surface

but did not penetrate the 100-200-nm-thick layer of
amorphous material appearing along the osseointegrat-
ed implants.

The thickness and fine structure of the implant inter-
face are likely to be a reflection of several factors, includ-
ing surface chemistry, time of implantation, and species
and age of the host. Pure titanium rods were implanted
for 28 days into the tibiae of young and mature rats
(Murai et al., 1996). TEM analysis of the demineralized
retrievals revealed a 20-50-nm-thick, ruthenium red-pos-
itive, amorphous zone between the surface of the titani-
um and an adjacent layer of collagen fibrils. Interestingly,
this morphology is more similar to that seen by
Albrektsson et al. (1982; Linder et al., 1983) with the tita-
nium-coated polycarbonate plugs than to the observa-
tions by Sennerby et al. (1992) using the solid titanium
implants. The interface zone in the mature, but not the
young, rats showed evidence of connective tissue con-
taining blood vessels.

Ultrastructural studies of retrieved dental implants
have generally indicated the presence of a PG-rich layer
at the interface. Steflik and co-workers (1992, 1993)
placed commercial root- and plate-form titanium
implants into the mandibles of adult dogs and allowed a
five-month unloaded healing period. One group of ani-
mals was then killed, while a second group was prostho-
dontically loaded for an additional six months. The met-
als were detached from the embedded tissues by cryo-
fracture without decalcification and the interfaces then
analyzed by either TEM or high-voltage electron
microscopy (HVEM). By examining serial sections along
the entire length of the unloaded implants, the authors
determined that the thickness of the electron-dense
deposit at the interface varied from 50 to 500 nm, and
that the zone appeared thinnest where the matrix was
most densely mineralized. During a six-month loading
period, the zone further constricted to 20-50 nm at sites
where mature, densely mineralized bone approached the
implant surface. The authors speculated that the zone
was glycosaminoglycan in nature, although it was not
characterized by histochemical means. In later studies,
Steflik et al. (1994ab, 1997) observed that retrieved
ceramic (alumina oxide) implants were coated with 20-50
nm of electron-dense, ruthenium-positive deposits simi-
lar to those seen on titanium. Osteocytes near the inter-
face extended cellular processes which came into direct
contact with the thin amorphous layer at the implant
surface.

The PG-rich layer is conspicuously absent from the
electron micrographs made by Listgarten et al. (1992) of
titanium-coated epoxy resin plugs implanted into dog
mandibles. Despite the apparent osseointegration of the
implants as judged by light microscopy, TEM of the sec-
tions indicated that collagen fibrils made direct contact
with the titanium surface with no evidence of an inter-
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vening PG layer. The authors suggested that the relative-
ly rough surface of the experimental implant may have
been at least partly responsible for the missing electron-
dense layer.

A positive reaction to ruthenium red may well signify
an abundance of proteoglycans. But this dye also reacts
with carboxyl groups on sialic acid residues (Hayat, 1989)
and could thus stain other matrix glycoproteins such as
osteopontin (OPN). More specific detection is now possi-
ble with commercially available monoclonal antibodies
able to distinguish among dermatan sulfate, chondroitin
4- and 6-sulfate proteoglycans. Digestion of these PGs
with chondroitinases ABC or ACII removes the bulk of the
GAG chains, while leaving unsaturated oligosaccharide
stubs attached to the core proteins (Caterson et al., 1987).
Antibodies specific for these stubs were used to analyze
GAGs on Ti screws inserted into the thigh bones of normal
and diabetic rats (Higuchi et al., 1995). It is unclear from
their report how the structure of the interface was pre-
served during sectioning or the level of detail revealed by
the immunochemical staining. Nevertheless, this
approach has considerable promise for studies of the
interface. These antibodies have been used at the light
microscopic level to identify GAGs in rat predentin and
dentin (Takagi et al., 1990). Kinne et al. (1988) reported the
use of anti-decorin antibodies to stain retrieved glass-
ceramic implants, but their analysis did not include an
examination of the ultrastructure of the interface zone.
Immunohistochemical staining of titanium retrievals with
anti-OPN antibodies has prompted some to suggest that
the amorphous zone consists primarily of OPN and not
proteoglycans (Nanci et al., 1994). The presence of one
should not exclude the presence of the other, since both
are major non-collagenous proteins of bone.

Spectroscopic analysis of retrievals has provided
indirect evidence for the presence of PGs at the implant
surface. Auger electron spectroscopy (AES) can be used
to produce elemental depth profiles of the outermost
atomic layers of metal surfaces and can thus determine
the thickness and composition of oxide layers on
implants. McQueen et al. (1982) and Sundgren et al. (1986)
applied this technique to unimplanted titanium screws
and detected a surface oxide layer consisting primarily of
TiO, with traces of carbon. (Carbon is a persistent conta-
minant of implant surfaces due to adsorption of airborne
dust and hydrocarbons.} After implantation in patients’
jaws for up to eight years, the oxide thickness increased
from about 3.5 nm to as much as 100 nm. The authors
detected sulfur in the outer surface of most of the titani-
um retrievals but failed to detect this element in the sur-
face oxides of stainless steel implants (pins and wires)
retrieved from patients’ hands or facial bones. AES is rel-
atively insensitive to sulfur-containing amino acids and
disulfide bonds, therefore ruling out most serum and
matrix proteins as the source of this signal. Instead, the

authors attributed the sulfur peak to CSPGs, each of
which may contain hundreds or thousands of ester-
linked sulfate groups. Sulfate esters are also found in
bone sialoprotein, but at a far lower density (up to 17
sulfates per molecule) than in PGs (Midura et al., 1990).

(B) CELL CULTURE STUDIES

Cell culture studies of the bone-biomaterial interface
have generally tended to support the presence of the PG-
rich layer, but with some notable differences. Davies and
co-workers {1990) seeded suspensions of rat bone mar-
row cells onto discs of commercially pure titanium that
had been polished to 600 grit and then sterilized in a
steam autoclave. After three wks, the cultures were fixed
and stained with ruthenium red, mounted in epon resin,
and briefly immersed in liquid nitrogen. This latter step
freeze-fractured the interface and separated the metal
disc from the fixed tissue. The authors concluded that
the interface was faithfully preserved in the resin, since it
showed the same pattern of scratches as those visible in
the titanium substrate. Cross-sections of the samples
revealed two sublayers between the cell bodies and the
metal surface. The layer closest to the cells stained more
deeply with ruthenium red and was richer in collagen
fibers; the layer immediately adjacent to the titanium
was more lightly stained and had fewer fibers. Since this
PG-poor “bonding zone” had not been observed in vivo, it
may occur as a special adaptation of cells in culture.
Alternatively, this zone may be present in the earlier, but
not the later, stages of osseointegration.

Osteoblasts appear to secrete a proteoglycan-rich
layer on calcium phosphate surfaces as well as on pure
metals. Rat bone marrow cells were cultured for 18 days
on plastic coverslips which had been plasma-sprayed
with hydroxylapatite (De Bruijn et al., 1993). By varying
the spray parameters and heat treatments, they obtained
coatings of three average crystallinities (15%, 43%, and
69%). The specimens were thin-sectioned nearly parallel
to the surface, rather than at a transverse angle; this ori-
entation made it possible to cut the tissue at the inter-
face before the hydroxylapatite substrate. A 20-60-nm-
thick ruthenium-red-positive layer was visible at the
interface of the extracellular matrix on the 69% crys-
talline hydroxylapatite surface. This layer was separated
from the substrate by a narrow gap, which the authors
ascribed either to tissue shrinkage during fixation or to
the decalcification step. The electron-dense layer was
less distinct on the hydroxylapatite surfaces of lower
crystallinity.

An alternative approach was used by Garvey and
Bizios (1994) to examine the interface of rat calvarial
osteoblasts cultured on dense hydroxylapatite. The
authors used 3-M HCl and 10-M hydrofluoric acid to dis-
solve the hydroxylapatite coating and underlying glass
coverslip carefully away from the fixed and embedded
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tissue. The thickness of the ruthenium-red-positive zone
was greatest (50-120 nm) for cells cultured on rougher
HA surfaces than on polished hydroxylapatite or on glass
alone. This electron-dense layer was detected after only
7 days in culture, approximately half the time required
for the onset of mineralization.

The biosynthesis of proteoglycans on implant mate-
rials can be analyzed by metabolic labeling with radioac-
tive precursors. Martin et al. (1995) grew MG63 cells,
derived from a human osteosarcoma, on commercially
pure titanium surfaces of various degrees of roughness.
On the basis of radioactivity per mg protein, the cells on
each of the metal substrates incorporated less [*°S]-sul-
fate into non-dialyzable material than did the controls
grown on tissue culture plastic.

In ongoing studies in our laboratory (see abstract,
Klinger et al., 1995), we examined PG synthesis on
implant metals by MC3T3-EI cells, a clonal, osteoblast-
like cell line derived from newborn mouse calvaria.
Analysis of the S sulfate-labeled macromolecules by
ion exchange on DEAE-Sephacel and gel filtration chro-
matography on Sepharose CL-4B yielded similar profiles
for the total cell extracts on pure titanium and on plastic.
Incubation with chondroitinase ABC degraded 45% and
55% of the label from cells on plastic and cpTi, respec-
tively. The remainder of the macromolecular label in
each case was degraded by heparitinase, suggesting that
both extracts contain a roughly equal mixture of chon-
droitin sulfate and heparan sulfate proteoglycans.

A subsequent study (see abstract, Klinger et al,
1996a) compared the biosynthesis of **S-labeled PGs by
MC3T3-E1 cells on polished discs of pure titanium, Ti-
6Al-4V alloy, and 316L stainless steel. A two-step extrac-
tion process was used to separate the radiolabeled PGs
in the cell-associated fraction from the PGs in the extra-
cellular matrix. An average of 46% more radioactivity was
incorporated (per cell) into the cell-associated PGs on
each of the three metals than by the same cells grown on
plastic. The difference was even more striking for proteo-
glycans in the extracellular matrix fraction, which pre-
sumably would correspond to the ruthenium-red-stain-
ing layer seen in the ultrastructural studies. On each of
the implant metals, an average of 3.5-fold more label was
found in the matrix PGs than in the corresponding frac-
tion from the cells on plastic. Differences between these
results and those obtained by Martin et al. (1995) could
be due to cell type or variations in analytical techniques.

Sulfur has been detected spectroscopically not only
on implant retrievals but also in extracellular matrices
produced in vitro. Davies et al. (1991}, using imaging elec-
tron energy loss spectroscopy, found evidence for sulfat-
ed molecules in the matrix secreted by rat bone marrow
cells cultured on sputtered cpTi thin films. Osteoblast-
like cells from newborn rat calvaria cultured on discs of
porous bioactive glass produce an extracellular matrix

containing Ca and P in proportions typical of hydroxyl-
apatite (El-Ghannam et al., 1995). Analysis of this mater-
ial by scanning electron microscopy-dispersive x-ray
microanalysis (SEM-EDAX) also detects a small sulfur
peak. This signal is absent from the control discs incu-
bated in culture medium but without cells. Siding with
Sundgren et al’s conclusions (1986}, the authors attribute
this peak to the biosynthesis of PGs.

(C) ADSORPTION STUDIES

The negative electrical charge of the titanium oxide coat-
ing at the implant surface might be expected to repel
proteoglycans due to the high density of sulfate and car-
boxylate groups in the GAG chains. Parsegian (1983),
who likened this interaction to that observed between
negatively charged cell membranes, suggested that small
amounts of calcium ions could bridge the negative sur-
face groups and thereby overcome electrostatic repul-
sion. He also predicted that the surface mixture of titani-
um oxides contains certain “charge constellations” which
match up with corresponding charged groups in the
ground substance. If these particular charge configura-
tions are absent from surface oxides on stainless steel or
CoCr alloy, then this model would provide valuable clues
for understanding titanium’s special ability to support
osseointegration.

Collis and Embery (1992) came to similar conclu-
sions based on their studies of the adsorption of various
glycosaminoglycans to titanium powder. Commercial
preparations of heparan sulfate, hyaluronic acid, and
chondroitin-6-sulfate bound poorly if at all to the pow-
der. Significantly higher levels of chondroitin-4-sulfate
adsorbed to the particles, provided that they had been
pre-treated with calcium acetate. This finding is of par-
ticular interest, since chondroitin-4-sulfate is the major
GAG detected in bone PGs. The authors pictured an elec-
trostatic bridge (TiO, - —Ca**— —-C4S") between the metal
surface and proteoglycans in the adjacent tissue.

Preliminary studies from our laboratory indicate that
this model may be overly simplistic. We examined the
adsorption of radioactively labeled proteoglycans from
MC3T3-El cells to titanium powder in Tris buffer/0.1%
Triton X-100 {Klinger et al., 1996b). The 3%S-PGs which
adsorbed to the powder were eluted with a mixture of 4
M guanidine HCI and 0.5 M EDTA. Pre-treatment of the
titanium powder with CaCl, stimulated the binding by
about 60% compared with the water-treated control; pre-
treatment with LaCl; stimulated the adsorption more
than five-fold. The differences in adsorption behavior
produced by the Ca and La ions were qualitative as well
as quantitative. The average molecular size of the Ca-
bound PGs was significantly larger than that of the La-
bound PGs as determined by gel filtration on Sepharose
CL-4B. Further studies (Klinger et al., 1997) used sequential
elution with guanidine and EDTA buffers to examine the

454 Crit Rev Oral Biol Med

9(4):449-463 (1998)

Downloaded from cro.sagepub.com by guest on January 1, 2013 For personal use only. No other uses without permission.


http://cro.sagepub.com/

mechanism of PG adsorption. Surprisingly, EDTA was not
effective at eluting *>S-PGs from the CaCl,-treated titani-
um powder. while 4 M guanidine HCI worked quite well
in this regard. The reverse pattern was observed for PGs
adsorbed to La-pre-treated titanium. If proteoglycans
adsorb to titanium by a simple electrostatic interaction
(GAG——Ca**—-TiO, ), then chelation of the calcium ions
by EDTA should efficiently release the bound radioactiv-
ity. The observation that guanidine HCI, but not EDTA,
achieves this result suggests that the protein portion of
the molecules, rather than the polysaccharide chains,
mediates the interaction of the PGs with the metal. This
conclusion is supported by Ellingsen’s finding (1991)
that calcium pre-treatment of Ti surfaces enhances the
adsorption of non-proteoglycan serum proteins, presu-
mably via interactions of the polypeptides with the metal
oxide.

(IV) Model: Proteoglycans, Hyaluronan,
and the Bone-Implant Interface

it should be clear from the previous discussion that there
is no consensus on the molecular structure of the bone-
implant interface. At best, we can point to a few general
conclusions which are consistent with most, but not all,
of the available data. These principles can in turn be
used as a basis for thecrizing on the role of proteogly-
cans in the events leading to osseointegration. The fol-
lowing three observations were used as a starting point
for developing a working model to describe these inter-
actions:

{1y A thin layer of collagen-free material is present at inti-
mate sites of bone contact with titanium implants. The
thickness of this zone appears to decrease as osseointe-
gration is achieved.

(1) Collagen fibrils closest to the interface zone are rela-
tively disorganized, while those at a greater distance
appear in oriented bundles.

{H1) The thickness of the ruthenium-red-staining inter-
face zone varies with the surface chemistry of the
implant, from 20-50 nm for titanium to 1000 nm for stain-
less steel. The staining intensity is decreased by pre-
treatment with chondroitinase or hyaluronidase.

OBSERVATION 1

Our current model suggests that the relatively thick (>
500 nm) layer observed at immature sites on titanium
consists primarily of a hyaluronan meshwork reinforced
with chondroitin sulfate proteoglycans. There are ample
reasons to suspect the presence of a hyaluronan matrix
near the implant surface. The importance of hyaluronan
in wound repair (reviewed previously in this journal by
Bertolami and Messadi, 1994) is indicated by elevations
in hyaluronan levels which occur in the early phases of
tissue repair. Weigel et al. (1986) have suggested that this

molecule, together with fibrin, forms a temporary three-
dimensional scaffold at wound sites that influences the
motility and inflammatory responses of blood cells. As
cell migration proceeds, the matrix is degraded and is
replaced by collagen fibers.

Hyaluronan may fulfill a similar role at the bone-
implant interface. During bone matrix formation in viiro.
levels of hyaluronan decrease with time in culture, while
those of sulfated proteoglycans either remain constant
or increase {Fedarko et al., 1990). A hyaluronan framework
may sequester the extracellular space required for sub-
sequent assembly of the mature bone matrix.
Hyaluronan influences other cellular behaviors, inclu-
ding proliferation, migration, adhesion, and differentia-
tion, which are undoubtedly critical for achieving
osseointegration. These interactions appear to be medi-
ated by hyaladherins, a diverse family of hyaluronan
receptors at the cell surface, together with hyaluronan-
binding proteins in the matrix {Knudson and Knudson,
1993}. One of the major hyaladherins in cartilage matrix
is the chondroitin sulfate PG aggrecan which torms large
aggregates with hyaluronan; collapse of these aggregates
may precede or accompany nucleation and minerel
growth (Poole et al., 1989).

Qur mode! asserts that a thick hvaluronan matrix
may be formed on virtually any implant surface as a
response to surgical trauma and/or as a product of stim-
ulated osteoblasts. The porous hyaluronan matrix would
be beneficial during the healing process by contributing
to wound hydration and facilitating cell migration
(Bertolami and Messadi. 1994). But the matrix would lack
structural integrity and be too flimsy to resist micromo-
tion of the implant within its socket This could result in
formation of a soft connective tissue cepsule rather than
arigid junction (Brunski et al., 1989). Moreover, high-molec-
ular-weight hyaluronan inhibits the proliferation of cer-
tain cell types in a concentration-dependent manner
(Goldberg and Toole, 1987). The hyaluronan meshwork
must therefore be dismantled fairly quickly and be
replaced by a more rigid attachment structure Qur cur-
rent model presumes that the hyaluronan matrix is bro-
ken down more rapidly on a Ti or Ti allov surface than on
other implant metals. This enhanced degradation rate
would be largely responsible for titanium's special
capacity to support osseointegration.

How might different biomaterials affect the pace of
hyaluronan depolymerization? Two degradative mecha-
nisms come to mind: enzymatic and free-radical-
induced. In wound repair or differentiation, the catabolic
process is achieved by a variety of tissue hyaluronidases.
Inhibiting the activity of these enzymes theoretically
could hinder removal of a hyaluronan meshwork.
Chromium corrosion products leached from stainless
steel or cobalt alloy implants are significantly more toxic
than leached titanium ions (Merritt and Brown. 1993:
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Messer and Lucas, 1996) and might be expected to have
a greater inhibitory effect on hyaluronidases. One might
therefore expect the amorphous layer on an inert and
non-toxic material to be extremely thin; yet the observed
layer on gold-coated implants is significantly thicker
than that on titanium (Albrektsson et al., 1982).

An alternative explanation is based on hyaluronan’s
susceptibility to degradation by free radicals. Research
spanning 30 years has established that physiological
concentrations of reactive oxygen species can fragment
high-molecular-weight polymers of hyaluronan. For
example, superoxide generated by a xanthine
oxidase/hypoxanthine system markedly reduces the vis-
cosity of hyaluronan solutions within minutes; similar
effects are observed when hyaluronan is incubated with
activated human neutrophils (Greenwald and Moak,
1986). A small number of scissions in the macromolecule
can profoundly decrease the viscosity of a hyaluronan gel
and can disrupt aggregates of hyaluronan and chon-
droitin sulfate proteoglycans (Roberts et al., 1989).

These findings have significance for implant biology,
because hydrogen peroxide can be formed by inflamma-
tory cells in vivo as part of the response to foreign mate-
rials; H,O, is also produced by cultured gingival fibro-
blasts (Rahemtulla and Rahemtulla, 1994). Tengvall and
co-workers {1989b) have examined the aqueous peroxy-
gel that forms on titanium surfaces when the bulk metal
is incubated with nonphysiological (~10 M) concentra-
tions of H,0,; much more dilute H,0, (0.3 M) can pro-
duce peroxy-gels on powdered Ti (Tengvall et al., 1989a).
Spectrophotometric analysis with a spin trap label indi-
cates that the gel contains superoxide or perhydroxy rad-
icals which may be relatively stable at neutral pH. It has
not been determined whether the levels of H,0, pro-
duced in vivo are of sufficient strength or duration to form
peroxy-gels on titanium implant surfaces. But it is
intriguing that the dark pigmentation observed frequent-
ly on titanium retrievals is similar to the blue/violet-blue
color produced in vitro when titanium in buffered saline is
exposed to hydrogen peroxide (Pan et al., 1996).

The formation of such a gel on implant surfaces may
have beneficial biological effects, either by influencing
the local inflammatory response or by enhancing the
bactericidal effects of tissue peroxidases (Tengvall et al.,
1990). Taylor et al. (1996) give the Ti-peroxy-gel mixed
reviews. It might promote osseointegration by enhancing
the growth of the Ti oxide layer. On the other hand, free
radicals trapped in the gels may damage extracellular
matrix molecules and thus impair the implant’s ability to
osseointegrate. The authors based this latter conclusion
on their finding that Ti-peroxy-gels cleave hyaluronan
polymers in vitro.

Our current model suggests that the Ti-peroxy-gel
may be more of a blessing than an affliction. Accelerating
the degradation of the flimsy hyaluronan meshwork

would shorten the period when the interface is most vul-
nerable to micromotion and would lessen the chances
for fibrous encapsulation of the implant. Ideally, the
majority of the reactive oxygen species in the Ti-peroxy-
gel would be consumed as the thick hyaluronan matrix is
depolymerized; formation of the rigid attachment zone
could then proceed. This outcome would be far more
likely on titanium and Ti alloy because H,0, does not
cause the formation of peroxy-gels on several other met-
als, including Zr, Fe, Cu, Cr, Ni, Au, and Al (Tengvall et al.,
1989b).

OBSERVATION 11

A dense hyaluronan gel near the implant surface might
interfere with collagen organization; a more ordered
arrangement of bundles would appear at greater dis-
tances from the surface, where the matrix is thinner. This
may be analogous fo the situation in the human vitreous
humor, where collagen fibrils are randomly oriented
within a thick hyaluronan gel; the fibrils are able to
aggregate into parallel bundles in regions that appear to
be more segregated from the hyaluronan (Sebag and
Balazs, 1989). These effects would likely be caused by
spatial exclusion and not by any covalent
hyaluronan:collagen interactions (Ren et al., 1991).

OBSERVATION 111

This brings us to the third fundamental observation, that
osseointegrated sites on titanium implants are charac-
terized by 20-50-nm-thick zones which stain intensely
with ruthenium red. Again, it must be stressed that there
is little hard information on the composition and orien-
tation of proteoglycans in the amorphous zone observed
on titanium surfaces. Nevertheless, we can speculate on
these features based on known properties of proteogly-
cans and collagen proteins. The model suggests that two
parallel layers of decorin proteoglycans oppose each
other across a gap of 20-50 nm. One layer is bound
through its protein cores to a network of collagen fibrils.
The second layer is adsorbed, again via the protein back-
bones, to the titanium oxide at the implant surface. The
space between the two protein sheets consists of over-
lapping polysaccharide chains interacting tightly with
each other; such a GAG-filled region would be expected
to stain intensely with ruthenium red.

This model is based on Scott’s vision of proteogly-
can:collagen interactions in the corneal stroma
(1992ab). By staining tissue preparations with
Cupromeronic blue and then uranyl acetate, Scott
obtained high-resolution images of individual gly-
cosaminoglycan chains and could measure their dis-
tances to collagen fibrils in the matrix. The resulting
scheme is both simple and elegant. The protein cores of
decorin and biglycan proteoglycans bind to collagen
molecules on the surfaces of adjacent fibrils. Dermatan
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or chondroitin sulfate chains extend out from the protein
cores and overlap with each other, thus bridging and pre-
serving the gap between the collagen fibrils. The dis-
tances between the collagen fibrils in the micrographs
agree quite well with calculated lengths of extended car-
bohydrate chains (Thyberg et al., 1975).

The interaction of decorin with collagen appears to
be highly complex, perhaps involving multiple protein-
protein bonds. Binding occurs in the presence of up to
1% detergent (Triton X-100) and is not reversed by wash-
ing with 2 M NaCl (Brown and Vogel, 1989). Decorin’s
structure suggests that it may also be capable of adsorb-
ing securely to a non-biological material surface. Decorin
belongs to a select family of structurally related mole-
cules known collectively as Small Leucine Rich
Proteoglycans, or SLRPs (lozzo and Murdoch, 1996).
These SLRPs in turn are members of a larger superfami-
ly of proteins which all contain leucine-rich repeat
sequences (LRRs) which vary in length from 20 to 29
amino acid residues. Multiple copies of these sequences
are present in tandem in each protein of the superfami-
ly. Decorin and biglycan have ten and eight copies,
respectively. of a 24-residue LRR. The functions of this
structural feature are uncertain, but all proteins contain-
ing LRRs appear to be involved in protein-protein inter-
actions.

The crystal structure of one such protein, porcine
ribonuclease inhibitor protein (Rl), indicates a novel
three-dimensional configuration (Kobe and Deisenhofer,
1994). Rl consists of 15 LRRs of 28-29 residues each. The
LRRs appear to be arranged such that all the B-strands
and the a-helices are oriented parallel to a single axis.
The result is an unusual non-globular, horseshoe-shaped
molecule able to bind tightly to large areas on the sur-
faces of ribonuclease proteins. It is likely that the three-
dimensional architecture of RI differs in important
respects from that of decorin. However, decorin’s ability
to bind tightly to a number of proteins such as collagen
and TGF-B suggests that its overall structure might be
comparable with Rl's non-globular, extended shape.
Decorin was once thought to have a tadpole shape con-
sisting of a roughly globular protein with a dermatan sul-
fate tail. When Scott (1996) magnified and re-examined
the original electron micrographs, he found that this pro-
teoglycan actually has a horseshoe shape much like RI.
Such a structure would have the proper shape and
dimensions to stabilize a pair of adjacent collagen triple
helices. This same structure might also be ideally suited
for binding with high affinity to a metal oxide surface.
One may envision a decorin polypeptide in extended
conformation, with its ten tandem LRRs forming multi-
ple attachment sites to the surface oxide. The GAG chain
at the amino terminal would stretch away from the sub-
strate. When two parallel sheets of these proteoglycans
are separated by less than 100 nm, the extended der-

matan sulfate chains would overlap and interact with
each other.

Such an arrangement could provide substantial
adhesive strength, as illustrated by the PGs of the marine
sponge Microciona prolifera. When placed in calcium- and
magnesium-free seawater, these organisms dissociate
into cell suspensions. These dispersed cells slowly re-
aggregate into cohesive, spherical masses, a process
which is enhanced by a large, species-specific complex of
cell adhesion proteoglycans. As determined by atomic
force microscopic measurements, the binding strength
between a single pair of such molecules could theoreti-
cally support the weight of 1600 cells (Dammer et al.,
1995). The adhesion mechanism appears to consist of
carbohydrate-carbohydrate interactions in which poly-
saccharides extend outward from their respective core
proteins and bind to each other in a calcium-dependent
manner (Misevic and Burger, 1993).

The ability to self-aggregate has been observed in
certain GAGs, including heparan sulfate and dermatan
sulfate (Fransson et al., 1983). Overlapping DS chains
from neighboring decorin (and biglycan) PGs might thus
provide the adhesive force necessary to maintain a rigid
attachment to the implant surface. This stabilizing effect
would not be expected from CS-decorin, since chon-
droitin sulfate chains do not appear to self-aggregate
(Turley and Roth, 1980). This assertion poses something
of a problem. DS-decorin is produced in most connective
tissues, but CS-decorin predominates in bone (Gehron
Robey, 1989). How then can one account for DS-decorin
in new bone matrix at implant interfaces? One possibili-
ty is that these DSPGs are secreted by the numerous
fibroblastic cells which appear in the collagen matrix
near the implant surface (Steflik et al., 1994a).
Alternatively, the foreign substrate might somehow influ-
ence osteoblastic cell metabolism and alter the biosyn-
thesis of GAGs; indeed, when human bone cells are cul-
tured on plastic, their decorin PGs bear DS, not CS,
chains (Beresford et al., 1987).

Granted, this model has limitations. It does not
address the role of proteoglycans in the mineralization
process at the interface (see Davies, 1996). Nor does it
explain the bonding of bone tissue to ceramic surfaces.
Blocks of dense sintered hydroxylapatite retrieved from
dog mandibles reveal an extremely thin (2-10 nm) elec-
tron-dense zone (DeLange et al., 1990); this is significant-
ly narrower than the corresponding material seen on
metallic implants. The current model does not account
for the presence of other non-collagenous matrix pro-
teins, such as osteopontin or a,HS-glycoprotein, both of
which have been localized to the interface {Nanci et al.,
1994). It also does not seek to explain the well-docu-
mented effects of such factors as surface energy, topog-
raphy, and roughness on matrix formation and osseo
integration (Kieswetter et al., 1996). Nevertheless, this
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Figure. Model for hyaluronan and proteoglycan interactions at the implant interface. (a) Early phase of healing process. Loose meshwork
of hyaluronan polymers and CSPGs fill a gap of approx. 500 nm between the implant surface and nearest collagen fibrils. The titanium
oxide surface is coated with a thin Ti-peroxy-gel containing reactive oxygen species (large asterisks). (b) Later stage of healing process.
Reactive oxygen species have depolymerized the hyaluronan mocromgﬁ;cdes, thus narrowing the gap to 100-500 nm. Most of the free
radicals have been consumed in the process. (c) Molecular model of the 20-50-nm ”cmorpious” zone at the titanium-bone interface.
Horseshoe-shaped decorin PGs, with tE:eir 10 leucine-rich repeat sequences, form two parallel sheets: one on the implant surface and the
second attached to nearby collagen polymers. Dermatan sulfate GAG chains extend outward from the amino termini of the PGs.
Association between these overlapping GAG chains forms an adhesive zone that stains infensely with ruthenium red. Not to scale.
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medel may still be useful as a working framework to
arrange a growing mass of often-conflicting data and
interpretations.

(V) Conclusions and Future Directions

A sizable body of histochemical, spectroscopic, and bio-
chemical data has repeatedly been interpreted to sug-
gest that proteoglycans, as a major component of the
extracellular matrix, play a special role in events leading
to osseointegration. From our perspective, the evidence
for a "proteoglycan-rich” zone at implant interfaces is
highly suggestive but not conclusive. Uncertainties arise
from sectioning artifacts and from the lack of specificity
of certain histochemical techniques. Ultimately, the loca-
tion and identity of proteoglycans in the collagen-free
zone will be determined by means of a combination of
antibodies specific for the various core proteins (decorin,
biglycan, lumican, CSPG 1) as well as by selective histo-
chemical probes such as Cupromeronic blue. These
future studies should also focus on hyaluronan, which
can now be identified at the electron microscopic level
by means of a specific probe derived from the hyaluro-
nan-binding region of a chondrosarcoma proteoglycan
(Ripellino et al., 1985). These retrieval studies should be
supplemented by in vitro determinations of the sequence
of PG appearance at the interface and the nature of their
interactions with surface oxides.

In the meantime, we have used certain well-estab-
lished properties of proteoglycans to develop a working
model for their appearance and function at implant sur-
faces. This model begins with the notion that freshly-
placed implants induce inflammatory responses which
form peroxy-gels on titanium surfaces (Tengvall et al.,
1989b}. It suggests further that thick hyaluronan mesh-
works at wound sites must be speedily dismantled if
osseointegration is to occur; free radicals in the Ti-peroxy-
gels would accelerate this degradative process. The model
also proposes that the frequently observed 20-50-nm layer
of “amorphous” material at the titanium interface consists
of a bilayer of decorin proteoglycans, held tightly together
by associations between their overlapping glycosamino-
glycan chains. We hope that these suggestions provide
plausible explanations for some, but certainly not all, of
the most consistently made observations.

Insights into the functions of these molecules in the
formation and maintenance of the interface zone will no
doubt suggest new surface modifications. It is already
commonplace in clinical practice to see long-lasting,
load-bearing connections form between oral implants
and adjacent bone. The stability of these junctures is
presumably dependent on interactions between extracel-
lular matrix biomolecules and outermost layers at
implant surfaces. Treatments which enhance these inter-
actions will hasten the achievement of osseointegration
and thus result in better patient care.
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