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Abstract: The surface of implantable biomaterials is in di-
rect contact with the host tissue and plays a critical role in
determining biocompatibility. In order to improve the inte-
gration of implants, it is desirable to control interfacial re-
actions such that nonspecific adsorption of proteins is mini-
mized and tissue-healing phenomena can be controlled. In
this regard, our goal has been do develop a method to func-
tionalize oxidized titanium surfaces by the covalent immo-
bilization of bioactive organic molecules. Titanium first was
chemically treated with a mixture of sulfuric acid and hy-
drogen peroxide to eliminate surface contaminants and to
produce a consistent and reproducible titanium oxide sur-
face layer. An intermediary aminoalkylsilane spacer mol-
ecule was then covalently linked to the oxide layer, followed
by the covalent binding of either alkaline phosphatase or
albumin to the free terminal NH2 groups using glutaralde-
hyde as a coupling agent. Surface analyses following coating
procedures consisted of X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), and atomic

force microscopy (AFM). Enzymatic activity of coupled al-
kaline phosphatase was assayed colorimetrically, and sur-
face coverage by bound albumin was evaluated by SEM
visualization of colloidal gold immunolabeling. Our results
indicate that the linkage of the aminoalkylsilane to the oxi-
dized surface is stable and that bound proteins such alkaline
phosphatase and albumin retain their enzymatic activity
and antigenicity, respectively. The density of immunolabel-
ing for albumin suggests that the binding and surface cov-
erage obtained is in excess of what would be expected for
inducing biological activity. In conclusion, this method of-
fers the possibility of covalently linking selected molecules
with known biological activity to oxidized titanium surfaces
in order to guide and promote the tissue healing that occurs
during implant integration in bone and soft tissues. © 1998
John Wiley & Sons, Inc. J Biomed Mater Res, 40, 324–335, 1998.
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INTRODUCTION

Implantable biomaterials are designed to replace a
part of the body and/or its associated functions. In
general, only the surface of an implant is in direct
contact with the host tissue, and thus this portion of
the biomaterial plays a critical role in determining bio-
compatibility. The surface of any material can change
with time, and it is often distinctly different from the
bulk material, predominantly because of oxidation
and contamination.1,2 Therefore, particular attention
must be given to the stability of the biomaterial sur-

face because composition and structure generally af-
fect the host response after implantation.3 For ex-
ample, the inflammatory response,4,5 and routine ster-
ilization itself, can modify the surface characteristics of
biomaterials.6–8 Furthermore, contamination resulting
from autoclaving or changes in surface energy during
plasma cleaning of titanium substrates for cell culture
have been shown to affect the expression level of vari-
ous proteins secreted by osteoblasts grown on these
surfaces, notably osteocalcin and alkaline phospha-
tase.9

It is likely that optimization for clinical applica-
tions of traditional materials used to manufacture
implants will require careful and controlled modifica-
tion of their surface properties.3 At present, however,
the relationships between the surface of an implant,
its reactivity with tissue constituents, and its long-
term integrity and clinical efficacy are still poorly
understood. The first biological reaction known to
occur after implantation of a foreign body is the ad-
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sorption of tissue fluid proteins onto is surface.10–12 In
order to optimize the integration of implants, these
reactions must be controlled so that nonspecific ad-
sorption of proteins is minimized and beneficial mol-
ecules are selectively adsorbed onto biomaterials as a
result of modifications performed prior to their im-
plantation.3,13

A variety of immobilizing techniques have been ex-
plored for the covalent binding of proteins onto solid
supports for various applications, including recently
developed biosensors.14–17 For example, carboxyl-
activated derivatives of various polymers have been
coated with growth factors, fibronectin, and collagen
via a covalent linkage using a carbodiimide as a cou-
pling agent.18–22 Exposure of cells in vitro to substrates
modified by this procedure results in an enhancement
of cell growth compared to that observed in the pres-
ence of free or simply adsorbed proteins, an effect
presumably attributable to the higher local concentra-
tion of protein molecules and their essentially perma-
nent attachment.23 Interestingly, increasing the dis-
tance between bound protein and the substrate has
been shown to have a further beneficial effect on cell
growth.19 Protein coupling strategies have been used
to manufacture antithrombogenic materials by immo-
bilizing thrombomodulin onto hydrolyzed poly-
mer,24,25 and related biologically active materials also
have been obtained by linking heparin to surfaces
bearing amino groups.26

A particularly active field in implantology has been
the development of new biomaterials for the repair or
replacement of bones. For example, maxillofacial re-
construction and the installation of hip prostheses
now are considered common surgical procedures, and
intraosseous dental implants routinely are used as an-
choring points for oral prostheses. Bioactive ceramics
can be used for implants,27–29 however, titanium and
titanium-based alloys have more suitable bulk prop-
erties and lower moduli of elasticity, and thus they are
widely used in dental and orthopedic prosthetic ap-
plications.30–34

The healing of tissues after surgical placement of
biomaterials comprises numerous cellular and extra-
cellular events, including those that occur at the im-
plant/tissue interface. In the case of bone, initial tissue
repair and eventual osseointegration of the implant
are especially complex because this tissue is very dy-
namic and undergoes continuous modeling and re-
modeling. Noncollagenous proteins have been shown
to play a major role in the formation of mineralized
tissues.35–40 Among these, osteopontin has been iden-
tified as a prominent protein concentrated at bone in-
terfaces41–43 as well as at interfaces of hard tissues
with implants and at the cell–substrate interface in
osteogenic cell cultures.44–48 At such sites, osteopontin

has been considered to function in cell adhesion and/
or in maintaining tissue/implant cohesion.43,46 This
multifunctional protein also is believed to have an in-
hibitory activity on hydroxyapatite formation while
the related protein, bone sialoprotein, appears to be a
nucleator of mineralization.39,49–52

Some biological moieties, such as growth factors,
have been used in conjunction with conventional im-
plants. For example, platelet-derived growth factor
(PDGF) and insulin-like growth factor (IGF) have been
applied to the insertion site of titanium dental im-
plants in dogs, where they have several effects, includ-
ing increasing bone regeneration.53 Similarly, bone
morphogenetic proteins (BMPs),54,55 whether ad-
sorbed onto porous hydroxyapatite56 or titanium im-
plants57 placed in bone or coupled with other carri-
ers,58–61 have an osteoinductive effect.62–65 Disadvan-
tages of these adsorption techniques and of more
generalized applications of bioactive products at the
implantation site include a necessity for relatively
large quantities of protein and the potential for unde-
sirable release and/or diffusion of biological mol-
ecules far from the biomaterial/tissue interface where
they are required. Alternatively, coupling techniques
provide an opportunity for immobilization and orien-
tation of biomolecules in order to obtain a more spe-
cific and/or rapid physiological response by exposing
and aligning the appropriate active sites at the tissue
interface. Indeed, previous approaches for immobiliz-
ing heparin66 and cytochrome c67 have been aimed at
orienting the molecules on solid supports.

Two prototypical methods for attaching organic
molecules to inorganic surfaces involve 1) the use of
silanes to modify the surface of silica68 and 2) the de-
position of thiols as self-assembled monolayers onto
gold.69,70 Although covalent binding of thiols is a con-
ceptually desirable approach because it yields a well
defined structure, this procedure has been applied
only to compositionally stable metals, such as gold
having a high affinity for thiols; however, to the best
of our knowledge, it has not been used for Ti. For this
reason, and because titanium surfaces usually exist in
their oxidized state, we have used silanization, which
readily can bind to oxidized titanium and which can
yield surfaces with greater stability than those ob-
tained by attachment of thiols.69 Although previous
studies of silanized surfaces have dealt mostly with
silica, other oxides, in principle, covalently can be cov-
ered by alkylsilanes to form organic films.68,71–73 The
present study describes a method for immobilizing
bioactive molecules onto titanium by attaching silane-
derivatized spacer arms to its surface as an interme-
diary for the covalent linkage of molecules with
known biological activities.
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MATERIALS AND METHODS

Titanium samples were prepared from 99.7% pure (grade
I) titanium sheets (0.89 mm thick, Alfa Aesar) by punching 4
mm diameter disks or by cutting 3 × 10 mm rectangular
pieces. Samples were rinsed with toluene (toluene was dried
over sodium and distilled under N2 prior to use) and then
treated at 25°C for 2 h with a solution consisting of equal
volumes of concentrated H2SO4 and 30% aqueous H2O2. The
cleaned, oxidized samples then were rinsed with distilled
water and dried under vacuum. Silanization of oxidized
samples was performed by heating them for 4 h in refluxing
toluene containing 10% (3-aminopropyl)triethoxysilane, af-
ter which they were rinsed with toluene and dried under
vacuum. The surfaces of selected samples were examined by
scanning electron microscopy (SEM) using a JEOL 6300F
field emission electron microscope and by atomic force mi-
croscopy (AFM) using a Park Scientific Instruments Auto-
probey CP/LS. To evaluate the stability of the Si-O-Ti link-
age, silanized samples were placed in HPLC grade water for
6, 12, 24, 72, and 168 h at 25°C. Prior to coupling with pro-
teins, silanized Ti disks were immersed in a 1% glutaralde-
hyde solution in 0.1M phosphate buffer (pH adjusted to 7.0
with NaOH) for 4 h at 25°C and rinsed with phosphate
buffer. The disks then were placed overnight in solutions
containing either alkaline phosphatase (Sigma Chemical
Co.) or rat albumin (Sigma) dissolved in phosphate buffer.
The samples were rinsed and stored in buffer at 4°C.

X-ray photoelectron spectroscopy (XPS) measurements
were performed on a VG Escalab 3 Mark II instrument, with
nonmonochromatized Mg Ka radiation (1253.6 eV), at a
resolution of 0.8 eV at 14 kV and 20 mA, at pressures lower
than 10−8 Torr and with a perpendicular take-off angle.
Dried samples were mounted for spectroscopy on copper
stubs using double-sided adhesive copper tape. Elemental
concentrations were calculated by measuring peak areas and
dividing by sensitivity factors determined in our laboratory.
High-resolution Ti, O, N, Si, and C spectra were recorded for
each sample. Analysis of variance (ANOVA) was carried out
using STATISTICA Ver. 5.1 F for Windows (Statsoft Inc.)
Post-hoc comparison of means was first done using the LSD
test followed by a more stringent analysis by the Tukey HSD
(honest significance difference) test for unequal sample
sizes.

The enzymatic activity of alkaline phosphatase-covered
disks was assayed by exposing them to p-nitrophenyl phos-
phate under standard analytical conditions74 at basic pH.
The hydrolysis product, p-nitrophenoxide, was colorimetri-
cally detected by measuring its characteristic absorption
peak at 398 cm−1 with a UV spectrophotometer (Philips PU
8800).

For immunolabeling of albumin-coated specimens,
treated titanium disks first were incubated for 10 min with
0.01M phosphate-buffered saline (PBS, pH 7.2) containing
1% ovalbumin to block nonspecific sticking and then for 90
min with rabbit anti-rat albumin antibody (Cappel) diluted
1 in 250. The specimens were rinsed in PBS and again briefly
exposed to PBS-ovalbumin as above. The sites of antibody–
antigen binding then were revealed by incubating with pro-
tein A-gold complex for 30 min. The complex was prepared
as previously described75 using 8 nm of gold particles.76

Controls consisted of incubating the samples with a nonim-
mune antibody followed by protein A-gold. The samples
were rinsed first with PBS and then with distilled water,
dried, and examined by SEM using backscattered electron
imaging for visualizing gold particles at the surface of the
specimens.

RESULTS AND DISCUSSION

Surface analyses of oxidized titanium

XPS analyses of surfaces of chemically-oxidized
samples of titanium are summarized in Table I. After
oxidation, no contaminants except for C were found
on the surfaces. Even though the samples were im-
mersed in concentrated sulfuric acid, observed surface
elements consisted of O, Ti, and C only, without traces
of S. The carbon is believed to derive from hydrocar-
bon contamination, and it was used as an internal ref-
erence at 285.0 eV for calibrating peak positions. In-
deed, hydrocarbons are considered to represent nor-
mal contaminants in XPS analyses and conveniently
and routinely are used for calibration.77 Such surface

TABLE I
Average Concentrations (Atomic Percentage) of Elements Present on Surface of Titanium Samples as Determined

by XPS

Ti O C Si N Cl Na Zn

Untreated* 9.2 46.8 34.9 0 1.1 0.7 2.8 —(n = 6) 5.5 2.2 4.8 0.6 0.8 1.7
Oxidized (n = 8) 7.5 47.0 30.1 0 0.5 2.2 5.2 —6.4 5.3 5.7 0.8 3.3 3.0
Oxidized with silane 0.7‡ 22.6‡ 49.2‡ 12.3‡ 8.5‡ 4.0 1.9 0.4

(n = 8) 1.6 4.5 4.9 1.8 1.1 3.9 1.8 0.2
Nonoxidized† with silane 1.1 24.1‡ 48.8‡ 12.6‡ 7.8‡ 3.6 1.5 —(n = 4) 1.3 4.7 3.4 1.4 2.2 4.2 2.1

Italics = standard deviation between measurements + A3; *Depending on samples, traces of Pb, Fe, P, F; †Depending on
samples, traces of Pb, P; ‡p < 0.05 compared to untreated group using the Tukey honest significant difference test for
unequal N.
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contamination also is observed in other surface analy-
sis methods, like Auger spectroscopy.8,78 Consistent
with previous studies,79–81 and because low levels of
carbon did not interfere with analyses from our stud-
ies of surface modification and its biological applica-
tions, we did not attempt to eliminate hydrocarbon
contaminants. Furthermore, analysis of high-
resolution spectra indicates that titanium was totally
in the TiIV-O form, without Ti-C binding. Adsorption
of atmospheric oxygen and water on the surface of
oxidized titanium presumably explains the discrep-
ancy between the measured (3.4:1) and expected (2:1)
ratios of oxygen to titanium.

It is well known that exposed surfaces of titanium
spontaneously are covered by a 3–6 nm layer of tita-
nium oxide, mostly as TiO2.8,82 This layer is irregular
in thickness and composition, noncrystalline, and
typically contaminated with various foreign elements
taken from the surroundings.12,82 We intentionally
have oxidized titanium with a mixture of sulfuric acid
and hydrogen peroxide rather than using the ASTM-
F86 passivation procedure, which involves treatment
with nitric acid prior to implantation into tissues. It
has been shown that such recommended passivations
have not been optimized for titanium and its alloys,
where they even may be considered to have adverse
effects.83 Unlike many other processes designed to
achieve chemical cleaning, the method applied in the
present study yields a very ‘clean’ titanium oxide sur-
face (Table I). Indeed, it is known that previously used
standard cleaning procedures for the preparation of
implantable materials do not consistently eliminate all
elements other than Ti, O, and C. In fact, P and Ca
even have been considered as ‘‘normal’’ constituents
of titanium surfaces prepared for biological applica-
tions.8 We believe that the reproducible manufacture
of implants will be facilitated by the high degree of
compositional homogeneity achieved by the present
method.

Among the various methods available for the oxi-
dation of metals, electrochemical treatment should
provide the most control for generating consistent,84

but not totally pure, oxide layers.2 However, the time
required for electrochemical oxidation, as well as the
costs associated with this procedure, makes it less
commercially attractive than the simpler operation of
chemical oxidation. Furthermore, electrochemical
methods may be relatively difficult to apply to im-
plants with complex geometries.

During the course of this study, we also tested other
chemical agents and combinations for the oxidation of
titanium surfaces (data not shown), but all except the
H2SO4/H2O2 mixture resulted in the deposition of un-
desirable contaminating ions as assessed by XPS. The
combination of sulfuric acid and peroxide prevented
such problems, giving a clean, well oxidized surface
(Table I). Controlled oxidation of titanium is beneficial

because it can produce a clean surface, and it also is
important because oxide is the required element for
coupling to silanes.68 Surface analyses of silanized
samples of titanium with native oxide layers (see
Table I) suggest that their composition is somewhat
more variable than those of chemically oxidized sila-
nized samples; larger amounts of contaminants are
present in the former case, and a loss of nitrogen with
respect to silicon is observed.

SEM analysis of titanium surfaces both before and
after oxidation (Fig. 1) did not show microcracks in the
oxide layer, as observed by Dunn et al.,85 where the
surfaces were prepared by anodization in sulfuric
acid. Our analyses revealed that oxidation reproduc-
ibly resulted in an increase in the roughness of the
surface, an observation in agreement with other pre-
vious studies.12,84,86 In addition to increasing surface
sites available for binding, increased microtexture is
believed to have an inherent ability to increase the rate
of bone formation.84,87–89 For this reason, the augmen-
tation of surface area by chemical oxidation with
H2SO4/H2O2 makes our procedure for the treatment
of titanium implants a potentially valuable technique,
independent of its ability to permit subsequent surface
coating with organic molecules.

Silanization

Silane-based strategies for organic moieties recently
have been applied to implant metals such as tanta-
lum,90 Co-Cr-Mo,71 and titanium oxide.72,73 In the lat-
ter case, self-assembling monolayers (SAMs) termi-
nated with simple functional end groups were used to
induce calcium phosphate deposition. The goal of the
present study was to develop methods for covalently
immobilizing entire organic molecules and to apply
them to coat the surface of oxidized Ti implants rou-
tinely used in maxillo-facial and orthopedic recon-
struction. Indeed, the use of ductile organic spacers,
such as silanes, additionally may provide the potential
to absorb, at least in part, the stresses normally present
at the tissue–implant interface. Intermediary spacers
also may allow biological moieties to be appropriately
oriented on the exposed surface in an arrangement
designed to be most efficacious in stimulating a spe-
cific and desired tissue response. v-Aminoalkylsilanes
were selected as the spacer molecules for the present
study because they possess two functional groups, one
at each extremity. The silane group was used for at-
tachment to the titanium oxide surface while the
amino group was used to couple biological molecules
at the opposite end. Moreover, it has been shown that
an alkyl spacer can increase the stimulatory effect of
biological molecules, such as growth factors immobi-
lized on activated polymers.23 The studies reported
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here have used short-chain v-aminoalkylsilanes; on-
going studies are directed at determining whether
chain length or chain branching may influence the sta-
bility of the Ti-O-Si bond, the efficiency of protein cou-
pling, or the activity of the bound biological molecule.

Topographic imaging by SEM and AFM of both si-

lanized and nonsilanized samples revealed that no
major differences in surface structure result from sila-
nization (Fig. 2). The microtexture of the specimens,
which was created by the initial oxidation step, was
retained after silanization.

XPS analysis of titanium disks treated with (3-

Figure 1. Scanning electron microscopy (SEM) using secondary electron imaging (SEI) of an untreated titanium sample as
received directly from the manufacturer (a) and a titanium sample oxidized with H2SO4/H2O2 (b). Samples oxidized under
controlled conditions (b) show uniform and increased surface topography, and at higher magnification (inset), an additional
finer texture is apparent. Bars equal A, B, 1 mm; inset, 100 nm.

Figure 2. Atomic force microscopy (AFM) of chemically oxidized titanium samples (a and inset) and oxidized and silanized
titanium samples (b). The presence of the silane coating does not cause an overt change in surface structure. The fine structure
of oxidized samples, as observed by SEM and AFM, is comparable, [compare Fig. 1(b) inset with Fig. 2(a)]. Bar in inset equals
0.1 mm.
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aminopropyl)triethoxysilane (Table I) confirmed that
silicon and nitrogen could be detected in the presence
of other elements (Ti, O, C) normally found at the
titanium surface. It has been shown previously that
alkylsiloxane SAMs approach a close-packed arrange-
ment on silicon,91 and extensive coverage of titanium
oxide also seems feasible. However, short chain (<10
C) aminosilane films on silicon are highly disordered,
yielding films with a thickness less than the length of
the carbon chain itself;92,93 moreover, titanium oxide
layers do not present a well defined crystalline face.
Theoretical calculations for complete coverage of the
silane on TiO2 by XPS therefore could not be precisely
made. It may be expected, however, that the atomic
ratio of C/S/N would be 3/1/1, that the ratio of O/Ti
would be 2/1, and that the ratio of Ti/S would be
greater than 1 as X-rays penetrate deeply into the
samples. Our measurements [Ti/Si/C/O/N = 4.8/
7.9/50.1/30.5/6.6 (concentrations in Table I normal-
ized to 100%)] indicate somewhat less TiO2 than ex-
pected, suggesting that it is partially masked by sur-
face contaminants, a possibility discussed above. As
expected, titanium was found to be in the TiIV-O form,
with no evidence of either Ti-N or Ti-Si. The N con-
centration was determined to be slightly less than that
of Si, although in theory there must be one silicon for
each terminal amine. This ratio was calculated by
measuring the peak area and dividing by our deter-
mined sensitivity factor. Since this factor is lowest for
N, the error in measuring this element is correspond-
ingly larger than for the other elements. Although
some NH2-terminal groups may have been lost, the
amounts retained appeared sufficient for protein bind-
ing, as discussed below.

Various extraneous elements were found in low
concentrations on the surface of the treated samples
(Table I). Among these, Cl and Na are concluded to
derive from the various preparation steps, including
impurities in chemical products and the cleaning of
glassware. Since sterilization of biomaterials for medi-
cal use often results in larger amounts of these and
other contaminants, especially after vapor steriliza-
tion,6–8,81 we feel that the small percentage of contami-
nation (less than 2% of the total) is not likely to inter-
fere in a significant way with implantability and link-
age of biological molecules.

In order to confirm the stability of the linkage of the
aminosilane to the oxidized surface, and to evaluate
the amount of noncovalently bound silane, the sample
plates were immersed in HPLC-grade water for dif-
ferent time intervals. XPS analysis (Fig. 3) showed
very minor fluctuations in the concentrations of the
five elements demonstrated previously and discussed
above. Because the standard error for quantitation us-
ing XPS is about 10%,94 these data indicate that (3-
aminopropyl)triethoxysilane binds in a stable manner
to TiO2, as reported previously for alkoxysilane bind-

ing to SiO2.95 Silanes therefore appear to be a reliable
spacer arm for the attachment of biological molecules
to titanium. Titanium oxide surfaces are not stable
during implantation, and there is an increase in thick-
ness of the oxide layer and an incorporation of ions,
especially phosphate, even after protein adsorption.84

However, it has been shown previously that alkylsi-
lane monolayers are impermeable to organic species
such as peptides and proteins.96 It is therefore possible
that the silane coating could prevent biological moi-
eties from nonspecifically adsorbing onto titanium.3 In
this regard, cell attachment and spreading in the pres-
ence of serum occurs preferentially on SAMs termi-
nating in amino groups relative to those having meth-
yl groups.97

Silanes have been widely used for covering glass
because the surface groups of this substrate are readily
available for covalent binding to form Si-O-Si link-
ages. Royer et al.98 have suggested that glass treated
with (3-aminopropyl)triethoxysilane produces a sur-
face particularly suitable for the covalent binding of
enzymes, but the aminosilanized glasses available at
the time of that report did not always show high sta-
bility. Glass treated with organosilanes also has been
shown to be a reliable chromatographic support.95

Subsequent studies using aminosilanes in dry toluene
reliably produced stable monolayers almost instanta-
neously on acid-etched glass, and multilayers could be
obtained under other conditions.99 Silane-derived
spacers also can be used to modify the surfaces of
hydrophobic polymers, which often denature proteins
when used directly and which therefore need func-
tionalized coatings before they can be used for certain

Figure 3. X-ray photoelectron spectroscopic (XPS) profiles
of elemental concentrations present at the surface of oxi-
dized and silanized titanium samples after immersion in
water. The minimal fluctuations in elemental concentrations
indicate the stability of the aminosilane linkage to the oxide
surface under aqueous conditions over 7 days.
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applications in biotechnology and chromatography. In
many instances, amino-terminated organosilanes have
been used for these purposes.90,100,101

The use of terminal aminosilanes for surface func-
tionalization does not lead to satisfactory results in all
cases. For example, loss of N and the amine function
from (3-aminopropyl)triethoxysilane was observed by
XPS after it was used to coat silicon.102 However, this
study used a nonoxidized surface, which may account
for the contradiction with other studies showing the
capacity of similar aminosilanes to form monolay-
ers.92,96,103 Glass coated in this way has been used ef-
fectively for the growth and differentiation of cultured
cells,92,96,104 thus indicating that such surfaces are not
cytotoxic. Whereas functionalization of glass surfaces
or polymers has progressed substantially, with even
some attempts to create patterned surfaces,105–107

studies with metals are relatively few in number.70,108

However, the presence of a monolayer derived from
an aminosilane has been demonstrated on oxidized
metal surfaces.103

Linkage of proteins

Proteins merely adsorbed onto implant surfaces can
be displaced and eventually diffuse away from the site
of implantation and, perhaps even more important,
may distribute systemically, causing detrimental con-
sequences. In addition, proteins can be conformation-
ally altered or denatured by adsorption,109–113 so their
activity may change.114,115 Moreover, adsorbed pro-
teins may exchange nonspecifically with others in so-
lution, such as those found in tissue fluids.109,116 To
circumvent these limitations, certain approaches have
been devised for covalently immobilizing biological
material on substrates bearing functional groups (re-
viewed in Reference 117). Coupling to terminal amino
groups has been used frequently, particularly with
carbodiimides and glutaraldehyde as linking agents.
Furthermore, the use of glutaraldehyde as a coupling
agent has been shown to give satisfactory results for
subsequent immunocytochemistry or for in situ hy-
bridization and for retaining biological activity of a
given molecule in vitro.71,100,114,118 For these reasons,
we have opted to link two test molecules, alkaline
phosphatase and albumin, to v-aminoalkylsilane
spacers, using glutaraldehyde as the coupling agent
according to conventional, commercially employed
procedures. Alkaline phosphatase was selected be-
cause of its prominent role in bone formation119,120

and its inductive effect on mineral deposition.121 Fur-
thermore, the enzymatic activity of alkaline phospha-
tase is easily detected by a spectrophotometric assay
in which basic hydrolysis of p-nitrophenyl phosphate

is accompanied by the appearance of a peak at 398
cm−1 due to the formation of p-nitrophenoxide. In our
experiments, enzymatic activity was retained for the
7-day period examined. No intrinsic hydrolysis was
observed in control experiments using similarly
cleaned, oxidized, and silanized samples of Ti but
without the linked protein. These observations further
indicate that neither the covalent binding of alkaline
phosphatase nor the presence of a spacer arm between
the oxidized surface and the protein significantly
modifies the biological activity of the enzyme. They
also are consistent with other studies that have shown
that silanization and glutaraldehyde coupling are ef-
fective techniques for immobilizing immunoglobulins
on glass.101

We have used a blood serum protein, albumin, to
study the distribution and concentration of proteins
linked to the surface of silanized titanium. Bound pro-
tein was detected by immunogold labeling in which
the distribution and density of the labeling were visu-
alized by SEM. Both freshly prepared titanium disks
and similar samples stored in buffer for 1 week gave
comparable results and showed a generally uniform
labeling of the titanium surface (Fig. 4) although oc-
casionally areas of the samples showed a lesser den-
sity of gold particles. These data demonstrate that the
protein is stably bound and that it retains its antige-
nicity following the various steps of the linking pro-
cedure. Furthermore, the density of labeling obtained
suggests an efficient linkage of albumin. As an ex-
ample, Figure 4(a) shows a representative area of the
treated titanium samples with a labeling density of 150
gold particles/mm2. The control sample illustrated in
Figure 4(b) was incubated only with protein A-gold
and displays a background labeling of 13 gold par-
ticles/mm2, an amount less than 10% of the experi-
mental value, which reflects, in part, the expected non-
specific adsorption of protein, here protein A, to tita-
nium.12 Hypothetically, assuming a cell of cuboidal
morphology with a 20 × 20 mm surface (400 mm2) in
contact with the coated titanium, and that each gold
particle depicts the location of one molecule of albu-
min, with the labeling density illustrated in Figure
4(b), a ‘‘face’’ of the cell would be exposed to roughly
60,000 linked protein molecules. We consider that
such a number of tethered bioactive molecules would
be sufficient to participate in biological signaling and
would not be a limiting factor for the surface coating
of implantable materials. As a relevant example,
where receptor sites have been estimated, it has been
reported that murine macrophages display over their
entire surface 104 binding sites for osteopontin,122,123 a
noncollagenous extracellular matrix protein with cell
and matrix binding properties also found at the sur-
face of osseointegrated biomaterials.43,46,124–126 If such
a density of receptors present on macrophages is ex-
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trapolated to a 20 × 20 × 20 mm cuboidal bone-forming
osteoblast, then fewer than 20,000 molecules of a li-
gand would be needed to saturate the corresponding
cell binding sites in contact with a coated titanium
surface. This calculated number of ligands is approxi-
mately threefold less than the labeling density ob-
tained for albumin in the present study.

It is not unreasonable to consider that the different
steps in the surface treatment procedure may have an
effect on the extent of coverage. For example, coupling
of aminosilanes could limit subsequent protein bind-
ing if too little Si is covalently attached to the TiO2
surface. However, the measured concentration of Si is
high, so we do not consider poor silanization to be a
limiting factor for the subsequent linkage of protein.
Also, because the measured concentration of N is also
high, it is unlikely that amino groups are lost during
the silanization of the titanium and that the bound
silane chains therefore are unable to bind proteins. In
addition, limitations of the protein immobilization
step also may be responsible for the low level of cov-
erage. It already has been noted that the concentration
of bound proteins can be less when glutaraldehyde is
used for coupling (320 ng/cm2 101) than when a car-
bodiimide is used (1 mg/cm2 24,25). In addition, it is
also possible that not all the bound proteins is re-
vealed by the immunocytochemical procedures,
thereby leading to an underestimation of the density
of surface coverage.

SUMMARY AND CONCLUSIONS

We have devised a chemical method to reproduc-
ibly clean and re-oxidize titanium and to covalently
bind proteins to its surface using intermediary amino-
alkylsilane spacer arms. Bound proteins were linked
at a biologically relevant density and retained their
enzymatic activity (alkaline phosphatase) and their
antigenicity (albumin). This surface modification of
implants with appropriate bioactive molecules could
be used to advantageously influence the initial stages
of biomaterial implantation by activating and/or con-
trolling the early biological events at the implant/host
interface. In addition, it is proposed that this proce-
dure could be applied to minimize initial detrimental,
nonspecific protein interactions at the implant surface.
It also is possible to envisage the orienting and pat-
terning of a variety of molecules at the implant surface
according to individual patient needs and anatomical
features of the implantation site. This latter scenario is
particularly relevant for dental prostheses that are an-
chored in bone but that also traverse soft connective
tissues and the oral epithelium.
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Figure 4. Immunocytochemical preparation viewed by backscattered electron imaging in the SEM of albumin conjugated to
silanized titanium (a). The intensity of immunolabeling is substantially greater than that observed under control conditions
in which albumin-coated titanium was incubated with nonimmune serum in place of the primary antibody (b). Gold particles
generally are homogeneously distributed over the titanium surface although on occasion some areas show a weaker labeling.
The relatively high labeling density of the experimental Ti disks (a) is considered to be biologically relevant in circumstances
requiring functional ligand–receptor interactions (see text for discussion). Bars equal 100 nm.
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