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Surface Chemistry Effects of Topographic 
Modification of Titanium Dental Implant Surfaces: 

1. Surface Analysis
Marco Morra, Dr Chem1/Clara Cassinelli, Dr Biol1/Giuseppe Bruzzone, MD1/Angelo Carpi, MD2/

Giuseppe Di Santi, MD3/Roberto Giardino, MD4/Milena Fini, MD5

Purpose: To analyze the surface composition of 34 different commercially available titanium dental
implants. Materials and Methods: Surface composition was evaluated by x-ray photoelectron spec-
troscopy (XPS). Samples were divided into 4 groups, depending on their surface topography
(machined, sandblasted, acid etched, or plasma sprayed). Results: Statistical analysis of the data
showed a clear relationship between surface composition and topography, which can be easily
accounted for by the chemical effects of the surface treatment performed. On average, acid-etched
and plasma-sprayed surfaces had higher titanium and lower carbon concentration than machined sur-
faces. Discussion and Conclusion: Current studies aimed at the evaluation of implants with different
topography should not implicitly assume that topography is the only variable controlling the biologic
response. Rather, when comparing different topographies, it should be taken into account that surface
chemistry may be a variable as well. (INT J ORAL MAXILLOFACIAL IMPLANTS 2003;18:40–45)
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Modification of the surface topography of tita-
nium dental implants to increase roughness is

well known, commercially exploited, and widely
investigated at the basic and applied levels.1,2 Sand-
blasting, plasma spraying, and acid etching are the 3
most common approaches used by producers to
alter surface topography and increase the surface
area of implants. Many articles describe the out-

come of specific surface topography on implant per-
formances, either in vitro, in vivo, or in clinical tri-
als. Boyan and Schwartz3 recently reviewed studies
on modulation of osteogenesis via implant surface
design, stressing the role of surface roughness on
phenotypic expression of osteoblast cells. Cooper
and coworkers4 used osteoblast cultures on titanium
surfaces having different roughness as an in vitro
model to study the effect of topography on mineral-
ization. Cooper5 and Cochran6 investigated the clin-
ical impact of rough surface topography to discover
how the documented benefits found in vitro and in
animal tests might translate into clinical applica-
tions. In particular, by comparing a series of pub-
lished clinical studies, Cochran was able to show a
documented clinical advantage of implants with
roughened surfaces at a magnitude of advantage that
is significant for patient care.6 Other researchers
failed to observe differences between smooth and
roughened surfaces,7 and the debate continues.

From a basic point of view, it is a known result of
biomaterials science that the material/tissue interac-
tion can be affected both by surface topography and
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surface chemistry.8 Thus, the interpretation of
interfacial interactions at implant surfaces in terms
of topography only involves a major implicit
assumption that is not clearly stated in the majority
of articles on this subject: that topography is the
only variable and surface chemistry is constant (or,
at least, its possible variation, when sorted out
according to the type of surface finish, does not
affect significantly the biologic response). This
implicit assumption is likely rooted in the common
chemical nature of the samples tested (titanium).
Yet, as reported in many articles, the surface com-
position of dental implants is widely variable,9–15 and
a closer control of the relationship, if any, between
surface morphology and surface chemistry of tita-
nium dental implants could be of help.

In this work, x-ray photoelectron spectroscopy
(XPS) was used to evaluate the surface composition of
34 different commercially available titanium dental
implants. It must be stressed that it was not the aim of
this work to provide surface composition data of com-
mercially available dental implants. This information
has already been reported, and the variability of sur-
face composition is well known and published.9–15

Rather, the specific aim of this investigation was to
show that there is a statistically significant relation-
ship between surface topography and surface chem-
istry (more properly, between the latter and the kind
of treatment used to obtain a given surface topogra-
phy); and (in part 2 of this series16) that this surface
chemistry variation can, per se, lead to the very same
biologic effects in vitro that are generally interpreted
in terms of surface topography only. As a consequence
of these factors, it is suggested that the chemical
analysis of surfaces of titanium implants (or of the
titanium samples used in in vitro studies) should be an
integral part of every study on the biologic response
to roughened titanium samples or implant surfaces.

MATERIALS AND METHODS

XPS analysis was performed on the threaded part of
commercially available titanium dental implants.
The 34 samples analyzed were divided into 4 groups
according to their surface finish: machined (m),
sandblasted (s), acid etched (a), or plasma sprayed
(p). For each group, the most commonly sold
brands (in Italy) were chosen, obtaining a good
selection of international and domestic production.
The selected specimens account for more than 90%
of the domestic (Italian) market and constitute a
good share of the worldwide market.

Note that several samples had double treatments;
for instance, the sandblasted/acid-etched surfaces.

Since the interest here was in the surface composi-
tion, which is mostly dependent on the last type of
treatment used, a surface of this type was included
in the acid-etched group.

All of the samples were fully packaged and ster-
ile, and packages were opened just before analysis.
All of the samples were in their normal “service
life”; that is, in no case had the validity date expired.
All of the samples were made of commercially pure
(cp) titanium (ie, no titanium-aluminum-vanadium
alloy was used).

XPS Analysis
XPS, one of the main techniques for surface analysis,
has been widely used to investigate the surface chem-
istry of titanium.8–14 XPS analysis was performed with
a Perkin-Elmer PHI 5500 ESCA system (Shelton,
CT). The instrument is equipped with a monochro-
matic x-ray source (Al K� anode) operating at 14 kV
and 250 W. The diameter of the analyzed spot was
approximately 400 µm, the base pressure was 10–8 Pa,
the angle between the electron analyzer and the sam-
ple surface was 45 degrees, and the pass energy was
187.8 eV. Quantification of elements was accom-
plished using the software and sensitivity factors sup-
plied by the manufacturer. The correctness of the
sensitivity factors used was verified independently by
the evaluation of lightly sputtered titanium dioxide
reference samples (Sigma, Milan, Italy).

Statistical Analysis
Analysis of variance (ANOVA) was performed to
compare the surface composition of the 4 groups of
dental implants. Thus, the null hypothesis was that
groups are not different, and ANOVA was per-
formed to check its correctness. Student unpaired t
tests were also performed to determine any differ-
ences between groups. More details are reported in
the Results section.

RESULTS

Surface Composition Data
Results of the surface analysis of the 34 titanium den-
tal implants tested in this study are reported in Table
1. Samples were coded by a number and the type of
surface finish. Generally, these data are in agreement
with published findings,9–15 which show a number of
chemical elements in addition to the expected tita-
nium and oxygen. This topic has been treated in detail
in other reports and will not be discussed here. How-
ever, most of the elements can be tracked back to
cleaning and washing procedures (magnesium,
sodium, calcium, chlorine, phosphorus); contact with
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tools (zinc); acid pickling (nitrogen, fluorine); and
sandblasting (aluminum). Carbon is the most promi-
nent contaminant of titanium surfaces. Part of the car-
bon detected is the result of the unavoidable adsorp-
tion of carbon-containing atmospheric compounds to
the titanium surface.9 However, especially in the case
of machined surfaces, carbon often reaches very high
values, which cannot be accounted for by adsorption
of airborne compounds only. Contamination by lubri-
cating fluids and oils is the more likely explanation.

Table 2 shows means and standard deviations of
the whole set of data and of the 4 different groups.
Considering the overall titanium concentration
(that is, the averaged value of all 34 samples), it is
interesting to note that the standard deviation is
slightly less than ± 50%. Clearly, when different

implant surfaces are compared only on the basis of
their surface topography, the assumption of identi-
cal surface chemistry should be considered carefully
and not taken for granted. Acid-etched and plasma-
sprayed surfaces showed, on average, a higher
amount of titanium and a markedly reduced stan-
dard deviation as compared to machined surfaces.

Statistical Analysis
Figs 1 and 2 show the results of ANOVA statistical
tests performed on the titanium and carbon surface
concentration as detected by XPS. The figures
show the obtained means of the 4 groups and the
95% confidence intervals. Clearly, the titanium
concentration detected on the acid-etched and
plasma-sprayed samples was higher than that

Table 1 Surface Composition as Detected by XPS Analysis of the 34 Implants Tested

Implant Implant
no. surface C O Ti N Al Si Na Mg Ca Zn Cl F P

1 m 76.5 18.2 1.4 2.1 0.6 0.2 0.6 0.3 0.1
2 m 73.2 20.6 1.6 0.6 3.0 0.2 0.2 0.2 0.1 0.1 0.2
3 m 66.5 24.6 4.7 1.0 0.8 0.2 1.8 0.3
4 m 51.1 29.5 7.6 2.2 1.9 0.5 0.2 0.9 5.5
5 m 54.9 30.5 8.5 2.9 0.5 0.2 1.0 0.3 0.2 0.1
6 m 51.2 33.9 10.2 1.2 1.2 0.1 0.8 0.3 1.0
7 m 46.7 37.1 11.4 0.7 1.9 0.4 1.5 0.2 0.1
8 m 41.9 39.4 12.3 1.7 2.1 0.2 0.2 0.3 1.6 0.3
9 m 35.5 40.8 12.7 1.8 7.0 0.9 0.5 0.2 0.5
10 m 33.8 46.2 13.1 3.2 0.7 0.6 0.1 0.3 2.0
11 m 39.5 42.9 13.9 1.3 1.5 0.1 0.7
12 s 47.2 31.6 3.3 1.3 14.7 1.4 0.4
13 s 17.9 51.7 18.3 0.7 6.3 2.4 0.5 2.0
14 s 25.7 46.5 4.6 0.6 17.5 2.9 0.6 0.6 0.8 0.2
15 s 40.6 39.3 6.5 4.7 0.9 0.8 1.5 1.5 1.3 0.2 0.9 1.8
16 s 40.9 38.2 7.0 0.7 4.4 1.6 0.8 2.5 2.5 0.5 0.2 0.5
17 s 46.9 34.0 9.3 0.7 3.3 0.6 2.4 1.8 0.5 0.5
18 s 43.6 36.2 11.9 0.8 3.1 0.1 0.3 2.1 1.1 0.1 0.5
19 s 35.4 44.4 14.4 1.6 0.9 0.6 0.6 0.2 0.9 1.0
20 s 20.5 51.6 14.8 1.3 9.4 1.2 0.9 0.2
21 s 33.9 46.8 14.9 1.1 0.7 1.3 0.3 0.1 0.1 0.8
22 a 47.0 33.5 9.4 3.5 2.4 1.2 0.8 0.7 0.6 0.8
23 a 42.9 38.2 12.5 2.8 1.4 0.8 0.6 0.7
24 a 26.9 48.2 15.7 1.9 2.9 1.4 0.2 1.9 1.0
25 a 36.2 43.5 15.8 1.0 2.5 0.2 0.1 0.2 0.3
26 a 40.9 39.3 16.5 0.1 2.0 0.5
27 a 23.5 48.9 16.5 3.8 1.8 2.9 0.3 0.3 0.3 0.9
28 a 23.2 43.9 17.0 2.2 1.6 2.9 0.5 0.3 8.4
29 p 49.4 32.1 11.7 5.0 0.3 0.9 0.6
30 p 33.4 42.9 15.8 4.1 1.0 0.2 0.7 0.9 0.7
31 p 31.2 46.8 16.8 3.9 0.4 0.3 0.3
32 p 33.5 43.5 17.1 2.3 1.8 0.9 0.9 0.1
33 p 33.4 45.3 17.4 2.0 0.8 0.5 0.4 0.1
34 p 29.4 48.4 18.1 2.2 0.5 0.1 0.2 0.6 0.3

m = machined; s = sandblasted; a = acid etched; p = plasma sprayed.
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detected on machined surfaces. Machined surfaces
showed a higher surface concentration of carbon as
compared to rough surfaces. Student unpaired t
tests were performed to determine the significance
of the observed differences between groups. Rele-
vant results are shown in Table 3.

DISCUSSION

XPS analysis has frequently been used to detect the
surface composition of dental implants.9–15 Wide vari-
ations in the concentration of the key elements and
the presence of a number of unexpected elements

Table 2 Means and Standard Deviations of the Surface
Composition Data of Table 1

Group C O Ti N Al Si Na Mg Ca Zn Cl F

All samples
Mean 40.4 39.4 11.8 2.0 7.3 1.6 0.8 0.9 0.6 0.3 0.4 1.8
SD 13.7 8.4 4.9 1.3 6.0 1.3 0.8 0.7 0.6 0.1 0.3 2.3

m
Mean 51.9 33.1 8.9 1.7 1.9 0.3 0.6 0.6 0.2 0.4 2.0
SD 14.7 9.2 4.5 0.8 1.8 0.2 0.4 0.6 0.0 0.3 2.4

s
Mean 35.3 42.0 10.5 1.4 8.0 1.5 0.8 1.6 1.0 0.3 0.4 1.1
SD 10.6 7.2 5.1 1.2 6.2 1.0 0.4 0.9 0.8 0.2 0.4 0.8

a
Mean 34.4 42.2 14.8 2.2 2.4 1.9 1.9 0.5 0.4 0.4 2.2
SD 9.8 5.6 2.8 1.3 0.6 1.3 0.3 0.3 0.2 3.1

p
Mean 35.1 43.2 16.2 3.3 0.8 0.5 0.8 0.5 0.3 0.6
SD 7.2 5.8 2.3 1.2 0.6 0.4 0.1 0.4 0.3

m = machined; s = sandblasted; a = acid etched; p = plasma sprayed; SD = standard devia-
tion.

Fig 1 (Left) Mean surface concentration
of titanium and the 95% confidence interval
for means of the 4 groups of samples. m =
machined; s = sandblasted; a = acid etched;
p = plasma sprayed.

Fig 2 (Right) Mean surface concentration
of carbon and the 95% confidence interval
for means of the 4 groups of samples. m =
machined; s = sandblasted; a = acid etched;
p = plasma sprayed.

Table 3 Results of Student Unpaired t Tests
Between Groups

Element/group s a p

Carbon
m .0084** 0.14** .020**
s .86 .97
a .89

Titanium
m .44 .0072** .0024**
s .063* .023*
a .36

*P < .05; **P < .01. Figures show the probability of each result,
assuming the null hypothesis.
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have been reported. Titanium is notoriously a very
reactive metal, and its surface is covered by an oxide
layer (TiO2). Thus, in the surface analysis of titanium
devices, the maximum theoretical amount of titanium
expected is 33%, with the rest being oxygen. Adsorp-
tion of ubiquitous hydrocarbons from the atmosphere
to high-energy surfaces is unavoidable under normal
conditions,9 and a significant amount of carbon is
normally detected in the surface analysis of metal
devices. In the case of titanium implants, this adsorp-
tion further lowers the percent titanium concentra-
tion below the theoretical limit of 33%. It was
recently suggested that about 18% surface concentra-
tion of titanium is a reasonable value for clean tita-
nium surfaces in the normal environment.14 The
implications and meaning of the carbon/titanium
ratio of dental implant surfaces have been discussed
previously.9–15

While the results of surface analysis of dental
implants have been widely discussed in the litera-
ture, the specific aim of the present paper was to
compare the surface concentration of dental
implants that had different surface topography. The
data showed that there was indeed a statistically sig-
nificant difference between the groups of implants
having different surface topography (Table 3). Gen-
erally, machined surfaces contained significantly
more carbon and significantly less titanium than
roughened surfaces (in the latter case, with the
exception of sandblasted surfaces). Actually, the data
of Table 1 and 2 show a very straightforward chemi-
cal rationale in the apparent confusion of the data.
Machined surfaces, which obviously undergo a great
deal of machining and polishing work and must face
direct contact with the machining tools, contain, on
average, the greatest amount of carbon, as a conse-
quence of the contact with organic lubricating flu-
ids.16 The details of the cleaning routines probably
play a more important role for this type of surface
than, for instance, a plasma-sprayed surface. In the
latter case, surfaces are intrinsically cleaner because
of the nature of the finishing technique. The
plasma-sprayed surface does not come into contact
with machining tools or lubricating fluids, and
organic contaminants are burned out at the temper-
ature of the plasma spray. 

Acid-etched samples are another interesting
example; acid etching, either by hydrofluoric or
hydrochloric/sulfuric acid, dissolves the outermost
layers of the implant surface. The carbon content
(or, better, the carbon/titanium ratio) of this class of
implants is comparatively low, because etching

removes, together with the outer layers of titanium,
most of the carbon contaminants introduced on the
surface by machining. Thus, in addition to the
effect on surface topography and, as recently sug-
gested, on cell phenotype,3 acid etching also has a
significant chemical effect. From an experimental
point of view, and this is the primary result of this
work, it makes the surface of the acid-etched sample
used in cell culture or in in vivo tests chemically dif-
ferent, at the 99% confidence level (Table 3), from
the surface of a smooth sample. Note that for both
plasma spraying and acid etching, a significant side
effect of the surface preparation routine was the
reduction of the standard deviation of titanium con-
centration (see Table 2), which decreases to very
reasonable values, as compared to machined and
sandblasted surfaces. Thus, acid-etched and plasma-
sprayed surfaces are not only, for obvious chemical
reasons, cleaner, they are also much more repro-
ducible than machined and sandblasted surfaces.

CONCLUSIONS

Quantitative data shown in Table 1 and 2 indicate
that, even if a great deal of variation was observed in
the carbon content of the different samples tested
(the contribution from packaging adds to the finish-
ing and cleaning routine), it appears that a direct
relationship exists between the surface finishing and
the surface carbon/titanium ratio. With respect to
in vitro testing and evaluation of dental implants,
recent literature includes some interesting studies
on the effect of surface roughness on cell biochem-
istry, which have been attributed to the effect of
surface topography on cell behavior.3,4,17–19 On the
other hand, the data of Table 1 suggest that surface
topography and surface chemistry are inextricably
bound. The information that surface spectroscopy
can bring to investigators involved in in vitro test-
ing is that, unless specifically demonstrated by sur-
face analysis, it is not correct to assume that the sur-
face chemistry of the same substrate (titanium)
subjected to different surface-finishing procedures
is the same, and that it is not that easy to make cells
respond only to topography, all other parameters
being the same. What must still be demonstrated is
that chemical variations such as those reported in
Table 1 can indeed affect biologic response, either
clinically or in laboratory experiments. In vitro
studies on this topic are reported in the second
paper of this series.16
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