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The Effect of Titanium Surface Roughening on 
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Purpose: The purpose of this study was to compare properties of roughened and polished titanium
with respect to their ability to attach to cells and bind to protein as well as their cell spreading behav-
ior. Materials and Methods: Three different titanium surface treatments were compared for their abil-
ity to support cell attachment and spreading: sandblasted and acid-etched, resorbable blast media,
and machine-polished titanium. The surface of the materials was characterized for surface roughness,
surface energy, and surface chemistry. Osteoblast-like MG-63 cells were tested for in vitro attachment
and spreading in the presence of serum proteins. Cell attachment was assessed by direct counting,
dye binding, and microculture titanium assays. Cell spreading was determined by measuring area/cell
in phalloidin-AlexaFluor 488 stained cells. Absorption of bovine serum albumin was determined by
assay. Results: Scanning electron micrography and x-ray diffractometry confirmed increased surface
roughness of the roughened materials. All 3 materials had similar albumin binding kinetics. Three dif-
ferent methods confirmed that roughened surfaces enhance early cell attachment to titanium in the
presence of serum. Cells spread better on smoother machined surfaces than on the roughened sur-
faces. Conclusion: Roughened titanium surfaces exhibited better early cell attachment than smooth
surfaces in the presence of serum. The cells attached to roughened titanium were less spread than
those attached to machined titanium. Although albumin binding was not different for roughened sur-
faces, it is possible that roughened surfaces preferentially bound to serum adhesive proteins to pro-
mote early cell attachment. INT J ORAL MAXILLOFAC IMPLANTS 2008;23:675–680
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Roughened titanium surfaces such as sandblasted
and acid-etched (SAE) and resorbable blast media

(RBM) are widely used in titanium dental implants.1–11

Roughened titanium dental implants exhibit stronger
bone-implant contact area and increased pull-out
strength.1 The enhanced performance of roughened
titanium is thought to be due to the increased surface
area available for cell interactions. However, it is not
known what properties of roughened surfaces are the
most important for enhanced performance. Moreover,
data in the literature on the biological effects of sur-
face properties on cell attachment are contradic-
tory.12–14 Some studies show that smooth surfaces
favor cell proliferation and alkaline phosphatase activ-
ity, whereas others show greater cell proliferation and
alkaline phosphatase activity on rough surfaces.15–18

After in vivo implantation, increased moderate surface
roughness in screws provided higher bone-to-metal
contact compared to high surface roughness, whereas
increased microroughness enhanced bone-titanium
fixation as measured by screw removal torque.19,20
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Thus, for the present study, it was decided to compare
properties of roughened and polished titanium with
respect to their ability to attach to cells and bind to pro-
tein, as well as their cell spreading behavior. The investi-
gators determined the protein binding, cell attachment,
and cell spreading activity of roughened surface
treated titanium with machine-polished titanium.

MATERIALS AND METHODS

Grade 2 pure titanium disks were divided into 3
groups: SAE, RBM, and M (machine finished). SAE and
RBM surfaces were obtained from MEGAGEN (Daegu,
Korea). Sanding conditions for RBM surfaces were as
follows: apatitic abrasive (Himed Co, Old Bethpage,
NY) was used to roughen surfaces. The apatitic parti-
cles were smaller than 150 mesh and accelerated
with a pressure of 5 atmospheres. SAE samples were
acid-etched after sandblasting in etching solution
(HCl:H2SO4 = 4:1) at 80°C for 5 minutes. The materials
were autoclave sterilized.

Surface roughness of triplicate samples was mea-
sured by profilometry (Surtronic 3; Taylor-Hobson,
Leicester, United Kingdom). Contact angles of 12 sam-
ples in each group were measured using double-
distilled deionized water, glycerol, diiodomethane, and
bromonaphthalene. The surface energy of each sur-
face was calculated using the Zisman method, in
which the cosines of these angles were plotted against
the known surface tension values of the liquids as a
Zisman plot. The critical surface tension or surface
energy was then extrapolated to cosine = 1, which is
complete wetting. The surface energies of the surfaces
were statistically compared using analysis of variance
(ANOVA), and difference was considered significant if 
P < .05. Surface crystal structure of each surface was
analyzed using an Advance D8 x-ray diffractometer
with Cu K� radiation from 10 degrees (2�) to 70
degrees (2�). The samples were scanned at incident
grazing angle (1 degree), and the scan rate was at 0.01
degree per minute at 40 kV and 40 mA.21,22

One hundred microns of bovine serum albumin
(fraction V; 1mg/mL protein/saline solution) was pipet-
ted onto each surface and incubated in a sterile
humidified incubator at 37°C for 180 minutes. At vari-
ous time points between 15 and 180 minutes, nonad-
herent proteins were removed and saved, and the vol-
ume was recorded. Protein concentrations were
analyzed using the micro bicinchoninic acid (BCA) pro-
tein assay and measured using a microplate reader at
595 nm. Protein concentration was calculated by corre-
lating the reading to a standard curve. The degree of
adsorption was determined by subtracting the resid-
ual protein from the initial added protein.

Osteoblast-like MG-63 cells were used to deter-
mine cell attachment and spreading. Cells were prop-
agated in Liebovitz L-15 medium containing 10%
fetal bovine serum. Freshly fed subconfluent MG-63
cells were harvested by release with 5 mmol/L EDTA-
PBS (phosphate-buffered saline; pH 7.4) to eliminate
the presence of proteases, which may affect cell sur-
face or substrate bound proteins. Cells were attached
at 3 � 104 cells/mL in Liebovitz L-15 medium contain-
ing 10% fetal bovine serum onto 1-cm diameter tita-
nium disks that were immobilized in 1% agarose dis-
solved in serum-free L-15 by heating to boiling in a
water bath. The titanium disks were partially embed-
ded; the upper surface remained exposed. Three disks
were placed in one 60-mm plate, one each of RBM,
SAE, or M. After 3 to 6 hours of incubation, the nonad-
herent cells were washed away by 3 gentle changes
of serum-free L-15 medium. The cells were fixed by
addition of neutral buffered formalin for 10 minutes,
permeabilized with 0.1% triton X-100 in PBS, washed
with PBS, then stained with phalloidin-AlexaFluor 488
in PBS. Fifteen randomly selected microscopic fields
per disk were photographed, then cells were counted
or the cell volume determined using NIH Image soft-
ware (NIH, Bethesda, MD). A repeat experiment
showed identical results.

Independent confirmation of the direct cell count
experiments were provided by 2 experiments in
which the number of cells attached to RBM, SAE, and
M titanium disks were determined by colorimetric
assays in triplicate. The first method estimated cells
bound to disks by crystal violet dye binding after cell
attachment to surfaces as described. The disks were
removed after 3 gentle washes to remove unat-
tached cells, fixed in 95% ethanol for 10 minutes, and
stained with crystal violet (0.1% in water) for 30 min-
utes. The excess crystal violet was removed with 3
washes of distilled water. The attached cells were
estimated by absorbance at 595 nm determined in 3
implants of each type after solubilizing the crystal
violet with 0.2% triton X-100 in water. The second
method estimated cells bound to disks by microcul-
ture tetrazolium assay (ATCC) after cell attachment to
surfaces as described. The disks were removed after 3
gentle washings with serum-free L-15. MTT reagent
in serum-free L-15 was then added to 60-mm plates
containing RBM, SAE, or M and incubated for 2 hours
at 37°C. After washing with serum-free L-15, the MTT
product was solubilized with 0.2% triton X-100, and
the absorbance at 570 nm was read to determine the
total amount of MTT color reagent metabolized by
cells adherent to triplicate disks of each type. Differ-
ences between groups were determined by Student
t test.
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The materials used for in vitro experiments were
characterized by scanning electron microscopy
(SEM), by profilometry for surface roughness and sur-
face energy, and by x-ray diffractometry (XRD) to
determine surface crystal structure. Figure 1 shows
SEM images of the M, SAE, and RBM surfaces exam-
ined in these studies. The roughened surface of RBM
and SAE materials is readily apparent in these
images. The measurements in Table 1 quantitatively
confirm increased surface roughness of RBM and SAE
material compared to machine polished titanium.
Figure 2 shows typical data for XRD analysis. The XRD
patterns showed that surfaces of the machined, RBM,
and the SAE were alpha Ti based on crystal structure
evidenced by the main peaks of 100, 101, and 102.
No other crystal structure peaks were observed.

RESULTS

There were no significant differences in the total pro-
tein binding ability of the surfaces as assessed by
ability to bind to albumin. Figure 3 shows that bind-
ing of bovine serum albumin, the most abundant
serum protein, was identical for all 3 materials from
15 to 180 minutes of incubation with bovine serum
albumin. Thus, the increased surface area of the RBM
and SAE surfaces compared to machined surfaces
did not affect protein absorption.

The roughened surfaces were characterized for
MG-63 cell attachment in L-15 medium containing
10% fetal bovine serum (Fig 4). MG-63 cells attached
best to RBM and SAE roughened surfaces compared

to machine-polished titanium. RBM had the highest
activity for cell attachment, with SAE next. Cell
attachment was enhanced on RBM when character-
ized by 3 different methods, cell metabolic activity
(Fig 4a), crystal violet dye binding (Fig 4b), and direct
counting (Fig 4c).

As seen in Fig 5, the area of cells attached to the
machine-polished titanium appeared much greater
than the area of those on on SAE or RBM. The cell
area was quantified using NIH Image software to see
if the difference was significant. Cell spreading on

Fig 1 SEM image of the (left to right) M, RBM, and SAE surfaces. 

Table 1 Characteristics of Machined, RBM, and SAE Surfaces

Machined RBM SAE

Mean SD Mean SD Mean SD

Surface roughness (µm, n = 3) 0.22 0.03 1.53 0.15 1.74 0.20
Surface energy (dyn/cm, n = 12) 34.3 4.6 35.8 7.6 25.3 5.3

Surface roughness was significantly different between the machined and roughened surfaces (P < .05).
Surface energy was different between SAE and machined surfaces (P < .05) and between SAE and RBM
(P < .05).

Fig 2 XRD patterns. All peaks are assigned to alpha-titanium.
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machined titanium was significantly greater than on
the SAE or RBM surfaces (P < .05). The SAE and RBM
surfaces had similar cell spreading at 4 hours (Fig 6).
Additional incubation time did not change the
enhanced spreading on machine-polished surfaces,
as cell area was significantly greater after an addi-
tional 2 hours of incubation (not shown).

DISCUSSION

To determine the relationship between cell attach-
ment, protein absorption, and surface characteristics
of roughened titanium implant materials, 3 different
titanium surface treatments were compared for the
ability to mediate osteoblast-like cell attachment,
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Fig 3 Absorption of bovine serum albumin to titanium sur-
faces. Error bars are standard error of the mean.

Fig 4 (right) Cells attach better to RBM and SAE roughened
titanium than to machine-polished titanium. Osteoblast-like MG-
63 cells were allowed to attach in the presence of 10% fetal
bovine serum for 4 hours, and then cell number was assessed by
1 of 3 methods. (a) Metabolic conversion of MTT to a colored
product and absorbance at 570 nm. The control is the amount of
absorbance in an empty multiwall plate without disks. (b) Crystal
violet staining and absorbance at 595 nm. The control is the
amount of absorbance in an empty multiwall plate without disks.
(c) Cells are counted after labeling with Phalloidin-Alexafluor 488.
The average number of attached cells in 15 microscopic fields is
shown. Error bars are standard error of the mean.
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Fig 5 Fluorescent microscopic images of phalloidin-AlexaFluor 488 stained cells attached to (left to right) M, SAE, and RBM titanium sur-
faces. A microscopic field of view of the attachment quantified in Fig 4c is shown.
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cell spreading, and protein absorption. The RBM and
SAE titanium surfaced materials consistently medi-
ated faster cell attachment than the machine-
polished titanium. RBM materials tended to support
the fastest cell attachment compared to SAE under
the conditions of the experiments presented. There
was an inverse relationship between cell attachment
and cell spreading. Cells exhibited the greatest sur-
face area on machine polished compared to the
roughened surfaces.

This report suggests that roughened surfaces pro-
vide the best attachment for osteoblasts. This may be
a function of the increased surface area of the rough-
ened surfaces. It is also possible that cell attachment
may have been augmented by proteins in the serum.
The titanium surface would have immediately been
coated with serum proteins as well as the ions, min-
erals, and salts in cell culture medium. The experi-
ment was performed in the presence of the typical
concentration of fetal calf serum used to support
maximal growth of the MG-63 cell line. Serum con-
tains multiple cell attachment proteins in addition to
fibronectin and may more accurately reflect the state
of the titanium surface when implanted in vivo com-
pared to serum-free medium. The coating of a sur-
face with attachment proteins would affect cell
attachment. It was previously observed that a short
15-minute preabsorption of fibronectin, a serum
attachment protein, enhanced cell attachment to
machine polished titanium.21 It also was previously
observed that fibronectin-treated machine polished
titanium did not have a discernible difference from
untreated titanium on the cell morphology.23 This
suggests the differences observed in cell spreading
may have been due to titanium surface roughening.
It is clear from this study that roughened surfaces
enhance early cell attachment in the presence of
serum, which conflicts with a previous report.24

The results indicate that roughened surfaces bind
preferentially to serum cell attachment proteins such
as vitronectin or fibronectin, even though they did
not bind more avidly to bovine serum albumin.
Kieswetter et al suggested that “surface energy plays
a key role in the proteinaceous layer that is
absorbed.”15 Perhaps the difference between RBM
and SAE were not reflected in the amount of BSA
absorbed, but by the amount and/or activity of the
serum adhesion proteins.

To validate the accuracy of the cell attachment
assessments, 3 different methods were used. The dif-
ferent methods to analyze cell attachment were
complementary. Cell metabolism of attached cells is
measured by the MTT assay, while cell staining by
crystal violet estimated dye-binding components of
the cell, and direct cell counting after phalloidin

staining determined the number of intact, f-actin–
containing cells. The 3 assays provided identical con-
clusions; all showed more cells bound to RBM and
SAE surfaces than to smooth machine-polished tita-
nium oxide. This result conflicts with a report by Rosa
and Beloti that roughened surfaces blasted with 25,
75, and 250 µm Al2O3 were not different from
smooth surfaces for cell attachment after 4 hours.14

Park et al found no differences for attachment on
roughened versus smooth surfaces.24 The different
conclusions may be due to differences in cell type.
Cells used by Rosa and Beloti were human bone mar-
row cells, and Park et al used human palatal embry-
onic cells, while this study used a human osteoblast-
like cell line, MG-63. Second, this study directly
assessed cells attached to the titanium oxide surface,
whereas Rosa and Beloti used the number of cells
released by trypsin digestion to estimate the adher-
ent cells,14 and Park et al used the number of nonad-
herent cells to estimate cell adhesion.24 The present
study used a transformed osteoblast-like osteosar-
coma cell line, which may not share all of the features
of preosteoblasts that are present in marrow-
derived14 or palatal mesenchyme cells.24 It is possible
that MG-63 cells express different surface adhesion
proteins than nontransformed cells. The current
study determined adherent cells in the presence of
serum, whereas other studies were performed in the
absence of serum. In other studies, the cells attached
were estimated by determining cells trypsin-released
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Fig 6 Cell spreading is enhanced on polished titanium surfaces
compared to SAE or RBM roughened surfaces. Phalloidin-Alexa-
Fluor 488 was used to label MG-63 osteoblast-like cells sarco-
mas after 4 hours. The cells spread significantly more on pol-
ished metal (M) than on alumina-roughened (SAE) or
hydroxyapatite-roughened (RBM) surfaces in the presence of 10%
serum (* indicates different P < .05).15 Microscope fields were
evaluated for spreading by NIH image software, which assigned
area units for each cell and expressed spreading as the average
arbitrary units/cell. Error bars are standard error of the mean.
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from surfaces or cells that were nonadherent, while
the present study directly determined adherent cells
by 3 different methods.

The present studies in serum are representative of
the in vivo situation, because among the earliest
events that occurs will be the coating of titanium
surfaces with serum proteins. This coating occurs as
the implant contacts blood at the implant site and is
coated with the abundant cell attachment proteins
fibrinogen, fibronectin, and vitronectin. The findings
correlate with improved performance of titanium
implants with roughened surfaces compared to
smooth surfaces. The results also confirm other stud-
ies that have shown improved cell attachment on
roughened surfaces.12,13
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