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Abstract

Surface roughness has been shown to be an influencing parameter for cell response. In this experience we attempted to compare
the effect of roughness organization of Ti6Al4V or pure titanium substrates on human osteoblast (hOB) response (proliferation,
adhesion). Surface roughness was extensively analyzed at scales above the cell size (macro-roughness) or below the cell size (micro-

roughness) by calculation of relevant classic amplitude parameters (Ra, Rt) and original frequency parameters (Order, Delta). We
developed a new process to prepare isotropic surfaces (electro-erosion), which were compared to isotropic surfaces obtained by
polishing and anisotropic surfaces obtained by machine-tooling. The hOB response on electro-eroded (EE) Ti6Al4V surfaces or pure

titanium (Ti) surfaces was largely increased when compared to polished or machine-tooled surfaces after 21 days of culture.
Moreover, the polygonal morphology of hOB on these EE surfaces was very close to the aspects of hOB in vivo on human bone
trabeculae.
By a complete description of the surface topography of EE surfaces, we concluded that when the topography was considered

below the cell scale, hOB appreciated their isotropic smooth aspect, although when the topography was considered above the cell
scale they appreciated their rough isotropic ‘landscape’ formed by many ‘bowl-like nests’ favouring cell adhesion and growth.
Electro-erosion is a promising method for preparation of bone implant surfaces, as it could easily be applied to preparation of most

biomaterials with complex geometries. r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The integration of metallic implants into bone is of
great interest to research on biomaterials and a great
number of studies are carried out to optimise the bone/
biomaterials interface. At this time, orthopaedic im-
plants are used more and more (notably because of the
increase in the elderly population) but have a relatively
low life span in the body so that retrieval and
replacement of implants will be increasingly needed.
Consequently, improvement of the integration of
biomaterials into bone tissue is one of the challenges
of the biomaterials field. Classically, to improve bone
tissue integration on implant surfaces, various techni-

ques have been used to increase the roughness of the
implant surfaces [1–3]. Many in vivo studies have
compared the efficiency of various surface treatments
in mechanically and morphologically improving bone
tissue integration of implants [3–5]. Various results have
been obtained, depending on the roughness amplitude
but also on the method used to produce the surface
roughness [1–4,6].
Cell adhesion is one of the initial events essential to

subsequent proliferation and differentiation of bone
cells before bone tissue formation. Consequently, many
in vitro evaluations of cell adhesion on substrates with
various roughnesses have been performed in order to
discern the main surface properties influencing the cell
response to implant surfaces [7–12]. Cell adhesion is a
very specific parameter and describes the relative
adherence of a cell to its substrate, generally at an early
stage of culture when the cells are directly in contact

*Corresponding author. Tel.: +33-321-892029; fax: +33-321-

892070.

E-mail address: kanselme@hopale.com (K. Anselme).

0142-9612/02/$ - see front matter r 2002 Elsevier Science Ltd. All rights reserved.

PII: S 0 1 4 2 - 9 6 1 2 ( 0 1 ) 0 0 2 7 1 - X



with the material surface [13]. In our opinion, it is
necessary to evaluate not only adhesion at an early
stage of culture but also to evaluate cell adhesion
after several days. An in vitro evaluation of cell
adhesion 12 h after inoculation is not sufficient to
anticipate the future integration of a material several
weeks after implantation. In vivo, the biomaterial
integration implies the establishment of a cell/matrix/
material interface and the future integration of the
implant depends on its solidity. Then, we chose to
develop a progressive enzymatic cell detachment method
to assess cell adhesion by measuring cell/matrix/
substrate bond strength at time points greater than
one day and we named it ‘cell/matrix/substrate
adhesion’ (CMS adhesion) [14,15].
Using this method, we demonstrated that surface

roughness appeared to be an influencing parameter for
CMS adhesion but not easily set apart from surface
chemistry [16]. Moreover, surface roughness need to be
considered not only in term of amplitude but also in
terms of organization [14,17]. In previous studies, we
quantitatively evaluated the CMS adhesion of hOBs on
titanium substrates with various roughness [14]. In
addition to currently analyzed roughness magnitude
parameters, we defined a fractal dimension parameter
representing the roughness organization (Delta). We
experimentally showed lower CMS adhesion and pro-
liferation on surfaces with a high Delta, i.e. chaotic
surfaces when observed at a scale below the cell size.
By modelization of the contact area between a cell
and a substrate, we demonstrated that the more
the fractal dimension of the substrate increased, the
more the contact area between the cell and sub-
strate decreased, meaning that cells adhered less to
surfaces presenting too many irregularities because of
their inability to establish enough contact area with
substrates [14].
In order to thoroughly investigate the influence of

roughness organization on osteoblasts, we developed a
new study comparing titanium-based substrates treated
by various techniques to produce organized (anisotro-
pic) and disorganized (isotropic) surfaces with the same
roughness amplitude. Moreover, we attempted to
consider the topography at various scales. At the scale
above the cell size (macro-roughness) we took into

account the ‘landscape’ around cells and at the scale
below the cell size (micro-roughness), we rated the
surface with which the ventral membranes of cells have
to establish contact. We defined parameters describing
organization (frequency) and amplitude of roughness at
each scale. To analyse the topography of the substrates
below the cell scale, we undertook filtering of original
profiles to calculate relevant micro-roughness para-
meters. These micro-roughness parameters were corre-
lated with cellular parameters (proliferation, CMS
adhesion).

2. Materials and methods

2.1. Surface preparation

To obtain various surface morphologies, titanium
alloy Ti6Al4V (A, B,C,D,H, I,MP) and pure titanium
(Ti) samples (M,N,O) were machine-tooled under
different conditions (anisotropic surfaces (A, B), isotro-
pic surfaces (H)), electro-eroded (EE) (isotropic surfaces
(C,D,M,N)) and polished (isotropic surfaces
(I,MP,O)). In order to attempt to isolate the effect of
surface roughness from that of surface chemistry, some
Ti-based and Ti6Al4V-based EE samples were covered
with a very thin film of gold–palladium (Au–Pd) that
statistically does not affect the numerical values of the
roughness parameters (D0, I0, N0, O0). The characteristics
of the samples prepared for 3 successive experiments are
described in Table 1.

2.1.1. Machine-tooling
Titanium alloy Ti6Al4V bars (14mm in diameter)

were machine-tooled in our laboratory using a classic
Cazeneuve HB725 lathe (Groupe CaTo, Pont-Eveque,
France) to obtain samples measuring 2mm in thickness.
The conditions for machine-tooling were calculated to
obtain grooved surfaces with various roughness ampli-
tudes (Ra) (A, B,H).
To obtain such surfaces, we chose a turning tool with

a radius of 1.2mm. We selected a rotation speed of
2500 rpm. To obtain two different depth and width
values for grooves, we selected the radius speed of
0.15mm/rotation (sample A) and 0.2mm/rotation

Table 1

Characteristics of the samples prepared for each experiment

Ra (mm) First experiment: Ti6Al4V samples Second experiment: titanium samples Third experiment: recovering

Electro-erosion Tool machining Polishing Electro-erosion Polishing TA6V Ti

3–3.5 C H M

1–3 D B N D0 N0

0.3–1 A I O I0 O0

B0 MP
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(sample B) that gives groove widths of 150 and 200 mm,
respectively for a theoretical Ra of 0.6 and 1.2 mm. At
this speed, calculations show that a circular damaged
zone of 2.54mm in diameter will appear in the centre of
the samples. To obtain a chaotic machined surface
(sample H), the radius speed should be equal to 1mm/
rotation, which will lead, without pulling out of
material, to a theoretical Ra of 25 mm and a groove
width of 1000 mm.

2.1.2. Electro-erosion process
To obtain such a surface, we used a cutting

machine (Wire Machine-tooling AGIECUT, Premier
Equipment, Altamonte Springs, FL, USA). The
0.25mm diameter wire was an alloy of Cu Zn (CuZn37)
with a traction strength of 900N/mm2. Two process
conditions were chosen to obtain two different
surface morphologies. The first ones (C,M) were cut
at a power of 3A. The second ones (D,N) were first cut
at this same power and then the tooled face was electro-
eroded twice more at decreasing powers (1 and 0.25A,
respectively).

2.1.3. Polishing
Using a PDMAX 2 automatic polishing machine

(Struers S.A.S., Champigny sur Marne, France),
samples were polished, using grade 80 silicon carbide
paper (I, O) or mirror-polished, successively using grade
80, 120, 500, 1200 and 4000 silicon carbide paper and 3
and 1 mm diamond paste (MP).

2.1.4. Covering
Six samples of each type (D,N, I and O) were sputter-

coated with gold–palladium using an Emscope SC 500
(Elexience, Paris, France) for scanning electron micro-
scopy preparation.

2.2. Roughness measurement

Roughness was measured using a tactile profilo-
meter (Perthen M4PI, Mahr Mesure, G .ottingen,
Germany). 5 measures were made on 6 samples for a
given roughness. For the machine-tooled surfaces, the
scanning length was equal to 4mm to avoid the
damaged zone in the centre of the sample. The scan
was made perpendicular to the grooves. For other
samples, the scanning length was equal to 12mm and
taken randomly on the surface. Profiles were digitized
into 8000 points and analyzed on a computer using a
personal software. A hundred roughness parameters
were computed.
They could be classified into 2 categories: the

amplitude parameters that represent a vertical measure
of the roughness (depth of the grooves) and the
frequency parameters that represent a horizontal mea-
sure of the roughness (width of the grooves).

Amplitude parameters:

* Ra: Average roughness. This value represents the
mean height of the roughness (mm).

* Rt: The range of the roughness (maximum heightF
minimum height) (mm).

* Rz1yRz5: The profile is divided into five identical
parts. For each part, the local Rt (range amplitude
Rzi) is calculated. The more homogenous the rough-
ness, the nearer the Rz values (mm).

* Rz: The Rz1 to Rz5 average (mm).

Frequency parameters:

* SM: Mean spacing of the profile irregularities (mm).
* Peak: Number of peaks per inch of the profile.
* Autocorrelation parameter: First, we defined a

normalized autocorrelation function and found the
integer i as in RðiÞ ¼ 1=Rq2ðN � iÞ

PN�i
j¼1 yjyjþi where

yi are equidistant discontinuous points in N points
and Rq is the well known standard deviation of the
amplitude.
* LAC: Autocorrelation length L as in L ¼ xiþ1 ¼

1=e:
* PAS: If the autocorrelation function is periodic,

we calculated the period (PAS). PAS represents the
width of the periodic grooves (mm).

* Order: describes the periodicity of a profile. Order is
evaluated on a scale wider than the cell itself.

Supposing a correlation integral J as in J ¼R x¼L

x¼0 RðxÞ dx representing a sort of fundamental with
regard to a function symbolizing a certain order
power. We defined the K series Ik of integrals Ik ¼R x¼ðkþ1ÞL
x¼kL jRðxÞj dx that represents a kind of successive
harmonics of the order power of profiles. Finally, the
order parameter is defined as order ¼ 100

PK
i¼1 Ik=ðKJÞ

and lies between 0 (white noise profiles) and 100 (perfect
periodic profiles without noise).

* Delta (D) is a fractal dimension parameter describing
the ‘‘derivability’’ of a profile. The fractal dimension
of a profile is comprised between 1 and 2. When the
surface is very ordered D ¼ 1 and when the surface is
chaotic D ¼ 2: Delta describes the surface organiza-
tion at a scale inferior to the width of the cells (from
0.05 mm to 7 mm).

At first, no filtering was undertaken and the original
roughness profiles obtained were considered as describ-
ing the ‘‘macro-roughness’’. To take into account
roughness below the cell scale, we filtered the original
roughness profiles using a high pass filter. We used the
Fourier Transform and retained only those frequencies
greater than the inverse of the size of one cell (1/50 mm).
By the inverse Fourier transform, we obtained a new
profile from which we calculated new micro-roughness
parameters.
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Statistical analysis of the micro-roughness effects on
cell proliferation and CMS adhesion was performed
using SASr software (SAS Institute, Cary, NC).

2.3. X-ray diffraction analysis

X-ray diffraction data was obtained in a Siemens
DC5000 diffractometer (Bruker AXS Gmbh,
Karlsruhe, Germany) equipped with a monochromatic
CuKa X-ray source. This analysis was carried out on EE
samples and polished ones to detect the effects of
electro-erosion treatment on Ti6Al4V and Ti notably on
oxide layers.

2.4. Cell culture

Human osteoblasts were obtained from trabecular
bone taken from the iliac crest of young patients. Cells
were initially cultured in Dulbecco Modified Essential
Medium (DMEM, Eurobio, France) containing 10%
fetal bovine serum, 100 units/ml of penicillin, and
100 mg/ml of streptomycin, until confluence and were
then preserved in liquid nitrogen in complete
DMEM+10% dimethylsulfoxide (Sigma, L’Isle
d’Abeau, France) for several months. The cells were
then thawed and cultured in 75 cm2 flasks. At con-
fluence, the cells were harvested using trypsin-EDTA
and inoculated onto samples in 24-well plates for two
successive proliferation and CMS adhesion tests. The
medium was changed twice a week.

2.5. Scanning electron microscopy

Before culture, samples were sputter-coated (Emscope
SC 500, Elexience, Paris, France) and examined using
a Hitachi S520 scanning electron microscope at
an accelerating voltage of 25 kV (Elexience, Paris,
France).
Cell layers were fixed in 2% paraformaldehyde (w/v)

in monosodic dipotassic 0.2m buffer, rinsed, dehydrated
in graded alcohol, critical-point dried with CO2 (Em-
scope CPD 750, Elexience, Paris, France), sputter-
coated (Emscope SC 500, Elexience, Paris, France)
and examined using a Hitachi S520 scanning electron
microscope at an accelerating voltage of 25 kV
(Elexience, Paris, France).

2.6. Quantitative cell/matrix/substrate (CMS)
adhesion test

Samples of each surface were inoculated with 2 to
4� 104 cells/sample. Three samples were analyzed after
each incubation period: 24 h, 7 days, 14 days and 21
days. The cells were enzymatically detached from the
samples by a diluted trypsin-EDTA (0.025% v/v)
treatment as previously described [14]. The percentage

curve of released cells versus trypsination time was
established. Area included between the curve and the
X-axis was evaluated. The areas obtained were con-
sidered as a detachment index (DI) inversely propor-
tional to the CMS adhesion on biomaterial. In some
cases, the DI obtained on each surface was divided by
the DI on control surface, i.e. Thermanoxs cell culture
treated plastic coverslips (NuncTM, Fisher Scientific,
Elancourt, France), to calculate the detachment index
percentage (DIP).
The experiences were reproduced twice and the results

were expressed as the DI average of six samples (three/
experiment).
The proliferation curves of human osteoblasts were

established from the total detached cell count obtained
during the CMS adhesion test after each incubation
period.

2.7. Modelization of cell proliferation

To determine the relation existing between roughness
parameters and cell proliferation, firstly we determined
an appropriate statistical model of cell proliferation
versus time in culture. The following equation is the best
for modelling cell proliferation:

P ¼ a expðbtÞ ð1Þ

P being the proliferation in function of time, we
calculated the proliferation speed ab:

qP=qt ¼ ab expðbtÞ: ð2Þ

The regression of Rz values with ab values give the
following equation:

ab ¼ 0:06970:003 þ 0:03770:005 log10Rz ð3Þ

with a regression coefficient of R ¼ 0:95:
According to Eq. (2), ab represents the slope of

the curve and is function of culture time (t). How-
ever, by taking origin (t near 0), Eq. (2) becomes
dP=dt ¼ ab that is the proliferation rate at the beginning
of culture.

2.8. Modelization of CMS adhesion

We proceeded, as previously described [14], to
the modelization of the DIP with the duration of
culture for a given roughness. We chose the following
equation:

AðtÞ ¼
a0

1þ expða1ðt� t0Þ � a2Þ
ð4Þ

where AðtÞ is the DIP. Thereafter, we introduced a
roughness parameter to the equation.
As for proliferation, Rz was chosen:

AðtÞ ¼
b1

1þ expðb2ðt� t0Þ þ b4ðt� t0ÞRz� b3Þ
ð5Þ
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By non-linear regression (Newton algorithm), we
found:

b1 ¼ 107:676 b2 ¼ 0:085170:02 b4 ¼ 0:010570:001 and

b3 ¼ 2:53705:

with a regression coefficient of R ¼ 0:97571:
All the coefficients are highly significant which meant

that this model was apt to describe CMS adhesion.
b1 represents the mean response of tested samples

compared to control at the outset.
b2 represents the CMS adhesion speed on an ideal

smooth surface.
b3 represents the length of the initial attachment. The

lower b3; the faster the initial attachment.
b4 represents the effect of micro-roughness amplitude

(Rz).
An analysis of residue confirmed the relevance of this

model (data not shown).

3. Results

3.1. Comparison of surfaces treatments on
Ti6Al4V samples

3.1.1. Topographical description of surfaces
before culture
3.1.1.1. Surface morphology. SEM observation of
Ti6Al4V machine-tooled surfaces before culture shows
circular grooves on A and B surfaces with 150 and
204 mm widths respectively (Fig. 1a,b). To the contrary,
H surfaces show irregularly spaced circular large
grooves containing many residual smaller grooves with
no particular orientation (Fig. 1c). On P80 polished
samples (I), many residual grooves with no orientation
and with various widths are observed (Fig. 1d). Mirror-
polished surfaces are completely smooth (Fig. 1e). No
morphological differences are visible between fine and
coarse EE surfaces. They are rough and seem to be
covered by sheets with the smooth edges associated with
some globules (Fig. 1f–h). The surface looks like the
result of fusion.

3.1.1.2. Macro-roughness profiles. The original profiles
confirm the SEM observations. Profiles of A and B
machine-tooled surfaces obtain the same regular and
periodic morphologies (Fig. 2). The space between
grooves is 151 mm for A samples and 205 mm for the B
samples. Rz is greater on B samples than on A samples
(Table 2). Rz is greater on machine-tooled H samples
compared to A and B samples (Table 2). H Samples
have a more irregular surface. The H sample profiles
contain two components: periodic and stochastic
(Fig. 2).
The Rz of polished surfaces (I, MP, O) is low and

very homogenous because of low dispersion of the

Rzi values (Table 2). The autocorrelation function
presents no periodic component and the order is
low, meaning that the polished surfaces are smooth
isotropic surfaces (Fig. 2). As for polished surfaces,

Fig. 1. SEM aspect of surfaces before culture. (a) Machine-tooled

Ti6Al4V surface (A). The width of grooves (distance between arrows)

is 150mm. (b) Machine-tooled Ti6Al4V surface (B). The width of

grooves (distance between arrows) is 204mm. (c) Machine-tooled

Ti6Al4V surface (H). Irregular grooves (arrows) surround a central

polished zone (asterisk). (d) P80 polished titanium surface (O). (e)

Mirror-polished Ti6Al4V surface (MP). (f) Fine electro-eroded

Ti6Al4V surface (D). (g) Coarse electro-eroded titanium surface (M).

(h) Fine electro-eroded titanium surface (N).

M. Bigerelle et al. / Biomaterials 23 (2002) 1563–1577 1567



the profiles of EE surfaces (C,D,M,N) are quite
homogenous because Rzi are very close However,
the Rz values of EE surfaces are largely higher
(Table 2). As the order value for EE surfaces is very
low (B10%) we consider that EE surfaces are rough
isotropic surfaces.

3.1.1.3. Micro-roughness profiles. When micro-rough-
ness is taken into account, the Rz of A and B
machine-tooled surfaces lies around 1.5 mm, similar to
P80 polished surfaces (Table 3). On the contrary, the
Rz of H surfaces remains higher (B4 mm). Although
spacing between micro-grooves (SM) is identical for A,

Fig. 2. Macro-roughness original profiles and autocorrelation function profiles for each surface.

Table 2

Macro-roughness parameters of samples

Ra Rt Rz1 Rz2 Rz3 Rz4 Rz5 Rz LAC Order Peak SM Delta

A 0.8 5.23 4.06 3.90 3.99 3.76 4.14 3.97 33 47 194 68 1.346

B 1.21 6.53 5.27 5.18 5.23 5.33 5.48 5.30 41 59 146 165 1.334

H 3.35 22.2 15.7 14.22 14.04 13.40 17.41 14.96 211 27 138 183 1.318

MP 0.07 0.73 0.44 0.44 0.46 0.46 0.45 0.45 192 36 1025 26 1.429

C 3.29 23.35 18.8 19.5 19.8 19.1 18.5 19.1 20.1 10.9 462 54 1.145

D 2.22 15.8 13.3 13.1 13.7 13.0 13.2 13.3 12.6 8.7 598 41.9 1.157

I 0.31 3 2 2 2.11 1.90 2.17 1.99 63 22 451 58.3 1.227

M 3.5 24.6 20.3 19.9 20.4 20.2 20.0 20.16 20.4 11.3 457 54.8 1.191

N 3.0 20.3 16.9 16.6 16.7 16.7 16.6 16.7 17.4 10.0 539 50.8 1.196

O 0.5 4.15 3.0 3.0 3.0 3.07 3.20 3.1 43.6 17.5 496 50.7 1.281
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B and H surfaces, the autocorrelation function demon-
strates the periodic aspect of A and B profiles and the
un-periodic aspect of the H profile (Fig. 3). This is con-
firmed by the values of the order parameter: B>A>H
(Table 3). Machine-tooled surfaces are anisotropic
surfaces with (A, B) or without periodicity (H).

As at the macro-roughness level, the Rzi values for EE
surfaces (C,D,M,N) are very stable (Table 3). The
profiles of EE surfaces are very homogenous (Fig. 3).
The fine EE surfaces (D,N) have the same frequency
parameters as coarse EE surfaces (C,M) but lower
amplitude parameters (Table 3).

Table 3

Micro-roughness parameters of samples (after high-pass filter with cut off 50mm)

Ra Rt Rz1 Rz2 Rz3 Rz4 Rz5 Rz LAC Order Peak SM Delta

A 0.15 1.87 1.39 1.01 0.99 1.12 1.45 1.19 6.02 23.4 1207 20.9 1.460

B 0.15 4.49 2.89 1.05 1.06 1.11 2.85 1.79 6.05 15.2 1084 23.2 1.471

H 0.37 6.30 4.71 3.69 3.96 3.42 4.89 4.13 5.95 9.60 1145 21.9 1.437

MP 0.03 0.66 0.34 0.28 0.34 0.43 0.49 0.37 6.61 6.80 2049 12.1 1.491

C 1.35 11.51 9.97 9.65 9.57 9.46 9.37 9.61 6.05 9.52 955 26.4 1.228

D 1.23 10.17 8.43 8.50 8.74 8.70 8.64 8.60 5.95 9.78 966 26.1 1.251

I 0.18 2.11 1.69 1.45 1.61 1.67 1.68 1.62 13.5 12.2 726 35.1 1.284

M 1.42 11.87 10.29 9.97 9.72 9.65 10.19 9.96 6.19 10.29 949 26.5 1.309

N 1.25 11.33 9.41 8.68 8.91 8.90 8.94 8.97 6.26 10.15 981 25.9 1.331

O 0.165 2.15 1.64 1.46 1.48 1.45 1.63 1.53 5.02 8.15 1356 18.62 1.387

Fig. 3. Micro-roughness profiles obtained after filtering and autocorrelation function profiles for each surface.
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The comparison of autocorrelation functions between
the 2 types of isotropic surfaces (EE and polished
surfaces) shows that EE surfaces are more homo-
genous at each level of observation (macro- and
micro-roughness) than polished ones (Fig. 3). The
polished Ti6Al4V-based surfaces (I) have a quite
irregular micro-roughness compared to polished
Ti-based surfaces (O) (Fig. 3).

3.1.2. Cell morphology
At the beginning of culture, cells on all surfaces are

relatively separated from each other and display a
polygonal morphology (not shown). After 7 days, the
morphology of cells cultured on the various surfaces
becomes widely different. Observation of the cell layer at
low magnification after 7 days of culture shows that no
specific organization was visible on EE surfaces (Fig. 4a)
although the organization of the cell layer follows
the grooves produced by machine-tooling (Fig. 4b).
Moreover, the cell morphology on polished and
machine-tooled surfaces was really different from the
cell morphology on EE surfaces. Cells on EE surfaces
showed a very polygonal aspect with no cell extensions
(Fig. 4c) although on machine-tooled (Fig. 4d) and
polished (Figs. 4e,f) surfaces, cells were very fusiform
with many filamentous extensions and oriented in a
parallel manner. After 14 and 21 days, cells are
confluent and an extracellular matrix can be seen in
some cases under a cell monolayer (not shown).

3.1.3. Effect of roughness on cell proliferation
The comparison of osteoblast proliferation on these

various surfaces shows some differences (Fig. 5). EE
surfaces are more favourable to osteoblast proliferation
than polished or machine-tooled surfaces. However, we
can observe that cell proliferation on a coarse and
irregular machine-tooled surface (H) is closer to
proliferation on EE surfaces (C and D) than on con-
trolled and regular machine-tooled surfaces (A and B).
Concerning the proliferation speed ab; it increases

with Rz but a plateau is attained for high values of Rz
(Fig. 6).

3.1.4. Effect of roughness on CMS adhesion
The human osteoblast detachment index (DI) de-

creases, i.e. CMS adhesion increases, on all surfaces
compared to control surface (Thermanoxs) as a
function of time (Fig. 7) notably after 14 and 21 days
of culture. When comparing the various surfaces, only
DI on coarse EE surfaces (C) is lower than on control
surface after 1 and 7 days of culture. After 14 days of
culture, only DI on EE surfaces (C,D) are significantly
lower than on control. After 21 days, DI on all surfaces
except MP ones are significantly lower than on control.
At that point, the CMS adhesion on EE surfaces is very
much higher than on machine-tooled or polished
surfaces.
By modelization of the DIP with the duration of

culture and roughness amplitude (Rz) we established the
Fig. 8. This model confirms that the DIP decreases with
time notably on surfaces with high roughness amplitude.

Fig. 4. SEM observation of cells. (a) Cells cultured during 7 days on

(D) electro-eroded surfaces (bar=100mm). (b) Cells cultured during 7

days on (B) machine-tooled surfaces (bar=250 mm). (c) Cells cultured
during 7 days on (D) electro-eroded surfaces (bar=20mm). (d) Cells
cultured during 7 days on (B) machine-tooled surfaces (bar=20mm).
(e) Cells cultured during 7 days on (I) P80 polished surfaces

(bar=20mm). (f) Cells cultured during 7 days on (MP) mirror-polished

surfaces (bar=20mm).
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3.2. Comparison of electro-eroded Ti6Al4V and Ti
samples

As the very good cell response we obtained on EE
surfaces may be related to surface chemistry transfor-
mation on the Ti6Al4V alloy, we developed further
experiments to thoroughly examine the effects of the
electro-erosion process on the surface topography and
chemistry of pure titanium compared to Ti6Al4V alloy.
There are no morphological differences between

the fine and coarse EE surfaces on Ti6Al4V (C,D)
and Ti samples (M,N) (Fig. 1f,g). The P80 polished Ti
surfaces (O) have the same aspect as P80 polished
Ti6Al4V surfaces (I) (Fig. 1d).

When CMS adhesion is compared on Ti6Al4V and Ti
EE and polished samples, the DI decreases as a function
of time, particularly on EE surfaces (Fig. 9). After 1 day,
there is no significant difference of DI on the different
surfaces. After 7 days of culture, CMS adhesion is only
significantly higher on coarse Ti-based EE surfaces (M).
When comparing the various surfaces after 14 and 21
days, DI on EE surfaces is significantly lower than on
the control surfaces, whatever the material used. CMS
adhesion is the same on Ti-based or Ti6Al4V-based
EE surfaces.
The morphology of cells on Ti-based and Ti6Al4V-

based EE surfaces is the same (Figs. 10a,b). Cells have a
very intimate contact with surfaces. They are very
difficult to distinguish from the surface. They look like
they are part of the surface roughness (Figs. 10c,d).

3.3. Chemical description of surfaces

In order to analyse the oxide layer on our samples,
we undertook an X-ray diffraction analysis. Spectra
were obtained from the Ti and Ti6Al4V samples for
electro-erosion and the polishing process. The electro-
erosion process may be at the origin of an oxide
formation since the metal was cut by melting and cooled
under pure water. On X-ray diffraction spectra, a peak
was located for both Ti and Ti6Al4V at 501 that
characterized the TiO2 oxide layer (Fig. 11). Some very
small peaks corresponding to others oxides (TiO, Ti3O5,
Ti6O11, and Ti5O9) were also observed (not shown).
Finally, the heat treatment during EE process trans-

Fig. 5. Proliferation curves on the various tested surfaces as a function of time. (A) Controlled machine-tooled Ti6Al4V surface with 150 mm grooves.

(C) Coarse electro-eroded Ti6Al4V surface. (B) Controlled machine-tooled Ti6Al4V surface with 204 mm grooves. (D) Fine electro-eroded Ti6Al4V

surface. (H) Coarse machine-tooled Ti6Al4V surface. (I) P80 polished Ti6Al4V surface. (MP) Mirror-polished Ti6Al4V surface. (T) Control cell

culture treated plastic coverslips Thermanoxs. Average cell number and standard error are shown (n ¼ 6).

Fig. 6. The proliferation speed ab (cells/mn) obtained from the

equation (3) is plotted as a function of Rz (mm). ab represents the

proliferation rate at the beginning of culture. It increases with Rz but a

plateau is attained for high values of Rz.
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formed the surface to a thin film of titanium oxide
(mainly TiO2) that was not detected on the polished
surfaces.

3.4. Covering of electro-eroded surfaces

Because of the presence of this titanium oxide layer on
the EE surfaces, we can not conclude on the relative
influence of surface morphology or surface chemistry on

the CMS adhesion to these surfaces. In order to attempt
to isolate the effect of surface roughness from that of
surface chemistry, we covered Ti-based and Ti6Al4V-
based EE surfaces with a very thin film of gold-
palladium that statistically did not affect the numerical
values of the order parameters.
After 21 days of culture, DI was not modified by the

covering of surfaces except on Ti-based EE surfaces (N)
and Ti-based polished surfaces (O) where covering
induced a significant decrease in DI i.e. an increase of
CMS adhesion (Fig. 12).

4. Discussion

Our quantitative CSM adhesion test demonstrated
major differences of cell detachment in function of
surface roughness and particularly at later delays (14
and 21 days). Just after inoculation cells adhere directly
on the surface of the material (cell/material interface)
and later on a layer of extracellular matrix proteins (cell/
extracellular matrix/material interface). Thus, our mea-
sure corresponds early to the detachment of cells from
materials and later from the protein layer. Finally, the
CSM adhesion parameter appreciates the quality of
the cell/material interface. A lower detachment after
several days means that the interface is evolved and
is more closed to the in vivo cell/matrix/material
interface.

0

1,000

2,000

3,000

4,000

5,000

6,000

1 day 7 days 14 days 21 days

D
et

ac
hm

en
t i

nd
ex

A C B D H I MP T

b

c

c

c

c

c

c

b
a a

Fig. 7. Time course of detachment index (DI) of cells cultured on Ti6Al4V substrates with various surface organization. (A) Controlled machine-

tooled surface with 150mm grooves. (C) Coarse electro-eroded surface. (B) Controlled machine-tooled surface with 204 mm grooves. (D) Fine electro-

eroded surface. (H) Coarse machine-tooled surface. (I) P80 polished surface. (MP) Mirror-polished surface. (T) Control cell culture treated plastic

coverslips Thermanoxs. The DI decreases, i.e. CMS adhesion increases, on all surfaces as a function of time. Data indicate the meanþ standard

error (n ¼ 6). aFsignificantly different from Thermanoxs at pp0:05: bFsignificantly different from Thermanoxs at pp0:01: cFsignificantly

different from Thermanoxs at pp0:001:

Fig. 8. 3D plot of time course of DIP in function of Rz (mm). This plot
was drawn from the Eq. (5) obtained after modelization of the DIP

with the duration of culture for a given roughness. This model

correlates with experimental values with a regression coefficient of R ¼
0:97571 and confirms that DIP decreases with time and with roughness

amplitude.
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Because covering induced an increase in CMS
adhesion on EE and polished titanium surfaces rather
than a decrease, diverse hypothesis could be proposed.
Either the Au–Pd layer improves the biocompatibility of
titanium substrates or the titanium oxide layer formed
on titanium substrates has a more negative effect on
CMS adhesion than the titanium oxide layer formed on
Ti6Al4V substrates. In the first hypothesis, the CMS
adhesion would be improved on all recovered surfaces.
In the second hypothesis, the oxide layer formed on
titanium substrates would be more ‘cytotoxic’ than
oxides formed on Ti6Al4V substrates. This is unlikely
because the cytocompatibility of titanium is well
known [18,19,5] and because we did not observed any
difference of CMS adhesion in a direct comparison of
EE and polished titanium and Ti6Al4V substrates
(Fig. 9). Only a thorough characterization of the
surface chemistry of EE samples will allow us to
better interpret these results and to better discriminate
between the relative quality of the oxide layers on the
titanium and Ti6Al4V substrates. These analyses are in
progress.
In this paper, we focused on the effect of surface

roughness on hOB proliferation and CMS adhesion and
especially on the EE surface effects. The high prolifera-
tion and CMS adhesion we observed on EE surfaces
could be related to the hypothesis of Curtis and Clark
who consider that cells react to discontinuities [20]. They
have defined discontinuity as a radius of curvature less

than the average length of a pseudopodium or of the
distance part of the sensing elements that control
movement [21]. Jansen and co-workers observed that
on micro-grooved titanium surfaces a minimum 1 mm
width of grooves induced fibroblast orientation in vitro
although on 5 and 10 mm wide grooved surfaces this
orientation was not observed [22]. They hypothesized
that the phenomenon of contact guidance was the result
of a mechanoreceptive response to surface discontinu-
ities implying the dynamics of the cytoskeleton [23]. The
front edges of cells, the lamellipodia, contain actin
microspikes which could be influenced by surface
discontinuities. When a spike faces a ridge it would be
faced with an unfavourable force and would not rise to
actin polymerization. Consequently, actin filaments
would form and elongate, oriented along the groove
direction. This process should proceed until the cell on
the microgrooved substratum reaches a state of equili-
brium. Considering this hypothesis, we assumed that
this phenomenon was not only implied in cell orienta-
tion but may also be at the origin of the ‘‘installation’’ of
a cell in a site favourable to its adhesion and future
proliferation and differentiation. Thereafter, we at-
tempted to confront our observations with these
hypotheses.
In Table 4 we summarized the response of hOB versus

the various types of substrates tested in function of the
most significant parameters at the macro- and micro-
roughness levels.
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pp0:001:
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From our observations, we can conclude that polished
surfaces did not present enough discontinuities or
presented discontinuities with a too-low level of
amplitude (Rz) and/or frequency (Order) to permit cell
orientation or to favour adhesion. On the other hand, all
grooved surfaces presented discontinuities with minimal
characteristics for cell orientation although only coarse
grooved surfaces (H) presented discontinuities with a
sufficient level of amplitude and frequency to improve
adhesion. Thus, it appears that a first threshold exists
for discontinuity characteristics enabling cell orienta-
tion, which is lower than the second threshold improv-
ing adhesion and cell proliferation. The Rz values would

stay at around 4 mm for the first threshold and around
15 mm for the second (Table 2). However, as the Rz
values for polished surfaces are very close to 4 mm
(3.1 mm for O surfaces), it appears more likely that the
major factor influencing cell orientation may be
organization of the surface roughness which was low
on polished surfaces (OrderB20) but higher on A and B
grooved surfaces (Order=47 and 59 respectively) than
on H coarse grooved surfaces (Order=27). Once again,
this study confirms that organization of the surface
topography has a major effect on cell behavior.
Comparing H grooved surfaces and EE surfaces to the
others, we observe that they present a high roughness

Fig. 10. SEM observation of cells cultured on electro-eroded surfaces. (a) Cells cultured during 7 days on coarse electro-eroded Ti6Al4V surfaces (C)

(bar=20mm). (b) Cells cultured during 7 days on coarse electro-eroded titanium surfaces (M) (bar=20mm). (c) Cells cultured during 14 days on

coarse electro-eroded Ti6Al4V surfaces (C) (bar=40mm). (d) Cells cultured during 14 days on coarse electro-eroded titanium surfaces (M)

(bar=40mm). The morphology of cells on Ti-based and Ti6Al4V-based EE surfaces is the same. Cells have a very intimate contact with surfaces.

They are very difficult to distinguish from the surface. They look like they are part of the surface roughness.
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amplitude with a low level of organization above the cell
scale (Order) and below the cell scale (Delta). At the
macro-roughness level, we observe that hOB adhere and
proliferate more on rough isotropic EE surfaces
(C,D,M,N)>on rough anisotropic tool-machined sur-
faces (H)>smooth isotropic polished surfaces
(I,MP,O)>smooth anisotropic tool-machined surfaces
(A, B). From these observations, it appears that hOB
adhere preferentially on rough surfaces at the scale

above the cell size. Observation at the micro-roughness
level brings about the same results. However, at this
scale, the H surfaces display discontinuities with a
relatively low Rz and a high Delta, although the EE
surfaces display discontinuities with a high Rz and a low
Delta (Table 4). Moreover, analysis of the number of
discontinuities (Peak) and the distance between them
(SM) demonstrates that at the micro-roughness level EE
surfaces have the lower number of discontinuities,

Fig. 12. Quantification of detachment index (DI) after 21 days of cells cultured on surfaces covered or non-covered by an Au-Pd layer. (I) polished

Ti6Al4V surfaces, (D) fine electro-eroded Ti6Al4V surfaces, (N) fine electro-eroded titanium surfaces, (O) polished titanium surfaces and (T)

Thermanoxs cell culture treated plastic coverslips. Data indicate the meanþ standard error (n ¼ 6). aFsignificantly different from non-covered

surface at pp0:05:

Fig. 11. X-ray diffraction spectra on (a) Polished Ti surface (O). (b) Polished Ti6Al4V surface (I). (c) Fine electro-eroded Ti surface (N). (d) Fine

electro-eroded Ti6Al4V surface (D).
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separated by the larger space. From these observations
we can conclude that CMS adhesion and proliferation is
favoured by rough isotropic surfaces at the cellular scale
although at the sub-cellular scale, they adhere preferen-
tially on relatively smooth surfaces with few disconti-
nuities. These observations are coherent with the bad
CMS adhesion and proliferation results we obtained in
our previous experiments on sandblasted surfaces,
which had high Rz and high Delta and provided a
substrate covered by a multitude of irregularities below
the cell scale [14].
Additionally, on these isotropic EE surfaces, the

cultured hOB present an original morphology close to
the aspect of cells in vivo on human bone trabeculae
[24]. This original cell morphology may be related to the
‘smooth’ topography of these surface below the cell scale
and to the high roughness around the cells forming
large, deep cavities with smooth slopes and banks
providing ‘nests’ for cells.

5. Conclusion

In this experiment, the method we used to produce
disordered surfaces, i.e. the electro-erosion process,
appears to produce particularly favourable surfaces for
in vitro hOB CMS adhesion and proliferation. For a
complete description of their surface topography (am-
plitude and frequency roughness parameters) we at-
tempted to understand the specificity of these EE
surfaces. It appears that the main influential characte-
ristics of these surfaces may be their isotropic aspect and
the smooth aspect of the relief due to surface fusion
during the process. When the topography is considered
below the cell scale, cells appreciate their smooth surface
although when the topography is considered above the
cell scale, they appreciate a rough isotropic landscape
formed by the numerous ‘bowl-like nests’ that favour
their adhesion.
From the experiments described in this paper it

appears that surface topography, rather than surface
chemistry of the EE samples, influences the cell
response. Although more complete investigations on

surface chemistry are needed to definitively conclude, we
can consider that electro-erosion is a promising method
for the preparation of bone implant surfaces. As this
method could easily be applied to preparation of most
biomaterials with complex geometries, further studies
are needed for in vivo biocompatibility testing.
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