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Qualitative and quantitative study of human osteoblast
adhesion on materials with various surface roughnesses

K. Anselme,' M. Bigerelle,> B. Noel,' E. Dufresne,” D. Judas,® A. Iost,* P. Hardouin"
IRMS, Institut Calot, Rue du Dr. Calot, 62608 Berck-sur-Mer, France

2ENSAM UMR CNRS 8517, 8 Boulevard Louis XIV, 59046 Lille, France

SCRITT Céramiques Fines, Z.1. Champ de I’ Abbesse, 59600 Maubeuge, France

Abstract: We quantitatively evaluated the adhesion of hu-
man osteoblasts on orthopedic metallic substrates (Ti6Al4V
alloy) with various surface roughnesses at several times af-
ter inoculation and studied its correlation with qualitative
changes in the expression of adhesion proteins and with
parameters extensively describing the surface topographies.
Cells were orientated in a parallel order on polished sur-
faces. This orientation was not affected by residual grooves
after polishing. On sandblasted surfaces the cells never at-
tained confluence and had a stellate shape, and the cell layer
had no particular organization. Extracellular matrix (fibro-
nectin, type I collagen, osteopontin) and cytoskeletal protein
(actin, vinculin) orientation reflected the cell layer organiza-
tion. In our experiment human osteoblasts expressed a3p1
integrin but not «2p1 integrin. In addition to currently ana-

lyzed roughness magnitude parameters, we calculated
roughness organization parameters (fractal dimension pa-
rameters) of the substrates. We observed lower adhesion
and proliferation on less organized surfaces (i.e., sand-
blasted ones). The significant statistical correlation observed
between fractal dimension parameters (describing surface
roughness organization) and cell parameters adds a new
concept to the studies of substratum roughness influence on
cell behavior. An attempt at modelization of the cell-surface
interaction was made that includes the influence of fractal
dimensions parameters.

Key words: cell adhesion; vinculin; 81 integrin; roughness
characterization; fractal dimension; human osteoblasts

INTRODUCTION

Cell adhesion is a fundamental process directly in-
volved in cell growth, cell migration, and cell differ-
entiation. Adhesion is involved in embryogenesis,
maintenance of tissue integrity, wound healing, im-
mune response, cancer metastasis, and biomaterial tis-
sue integration.'™* Numerous proteins are involved in
cell adhesion: extracellular matrix proteins (fibronec-
tin, collagen, laminin, vitronectin),*® cytoskeletal pro-
teins (actin, talin, vinculin),’*® and membrane recep-
tors (integrins).'! Interactions between these proteins
and their specific receptors induce signal transduction
and consequently influence cell growth and differen-
tiation.” The expression of integrins by bone cells in
vitro and in vivo was recently described.'>'*

The development of bone-implant interfaces de-
pends on the direct interactions of bone matrix and
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osteoblasts with the biomaterial. Osteoblast adhesion
is therefore essential for bone-biomaterial interac-
tions. Early in vitro studies of osteoblast-biomaterial
interaction were essentially concerned with the effect
of diverse materials without any surface characteriza-
tion on cell proliferation and differentiation."> How-
ever, it is now understood that the surface properties
of biomaterials play a critical role in the establishment
of cell-biomaterial interfaces. In vitro cytocompatibil-
ity studies are increasingly concerned with the influ-
ence of surface topography,'®'® surface charge,'” '
and consecutive adsorption of proteins”®**7** on cell
attachment and proliferation. Many studies demon-
strate that the surface topography is an important pa-
rameter to consider.”’ > However, surface topogra-
phy is generally poorly described. It is now increas-
ingly admitted that roughness must be considered in
terms of amplitude and organization.?’ Previous
works illustrated that the amplitude and organization
of roughness concomitantly influence cell behavior.
On smooth surfaces the bone cells were randomly ori-
ented, although they were lined up parallel to the
grooves in an end to end fashion in 5 pm deep
grooves. In contrast, they did “ignore” the surface to-



pography on a 0.5-um grooved surface.’” In this study
we used an original method (fractal analysis) to deter-
mine quantitative parameters describing not only
roughness amplitude but also roughness organiza-
tion.*

Recent reports examined cell adhesion on materials
having various surface properties.>*>® Some of these
studies focused on integrins involved in the modula-
tion of osteoblast adhesion on biomaterials.**® How-
ever, the qualitative observations of proteins involved
in osteoblast adhesion was not correlated with a quan-
titative evaluation of adhesion. Moreover, few works
attempted to correlate a quantitative evaluation of cell
adhesion with roughness parameters of the substra-
tum.?”

In this article we associate three different studies:
one extensively stating the surface roughness of the
tested orthopedic metallic surfaces (Ti6Al4V alloy)
with usual and original parameters, one quantitatively
assessing the adhesion of human osteoblasts on these
surfaces using a specific enzymatic detachment assay,
and another illustrating the adhesion proteins ex-
pressed by human osteoblasts on these various topog-
raphies by a qualitative immunostaining using spe-
cific antibodies. The results of these three studies are
correlated and discussed to make conclusions about
the effects of surface roughness of a Ti6Al4V alloy on
human osteoblast adhesion.

MATERIALS AND METHODS

One hundred eighty disks of a Ti6Al4V alloy (medical
quality; 14-mm diameter, 2-mm height) were processed by
sandblasting (500-pm or 3-mm alumina particles) or me-
chanical polishing (with P4000, P1200, or P80 silicon carbide
paper). Thirty-six disks of each treatment were prepared.
Metallic substrates were rinsed twice in absolute alcohol and
once in demineralized water in ultrasound before 180°C heat
sterilization. Seventy-five round glass coverslips ( 14-mm
diameter, 0.13-0.16-mm height, Fisher Scientific, Elancourt,
France) were used as controls.

Cell culture

Human bone cells were obtained from explants of trabec-
ular bone from the iliac crest of a 9-year-old patient. After
primary culture the cells were frozen in liquid nitrogen and
stored. After thawing the cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Eurobio, Les Ulis,
France) containing 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin in 75-cm? flasks until confluence. Af-
ter trypsinization (second passage) the cells were harvested
and inoculated on metallic disks in 24-well plates.

The osteoblastic characterization of cells was determined
after 1,25 (OH)2 vitamin D3 [1,25(0OH)2D3] stimulation.

Confluent cultures were treated with 10 nM [1,25(0OH)2D3]
for 48 h. The media were removed and the cells were har-
vested by trypsination. The alkaline phosphatase activity of
the lysed cells was measured as described by Lu et al.** The
osteocalcin content of the conditioned medium and procol-
lagen type I synthesis were determined as described by Lu et
al.*? at the second passage before inoculation onto the metal
substrates. These were 389.3 U/g of protein, 2.8 pM/10°
cells, and 1.8 mg/10° cells, respectively.

Cell morphology

Cell layers were fixed in 2% paraformaldehyde (w/v) in
monosodic dipotassic 0.2M buffer, rinsed in monosodic di-
potassic 0.175M buffer, dehydrated in graded alcohol, criti-
cal-point dried with CO, (Emscope CPD 750, Elexience,
Paris), sputter coated (Emscope SC 500, Elexience), and ex-
amined using a Hitachi 5520 scanning electron microscope
at an accelerating voltage of 25 kV (Elexience).

Immunohistochemistry

Cells were inoculated on the substrates at 1.5 x 10* cells/
well in DMEM containing 10% FBS and 1% penicillin-
streptomyecin. Thirty samples of each material and each sur-
face roughness were inoculated with cells (10 for each incu-
bation period of 24 h, 7 days, and 14 days). Following the
incubation period the substrates were rinsed with phosphate
buffered saline (PBS, without calcium and magnesium chlo-
ride). Cells were fixed for 20 min in 2% paraformaldehyde in
monosodic dipotassic 0.2M buffer at room temperature fol-
lowed by three rinses with PBS. Cells were permeabilized
with 0.2% (v/v) Triton-X100 (Sigma, L'Isle d’Abeau, France)
for 15 min at room temperature followed by three rinses
with PBS. Nonspecific binding sites were blocked by incu-
bating the samples in 1% (w/v) bovine serum albumin in
PBS for 20 min at room temperature. Cells were stained for
proteins involved in cell adhesion (adhesion proteins) for 1
h at room temperature in a humidified atmosphere followed
by three rinses with PBS. Various antibodies against adhe-
sion proteins were used: rabbit anti-human fibronectin IgG
fraction (1:100; Institut Pasteur, Lyon, France), rabbit anti-
human type I collagen IgG fraction (1:100, Institut Pasteur),
rabbit polyclonal anti-human osteopontin antibody (1:200, a
generous gift from P. Marie, Hopital Lariboisiere, Paris),
mouse monoclonal anti-human vinculin (1:200, Sigma),
mouse monoclonal anti-human B1 integrin subunit (1:200,
Affiniti, Nottingham, U.K.), and anti-a2 and anti-a3 integrin
subunits (1:50, Novocastra, Newcastle upon Tyne, U.K.). F-
Actin microfilaments were directly revealed by FITC-
conjugated phalloidin (25 wg/mL; Sigma). As controls,
mouse IgG (1:100, Sigma) or nonimmune rabbit serum (1:
100, Institut Pasteur) and PBS were used as primary anti-
bodies.

Cells were fluorescently labeled by incubation with fluo-
rescein-conjugated antibody: FITC-anti-mouse IgG antibody
(Caltag, CA, USA) or FITC-anti-rabbit IgG antibody (Sigma)



were used for 45 min at room temperature in a humidified
atmosphere followed by three rinses with PBS. The sub-
strates were mounted on a microscope slide under glass
coverslips using glycerine/PBS (50/50) containing 1,4-di-
azobicyclo-(2,2,2,)-octane (25 mg/mL, Sigma) for photo-
bleaching reduction.

The labeled cells were examined using a Zeiss Axioskop
microscope (Zeiss, Le Pecq, France) equipped for epifluores-
cence.

Quantitative adhesion test

Thirty samples of each surface were inoculated with 2 x
10* cells/sample. Five samples were analyzed after each in-
cubation period of 24 h, 3 days, 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. Cells de-
tached after 5, 10, 20, 30, and 60 min were counted with a
Coulter Z1 (Coultronics, Margency, France). The remaining
cells were detached by a 15-min treatment with nondiluted
trypsin-EDTA. The curve of the percentages of released cells
versus trypsination time was established. The area included
between the curve and the X axis was evaluated by integra-
tion. The areas obtained were considered as a detachment
index that was inversely proportional to the cell adhesion on
the biomaterial.** The cell proliferation curves on the differ-
ent materials were drawn from the total detached cell count
obtained at each delay during the adhesion test.

Roughness measurement

Six 3-dimensional surfaces were measured using a confo-
cal microscope laser (Lasertek, Elexience, Paris, France) on
five samples for the five types of roughness. The 3-dimen-
sional surfaces were discretized into 1024 x 256 points that
gave a scanning surface of 60 um?. Surfaces were straight-
ened up using the least squares method and no filtering.
These data were used to analyze surface topographies. Then
some usual and some original roughness parameters were
computed. A statistical analysis of the roughness effects on
cell proliferation and cell adhesion were performed using
SASO© software (SAS Institute, Cary, NC).

X-ray diffraction analysis

To know whether any structural transformation had been
processed during surface elaboration, an X-ray diffraction
analysis was performed on each sample with a D5000

Siemens diffractometer (Bruker, Wissembourg, France) with
a Cu anticathode.

RESULTS
Cell morphology

On the glass samples the flattened cells adhered at
24 h, although there were relatively few. After 7 days

the cell layers were not confluent. After 14 days a
confluent cell layer covered the samples. The cells ap-
peared to be flattened and oriented in a parallel way.
A dense matrix was observed under the cell layer [Fig.
1(a)]. On P4000 polished Ti6Al4V surfaces the same
aspects were observed except that after 14 days the
extracellular matrix under the cell layer was not so
visible [Fig. 1(b)]. On P80 and P1200 polished Ti6Al4V
surfaces after 7 and 14 days the cell layers covered the
residual grooves of the polishing [Fig. 1(c, d)]. How-
ever, no correlation was observed between the orien-
tation of the grooves and the orientation of the cells.
On 500-pm and 3-mm sandblasted Ti6Al4V surfaces
the cell layers never attained confluence even after 14

Figure 1. Scanning electron micrographs of human osteo-
blast cultures on tested samples after 14 days on (a) glass
(scale bar = 60 pm), (b) P4000 (scale bar = 15 pum), (c) P1200
(scale bar = 60 pm), (e) 500 pm (scale bar = 60 pm), (f) 3 mm
(scale bar = 15 um), and (d) after 7 days on P80 (scale bar =
15 pm).



TABLE I
Semiquantitative Evaluation of Immunolabelings

Type I Bl Integrin o3 Integrin o2 Integrin
Fibronectin ~ Collagen  Osteopontin ~ Actin ~ Vinculin Subunit Subunit Subunit

Rough 24 h ++++ +++ ++ ++++ ++ +(+) (+) —
Ti6A14V 7 days ++++ +++(+) ++(+) ++++ ++ + +) _
surfaces 14 days ++++ +++ +++ ++++ (+) + + —
Polished 24 h ++++ +++ ++ ++++ ++ +(+) (+) —
Ti6A14V 7 days ++++ +++(+) +(+) ++++ ++(+) + + —
surfaces 14 days ++++ +++ +++ ++++ (+) + + _
Glass 24h +++(+) ++ +++ ++++ ++ +(+) — —
7 days +++(+) ++(+) +++ ++++ ++(+) +(+) + —
14 days +++(+) +++ +++ +4+++ — +(+) + _

days. Cells had a stellate shape with numerous fila-
mentous extensions [Fig. 1(e, f)].

Immunohistochemistry

A semiquantitative evaluation of the immunola-
beled cells as a function of time is presented in Table
I. The main differences among the materials con-
cerned the intensities of the labeling of adhesion pro-
teins and the duration of their presence during the
growth of the cell layer. The extracellular matrix was
better organized and orientated on smooth surfaces
than on rough surfaces. Few differences could be ob-
served on fibronectin, osteopontin, and type I collagen
expression among surfaces at the same time points
[Fig. 2(a—f)]. On the other hand, a slight increase in
osteopontin and type I collagen synthesis was visible
as a function of time (Table I). Histochemical staining
of F-actin revealed differences in cell orientation on
the various substrates, as well as differences in the
organization of the cytoskeleton. On smooth surfaces
the cells contained many thick stress fibers in a paral-
lel arrangement. The microfilament system organiza-
tion ran parallel to the previously described general
cell morphology. On rough surfaces the microfilament
system appeared oriented in the direction of the long
axis of the cells, although the cells did not have any
particular orientation. Some microfilaments revealed
by phalloidin were visible at the cell periphery [Fig.
2(g, h)] and could be related to filamentous extensions
previously described on scanning electron micro-
graphs (Fig. 1).

Anti-vinculin immunostaining revealed short, thick,
and dense patches considered as focal contacts. The
focal contact distribution illustrated the mode of ad-
hesion of osteoblasts on the various surface rough-
nesses. On smooth surfaces the focal contacts were
evenly distributed on all the membrane surfaces that
were in contact with the substratum [Fig. 3(a, ¢, e)]. On
rough surfaces the focal contacts were visible only on
the extremities of cell extensions where cell mem-

branes were in contact with the substratum [Fig. 3(b,
d, f)]. No differences in focal contact distribution were
observed with the time in culture, although the vin-
culin immunolabeling intensity diminished on all the
surfaces after 14 days of culture (Table I). The orien-
tation of the vinculin patches seemed to coincide with
the orientation of the stress fibers (Figs. 2, 3).

The B1 integrin subunits were also expressed by
osteoblasts on various substrates and appeared as thin
focal contactlike patches, as well as thin filaments [Fig.
4(a, ¢)]. Their orientation also coincided with the ori-

Figure 2. The expression by human osteoblasts of (a, b)
fibronectin, (c, d) type I collagen, (e, f) osteopontin, and (g, h)
F-actin on (a, ¢, e, g) smooth Ti6Al4V surfaces and (b, d, f, h)
rough Ti6Al4V surfaces (original magnification x100).



Figure 3. The expression of vinculin after (a, b) 1 day, (c, d)
7 days, and (e, f) 14 days of culture on (a, ¢, e) smooth
Ti6Al4V surfaces and (b, d, f) rough Ti6Al4V surfaces (origi-
nal magnification x250).

entation of the stress fibers (i.e., with the long axis of
the cells). No qualitative or quantitative modification
of B1 integrin subunits expression was observed be-
tween 24 h and 7 days of culture. On the other hand,
a decrease of the intensities of the immunolabel was
noted at 14 days on all surfaces (Table I). The a2 in-
tegrins were not expressed by the cells based on our
failure to detect any immunolabel using an anti-a2
integrin subunit antibody. When using an anti-a3 in-
tegrin subunit antibody we obtained a pericellular
membrane labeling after 14 days of culture. Some-
times the label was also noted intracellularly in cells
cultured on the substrates. This labeling appeared to
be specific because the immunofluorescence was sig-

Figure 4. The expression of the p1 integrin subunit after (a,
b) 1 day and (c, d) 7 days on (a, ¢) smooth Ti6Al4V surfaces
and (b, d) rough Ti6Al4V surfaces (original magnification
x250).

nificantly different from that noted in the controls us-
ing mouse IgG (Fig. 5).

Quantitative adhesion tests

A statistical comparison of cell adhesion as a func-
tion of time showed that for most surfaces the adhe-
sion was not affected during the first week of culture
but increased after 14 days. For P4000, P80 polished,
and 500-pm sandblasted Ti6Al4V surfaces there was
also an increase of adhesion between 14 and 21 days of
culture, although for P1200 polished Ti6Al4V sub-
strates and glass the adhesion after 21 days did not
increase compared to 14 days of culture. For 3-mm
sandblasted Ti6Al4V samples there was no difference
of adhesion whatever the time of culture. The adhe-
sion remained weak.

An intersurfaces statistical comparison demon-
strated that at each time the adhesion was weaker on
glass than on metallic substrates. After 1 day the ad-
hesion on 500-pm sandblasted, P4000, and P1200 pol-
ished Ti6Al4V samples was stronger than on other
surfaces. After 3 days the adhesion was comparable on
all metallic substrates. After 7 days the adhesion on
metallic substrates was significantly stronger on 500-
pum sandblasted Ti6Al4V samples compared to all sur-
faces except P1200 polished Ti6Al4V samples. After 14
days the P1200 polished Ti6Al4V surfaces were the
most favorable surfaces for osteoblast adhesion.
Weaker adhesion was obtained on glass and 3-mm
sandblasted Ti6Al4V samples. After 21 days this result
was maintained but the differences of adhesion be-
tween glass and 3-mm sandblasted Ti6Al4V samples
and the other surfaces were increased compared to 14
days of culture (Fig. 6).

Figure 5. The expression of the a3 integrin subunit after (a,
b) 7 days and (c) 14 days on (a, b) smooth Ti6Al4V surfaces
and (c) rough Ti6Al4V surfaces. (d) The negative control
using 1:100 diluted mouse IgG after 14 days of culture on
glass surfaces (original magnification x250).
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Figure 6. A detachment index histogram on the various tested surfaces as a function of time.

Cell proliferation

The proliferation on Ti6Al4V samples decreased
when the average surface roughness (R,) increased
(Table II). The proliferation was higher on smooth
samples than on rough samples (Fig. 7).

Roughness measurement

Roughness parameters were computed (Table II).
Figure 8 describes the qualitative surface aspects of the
Ti6Al4V test samples. The roughness of the samples
was in the following order: P4000 < P1200 < P80 < 500
pm < 3 mm. On P1200 and P80 polished samples the
residual grooves after polishing were discernible.

Statistical analysis

A rough surface can be defined by a great number
of parameters. One hundred one parameters were cal-
culated using an original computer program. We
chose to focus on those parameters whose influence
was the most evident with respect to cell response. If
two parameters had the same statistical influence, we
kept those parameters that affected cell adhesion or
cell proliferation.

Cell proliferation
Cell proliferation equation.

Cell proliferation did not obey a linear relation with
time in culture. For example, we plotted the curve of
cell proliferation versus time for the P4000 roughness

TABLE II
Statistics of Roughness Measures on Samples
R, R, R,, R, SK EK Surf
(nm) (nm) (wm) (wm) (wm) (wm) A (%)
Polished

4000 0.16 2.53 1.26 -1.27 -0.30 11.38 222 2.07
1200 0.20 3.30 1.29 -2.01 -1.78 16.49 227 2.33
80 0.30 3.30 1.94 -1.36 -0.04 6.42 2.24 2.52

Sandblasted
500 pm 2.19 16.08 10.63 -5.46 0.74 4.34 2.38 96.57

3 mm 3.40 24.76 16.28 -8.42 0.98 4.89 2.47 299




140000 +

& P 4000
120000 —+ m 3 mm
AP 1200
100000 + A 500 pum
[ x P 80
g
)
~ 80000 +
1
o
=
g
= 60000 +
)
o
40000 +
20000 +
0 } t } t t } } t t f

Time (days)

Figure 7. Proliferation curves on the various tested surfaces as a function of time. The curves were established using
Equation (1) (cf. text) obtained by a nonlinear least squares method. They showed good accuracy with the experimental data.

sample (Fig. 7). The linear relation was visually re-
jected. To analyze the effect of the roughness on cell
proliferation an appropriate statistical model of cell
proliferation versus time in culture had to be formu-
lated. This equation must model cell proliferation with
a minimal number of coefficients and each coefficient
had to describe independent biological phenomena.
After various statistical models adjustments the cell
proliferation P(f) as a function of time t could be mod-
eled for a given roughness through the following
equation:

%o
1 +exp(—oy(t —ty) —ay) '

p(t) = )
where o, o, and a, are constants determined by the
nonlinear least squares method; t, is the time of the
first cell count after cell deposition; a is the maximal
threshold of the cell proliferation; a; is the effect of
time on cell proliferation (the greater the «; the faster
the cell proliferation and the faster the maximal
threshold of the cell proliferation is reached); and ., is
the influence of the initial number of cells on cell pro-
liferation. We observed that the experimental data cor-
related well with the modeled results (Fig. 7).

Roughness effects on cell proliferation.

As shown in Table II, the fractal dimension discrimi-
nated the cell proliferation very well. We noticed that

cell proliferation underwent a progressive increase ac-
cording to the fractal dimension (A). The greater the
fractal dimension, the more chaotic the surface.*®
When the surface is very ordered, A = 2. If the surface
is chaotic, then A = 3. We analyzed the adequacy be-
tween the cell proliferation after 21 days and the R,
parameter and the fractal dimension. Then we ob-
tained a better correlation coefficient when we used
the fractal dimension (R = 0.94) rather than the R,
(0.89). As a result, Equation (1) was modified to intro-
duce the surface roughness via the fractal dimension.

We then postulated that cell proliferation could be
modeled by the following equation:

B1(A —2)H(tty) + B, .
1 +exp[Bs(t = o) + B4l

P(t,A) = )

In the Equation (2) the coefficients also get some
physical information. A new parameter 3, was intro-
duced to take the roughness effect into account. The
greater this parameter was, the more influential was
the effect of surface organization on cell proliferation.
If the surface was not chaotic, then A =2 and Equation
(3) could be reduced to Equation (1). The B, repre-
sented the maximal threshold of the cell proliferation
if the surface was ordered (A = 2), 35 represented the
effect of time on the cell proliferation rate, and B, rep-
resented the influence of the initial number of cells at
t = t, and was independent of the surface roughness.



Figure 8. The roughness surfaces of the samples. The scanning electron microscopy photographs are on the left, the
3-dimensional scanning surfaces are in the center, and the surface topography is on the right. The scales of the roughness
magnitudes are in microns (um).



By using a nonlinear least square method we dem-
onstrated that all coefficients were highly significant,
which meant that this model described the cell prolif-
eration well and had good accuracy with the experi-
mental data corresponding to a correlation coefficient
of 0.98 (Fig. 9).

To help with the interpretation of the negative rela-
tion between the fractal dimension and cell prolifera-
tion, we postulated that the contact area between a cell
and a surface may be modeled by the following equa-
tion:

(3-4)
PN 2

v ©)

where A is the contact area between the cell and the
substrate surface, P is the applied extended loading, E
is the Young’s modulus of the cell membrane, 1/X\, is
the minimal contact length necessary to allow cell ad-
hesion on the material surface, and 1/\ is the maxi-
mal cell size. From this equation we can observe that
the more the fractal dimension of the surface in-
creases, the more the contact surface between cells and
substrate decreases. This may explain the decrease of
cell proliferation when the fractal dimension (A) in-
creases.

Cell adhesion

The same modelization attempt was done using our
adhesion parameter (i.e., the detachment index). The
lower the detachment index, the greater the cell adhe-
sion. When using an analysis of variance on experi-

Win | RAWNY B0

.

Figure 9. The cell proliferation versus time in culture and
versus the fractal dimension (A).

mental data with the culture duration and the surface
roughness, culture duration proved to be the main
influencing factor on cell adhesion.

To modelize the detachment index with the culture
duration for a given roughness, we chose the follow-
ing equation:

%o

AW = T explagt— o)~ o) )

where A(t) is the detachment index. Thereafter, we
introduced a roughness parameter in the equation.
The roughness parameter should include the phenom-
ena about the 3-mm sandblasted surface. If we ana-
lyzed Table II, the criteria developed surface (Surf)
discriminated the roughness of 3-mm sandblasted sur-
faces.

Cell adhesion was then modelized by the following
equation:

Qo
1+ explay(t — ty) + ay(t — to)(Surf) + a,] ( )
5

A(t,Surf) =

By using a nonlinear least squares method we dem-
onstrated that all coefficients were highly significant,
which meant that this model described the cell prolif-
eration well and had good accuracy with the experi-
mental data corresponding to a correlation coefficient
of 0.96 (Fig. 10).

The coefficients oy and a3 represented the initial cell
adhesion strength, o represented the cell adhesion
strength during the time in culture, and the a, coeffi-
cient represented the roughness influence on the cell
adhesion and this influence depended on the time in
culture. Because the a, coefficient was highly signifi-

FRPW, VOS3UEY

Figure 10. The cell adhesion versus the developed surface
and versus time.



cant, we concluded that the cell detachment index was
higher on surfaces with higher developed surface; this
relation increased with the time in culture. One hy-
pothesis may be that when the developed surface in-
creased the fractal aspect of the surface increased and
that, consequently, relating to Equation (3), cells may
have some difficulties in finding enough fixation sites.

Surface analysis by X-ray diffraction method

The same number of peaks appeared in all the dif-
fractograms (not shown). This means that the surfaces
got the same chemical and structural properties.

DISCUSSION

Few studies attempted to correlate a quantitative
evaluation of cell adhesion and an extensive descrip-
tion of topographical and physicochemical aspects of
surfaces. Lampin et al. studied chick embryo vascular
and corneal cell adhesion on poly(methyl methacry-
late) substrates with varying surface topographies. A
particular effort was made to precisely describe
roughness and surface free energy of substrates.’”
Contrary to them, we observed a negative statistical
correlation between the adhesion and the developed
area.

The fractal dimension A parameter was previously
demonstrated as a parameter that describes surface
organization.”® The higher the A parameter, the lower
the surface organization. Our results showed a lower
proliferation on less organized surfaces (i.e., sand-
blasted ones). The significant correlation we observed
between the A parameter and cell proliferation adds a
new concept to the studies of substratum roughness
influence on cell behavior. We demonstrated and
modelized the statistical influence of the fractal di-
mension and the percent of the developed surface on
cell proliferation and cell adhesion, respectively. To
interpret this influence, we attempted to modelize the
contact area between a cell and a substrate surface by
including the fractal dimension in the equation. From
this equation we observed that the more the fractal
dimension increased, the more the contact area be-
tween the cell and substrate decreased. This interpre-
tation is consistent with our experimental results. Al-
though the experimental effect of surface roughness
on cell adhesion was demonstrated mainly on the
most extreme surfaces like glass and 3-mm sand-
blasted titanium alloy, the statistical analysis demon-
strated the high significant correlation between the
surface roughness (percent of developed surface) and
the cell adhesion (detachment index).

Using an anti-vinculin antibody we observed that
on rough surfaces vinculin labeled focal contacts were
less numerous than on smooth surfaces because they
were observed only on the extremities of cell exten-
sions where cell membranes were in contact with the
substratum. Other authors also previously demon-
strated a reduced number and reduced size of adhe-
sion plaques of cells on surfaces less favorable for cell
attachment and cell proliferation.’® Consequently, cell
adhesion and cell proliferation may be impaired on
more chaotic surfaces. This was confirmed by obser-
vations of many authors. The cytocompatibility of
smooth surfaces of a Co-Cr alloy was better when
compared to rough surfaces.'® Rough titanium sur-
faces appeared to decrease the proliferation and alka-
line phosphatase activity of adult human bone cells
compared to smooth titanium surfaces.> Proliferation
of a human osteosarcoma cell line (MG-63) decreased
with increasing surface roughness, although collag-
enous protein production decreased on smooth sur-
faces and PGE2 and TGFB1 production increased on
rough surfaces.”” %

Morphologically, cell layer organization was modi-
fied by the roughness of the underlying substrates.
Sandblasted surfaces provoked the disorganization of
cell layers. Moreover, confluence was not attained on
these surfaces. Cells on polished surfaces attained con-
fluence and were organized in a parallel order as they
do on glass or on a plastic culture dish. Contrary to
results obtained with human gingival fibroblasts'®*!
or with osteoblastic cells,* the depth of the residual
grooves of between 2.5 and 3.3 wm on polished mate-
rials in our experiment was insufficient to influence
human osteoblasts, perhaps because of the absence of
the orientation of the residual grooves.

Immunolabelings also revealed a differential orga-
nization of extracellular matrix proteins on rough and
smooth surfaces that correlated with the cell layer or-
ganization. We observed an expected tight correlation
between the orientation of the cytoskeletal F-actin net-
work and vinculin labeled patches. Vinculin is effec-
tively involved in the attachment of actin-containing
stress fibers to the plasma membrane on the cytoplas-
mic side of adhesion plaques.”'’ The colocalization of
vinculin and B1 integrin that we observed may be
explained by the intermediate talin protein that is
known to bind to both integrin and vinculin.” The
focal contactlike patches aspect of the 81 subunits that
we observed was also described by Sinha and Tuan.*®
The expression of a3 integrin associated with B1 inte-
grin from 7 days indicates that the human osteoblasts
in our experiment expressed the multifunctional re-
ceptor a3B1 integrin that binds to fibronectin, colla-
gen, and laminin.! This could be related to the rela-
tively high expression of fibronectin by the cells. Many
authors described the in vitro expression of the a2 sub-
unit by human osteoblasts using Western blotting,*



flow cytometric analysis,'* or immunofluorescence
methods.'>?® Our negative results could be related to
the weak type I collagen expression we obtained, be-
cause a2p1 integrin is a more specific receptor for col-
lagen than «3B1 integrin.'

Our quantitative method for adhesion evaluation
has shown its efficacy to discriminate the cell adhesion
on the same materials with various surface rough-
nesses or to compare cell adhesion on different mate-
rials. Moreover, the modifications of cell adhesion
during cell growth highlight the influence of diverse
phenomena involved in adhesion at different stages
after cell attachment. In the first 24 h after cell inocu-
lation the cells attached at the material surface by
physicochemical interactions mediated by calcium
and magnesium ions and adsorptions of serum vitro-
nectin."®? A cell-material interface was established.
After this delay the adhesion of the cells was mediated
by the extracellular matrix; they were synthesized on
the surface through specific integrins and to specific
sites on these proteins (RGD sequences)'*: a cell-
matrix-material interface was a concern. As Steele et
al. noted, the initial cell attachment evaluation would
be of limited value as an end point for a screening
assay of potential material surfaces.” The adhesion
measurement we did after 3, 7, 14, and 21 days evalu-
ated the strength of the cell-matrix—material interface.
Because this strength essentially depends on the ma-
trix organization, we attempted to correlate morpho-
logical observations with quantification of cell adhe-
sion. The matrix organization after 7 and 14 days was
effectively disturbed on rough surfaces compared to
smooth surfaces. On the other hand, in an interdelay
comparison on each surface no modifications of extra-
cellular matrix protein expression were observed from
7 days. Only integrin and vinculin expression de-
creased after 14 days compared to 7 days after inocu-
lation. Either these proteins were really less expressed
or the thickness of the confluent cell layer attenuated
the fluorescent signal. Because the modification of the
adhesion occurring between 7 and 21 days of culture
may be related to a maturation of extracellular matrix
and/or to a maturation of cell-matrix interactions, fur-
ther quantitative screening of adhesion proteins by
biochemical methods is planned to investigate this
point.

CONCLUSIONS

We quantitatively evaluated human osteoblast ad-
hesion on metallic substrates with various surface
roughnesses at several time points after inoculation
and studied its correlation with qualitative modifica-
tions of adhesion protein expression. The main differ-
ences among samples concerned the cell layer and ex-

tracellular matrix organization on polished or sand-
blasted surfaces. Cells were orientated in a parallel
order on polished surfaces. This orientation was not
affected by residual grooves after polishing. On sand-
blasted surfaces the cells never attained confluence
and had a stellate shape and the cell layer and extra-
cellular matrix showed an impaired organization. By
using an anti-vinculin antibody we observed the less
numerous focal contacts of cells on rough surfaces.
This observation can be related to the weaker adhe-
sion and proliferation observed on these surfaces.

The quantitative method we developed to evaluate
cell adhesion on biomaterials demonstrated its effi-
cacy to discriminate various surface roughnesses on
the same material or to compare diverse materials.
Moreover, we extensively analyzed the topography of
our samples and, in addition to currently analyzed
roughness magnitude parameters, we calculated
roughness organization parameters (fractal dimension
parameters). These fractal dimension parameters cor-
related statistically with the proliferation of cells and
the adhesion index. By means of modelization of the
contact area between a cell and a substrate, we dem-
onstrated that the more the fractal dimension of the
substrate increased, the more the contact area between
the cell and substrate decreased. This is in agreement
with our experimental data: a lower adhesion and pro-
liferation on less organized surfaces (i.e., sandblasted
ones).

We are now developing investigations to study os-
teoblast adhesion on surfaces with the same rough-
ness magnitude but with organized and disorganized
surfaces to determine the effects of surface roughness
organization on cell adhesion. Physicochemical sur-
face analysis will also be performed and correlated
with roughness parameters in these further investiga-
tions.

The authors thank SH industries (Marly, France) for
kindly supplying the Ti6Al4V substrates, Dr. P. Marie for
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