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The adhesion of Flow 2002 fibroblasts to
titanium implant materials is influenced by
different surface topographies and is related
to the immunocytochemical expression of
fibronectin
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ABSTRACT: Osteointegrated titanium dental implants are widely used biomaterials that have to integrate within the alveolar
bone and interact with periodontal soft tissues. In this study, we investigated the immunocytochemical expression of the extra-
cellular matrix (ECM) protein fibronectin (FN) and type | collagen (Coll 1) in Flow 2002 fibroblast cultures spread on grade
Il1-titanium samples with five different surface topographies and we correlated the immunocytochemical data to the adhesion
capability of these cells to the above-mentioned substrates. Five different surfaces of grade Ill-titanium implants were at first
characterized both by scanning electron microscopy (SEM) and by laser profilometry for surface roughness evaluation. After be-
ing spread on the biomaterial surfaces, the fibroblasts were left to proliferate for 72 hr and subsequently the cells underwent im-
munocytochemical procedures for detecting both FN and Coll 1. The fibroblasts appeared more adherent to smoother titanium
surfaces than to rougher ones; however, the highest cell density was detected on the roughest surface, even if it was unrelated to
the highest FN expression. In the other biomaterial surfaces examined, as well as in controls, immunocytochemical FN expres-
sion correlated effectively to cell density on the examined substratum, whereas no determinant information was available re-
garding Coll I. It is reasonable to assume that surface roughness could be a relevant parameter influencing fibroblast adhesion
to substrata; however, the evaluation of the cell density only is insufficient, and should be supported by the immunocytochemi-
cal FN expression, which could be confirmed as a useful tool in determining implant material biocompatibility. (Journal of Ap-
plied Biomaterials & Biomechanics 2004; 2: 169-76)
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INTRODUCTION

Osteointegrated dental biomaterials are currently
widely used both to replace missing tooth elements
and to anchor prostheses in the reconstruction of
intra- and extraoral defects (1). The interface be-
tween dental implants and periodontal structures
includes the attachment to periodontal soft tissues,
as well as biomaterial osteointegration within the

alveolar bone (2). Therefore, research on their bio-
compatibility has focused on both the bone-implant
interface associated with the osteointegration
process (1, 3-11) and on the implant-fibroblasts
(12-16) and implant-epithelia interactions (17, 18).
In addition, tissue responses in relation to different
dental implant surface topographies have been
largely investigated (2, 4, 5, 17, 19-23). Therefore,
the evaluation of cell viability and cell proliferation
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rates (2, 6, 16, 17, 24-30), as well as cell adhesion ca-
pability on implant biomaterials (2, 9, 10, 12, 17),
have been considered as indicators of in vitro bio-
compatibility. It has been already demonstrated
that various extracellular matrix (ECM) molecules,
and in particular the ECM protein fibronectin
(FN), its integrin receptors and cytoskeletal mole-
cules, are correlated to cell proliferation rates, as
well as involved in cell differentiation, migration
and adhesion (31). On this basis, various studies
were performed on ECM molecule expression to
evaluate dental biomaterial biocompatibility. In
particular, our research group, by employing stabi-
lized human embryonal fibroblast cultures in the
presence of six single-phase dental metal alloys, ev-
idenced that metal alloy composition influenced
cell proliferation rates that correlated to the im-
munocytochemical FN expression (27). Further eval-
uation, extended to the expression of other ECM
molecules, i.e. type | collagen (Coll I), chondroitin
sulfate (CIS), as well as the FN receptor (the f; sub-
unit of the asf; integrin complex), also showed that
the immunocytochemical feature of these ECM mol-
ecules could be useful tools in assessing the biocom-
patibility in vitro of biomaterials (28).

Biomaterials both in commercially pure titanium
and in titanium alloy are currently widely used in
dental implantology, since they express a high bio-
compatibility both in vitro and in vivo. This biocom-
patibility could be attributed to the thermodynami-
cally and mechanically stable oxide layer that in-
stantly forms on the metallic surface. However, var-
ious implant surface treatments, i.e surface ma-
chining, acid etching, sand blasting and plasma
spraying require performing to improve titanium
implant osteointegration (10). The interaction be-
tween cells and titanium implants is regulated by
chemical, physical and biological factors: in partic-
ular, the implant surface topography seems to in-
fluence dental implant osteointegration (8, 11, 19-
21). For this purpose, some authors concluded that
implant osteointegration is more enhanced by
rough surfaces than by smooth ones (5). Recently,
by performing a study in vivo, it was evidenced that
the interaction between the alveolar bone and den-
tal implants with smooth surfaces was mediated by
proteoglicans and collagen fibers interacting with
osteoblasts, whereas regarding dental implants with
rough surfaces, they closely interacted with a bone
matrix presenting many osteocytes (20). However,
since the development of new implant surfaces to
achieve osteointegration is an aim in biomaterial
research, new surface treatments have always been
proposed (32). Concerning the interactions be-
tween dental implants and soft tissues, various stud-
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ies were performed mainly on cell adhesion and
proliferation in relation to implant surface topog-
raphy (2, 12, 14, 17) and it was shown that soft tis-
sue integration was better with smooth surfaces,
and that it could be influenced more by implant
surface morphology than the osteointegration
process (12-18).

On this basis, this investigation in vitro aimed to eval-
uate the influence of five different surface topogra-
phies on titanium implant material biocompatibility,
by considering the adhesion capability of stabilized
human fibroblasts (cell line Flow 2002) to grade Il1I-
titanium biomaterial surfaces in correlation to the
immunocytochemical expression of the ECM pro-
teins, i.e. FN and Coll I, in 72-hr cell cultures.

MATERIALS AND METHODS
Biomaterials

Commercially grade 111 titanium discs (5 mm diam-
eter, 1 mm thickness, 19.6 mm? area) with five dif-
ferent surfaces, obtained by mechanical, chemical
or coating treatments were used (Plan 1 Health
s.r.l., Villanova di S. Daniele del Friuli, UD, Italy).
According to the different surface treatments, the
discs were classified as follows.

A. Machined (MACH).

B. Sandblasted with Al,O3 (S-Al).

C. Sandblasted with glass microspheres (S-G).

D. Sandblasted with hydroxyapatite (S-HA).

E. Coated with titanium plasma spray (Ti-PS).
After surface treatment the discs were washed and
sterilized by vy radiation.

Characterization of biomaterial surfaces

The surface features and the elemental analysis of
the biomaterial composition of each sample were
detected by a scanning electron microscopy (SEM)
Stereoscan 430 Leica (Milano, Italy), at a magnifi-
cation of 500x, equipped with an energy dispersive
spectrometer (EDS). The roughness of the bioma-
terial samples surface was evaluated by a laser pro-
filometer UBM (Sunnyvale, CA, USA) and mea-
surements carried out on different regions of the
sample surface.

Table | summarizes the following roughness para-
meters that were considered: the measure of the av-
erage roughness and profile depths (R,), the pro-
file length relationship (L), the profile symmetry
(Sk) and the surface waviness (W;). Roughness mea-
surements were performed on five samples for each
biomaterial surface.
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TABLE I - ROUGHNESS PARAMETERS

Roughness
parameters

Equation

Parameter description

Ra 1 n

fue T Iyl
n i=

L, Lo

Sk 1 n

Sk=--- 223,/R3q

n i=1

Arithmetic mean of the departures of the roughness
profile from the mean line, measured in um. This
parameter gives a good general description of height
variations but is insensitive to wavelength and
occasional high peaks and low valleys

Rate between the length obtained by strengthening a
defined profile (L) and the real length of the
measured profile (L)

The measure of the symmetry of the profile Sx=0:
symmetric distribution; S>0: asymmetric distribution
with more peaks than valleys; Sk<0 asymmetric
distribution with more valleys than peaks

The greatest height between peaks and valleys of a
low-pass filtered profile

Cell cultures

Human stabilized fibroblasts (cell line Flow 2002)
were cultured in 75 cm? flasks in minimum essential
medium (MEM) (Sigma, St. Louis, MO, USA) sup-
plemented with 10% fetal calf serum (FCS) (Sig-
ma), 100 Ul/ml penicillin and 100 pg/ml strepto-
mycin sulfate, at 37 °C in a fully humidified air at-
mosphere containing 5% CO,.

At confluence, cells were harvested using trypsin-ED-
TA and plated on the surface of each biomaterial
sample at a cell density of 5 x 10° cells/cm?. Subse-
guently, each sample was placed in a 24-well plate
and 100 pl of fibroblast suspension carefully applied
and the cells allowed to attach to the biomaterial sur-
face for 2 hr. Finally, 1 ml of culture medium was
added. Fibroblasts were cultured for 72 hr without
renewing the culture medium. As controls, further
series of cultures were performed in the same ex-
perimental conditions on glass coverslips. In each
test, duplicate samples were run and each experi-
ment was repeated five times, 10 replications in total.

Immunocytochemistry of extracellular matrix antigens

After 72 hr of cell culture, the cells fixed with
4% paraformaldehyde in phosphate buffer
saline (PBS) underwent the following immuno-
cytochemical reactions.

* FN: anti-human FN rabbit antibody (Sigma, St.

Louis, MO, USA) diluted 1:100 in 4% bovine
serum albumine (BSA), 5% normal goat
serum (NGS) in PBS, followed by anti-rabbit
IgG FITC-conjugated antibody (fluorescein
isothiocyanate, green fluorescence; Sigma, St.
Louis, MO, USA) diluted 1:50 in 4% BSA, 5%
NGS in PBS.

* Type 1 collagen (Coll I): anti-human Coll I
monoclonal antibody developed in mouse
(Sigma) diluted 1:10 in 4% BSA, 5% NGS in
PBS, followed by anti-mouse 1gG antibody Cy3-
conjugated (cyanine 3, red fluorescence; Sig-
ma, St. Louis, MO, USA) diluted 1:150 in 4%
BSA, 5% NGS in PBS.

Both reactions with primary antibodies were

performed after pre-incubation with 4% BSA,

5% NGS in PBS to block aspecific binding sites.

Samples were then rinsed in PBS and incubated

with 0.1% 4’,6-diamidino-2-phenylindole, 1%

Tween 20 in PBS (DAPI, blue fluorescence) for

staining cell nuclei. Finally, the fibroblasts were

washed in PBS, dehydrated and mounted using
glycerol containing 2.3% 1.4-diazobicyclo

(2.2.2.) octane. Samples were observed using a

Zeiss Axiophot microscope under epifluores-

cence conditions. Photographs were taken on

Agfachrome 100 film under constant micro-

scope settings and at the same exposure times

for all specimens regarding the expression of
each considered ECM antigen.
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Fig. 1 - SEM micrographs of biomaterial surfaces. 1A (machined
surface), 1B (Al,03 sandblasted surface), 1C (glass microspheres
sandblasted surface).

Immunofluorescence intensity was expressed as
mean gray values in a scale of arbitrary units
(AU) ranging from 0 (black, minimum fluores-
cence) to 255 (white, maximum fluorescence)
related to pixels over a defined area in micro-
graphs previously converted from RGB to 8 bit
gray. Five areas for each micrograph were con-
sidered using the image analysis system Optimas
6 (Optimas Corporation, Bothell, WA, USA).

Cell density determination on biomaterials

DAPI-stained fibroblast nuclei were counted over
each sample under epifluorescence conditions to
calculate the cell density on each sample, expressed
as cell number/mm? (mean values and standard de-
viations, SD) on five duplicate cultures. Statistical
evaluations were performed with one-way ANOVA
and Bonferroni Post-hoc tests (statistical signifi-
cance p=<0.05).
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Fig. 2 - SEM micrographs of biomaterial surfaces. 2D (hydrox-
yapatite sandblasted surface), 2E (titanium plasma spray coated
surface).

RESULTS
Characterization of biomaterial surface

The profilometric analysis followed by roughness
parameter evaluation revealed that the five surfaces
presented an increasing roughness in the following
sequence regarding, in particular, the parameter R,
(range from 0.2-1.7 um): A (Mach), B (S-Al), C (S
G), D (S-HA) and E (Ti-PS).

By SEM observation, surface A appeared the
smoothest of those considered and presented some
scratches with irregular disposition (Fig. 1A). Sur-
face B presented many indentations that formed
peaks and valleys (Fig. 1B). Surface C was also very
rough (Fig. 1C), as was surface D (Fig. 2D). Surface
E presented deep indentations and was the rough-
est among the samples examined (Fig. 2E). Table |1
reports the quantitative results related to roughness
parameters. In particular, by considering the most
frequently used roughness parameters, i.e. R, and
W,, surface A could be considered the smoothest,
since it presented the lowest values of both R,
(0.1845 £ 0.0606) and W; (1.4432 + 1.1166). Sample
E exhibited the roughest surface (R, 1.7036 + 0.1851,;
W, 11.9953 + 2.9147).

Cell density determination on biomaterials
Tables I11 and 1V, and Figure 3 report the results re-

lated to cell density on the implant surfaces. The
highest cell density (expressed in mean values) was
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TABLE Il - ROUGHNESS PARAMETER VALUES OF FIVE TITANIUM SURFACES

A B C D E
machined sandblasted sandblasted with sandblasted titanium plasma
with Al,O3 glass microspheres with HA sprayed
Ra (um) 0.1845 + 0.0606 0.5108 + 0.0506 0.6895 + 0.0885 0.8190 + 0.1076 1.7036 = 0.1851
Lr (um) 1.0009 + 0.0003 1.0060 + 0.0014 1.0033 + 0.0011 1.0068 + 0.0015 1.0106 + 0.0023
Sk (um) -0.0660 + 0.6784 -0.0370 + 0.3089 -0.0381 + 0.2682 -0.0855 + 0.1801 -0.1340 £ 0.2204
Wi (um) 1.4432 + 1.1166 2.2794 + 0.6958 4.2533 £ 0.5171 4.3647 + 1.3086 11.9953 + 2.9147

Mean values + SD

TABLE Il - FIBROBLASTS CULTURED ON VARIOUS TITANIUM SURFACES: CELL DENSITY

A B C D E Control
machined sandblasted sandblasted with sandblasted titanium glass coverslips
with Al,O3  glass microspheres with HA plasma sprayed
Cell density
(cells/mm?) 16.87 £3.82 10.29+2.34 15.89 + 3.56 15.02+4.41 17.73+3.14 21.08+4.71

Statistical analysis (mean values + SD)

TABLE IV - FIBROBLASTS CULTURED ON VARIOUS TITANIUM SURFACES: CELL DENSITY STATISTICAL ANALYSIS
(COMPARISONS BETWEEN GROUPS USING BONFERRONI t TEST)

Cont A B C D E
Cont - N.S p<0.000 p<0.05 p<0.05 N.S
A N.S - p<0.005 N.S N.S N.S
B p<0.000 p<0.005 - p<0.05 N.S p<0.005
C p<0.05 N.S p<0.05 - N.S N.S
D p<0.05 N.S N.S N.S - N.S
E N.S N.S p<0.005 N.S N.S -

Statistical significance p<0.05. N.S: not significant

detected on sample E (17.73 + 3.14), and the lowest
one on sample B (10.29 + 2.34). In the controls, i.e.
fibroblasts cultured on glass coverslips, cell density
(21.08 £ 4.71) was higher in comparison to the oth-
er biomaterial surfaces. By considering the statisti-
cal analysis, a significant difference in cell density
(p<0.05) was detected by comparing the cell densi-
ty on surface C to that on surface D. Surface B dif-
fered significantly (p<0.000) in comparison to con-
trol cultures on glass coverslips. On the contrary,
no significant differences in fibroblast density were
evidenced on surfaces A and E. As regards the com-
parison between titanium samples, significant dif-

ferences were detected between samples B and A
(p<0.005), samples B and C (p<0.05), as well as be-
tween samples B and E (p<0.005).

Immunocytochemistry of extracellular matrix antigens

Regarding immunocytochemical FN expression, it
appeared both localized within the cytoplasm and
organized in fibrils in the ECM in the fibroblast cul-
tures on samples A, B, C and D (Figs. 4A-FN, 4B-FN,
4C-FN, 4D-FN); whereas cells cultured on sample E
expressed FN not organized in fibrils (Fig. 4E-FN).
The quantitative analysis of immunofluorescence
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CELL DENSITY ON BIOMATERIAL SURFACES
(Mean value = SDs)

N.S p < 000 p<.05 p< .05 N.S.

Cellsmm?2

A B c D E

Titanium Samples

O CELL DENSITY

FIBRONECTIN ANDTYPEICOLLAGEN
IMMUNOFLUORESCENCE INTENSITY

Mean Gray Value
S

7
i

AlMach) B(SAl) C(56) D(5 HA) E(Ti-PS5)

Titanium Samples

‘E Fibronectin Expression B Type I Collagen Expression |

Fig. 3 - Graphic presentation of cell density on biomaterial sur-
faces.

Fibronectin (FN) Collagen| (Coll I)

42 Coll |

4B Coll |

4C Coll |

4D Coll |

4E Coll |

Fig. 4 - Immunocytochemical expression of FN and Coll I in fi-
broblasts spread on different implant surfaces. 4A (machined sur-
face), 4B (Al,O3 sandblasted surface), 4C (glass microspheres
and blasted surface), 4D (hydroxyapatite sandblasted surface)
and 4E (titanium plasma spray coated surface).
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Fig. 5 - Graphic presentation of the quantitative evaluation of FN
and Coll I immunofluorescence intensity.

by the gray values expressed in AU revealed the
most intense FN immunofluorescence expression
in fibroblast cultures on sample A (104 AU) and
the lowest one in cultures on sample E (24 AU). FN
expression intensities in the other cell cultures
were 32 AU for sample B, 42 AU for sample C and
50 AU for sample D (Fig. 5).

Immunocytochemical Coll | expression was similar
in all fibroblast cultures examined (Figs. 4A-Coll I,
4B-Coll I, 4C-Coll 1, 4D-Coll 1, 4E-Coll 1). The high-
est Coll I immunofluorescence intensity was evi-
denced in fibroblast cultures on sample A (82 AU),
the lowest one in cell cultures on sample E (24 AU).
Intermediate intensity values were shown in cul-
tures on samples B (48 AU), C (49 AU) and D (58
AU) (Fig. 5).

DISCUSSION

Since dental implants are biomedical devices ap-
plied in direct contact with hard and soft peri-
odontal tissues, both experimental investigations in
laboratory animals and clinical studies have fo-
cused on understanding the tissutal response mech-
anisms and, in particular, those involved in tissue
integration with titanium implant biomaterials (1,
3-6, 7-16). In addition, experiments in vivo have to
be accomplished by tests in vitro that give more de-
tailed insights into biological mechanisms involved
in cell-biomaterial interactions. However, few stud-
ies are currently available to correlate the evalua-
tion of cell adhesion to implant biomaterials to an
extensive description of the topographic and the
physico-chemical aspects of implant surfaces (4).
Indeed, many investigations were performed on
the biological behavior of osteoblasts, as well as
of osteoblast-like cells, which are widely involved
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in the osteointegration process (3-6, 7-11), vs. ti-
tanium implant biomaterials, whereas minor at-
tention has focused on the interaction with cells
of soft periodontal tissues, i.e. gingival epithelial
keratinocytes and fibroblasts (12-18). Based on
previous reports demonstrating that the evalua-
tion of the immunocytochemical ECM molecule
expression involved in cell adhesion processes
was a useful tool for evaluating dental biomater-
ial biocompatibility in vitro (16, 27-30), in this
study we investigated how both FN and Coll I ex-
pression could be influenced in human fibrob-
last cultures spread on different implant sur-
faces of grade Ill-titanium biomaterials. Con-
cerning the surface topographies, by consider-
ing the most used roughness parameters, i.e. R,
and W, it was observed that surface A was the
smoothest, whereas surface E the roughest of
those considered. Based on a previous study re-
porting the best fibroblast adhesion to smooth
biomaterial surfaces (2), a better fibroblast ad-
hesion was expected to the smoothest surface A
and a worse one to the roughest surface E. In ef-
fect, data obtained by cell density evaluation re-
vealed a higher number of adhered fibroblasts
on surface A than on surfaces B, C and D; how-
ever, in contradiction with the previously men-
tioned hypothesis, more cells adhered to the
roughest surface E than to the smoothest sur-
face A. Regarding immunocytochemical FN ex-
pression, detected by a quantitative evaluation
of gray levels, which did not yield absolute quan-
titative data but showed relative changes in pro-
tein expression in different culture samples
(33), it was higher in cultures on sample A, ac-
cording to cell density data on the same bioma-
terial surface. On the contrary, as expected, the
lowest immunocytochemical FN intensity was
detected in cultures on the roughest sample E,
although it revealed the higher cell density.
Concerning immunocytochemical Coll | expres-
sion, no significant differences were detected
among the different culture specimens, which

confirmed our previous observations (28). Re-
sults of both cell adhesion capability and im-
munocytochemical FN expression regarding
surfaces A, B, C and D confirmed that fibrob-
lasts should adhere better to smoother surfaces
than to rougher ones, in accordance with previ-
ous reports (2, 12, 13). However, the contradic-
tory results regarding the highest fibroblast den-
sity on the roughest surface E require further
investigation, although these data correlated
with low immunocytochemical FN expression;
and therefore, this evidence could suggest a la-
bile cell adhesion capability.

CONCLUSION

The results of this investigation confirmed that im-
munocytochemical FN expression evaluation could
be a useful tool in the assessment of implant mate-
rial biocompatibility. Moreover, each peculiar sur-
face topography could be relevant in influencing
cell adhesion to biomaterial surfaces, even if to-
gether with other factors such as the physical and
chemical biomaterial composition it could be eval-
uated in further investigations.
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