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Abstract

Osseointegration is a key factor in determining the
success of a prosthetic implant. Titanium and its alloys
are widely used as implantable materials because of
good adaptation and connection to bone tissues, known
as osseointegration. We focused on the invasion of
fibrous tissue into the bone tissue-material interface
and hypothesized that there might be competition for
cell adhesion between osteoblasts

and fibroblasts on the material surface.

In this study, we established a cell competition model

in a co-culture of osteoblasts and fibroblasts under
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shear stress conditions to elucidate fibroblast-
associated  failure  of  osseointegration  after
implantation. The osteoblasts adhere better on titanium
than fibroblasts under shear stress conditions. The
alkaline phosphatase—positive cells were increased
when osteoblasts were co-cultured with fibroblasts,
suggesting that the small population of fibroblasts
promotes osteoblast differentiation through the
production of extracellular matrices including type |
collagen. Cell adhesion competition created a balance
of osteoblasts and fibroblasts on the implant material
surface in the initial stage of osseointegration resulting

in a high osseointegration ratio. These results show
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that fibroblasts are able to both inhibit osseointegration
and help adhesion and differentiation of osteoblasts by
producing type I collagen.

Keywords: Osteoblast; Fibroblast; Osseointegra-tion;

Cell adhesion; Cell competition

1. Introduction

Osseointegration is a key factor in determining the
success of a prosthetic implant and fibrous tissue can
invade the interface between bone and materials when
osseointegration  fails [1]. Fibroblasts mainly
contribute to the formation of fibrous tissue and
repress the proliferation of osteoblasts and its
mineralization in co-cultures of osteoblasts and
fibroblasts [2]. Since osseointegration is the stable
adherence state between the implant material and bone
[3-5], the selection of implant materials affects clinical
success. Titanium is known to be an implant material
that accelerates osseointegration. Titanium is a
biocompatible material with high corrosion resistance
due to its thin protective oxide (TiO, or titania) layer
which spontaneously develops on its surface when
exposed to air [6]. For this reason, titanium and its
alloys are widely used in biomedical devices and
prosthetic components, such as orthopedic joints,
dental implants, and artificial vascular stents [7-9].
Based on clinical experience, titanium is the most
superior for osseointegration formation compared to
other materials; however, the biological mechanism of
osseointegration between titanium implants and bone

is not well understood [10].

It has been reported that cell adherence levels are
dependent on the materials used through a comparison
of alumina and zirconia to titanium; however, the
effect of surface roughness was not considered in this
comparison [11]. Micro- or nanoscale surface
roughness affects osteoblast behavior and the
adherence of the implant with the bone surface [12-

14]. It is important to consider the roughness of each
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material surface in order to compare how different
materials affect the mechanism of osseointegration.
Furthermore, the study of material sciences along with
biomechanical sciences helps to optimize the design

and material concepts for surgical implants [15].

We aimed to elucidate the mechanism of
biocompatibility of implant materials by investigating
1) how shear stress affects cell adhesion, proliferation,
and differentiation in the in vitro co-culture model of
fibroblasts and osteoblasts and 2) how different
extracellular matrices affect cell activity. In order to
investigate the process of osseointegration formation,
we established a cell competition model in a co-culture
of osteoblasts and fibroblasts using two types of
fluorescent proteins and applying shear stress. This
model is useful for clarifying the mechanism of
fibroblast-associated failure of osseointegration after

implantation.

2. Materials and Methods

2.1 Materials preparation

Unblemished glass discs (15-mm diameter, 1-mm
thickness, B270-superwhite, Hiraoka Special Glass
Mfg, Osaka, Japan) were cleaned first with an alkali
detergent, followed by distilled water, and isopropyl
alcohol by ultrasonic rinsing. Subsequently, Ti, Al,Os,
Zr0O,, and Au films were deposited on the cleaned
glass discs by an electron beam evaporator (BMC-
1100, Shincron, Yokohama, Japan) up to a film
thickness (Table 1).

To improve the adhesion of gold to the glass disc, a 1-
nm thick Cr layer was first deposited. The resulting
film thickness was monitored by a quartz balance
installed inside the evaporation chamber, which was
adjusted to an accuracy of approximately 10%. The
deposited coated glass discs were additionally checked
using a field-emission-gun  scanning electron
microscope (FE-SEM; JSM-6701F, JEOL, Tokyo,
Japan), operated at an accelerating voltage of 5 kV, and

subsequently using a transmission electron microscope
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(TEM; JEM-2100, JEOL, Tokyo, Japan) operated at an
accelerating voltage of 200 kV. Before FE-SEM

DOI: 10.26502/acbr.50170191

were coated with a 3-nm osmium layer by using an
osmium coater (Meiwa Fosis Neoc-STB, Tokyo,

examination, the Al,O;™ and ZrO, depositedglass discs Japan).

Material Film thickness

Ti 40 nm (10%)

Al,Os 50 nm (10%)

ZrO, 50 nm (10%)

Cr+Au Cr (lower layer) 1 nm (10%), Au (upper layer) 49 nm (10%)

Table 1: The thickness of film coated on a glass disc.

2.2 Cell culture

Cells of the mouse osteoblast-like cell line MC3T3-E1
and mouse fibroblast cell line NIH3T3 (both cell lines
were donated from RIKEN Cell Bank, Ibaraki, Japan),
were cultured in an a-modified essential medium (o-
MEM) supplemented with antibiotics
(penicillin/streptomycin; Invitrogen, Tokyo, Japan), 4
mM L-glutamine (Invitrogen), and 10% fetal bovine
serum (FBS; Nichirei Biosciences, Tokyo, Japan) in
5% CO, at 37°C. The cells were subcultured by
treatment with 0.05% trypsin (Wako, Osaka, Japan)
and 20 uM ethylenediaminetetraacetic acid (EDTA;

Invitrogen).

The conditioned medium is the culture supernatant
produced by NIH3T3 culturing for 24 hours in serum-
free medium.

2.3 Establishment of cells carrying DsRed2 or
AcGFP expression vector

The expression vectors of DsRed2 and AcGFP
fluorescence protein genes, pCAGDsRed2-neo and
pCAGACGFP-neo, respectively, were regulated by the
CAG promoter (Ryu et al, 2012) [16]. These
expression vectors were introduced in to MC3T3- E1
or NIH3T3 cells by the electroporation method as
described previously (Harimoto et al, 2012) [17].
Briefly, 1 x 10’ cells/0.9 ml in PBS of MC3T3-E1 or
NIH3T3 cells was mixed with 25 pg of linearized
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pCAGDsRed2-neo/Eco Rl or pCAGACGFP-neo/Eco
RI, respectively, and were transfected by the
electroporation method. After electroporation, cells
were seeded onto 100-mm diameter gelatin-coated
plastic dishes. The culture medium containing 400
pg/ml or 1 mg/ml G418 was changed a day after the
electroporation of MC3T3-E1 or NIH3T3 cells,
respectively. G418-resistant colonies were picked up.
The clones were maintained as were the parental cells.
The expression of those clones was confirmed by the
flow cytometer (Beckman Coulter, CA), and then
finally each clone with the strongest expression of the
DsRed2 or AcGFP gene was established as the
MC3T3-E1R¢ or NIH3T3%"" cell-line, respectively.

2.4 Osteoblast differentiation

To test the differentiation of osteoblasts, a
concentration of 1x10° cells/disc was seeded in each
well of a 24-well plate, with each well containing one
disc coated with one of the four substrates tested. The
osteoblasts were incubated at 37°C in 5% CO,
atmosphere. After 24 h, the media were changed and
the cells were incubated in culture medium that was
additionally supplemented with 50 pg/ml L-ascorbic
acid (Wako) and 10 mM f- glycerophosphate (Wako).
The day of changing to this specific medium was
considered as day zero. The medium was changed

twice a week. After 2 and 4 weeks, the cultures were
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stained with alkaline phosphatase (ALP) and alizarin

red for mineralized nodules.

2.5 Immunohistochemical analysis

Cells were cultured on each disc for 24 h and were
fixed with 4% paraformaldehyde/PBS for 10 min and
then permeabilized with 0.1% Triton X for 5 min at
room temperature. The fixed samples were incubated in
Blocking One (Nacalai tesque, Kyoto, Japan) for 30
min, then incubated with the primary antibody for 2 h
and the secondary antibody for 1 h at room
temperature. The following antibodies were used:
mouse anti-vinculin (1:200, Sigma-Aldrich, STL) and
Alexa Fluor 594 donkey anti-mouse IgG (1:2000,
Invitrogen). For F-actin and nuclear staining, cells
were incubated for 30 min with Actin Stain™ 488
Fluorescent Phalloidin (Cytoskeleton, Denver, CO)
and DAPI (4, 6-diamidino-2-phenylindole). The
samples were mounted in Prolong Gold fluorescent
mounting medium and observed using a fluorescence

microscope (Olympus, Tokyo, Japan).

2.6 Alkaline phosphatase and Alizarin Red S
staining

Alkaline phosphatase and Alizarin Red S staining were
carried out as described previously (Harimoto et al,
2012) [17]. Briefly, after washing, the culture discs
were incubated for 30 min in a solution of alkaline
phosphatase substrate produced using an Alkaline
Phosphatase Substrate Kit Il (Vector Laboratories,
Burlingame, CA). After washing, the cells were fixed
with ethanol and stained with 1% Alizarin Red S
(Wako) in order to visualize the calcium deposits on
cells. Alizarin Red S binds selectively to calcium; the

stained material appears dark red.

2.7 Cell adhesion assay

Each of the three discs was fixed in 6-well culture
plates. Cells were seeded at 1x10° cells/well in a-MEM
with 10% FBS. The plates were placed on the shaker

with or without up and down shaking. At predetermined
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time points, the cells were rinsed three times with PBS
to remove non-adhered cells. The cell number was
analyzed by image processing software (ImageJ, open
source, public domain) according to the fluorescent

photographs taken at random points of each disc.

2.8 Morphological observation of the cells

MC3T3-E17* were seeded on each disc at a density of
1x10* cells/well in a-MEM supplemented with 10%
FBS; they were cultured under standard culture
conditions for 24 h. The samples were then washed
with PBS. The morphology of the adhered cells was
observed using an inverted fluorescence microscope

(Olympus).

2.9 RNA extraction and reverse transcription-
polymerase chain reaction analysis

RNA preparation and RT-PCR were carried out as
described previously [18]. Briefly, total RNA was
prepared from the cells by the acid guanidinium
isothiocyanate-phenol-chloroform-isoamyl alcohol
method. Total RNA samples were reverse transcribed
using a Superscript 1l first-strand synthesis system
(Invitrogen) with an oligo (dT) primer (Invitrogen).
PCR was performed using Ex Tag DNA polymerase
(Invitrogen). Primer sequences are listed in

supplemental table 1.

3. Results

3.1 Unique adhesion morphology of MC3T3-E1 on
titanium-evaporated discs

Four representative material surfaces namely titanium,
alumina, zirconia, and gold, which were almost the
same roughness by their evaporation, were used in
order to compare how different materials affect
osseointegration. MC3T3-E1, a pre-osteoblast cell line,
was cultured on material-evaporated discs of titanium,
alumina, zirconia, and gold, and within 24 h had spread
to completely cover the discs. Actin fibers could be
clearly observed in the cells on all types of discs by
staining with phalloidin, which specifically binds to a
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cytoskeleton protein F-actin (Figure 1A).

The cells spread significantly wider on titanium than
on alumina or gold 24 h after seeding (Figure 1B). The
number of focal adhesions observed at the terminus of
the actin fibers by anti-vinculin antibody staining was
dependent on the kind of material (Figure 1A), and the
number of focal adhesions was significantly greater on
titanium than on other materials (Figure 1C).

Furthermore, to observe cell adhesion behavior along
the time course, the pCAG- DsRed2-neo expression
vector was introduced into the osteoblast cell line
MC3T3-E1, and a red fluorescence osteoblast cell line
MC3T3-E1R® was cloned and established. The
fluorescence observation under G-excitation revealed
that MC3T3-E17® cells adhered and spread on all four
discs tested. Serum-dependent cell adhesion was
investigated in the early phase, 0.5 and 1.0 h after
seeding onto each disc. Most of the cells started to
spread and exhibited filopodia and lamellipodia by 0.5
h on titanium but not on other materials (Figure 1D),
and the number of adhered cells on titanium was highest
at 0.5 h (Figure 1E). However, the cells spread on all
discs by 1.0 h, and the number of adhered cells
achieved the same level at 1.0 h (Figure 1F). These
results suggest that MC3T3-E1”* can attach and
spread more easily on titanium in the medium
containing serum than on other materials. These tests
demonstrate that the identity of a material and its
natural attributes play a crucial role in the very early
stages of cell adhesion, even in the presence of serum

components.

3.2 NIH3T3%™" achieved greater adhesion than
MC3T3-E17* on zirconia, alumina, and gold discs,
but not on titanium discs

The effect of fibroblasts on bone formation after
implantation in vivo is also an important factor. To
construct an in vitro model of bone formation,
MC3T3-E1 cells and NIH3T3 fibroblasts were co-

cultured on each disc. To discriminate MC3T3-E1 and
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NIH3T3, the pCAG-AcGFP-neo expression vector was
introduced into the fibroblast cell line NIH3T3, and the
green fluorescence osteoblast cell line NIH3T3%™"
was cloned and established. The number of adhered
cells for each cell line was counted by data gathered
using the ImageJ system from fluorescent photographs.
In order to analyze cell adhesion under competitive
conditions, 5x10° cells of MC3T3-E1®* and
NIH3T3%®" were simultaneously seeded on each disc,
and the adhered cell number for each cell line was
compared on each disc after 6 h. In the case of single
cultures, the number of MC3T3- E17* on gold was
higher than on titanium (Sup Figure 1A), and the
number of NIH3T3%®" on gold was higher than other
materials (Sup Figure 1B). On the other hand, MC3T3-
E1R and NIH3T3%®" could be easily differentiated in
the culture on each disc (Figure 2A). The cell count of
NIH3T3%®" was higher than that of MC3T3-E1%* on
zirconia, alumina, and gold discs, but there was no

significant difference in titanium discs (Figure 2B).

3.3 Titanium has a much higher MC3T3-E17
attachment potential under shear stress conditions
than other materials

In order to investigate the potential of cell adhesion in
a mimicked in vivo environment on each disc surface,
we put the culture system on the shaker to examine the
effects of shear stress during the cell adhesion step.
MC3T3-E17¢ and NIH3T3%" (1x10° cells each) were
seeded on each disc, and the adhered cell number was
compared amongst each disc after 6 h culturing with
shear stress. The adhered cell number of MC3T3-E17*
on the titanium disc was significantly higher than other
discs, but the adhered cell number of NIH3T3%®" was
not different among the discs (Sup Figure 1C and D).
Next, a mixture of 5x10° cells each of MC3T3-E1R®
and NIH3T3%*" were seeded on each disc and
cultured on a shaker. The fluorescence photographs
taken at 6 h after seeding show that the number of
MC3T3-E1" was higher than NIH3T3%*" on

titanium but this relationship was reversed on gold
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discs (Figure 2C). The cell number analysis from the
photographs also indicated that MC3T3-E1™ adhered
more to titanium discs and less on gold discs than
NIH3T3%" but there was no significant difference
between the two cell lines on zirconia or alumina discs
(Figure 2D).

3.4 Type | collagen is important for MC3T3-E1R
to outcompete NIH3T3°"™" in theadhesion stage
5x10° cells of MC3T3-E17* were seeded on each disc
in the conditioned medium. The cell number was
counted 6 h after seeding with MC3T3-E1"*. There
was no difference in the number of adhering cells on
titanium between the 10% FBS—medium and the
conditioned medium. Cell numbers on zirconia and
alumina with the conditioned medium was higher than
the number with the FBS medium (Fig. 3A).

In order to clarify the matrix molecules affecting
adhesion competition under shear stress conditions, we
coated the cell culture plate with 50 pg/ml matrix
molecules and cultured on a shaker during the cell
adhesion step. Fibronectin, collagen type 1, collagen
type 4, laminin, vitronectin, and osteopontin were used
as matrix molecules for the experiments. MC3T3-E1R%
and NIH3T3%®" (5x105 cells each) were seeded
simultaneously on each matrix molecule. The cell
number was counted after 6 hours. The number of
MC3T3-E1R"® was significantly higher  than
NIH3T3%"™" on collagen type | (Fig. 3B). To confirm
whether collagen type | was the key matrix molecule,
gene expression was analyzed for collagen type | and
integrin subunit types which are cell adhesion
molecules. However, there was no significant

difference in collagen | and fibronectin expression
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between MC3T3-E17* and NIH3T3%*" even when
cultured on discs of a different material (Fig. 3C and
D). On the other hand, MC3T3-E1”* expressed
integrin ol subunit, which is known as a collagen 1

receptor, stronger than NIH3T3%"",

Next, we investigated the cell adhesion competition on
the four kinds of discs coated with collagen type I.
Each disc was coated with 50 pg/ml collagen type I
solution overnight. MC3T3-E1”* and NIH3T3®"
(5%10° cells each) were seeded simultaneously on each
of the collagen type I-coated discs and cultured on a
shaker. The number of MC3T3-E17* was higher than
the number of NIH3T3°®" on any kind of disc coated
with collagen type I, but the MC3T3-E17* adhesion
number was the highest on titanium discs (Fig. 3E).
The results suggested that type | collagen may be the
key protein in cell adhesion competition between
MC3T3-E17* and NIH3T3®"*",

3.5 The effect of NIH3T3®™" on MC3T3-E1?*
differentiation

In the mixture of the MC3T3-E1™* and NIH3T3%""
(ratio, 1:9, 5:5, and 9:1), MC3T3- E17 cells were
differentiated to osteoblasts on titanium discs by the
addition of 50 pg/ml L-ascorbic acid, 10 mM -
glycerophosphate, and 100 ng/ml BMP-2. Two weeks
after induction, MC3T3-E1"® cells could be
differentiated to alkaline phosphatase-positive cellsand
NIH3T3%"®"  strongly

differentiation (Figure 4A). Four weeks after induction,

promoted osteogenic
calcium deposition could be observed by Alizarin Red
S staining.  NIH3T3%*"  slightly  promoted

mineralization (Figure 4B).
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Figure 1: Cell adhesion property on each material. (A) MC3T3-EL1 cells cultured on each disc for 24 h were fixed
and subsequent immune fluorescence staining was performed using an anti-vinculin antibody, phalloidin, and DAPI.
Vinculin was stained red, F-actin was stained green, and the nucleus was stained blue. Fluorescent pictures were taken
and the representative morphology of a cell on each disc is shown; (B) Average aspects of MC3T3-E1 were analyzed
from each fluorescent picture and indicated in the graph. (n=6); (C) The graph shows the focal adhesion number of
MC3T3-E1 on each disc 24 h after cells were seeded; (n=8) (D, E) MC3T3-E1"™ cells were seeded at 5x10° cells/well
containing three discs per well. The graphs show the number of adhered cells on each disc after 30 min (D) and 1 h
(E). (F) The fluorescent picture shows the MC3T3-E1" adhesion on each disc after 30 min. White arrows indicate the
spreading cells on discs. Data are expressed as the mean + SEM. Analysis of variance (ANOVA) was performed, and
significant differences between discs were determined using the Tukey test (*: P <0.05).
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taken after 6h and show the MC3T3-E1™ and NIH3T3%*" adhesion on each disc surface after 6 h without shear stress;
(B) The graphs show the number of adhered MC3T3-E1™ cells and NIH3T3"*" cells analyzed from the fluorescent
pictures. Red bars indicate MC3T3-E1™, and green bars indicate NIH3T3%*"; (C) MC3T3-E1™ cells and NIH3T39*"
cells were seeded simultaneously at 5x10° cells/well to the same well with three discs, and they were cultured on a shaker
with up-down shaking. The fluorescent pictures were taken after 6 h and show the MC3T3-E1™ and NIH3T3%"
adhesion on each disc surface after 6 h; (D) The graphs show the number of adhered MC3T3-E1™ cells and
NIH3T39%" cells analyzed from the fluorescent pictures. Red bars indicate MC3T3-E1™, and green bars indicate
NIH3T3%*", Data are expressed as the mean = SEM (n=3). Analysis of variance (ANOVA) was performed, and
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Figure 3: Cell adhesion on matrix proteins. (A) MC3T3-E1™ cells were seeded at 1x10° cells/well in a well with three
discs, and they were cultured on a shaker with up-down shaking. The culture mediums used were serum-containing
medium (+), serum-free medium (-), and conditioned medium (CM). The graphs show the number of adhered MC3T3-
E1" cells; (B) MC3T3-E1™ cells and NIH3T3%*" cells were seeded simultaneously at 5x10° cells/well to the same well
coated by each matrix protein, and they were cultured on a shaker with up-down shaking. (C, D) The gene expression of
MC3T3-E1™ and NIH3T3"*" cultured on each disc for 24 days was examined by RT-PCR. The gene related to matrix
protein; (C) and the gene related to integrin subunits; (D) is indicated; (E) MC3T3-E1™ cells and NIH3T3"*" cells
were seeded simultaneously at 5x10° cells/well containing type | collagen-coated discs, and they were cultured in
serum-free medium on a shaker with up-down shaking. The graphs show the number of adhered MC3T3-E1™ cells and
NIH3T3%*" cells after 6 h in culture. Data are expressed as the mean + SEM (n=3). Analysis of variance (ANOVA) was
performed, and significant differences between discs were determined using the Tukey test (*: P < 0.05). Red bars
indicate MC3T3-E1™, and green bars indicate NIH3T3%",
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Figure 4: Osteoblast differentiation and mineralization. The MC3T3-E1™ cells and NIH3T3"*" cells were mixed in

the indicated ratios and cultured on a titanium disc in differentiation-inducing medium. (A) ALP staining was

performed after 2 weeks. Osteoblast differentiation was observed by staining ALP- positive cells (blue); (B) Alizarin

Red S staining was performed after 4 weeks. Osteoblast mineralization was observed in the red region indicating

calcium deposition.

4. Discussion

Since osseointegration is affected by the roughness of
a material’s surface, the surfaces of the materials used
in this study were adjusted to the same level of
roughness. Electron- beam evaporation is a powerful
technique to prepare well-crystallized oxide films with
a high deposition rate and controlled stoichiometry by
adjusting conditions such as the substrate temperature,
oxygen gas pressure, and evaporation rate [19, 20].
The difference in the roughness of the evaporated glass
discs we used in this study was not significant and was
in the 2 nm (Ra) range; the effects of roughness could
be practically ignored. These discs were used to
investigate whether the attachment of cells depended
on the surface nature of the materials. Broad and rapid
cell spreading on titanium was shown in this study
(Figure 1); on the other hand, the number of adhered
cells was higher on gold discs than on titanium discs
(Sup Figure 1A and B). Because fibroblast invasion
led to the failure of complete osseointegration of the
implant therapy [21-23], we focused on the existence

of fibroblasts. Because the titanium surface was
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thought to have an advantage in the early stage
MC3T3-E1R®  adhesion  competition  between
osteoblasts and fibroblasts, we investigated the
adherence competition between NIH3T3%*" and
MC3T3-E17* on each disc. The number of adhered
MC3T3-E1" was as same as the number of
NIH3T3%"" only on titanium but was lower on others.
This suggests that the titanium disc is more suited for

osteoblast attachment than for fibroblasts.

Mechanical loading also plays an important role in
skeletal development and the maintenance of the
skeletal architectural integrity [24]. The primary and
clonal osteoblast-like cells responded to shear stress
with increased cell proliferation and differentiation
[25, 26]. Low fluid shear stress plays an important role
in the activation of many factors including osteoblasts
and intracellular calcium, nitric oxide, and other cell
messengers [26]. In order to verify the potential of the
titanium disc for osteoblast attachment, the same
experiments were repeated with the addition of shear

stress that would be expected in an in vivo environment.
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In the results of a single type of cell seeding (Sup Figure
1C and D), although the attached number of
NIH3T3%*" was decreased on all discs, the attached
number of MC3T3-E1™* was conserved on titanium
discs but not on others. When the cell mixture of
NIH3T3%®" and MC3T3-E17* seeded on each material
disc under shear stress conditions, MC3T3-E1"®
mainly occupied the titanium discs and not others
(Figure 2). These results indicate that osteoblasts can
outcompete fibroblasts in cell attachment competition
on the titanium surface. This makes titanium unique
for osseointegration, as osteoblasts rapidly and tightly
adhere to the surface as compared to the other

substrate materials tested.

In order to answer the question of why there is a
difference between MC3T3-E1%*® and NIH3T36""
attachment on titanium, the gene expression of integrin
subunit type, which is a cell adhesion molecule, was
investigated. There was no significant difference
between MC3T3-E1%* and NIH3T3®*" and no
difference among the discs (Figure D). These results
mean that the difference in cell attachment is not due to
the cellular factors. It has been shown that the
osteoblast compatibility of materials depends on serum
protein absorbability [17] and the adsorption of
extracellular matrix proteins on the material surface
has been demonstrated to mediate cell adhesion.
Therefore we next tried to test which matrix protein is
suited for MC3T3-E1?* attachment. Six kinds of
matrix proteins that exist in vivo in nature were tested.
According to the results, collagen type | is the best
matrix protein (Figure 3B and E). Collagen type | is
known as one of the main bone matrix molecules [27],
and it can induce highly efficient cell adhesion of not
only osteoblasts but also fibroblasts [28]. Indeed, both
MC3T3-E1"™ and NIH3T3%*" could adhere to
collagen type | under shear stress conditions (data not
shown). We then considered that the reason why
MC3T3-E1" is superior in the adhesion competition

on titanium discs under shear stress conditions
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involves not only collagen type I, but also other
factors. Collagen type | has rich binding sites for other
adhesion molecules such as fibronectin [29]. Collagen
type | is composed of three peptide chains and forms a
higher-order structure. The titanium may make the
conformation of collagen type | for osteoblast adhesion
ideal. Further studies are needed to clarify this
complex mechanism. NIH3T3%®" also expressed the
collagen type | gene and fibronectin (Figure 3C). This
suggests NIH3T3°®" may support MC3T3-E1R®
attachment.

These results explain why using NIH3T3%"-

conditioned medium could promote MC3T3-E1°*
attachment on each disc (Figure 3A). The cell
attachment number on titanium using the conditioned
medium had similar results as using the medium
containing FBS, which has multiple cell matrix
molecules. The cell attachment number on the zirconia
and alumina discs also increased. This result indicates
that the fibroblast product matrix protein supports
osteoblast attachment. However, the gene expression
of collagen type | and fibronectin was not different
between MC3T3-E17*! and NIH3T3%®", and so further
study is required to clarify the difference in molecules.
These results also suggest that new proteins produced
from fibroblasts such as non-structured collagen may be
important for osteoblasts. FBS also contains many
non-cell adhesive proteins. The same cell attachment
level on titanium was achieved using the FBS-
containing medium and the conditioned medium,
suggesting that titanium has a high potential for
selectively absorbed matrix  proteins;  further

experiments are required to clarify this.

After osteoblasts attach to the implantation surface, the
next phase involves the differentiation of
osteoprogenitor cells into osteoblasts and the
mineralization of the extracellular matrix. We tested
whether fibroblasts affect this differentiation. MC3T3-

E17* and NIH3T3%"" were co-cultured and osteoblast
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differentiation was investigated by ALP and Alizarin
stain. MC3T3-E1"® cultured on each disc could
differentiate into ALP positive cells even when
NIH3T3%™" and NIH3T3%*" were present. This
seems to support MC3T3-E1™ differentiation. The
low percentage of fibroblasts in the first cell mixture
may promote osteogenic differentiation. On the other
hand, calcium deposition stained by Alizarin Red S
also seems to be promoted but with little contribution
by NIH3T3%™", These results suggest that fibroblasts
may have a support role for osseointegration on
titanium. Fibroblasts and osteoblasts compete for cell

Supplement Figure 1
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5. Conclusions

Although titanium has clinically been successful as an
implant material for some time, this paper provides an
explanation as to why titanium better promotes
osseointegration than any of the other three materials

were tested in our original competition co-culture
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adhesion with each other on the surface of titanium
and other materials such as alumina, zirconia, and
gold. Fibroblasts were superior to osteoblasts in cell
adhesion on the other materials and a fibroblast-rich
environment is beneficial. As a consequence, in the
second phase, fibrous tissues are incorporated into
bone. In contrast to the other materials, osteoblasts are
superior to fibroblasts in cell adhesion on titanium and
fewer fibroblasts are required in this step. Therefore,
bone can be formed without fibrous tissues and

osseointegration can be achieved.
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model. This study suggests that the advantage of
osteoblast attachment onto titanium might result in the
best balance of osteoblasts and fibroblasts for
osteogenesis on titanium compared to alumina,
zirconia, and gold.
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