Original

Journal of Hard Tissue Biology 30[2] (2021) 165-174
2021 The Hard Tissue Biology Network Association
Printed in Japan, All rights reserved.

CODEN-JHTBFF, ISSN 1341-7649

A Study of Bone Formation around Titanium Implants Using Frozen Sections

Komei Kawamoto", Takuma Suzuki”, Takatoshi Nagano", Tadafumi Kawamoto” and Kazuhiro Gomi"

" Department of Periodontology, School of Dental Medicine, Tsurumi University, Yokohama, Japan

2 Radioisotope Research Institute, Tsurumi University, Yokohama, Japan
(Accepted for publication, March 1, 2021)

Abstract: Titanium is most widely used for implants. Almost all the histological studies of the implants have been carried
out with polished specimens and the use of frozen sections are challenging. This study focused to define the formation pro-
cess of bone around titanium with frozen sections made from tissue implanted with a commercially pure titanium foil (Ti-
foil). We inserted the Ti-foil with a 30-pum thickness into rat femurs and extracted it after 1, 3, 5, 7, 10, 15, and 30 days. Af-
ter freezing, they were sliced into 3-um thick serial frozen sections and the sections were used for hematoxylin and eosin
(H&E) staining, Masson trichrome staining, Alizarin Red S staining, enzymatic staining (ALPase and TRAPase), immunos-
taining (osteopontin, osteocalcin, and collagen type I), and elemental analysis. At 1 day after the implantation, the area
around the Ti-foil was filled with blood and there are no collagen fibers and no proliferated cells in the area. At 3 days, the
new collagen fibers were observed on the marrow side of the blood clot. The proliferated cells were observed around the
fibers and they were positive for immunostaining to osteopontin, osteocalcin, and collagen type I. After 5 days, calcium pre-
cipitation was observed on the newly formed collagen fibers. After 7 days, the calcification progressed and started to reach
the Ti-foil surface. After 10 days, calcification progressed to the area around the Ti-foil. At 15 days, a remarkable bone re-
sorption appears on the marrow side. At 30 days, further resorption was observed and bony tissue was seen on the Ti-foil
surface only. These results clearly showed that the bone around the Ti-foil is formed after undergoing the blood clotting
process around the Ti-foil, osteoblast and fibroblast proliferation, calcium precipitation on the collagen fibers, bone forma-

tion around the Ti-foil, and bone resorption by osteoclasts.
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Introduction

Previously, metallic materials such as titanium, stainless steel, and
cobalt-chrome alloy have been used in implants'™. Ceramic materials
such as carbon, alumina, and calcium phosphate have also been used*”.
Of these materials, titanium offers superior mechanical strength and cor-
rosion resistance as well as superior affinity with bone. Consequently, it
is the most widely used implant material.

Studies investigating the efficacy of titanium as an implant material
have comprised in vitro experiments examining protein adsorption abili-
ty, cell induction ability, cell adhesion ability, cell proliferative ability,
and calcification ability etc. on titanium'*'®. Meanwhile, in vivo experi-
ments have involved studies of bone tissue formation around the titani-
um after the implantation of titanium in experiments using animals, such
as rats or rabbits'”*". Bone formation can be observed three-dimension-
ally by directly viewing the titanium implant materials using micro
computed tomography (micro-CT) or by observing sections prepared
from the resin-embedded sections™””. While micro-CT has the advan-
tage of offering simple, three-dimensional observation of bone forma-
tion around the titanium, it does not offer sufficient resolution for ob-
serving initial tissue changes after titanium implantation, initial
calcification, and the bone tissue formation process near the titanium.
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Furthermore, it cannot reveal soft tissue changes that occur after titani-
um implantation or gene expression changes associated with tissue
changes. While observing the resin-embedded section surfaces makes it
possible to observe the bone tissue formation state around the titanium,
it is challenging to determine the histological changes after titanium im-
plantation due to limitations on histological staining, histochemical
staining, and enzyme histochemical staining as well as resolution issues.
There is also the issue of the inability to perform immunohistochemical
staining or gene expression analysis®. Therefore, the histological and
biochemical changes that occur directly after titanium implantation have
not been sufficiently revealed.

We believe that these issues could be resolved by using frozen sec-
tions of titanium-implanted tissues. Although it was impossible to use
conventional methods to prepare frozen sections from hard tissue, Ka-
wamoto reported a method for preparing frozen sections of hard tissues
by using a strong adhesive tape and disposable tungsten carbide blade™”
*®_ The sections prepared by the method can be used in various types of
research, such as histological studies, histochemical studies, enzyme
histochemical studies, immunohistochemical studies, genetic histochem-
ical studies, gene expression analysis, matrix-assisted laser desorption
ionization mass spectrometry imaging (MALDI-MSI), and elemental
analysis. Furthermore, it has been reported that they can be used in stud-
ies from a macro to micro level””.

In this study, we tried to make frozen sections from titanium implant
tissue and then examined the bone formation process around the titani-
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um implant tissue using the frozen sections made by the procedures.

Materials and Methods

Titanium foil selection

Pieces of pure titanium foil with 10, 20, 30, and 50 um thicknesses
(Japan Industrial Specification H4600. 99.9 mass% Ti, Grade 2, Fu-
ruuchi Chemical Corp., Tokyo, Japan) were prepared to select the ap-
propriate titanium foil thickness. Each titanium foil piece was fixed in
an embedding medium (SCEM, SECTION-LAB Co. Ltd. Japan) in
cooled hexane (—90°C). The frozen specimens were cut with a dispos-
able tungsten carbide blade (SL-T30UF, SECTION-LAB Co. Ltd. Ja-
pan) installed in a cryomicrotome (CM3050S, LEICAMICROSYS-
TEMS GmbH, Germany). Although we were able to cut titanium foil
specimens at a thickness of 30 um or below, we were unable to con-
stantly cut a 50-um titanium foil piece owing to the damage in the blade.
The 30- and 50-pm titanium foils were easy to handle. Based on these
results, we used the titanium foil with a 30-um thickness for our study.

Implant surgery

Animal experiments were approved by the Institutional Animal Care
Committee of Tsurumi University School of Dental Medicine (Certifi-
cate Number: 24A001). A total of 21 Wistar rats (10-week-old male,
weighing 290-310 g) were used. The rat was injected abdominally with
pentobarbital sodium (0.1 ml/100 g body weight, Somnopentyl, Kyour-
itsu Co. Ltd. Japan) as a preparatory anesthesia, and implantation sur-
gery was subsequently performed under general inhalation anesthesia
with a 4% isoflurane and oxygen mixture, which was eventually reduced
to 2% isoflurane during the surgical manipulation. Local anesthesia was
performed by xylocaine injection. Both hind limbs were shaved after
sterilization with ethanol. A longitudinal incision was developed on the
distal surface of the hind limb to expose the femur. A cortical bone de-
fect (1.0 mm x 9.0 mm) was created through the cortex and medulla.
The bone defect was created with a diamond disk (8mm in diameter,
HORIKO GmbH, Germany) using a gentle surgical technique and con-
tinuous internal cooling using physiological saline solution. Next, a tita-
nium foil of 30-um thickness was cut into pieces of 6.0 mm x 3.0 mm in
size and was inserted into the defect, and the incision site was sutured
closed (Fig. 1).

Frozen section preparation

The rats implanted with titanium foil were divided into seven groups
of three rats each. The rats were euthanized under anesthesia at 1, 3, 5,
7, 10, 15, and 30 days after the titanium foil implantation. After eutha-

Figure 1. Photograph of the titanium foil implantation. A: Femur opening
site (arrow A) and titanium foil (arrow B), B: Rat femur into which the tita-
nium foil is implanted.

nizing, the dissected femurs were fixed with 4% paraformaldehyde
[PFA] solution [room temperature] for 24 h. Then, the frozen sections
were prepared in accordance with the method described by Kawamo-
to™. The condition for preparing frozen sections was optimized for this
purpose. The specimens were completely frozen with cooled hexane
(from —46°C to —50°C) to avoid cracks in the sample caused by freez-
ing. Next, the frozen specimens were placed in an embedding medium
(SCEM), moved into cooled hexane (—90°C) and completely frozen.
The frozen specimens were fixed to a cryomicrotome (CM3050S) kept
at —20°C to the cryochamber and —25°C to the sample holder chuck.
Then, the specimens were trimmed with a disposable tungsten carbide
blade (SL-T30UF). An adhesive film [Cryofilm type 3C (16UF), SEC-
TION-LAB Co. Ltd., Japan] was applied onto the cut surface and then
frozen sections of 3—5-um thickness were made at a slow cutting speed

(Fig. 2).

Figure 2. Preparation of 3 um thick frozen sections from rat femurs implanted with titanium foil. A: Cut surface, B: Cryofilm applied to the cut
surface, C: Frozen specimen in cutting, D: Prepared frozen section, arrow A: Titanium foil, arrow B: Cryofilm
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Histological evaluation
H&E staining, Masson trichrome staining, and Alizarin Red S stain-
ing

Sections of 3-pum thickness were used for H&E staining, Masson tri-
chrome staining, and Alizarin Red S staining. The frozen sections made
with the Cryofilm were taken out of the cryochamber and thawed. After
10 s, they were immersed in 100% ethanol for 10 s. Then, they were
placed in 4% PFA for 2 min and rinsed in running water for 4 min.

For the H&E staining, the sections were stained with Carrazzi’s He-
matoxylin Solution for 90 s and rinsed for 4 min. Next, the sections
were stained with 0.2% eosin dissolved in distilled water for 10 s. After
staining, the sections were rinsed in 100% ethanol, mounted between
the Cryofilm and slide glass with a water-soluble mounting medium
(SCMM-R2, SECTION-LAB Co. Ltd. Japan), and then the SCMM-R2
was polymerized using ultraviolet light.

Masson trichrome staining was performed according to the method
described by Masson and Martinello et al.*>*. First, the sections that
were processed in the same procedure as that described above were
stained for 90 s with Carrazzi’s Hematoxylin Solution before being
rinsed with water. Next, they were rinsed in 1% acetic acid water and
stained for 1 min with 0.75% Orange G. Similarly, after rinsing them in
1% acetic acid water, they were stained for 5 min with the Masson’s
Solution B (Azocarmine G). Subsequently, they were rinsed with 1%
acetic acid water, soaked for 15 s in 2.5% phosphotungstic acid hydrate,
rinsed in 1% acetic acid water, and stained for 10 s with Aniline blue.
After rinsing the stained sections with 100% ethanol, the sections were
preserved with SCMM-R2 as shown above.

For Alizarin Red S staining, 0.1% Alizarin Red S solution was
dropped on the sections stained for 10 s. Next, after washing with 100%
ethanol, the specimens were also preserved by mounting them with
SCMM-R2.

ALPase and TRAPase staining

ALPase activity was performed according to the method described
by Burstone®”*”. First, a reaction solution, in which Fast Blue RR Salt (5
mg) and Naphthol AS-MX phosphate (30 mg) were dissolved in a 50-ml
of sodium acetate buffer solution (pH 8.31, 0.1 M), was dropped on the
S-um thick sections and were stained for 5 min. For TRAPase activity,
50 ml of acetate buffer solution (pH 5.2, 0.1 M) added with tartaric acid
(2.0 M) was mixed with Fast Red Violet LB Salt (5 mg) and Naphthol
AS-MX phosphate (30 mg). This dye solution was dropped on the
5-thick sections and stained for 10 min. The stained sections were

mounted with SCMM-R1.

Immunostaining and DAPI (4°, 6-Diamidino-2-phenylindole) staining

First, Blocking One Histo (NACALAI TESQUE; Kyoto, Japan) was
dropped on the 5-um thick sections that had been rinsed with PBS and
were incubated for 5 min at room temperature. Next, they were rinsed
with DW and left to react for 30 min with Normal Horse serum (2.5%,
Vector Laboratories). After washing them with TBS, osteopontin (An-
ti-osteopontin Polyclonal Antibody, [bs-0026R] in TBS, 100-fold dilut-
ed, Bioss Inc. USA) was dropped on each section as the primary anti-
body and were left to react for 24 h at 4°C. After washing them with
TBS, the secondary antibody (VectaFluor DyLight 488 Horse Anti-Rab-
bit IgG) was dropped on the sections and was left to react for 30 min at
37°C. After washing the specimens with TBS, they underwent nuclear
staining for 1 min with DAPI and were then mounted with the designat-
ed mounting medium (VECTASHIELD Antifade Mounting Medium).
Similar staining was also performed with osteocalcin (Anti-Osteocalcin
Polyclonal Antibody [bs-4917R] in TBS, 100-fold diluted, Bioss Inc.
USA) and Collagen I (Anti-Collagen I Polyclonal Antibody [bs-10423R]
in TBS, 100-fold diluted, Bioss Inc. USA). The stained sections were
observed with a fluorescence microscope (BX-53F, Olympus Co. Ltd.,
Japan) and the images were processed with a graphic software (Adobe
Photoshop, Adobe Inc., USA)

Elemental analysis

For elemental analysis using electron probe micro-analyzer (EPMA,
JXA-8900RL, JEOL Co. Ltd., Japan), 3-um thick sections were used.
The frozen sections were thawed and soaked in 100% ethanol 10 s later.
Then, 60 s later, they were removed and dried. Next, the sections were
fixed to an EPMA sample stage with a double-sided adhesive tape and
coated with gold (Quick Auto Coater, Sanyu Denshi Co. Ltd., Japan).
The elements in the section were analyzed using energy dispersive spec-
trometry (EDS) attached to the EPMA, and then calcium distribution
images were collected using wavelength-dispersive X-ray spectroscopy
(WDX).

Cell count measurement

We counted the number of newly formed cells in the blood clot that
had formed at 3 days after the titanium foil implantation for three of the
sections. DAPI-stained sections were used for cell count measurements.
As shown in Fig. 3, we counted the number of cells in the blood clot
surface layer (A1), central section (A2), and deep portion (A3: titanium

Figure 3. A: Frozen section from rat femur 5 days after the titanium foil implantation. The section thickness: 3 pm, H&E (Hematoxylin and eo-
sin) staining, B: Enlarged view, Arrow A: Titanium foil implantation position, Bn: Bone, Bm: Marrow, Bc: Blood clot, Gt: Granulation tissue
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Figure 4. Calcium distribution in the frozen section of rat femur 7 days after the titanium foil implantation. The section thickness: 3 um. A: Aliz-
arin Red S staining (arrow C in the inserted figure shows the elemental analysis results), B: Ca distribution (EPMA), C: Masson trichrome stain-
ing (arrow A: titanium foil, arrow B: titanium foil implantation position), Bn: Bone, Bm: Bone marrow, Gt: Granulation tissue

(15 days) (10 days) (7 days) (5 days) (3 days) (1 day)

(30 days)

Figure 5. Histological changes in rat femurs implanted with titanium foil over time (1, 3, 5, 7, 10, 15, and 30 days after the titanium foil implan-
tation). The section thickness: 3 um, H&E staining (A1-7), Masson trichrome staining (B1-7), Alizarin Red S staining (C1-7), arrow: Titanium
foil, Bn: Bone, Bm: Marrow, Bc: Blood clot, Gt: Granulation tissue
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foil side). We calculated cell counts per unit area (10* um®) and the
counting was performed with 3 sections.

Results

Preparation of frozen sections

We were able to prepare good frozen sections with a 3-um thickness
from non-decalcified frozen femur specimens into which the titanium
foil had been implanted (Fig. 2). Although the titanium foil curled up
while it was being cut and had moved from the implantation site, the
histology of tissues around the titanium foil had almost perfectly pre-
served on the Cryofilm. Cells and bone were observe in the section
clearly (Fig. 3).

Histological changes at the titanium foil implantation site over time

Fig. 4 shows the results for Alizarin Red S staining, elemental analy-
sis (EDS) with EPMA, calcium distribution images (WDS), and Masson
trichrome staining of the serial undecalcified frozen sections at 7 days
after the titanium implantation. EDS detected calcium in the areas that
were stained red by Alizarin Red S staining (Fig. 4-A). The areas stained
red by Alizarin Red S staining matched the areas in which WDS detect-
ed calcium distribution (Fig. 4-A, B). The areas stained in reddish pur-
ple by Masson trichrome staining was similar to the pattern of Alizarin
Red S staining (Fig. 4-A, C).

Fig. 5 shows the histological changes in the tissue and the bone
formed around the titanium over time after titanium foil implantation.

At 1 day after the titanium foil implantation, the area around the tita-
nium foil was covered in blood from bleeding caused by the implanta-
tion procedure. Few cells and fibers stained with Masson trichrome were
observed at the area (Fig. 5-A1, B1).

At 3 days after the implantation, the blood around the titanium foil
had formed a clot (Fig. 5-A2, B2). Masson trichrome staining revealed
fiber formation that stained blue in the superficial layer of the blood clot
adjacent to the myeloid cells. Several cells were observed between the

Figure 6. TRAPase activity on the new bone formed around the titanium foil. (A1, A2, A3: Masson trichrome staining, B1, B2, B3: ALPase
[blue] and TRAPase staining [red]), Al, Bl: At 10 days after the titanium implantation, A2, B2: At 15 days after the titanium implantation, A3,
B3: At 30 days after the titanium implantation, the titanium foil implantation position is shown in green, Bn: Bone, Bm: Marrow
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fibers and were found to be positive for ALPase. Alizarin Red S staining
did not reveal any calcium precipitation in the granulation tissue (Fig.
5-C2).

At 5 days after the implantation, the superficial layer of the blood
clot had formed granulation tissue (Fig. 5-A3, B3). The density of fiber
bundles stained with Masson trichrome in the outer layer of the granula-
tion tissue had increased, with some areas exhibiting bony tissue find-
ings. While some fibers were also observed to be stained with trichrome
in the blood clot near the titanium foil, the amount was lower than in the
superficial layer.

At 7 days after the implantation, the blood clot had almost entirely
been replaced by granulation tissue, and the range of fibers that were in-
tensely stained with Masson trichrome had spread to cover the entire
area of granulation tissue. The bony structure had expanded from the
fibers in the outer circumference of the granulation tissue toward the ti-
tanium foil (Fig. 5-A4, B4, C4). The amount of fibers had also increased
near the titanium foil (Fig. 5-C4).

At 10 days after the implantation, we observed bony tissue around
the entire circumference of the granulation tissue. A cancellous bone-
like structure had formed covering the titanium foil (Fig. 5-B5, C5 and
Fig. 6-A1, B1). Bone formation around the titanium foil was completed
by 10 days and osteoclasts were distributed on the surface of new
formed bone almost equally. However, 10 days after the implantation, a
lot of TRAPase-positive cells were distributed on the bone surface of
the superficial layer near the bone marrow mainly (Fig. 6-A1, B1).

At 15 days after the implantation, the remarkable bone resorption
was observed in the marrow side (Fig. 6-A2, B2). However, only a
slight amount of bone resorption was observed near the titanium foil
(Fig. 5-B6, C6 and Fig. 6-A2, B2).

At 30 days after the implantation, further resorption of the marrow
side was observed, and the area had been replaced with myeloid cells
excluding the bone tissue around the titanium foil and the bone only re-
mained around the titanium foil (Fig. 5-A7, C7 and Fig. 6-A3, B3).

=
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Figure 7. Proliferated cell numbers in granulation tissue of rat femur 3 days after titanium foil implantation. A1, A2 and A3 show the measured
areas on the section (Masson trichrome staining). B: Measurement results, Arrow A: titanium foil, Arrow B: titanium foil implantation position,
Bm: Bone marrow, Be: Blood clot, Gt: Granulation tissue

20um 20pm

Figure 8. Immunohistochemical staining of rat femur frozen sections at 3 days after the titanium foil implantation. A1, A2: Osteopontin, B1, B2:
Osteocalcin, C1, C2: Collagen type I (purple: nucleus, green: immune reaction). Al, B1, C1: bone marrow side of granulation tissue, A2, B2, C2:
granulation tissue near the titanium, arrows show immune reaction. Dot line: the surface of implanted titanium foil.

Figure 9. Masson trichrome staining (A1, A2) and calcium mapping image by EPMA (B1, B2). These results are prepared with serial 3um thick
sections. Arrow A: titanium foil implantation position, arrow B: initially calcified site. Bm: Bone marrow, Be: Blood clot, Gt: Granulation tissue.
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Cell distribution

The cell count in the blood clot 3 days after the titanium foil implan-
tation was measured according to site using DAPI staining (Fig. 7). The
highest cell count was noted in the superficial layer (marrow side) of the
blood clot. However, there were few cells in the blood clot near the tita-
nium foil, with a cell count of only one-quarter of that in the superficial
layer of the blood clot.

Immunohistochemistry

The figure 8 shows immune-reaction of osteopontin, osteocalcin,
and collagen type I on the specimen at 3 days after the titanium foil im-
plantation. Clear positive reactions were observed in the marrow side
cells for all the antibodies (Fig. 8-A1, B1, C1). However, a similar posi-
tive reaction was rarely observed for the cells in the granulation tissue
that had formed around the titanium foil (Fig. 8-A2, B2, C2).

Initially calcified site

As shown in the figure 5-B2, the calcium precipitation was not de-
tected on the fiber formed in the superficial layer of the blood clot at 3
days after titanium implantation. However, the calcium precipitation
was clearly observed on the area at 5 days after the implantation. The
figure 9 shows the site detected calcium precipitation and it shows clear-
ly the calcium precipitation on the fibers stained with Masson trichrome
staining (Fig. 9-A2, B2).

Discussion

Titanium is the most widely used implant material. Its utility has
been evaluated based on bone formation volume according to X-ray and
micro-CT findings. In terms of its biocompatibility, studies have investi-
gated the adhesion of cells to titanium and close adhesion to bony tis-
sue’™®. However, the histological changes around titanium directly af-
ter implantation, which are the most important factors for determining
the process of bone formation around the titanium, have yet to be eluci-
dated due to technical issues. It is best to use frozen sections to enable
histochemical and immunohistochemical investigations as well as ge-
netic analysis to clarify the histological changes that occur immediately
after titanium implantation. The first aim of this study is to prepare the
undecalcified frozen sections from titanium implantation tissues and to
demonstrate that the sections are usable for histological, histochemical
and immune-histochemical studies.

It is known that it is impossible to make frozen sections from tissues
including bulk titanium used for implantation. However, extensive use-
ful information related to implantation will be obtained if the prepara-
tion of frozen sections becomes possible. We introduced a titanium foil
in this study to achieve this purpose. This present study clearly showed
that it was relatively simple to implant titanium foil of 30-pum thickness
into rat femurs, and serial frozen sections of 3-um thickness could be
prepared from the undecalcified femurs containing titanium foil (Fig. 2).
Although we faced the challenge of the titanium foil becoming wrinkled
while it was cut and coming off from the Cryofilm, the tissue around the
titanium foil had almost completely remained in place on the Cryofilm,
and the soft and calcified tissue morphology was accurately maintained.

Histological images, including osteoblasts, osteoclasts and bone,
could be observed clearly in the sections by tissue staining, such as H-E
staining, Alizarin Red S staining, and Masson trichrome S staining (Fig.
5). In addition, ALPase staining and TRAPase staining showed changes
clearly (Fig. 6). Furthermore, these specimens showed good stability
against immunostaining with osteopontin, osteocalcin, and collagen type
I (Fig. 8), and the distribution of calcium and similar structures could be
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evaluated using elemental analysis with EPMA (Figs. 4 and 9).

These findings demonstrate that the present method allows to study
the titanium implant tissue using histological, histochemical, enzyme
histochemical and immune-histochemical studies, and elemental analy-
sis. Furthermore, the present sections are applicable for gene analysis by
LMD technique and for studying the distribution of small molecules
with mass spectrometry imaging. All the application is achieved on the
serial sections made with same sample by this method although it is im-
possible to do it with conventional techniques. It means that the present
method is useful for studying implant tissue greatly.

The second aim of this study is to define the bone formation process
around the implanted titanium.

The induction potency of osteoprogenitor cells is known to be higher
in the metaphysis region, including the long bone trabeculae, than in the
diaphysis region™
foil was implanted in the diaphysis region with no trabeculae. As previ-
ous reports have shown that bone tissue around the titanium forms with-
in 30 days, we set the experiment period to 1-30 days after the titanium
implantation to clarify bone tissue formation around the titanium'”.

The healing mechanism observed after titanium implantation into
the bone marrow is described as follows. First, at 1 day after implanta-
tion, the area around the titanium foil was filled with blood from bleed-

. To prevent this from affecting the results, titanium

ing during implantation. At 3 days after the implantation, the blood
around the titanium became a clot, and fibers were formed in the super-
ficial layer adjacent to the bone marrow of the blood clot. The fibers
were stained blue with Masson trichrome and found to be positive for
collagen type I, indicating that they were collagen fibers. As the cell
count was high for the bone marrow and low for the blood clot, it ap-
peared that the cells were moving into the blood clot from the bone mar-
row side. Immunostaining for osteopontin, osteocalcin, and collagen
type I revealed expression of all genes at 3 days after the implantation.
Several osteopontin, osteocalcin, and collagen type I positive cells were
found on the bone marrow side of the blood clot, and there were few
cells around the titanium foil. Therefore, it is conceivable that cells form
bone while moving toward the periphery of titanium while being differ-
entiated and proliferated. At 5 days after the implantation, the blood clot
turned into granulation tissue, and calcium precipitation appears on the
fibers stained with Masson trichrome in the granulation tissue area of
the marrow side. At 7 days after the implantation, fibrosis had pro-
gressed, and bone formation started in the superficial layer of the granu-
lation tissue. At 10 days after the implantation, the calcified area had ex-
panded close to the titanium and calcified tissue was observed
throughout the granulation tissue. Then, a large number of osteoclasts
appeared on the bone surface of the marrow side of the calcified tissue,
and bone resorption was observed. At 15 days after the implantation,
heavy bone resorption was observed on the bone of marrow side though
the resorption was little on the bone near the titanium. At 30 days after
the implantation, bone resorption on the marrow side had progressed
further. Ultimately the bone was left only in the area around the titanium
foil.

These results clearly show that bone formation around the titanium
occurs in the following process. The blood from bleeding caused by tita-
nium implantation forms a blood clot. 3 days after implantation, osteo-
blasts and fibroblasts, proliferate in it, synthesize and secrete bone ma-
trix proteins, such as collagen fibers, while also promoting blood clot
resorption. 5 days after implantation, calcium precipitates on the colla-
gen fibers formed in this granulation tissue, starting the calcification
process. Calcification spreads throughout the entire area of the granula-
tion tissue and new bone forms. Next, new bone resorption starts from
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the marrow side. The new bone is resorbed except for the bone tissue

around the titanium and, finally, the titanium becomes more stabilized

by the bone tissue remaining around it.
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