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ABSTRACT

Purposes: The purposes of this study were to prepare experimental titanium-coated plastic implants suitable for electron
microscopy examination of the titanium-bone interface and the response of tissue surrounding titanium, and to histo-
logically compare surrounding tissue responses in coated and uncoated implants.

Materials and Methods: Experimental plastic implants were prepared from a plastic rod coated with a thin film of tita-
nium. Plastic implants without coatings were used as controls. The implants were placed into tibiae of 10-week-old male
rats. The specimens with implants were harvested 4 weeks after placement and observed under a light microscope, a trans-
mission electron microscope, and a scanning electron microscope.

Results: In the transmission electron microscopy, the titanium layer of the experimental implant was a uniform layer that
was approximately 150- to 250-nm wide. The new bone formation was observed around both titanium-coated implants
and plastic implants. However, there was no direct bone contact with the plastic implant.

Discussion: The responses of tissue surrounding the experimental implants varied. Under an electron microscope, the fol-
lowing areas were observed: (1) an area with a direct contact between the titanium and bone, (2) an area at the interface
where an amorphous layer was observed, (3) an area with progressing calcification in the surrounding tissue where the
cells were adjacent to the titanium surface, and (4) an area in which bone resorption and apposition were observed and
remodeling was thought to be occurring.

Conclusion: The experimental titanium was homogenous and was considered to be highly useful in observing the responses
of the surrounding tissue to the titanium surface.
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Today, titanium implants have become mainstream.

The essential condition of their success is the occur-

rence of a direct contact between bone and titanium

implant surface, osseointegration.1–4 Osseointegration

has been evaluated by observing the bone interface at

the level of light microscopy (LM) and comparing the

bone–implant surface contact rate. It has also been eval-

uated by comparing the removal torque or force neces-

sary for pushing out implants placed in animals.5–17

These studies made evident that implants with rough

surfaces were better in achieving osseointegration than

implants with machined surfaces.12,13 Electron micro-

scopic studies have been conducted in order to investi-

gate the ultrastructure of osseointegration. In many

reports, because implants were removed in the course of
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preparing specimens for electron microscopy, com-

pletely intact interfaces were not observed. A method of

coating a thin film of titanium on plastic has been used

in order to examine an intact titanium-bone interface.

However, there have been only a few such reports in the

past 20 years.18–23 In addition, opinions in these reports

have not necessarily been consistent regarding the exis-

tence of an amorphous layer at the titanium-bone inter-

face and the response of surrounding tissue. One cause

of such inconsistencies in opinions is the relative diffi-

culty of achieving a homogenous titanium coating on

plastic. Also, a few reports lack detailed explanations of

the titanium coating method and its characteristics.

In recent years, indications for implant treat-

ment have broadened because of its combination with

bone regeneration therapy. To evaluate these treatment

methods, it is necessary not only to take a molecular bio-

logical approach but also to evaluate calcification kinet-

ics and morphology of cells related to calcification.

Establishment of a standard experimental system for

titanium-coated implants should make a large contri-

bution to the progress of future studies.

The first objective of this study was to prepare

experimental titanium-coated plastic implants suitable

for electron microscopy examination of the titanium-

bone interface and the response of tissue surrounding

titanium. The second objective was to place the experi-

mental implants into the tibiae of rats and to histol-

ogically compare the titanium-bone interfaces and

surrounding tissue responses 4 weeks after placement in

coated and uncoated implants. In doing so, specific

responses of bone tissue against titanium could be made

evident.

MATERIALS AND METHODS

An experimental implant was prepared from a plastic

rod (acrylic resin) of 1.6 mm in diameter and 7 mm in

length. Its axial surface was coated with a thin film 

of titanium. A DC magnetron sputtering apparatus

(L332S-FHS, ANELVA, Tokyo, Japan) was used for tita-

nium coating.24 A 99.9% pure titanium target was used

in sputtering, which was performed under the condi-

tions of 300 W DC power, 20 minutes in 2.2 × 10−1 Pa

argon (Table 1 and Figure 1). After the titanium coating,

the thin film of the surface of an experimental implant

was analyzed using an electron probe micro-analyzer

(EPMA) (JXA-8900 L, JEOL, Japan). Plastic implants

without coatings were used as controls.

Specimens were obtained 4 weeks after implant

placement to obtain detailed observation of the 

titanium-bone interface after achieving osseointegra-

tion, because several investigators reported the success-

ful osseointegration 4 to 12 weeks after implant

placement.18–23,25,26

Twenty 10-week-old male Sprague Dawley rats were

used in the experiment. After ether inhalation anesthe-

sia, an intraperitoneal injection of pentobarbital sodium

(0.1 mg/100 g) was given to each rat. When each rat

became unconscious, its fur surrounding the bilateral

knee joints was shaved. An incision of approximately 

15 mm was made from the knee joint along the anterior

border of the tibia. Then, the bone surface was exposed.

An implant site was placed 10 mm inferiorly from the

apical region of the knee joint, and the socket was pre-

pared so that it penetrated from the tibial medial to

lateral side with 1.6 mm in diameter. The experimental

implant was placed in the implant site of one tibia and

the control implant was placed in the implant site of the

other tibia (Figure 2). The experimental implants were

carefully placed to keep the titanium coating intact.

After the placement of implants, the periosteal flaps

TABLE 1 DC Sputtering Apparatus Condition

• Target: 99.9% Ti

• DC power: 300 W

• Sputtering gas: Ar

• Ar pressure: 2.2 × 10−1 Pa

• Deposition time: 1200 seconds

• Deposition temperature: room temperature

• Distance between the Ti target and plastic implant: 90 mm

Figure 1 The schema of the DC magnetron sputtering
apparatus. A 99.9% pure titanium target was used. The
apparatus was filled with argon. The generated argon plasma
and target were used to produce titanium ions, and the plastic
implant surface was coated.
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were sutured into appropriate positions, and the surgi-

cal treatment was then completed. This study was

carried out under the control of the committee in accor-

dance with “The Guidelines on Animal Experiments” at

Fukuoka Dental College (approval number 03005).

For transmission electron microscopy (TEM) and

LM, an intraperitoneal anesthesia was administered to

the 20 rats 4 weeks after implant placement, similar 

to implant placements. The tibiae were fixed by vas-

cular perfusion with 2.5% glutaraldehyde and 2%

paraformaldehyde in 0.1  phosphate buffer solution

(pH 7.4) through the ascending aorta for 5 minutes.

After perfusion, the tibiae with implants were cut, and

the specimens were immersed in the same fixative for 24

hours at 4°C. Then, they were immersed in 10% EDTA

for 3 weeks for decalcification. Post-fixation was per-

formed in 2% osmium tetroxide for 2 hours at 4°C, and

then block staining was performed with 0.25% uranyl

acetate overnight at 4°C. After dehydration through a

graded series of ethanol and then propylene, they were

embedded in Quetol 651 (Nisshin EM, Kyoto, Japan).

Semi-thin sections (0.5µm) and thin sections (70 nm)

were stained with toluidine blue and double stained with

uranyl acetate and lead citrate, respectively. The obser-

vations were performed using a light microscope (BX51-

DP 12, OLYNPUS, Tokyo, Japan) and a transmission

electron microscope (1200-EX, JEOL) at 80 kV.

For scanning electron microscopy (SEM), the 

specimens were fixed using the same methods as 

the above-mentioned. Then, a microtome (BS 3000,

EXAKT, Norderstedt, Germany) was used to prepare a

specimen approximately 3- to 4-mm thick, which was

sectioned in the central plane parallel to the long axis of

the implant body. Postfixation in osmium tetroxide and

block staining were performed. After dehydration in a

graded series of ethanol and isoamyl acetate, they were

critical-point dried with liquid CO2 and coated with

platinum. The central plane of the implant was exam-

ined with an electron microscope (JSM-6330 F, JEOL)

at 5 kV.

The observed region was in the medial posterior

area of the tibia to avoid the effects of stress caused by

muscular activities (Figure 3). This area has no muscle

attachments and is less likely to experience any effect of

external force. Therefore, this area was considered well

suited for observing responses of the tissue surrounding

an implant. We decided cell types by morphological

characteristics, ultrastructure in cells, and the locations.

RESULTS

Surface Properties of an Experimental Implant

The surface of an experimental implant had a metallic

luster and macroscopically appeared smooth with a 

mirrorlike surface. By SEM examination, striations that

were axially and parallel to the surface were observed.

These striations were thought to have been created when

plastic was molded (Figure 4). As a result of EPMA, a

titanium (Ti) peak was found other than the peak from

carbon (C) from the plastic. Therefore, we were able to

confirm that a thin titanium film was coated on the

experimental implant surface without the incorporation

of impurities (Figure 5).27

Figure 2 Implant placement in rat tibia. An experimental
implant was placed in the rat tibia approximately 10 mm from
the knee joint and in the direction from the medial to the
lateral side. The arrow shows the direction of implant
placement.

Figure 3 Cross section of rat tibia with the experimental
implant. The mechanical effect of muscles at the observed
region was taken into consideration in determining the medial
posterior direction. The region that was microscopically
examined is framed in square.
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mation surrounding the plastic implants was observed,

but a direct contact between the plastic implant surface

and bone was not observed. A new bone was formed

starting from the cortical bone region and extended

toward the side of the marrow, covering the entire sur-

roundings of an implant with almost the same width.

On the marrow side, there were very small areas, which

in part had no bone. A layer of soft tissue with many flat

cells and blood vessels existed between the implant and

bone. This layer was observed almost all around the

implant. Between the cortical bone area and the marrow

area, there was no morphological difference in the 

interface of the implant and the surrounding tissue

(Figure 6).

Figure 4 Scanning electron microscopy image of the
experimental implant. The surface was mostly smooth, and the
surface morphology of the plastic prior to coating was mostly
preserved.

Figure 5 Electron probe micro-analyzer data of the
experimental implant. The analyzing crystals for EPMA
qualitative analysis were thallium acid phthalate (TAP),
pentaerythritol(J) (PETJ), pentaerythritol(H) (PETH), and
layered dispersion element 2 (LDE2). Titanium (Ti) was
detected in addition to carbon (C) from the plastic, and the
presence of titanium on the surface was confirmed. Other
impurities were not detected.

Figure 6 Light micrograph of the tissue surrounding the
control implant. A new bone (B) formation was observed in the
surroundings of the control implant. A few layers of cells were
seen between the control implant (CoI) and new bone (shown
between the arrows). In a narrow area on the marrow side,
there was a region in which no bone formation was observed in
the implant surroundings (*). Bar = 50 µm.

Histological Evaluation of a Control Implant

As controls, plastic implants without titanium coatings

were used. Under a light microscope, a new bone for-
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In the observation of control implants under TEM,

bone formation was observed around the implant, and

osteoblasts in contact with the osteoid-like tissues were

seen. There was a distance of approximately 1 to 50 µm

between the implant surface and bone, and multinuclear

and mononuclear cells which were relatively flat were

layered in between the implant and bone. The layer 

contained blood vessels and white blood cells. On the

new bone surface formed surrounding the implant, cell

processes extending from the osteoblasts toward the

bone were observed. The osteoblasts had well-developed

Golgi complexes, and numerous mitochondria and

rough endoplasmic reticula. In addition, multinuclear

and mononuclear cells, which were relatively flat with

few organelles, were observed contacting the implant

(Figure 7).

Experimental Implants

Observation using a light microscope or a scanning elec-

tron microscope revealed that the titanium coating of

the experimental implant was a uniform thin layer. A

new bone formation was observed surrounding the

implant (Figures 8 and 9). Under the scanning electron

microscope and light microscope, we observed that

much of the new bone was in direct contact with the

titanium layer. There was no morphological difference

between the cortical bone side and marrow side of the

titanium-bone interface.

In the TEM, the titanium layer of the experimental

implant was a uniform layer that was approximately

150- to 250-nm wide. The titanium layer and bone were

adjacent to each other for almost the entire implant

surface. There were areas in which a mature bone was in

contact with titanium and areas in which a layer with a

relatively low calcification level existed between the bone

and the titanium. In areas where a mature bone was in

contact with the titanium, we observed on the titanium

surface a structurally indistinct layer, approximately 30-

to 60-nm wide, with a low electron density. Adjacent to

this layer, we observed another structurally indistinct

layer, approximately 100- to 200-nm wide, with a high

electron density (Figure 10). At the interface where

layers with different densities were not observed clearly,

collagen fibers were adjacent to the titanium surface

Figure 7 Electron micrograph of the control implant. A few
layers of cells were observed between the control implant (CoI)
surface and the bone (B) surface. Osteoblast-like cells (ob) were
observed on the bone surface. Blood vessels (V) were observed
between the control implant surface and bone surface. Bar =
10 µm.

Figure 8 Scanning electron micrograph of the experimental
titanium-coated implant. A cross section of rat tibia with the
experimental implant (ExI). A new bone (shown between the
white arrows) was observed along the experimental implant
surface. Bar = 1 mm.
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(Figure 11). The course of collagen fibers was clearly

observed in the bone or osteoid, which was thought to

have a low calcification level. The course of collagen was

not clearly observed in the existing mature bone (see

Figure 11). These fibers ran parallel to the titanium

surface near the implant surface.

From the osteocytes found near the titanium layer,

cytoplasmic processes extending toward the titanium

layer were observed. The osteocytes resided in lacunae

within the calcified interstitial substance and had

slender processes in the canaliculi. These processes

reached the titanium layer and extended along the tita-

nium layer (Figure 12).

A few types of cells, which contacted the titanium

layer on the cortical bone side and marrow side, were

observed. In particular, many flat, multinuclear cells 

in contact with the titanium surface were observed

(Figures 9 and 13).

In the area where the osteoblasts were in contact

with the titanium layer, we observed their cell processes

extending toward the osteocytes in the surrounding

bone. In the surroundings of these cells, we clearly

observed the course of collagen fibers (Figure 14).

DISCUSSION

To make possible the observation of the implant-bone

interface and its relationship with the surrounding

tissue using an electron microscope, experimental

plastic implants coated with titanium were prepared. It

has become evident that implant surface properties

affect the response of the surrounding bone, and the

coating quality is an important factor in examining the

responses of the surrounding bone tissue.

In this study, we used a DC magnetron sputtering

machine with the titanium target below a holder of the

specimen, and prepared the experimental implants

without the adhesion of impurities to the surface of the

specimens. As a result, we were able to coat the implant

with a titanium layer with homogeneity, a width of

approximately 150 to 250 nm, and low amounts of

A B

Figure 9 A, Light micrograph of the experimental titanium-coated implant. A new bone (B) was observed along the experimental
implant (ExI), and much of the new bone was in direct contact with the implant. Parts of the implant surface were in contact with
clusters of cells (arrows). Bar = 100 µm. B, Enlargement of the green frame in A. Bar = 20 µm.
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impurities. The implant-bone interface was observed

using a transmission electron microscope. As a result,

we confirmed the osseointegration of the experimental

titanium-coated implants. There were some parts of the

specimens in which the titanium separated from the sur-

rounding tissue during the process of preparing the

specimens. However, no detachment of the titanium

coating occurred in vivo, and no migration of the tita-

nium coating occurred into the tissue.

A new bone formation was observed around both

titanium-coated implants and plastic implants, and cell

attachment on both implant surfaces was also observed.

However, there was no direct bone contact with the

plastic implant. Therefore, the bone formations in the

nearest region to the implant surface, within 1 to 50µm,

depended on the implant material, titanium or plastic.

Zakiah and colleagues28 compared osteoblast prolifera-

tion and gene expression on different materials. They

concluded that all the titanium-surface studies sup-

ported cellar growth and the temporal expression of

an array of bone-related genes and transcription

factors.28–32 However, their results show no significant

differences in osteoblast gene expression between plastic

and titanium surfaces. Other unknown factors may par-

ticipate in the osteogenesis on an implant surface in a

living bone.

In this study, a 30- to 60-nm-wide layer with a low

electron density was observed contacting the titanium

surface. Contacting this layer, we observed a layer with

a high electron density and it was as wide as or wider

than the low-electron density layer. The structures of

these layers are indistinct, and the layers differed in

structures from the bone which included the surround-

ing collagen fibers. However, these layers were not clear

in the area that was considered to have a high level of

bone maturity, and the existence of an amorphous layer

Figure 10 Electron micrograph of the experimental titanium-
coated implant. The titanium layer was in contact with
relatively mature bone tissue. Two layers with different electron
densities were observed adjacent to the titanium layer. One layer
had a low electron density and the other had a high electron
density (arrow). A cross section of bone canaliculi was observed
in the bone tissue (arrowheads). Bar = 1 µm.

Figure 11 Electron micrograph of the experimental titanium-
coated implant. A layer with high electron density, which
contacted the titanium layer, was not observed at a site where
mature bone tissue was in contact with the titanium layer.
Collagen fibers were distinct near the titanium layer, but
collagen fibers were indistinct far from the titanium layer. Bar =
400 nm.
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might have some relationship with the maturity of the

bone. Bone canaliculi were sometimes observed in the

electron dense layer. These canaliculi were believed to be

the cell processes extending from the osteocytes toward

the titanium layer. Sennerby and colleagues33 reported

that the lamina limitans-like structure adjacent to the

amorphous layer was continuous with the canaliculi of

the osteocyte surroundings. Their findings were consid-

ered to be similar to those in our study.

Among the studies of the titanium-bone interface

using a transmission electron microscope, a few studies

reported that an amorphous layer existed 20 to 500 nm

from the implant surface.3,4,9,34–37 An abundance of pro-

teoglycans was observed in this amorphous layer using

immunostaining and ruthenium red staining.14,22,38 Pro-

teoglycans on the implant surface are thought to play

some roles in the achievement of bony union. Because

structures and compositions of the cement line in the

bone and the bone-implant interface are similar, Nanci

and colleagues35 stated that body response to a bioma-

terial could be analogous to the bone formation process

occurring at the bone interface in the body. However, the

existence of an amorphous layer has been disputed in

some studies using similar TEM.20,39 Budd and col-

leagues40 removed titanium screw implants by a fracture

technique and made observations using TEM. As a

result, they stated that the electron dense layer observed

at the bone-implant interface was a residual oxidized

titanium layer of the implant body. Depending on the

interpretation of the researcher, the term amorphous

layer itself can indicate different areas of an indistinct

structure in the implant surroundings.

In our study, a few types of cells contacting the tita-

nium layer were observed to be surrounded by bone or

osteoid-like tissue. These cells included not only bone-

forming cells but also multinuclear cells, indicating pos-

sible bone remodeling. Cell processes of osteocytes near

the implant surface were also observed extending along

A B

Figure 12 A, Electron micrograph of the experimental titanium-coated implant. Osteocytes (Oc) were observed in the bone tissue
near the titanium layer. The cell processes of the osteocytes (arrow) were extended toward the titanium layer and were adjacent to the
titanium layer. Bar = 4 µm. B, Enlargement of A. Cell processes extending toward the titanium layer (arrow) were spreading along the
titanium layer (arrowhead). Bar = 500 nm.
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the titanium surface toward the implant surface. This

state indicated the possibility that information at the

implant surface was transmitted to the osteocytes.

Furthermore, cell processes of multinuclear cells were

observed extending parallel to the implants, and these

processes were adjacent to the processes of the

osteoblast-like cells. This state indicated the possibility

that information was being communicated among the

cells near the implant surface.

Collagen fibers in the bone were in contact with the

titanium layer in some areas in our observations. We

observed that the distance from the titanium layer did

not affect the size of the collagen fibers. The collagen

fibers were indistinct in the existing bone far from the

titanium layer, but collagen in the newly formed bone

was distinct. Therefore, the characteristics of the colla-

gen fibers were thought to be affected by the difference

in bone calcification levels. Listgarten and colleagues21

reported that the density of collagen near the titanium

layer was low, and the collagen diameter was small.

These findings suggested that the presence of the

implant body affected the properties of the surrounding

bone. In our study, similar findings were made in areas

thought to have relatively low calcification. However, as

mentioned previously, there was no difference in struc-

ture between the areas near and far from the implant in

the mature bone.

In our study, osteoblasts were observed adjacent to

the implant surface. The osteoblasts were thought to

contribute to the calcification occurring in between the

existing bone and implant surface. A layer of approxi-

mately 5µm with low calcification level existed between

the existing bone and osteoblasts, and collagen fibers

A

B

Figure 13 A, Electron micrograph of the experimental
titanium-coated implant. Multinuclear cells (Mc) were observed
contacting the surface of the titanium layer. In the
surroundings, other cells and collagen fibers were observed
clearly. The course of collagen fibers was not clearly observed in
the existing bone (B) far from the titanium layer. Bar = 4 µm.
B, Further enlargement of multinuclear cells on the titanium
surface. Many cell processes were observed on the cellular
surface and many mitochondria were observed intracellularly. A
portion of the titanium (arrow) may detach during preparation
of the specimen. Bar = 5 µm.

Figure 14 Osteoblasts on the titanium surface. In the process of
preparing the specimen, the titanium layer became detached
from the surface, but osteoblasts (Ob) adjacent to the implant
surface were observed with their cell processes (arrow)
extending toward the bone. A 5-µm-wide layer with low
calcification level (PM) was observed between the existing bone
and osteoblasts. Collagen fibers were observed clearly in this
layer. Osteocytes (Oc) were in the bone, and their cell processes
were observed extending toward the titanium layer. Bar = 2 µm.
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were observed to be distinct. The course of collagen

fibers was irregular, and the fibers included structures

believed to be cytoplasmic processes of osteoblasts.

Granules with a high electron density were dispersed in

the collagen fibers, and this layer was speculated to be in

the process of calcification. Structures thought to be

cytoplasmic processes from osteocytes in the existing

bone extended toward the osteoblasts, and these struc-

tures could have contributed to the intercellular com-

munication of information. This type of phenomenon

could be one of the causes resulting in the difference

between the responses of tissues surrounding the

control implants and the titanium-coated implants. A

new bone was observed to form from the side of the

existing bone in the gap between the titanium surface

and the existing bone. There was no evidence that the

new bone formed from the titanium surface.

In our model, the interface between the titanium

and the surrounding tissue could be observed without

damages. In this study, only smooth surfaces were inves-

tigated. However, other studies have reported excellent

results from the clinical use of various types of rough

surfaces prepared by treatments such as anodic oxida-

tion, acid etching, blasting, and etching and blasting.

Therefore, rough surfaces should be used in our model,

and more investigation is necessary to decide the ultra-

structure of tissue surrounding a rough surface implant.

CONCLUSION

1. We confirmed the osseointegration with the exper-

imental titanium-coated implants.

2. The experimental titanium coating prepared in this

study was homogenous and was considered to be

highly useful in observing the responses of the sur-

rounding tissue to the titanium surface.

3. The responses of tissue surrounding the implants

varied 4 weeks after placement. Under an electron

microscope, we observed the following areas: (1) an

area with direct contact between the titanium and

bone, (2) an area at the interface where an amor-

phous layer was observed, (3) an area with pro-

gressing calcification in the surrounding tissue

where the cells were adjacent to the titanium

surface, and (4) an area in which bone resorption

and apposition were observed and remodeling was

thought to be occurring.

4. All around the control implants, a new bone for-

mation was observed with a cellular layer approxi-

mately 1- to 50-µm wide in between the bone and

the implant.
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