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Abstract: Biological interactions occurring at the bone–biomaterial interface are critical for
long-term clinical success. Bio-Oss� is a deproteinized, sterilized bovine bone that has been
extensively used in bone regeneration procedures. The aim of the present study was a
comparative light, scanning, and electron microscopy evaluation of the interface between
Bio-Oss� and bone in specimens retrieved after sinus augmentation procedures. Under light
microscopy, most of the particles were surrounded by newly formed bone, while in a few cases,
at the interface of some particles it was possible to observe marrow spaces and biological
fluids. Under scanning electron microscopy, in most cases, the particle perimeter appeared
lined by bone that was tightly adherent to the biomaterial surface. Transmission electron
microscopy showed that the bone tissue around the biomaterial showed all the phases of the
bone healing process. In some areas, randomly organized collagen fibers were present, while
in other areas, newly formed compact bone was present. In the first bone lamella collagen
fibers contacting the Bio-Oss� surface were oriented at 243.73 � 7.12° (mean � SD), while in
the rest of the lamella they were oriented at 288.05 � 4.86° (mean � SD) with a statistically
significant difference of 44.32° (p < 0.001). In the same areas the intensity of gray value was
172.56 � 18.15 (mean � SD) near the biomaterial surface and 158.71 � 21.95 (mean � SD)
in the other part of the lamella with an unstatistically significant difference of 13.79 (p �
0.071). At the bone–biomaterial interface there was also an electron-dense layer similar to
cement lines. This layer had a variable morphology being, in some areas, a thin line, and in
other areas, a thick irregular band. The analyses showed that Bio-Oss� particles do not
interfere with the normal osseous healing process after sinus lift procedures and promote new
bone formation. In conclusion, this study serves as a better understanding of the morphologic
characteristics of Bio-Oss� and its interaction with the surrounding tissues. © 2005 Wiley
Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 74B: 448–457, 2005
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INTRODUCTION

Insufficient bone volume in the posterior maxilla can produce
problems in implant insertion.1–7 Augmentation procedures
are used to provide a sufficient volume of bone for implant
placement. Several different materials have been proposed
for sinus augmentation procedures, but it is still not clear
which graft materials are clinically most suitable for bone
regeneration.6,7 Autologous bone is believed to be the gold
standard, but its main disadvantages are a limited availability,
a tendency to undergo partial resorption, the need for an

additional surgery under general anesthesia, and the associ-
ated morbidity (limping, anesthesia, paresthesia, residual de-
fects).6,7 These facts have produced a quest for a bone sub-
stitute that could be used in bone regeneration techniques.
Bone is a dynamic tissue that undergoes continuous remod-
eling.8 The biological interactions occurring at the bone–
biomaterial interface are critical for long-term clinical suc-
cess.8 Bio-Oss� is a xenograft consisting of deproteinized,
sterilized bovine bone with 75 to 80% porosity and a crystal
size of approximately 10 �m in the form of cortical granules;
it has a natural, nonantigenic porous matrix with
0.25–1.00-mm particles.9–24 This material is chemically and
physically identical to human bone; it is reported to be highly
osteoconductive and to show very low resorbability.6–16 The
large-mesh interconnecting pore system facilitates angiogen-
esis and migration of osteoblasts. The goals of biomaterials
research for bone regeneration is the continuous development
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and improvement of biocompatible substances that induce a
predictable, controlled, guided, and rapid healing of the in-
terfacial tissues.25 The events occurring after biomaterials
implantation comprise two components: the response of the
host to the biomaterial, and the behavior of the material in the
host.26,27 It has been reported that the initial host response
after HA particles implantation is generally marked by an
inflammatory reaction.28 During this early postimplantation
phase, inflammatory cells and proteins accumulate in the
vicinity of the particles, and these proteins adsorb onto the
implant surface.28

Light microscopy (LM) provides the most important in-
formation about the presence of bone or soft tissue contact,
but it does not give ultrastructural information about the true
arrangements at the interface.29–38

In transmission electron microscopy (TEM) studies, an elec-
tron dense granular layer at the interface with HA and titanium
has been reported.37,38 The origin and organic composition of
this layer remain obscure, and it has been speculated that it may
play an important role in HA–bone interactions.28 This interfa-
cial layer comprises various bone proteins such as sialoprotein,
�2-HS-glycoprotein, osteocalcin, osteopontin (OPN), perhaps
proteoglycans, and most likely other as-yet unidentified compo-
nents.39–44 This electron-dense layer has been reported to stain
darkly with alcyan blue, thus suggesting a proteoglycan content
similar to that found in natural cementing substance.28 An elec-
tron-dense layer was also found at the interface between root-
dentin and newly formed regenerative periodontal tissues in
animal models.45 On a ultrastructural level, in the bone–HA
interface there was apparently no direct contact between bone
and implant crystals because they were interconnected by a very
thin nonmineralized organic bone matrix only observable by
high power transmission electron microscopy.37 De Lange and
Donath observed in a TEM study a 20–100-Å thick electron
dense layer at the bone–HA interface resembling the lamina
limitans of bone and of the inner walls of the osteocytes lacu-
nae.34 These authors studied the interface between the HA and
bone at the ultrastructural level, demonstrating mineral crystal-
lites of bone adjacent to the implant surface at a distance of 200
Å.34 Previous studies indicated that this organic layer could
represent a mucopolysaccharidic film. In an in vitro experiment
using cell cultured with Bio-Oss� particles it was possible to
observe an electron-dense layer at the interface with a darker line
on the biomaterial side.46 Moreover, a recent histological eval-
uation of Bio-Oss� showed that some proteins might physically
infiltrate the superficial layer of the particles, participating in the
cellular events of host cells.47

The aim of the present study was a comparative light,
scanning electron microscopy (SEM) and transmission elec-
tron microscopy analysis of the bone–Bio-Oss� interface in
specimens retrieved after sinus augmentation procedures.

MATERIALS AND METHODS

Twelve patients participated in this study: eight males and
four females, with ages between 44 and 72 years, with a mean

of 54 years. Six patients received unilateral maxillary sinus
augmentation and six were treated with bilateral sinus lift. In
all the patients dental implants were then placed after 6
months. The protocol was approved by the Ethic Committee
of our University, and all patients signed a written informed
consent. Inclusion criteria were presence of a maxillary par-
tial (unilateral or bilateral) edentulism involving the premo-
lar/molar areas, and the presence of a residual alveolar ridge
height between 3 and 4 mm. Exclusion criteria were smoking,
patients with systemic diseases or maxillary sinus pathology,
patients with recent extractions in the involved area, and
patients in which primary stability could not be established.
At the initial visit, all patients received a clinical and occlusal
examination, and periapical and panoramic radiographs and
computerized axial tomography scans were performed.

Surgical Protocol

Under local anesthesia, a crestal incision slightly toward the
palatal aspect throughout the entire length of the edentulous
segment was performed, supplemented by buccal releasing
incisions mesially and distally. Full thickness flaps were
elevated to expose the alveolar crest and the lateral wall of the
maxillary sinus. Using a round burr under cold (4–5°C)
sterile saline irrigation, a trap door was made in the lateral
sinus wall. The door was rotated inward and upward with a
top hinge to a horizontal position. The sinus membrane was
elevated with curettes of different shapes, until it became
completely detached from the lateral and inferior walls of the
sinus.

Whenever a small tear was noted in the membrane, it was
repaired with a collagen membrane (Biogide, Geistlich, Wol-
husen, Switzerland). The Bio-Oss� particles, ranging from
0.25–1.00 mm (Geistlich, Wolhusen, Switzerland), were
mixed with sterile saline solution in a proportion of 20:1, and
carefully packed in the sinus cavity using a plugger. The
quantity of Bio-Oss� needed for each augmentation varied
from 3–4.5 g. Another membrane (Biogide, Geistlich) was
positioned against the packed sinus window. The mucoperi-
osteal flap was then replaced and sutured with multiple hor-
izontal mattress sutures. Amoxicillin (1 g two times per day)
was prescribed for 1 week and analgesics as required. Sutures
were removed 2 weeks after surgery. Postsurgical visits were
scheduled at monthly intervals to check the course of healing.
The sinus was allowed to heal for 6 months, and then im-
plants were placed. At the time of implant surgery, 18 bone
cores were harvested from the crestal wall using a 5-mm
diameter trephine under a cold (4–5°C) sterile saline irriga-
tion.

Specimen Processing

Light Microscopy (LM). Twelve of the 18 specimens
were immediately fixed in 10% buffered formalin and pro-
cessed to obtain thin ground sections with the Precise 1
Automated System (Assing, Rome, Italy). The specimens
were dehydrated in a ascending series of alcohol rinses and
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embedded in a glycolmethacrylate resin (Technovit 7200
VLC, Kulzer, Wehrheim, Germany). After polymerization
the specimens were sectioned along their longitudinal axis,
which corresponds to the long axis of bone cores retrieved
using a high-precision diamond disc. Half of each specimen
was then prepared for SEM observation (in the next section
specifications will follow). The other half was sectioned with
the diamond disc at about 150 �m, and ground down to about
30 �m with a specially designed grinding machine (Precise 1,
Assing, Rome, Italy). The sections were stained with acid
fuchsin and toluidine blue.

Six of the 18 retrieved cores were washed in a saline
solution and quickly immersed in 2.5% glutaraldehyde and
2.5% formaldehyde (prepared from fresh paraformaldehyde)
buffered at pH 7.2 with 0.1 M sodium phosphate for 4 h at
room temperature and left overnight at 4°C. After washing
for 1 h in the buffer alone, the specimens were decalcified
using 4.13% EDTA (Sigma). They were postfixed in 1%
cacodylate buffered osmium tetroxide for 1 h, dehydrated in
graded concentrations of ethanol, and embedded in LR White
resin (London Resin, Berkshire, UK). These specimens were
cut with glass knives on a Reichert Jung Ultracut E ultrami-
crotome and stained with toluidine blue. The 1 �m-thick
sections obtained were then prepared for observation under
SEM and TEM (specific sections will follow).

All the obtained semithin sections were observed in nor-
mal transmitted light under a Leitz Laborlux Microscope
(Laborlux S, Leitz, Wetzlar, Germany) connected to a high
resolution video camera (3CCD, JVC KY-F55B), and inter-
faced to a monitor and PC (Intel Pentium III 1200 MMX).
This optical system was associated with a digitizing pad
(Matrix Vision GmbH) and a software package with image
capturing capabilities (Image-Pro Plus 4.5, Media Cybernet-
ics Inc., Immagini & Computer Snc Milano, Italy).

Scanning Electron Microscopy (SEM). The 30 �m-thin
ground sections obtained from the 12 specimens fixed with
formalin as well as the 1 �m-thick sections obtained from the
six decalcified specimens were prepared for SEM observa-
tion. They were etched with a 0.1 N of HCl solution for 90 s,
treated with trypsin (80 U/mL) at a pH of 7.4 for 15 min at
37°C, and were gold coated with sputter (Emitech K 550,
Emitech Ltd, Ashford, Kent, UK). The SEM investigation
(LEO 435 Vp, LEO Electron Microscopy Ltd, Cambridge,
UK) was performed using both the secondary electron mode
(SE1) and quadrant back-scattering detector (QBSD) to im-
prove the understanding of the relationship between Bio-
Oss� particles and bone. Under SEM, the SE1 images were
used to evaluate the topographic relation among Bio-Oss�
particles and surrounding bone, while the QBSD images were
used to analyze the relationship among Bio-Oss� particles
and surrounding bone on the basis of atomic number differ-
ences.

Transmission Electron Microscopy (TEM). Selected ar-
eas of the 1 �m-thick sections obtained from 6 of the 18
retrieved specimens were prepared for TEM evaluation. In

particular, areas randomly chosen at the Bio-Oss/surrounding
tissue interface and in the near proximity of the particles were
selected and trimmed for ultrathin sectioning. Ultrathin sec-
tions of the selected areas were prepared with a diamond
knife, mounted on copper grids, and stained with 4% uranyl
acetate and lead citrate for examination in a JEOL 1010
transmission electron microscope operated at 60 kV (JEOL
Ltd., Tokyo, Japan). The TEM was connected with a Digital
Camera MegaView III equipped with the Analysis Imaging
System GmbH (Munster, Germany).

A total of 15 regions contacting the perimeter of Bio-Oss�
particles were examined for intensity of gray values and
collagen fibers orientation analysis, using the specific proto-
col that will follow.

Specific Procedure. The digitized images from TEM
were stored in tif format with N � M � 1024 � 768 grid of
pixels for a 16 bit. Each cell referred to as a pixel in the grid
was assigned a value between 0 and 255. The method used
for quantification both of collagen fiber orientation and stain
intensity involved the semiquantitative digital densitometry
of the gray areas by software image analysis (Sigma Scan Pro
5, SPSS Inc., Chicago, IL). To ensure accuracy, the software
was calibrated for each experimental image. Pythagorean
theorem was used for distance calibration, which reports the
number of pixels between two selected points: the start and
end of the measurement scale bar was present on each TEM
image. The linear remapping of the pixel values was used to
calibrate the intensity of images. Only the first bone lamella
contacting the Bio-Oss� particles was measured evaluating
both the collagen fibers orientation and the intensity of the
gray values. In particular, two areas (A and B) were evaluated
(see Tables). The areas A and B were determined inside the
first bone lamella contacting Bio-Oss� particles: the area A
was at the interface with the Bio-Oss� particle while the area
B was in the opposite site at the interface with the second
bone lamella.

Statistical Analysis. All data were analyzed by means of
the computerized statistical package Primer 4.02 (McGraw
Hill Inc., New York). The collagen fibers orientation and gray
values were both compared using Student’s t test. Statistical
differences were considered significant when p � 0.05. In
particular, in the first bone lamella contacting Bio-Oss� par-
ticles were measured both the intensity of gray values and
collagen fibers orientation. The data were inferred using
unpaired t test as reported in Tables I and II.

RESULTS

Light Microscopy

Most of the particles were surrounded by newly formed
mature, compact bone with well-organized osteons, while
few particles were in contact with biologic fluids and marrow
spaces (Figures 1–3). In some fields, osteoblasts were ob-
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served in the process of apposing bone directly on the particle
surface. No gaps were present at the bone–particles interface,
and the bone seemed to be always in close contact with the
particles. No inflammatory cell infiltrate was present around
the particles or at the interface with bone. In the ground thin
sections of 30 �m osteocyte lacunae of the graft particles
seemed filled by osteocytes, may be due to the interposed
osseous tissue. Indeed, no clear presence of osteocytes was
detected in sections that were thinner (1 �m thick).

In all the semithin sections, some regions of the Bio-Oss�
particles appeared to be cemented by newly formed bone,
which presented both features of woven and mature bone.
Some areas were in contact with marrow spaces. At high
magnification, the bone around the Bio-Oss� particles often
presented wide osteocytic lacunae. The Haversian canals
appeared to be colonized by capillaries and cells: in some of
the Haversian canals it was possible to observe the presence
of acid fuchsin positive, not yet mineralized, material lining
their inner surface. In the most peripheral bone the osteocytic
lacunae appeared to be always filled by osteocytes, while the
most central ones appeared to be filled by small cells with
morphologic and staining features different from the osteo-
cytes. Only in a few cases the osteocytic lacunae were empty.
Bio-Oss� particles presented marked staining differences
from the host bone, and had a lower affinity for the stains.
Only in a few areas surrounding the particles it was possible
to see multinucleated giant cells.

Scanning Electron Microscopy

In most cases, the particle perimeter appeared to be lined by
bone that was tightly adherent to the surface of the biomate-
rial (Figures 4 and 5). Only in some very small areas, bone
appeared to be detached from the particle surface. Near the

particles, woven bone was more represented than lamellar
bone. Nevertheless, when lamellar bone was present, the
particle surface was not easily distinguished from the sur-
rounding bone lamellae. The back-scattering image showed
the same degree of mineralization of the bone in between the
particles and the surrounding lamellar bone.

Transmission Electron Microscopy

There were only a few areas where it was possible to find an
inflammatory reaction, and the majority of the Bio-Oss�
particles were surrounded by newly deposited bone (Figure
6). Qualitative estimation of the osseous tissue surrounding
the particles demonstrated all the phases of the bone-healing
process. In some areas there were collagen fibrils randomly
disposed and newly formed osseous tissue while in other
areas, compact bone was seen. In the collagen-rich mineral-
ized areas, it was possible to observe the characteristic peri-
odicity of the collagen fibers. The mean thickness of these
fibrils was 60 nm. Where the bone appeared more compact, a
“lamellar” appearance was observed. The collagen fibers
were oriented at 243.73 � 7.12° (mean � SD) when con-
tacting Bio-Oss� surface, while the rest of the lamella colla-
gen fibers were oriented at 288.05 � 4.86° (mean � SD) with
a statistically significant difference (p � 0.001) (Table I and
Figures 7 and 8). The intensity of gray value measured inside
the first bone lamella was 172.56 � 18.15 (mean � SD) near
the biomaterial surface and 158.71 � 21.95 (mean � SD) in
the other part of the lamella with an unstatistically significant
difference (p � 0.071) (Table II and Figure 9). The perimeter
of Bio-Oss� particles showed an electron-dense layer similar
to “cement lines” and “laminae limitantes,” which provided
an interface with variable morphology (Figure 10). The par-
ticles were in contact with either healthy or degenerating

TABLE I. Unpaired t-Test for Collagen Fibers Orientation in the First Bone Lamella Contacting Bio-Oss

Location N
Mean (Collagen Fiber

Orientation in Degrees) SD SEM

Area Aa 5 243.73 7.12 3.18
Area Ba 5 288.05 4.86 2.17

Mean difference �44,320
t � 11,496 with 8 degrees of freedom

95% confidence interval for difference of mean �53,210 to �35,430

a Statistically significant p � 0.001.

TABLE II. Unpaired t Test for Intensity of Gray Values in the First Bone Lamella Contacting Bio-Oss

Location N
Mean (Gray

Values) SD SEM

Area Aa 15 172.56 18.15 4.68
Area Ba 15 158.71 21.95 5.66

Mean difference 13,790
t � 1875 with 28 degrees of freedom

95% confidence interval for difference of mean �1274 to 28,854

a Not statistically significant p � 0.071.
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cells, bone tissue, organic fluids and cell debris. In some
areas, this interfacial zone was a well-delimited thin line,
while in other areas, it was a thick irregular band. Moreover,
in some parts it was interrupted, and in other parts it was
presented by peaks and curves.

Internally, the Bio-Oss� particles showed the presence of
an unorganized amorphous tissue and some empty osteocyte
lacunae (Figure 11).

DISCUSSION

Clinically, the high osteoconductive property of Bio-Oss�
has been widely demonstrated.1,3,4,6,9,11 Numerous investiga-

tors have recognized that Bio-Oss� is an appropriate syn-
thetic material resembling the hydroxyapatite crystals of bone
that can be employed in basic and clinical research for the
treatment of osseous defects and maxillary sinus augmenta-
tion.1–23 The present study confirms the preexisting data
because in all patients treated with implants after maxillary
sinus augmentation procedures using Bio-Oss� a great clin-
ical response was obtained. Radiographic evaluations of the
osseointegrated implants were taken immediately after their
placement, at 3 and 6 months, showing that all the implants
were well integrated in the augmented maxillary sinus.
Despite the clinical success of Bio-Oss� has been often
corroborated by histologic and histomorphometric find-
ings,2,5,10,12,15–23 very few ultrastructural features have been
described in the published literature.47,48 The purpose of our
evaluation is to increase the knowledge of the clinician that

Figure 1. Light micrograph showing that some of the Bio-Oss� par-
ticles are in contact with bone, while others are surrounded by bio-
logical fluids and marrow spaces. Original magnification: Toluidine
blue and acid fuchsin 10�. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 2. Light micrograph: at this magnification, it is possible to
observe the presence of a close and tight contact between Bio-Oss�

and the osseous tissue. Original magnification: Toluidine blue and
acid fuchsin 16�. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 3. Light micrograph: in this area, the bone particle is in con-
tact with marrow spaces. Original magnification: Toluidine blue and
acid fuchsin 16�. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 4. Scanning electron micrograph: at .702 K times magnifica-
tion it is possible to observe a Bio-Oss� particle in contact with bone
that can be either lamellar or woven bone.
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use biomaterials to understand the interactions that occur in
close proximity of the Bio-Oss. The microstructure and the
delicate porous morphology of Bio-Oss� particles probably
enhance the effectiveness of this material.47,48 Generally,
bone regeneration has to be induced in advance so that
patients can receive dental implants. After 6 months the
investigated xenograft did not show signs of resorption and
was well integrated in the host tissues, confirming the behav-
ior reported by recent literature.49 It has been reported that the
long-lasting presence of Bio-Oss� particles, completely in-
corporated with bone, might strengthen the osseous tissue
mass, creating a dense cancellous network, thus improving its
ability to withstand loading forces transmitted by implants.49

An increased scientific knowledge of the morphological
characteristics of such a biomaterial could help the clinicians
for its proper use. The multiple evaluation of the interface

Figure 5. Scanning electron micrograph: at 5.2 K times magnifica-
tion, the Bio-Oss� particle is in contact with bone that appears
composed by multiple lamellae not very well organized.

Figure 6. Transmission electron micrograph: it is possible to observe
a direct contact between the Bio-Oss� particle and the bone (arrows).
The interface between bone and Bio-Oss� appears well delimited, but
irregular, with variable thickness. Bar � 5 �m.

Figure 7. Trasmission electron micrograph showing the area of anal-
ysis for collagen fibers orientation and gray values. Bar � 2 �m.

Figure 8. Intensity plots of the gray values of the collagen fibers
inside the first bone lamella. Area A near the surface of Bio-Oss�.
Area B in the rest of the first bone lamella.
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using LM, SEM, and TEM show how the same structure can
appear depending on the selected examination method. Fea-
tures of Bio-Oss� surrounding tissues were described to
guide clinicians in understanding the healing process that
occurs around Bio-Oss. In particular, using the three pro-
posed methods, Bio-Oss/neighboring tissue interface is out-
lined under different aspects. Whereas LM demonstrates a
close contact between Bio-Oss� and bone, SEM clearly
shows the morphological nature of this newly generated bone
and the high resolution of TEM allows the detection and
evaluation of the Bio-Oss/bone interface.

Moreover, to investigate the structure of the first layer of
newly formed bone contacting Bio-Oss� particles, we have
applied a novel software that characterizes gray value and
collagen fibers organization of the bone surrounding the
particles. The presented data reveal that this bone does show

features similar to peripheral and preexisting osseous tissue,
thus indicating the good osteoconductive properties of the
xenograft.

A recent study has discussed the possibility that Bio-Oss�
microstructure may affect the deposition of osteogenic pro-
teins and therefore benefit bone formation on the surface.47 In
particular, some growth factors and bone matrix proteins may
infiltrate into the superficial layer of Bio-Oss� by passing its
porous architecture, or bind directly to its hydroxyapatite
crystals by virtue of protein such a OPN.47 Osteopontin, a
mineral-binding glycoprotein, has been identified as a major
component of the lines demarcating bone/biomaterial inter-
face, and with other molecules, is particularly concentrated in
the cement lines.39 Cement lines are classified as being a
matrix–matrix interface found between two spatially and
temporally distinct matrices: they can, for instance, demar-
cate areas of bone laid down at different times.50 Laminae
limitantes are defined as a cell–matrix interface such as the
periphery of osteocyte lacunae and bone canaliculae.41,50 A
third possibility will be the matrix–implant or matrix–bioma-
terial interface, that may be similar to the normally occurring
matrix–matrix interface. Cement lines and the laminae limi-
tans-like layer have been proposed to act as a “glue” between
mineralized tissues.50 However, it has also been proposed
that cement lines may represent planes of weakness.51 Ce-
ment lines vary widely in texture, profile, and thickness, often
being thin and regular, or somewhat thicker and with an
undulating profile.39,41,52–54 This observed regional variation
of the interfacial layer may reflect substantial heterogeneity in
both local cellular activity and extracellular matrix events.28

In the present study, all these described aspects of the line
demarcating Bio-Oss� particle and surrounding tissue have
been found.

Light microscopy indicates that cement lines are collagen
deficient;55 SEM studies show similar findings.56 It is unclear
whether cement lines are more calcified than surrounding
bone,56 less calcified than surrounding bone,57 or not different

Figure 9. Transmission electron micrograph: Bio-Oss� is in contact
with biological fluids. The particle shows an electron-dense perimeter.
Bar � 2 �m.

Figure 10. Transmission electron micrograph: high magnification of
the Bio-Oss� bone interface. There is an amorphous layer (*) of about
2 �m. Mineralization foci are present in the newly formed bone
(arrows). Bar � 2 �m.

Figure 11. Transmission electron micrograph: the Bio-Oss� structure
appears amorphous. Inside the particle it is possible to observe an
empty osteocyte lacuna. Bar � 5 �m.
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from surrounding bone.58 The cement lines that demarcate the
edge of osteons are well-documented locus minoris resisten-
tiae.59 They are variously implicated in fracture processes, en-
ergy absorption, viscous damping, and elastic function, and
fatigue processes in compact bone.60,61 Some authors considered
the cement line as a region of reduced mineralization. They
discussed the hypothesis that the cement line provides a rela-
tively ductile interface with surrounding bone matrix, and that it
provides the point of specific stiffness differences, which can
represent the energy transfer required to promote crack initia-
tion, but slow crack growth, and that can help to dissipate the
effects of loading and other mechanical forces between two rigid
substances.61–63 This might also be the case of the so-called
cement lines that characterize Bio-Oss/bone interface. Cement
lines could minimize accumulation of fatigue damages by par-
ticipating in “strain relief” and preventing microcrack propaga-
tion across neighboring osseous tissue.39

It has been proposed that OPN at these interfaces acts
to influence early mineralization and/or participates in
the assembly and organization/orientation of the bone
matrix,39 – 41,47 and in cell attachment and differentia-
tion.41,57 In the cement line between Bio-Oss� and neigh-
boring tissue, molecular interactions between Bio-Oss�
particles and organic and inorganic constituents of bone
can provide a bonding mechanism for maintaining the
biomechanical integrity of bone/biomaterial during remod-
eling, repair, and osseointegration. Further investigations
will have the aim to characterize the components that
interact at this interfacial layer.

Our TEM results are similar to those reported by Kawaguchi
et al.,28 who described a “honeycomb-like meshwork” of or-
ganic material, which extended from the electron-dense, granu-
lar surface layer throughout the HA particles. This meshwork
has been hypothesized to represent adsorption of organic mate-
rial onto the crystallites composing the particle.28

In our specimens, the presence of this electron-dense layer
also in portions of the particles that are not in contact with
bone could be explained by protein adsorption from tissue
fluids. These proteins are likely to be released by osteogenic
cells in the vicinity of the particles.28,53,54

Our in vivo results confirm the in vitro results of Hofman
et al.,46 who reported, in cell cultures, the presence of an
electron-dense layer at the interface with the Bio-Oss� par-
ticles. Hofman et al.46 believe that these data could allow to
describe Bio-Oss� as an active substrata. These authors found
that this interface showed needle-like structures that probably
correspond to the mineralization front on the matrix osteoid
site and also that Bio-Oss� could be a source of nucleating
centers for mineralization.46

In conclusion, correlation of findings obtained with light,
scanning, and transmission electron microscopy can help to
understand the mechanisms occurring at the interface be-
tween bone and biomaterials.64–70
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