|
Biomatter 5:1, e1056943; August 2015; Published with license by Taylor and Francis Group, LLC

RESEARCH PAPER

Small-sized granules of biphasic bone substitutes
support fast implant bed vascularization
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The present study investigated the influence of granule size of 2 biphasic bone substitutes (BoneCeramic® 400-
700 pm and 500-1000 pm) on the induction of multinucleated giant cells (MNGCs) and implant bed vascularization in
a subcutaneous implantation model in rats. Furthermore, degradation mechanisms and particle phagocytosis of both
materials were examined by transmission electron microscopy (TEM). Both granule types induced tissue reactions
involving primarily mononuclear cells and only small numbers of MNGCs. Higher numbers of MNGCs were detected in
the group with small granules starting on day 30, while higher vascularization was observed only at day 10 in this
group. TEM analysis revealed that both mono- and multinucleated cells were involved in the phagocytosis of the
materials. Additionally, the results allowed recognition of the MNGCs as the foreign body giant cell phenotype.
Histomorphometrical analysis of the size of phagocytosed particles showed no differences between the 2 granule
types. The results indicate that granule size seems to have impact on early implant bed vascularization and also on the
induction of MNGCs in the late phase of the tissue reaction. Furthermore, the results revealed that a synthetic bone
substitute material can induce tissue reactions similar to those of some xenogeneic materials, thus pointing to a need
to elucidate their “ideal” physical characteristics. The results also show that granule size in the range studied did not
alter phagocytosis by mononuclear cells. Finally, the investigation substantiates the differentiation of material-induced

MNGCs, which are of the foreign body giant cell type.

Introduction

In recent decades, synthetic bone substitute materials have
been extensively shown to be good alternatives to autologous
bone grafts, which are still considered to be the regenerative “gold
standard”."* Calcium phosphates, specifically hydroxyapatite
(HA) and B-tricalcium phosphate (B-TCP), are primarily used
because of their chemical similarity to the calcified bone matrix
and the related osteoconductive regeneration mechanisms.>*
However, it has been shown that these 2 ceramics exhibit differ-
ent resorption patterns characterized by different dissolution
properties and degrees of induction of phagocytosis based on
mono- and multinucleated cells.>® Furthermore, it has been
demonstrated that bone substitute materials based on HA can
persist for many years within their implantation beds, while those
based on B-TCP are subjected to rapid degradation.”” Both
resorption patterns do not result in an optimal standing time in
keeping with the theory of guided bone regeneration (GBR) that
calls for a balanced resorption pattern parallel to the ingrowth of

bone tissue.”” Within synthetic bone substitute materials, so-
called biphasic materials that are mixtures of HA and B-TCP
have been shown to exhibit an intermediate level of biodegrada-
tion.”” A previous study by our group revealed that a biphasic
bone substitute material with a HA/B-TCP ratio of 60/40 com-
bined the inflammatory and degradation characteristics of the 2
compounds.® Tt was observed that high numbers of multinucle-
ated giant cells and high vascularization rates were induced
within the first 15 d after implantation, comparable to the results
of pure B-TCP. However, after 15 d, the extent of multinucle-
ated giant cell formation and vascularization changed and were
comparable to properties of HA material until the end of the
study. Based on these results, it was concluded that bone substi-
tute material with mixtures of both calcium phosphate com-
pounds are favorable candidates for clinical application.

In addition to the chemical composition, an “optimal” bone
substitute material must also possess a specific combination of
physical properties to support an optimal bone regeneration pro-
cess by promoting the ingrowth of osteoblasts, endothelial cells

© M Barbeck, M Dard, M Kokkinopoulou, J Markl, P Booms, RA Sader, CJ Kirkpatrick, and S Ghanaati

*Correspondence to: M Barbeck; Email: mike.barbeck@kgu.de
Submitted: 03/02/2015; Revised: 05/11/2015; Accepted: 05/26/2015
http://dx.doi.org/10.1080/21592535.2015.1056943

This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial License (http:/creativecommons.org/licenses/
by-nc/3.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The

moral rights of the named author(s) have been asserted.

www.tandfonline.com

Biomatter

€1056943-1


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/

and other cells involved in bone growth, as well as cells involved
in material degradation.® Material factors such as the porosity,
surface structure and shape of the material granules have been
identified as determining factors in material-mediated bone
growth and degradation.®'* Among these properties the granule
size of the bone substitute material is also assumed to exert a large
influence on its regenerative potential, as it is expected to govern
the material resorbability.® A variety of i vitro and in vivo studies
have been conducted to quantify the impact of this factor on the
progress and outcome of bone regeneration, but no definitive
conclusions have thus far been reached.'**°

Following previous studies conducted by our group analyzing
tissue reactions to bone substitute materials with a special focus
on their chemical composition and physical characteristics, the
present study investigates the influence of granule size of a
biphasic bone substitute material. In this investigation 2 granule
sizes of BoneCeramic® (5001000 wm and 400-700 wm) were
tested with respect to the tissue reaction in a subcutaneous
implantation model in Wistar rats over a 60 day period. Addi-
tionally, the cellular biodegradation mechanism of the bone sub-
stitute materials was investigated by means of transmission
electron microscopy (TEM).

Materials and Methods

Bone grafting substitutes

The physicochemical specifications of the 2 synthetic bone
substitute material are given as a mixture of 60% hydroxyapatite
(HA) and 40% [-tricalcium phosphate (B-TCP).*' Both granule
types were manufactured from the same precursor material,
which was crushed and separated by sieving to control the gran-
ule diameter ranges, with one material stated to have granule
diameters between 500-1000 um  (BoneCeramic® 500
1000 pm), and the other between 400—700 pwm (BoneCeramic®
400-700 m).*® All other material characteristics such as the
chemical composition, shape, morphology and porosity of the
granules are supposed to be identical for the 2 products based on
the common production process of both materials.”'

Scanning electron microscopy (SEM)

To investigate the physical characteristics of the 2 granule
types, scanning electron microscopy (SEM) was performed with
a Zeiss Supra 55 scanning electron microscope (QS Nr. 57113,
Carl Zeiss SMT AG, Oberkochen, Germany) with a field elec-

tron emitter.

X-ray diffraction (XRD) analysis

To determine the chemical composition X-ray diffraction
(XRD) analysis was conducted using an X-ray diffractometer
(PANalytic XPert MPD, PANalytical, Almelo, Netherlands)
with a fixed incident beam angle of 5° and a detector angle range
of 5° < 26 < 80° in combination with the X’Pert High Score
software. A Cu Ko (1.54184 A°) radiation at a voltage of 50 kV,
a current of 40 mA, a step size of 0.02° and a scan rate of 1.2°/
min were used.
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In vivo experiments

Experimental design and subcutaneous implantation

The study was performed on 61 female 6-8 weeks old Wistar
rats and 12 female 5-week-old SCID mice that were obtained
from Military Medical Academy (Belgrade, Serbia) and with the
approval of the Local Ethical Committee (Faculty of Medicine,
University of Nis, Serbia). The animals were maintained for
1 week before use at the Faculty of Medicine, University of Nis,
Serbia. Animals were kept under standard conditions with regular
mouse pellets, access to water ad libitum and an artificial light—
dark cycle of 12 h each.

The study protocol involved the random apportion of the
Wistar rats into 3 experimental groups. 40 animals were used for
the implantation of BoneCeramic® 500-1000 pm (BC 500-
1000) and BoneCeramic® 400—700 wm (BC 400—700). 20 ani-
mals were assigned to each study group, and n = 4 animals per
time point were allocated for subcutaneous implantation for each
of the 5 study time points (3, 10, 15, 30 and 60 days). A third
group of 15 animals with n = 3 animals per time point was used
as control by operation without biomaterial to determine the
inflammatory and wound-healing responses related to the opera-
tion procedure. Six additional rats (n = 3 per bone substitute
material) were used for material implantation for further evalua-
tion of the in vivo degradation behavior of the bone substitutes
by transmission electron microscopy (TEM) 15 d after
implantation.

Material implantation was conducted according to a previ-
ously established protocol.*'* 327 In brief, after initial intraper-
itoneal anesthesia (10 ml ketamine [50 mg(ml] with 1.6 ml
xylazine [2%]), 60 mg of the seclected bone substitute material
was implanted under sterile conditions in a preformed subcuta-
neous pocket in the animal’s subscapular region using a bone
curette. Subsequently, the implantation wound was stitched with
5.0 Prolene (Ethicon, New Jersey, USA). The experimental ani-
mals were housed individually under the above-mentioned con-
ditions until the explanation of the materials at the described
time points.

Tissue preparation of the subcutaneous implantation pocket

After euthanasia of the animals by an overdose of a mixture of
ketamine and xylazine, tissue preparation was conducted accord-
ing to a previously described method.®'***3” Briefly, the
implanted bone substitutes were explanted, fixed in 4% formalin
for 24 hours and cut into 3 equal segments. After decalcification
in 10% tris-buffered EDTA (Carl Roth, Karlsruhe, Germany) at
37°C for 5-10 d, subsequent dehydration in a series of increas-
ing alcohol concentrations and xylol was carried out, and after
paraffin embedding, the preparation of histological sections with
a thickness of 3-5 pm was performed with a rotation microtome
(Leica, Wetzlar, Germany).

Histochemical staining methods of animal tissue

Histochemical staining was also performed as previously
described.®43237 A first slide of each of the 3 tissue blocks from
each animal was stained with hematoxylin and eosin (H&E) for
general (histological) evaluation of the material implantation
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beds. Based on these slides, the tissue block with the best cross-
section of the implanted biomaterials and peri-implant tissue was
selected for further slide preparation and staining, as well as his-
tological and histomorphometrical analysis. A second section
from this block was used to stain for tartrate-resistant acid phos-
phatase (TRAP) to identify so-called “osteoclast-like cells,” mul-
tinucleated giant cells with TRAP expression. The third and
fourth sections were stained using special connective tissue stain-
ing methods, i.e., Movat’s Pentachrome and Azan, to enable a
differentiated overview of the different tissue components within

the implant beds of the bone substitute material as previously
how, 614 32-37
shown.

Immunohistochemistry

Two further sections of the above-mentioned tissue blocks
were used for immunohistochemical detection of murine vessels
within the implantation beds of the bone substitutes following
established protocols.*'® 3> In brief, epitope retrieval was per-
formed after blocking endogenous peroxidase using a 3% H,O,
— distilled water solution. CD31-staining was performed by using
a monoclonal mouse anti-rat CD31 antibody (clone: TLD-
3A12, Serotec, Puchheim, Germany) in combination with Dual
Endogenous Enzyme Block Dako $2003 (Dako, Glostrup, Den-
mark). Finally, antigen sites were detected using diaminobenzi-
dine as chromogen, and slides were counterstained with Mayer’s
hematoxylin for light microscopy. One of these slides was used as
negative control and underwent incubation without the primary
antibody.

Tissue preparation for TEM analysis

For transmission electron microscopy, a previously described
method was carried out at the Institute for Zoology of the
Johannes Gutenberg University Mainz.”® In brief, the specific tis-
sue regions within the bone substitute granules were cut into
small pieces (3-6 mm®). Subsequently, the tissue specimens were
fixed in a freshly prepared medium of 1% glutaraldehyde in
0.1M cacodylate buffer pH 7.2 for a minimum of 2 h at room
temperature. After rinsing in 0.1M cacodylate buffer, the mate-
rial was post-fixed for 1 hour in 2% osmium tetroxide in 0.1M
cacodylate buffer. Following washing in 0.1M cacodylate buffer
and dehydration in ascending concentrations of ethanol, the sam-
ples were treated with propylene oxide and embedded in araldite.
Ultrathin sections (70-100 nm) were cut on an ultramicrotome
(Reichert Ultracut E, Leica Microsystems) and stained with 2%
uranyl acetate for 10 min and lead citrate for 2 min.*” Transmis-
sion electron micrographs were taken using a CCD camera
(TVIPS) connected to a Tecnail2 transmission electron micro-
scope at 120kV.

Qualitative histological analysis

Qualitative histopathological evaluation of the biomaterial-tis-
sue interactions was conducted using a light microscope (Eclipse
801, Nikon, Tokyo, Japan). The outcome of the tissue-biomate-
rial interaction in the specimens was evaluated by examination of
the total implantation bed and its peri-implant tissue. Thereby,
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the extent of the early (3-15 days) and late inflammatory
responses (30 and 60 days) induced by the biomaterials was
described following an established research protocol to access the
following characteristics®® 3%7. fibrosis, hemorrhage, necrosis,
vascularization, presence of granulocytes, lymphocytes, plasma
cells, monocytes/macrophages, and TRAP-negative and TRAP-
positive multinucleated giant cells (MNGCs). Microphotographs
were taken using a DS-Fil digital camera and a digital sight con-

trol unit (Nikon, Tokyo, Japan).

Histomorphometry (Quantitative histological analysis)

Histomorphometrical analysis, i.e., measurements of the
implant bed vascularization and of the numbers of multinucle-
ated giant cells (MNGCs), was performed following a standard-
ized protocol.>'* 3237 In brief, images of the total implantation
beds (“total scans”), i.e., the implanted bone substitute granules
in combination with their corresponding peri-implant tissue,
were digitalized by means of a combination of an Eclipse 801 his-
tological microscope (Nikon, Tokyo, Japan), a DS-Fil digital
camera (Nikon, Tokyo, Japan) and an automatic scanning table
(Prior, USA) connected to a computer. The resulting images
(“total scans”) had a 100x magnification and a resolution of
2500 x 1200 pixels. A CD31-stained slide as well as a TRAP
slide from each experimental animal were digitalized for further
quantitative analysis of vascularization and giant cell phenotypes.

The extent of vascularization within the implantation beds
was studied using the NIS-Elements “Annotations and Meas-
urements” tool by separately marking the blood vessels using the
“area” tool. The software enables measurement of the area (in
pwm?) as well as the mean diameter of the vessels (in wm). Subse-
quently, vessel density was calculated from the total number of
vessels related to the total area of the specific implantation bed
(vessels/mm?). The percent vessel area was calculated by relating
the area sum of all vessels to the total implantation area. For each
time point, a mean number of vessels/mm? and a mean of the
total vessel area were determined. The corresponding TRAP
slides were also digitalized and used to count the number of
material-adherent multinucleated giant cells and their subforms,
i.e., TRAP-negative and TRAP-positive multinucleated giant
cells. These cells were counted manually using the counting tool
of the NIS Elements software, and the number of each cell frac-
tion was then calculated by relating to the total implantation area
of the respective slide (cell number/mm?).

Histomorphometrical measurement of particle phagocytosis

The figures obtained via transmission electron microscopy in
the second part of the study enabled the measurement of material
particle sizes phagocytosed by the mononuclear cells. In brief,
measurements of the particle size were taken using the area tool
of the NIS-Elements “Annotations and Measurements” section.
Unfortunately, measurement of the particles phagocytosed by the
multinucleated giant cells was limited due to the hardness of the
bone substitutes and associated issues with sectioning of the aral-
dite-embedded explants. Thus, large cells, such as multinucleated
giant cells, tended to fragment on sectioning.

€1056943-3



Statistical Analysis

Quantitative histomorphometrical data were statistically
tested by an analysis of variance (ANOVA) followed by an LSD
post-hoc assessment to compare groups using SPSS 16.0.1 soft-
ware (SPSS Inc., Chicago, IL). Inter- (*) and intraindividual (e)
differences were considered significant if P-values were less than
0.05 (*/e P<0.05), and highly significant if P-values less than
0.01 (**/ee P<0.01) or less than 0.001 (***/eee P<0.001). The
data were presented as the mean =+ standard deviation using
GraphPad Prism 6.0c software (GraphPad Software Inc., La
Jolla, USA).

Results

Physicochemical analyses

Physical characteristics of the bone substitutes

The results of the physical examination by means of scanning
electron microscopy (SEM) confirmed that the granules of the 2
analyzed bone substitute materials differed in their size (Fig. 1
Al and Bl). However, no differences were observed in shape
(Fig. 1 A1, 1 Bl and 1 A2, 1 B2), surface structure, or pore dis-
tribution of these bone substitute granules (Fig. 1 A3, 1 B3 and
1 A4, 1 B4).

The SEM examinations additionally showed that the granules
of the synthetic materials featured a characteristic morphology
reminiscent of the trabecular bone matrix (Fig. 1 Al, 1 Bl and 1
A2, 1 B2). Both granule types had an approximately octagonal
shape with depressions within their walls (Fig. 1 A1, 1 B1 and 1
A2, 1 B2). However, only cup-like fragments of these octagonal
balls were observed, probably as a result of the fragmentation
process (Fig. 1 Al and B1). Regularly larger pores were observ-
able in the depressions in the sidewalls (Fig. 1 Al and B1). The
surface structure was relatively smooth, and only sporadic micro-
pores with diameters of merely a few micrometers were found

(Fig. A3 and B3).

Chemical characteristics of the bone substitute granules

The analysis of the chemical composition of the bone substi-
tute granules by means of X-ray diffraction revealed a phase com-
position of 61.6% hydroxyapatite (HA) and 38.4% B-tricalcium
phosphate (B-TCP) for both granule sizes (data not presented).
Hence, no differences between the mix ratios of the 2 bone sub-
stitutes were found.

In vivo study

All experimental animals survived the surgical procedures
without any postoperative complications. No signs of necrosis or
severe inflammatory responses were observed at any of the study
time points.

Qualitative histological results

Tissue reaction of the sham-operated animals. On day 3 after
implantation, the tissue around the control incisions contained
large numbers of mononuclear cells (macrophages, lymphocytes,
granulocytes and fibroblasts) as well as numerous vessels (data
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Figure 1. shows SEM pictures of the analyzed bone substitute granules.
A1-3 show the properties of BoneCeramic (BC) with granule sizes
between 500-1000 p.m, while B1-3 show the characteristics of BoneCer-
amic (BC) with granule sizes between 400-700 m. Note the differences
in granule sizes between BoneCeramic 500-1000 wm and 400-700 pm
(A1 and B1), while no differences were observable in the other physical
properties, such as granule shape (A2 and B2), surface texture and pore
distribution (A3 and B3) (A1 and B1: 25x magnification, scale bar =
1 mm; A2 and B2: 200x magnification, scale bar = 200 pum; A3 and B3:
1000x magnification, scale bar = 20 pm).

Biomatter

not presented). The number of cells within this area was visibly
larger than in unaffected areas of the subcutaneous connective tis-
sue. Between day 10 and day 30 after implantation, the number
of the above-described cells decreased within the tissue surround-
ing incision. By day 60 after implantation, no histological signs
of the tissue defects induced by the control incisions were visible,
and a regular distribution of resident cells and extracellular
matrix was attained. No multinucleated giant cells were observed
at any of the time points studied (data not presented).

Tissue reaction to BoneCeramic® 400-700 pm. On day 3 after
implantation, a mixture of fibrin and connective tissue fibers as
well as large numbers of mononuclear cells of the monocyte/mac-
rophage lineage and granulocytes were found in the implantation
bed of the bone substitute material with the smaller granule size,
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namely BoneCeramic® 400700 pm (BC 400-700) (Fig~ 2 B1). BoneCeramic 500-1000 ym BoneCeramic 400-700 pm
Small vessels started to grow toward the implantation bed, which Al A
S

showed no signs of vascularization at this time point (Fig. 2 B1).
No multinucleated giant cells were observable.

On day 10 after implantation, the BC 400-700 granules were
embedded within a cell- and vessel-rich connective tissue includ-
ing different mononuclear cells such as fibroblasts, lymphocytes

and monocytes/macrophages (Fig. 2 B2). Furthermore, small

numbers of mainly TRAP-positive multinucleated giant cells
were located at the surface of the bone substitute granules besides
large numbers of mononuclear cells (Fig. 2 B2 and 3 B1). On
days 15, 30 and 60 after implantation, the granulation tissue
with the previously described cellular composition was still
observed within the implantation beds of the BC 400-700
(Fig. 2 B3-5). A maturation of the vessels in comparison to
day 10 was seen, starting with day 15, and this condition
persisted up to day 60 (Fig. 2 B3-5). At day 15, moderate
numbers of TRAP-positive multinucleated cells were found at

the material-tissue-interfaces, comparable to those at day 10,
while an increase in their number and also of their TRAP-
expression was visible at day 30 and day 60 after implanta-
tion (Fig. 3 B2—4). Within this time span, large portions of

the surface area of the BC 400-700 granules were still cov-
ered by mononuclear cells that often showed signs of TRAP
expression (Fig. 3 B2-4).

Tissue reaction toward BoneCeramic® 500-1000 pm. On day
3 after implantation, a loose network of matrix fibers and
mononuclear cells (cells of the monocyte/macrophage line,

granulocytes, lymphocytes and fibroblasts) was observed at
the surface of the granules within the implantation beds of
the bone substitute material with the larger granule size,
BoneCeramic® 500-1000 pm (BC 500-1000) (Fig. 2 Al).
At this time point, no vessels or multinucleated giant cells
were detected. On day 10 after implantation, the intergranu-
lar spaces of the BC 500-1000 granules were filled by a cell-
rich connective tissue consisting of lymphocytes, granulocytes
and cells of the monocyte/macrophage line (Fig. 2 A2). In

Figure 2. shows the tissue reactions as well as the vascularization pattern of
the 2 analyzed bone substitute granule types, BoneCeramic 500-1000 pm
X . L K and BoneCeramic 400-700 wm. A1 and B1: On day 3, a surface layer com-
(Fig. 3 A1), were located at the biomaterial-tissue interfaces posed of fibrin and connective tissue fibers (blue arrows) was observed on
in addition to large numbers of mononuclear cells (Fig. 2 the surface of both materials, while the granules (BC) were embedded
A2), of which a moderate number were TRAP—positive within an fiber-rich and loose connective tissue (CT) (H&E-staining, 400x

(Fig. 3 Al). Furthermore, a small number of vessels was also magnification, scale bars = 10 um). A2 - A3 and B2 - B3: On days 10 and
detectable within the intergranular connective tissue at the 15, the interspaces of both bone substitute granules (BM) were filled up by

. K . . a cell- and vessel-rich (red arrows) connective tissue (CT). At the surfaces of
periphery, which began to grow into the central regions of both granule sizes mainly mononuclear cells (black arrows) were detectable
the implantation bed (Fig. 2 A2). At days 15, 30 and 60 beside low numbers of multinucleated giant cells (arrow heads) (A2 and B2:
after implantation, the intergranular spaces of the granules Movat Pentachrome-stainings; A3 and B3: Azan-stainings; 400x magnifica-
tion, scale bars = 10 um). A4 - A5 and B4 - B5: On days 30 and 60 both
granule sizes of the bone substitute (BC) were still surrounded by a cell-and
. X o . vessel-rich (red arrows) connective tissue (CT). Also primarily mononuclear
detectable, with lumina visibly larger than on day 10 (Fig. 2 cells (black arrows) were found at the surfaces of both materials, while
A3-5). Within this time span, the number of multinucleated increased numbers of multinucleated giant cells (arrow heads) were found
giant cells and the fractions of their TRAP-Positive and in the implantation beds of BoneCeramic 400-700 pwm (B4 and B5) com-
pared with those of BoneCeramic 500-1000 um (A4 — A5) (A4 and B4:
Azan-staining; A3 and B3: Movat Pentachrome-staning; 400x magnification,
scale bars =10 wm).

this group, moderate numbers of multinucleated giant cells, a
small number of which showed signs of TRAP expression

still contained the above-described connective tissue (Fig. 2
A3-5). At these time points, a large number of vessels was

TRAP-negative subforms did not change compared to those
at day 10 after implantation (Fig. 3 A2-4). High numbers of
mononuclear cells were still visible at the surfaces of the
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group on day 3 after implantation
(Fig. 4A and B). The implantation
beds of both granule types did not con-
tain any vessels, while the defect area of
the control group showed only minor
vascularization (7.94 =+ 1.95 vessels/
mm” and 0.06 £+ 0.01%) (Fig. 4A
and B).

On day 10 after implantation, the
implantation beds of BC 400-700
showed significantly higher vasculariza-

tion values, both in number of vessels

(39.56 £ 5.96 vessels/mm?) (*p >
0.05) and in percent vascularization
(2.20 £ 0.43%) (**p > 0.01), than
those of BC 500-1000 (21.68 =+ 4.36
vessels/mm? and 1.46 + 0.31%)
(Fig. 4A and B). Furthermore, only the
vessel density in the BC 400-700
group was significantly higher than that
of the control group (9.13 % 0.98 ves-
sels/mm?) (**p > 0.001) (Fig. 4A).

The vascularization percentages in the
groups of both granule types were sig-
nificantly larger than in the control
group (0.08 = 0.02%) (***p > 0.001)
(Fig. 4B). At this time point, the intra-
individual analyses revealed significant

both

parameters relative to day 3 only in the

increases in vascularization

groups of the bone substitute materials
(oo p=> 0.01 / eee P> 0.001) (Flg 4A

and B).

Starting with day 15 and until day
60 after implantation, no significant
differences between the vascularization
parameters of the groups of bone sub-
stitute material were found (Fig. 4A
and B). Values of 44.27 4 5.82 vessels/
mm?” and 2.27 £ 0.13% were quanti-
fied for BC 500-1000, comparable to
the values obtained for BC 400-700
(42.81 % 7.12 vessels/mm? and 2.06 +

0.22%) at day 15 after implantation

Figure 3. shows exemplary pictures of the TRAP-activity of the material-associated multinucleated
giant cells adjacent to the bone substitute granules of BoneCeramic 500-1000 pm (A1 - A4) and
BoneCeramic 400-700 wm (B1 - B4) on days 10 (A1 and B1), 15 (A2 and B2), 30 (A3 and B3) and 60
(A4 and B4) after implantation (TRAP-staining, 200x magnification, scale bars = 100 um).

(Fig. 4A and B). The vascularization
values in both biomaterial groups were
significantly higher than the values of
the control group (9.95 £ 1.69 vessels/

granules at these time points, and they often showed signs of

TRAP expression (Fig. 3 A2-4).

Quantitative histomorphometry

Histomorphometry of implant bed vascularization. The histo-
morphometrical measurements of vascularization revealed no sig-
nificant differences between the 2 study groups and the control
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mm? and 0.24 £ 0.10%) at this time
point (***p > 0.001) (Fig. 4A and B). Intraindividual differen-
ces compared to the previous time point were only found in the
group of the BC 500-100 in both vascularization parameters
(eep > 0.01) (Fig. 4A and B).

At day 30 after implantation, no significant differences were
measured in the vascularization parameters in the groups of BC
500-1000 (42.41 + 6.82 vessels/mm? and 1.87 + 0.15%) and
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BC 400-700 (40.48 + 11.18 vessels/ v Id it P t larizati
mm? and 1.82 + 0.18%) (Fig. 4A and essel aensity ercent vascuiarization
B). At this ti.me point, significant differ- 100 B BoneCeramic 500-1000 . I BoneCeramic 500-1000
ences were still found between the vascu- . I BoneCeramic 400-700 = B BoneCeramic 400-700
. . 80 [ sham-operation 4 oo [0 sham-operation
larization parameters of these both w . _ e
groups and those of the control group E 60 - e = ey S 3 - e
%] * == < L] ... 2 —ey
(10.03 % 0.91 vessels/mm? and 0.29 + 9 % — 8 3 . - D =
n
0.06%) (**p > 0.001) (Fig. 4A and | &
B). However, no intraindividual differ- 20 1
ences in any of the 3 groups compared
. 0.
to the respective values at the former © & & & e & & & & &
. . X ) ) &> ) & ) ) & ) &
time point were measured (Fig. 4A and ES SRR R I SN PSRN A ,@b &°
B)' . . A days after implantation B days after implantation
On day 60 after implantation, no sta-

tistical significance was found between

the values of the vascularization parame-
ters of the groups of BC 500-1000
(39.37 + 4.04 vessels/mm? and 1.96 +
0.21%) and BC 400-700 (42.83 =+

statistical significances).

Figure 4. shows the results of the histomorphometrical vascularization analysis of the implantation
beds of the 2 bone substitute granule types compared with the control group. (A) Vessel density; (B)
percent vascularization (*/**/*** = inter-individual statistical significances, s/es/eee = intra-individual

10.53 vessels/mm” and 1.88 4 0.28%)

(Fig. 4A and B). The values of both vascularization parameters
were significantly lower in the control group (17.69 % 0.49 ves-
sels/mm? and 1.11 # 0.16%) than in either material group (***p
> 0.001) (Fig. 4A and B). No intraindividual differences were
found in either group of the bone substitute material, while a sig-
nificant increase of the percent vascularization was measured in

the control group (eep > 0.01) (Fig. 4A and B).

Histomorphometry of giant cell activity

Total number of multinucleated giant cells. On day 3 after
implantation, no multinucleated giant cells (MNGCs) were
observable within the implantation beds of cither of the biphasic
bone substitute materials (Fig. 5). Starting on day 10 after
implantation, comparable quantities of MNGCs, which were sig-
nificantly higher as compared with the values at day 3 (esep >
0.001), were measured in the groups of BC 400-700 (16.62 £+
2.34 MNGCs/mm?®) and BC  500-1000 (12.07 =+
1.64 MNGCs/mm?) (Fig. 5A).

On day 15 after implantation, there was still no significant
difference in the number of MNGC:s in the implantation beds of
BC 400-700 (19.29 £ 1.03 MNGCs/mm?) and BC 500-1000
(15.41 £ 2.21 MNGCs/mm?), and also no significant intraindi-
vidual differences were observed compared to day 10 (Fig. 5A).

Starting on day 30 after implantation, the number of
MNGCs in the BC 400-700 implantation beds (28.25 =+
5.15 MNGCs/mm®) was significantly larger than in the group of
BC 500-1000 (16.51 & 1.31 MNGCs/mm?) (*** p > 0.001)
(Fig. 5A). Moreover, an intraindividual increase was found in
the group of BC 400-700 (esep > 0.001) compared to the num-
bers at day 15, while the values were on a comparable level in the
study group of BC 500-1000 (Fig. 5A).

On day 60 after implantation, significantly larger numbers
of MNGCs were still detectable in the implantation beds
of BC 400-700 (27.83 + 1.89 MNGCs/mm?) compared
to the numbers in the BC 500-1000 implantation beds
(16.79 + 1.94 MNGCs/mm?®) (**p > 0.001) (Fig. 5A). No
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intraindividual differences were found in either study groups
compared to the values of the previous time point (Fig. 5A).

Amount of TRAP-positive multinucleated giant cells. Starting on
day 10 after implantation, comparable numbers of TRAP-posi-
tive multinucleated giant cells (MNGCs) were found in the BC
500-1000 implantation beds (5.42 £ 0.66 TRAP-positive
MNGCs/mm?) and the BC 400700 implantation beds (6.66 +
1.42 TRAP-positive MNGCs/mm®), these being significantly
higher compared to the values at day 3 (eep > 0.01 / eeep >
0.001) (Fig. 5B).

On day 15 after implantation, a significant difference (* p >
0.05) between the numbers of the TRAP-positive MNGCs in
the BC 500-1000 implantation beds (5.37 £ 0.81 TRAP-posi-
tive MNGCs/mm?) and the BC 400-700 implantation beds
(9.68 + 1.74 TRAP-positive MNGCs/mm?) was observed, but
the intraindividual differences compared to the previous time
point were insignificant (Fig. 5B).

On day 30 after implantation, the number of TRAP-positive
MNGCs was also significantly higher (*** p > 0.001) in the BC
400-700 implantation beds (16.13 £ 3.24 TRAP-positive
MNGCs/mm?) compared with those in the BC 500-1000
implantation beds (6.91 % 0.78 TRAP-positive MNGCs/mm?)
(Fig. 5B). The values in the BC 400-700 beds were significantly
larger than on day 15 (esep > 0.001) (Fig. 5B), but there was no
significant change in the BC 500-1000 implantation beds
(Fig. 5B).

On day 60 after implantation, the number of TRAP-positive
MNGCs was significantly higher (***p > 0.001) in the BC
400-700 implantation beds (17.50 £ 1.87 TRAP-positive
MNGCs/mm?) than in the BC 500-1000 group implantation
beds (7.48 £ 0.95 TRAP-positive MNGCs/mm?), but neither
group demonstrated a significant increase from day 30
(Fig. 5B).

Amount of TRAP-negative multinucleated giant cells. On day
10, comparable amounts of TRAP-negative multinucleated giant

cells (MNGCs) were found in the BC 500-1000 implantation
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multinucleated giant cells in the 2
Total amount of multinucleated giant cells Total amount of TRAP(+) giant cells & . .
groups, nor were differences found in
601[ @ BoneCeramic 500-1000 801 @ BoneCeramic 500-1000 the (sub-) cellular structure or the cell
B BoneCeramic 400-700 NE B BoneCeramic 400-700 organelles. Thus, the following results
q £ .
E 40 S 40 applied to both groups. .
g Z On TEM both mono- and multinu-
£ o § 20 e cleated cells were located at the surfaces
g . A of the bone substitute material granules
= . . .
on day 15 after implantation (Fig. 6 and
0. D. o] e . .
7), exhibiting a tightly packed cytoplasm
o & d & & d @ & & & >
& & LS SR S A containing mainly cell organelles such as
E S I - L N i gn y %
A days after implantation B days after implantation mltochondrla, many different vacuoles
with homogeneous contents and a rami-
Total amount of TRAP(-) giant cells fied rough endoplasmic reticulum (rER)
- (Fig. 6B, C, 7B and C). Vacuoles were
1| @ BoneCeramic 500-1000 1 . .
w B BonsGeramic 400-700 a!sc.) found within thel.r cytoplasm in the
£ vicinity of the previously mentioned
& 40 vacuoles that contained fragments of the
g bone substitute materials (Fig. 6B, C
n.z 20 wa and 7A). The multinucleated giant cells
é a were adherent to the surfaces of the bone
i ' i i ' i . i substitute  granules via podosomal
= o = P A branches (Fig. 7B and D) that appeared
,bb"’;\ Qb";\ 0385\ Qb";\ Qb”"\ to demarcate an extracellular compart-
N N ) & :
C ot ' ment between the material-adherent
Sy alier mparation pole of the giant cells and the material
surfaces that were filled up with homoge-
Figure 5. shows the results of the histomorphometrical giant cell analysis within the implantation nous content (Fig. 7B-D).
beds of the 2 bone substitute typess considering the different cellular activity conditions, including
the total number of material-related multinucleated giant cells (A) as well as the TRAP-positive (B)
and the TRAP-negative multinucleated giant cells (C) (*/**/*** = inter-individual statistical significan- Quantitative analysis of phagocytosed
ces, o/ee/see = intra-individual statistical significances). particles using TEM. The histomorpho-

beds (6.65 £ 1.01 TRAP-negative MNGCs/mm?) and the BC
400-700 implantation beds (9.96 £ 1.08 TRAP-negative
MNGCs/mm?) (Fig. 5C). Both of these numbers were signifi-
cantly higher than the values on day 3 after implantation (eep >
0.01 /ooop > 0.001) (Flg SC)

On day 15 after implantation, there was no significant change
since day 10, as the implantation beds of BC 500-1000 (10.04
+ 1.45 TRAP-negative MNGCs/mm?) and BC 400-700 (9.61
=+ 2.13 TRAP-negative MNGCs/ mm?) again showed similar val-
ues (Fig. 5C)

These trends were also observed on day 30 after implantation,
when the BC 500-1000 implantation beds contained 9.59 =+
0.68 TRAP-negative MNGCs/mm” and the BC 400-700
implantation beds showed 12.12 + 2.57 TRAP-negative
MNGCs/mm?, and on day 60 after implantation, when the
respective numbers for the BC 500-1000 and BC 400-700 beds
were 9.31 £ 0.99 and 10.34 £ 3.63 TRAP-negative MNGCs/
mm? (Fig. 5C).

Degradation analysis using transmission electron microscopy
(TEM)
Transmission electron microscopy analysis (TEM) showed

no differences between the involvement of mono- and
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metrical measurements showed that the

phagocytosed bone substitute particles
within the mononuclear cells had comparable sizes in the group
of BC 500-1000 (0.63 £ 0.34 pm) and BC 400-700 (0.58 £
0.42 pm) (Fig. 8).

Discussion

Physical characteristics of bone substitute materials such as
porosity, surface structure and shape have been identified as regu-
lators of the tissue reaction, material degradation, and not least
the regenerative potential of synthetic bone substitutes.” ' Gran-
ule size is also believed to have a major influence on the successful
application of bone substitute materials, as it is supposed to regu-
late the degradability of bone substitutes.® However, until now
no consensus has been found concerning this material factor.
Some study results have shown that the application of small-sized
granules up to 100 pwm seems to be preferable for bone regenera-
tion in contrast to granules with diameters above."*1%%4 In con-
trast, further results show that granules with higher diameters
ranging from 100 — 1000 pwm allow a higher level of regenera-
tion.”* % Tt has been suggested that material granules should
have pores of sizes between 40 — 100 pwm for optimal integration
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and the best level of regeneration,
which can also be obtained for granules
of sizes larger than 380 pm.**!

As a result of this lack of knowledge
regarding this material factor, the pres-
ent study was conducted to analyze the
influence of the granule size of syn-
thetic biphasic bone substitute materials
on the inflammatory tissue reaction
using an established subcutaneous
implantation model in Wistar rats for
up to 60 d.%'* 3% In addition, previ-
ously described histological and histo-
morphometrical methods were also
employed. Therefore, 2 granule sizes of
a biphasic bone substitute material,
BoneCeramic®  500-1000 pm (BC
500-1000) and BoneCeramic® 400—
700 pm (BC 400-700), were used. All
other material characteristics such as
chemical composition as well as granule
shape, surface texture and pore distri-
bution were initially shown to be equal.

The present in vivo analysis inidally
showed that mainly mononuclear cells
such as macrophages and only low
numbers of multinucleated giant cells
were found within the implantation
beds of both biphasic materials. This
result is surprising as the numbers of
the multinucleated giant cells were
lower compared to other synthetic
bone substitute materials based on
pure calcium phosphates, i.e., pure HA
and pure B-TCP, and also in case of
another biphasic material with the
same chemical biphasic composition of
60% HA and 40% B-TCP.® Interest-
ingly, the values of MNGCs are com-
parable to the values found within the
implantation beds of a low tempera-
ture-sintered xenogeneic bone substi-
tute material  (Bio-Oss®).>”  This
biomaterial represents purified bovine
extracellular calcified bone matrix and
is regarded as having physicochemical
properties similar to those of autolo-
gous bone grafts, which are considered
to be the “gold standard” for bone
regeneration.>*? As it has been shown
that the resorbability of this xenogeneic

material is delayed, the presented results raise the question of
whether the low numbers of multinucleated giant cells in the case
of the analyzed biphasic materials also lead to a low rate of degra-
dation and therefore a prolonged material standing time.
However, the increase of the numbers of MNGCs and especially
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Figure 6. shows TEM images of the mononuclear cells involved in the tissue reactions to the BoneCer-
amic 400-700 pm (BC) bone substitute on day 15 after implantation. (A) Shows an overview of the
implantation bed of BoneCeramic 400-700 pwm granules (BC) within the subcutaneous connective tis-
sue (CT) of the CD-1 mouse. At the surfaces of the granules, primarily mononuclear cells (black arrows)
were detectable (690x magnification, scale bar = 10 pm). (B) Shows a material-related mononuclear
cell that has vacuoles containing phagocytosed bone substitute material fragments (blue arrows).
These vacuoles were regularly found within the cytoplasm of the cell in the direct vicinity of cisterns of
the rough endoplasmic reticulum (yellow arrow head) as well as vacuoles with electron-dense contents
(green arrow head) (N = nucleus) (1900x magnification, scale bar = 6 wm). (C) Shows the cytoplasm of
the material-adherent phagocytosing mononuclear cell at a higher magnification. Vacuoles containing
phagocytosed material fragments (blue dashed line) were regularly observed within the direct vicinity
of cisterns of the rough endoplasmic reticulum (yellow arrow head) as well as other cell organelles that
seemed to be involved in the process of active phagocytosis, such as mitochondria (blue arrow head)
(N= nucleus). Interestingly, a vesicle (white arrow head) seemed to fuse with the vesicle containing the
material fragment (13000x magnification, scale bar = 500 nm).

of their TRAP-positive subforms at the end of the study period
in the case of the small-sized BC 400-700 are interesting. As also
shown by the transmission electron microscopy (TEM) analysis
in the present study the multinucleated giant cells are involved in
the degradation of both materials and, thus, the increase in their

37,43
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Figure 7. shows TEM pictures of the multinucleated giant cells adherent to the surfaces of BoneCeramic
500-1000 pwm granules (BC) within the subcutaneous connective tissue (CT) of the CD-1 mouse on day
15 after implantation. (A) shows an overview of a material-adherent multinucleated giant cell (MNGC,
black arrow heads) at the surface of the BoneCeramic 500-1000 pm (BC) that has invaginated material
fragments (blue arrows) (1200x magnification, scale bar = 9 pm). (B) and (C) show a multinucleated
giant cell (black arrow heads) adherent to a BC 500-1000 granule surface (BC). Within their cytoplasm
(CP) mitochondria (blue arrow heads), many cisterns of the rough endoplasmic reticulum (rER, red arrow
head) and different vesicles (green arrow heads) were found. Furthermore, a zone demarcated by the
material surface and the cell membrane of the giant cell (red asterisks) was found that did not contain
cell organelles but rather electron-dense content (B) 4800x magnification, scale bar = 2 pum; (C): 9300x
magnification, scale bar = 1 um). (D) Shows the adherent podosome-like cell branch (read dashed line)
of the multinucleated giant cell (C = cytoplasm) at the surface of the bone substitute granule (BC) that
seems to separate the demarcation zone (red asterisk) from the surrounding connective tissue (CT). Fur-
thermore, a bundle of intracellular intermediate filaments were found near the cell branch (orange
arrow heads) (23000x magnification, scale bar = 200 nm).

the larger granule size, although equal
weights of the 2 materials were
implanted. As a consequence, the
larger surface area on the one hand
could have promoted the induction of
macrophage fusion compared to the
granules with larger diameters. Addi-
tionally, the extent of dissolution, i.e.,
the non cell-related degradation, of
the 2 biphasic bone substitutes may
have been different. Thus, the small-
sized granules could have been subject
to a higher extent of dissolution,
which could have resulted in a faster
“achievement” of a granule size that
promotes the induction of macro-
phage fusion.

Interestingly, the histomorphomet-
rical analysis based on TEM addition-
ally showed that the mononuclear
cells involved in the tissue reactions to
the bone substitute materials were
able to phagocytose particles with a
mean diameter of approximately
0.6 wm and a maximal diameter of
2 wm, without significant differences
between both groups. This could be
because both granule types were pre-
pared by the same manufacturing pro-
cess and from the same precursor
material, and thus their “subunits”
have the same size and structure. This
means that the solution of fragments
by the phagocytosing cells could be
similar for these materials. Further-
more, these results are fully in line
with other studies showing that mac-
rophages are able to phagocytose par-
ticles in the range of 0.7 — 3.2 wm.**
“¢ Thus, the presented data show that
the degradation rates of both granules
of the bone substitute seem mainly to
be based on the (numbers of) multi-
nucleated giant cells.

However, based on these data the

numbers seems to indicate that the small granules of the BC 400—
700 could become degraded faster than the granules of the BC
500-1000. Unfortunately, no histomorphometrical measure-
ment of the particle size phagocytosed by the multinucleated
giant cells was possible. However, it is suggested that the particle
size, which could be invaginated by multinucleated cells, is
greater because of the higher ,,reserves” of membranes involved
in the process of phagocytosis. **

This phenomenon might be a result of the fact that the overall
implant surface area of the material with smaller granule size
especially at the later time point is higher compared to that with
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question arises whether a faster degradation of small-sized bone
substitute granules is supportive of the process of bone regenera-
tion. Thus, implantation in bone tissue using a special preclinical
operation model could permit clarification of this question.
Additionally, the question also arises concerning which prop-
erties of the analyzed bone substitute materials could have
induced tissue reactions similar to those of the xenogeneic bone
substitute material. In this context the initial SEM analysis of the
material characteristics showed that the granules of both bone
substitutes had a relatively smooth surface topography. Gener-
ally, this material factor has been described as a key factor for the
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Particle phagocytosis of mononuclear cells

1.59

1.04

particle diameter [um]

Figure 8. shows the results of the histomorphometrical measurements
of the particle sizes phagocytosed by mononuclear cells in the cases of
both granule sizes of the bone substitute material.

tissue reaction to a biomaterial and a smooth biomaterial surface
topography of a biomaterial as also observed in case of the ana-
lyzed bone substitutes has impact on the severity of the foreign
body reaction involving mononuclear cells such as macrophages,
rather than multinucleated giant cells. >4 Thus, it is pre-
sumed that even this material factor could have determined the
observed tissue reactions, that are comparable to those observed
in the xenogeneic biomaterial.

A further interesting result was the significantly higher
implant bed vascularization in the group of the small-sized bone
substitute of the BC 400-700 at day 10 after implantation, while
after that time point no further differences between the 2 study
groups were found. As no correlation between the presence of
multinucleated giant cells and vascularization in the case of the
analyzed biphasic bone substitute was found, in contrast to the
vascularization mechanisms of other bone substitutes previously
analyzed by our group, these quantitative results lead to the con-
clusion that mononuclear cells such as macrophages were also
mainly involved in the vascularization processes of both biphasic
bone substitute materials.>'*333>37 In this context, especially
macrophages have been shown to be involved in the implant bed
vascularization via their secretion of angiogenic factors such as
the vascular endothelial growth factor (VEGEF), which is a potent
inducer of vascularization.”™”" Thus, the early high vasculariza-
tion in the case of the small-sized granules (BC 400-700) could
also be related to the induction of a higher expression of VEGF
in these mononuclear cells. This data became substantiated by
other study results indicating that even material granules with
smaller diameters can evoke higher levels of pro-inflammatory
enzymes and also VEGF from macrophages, especially in the
early phase after implantation.”® Based on these data it could be
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concluded that the small-sized bone substitute granules might
also induce a higher or faster level of bone tissue growth, as
VEGEF also stimulates the proliferation and differentiation of
osteoblasts in a dose-dependent manner.’ > However, further
studies have to be conducted using also bone implantation mod-
els to clarify this issue.

Finally, the TEM analysis showed that both the mononuclear
cells as well as the multinucleated giant cells were involved in the
degradation of both granule sizes of the bone substitute material
by phagocytosis of material fragments, which substantiates fur-
ther evidence for the differentiation of this material-induced mul-
tinucleated cell type. Cell organelles that are known to be
involved in the process of phagocytosis, including the ramified
rough endoplasmic reticulum (rER), and vacuoles with electron-
dense contents near the phagocytosis vacuoles reminiscent of
lysosomes or other vacuoles with lytic enzymes, have also been
detected within both cell types.’>”* Additionally, these data sub-
stantiate further evidence for the differentiation of the material-
induced multinucleated cell type, which has been assigned to the
cell type of the foreign body giant cell, as no ruffled border was
detectable.”® The ruffled border is a crucial subcellular element
for the functionality of the osteoclast as it enables resorption of
fragments of the bone matrix (collagen and calcium) after its dis-
solution in an acid microenvironment and its transport via trans-
cytosis. Thus, the osteoclast is also a “phagocytosing” cell type,
but no description of the phagocytosis of ,,greater” fragments of
bone substitutes or foreign bodies has been described in these
cells in contrast to foreign body giant cells.”*>® Thus, the pre-
sented invagination of larger synthetic material fragments in
combination with the absence of the ruffled border again lead to
the conclusion that the observed material-adherent multinucle-
ated giant cells are indeed foreign body giant cells. However,
these results ultimately support the hypothesis that this biomate-
rial-induced multinuclear cell type “uses” similar mechanisms to
dissolve the calcium phosphate content of the bone substitute
materials, such as a subcellular compartment within an acid
microenvironment comparable to the clear zone and even TRAP
enzymes, while not being a cell of the osteoclast line with all its
phenotypic characteristics such as the ruffled border or the calci-
tonin receptor.ls’%‘61

Alrogether, based on the presented data it appears that a for-
eign body reaction to biomaterials or bone substitute materials
could also be executed mainly by mononuclear cells in the same
way as multinucleated giant cells, characterized by the ability to
degrade a biomaterial and phagocytose material fragments. Thus,
the results revealed that synthetic bone substitute materials such
as the analyzed biphasic material can induce tissue reactions simi-
lar to those of some xenogeneic materials. Furthermore, the
results show that the granule size seems to have impact only on
early implant bed vascularization and also on the induction of
MNGC:s in the late phase of the tissue reaction, which could
cause a different degradation time for small-sized granules com-
pared to the larger granules. Moreover, the results indicate that
granule size did not alter the phagocytic capacity of mononuclear
cells, as the underlying material structure generated by the (com-
mon) production processes seems to yield phagocytosis subunits
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with similar sizes, no matter what size the macrogranules have

originally. Finally, the investigation substantiates the differentia-
tion of material-induced MNGC:s, which are of the foreign body

giant cell type.
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