
Abstract. Background/Aim: The present study investigates the
in vivo tissue reaction and the integration behavior of an
injectable bone substitute material (IBS) composed of a water-
based gel combined with nano hydroxyapatite particles and
biphasic calcium phosphate granules. The results of the IBS were
compared to biphasic bone substitute granules (BBSM) of the
same chemical composition. Materials and Methods: The
subcutaneous implantation model in 40 female 5-week-old CD-
1 mice up to 60 days after implantation was used for conduction
of the in vivo experiments. Moreover, established histological,
histopathological and histomorphometrical methods were
applied. Results: The results showed that the IBS was gradually
invaded by cells and complex tissue elements. Thus, the implant
bed could be distinguished in two areas, i.e. an outer and inner
region. While the outer region started to interact with the peri-
implant tissue by evoking multinucleated giant cells and at
earlier time points by undergoing a continuous high
vascularization, the inner part was free of peri-implant cells for
at least 30 days, starting to undergo a similar tissue reaction at
a later time point. The bone substitute granules allowed for a
fast tissue influx between the interspaces of the granules starting
at day 10. While the vessel density did not differ in both groups
up to the end of the study, the amount of vascularization was
significantly higher over the entire observation period in the

BBSM group. Moreover, the amount of biomaterial-associated
multinucleated giant cells (BMGCs) was significantly higher in
the IBS group in the period of between 15 to 30 days after
implantation, while comparable BMGC numbers were found in
both groups towards the end of the study. Conclusion: IBS can
build a barrier-like structure that is able to control the soft tissue
influx into the central regions of the implantation bed, which
could not be observed in other bone substitute granules of the
same chemical composition. This directed integration behavior
is assumed to be in accordance with the concept of Guided Bone
Regeneration (GBR). Furthermore, BMGCs can significantly
influence the process of angiogenesis within an implant bed of
a biomaterial but not the maturity of blood vessels. 

Alloplastic bone substitutes, especially hydroxyapatite (HA),
alpha- and beta- tricalcium phosphate (α-TCP and β-TCP) and
biphasic calcium phosphate ceramics are viable alternatives to
autogenous, allogeneic and xenogeneic bone grafts in surgical
bone augmentation and replacement (1). Even though they
lack some of the qualities of autografts, allografts and
xenografts such as osteogenesis and osteoinduction, alloplastic
bone substitutes are osteoconductive (2-6), readily available
in different easy-to-use forms (7-9), and pose no risk of
disease transmission or morbidities associated with bone graft
harvesting (10-12). It has been shown that these biomaterials
are mainly degraded by the process of phagocytosis, which is
affected by the chemical composition and physical
characteristics of a biomaterial. These properties determine the
cellular reactions within the host tissue, including different
numbers of phagocytes such as macrophages and so-called
biomaterial-associated multinucleated giant cells (BMGCs) (1,
10, 13-20). Even biphasic bone substitute materials (BBSM)
composed of mixtures of hydroxyapatite (HA) and beta-
tricalcium phosphate (β-TCP) have shown to be degraded in
a balanced way. For BBSMs, the tissue reaction is formed by
the individual reactions towards each of the material
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compounds. Therefore, aspects such as biodegradation is
based on the activity of phagocytes such as macrophages and
BMGCs towards the individual compounds (10, 12, 17, 20-
26). Hence, BBSMs initially induce an inflammatory tissue
reaction similar to that of a pure β-TCP material, resulting in
a high number of BMGCs and a high degradation rate, at later
stages this is followed by a slower degradation rate correlated
with lower BMGC numbers at a later, which can be compared
to pure HA (17). 

Moreover, underlying factors like the implant bed
vascularization have shown to be important determinants of
the bone healing process (10, 13, 14, 27-30). Interestingly,
previous studies have shown that the material-related
inflammatory tissue response and the implant bed
vascularization are (in-) directly connected. In specific,
macrophages and BMGCs, among other different cell types,
express angiogenic molecules like the vascular endothelial
growth factor (VEGF) or the heme oxygenase 1 (HO-1).
These angiogenic molecules have additional effects on the
regeneration process by positively influencing cells like
osteoblasts (29, 31). Moreover, a higher material-induced
inflammatory tissue response caused by BBSM is linked to a
high and fast implant bed vascularization (17, 20, 32). Based
on these results, BBSMs are assumed to undergo a desired
degradation pattern for directed bone regeneration following
the concept of Guided Bone Regeneration (GBR), which
means that the formation of bone takes place on the basis of
a translocating bone substitute material outgoing from the
defect barriers directed into the central defect regions (17). It
has also been revealed that BBSMs induce tissue reactions
that may support the bone regeneration process (17, 20, 32).
Thus, BBSMs have been shown to be favorable materials for
bone tissue regeneration in different preclinical and clinical
studies (10, 12, 17, 20, 21, 23, 24, 32-34).

However, different clinical cases such as fracture cavities,
interspaces around a screw or cysts, necessitate the application
of an injectable bone substitute (IBS) (2, 11, 12, 22, 29, 31, 35-
38). This material class provides different benefits such as a
minimally-invasive application and an optimal filling capability
of irregularly shaped defects up to the defect borders (2, 31).
Most of the IBS are based on calcium phosphate-based granules
and hydrophilic polymers such as collagen, hyaluronic acid
(HY) or cellulose (2, 12, 29, 31, 36, 38). It has been shown that
the addition of HY and methylcellulose to β-TCP granules
results in an IBS which features an integration behavior by
inducing a continuous cellular ingrowth from the periphery
towards the core and increases the vascularization of the
implantation bed (29, 37, 38). In a previous study it was
concluded that this integration pattern is in accordance to the
process of Guided Bone Regeneration (GBR) (31). However, it
is also known that the application of HY fragments of different
molecular sizes, i.e., high and low molecular weight hyaluronan
(HMWHY/LMWHY), leads to different, sometimes opposing

regenerative properties (20). HMWHY exhibits anti-
inflammatory and immunosuppressive characteristics, whereas
LMWHY stimulates proinflammatory tissue reactions (39).
Interestingly, another publication by Sieger and Korzinskas et
al. showed that the addition of different amounts of HMWHY
did not affect the inflammation response to BBS but improved
the material handling properties (20).

In contrast, the IBS Maxresorb® inject (botiss biomaterials
GmbH, Zossen, Germany) is composed of biphasic bone
substitute granules with a mixture of 60% HA and 40% β-TCP
and a water-based gel that contains HA nanoparticles with a
size of 15-50 nm (38). Due to the special material composition
of this IBS, it is of certain interest to analyze the integration
behavior and the material-related tissue reactions compared to
similar materials such as the above-mentioned polymers. Thus,
the present in vivo study using the subcutaneous implantation
model in CD-1 mice over a period of 60 days, was conducted
to examine its integration behavior and the related
inflammatory tissue responses including the induction of
BMGCs as well as the implant bed vascularization. Pure
biphasic bone substitute granules of the same size were used
as control in order to analyze the influence of the water-based
gel in combination with the HA nanoparticles towards the
tissue reaction. Established and previously published
systematic histological, histopathological and
histomorphometrical methods were used to put focus on
comparability of the present study results and former
examinations (2, 10, 17, 20, 21, 29, 31, 32).

Materials and Methods

Bone substitute materials. Maxresorb inject®. Maxresorb inject®
(Botiss biomaterials GmbH, Zossen, Germany) is an injectable and
moldable alloplastic bone substitute material composed of
amorphous nano-sized HA dispersed in water, which serves as
carrier for the embedded biphasic granules (38). These biphasic
granules are manufactured according to the manufacturing process
described for maxresorb (38). The carrier matrix is precipitated
from an aqueous solution of calcium and orthophosphoric acid. The
ratio of biphasic granules and carrier matrix is 16.5% to 83.5% in
the final bone substitute material, leading to the character of a
viscous paste. 

Maxresorb®. Maxresorb® (Botiss biomaterials GmbH, Zossen,
Germany) is an alloplastic bone substitute material imitating the
natural bone architecture and morphology (38). The synthetic bone
substitute consists of two homogenously distributed phases of 60%
hydroxyapatite (HA) und 40% β-tricalcium phosphate (β-TCP). The
manufacturing process of maxresorb includes a controlled
precipitation process of aqueous solutions of calcium and phosphate
as well as subsequent cold isostatic pressing into mechanically
stable objects (38). This process results in an interconnecting porous
system with defined pore diameters ranging from 200 to 800 μm as
well as micropores of 1-10 μm. Finally, the alloplastic bone
substitute material is grinded and sieved to obtain appropriate
granule sizes prior to packaging and gamma-sterilization.
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Scanning electron microscopy. To analyze the ultrastructure of the
bone substitute materials, scanning electron microscopy (SEM) via
an AMRAY 1810 T (Amray Inc., Bedford, MA, USA) was
performed for both biomaterials at 20 kV. The biomaterials were
gold sputtered on a sample holder prior to the SEM analysis. 

Experimental design and conduct of the subcutaneous implantation
model. The in vivo experiments were conducted following
established and previously published standardized methods (2, 10,
17, 20, 21, 29, 31, 32). Briefly, the biomaterials were implanted
subcutaneously in 40 female 5-week-old CD-1 mice with an
average weight of 28 grams that were obtained from Charles River
(Charles River Laboratories, Wilmington, MA, USA) after the
approval of the Local Ethical Committee. The animals were
maintained for 1 week before use at the Animal Facility of the
Institute of Pathology of the University Medical Center of the
Johannes Gutenberg University Mainz. 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.
Implantations were conducted with n=4 animals for 5 observation
time points: i.e. 3, 10, 15, 30 and 60 days post implantationem in
accordance to the guidelines of the Committee on the Use of Live
Animals in Teaching and Research of the State of Rhineland-
Palatinate. Fifteen animals with n=3 animals per study time point
were used as controls, by undergoing an operation without material
implantation. Animals were nourished and kept under standard and
artificial conditions. The subcutaneous implantation included the
insertion of 60 mg of bone substitute materials into a preformed
subcutaneous pocket within the rostral subscapular region after
intraperitoneal anesthesia [10 ml of ketamine (50 mg/ml) with 1.6
ml of 2% xylazine] under sterile conditions. Afterwards, wound
closure was performed with Prolene 6.0 (Ethicon, Somerville, NJ,
USA). After the respective study time points, the experimental
animals were sacrificed by an overdose of ketamine and xylazine
(double amount of the above-mentioned anesthetics). Additionally,
the euthanasia was confirmed via exsanguination.

Tissue preparation and histological workup. In accordance to
previously described methods, the implanted biomaterial and the
peri-implant tissue were extracted and fixated in 4% formalin for
24 h (2, 10, 17, 20, 21, 29, 31, 32). Subsequently, each biopsy was
cut in three segments, a left and a right margin as well as a central
part and decalcified in 10% Tris-buffered EDTA (Carl Roth,
Karslruhe, Germany) at 37˚C for 4 days. Afterwards, dehydration
in a series of increasing alcohol concentrations finally followed by
xylol was conducted. Furthermore, the explants were embedded in
paraffin, cut with a rotation microtome (Leica, Wetzlar, Germany)
in 3-5 μm thick slices and stained with hematoxylin and eosin
(H&E), Azan, Sirius red, Masson Goldner trichrome and tartrate-
resistant acid phosphatase (TRAP).
Histopathological analysis. The histological examination of the
tissue reactions to the bone substitute materials were conducted
based on an established protocol (2, 10, 17, 20, 21, 29, 31, 32).
Briefly, the tissue sections were analyzed histologically with a
conventional diagnostic microscope (Eclipse 80i, Nikon, Tokyo,
Japan) in combination with a digital camera (DS-Fi1, Nikon, Tokyo,
Japan) with a digital sight control unit (Nikon, Tokyo, Japan). The
total implantation bed and the peri-implant tissue of each animal
were analyzed with consideration of the following parameters:
fibrosis, hemorrhage, necrosis, vascularization and the presence of

neutrophils, lymphocytes, plasma cells, macrophages as well as
TRAP-positive and -negative biomaterial-induced multinucleated
giant cells (BMGCs).

Histomorphometry. Additional to the histological analysis,
histomorphometrical measurements were performed to determine
the number of TRAP-positive and -negative biomaterial-induced
multinucleated giant cells (BMGCs), the vessel density and the
percent vascularization as previously published. Therefore, scans of
the respective slides were recorded with a specialized microscope
system including a light microscope (Eclipse 80i, Nikon, Tokyo,
Japan) and a connected digital camera (DS-Fi1, Nikon, Tokyo,
Japan) as well as an automatic scanning table (Prior Scientific,
Rockland, MA, USA) combined with a computer running the
software NIS-Elements (version 4.0, Nikon, Tokyo, Japan). Finally,
the total scans were consisting of 100 to 120 single images of the
region of interest including the implantation bed and the peri-
implant tissue at a 100× magnification.

To determine the percent vascularization and the number of
vessels, initially the total implant area was measured with the NIS-
Elements ‘‘annotations and measurements” tool. Moreover, the
numbers and areas of blood vessels on each slide were measured by
manual marking. Based on this data, the total number of vessels was
related to one square millimeter of the implant bed (vessels/mm2)
and the percentage of blood vessels was calculated relating the area
of vessels to the implant area. 

Furthermore, both TRAP–negative and TRAP-positive
biomaterial-induced multinucleated giant cells (BMGCs) were
counted manually and their numbers were related to one square
millimeter of the implant bed (BMGCs/mm2). 

Statistical analysis. The histomorphometrical data were used for an
analysis of variance (ANOVA), which allowed for comparison of
the histomorphometrical data, using the GraphPad Prism 6.0c
software (GraphPad Software Inc., La Jolla, CA, USA). Statistical
differences were designated as significant if p-values were less than
0.05 (p≤0.05), and highly significant if p-values were less than 0.01
(p≤0.01) or less than 0.001 (p≤0.001). Finally, the results were
graphed as mean±standard deviations.  

Results
Analysis of the material (ultra-) structure. SEM analysis
showed that the IBS exhibited a material structure similar to
a coherent mass without signs of any particular components
such as the biphasic bone substitute granules (Figure 1A).
Moreover, no signs of macroporosity were observable
(Figure 1A) while single smaller pores were found in higher
magnifications (Figure 1B). Contrary to that, the granules of
the biphasic bone substitute granules presented a foam-like
structure with an open-porosity including both macro- and
micropores (Figure 1C and D).

Analysis of the in vivo tissue reactions. All animals of the
three experimental groups survived without any sign of
macroscopically detectable wound disorders. Moreover, no
abnormalities have been observed in any of the study groups
regarding animal food and water intake behavior.
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Tissue reactions to the IBS. Starting with day 3 after
implantation, and up to the end of the observation period, the
IBS was detectable within the implantation bed (Figure 2). At
the earliest study time point, a visible division between an
outer and the inner region of the implanted material was
histologically observable (Figure 2A and B). Small granules
were located within the outer implant and big bone substitute
granules were found building up the inner region of the
implanted paste-like material (Figure 2A). At this time point,
mononuclear cells such as granulocytes and macrophages
along with some single fibroblasts could be identified building
a multilayer on the surface of the outer region, embedded
within a loose fibrin network, while no cells had reached the
inner core of the implanted IBS (Figure 2A and B). 

At day 10 after implantation, the separation in the above-
mentioned outer and inner region within the implantation bed
of the IBS was still observable (Figure 2C). At this time point,
a cell- and vessel-rich granulation tissue mainly including
inflammatory cells, such as macrophages, lymphocytes and
granulocytes and single biomaterial-induced multinucleated
giant cells (BMGCs), was detectable, which penetrated the
complete outer implant region (Figure 2D). In contrast to the
latter, only a few mononuclear cells comprising mainly of
macrophages, were detected within the intergranular
interspaces of the bigger bone substitute granules positioned
in the inner implant region of the IBS (Figure 2E). 

After 15 days of implantation, the division of the
implantation bed of the IBS into an outer region composed
of the small granules and the inner region composed of the
bigger bone substitute granules was still detectable (Figure
2F). Within the outer region, the afore-described cell- and
vessel-rich granulation tissue with higher numbers of
BMGCs was observed (Figure 2G). At this study time point,
the ingrowth of mononuclear cells into the intergranular
spaces within the inner implant bed region was increased,
however there were no signs of an ingrowth of complex
tissue (Figure 2H). 

At day 30 after implantation, the tissue ingrowth towards
the central region of the implantation bed continued (Figure
2I). The cell- and vessel-rich granulation tissue that included
mainly macrophages, lymphocytes and fibroblasts remained
within the interspaces of the small bone substitute granules
in the outer region of the IBS implant bed (Figure 2J). At this
time point the number of the BMGCs cells within the outer
region of the implant bed had again increased compared to
the previous time point (Figure 2J). At this study time point
the big bone substitute granules within the central regions of
the IBS implantation bed were also embedded within a cell-
rich and well vascularized connective tissue (Figure 2K). The
same cell types that were found within the outer implant bed
region were detected within the central regions at this time
point, i.e., macrophages, lymphocytes, fibroblasts and
BMGCs (Figure 2K). 

At day 60 after implantation, the inner and outer regions
of the implant bed remained divided (Figure 2L). At this
study time point, a cell- and vessel-rich granulation tissue
was observable within both implant bed regions. A Low
number of BMGCs was associated with the smaller granules
within the outer implant bed regions (Figure 2M). In
contrast, higher numbers of BMGCs were found associated
with the big bone substitute granules within the inner implant
bed regions (Figure 2N).

Tissue reaction to the BBSM. Starting with day 3 after
implantation, the bone substitute granules were embedded
within a loose network of fibrin fibers (Figure 3A and B). A
layer of mononuclear cells was observed over the granule
surfaces even within the periphery of the implant beds,
which could mainly be identified as granulocytes and
macrophages (Figure 3A and B).  

Beginning on day 10 after implantation, a noticeable
connective tissue influx that included a moderate number of
blood vessels, was observed up to the central regions of the
implantation beds of the bone substitute. This was associated
with the occurrence of macrophages and BMGCs at the
material-tissue-interfaces (Figure 3C and D). At day 15 after
implantation, more BMGCs were observed at the granule
surface and within the intergranular spaces that were still
filled with a cell- and vessel-rich connective tissue (Figure
3E and F). At day 30, a relatively large number of BMGCs
and some mononuclear cells remained and could be observed
at the granule surfaces, neighbored to the intergranular cell-
and vessel-rich connective tissue (Figure 3G and H). 60 days
after implantation, comparable numbers of BMGCs were
found at the material surfaces in combination with
macrophages (Figure 3I and J). It was also observed at this
study time point that the intergranular connective tissue was
rich of cells and blood vessels (Figure 2E).

Tissue reaction to the control group. The control group
implantation bed showed a continuously mild vascularization
and within the first 15 days some granulocytes and
macrophages were found (data not shown). No multinucleated
giant cells were observed in this group at any study time point.

Histomorphometrical analysis of the vascularization. The
histomorphometrical analysis of the control group showed a
continuously mild vessel density and a relatively low percentual
vascularization throughout the complete study period (Figure
4A and B). At day 3 after implantation, a mild vascularization
was detected in the IBS group, while no vessels could be found
within the implantation bed of the pure BBSM (Figure 4A and
B). The vessel density of the IBS and also of the pure BBSM
increased significantly (p<0.001) between day 3 and day 10
after implantation (Figure 4A). Vessel numbers in both study
groups were comparable to each other and significantly higher
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(p<0.001 and p<0.01) compared to the values in the control
group (Figure 4A). At day 15 and 30 after implantation, the
vessel numbers in both material groups remained similar and
significantly higher (p<0.001 and p<0.01) than in the control
group (Figure 4A). Furthermore, the vessel numbers reduced in
both groups at 60 days after implantation, but this reduction was
only significant in the pure BBSM group (p<0.01) (Figure 4A).
Interestingly, no differences in vessel numbers was found
between each material group and the control group at this latest
study time point (Figure 4A).

The histomorphometrical measurements for the percent of
vascularization showed comparably low values at day 3 after
implantation in all study groups, while no vascularization was
found in the pure BBSM group (Figure 4B). An increase in
the percentage of vascularization was found in both material
groups at day 10 after implantation, but this increase was only
significant (p<0.001) in the pure BBSM group (Figure 4B).
Moreover, the values in the BBSM group were also
significantly higher (p<0.001 and p<0.05) compared to that
in the IBS and the control groups (Figure 4B). between days
15 to 60 after implantation, the values in the BBSM group
were significantly higher (p<0.001) compared to the values in
the IBS and the control group (Figure 4B). Furthermore, no
significant differences were found between the values in the

IBS group and the control group in this observation period
(Figure 4B). A significant increase (p<0.01) in the percentage
of vascularization was solely found in the control group
between day 30 and day 60 after implantation (Figure 4B).

Histomorphmetrical analysis of the BMGC induction. The
histomorphometrical analysis of the BMGCs showed
comparable numbers were found in both material groups at day
10 after implantation, which were significantly higher (p<0.001
and p<0.05) compared to 3 days after implantation (Figure 5A).
However, the BMGC numbers in the IBS group tended to be
higher compared the pure BBSM group (Figure 5A). At day 15
and day 30 after implantation, the BMGC numbers in the IBS
were significantly higher (p<0.001) compared to the values in
the BBSM group (Figure 5A). At day 60 after implantation, the
BMGC numbers in both material groups were on a comparable
level, as a significant decrease (p<0.01) was detected in the IBS
group at this time point (Figure 5A).

Furthermore, the measurement of the TRAP-positive
BMGC subpopulations showed comparable values of TRAP-
positive BMGCs were found in both material groups at day
10 after implantation, but only a significant increase
(p<0.01) was found in the IBS group, whose values tended
to be higher than the pure BBSM group (Figure 5B). At day
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Figure 1. SEM-images of the two bone substitute materials. (A) and (B) show the injectable bone substitute, while (C) and (D) show representative
images of the biphasic bone substitute granules. Micropores of the injectable bone substitute are indicated by the yellow arrows in B (A and C:
200× magnification, scale bars=100 μm, B and D: 1000× magnification, scale bars=1 μm).



15 and day 30 after implantation, the numbers of TRAP-
positive BMGCs were significantly higher (p<0.05 and
p<0.001) in the group of the IBS, while comparable numbers
were found at day 60 after implantation that correlated with
a significant decrease (p<0.05) in the IBS group (Figure 5B).

The histomorphometrical measurements of the TRAP-
negative BMGCs showed that their numbers were comparably
high in both material groups at day 10 after implantation, these
values were significantly higher (●●●p<0.001 and ●p<0.05)
compared to day 3 after implantation (Figure 5C). At day 15
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Figure 2. Representative images of the integration behavior and the tissue reactions of the injectable bone substitute material at day 3 (A and B),
day 10 (C-E), day 15 (F-H), day 30 (I-K) and day 60 (L-N) after implantation within the subcutaneous connective tissue (CT). The implantation
beds were distinguishable into an outer implant bed region (OR) including small bone substitute granules (SG) and an inner implant bed region
(IR) composed of larger bone substitute granules. Black arrowheads=monocytes; black arrows=blood vessels; green arrowheads=multinucleated
giant cells; yellow arrowheads=mononuclear cells; red asterisks=fibrin-like matrix;  A, C, F; I and L= HE- or Azan-stainings,  40× magnifications,
scale bars=100 μm; B, D, E, G, H, J, K, M and N=HE-, Azan- or Sirius red stainings, 200× magnifications, scale bars=10 μm.



and day 30 after implantation the numbers of TRAP-negative
BMGCs were significantly higher (**p<0.01 and ***p<0.001)
in the IBS group (Figure 5C). Finally, comparable numbers
were found in both groups at day 60 after implantation
associated with a significant decrease (●●p<0.01) of the TRAP-
negative BMGCs in the IBS group compared to day 30 after
implantation (Figure 5C).

Discussion

In a previous in vivo study, it was shown that an IBS based
on β-TCP granules, methylcellulose and HY produced an
integration behavior characterized by a prolonged and
continuous cellular ingrowth from the periphery towards the
implant bed center, which was assumed to be in accordance
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Figure 3. Representative images of the integration behavior and the tissue reactions of the biphasic bone substitute material at day 3 (A and B),
day 10 (C and D), day 15 (E and F), day 30 (G and H) and day 60 (I and J) after implantation within the subcutaneous connective tissue (CT).
Black arrowheads=monocytes; red asterisks=fibrin-like matrix; black arrows=blood vessels; green arrowheads=multinucleated giant cells; yellow
arrowheads=mononuclear cells; A, C, E, G and I=Masson Goldner-, Azan- and Sirius red-stainings, 100× magnifications, scale bars=20 μm; B,
D, F, H and J=Masson Goldner, Movat Pentachrome-, Azan- and HE-stainings, 200× magnifications, scale bars=10 μm.



to the process of guided bone regeneration (GBR) (30). This
process directs the growth of newly formed bone on basis of
a scaffold structure, like that of the analyzed bone substitute
material. Moreover, it has been shown that this IBS induced
an increased implant bed vascularization, apparently based
on its induction of a foreign body reaction including high
numbers of BMGCs (29). Finally, its clinical efficiency in
context of the augmentation of alveolar bone has also been
proven (31). 

In contrast, the IBS analyzed in the present study is
composed of biphasic bone substitute granules with a
mixture of 60% HA and 40% β-TCP and a water-based gel
combined with HA nanoparticles. Due to the lack of a
hydrophilic polymer, it is of scientific interest to analyze the
tissue reaction to this IBS with special consideration towards
its integrational behavior. For this purpose, a previously used
implantation model within the subcutaneous connective
tissue in mice was used to mimic the material-tissue-
interactions. Moreover, established and previously published
systematic histopathological and histomorphometrical
methods were used with the view of comparability between
the study results with that of other bone substitute materials
(2, 10, 17, 20, 21, 29, 31, 32) .

The results showed that the implantation bed of the IBS
could be divided into an outer and inner region, present
immediately after its implantation and remained up during
the subsequent 60 days that were analyzed in this study.
Interestingly, the smaller granules were located within the
outer implant region, building a layer around the inner
implantation bed, where the bigger granules have been
found. This material arrangement built a bulk-like structure,
which inhibited a fast tissue ingrowth into the central regions
of the implanted IBS. Up to day 30 after implantation, the
ingrowing cells mainly interacted with the smaller bone
substitute granules that seemed to prevent the ingrowth of

complex tissue into the central regions. After this time point
and up to day 60 after implantation, the bigger granules
within the central implant regions were also integrated into
connective tissue. In contrast, the granules of the pure BBSM
were integrated into connective tissue starting from day 10
after implantation. Thus, the analyzed IBS allowed for a
directed cell and tissue ingrowth that is comparable to the
preclinical data reported for the afore-mentioned IBS based
on β-TCP combined with a hydrogel of hyaluronic acid and
methylcellulose within subcutaneous and bone tissue (2). 

Moreover, the successful application of the analyzed IBS
was also proven in a clinical study that showed it contributed
to sufficient alveolar bone regeneration within extraction
sockets (31). Altogether, the integration behavior of the
analyzed IBS seems to be in accordance with the process of
guided bone tissue regeneration. The IBS might support the
directed ingrowth of osteoblasts migrating from the native
bone tissue neighbored to the defect site. In this context, it
has already been shown that the biomaterial affords
predictable and stable clinical performance (40).

Interestingly, both the histological and the histo -
morphometrical results showed that a higher cell or tissue
ingrowth, combined with higher numbers of BMGCs and blood
vessels, were found associated to the smaller bone substitute
granules within the outer implant bed region, beginning from
day 10 up to day 60 after implantation. In contrast, the bigger
granules within the inner core did not induce comparable
numbers of BMGCs and additionally had a lower
vascularization. This tissue reaction to the smaller granules led
to significantly higher number of BMGCs as well as both their
TRAP-positive and TRAP-negative subforms between day 10
and 30 after implantation in the IBS group compared to the
other groups. In contrast, the numbers of BMGCs and their
subpopulations were at a comparable level in both study groups
at day 60 after implantation. Additionally, the measurements
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Figure 4. Histomorphometrical analysis of (A) the vessel density and (B) the percent vascularization of the three study groups.



showed that the numbers of vessels were comparable in both
study groups through the whole study period, while the
percentage of vascularization was significantly higher in the
group of the pure bone substitute granules compared to the IBS
group throughout the whole observation period.

These observations show that the smaller granules within
the outer region of the IBS induced a higher level of the
material-associated foreign body response, which might on
the one hand be based on the coherence of the smaller
granules due to the added water-based gel. Thus, this
coherence could have been led to a formation of a large
material complex that was recognized as a big foreign body.
In this context, the occurrence of such a big foreign body
could have induced the observed high numbers of BMGCs. 

However, it has already been reported that smaller sized
bone substitute granules can induce a higher inflammatory
tissue response (13, 17, 28, 29, 41). This assumption also
correlates with the higher intergranular vascularization, even
within the outer implant bed region, as it was shown that
smaller biphasic bone substitute granules support a fast and
high vascularization process (29). Moreover, it has been
shown in a previous in vivo publication that included six β-
TCP-based bone substitute materials, that small granules
induced the highest numbers of BMGCs and also correlated
to a high vascularization of the implantation beds (29).
Additionally, it has been shown in this study that the
BMGCs are potent sources of the vascular endothelial
growth factor (VEGF) and that the BMGC numbers
correlated with the vascularization rates. Thus, the
observations within the outer implant region of the analyzed
IBS are in line with the previously reported results. 

On the other hand, the low vascularization within the
central implant regions led to an overall low vessel number of
the implantation bed of the IBS that was comparable to the
values in the BBSM group representing the bigger bone
substitute granules. However, it is surprising that these bigger
granules induced a higher percentage vascularization, which
means that the diameter of the vessels was lower in the IBS
group, while they induced lower BMGC numbers including
lower TRAP-positive subforms of the multinucleated cells.
Thus, it can be concluded that the bigger granules of the
control group and also the bigger granules within the central
implant bed regions of the IBS induced a lower so-called
bioactivity while they supported an increase of the vessel
diameters. The so-called intergranular gaps that are higher in
case of bigger sized granules have also been discussed to be
an important factor of the integration of a bone substitute (38,
42). Beside physicochemical material factors such as macro-
and microporosity or the composition of a synthetic bone
substitute, the granule size and the resulting size of the
intergranular gaps have been suspected to trigger a
combination of a high surface area mediating resorption and
the blood vessel ingrowth (42). Even the presented results
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Figure 5. Histomorphometrical analysis of (A) the total numbers of
multinucleated giant cells as well as (B) their TRAP-negative and (C)
TRAP-positive subpopulations.



support this assumption. However, the combination of the
higher vessel diameters with the lower numbers of BMGCs
lead to the conclusion that a higher surface area, such as in
case of the granules of the control group, does not have to lead
to higher cell-based material resorption. For example,
Busenlechner et al. showed that smaller granules of a bone
substitute material are responsible for the osteoconduction
process, which must be investigated in further studies (36).
Altogether, the presented results lead to the conclusion that the
overall tissue reactions to a bone substitute, including both the
cellular resorption and the implant bed vascularization, are a
result of the different physicochemical material characteristics
as well as the “intergranular” microenvironment. 

Moreover, the data shows that the composition of the
analyzed IBS composed of biphasic bone substitute granules
in aqueous solution, allows for a comparable integration
pattern observed in other injectable materials, including
natural polymers that are suspected to trigger bone
regeneration (2, 12, 29, 31, 36, 38). Furthermore, the results
revealed that the analyzed IBS acts as barrier-like structure,
which prevent a premature soft tissue influx into the
implantation bed central regions already at early time points
(36) after implantation. Thus, the IBS should allow for an
optimal integration behavior that is in accordance with the
concept of Guided Bone Regeneration (GBR). Finally, the
integration behavior of the pure biphasic bone substitute can
be stated to be optimal for supporting bone regeneration as
the material supports the implant bed vascularization by
vessel maturation.

Conclusion

The present study analyzed the tissue reaction of an IBS in
comparison to biphasic bone substitute granules within a
subcutaneous tissue model in mice up to 60 days post
implantationem. The results of the study have focused on
analyzing the integration and degradation as a basis for its
clinical application in humans. The results of the present study
demonstrate that the IBS is able to build a barrier-like structure,
which is able to control the soft tissue influx into the central
regions of its implantation bed, not observed in the comparable
bone substitute granules with the same chemical composition.
This directed integration behavior is in accordance with the
concept of Guided Bone Regeneration (GBR). Furthermore,
the data indicate that the BMGCs can only influence
angiogenesis but not the maturity of blood vessels. This
important aspect of bone tissue regeneration is also influenced
by factors such as the granule size and the following
morphology of the intergranular gaps. Further studies have to
examine the extent of inflammation and its exact affect in the
perspective of macrophages and biomaterial-associated
multinucleated giant cells and their involvement in the
molecular basis of the bone tissue regeneration process.
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