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Abstract: Bone substitute materials are becoming increasingly important in oral and maxillofacial
surgery. Reconstruction of critical size bone defects is still challenging for surgeons. Here, we
compared the clinically applied organic bone substitute materials NanoBone® (nanocrystalline
hydroxyapatite and nanostructured silica gel; n = 5) and Actifuse (calcium phosphate with silicate
substitution; n = 5) with natural collagen-based Spongostan™ (hardened pork gelatin containing
formalin and lauryl alcohol; n = 5) in bilateral rat critical-size defects (5 mm diameter). On topological
level, NanoBone is known to harbour nanopores of about 20 nm diameter, while Actifuse comprises
micropores of 200–500 µm. Spongostan™, which is clinically applied as a haemostatic agent, combines
in its wet form both nano- and microporous topological features by comprising 60.66 ± 24.48 µm
micropores accompanied by nanopores of 32.97 ± 1.41 nm diameter. Micro-computed tomography
(µCT) used for evaluation 30 days after surgery revealed a significant increase in bone volume by all
three bone substitute materials in comparison to the untreated controls. Clearly visual was the closure
of trepanation in all treated groups, but granular appearance of NanoBone® and Actifuse with less
closure at the margins of the burr holes. In contrast, transplantion of Spongostan™ lead to complete
filling of the burr hole with the highest bone volume of 7.98 ccm and the highest bone mineral density
compared to all other groups. In summary, transplantation of Spongostan™ resulted in increased
regeneration of a rat calvarial critical size defect compared to NanoBone and Actifuse, suggesting the
distinct nano- and microtopography of wet Spongostan™ to account for this superior regenerative
capacity. Since Spongostan™ is a clinically approved product used primarily for haemostasis, it may
represent an interesting alternative in the reconstruction of defects in the maxillary region.

Keywords: bone regeneration; critical size defect; rat calvaria; bone substitute materials

1. Introduction

Bone healing and implant integration are highly regulated processes that are based on
optimal conditions, both biological and mechanical. Impaired bone healing and implant
integration are still a major challenge in dental surgery [1–3]. Therefore, worldwide
bone grafting procedures represent the second most frequent tissue transplantation (right
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after blood transfusion) with over two million procedures performed every year, causing
estimated cost of $2.5 billion [4,5].

In bony defect repair, autologous bone grafting is still the “gold standard” since it
combines all requirements for ideal bone substitute materials: biocompatibility, bioresorba-
bilty, osteoconductivity, osteoinductivity as well as structural and mechanical similarity to
bone [6]. In dental surgery problems arise when alveolar ridge augmentation is needed due
to the limited bone volume in the jaw. Especially in this context guided bone regeneration
is the most used technique. But current bone substitutes for implant dentistry provide only
osteoconduction but not osteoinduction [7]. A promising further strategy might involve
the use of mesenchymal stem cells (MCS) [8].

Many bone substitute materials have been developed that differ decidedly in compo-
sition and structure. These materials can be divided into five groups: materials of natural
origin, synthetic materials, composite materials, materials combined with growth factors
and materials loaded with living cells. All these materials are used in clinical practice with
different indications and variable successes [6,9–11].

Despite the broad range of available substitutes, engineering bone substitute materials
is a complex process, since their nano- and microtopography need to allow optimal vascular
ingrowth as well as stem cell and osteogenic progenitor cell migration and differentiation.
Recently, we demonstrated the capability of 31.93 ± 0.97 nm pores on the surface of rat colla-
gen type I fibres to induce osteogenic differentiation of adult human stem cells in vitro [12].
Petersen and colleagues reported significantly improved endochondral ossification in a
critical-size defect model at the rat femur for an engineered porcine collagen scaffold
with a channel-like pore architecture comprising micropores of 89 ± 15 µm [13]. Taking
advantage of this knowledge, we very recently identified the optimal nano- and microto-
pography guiding intramembranous ossification-driven bone regeneration. In particular,
we observed micropores of 60.66 ± 24.48 µm diameter and nanopores of 32.97 ± 1.41 nm
size in the clinically approved collagen sponge Spongostan™ [14], which is commonly used
as a haemostatic collagen sponge in a broad range of clinical settings [15–17]. A specific
indication for the use of Spongostan as a haemostatic agent is for bleeding in patients with
von Willebrand disease (vWD). A site of frequent bleeding in these patients is within the
nose. Treatment of patients with vWD is challenging; due to frequent mucosal bleeding,
but dental procedures are often required, and the use of Spongostan is indicated. Treatment
of these patients should be adjusted to prevent bleeding and its complications as much as
possible (replacement therapy and haemostatic agents [18].

Beyond the applicability of Spongostan™ as a stem cell or growth factor carrier for
bone recovery [19,20], we demonstrated the sole presence of micro- and nanotopographical
cues on Spongostan™ to be sufficient for functional regeneration of a critical-size calvarial
rat bone defect [14].

The 5 mm biparietal defect in the rat skull can be considered as a critical-size defect
because, as shown in a systematic review by Vajgel et al., it has a very low rate (1.6%) of
spontaneous complete healing [21]. Thus, the critical-size rat calvarial defect is a well-
established and accepted animal model for the in vivo study of bone regeneration in dental
surgery as well [22–25].

Since, all available material for bone regeneration in dental surgery have shown to
be only osteoconductive [7] we tested the regenerative capacity of Spongostan™ harbour-
ing both micro- and nanopores with the two clinically proven bone substitute materi-
als NanoBone® and Actifuse in a rat calvarial critical size defect model. The synthetic
NanoBone®, a nanocrystalline hydroxylapatite (HA) similar to the autologous HA embed-
ded in a highly porous silica gel matrix, is routinely used for guiding intramembranous
ossification during bone reconstruction in craniofacial surgery [26–28]. NanoBone® is con-
sidered to be biocompatible, non-immunogenic, osteoconductive and osteoinductive [27].
In the nanoscale, the silica gel matrix of NanoBone® has interconnecting pores with sizes
ranging from 10 to 20 nm, resulting in a great porosity of surface [29]. Next to NanoBone®,
Actifuse, a porous version of Si-HA harbouring micropores of 200–500 µm diameter, also
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fulfils the requirements for bone substitute materials introduced above. Being broadly
applied as a bone graft substitute for application in spinal fusion operations [30–32] its
particularly slow degradation rate makes Actifuse an excellent bone augmentation material
for endochondral ossification [31,33].

The aim of this work was to evaluate the new bone volume formed in vivo by clinically
established (osteoconductive) bone graft substitutes with Spongostan™, which has an
additional osteoinductive effect due to its micro- and nanotopograpy.

2. Materials and Methods

Parts of the results for the Spongostan™ and control group have been published in
the study of Vordemvenne and co-authors [14].

2.1. Bone Substitute Materials

NanoBone® (NanoBone® granulate, ARTOSS GmbH, Rostock, Germany) is a syn-
thetic bone substitute with two components: 76% nanocrystalline hydroxyapatite and 24%
nanostructured silica gel comprising nanopores of 10–20 nm diameter. For this study the
fine granule with a diameter of 0.6 mm were used.

Actifuse (Actifuse ABX, Baxter Germany, Unterschleißheim, Germany) is a synthetic
calcium phosphate bone substitute with silicate substitution. The material has a granule
size of 1–2 mm and comprises micropores of 200–500 µm.

Spongostan™ (Ferrosan Medical Devices, Søborg, Denmark; marketed by Ethicon
Biosurgery, Johnson and Johnson, New Brunswick, NJ, USA) is a compound of hardened
pork gelatin containing formalin (1.5%) and lauryl alcohol (2%). For this investigation,
pre-wetted Spongostan™ cubes of 1 mm3 containing micropores of 60.66 ± 24.48 µm
diameter and nanopores of 32.97 ± 1.41 nm have been used as described by Vordemvenne
et al. [14].

2.2. Animals

The responsible authority (LANUV, Approval Ref. No. 81-02.04.2018.A188) approved
this study. All animal work followed the policies and procedures established by the Animal
Welfare act, the National Institutes of Health Guide for Care and Use of Laboratory Animals,
and the National Animal Welfare Guidelines.

Total of 20 male white Wistar rats with an average weight of 300 g at the day of surgery
and an age of about 8 weeks were used for this study. The sample size was calculated using
G*power software (version 3.1.9.2, 2018, Heinrich Heine University, Düsseldorf, Germany,
1 May 2018) (one-way ANOVA test with a priori analysis: α = 0.05, power = 0.8, effect
size f = 0.75) under the supervision of a statistician. The animals were assigned to either
group A (empty control, n = 5), group B (NanoBone®, n = 5), group C (Actifuse, n = 5), or
group D (Spongostan™, n = 5) by randomisation. The animals are from our own breeding
at the University of Bielefeld. They were housed with food and water provided ad libitum,
under a 12 h light/dark cycle with two animals per cage. Following the 3R (replacement,
reduction, refinement) guidelines all efforts were made to minimise potential suffering and
a minimum number of animals was used for this study.

2.3. Animal Surgery

The surgical procedures followed our previously described protocol [14] and was
modified according to the description of Spicer et al. [23]. The critical size calvarial defect
is an established model for the investigation of bone regeneration in dental surgery [22,23].

Anaesthesia was performed using an intraperitoneal injection of ketamine hydrochlo-
ride (60 mg/kg, Inresa Arzneimittel GmbH, Freiburg, Germany) and medetomidine
(0.3 mg/kg, Dechra Veterinary Products Ltd., Shrewsbury, UK) after subcutaneous in-
jection of tramadol (20 mg/kg, Grünenthal GmbH, Aachen, Germany). For preparing
the area of surgery, an electric clipper was used to shave the area of surgery. Afterwards,
the animal was placed on the operating table on a sterile covered heat plate (37 ◦C). Af-
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ter cleaning the area of surgery using an iodine swab, eyes were protected by using eye
ointment (Bepanthen Augensalbe, Bayer AG, Berlin, Germany). A 2 cm skin incision was
made in the midline of the skull (from the occipital bone to the base of the nose). After
preparation of the subcutaneous tissue, the periosteum was split at the sagittal midline
using a scalpel. After mobilisation of the periosteum, holding sutures (Vicryl Plus 3-0,
Ethicon, Johnson and Johnson, New Brunswick, NJ, USA) were positioned through it
allowing lateral traction and protecting skin and periosteum. Trepanation was performed
bilaterally using a 5 mm hollow drill (Trephines 229 RAL 040: Hager and Meisinger GmbH,
Neuss, Germany; Implantmed: W&H Dentalwerk Bürmoos GmbH, Bürmoos, Austria)
with a constant speed of 2000 rpm. Sterile saline solution was applied dropwise to the bone
to avoid heating. Trepanation using the drill was performed until the near full thickness
was reached, it was completed using the elevator to lift out the bone flap (Figure 1). After
washing the defect with sterile saline solution, the holes were treated according to the
group assigned to the animal (empty, NanoBone®, Actifuse, or Spongostan™). Wound
closure was performed layer by layer, the closure of the periosteum was performed using
running sutures (Prolene 5-0, Ethicon, Johnson and Johnson, New Brunswick, NJ, USA).
Skin closure was performed by single back-and-forth sutures (Prolene 3-0, Ethicon, Johnson
and Johnson, New Brunswick, NJ, USA). Finally, the area of surgery was cleaned using
sterile saline solution.
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Figure 1. Photograph showing the bilateral critical size-defect with (A) empty holes (control group),
(B) NanoBone®, (C) Actifuse, and (D) pre-soaked Spongostan™.

2.4. Postoperative Care

Postoperatively, rats have been placed in a prewarmed cage. All animals were housed
alone for 3 days. For 5 days postoperatively, animals received analgetic drugs in their water
bottles (Tramadol, Grünenthal GmbH, Aachen, Germany, 2.5 mg/100 mL drinking water,
sweetened with 5% sugar).

2.5. Euthanasia and Sample Extraction

Euthanasia was performed 30 days postoperatively using the Exposure Line carbon
dioxide box bioscape (Ehret, Freiburg, Germany). The calvarium was dissected by remov-
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ing the soft tissue and the surrounding bone. Specimens were stored in phosphate buffered
saline (PBS) until micro-CT was performed. Afterwards specimens were fixated and stored
using 4% paraformaldehyde (PFA).

2.6. Micro-CT

After extraction, a micro-computed tomography (µCT) was performed of all speci-
mens (SkySkan 1176, Bruker, Kontich, Belgium). The following parameters have been used:
isotropic resolution of 8.9 µm, 50 kV energy at 500 µA intensity. An angle shift of 0.5◦ per
image was used. To reduce artefacts an average of five pictures per angle was used. The
alignment of the specimens was standardised, allowing transversal slices to be acquired.
Axial reconstruction was applied to the images for further evaluation. The volume and
density of the new bone formation was evaluated in a volume of interest (VOI). To define
this, first, into each defect a circular region of interest (ROI) was placed (Figure 2). After-
wards, the VOI was set by the first and last slice in the Z-direction with the appearance of
bone. Newly formed bone volume, and bone mineral density (BMD) have been quantified
by a standardised semi-automated protocol for each VOI (Figure 2). The mean values of
the right and left hole was used for further evaluation. For standardised BMD evaluation,
the µCT was calibrated with a two-density phantom (0.25 g hydroxyapatite/ccm and 0.75 g
hydroxyapatite/ccm). Additionally, the intact BMD was evaluated within two VOIs, one
anterior and one posterior, to each defect.
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Figure 2. Picture showing the micro-computed tomography (CT) evaluation. (A) First the slices
have been placed in correct orientation for reconstruction. (B) Thereafter a circular region of interest
(diameter 5 mm) has been placed into the defect. (C) by defining the first and last slice with bone,
the volume of interest was defined. (D) Semi-automated evaluation protocol removed very dense
regions (Actifuse, NanoBone®) as well as air and evaluated the volume of interest with respect to the
defined parameters.

2.7. Statistics

GraphPad Prism software (Prism version 3.0.1, 2020, GraphPad, San Diego, CA,
USA) was applied for statistical evaluation of measured bone volumes and bone mineral
density in individual defects. The Shapiro-Wilk test was applied to test the data for normal
distribution. Normal distribution had to be rejected, so the Mann-Whitney test was used to
test for significant differences in the groups in terms of newly formed bone volume and
bone mineral density. Here, ** p < 0.05 was considered significant.

3. Results

Critical size calvarial defects show increased regeneration upon transplantation of
Spongostan™ compared to NanoBone® and Actifuse.
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The newly formed bone volume differed significantly between the groups (Table 1,
Figures 3 and 4). The control group (group A) showed the lowest bone volume compared to
all other groups (p ≤ 0.016). Group B (NanoBone®) and C (Actifuse) showed significantly
more newly formed bone volume compared to group A (control) with 125% (p = 0.009) and
103% (p = 0.016) increase, respectively. The highest bone volume was found in group D
(Spongostan™) with 169% increase which was significantly elevated compared to group A
(control, p = 0.014).

Table 1. Descriptive statistics for the newly formed bone volume (mm3).

New Bone Volume Group A Group B Group C Group D

Mean 2.97 6.69 6.03 7.98
Median 2.56 6.79 6.26 8.12

Standard deviation 1.31 1.70 1.03 1.68
Minimum 1.70 2.44 3.74 4.94
Maximum 6.17 8.75 7.37 1.83Materials 2021, 14, x FOR PEER REVIEW  7  of  15 
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Figure 3. 3D reconstructions of the micro-CT showing the results of two examples of each group.
Transplantation of Spongostan™ results in significantly increased mineral density of the new bone
compared to NanoBone® and Actifuse. Group A—the control group; Group B—NanoBone®; Group
C—Actifuse; Group D—Spongostan™.
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Table 2. Bone mineral density (g/cm3)—descriptive statistics.

Group A Group B Group C Group D

BMD New Intact New Intact New Intact New Intact

Mean 0.77 0.67 0.73 0.67 0.69 0.64 0.80 0.61
Median 0.78 0.68 0.73 0.67 0.69 0.62 0.80 0.61

Standard deviation 0.04 0.04 0.03 0.05 0.07 0.07 0.02 0.06
Minimum 0.71 0.60 0.68 0.60 0.61 0.57 0.78 0.51
Maximum 0.82 0.74 0.77 0.75 0.79 0.76 0.83 0.71

Comparing the BMD of the newly formed bone between the groups (Figure 5, Table 2),
significant higher values were found for group D (Spongostan™) compared to groups B
(NanoBone®, p = 0.001), C (Actifuse, p = 0.001), as well as for group A (control) compared
to group B (NanoBone®, p = 0.012) and group C (Actifuse, p = 0.007).

Comparing the BMD of the intact bone between the groups (Figure 5, Table 2), the
significant lowest value was found for the Spongostan group compared to the control
(p = 0.04) and NanoBone® (p = 0.021) group. All other differences were not statistically
significant.

Evaluation of histological sections stained with trichrome staining according to Gold-
ner, with nuclei were stained with hematein did not reveal formation of inflammatory
infiltrates (data not shown). In addition we performed staining with antibodies against
the proinflammatory transcription factor NF-kB RelA, here also no reactive nuclei were
detected (data not shown). Taken together, 30 days after surgery no signs of inflammation
were detected at the side of surgery.

4. Discussion

The regeneration of dental bone defects remains a clinical challenge [34]. The de-
manding anatomical conditions of the jaw present surgeons with great challenges in the
reconstruction of bone defects [35]. Large or critical size defects are defined as defects,
where the physiological regenerative capability is exceeded and therefore, healing will
not occur without intervention [21,36]. The cause of such defects can be trauma, tumour
or congenital malformations [37–40]. These are so common that bony defects are part of
everyday oral and maxillofacial surgery [35,41]. Sufficient reconstruction of the defect situ-
ation is essential, as inadequate or untreated defects have a major impact on the function,
aesthetics, quality of life, and psychology of the patient.

Since the currently available bone graft substitutes (e.g., nanostructured calcium
apatite-NanoBone, Actifuse) do not possess osteoinductive properties, we compared the
innovative bone substitute material Spongostan™ with clinically established materials
in a critical size-defect model at the calvaria of the rat. While the clinically proven bone
substitute materials NanoBone® and Actifuse increased the new bone volume by 125%
and 103%, transplantation of Spongostan™ even resulted in bone volume increase of 169%
compared to control. In addition, we observed a significantly increased bone mineral
density of the new bone by Spongostan™ compared to NanoBone® and Actifuse after
transplantation into calvarial critical size defects. The control group showed significantly
higher bone mineral density of the newly formed bone compared to the NanoBone®

and Actifuse group. This may be the effect of relatively small volume of newly formed
bone in control group, leading to overestimation of bone density. Therefore, there is
also no significant difference with the Spongostan™ group. Regarding the bone mineral
density of the intact bone surrounding the defect, we found significant lower values
in the Spongostan group compared to the control and NanoBone® group. This effect
may result from the mobilization of hydroxyapatite from the surrounding bone tissue
for calcification of the defect in the Spongostan™ group. Spongostan™, unlike Actifuse
and NanoBone®, does not release components for calcification of the extracellular matrix
during resorption/degradation.
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Bone substitute materials for routine clinical use can be divided according to their
origin as follows: materials of natural origin (autogen, allogen, xenogen, phytogenic), syn-
thetic materials (calcium phosphate, calcium sulphate, bioglass, polymers) and composite
materials. To all of them the requirements are the same: Ideal bone substitute materials
have to be biocompatible, osteoconductive, osteoinductive, resorbable and mechanically
stable. With the so called ‘diamond concept’ the group of Giannoudis et al. introduced
a framework with essentials for successful bone healing in orthopaedics. This concept
includes vascularity and host factors, both have significant impact on the healing poten-
tial [42–45]. Additionally, osteoinductive mediators, osteogenic cells, osteoconductive
matrix and mechanical stability are essential factors within this concept. All together form-
ing the ‘diamond concept’, which has shown to be particularly useful in the management
of non-unions at the upper and lower extremities [46–49]. We suggest that some aspects
of the diamond concept are also for the concerns in the reconstruction of bone defects on
the jaw.

Ceramic bone substitutes (such as NanoBone® and Actifuse) consist of inorganic,
non-metallic materials. Since 70% of bone tissue consists of hydroxyapatite, these calcium
phosphate ceramics obtain their bioactivity by mimicking these mineral bone compo-
nents [50]. They provide a suitable surface for new bone formation. The mechanical
properties of ceramic bone substitutes are characterised by a higher mechanical strength
than human cortical bone. However, they show lower toughness and higher modulus
of elasticity than cortical bone [51]. Calcium phosphate ceramics are usually made of
hydroxyapatite, tricalcium phosphate or a combination. The composition is similar to that
of natural bone tissue, which explains the good biocompatibility and osteoconductivity [52].
Ceramic bone substitutes can be well osteointegrated. The degradation or resorption of
ceramic bone substitutes is strongly dependent on the composition. Hydroxyapatite is
characterised by high crystallinity, which makes it difficult to degrade in vivo. In contrast,
tricalcium phosphate consists of (alpha and beta) crystals with different crystallography
and resorption behaviour. Overall, tricalcium phosphate is more readily degradable than
hydroxyapatite and becomes soluble more quickly [53]. The two ceramic bone substitute
materials investigated have silicate as an additional component. It is known that silicate
is an essential component for the mineralisation of bone [54]. Furthermore, it was shown
in vivo that the addition of zinc silicate to a collagen-hydroxyapatite bone graft substitute
created a favourable osteogenic microenvironment and enhanced bone angiogenesis [55].

Collagen, the main component of Spongostan™, is one of the natural polymeric bone
substitutes. Other natural polymers include chitosan, alginate, elastin and cellulose [50].
These bone substitute materials can be completely replaced by new bone tissue [56]. Re-
sorbability is based on enzymatic or hydrolytic degradation [57]. Collagen is the most
widely used bone substitute material of this group. Collagen is the main component of
the extracellular matrix and is therefore non-toxic. It is also easy to isolate and has high
biocompatibility and low immunogenicity [58]. The mechanical properties of collagen are
poor, and its hydrophilicity can lead to swelling [50].

Each bone graft substitute has its advantages and disadvantages. Ceramics are charac-
terised by their good mechanical properties, but they are brittle and have low plasticity and
show insufficient degradation. Polymers, on the other hand, are very well biocompatible
and show excellent biodegradation, but their mechanical properties are highly variable
and depend on the material chosen as well as the production. All synthetic bone substitute
materials have one major disadvantage, inadequate vascularization and consequent poor
nutrient transport to the interior of the material.

Especially, in term of its osteoinductive capacity, the nano- and microtopography of
a bone substitute material might be of great interest in order to mimic the unique nano-
and microtopography of natural bone as closely as possible. In this regard, changes in the
nanotopography of artificial surfaces were reported to directly regulate differentiation of
stem cells [59–64]. Accordingly, we were able to show the potential of a defined nanoto-
pography of about 30 nm pores present on the surface of collagen to induce osteogenic
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differentiation of human inferior turbinate as well as human mesenchymal stem cells in
our previous work [12,14]. This property can be called osteogenicity or osteopromotive [4].
Interestingly, the here applied bone substitute material NanoBone® is likewise known
to have a porous surface in the nanoscale, although pore diameters (10–20 nm, [29]) are
smaller than those present on Spongostan™ (30 nm, [14]). However, the presence of in-
terconnecting nanopores between SiO2-connected HA crystals was likewise suggested to
provide mechanic stability, bioresorption and osteoconduction of NanoBone® [29]. Never-
theless, we suggest the here-observed increase in bone recovery after transplantation of
Spongostan™ compared to NanoBone® to be based at least in part on these differences in
surface nanotopography.

Next to the nanoscale, the microtopography is likewise crucial for successful bony
healing. It is well-known that pores with a diameter of at least 100 µm allow vascular
ingrowth [65,66]. In addition, micropores of a bone substitute material treatment are
recommended to range between 200 and 500 µm, to allow osteointegration [67–69]. In this
line, Actifuse is known to harbour micropores ranging between 200 and 500 µm [70]. Our
previous results further indicate even smaller micropores of 60.66 ± 24.48 µm diameter to be
advantageous for cell adhesion and incorporation [14]. In accordance to our observations,
Petersen et al. demonstrated a microporous scaffold from porcine collagen with channel
like pores with a size of 89 ± 15 µm to efficiently induce endochondral ossification in a
critical size-defect model at the rat femur, although a complete bone regeneration was not
achieved [13]. Overcoming this challenge, the here applied collagen sponge Spongostan™
combines both nano- and microtopological features and resulted in a complete regeneration
of calvarial critical size-defect after 30 days [14]. Thus, application of Spongostan™ also
resulted in the best calvarial bone regeneration compared to NanoBone® and Actifuse in
the present study. We therefore likewise suggest the combination of the distinct nano- and
microtopography of Spongostan™ to account for the observed increase in bone recovery.

This study also has limitations, one being a small number of animals and the other
being a singular evaluation point. Despite the small number of animals (n = 5 per group), we
were able to show significant differences between the groups, so that a larger number would
not have provided any additional information. In the clinical context, rapid and sufficient
bone formation is important, so in the present study the newly formed bone volume was
evaluated after 30 days, knowing that the resorption and degradation properties of the
investigated bone graft substitutes differ significantly. This approach is also well-known in
the literature, since 6 out of 22 studies using the 5 mm critical-size bone defect in the rat
calvaria have chosen a singular (1 month) evaluation time point only [21].

Another factor in studies of critical size bone defects is generation. All measures must
be taken to avoid thermally induced bone necrosis. Therefore, all trepanations in this study
have been performed by two experienced surgeons. To avoid thermal necrosis we choose a
speed of 2000 rpm in combination with constant saline irrigation (as most important factor
to avoid thermal necrosis as shown by Augustin et al. [71]) and the so called impact drilling
technology. The drill is repeatedly lifted to allow the rinsing solution to penetrate under the
drill and thus ensure sufficient cooling. In addition, the bone density and thickness as well
as the force applied to the drill are decisive parameters for the temperature development.
Since the skull thickness of the rat is less then 1 mm and therefore the force exerted on
the drill is low, the temperature development is also reduced. Chen et al. even reported
lower temperatures when using higher drilling speeds due to faster drilling and thus
lower friction contact time [72]. Taking all these parameters together, we believe that we
have largely minimised the risk of thermal osteonecrosis with the drilling technique we
have used.

Off note, bridging critical size bone defects still may need further enhancement of the
bone regeneration potential of Spongostan™. Therefore, scaffolds with optimised nano-
and microtopography additionally loaded with stem cells or growth factors may even more
efficiently achieve bone regeneration in the patient.
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5. Conclusions

In the present study, we compared the in vivo bone regeneration potential of the
two clinical proven synthetic bone substitute materials NanoBone® and Actifuse with
Spongostan™, a clinically applied collagen sponge normally used as a haemostatic agent.
NanoBone® and Actifuse (based on hydroxyapatite and calcium phosphate) resulted in
comparable volumes of newly formed bone after transplantation into rat critical-size
calvarial defects. Notably, the largest amount of newly formed bone and highest increase
in bone mineral density was found in the Spongostan™ group compared to NanoBone®

and Actifuse, suggesting the distinct nano- and microtopography of wet Spongostan™ to
account for this superior regenerative capacity.

Author Contributions: Conceptualization, D.W., J.K., M.M., D.K., R.S., J.F.W.G., C.K., T.V. and B.K.;
data curation, D.W., J.K., M.M. and D.K.; formal analysis, D.W., J.K., M.M., D.K., C.K., T.V. and
B.K.; investigation, D.W., J.K. and J.F.W.G.; methodology, D.W., R.S., C.K., T.V. and B.K.; project
administration, M.M., J.F.W.G. and B.K.; software, D.K.; supervision, R.S., C.K. and B.K.; writing—
original draft, D.W., J.K. and B.K.; writing—review and editing, M.M., D.K., R.S., J.F.W.G., C.K. and
T.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The responsible authority (LANUV, Approval Ref. No.
81-02.04.2018.A188) approved this study. All animal work followed the policies and procedures
established by the Animal Welfare act, the National Institutes of Health Guide for Care and Use of
Laboratory Animals, and the National Animal Welfare Guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Angela Kralemann-Köhler for technical help.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mauceri, R.; Murgia, D.; Cicero, O.; Paterno, L.; Fiorillo, L.; De Caro, V.; Campisi, G. Leucocyte-and platelet-rich fibrin block: Its

use for the treatment of a large cyst with implant-based rehabilitation. Medicina 2021, 57, 180. [CrossRef]
2. Stramandinoli-Zanicotti, R.T.; Sassi, L.M.; Rebelatto, C.L.; Boldrine-Leite, L.M.; Brofman, P.R.; Carvalho, A.L. The effect of bone

marrow-derived stem cells associated with platelet-rich plasma on the osseointegration of immediately placed implants. J. Clin.
Exp. Dent. 2021, 13, e8–e13. [CrossRef]

3. Amaroli, A.; Colombo, E.; Zekiy, A.; Aicardi, S.; Benedicenti, S.; De Angelis, N. Interaction between laser light and osteoblasts:
photobiomodulation as a trend in the management of socket bone preservation—A review. Biology 2020, 9, 409. [CrossRef]

4. Kolk, A.; Handschel, J.; Drescher, W.; Rothamel, D.; Kloss, F.; Blessmann, M.; Heiland, M.; Wolff, K.D.; Smeets, R. Current trends
and future perspectives of bone substitute materials—From space holders to innovative biomaterials. J. Craniomaxillofac. Surg.
2012, 40, 706–718. [CrossRef]

5. Campana, V.; Milano, G.; Pagano, E.; Barba, M.; Cicione, C.; Salonna, G.; Lattanzi, W.; Logroscino, G. Bone substitutes in
orthopaedic surgery: From basic science to clinical practice. J. Mater. Sci. Mater. Med. 2014, 25, 2445–2461. [CrossRef]

6. Osorio, C.C.; Escobar, L.M.; Gonzalez, M.C.; Gamboa, L.F.; Chambrone, L. Evaluation of density, volume, height and rate of bone
resorption of substitutes of autologous bone grafts for the repair of alveolar clefts in humans: A systematic review. Heliyon 2020,
6, e04646. [CrossRef] [PubMed]

7. Yamada, M.; Egusa, H. Current bone substitutes for implant dentistry. J. Prosthodont. Res. 2018, 62, 152–161. [CrossRef] [PubMed]
8. Tatullo, M.; Riccitiello, F.; Rengo, S.; Marrelli, B.; Valletta, R.; Spagnuolo, G. Management of endodontic and periodontal lesions:

The role of regenerative dentistry and biomaterials. Dent. J. 2020, 8, 32. [CrossRef] [PubMed]
9. Velasco-Ortega, E.; Valente, N.A.; Iezzi, G.; Petrini, M.; Derchi, G.; Barone, A. Maxillary sinus augmentation with three different

biomaterials: Histological, histomorphometric, clinical, and patient-reported outcomes from a randomized controlled trial. Clin.
Implant Dent. Relat. Res. 2021, 23, 86–95. [CrossRef]

10. Tang, G.; Tan, Z.; Zeng, W.; Wang, X.; Shi, C.; Liu, Y.; He, H.; Chen, R.; Ye, X. Recent advances of chitosan-based injectable
hydrogels for bone and dental tissue regeneration. Front. Bioeng. Biotechnol. 2020, 8, 587658. [CrossRef]

11. Stumbras, A.; Januzis, G.; Gervickas, A.; Kubilius, R.; Juodzbalys, G. Randomized and controlled clinical trial of bone healing
after alveolar ridge preservation using xenografts and allografts versus plasma rich in growth factors. J. Oral Implantol. 2020, 46,
515–525. [CrossRef] [PubMed]

http://doi.org/10.3390/medicina57020180
http://doi.org/10.4317/jced.56743
http://doi.org/10.3390/biology9110409
http://doi.org/10.1016/j.jcms.2012.01.002
http://doi.org/10.1007/s10856-014-5240-2
http://doi.org/10.1016/j.heliyon.2020.e04646
http://www.ncbi.nlm.nih.gov/pubmed/32954025
http://doi.org/10.1016/j.jpor.2017.08.010
http://www.ncbi.nlm.nih.gov/pubmed/28927994
http://doi.org/10.3390/dj8020032
http://www.ncbi.nlm.nih.gov/pubmed/32260114
http://doi.org/10.1111/cid.12964
http://doi.org/10.3389/fbioe.2020.587658
http://doi.org/10.1563/aaid-joi-D-19-00179
http://www.ncbi.nlm.nih.gov/pubmed/32315435


Materials 2021, 14, 1961 12 of 14

12. Greiner, J.F.; Gottschalk, M.; Fokin, N.; Buker, B.; Kaltschmidt, B.P.; Dreyer, A.; Vordemvenne, T.; Kaltschmidt, C.; Hutten, A.;
Kaltschmidt, B. Natural and synthetic nanopores directing osteogenic differentiation of human stem cells. Nanomedicine 2019, 17,
319–328. [CrossRef]

13. Petersen, A.; Princ, A.; Korus, G.; Ellinghaus, A.; Leemhuis, H.; Herrera, A.; Klaumunzer, A.; Schreivogel, S.; Woloszyk, A.;
Schmidt-Bleek, K.; et al. A biomaterial with a channel-like pore architecture induces endochondral healing of bone defects. Nat.
Commun. 2018, 9, 4430. [CrossRef]

14. Vordemvenne, T.; Wahnert, D.; Koettnitz, J.; Merten, M.; Fokin, N.; Becker, A.; Buker, B.; Vogel, A.; Kronenberg, D.; Stange, R.;
et al. Bone regeneration: A novel osteoinductive function of Spongostan by the interplay between its nano- and microtopography.
Cells 2020, 9, 654. [CrossRef] [PubMed]

15. Cho, K.S.; Park, C.H.; Hong, S.L.; Kim, M.J.; Kim, J.Y.; Kim, Y.W.; Koo, S.K.; Roh, H.J. Comparative analysis of Cutanplast
and Spongostan nasal packing after endoscopic sinus surgery: A prospective, randomized, multicenter study. Eur. Arch.
Otorhinolaryngol. 2015, 272, 1699–1705. [CrossRef]

16. Cegielski, M.; Izykowska, I.; Podhorska-Okolow, M.; Zabel, M.; Dziegiel, P. Development of foreign body giant cells in response
to implantation of Spongostan as a scaffold for cartilage tissue engineering. In Vivo 2008, 22, 203–206. [PubMed]

17. De Concilio, B.; Vedovo, F.; Mir, M.C.; Silvestri, T.; Casarin, A.; Celia, A. Gelatin sponge (Spongostan(R)) and N-butyl-2-
cyanoacrylate: Utility on percutaneous treatment of persistent urinary leakage after partial nephrectomy. Case report and review
of the literature. Arch. Ital. Urol. Androl. 2020, 92. [CrossRef]

18. Simurda, T.; Dobrotova, M.; Skornova, I.; Sokol, J.; Kubisz, P.; Stasko, J. Successful use of a highly purified plasma von Willebrand
factor concentrate containing little FVIII for the long-term prophylaxis of severe (Type 3) von Willebrand’s disease. Semin. Thromb.
Hemost. 2017, 43, 639–641.

19. Arias-Gallo, J.; Chamorro-Pons, M.; Avendano, C.; Gimenez-Gallego, G. Influence of acidic fibroblast growth factor on bone
regeneration in experimental cranial defects using spongostan and Bio-Oss as protein carriers. J. Craniofac. Surg. 2013, 24,
1507–1514. [CrossRef]

20. Lin, C.Y.; Chang, Y.H.; Li, K.C.; Lu, C.H.; Sung, L.Y.; Yeh, C.L.; Lin, K.J.; Huang, S.F.; Yen, T.C.; Hu, Y.C. The use of ASCs
engineered to express BMP2 or TGF-beta3 within scaffold constructs to promote calvarial bone repair. Biomaterials 2013, 34,
9401–9412. [CrossRef] [PubMed]

21. Vajgel, A.; Mardas, N.; Farias, B.C.; Petrie, A.; Cimoes, R.; Donos, N. A systematic review on the critical size defect model. Clin.
Oral Implant. Res. 2014, 25, 879–893. [CrossRef] [PubMed]

22. Mardas, N.; Dereka, X.; Stavropoulos, A.; Patel, M.; Donos, N. The role of strontium ranelate and guided bone regeneration in
osteoporotic and healthy conditions. J. Periodontal Res. 2021, 56, 330–338. [CrossRef]

23. Spicer, P.P.; Kretlow, J.D.; Young, S.; Jansen, J.A.; Kasper, F.K.; Mikos, A.G. Evaluation of bone regeneration using the rat critical
size calvarial defect. Nat. Protoc. 2012, 7, 1918–1929. [CrossRef] [PubMed]

24. Gendviliene, I.; Simoliunas, E.; Alksne, M.; Dibart, S.; Jasiuniene, E.; Cicenas, V.; Jacobs, R.; Bukelskiene, V.; Rutkunas, V. Effect of
extracellular matrix and dental pulp stem cells on bone regeneration with 3D printed PLA/HA composite scaffolds. Eur. Cells
Mater. 2021, 41, 204–215. [CrossRef]

25. Nakamura, T.; Shirakata, Y.; Shinohara, Y.; Miron, R.J.; Hasegawa-Nakamura, K.; Fujioka-Kobayashi, M.; Noguchi, K. Comparison
of the effects of recombinant human bone morphogenetic protein-2 and -9 on bone formation in rat calvarial critical-size defects.
Clin. Oral Investig. 2017, 21, 2671–2679. [CrossRef] [PubMed]

26. Gerber, T.; Holzhüter, G.; Götz, W.; Bienengräber, V.; Henkel, K.-O.; Rumpel, E. Nanostructuring of biomaterials—A pathway to
bone grafting substitute. Eur. J. Trauma 2006, 32, 132–140. [CrossRef]

27. Götz, W.; Gerber, T.; Michel, B.; Lossdörfer, S.; Henkel, K.-O.; Heinemann, F. Immunohistochemical characterization of nanocrys-
talline hydroxyapatite silica gel (NanoBone®) osteogenesis: A study on biopsies from human jaws. Clin. Oral Implant. Res. 2008,
19, 1016–1026. [CrossRef] [PubMed]

28. Lorenz, J.; Korzinskas, T.; Chia, P.; Maawi, S.A.; Eichler, K.; Sader, R.A.; Ghanaati, S. Do clinical and radiological assessments
contribute to the understanding of biomaterials? Results from a prospective randomized sinus augmentation split-mouth trial. J.
Oral Implantol. 2018, 44, 62–69. [CrossRef]

29. Abshagen, K.; Schrodi, I.; Gerber, T.; Vollmar, B. In vivo analysis of biocompatibility and vascularization of the synthetic bone
grafting substitute NanoBone®. J. Biomed. Mater. Res. Part A 2009, 91A, 557–566. [CrossRef]

30. Licina, P.; Coughlan, M.; Johnston, E.; Pearcy, M. Comparison of silicate-substituted calcium phosphate (actifuse) with recombinant
human bone morphogenetic protein-2 (infuse) in posterolateral instrumented lumbar fusion. Glob. Spine J. 2015, 5, 471–478.
[CrossRef] [PubMed]

31. Valliant, E.M.; Jones, J.R. Softening bioactive glass for bone regeneration: Sol–gel hybrid materials. Soft Matter 2011, 7, 5083–5095.
[CrossRef]

32. Wheeler, D.L.; Jenis, L.G.; Kovach, M.E.; Marini, J.; Turner, A.S. Efficacy of silicated calcium phosphate graft in posterolateral
lumbar fusion in sheep. Spine J. 2007, 7, 308–317. [CrossRef] [PubMed]

33. Porter, A.E.; Patel, N.; Skepper, J.N.; Best, S.M.; Bonfield, W. Comparison of in vivo dissolution processes in hydroxyapatite and
silicon-substituted hydroxyapatite bioceramics. Biomaterials 2003, 24, 4609–4620. [CrossRef]

34. Shanbhag, S.; Pandis, N.; Mustafa, K.; Nyengaard, J.R.; Stavropoulos, A. Bone tissue engineering in oral peri-implant defects in
preclinical in vivo research: A systematic review and meta-analysis. J. Tissue Eng. Regen. Med. 2018, 12, e336–e349. [CrossRef]

http://doi.org/10.1016/j.nano.2019.01.018
http://doi.org/10.1038/s41467-018-06504-7
http://doi.org/10.3390/cells9030654
http://www.ncbi.nlm.nih.gov/pubmed/32156086
http://doi.org/10.1007/s00405-014-3264-3
http://www.ncbi.nlm.nih.gov/pubmed/18468404
http://doi.org/10.4081/aiua.2020.3.200
http://doi.org/10.1097/SCS.0b013e31828f2469
http://doi.org/10.1016/j.biomaterials.2013.08.051
http://www.ncbi.nlm.nih.gov/pubmed/24016854
http://doi.org/10.1111/clr.12194
http://www.ncbi.nlm.nih.gov/pubmed/23742162
http://doi.org/10.1111/jre.12825
http://doi.org/10.1038/nprot.2012.113
http://www.ncbi.nlm.nih.gov/pubmed/23018195
http://doi.org/10.22203/eCM.v041a15
http://doi.org/10.1007/s00784-017-2069-3
http://www.ncbi.nlm.nih.gov/pubmed/28197731
http://doi.org/10.1007/s00068-006-6046-9
http://doi.org/10.1111/j.1600-0501.2008.01569.x
http://www.ncbi.nlm.nih.gov/pubmed/18828818
http://doi.org/10.1563/aaid-joi-D-17-00139
http://doi.org/10.1002/jbm.a.32237
http://doi.org/10.1055/s-0035-1566230
http://www.ncbi.nlm.nih.gov/pubmed/26682097
http://doi.org/10.1039/c0sm01348j
http://doi.org/10.1016/j.spinee.2006.01.005
http://www.ncbi.nlm.nih.gov/pubmed/17482114
http://doi.org/10.1016/S0142-9612(03)00355-7
http://doi.org/10.1002/term.2412


Materials 2021, 14, 1961 13 of 14

35. Kruijt Spanjer, E.C.; Bittermann, G.K.P.; van Hooijdonk, I.E.M.; Rosenberg, A.; Gawlitta, D. Taking the endochondral route to
craniomaxillofacial bone regeneration: A logical approach? J. Craniomaxillofac. Surg. 2017, 45, 1099–1106. [CrossRef]

36. Burg, K.J.; Porter, S.; Kellam, J.F. Biomaterial developments for bone tissue engineering. Biomaterials 2000, 21, 2347–2359.
[CrossRef]

37. Hennocq, Q.; Bennedjai, A.; Simon, F.; Testelin, S.; Devauchelle, B.; Tulasne, J.F.; Dakpe, S.; Khonsari, R.H. Maxillofacial surgery
in wartime Middle-East: Paul Tessier’s missions to Iran. J. Craniomaxillofac. Surg. 2019, 47, 1449–1455. [CrossRef]

38. Kadam, D. Salvage secondary reconstruction of the mandible with vascularized fibula flap. Craniomaxillofac. Trauma Reconstr.
2019, 12, 274–283. [CrossRef]

39. Murray, J.C. Gene/environment causes of cleft lip and/or palate. Clin. Genet. 2002, 61, 248–256. [CrossRef]
40. Tan, B.; Tang, Q.; Zhong, Y.; Wei, Y.; He, L.; Wu, Y.; Wu, J.; Liao, J. Biomaterial-based strategies for maxillofacial tumour therapy

and bone defect regeneration. Int. J. Oral Sci. 2021, 13, 9. [CrossRef]
41. Peters, F.; Kniha, K.; Mohlhenrich, S.C.; Bock, A.; Holzle, F.; Modabber, A. Evaluation of a novel osteosynthesis plate system for

mandibular defects. Br. J. Oral Maxillofac. Surg. 2020, 58, e109–e114. [CrossRef] [PubMed]
42. Prisby, R.D. Mechanical, hormonal and metabolic influences on blood vessels, blood flow and bone. J. Endocrinol. 2017, 235,

R77–R100. [CrossRef]
43. Santolini, E.; West, R.; Giannoudis, P.V. Risk factors for long bone fracture non-union: A stratification approach based on the level

of the existing scientific evidence. Injury 2015, 46 (Suppl. 8), S8–S19. [CrossRef]
44. Tomlinson, R.E.; Silva, M.J. Skeletal blood flow in bone repair and maintenance. Bone Res. 2013, 1, 311–322. [CrossRef] [PubMed]
45. Wang, X.; Friis, T.; Glatt, V.; Crawford, R.; Xiao, Y. Structural properties of fracture haematoma: Current status and future clinical

implications. J. Tissue Eng. Regen. Med. 2017, 11, 2864–2875. [CrossRef] [PubMed]
46. Andrzejowski, P.; Giannoudis, P.V. The ‘diamond concept’ for long bone non-union management. J. Orthop. Traumatol. 2019, 20,

21. [CrossRef] [PubMed]
47. Giannoudis, P.V.; Gudipati, S.; Harwood, P.; Kanakaris, N.K. Long bone non-unions treated with the diamond concept: A case

series of 64 patients. Injury 2015, 46 (Suppl. 8), S48–S54. [CrossRef]
48. Miska, M.; Findeisen, S.; Tanner, M.; Biglari, B.; Studier-Fischer, S.; Grutzner, P.A.; Schmidmaier, G.; Moghaddam, A. Treatment of

nonunions in fractures of the humeral shaft according to the Diamond Concept. Bone Joint J. 2016, 98, 81–87. [CrossRef]
49. Moghaddam, A.; Thaler, B.; Bruckner, T.; Tanner, M.; Schmidmaier, G. Treatment of atrophic femoral non-unions according to the

diamond concept: Results of one- and two-step surgical procedure. J. Orthop. 2017, 14, 123–133. [CrossRef]
50. Battafarano, G.; Rossi, M.; De Martino, V.; Marampon, F.; Borro, L.; Secinaro, A.; Del Fattore, A. Strategies for bone regeneration:

From graft to tissue engineering. Int. J. Mol. Sci. 2021, 22, 1128. [CrossRef]
51. Kokubo, T.; Kim, H.M.; Kawashita, M. Novel bioactive materials with different mechanical properties. Biomaterials 2003, 24,

2161–2175. [CrossRef]
52. Gao, C.; Peng, S.; Feng, P.; Shuai, C. Bone biomaterials and interactions with stem cells. Bone Res. 2017, 5, 17059. [CrossRef]

[PubMed]
53. Shuai, C.; Li, P.; Liu, J.; Peng, S. Optimization of TCP/HAP ratio for better properties of calcium phosphate scaffold via selective

laser sintering. Mater. Charact. 2013, 77, 23–31. [CrossRef]
54. Li, C.; Jiang, C.; Deng, Y.; Li, T.; Li, N.; Peng, M.; Wang, J. RhBMP-2 loaded 3D-printed mesoporous silica/calcium phosphate

cement porous scaffolds with enhanced vascularization and osteogenesis properties. Sci. Rep. 2017, 7, 41331. [CrossRef]
55. Song, Y.; Wu, H.; Gao, Y.; Li, J.; Lin, K.; Liu, B.; Lei, X.; Cheng, P.; Zhang, S.; Wang, Y.; et al. Zinc silicate/nano-

hydroxyapatite/collagen scaffolds promote angiogenesis and bone regeneration via the p38 MAPK pathway in activated
monocytes. ACS Appl. Mater. Interfaces 2020, 12, 16058–16075. [CrossRef]

56. Oryan, A.; Alidadi, S.; Moshiri, A.; Maffulli, N. Bone regenerative medicine: Classic options, novel strategies, and future
directions. J. Orthop. Surg. Res. 2014, 9, 18. [CrossRef]

57. Macdougall, L.; Culver, H.; Lin, C.-C.; Bowman, C.; Anseth, K. 1.3.2F—Degradable and resorbable polymers. In Biomaterials
Science, 4th ed.; Wagner, W.R., Sakiyama-Elbert, S.E., Zhang, G., Yaszemski, M.J., Eds.; Academic Press: Cambridge, MA, USA,
2020; pp. 167–190.

58. Parenteau-Bareil, R.; Gauvin, R.; Berthod, F. Collagen-based biomaterials for tissue engineering applications. Materials 2010, 3,
1863–1887. [CrossRef]

59. Dahabreh, Z.; Panteli, M.; Pountos, I.; Howard, M.; Campbell, P.; Giannoudis, P.V. Ability of bone graft substitutes to support the
osteoprogenitor cells: An in-vitro study. World J. Stem Cells 2014, 6, 497–504. [CrossRef]

60. Dalby, M.J.; Gadegaard, N.; Tare, R.; Andar, A.; Riehle, M.O.; Herzyk, P.; Wilkinson, C.D.W.; Oreffo, R.O.C. The control of human
mesenchymal cell differentiation using nanoscale symmetry and disorder. Nat. Mater. 2007, 6, 997–1003. [CrossRef]

61. Gong, T.; Xie, J.; Liao, J.; Zhang, T.; Lin, S.; Lin, Y. Nanomaterials and bone regeneration. Bone Res. 2015, 3, 15029. [CrossRef]
[PubMed]

62. Li, Y.; Liu, C. Nanomaterial-based bone regeneration. Nanoscale 2017, 9, 4862–4874. [CrossRef]
63. Teo, B.K.K.; Wong, S.T.; Lim, C.K.; Kung, T.Y.S.; Yap, C.H.; Ramagopal, Y.; Romer, L.H.; Yim, E.K.F. Nanotopography modulates

mechanotransduction of stem cells and induces differentiation through focal adhesion kinase. ACS Nano 2013, 7, 4785–4798.
[CrossRef]

http://doi.org/10.1016/j.jcms.2017.03.025
http://doi.org/10.1016/S0142-9612(00)00102-2
http://doi.org/10.1016/j.jcms.2019.06.007
http://doi.org/10.1055/s-0039-1685460
http://doi.org/10.1034/j.1399-0004.2002.610402.x
http://doi.org/10.1038/s41368-021-00113-9
http://doi.org/10.1016/j.bjoms.2020.07.018
http://www.ncbi.nlm.nih.gov/pubmed/32800607
http://doi.org/10.1530/JOE-16-0666
http://doi.org/10.1016/S0020-1383(15)30049-8
http://doi.org/10.4248/BR201304002
http://www.ncbi.nlm.nih.gov/pubmed/26273509
http://doi.org/10.1002/term.2190
http://www.ncbi.nlm.nih.gov/pubmed/27401283
http://doi.org/10.1186/s10195-019-0528-0
http://www.ncbi.nlm.nih.gov/pubmed/30976944
http://doi.org/10.1016/S0020-1383(15)30055-3
http://doi.org/10.1302/0301-620X.98B1.35682
http://doi.org/10.1016/j.jor.2016.10.003
http://doi.org/10.3390/ijms22031128
http://doi.org/10.1016/S0142-9612(03)00044-9
http://doi.org/10.1038/boneres.2017.59
http://www.ncbi.nlm.nih.gov/pubmed/29285402
http://doi.org/10.1016/j.matchar.2012.12.009
http://doi.org/10.1038/srep41331
http://doi.org/10.1021/acsami.0c00470
http://doi.org/10.1186/1749-799X-9-18
http://doi.org/10.3390/ma3031863
http://doi.org/10.4252/wjsc.v6.i4.497
http://doi.org/10.1038/nmat2013
http://doi.org/10.1038/boneres.2015.29
http://www.ncbi.nlm.nih.gov/pubmed/26558141
http://doi.org/10.1039/C7NR00835J
http://doi.org/10.1021/nn304966z


Materials 2021, 14, 1961 14 of 14

64. Zakrzewski, W.; Dobrzynski, M.; Rybak, Z.; Szymonowicz, M.; Wiglusz, R.J. Selected nanomaterials’ application enhanced with
the use of stem cells in acceleration of alveolar bone regeneration during augmentation process. Nanomaterials 2020, 10, 1216.
[CrossRef]

65. Cornell, C.N. Osteoconductive materials and their role as substitutes for autogenous bone grafts. Orthop. Clin. N. Am. 1999, 30,
591–598. [CrossRef]

66. Klawitter, J.J.; Weinstein, A.M. The status of porous materials to obtain direct skeletal attachment by tissue ingrowth. Acta Orthop.
Belg. 1974, 40, 755–765.

67. Ghayor, C.; Weber, F.E. Osteoconductive microarchitecture of bone substitutes for bone regeneration revisited. Front. Physiol.
2018, 9, 960. [CrossRef]

68. Weber, F.E. Reconsidering osteoconduction in the era of additive manufacturing. Tissue Eng. Part B Rev. 2019, 25, 375–386.
[CrossRef]

69. Li, S.; De Wijn, J.R.; Li, J.; Layrolle, P.; De Groot, K. Macroporous biphasic calcium phosphate scaffold with high permeabil-
ity/porosity ratio. Tissue Eng. 2003, 9, 535–548. [CrossRef] [PubMed]

70. Seebach, C.; Schultheiss, J.; Wilhelm, K.; Frank, J.; Henrich, D. Comparison of six bone-graft substitutes regarding to cell
seeding efficiency, metabolism and growth behaviour of human mesenchymal stem cells (MSC) in vitro. Injury 2010, 41, 731–738.
[CrossRef] [PubMed]

71. Augustin, G.; Davila, S.; Mihoci, K.; Udiljak, T.; Vedrina, D.S.; Antabak, A. Thermal osteonecrosis and bone drilling parameters
revisited. Arch. Orthop. Trauma Surg. 2008, 128, 71–77. [CrossRef] [PubMed]

72. Chen, Y.C.; Tu, Y.K.; Tsai, Y.J.; Tsai, Y.S.; Yen, C.Y.; Yang, S.C.; Hsiao, C.K. Assessment of thermal necrosis risk regions for different
bone qualities as a function of drilling parameters. Comput. Methods Programs Biomed. 2018, 162, 253–261. [CrossRef] [PubMed]

http://doi.org/10.3390/nano10061216
http://doi.org/10.1016/S0030-5898(05)70112-7
http://doi.org/10.3389/fphys.2018.00960
http://doi.org/10.1089/ten.teb.2019.0047
http://doi.org/10.1089/107632703322066714
http://www.ncbi.nlm.nih.gov/pubmed/12857421
http://doi.org/10.1016/j.injury.2010.02.017
http://www.ncbi.nlm.nih.gov/pubmed/20233614
http://doi.org/10.1007/s00402-007-0427-3
http://www.ncbi.nlm.nih.gov/pubmed/17762937
http://doi.org/10.1016/j.cmpb.2018.05.018
http://www.ncbi.nlm.nih.gov/pubmed/29903492

	Introduction 
	Materials and Methods 
	Bone Substitute Materials 
	Animals 
	Animal Surgery 
	Postoperative Care 
	Euthanasia and Sample Extraction 
	Micro-CT 
	Statistics 

	Results 
	Discussion 
	Conclusions 
	References

