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Abstract: To treat critical-size bone defects, composite materials and tissue-engineered bone grafts
play important roles in bone repair materials. The purpose of this study was to investigate the bone
regenerative potential of hybrid scaffolds consisting of macroporous calcium phosphate cement
(CPC) and microporous mineralized collagen matrix (MCM). Hybrid scaffolds were synthetized by
3D plotting CPC and then filling with MCM (MCM-CPC group) and implanted into a 5 mm critical
size femoral defect in rats. Defects left empty (control group) as well as defects treated with scaffolds
made of CPC only (CPC group) and MCM only (MCM group) served as controls. Eight weeks after
surgery, micro-computed tomography scans and histological analysis were performed to analyze the
newly formed bone, the degree of defect healing and the activity of osteoclasts. Mechanical stability
was tested by 3-point-bending of the explanted femora. Compared with the other groups, more
newly formed bone was found within MCM-CPC scaffolds. The new bone tissue had a clamp-like
structure which was fully connected to the hybrid scaffolds and thereby enhanced the biomechanical
strength. Together, the biomimetic hybrid MCM-CPC scaffolds enhanced bone defect healing by
improved osseointegration and their differentiated degradation provides spatial effects in the process
of critical-bone defect healing.

Keywords: 3D plotting; calcium phosphate cement; mineralized collagen; scaffold; osseointegration;

bone tissue engineering

1. Introduction

The treatment of critical size bone defects is still a challenge for orthopedics [1,2].
Due to the limited amount and its donor site complications of autologous bone, bone
substitutes have become an indispensable part of orthopedic surgery [3,4]. For repair of
bone defects, composite biomaterials have comprehensive advantages in improving the
biological characteristics due to the limitations of a single material in terms of biological,
physical and chemical properties [4]. The combination of organic polymers and inorganic
minerals is a promising approach to improve mechanical properties [4]. Natural bone
tissue is mainly composed of organic collagen and inorganic hydroxyapatite (HA) [5,6].
From the biomimetic perspective, many organic/inorganic bone composites have been
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developed for bone tissue engineering, in which the organic part includes poly(citric
acid), gelatin, collagen, chitosan, poly(glycolic acid) (PGA), poly(lactic acid) (PLA), poly(e-
caprolactone) (PCL) and their respective copolymers, and the inorganic part includes
calcium phosphate, HA or bioactive glasses [4,6]. These composite materials combine the
properties of both components, and show good biocompatibility and osteoconductivity [6,7].
Combining 3D images and CT data analysis, scaffolds with controllable structure, porosity
and performance can be manufactured using 3D printing to match specific bone defects [4].

Calcium phosphate cement (CPC) is a synthetic bone substitute invented in 1986 [8].
CPC was approved by the Food and Drug Administration (FDA) for the treatment of non-
weight-bearing bone defects in 1996 [3,8]. CPC is composed of calcium phosphate which
can be converted into nanocrystalline HA when mixed with liquid to simulate natural
bone mineralization structure and this process occurs under isothermal and physiological
pH without surrounding tissue damage [3,9,10]. CPC has a promising future in clinical
applications due to its superior properties including biocompatibility, osteoconductivity,
injectability, moldability and biomechanical stability [3,11]. To make a personalized scaffold
that meets the needs of the patient-specific bone defect, the CPC in this study consists
of a calcium phosphate precursor (mainly o-tricalcium phosphate) and a biocompatible
but hydrophobic (oil-based) carrier fluid that allows customized extrusion-based additive
manufacturing (3D plotting) [9,10]. At present, CPC still has some shortcomings that limits
its application, such as low degradation rate, slow osseointegration and weak biological
response [11,12]. The current research is dedicated to improve osteogenesis and osseointe-
gration to promote the application of CPC in bone tissue engineering [11]. Osseointegration
is a process that involves implants and adjacent bone matrix, and includes osteogenesis
and bone remodeling [13]. Incomplete osseointegration of bone material can be associated
with serious postoperative complications including nonunion, implant failure and infection
and subsequent pain and disability [13-15]. While seeding CPC scaffolds with undiffer-
entiated rat mesenchymal stromal cells (MSC) did not increase bone formation in a cleft
alveolar osteoplasty model in rats [9], immobilizing the cells within the CPC scaffolds using
fibrin gel resulted in significant bone formation at the edge of the defect [10]. Therefore,
the combination of CPC with a biomaterial that provides structural support for cells and
enables them to colonize the scaffold might accelerate bone regeneration and expand its
biological functions [3]. Biodegradable mineralized collagen matrix (MCM) can mimic the
structure and composition of extracellular matrix of healthy bone tissue [16-18]. Scaffolds
made of MCM by freeze-drying provide a spongy like structure with interconnective pores
supporting deep and homogenous cell-seeding in vitro as well as quick tissue ingrowth
and bone formation in vivo [16-18]. However, MCM is degraded quickly and might not
provide effective biomechanical support and long-term biological effects [18]. Combining
CPC and MCM can potentially overcome the deficiencies of each material separately, and
create a composite material with distinct advantages biologically and mechanically.

In this study, hybrid scaffolds were made by 3D plotting a CPC scaffold which was
filled afterwards with MCM. The hypothesis of this study is that the hybrid MCM-CPC scaf-
folds accelerate osseointegration and thereby promote the repair of a critical bone defect.

2. Results

Figure 1 provides an overview about the experimental work conducted in this study.
MCM, CPC and MCM-CPC scaffolds were prepared and subsequently analyzed regard-
ing their microstructure by a scanning electron microscopy (SEM). For the in vivo study,
48 male Wistar rats (age 12 weeks) were randomized into 4 groups: (1) control (CON,
empty defect), (2) MCM (only mineralized collagen matrix), (3) CPC (only CPC) and
(4) MCM-CPC (hybrid made of CPC filled with MCM). A 5 mm bone defect was created at
the right femur of the rats, scaffolds were implanted or the defect was left empty (CON
group). After an observation period of 8 weeks, animals were euthanized and femora were
explanted to perform micro-computed tomography (uCT) scans, biomechanical testing and
histological analysis.
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Figure 1. Scheme of the research and evaluation methods of this study (MCM: mineralized collagen
matrix scaffold; CPC: calcium phosphate cement scaffold; MCM-CPC: hybrid scaffold consisting of
3D plotted calcium phosphate cement scaffold filled with mineralized collagen matrix; SEM: scanning
electron microscopy; uCT: micro-computed tomography).

2.1. Preparation of the Scaffolds

Macroporous CPC scaffolds were produced by 3D plotting with a cylindrical shape
flattened at one side (& 4 mm, height = 4.5 mm, strand width = 800 um, strand geometry = 60°)
whereas microporous MCM scaffolds were prepared by freeze-drying (& 4 mm, height = 5 mm,
mean pore size = 200 um). To obtain the MCM-CPC hybrid scaffolds, plotted CPC scaffolds
were filled with the MCM solution and then freeze-dried. From cross and sagittal sections
of the MCM-CPC scaffolds it can be seen that the inner pores of the plotted CPC scaffold
were evenly filled with MCM (Figure 2C-F). The sagittal view of SEM images showed
that the CPC scaffold (Figure 3A—C) had a dense structure where the inner pores were
interconnective. In line with the macroscopic images of the MCM-CPC, SEM images also
show that the MCM is homogeneously distributed within the pores of the CPC scaffold and
provide a three-dimensional structure with high porosity (Figure 3D-F). Since the MCM
was just filled into the CPC scaffold and then freeze-dried, the boundary between MCM
and CPC was clear with no strong connection between the two materials (Figure 3F).

2.2. In Vivo Study
2.2.1. pCT Analysis

In all groups the two-end regular shape of the bone defects once created by the
osteotomy was lost and became conical or irregular shaped. In the CON and MCM group,
defect width was decreased, indicating that there was new bone formation at the bony
ends. Nevertheless, there was no complete bone bridge connecting the defect margins in
both groups. In the CPC and MCM-CPC group, bone defects were filled with new bone
tissue growing into the scaffolds (Figure 4). Analysis of the region of interest (ROI) of the
original bone defect area showed that bone volumes (BV) in the CPC and MCM-CPC group
were significantly higher than in the CON and MCM group (p < 0.05). Combination of
the CPC scaffold with MCM (MCM-CPC) led to higher BV values compared to the CPC
alone, but this difference was not statistically significant. The bone mineral density (BMD)
results demonstrated that CPC and MCM-CPC groups had significantly higher values than
CON and MCM groups (p < 0.05). The BMD value of the hybrid MCM-CPC group was
also higher than that of the CPC group, but this difference was not statistically significant
(Figure S1A,B).
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Figure 2. Appearance of scaffolds used for the treatment of the critical size femoral defects. (A) MCM
scaffold; (B) CPC scaffold; (C-F) hybrid MCM-CPC scaffold (blue *: mineralized collagen matrix
within 3D plotted CPC scaffolds stained with Sirius-red for better visualization).

Figure 3. Scanning electron microscopy (SEM) images of CPC (A-C) and hybrid MCM-CPC scaf-
folds(D-F) at different magnifications (red arrows: CPC, blue arrows: MCM).

Since the density of CPC present in the CPC and MCM-CPC scaffolds is in the range
of the analyzed BMD, it is not possible to distinguish between CPC and new bone based
on the uCT data only. Nevertheless, there is a small difference between MCM-CPC and
CPC indicating that the MCM-CPC scaffolds increased new bone formation in the bone
defect area.
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Figure 4. Representative examples of 3D reconstructions of the defect area (ROI) 8 weeks post-surgery
as determined by pCT.

2.2.2. Biomechanical Testing

Of the four groups, only CPC and MCM-CPC fit the inclusion criteria (adequate defect
bridging) for biomechanical 3-point bending testing. The test results showed that the
maximum load that could be applied to MCM-CPC scaffolds was significantly (p < 0.05)
increased compared to CPC scaffolds (Figure 5).
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Figure 5. Maximum load applied to explants of the calcium phosphate cement (CPC) group and
mineralized collagen matrix-calcium phosphate cement (MCM-CPC) group (Fmax: maximum force of
bone defect breaking; mean + SD, * p < 0.05).
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2.2.3. Histological Analysis

Hematoxylin and eosin (H&E) and Masson—Goldner trichrome staining were con-
ducted to analyze bone regeneration. In the CON group, cone-shaped new bone tissue
was formed at both ends of the bone defect and the bone defect site was filled with fibrous
tissue. In the MCM group, cone-shaped new bone tissue was formed at both ends of the
bone defect. The MCM scaffold itself was almost completely degraded and only a small
amount of MCM was still visible in the middle of the bone defect which was wrapped by
fibrous tissue. In the CPC and MCM-CPC groups, new bone grew along the periphery and
the inner pores of the CPC scaffold, which formed a clamp-like bone structure to fix the
CPC scaffold within the defect. The non-degraded CPC scaffold was wrapped by fibrous
tissue. In the CPC group, the 3-dimensional pores inside the scaffold were filled with new
bone and fibrous tissue. In the MCM-CPC group, MCM inside the hybrid scaffolds was
degraded rapidly which was consistent with the MCM-alone group. Thus, degradation
of MCM allowed ingrowth of new bone and fibrous tissue. Compared with CPC alone,
there was more new bone tissue that had been growing deeper inside the hybrid scaffolds.
In all groups, bone defects were not completely connected by newly formed bone tissue
(Figure 6).

H&E Masson—Goldner Trichrome

Overview

CPC

MCM-CPC

Defect center Overview Defect center

Figure 6. Representative H&E and Masson-Goldner stained sections of the defect area at week
8 weeks post-surgery (red arrows: bone, blue arrows: fibrous tissue, green arrows: remaining CPC,
white arrows: remaining MCM; overview scale bars = 1 mm, defect center scale bars = 400 pum).

The grade of defect healing was obtained according to the classification system of
Huo et al. [19] by three independent observers. Compared to the CON group the grade of
defect healing was higher for the biomaterial groups with highest scores for MCM-CPC
(p < 0.05). No difference regarding the grade of defect healing could be seen between the
MCM and CPC groups (Figure 7A).
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Figure 7. Histomorphometric analysis of new bone formation. (A) histological evaluation of the
degree of defect healing according to Huo et al. [19] based on hematoxylin and eosin and Masson—
Goldner-trichome stained sections, (B) percentage of new bone formation area related to the initial
defect area, (C) percentage of maximum distance of new bone to the initial defect length, (D) percent-
age of total distance of new bone to the initial defect length (mean & SD, * p < 0.05).

Because the pCT results cannot show the actual new bone regeneration as a result of
similar densities of the bone and the CPC structures, histological sections were also used
to assess the bone formation quantitatively (Figure 7B-D). The percentage of new bone
formation area to the initial defect size showed that the CON and CPC-MCM groups had
comparable new bone formation area percentage, which was higher than the CPC and
MCM groups, and the CPC group had the smallest new bone area percentage. The results
of percentage of maximum distance of new bone to the initial defect length and percentage
of total distance of new bone to the initial defect length were consistent. These results
showed that the biomaterial groups were higher than the CON group in which the CPC
and MCM-CPC groups were higher than MCM group. The MCM-CPC had the highest
percentage of new bone tissue growth distance.

2.2.4. Activity of Osteoclasts

Tartrate resistant acid phosphatase (TRAP) staining was conducted to evaluate the
activity of osteoclasts (TRAP-positive osteoclasts appear purple-red).

In all groups, osteoclasts were found in the newly formed bone tissue. Inside the bone
defect, osteoclasts were occasionally seen in the CON group and few osteoclasts were seen
in the fibrous tissue or around the nondegraded biomaterial in the MCM group. In the CPC
group, there were a few osteoclasts in the interconnecting pores on the outer side and more
osteoclasts can be seen in the deep connected pores around the nondegraded biomaterial
or in the fibrous tissue in the MCM-CPC group (Figure 8).
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Figure 8. Representative tartrate resistant acid phosphatase (TRAP) stained sections of the defect area
8 weeks post-surgery (B: bone, F: fibrous tissue, C: remaining CPC; blue arrows: remaining MCM,
red arrows: TRAP positive cells; scale bars = 100 um).

3. Discussion

The focus of this study was to develop biomimetic hybrid scaffolds by combination of
CPC with MCM to accelerate osseointegration and bone regeneration of critical size bone
defects. Therefore, 3D plotted, porous CPC scaffolds were filled with MCM and implanted
into 5 mm femoral defects in rats.

During an 8-week observation period, the MCM inside the hybrid scaffolds was
degraded rapidly and induced new bone ingrowth. Together with the remaining CPC the
newly formed bone fully filled the initial defect area. Compared with the other groups,
the MCM-CPC scaffolds increased new bone formation with bone growing deeper inside
the scaffolds. Thus, the connection between bone and biomaterial was tighter and led to
improved biomechanical properties.

CPC is a biomaterial based on calcium phosphate which is transformed into nanocrys-
talline hydroxyapatite (HA) resembling the mineral phase of natural bone tissue with
high biocompatibility [9,10,12]. MCM consists of mineralized collagen fibers, strongly
mimicking the structure and composition of extracellular matrix of natural bone [16-18]. To
obtain hybrid scaffolds, 3D plotted CPC scaffolds were simply filled with a MCM solution
and freeze-dried which did not change the chemical properties of both materials. Since
CPC and MCM alone show good biocompatibility [18,20], no adverse effects were expected
for hybrid scaffolds.

Osseointegration in bone regeneration is essential for preventing implant failure and
enhancing its function [21-23]. The osseointegration process involves multiple factors, in-
cluding the host cells, the biomaterial type and physicochemical characteristics of implants
and innate immune processes, which together participate in bone remodeling [13,21]. The
regeneration of tissue defects is completed by cells and biomaterials filling the defect vol-
ume and providing a support structure for cell ingrowth [9]. Thus, bone cell ingrowth into
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the scaffold plays a crucial role in the process of bone regeneration and osseointegration.
One of the cornerstones of the tissue engineering concept beside biomaterials and bioactive
factors are cells. However, pre-seeding of implant materials is not always beneficial and
also depends on either the type of cells, their differentiation status or both. As observed
by Korn et al,, in a rat cleft alveolar osteoplasty model, pre-seeding of 3D plotted CPC
scaffolds with undifferentiated mesenchymal stromal cells (MSC) did not enhance defect
healing [9]. Furthermore, in one of our previous studies, pre-seeding of MCM scaffolds
with either undifferentiated dental pulp- or bone marrow-derived MSC did not enhance
healing of critical bone defects in NMRI nude mice, although satisfactory results have been
achieved in vitro [24].

The combination of CPC with MSC-laden fibrin increased bone formation [10], thus it
seems more feasible to combine CPC with another material that can induce cells to grow
into the scaffold to enhance osseointegration. Some researchers have proposed that the
ideal bone grafts in the future may contain a combination of biomaterials with different
characteristics, which can control mechanical properties, pore morphology, interconnec-
tivity, surface structure and controlled biodegradation [25]. In the present study, the CPC
scaffold was prepared by 3D printing which allows the production of customized and
individualized implants. Thus, CPC strands with a strand-to-strand distance of 800 um
were rotated by 60° to create triangular-shaped pores. As seen in a previous study, 60°
CPC strand rotation was favorable compared to a 30° regarding new bone formation [9].
To obtain hybrid scaffolds, printed CPC scaffolds were then filled with the MCM suspen-
sion. By freeze drying the constructs, the characteristic open porous MCM structure was
formed right inside the plotted CPC showing no relevant physicochemical interaction
between the materials. Since the hybrid MCM-CPC contains no cells, it can be sterilized
and stored before implantation that eases a potential clinical application for non-weight
bearing bone defects.

The bone defect in the CON group did not show signs of bridging according to uCT
and histological analysis, confirming that the chosen femoral model was a critical size
bone defect [2]. The newly formed bone had a cone-like shape in the CON and MCM
groups, and a clamp-like structure in the CPC and MCM-CPC groups. The percentage of
new bone formation area related to the initial defect size in the CON and MCM groups
was comparable, but higher than in the CPC group. Similar results between CON and
CPC groups were also observed in another artificial alveolar cleft study [9]. This can be
explained by the enhanced bone formation at the defect ends. In the MCM group, rapid
degradation of the MCM provided enough space for the new bone to grow, especially at the
defect ends. In contrast, in the CPC containing groups the slow-degrading CPC hindered
bone ingrowth and new bone was only able to grow along the periphery and the inner
pores of the scaffold. Although the CON group showed increased area of the new bone, it
could not completely repair the bone defect autonomously [1,2], and eventually the ends of
the defect form a pseudarthrosis. The scaffold acts as a guide for the new bone so that the
new bone quickly forms a bone-bridge to repair bone defects. Since there was no scaffold
to guide bone cell growth in the CON group without biomaterial and in the MCM group
with the rapid degradation of the biomaterial, the growth distance of new bone in the two
groups was less than that of the CPC and MCM-CPC groups regardless of the percentage
of the maximum distance or total distance. This suggests that the scaffold materials are
actively involved in the bone regeneration process as cell and molecular carriers [4].

The MCM can mimic the extracellular matrix in bone which is mainly composed of
HA, collagen I and other proteins. The interconnected pore structure and elasticity of MCM
is thought to be advantageous concerning cell ingrowth and to ensure adequate contact be-
tween material and tissue [18]. The suitable pore size and interconnecting porosity of MCM
can foster infiltration of cells [17] and increases the surface area when used in combination
with the CPC which is conductive to cell adhesion. Both, collagen I and HA, can promote
osteoblast differentiation and together they improve bone formation [3,26]. Although, there
is only a small difference between the CPC and MCM-CPC groups regarding the volume
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of newly formed bone (BV) and bone mineral density (BMD), it seems as if the addition of
MCM to the CPC scaffold further supports new bone formation. This can be verified by
the results of the histomorphometric analysis where significantly higher values for maxi-
mum and total new bone tissue distance were observed for the MCM-CPC group. MCM
promoted the repair of bone defects by accelerating the growth of new bone in the hybrid
scaffolds. In line with the pCT and histomorphometric data, the biomechanical data also
showed a higher mechanical strength for hybrid compared to pure CPC scaffolds indicating
that the addition of MCM accelerated the osseointegration of the hybrid scaffolds. Com-
pared to the CPC, the MCM does not add any significant mechanical stiffness and thus the
higher mechanical strength must be attributed to better osseointegration of the MCM-CPC
scaffold. This might be caused by an increased number of bone-to-scaffold contacts leading
to more connections between bone and scaffold and thus a higher mechanical strength.

For clinical applications implant materials usually need to be larger than for animal
experiments. While small scaffolds may be fully colonized with cells, in large scaffolds
there is the problem of insufficient nutrient and oxygen supply in the inner parts, especially
when the implant materials are compact and dense. Thus, cells may grow only on the outer
surface [10]. Creative 3D bioprinting can solve these problems of oxygen and nutrient
supply and also allows functionalization of the scaffolds [27,28]. The ideal scaffold can
temporarily replace natural tissues, interact with the surrounding microenvironment, and
actively guide cellular events, ultimately leading to faster bone formation [4]. One possi-
bility to further enhance the performance of 3D printed large scaffolds is the combination
with additional cell-supporting materials, such as MCM in this study.

Osteoclasts play an important role in the process of cell-mediated degradation of CPC
by resorption and phagocytosis into intracellular vesicles [29,30]. Additionally, osteoclast-
mediated osseointegration can be regulated by the calcium/phosphate ratio [13]. Com-
pared to CPC, in the MCM-CPC group more TRAP-positive osteoclasts could be found
in the pores of the scaffold and can accelerate the degradation of the CPC. In the present
study no substantial degradation of the CPC could be observed within an observation
period of 8 weeks. As shown by a previous study, even after 12 weeks printed CPC
scaffolds were intact without distinct marks of degradation [31]. In the hybrid scaffolds,
CPC and MCM both maintained their own degradation performance. This differentiated
degradation characteristic between CPC and MCM provided a spatial effect for bone regen-
eration, which improved the drawbacks that the slow degradation of CPC cannot provide
enough space and the fast degradation of MCM cannot provide a bridge in the process of
bone regeneration.

Considering the inhibitory effect of slow degradation of CPC in the initial stage of
bone regeneration, the hard scaffold is designed to be concave at both ends and filled with
soft scaffold, which may enhance the repair of the bone defect. Moreover, the good biocom-
patibility of MCM enables cell seeding with, e.g., human bone MSCs, human trabecular
bone cells and other cells producing growth factors [32,33] that offers the opportunity of
further evolution of these scaffolds, paving the way for a new evolution of critical size bone
defect treatment.

As with the majority of studies, the design of the current study is subject to limitations.
Bone regeneration was observed only 8 weeks after surgery. In another study where
the CPC was loaded with MSC-laden fibrin we found that even though the fibrin had
been completely degraded at 6 weeks, a significant enhancement of bone regeneration
was observed at 12 weeks post operation accompanied by significant degradation of the
CPC [10]. This makes it possible that MCM-CPC hybrid scaffolds can further enhance bone
repair in the following time accompanied by degradation of CPC under MCM-mediated
cellular events. Then eventually, a bone bridge can be formed from both ends of the defect
inside or along the scaffold to repair the defect.
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4. Materials and Methods
4.1. Preparation of the Scaffolds

The CPC paste (INNOTERE, Radebeul, Germany) was sterilized by y-irradiation
(25 kGy) and then used for scaffold plotting. The CPC scaffold was fabricated according to
previous work in our team [9,10]. Briefly, the CPC paste was plotted with a multichannel
plotting system based on the BioScaffolder device from GeSiM (Grofserkmannsdorf, Ger-
many) at room temperature and with a cylindrical shape flattened at one side (J 4 mm,
height = 4.5 mm, strand width = 800 um, strand geometry = 60°). MCM scaffolds were
produced according to previous work in our lab [17,18]. Briefly, collagen I (Syntacoll,
Saal/Donau, Germany) was dissolved in 10 mM hydrochloric acid and mixed with a
calcium chloride solution to adjust the pH to 7. For mineralization of the collagen, the
solution was heated to 37 °C in the buffer for 12 h to allow the formation of collagen fibrils
and the formation of nanocrystalline HA. The mineralized collagen was then mixed with
the mother liquor and stirred until a newly cast suspension was formed, which was used
for filling and placing in the cavity of a 48-well plate and frozen at —20 °C. The sample
was freeze-dried and then cross-linked with 1 weight% N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide (EDC) hydrochloride in 80 vol.% ethanol for 1 h. The scaffolds were
thoroughly rinsed in distilled water followed by a 1% glycine solution, and finally freeze-
dried to obtain the MCM scaffold (&J 4 mm, height = 5 mm, mean pore size = 200 um). For
MCM-CPC hybrid scaffolds, plotted CPC scaffolds were filled with the MCM solution and
then freeze-dried. All scaffolds used for the in vivo study were sterilized by y-irradiation
(>25 kGy) before use.

4.2. Animals

Forty-eight Wistar rats (male, 12-week-old, weight: 447.5 + 80.5 g) were purchased
from Janvier Labs (Le Genest-Saint-Isle, Mayenne department, France). The rats were
randomized into 4 groups (Table 1) and fed a standard diet with food and water ad libitum
with a 12-h light-and-dark cycle. All experiments were performed in adherence to the
National Institutes of Health Guidelines for the Use of Experimental Animals and were
approved by the Local Animal Care and Ethics Committee of Dresden University Hospital
(protocol no. DD24-5131/354/10, 29 April 2016).

Table 1. Study overview including treatment groups and sample size.

Group Treatment Animals Anima!s for
Operated (1) Analysis (n)
CON empty defect without scaffold 12 12
MCM mineralized collagen 12 11
CPC 3D printed calcium phosphate cement 12 12
MCM-CPC 3D printed calcium phosphate cement 12 12

filled with mineralized collagen

4.3. Surgical Procedure

Anesthesia was induced by inhalation of the mixture of isoflurane and O, and it
was maintained at a flow rate of 1.5-2 L/min (isoflurane vaporizer: Ohmeda-Isotec 3,
BOC Health Care, Great Britain, UK). Analgesia was administered subcutaneously with
buprenorphine (30 pug/kg) before starting the surgery.

Surgeries were performed as described previously [34]. Briefly, the rat was positioned
in the prone position, and the right femur exposition was obtained by a 3 cm skin and fascia
incision along the upper lateral thigh. A customized 5-hole internal fixation plate (locking
plate, stainless steel; LCP Compact Hand System, Synthes GmbH, Oberdorf, Switzerland)
was placed anterolaterally and fixed to the femur using 2 screws at the proximal and distal
ends respectively (J 1.5 mm locking screws, stainless steel; length outer screws: 7 mm,
length inner screws: 6 mm; Synthes GmbH). Whereupon a 5 mm defect was created by
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2 Gigli wires (0.44 mm; RISystem AG, Landquart, Switzerland) using a 5 mm custom-made
3-dimensional printed saw guide. The bone tissue in the middle of the bone defect was
carefully removed, and the wound was rinsed thoroughly with saline to remove bone chips
and metal residues of the Gigli wires. The bone defect was filled with the group depending
on scaffold (MCM, CPC, MCM-CPC) or left empty (control group). The muscular suture
was executed with Vicryl 4-0 (muscles/fascia; Ethicon, Johnson & Johnson, New Brunswick,
NJ, USA), and the skin was sutured with Ethilon 4-0 (skin; Ethicon). The animals were
transferred back into their cage and regularly monitored until they were fully recovered
(Figure S1C).

4.4. uCT

After an observation period of 8 weeks, the animals were euthanized after inhalation of
isoflurane followed by 100% CO, for 20 min. Right femurs of each animal were explanted,
detached from soft tissue and placed in 4% buffered formaldehyde for 24 h during which
uCT scanning and measurements were performed. The right femur of each rat was scanned
using a SCANCO vivaCT 75 (SCANCO Medical AG, Briittisellen, Switzerland). The
following settings were used: X-ray energy 55 kVp, projections 525 and pixel resolution
20 um. A standardized 3-dimensional region of interest (ROI) was defined with a cylindrical
shape of 6 mm length and 5 mm diameter and was aligned centrally between the inner
2 screws of the locked plate. Bone was defined to have a tissue density of more than 200 mg
hydroxyapatite per cm®. The bone volume (BV in mm?) and bone mineral density (BMD
in mg HA /cm3) parameters of the ROI were obtained by the software of the SCANCO
vivaCT 75.

4.5. Biomechanical Testing

The samples that were used for biomechanical testing were thawed overnight at 4 °C
and then placed at room temperature for 1 h before testing. The sample was placed on a
custom-made 3-point bending fixture for biomechanical testing. The sample was loaded
at a rate of 1 mm/s until it was broken, and the maximum force of bone defect breaking
was used to measure the mechanical strength. The test method was consistent with our
previous study [34].

4.6. Histological Analysis

For histological analyses, specimens were fixed in 4% neutral buffered formaldehyde
right after explantation. Dehydration was performed for 12 h using a Thermo Scientific
Tissue Processor STP420 (Thermo Fisher Scientific, Waltham, MA, USA) following embed-
ding in Technovit 9100n methyl methacrylate. Five sections per femur of about 30 um
thickness were cut in the sagittal plane and mounted on silane-coated slices. To evaluate the
histomorphology of bone healing, slides were stained with hematoxylin and eosin (H&E;
Merck, Darmstadt, Germany) and Masson-Goldner staining kit (Fluka, Sigma-Aldrich).
The evaluation of all histological sections was performed using a Keyence BIOREVO BZ-700
microscope (Keyence, Neu-Isenburg, Germany).

Histological grading of fracture healing was scored based on H&E- and Masson-
Goldner-stained sections according to the numerical scoring scheme established by
Huo et al. [19]. The results were analyzed by 3 independent, blinded observers. In order to
evaluate the influence of the scaffold on bone regeneration, the growth of new bone tissue
was quantified based on H&E and Masson—Goldner stainings. Therefore, the percentage of
the new bone formation area related to the initial defect size (Equation (1)), the percentage
of the maximum distance of the new bone to the initial defect length (Equation (2)) and
the percentage of the total distance of the new bone to the initial defect length (Equation
(3)) were measured using Image J Version 1.53e software (National Institutes of Health,
Bethesda, MD, USA) [9,10]. In addition, tartrate-resistant acid phosphatase (TRAP) staining
(Sigma-Aldrich, St. Louis, MO, USA) was used to analyze the activity of osteoclasts.
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percentage of new bone formation area to the initial defect size = (sum of the new bone formation area

at both ends / initial bone defect size) x 100% M)

percentage of maximum distance of new bone to the initial defect length = (maximum distance @
of new bone formation from one end / initial bone defect length) x 100%

percentage of total distance of new bone to the initial defect length = (sum of the farthest distances 3)

of new bone tissue at both ends / initial bone defect length) x 100%

4.7. Statistics

Data were analyzed using SPSS Statistics 20 statistical software (SPSS, Inc., Chicago,
IL, USA). The normality of distribution of continuous variables was tested by one-sample
Kolmogorov-Smirnov test. Continuous variables with normal distribution were presented
as mean = standard deviation (SD). Statistical significance was tested by one-way ANOVA,
followed by LSD’s post hoc test for multiple comparisons. A value of p < 0.05 was con-
sidered significant. Non-continuous data not following the Gaussian distribution were
presented as boxplots with median, and statistical significance was tested by the non-
parametric Kruskal-Wallis test. For post hoc testing the individual treatment groups were
tested applying Mann—Whitney test. The independent-samples t-test was used to compare
the biomechanical test results. The level of significance was set at p < 0.05 (*).

5. Conclusions

A novel type of biomimetic hybrid MCM-CPC scaffold was fabricated by combining
macroporous, 3D plotted CPC scaffolds with microporous MCM allowing the production
of customized and storable implants. Combination of CPC with MCM enhanced the
osseointegration of the hybrid scaffolds by accelerating the growth of new bone into the
scaffolds also leading to an enhanced biomechanical stability. The differential degradation
of MCM and CPC can provide a spatial effect for the MCM-CPC scaffolds in the process of
bone defect repairing.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23063400/s1.

Author Contributions: Conceptualization, A.C.C., C.V,, T A, S.B.G. and S.Z.; methodology, A.C.C.,
C.V. and A.P; validation, all coauthors; formal analysis, A.C.C., X.T. and S.Z.; investigation, A.C.C.,
CV,TA,]B., AP, HB. and S.Z; resources, M.G. and S.Z.; data curation, A.C.C. and X.T.; writing—
original draft preparation, A.C.C. and X.T.; writing—review and editing, C.V,, T.A,, S.B.G., M.G. and
S.Z.; visualization, A.C.C. and X.T.; supervision, C.V.,, M.G., S.B.G. and S.Z.; project administration,
C.V. and S.Z.; funding acquisition, S.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the AO Foundation (AOTEU-R-2016-099). Scaffold develop-
ment was supported by the German Research Foundation (DFG, SFB/TR 79).

Institutional Review Board Statement: The animal experiment was approved by the Local Animal
Care Committee of Dresden University Hospital (protocol number: DD24-5131/354/10, 29 April 2016),
and guidelines set by the National Institutes of Health for the use of experimental animals were followed.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in
this article.

Acknowledgments: Collagen type I used in this study was kindly provided by Syntacoll (Saal/Donau,
Germany). We are very grateful to Tino Kohler for scaffold preparation, to Jan Oberldnder for as-
sistance in animal surgery, and to Suzanne Manthey and Annett Wenke for performing histolog-
ical sections and staining. The picture of scanning electron microscopy is designed by macrovec-
tor/Freepik and the picture of uCT and microscope are provided by Servier Medical Art (https:
/ /smart.servier.com, accessed on 19 January 2022) under CC BY 3.0 license in Figure 1.


https://www.mdpi.com/article/10.3390/ijms23063400/s1
https://www.mdpi.com/article/10.3390/ijms23063400/s1
https://smart.servier.com
https://smart.servier.com

Int. ]. Mol. Sci. 2022, 23, 3400 14 0of 15

Conflicts of Interest: The authors declare that there is no conflict of interests regarding the publication

of this paper.

References

1.  Roddy, E.; DeBaun, M.R.; Daoud-Gray, A.; Yang, Y.P.; Gardner, M.]. Treatment of critical-sized bone defects: Clinical and tissue
engineering perspectives. Eur. |. Orthop. Surg. Traumatol. 2018, 28, 351-362. [CrossRef]

2. Nauth, A.; Schemitsch, E.; Norris, B.; Nollin, Z.; Watson, J.T. Critical-Size Bone Defects: Is There a Consensus for Diagnosis and
Treatment? J. Orthop. Trauma. 2018, 32 (Suppl. S1), S7-S11. [CrossRef]

3. 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]

4. Tang, G.; Liu, Z,; Liu, Y;; Yu, J.; Wang, X,; Tan, Z.; Ye, X. Recent Trends in the Development of Bone Regenerative Biomaterials.
Front. Cell Dev. Biol. 2021, 9, 665813. [CrossRef]

5. Nair, A.K.; Gautieri, A.; Chang, S.W.; Buehler, M.]. Molecular mechanics of mineralized collagen fibrils in bone. Nat. Commun.
2013, 4, 1724. [CrossRef] [PubMed]

6. Guo, J,; Tian, X,; Xie, D.; Rahn, K.; Gerhard, E.; Kuzma, M.L.; Zhou, D.; Dong, C.; Bai, X; Lu, Z. Citrate-Based Tannin-Bridged
Bone Composites for Lumbar Fusion. Adv. Funct. Mater. 2020, 30, 2002438. [CrossRef]

7. Zhu, L.; Luo, D.; Liu, Y. Effect of the nano/microscale structure of biomaterial scaffolds on bone regeneration. Int. J. Oral Sci.
2020, 12, 6. [CrossRef]

8.  Friedman, C.D.; Costantino, P.D.; Takagi, S.; Chow, L.C. BoneSource hydroxyapatite cement: A novel biomaterial for craniofacial
skeletal tissue engineering and reconstruction. J. Biomed. Mater. Res. 1998, 43, 428-432. [CrossRef]

9.  Korn, P; Ahlfeld, T.; Lahmeyer, E; Kilian, D.; Sembdner, P.; Stelzer, R.; Pradel, W.; Franke, A.; Rauner, M.; Range, U.; et al. 3D
Printing of Bone Grafts for Cleft Alveolar Osteoplasty—In vivo Evaluation in a Preclinical Model. Front. Bioeng. Biotechnol. 2020,
8,217. [CrossRef] [PubMed]

10. Ahlfeld, T.; Lode, A.; Richter, R.F,; Pradel, W.; Franke, A.; Rauner, M.; Stadlinger, B.; Lauer, G.; Gelinsky, M.; Korn, P. Toward
Biofabrication of Resorbable Implants Consisting of a Calcium Phosphate Cement and Fibrin-A Characterization In Vitro and In
Vivo. Int. ]. Mol. Sci. 2021, 22, 1218. [CrossRef]

11.  Xu, H.H.; Wang, P.; Wang, L.; Bao, C.; Chen, Q.; Weir, M.D.; Chow, L.C.; Zhao, L.; Zhou, X.; Reynolds, M.A. Calcium phosphate
cements for bone engineering and their biological properties. Bone Res. 2017, 5, 17056. [CrossRef]

12. Jeong, J.; Kim, J.H.; Shim, J.H.; Hwang, N.S.; Heo, C.Y. Bioactive calcium phosphate materials and applications in bone
regeneration. Biomater. Res. 2019, 23, 4. [CrossRef] [PubMed]

13. Wang, X; Yu, Y.; Ji, L.; Geng, Z.; Wang, J.; Liu, C. Calcium phosphate-based materials regulate osteoclast-mediated osseointegra-
tion. Bioact. Mater. 2021, 6, 4517-4530. [CrossRef] [PubMed]

14. Wu, X,; Al-Abedalla, K.; Rastikerdar, E.; Abi Nader, S.; Daniel, N.; Nicolau, B.; Tamimi, F. Selective serotonin reuptake inhibitors
and the risk of osseointegrated implant failure: A cohort study. J. Dent. Res. 2014, 93, 1054-1061. [CrossRef] [PubMed]

15.  Jung, J.; Schmid, N.V,; Kelm, J.; Schmitt, E.; Anagnostakos, K. Complications after spacer implantation in the treatment of hip
joint infections. Int. . Med. Sci. 2009, 6, 265. [CrossRef]

16. Bernhardt, A.; Lode, A.; Boxberger, S.; Pompe, W.; Gelinsky, M. Mineralised collagen—An artificial, extracellular bone matrix—
Improves osteogenic differentiation of bone marrow stromal cells. J. Mater. Sci. Mater. Med. 2008, 19, 269-275. [CrossRef]

17.  Gelinsky, M.; Welzel, P.; Simon, P.; Bernhardt, A.; Kénig, U. Porous three-dimensional scaffolds made of mineralised collagen:
Preparation and properties of a biomimetic nanocomposite material for tissue engineering of bone. Chem. Eng. . 2008, 137, 84-96.
[CrossRef]

18.  Yokoyama, A.; Gelinsky, M.; Kawasaki, T.; Kohgo, T.; Konig, U.; Pompe, W.; Watari, F. Biomimetic porous scaffolds with high
elasticity made from mineralized collagen—An animal study. J. Biomed. Mater. Res. Part B Appl. Biomater. 2005, 75, 464—472.
[CrossRef]

19. Huo, M.H.; Troiano, N.W.; Pelker, R.R.; Gundberg, C.M.; Friedlaender, G.E. The influence of ibuprofen on fracture repair:
Biomechanical, biochemical, histologic, and histomorphometric parameters in rats. J. Orthop. Res. 1991, 9, 383-390. [CrossRef]

20. Vater, C.; Lode, A.; Bernhardt, A.; Reinstorf, A.; Nies, B.; Gelinsky, M. Modifications of a calcium phosphate cement with
biomolecules-influence on nanostructure, material, and biological properties. |. Biomed. Mater. Res. A 2010, 95, 912-923. [CrossRef]

21. Agarwal, R.; Garcia, AJ. Biomaterial strategies for engineering implants for enhanced osseointegration and bone repair. Adv.
Drug Deliv. Rev. 2015, 94, 53-62. [CrossRef] [PubMed]

22. Llan,].; Wang, Z.; Shi, B,; Xia, H.; Cheng, X. The influence of recombinant human BMP-2 on bone-implant osseointegration:
Biomechanical testing and histomorphometric analysis. Int. ]. Oral Maxillofac. Surg. 2007, 36, 345-349. [CrossRef]

23. Maimoun, L.; Brennan, T.C.; Badoud, I.; Dubois-Ferriere, V.; Rizzoli, R.; Ammann, P. Strontium ranelate improves implant
osseointegration. Bone 2010, 46, 1436-1441. [CrossRef] [PubMed]

24. Vater, C.; Méannel, C.; Bolte, J.; Tian, X.; Goodman, S.B.; Zwingenberger, S. Dental Pulp-Derived Stem Cells Are as Effective as
Bone Marrow-Derived Mesenchymal Stromal Cells When Implanted into a Murine Critical Bone Defect. Curr. Stem. Cell Res. Ther.
2022; in press. [CrossRef]

25. Haugen, H.J.; Lyngstadaas, S.P.; Rossi, F.; Perale, G. Bone grafts: Which is the ideal biomaterial? J. Clin. Periodontol. 2019, 46

(Suppl. 521), 92-102. [CrossRef] [PubMed]


http://doi.org/10.1007/s00590-017-2063-0
http://doi.org/10.1097/BOT.0000000000001115
http://doi.org/10.1007/s10856-014-5240-2
http://doi.org/10.3389/fcell.2021.665813
http://doi.org/10.1038/ncomms2720
http://www.ncbi.nlm.nih.gov/pubmed/23591891
http://doi.org/10.1002/adfm.202002438
http://doi.org/10.1038/s41368-020-0073-y
http://doi.org/10.1002/(SICI)1097-4636(199824)43:4&lt;428::AID-JBM10&gt;3.0.CO;2-0
http://doi.org/10.3389/fbioe.2020.00217
http://www.ncbi.nlm.nih.gov/pubmed/32269989
http://doi.org/10.3390/ijms22031218
http://doi.org/10.1038/boneres.2017.56
http://doi.org/10.1186/s40824-018-0149-3
http://www.ncbi.nlm.nih.gov/pubmed/30675377
http://doi.org/10.1016/j.bioactmat.2021.05.003
http://www.ncbi.nlm.nih.gov/pubmed/34632163
http://doi.org/10.1177/0022034514549378
http://www.ncbi.nlm.nih.gov/pubmed/25186831
http://doi.org/10.7150/ijms.6.265
http://doi.org/10.1007/s10856-006-0059-0
http://doi.org/10.1016/j.cej.2007.09.029
http://doi.org/10.1002/jbm.b.30331
http://doi.org/10.1002/jor.1100090310
http://doi.org/10.1002/jbm.a.32920
http://doi.org/10.1016/j.addr.2015.03.013
http://www.ncbi.nlm.nih.gov/pubmed/25861724
http://doi.org/10.1016/j.ijom.2006.10.019
http://doi.org/10.1016/j.bone.2010.01.379
http://www.ncbi.nlm.nih.gov/pubmed/20116464
http://doi.org/10.2174/1574888X17666220215100732
http://doi.org/10.1111/jcpe.13058
http://www.ncbi.nlm.nih.gov/pubmed/30623986

Int. ]. Mol. Sci. 2022, 23, 3400 150f 15

26.

27.

28.

29.

30.

31.

32.

33.

34.

Xie, ].; Baumann, M.].; McCabe, L.R. Osteoblasts respond to hydroxyapatite surfaces with immediate changes in gene expression.
]. Biomed. Mater. Res. A 2004, 71, 108-117. [CrossRef]

Kilian, D.; Cometta, S.; Bernhardt, A.; Taymour, R.; Golde, J.; Ahlfeld, T.; Emmermacher, J.; Gelinsky, M.; Lode, A. Core-shell
bioprinting as a strategy to apply differentiation factors in a spatially defined manner inside osteochondral tissue substitutes.
Biofabrication 2022, 14, 014108. [CrossRef]

Li, L.; Ling, Z; Vater, C.; Chen, X.; Huang, S.; Qi, Q.; Zhou, Z.; Li, X,; Zou, Z.; Gelinsky, M. GDF-5 variant loading on composite
scaffolds promotes spinal fusion through coupling of osteogenesis and angiogenesis: A preclinical study in rhesus monkeys.
Smart Mater. Med. 2021, 2, 322-333. [CrossRef]

Lu, J.; Descamps, M.; Dejou, J.; Koubi, G.; Hardouin, P.; Lemaitre, J.; Proust, ].P. The biodegradation mechanism of calcium
phosphate biomaterials in bone. J. Biomed. Mater. Res. 2002, 63, 408—412. [CrossRef]

Wenisch, S.; Stahl, ].P; Horas, U.; Heiss, C.; Kilian, O.; Trinkaus, K.; Hild, A.; Schnettler, R. In vivo mechanisms of hydroxyapatite
ceramic degradation by osteoclasts: Fine structural microscopy. J. Biomed. Mater. Res. Part A 2003, 67, 713-718. [CrossRef]
Ahlfeld, T.; Schuster, EP.; Forster, Y.; Quade, M.; Akkineni, A.R.; Rentsch, C.; Rammelt, S.; Gelinsky, M.; Lode, A. 3D Plotted
Biphasic Bone Scaffolds for Growth Factor Delivery: Biological Characterization In Vitro and In Vivo. Adv. Healthc. Mater. 2019,
8, €1801512. [CrossRef] [PubMed]

Bernhardt, A.; Lode, A.; Mietrach, C.; Hempel, U.; Hanke, T.; Gelinsky, M. In vitro osteogenic potential of human bone marrow
stromal cells cultivated in porous scaffolds from mineralized collagen. ]. Biomed. Mater. Res. Part A 2009, 90, 852—-862. [CrossRef]
[PubMed]

Schliephake, H.; Zghoul, N.; Jager, V.; van Griensven, M.; Zeichen, J.; Gelinsky, M.; Wiilfing, T. Effect of seeding technique and
scaffold material on bone formation in tissue-engineered constructs. J. Biomed. Mater. Res. Part A 2009, 90, 429-437. [CrossRef]
Raina, D.B.; Matuszewski, L.-M.; Vater, C.; Bolte, J.; Isaksson, H.; Lidgren, L.; Tagil, M.; Zwingenberger, S. A facile one-stage
treatment of critical bone defects using a calcium sulfate/hydroxyapatite biomaterial providing spatiotemporal delivery of bone
morphogenic protein-2 and zoledronic acid. Sci. Adv. 2020, 6, eabc1779. [CrossRef] [PubMed]


http://doi.org/10.1002/jbm.a.30140
http://doi.org/10.1088/1758-5090/ac457b
http://doi.org/10.1016/j.smaim.2021.10.001
http://doi.org/10.1002/jbm.10259
http://doi.org/10.1002/jbm.a.10091
http://doi.org/10.1002/adhm.201801512
http://www.ncbi.nlm.nih.gov/pubmed/30838778
http://doi.org/10.1002/jbm.a.32144
http://www.ncbi.nlm.nih.gov/pubmed/18615470
http://doi.org/10.1002/jbm.a.32104
http://doi.org/10.1126/sciadv.abc1779
http://www.ncbi.nlm.nih.gov/pubmed/33246951

	Introduction 
	Results 
	Preparation of the Scaffolds 
	In Vivo Study 
	CT Analysis 
	Biomechanical Testing 
	Histological Analysis 
	Activity of Osteoclasts 


	Discussion 
	Materials and Methods 
	Preparation of the Scaffolds 
	Animals 
	Surgical Procedure 
	CT 
	Biomechanical Testing 
	Histological Analysis 
	Statistics 

	Conclusions 
	References

