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Abstract: It has been recently reported that, in a rat calvarial defect model, adding endothelial cells
(ECs) to a culture of bone marrow stromal cells (BMSCs) significantly enhanced bone formation.
The aim of this study is to further investigate the ossification process of newly formed osteoid and
host response to the poly(L-lactide-co-1,5-dioxepan-2-one) [poly(LLA-co-DXO)] scaffolds based on
previous research. Several different histological methods and a PCR Array were applied to evaluate
newly formed osteoid after 8 weeks after implantation. Histological results showed osteoid formed
in rat calvarial defects and endochondral ossification-related genes, such as dentin matrix acidic
phosphoprotein 1 (Dmp1) and collagen type II, and alpha 1 (Col2a1) exhibited greater expression in
the CO (implantation with BMSC/EC/Scaffold constructs) than the BMSC group (implantation with
BMSC/Scaffold constructs) as demonstrated by PCR Array. It was important to notice that cartilage-
like tissue formed in the pores of the copolymer scaffolds. In addition, multinucleated giant cells
(MNGCs) were observed surrounding the scaffold fragments. It was concluded that the mechanism
of ossification might be an endochondral ossification process when the copolymer scaffolds loaded
with co-cultured ECs/BMSCs were implanted into rat calvarial defects. MNGCs were induced by
the poly(LLA-co-DXO) scaffolds after implantation, and more specific in vivo studies are needed to
gain a better understanding of host response to copolymer scaffolds.

Keywords: bone marrow stromal cells; endothelial cells; copolymer scaffold; endochondral ossifica-
tion; host response

1. Introduction

Severe musculoskeletal injury, which are caused by trauma, degeneration or skeletal
abnormalities, may result in large bone defects [1]. Bone repair remains a major challenge,
therefore, reconstructive therapies are needed to assist the healing process. Autologous
bone graft is the main approach for bone repair and regeneration, due to its greater
osteogenic capacity and inherent biocompatibility [2,3]. However, the limitation of supply
and surgical morbidity at the donor site such as infections and paresthesia are related to
limited use of autologous bone graft [4,5].

Bone tissue engineering (BTE) has been proposed as an alternative method for bone
repair to overcome the drawbacks of autogenous bone graft. BTE consists of three ele-
ments: scaffolds, cells, and growth factors [6]. Mesenchymal stem cells (MSCs), which
have been widely used in tissue engineering, can differentiate into multiple lineages such
as osteoblasts, chondrocytes, and myocytes [7]. In a meta-analysis study, combined cell
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transplantation of MSCs and endothelial progenitor cells, compared with cell transplan-
tation of MSCs alone, can significantly stimulate angiogenesis and bone regeneration [8].
Materials play a crucial role in BTE. They not only provide support for cells’ attachment and
proliferation, but also possess biocompatibility with good osteoconductivity and osteoin-
ductivity [9,10]. Cells can be seeded into biological scaffolds to establish tissue-engineered
constructs for tissue repair.

Bone is a complex hard tissue that can provide support for the body and protect
organs. Bone tissue can be categorized into compact bone and cancellous bone. Bone
formation relies on two essential processes: intramembranous ossification and endochon-
dral ossification. Intramembranous ossification directly converts mesenchyme to bone,
whereas endochondral ossification is a process that mesenchyme transforms into cartilage
eventually replaced by bone [11]. Attempts on bone formation have predominantly focused
on intramembranous ossification in BTE. Intramembranous ossification can be achieved in
intra-oral osseous defects of patients through implantation of bone substitute formed by
combination of bone marrow stem cells (BMSCs) and materials; however, it has not reached
its full potential due to lack of sufficient vascularization of the implants [12]. Blood vessel
is essential for cells in order to obtain oxygen and nutritional supply [13,14]. Endochondral
ossification is beneficial for vascularization at the implant site as hypertrophic chondrocytes
can secrete angiogenic factors [15]. Therefore, endochondral ossification is a promising
mechanism in BTE.

In our previous study, a cross talk between endothelial cells (ECs) and BMSCs played
a crucial role in bone regeneration. Our previous finding has shown that significant
upregulation of alkaline phosphatase was observed when adding less than 20% of ECs
to BMSCs in vitro [16]. In an in vivo study, the results clearly illustrated that co-cultured
ECs/BMSCs in the poly(L-lactide-co-1,5-dioxepan-2-one) [poly(LLA-co-DXO)] scaffolds
could enhance the osteogenic potential of BMSCs [17]. Nevertheless, the mechanism of
ossification triggered by co-cultured cells still lacks conclusive evidence.

Rapid development has been achieved in the field of materials in the past, thus, many
better biocompatible materials have been discovered and applied for BTE. Clinical applica-
tion depends on biocompatibility and biodegradation of materials [11]. It has been reported
that degradable poly(LLA-co-DXO) scaffolds were good for cell attachment, proliferation,
and osteogenic differentiation in vitro in previous studies [18,19]. In addition, degradation
of the poly(LLA-co-DXO) scaffolds was tested in vitro. When poly(LLA-co-DXO) was
placed in phosphate-buffered saline (PBS) with the presence of proteinase K, poly(LLA-
co-DXO) was gradually degraded and showed a significant mass loss. Meanwhile, acidic
degradation products such as lactic acid were produced, resulting in a decrease in the
pH of the incubation solution [20]. Acidic degradation products of synthetic polymers
affected the pH of surrounding environment and caused inflammatory response in sur-
rounding tissue. For example, lactic acid as the end product of poly(lactide-co-glycolide)
exerted an influence on immune response [21]. In previous studies, host response to the
poly(LLA-co-DXO) scaffolds has not been reported in detail in in vivo experiments.

Host response reflects the integration between materials and host cells; however, exces-
sive host response may prolong tissue healing or lead to the failure of tissue regeneration.
Macrophages represented a major cellular component of host response and took charge
of destruction and integration of materials [22]. It is generally believed that macrophages
are the precursor cells of multinucleated giant cells (MNGCs) [23]. Macrophages can fuse
into MNGCs during chronic inflammation owing to failing in phagocytizing foreign parti-
cles [24]. Macrophages and MNGCs, observed at material–tissue interfaces, are dominant
host cells responding to material implantation [25]. It has been reported that there were
large number of MNGCs surrounding failed implants [26,27].

Therefore, the aim of this in vivo study is to further investigate ossification process
triggered by the BMSC/EC constructs through histological analysis and at the molecular
level. Host response to the poly(LLA-co-DXO) scaffolds was also observed and presented.



Polymers 2021, 13, 1521 3 of 13

2. Materials and Methods
2.1. Preparation of Scaffolds

The scaffolds were fabricated at the Department of Fibre and Polymer Technology,
KTH Royal Institute of Technology, Sweden. The method of fabrication has been well
described in our previous studies [17,28], briefly, L-lactide (LLA) and 1,5-Dioxepan-2-one
(DXO) were prepared and used as monomers for synthesizing the copolymer poly(LLA-
co-DXO). Stannous 2-ethylhexanoate (SnOct2, Sigma Aldrich, St. Louis, MO, USA) was
used as catalysts and ethylene glycol as initiator. The bulk polymerization was proceeded
at 110 ◦C for 72 h. The resulting polymer was precipitated three times using cold hexane
and methanol.

Poly(LLA-co-DXO) scaffolds were fabricated by a solvent-casting-particulate-leaching
technique [28]. Briefly, poly(LLA-co-DXO) was dissolved in chloroform to form 4% (w/v)
polymer solution, which was poured into a glass mold containing sodium chloride. The
ratio of poly(LLA-co-DXO) and sodium chloride was 10:1 in weight. The chloroform evap-
orated and samples were subsequently punched out from the sodium chloride–polymer
composite. The punched-out samples were poured into a water bath, and the water
was repeatedly changed until all sodium chloride was dissolved. Finally, the porous
poly(LLA-co-DXO) scaffolds were vacuum dried and sterilized using electron beam radia-
tion. The pore sizes of scaffolds ranged from 90 to 400 µm, and the porosity of scaffolds
was about 90%.

2.2. Cell Culturing, Cell Seeding

The biological experiments were performed at the University of Bergen. The procedure
has been described in our previous study [17]. Briefly, BMSCs were isolated from the bone
marrow from femurs of two male healthy Lewis rats and incubated at 37 ◦C in a high
humidity environment containing 5% CO2. Endothelial Cell Growth Medium-2 (EBM-2®)
(Lonza, Basel, Switzerland) was applied to make part of harvested BMSCs to differentiate
into ECs. ECs were characterized by a flow cytometer (Accuri® C6, Tucson, AZ, USA)
using CD31 and Flk-1. Before cell seeding, BMSCs and ECs were trypsinized from culture
flasks. BMSCs (5 × 105 cells) and BMSCs/ECs (5 × 105 BMSCs and 1 × 105 ECs) were
seeded onto the top of the prewetted poly(LLA-co-DXO) scaffolds, respectively. Then, cells
on the top were distributed into the pores of the scaffolds with the help of an orbital shaker
(Eppendorf®, Hamburg, Germany). These cell/scaffold constructs were cultured overnight
at 37 ◦C and 5% CO2 to allow the cells to attach and subsequently incubated in spinner
flasks (Wheaton Science, Millville, NJ, USA) for 1 week before surgery.

2.3. Graft Implantation

The animal experiment was approved by the Norwegian Animal Research Authority
(ID1572). After anesthesia with isofluorane (Isoba vet®, Schering-Plough, Eiksmarka, Nor-
way) combined with NO2 and O2, the skin, the temporalis muscles and the periosteum were
reflected to expose the operative region, and two symmetrical calvarial defects were created
by trephine burr in twelve three-month-old Lewis rats. The symmetrical defects of nine
rats were implanted with BMSC/EC/Scaffold constructs (CO group) and BMSC/Scaffold
constructs (BMSC group), respectively. The remaining rats were used for experiments as
controls. One side was implanted with scaffold without cells (Scaffold group), and the
other side was not treated (empty group). After implantation with grafts, the wounds
were closed with sutures (Vicryl Plus 5-0). The rats were sacrificed by euthanasia with an
overdose of CO2 at week 8 after implantation and the calvarias with grafts were retrieved
from the sacrificed rats. In this study, specimens were further processed with staining and
PCR Array.

2.4. Histological Evaluation

The specimens, harvested from four groups, were fixed with 4% paraformaldehyde
(Merck, Kenilworth, NJ, USA). After being decalcified in decalcification solution, which con-
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tained 10% EDTA for four weeks, the samples were embedded with O.C.T.TM compound
(Sakura, Tokyo, Japan). Cryosections were processed as described before [17]. Cryosections
with a thickness around 8 µm were prepared and stained with Masson’s trichrome, safranin
O-fast green, and hematoxylin and eosin (HE).

2.5. Immunofluorescence Staining for Collagen Type II

The deposition of collagen type II was evaluated by immunofluorescence technique.
The primary antibody against collagen type II (sc-52658, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) diluted 1:200 were applied for 1 h at room temperature after a pretreatment
with normal goat serum (sc-2043, Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted
1:50 in PBS for 30 min to block non-specific binding, followed by goat anti-mouse IgG-
rhodamine (sc-2092, Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1:500 for 1 h
at room temperature. Lastly, sections were treated with 4’, 6-diamidino-2-phenylindole
(DAPI, Thermo Fisher Scientific, Waltham, MA, USA) to label nuclei.

2.6. Immunofluorescence Staining for Osteocalcin (OC)

Immunofluorescence assay was performed to assess osteoblastic activity. According to
manufacturer’s instruction, sections were incubated with the primary antibody against OC
(sc-30044, Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1:200 overnight at 4 ◦C,
followed by incubation with the FITC-conjugated goat anti-rabbit IgG (H+L) secondary
antibody (65-6111, Thermo Fisher Scientific, Waltham, MA, USA) diluted 1:500 in PBS for
3 h at room temperature. Finally, DAPI was utilized to label nuclei.

2.7. RT2 Profiler PCR Array

In addition, to investigate the difference between the CO group and BMSC group at a
molecular level, paired samples from each group were processed for PCR Array analysis.
Briefly, extraction of RNA was performed using an isolation kit (E.Z.N.A®). A spectropho-
tometer (ThermoScientific NanoDrop Technologies, Wilmington, DE, USA) was applied to
examine RNA purity and quantification. cDNA synthesis was first carried out with the RT2

PCR Array First Strand Kit (SuperArray Bioscience Corporation, Frederick, MD, USA). Rat
Osteogenesis RT2 Profiler PCR Array Kit was also purchased from SuperArray Bioscience
Corporation. PCR Array was performed on an ABI StepOneTM system (Applied Biosys-
tems, Foster City, CA, USA) which was described before [16]. Data analysis was applied
with an online software (http://www.superarray.com/pcr/arrayanalysis.php (accessed
on 8 May 2021)) and the heat map was generated through online software. The data were
analyzed by a 2−∆∆Ct method [29]. SAM is a statistical technique for detecting significant
gene changes.

2.8. Statistical Analysis

For determination of the area fraction of collagen type II and OC, the defect area was
defined as region of interest. A common threshold was applied to include all high-density
areas. The sum intensity was determined by software NIS-Elements AR (Nikon, Tokyo,
Japan) and analyzed statistically. Graphs were created using GraphPad Prism (San Diego,
CA, USA). t-test was used to evaluate the differences between the CO and BMSC group.
Differences were considered significant if the p values were less than 0.05 for all statistical
analysis. Experimental results were presented as mean ± standard deviation.

3. Results
3.1. Masson’s Trichrome Staining

The comparison between the BMSC and CO group has been illustrated in our previous
study. Further histological information was illustrated in this study. The overview of the
implanted area was presented in Figure 1A–D, and more osteoid could be observed from
the CO group. To clearly illustrate scaffold fragments, pictures from the same areas were
taken by both normal light (Figure 1F,H) and under a fluorescence filter (Figure 1E,G) by a

http://www.superarray.com/pcr/arrayanalysis.php
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microscope (Nikon 80i, Tokyo, Japan). According to the frame of the scaffold fragments,
osteoid (in bluish green) located inside the pores of the scaffold. In a higher magnification,
image from the CO group showed that blood vessels (indicated by blue arrows) were
observed at the center of newly formed osteoid (Figure 1I).
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Figure 1. Masson’s trichrome staining results. The overview from the empty group (A), the Scaffold
group (B), the BMSC group (C) and the CO group (D) was observed. Scale bar: 1mm. Newly formed
osteoid (bluish green color areas) grew in the pores of the poly(LLA-co-DXO) scaffolds in the CO
group (F,H). Scaffold images (green areas) were obtained by autofluorescence from the material (E,G).
Blood vessels (indicated by blue arrows) were observed at the site of osteoid formation in the CO
group (I). Scale bar: 100 µm.

3.2. Safranin O Staining

Consecutive serial sections stained with the safranin O-fast green procedure were
used for the histological evaluation. The results were shown in Figure 2. Newly formed
osteoid illustrated by the gray green color could be observed among the debris of the
copolymer scaffolds. A large number of red areas, which were positive staining for sulfated
glycosaminoglycans, indicated the formation of cartilage-like tissue. In a higher magnifica-
tion, cartilage-like tissue located around newly formed osteoid. Bone lacuna-like structures,
in which osteocyte/chondrocyte embedded, could be seen in the newly formed osteoid and
cartilage-like tissue. The results clearly illustrated an endochondral ossification process.
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Figure 2. Safranin O-fast green staining results. Specimens of the CO group at week 8 after implan-
tation were stained with a safranin O-fast green procedure. Newly formed osteoid was illustrated
by the gray green color and nuclei by the gray black color. Red areas (depicted by white arrows)
represented cartilage-like tissue.

3.3. HE Staining

The image results in the CO group showed (Figure 3A–C) that at week 8 after im-
plantation, new regenerated tissues, such as osteoid and collagen, were observed in the
region of defects. It was predominantly soft tissues growing into the defects in the empty
group (Figure 3D). In a higher magnification, MNGCs can be observed on the scaffold
surface (indicated by red arrow in Figure 3B,C). Newly formed osteoid was around the
blood vessels in the CO group (indicated by blue arrows in Figure 3E).

Figure 3. Hematoxylin and eosin (HE) staining results. New regenerated tissues, including osteoid
and collagen, were observed in the region of defects (A,C,D). Multinucleated giant cells, indicated as
red arrows (B,C), can be seen around the scaffold fragments. Sections from the empty group showed
that newly formed osteoid was observed from the cutting edge, and the calvarial defects were filled
with collagen (D). (E) Osteoid formed around the blood vessels in the CO group (indicated by blue
arrows). Scale bar: 100 µm.
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3.4. Expression of Collagen Type II

Immunofluorescence identified collagen type II synthesized in the CO (Figure 4Q)
and BMSC group (Figure 4L). Moreover, the area fraction of collagen type II of the CO
group was more than that of the BMSC group (Figure 4U).
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Figure 4. Immunofluorescence analysis for collagen type II in graft areas. Positive staining areas of collagen type II could be
observed in both BMSC (L) and CO group (Q). In descending order: 1st row: images (A–E) of the empty group, 2nd row:
images (F–J) of the Scaffold group, 3rd row: images (K–O) of the BMSC group, 4th row: images (P–T) of the CO group.
General images (D,E,I,J,N,O,S,T) were observed by phase contrast microscope to show the overview of sections from
different groups, and the remaining images were observed by fluorescence microscope to show collagen type II expression.
Scale bar: 100 µm. (U) Area fraction of positive immunofluorescence of collagen type II in the CO and BMSC group was
evaluated, and the area fraction of the CO group was more than that of the BMSC group (n = 8, * p < 0.05).

3.5. OC Expression

OC is used as a marker of bone formation. Sections from different groups were stained
with immunofluorescence staining to show OC expression and to indicate osteoblastic
activity. OC was illustrated by the green color. Osteoblastic activity in the CO group was
stronger than that in the BMSC group (Figure 5U). Therefore, the results showed that more
OC was expressed in the CO group, and BMSC/EC/Scaffold constructs were beneficial for
bone regeneration.
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Figure 5. Immunofluorescence analysis for osteocalcin (OC) in graft areas. Images (A–T) showing
OC expression in graft areas by immunofluorescence assay at week 8 after implantation. Immunoflu-
orescence staining for OC was performed to assess osteoblastic activity. In descending order: 1st row:
images (A–D) of the empty group, 2nd row: images (E–H) of the Scaffold group, 3rd row: images
(I–L) of the BMSC group, 4th row: images (M–P) of the CO group, 5th row: images (Q–T) of the
normal bone. General images (D,H,L,P,T) were observed by phase contrast microscope to show the
overview of sections from different groups, and the remaining images were observed by fluorescence
microscope to show OC expression. Scale bar: 100 µm. (U) Semi-quantitative analysis of OC in the
CO and BMSC group. Area fraction of the images represented the protein content in the defect area.
Osteoblastic activity in the CO group was stronger than that in the BMSC group (n = 9, * p < 0.05).

3.6. PCR Array Analysis

PCR Array results showed that several genes were upregulated in the CO group by
adding extra ECs into the engineered constructs, compared with the BMSC group. The
following findings presented in fold changes could be noticed: evaluation of osteogenic
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genes in the CO group showed that two genes were downregulated, and 12 genes were
upregulated compared with the BMSC group (Figure 6 and Table 1).
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Figure 6. Rt2 Profiler Osteogenesis PCR Array. Array layout was presented, and the heat map
represented the expression level of 84 genes. The red squares represented genes expressed higher in
the CO group, and the green squares represented genes expressed higher in the BMSC group.

Table 1. Differentiated gene list between the CO and BMSC groups (fold changes > 2) is shown in
the table.

Position Gene Full Name Fold Change

A02 Alpl Alkaline phosphatase 2.04

A03 Ambn Ameloblastin 2.51

B09 Col1a1 Collagen type I, alpha 1 2.75

B10 Col1a2 Collagen type I, alpha 2 2.15

B11 Col2a1 Collagen type II, alpha 1 23.92

C10 Ctsk Cathepsin K 2.03

C11 Dmp1 Dentin matrix acidic
phosphoprotein 1 10.94

C12 Egf Epidermal growth factor 2.73

E01 Itga2 Integrin alpha 2 2.04

E06 Mmp10 Matrix metallopeptidase 10 2.43

E09 Mmp9 Matrix metallopeptidase 9 2.68

G10 Vdr Vitamin D receptor 3.08

A11 Bmp6 Bone morphogenetic protein 6 −2.50

D09 Gdf10 Growth differentiation factor 10 −2.88

4. Discussion

It has been shown that there was enhanced bone formation in the CO group [17]. In
the current study, the ossification process was described by histological analysis and at the
mRNA level. Moreover, host response to the poly(LLA-co-DXO) scaffolds was illustrated
by the HE staining.
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Our preliminary in vivo investigation of bone formation was carried out using a rat
calvarial defect model. Safranin O staining was used for detection of cartilage-like tissue
illustrated by the red color, and the representative image showed that cartilage-like tissue
was observed in the center of the newly formed bone in the CO group. The discovery
of cartilage-like tissue might prove that the repair mechanism of bone defects could be
endochondral ossification. Skull was formed through intramembranous ossification during
bone development [11]. The formation of the tissue-engineered osteoid was specific in the
CO group whose repair mechanism differed from the nature mechanism. Calvarial defect
is a simplified standard model and could not be more suitable in this case. The results
from this study showed that the newly formed osteoid in the center of the scaffold was
centralized with immature cartilage-like tissue and gradually formed more mature bone
tissue, this is an endochondral ossification process, and this could be more meaningful in a
calvarial defect model.

OC is a low-molecular-weight protein found abundantly in bone extracellular ma-
trix [30]. The expression level of OC is closely related to bone metabolism consisting of
osteogenic differentiation, bone mineralization and bone turnover [31–33]. Thus, OC is
usually used as a marker of bone formation. OC accumulated at the sites of cartilage
calcification obtained from a mineralizing chicken chondrocyte system in vitro, which
suggested that OC was indeed a secretory product of hypertrophic chondrocytes near
calcification sites [34]. When silencing the expression of core-binding factor alpha 1 gene
led to inhibition of OC synthesis, cartilage formation was prevented at the same time [35].
In this study, gene expression of OC in the CO group may be in correlation with cartilage
formation at the center of bone.

PCR Array analysis was performed in order to get a better understanding of the
ossification mechanism at a molecular level. Upregulated chondrogenic-related markers
were found, such as: dentin matrix acidic phosphoprotein 1 (Dmp1) and collagen type
II, alpha 1 (Col2a1). In a previous study, Dmp1 has been shown to play a critical role in
chondrogenesis and subsequent osteogenesis. Dmp1-deficient mice developed severe carti-
lage defects during postnatal chondrogenesis [36]. Immature cartilage was characterized
by high level of cartilage genes, such as Col2a1 [37]. Ottavia Barbieri et al. [38] proved
that negative Col2a1 transgene affected chondrocyte differentiation. Therefore, Dmp1 and
Col2a1 are important regulatory genes and they are upregulated in the process of cartilage
formation. In addition, several genes related to the extracellular matrix, bone remodeling
or bone metabolism were activated as well, such as matrix metallopeptidase 9, matrix
metallopeptidase 10, cathepsin K and vitamin D receptor. This may indicate that the newly
regenerated tissue was undergoing an active remodeling from cartilage-like tissue to bone.

Histological as well as molecular data illustrated that rat calvarial defects might
be regenerated through an endochondral ossification process. The importance of ECs
in developing endochondral ossification was well documented [39,40]. A detailed and
specific role of ECs alone during this process would be of further interest in future studies.
In addition to the potential effects of ECs, other factors should be taken into consideration
when analyzing this ossification process following co-culture. The different geometries of
the scaffolds may control phenotypic expression in osteogenesis and chondrogenesis [41,42]
and should therefore also be considered.

In this study, another aim is to illustrate host response to the poly(LLA-co-DXO)
scaffolds’ implantation. Host response to the copolymer scaffolds at the implanted site
can influence the clinical acceptance of scaffolds. It is well known that after a copolymer
scaffold is implanted, the normal course of wound healing is altered due to cell–material
surface interactions. In the current study, all the incisions of the recipient rats healed
completely, and a visual examination after 8 weeks revealed no severe macroscopic tissue
reactions occurred around the implanted scaffolds. Histologically, MNGCs were induced
by the poly(LLA-co-DXO) scaffolds after implantation.

Ideally, the degradation of materials should be consistent with the regeneration and
maturation rate of the new tissues. As the newly formed bone remodels and requires



Polymers 2021, 13, 1521 11 of 13

less support, the scaffolds should lose its mechanical properties and gradually degrade.
Degradation products can be completely absorbed by the body [43]. In vivo, massive
acidic degradation products rapidly decreased the pH value in the local environment
and resorption of acidic products can lead to inflammatory response and influence tissue
repair [24,44–46]. Degradation of the poly(LLA-co-DXO) scaffolds may contribute to host
response due to buildup of acidic substance. Bone formation also linked to the pH of the
extracellular microenvironment. Biologic activity of a variety of cells, including BMSCs
and osteoblasts, can be influenced by acidity of culture environment [47,48]. In the CO
group, BMSC/EC constructs induced more bone formation compared with other groups.
It is speculated that acidic products from the copolymer scaffolds have a minimal impact
on bone formation.

Based on the findings and experiment structures from our previous studies, this study
mainly focused on the repair mechanism in a rat calvarial defect and results indicated
that the bone defects might be repaired through an endochondral ossification process.
Therefore, tissue-engineered bone formed by the poly(LLA-co-DXO) scaffold seeded with
BMSCs and ECs might be suitable for repairing a large bone defect due to enhanced
bone formation and its repair mechanism. However, more preclinical studies should
be performed to confirm this effect from the constructs loaded with co-cultured cells in
the poly(LLA-co-DXO) scaffolds. Host response is a side topic in this study. MNGCs
were observed in all groups with scaffolds, but a comparison between groups was not
addressed. A quantified study from the biological view should be further investigated
in the future since ECs can participate in inflammatory response according to earlier
publication about poly(LLA-co-DXO) scaffold [49]. Moreover, MNGCs include foreign
body giant cells (FBGCs) and osteoclasts, both of which are fused by macrophage-derived
mononuclear cells. FBGCs differed from osteoclasts in that osteoclasts were responsible
for bone resorption in bone metabolism [50]. Consequently, more evidence is needed to
distinguish FBGCs and osteoclasts, such as immunohistochemical staining to identify cell
surface markers.

5. Conclusions

In conclusion, newly formed osteoid was evaluated via histological analysis, and endo-
chondral ossification-related genes were upregulated in this study. Evidence indicated that
the endochondral ossification process might occur in rat calvarial defects after implantation
with BMSC/EC/Scaffold constructs. MNGCs may participate in host response as FBGCs
in this study, and more specific in vivo studies are needed to gain a better understanding
of host response to the poly(LLA-co-DXO) scaffolds.

Author Contributions: Z.X.: conceptualization, design of the experiment, performing the exper-
iment, data analysis. X.J.: finalizing and editing the manuscript, literature review, data analysis.
Q.S.: writing the manuscript. A.F.-W.: synthesis and testing of materials. B.L.: correspondence,
revision of the manuscript. Y.X.: correspondence, performing the experiment, data analysis. K.M.:
conceptualization, design of the experiment. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Fundamental Research Funds for the Central Universities,
China (Grant Number: lzujbkj-2019-ct07).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Norwegian Animal Research Authority (ID1572).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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



Polymers 2021, 13, 1521 12 of 13

References
1. Diomede, F.; Gugliandolo, A.; Scionti, D.; Merciaro, I.; Cavalcanti, M.F.X.B.; Mazzon, E.; Trubiani, O. Biotherapeutic Effect of

Gingival Stem Cells Conditioned Medium in Bone Tissue Restoration. Int. J. Mol. Sci. 2018, 19, 329. [CrossRef]
2. Damien, C.J.; Parsons, J.R. Bone graft and bone graft substitutes: A review of current technology and applications. J. Appl.

Biomater. 1991, 2, 187–208. [CrossRef] [PubMed]
3. Della Coletta, B.B.; Jacob, T.B.; Moreira, L.A.D.C.; Pomini, K.T.; Buchaim, D.V.; Eleutério, R.G.; Pereira, E.D.S.B.M.; Roque, D.D.;

Rosso, M.P.D.O.; Shindo, J.V.T.C.; et al. Photobiomodulation Therapy on the Guided Bone Regeneration Process. in Defects Filled
by Biphasic Calcium Phosphate Associated with Fibrin Biopolymer. Molecules 2021, 26, 847. [CrossRef] [PubMed]

4. Lane, J.M.; Tomin, E.; Bostrom, M.P.G. Biosynthetic Bone Grafting. Clin. Orthop. Relat. Res. 1999, 367, S107–S117. [CrossRef]
5. Rosso, M.; Oyadomari, A.T.; Pomini, K.T.; Della Coletta, B.B.; Shindo, J.; Ferreira Júnior, R.S.; Barraviera, B.; Cassaro, C.V.;

Buchaim, D.V.; Teixeira, D.B.; et al. Photobiomodulation Therapy Associated with Heterologous Fibrin Biopolymer and Bovine
Bone Matrix Helps to Reconstruct Long Bones. Biomolecules 2020, 10, 383. [CrossRef] [PubMed]

6. Shi, R.; Huang, Y.; Ma, C.; Wu, C.; Tian, W. Current advances for bone regeneration based on tissue engineering strategies. Front.
Med. 2019, 13, 160–188. [CrossRef] [PubMed]

7. Murray, I.R.; Corselli, M.; Petrigliano, F.A.; Soo, C.; Péault, B. Recent insights into the identity of mesenchymal stem cells:
Implications for orthopaedic applications. Bone Joint J. 2014, 96, 291–298. [CrossRef] [PubMed]

8. Sun, K.; Zhou, Z.; Ju, X.; Zhou, Y.; Lan, J.; Chen, N.; Chen, H.; Liu, M.; Pang, L. Combined transplantation of mesenchymal stem
cells and endothelial progenitor cells for tissue engineering: A systematic review and meta-analysis. Stem Cell Res. Ther. 2016, 7,
151. [CrossRef]

9. Cunniffe, G.M.; Dickson, G.R.; Partap, S.; Stanton, K.T.; O’Brien, F.J. Development and characterisation of a collagen nano-
hydroxyapatite composite scaffold for bone tissue engineering. J. Mater. Sci. Mater. Med. 2010, 21, 2293–2298. [CrossRef]

10. Diomede, F.; D’Aurora, M.; Gugliandolo, A.; Merciaro, I.; Orsini, T.; Gatta, V.; Piattelli, A.; Trubiani, O.; Mazzon, E. Biofunctional-
ized Scaffold in Bone Tissue Repair. Int. J. Mol. Sci. 2018, 19, 1022. [CrossRef] [PubMed]

11. Berendsen, A.D.; Olsen, B.R. Bone development. Bone 2015, 80, 14–18. [CrossRef]
12. Meijer, G.J.; De Bruijn, J.D.; Koole, R.; Van Blitterswijk, C.A. Cell based bone tissue engineering in jaw defects. Biomaterials 2008,

29, 3053–3061. [CrossRef] [PubMed]
13. James, J.; Steijn-Myagkaya, G.L. Death of osteocytes. Electron microscopy after in vitro ischaemia. J. Bone Joint Surg. Br. 1986, 68,

620–624. [CrossRef] [PubMed]
14. Pizzicannella, J.; Cavalcanti, M.; Trubiani, O.; Diomede, F. MicroRNA 210 Mediates VEGF Upregulation in Human Periodontal

Ligament Stem Cells Cultured on 3DHydroxyapatite Ceramic Scaffold. Int. J. Mol. Sci. 2018, 19, 3916. [CrossRef]
15. Thompson, E.M.; Matsiko, A.; Farrell, E.; Kelly, D.J.; O’Brien, F.J. Recapitulating endochondral ossification: A promising route to

in vivo bone regeneration. J. Tissue Eng. Regen. Med. 2015, 9, 889–902. [CrossRef] [PubMed]
16. Xue, Y.; Xing, Z.; Hellem, S.; Arvidson, K.; Mustafa, K. Endothelial cells influence the osteogenic potential of bone marrow

stromal cells. Biomed. Eng. Online 2009, 8, 34. [CrossRef]
17. Xing, Z.; Xue, Y.; Dånmark, S.; Schander, K.; Østvold, S.; Arvidson, K.; Hellem, S.; Finne-Wistrand, A.; Albertsson, A.-C.; Mustafa,

K. Effect of endothelial cells on bone regeneration using poly(L-lactide-co-1,5-dioxepan-2-one) scaffolds. J. Biomed. Mater. Res.
Part A 2010, 96, 349–357. [CrossRef] [PubMed]

18. Idris, S.B.; Arvidson, K.; Plikk, P.; Ibrahim, S.; Finne-Wistrand, A.; Albertsson, A.-C.; Bolstad, A.I.; Mustafa, K. Polyester copolymer
scaffolds enhance expression of bone markers in osteoblast-like cells. J. Biomed. Mater. Res. Part A 2010, 94, 631–639. [CrossRef]

19. Xue, Y.; Dånmark, S.; Xing, Z.; Arvidson, K.; Albertsson, A.-C.; Hellem, S.; Finne-Wistrand, A.; Mustafa, K. Growth and
differentiation of bone marrow stromal cells on biodegradable polymer scaffolds: An in vitro study. J. Biomed. Mater. Res. Part A
2010, 95, 1244–1251. [CrossRef]

20. Finne-Wistrand, A.; Albertsson, A.-C.; Kwon, O.H.; Kawazoe, N.; Chen, G.; Kang, I.-K.; Hasuda, H.; Gong, J.; Ito, Y. Resorbable
Scaffolds from Three Different Techniques: Electrospun Fabrics, Salt-Leaching Porous Films, and Smooth Flat Surfaces. Macromol.
Biosci. 2008, 8, 951–959. [CrossRef]

21. Zhang, X.; Wu, Y.; Pan, Z.; Sun, H.; Wang, J.; Yu, D.; Zhu, S.; Dai, J.; Chen, Y.; Tian, N.; et al. The effects of lactate and acid on
articular chondrocytes function: Implications for polymeric cartilage scaffold design. Acta Biomater. 2016, 42, 329–340. [CrossRef]
[PubMed]

22. Fang, J.Y.; Yang, Z.; Han, B. Switch of macrophage fusion competency by 3D matrices. Sci. Rep. 2020, 10, 10348. [CrossRef]
[PubMed]

23. Al-Maawi, S.; Orlowska, A.; Sader, R.; Kirkpatrick, C.J.; Ghanaati, S. In vivo cellular reactions to different biomaterials—
Physiological and pathological aspects and their consequences. Semin. Immunol. 2017, 29, 49–61. [CrossRef] [PubMed]

24. Anderson, J.M.; Rodriguez, A.; Chang, D.T. Foreign body reaction to biomaterials. Semin. Immunol. 2008, 20, 86–100. [CrossRef]
25. Sheikh, Z.; Brooks, P.J.; Barzilay, O.; Fine, N.; Glogauer, M. Macrophages, Foreign Body Giant Cells and Their Response to

Implantable Biomaterials. Materials 2015, 8, 5671–5701. [CrossRef]
26. Yang, S.-Y.; Yu, H.; Gong, W.; Wu, B.; Mayton, L.; Costello, R.; Wooley, P.H. Murine model of prosthesis failure for the long-term

study of aseptic loosening. J. Orthop. Res. 2007, 25, 603–611. [CrossRef]
27. Ingham, E.; Fisher, J. The role of macrophages in osteolysis of total joint replacement. Biomaterials 2005, 26, 1271–1286. [CrossRef]

http://doi.org/10.3390/ijms19020329
http://doi.org/10.1002/jab.770020307
http://www.ncbi.nlm.nih.gov/pubmed/10149083
http://doi.org/10.3390/molecules26040847
http://www.ncbi.nlm.nih.gov/pubmed/33562825
http://doi.org/10.1097/00003086-199910001-00011
http://doi.org/10.3390/biom10030383
http://www.ncbi.nlm.nih.gov/pubmed/32121647
http://doi.org/10.1007/s11684-018-0629-9
http://www.ncbi.nlm.nih.gov/pubmed/30047029
http://doi.org/10.1302/0301-620X.96B3.32789
http://www.ncbi.nlm.nih.gov/pubmed/24589781
http://doi.org/10.1186/s13287-016-0390-4
http://doi.org/10.1007/s10856-009-3964-1
http://doi.org/10.3390/ijms19041022
http://www.ncbi.nlm.nih.gov/pubmed/29596323
http://doi.org/10.1016/j.bone.2015.04.035
http://doi.org/10.1016/j.biomaterials.2008.03.012
http://www.ncbi.nlm.nih.gov/pubmed/18433864
http://doi.org/10.1302/0301-620X.68B4.3733842
http://www.ncbi.nlm.nih.gov/pubmed/3733842
http://doi.org/10.3390/ijms19123916
http://doi.org/10.1002/term.1918
http://www.ncbi.nlm.nih.gov/pubmed/24916192
http://doi.org/10.1186/1475-925X-8-34
http://doi.org/10.1002/jbm.a.32989
http://www.ncbi.nlm.nih.gov/pubmed/21171154
http://doi.org/10.1002/jbm.a.32726
http://doi.org/10.1002/jbm.a.32945
http://doi.org/10.1002/mabi.200700328
http://doi.org/10.1016/j.actbio.2016.06.029
http://www.ncbi.nlm.nih.gov/pubmed/27345139
http://doi.org/10.1038/s41598-020-67056-9
http://www.ncbi.nlm.nih.gov/pubmed/32587271
http://doi.org/10.1016/j.smim.2017.06.001
http://www.ncbi.nlm.nih.gov/pubmed/28647227
http://doi.org/10.1016/j.smim.2007.11.004
http://doi.org/10.3390/ma8095269
http://doi.org/10.1002/jor.20342
http://doi.org/10.1016/j.biomaterials.2004.04.035


Polymers 2021, 13, 1521 13 of 13

28. Dånmark, S.; Finne-Wistrand, A.; Wendel, M.; Arvidson, K.; Albertsson, A.-C.; Mustafa, K. Osteogenic Differentiation by Rat Bone
Marrow Stromal Cells on Customized Biodegradable Polymer Scaffolds. J. Bioact. Compat. Polym. 2010, 25, 207–223. [CrossRef]

29. Tusher, V.G.; Tibshirani, R.; Chu, G. Significance analysis of microarrays applied to the ionizing radiation response. Proc. Natl.
Acad. Sci. USA 2001, 98, 5116–5121. [CrossRef]

30. Zafeirakis, A. Collagenous and non-collagenous biochemical markers of bone metastases from prostate cancer. Hippokratia 2010,
14, 164–169.

31. Boskey, A.; Gadaleta, S.; Gundberg, C.; Doty, S.; Ducy, P.; Karsenty, G. Fourier transform infrared microspectroscopic analysis of
bones of osteocalcin-deficient mice provides insight into the function of osteocalcin. Bone 1998, 23, 187–196. [CrossRef]

32. Ducy, P.; Desbois, C.; Boyce, B.; Pinero, G.; Story, B.; Dunstan, C.; Smith, E.; Bonadio, J.; Goldstein, S.; Gundberg, C.; et al.
Increased bone formation in osteocalcin-deficient mice. Nat. Cell Biol. 1996, 382, 448–452. [CrossRef]

33. Doherty, M.J.; Ashton, B.A.; Walsh, S.; Beresford, J.N.; Grant, M.E.; Canfield, A.E. Vascular Pericytes Express Osteogenic Potential
In Vitro and In Vivo. J. Bone Miner. Res. 1998, 13, 828–838. [CrossRef]

34. Gerstenfeld, L.; Landis, W. Gene-Expression and Extracellular-Matrix Ultrastructure of A Mineralizing Chondrocyte Cell-Culture
System. J. Cell Biol. 1991, 112, 501–513. [CrossRef] [PubMed]

35. Sun, H.; Yang, F.; Chu, W.; Zhao, H.; McMahon, C.; Li, C. Lentiviral-Mediated RNAi Knockdown of Cbfa1 Gene Inhibits
Endochondral Ossification of Antler Stem Cells in Micromass Culture. PLoS ONE 2012, 7, e47367. [CrossRef] [PubMed]

36. Ye, L.; Mishina, Y.; Chen, D.; Huang, H.; Dallas, S.L.; Dallas, M.R.; Sivakumar, P.; Kunieda, T.; Tsutsui, T.W.; Boskey, A.; et al.
Dmp1-deficient Mice Display Severe Defects in Cartilage Formation Responsible for a Chondrodysplasia-like Phenotype. J. Biol.
Chem. 2005, 280, 6197–6203. [CrossRef]

37. Sandell, L.J.; Nalin, A.M.; Reife, R.A. Alternative splice form of type II procollagen mRNA (IIA) is predominant in skeletal
precursors and non-cartilaginous tissues during early mouse development. Dev. Dyn. 1994, 199, 129–140. [CrossRef]

38. Barbieri, O.; Astigiano, S.; Morini, M.; Tavella, S.; Schito, A.; Corsi, A.; Di Martino, D.; Bianco, P.; Cancedda, R.; Garofalo, S.
Depletion of cartilage collagen fibrils in mice carrying a dominant negative Col2a1 transgene affects chondrocyte differentiation.
Am. J. Cell Physiol. 2004, 285, C1504–C1512. [CrossRef]

39. Deckers, M.M.L.; Van Beek, E.R.; Van Der Pluijm, G.; Wetterwald, A.; Van Der Wee-Pals, L.; Cecchini, M.G.; Papapoulos, S.E.;
Löwik, C.W.G.M. Dissociation of Angiogenesis and Osteoclastogenesis During Endochondral Bone Formation in Neonatal Mice.
J. Bone Miner. Res. 2002, 17, 998–1007. [CrossRef]

40. Carlevaro, M.F.; Cermelli, S.; Cancedda, R.; Cancedda, F.D. Vascular endothelial growth factor (VEGF) in cartilage neovascular-
ization and chondrocyte differentiation: Auto-paracrine role during endochondral bone formation. J. Cell Sci. 2000, 113, 59–69.
[CrossRef]

41. Jin, Q.M.; Takita, H.; Kohgo, T.; Atsumi, K.; Itoh, H.; Kuboki, Y. Effects of geometry of hydroxyapatite as a cell substratum in
BMP-induced ectopic bone formation. J. Biomed. Mater. Res. 2000, 51, 491–499. [CrossRef]

42. Kuboki, Y.; Jin, Q.; Takita, H. Geometry of carriers controlling phenotypic expression in BMP-induced osteogenesis and
chondrogenesis. J. Bone Joint Surg. 2001, 83 (Suppl. S2), S105–S115. [CrossRef]

43. Hutmacher, D.W. Scaffolds in tissue engineering bone and cartilage. Biomaterials 2000, 21, 2529–2543. [CrossRef]
44. Bergsma, E.J.; Rozema, F.R.; Bos, R.R.; De Bruijn, W.C. Foreign body reactions to resorbable poly(l-lactide) bone plates and screws

used for the fixation of unstable zygomatic fractures. J. Oral Maxillofac. Surg. 1993, 51, 666–670. [CrossRef]
45. Bergsma, J.E.; De Bruijn, W.C.; Rozema, F.R.; Bos RR, M.; Boering, G. Late degradation tissue response to poly(L-lactide) bone

plates and screws. Biomaterials 1995, 16, 25–31. [CrossRef]
46. Böstman, O.; Hirvensalo, E.; Mäkinen, J.; Rokkanen, P. Foreign-body reactions to fracture fixation implants of biodegradable

synthetic polymers. J. Bone Joint Surg. 1990, 72, 592–596. [CrossRef] [PubMed]
47. Kohn, D.H.; Sarmadi, M.; Helman, J.I.; Krebsbach, P.H. Effects of pH on human bone marrow stromal cells in vitro: Implications

for tissue engineering of bone. J. Biomed. Mater. Res. 2002, 60, 292–299. [CrossRef]
48. Chakkalakal, D.A.; Mashoof, A.A.; Novak, J.; Strates, B.S.; McGuire, M.H. Mineralization and pH relationships in healing skeletal

defects grafted with demineralized bone matrix. J. Biomed. Mater. Res. 1994, 28, 1439–1443. [CrossRef]
49. Bartaula-Brevik, S.; Pedersen, T.O.; Blois, A.L.; Papadakou, P.; Finne-Wistrand, A.; Xue, Y.; Bolstad, A.I.; Mustafa, K. Leukocyte

transmigration into tissue-engineered constructs is influenced by endothelial cells through Toll-like receptor signaling. Stem Cell
Res. Ther. 2014, 5, 143. [CrossRef]

50. Brodbeck, W.G.; Anderson, J.M. Giant cell formation and function. Curr. Opin. Hematol. 2009, 16, 53–57. [CrossRef] [PubMed]

http://doi.org/10.1177/0883911509358812
http://doi.org/10.1073/pnas.091062498
http://doi.org/10.1016/S8756-3282(98)00092-1
http://doi.org/10.1038/382448a0
http://doi.org/10.1359/jbmr.1998.13.5.828
http://doi.org/10.1083/jcb.112.3.501
http://www.ncbi.nlm.nih.gov/pubmed/1991793
http://doi.org/10.1371/journal.pone.0047367
http://www.ncbi.nlm.nih.gov/pubmed/23056636
http://doi.org/10.1074/jbc.M412911200
http://doi.org/10.1002/aja.1001990206
http://doi.org/10.1152/ajpcell.00579.2002
http://doi.org/10.1359/jbmr.2002.17.6.998
http://doi.org/10.1242/jcs.113.1.59
http://doi.org/10.1002/1097-4636(20000905)51:3&lt;491::AID-JBM25&gt;3.0.CO;2-1
http://doi.org/10.2106/00004623-200100002-00005
http://doi.org/10.1016/S0142-9612(00)00121-6
http://doi.org/10.1016/S0278-2391(10)80267-8
http://doi.org/10.1016/0142-9612(95)91092-D
http://doi.org/10.1302/0301-620X.72B4.2199452
http://www.ncbi.nlm.nih.gov/pubmed/2199452
http://doi.org/10.1002/jbm.10050
http://doi.org/10.1002/jbm.820281209
http://doi.org/10.1186/scrt533
http://doi.org/10.1097/MOH.0b013e32831ac52e
http://www.ncbi.nlm.nih.gov/pubmed/19057205

	Introduction 
	Materials and Methods 
	Preparation of Scaffolds 
	Cell Culturing, Cell Seeding 
	Graft Implantation 
	Histological Evaluation 
	Immunofluorescence Staining for Collagen Type II 
	Immunofluorescence Staining for Osteocalcin (OC) 
	RT2 Profiler PCR Array 
	Statistical Analysis 

	Results 
	Masson’s Trichrome Staining 
	Safranin O Staining 
	HE Staining 
	Expression of Collagen Type II 
	OC Expression 
	PCR Array Analysis 

	Discussion 
	Conclusions 
	References

