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Bone mesenchymal stem cells (BMSCs) have been extensively used in bone tissue
engineering because of their potential to differentiate into multiple cells, secrete
paracrine factors, and attenuate immune responses. Biomaterials are essential for the
residence and activities of BMSCs after implantation in vivo. Recently, extracellular matrix
(ECM) modification with a favorable regenerative microenvironment has been
demonstrated to be a promising approach for cellular activities and bone regeneration.
The aim of the present study was to evaluate the effects of BMSCs combined with cell-
engineered ECM scaffolds on osteogenesis and angiogenesis in vivo. The ECM scaffolds
were generated by osteoblasts on the small intestinal submucosa (SIS) under treatment
with calcium (Ca)-enriched medium and icariin (Ic) after decellularization. In a mouse
ectopic bone formation model, the SIS scaffolds were demonstrated to reduce the
immune response, and lower the levels of immune cells compared with those in the
sham group. Ca/lc-ECM maodification inhibited the degradation of the SIS scaffolds in vivo.
The generated Ca/lc-SIS scaffolds ectopically promoted osteogenesis according to the
results of micro-CT and histological staining. Moreover, BMSCs on Ca/Ic-SIS further
increased the bone volume percentage (BV/TV) and bone density. Moreover, angiogenesis
was also enhanced by the Ca/Ic-SIS scaffolds, resulting in the highest levels of
neovascularization according to the data ofCD31 staining. In conclusion, osteoblast-
engineered ECM under directional induction is a promising strategy to modify biomaterials
for osteogenesis and angiogenesis. BMSCs synergetically improve the properties of ECM
constructs, which may contribute to the repair of large bone defects.

Keywords: bone mesenchymal stem cells, extracellular matrix modification, ectopic bone formation model,
osteogenesis, angiogenesis
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INTRODUCTION

Reconstruction of large bone defects caused by trauma or disease
has always been a major challenge in the clinic (Chen et al., 2021).
Autologous bone grafts are considered the “gold standard”;
however, limited availability and donor site morbidity
associated with auto grafts restricts their clinical applications
(Ghate and Cui, 2017; Yan et al,, 2020). Tissue engineering was
developed as a promising method for graft-based bone repair and
regeneration to solve this problem. Traditional tissue engineering
involves scaffolds, seeding cells, and growth factors; scaffolds are
the key components that provide structural and mechanical
support for the cells (Roseti et al., 2017). Moreover, scaffolds
with a proper microenvironment can determine cell fate during
bone regeneration. Unlike metal, ceramic, and polymer scaffolds,
extracellular matrix (ECM) is more beneficial for cellular
activities directed toward tissue reconstruction because of
mimetic tissue niches with multiple chemical and physical
cues (Sun et al, 2021). Therefore, in recent decades, ECM-
based scaffolds have attracted the attention of investigators as
anew generation of biomaterials for tissue engineering (Mansour
et al.,, 2017; Shang et al., 2021).

The small intestinal submucosa (SIS) is a native ECM scaffold
from the submucosal layer of the porcine jejunum obtained after
decellularization that has been approved by the FDA in the clinic
(Kropp et al,, 1995). Acellular SIS preserves three-dimensional
(3D) architecture and ECM components, including collagen
(more than 90%), glycosaminoglycans, and fibronectin.
Additionally, a wide variety of cytokines have been detected in
the ECM, such as basic fibroblast growth factor (bFGF),
transforming growth factor-p (TGF-B), and vascular
endothelial growth factor (VEGF) (Hodde et al, 1996;
McPherson and Badylak, 1998). Moreover, xenogeneic SIS-
based biomaterials for transplantation are known as
absorbable materials and elicit reduced inflammatory immune
responses (Andrée et al, 2013). Increasing evidences have

demonstrated the advantages of SIS in tissue engineering for
reconstruction of various tissues, such as blood vessels (Kakisis
et al,, 2005), bone (Kim et al,, 2010), cartilage (Le Visage et al.,
2006), bladder, and ureter (Kropp et al., 1995; Desgrandchamps,
2000). Our previous studies mainly focused on the application of
the SIS scaffolds in bone tissue engineering and regeneration. SIS
was demonstrated to be a potential osteoconductive and
osteoinductive biomaterial with excellent biocompatibility that
recruited various key cells (BMSCs, osteoblasts, and fibroblasts)
and promoted their proliferation, osteogenesis, vascularization,
and bone regeneration (Li et al., 2017b). However, limited new
bone (~14%) was formed until 8 weeks after transplantation in a
critical-size mouse calvarial defect model. The results may be
explained by soft tissue origin of SIS with different tissue
microenvironments, which limited the application of SIS for
bone regeneration. Thus, additional osteoinductive biomolecules
(e.g., bone tissue components) should be introduced to modify SIS
to improve its osteoinductivity (Zhao et al., 2020).

Along with the development of tissue engineering, numerous
methods have been created to modify the scaffolds and improve
the functions of the implants. These methods include the coating
of the scaffold surfaces that has been demonstrated to greatly
influence the biocompatibility and biological activities of
underlying biomaterials (Zhao et al, 2020). Recently, cell-
derived ECM (CDM) coatings have attracted attentions of the
researchers. Similar to decellularized tissues, CDM provides
complex components of natural ECM with a 3D structure and
represents unique compositions and niches of variable cell origin
(Cheng et al., 2014). Fu et al. (2018) demonstrated that coating of
the PLLA NF surface with MC3T3-E1 CDM enhanced the
adhesion of mouse bone marrow stromal cells (mBMSCs),
supported cell proliferation, and promoted osteogenic
differentiation of mBMSCs. Feng et al. (2020) fabricated the
CDM sheet-implant complexes using a combination of rat
BMSCs (rBMSCs) CDM sheets with the sandblasted, large-grit,
and acid-etched (SLA) implants. The generated CDM sheet-
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implant complexes were demonstrated to have low
immunogenicity and resulted in superior new bone formation
in vivo. Our previous studies also used MC3T3-E1 CDM to
modify the SIS scaffolds, and the generated ECM-SIS scaffolds
were proven to enhance bone repair in situ in a mouse calvarial
defect model (Zhang et al., 2017; Li et al., 2018). Interestingly, we
also demonstrated that drug-derived CDM is a promising novel
method to deliver drugs to improve mineral deposition and bone
formation induced by the SIS scaffolds (Li et al., 2017a; Li et al.,
2017c¢).

Besides the scaffolds, seeding cells are also essential to promote
the reconstruction, and regeneration of tissue defects. BMSCs are
a well-characterized population of adult stem cells with
capabilities for self-renewal and multipotent differentiation
(Shakouri-Motlagh et al,, 2017). Preosteogenic chondroblasts
and osteoblasts are two major pathways of BMSCs
differentiation that contribute to bone regeneration. Along
with the development of tissue engineering techniques, BMSCs
transplantation has been used in the clinic and has been
demonstrated to enhance tissue regeneration, especially in the
vasculature (Gong and Niklason, 2008), cartilage reconstruction
(Bernardo et al., 2007), and new bone formation (Yamada et al.,
2004). We have previously reported that decellularized osteogenic
ECM is beneficial for BMSCs expansion and mineralization
in vitro (Li et al., 2019). However, whether SIS scaffolds
coated with osteogenic ECM with BMSCs facilitate bone
regeneration in vivo was not investigated. Animal models of
ectopic bone formation have unique advantages over in situ
bone environments, including a relative lack of bone cytokine
stimulation, and cell-to-cell interaction with host bone-forming
cells. A wide variety of ectopic models have been used for
experimentation, including subcutaneous, intramuscular, and
kidney capsule transplantation. Subcutaneous implantation is
the simplest method and is extremely useful for evaluation of
growth factors, novel osteoinductive biomaterials, and engrafted
stem cells (Scott et al., 2012).

In summary, our previous study developed a bone mimetic
ECM construct guided by osteoblasts under icariin treatment in
calcium-enriched medium, which was proven to facilitate bone
regeneration in a mouse calvarial defect model (Li et al., 2018).
Thus, the present study aimed to expand the evaluation and
application of the bone mimetic ECM construct for bone
regeneration and angiogenesis in combination with BMSCs. A
mouse ectopic osteogenesis model was introduced to assess the
effects in vivo. The raw SIS, regular ECM-modified SIS, and Ca/Ic
ECM-modified SIS scaffolds were subcutaneously implanted into
ICR mice with or without BMSCs. The immune response,
scaffold biodegradability, osteogenic properties, and blood
vessel formation were studied.

MATERIALS AND METHODS

Ethics Statement

All mice used in the present study were purchased from Charles
River (Zhejiang, China) and housed in the Animal Center of
Ningbo University. All experimental procedures involving
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animals were conducted in compliance with Chinese
legislation regarding the use and care of laboratory animals
and were approved by the Animal Care and Use Committee
of Ningbo University.

Isolation and Culture of the Cells

MC3T3-E1 cells were purchased from the Type Culture
Collection of the Chinese Academy of Sciences (Shanghai,
China) and cultured in aMEM medium (Gibco, Carlsbad, CA,
United States) supplemented with 10% fetal bovine serum (FBS)
(Gibco). BMSCs were isolated from ICR mice at the age of
8 weeks according to our previous reports (Zhang et al., 2018).
Briefly, the mice were sacrificed by cervical dislocation and
soaked in 70% (v/v) ethanol for 3 min, and then were
transferred to new 100-mm cell culture dishes. The skin,
muscles, ligaments and tendons were carefully disassociated
from tibias, and femurs of hind limbs. Tibias and femurs were
dissected and transferred to a new dish and washed twice with
PBS. After dissection of the two ends of the bones, the marrow
was slowly flushed out via a needle until the bones became pale.
The BMSCs pool were filtered through a 70 um strainer and
cultured in DMEM (Gibco) supplemented with 10% FBS (Si
Jiging, China). Passage 3 BMSCs were collected for the
experiments.

Preparation of Biomimetic ECM-Modified

SIS Scaffold

Lyophilized SIS scaffolds were kindly supplied by Cook Biotech
Inc. (West Lafayette, Indiana). The SIS scaffolds were cut into the
round constructs 5 mm in diameter for in vivo experiments by a
biopsy punch (Miltex, Loznica, and Serbia) as described
previously (Li et al., 2017a; Li et al., 2017c). MC3T3-El cells
were seeded on the SIS scaffolds for 4 weeks to obtain abundant
ECM. For Ca/Ic-SIS preparation, the concentrations of CaCl, and
icariin were selected as described in previous studies (Takagishi
et al, 2006; Zhao et al, 2009). Briefly, the scaffolds were
rehydrated in complete culture medium at 37°C for at least
24h before cell culture. Approximately 5 x 10* MC3T3-El
cells were dropped on the SIS scaffolds. On the next day, the
SIS scaffolds with the cells were transferred to new 96-well plates
and cultured in regular medium or induction medium
(containing 10 mM CaCl, and 10 uM icariin) for 4 weeks. The
medium was changed every other day. Decellularization was
performed as reported previously (Pati et al., 2015; Li et al,
2018). Briefly, the samples were subjected to three freeze-thaw
cycles in a —80°C freezer and 37°C water bath (30 min for each
step). After each thawing step, the scaffolds were rinsed in sterile
phosphate-buffered saline (PBS) to remove cellular components.
After decellularization, two kinds of biomimetic ECM-modified
SIS were generated and stored at —80°C before use.

Immune Response of the SIS Scaffolds

After Subcutaneous Transplantation in Mice
Eight-week-old male ICR mice weighing 20-25 g were used to
assess the immune response of the scaffolds after implantation
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in vivo. The mice were randomly divided into four groups (Ca/
Ic-SIS group, ECM-SIS group, SIS group, and sham group).
The scaffolds (O®5mm) were surgically implanted into
subcutaneous sites of ICR mice. The sham group
undergoing surgical operation without scaffold implantation
was considered a control. Operations were performed under
general anesthesia by intraperitoneal injection of 1.2%
avertin-PBS solution (20-25 pl/g) on a super clean bench.
The blood from the tail vein (20 pl) was collected and
mixed with 1.2 ml of a diluent (Bolai Biotech Inc., Jinan,
China). The levels of white blood cells (WBCs), monocytes
(MONs), and lymphocytes (LYMs) were detected by a
hemocyte analyzer (Boehringer MannheimBM830, China) at
various time points (1, 2, 3, 5, 7, 9, 11, 13, 15, 18, 21, and
24 days). Four replicates from each group at each time point
were assayed, and the results were averaged.

In vivo Degradation Assay of the SIS
Scaffolds

The scaffolds (®5 mm) were split into the following six groups:
SIS, ECM-SIS, Ca/Ic-SIS, SIS + BMSCs, ECM-SIS + BMSCs, and
Ca/Ic-SIS + BMSCs, with four animals per group. All groups were
individually surgically implanted into subcutaneous sites of ICR
mice. Degradation of the scaffolds in vivo was detected after
8 weeks by gross view. The implant areas were measured by
Image].

Effect of the Ca/lc-SIS Scaffolds With
BMSCs on Ectopic Osteogenesis

A mouse subcutaneous transplantation model was used to
assess ectopic osteogenesis and vessel formation induced by
the Ca/Ic ECM-modified SIS scaffolds. The animals were
randomly divided into the following six treatment groups
(O5mm, n = 4): SIS, ECM-SIS, Ca/Ic-SIS, SIS + BMSCs,
ECM-SIS + BMSCs, and Ca/Ic-SIS + BMSCs. In the groups
treated with BMSCs, 1 x 10° cells were seeded on the raw SIS,
ECM-SIS, or Ca/Ic-SIS scaffolds in basal medium without
osteogenic inductive factors. After incubation for 12 h at 37°C
to allow cell attachment, the cell/scaffold composites were
surgically implanted into subcutaneous sites of ICR mice.
Operations were performed under general anesthesia by
intraperitoneal injection of 1.2% avertin-PBS solution
(20-25ul/g) on a super clean bench. All animals were
sacrificed at 8 weeks after the surgery.

Micro-CT Analysis

After 8 weeks, the implants were harvested and assessed via
radiographic analysis using a micro-CT scanner (NEMO
Micro-CT; PINGSENG Healthcare, China). The scanned CT
images of the specimens were acquired at a resolution of
50 mm (achieved using 90kV and 60pA) and three-
dimensionally (3D) reconstructed using computer software
(Recon; PINGSENG, Shanghai, and China). The regenerated
bone volume and bone density in the defect site, and tissue
density in the region of interest (ROI) of all groups were

BMSCs and Biomimetic ECM for Bone Regeneration

calculated based on 3D reconstructed images using Mimics
(Materialise).

Sample Harvesting and Histological
Staining

After micro-CT scanning, the samples were fixed in 10%
formalin for 24 h. The samples were then rinsed with PBS,
decalcified in 10% (w/v) sodium citrate/22.5% (v/v) formic acid
(Morse’s solution) for 2 days, neutralized with 5% sodium
sulfate for 6 h, and washed with water for 6 h. The samples
were then dehydrated, embedded in paraffin, and sectioned
(5 pm). Hematoxylin and eosin (H&E) and Masson’s trichrome
staining (MTS) were performed according to the standard
procedures for histological analysis as reported previously (Li
et al., 2017b; Zhang et al., 2017).

Effect of the Ca/lc-SIS Scaffolds With

BMSCs on Angiogenesis in vivo

Evaluation of the effects of the implants with BMSCs on
angiogenesis ~ was  performed using H&E  and
immunofluorescence (IF) staining. IF staining was performed
following the protocol of Cell Signaling Technology (CST).
Briefly, the samples were fixed in 4% formaldehyde for
15min at room temperature and rinsed with PBS. Before
blocking with normal goat serum, the sections
incubated in methanol for 10 min at —20°C. The samples
were incubated with a CD31 antibody (1:200, CST) in 1%
BSA/0.3% Triton X-100/PBS at 4°C overnight. A secondary
antibody was conjugated with Alexa Fluor® 555 (CST,
Shanghai, China). The nuclei were stained with DAPI, and
the samples were mounted in anti-fade solution. The samples
were imaged under a fluorescence microscope (OlympusIX71/
IX51, Japan).

The effect of angiogenesis induced by the scaffolds and/or
BMSCs was indicated by the area percentage of
neovascularization divided by the area of tissue sections in the
same image at same magnification. The areas of the
neovascularization and tissue sections were measured by
Image] based on IF staining of CD31. Four mice were assayed
for each group, and at least 5 sections at various sites were
measured for each mouse.

were

Statistical Analysis

Statistical analysis was performed using SPSS Statistics 23.0
(IBM Corporation, Armonk, NY, United States). The ratio of
the new vessels per implant area was quantified based on IF
staining for CD31. The results are presented as the median
(with range), and statistical analysis of the results was
performed by the Mann-Whitney U test. Other
quantitative data are expressed as the mean + standard
deviation. Statistical significance was determined using a
two-tailed unpaired t-test (two-group comparison) or one-
way analysis of variance (ANOVA) followed by a post hoc test
(multigroup comparison). A p value of <0.05 was considered
statistically significant.
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RESULTS

Immune Response of the Scaffolds After

Transplantation

A reduction in the immune response is vital for biomaterial
transplantation in the clinic. In the present study, the levels of
white blood cells (WBCs), monocytes (MONs), and
lymphocytes (LYMs) in the blood were used to assess
inflammatory reactions after implantation of the SIS-based
scaffolds (Figure 1). During the first 3 days, the numbers of
WBCs and MONSs were increased in all groups because of
surgical operation (Figure 1A,B). However, significant
differences in these two indexes between the sham and SIS
implantation groups were detected on day 5. The numbers of
inflammatory cells were continuously increased in the sham
group, but decreased in the SIS-implanted groups. Significant
differences in the number of LYMs were manifested as lower
values in the SIS-implanted groups up to day 3 compared with
those in the sham group (Figure 1C). The results indicated that
the SIS scaffolds not only had low immunogenicity but also
reduced the immune response caused by surgical operation.
Moreover, expression of CD68 (an macrophage marker) in the
tissues at 8 weeks after implantation was detected by IHC
staining. As shown in Figure 1D, CD68 expression was
down-regulated in ECM-modified SIS (especially Ca/Ic-SIS)
implants, compared with the raw SIS implants.

Ca/lc ECM Modification Inhibited the

Degradation of the SIS Scaffolds in vivo
The SIS and ECM-modified SIS scaffolds with or without BMSCs
were prepared as described in the section of Materials and methods
and surgically implanted into subcutaneous sites of ICR mice. SIS is
a natural ECM biomaterial that can be degraded in vivo. However,
rapid degradation within a short time had an actual adverse effect
on tissue reconstruction due to insufficient support. As shown in
Figure 2, the raw SIS scaffolds were clearly degraded into a smaller
area, compared with the scaffolds in other groups at 8 weeks after
transplantation. The shape of the Ca/lc ECM-modified SIS
scaffolds was maintained regardless of the presence of BMSCs
(Figure 2A,B). The area of the residual scaffolds was measured,
and a significant difference between SIS and Ca/Ic SIS was detected
in the absence of BMSCs (Figure 2C). After BMSCs seeding, the
average area of the SIS and ECM-SIS scaffolds was smaller than
that of the Ca/Ic SIS scaffolds. However, no significant difference
was observed among the groups. No statistical difference may be
caused by the high deviation in the SIS and ECM-SIS scaffolds,
which may be attributed by BMSCs activities. Therefore, the results
demonstrated that Ca/Ic modification was able to slow down the
degradation of the SIS scaffolds in vivo.

Ca/lc ECM Modification Promoted Ectopic

Bone Formation

Micro-CT was used to analyze ectopic bone formation at 8 weeks
after implantation of the SIS-based scaffolds. Initially, the whole
tissues with the scaffolds were assessed before and after the
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FIGURE 1 | Histogram of (A) white blood cells (WBCs), (B) monocytes
(MONSs), and (C) lymphocytes (LYMs) counts as a function of time (days) after
the operation. Mean +S.D. (n = 4). *, p < 0.05; **, p < 0.01, and ***, p < 0.001.
(D) IHC staining of CD68 in the six scaffolds (SIS, ECM-SIS, Ca/lc-SIS,
SIS + BMSCs, ECM-SIS + BMSCs, and Ca/Ic-SIS + BMSCs) at 8 weeks after

implantation.

transplantation. As shown in Figure 3A,B, the density (A) and
volume (B) of the ECM-SIS and Ca/Ic-SIS scaffolds were
significantly higher than those of the raw SIS scaffolds before
the transplantation. After 8 weeks in vivo, the volume of the Ca/
Ic-SIS scaffolds was the highest among the three kinds of the
implants with or without BMSCs, which was consistent with the
gross view shown in Figure 2. The results further confirmed that
Ca/Ic modification was able to slow down the degradation of the
SIS scaffolds in vivo. BMSCs further increased the density of the
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FIGURE 2 | Degradation profiles of the SIS, ECM-SIS, and Ca/lc-SIS scaffolds (seeded with or without BMSCs) after 8 weeks. Gross views in vivo (A) and in vitro
(B). (C) Quantitative analysis of the degradation of the six scaffolds (SIS, ECM-SIS, Ca/Ic-SIS, SIS + BMSCs, ECM-SIS + BMSCs, and Ca/Ic-SIS + BMSCs). The raw SIS
scaffolds were significantly degraded into a small size, and no detectable degradation was observed in the case of the Ca/Ic-SIS + BMSCs scaffolds. Mean +S.D. (n = 4).
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Ca/Ic-SIS implants after the transplantation (Figure 3A). Then,
the bone volume and density were evaluated (Figures 3C-F). In
the raw SIS groups, no new bone was detected after
transplantation no matter with or without BMSCs in the
ectopic bone model (Figure 3C), while newly formed bone
was apparent in the ECM-modified SIS groups (ECM-SIS
and Ca/Ic-SIS) regardless of the absence or presence of
BMSCs (Figure 3C). Moreover, the groups with the Ca/lc-
SIS implants had a higher level of newly formed bone than
other groups, as assessed by BV/TV (Figure 3D) and bone
volume measurements (Figure 3F). BMSCs further increased
BV/TV (Figure 3D) and bone density (Figure 3E) of the Ca/Ic-
SIS implants. BV/TV and bone volume were used to assess the
quantity of regenerated bone, while bone density reflected the
quality of regenerated bone.

Histological analyses of tissue samples at 8 weeks after
transplantation were carried out to characterize new bone
formed in the ECM-modified SIS scaffolds (Figures 4, 5).
No significant inflammatory or immune response was detected
by H&E staining in the groups subcutaneously implanted with
the raw SIS and ECM-modified SIS scaffolds (Figure 4). Cell
recruitment to the scaffolds in all implants confirmed
biocompatibility of the SIS scaffolds. All scaffolds became
thicker in the post-implantation groups compared with
those in the pre-implantation groups, indicating that tissue
cells grew into the scaffolds. Moreover, bone-like tissues were
detected in both ECM-SIS and Ca/Ic-SIS implants; however,
these tissues were rarely detected in the raw SIS implants.
BMSCs accelerated new bone formation in both ECM-
modified SIS implants, particularly in the Ca/Ic-SIS
implants. Thus, the histological results were consistent with
the data of micro-CT scanning. In addition to H&E staining,
Masson’s trichrome staining (MTS) was used to analyze newly

ectopically formed bone (Figure 5A). Statistical analysis
showed that the ratio of new regenerative collagen were
higher in the ECM-modified SIS implants with BMSCs than
those in the groups with raw SIS implants and no BMSCs
seeding (Figure 5B).

Evaluation of Angiogenesis

Angiogenesis is essential for large bone regeneration, and
numerous efforts have been made to improve angiogenic
properties of biomaterials. In the present study,
neovascularization with red blood cells were detected in
two kinds of ECM-modified SIS scaffolds (ECM-SIS and
Ca/Ic-SIS) with or without BMSCs according to the data of
H&E staining (Figure 6A). IF staining for CD31was used for
specific detection of the vessels (Figure 6B), and angiogenesis
induced by the scaffolds and/or BMSCs was quantified
(Figure 6C). The results indicated that ECM modification
(general ECM or Ca/lc-induced ECM) promoted
angiogenesis of the SIS scaffolds compared with that
detected in the case of the raw SIS scaffolds. Moreover, the
scaffolds implanted with BMSCs further promoted
angiogenesis. The Ca/Ic-SIS scaffolds with BMSCs had the
highest level of neovascularization among all groups.

DISCUSSION

In the past several decades, biomaterial-based bone grafts,
including hydroxyapatite (HA) and collagens, have been used
to mimic the microstructure of natural bone for tissue
engineering (Gong and Niklason, 2008; Shakouri-Motlagh
et al.,, 2017). However, the disadvantages of these grafts, such
as the lack of osteoinduction and angiogenesis capacity, limit
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their clinical application (Shakouri-Motlagh et al, 2017).
Compared with single or synthetic materials, ECM-based
scaffolds with bone mimetic niches have attracted higher
attention. Our previous study developed an excellent bone
mimetic scaffold under the guidance of osteoblasts on SIS
cotreated with icariin and calcium. Transplantation of the
scaffolds in a mouse calvarial defect model induced
approximately 75% new bone formation after 8 weeks via the
BMP signaling pathway. The morphology, components,
mechanical strength, and cellular activities in vitro were also
characterized. Based on these findings, we applied the bone
mimetic ECM scaffold with BMSCs to an ectopic bone
formation model to further characterize the scaffold in the

present study, discovering a better potential, including
immune response, scaffold degradation, ectopic osteogenesis,
and angiogenesis. All these capabilities can provide additional
contributions to bone regeneration.

Immune cells, including neutrophils, mast cells, dendritic cells,
T cells, monocytes, and macrophages, play a pivotal role in the
regulation of anti-inflammatory effects of the immune system
(Luster et al., 2005; Lee et al., 2019). Implantation of biomaterials
into the defect area results in a complex inflammatory response
and positively or negatively influences the bone healing process
(Taraballi et al,, 2018). At the initial stage, inflammation is
desirable due to its key role in the recruitment of multiple
cells and strong paracrine effects on skeletal-associated cells
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FIGURE 6 | (A) Histological images (H&E staining) of various vascular-

like structures in the groups. (B) Immunofluorescence staining for CD31 in the
scaffolds 8 weeks after the implantation in vivo. New vessels were identified by
positive CD31 staining (red), and the nuclei were stained with DAPI

(blue). (C) Box plots showing the area percentage of new vessel formation in
the SIS, ECM-SIS, and Ca/Ic-SIS (with and without seeding BMSCs)
scaffolds. The area of neovascularization and implanted tissue was quantified
by ImagedJ software. Five sections were measured for each mouse and four
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Scale bar: 100 um. Green arrows directed blood vessels and the
corresponding regions were circled by green dotted lines.

(i.e, osteoblasts, endothelial cells, and mesenchymal -cells).
However, over reactions of immune response labels implanted
biomaterials as foreign to the body, leading to the blockade of
therapeutic efficacy (Carnicer-Lombarte et al, 2021). For

BMSCs and Biomimetic ECM for Bone Regeneration

example, implantation of traditional metal screws (ZEK100)
elicits a high inflammatory response and bone volume loss
(Reifenrath et al, 2013). A number of studies attempted to
modulate the immune response of the implants by employing
biological molecules as stimulatory engineered
microenvironments (Chen et al., 2018). Unlike synthetic
scaffolds, natural ECM scaffolds present better potential to
overcome the biological barriers posed by the immune system
(Taraballi et al., 2018). Among these scaffolds, decellularized
ECM from tissues or cells has been shown to positively
influence the immune response and to promote bone
regeneration (Garcia-Garcia and Martin, 2019; Rothrauff and
Tuan, 2020).

SIS is a natural acellular matrix that has been extensively used
for wound healing and tissue remodeling in the clinic with no
immunogenicity. Ansaloni et al. investigated the immune
response to a SIS implant in human patients (Ansaloni et al,
2007). The authors reported that SIS elicited an antibody
response within a short time after the implantation, which was
decreased later. No clinical rejection, wound infection, hernia
recurrence, or other complications occurred during the 2-years
follow-up. Kim et al. compared the innate immune response of
the PLGA- and SIS-based scaffolds implanted in rats, and the
results indicated considerably lower post-implantation effects in
the case of the SIS-based scaffolds than that in the case of the
PLGA-based scaffolds (Kim et al, 2007). In addition to
immunogenicity, the results of the present study demonstrated
that the SIS-based scaffolds (raw SIS and ECM-modified SIS)
inhibited the immune response induced by ectopic implantation.
The levels of inflammatory cells (monocytes and lymphocytes)
were increased at the initial stage after the implantation and
decreased earlier in the SIS-based groups compared with those in
the sham group (Figure 1), which might be contributed by
macrophage polarization. Several studies have reported that
tissue regeneration induced by ECM scaffolds was associated
with the promotion of a timely switch from pro-inflammatory
(M1) to anti-inflammatory (M2) macrophages (Tidball and
Villalta, 2010; Brown et al., 2012; LoPresti and Brown, 2018).
In partial-thickness defect rats model, Brown et al. found that
acellular ECM biomaterials promoted regeneration with a
predominantly M2 type immune response, while biomaterials
with cellular component resulted deposition of dense connective
tissue and/or scarring with a predominantly M1 type response
(Brown et al., 2009). Even though, the mechanism of SIS effects
on immune response was rarely explored.

The new generation of biomaterials for tissue engineering
involves the development of biodegradable components with
excellent biocompatibility. ECM-based biomaterials, including
SIS, and fulfill these requirements. Preclinical evaluation and
clinical use suggested rapid degradation of SIS after the
implantation, and this material can be replaced by the host
tissue due to functional and histological similarities to the
normal tissue (Gilbert et al., 2007). Our previous studies also
demonstrated the degradation and reutilization of SIS in a mouse
calvarial defect model (Li et al., 2017a; Li et al., 2018). The results
of histological staining indicated the thinner layer of the SIS
scaffolds, and the fibers of SIS were able to merge into the newly
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formed bone. However, for bone tissue engineering, artificial
implants should provide sufficient mechanical strength until new
bone is formed. On the one hand, SIS from the soft tissue lacks
mechanical strength. On the other hand, rapid degradation in
vivo leads to insufficient mechanical support and negatives effects
on the patient’s activities, which limits clinical application. Thus,
strategies to increase mechanical strength and postpone the
degradation of SIS are critical for the application of SIS in
bone regeneration. Our previous study generated an osteogenic
and mineralized scaffold under the guidance of osteoblasts on SIS
cotreated with icariin and calcium to improve its mechanical
strength (Li et al., 2018). In the present study, the generated Ca/
Ic-SIS scaffold was further proven to reduce the degradation
speed of the SIS scaffold, which was able to provide longer
mechanical support and facilitate bone regeneration (Figure 2).

Angiogenesis always accompanies osteoblast
differentiation and bone formation and plays a critical role
in bone formation (Deckers et al., 2000). Abundant studies
have shown that BMSCs can promote angiogenesis, which
makes them an ideal cell type for engineering of vascularized
tissues (Ghajar et al.,, 2006; Ghajar et al.,, 2010). Zhuet al.
investigated the effect of BMSCs on angiogenesis in a rat
model of smoke inhalation injury, and the findings indicated
that systemic transplantation of ®°Co y-ray-preconditioned
BMSCs promotes angiogenesis through the Notch signaling
pathway (Zhu al., 2015). Then, studies
demonstrated specific matrix microenvironment can further
promote the angiogenesis ability of BMSCs (Santhakumar
et al.,, 2014; Zhang et al., 2014). Zhang et al. loaded VEGF
and BMP-2 in silk scaffolds and implanted them
subcutaneously in nude mice or in the rabbit skull defects
(Zhang et al., 2014). They found that VEGF and BMP-2
induced the homing of tail vein injected BMSCs to the
engineered scaffolds and promoted the differentiate of
BMSCs into endothelial cells and osteogenic cells (Zhang
et al, 2014). Santhakumar et al. developed a cardiac
fibroblast-derived ECM, which was demonstrated to
enhance angiogenesis better than BMSCs-derived ECM
(Santhakumar et al., 2014). Protein composition of both
ECMs were analyzed and angiogenesis associated proteins
were mainly occurred in the cardiac fibroblast-derived ECM
(Santhakumar et al., 2014). Our previous studies focused on
cell derived ECMs (Lietal., 2018; Lietal., 2019; Li et al., 2020)
and demonstrated optimized osteoblast-ECM promoted
proliferation, osteogenesis, and stemness maintenance of
BMSCs (Li et al., 2019). Proteomic analysis of osteoblast-
ECM showed 24 ECM proteins took parts in angiogenesis,
including CXCL12, THBSI1, SPARC, ANGPTL4, and MMP14.
Here, we further demonstrated SIS scaffolds ornamented by
specific osteoblast-ECM (Ca/Ic-ECM) promoted angiogenesis
in vivo after subcutaneous transplantation, compared with the
effects of the raw SIS and general ECM-SIS scaffolds.
Moreover, BMSCs seeded on the Ca/Ic-SIS scaffolds
induced the highest levels of new vessel formation ratio
(area %). These results indicated that interactions between
BMSCs and Ca/Ic-ECM further promoted angiogenesis,
which contributed to bone regeneration.

et several
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CONCLUSION

In conclusion, the present study discovered multiple potential
effects of generated bone mimetic scaffolds (Ca/Ic-SIS) in an
ectopic osteogenesis model, including immune response, scaffold
degradation, ectopic bone formation, and angiogenesis. As
natural ECM biomaterials, the SIS scaffolds with or without
ECM modification demonstrated low immunogenicity and
reduced immune response caused by surgical operation at an
early stage. ECM modification delayed the degradation of the SIS
scaffolds, especially when the scaffolds were modified by Ca/Ic-
ECM. Moreover, two kinds of ECM-modified SIS (ECM-SIS and
Ca/Ic-SIS) were demonstrated to promote ectopic bone
formation, and incorporation of BMSCs further promoted new
bone formation in the Ca/Ic-SIS group. The Ca/Ic-SIS scaffolds
demonstrated the greatest enhancement of angiogenesis,
especially after the incorporation of BMSCs. These data and
the results of our previous studies indicated that ECM
modification under specific conditions is a potent strategy to
improve the performance of multiple original materials in bone
tissue engineering, which can be further promoted by
incorporation of BMSCs.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Care
and Use Committee of Ningbo University.

AUTHOR CONTRIBUTIONS

CZ, DX, ML, and JZ: conceptualization. CZ, DX, JL, YZ, and BW:
methodology, data curation. CZ, HM, JM, TW, ML, and JZ:
formal analysis. CZ and ML: writing—original draft. ML and JZ:
writing—review and editing.

FUNDING

This work was supported by National Natural Science
Foundation of China (81702625); Zhejiang Key Laboratory
of Pathophysiology (201907); Natural Science Foundation of
Zhejiang Province (LY21H160012, LY22H060005); Zhejiang

Provincal Medical and Healthy Science Foundation
(2019KY613); Ningbo Public Welfare Science and
Technology Foundation (2021S090); Natural Science

Foundation of Ningbo (2018A610394) and K.C. Wong
Magna Fund in Ningbo University.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

January 2022 | Volume 10 | Article 818191


https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhu%20F%5BAuthor%5D&cauthor=true&cauthor_uid=25710428
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhang et al.

REFERENCES

Andrée, B., Bir, A., Haverich, A., and Hilfiker, A. (2013). Small Intestinal
Submucosa Segments as Matrix for Tissue Engineering: Review. Tissue Eng.
B: Rev. 19 (4), 279-291. doi:10.1089/ten.teb.2012.0583

Ansaloni, L., Cambrini, P., Catena, F., Di Saverio, S., Gagliardi, S., Gazzotti, F,, et al.
(2007). Immune Response to Small Intestinal Submucosa (Surgisis) Implant in
Humans: Preliminary Observations. J. Invest. Surg. 20 (4), 237-241.
doi:10.1080/08941930701481296

Bernardo, M. E., Avanzini, M. A, Perotti, C., Cometa, A. M., Moretta, A, Lenta, E.,
et al. (2007). Optimization of In Vitro Expansion of Human Multipotent
Mesenchymal Stromal Cells for Cell-Therapy Approaches: Further Insights
in the Search for a Fetal Calf Serum Substitute. J. Cel. Physiol. 211 (1), 121-130.
doi:10.1002/jcp.20911

Brown, B. N, Londono, R, Tottey, S., Zhang, L., Kukla, K. A., Wolf, M. T,, et al.
(2012). Macrophage Phenotype as a Predictor of Constructive Remodeling
Following the Implantation of Biologically Derived Surgical Mesh Materials.
Acta Biomater. 8 (3), 978-987. doi:10.1016/j.actbio.2011.11.031

Brown, B. N, Valentin, J. E., Stewart-Akers, A. M., McCabe, G. P., and Badylak, S.
F. (2009). Macrophage Phenotype and Remodeling Outcomes in Response to
Biologic Scaffolds with and without a Cellular Component. Biomaterials 30 (8),
1482-1491. doi:10.1016/j.biomaterials.2008.11.040

Carnicer-Lombarte, A., Chen, S.-T., Malliaras, G. G., and Barone, D. G. (2021).
Foreign Body Reaction to Implanted Biomaterials and its Impact in Nerve
Neuroprosthetics. Front. Bioeng. Biotechnol. 9, 622524. doi:10.3389/
fbioe.2021.622524

Chen, X., Wang, L., Zhao, K., and Wang, H. (2018). Osteocytogenesis: Roles of
Physicochemical Factors, Collagen Cleavage, and Exogenous Molecules. Tissue
Eng. Part B: Rev. 24 (3), 215-225. doi:10.1089/ten.teb.2017.0378

Chen, Y., Huang, J., Liu, J., Wei, Y., Yang, X,, Lei, L., et al. (2021). Tuning Filament
Composition and Microstructure of 3D-Printed Bioceramic Scaffolds Facilitate
Bone Defect Regeneration and Repair. Regen. Biomater. 8 (2), rbab007.
do0i:10.1093/rb/rbab007

Cheng, C. W,, Solorio, L. D., and Alsberg, E. (2014). Decellularized Tissue and Cell-
Derived Extracellular Matrices as Scaffolds for Orthopaedic Tissue Engineering.
Biotechnol. Adv. 32 (2), 462-484. doi:10.1016/j.biotechadv.2013.12.012

Deckers, M. M. L., Karperien, M., van der Bent, C., Yamashita, T., Papapoulos, S. E.,
and Lowik, C. W. G. M. (2000). Expression of Vascular Endothelial Growth
Factors and Their Receptors during Osteoblast Differentiation. Endocrinology
141 (5), 1667-1674. doi:10.1210/endo.141.5.7458

Desgrandchamps, F. (2000). Biomaterials in Functional Reconstruction. Curr.
Opin. Urol. 10 (3), 201-206. doi:10.1097/00042307-200005000-00003

Feng, Y., Jiang, Z., Zhang, Y., Miao, X,, Yu, Q,, Xie, Z,, et al. (2020). Stem-cell-
derived ECM  Sheet-Implant Complexes for Enhancing Osseointegration.
Biomater. Sci. 8 (23), 6647-6656. doi:10.1039/d0bm00980f

Fu, Y., Liu, L., Cheng, R, and Cui, W. (2018). ECM Decorated Electrospun
Nanofiber for Improving Bone Tissue Regeneration. Polymers 10 (3), 272.
doi:10.3390/polym10030272

Garcia-Garcia, A., and Martin, 1. (2019). Extracellular Matrices to Modulate the
Innate Immune Response and Enhance Bone Healing. Front. Immunol. 10,
2256. doi:10.3389/fimmu.2019.02256

Ghajar, C. M., Blevins, K. S., Hughes, C. C. W, George, S. C., and Putnam, A. J.
(2006). Mesenchymal Stem Cells Enhance Angiogenesis in Mechanically Viable
Prevascularized Tissues via Early Matrix Metalloproteinase Upregulation.
Tissue Eng. 12 (10), 2875-2888. doi:10.1089/ten.2006.12.2875

Ghajar, C. M., Kachgal, S., Kniazeva, E., Mori, H., Costes, S. V., George, S. C., et al.
(2010). Mesenchymal Cells Stimulate Capillary Morphogenesis via Distinct
Proteolytic Mechanisms. Exp. Cel Res. 316 (5), 813-825. doi:10.1016/
j.yexcr.2010.01.013

Ghate, N. S, and Cui, H. (2017). Mineralized Collagen Artificial Bone Repair
Material Products Used for Fusing the Podarthral Joints with Internal Fixation-
A Case Report. Regen. Biomater. 4 (5), 295-298. doi:10.1093/rb/rbx015

Gilbert, T. W., Stewart-Akers, A. M., Simmons-Byrd, A., and Badylak, S. F. (2007).
Degradation and Remodeling of Small Intestinal Submucosa in Canine Achilles
Tendon Repair. The ]. Bone Jt. Surgery-American Volume 89 (3), 621-630.
doi:10.2106/00004623-200703000-00020

BMSCs and Biomimetic ECM for Bone Regeneration

Gong, Z., and Niklason, L. E. (2008). Small-diameter Human Vessel wall
Engineered from Bone Marrow-derived Mesenchymal Stem Cells (hMSCs).
FASEB j. 22 (6), 1635-1648. doi:10.1096/1j.07-087924

Hodde, J. P., Badylak, S. F., Brightman, A. O., and Voytik-Harbin, S. L. (1996).
Glycosaminoglycan Content of Small Intestinal Submucosa: a Bioscaffold for
Tissue Replacement. Tissue Eng. 2 (3), 209-217. doi:10.1089/ten.1996.2.209

Kakisis, J. D., Liapis, C. D., Breuer, C., and Sumpio, B. E. (2005). Artificial Blood
Vessel: the Holy Grail of Peripheral Vascular Surgery. J. Vasc. Surg. 41 (2),
349-354. doi:10.1016/].jvs.2004.12.026

Kim, K. S, Lee, J. Y., Kang, Y. M., Kim, E. S., Kim, G. H,, Rhee, S. D, et al. (2010).
Small Intestine Submucosa Sponge for In Vivo Support of Tissue-Engineered
Bone Formation in the Presence of Rat Bone Marrow Stem Cells. Biomaterials
31 (6), 1104-1113. doi:10.1016/j.biomaterials.2009.10.020

Kim, M. S., Ahn, H. H,, Shin, Y. N., Cho, M. H., Khang, G., and Lee, H. B. (2007).
An In Vivo Study of the Host Tissue Response to Subcutaneous Implantation of
PLGA- And/or Porcine Small Intestinal Submucosa-Based Scaffolds.
Biomaterials 28 (34), 5137-5143. doi:10.1016/j.biomaterials.2007.08.014

Kropp, B. P., Badylak, S, and Thor, K. B. (1995). Regenerative Bladder
Augmentation: a Review of the Initial Preclinical Studies with Porcine Small
Intestinal Submucosa. Adv. Exp. Med. Biol. 385, 229-235. doi:10.1007/978-1-
4899-1585-6_28

Le Visage, C., Yang, S.-H., Kadakia, L., Sieber, A. N., Kostuik, J. P., and Leong, K.
W. (2006). Small Intestinal Submucosa as a Potential Bioscaffold for
Intervertebral Disc Regeneration. Spine 31 (21), 2423-2430. doi:10.1097/
01.brs.0000238684.04792.eb

Lee, J., Byun, H., Madhurakkat Perikamana, S. K., Lee, S., and Shin, H. (2019).
Current Advances in Inmunomodulatory Biomaterials for Bone Regeneration.
Adv. Healthc. Mater. 8 (4), e1801106. doi:10.1002/adhm.201801106

Li, M., Gu, Q., Chen, M., Zhang, C., Chen, S., and Zhao, J. (2017a). Controlled
Delivery of Icariin on Small Intestine Submucosa for Bone Tissue Engineering.
Mater. Sci. Eng. C Mater. Biol. Appl. 71, 260-267. doi:10.1016/
j.msec.2016.10.016

Li, M., Zhang, C., Mao, Y., Zhong, Y., and Zhao, J. (2018). A Cell-Engineered Small
Intestinal Submucosa-Based Bone Mimetic Construct for Bone Regeneration.
Tissue Eng. Part. A. 24 (13-14), 1099-1111. doi:10.1089/ten.TEA.2017.0407

Li, M., Zhang, A, Li, J., Zhou, J., Zheng, Y., Zhang, C,, et al. (2020). Osteoblast/
fibroblast Coculture Derived Bioactive ECM with Unique Matrisome Profile
Facilitates Bone Regeneration. Bioactive Mater. 5 (4), 938-948. doi:10.1016/
j.bioactmat.2020.06.017

Li, M., Zhang, C., Cheng, M., Gu, Q., and Zhao, J. (2017b). Small Intestinal
Submucosa: A Potential Osteoconductive and Osteoinductive Biomaterial for
Bone Tissue Engineering. Mater. Sci. Eng. C 75, 149-156. doi:10.1016/
j.msec.2017.02.042

Li, M., Zhang, C., Zhong, Y., and Zhao, J. (2017c). A Novel Approach to Utilize
Icariin as Icariin-Derived ECM on Small Intestinal Submucosa Scaffold for
Bone Repair. Ann. Biomed. Eng. 45 (11), 2673-2682. doi:10.1007/s10439-017-
1900-y

Li, M., Zhang, T., Jiang, J., Mao, Y., Zhang, A., and Zhao, J. (2019). ECM Coating
Modification Generated by Optimized Decellularization Process Improves
Functional Behavior of BMSCs. Mater. Sci. Eng. C 105, 110039. doi:10.1016/
j.msec.2019.110039

LoPresti, S. T., and Brown, B. N. (2018). Effect of Source Animal Age upon
Macrophage Response to Extracellular Matrix Biomaterials. J. Immunol.
Regenerative Med. 1, 57-66. doi:10.1016/j.regen.2018.03.004

Luster, A. D., Alon, R., and von Andrian, U. H. (2005). Immune Cell Migration in
Inflammation: Present and Future Therapeutic Targets. Nat. Immunol. 6 (12),
1182-1190. doi:10.1038/nil1275

Mansour, A., Mezour, M. A., Badran, Z., and Tamimi, F. (2017). Extracellular
Matrices for Bone Regeneration: A Literature Review. Tissue Eng. Part. A. 23
(23-24), 1436-1451. doi:10.1089/ten.TEA.2017.0026

McPherson, T. B., and Badylak, S. F. (1998). Characterization of Fibronectin
Derived from Porcine Small Intestinal Submucosa. Tissue Eng. 4, 75-83.
doi:10.1089/ten.1998.4.75

Pati, F., Song, T.-H., Rijal, G., Jang, J., Kim, S. W., and Cho, D.-W. (2015).
Ornamenting 3D Printed Scaffolds with Cell-Laid Extracellular Matrix for Bone
Tissue Regeneration. Biomaterials 37, 230-241. doi:10.1016/
j.biomaterials.2014.10.012

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

January 2022 | Volume 10 | Article 818191


https://doi.org/10.1089/ten.teb.2012.0583
https://doi.org/10.1080/08941930701481296
https://doi.org/10.1002/jcp.20911
https://doi.org/10.1016/j.actbio.2011.11.031
https://doi.org/10.1016/j.biomaterials.2008.11.040
https://doi.org/10.3389/fbioe.2021.622524
https://doi.org/10.3389/fbioe.2021.622524
https://doi.org/10.1089/ten.teb.2017.0378
https://doi.org/10.1093/rb/rbab007
https://doi.org/10.1016/j.biotechadv.2013.12.012
https://doi.org/10.1210/endo.141.5.7458
https://doi.org/10.1097/00042307-200005000-00003
https://doi.org/10.1039/d0bm00980f
https://doi.org/10.3390/polym10030272
https://doi.org/10.3389/fimmu.2019.02256
https://doi.org/10.1089/ten.2006.12.2875
https://doi.org/10.1016/j.yexcr.2010.01.013
https://doi.org/10.1016/j.yexcr.2010.01.013
https://doi.org/10.1093/rb/rbx015
https://doi.org/10.2106/00004623-200703000-00020
https://doi.org/10.1096/fj.07-087924
https://doi.org/10.1089/ten.1996.2.209
https://doi.org/10.1016/j.jvs.2004.12.026
https://doi.org/10.1016/j.biomaterials.2009.10.020
https://doi.org/10.1016/j.biomaterials.2007.08.014
https://doi.org/10.1007/978-1-4899-1585-6_28
https://doi.org/10.1007/978-1-4899-1585-6_28
https://doi.org/10.1097/01.brs.0000238684.04792.eb
https://doi.org/10.1097/01.brs.0000238684.04792.eb
https://doi.org/10.1002/adhm.201801106
https://doi.org/10.1016/j.msec.2016.10.016
https://doi.org/10.1016/j.msec.2016.10.016
https://doi.org/10.1089/ten.TEA.2017.0407
https://doi.org/10.1016/j.bioactmat.2020.06.017
https://doi.org/10.1016/j.bioactmat.2020.06.017
https://doi.org/10.1016/j.msec.2017.02.042
https://doi.org/10.1016/j.msec.2017.02.042
https://doi.org/10.1007/s10439-017-1900-y
https://doi.org/10.1007/s10439-017-1900-y
https://doi.org/10.1016/j.msec.2019.110039
https://doi.org/10.1016/j.msec.2019.110039
https://doi.org/10.1016/j.regen.2018.03.004
https://doi.org/10.1038/ni1275
https://doi.org/10.1089/ten.TEA.2017.0026
https://doi.org/10.1089/ten.1998.4.75
https://doi.org/10.1016/j.biomaterials.2014.10.012
https://doi.org/10.1016/j.biomaterials.2014.10.012
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhang et al.

Reifenrath, J., Angrisani, N., Erdmann, N, Lucas, A., Waizy, H,, Seitz, ]. M., et al.
(2013). Degrading Magnesium Screws ZEK100: Biomechanical Testing,
Degradation Analysis and Soft-Tissue Biocompatibility in a Rabbit Model.
Biomed. Mater. 8 (4), 045012. doi:10.1088/1748-6041/8/4/045012

Roseti, L., Parisi, V., Petretta, M., Cavallo, C., Desando, G., Bartolotti, I., et al.
(2017). Scaffolds for Bone Tissue Engineering: State of the Art and New
Perspectives. Mater. Sci. Eng. C 78, 1246-1262. doi:10.1016/j.msec.2017.05.017

Rothrauff, B. B., and Tuan, R. S. (2020). Decellularized Bone Extracellular Matrix in
Skeletal Tissue Engineering. Biochem. Soc. T 48 (3), 755-764. doi:10.1042/
bst20190079

Santhakumar, R., Vidyasekar, P., and Verma, R. S. (2014). Cardiogel: a Nano-
Matrix Scaffold with Potential Application in Cardiac Regeneration Using
Mesenchymal Stem Cells. PLoS One 9 (12), ell4697. doi:10.1371/
journal.pone.0114697

Scott, M. A., Levi, B., Askarinam, A., Nguyen, A., Rackohn, T., Ting, K., et al.
(2012). Brief Review of Models of Ectopic Bone Formation. Stem Cell Dev. 21
(5), 655-667. doi:10.1089/scd.2011.0517

Shakouri-Motlagh, A., O’Connor, A.J., Brennecke, S. P., Kalionis, B., and Heath, D.
E. (2017). Native and Solubilized Decellularized Extracellular Matrix: A Critical
Assessment of Their Potential for Improving the Expansion of Mesenchymal
Stem Cells. Acta Biomater. 55, 1-12. doi:10.1016/j.actbio.2017.04.014

Shang, F., Yu, Y,, Liu, S., Ming, L., Zhang, Y., Zhou, Z,, et al. (2021). Advancing
Application of Mesenchymal Stem Cell-Based Bone Tissue Regeneration.
Bioactive Mater. 6 (3), 666-683. doi:10.1016/j.bioactmat.2020.08.014

Sun, S., Jiao, Z., Wang, Y., Wu, Z, Wang, H, Ji, Q.,, et al. (2021). Porous
Polyetheretherketone Microcarriers Fabricated via Hydroxylation Together
with Cell-Derived Mineralized Extracellular Matrix Coatings Promote Cell
Expansion and Bone Regeneration. Regen. Biomater. 8 (2), rbab013.
doi:10.1093/rb/rbab013

Takagishi, Y., Kawakami, T., Hara, Y., Shinkai, M., Takezawa, T., and Nagamune,
T. (2006). Bone-like Tissue Formation by Three-Dimensional Culture of MG63
Osteosarcoma Cells in Gelatin Hydrogels Using Calcium-Enriched Medium.
Tissue Eng. 12 (4), 927-937. doi:10.1089/ten.2006.12.927

Taraballi, F., Sushnitha, M., Tsao, C., Bauza, G., Liverani, C,, Shi, A, et al. (2018).
Biomimetic Tissue Engineering: Tuning the Immune and Inflammatory
Response to Implantable Biomaterials. Adv. Healthc. Mater. 7 (17),
€1800490. doi:10.1002/adhm.201800490

Tidball, J. G., and Villalta, S. A. (2010). Regulatory Interactions between Muscle
and the Immune System during Muscle Regeneration. Am. J. Physiology-
Regulatory, Integr. Comp. Physiol. 298 (5), R1173-R1187. doi:10.1152/
ajpregu.00735.2009

Yamada, Y., Ueda, M., Naiki, T., Takahashi, M., Hata, K., and Nagasaka, T. (2004).
Autogenous Injectable Bone for Regeneration with Mesenchymal Stem Cells
and Platelet-Rich Plasma: Tissue-Engineered Bone Regeneration. Tissue Eng. 10
(5-6), 955-964. doi:10.1089/1076327041348284

BMSCs and Biomimetic ECM for Bone Regeneration

Yan, H,, Li, L., Wang, Z., Wang, Y., Guo, M., Shi, X, et al. (2020). Mussel-Inspired
Conducting Copolymer with Aniline Tetramer as Intelligent Biological
Adhesive for Bone Tissue Engineering. ACS Biomater. Sci. Eng. 6 (1),
634-646. doi:10.1021/acsbiomaterials.9b01601

Zhang, C,, Li, M., Zhu, J., Luo, F., and Zhao, J. (2017). Enhanced Bone Repair
Induced by Human Adipose-Derived Stem Cells on Osteogenic Extracellular
Matrix Ornamented Small Intestinal Submucosa. Regenerative Med. 12 (5),
541-552. doi:10.2217/rme-2017-0024

Zhang, C., Zhu, J., Zhang, T., Li, M., Jiang, G., and Zhao, J. (2018). Small
Intestinal Submucosa/polymethyl Methacrylate Composite Bone Cement
for Vertebral Repair. Mater. Des. 154, 254-265. doi:10.1016/
j.matdes.2018.05.045

Zhang, W., Zhu, C,, Zhu, C, Wu, Y., Ye, D., Wang, S, et al. (2014). VEGF and
BMP-2 Promote Bone Regeneration by Facilitating Bone Marrow Stem Cell
Homing and Differentiation. eCM 27, 1-12. discussion 11-2. doi:10.22203/
ecm.v027a01

Zhao, J., Ohba, S., Komiyama, Y., Shinkai, M., Chung, U. L, and Nagamune, T.
(2009). Icariin: a Potential Osteoinductive Compound for Bone Tissue
Engineering. Tissue Eng. Part. A. 16 (1), 233-243. doi:10.1089/
ten.TEA.2009.0165

Zhao, P, Li, X,, Fang, Q.,, Wang, F., Ao, Q.,, Wang, X,, et al. (2020). Surface
Modification of Small Intestine Submucosa in Tissue Engineering. Regen.
Biomater. 7 (4), 339-348. doi:10.1093/rb/rbaa014

Zhu, F., Wang, J., Qiu, X,, Li, J., and Xia, Z. (2015). Smoke Inhalation Injury
Repaired by a Bone Marrow-Derived Mesenchymal Stem Cell Paracrine
Mechanism: Angiogenesis Involving The Notch Signaling Pathway.
J. Trauma Acute Care Surg. 78 (3), 565-572. d0i:10.1097/ta.0000000000000547

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Xia, Li, Zheng, Weng, Mao, Mei, Wu, Li and Zhao. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

12

January 2022 | Volume 10 | Article 818191


https://doi.org/10.1088/1748-6041/8/4/045012
https://doi.org/10.1016/j.msec.2017.05.017
https://doi.org/10.1042/bst20190079
https://doi.org/10.1042/bst20190079
https://doi.org/10.1371/journal.pone.0114697
https://doi.org/10.1371/journal.pone.0114697
https://doi.org/10.1089/scd.2011.0517
https://doi.org/10.1016/j.actbio.2017.04.014
https://doi.org/10.1016/j.bioactmat.2020.08.014
https://doi.org/10.1093/rb/rbab013
https://doi.org/10.1089/ten.2006.12.927
https://doi.org/10.1002/adhm.201800490
https://doi.org/10.1152/ajpregu.00735.2009
https://doi.org/10.1152/ajpregu.00735.2009
https://doi.org/10.1089/1076327041348284
https://doi.org/10.1021/acsbiomaterials.9b01601
https://doi.org/10.2217/rme-2017-0024
https://doi.org/10.1016/j.matdes.2018.05.045
https://doi.org/10.1016/j.matdes.2018.05.045
https://doi.org/10.22203/ecm.v027a01
https://doi.org/10.22203/ecm.v027a01
https://doi.org/10.1089/ten.TEA.2009.0165
https://doi.org/10.1089/ten.TEA.2009.0165
https://doi.org/10.1093/rb/rbaa014
https://doi.org/10.1097/ta.0000000000000547
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	BMSCs and Osteoblast-Engineered ECM Synergetically Promotes Osteogenesis and Angiogenesis in an Ectopic Bone Formation Model
	Introduction
	Materials and Methods
	Ethics Statement
	Isolation and Culture of the Cells
	Preparation of Biomimetic ECM-Modified SIS Scaffold
	Immune Response of the SIS Scaffolds After Subcutaneous Transplantation in Mice
	In vivo Degradation Assay of the SIS Scaffolds
	Effect of the Ca/Ic-SIS Scaffolds With BMSCs on Ectopic Osteogenesis
	Micro-CT Analysis
	Sample Harvesting and Histological Staining
	Effect of the Ca/Ic-SIS Scaffolds With BMSCs on Angiogenesis in vivo
	Statistical Analysis

	Results
	Immune Response of the Scaffolds After Transplantation
	Ca/Ic ECM Modification Inhibited the Degradation of the SIS Scaffolds in vivo
	Ca/Ic ECM Modification Promoted Ectopic Bone Formation
	Evaluation of Angiogenesis

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


