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Editorial on the Research Topic:
Cells, biomaterials, and biophysical stimuli for bone, cartilage, and muscle
regeneration

Over the last few years, a variety of Tissue Engineering strategies have been developed to
improve the regeneration of bone, cartilage, and skeletal muscle. Numerous studies have
proven that physical factors (e.g., external forces, electromagnetic waves, electric fields,
ultrasounds, lasers, fluid flow shear stresses, mechanical vibrations, mechanical
deformations, and biomaterials’ features), as well as biochemical factors, may induce
cells to reprogram their functions and dynamically adapt to the microenvironment
conditions. In this context, many efforts are dedicated to engineer the biomaterial
scaffolds, the physical stimuli, and the biochemical cues to whom the mammalian cells
respond in terms of proliferation, differentiation, and production of extracellular matrix.

Effective regeneration of bone, cartilage, and skeletal muscle defects often presents
significant challenges, particularly in patients with decreased tissue regeneration ability due
to extensive trauma, diseases, or aging.

To this regard, in the present Research Topic, 55 Authors from all over the world decided
to publish their outstanding and promising results.

It is well known that the reconstruction of critical-sized segmental bone defects is a key
challenge in orthopedics. Shibahara et al. fabricated various types of carbonate apatite
honeycomb scaffolds to deal with critical-sized segmental bone. The authors showed that the
scaffolds with a larger channel volume promoted bone ingrowth compared to that with a
larger micropore volume, whereas scaffolds with a larger volume of the micropores rather
than the channels promoted the scaffold resorption by osteoclasts and the bone formation; in
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other words, the channels affected bone ingrowth in the early stage
and, subsequently, micropores affected scaffold resorption and bone
formation. The findings of this study provide direction for designing
the pore structure of scaffolds for bone regeneration.

The geometrical features of the regeneration scaffolds are,
actually, of great importance, but also the growth factors applied
during the healing time are equally significant. To this regard, Liu
et al. investigated whether multiple growth factors applied to muscle
tissue in vitro, such as TGF-β3, BMP-2 and Noggin, can lead to
tissue morphogenesis with a specific osteochondrogenic nature. In
particular, they revealed a synergistic effect between TGF-β3 and
Noggin that positively influenced the tissue morphogenesis; in
addition, Noggin was observed to upregulate BMP-2 and
osteocalcin at a specific time of culture in the presence of TGF-
β3, suggesting that signals change their functions throughout the
process of new tissue formation.

The origin of the scaffold material is also crucial. For example,
various commercial scaffolds are manufactured using a source of
bovine bone or porcine bone. Li et al. showed that deer bone powder
has important osteogenic effects; in particular, nano-deer bone meal
can be used as a potential osteoinductive active nanomaterial to
enhance bone tissue engineering scaffolds.

A new hot theme in bone tissue engineering is the assessment of
the properties of biomaterials on regulating the macrophage
polarization in order to stimulate the tissue regeneration. In this
context, Li et al. fabricated mineralized collagen scaffolds with
different microporous structures mediating the osteo-
immunomodulation; in particular, the regeneration was
characterized by increased expression of some osteogenic markers
such as alkaline phosphatase, type-I collagen, and osteocalcin.

Besides the features of the biomaterial scaffolds, the physical
tensegrity around the cells can lead the regeneration process. To this
regard, Terrie et al. developed an innovative method for skeletal
muscle tissue engineering via a dynamic tissue culture system, where
the stimulus is a pulsed electromagnetic field. In particular, in 2D
experiments, an enhanced myogenesis was observed, as evidenced
by an increased myotube diameter and fusion index; in addition, 3D
bioartificial muscles were subjected to an electromagnetic stimulus
for varying exposure times: once the myotubes were formed, the
pulsed electromagnetic wave caused significantly higher myotube
diameter, fusion index, and increased myosin heavy chain
1 expression. This research shows the potential of
electromagnetic stimulation for enhancing myotube formation
both in 2D and 3D, warranting its further consideration in
dynamic culturing techniques.

The vascularization of tissue-engineered constructs remains a
key challenge in the field of skeletal muscle tissue engineering. A
strategy for vascularizing muscle organoids relies on de novo
assembly of undifferentiated endothelial cells into capillaries.
Wüst et al. built a pioneering method to use muscle-specific
endothelial cells in order to study the pre-vascularization in
skeletal muscle tissue engineering, since the endothelial cells
display a tissue-specific phenotype. In particular, they describe a
detailed protocol for the co-isolation of human skeletal muscle
endothelial cells and satellite cell-derived myoblasts. The isolation
of the two cell types is crucial for further studies to elucidate cell

crosstalk in health and disease. Furthermore, the use of muscle-
specific endothelial cells allows a shift towards engineering more
functional tissue, with downstream applications including drug
screening and regenerative medicine.

The electromagnetic waves are also very useful in therapy (e.g.,
to deal with delayed bone fracture healing and bone non-unions). In
their review, Zhang et al. propose that pulsed electromagnetic fields
may be considered a potential and side-effect-free therapy for
glucocorticoid-induced osteoporosis.

Another bone disease is the osteosarcoma which is the most
common primary bone cancer in children and adolescents and the
third most common in adults. The research of Liu et al. aimed to
explore a new approach for the treatment of osteosarcoma by
combining biomaterials with next-generation small molecule-
based targeted therapy. In particular, after tumor resection in
mice, the combination of tumor cell inhibitor
ZINC150338698 and collagen-thermosensitive hydrogel-calcium
phosphate composites could repair the bone defects with no
foreign body reaction or new tumor growth.

A potential new cancer treatment is shown by Li et al. They
report an ultrasound and laser-promoted dual-gas nano-generator,
where calcium carbonate-polydopamine-manganese oxide
nanoparticles are source of calcium ions, manganese ions, carbon
dioxide, and oxygen. In particular, calcium and manganese ions act
as adjuvants for an immune response, whereas the cancer cell
membrane is broken by the burst of gas bubbles under
ultrasound stimulation and the photothermal properties of
polydopamine also contribute to the immunogenic cell death.
The generation of oxygen alleviates the tumor hypoxia and thus
reduces hypoxia-induced heat resistance and immunosuppressive
effects, thereby improving the therapeutic efficacy.

In conclusion, we believe that these papers can provide help and
reference in Tissue Engineering research and practical scenarios.
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Effects of Channels and Micropores in
Honeycomb Scaffolds on the
Reconstruction of Segmental Bone
Defects
Keigo Shibahara1,2, Koichiro Hayashi1*, Yasuharu Nakashima2 and Kunio Ishikawa1

1Department of Biomaterials Faculty of Dental Science, Kyushu University, Fukuoka, Japan, 2Department of Orthopedic Surgery,
Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan

The reconstruction of critical-sized segmental bone defects is a key challenge in
orthopedics because of its intractability despite technological advancements. To
overcome this challenge, scaffolds that promote rapid bone ingrowth and subsequent
bone replacement are necessary. In this study, we fabricated three types of carbonate
apatite honeycomb (HC) scaffolds with uniaxial channels bridging the stumps of a host
bone. These HC scaffolds possessed different channel and micropore volumes. The HC
scaffolds were implanted into the defects of rabbit ulnar shafts to evaluate the effects of
channels and micropores on bone reconstruction. Four weeks postoperatively, the HC
scaffolds with a larger channel volume promoted bone ingrowth compared to that with a
larger micropore volume. In contrast, 12 weeks postoperatively, the HC scaffolds with a
larger volume of the micropores rather than the channels promoted the scaffold resorption
by osteoclasts and bone formation. Thus, the channels affected bone ingrowth in the early
stage, and micropores affected scaffold resorption and bone formation in the middle
stage. Furthermore, 12 weeks postoperatively, the HC scaffolds with large volumes of both
channels and micropores formed a significantly larger amount of new bone than that
attained using HC scaffolds with either large volume of channels or micropores, thereby
bridging the host bone stumps. The findings of this study provide guidance for designing
the pore structure of scaffolds.

Keywords: honeycomb, scaffold, pore architecture, carbonate apatite, bone reconstruction

INTRODUCTION

Despite technological advancements, segmental bone defects (SBDs) are intractable, and their
suitable treatment scheme remains to be established (Bezstarosti et al., 2021; Norris et al., 2021).
Frequent failure of SBD treatment may lead to functional disorders or amputations (Lasanianos et al.,
2010; Mauffrey et al., 2015). In addition, the presence of SBDs leads to the loss of bone continuity,
which increases risk of nonunion and renders the treatment difficult (Lasanianos et al., 2010;
Mauffrey et al., 2015; Bezstarosti et al., 2021; Norris et al., 2021). Notably, critical-sized SBDs disrupt
the bone orientation, resulting in a high rate of nonunion (Petersen et al., 2018). To achieve favorable
outcomes in SBD treatments, a promising approach is to implant osteoconductive scaffolds that
connect the stumps of the host bones and allow the penetration of various cells engaged in bone
regeneration into the SBDs (Feng et al., 2012; Tanaka et al., 2017; Petersen et al., 2018).
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Considering the aforementioned approach, we have been
developing osteoconductive bioceramic honeycomb (HC)
scaffolds with numerous channels directionally penetrating the
scaffold (Hayashi et al., 2019a, 2019b, 2020b, 2020c, 2021c, 2021d,
2021e, 2022; Hayashi and Ishikawa 2020a, 2021a, 2021b; Sakemi
et al., 2021; Shibahara et al., 2021). We confirmed that the
presence of uniaxial channels in the HC scaffolds could
promote bone ingrowth from the stumps of the host bone in
SBD treatments (Sakemi et al., 2021; Shibahara et al., 2021). The
HC scaffolds could realize adhesion to the bone and bone
ingrowth as early or earlier than various three-dimensional
porous scaffolds, and even combined three-dimensional
porous scaffolds and mesenchymal stem cells (MSCs) (Zhou
et al., 2010; Alluri et al., 2019). Other researchers also reported
scaffolds that connected the stumps of the host bones without
osteogenic growth factors, such as hydrogen-mineral composite
(Patel et al., 2020), polylactide-coglycolide/tricalcium phosphate
composite (Yu et al., 2018), and porous magnesium alloy (Wang
et al., 2020). The ideal scaffold must be replaced with a new bone,
while the scaffold parts corresponding to the bone marrow
regions are resorbed (Zhang et al., 2020). However, previously
developed HC scaffold did not achieve these requirements
(Shibahara et al., 2021).

To surpass the efficacy of previous HC scaffolds and satisfy
these requirements, an effective approach is to control the
chemical composition and pore structure of the HC scaffold,
which can crucially affect its osteoconductivity and resorption. In
terms of the chemical composition, carbonate apatite (CAp) is
resorbed by the osteoclasts at a similar pace as that of new bone
formation and can thus be replaced with new bone (Doi et al.,
1998; Zhang et al., 2021). In contrast, hydroxyapatite (HAp) is
not resorbed and beta-tricalcium phosphate (β-TCP) is resorbed
prior to new bone formation (Ishikawa et al., 2018; Hayashi et al.,
2019b, 2020b). Considering the above properties of these calcium
phosphate materials, CAp is desirable for the chemical
composition of HC scaffolds in SBD reconstruction.

Existing studies on intrabony defect reconstruction and
vertical bone augmentation demonstrated that HC scaffolds
having channels with an aperture size of 190–300 μm can
realize the ingrowth of bone and blood vessels more effectively
than those with aperture sizes of 100–190 and 300–630 μm
(Hayashi et al., 2020c, 2021d, 2021e, 2022; Hayashi and
Ishikawa 2021a). Furthermore, the micropores affect
osteoclastogenesis and the subsequent resorption of scaffolds
by osteoclasts and new bone formation (Hayashi et al., 2019a;
Hayashi and Ishikawa, 2020a). The scaffolds with both channels
and micropores can exert osteoinduction and osteoconduction,
and can shorten the bone reconstruction period (Woodard et al.,
2007; Polak et al., 2011; Pei et al., 2017; Hayashi et al., 2020b).
Thus, HC scaffolds with channels andmicropores of suitable sizes
are expected to exert superior efficacy for critical-sized SBD
reconstruction.

Previously, researchers reported that three-dimensional
scaffolds with optimized multiscale pores successfully
reconstructed critical-sized SBDs in combination with
osteogenic growth factors (Tang et al., 2016; Liu et al., 2019;
Niu et al., 2019). However, these scaffolds were unable to

reconstruct the critical-sized SBDs in the absence of osteogenic
growth factors (Tang et al., 2016; Liu et al., 2019; Niu et al., 2019).
This issue might be attributed to the focus on pore size only, while
the importance of pore volume has been overlooked. Thus, the
effects of pore volume on the SBD reconstruction efficacy remain
unknown.

In this study, we investigated the efficacy of critical-sized SBD
reconstruction using CAp HC scaffolds with different volume
proportions of the channels and micropores to clarify the
interrelation between these properties. Furthermore, we
evaluated the SBD reconstruction efficacy of CAp HC scaffolds
with suitable channel and micropore volumes.

MATERIALS AND METHODS

Preparation of CAp HC Scaffolds
CAp HC scaffolds were fabricated by extrusion molding as
described in our previous work (Hayashi and Ishikawa 2021a).
In detail, a mixture of CaCO3 (Sakai Chemical Industry Co., Ltd.,
Osaka, Japan) and organic binder (NagamineManufacturing Co.,
Ltd., Kagawa, Japan) was extruded through the HC dies of a
uniaxial extruder (Universe Co., Ltd., Saga, Japan). The organics
in the HC green bodies were removed by sintering at 600–650°C
in a CO2 atmosphere. Subsequently, CaCO3 HC blocks were
obtained. The CaCO3 HC blocks were immersed in 1 mol/L
Na2HPO4 (Fujifilm Wako Pure Chemical Co., Ltd., Osaka,
Japan) at 80°C for 7 days. The chemical composition of the
HC blocks was modified by transforming CaCO3 to CAp
through dissolution–precipitation reactions to maintain the
HC architecture. The prepared CAp HC blocks were washed
at least five times with distilled water and shaped into cuboids
(height, width, and length of 6, 3, and 10 mm, respectively) using
computer-aided design and manufacturing tools (monoFab
SPM-20, Roland DG, Shizuoka, Japan). Hereafter, the CAp
HC scaffolds with a large channel volume and small
micropore volume; small channel volume and large micropore
volume; and large channel and micropore volumes are labeled
c-HC, m-HC, and cm-HC, respectively.

Characterizations of the CAp HC Scaffolds
The macro-/microstructures of the CAp HC scaffolds were
examined through computer tomography imaging (µ-CT;
Skyscan 1076, Bruker Co., Ltd., MA, United States) and
scanning electron microscopy (S3400N, Hitachi High-
Technologies Corporation, Tokyo, Japan). The crystal
structure of the CaCO3 blocks and CAp HC scaffolds were
determined through X-ray diffraction (XRD) analysis. The
XRD patterns were recorded on a diffractometer (D8 Advance,
Bruker AXS GmbH, Karlsruhe, Germany) with Cu Kα radiation
of 40 kV and 40 mA. The chemical composition of the CaCO3

blocks and CAp HC scaffolds was examined through Fourier
transform infrared spectroscopy (FTIR). The FTIR spectra were
recorded on a spectrometer (FT/IR-6200; JASCO, Tokyo, Japan)
using the KBr disk method. The standard XRD patterns and FTIR
spectrum of HAp powder (HAP-100, Taihei Chemical Industries,
Co., Ltd., Nara, Japan) were derived. Moreover,
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carbon–hydrogen–nitrogen (CHN) analysis (MT-6, Yanako
Analytical Instruments, Kyoto, Japan) was performed to
measure the carbonate content in the CAp HC scaffolds. The
average carbonate contents were calculated from the results of
three samples for each scaffold type. Mercury injection
porosimetry (AutoPore 9420, Shimadzu Corporation, Kyoto,
Japan) was performed to determine the size distribution and
volume of open pores in the CAp HC scaffolds. The theoretical
density of hydroxyapatite (3.16 g/cm3) was used to calculate the
porosities of CAp because the chemical composition of CAp
varies based on the amount of CO3 (Gibson and Bonfield 2001).
In this analysis, eight samples for each scaffold type were tested.
Furthermore, the compressive strength of the CAp HC scaffolds
was measured as the mechanical strength using a universal testing
machine (Autograph AGS-J, Shimadzu, Kyoto, Japan) installed
with a load cell with the maximum capacity of 5,000 N. The
samples were compressed parallel to the channel at a crosshead
speed of 1 mm/min, and the value when sample fracture occurred
was recorded. The mechanical strength test was performed using
eight samples for each scaffold type.

Animal Surgery
The animal experiments in this study were approved by the Animal
Care and Use Committee of Kyushu University (Approval no.
A21-010-0). Rabbits aged 18 weeks and weighing 2.9–3.4 kg have
been used for SBD models (Okada et al., 1999; Kokubo et al., 2003;
Suga et al., 2004). Ulnar or radial SBD models were used in this
study owing to their low management cost (Horner et al., 2010).
Previously reported SBDmodels of 10–20mm ulna until 12 weeks
postoperatively were considered critical-sized (Shibahara et al.,
2021). Thus, in this study, a 10-mm-length SBD model of the
rabbit ulna was selected to evaluate the SBD reconstruction efficacy
of HC scaffolds over a short observation period (Supplementary
Figure S1).

The rabbits were bred in the animal center of Kyushu
University. The animal experiments were conducted according
to the procedure used in our previous report (Shibahara et al.,
2021). General anesthesia was performed by intramuscular
injection of ketamine (30 mg/kg, Daiichi Sankyo Co., Ltd,
Tokyo, Japan) and xylazine (5.0 mg/kg, Elanco Japan, Co., Ltd,
Tokyo, Japan). After shaving and disinfecting the region of
interest with 10% povidone iodine (Meiji Seika Pharma Co.,
Ltd., Tokyo, Japan), local anesthesia with lidocaine (2%,
6.0 mg/kg, Dentsply Sirona Co., Ltd., Tokyo) was provided
through subcutaneous injection into the forearm. The skin on
the lateral forearm was incised with a blade (Akiyama Medical
MFG. Co., Ltd., Tokyo, Japan) to expose the ulna. Themidshaft of
the ulna was osteotomized along the side of a 10-mm-long guide
block with a bone saw (sagittal blade; Zimmer Biomet Co., Ltd.,
Tokyo, Japan) to generate critical-sized SBDs (length of 10 mm)
in the ulna (Shibahara et al., 2021). The periosteum and
interosseous membrane were removed together with 10-mm-
long bone fragment (Shibahara et al., 2021). Despite this
procedure, bones are formed on the opposite bone by the
periosteal reaction, and the generated bones are likely to elicit
the bone formation in the defect (Bodde et al., 2008). In previous
studies (Elbackly et al., 2015), GORE-TEX® was placed between

the radius and the ulna to prevent the migration of cells from the
radius and to eliminate the effect of periosteal reaction. Based on
this report by Elbackly et al., in our study, a 10-mm-long cell-
shielding membrane composed of polyethylene terephthalate was
placed between the radius and the ulna to eliminate the effects of
periosteal reaction from the radial side (Shibahara et al., 2021).
The ulna was fixed using a nonlocking stainless-steel plate with a
thickness of 0.6 mm. The scaffold was implanted in the bone
defect and fixed to the plate with a 4-0 silk surgical suture (MANI
Co., Ltd., Tochigi, Japan). The abovementioned procedures were
implemented on both forearms, and the scaffold type (c-HC,
m-HC, and cm-HC) inserted was randomly selected. Finally, the
fasciae and skin were sutured with a 4-0 nylon surgical suture
(MANI Co., Ltd.). To prevent wound infection, gentamicin
(4 mg/kg, Takata Pharma Co., Ltd., Saitama, Japan) was injected
intraperitoneally. The surgical site was again disinfected with 10%
povidone iodine (Meiji Seika Pharma Co., Ltd.). The forearms were
not immobilized after surgery, and the rabbits were allowed to
move freely in their cages. Four weeks and 12 weeks
postoperatively, the rabbits were euthanized with an anesthetic
overdose, and both forearms were harvested (n = 4 per group).

Radiographic Evaluation
After sacrifice, the reconstruction images of the specimens were
checked by radiographs (HA-60, HITEX Co., Ltd,, Osaka, Japan).
The bone formation at the osteotomized region and scaffold
resorption were evaluated from the radiographs.

µ-CT Evaluation
After removing the nonlocking stainless-steel plates and screws,
the specimens were scanned through μ-CT (Skyscan 1076; Bruker
Co., Ltd., MA, United States). The images were reconstructed
using the NRecon software (Skyscan). The reconstructed images
were evaluated based on their grayscale intensity. In the two-
dimensional µ-CT image, threshold ranges were selected for the
HC scaffold and bones to create segmentation images,
respectively. Subsequently, the obtained segmentation images
were compared with the original image to check whether they
reflected their morphology (Bouxsein et al., 2010). The µ-CT
images were observed to examine the long axis of the scaffolds
4 and 12 weeks postoperatively. The relevant values were
calculated using Eqs 1–4.

BV/TV (%) � (volume of new bone in the scaffold)
/(total volume of the bone defect) × 100 (1)

BV/CMV (%) � (volume of new bone in the scaffold)
/(total volume of channels and micropores) × 100 (2)

SV/TV (%) � (volume of the scaffold)
/(total volume of the bone defect) × 100 (3)

The volume percentage of remaining scaffolds (%)
� (volume of the scaffold)

/(volume of the scaffold before implantation) × 100 (4)

Histological evaluation
Hematoxylin-eosin (HE)-stained tissue sections were prepared
for histological evaluation. The long-axis images were evaluated
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considering a single cross-section along the ulnar shaft. The areas
of the bones and blood vessels and the number of osteoclasts were
estimated from the HE-stained tissue sections using a BZ-X
digital analyzer (Keyence Corporation, Osaka, Japan). The
multinucleated cells on the scaffold or bone were determined
to be osteoclasts (Araújo et al.2015). The relevant values were
calculated using Eqs 5–8:

BA/TA(%) � (total area of bones formed in the defect)
/(total defect area) × 100 (5)

BA/CMA(%) � (total area of bones formed in the defect)
/(total area of channels and micropores) × 100 (6)

BVA/TA(%) � (area of the blood vessels)
/(total defect area) × 100 (7)

Number of osteoclasts (cells/mm2)
� (number of osteoclasts)/(total defect area) (8)

Statistical Analysis
Statistical analysis was performed through a one-way analysis of
variance followed by Tukey’s test. p-value < 0.05 was considered
statistically significant.

RESULTS

Physicochemical, Structural, and
Mechanical Properties of CAp HC Scaffolds
In the XRD patterns, there were no CaCO3 (calcite) diffractions
observed, whereas diffractions corresponding to apatite crystals
were detected in all scaffolds (Supplementary Figure S2A).
According to the FTIR spectra, the doublet carbonate bands
were detected in the ν3 regions of all scaffolds
(Supplementary Figure S2B). Although the FTIR spectrum of

FIGURE 1 | Three-dimensional µ-CT images of (A) c-HC, (B) m-HC, and (C) cm-HC. (D–F) Cross-sectional images of (A–C), respectively. SEM images in the
channel aperture region of (G) c-HC, (H) m-HC, and (I) cm-HC at low magnification. SEM images in the struts region of (J) c-HC, (K) m-HC, and (L) cm-HC at high
magnification. Red arrowheads show the micropores formed in the struts of CAp HC scaffolds.
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HAp presented a hydroxyl band at 630 cm−1, the FTIR spectrum
of the CAp HC scaffolds did not exhibit this band
(Supplementary Figure S2B). These results indicated that the
chemical compositions of all scaffolds were AB-type CAp (Fleet
et al., 2004). The CHN analysis highlighted that all scaffolds had a
carbonate content of 13.0–14.8%, indicating their similar
chemical compositions.

Uniformly sized channels uniaxially penetrated the scaffolds
(Figures 1A–I). The channel aperture sizes of c-HC, m-HC, and
cm-HC were 292.2 ± 4.7, 194.1 ± 6.8, and 259.1 ± 2.8 µm,
respectively. In particular, the channel aperture sizes were suitable
for the ingrowth of bone and blood vessels (190–300 µm) (Hayashi
et al., 2020c, 2021d; Hayashi and Ishikawa 2021a). The sizes of the
struts of c-HC,m-HC, and cm-HCwere 256.8 ± 5.1, 320.7 ± 6.0, and
278.2 ± 4.0 µm, respectively.Micropores were formed in the struts of
all scaffolds (Figures 1J–L).

The pore volume and distribution were measured through
mercury intrusion porosimetry. All scaffolds possessed pores of
sizes greater than 100 µm and less than 1 μm, corresponding to
the channels and micropores, respectively (Figure 2A). The
channel volumes in c-HC, m-HC, and cm-HC were 0.18, 0.07,
and 0.15 cm3/g, respectively (Figures 2B,C). The micropore
volumes in c-HC, m-HC, and cm-HC were 0.15, 0.25, and
0.25 cm3/g, respectively (Figures 2B,C). Thus, the combined
volume of the channels and micropores in c-HC (0.33 cm3/g)
was nearly equal to that in m-HC (0.32 cm3/g), although the
volume ratio between the channels and micropores was different.
The combined volume of the channels and micropores in cm-HC
was 25% larger than those in c-HC and m-HC.

The porosities of c-HC, m-HC, and cm-HC were 55.7 ± 1.7%,
56.5 ± 1.3%, and 63.1 ± 0.5%, respectively (Figure 3A). Thus, the
porosity of c-HC was nearly equal to that of m-HC, whereas the
porosity of cm-HC was significantly higher than those of c-HC
and m-HC (p < 0.01), consistent with the results of the mercury
intrusion porosimetry. The compressive strength values for
c-HC, m-HC, and cm-HC were 54.7 ± 10.9, 30.4 ± 6.4, and
24.7 ± 2.6 MPa, respectively (Figure 3B). All scaffolds possessed a
higher compressive strength than those of the scaffolds used for
clinical treatment (Tanaka et al., 2008, 2018; Onodera et al.,

2014). Furthermore, the compressive strength of c-HC was
significantly higher than those of m-HC and cm-HC (p <
0.01), whereas those of m-HC and cm-HC were comparable.
This finding indicated that the compressive strength was highly
influenced by the presence of micropores in the struts than the
channels.

Radiographic Evaluation
Four weeks postoperatively, the proximal gap between the scaffold
and the host bone was filled with new bones in c-HC and cm-HC,
whereas both proximal and distal gaps were not observed inm-HC
(Figures 4A–C). Twelve weeks postoperatively, both gaps were
filled with new bones in all groups (Figures 4D–F). The intensity in
c-HC did not vary visibly from four to 12 weeks postoperatively
(Figures 4A,D), whereas that in m-HC and cm-HC decreased at
12 weeks postoperatively (Figures 4B,C,E,F), suggesting that
m-HC and cm-HC were partially resorbed during 8 weeks. Four
weeks and 12 weeks postoperatively, newly formed bones on the
radius neither made contact with HC scaffolds nor got into the
defects, indicating that scaffolds were not affected by the bones on
the radius (Figures 4A–F).

FIGURE 2 | Results of mercury intrusion porosimetry for c-HC, m-HC, and cm-HC. (A) Pore-size distribution vs. pore diameter, (B) cumulative pore volume vs.
pore diameter, and (C) pore volumes of channels and micropores.

FIGURE 3 | (A) Total porosities and (B) compressive strength of c-HC,
m-HC, and cm-HC. *p < 0.05 and **p < 0.01.
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FIGURE 4 | Typical radiographic images of (A) c-HC, (B)m-HC, and (C) cm-HC groups 4 weeks postoperatively and (D) c-HC, (E)m-HC, and (F) cm-HC groups
12 weeks postoperatively. The red arrowheads indicate osseointegration between the scaffold and host bones. The blue arrowheads indicate gaps between the scaffold
and host bones. The green arrowheads indicate bone formation on the radius. The regions enclosed by yellow dotted lines are gaps between scaffolds and the radius.
The left and right sides of the radiographs are the proximal ulna and the distal ulna, respectively.

FIGURE 5 | Typical µCT images of (A,D) c-HC, (B,E)m-HC, and (C,F) cm-HC groups (A) at 4 weeks postoperatively and (B) at 12 weeks postoperatively. The red,
blue, yellow, and green arrowheads indicate new bone formation, bony calluses formed around the edge of scaffolds, osseointegration between the scaffold and host
bones, and bony bridging in the defect, respectively. The regions enclosed by yellow dotted lines show that most of the channels were resorbed and began to be
replaced by bone marrow.
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µ-CT Evaluation
Four weeks postoperatively, bony calluses were formed around
the scaffolds (Figure 5Aa‒c), and new bone tissues emerged in
the regions between the stump of the host bone and the scaffold
(Figure 5Ad‒f). Notably, there was a significant formation of
bony calluses and new bones for c-HC (Figure 5Aa,d). Clear
scaffold resorption was not visualized, and the HC structure was
maintained in all scaffolds.

Twelve weeks postoperatively, osseointegration was achieved
in all groups (Figure 5Ba‒c). In particular, new bone formation
remarkably covered both edges of cm-HC (Figure 5Bc). In the
case of c-HC, although the struts were slightly resorbed, the HC
structure was maintained (Figure 5Bd). New bone was also
partially formed within the channels. In the case of m-HC, the
struts were resorbed and became thinner than those at 4 weeks
(Figure 5Be). New bone was widely formed in the interior of the
scaffold. In the case of cm-HC, the new bones formed on the
surface and inside the scaffold in the regions corresponding to

the bone substance and consequently connected the separated
host bones (Figure 5Bf). Furthermore, in the region
corresponding to the bone marrow, the scaffold was
extensively resorbed (Figure 5B-f). Thus, cm-HC was
replaced with tissues similar to the actual bone in the SBD
(Figure 5Bf).

BV/TV (%), BV/CMV (%), SV/TV, and the volume
percentage of the remaining scaffolds (%) were calculated by
analyzing the µ-CT images (Figures 6A–D). The BV/TV values
for c-HC, m-HC, and cm-HC were 2.9 ± 0.3%, 0.8 ± 0.4%, and
2.2 ± 0.4% 4 weeks postoperatively, and 5.3 ± 0.5%, 7.8 ± 1.2%,
and 10.6 ± 1.5% 12 weeks postoperatively, respectively
(Figure 6A). The BV/CMV values for c-HC, m-HC, and cm-
HC were 8.9 ± 0.5%, 3.5 ± 1.8%, and 7.1 ± 1.3% 4 weeks
postoperatively and 13.7 ± 2.1%, 18.6 ± 0.8%, and 21.6 ± 1.7%
12 weeks postoperatively, respectively (Figure 6B). SV/TV for
c-HC, m-HC, and cm-HC were 68.8 ± 0.8%, 78.4 ± 2.5%, and
70.4 ± 0.8% before implantation, 67.8 ± 1.9%, 76.2 ± 1.1%, and
68.9 ± 3.5% 4 weeks postoperatively, and 62.2 ± 1.2%, 58.3 ± 1.1%,
and 51.2 ± 3.7% 12 weeks postoperatively, respectively
(Figure 6C). The volume percentages of the remaining
scaffolds for c-HC, m-HC, and cm-HC were 98.5 ± 2.7%,
97.2 ± 2.5%, and 98.0 ± 4.9% 4 weeks postoperatively and
90.5 ± 1.7%, 74.3 ± 1.4%, and 72.7 ± 5.3% 12 weeks
postoperatively, respectively (Figure 6D).

At 4 weeks postoperatively, the bone volume percentage in the
c-HC group was higher than that in the m-HC group. There was
no difference in the percentage of the scaffold resorption in all
groups. At 12 weeks postoperatively, c-HC had the lowest
percentage of scaffold resorption. The BV/CMV in c-HC
showed no significant increase in 8 weeks, indicating the
delayed bone formation relative to the scaffold resorption in
the middle stage. Therefore, channels had a significant impact on
early bone formation and poor impact on medium-term bone
formation. The m-HC and cm-HC scaffolds showed significant
increments of bone formation from four to 12 weeks
postoperatively despite the significant scaffold resorption,
indicating that the volume of the bones increased more than
that of the scaffold resorption.

The findings indicated that the effect of the channels on bone
formation was higher than that of the micropores 4 weeks
postoperatively. The differences in the volumes of the channels
and micropores did not affect the scaffold resorption. Twelve
weeks postoperatively, the effect of the micropores on both
scaffold resorption and bone formation was more notable than
that of the channels.

Histological Evaluations
Four weeks postoperatively, pronounced resorption of the
scaffold was not observed for any scaffolds (Figures 7A–C),
consistent with the µ-CT image findings. New bones formed
on the strut surfaces and blood vessels were formed within
channels contacting the host bone (Figures 7D–F). However,
in the regions where the scaffolds did not contact the host bone,
fibrous tissues were formed within channels (Figures 7G–I). In
all groups, osteoclasts were present on the scaffold struts
(Figures 7J–L).

FIGURE 6 | µ-CT analysis results. (A) BV/TV, (B) BV/CMV, (C) SV/TV,
and (D) the volume percentage of remaining scaffolds. *p < 0.05 and
**p < 0.01.
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Twelve weeks postoperatively, m-HC and cm-HC were more
extensively resorbed than c-HC (Figures 8A–C). In the case of
c-HC, new bones were formed within the channels along the strut
surface, whereas fibrous tissue was still observed within some
channels at the aperture region (Figures 8D,G). In the case of
m-HC, new bones were formed both on the strut surfaces and in
the resorption lacunae formed in the struts (Figures 8E,H).
However, as with c-HC, fibrous tissue was also observed
within some channels at the aperture region (Figure 8H). The
struts in cm-HC were more extensively replaced with new bones
than those in m-HC. Few fibrous tissues were observed within
channels at the aperture region (Figures 8F,I). Notably, bony
bridging was observed between the host bones, and the scaffold
corresponding to ulnar bone marrow was filled with bone
marrow (Figure 8C and Supplementary Figure S3),
suggesting bone remodeling in cm-HC. In terms of
vascularization in the scaffold, well-developed blood vessels
were observed in the edge region of the scaffolds, whereas in
the central region of the scaffolds, thin blood vessels were
observed within some channels at 4 weeks postoperatively

(Supplementary Figure S4A). Twelve weeks postoperatively,
well-developed blood vessels were observed in both scaffold
edge and central regions, notably in the cm-HC
(Supplementary Figure S4B). In all scaffolds, osteoclasts were
present on the strut surfaces (Figures 8J–L).

BA/TA, BA/CMA, BVA/TA, and the number of osteoclasts
were calculated from the histological observations of the c-HC,
m-HC, and cm-HC groups (Figures 9A–D). The BA/TA values
for the c-HC, m-HC, and cm-HC groups were 2.5 ± 0.5%, 0.6 ±
0.8%, and 1.8 ± 0.2% 4 weeks postoperatively; and 5.6 ± 2.0%,
8.2 ± 1.2%, and 12.4 ± 4.5% 12 weeks postoperatively, respectively
(Figure 9A). The BA/CMA values for the c-HC, m-HC, and cm-
HC groups were 8.8 ± 2.4%, 2.1 ± 2.7%, and 5.6 ± 0.8% 4 weeks
postoperatively; and 14.1 ± 5.0%, 19.5 ± 3.1%, and 26.2 ± 8.3%
12 weeks postoperatively, respectively (Figure 9B). BVA/TA for
the c-HC, m-HC, and cm-HC groups were 1.2 ± 0.3%, 1.2 ± 0.1%,
and 1.3 ± 0.4% 4 weeks postoperatively; and 4.9 ± 0.7%, 4.6 ±
1.2%, and 7.6 ± 0.9% 12 weeks postoperatively, respectively
(Figure 9C). The numbers of osteoclasts for the c-HC, m-HC,
and cm-HC groups were 5.0 ± 2.1, 4.5 ± 2.3, and 4.7 ± 1.9 cells/

FIGURE 7 | Typical HE-stained images (A) c-HC, (B)m-HC, and (C) cm-HC groups 4 weeks postoperatively. Postoperatively, (D,G), (E,H), and (F,I) correspond
to the low-magnification images of the region enclosed by dotted lines in (A–C), respectively; (J–L) are the high-magnification images of (D–F), respectively. The red,
blue, yellow, and black arrowheads indicate mature bone inside the channel, blood vessel, osteoclast, and fibrous tissue, respectively. “#” indicates the material.
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mm2 4 weeks postoperatively; and 5.0 ± 1.0, 9.5 ± 1.8, and 10.0 ±
2.3 cells/mm2 12 weeks postoperatively, respectively (Figure 9D).

Four weeks postoperatively, the bone area percentage in the
channels and micropores of c-HC was significantly larger than
that of m-HC (p < 0.05), although there was no significant
difference observed in the bone area percentage between c-HC
and cm-HC. For all groups, the bone area percentages increased
in 8 weeks. The increments in the m-HC and cm-HC groups were
larger than that in the c-HC group. These results for the bone
formation were highly consistent with that obtained from the
µ-CT analysis. The semiquantification of the vascularization
indicated that the area of blood vessels increased in all groups
from 4 weeks and 12 weeks postoperatively, and the increase in
cm-HC at 12 weeks postoperatively was the highest among all the
groups (Figure 9C). The numbers of osteoclasts were equal for all
groups after 4 weeks. Twelve weeks postoperatively, the numbers
of osteoclasts in the m-HC and cm-HC groups were significantly
larger than those at 4 weeks; the same phenomenon was not
observed for the c-HC group. The abovementioned in vivo results

demonstrated that the channels promoted the bone ingrowth in
the early stage, and the micropores promoted the scaffold
resorption, bone formation, and replacement of the HC
scaffolds with new bone in the medium term.

DISCUSSION

The obtained findings demonstrated that the channels promoted
bone ingrowth in the early stage, and the micropores promoted
the scaffold resorption by osteoclasts, bone formation, and
replacement of scaffolds with new bone in the medium term.
Thus, the influence of the channels and micropores was different
at different time points in the SBD reconstruction. In addition,
when the scaffolds had both suitable channel and micropore
volumes, they were successfully replaced with new bone. The
roles of the channels and micropores in the HC scaffold for the
biological responses in SBD reconstruction are discussed in
detail below.

FIGURE 8 | Typical HE-stained images (A) c-HC, (B)m-HC, and (C) cm-HC groups 12 weeks postoperatively. Postoperatively, (D,G), (E,H), and (F,I) correspond
to the low-magnification images of the region enclosed by dotted lines in (A–C), respectively; (J–L) are the high-magnification images of (D–F), respectively. The red,
purple, blue, yellow, and black arrowheads indicate mature bone within the channel, mature bone in the resorption lacunae formed in the struts, blood vessel, osteoclast,
and fibrous tissue, respectively; “#” indicates the material. The green arrowhead indicates the bony bridging in the defect.
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For the channel effects, we previously reported the ability of
CAp HC scaffolds to reconstruct SBD with a channel aperture
size of 146 μm, a channel volume of 0.16 cm3/g, and a micropore
volume of 0.17 cm3/g using the same animal experiment as that in
this study (Hayashi and Ishikawa 2021a; Shibahara et al., 2021).
Thus, the channel aperture size of the CAp HC scaffolds used in
our previous study was half that of c-HC in the present study,
whereas these two HC scaffolds had nearly equal channel and
micropore volumes. Importantly, the amount of the new bone
was equal for these two HC scaffolds. The above results
demonstrated that bone ingrowth in the early stage was
affected by the channel volume rather than the channel size,
when the channel size was suitable for promoting the bone
ingrowth into the scaffold (>100 µm) (Karageorgiou and
Kaplan 2005; Perez and Mestres 2016; Bobbert and Zadpoor
2017; Abbasi et al., 2020).

For the effects of the micropores on the biological responses in
SBD reconstruction, the size of the micropores used in this study
was less than 1 µm. Although micropores less than 1 µm did not
directly promote bone ingrowth in the early stage, they promoted
osteoclastogenesis followed by osteoclast–osteoblast interactions
(Cappariello et al., 2014; Bohner et al., 2017; Hayashi et al., 2019a;
Hayashi and Ishikawa 2020a; Kim et al., 2020).
Osteoclastogenesis requires longer time than bone ingrowth
into the scaffold via channels. This can be attributed to the
micropore effects for SBD reconstruction in the middle stage.

Finally, we discuss the effects of the combined channels and
micropores on the biological responses in SBD reconstruction.
This study demonstrated that CAp HC scaffold with suitable
volumes of channels and micropores exhibited superior
osteoconductivity and scaffold replacement ability with new
bones and bone marrow compared to scaffolds with suitable
volume of either channels or micropores. In the case of cm-HC,
most of the fibrous tissues within channels at the aperture region
were replaced with new bones during 8 weeks. Meanwhile, in the
case of c-HC and m-HC, fibrous tissues were still observed within
some channels at the aperture region at 12 weeks postoperatively,
suggesting that c-HC and m-HC did not achieve biomechanically
stable states in SBDs owing to their low osteoconductivities, and
bone remodeling did not start yet. Therefore, scaffolds with
insufficient volume of channels or micropores are likely to
delay the initiation of bone remodeling in SBDs. Zhang et al.
(2017) reported the reconstruction of 10-mm-long SBDs in a
rabbit radius using hollow-pipe-packed silicate and β-TCP
scaffolds with channels having an aperture size of 500 µm.
Although the new bone areas in these hollow-pipe-packed
scaffolds at 12 weeks postoperatively were comparable to that
in cm-HC in the present study, there were inadequate remnants
of the hollow-pipe-packed scaffolds, and they were not replaced
with the new bone (Zhang et al., 2017). This phenomenon likely
occurred because of the overlooked importance of the
micropores. Furthermore, the area of blood vessels in the CAp
HC scaffold with suitable volumes of channels and micropores
was the highest at 12 weeks postoperatively. Vascularization is a
crucial finding because it can contribute to bone remodeling
(Lafage-Proust et al., 2015). One of the reasons for the
progression of bone remodeling in cm-HC was inferred to be
the favorable vascularization in the scaffold. Although this study
was unable to reveal whether channels or micropores had a
greater impact on scaffold vascularization, the results in this
study suggested that lack of volume for either channels or
micropores might cause delayed vascularization in HC
scaffolds, subsequently delaying bone remodeling. In detail, the
above findings highlighted the roles of the channels and
micropores, which indicated that the control of both channels
and micropores is necessary to achieve scaffold replacement with
new bones and bone marrow.

Although the present study did not focus on the channel
shape, several researchers reported their effects on bone
formation. Particularly, there have been several reports that a
rectangular pore shape provides an intermediate effect on bone
formation among various shapes, suggesting its unsuitability
(VanBael et al., 2012; Entezari et al., 2019). VanBael et al.
(2012) investigated the effect of three types of Ti6Al4V
scaffolds with different pore shapes (triangular, rectangular,
and hexagonal) on the proliferation and differentiation of
human periosteum-derived cell cultures (hPDCs). They
demonstrated the highest alkaline phosphatase (ALP) activity
in the Ti6Al4V scaffolds with triangle pores, whereas those with
rectangular and hexagonal pores were comparable. In addition,
the amount of pore occlusion with hPDCs in the hexagonal pores
was larger than that in other pore shapes, thereby decreasing the
open space for cell distribution in hexagonal pores. Furthermore,

FIGURE 9 | Histological analysis results. (A) BA/TA (%), (B) BA/CA (%),
(C) BVA/TA (%), and (D) number of osteoclasts (cells/mm2); *p < 0.05 and
**p < 0.01.
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Entezari et al. (2019) reported that
strontium–Hardystonite–Gahnite scaffolds with quatrefoil-
shaped channels provided a larger bone volume in the bone
defect of rabbit calvaria and higher effective stiffness after
implantation in the defect than those with rectangular
channels. The abovementioned findings suggest that the bone
formation ability of rectangular channels is presumed to be equal
or superior to those of hexagonal channels, and inferior to those
of triangle and quatrefoil-shaped channels.

The present study revealed that the mechanical strength of HC
scaffolds depended on the micropore volume rather than the
channel volume. Owing to the presence of micropores in the
struts of HC scaffolds, the increase in the micropore volume
decreased the strut robustness (Cordell et al., 2009; Ali et al.,
2017). Furthermore, in HC scaffolds, the channels and struts were
arranged parallel to one another; thereby, the struts were not
separated by the channels and completely continuous. Owing to
these reasons, even though the pore volume (~0.3 cm3/g) and
porosity (~56%) in c-HC and m-HC were approximately equal,
c-HC possessed higher mechanical strength than m-HC.
Nevertheless, if the channels and struts were not arranged in
parallel, the influence of the channels on the compressive strength
was considerably high. In fact, even though the scaffold channels
are unidirectional, the scaffold had a low compressive strength
when the channels and struts were not parallel. For example, the
compressive strengths of the unidirectional porous HAp and β-
TCP scaffolds were 14 and 8 MPa, respectively, because the struts
were discontinuous and separated (Makihara et al., 2018;
Kumagai et al., 2019). Thus, owing to the HC structure, the
HC scaffolds in this study minimally suppressed the strength
reduction by increasing the channel volume. Consequently, the
influence of the micropore volume was proportionally high.

Several researchers have attempted to reconstruct SBDs using
MSCs or bone morphogenesis proteins (BMPs) in combination
with scaffolds (Rathbone et al., 2014; Akilbekova et al., 2018).
Rathbone et al. (2014) combined 3D porous hydroxyapatite
scaffolds and MSCs for reconstructing 10-mm-long SBDs of
the rabbit radius. Despite being combined with MSCs, the
SBDs were not reconstructed, although the scaffolds with
MSCs corresponded to a higher rate of bone healing
compared to those without MSCs 2 weeks postoperatively.
Akilbekova et al. (2018) used heparin-conjugated fibrin
hydrogel scaffolds with BMPs for the reconstruction of 10-
mm-long SBDs in the rabbit radius. The sole scaffold could
not heal the defect. In contrast, the combined scaffolds and
BMPs could connect the stumps of the host bone 12 weeks
postoperatively. Thus, MSCs and BMPs have minimal and
significant effect on bone regeneration, respectively. Notably,
the use of MSCs and BMPs increases the treatment cost and
involves concerns regarding safety, such as carcinogenesis and
immune responses (Lukomska et al., 2019; Ramly et al., 2019).
Furthermore, in existing studies on combined scaffolds andMSCs
or BMPs, a cell-shielding membrane was not placed between the
radius and the ulna (Rathbone et al., 2014; Akilbekova et al.,
2018). In previous studies that achieved the formation of new
bone connecting the stumps of the host bone in 10-mm-long
SBDs, the efficacy of scaffolds was evaluated without using a cell-

shielding membrane (Zhang et al., 2017; Chu et al., 2018; Tovar
et al., 2018). In these cases, as new bone was formed from the
radius (Bodde et al., 2008), new bone formation merely from the
ulna might not be evaluated precisely. In this study, we placed the
cell-shielding membrane to accurately evaluate the bone
formation from the ulna, which rendered bone reconstruction
more challenging than that without a cell-shielding membrane
(Elbackly et al., 2015; Shibahara et al., 2021). Despite the more
challenging evaluation environment, cm-HC in this study
achieved the reconstruction of SBDs. Thus, the optimization of
the channels and micropores can promote the efficacy of SBD
reconstruction than the combined use of MSCs or BMPs. These
findings can facilitate the development of scaffolds with a high
ability of reconstructing SBDs without sacrificing cost and safety.

As a scaffold with similar HC structure, Osteopore®
(Osteopore International Pte Ltd.), which is composed of
polycaprolactone (PCL) and TCP (PCL:TCP = 80 wt%:20 wt%)
and fabricated by three-dimensional printing, is well known (Rai
et al., 2005, 2007; Bae et al., 2011; Lim et al., 2011; Holzapfel et al.,
2019; Kobbe et al., 2020; Henkel et al., 2021). Researchers have
attempted to reconstruct critical-sized SBDs using Osteopore®
(Rai et al., 2005, 2007; Bae et al., 2011; Lim et al., 2011; Holzapfel
et al., 2019; Kobbe et al., 2020; Henkel et al., 2021). Osteopore®
combined with platelet-rich plasma (PRP) or BMPs or autografts
successfully connected the stumps of the host bone with the new
bone in animal studies and clinical trials (Rai et al., 2007; Bae
et al., 2011; Lim et al., 2011; Holzapfel et al., 2019; Kobbe et al.,
2020; Henkel et al., 2021). However, when Osteopore® alone was
implanted in a critical-sized SBD, the stumps of the host were not
fully connected during 12 weeks postoperatively (Rai et al., 2007;
Bae et al., 2011). The results can be attributed to the absence of
osteoconductivity of PCL, which was the main component of the
composite HC scaffolds, resulting in the inflammatory response
in the body (Xiao et al., 2012; Hasan et al., 2018). CAp has
superior biocompatibility, osteoconductivity, and
bioresorbability among several calcium phosphates (Ishikawa
et al., 2018; Hayashi et al., 2019b, 2020b), and does not elicit
any inflammatory response during resorption. Furthermore,
Osteopore® was also burdened by the limitations of the
mechanical strength. In detail, the compressive strength of
Osteopore® was approximately 6.4 MPa (Rai et al., 2007; Bae
et al., 2011; Lim et al., 2011), whereas that of CAp HC scaffolds in
this study was at least 22 MPa. In general, the compressive
strengths of the scaffolds fabricated by 3D printing are lower
than those by extrusion molding (Hayashi et al., 2021c).
Therefore, in terms of mechanical strength, CAp HC scaffolds
are expected to be more advantageous than Osteopore®.

Although CAp HC scaffolds are promising for critical-size
SBD reconstruction, there are several limitations in this study.
First, this study did not evaluate the biomechanical strengths of
the bones reconstructed by the CAp HC scaffolds. However, all
CAp HC scaffolds used in this study did not crack until 12 weeks
postoperatively, suggesting their sufficient biomechanical
strengths required for SBD treatment. Second, the volume of
bone newly formed in HC scaffolds was still low at 12 weeks
postoperatively. However, the scaffolds occupied more than half
of the defects in any observation period (Figure 6C).
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Consequently, the volume of tissues within the scaffold was less
than half the volume of defects even if the scaffold was fully filled
with regenerated tissues. In addition, the HC scaffolds did not
fully cover the stumps of host bones (Supplementary Figure S5).
In this environment, the average bone volume in the cm-HC was
10.6% at 12 weeks postoperatively. The volume percentage of the
ulnar cortical bone in the diaphysis of the ulna is 35.2 ± 2.7%
(Supplementary Figure S6). Therefore, cm-HC reconstructed
approximately 30% of the ulna at 12 weeks postoperatively. We
would like to clarify that HC scaffolds might be further replaced
by bones in a long observation period in our future research.
Third, the results of this study were obtained from experiments
using small animals, i.e., rabbits, which may not perfectly
correspond to the results obtained by preclinical experiments
using large animals, such as sheep and pigs. As the bones of a large
animal have higher similarity to human bones than those of small
animals (Reichert et al., 2009; McGovern et al., 2018),
experiments using large animals are preferred for preclinical
experiments. Nevertheless, previous studies using Osteopore®
demonstrated that the experimental results of small animal
models can infer findings for large animal models (Rai et al.,
2007; Bae et al., 2011; Lim et al., 2011; Henkel et al., 2021).
Nonetheless, Osteopore® alone could not reconstruct critical-
sized SBDs regardless of the animal size or species, i.e., rat, rabbit,
or pig (Rai et al., 2007; Bae et al., 2011; Lim et al., 2011). To
achieve reconstruction, the combination of Osteopore® and PRP
or BMPs or autografts was necessary (Rai et al., 2007; Bae et al.,
2011; Lim et al., 2011; Henkel et al., 2021). Although the results of
experiments using small animals are not entirely consistent with
those of experiments using large animals, they are useful for
predicting the benefits of the scaffold. In our present study, CAp
HC scaffolds with suitable volumes of the channels and
micropores achieved the formation of new bone connecting
the stumps of the host bone in critical-sized SBDs in the
rabbit ulna. This result suggests the applicability of the CAp
HC scaffolds for the reconstruction of critical-sized SBDs in large
animals. To verify this inference, the efficacy of CAp HC scaffolds
for the reconstruction of critical-sized SBDs in large animals will
be evaluated in future research.

CONCLUSION

In this study, three types of HC scaffolds were fabricated using
extrusion molding. HC scaffolds with a larger volume of the
channels than that of the micropores promoted bone ingrowth in
the early stage (4 weeks postoperatively). Meanwhile, HC
scaffolds with a larger volume of the micropores than that of
the channels promoted scaffold resorption by osteoclasts, bone

formation, and replacement of scaffolds with new bone in the
medium term (12 weeks postoperatively). Thus, channels and
micropores exerted different effects at different time points in
SBD reconstruction. In addition, HC scaffolds with large volumes
of both channels and micropores achieved replacement with new
bone. The presented findings can help clarify the effect of
channels and micropores, and their combination on SBD
reconstruction, thereby facilitating the development of
scaffolds with superior abilities.
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Enhancing Myoblast Fusion and
Myotube Diameter in Human 3D
Skeletal Muscle Constructs by
Electromagnetic Stimulation
Lisanne Terrie1†, Margherita Burattini 1,2†, Sandra Van Vlierberghe3, Lorenzo Fassina4 and
Lieven Thorrez1*

1Tissue Engineering Lab, Dep. Development and Regeneration, KU Leuven Kulak, Kortrijk, Belgium, 2Dept. of Surgical Sciences,
Dentistry and Maternity, University of Verona, Verona, Italy, 3Polymer Chemistry & Biomaterials Group, Centre of Macromolecular
Chemistry, Dep. of Organic andMacromolecular Chemistry, Ghent University, Ghent, Belgium, 4Dept. of Electrical, Computer and
Biomedical Engineering, University of Pavia, Pavia, Italy

Skeletal muscle tissue engineering (SMTE) aims at the in vitro generation of 3D skeletal
muscle engineered constructs which mimic the native muscle structure and function.
Although native skeletal muscle is a highly dynamic tissue, most research approaches still
focus on static cell culture methods, while research on stimulation protocols indicates a
positive effect, especially onmyogenesis. Amoremature muscle construct may be needed
especially for the potential applications for regenerative medicine purposes, disease or
drug disposition models. Most efforts towards dynamic cell or tissue culture methods have
been geared towards mechanical or electrical stimulation or a combination of those. In the
context of dynamic methods, pulsed electromagnetic field (PEMF) stimulation has been
extensively used in bone tissue engineering, but the impact of PEMF on skeletal muscle
development is poorly explored. Here, we evaluated the effects of PEMF stimulation on
human skeletal muscle cells both in 2D and 3D experiments. First, PEMF was applied on
2D cultures of human myoblasts during differentiation. In 2D, enhanced myogenesis was
observed, as evidenced by an increased myotube diameter and fusion index. Second, 2D
results were translated towards 3D bioartificial muscles (BAMs). BAMs were subjected to
PEMF for varying exposure times, where a 2-h daily stimulation was found to be effective in
enhancing 3D myotube formation. Third, applying this protocol for the entire 16-days
culture period was compared to a stimulation starting at day 8, once the myotubes were
formed. The latter was found to result in significantly higher myotube diameter, fusion
index, and increased myosin heavy chain 1 expression. This work shows the potential of
electromagnetic stimulation for enhancing myotube formation both in 2D and 3D,
warranting its further consideration in dynamic culturing techniques.

Keywords: tissue engineering, skeletal muscle, pulsed electromagnetic field, biophysical stimuli, bioartificial
muscle, myotube, human myoblast
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INTRODUCTION

Skeletal muscle has a complex yet extremely functional
organization. Its contractile function is exerted by aligned
myofibers, formed by the fusion of single-nucleated myoblasts,
resulting in multinucleated myotubes. Quiescent multipotent
stem cells, satellite cells (SCs), located between the basement
membrane of the muscle fibers and the sarcolemma (Powell et al.,
2002) guarantee the muscle regeneration, when small injuries
occur. Consequently, a long-term goal of skeletal muscle tissue
engineering (SMTE) is to replicate the structure and function of
native skeletal muscle in vitro and, to obtain functional
constructs. Such an in vitro model can enhance research
focused on skeletal muscle development and regeneration both
in the healthy or diseased states (Vigodarzere and Mantero, 2014;
Maffioletti et al., 2018; Khodabukus, 2021). Many approaches for
SMTE still focus on static cell culture methods. However, skeletal
muscle tissue is highly dynamic, changing its size and power
output in response to activity. For this reason, physiological
activity is seen as an imperative step to replicate native skeletal
muscle structure and function.

This physiological activity can be mimicked in vitro through
mechanical stimulation or electrical stimulation or the combination
of the two (Somers et al., 2017; Maleiner et al., 2018). Several studies
have shown how mimicking this physiological activity can advance
engineered skeletal muscle. For instance, mechanical loading of 3D
cultured C2C12 cells was found to induce significant hypertrophy of
the myotubes and augmented maximal force production (Aguilar-
Agon et al., 2019). Similarly, repetitive stretch/relaxation cycles were
found to increase mean myofiber diameter and myofiber area
fraction (%) when applied to 3D cultured human myoblasts
(Powell et al., 2002). However, mechanical stimulation does not
necessarily stimulate myotube development. For example, stretch
was found to negatively influence thematuration of both C2C12 and
murine muscle progenitor cells in a 2D and 3D environment
(Boonen et al., 2010).

While mechanical stimulation can thus lead to different
outcomes, the usage of electrical stimulation in SMTE has led
to more consistent improvements in myotube development.
Electrical stimulation aims to recapitulate the function of
muscle stimulation by fast and slow motor neurons and was
found to induce a fast-to-slow shift in engineered muscle when
using a stimulation frequency of 10 Hz and an active time of 60%
(Khodabukus et al., 2015). An intermittent electrical stimulation
at 10 Hz for one week was also found to induce myotube
hypertrophy and decrease fatigue resistance and increase force
generation (Khodabukus et al., 2019). However, many
parameters, such as the period of stimulation and starting
point, are not commonly defined and vary among groups.
Additionally, results derived from cell lines such as C2C12 are
not necessarily translated to primary muscle progenitor cells
(Langelaan et al., 2010). In the aforementioned work, 3D
constructs engineered with primary progenitor cells were more
susceptible to electrical stimuli and showed an overall higher level
of maturation than C2C12 constructs.

While mechanical and electrical stimuli have been explored for
advancing tissue-engineered skeletal muscle constructs, the use of

pulsed electromagnetic field (PEMF) stimulation for SMTE
appears to be still unexplored. Nevertheless, the potential of
PEMF for tissue engineering has been shown in other fields,
especially for osteogenesis and chondrogenesis (Varani et al.,
2021). Indeed, PEMF has been demonstrated to promote
osteogenesis in nonunion fractures, partly by regulating
mesenchymal stem cell (MSC) or osteoblast activity.

Similarly, PEMF stimulation of periodontal ligament stem cells
increased the osteogenic potential of the cells (Wang et al., 2017).
Moreover, prolonged exposure to PEMF of MSCs isolated from the
human umbilical cord was found to enhance the tenogenic potential
(Marmotti et al., 2019). In addition, PEMF-based devices are
currently sold in the context of muscle pain relief. Still, only a
few papers have described the influence of PEMF stimulation on
skeletal muscle of patients (Kim et al., 2012; Jeon et al., 2015). Given
the scarce evidence of these devices in vivo and the lack of studies
using these for SMTE, the rationale of this study is to evaluate the
value of PEMF stimulation for SMTE by applying PEMF stimulation
on both 2D cultured myoblasts and subsequently 3D tissue-
engineered skeletal muscle constructs.

MATERIALS AND METHODS

Cell Culture
Human skeletal muscle cells were isolated from a fresh humanmuscle
tissue biopsy, obtained from the Human Body Donation programme
of KU Leuven as described previously (Gholobova et al., 2019). The
donor provided written consent and ethical committee approval was
obtained (NH019-2020-04-02). After isolation, the myoblasts were
expanded in gelatin-coated culture flasks with growth medium
consisting of DMEM Glutamax (DMEM, Gibco, #41966029), 1%
Ultroser solution (Pall Corporation, #15950-017), 10% fetal bovine
serum (FBS, Biowest, #S1400-500) and 50 μg/ml gentamicin (Life
Technologies, #15750060). Differentiation medium was composed of
DMEMGlutamax, 10 ng/ml hEGF (Peprotech, #AF10015), 10 μg/ml
insulin (Sigma, #I9278), 50 μg/ml bovine serumalbumin (BSA, Sigma,
#A2153) and 50 μg/ml gentamicin (Sigma, #15750037) and was used
to promote formation of multinucleated myotubes once the cultures
reached 80% confluency. 2D cell culture experiments were performed
in gelatin-coated 24-well plates using 50,000 cells per well. Cells were
subsequently cultured for 2 days in growth medium. Next, the
medium was switched to fusion medium to induce myotube
formation for 5 days.

Human Biopsy Characterization:
Immunocytochemistry
To determine the percentage of myoblasts, isolatedmuscle cells were
cultured in growth medium in 24-well dishes (5000 cells/well) for
2–3 days until 60–70% confluency. Fixation was performed in a 1:1
methanol–acetone mix at −20°C for 10 min. Next, fixed cells were
blocked and permeabilized in blocking buffer containing 1x
phosphate buffer saline (PBS), 1% BSA and 0.2% Triton X-100
(Sigma, #X100). Subsequently, cells were incubated overnight at 4°C
with a monoclonal mouse antibody against desmin (Sigma, #D1033,
1:200 in blocking buffer). Cells were labelled with a polyclonal rabbit
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anti-mouse secondary antibody (Alexa Fluor 488, Invitrogen,
#A11059) for 30min in the dark and subsequently incubated
with 4′,6-diamidino-2-phenylindole (DAPI, 0.1 μg/ml in PBS, Life
Technologies) for 1 h. To determine the fusion index, cells were
cultured to 80% confluency in growth medium in 12-well dishes
(50,000 cells/well), and then switched to differentiation medium for
4 days to induce fusion into myotubes. Next, myotubes were fixed
using 4% formaldehyde, freshly prepared from paraformaldehyde
(PFA, Merck, #1040031000) solution weight/volume (w/v), at room
temperature (RT) for 10min followed bymethanol fixation at −20°C
for 10min. Next, fixedmyotubes were blocked and permeabilized in
blocking buffer containing 1x phosphate buffer saline (PBS), 1%BSA
and 0.2% Triton X-100 (Sigma, #X100). Subsequently, cells were
incubated overnight at 4°C with a monoclonal mouse antibody
against tropomyosin (Sigma, T9283, 1:100 in blocking buffer).
Myotubes were labelled with a polyclonal rabbit anti-mouse
secondary antibody (Alexa Fluor 488, Invitrogen, #A11059) for
30 min in the dark and subsequently incubated with 4′,6-
diamidino-2-phenylindole (DAPI, 0.1 μg/ml in PBS, Life
Technologies) for 1 h. Images were acquired with Zeiss Zen
software by an AxioCam ICc 1 camera mounted on a Zeiss
Axiovert 10 microscope. The percentage of myoblasts in a muscle
cell populationwas defined as the ratio of desmin-positive cells to the
total amount of cells (identified by the DAPI-stained nuclei). Fusion
index was defined as the ratio of tropomyosin-positive cells to the
total amount of myoblasts in the population.

3D Bio Artificial Muscles
Tissue engineering of the bioartificial muscles (BAMs) was described
in detail in previous work (Gholobova et al., 2015; Gholobova et al.,
2018; Thorrez et al., 2018; Gholobova et al., 2019; Gholobova et al.,
2020). Briefly,myogenic cells were isolated, cultured, and harvested as
described. After cell expansion, for each BAM, 2 million cells were
mixed with 500 µl of human thrombin (4 U/mL, Stago, #HT1002a).
To create the 3D constructs, the cell-thrombin mixture was added to
500 µl of fibrinogen (2mg/ml, Merck Chemicals, #341576) into 25-
mm siliconemolds containing twometal pins spaced 20mm, serving
as attachment points. Following a 2-h incubation at 37°C during
which the fibrin solidified, BAMs were cultured for the first 2 days in
growth medium supplemented with the fibrinolysis inhibitors
aprotinin (92.5 μg/ml, Carl Roth, #A1624) and tranexamic acid
(400 μM, Sigma, #857653). The medium was switched to
differentiation medium with fibrinolysis inhibitors (92.5 μg/ml
aprotinin and 400 µM tranexamic acid) from day 3 until day 8 to
induce myoblast fusion. After day 8, BAMs were cultured further in
growthmedium containing fibrinolysis inhibitors until the end of the
experiment. The cell culture medium was refreshed every two days.

Immunohistology of BAMS
For longitudinal analysis of myotube organization, BAMs were
washed with PBS and then fixed using 4% PFA solution (w/v) in
PBS for 1 h. BAMs were pinned on Styrofoam to preserve their
original shape while fixing. Before staining, constructs were
additionally fixed in −20°C methanol for 10 min. Fixed
constructs were blocked and permeabilized in blocking buffer
containing 1x phosphate buffer saline (PBS), 1% BSA and 0.2%
Triton X-100 (Sigma, #X100). Subsequently, BAMs were

incubated overnight at 4°C with a monoclonal mouse antibody
against tropomyosin (Sigma, #T9283, 1:100 in blocking buffer).
After extensive washing with PBS, BAMs were incubated with
polyclonal rabbit anti-mouse antibody (Alexa Fluor 488,
Invitrogen, #A11059, 1:200 or Alexa Fluor 633, Invitrogen,
#21,063, 1:200) for 3 h in the dark followed by incubation
with DAPI (Life Technologies, 0.1 μg/ml in PBS) for 1 h.
BAMs were stored in PBS in the dark until visualized. Images
of tropomyosin in 3D BAMs were acquired with Zeiss Zen
software by confocal microscopy (Zeiss LSM710) with
PlanApochromat 25x/0.8, WD 0.57 mm objective.

For cross-sectional analysis of myotube organization, BAMs
were washed with PBS and submerged in optimal cutting
temperature compound (OCT) (VWR, #25608-930) and
frozen in liquid N2-cooled isopentane. Frozen cross-sections
(5 µm) were made using a cryostat (Leica CM 1950) and
collected on Superfrost Ultra Plus slides (VWR, #631-9483).
Sections were placed at room temperature for 5 min followed
by washing in PBS to remove OCT. Next, sections were fixed with
4% PFA for 10 min at room temperature. After washing with PBS,
sections were permeabilized for 25 min using 1x PBS, 1% BSA
and 0.2% Triton X-100. Subsequently, samples were incubated
overnight in a moist chamber with rabbit polyclonal anti-laminin
(Sigma, #L9393, 1:400 in blocking buffer). Following washing
with PBS, sections were incubated for 45 min with a donkey anti-
rabbit IgG secondary antibody (Alexa Fluor 488; #A21206; 1:1000
in PBS) in the dark. Lastly, after washing with PBS, slides were
mounted with prolong gold antifade mounting medium with
DAPI (Thermo Fisher; #P36935). Slides were imaged with an
AxioCam ICc 1 camera mounted on a Zeiss Axiovert 10
microscope and images were acquired and stored with Zeiss

FIGURE 1 | Electromagnetic bioreactor setup with culture plate. The
culture plate is located between the Helmholtz coils, which are creating
induced currents in the wells.
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Zen software. Images were further processed using Fiji ImageJ
(version 1.53f51) to determine the cross-sectional diameter of the
myotubes. For each biological replicate (n = 3), 6 sections were
quantified of which 5 pictures were taken for each section.

Electromagnetic Bioreactor
The electromagnetic bioreactor and its settings were extensively
described in previous work (Fassina et al., 2006; Osera et al., 2011;
Ceccarelli et al., 2013;Mognaschi et al., 2014). Briefly, it includes a
carrying windowed tube of polymethylmethacrylate, in which a
culture well plate can be positioned, as represented in Figure 1.
Two solenoids (i.e., Helmholtz coils) complete the stimulator,
producing a perpendicular magnetic field with respect to the
plane of the well plate and inducing a parallel electric field in the
wells. In particular, the stimulated cells are 5 cm away from each
solenoid plane, and the coils are powered by a Biostim SPT pulse
generator (IGEA Medical, Carpi, Italy). Given the position of the
solenoids and the characteristics of the pulse generator, the
electromagnetic stimulation has the following parameters:
intensity of the magnetic field equal to 2 ± 0.2 mT, amplitude
of the induced electric tension equal to 5 ± 1 mV, signal frequency
of 75 ± 2 Hz, and pulse duration of 1.3 ms. The electromagnetic
bioreactor was placed into a standard cell culture incubator at
37°C and exposed to 5% CO2.

A more detailed description and analysis of the field distribution
and induced current magnitude is provided in Mognaschi et al.
(2014). Briefly, the time-varying magnetic induction (with a
frequency of 75 Hz) generated a concentric distribution of
induced electric currents with a corresponding induced
distribution of radial mechanical forces. In other words,
stimulated cells are subjected to mechanical vibration at the same
frequency as the PEMF.Moreover, the vibration force applied reaches
the pN magnitude, which is comparable to the force applied for
studying cellular mechanics as reported in Diz-Muñoz et al. (Diz-
Muñoz et al., 2010).

Gene Expression Analysis
To assess differences in the developmental stage of the
myotubes, RT-qPCR was performed on the different
myosin heavy chain isoforms (MYH1, MYH3, MYH8). We
used RPL13A, GAPDH and HSP90AB1 as reference genes.

Primers were designed using NCBI/Prime-Blast and verified
for an efficiency >90% by a serial dilution analysis. Sequences
of the primers are reported in Table 1. As described previously
(Gholobova et al., 2020), BAMs were washed in PBS,
transferred in freshly prepared lysis buffer (from
PureLink™ RNA Mini Kit, Ambon #12183020) containing
1% β-mercaptoethanol (Gibco, #31350010) and homogenized
on ice using a tip sonicator until the solution appears
homogenous (3 × 15 s) (MSE Soniprep Tip Sonicator).
After centrifugation (5 min, 3000 g), total RNA was
extracted from the supernatant with an RNA extraction kit
(PureLink™ RNA Mini Kit). RNA quality was evaluated by
the A260/A280 ratio as measured with a Nanodrop
spectrophotometer (NP80, Westburg). Two µg total RNA
was reverse transcribed with the cDNA SuperMix
(Quantabio, #95 048-100) in a total reaction volume of
20 µl using the PCR System 9700 (Applied Biosystems)
according to the manufacturer’s instructions. For RT-
qPCR, the Perfecta Sybr Green SuperMix (Quantabio, #95
054-500) was used. Reaction mixes were prepared in 10 µl
volumes, containing 0.2 µl of the cDNA, according to the
manufacturer’s instructions. RTqPCR was performed on a
LightCycler® 480 (Roche) with a hold stage of 2 min at 50°C
followed by 2 min at 95°C. Next, 40 cycles of 15 s denaturation
at 95°C and 45 s of primer annealing and extension at 60°C
were used. All conditions were assessed in experimental
replicates (n = 3–6) and each replicate was tested with
technical triplicates by RT-qPCR. Threshold cycles were
determined and used to calculate the expression fold
changes within experimental conditions using the Pfaffl
method.

Statistics
Statistical analysis was performed using GraphPad Prism
software (version 8.0.2). Normality tests (Shapiro-Wilk) were
performed on data before performing ANOVA tests. Unless
described otherwise, non-parametric Kruskal–Wallis tests with
Dunn’s post-tests were used when comparing the three culture
conditions. For multiple comparisons, the mean rank of the
stimulated conditions was compared only with the static
culture. Biological triplicates were used, and at least 3

TABLE 1 | List of the primers used for RT-qPCR analysis.

Gene Orientatio n Primer Sequence (59-39) Amplicon Size (bp)

MYH1 Forward GGG AGA CCT AAA ATT GGC TCA A 106
Reverse TTG CAG ACC GCT CAT TTC AAA

MYH3 Forward CTT GTG GGC GGA GGT CTG G 119
Reverse AGC TAT GCC GAA CAC TTC CAT

MYH8 Forward ACA TTA CTG GCT GGC TGG AC 143
Reverse ACC TTT CTT CGC GCT GCT AT

References genes
GAPDH Forward TCA AGA AGG TGG TGA AGC AGG 168

Reverse ACC AGG AAA TGA GCT TGA CAA A
HSP90AB1 Forward AGA AAT TGC CCA ACT CAT GTC C 75

Reverse ATC AAC TCC CGA AGG AAA ATC TC
RPL13A Forward CCT GGA GGA GAA GAG GAA AGA GA 126

Reverse TTG AGG ACC TCT GTG TAT TTG TCA A
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measurements were taken for each parameter reported. In the
text, all data are reported as mean ± standard deviation and
significance levels are indicated with *p < 0.05, **p < 0.01, and
***p < 0.001. Boxplot graphs show the data as the median with 5
and 95% percentiles.

RESULTS

Determining the Effect of PEMF Stimulation
on 2D Cultured Human Myoblasts During
Myotube Formation
First, to determine whether the pulsed electromagnetic field
stimulation can induce an enhanced formation of
multinucleated myotubes, the primary human myoblasts
seeded onto 24-well plates were stimulated for either 2 h or
22 h per day using the bioreactor setup as shown in Figure 1.
These two different exposure times were applied starting at 24 h
post cell seeding to allow for cell adhesion. Stimulation was
maintained for 4 days of which 1 day in growth medium and
3 days in differentiation medium. After this period, myotube
formation was assessed by quantification of the percentage of
the surface occupied by tropomyosin positive myotubes.
Representative images are shown in Figure 2A. Cultures
stimulated for 22 h per day showed an overall significant

increase in myotube formation (46 ± 10%) compared to
statically cultured cells (24 ± 8%) as shown in Figure 2B. In
addition, myotubes stimulated for 22 h were found to have a
significant increase in diameter (51 ± 12 µm) compared to
statically cultured myotubes (30 ± 7 µm). The fusion index
was determined to estimate the fusion capacity of the cultured
myoblasts within the different stimulation conditions. The fusion
index was found to be slightly increased in the 22 h per day
stimulation condition (77 ± 7%) compared to statically cultured
myotubes (69 ± 9%) (Figures 2A,B).

Optimal Duration of PEMF Stimulation
During Myotube Formation in BioArtificial
Muscles
Since cellular behaviour is known to be different in a 3D environment
versus monolayers on a plastic dish, we evaluated the impact of the
previously applied PEMF stimulus durations on human muscle cell
differentiation in a 3D culture format. Thus, human myoblasts were
embeddedwithin a fibrin hydrogel and cast in a custom siliconemold
containing two attachment sites. The cells self-organize in the
longitudinal direction due to cell-induced contraction of the
hydrogel, resulting in a compact cylindrical-shaped 3D tissue by
the end of the differentiation phase on day 8. Stimulation was carried
out daily up to 16 days of the culture period, starting 24 h after
casting. The samples were cultured for 3 days in the growthmedium,

FIGURE 2 | (A) Tropomyosin staining of 2D samples after no, 2 h per day or 22 h per day PEMF stimulation for 4 days. Blue: nuclei stained with DAPI; green:
myotubes stained for tropomyosin. Scale bars: 50 µm. (B)Quantification from the tropomyosin staining images via Fiji software, diameter (left), fusion index (middle) and
area fraction (% of surface covered by cells) (right) (*p < 0.05, **p < 0.01, ***p < 0.001) (n = 3 experimental replicates, for each 5 random images were analysed).
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5 days in fusion medium and finally again 8 days in growth medium.
Two hours of stimulation per daywas effective in enhancingmyotube
cross-sectional diameter (18 ± 4 μm, n = 6), compared to the static
culture (15 ± 4 μm, n = 6) (Figures 3A,B). On the other hand,
differently in the 2D condition, the 22 h of stimulation/day resulted in
a slight, but a nonsignificant reduction of myotube diameter (12 ±
3 μm, n = 6 vs. 15 ± 4 μm, n = 6) (Figures 3A,B).

Determination of Optimal Time Window for
PEMF Stimulation During 3D Myotube
Formation
In previous experiments, stimulation was started early during
the formation of myotubes, overlapping with the time window
when cells still actively fuse. We next investigated whether this
was a good starting point for applying the PEMF stimulation
protocol on BAM constructs, or whether it would be
preferential to allow cell fusion before the PEMF
stimulation. Therefore, we compared static controls with
two other groups where the stimulation was applied from
day 1 until day 16 or from day 8 until day 16 (coinciding
with switching back to a high serum growth medium). Overall,
myotube formation was found to be improved with a

significantly higher number of myoblasts fusing into
myotubes for both stimulation conditions compared to the
control or static culture (Figures 4A,B). More specifically,
statically cultured 3D constructs had a fusion index of 28 ± 4%,
while 3D constructs stimulated from day 1 until day 16 had a
fusion index of 51 ± 11% and stimulating from day 8 until day
16 further improved the fusion index to 66 ± 18%. Myotube
diameter increased as well when stimulation was applied
between day 8 and 16 of culture (25 ± 15 μm, n = 3) and
was found to be significantly higher compared to static culture
(18 ± 9 μm, n = 2) but not significantly different from
stimulation applied from day 1 onwards (23 ± 14 μm, n =
3). When checking the area fraction per image taken up by
myotubes, an increasing trend for the stimulated conditions,
but with no significant difference, was found. RT-qPCR was
performed to assess possible differences in myosin heavy chain
isoform expression. We quantified MYH1 (adult fast IId),
MYH3 (embryonic) and MYH8 (perinatal), determining
which differentiation stage is enhanced. As shown in
Figure 5, samples stimulated during the differentiation
phase (stimulation applied from day 8 until day 16) show
an increased MYH1 expression (relative to the average of the
reference genes) (1.8 ± 0.5, n = 6) when compared to the

FIGURE 3 | (A) Laminin staining of the 3D samples. Blue: nuclei stained with DAPI; green: myotubes stained for laminin. Scale bars: 50 µm. (B) Myotube width
quantifications from the laminin staining images via Fiji software. (n = 6 BAMs, for each 3 images quantified, ***p < 0.001). The boxplot represents the median, 5 and 95%
percentiles.
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control condition (1.0 ± 0.3, n = 3). A similar, yet lower,
tendency is observed when continuous stimulation is applied
throughout the whole culture period (stimulation applied from
day 0 until day 16) (1.6 ± 0.3, n = 6). Both PEMF stimulation
conditions did not result in a significant difference in the
expression of MYH3 nor MYH8.

DISCUSSION

To enhance myoblast fusion and increase myotube diameter within
engineered skeletal muscle, several types of biophysical stimuli have
been studied. Mostly, mechanical stimulation (Powell et al., 2002;
Boonen et al., 2010; Aguilar-Agon et al., 2019) and electrical

FIGURE 4 | (A) Confocal microscopy images of BAMs not stimulated (static culture), PEMF stimulated for 2 h/day during the entire myotube formation (days 1–16)
or only after 5 days of unstimulated myoblast fusion (PEMF stimulation days 8–16). Blue: nuclei stained with DAPI; red: myotubes stained for tropomyosin. Scale bar:
50 µm. (B) Quantifications from the tropomyosin staining images via Fiji software. (n = 2 control, n = 3 stimulated conditions).

FIGURE5 |RT-qPCR analysis of the constructs (n = 3 control, n = 6 stimulated conditions). PEMF groups were compared to static culture by one-way ANOVA. The
difference in expression of MYH1 indicates a tendency for mature construct formation.
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stimulation (Langelaan et al., 2010; Khodabukus et al., 2015;
Khodabukus et al., 2019), and the synergistic effects have been
explored (Somers et al., 2017; Maleiner et al., 2018). Tissue-
engineered skeletal muscle constructs are expected to highly
benefit from biophysical stimulation due to their intrinsic
adaptive nature to exercise. While PEMF devices are being sold
for muscle pain relief, only a few papers have described the influence
on skeletal muscle of patients (Kim et al., 2012; Jeon et al., 2015).
Interestingly, 30 Hz mechanical vibrations have been suggested to
induce muscle hypertrophy in newborn mice in vivo and enhance
terminal differentiation of satellite cells in vitro. Furthermore, high-
frequency stimuli (30-90 Hz) have been suggested for
musculoskeletal regenerative rehabilitation therapy (Thompson
et al., 2016; Jones et al., 2020) which may act through activation
of amechano-sensitive signalling pathway (Uzer et al., 2015). Finally,
a systematic review including trials that evaluated the effect of
localised vibration on muscle strength in healthy individuals
concluded that vibrations (8-300 Hz) can enhance the strength in
healthy adults (Alghadir et al., 2018). To our knowledge, however, no
studies have described the influence of PEMF on tissue-engineered
skeletal muscle development. In this work, we applied the human
BAM model to study the effects of PEMF on myoblast fusion,
myotube size and myosin heavy chain isoform expression.

The biophysical PEMF stimulation protocol was optimized to
enhance the development of human tissue-engineered skeletal
muscle. In the first explorative phase, the stimulation was applied
on 2D cultured human myoblasts, seeded on gelatin-coated culture
plates, to explore the effect of the electromagnetic stimulus. Two
different exposure times were selected in this explorative phase: 2 and
22 h, based on what was previously observed on myocytes and
osteoblasts (Fassina et al., 2006; Fassina et al., 2009; Ceccarelli
et al., 2013). In fact, for the osteoblasts, 24 h of exposure to PEMF
increased the extracellular matrix deposition (Fassina et al., 2006;
Patterson et al., 2006; Fassina et al., 2009), while 1-h exposure
enhanced the proliferation of myofibroblasts in a diabetic
cutaneous wound healing model (Cheing et al., 2014) and 3 h
enhanced differentiation of C2C12 cells (Liu et al., 2017). For our
bioreactor setup, we chose two exposure durations, 2 versus 22 h of
PEMF stimulation per day. The cells stimulated for 22 h showed a
significant enhancement of myotube diameter, and an increased
overall area occupied with tropomyosin positive cells in 2D.
Nonetheless, the 2 h PEMF-exposed cells showed an increasing
trend of these parameters in comparison to the static culture,
albeit non-significant. For both stimulation durations, no
difference was found in the myoblast fusion index, however, this
may be because the human myoblasts we used already had a high
fusion index (>70%) in the unstimulated control, leaving little room
for further improvement. To further evaluate the effect of PEMF, we
switched to a human 3D bio artificial muscle model which more
closely mimics native skeletal muscle. The same PEMF daily
stimulation durations ranging from 2 to 22 h were applied and
evaluated. Two hours of stimulation was found to enhance the
myotube formation within 3D cultured BAMs, demonstrated by a
significant increase in myotube diameter. In contrast to the 2D
results, a longer stimulation of 22 h per day resulted in a myotube
diameter similar to unstimulated control. The different behaviour of
cells in 3D is the reason that there is an increasing shift towards using

3Dmodels. Cells experience a different mechanical environment and
form other cell-cell and cell-matrix contacts. Therefore, cells have a
different arrangement of cytoskeletal organisation which in turn
influences signalling; this concept is called tensegrity and it was
already described nearly three decades ago (Ingber, 1993; Mammoto
and Ingber, 2010). Since the BAMs are based on an initial fibrin
hydrogel that surrounds the myoblasts, the tension to which the cells
are exposed is very different from adherence to tissue culture plastic.
In addition, the value of resting is generally accepted in muscle
physiology but not yet studied in the SMTE field. Similar to what is
known in sports physiology, resting time is important to allow proper
muscle development. Still, the value of resting is not agreed upon in
the field and various durations are described. Our 3Dmodel was able
to capture a deleterious effects of 22 h stimulation. Themodel may in
the future aid in further dissecting the mechanisms behind positive
versus negative effects of stimulation duration.

Using the 2 h of stimulation as the best exposure duration, we
questioned whether the outcome could vary with starting the
stimulation at different time points during the BAM development
process. In literature, different protocols are reported with different
starting points in the culture period, but the general tendency is that
once the stimulation begins, it is generally applied every day until the
end of the experiment (Patterson et al., 2006; Ceccarelli et al., 2013;
Cheing et al., 2014; Liu et al., 2017). Since no general guidelines are
reported, we compared two different starting points, being
stimulation early on before myoblast fusion to myotubes occurred
versus starting stimulation only after myotube formation. Myotube
formation is typically induced in serum starvation medium for 4-
5 days. In our protocol, this fusion induction was from days 3–8.
Stimulation from days 8–16 as well as stimulation from days 1–16
resulted in an overall improved myotube formation as compared to
the static control. Applying the stimulation after the formation of the
myotubes resulted in the largest improvement with myotubes having
an increased diameter and a higher area of cells versus the
extracellular matrix. Interestingly, the fusion index was further
augmented, also in the group where PEMF stimulation only
started after fusion for 5 days. This indicates that PEMF is
efficient in further stimulating myoblast fusion even when the
medium is already returned to a serum-rich growth medium.
Further characterization on the molecular level by RT-qPCR
analysis for the different myosin heavy chain isoforms showed
that the chosen condition displayed an increased expression of the
mature form of myosin heavy chain (MYH1), indicative of an
enhanced myotube formation within the construct.

PEMF stimulation has not been applied thus far in the
context of muscle tissue engineering. It was the purpose of this
work to establish if this PEMF stimulation affected the early
stages of differentiation. The presented findings are
encouraging and warrant further follow-up studies in
which many other parameters and ultimately more
functional analysis can be performed. In this work, we
focused on fixed PEMF stimulus to determine solely the
impact of exposure duration and starting point. Still, a
wide range of PEMF stimulation protocols can be set up by
varying other field parameters such as frequency and
magnitude. The current study had a well-delineated scope
and served to open a novel subfield.
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In summary, the present work has studied the use of PEMF
stimulation for human skeletal muscle tissue engineering. We
demonstrated that PEMF stimulation can enhance myoblast
fusion and can increase myotube diameter, with myotubes
expressing more of the adult myosin heavy chain isoform. We
also show that the BAM model can be used to study the effects
of muscle stimulation protocols and that the effects on this 3D
model are different from what is observed in 2D.
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Identification of Small-Molecule
Inhibitors for Osteosarcoma Targeted
Therapy: Synchronizing In Silico, In
Vitro, and In Vivo Analyses
Juan Liu1†, Qi Yao1†, Yu Peng1, Zhihong Dong1, Lu Tang1, Xiaoyu Su1, Lishuang Liu1,
Cheng Chen1, Murugan Ramalingam1,2* and Lijia Cheng1*

1School of Basic Medical Sciences, Affiliated Hospital, School of Mechanical Engineering, Chengdu University, Chengdu, China,
2Institute of Tissue Regeneration Engineering, Department of Nanobiomedical Science, BK21 NBM Global Research Center for
Regenerative Medicine, Dankook University, Cheonan, South Korea

Objective: The study aimed to explore a new approach for the treatment of osteosarcoma
through combining biomaterials with next-generation small molecule–based targeted therapy.

Methods: The model of osteosarcoma was established by 4-hydroxyaminoquinoline 1-
oxide (4-HAQO) in mice while the collagen-thermosensitive hydrogel–calcium phosphate
(CTC) biocomposites were prepared, and the small molecule inhibitors were virtually
screened and synthesized. Then, for the osteosarcoma cell line, MG-63 cells were used to
validate our bioinformatic findings in vitro, and the mouse osteosarcoma models were
treated by combing CTC composites and small-molecule inhibitors after debridement.

Results: Five compounds, namely, ZINC150338698, ZINC14768621, ZINC4217203,
ZINC169291448, and ZINC85537017, were found in the ZINK database. Finally,
ZINC150338698 was selected for chemical synthesis and experimental verification.
The results of the MTT assay and Hoechst staining showed that the small-molecule
inhibitor ZINC150338698 could significantly induce MG-63 cell death. Furthermore, CTC
composites and ZINC150338698 could repair the bone defects well after the debridement
of osteosarcoma. In addition, the biomaterials and small-molecule inhibitors have good
biocompatibility and biosafety.

Conclusion: Our findings not only offer systems biology approach-based drug target
identification but also provide new clues for developing novel treatment methods for future
osteosarcoma research.

Keywords: osteosarcoma, biocomposites, small molecules, virtual screening, targeted therapy

INTRODUCTION

Osteosarcoma is the most common primary bone cancer in children and adolescents and the third
most common in adults (Czarnecka et al., 2020). With the development of surgery and
chemotherapy, the survival rate of osteosarcoma patients without distant metastasis has been
greatly improved. However, although the treatment of osteosarcoma has improved in the past three
decades, the overall survival rate of patients has reached a plateau, and about 30–40% of the patients
experienced progressive metastasis and died within 5 years after diagnosis (Fernandez-Pineda et al.,
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2011; Liao et al., 2019). Therefore, it is necessary to find new
biomarkers and molecular therapeutic targets for osteosarcoma.

Targeted therapy, also referred to as precision medicine, is a
relatively new type of cancer treatment, particularly
osteosarcoma, and currently, there is tremendous progress
toward the development of targeted drugs. The targeted
therapy for osteosarcoma using small-molecule drugs would
conceptually be more specific than the conventional non-
targeted therapy, such as chemotherapy, radiation therapy, and
surgical treatment. The reason is that the small-molecule drugs
are small enough to enter the targeted cancer cells, but not the
normal cells, and can block the pathway that is responsible for the
cancer cells to multiply and spread.

In the past decade, molecular therapeutic targets for bone
cancer were identified as individual gene products, and various
systems biology approaches are being employed that involve
unbiased genome sequencing. DAVID is a Database for
Annotation, Visualization, and Integrated Discovery (Dennis
et al., 2003). GO (Gene Ontology) and KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathway analyses can be
performed in DAVID. The STRING database is the network and
enrichment facilities in STRING that enable the comprehensive
characterization of user gene lists and functional genomics
datasets and allow the creation of protein–protein interaction
(PPI) networks (Szklarczyk et al., 2021). In this study, we selected
two microarray datasets (GSE12865 and GSE36001) from the
GEO (Gene Expression Omnibus) database for analysis and
screened out differentially expressed genes (DEGs) between
osteosarcoma patients and normal people. Through
comprehensive analysis in DAVID and STRING databases, the
key genes of osteosarcoma were obtained. Then, molecular
docking was used to screen out the small-molecule inhibitors
that may inhibit the growth of osteosarcoma.

In the conventional treatment of osteosarcoma, the tumor part
is surgically removed. The large segment of bone defects left
behind by surgical debridement would not heal on their own and
require bone grafts to be filled (Dang et al., 2020; Feder et al.,
2020). There are a variety of biomaterials that have been used for
bone repair and regenerative applications. Calcium phosphate-
based composite is one of the effective biomaterials with wide
application prospects (Schweikle et al., 2019). Our previous
experiments have proved that collagen-thermosensitive
hydrogel–calcium phosphate (CTC) bio-composites have
excellent osteoinductivity, osteoconductivity, and biological
activity, which could be used for load-bearing bone repair.
Furthermore, we also have previously demonstrated that the
osteogenic ability of CTC is stronger than that of traditional
calcium phosphate biomaterials, such as hydroxyapatite/
tricalcium phosphate (HA/TCP) (Cheng et al., 2021). Keeping
these points in view, in this study, we explored a new approach of
targeted therapy by combining surgery, biomaterials with small-
molecule inhibitors by database screening, which could treat the
mouse osteosarcoma constructed with 4-hydroxyaminoquinoline
1-oxide (4-HAQO). This study may open a new avenue and
direct the path for developing novel treatment methods for future
osteosarcoma research.

MATERIALS AND METHODS

Mouse Osteosarcoma Model Construction
Twenty BALB/c mice were purchased from Dossy Biological
Technology Company (Chengdu, China). All animals were
maintained in a temperature and light-controlled environment
ventilated with filtered air. All animals were anesthetized with an
intraperitoneal injection of pentobarbital sodium. The hair on
both legs was removed using an electric shaver, and the skin
underneath was disinfected with 75% ethanol, and then, the skin
and muscle were cut open, and the tibia was exposed; then, an
incision was made to the tibia to expose the marrow cavity; next,
1 mg 4-HAQO was placed into the incision of the bone marrow
with a small scraper in the right leg of the mouse, and the left leg
had the tibia cut off without any drugs in the same mouse. Twelve
weeks later, the osteosarcoma models were identified by
histological staining and used for subsequent treatment. The
study is reported in accordance with Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines
version 2.0 (Percie du Sert et al., 2020). The Animal Care and
Use Committee of Chengdu University approved the study. The
operative procedures and animal care were performed in
compliance with ARRIVE guidelines on the care and use of
laboratory animals, under the supervision of a licensed
veterinarian.

Targets Screening of Key Genes of
Osteosarcoma
Two sets of microarray data from the GEO database set were
selected, including GSE12865 and GSE36001. The selection
criteria were as follows: 1) osteosarcoma; 2) Homo sapiens; 3)
tissue or cells containing both normal and tumor types; and 4)
DNA copy. GSE36001 was based on the GPL6102 platform
(Illumina Human-6 v2.0 Expression Beadchip) and contained
19 osteosarcoma samples and six normal samples (Sadikovic
et al., 2009). GSE12865 was based on the GPL6244 platform
{(HuGene-1_0-st) Affymetrix Human Gene 1.0 ST Array
[transcript (gene) version]} and contained 12 osteosarcoma
samples and two osteoblast samples (Kresse et al., 2012).
GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/) analysis
was used to obtain differentially expressed genes (DEGs).
The |LogFC| > 1 and p < 0.05 were set as DEG cutoff
criteria. Gene ontology (GO) and KEGG pathway
enrichment analyses were performed using the DAVID
(version 6.8) online tool (https://david.ncifcrf.gov/) (Dennis
et al., 2003). GO can be applied to the functions of genes and
proteins in all organisms, and there are mainly three types:
biological processes, molecular functions, and cellular
components. Next, construction and analysis of protein-
prtein interaction (PPI) networks were performed by
STRING. As shown in Figure 1A, the PPI network was
visualized by Cytoscape software, and the core network was
identified by the MCODE module. Through DAVID and
STRING databases, the key genes of osteosarcoma were
screened out.
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Molecular Docking and Screening of
Candidate Compounds
The 3D X-ray crystal structure of CSF1R (PDB ID: 6T2W) was
downloaded from the RCSB protein database (http://www.
rcsb.org/). A total of 6403 candidate compounds were
collected from the subset world of the ZINK database
(https://zinc.docking.org/substances/subsets/world/). Protein
6T2W (receptor) and these compounds (ligands) were used
in molecular docking studies by Discovery Studio (DS) to
evaluate binding affinities between them. In DS, LibDOCK
and CDOCKER programs were adopted for molecular docking
for semi-flexible docking. The binding site of the known ligand
(Ligand1) in the 6T2W structure is selected and defined as an
active pocket, the ligand molecules are prepared, the energy of
compounds is minimized, and the LibDOCK program is used
for preliminary docking, and the LibDOCK score is an index to
evaluate docking results (Figure 1B). The top 100 small
molecules are selected with the highest scores and different
structures; the five compounds with the highest LibDOCK
score are selected for the same molecule with different
conformations (Figure 1C). Next, a second docking was
performed using the CDOCKER program provided in DS,
and CDOCKER INTERACTION ENERGY evaluated the
effectiveness of the docking of different chemicals.
CDOCKER ENERGY is best preserved for different
conformations of the same compound. In this program, the
molecular docking method based on CHARMM was used to
dock the ligand with the protein-binding site. When high-
temperature molecular dynamics (MD) is used, CDOCKER
allows a single protein target to be finely docked to a large

number of ligands, resulting in a random ligand conformation.
Last, the compound ZINC150338698 with the best CDOCKER
INTERACTION ENERGY was selected for chemical synthesis.

Cell Culture
MG-63 cells were purchased from American Type Culture
Collection (ATCC, Manassas, VA, United States). The cells were
cultured in Dulbecco’s modified Eagle medium (DMEM) with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin and
maintained in a 5% CO2/37°C incubator, respectively. Cells were
used with 0.25% trypsin, DMEM, FBS, and antibiotics were
purchased from Gibco (Carlsbad, CA, United States).

(4,5-Dimethyl-
2-Thiazolyl)-2,5-Diphenyltetrazolium
Bromide (MTT) Assay
For the assay, 5×103 MG-63 cells were seeded in a 96-well plate,
respectively. The small molecule inhibitor ZINC150338698 is
dissolved in anhydrous ethanol and then diluted with normal
saline. Eighteen hours post-seeding, cells were treated with
different concentrations of ZINC150338698 as follows:
0.1 μmol/L, 1 μmol/L, and 10 μmol/L ZINC150338698.
Cisplatin was used as a positive control, and untreated cells
were set as blank control. Each group was set with three wells.
Then, 48 h post drug treatments, the viable cells were stained by
adding 20 μl of 5 mg/ml MTT solution per 100 μl of growth
medium. After incubating for 4 h at 37°C, the media were
removed, and 150 μl DMSO was added to dissolve the
formazan. The absorbance of each well was measured by using

FIGURE 1 | (A) Schematic diagram of screening key genes; (B) virtual docking process; (C) top five compounds in virtual screening results.
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a microplate reader, and viable cells are presented as a percentage
of the control.

Hoechst Staining
For staining, 1×105 MG-63 cells were seeded in a 6-well plate.
The cells were treated with different concentrations of small-
molecule ZINC150338698 as follows: 0.1 μmol/L, 1 μmol/L,
and 10 μmol/L ZINC150338698 after 18 h. Cisplatin was used
as positive control, and untreated cells were set as blank
control. Each group was set with three wells. Then, 48 h
later, cells were stained with a Hoechst kit from Beyotime
(Haimen, Jiangsu, China). Cell counting was carried out by
ImageJ software from the National Institutes of Health, which
is available at http://rsbweb.nih.gov. The corresponding cell
death rates were calculated according to Hoechst staining.

Western Blot
The cells were used to extract proteins and then were separated
using a 10% polyacrylamide gel. After transferring the protein
on a nitrocellulose membrane, the membrane was blocked with
a 5% defatted milk solution and probed with the mouse
monoclonal antibody against CSF1R (1:2000, Abcam) and
GAPDH (1:5000, Chemicon) and then probed with a
secondary antibody using ALP-conjugated anti-mouse IgG
(1:5000, Chemicon). Last, blots were developed using an
ECL Plus kit (GE, United States).

Preparation of Collagen-Thermosensitive
Hydrogel–Calcium Phosphate Composites
The bio-composites used in this study were made up of
thermosensitive hydrogel using type I collagen and tricalcium
phosphate powder. The ratio of type I collagen (Sigma-Aldrich,
United States) to hydrogel solution was 15:25 and stirred for
10 min to obtain the mixture of the collagen-thermosensitive
hydrogel. Then, the tricalcium phosphate powder [Ca3(PO4)2,
Sigma-Aldrich, United States] was weighed and mixed with the
collagen-thermosensitive hydrogel solution in a ratio of 40:60 for
10 min. The collagen-thermosensitive hydrogel–calcium
phosphate (CTC) mixture was obtained (Figure 2A). The
surface structures of the composites were measured by
scanning electron microscopy (SEM) (Figure 2B). The
composites were fabricated into a shape corresponding to the
debridement of osteosarcoma and steam-sterilized at 121°C for
15 min before implantation.

Surgery and Targeted Therapy for
Osteosarcoma
Ten mouse osteosarcoma models were selected and randomly
divided into two groups (n = 5): the experimental group and the
control group. Then all animals were anesthetized with an
intraperitoneal injection of pentobarbital sodium. The hair on

FIGURE 2 | (A)Macroscopic structures of collagen-thermosensitive hydrogel-calcium phosphate (CTC) composites; (B)microscopic structures by magnification
300 and 5000 times of CTC composites; (C) osteosarcoma models were successfully constructed by 4-HAQO, bar: 200 μm; (D) control group without tumors, bar:
200 μm.
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the right leg was removed using an electric shaver, and the skin
underneath was disinfected with 75% ethanol and cut open. All
tumor tissues were removed, including osteomas and sarcomas,
and the tibia was amputated. In the experimental group, after
debridement is completed, the tibial-shaped CTC composite was
grafted to the bone defect and simply fixed. The skin was closed
with nylon sutures, and penicillin was injected intramuscularly to
prevent infection finally. Next, 50 mg/kg ZINC150338698 was
injected through the tail vein from the day of the surgery, and
then, the same dose was injected every 3 days, a total of 20
administrations. In the control group, there was no material
filling and small-molecule inhibitor administration after
debridement, the skin was closed, and penicillin was injected
intramuscularly as the experimental group. After 60 days, the
mice were sacrificed. The complete tibia was harvested and fixed
with a 4% formaldehyde solution to be used for follow-up
research.

Detection of the Therapeutic Effect by
Imaging
After fixation in the formaldehyde solution, the samples were
stored in alcohol and sent to scan μ-CT by a high-resolution
Skyscan 1174 (Bruker, Belgium) at 10-μm voxel resolution and
55 kV. For three-dimensional analysis by μ-CT, 400 images of
each sample were three-dimensionally reconstructed with the
best threshold, and the overall and cross-section images were
produced with their own software. In the meantime, the overall
osteogenesis and bone trabecula were automatically analyzed

through the value of total volume (TV), bone volume (BV),
BV/TV, structure model index (SMI), trabecular thickness
(Tb.Th), trabecular number (Tb.N), trabecular separation
(Tb.Sp), and bone mineral density (BMD).

Detection of the Therapeutic Effect by
Histology
After scanning μ-CT, all samples were decalcified in 10% ethylene
diamine tetraacetic acid (EDTA, pH 7.0) for about 20 days at
room temperature, dehydrated, and embedded in paraffin. The
embedded samples were cut into 5-μm thick histological sections.
Then, they were stained with hematoxylin-eosin (HE), Masson-
trichrome staining, and tartrate-resistant acid phosphatase
staining, according to the manufacturer’s instructions. Finally,
all tissue slices were imaged under the microscope and analyzed
by image analysis software.

Statistical Analysis
Data were expressed as means ± standard deviation and analyzed
by paired ANOVA (SPSS 13.0, SPSS, United States). p < 0.05 was
considered statistically significant.

RESULTS

Construction of the Osteosarcoma Model
The osteosarcoma models were successfully constructed in 18 of
the 20 mice with a success rate of 90% by 4-HAQO. The average

FIGURE 3 | (A) Protein–protein interaction network of upregulated genes from the STRING database; (B) this interaction network is the core network from (A),
which was calculated in Cytoscape. The four yellow core HUB proteins were obtained by comprehensive analysis with KEGG and GO; (C) binding diagram of
ZINC150338698 to protein 6T2W, and the red ball is the binding site.
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tumor volume was 1581 ± 367 mm3, and the average tumor
weight was 3.89 ± 0.76 g. In the osteosarcoma models, HE images
showed obvious nuclear atypia of tumor cells, which were
fusiform or polygonal; the multinucleated giant cells were also
observed, and some blood vessels were surrounded by tumor cells
(Figure 2C), while the fracture had healed and no tumor cells
were observed in the control group (Figure 2D).

Target Gene of Osteosarcoma
A total of 855 and 3964 DEGs were identified fromGSE36001 and
GSE12865 datasets. In total, 215 genes were screened out in two
datasets and were selected for further analysis. The upregulated
genes were analyzed by the David 6.8 online tool, and the results
of Gene Ontology and KEGG pathway enrichment analyses were
obtained, respectively. Meanwhile, we analyzed these upregulated
genes through a STRING database to obtain a PPI network
(Figure 3A); the core PPI network obtained by Cytoscape
software contained 27 genes. Through the comprehensive
integration of GO, KEGG pathway analysis, and Cytoscape
software analysis results, four osteosarcoma key genes, MMP9,
FERMT3, CSF1R, and VWF, were finally identified (Figure 3B).

There are some studies on the relationship between MMP9,
VWF, and osteosarcoma. FERMT3 has barely been studied. In
addition, we found some studies on CSF1R in osteosarcoma in the
past five years. In the study of Fujiwara et al. (2021), the FDA-
approved CSF1R inhibitor PLX3397 can suppress the growth of
osteosarcoma. Smeester et al. (2020) found that CSF1R is utilized
by OSA cells to promote tumorigenesis. Wen et al. (2017) found
that CSF-1R inhibition in osteosarcoma cells by RNA interference
suppresses cell proliferation and tumor growth in mice. Finally,
we chose to make some contributions to the research on CSF1R in
osteosarcoma.

Screening of CSF1R Inhibitors
The molecular docking of 6,403 compounds collected in the
ZINK database with protein 6T2W was studied. Initial
docking with the LibDOCK yielded 1,314,664 compounds,
with the 100 compounds with the highest retention scores (all
with -LibDOCK score >140). The second docking of these
compounds by CDOCKER yielded 4,947 compounds. The top
five compounds in docking results were ZINC150338698,
ZINC14768621, ZINC4217203, ZINC169291448, and

TABLE 1 | Top five compounds from virtual screening results.

Name 2D STRACTION -LibDOCK score -CDOCKER INTERACTION ENERGY

1 ZINC150338698 148.955 88.2205

2 ZINC14768621 153.232 82.9094

3 ZINC4217203 169.416 82.0324

4 ZINC169291448 146.643 81.2782

5 ZINC22851765 163.706 80.7144
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ZINC85537017, as shown in Table 1, which might have effects on
osteosarcoma. Finally, ZINC150338698, the compound with the
best CDOCKER INTERACTION ENERGY, was selected for
chemical synthesis and experimental verification. Figure 3C
showed the binding diagram of ZINC150338698 to
protein 6T2W.

Effects of the Compound ZINC150338698
on Osteosarcoma Cell Viability
To determine whether the treatment of ZINC150338698 affected
osteosarcoma cell survival abilities, the authors examined the cell
viability by MTT assay after drug treatment for 48 h. The results

demonstrated that the cell survival abilities were significantly
decreased with 10 μmol/L ZINC150338698 (p < 0.05), whose
effects were similar to those of the positive control group
(Figure 4A). To further investigate the effects of
ZINC150338698 on the cell survival rate, the authors
investigated the percentages of cell death of MG-63 cells, upon
ZINC150338698 treatment by Hoechst staining. Compared to the
untreated group, the percentage of dead cells was significantly
increased in the group treated with 10 μmol/L ZINC150338698
and cisplatin (Figure 4B). The expression of CSF1R was inhibited
by ZINC150338698, especially by 10 μmol/L ZINC150338698;
however, cisplatin did not significantly inhibit the expression of
CSF1R (Figure 4C). The gray-scale value of each band was

FIGURE 4 | (A) Viability of MG-63 cells was detected by MTT assay. The cell growth was significantly inhibited by 10 μmol/L ZINC150338698 at 48 h. (B)
Percentage of cell death according to Hoechst staining at 48 h. Compared with the blank control group, *p < 0.05. (C) Expression of CSF1R in MG-63 cells after
treatment at 48 h; GADPH was set as a positive control. (D) Corresponding gray-scale value of CSF1R based on GAPDH, compared with the blank control group,
*p < 0.05.
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converted to the relative expression of CSF1R (Figure 4D, *p <
0.05). These results indicated that ZINC150338698 could
effectively inhibit the osteosarcoma cell survival through the
inhibition of CSF1R.

New Bone Formation After Treatment
The osteosarcoma models were successfully constructed by 4-
HAQO, to treat osteosarcoma, a combination of surgery,
biomaterial filling, and targeted therapy was used. Two
months later, the results showed that the removed tibia was
replaced by new bone tissue, which was induced by the CTC
composites, and the debridement defects healed well in the
experimental group, while the results showed the bone
nonunion at the debridement site, and the new bone tissue

grew irregularly in the control group (Figure 5A). We also
found a balanced and dynamic growth of osteoblasts
(Figure 5B), chondrocytes (Figure 5C), osteoclasts (tartrate-
resistant acid phosphatase staining, Figure 5D), and marrow
cells (Figure 5E) in the experimental group.

Evaluation of the Postoperative Recovery
To reconstruct the real scene of bone healing in vivo, themicro-CTwas
used to reveal the specific and visualized repair results 60 days after
surgery. The multi-view of sagittal, coronal, and transverse planes, and
the stereogramwas captured to show the details. From these pictures, it
could be seen that the osteosarcoma was well treated, and no unhealed
bone defect remained in the experimental group, while there is a bone
nonunion in the control group (Figure 6). The results of micro-CT are

FIGURE 5 | Histological staining showed the therapeutic effect of CTC bio-composite engraftment and ZINC150338698 administration on osteosarcoma. (A) HE
and Masson trichromatic staining showing the entire tibia in the experimental group (left) and the control group (right); the bone defect healed well in the experimental
group, while the bone defect showed nonunion in the control group. Arrow: the unhealed bone defect; bar: 1000 μm. (B) In the area of new bone formation, the
osteoblasts lined up around the new bone tissues by HE staining, arrow: osteoblasts; bar: 100 μm. (C) Growth of chondrocytes was detected by HE staining,
indicating that the new bone is formed by endochondral ossification. Arrow: chondrocytes; bar: 100 μm. (D) Osteoclasts were determined by tartrate-resistant acid
phosphatase staining, indicating the dynamic balance between osteoblasts and osteoclasts. Arrow: osteoclasts; bar: 100 μm. (E)Mature bonemarrow tissue appeared
in the marrow cavity. Bar: 100 μm.
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consistent with those of histological staining. According to the results of
micro-CT, the data of osteogenesis and trabecula were analyzed with
built-in software of micro-CT in the experimental group and control
group, and the unoperated control group was set as a reference
(Table 2), for further analysis of therapeutic effects.

Biological Safety of Materials and
Small-Molecule Inhibitors
After treatment of osteosarcoma with a combination of CTC
composites and compound ZINC150338698, to detect the side
effects of the biomaterials and small-molecule inhibitors, the
authors examined the microscopic structure of the heart, liver,
spleen, lung, kidney, and the muscle tissues adjacent to cancer
tissues in the experimental group and the control group. The
results showed that no inflammation, foreign body, or tumor
tissue was observed in the two groups (Figure 7), which suggested
our biomaterials and small-molecule inhibitors have good
biocompatibility and biosafety.

DISCUSSION

Osteosarcoma is the most common primary malignant bone
tumor; the highest incidence is in children and adolescents

(median age of 18) (Corre et al., 2020). These tumors occur
mainly in the long bones and less frequently in the skull, jaw, and
pelvis. Nowadays, the best treatment options for osteosarcoma
include chemotherapy, surgery, radiotherapy, and
immunotherapy (Lussier et al., 2015; Yu et al., 2019; Hız et al.,
2021); however, the optimal scheme has not yet been defined.
Surgical treatment was fundamental, and the complete surgical
resection of all sites of tumor tissues remains essential for survival
(Kager et al., 2017). Over the past few decades, the prognosis of
metastatic and relapsed osteosarcoma has remained stagnant,
although several anticancer drugs have been clinically applied
(Thanindratarn et al., 2019); the metastatic rate of osteosarcoma
is as high as 40% within 5 years after diagnosis, metastasis to the
lungs is common, but also to the liver and lymph. To date, new
treatment options for osteosarcoma, especially relapsed and
metastatic osteosarcoma, are still limited (Chen et al., 2021).
Therefore, the development of appropriately targeted therapy
drugs may effectively inhibit the metastasis of osteosarcoma.

In the study, by the method of bioinformatics analysis, the
possible key genes of osteosarcoma including MMP9, FERMT3,
CSF1R, and VWF were screened from two microarray datasets,
GSE12865 and GSE36001. These four key genes may be potential
targets for the diagnosis and treatment of osteosarcoma. Through
consulting relevant literature reports, the four genes were
analyzed, and finally, CSF1R was selected for subsequent

FIGURE 6 |Multi-view of sagittal (A), transverse (B), coronal (C), and sectional planes (D), and the stereogram (E) of mouse tibia by micro-CT; (E) the experimental
group; (C) the control group; bar: 1 mm.
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research. CSF1R is a member of the receptor protein tyrosine
kinase (rPTK) family of growth factor receptors (Ries et al., 2014).
It has been proved that the infiltration of tumor-associated
macrophages (TAMs) was related to the driving force of
tumorigenesis and the suppression of antitumor immunity.
CSF1R is a cellular receptor for colony-stimulating factor-1
(CSF-1) and interleukin-34 (IL-34), which plays a nuclear role
in the manipulation of TAMs (Holmgaard et al., 2016; Xun et al.,
2020). In this context, various approaches targeting either the
ligands or the receptor are currently in clinical development. His
existing inhibitors for CSF1R include PLX3397 and RG7155 (Ries
et al., 2014). The FDA-approved CSF1R inhibitor PLX3397 can
suppress the growth of osteosarcoma in mice (Fujiwara et al.,
2021). We did not find a correlation between RG7155 and
osteosarcoma. The protein structure expressed by CSF1R is
subjected to molecular docking with compounds downloaded
by ZINC in Discovery Studio. ZINC150338698 showed the best
docking results when analyzed by LibDOCK and CDOCKER.
Therefore, we chose ZINC150338698 small-molecule inhibitors
for osteosarcoma in vitro and in vivo. Our results showed that the
small-molecule inhibitor ZINC150338698 could effectively
inhibit the proliferation of osteosarcoma cells in vitro and
promote bone repair after surgery in vivo. However, the
postoperative evaluation time is too short to directly indicate
the effect of targeted therapy, and we will extend the evaluation
time in future studies.

Most patients with osteosarcoma required surgical
amputation to cure the tumor completely, which needed a
bone graft (Zhao et al., 2020; Barr and Howe, 2018; El Beaino
et al., 2019). At present, the most advantageous bone graft
material was the artificial bone compared to autogenous and
allogeneic bone grafts. Calcium phosphate–based composites
were the focus of research in the department of orthopedics,
stomatology, and plastic surgery in recent years, which could
achieve the same effect of autologous bone transplantation with
the advantages of economic, wide source, and no immunogenicity
(Richter et al., 2019; Birkholz et al., 2016; Waiyawat et al., 2020;
Ma et al., 2019). HE and Masson staining showed that the tibia
was replaced by new bone tissue induced by the CTC composite.
Tricalcium phosphate of CTC composites could degrade to form
a hydroxyapatite layer and then serve as a cell scaffold to promote
the proliferation of osteoblasts and detect the growth of
chondrocytes; however, it needs to be combined with other
substances to become osteoinductive, so the addition of type I
collagen and temperature-sensitive hydrogel increases the
mechanical properties of tricalcium phosphate and enhances
its osteogenic properties. Micro-CT and histological staining
showed that the material degraded in mice and induced tibial
healing. We can speculate that the degradation rate of CTC
material in mice is the same as that of bone healing and
repair, thus ensuring complete tibial healing. In addition, it
can also be inferred that the properties of CTC composites are
stable and have no side effects in mice since there was no
significant immune response and inflammatory reaction in the
heart, liver, spleen, lung, kidney, and the muscle tissues adjacent
to cancer tissues. Micro-CT scanning is an effective way to
evaluate the effect of bone repair (Kim et al., 2021; OlivieroT
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et al., 2019); the values of TV, BV, BV/TV, SMI, Tb.Th, Tb.N,
Tb.Sp, and BMD are important indicators for the evaluation of
osteogenesis. Through the micro-CT, we observed the more
trabecular and cortical bone formation and restoration of basic
structure in the area of bone defects compared to the control
group. In addition, BV/TV has been used to measure tumor-
induced osteolysis (Ohba et al., 2014), we can also find that the
value in Table 2 demonstrates decreased trabecular osteolysis and
increased BMD in the experimental group, which showed that the
material degraded in mice and induced tibial healing, and the
bone repairing effects were consistent with our previous study
(Cheng et al., 2021), which indicated that our CTC composites
and small-molecule inhibitors have good effects for the treatment
of mouse osteosarcoma.

Therefore, the CTC bio-composites were used to fill the defects
caused by amputation, and the results showed the new bone
tissues induced by the biomaterials repaired the bone defects very
well. It is believed that the biomaterials with excellent biological
and osteogenic properties, combined with targeted therapy,
might effectively reduce the recurrence rate and death rate of
osteosarcoma, and the authors will continue to report the related
research studies in the future studies.

CONCLUSION

In this study, differentially expressed genes (DEGs) from two
microarray datasets were identified. Then, the up-regulated gene
was analyzed by KEGG, GO, and STRING methods. We chose
CSF1R as the receptor for molecular docking, and ZINC150338698
showed the best binding result. In addition, we performed in vitro
and in vivo experiments on the effects of ZINC150338698 inmice. A
tibia with osteosarcoma established by 4-HAQO was surgically
removed, and the defect was filled with CTC biomaterial and our
synthetic inhibitor. Experiments proved that the inhibitor
ZINC150338698 could inhibit the growth of osteosarcoma cells,

and the bone defects could be repaired by the CTC bio-composite
and ZINC150338698. There was no inflammation, foreign body, or
tumor tissue observed in mice, suggesting that our biomaterial and
small molecule inhibitor had good biocompatibility and biosafety.
Our study may be developed as a new candidate drug for the
treatment of osteosarcoma in the future.
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Physical and Chemical Properties,
Biosafety Evaluation, and Effects of
Nano Natural Deer BoneMeal on Bone
Marrow Mesenchymal Stem Cells
Yongbo Li, Zhe Tan, Jixiang Zhang, Junhan Mu and Han Wu*

Department of Orthopedics, China-Japan Union Hospital of Jilin University, Changchun, China

At present, bone-based products are abundant, and the main sources are bovine bone
and pig bone, but there are few studies on the development of deer bone as a bone repair
material. Deer bone has important osteogenic effects in the theory of traditional Chinese
medicine. It is rich in protein, ossein, and a variety of trace elements, with the effect of
strengthening tendons and bones. Nanomaterials and their application in the repair of
bone defects have become a research hotspot in bone tissue engineering. In this study,
nano-deer bone meal (nBM), nano-calcined deer bone meal, and nano-demineralized
bone matrix were successfully prepared. It was found that the Ca/P ratio in deer bone was
significantly higher than that in cow bone and human bone tissue, and deer bone
contained beneficial trace elements, such as potassium, iron, selenium, and zinc,
which were not found in cow bone. The three kinds of deer bone powders prepared
in this study had good biocompatibility and met the implantation standards of medical
biomaterials. Cell function studies showed that compared with other bone powders, due
to the presence of organic active ingredients and inorganic calcium and phosphate salts,
nBM had excellent performance in the proliferation, adhesion, migration, and differentiation
of bonemarrowmesenchymal stem cells. These findings indicate that nBM can be used as
a potential osteoinductive active nanomaterial to enhance bone tissue engineering
scaffolds with certain application prospects.

Keywords: bone marrow mesenchymal stem cells, nanoparticles, bone powders, osteogenic differentiation, bone
tissue engineering

1 INTRODUCTION

Bone defects caused by trauma, inflammatory diseases, and tumors are in urgent need of repair
(Wang and Yeung, 2017; Baldwin et al., 2019; Simpson et al., 2020). Untreated bone defects may be
infiltrated by connective tissue (Li et al., 2019a). Therefore, these problems not only pose challenges
to clinicians but also increase the need for bone reconstruction (Zhao et al., 2017; Ho-Shui-Ling et al.,
2018). Various surgical approaches have been used to treat bone defects, such as autologous/
allogeneic bone grafting, guided bone regeneration, and distraction osteogenesis (Khojasteh et al.,
2013). However, several disadvantages limit the use of autologous bone grafting, including additional
surgical procedures, insufficient supply, and donor-site morbidity. Despite these complications, it
remains the gold standard for bone grafting (Tang et al., 2016; Przekora, 2019). Given the limitations
of autologous bone grafting, allografts can overcome the above drawbacks, but it carries risks of
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infection transmission, immune response, and rapid resorption
(Long et al., 2012). A xenograft is another possible approach
because it is similar to human bone in morphological properties
(Long et al., 2012). Xenografts can be obtained from different
species, including cattle, pigs, camels, and ostriches. Among
them, bovine bone is still the first choice for bone
reconstruction (Ghanaati et al., 2014; Eliaz and Metoki, 2017;
Sonmez et al., 2017). Although xenografts are widely sourced and
simple to operate, they have low osteoinductive properties and
have potential infectious disease problems, such as bovine
spongiform encephalopathy.

Nowadays, abundant products are developed based on bone,
and there are many commercial bone meal (BM) brands. These
products are divided into two categories. The first category
includes BM prepared by strong alkali treatment, high-
temperature sintering annealing, and other processes. The
main components are hydroxyapatite and other inorganic
components with bone conductivity, such as Bio-Oss and
Osteobiol. The former comes from cow bone and the latter
from pig bone [bab 2065]. The second category is based on
conventional Urist preparation methods, such as ether degreasing
and hydrochloric acid decalcification. The main components are
organic components of demineralized bone matrix (DBM), such
as Grafton matrix and Xin Kangchen (XKC), both of which are
derived from allogeneic bone. They contain a variety of
osteogenic growth factors with osteoinductive properties, such
as bone morphogenetic protein (BMP), insulin-like growth
factor, and transforming growth factor (TGF), which can
promote the migration and differentiation of bone marrow
mesenchymal stem cells (BMSCs) and bone tissue regeneration
(Urist, 1965; Urist and Strates, 2009). As is known, natural bone
tissue is mainly composed of organic components (35%) and
inorganic components (65%). The organic components mainly
include collagen and cell growth factors, and the inorganic
components are hydroxyapatite, various anions and cations
(calcium, phosphorus, and magnesium), etc. However, few BM
on the market contains both organic and inorganic components.

Deer bone, the skeleton of the deer family, as traditional
Chinese medicine occupies an important position in China’s
medical field. According to the Dictionary of Traditional
Chinese Medicine, its pharmacological function is to
strengthen the body and tendons and to treat limbs, arthritis,
and muscle pain caused by rheumatism. Studies have shown that
the long-term administration of deer BM can relieve joint pain in
elderly patients and reduce the incidence of osteoporosis.
Nowadays, with the development of biochemistry,
pharmacology, cell biology, and other disciplines, the analysis
of deer bone components has gradually improved, and deer bones
have been increasingly widely used in scientific research and
clinical work. Deer bone contains a large number of proteins,
collagen, phospholipids, chondroitin, and phosphoprotein that
are conducive to osteogenesis, promoting the synthesis of
collagen and elastin, delaying bone absorption, and promoting
endochondral osteogenesis in vivo (He, 2011; Ren et al., 2019).
Guo et al. studied the nutritional components of sika deer BM and
its therapeutic effect on osteoporosis in ovariectomized rats and
measured the contents of amino acids, major and trace elements,

and fatty acids in sika deer BM. The results showed that sika deer
BM has a good effect for the treatment of osteoporosis (Guo,
2017). Deer bone also contains a large amount of minerals, such
as calcium, magnesium, iron, zinc, potassium, copper,
phosphorus, selenium, and other elements, covering almost all
the nutrients required for the formation of human bone marrow.
These provide a suitable microenvironment for bone
regeneration, which helps to slow down the aging of the bone
marrow, maintain the hardness and toughness of the bones,
prevent osteoporosis, and reduce the risk of fractures (Lee
et al., 2014; Quan et al., 2015). Wang et al. studied the effects
of deer BM on bone microstructure and bone minerals in rats
with osteoporosis after ovariectomy, and the results showed that
deer BM improved the changes in bone microstructure and
serological indexes caused by ovarian removal, suggesting that
it can prevent and treat osteoporosis caused by decreased
estrogen (Quan et al., 2015). Epimedium bone with deer BM
as the main raw material has been reported to improve
osteoporosis, and its effect on increasing bone trabecular
structural components is very significant (Xudong, 2021). An
et al. gave glucocorticoid-induced osteoporosis rats gavage of deer
bone polypeptide, and the results showed that deer bone
polypeptide can inhibit the imbalance of calcium and
phosphorus metabolism induced by dexamethasone, reduce
alkaline phosphatase (ALP), increase osteocalcin, inhibit bone
resorption and promote bone formation, and improve the
pathological changes and microstructure of bone in
osteoporotic rats (Li-ping, 2016). In addition, several
preclinical studies have shown that deer bone-related products,
such as deer BM and deer melon polypeptide, can effectively
relieve osteoporosis caused by ovariectomy in rats and promote
osteoblast proliferation (He, 2011; Xue et al., 2021).

Due to its small particle size and large specific surface area,
nanomaterials exhibit different properties from their monolithic
state. Studies have shown that nanoscale materials can promote
the proliferation, migration, and adhesion of BMSCs.
Nanomaterials have unique microscopic biomimetic structures,
good mechanical properties, and superior osteoinduction,
osteoconduction, and other biological properties.
Nanomaterials and their application in the repair of bone
defects have become a research hotspot in bone tissue
engineering in recent years (Laschke et al., 2010; Chae et al.,
2013; Touri et al., 2013; Aryaei et al., 2014).

At present, there is no basic research on the development of
deer bone as a bone repair material. It is innovative and
promising to develop deer bone repair materials with nano-
technology.

In this study, three kinds of nano-deer BM (nano-deer BM
(nBM), nano-calcined deer BM (nCBM), and nano-DBM
(nDBM)) were prepared and compared with two kinds of
commercial BM (Bio-Oss, XKC) to analyze the differences in
particle size, substance structure, and nutrient content among
different BM. The biological safety of nano-sized deer BM was
tested. At the same time, the effects of different BM on BMSC
proliferation, adhesion, spread, migration, and differentiation
were studied to evaluate the possibility of deer BM as a bone
repair material in clinical application.
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2 MATERIALS AND METHODS

2.1 Materials
Bio-Oss was purchased from Geistlich Pharmaceuticals Ltd.
(Switzerland). XKC was acquired from Beijing Xinkangchen
Medical Technology Development Co., Ltd. (China).

2.2 Preparation of Nano-Deer Bone Meal
2.2.1 Acquisition of Fresh Deer Bone
The fresh sika deer leg bones used in the experiments were fresh
samples taken within 24 h after slaughter, which were provided
by the breeding and slaughtering plant in Deer Town,
Changchun City, Jilin Province. The soft tissue, fascia layer,
periosteum, and marrow in the medullary cavity attached to the
surface of the deer leg bone were removed layer by layer, and the
articular cartilage around the joint was removed as much as
possible, rinsed three times with sterile distilled water, and then
cut using a grinding drill into bone blocks with a size of
2 cm×2 cm. The bone blocks were stored at −80°C for at least
6 h and then thawed in a 37°C water bath. This was repeated for
three cycles. The above process was physical freeze-thaw
decellularization. The bone blocks were then placed in 1%
TritonX-100 and treated with a shaker at a constant speed
(100 rpm) for 12 h. The name of this step was chemical
decellularization. The decellularized bone blocks were
thoroughly washed with sterile distilled water. Finally, the
blocks were stored in a −80°C freezer for future use.

2.2.2 Preparation of Deer Bone Meal and Nano-Deer
Bone Meal
The deer bone blocks prepared above were put into a beaker and
soaked in ether for 24 h to remove grease; after the ether was
poured out, the blocks were soaked in absolute ethanol for 24 h
for dehydration and then freeze-dried in a vacuum freeze dryer.
First, the blocks were pulverized with a pulverizer and passed
through a standard sieve; BM that passed through a 20-mesh
standard sieve but failed to pass through a 60-mesh standard
sieve was collected, which was deer BM. The BM prepared above
was ball-milled using a planetary ball mill, and the BM was
placed in a 50 ml agate ball milling jar. There were two kinds of
balls, large and small, and the diameter of the large ball was
0.6 cm, accounting for about 20% of the total number of
grinding balls. The diameter of the small ball was 0.1 cm,
accounting for about 80% of the total mass of the grinding
ball. Ball milling conditions were as follows: the ratio of ball to
material was 4:1, the ball milling time was 12 h, and the ball
milling speed was 550 r/min. The deer BM collected after ball
milling was nBM.

2.2.3 Preparation of Calcined Deer Bone Meal and
Nano-Calcined Deer Bone Meal
The BM prepared above was spread in a ceramic bowl, calcined in
a muffle furnace, slowly heated to 800°C at a rate of 1.5°C/min,
maintained for 6 h, and then cooled to room temperature
naturally. Then, it was passed through a standard sieve, and
BM that passed through a 20-mesh standard sieve but not a 60-
mesh standard sieve was collected, which was calcined deer BM

(CBM). The CBM prepared above was ball-milled using a
planetary ball mill. The conditions were the same as those for
the preparation of nBM. The deer bone powder collected after ball
milling was nCBM.

2.2.4 Preparation of Demineralized Bone Matrix and
Nano-Demineralized Bone Matrix
DBM was prepared by the modified Urist method (Grgurevic
et al., 2017). The prepared deer bone pieces were decalcified with
a concentration of 0.6 mmol/L hydrochloric acid; the mixture was
stirred and soaked for 72 h, and the hydrochloric acid was
replaced every 12 h during the soaking process. It was ensured
that the bone pieces were fully in contact with the hydrochloric
acid. The bone pieces were rinsed with sterile distilled water
3–5 times and soaked overnight to fully remove the hydrochloric
acid. Then, it was soaked in absolute ethanol for 2 h for
dehydration, and the ethanol was removed and ether added
for 2 h. Next, the ether was removed, and the bone pieces
were volatilized in a fume hood overnight; the pieces were
then freeze-dried in a vacuum freeze dryer. Preliminary
pulverization was done using a pulverizer; BM was passed
through a standard sieve, and BM that passed through a 20-
mesh standard sieve but failed to pass through a 60-mesh
standard sieve was collected, which was DBM. The DBM
prepared above was ball-milled using a planetary ball mill.
Before ball milling, DBM was lyophilized with liquid nitrogen.
The ball milling time was 24 h, and DBM was lyophilized with
liquid nitrogen every 3 h. The ball milling conditions were the
same as those for nBM. The ball-milled deer bone powder
was nDBM.

2.3 Characterization of Nano-Deer Bone
Meal
2.3.1 Characterization of Nano-Deer Bone Meal
The particle size distribution of the three different bone powders
was measured using a nanoparticle size analyzer (Zetasizer
Nano-ZS90, China) after dispersing the powders in
phosphate-buffered saline (PBS) with 100 ug/ml, and the
average particle size was represented by the median particle
size D50. The surface micromorphology of the different BM was
examined by transmission electron microscopy (TEM, Tecnai
G2S-Twin, United States). TEM images were taken after
dispersing the powder in ethanol with 1 mg/ml. XRD
measurement was performed on a Rigaku D/MAX-2250 V at
Cu Kα (λ = 0.154056 nm) with a scanning rate of 4° min−1 in the
2θ range of 20–60°. Fourier transform infrared spectroscopy
(FTIR, Perkin Elmer, FTIR-2000) was used to determine the
chemical structure among different bone powders. For this
measurement, the transmission IR spectra were recorded
using KBr pellets (1 mg sample/300 mg KBr) over a range of
400–4000 cm−1 with 1 cm−1 resolution averaging over 100 scans.
The component composition of different bone powders was
characterized by thermal gravimetric analysis (TGA) (TA
Instruments TGA500, United States). TGA was conducted at
10°C/min heating speed in an oxidative atmosphere (synthetic
air, composed of 80% N2 and 20% O2). The element content of
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different BM was analyzed by X-ray photoelectron spectroscopy
(ESCALab250i-XL).

2.3.2 Basic Components of Nano-Deer Bone Meal
Mineral content: Inductively coupled plasma spectrometry,
according to GB5009.268-2016. After the sample was digested,
it was determined by inductively coupled plasma mass
spectrometer, qualitatively determined by the specific mass of
the element, and quantitatively analyzed by the external standard
method.

Amino acid content: Determined by the amino acid full
spectrum analyzer.

Ash content: Muffle furnace high-temperature burning
method, according to GB5009.4-2016. The residual inorganic
material after the sample was burned is called ash. The ash value
was calculated by burning and weighing.

Protein content: Kjeldahl method, according to GB5009.5-
2016. The protein in the sample was decomposed under catalytic
heating conditions, and the ammonia produced combines with
sulfuric acid to form ammonium sulfate. Ammonia was freed by
alkalization distillation, absorbed with boric acid, and then
titrated with a standard titration solution of sulfuric acid or
hydrochloric acid. The nitrogen content was calculated
according to the consumption of acid and then multiplied by
the conversion factor, that is, the protein content.

Fat content: Soxhlet extraction method, according to
GB5009.6-2016. Fats are easily soluble in organic solvents. The
sample was directly extracted with a solvent such as anhydrous
ether or petroleum ether, evaporated to remove the solvent, and
dried to obtain the content of free fat.

Moisture content: Direct drying method, according to
GB5009.3-2016. At 101.3 kPa (one atmospheric pressure) and
a temperature of 101°C–105°C, the weight loss on drying in the
sample was determined by the volatilization method, and the
moisture content was calculated using the weight before and after
drying.

2.4 Biosafety of Nano-Deer Bone Meal
2.4.1 Systemic Acute Toxicity Test
According to the GB/T16886 standard for the systemic acute
toxicity test of medical biomaterials, nBM, nCBM, and nDBM
were placed in normal saline at a concentration of 0.2 g/ml, and
the extracts of nBM, nCBM, and nDBM were obtained in a 37°C
incubator for 12 h. Forty Balb/C mice were randomly divided
into four groups, namely, nBM, nCBM, nDBM, and PBS groups,
with each group having 50% males and 50% females. The mice
were injected intraperitoneally at a dose of 50 ml/kg. The
experimental group was injected with material extract, and
the control group was injected with normal saline. After
injection, the mice were raised in separate cages. The general
situation, poisoning, and death of the mice were observed 1, 2,
and 3 days after injection. The changes in animal body weight
were monitored and hematological and biochemical indexes
were detected. Toxicity was evaluated according to the following
indicators of animal reaction degree: 1) Nontoxic: the animals
were in good general condition and had no obvious signs of
poisoning. 2) Mild poisoning: The activities of the experimental

animals were normal, but mild dyspnea and abdominal
irritation occurred. 3) Obvious poisoning: The experimental
animals showed symptoms of difficulty in breathing, severe
abdominal irritation, decreased activity and food intake, and
mild weight loss. 4) Severe poisoning: cyanosis, tremor,
respiratory failure, etc., appeared in experimental animals,
and their body weight decreased significantly. 5) Death: The
experimental animals died after injection.

2.4.2 Skin Sensitization Test
According to the GB/T16886 standard for the skin
sensitization test of medical biomaterials, nBM, nCBM,
and nDBM were placed in PBS at a concentration of 0.2 g/
ml, and the extracts of nBM, nCBM, and nDBM were
obtained in a 37°C incubator for 12 h. Twenty-four guinea
pigs were randomly divided into five groups—the nBM,
nCBM, and nDBM groups, the negative control group, and
the positive control group—with six in each group. The back
of the experimental animals was shaved, and five points were
injected intradermally on both sides of the scapula of the
guinea pigs. The experimental group was injected with the
extracts. The negative control group was injected with PBS.
The positive control group was injected with 2%
dinitrofluorobenzene. The local reaction of animal skin
was observed 1, 2, and 3 days after injection. The degree of
erythema and edema at the injection site was recorded and
scored. The scoring criteria are shown in Supplementary
Table S1.

2.4.3 In vitro Hemolysis Test
Fresh blood was taken from rats and centrifuged at 2500 r/min for
6 min; the supernatant was aspirated to obtain red blood cells,
which were then washed with PBS three times and diluted to a
final concentration of 2% for later use. The experiment was
divided into the nBM, nCBM, nDBM, PBS, and 0.8% triton
groups with three test tubes in each group. A 1.5 ml centrifuge
tube was taken, 1 ml material extract was first added, and then
0.5 ml diluted red blood cell suspension was added. The
centrifuge tube was placed in a shaker at 37°C and 130 r/min
for incubation for 1 h, and photos were taken. After
centrifugation at 2000 r/min for 5 min, 150 ul of supernatant
was taken and placed in a 96-well plate. The absorbance value at
545 nm (OD545) was measured using a multifunctional
microplate tester. The hemolysis rate was calculated according
to the following formula:

Hemolysis rate (HR%) � ODValue(samlpes) − ODValue(PBS)
ODValue(triton group) − ODValue(PBS) × 100%

2.4.4 Cytotoxicity Assay
After ultraviolet disinfection for 4 h, nBM, nCBM, and nDBM
were placed in Dulbecco’s modified Eagle’s medium (DMEM)/
F12 medium at a ratio of 50 mg/ml at 120 r/min and incubated
at 37°C for 24 h. After centrifugation, the supernatant was taken
as the extraction solution. BMSCs were cultured on a fresh
DMEM/F12 medium for 24 h; the culture medium was then
sucked up, and the extract solution, gradient dilution solution
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(1/2, 1/4), and medium without the extract (negative control
group) were added. Then, the extract was sucked up in the
culture box for 24 h, and 10% CCK-8 solution was added into
each well. After 2 h of incubation, the absorbance value of each
well at 450 nmwas measured using a multifunctional microplate
analyzer to calculate the relative percentage of the cell
proliferation rate:

Cell Viability (%) � ODValue(samlpes)
ODValue(control group) × 100%

2.5 In Vitro Cell Studies
2.5.1 Cell Culture
Cell experiments were performed using rat BMSCs purchased
from the Institute of Biochemistry and Cell Biology, Shanghai
Institutes for Biological Sciences, Chinese Academy of Sciences.
Cells were cultured in DMEM (Gibco) and supplemented with
10% fetal bovine serum (Gibco), 100 U ml−1 penicillin, and
100 Uml−1 streptomycin (Sigma) in a humidified incubator of
5% CO2 at 37°C. Before culturing, the samples were sterilized by
immersing in 75% alcohol and exposing to ultraviolet light for
60 min; the samples were rinsed with sterile PBS thrice. The
medium of cell culture was refreshed every other day.

2.5.2 Cell Proliferation
The CCK-8 assay was employed to quantitatively evaluate the cell
proliferation on different bone powders. BMSCs (2×104 cells/
well) were seeded in a 48-well plate and cultured for 24 h. After
that, the medium was changed with different bone powders
(50 ug/ml) containing medium and the cells were incubated
for 24 h, then the cells were refreshed with normal medium
and incubated for more 1, 3, and 7 days, respectively. At every
prescribed time point, 15 μl/well CCK-8 solution was added to
the well. After 2 h of incubation, 200 μl of the medium was
transferred to a 96-well plate for measurement. The
absorbance was determined at 450 nm using a multifunctional

microplate scanner (Tecan Infinite M200). The complete cell
culture medium was used as a control group, and results were
averaged over three parallel samples.

Cells were stained with calcein (Calcein-AM) and propidium
iodide, which fluoresce green for live cells and red for dead cells.
The images were captured by a fluorescent inverted microscope
(TE 2000U, Nikon).

2.5.3 Cell Morphology
Cell adhesion and morphology were evaluated using phalloidin
(Sigma) for live cells (red) and 4,6-diamidino-2-phenylindole
(DAPI, Invitrogen) for the cell nucleus (blue). BMSCs
(2×104 cells/well) were seeded in a 48-well plate and cultured
for 24 h. After that, the medium was changed with different bone
powders (50 ug/ml) containing medium, and the cells were
refreshed with normal medium and incubated for 3 days. After
3 days of culture, the cells were fixed with 4% paraformaldehyde
and then stained with phalloidin and DAPI. The images were
captured by a fluorescent inverted microscope (TE 2000U,
Nikon).

2.5.4 Cell Migration
First, 100 ul serum-free medium was absorbed into the upper
chamber of the transwell chamber and hydrated for 30 min at
37°C; then, the hydration solution was discarded. Next, 200 ul
serum-free medium containing BMSCs (3×104 cells/well) was
added into the upper chamber, and a 600 ul complete medium
containing different BM was added into the lower chamber. After
PBS washing, the cells in the upper chamber were fixed with 4%
paraformaldehyde for 20 min. After PBS washing, cotton swabs
were used to wipe the cells in the inner layer of the microporous
membrane. Under dark conditions, 500 ul 0.1% crystal violet
staining solution was added to each well. Staining at room
temperature for 20 min, a fluorescent inverted microscope was
used to observe and photograph. Images were taken from five
fields randomly selected from each chamber, and cell counts were
performed.

2.5.5 Alkaline Phosphatase Activity Assay
ALP staining and corresponding quantitative detection were
applied to assess the activity of ALP in BMSCs grown onto
different BM (Wang et al., 2020; Yao et al., 2020). ALP
staining was detected using the BCIP/NBT Alkaline
Phosphatase Colour Development Kit (Beyotime, China).
When BMSCs were cultured on different samples for 7 and
14 days, cells were washed three times with PBS, fixed with 4%
paraformaldehyde for 15 min, and washed with PBS again. Then,
500 μl ALP dye solution was added into wells, and cells were dyed
for at least 12 h at room temperature under dark conditions. The
extra ALP dye solution was washed away with PBS, and the
purple deposition was captured by a fluorescent inverted
microscope (TE 2000U, Nikon). The ALP quantitative
detection was tested using a modified Alkaline Phosphatase
Assay Kit (Beyotime, China). After being cultured on a
different BM for 7 and 14 days, BMSCs were washed with PBS
three times and split by adding 200 μl of RIPA cell lysis solution,
freezing at −80°C for 25 min, and thawing at 37°C. Then,

FIGURE 1 | Particle size distribution of different nano bone powders.
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p-nitrophenol phosphate substrate and BCA solution (Beyotime,
China) were added, followed by incubation in the dark for
30 min at 37°C. The absorbances at 405 nm (OD405) and
562 nm (OD562) were read using a multifunctional microplate
scanner (Tecan Infinite M200). The corresponding ALP
quantitative evaluation was calculated according to the eq. OD
405/OD 562.

2.5.6 Alizarin Red Staining for Calcium Deposition
Alizarin red staining and calcium deposit quantification were
applied to evaluate mineral deposition in BMSCs cultured on
different BM based on a previously published protocol (Li et al.,
2019b; Mahmoud et al., 2020). When cells were incubated with
different BM for 14 and 21 days, the cells were washed three times
with PBS, fixed with 4% PFA for 15 min, and washed with PBS
again. Afterward, the cells were immersed in 1% (w/v) Alizarin
Red S (ARS, Sigma) solution for 30 min at 37°C. The excess ARS
dye was flushed out with PBS, and the presence of mineral
deposition was qualitatively evaluated according to the red
color intensity observed using an inverted microscope (TE
2000U, Nikon). Furthermore, calcium quantification was
performed using a 10% cetylpyridinium chloride (CPC)
solution. ARS-stained cells were rinsed with PBS and then

treated with 1 ml CPC solution for 1 h to desorb calcium ions.
Absorbance was measured at 540 nm using a multifunction
microplate scanner (Tecan Infinite M200).

2.5.7 Gene Expression Analysis via Quantitative
Reverse Transcription-Polymerase Chain Reaction
Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) was introduced to further investigate the
expression levels of runt-related transcription factor 2
(RUNX2), collagen type 1 (COL-1), osteopontin (OPN), and
bone morphogenetic protein 2 (BMP-2). TRIzol (Takara
Biomedical Technology Co., Ltd., Beijing, China) was used to
extract the total RNA of the cells after 7 and 14 days of culture,
and reverse transcription was performed according to the
PrimeScript™ RT reagent kit with gDNA Eraser (Takara
Biomedical Technology Co., Ltd., Beijing, China) to generate
the template; it was then mixed with TB Green® Premix Ex Taq™
(Takara Biomedical Technology Co., Ltd., Beijing, China) for
PCR on a LightCycler®480 instrument (Roche Diagnostics Ltd.,
Shanghai, China). The target gene primer sequences are shown in
Supplementary Table S2. The resulting mRNA levels were
normalized to GAPDH and compared with those of the
control group using the 2−ΔΔctmethod.

FIGURE 2 | Transmission electron microscopy (TEM) image (A,B,C), high-resolution TEM image (D,E,F), and energy-dispersive X-ray spectroscopy spectrum
(G,H,I) of different nano bone powders. Insets are the corresponding selected area electron diffraction patterns.
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2.5.8 Western Blotting Assay
BMSCs were seeded onto different BM in 6-well culture plates at a
density of 15×104 cells per 2 ml medium per well and then
incubated for 7 days. Cells were scraped from different
samples and lysed with RIPA buffer (Biosharp, China)
containing phenylmethylsulfonyl fluoride. Lysates were freeze/
thawed for three cycles and centrifuged at 12,000 rpm for 20 min
at 4°C, and the supernatant was collected. The total protein
concentration was determined using the BCA Protein Assay
Kit (Thermo, United States) afterward. The loading buffer was
added to the supernatant, and themixture was heated to 100°C for
5 min. The protein sample lysates were loaded on a 12% sodium
dodecyl sulfate-polyacrylamide gel and transferred to
polyvinylidene difluoride membranes (Solarbio, China). The
membrane was blocked with 5% skim milk in TBST buffer
(0.1 M Tris-HCl and 0.1% Tween-20, pH 7.4) for 1 h and
incubated with primary antibodies overnight at 4°C. Finally,
the membrane was incubated with secondary antibodies at

room temperature for 1 h. Protein bands were detected using
the ECL Western Blotting Substrate (KF005, Affinity) and
revealed using a chemiluminescence imaging system
(Amersham Imager 600, GE, United States). Band
densitometry was analyzed using ImageJ software. β-actin was
used as the internal control.

2.6 Statistical Analysis
The data presented are the mean (standard deviation ± STD).
Independent and replicated experiments were used to analyze the
statistical variability of the data via one-way analysis of variance,
with p < 0.05 being statistically significant (*p < 0.05).

3 RESULTS AND DISCUSSION

3.1 Preparation and Characterization of
Nano-Deer Bone Meal
3.1.1 Characterization of Nano-Deer Bone Meal
The BM, CBM, and DBM prepared in this study all passed the
screening of 20-mesh and 60-mesh standard sieves; therefore, the
particle sizes of the final prepared BM, CBM, andDBMwere all in
the range of 250 um–850 um. In this study, nanoscale bone
powder was prepared by physical ball milling of BM, CBM,
and DBM. The average particle size of the three different nano
bone powders is shown in Figure 1—D50 (nBM) = 106 nm
(PDI = 0.372), D50 (nCBM) = 91.3 nm (PDI = 0.231), and D50
(nDBM) = 122 nm (PDI = 0.426). Nanoparticles are prepared via
physical and chemical preparation methods. Physical ball milling
is widely used because of its advantages of simple operation and
large production (Yin et al., 2015). The particle size of prepared
nanoparticles is affected by many factors, such as the ratio of ball
to material, grinding time, and grinding speed. Nano-sized BM
was successfully prepared under the conditions of ball milling in
this study.

Microscopically, natural bone tissue is composed of an organic
collagen fiber structure and an inorganic apatite framework
structure. The basic units of the inorganic structure are needle
and columnar apatite crystals. They are intertwined with
amorphous collagen fibers, oriented or coiled to form a variety

FIGURE 3 | XRD patterns of different nano bone powders.

FIGURE 4 | Fourier transform infrared spectroscopy spectra (A), TGA (B), and XPS spectrum (C) of different bone powders. Red dotted line: absorption peaks of
PO4

3−; black dotted line: absorption peaks of CO3
2−; blue dotted line: absorption peaks of amide II; green dotted line: absorption peaks of amide I.
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of structures and different functional units (Kumar et al., 2016;
Wubneh et al., 2018). As shown in Figures 2A–C, nBM had an
irregular shape, consisting of needle-stick hydroxyapatite crystals
and an amorphous fiber structure, which completely retains the
natural bone tissue structure. nCBM was calcined at a high
temperature during the preparation process, and the organic
collagen fibers in the bone tissue were lost; thus, the
morphology was a needle-shaped hydroxyapatite. nDBM had
an amorphous fibrous structure because most of the inorganic
calcium and phosphorus salts were removed during the
preparation process. The corresponding HRTEM images are
shown in Figures 2D–F. The interplanar distances measured
in the segments (fringes) of the HRTEM micrograph of nCBM
were ~0.236 nm, corresponding to the interplanar spacing of the
(212) plane of the hydroxyapatite. This reveals that nCBM had a
compact crystal structure. The HRTEMmicrographs of nBM and
nDBM suggested that they had no obvious crystal structure.
These differences might be attributed to the presence of
organic matrix in nBM and nDBM. The corresponding
selected area electron diffraction patterns demonstrated similar
results. Meanwhile, all the major elements (Ca, P, and N) are
shown in the energy-dispersive X-ray spectroscopy spectrum
(Figures 2G–I). nCBM did not contain N due to the lack of
organic components. Because of the removal of inorganic calcium
and phosphate salts, nDBM did not have Ca and P. Since nBM
had both inorganic and organic components, Ca, P, and N
elements appeared in the energy spectrum.

Figure 3 shows the XRD patterns of different nano bone
powders. Characteristic peaks of nCBM corresponded to the

major diffraction peaks of stoichiometric hydroxyapatite
(PDF@74–0565). nBM presented a lower intensity and a
higher signal-to-noise ratio than nCBM, while nDBM
presented an amorphous band. These differences might be
attributed to the presence of organic matrix in nBM and
nDBM. The XRD results were in good agreement with the
TEM observations.

To study the differences in the chemical structures of
different BM and the same kind of BM with different particle
sizes, FTIR analysis was conducted. As shown in Figure 4A,
563 and 603 cm−1 were the bending vibration absorption peaks
of PO4

3− in hydroxyapatite, 871 cm−1 was the bending vibration
absorption peak of CO3

2−, 1049 cm−1 was the symmetrical
stretching absorption peak of PO4

3−, and 1412 and
1457 cm−1 were the stretching vibration absorption peaks of
CO3

2− (Khoo et al., 2015; Yin et al., 2015). Since most of the
inorganic calcium and phosphorus salts were removed in DBM
and nDBM, the two BM did not have the above characteristic
absorption peaks. For the rest of the bone powders, the above
characteristic absorption peaks were detected, and the peak
positions of different bone powders were consistent,
indicating that no new substances appeared during the ball
milling process; in addition, the differences in particle size did
not cause differences in the chemical structure of bone powder.
Of note, 1534 cm−1 was the N–H bending vibration absorption
peak of amide II, and 1656 cm−1 was the C=O stretching
vibration absorption peak of amide I (Boutinguiza et al.,
2012). Since CBM, nCBM, and Bio-Oss did not contain
organic collagen fibers, there were no two characteristic
absorption peaks. It could be seen that the chemical
structures of CBM, nCBM, and Bio-Oss were mainly
phosphate and carbonate, and the chemical structures of
DBM, nDBM, and XKC were mainly organic. BM and nBM
had both inorganic and organic chemical structures.

The proportion of inorganic and organic compounds in
different bone powders could be determined by TGA. As
shown in Figure 4B, after a high temperature of 800°C,
the remaining substance of BM was inorganic. Therefore,
CBM, nCBM, and Bio-Oss were almost all inorganic,
accounting for 99.29%, 97.50%, and 94.93%, respectively. In
DBM and nDBM, the proportion of inorganic matter was

TABLE 1 | Basic component content of different bone powders (%).

Ash Protein Fat Moisture

BM 68.83±4.14 23.88±1.94 1.69±0.21 5.95±0.88
nBM 69.99±3.54 22.19±1.84 1.64±0.03 5.92±0.2
CBM 99.29±0.38 0 0 0
nCBM 97.50±1.22 0 0 0
DBM 2.34±0.29 81.28±3.19 2.19±0.15 13.82±0.49
nDBM 2.08±0.09 80.5±4.92 2.45±0.11 14.5±0.68
Bio-Oss 94.93±4.33 0 0 0
XKC 55.74±2.96 36.29±1.8 3.21±0.22 4.69±0.29

FIGURE 5 | Mineral content (A) and Ca/P ratio (B) of different bone powders, *p < 0.05.
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1.72% and 2.08%, respectively. The proportion of inorganic
matter in BM, nBM, and XKC was 69.24%, 69.23%, and
55.74%, respectively.

The elemental composition and structure of different BM
were further analyzed by XPS. As shown in Figure 4C, CBM,
nCBM, and Bio-Oss hardly contained organic collagen fibers,
so there was no characteristic absorption peak of N element in
the XPS energy spectrum. DBM and nDBM hardly contained
inorganic calcium and phosphorus salts, so the characteristic
absorption peaks of Ca and P elements in the spectrum
were very small. Since BM, nBM, and XKC had both
inorganic and organic components, characteristic absorption
peaks of Ca, P, and N elements appeared in the XPS energy
spectrum.

3.1.2 Basic Components of Nano-Deer Bone Meal
As shown in Table 1, different particle sizes of the same type of
BM did not have significant differences in the content of the basic
components of BM (p > 0.05). This is consistent with the results
of the FTIR analysis and TGA. Due to the different preparation
processes, the content of the basic ingredients in different bone
powders varied greatly. As is widely known, natural bone tissue is
mainly composed of organic components (35%) and inorganic
components (65%). We found that the proportion of ash in BM
and nBM prepared in this study was higher than that in natural
bone tissue and the commercial product XKC, while the
proportion of protein and fat was lower than that in natural
bone tissue and XKC. The ash ratio of CBM and nCBM was also
higher than that of Bio-Oss. The different contents of these basic
components may have different effects on the proliferation,
differentiation, and migration of BMSCs.

Subsequently, we measured and analyzed the main mineral
elements of different BM, including calcium, phosphorus,
magnesium, sodium, potassium, iron, selenium, and zinc. As
shown in Figure 5A, different particle sizes of the same type of
BM did not have significant differences in the mineral content of
BM (p > 0.05). The mineral content of different BM varied
greatly. In particular, the calcium content in CBM and nCBM
was significantly higher than that in Bio-Oss, while the
phosphorus and magnesium content was significantly lower
than that in Bio-Oss (p < 0.05). Potassium, iron, selenium,
and zinc were not detected in Bio-Oss and XKC. Therefore, by
measuring the mineral content, we found a clear difference in the
composition of deer bone and cow bone. In addition, we
calculated the Ca/P ratio. As shown in Figure 5B, the Ca/P
ratio in CBM and nCBMwas significantly higher than that in Bio-
Oss, and the Ca/P ratio in BM and nBM was significantly higher
than that in CBM and nCBM, both of which were much higher
than the Ca/P ratio in human bone tissue. Therefore, the Ca/P

FIGURE 6 | Body weight (A), blood routine (B), and biochemical indicators (C) of mice during the experiment.

TABLE 2 | Amino acid composition and content of different bone powders (%).

Amino acid nBM nDBM XKC

Aspartic acid 1.43±0.014 5.33±0.012 2.29±0.014
Threonine* 0.49±0.003 1.83±0.001 0.65±0.001
Serine 0.71±0.069 2.63±0.011 1.08±0.004
Glutamate 2.51±0.013 9.17±0.039 3.86±0.021
Proline 2.70±0.019 10.40±0.021 4.19±0.018
Glycine 4.93±0.005 18.86±0.048 7.96±0.032
Alanine 1.98±0.008 7.37±0.005 3.20±0.012
Valine* 0.67±0.022 2.14±0.009 1.14±0.005
Methionine 0.11±0.019 0.48±0.002 0.13±0.001
Isoleucine* 0.31±0.008 1.27±0.013 0.46±0.048
Leucine* 0.74±0.001 2.94±0.022 1.10±0.021
Tyrosine 0.20±0.005 0.84±0.007 0.20±0.003
Phenylalanine* 0.49±0.029 1.83±0.004 0.73±0.011
Histidine* 0.35±0.007 0.94±0.003 0.27±0.006
Lysine* 0.81±0.012 3.01±0.016 1.21±0.009
Arginine 1.66±0.004 6.55±0.008 2.62±0.015
Essential amino acids 3.86±0.016 13.96±0.183 5.56±0.027
Total 20.11±0.326 75.58±0.481 31.09±0.109
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ratio in deer bone is significantly higher than that in cow bone
and human bone tissue. Deer bone contains trace elements
beneficial to the human body, which cow bone does not have;
this may be the reason why deer bone can be and has been used as
a traditional Chinese medicine for osteogenesis from ancient
times to the present.

We selected nBM, nDBM, and XKC to determine the amino
acid content. As shown in Table 2, different BM have different
amino acid contents due to different preparation processes. Seven
amino acids are essential amino acids (with *) and are necessary
for human development. An increasing number of studies has
shown that amino acids play an important role in the function of
osteoblasts. It has been found that glutamine is involved in the
matrix calcification process of calvarial precursor cells (Brown

et al., 2011). Glutamine can participate in the tricarboxylic acid
cycle and can be converted into citric acid to promote the energy
metabolism of osteogenic precursor cells (Karner et al., 2015). A
recent study showed that glutamine can promote the proliferation
of bone marrow stem cells and their differentiation into
osteoblasts (Yu et al., 2019). Atf4, an important regulator of
osteogenic differentiation, can increase the uptake of amino acids
and the synthesis of collagen. In patients with Coffin–Lowry
syndrome caused by Atf4 mutation, both bone mass and bone
density are significantly reduced (Yang et al., 2004; Elefteriou
et al., 2006). In addition, arginine can promote the osteogenic
differentiation of BMSCs (Chevalley et al., 1998). BM and nBM
prepared in this study have both inorganic and organic
components, both of which can promote osteogenesis.

FIGURE 8 | Hemolysis rate (A) and cytotoxicity (B) of different bone powders.

FIGURE 7 | Appearance of the guinea pig skin on the 3rd day of the experiment.
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Therefore, in theory, they can significantly promote the
osteogenic differentiation of BMSCs.

3.2 Biosafety of Nano-Deer Bone Meal
3.2.1 Systemic Acute Toxicity Test
The systemic acute toxicity test is performed by injecting an
extract of the implant material into the blood circulation
system of the animal and then observing whether the
animal is poisoned, so as to judge the toxicity. General
observation: At 30 min, 1, 2, and 3 days after injection, the
vital signs of the mice in the experimental and control groups
were good without obvious poisoning. At the same time,
changes in body weight were detected. As shown in
Figure 6A, the body weight of mice in the experimental
and control groups increased by varying degrees, but there
was no significant difference. In addition, blood routine and

blood biochemical tests showed no significant difference in
results after 3 days (Figures 6B and C). Therefore, the systemic
acute toxicity experiments showed that the deer BM prepared
in this study was biologically safe.

3.2.2 Skin Sensitization Test
The skin sensitization test is used to evaluate possible contact
hazards from chemicals released from implant materials. The
guinea pigs in the experimental and negative control groups did
not have erythema and edema on the skin after injection of the
extract, while the guinea pigs in the positive control group had
severe erythema (purple) and edema (Figure 7). The scoring
results are shown in Supplementary Table S3. The deer bone
powder prepared in this study underwent physical and chemical
decellularization treatment to remove substances that can cause
immunogenic reactions. Therefore, the skin sensitization

FIGURE 9 | (A) Fluorescence of bone marrow mesenchymal stem cells (BMSCs) on different bone powders at 3 and 7 days, stained with Calcein-AM (green, live
cells). Scale bars: 200 μm. (B) Cell proliferation of different bone powders, *p < 0.05. (C) Morphology of BMSCs on different bone powders at 3 days, stained with
phalloidin (cytoplasm, red) and DAPI (nucleus, blue). Scale bars: 100 μm.

FIGURE 10 | (A) Effects of different bone powders on the migration of BMSCs, stained with crystal violet. Scale bars: 100 μm. (B) Quantitative analysis of BMSC
migration. *p < 0.05.
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experiments showed that the deer bone powder prepared in this
study does not cause contact damage to the skin.

3.2.3 In vitro Hemolysis Test
The in vitro hemolysis test is used to evaluate the effect of
implanted material on the blood by detecting the rate of
hemolysis after red blood cell rupture. As shown in
Figure 8A, the red blood cells in the experimental and
negative control groups were deposited at the bottom of the
centrifuge tube, and no obvious hemolysis occurred, while
the positive control group had obvious hemolysis. According
to the calculation formula, the hemolysis rate of the extracts in

the experimental group was less than the requirement of 5%
(Figure 8A). The experimental results showed that the deer BM
prepared in this study has no obvious effect on blood and meets
the safety standards for medical biomaterials.

3.2.4 Cytotoxicity Assay
Cytotoxicity assay is an important method to evaluate the
biosafety of implant materials. As shown in Figure 8B,
compared with the negative control group (medium without
extract), the addition of extract and gradient diluent (1/2, 1/4)
in the experimental group not only did not inhibit but also
promoted the proliferation of BMSCs, and the promoting

FIGURE 11 | Alkaline phosphatase (ALP) staining (A,B) and alizarin red staining (D,E) in BMSCs cultured on different bone powders for 7 and 14 days (ALP) and
14 and 21 days (AR). (C) Corresponding quantitative evaluation of relative ALP activity in BMSCs cultured on different bone powders for 7 and 14 days. (F)
Corresponding quantitative evaluation of calcium content and mineral deposition in BMSCs cultured on different bone powders for 14 and 21 days. Scale bars: 100 μm.
*p < 0.05.
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effect decreased with the serial dilution. The results showed that
the deer BM prepared in this study has no cytotoxicity.

3.3 In vitro Cell Studies
3.3.1 Cell Proliferation and Morphology
During bone repair, BMSC proliferation plays an important role
in their function. BMSCs were cultured in media containing
different BM, and the number of cells at 1, 3, and 7 days was
tested using the CCK-8 method. To observe cell proliferation
more intuitively, BMSCs were stained at 3 and 7 days. As shown
in Figure 9B, the total number of cells in each group increased
gradually with the increase in culture time. There was no
significant difference in the number of cells in each group at
1 day. At 3 days, the number of cells in the BM group was
significantly higher than that in the control group (p < 0.05).
Among the different BM groups, the number of cells in the nBM
and nCBM groups was significantly higher than that in the XKC
group (p < 0.05), while the number of cells in the other BM groups
was not significantly different. At 7 days, the number of cells in
the nBM, nCBM, and nDBM groups was significantly higher than
that in the Bio-Oss and XKC groups (p < 0.05), and the number of
cells in all the BM groups was significantly higher than that in the
control group (p < 0.05). As shown in Figure 9A, the cells of 3 and
7 days were stained, and almost all cells showed green
fluorescence, indicating that the cells survived normally. As

quantitatively analyzed, the cell density in the nBM, nCBM,
and nDBM groups was significantly higher than that in the
Bio-Oss and XKC groups at 7 days. In addition, when cultured
for 3 days, the BMSC cytoskeleton was observed by staining, and
it could be seen that BMSCs in all groups showed a typical spindle
structure with a complete cytoskeleton. Compared with the
sparse cells in the control group, the cells in the BM group
were denser; the cells in the nBM, nCBM, and nDBM groups were
more stretched and had more filamentous pseudopodia, and the
connections between the cells were closer (Figure 9C). According
to our analysis, on the one hand, as in the analysis of the
composition of BM, the Ca/P ratio in deer bone was
significantly higher than that in bovine bone and human bone
tissue, and it contains trace elements beneficial to the human
body, which bovine bone does not have. On the other hand, the
bone powder was prepared at the nanoscale, so that the particle
size becomes smaller and the specific surface area increases. In
addition, nBM has a natural bone-graded structure. During the
preparation process, it was subjected to strong friction and
collision, which disrupts the hydroxyapatite structure
deposited in the collagen fibrin; thus, it is easier to release
calcium and phosphate ions. Therefore, compared with Bio-
Oss and XKC, nBM, nCBM, and nDBM prepared in this
study were more likely to promote the proliferation and
adhesion of BMSCs.

FIGURE 12 | qRT-PCR analysis of Runx2 (A), Col-I (B), Opn (C), and Bmp-2 (D) in BMSCs cultured on different bone powders for 7 and 14 days. *p < 0.05.
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3.3.2 Cell Migration
In the process of osteogenic induction, BMSCs are regulated by
various factors to differentiate into osteoblasts and migrate into
the area of bone regeneration. Therefore, promoting cell
migration and enhancing the recruitment of BMSCs are
beneficial to bone repair in bone defect areas (Chavakis et al.,
2008). As shown in Figure 10A, the nDBM group had the highest
cell migration density, followed by the nBM and XKC groups, and
finally the nCBM and Bio-Oss groups. Quantitative analysis of
the number of cells migrated showed that all BM groups
significantly promoted cell migration compared with the
control group (p < 0.05). In the BM group, the number of

cells migrated in the nDBM group was significantly higher
than that in the nBM and XKC groups (p < 0.05), followed by
the nCBM group, and finally the Bio-Oss group (Figure 10B).
Studies have shown that growth factors such as BMP and
TGF can promote the migration of BMSCs (Gamell et al.,
2011). nDBM prepared in this study contained these growth
factors, which significantly promoted the migration of
BMSCs. nBM and XKC were not as effective as nDBM
because they contained fewer organic components. nCBM
and Bio-Oss did not contain organic active ingredients, so
the induction effect was not as good as that of the other
three BM groups, while all were better than the control

FIGURE 13 | (A)Western blotting for protein-level detection of Runx2, Col-I, Opn, and Bmp-2 in different groups of cells for 7 days. (B) Band densitometry analysis
of Runx2, Col-I, Opn, and Bmp-2 protein for 7 days. *p < 0.05.
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group. This is because both groups contained calcium ions,
which promote cell migration. Some studies suggest that
calcium ions may also be chemokines for cell migration
(Liu et al., 2018). The calcium ion content in the nCBM
group was higher than that in the Bio-Oss group, so the
cell migration effect of the nCBM group was better than
that of the Bio-Oss group.

3.3.3 Alkaline Phosphatase Activity Assay
ALP is a marker of early metaphase differentiation of
osteoblasts. As shown in Figures 11A and B, in general,
with the increase in culture time, the ALP staining effect of
each group gradually increased. When the culture time was
7 days, the staining effect of all BM groups was better than that
of the control group. In the BM group, the nBM and XKC
groups had the best staining results, followed by the nCBM and
Bio-Oss groups, and finally the nDBM group. The trend of the
staining effect at 14 days of culture was the same as that at
7 days. The ALP quantitative analysis results, presented in
Figure 11C, verify the above results. After 7 and 14 days of
BMSC culture, the ALP activities in the nBM and XKC groups
were significantly higher than those in the nCBM and Bio-Oss
groups (p < 0.05), and the ALP activities in the nCBM and Bio-
Oss groups were significantly higher than those in the nDBM
group (p < 0.05). Therefore, it can be concluded that nBM and
XKC with both organic and inorganic components are
superior to nCBM, Bio-Oss, and nDBM containing a single
component in the early induction of osteogenic differentiation
of BMSCs.

3.3.4 Alizarin Red Staining for Calcium Deposition
Calcium deposition is a marker of osteoblast differentiation
and maturation. As shown in Figures 11D and E, in general,
with the increase in culture time, the color rendering effect of
calcium nodule deposition in each group gradually increased.
When cultured for 14 days, almost no calcium nodules were
deposited in the control group, while calcium nodules were
observed in all BM groups. In the BM group, the nCBM and
Bio-Oss groups had the best staining results, followed by the
nBM and XKC groups, and finally the nDBM group. The trend
of the staining effect at 21 days of culture was the same as that
at 14 days. The results of the quantitative analysis of calcium
nodules, shown in Figure 11F, showed that after 21 days of
BMSC culture, there was no significant difference in the
number of calcium nodules among the nBM, nCBM, and
Bio-Oss groups (p > 0.05), but the numbers in these three
groups were significantly higher than those in the XKC and
nDBM groups (p < 0.05). nCBM and Bio-Oss, which are
dominated by inorganic calcium and phosphorus salts,
contain a large amount of calcium nodule deposition
materials, which can promote the deposition of mineralized
nodules in the extracellular matrix of BMSCs. nBM also
promotes the mineralization of stem cells due to its high
Ca/P ratio. Therefore, nBM, nCBM, and Bio-Oss exhibited
the ability to promote the osteogenic differentiation of BMSCs
at a later stage.

3.3.5 Gene Expression Analysis via Quantitative
Reverse Transcription-Polymerase Chain Reaction
In the process of natural bone formation, a large number of
genes related to osteogenesis are activated. These genes are
considered markers in the process of osteogenesis, providing
important evidence for the induction of osteogenesis by
materials. The difference in cell behavior and the relative
expression of osteogenesis-related genes are important
evaluation indicators (Wang et al., 2004; Tang et al., 2018).
To further explore the effect of different BM on the osteogenic
differentiation of BMSCs at the molecular level, we used real-
time quantitative PCR to quantitatively measure the
osteogenic differentiation-related target genes, Runx2, Col-I,
Opn, and Bmp-2. Runx2 is a key gene expressed early in the
process of osteogenic differentiation, which plays an important
role in the differentiation of osteoblasts, the maturation of
chondrocytes, and the production of bone matrix proteins.
Col-I is expressed in the early and middle stages of osteogenic
differentiation of osteoblasts. It can act as a nucleation site for
hydroxyapatite crystals during the mineralization stage of the
extracellular matrix of osteoblasts, promote calcium
deposition in the matrix, and play an important role in the
mineralization of osteoblasts. Opn is a marker expressed in the
middle stage of osteogenic differentiation of osteoblasts. As an
important part of the extracellular matrix, it can promote the
signal transduction between osteoblasts and play a key role in
osteogenic induction. Bmp-2 is a growth factor that regulates
the development of bone tissue; it can induce the proliferation
of stem cells and their directional differentiation to osteoblasts
and promote the formation of new bone (Tang et al., 2018).

As shown in Figure 12, BMSCs were cocultured with different
BM for 7 and 14 days. Compared with the blank control group,
the expression levels of the Runx2 and COL-I genes in BMSCs
were increased in the BM group, and the expression levels in the
nBM and XKC groups were the highest, with no significant
difference between the two groups. These results indicate that
BM can significantly promote the early osteogenic differentiation
of BMSCs, and nBM and XKC have the most significant
promoting effect. Regarding Opn and Bmp-2, the expression
levels of the Opn and Bmp-2 genes gradually increased with the
increase in culture time. Compared with the blank control group,
the expression levels of the Opn and Bmp-2 genes in the cells of
the BM group increased, among which the nBM, nCBM, and Bio-
Oss groups had the highest expression levels. These results
indicate that BM can also significantly promote the osteogenic
differentiation of BMSCs in the middle and late stages, with nBM,
nCBM, and Bio-Oss showing the best effect.

3.3.6 Bone-Related Protein Expression by Western
Blotting
To further investigate the regulation by different BM of the
protein expression and osteogenic factors (Runx2, Col-I, Opn,
and Bmp-2) in BMSCs, western blotting was performed, shown in
Figures 13A and B. Western blotting (Figure 13A) and band
densitometry (Figure 13B) analysis results indicated that
compared with the blank control group, the amount of
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osteogenic differentiation-related proteins (Runx2, Col-I, Opn,
and Bmp-2) produced by BMSCs in all BM groups increased, and
the expression levels in the nBM group were the highest. The
western blotting results were relatively in accordance with the
observations of ALP activity, calcium mineral deposition, and
expression of osteogenic-related genes. Overall, nBM can
significantly promote the osteogenic differentiation of BMSCs
in the early, middle, and late stages.

4 CONCLUSION

In this study, nBM, nCBM, and nDBM were successfully
prepared. It was found that the Ca/P ratio in deer bone was
significantly higher than that in cow bone and human bone
tissue, and deer bone contained beneficial trace elements, such
as potassium, iron, selenium, and zinc, which were not found in
cow bone. The three kinds of deer bone powders prepared in this
study had good biocompatibility and met the implantation
standards of medical biomaterials. Cell function studies
showed that compared with Bio-Oss and XKC, nBM, nCBM,
and nDBM prepared in this study were more likely to promote
the proliferation and adhesion of BMSCs. In terms of cell
migration, nDBM was better than nBM and XKC, followed
by nCBM, and finally Bio-Oss. nBM andXKC performed excellently
in inducing osteogenic differentiation of BMSCs in the early stage,
while nBM, nCBM, and Bio-Oss performed better in promoting the
osteogenic differentiation of BMSCs in the later stage. Based on the
above results, nBM has excellent performance in the proliferation,
adhesion, migration, and differentiation of BMSCs. These findings
indicate that nBM can be used as a potential osteoinductive active
nanomaterial to enhance bone tissue engineering scaffolds with
certain application prospects.
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It is a new hot pot in tissue engineering and regenerative medicine to study the

effects of physicochemical properties of implanted biomaterials on regulating

macrophage polarization to promote bone regeneration. In this study, we

designed and fabricated mineralized collagen (MC) with different

microporous structures via in vitro biomimetic mineralization method. The

microporous structures, mechanical properties, shore hardness and water

contact angle measurements were tested. Live/dead cell staining, CCK-8

assay, phalloidine staining, staining of focal adhesions were used to detect

cell behavior. ELISA, qRT-PCR, ALP, and alizarin red staining (ARS) were

performed to appraise osteogenic differentiation and investigated

macrophage response and their subsequent effects on the osteogenic

differentiation. The results showed that RAW264.7 and MC3T3-E1 cells were

able to survive on the MC. MC with the microporous structure of approximately

84 μmand 70%–80% porosity could promoteM2macrophage polarization and

increase the expression level of TGF-β and VEGF. Moreover, the gene

expression of the osteogenic markers ALP, COL-1, and OCN increased.

Therefore, MC with different microporous structures mediated

osteoimmunomodulation in bone regeneration. These data will provide a

new idea of biomaterials inducing bone repair and direct the optimal design

of novel immune biomaterials, development, and rational usage.

KEYWORDS

inflammatory response, mineralized collagen, microporous structures, macrophage
polarization, msteogenic differentiation
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Introduction

Effective bone tissue repair is critical for all living

organisms of the survivals. The physical body is a complex

environment, and the implanted biomaterials will inevitably

lead to a series of biological reactions. Implantations trigger

inflammatory reactions, and the host immune response always

leads to failures in clinic (Zhou et al., 2021). Almost all the

biomaterials implanted into human beings may induce many

host reactions, and the early host reactions and the local

microenvironment have an essential influence on bone

regeneration and repair (Huang, et al., 2021). After

implantation into the body, immune cells acting with the

biomaterials surface originate a series of reactions, which

decide whether the effective bone repair (Bai et al., 2020;

Wei et al., 2022; Gaharwar et al., 2020; Yi et al., 2022).

Among all immune cells, macrophages are the primary

effector cells because of their significant biodiversity and

plasticity. Especially, macrophages are positively involved in

the whole stage of bone repair. Depending on context-

dependent polarization profiles, macrophage polarized to

pro-inflammatory phenotype (M1 macrophage) or pro-

tissue regeneration (anti-inflammatory, M2 macrophage)

phenotype (Badylak, 2016; Purnell and Hines, 2017; Eming

et al., 2017). Therefore, the accurate and quickly

conversion from M1 macrophage to M2 macrophage will

contribute to positive bone reconstruction and be essential

under the bone-forming environment regulating osteoblast

differentiation (Brown and Badylak, 2013; Li et al., 2020; Xie

et al., 2020).

In the recent, tuning biomaterials properties to modulate

macrophage polarization has attracted increasing attention.

More and more scholars have turned much attention to how

the inflammation response can be controlled to serve the goals

of the implantable bracket, particularly with regards to

suppressing the immune rejection of exotic bodies and

enhancing the integration of scaffolds with native tissue

(Chen et al., 2016; Christo et al., 2016; Chen et al., 2017a).

Zhao et al. (2020) had demonstrated that calcium-phosphorus

phases, with different chemical and physical characteristics

modulated the macrophages response (Zhao et al., 2020). Min

et al. (2016) found the aggressive inflammatory reaction could

be helpful for the origination of osteogenic cascades reaction.

However, if the inflammation became overage, it could inhibit

the fracture healing (Chen et al., 2018). These indicated that

the biomaterials implantations elicited the prominent role of

regulating immunoreaction, which should be well guided into

them that conduce bone integration. The microporous

structures on biological materials were found to have an

important moderating role on cell actions. These actions

could be operated by adjusting the biophysical performance

of the microporous systems (Redlich and Smolen, 2012; Chen

et al., 2015). We had previously demonstrated the effects of the

surface energy and coarseness of mineralized collagen (MC)

implanted on bone absorption. But until now, no document

has reported about the microporous structures of MC adjusted

macrophage polarization to influence the osteoblast

differentiation of MC3T3-E1.

Mineralized collagen (MC) was fabricated bionic

mineralization and displayed absolute merit in degradation

fast in vitro, high hardness, and accelerating osteogenesis

differentiation of hMSCs (Xu et al., 2016; Liu et al., 2017; Li

et al., 2020; Meng et al., 2021). Shi et al. (2018) had proved that

MC was more easily regulated macrophage M2 polarization than

HA. Our previous study had demonstrated that the surface

roughness of MC regulated the group and single form as well

as the production of cell factors, including tumor necrosis factor-

α (TNF-α), interleukin-6 (IL-6), interleukin-4 (IL-4) and

interleukin-10 (IL-10) from macrophage in a time-dependent

manner (Li et al., 2020). As far as we know, whether the

microporous structures of MC will influence macrophage

polarization and function has not been reported till now.

In this study, we investigated the modulatory effects of MC

with different microporous structures on bone immune

responses to confirm the role of microporous structures on

MC mediated bone immune regulation. The schematic

diagram of MC with different microporous structures

regulating macrophage polarization to mediate osteogenesis

was shown in Figure 1. The research will lead to regulating

bone immune reaction to induce a reasonable and sufficient

osteoimmunology environment for material-mediated bone

regeneration, and provide a theoretical basis for developing

immunomodulatory biomaterials and bone defect treatment in

the clinic.

Materials and methods

Preparation of mineralized collagen

Nano-hydroxyapatite (HA)/collagen composites were

manufactured by Beijing Allgens Medical Science

&Technology Co., Ltd. The products were prepared using

purified and deantigenized type I collagen as the template and

modulated mineralization on calcium-phosphate solution. The

mineral phase was HA containing phosphate, and the crystal size

was in the nanometer scale. Type I collagen solution (0.67 g/L)

was mixed with a certain proportion of CaCl2 and H3PO4

solutions (Ca/p = 1.67). The solution was gently stirred and

the pH value was adjusted to 7.4 with sodium hydroxide solution

at room temperature. 48 h after the reaction, the precipitate was

washed and filtered, and then freeze-dried thoroughly and

produced porous mineralized collagen (MC). We prepared

MC with large, medium, and small pore sizes, named MC-A,

MC-B, andMC-C, with pore sizes of 273 ± 13 μm, 84 ± 3 μm, and

9.7 ± 0.2 μm, and porosities of 80%–90%, 70%–80% and 50%–
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60%, respectively. The porosity was related to the collagen

content. The porosity of the materials were measured by the

porosity analyzer. The obtained materials were similar to natural

bone in composition and microstructure.

Characterizations of mineralized collagen

Field Emission Scanning Electron Microscopy
The samples were evenly bonded to the conductive adhesive,

and a platinum layer was uniformly sprayed by a gold sprayer.

The surface morphologies of mineralized collagen (MC) by Field

Emission Scanning Electron Microscopy (FESEM) (SU-4800,

Hitachi, Japan).

Measurement of compression mechanics

The initial diameter and thickness of each sample were

measured by an vernier caliper. Then the piece was placed in

the center of the active platform of the electric universal

material testing machine (MTS, E44.304, Co., China).

Started the oil supply valve of the test machine, the

dynamic forum can be quickly lifted. When the sample

contacted the upper-pressure plate, the oil supply should be

reduced, and the lifting speed should be slowed to avoid the

test failure caused by the excessive compression process.

Compression speed was 5 mm/min.

Shore hardness

Took out the shore hardness tester, pointed to zero, and

pressed the surface of the sample with the appropriate force and

uniform speed.When the end face of the hardness tester was fully

contacted with the surface of the model, recorded the value of the

hardness tester table. Three independent tests were performed on

each material surface.

Water contact angle measurements

The surface hydrophilicity of MC was analyzed by

measuring the contact angle of the material surface. 10 μL

of deionized water was added to the surface of the materials.

Photographs were taken with a camera within 10 s, and

the contact angle was measured by SCA20 software.

Three independent tests were carried out on each material

surface.

Cells culture on mineralized collagen with
different microporous structures

Mineralized collagen (MC) was cut into discs of 2 mm

thickness and then sterilized by irradiation of 60Co before use.

The RAW 264.7 (mouse monocyte/macnophage) was

provided by Liaocheng People’s Hospital. The MC was put

FIGURE 1
The schematic diagram of MC with different microporous structures regulating macrophage polarization to mediate osteogenesis.
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at a 24-well plate, and cultured in phosphate buffer saline

(PBS, Sangon Biotech) for 4 h before RAW 264.7 seeding. For

each sample, the 2×105 RAW 264.7 cells were seeded on the

MC. Each substrate was incubated in 1 ml DMEM (Gibco,

USA) supplemented with 1% streptomycin/penicillin

(Hyclone, USA) and 10% fetal bovine serum (Gibco, USA)

for 1, 2 and 3 days, respectively. MC3T3-E1 (mouse embryo

osteoblast precursor cells) (ATCC, USA) was inoculated on

the surface of different MC in the same way and incubated in

α-MEM complete medium for 1, 3 days and osteogenic

induction medium (α-MEM complete medium

supplemented with 10 nM dexamethasone, 50 μg/ml vitamin

C and 10 mM glycerol phosphate) for 7 days, respectively.

Live/dead cell staining

MC3T3-E1 cells were seeded on MC surface for calcein-

acetyl hydroxymethyl ester/propidium iodide (AM/PI)

staining at 1 and 3 days, respectively. The living cells

(yellow-green fluorescence) and dead cells (red

fluorescence) were observed under an inverted fluorescence

microscope at 490 ± 10 nm excitation wavelength. The green

fluorescence intensity was detected by Image Pro Plus 7.0 for

quantitative analysis.

Cells viability assay

The proliferation of RAW264.7 and MC3T3-E1 were

evaluated by a cell counting kit-8 (CCK-8) assay. MC was

placed at the bottom of the 48-well plate, and MC3T3-E1 cells

were seeded in culture plates at a density of 2×104 cells per

well. Cells were incubated in DMEM complete medium for

1 day and replaced with macrophage conditioned medium.

After 1, 2, and 3 days of incubation, CCK-8 solution was added

to each well for an additional 4 h at 37°C. The cellular activity

was assessed by measuring absorbance at a 450 nm wavelength

on a microtiter plate reader. In addition, RAW264.7 was

seeded on the MC and cultured in DMEM complete

medium for 1, 2 and 3 days to detect cellular viability.

Morphology and micromorphology of
macrophagocyte cultured on mineralized
collagen

1×106 cells were inoculated in each well, washed with PBS

3 days later, and fixed in 2.5% glutaraldehyde solution for 20 min.

Washed three times and then dehydrated with gradient ethanol

solution. Finally, placed in a freeze dryer for 1 h and slowly sealed

to room temperature. The sample morphology was observed by

FESEM.

Phalloidine staining of F-actin

Cells were fixed with 4% paraformaldehyde for 30 min and

permeabilized with 0.1% Triton X-100 for 20 min at room

temperature. Samples were blocked with 1% of bovine serum

albumin (BSA; Sigma-Aldrich) and incubated with rhodamine

labeled phalloidin for 30 min in the dark environment at room

temperature, then washed with PBS for 3 times. The samples

were also stained with 4′,6-diamidino-2-phenylindole (DAPI)

for 30 s in the dark environment at room temperature and

washed with PBS 2 times to reveal the nuclei. Cells were

observed under a scanning confocal microscope (Nikon,

model no. A1R).

Cell adhesion experiment

Staining and imaging of focal adhesions
Cells were fixed (4% paraformaldehyde), permeabilized

(0.1% Triton X) and blocked (1% BSA). They were then

stained with an anti-vinculin antibody (Abcam, ab129002),

followed by staining of a corresponding secondary antibody

with Alexa 488. Samples were imaged with a confocal

microscope (Nikon, model no. A1R).

Cytokine determinations

Levels of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6),
anti-inflammatory cytokine TNF-β and VEGF were measured

with sandwich enzyme-linked immunosorbent assays (ELISAs)

as prescribed by the manufacturer (Abcam).

Quantitative real-time polymerase chain
reaction (qRT-PCR)

Cells were collected to extract RNA and reverse transcribed

to cDNA using a reverse transcription kit (Shenggong, China).

The mRNA expression was quantified using an

ABI 7500 measuring system and SYBR green supermix

(Takara, Japan). All data were normalized to GAPDH

expression. At the end of the reaction, the 2−ΔΔCt method was

used as the relative expression of mRNA according to the last

measured Ct value. The primer sequences were shown in Table 1.

Preparation of macrophage conditioned
medium and effect on MC3T3-E1
osteogenesis

MC with different microporous structures were spread in

6-well plates. For each sample, 1×106 cells were seededon the
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FIGURE 2
Characterizations of mineralized collagen. (A) The pore size and porosity of MC-A, MC-B, and MC-C; (B) FESEM micrographs of MC-A, MC-B,
and MC-C (scale bar:100 μm); (C) Compression mechanics of MC-A, MC-B, and MC-C; (D) Shore hardness of MC-A, MC-B and MC-C; (E) Water
contact angle of MC-A, MC-B, and MC-C. Data are presented as mean ± SD. *p < 0.05; **p < 0.01.
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materials surface. Macrophages and materials were co-

cultured in complete DMEM medium for 3 days. The

supernatant was collected and centrifuged by 1,000 rpm for

5 min to obtain conditioned medium (CM). MC3T3-E1 cells

were plated at a density of 2×103 cm−2. DMEM complete

medium was replaced by CM osteogenic induction medium

after 1 day. Then the effect of CM on MC3T3-E1 osteogenesis

was detected by qRT-PCR, alkaline phosphatase (ALP)

staining and activity analysis, alizarin red S staining, and

activity analysis.

ALP staining and activity analysis

After 7 days ofMC3T3-E1 culture, ALP expression was detected

by 5-Bromo-4-Chloro-3-Indolyl Phosphate/Nitrotetrazolium Blue

chloride (BCIP/NBT) Alkaline Phosphatase Color Development Kit

(Beyotime, C3206). The color development solution was added

sequentially according to the kit instructions, incubated at room

temperature without light for 15 min, and then observed and taken

photos under the microscope. ALP activity was measured according

to the teachings of the Alkaline phosphatase assay kit (Nanjing

Jiancheng bioengineering institute).

Alizarin red S staining and activity analysis

MC3T3-E1 was fixed with 4% paraformaldehyde for 10 min

after 21 days in CM osteogenic induction medium and incubated

with 0.2% alizarin red S staining solution for 30 min at room

temperature. After drying, 10% dodecyl pyridine chloride was

added and incubated at room temperature for 1 h. The

absorbance at 562 nm was measured on a 96-well plate.

Statistical analysis

All the analyses were performed using the software SPSS

22.0 (IBM SPSS, Armonk, New York, United States). All the

data were expressed as means ± standard deviation (SD).

Statistical analysis was determined by one-way analysis of

variance (ANOVA) and Tukey’s post-hoc test. A level of

significance was set at p < 0.05.

Results

Characterizations of different mineralized
collagen

We had characterized the three groups of mineralized

collagen (MC) with microporous structures, the results

were as shown in Figure 2. From Figure 2Afig2, the results

showed that the pore size of MC-A was 273 ± 13 μm and

porosity was 80–90%, MC-B was 84 ± 3 μm, and porosity was

70%–80%, andMC-C was 9.7 ± 0.2 μm, and porosity was 50%–

60%. From FESEM micrographs (Figure 2B), many pores were

distributed in the scaffolds with good interconnectivity.

According to our previous cooperative research, the

porosity of MC was about 70%, and the aperture size was

50–300 μm, which were incredibly similar to the natural bone

in both composition and microstructure, and had excellent

biocompatibility and biodegradable (Xu et al., 2016; Li et al.,

2020). The hydrophilicity, shore hardness, and compression

mechanics of MC scaffolds with different pore sizes were

tested. The results showed no significant difference in

hydrophilicity among the three groups. The compressive

strength and shore hardness of MC increased with the

decrease of pore sizes (Figures 2C–E).

Effects of MC with different microporous
structure on proliferation, morphology,
and osteogenic differentiation of
MC3T3-E1

We explored the effects of MC with different microporous

structures on the activity, morphology, and osteogenic

differentiation of MC3T3-E1. The typical field of vision an

inverted fluorescence microscope was selected to observe the

staining of live and dead MC3T3-E1 cells at 1 and 3 days. After

1 day, live green cells were predominant in the field of view. On

day 3, the number of live cells on the surface of MC increased in

all three groups compared with day 1, and the number was

significantly more than that of dead cells (Figure 3A). Cells

inoculated in MC-A and MC-B with interconnected

pseudopods and clear microfilaments. Cells inoculated in MC-

B had an increased extension area and enhanced extension

ability. Cells inoculated in MC-C had an irregular shapes and

bundle-like microfilaments (Figure 3B). OCN is a specific non-

collagen protein in bone matrix, which can understand the

activity of osteoblasts by OCN level (Komori, 2020). ALP is

one of the phenotypic markers of osteoblasts, which can directly

reflect the activity or functional status of osteoblasts (Annibali

et al., 2021). OPN is involved in bone matrix mineralization and

resorption processes (Akram et al., 2018). COL-1 is the most

predominantly expressed product during the proliferative phase

of osteoblasts (Lin et al., 2019). Therefore, MC3T3-E1 cells were

inoculated on MC and cultured under osteogenic induction

conditions at 7 days. The expression of osteogenic related

genes (ALP, COL-1, OCN, and OPN) was detected by qRT-

RCP. It was found that the gene expression level was notably

increased in the MC-B group (Figure 3C). Moreover, the MC-B

group showed intense ALP staining (Figure 3D). These results

suggested that the MC-B group promoted osteogenic

differentiation of MC3T3-E1.
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FIGURE 3
Effects of MC-A, MC-B, and MC-C on MC3T3-E1 cells. (A) Live/dead cell staining (scale bar: 100 μm); (B) Effects of MC-A, MC-B, and MC-C on
themorphology of MC3T3-E1 cells were detected by rhodamine labeled phalloidin staining (scale bar: 50 μm); (C) The expression of the osteogenic
gene was detected by qRT-PCR; (D) ALP staining (stereomicroscope, x60). Data are presented as mean ± SD. *p < 0.05; **p < 0.01.
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FIGURE 4
Effects of mineralized collagen with different microporous structures on macrophages morphology. (A) CCK-8 cell proliferation
experimentation of RAW 264.7 cells after cultured 1 d, 2 d, and 3 days in vitro; (B) Population and individual morphology of macrophages grown on
different mineralized collagen (scale bar:100 μm); (C) Detection of the cytoskeleton morphology of macrophages cultured for 3 days by rhodamine
labeled phalloidin staining (scale bar: 50 μm); (D) Immunofluorescence detection of focal adhesionmorphology ofmacrophages after 3 days of
co-culture (scale bar: 50 μm).
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Effects of mineralized collagen with
different microporous structure on
macrophage morphology

To explore the possible role of macrophages in

mineralized collagen (MC)-mediated bone formation,

RAW264.7 cells were seeded on MC with different pore sizes

to analyze the changes of macrophages. The proliferation of

RAW264.7 cells inoculated on MC for 1, 2, and 3 days was

shown in Figure 4A. We found that the OD values of each group

increased gradually with the increase of culture time. Still the

cell proliferation ability of the MC-B group was significantly

higher than that of the MC-C group at 3 days. The morphology

of macrophages in three groups was shown in Figure 4B after

3 days of culture on each surface. Focal adhesion are the sites

where cytoskeleton and signal protein structure adhere to

extracellular matrix. These signal proteins include vinculin,

integrin family members and tyrosine kinase family

members. Among them, due to the rich content of vinculin,

the change of adhesion point can be accurately reflected by

measuring the expression of vinculin (Han, et al., 2021). From

Figures 4C,D, we can see the cytoskeleton morphology and the

focal adhesions morphology of macrophages cultured in

three groups at 3 days. Based on the above results, there was

found that the macrophages in the three groups displayed

different shapes. The three groups of RAW264.7 cells all

stretched out pseudopods to connect with the

biomaterials. On the surface of MC-A, the adherent cells had

a sizeable spreading area and different adherent

cell morphology, some of which were spindle-shaped

or round. On the surface of MC-B, the spreading area

of adherent cells was small, and the cells were shuttle-

shaped, which was a typical morphology of M2 cells (Liu

et al., 2022), on the MC-C surface, the morphology of

adhesion cells was irregular and without migrating

into the collagen network. RAW264.7 survived on the

surface of all three groups of materials, but the medium pore

size MC-B promoted cell polarization to M2 macrophage.

FIGURE 5
Effects of mineralized collagen with different microporous structures on macrophages polarization. (A) Expression of iNOS and Arg-1 marker
showing the M1 and M2 polarization of macrophages cultured (M1: iNOS; M2: Arg-1); (B) Secretion of TGF-β, VEGF, and proinflammatory cytokines
(TNF-α, IL-6, IL-1β). Data are presented as mean ± SD. *p < 0.05; **p < 0.01.
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FIGURE 6
Effect of macrophage conditioned medium produced by mineralized collagen with different pore sizes on MC3T3-E1. (A) CCK-8 cell
proliferation experimentation of MC3T3-E1 cells after cultured 1d, 3d, and 7 days in vitro; (B) The cytoskeleton morphology of MC3T3-E1 cells
cultured on different groups (scale bar: 50 μm); (C) ALP staining and quantification in MC3T3-E1 cells (scale bars:100 μm); (D) Alizarin red S staining
and quantification inMC3T3-E1 cells (scale bars:100 μm); (E) The expression of osteogenic genewas detected by qRT-PCR. Data are presented
as mean ± SD. *p < 0.05;**p < 0.01.
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Effects of mineralized collagen with
different microporous structure on
macrophage polarization

Figure 5A showed that the MC-B group increased the

expression of Arg-1 (a characteristic marker of

M2 macrophage) while the expression of iNOS (a

characteristic marker of M1 macrophage) (Li et al., 2019) was

significantly increased in the MC-A group. Figure 5B showed

that the expression of anti-inflammatory cytokine TGF-β and

growth factor VEGF were significantly higher in the MC-B

group. In comparison the expression of pro-inflammatory

cytokines (TNF-α, IL-1β, IL-6) was considerably lower in MC-

B and MC-C than in MC-A. According to the above results, we

inferred that MC-B promoted MC3T3-E1 osteogenic

differentiation by promoting macrophage M2 polarization.

Osteogenic Differentiation of MC3T3-E1 Cells on

Mineralized Collagen with Different Microporous Structures

under Osteoimmune Environments

Based on the osteo-immune responses of macrophages, we

investigated the effect of macrophages on osteogenic

differentiation of MC3T3-E1 cells. Three conditioned media

for co-culture of mineralized collagen and macrophages were

taken to incubate MC3T3-E1 cells, the results showed in Figure 6.

From Figure 6A, we can see that the proliferation of MC3T3-E1

cells incubated in the MC-B, MC-C conditioned medium with

small pore size was significantly higher than that of MC-A with a

large pore size at 2 and 3 days. Phalloidin staining showed that

MC3T3-E1 cells in the MC-B group were densely distributed

with large spreading area and clear microfilaments compared

with the MC-A and MC-C groups (Figure 6B). We assessed the

osteogenic ability of the three groups of MC3T3-E1 cells by ALP

staining, alizarin red staining, and osteogenic-related gene

expression. The results showed that the MC-B group had

more ALP positive cells (Figure 6C), more calcium salt

deposition (Figure 6D), and higher expression levels of

osteogenic-related genes (Figure 6E). Therefore, we inferred

that MC-B could induce macrophage polarization toward the

M2 type, which had better performance than MC-A and MC-C

in stimulating the inflammatory response of the organism and

was more conducive to bone reconstruction. In response to MC-

B, M2 macrophage generated osteoimmunology

microenvironment, which resulted in outcomes that guide

bone regeneration in some situations.

Discussion

The osteoimmune environment plays an essential role in

bone repair, most of the repair process promotes the

differentiation of osteoblastic cells on the implanted-

biomaterial surfaces generated the microenvironment, but the

topics about microporous structures-mediated osteogenesis are

generally neglected (Liu, et al., 2010; Sussman, et al., 2014; Niu,

et al., 2020; Sun, et al., 2022). The presence of microporous

structures on the biomaterial surface is crucial for bone

formation (Kang, et al., 2021). In our study, we investigated

the macrophage responses of microporous structures on

mineralized collagen (MC) with different porosity and sized

pores and the subsequent effects on the osteogenic

differentiation of MC3T3-E1 cells. We first analyzed the effect

of MC with different microporous structures on MC3T3-E1 cells

osteogenic differentiation. It was shown that MC with medium

pore size (MC-B) enhanced the extension area and extension

capacity as well as osteogenic differentiation of MC3T3-E1 cells.

The polarization of macrophage is very sensitive to the physical

and chemical properties of biomaterials. These M1 macrophage

and M2 macrophage can mediate the host immune response to

implanted scaffolds and exert the potential to different degrees in

bone regeneration and repair (Chen et al., 2017b; Duan, et al.,

2019). We analyzed the effect of microporous structures on

macrophage behavior. When RAW 264.7 macrophages were

cultured on MC, macrophages maintained surface marker

expression and polarized to M1 and M2 phenotypes. Our

results indicated that on the surface of MC-B, macrophages

polarized into spindle-shaped M2 phenotype. The enhanced

M2 polarization on MC-B was further confirmed by qRT-

PCR. The expression of M2 type surface marker Arg-1 was

the most obvious in RAW264.7 co-cultured with MC-B. In

MC with a large pore size (MC-A), the expression of both

was reversed. The results of ELISA showed that typical pro-

inflammation factors, e.g., IL-6, TNF-α, and IL-1β, were up-

regulated on MC-A while growth factors and anti-inflammatory

factors, e.g., VEGF and TGF-β, were up-regulated onMC-B. ALP

staining, alizarin red staining, and qRT-PCR revealed that MC-B

significantly enhanced M2 macrophage polarization and

subsequently M2 macrophage mediated osteogenic

differentiation of MC3T3-E1 cells.

In this study, it was found that the microporous structures

and the pore size of biomaterial implantations may be important

adhesive cues, affect the spreading and cell shape of

macrophages, and modulate the inflammatory response.

Because immune cells are frontline cells attingent with

inserted biomaterials, their reaction and the immune

microenvironment they generate are essential to determine

biomaterial-mediated osteogenesis. These impacts demonstrate

that biomaterial mediated immunoreaction performed a critical

role in micropore structure-mediated osteogenesis (Liao, et al.,

2021).

It is essential for the crosstalk between immune cells and

the bone forming cells to complete the inflammation stage and

initiate the new bone formation (Liu et al., 2022; Yu et al.,

2022). Our results indicated the osteoimmunomodulatory

property of the microporous structures MC with different

sized pores and its critical effects on bone regeneration.

This study suggested that osteogenic differentiation of bone
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cells was not only determined by the nature of biomaterial

implantations, but also influenced by the inflammatory

environment generated by the interaction of immune cells

and biomaterial implantations significantly. Therefore,

creating an osteoimmunology environment that stimulate

osteogenesis by biomaterials with optimal design and

development and rational application is vital in bone tissue

and regeneration.

The early immune environment decides the follow-up action

of bone cells (Fernandes et al., 2017; Chen et al., 2018; Sadowska

et al., 2018). Nonetheless, better comprehending of this relation

requires further in vitro investigation of signalling pathways

responsible for enhanced osteogenic differentiation of bone

forming cells (Fan et al., 2021). Therefore, further in vivo

experiments designed to research the interaction between

immune and bone cells should be conducted to sufficient

support driven presupposition.

Conclusion

Microporous structures have apparent regulatory effects

on macrophages responses. The osteo-immune environment

promoted by the mineralized collagen (MC) with about 85 μm

microporous structure and 70% porosity was conducive to the

osteogenic differentiation of MC3T3-E1 cells, suggesting a

favorable osteo-immunomodulatory effect, which could be

favorable for increasing the osteogenesis capability of

biomaterials for bone regeneration. Microporous structures

on MC elicited notable influence on regulating the

immunological reaction. The induced osteoimmunology

environment significantly regulated osteoblast

differentiation, which may suggest a new orientation for

systemic research. We need further study to acquire more

particulars on the biomaterials dependent response of

macrophages on the level of the molecular and the function

of immunoregulatory function of biomaterials in bone tissue

and engineering. The science gained from this research can

supply clues for the intending development of improved

immune therapy for bone biomaterials applications and

highlight emerging concepts that may expand therapeutic

perspectives in bone repair and regeneration.
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The combination of photothermal therapy (PTT) and immune tumor therapy

has emerged as a promising avenue for cancer treatment. However, the

insufficient immune response caused by inefficient immunogenic cell death

(ICD) inducers and thermal resistance, immunosuppression, and immune

escape resulting from the hypoxic microenvironment of solid tumors

severely limit its efficacy. Herein, we report an ultrasound and laser-

promoted dual-gas nano-generator (calcium carbonate-polydopamine-

manganese oxide nanoparticles, CPM NPs) for enhanced photothermal/

immune tumor therapy through reprogramming tumor hypoxic

microenvironment. In this system, CPM NPs undergo reactive

decomposition in a moderately acidic tumor, resulting in the generation of

calcium, manganese ions, carbon dioxide (CO2), and oxygen (O2). Calcium and

manganese ions act as adjuvants that trigger an immune response. The cancer

cell membrane rupture caused by sudden burst of bubbles (CO2 and O2) under

ultrasound stimulation and the photothermal properties of PDA also

contributed to the ICD effect. The generation of O2 alleviates tumor hypoxia

and thus reduces hypoxia-induced heat resistance and immunosuppressive

effects, thereby improving the therapeutic efficacy of combination PTT and

immune therapy. The present study provides a novel approach for the

fabrication of a safe and effective tumor treatment platform for future

clinical applications.

KEYWORDS

CaCO3-PDA-MnO2 nanoparticles, dual-gas nano-generator, ultrasound and laser,
photothermal, immunotherapy
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Introduction

Cancer is the second most common cause of death, seriously

threatening human health (Liu J et al., 2019; Soerjomataram and

Bray, 2021). Various treatment modalities such as surgery,

radiotherapy, and chemotherapy have been used to eliminate

tumors. However, the disadvantages of severe trauma, poor

selectivity, and drug resistance greatly limit the application of

these methods. Photothermal therapy (PTT) as an effective

tumor treatment modality with non-invasive, highly targeted,

low systemic toxicity and few side effects has got widespread

attentions. PTT kills tumor cells by converting light energy into

heat energy, and has received extensive attention (Li et al., 2018).

However, in addition to effective tumor growth inhibition,

avoiding tumor recurrence is crucial for effective tumor

treatment. Immunotherapy, a rapidly developing therapeutic

approach that inhibits tumor growth and prevents tumor

recurrence and metastasis by activating the immune system, is

considered to be one of the most promising therapeutic

techniques for tumors. Since immunogenic cell death (ICD)

plays a significant role in initiating antitumor immune

responses, the development of potent ICD inducers is

required to improve the efficacy of immunotherapy (Duan

et al., 2019; Liu P et al., 2019; Chattopadhyay et al., 2020;

Ding et al., 2020). Various ICD inducers have been reported,

including radiation (Chao et al., 2018), photosensitizers (Deng

et al., 2020), and chemotherapeutic drugs (Nam et al., 2018).

However, X-rays and drug molecules can cause systemic toxicity

and drug resistance, thereby increasing the risk of treatment.

Therefore, development of mild and non-drug ICD inducers is

required for safe and efficient immunotherapy. Currently, in

addition to selecting efficient ICD inducers, remodeling the

tumor hypoxic microenvironment is another important

strategy to improve the immunotherapy efficiency (Hu et al.,

2020; Li and Kataoka, 2021). Recently, Ca2+ has been reported to

serve as an ICD inducer in immunotherapy. ICD effects are

attributed to mitochondrial Ca2+ overload and the subsequent

upregulation of the reactive oxygen species (ROS) levels (Zheng

et al., 2021). Furthermore, exogenous ultrasound (US) stimuli

can enhance Ca2+ overload by promoting Ca2+ influx from the

extracellular fluid to the cytoplasm, resulting in enhanced ICD

(Samal et al., 2000; Parvizi et al., 2002; Park et al., 2010). Another

report showed that the sudden burst CO2 bubbles in the tumor

microenvironment can also stimulate efficient immunogenicity

by inducing membrane rupture of cancer cells (Jeon et al., 2022).

Several studies have demonstrated that PTT can not only directly

destroy tumor cells but also indirectly stimulate systemic

immunity (Jiao et al., 2021; Yasothamani et al., 2021);

therefore, the combined treatment using PTT and an ICD-

inducer is anticipated to improve the efficiency of

immunotherapy. Nevertheless, the hypoxic characteristics of

tumors impair the efficiency of PTT and immunotherapy. For

example, the hypoxic characteristics of tumor tissue leading to

thermal resistance, reducing the efficiency of photothermal

treatment (Meng et al., 2018; Wen et al., 2020; Dai et al.,

2021; Lv et al., 2021). Moreover, hypoxia can lead to immune

suppression and escape (Riera-Domingo et al., 2020; Zhou et al.,

2020). MnO2 nanoparticles with tumor microenvironment-

responsive degradation characteristics and catalase properties

can react with excess H2O2 present in tumor tissue, producing O2

and Mn2+ to alleviate tumor hypoxia (Fan et al., 2015; Yang et al.,

2017; Duan et al., 2020). In addition, recent studies have shown

that MnO2 can be used as an immune adjuvant to trigger ICD by

dual induction of Mn2+-triggered chemodynamic therapy (CDT)

and glutathione (GSH)-depleting ferroptosis (Lv et al., 2020).

CDT and ferroptosis can stimulate dying cancer cells to produce

damage-associated molecular patterns (DAMPs), thereby

eliciting ICD (Chen Y et al., 2019; Wen et al., 2019; Zhang

et al., 2019).

In this study, we constructed ultrasonication- and laser-

promoted dual-gas nanogenerators based on calcium

carbonate (CaCO3), polydopamine (PDA), and manganese

oxide (MnO2) nanoparticles for combined photothermal/

immune tumor therapy. CaCO3 has the characteristics of

accessibility, good biocompatibility, and pH sensitivity and

can decompose at the tumor site, generating carbon dioxide

(CO2) and Ca2+ (Feng et al., 2018; Yu et al., 2018; Sun et al., 2019;

Wang et al., 2020). The inherent photothermal properties of PDA

make it suitable for PTT (Wang et al., 2018; Chen Q et al., 2019;

Li et al., 2020). MnO2 can decompose into oxygen and

manganese ions in the tumor microenvironment. Therapeutic

systems do not involve chemical drugs, preventing drug

resistance. When delivered to the tumor site, the CPM NPs

undergo reactive decomposition in a moderately acidic tumor

microenvironment, resulting in the generation of Ca2+, Mn2+,

CO2, and O2. The generated Ca2+ and Mn2+ act as immune

adjuvants to trigger ICD. The cancer cell membrane rupture

caused by sudden burst of CO2, O2, and the photothermal

properties of PDA also contributed to ICD. The generation of

O2 alleviates tumor hypoxia and thus reduces the hypoxia-

induced heat resistance and immunosuppressive effects,

thereby improving the therapeutic efficacy of PTT and

immune therapy. In this treatment system, the combination of

photothermal therapy and immunity can not only greatly inhibit

tumor growth but also avoid tumor metastasis and secondary

recurrence through immune effects. Finally, the tumor

microenvironment-responsive degradation of the nanoparticles

ensures their biosafety.

Experimental details

Materials

CaCl2 and NH4HCO3 were provided by Sinopharm

Chemical Reagent Co., Ltd. (China). Dopamine was obtained
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from Sigma-Aldrich. Manganese chloride (MnCl2) was provided

by J and K Chemical Co. Singlet oxygen sensor green reagent was

purchased from Meilunbio. Sodium hydroxide (NaOH) was

provided by Tianjin Yongda Chemical Reagent Co., Ltd.

Calcein-AM/propidium iodide (PI) was purchased from

SolarBio. RPMI-1640 medium was purchased from Thermo

Fisher Scientific, Inc. Fluorescein isothiocyanate (FITC) was

provided by Biological Technology Co., Ltd. Lyso-Tracker Red

and Fluo-4 AM were purchased from KeyGen Biotech Co., Ltd.

5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-

carbocyanine chloride (JC-1) and mitochondrial extraction kit

were purchased from Solarbio.

Characterization

The morphology and size of the CPM NPs were analyzed

using a JEM-1400 transmission electron microscope (TEM,

JEOL, Japan). The size and surface charge of the CaCO3-PDA

(CP)and CPM NPs were analyzed using a Malvern Zetasizer

Nano-ZS90 instrument (United Kindom). X-ray photoelectron

spectroscopy (XPS) spectra were obtained using a Thermo Fisher

Scientific ESCALAB 250Xi XPS system. The concentration of

Ca2+ in the CPM NPs was determined using inductively coupled

plasma mass spectrometry (ICP-MS, Jena, PlasmaQuant® MS).

Cell uptake was measured using a confocal laser-scanning

microscope (CLSM ZEISS LSM 780, Carl Zeiss, Jena, Germany).

Cell culture and animal studies

4T1 cells were cultured in RPMI-1640 medium containing

10% fetal bovine serum. Then, the cells were placed in an

incubator containing 5% CO2 at 37°C. Healthy female BALB/c

mice aged 5–7 weeks were provided by GemPharmatech Co., Ltd.

(Nanjing, China). All animals were euthanized by dislocation of

cervical vertebra after the treatments.

Synthesis of calcium carbonate-
polydopamine-manganese oxide
nanoparticles

CP NPs were prepared via a one-pot gas diffusion method

following previously reported procedures with some

modifications (Dong et al., 2018). Briefly, CaCI2 (150 mg)

mixed with dopamine (10 mg) was fully dissolved in

anhydrous ethanol (100 ml). Then, the samples were

transferred into a flask with NH4HCO3 (5 g) and kept at 40°C

for 24 h. Subsequently, CP NPs were obtained via centrifugation.

To obtain CPMNPs, CP NPs (180 mg) were slowly dropped into

an ethanol solution (30 ml) containing MnCl2 (360 mg). After

stirring for 4 h, the Mn-ion-adsorbed CP nanoparticles were

collected by centrifugal purification. Then, NaOH (1 M) was

mixed with the solution by adjusting the pH to 11 to obtain

CPM NPs.

Oxygen and reactive oxygen species
generation in vitro.

The oxygen probe was immersed in different solutions

(100 μM H2O2, pH 7.4 + CPM, pH 6.5 + CPM, pH 7.4 +

CPM+100 μM H2O2, pH 6.5 + CPM+100 μM H2O2, and

CPM 1 mg ml−1) to determine the oxygen concentration. ROS

levels were assessed using an ROS probe (reagent singlet oxygen

sensor green, SOSG). SOSG methanol solution (10 μL, 2.5 M)

was mixed into various solutions with CPM NPs (1 mg ml−1).

Then, a 1,064 nm laser (1 W cm−2, 5 min) and/or US (1.0 MHz,

20% duty cycle, 0.5 W cm−2, 2 min) were applied to the mixture.

Finally, a fluorescence spectrophotometer (Hitachi F-

2700, Japan) was used to assess the SOSG signals of various

groups.

Investigation of Ca2+ Release from calcium
carbonate-polydopamine-manganese
oxide nanoparticles in vitro.

CPM NPs (1 mg) were immersed in PBS (10 ml) at 37°C and

different pH (7.4, 6.5, and 5.5). Supernatants were collected from

each sample at 0, 4, 8, 12, and 16 h. The amount of released Ca2+

was measured by Inductively coupled plasma mass spectrometry

(ICP-MS). The release fractions of Ca2+ were calculated as the

amount of released Ca2+ from CPM NPs divided by the total

amount of Ca2+ in CPM NPs.

Antitumor therapy in vitro

The antitumor effect and biocompatibility of the CPM NPs

were determined using the MTT assay. 4T1 cells were co-

cultured with CPM NPs at various concentrations for 12 h.

The antitumor effect of CPM NPs was measured after the

treatment with a 1,064 nm laser (1 W cm−2, 5 min) and/or US

(1.0 MHz, 20% duty cycle, 0.5 W cm−2, 2 min). Thereafter, the

cell survival rate was measured after adding a medium containing

MTT and incubating for 4 h. For live/dead staining, CPM NPs

were co-incubated with 4T1 cells for 12 h. Subsequently, the

Calcein-AM/PI probe was added to the cell medium after the

treatment with the laser and/or ultrasonication and was

incubated for 30 min. Finally, images were obtained by CLSM.

For apoptosis, CPMNPs (20 μg ml−1) were added to the 4T1 cells

and cultured for 12 h. Thereafter, various treatments were

applied to the cells. After 2 h, the cells were stained with

annexin V-FITC/PI for flow cytometry detection.
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Detection of intracellular reactive oxygen
species levels

Various conditions were detected using dichloro-dihydro-

fluorescein diacetate (DCFH-DA) reagent (PBS, CPM, CPM +

US, CPM + L, CPM + US + L, CPM: 20 μg ml−1, 1,064 nm laser:

1 W cm−2, 5 min and US: 1.0 MHz, 20% duty cycle, 0.5 W cm−2,

2 min) to generate intracellular ROS. The 4T1 cells plated on

confocal dishes were co-incubated with CPM NPs for 12 h in the

dark. Thereafter, the cells were treated by various treatments.

Finally, CLSM was used to examine the fluorescence images.

Lysosome escape

CPM NPs (labeled with FITC; 20 μg ml−1) were added to

4T1 cells and incubated for 0.5, 1, and 4 h. Then, the cells were

labeled with Lyso-Tracker Red (1 μM). After 4 h, a 1,064 nm laser

(1 W cm−2, 5 min) and/or US (1.0 MHz, 20% duty cycle,

0.5 W cm−2, 2 min) were applied to the cells, and 4%

paraformaldehyde solution was added to fix the cells. After

10 min of fixation, DAPI was added to stain the cells.

Fluorescence images were obtained by CLSM after 10 min.

JC-1 Staining to Measure Mitochondrial
Membrane Potential

CPM NPs (20 μg ml−1) were incubated with the 4T1 cells for

12 h. After various treatments, JC-1 (10 μg ml−1) was incubated

with cells within 10 min. Subsequently, the mitochondrial

membrane potentials were visualized using CLSM images.

Mitochondrial swelling study

The 4T1 cells were incubated with CPMNPs (20 μg ml−1) for

12 h. After various treatments, the mitochondria of the 4T1 cells

in various groups were extracted using a mitochondrial

extraction kit, and mitochondrial swelling was analyzed by

UV-Vis–NIR spectrophotometry to determine the optical

intensity of the mitochondria at 540 nm.

Intracellular Ca2+ detection in 4T1 cells

CPM NPs (20 μg ml−1) were cultured with 4T1 cells for 0, 1,

and 4 h. Subsequently, Fluo-4 AM (1 μM) was used to label cells

after incubation for 4 h. Then, a 1,064 nm laser (1 W cm−2,

5 min) and/or US (1.0 MHz, 20% duty cycle, 0.5 W cm−2,

2 min) were applied to the cells. Finally, fluorescence images

were visualized by CLSM after co-incubation with Hoechst

33,342 for 10 min.

Immunogenic cell death and dendritic cell
maturation in vitro

To evaluate calreticulin (CRT) expression after various

treatments, 4T1 cells were incubated with CPM NPs (20 μg ml−1)

for 12 h. After a treatment with a 1,064 nm laser (1W cm−2, 5 min)

and/or US (1.0 MHz, 20% duty cycle, 0.5 W cm−2, 2 min), the

4T1 cells were incubated with CRT antibodies (1:100; Abcam,

EPR3924) for 30 min. After washing three times with PBS, Cy5-

labeled goat anti-mouse IgG (H + L) (1:400, Abbkine, A23320) was

added to the cells and incubated at 37°C for 2 h. Finally, CLSM was

used to visualize the cells after staining with DAPI for 15 min. The

release of ATP and HMGB1 was examined using the

Chemiluminescence ATP Determination Kit (Solarbio, BC0300)

and the HMGB1 enzyme-linked immunosorbent assay (ELISA) Kit

(CUSABIO, CSB-E08225M). Briefly, 4T1 cells were incubated with

20 μg ml−1 CPM NPs for 12 h. Then, after a treatment with a

1,064 nm laser (1W cm−2, 5 min) and/or US (1.0 MHz, 20%

duty cycle, 0.5W cm−2, 2 min), the release level of HMGB1 in

the cell culture medium was detected using an HMGB1 ELISA

Kit. Similarly, the release of ATPwasmeasured using anATPELISA

kit. To determine DCs maturation, 4T1 cells were cultured with

CPM NPs (20 μg ml−1) for 12 h. After a 1,064 nm laser (1W cm−2,

5 min) and/or US (1.0 MHz, 20% duty cycle, 0.5 W cm−2, 2 min)

treatment, the supernatant in the 6-well plate of the 4T1 cells was

added to the 6-wall plates seeded with DC cells (derived from the

bone marrow of BALB/c mice after stimulation with GM-CSF) and

then cultivated for 24 h. The control group was cultured in a fresh

medium.DCswere detected using flow cytometry after stainingwith

anti-CD11c-PE (BioLegend, 117,308), anti-CD80-PE/Cy5.5

(Biolegend, 104,722), and anti-CD86-APC (BioLegend, 105,012).

In vivo antitumor efficiency

When the primary tumor volume grew to approximately

80 mm3, BALB/c mice were randomly divided into five groups:

PBS (100 μl), CPM (CPM: 100 μl, 1 mgml−1), CPM + US

(1.0MHz, 20% duty cycle, 2W cm−2, 2 min), CPM + L

(1W cm−2, 5 min), CPM + US + L, and were subcutaneously

injected with four injections of CPM NPs or PBS on days 0, 2, 4,

and 6. The temperature of the tumor area was recorded using an

infrared thermal imager (FLIR E8). Tumor weight and volume were

monitored on alternating days for 15 days. After treatment, the mice

were euthanized by dislocation of cervical vertebra and all major

organs and tissues were removed and stained with hematoxylin and

eosin. To further investigate immune responses during photothermal

and immune tumor therapy, tumor-draining lymph nodes, spleens,

and tumors were collected after 15 days of treatment. To assess the

maturity of DCs in vivo, single-cell suspensions obtained after lymph

node grinding were stained with anti-CD11c-PE (BioLegend,

117,308), anti-CD80-PE/Cy5.5 (Biolegend, 104,722), and anti-

CD86-APC (BioLegend, 105,012), and then were analyzed by flow
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cytometry. Additionally, to examine the infiltration of T lymphocytes

in vivo,weharvested cells from the spleen and stained themwith anti-

CD8-FITC, anti-CD4-PE, and anti-CD3-APC for further flow

cytometry analysis. Typical cytokines at the tumor sites were also

analyzed. First, the supernatant was collected after centrifugation.

ELISA kits were used to detect the cytokine IFN-γ, TNF-α, and
granzyme B secretion levels.

Statistical analysis

All experiments were repeated at least three times.

Differences between groups were tested using Student’s t-test.

Data were analyzed using the GraphPad Prism (version 5.01)

software with significance levels set to the following probabilities:

*p < 0.05, **p < 0.01, ***p < 0.001.

Results and discussions

Synthesis and characterization of the
nanoparticles

The synthetic route of CPM NPs and their antitumor

mechanism are illustrated in Scheme 1A. First, CaCO3-PDA

nanoparticles (CP NPs) were synthesized by a typical one-pot gas

SCHEME 1
Schematic illustration and characterization (A) schematic illustration of the synthetic route of CPM NPs and its anti-tumor mechanism. (B,C)
Transmission electron microscopy (TEM) image and (D) Element mappings of CPM NPs.
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diffusion method according to a previous report with minor

modifications (Dong et al., 2018). Then, MnO2 was introduced to

the surface of the CP NPs by the reaction of MnCl2 and NaOH to

form CPM NPs. TEM was used to investigate the morphology

and size of the CPM NPs. As shown in Schemes 1B,C, the CPM

NPs with irregular spherical shapes exhibited a size of ~150 nm.

This size is suitable for cellular uptake. The corresponding

elemental mapping demonstrated the homogeneous elemental

distributions of C, O, N, Ca, and Mn in the CPM NPs (Scheme

1D). XPS analysis also confirmed the presence of C, N, O, Ca, and

Mn in the CPM-NPs (Figure 1A). Moreover, the characteristic

peaks at 653.5 and 641.7 eV in the high-resolution Mn 2p

spectrum correspond to the Mn (IV) 2p1/2 and Mn (IV) 2p3/

2 spin-orbit peaks of MnO2, respectively (Figure 1B), illustrating

the successful synthesis of CPM NPs (Chen et al., 2015; Zhao

et al., 2015; Liu J et al., 2021). We also measured the zeta

potentials of the CP and CPM NPs. As shown in Figure 1C,

CPM NPs exhibited a lower average zeta potential (−8.76 mV)

than CP NPs (2.79 mV). Negatively charged CPM NPs prolong

blood circulation in vivo. To evaluate the dispersity of CPM NPs

in water, dynamic light scattering (DLS) was used to detect the

hydrodynamic diameter of the CPM NPs. As illustrated in

Figure 1D, the CPM NPs showed an average hydrodynamic

diameter of ~150 nm, demonstrating the superior dispersibility

of CPM NPs in water. We further investigated the colloidal

stability of CPM NPs by immersing CPM NPs in various

solutions. After 7 days of immersion in water, phosphate-

buffered saline (PBS, pH 7.4), FBS, and Medium, the digital

photograph of CPM NPs did not display any obvious

precipitation (Supplementary Figure S1). Homoplastically, the

hydrodynamic diameter of CPM NPs showed non-significant

change after immersion in water for a week (Supplementary

Figure S2). These results clearly revealed the excellent stability of

CPM NPs. Notably, CPM NPs were stable in the presence of

excess FBS protein, suggesting that CPMNPs can be stable in the

blood stream (Hwang et al., 2008).

As the bubble generation ability of CPM NPs is crucial for

this therapeutic system, we evaluated its bubble generation ability

carefully under various conditions in the following study.

Theoretically, in a simulated tumor environment with slightly

FIGURE 1
(A) XPS spectra of CPM NPs. (B) XPS high-resolution scans of Mn2p peaks in CPMNPs. (C) The average zeta potentials of CP NPs and CPMNPs.
(D) Size distribution of CPM NPs.
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acidic and high levels of hydrogen peroxide, CaCO3

nanoparticles can be decomposed to produce CO2 and Ca2+

by the following reaction: CaCO3+2H
+→CO2+Ca

2++H2O. At

the same time, MnO2 nanoparticles can be disintegrated to

generate O2 and Mn2+ ions by the following reaction:

MnO2+2H
++H2O2→Mn2++2H2O + O2 (Sun et al., 2021). As

shown in Supplementary Figure S3, both CP NPs and CPM NPs

showed a certain bubble generating ability in pH 6.5 solutions

with the existence of H2O2. The stimulation of laser or ultrasound

promote the generation of bubbles both in CP NPs and CPM

NPs. Obviously, the CPM + US + L + H2O2 group produced the

largest number of bubbles compared to the other groups. Hence,

it is reasonable to speculate that the dual gas production of O2

and CO2 in CPM NPs solutions greatly contributes to the large

amounts of bubbles compared to CP NPs solution that only

produces CO2.

Since pH-responsive Ca2+ release from CPM NPs is crucial

for the calcium-overload-induced cancer immune therapy, we

evaluated the Ca2+ release ability at various pH (5.5, 6.5, and 7.4).

As shown in Figure 2A, time-related release behavior of Ca2+

from CPM NPs was observed. CPM NPs in the pH 5.5 solutions

showed the highest calcium release rate (65%) compared to the

pH 7.4 (31%) and pH 6.5 (58%) solutions. These results

demonstrate the pH-dependent release behavior of CPM NPs.

Therefore, CPM NPs are promising for Ca2+-induced

immunotherapy.

As previously reported, MnO2 nanoparticles can trigger the

decomposition of H2O2 to produce oxygen and Mn2+ by

FIGURE 2
The physicochemical characterization of CPMNPs. (A) Time-dependent release profiles of Ca2+ fromCPMNPs in PBS at different pH values 5.5,
6.5, and 7.4. The release percentages were calculated as the amount of release of Ca2+ from CPM NPs/the total amount of Ca2+ in CPM NPs. (B) The
oxygen concentrations produced by CPMNPs at different pH values in H2O2 solution (100 μM). (C) SOSG fluorescence intensities of materials under
different conditions. (D) Heating curves of different concentrations of CPM NPs under 1,064 nm laser irradiation. (E) Temperature record of
CPMNPs (1 mg ml−1) under laser irradiation. (F) Linear-time data versus-ln (θ) obtained from the cooling period of NIR laser off. (G) The photothermal
conversion cycling test of CPMNPs (1 mg ml−1) during three laser on/off cycles. (H) Viability of 293T after being treated with different concentrations
of CPM NPs for 24 and 48 h. (I) Cell survival rate of 4T1 cells after being treated by different treatment groups.
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consuming H+ ions (Liu Y et al., 2019). Using a portable oxygen-

dissolving apparatus, we further investigated the oxygen

generation capability of CPM NPs at different pH with and

without H2O2 (100 μM). A similar oxygen content of

approximately 10 mg/L was observed in the pure H2O2 and

PBS (pH 7.4) group (CPM NPs dissolved in pH 7.4 PBS

solution) and the pH 6.5 group (and the CPM NPs dissolved

in pH 6.5 PBS solution). When H2O2 was added, the pH 7.4 +

H2O2 group exhibited significantly increased oxygen levels

(~20 mg/L). Compared to the other groups, the pH 6.5 +

H2O2 group exhibited the highest oxygen content (~24 mg/L)

(Figure 2B). These results demonstrated the potential of CPM to

eliminate tumor hypoxia. Then, the ROS generation capability of

CPM NPs in pH 6.5 solution under various conditions was

investigated. The fluorescence intensity was clearly increased

in the presence of CPM NPs under various treatments

FIGURE 3
(A) Live/dead staining assay (green, live cells; red, dead cells) and (B) apoptosis analysis of 4T1 cells after various treatments. (C) Intracellular ROS
detected byDCFH-DA probe. (D)CLSM images of 4T1 cells that received various treatments and then stainedwith JC-1 dye. (E) The optical density of
4T1 cells mitochondria at 540 nm after various treatments.
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compared to that in the pure H2O group (Figure 2C). However,

the highest fluorescence intensity was obtained by the

implementation of laser and ultrasound irradiation with H2O2.

The above results show that laser and ultrasound irradiation can

promote the production of ROS along with CPM NPs in the

tumor microenvironment.

In vitro photothermal effect of calcium
carbonate-polydopamine-manganese
oxide nanoparticles

As reported in previous studies, both PDA andMnO2 exhibit

excellent photothermal conversion capability (Farokhi et al.,

2019; Liu Y et al., 2021), which inspired us to evaluate the

photothermal properties of the CPM NPs. We examined the

heating curves of CPM NPs at different concentrations under

1,064 nm laser irradiation (1,064 nm, 1 W cm−2). The CPM NPs

exhibited both time- and concentration-dependent

photothermal heating (Figure 2D). After 15 min of laser

stimulation, the temperature of the CPM NPs with a

concentration of 1 mg ml−1 increased significantly from 20°C

to 51°C while the temperature of the CPM NPs with a

concentration of 200 μg ml−1 increased to 43°C. Subsequently,

we calculated the photothermal conversion efficiency of CPM

NPs to be 26.31% (Figures 2E,F). As depicted in Figure 2G, no

apparent temperature decrease was observed during the

1,064 nm laser irradiation for three on/off cycles, indicating

the excellent photothermal stability of the CPM NPs.

Antitumor effects in vitro

To evaluate the combined antitumor photothermal and

immunity effect in vitro, the cytotoxic effect of CPM NPs on

tumor cells under various conditions was investigated. A low

toxicity to normal cells is a necessary requirement for the

application of CPM NPs in biological systems. We used

normal human renal epithelial cells (293T) to evaluate the

biosafety of CPM NPs by incubating the cells with different

concentrations of CPM NPs for 24 or 48 h. It was found that the

cell survival rate exceeded 90% even for incubation with the

highest concentration (20 μg ml−1) for 48 h (Figure 2H),

reflecting the excellent biocompatibility of CPM NPs. The

antitumor effects of CPM NPs were further investigated.

Various concentrations (0.625, 1.25, 2.5, 5, 10, and 20 μg ml−1)

of CPM NPs were co-incubated with 4T1 cells and treated with

1,064 nm laser irradiation (1 W cm−2, 5 min) and US (1.0 MHz,

20% duty cycle, 0.5 W cm−2, 2 min). As shown in Figure 2I, the

CPM group exhibited weak killing ability (85%) of 4T1 cells

(20 μg ml−1) compared to the CPM + US (69.6%) and CPM + L

groups (46.3%). The decreased cell viability of the CPM + US

group may be attributed to the ultrasound-promoted calcium

overload. Hyperthermia triggered by the photothermal effect of

CPM NPs under laser irradiation also promoted cell death. The

CPM + US and CPM + L groups exhibited concentration-

dependent cell viability. As expected, the 4T1 cells treated

with CPM + US + L showed the highest cell lethality (45.9%),

indicating the most severe cell damage.

To depict cell viability more intuitively, calcein-AM/PI was

employed to conduct a living/dead assay by staining dead cells

and living cells to red and green, respectively. As depicted in

Figure 3A, only bright green fluorescence, representing live cells,

appeared in the CPM and PBS groups, confirming the negligible

killing effect. A few dead cells appeared in the CPM + US group,

while more dead cells were observed in the CPM + L group, proving

that the cytotoxic effect of photothermal therapy is better than that of

ultrasound. As expected, the CPM + US + L group showed the

highest number of dead cells compared to the other groups. This

result was consistent with that of the MTT assay (Figure 2I).

Additionally, we investigated the apoptosis induced by CPM NPs

under various treatments. As shown in Figure 3B, the apoptosis rates

in the CPM, CPM + US, and CPM + L groups were 17.4%, 27.4%,

and 42.3%, respectively. Under the application of both laser and

ultrasound irradiation, the CPM +US + L group showed the highest

apoptosis rate (53.5%). These results are in agreement with those of

the MTT and living/dead assays. The above results demonstrated the

superior antitumor effect of CPM +US + L. Subsequently, a series of

experiments were conducted to elucidate the therapeutic mechanism.

Alleviating hypoxia in the tumor microenvironment is critical for

tumor therapy. Therefore, we firstly detected the effect of CPM NPs

for hypoxia remission in cells. Redfluorescence indicates cell hypoxia.

As revealed in Supplementary Figure S4, almost no red fluorescence

was exhibited in the normal environment with or without CPMNPs.

Under hypoxia environment, the obvious red fluorescence signal

appears without CPM NPs. In contrast, the CPM-treated cells only

exhibited faint red fluorescence, proving the effective hypoxia

remission. The generation of ROS in 4T1 cells was evaluated

using a DCFH-DA probe, with green fluorescence as the ROS

indicator. CPM-treated cells showed weak fluorescence, which

may be ascribed to the ROS production during MnO2-induced

CDT and mitochondrial Ca2+ overload (Wang et al., 2019). When

either laser or ultrasound irradiation was applied, CPM-treated cells

showed stronger fluorescence intensity (Figure 3C), suggesting that

both laser irradiation and ultrasound promoted ROS production.

This result may be caused by ultrasound-enhanced mitochondrial

Ca2+ overload and laser-promoted CDT (Zhang et al., 2021). As

anticipated, the CPM + US + L group showed the strongest green

fluorescence compared to the CPM + US and CPM + L groups,

suggesting the superiority of the combination therapy.Mitochondrial

Ca2+ overload can damage the mitochondria, triggering a decrease in

the mitochondrial membrane potential. We further determined the

degree of mitochondrial damage after various treatments using JC-1

(mitochondrial membrane potential probe). J-aggregates with red

fluorescence and monomers with green fluorescence were found in

normal and damaged mitochondrial membranes, respectively. As
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shown in Figure 3D, weak green fluorescence appeared in the cells of

the CPM group, confirming slight mitochondrial damage. The green

fluorescence signal was enhanced under laser and ultrasound

stimulation, indicating that the application of US and laser

increased mitochondrial damage. As expected, the cells in the

CPM + US + L group showed the strongest green fluorescence

signal, suggesting that the combination of laser irradiation and

ultrasound resulted in the most severe mitochondrial damage. In

addition to decreased mitochondrial membrane potential,

mitochondrial swelling is an important indicator of mitochondrial

damage. Therefore, we performed a mitochondrial swelling assay to

verify themitochondrial damage. Normal mitochondria show strong

ultraviolet-visible (UV-vis) absorption at 540 nm, whereas the

absorbance at 540 nm decreases when mitochondria are damaged.

As shown in Figure 3E, the absorbance values of the cells at 540 nm

were significantly decreased after treatment with laser irradiation or

ultrasound compared to the PBS and CPM groups, indicating that

both laser irradiation and ultrasound can induce strong

mitochondrial swelling. As anticipated, the CPM + US + L group

exhibited the most obvious mitochondrial swelling, which was

consistent with the results of the mitochondrial membrane

potential assay. Ca2+ is considered a key factor in the regulation

of mitochondrial activity (Giorgi et al., 2018; Nemani et al., 2018;

Rossi et al., 2019). This inspired us to explore whether mitochondrial

damage was related to Ca2+ overload. First, we used FITC-labeled

CPMNPs and red Lyso-Tracker to investigate the internalization and

lysosomal escape of CPMNPs in 4T1 cells. As indicated in Figure 4A,

the green fluorescence intensity of CPM-FITC gradually increased

with prolonged co-culture time of CPM-FITC with 4T1 cells.

Notably, when CPM-FITC was co-incubated with 4T1 cells for

4 h, the green fluorescence of CPM-FITC separated from the

lysosomal red fluorescence was clearly observed unlike for those

at 0.5 and 1 h. The co-localization rate of CPM-FITC fluorescence

and lysosomal fluorescence was calculated using ImageJ analysis. As

shown in Figure 4C, the colocalization rate of CPM-FITC

fluorescence and lysosomal fluorescence reached 77% after 1 h

incubation, but subsequently decreased to 22% after 4 h of

incubation, confirming that CPM NPs underwent effective

lysosomal escape. We then explored the internalization

and lysosomal escape of 4T1 cells under various treatments after

co-culture with CPM-FITC for 4 h. Compared to the CPM group,

the green fluorescence of 4T1 cells was significantly enhanced after

laser or ultrasound irradiation (Figure 4B), verifying that laser and

ultrasound irradiation promoted the cellular uptake of CPM NPs.

FIGURE 4
(A) The CLSM of CPM NPs (labeled with FITC, 20 μg ml−1) with lysosomes in 4T1 cells after incubation with CPM NPs for 0.5, 1, and 4 h,
respectively. (B) The CLSM of CPMNPs (labeled with FITC, 20 μg ml−1) with lysosomes in 4T1 cells being various treatments. (C) The co-location ratio
of CPM NPs with lysosomes in 4T1 cells after incubated with CPM for 0.5, 1, and 4 h, respectively. (D) The co-location ratio of CPM NPs with
lysosomes in 4T1 cells after various treatments. (E) Confocal images of 4T1 cells incubated with CPM NPs (20 μg ml−1) at different time points
and stainedwith an intracellular Ca2+ indicator, Fluo-4 AM (5 μM). (F)Confocal images of 4T1 cells being various treatments after incubatedwith CPM
NPs (20 μg ml−1) for 4 h and stained with an intracellular Ca2+ indicator, Fluo-4 AM (5 μM). (G)Mean fluorescence intensity (MFI) of intracellular Ca2+

level in 4T1 cells. (H) MFI of intracellular Ca2+ level in 4T1 cells after various treatments.

Frontiers in Bioengineering and Biotechnology frontiersin.org10

Li et al. 10.3389/fbioe.2022.1005520

84

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1005520


This is attributed to the higher cell permeability caused by the

photothermal effect and ultrasonic vibration, which facilitates the

entry of nanoparticles into cells (Hu et al., 2020).

In addition, most of the separated green fluorescence was

observed in the CPM +US + L group. As shown in Figure 4D, the

fluorescence colocalization rates of CPM, CPM + US, CPM + L,

and CPM + US + L groups were calculated to be 25%, 19%, 15%,

and 10%, respectively. Notably, red fluorescence was significantly

reduced in the CPM + US, CPM + L, and CPM + US + L groups,

indicating strong lysosomal damage caused by the release of

CPM NPs into the cytoplasm (Weyergang et al., 2014; Huang

et al., 2019). These results demonstrated that laser and

ultrasound irradiation accelerated lysosomal escape, and the

combination treatment further promotes this process. Then,

we detected the Ca2+ uptake by CPM NPs after co-culture

with 4T1 cells for 4 h. The green fluorescence of Fluo-4 AM

was used as the Ca2+ probe. The intracellular Ca2+ fluorescence

intensity increased in a time-dependent manner in 4T1 cells

(Figures 4E,G). To study the effects of laser and ultrasound

irradiation on intracellular Ca2+ content, we treated 4T1 cells

after culturing with CPM NPs for 4 h. As shown in Figure 4F,

both the CPM + US and CPM + L groups exhibited brighter

green fluorescence than the CPM group, proving that laser and

ultrasound irradiation facilitated Ca2+ internalization by

4T1 cells. The strongest Ca2+ fluorescence intensity in the

CPM + US + L group confirmed the superiority of the

combined laser and ultrasound treatment for Ca2+ uptake.

Moreover, quantitative analysis of the fluorescence intensity of

Ca2+ also proved this conclusion (Figure 4H). The above results

indicate that CPM NPs under laser and ultrasound irradiation

effectively increase intracellular Ca2+ content, resulting in Ca2+

overload and thereby inducing mitochondrial damage.

To assess the antitumor immune response to CPM NPs under

various treatments, we explored ICD. The release of DAMPs from

tumor cells is an important step in triggering ICD in tumor

immunotherapy. During ICD, DAMPs, including CRT, ATP,

and HMGB1, can be exposed to the membrane surface of tumor

cells to facilitate DC maturation and stimulate optimal antigen

presentation. Confocal microscopy was used to observe the level

of CRT secretion on the surface of 4T1 cells after treatment, and the

levels of intracellular ATP and HMGB1 release were determined

using the ATP and HMGB1 ELISA kits, respectively. We found that

CRT expression on the cell surface of the CPM group was enhanced

compared to that in the PBS group, which may be caused by the

Ca2+-and Mn2+-evoked ICD (Figure 5A). When laser or ultrasound

irradiation was applied, a higher CRT exposure was observed. As

FIGURE 5
(A) CRT exposure. (B) Intracellular ATP and (C) HMGB1 release from 4T1 cells after various treatments. Data are means ± SD, *p < 0.05, **p <
0.01, and ***p < 0.001. (D) Flow cytometry analysis of the expression of CD80+/CD86+ DC cells (markers for maturation) on the surface of DCs after
various treatments.
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FIGURE 6
(A) Schematic illustration of the animal tumormodel and treatment process. (B) Infrared thermographic images ofmice in PBS +NIR and CPM+
NIR groups and the corresponding temperatures curves of mice. (1,064 nm, 1 W cm−2, 5 min). (C) Average body weight curves during treatment. (D)
Relative tumor volumes-time curves of 4T1 primary tumors in mice after various treatments. (E) Representative tumor pictures of 4T1 primary tumor
and (F) average tumor weights obtained on the 15 th day. (G) Relative tumor volumes-time curve of 4T1 distant tumors in mice after various
treatments. (H) Representative tumor pictures of 4T1 distant tumor and (I) average tumor weights obtained on the 15 th day. Data are means ± SD,
*p < 0.05. (J) H and E staining images of primary tumors tissues. (Scale bar: 100 μm). (K) Representative photographs of lung tissues after various
treatments.
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expected, the CPM + US + L group showed the highest CRT

exposure, demonstrating that the laser and ultrasound irradiation

promoted immune responses. HMGB1 and ATP have been

identified as other ICD biomarkers in 4T1 cells. As illustrated in

Figures 5B,C, the intracellular release of HMGB1 and ATP

significantly decreased in the CPM + US + L, CPM + US, and

CPM + L groups compared to the PBS and CPM groups. Among

these, CPM + US + L exhibited the most significant decrease. These

results confirmed that CPM + US and CPM + L can trigger an

effective ICD that was further promoted by the combination of laser

and ultrasound irradiation. Numerous studies have demonstrated

that DAMPs released from necrotic or apoptotic tumor cells can

FIGURE 7
Representative flow cytometry profiles of (A) CD80+/CD86+ DC cells after indicated procedures in the lymph nodes, (B) CD3+/CD4+ T cells in
the spleen and (C) CD3+/CD8+ T cells in the spleen. (D–F) The ELISA analysis of intraserous cytokine levels of TNF-α, IFN-γ, and Granzyme B after
different treatments on day 15. (G) H and E-stained images of major organs of BALB/c mice in various groups. (Scale bar: 100 μm).
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stimulate DCs maturation. DCs maturation was measured using

flow cytometry. The mean percentage of mature DCs in the CPM +

US + L group (34.6%) was significantly higher than that in the PBS

(5.7%), CPM (12.0%), CPM + US (19.4%), and CPM + L (20.2%)

groups (Figure 5D). These results verified that laser and ultrasound

irradiation with CPM NPs can effectively induce ICD and promote

DCmaturation, thereby activating the antitumor immune response.

In vivo synergistic photothermal therapy
and immune therapy

Tumor therapy in vivo strictly followed the experimental

scheme (Figure 6A). First, the therapeutic efficiency of the

treatment system for primary and distant tumors was

assessed simultaneously using a bilateral 4T1 tumor model.

Different numbers of 4T1 cells (2 × 106 cells per mouse and

1 × 106 cells per mouse) were inoculated into both the right

(defined as the primary tumor) and left (defined as the distant

tumor) flank regions of BALB/c mice on days −8 and −4,

respectively. CPM NPs (100 μl, 1 mg ml−1) were injected into

the primary tumor region of BALB/c mice prior to each

irradiation of the BALB/c primary tumors with 1,064 nm

laser (1 W cm−2, 5 min) or US (1.0 MHz, 20% duty cycle,

2 W cm−2, 2 min). First, the photothermal effect of the laser-

irradiated BALB/c mice was assessed using an infrared

thermal imaging camera. After the injection of PBS or

CPM NPs, mouse tumor areas were irradiated with a

1,064 nm laser (1 W cm−2), and temperature changes were

recorded every 30 s using an infrared camera. Photothermal

photographs of the mice showed that the CPM group

exhibited time-dependent heating. The temperature of the

CPM group increased from 35 to 62.2°C after 5 min of laser

irradiation, showing a strong photothermal performance

(Figure 6B). By contrast, the temperature for the PBS

group only increased by 2.4°C within 5 min of laser

exposure. Body weight changes (Figure 6C) and tumor

volumes of each mouse were measured every 2 days. The

relative volume curves of the tumors (including primary and

distant tumors) were plotted according to the records. After

15 days of treatment, the mice were euthanized by dislocation

of cervical vertebra and the primary and distant tumors were

imaged and weighed. Unlike the malignant proliferation of

4T1 cells in the PBS group, the CPM + US and CPM + L

groups showed significant inhibitory effects on tumor growth;

notably, the inhibition of tumor growth was most

pronounced in the CPM + US + L group (Figure 6D). The

tumor images and weights showed the same trend (Figures

6E,F). These results suggest that the combination of

photothermal therapy and immunity can significantly

inhibit tumor growth, which is consistent with its

outstanding antitumor effect in vitro. As expected, the

growth of distant tumors in mice exhibited the same trend

as the growth of the primary tumor. Notably, the CPM + US +

L group displayed obvious inhibition compared to the other

groups (Figures 6G–I). Histological analysis of the primary

tumor was performed to detect tissue damage. As illustrated

in Figure 6J, after different treatments, different degrees of

apoptosis in tumor cells with shrunken and broken nuclei

were observed. The CPM + US and CPM + L groups exhibited

more severe apoptosis than the CPM and PBS groups. It is

important to note that CPM + US + L showed the greatest

tumor cell damage, further confirming the antitumor efficacy

of the different treatments.

In vivo anti-lung metastasis ability and
immunity of synergistic photothermal
therapy and immune therapy

To comprehensively evaluate the antitumor ability of

CPM, we also investigated the anti-lung metastasis ability

of CPM in vivo. As shown in Figure 6K, the lungs of the mice

in the PBS group exhibited a large number of pulmonary

nodules that were significantly reduced in the CPM

group. Additionally, the lung surfaces of the mice in the

CPM + US, CPM + L, and CPM + US + L groups were flat,

further demonstrating the superior antitumor metastasis

ability of this therapeutic platform.

After the ability of CPM NPs to induce ICD and facilitate

DC cell maturation was verified in vitro, we further

investigated the antitumor immune responses of CPM NPs

after various treatments in vivo. Flow cytometry was used to

determine the DCs maturation (CD11c+/CD80+/CD86+)

levels in the draining lymph nodes. As expected, the

highest secretion level of DCs maturation (19.7%) was

observed in the CPM + US + L group compared to the

CPM (8.2%), CPM + US (9.5%), and CPM + L (12%)

groups (Figure 7A), indicating that the combined laser and

ultrasound therapy with CPM NPs effectively induced DCs

maturation and improved the immune response in vivo. In

addition, CD4+ and CD8+ T lymphocytes in the spleen were

detected using flow cytometry. As shown in Figures 7B,C, the

CPM + US + L group exhibited the strongest T cell-mediated

immune response (CD4+/CD8+ T cells: 9.2% and 10%)

compared to the PBS (4.4% and 5.1%), CPM (5.7% and

6.6%), CPM + US (6.6% and 6.9%), and CPM + L (7.0%

and 8.5%) groups, suggesting that combined treatment with

CPM NPs promotes CD4+ and CD8+ T lymphocyte

proliferation and infiltration. Subsequently, immune-

mediated tumor killing was assessed by determining the

levels of typical immune-related pro-inflammatory

cytokines secreted by mature DC. The levels of cytokines

TNF-α, IFN-γ, and granzyme B in mouse serum were

measured by enzyme-linked immunosorbent assay. As

illustrated in Figures 7D–F, the highest cytokine levels
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were found in the CPM + US + L group. Furthermore, the

immune cell response against the tumor was also evaluated by

immunohistochemistry analysis of tumor sections from mice.

As expected, the highest proportion of CD4+ and CD8+ T cell

infiltration in the tumor tissues were found in the CPM + US

+ L group (Supplementary Figure S4), suggesting that the

combination of laser and ultrasound treatment could further

promote the infiltration and proliferation of CD4+ and CD8+

T cells. These results indicated that the regimen of the

combination photothermal and immune tumor therapy

significantly enhanced the antitumor immune response.

Systemic toxicity evaluation

Furthermore, to assess the biosafety of CPM, we performed

histological analysis of major organs, including the heart, liver,

spleen, lungs, and kidneys. As shown in Figure 7G, H and

E-stained images of organ sections from the different treatment

groups showed negligible abnormalities. Furthermore, the mice

did not experience significant weight loss during the treatment

period (Figure 6C), indicating the excellent biocompatibility of

CPM NPs and the safety of the combined treatment procedure.

Moreover, the functional indicators of the blood samples in the

FIGURE 8
Major blood routine indexes, liver and kidney function indexes of mice after various treatments.

Frontiers in Bioengineering and Biotechnology frontiersin.org15

Li et al. 10.3389/fbioe.2022.1005520

89

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1005520


CPM + US + L group were tested to assess the potential toxicity of

CPM in vivo. As shown in Figure 8, compared to the PBS group,

the CPM + US + L group showed negligible abnormalities in the

relevant functional indicators on day 3 and at the end of treatment.

The routine blood indices in the CPM + US + L group were found

to be normal compared to those in the PBS group, indicating that

no significant systemic infection or inflammation appeared during

the entire evaluation period. The measured parameters, including

alanine aminotransferase (ALT), aspartate aminotransferase

(AST), and urea nitrogen (BUN), were within the normal

range, indicating that the nanoparticles exhibited little toxicity

to the liver. These results demonstrated the excellent compatibility

and negligible adverse effects of the CPM + US + L treatment on

the organism.

Conclusion

In summary, a combined photothermal and immune

tumor therapy platform was fabricated based on dual-gas

nanogenerators (CPM NPs). The CPM NPs underwent

responsive degradation in the tumor, resulting in the

generation of Ca2+, Mn2+, CO2, and O2. Ca
2+ and Mn2+ act

as immune adjuvants that trigger ICD for immunotherapy.

The relieved tumor hypoxia and cancer cell membrane

rupture caused by sudden burst of bubbles (CO2 and O2)

all contributed to ICD. The application of laser and

ultrasound promoted the Ca2+ overload in mitochondria

and explosion of CO2 and O2 bubbles by photothermal

effects and ultrasonic waves thus improved

immunotherapy effect. Superior PTT and immune

synergistic therapeutic capabilities were demonstrated in

both in vitro and in vivo experiments. Thus, this strategy

based on CPM NPs dual-gas nano-generators is promising

for future clinical cancer treatment.
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Vascularization of tissue-engineered constructs remains a key challenge in the

field of skeletal muscle tissue engineering. One strategy for vascularizing

organoids is in vitro pre-vascularization, relying on de novo assembly of

undifferentiated endothelial cells into capillaries, a process termed

vasculogenesis. In most endothelial cell research to date, human umbilical

vein endothelial cells have been used primarily because of their availability.

Nevertheless, this endothelial cell type is naturally not occurring in skeletal

muscle tissue. Since endothelial cells display a tissue-specific phenotype, it is of

interest to use muscle-specific microvascular endothelial cells to study pre-

vascularization in skeletal muscle tissue engineering research. Thus far, tissue

biopsies had to be processed in two separate protocols to obtain cells from the

myogenic and the endothelial compartment. Here, we describe a novel,

detailed protocol for the co-isolation of human skeletal muscle

microvascular endothelial cells and satellite cell-derived myoblasts. It

incorporates an automated mechanical and enzymatic tissue dissociation

followed by magnetically activated cell sorting based on a combination of

endothelial and skeletal muscle cell markers. Qualitative, quantitative, and

functional characterization of the obtained cells is described and

demonstrated by representative results. The simultaneous isolation of both

cell types from the same donor is advantageous in terms of time efficiency. In

addition, it may be the only possible method to isolate both cell types as the

amount of tissue biopsy is often limited. The isolation of the two cell types is

crucial for further studies to elucidate cell crosstalk in health and disease.

Furthermore, the use of muscle-specific microvascular endothelial cells allows

a shift towards engineering more physiologically relevant functional tissue, with

downstream applications including drug screening and regenerative medicine.

KEYWORDS

cell isolation, microvascular endothelial cells, myoblasts, co-isolation, human, skeletal
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1 Introduction

In native skeletal muscle, vascular supply is provided by a

highly organized extensive capillary network throughout the

fibers to meet the high metabolic demands. The fundamental

role of the microvascular network is to deliver oxygen and

nutrients throughout the tissue. To vascularize engineered

muscle, two core vascularization strategies are being explored.

The first approach involves in vivo angiogenesis, which exploits

the ingrowth of host vessels coming from sprouting endothelial

cells (ECs) from pre-existing vessels. However, the rate of

spontaneous ingrowth through angiogenesis is slow

(approximately 5 µm/h) (Orr et al., 2003), which may limit

the thickness of the tissue that can be transplanted. Since

passive diffusion of metabolic products and gases is also

limited, necrosis may occur before sprouts from the host

blood vessels can reach the inner core. To overcome this,

another strategy focuses on in vitro pre-vascularization

through de novo blood vessel formation. This so-called

vasculogenesis strategy uses ECs that coat the inner wall of

vascular networks (Gholobova et al., 2020). The majority of

research carried out to date, involving endothelial cells, uses

human umbilical vein endothelial cells (HUVECs) (Wang et al.,

2019). HUVECs are known to be robust and can be obtained

from discarded umbilical cord tissue which is abundant. Also,

their commercial availability is widespread and researchers can

rely on years of accumulated knowledge (Hauseret al., 2017).

HUVECs have the capacity to assemble into a capillary network

within a 3-dimensional (3D) hydrogel, which was first described

by Schechner et al. (2000), and afterwards extensively studied by

others in the tissue engineering field. Indeed, also in muscle tissue

engineering research, we have used HUVECs to study in vitro

pre-vascularization thus far (Gholobova et al., 2015; Gholobova

et al., 2019).

However, ECs are not only creating a passive conduit for

blood delivery. Increasing insights in crosstalk between tissue-

specific cell types (Rafii et al., 2016) and the growing evidence for

the endothelium as a regulator of regenerative processes in an

organ/tissue-specific manner (Rafii et al., 2016) promote the use

of tissue-specific cells. These complex tasks are regulated by

capillary EC-derived paracrine factors, which create an

instructive organ-specific niche for repopulating stem and

progenitor cells (Verma et al., 2018). In fact, satellite cells that

express Pax7 and Myf5 were found to be positioned near ECs

(Chiristov et al., 2007). In addition, the same study established

that ECs specifically enhance satellite cell growth, while

differentiating myogenic cells were found to be proangiogenic.

Thus, skeletal muscle microvascular endothelial cells

(SkMVECs), which are naturally occurring in skeletal muscle, are

of high interest for engineering pre-vascularized skeletal muscle. To

date, only a few papers have been published on the isolation of

SkMVECs. Chen et al. (1995) described a method for isolating

primary rat SkMVECs avoiding enzymatic and mechanical

isolation by outgrowth of the cells from tissue pieces within 60 h.

Since fibroblasts and other cells are described to grow out of the

muscle pieces only after 72 h, thiswould result in a pure population of

SkMVECs. However, no clear numbers in terms of cell purity nor cell

yield were given. Another protocol, focusing on murine skeletal

muscle tissue, described an approach usingfluorescence-activated cell

sorting (FACS) to isolate Sca1+, CD31+, CD34dim and CD45− cells

(Ieronimakis et al., 2008). In this protocol, the capacity of the isolated

cells to take up acetylated low-density lipoprotein, to produce nitric

oxide, and to form vascular tubes was described even after several

passages in culture. However, in our specific case, magnetic-activated

cell sorting (MACS) offered advantages compared to FACS such as a

lower device cost, higher throughput and faster processing time

(Tomlinson et al., 2013; Sutermaster andDarling 2019; Pan andWan

2020). The most recent work on the isolation of primary murine

SkMVECs was published by Müntefering et al. (2019). There, a

protocol was established yielding CD31-positive murine SkMVECs

with a purity of up to 95% using MACS (Müntefering et al., 2019).

Taken together, only a few protocols have been published describing

the isolation of primary SkMVECs and none of those has been

applied to human tissue. Moreover, for co-culturing approaches in

skeletal muscle tissue engineering, a protocol on the combined

isolation of both primary myoblasts and primary SkMVECs from

the same biopsy is not existing. Therefore, originally based on the

protocol ofMüntefering et al. (2019), we developed a protocol for the

co-isolation of SkMVECs and satellite cell-derived myoblasts from

the same human skeletal muscle tissue biopsy.

2 Materials and methods

In the following section, we describe a detailed protocol

for the co-isolation and characterization of SkMVECs and

satellite cell-derived myoblasts from human skeletal muscle

tissue. Fresh human muscle biopsies were obtained from the

Human Body Donation Program of KU Leuven, at campus

KULAK, Belgium (ethical approval number: NH019-2020-04-

02). A schematic overview of the protocol is represented in

Figure 1 (created with BioRender.com). The magnetic-

activated cell sorting strategy for the co-isolation of

endothelial cells and myoblasts is displayed in more detail

in Figure 2. Lastly, a detailed list of used materials and

reagents can be found in Table 1.

2.1 Buffer and media compositions

2.1.1 Ammonium-Chloride-Potassium lysing
buffer

- 150 mM NH4Cl

- 10 mM KHCO3

- 0.1 mM EDTA

→ Filter sterilize (0.22 µm filter).
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2.1.2 Blocking buffer
PBS supplemented with:

- 1% (w/v%) BSA

- 0.2% Triton X-100

2.1.3 Cell sorting buffer
- 90% PBS

- 10% FBS

→ Filter sterilize (0.22 µm filter).

2.1.4 Skeletal muscle growth medium
DMEM Glutamax supplemented with:

- 10% FBS

- 1% Ultroser G serum substitute

- 0.1% gentamicin

→ Filter sterilize (0.22 µm filter).

2.1.5 Skeletal muscle fusion medium
DMEM Glutamax supplemented with:

- 10 ng/ml hEGF

- 10 μg/ml insulin

- 50 μg/ml BSA

- 50 μg/ml gentamicin

→ Filter sterilize (0.22 µm filter).

3 Harvest of skeletal muscle tissue

1. Disinfect the area of dissection with 70% ethanol.

2. Make a small longitudinal incision using sterile forceps.

3. Dissect at least 1 g of skeletal muscle tissue (recommended:

vastus lateralis muscle).

4. Sterilize the muscle tissue by holding it for 3 s in 70% ethanol.

FIGURE 1
Schematic representation of the developed protocol for the co-isolation of microvascular endothelial cells (CD31+) and satellite cell-derived
myoblasts (CD56+) from human skeletal muscle tissue.
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5. Wash the tissue 3 times for 5 min with PBS.

6. Place the tissue in DMEM+1% P/S until tissue digestion.

4 Automated enzymatic and
mechanical tissue digestion using
gentleMACS™ Octo Dissociator with
Heaters

1. Cut the tissue into small pieces (2–4 mm) using sterile scissors

and scalpel blades.

2. Prepare the enzyme mix from Miltenyi Biotec skeletal muscle

dissociation kit.

Preparation for 1 g muscle tissue:

• 200 μl of Enzyme D

• 50 μl of Enzyme P

• 36 μl of Enzyme A

Mix all three enzymes in 4.70ml ofDMEM(pre-warmed at 37°C).

3. Transfer muscle pieces with a sterile spatula into a

gentleMACS™ C Tube containing the enzyme mix and close

tube tightly.

4. Place the C Tube upside down onto the gentleMACS™ device

and add the heater.

5. Run the program 37C_mr_SMDK_1 on the gentleMACS™
Octo Dissociator with Heaters.

5 Seeding of isolated (unsorted) cell
population

1. Coat a T75 cell culture flask by incubating with 6 ml of

Ultrapure water with 0.1% gelatin for 30 min at room

temperature (RT).

2. Remove the coating solution from the cell culture flask.

3. Add 14 ml of EGM-MV medium and store the flask in the

incubator (37°C, 5% CO2).

4. Perform a short centrifugation step of the gentleMACS™
C Tube to collect the single cell suspension at the tube

bottom.

5. Resuspend the cells and apply the suspension to a 70 µm cell

strainer.

Note: Moisturize the cell strainer upfront with 1–2 ml

of DMEM.

6. Wash the cell strainer with 10 ml of DMEM.

7. Discard the cell strainer and centrifuge the cell suspension

for 20 min at 300 × g.

8. Aspirate the supernatant carefully.

9. Resuspend the cell pellet in 1 ml DMEM+10% FBS.

10. Apply the cell suspension to a 40 μm cell strainer.

Note: Moisturize the cell strainer upfront with 1–2 ml

of DMEM.

11. Wash the cell strainer with 10 ml of DMEM.

12. Centrifuge the cell suspension for 10 min at 300 × g.

13. Resuspend the cell pellet in 1 ml Ammonium-Chloride-

Potassium (ACK) lysing buffer (see Section 2.1) for 30 s at

RT to lyse erythrocytes.

14. Inactivate the reaction by adding 9 ml DMEM+10% FBS.

15. Perform a centrifugation step for 10 min at 300 × g.

16. Discard the supernatant and resuspend the cell pellet in 1 ml

EGM-MV medium.

17. Seed the cells in 15 ml EGM-MV medium in the coated

T75 culture flask.

18. Refresh the EGM-MV medium every second day until cells

reach approximately 80% confluency.

6 Magnetic-activated cell sorting of
isolated cells

At a cell confluency of approximately 80%, detach the cells with

5ml 0.125%Trypsin-EDTA for 3min at 37°C, followedby inactivation

with 15ml DMEM+10% FBS. Centrifuge the cell suspension for

10min at 300 × g, resuspend the cells in EGM-MV medium and

determine the cell number using an automated cell counter.

Note: Alternatively, determine the cell number using a

Burker cell counting chamber.

FIGURE 2
Schematic overview of the MAC sorting strategy to obtain
endothelial cells (marker: CD31) and myoblasts (marker: CD56).
Both cell types are isolated from the CD45-negative cell
population (depleted cells of hematopoietic origin).
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TABLE 1 Materials and reagents.

Materials

Cell strainers, 40-µm (VWR Corning, catalog number: 734-2760)

Cell strainers, 70-µm (VWR Corning, catalog number: 734-2761)

GentleMACS™ C Tubes (Miltenyi Biotec, catalog number: 130-093-237)

Large magnetic columns (Miltenyi Biotec, catalog number: 130-042-401)

MACS® MultiStand (Miltenyi Biotec, catalog number: 130-042-303)

Medium magnetic columns (Miltenyi Biotec, catalog number: 130-042-201)

MidiMACS™ Separator (Miltenyi Biotec, catalog number: 130-042-302)

MiniMACS™ Separator (Miltenyi Biotec, catalog number: 130-042-102)

Reagents

Aprotinin (Carl Roth, catalog number: A1624)

Bovine serum albumin (BSA) (Sigma-Aldrich, catalog number: A2153)

CD31 MicroBeads, human (Miltenyi Biotec, catalog number: 130-091-935)

CD45 MicroBeads, human (Miltenyi Biotec, catalog number: 130-045-801)

CD56 MicroBeads, human (Miltenyi Biotec, catalog number: 130-055-401)

Calcein AM (Hello Bio, catalog number: HB0720)

Collagenase II (Worthington Biochemical Corp., catalog number: LS004176)

DAPI (Thermo Fisher, catalog number: D1306)

Dispase II (Roche Diagnostics, catalog number: 4942078001)

Dulbecco’s Modified Eagle Medium (DMEM) (Biowest, catalog number: L0103-500mL)

EDTA (Sigma-Aldrich, catalog number: 2854)

EGF human (Peprotech, catalog number: AF-100-15)

EGM-MVTM (Lonza, catalog number: CC-4147)

Fetal Bovine Serum (FBS) (Biowest, catalog number: SS 1810-500)

Fibrinogen (Merck, catalog number: 341576)

Gentamicin (Gibco, catalog number: 15750037)

Growth factor reduced Matrigel (BD Biosciences, catalog number: 354230)

Insulin (Sigma-Aldrich, catalog number: I9278-5ML)

KHCO3 (Sigma-Aldrich, catalog number: 1.04854)

Methylcellulose (Carl Roth, catalog number: 8421.1)

NH4Cl (Sigma-Aldrich, catalog number: 12125-02-9)

Phosphate Buffered Saline (PBS) (Invitrogen, catalog number: 10010023)

Skeletal muscle dissociation kit (Miltenyi Biotec, catalog number: 130-098-305)

Thrombin (Stago, catalog number: HT1002a)

Tranexamic acid (Sigma-Aldrich, catalog number: 857653)

Triton X-100 (10% in water) (Sigma-Aldrich, catalog number: 93443)

Trypan Blue (Fisher Scientific, catalog number: 15-250-061)

Trypsin/EDTA (Invitrogen, catalog number: 15090046)

Tween-20 (Acros, catalog number: 233360010)

Ultrapure water with 0.1% gelatin (Millipore, EmbryoMax, catalog number: ES 006B)

Ultroser G serum substitute (Sartorius, catalog number: 15950-017)

Antibodies

Alexa Fluor 488 goat anti-mouse (Invitrogen, catalog number: A-11029)

Alexa Fluor 633 goat anti-rabbit (Invitrogen, catalog number: A21070)

Anti-(human) CD31/PECAM-1 antibody (Santa Cruz, catalog number: sc-376764)

Anti-(human) desmin antibody (Invitrogen, catalog number: D1033)

Anti-(human) phalloidin-iFluor 488 (Abcam, catalog number: ab176753)

Anti-(human) tropomyosin antibody (Invitrogen, catalog number: T9283)

Anti-(human) vWF antibody (Dako, catalog number: A0082)

APC anti-human CD31 antibody (Thermo Fisher, catalog number: 17-0319-42)

APC anti-human CD56 antibody (Thermo Fisher, catalog number: A15704)
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6.1 Depletion of CD45+ cells

(Adapted from Miltenyi Biotec protocol)

1. Resuspend the cell pellet (up to 107 cells) in 80 µl cell sorting

buffer (see Section 2.1).

2. Add 20 µl of anti-human CD45MicroBeads and incubate for

15 min at 4°C.

3. Add 1–2 ml of cell sorting buffer to wash the cells.

4. Centrifuge the suspension for 10 min at 300 × g.

5. Discard the supernatant and resuspend the cell pellet in

500 µl cell sorting buffer.

6. Place an LS magnetic column onto a MACS™ separator

using a magnet of respective size.

7. Moisturize the magnetic column with 3 ml of cell sorting

buffer.

8. Apply 500 µl of the labeled cell suspension onto the

column and let it completely run through the column.

9. Wash the magnetic column three times with 3 ml cell sorting

buffer.

10. Centrifuge the collected flow-through for 10 min at 300 × g

and continue with Section 6.2.

Note: The column with CD45+ cells can be discarded.

6.2 Enrichment of CD31+ cells
(microvascular endothelial cells)

(Adapted from Miltenyi Biotec protocol)

1. Coat a T25 culture flask by adding 2 ml Ultrapure water with

0.1% gelatin for 30 min at RT.

2. Remove the coating solution from the cell culture flask.

3. Add 5 ml of EGM-MV medium and store the flask in the

incubator (37°C, 5% CO2).

4. Resuspend the CD45− cell pellet (obtained in Section 6.1) (up

to 107 cells) in 80 µl cell sorting buffer.

5. Add 20 µl of anti-human CD31MicroBeads and incubate for

15 min at 4°C.

6. Add 1–2 ml of cell sorting buffer to wash the cells.

7. Centrifuge the cell suspension for 10 min at 300 × g.

8. Discard the supernatant and resuspend the cell pellet in

500 µl cell sorting buffer.

9. Place an MS magnetic column onto a MACS™ separator

using a magnet of respective size.

10. Moisturize the magnetic column with 500 µl cell sorting

buffer.

11. Apply 500 µl of the labeled cell suspension onto the column

and let it completely run through the column.

12. Wash the column three times with 500 µl cell sorting buffer.

13. Centrifuge the collected flow-through for 10 min at

300 × g and keep on ice until continuing with

Section 6.3.

Note: This cell fraction represents the CD31− cells, which will

be used for the subsequent sorting step for CD56

(see Section 6.3).

14. Place the MS column containing accumulating CD31+ cells

onto a 15 ml-falcon tube.

15. Apply 1 ml cell sorting buffer onto the column and collect

magnetically labeled CD31+ cells by rapidly pushing the

plunger into the column.

16. Centrifuge the CD31+ cell suspension for 10 min at 300 × g.

17. Resuspend the cell pellet in 1 ml EGM-MVmedium and seed

the cells in the coated T25 culture flask.

Note: To increase the yield of CD31+ cells, we recommend

repeating Section 6.2 as a purification step of isolated

microvascular ECs once cells have reached approximately 80%

confluency. Post a second MAC sorting, culture cells until

approximately 80% confluency and subsequently proceed with

Section 7.

6.3 Enrichment of CD56+ cells (myoblasts)

(Adapted from Miltenyi Biotec protocol)

1. Coat a T175 culture flask by adding 15 ml Ultrapure water

with 0.1% gelatin for 30 min at RT.

2. Remove the coating solution from the cell culture flask.

3. Add 30 ml of Skeletal Muscle Growth Medium (SkGM, see

Section 2.1) and store the flask in the incubator (37°C,

5% CO2).

4. Resuspend the cell pellet (up to 107 cells) from Section 6.2 in

80 µl cell sorting buffer.

5. Add 20 µl of anti-human CD56MicroBeads and incubate for

15 min at 4°C.

6. Add 1–2 ml of cell sorting buffer to wash the cells.

7. Centrifuge the suspension for 10 min at 300 × g.

8. Discard the supernatant and resuspend the cell pellet in

500 µl cell sorting buffer.

9. Place an LS magnetic column onto a MACS™ separator

using a magnet of respective size.

10. Moisturize the magnetic column with 3 ml cell sorting buffer.

11. Apply 500 µl of the labeled cell suspension onto the column

and let it completely run through the column.

12. Wash the column three times with 3 ml cell sorting buffer.

13. Store the collected flow-through on ice until CD56+ cells are

collected.

Note: This cell fraction represents the CD56− cells.

14. Place the LS column containing accumulating CD56+ cells

onto a 15 ml-falcon tube.

15. Apply 5 ml of cell sorting buffer onto the column and collect

magnetically labeled CD56+ cells by rapidly pushing the

plunger into the column.

16. Centrifuge both cell suspensions (CD56+ and CD56−

separately) for 10 min at 300 × g.
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17. Resuspend each cell pellet in 1 ml SkGM and seed the CD56+

cells in the coated T175 culture flask.

Note: For CD56− cells, no coating is required.

18. Refresh the culture medium every second day until cells

reach approximately 80% confluency.

19. At a cell confluency of approximately 80%, harvest the cells

and proceed with the characterization of the cells (Section 7).

7 Characterization of isolated
endothelial cells and myoblasts

7.1 Immunofluorescence staining
(qualitative)

For a qualitative characterization of isolated cells, perform

an immunofluorescence staining. The following protocol

describes the characterization of isolated ECs using the

endothelial cell markers CD31 and von Willebrand factor

(vWF). Isolated myoblasts are characterized by the

expression of desmin.

1. Seed 5,000 cells per well in a 24-well plate.

2. Culture cells until:

(i) ECs: 90%–100% confluency.

(ii) myoblasts: 50%–60% confluency.

3. Rinse the cells 3 times for 5 min with PBS and fix:

(i) ECs: for 10 min with 4% paraformaldehyde at RT.

(ii) myoblasts: for 10 min with a 1:1 solution of acetone:

methanol at −20°C.

4. Wash the cells 3 times for 5 min with PBS.

5. Incubate the cells for 1 h with blocking buffer (see Section 2.1)

at RT.

6. Incubate overnight at 4°C with the respective primary

antibody:

(i) ECs: mouse anti-human CD31, rabbit anti-vWF (10 µg/

ml in blocking buffer).

(ii) myoblasts: mouse anti-human desmin, (1:100 in blocking

buffer).

Note: Keep one well on blocking buffer as a negative control.

7. Wash the cells 3 times for 5 min with PBS.

8. Incubate the cells for 30 min at RT with the respective

secondary antibody:

(i) ECs: Alexa Fluor 488-labeled goat anti-mouse antibody,

Alexa Fluor 488-labeled goat anti-rabbit antibody (1:

200 in PBS).

(ii) myoblasts: Alexa Fluor 488-labeled goat anti-mouse

antibody (1:200 in PBS).

9. Wash the cells 3 times for 5 min with PBS.

10. Incubate the cells for 30 min at RT with DAPI solution (1:

10,000 in PBS).

11. Replace the DAPI solution with PBS.

12. Image the cells using a fluorescence microscope.

7.2 Flow cytometry analysis (quantitative)

For quantitative analysis of isolated cells, perform flow

cytometry analysis. Isolated SkMVECs can be assessed

according to the percentage of CD31+ cells and isolated

myoblasts according to the expression of CD56. The

preparation for flow cytometry, including a

recommended gating strategy (Figure 3), is described in

the following.

1. Centrifuge cells (approximately 2.0 × 105 cells per tube) for

5 min at 300 × g in three falcon tubes to prepare:

- cells stained for the respective cell marker (here: CD31,

CD56).

- fluorescence-minus-one (FMO) control.

- negative control of Calcein AM staining.

Note: Calcein AM staining is applied for the gating for living

cells.

2. Preparation of stained cells and FMO control for APC:
Resuspend each cell pellet in 100 µl cold PBS+10% FBS. Add

5 µl of APC-labeled anti-human CD56 (for myoblasts) or

CD31 (for SkMVECs) antibody to the cells to be stained. No

antibody is added to the FMO control tube. Incubate for

30 min at 4°C.

3. Preparation of negative control for Calcein AM staining:

Resuspend the cell pellet in 1 ml PBS, transfer it to an

Eppendorf tube, and incubate the cell suspension for

10 min at 65°C.

4. Wash all three samples by adding 1 ml of cold PBS+10% FBS

and centrifuge for 10 min at 300 × g.

5. Resuspend each cell pellet in 1 ml of Calcein AM staining

solution (0.1 µM in PBS).

6. Incubate for 15–20 min at RT in the dark.

7. Centrifuge the cells for 10 min at 300 × g.

8. Resuspend each cell pellet in 200 µl of cold PBS+3% FBS and

transfer to a FACS tube.

9. Analyze cells with a flow cytometer using the recommended

gating strategy as shown in Figure 3.

8 Functional characterization of
isolated cells

8.1 Functional characterization of isolated
endothelial cells

8.1.1 Endothelial network formation on Matrigel
(tube formation assay)
1. Thaw the required amount of growth factor reduced

Matrigel in the fridge. Calculate for each well of a 48-well

plate 150 μl. Once the Matrigel is liquid, store it on ice.

2. Place the 48-well plate and pipette tips in the fridge before

the assay.
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3. Add 150 μl growth factor reduced Matrigel per well and

place for 30 min in the incubator (37°C, 5% CO2).

4. Detach cells using 0.125% trypsin/EDTA and incubate for

3 min in the incubator (37°C, 5% CO2).

5. Inactivate trypsin with DMEM+10% FBS.

6. Centrifuge for 5 min at 200 × g and resuspend the cell pellet

in EGM-MV medium.

7. Determine the cell number and pellet down the

required number of cells: 45,000 cells per well of a

48-well plate.

8. Resuspend the cells in 250 μl EGM-MVmedium per well of a

48-well plate.

9. Seed the cells on solidified Matrigel and place them in the

incubator (37°C, 5% CO2).

Note: Tubes will start forming within 2 h post-seeding and

can be visualized up to 12 h post-seeding. Cells should not be

kept longer in culture than 24 h.

10. For fixation of the tubes, wash for 5 min with PBS and

incubate with 4% paraformaldehyde for 10 min at RT. Wash

3 times with PBS.

8.1.2 Endothelial sprouting formation in fibrin
hydrogel (spheroid-based sprouting assay)
1. Detach cells using 0.125% trypsin/EDTA and incubate for

3 min in the incubator (37°C, 5% CO2).

2. Determine the cell number and pellet down the required

number of cells.

3. Resuspend 100,000 ECs in EGM-MV medium containing

20% methylcellulose.

4. Transfer to a multichannel pipette reservoir and pipet

spheroids of 25 µl each on non-adherent plastic dishes to

generate spheroids containing each 1,000 cells.

5. Turn the plate upside down and culture at 37°C and 5% CO2

overnight.

6. Harvest the spheroids by gently washing the plastic dishes

with PBS containing 10% FBS.

7. Transfer to a 50 ml tube and centrifuge first 5 min at 300 × g

followed by 3 min at 500 × g at RT.

8. Aspirate the supernatants carefully.

9. Resuspend the spheroids gently in 1 ml of 2 mg/ml

fibrinogen solution.

10. Add 4 U/ml thrombin and pipet 2 times up and down to mix.

11. Transfer into a 12-well plate rapidly.

12. Place the 12-well plate for 1 h at 37°C to allow the fibrin

(1 mg/ml) hydrogel to solidify.

13. Add 1 ml EGM-MVmedium containing tranexamic acid (final

concentration 400 μM) and aprotinin (final concentration

92.5 μg/ml).

14. After 24 h, fix the spheroids for 30 min at RT with 4%

paraformaldehyde.

15. Wash 2 times with PBS.

16. Permeabilize with PBS containing 1% Tween20 for 10 min.

17. Stain for 1 h at RT with phalloidin (1:250 in PBS) and DAPI

(1:10,000 in PBS).

18. Wash 3 times with PBS.

19. Image using fluorescence microscopy.

8.2 Functional characterization of isolated
myoblasts

8.2.1 Myotube formation in a 24-well plate
(fusion assay)

(Adapted from protocol described in Gholobova et al. (2019)).

1. Seed 50,000 cells per well in a 24-well plate.

2. Continue to expand the cells, refresh SkGM every 2 days

until cells reach 90%–100% confluency.

FIGURE 3
Representative plots generated by flow cytometry showing the recommended gating strategy for the characterization of isolated SkMVECs.
First, intact cells are selected by plotting forward scatter area (FSC-A) versus side scatter area (SSC-A), with P1 representing the cell population
excluding debris. Next, the cells are further gated for living cells by using FITC-channel for detecting Calcein AM labeled cells. Of the living cells,
singlets are selected by plotting forward scatter height (FSC-H) versus forward scatter area (FSC-A). Finally, the singlets are further gated for
APC-labeled CD31-positive cells using the APC channel.
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3. Change themedium to SkeletalMuscle Fusionmedium (SkFM,

see Section 2.1) for 4 days.

4. Refresh the medium every second day.

5. After 7 days, fix the cells with 4% paraformaldehyde for

10 min at RT.

6. Rinse the cells 3 times for 5 min with PBS.

7. Fix the cells with ice-cold methanol for 10 min at −20°C.

8. Rinse the cells 3 times for 5 min with PBS.

9. Incubate the cells for 1 h with blocking buffer at RT.

10. Incubate overnight at 4°C with a primary mouse anti-

human sarcomeric tropomyosin antibody (1:100 in

blocking buffer).

11. Rinse the cells 3 times for 5 min with PBS.

12. Incubate with Alexa Fluor 488-labeled goat anti-mouse

antibody (1:200 in blocking buffer) for 1 h at RT.

13. Rinse the cells 3 times for 5 min with PBS.

14. Incubate for 30 min at RT with DAPI solution (1:10,000

in PBS).

15. Image DAPI-stained nuclei and tropomyosin-positive

myotubes using fluorescence microscopy.

9 Lentiviral vector transduction of
isolated skeletal muscle
microvascular endothelial cells

1. Seed SkMVECs in a T25 (approximately 200,000 cells) and let

cells proliferate until 80% cell confluency. Refresh EGM-MV

medium every second day.

2. Remove the medium and add 50 μl of lentiviral vector (5.2 ×

108 pg p24/ml) in 2 ml of EGM-MV medium to the cells.
Viral vector: pCH-EF1a-eGFP-Ires-Puro

Note: Retroviral vectors were produced by the Leuven

Viral Vector Core as described in Ibrahimi et al. (2009).

The transfer plasmid used encoded eGFP IRES

Puromycin resistance cassette driven by the human

elongation factor 1 alfa promoter (EF1a) (pCH-EF1a-

eGFP-Ires-Puro). The integrity of all plasmids was

verified by digestion and DNA sequencing prior to

vector production. Titer (measured by quantifying

p24 enzyme linked immunosorbent assay (ELISA)

(HIV-1 core profile ELISA, DuPont)) and transducing

units following transduction of 293T cells: 5.2 × 10 8 pg

p24/ml–2.1 × 10 9 TU/ml.
3. Allow viral vector to transduce cells for 24 h at 37°C, 5% CO2.

4. Remove EGM-MV medium supplemented with viral vector

and perform a selection of the transduced cells by

incubating cells for 48 h in EGM-MV medium

supplemented with 2 µg/ml puromycin.

5. Use selected cells for subsequent experiments or cryo-preserve

in liquid nitrogen.

10 Alternatives

If for the application of this protocol specific products or

devices of Miltenyi Biotec are not available, following alternatives

may be applied:

10.1 Magnetic-activated cell sorting buffer

As an alternative to using MACS buffer, PBS+10% FBS

can be used for the cell sorting steps. In addition, for the final

sorting steps before seeding the cells in culture plates, the

respective medium for the cell type of interest can be used for

this sorting step.

10.2 Magnetic-activated cell sorting
enzymes

As an alternative for the enzymes A, D and P which come

along with the skeletal muscle dissociation kit of Miltenyi

Biotec, a combination of the two enzymes Collagenase II

(1.5 mg/ml) and Dispase II (4 mg/ml) can be used for the

tissue dissociation step using gentleMACS™ Octo Dissociator

with Heaters.

10.3 GentleMACS™ Dissociator

If the gentleMACS™ Dissociator (with or without heaters)

is not available, we advise to use the manual dissociation

procedure described in Müntefering et al. (2019) as an

alternative. Briefly, the tissue pieces are resuspended in the

dissociation enzyme solution and placed in the incubator

(37°C, 5% CO2) for 1.5 h. Every 20 min, the suspension is

mixed using a 1 ml syringe.

11 Representative results

The unsorted cell population, obtained after tissue digestion, was

cultured in a cell culture flask until a cell confluency of

approximately 80% was reached. The distinct morphologies of

isolated cells prior to MAC sorting observed in microscopic

images of unsorted cells is shown in Figure 4A. SkMVECs were

found to grow in clusters between the surrounding cell types

(marked with a white dashed circle, Figure 4A). Post MAC

sorting, the separated cell types, SkMVECs, myoblasts, and the

remaining CD56− cell fraction (primarily fibroblasts and pericytes)

were subsequently cultured in different cell culture flasks in their

respective culture medium. The label of the cells indicates the
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marker that was used for MAC sorting: microvascular ECs are

indicated as CD31-positive (CD31+), myoblasts as CD56-positive

(CD56+), and the remaining CD31-negative and CD56-negative

(short: CD56−) cell fraction containing cells such as fibroblasts and

pericytes. Isolated SkMVECs can be recognized by their cobblestone

shape as demonstrated in Figure 4B. Isolated satellite cell-derived

myoblasts display a typical spindle-shaped morphology (Figure 4C).

Lastly, the remaining CD56− cells appear as larger, irregularly shaped

cells, partially displaying protrusions (Figure 4D).

Next, isolated and separated cells were characterized

qualitatively, quantitatively, and functionally. Isolated SkMVECs

were fixed and qualitatively characterized by immunofluorescence

staining for the two endothelial cell markers CD31 and vWF

(Figure 5A). For a quantitative characterization, the number of

CD31+ cells was determined by flow cytometry using an APC-

labeled antibody against human CD31. Results showed a purity of

about 90% of isolated SkMVECs after a second MAC sorting

(Figure 5B). By performing a tube formation assay, it was

FIGURE 4
Morphology of isolated cells. Microscopic images represent the morphology of the different isolated cell types. (A) Unsorted cells containing
multiple cell types of distinct morphologies. Dashed white circle indicates SkMVECs. (B) Isolated CD31+ cells, SkMVECs, displaying a typical round,
cobblestone-shaped morphology. (C) Isolated CD56+ cells, satellite cell-derived myoblasts, appearing as more elongated, oval-shaped cells. (D)
Remaining CD56− cells, including fibroblasts and pericytes, displaying a larger cell size and irregular shape, partially with protrusions.

FIGURE 5
Characterization of isolated SkMVECs. (A) Immunofluorescence staining of isolated SkMVECs for the endothelial cell markers CD31 (pseudo-
color red) and vWF (pseudo-color red). Nuclei are DAPI-stained (blue) (B) Quantitative characterization by flow cytometry for CD31. (C) Tube
formation assay of GFP-labeled isolated SkMVECs on growth factor reducedMatrigel imaged after 4 h showing endothelial networks formed in vitro
(pseudo-color red).
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demonstrated that isolated SkMVECs form endothelial networks

in vitro (Figure 5C).

In addition, a spheroid-based sprouting assay was performed.

This assay is a widely used in vitro angiogenesis assay that allows

the evaluation of the sprout formation capacity of the isolated

endothelial cells. Similar to the tube formation assay, this

sprouting assay can be used to quantify and evaluate

angiogenesis in vitro. The advantage of the sprouting assay

over the tube formation assay is the 3D culture

technique which better reflects the in vivo angiogenesis. Using

this assay, the sprouting of the isolated SkMVECs was shown

(Figure 6).

FIGURE 6
(A) Light microscopic image of human SkMVECs spheroid-based sprouting assay in a fibrin hydrogel analyzed after 24 h. (B)QR-code linked to
3D visualization of spheroid-based sprouting assay captured with confocal microscopy.

FIGURE 7
Characterization of isolated myoblasts. (A) Immunofluorescence staining of isolated satellite cell-derived myoblasts for the muscle cell marker
desmin (green). Nuclei are DAPI-stained (blue) (B)Quantitative characterization by flow cytometry for CD56. (C) Fusion assay of isolated satellite cell-
derived myoblasts showing the formation of multinucleated (DAPI-stained, blue) tropomyosin-positive myotubes (green) after 7 days of culturing in
vitro.
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Isolated satellite cell-derived myoblasts were qualitatively

characterized by immunofluorescence staining for the

muscle-specific marker desmin (Figure 7A). For a

quantitative characterization, flow cytometry was

performed using an APC-labeled antibody against human

CD56. Results showed a purity of cells of up to 95% post MAC

sorting (Figure 7B). By performing a fusion assay, it was

demonstrated that the isolated satellite cell-derived

myoblasts fuse and form multinucleated myotubes in vitro

(Figure 7C).

For the use of isolated SkMVECs to create vascularized 3D

bioartificial tissue constructs, it can be advantageous to use

fluorescent protein expressing cells, especially for multilineage

tissue engineering which requires multi-staining to detect the

different cell types. Therefore, we tested whether the isolated

SkMVECs can successfully be transduced with a lentiviral vector

encoding for green fluorescent protein (GFP).

Immunofluorescent imaging demonstrated GFP-expression of

transduced SkMVECs (Figure 8A). Flow cytometry analysis

confirmed 84% GFP-expressing cells with a high purity of

FIGURE 8
GFP-expressing SkMVECs. (A) Microscopic image of cobblestone-shaped isolated SkMVECs (left image) showing GFP expression post viral
vector transduction (green, right image). (B) Flow cytometry analysis result showing out of 84% GFP-expressing cells, 97% are positive for the
endothelial cell marker CD31. (C) Tube formation assay on growth factor reducedMatrigel showing formation of endothelial networks (left image) by
isolated GFP-expressing SkMVECs (green, right image).
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97% CD31-expressing cells (Figure 8B). In addition, performing

a tube formation assay verified that the endothelial network

formation capacity of GFP-expressing SkMVECs was not

affected by the lentiviral vector transduction (Figure 8C).

12 Discussion

The vascularization of tissue-engineered constructs

remains a key challenge in the field of skeletal muscle

tissue engineering. So far, HUVECs have been the

predominantly used EC type for generating vascular

networks within an engineered tissue. These cells are the

best-characterized EC type and can easily be isolated from

human umbilical cords, a non-invasive harvesting method.

However, HUVECs are not a representative EC type for every

application (Hauser et al., 2017). ECs are known to display a

great heterogeneity (Garlanda and Dejana 1997) and show

tissue- and organ-specific characteristics (Rafii et al., 2016).

Both the expression profile and the functional responses have

been reported to vary between ECs from different origins

(Hauser et al., 2017). For example, Dib et al. (2012)

compared the proteome profile of HUVECs to human

microvascular pulmonary and dermal ECs, and reported a

noticeable difference, reflecting different biological

properties. Therefore, the use of skeletal muscle-specific

microvascular endothelial cells (SkMVECs) may have

great potential for improving in vitro pre-vascularization

of engineered muscle. A limitation thus far has been the lack

of a reliable protocol to isolate human SkMVECs.

Engineering a vascular network within a tissue construct

can be achieved by co-culturing ECs with myoblasts in a 3D

co-culture setting. The endothelial cells have the capacity to

self-assemble into a vascular network, a process called

vasculogenesis. Considering the tissue-specificity of ECs,

different groups have started investigating the interaction

between endothelial cells and muscle satellite cells (Chiristov

et al., 2007; Osaki et al., 2018; Verma et al., 2018). For

studying this cross-talk and setting up a co-culture, it may

be beneficial to obtain both cell types from the same

biological origin. For this, we developed a protocol to co-

isolate microvascular endothelial cells and myoblasts from

human skeletal muscle tissue.

For the isolation of myoblasts from skeletal muscle tissue,

several protocols exist for human tissue and tissues of another

origin. In contrast, the number of protocols that can be found

for the isolation of microvascular endothelial cells is limited.

Focusing on microvascular endothelial cells from human

tissues, protocols have been published for the isolation of,

inter alia, dermal microvascular ECs (Mason et al., 2007),

pulmonary microvascular ECs (Hewett and Murray 1993),

brain microvascular ECs (Navone et al., 2013), or

microvascular ECs from adipose tissue (Hewett et al.,

1993). However, no protocol has been described for the

isolation of human skeletal muscle-derived

microvascular ECs.

With this work, we not only demonstrate the successful

isolation of SkMVECs, but also the simultaneous co-isolation

of human satellite cell-derived myoblasts. Both isolated cell types

were characterized by immunofluorescence staining for specific

cell markers. SkMVECs were shown to be positive for CD31, the

platelet endothelial cell adhesion molecule (PECAM-1), and for

the von Willebrand factor (vWF). Isolated satellite cell-derived

myoblasts were positive for desmin. These results were verified

and quantified by performing flow cytometry, showing that

approximately 95% of myoblasts were positive for CD56 and

approximately 90% of isolated ECs positive for CD31 post a

second sorting for CD31. This second CD31 MAC sorting step

was performed as a purification step to achieve a higher yield of

CD31+ cells, since after the first sorting only around 70% of the

cells were CD31+ (data not shown). If the purity of isolated

SkMVECs is lower than expected, an additional purification step

(third MAC sorting) is recommended to be performed. After the

dissociation of muscle tissue, the resulting single cell suspension

may also contain leucocytes, erythrocytes, pericytes and

fibroblasts, besides the two cell types of interest (SkMVECs

and myoblasts) (Birbrair et al., 2013). Therefore, after one or

even multiple rounds of MAC sorting, a minor fraction of these

other cell types may still be present. In the first MAC sorting step

in this protocol, cells of hematopoietic origin are removed by

depleting CD45+ cells. Since CD45 is not expressed on mature

erythrocytes, these cells are removed before the sorting by an

incubation step with an ACK lysing buffer. After the removal of

these cells and the enrichment of the cells of interest by

performing MAC sorting, the remaining CD56− cell fraction

primarily represents fibroblasts and/or pericytes. For further

application in vascularization research, it may be

advantageous to maintain this cell fraction in culture. Indeed,

fibroblasts and pericytes have been demonstrated to play

important roles in the engineering of microvascular networks

in vitro, as for example described in Levenberg et al. (2005).

In addition to the qualitative and quantitative characterization, the

functional characteristics of the isolated cells, which are of interest for

the engineering of vascularized tissue, were evaluated. Isolated

SkMVECs were found to self-assemble and form vascular networks

when seeded onto growth factor reduced Matrigel. Isolated satellite

cell-derived myoblasts were demonstrated to fuse and form

multinucleated myotubes. Performing an immunofluorescence

staining demonstrated that the formed myotubes were positive for

tropomyosin. Although this protocol was developed for human

skeletal muscle, it may also be applied for the isolation of

SkMVECs and co-isolation of satellite cell-derived myoblasts from

skeletal muscle tissue from other species. Furthermore, the described

protocol may be applicable to isolate microvascular ECs and

surrounding tissue-specific cells of different tissue types by adapting

the choice of respective cell-specific markers for MAC sorting.
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To conclude, using the developed and in detail described

protocol allows the efficient isolation of SkMVECs and

satellite cell-derived myoblasts simultaneously from the

same human skeletal muscle biopsy. Demonstrated by the

functional characteristics, these cells will be of great interest

for downstream applications in vascularization research,

specifically in skeletal muscle tissue engineering, but also

in other domains such as fundamental endothelial cell

research.
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Glucocorticoid-induced osteoporosis (GIOP) is considered the third type of
osteoporosis and is accompanied by high morbidity and mortality. Long-term
usage of glucocorticoids (GCs) causes worsened bone quality and low bone mass
via their effects on bone cells. Currently, there are various clinical pharmacological
treatments to regulate bone mass and skeletal health. Pulsed electromagnetic
fields (PEMFs) are applied to treat patients suffering from delayed fracture healing
and non-unions. PEMFs may be considered a potential and side-effect-free
therapy for GIOP. PEMFs inhibit osteoclastogenesis, stimulate
osteoblastogenesis, and affect the activity of bone marrow mesenchymal stem
cells (BMSCs), osteocytes and blood vessels, ultimately leading to the retention of
bone mass and strength. However, the underlying signaling pathways via which
PEMFs influence GIOP remain unclear. This review attempts to summarize the
underlying cellular mechanisms of GIOP. Furthermore, recent advances showing
that PEMFs affect bone cells are discussed. Finally, we discuss the possibility of
using PEMFs as therapy for GIOP.

KEYWORDS

GIOP, PEMFs, bone cells, angiogenesis, mechanism

1 Introduction

Glucocorticoids (GCs) are used as a treatment to suppress inflammation, as well as for
various inflammation-mediated diseases, including ankylosing spondylitis (AS) and
rheumatoid arthritis (RA) (Crawford et al., 2003). However, prolonged GC therapy can
cause glucocorticoid-induced osteoporosis (GIOP), which is considered the third type of
osteoporosis (Schorlemmer et al., 2005). At present, the main negative effects of excess GCs
on the skeleton are considered to be exerted on bone cells directly, affecting osteoblasts,
osteoclasts, osteocytes, and bone marrow mesenchymal stem cells (BMSCs) (Wang et al.,
2018). BMSCs have the potential to differentiate into different kinds of cells (Chamberlain
et al., 2007). In bone tissue, there is a dynamic balance between differentiation into
adipocytes and osteoblasts. The balance plays an important role in lipid metabolism and
bone homeostasis. In addition, some groups reported that excessive GC use could disturb the
balance between lipid metabolism and bone remodeling (Takano-Murakami et al., 2009) by
upregulating adipogenesis and downregulating osteogenesis of BMSCs (Yin et al., 2006). GCs
increase the expression of adipogenesis-associated genes, such as peroxisome proliferator-
activated receptor-γ2 (PPAR-γ2), but decrease osteogenic gene expression, especially Runt-
related transcription factor 2 (Runx2) (Li et al., 2005). Moreover, chronic GC treatment may
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lead to metabolic defects, resulting in lower serum insulin levels,
higher blood glucose, and enhancement of visceral obesity (Lee et al.,
2007). These factors might be related to GC-induced obesity and
diabetes, which in turn cause severe osteoporosis.

At present, for the treatment of GIOP, calcium and vitamin D
are the basic treatments, while bisphosphonates and terlipatide are
the main treatment drugs, which increase bone density and reduce
fracture risk in GIOP patients. Calcitonin is mainly used to relieve
bone pain and is applicable to patients who do not tolerate or have
contraindications to the above drugs (Pereira et al., 2020). However,
long-term use of these antiosteoporosis drugs can also cause
potential side effects, including osteonecrosis of the jaw,
gastrointestinal complaints, and typical subtrochanteric or
diaphyseal femoral fractures (Canalis et al., 2007). In addition to
pharmacotherapy, physical therapy is a non-invasive and safe
biophysical countermeasure, which should be the highest
recommendation in clinical practice. Pulsed electromagnetic fields
(PEMFs) have been proven to exert anti-inflammatory effects and
are efficient in treating many bone disorders, including fresh
fractures, non-union and delayed fractures, osteoporosis, diabetic
osteopenia, and osteonecrosis (Liu et al., 2013; Liu et al., 2017; Wang
et al., 2019a; Wang et al., 2019b). At present, the application of
PEMFs to GIOP is not yet popularized in clinical practice, but some
animal experiments have shown promising results. For example, one
group found that PEMF therapy might alleviate bone loss and
reduce serum lipid levels without negative effects in GIOP rats.
The process depends on theWnt/β-catenin signaling pathway (Jiang
et al., 2016). Our group reported that PEMFs eliminated senescent
cells to rescue bone loss in GIOP mice (Wang et al., 2021; Wang
et al., 2022a). Furthermore, PEMFs also eliminate the side effects of
GCs on osteoblasts (Esmail et al., 2012). We can infer that PEMF
treatment may be an effective, safe, and non-invasive therapy for
GIOP and might provide some potential benefits for patients
with GIOP.

In this review, we first summarize the underlying cellular
mechanisms of GIOP. Moreover, recent advances have shown
that PEMFs affect bone cells. Finally, we discuss the possibility of
using PEMFs as a therapy for GIOP.

2 PEMFs

PEMFs are low-frequency magnetic fields with a specific
amplitude and waveform characterized by a stable variation in
the amplitude of the magnetic field over time. In exposed tissue,
PEMFs create a secondary electric field, which is similar to the one
naturally generated during the conversion of mechanical energy into
electrical energy (Zhu et al., 2017). Two methods, inductive or
capacitive coupling, can be used to apply PEMFs in biological
tissues. In direct capacitive coupling, the electrodes must be
placed on the tissue, but in inductive coupling (non-direct
capacitive coupling) they may not be in direct contact with the
tissue. The reason is that the electric field produces a magnetic field,
and then a current can be produced in the conductive tissues in the
body (Ross et al., 2019). PEMFs are a non-invasive method of
physical therapy for skeletal diseases. In 1978, Martin found that
PEMFs have therapeutic effects in osteoporosis (Matsunaga et al.,
1996). Recently, PEMFs have also been proven to improve bone

mineral density in the spine, distal radius, and knee in osteoporosis
patients (Roozbeh and Abdi, 2018). PEMFs have widespread
application with rapid effects, easy operation, and no adverse
effects. It has been demonstrated that PEMF therapy is a safe,
non-invasive, and easy method to treat inflammation,
dysfunctions, and pain related to osteoarthritis (OA) and RA
(Ganesan et al., 2009). Waldorff et al. (2017) also reported that
PEMF increased the speed of bone healing when used as a treatment
for fracture patients. Additionally, PEMFs have been proven to be
beneficial in enhancing bone mechanical strength and improving
bone microstructure by promoting bone formation and suppressing
bone resorption in a study of a New Zealand white rabbit model of
osteoporosis (Qian et al., 2021). Moreover, PEMF therapy
attenuated bone resorption, enhanced BMD, and promoted
osteogenesis in rats with disuse osteoporosis. In an ovariectomy
(OVX)-induced osteoporosis mouse model, a PEMF modulated the
anabolic and catabolic activity of bone, upregulated the expression of
osteogenesis-related genes, and promoted trabecular bone
formation (Wang et al., 2022b).

3 Bone

Bone is a metabolically-active tissue related to the physiological
processes of locomotion, providing structural support and
movement facilitation by providing storage of minerals and
growth factors, regulation of mineral and acid–base homeostasis,
protection of important structures, muscle levers, and a site for
hematopoiesis. A central marrow space surrounded by periosteum
and bone tissue is the general structure of a long bone (Buck and
Dumanian, 2012). Bone remodeling is a process that involves
replacing old bone with newly-formed bone periodically at the
same location and is involved in osteoporosis (Siddiqui and
Partridge, 2016). Bone is composed of various cell types that
undergo continuous remodeling (Raggatt and Partridge, 2010;
Buck and Dumanian, 2012; Siddiqui and Partridge, 2016).

BMSCs, or marrow stromal cells (MSCs), were confirmed to be
precursors for several different cell lineages, such as chondrocytes,
osteoblasts, adipocytes, myoblasts, and fibroblasts (Kfoury and
Scadden, 2015), which are regulated by Wnt signaling pathways
and bone morphogenetic proteins (BMPs) (Chen et al., 2016).
Under the stimulation of multiple factors, activated osteoblasts
proliferate in large numbers at the depression of bone resorption,
secrete a variety of bone formation-related proteins, combine with
extracellular crystalline hydroxyapatite and other inorganic
components to form mature bone matrix, and gradually
mineralize to form new bone (Kylmaoja et al., 2016). Osteoclasts
are the primary functional cells of bone resorption and play a vital
role in bone growth, development, repair and reconstruction.
Osteoclasts, which express receptor activator of nuclear factor
kappa-B (NF-κB) ligand (RANKL) and macrophage colony
stimulating factor (M-CSF), originate from the blood
mononuclear macrophage system and are special terminally-
differentiated cells. Fusion of mononuclear precursor cells forms
giant multinucleated cells in various ways (Xu and Teitelbaum,
2013). Mature osteoclasts are multinuclear cells produced by the
fusion of tartrate-resistant acid phosphatase-positive (TRAP+)
mononuclear cells, termed preosteoclasts (POCs), and are the
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main source of platelet-derived growth factor-BB (PDGF-BB) (Boyle
et al., 2003; Xu and Teitelbaum, 2013; Kusumbe et al., 2014; Xie et al.,
2014; Zhen et al., 2021). Type H vessels are located abundantly in the
metaphysis adjacent to the growth plate, are linked with bone
formation, and are double-positive for CD31 and Emcn (Peng
et al., 2020a; Zhen et al., 2021). PDGF-BB, released by POCs,
promotes angiogenesis of type H vessels and osteogenesis (Peng
et al., 2020a). Osteocytes are terminally-differentiated osteoblasts
embedded in the bone matrix, which are a major source of sclerostin
(SOST) and RANKL, regulating osteoblast and osteoclast formation,
respectively (Goldring, 2015; Wang et al., 2019c). Additionally,
osteoclasts lay down minerals and create the collagen-rich bone
matrix, transforming mechanical inputs into biochemical signals
(Bidwell et al., 2008).

GIOP can be induced as a primary side effect of the application
of GCs based on various mechanisms. It is reported that GCs might
be toxic to genes related to cell regulation (osteoblasts, etc.) through
combining with the promoter region of GC response elements,
eventually resulting in changes of protein regulation and synthesis
(Adami and Saag, 2019). Moreover, GCs can be harmful to bone
formation via two main pathways: enhancing expression of
peroxisome proliferator-activated receptor gamma 2 (PPARγ2)
and suppressing the typical Wnt/β catenin signaling pathway
(Adami and Saag, 2019). Previous evidence has proven that GCs
induce apoptosis of osteocytes and osteoblasts, impairing the
function and differentiation of osteoblasts directly. In addition,
another study showed that T cells could also lead to bone loss
through the RANKL pathway and regulation of CXCL10, resulting
in GIOP (Song et al., 2020). The details of GC targeting of bone are
discussed below.

4 Potential targets of PEMFs in GIOP

4.1 BMSCs

A faulty early mesenchymal precursor, presumably an MSC, will
cause a reduction in the production of osteoprogenitor cells and may
be responsible for a variety of musculoskeletal problems, including
osteoporotic syndromes (Bonyadi et al., 2003). BMSCs are a critical
cellular target of GCs in developing bone turnover (Shen et al.,
2018). GC treatment increases the number and size of bone marrow
adipocytes, switching the fate of BMSCs from osteogenesis to
adipogenesis (Bujalska et al., 1999). This process has been
demonstrated to depend on transactivation of CCAAT/enhancer
binding protein in murine stromal cells (Pereira et al., 2002; Canalis
et al., 2004) accompanied by an upregulation of PPARγ2 and
downregulation of Runx2 (Canalis et al., 2007), leading to
increased bone marrow adipose tissue, fewer mature osteoblasts
and decreased cancellous bone (Weinstein and Manolagas, 2000). In
addition, GCs stimulate preadipocyte conversion to mature
adipocytes, resulting in the hyperplasia of adipose tissue. In a
GC-treated model, a two-fold increase was found in the
cancellous adipocyte area (Weinstein and Manolagas, 2000).
Stimulation of osteogenic MSCs is a relatively new concept in
medicine that could potentially be achieved by the use of PEMFs.
PEMFs have the potential to prevent aberrant and promote healthy
MSC function. PEMFs (75 Hz, 1.5 mT, 28 days) have been shown to

exert suppressive effects on the expression of adipogenic genes
(Jansen et al., 2010; Lu et al., 2015) and induce osteogenesis
through the enhancement of ALP activity and the expression of
Runx2 in BMSCs (Ongaro et al., 2014), accompanied by a delayed
increase in cell proliferation. Stimulation of osteogenesis through
application of a PEMF alleviated bone loss in GIOP models (Wang
et al., 2022a). The Wnt/β-catenin pathway might be involved in this
process. For example, GCs disturb the BMSC differentiation balance
by upregulating adipogenesis-related genes and downregulating
osteogenesis-associated genes by suppressing the Wnt/β-catenin
pathway (Li et al., 2013). The mRNA and protein expression
levels of Wnt10b, LRP5, and β-catenin were significantly
upregulated in GIOP rats after PEMF stimulation for 12 weeks
(50 Hz, 4.0 mT, 40 min per day), suggesting that the canonical
Wnt signaling pathway was activated during PEMF stimulation,
which is in agreement with previous reports (Ding et al., 2011; Jing
et al., 2013; Jiang et al., 2016). In addition, the mTOR signaling
pathway plays a crucial role in a variety of diseases, including GIOP
(Wang et al., 2020; Ge and Zhou, 2021). Suppressing mTOR
signaling induces osteoblastic differentiation and reduces
adipogenic potential (Martin et al., 2015). One group reported
that exposure to PEMFs reversed the reduced mineralization of
the extracellular matrix (ECM) induced by rapamycin, an inhibitor
of TORC1 (receptor of mTOR) (Sarbassov et al., 2006), suggesting
that PEMFs might stimulate BMSC commitment to the osteoblast
lineage via the mTOR pathway (Ferroni et al., 2018). Whether
mTOR participates in the rescue of GIOP by PEMFs requires further
study.

Recently, cellular senescence, characterized by loss of replicative
potential, has been shown to have a crucial role in GIOP (Liu et al.,
2021; Wang et al., 2021; Wang et al., 2022c). For example, in young
mice, Nestin-expressing (Nestin+ cells), a type of MSC in postnatal
bones, are primarily of endothelial and osteoblast lineages (Ono
et al., 2014) and undergo senescence in response to GCs (Li et al.,
2017; Su et al., 2020). In addition, LepR+ MSCs of adult mice are also
susceptible to GC treatment (Wang et al., 2021). Our group reported
that LepR+ cells exhibit a senescent phenotype based on flow
cytometry and immunostaining analysis (Wang et al., 2021;
Wang et al., 2022a). Clearance of senescent cells by PEMF
treatment (8 Hz, 3.8 mT, 1 h per day) for 4 weeks rescued GC-
induced bone loss (Wang et al., 2021; Wang et al., 2022a). In
particular, PEMFs exerted anti-senescence effects on LepR+ MSCs
through the EZH2–H3K27me3 axis (Wang et al., 2022a).

In conclusion, PEMFs play an important role in regulating the
balance of BMSC production and differentiation through various
pathways either directly or indirectly. Thus, there is potential to
apply PEMFs to the treatment of GIOP in future.

4.2 Osteoblast function

The effects of PEMFs on osteoblast function remain debatable; it
is well known that PEMFs have a window effect and produce
repeatable osteogenic effects (Matsunaga et al., 1996). Different
PEMF intensities and different time-points chosen for analysis
can cause different effects. However, most studies assumed that
PEMFs could enhance osteoblast activity, leading to an increase in
cellular differentiation (Diniz et al., 2002).
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There are many assumptions related to the mechanism of how
PEMFs affect osteoblast lineages in response to GCs. First, osteoblast
orientation and morphology can be regulated by PEMFs. A PEMF
(60 Hz, 0.7 mT, 24 h) was shown to mediate osteoblast
differentiation by inducing morphological changes, making
osteoblastic cells smaller, shorter and rounder in comparison to
sham treatment (Lee and McLeod, 2000), which should be tested in
GIOP. In support of this, our experiments showed that long-term
GC treatment caused detrimental effects on osteoblasts, which could
be reversed by PEMF therapy (8 Hz, 3.8 mT, 1 h per day) (Wang
et al., 2021; Wang et al., 2022a). The Wnt signaling pathway might
also account for this. For instance, GCs suppresses the synthesis and
release of transcription factors of the Wnt signaling pathway in
mature osteoblasts (Mak et al., 2009), such as β-catenin and Runx2,
impairing osteoblast differentiation. Specifically, therapeutic
concentrations of GCs upregulate the expression of glycogen
synthase kinase 3β (GSK-3β), resulting in β-catenin degradation
(Wang et al., 2009). Meanwhile, high levels of GCs also promote the
expression of Wnt inhibitors such as SOST and DKK1 (Mak et al.,
2009). PEMFs have been demonstrated to increase the expression of
genes associated with the Wnt signaling pathway, including Wnt1a,
Wnt3a, Lrp5, and Lrp6, both in vivo and in vitro. In addition, a
PEMF (50 Hz, 4.0 mT, 40 min per day) also downregulated DKK1,
which antagonized the Wnt signaling pathway (Zhou et al., 2015;
Jiang et al., 2016) in a rat model. The role of the canonical Wnt
signaling pathway was investigated after PEMF treatment in a GIOP
model (50 Hz, 4.0 mT, 40 min per day for 12 weeks) (Jiang et al.,
2016). A PEMF reversed the decreased expression of Wnt10b, LRP5,
and β-catenin induced by GCs (Jiang et al., 2016).

In addition, BMP-2, a regulator of osteoblast differentiation, is
suppressed by high concentrations of GCs (Yao et al., 2008).
Moreover, therapeutic levels of GCs enhance the expression of
BMP-2 antagonists, such as follistatin and Dan family members
(Hayashi et al., 2009). Li et al. (2007) showed that a PEMF (7.5 Hz,
108 μT, 20 min per day for 4 days) upregulated the mRNA
production of TGF-β, BMP2, osteocalcin, osteoprotegerin, ALP,
Runx2, NF-γB ligand, matrix metalloproteinase-l and -3 (Chen
et al., 2010), and bone sialoprotein. These studies suggested that
osteogenic differentiation of osteoprogenitor cells could be
stimulated by PEMFs directly via the BMP2 signaling pathway
(Schwartz et al., 2008). To clarify the mechanism of PEMF
therapy, further studies should evaluate the role of BMP2 in
bone loss induced by GCs.

Furthermore, GCs inhibit the synthesis of type I collagen
(COL1A), resulting in decreased bone matrix formation in vitro
(Canalis, 1983; Harris et al., 2013). In addition, PEMFs may not only
upregulate genes involved in bone and matrix component formation
but also downregulate various genes related to ECM degradation
(Sollazzo et al., 2010). Sollazzo et al. (2010) reported that PEMFs
(75 Hz, 2 mT, 18 h) increase the expression of genes related to bone
formation, including AKTl and HOXA10; genes associated with
transduction activation, such as P2RX7 and CALM 1; genes
encoding organic ECM components, such as SPARC and
COLlA2; and genes correlated with cytoskeletal components,
including VCL and FNI. Smith et al. (2004) found that PEMFs
(2 min or 1 h) might suppress the expression of genes for matrix
degradation, such as downregulation of phosphatase 4 (DUSP4) and
matrix metalloproteinase 11 (MMP-11). Although in vivo and

in vitro studies showed promising effects of PEMFs on matrix
mineralization, this speculation has not been tested in GIOP
models, which need further study in future.

4.3 Osteocytes

Recent experiments have reported that osteocytes act as the
main targets for excessive GCs in bone (O’Brien et al., 2004).
Osteocytes are thought to control the fate of both osteoclasts and
osteoblasts (Weinstein et al., 2002; Weinstein, 2007). GCs induce
osteocyte autophagy during the initial period (Xia et al., 2010), while
prolonged usage of GCs causes osteocyte death, resulting in a
decrease in osteocyte number, accompanied by significantly
impaired bone quality. However, autophagy induction in
osteocytes cannot rescue the negative effects of GCs on bone
metabolism (Piemontese et al., 2015). Exposure to high levels of
GCs may induce osteocyte apoptosis, causing them to secrete more
DKK1 and SOST, thereby suppressing the combination between
Wnt and LPR5/-6 (Hayashi et al., 2009), leading to reduced bone
formation. On the other hand, dying osteocytes secrete more TNF-α,
IL-6, HMGB1, and RANKL to stimulate osteoclastogenesis. Cai
found that the GC-treated group contained a considerably higher
proportion of apoptotic osteocytes than the control group based on
the results of TUNEL immunofluorescence staining, and the PEMF
group rescued this progression. Moreover, PEMF partially mitigated
the increase in the gene expression of SOST and DKK1, suggesting
that PEMFs (15 Hz, 2.0 mT, 2 h per day for 6 weeks) attenuated the
apoptosis of osteocytes stimulated by GCs (Cai et al., 2020).

In addition to signaling pathway connections, osteocytes also
regulate osteoblasts and osteoclasts via gap junction intercellular
communication (GJIC), including Cx43, which is negative for
osteoclasts and positive for osteoblasts (Wang et al., 2018). Other
small molecules, including prostaglandin E2 (PGE2) and nitric oxide
(NO), might also be related to the communication between osteoblasts
and osteocytes. PGE2 plays an important role in ECM synthesis and
osteoblast differentiation, which is stimulated by TGF-β1. Moreover,
NO2- inhibits osteoblast activity, stimulates apoptosis, and promote
bone resorption (Wang et al., 2018). The gap junctions at the tips of
osteocyte cytoplasmic processes respond to alterations of the
mechanical environment via stimulation including mechanical
loading, and deliver signals through the osteocyte network to
osteoblasts. In response to fluid flow, functional gap junctions
between osteocytes and osteoblasts are created, which then stimulate
osteoblastic development. Thus, blocking GJIC suppresses mechanical
signal transmission from osteocytes to osteoblasts, leading to
impairment of osteoblastic differentiation (Loiselle et al., 2013). GCs
impair osteocyte–osteoblast communication by triggering
Cx43 degradation, causing severe adverse skeletal effects. GCs inhibit
β-catenin stabilization and production of cyclooxygenase-2 (COX-2)
and PGE2 (Wang et al., 2018). Loiselle et al. (2013) found that PEMFs
(15 Hz, 8 h per day, 4 days) upregulated total TGF-β1 and PGE2 in cells
of the murine long bone osteocyte-Y4 cell line (Murine Long bone
Osteocyte-Y4; MLO-Y4) over time, which is dependent on the
prostaglandin mechanism, including COX-1 (Lohmann et al., 2003).
In addition, PEMF stimulation mediates NO2- in a time-dependent
manner (Lohmann et al., 2003). Based on the evidence detailed above,
PEMFs might rescue GIOP by mediating the communication between
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osteoblasts/osteoclasts and osteocytes. In future, more studies are
needed to test this hypothesis in GIOP models.

4.4 Osteoclasts

Decreased osteoclast number and viability induced by PEMFs
might account for the antagonistic effects against GCs (He et al.,
2015; Tschon et al., 2018). Specifically, GC treatment stimulates
bone resorption, accompanied by the upregulation of osteoclast
number and activity observed in humans and mice (Dovio et al.,
2004; Yao et al., 2008). Excess GCs stimulate bone resorption
directly by extending the lifespan of mature osteoclasts (Lin et al.,
2016). For example, compared with normal rats, rats with GIOP have
lower ALP levels and higher TRAP levels in serum (Jiang et al., 2016).
Jiang et al. found that PEMF (50 Hz, 4.0 mT, 40 min per day)
stimulation significantly decreased serum TRAP levels and increased
serumALP levels (Jiang et al., 2016), suggesting that PEMFs could be an
efficient therapy for GIOP. The mechanism needs to be clarified.

Over the past several years the RANK/RANKL/OPG system has
been shown to play a vital role in bone remodeling (Borsje et al., 2010).
Osteocytes and osteoblasts primarily express RANKL, a cell surface
protein that combines with a specific receptor (RANK) located on the
osteoclast membrane, contributing to osteoclastogenesis. Osteoblast-
derived OPG inhibits osteoclastogenesis by suppressing osteoclast
maturation (Lacey et al., 1998). GC treatment stimulates the
production of RANKL and decreases the expression of the RANKL
decoy receptor osteoprotegerin (OPG) (Sivagurunathan et al., 2005).
Disturbing the RANKL/OPG ratio results in increased osteoclast
activity and bone resorption. Jiang et al. found that the OPG/
RANKL ratio, which is decreased in GIOP, improved after PEMF
treatment (Jiang et al., 2016), indicating that the OPG/RANK/RANKL
signaling pathway might participate in this process. PEMFs inhibit
RANKL expression and enhance OPG expression, leading to
upregulation of the OPG/RANKL ratio (Jiang et al., 2016). This
process might involve activation of the canonical Wnt signaling
pathway after PEMF stimulation in GIOP rats.

Proinflammatory cytokines might accelerate osteoclastogenesis
and this could be alleviated by PEMF stimulation, which has been
demonstrated in other osteoporosis models. For example, Chang
et al. (2004) found that in OVX rats, PEMF treatment (7.5 Hz,
0.8 μT, 9 days) inhibited osteoclastogenesis accompanied by reduced
levels of interleukin 1 beta (IL-1β), tumor necrosis factor-alpha
(TNF-α), and interleukin 6 (IL-6) in primary bone marrow. To
clarify the mechanism of PEMF stimulation, further experiments are
in progress to evaluate the role of proinflammatory cytokines in
bone metabolism in GIOP models.

4.5 Blood vessels

The vasculature plays a critical role in the growing skeleton, and
angiogenesis is intimately coupled to osteogenesis. As an essential
part of skeletal development, osseointegration, and bone formation,
the formation of blood vessels is important in transporting growth
factors to achieve cell viability and interaction (Diomede et al.,
2020). High doses of GCs are known to inhibit angiogenesis and
induce osteoporosis and growth failure (Sivaraj and Adams, 2016).
Liu reported that GC treatment induced vascular endothelial cell
senescence in young mice, and alleviation of this alteration not only
improved GC-impaired bone angiogenesis with coupled
osteogenesis but also bone loss. GC treatment inhibits ANG, a
ribonuclease secreted by metaphyseal osteoclasts, leading to blood
vessel cell senescence and bone loss through binding to PLXNB2 in
vascular cells (Liu et al., 2021). Peng demonstrated that chronic GC
exposure led to reduced POC numbers and PDGF-BB and thus
inhibited type H vessel formation, ultimately resulting in
osteoporosis, bone growth retardation, and osteonecrosis (Peng
et al., 2020b). In addition, exposure to GCs inhibits the
angiogenic molecule VEGF (Pufe, 2003; Athanasopoulos et al.,
2007) and stimulates the angiostatic glycopeptide
thrombospondin-1 (Rae et al., 2009). We can infer that excess
GC causes a decrease in bone water volume and skeletal blood
flow (Goans et al., 1995; Drescher et al., 2000) and contributes to a
reduced mineral apposition rate (Reeve et al., 1988). Recently, our
studies found that the type H vessel number was significantly
reduced in the GC group compared to the controls, while PEMFs
(8 Hz, 3.8 mT, 1 h per day for 4 weeks) maintained this change,
suggesting that PEMFs can show angiogenic–osteogenic effects on
bone marrow during GC treatment (Wang et al., 2021; Wang et al.,
2022a). Another study performed by Wang demonstrated that
PEMFs (15 Hz, 2.4–2.6 mT, 1 h per day for 8 weeks) substantially
countered OVX-induced bone loss by inducing coupling promotion
of osteogenesis and type H vessels in a mouse model. This beneficial
effect might be mediated by HIF-1α signaling in type H vessels
(Wang et al., 2022b). These results open up new directions for
research into the therapeutic effects of PEMFs on the reversal of
osteoporosis by targeting angiogenesis. This speculation needs to be
tested in GIOP models in both young and adult mice in the future.

5 Evidence for therapeutic effects

PEMFs prevent bone loss because of piezoelectrical effects,
modulating calcium deposits in bone and regulating mineral

FIGURE 1
Mechanism of PEMF-treated OP. PEMFs may be considered a
potential and non-side-effect therapy for GIOP. PEMFs stimulate
osteoblastogenesis, suppress osteoclastogenesis, and influence the
activity of bone marrow mesenchymal stem cells (BMSCs),
osteocytes and angiogenesis. Finally, it leads to the retention of bone
mass and strength.
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metabolism. For example, our team found that PEMFs reduce bone
loss in postmenopausal women and improve their pain and balance
function (Liu et al., 2013). Moreover, PEMFs improve bone loss in
OVX osteoporosis animal models, enhance the biomechanical
properties of bone, and inhibit inflammation [!!! INVALID
CITATION !!! (3 and 4)]. In addition to OVX-induced bone
loss, other groups found that PEMFs also acted as a therapy for
osteoporosis induced by diabetes-mellitus and disuse (Chang and
Chang, 2003; Liu et al., 2013). At present, the application of PEMFs
to GIOP is not yet popularized in clinical applications, but some
animal experiments have shown promising results. Jiang et al. (2016)
reported that PEMF therapy antagonized the negative effects of GCs
in bone by activating the Wnt/β-catenin signaling pathway. Our
group found that PEMFs rescued bone loss in GIOP models by
eliminating senescent cells (Wang et al., 2021; Wang et al., 2022a).
Furthermore, PEMFs eliminate the side-effects of GCs on
osteoblasts (Esmail et al., 2012). Based on the evidence, we
conclude that PEMF treatment may be an effective, safe, and
non-invasive therapy for GIOP and might provide some potential
benefits for patients with GIOP.

There are many potential mechanisms that could account for
this. Bone mass maintenance is attributed to a balance between
osteoblastic bone formation and osteoclastic bone resorption.
Numerous studies have reported that the RANKL–RANK
signaling and Wnt signaling pathways are two of the most
necessary pathways regulating bone quality and bone
metabolism. The Wnt/β-catenin pathway might be associated
with the protection of osteogenesis by PEMFs antagonizing GCs.
For example, GCs disturb the BMSC differentiation balance by
upregulating adipogenesis-related genes and downregulating
osteogenesis-associated genes by suppressing the Wnt/β-catenin
pathway (Li et al., 2013). The mRNA and protein expression
levels associated with the Wnt/β-catenin pathway were
significantly upregulated in GIOP rats after PEMF stimulation

for 12 weeks, indicating that the canonical Wnt signaling
pathway was activated during PEMF stimulation (Ding et al.,
2011; Jing et al., 2013; Jiang et al., 2016). Meanwhile, high levels
of GCs also promote the expression of Wnt inhibitors such as SOST
and DKK1 to suppress osteogenesis (Mak et al., 2009). PEMFs not
only increase the expression of genes involved in the Wnt signaling
pathway, such as Lrp5, Lrp6, Wnt1a, and Wnt3a but also
downregulate SOST and DKK1 (Zhou et al., 2015; Cai et al.,
2020). Moreover, dying osteocytes are the main sources of SOST
and DKK1, indicating that PEMFs could also alleviate osteocyte
apoptosis induced by GCs (Ramli and Chin, 2020). With regard to
the ECM, chronic GC treatment suppresses mineralization (Canalis,
1983; Wang et al., 2005), which can be reversed by PEMFs (Sollazzo
et al., 2010).

In addition to osteogenesis, GCs increase osteoclast survival
indirectly by inhibiting OPG production by osteoblastic cells,
thereby upregulating available RANKL and inhibiting osteoclast
apoptosis. Jiang et al. (2016) found that the OPG/RANKL ratio,
which decreased in the GIOP group, improved after PEMF
treatment, indicating that the OPG/RANK/RANKL signaling
pathway might participate in this process. PEMFs inhibit RANKL
expression and enhance OPG expression, leading to an upregulation
in the ratio of OPG/RANKL (Jiang et al., 2016). Another osteoclast
population, termed POCs, positively regulate osteogenesis by regulating
angiogenesis. Chronic GC treatment has been demonstrated to lead to
reduced POC numbers and thus inhibition of type H vessel formation,
ultimately resulting in osteoporosis, bone growth retardation, and
osteonecrosis (Peng et al., 2020b). In addition, exposure to GCs
inhibits the angiogenic molecule VEGF (Pufe, 2003; Athanasopoulos
et al., 2007; Rae et al., 2009), causing a decrease in bone water volume
and skeletal blood flow (Goans et al., 1995; Drescher et al., 2000).
PEMFs exert angiogenic–osteogenic effects on bonemarrow during GC
treatment by maintaining this change (Wang et al., 2021; Wang et al.,
2022a).

FIGURE 2
Signaling pathway of PEMF-treated GIOP.
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Recently, cellular senescence was demonstrated to play a
fundamental role in GIOP (Liu et al., 2021; Wang et al., 2021;
Wang et al., 2022c). Nestin+ MSCs in young mice and LepR+ MSCs
of adult mice undergo senescence in response to GCs (Li et al., 2017; Su
et al., 2020; Wang et al., 2021). Clearance of senescent cells by PEMF
treatment (8 Hz, 3.8 mT, 1 h per day) for 4 weeks rescued GC-induced
bone loss (Wang et al., 2021) through the EZH2–H3K27me3 axis.

Overall, GCs cause osteoporosis by inhibiting bone formation and
enhancing bone resorption, which is prevented by PEMFs through
different mechanisms. Thus, PEMFs should be considered a promising
method for treating GIOP. Moreover, it seems that PEMFs with
different parameters including frequency, intensity, and duration can
still influence GIOP (Cai et al., 2020; Wang et al., 2022b). However,
studies have focused on the physiological effects of PEMFs on bone cells
or on other types of osteoporosis; thus, the effects of PEMFs on GIOP
are still questionable. The positive effects of PEMFs on osteoporosis are
still unclear due to the use of different parameters including the PEMF
waveform, daily exposure time, treatment starting point and duration,
and other subject-related factors. Moreover, there are great differences
between clinical experiments and animal experiments. To verify these
findings, more high-quality, reliable, randomized controlled trials with
large sample sizes and long-term follow-up are needed in the future. In
addition, the contraindications of long-term PEMFs should be
considered in further studies.

6 Conclusion

Current studies of PEMFs and their potential roles in regulating
bone metabolism in GIOP are summarized in this review (Figures 1,
2). PEMFs should be recommended based on more reliable evidence
from high-quality, randomized controlled trials, which require
clinical studies with large sample sizes and long-term follow-up.
Moreover, gene-knockout mice should be used to determine the
specific target for treating GIOP by PEMFs. After that, the usage of
PEMFs can be considered a safe treatment for GIOP.
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In the absence of clear molecular insight, the biological mechanism behind the
use of growth factors applied in osteochondral regeneration is still unresolved.
The present study aimed to resolve whether multiple growth factors applied to
muscle tissue in vitro, such as TGF-β3, BMP-2 and Noggin, can lead to appropriate
tissue morphogenesis with a specific osteochondrogenic nature, thereby
revealing the underlying molecular interaction mechanisms during the
differentiation process. Interestingly, although the results showed the typical
modulatory effect of BMP-2 and TGF-β3 on the osteochondral process, and
Noggin seemingly downregulated specific signals such as BMP-2 activity, we also
discovered a synergistic effect between TGF-β3 and Noggin that positively
influenced tissue morphogenesis. Noggin was observed to upregulate BMP-2
and OCN at specific time windows of culture in the presence of TGF-β3,
suggesting a temporal time switch causing functional changes in the signaling
protein. This implies that signals change their functions throughout the process of
new tissue formation, which may depend on the presence or absence of specific
singular or multiple signaling cues. If this is the case, the signaling cascade is far
more intricate and complex than originally believed, warranting intensive future
investigations so that regenerative therapies of a critical clinical nature can
function properly.

KEYWORDS

tissue engineering, TGF-β3, BMP-2, noggin, temporal modulation, muscle tissue

1 Introduction

Successful regeneration of cartilage and bone remains an unresolved enigma to be solved
clinically (Pittenger et al., 2019; Xiong et al., 2021). Due to intrinsic limitations in the ability
of articular cartilage to self-renew and repair, cartilage-related injuries often result in
osteoarthritic degeneration and long-term pain (Huang et al., 2019; Huynh et al., 2019).
Among numerous restoration techniques, osteochondral grafts hold a more favorable
prognosis than cartilage grafts alone because the bone-to-bone interface is more likely to
integrate than the cartilage-to-chondral interface (Schaefer et al., 2002; Sheehy et al., 2013).
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An engineered osteochondral construct with cartilage and bone
phenotypes seems to be a potential strategy for the treatment of
chondral and osteochondral defects (Schaefer et al., 2002; Alhadlaq
and Mao, 2005). During the past decade, although some great
successes have been achieved to engineer ideal biomimetic
osteochondral tissue, numerous challenges still need to be cleared
to realize its final clinical application (Chen et al., 2011; Rodrigues
et al., 2012; Zhang et al., 2019). Therefore, alternative models and
improved osteochondral tissue engineering (TE) technologies
should be explored.

According to previous studies, the growth factors-loaded,
muscle tissue-based, biomaterial induction system is a promising
novel technology for TE (Betz et al., 2015; Betz et al., 2018; Ren et al.,
2018; Xiong et al., 2020). Muscle is a relatively easily obtained tissue
with a firm and durable self-repair capability; thus, harvesting
muscle tissue does not cause severe morbidity in the donor area
(Betz et al., 2009). It is well known that muscle tissue is an attractive
cell source for TE since it contains abundant stem cells, which
possess the potential to differentiate into an osteogenic lineage
(Bosch et al., 2000; Ren et al., 2019). Compared to traditional cell
culture-based TE approaches, the tissue culture system does not
require the extraction and proliferation of autologous-derived
osteoprogenitor cells, thus making it easier to operate and much
cheaper (Betz et al., 2008; Virk et al., 2011). Additionally, the muscle
tissue fragment is a one hundred percent biocompatible scaffold
with a complex three-dimensional (3D) structure (Betz et al., 2008;
Ren et al., 2019). Its intrinsic extracellular matrix (ECM) contains
the necessary amino acids and the essential signaling molecules,
providing an in vivo-like culturing milieu that supports cell growth
and activity (Brand, 1997; Albert, 2005; Blair et al., 2017). Moreover,
as a natural soft tissue scaffold, its easy deformability facilitates its
matching to osteochondral defect sites. Furthermore, muscle tissue
typically contains tiny blood vessels and numerous capillaries
critical for nutrient flow and anabolic activities (Betz et al., 2013;
Perniconi and Coletti, 2014; He et al., 2020).

Members of the transforming growth factor-beta (TGF-β)
superfamily perform various pleiotropic functions during both
antenatal and postnatal development (Alliston et al., 2008).
Among them, TGF-β3 and bone morphogenetic protein-2 (BMP-
2) play crucial roles in processes of skeletogenesis, including the
regulation of mesenchymal stem cell condensation, chondrocyte and
osteoblast differentiation, and growth plate expansion (Ripamonti
et al., 2016; Wu et al., 2016). TGF-β3 has a bi-functional impact on
the maintenance of cartilage metabolic homeostasis, as it favors
early-stage chondrocyte proliferation but arrests downstream
chondrocyte hypertrophy, which is crucial to preserving hyaline
cartilage integrity (Kato et al., 1988;Wu et al., 2016). However, TGF-
β signaling is also known to induce osteogenesis and accelerate
osteoarthritis through a Smad2/3 independent pathway (van der
Kraan et al., 2012; van der Kraan, 2014). The osteogenic potential of
TGF-β3 has been demonstrated in many different models. For
instance, Ripamonti et al. (2015) identified in vivo experiments
that TGF-β3 functions as the crucial signaling in regulating
osteogenic relative gene expression and thus inducing ectopic
bone formation in baboons. BMP-2 is a prerogative molecule
during bone formation, as it plays a role in nearly the entire
endochondral bone formation process (Gazzerro and Canalis,
2006; Ripamonti, 2006). Evidence has shown that BMP-2 is one

of the most potent inducers for osteogenic differentiation (Huang
et al., 2010), in which Noel et al. (2004) certified that even a short
duration of BMP-2 expression is sufficient to induce irreversible
endochondral bone. Moreover, amongst its other tissue-inductive
capabilities, BMP-2 can also promote chondrogenesis (Keller et al.,
2011; Chen et al., 2020). The first evidence of this ability was given by
Urist (1965), who discovered that BMP-2 could induce both ectopic
cartilage and bone formation within the rectus abdominis muscle of
adult rabbits.

As a classical extracellular antagonist of BMP-2, Noggin
performs pleiotropic roles in various physiological and
pathological developmental processes, such as the induction of
neural and skeletal muscle tissue in early embryogenesis (Smith
and Harland, 1992), and it is also crucial for chondrogenic and
osteogenic differentiation (Bayramov et al., 2011; Krause et al.,
2011). In mice overexpressing Noggin in the skeleton, osteoblast
differentiation and bone formation were impaired, resulting in
decreased bone mineral density and weakened osteoblastic
function (Devlin et al., 2003; Wu et al., 2003). Nevertheless, the
downregulation of Noggin in cells in the bone environment
increases the expression of osteogenic differentiation markers and
thus enhances the regeneration of bone defects (Gazzerro et al.,
2003; Wan et al., 2007). Furthermore, proximal symphalangism and
multiple synostoses syndrome in humans can also be attributed to
Noggin mutations (Gong et al., 1999).

Previous experimental studies have reported that a combination
of morphogens acting synergistically or in modulatory roles could
result in superior morphogenesis (Cicione et al., 2015; Huang et al.,
2020). For example, Xiong et al. (2020) demonstrated that the
combined treatment of TGF-β3, BMP-2, and BMP-7 could
promote chondrogenesis in muscle tissue more efficiently than
either morphogen applied on its own or in various duplicate
combinations. Similar synergistic effects have also been
investigated by other scientists, in which co-administration of
BMP-2 and TGF-β3 resulted in an improved bone formation
response (Haschtmann et al., 2012; Wang et al., 2016; He et al.,
2019). However, the antagonistic effect between different TGF-βs
and BMPs has also been discussed by other researchers (Mehlhorn
et al., 2007; Wakefield and Hill, 2013; Xiong, 2020). In addition, the
mutual impact between BMPs and Noggin has been intensively
explored in the last decades (Re’em-Kalma et al., 1995; Zakin and De
Robertis, 2010; Wang et al., 2013). Recent studies have also shown
the association between TGF-β3 and Noggin during the process of
endochondral bone formation within muscle tissue (Klar et al., 2014;
Ripamonti et al., 2015). Nevertheless, the detailed complex
interaction mechanisms among these three growth factors and
their temporal and spatial behavior have yet to be thoroughly
explained.

Therefore, the present study attempted to detect what the
osteochondrogenic effects, if any, would be under a temporal
signaling cascade of these three growth factors, which are applied
to this specialized muscle tissue model platform in seven different
patterns. The differentiated cultured muscle tissue was analyzed at 7,
14, and 30 days using three methods (Pittenger et al., 2019):
quantitative reverse transcription-polymerase chain reaction (RT-
qPCR) (Xiong et al., 2021), immunohistochemistry (IHC), and
(Huang et al., 2019) histology. The objectives of this study were
(Pittenger et al., 2019): to assess the osteochondrogenic induction
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FIGURE 1
The relative gene expression of (A)Col2a1, (B) Sox9, (C) Acan, (D) Six1 and (E) Abi3bp at 7, 14, and 30 days, which were shown as CNRQ. The asterisks
indicate that the stimulated group is statistically significant compared to the control group. The baseline number 0 indicates non-cultured fresh tissue
was used as the normalization parameter. (n = 6; *p < 0.05; **p < 0.01; ***p < 0.001).
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potential of the muscle tissue after 1 month of continuous
application of BMP-2 and/or TGF-β3 and/or Noggin and (Xiong
et al., 2021) to investigate the so far unclear interaction mechanisms
between the three growth factors during the endochondral bone
induction process and if there are unique interactions in respect to
tissue morphogenesis between the various growth factor
combinations.

2 Results

2.1 Chondrogenesis

The chondrogenesis was evaluated at the following levels: gene
expression (Figure 1), Alcian Blue (Figure 2) and IHC-ACAN
staining (Figure 3, Table 1).

In order to evaluate chondrogenic gene expression in response
to single or combined exposure of the modulating factors TGF-β3
(T), BMP-2 (B) and Noggin (N) in the muscle tissue model,
temporal gene expression of cartilage-specific marker genes were
analyzed by RT-qPCR. For the fibrillar collagen marker gene Col2a1,
the control group showed similar, moderately upregulated

expression on each day compared to the non-cultured, fresh
muscle tissue (Figure 1A). The B group had the highest relative
Col2a1 expression on day 7, which was significantly upregulated
compared to the control, similar to T and T + B + N groups. The
combination of T + B increased Col2a1 expression significantly only
on days 14 and 30. The T + B and T + B + N groups showed the
highest relative gene expression on days 14 and 30, respectively.
Except for day 30 of the T + N and T + B + N groups and day 7 of the
T + B + N group, Col2a1 gene expression did not change
significantly in all other N-treated groups compared to the
control (Figure 1A, Supplementary Table S1).

The expression of the chondrogenic master transcription factor
Sox9 peaked in groups B, T + B, and T + B + N on days 7, 14, and 30,
respectively, and all three groups showed significant differences
compared to the control. The T group exhibited the highest Sox9
expression on day 14 and showed significant upregulation on days
14 and 30. Among N-treated groups, significant Sox9 upregulation
was observed in the N group on day 14 and in the T + N and T + B +
N groups on days 14 and 30, respectively (Figure 1B, Supplementary
Table S1). For the major proteoglycan marker Acan, significantly
upregulated gene expression was found in the B-, T-, T + B-, and T +
N-stimulated groups on day 7 compared to the control. On day 14,

FIGURE 2
The staining results of Alcian Blue in each group. (A) Staining results on day 30; the positive staining color was blue (marked by black arrows). (B)
Histomorphometrical assessment; the result was shown as Mean IOD/Area. Control group vs. stimulated groups at 7, 14, and 30 days; the asterisks
indicate that the stimulated group is statistically significant compared to the control group. (Magnification: ×40; n = 6; *p < 0.05; **p < 0.01; ***p < 0.001).
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FIGURE 3
The staining results of ACAN antigen in IHC in each group. (A) Staining results on day 30; the positive staining color was green (marked by black
arrows). (B) Histomorphometrical assessment; the result was shown as Mean IOD/Area. Control group vs. stimulated groups at 7, 14, and 30 days; the
asterisks indicate that the stimulated group is statistically significant compared to the control group. (Magnification: ×40; n = 6; *p < 0.05; **p < 0.01;
***p < 0.001).

TABLE 1 The summarized results of/between these three growth factors.

Growth factor
application

Effect/Result (culture
period vs reaction

intensity
chondrogenesis)

Effect/Result (culture
period vs reaction

intensity for
osteogenesis)

Interpretation

Day
7

Day
14

Day
30

Day
7

Day
14

Day
30

BMP-2 +++ ++ + +++ ++ ++ BMP-2 may function as an initiator only with a short effect period

TGF-β3 + +++ +++ + +++ +++ TGF-β3 affects tissue morphogenesis mid-late term

Noggin − − − − − − Noggin inhibits tissue morphogenesis

TGF-β3+BMP-2 −/+ +++ +++ − ++ ++ Early stage antagonism that inverts to synergism at later stages

TGF-β3+Noggin ++ − +++ + − ++ Synergistic stimulatory effect at early and late culturing stages with periods of
inhibition in between (modulation of tissue morphogenesis?)

BMP-2+Noggin − − − − − − Noggin inhibits BMP-2 function, prevents tissue differentiation

TGF-β3+BMP-2 +Noggin − ++ +++ − − +++ Noggin synergizes with BMP-2 only at specific periods and when in the
presence of TGF-β3

Remarks: little to no reaction; −/+ a weakish reaction; + low reacting; ++ mid reaction; +++ high reaction.
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FIGURE 4
The relative gene expression of (A) Alp, (B) Runx2, (C)Bmp-2, (D)Ocn, and (E)Col1a1 at 7, 14, and 30 days, whichwere shown as CNRQ. The asterisks
indicate that the stimulated group is statistically significant compared to the control group. The baseline number 0 indicates non-cultured fresh tissue
was used as the normalization parameter. (n = 6; *p < 0.05; **p < 0.01; ***p < 0.001).
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only the T and T + B groups showed significant upregulation. On
day 30, all groups except N and B + N presented significant Acan
upregulation compared to the control (Figure 1C, Supplementary
Table S1).

It has been previously shown that transcripts of Six1 and
Abi3bp are enriched in articular chondrocytes compared to
growth plate chondrocytes; therefore, these genes have been
proposed as markers for articular cartilage (Lee et al., 2021). In
our muscle tissue model, we found that on day 30, Six1 gene
expression was upregulated in all treated groups compared to
the control, except N (Figure 1, Supplementary Table S1), and
Abi3bp was upregulated in all treated groups, except N and N +
B (Figure 1, Supplementary Table S2). In the case of Six1, there
was no significant difference in gene expression relative to
control in either group on day 7, while on day 14, only the T
and T + B groups displayed significant Six1 upregulation
(Figure 1D, Supplementary Table S1). Significantly
upregulated expression of Abi3bp was found in the B, B + T,
and T + N groups on day 7 and in the B, B + T, T + N, and T + B +
N groups on day 14. Moreover, Abi3bp gene expression in the N
and B + N groups showed no significant difference compared
with control at all three time points (Figure 1E, Supplementary
Table S2).

Alcian Blue staining was used to assess chondrogenesis in the
cultured muscle tissue samples. Increased staining areas in blue were
observed near the fascia or in the intercellular region of the muscle
when stimulated by T, B, T + B, and T + B + N at all detection time
points compared to the control (Figure 2A). Histomorphometric
comparisons with the control showed that the B and T + B groups
presented a significantly increased positive reaction area at all three-
time points, while the T- and T + B + N-stimulated groups displayed
significant positive reactions on days 7 and 14. On the other hand, all
groups showed the strongest positive Alcian Blue staining results at
14 days, while the N and B + N groups consistently showed no
significant differences compared with the control (Figure 2B,
Supplementary Table S4).

IHC-ACAN staining was carried out to show the presence of
ACAN antigens. A positive antigen–antibody interaction would be
stained in a green color, which could be observed in close proximity
to the fascia or in the intercellular region of the muscle when
stimulated by B, T, T + B, T + N, and T + B + N at all detection
time points (Figure 3A). The histomorphometrical assessments of
IHC-ACAN staining showed that the B and T + B groups presented
a positive reaction during all three-time points, while the T and T +
B + N groups displayed a positive reaction on days 14 and 30. In
addition, the T + N group also exhibited a significant difference on

FIGURE 5
The staining results of Alizarin Red S in each group. (A) Staining results on day 30; the positive staining color was red (marked by black arrows). (B)
Histomorphometrical assessment; the result was shown as Mean IOD/Area. Control group vs. stimulated groups at 7, 14, and 30 days; the asterisks
indicate that the stimulated group is statistically significant compared to the control group. (Magnification: ×40; n = 6; *p < 0.05; **p < 0.01; ***p < 0.001).
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day 30. Additionally, no B + N group showed a significant difference
(Figure 3B, Supplementary Table S4).

2.2 Osteogenesis

The osteogenesis was evaluated at the following levels: gene
expression (Figure 4), Alizarin Red S (Figure 5) and IHC-OCN
staining (Figure 6).

For Alp, the B group showed the highest relative gene expression
on day 7, which was significantly upregulated, along with the T and
T + B + N groups. Additionally, the T-induced group was the only
one that presented a significant Alp expression on day 14, and only
the T + N and T + B + N groups demonstrated a significant
upregulation of Alp expression. On the other hand, Alp
expression in all N-involved groups showed no significant
difference (Figure 4A, Supplementary Table S2). For the relative
Runx2 gene expression, the T + N group became the only group that
showed a significant difference at 7 days, while at 14 days, the
significantly upregulated Runx2 gene expression was found in B, T,
and T + B groups. By 30 days, the B, T, and T + B +N groups showed
high and significant gene expression. In addition, except for the 7-
day T + N and 30-day T + B + N groups, Runx2 gene expression in

all other Noggin-involved groups was not significant (Figure 4B,
Supplementary Table S2). For the relative Bmp-2 gene expression,
the T + N group showed a significant difference across all three-time
points; in addition, T, N, and T + B groups presented significantly
upregulated Bmp-2 gene expression at both day 14 and 30.
Moreover, the T + B + N group showed the highest and most
significant gene expression on day 30. In addition, all B + N groups
showed non-significant Bmp-2 gene expression (Figure 4C;
Supplementary Table S3). For the relative Ocn gene expression,
the B, T, T + B, and T + B + N groups all presented significant
upregulation among the three-time points. Additionally, the T + N
group also showed significantOcn gene expression on days 7 and 30,
but a non-significant difference was found on day 14. Furthermore,
the N and B + N groups exhibited non-significant Ocn gene
expression all the time (Figure 4D, Supplementary Table S3). For
Col1a1, no treatment group showed upregulated relative gene
expression at 7 days, while the T and T + B groups were
significantly upregulated at 14 days. By 30 days, although most
stimulated groups showed upregulation of Col1a1 gene expression,
only the T group exhibited a significant difference (Figure 4E,
Supplementary Table S3).

Alizarin Red S staining was applied to show the depositions
of calcium ions in tissues as a measure of osteogenesis. Under B,

FIGURE 6
The staining results of the OCN antigen in the IHC in each group. (A) Staining results on day 30; the positive staining color was green (marked by
black arrows). (B) Histomorphometrical assessment; the result was shown as Mean IOD/Area. Control group vs. stimulated groups at 7, 14, and 30 days;
the asterisks indicate that the stimulated group is statistically significant compared to the control group. (Magnification: ×40; n = 6; *p < 0.05; **p < 0.01;
***p < 0.001).
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T, T + B, T + N, and T + B + N stimulation, areas of positive
staining in red were observed in close proximity to the fascia or
intercellular regions of the muscle at all detection time points
(Figure 5A). Histomorphometric evaluation of Alizarin Red S
staining showed that the B group presented a significant
positive reaction on days 7 and 14, while the T group only
displayed a significant positive reaction on day 14 compared to
the control. In addition, the T + B group displayed a positive

reaction on days 7 and 30. Moreover, the T + B + N group
showed significant stimulation of osteogenesis from day 14 until
day 30. The N and B + N groups consistently showed no
significant difference compared to the control (Figure 5B,
Supplementary Table S4).

IHC-OCN staining was carried out to show the presence of the
OCN antigen. Under the stimulation of B, T, T + B, T + N, and T + B
+ N, areas of positive staining were observed in close proximity to

FIGURE 7
Heat map of gene expression. All relative gene expression at 7 (A), 14 (B) and 30 days (C). Acan = Aggrecan, Col2a1= Collagen type II alpha 1, Sox9 =
Sex determining region Y (SRY)-box transcription factor 9, Six1= Six homeobox 1, Abi3bp = Abi family member 3 binding protein, Runx2 = Runx family
transcription factor 2, Alp= Alkaline phosphatase, Bmp-2 = Bone morphogenetic protein-2, Ocn = Osteocalcin, Col1a1 = Collagen type I alpha 1 chain;
(n = 6).
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the fascia or intercellular regions of the muscle with green color at all
detection time points (Figure 6A). The histomorphometrical
assessment of IHC-OCN staining showed that, although there
was a generally high positive reaction on day 7, the B group was
the only one that had a significant difference. In addition, the T + B +
N group became the only significant positive stimulation group at
14 days, while the B, T, T + B, and T + B + N groups all showed
significant differences by day 30. Additionally, no B + N group
showed a significant difference (Figure 6B, Supplementary
Table S4).

2.3 Heat map analysis

The heat map analysis of gene expression and
histomorphometrical data are represented in Figure 7 and
Figure 8, respectively. The heat map is a summary of the results
(Table 1) indicating where significant differences exist in the gene
expression and tissue development.

The heat map of gene expression showed that the B- and T +
N-stimulated groups promoted relatively high gene expression at
7 days (Figure 7A); the T- and T + B-stimulated groups displayed

FIGURE 8
Heat map of histomorphometrical analyses. (A) Alcian Blue staining. (B) Alizarin Red S staining. (C) IHC-ACAN staining. (D) IHC-OCN staining. IHC =
Immunohistochemistry, ACAN = Aggrecan, OCN = Osteocalcin; (n = 6).
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relatively high gene expression at 14 days (Figure 7B); while the
stimulation of T, T + B, T + N, and T + B + N exhibited high gene
expression at 30 days (Figure 7C). Compared to 7 and 30 days,
stimulation by T + N resulted in less gene expression at 14 days.
Additionally, the N and B + N groups did not show high gene
expression at all time periods (Figure 7).

As seen in all the histomorphometrical analyses of the heat map,
the B and T + B groups presented the most robust positive response
results compared to the other participating groups. However, the
single B group performed better in the early phase (7 and 14 days),
while the combined T + B group was more dominant in the late
phase (30 days). In addition, stimulation by T alone also displayed
positive results, although slightly weaker than the T + B
combination. Furthermore, the T + B + N group resulted in
relatively higher positive reactions in all staining at late stages (at
14 and 30 days), except for the 30-day Alcian Blue staining
(Figure 8). All results were summarized in Table 1.

3 Discussion

The TGF-β/BMP signaling pathway is an important thread
essential for osteochondrogenic tissue formation (Zhou et al., 2005;
Bami et al., 2016; Izadpanahi et al., 2018). Endochondral bone
development and articular chondrogenesis are closely regulated by
diverse growth factors (Chung et al., 2001; Liao et al., 2014).
Generally, the results of this study showed that both chondrogenic
and osteogenic-related genes underwent significant changes over the
30 days of in vitro culturingwith TGF-β3 and/or BMP-2 groups and the
TGF-β3+BMP-2+Noggin sets. Combined with the
histomorphometrical results, the findings suggest that our muscle
tissue may be undergoing an osteochondrogenic process, favoring an
articular to endochondral bone transdifferentiation activity. The
positive IHC-ACAN and the strong Alcian Blue staining in
conjunction with the significant upregulation of Sox9, Acan, and
Col2α1 genes, in addition to the upregulation of articular cartilage
genes Abi3bp and Six1, suggest that a form of articular chondrogenesis
was being induced (Xiong et al., 2020). Whilst it remains unclear if this
is proper articular cartilage or a specialized undiscovered form of the
process, its detection corroborates the principle that the process of
endochondral bone formation is always accompanied by the
appearance of hyaline cartilage (Blumer et al., 2005; Grässel and
Aszódi, 2016). On the other hand, the positive results of IHC-OCN
andAlizarin Red S staining showed the abundant presence of OCN and
calcium deposition, inferring that a bone-related ECM was either also
being formed or a transition was underway from the chondrogenic
tissue to that of a bone-like tissue (McLeod, 1980; Ding et al., 2019).We
believed this to be the case, as the increases in Runx2, Alp, Ocn, Bmp-2,
and Col1α1 gene expressions over the culturing periods were indicative
of a trend towards osteogenic morphogenesis (Karsenty et al., 2009;
Scott et al., 2012).

Though this seemed to be a general trend among the various
growth factor groups analyzed, marked differences were also
recorded. The present research experiment verified that both
TGF-β3 and BMP-2 alone could initiate osteochondrogenesis.
Especially Sox9 and Runx2, master transcription factors for
chondrogenesis and osteogenesis, respectively (Eames et al., 2004;
Zhang et al., 2013), showed overlapping and significantly increased

expressional regulation. On day 7, Sox9 was positively expressed in
the single BMP-2 group, while no significant result was detected for
Runx2 gene expression. This result was consistent with many
previous studies that Sox9 and Runx2 play a reciprocal inhibitory
role during osteo-chondrogenesis to influence mesenchymal cell fate
(Yamashita et al., 2009; Cheng and Genever, 2010). During the early
chondrogenic differentiation stage, BMP-2-induced Runx2
expression was suppressed by Sox9 to inhibit the subsequent
endochondral ossification process and maintain the hyaline
cartilage phenotype (Zhou et al., 2006; Liao et al., 2014).
However, Sox9 also contributed to BMP-2-induced osteogenic
differentiation since Sox9 silencing causes reduced osteogenesis in
bone-marrow-derived mesenchymal stem cells (BMSCs) (Zhao,
2008; Fang et al., 2019). Alternatively, the groups treated with
TGF-β3 only showed the positive upregulation of Bmp-2 and
Runx2 gene expressions on days 14 and 30, confirming previous
claims by Klar et al. (2014) and other studies that TGF-β3 seems to
be able to regulate osteogenesis by modulating endogenous Bmp-2
levels, followed by increased Runx2 expression (Wang et al., 2016).

For the TGF-β3+BMP-2 groups, both synergistic and antagonistic
activities were discovered that occurred at specific temporal culturing
stages of our in vitromodel. From day 0 to day 7 and 14, the addition of
TGF-β3 blockedmost of the BMP-2 gene and protein upregulation that
normally would occur if TGF-β3 were absent. In relation to the
inhibitory effects, it is known that both TGF-β3 and BMP-2 have
similar receptor binding mechanisms, inferring that competitive
inhibition of the TGF-βs and BMPs receptors is possible (Keller
et al., 2011). Alternatively, TGF-βs could be blocking BMP signaling
transduction by forming mix-linked Smad1/5-Smad3 inhibitory
complexes (Daly et al., 2008; van der Kraan et al., 2012), or it could
be that TGF-β3-induced inhibitory Smad6 or Smad7 are also interfering
with the BMP signaling pathway (Keller et al., 2011). This has beenwell-
described by various scientists. For instance, Ehnert et al. (2010); Ehnert
et al. (2012) showed that Smad1/5/8-mediated BMP-2 and -7 signaling
could be blocked entirely by adding recombinant human TGF-β in
primary human osteoblasts. Similarly, Mehlhorn et al. (2007) presented
that BMP-2 induced chondrogenesis and osteogenesis in adipocyte-
derived stem cells could be prevented by simultaneously applying any of
the three TGF-β isoforms.

However, the synergistic activities between TGF-β and BMP
signaling were also found in the same tissue model system, but only
during the later 30-day stages of culture. From 14 to 30 days, most
detected genes and proteins were significantly higher upregulated in the
TGF-β3+BMP-2 group than either the TGF-β3 or BMP-2 groups
(Figure 7B). The possible underlying mechanisms of the synergistic
effect, and those at specific time points, could be that TGF-βs switch
function over time. This would suggest that TGF-β3 can alternate
between being a competitive inhibitor of the BMPs pathways to being
an activator of cellular stimulation, at specific time points, either due to
changes in concentration or intrinsic cellular alteration. Apart from
binding ALK5 to stimulate the canonical Smad2/3 signaling pathway,
TGF-βs can also exert functions via activating the BMP signaling
pathway by associating with ALK1 and ALK2 directly and then
triggering Smad1/5/8 for signal transmission (Wrighton et al., 2009;
Keller et al., 2011). The synergistic effect between TGF-βs and BMPs is
well known (Wu et al., 2016). However, if growth factors change
function with time, switching roles based on cellular activity or
differentiation/transformation changes, this needs to be further
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analyzed in future studies. This is especially critical given that our
Noggin results showed a similar function switching from inhibitor to
stimulator.

The ectopic application of Noggin in our experiment confirms
that one of the roles of Noggin is to antagonize BMP-2-induced
osteochondrogenic differentiation. Nearly all applications of Noggin
alone and BMP-2+Noggin combined presented insignificant
expressional changes, both at the gene and protein levels and at
all culturing time points. As a key natural BMPs antagonist, Noggin
can specifically bind BMP-2, -4, -5, -6, and -7 with several degrees of
affinity, including GDF-5/-6, yet provides little to no binding affinity
to the other TGF family members (Smith and Harland, 1992; Song
et al., 2010). However, our experiment counteracts this assumption
as Noggin seemed to actively inhibit exogenously applied TGF-β3
growth factor functioning, since Noggin prevented the upregulation
of all genes that TGF-β3 normally activated on day 14 (Figure 7B).
Indeed, the inhibitory effect of Noggin on TGF-β3 has been
discovered and reported by many scholars. Nakayama et al.
(2003) showed that Noggin could block TGF-β3 induced
chondrogenesis, suggesting a BMP-associated pathway was
involved. In addition, Bayramov et al. (2011) put forward a novel
inhibitory function of Noggin by demonstrating that, in addition to
BMPs, several non-BMP ligands, such as Activin B, Xnr2, and Xnr4,
can also be antagonized by Noggin, albeit less efficiently.
Interestingly, these blocked non-BMP ligands regulate specific
genes’ transcription through cytoplasmic Smad2/3. This point
may indicate another link between TGF-β3 and Noggin
regarding non-BMP ligands and downstream effectors Smad2/3.
From this and in conjunction with our results, we deduce that the
application of Noggin can, at specific time points, inhibit the
differentiation function of both BMP-2 and TGF-β3 signaling.

However, the inhibition effect of Noggin + TGF-β3 was not
observed at day 7 nor day 30. Instead, at these time points, our
results showed that most of the gene and protein expression markers
increased significantly, promoting the idea that signals, whether they
be growth factors or antagonists such as Noggin, possess various
roles that are not limited to a single function but are temporally
dependent. Indeed, our results suggest a positive function of Noggin
in osteo-chondrogenesis at specific temporal stages. Interestingly, a
similarly positive result could also be observed with our TGF-
β3+BMP-2+Noggin groups at day 30 (Figures 7A, C; Figures
8B–D). While this interpretation does go against the traditional
concept that Noggin should inhibit osteo-chondrogenesis, Noggin’s
positive stimulatory functions have been reported. For instance,
Chen et al. (2012) proposed that Noggin can stimulate humanMSCs
osteogenesis, as the suppression of significantly reduced BMP-2-
induced ALP activity. Rifas (2007) made a similar observation
showing that Noggin could induce ALP action and upregulate
Bmp-2 and Ocn gene expression. Unusually, other than these
ordinary osteogenic markers, they also found increased ActRII
expression (Rifas, 2007). Furthermore, Hashimi (2019) found that
exogenous Noggin treatment could induce osteogenesis by binding
to and stimulating the BMP-2 receptor (Hashimi, 2019). Taken
together with our discoveries, this would suggest that Noggin may
perform a stimulatory role during specific temporal stages of osteo-
chondrogenesis development, especially when it is in the presence of
TGF-β3. Future research needs to investigate this more clearly, as
there is a definitive lack of knowledge regarding the temporal

behavior of growth factors and inhibitors over time and at which
time points signals change their function.

Over the course of nearly 3 decades, research into the possible
mechanisms for the formation and regenerating of bone or articular
cartilage tissue, have yielded few clinically relevant solutions (Wei and
Dai, 2021). Whilst a large spectrum of regenerative scientists and tissue
engineers are trying to find new alternatives, Klar (2018) possibly
provided one of the most prudent solutions to solving this dilemma,
being that “all of the relevant signals and their interactions had not been
fully established”. This inferred that gaps in the knowledge exist in how
ligands are activated and how their effect changes over time when
affecting tissue development. Indeed, the current work not only
establishes that our knowledge on signals and their behavior over
the course of time changes drastically between stimulation,
antagonism, and regulation, but that with the correct combination
of signals any tissue could be indirectly (in vitro) or directly (in vivo)
transformed into whatever tissue/organ we desire. The clinical
implications of such information would be invaluable for future
therapies as whole organs or even limbs could be fully grown from
excess damaged tissue areas or excess tissue types be biological recycled
to form new tissues/organs (Betz et al., 2009; Xiong et al., 2020).

Whilst our results did show some critical new discoveries and
possible avenues of research, the study also had certain limitations.
A critical limitation was that we did not consider the effect of the
dose gradient of the applied growth factors on the experimental
results. Whilst we tried to choose a dose that would elicit a response
without causing inhibition, some studies have reported that the
TGF-β superfamily factors serve as a double-edged sword in DNA
synthesis (Chen et al., 1991; Harris et al., 1994). For example, a low
concentration of TGF-β can promote osteogenic differentiation but
inhibit it at a high concentration (Karst et al., 2004; Crane et al.,
2016). In addition, low doses of active TGF-β have also been shown
in chondrocytes to preferentially signal through the Smad2/
3 pathway, while the Smad1/5 pathway becomes predominant at
high doses (Finnson et al., 2008; Blaney Davidson et al., 2009). In
addition, that BMP-2 controls bone formation in a concentration-
dependent manner has also been demonstrated in bone TE studies
(Meinel et al., 2006; Shi et al., 2012; Dang et al., 2016). Thus, an
appropriate molecular concentration may play a vital role in a
differentiation system as time progresses. Subsequently, another
limitation was that we did not apply the growth factors in a truly
temporal manner, i.e., first BMP-2 for 2 days then TGF-β3 for
2 days, etc., nor adjust the application order. Iwakura et al.
(2013) established that morphogen treatment order could
produce varying effects. Applying growth factors, such as BMP-7
followed by TGF-β1, resulted in more effective chondrogenesis than
TGF-β1 following BMP-7. On the other hand, although numerous
types of cells give the muscle tissue the possibility of multiple
differentiation, it also increases the uncertainty of its
differentiation direction. It is challenging to match various
differentiated phenotypes with corresponding cell types in such a
complex 3D cellular assembly. As such, a comparison between the
muscle tissue explant and a specific single cell type, such as satellite
cells or myoblasts, may be necessary to be conducted, especially in a
3D pellet culture condition, to confirm the superiority of this muscle
tissue induction model. Moreover, the increasing trend of gene
expression in the control group, although not significantly different
compared to the 0-day sample (baseline), might suggest that the
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induced phenotypes were not absolutely derived from the exogenous
molecules. One of the explanations may be that the FBS in the
normal medium provided some supplementary signals for
differentiation. The other reason may be attributed to the injury
from tissue excision since the trauma-induced various BMPs
expression and followed heterotopic ossification have been
verified by many investigators (Li, 2020; Strong et al., 2021).
Finally, to achieve a more realistic in vitro physiological
simulation system, mechanical and even electrochemical
stimulation, as directed by nerves, should also be considered as a
complement to biochemical cues in this muscle-tissue-based model
because they can also play essential and unique roles as temporal
biophysical signals to participate in cellular activities (Boonen et al.,
2010; Maleiner et al., 2018; Urdeitx and Doweidar, 2020).

4 Materials and methods

4.1 Collection of muscle tissue samples

The rectus abdominis muscle tissue was collected from two
Fischer-344 adult Rattus norvegicus (Charles River Wiga,
Sulzbach, Germany). The animals were sacrificed with an
excess of isoflurane (Abbot, Chicago, United States) and
disinfected with 10% povidone-iodine (Betadine, Bonn,
Germany) and 75% alcohol (Apotheke Großhadern, Munich,
Germany). Under a sterile environment, the harvested muscle
was incubated in graded concentrations of penicillin and
streptomycin (2% and 1%) (A2213; P/S, Biochrom GmbH,
Berlin, Germany) in Alpha-Medium (Biochrom GmbH,
Berlin, Germany) for 20min, respectively. Then,
288 fragments of the tissue 4 mm in diameter were obtained
with a specific biopsy punch (PFM medical, Cologne,
Germany). The rules and regulations of the Animal
Protection Laboratory Animal Regulations (2013) of the
European Directive 2010/63/EU Act were strictly complied
with during the above procedures. The experiments were also
approved by the Animal ethics research committee of the
Ludwig Maximillian University of Munich (LMU), Bavaria,
Germany Tierschutzgesetz §1/§4/§17 (https://www.gesetze-
im-internet.de/tierschg/TierSchG.pdf) with regard to animal
usage for pure tissue or organ harvesting only.

4.2 Muscle tissue culture

The muscle tissue biopsies (n = 288) were cultured in 96-well plates
(Thermo Fisher Scientific, Waltham, MA, United States) in normal
culture medium (containing Alpha-Medium, 1% P/S, 0.02 mM/mL
L-glutamine (BiochromGmbH, Berlin, Germany) and 15% fetal bovine
serum (FBS; Biochrom GmbH, Berlin, Germany)) for 48 h in a
humidified incubator with 5% CO2 at 37°C to allow for the cells in
the tissue to recover. The muscle tissue fragments were then divided
into eight independent treatment groups:

(Pittenger et al., 2019) Control (Con) group, containing the
normal culture medium (Xiong et al., 2021); Rat BMP-2 (B) group,
containing the normal culture medium and 50 ng/mL BMP-2
(CUSABIO, United States) (Huang et al., 2019); Rat TGF-β3 (T)

group, containing the normal culture medium and 50 ng/mL TGF-
β3 (Cloud-Clone Corp, United States) (Huynh et al., 2019); Rat
Noggin (N) group, containing the normal culture medium and
50 ng/mL Noggin (Cloud-Clone Corp, United States) (Sheehy et al.,
2013); TGF-β3+BMP-2 (T + B) group, containing the normal
culture medium and 50 ng/mL TGFb3+50 ng/mL BMP-2
(Schaefer et al., 2002); TGF-β3+Noggin (T + N) group,
containing the normal culture medium and 50 ng/mL TGF-
β3+50 ng/mL Noggin (Alhadlaq and Mao, 2005); BMP-2+Noggin
(B + N) group, containing the normal culture medium and 50 ng/
mL BMP-2+50 ng/mL Noggin (Zhang et al., 2019); TGF-β3+BMP-
2+Noggin (T + B + N) group, containing the normal culture
medium and 50 ng/mL TGF-β3+50 ng/mL BMP-2+50 ng/mL
Noggin.

Each modality had 36 samples that were divided up into
quantitative genes (n = 6) as well as histological (n = 6)
assessment groups and further into subsequent culture period
lengths of 7, 14, and 30 days. In the end, for each treatment
modality, there were always 6 muscle fragments for a given
culture length and assessment method.

4.3 RT–qPCR

The minimum information for publication of quantitative real-
time PCR experiments (MIQE) principles was strictly applied to
guide the entire RT–qPCR procedure (Bustin and Wittwer, 2017).
After flash freezing in liquid nitrogen, the harvested muscle tissue
samples were homogenized by a mortar and pestle under an RNase-
free work hood. The RNeasy® Fibrous Tissue Mini Kit (Qiagen,
Hilden, Germany) was used to extract and purify the total RNA. The
obtained RNA samples had an A260/A280 ratio of 1.86–2.07 and a
concentration of 76.7–123.7 ng/μL, which were measured by a
NanoDropTMLite (Thermo Fisher Scientific, Waltham, MA,
United States). Finally, a QuantiTect complementary DNA
(cDNA) Synthesis Kit (Qiagen, Hilden, Germany) was applied
according to their specialized protocol to conduct reverse
transcription. The resulting cDNA was deposited at −20°C for
subsequent qPCR analysis.

The qPCR process was performed on a LightCycler®
96 Instrument (Roche, Switzerland), utilizing the FastStart
Essential DNA Green Master and SYBR Green I Kit (Roche,
Switzerland). The thermal cycling parameters were set in 3 min
initial denaturation steps at 95°C; 40 cycles, including a denaturation
step at 95°C for 10 s, an annealing step at 60°C for 15 s, and an
extension step at 72°C for 30 s, respectively; and a final extension at
72°C for 5 min. The final reaction volume was 10 μL, consisting 2 μL
cDNA (5 ng/μL), 1.8 μL RNase-free water, 5 μL Green Master,
0.6 μL forward primer, and 0.6 μL reverse primer. The primers of
eight reference genes and ten target genes (Table 2) were designed
and analyzed on the IDT website (https://eu.idtdna.com/site).

The GeNorm (http://medgen.ugent.be/wjvdesomp/genorm/)
was applied to assess and select Glyceraldehyde-3-phosphate
dehydrogenase (Gapdh); Succinate dehydrogenase complex
flavoprotein subunit A (Sdha); Ribosomal protein lateral stalk
subunit P0 (Rplp0); RNA polymerase II, I and III subunit E
(Polr2e); and Actin beta (Actb) as the final reference genes
(Table 1) for the subsequent gene expression calibration process.
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Targets included the chondrogenesis-associated genes collagen type
II (Col2a1), SRY-box transcription factor 9 (Sox9), aggrecan (Acan),
SIX homeobox 1 (Six1) and ABI family member 3 binding protein
(Abi3bp), and the osteogenesis-associated genes Alkaline
phosphatase (Alp), RUNX family transcription factor 2 (Runx2),
Bone morphogenetic protein 2 (Bmp-2), osteocalcin (Ocn) and
Collagen type I alpha 1 chain (Col1a1). The relative gene
expression levels were characterized in calibrated normalized
relative quantities (CNRQs), which were obtained by
normalization with the pre-determined reference genes in the
qBase + software (https://www.qbaseplus.com/), including the
relevant endogenous control (fresh muscle tissue 0-day).

4.4 Histological and immunohistochemical
(IHC) staining

Harvested samples for histological analysis were first placed in
4% paraformaldehyde (Microcos GmbH, Garching, Germany) for
overnight fixation, followed by dehydration in Spin Tissue
Processor-120 (Especialidades Médicas Myr, S.L., Tarragona,
Spain), then embedded in paraffin blocks. Afterwards, 3 μm-thick
sections were cut for subsequent staining.

Alcian Blue staining was used to evaluate the effectiveness of
chondrogenesis in this study. Deparaffinized and hydrated
sections were stained in 1% Alcian Blue solution (pH 2.5,
Morphisto, Frankfurt, Germany) and counterstained in 0.1%
Nuclear Fast Red solution (Morphisto, Frankfurt, Germany)

and were then dehydrated and covered with EUKITT
mounting media (O. Kindler GmbH, Bobingen, Germany).
Alizarin Red S staining was used to identify the efficiency of
osteogenesis in this study. Sections were stained in Alizarin Red S
solution (pH 9, Morphisto, Frankfurt, Germany), re-stained in
Alizarin Red S solution (pH 7, Morphisto, Frankfurt, Germany),
then dehydrated and mounted in synthetic resin (O. Kindler
GmbH, Bobingen, Germany).

To observe the chondrogenic or osteogenic response within the
muscle tissue samples, Rabbit polyclonal anti-ACAN (1:150,
orb213537) and anti-OCN (1:100, orb259644) antibodies
(Biorbyt, Eching, Germany) were utilized for IHC staining.
Rabbit-on-Rodent HRP-Polymer (ZYTOMED SYS-TEMS
GmbH) was applied as a secondary antibody. Negative control
was also set up using Antibody Diluent (ZYTOMED SYSTEMS
GmbH, Berlin, Germany) instead of the primary antibodies. Finally,
a Vina-Green™ chromogenic kit (Biocare-Medical, Concord, CA,
United States) was used to show positive interactions between
antigen and antibody.

4.5 Histomorphometric analysis

Histological and IHC stainings were captured using the
PreciPoint M8 Digital Microscope & Scanner (PreciPoint GmbH,
Freising, Germany). The images were histomorphometrically
analyzed by the Image-Pro plus 6.0 software (Media Cybernetics,
Inc. Silver spring, MDUnited States). The ratio of the positive-range

TABLE 2 The target and reference genes information.

Gene name Accession nr Fwd. (5′-3′) Rev. (5′-3′)

Actb NM_031144.3 AGCTATGAGCTGCCTGA GGCAGTAATCTCCTTCTGC

Rplp0 BC001834.2 CAACCCAGCTCTGGAGA CAGCTGGCACCTTATTGG

Reference genes Gapdh BC083511.1 CATGGGTGTGAACCATGA TGTCATGGATGACCTTGG

Polr2e BC158787.1 GACCATCAAGGTGTACTGC CAGCTCCTGCTGTAGAAAC

Sdha NM_130428.1 GCGGTATGAGACCAGTTATT CCTGGCAAGGTAAACCAG

Acan NM_022190.1 CAAGTGGAGCCGTGTTT TTTAGGTCTTGGAAGCGAG

Col2a1 NM_012929.1 ATCCAGGGCTCCAATGA TCTTCTGGAGTGCGGAA

Sox9 NM_080403.1 CCAGAGAACGCACATCAAG ATACTGATGTGGCTGGTGG

Six1 NM_053759.1 CAGGTTCTTGTGGTCGTT TTTGGGATGGTTGTGAGG

Target genes Abi3bp XM_017598145.1 ACGGGACATTCCTCTCATA GGTGCCTGAGTTGTCTTT

Runx2 NM_001278484.2 CCCAAGTGGCCACTTAC CTGAGGCGGTCAGAGA

Alp NM_013059.2 CGACAGCAAGCCCAAG AGACGCCCATACCATCT

Bmp-2 NM_017178.1 GGAAGTGGCCCACTTAGA TCACTAGCAGTGGTCTTACC

Ocn NM_013414.2 GCGACTCTGAGTCTGACA GGCAACACATGCCCTAAA

Col1a1 NM_053304.1 GGTGACAGAGGCATAAAGG AGACCGTTGAGTCCATCT

Actb = Actin beta, Rplp0 = Ribosomal protein lateral stalk subunit p0, Gapdh = Glyceraldehyde-3-phosphate dehydrogenase, Polr2e = RNA, polymerase II, subunit e, Sdha = Succinate

dehydrogenase complex flavoprotein subunit a; Acan = Aggrecan, Col2a1= Collagen type II, alpha 1, Sox9 = Sex determining region Y (SRY)-box transcription factor 9, Six1= Six homeobox 1,

Abi3bp = Abi family member 3 binding protein, Runx2 = Runx family transcription factor 2, Alp= Alkaline phosphatase, Bmp-2, Bone morphogenetic protein-2, Ocn = Osteocalcin, Col1a1 =

Collagen type I alpha 1 chain.
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optical density value (IOD) to the whole range of the sample was the
raw staining result.

4.6 Statistical analysis

GraphPad Prism software 8 (La Jolla, CA, United States, http://
www.graphpad.com) was used for statistical assessment. Quantile-
quantile (q-q) plot was used to test the normality of the data
distribution (Supplementary Figure S1–S3). The comparison
between different experimental and corresponding control groups
was performed by one-way analysis of variance (ANOVA) with
Dunnet’s multiple comparisons test. The comparison between each
group at different time periods was performed by one-way ANOVA
with Tukey’s multiple comparisons test. A significance level of p < 0.
05 was considered statistically significant. The results are shown as
box plots showing the mean and the upper and lower interquartile
range with whiskers encompassing the minimum and the maximum
value of each group. Rstudio (R-Studio, Boston, MA, United States;
http://www.rstudio.com) was utilized to create the final heat maps.
Depending on the culture conditions, the heat map was grouped into
8 clusters. The materials and methods were summarized as a
graphical abstract in Figure 9.

5 Conclusion

Tissue morphogenesis is a tightly modulated temporal and
spatial combination of various signaling cues that are improperly

elucidated, causing clinical TE processes to fail. Continuing our
systematic studies that attempt to understand how the
interactions of multiple growth factors regulate osteo-
chondrogenesis of muscle tissue over a specific time frame, we
have observed clear differences. The combination of BMP-
2+TGF-β3, while able to synergize with each other to
stimulate osteo-chondrogenesis, also showed that they could
antagonize each other in a time-dependent manner. However,
the Noggin results were most intriguing. Not only does Noggin
appear to be able to antagonize TGF-β3, albeit only at specific
temporal intervals, but Noggin appears to be able to synergize
with TGF-β3 to promote osteo-chondrogenesis in a temporal
manner. This study thus demonstrated a clear need to reconsider
the temporal function of growth factors and their inhibitors
during the differentiation process in order to achieve more
effective TE approaches in clinical applications.
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Glossary

3D 3-dimension

Abi3bp ABI family member 3 binding protein

ACAN Aggrecan

Actb Actin beta

Alp Alkaline phosphatase

ANOVA Analysis of variance

BMP-2 Bone morphogenetic protein-2

BMSCs Bone marrow derived mesenchymal stem cells

Col2a1 Collagen type II alpha 1

Col1a1 Collagen type I alpha 1

CNRQs Calibrated normalized relative quantities

ECM Extracellular matrix

FBS Fetal bovine Serum

Gapdh Glyceraldehyde-3-phosphate dehydrogenase

IOD Optical density value

IHC Immunohistochemistry

LMU Ludwig Maximillian University of Munich

MIQE Minimum information for publication of quantitative
real-time PCR experiments

OCN Osteocalcin

Polr2e RNA polymerase II subunit e

P/S Penicillin and streptomycin

Runx2 Runx family transcription factor 2

Rplp0 Ribosomal protein lateral stalk subunit p0

SEM Standard error of mean

Sdha Succinate dehydrogenase complex flavoprotein subunit A

Six1 Sineoculis homeobox homolog 1

Sox9 Sex determining region Y (SRY)-box transcription factor 9

TGF-β3 Transforming growth factor-beta 3

TE Tissue engineering

RT-qPCR Quantitative reverse transcription polymerase chain
reaction
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