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ARTICLE INFO ABSTRACT

Keywords: Cell source is the key to decellularized matrix (DM) strategy. This study compared 3 cell types, osteocytes with/
Decellularized matrix without dominant active Wnt/p-catenin signaling (daCO and WTO) and bone marrow stromal cells (BMSCs) for
OSIEO?Y“" ) their DMs in bone repair. Decellularization removes all organelles and >95% DNA, and retained >74% collagen
Z\g‘;ﬁgil:g and >71% GAG, maintains the integrity of cell basement membrane with dense boundaries showing oval and

honeycomb structure in osteocytic DM and smooth but irregular shape in the BMSC-DM. DM produced higher
cell survival rate (90%) and higher proliferative activity. In vitro, daCO-DM induces more and longer stress fibers
in BMSCs, conducive to cell adhesion, spreading, and osteogenic differentiation. 8-wk after implantation of the
critical-sized parietal bone defect model, daCO-DM formed tight structures, composed of a large number of
densely-arranged type-I collagen under polarized light microscope, which is similar to and integrated with host
bone. BV/TV (>54%) was 1.5, 2.9, and 3.5 times of WTO-DM, BMSC-DM, and none-DM groups, and N.Ob/T.Ar
(3.2 x 10%/mm?) was 1.7, 2.9, and 3.3 times. At 4-wk, daCO-DM induced osteoclastogenesis, 2.3 times higher
than WTO-DM; but BMSC-DM or none-DM didn’t. daCO-DM increased the expression of RANKL and MCSF, Vegfa
and Angptl, and Ngf in BMSCs, which contributes to osteoclastogenesis, angiogenesis, and neurogenesis,
respectively. daCO-DM promoted H-type vessel formation and nerve markers 3-tubulin and NeuN expression.
Conclusion: daCO-DM produces metabolic and neurovascularized organoid bone to accelerate the repair of bone
defects. These features are expected to achieve the effect of autologous bone transplantation, suitable for
transformation application.

Regenerative repair
Metabolic and neurovascular organoid bone

donor site complications [2]. Most of the bone repair materials in the
huge existing market are metal, ceramic, and polymer materials etc [3].

1. Introduction

Bone tissue has the ability of self-repair and regeneration, but the
critical-sized bone defect caused by trauma, tumor, or infection cannot
heal itself. Surgery with bone transplantation is needed for these pa-
tients [1]. Autologous bone transplantation is considered as the "gold
standard" for bone repair due to its excellent features of osteogenesis,
histocompatibility, high bone healing rate, and complete bone fusion.
However, there are still limitations such as restricted source and risk of
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However, these materials have insufficient bioactivity and difficult
shape matching of individual bone, resulting in low ability in bone
regeneration, loosening, and transplantation failure. Therefore, the
second surgery for implant revision will inevitably be carried out within
5-20 years after operation [4,5].

The invention of hard material and cell integrated 3D bioprinting
technology [6,7] has successfully realized the personalized adaptation
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of hard material scaffolds with mechanical support, creating a suitable
biological microenvironment for cell adhesion, proliferation, and dif-
ferentiation, so as to meet the challenges faced by orthopedic materials.
However, the application of exogenous living cells still has the limita-
tions of ethical supervision and approval, standardized technology, and
high cost, as well as the deficiencies of cell survival rate, proliferation,
function maintenance, and rejection [8-10].

The cell-free strategy represented by decellularized matrix (DM) may
solve the above-mentioned issues [11]. DM is a natural fiber network
composed of proteins, glycosaminoglycans, and proteoglycans etc.,
produced by cells with the natural configuration of tissue-specific
three-dimensional pattern, inherent characteristics, and interactions of
biological factors. Thus, DM can help target tissues/organs to maintain
specific activities in structural support, migration, adhesion, prolifera-
tion, and differentiation of cells to provide a naturally stable internal
environment for development, even recruits endogenous stem cell-
s/progenitor cells to repair and regenerate damaged tissues [12]. DM
can be obtained from either tissues/organs or cell culture in vitro. The
tissue/organ-based DM easily keeps the structure and biological activity
of natural bone tissue to effectively promote bone regeneration. How-
ever, its sources and application are as limited as autogenous bone graft
[13]. Therefore, cell-derived DM has become a research hotspot. In
addition, cell-derived DM can be modified to the surface of orthopedic
materials, such as hydroxyapatite, biphasic calcium phosphate and
polymers, which can be easily transformed for application [14]. Thus,
the development of cell-derived DM as a bioactive material is expected
to fabricate cell-free scaffolds with bionic microstructure and microen-
vironment, which will break the bottleneck of existing bone repair
materials and reach the "gold standard" of autologous bone repair.

The core content of DM research is the selection of cell source and
how to realize its developmental function [15]. Tissues/organs are
composed of multiple cells [16-18]. Can one type or combined many
types of cells simulate the naturally-stable internal environment, which
overcomes inflammatory environment and plays a specific role in
development after implantation? Kohn et al. found that the DM of
bovine primary chondrocytes and osteoblasts induces the differentiation
of human mesenchymal stem cells (MSCs) into chondrocytes and oste-
oblasts, respectively [19]. Pati et al. reported that the PCL/PLGA/f--
tricalcium phosphate scaffolds, modified with the DM of mineralized
extracellular matrix originally from hMSCs, enhances the adhesion,
proliferation, differentiation, and mineralization of hMSCs. Eight weeks
after implantation into a rat parietal critical bone defect, the amount of
formed bone induced by the DM-modified scaffolds is twice that of the
control group [20]. However, the clinical application of hMSCs is
restricted by limited sources and heterogeneity of MSCs [21], and the
aging or growth stagnation period that MSCs may enter after 24-40
amplification in vitro [22]. Needless to say, MSCs need to be induced
into differentiated cells with mineralized matrix in vitro before obtain-
ing a good osteogenic microenvironment. These issues are unfavorable
for the application of MSCs [18]. Thus, bone cells, including
pre-osteoblasts, osteoblasts, and abundant osteocytes, may have more
specificity, inducibility, and practicability than stem cells [19].

Lee et al. modified 3D printed porous collagen scaffolds with the DM
of murine pre-osteoblastic cell line MC3T3-E1 to significantly improve
cell proliferation, osteogenic differentiation, and mineralization activ-
ities, suggesting that pre-osteoblast DM could be a bone tissue repair
material with good biocompatibility [23]. Unfortunately, its bone repair
ability has not been evaluated in that study. Ma et al. cultured
MC3T3-E1 overexpressed LMP-1 gene on calcined bovine bone for 7, 14,
and 21 days respectively to generate three DM composite scaffolds.
Although no significant difference in the amount of new bone formed
among the groups within 8 wk after implantation in New Zealand rab-
bits; at 12-wk, the composite scaffolds of 7-day culture better promote
the repair of bone defects with highest BV/TV (50%) than the other two
scaffolds cultured for 14 days (30%) and 21 days (40%). The reason is
that the latter two scaffolds caused persistent inflammation of the host,
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which hinders bone regeneration [24]. Therefore, the length of cell
culture time affects the function of DM. More important, Aldemir Dikici
et al. used abundant osteocytes of terminally-differentiated cell type in
bone development to prepare osteocytic cell line MLO-A5 DM for the
modification of 3D-printed PCL scaffolds, they found that the osteocytic
DM has dual functions of bone formation and angiogenesis in vitro [25].
But it is also necessary to evaluate the function of osteocytic DM on bone
repair after implantation.

It can be seen from the above studies that the naturally-stable in-
ternal environment required for development depends on the selection
of cell type and culture time etc. DM from osteoblast lineage cells well
induces the development of osteoblasts and blood vessels. However, it is
still necessary to find cells that can induce bone formation and resorp-
tion as natural bone does. However, DM induction of osteoclastogenesis
has not been reported. Based on our best knowledge, one or more cells
that regulate bone development in this regard has not been reported.
The DM with bone formation, bone resorption, and blood vessel and
nerve formation is the key to the fabrication of bionic multifunctional
DM, so as to regulate bone development in vivo and realize the function
of genuine bone, such as metabolism (anabolism and catabolism),
vascularization, and neuralization.

Bone development is a highly coordinated process involving the
interaction between a variety of cell types present in bone tissue,
including osteocytes, osteoblasts, osteoclasts, fibroblasts, endothelial
cells, and immune cells [26]. Studies have shown that osteocytes
communicate with osteoclasts and osteoblasts through RANKL/OPG
[27,28] and SOST/Wnt [29-31], and coordinate their activities on bone
surface, controlling the remodeling and regeneration of bone in vivo
[32]. The classical Wnt signaling pathway has a great influence on
osteogenesis [33,34]. We seminally found that activation of canonical
Wnt signaling in murine osteocytes mediates bone anabolism with un-
expected bone resorption [35] as a physiological role of intrinsic bone
[36,37]. In addition, we proved that osteocytes are the target cells of
osteogenic parathyroid hormone(PTH)because mice lacking PTH re-
ceptors in osteocytes lose their osteogenic response to PTH intermittent
therapy [38]. Furthermore, we found that Wnt agonist activated
osteocytic cell line MLO-Y4 promotes osteogenic differentiation and
angiogenesis [39], and primary osteocytes with dominant active Wnt
signaling can significantly promote the differentiation of BMSCs tor-
wards osteoblast and induces natural osteogenesis in a 3D-printed PCL
module with osteoclastogenesis and neurovascularization (submitted for
publication). Therefore, we hypothesized that osteocyes, which account
for more than 90% of the total number of bone cells, produces osteo-
genic microenvironment for bone development after Wnt signaling
activation, and as the ideal cell type to biofabricate osteogenic DM to
repair defects as the development of nature bone.

In this study, we used primary osteocytes with dominant-active Wnt/
B-catenin signaling (daCO), compared with wild-type osteocytes (WTO)
and BMSCs, a cell type commonly used in bone tissue engineering, and
prepared decellularized matrix-modified 3D printed PCL as functional
modules. We compared their function on cell survival, adhesion,
spreading, proliferation, and osteogenic differentiation ex vivo.
Furthermore, a mouse parietal critical-sized bone defect model was used
to evaluate bone regeneration, osteoclastogenesis, and neuro-
vascularization by the daCO-DM. The results indicated that the daCO-
DM module, as a novel bioactive biomaterial, may has multifunction
as natural bone, which can be called artificial organoid bone [40]. It is
expected to achieve the effect of autologous bone transplantation as
dreamed in clinical application.

2. Materials and methods
2.1. Animals

The mice with Wnt signaling activated in osteocytes (dapcat®®) and
its wild type control mice (WT) were generated as previously reported
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[35]. Briefly, DMP1-8 kb-Cre mice, which express Cre recombinase in
osteocytes, but not in osteoblasts [41] was crossed with Catnb!ox(ex3)/lox
(x3) mice, in which exon 3 that encodes for the sites required for
B-catenin degradation is flanked by LoxP sites [42]. All animal proced-
ures were approved by the Institutional Animal Care and Use Committee
of Chongqing Medical University.

2.2. Materials

2.2.1. Chemicals

RIPA lysis buffer, Polycaprolactone (PCL, average MW 45000),
collagenase type IA, Alizarin Red S, and cetylpyridinium chloride were
purchased from Sigma-Aldrich (St Louis, MO, USA), Trizol from Acurate
Biology (Hunan, China), DNase from Solarbio Biotechnology (Beijing,
China). Avertin from Aibei Biotechnology CO., Ltd (Nanjing, China),
cytochalasin D from Med Chem Express (Shanghai, China), MCSF and
RANKL from Novoprotein Biotechnology CO., Ltd (Suzhou, China).

2.2.2. Assay kits

Quant-iT™ PicoGreen® dsDNA reagent kit, Vybrant DiO cell-
labeling solution, and LIVE/DEAD cell viability kit were purchased
from Invitrogen (Carlsbad, CA, USA), Hochest 33258 nuclear staining
solution from Solarbio Biotechnology (Beijing, China). Conventional
hydroxyproline assay kit from Jiancheng Biotechnology (Nanjing,
China). Alcian blue colorimetry in total glycosaminoglycan (GAG)
content kit from GENMED (Wilmington, DE, USA). Rhodamine-
Phalloidin cytoskeleton staining solution from Cytoskeleton Inc (St.
Denver, CO, USA). BCIP/NBT alkaline phosphatase (AP) color devel-
opment kit, AP assay kit, and bicinchoninic acid (BCA) protein assay kit
from Beyotime Biotechnology (Shanghai, China), cell counting kit-8
from Dojindo (Kumamoto, Japan), reverse transcription kit and real-
time fluorescent quantitative PCR kit from Acurate Biology (Hunan,
China), Acid Phosphatase, Leukocyte (TRAP) Kit from Sigma-Aldrich (St
Louis, MO, USA).

2.2.3. Reagents of cell culture

Fetal bovine serum (FBS) and o-minimum essential medium
(a-MEM) were obtained from Gibco (Maryland, Gaithesburg, USA),
pancreatin and penicillin/streptomycin (PS) from Beyotime Biotech-
nology (Shanghai, China).

2.2.4. Antibodies

Anti-CD31 antibody was supplied from Servicebio (Wuhan, China).
Anti-B3-Tubulin antibody and anti-Endomucin antibody from Affinity
Biosciences LTD (Guangzhou, China). Anti-NeuN, Anti-NGF, Anti-VEGF
antibody from Abcam Biotechnology (Shanghai, China).

2.3. Cell culture

2.3.1. Isolation and culture of BMSCs

BMSCs were isolated according to a previous study [43]. Briefly, the
femurs of 8-week-old C57BL/6 male mice were dissected. After
removing the metaphysis of the femur, the bone marrow was flushed out
with «-MEM. Then the resulting a-MEM/bone marrow mixture was
centrifuged at 800 rpm for 5 min.The cells in the centrifuge tube were
resuspended with 1 mL growth medium (89% a-MEM, 10% FBS, and 1%
PS) and cultured in an incubator (5% CO,, 37 °C). The half medium was
changed once every 2 or 3 days. The BMSCs were passed once at day 7 or
8 after culture. The 2nd passage of BMSCs were used in experiments.

2.3.2. Isolation and culture of osteocytes

The osteocytes were isolated from the tibiae and femurs of 8-week-
old dapcat®® male mice and its wild-type controls as previously
described [44] with modification. In brief, after the metaphysis of the
femur removed, followed by flushing the marrow cavity with 1 mL
a-MEM for 3 times. The bone were cut into 1 mm® pieces and digested by
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1 mg/mL collagenase type IA solution at 37 °C for 15 min (repeat three
times). The digested bone pieces were reciprocally treated by the
collagenase solution 15 min and ethylenediamine-tetra acetic acid so-
lution (EDTA 4 mM, pH7.4) 5 min for three times. And then, the bone
fragments were cultured in growth medium in incubator (5% COj,
37 °C, 95% humidity). After culture for 3 days or more, the cells
migrated out of the digested bone fragments. The osteocytes isolated
from wild-type male mice were named WTO, and the osteocytes isolated
from dapcat®® male mice were named daCO hereafter.

2.3.3. Isolation and culture of bone marrow mononuclear cells (BMMs)

BMMs were isolated from bone marrow cells as described [45].
Briefly, the bone marrow cells were cultured in 100 mm-cell culture dish
with 10 mL culture medium of 10% FBS, a-MEM and 30 ng/mL MCSF for
3 days, then the suspending cells was collected and centrifuged at 200 xg
for 3 min, the cells in the pellet were resuspended in 1 mL culture me-
dium and used as BMMs for osteoclastogenesis assay.

2.4. Biofabrication of DM modified 3D-printed PCL scaffold

2.4.1. PCL 3D printing

PCL was used to print modules by a 3D bioprinter according to a
predesigned 3D scaffold model by STL standardized file format [6]. PCL
scaffolds sized 5 x 5 x 1 mm with strand width 300 pm and pore size
400 pm were printed for in vitro experiments. For in vivo experiments, a
5 x 5 x 0.4 mm scaffold was printed with the same width and pore size,
and then cut into a circular scaffold with a diameter at 4.5 mm. Studies
have confirmed that pore size of 3D-printed scaffolds about 500 pm can
effectively promote blood vessel formation and new bone formation
[46].

2.4.2. Cell culture on 3D-printed PCL scaffold

The procedures of cell culture on 3D-printed PCL scaffold were
slightly modified as described in a previous study [47]. Briefly, the
modules were immersed in 75% alcohol for 1 h, washed in sterile
phosphate buffer (PBS) 5 times for 3 min each. Then the scaffolds were
placed on a clean bench to dry and irradiated under UV light for 20 min
on both top and bottom of the scaffolds. Next, 10 pL FBS was added to
every scaffold for infiltration. The expanded cells were seeded on the
scaffold by adding 10 pL of cell suspension solution (2 x 107 cells/mL) in
each scaffold in a 24-well plate and cultured in an incubator (37 °C, 5%
CO2). After cultured for 2 h, 1 mL growth medium was added in each
well for cells growing on the modules. The medium was replaced every
two days.

2.4.3. Determination of cell cultured time for decellularization

Cells marked with green fluorescence Dye were cultured on modules
for 1, 4, 7, 10, and 14 days respectively. Then the cells were lysed with
500 pL RIPA lysis buffer for 5 min on ice. The lysed cell suspension was
centrifuged at 12,000 rpm for 3 min, and the supernatant was measured
for quantifing the protein accumulated on the scaffold by BCA protein
assay kit [48].

2.4.4. Decellularization of the cells on 3D-printed PCL scaffold
DM-modified 3D-printed PCL modules were obtained after freeze-
thaw cycling and DNase I treatment as described in a previous study
[25]. Briefly, the cell-seeded modules were cultured for 14 days and then
the growth medium was discarded. After washed twice with sterile PBS,
the modules were transferred to 15 mL centrifuge tubes and 500 pL of
sterile PBS was added in each tube. Then, the tubes were snap frozen in
liquid nitrogen for 10 min and subsequently thawed at 37 °C in a water
bath for the next 10 min. This freeze-thaw cycling was performed 3
times. The treated modules were immerged in sterile PBS 3 times (3
min/time) to remove cell debris. Finally, the modules were incubated in
500 pL 0.2 mg/mL DNase I solution at 37 °C for 1 h and stored in sterile
PBS at 4 °C. The DM modified 3D-printed PCL modules were in a clean
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bench, and followed by the irradiation of UV light on the tops and
bottoms of these modules for 10 min each side before use.

2.5. Characterization of DM-modified 3D-printed PCL modules

2.5.1. Scanning electron microscopy

Scanning electron microscope (SEM) was used to characterize the
surface topography of the modules as reported [20]. The modules were
fixed with 2.5% glutaraldehyde in PBS for 1h, and then dehydrated
successively in 70%, 90%, 95%, and 100% ethanol for 15 min each. The
fixed modules were vacuum dried, sputter-coated with gold, then
examined with scanning electron microscope (Hitachi, Tokyo, Japan)
operated at 10 kV.

2.5.2. Evaluation of DM components

DM-modified modules were evaluated for DNA, collagen, and GAG
as reported [20,49]. The total DNA was quantified by the dsDNA reagent
kit. The fluorescence intensity was measured using a fluorescence
spectrophotometer (Leica, Wetzlar, Germany) at excitation wavelength
480 nm and emission wavelength 520 nm to assess the amount of DNA
within the modules. The Hoechst 33258 was used to stain DNA
remaining on the modules for evaluating DNA removal. The total
collagen on the modules was determined by hydroxyproline assay kit
according to the instructions. The absorbance was measured at 550 nm
and quantified by referring to a standard curve made in advance with
hydroxyproline. Alcian blue colorimetry in total GAG content kit was
used for GAG assay and the absorbance was detected at 600 nm.

The expression of vascular endothelial cell growth factor (VEGF) and
nerve growth factor (NGF) were detected by immunofluorescence (IF).
In brief, scaffolds were permeabilized with 0.25% Triton-X100 for 20
min at room temperature, and respectively incubated with each anti-
body (1:50) of anti-VEGF, and anti-NGF overnight at 4 °C. Fluorescence-
labelled secondary antibodies (1:100) were respectively incubated on
the scaffolds at room temperature for 2 h, and then the stained sections
were observed and photographed with fluorescence microscope (Leica,
Wetzlar, Germany).

2.6. Cell biocompatibility of DM-modified 3D-printed PCL modules

Cell compatibility of DM derived from BMSCs (BMSC-DM), osteo-
cytes of wild-type control mice (WTO-DM) and Wnt signaling-activated
osteocytes of dapcat® mice (daCO-DM) modified 3D-printed PCL mod-
ules was examined in cell viability, spreading, and proliferation
compared to none-DM modified PCL modules (none-DM). BMSCs were
seeded on each group of modules at 2 x 10° cells/module.

2.6.1. Cell viability

Cell viability was assessed by LIVE/DEAD™ cell viability assay as
reported [39] in the cell culture on DM modified modules for 24 h. In
short, the modules were stained by LIVE/DEAD staining mixture con-
taining calcein AM (0.5 pL/mL) and ethidium-1 (EthD-1, 2 pL/mL) at
room temperature for 1 h. Then, the modules were observed and taken
pictures under fluorescence microscope (Leica, Wetzlar, Germany). Live
and dead cells were exhibited green and red fluorescence under the
microscope and calculated with ImageJ software (NIH, Bethesda, USA).

2.6.2. Cell spreading

F-actin staining was used to label cytoskeleton to evaluate cell
adhesion and spreading as described [50]. The BMSCs were seeded on
the modules and culture for 24 h. The cells were stained for F-actin with
phalloidin-rhodamine and the nuclei were visualized with DAPI. After
staining, the cell spreading was visualized under fluorescence micro-
scope. Cell spreading area was measured by the active contours algo-
rithm using ImageJ.

Cytochalasin D (CytoD) treatments: To explore the role of actin
cytoskeleton in osteogenic differentiation, cytoskeleton
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depolymerization was induced by CytoD [51], an actin polymerization
inhibitor. Briefly, 1 mg CytoD was initially dissolved in 1.97 mL
dimethyl sulfoxide (DMSO) to make 1 mM storage solution. BMISCs were
harvested and suspended with growth media, and then seeded on
daCO-DM modified scaffolds with a cell density of 2 x 10° cells per
scaffold. Growth medium was changed once every 3 days. After 7 days,
2 pM Cyto D was added in the medium and treated 1 h. F-actin staining,
AP staining, and osteoblast marker genes expression were performed 7
days later.

2.6.3. Cell proliferation

Cell proliferation activity was measured by cell counting kit-8 assay
on day 1, 4, and 7 after BMSCs seeded on the modules as reported [39].
The modules were washed with PBS and placed in a 96-well plate. A
total of 10 pL CCK-8 solution in 100 pL PBS was added to each well, and
then the plate was incubated at 37 °C for 1 h. Subsequently, the su-
pernatant of each well was pipetted into a new 96-well plate and the
absorbance was measured at 450 nm by using a microplate reader.

2.7. Ex vivo assays for osteogenesis in DM-modified 3D-printed PCL
modules

2 x 10° BMSCs were seeded on DM-modified 3D-printed PCL mod-
ules and cultured for 7 and 14 days, respectively. Osteogenesis was
measured by AP staining, AP biochemical activity assay, qPCR for the
expression of osteoblast marker genes, and mineralization assay.

2.7.1. AP staining

AP staining was performed per instruction of the BCIP/NBT AP color
development kit as reported with modification [39]. Briefly, after cul-
ture, the modules were washed with PBS, and fixed in 3.7% formalde-
hyde for 5 min at room temperature, followed by staining with the color
solution of the kit for 30 min. The staining results was recorded by a digit
camera (Nikon, Sendai, Japan).

2.7.2. AP biochemical activity assay

AP biochemical activity assay was carried out as previously
described [39]. Briefly, 200 pL Tris-HCL (50 mmol/L, pH = 7.4) was
added to each module. Then, the cells were sonicated for three times (30
s every time) on ice. After centrifugation, the supernatant was collected
for total protein measurement by BCA protein assay kit and AP
biochemical activity of its substrate according to the instruction of the
AP assay kit. Finally, the relative activity of AP was calculated by AP
biochemical activity and normalized by the amount of protein and the
duration of reaction time.

2.7.3. Detection of gene expression

Total RNA extraction and quantitative PCR (QPCR) were performed
to measure the expression of osteoblast marker genes, pro-
osteoclastogenic cytokines, angiogenesis related and neurogenic genes
as reported [35,39]. Briefly, total RNA was extracted by Trizol from the
cells in the modules culture for 7 and 14 days. cDNA was synthesized by
using high capacity cDNA reverse transcription kit (Acurate, Hunan,
China) per manufacturer’s instruction. The expression of osteoblast
marker genes (Alpl, Runx2, Collal, Bglap) at 7 and 14 days, and
pro-osteoclastogenic cytokines (RANKL, MCSF) at 14 days were detected
by qPCR using primer sets as list in Table 1. Relative mRNA expression
levels were normalized to the housekeeping gene Gapdh by using the
ACt method [39].

2.7.4. Mineralization assay (alizarin red S staining)

The modules were cultured in growth medium for 7 days, and then
bone nodule formation was induced in osteogenic medium containing
0.1 mM dexamethasone, 10 mM p-glycerophosphate disodium salt so-
lution, and 50 pg/mL r-ascorbic acid for 14 days. Matrix mineralization
was analyzed by alizarin red S staining [39]. The modules were stained
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Table 1
Primers for quantitative Real-Time PCR.

Bioactive Materials 21 (2023) 110-128

Gene Forward sequence (5'-3') Reverse sequence (3'-5")

Alpl TATGTCTGGAACCGCACTGAA CACTAGCAAGAAGAAGCCTTT
Runx2 ATCCAGCCACCTTCACTTACA GGGACCATTGGGAACTGATAG
Bglap AACGGTGGTGCCATAGATGC AGGACCCTCTCTCTGCTCAC
Collal CAGGCTGGTGTGATGGGATT CCAAGGTCTCCAGGAACACC
MCSF CGCTGCCCTTCTTCGACAT TCTGACACCTCCTTGGCAATACT
RANKL TGAGCCTCCGAGCAGAACTGAC CTGCCTGTGTAGCCATCTGTTGAG

Ngf GGCTACTACCAGGACGAGGAGAC

Vegfa GGGCTCTTCTCGCTCCGTAGTAG
Angptl TTGATCTTCGTGCTGGGTCTGG
Gapdh AACTCCCATTCTTCCACCTTT

TGGTTGGCTTCATCTGAGTATGTGC
CCCTCTCCTCTTCCTTCTCTTCCTC
CTCTGTAAGGGCTTCCATTCGC
CTCTTGCTCTCAGTATCCTTG

with 0.4% alizarin red S solution for 30 min and taken pictures. Then,
the modules were extensively washed with PBS at room temperature,
and the stain solution was destained in 10% cetylpyridinium chloride for
1 h and the washing solution was measured for absorbance at 562 nm for
quantitation of mineralization status.

2.7.5. Ex vivo assay for osteoclastogenesis in DM-modified 3D-printed PCL
modules

2 x 10% BMMs in 15 pL of osteoclast differentiation medium con-
taining 10% FBS and 100 ng/mL RANKL and 30 ng/mL MCSF in a-MEM
[52] were seeded on DM-modified 3D-printed PCL modules and cultured
for 2 h, and 500 pL of osteoclast differentiation medium was added in
the 48-well plate and continue to culture for 5 days until the formation
of osteoclast. The cell culture was fixed by 4% paraformaldehyde for 10
min at room temperature, washed with tape water and air dred until
TRAP staining for the detection of osteoclastogenesis [53].

2.8. DM-modified 3D-printed PCL modules repair bone defects

2.8.1. Mouse critical-sized parietal bone defect model

For assessing the ability in bone regeneration, the modules were
implanted in a mouse standard bone defect model (4.5-mm in diameter)
[54]. In total, 20 male 8-week-old C57BL/6 mice weighing ~25.0 g were
randomly divided into two groups (n = 10 each group) before operation.
The mice were anesthetized with intraperitoneal injections of avertin
(0.2mL/10 g), and then positioned in a stereotaxic frame after lost reflex
reaction and immobilized during surgery. A trephine (TUUME,
Guangzhou, China) with an outer diameter of 4.5 mm was used to
remove bone from the parietal bone. Each mouse received two
4.5-mm-diameter modules of either none-DM and BMSC-DM or
WTO-DM and daCO-DM. Control groups include none-DM, BMSC-DM,
and WTO-DM. The module was fixed with suture (5-0). After the
operation, the mice were kept on the operating bed until they wake up
and have free access to food and water thereafter. 4 and 8 weeks later
after implantation, the mice were sacrificed by CO asphyxiation and the
parietal bone of the mice was harvested, fixed in 4% paraformaldehyde
at 4 °C for 24 h.

2.8.2. PET-CT analysis

The parietal bone was subjected to radiographic analysis by a
nanoScan PET/CT (MEDISO, Utah, USA) and three-dimensionally
reconstructed with PMOD software at threshold of 550 (PMOD Tech-
nologies, Zurich, Switzerland) as reported [55,56]. The CT images of
specimens were taken at a resolution of 50 pm at 50 kV and 560 pA. The
regenerated bone was evaluated by bone area and its coverage in the
defect site (tissue area) was calculatedfrom the 3D reconstructed images
using ImageJ. New bone formation was evaluated by BA/TA.

2.8.3. Bone histomorphometry

After PET-CT analysis, all the parietal bones were immersed in 14%
ethylenediamine tetraacetic acid solution (EDTA w/v in PBS, pH7.4) for
2 weeks’ decalcification. The decalcified samples were dehydrated
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through a series of gradient concentration of ethanol, transparented by
xylene, embedded in paraffin, and finally sectioned into 5 pm slices with
a microtome (Leica, Wetzlar, Germany) as reported [35].

Static bone histomorphometric analysis was performed as usual. The
formed bone area and the number of osteoblasts which were visualized
in the sections of these four groups of modules by HE staining. The
osteoblast number were calculated per tissue area (N.Ob/T.Ar) by the
OsteoMeasure High Resolution Digital Video System (OsteoMetrics,
Decatur, Georgia, USA) due to the fact that osteoblasts were distributed
in the area where the bone was forming so that the osteoblasts have not
resided on the formed bone surface.

Tartrate-resistant acid phosphatase (TRAP) staining was used to
detect osteoclasts. The osteoclasts were formed and connected with each
other, hard to count individual osteoclast number, so we counted oste-
oclast surface length. Due to the same fact above that the bone was still
forming so that osteoclast number was normalized to bone area as Oc.S/
T.Ar for the evaluating the function of the DM on osteoclastogenesis.

2.8.4. Evaluation of osteoblast activity

The paraffin sections were stained with Picrosirius red for observa-
tion of the formation of collagen I as previously described [57]. Collagen
I is as a marker of osteoblast activity produced and secreted from oste-
oblast, which was bright red or yellow under inverted optical micro-
scope, and yellow or red under polarized light microscope, with dense
arrangement and strong birefringence.

2.8.5. Analysis of the formed vessels

The formed vessels were visualized in the sections of these four
groups of modules by HE staining [58]. The number of vessels in the
newly formed bone were calculated as vessel number per tissue area (N.
Vessel/T.Ar) using the OsteoMetrics.

2.8.6. Detection of neurovascular markers

The expression of vascular markers CD31 and Endomucin, and
neuronal differentiation makers f3-Tubulin and NeuN were respectively
detected in vivo by immunofluorescence (IF) as reported [59-61]. In
brief, paraffin sections were permeabilized with 0.25% Triton-X100 for
20 min at room temperature, and respectively incubated with each
antibody (1:50) of anti-Endomucin, anti-CD31, anti-p3-Tubulin, and
anti-NeuN overnight at 4 °C. Fluorescence-labelled secondary antibodies
(1:100) were incubated on the labelled sections at room temperature for
2 h, and then the stained sections were observed and photographed with
a confocal laser (Nikon, Sendai, Japan). The expression of angiogenesis
related genes (Vegfa and Angpt1) and neurogenic gene (Ngf) after 14 days
of BMSCs culturing on DM modifed scaffolds was detected by qPCR.

2.9. Statistical analysis

Statistical analysis was performed by GraphPad Prism 8.0 software.
All quantitative data were presented as means + standard deviation
(SD). The difference between multiple groups and two independent
variables was analyzed by using One Way ANOVA and Two Way
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ANOVA, respectively. Furthermore, Brown-Forsythe and Welch ANOVA
tests were used for correction analysis. Student’s t-test was performed
between two comparable groups. Nonparametric Kruskal-Wallis test
was used to compare medians instead when data distributions are not
normal. A P value < 0.05 was considered significance for all statistical
tests. Each experiment was repeated at least three times independently.

3. Results
3.1. Isolation and growth of cells on 3D-printed PCL scaffolds

Scaffolds with pore size at 300-500 pm may promote the formation
of blood vessel and new bone formation [62]. Therefore, in this study,
we used a 3D printer to print a PCL scaffold with a size of 5 x 5 x 1 mm
at scaffold strand diameter 300 pm and interval 400 pm between strands
(Fig. 1a). The images taken by digital camera and scanning electron
microscope (SEM) showed that the 3D-printed PCL scaffold display a
smooth surface with a uniform shape of material strands and consistent
pore size about 300-500 pm as pre-designed.

In order to evaluate the effect of DM from osteocytes with activated
Wnt signaling on osteogenesis, we first isolated and cultured the oste-
ocytes (daCO) from the long bones of the mice with dominant active
B-catenin from dapcat®® mice [35]. The cultured daCO displayed a little
bit swollen and bigger in size than WTO. Both types of osteocytes are
smaller than BMSCs (Fig. 1b) as documented [32].

These osteocytes and BMSCs were seeded on the scaffolds at cell
density of 2 x 10° cells/scaffold and cell growth were observed by
labelling with Dio green dye at different days after culture. As shown in
Fig. S1a, the number of cells with green fluorescence increased with the
extension of culture time, suggesting a well growth of these cells on the
scaffolds. Moreover, CCK-8 assay showed that the cells proliferate lin-
early on the 1st, 4th, 7th, and 10th days, but the proliferation activity
tended to be maintained on the 14th day (Fig. S1b). The proliferation
activity of the BMSCs was higher than that of the two osteocytes on the
4th and 7th days.

The total protein quantitative assay exhibited no significant differ-
ence in the total protein content of the cell-derived matrix protein
among the groups of BMSCs and osteocytes on and after the 10th day.
BMSCs group had more protein on the 4th and 7th days than osteocyte
groups probably due to higher cell number in the BMSC groups because
BMSCs proliferate faster than osteocytes [50]. All these results suggest
that the largest number of cells and proteins could be obtained on the
14th day. Thus, we performed decellularization on the 14th day.

3.2. Preparation of decellularized matrix

3.2.1. Characterization of the DM on 3D-printed PCL scaffolds

Three freeze-thaw cycles and DNase treatment removed all the or-
ganelles of BMSCs, WTO, and daCO that grew well for 14 days, full of the
surface of the scaffolds as shown in SEM images (Fig. 1c top). After
decellularization, the integrity of basement membrane of these cells was
all preserved with different morphologies between BMSCs and osteo-
cytes (Fig. 1c middle). Both types of osteocytes and BMSC left cell
membrane components, showing dense and clear cell boundaries.
OsteocytIC DMs is oval and BMSC-DM is irregular long. The area of a
single BMSC-DM was 3-5 times larger than that of osteocytic DM. The
surface of BMSC-DM looks smooth, but the osteocytic DM presents a
structure of dense honeycomb like network without obvious difference
in appearance between the daCO-DM and the WTO-DM. It seemed more
daCO than WTO as shown in the 2D cultures in Fig. 1b.

3.2.2. Evaluation of DM components

Ideal decellularization retains as many natural cellular matrix com-
ponents as possible, such as macromolecular collagen, glycosamino-
glycan (GAG), and other biologically active components, while
maximizing the removal of immunogenic cellular DNA [63,64]. Hoechst
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staining showed barely visible DNA in the three DMs of BMSCs and
osteocytes (Fig. 1d). DNA quantification showed that residual DNA in
the scaffolds was reduced by 95.2%, 95.5%, and 95.2% respectively
with no significant difference (n.s.) among these three groups as
compared to their original cells before decellularization (Fig. le).
Collagen were retained by 74.8%, 74.9%, and 74.9% (n.s.) and GAGs
retained by 71.9%, 71.9%, and 71.7% (n.s.) (Fig. 1f and g). The efficient
decellularization produces three DMs with similar matrix components,
that modified 3D-printed PCL scaffolds as functional modules.

Immunofluorescence (IF) staining for VEGF and NGF showed that
red fluorescence (positive for VEGF) and green fluorescence (positive for
NGF) expressed in daCO-DM were highest compared to the other three
DMs (Fig. S6). And the positive expression was higher in WTO-DM than
BMSC-DM. The results indicate that daCO-DM can promote angiogenesis
and neurogenesis.

3.3. Biocompatibility of daCO-DM modules ex vivo

Good biocompatibility, including adhesion, spreading, and prolifer-
ation of cells, is a necessary condition for the application of daCO-DM.
We first evaluated the cell viability of newly-seeded BMSCs growing
on the daCO-DM modules using a live-dead cell staining assay. After
BMSCs cultured on these three modules for 24 h, these modules were
stained by LIVE/DEAD staining mixture and visualized under fluores-
cence microscope. Fluorescent images showed that the BMSCs survive
well on all of three modules (Fig. 2a) at survival rates 90.6%, 90.0%, and
90.4%, respectively. There was no significant difference among these
three groups (Fig. 2b).

Cell adhesion and spreading were assessed by F-actin cytoskeleton
staining. Rhodamine phalloidin has a high affinity with F-actin micro-
filaments and can display focal adhesion [50]. As shown in Fig. 2c, the
newly inoculated BMSCs adhered well and spread more in the three DM
modules as compared to none-DM. Where, the daCO-DM induced largest
spreading of the BMSCs, followed by the WTO-DM; the BMSC-DM i less,
and the none-DM is the least (Fig. 2d). Moreover, as rhodamine phal-
loidin stains stress fibers, there was more and longer F-actin stress fibers
in osteocytic DM modules than in the none-DM and BMSC-DM ones.
Moreover, the daCO-DM induced stress fiber is the longest, while the
none-DM is smallest and shortest. Therefore, daCO-DM is most condu-
cive to the generation and arrangement of F-actin stress fibers, resulting
in full expansion and strong adhesion of cells.

The longest stress fiber could promote osteoblast differentiation of
the BMSCs. To explore the role of actin cytoskeleton in osteogenic dif-
ferentiation, cytoskeleton depolymerization was induced by CytoD [51].
After BMSCs were cultured in daCO-DM modified scaffold with Cyto D
treatment, F-actin staining showed that the cytoskeleton was completely
destroyed, while the cells in the group without Cyto D spread well
(Fig. 2f). AP staining showed that Cyto D treatment significantly reduced
AP activity (Fig. 2g). qPCR results showed that Cyto D significantly
reduced the expression of osteoblast marker genes (Fig. 2h).

BMSC proliferation on the modules in each group was detected by
CCK-8 kit. The results showed that the cells proliferated with the culture
time in all of the four types of modules (Fig. 2e), and DM modules caused
higher proliferation activity than none-DM modules. Although the cell
proliferation in daCO-DM modules was slightly higher but did not reach
significant difference than in WTO-DM and BMSC-DM groups, suggest-
ing that DM could promote the proliferation activity of BMSCs.

The above results show that DM-modified 3D printed-PCL scaffolds
have good biocompatibility in adhesion, spreading, and proliferation of
cells. Subsequently, we evaluated its osteogenic ability.

3.4. daCO-DM promotes osteoblast differentiation and mineralization ex
Vivo

3.4.1. AP staining and quantitative AP biochemical activity assay
To compare the effects of daCO-DM, WTO-DM, and BMSC-DM on the
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Fig. 1. Preparation of DM modified 3D printed PCL
scaffold. (a)3D printed PCL scaffold. Scale bar 500
pm. (b) Isolated BMSCs and osteocytes growing on
dish. Scale bar 20 pm. (c)SEM images of scaffolds un-
decellularized and decellularized. Scale bar 50 pm. (d)
Hochest 33258 staining for cell nucleus before and
after un-decellularized and decellularized. Scale bar
100 pm. (e-g) DNA, collagen, and GAGs quantitation
of the scaffolds un-decellularized and decellularized.
BMSC, bone marrow stromal cell; WTO, wild-type
osteocyte; daCO, osteocyte with dominant active
B-catenin. Images and data are representative of n = 3
individual experiments. Data were expressed as mean
+ SD. *p < 0.05 v.s. un-decellularized by one way
ANOVA.
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Fig. 2. Biocompatibility assay of DM modified 3D
printed PCL modules. (a) Live-Dead staining to
analyze the viability of BMSCs on DM modified
modules for 24 h, live cells (green) and dead cells
(red). Scale bar 250 pm. (b) ImageJ analysis of the
vitality of BMSCs on DM modified modules. (c)
Cytoskeleton staining of BMSCs cultured on DM
modified modules and none-DM scaffolds after 24 h.
Scale bar 50 pm. (d) ImageJ analysis of cell speading
area. (e) CCK-8 analysis the proliferation of cells on
DM modified modules and none-DM scaffolds on day
1,4,7. (f) Cytoskeleton staining and (g) AP staining of
BMSCs cultured on four groups scaffolds with/
without Cyto D. (h) Gene expressions of Alpl, Runx2,
Collal, and Bglap after 7 days of culture. DM, decel-
lularized matrix; none-DM, PCL; BMSC, bone marrow
stromal cells; WTO, wild-type osteocytes; daCO,
osteocyte with dominant active p-catenin. Images and
data are representative of n = 3 individual experi-
ments. Data were expressed as mean + SD. *p < 0.05
V.S. none—DM;#p < 0.05 v.s. BMSC-DM, $p < 0.05 v.s.
WTO-DM by one way ANOVA. Multiple influencing
factors analysis by two way ANOVA.
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osteoblast differentiation of BMSCs, the new batch BMSCs from C57BL/
6 mice were harvested and seeded on these three DM-modified modules.
After cultured for 7 and 14 days, AP staining of these modules showed
that the 14-day cultures of the 3 groups displayed higher AP activities
than 7-day cultures, correspondingly. At both times, the daCO-DM group
had the strongest positive AP staining (Fig. 3a). In addition, there was no
obvious difference between the WTO-DM and BMSC-DM groups in 7-day
cultures.

The results of quantitative AP biochemical assay were consistent
with that of AP staining (Fig. 3b). At 7 days, the AP activity in the daCO-
DM group was 2.2 times that of the WTO-DM group, and 2.0 times that
of the BMSC-DM group. There was no significant difference between the
two groups. At 14 days, AP activity in the daCO-DM group was 1.7 times
that of the WTO-DM group and 2.1 times that of the BMSC-DM group.
WTO-DM group was 1.2 times that of the BMSC-DM group.

These results showed that osteocytic DM has strongest ability in
osteoblast differentiation than BMSC-DM, and that the osteoblast dif-
ferentiation with the daCO-DM is much higher than that with the other
two DMs, proving that the daCO-DM could provide most suitable
microenvironment for the osteogenic differentiation of BMSCs.

3.4.2. Effects of daCO-DM on the expression of osteoblast marker genes ex
vivo

qPCR measured the mRNA level of osteoblast marker genes,
including Alpl, Collal, Bglap, and Runx2 in the new batch of primary
BMSCs growing in these 3 types of DM-modified modules for 7 and 14
days, respectively. The results showed that the daCO-DM robust
enhanced the expression of these 4 genes in both 7- and 14-day cultures
(Fig. 3c¢) compared to the other 2 DM groups. WTO-DM also enhanced
osteoblast differentiation compared to BMSC-DM as well. These data
demonstrate that osteocytes are a good cell source of DM to promote the
differentiation of BMSCs into osteoblasts; in particular, daCO-DM is a
potent osteogenic niche.

3.4.3. Effects of daCO-DM on mineralization ex vivo

Mineralization is the last step in bone formation. To further evaluate
the effect of these 3 types of DMs on the mineralization of BMSCs, the
new batch of BMSCs from C57BL/6 mice were seeded on these 3 DM
modules and grew in growth medium for the first 7 days, and then
cultured in osteogenic medium for another 14 days. The mineralization
was measured by bone noddle formation assay with alizarin red S
staining. The results show that the mineralization induced by daCO-DM
is the strongest, that induced by WTO-DM is smaller, and that induced
by BMSC-DM is the least (Fig. 3d). The quantitative analysis confirmed
the staining results. DaCO-DM induced mineralization was 1.6- and 2.2-
fold higher than WTO-DM and BMSC-DM respectively, and WTO-DM
induced one was 1.3-fold stronger than BMSC-DM (Fig. 3e). These re-
sults suggested that daCO-DM has better mineralization ability than
WTO-DM and BMSC-DM ex vivo.

3.5. Bone formation by daCO-DM in vivo

To evaluate the bone repair function of daCO-DM, a critical-sized
(>4.0 mm in diameter) parietal bone defect model was established in
C57BL/6 mice [54]. daCO-DM modules and its controls WTO-DM,
BMSC-DM, or none-DM were cut to 4.5 mm circular scaffold in diam-
eter (Fig. 4a) to be implanted into the defects (Fig. 4b). At 4- and
8-weeks after implantation, cellular and molecular base of bone repair
were evaluated. Gross observations of the grafts implanted in vivo at 4
weeks and 8 weeks exhibited more bone regenerated in daCO-DM
mudule than the controls (Fig. 4c).

3.5.1. PET-CT assessment of daCO-DM on new bone formation

PET-CT was used to detect in situ new bone at the bone defects. Four
weeks after implantation, the three DM modules formed bone; however,
there is little bone formed with the none-DM modules (Fig. 4d left).
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ImageJ analysis of newly formed bone showed that the BA/TA of daCO-
DM group accounted for 39.0% the defect area (tissue area), which was
significantly higher than the other three groups, i.e. none-DM (9.0%),
BMSC-DM (14.0%), and WTO-DM groups (27.0%) (Fig. 4f). At 8 weeks,
the BA/TA of each group was higher than the counterparts at 4 weeks. In
particular, the BA/TA of daCO-DM group was 60.0%, which was 3.5-,
2.9-, and 1.5-fold of the other three groups (17.0%, 21.0%, and 34.0%)
(Fig. 4f).

PET-CT data displayed that daCO-DM greatly accelerates the repair
of critical-sized bone defects compared to WTO-DM and BMSC-DM,
especially compared to none-DM.

3.5.2. Bone histomorphometry on daCO-DM formed bone

HE staining of bone sections showed that daCO-DM module formed
most of the bone, and the BV/TV was 16.3% at 4 weeks, which was
higher than that of the other three groups (0.4%,1.34%, and 5.7%)
(Figs. S2a and b), but the tissue formed in the pure PCL group (none-DM)
does not look like bone.

At 8 weeks, the daCO-DM group also had most new bone formed in
the modules and well-integrated with the parietal bone of mice
(Fig. 4c—e). In addition, the new bone had the morphological charac-
teristics of natural bone tissue with a concentrated structure, contains
osteocytes embedded in the mineralized matrix, and osteoblasts were
arranged at the outer edge of the new bone (Fig. 4e enlarged image).
However, the new bone formed in the other 3 groups did not have dense
structure, which was different from that in the daCO-DM group. In
addition, the BV/TV formed in daCO-DM module was the highest,
54.1%, which was 3.9-, 3.2-, and 1.8-fold of that formed in the other
three modules (14.3%,17.3%, and 31.0%) (Fig. 4g).

In addition, the bone volume was parallel to the number of osteo-
blasts. The number osteoblast per bone area (N.Ob/B.Ar) was the
highest in the newly formed bone of daCO-DM groups (3.2 x 102/mm?),
which was 3.3-, 2.9-, 1.7-fold of the other three groups (1.0, 1.1, and 1.8
x 102/mm?) (Fig. 4g).

The results clearly show that the bone regeneration ability of
osteocytic DM is stronger than that of BMSC-DM, and daCO-DM is much
higher than WTO-DM, indicating that the daCO-DM is an effective DM to
recruit cells for bone regeneration and repair in vivo.

3.6. Osteoblast activity in daCO-DM-induced bone

Bone is formed by mineralization of collagen secreted by osteoblasts.
Type I collagen is the main component of bone organic matrix. After
Picrosirius red staining, type I collagen was red under light microscope;
while, under the polarized light microscope, it was yellow to orange, in
the shape of fiber bundle, and has strong double refraction of red and
yellow/orange [65]. At 4 weeks, there were more collagen fibers in
daCO-DM group, which were arranged neatly and closely, followed by
WTO-DM group. There were few collagen fibers in BMSC-DM group,
which were arranged loosely and disorderly. And there was almost no
collagen in none-DM group (Fig. 5a).

At 8 weeks, more collagen was formed in all groups compared with
that at 4 weeks. DaCO-DM group generated red dense collagen under
light microscope, and strong double refraction of red and yellow under
polarized light microscope, which is similar to natural bone tissue [57]
(Fig. 5b). The collagen production in WTO-DM group was the second,
and it was the least in BMSC-DM group and none-DM group. Especially
in the none-DM group, the arrangement of collagen fibers was disor-
dered. Therefore, osteocytic DMs induced osteoblast can significantly
promote the formation of type I collagen in vivo than BMSC-DM induced
ones. Therefore, the osteogenic ability of osteoblasts induced by osteo-
cytic DM is stronger than that of BMSC-DM. Obviously, the function of
daCO-DM is much higher than that of WTO-DM.
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Fig. 3. daCO-DM modified 3D-printed modules promoted BMSCs osteoblast differentiation and mineralization. (a,b) AP staining and AP biochemical activity
assays of BMSCs on DM-modified modules after culturing in basal medium for 7 and 14 days, respectively. (c) Gene expressions of Alpl, Runx2, Collal, and Bglap after
7 and 14 days of culture, respectively. (d) Alizarin red S stained calcium mineral nodules deposited by BMSCs on BMSC-DM, WTO-DM and daCO-DM modified
modules for 14 days culture in osteogenesis induction medium respectively. (e) Mineralization quantification were measured at day 21. DM, decellularized matrix;
BMSC, bone marrow stromal cell; WTO, wild-type osteocyte; daCO, osteocyte with dominant active p-catenin. Images and data are representative of n = 3 individual
experiments. Data were expressed as mean + SD. *p < 0.05 v.s. BMSC-DM, #p < 0.05 v.s. WTO-DM by one way ANOVA.
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Fig. 4. Effect of daCO-DM modified 3D-printed module
on bone regeneration. (a) Circle implanted module (® =
4.5 mm) before implantation. (b) Critical-sized parietal bone
defect model. (c) Modules were implanted in vivo for 4weeks
and 8 weeks (before harvest). (d) PET-CT images of mouse
critical parietal bone defect implanted with four group
modules of none-DM, BMSC-DM, WTO-DM, and daCO-DMat
4 and 8 weeks, n=>5. (e) H.E. staining of the cross-sections to
show the histological morphology of the regenerative repair
at 8 weeks. red arrow, osteoblast; black arrow, new bone.
Scale bars 500 pm and 20 pm.(f) The relative new bone
formation was calculated by normalization to new bone
formation area in the defects, which was measured by
ImageJ software. Bone area per tissue area (B.Ar/T.Ar). (g)
Bone formation ratio was measured by ImageJ software
based on H.E. stained cross-sections at 8 weeks BV/TV, bone
volume per tissue volume, N.Ob/T.Ar, number of osteoblasts
per tissue area , n = 5. DM, decellularized matrix; none-DM,
PCL scaffold; BMSC, bone marrow stromal cell; WTO, wild-
type osteocytes; daCO, osteocyte with dominant active
B-catenin. Sections with newly formed bone were measured
for each mouse. Data were expressed as mean + SD. *p <
0.05 v.s. none-DM *p < 0.05 v.s. BMSGC-DM, ®p < 0.05 v.s.
WTO-DM by one way ANOVA.
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Fig. 5. Osteoblast activity in daCO-DM-induced bone. After implantation 4 wk (a) and 8 wk (b), picrosirius red staining showed type I collagen was bright red or
yellow under light microscope (LM) and yellow or red, closely arranged and strong birefringence under polarized light microscope (PLM). Scale bar 50 pm. Sections
with newly formed bone were measured for each mouse and 5 mice were analyzed for each group. DM, decellularized matrix; none-DM, PCL scaffold; BMSC, bone
marrow stromal cell; WTO, wild-type osteocytes; daCO, osteocyte with dominant active f-catenin.

3.7. Osteoclastogenesis by daCO-DM

Bone resorption is the process of osteoclasts decomposing and
absorbing bone matrix, which plays an important role in bone recon-
struction [66]. TRAP staining of tissue sections showed that at 4 weeks
after implantation, Oc.S/T.Ar of daCO-DM was 10.0 um/mm?, 2.3-fold
of WTO-DM, while osteoclasts were hardly observed in BMSC-DM and
none-DM groups (Fig. 6a, c). At 8 weeks, BMSC-DM group and none-DM
group finally formed a small number of osteoclasts, and Oc.S/T.Ar about
5.6 um/mm2 (n.s.). The Oc.S/T.Ar almost doubled in the daCO-DM
(20.3 pm/mm?) and WTO-DM (14 pm/mm?) groups compared with
that at 4 weeks (Fig. 6b and c). Since we observed that the osteoclasts
grew in the newly formed bones and were interconnected with each
other, their number is calculated based on Oc.S/T.Ar.

To compare the effects of daCO-DM, WTO-DM, BMSC-DM, and none-
DM on osteoclastogenesis, the BMMs were cultured on these 4 types of
modules. 5 days later, TRAP staining results showed that daCO-DM
induced multinucleated osteoclasts as shown in purple red by TRAP
staining. Additionally, WTO-DM also induced TRAP-positive cells in its
modules; however, such an induction does not happen in the none-DM
and BMSC-DM modules (Fig. 6e).
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3.8. Angiogenesis by daCO-DM

Blood vessels play an important role in bone regeneration as well,
delivering oxygen nutrients, growth factors, and cells etc. for tissue
repair [67]. The enhancement of angiogenesis in both osteocytic DM
groups was observed by HE staining of tissue sections. After 8 weeks
after implantation, the number of new vessels per tissue area (N.Ves-
sel/T.Ar) was 8.1/mm? in daCO-DM group, which was 1.6-, 3.2-, and
3.5-fold of WTO-DM group, BMSC-DM group, and none-DM group
(Fig. 7a and b). Immunofluorescence (IF) staining of vascular markers
CD31 and Endomucin also confirmed the formation of blood vessels. The
results showed that the red fluorescence (positive for CD31) and green
fluorescence (positive for Eodomucin) induced by daCO-DM were
significantly increased in the newly formed bone compared to that by
the other three DMs (Fig. 7d). In addition, qQPCR detection found that
among the BMSCs growing on these 3 DM modules, the expression of
angiogenesis related genes Vegfa and Angptl was the highest in the
BMSCs growing on daCO-DM modules (Fig. 7c). The evidence indicates
that daCO-DM may promote the formation of H-type blood vessels in
vivo, so as to ensure the osteogenic function of the module, which is
conducive to the regenerative repair of bone defects.
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Fig. 6. Effect of daCO-DM modified 3D-printed module on osteoclastogenesis. (a,b) At 4 and 8 weeks, static histological analysis (TRAP staining) on the surface
of osteoclasts was performed after the implantation of modules. The red part is osteoclast positive, and the right figure is the enlarged image. Scale bars 50 pm and 20
pm. (c) 4 weeks and 8 weeks quantitative analysis: osteoclast surface per tissue area (Oc.S/T.Ar). (d) Gene expressions of RANKL and MCSF after 14 days of BMSCs
culturing on DM modifed scaffolds ex vivo. (e€) TRAP staining for BMMs cultured in DM modified scaffolds. DM, decellularized matrix; none-DM, PCL; BMSC, bone
marrow stromal cell; WTO, wild-type osteocytes; daCO, osteocyte with dominant active f-catenin. ND means not detected. Sections with newly formed bone were
measured for each mouse and 5 mice were analyzed for each group. Data were expressed as mean = SD. *p < 0.05 v.s. none-DM;*p < 0.05 v.s. BMSC-DM, $p < 0.05v.

s. WTO-DM by one way ANOVA.

3.9. Neurogenesis by daCO-DM

Nerve fibers also play an important role in bone formation. Insuffi-
cient innervation in the bone defect area may delay bone regeneration
[59]. IF was used to evaluate the expression of neural markers
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$3-Tubulin and NeuN in the implanted modules after 8 weeks to detect
neurogenesis in vivo. The expression of these two neural genes was
much higher in the daCO-DM-induced bone than in the other three DM
module-generated bone (Fig. 8a). Especially in none-DM and BMSC-DM
implants, the expression level is lower and lowest. QPCR detection found
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Fig. 7. Angiogenesis of daCO-DM modified 3D-printed module. (a) At 8-week, HE staining to analyze the morphology of blood vessels in four groups. Scale bar
20 pm. (b) Semi-quantitative analysis of blood vessels. number of blood vessels per tissue area (N.Vessel/T.Ar). (c) Gene expressions of Vegfa and Angpt1 after 14 days
of BMSCs culturing on DM modifed scaffolds. (d) Immunofluorescence of CD31 and Endomucin showed H-type angiogenesis in vivo. Scale bar 20 ym. DM,
decellularized matrix; none-DM, PCL; BMSC, bone marrow stromal cell; WTO, wild-type osteocytes; daCO, osteocyte with dominant active p-catenin. Sections with
newly formed bone were measured for each mouse and 5 mice were analyzed for each group. Data were expressed as mean + SD. *p < 0.05 v.s. none-DM;p < 0.05 v.
s. BMSC-DM, ®p < 0.05 v.s. WTO-DM by one way ANOVA.
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Fig. 8. Effect of daCO-DM modified 3D-printed module on neurogenesis. (a)Inmunofluorescence of p3-Tubulin and NeuN showed nerve in vivo. Scale bar 20
pm. (b)Gene expressions of Ngf after 14 days of BMSCs culturing on DM modifed scaffolds. DM, decellularized matrix; none-DM, PCL; BMSC, bone marrow stromal
cell; WTO, wild-type osteocytes; daCO, osteocyte with dominant active p-catenin. Sections with newly formed bone were measured for each mouse and 5 mice were
analyzed for each group. Data were expressed as mean + SD. *p < 0.05 v.s. none-DM;*p < 0.05 v.s. BMSC-DM, $p < 0.05 v.s. WTO-DM by one way ANOVA.

that among the BMSCs growing in DM modules, the expression of neu-
rogenesis related genes Ngf was the highest in daCO-DM modules
(Fig. 8d). These results suggest that daCO-DM promotes neurogenesis in
vivo.

4. Discussion

To select a functional cell source for decellularized matrix, we
compared 3 cell types, primary osteocytes with/without dominant
active Wnt/p-catenin signaling and primary BMSCs. Decellularization
removes all organelles and most DNA, and retains a large amount of
collagen and GAG. daCO-DM produces more and longer stress fibers,
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conducive to cell adhesion, spreading, and osteogenesis. In vivo, daCO-
DM produces neatly arranged and dense type-I collagen, which is similar
to and integrated well with the host bone, whereas the other 3 DMs do
not have this ability. BV/TV and osteoblast number were much higher
than the other three DMs. daCO-DM induces more osteoclasts than
WTO-DM, but neither BMSC-DM nor none-DM shows this induction.
daCO-DM promotes the expression of RANKL and MCSF, Vegfa and
Angptl, and nerve growth factor Ngf for osteoclast differentiation,
vascularization, and neurogenesis. daCO-DM produces more H-type
blood vessels and expresion of nerve cell markers $3-tubulin and NeuN.
daCO-DM, a new bioactive material based on multifunctional daCO,
realizes bone regeneration with metabolic activity and
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neurovascularization, restores blood supply to the defect area, activates
bone remodeling to accelerate the repair of bone fefects, which is ex-
pected to be transformed into clinical application.

Cell-derived decellularized matrix has been widely used in bone
tissue engineering [68,69]. However, as far as we know, DM has not
been reported to have the same four functions as daCO-DM does in the
formation of osteoblasts, osteoclasts, blood vessels, and nerves.
Currently, most of the cell-derived DM have osteogenic properties, such
as human fetal MSC [70], hMSC [71], mouse MC3T3-E1 [72], human
osteoblast line MG63 [73]. In addition, DMs from the co-culture of hMSC
and human umbilical vein endothelial cells (HUVEC) [74] or MC3T3-E1
and fibroblast NIH/3T3 [75] have dual functions of osteogenesis and
angiogenesis. The formed blood vessel will provide nutrients, growth
factors, and cells, necessary for the regenerated bone, in addition and
will excrete metabolites as well. Moreover, DM of mouse osteocytic cell
line MLO-5A [25] can also promote both osteogenesis and angiogenesis.
In these mentioned cases, the DMs from co-culture of MC3T3-E1 and
NIH/3T3 [75], MG63 [73], and MC3T3-E1 [76] have been demon-
strated to repair critical-sized bone defect in mice, rats, and rabbits,
respectively. In summary, the selection of cell types is of great signifi-
cance to the function of DM. None of the DMs from the above cell types
reported the production of osteoclasts or the expression of nerve
markers.

Osteoclasts play an important role in bone development [77]. Our
previous study found that osteocytic Wnt mediates anabolic and cata-
bolic actions in mice [35], suggesting a participation of osteoclasts in
bone formation. Osteoclasts not only control bone remodeling [78,79],
but also recruit stem cells for osteoblast differentiation by producing
active transforming growth factor-p (TGFp1) from bone matrix [66], and
promote H-type angiogenesis [80-82]. In the process of osteoclast bone
resorption, transforming growth factor-f (TGF-p) and insulin-like
growth factor 1 (IGF-1) are released from bone matrix to induce
mesenchymal stem cells (MSCs) to migrate and differentiate into oste-
oblasts to form new bone [83,84]. It has also been reported that osteo-
clasts secrete PDGF-BB to induce MSCs or osteoblasts migration [85,86].
During bone remodeling, pre-osteoclasts secrete PDGF-BB to induce
angiogenesis, and sufficient blood supply transports nutrients, oxygen,
minerals, and metabolic wastes necessary to maintain osteoblast bone
matrix synthesis and mineralization [87], thus inducing appropriate
osteogenesis. In this study, qPCR results showed that after 14 days of
culture, osteocytic DM induces BMSCs to express pre-osteoclastic cyto-
kines RANKL and MCSF, in which daCO-DM group displays significantly
higher expression than WTO-DM. In vivo, 4 weeks after DM module
implantation, osteoclasts were observed only in osteocytic DM groups,
in which Oc.S/T.Ar of daCO-DM group is 2.3 times of that in WTO-DM
group, whereas osteoclasts were not observed in BMSC-DM group and
none-DM group. This study shows that in the early stage of osteogenesis,
osteocytic DM promotes the formation of osteoclasts, so as to play the
role of bone resorption in bone development, restore blood supply in the
defect area, promote osteogenic differentiation of stem cells and
expression of neural markers, and achieve rapid repair effect. 8 weeks
after implantation, daCO-DM group was still the highest in Oc.S/T.Ar,
which was 1.5, 3.6, and 3.9 times of that in the other three groups,
respectively. A small number of osteoclasts were also generated in
BMSC-DM and none-DM groups. This may be due to the coupling effect
of bone formation and bone resorption.

The method of decellularization also has effects on the composition
and microstructure of DM [88]. It is very important to find effective way
to remove organelles and cellular DNA that cause inflammatory
response, while maintaining the high integrity of the composition and
structure of the cell matrix [89]. At present, the cell-derived DM
decellularization treatments mainly include physical, chemical, and
biological methods. Boram et al. found no significant difference in DNA
removal by either three freeze-thaw cycles (F/T) or sodium dodecyl
sulfate (SDS) in hypoosmotic solution, however, F/T retains 75.64%
GAGs, much higher than 33.28% by SDS [14]. SDS in decellularization is

125

Bioactive Materials 21 (2023) 110-128

too intense to retain cell matrix components. Li et al. found that F/T plus
Triton-X100 treatment is the most effective method to remove DNA and
retain the structure and collagen, and the decellularized matrix is
conducive to the proliferation and osteogenic differentiation of BMSCs
[90]. Aldemir Dikici et al. found that more than 95% DNA is removed by
three F/T combined with DNase enzyme treatment, while only 75%
DNA was removed by three F/T, and DNA enzyme had no effect on the
content of matrix components (collagen and deposited calcium) [25].
Moreover, the damage of matrix structure was the least by F/T [91,92].
Based on the above studies, we selected the last decellularization
treatments of three F/T combined with DNase, which retains 71% GAGs
and 74% collagen and effectively removes DNA by 95% (Fig. le-g).

In vitro F-actin cytoskeleton staining, daCO-DM group promoted the
adhesion of BMSCs and the formation of F-actin stress fibers (Fig. 2c),
thus promoting osteogenic differentiation [50,93]. SEM showed that the
DM of BMSC was smoother than that of osteocytes, and the two kinds of
osteocyte had the same honeycomb like network structure. The differ-
ence in the structure of DMs is caused by different cell types. The pri-
mary daCoO is oval and fat (Fig. 1b), while WTO looks thinner, and the
osteocytes are smaller than BMSCs. Although DM in all three groups
promoted cell adhesion and proliferation with no significant differences
since collagen and GAGs content among the three groups are the same.
Although DM has been extensively studied by researchers, the mecha-
nism by which DM derived from cells induces specific cellular behavior
remains unclear [94], and the components of daCO-DM promoting
osteogenesis remain to be revealed.

As for the promotion of neurogenesis by osteocytes, there is still no
direct evidence. Even though, osteocytes express NGF [95], which has
long occupied a critical role in developmental and adult neurobiology
for its many important regulatory functions on the survival, growth, and
differentiation of nerve cells in the peripheral and central nervous sys-
tem [96,97]. This is very meaningful to the brain. daCO-DM may pro-
mote neurogenesis, possibly because it may retain the products of Wnt
signaling in osteocytes, thus promoting neurogenesis [98], but the
specific components need to be further studied.

The daCO-DM modified 3D-printed module developed in this study
has good in situ bone regeneration and repair ability. It has good
biocompatibility, including cell adhesion, spreading, proliferation,
osteogenic differentiation, and mineralization. In vivo, it recruits cells to
reach the defect site and produces osteogenic differentiation, osteoclast
formation, vascularization, and expression of nerve cell markers.
Because organoid is defined by a 3D cell systems that are formed
through cell differentiation and self-organization of pluripotent stem
cells or tissue-derived progenitor cells, also contains supporting stromal
elements [40], daCO-DM module formed organoid bone in vivo. In
further study, we will extract osteocytes from patients or from porcine
which is the most likely source of xenotransplantation products for
humans [99] and activate them with Wnt signaling pathway. Based on
osteogenic microenvironment of daCO, we will develop bone regener-
ation agents, biological ink and other easy-to-use products which can
quickly repair bone defects. These materials can also be used for surface
coating treatment of scaffolds or implants to enhance interface inte-
gration and prolong the service life of implants, so as to provide new
ideas for the research and development of bone repair materials and
promote clinical transformation and application.

5. Conclusions

In this study, based on the osteocytes with activation of Wnt
signaling (daCO) osteogenic microenvironment, a daCO-DM modified
3D printing PCL module was constructed by F/T combined with DNase
treatment of the daCO. The daCO-DM has good biocompatibility, pro-
motes osteogenic differentiation and mineralization in vitro, and in-
duces bone regeneration in vivo, including the formation of osteoblasts,
osteoclasts, and H-type blood vessels, and nerve-like cells expressing
nerve markers, and accelerates the repair of critical-sized bone defects in
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mice. The daCO forms multifunctional organoid bone, which is condu-
cive to clinical transformation application, and breaks through the
bottleneck of low bioactivity and difficult shape matching of bone repair
materials in the market.
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