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Large bone defects remain an unsolved clinical challenge because of the lack of effective vascularization in newly
formed bone tissue. 3D bioprinting is a fabrication technology with the potential to create vascularized bone
grafts with biological activity for repairing bone defects. In this study, vascular endothelial cells laden with
thermosensitive bio-ink were bioprinted in situ on the inner surfaces of interconnected tubular channels of bone
mesenchymal stem cell-laden 3D-bioprinted scaffolds. Endothelial cells exhibited a more uniform distribution and
greater seeding efficiency throughout the channels. In vitro, the in situ bioprinted endothelial cells can form a
vascular network through proliferation and migration. The in situ vascularized tissue-engineered bone also
resulted in a coupling effect between angiogenesis and osteogenesis. Moreover, RNA sequencing analysis revealed
that the expression of genes related to osteogenesis and angiogenesis is upregulated in biological processes. The in
vivo 3D-bioprinted in situ vascularized scaffolds exhibited excellent performance in promoting new bone for-
mation in rat calvarial critical-sized defect models. Consequently, in situ vascularized tissue-engineered bones
constructed using 3D bioprinting technology have a potential of being used as bone grafts for repairing large bone
defects, with a possible clinical application in the future.

bone defects mainly use autografts, allografts, xenografts, and inorganic
grafts [5,6]. However, these methods have limitations, such as low donor

1. Introduction

The majority of segmental bone defects result from congenital de-
fects, trauma, and bone tumors [1-3]. Bone defects that exceed 50% of
the bone diameter or over 2 cm in length are called large segmental bone
defects [4] and result in delayed union or nonunion during the rehabil-
itation period. Current clinical strategies for repairing and regenerating

mass, poor osteoinductive activity, risk of infection, host immuno-
reaction, and poor biological activity, imposing restrictions on practical
application [1,6,7]. Hence, the clinical healing of large segmental bone
defects remains a big challenge for surgeons, and synthetic bone grafts
for promoting bone healing have become a focus of medical research.
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Scheme 1. Schematic representation of 3D bioprinting of in situ vascularized tissue engineered bone construction and application in repairing bone defects.

Table 1

3D bioprinting tissue-engineered scaffolds.

Group Bio-ink Number of nozzles
G 5 wt% GelMA One
GB 5 wt% GelMA-BMSC One
G-3PR 5 wt% GelMA +10 wt% 3P-RAOEC bio-ink Two
GB-3PR 5 wt% GelMA-BMSC + 10 wt% 3P-RAOEC bio-ink Two
G-R 5 wt% GelMA + RAOEC suspension One
GB-R 5 wt% GelMA-BMSC + RAOEC suspension One

Compared with traditional therapies, tissue engineering is a promising
approach for bone defect repair that can overcome the aforementioned

limitations and act as an effective tool for application [8].

With the development of biomaterials [9], stem cells [10], nano-
medicine [11] and tissue engineering technologies [12], bone replace-
ment materials have been updated through scientific research. Whereas
the first generation of inert materials such as alloys mainly play the role
of “substitution support,” the third generation of biodegradable materials
now exhibit biological activity. In addition to meeting the basic re-
quirements of mechanical support, bone repair materials need to have
excellent bone induction activity and vascular induction activity to pro-
mote rapid regeneration of bone tissue. Autografts are presently
considered as the “Gold Standard” [13,14] for segmental bone defect
repair and reconstruction because autogenous bone contains abundant

Table 2
Primers for real-time PCR.
Gene Forward primer (5'-3") Reverse primer (5'-3')
RUNX2 CATGGCCGGGAATGATGAG TGTGAAGACCGTTATGGTCAAAGTG
OPN GCCGAGGTGATAGCTTGGCTTA TTGATAGCCTCATCGGACTCCTG
Oxterix TGACTGCCTGCCTAGTGTCTACA TGGATGCCCGCCTTGT
ALP CACGTTGACTGTGGTTACTGCTGA CCTTGTAACCAGGCCCGTTG
Col 1al GACATGTTCAGCTTTGTGGACCTC GGGACCCTTAGGCCATTGTGTA CACGGAGCAAGAAAGACTCTGA
CD31 GAACAAACTTGCAAGGAGCAGGAA GCTCTCTTGGGTGCACTGGA CACCGCCTTGGCTTGTCACA
VEGF
PDGF TGGCTCGAAGTCAGATCCACA TTCTCGGGCACATGGTTAATG
HIFla GTCCCAGCTACGAAGTTACAGC CAGTGCAGGATACACAAGGTTT
GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA
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Fig. 1. (A) Chemical structure of synthetic PLA-PEG-PLA copolymer. (B) '"H NMR spectrum of PLA-PEG-PLA copolymer in D,0. (C) FTIR spectrum of PLA-PEG-PLA
copolymer. (D) Macro and microscopic observations of morphology of PLA-PEG-PLA hydrogel at 25 °C. (E) Macro and microscopic observations of morphology of

PLA-PEG-PLA hydrogel at 37 °C.

blood vessels, and vascularization is a crucial process during the growth
and development of bone [15]. Vascularization plays an important role in
bone defect repair, which is important for provide nutrients and factors
to support the biological processes of related cells of bone repair and
avoid bone tissue necrosis [16]. By contrast, the lack of vascularization
within the constructs of tissue-engineered bone (TEB) has been an
obstacle to its in vivo application [17]. Angiogenesis occurs prior to
mineralized bone formation during fracture repair [18], whereas
vascular regeneration and remodeling play an important role in the
repair of bone defects, enabling the delivery of nutrients and oxygen to
cells in vivo and elimination of metabolic waste in vitro [19,20]. Neo-
vascularization can be induced by the injection of specific growth factors,
bioinspired surface modification of implants, and implantation of pre-
vascularized TEB during the bone repair process [20-22]. However,
spontaneous angiogenesis cannot be effectively achieved because of the
decomposition of bioactive factors, modified surface wear particles, and
prevascular necrosis during tissue development and repair. According to
the anatomical characteristics of bone, both vasculogenic and osteogenic
cells are arranged in an osteon that contains a central channel and
numerous transversely oriented channels, in which various types of
blood vessels form the vascular network of bone tissues [16,23-25].
Because of the complexity of endoskeletal vessels, traditional
manufacturing technology may fail to recapitulate vascular physiology
[20]. Thus, the fabrication of vascularized TEB as a bone replacement
material has become a new possibility for large segmental bone defect
healing in the future. Three-dimensional (3D) bioprinting provides a
viable solution for achieving precise positioning of cells, tunable me-
chanical properties, and accurate control of the internal and external
architecture, to establish and facilitate the clinical translation of vascu-
larized tissue-engineered bone grafts.

3D bioprinting uses computer-assisted accumulation manufacturing
to accurately control the positions of tissue cells, extracellular matrix
(ECM), and biomolecules in the overall 3D structure, to enable biological
activity and ultimately achieve living functionalities to fulfill the

requirements of tissue replacement and organ transplantation [26,27].
The application of 3D bioprinting may enable the design of scaffold
materials to be optimized for personalized and accurate repair and for the
slow and controlled release of drugs or bioactive factors through a
combination of gel and microsphere methods [28]. The 3D bioprinting
technology utilizes cell-laden bio-inks to fabricate 3D vascularized con-
structs, offering a potential for vascularized TEBs. The osteon-mimetic
scaffolds were fabricated by using 3D bioprinting technology and satis-
factory biocompatibility and promotion of angiogenesis and osteogenesis
in vitro and prompted the new blood vessels and new bone formation in
vivo [16]. Coaxial 3D bioprinting can directly print straight vascular
channels using a coaxial nozzle that simultaneously extrudes the outer
hydrogel material and inner sacrificial material. However, it is difficult
for coaxial 3D bioprinting to form vascular networks and to bioprint
submicron-sized capillaries [29]. By contrast, Folkman reported that
capillary endothelial cells (ECs) could form capillary networks when
cultured in a tumor-conditioned medium [30]. Thus, it appears that ECs
can develop an entire vascular network in vitro. Subsequently, it has been
conceived that ECs can be seeded on the surfaces of 3D printed porous
scaffolds to form complex vascular networks. However, this strategy is
not widely accepted because it results in a non-uniform distribution of
ECs throughout the channels [31]. Thus, the use of 3D bioprinting to
fabricate scaffolds with effective internal vascularization and osteoin-
ductive bioactivity for bone defect repair has become a medical research
hotspot.

In this study, we developed a bioprinting strategy that enables ECs to
form in situ vascular networks within a bone tissue-engineering scaffold.
Two types of bio-inks are used to print the TEB: one, which is used as a
matrix bio-ink, is a photocrosslinked extracellular matrix hydrogel sup-
plemented with bone mesenchymal stem cells for osteogenesis, and the
other, which is used as a templating bio-ink, is a thermosensitive
hydrogel supplemented with ECs for angiogenesis. The templating bio-
ink is printed line by line alongside the matrix bio-ink in alternate par-
allel lines, forming a one-layer structure, and then the 3D bioprinting is
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Fig. 2. (A) Path planning and design of 3D printed in situ vascularized tissue engineering bone model. (B) In situ vascularized scaffold printed using BMSC-loaded
GelMA bio-ink and RAOEC-loaded 3P bio-ink via two print nozzles, presenting a void-free 3D shape. (C) Cell culture medium was added to surface of void-free scaffold
at 37 °C. (D) 3P hydrogel flowed out from scaffold channels and then formed porous scaffold construction after incubation at 37 °C for 1 h. Mechanical properties of
3D-bioprinted scaffolds: (E) stress—strain curves of hydrogel scaffolds, and (F) compressive modulus analysis of hydrogel scaffolds. (n = 3, each group).

Table 3
GFP-BMSCs proliferation on hydrogel scaffolds.
Time  Index GB Group GB- p (GB p (GB p (GB-
GB-R 3PR vs. vs. GB- Rvs.
GB-R) 3PR) GB-
3PR)
Day Population 11 1.4+ 1.6 0.047 0.033 0.179
3 (x10°) + 0.12 +
0.07 0.06
Day Population 1.5 1.7 £ 2.3 0.006 0.008 0.025
5 (x10°) + 0.05 +
0.04 0.24
Day Population 1.8 2.0+ 2.8 0.021 0.004 0.010
7 (x10° + 0.07 +
0.08 0.24

repeated layer by layer to create the construct structures. After the
scaffolds are photocrosslinked, the ECs adhere onto the surfaces of the
interconnected tubular channels by sacrificing the templating bio-ink.
This in situ EC distribution via 3D bioprinting ensures a far greater cell
seeding uniformity than that achieved using a conventional postseeding
approach. In vitro experiments were then conducted to evaluate whether

the 3D-bioprinted in situ vascularized tissue-engineered scaffolds had
excellent osteogenesis and angiogenesis performance. RNA sequencing
was used to analyze the expression of genes related to osteogenesis and
angiogenesis. Finally, we applied scaffolds to a rat critical-size calvarial
defect model to observe bone regeneration. This in situ vascularized
tissue-engineered bone constructed using 3D bioprinting has a potential
of being used as a bone graft for repairing large bone defects, with a
possible clinical application in the future (Scheme 1).

2. Materials and methods
2.1. Materials

Gelatin methacryloyl (GelMA), lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP), and a portable lamp that emits
405 nm irradiation were purchased from Engineering for Life (Suzhou,
China). Polylactic acid (PLA)-polyethylene glycol (PEG)-PLA (3P)
thermo-sensitive hydrogel was synthesized as a triblock polymer in
accordance with a method in a previous study [32], with molecular
weights of 3300-3500 Da for the PEG segment, and 1300-1500 Da for
the PLA segment. The 3P temperature-sensitive hydrogel was synthesized
as follows: i) PEG was added into a flask to remove water via melting and
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Fig. 3. In vitro cell proliferation on hydrogel scaffolds. (A) Representative confocal fluorescence microscopy images of GFP-BMSC and mCherry-RAOEC proliferation
after 3, 5, and 7 days of cultivation. (B) and (C) Quantitative analysis of cell proliferation. Calculated GFP-BMSC and mCherry-RAOEC population of each sample by

flow cytometry. (n = 3, each group). *p < 0.05.

vacuum. ii) After cooling, monomer DL-lactide, solvent anhydrous
toluene, and catalyst stannous caprylate were added. After the nitrogen
was replaced, the system was heated to 200 °C and stirred for 4 h to
facilitate a reflux reaction. iii) After the reaction, the product was dis-
solved in dichloromethane, and then added to n-hexane for precipitation

and washing. The precipitated product was melted at a high temperature
and vacuumed to remove the residual monomer and solvent before use.
iv) The synthesized triblock polymer was prepared with water into a 10
wt% aqueous solution, and then sterilized using a 0.22 pm filter to obtain
a temperature-sensitive hydrogel.
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Fig. 4. In vitro evaluation of osteogenic differentiation of BMSCs in 3D-bioprinted scaffolds. (A) Alkaline phosphatase staining of hydrogel scaffolds induced by
osteogenesis for 7 and 14 days. (B) Alizarin red S staining of hydrogel scaffolds induced by osteogenesis for 7 and 14 days. (C) Alkaline phosphatase staining of
dissolved hydrogel scaffolds induced by osteogenesis for 14 days under microscopic observation. (D) Alizarin red S staining of dissolved hydrogel scaffolds induced by
osteogenesis for 14 days under microscopic observation. (E) Quantitative analysis of alkaline phosphatase activity. (n = 4, each group). (F) Quantitative analysis of
mineralized nodules. (n = 4, each group). *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

2.2. Characterization of thermo-sensitive hydrogel

Physical characterization of the 3P temperature-sensitive hydrogel
was performed via nuclear magnetic resonance (NMR) and Fourier-
transform infrared (FTIR) spectroscopy. In the NMR spectroscopy
experiment, PLA-PEG-PLA was dissolved in D0 and stirred for 2 h. The
'H NMR spectra were recorded at room temperature using a Bruker-400
NMR at 400 MHz. Chemical shifts are reported in ppm, based on deu-
teroxide as an internal standard. In the FTIR spectroscopy experiment,
the structure of PLA-PEG-PLA was analyzed using FTIR (Vertex 70v;
Bruker, Germany). The hydrogels were first frozen at —80 °C, then
lyophilized, pulverized, and mixed with KBr at a ratio of 1:100 (w/w).
The samples were then made into disks using a tablet press. The analysis
was performed using pulverized samples ranging from 500 to 4000 cm ™
with a resolution of 2 cm ™. Each sample was scanned 140 times to ac-
quire the FTIR spectrum based on the average of all the scans.

2.3. Cell culture

2.3.1. BMSC extraction and cell culture conditions

Bone mesenchymal stem cells (BMSCs) were isolated from the femora
and tibias of 3-week-old Sprague-Dawley rats, as described in a previous
study [22]. The Sprague-Dawley rats were sacrificed via cervical dislo-
cation and sterilized in 75% ethyl alcohol for 10 min. The femora and
tibias were separated without attached soft tissue using sterile in-
struments in a biosafety cabinet. To expose the marrow cavity, both ends
of the femora and tibias were removed. The bone marrow was rinsed
using 5 mL low-glucose Dulbecco's modified Eagle's medium (DMEM;
Gibco, USA) supplemented with 15% v/v fetal bovine serum (FBS) and

1% penicillin-streptomycin. The flushing fluid was filtered through a
100 pm sterile cell strainer. The cell suspension was centrifuged at 1000
rpm for 10 min. The centrifugal precipitate was suspended in cell culture
medium and cultured in a 25 cm? cell culture flask, which was incubated
in a cell incubator (37 °C, 5% CO3). The medium was changed at 12 h for
semi-quantitative medium exchange, at 24 h for whole medium ex-
change, and once three days thereafter. The BMSCs were passaged when
the cell density reached approximately 90%.

2.3.2. Flow cytometric identification of BMSCs

The third-generation BMSCs were digested, centrifuged, and resus-
pended in Dulbecco's phosphate-buffered saline (DPBS). The samples
were incubated in CD29-PE, CD31-PE, CD90-PE, CD44-APC, and CD-
45APC for 30 min. BD FACSCanto was used to detect the BMSC surface
molecules via flow cytometry. FlowJo software (version 10.5.2) was used
for data analysis.

2.3.3. RAOEC lines and cell culture conditions

Rat aortic endothelial cell (RAOEC) lines were obtained from Cell
Applications (USA). The RAOECs were cultured in DMEM supplemented
with 10% v/v FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin at
37 °C with 5% CO2 in a cell incubator. The RAOECs were passaged when
the cell density reached approximately 90%.

2.3.4. Generation of GFP-BMSCs and mCherry-RAOECs
Self-fluorescence-expressing cells were constructed via lentivirus
infection as described in a previous study [33]. pLVX-EF1la-IRES-Zs-
Greenl lentiviral vectors and packaging plasmids (PsPAX2 and pMD 2.
G) co-transfected HEK293T cells to produce lentiviruses carrying
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Fig. 5. In vitro angiogenesis assays. (A) Representative confocal fluorescence microscopy images of mCherry-RAOECs, comparing postseeding method with 3D-bio-
printed in situ seeding approach. (B) Assessment of uniformity of mCherry-RAOEC seeding. (C) Confocal fluorescence microscopy images assessing vasculogenic
capacity of mCherry-RAOECs after 3, 7, and 12 days of perfusion culture. (D) Quantitative analysis of vascularized area. (E) and (F) Tube formation assay of RAOECs
and quantitative analysis of formed meshes. (n = 3, each group). (G) and (H) Migration assay and quantitative analysis of RAOEC migration. (n = 3, each group). *p

< 0.05.
Table 4
mCherry-RAOECs proliferation on hydrogel scaffolds.
Time Index Group GB-R GB- p (GB vs. GB-
3PR 3R)
Day3  Population ( x 10%) 3.0 + 0.27 5.6 & 0.46 0.002
Day5 Population 4.4 £0.15 7.5 +£0.27 <0.001
(x10%
Day7  Population 5.5+ 0.27 9.2 +0.28 <0.001
(x10%

ZsGreenl fluorescent protein (GFP). Lentiviruses carrying mCherry
fluorescent protein were purchased from GENE (Shanghai, China).
BMSCs at passage 3 and RAOECs were seeded in 6-well plates at a density
of 0.8 x 10° cells/well and cultured at 37 °C in 5% CO incubator. After
the cells were grown to 60% confluence, lentiviruses with different
fluorescent reporters were added to cell culture media containing 5
pg/mL polybrene. The cells were then incubated for 72 h to harvest
self-fluorescent cells. ZsGreen1-BMSCs (GFP-BMSCs) and
mCherry-RAOECs were sorted via BD Aria flow cytometry. The
GFP-BMSCs and mCherry-RAOECs cultured in their respective culture
media were used for the subsequent experiments.
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2.4. Preparation of bio-inks

2.4.1. 5 wt% GelMA bio-ink

Freeze-dried GelMA was dissolved in DMEM at a weight fraction of 5
wt% with 0.25% (w/v) LAP, while light heating was avoided, in a water
bath at 50 °C for 20 min. The 5 wt% GelMA solution was immediately
filtered using a 0.22 pm sterile cell strainer for sterilization.

2.4.2. 5 wt% GelMA-BMSC bio-ink

After digestion with trypsin, the centrifuged BMSCs, which had a
density of 5.0 x 10 cells/mL [34], were gently mixed with the prepared
5 wt% GelMA solution. The GelMA-BMSC solution was then placed in an
assorted 10 cc cartridge (Nordson EFD, USA) at a 4 °C refrigerator for 10
min to undergo a sol-gel transition.

2.4.3. 10 wt% 3P-RAOEC bio-ink

The synthesized thermosensitive hydrogel (3P) was also dissolved in
DMEM at a weight fraction of 10 wt% with heating and stirring in a water
bath at 50 °C for 1 h. The 3P solution was then filtered through a 0.22 pm
sterile cell strainer for sterilization. After the temperature dropped to 37
°C, the 3P solution was supplemented with 5.0 x 10° RAOECs/mL [31].

Then, the 3P solution was placed in an assorted 10 cc cartridge in a 4 °C
refrigerator for 10 min to undergo a sol-gel transition.

2.5. Technological parameters

SolidWorks software was used to build the two experimental design
models via digital modeling. Both slice processes were performed on
Simplify3D software, with the parameters set to 0.2 mm extrusion width,
0.2 mm layer height, 20% interior fill percentage, and 600 mm/min
printing speed. The nozzle for 5 wt% GelMA or GelMA-BMSC bio-ink was
set to have a 22 °C temperature with a 0.05-0.075 MPa extrusion pres-
sure, whereas the nozzle for 10 wt% 3P-RAOEC bio-ink was set to have a
25 °C temperature with a 0.07-0.09 MPa extrusion pressure. Addition-
ally, the print bed was set to 5 °C to maintain the shapes of the gels after
printing.

2.6. 3D bioprinting tissue-engineered scaffolds
The 3D-bioprinted tissue-engineered scaffolds were prepared using

an extrusion-based 3D bioprinter (Arnold3, Starlight Material Technol-
ogy Ltd., China) equipped with two temperature-controlled nozzles. Both
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Fig. 7. (A) Volcano map of RAOEC differentially expressed genes in GB-R and GB-3PR groups. (B) GO statistical histogram of differentially expressed genes in GB-R
and GB-3PR groups. (C) Q-value enrichment map of GB-3PR in biological process. Enrichment ratio was calculated as (differentially expressed genes in this pathway/
all differentially expressed genes)/(genes annotated to this pathway/all annotated genes). In filtering out differentially expressed genes, |log2 fold-change| > 1, p-
value < 0.05, and Q-value< 0.05 were used as cut-offs. (D) mRNA levels of angiogenesis-related genes CD31, VEGF, PDGF, and HIF1a, as determined by real-time PCR.
(n = 3, each group). (E) Protein levels of angiogenesis-related proteins CD31, VEGF, PDGF, and HIF1la, as measured by western blotting. *p < 0.05.

files of the slice model (length x width x height of 10 x 10 x 2.5 mm®,
slice thickness of 0.2 mm) were imported into the bio-printer. After the
distance between the nozzles and print bed was adjusted, the prepared
bio-inks were placed in a barrel equipped with 27G needles (Nordson
EFD, USA). The GelMA scaffolds (G group) and GelMA (BMSC) scaffolds
(GB group) were printed using GelMA bio-ink and BMSC-loaded GelMA
bio-ink via one print nozzle. By contrast, the GeIMA-3P (RAOEC) scaf-
folds (G-3PR group) were printed using GelMA bio-ink and RAOEC-
loaded 3P bio-ink via two print nozzles. The GelMA (BMSC)-3P
(RAOEQ) scaffolds (GB-3PR group) were printed using BMSC-loaded
GelMA bio-ink and RAOEC-loaded 3P bio-ink via two print nozzles.
The hydrogel scaffolds were then exposed to 405 nm blue light (25 mW/
cm?) for 0.5 min to form covalently crosslinked GeIMA hydrogel scaf-
folds. The G scaffolds and GB scaffolds were immersed in a 5.0 x 10°
RAOEC suspension to produce GelMA-RAOEC scaffolds (G-R group) and
GelMA (BMSC)-RAOEC scaffolds (GB-R group). The different scaffold
groups were summarized in Table 1. The corresponding printing process
for GB-3PR is shown in Movie S1 and Movie S2 in the Supporting In-
formation. Finally, the scaffolds were incubated with the culture medium
in a cell incubator at 37 °C and 5% CO».

2.7. Biomechanical properties

To test the biomechanical properties of the tissue-engineered scaf-
folds, uniaxial compression and tensile experiments were performed
using an electronic dynamic fatigue testing machine (Linear Testing
System, ZwickRoell, Germany). All the test samples were placed on a
detection platform. The instrument was preloaded with 0.2 N to ensure
that the two compressed plates were completely in contact with the
samples. Stress-strain relation measurements were performed at a
compression rate of 0.2 x 10~ mm/s until the samples were ruptured.
Measurements were obtained from at least three samples from each
group. The compressive modulus was calculated as the slope of the linear
region from 0 to 20% strain.

2.8. Cell proliferation

To determine the proliferation of BMSCs and RAOECs in hydrogels
bioprinted in different ways, the 3D-bioprinted scaffolds (GB, GB-R, and
GB-3PR) were cultured in DMEM supplemented with 10% v/v fetal
bovine serum, 100 U/mL penicillin, and 100 pg/mL streptomycin at 37



M. Shen et al.

Table 5
Fold change in mRNA levels of osteogenesis-related genes.
Time Gene GB Group GB- p(GBvs. p(GBvs. p(GBR
GB-R 3PR GB-R) GB-3PR) vs. GB-
3PR)
Day RUNX2 1.4 21+ 2.9 0.097 <0.001 0.003
7 + 0.29 +
0.15 0.02
OPN 1.5 2.0 + 21 0.078 0.059 0.871
+ 0.22 +
0.07 0.22
ALP 2.6 3.0+ 6.0 0.123 0.026 0.041
+ 0.27 +
0.17 1.41
Osterix 2.1 2.9+ 2.6 <0.001 0.016 0.051
+ 0.08 =+
0.16 0.07
Col 1.7 26+ 3.4 0.035 0.002 0.009
lal + 0.25 +
0.32 0.11
Day RUNX2 0.8 1.1+ 2.2 0.097 <0.001 0.003
14 + 0.17 +
0.09 0.15
OPN 2.3 25+ 4.8 0.648 0.012 0.009
+ 0.14 +
0.45 0.67
ALP 1.4 1.8 £ 29 0.114 0.029 0.078
+ 0.23 +
0.16 0.61
Osterix 1.3 1.4+ 1.7 0.375 0.008 0.033
+ 0.12 +
0.08 0.11
Col 2.2 2.7 + 4.1 0.480 0.004 0.112
lal + 0.87 +
0.09 0.42

°C with 5% COs in a cell incubator for 3, 5, and 7 days. At each mea-
surement time point, GFP-BMSCs and mCherry-RAOECs were visualized
and captured using a confocal fluorescence microscope (Nikon, Japan).
The scaffolds were then dissolved in GelMA-Lysate reagent (0.3 mg/mL)
to produce a cell suspension. GFP-BMSCs and mCherry-RAOECs were
harvested and counted via flow cytometry.

2.9. Invitro osteogenesis assays

2.9.1. Alkaline phosphatase (ALP) activity and staining

The 3D-bioprinted scaffolds (G, GB, GB-R, and GB-3PR) were cultured
in osteogenic differentiation medium (Cyagen, USA) for 7 and 14 days.
For the detection of ALP activity, partial scaffolds (G, GB, GB-R, and GB-
3PR) were dissolved using GelMA-Lysate reagent to produce a cell sus-
pension. BMSCs were sorted from the cell mixture via flow cytometry.
After centrifugation at 2000 rpm for 10 min, the cell pellet was lysed to
release ALP protein using 0.3% Triton X-100 (Sigma-Aldrich, USA). The
supernatants were incubated using an ALP assay kit (Beyotime, China)
for 10 min. The ALP activity of each group was then quantified using the
Tecan Sunrise absorbance reader (Sunrise, Switzerland) at 405 nm and
normalized against total protein content. For the evaluation of ALP
staining, the partial scaffolds of each group were stained with an ALP

Table 6
Fold change in mRNA levels of angiogenesis-related genes.
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staining kit (Beyotime, China). After the samples were washed with
phosphate-buffered saline (PBS), images were captured using a digital
camera. The ALP-stained scaffolds were then dissolved using GelMA-
Lysate reagent and cultured in 24-well plates for 24 h. Representative
images were acquired using a microscope.

2.9.2. Alizarin red S (ARS) staining

Mineral deposits of the scaffolds were detected via ARS staining. For
osteogenic induction for 7 and 14 days, the scaffolds (G, GB, GB-R, and
GB-3PR) were stained with alizarin red dye solution (Cyagen, USA). After
the samples were washed with PBS, the images were captured using a
digital camera. The ARS-stained scaffolds were then dissolved in GelMA-
Lysate reagent and cultured in 24-well plates for 24 h. Representative
images were acquired using a microscope. Afterward, the mineral de-
posits were dissolved in 10 mM cetylpyridinium chloride and quantified
(Macklin, China), and the optical density (OD) was measured using the
Tecan Sunrise absorbance reader at 570 nm.

2.10. In vitro angiogenesis analysis

2.10.1. In situ angiogenesis assay

The perfusion culture system (MedPrin, China) consisted of a peri-
staltic pump, silicone tubes, a petri dish with a shelf, and a bottle con-
taining the culture fluids (Fig. S1, Supporting Information). The 3D-
bioprinted scaffolds (G-R, GB-R, G-3PR, and GB-3PR) were perfused
continuously at a 300 mL/min speed during incubation in a cell incubator
(37 °C, 5% COy) for 3, 7, and 12 days (Movie S3, Supporting Informa-
tion). The medium was replaced when the pH was below 7.1, and
glucose consumption was greater than 30%. Vascular morphology was
analyzed using a Leica TCS SP5 confocal microscope.

2.10.2. Migration assay

A scratch wound assay was used to quantify RAOEC migration. This
study tested the ability of RAOECs to fill an area with a confluent
monolayer of ECs after injury with a pipette tip. After 3 days of perfusion
culture, the scaffolds (G-R, GB-R, G-3PR, and GB-3PR) were dissolved
using GelMA-Lysate reagent. All cells were collected from miscible lig-
uids that were processed via centrifugation at 1000 rpm for 5 min, after
which the supernatant was discarded, and complete medium was added
for repeated washing and centrifugation. The RAOECs were sorted via
flow cytometry. Extractive RAOECs from the four groups were seeded at
a density of 2 x 10° cells/cm? in 6-well plates and then incubated in a cell
incubator. After the cells reached approximately 100% confluence,
pipette tips were used to create a line through the middle of each well of
the monolayer. After 0 and 24 h of incubation, images of the wells were
captured using a microscope. In accordance with a method described in
previous study, ImageJ software (Rawak Software Inc., Stuttgart, Ger-
many) was used to determine overall gap closure in the images [20].

2.10.3. Tube formation assay

Herein, 96-well plates were precoated with 50 pL of Matrigel (Corn-
ing, USA), which was stored in a 4 °C refrigerator. Matrigel exhibited a
natural sol-gel transition for 30 min at 37 °C. Extractive RAOECs as
migration assay were seeded at a density of 2 x 10* cells/well onto the

Time Gene G-R Group GB-R G-3PR GB-3PR p (G-R vs. GB-3PR) p (GB-R vs. GB-3PR) p (G-3PR vs. GB-3PR)
Day 3 CD31 1.0 £ 0.047 1.7 £0.172 1.6 £ 0.078 2.1 £0.182 0.001 0.060 0.016

VEGF 1.0 £ 0.116 1.2 +0.147 1.2 +£0.148 1.7 + 0.088 0.003 0.024 0.015

PDGF 1.0 + 0.008 1.1 £ 0.049 1.0 £ 0.164 1.2 £ 0.057 0.008 0.042 0.226

HIFla 1.1 +£0.159 1.2 4+ 0.086 1.2 +0.114 1.8 £0.226 0.022 0.032 0.033
Day 7 CD31 1.4 £ 0.072 2.3+ 0.156 1.8 +£0.149 2.9 +0.393 0.005 0.099 0.019

VEGF 1.1 +£0.078 1.6 + 0.122 1.5+ 0.103 2.4 +£0.115 <0.001 0.003 0.001

PDGF 1.3 +0.116 1.9 + 0.066 2.2 4+ 0.204 2.7 £ 0.286 0.003 0.026 0.124

HIFla 1.2 +0.088 2.4 £+ 0.059 2.2 +£0.123 3.7 £0.153 <0.001 <0.001 <0.001
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scaffolds into calvarial defect. (E) and (F) Suturing subcutaneous tissue and skin wounds.
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Table 7
Quantitative analysis of the micro-CT parameters BMD and BV/TV.
Time Index GB Group G-3PR GB-3PR p (GB vs. GB-3PR) p (GB-R vs. GB-3PR) p (G-3PR vs.
GB-R GB-3PR)
4 weeks BMD (g/cm®) 0.03 + 0.006 0.05 £ 0.005 0.05 £ 0.002 0.07 £+ 0.004 0.002 0.008 0.003
BV/TV (%) 5.59 + 0.571 6.89 + 0.706 8.14 + 0.198 10.06 + 0.529 0.001 0.007 0.008
8 weeks BMD (g/cm®) 0.21 + 0.024 0.24 + 0.020 0.22 + 0.020 0.29 £+ 0.019 0.018 0.043 0.020
BV/TV (%) 12.85 + 1.64 16.09 + 0.235 15.46 + 0.871 20.53 + 0.954 0.005 0.003 0.005
12 weeks BMD (g/cm®) 0.25 £ 0.008 0.28 £ 0.009 0.28 £ 0.006 0.40 £+ 0.014 <0.001 <0.001 <0.001
BV/TV (%) 17.99 + 0.423 22.85 + 0.664 20.19 + 0.944 32.85 +1.317 <0.001 <0.001 <0.001
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Fig. 10. Biosafety was evaluated by H&E staining of the heart, liver, spleen, lung, and kidney.

coated 96-well plates, which were then incubated in a cell incubator for
6 h. Images of the wells were captured using a microscope to record the
formation of tube-like structures. The number of meshes was then
analyzed using ImageJ and the Angiogenesis Analyzer plugin.

2.11. RNA-sequencing analysis

For in vitro osteogenesis, the 3D-bioprinted scaffolds (GB and GB-
3PR) were cultured in osteogenic differentiation medium for 7 days.
For in vitro angiogenesis, the 3D-bioprinted scaffolds (GB-R and GB-3PR)
were incubated in a perfusion culture system for 7 days. These scaffolds
were dissolved using the GelMA-Lysate reagent. BMSCs and RAOECs
were sorted via flow cytometry. The total RNAs of the BMSCs and
RAOECs were extracted using the FastPure Cell/Tissue Total RNA
Isolation Kit V2 (Vazyme, China). RNA quality and integrity were tested
using the Agilent 2100 RNA Nano 6000 assay kit (Agilent Technologies,
CA, USA). Transcriptomic sequencing service was provided by Annoroad
Gene Technology, Annoroad Inc. (Annoroad, China), and was performed
using the Illumina sequencing platform. In filtering out differentially
expressed genes (DEGs), |log2 fold-change| > 1, p value < 0.05, and Q
value < 0.05 were used as cut-offs. For further analysis, volcano maps
and gene ontology (GO) statistics bar charts of the DEGs were plotted.
DEGs involved in osteogenesis and angiogenesis are present in the KEGG
enrichment of biological processes.

2.12. In vitro real-time polymerase chain reaction (RT-PCR)

The expression of osteogenesis and angiogenesis genes was measured
via RT-PCR. For in vitro osteogenesis, 3D-bioprinted scaffolds (GB, GB-R,
and GB-3PR) were cultured in osteogenic differentiation medium for 7
and 14 days. For in vitro angiogenesis, the 3D-bioprinted scaffolds (G-R,
GB-R, G-3PR, and GB-3PR) were incubated in a perfusion culture system
for 7 and 14 days. After the scaffolds were dissolved, the BMSCs and
RAOECs were sorted via flow cytometry. The total RNAs of BMSCs and
RAOECs were extracted using the FastPure Cell/Tissue Total RNA
Isolation Kit V2. The RNA concentration was measured using an ultra-
microbiological detector (Thermo, USA). The RNA was reverse
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transcribed into complementary DNA (cDNA) using a reverse transcrip-
tion kit (Vazyme, China). Mixtures of the synthesized cDNA, gene
primers (forward primers + reverse primers), and Taq Pro Universal
SYBR gPCR Master Mix (Vazyme, China) were placed into PCR micro-
plates. RT-PCR was performed using the StepOnePlus Real-Time PCR
system (Biosystems, USA). The osteogenesis and angiogenesis gene
expression levels were normalized to the expression level of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The RT-PCR ex-
periments were repeated three times for each group. The osteogenesis
and angiogenic gene primers that were used are listed in Table 2.

2.13. Western blot

Western blotting was performed to analyze the expression of related
proteins, as follows: Cell lysis of the BMSCs and RAOECs harvested via
RT-PCR was induced using a radioimmunoprecipitation assay (RIPA)
lysis buffer (Solarbio, China) to produce proteins. Samples were placed in
a 100 °C metal bath for 15 min, leading to protein denaturation. The
extracted proteins were quantified using a protein quantification kit
(Abbkine, China). Proteins (20 pg) from each group were electro-
phoresed on SDS-PAGE gels (GenScript, China). Afterward, the proteins
on the gel were transferred onto pre-activated polyvinylidene fluoride
(PVDF) membranes (Millipore, USA). After being blocked for 2 h with 5%
skim milk, the membranes were trimmed according to molecular weight
and then incubated with primary antibodies against GAPDH (Abbkine,
Cat #: A01020, 1:2000), RUNX2 (Abbkine, Cat #: ABP53087, 1:2000),
and HIF-1a (Abbkine, Cat #: ABP51513, 1:2000) overnight on a shaker at
4 °C. The next day, the membranes were rewarmed to room temperature
for 30 min, washed three times for 5 min each in tris buffered saline with
Tween-20 (TBST) (Sangon Biotech, China), and then incubated with the
secondary antibodies anti-mouse IgG (Abcam, Cat #: ab6728, 1:3000)
and anti-rabbit IgG (Abcam, Cat #: ab6721, 1:3000) for 2 h. After
washing, the protein bands were visualized using a chemiluminescence
kit (Abbkine, China) on an automatic chemiluminescence system (Sage
Creation, China). Finally, the relative intensity of the protein bands was
analyzed using ImageJ software.
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2.14. Surgical procedure

The in vivo bone repair effect was monitored in a rat critical-size
calvarial defect model [3]. All animal experiments followed the in-
structions of the Animal Experiment Center and acquired permission
from the Ethics Committee of Southern University of Science and Tech-
nology (Resolution Number: SUSTech-JY202108003) and the Laboratory
Animal Guide for Ethical Review of Animal Welfare (GB/T 35,
892-2018). Forty-eight Sprague-Dawley rats (male, 8 weeks old,
weighing approximately 250 g) were purchased from the Laboratory
Animal Center. Rats were divided into four groups according to the type
of scaffold implantation: GB, GB-R, G-3PR, and GB-3PR. To reduce
intraoperative excretion, the rats were made to fast for 12 h and
restricted for 4 h preoperatively. After successful isoflurane inhalation
anesthesia, the rats were immobilized in the prone position with sub-
cutaneous injection of meloxicam (0.1 mg/kg). The hair on the head was
removed with a razor, and the exposed skin was disinfected with iodo-
phor. A 10 mm midline incision was made, and anatomical exposure of
the skull was performed using subperiosteal dissection of the soft tissue.
A 5 mm critical calvarial defect in the skull was produced using a cranial
drill with a 5 mm diameter drill bit. The drill bit was cooled via flushing
with sterile saline during drilling. After the cranial defect tissue was
removed, 5 mm in diameter cylindrical scaffolds cropped from 3D-bio-
printed scaffolds which were cultured in an incubator for one day were
inserted into the defect. The periosteal layer was sutured well with 5-0
absorbable suture material, and the skin wound was closed with 4-0 silk
suture. All the procedures were performed by the same surgeon and as-
sistants. During postoperative care, prophylactic penicillin sodium anti-
biotic (4 IU/kg, intramuscular) and meloxicam (0.1 mg/kg,
subcutaneous) were administered for 3 days.

2.15. Micro-computed tomography (micro-CT) evaluation

Three rats in each group were euthanized with carbon dioxide in the
1st, 4th, 8th, and 12th weeks after surgery. Calvarial specimens were
obtained and fixed in 4% paraformaldehyde (PFA) for 48 h. The calvarial
specimens were then scanned at a voltage of 60 kV and an electric current
of 100 mA via micro-CT (SkyScan 1276, Bruker, Belgium). NRecon,
CTAn, and CTvol of the supplied software were used to process the data
and reconstitute the 3D image. The bone mineral density (BMD) and the
percentage of bone volume to tissue volume (BV/TV) were analyzed in
the 4th, 8th, and 12th week.

2.16. Histologic and immunofluorescence analysis

After fixation in 4% PFA for approximately 48 h, the harvested cal-
varial specimens were decalcified for approximately six weeks in ethyl-
enediamine tetraacetic acid (EDTA)-decalcified fluid (OKA, China).
Afterward, parts of the samples and the fixed hearts, livers, spleens,
lungs, and kidneys were completely dehydrated in a tissue dehydrator
and embedded in paraffin wax. Paraffin wax slices of 5 pm thicknesses
were prepared using a microtome. Longitudinal sections were subjected
to hematoxylin and eosin (H&E) staining and Masson staining in accor-
dance with standard protocols. After the samples were sealed with nail
polish, digital images were captured using a scanner (Leica, Germany).
The newly generated bone tissues and the biosafety in vivo were
analyzed for each group. The quantitative analysis of newly formed tissue
by HE and Masson staining was performed by Image-Pro Plus.

In addition, other decalcified samples were dehydrated in 30% su-
crose for three days at 4 °C and then embedded in OCT (Tissue-Tek,
USA). For immunofluorescence analysis, 10-pm-thick sections were
prepared using a freezing microtome. The sections were permeabilized
with 0.5% Triton-X for 30 min at room temperature. The samples were
washed 3 times in PBS for 5 min, after which they were blocked with 5%
normal goat serum for 30 min. The samples were then incubated with
primary antibodies, i.e., anti-vWF (Servicebio, China) or anti-CD31
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(Servicebio, China), overnight at 4 °C in a lucifugal chamber. To
remove unbound primary antibodies, the slides were washed three times
in PBS for 5 min, followed by 1 h incubation with fluorescent secondary
antibodies (A594 goat anti-rabbit or A647 goat anti-mouse) at room
temperature. The samples were stained with 4/,6-diamidino-2-phenyl-
indole (DAPI) for 5 min and washed in PBS, after which they were sealed
with an anti-fluorescence quencher. The samples were then observed,
and their images collected using a fluorescence microscope (Leica, Ger-
many). Neovascularization in each group was analyzed.

2.17. Statistical analysis

All data are expressed as mean + standard deviation (SD), and sta-
tistical analyses were performed using GraphPad Prism software (version
6.0; La Jolla, CA, USA). Student's t-test was used to compare the statistical
significance of the differences between the two groups. Statistically sig-
nificant differences among multiple groups were analyzed via one-way
analysis of variance (ANOVA) with a post-hoc Tukey's test for multiple
comparisons. For all tests, a p-value <0.05 was considered statistically
significant.

3. Results and discussion
3.1. Synthesis and characterization of 3P and GelMA hydrogels

The PLA-PEG-PLA tri-block copolymer was synthesized, and its
conjugation was confirmed via NMR and FTIR spectroscopy [32] in
Fig. 1. The chemical structure (Fig. 1A) was analyzed via 'H NMR
(Fig. 1B). The PLA contained protons of methyl and methine, which were
observed at approximately 5.65 and 1.60 ppm, respectively. The pres-
ence of methylene protons in PEG was observed at approximately 3.74
ppm. By contrast, from the FTIR results (Fig. 1C), we observed sharp and
intense bands at 1755.94 cm ™! and 1113.04 cm ™!, which were attributed
to the presence of carboxylic ester (C=0) and ether (C-O) groups,
respectively, indicating the formation of the PLA-PEG-PLA copolymer.
In addition, the physical characteristics of the 3P thermo-sensitive
hydrogel revealed a natural gel-sol transition. As shown in Fig. 1D and
E, the synthesized 3P molecules were linked together, forming a gel state
at 25 °C, as determined through macro and microscopic observations
(Fig. 1D). Meanwhile, the 3P molecules were uniformly scattered and
presented a sol state at 37 °C (Fig. 1E). Thus, the characteristics of the
copolymer were confirmed, in line with the widespread use of
PLA-PEG-PLA in many applications due to its superior compatibility and
biodegradability [35-37].

By contrast, GelMA is a photosensitive biomaterial that can be rapidly
crosslinked and cured under blue or ultraviolet light to form a three-
dimensional structure with a certain strength [38]. It supports cell pro-
liferation and migration by loading tumor cells, cardiomyocytes, chon-
drocytes, and other cells. The mechanical properties of crosslinked
hydrogels can be adjusted via changes in the degree of substitution and
the concentration of the GelMA material. GeIMA has good biocompati-
bility and is used mainly in tissue engineering, 2D/3D cell culture, and
other tissue procedures. Similar to the 3P thermo-sensitive hydrogel,
GelMA also exhibits the physical property of sol-gel transition [31].

3.2. Obtaining GFP-BMSCs and mCherry-RAOECs

The suspended cells rushed from the bone marrow were subcultured
for 7 days. A colony of cells was formed at the bottom of the petri dish
under the microscope and distributed in clusters that looked like whirl-
pools (Fig. S2A, Supporting Information). At present, BMSC surface
antigens are considered to be non-monoclonal, expressing a series of
surface markers of mesenchymal, endothelial, and epidermal cells, such
as SH2, CD29, CD44, CD71, CD90, and other surface proteins, but do not
express CD14, CD31, and CD45 of hematopoietic cells [39,40]. In this
study, representative antigen markers CD29, CD31, CD44, CD45, and
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CD90 were selected to identify the extracted BMSCs. The results of flow
cytometry show that the homogeneity of the third-generation BMSCs was
above 90%. The proportions of CD31-CD45 cells in the BMSCs were

0.22% and  39.71%, respectively. = The  proportions  of
CD29"CD447CD90" cells in the BMSCs were 79.66%, 91.63%, and
95.12%, respectively (Fig. S2A, Supporting Information).

Self-fluorescence-expressing BMSCs and RAOECs were transfected with
lentiviruses. The lentivirus expression vector additionally expressed
green and red fluorescent proteins to assess infection efficiency. The
purity of the sorted populations was confirmed via GFP-BMSC and
mCherry-RAOEC sorting strategies via flow cytometry, with values of
99.2% (Fig. S2B, Supporting Information) and 87.8% (Fig. S2C, Sup-
porting Information), respectively. Ultimately, this method provides cell
sources for the preparation of bio-inks.

3.3. Printability of hydrogel bio-ink

Because both GelMA and 3P hydrogels have the thermal properties of
sol-gel transition, the 3D-bioprinted scaffolds were fabricated using an
extrusion-based 3D bioprinter equipped with two temperature-controlled
nozzles. After the bio-ink was prepared, the nozzles were warmed to a set
temperature that allowed smooth filament extrusion, while the print bed
was set to 5 °C to enable the extruded bio-ink to change quickly from sol
to gel. To demonstrate the printing process, a slice of the cube model
(length x width x height of 10 x 10 x 2.5 mm?, slice thickness of 0.2
mm) was accessed by the bio-printer. As shown in Movie S1 and Movie
S2, the printing process based on two nozzles was continuous, and the
motion trajectories were consistent with the technological parameters of
the CAD design (Fig. 2A). We fabricated a 10 x 10 x 2.5 mm? cuboid
scaffold of hydrogel by stacking materials layer by layer. These results
indicate that the proposed approach has excellent repeatability and ac-
curacy. In this study, the Ge]MA bio-ink loaded with BMSCs was printed
to form a scaffold with complex 3D interconnected networks after pho-
tocrosslinking, whereas the 3P bio-ink loaded with RAOECs was printed
in a manner similar to the extruded lines of GelMA loaded with BMSCs,
i.e., in alternate parallel lines. Subsequently, the scaffolds were struc-
turally stable on the cooled print bed, exhibiting a void-free 3D shape
(Fig. 2B). After the scaffolds were incubated at 37 °C for 1 h (Fig. 2C), the
3P hydrogel flowed out from the scaffold channels and then formed a
porous scaffold construction with a about 500 pm pore and cross-
sectional diameter (Fig. 2D), which is important for the diffusion of nu-
trients and waste products for the viability of hydrogel-loaded cells.
During this incubation process, some RAOECs attached in situ to the
surfaces of the scaffold channels.

3.4. Mechanical properties

The mechanical properties of the 3D-bioprinted scaffolds were eval-
uated via uniaxial compression and tensile testing. The stress—strain
curves of the hydrogel samples are shown in Fig. 2E. It was determined
that the GB-3PR scaffold had an increasing trend in stress with respect to
increasing strain that was similar to that exhibited by other hydrogel
scaffolds. Moreover, the GB-3PR scaffold had no significant difference in
term of compressive modulus (4.7 + 1.90 kPa) compared to those of the
GB-R (4.5 + 1.84 kPa), GB (4.0 + 1.39 kPa), G-3PR (4.2 + 2.09 kPa), G-R
(4.0 £ 1.71 kPa), and G (3.4 + 1.55 kPa) scaffolds (Fig. 2F). These
scaffolds had sufficient mechanical properties for maintaining their
spatial structures in non-weight-bearing areas. The hydrogel scaffolds
have good permeability, and the cells inside the bioprinted scaffolds can
exchange substances to obtain necessary nutrients. However, as reported
in a past study, although the mechanical properties of high-strength
scaffolds can maintain structural integrity, they also restrain the bio-
logical activity of cells [41]. Excessive strength and stiffness of the
scaffolds will damage the surrounding bone tissue and the stability of the
bone-to-implant interface. To achieve bioprinted tissues with both proper
structural fidelity and biofunctionality, a scaffold should possess
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appropriate mechanical and biological properties. Recent investigations
have shown that GeIMA hydrogels are more suitable cell-laden bioinks
because of their high cell stability and viability, and have adequate me-
chanical strength to allow the scaffold to retain its initial geometry with a
concentration (i.e., > 5w/t %) [34,42]. Hydrogel scaffolds are beneficial
for cell biological behavior and cellular interactions [43]. Hence, in situ
bioprinting not only provides seed cells for vascularization but also sat-
isfies the mechanical strength of TEBs required for bone defect sites.

3.5. In situ vascularized scaffold enhances osteogenic differentiation in
vitro

The proliferation of BMSCs and RAOECs was evaluated at the 3rd,
5th, and 7th days, as shown in Table 3 and Fig. 3. Compared to the GB
and GB-R groups, the GB-3PR group clearly promoted the proliferation of
BMSCs (Fig. 3A and B). Excellent cell proliferation provides the basis for
osteogenic differentiation [44,45].

In our previous study, a tissue-engineered bone graft was prevascu-
larized via the insertion of a femoral vascular bundle and implantation to
treat large bone defects, and demonstrated a significantly higher volume
of regenerated bone [22]. Considering the potential effects of vascular
endothelial cells on the osteogenic ability of tissue-engineered bone, we
designed a method for in situ 3D bioprinting of vascularized TEB to
induce osteogenesis. The in vitro evaluation of osteogenic differentiation
of BMSCs is shown in Fig. 4. ALP and ARS staining were performed to
assess osteogenic differentiation of the scaffolds at the 7th and 14th days
(Fig. 4A-D). The results show that the blue and red color intensities of the
GB-3PR scaffold were visibly stronger than those of the GB-R and GB
scaffolds. Moreover, for each group, the stained color for osteogenic in-
duction at the 14th day was higher than that at the 7th day. Alkaline
phosphatase was an early enzyme marker of the osteogenic differentia-
tion of BMSCs [46]. According to the quantitative assays, the GB-3PR
scaffold exhibited significantly higher ALP activity (3.5 + 0.08 U/g,
7.1 + 0.04 U/g) than those exhibited by the GB-R scaffold (1.9 + 0.01
U/g, 5.0 £ 0.02 U/g) and GB scaffold (1.6 + 0.01 U/g, 3.9 + 0.1 U/g), at
the 7th and 14th days (Fig. 4E). The osteogenic ability of the embedded
BMSCs co-cultured with RAOECs may be attributed to their osteoin-
ductive characteristics. The formation of inorganic calcium during oste-
ogenic differentiation is a basic biological characteristic of the
bone-repair process [47]. Deposition degrees of lysed calcium also sup-
ported the inference of better osteogenesis in the GB-3PR (0.2 + 0.01,
0.9 4 0.02) scaffold than in the GB-R scaffold (0.1 & 0.01, 0.6 & 0.2) and
GB scaffold (0.1 + 0.01, 0.2 £+ 0.01) at the 7th and 14th days (Fig. 4F).
The in situ vascularized TEB showed excellent osteogenic mineralization.
In addition, the GB-R scaffold demonstrated significant differences with
the GB scaffold after 14 days of osteogenic induction. Overall, the results
indicate that in situ vascularization promoted the osteogenic differenti-
ation of BMSCs.

3.6. 3D in situ bioprinting promotes angiogenesis

The GB-3PR group showed a remarkably uniform distribution of
RAOECs adhering to the wall of GelMA loaded with BMSCs after the
release of thermo-sensitive hydrogel at 37 °C. By contrast, the GB-R
group showed an uneven gradient distribution as the distance
increased (Fig. 5A). In addition, the GB-3PR group had a higher acellu-
larized area of RAOECs than that in the GB-R group (Fig. 5B). These
results indicate that the 3D-bioprinted in situ seeding approach could
achieve a better cell seeding efficiency compared to that of the conven-
tional postseeding approach. For in situ vascularization, the bioprinted
scaffolds were perfused continuously during incubation in a cell incu-
bator. Previous studies have shown that a tubular perfusion system
bioreactor increases cell viability in 3D printed vascular networks [48].
The GB-3PR group exhibited obvious development of vascularization
with the extension of incubation time (Fig. 5C). Simultaneously, quan-
titative analysis of the vascularized area showed statistical differences
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between the GB-3PR and GB-R groups (Fig. 5D). These scaffolds with
post-seeded vascular endothelial cells lacked inherent vasculature and
developed a necrotic core, where no nutrient exchange occurred as long
as they were implanted. Hence, this 3D-bioprinted in situ vascularization
method can be effectively used to produce engineered bone graft
substitutes.

Angiogenesis is a complicated and multi-step process that involves
vascular endothelial cell proliferation, migration, and formation of
structures [49,50]. As shown in Table 4 and Fig. 3A and C, the GB-3PR
group exhibited better proliferation of RAOECs than those exhibited by
the other groups, providing conditions for angiogenesis. Tube formation
assays were then used to investigate the angiogenic process based on the
formation of capillary-like structures. After three days of perfusion cul-
ture, the RAOECs were isolated from the 3D-bioprinted scaffolds. The
results presented in Fig. S5E suggest that RAOECs isolated from the
GB-3PR group formed more capillary-like networks with closed struc-
tures than those in the other groups. Quantification of the number of
meshes revealed that the value for the GB-3PR group (125 + 4.58) was
significantly higher than the values for the G-R (32 + 3.06), GB-R (86 +
2.65), and G-3PR (33 + 2.01) groups (Fig. 5F). In addition, postseeded
RAOECs in the GB-R group were more easily able to self-assemble and
elongate, forming capillary-like networks, than those in the G-R and
G-3PR groups. Sorted RAOECs were also used to detect migration,
revealing that the GB-3PR group had significant migratory activity
compared to those exhibited by the other groups (Fig. 5G). Quantifica-
tion of the scratch area indicated that wound closure for the GB-3PR
group (62.8 + 1.13%) was significantly faster than that the values for
the G-R (47.2 + 1.17%), GB-R (54.5 + 1.34%), and G-3PR (48.5 £
0.46%) groups (Fig. 5H). The RAOECs had a relatively better angiogen-
esis performance via coculture with BMSCs in the GB-3PR and GB-R
groups than via lone cultures in the G-R and G-3PR groups, confirming
that BMSC/RAOEC coculture promoted angiogenesis [51]. However, the
GB-3PR group demonstrated markedly increased angiogenesis compared
to that exhibited by the GB-R group when the BMSC/RAOEC coculture
was used. 3D bioprinting of in situ vascularized tissue-engineered bone
might form a symbiotic niche exerting an impact on intercellular in-
teractions, which assisted RAOECs in forming new tube structures and
were linked to the initial steps of angiogenesis. Hence, 3D in situ bio-
printing provides a valuable tool for angiogenesis inside scaffolds as a
result of endothelial cell proliferation, migration, branching, and lumen
formation.

3.7. RNA-sequencing analysis

However, although 3D-printed scaffolds have been shown to be su-
perior in promoting bone defect repair, the cell-level specific regulatory
network had not yet been revealed, limiting their further application. In
recent years, RNA-sequencing analysis has been developed as an effective
analytical method and is widely used in biology and medicine [52,53]. In
this study, 3D bioprinting of an in situ vascularized scaffold was per-
formed, and RNA-sequencing analysis was used to explore the regulatory
effect on both BMSCs and RAOECs compared with that for a control
group.

To validate the DEGs, both the osteogenic induction of obtained
BMSCs and the angiogenesis of obtained RAOECs were analyzed via RNA
sequencing [54], as shown in Fig. 6 and Fig. 7. The results show that the
GB-3PR group had 571 upregulated DEGs relative to the GB group
(Figs. 6A), and 1168 upregulated DEGs relative to the GB-R group
(Fig. 7A). Although the osteogenic differentiation of BMSCs and angio-
genesis of RAOECs in the GB-3PR group were better promoted than those
in the other groups (Figs. 4 and 5), the function and relationship of DEGs
in osteogenic induction and vascularization were not clear. GO enrich-
ment was then used to analyze the functions of DEGs in cellular com-
ponents, biological processes, and molecular functions. Compared with
those in the GB group, the in vitro osteogenesis, gene expression for cell
proliferation, biological adhesion, and biological regulation in biological
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processes were upregulated in the GB-3PR group (Fig. 6B). Moreover, in
vitro angiogenesis and gene expression in the GB-3PR group were
upregulated in cell proliferation, biological adhesion, and biological
regulation in biological processes compared with those in the GB-R group
(Fig. 7B). In this study, GO enrichment was used to analyze the functions
of DEGs in biological processes. Compared to those of the GB group, the
response to oxygen-containing compounds, response to external stimuli,
and positive regulation of multicellular organismal processes were
upregulated in the GB-3PR group (Fig. 6C), suggesting that GB-3PR could
promote osteogenic differentiation of BMSCs. Furthermore, compared to
those of the GB-R group, the regulation of multicellular organismal
processes, regulation of cell proliferation, developmental processes,
cellular responses to stimuli, cell adhesion, and biological adhesion were
upregulated in the GB-3PR group (Fig. 7C), indicating that GB-3PR
promoted RAOEC proliferation and adhesion ability, providing condi-
tions for angiogenesis. In vitro real-time PCR analysis showed that the
relative osteogenic mRNA levels of RUNX2, OPN, ALP, Osterix, and
Collal in the GB-3PR group were upregulated compared with those in
the GB and GB-R groups (Table 5 and Fig. 6D), and that the relative
angiogenic mRNA levels of CD31, VEGF, PDGF, and HIF1a in the GB-3PR
group were upregulated compared with those in the G-R, G-3PR, and
GB-R groups (Table 6 and Fig. 7D), which were consistent with the results
of RNA sequencing analysis. Western blotting also showed higher oste-
ogenic and angiogenic relative protein levels (Figs. 6E and 7E). There-
fore, 3D bioprinting of the in situ vascularized scaffold ultimately
influenced the functions of BMSCs (proliferation and osteogenic differ-
entiation) and RAOECs (proliferation and migration) via the upregula-
tion of osteogenesis-related genes (RUNX2, OPN, ALP, Osterix, and
Collal) and vascular-related genes (CD31, VEGF, PDGF, and HIFla) of
BMSC-RAOEC interactions at the transcriptional level, which is of great
importance for their utilization in and guidance of the process of bone
regeneration. In addition, 3D bioprinting of in situ vascularized scaffolds
could be used to regulate the osteogenic ability of BMSCs and vascular
capacity of RAOECs in biological processes and to adjust the molecular
network in a symbiotic microenvironment to reduce barriers to bone
regeneration. The potential biological mechanisms identified by tran-
scriptome sequencing will be provided in further research.

3.8. In situ vascularized scaffold promotes bone defect repair in vivo

Given the results from the in vitro studies, the in vivo bone repair
effect was monitored in a rat critical-size calvarial defect model (Fig. 8)
and the bone regenerative capacity was evaluated via micro-CT in the
4th, 8th, and 12th weeks (Fig. 9). Neither infection nor weight loss was
observed during the experimental period, and the rats remained active
after the operation. Fig. 9A shows three-dimensional (3D) reconstructed
images of the bone regeneration. The new bone tissue is marked by a red
circle (5 mm in diameter), representing the defect area. Bone regenera-
tion tends to grow from the edge of the defect to the center. Micro-CT
images revealed that, by the 4th week, the GB, GB-R, and G-3PR
groups had only limited new bone formation, whereas GB-3PR TEB
promoted significant new bone formation. As the bone repair time
increased, the GB-3PR group exhibited better bone formation than those
exhibited by the GB, GB-R, and G-3PR groups. By contrast, the newly
formed bone tissue in the GB-R group grew significantly more than those
in the GB and G-3PR groups. This result indicates that in situ vascularized
TEB is more likely to promote bone repair, significantly enhancing the
connectivity of new bone tissue. In addition, the coculture of vascular
endothelial cells in osteogenesis repair is conducive to bone regeneration
[55]. The micro-CT parameters BMD (Fig. 9B) and BV/TV (Fig. 9C) for
quantitative analysis were also obtained to further evaluate the observed
results. The overall trend was aligned with the 3D reconstructed images.
BMD and BV/TV measurements were successfully applied to the evalu-
ation of the bone-healing process. The results indicated that the BMD and
BV/TV ratios in GB-3PR group were higher than that in GB, GB-R and
G-3PR groups in the 4th, 8th, and 12th weeks, respectively (Table 7).
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Interestingly, the symbiotic niche of BMSCs and RAOECs in the GB-R and
GB-3PR groups had a better osteogenic effect than that of BMSCs in the
GB group or RAOECs in the G-3PR group. Because the growth of blood
vessels in bone and osteogenesis are coupled [25], bone-substitute ma-
terials with insufficient vascularization lead to poor bone regeneration in
bone defect repairs [56]. By contrast, in situ vascularized TEB promotes
bone repair by inducing blood vessel formation.

In treating bone defects using 3D-bioprinted TEBs, it was necessary to
evaluate biosafety in vivo [57]. The main organs, including the heart,
liver, spleen, lungs, and kidneys, were observed via hematoxylin and
eosin (H&E) staining (Fig. 10). The results show no significant histo-
pathological abnormalities in any of the groups, suggesting that these
3D-bioprinted TEBs had good biocompatibility without systemic toxicity.

To further confirm the osteogenic induction effect, we performed
H&E and Masson staining of the new bone tissue in the 4th, 8th, and 12th
weeks. Fig. 11A and B shows fibrous tissue and new bone, respectively.
No obvious inflammatory response was observed in the sections between
the groups. In the 4th week, more fibrous tissues were observed in the
GB-3PR group than in the GB, GB-R, and G-3PR groups. Mature bone
tissue was observed in the 8th week. In agreement with the results of the
micro-CT analysis, the results of quantitative analysis of HE and Masson
staining showed greater evidence of new bone formation in the GB-3PR
group than in the other groups (Fig. 11C and D). Moreover, the repaired
tissues treated with GB-3PR TEB were much closer to those of normal
bone tissue. To investigate the angiogenic activity of in situ vascularized
TEB, immunofluorescence staining against CD31 and vWF was per-
formed (Fig. 11E). The results showed that more CD31 and vWF were
expressed in the GB-3PR group than in the GB, GB-R, or G-3PR group. In
other words, the GB-3PR scaffolds resulted in an increase in blood vessel
density and new bone thickness in vivo. This revealed that 3D-bioprinted
in situ vascular endothelial cells easily formed vascular tissue networks
that regulate bone regeneration.

In this study, the in situ vascularized hydrogel scaffold was implanted
into a bone defect model, the niche provided by scaffolds promoted cell
proliferation and adhesion, extracellular matrix adhesion, and new tissue
formation. The symbiosis niche formed by scaffolds, cells, and regener-
ated tissues accelerated bone healing processes by influencing genes
expression, signal transduction, and cellular function in the microenvi-
ronment. In addition, the in situ vascularized scaffold performed excel-
lent biocompatibility in vitro and in vivo to promote the bone healing
processes. Collectively, these results indicate that, among the given TEBs,
the 3D-bioprinted in situ vascularized TEB had the best osteogenic and
angiogenic effects for repairing bone defects.

4. Conclusion

In this study, we successfully fabricated vascularized tissue-
engineered bone with biological activity to repair bone defects using
3D in situ bioprinting technology. Endothelial cells printed in situ
exhibited more uniform distribution and greater seeding efficiency
throughout the channels, promoting tube formation and forming a
vascular network through culture in perfusion bioreactors. In vitro, the in
situ vascularized scaffold exhibited a coupling effect between angio-
genesis and osteogenesis. In addition, enrichment analysis of RNA
sequencing revealed that 3D bioprinting of in situ vascularized scaffolds
promoted osteogenesis and angiogenesis by enhancing gene expression
in related biological processes. Furthermore, the in vivo 3D-bioprinted in
situ vascularized scaffolds demonstrated excellent performance in pro-
moting new bone formation in rat calvarial critical-sized defects.
Whereas long-term research will be necessary, our study provides early
evidence that 3D in situ bioprinting technology can control and direct in
situ angiogenesis and subsequent bone regeneration, for improving
clinical outcomes from bone grafting procedures in the future.
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