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Abstract

Mesoporous bioglass (MBG) with excellent osteointegration, osteoinduction, and
biodegradability is a promising material for bone regeneration. However, its clinical
application is hindered by complex processing and a lack of personalization, low
mechanical strength, and uncontrollable degradationrate. In this study, we developed
a double-bond-functionalized photocurable mesoporous bioglass (PMBG) sol that
enabled ultrafast photopolymerization within 5 s. By further integrating nanosized
tricalcium phosphate (TCP) particles through three-dimensional (3D) printing
technology, we fabricated personalized and highly porous PMBG/TCP biphasic
scaffolds. The mechanical properties and degradation behavior of the scaffolds were
regulated by varying the amount of TCP doping. In vitro and in vivo experiments
verified that PMBG/TCP scaffolds slowly released SiO,” and Ca*, forming a
vascularized bone regeneration microenvironment within the fully interconnected
pore channels of the scaffold. This microenvironment promoted angiogenesis and
accelerated bone tissue regeneration. Overall, this work demonstrates the solution
to the problem of complex processing and lack of personalization in bioglass
scaffolds, and the developed PMBG/TCP biphasic scaffold is an ideal material for
bone regeneration applications with broad clinical prospects.

Keywords: Photocurable mesoporous bioglass; Personalization; Bone repair;
Angiogenesis
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1. Introduction

The number of patients with bone defects caused by
factors such as osteoporosis, bone tumors, and infections
is growing rapidly, creating a huge clinical demand!-?!.
Autologous and allogeneic bone transplantation are
internationally recognized gold standards, but their
clinical application is greatly limited due to limited sources
and immune rejection*. Regulating cell behavior with
bioactive materials has become an important means of
tissue regeneration”. Developing bioactive inducing
materials that can regulate bone tissue regeneration and
actively promote repair functions is currently a bottleneck
problem that limits the clinical transformation of tissue
regeneration technology""’?l. Bioglass materials and
calcium phosphate materials are highly biocompatible
and absorbable, and their degradation products can
provide a precise bone regeneration microenvironment
for cells, making them an important direction for clinical
application of bone regeneration-inducing materials!**2),
Among them, biologically active glass materials can form
an effective bond with the surrounding bone tissue, and
the degradation releases various ions (Ca*, SiO,*, PO,*,
etc.) and trace elements (Mg, Cu, Sr, Ce, etc.) to stimulate
bone tissue regeneration and repair?' ! Additionally,
mesoporous bioactive glass (MBG) possesses a highly
organized pore structure, offering a significant surface
area and favorable biocompatibility, which is conducive
to the penetration and adsorption of biological and tissue
fluids®!. The multilevel pore structure (mesopores—
micropores—macropores) provides a good environment for
cell adhesion, proliferation, tissue growth, and migration,
and also facilitates angiogenesis and growth®!. These
materials are widely used in orthopedics and dentistry.
Despite this, there are still many characteristics that
cannot meet the needs of bone tissue regeneration and
defect repair, mainly including: (i) the lack of personalized
preparation processes, which cannot accurately match
specific bone defect structures and cannot meet the
demands for high porosity and connectivity of the scaffold
during bone regeneration; (ii) low mechanical strength,
which cannot meet the mechanical strength requirements
for large-sized implants, tissue regeneration, and defect
repair; and (iii) the degradation rate does not match the
tissue regeneration rate, which seriously affects tissue
regeneration>272%1,

Currently, bioglass is mainly prepared by sol-
gel method, which has advantages such as high
controllability, good biocompatibility, and strong
scalability®?. However, the preparation process is
cumbersome and time-consuming, and the production
cost is high. Personalization of bone repair scaffolds
cannot be achieved by further template method"!. Three-

dimensional (3D) printing technology has significant
advantages in preparing artificial bones with specific
shapes®®. The challenge lies in how to prepare bioglass gel
with printing ability, and related research shows that it is
possible to solve this problem by grafting double bonds
on polymer chains and further initiating polymerization
through blue light®. Insufficient mechanical strength is a
major bottleneck for large bone repair''”.. To address this
issue, rigid powder particles are added to the biologically
active gel to enhance its strength, and crosslinking
groups (e.g., -NH,, -COO-, etc.) are grafted onto the
surface of bioglass particles to improve interfacial
compatibility!'>*>*. Adjusting the composition ratio of
bioglass is the main means of regulating degradation.
Furthermore, integrating phosphate tetrahedral units
into the glass network as a component of the secondary
network improves network connectivity and resists
degradation®. Significant progress has been made in
functionalizing bioglass to improve its processing ability,
mechanical strength, and degradation behavior, which
may meet clinical translational needs®*l.

In this study, a photocurable mesoporous bioglass
(PMBG) sol was developed by grafting a silane coupling
agent (3-(trimethoxysilyl) propyl methacrylate, TMSPMA)
onto the bioglass sol, and further composite with tricalcium
phosphate (TCP) particles to prepare personalized, highly
porous scaffolds using 3D printing technology, which were
then sintered for bone defect repair. During the hydrolysis
of tetraethyl orthosilicate (TEOS), TMSPMA underwent
condensation reaction with the hydrolysis product silanol
(Si-OH) to graft onto the bioglass sol, and the double
bonds in the printing ink were crosslinked and cured
under blue light (405 nm) when leaving the nozzle. The
ink exhibited good printing performance and enabled
precise preparation of large segment defects and complex
structures. As shown in Scheme 1, the printed scaffolds were
dried and sintered, and the phosphate units were integrated
into the bioglass network. This study investigates the effects
of regulating the content of TCP on both the mechanical
properties and degradation behavior of scaffolds. Finally,
the microenvironment for bone repair constructed by
the degradation products of the biphasic scaffold and
its relevant mechanisms for promoting vascularization
and inducing stem cell osteogenic differentiation were
investigated in depth. The PMBG/TCP scaffold developed
in this study exhibited excellent comprehensive properties
and has great potential for clinical application.

2, Experimental design and procedures

2.1. Materials
The materials used in this study include Pluronic® F-127
(EO106PO70EO106) from Sigma-Aldrich (St. Louis,
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Scheme 1. (A) Schematic diagram of the synthesis process, crosslinking conditions, and principle of photocured PMBG. (B) Flowchart for the preparation
of PMBG/TCP bone repair scaffold. (C) High biologically active PMBG/TCP scaffold used for bone defect repair.

MO, USA), as well as tetraethyl orthosilicate (TEOS),
triethyl phosphate (TEP), hydrochloric acid (HCI),
3-(trimethoxysilyl) propyl methacrylate (TMSPMA),
and glutaraldehyde from Aladdin Reagent (Shanghai)
Co. (Shanghai, China). We obtained ethanol and
Ca(NO,),4H,O from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).

2.2. Surface functionalization of bioactive glass

Photocurable MBG (PMBG) was synthesized using
3-(trimethoxysilyl) propyl methacrylate as the modifier.
The synthesis process involved mixing F-127, TEOS,
Ca(NO,),4H,0, HCl (0.5 M), 3-(trimethoxysilyl)
propyl methacrylate, and TEP with 360 g of ethanol. The
mixture was incubated for 24 h at 37°C with stirring and

subsequently suspended under vacuum at 40°C to yield
PMBG gels.

2.3. Preparation of 3D-printed scaffold

Chemical precipitation was used to obtain TCP powder.
First, Ca(NO,),-4H,0 and (NH,),HPO, were separately
dissolved in wultrapure water. The solutions were
continuously stirred, while the pH was maintained between
7.0and 7.5 by adding the Ca(NO,), solution dropwise. After
completion of the reaction, the product was centrifuged
and washed four times with ultrapure water and once with
ethanol to separate and purify the precipitate.

To fabricate the PMBG/TCP composite scaffold, 3D
printing (using Biobuild-S, China) was employed. PMBG
gels were mixed with TCP powder and LAP (at 0.5 wt%),
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and the resulting slurry was continuously stirred for
homogenization. The 3D-printed PMBG/TCP scaffolds
were then vacuum dried at 80°C for 1 week before being
calcined in a muffle furnace at 850°C, with a heating rate of
0.5°C per minute, for a duration of 6 h.

2.4. Characterization of the scaffold

The surface morphology, chemical content, and elemental
distribution of the PMBG/TCP scaffolds were examined
using scanning electron microscopy (SEM; GAIA3,
Czechoslovakia) and energy dispersive spectroscopy
(EDS; GAIA3, Czechoslovakia). Mechanical strength was
measured using a universal material experiment device
(AG-20004, Japan) at a constant loading rate of 0.1 cm/
min. Compressive strength was measured using 1 x 1 x
1 cm’ cubes, and the ultimate compressive strength was
determined as the stress at which the specimens shattered.
Three test specimens were averaged to determine the
findings for each group. To detect the possible presence
of functional groups in the PMBG gels, Fourier-transform
infrared (FTIR) spectroscopy and 'H nuclear magnetic
resonance (NMR) spectroscopy were conducted.

2.5. In vitro degradation and mineralization of the
scaffold

The scaffolds were immersed in Tris-HCI buffer solution
(200 uL/mg, pH = 7.4) and subjected to in vitro degradation
experiments on a constant-temperature shaker at 37°C.
The pH value was measured at specific time intervals,
and the soaking solution was then collected. The calcium
ion and silicate ion concentrations were measured using
inductively coupled plasma emission spectrometry (ICP).
Following a 35-day period, the scaffolds from each group
were retrieved and analyzed for their surface mineralization
morphology via SEM and EDS.

2.6. BMSC isolation and culture

Three male Sprague-Dawley rats, aged 6 weeks, were
euthanized with an excessive dose of anesthesia (3%
pentobarbital sodium) and subsequently submerged in
75% ethanol for 15 min. Bone marrow was extracted
from the femurs and tibias of the rats using disinfected
tools, and bone marrow-derived mesenchymal stem cells
(BMSCs) were suspended in a culture medium consisting
of a-MEM (Gibco, USA) with 10% fetal bovine serum
(FBS; Gibco, USA) and 1% penicillin-streptomycin (PS)
(Biosharp, China), and cells were incubated at 37°C in a
carbon dioxide (CO,) incubator for the duration of the
culture period. The culture medium was replenished every
2-3 days, and the BMSCs were sub-cultured when they
reached 80% confluence in the culture dish. Only cells
between passages three and five were used in subsequent
experiments.

2.7. Biocompatibility of the scaffold

BMSCs were seeded onto a 24-well tissue culture plate at
a density of 1 x 10* cells per well and co-cultured with the
double-phase scaffold. Cytotoxicity was evaluated using
the CCK-8 reagent (Biomake, USA). On day 1, day 3, and
day 5, 600 pL of CCK-8 reagent (CCK-8: a-MEM = 10:90)
was incorporated to each well. After 2 h of incubation,
0.1 mL of the incubation supernatant was collected and
analyzed using an enzyme immunoassay (EIA) reader to
measure the absorbance at 450 nm. To assess cell viability
after 48 h of co-culturing with the scaffold, a live/dead cell
kit (YEASEN, China) was used. A fluorescence lens was
used to see the stained cells after they had been stained
with a mixed dye for 40 min (600x magnification).

2.8. Alkaline phosphatase staining and Alizarin red
S staining

BMSCs were seeded onto the scaffold at a density of 1 x
10* cells per well in 24-well plates and allowed to adhere
for 24 h. After this initial period, the cells were induced
to differentiate into osteoblasts by the addition of a
specific medium. The cells were stained with an alkaline
phosphatase (ALP) kit (YEASEN, China) after 7 days
of culture, and the optical density (OD) values were
determined by enzyme labeling at 405 nm.

To observe the mineralized nodules formed by the
BMSCs on the scaffolds, Alizarin red S (ARS) staining
was performed. The same cell culture process was used
as for the ALP staining, except that the Alizarin Red kit
(Beyotime, C0138) was used for staining after 21 days of
cell growth. After staining, the culture plates were treated
with 10% acetic acid and incubated overnight to dissolve
the dye. After 15 min of centrifugation, the supernatant
was combined with a 10% ammonium hydroxide solution,
and the OD value was measured using the same method as
for the ALP assay.

2.9. Tube formation investigation of scaffolds

To prepare the substrate, Matrigel was applied to the
surface of a 24-well plate and incubated in fresh Dulbecco’s
Modified Eagle Medium (DMEM) at 37°C for 1 h. A
substrate was inoculated with human umbilical vein
endothelial cells (HUVEC:s) at a density of 1 x 10°cells per
well and co-cultured with the extracted fluid from each
group of scaffolds for 3 and 6 h in a 5% CO, incubator
at 37°C. The results were observed using an inverted
microscope. The total tube length, number of connections,
number of meshes, and mesh area within each group were
further analyzed using Image] software.

2.10. Scratch migration assay
Scratch assay was used to further explore the impact of
different scaffolds on the migration of HUVECs. HUVECs
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(1 x 10°) were seeded in a 12-well plate. When the cell
density reaches 90%, a linear scratch was created using
the tip of a 200-pL pipette, and the cells were washed with
phosphate-buffered saline (PBS) thrice to remove dead
cells and cell debris. Then, the extract of each scaffold
containing 2% FBS was added; and photos of the cells were
taken at 0, 12, and 24 h after scratching.

2.11. Real-time quantitative polymerase chain
reaction

The expression levels of osteogenic genes (RUNX2, COLI,
OPN, and P-actin) and angiogenic genes (ANG, FGF,
and CD3I) were evaluated using real-time quantitative
polymerase chain reaction (RT-qPCR), with GAPDH
serving as the internal reference gene. Sterile scaffolds were
co-cultured with BMSCs and HUVEC:s.

At a density of 10° cells per well, BMSCs were seeded in
6-well dishes and induced for osteogenic differentiation by
changing the medium to an osteogenic induction medium
containing 10® M dexamethasone, 50 pg/mL ascorbic
acid, and 10 mM p-glycerophosphate, following overnight
culture in a-MEM. Genomic analysis was performed
on day 7. On day 2, HUVECs were seeded in DMEM
at a density of 4 x 10° cells per well in 6-well plates and
subjected to genetic analysis.

Total RNA was isolated from the cells using TRIzol
reagent (Sangon Biotech, China), and cDNA was
synthesized from the mRNA using the Prime Script RT kit
from Takara, Japan, and the SYBR Green RT-PCR kit from
Biomake, according to the manufacturer’s protocol. Real-
time PCR was conducted on a Thermo PCR instrument.
The primer sequences for each gene are provided in
Table S1 (Supplementary File).

2.12. Immunofluorescence

At a density of 2 x 10* cells/cm? BMSCs were inoculated
onto the various scaffold groups in a-MEM, and they
were co-cultured for 7 days. Similarly, HUVECs were co-
cultured with the scaffold groups in DMEM at a density
of 10° cells/cm?. Then, each sample was fixed with 4%
paraformaldehyde for 15 min and washed three times
with PBS. The samples were treated with 0.1% Triton
X-100 in PBS for 5 min after being blocked in a PBS
solution containing 5% bovine serum albumin (BSA)
for an hour. Next, the primary antibodies anti-COL1
(1:400; Proteintech) and anti-CD31 (1:400; Abcam) were
incubated with the samples overnight at 4°C. Then, the
secondary antibodies were incubated for 2 h at room
temperature. Finally, F-actin and 4,6-Diamino-2-Phenyl
Indole (DAPI) were used to stain the cytoskeletons
and nuclei, respectively. The images were observed and
collected using a laser scanning confocal microscope

(LSCM; LSM800, ZEISS, Germany). To determine the
fluorescence intensity, three random fields of view were
chosen, and the fluorescence intensity was calculated using
Image], a tool for image analysis.

2.13. Surgical procedure of animal studies in vivo

In order to investigate the effects of scaffold treatment on
bone repair and resorption, a rat cranial defect model was
used. Thirty male Sprague-Dawley rats, aged 6 weeks and
weighing 250 g, were divided into three groups: control,
PMBG, and PMBG/TCP. In the control group, cranial defects
were created without the use of any scaffold materials.

A 2-cm incision was made along the sagittal suture after
the cranium had been cleaned, disinfected, and shaved.
After that, the subcutaneous muscle was divided. On both
sides of the parietal bone, bony defects measuring 5 mm in
diameter were made using a trephine. The scaffolds were
then implanted into the bone defects at a depth of 1 mm
and a diameter of 5 mm. After that, 4-0 silk sutures were
used to seal the skin incision. The animals were euthanized
at 6 and 12 weeks following the operation, and samples
from the calvarium were obtained and fixed in formalin for
72 h. The present study was performed in compliance with
the Animal Care and Experiment Committee guidelines
of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine.

2.14. Bone repair assessment in vivo

To evaluate the efficacy of the scaffold, the animals were
sacrificed at 6 and 12 weeks after the operation, and their
skulls were removed and fixed with 4% paraformaldehyde
for 24 h. Micro-computed tomography (micro-CT) scans
were then performed on the skull defect areas, and 3D
reconstructions were created for analysis. Bone volume/
total volume (BV/TV) and bone mineral density (BMD)
data were obtained to assess the bone repair effect of each
scaffold group.

After fixation in 4% paraformaldehyde for 7 days, the
tissue samples were treated with tissue fixative two more
times before being decalcified in 10% Ethylene Diamine
Tetraacetie Acid (EDTA) for approximately 30 days to
prepare for future histopathological analysis. Hematoxylin
and eosin (H&E) as well as Masson’s trichrome staining
were carried out following the instructions provided
by the manufacturer. The samples were air-dried, then
permeabilized with 0.1% Triton X-100 for 10 min prior
to immunostaining. To prevent non-specific binding,
the samples were treated with 5% BSA for 1 h at room
temperature. Following this, they were blocked with anti-
CD31 (1:200) and anti-OCN (1:200) at 4°C. After washing
with PBS, appropriate Alexa fluorescence-conjugated
secondary antibodies were applied for 2 h at room
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Figure 1. Ultrafast photocured mesoporous bioglasses synthesis and characterization. (A, B) The photo-crosslinking properties of PMBG. © FTIR spectra
of MBG as well as PMBG. (D) '"H NMR spectroscopy of MBG as well as PMBG. (E-H) PMBG, PMBG/5TCP (5% TCP), PMBG/10TCP (10% TCP), and
PMBG/20TCP (20% TCP) gels photosensitive rheology. (I) Thermogravimetric analysis of PMBG scaffolds and PMBG/5TCP scaffolds, PMBG/10TCP

scaffolds, and PMBG/20TCP scaffolds.

temperature. The sections were examined under LSCM
after counterstaining the nuclei with DAPI.

2.15. Statistical analysis

The mean and standard deviation of each measurement
were computed using descriptive statistics. To assess group
differences, one-way analysis of variance (ANOVA) and
Tukey’s post hoc test were used. For statistical research,
GraphPad Prism software (GraphPad Software Inc., USA)
was used. A result was deemed statistically different if *p <
0.05, **p < 0.01, and *** p < 0.001.

3. Results and discussion

3.1. PMBG gel synthesis and characterization

The precursor of PMBG was synthesized by partially
replacing  tetraethyl  orthosilicate ~ (TEOS)  with
3-(trimethoxysilyl) propyl methacrylate (TMSPMA).
PMBG exhibited rapid light-induced crosslinking
properties and could be cured within 5 s (Figure 1A and B).
FTIR spectra (Figure 1C) showed a peak at 1718.2 cm™!
for PMBG, which was absent in MBG. In addition, both
sets of samples showed the vibration of Si-O-Si structure

at 1058 cm™ in the FTIR spectra. This modification was
further verified using '"H NMR spectra. PMBG exhibited
new signals at 5.58, 6.15, and 1.93 ppm, which matched
the protons of the double bond of TMSPMA. This suggests
that TMSPMA has been successfully incorporated into
the molecules hydrolyzed or condensed from TEOS.
The time-dependent rheological properties of PMBG,
PMBG/5TCP (5% TCP), PMBG/10TCP (10% TCP),
and PMBG/20TCP (20% TCP) were evaluated under 5%
strain and 25°C using rheological tests (Figure 1E-H).
Before blue light irradiation, a loss modulus (G") value
greater than the storage modulus (G') value was observed,
indicating that each group was a viscous fluid. When
blue light was irradiated, G’ and G” sharply increased,
then immediately formed a crossover point, and rapidly
reached a plateau, indicating that both groups underwent a
light-triggered instantaneous sol-gel transition, ultimately
achieving rapid and complete gelation and forming stable
gels (Videoclip S1 in Supplementary File). These results
indicate that the prepared PMBG and inks doped with
various proportions of TCP particles are suitable for
photocuring printing.
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with BioRender.com.

Subsequently, thermal gravimetric analysis was
performed on each group of printing ink. At 800°C, the
organic framework in each scaffold was completely burned
off, reaching a critical equilibrium weight loss. Therefore,
we set the sintering temperature of each group of scaffolds
to 850°C (Figure 1I). In order to give the scaffolds higher
mechanical properties and a more regular shape after
sintering, the heating rate was controlled at 0.5°C/min, and
then held at the sintering temperature for 6 h. The sintered
scaffolds of each group were analyzed by X-Ray Diffraction
(XRD) diffraction experiment for phase analysis, and the
results confirmed the characteristic peaks of the p-phase
of TCP and the unoriented peak of PMBG (Figure S1 in
Supplementary File).

3.2. Preparation and physicochemical properties of
scaffolds

We conducted rapid and high-fidelity photopolymerization
3D printing of PMBG and TCP particles doped with
various proportions (5%, 10%, 20%) to produce scaffolds
(Figure 2A and B). The surface morphology of the PMBG,
PMBG/5TCP, PMBG/10TCP, and PMBG/20TCP scaffolds
was observed by SEM (Figure 2C). Compared to PMBG
scaffolds, TCP-doped scaffolds exhibited rougher micro-
nano morphologies, and as the proportion of TCP doping
increased, the number of cracks on the scaffold surface
decreased, and the morphology became more regular. In
addition, all scaffolds had a large interconnected porous
structure with an average pore size of about 400 um.
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Transmission electron microscopy showed a nanoscale
mesoporous structure with an average mesopore size
of 3.833 nm (Figures S2 and S3 in Supplementary File).
These results indicate that we successfully fabricated
porous scaffolds with multiscale micro-nano structures
using 3D printing.

Wealso evaluated the mechanical strength of the PMBG,
PMBG/5TCP, PMBG/10TCP, and PMBG/20TCP scaffolds
(Figure 2D). The PMBG scaffold exhibited a compressive
modulus of 10.41 MPa and a compressive strength of
1.07 MPa. In comparison, scaffolds containing rigid
nanoparticles (TCP) exhibit higher compressive modulus
and ultimate compressive strength®**l. The maximum
compressive strengths of PMBG/5TCP, PMBG/10TCP,
and PMBG/20TCP scaffolds are 2.36, 9.4, and 4.68 MPa,
respectively, and their corresponding compressive moduli
are 18.61, 23.12, and 14.97 MPa, respectively (Figure 2E
and F). The PMBG/10TCP scaffold exhibited the highest
mechanical strength. We also tested the shrinkage rates
and printing accuracies of the scaffolds after sintering.
The shrinkage rates in the transverse direction of the
PMBG, PMBG/5TCP, PMBG/10TCP, and PMBG/20TCP
stents prepared by us are 39.89%, 37.86%, 34.90%, and
32.04%, respectively (Figure S4A in Supplementary
File). The shrinkage rates in the sagittal plane are 40.94%,
38.07%, 34.81%, and 35.75%, respectively (Figure S4B
in Supplementary File). The printing accuracies of the
PMBG stent, PMBG/5TCP stent, PMBG/10TCP stent, and
PMBG/20TCP stent are 125.3,158.67, 193.3, and 249.3 um,
respectively (Figure S5 in Supplementary File). Finally,
using X-ray microscopy, we imaged the PMBG/10TCP
scaffold and found that it had interconnected pores and
a regular morphology (Figure S6 and Videoclip S2 in
Supplementary File).

Additionally, we characterized the in vitro
degradation of PMBG, PMBG/5TCP, PMBG/10TCP, and
PMBG/20TCP scaffolds. After 35 days, the degradation
rates of PMBG, PMBG/5TCP, PMBG/10TCP, and
PMBG/20TCP were 39.17%, 29.53%, 24.19%, and 15.32%,
respectively (Figure 3A). PMBG scaffolds degraded the
fastest compared to the other scaffold groups, while the
degradation rate of the scaffold decreased with increasing
TCP doping ratio. This phenomenon may be attributed
to the formation of more stable compounds between the
phosphate ions present in the TCP particles and the calcium
ions in the MBG, following the introduction of TCP into
the MBG system. The resulting increase in the stability of
the TCP-MBG composite could contribute to a reduction
in the degradation rate of the MBG material®*****], and this
indicates that TCP doping can regulate the degradation rate
of the scaffold, making it compatible with the rate of bone
tissue regeneration. Furthermore, we measured the release

rate of SiO,* and Ca** during degradation using ICP. The
results showed that SiO,* was released slowly throughout
the entire testing period, while Ca?* was released suddenly
in the first 2 days, followed by a slow release (Figure 3B
and C). This constructed a vascularized bone regeneration
microenvironment®!. We also measured the pH value
changes of the scaffold during degradation. The pH
values of all scaffold groups remained between 7.1 and 7.5
(Figure 3D), indicating that the microenvironment formed
by the scaffold degradation is suitable for cell growth and
development. Meanwhile, after soaking the various groups
of scaffolds in Tris-HCI, their surface mineralization
abilities were observed using SEM and X-ray EDS after
35 days, as shown in Figure 3E. Mineral particles were
detected on the surfaces of all scaffold groups. Notably,
the TCP-doped scaffolds demonstrated an elevated
formation of mineral particles on their surfaces, along with
a corresponding increase in the accumulation of calcium
and phosphorus. Importantly, this effect was found to
be directly proportional to the degree of TCP doping.
Therefore, considering all the advantages, PMBG/10TCP
scaffolds were used for subsequent in vitro and in vivo
experiments.

3.3. Biocompatibility testing of the scaffold

To assess scaffold biocompatibility, a CCK-8 cell viability
assay was conducted to evaluate cell proliferation on
each scaffold. As shown in Figure 4A, the proliferation
behavior of MSCs co-cultured with the scaffolds in each
group increased from day 1 to day 7. However, compared
to the control group, the proliferation rate of cells on the
PMBG and PMBG/TCP scaffolds slightly decreased. This
may be due to the effect of excessive calcium ion release
in the first few days, which could have an impact on
cell proliferation”®®. To further validate the reliability of
the CCK-8 results, a live/dead assay was conducted, as
shown in Figure 4B, where green indicates live cells and
red indicates dead cells. In the co-culture of cells with the
PMBG and PMBG/TCP scaffolds for 48 h, there were very
few red fluorescent cells observed in all groups, indicating
that each scaffold possessed good biocompatibility.

3.4. Osteogenic differentiation of cells on scaffolds

An experiment was conducted using ARS staining and
ALP staining to assess the promotion effects of different
scaffolds on in vitro osteogenesis of BMSCs. ALP staining
was performed on the 7th day, as ALP is a marker enzyme
for early mature osteoblasts (Figure 4C). According to
the study’s findings, the area of ALP staining was greater
in the group treated with the PMBG scaffold compared
to the control group. Additionally, the group treated with
the PMBG/TCP scaffold showed the largest area of ALP
staining compared to the other two groups. This was
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Figure 3. In vitro degradation and surface mineralization of each scaffold group. (A) Degradation curves of each scaffold group. Release curves of (B)
Si04* and (C) Ca*". (D) pH value of each scaffold group. (E) After 35 days of degradation experiments, the surface mineralization of each scaffold group
was observed using SEM and EDS. Yellow represents calcium elements; blue represents phosphorus elements; scale bar = 10 um.

also reflected in the quantitative analysis of ALP activity
(Figure 4D). The enhanced ALP activity of the PMBG/
TCP scaffold group was attributed to its release of more
calcium ions. ARS staining was also conducted in vitro to
evaluate the late-stage mineralization ability of BMSCs on
different scaffolds. After 14 days of induction, the PMBG
scaffold group had more mineralized nodules than the
control group, and similarly, the PMBG/TCP scaffold
group had even more mineralized nodules (Figure 4E). The
quantitative results also demonstrated that the PMBG/TCP
scaffold had the highest mineral deposition (Figure 4F).

All of the above results indicate that the PMBG/TCP
scaffold possesses superior abilities to promote osteogenic
differentiation.

To further elucidate the effect of PMBG/TCP scaffold
on osteodifferentiation, several key target genes and
proteins involved in bone formation were investigated after
7 days of co-culture of BMSCs with the different scaffolds.
Immunofluorescence results indicated that the PMBG
group promoted the expression of COL1 compared to the
control group, while the expression level of COLI in the

Volume 9 Issue 5 (2023)

377

https://doi.org/10.18063/ijb.767



International Journal of Bioprinting

Vascularized bone regeneration

I Control

CCK-8 B PMBG

Il PMBG/STCP

PMBG

PMBG/TCP

Live

> L R
& & L
N
<

Figure 4. Biocompatibility and in vitro osteogenic capability of various types of prepared scaffolds. (A) Biocompatibility of BMSCs in each group, as
assessed by the CCK-8 method, after 1, 4, and 7 days of culture. (B) Live/dead staining images of each group of scaffolds. (C) After 7 days of culture, cells
were stained using alkaline phosphatase (ALP) staining. (D) ALP activity of cells cultured for 7 days. (E) On day 21, Alizarin red S was used to stain the
cells (ARS staining). (F) Quantification of cell mineralization on day 21. Scale bar = 200 pum.

PMBG/TCP group was significantly higher than that in the
other two groups (Figure 5A and B), which is consistent
with the transcriptional gene expression of RUNX2,
OPN, and COLI (Figure 5C-E). Therefore, these results
demonstrate that the PMBG/TCP scaffold promotes the
expression of genes and proteins related to bone formation,
which in turn promotes the differentiation of BMSCs
toward the osteogenic direction.

3.5. Invitro investigation of angiogenesis capacity
on scaffolds

Due to the rich vascularization in bone tissue, the
regeneration of bone tissue depends on the supply of
nutrients and oxygen from blood vessels®®”\. The ability

of a scaffold to promote bone tissue regeneration also
depends, to some extent, on its ability to promote blood
vessel formation. In this section, we also investigated
the effect of PMBG/TCP scaffolds on angiogenic ability.
During angiogenesis, endothelial cells need to migrate to
the site of injury or ischemia and form lumens to promote
the formation of new blood vessels'****. Therefore, we first
investigated the impact of PMBG/TCP scaffolds on the
migration of HUVECs. As shown in Figure 6A and B, after
co-culturing with the extract of each scaffold for 12 h, the
migration rate of the PMBG scaffold group was 34.7%, the
PMBG/TCP scaffold group was 42.6%, both higher than
the control group’s migration rate of 34.7%, with the trend
becoming more apparent after 24 h. The results showed
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Figure 5. Effects of prepared scaffolds on osteogenic differentiation. (A, B) Immunofluorescence confocal images and quantitative analysis of the osteogenic
markers COL1 (scale bar =100 pm). Osteogenic gene expression of (C) OPN, (D) COLI, and (E) RUNX2.

that both PMBG and PMBG/TCP scaffolds could promote
HUVEC migration, with the PMBG/TCP scaffold group
having the strongest migration-promoting effect. Based
on the tube formation experiment results presented in
Figure 6C, it was observed that the PMBG/TCP scaffold
group had a higher degree of tube formation with HUVECs
compared to the PMBG scaffold group and the control
group at the designated time point. After using Image ]
to calculate the results of the tube formation experiment,
we found that the various parameters calculated for the
PMBG/TCP scaffold group were all higher than those for
the control group and the PMBG scaffold group, and all
showed a trend of increasing over time (Figure 6D and E).

Furthermore, we also explored the ability of PMBG/TCP
scaffolds to promote angiogenesis at the transcriptional
and protein expression levels. After co-culturing each
scaffold with HUVECs for 2 days, immunofluorescence
experiments were performed to detect CD31 expression.
As shown in Figure 7A, HUVECs in the PMBG/TCP
scaffold group expressed more CD31 (green fluorescence),
and in the fluorescence quantification, the PMBG/TCP
scaffold group also showed the best ability to promote
CD31 expression (Figure 7B). Real-time PCR experiments
were performed to detect the ability of each scaffold to
promote angiogenesis at the gene transcription level.
The study findings revealed that the PMBG/TCP scaffold

Volume 9 Issue 5 (2023)

379

https://doi.org/10.18063/ijb.767



International Journal of Bioprinting

Vascularized bone regeneration

A ontrol PMBG PMBG/TCP
= B
100 *
*xM I Control
g % B PMBG
g o Gl B PMBG/TCP
g [ |
= £ 40
=
= é‘ 20
0
12h 24n
=
=
a
C Control PMBG PMBG/TCP
=
= D *k
:.E..b e Il Control
5 = 200 s I PMBG
P % | T B PMBG/TCP
. DE e B i
= e : | . 3
2 g : Z s
=
<} 0
g 3n 6h
E 30000 3
=) Bl Control
g 5 * |_I B PMBG
20000 | 1 I PMBG/TCP
& £
® =
; E 10000
= 0
= 3h 6h
-4

Figure 6. Capability of prepared scaffolds to promote migration and tube formation of HUVECs. (A) After co-culturing various groups of scaffolds with
cells for 12 and 24 h, cell migration images were observed. (B) Analysis of cell migration rate using ImageJ. (C) Formation of endothelial network by
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group was more effective in promoting the expression of
ANG, FGF, and CD31 genes, compared to both the control
group and the PMBG scaffold group (Figure 7C-E). All
of these results indicate that PMBG/TCP has the ability
to promote angiogenesis and can be used for vascularized
bone regeneration.

3.6. In vivo effects of scaffold on bone tissue
regeneration

A rat calvarial defect model was used to evaluate
the ability of PMBG/TCP scaffolds fabricated by
photopolymerization-assisted 3D printing to promote
vascularized bone regeneration. The cylindrical scaffolds

implanted during surgery fit well with the defect site,
demonstrating their personalized fabrication. Throughout
the entire animal experiment period, no infections or
deaths were observed. Rats were euthanized at 6 and 12
weeks after surgery, and X-ray analysis was performed on
the skulls. As shown in Figure 8A and B, the PMBG/TCP
scaffold group significantly enhanced new bone formation
and growth compared to the other two groups, while the
control group exhibited the least bone regeneration. In
addition, quantitative micro-CT analysis showed that the
BMD and BV/TV in the control group were significantly
lower than those in the PMBG scaffold group and the
PMBG/TCP scaffold group at all predetermined time
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Figure 7. Effects of various prepared scaffolds on angiogenesis. (A, B) Immunofluorescence confocal images and quantitative analysis of the angiogenesis
markers CD31 (scale bar = 50 pm). Angiogenesis gene expression of (C) CD31, (D) FGF, and (E) ANG.

points (Figure 8C and D). These results indicate that the
PMBG/TCP scaffold successfully repaired critical-sized
bone defects, and the PMBG/TCP scaffold group had a
faster and better new bone fusion rate compared to the
other groups.

Furthermore, H&E and Masson’s trichrome staining
were applied to investigate the effect of the prepared
scaffolds on bone regeneration. As shown in Figure 9A
and B, no inflammation or necrosis was observed in the
stained sections of all groups after implantation. Moreover,
new bone and fibrous tissue appeared in the PMBG
scaffold group and the PMBG/TCP scaffold group, while
the defect area in the control group was only partially filled

with scattered fibrous tissue. The PMBG/TCP scaffold
group, due to the addition of TCP, showed superior bone
regeneration ability compared to the PMBG scaffold
group. Additionally, it could be observed that the PMBG/
TCP scaffold filled the defect, and the surface pores of
the scaffold were filled with newly formed mineralized
bone. The newly formed bone tissue filled all corners of
the scaffold and even extended to the entire defect area.
Furthermore, more bone tissue growth promoted scaffold
degradation.

It has been reported that silicon elements can
promote vascular regeneration, which is crucial for bone
regeneration*"*!). Therefore, we further validated the ability
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Figure 8. In vivo performance of various scaffolds for repairing bone defects. (A) 3D micro-CT reconstructed images of bone defect repair in vivo at 6 and
12 weeks, denoted by 6W and 12W in the figure, respectively. (B) Micro-CT images of the regenerative repair effect of implanted scaffolds in vivo (yellow
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of the PMBG/TCP scaffold to promote vascularized bone
regeneration using immunofluorescence staining. CD31, a
vascular endothelial cell marker, was used to immunostain
tissue sections from each group at 6 weeks after surgery. As
shown in Figure 9C, the expression of CD31 in the newly
formed bone vessels in the PMBG scaffold group and the
PMBG/TCP scaffold group was significantly stronger than
that in the control group, with the PMBG/TCP scaffold
group showing the strongest CD31 expression. This
indicates that the PMBG/TCP scaffold has excellent ability
to promote vascularization. In addition, the expression of
osteocalcin (OCN), a bone cell marker, was significantly
increased in the PMBG/TCP scaffold group compared to
the other two groups (Figure 9B). These results confirm
that the PMBG/TCP scaffold has excellent ability to
promote vascularized bone regeneration in vivo, which is
consistent with the in vitro experimental results.

4, Conclusion

In this study, we developed a dual-functionalized PMBG sol
gel that enables ultrafast photo-crosslinking, and further
incorporated nanosized TCP particles via 3D printing

technology to prepare PMBG/TCP biphasic scaffolds.
The photo-crosslinking PMBG/TCP printing process
has addressed the complexity and lack of personalization
of the traditional MBG preparation methods, while the
introduction of rigid particles significantly improves
the compressive strength of the scaffolds. The phosphate
units are integrated into the bioactive glass network,
thereby enhancing network connectivity and resisting
rapid degradation. The released ions (SiO,* and
Ca®) further create a vascularized bone regeneration
microenvironment, which is crucial for rapid bone
regeneration. The development of this photo-crosslinking
PMBG/TCP scaffold and its integration with innovative
manufacturing technology provide a feasible approach
for personalized and precise treatment of traditional bone
repair materials. However, innovative artificial bone still
faces several challenges in clinical translation, such as low
product acceptance and difficult regulatory approval. In the
future, with the development of materials science and the
popularization of 3D printing technology, the innovative
method developed in this study will be used to construct
clinical artificial bone with excellent comprehensive
properties.
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