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A B S T R A C T

The pore morphology design of bioceramic scaffolds plays a substantial role in the induction of bone regeneration.
Specifically, the effects of different scaffold pore geometry designs on angiogenesis and new bone regeneration
remain unclear. Therefore, we fabricated Mg/Sr co-doped wollastonite bioceramic (MS-CSi) scaffolds with three
different pore geometries (gyroid, cylindrical, and cubic) and compared their effects on osteogenesis and
angiogenesis in vitro and in vivo. The MS-CSi scaffolds were fabricated by digital light processing (DLP) printing
technology. The pore structure, mechanical properties, and degradation rate of the scaffolds were investigated.
Cell proliferation on the scaffolds was evaluated using CCK-8 assays while angiogenesis was assessed using
Transwell migration assays, tube formation assays, and immunofluorescence staining. The underlying mechanism
was explored by western blotting. Osteogenic ability of scaffolds was evaluated by alkaline phosphatase (ALP)
staining, western blotting, and qRT-PCR. Subsequently, a rabbit femoral defect model was prepared to compare
differences in the scaffolds in osteogenesis and angiogenesis in vivo. Cell culture experiments showed that the
gyroid pore scaffold downregulated YAP/TAZ phosphorylation and enhanced YAP/TAZ nuclear translocation,
thereby promoting proliferation, migration, tube formation, and high expression of CD31 in human umbilical vein
endothelial cells (HUVECs) while strut-based (cubic and cylindrical pore) scaffolds promoted osteogenic differ-
entiation in bone marrow mesenchymal stem cells and upregulation of osteogenesis-related genes. The gyroid
pore scaffolds were observed to facilitate early angiogenesis in the femoral-defect model rabbits while the strut-
based scaffolds promoted the formation of new bone tissue. Our study indicated that the pore geometries and pore
curvature characteristics of bioceramic scaffolds can be precisely tuned for enhancing both osteogenesis and
angiogenesis. These results may provide new ideas for the design of bioceramic scaffolds for bone regeneration.
1. Introduction

Bone tissue engineering scaffolds represent a promising treatment
option as they avoid problems such as the limited availability and
immunogenicity of autologous bone, and the morbidity associated with
ics, the First Affiliated Hospital Zh

ics, the First Affiliated Hospital Zh

ternational Nanosystems Institute

usanzhong@zju.edu.cn (S. Xu), m

m 6 May 2023; Accepted 14 May

evier Ltd. This is an open access a
donor placement [1,2]. Bioceramic scaffolds with optimal
physical-chemical and biological properties are potential candidates for
promoting bone regeneration [3–5]. Many studies have used bioceramic
scaffolds as an alternative to bone grafting but the results are often un-
satisfactory. Pore geometry design may be a strategy for the development
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of bioceramic scaffolds with superior properties for the promotion of
bone regeneration. Furthermore, increasing numbers of studies have
recognized that the pore geometries of scaffolds also affect the efficiency
of cell migration and tissue regeneration [6–8].

Ca-silicate biomaterials have potential as bone implants because of
their superior biocompatibility and ability to stimulate osteogenesis
[9–11]. However, the rapid rate of biodegradation and suboptimal
strength of pure wollastonite (CSi) bioceramic prevent its meeting the
structural requirements of various types of bone defects [12]. Therefore,
the incorporation of functional ions with CSi has attracted much atten-
tion. Our previous study found that doping with dilute magnesium
modulated the mechanical properties and biodegradation rate of CSi
[13]. Some researchers have also found that strontium could promote the
adhesion, proliferation, and differentiation of bone marrow-derived
mesenchymal stem cells (BMSCs) on CSi [14,15]. In addition, stron-
tium can promote bone formation by promoting osteoprotegerin syn-
thesis and suppressing the production of macrophage colony-stimulating
factor in BMSCs [16]. Magnesium/strontium co-doped CSi (MS-CSi)
scaffolds fabricated using a direct ink-writing technique have acceptable
compressive strength and appreciable osteogenic activity compared with
β-TCP and magnesium-doped CSi (M-CSi) scaffolds [17]. The use of
MS-CSi scaffolds can overcome the problem of premature degradation
and allows the release of ions during immersion. Furthermore, such
scaffolds can also stimulate the AKT and WNT signaling pathways to
regulate bone regeneration [18]. Most recently, we have prepared the
MS-CSi scaffolds by using digital light printing (DLP), and preliminary
results have shown that variations in the magnesium/strontium ratio can
modulate the mechanical properties and biodegradation of the scaffolds
[19]. We have also found that the pore size had a significant effect on the
osteoconductive efficiency of the CSi scaffolds [20]. Therefore, it is
reasonable to consider that DLP can accurately fabricate MS-CSi scaffolds
with complex biomimetic structures.

There is currently much research into how to fabricate triperiodic
minimal surface (TPMS)- type porous scaffolds with different structural
properties [21–24]. TPMS has a continuous surface that supports osteo-
blast implantation, a controllable pore diameter that can balance
angiogenesis and load-bearing in regenerated bone, and its zero mean
curvature is similar to that of natural bone trabeculae [25–27]. Addi-
tionally, it alleviates the concentration of stress compared with strut
scaffolds formed of straight struts connected to joints [28]. Specifically,
the gyroid pore architecture is considered to have excellent fluid
permeability and mechanical properties [29–31]. Theoretically, it would
appear to have an ideal pore geometry for promoting bone regeneration.
However, there are few studies on the effects and differences between
strut- and TPMS-based porous bioceramics on the osteogenic and
angiogenic behavior of cells. Thus, it is of great importance for the
development of bioceramic scaffolds to understand the relationship be-
tween pore geometry and favorable osteogenesis and/or angiogenesis
[32,33].

Based on the perspective described above, MS-CSi scaffolds with
three different pore geometries, namely, gyroid, cylindrical, and cubic
pores, were fabricated using DLP technology. The structural parameters
of the different scaffolds were compared by Micro-CT and scanning
electron microscopy (SEM). The mechanical properties and degradation
of the scaffolds were analyzed by in vitro immersion experiments. The
effects of these designed scaffolds on osteogenesis and angiogenesis and
the underlying mechanisms were investigated both in vitro and in vivo.
The gyroid pore scaffolds increased proliferation, migration, tube for-
mation and expression of CD31 of human umbilical vein endothelial cells
(HUVECs) by enhancing mechanical signaling through the YAP/TAZ
pathway. Expression of osteogenesis-related genes was significantly
enhanced in the cubic and cylindrical pore scaffolds. The different scaf-
folds also showed different osteogenic and angiogenic trends in vivo.
Therefore, it is of significant importance to clarify the structural char-
acteristics of pores that can facilitate the development of a safer andmore
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effective scaffold for bone regeneration in clinical applications. In this
regard, the present study will provide guidance for the use of multi-
functional scaffolds that promote both osteogenesis and angiogenesis.

2. Materials and methods

2.1. Synthesis and characterization of MS-CSi powders

The MS-CSi powder with 6% Mg- and 3% Sr-substituting-Ca was
synthesized by a wet-chemical co-precipitation method as described
previously [13]. A crystallographic analysis of the powder sample was
performed using X-ray diffraction (XRD; Rigaku, Japan). The chemical
composition of bioceramic powder was determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES; 710-ES, Varian;
USA).
2.2. Fabrication of scaffolds with different pore geometries

Porous scaffold models (Ø 6 � 8 mm) with different pore geometries
(i.e., cubic, cylindrical, and gyroid geometries; see Scheme 1A) were
designed by Magics software (version 21, Materialise, Leuven, Belgium)
as described previously [19]. All scaffolds had a designed porosity of
~55% and a designed average pore size of ~600 μm which was calcu-
lated by Avizo Software (FEI VSG, Hillsboro OR, USA). Detailed infor-
mation about the method and the process can be found in our previous
study [34]. The scaffold models were exported as binary STL format files,
which were imported into 10dim software (Ten Dimensions Technology
Co. Ltd., China) for supporting generation and slicing. The green bodies
were printed in a 3D printer (AUTOCERA-M, Ten Dimensions Technol-
ogy Co. Ltd., China) by the slurry containing the MS-CSi powders and
printing resins (MS-CSi Powder 60 wt%) according to STL files. The green
bodies were sintered in a muffle furnace at a target temperature of 1150
�C for 3 h.
2.3. Macroscopic geometry assay of scaffolds

The gross geometry of porous scaffolds was observed using an optical
microscope (DM2500, Leica, Germany). The scale and connectivity of
internal pores were evaluated by micro-computed tomography (Micro-
CT; Inveon TM CT scanner, Siemens, Germany). The porosity, pore
diameter, pore wall thickness, and specific surface area of scaffolds were
also calculated by Micro-CT. The structure and pore geometry on the
surface of scaffolds were observed by SEM (GEMINI 300, ZEISS,
Germany).
2.4. Mechanical and biodegradation properties assay in vitro

For evaluation of mechanical properties, the compressive strength of
bioceramic scaffolds (Ø 6.0� 8.0 mm)was tested by the universal testing
machine (5566, Instron, Japan). An initial linear region of the stress-
strain curves was used to measure the Young's modulus. The scaffolds
were weighed and then immersed in Tris-HCl buffer for evaluation of bio-
dissolution in vitro. The scaffold samples were removed at predetermined
intervals (1, 2, 4, 8, 12 weeks) and washed with absolute ethanol before
being dried at 80 �C for 12 h before mass loss calculations were per-
formed. Following immersion for 1, 3, 5, 7, 14 days, the buffer (1.0 mL)
was extracted for ICP analysis of the released ionic concentrations (Si, Ca,
Mg, Sr), and equivalent fresh buffer was added to the immersion me-
dium. Additionally, the biomimetic re-mineralization (bioactivity in
vitro) of scaffolds was evaluated after 7 days of immersion in simulated
body fluid (SBF) was carried out using SEM and energy dispersive
spectroscopy (EDS) techniques to examine the apatite formation on
scaffold surfaces.



Scheme 1. (A) Diagram of the DLP technology of fabricating MS-CSi bioceramics. (B) Diagram of scaffolds implanting into rabbit femoral defect and promoting bone
repair by releasing functional ions (Created with BioRender.com).
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2.5. Biocompatibility assay in vitro

2.5.1. Cell culture
HUVECs and rat bone marrow mesenchymal stem cells (BMSCs) were

used respectively for the in vitro study. HUVECs were purchased from the
American Type Culture Collection (Manassas, USA) and cultured in a
high-glucose Dulbecco's Modified Eagle's Medium (DMEM, HyClone,
USA) supplemented with the 10% fetal bovine serum (FBS, HyClone,
USA) and 1% penicillin/streptomycin (Gibco, USA) in a 5% CO2 hu-
midified atmosphere at 37 �C. The culture medium was replaced every
two days. BMSCs were isolated from the femur and tibia of Sprague-
Dawley (SD) rats and cultured with complete α-MEM. Culture methods
for BMSCs are similar to those used for HUVECs. BMSCs from passages
3–4 were used in subsequent studies.

2.5.2. Cell proliferation assay
BMSCs and HUVECs were seeded onto the scaffolds (n ¼ 6) at a

density of 1 � 103 cells/L. A cell counting kit-8 (CCK-8; Biosharp, China)
was used to determine cell proliferation after 1, 3, and 7 days of culture.
After washing the cells twice in PBS, fresh medium (300 μL) and CCK-8
solution (30 μL) were added to the wells, followed by incubation at 37 �C
for 2 h. Lastly, 100 μL of the supernatant was transferred to a 96-well
plate and the absorbance at 450 nm was measured to detect cell
proliferation.

2.5.3. Transwell migration assay
A Transwell migration assay was conducted using Transwell cell

culture inserts (8 μmpore size, Corning Costar; USA) to assess the vertical
migration of HUVECs. Briefly, HUVECs (1 � 105 cells/mL) were cocul-
tured on scaffolds for 48 h and then resuspended and seeded in the upper
chamber with FBS-free DMEM, while the lower chamber contained
complete DMEM with 10% FBS. The cells in the upper layer of the filter
membrane were gently wiped with cotton swabs after 8 h of culture. The
cells on the other side were stained with crystal violet. Following the
staining, the stained cells were examined under an optical microscope
(IX73, Olympus, Japan) and counted using ImageJ software in five
random microscopic fields.
3

2.5.4. Tube formation assay
A tube formation assay was performedwith Matrigel matrix (Corning,

USA) to detect the angiogenesis of HUVECs in vitro according to manu-
facturer's protocol. In briefly, HUVECs (1 � 105 cells/mL) were cocul-
tured on scaffolds for 48 h and then resuspended and seeded on Matrigel
surfaces. After culturing for 6 h, the cells were observed under an optical
microscope (IX73, Olympus; Japan). The number of junctions and total
length of tubes were calculated using ImageJ software.

2.5.5. Immunofluorescence staining
The proliferation ability of HUVECs was assessed by staining with 5-

ethynyl-20-deoxyuridine (EdU)/Hoechst 33,342 after 3 days of culturing
on scaffold surfaces. Immunofluorescence staining of CD31 was accom-
plished by incubating the samples overnight at 4 �C with the primary
antibody against CD31 and incubating the samples for 1 h with the
fluorescent secondary antibody. The samples were then stained with
FITC-phalloidin (green) for 60 min and DAPI (blue) for 10 min. Finally,
CD31 expression was observed using a confocal laser scanning micro-
scope (FV3000, Olympus, Japan).

2.5.6. Alkaline phosphatase activity assay
ALP activity of BMSCs was tested in vitro for osteoblastic differenti-

ation ability. The cell culture method and seeding protocol were the same
as those described above, except that the culture medium was replaced
with an osteogenic medium containing 50 μg/mL ascorbic acid (A4544;
Sigma), 100 nM dexamethasone (HY-14648, MCE), and 10 mM β-glyc-
erophosphate (HY-D0886; MCE) to induce osteogenic differentiation.
BCIP/NBT Alkaline Phosphatase Color Development Kit (Beyotime;
China) was used to stain the cells on scaffolds after 7 days of culturing. In
addition, scaffolds were soaked in osteogenic medium for 7 days and
stained to exclude non-specific ALP staining.

2.5.7. Western blotting
HUVECs or BMSCs were lysed in RIPA lysis buffer (Beyotime; China),

and protein concentrations were quantified using the BCA Protein Assay
Kit (Beyotime; China). Next, proteins were separated by 12% (w/v) gel
electrophoresis, electro-transferred to polyvinylidene difluoride
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membranes (Millipore, USA), and blocked in 5% (w/v) nonfat milk. The
membranes were probed with the following primary antibodies at 4 �C
overnight: YAP (1:1000), p-YAP (1:1000), TAZ (1:1000), p-TAZ
(1:1000), OPN (1:1000), Runx-2 (1:1000) and β-actin (1:1000). The
membranes were incubated with horseradish peroxidase-conjugated
secondary antibodies for 2 h.

2.5.8. qRT-PCR assay
The mRNA expression of several osteogenic genes, including Runx-2,

OCN, and Col-1 were quantitatively determined by quantitative real-time
PCR (qRT-PCR). Total RNA was extracted from cells grown on the scaf-
folds using the AG RNAex Pro Reagent (Accurate Biotechnology, China)
seven days after scaffold addition. Reverse transcription was performed
using the Evo M-MLV RT Mix Kit (Accurate Biotechnology, China) in
T100™ Thermal Cycler (Bio-Rad, USA). mRNAs were quantified using
the SYBR Green Premix Pro Taq HS qPCR kit (Accurate Biotechnology,
China). qRT-PCR were performed using the BIO-RAD CFX384 (Bio-Rad,
USA). The expression of osteogenic genes was normalized to GAPDH
using the 2 �ΔΔCT method. Primer sequences were supplied in Table S1.

2.6. Bone regeneration and repair analysis in vivo

2.6.1. Implantation surgery of scaffolds
Animal experiments were performed according to guidelines

approved by the Zhejiang University Ethics Committee. Thirty-two male
New Zealand white rabbits (2.5–3.0 kg) were divided randomly into
three groups according to the pore geometries (cubic, cylindrical, and
gyroid pore) of the bioceramic scaffolds. All scaffolds used here were
designed as a cylindrical sample (Ø6.0 � 8.0 mm). After general intra-
venous anesthesia with 3% pentobarbital sodium at 1.0 mg/kg, A critical
size defect (Ø6.0 � 8.0 mm) was constructed using a dental drill on the
lateral condyle of the femur (see Scheme 1B) and then implanted a bio-
ceramic sample. Penicillin (800,000 units) was injected intramuscularly
3 days after the operation to prevent postoperative infection. The rabbits
were sacrificed at 1, 2, 4, 8, and 12 weeks after surgery, and femoral
condyle specimens were collected.

2.6.2. Surgery of vascular perfusion
Rabbits were perfused using Microfil (MV-122, Flow Tech Inc., USA)

at 4 and 12 weeks after the implantation surgery to evaluate angiogenesis
in the process of bone regeneration. In order to expose the abdominal
aorta and inferior vena cava, the abdominal cavity was opened under
anesthesia with 3% sodium pentobarbital (1.0 mg/kg). Two vessels were
both intubated using infusion needles. Thereafter, heparinized normal
saline, 10% formalin, and 60 mL mixed Microfil solution were perfused
from the entrance (the abdominal aorta) to the outrance (the inferior
vena cava). The perfused rabbits were stored at 4 �C overnight to ensure
polymerization of the contrast medium and the femur specimens were
collected, decalcified and subjected to 2D&3D angiogenic reconstruction
analysis using micro-computed scanner (Inveon, Siemens, Germany).

2.6.3. Micro-CT scanning analysis
All specimens were scanned with a high-resolution micro-computed

scanner (Inveon, Siemens, Germany). A volume of interest was defined as
a cylindrical space (Ø 6.0 mm � 8.0 mm) for the 3D histomorphometry
evaluation. The structural images of new bones, new blood vessels and
scaffolds were rebuilt and evaluated visually. In addition, morphological
parameters were determined based on micro-CT data, including the
fraction of bone volume/tissue volume (BV/TV), trabecular number
(Tb.N), Trabecular spacing (Tb.Sp), trabecular thickness (Tb.Th), and
vessel volume.

2.6.4. Histological staining
Specimens for histological analysis were fixed in a 4% para-

formaldehyde solution. The samples were dehydrated and embedded in
methyl methacrylate (MMA) for undecalcified sectioning. Sections were
4

stained with McNeal staining and H&E staining and viewed by an optical
microscope (IX73, Olympus, Japan).

2.7. Statistical analysis

One-way or two-way analysis of variance (ANOVA) was performed
for statistical analysis and followed by Tukey's method to test all pair-
wise comparisons. All numerical data were expressed as the mean
value � standard deviation (SD). P < 0.05 was considered statistically
significant. *P < 0.05 and **P < 0.01.

3. Results

3.1. Characterization of bioceramic powders and scaffolds

The X-ray diffraction (XRD) patterns (Fig. S1; SI) confirmed that the
powders exhibited the pure β-wollastonite phase according to the char-
acteristic peaks with the PDF standard card (PDF#43–1460), and the
incorporation of Mg and Sr did not change the crystalline phase. Ac-
cording to the inductively coupled plasma (ICP) analysis, the Mg and Sr
contents in the CS powders were 6.93 mol% and 2.65 mol%, respectively,
which was a little more or slightly lower than the theoretical de-
terminations for the synthetic condition (Tab. S2). As shown by the 2D/
3D models printed using 3D printing technology, the three groups of
porous structures exhibited distinct topological structures. Observation
of the Micro-CT reconstructions showed that each sintered scaffold
demonstrated satisfactory pore connectivity in all directions (Fig. 1A–C).
Meanwhile, the bioceramic scaffolds with different pore geometries
showed similar macroscopic pore structures to its CAD model (Fig. 1D).
Microscopically, the SEM images confirmed that the scaffolds exhibited
the intrinsic pore geometries of cubic, cylindrical, and gyroid pores, and
high-magnification SEM images also demonstrated the high sintering
properties and densification of the pore walls (Fig. 1E). Moreover, after
immersion in simulated body fluid (SBF), the pore surfaces showed
apatite deposition, and the presence of this new biomimetic minerali-
zation layer was confirmed by energy dispersive spectroscopy (EDS) and
the appreciable amounts of phosphorus in the surface layer. However,
the structural parameters showed minimal differences between the three
groups of porous bioceramics, as shown in Fig. 1F. In particular, the
gyroid pore scaffolds showed the highest porosity, pore diameters and
specific surface areas, while the cylindrical pore scaffolds showed the
greatest pore-wall thickness after undergoing sintering treatment
(Table 1).

3.2. Mechanical properties and bio-dissolution behavior in vitro

To evaluate the structural stability and fracture strength of the scaf-
folds, an in vitro compression test was performed. The apparent
compressive strength and Young's modulus of the scaffolds are shown in
Fig. 2A&B. All scaffolds showed excellent mechanical performances in
terms of strength, especially the cubic and cylindrical pore scaffolds
(>25 MPa). In contrast, the gyroid pore scaffolds showed higher Young's
modulus values (~736.50 N/m2), indicating a greater anti-deformation
properties. From the stress-strain curve presented in Fig. 2C, it can be
seen that the three scaffold types all showed the typical brittle crushing
properties of porous bioceramics with a sudden drop in the peak after
isolation of the linear elastic regions. In addition, the degradation per-
formance (bio-dissolution in vitro) and ion-release levels of the porous
scaffolds were evaluated using an immersion test in Tris-HCl buffer.
Interestingly, the cylindrical pore scaffolds showed a slower mass loss in
the first eight weeks (Fig. 2D). After prolongation of the immersion time
to 12 weeks, similar mass decay (~8.0%) was observed for all scaffolds,
irrespective of pore geometry. Moreover, in terms of ion release during
the early stage (0–14 days; Fig. 2E), the concentrations of calcium, sili-
con, magnesium, and strontium ions increased rapidly during the initial
3–5 days, after which they either increased slowly or remained steady. It



Fig. 1. Preparation and evaluation of wollastonite scaffolds. Theoretical models, reconstruction models by Micro-CT, and unit cells including solid parts (blue) and
pore parts (green) with different pore morphologies of (A) Cubic, (B) Cylindrical, and (C) Gyroid. (D) External appearance of the scaffolds in side and top views. (E)
Microstructures of scaffolds by SEM and the apatite coating soaked in SBF for 1 week. (F) Porosities, pore diameters, and specific surface areas calculated by Micro-CT.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Geometrical parameters of the MS-CSi scaffolds.

Pore
geometries

Theoretical pore size
(μm)

Measured pore size
(μm)

Theoretical porosity
(%)

Measured porosity
(%)

Theoretical specific surface area
(1/mm)

Measured specific surface area
(1/mm)

Cubic 600 445.62 � 73.77 55 50.38 � 3.61 7.66 4.82 � 0.45
Cylindrical 600 443.13 � 16.74 55 49.13 � 1.75 6.53 4.74 � 0.17
Gyroid 600 542.99 � 47.61 55 52.12 � 1.68 6.43 4.38 � 0.38

Fig. 2. The compressive strength (A) and young's modulus (B) of scaffolds (n ¼ 3, *p < 0.05, **p < 0.01). (C) The representative the stress-strain curve of scaffolds.
(D) The mass decay of scaffolds in Tris-HCl buffer for 12 weeks. (E) The ion release behavior of Ca, Si, Mg, and Sr from the scaffolds in Tris-HCl buffer for two weeks.
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is worth mentioning that the early calcium and silicon ion release rates
from the cubic pore scaffolds were slightly slower than that from the
other scaffolds.

3.3. Evaluation of angiogenic capability in vitro

The HUVECs were cultured on the scaffolds for 1–7 days to evaluate
the angiogenic cytocompatibility of the scaffolds. Cell proliferation
analyzed using a CCK-8 kit (Fig. 3A) indicated that HUVECs in the porous
bioceramics showed an appreciable proliferation during culture, without
any cytotoxicity in comparison with the control group. Notably, cells
grown on gyroid scaffolds showed the highest proliferation rate,
implying that this pore architecture may effectively promote the growth
of HUVECs. The ability of scaffolds to recruit HUVECs from the sur-
rounding region was assessed by Transwell assays. As shown in Fig. 3B,
the three groups of HUVECs exhibited better migration ability during the
8 h duration of the assay. In the control group, only a few cells migrated
within 8 h in medium containing low serum concentrations. Quantifi-
cation of the number of migrating cells (Fig. 3C) indicated that there
were slightly more migrating HUVECs in the gyroid pore group than
those in the other two types of pore scaffolds.

Fig. 3F shows a representative image of tube formation after incu-
bation of HUVECs on Matrigel matrix for 6 h. Cells grown on gyroid
scaffolds formed more networks than those in the other two groups.
Quantitative analysis indicated that the total tube lengths and the
numbers of junction points were significantly different between the cubic
group and the other experimental groups (Fig. 3D). However, the total
tube length was not significantly different between the gyroid and cy-
lindrical pore groups (Fig. 3E). These results indicate that the bioceramic
scaffolds, and especially those with the gyroid pore geometry, can
significantly improve the angiogenic capability of HUVECs. To further
verify the angiogenic properties of HUVECs cultured on different scaf-
folds, immunofluorescence staining for CD31 was performed. The
HUVECs were cultured on scaffolds for 3 days and fluorescently labeled
with red, green, and blue for CD31, actin, and nuclei, respectively.
Immunofluorescence staining showed that the gyroid pore architecture
could significantly enhance CD31 fluorescence in HUVECs compared to
that in the other groups (Fig. 3G). Furthermore, we observed significantly
increased proliferation of HUVECs demonstrated by the 5-ethynyl-20-
deoxyuridine (EdU) proliferation assay in the gyroid pore group
compared with the other groups (Fig. 3H). Finally, the levels of YAP, p-
YAP, TAZ, and p-TAZ protein expression were measured to assess the
signaling of YAP/TAZ pathway. In the gyroid pore group, the levels of p-
YAP and p-TAZ were significantly lower compared to the other groups
(Fig. 3I).

3.4. Evaluation of osteogenic capability in vitro

Proliferation of BMSCs on the porous scaffolds in vitro was assessed
using CCK-8 kit assays. As shown in Fig. 4A, all three groups showed
significant osteogenic proliferation, with no significant differences
observed between the groups. The alkaline phosphatase (ALP) level is an
early-stage marker of BMSC differentiation into osteoblasts. Therefore,
ALP levels were used to detect whether the scaffolds promoted osteo-
genesis in BMSCs. As shown in Fig. 4B, after seven days of induction, the
BMSCs exhibited significantly higher ALP activity on the bioceramic
scaffolds compared with cells in the Control group. To further verify the
osteogenic potential of BMSCs after seven days of culture, the protein
expression levels of OPN and Runx-2 were verified by Western blotting.
Runx-2 is a transcription factor controlling the expression of genes
involved in bone formation and plays an important role in controlling
osteoblast differentiation. As shown in Fig. 4C, cell growth on the MS-CSi
scaffolds increased the proteins levels of both OPN and Runx-2 in BMSCs
and promoted their osteogenesis. Osteoblasts synthesize and secrete a
variety of bone-specific marker proteins such as Runx-2, ALP, Col-1, and
6

OCN. Analysis of the expression of osteogenesis-related genes was per-
formed using qRT-PCR. The expression levels of these genes in BMSCs
cultured on the scaffolds for seven days were shown in Fig. 4D. The re-
sults showed that the mRNA levels of Col-1 and Runx-2 were upregulated
in the three groups. In particular, the cylindrical pore group showed the
highest levels of Col-1 and Runx-2 expressions while the OCN expression
level was only upregulated in the cubic pore group.
3.5. Evaluation of angiogenic efficiency in vivo

Blood vessels were hardened by injection of Microfil-122 and can be
recognized by Micro-CT (Fig. 5A). Micro-CT measurements were per-
formed at 4 and 12 weeks postoperatively to evaluate new blood-vessel
formation in the bone defects. The representative 2D/3D reconstructed
images of neovascularization are shown in Fig. 5B. The neovessels were
mainly small with most growing in the horizontal direction along the
pore channels in the cubic and cylindrical pore groups after four weeks.
In contrast, there was significantly more neovascularization visible in the
gyroid pore group at four weeks, and probably because of the specific
curvature of the gyroid pore structure, the ingrowth of the vessel was not
hindered by the curved pore networks but filled the entire space inside
the scaffold. At 12 weeks, the blood vessels in the bioceramic scaffolds
covered the whole pores with significantly greater connectivity than
before. There was obvious angiogenesis in the porous architectures.
Furthermore, all scaffolds retained their pore constructs throughout the
entire experiment, without any signs of structural collapse even after
long-term culture. The quantitative analysis of neovascularization is
shown in Fig. 5B. At four weeks, the volume of vessels in the gyroid pore
group was significantly higher than that in the other two groups,
reaching an average of 2.55 mm3. After 12 weeks, the vessel volumes in
the gyroid and cylindrical pore groups (~2.9 mm3 and ~2.78 mm3,
respectively) were significantly higher than those in the cubic pore group
(P < 0.05) (Fig. 5C).
3.6. Evaluation of osteogenic efficiency in vivo

3.6.1. 2D/3D reconstruction analysis
Critically sized femoral bone defects were constructed for the evalu-

ation of the repair efficacy of the bioceramic scaffolds with different pore
geometries (Scheme 1B). Micro-CT measurements were performed at 2,
4, 8, and 12 weeks postoperatively to evaluate the formation of new bone
over time. As shown in the representative 2D/3D Micro-CT images in
Fig. 6A, the new bone tissue grew readily into the deep layers of the pore
networks over time. In particular, the new bone tissue was observed to
grow into the macroporous networks of the cubic and cylindrical pore
scaffolds within two weeks, while there were only limited amounts of
new bone tissue in the peripheral pores of the gyroid pore scaffolds.
However, there was obvious growth of bone tissue in all three groups
after four weeks while appreciable amounts of new tissue had grown into
the pore networks in all three scaffold types after eight weeks with in-
dications of bone remodeling in the cubic and cylindrical pore scaffolds
after 12 weeks. It is worth noting that the pore structures of the three
scaffolds were maintained throughout the experiment.

Quantitative measurements of parameters, including BV/TV, Tb.N,
Tb.Sp and Tb.Th for the bone defects were obtained by 3D Micro-CT
reconstruction software in the rabbit bone defects (Fig. 6B). During the
first eight weeks after surgery, greater levels of bone tissue growth were
observed in the cubic and cylindrical pore scaffolds compared with the
gyroid pore scaffold. Specifically, the values for these quantitative pa-
rameters, including BV/TV, Tb.N, Tb.Sp and Tb.Th, for the cubic and
cylindrical pore scaffolds at 12 weeks were significantly lower than those
at eight weeks, implying the occurrence of new bone remodeling during
this stage. In contrast, the new bone tissue induced by the gyroid pore
scaffold reached its highest level at this stage.



Fig. 3. The biocompatibility and angiogenesis capability of HUVECs on scaffolds. (A) Cell proliferation of HUVECs cultured on Gyroid, Cylindrical, Cubic, and Control
evaluated by CCK-8 kit on days 1, 3, and 7. (B) Representative images of HUVECs (stained by crystal violet staining) migrating to the undersurface of upper chamber in
Transwell system after culturing for 8 h. Scale bar ¼ 100 μm. (C) Quantitative analysis of the migrated cells in Transwell migration assay. The (D) number of junctions
and (E) total length of tubes were statistically analyzed in the tube formation assay. (F) Representative images of tube formation after HUVECs cultured on Matrigel for
6 h. Scale bar ¼ 200 μm. Immunofluorescence staining of (G) CD31 and (H) EdU/Hoechst 33,342 after HUVECs were cultured on Gyroid, Cylindrical, Cubic, and
Control for 3 days. Scale bar ¼ 50 μm. (I) Western blot images of p-YAP, YAP, p-TAZ and TAZ protein expression in HUVECs cultured on different scaffolds. (J) A
schematic of the mechanism of pore geometry promoting angiogenesis through activation of the YAP/TAZ pathway. The control group received only the culture
medium. Data represented as mean � SD (n ¼ 3, *p < 0.05, **p < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 4. The biocompatibility and osteogenic capability of BMSCs on scaffolds. (A) Cell proliferation of BMSCs cultured on Gyroid, Cylindrical, Cubic pore scaffolds and
Control evaluated by CCK-8 kit on days 1, 3, and 7. (B) Representative ALP staining image of BMSCs cultured on Gyroid, Cylindrical, Cubic pore scaffolds and Control
in the osteogenic medium after culturing for 7 days. Scale bar ¼ 200 μm. (C) Western blot images of OPN, and Runx-2 protein expression in BMSCs cultured on
different scaffolds. (D) qRT-PCR analysis the relative mRNA expression levels of Col-1, OCN, and Runx-2 in BMSCs cultured on Gyroid, Cylindrical, Cubic pore
scaffolds and Control for 7 days. The control group received only the culture medium. Data represented as mean � SD (n ¼ 3, *p < 0.05, **p < 0.01).

Fig. 5. (A) The process of angiography which realized by injection of microfil-122. (B) The representative 2D/3D reconstructed images of neovascularization at 4 and
12 weeks by Micro-CT measurement. (C) The quantitative analysis of neovascularization at 4 and 12 weeks (n ¼ 3, **p < 0.01).
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3.6.2. Histological analysis
The purpose of the histological analysis was to examine the presence

of osteogenesis in scaffolds with different pore geometries. Longitudinal
sections of the bone specimens embedded with poly (methyl methacry-
late) allowed easy observation of the scaffolds in the bone defects under
8

light microscopy. Images of McNeal stained sections showed that both
the growth rate and degree of new bone formation differed between the
bioceramic scaffolds (Fig. 7). In the early stage of new bone growth (2–4
weeks), the new bone tissue (deep-red color) was observed to have
climbed from the peripheral pores into inner pore networks of the cubic



Fig. 6. (A) The representative 2D/3D reconstructed images of the bone defects at 2,4,8 and 12 weeks by Micro-CT measurements. (B) Bone volume/Total volume (BV/
TV), Trabecular number (Tb.N), Trabecular Spacing (Tb.Sp), and Trabecular Thickness (Tb.Th) of the bone defects by 3D Micro-CT reconstruction software in the
rabbit bone defects (Red: 2 weeks, Orange: 4 weeks; Yellow: 8 weeks, Green: 12 weeks). Data represented as mean � SD (n ¼ 3, *p < 0.05, **p < 0.01). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. McNeal-straining images of distal femur defects after with the implantation of three pore scaffolds (Cubic, Cylindrical, Gyroid) for 2, 4 and 12 weeks. (S,
scaffolds; FT, fibrous tissue; NB, newly formed bone).
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and cylindrical pore scaffolds but more fibrous tissue was observed in the
gyroid pore group. After 12 weeks of new bone growth and
9

mineralization, the bone tissue in the cubic and cylindrical pore groups
had entered the bone remodeling stage, and the mature bone tissue could
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be seen as a light-red color. Furthermore, the histological analysis also
confirmed that the porous architectures were well preserved after 12
weeks although the pore walls were thinner than those at two weeks. The
newly formed bone tissue was expected to integrate with the bioceramic
pore wall, which was also observed from the Micro-CT reconstructed 2D
images.

The HE-stained images showed that the progress of vascularization
and bone regeneration differed between the different pore geometries
(Fig. 8). Inflammatory reactions were visible in the scaffolds after one
week with large numbers of inflammatory cells observed from the high-
magnification images as shown in Fig. 8B. A small amount of new bone
tissue could be observed in the cubic and cylindrical pore groups after
two weeks, while small numbers of new capillary vessels could be
observed in gyroid pore group at the same time (Fig. 8C). In addition, it
was confirmed that the gyroid pore architecture was advantageous for
early vascularization and, furthermore, new bone tissue was only
observed in the gyroid pore scaffolds after four weeks. Meanwhile, the
new bone tissue had spread from the periphery of the pore to the center at
eight weeks, and the gyroid pore networks were filled with new bone
tissue and long strips of new blood vessels after 12 weeks (Fig. 8C).

4. Discussion

Pore geometries are becoming increasingly relevant in the field of
bone tissue repair using regenerative medicine techniques. In addition,
researchers are aiming to develop structurally stable porous scaffolds
with specifically optimized properties to promote and accelerate the
regeneration of bone tissue [35,36]. The CAD-based additive
Fig. 8. The HE-straining images of distal femur defects after with the implantation of
1, 2, 4, 8, 12 weeks. The partial images for (B) 1 week and (C) 2, 4, 8, 12 weeks af
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manufacturing techniques are highly effective for optimizing the external
morphology and internal pore geometries of porous scaffolds [37].
Comparing pure CSi and M-CSi bioceramics, the present investigation
demonstrated that MS-CSi is more effective for bone repair due to its
appreciable mechanical strength and superior osteogenic activity. Pore
geometries with TPMS types are newly developed topologies with mean
curvatures of zero, as well as being infinite and periodic in 3D Euclidean
space, rendering them highly controllable and homogeneous [38,39].
Natural systems such as sea urchins, corals, plant leaves, and the mi-
crostructures of mammalian trabeculae all have TPMS and similar
geometrical features [40–42], possibly the result of the selection of such
structures by convergent evolution [43]. For instance, gyroid pores have
extensive specific surface areas, which are conducive to the migration of
living cells and thus have good clinical potential [37]. Hence, such
TPMS-typed porous scaffolds are expected to improve the osteo-
conductivity of biomedical materials, and thus provide a new prospect
for the development of biodegradable ceramic scaffolds for bone repair.
This study evaluated the mechanical properties and biodegradability of
bioceramic scaffolds with different pore geometries. In addition, it
explored the potential mechanisms by which the different pore geome-
tries affected their osteogenic and angiogenic properties.

The XRD and ICP-OES analyses confirmed that the MS-CSi powders
were free of any other secondary phase. It is reasonable to assume that
increases or decreases in magnesium and strontium substitution may be
attributable to the ionic diameters of these metal ions. The ionic di-
ameters of magnesium, calcium, and strontium are increased, and hence
the substitution of calcium ions by strontium is more difficult due to
expansive type lattice deformation. In general, magnesium doping may
three pore scaffolds (Cubic, Cylindrical, Gyroid) in vivo. (A) The whole images for
ter implantation. (S: scaffolds, NB: new bone matrix, CV: capillary vessel).



Y. Li et al. Materials Today Bio 20 (2023) 100667
significantly enhance the sintering properties of CSi bioceramics and the
mechanical parameters can be improved [36]. Our previous study has
showed that strontium doping of M-CSi led to mechanical decay as the
strontium content increased [19]. Nevertheless, diluted doping of both
magnesium and strontium in CSi bioceramics can still contribute an
appreciable compressive resistance. In terms of the structural parameters,
the real porosity of all scaffolds was ~50%, and the average pore size
(~500 μm) are high enough for osteogenic cell migration and fibrous
vascularization. The decreases in the structural parameters of the porous
scaffolds are mainly ascribed to the high content of light-sensitive resin in
the printing bodies and the inevitable linear shrinkage of the bioceramic
during sintering [44]. It is evident that the similar porosity and pore sizes
of the scaffolds with different pore geometries may be effective for
ensuring constancy of structural conditions when evaluating angiogen-
esis and osteogenesis [45].

Ideally, porous scaffolds should have mechanical properties similar to
those of natural bones during the entire process of tissue repair and
regeneration, especially when the scaffold is to be implanted into a load-
bearing site [46]. It is also imperative to match the degradation rate of
the scaffolds with the rate of bone formation. This is because the
regeneration process is usually prolonged and thus the scaffolds should
be mechanically stable with relatively constant stiffness and strength
[47]. It is estimated that human cancellous bone has a compressive
strength of 2–21 MPa and the elastic modulus is in the range of 5–104
MPa [48,49]. It has been demonstrated that mechanical strength is
directly related to the pore topologies of the bioceramic scaffolds. The
conventional strut-based cubic and cylindrical pore architectures may
contribute a stronger structural collapse resistance (by ~35%) in com-
parison with the gyroid pore architecture, whereas the later exhibits
more appreciable structural transformation ability. In fact, gyroid pore
scaffolds possess a relatively lower compressive strength (~17.8 MPa)
than the other two groups of scaffolds (>25 MPa). There is a complex
relationship between the curvature and complexity of the porous struc-
ture of bioceramic scaffolds and their mechanical strength.

On the other hand, the in vitro bio-dissolution performance of the
bioceramic scaffolds during the early stage (14 days after surgery) may
also display cytocompatibility, bioactivity, biodegradability and struc-
tural stability in the bone defect environment. Overall, all the scaffolds
showed almost 4%mass decay with a burst release of Ca and Si within the
first three days, after which the ions at all concentrations showed slow
increase. Also, both Mg and Sr showed similar increases andmaintenance
to each other during the early stage. It was noted that the gyroid pore
scaffolds showed a slightly faster mass decay in Tris-HCl buffer after 12
weeks, whichmay be related to the slightly higher specific surface area of
its pore structure. However, the mass decay rates of the scaffolds in vitro
slowed as expected with prolongation of the immersion time (Fig. 2D).
This indicates that the poor dissolution property of the MS-CSi bio-
ceramic is beneficial for its integration with the host bone tissue in vivo.
These results indicate that the different pore geometries in the bio-
ceramic scaffolds have limited influence on the rate of ion release due to
similarities in their pore parameters. Alternatively, the ability of bio-
ceramic scaffolds to form an apatite layer on the pore walls during SBF
immersion in vitro can also predict their ability to bond with bone and
their bioactivity in vivo [50]. The surfaces of the MS-CSi bioceramic
scaffolds can readily induce biomimetic apatite deposition during im-
mersion in SBF. Therefore, these material conditions involving similar
pore walls and ion release characteristics are advantageous for studying
the effect of pore geometries on angiogenesis and osteogenesis.

Bone is a highly vascularized tissue and angiogenesis plays a signifi-
cant role in bone formation [51]. Rapid angiogenesis is an important
stage of bone regeneration. The vascular network not only provides nu-
trients and oxygen for bone regeneration and removes bone residue but
also recruits hematopoietic stem cells, bone cells, and immune cells [52].
The influence of the three kinds of scaffolds on HUVECs was analyzed by
Transwell migration and tube-formation assays. The results showed that
compared to the cubic and cylindrical pore scaffolds, the gyroid scaffold
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enhanced both migration and tube formation in HUVECs. We further
analyzed the upstream mechanisms by which pore structures guide
endothelial cell maturation. YAP/TAZ, as sensors and mediators of me-
chanical cues instructed by the cellular microenvironment, can regulate
endothelial cell proliferation, migration, and survival, thereby control-
ling angiogenesis, blood vessel barrier formation, and vascular remod-
eling [53]. Based on recent research findings, it has been reported that
biomaterials can activate YAP/TAZ pathways to influence cellular
behavior and guide the rational design of materials [54–56]. We found
that the unique pore curvature of the gyroid scaffold activated the
YAP/TAZ pathway, inhibited their phosphorylation, and enhanced nu-
clear translocation. It is speculated that the scaffold pore geometry me-
diates the behavior of HUVECs following the pathway as shown in
Fig. 3J. This study identifies the importance of YAP/TAZ mechano-
transduction in the scaffold pore geometry-HUVECs interaction. More-
over, upregulated expression of osteogenesis-related genes such as OCN,
OPN, Runx-2, and Col-1 was observed in the cubic and cylindrical pore
scaffolds in comparison with the gyroid pore scaffold in vitro. These
findings were confirmed by subsequent in vivo experiments. Overall, the
pore geometry of scaffolds plays a critical role in determining the oste-
ogenic and angiogenic potential. Wu et al. found that pore geometry was
more important for vascular formation in bioceramic scaffolds than pore
size and that the traditional cube or hexagonal pore geometry was only
beneficial to improve mechanical strength without being conducive to
early angiogenesis [57]. Bidan et al. studied the behavior of cells on pores
of different shapes including prismatic, square, and cross shapes, to
predict the growth of bone matrix [58]. It was found that the initial rate
of overall tissue deposition was twice as fast in cross-shaped pores than in
square-shaped pores. It was thus suggested that optimization of the pore
shape may improve the growth rate of bone tissue. Recent studies have
shown that a specific vessel subtype, the type-H vessel, which was
strongly positive for both CD31 and endomucin (EMCN), could orches-
trate the coordination of angiogenesis and osteogenesis in bone remod-
eling [59]. The present study showed that the CD31 expression level in
cells in the gyroid pore scaffold was significantly higher than that in the
other groups. It may be that the specific curvature of the gyroid pore
scaffold promotes the maturation of HUVECs and their transformation to
type-H endothelial cell. In addition, the pore geometries of scaffolds may
also affect cell-material interactions to modulate paracrine activity of
BMSCs for vascularized bone regeneration. Arnal-Pastor et al. found that
sponge-like scaffolds promoted greater cell organization into tubular-like
structures than grid-like scaffolds because the paracrine signaling of stem
cells significantly enhanced the activity of endothelial cells [60]. Qazi
et al. found that simply optimizing the pore size of scaffolds could
significantly enhance the paracrine activity of BMSCs to significantly
promote both migration and tube formation in endothelial cells [61].
Lian et al. observed that by stimulating the paracrine effect of BMSCs
through the design of scaffold pore geometry, the biomaterial signifi-
cantly enhanced the immunomodulatory, angiogenic and osteogenic
potential [62].

5. Conclusion

Overall, we developed highly bioactive ceramic scaffolds with
different pore geometries using DLP printing. Optimization of the 3D
porous models and sintering parameters allowed fine control of the pore
wall curvature in the scaffold. Under similar pore structural parameters,
the gyroid pore architecture exhibited lower compressive resistance than
the strut-based scaffolds. However, such TPMS-based pore curvature was
found to be more beneficial for the survival and proliferation of HUVECs
and significantly enhanced both migration and tube formation by
enhancing the YAP/TAZ pathway. In contrast, the strut-based porous
scaffolds were slightly superior to osteogenic stem cells in osteogenic
ability. Specifically, the rabbit femoral defect repair model demonstrated
the superior performances of the cubic and cylindrical pore scaffolds in
terms of new bone formation while analysis of vascular perfusion
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demonstrated the significant potential of the gyroid pore architecture in
promoting neovascularization. These findings suggest that the topologi-
cal structures of bioceramic scaffolds could be further developed and
improved by DLP-based 3D printing, which may improve the application
potential of these biomaterials in bone regenerative medicine.
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