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Bioceramics have emerged as some of the most widely utilized and promising biomaterials for bone
repair. The structural morphology of bioceramic scaffolds plays a critical role in determining their overall
performance. Strategic morphological design and optimization have been demonstrated to substantially
augment therapeutic outcomes. Herein, in this study, we present a strategy for fabricating p-tricalcium
phosphate (8-TCP) bioceramic scaffolds featuring a dual-pore architecture comprising fully intercon-
nected hollow channel networks and open macropores, achieved through extrusion-based 3D printing
coupled with surface crosslinking. The manufacturing process enables simultaneous structural optimiz-
ation and bioactive ion incorporation (e.g., Ccu?*, sr3)
and in vivo evaluations revealed that the interconnected channel system significantly enhanced mass

during surface crosslinking. Comparative in vitro

transport efficiency and cellular infiltration, leading to superior bone tissue ingrowth and vascularization
compared to both non-channeled scaffolds and those with non-interconnected channels fabricated by
coaxial 3D printing. This work establishes the following advances: integration of macropores with fully
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interconnected channel networks in bioceramic scaffolds using extrusion-based additive manufacturing,
and demonstration of enhanced vascularized osteogenesis through optimized structural design. The
findings provide insights into the rational design of advanced bioceramic scaffolds for functional bone
rsc.li/biomaterials-science regeneration.
behaviors and tissue regeneration processes.* For instance, the
surface micro/nano architectures of biomaterials could regu-

1. Introduction

Scaffold-based bone tissue engineering is still one of the most
promising strategies to repair bone defects,' caused by
trauma, tumor resection and congenital deformities. In the
process, the physical architecture and chemical composition
of three dimensional (3D) porous scaffolds hold paramount
significance in promoting vascularization and bone
regeneration.>” It is well known that the biological functions
of cells and tissues are regulated by various biochemical
factors. Meanwhile, in the field of tissue engineering, the
physical cues exhibited by biomaterials and scaffolds occupy
an important position as they significantly influence cellular
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late cell adhesion, proliferation and differentiation.>® The
porosity and pore size of scaffolds have been widely demon-
strated to critically influence bone regeneration.” Additionally,
the pore architecture also serves as a crucial determinant in
regulating cellular behavior, vascularization and bone tissue
formation. Specifically, previous studies have highlighted the
significance of hollow channels in offering vital architectural
cues for tissue engineering.®*° For example, the hollow chan-
nels could enhance cell infiltration, delivering oxygen and
nutrients to the bulk of scaffolds, and promote the integration
of host tissues and the invasion of blood vessels in vivo.""
Furthermore, the hollow channels also have roles in patterning
cells and controlling the spatiotemporal distribution of mole-
cules and ligands in the 3D scaffolds.’” Therefore, scaffolds
incorporating hollow channels emerge as a promising alterna-
tive strategy to tackle the challenges of sluggish vascularization
and inadequate new bone tissue formation encountered in the
repair of large bone defects.

Various methods have been developed to prepare hollow
channeled scaffolds, such as the conventional methods using
array templates."® However, these conventional methods often
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fall short in their ability to precisely control the morphology of
the scaffold. 3D printing with the apparent merits of individ-
ual design and precise control is a powerful technique to fabri-
cate 3D porous scaffolds for tissue engineering,"* " including
scaffolds with designed hollow channels.'” For instance, algi-
nate based hydrogel scaffolds with macro pores and hollow
channels were fabricated by co-axial 3D printing.'® Moreover,
hollow channeled bioceramic scaffolds have also been fabri-
cated using this method. In our previous study, we created sili-
cate-based bioceramic scaffolds with hollow channels using
co-axial 3D printing and the hollow channels showed architec-
tural cues for promoting new bone formation in vivo.'>*°
However, although co-axial 3D printing is an efficient and
direct approach to prepare hollow channels in scaffolds, the
created hollow channels were not interconnected. Extensive
research has convincingly demonstrated the critical impor-
tance of the interconnection between macro pores within 3D
scaffolds for successful bone repair.>"** Insufficient pore inter-
connection can hinder fluid diffusion and cell migration, ulti-
mately impeding vascularization and the formation of new
bone tissues within the scaffolds. Additionally, it is still a chal-
lenge to create branched tubular structures using this method.
Another approach utilizing fugitive materials for creating
hollow channels within scaffolds is also widely reported.>*>*
While this methodology effectively enables the creation of fully
interconnected hollow channels, it falls short of concurrently
achieving controlled macro pores within the scaffolds.
Furthermore, its applicability appears to be limited primarily
to the fabrication of hydrogel scaffolds.

Recently, we reported a novel method to fabricate hydrogel
scaffolds with macro pores and fully interconnected hollow
channels using 3D printing and surface crosslinking.***” The
fully interconnected hollow channels showed excellent per-
formance to facilitate the formation of vessels not only in the
periphery but also in the center of the hydrogel scaffolds.
However, hydrogel scaffolds still face the challenge of poor
mechanical properties and a lack of bioactivity for bone repair
applications.® In addition, the swelling behavior of hydrogels
adversely affects their structural stability, creating undue
pressure and potential damage to the surrounding tissues,
which further restricts their application in critical sized bone
defect repair.>® Bioceramics have garnered widespread adop-
tion in bone tissue engineering, not only due to their com-
mendable structural and mechanical stability and excellent
bioactivity but also because they exhibit the ability to promote
vascularization and bone healing via the release of vital bio-
active ions like silicon, copper, strontium, and
manganese.’*>> However, fabrication of bioceramic scaffolds
with precisely designed macro pores and meticulously con-
trolled morphology such as fully interconnected hollow chan-
nels, a feature that could potentially amplify their efficacy, has
yet to be fully addressed and optimized.

Herein, in this study, we successfully fabricated
p-tricalcium phosphate (B-TCP) scaffolds containing both
macro pores and fully interconnected hollow channel networks
by 3D printing and surface crosslinking. During the cross-
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linking process, precisely controlled doping of select trace
elements, including copper and strontium ions, was achieved
within the scaffolds, thereby enhancing their overall perform-
ance. The copper/strontium ion doped B-TCP scaffolds with
fully interconnected hollow channels (CSH) exhibited remark-
able synergistic effects in advancing vascularized bone repair
(Fig. 1). This was achieved through the controlled release of
bioactive ions and the provision of optimal architectural cues,
fostering a conducive environment for bone regeneration. The
in vivo results demonstrated that the CSH scaffolds signifi-
cantly promoted rapid vascularization and bone formation not
only in the periphery but also in the center of the scaffolds
after implantation in critical-sized skull defects in rats.

2. Experimental section
2.1 Materials

Calcium phosphate (B-TCP) was purchased from Kunshan
Overseas Chinese Technology New Materials Corporation
(China). Sodium alginate from brown algae and gelatin from
porcine skin were purchased from Sigma-Aldrich (USA). Cupric
chloride (CuCl,) with 98% purity, calcium chloride (CaCl,)
with 96% purity, and strontium chloride (SrCl,) with 98%
purity were obtained from Shanghai Macklin Biochemical Co.,
Ltd, China.

2.2 Preparation and characterization of CSH scaffolds

Sodium alginate powder (1 g) and B-TCP powder (2 g) were
mixed and ground using a mortar. Subsequently, the homo-
geneous mixture was dispersed in a 9 wt% gelatin solution
(8 mL) and stirred to form a paste, serving as the printing ink.
The bioceramic scaffolds with a pre-designed structure were
fabricated using a 3D printing system (BioScaffolder 3.1 from
GeSiM, Germany) at a printing speed of 5-7 mm s~ ' and a
dosing pressure of 200-250 kPa. The printing temperature was
set at 60 °C. The scaffolds were then transferred to crosslinking
solutions (0.1 M CuCl, and SrCl,) for 5 min. Then, the ends of
the scaffolds were excised and immersed in deionized water
(60 °C) to remove uncrosslinked materials from the center of the
printed filaments. Then, scaffolds with macro pores and fully
interconnected channel networks were obtained. After drying,
the scaffolds underwent sintering at 1100 °C for 180 min at a
heating rate of 2 °C min™" as reported previously.*> Then,
copper/strontium ion doped p-TCP scaffolds with fully intercon-
nected hollow channels, abbreviated as CSH scaffolds, with
enhanced structural stability and mechanical properties were
achieved. The effects of different crosslinking solutions and
crosslinking time periods (5, 10, and 15 min) on the formation
of hollow channels were investigated in detail. Subsequently,
the scaffolds were characterized using microscopy (TOKYO 16 3-
0914, Japan), scanning electron microscopy (SEM, FEI APREO S,
Thermo Scientific, the Netherlands), and X-ray diffractometry
(XRD, D8 VENTURE, Bruker).

The control samples were also prepared as follows: (a) for
CSS, the copper/strontium ion doped p-TCP scaffolds without
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Fig. 1 The fabrication scheme involves creating a Cu/Sr-doped $-TCP scaffold with macro pores and fully interconnected hollow channel networks
using 3D printing and surface crosslinking techniques. The interconnected hollow channels, in conjunction with the released bioactive ions, exhibit

an enhanced ability to promote vascularization and new bone formation.

hollow channels, the scaffold was crosslinked with a 0.1 M
mixture of CuCl, and SrCl,. However, a crucial step was
omitted—the removal of uncrosslinked materials from the
core of the printed filaments; then the scaffold with solid fila-
ments (non-hollow) was obtained. (b) For CSC, the copper/
strontium ion doped B-TCP scaffold with non-interconnected
hollow channels, the scaffolds were prepared by co-axial 3D
printing, and then crosslinked by 0.1 M CuCl,/SrCl, solution.
So, a CSC scaffold with unconnected hollow channels was
obtained (Table 1).

The potential cellular infiltration pathways from the open
ends of channels to the central regions of CSH and CSC
scaffolds were simulated using COMSOL Multiphysics soft-
ware. The computational modeling process involved three

Table 1 The differences among CSS, CSC and CSH scaffolds

main steps: (1) establishing the geometric model of the
scaffold structure, (2) selecting appropriate physical fields for
the simulation, and (3) systematically configuring the
relevant parameters to accurately represent the cell infiltration
process.

2.3 The measurement of porosity, mechanical properties and
the in vitro degradation of the scaffolds

The porosity of the prepared scaffold was measured according
to Archimedes’ principle. Briefly, the scaffold was weighed in
the dry state (W;); then, the scaffold was prewetted with
ethanol, and the weight of the scaffold suspended in water
(W,) was measured. The fully water-saturated scaffold (W) was
weighed again in air. The measurements were conducted at

CSH

CsC CSS

Structure
hollow channels
Preparing methods

Porosity 83.6 £ 3.4%
Compressive strength (MPa) 1.15+0.29
Modulus (MPa) 36.41 + 4.67
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Macro pores + fully interconnected

3D printing + surface crosslinking

Macro pores + non-interconnected
hollow channels
Co-axial 3D printing

Macro pores

3D printing

78.2 £2.8% 56.5 + 3.8%
1.22 +0.31 3.42 £ 0.25
38.51 +5.83 66.72 + 5.23
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room temperature, and the porosity was calculated according
to the following equation:

P = (W3 — Wl)/(W3 — Wg) x 100%

The compressive strength and modulus of the dry scaffolds
(10 x 10 x 5 mm, n = 5) were evaluated utilizing a universal
testing machine (CMT5504, MTS Systems, China), which was
equipped with a 50 kN load cell, under room temperature con-
ditions in accordance with the ISO 13314 standard. Quasi-
static tests were conducted at a rate of 1 mm min™', and the
tensile modulus was subsequently determined according to
the slope of the strain-stress curves. To assess the in vitro
degradation of the scaffolds, samples (n = 5) were immersed in
Tris-hydrochloride (Tris-HCI, pH 7.4) solution and then kept
in a shaker (37 °C, 150 rpm). The Tris-HCl solution was
refreshed weekly. At specific time intervals (1, 3, 7, 14, 21, 28,
42, 56, and 70 days), the scaffolds were retrieved and
thoroughly dried, and then their weight loss was quantified
using a microbalance. Additionally, at these designated time
points (1, 7, 14, 21 and 28 days), the release of bioactive ions
from the scaffolds was precisely measured utilizing an Avio
200 ICP-OES system from PerkinElmer Inc., USA.

2.4 Proliferation and differentiation of rBMSCs on the
scaffolds

Rat bone marrow stromal cells (rBMSCs) were purchased from
the Cell Bank (Chinese Academy of Sciences, Shanghai, China)
and maintained in «-MEM medium (GlutaMAX™, Gibco, USA)
supplemented with 1% penicillin/streptomycin and 10% fetal
bovine serum (FBS). Prior to use, all scaffolds underwent auto-
claving to guarantee sterility. For the cell proliferation experi-
ments, rBMSCs at a density of 0.5 x 10" cells per well were
seeded onto the scaffolds placed in 48-well plates. These plates
were then incubated under a 5% CO, atmosphere at 37 °C,
and cell proliferation was assessed using the CCK-8 assay on
days 1, 3 and 7. Furthermore, to visualize cell adhesion and
proliferation on the scaffolds, fluorescence staining was per-
formed with a calcein-AM staining kit, and the resulting
images were captured using a fluorescence microscope (Zeiss
Axio Observer A1, Wetzlar, Germany). The cells were stained
with DAPI and phalloidin, and their morphology was sub-
sequently visualized and captured using confocal microscopy.

The migration of rBMSCs was evaluated using a transwell
migration assay. The scaffolds were placed in 24-well culture
plates for 3 days, and rBMSCs at a density of 5 x 10* cells per
well were seeded in the upper chamber. Following 12 hours of
incubation, the cells were fixed with 4% paraformaldehyde for
30 minutes and thoroughly washed three times with phos-
phate buffered saline (PBS). Subsequently, the cells that had
migrated to the lower chamber were imaged using a fluo-
rescence microscope (Zeiss Axio Observer A1, Wetzlar,
Germany).

To assess the formation of calcium nodules in the rBMSCs,
Alizarin Red staining was conducted after 21 days of cell
culture. Furthermore, the influence of the scaffolds on osteo-
genic gene expression in the rBMSCs was evaluated by quanti-
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tative real-time reverse transcription polymerase chain reaction
(qRT-PCR) after 28 days of cell culture. Total RNA was extracted
using Trizol reagent and reverse-transcribed into ¢cDNA. This
c¢DNA was then subjected to polymerase chain reaction (PCR)
amplification using a multiplex primer set targeting key osteo-
genic genes, including osteocalcin (OCN), osteopontin (OPN)
and alkaline phosphatase (ALP). PCR primer information of
OCN, OPN and ALP is listed in Table S1.}

2.5 Seeding and culturing HUVECs on the scaffolds

Human umbilical vein endothelial cells (HUVECs) were
acquired from EK Biosciences (Shanghai, China) and culti-
vated in an endothelial cell medium (also from EK
Biosciences, Shanghai, China) within an incubator maintained
at 37 °C under a 5% CO, atmosphere. To assess cell infiltration
in the microchannels, HUVECs were seeded into microchan-
nels of the prepared scaffolds at a density of 1.0 x 10" cells
through one open end of the channels and cultured for a
period of 7 days. Following cultivation, the cells were
stained with DAPI and phalloidin, and their morphology was
subsequently visualized and captured using confocal
microscopy.

To assess the impact of the scaffolds on angiogenic gene
expression in HUVECs, qRT-PCR was performed, adhering to
the same protocol as outlined in section 2.3. This analysis tar-
geted the following genes: hypoxia-inducible factor-1 alpha
(HIF-1a), vascular endothelial growth factor (VEGF), and plate-
let endothelial cell adhesion molecule-1 (CD31). PCR primer
information for HIF-1a, VEGF and CD31 is listed in Table S1.}

2.6 The evaluation of in vivo vascularization of scaffolds in
the subcutaneous region

Female Kunming (KM) mice, aged 4-5 weeks, were procured
from Guangdong Laboratory Animal Co., Ltd. All animal pro-
cedures were performed in accordance with the Guidelines for
Care and Use of Laboratory Animals of Shenzhen University
and approved by the Animal Ethics Committee of Shenzhen
University Health Science Center. Prior to surgery, the mice
were anesthetized using isoflurane. Subsequently, sterilized
scaffolds (diameter 5 mm), which were pre-treated through
autoclaving, were implanted subcutaneously into the mice.
After 4 weeks of implantation, the vascularization in the
scaffold implanted region was evaluated using micro-com-
puted tomography (p-CT) analysis. Following the manufac-
turer’s instructions (Flow Tech, Inc., USA), a uniform solution
of contrast agent, diluent, and 5% curing agent was prepared
and injected into the mice at a rate of 2 mL min~'. The
scaffolds and surrounding tissues were then excised from the
implant sites. The excised samples were fixed in 4% parafor-
maldehyde solution before being scanned and reconstructed
using p-CT (p-CT100, Scanco Medical AG, Switzerland). The
resulting images were analyzed to calculate the vascular
volume/total tissue volume ratio, providing a quantitative
assessment of subcutaneous vascularization induced by the
scaffolds.
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2.7 The evaluation of in vivo bone repair capability of
scaffolds

Critical-sized calvarial bone defects in rats were established in
accordance with previous research methodologies. Six-week-
old female Sprague-Dawley (SD) rats, sourced from
Guangdong Laboratory Animal Co., Ltd, were utilized for this
experiment. Prior to surgery, the rats were anesthetized using
isoflurane administered through a ventilator. Subsequently,
cranial defects with a diameter of 5 mm were created, and the
prepared scaffolds were implanted into each defect to evaluate
their osteogenic potential. All animal procedures were per-
formed in accordance with the Guidelines for Care and Use of
Laboratory Animals of Shenzhen University and approved by
the Animal Ethics Committee of Shenzhen University Health
Science Center. At 4 and 8 weeks post-implantation, the rats
were euthanized, and their skulls were subjected to p-CT
imaging. Quantitative analysis encompassed measurements of
bone mineral density (BMD), new bone volume relative to
tissue volume (BV/TV), and trabecular bone number (Tb.N).
For histological and immunohistochemical evaluations, the
samples underwent decalcification in 10% EDTA for 4 weeks,
followed by paraffin embedding. Sections with a thickness of
4 pm were cut and stained with hematoxylin and eosin (H&E)
and Masson’s trichrome for histological assessment.
Additionally, immunohistochemical staining was performed
using primary antibodies directed against OPN, OCN, HIF-1q,
and CD31 to further characterize the bone regeneration
process and associated vascularization.

2.8 Statistical analysis

All results were obtained from at least three independent
experiments in this study and exhibited as mean + standard
deviation using one-way ANOVA analysis. Statistical analysis
was carried out using Origin 2022. The statistical significance
was defined as *p < 0.05.

3 Results and discussion
3.1 Fabrication and characterization of CSH scaffolds

The microstructures of scaffolds hold pivotal roles in govern-
ing bone regeneration and vascularization processes.**
Notably, microchannels have emerged as critical architectural
elements, exhibiting profound influences on enhancing bone
tissue formation and fostering vascularization.®™*° However,
creating fully interconnected microchannel networks within
bioceramic scaffolds that simultaneously encompass precisely
controlled macro pores remains a challenge. Co-axial 3D print-
ing is a prevalent technique employed for fabricating micro-
channels within scaffolds. Nonetheless, the created micro-
channels often fail to achieve complete interconnectivity,
thereby impeding efficient mass exchange and ultimately
affecting optimal tissue formation within the scaffolds.
Herein, based on our previous study, we developed an effective
and facile method to create 3D bioceramic scaffolds with con-
trolled macro pores and fully interconnected microchannels
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for vascularized bone repair applications. Firstly, we prepared
printing inks consisting of B-TCP powders, alginate and
gelatin. Alginate enables surface crosslinking via divalent
cations, and gelatin enhances the printability of the inks
because of its characteristics of temperature sensitivity.
Subsequently, 3D scaffolds with meticulously designed macro
pores were fabricated via extrusion-based 3D printing (Fig. 2a).
Afterwards, the printed scaffolds underwent a crucial step
involving immersion in a crosslinking solution (such as CacCl,,
CuCl, or SrCly) for a predetermined duration. This step is
pivotal for the formation of CSH scaffolds. During this
process, a unique phenomenon occurs: only the surface of the
alginate/B-TCP filaments undergoes rapid crosslinking, result-
ing in dense structures (Fig. 2a). Conversely, the core regions
of these filaments remain in an uncrosslinked state due to the
crosslinked surface effectively inhibiting the diffusion of cross-
linking ions from the periphery towards the center. SEM
images and elemental mapping analyses conclusively validated
the presence of a dense surface layer coupled with a porous
interior within the filaments after crosslinking. Furthermore,
the analyses revealed a higher concentration of crosslinking
ions (Cu®" and Sr**) on the surface compared to the interior
regions of the filaments, further proving the differential cross-
linking patterns (Fig. S17).

Finally, the uncrosslinked materials residing at the core of
the filaments were eliminated, yielding fully interconnected
microchannel networks (Fig. S2a and bf). Subsequent to
drying and sintering processes, the hollow channeled biocera-
mic scaffolds exhibited enhanced structural stability and
mechanical properties (Fig. 2b and Fig. S21), although around
15-40% shrinkage occurred (Fig. S2m-ot). The sintering-
induced shrinkage process results in a proportional reduction
in the overall scaffold dimensions, including pore size, fila-
ment diameter, and hollow channel wall thickness, thereby
improving the resolution of the printed scaffolds. This
phenomenon simultaneously influences two critical scaffold
characteristics: (1) porosity declines due to pore coalescence
and densification, and (2) mechanical properties are enhanced
through microstructural consolidation. Notably, elevated sin-
tering temperatures exacerbate these transformations: higher
temperatures promote densification, manifesting as acceler-
ated shrinkage rates, more pronounced porosity reduction,
and greater improvement in compressive strength.>

Diverse divalent cations (including Ca*', sr**, Cu**, Zn*",
etc.) and Fe*" ions were workable for crosslinking the alginate/
B-TCP filaments to produce the fully interconnected micro-
channels (Fig. S3af). The wall thickness of the channels could
be tuned by the concentration of crosslinking ions and cross-
linking time (Fig. 2c and Fig. S3b-df). As expected, the wall
thickness increased as the crosslinking time increased, and a
wall thickness as thin as 200 pm could be achieved after cross-
linking with 0.1 M Cu®" for 5 min. When the concentration of
crosslinking ions was elevated to 0.5 M and the crosslinking
duration was extended to 10 minutes, the resulting excessive
wall thickness significantly impeded the complete removal of
uncrosslinked residues from the core regions of printed fila-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Fabrication and characterization of the scaffolds. The images showing the process of fabrication of the CSH scaffold: the scaffold after 3D
printing, surface crosslinking, removal of inner materials and final sintering (a). The u-CT image of the prepared CSH scaffold showing the fully inter-
connected microchannels and macro pores (b), and the effects of different crosslinking agents and time periods (5, 10 and 15 min) on the channel
wall thickness of the CSH scaffold (c). XRD patterns of 3-TCP scaffold crosslinking using different ions (d). The SEM images of the CSH scaffold on
the cross-section and the inner surface of the channel (e), and the longitudinal section and the outer surface of the channel (f). SEM and elemental

mapping images of the channel wall (g).

ments. This phenomenon became particularly problematic in
delicate architectures, such as thin-diameter filaments and
complex 3D scaffold structures, where residual uncrosslinked
material entrapment was exacerbated. The morphological evol-
ution induced by these processing parameters ultimately com-
promised the structural integrity and functional performance
of the final fully interconnected hollow channels.
Furthermore, bioactive trace elements (such as Sr**, Cu®"),
which are beneficial for osteogenesis and angiogenesis, could
be introduced in the bioceramic scaffolds during crosslinking.
XRD analysis revealed a similar pattern across all samples, irre-
spective of the incorporation of various trace elements into the
B-TCP scaffolds (Fig. 2d). This observation indicated that the
doping of bioactive elements via this methodology did not sig-
nificantly alter the P-TCP phase. The CSH scaffolds were

This journal is © The Royal Society of Chemistry 2025

further characterized by SEM and elemental mapping. The
SEM images captured on both the cross-section and vertical
section of the CSH scaffold vividly demonstrated the complete
interconnectivity of the microchannels between distinct layers
(Fig. 2e and f). This interconnected microchannel network,
which was unattainable in channeled scaffolds produced by
coaxial 3D printing (CSC scaffold),"® underscores the unique
structural advantages of the CSH scaffolds. Additionally, SEM
images also showed the perfectly tubular shape of the chan-
nels within the CSH scaffold, suggesting that even in thick
scaffolds, the microchannels maintained their standard
tubular morphology without any distortion (Fig. 2f). In con-
trast, the microchannels of bioceramic scaffolds fabricated by
coaxial 3D printing often succumb to deformation, primarily
attributed to the influence of gravity.'® High-magnification

Biomater. Sci., 2025, 13, 4830-4845 | 4835
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SEM images revealed that the outer surface of hollow channels
exhibited a denser microstructure than the inner surface
(Fig. 2e and f). Further elemental mapping analysis confirmed
the uniform distribution of the dopant elements, Cu and Sr,
throughout the CSH scaffold (Fig. 2g). Notably, EDS analysis
yielded weight percentages of 1.75% for Cu and 3.31% for Sr
in the CSH scaffold, slightly surpassing their respective con-
centrations in the CSS scaffold (Fig. S47).

3.2 Mechanical properties and degradation of the prepared
bioceramic scaffolds

The total porosity of the scaffold was measured and the data
showed that the porosity of the CSH scaffold was 83.6 + 3.4%,
which was significantly higher than that of the CSS scaffold
(56.5 + 3.8%) (Fig. 3a). This notable increase in porosity,
approximately 27%, can be attributed to the presence of the
microchannels within the CSH scaffold. Furthermore, the
porosity of CSH was slightly greater than that of CSC (78.2 +
2.8%), suggesting that full interconnection among channels
may also contribute to an elevation in porosity. The mechani-
cal properties of the prepared bioceramic scaffolds were
measured, including the compressive strength and modulus.
The data revealed that CSH scaffolds exhibited a compressive
strength of 1.15 + 0.29 MPa and a modulus of 36.41 + 4.67
MPa. These values did not demonstrate a significant difference
when compared to those for CSC scaffolds. However, they were
notably lower than the compressive strength and modulus of
CSS scaffolds, which were 3.42 + 0.25 MPa and 66.72 + 5.23
MPa, respectively (Fig. 3b—d and Table 1). Apparently, the fully
interconnected microchannels within the CSH scaffold
resulted in a substantial elevation in total porosity, which then
caused the loss of some mechanical properties. It is well known
that the mechanical properties of the bioceramic scaffolds are
related to many parameters, such as the porosity and pore
structure.”®*” Typically, a notable inverse correlation is observed
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between mechanical properties and porosity, wherein an increase
in porosity tends to coincide with a deterioration in mechanical
properties.*® This underscores the inherent challenge in optimiz-
ing both attributes simultaneously in the design of bone
scaffolds. Meanwhile, the pore architecture assumes a pivotal role
in affecting the mechanical properties of porous scaffolds.*®
Previous studies have demonstrated that an ordered pore struc-
ture can impart higher mechanical properties to porous scaffolds,
as compared to those featuring a random pore arrangement.*%*!
Furthermore, for B-TCP scaffolds, the sintering process plays a
crucial role in modulating their mechanical properties. By opti-
mizing the sintering efficiency, it is possible to achieve scaffolds
with tailored mechanical characteristics, thereby enhancing their
performance and suitability for specific applications.”” In the
present study, although the compressive strength of CSH was
insufficient for adapting load-bearing bone defects directly, it was
sufficient for handling and suitable for in vitro and in in vivo
experiments.

The in vitro degradation of the scaffold was assessed
through a 70-day incubation period in PBS. The results indi-
cated that all scaffolds exhibited a limited degradation rate
within this environment, evidenced by the CSH scaffold under-
going a weight loss of approximately 13% after 70 days of incu-
bation (Fig. 3e). Anyway, from day 14 onward, the degradation
rate of the CSH scaffold exceeded that of the CSS scaffold, indi-
cating that the presence of microchannels significantly
enhanced the degradation process. Furthermore, over the
entire 70-day incubation period, the CSH scaffold demon-
strated a greater weight loss compared to the CSC scaffold,
suggesting that the fully interconnected microchannel network
plays a critical role in accelerating degradation. This is likely
because the full interconnection facilitates enhanced mass
exchange and liquid perfusion.

Additionally, the release of calcium, copper and strontium
ions from the scaffolds during 28 days of incubation was meti-
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Fig. 3 The mechanical properties and in vitro degradation. The porosity (a), stress—strain curves (b), compressive strength (c) and modulus (d) of
CSH, CSC and CSS scaffolds. The relative weight of the three types of scaffolds during 70 days of in vitro degradation (e), and the release of calcium
(f), strontium (g) and copper (h) ions from the scaffolds during 28 days of incubation in vitro.
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culously monitored. According to the received data (Fig. 3f-h),
the three types of ions showed sustained release during the
incubation period, and no apparent initial burst release was
observed for all scaffolds, which could avoid the concen-
tration-dependent cytotoxicity of copper and strontium ions.
In comparison with the CSS scaffold, the CSH scaffold exhibi-
ted faster and greater release of ions. This enhanced release is
evidently attributable to the increased surface areas and poro-
sity facilitated by the microchannels in the CSH scaffold. The
release kinetics of ions are linked to the degradation of 3D-
printed B-TCP scaffolds. Consequently, the factors influencing
the degradation of these scaffolds serve as regulators of ion
release. Key factors are the scaffolds’ porosity and specific
surface area, the grain size and crystal configuration of the
B-TCP material, and environmental conditions such as pH
value, temperature, ionic strength, and the presence of coexist-
ing ions in the surrounding solution.*’ In the in vivo setting,
the release kinetics of ions is further shaped by dynamic inter-
actions between the scaffold materials and the surrounding
tissues.

3.3 Cell (rBMSCs and HUVECS) culture on the bioceramic
scaffolds

To assess the cytocompatibility of CSC, CSS and CSH scaffolds,
live cell assays and CCK-8 assays were conducted following the
seeding and culturing of rBMSCs on the respective scaffolds

CssS
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for a period of 7 days. From the fluorescence images, rBMSCs
showed high viability on all three types of scaffolds over the
culturing time (Fig. 4a). With the culturing time extending, the
cell density on the scaffolds significantly increased. After a
7-day culture period, the entire surfaces of all scaffolds were
nearly fully covered by cells with a well-spread morphology.
Notably, all scaffolds supported good cell proliferation
throughout the 7 days of culturing. In particular, cells on CSH
scaffolds exhibited superior growth activity compared to those
on CSS scaffolds (Fig. 4b), which might be attributed to the
improved delivery of oxygen and nutrients facilitated by the
interconnected hollow channel networks within the CSH
scaffold, along with the beneficial effects of ions released from
the scaffold.**

In addition, when seeded from the open ends of the chan-
nels, HUVECs not only adhered effectively but also flourished
on the inner surfaces of these hollow structures (Fig. 4c).
HUVECs can be efficiently seeded within the fully intercon-
nected channels via injection through one open channel. Cells
could migrate and infiltrate into the interconnected hollow
channels of the CSH scaffold during in vitro culture and in vivo
implantation (Fig. 4d). Furthermore, these cells exhibited
robust adhesion to the interior surfaces of the channels. Upon
seven days of culturing, examination using fluorescence and
confocal laser microscopy, facilitated by cutting through the
hollow channels, revealed that the cells had proliferated favor-

OD value (@450 nm)
P

3
Time (d)
CsC

Fig. 4 Biocompatibility and cell infiltration of scaffolds. The fluorescence microscopy and confocal laser microscopy images (a) and proliferation (b)
of rBMSCs on CSH, CSC and CSS scaffolds after 1, 3 and 7 days of culture. The confocal laser microscopy images of HUVECs cultured in the chan-
nels of CSH and CSC scaffolds for 7 days (c). The fluorescence microscopy and confocal laser microscopy images of HUVECs in the microchannels
of the CSH scaffold after seeding through one open end of the filament (d and e). Simulation (f) and schematic illustrating (g) the possible infiltration
route of cells from one open end of channels to the center of the CSH and CSC scaffolds.
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ably within these spaces, attaining an initial state of endothe-
lialization (Fig. 4e). In comparison, the channels within the
CSC scaffold, created through coaxial 3D printing, lacked inter-
connectivity, making it challenging for cells and substances
within one channel to migrate and transfer to others.
Conversely, the CSH scaffold boasted a distinct advantage: its
fully interconnected network of microchannels. This feature
not only enabled efficient cell seeding within the channels by
injecting cells through a single open end but also facilitated
mass exchange and cell infiltration throughout the intercon-
nected channels (Fig. 4f and g). Consequently, the CSH
scaffold, distinguished by its excellent cytocompatibility, pre-
sents itself as an ideal platform for spatially co-culturing
BMSCs and HUVECs. This can be achieved by positioning
BMSCs on the exterior and strategically seeding HUVECs
within the fully interconnected channel network of the
scaffolds.

3.4 Invitro cell migration

The migration of host stem cells to the defect areas is pivotal
for successful bone repair.**® During bone repair, mesenchy-
mal stem cells mobilized from the bone marrow were recruited
to the defect site and then differentiated into osteoblasts for
effective bone regeneration.*” Therefore, the implantation of
porous scaffolds designed to enhance mesenchymal stem cell
recruitment holds significant potential in accelerating bone
repair.*® Herein, the ability of the scaffold to recruit rBMSCs
was assessed using an in vitro transwell migration assay.
According to the received data, compared with the CSS
scaffold, significantly more cells were induced by the CSH
scaffold to penetrate the transwell membranes (Fig. 5a and c).
Apparently, the released ions from scaffolds play an important
role in cell migration, especially the Sr** ions. It has been
demonstrated that Sr*" ions could activate the deposition of
fibronectin,”® which is an important extracellular matrix
protein for cell proliferation and migration. Furthermore, by
incorporating fully interconnected microchannels, the CSH
scaffold offers a dependable system for enhancing cell
migration, particularly for cells transitioning from peripheral
regions to the center of the scaffold.*

3.5 Invitro osteogenesis and angiogenesis evaluation

The in vitro osteogenic potential of the scaffolds was assessed
through both quantitative and qualitative analyses of mineral
deposition, employing Alizarin Red S staining. Following 21
days of culturing, Alizarin Red S staining was applied to each
sample. Visual inspection of both digital and microscopic
images revealed discernible mineral deposition across all three
groups (Fig. 5b). Nevertheless, a closer examination of the
images and subsequent quantitative analysis demonstrated
the superior performance of the CSH scaffold, with signifi-
cantly more mineral nodules formed compared to the CSS
group (Fig. 5d). This finding indicated the enhanced osteo-
genic effect imparted by the CSH scaffold. In addition, the
expression of osteogenic differentiation related genes includ-
ing OCN, ALP and OPN was also measured by qRT-PCR after
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culturing rBMSCs on the scaffolds for 28 days. As shown in
Fig. 5e-g, OCN, ALP and OPN were all significantly up-regu-
lated in the CSH scaffold. Furthermore, after culturing
HUVECs on the scaffolds for 28 days, the expression levels of
angiogenesis-associated genes, including HIF-1a, CD31, and
VEGF, were observed to be markedly elevated in the CSH
group, showing the highest expression levels among all of the
groups (Fig. 5h-j).

3.6 Invivo vascularization and bone repair assessment

Vascularization plays a pivotal role in fostering bone tissue
regeneration during the bone repair process.”"> Herein, to
evaluate the ability of the prepared scaffolds to stimulate vas-
cularization in vivo, they were implanted into the sub-
cutaneous area of mice. Following a four-week implantation
period, the specimens were harvested and subjected to 3D
reconstructed p-CT imaging. The resulting images (Fig. 6a)
revealed a significantly higher density of vessels within the
CSH scaffold compared to the other three groups, underscor-
ing its enhanced capacity to induce vascularization. In particu-
lar, several newly formed vessels were observed to penetrate
the entire CSH scaffold, indicating the remarkable ability to
facilitate vessel formation even within the core region of the
scaffold. Quantitative analysis confirmed that the relative
vessel volume within the CSH scaffold was significantly elev-
ated compared to CSC and CSS scaffolds (Fig. 6b).
Additionally, from the p-CT images, most of the vessels were
observed in the peripheral area of the CSS and CSC scaffolds,
while few vessels were in the center of the scaffold. These
observations underscore that the fully interconnected hollow
channels in the CSH scaffold play a pivotal role in accelerating
in vivo vascularization, particularly by enhancing the formation
of new vessels within the interior of the 3D scaffold. However,
it is crucial to acknowledge that this process is likely to be
synergistically facilitated by the presence of bioactive ions,*
which contribute to creating an optimal environment for
vessel growth and tissue regeneration.

The in vivo bone repair efficacy of the fabricated scaffolds
was assessed through their implantation into rat calvarial
defects for durations of 4 and 8 weeks. Following this period,
the samples were harvested for comprehensive analysis using
p-CT scanning, histological staining and immunohisto-
chemical staining. The 3D-reconstructed p-CT images revealed
that, at 4 weeks after implantation, a notably greater amount
of hard tissue was evident within the CSH scaffold compared
to the other groups (Fig. 6¢). Furthermore, the CSH scaffold
demonstrated good osseointegration, characterized by a seam-
less interface between the scaffold and host bone tissues,
whereas discernible gaps were apparent at the scaffold-bone
interface in the other three groups. After an 8-week implan-
tation period (Fig. 6d), the defect areas in all groups had sig-
nificantly diminished, approaching the original boundaries.
Notably, all scaffolds exhibited remarkable osseointegration
with the host bone. In particular, the CSH group demonstrated
a superior outcome, with a more abundant generation of
newly formed bone tissues leading to complete healing of the
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Fig. 5 In vitro evaluation of the cell migration, angiogenic and osteogenic ability of scaffolds. Cell migration study using the transwell method by
co-culturing rBMSCs with CSH, CSC and CSS scaffolds, respectively (a and b). The microscopic images (c) and quantitative analysis (d) of Alizarin
Red S staining of BMSCs cultured with extracts from different scaffolds. Osteogenic gene expression of BMSCs cultured on 3D printed scaffolds,
including OCN (e), ALP (f) and OPN (g). Angiogenic gene expression of HUVECs cultured on 3D printed scaffolds, including HIF-1« (h), CD31 (i) and

VEGF (j).

defect. In contrast, the untreated control group continued to
exhibit substantial bone defect areas at both 4 and 8 weeks,
serving as a stark reminder of the importance of intervention.
Furthermore, a quantitative analysis of BMD, BV/TV, and Tb.N
within the region of interest was conducted based on the
reconstructed p-CT images. The results indicated a substantial
elevation in BMD, BV/TV, and Tb.N in the CSH group com-
pared to the CSS and control groups at both 4 and 8 weeks
post-implantation. Furthermore, at 8 weeks, the CSH group
surpassed all the other four groups in these parameters, which
further suggested that the implantation of CSH scaffolds facili-
tated significantly more new bone tissue formation within the
defect site than the other treatments (Fig. 6e-g).

To further validate the bone regenerative potential of the
scaffolds, H&E staining, Masson’s trichrome staining, and
immunofluorescence analysis were conducted. At 4 weeks
post-implantation (Fig. 7a and b), H&E staining and Masson’s
trichrome staining images revealed minimal new bone for-

This journal is © The Royal Society of Chemistry 2025

mation in the central region of the defect across all groups.
However, in the CSH group, notable new bone tissues were dis-
cernible along the periphery of the defect, indicating a
superior bone repair capability of the CSH scaffolds. At 8
weeks (Fig. 7c and d), although new bone tissues were discern-
ible in the vicinity of the scaffolds in the CSS and CSC groups,
the central defect region remained largely occupied by the
scaffolds and fibrous tissues, with minimal bone formation.
Conversely, the CSH group demonstrated a remarkable
increase in new bone formation, not merely confined to the
perimeter of the defect but also profusely within the hollow
channels of the CSH scaffold, underscoring its exceptional
capacity for bone regeneration (Fig. 7c, d and Fig. S57).
Specifically, all scaffold-implanted groups demonstrated the
growth of new blood vessels. Notably, the CSH scaffold stood
out, exhibiting a significantly higher density of vessels both
externally (Fig. 7e) and internally (Fig. 7f) within the hollow
channels, in comparison with the other groups.
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lar bone number (Tb.N) (g) of regenerated bone in the region of interest.

Previous studies demonstrated that copper can promote
angiogenesis by stabilizing and regulating the expression of
HIF-10.>>° Then, immunofluorescence staining of HIF-1a
was performed to confirm the activation of the HIF-1a pathway
after scaffold implantation for 8 weeks. From the results
(Fig. 8a—c), the fluorescence signal of HIF-1a in the CSH group
was higher than that in the other groups, suggesting that the
CSH scaffold can enhance angiogenesis in skull defects by acti-
vating the HIF-1a pathway. Additionally, CD31, as an impor-
tant component of angiogenesis,’® showed an increased
expression in the CSH group. Augmented CD31 expression

4840 | Biomater. Sci,, 2025, 13, 4830-4845

facilitated the adhesion and aggregation of HUVECs, promoted
angiogenesis, and supplied essential nutrients and oxygen to
the newly formed bone tissue.>”>® Immunofluorescence stain-
ing for OCN and OPN was also performed on the newly
formed bone tissue in all groups. As shown in Fig. 8d and e,
the sample treated with the CSH scaffold showed higher OCN
and OPN expression, compared with the samples treated with
CSC and CSS scaffolds, which was consistent with the results
of histological staining.

Thus, the architectural features of bone scaffolds are pivotal
determinants that influence their in vivo performance in bone
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regeneration. Optimizing the scaffold architectures represents
one of the most cost-effective and efficient strategies to boost
bone repair outcomes. In this study, we demonstrated that
fully interconnected hollow channels significantly enhanced
vascularization and bone formation in rat skull defects. This
enhancement was attributed not only to the improved mass
exchange facilitated by the fully interconnected hollow chan-
nels but also to their ability to promote cell proliferation,

This journal is © The Royal Society of Chemistry 2025

migration, and differentiation, probably by activating the
mitogen-activated  protein  kinase (MAPK) pathway.””
Furthermore, the CSH scaffolds demonstrate the potential for
synergistic integration with advanced therapeutic modalities
to further enhance osteoregenerative efficacy. A compelling
example involves surface modification of the scaffold with bio-
active photothermal agents, enabling precise modulation of
the local osseous microenvironment. This strategic combi-

Biomater. Sci., 2025, 13, 4830-4845 | 4841


https://doi.org/10.1039/d5bm00824g

Published on 11 2025. Downloaded on 13.12.2025 19:21:46.

Paper

Q

HIF-1a CD31

OCN

100 ym

Fig. 8 Evaluation of the vascularization and bone formation by immunofluorescence staining. Immunofluorescence staining of CD31 (red), HIF-1x
(green), OCN (green) and OPN (green) after scaffolds implantation for 8 weeks (a). The cell nuclei were stained with DAPI (blue). Quantitative analysis
of CD31 (b), HIF-1a (c), OCN (d) and OPN (e) expression positive areas using Image J software.

nation leverages mild photothermal therapy to induce con-
trolled hyperthermic stimuli, which synergistically promotes
osteogenic differentiation of mesenchymal stem cells, upregu-
lates angiogenic factor expression, and enhances extracellular

matrix mineralization.>®?

Moreover, drugs and growth factors
can be incorporated into the hollow channels to further
augment the in vivo efficacy of the scaffolds. This approach not
only enhances their capacity to promote vascularization and
bone regeneration but also endows them with additional capa-
bilities, such as serving as a therapeutic platform for inhibit-
ing postsurgical bone tumor recurrence and metastasis.®>**
Although the in vivo data demonstrated that the CSH scaffold
promoted vascularized bone regeneration primarily by introdu-
cing fully interconnected hollow channels, it should be noted
that its mechanical properties remain suboptimal for real
applications. Future studies could involve post-treatment
modifications to enhance the mechanical strength of the CSH
scaffold. Additionally, creating critical-size bone defects in
large animal models would enable a systematic evaluation of
the bone regenerative capacity, which is essential for translat-

ing the scaffolds into clinical applications in the future.

4 Conclusion

In summary, B-TCP based bioceramic scaffolds with both
macro pores and fully interconnected hollow channels were
successfully fabricated by using 3D printing and surface cross-
linking. Meanwhile, bioactive ions including copper and stron-
tium ions can be selectively introduced in the hollow p-TCP
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scaffolds (CSH) during surface crosslinking. The CSH scaffolds
with high porosity showed enhanced structural integrity after
sintering. Furthermore, the fully interconnected hollow chan-
nels in CSH scaffolds accelerated material degradation and
bioactive ion release. In vitro experiments showed enhanced
effects of CSH scaffolds on promoting angiogenesis and osteo-
genesis. An in vivo study further confirmed that the skull
defect in rats was almost completely healed following an
8-week implantation period with the CSH scaffolds. Notably,
new bone tissues and blood vessels formed not only on the
exterior but also extensively within the interconnected hollow
channels of the CSH scaffolds. These findings highlight the
significant role of the fully interconnected hollow channel
architecture in enhancing vascularized bone repair.
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Abbreviations

ALP Alkaline phosphatase

B-TCP B-Tricalcium phosphate

BMD Bone mineral density

BV/TV New bone volume relative to tissue volume

CD31 Platelet endothelial cell adhesion molecule-1
CSH The copper/strontium ion doped B-TCP scaffolds
with fully interconnected hollow channels
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CSsC The copper/strontium ion doped B-TCP scaffold

with non-interconnected hollow channels via co-

axial printing

CSs The copper/strontium ion doped B-TCP scaffolds
with solid filaments (without hollow channels).

DAPI 4',6-Diamidino-2-phenylindole

EDS Energy dispersive X-ray spectroscopy
HIF-1a  Hypoxia-inducible factor-1 alpha
HUVECs Human umbilical vein endothelial cells
p-CT Micro-computed tomography

OCN Osteocalcin

OPN Osteopontin

PBS Phosphate buffered saline

rBMSCs Rat bone marrow stromal cells

SEM Scanning electron microscopy

Tbh.N Trabecular bone number

VEGF Vascular endothelial growth factor
XRD X-Ray diffractometry
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