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A B S T R A C T

Human long bones exhibit pore size gradients with small pores in the exterior cortical bone and large pores in the
interior cancellous bone. However, most current bone tissue engineering (BTE) scaffolds only have homogeneous
porous structures that do not resemble the graded architectures of natural bones. Pore-size graded (PSG) scaf-
folds are attractive for BTE since they can provide biomimicking porous structures that may lead to enhanced
bone tissue regeneration. In this study, uniform pore size scaffolds and PSG scaffolds were designed using the
gyroid unit of triply periodic minimal surface (TPMS), with small pores (400 μm) in the periphery and large pores
(400, 600, 800 or 1000 μm) in the center of BTE scaffolds (designated as 400-400, 400–600, 400–800, and
400–1000 scaffold, respectively). All scaffolds maintained the same porosity of 70 vol%. BTE scaffolds were
subsequently fabricated through digital light processing (DLP) 3D printing with the use of biphasic calcium
phosphate (BCP). The results showed that DLP 3D printing could produce PSG BCP scaffolds with high fidelity.
The PSG BCP scaffolds possessed improved biocompatibility and mass transport properties as compared to
uniform pore size BCP scaffolds. In particular, the 400–800 PSG scaffolds promoted osteogenesis in vitro and
enhanced new bone formation and vascularization in vivo while they displayed favorable compressive properties
and permeability. This study has revealed the importance of structural design and optimization of BTE scaffolds
for achieving balanced mechanical, mass transport and biological performance for bone regeneration.

1. Introduction

Bone tissue engineering (BTE) holds great promise for treating bone
defects because it can address various difficult issues associated with
autografts and allografts while offering high biofunctionality [1,2]. By
employing a viable BTE strategy that integrates scaffolds, growth factors
and cells, the bone tissue could be regenerated inside the body with full
functions in a regulated manner [3,4]. In recent years, biomimicking
scaffolds have gained much attention as it is believed that scaffolds
possessing similar geometrical features to those of native bone could
have better ability and efficiency for bone regeneration [5–7]. Natural

human long bones exhibit heterogeneous structures with porosity and
pore size gradients from the peripheral cortical bone to central cancel-
lous bone [8,9]. The cortical bone is highly compact with less than 10 %
porosity, ensuring sufficient mechanical properties [10]. The inner
cancellous bone consists of an irregular trabecular network, with a
higher porosity ranging from 50 % to 90 % and pore diameters ranging
from 100 to 1000 μm [11,12]. This porous region offers interconnecting
channels for nutrient transportation and metabolic activities [13]. The
combination of cortical bone and cancellous bone builds a favorable
environment for cell activities and provision of normal bone functions.
In this context, functionally graded scaffolds (FGS) should be developed
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for BTE since they can provide biomimicking features that may elicit
desired mechanical and biological responses [14,15]. Zhang et al. pre-
sented a parametric design method for FGS based on triply periodic
minimal surface (TPMS) units and fabricated the designed scaffolds
using selective laser melting (SLM) with Ti6Al4V powders [16]. These
structurally graded scaffolds displayed tunable mechanical properties
while not significantly deteriorating their permeability. Pagani et al.
designed and fabricated uniform and structurally graded cobalt-chrome
(CoCr) alloy lattice scaffolds via SLM and compared their mechanical
properties and in vitro biological behaviors [17].Their results showed

that both uniform and porosity-graded scaffolds provided a favorable
environment for the attachment and proliferation of osteoblasts while
the porosity-graded scaffolds improved stress distribution between the
CoCr implant and the host bone. Inspired by sea urchin spines, Zhang
et al. constructed FGS based on pentamode metamaterials and fabri-
cated them using SLM with Ti6Al4V [18]. Their scaffolds possessing
graded pore size distributions exhibited suitable mechanical strength
and showed great improvements in cell seeding efficiency,
impact-tolerant capacity, permeability, and in vivo osteogenesis.
Generally, compared to uniform scaffolds, FGS enable flexible control of

Fig. 1. Design, manufacture and application of PSG BCP scaffolds: (A) Geometrical features and definitions of pore size and thickness of the gyroid structure. Scaffold
models with two layers of graded pore distributions are shown for (B, D) in vitro biological evaluations and for (C, E) compressive properties, mass transport
characteristics, and in vivo biological evaluations. (F) Schematic diagram illustrating the fabrication process of BCP scaffolds via digital light processing (DLP) 3D
printing. (G) Schematic diagram illustrating bone regeneration by using DLP-formed PSG BCP scaffolds.
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structural parameters and provide more possibilities for tuning the
comprehensive performance of scaffolds by incorporating various types
of graded features and gradient distributions. However, current BTE
scaffolds are still mostly homogeneous porous structures due to various
limitations in traditional fabrication methods [19]. Even with the op-
portunities and manufacturing platforms provided by 3D printing
technologies, research on FGS is still in the very early stage and has
primarily focuses on investigating FGS mechanical properties. Addi-
tionally, current FGS are mainly metallic scaffolds made by powder bed
fusion (PBF) 3D printing technologies and cause inherent concerns of
metallic materials as bone grafts, such as inflammation and implant
loosening, mechanical instability, and poor implant integration with
native tissues [20,21].

Biphasic calcium phosphate (BCP), a physical mixture of hydroxy-
apatite (HAp) and β-tricalcium phosphate (β-TCP), has been shown to be
a good bone substitute bioceramic and is considered suitable for con-
structing BTE scaffolds because it is similar in mineral composition to
natural bone and possesses sufficient biocompatibility, bioactivity,
osteoconductivity, and biodegradability [22–24]. However, owing to
their hard and brittle nature, ceramic materials such as BCP make it
difficult to be shaped and processed post-device manufacture, particu-
larly for customized, complex, and porous structures [25]. Digital light
processing (DLP) 3D printing technology has proven to be a powerful
manufacturing platform for processing ceramic materials into desired
architectures with high controllability and reproductivity. It is currently
a promising way for fabricating BTE scaffolds due to its high design
freedom, resolution, accuracy, and desirable mechanical properties
[26–28]. Additionlly, BCP scaffolds fabricated via the DLP process have
exhibited good biocompatibility and superior bone-forming ability in
previous studies [29,30].

Geometrical features of BTE scaffolds, such as pore size, pore
morphology and porosity, exert a direct influence on the efficiency of
bone regeneration [31,32]. Advances in computer-aided design and 3D
printing technologies have opened up numerous ways for scaffold design
andmanufacture [33,34]. TPMS are a group of periodic implicit surfaces
with zero mean curvature and smooth topology, which could offer
controllable pore size, pore morphology and porosity by varying pa-
rameters in their mathematical equations. Recently, TPMS have been
widely investigated for achieving biomimicking scaffolds due to their
superior diffusion and permeability, less stress concentration and a high
surface area to volume ratio as compared to traditional lattice or
strut-based porous scaffolds [35–37]. Gyroid surface is triply periodic
and consists of minimal iso-surfaces containing no straight lines [38].
Gyroid-based structure is self-supporting during the 3D printing process
and is a frequently investigated TPMS structure for BTE scaffolds since
its high tortuosity and inherent geometrical features may promote cell
attachment and proliferation, as well as transportation of nutrients and
oxygen [39,40]. Yang et al. showed that gyroid-based scaffolds could
guide cell fate towards osteogenesis through cell-level directional cur-
vatures [41]. In previous studies, it was shown that graded
gyroid-gyroid scaffolds exhibited better dimensional accuracy,
compressive properties, and cell proliferation than other three types of
scaffolds investigated [42].

Considering the aforementioned advances and requirements, the
objective of the current study was to investigate PSG BCP scaffolds by
introducing pore size gradients while employing gyroid units of TPMS in
scaffold design. The roles of graded pores in various scaffold properties
would be systematically evaluated. Specifically, three types of PSG
scaffolds, as well as uniform pore size scaffolds, were designed using
computational design methods. Subsequently, scaffolds of the four de-
signs would be fabricated through DLP 3D printing technology using
BCP bioceramics. Thereafter, compressive properties, mass transport
characteristics, in vitro and in vivo biological performances of the four
types of scaffolds would be comprehensively evaluated and compared.
This study would therefore explore and assess the strategy of developing
high-performance BTE scaffolds through structural optimization and

advanced 3D printing technology.

2. Materials and methods

2.1. Materials

Nano-sized HAp powders with a particle diameter of 20 nm and a
length of 270 nm and near-spherical β-TCP powders with an average
particle size of 500 nm were used as raw materials for making BCP for
the current study. They were purchased from Nanjing Emperor Nano
Material Co., Ltd. The organic reagents for preparing photosensitive BCP
slurry, isobornl acrylate (IBOA), 1,6-Hexanediol diacrylate (HDDA),
polyethylene glycol diacrylate (PEGDA) and 2,4,6-trimethylbenzoyldi-
phenyl phosphine oxide (TPO) were supplied by Shanghai Yinchang
New Material Co., Ltd. A commercial dispersant, BYK 111 (BYK Chemie,
Germany), was applied for slurry dispersion. All materials were used as-
received without further processing.

2.2. Design and fabrication of PSG scaffolds and uniform pore size
scaffolds

The graded gyroid-gyroid surfaces can be described by mathematic
equations (provided in supplementary). The design procedures of PSG
scaffolds were as follows: Firstly, the graded surfaces were created using
MATLAB software. Subsequently, a thickness was added to these sur-
faces to generate 3D porous structures. Finally, Magics software was
employed to adjust and convert the structures into standard stereo-
lithography (.stl) files for 3D printing.

In the current study, four types of scaffold models with different pore
size distributions were designed based on the gyroid unit. The defini-
tions of pore size and thickness can be seen in Fig. 1(A). PSG scaffolds
with radially varying pore sizes consisted of two layers, with a layer
radius ratio of 2: 1. Two groups of models were designed for different
research objectives, while maintaining same geometrical features, such
as pore size gradient and porosity. The 3D models with a larger diameter
were used for in vitro biological evaluations (Fig. 1(B) and D), whereas
the taller models were employed to assess mass transport characteristics,
compressive properties, and in vivo subcutaneous performance (Fig. 1(C)
and E). Specifically, three types of PSG scaffolds possessed graded pore
sizes from the scaffold periphery (pore size of 400 μm in all scaffold
models) to the scaffold center (pore size of 600, 800 and 1000 μm),
which were designated as 400–600, 400–800, and 400–1000 scaffold,
respectively. Scaffolds with uniform pore sizes of 400 μm (the “400-400”
scaffolds) were used as the control group. All scaffolds were designed to
have the same porosity of 70 vol% by adjusting unit size and wall
thickness.

All.stl files of scaffold models were imported into a custom-built
ceramic DLP 3D printer. The fabrication process for BCP scaffolds via
DLP 3D printing is illustrated by Fig. 1(F). First, a photocurable BCP
ceramic slurry was prepared, which consisted of BCP powders with an
HAp to β-TCP ratio of 50 % (wt./wt.), a resin matrix comprising IBOA,
HDDA, PEGDA and TPO, and the dispersant BYK 111. The detailed BCP
slurry formulation and preparation procedures could be found in our
previous publication [42]. After DLP 3D printing, the green bodies were
heated from room temperature to 600 ◦C, following a certain debinding
profile to remove polymer phases. Finally, for sintering, the samples
were heated to 1200 ◦C at a heating rate of 2 ◦C/min and were held at
1200 ◦C for 2 h in a furnace (LHT 04/17, Nabertherm, Germany). The
current PSG BCP scaffolds were made for use in bone regeneration under
bone defects conditions (Fig. 1(G)).

2.3. Morphological and structural analysis

The outward morphology and general pore architectures of sintered
BCP scaffolds were observed and recorded using a digital camera. Micro-
CT scanning was performed using a laboratory μ-CT system
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(SKYSCAN1172, Bruker, Germany) at the following parameters: voltage,
60 kV; current, 100 μA. The voxel size of the dataset was set to 7 μm, and
0.5 mm aluminum foil was used to filter X-ray. Detailed pore charac-
teristics of these four types of scaffolds were observed using scanning
electron microscopy (SEM) (LSCM, VK-X1000, Keyence, Japan), and the
pore sizes were measured using software Nanomeasure and SEM images
of scaffolds. The size of scaffold samples in X-Y and Z dimension after
sintering was measured using a digital vernier caliper (500-702-20,
Mitutoyo, Kawasaki, Japan). The porosity of 3D models of these scaf-
folds was obtained using software Magics. The real porosities of final
sintered scaffolds were calculated using the weight measurement
method [43]. For each condition, at least five samples were tested for
porosity calculation. The microstructure of BCP scaffolds was analyzed
using SEM. X-ray diffraction (XRD) analysis was conducted to determine
the phase constitution of sintered BCP scaffolds.

2.4. Compressive properties

The compression tests of sintered BCP scaffolds (∅7× 7mm,N = 5)
were conducted using a universal mechanical testing machine at a
loading speed of 0.25 mm/min. The compressive strength was obtained
by the maximum stress value and Young’s modulus was the slope of the
linear part of the stress-strain curve. A Weibull analysis of the
compressive strength data was conducted to estimate the failure prob-
ability of BCP scaffolds (at least 20 samples). A commercial software
ANSYS Workbench was utilized to perform finite element analysis (FEA)
to investigate the stress distribution and predict the cracking behavior of
these four types of porous structures. Two rigid plates were tired to the
top and bottom surfaces of the porous structures to ensure the simula-
tion quality [44]. The density, Young’s modulus, and Poisson’s ratio of
BCP were set to 3.15 g/cm3, 7.51 GPa and 0.27, respectively. The den-
sity was determined based on the separate densities of HAp (3.16 g/cm3)
and β-TCP (3.15 g/cm3), as well as the constitutional ratios after sin-
tering [45]. The Young’s modulus value was determined through
compression tests conducted on non-porous solid BCP ceramics fabri-
cated via current DLP 3D printing route. The Poisson’s ratio of BCP was
assumed based on reported papers [46,47]. A displacement of 1 % strain
was applied to the top surface while the bottom was fixed as a boundary
condition.

2.5. Mass transport characteristics

The mass transport characteristics in designed scaffolds were simu-
lated through computational fluid dynamics (CFD) analysis using the
Ansys Fluent software. Since Reynolds number was less than 1, a laminar
CFD model was employed in the current study. The flowmedium chosen
for the simulation was water, which has a density of 1000 kg/m3 and a
dynamic viscosity (u) of 10 − 3 Pa s [48,49]. The inlet flow velocity (v)
was set to be 0.001 m/s regarding the bone in vivo conditions while the
outlet pressure was defined as zero [50,51]. The pressure drop (Δp) was
defined as the difference between inlet and outlet pressures. The
computational permeability was calculated using the following equation
(50):

Kc =
vul
Δp

(1)

where l is the model height.
A setup for permeability tests was established for studying experi-

mentally the fluid flow behavior of porous BCP scaffolds. The flow rate
was determined by measuring the volume of water flowing through the
scaffolds within a certain period of time. Different water heights of 30,
40, 50, 60 and 70 mm resulting in pressure gradients (Δp= ρgh) of 294,
392, 490, 588, and 686 Pa, respectively, were analyzed. The experi-
mental permeability values were calculated according to Darcy’s
equation:

Ke =
μql
AΔp

(2)

where μ is the fluid viscosity, q is the fluid flow rate, l and A are length
and cross-sectional area of the porous scaffolds, respectively.

To establish the relationship between CFD analysis results and
experimental results for predicting the permeability of porous scaffolds,
a correlation factor C was introduced to relate the computational
permeability (Kc) to experimental permeability (Ke) at each fluid height
(and hence pressure gradient):

ke =C× kc (3)

2.6. Cell culture

Mouse preosteoblasts cells (MC3T3-E1) were used in the current
study to evaluate the in vitro biological properties of BCP scaffolds
fabricated. They were purchased from the Cell Bank of the Chinese
Academy of Sciences (CBCAS, China). MC3T3-E1 cells were cultured in
α-minimum essential medium (α-MEM) supplemented with 10 % fetal
bovine serum (FBS) and 1 % penicillin/streptomycin in a humidified
atmosphere of 5 % CO2 at 37 ◦C. The osteogenic differentiation medium
contained the basic culture medium with 1 μM dexamethasone, 10 mM
β-glycerophosphate, and 50 μg/mL ascorbic acid. The culture medium
was refreshed every two days to ensure adequate nutrient supply for the
cells.

2.7. Cell adhesion and proliferation

To observe cytoskeleton and spreading of MC3T3-E1 cells cultured
on BCP scaffolds, cells at a density of 2.0× 105 cells/well were seeded on
the scaffolds and cultured for 1, 3, and 5 days, respectively. At each
predetermined time point, cells were fixed with 4 % PFA for 20 min and
washed three times using phosphate buffered saline (PBS). Then, cells
were permeabilized with 0.5 % Triton X-100 for 10 min. Subsequently,
cells were stained with rhodamine-phalloidin for 1 h to mark actin fil-
aments and DAPI for 20 min to mark nucleus of the cells. All samples
were observed under a laser scanning confocal microscope (LSM 980,
ZEISS) in a reflected mod. An air objective lens with 20× magnification
and a numerical aperture of 0.8 was used. Z-stacks of 100 μm height
were taken at a size of 1024 × 1024 pixels, with an x− y resolution of
0.414 μm and a z-step of 2 μm. To further evaluate cell attachment on
BCP scaffolds after incubation for 5 days, cell-scaffold samples were
fixed by 4 % polyformaldehyde (PFA, Sigma-Aldrich, USA) for 30 min
and subsequently dehydrated in a graded ethanol series from 30 %, 50
%, 75 %, 95 % and 100 % for 5 min each. The samples were then dried at
room temperature and sputter-coated with gold for SEM observation.

Cell Counting Kit-8 (CCK-8) assay was used to assess cell viability
and proliferation. After 1, 3 and 5 days of incubation, the cells were
treated with CCK-8 solution for 1 h. The absorbance was then measured
at 450 nm using a microplate reader.

2.8. In vitro osteogenic differentiation

To evaluate early osteogenic differentiation, alkaline phosphatase
(ALP) activity was quantitively analyzed using ALP assay kits supplied
by Nanjing Jiancheng Bioengineering Institute. Briefly, MC3T3-E1 cells
at a density of 2.0 × 105 cells/well were seeded on different types of
scaffolds and cultured in the osteogenic medium for 7 and 14 days. On
day 7 and 14, cells were washed with PBS and then lysed in a lysis buffer
for 30 min. The ALP activity and total protein concentration were
determined following the instructions of the ALP assay kit and protein
assay kit. Additionally, ALP staining was conducted at the same time
points using an ALP staining assay kit (Beyotime, China). After cells
were fixed with 4 % PFA for 30 min, the samples were stained with a 5-
bromo-4-chloro-3-indolyl-phosphate (BCIP)/(nitro-blue-tetrazo-lium)
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NBT solution for 30 min and then washed twice with ultrapure distilled
water to terminate the reaction.

To assess calcium deposition by MC3T3-E1 cells on BCP scaffolds,
Alizarin red staining and quantification were performed. Cells were
seeded on BCP scaffolds and cultured with an osteogenic differentiation
medium for 14 and 21 days. At each time point, the culture medium was
removed and scaffolds were washed with PBS three times. After being
fixed with 4 % PFA for 30 min, cell-scaffolds were incubated with
Alizarin red solution (pH 4.2) for 30 min at 37 ◦C to stain mineralized
calcium nodules. The staining morphology was captured using a digital
camera. To quantitively analyze the staining results, the samples were
dissolved in cetylpyridinium chloride and the absorbance was measured
at 540 nm using a microplate reader.

Osteogenesis-related gene expression of MC3T3-E1 cells cultured on
different types of scaffolds was investigated using a real-time quantita-
tive PCR (RT-qPCR). In brief, MC3T3-E1 cells at a density of 2.0 × 105

cells/well were seeded on BCP scaffolds in 12-well plates for the 14-day
osteogenic differentiation. The total cellular RNA was extracted using

TRIZOL reagent (Invitrogen, USA) and transcribed into complementary
DNA (cDNA) by applying a RevertAid First Strand cDNA synthesis kit
(K1622, Thermo Fisher). The RT-qPCR analysis was performed using a
QuantStudio 5 Real-Time PCR system (A34322, Thermo Fisher Scienti-
fic). The relative expression of genes including ALP and COL1 was
calculated using the 2− ΔΔCT method with the normalization of house-
keeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
[52]. The summary of genes and forward and reverse primers are listed
in Table S1.

2.9. In vivo study

Mice were used in the in vivo study, and all animal study procedures
were followed in accordance with the Institutional Animal Care and Use
Committee (certificate SUSTC-JY 20190427). The ectopic osteogenesis
and vascularization ability of fabricated BCP scaffolds were evaluated
using a subcutaneous implantation model in C57BL/6J mice. All female
mice weighing 20–25 g were obtained from the animal center of the

Table 1
Morphological parameters of two groups of BCP scaffolds.

Group 1 Uniform 400-400 Graded 400-600 Graded 400-800 Graded 400-1000

X-Y Z X-Y Z X-Y Z X-Y Z

After printing/mm 22.34 ± 0.04 4.02 ± 0.02 22.34 ± 0.03 3.98 ± 0.02 22.34 ± 0.03 4.00 ± 0.03 22.31 ± 0.03 3.99 ± 0.03
After sintering/mm 18.56 ± 0.29 3.48 ± 0.06 18.62 ± 0.12 3.48 ± 0.04 18.67 ± 0.02 3.46 ± 0.04 18.59 ± 0.17 3.47 ± 0.05
Shrinkage/% 17.5 12.9 17.2 13.0 17.0 13.4 17.4 13.2
Porosity/% 67.8 ± 1.2 68.0 ± 0.6 69.6 ± 0.8 70.8 ± 1.0
Central pore size/μm 391.7 ± 24.9 581.1 ± 26.8 799.5 ± 53.5 990.5 ± 26.5
Group 2
After printing/mm 8.71 ± 0.03 8.45 ± 0.01 8.69 ± 0.07 8.49 ± 0.04 8.68 ± 0.06 8.45 ± 0.05 8.69 ± 0.06 8.41 ± 0.06
After sintering/mm 7.16 ± 0.06 6.99 ± 0.07 7.14 ± 0.03 7.01 ± 0.11 7.13 ± 0.03 6.97 ± 0.07 7.12 ± 0.06 6.96 ± 0.04
Shrinkage/% 18.2 16.8 18.4 16.5 18.5 17.0 18.6 17.1
Porosity/% 71.1 ± 1.4 72.1 ± 0.5 72.5 ± 0.2 72.2 ± 0.6
Central pore size/μm 390.6 ± 16.1 591.2 ± 28.7 805.2 ± 14.8 978.0 ± 32.6

Fig. 2. Morphological characteristics of uniform pore size and PSG BCP scaffolds. Scaffolds for in vitro biological evaluations: (A) Top view. (B) 3D view. (C) SEM
images of central pores. Scaffolds for compressive properties, mass transport characteristics and in vivo biological evaluations: (D) Top view. (E) 3D view. (F) SEM
images of central pores.
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University. During operation, each animal was anesthetized and main-
tained with inhalational isoflurane and oxygen. After shaving the dorsal
area, two pockets were created on each side of the dorsum. After 2- and
4-week subcutaneous implantation, the samples were harvested, fixed in
4 % PFA for 24 h, and decalcified in a large volume of 19 % ethyl-
enediaminetetraacetic acid (EDTA) at 4 ◦C for 3 weeks before tissue
processing.

The tissue samples were dehydrated with gradient ethanol and
embedded in paraffin (Leica ASP 300S, Leica). 14 μm paraffin tissue
sections were created using a microtome (Leica CM1950, Leica) and

stained with hematoxylin and eosin (H&E), and Goldner’s Trichrome,
according to the manufacture’s protocols.

Immunohistochemical staining for vascular endothelial growth fac-
tor (VEGF) and cluster of differentiation 31 (CD31) was performed with
the rabbit VEGF primary antibody (1:200, Abcam, AB46154) and mouse
CD31 primary antibody (1:100, BD, BD553847), and then with the
second antibody HRP goat anti-rabbit (GB23303, Servicebio, 1:200) and
HRP goat anti-mouse (GB23301, Servicebio, 1:200). Images after
staining were obtained under a light microscope (MF53-M, Mingmei).
The number and positive-stained area of VEGF and CD31 were

Fig. 3. Compression behavior and properties of uniform pore size and PSG BCP scaffolds analyzed through compression tests and finite element analysis (FEA): (A)
Compressive stress-strain curves. (B) Compressive strength and modulus (NS: no significant difference. ***p < 0.001). (C) Weibull plot of the compressive strength.
Stress distribution from (D) front view and (E) cross-sectional view.
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Fig. 4. Computational fluid dynamics (CFD) analysis of uniform pore size and PSG BCP scaffolds: (A) Boundary conditions and (B) schematic representation of
models. (C) Pressure contours on scaffold surfaces and middle cross-sections. (D) Velocity distributions in middle cross-sections.
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quantified at a magnification of 20 × using the Image J software.

2.10. Statistical analysis

The numerical data obtained in the current study were statistically
analyzed using Origin software. All quantitative data was shown as
mean ± standard deviation. Statistical analysis among various experi-
mental groups was performed via one-way ANOVA, and independent t
tests were used between two groups. Statistically difference was set at
*p < 0.05, **p < 0.01, ***p < 0.001.

3. Results and discussion

3.1. Morphological and structural characteristics

Two groups of BCP scaffolds with uniform pore size and pore size
gradients, respectively, were successfully fabricated via DLP 3D printing
technology, as shown in Fig. (A–B, D-E). Micro-CT images (Fig. S1)
indicated that the sintered scaffolds were consistent with the 3D designs.
The detailed morphological parameters of the uniform pore size and PSG
scaffolds after DLP 3D printing, after sintering, corresponding shrink-
ages, measured porosities, and central pore sizes are listed in Table 1.
Shrinkage is a common issue for sintering in ceramic product fabrication
and excessive shrinkage can result in defects or cracks in sintered
products, thereby affecting the final properties of ceramics [53,54].
Group 1 and Group 2 showed a similar trend in shrinkage. Specifically,
the shrinkage rates of the four types of scaffolds in each group were
roughly the same in the X-Y or Z axis (17.5 % vs 17.2 % vs 17.0 % vs
17.4 % in the X-Y axis, 12.9 % vs 13.0 % vs 13.4 % vs 13.2 % in the Z
axis). However, the differences in shrinkage between these two groups
were more pronounced, particularly in the Z axis, with ~13.0 % in
Group 1 and ~17.0 % in Group 2. The variation may stem from different
temperature distributions within the structures of these two groups,
possibly due to structural differences especially the porous geometries
and sample heights [55]. The detailed pore features of central pores in
the BCP scaffolds in the two groups are shown in Fig. 2 (C and F). It is
evident that the gyroid-based pores were generated through the layer
accumulation of curved surfaces whose centers kept changing in the
plane during the printing [45]. These intrinsic characteristics of gyroid
unit could induce cytoskeleton reorganization of human mesenchymal
stem cells (hMSCs) and direct cell fate towards osteogenesis and
angiogenesis [41]. Overall, the pore size, porosity, and overall di-
mensions of sintered scaffolds exhibited a high level of conformity with
the desired 3D designs, demonstrating the high fidelity and controlla-
bility of the current DLP process for fabricating customized BCP scaf-
folds, which could be used for subsequent investigations. The surface
microstructure of the sintered BCP is provided in Fig. S2. The ceramic
grains were tightly connected to adjacent grains, indicating that BCP
scaffolds with a high level of densification were achieved. BCP bio-
ceramics fabricated via DLP process with a denser surface morphology
were considered beneficial for cell adhesion and proliferation [56].
Therefore, the BCP scaffolds in the current study may also benefit bone
cells behaviors. Furthermore, the phase constitution of sintered BCP
scaffolds was analyzed via XRD, as shown in Fig. S3. After sintering,
characteristic peaks of HAp and β-TCP were detected without any
extraneous peaks, suggesting that the BCP scaffolds were only composed
of HAp and β-TCP, which would provide the desired biocompatibility
and bioactivity for BTE scaffolds.

3.2. Mechanical properties

Scaffold for BTE applications should possess sufficient compressive
properties to withstand forces and support cell metabolisms after im-
plantation. Fig. 3 (A) provides representative compressive stress-strain
curves of four types of BCP scaffolds. All scaffolds exhibited a typical
brittle fracture behavior of ceramic materials, with the compressive

stress increasing as displacement increased in the early compression
stage and then suddenly dropping when the fracture strain was reached.
Some scaffolds (graded 400–600, indicated by the red curve) displayed a
decrease in stress followed by an increase, which could be attributed to
the presence of small cracks or defects within the scaffolds [57]. Fig. 3
(B) provides compressive strengths and modulus of the four types of
scaffolds. The compressive strengths of uniform pore size 400-400
scaffolds and graded 400–600, 400–800 and 400–1000 scaffolds were
4.17 ± 0.28 MPa, 3.99 ± 0.33 MPa, 3.71 ± 0.14 MPa, and 2.46 ± 0.24
MPa, respectively. Notably, the compressive strengths of the 400-400,
400–600 and 400–800 scaffolds showed significant differences as
compared to graded 400–1000 scaffolds, even though they possessed the
same porosity. Pore size, porosity, and pore architectures directly in-
fluence the mechanical properties of scaffolds [58]. Zhao et al. investi-
gated the effect of structural features, such as porosity, pore size and
pore interconnectivity, on mechanical properties [59]. Their results
revealed an obvious negative relationship between pore size and
compressive strength. Smaller pore sizes within a honeycomb structure
enhanced mechanical strength of porous scaffolds. Fig. 3(C) shows the
Weibull plot of the compressive strength. The Weibull modulus of uni-
form 400-400 scaffolds and PSG scaffolds was 9.34, 6.47, 7.24, and 8.23,
respectively, indicating the scaffolds were of high reliability [60,61].

To investigate the cracking behavior for uniform pore size and PSG
scaffolds, the stress distribution in 3D models of four types of scaffolds
was analyzed and compared using FEA under a boundary condition of a
1 % strain displacement. The 400-400 scaffolds exhibited a homoge-
neous stress distribution, whereas in PSG scaffolds, stress concentration
occurred in regions with large curvature changes, especially in the
transitional areas (Fig. 3(D and E)). This indicated that the realization of
graded structure features through automatic combination using
continuous equation may compromise the structural integrity and
consequently affect the mechanical performance of the graded struc-
tures. Uniform pore size 400-400 scaffolds, graded 400–600 scaffolds
and 400–800 scaffolds exhibited significantly improved compressive
properties. This improvement can be attributed to the presence of
smaller pore sizes in the outer region and well-designed transitional
areas, which contribute to their ability to withstand applied loads
effectively. However, the large red area in graded 400–1000 scaffolds
could be regions prone to cracking under compressive loads.

3.3. Mass transport properties

The mass transport characteristics in porous scaffolds are highly
related to the transportation of oxygen and nutrients, as well as waste
emission, which greatly affects cell behaviors [62,63]. The boundary
conditions and schematic representation of models for the CFD analysis
are depicted in Fig. 4(A and B). Fig. 4(C) shows pressure contours on the
3D surfaces and middle cross-sections of the four types of scaffolds ob-
tained from CFD analysis. The pressure distributions exhibited a high
similarity for the four types of scaffolds owing to the utilization of gyroid
units as the fundamental constitutional components, and they had a
strong dependence on pore shape and morphology. It was noted that the
pressure showed a linear decline from the inlet to the outlet, leading to
variations in mass transport abilities. Fig. 4(D) displays velocity distri-
butions in the middle cross-section of scaffolds. All porous scaffolds
showed a consistent pattern in velocity distribution, wherein the ve-
locity in pores in the center of scaffolds exceeded that in the outer sur-
face. Particularly, the velocity was higher in those areas with larger pore
sizes, which may increase the available surfaces for cell attachment
[64]. With the increase of the central pore sizes, the velocity in the
graded scaffolds increased correspondingly. An optimal fluid velocity
can effectively promote osteogenesis, as the flow rate serves as a
biomechanical stimulus that could enhance the proliferation and dif-
ferentiation of bone cells [65,66].

In quantitively evaluating the mass transport abilities of uniform
pore size scaffolds and PSG scaffolds in conducting fluid flow, both
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computational and experimental permeabilities were calculated. The
test setup for experimental permeability analysis is shown in Fig. 5(A).
Fig. 5(B) depicts the pressure drop between the inlet and outlet planes
and computational permeability of the four types of scaffolds. The
pressure drops of 400-400 scaffolds, graded 400–600 scaffolds, graded
400–800 scaffolds, and graded 400–1000 scaffolds were 0.595 Pa,
0.536 Pa, 0.421 Pa, and 0.325 Pa, respectively, while the computational
permeabilities were 12.10 × 10− 9 m2, 13.43 × 10− 9 m2, 17.10 × 10− 9

m2, and 22.15 × 10− 9 m2 correspondingly. As the central pore size of
scaffolds increased, a notable decrease in pressure drop was observed,
which was accompanied by a corresponding increase in permeability.
This indicated that the increase in central pore size within porous
scaffolds could enhance the mass transport ability, even in the absence
of increase in scaffold porosity. The permeability was also experimen-
tally determined by using different fluid height (h = 30, 40, 50, 60, and

70 mm). The time of the test liquid (i.e., water) passing through the
scaffolds at different fluid heights was recorded, and the fluid flow rate
was calculated accordingly, as shown in Fig. 5(C). A linear trend was
observed in the fluid flow rate vs. pressure drop curve for each scaffold
type, which was consistent with linear Darcy’s law. At a constant fluid
height, as central pore size of scaffolds increased, the fluid flow
exhibited an increase, resulting in a difference in mass transportation.
The experimental permeability was separately calculated at different
height levels, as shown in Fig. 5(D). At each fluid height, graded
400–1000 scaffold showed the highest permeability, followed by graded
400–800, graded 400–600, and finally 400-400 scaffold, indicating that
scaffolds with larger pore size distributions could promote fluid con-
ducting property, which was in good agreement with the CFD results.
Besides, the experimental permeability was found to decrease with the
fluid height, whichmay be attributed to more head loss at higher heights

Fig. 5. Mass transport properties of uniform pore size and PSG BCP scaffolds: (A) Custom-made set up for permeability tests. (B) Pressure drop and computational
permeability based on CFD analysis. (C) Experimental results of fluid flow versus pressure drop. (D) Experimental permeability versus fluid heights. (E) Correlation
factors at different fluid heights and their fitting curves.
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[67,68]. The correlation factor C is used to compare the similarity be-
tween computational and experimental permeability values (Fig. 5(E)).
As the fluid height increased, the disparity between the experimental
permeability and the computational widened, primarily due to the head
loss effects. Notably, at the same fluid height, the experimental perme-
ability of the uniform 400-400 scaffolds exhibited a stronger alignment
with computational permeability compared to the PSG group, indicating
the geometry of uniform 400-400 scaffolds possessed lower sensitivity to
experimental conditions. Overall, the C values of all scaffolds in the
current study ranged from 0.18 to 0.62 for fluid heights of 30 mm–70
mm. Previous studies had reported that the C values from the constant
head test setup ranged from 0.06 to 0.14 and 0.12 to 0.20, respectively
[67,69]. The close similarity between computational and experimental
results in this study could bemainly attributed to the high reproductivity
of the current DLP 3D printing process used for fabricating these
structures. However, the variations between the 3D scaffold models and
sintered BCP scaffolds, such as surface roughness, still resulted in sig-
nificant differences between computational and experimental perme-
ability values [50,70].

3.4. Cell adhesion and proliferation

To evaluate the cytocompatibility of BCP scaffolds, MC3T3-E1 cells
were seeded on the four types of scaffolds. Fig. 6(A) shows the cyto-
skeleton and spreading of MC3T3-E1 cells on scaffolds after being
cultured for 1, 3 and 5 days. On day 1, the cells exhibited a homogeneous
distribution along the scaffold walls. As the duration of culturing was
extended, a noticeable increase in cell density was observed across all
scaffold groups. By day 5, the cells had established interconnections
with neighboring cells and nearly formed a dense cell network that
almost spanned the entire surface of the scaffolds (Fig. S4). After 5 days
of culture, the cells appeared elongated and maintained their cell
phenotype, with obvious filopodia extending and interacting with the
scaffold surface, as shown in Fig. 6(B) and Fig. S5. These results indi-
cated that the BCP scaffolds produced via the current process were
favorable for cell attachment and adhesion. To quantitatively determine
the differences in cell proliferation on these four types of scaffolds, a

CCK-8 assay was performed (Fig. 6(C)). The absorbance values exhibited
a consistent rise with prolonged culture time, suggesting the high pro-
liferation of cells, which was consistent with the observations from DAPI
& Phalloidin staining results. While the absorbance of graded scaffold
group was slightly lower than that of the control on day 1 and day 3, the
overall high absorbance values still revealed the good cytocompatibility
of the BCP scaffolds. Notably, all BCP scaffolds showed significantly
higher cell viability than the control on day 5, which can be attributed to
the BCP scaffolds providing more space for cells and the chemical nature
of BCP. The surface areas of 3D BCP scaffolds were higher than the 2D
surfaces on tissue culture plastic. Besides, the presence of calcium and
phosphate elements could also promote cell proliferation and bone
formation [71]. Additionally, scaffolds with larger central pore sizes
(graded 400–800 and graded 400–1000 scaffolds) displayed higher
absorbance values across all three time points than the other two scaf-
fold groups, indicating that scaffolds with large pores could promote cell
attachment, growth and proliferation.

3.5. In vitro osteogenesis

Osteogenic differentiation, the process by which bone marrow
mesenchymal stem/stomal (a.k.a skeletal stem) cells and osteoproge-
nitors form osteoblasts, is a critical event for bone formation during
development, fracture repair, and tissue maintenance [72]. ALP activity,
which serves as an early marker of osteoblastic differentiation, has been
commonly used to assess early osteogenesis [73,74]. Fig. 7(A) shows
ALP staining results for the four types of BCP scaffolds after cells were
cultured for 7 and 14 days. After 7 days of incubation, a distinct blue
precipitate was clearly observed for all scaffold groups, providing the
evidence that the current BCP scaffolds could stimulate osteogenesis in
the early stage of bone formation. Notably, upon extending the incu-
bation time to 14 days, it was observed that graded 400–800 and graded
400–1000 scaffolds displayed higher expression of ALP, indicating a
more active osteoblast differentiation in these two scaffold groups. To
clearly show the differences, the ALP activity has been quantitively
presented in Fig. 7(B). A substantial increase in ALP activity was
observed across all scaffold groups from day 7 to day 14. However, no

Fig. 6. In vitro biological assessment of uniform pore size and PSG BCP scaffolds: (A) DAPI & Phalloidin stained MC3T3-E1 cells after being cultured for 1, 3 and 5
days. (B) Morphology of MC3T3-E1 cells on BCP scaffolds after being cultured for 5 days (C) Proliferation of MC3T3-E1 cells on BCP scaffolds after incubation of 1, 3
and 5 days on BCP scaffolds (*p < 0.05, **p < 0.01, ***p < 0.001, N=3).
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large differences were noted among the various scaffold groups at both
time points. Nevertheless, two scaffold groups featuring larger central
pores showed higher ALP activity than the other two scaffold groups,
suggesting scaffolds with larger pores were better in promoting early
osteogenesis.

To further assess the osteogenic potential of the four types of BCP
scaffolds, alizarin red activity was used since it could reveal calcium
deposition which is a widely recognized indicator of osteogenesis dif-
ferentiation in a later stage [75,76]. Fig. 7(C) presents the results of
alizarin red staining (ARS) after 14 and 21 days of incubation. At 14
days, all scaffold groups exhibited notable calcium deposition, particu-
larly the graded 400–800 scaffolds. After 21 days of incubation, more
calcium depositions were observed obviously on PSG scaffolds, with the
graded 400–800 scaffolds exhibiting the most intense red color. To
quantify the results, the absorbance of the dissolved solution of the
alizarin red dye was measured (Fig. 7 (D)). After 14 days of incubation,
graded 400–800 and 400–1000 scaffolds showed significant higher (p <
0.01, and p < 0.05, respectively) calcium deposition than 400-400
scaffolds. After 21 days of incubation, all PSG scaffolds exhibited
remarkable higher calcium deposition than uniform pore size scaffolds.

The mRNA expression levels of osteogenesis-related genes (among
them, ALP, and COL1) were studied after 14-day incubation of cell-

scaffold samples. ALP is an early-stage osteogenic marker related to
osteogenic differentiation of cells while COL1 is a late-stage osteogenic
marker referring to osteogenic maturation and mineralization. As can be
seen from Fig. 7(E and F), the expression of these two genes by MC3T3-
E1 cells on graded 400–800 and 400–1000 scaffolds was much higher
than that from cells on the other two types of BCP scaffolds, indicating
good cell differentiation potential by using 400–800 and 400–1000
scaffolds in BTE. Overall, BCP scaffolds with larger pore sizes, particu-
larly the 400–800 scaffolds, possessed an enhanced capacity for pro-
moting the late-stage osteogenic differentiation.

3.6. In vivo osteogenesis and angiogenesis

To investigate the effects of different pore size gradients in BCP
scaffolds on vascularization and bone regeneration efficiency in vivo,
subcutaneous implantation of the four types of scaffolds was conducted
in mice. The representative regions of interest (ROIs) of the four types of
scaffolds were the transitional regions including the periphery to the
center (Fig. 8(A)). After 2-week and 4-week implantation, the scaffold
samples were extracted from mice and subjected to H & E staining and
Goldner’s Trichrome staining, and the results are shown in Fig. 8(B–C)
and Fig. S6. Small blood vessels were observed in graded 400–800 and

Fig. 7. In vitro osteogenesis of uniform pore size and PSG BCP scaffolds. ALP activities of (A) staining images and (B) quantitative analyses of MC3T3-E1 cells on four
types of scaffolds after being cultured for 7 and 14 days. (B) Alizarin red activity of (C) staining images and (D) quantitative analyses of MC3T3-E1 cells on four types
of scaffolds after being cultured for 14 and 21 days. Expression of osteogenic genes of (E) ALP and (F) COL 1 of MC3T3-E1 cells at day 14 of culture. (*p < 0.05, **p <
0.01, ***p < 0.001).
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graded 400–1000 scaffolds two weeks after implantation, while limited
vascularization was seen in the other two types of groups (Fig. 8(B)).
After four weeks of implantation, the number and diameter of blood
vessels in and around scaffolds increased in graded 400–800 and graded
400–1000 scaffolds. Meanwhile, small blood vessels were now visible in
400-400 scaffolds and graded 400–600 scaffolds. These results sug-
gested that FGS BCP scaffolds with a larger central pore size had pro-
moted angiogenesis. Wang et al. conducted a dorsal muscle embedding
experiment to assess the effect of pore architecture on vascularization
and concluded that scaffolds with a larger pore size exhibited larger
vessel diameters [77]. Larger pores are preferred for delivering oxygen
and nutrients to cells within scaffolds, thereby improving blood vessel
formation. Additionally, a layer of bone lining cells (Fig. S6, pointed by

red arrows) was observed on the scaffold surface of graded 400–800 and
400–1000 scaffolds, indicating the formation of bone remodeling
compartment [78]. Goldner staining results also showed a better
vascularization ability of graded 400–800 and 400–1000 scaffolds,
which was consistent with the H&E staining results. As angiogenesis and
new bone formation ability are closely interconnected processes [79],
scaffolds with bigger central pore sizes may therefore enhance new bone
formation. Furthermore, Osteoids were found to align around newly
formed blood vessels or appeared in the scaffold edge regions(Fig. 8(C),
pointed by black arrows) in graded 400–800 and graded 400–1000
scaffolds, indicating the osteogenic potential of PGS BCP scaffolds for
ectopic bone regeneration.

VEGF and CD 31, commonly recognized as typical biomarkers of

Fig. 8. Histological analysis of uniform pore size 400-400 scaffolds and graded 400–600, 400–800 and 400–1000 scaffolds after 2-week and 4-week subcutaneous
implantation in mice (high magnification): (A) Illustrations for ROIs. (B) Samples after H&E staining (black star: blood vessels). (C) Samples after Goldner’s Tri-
chrome staining (black arrow: osteoid).
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Fig. 9. Immunohistochemical analysis of uniform pore size and PSG BCP scaffolds after 2-week and 4-week subcutaneous implantation in mice: (A) Illustrations for
ROIs. Results for VEGF: (B) Staining results with VEGF. (C) Number of VEGF + vessels. (D) VEGF positive area percentage. Results for CD 31: (E) Staining results with
CD 31. (F) Number of CD 31 + vessels. (G) CD 31 positive area percentage (*p < 0.05, **p < 0.01, ***p < 0.001).
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angiogenesis [80], were systematically investigated via immunohisto-
chemical analysis (Fig. 9). The staining results (Fig. 9(B)) revealed that
after two weeks of implantation, the expression of VEGF was higher in
graded 400–800 and graded 400–1000 scaffolds than in the other two
types of scaffolds, as evidenced by more visible VEGF + vessels and
larger VEGF positive area (Fig. 9(C and D)). After four weeks of im-
plantation, more blood vessels were present in all four types of scaffolds.
Scaffolds having larger central pores displayed blood vessels with a
larger diameters and greater numbers. Notably, graded 400–800 scaf-
folds exhibited the highest vascularization ability, as indicated by the
greatest number of VEGF + vessels. Similarly, at both time points of
implantation, graded 400–800 and graded 400–1000 scaffolds consis-
tently provided the highest expression levels of CD 31, surpassing the
other two types of scaffolds. This observation was supported by a greater
number of CD 31 positive vessels and a larger CD 31 positive area in
these two types of scaffolds (Fig. 9(E–G)). Combining these findings with
the histological results could lead to the conclusion that PSG scaffolds
with larger central pore sizes had facilitated vascularization and hence
promoted new bone regeneration. Moreover, regions with a greater
curvature change in the transitional area of scaffolds displayed the
highest expression levels of both VEGF and CD 31, indicating that cur-
vature changes within the scaffold structure may be beneficial for
vascular regeneration and growth.

4. Conclusions

In the current study, uniform pore size and PSG BCP scaffolds with
small pores in the periphery and large pores in the center were designed
and then fabricated via DLP 3D printing. Geometrical architectures
greatly affected compressive properties of BCP scaffolds. Specifically,
the compressive strengths of uniform pore size 400-400, graded
400–600, and graded 400–800 scaffolds were at the same level while the
compressive strength of graded 400–1000 scaffolds exhibited a large
decrease, even though all types of scaffolds had the same porosity. Pore
size had a direct influence on the mass transport characteristics of BCP
scaffolds. With the increase of central pore size in PSG scaffolds, the
maximum flow velocity in the pores increased, the pressure drop
decreased while the permeability drastically increased. Furthermore,
PSG BCP scaffolds with larger central pore sizes could cause better
osteogenic differentiation of cells in vitro and neovascularization in vivo.
Particularly, graded 400–800 scaffolds could provide enhanced osteo-
genesis in vitro and improve neovascularization and new bone formation
in vivo while keeping their compressive properties and permeability at a
high level. The current study has demonstrated that mechanical prop-
erties, mass transport properties and biological performance of BTE
scaffolds could be well balanced and tuned through scaffold structural
optimization and advanced manufacture via 3D printing.
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