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echanical and in vitro behaviors of
DLP-based 3D printed HA scaffolds with different
structural configurations

Ke Liu,ab Qing Zhou,c Xueqin Zhang,c Lili Ma,a Baohua Xu*a and Rujie He *c

In the field of bone engineering, porous ceramic scaffolds are in great demand for repairing bone defects. In

this study, hydroxyapatite (HA) ceramic scaffolds with three different structural configurations, including the

body-centered cubic (BCC), the face-centered cubic (FCC), and the triply periodic minimal surface (TPMS),

were fabricated through digital light processing (DLP) based 3D printing technologies. The effects of the

structural configurations on the morphologies and mechanical properties of the DLP-based 3D printed

HA scaffolds were characterized. Furthermore, in vitro evaluations, including in vitro cytocompatibility,

bone alkaline phosphatase (ALP) activity assay, and protein expression, were conducted to assess HA

scaffold behavior. Finally, we evaluated the effects of structural configurations from these aspects and

selected the most suitable structure of HA scaffold for bone repair.
1. Introduction

The restoration of bone defects is currently an important clin-
ical challenge. Stimulating the biological activity of bone
regeneration and structural features that can be perfectly
adapted to the patient's defect are key to the success of bone
repair alternatives.1 Biologically inert ceramics such as
zirconia,2,3 bioactive ceramics4–6 such as hydroxyapatite (HA),7–9

and metallic materials such as titanium (Ti)10,11 are currently
commonly used in clinical and research applications for bone
repair. Among them, bioactive ceramics represented by HA have
better osteoconductivity, similar mechanical properties to
natural bone, and are the most important and widely used
materials in bone repair.12 In particular, HA is biocompatible,
safe, and non-toxic and conducts bone growth in the body.13,14

New bone can grow from the HA implant to the original bone by
climbing along the implant surface or through the internal
penetrating pores.15,16

Besides, pore characteristics are important parameters of
bioengineered scaffolds.17,18 The pore shape affects whether
cells can grow and expand.19,20 Also, pore characteristics affect
the mechanical properties of the scaffold, which in turn affects
the ability of the scaffold to support the bone defect.21,22 Earlier,
the effect of pore characteristics of calcium phosphate-based
dship Hospital, Beijing, 100029, China.

l College, Chinese Academy of Medical

Beijing 100029, China

lti-functional Composite Materials and

eijing 100081, China. E-mail: herujie@

20838
materials on bone regeneration was analyzed by Bose
et al.13,16,23 In 2012, Bose et al.23 investigated the effect of porosity
and pore size on the mechanical strength of bone cell–material
interactions in vitro and osteogenic processes in vivo. They
designed three scaffolds with pore sizes of 500, 750, and 1000
mm and showed that cell density increased with decreasing
interconnected pore size, while in vivo, large pores favored
osteogenesis and vascularization. Recently, tremendous efforts
have been made to porous HA scaffolds.7,24,25

On the one hand, due to the high complexity of the porous
HA scaffolds, the traditional processing technologies are diffi-
cult to achieve accurate processing. In 2001, Hutmacher et al.26

suggested that implants need to support cell attachment,
proliferation, and maintenance of their differentiation. The
structure needs to match the so tissue of the neoplastic tissue.
Usually, porous HA scaffolds are mainly realized by the 3D
printing process.27 Till now, 3D-printed HA ceramic and its
structures have received greater attention due to their better
bioactivity and designable structure.28–30 Common 3D printing
technologies, such as selective laser sintering (SLS), selective
laser melting (SLM), laminated object manufacturing (LOM),
binder jetting (BJ), vat photopolymerization (VP), fused depo-
sition modeling (FDM), direct ink writing (DIW),22,31 have been
adopted to produce porous ceramic scaffolds. Halloran et al.32

investigated light-cured ceramic pastes. They obtained initial
stable ceramic curing pastes and successfully prepared casting
molds. They developed the properties of a simple resin con-
sisting of aluminum powder suspended in hexanediol dia-
crylate (HDDA) and explored the depth of cure as a function of
dose for a high-density laser in SLA, which set the stage for the
development of a stable light-curing technology. Apart from
this, Feng et al.33 developed digital light processing (DLP)-based
© 2023 The Author(s). Published by the Royal Society of Chemistry
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3D printing to prepare HA structures. They discussed the ink
conditions, sintering parameters, mechanical properties, and
cellular properties of the as-printed HA in detail. Zhang et al.34

also prepared HA structures with high resolution and micro–
nano inner porosity by DLP technology. The HA scaffolds
exhibited good pore characteristics, compressive strength, and
biological properties. To achieve a high cell attachment during
implant, the HA scaffolds need to have high porosity. However,
the reported porosity was usually below 50 vol%, how to achieve
the 3D printing of HA scaffolds with high porosity (normally
above 50 vol%) is a challenge.

On the other hand, the structural conguration of the HA
scaffolds also has signicant effects on their behaviors.
Recently, various kinds of structures have been applied to
porous HA scaffolds. Especially, classic lattice structures with
regular apertures, including the body-centered cubic (BCC), the
face-centered cubic (FCC), and so on, have drawn great atten-
tion, especially in metallic materials. Zhang et al.35 designed
porous metallic biomaterials and simulated the topology,
mechanics, andmass transport properties of human bones, and
the results showed that the scaffolds could mimic the biological
role of bones while maintaining mechanical properties. To
simulate the properties of natural bone due to its inhomoge-
neous pore size distribution, metal materials with graded pore
gradient lattice structure were designed by Mahmoud et al.36

Parisien et al.37 explored the mechanical properties and bone
stimulation applications of FCC and BCC structures in bone
engineering, demonstrated that the dotted structures have bone
growth stimulating effects, demonstrating the potential for
application in bone scaffolding applications. Besides, the triply
periodic minimal surface (TPMS), which is a surface with the
minimum area and zero average curvature that satisfy specic
constraints and are arranged periodically in space, has also
intensively received much attention because of its smooth
surface and bionic nature. The TPMS structures made of tita-
nium alloy were prepared by Bobbert et al.38 using SLM. This
structure simulates the topological, mechanical, and mass
transport properties of bone and meets the needs of porous
biomaterials. Noroozi et al.39 designed and fabricated a three-
cycle minimal surface (TPMSs) bio-scaffold based on 3D prin-
ted poly-(lactic acid)-based composite alginate. This novel
scaffold improves the low mechanical properties of alginate
hydrogels and also provides a scaffold with a suitable pore size
that can be used for bone regeneration applications. Till now,
there have been few reports about the 3D printed HA scaffolds
with TPMS structure yet. Wang et al.40 investigated the cubic
structure of metallic materials, the magnitude of mechanical
row properties of TPMS structure, and the comparison of cyto-
toxicity. Zhang et al.41 also developed high-strength HA scaffolds
with TPMS for load-bearing bone regeneration. However, most
importantly, the effects of different structural congurations of
HA scaffolds have not been clearly understood. Therefore,
guring out the intrinsic relationship between the structural
conguration and the behaviors of 3D printed HA scaffold is
another key issue to solve.

Herein, porous HA scaffolds with different structural
congurations, including BCC, FCC, and TPMS, were designed
© 2023 The Author(s). Published by the Royal Society of Chemistry
with high porosity of up to 60 vol% and digital light processing
(DLP) based 3D printed. Especially, to evaluate the structural
congurations in terms of morphologies, mechanical proper-
ties, and in vitro biological properties of 3D printed HA scaf-
folds, we performed the characterization of morphologies,
compression properties, in vitro cell proliferation, ALP expres-
sion activity, and osteogenic protein expression on the scaf-
folds. We evaluated the effects of structural congurations from
these aspects and selected the most suitable structure of HA
scaffold for bone repair.

2. Materials and methods

The study on the mechanical and in vitro behaviors of 3D-
printed HA scaffolds with three different structural congura-
tions consisted of ve steps: (1) design, (2) 3D printing, (3)
morphological observation, (4) mechanical characterization,
and (5) in vitro evaluation, as illustrated in Fig. 1.

2.1 Design

Herein, HA scaffolds with three different structural congura-
tions, including the body-centered cubic (BCC), the face-
centered cubic (FCC), and the gyroid (which was one typical
type of TPMS), were designed, as shown in Fig. 2. The relative
density of the three HA scaffolds was kept at 40 vol%, that was to
say, the porosity of the HA scaffolds was set at 60 vol%. The
diameter (F) and the height (H) of all the HA scaffolds were
designed as 8 mm and 8 mm, respectively. The 3D models for
the BCC, FCC, and TPMS scaffolds were exported as.stl les for
the following 3D printing. For simplicity, in this study, the as-
obtained HA scaffold with the structural conguration of
BCC, FCC, and TPMS was named BCC, FCC, and TPMS,
respectively. Previous report41 showed that the porosity of gyroid
TPMS structures ranged from about 55% to 75%, which were
higher than this work.

2.2 DLP-based 3D printing

Commercial hydroxyapatite powders (HA, average diameter 12
mm, Nanjing Duly Biotech Co., Ltd, China) were used as raw
materials. The light-curing resins used in this study were 1,6-
hexanediol diacrylate (HDDA, Sinopharm Chemical Reagent
Co., Ltd, China) and trimethylolpropane triacrylate (TMPTA,
Sinopharm Chemical Reagent Co., Ltd, China). Free radical
photoinitiator diphenyl(2,4,6-trimethyl-benzoyl) phosphine
oxide (TPO, Sinopharm Chemical Reagent Co., Ltd, China) was
used as a photoinitiator. Solsperse KOS163 (Guangzhou Qian'an
Chemical Co., Ltd, China) was used as dispersant.

Digital light processing (DLP) based 3D printing of HA
scaffolds was subsequently conducted in the order of slurry
preparation, 3D printing, and debinding and sintering, which
was reported in our previous works.7,33

2.2.1 Slurry preparation. Firstly, the volume ratio of HDDA-
TMPTA was set as 4 : 1. Then the HA powders were weighed
according to the solid loading (30 vol%). Aer that, the TPO
photoinitiator was added to the slurry and continuedmilling for
2 h, and the dosage of the TPO was 2 wt% of the solid. The
RSC Adv., 2023, 13, 20830–20838 | 20831
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Fig. 2 Single cell, scaffold, and top view of (a) BCC, (b) FCC, and (c)
TPMS.

Fig. 1 Schematic diagram of the study on morphologies, mechanical and in vitro behaviors of DLP 3D printed HA scaffolds.
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doping content of the Solsperse KOS163 dispersant was set as
5% of the addition of HDDA, TMPTA, and HA weight. Finally,
the mixture was turned into the ball mill and stirred for 24 h to
make a uniform slurry.

2.2.2 3D printing. The DLP-based 3D printing was nished
with commercial 3D printing equipment (AutoCera, Beijing
10dim Tech. Co., Ltd, China). The 3D model of the as-designed
HA scaffold was rst imported into the equipment. The thick-
ness of each layer was set as 50 mm. Aer taking the slurry into
the trough, the slurry was exposed to UV radiation (wavelength
405 nm; intensity 9000 mW cm−2; exposure time for the 1st layer
10 s, the exposure time for each layer 8 s). Aer the slurry was
cured, the platform was raised, and the blade re-attened the
20832 | RSC Adv., 2023, 13, 20830–20838
slurry. And the next layer was cured aer the platform was
lowered. Aer such cycles, the green body of the HA scaffold was
produced.

2.2.3 Debinding and sintering. The green body of three HA
scaffolds was treated by a Muffle furnace (Hefei Facerom
Furnace Co., Ltd, China). Firstly, the green body was subjected
to 650 °C at a heating rate of 1 °C min−1 and debinded for 2 h to
allow polymer cleavage. Aer debinding, the sample was further
sintered at 1250 °C with a heating rate of 1 °C min−1 and held
for 2 h. The whole debinding and sintering were carried out
under an air atmosphere. Aer sintering, the sample was cooled
to room temperature at a rate of 1 °C min−1. Finally, the sin-
tered body of the HA scaffold was obtained.

2.3 Morphological observation

It is known that the geometries of ceramic scaffolds will shrink
to a certain extent aer debinding and sintering. In this study,
the shrinkage of the HA scaffold in the X/Y direction and Z
direction were tested, respectively. The diameter F1 and height
H1 of the green body were rst recorded by a 211–101 digital
micrometer (Anyi Instrument Co., Ltd, China), and the diameter
F2 and heightH2 of the sintered body wasmeasured in the same
way, the shrinkage was calculated from the ratio of the size of
the green body to that of the sintered body, as follows,

Shrinkage in X/Y direction: a = (F1 − F2)/F1 × 100% (1)

Shrinkage in Z direction: b = (H1 − H2)/H1 × 100% (2)

All the tests were repeated 5 times to obtain an average value
for each scaffold.

The HA scaffolds' microscopic morphologies were observed
using a scanning electron microscope (SEM, JSM-7500F, JEOL,
Japan), and the HA scaffolds were pre-processed by sputter-
coated with gold.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.4 Mechanical characterizations

The compressive strength of the HA scaffolds was measured
with a crosshead speed of 0.05 mm min−1 at room tempera-
ture by a universal mechanical testing machine (Instron
Legend 2367 testing system, USA). At least 5 specimens were
measured to achieve an average value for each condition.
The stress–strain curves were recorded, and the compressive
strength (s) was calculated as F/A, where F was the
maximum load recorded during testing and A was the
cross-sectional area of the scaffold. Test results are expressed
as mean ± standard variance.
Table 1 Shrinkage of DLP 3D printed HA scaffolds with different
structural configurations

Structural conguration

Shrinkage (%)

In X/Y
direction In Z direction

BCC 29.30 � 0.07 33.3 � 0.76
FCC 29.93 � 0.34 32.88 � 1.05
TPMS 30.04 � 0.23 32.65 � 0.86
2.5 In vitro evaluation

2.5.1 In vitro cytocompatibility. Whether the cells can
continue to maintain their proliferative capacity aer inocula-
tion is an important indicator of a scaffold for bone tissue
engineering. The in vitro biocompatibility of HA scaffolds with
three structures was determined using the CCK-8 methodology.
Bone marrow mesenchymal stem cells (BMSCs) cells were
cultured on HA scaffolds and the relative amount of cell growth
on the scaffolds was observed aer 1, 4, and 7 days. A blank
group and three control groups (BCC, FCC, and TPMS) were set
up here. Three samples were set up separately for each group.
The relative amount of cell growth was determined by
measuring the absorbance.

The survival of stem cells on the scaffold was observed at 3
days of culture using the calcein-AM/PI live/dead cell double-
staining kit (YEASEN, 40747ES76). Live cells (yellow-green
uorescence), as well as dead cells (red uorescence), were
detected simultaneously under a uorescence microscope
(Leica, TCS SP8) using a 490 ± 10 nm excitation lter.

2.5.2 ALP activity assay. The expression levels of bone
alkaline phosphatase (ALP) were measured in BMSCs on HA
scaffolds on days 1, 4, and 7. Puried rat ALP antibody wrap-
ped around a microtiter plate to make a solid phase antibody.
ALP was added sequentially to the antibody-coated wells and
then combined with HRP-labeled ALP antibodies to form
antibody-antigen-enzyme-labeled antibody complexes. Aer
complete scrubbing, the substrate TMB was added for color
development, and TMB was converted to blue by the HRP
enzyme and nally yellow by acid. The cell suspension was
diluted with PBS (pH 7.2–7.4) to reach a cell concentration of
about 1 million per ml. Freeze and thaw repeatedly to disrupt
the cells and release the intracellular components. Centrifuge
for about 20 minutes (2000–3000 rpm) to collect the
supernatant.

2.5.3 Protein expression. The analysis of osteopontin
(OPN), runt-related transcription factor 2 (RUNX2), collagen
(Col-1), vascular endothelial growth factor 2 (VEGFR2), von
Willebrand factor (vWF), platelet endothelial cell adhesion
molecule-1 (CD31) osteogenic protein expression level by
western blot (WB) method. BMSCs were lysed and centri-
fuged aer 21 days of osteogenic induction on the scaffold.
The protein concentration was determined using the BCA
protein concentration (Beyotime Biotechnology, China) assay
kit.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.6 Statistical analysis

All experimental results of the test were expressed as mean plus
or minus standard deviation (x ± s), and the chi-square test,
one-way analysis of variance (one-way ANOVA), and two-by-two
comparison between sample means (q test) were performed
using GraphPad Prism 9 statistical soware. Statistical signi-
cance was set at a limit of P < 0.05. P-values are displayed in the
graphs. The null hypothesis that there is an association between
the two is taken.
3. Results and discussion
3.1 Morphologies

Table 1 lists the shrinkage of DLP 3D-printed HA scaffolds aer
debinding and sintering. Compared with designed CAD
models, all DLP 3D printed HA scaffolds with the structural
conguration of BCC, FCC, and TPMS showed obvious dimen-
sional shrinkage both in the X/Y direction and in the Z direc-
tion. The shrinkage of BCC, FCC, and TPMS in the X/Y direction
was 29.30 ± 0.07%, 29.93 ± 0.34, and 30.04 ± 0.23%, respec-
tively. And the shrinkage of BCC, FCC, and TPMS in the Z
direction was 33.03 ± 0.76%, 32.88 ± 1.05%, and 32.65 ±

0.86%, respectively. The average diameter of the BCC structure
aer sintering was 6.29 ± 0.11 mm and the height was 5.90 ±

0.30 mm. The diameter of the FCC aer sintering was 5.70 ±

0.04 mm and the height was 5.61 ± 0.03 mm. The diameter of
the TPMS aer sintering was 6.35± 0.05mm and the height was
6.01 ± 0.05 mm. Interestingly, the values of shrinkage were
similar for different structures. Accurate shrinkage is essential
for the accurate 3D printing of HA scaffolds. To produce a HA
scaffold with high precision, it was very necessary to enlarge the
3D model considering the shrinkage when designing.

The macro and microstructures of HA scaffolds with
different structural congurations are shown in Fig. 3. It was
found that all HA scaffolds had outstanding accuracy and
surface quality. As shown in Fig. 3a1–a3, typical layer-by-layer
characteristics were observed for BCC, owing to the 3D
printing processing procedure, which has also been reported in
our previous studies.42,43 Similar microstructural characteristics
were also found for both FCC and TPMS (as shown in Fig. 3b1–
b3, and c1–c3). On the one hand, as shown in Fig. 3a2, a3, b2 and
b3, the pore size of the BCC and FCC was about 300–400 mm at
a porosity of 60%. Whereas the pore size of TPMS was not able
to see clearly. TPMS prepared by 3D printing has interconnected
pores and regular boundaries (as shown in Fig. 3c2 and c3).
RSC Adv., 2023, 13, 20830–20838 | 20833
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Fig. 3 Macro and microstructures of three HA scaffolds: (a) BCC, (b)
FCC, and (c) TPMS. Footnote 1 means photograph; footnotes 2 and 3
represent enlarged SEM images.
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Especially, TPMS is generally difficult to fabricate with
conventional machining processes because of their periodic
characteristic surfaces. From this study, DLP-based 3D printing
can produce an HA scaffold with a TPMS structure. On the other
hand, however, some residual cracks were existing among the
HA scaffolds, which would mainly deteriorate their mechanical
properties. According to the SEM images, BCC had the most
cracks, which might be due to the rapid overow of gases
generated by the sintering of the internal resin due to too rapid
a cooling down during the sintering process, which leads to the
expansion of cracks. How to reduce or eliminate manufacturing
cracks might be one of the most mainly focused topics in future
research.

3.2 Compressive strength

The compressive strength of three HA scaffolds needs to be
characterized to ensure adequate support during implantation.
Fig. 4a and b shows the strain–stress and maximum yield
strength of HA scaffolds under compressive loading, respec-
tively. For all HA scaffolds, their stress–strain curves under
compression presented “zigzag” trends, as given in Fig. 4a.
These “zigzag” jagged ripples correspond to the failure and
fragmentation of the joints inside the HA scaffolds, which was
similar to the reports of other 3D printed ceramics under
compressive loading.42,43 Besides, the peaks of the compressive
Fig. 4 (a) Compressive strain–compressive stress, and (b) compres-
sive strength of HA scaffolds.

20834 | RSC Adv., 2023, 13, 20830–20838
stress of these HA scaffolds had the following order: TPMS >
FCC > BCC. In this study, the peak of the compressive stress was
nominated as the maximum yield compressive strength of HA
scaffolds. As shown in Fig. 4b, the compressive strengths of
BCC, FCC, and TPMS were 0.42 ± 0.06 MPa, 1.46 ± 0.15 MPa,
and 3.32± 0.32 MPa, respectively. As found, TPMS exhibited the
highest compressive strength and the best mechanical behavior
compared to BCC and FCC under the same porosity. That might
be attributed to TPMS being composed of curved surfaces with
0 curvature. It should be noted that the strength achieved in this
work was still relatively low. Zhang et al.41 got gyroid TPMS
structures with high strength ranging from about 3–15 MPa.
How to enhance the strength of HA scaffolds with TPMS
structures is still a big challenge in our future work. According
to the previously reported studies,44 that pore shape was critical
in the determination of the mechanical stimuli and mechanical
function of the scaffolds.45 And TPMS has a unique spiral
structure, which results in a more uniform stress distribution
when subjected to stress and avoids the stress concentration
effect, thereby providing superior mechanical properties.46,47

However, BCC and FCC are geometric point structures gener-
ated by Boolean operations.48 These models have nonuniform
over connections at the geometric units with sharp turns or
sharp corners and thus are highly susceptible to stress
concentrations at the connections when the structure is
stressed, resulting in premature failure in service. Most
importantly, the compressive strength of produced HA scaffolds
barely met the strength requirements of the clinical applica-
tion.49,50 Among these three HA scaffolds, TPMS seemed to have
the most promising clinical application for bone regeneration.
Below, the in vitro behaviors of these HA scaffolds with different
structural congurations were further investigated to assess the
optimal structure type.
3.3 Cellular compatibility

Detection of cell viability on three HA scaffolds was conducted
by CCK-8 cell proliferation assay kit. The proliferation of BMSCs
cells aer 1, 4, and 7 days of culture on the HA scaffolds of the
three structures is shown in Fig. 5a. It was found that both FCC
and TPMS scaffolds supported the proliferation of BMSCs cells
as detected by CCK-8 proliferation assay, the results did not
show signicant differences compared with the blank group.
However, unfortunately, the BCC structure did not support
BMSCs cell proliferation and exhibited an inammatory
response and poor cytocompatibility, which might be due to the
contamination of the cell culture medium during the culture
process to produce toxicity. Aer 1 day of culture, BMSC cells
proliferated more on FCC and TPMS than the blank group,
showing good cytocompatibility. On 4 days of culture, the
growths showed a small decrease, where FCC was still higher
than the blank group, while TPMS was about 85% of the blank
group. On 7 days of culture, the growths were all slightly lower
than the blank group, with FCC showing a small decrease from
day 4, but still 94% of the blank group, and TPMS showing an
increase from day 4 to 97% of the blank group. FCC and TPMS
scaffolds did not show signicant differences in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Detection of cell growth of BMSCs cells at 1, 4, and 7 days
using the CCK8 method; (b) live/dead assay of stent-cultured rat bone
marrow mesenchymal stem cells (red indicates dead, green indicates
alive): (i) experiments were performed using rat bone marrow
mesenchymal stem cells. Live/dead BMSCs on (ii) BCC, (iii) FCC, and
(iv) TPMS (* indicates the statistical difference between this group and
the blank group; where N, difference is not statistically significant. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

Fig. 6 Expression activity of ALP on DLP 3D printed HA scaffolds after
BMSCs cells were cultured on scaffolds for 1, 4, and 7 days (* indicates
the statistical difference between this group and the blank group;
where N, difference is not statistically significant. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001).
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cytocompatibility. During osteoblast development, the expres-
sion of cell cycle and cell growth genes was downregulated,
while genes associated with the phenotypic maturation of
osteoblasts were regulated, resulting in a slower proliferative
phase. The fact that cell proliferation did not increase indicates
a transition from the proliferative to the maturation phase.
These results for another type of HA scaffolds, such as BCC,
were not signicant. Therefore, these results indicated that
both the HA scaffolds of FCC, and TPMS supported cell
proliferation.

The live/dead assay, a two-part dye staining live cells green
and dead cells red, was used to study cell viability on DLP 3D
printed HA scaffolds with three structures before and aer
plasma treatment (as presented in Fig. 5b). Fig. 5b(i) shows the
cells used in the experiment, demonstrating that the cells were
in a healthy state before culture. Fig. 5b(ii–iv) show the live/dead
condition of cells on BCC, FCC, and TPMS scaffolds, respec-
tively (red indicates dead, green indicates alive). Interestingly,
cells exhibited no signicant cell death on all three HA scaf-
folds, and large areas of cells survived well. This indicated that
all the DLP 3D-printed HA scaffolds were biocompatible and
that these HA scaffolds exhibited the potential to support cell
growth.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.4 In vitro cell viability

Differentiation of BMSCs to osteoblasts is a key step in the
osteogenic phase. BMSC cell adhesion, proliferation, and oste-
oblast differentiation related to the expression of alkaline
phosphatase (ALP), OPN, Runx2, Col-1, VEGFR2, vWF, and
CD31. We measured the ALP activity by staining, an early
indicator of osteoblast induction in BMSCs. Alkaline phospha-
tase is one of the markers of osteoblast maturation and plays
a key role in the process of calcication in vitro. The main
mechanism is the ability of alkaline phosphatase to initiate
calcication by hydrolyzing the mailed phosphoric acids,
increasing the local PO4

3− concentration, and destroying
calcication inhibitors. The results can reveal that BMSCs can
induce osteogenic differentiation on scaffolds at an early stage
in an osteogenic differentiation medium. The ALP activity of
BMSCs cells cultured in osteogenic induction media on the
three different DLP 3D printed HA scaffolds on the 1st, 4th, and
7th day, as shown in Fig. 6, was the indication of osteoblastic
differentiation. On the 7th day, there was a signicant increase
in ALP activity of the HA scaffolds compared to the 1st day,
indicating increased osteoblast activity and bone formation.
Overall, the ALP activities were expressed on all three HA
structures, and the expression levels showed a trend of BCC <
FCC < TPMS. Aer 7 days of incubation on the scaffolds, bone
alkaline phosphatase (BALP) levels were 13.7 mg L−1 on the BCC
scaffold (P < 0.01, statistically signicant difference compared
to blank group), 17.3 mg L−1 on the FCC scaffold (P < 0.01,
statistically signicant difference compared to blank group),
and up to 20.9 mg L−1 on the TPMS scaffold (no statistically
signicant differences were seen compared to the blank group),
respectively. TPMS structure exhibited the best ALP activity,
which might be because TPMS structure had interconnected
pore structures suitable for cell growth.27,41 The reported
research showed that TPMS structure might be better for cell
attachment by providing a larger area submitted to an adequate
range of mechanical stimuli.45 Melchels et al.19 also demon-
strated that 3D printed TPMS structure was more easily inl-
trated and invaded by cell suspensions, resulting in a more
uniform distribution of cells, and dense scaffolds with
RSC Adv., 2023, 13, 20830–20838 | 20835
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Fig. 7 Expression of osteogenic proteins on DLP 3D printed HA scaffolds of BCC, FCC, and TPMS structures: (a) OPN; (b) Runx2; (c) Col-1 (d); (d)
VEGFR2; (e) vWF; and (f) CD31 (* indicates the statistical difference between this group and the blank group; whereN, difference is not statistically
significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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a relatively uniform distribution of cells were obtained aer ve
days of sugar dispensing.

The effect of scaffold liquid extract on the expression of six
proteins related to osteogenic differentiation of BMSCs was
investigated by western blot and immunouorescence staining.
Osteopontin (OPN) is a secreted, highly acidic phosphoprotein.
It is necessary for the regulation of mineralized tissue formation
and remodeling.51 Thus, increased expression of OPN is
a marker for the cessation of osteoblast proliferation and the
initiation of differentiation.52 Runx2 is thought to be a regulator
of early osteoblast differentiation and plays a role in skeletal
morphogenesis, chondrogenesis, and angiogenesis.53 VEGFR-2
induces migration and proliferation of endothelial cells in
culture and has a strong angiogenic capacity in vivo. Neo-
angiogenesis in cartilage growth plates plays an important role
in endochondral osteogenesis.54 It was demonstrated that
VEGFR-2 stimulates the recruitment of blood vessels and oste-
oclasts and promotes cartilage resorption at the site of perios-
teal repair.55 Collagen-1 is a major component of natural bone
and has an osteoconductive effect on bone regeneration.56,57

Osteogenic protein expression levels of rat bone marrow
mesenchymal stem cells were observed aer 21 days of osteo-
genic induction on scaffolds inoculated with three structures.
Fig. 7 shows the expression of osteogenic proteins on DLP 3D
printed HA scaffolds of BCC, FCC, and TPMS structures.
Generally, from these testing, the expression levels of the six
osteogenic proteins on the three structures showed a trend of
BCC < FCC < TPMS, which was the same as that of ALP. These
results further demonstrated the inuence of structure on
osteogenic differentiation.

As known, the osteogenic effect depends on a combination
of many factors affecting the biomaterial.41 It has been
demonstrated that porous attributes, mechanical properties,
and biological behavior as well as bioactive components can
effectively regulate cell attachment, proliferation, and
20836 | RSC Adv., 2023, 13, 20830–20838
differentiation. For porous scaffolds applied in bioengineering,
in addition to the material itself must be biocompatible and
degradable, the structure itself should also have bionic prop-
erties. The scaffold should have interconnected pores, uniform
surface transition, high ne liquid mobility and diffusivity, and
high specic strength. The point structure coming from simple
Boolean operations is difficult to meet the needs of bioengi-
neering, as veried by this experiment. This is because biolog-
ical cell aggregates are easily separated by geometric features
such as sharp turns and sharp corners formed. Therefore, such
dot matrix structures including BCC and FCC cannot provide
a suitable environment for cell attachment, migration, and
proliferation. TPMS has been considered the ideal geometry to
describe the morphology of the human skeletal structure. It has
been shown that curved structures are more conducive to cell
crawling and spreading and help to enhance plasmamembrane
extension. Truss-like lattice structures composed of straight
rods do not have smooth and sufficiently large curved internal
surfaces to ensure good cell ow and diffusion inside, and
TPMS structures meet these requirements perfectly. At the same
time, TPMS has high reproducibility and manufacturability,
which will lead to a greater potential for scaffolds with TPMS
structures in bone engineering. Similar results were rst found
by Zhang et al.,41 which gave a fundamental guide for this work.
4. Conclusions

In this paper, hydroxyapatite (HA) ceramic scaffolds with three
different structural congurations, including the body-centered
cubic (BCC), the face-centered cubic (FCC), and the triply peri-
odic minimal surface (TPMS), were fabricated through digital
light processing (DLP)-based 3D printing technologies. The
effects of the structural congurations on the morphologies,
and mechanical and in vitro behaviors of the DLP-based 3D
© 2023 The Author(s). Published by the Royal Society of Chemistry
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printed HA scaffolds were characterized and discussed. The
main conclusions are listed as follows,

(1) All the DLP-based 3D-printed HA scaffolds had
outstanding accuracy and surface quality.

(2) The compressive strengths of BCC, FCC, and TPMS under
the porosity of 60 vol% were 0.42 ± 0.06 MPa, 1.46 ± 0.15 MPa,
and 3.32± 0.32 MPa, respectively. As found, TPMS exhibited the
highest compressive strength and the best mechanical behavior
compared to BCC and FCC under the same porosity. The
compressive strength of as-produced HA scaffolds barely met
the strength requirements of the clinical application. Among
these three HA scaffolds, TPMS seemed to have the most
promising clinical application for bone regeneration.

(3) Cells exhibited no signicant cell death on all three HA
scaffolds, and large areas of cells survived well. This indicated
that all the DLP 3D-printed HA scaffolds were biocompatible
and that these HA scaffolds exhibited the potential to support
cell growth.

(4) The ALP activities were expressed on all three HA struc-
tures, and the expression levels showed a trend of BCC < FCC <
TPMS.

(5) The expression levels of the six osteogenic proteins on the
three structures showed a trend of BCC < FCC < TPMS, which
was the same as that of ALP.

Although TPMS scaffolds exhibit good mechanical proper-
ties, for example, the compressive strength of b-TCP material
prepared by DLP by Xu et al.58 ranged from 0.8 to 4.1 MPa, and
the compressive strength of BCP material prepared by Liu
et al.59 was 1.06 MPa. However, compared with other inert
ceramic materials made by additive manufacturing, for
example, ZTA prepared by 3D printing by Yu et al.60 the mate-
rial's bending strength can reach 422.5 MPa, and the scaffold
has good cytocompatibility, which can promote cell adhesion
and proliferation. Besides, it should be noted that the strength
achieved in this work was still relatively low. Zhang et al.41 got
gyroid TPMS structures with high strength ranging from about
3–15 MPa. How to enhance the strength of HA scaffolds with
TPMS structures is still a big challenge in our future work.

It is indeed interesting to compare the compressive strength
of a scaffold lled with osteoblasts with that of natural bone.
However, since the scaffold is composed of HA, HA degrades
when lled with osteoblasts. As the scaffold degrades, the
number of osteoblasts will increase, and monitoring the
compressive strength of the scaffold appears difficult, but this
provides an interesting direction for our next experiments.

In sum, TPMS has high reproducibility and manufactur-
ability, which will lead to a greater potential for scaffolds with
TPMS structures in bone engineering. However, the mechanical
properties and in vitro performance of the scaffolds of all three
structures need to continue to be improved. The in vivo osteo-
genic effects of the three structures of the scaffolds still need to
be explored.
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