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Abstract: The morphologies and structures of the scaffold have a significant influence on their mechanical and biological 
properties. In this work, different types of porous structures: Triply periodic minimal surface-Schwarz primitive (P), body-
centered cubic, and cubic pore-shaped (CPS) hydroxyapatite scaffolds with ~70% porosity were fabricated through digital 
light processing (DLP) 3D printing technology. The compressive properties and in vitro cell evaluations such as cell 
proliferation and attachment morphology of these scaffolds were systematically compared. The results showed that the CPS 
scaffolds exhibited the highest compressive strength (~22.5 MPa) and modulus (~400 MPa). In addition, the CPS scaffolds 
also performed the most active cell metabolisms as compared to other two structures, which may account for the larger pore 
size and smaller curvature of the substrate. This study provides a general guidance for the fabrication and selection of porous 
bone scaffolds processed by DLP 3D printing.
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1. Introduction
Bone defects caused by trauma injuries, diseases, and 
complications that occurred in the bone regenerating 
process have been a critical medical problem in the 
current society[1-4]. However, bone defects cannot heal 
themselves without surgical interventions when the 
defects are larger than the critical size[5-7]. Traditional 
surgical operations, including autografts and allografts, 
have inevitable drawbacks, such as supply shortage, 
the need for second surgery, and occurrence of immune 
responses, which increase the implantation risk and 
hinder their further applications in clinic[8-10].

With rapid development in recent years, bone tissue 
engineering (BTE) is considered a new substitutive therapy 

for treating bone lesions. Scaffolds play an important role in 
BTE for providing a three-dimensional (3D) environment 
for cell attachment, adhesion, growth, and proliferation 
until the injured bone has regenerated its own properties 
and functions. There are several requirements for tissue 
engineered scaffolds. The paramount requirements for 
BTE scaffolds are biocompatibility and non-toxicity[10-12]. 
Hydroxyapatite (HA) is chemically similar to the 
inorganic phase of native bone, possessing incomparable 
biological advantages such as osteoconductivity, 
osteoinductivity, and biocompatibility. Therefore, it 
is widely regarded as a promising material for bone 
scaffolds. Second, bone scaffolds should have sufficient 
mechanical strength and stiffness to provide physical 
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support for cell activities. Besides, the scaffolds should 
also have porous structures with adequate interconnected 
pores to facilitate the diffusion of nutrients and oxygen 
as well as cell ingrowth[10,12]. Notably, the characteristics 
of scaffold structures (pore shape, pore size, porosity, 
etc.) not only affect the stress distribution but also have a 
close relation with cell behaviors. Therefore, improving 
the properties of tissue engineered scaffolds by designing 
different structures has been an attractive research hotspot. 
Especially, with the advancement of computational design 
and advanced manufacturing, the design and fabrication 
of scaffolds with complex structures have gained many 
attentions in BTE field.

Triply periodic minimal surface (TPMS) is nowadays 
a popular structure that has been widely investigated 
for BTE scaffold due to the advantages of zero mean 
curvature and large surface area. Blanquer et al. fabricated 
eight TPMS scaffolds using the biocompatible material, 
poly(trimethylene carbonate), by service-level agreement 
to investigate the biofunctional role of surface curvature 
of scaffolds[13]. Their results showed that different TPMS 
structures exhibited distinct permeabilities and thus 
influenced the tissue formation. However, there were no 
further illustrations about the in vitro evaluations caused 
by the difference of the permeabilities of the scaffolds. 
Besides, the structure stability of TPMS scaffolds was 
investigated by Lu et al.[14]. They manufactured the 
TPMS-based scaffolds with Ca-silicate bioceramics 
and compared the structural and mechanical stability 
between TPMS-based and structure-based scaffolds. 
It revealed that TPMS-based (skeletal- I-graph and 
wrapped package-graph, sheet gyroid) scaffolds had 
higher appreciable specific flexural strength than 
structure-based scaffolds but lack of further discussions 
on in vitro evaluations. The similar conclusion that the 
TPMS-P HA scaffolds performed high flexural strength 
up to 92.4 MPa was also reported in Yao et al.’s work[15]. 
Furthermore, they also pointed out the TPMS-P had 
good cell proliferation through the in vitro evolution[15]. 
Body-centered cubic (BCC) structure, discovered in 
crystals structures, was also used for tissue engineering 
applications. Huo et al. fabricated BCC Ti-6Al-4V (TC4) 
scaffolds by selective laser melting and investigated the 
compression deformation behavior of BCC structure[16]. 
The result showed that the BCC structure could benefit 
the formation of the smaller and regular α’ martensite, 
which could improve the compressive strength of TC4 
scaffolds. Meanwhile, Caravaggi et al. revealed that the 
BBC structure had higher ultimate tensile strength than 
that of the circular pore-shaped scaffolds, and good cell 
viability and proliferation rate[17]. Obviously, different 
advanced scaffold designs, such as TPMS and BCC, have 
emerged in BTE in recent years. However, systematic 
comparisons among new structures and traditional 

structures, such as cubic pore-shaped (CPS) scaffolds, in 
both mechanical properties and in vitro cell evaluations, 
are scarce, and thus, deeper investigations are needed.

To identify the difference and properties of various 
scaffolds, the fabrication approaches should be carefully 
considered. Traditional approaches, such as salt leaching, 
freeze drying, and gas foaming, are commonly applied in 
HA scaffold fabrication, whereas these techniques have 
inevitable limitations, such as uncontrolled pore size 
and poor pore interconnectivity[18]. Recently, additive 
manufacturing, such as binder jetting (3DP), selective 
laser sintering (SLS), and direct ink writing (DIW), has 
emerged as an efficient way to fabricate HA scaffolds 
with complex structures. As for 3DP and SLS, the 
general challenges include the relatively low resolution 
and powder entrapment in small pore of printed 
scaffolds. Sag and collapse in the DIW process are still 
a big obstacle for scaffold fabrication[3]. Digital light 
processing (DLP), possessing the advantages of high 
accuracy and resolution, is a powerful way to fabricate 
scaffolds with specific pore shape and interconnected 
pores. Before printing bioceramic 3D objects through 
DLP, the photosensitive slurry, containing ceramic 
powders, resin matrix, etc., should be prepared in 
advance. The successful printing by DLP largely 
depends on the good performance of the bioceramic 
slurry. As for slurry preparation, ceramic dispersion 
is a big challenge, particularly for nano-sized ceramic 
which can facilitate the mechanical properties of the 
ceramic parts. The nano-sized particles are difficult to 
be homogeneously dispersed in the slurry because they 
are prone to agglomeration due to the higher surface 
energy. The dispersity of nano-sized ceramic slurry is 
influenced by the dispersant and concentration, which 
was investigated by Sun et al.[19] His work revealed that 
the nano-sized zirconia slurry was well dispersed by 
adding 3 wt. % Disperbyk (BYK). A proper dispersant 
and corresponding concentration are significant to stable 
dispersity of slurry, which was also evidenced by Ding 
et al.’s work[20]. Besides, the slurry containing nano-
sized ceramic particles exhibits difficulties in printing 
accuracy since there are more scattering centers that 
enhance the overcure in an unexpected area[21]. Ju et al.’s 
study showed that the printability of nano-sized zirconia 
slurry could be optimized by mixing in the specific 
ratio of micron-sized powders due to the decrease of 
scattering center’s number and sustained solid-like 
behaviors[22].

In this work, nano-sized HA ceramic slurry was 
prepared and processed using DLP 3D printing. The 
rheological properties, curing abilities, debinding, and 
sintering strategy were systematically investigated. 
Afterward, the TPMS-P, BCC, and CPS scaffolds with 
a same porosity were designed and fabricated under 
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optimized parameters. The compressive properties 
and in vitro biological evaluation in cell proliferation 
and attachment morphologies of three structures were 
compared and studied. Our research is expected to offer 
an insight into guide the bioceramic scaffold fabrication 
and the selection for BTE applications.

2. Materials and methods
2.1. Materials
The HA powders (diameter: 20 nm; length: 270 nm) 
were supplied by Nanjing Emperor Nano Materials Co., 
Ltd (Jiangsu, China); 1, 6-hexanediol diacrylate (HDDA, 
Shanghai Yinchang Materials Co., China) was selected as 
the monomer of the slurry. Its two reactive functionalities 
ensure a sufficient cross-linking in curing[23]. The dispersant-
BYK for powder surface modification was provided by 
BYK Additive and Instrument, Germany. TPO (Diphenyl 
(2, 4, 6-trimethylbenzoyl)) phosphine oxide from Shanghai 
Macklin Biochemical Co. was used as photoinitiator. 3-[4, 
5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide 
(MTT) was provided by Invitrogen (Thermal Fisher 
Scientific, USA). Dulbecco’s Modified Eagle’s Medium 
(DMEM), fetal bovine serum, and penicillin-streptomycin 
were provided by Gibco (Thermal Fisher Scientific, USA). 
Paraformaldehyde (PFA) was supplied by Alfa Aesar.

2.2. Slurry preparation
Before slurry preparation, surface modification of the 
nano-HA powders is necessary for homogeneous and 
stable dispersion[24,25]. The modification process is 
schematically shown in Figure 1. Raw HA powders were 
dried at 100°C for 12 h and mixed with the dispersant 
BYK in ethanol. The solution was stirred for 2 h at room 
temperature and dried in an oven at 50°C for 24 h. The 
modified HA powders were mixed with photoinitiator 
resin (HDDA, TPO) in a specific proportion. A number 

of zirconia beads were added into the slurry. After 
vigorously mixing in a Turbula shaker-mixer (Turbula 
T2F, Basel, Switzerland) for above 6 h, the nano-HA 
slurry was obtained.

2.3. Design and fabrication of scaffolds
The TPMS-P surface belongs to a member of the TPMS 
family, which can be defined by the specific mathematical 
equation[26,27], referring to Equation (2.1) where is defined 
as unit size and represents the expansion of surface. In 
this work, the P structure of scaffolds was designed by 
MATLAB.

Φ p x y z x y z c, , cos cos cos( ) = ( ) + ( ) + ( ) =    (2.1)

BCC and CPS structures with symmetric features 
were designed by CAD software. All scaffolds were 
designed with the same porosity value, that is, ~65%.

The scaffolds were printed by a top-down DLP 3D 
printer (405 nm light source) with a 30 um layer thickness 
(~10 mJ/cm2 energy dose, 1.5 s exposure time). First, the 
as-prepared nano-HA slurry was poured into the tank 
until the volume of slurry can meet the need of printing 
models. The 3D models were sliced into 2D images by 
a slicing software. Basing on the slicing data, the slurry 
was selectively cured by ultraviolet light layer by layer 
till the printing was fully accomplished. After finishing 
the printing process, the green parts were immersed in a 
mixture consisting of monomers and ethanol, and washed 
by an ultrasonic cleaning to remove the residual slurry.

To determine the debinding and sintering strategy, 
the thermal decomposition of the green part was analyzed 
using thermogravimetric analysis (TGA) (Discovery, TA 
Instruments, USA) with a heating speed of 10°C/min from 
40°C to 700°C. According to the TGA result, debinding 
and sintering strategy were conducted to obtain the final 
HA bioceramic scaffolds.

Figure 1. Slurry preparation and digital light processing printing.
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2.4. Characterization
The rheological property was investigated using the 
rotational rheometer (Anton Parr MCR 92, Anton Paar 
GmbH, Austria) equipped with a 50 mm diameter parallel 
plate with the shear rate from 1 S−1 to 100 S−1. Under light 
exposure with various energy doses, the cure depth of a 
single layer was measured by the digital micrometer (MDC-
25PX, Mitutoyo, Japan) to evaluate the cure capability 
of slurry. The phase constitution of the scaffolds was 
confirmed by the X-ray diffractometer (SmartLab, Rigaku, 
Japan) in range from 10° to 70° in scanning speed of 
10°/min. The morphology and grains of sintered scaffolds 
were observed by scanning electron microscopy (SEM, 
Merlin, ZEISS, Germany). The samples were coated with a 
layer of platinum (Pt) to improve the electrical conductivity. 
The thickness and pore size of sintered scaffolds were 
measured by microscope (Axio Observer 3, ZEISS) and its 
supporting software. The linear shrinkage was calculated 
by a digital caliper based on the dimensional difference of 
the parts before and after sintering. The linear shrinkage 
was compensated in the design process for accurately 
obtaining the expected size of scaffolds.

The porosity of the 3D models of the scaffolds was 
measured by the CAD software. Their real porosity was 
calculated by the Equations 2.2 to 2.4.

Real Porosity %= −( ) ×1 100V Vscaffold total/  (2.2)

 V a b htotal = × ×  (2.3)

 V mscaffold scaffold= / 0  (2.4)

Where, Vtotal, Vscaffold, mscaffold, ρ0, a, b, and h are total 
volume of bulk scaffold size, volume of the scaffold, 
mass of scaffolds, reference density (3.18 g/cm3), length, 
width, and height, respectively.

Compressive test was evaluated by a universal 
testing machine (TST, China) with a loading speed of 
0.5 mm/min. The overall sizes of the scaffolds used for 
compressive testing were5.5 × 5.5 × 5.5 mm (three units 
in each direction).

2.5. Cell culture
In this study, rat bone mesenchymal stem cells (rBMSCs) 
isolated from a rat’s bone marrow were used to evaluate 
the cell morphology and proliferation of HA scaffolds. 
The cells were seeded onto the HA scaffolds at a density 
of 2 × 103 cells per well in a 48-well cell culture plate and 
cultured in DMEM medium at 37°C in a CO2 incubator 
for 1, 4, and 7 days. At predetermined times, 300 µl MTT 
was added to each well and the plate was incubated at 
37°C for 4 h. Then, the medium was removed and 
(dimethyl sulfoxide, Aladdin) was added into each well 

for 10 min. The absorbance of each well was directly 
measured at 540 nm by a microplate reader. Besides, the 
cells were fixed by 4% PFA (Alfa) and then dehydrated in 
a series of graded ethanol. Afterward, the cell attachment 
morphologies were observed by SEM. The sizes of 
samples for in vitro evaluations were set as 5.5 × 5.5 × 
1.8 mm.

2.6. Statistical analysis
The data of compressive testing, structure parameters, 
and MTT assay data are expressed as means ± standard 
deviation. Besides, the results of compressive testing 
and MTT assay were analyzed by one-way analysis 
of variance and Tukey’s post hoc test, in which the 
significance values, P-values, were set to <0.05.

3. Results and discussion
3.1. Slurry properties and fabrication of the 
HA ceramics
The geometry accuracy and density of the green parts 
are influenced by the rheological behavior of the slurry 
during the printing process. Figure 2A shows the 
rheological behavior of nano-HA slurry. Obviously, the 
slurry exhibited a shear thinning behavior, which could 
be described by Equation 3.1[25,28,29].

 η η η η αγ= + −( ) + ( )( )∞ ∞0 1/
n  (3.1.)

Where, η0 and η∞ refer to the asymptotic viscosity 
at zero and infinite shear rate, α is a constant relating to 
the dimension of time, γ represents apparent shear rate, 
and n is a value to evaluate the shear thinning behavior. 
After fitting the data with Equation 3.1, as shown in 
Figure 2A, the fitting result showed n = 1.0087 ± 0.05036 
(> 8) and signified an apparent shear thinning behavior 
of the HA slurry[25]. Besides, the viscosity of the slurry 
was approximately 380 mPa·s at 52 S−1, indicating that 
the slurry had a low viscosity which can be used for the 
following printing. The low viscosity of the slurry is a 
guarantee of self-leveling in the recoating. Moreover, it 
can reduce the risks of producing bubbles in the slurry to 
improve the printing precision.

To optimize the printing parameter, the effect 
of exposing energy on the cure depth was examined. 
Figure 2B shows the result of cure depth with various 
exposing energy doses. The relationship between cure 
depth and energy doses can be described by Beer-Lambert 
law, Equation (3.2)[30]:

 C S ln E Ed d c= ( )0 /
 (3.2)

Where, Sd and Ec represent the cure sensitivity of 
slurry and critical exposure energy dose, respectively. 
Based on the measured data, the fitting function is as 
follows:
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 C ln Ed = ( )229 8 6 890. / .*  (3.3)

From Equation 3.3, the value of cure sensitivity 
reached 299.8, indicating high curing abilities and fast 
photo-polymerization speed.

During the DLP printing, the cure depth should 
exceed the printing layer thickness to guarantee a 
sufficient interface combination between layers to avoid 
the delamination and laminar crack in the sintering[31]. 
Therefore, considering both the cure depth of the slurry 
and printer set-up, 30 µm was set as the printing layer 
thickness. ~10 mJ/cm2 of energy dose with cure depth of 
~105 µm was correspondingly applied in the printing.

An optimized debinding strategy was beneficial 
for obtaining crack-free HA scaffold. The thermal 
decomposition of the green parts and the corresponding 
debinding strategy is shown in Figure 2C and D. Before 
~300°C, there was rarely mass loss in the green parts[32]. 
Most of the mass loss occurred in the temperature range 
between ~360°C and ~480°C. The peak value of the 
fastest mass loss occurred at ~430°C. Exceeding ~500°C, 
the mass of green parts was stable at ~55 wt. %.

According to the TGA result, the debinding strategy 
was determined, as shown in Figure 2D. In the temperature 
range between ~270°C and ~500°C, the heating rate was 
set as 0.15°C/min. Three hours were held at the highest 
speed of the decomposition to provide sufficient time 

for removing the organic phase of green parts. Besides, 
the other heating stages were heated with 1°C/min up to 
1250°C. After holding 3 h, the temperature in the furnace 
was gradually decreased to 800°C in 100 min to remove 
the residual thermal stress of sintered scaffolds.

X-ray diffraction was performed to confirm the 
phase composition of the HA powder and sintered HA 
ceramic. The standard peaks of HA powders (~25.9°, 
~31.9°, ~33.0°, etc.) have an agreement with the HA 
PDF card (PDF#73-1731) showing that the purity of the 
HA powders, as shown in Figure 3. After sintering, the 
new peaks, such as ~31.1° and ~34.5°, were detected 
demonstrating the phase transformation from HA to beta-
tricalcium phosphate (β-TCP) occurred. However, the 
strong peaks of HA verified that HA was still abundant in 
the sintered ceramics. The transformation was common, 
which was also published in many studies[33,34]. The 
presence of β-TCP is beneficial for BTE applications as it 
may increase the dissolution abilities.

3.2. Dimensional observation of scaffolds
The overall morphologies of the three types of scaffolds 
are shown in Figure 4A. The upper and lower rows of 
scaffolds were the green parts and final sintered HA 
ceramics, respectively. The dimensional difference 
revealed the linear shrinkage of the scaffolds during the 
thermal treatment. Form the green part to the sintered part, 

Figure 2. Slurry properties, thermogravimetric analysis of HA green part, and heating strategy. (A) Viscosity with different shear rates. 
(B) The relationship between cure depth and energy doses. (C) TGA and derivative thermogravimetry (DTG) curve. (D) Debinding and 
sintering strategy.
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the linear shrinkage was ~30% in X, Y, and Z directions. 
The geometric information of 3D models, the green 
bodies, and the sintered scaffolds are presented in Table 1.

Figure 4B demonstrates the morphologies of three 
types of scaffolds captured in the top view. The unique 
features of each scaffold were clearly displayed and the 
pores were fully interconnective without any blockages 
or deformations. In the magnified image, the thickness 
and pore size of the green parts and sintered scaffolds 
were measured by Observer microscope, which are 
presented in Table 1. For these three structures of printed 
green parts, compared with the compensated design, 
the thickness was smaller and the pore size was bigger 
because of the polymerization shrinkage[35,36]. In the 
views of the sintered HA scaffolds with three structures, 
the sintered thickness was in a range from ~210 µm to 
~520 µm, whereas the pore size was in a range from 
~670 µm to ~1180 µm. The sintered thickness of scaffolds 
was smaller but the sintered pore size was larger than the 
design, which is accounted for the interior shrinkage of 
scaffolds after sintering. As previously report, a pore size 
of >300 µm is recommended for better vascularization, 
high oxygenation, and better osteogenesis of implants[37]. 
Bružauskaitė et al. summarized the impact of pore size on 
cell functioning[38]. Their work indicated that the pore size 

Figure 4. Image of the scaffolds. (A) The printed (upper row) and sintered (lower row) scaffolds. (B) Scanning electron microscopy (SEM) 
image of surface grains in sintered scaffolds. (C) SEM of the body-centered cubic, primitive, and cubic pore-shaped scaffolds in the top 
view and their magnified views.

Figure 3. X-ray diffraction pattern of hydroxyapatite powder and 
the sintered hydroxyapatite ceramics.
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B
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in a range from 100 to 800 µm benefited the cell migration 
grow inside and outside of 3D scaffolds. As for scaffolds 
with larger pore sizes from 500 µm to 1500 µm, Huri 
et  al. and Velioglu et al. revealed that large pore size has 
positive effects on cell proliferation, alkaline phosphatase 
(ALP) activity, and calcium deposition[39,40]. In this work, 
the pore sizes of P, BCC, and CPS scaffolds were within 
the suggested range. Figure 4C shows the grains of HA 
scaffolds after sintering at 1250°C. The clear equiaxed 
grains and noticeable grain boundaries could be observed 
in SEM image, showing a good crystalline quality of the 
sintered parts.

The sintered porosity of three kinds of scaffolds was 
calculated by Equations 2.2 – 2.4, as shown in Table 1. 
~65% of porosity was set as the given design parameter in 
P, BCC, and CPS structures of scaffolds. After sintering, 
the porosity of scaffolds (~70%) was larger than that of 
the designed ones. The interior shrinkage caused by the 
thermal sintering would be the main reason for larger 
porosity.

3.3. Mechanical property
Scaffolds should provide sufficient physical support for 
cell activities, and compressive strength of the scaffolds 
is an important index to evaluate the mechanical stability 
of scaffolds[34]. The compressive strengths of scaffolds 
with BCC, P, and CPS structures are shown in Figure 5A. 
The result revealed that the CPS scaffold had the highest 
compressive strength among the scaffolds, up to ~22.5 
MPa on average. This value was significantly higher 
than that of P and BBC scaffolds (~5.9 MPa and ~3.4 
MPa, respectively). It indicated that CPS structure had 
improved compressive properties of scaffold for ceramic 
material at the same porosity. For CPS scaffolds, the 
external forces are along the vertical direction to the 
ground and almost parallel to internal supporting struts, 
indicating that the vertical parts of the interior structures 
were completely compressed under the external forces. 
Particularly, ceramics materials have the characteristic of 
brittleness and tend to be strong in face of compression 
instead of bending or tension[41]. However, in terms 
of BCC and P structures, the internal supporting struts 
are not parallel to the external forces, which make the 
bending occur inside the scaffolds and further lead to 
fracture in advance. The compressive strength of the 
scaffolds in this study showed great competitiveness as 
compared to the published works, which was mainly 
attributed to the nano-sized HA. For example, Yao et al. 
used HA with a particles size of 3.97 µm and fabricated P 
structure scaffolds with ~74% porosity, whose mechanical 
strength was ~4.09 MPa[15]. Feng et al. fabricated the CPS 
scaffolds with ~50% porosity using HA with a particle 
size of ~8 µm; the scaffold has a compressive strength of 
~2 MPa[33].Ta
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Modulus of the scaffolds is another key element that 
should be analyzed. The mismatching of the modulus 
between native bone and implants could result in stress 
shielding, thus leading to the original bone loss[42]. 
Figure 5B shows the compressive modulus of these three 
types of scaffolds. The CPS scaffold still performed the 
highest modulus, ~400 MPa, and significantly higher than 
the P and BCC scaffolds. The compressive strength and 
modulus of cancellous bone range from 1.6 MPa to 4.6 
MPa and from 22.9 MPa to 431 MPa, respectively[43-45]. 
All scaffolds with different structures designed in this 
study exhibited mechanical properties that are comparable 
with the native cancellous bone, indicating their potential 
in bone applications.

3.4. Biological testing in vitro
MTT assay was conducted to evaluate the cell proliferation 
of rBMSCs cultured onto the P, BCC, and CPS scaffolds 
for 1, 4, and 7 days. The increasing absorbance of three 
scaffolds can be seen with the days of cultivation in 
Figure 6, indicating that HA scaffolds formed through 
the mentioned fabrication process were non-cytotoxic 
and biocompatible. After 7 days cultivation, the cell 
viability was generally more than ~75% compared with 
the control group. Meanwhile, the absorbance of both 
BCC and CPS scaffolds was significantly higher than 
that of P scaffolds, which revealed that BCC and CPS 
scaffolds were beneficial for cell metabolisms.

Figure 7B-D shows the SEM images of rBMSCs’ 
morphologies after being cultured for 1, 4, and 7 days 
on the three types of scaffolds. On day 1, the rBMSCs 
generally adhered well and maintained the spindle-like 
morphology, confirming the non-cytotoxicity of the 
scaffolds[46-51]. In magnified images (Figure 7A), the 
filopodia adhering on the surface of scaffolds could be 
seen clearly, indicating a good cell attachment. Cell 
spreading is a sign of adherence to a substrate, which 
directly or indirectly regulates the cell metabolism[52-55]. 
On three types of scaffolds, compared with day 1, the 

majority of rBMSCs obviously exhibited the spreading 
behavior on day 4. This suggests that cell metabolism 
on day 4 was more active than that on day 1, which 
was in good agreement with the MTT result on day 
4, as shown in Figure 6. On day 7, the cell spread of 
rBMSCs became larger and they formed a thin membrane 
to cover the scaffolds. The similar processes of the cell 
membrane covering the scaffolds have been reported[56,57]. 
This indicates the active attachment of rBMSCs to the 
scaffolds. Meanwhile, SEM images of day 7 showed that 
the rBMSCs deposited the extracellular matrix (ECM) on 
all scaffolds. Particularly, the amount of ECM formed on 
the surface of CPS scaffolds was obviously higher than 
that of others. ECM plays a critical role in providing 
support for cell growth and migration[38]. It may exhibit 
the metabolism of rBMSCs which are more active on 
CPS scaffolds, which can explain the highest absorbance 
at day 7 in Figure 6.

Figure 6. 3-[4, 5-Dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium 
bromide assay for proliferation of rat bone mesenchymal stem 
cells culturing for 1, 4, and 7 days on three scaffolds. * represents 
P < 0.05.

Figure 5. Mechanical properties of body-centered cubic, primitive, and cubic pore-shaped scaffolds. (A) Compressive strength. 
(B)  Compressive modulus. * represents P < 0.05.

BA
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According to a report[58], TPMS structures have 
larger specific surface area, which could provide more 
room for cell attachment and thus perform better cell 
proliferation. However, it did not occur in this work as 
expected. Larger specific surface areas of P scaffolds 
were not observed in the in vitro biological test (in the 
CAD models, the surface areas of the P, CPS, and BCC 
were approximately 157, 151, and 127 mm3, respectively, 
and the area of P slightly exceeded that of CPS by about 6 
mm3). The MTT result showed that surface area may not 
have a significant effect on short-time cell proliferation 
when the difference of surface area is not large in different 
structures of scaffold.

Pore size may be the main reason that leads to 
the current cell proliferation result since it greatly 
affects nutrients transport, oxygen diffusion, and waste 

removal[38,59]. Velioglu et al. reported that the scaffolds 
with 1.25 mm pore size presented higher cell proliferation 
than that with 1.0 mm and 0.5 mm on poly(lactic acid) 
scaffolds[40]. In Huri et al.’s work, the ALP and Ca+ 
deposition on 1000–1500 µm of scaffolds was obviously 
more than that on 500–1000 µm and <500 µm of 
scaffolds[39]. Especially, Huri et al. hypothesized that 
bigger pore size might lead to the closer cell-biomaterials 
interactions which would stimulate an osteogenic 
outcome[39]. In this work, the CPS and BCC scaffolds had 
a relatively larger pore size (~1180 µm and ~900 µm, 
respectively). This may improve the supply of nutrients, 
oxygen diffusion, and waste removal so that the cell 
metabolism was more active in CPS and BCC scaffolds.

The surface topography is another key factor 
that affects cell behaviors which further influences cell 

Figure 7. Scanning electron microscopy images of the rat bone mesenchymal stem cells (rBMSCs) morphology and proliferation on body-
centered cubic, primitive, and cubic pore-shaped scaffolds. (A) Magnified images of the morphologies of the seeded rBMSCs on the areas 
which were marked with red circles. rBMSCs proliferation of three scaffolds on (B) day 1, (C) day 4, and (D) day 7. Filopodia are marked 
with green arrows. Extracellular matrix is marked with red arrows.
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proliferation. Lee et al. reported that human mesenchymal 
stem cell had well-spread morphologies with randomly 
multiple lamellipodia on the flat glass plates[60]. They 
further pointed out more cell attachment and spreading 
occur on the substrates with smaller curvatures. Similar 
conclusions have also been reported[61-63]. As compared 
with the P and BCC structure, the CPS scaffolds had more 
flat plates that might result in tight attachment of more 
cells onto the substrates.

Overall, the difference of cell metabolisms shown 
in these three types of structures could be attributed to 
different scaffold geometries, which mainly focus on pore 
size and surface topology. In detail, higher cell metabolism 
and more cell proliferation of CPS scaffolds could be 
observed as compared to that of P and BCC scaffolds, 
mainly due to the larger pore size and flat surfaces.

4. Conclusions
In this work, nano-sized HA ceramic slurry was prepared 
and processed using DLP 3D printing. Afterward, the 
P, BCC, and CPS scaffolds with a same porosity were 
designed and fabricated under optimized parameters. The 
compressive properties and in vitro biological evaluations, 
such as cell proliferation and attachment morphologies 
of three scaffolds, were compared and studied. The main 
conclusions are summarized as follows:
I. The prepared nano-HA slurry exhibited an apparent 

shear thinning behavior and high curing abilities. The 
obtained slurry and optimized fabrication process 
were able to accurately fabricate BCC, P, and CPS 
scaffolds with high porosity. Besides, the features 
of each sintered scaffold were maintained and the 
pores were interconnective without blockages and 
deformations.

II. The real porosity of three scaffolds was maintained at 
a high level, ~ 70%, and the CPS scaffolds exhibited 
the highest compressive strength and modulus among 
the three types of scaffolds, up to ~22.5 MPa and ~400 
MPa, respectively. All scaffolds showed compressive 
properties that are comparable with the same 
properties of native cancellous bone; therefore, the 
scaffolds hold great potential for bone applications.

III. All structure scaffolds in this study showed good 
biocompatibilities and attachment morphologies. The 
CPS scaffolds presented higher cell metabolisms as 
compared to BCC and P scaffolds, mainly accounting 
for the larger pore size and smaller curvature of the 
substrates.

IV. This study displayed the mechanical properties and 
in vitro biological responses of the three types of 
structures at the same porosity. It is expected to offer 
a view on structure optimization of bone scaffolds 
to improve cell metabolism and bone regeneration 
efficiency.
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