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Abstract: High performance hydroxyapatite (HA) ceramics with excellent densification and mechanical
properties were successfully fabricated by digital light processing (DLP) three-dimensional (3D)
printing technology. It was found that the sintering atmosphere of wet CO, can dramatically improve
the densification process and thus lead to better mechanical properties. HA ceramics with a relative
density of 97.12% and a three-point bending strength of 92.4 MPa can be achieved at a sintering
temperature of 1300 ‘C, which makes a solid foundation for application in bone engineering.
Furthermore, a relatively high compressive strength of 4.09 MPa can be also achieved for a
DLP-printed p-cell triply periodic minimum surface (TPMS) structure with a porosity of 74%, which
meets the requirement of cancellous bone substitutes. A further cell proliferation test demonstrated
that the sintering atmosphere of wet CO, led to improve cell vitality after 7 days of cell culture
Moreover, with the possible benefit from the bio-inspired structure, the 3D-printed TPMS structure
significantly improved the cell vitality, which is crucial for early osteogenesis and osteointegration.

Keywords: hydroxyapatite (HA); 3D printing; sintering atmosphere; mechanical property; bioactivity;
digital light processing (DLP)

to be an ideal ceramic material for bone defect reparation
due to its excellent biocompatibility, bioactivity, osteo-
conductive and the most stable phase, which can
promise that bone cells actively adhere, proliferate, and
mineralize in the surface of materials [1-3]. Bone
tissue engineering is a promising technology of healing
bone defects for application in the clinic using
functional biomaterial scaffolds. Traditional porous
ceramic scaffold fabrication methods, such as sol-gel,

1 Introduction

Hydroxyapatite (HA), Ca;o(PO4)s(OH),, is considered
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gas foaming, and freeze-drying, cannot assure the
accuracy and desired pores and channels [4]. As known,
the porous structure is very important for bio-ceramics,
which facilitates cell migration, nutrient delivery, bone
ingrowth, or vascularization [5]. However, the structure
with high porosity usually shows poor mechanical
properties. To develop a perfect porous scaffold of HA,
several challenges need to be satisfied, including
biocompatibility, high load-bearing capability, and
forming of interconnected pores with specific size
arrangement [6-9].

In recent years, triply periodic minimum surface
(TPMS) structures had gained more attention due to
their potential advantages in improved mechanical and
biological properties. Many TPMS-like structures can
be identified in various nature creatures, such as
butterfly wings, nose insects, and crustaceans [10]. TPMS,
which exhibits periodicity in three independent
directions in three-dimensional (3D) space and has a
character of zero mean curvature along the surface, has
been regarded as an effective tool for designing scaffolds
with gradual and regular porous structure. They were
regarded as effective tools for designing scaffolds with
gradual and regular porous structures [11,12]. Recently,
Ali et al. [13] designed eight different bone scaffolds
based on TPMS and proved these architectures have a
significant impact on permeability. Li et al. [14]
successfully prepared the Ti6Al4V scaffold with
TPMS of p-cell. With the least surface area, better fluid
permeability [14—17] and improved early osteogenesis,
osteointegration resulted from the decreased stress
shielding effect [14] were achieved with the p-cell
TPMS structure. However, there is still no HA bio-
ceramics with such a bio-inspired TPMS structure
being studied.

Developing novel processing methods with the
capability of realizing complex and strong TPMS
structures is of great interest to the next generation
scaffold applications. The recent development with
ceramic additive manufacturing (AM) technologies
opened new routes for achieving the ambitious goals of
fabricating complex TPMS structures. AM techniques
provide flexible and precise controls over the size and
complex shape through a layer-by-layer process [18].
The key bottleneck problem with AM is high-quality
printing materials instead of forming shapes. Some
investigations on the efforts to develop HA printing
materials for various AM methods are reported in the
literature. Lasgorceix et al. [19,20] used the stereo-

lithographic appearance (SLA) technique to study the
feasibility of fabricating HA implants for bone defect
reparations but no mechanical properties available.
Cox et al. [21] fabricated HA scaffolds through a 3D
printing (3DP) method and a rather low compressive
strength of < 1 MPa was reported for the scaffolding
lattice with about 55% porosity. By using an improved
3D gel printing (3DGP) method, Shao er al. [22]
successfully prepared HA scaffolds composed of rather
well-densified ceramic material and the compressive
strength can be increased to be 16 MPa when a
porosity of 52.26% was realized for the scaffold. Such
a significant improvement in the mechanical property
was mainly devoted to the high solid load of 55 vol%
with printing materials, which can reasonably improve
the densification of the HA during the sintering. To
improve the printing accuracy and efficiency, Liu et al.
[23] developed HA ceramic material suitable for the
DLP method. The sintering density can reach over
90% and thus provide the sintered HA a relatively high
flexural strength of 41.3 MPa. Based on this strategy,
they successfully prepared porous scaffold with a
49.8% porosity, and a compressive strength of 15.25 MPa
was achieved. In general, porous scaffolds prepared by
various AM methods can promise reasonable porosities
and pore sizes, but the density and mechanical properties
with the printed base materials can be improved. Thus,
HA scaffolds with improved mechanical properties at a
higher porosity level can be expected if the printing
materials can be improved further in the aspect of
densification and topologic optimization with porous
structures.

In this study, we try to present a different strategy
for obtaining well-sintered HA ceramic by DLP 3D
printing. Different from the previous studies, both
sintering atmospheres and TPMS structures were
explored for improving the mechanical and biological
properties of the HA scaffold.

2 Materials and methods

2.1 Materials

In this study, a commercial HA powder (Plasma Biotal
P360R, North Derbyshire, UK) with a particle size of
3.97 um was picked as the starting powder for the
ultraviolet (UV) curable epoxy resin. The photosensitive
resins used are three types of acrylic resins including
2-hydroxyethyl acrylate (HEA), 1,6-hexanediol diacrylate
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(HDDA), and trimethylolpropane triacrylate (TMPTA),
which were mentioned in our previous studies [24,25].
The resin materials and dispersant used in this study
were obtained from Jiaxing CeramPlus Tech. Ltd.,
China. The phosphine oxide (TPO, molar mass is
348.4 g/mol, China) was used in this study as the
photoinitiator. The HA powder, photopolymer, photoin-
itiator, and dispersant were milled with zirconia balls in
an attrition milling machine, and the slurry was filtrated
through a 100-mesh sieve and then a solid load of 40
vol% slurry was prepared. We have characterized the
particle size of HA powder after dispersion of 0.54 pm
mentioned in Ref. [26]. The rheological property of the
slurry was analyzed to determine the HA ceramic
slurry used for DLP printing.

2.2 Fabrication

The HA ceramic body was printed by using a top-down
DLP printing machine named CeramPlus DLP-50
(Jiaxing CeramPlus Tech. Ltd., China) with a pixel
resolution of 50 um which mentioned in our previous
study [27]. Firstly, 3D models were created by using
the computer design software and the models were
exported in stereolithography (STL) format. Then, the
STL files were imported into the printing software and
the appropriate printing parameters are set. The
solidification of the UV resin was realized through a
405 nm UV-light irradiation [28].

The specific procedure of printing the HA samples
in this study was as follows: A 30 mm x 40 mm % 350 mm
solid bar structure model was printed for the study of
the sintering and three-point bending strength test. A
p-cell porous scaffold structure model (Fig. 1), in
which each side has three unit-cells was used for the
research of TPMS by structures. After printing, the
ethanol was used to clean the extra slurries adhere to
the surface of samples and then a secondary UV curing
of samples was conducted for 1 min.

Unite cell

\C’WA
Fig. 1 3D models of (a) the p-cell unite cell and (b) the
p-cell scaffold.

2.3 Sintering procedure

As shown in the result of TG-DSC (Fig. 2), violent
thermal decomposition nearly completed and are stable
when the temperature was up to 600 ‘C. A conventional
pressureless sintering method was implemented in the
air at a heating rate of 1 ‘C/min up to 600 C and held
for 1 h to remove all organics without introducing
obvious deformations and cracks. Afterwards, the
samples were sintered at five different temperatures of
1100, 1150, 1200, 1250, and 1300 ‘C with a constant
heating rate of 5 “C-min ', and the dwelling time was
also kept as 2 h. Except for these standard sintering
procedures, the bar structure samples were also sintered
at 1300 C in a wet carbon dioxide atmosphere to study
the potential influence of the sintering atmospheres.

2.4 Characteristics and morphology analysis

The crystal structure and phase purity were characterized
by X-ray diffraction (XRD, TD-3500, Tongda, China)
with Cu Ko radiation operating at 35 kV and 25 mA.
The XRD was performed over a 26 range from 10° to
80° at a scanning rate of 10 (°)'min . The microstructural
analysis was done using a scanning electron microscope
(SEM, Phenom Pro, Phenom World, the Netherlands).
The bulk density was measured according to the water
immersion method based on the Archimedes principle.
The theoretical density of HA was taken as 3.16 g-cm .

2.5 Mechanical properties

The mechanical properties of the ceramic bars were
evaluated by a three-point bending test and a compression
test. The bending tests were performed using a standard
testing machine (SUN500, CARDANO AL CAMPVA,
Italy) with a loading rate of 0.05 mm'min ' according
to ISO 14704: 2000. To measure the bending strength
(o) of the samples, the equation of three-point bending
is as follows:
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Fig.2 TG-DSC curves of the HA green ceramic.
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3Fa
o=
2bd*
where F' is the load at a given point on the load-
deflection curve, a is the support span, b is the width of
the test sample, and d is the depth of the tested bar.

The compression test was conducted by the standard
testing machine with a loading rate of 0.2 mm-min"'
according to JIS R 1608-2003 suitable for porous
scaffolds. The equation of compression strength (<)
is as following:

(M

o=2 @)

where P is the critical load and 4 is the cross-sectional
area of scaffolds.

2.6 Cell viability assessment

To evaluate the cell compatibility of the HA samples,
the cell proliferation was determined by the cell counting
kit (CCK)-8 assay. Rat bone marrow mesenchymal
stem cells (rBMSCs) were obtained from the femurs
and tibias of four-week-old Sprague-Dawley rats
(Ninth People’s Hospital Animal Center, China) and
cultured in high-glucose Dulbecco’s modified Eagle
medium (DMEM) (HyClone, USA) supplemented with
10% foetal bovine serum (Gibco, USA) and 100 pug/mL
penicillin/streptomycin (HyClone, USA) at 37 C in an
atmosphere of 5% CO,. Cells from passages 2—4 and
80%-90% confluency were used for cell studies.
BMSCs were seeded in 24-well plates on discs with no
special structures and discs with a p-cell structure
whose diameter was 15 mm and height was 1 mm in
24-well plates at a density of 1 x 10* cells per well,
respectively. After 1-, 3-, and 7-day culture at 37 C,
the CCK-8 solution (10 pL) was added to each well
and incubated for 2 h; then the absorbance was
measured with the BioTek instrument at 450 nm (each
group has three samples).

2.7 Statistical analysis

All data were exhibited as the average + standard
deviation (SD), and each experiment was repeated at
least three times. The statistical comparison was
examined by the one-way analysis of variance
(ANOVA) followed by a t-test. The P values lower
than 0.05 were considered statistically significant by
using the Origin software.

3 Results and discussion

3.1 Material properties

The rheological curve of 40 vol% solid loading HA
ceramic suspension is exhibited in Fig. 3. The slurry
showed a clear shear thinning behavior at shear rates <
10 s and the viscosity remained rather stable at higher
shear rates. The viscosity is 3.7 Pa‘s at a shear rate of
10 s™', which is a rather low viscosity compared with
the reported ceramic UV resin slurry for DLP. Liu ef al.
[23,29] reported that the viscosities were > 5 Pa-s for a
similar solid load. Low viscosity is a guarantee for
better printing performance and easier cleaning. The
key operating parameters of the HA ceramic 3D DLP
printing are light intensity and exposure time to get a
reasonably good curing behavior. For the least
requirement, the curing depth needs to be at least
larger than the printing layer thickness (here we keep
using 50 pum for all the printing practices). To find a
suitable exposure time, a special structure (Fig. 4) was
used for this purpose and different exposure time with
an increased interval of 400 ms was added from 0.2 s
as the starting point. It is acknowledged that over-exposed
will lead to a reduction of accuracy due to the light
scattering and under-exposed conditions may lead to

Shear viscosity (Pa-s)

0 10 20 30 40 50 60 70 80 90 100
Shear rate (s™)

Fig. 3 Viscosity vs. shear rate behavior of the 40 vol%
HA slurry.
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Fig. 4 Curing depth vs. exposure time and the model
used to test exposure time.
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the weak bonding between layers, thus resulting in the
interface cracks. The results of the experiment
exhibited in Fig. 3 proved that an exposure time of
1000 ms is already enough to promise a curing depth
more than twice the designed layer thickness. So, we
pick 1000 ms as the final exposure time. For the
build-in layer, instead, we took several printing tests
and finally a 5000 ms of the first layer exposure time
can guarantee a good adhesion between the bottom of
the printed sample and the platform of the DLP printer.
The reason for this longer build-in exposure time is the
rather large physical space (~150 pum) between the
platform surface and the surface of the slurry controlled
by the doctor-blade installed with our printing machine.
Densification is one of the most important sintering
properties to determine the mechanical properties of
HA ceramics and it is the solid foundation for the
application of bone engineering. The effect of different
sintering temperatures by conventional sintering in the
air on the relative density of HA is presented in Fig. 5.
The relative density increased first then decreased with
increasing sintering temperature, and the highest
relative density of 95.85% was obtained at 1300 ‘C. To
further investigate the potential benefit by using a wet
CO, atmosphere, 1300 C was selected as the sintering
temperature. In the wet CO,, the densification of the
HA sample can be improved and reached a relative
density of 97.12%, but the samples sintered in an
ordinary air atmosphere can only reach a relative

100 ] Sintered in air
[ sintered in wet CO,

82.57
80

7212 73.11
60
40

20

Relative density (%)

1100 1150 1200 1250 1300 1350 1300
Sintered temperature (°C)

Fig. 5 Density of samples sintered with various sintering
conditions.

density of 95.85%.

The phase composition of different specimens
sintered at different temperatures are provided in Fig. 6(a).
The HA is thermally stable till 1350 ‘C and no
noticeable secondary phases can be identified from
XRD analysis. The diffraction peaks of the HA phase
became sharper and narrower with the increase of
calcination temperature from 1100 to 1300 ‘C [30].
Characterization of the prepared samples by XRD is
focused on peaks at 26 of 30°-35° (Fig. 6(b)), which
showed an offset in the peak position for the HA
ceramic sintered at 1350 ‘C and the half bandwidth of
HA peak increased suggesting the decrease of the
crystallinity, which in accordance with the result of
relative density (Fig. 5). The XRD pattern of the HA
sample sintering in the wet CO, is shown in Fig. 7(a)
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Fig. 6 (a) XRD spectra of the HA samples sintered at different temperatures and (b) partial enlargement ranges from 30° to 35°.
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Fig. 7 (a) XRD spectra of the HA samples sintered at 1300 C in different sintering atmospheres and (b) partial enlargement

ranges from 30° to 35°.
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and the spectra partial enlargement of the HA samples
is given in Fig. 7(b). The diffraction peaks of the HA
phase get shaper and full width at half maxima
(FWHM) of the HA main peak induced to 0.180° from
0.191°, which means this sintering atmosphere can
effectively improve the crystallinity of HA. It is reported
that HA particles may integrate CO327 ions in their
lattices when the crystals were exposed to air during
the synthesis experiment [31]. The sintering atmosphere
with wet CO, can effectively prevent a loss of the
carbonate groups from the hydroxyapatite lattice and
limited the loss of crystal water during the sintering.
No obvious surface cracks can be observed for HA
ceramics sintered in either air or wet CO,. However,
more pores can be found in the ceramic sintered in the
air (Figs. 8(a) and 8(d)), and clearer traces of the
boundaries between layers can be noticed in the HA
ceramics sintered in the air (Figs. 8(b) and 8(e)). The
reduced structural defects (pores and layer boundaries)
achieved by implementing the sintering in wet CO,
were also accompanied by a brighter and more
beautiful violet-blue color (Figs. 8(c) and 8(f)). The
change of the sintering atmosphere can reduce the
pores that caused by the escaped CO, from dihy-
droxylation, and promote the densification of ceramics.

3.2 Mechanical properties

In order to fabricate qualified bone scaffolds, adequate
mechanical properties are vital for the HA porosity
structures. As shown in Fig. 10, the bending strength of
the HA ceramics sintered in the air was 64.11 MPa and
the flexural modulus was 3.44 GPa while the bending
strength of the samples sintered in wet CO, was 92.4 MPa
and the flexural modulus was 3.24 GPa. The mechanical
characterization shows that the samples sintered in wet

8 pm
—

Fig. 8 (a—) SEM images and optical pictures of the
samples sintered at 1300 °C in the air and (d-f) wet CO,.

Sintering with wet CO,

Sintering in air
Ta0f
=]

0.00 0.02 0.04 0.06 0.08 0.10
Displacement (mm)

Fig. 9 Load-displacement cure for three-point bending
test of HA samples sintered at 1300 C with different
sintering atmospheres.
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Fig. 10 Comparison of the mechanical properties between
HA ceramic materials prepared by stereolithography methods.

CO; have a better bending strength and significantly
higher than the mechanical performance reported by
Scalera ef al. [32] and Liu ef al. [23]. Furthermore, the
bending strength was close to the best-reported results
of 84.3-101.2 MPa with a relative density of 97.1%—
99% achieved through careful ceramic powder processing
and sintering [33]. The sintering atmosphere of wet CO,
played an effective role in limiting the loss of carbonate
groups from the hydroxyapatite lattice, which can
decrease the internal pores produced from the escape
of CO; due to the decomposition of CO§_ and finally
improve the mechanical-biological properties [34]. In
addition, parts of internal pores caused by dihydr-
oxylation lowered because of the use of wet atmosphere.
The p-cell porous scaffolds sintered in wet CO, had
a high porosity of 74% and physical drawings of the
as-sintered HA scaffold are provided in Fig. 11(a). The
compressive strength of the p-cell porous scaffold was
about 4.09 MPa showed in Fig. 12, which is close to
that of cancellous bones (1.9-7 MPa) in human bodies
[35]. Compared to the early studies showed in Table 1
about porous HA ceramic, Feng et al. [29] fabricated a
54% porosity HA scaffold with only 1.45 MPa
compression strength via DLP and Liu et al. [23]
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Table 1 Porosity and compression strength of HA
scaffolds prepared by DLP with different structures in
the reported studies

Porosity (%) Compression strength (MPa) Ref.
54.5 1.45 [29]
49.8 15.25 [23]

74 4.09 This study

B

Fig. 11 (a) A photo of the sintered p-cell scaffold; (b)
top-view of the p-cell scaffold; (c) photo and 3D model of
p-cell plate used for cell viability test.

450
400
350p
300 p
250 p
200
150 F
100 |
S0p

Load (N)

0
0.00 0.04 0.08 0.12 0.16 0.20

Displacement (mm)

Fig. 12 Load-displacement curve for a typical compression
test with the HA p-cell structure.

prepared a relatively better compressive strength of
15.25 MPa with only 49.8% porosity by DLP, the
p-cell porous HA scaffold printed by DLP had a high
porosity with a fine compressive strength mainly owing
to the same aperture size, desired internal apertures,
uniform internal structure, and excellent homogeneity.
Figure 12 also shows that such a scaffold does not
collapse promptly when the sample under the weight
load because a great deal of the same unit cell carrying
capacity is uniformly avoided stress concentration.

3.3 Cell viability in vitro

MSCs can differentiate into mature cells of multiple
mesenchymal tissues including bones, fats, cartilages,
and nerves [36]. The BMSCs were obtained and processed

as described in Ref. [37]. The cell viability and adhesion
of rBMSCs cultured with two different sintering
atmospheres of two kinds of HA plates without any
structures and with a p-cell structure in the same size
given in Fig.11(c) were assessed.

The optical density (OD) value is consistent with
cell proliferation on the sample surface and a higher
OD value represents a higher cell vitality. The absorbance
produced by metabolically active live cells cultured for
1-, 3-, and 7-day in test samples is shown in Fig. 13.
None of the samples showed any significant toxicity
towards rBMSC cells after cultured. The OD value of
cells was increased with the incubation time, indicating
that the surface of the HA samples provides a suitable
environment for cell growth and proliferation. The OD
amplification of the HA pattern sintered in wet CO,
increased significantly in 7 days and exceeded another
sample only sintered in air. Figure 14 shows the
fluorescence microscopy analysis of rBMSCs after 3
days of culture on two different sintering atmospheres of
HA discs without any structures and the same size
discs with a p-cell structure. The results indicated that
the p-cell structure promoted more cells adhered to the
surface of HA discs more than those without any
structures.

The adhesion of cells to the surfaces of strong
hydroxyl groups has drawn widespread attention since
discovered by Curtis et al. [38]. It has proven that
hydroxyl groups are remarkably stimulatory to cell
adhesion and proliferation in a subsequent study [39].
The sintering atmosphere with H,O and CO, is likely
to restrain the dihydroxylation:

Cas (PO ), (OH) - Cas (PO ), (OH),_, O, +~ H,0

€)

I plate sintered in air %
I Piate sintered in wet Cco,
2 B P-cell samples sintered in wet CO,

Cell viability (OD 450 mm)

Time (day)

Fig. 13 CCK-8 test results of rBMSCs proliferation of
HA flat plates sintered at 1300 ‘C in different atmospheres
and p-cell samples sintered at 1300 C in wet CO,.
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This in vitro experimental study showed the charac-
teristics of material itself had a prominent influence on
cell adhesion and proliferation as well as the auxo-
action for cell growth and proliferation of samples
sintered atmosphere in wet CO,.

Based on the sintering atmosphere with wet CO,,
HA plates with p-cell porous structures show better
biological activity than that with no special structures
which are revealed in Figs. 13 and 14. From the OD
values, all HA samples showed good cytocompatibility
due to the increase of the cell numbers in all groups
with a 7-day culture. The statistical analysis demonstrated
that the samples with p-cell structures had a significant
difference and higher cell density compared with the
the samples without structures. The p-cell structure that
has a high porosity and interconnected channels made
the samples great transportability for nutrients and
oxygen, which led the samples more suitable for cell
sustaining viability and proliferation. Hench et al.
[40,41] have already proved that inherent
characteristics brought by the design and fabrication of
3D printing, including pore characteristics, surface
properties, and mass transport abilities had noteworthy
influences on cell attachment, proliferation, and
differentiation on different scaffold structures. We will
further explore whether HA with p-cell structures can
promote osteogenic differentiation of MSCs for a
better application in bone tissue engineering.

Fig. 14 Fluorescence images (200x) rBMSCs stained
with DAPI and rhodamine-phalloidin on HA plates
sintered at 1300 C in different atmospheres and p-cell
samples sintered at 1300 ‘C in wet CO, after 3 days of
culture: (a) plates sintered in air, (b) plates sintered in wet
CO,, and (c) p-cell samples sintered in wet CO,.

4 Conclusions

In this study, a HA ceramic slurry with 40 vol% solid
loading was successfully used to print bending test bars
and p-cell TPMS structures by the DLP 3D printing
method. The conclusions are as follows:

1) Sintering the atmosphere of wet CO, can dram-
atically improve the densification process and thus lead
to better mechanical properties of HA ceramics. A
dense HA ceramic with a density of 97.12% can be
obtained at a sintering temperature of 1300 ‘C in a wet
CO, atmosphere. The bending strength and flexural
modulus of HA samples were 92.4 MPa and 3.24 GPa,
respectively, which were close to the best results
(84.3-101.2 MPa) from the conventional ceramic powder
processing and sintering. High densification and excellent
mechanical properties make a solid foundation for the
application of bone engineering.

2) The sintering atmosphere of wet CO, also produces
a positive influence on biological activity. The
atmosphere could restrain dihydroxylation and boost
cell growth, adhesion, and proliferation.

3) The DLP printing can fabricate complex p-cell
structures HA ceramic with high repeatability and
accuracy. A relatively high compressive strength of
4.09 MPa can be also achieved for a DLP-printed
p-cell TPMS structure with a porosity of 74% after
sintering in wet CO, at 1300 C. Compared with the
HA plate sample, the cell viability of the HA sample
with p-cell structure was significantly improved (70.45%).
This was tentatively attributed to the curved surfaces
and a large number of internal pores, all these structure
characteristics can facilitate the cell attachment and
prefoliation with this bio-inspired structure.

Finally, high performance and bio-inspired TMPS
structure with a complex shape and flexible feature
design can be realized by the novel DLP 3D printing
method. The integration of the production of HA
scaffolds and TPMS structures showed great potential
for early osteogenesis and osteointegration.
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