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Alveolar ridge restoration and augmentation is a challenge in dental implantology. 3D printing allows the
manufacture of scaffolds with controlled complex structure and adjustable pore size and percentage.
HA/B-TCP is the most commonly used ceramic in 3D printing for its ideal biocompatibility,
osteoconductivity, biodegradability, and lack of risk from infection or rejection. However, the effect of
composition and macropore percentage (Pmacro) On the mechanical and biological properties of 3D
printed HA/B-TCP scaffolds is debatable. In this study, HA/B-TCP scaffolds with various compositions
(weight ratio (wt%) of HA varied at 0, 20, 40, 60, 80 and 100%) and Pmacro (0%, 30% and 50%) were
fabricated via 3D printing. The effect of composition and Ppscro ON the scaffold was investigated. The
results showed compressive strength (CS) values, elastic modulus, degradation and biocompatibility
in vitro were significantly affected by both the composition and Pacro. Which exhibited an interactive
effect. Biphasic calcium phosphate ceramics demonstrated higher CS values, elastic modulus, seeding

efficiency, cell proliferation and differentiation capability compared to pure HA or pure B-TCP scaffolds.
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Accepted 29th August 2017 e degradation of scaffolds decreased as wt% increased or Ppmacro decreased. In conclusion,

scaffolds with HA wt% of 40% and Pyacro Of 50% performed optimum cell proliferation, while scaffolds

DOI: 10.1039/c7ra07204j with HA Wt% of 60% and Pracro of 30% exhibited optimum osteogenic differentiation. The results provide

rsc.li/rsc-advances some useful insights on applying 3D printed HA/B-TCP scaffolds for augmenting absorbed alveolar ridges.
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Introduction

Dental implant technology is currently a reliable and well-
established treatment option to restore an edentulous site
resulting from disease, trauma or surgery.' Adequate bone and
soft tissue support is essential for successful implant place-
ment. However, absorption of the alveolar ridge is a great
challenge in dental implantology.” To restore and augment the
absorbed alveolar ridge, various bone grafts, such as autografts,
allografts, xenografts, and synthetic bone substitutes as onlay
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bone grafts have been tested and used.** Though autografts
show good histocompatibility and prognosis, they have many
disadvantages, including the high cost of bone harvesting, the
high morbidity at the donor site and the high absorption rate.?
In addition, only limited bone can be collected from patients.?
Moreover, the risk of infection or pathogen transfer is the major
drawback of allografts and xenografts.* Given these reasons,
patients prefer synthetic bone substitutes.® The development
and evaluation of synthetic bone substitutes has been the focus
of recent studies.>”

The basic requirements of an ideal bone scaffold are good
biocompatibility, proper mechanical properties and satisfactory
biodegradability.*® An ideal bone scaffold must allow cells to
adhere and induce no local or systematic toxic effects on the
host tissue.' The mechanical properties of an ideal bone scaf-
fold have to match those of the host bone. In addition, an ideal
bone scaffold should degrade gradually and make space for the
new bone to grow-in.” The mechanical properties, biocompati-
bility and biodegradability of bone scaffold are influenced by
various factors, such as composition, porosity, pore size, local
pH value and so on. Hence, it is the key challenge to design and
manufacture an ideal bone scaffold in tissue engineering.'®

This journal is © The Royal Society of Chemistry 2017
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Bone scaffold can be manufactured by various techniques,
such as gas foaming,' freeze drying,"” thermally induced phase
separation™ and so on. In these traditional methods, it is
difficult to fabricate scaffold with fully controlled pore size, pore
shape, and the interconnectivity."* 3D printing, also referred to
as additive manufacturing (AM), solid-free form technology
(SFF), or rapid prototyping, was first introduced by Charles
Hull™ in 1986 and was applied to fabricate scaffold with well-
defined architecture and customized complex shapes.'®'” 3D
printing can make up for the limitations of the traditional
methods.'”"® Various materials can be used to fabricate bone
scaffolds by 3D printing, including biodegradable polymers,
ceramics, polymer-ceramic composites and so on.*® Hydroxy-
apatite (HA) is the major inorganic constituent of native bone.>*
B-Tricalcium phosphate (B-TCP) has biocompatibility, biode-
gradability and is of special interest as a bone graft material.*
In addition, ceramic scaffolds can release calcium ions, which
enhance osteoblasts mineralization and bone tissue regenera-
tion.>* However, it is acknowledged that HA hardly can be
absorbed, while B-TCP dissolves too fast.>® Therefore, biphasic
calcium phosphate ceramics (BCPs) with different HA/B-TCP
weight ratios (wt%) were developed to adjust the mechanical
and biological characteristics of the materials.”® BCPs have been
the most commonly used bioactive ceramics in 3D printing for
their ideal biocompatibility, osteoconductivity, biodegradable,
and free from risk of infection or rejection.***”*®

Previous studies have shown that composition and macro-
pore percentage (Pmacro) are two critical factors that affect the
mechanical and biological properties of 3D printed HA/B-TCP
scaffold.’®*** Currently, the effect of composition on the
compressive strength (CS) values of 3D printed HA/B-TCP scaf-
folds is debatable. Some researchers claimed that the CS values
of HA/B-TCP scaffolds firstly increased and then decreased, with
rising HA content in the scaffolds.'®* While other researchers
reported that as the HA content increased, the CS values
decreased.” Surprisingly, another study showed that pure HA or
TCP scaffold presented better mechanical properties than
BCPs.”” The current consensus opinion is that BCPs show better
biocompatibility and enhanced bone regeneration capability
compared to pure HA or pure B-TCP scaffolds. And the mostly
investigated BCP scaffold is the one with HA/B-TCP wt% of
60 : 40. However, determining the optimum HA/B-TCP wt% of
the scaffold to encourage cell growth, proliferation, and
promote cell differentiation still provokes controversies. Some
researchers reported that the cell viability and proliferation was
enhanced on BCPs in comparison with pure HA or pure B-TCP
scaffolds.” While others showed that the cell viability and
proliferation was nearly the same on the 3D printed pure HA,
pure B-TCP and various BCPs.”® Pore size and porosity of the
scaffold are two important factors that can significantly affect
fluid exchange, ion delivery, nutrient and cell migration.*” Study
indicated that, on the one hand, higher porosity can enhance
the osteoinductive capacity of scaffold by accelerating the
degradation rate.** On the other hand, the CS values may be
decreased with the rising porosity.* It is acknowledged that
scaffold with higher porosity is beneficial to rapid assimilation
and long-term integrity. However, much denser scaffold would
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be good to mechanical resilience in surgery and stability during
the initial integration period.** The optimal porosity of 3D
printed HA/B-TCP scaffold fulfilling both mechanical and bio-
logical requirements is still unclear, thus, a desirable balanced
porosity must be achieved.

Therefore, in this study, we have fabricated HA/B-TCP scaf-
folds with six compositions (wt% of HA varied at 0, 0.20, 0.40,
0.60, 0.80 and 1.00) and three Pp,,cro (0%, 30% and 50%) by 3D
printing. The characteristics, total porosity (Pia), CS value,
elastic modulus and degradation of the scaffolds were
measured. We have evaluated the in vitro biocompatibility of
HA/B-TCP scaffolds by culturing with rabbit bone marrow-
derived stem cells (BMSCs), trying to identify the optimal
composition and porosity of the scaffold, in order to provide
some useful information in applying 3D printed HA/B-TCP
scaffold to restore and augment the absorbed alveolar ridge.

Experimental procedures
Fabrication of scaffolds

HA and B-TCP powders were purchased from Kunshan Huagiao
New Materials Co., Ltd., China. HA powder, purity of 0.99, Ca/P
of 1.67, was irregular in shape and the average particle size was
0.06-0.10 um. The parameters of B-TCP powder were as follows:
average particle size of 0.10-0.30 pm, Ca/P of 1.50, and purity is
greater than or equal to 0.98. The appropriate amount of HA
and B-TCP powders were weighed and mixed thoroughly to
prepare the desired composition with HA wt% of 0, 0.20, 0.40,
0.60, 0.80 and 1.00, respectively. In other words, the scaffold
with HA wt% of 0 was pure B-TCP scaffold. Scaffold with
HA wt% of 1.00 was pure HA scaffold. And scaffolds with
HA wt% of 0.20, 0.40, 0.60 and 0.80 were various BCPs scaffolds.
Scaffolds with Pp,,cr0 0f 0, 0.30 and 0.50 were designed in Sol-
idworks CAD software (SolidWorks Corp, USA) and converted to
the standard STL. file format. The parameters of designed
cylindrical scaffold were as follows: diameter of 10 mm, height
of 3 mm and the pore size of 500 um. A ZPrinter® 250 printer
(zCorporation Inc., USA; now owned by 3D Systems Inc., USA)
was then employed to print constructs using a powder layer
thickness of 0.10 mm and phosphoric acid binder spray of
0.30 L m 2. Scaffolds were left to dry for 2 h before being
removed from the build bed as recommended by the manu-
facturer. De-powdering was performed using compressed air
directed through a syringe needle. After printing, the scaffolds
were post-treated by dipping in phosphoric acid (wt% of 0.1) to
improve surface binding and then washed in deionized water to
remove residual acidity. Prior to biological experiments, the
scaffolds were neutralized to pH 7 with NaOH and sterilized by
gamma radiation.

Micro-CT imaging

Scaffolds with 3 different P,,.., were placed on the base of the
high-resolution micro-CT scanner (Inveon, Siemens, Germany).
The scanning parameters were as follows: 80 kV, 500 pA with
a 2000 ms exposure time. The resolution was set at 27.82 um
and the rotation step of 0.67. The scaffolds were reconstructed
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three-dimensionally using software Mimics 10.01 (Materialise,
Leuven, Belgium).

X-ray diffraction (XRD) analysis

The scaffolds were milled into fine powder and the phase
composition was analyzed by XRD. XRD was carried out using
an X-ray diffractometer (X'Pert PRO, PANalytical, the Nether-
lands) with Cu-Ka (4 = 0.15 nm) incident radiation. In brief,
scaffolds were powdered using a mortar and pestle. The elec-
trical voltage and current were 40 kV and 20 mA, respectively.
Data collection was performed in the range of 26 = 20-40° with
a step size of 0.03°.

Porosity calculation

The Pyotq Of the scaffolds was indirectly evaluated by the method
proposed by Guo et al.* Briefly, Py, of a scaffold was calculated
according to the following equation

Ptolal = (1 - dapparent/dBCP) x 100% (1)

dapparent; the apparent density of the dried scaffold, was calcu-
lated by the mass of the scaffold and its geometric volume. dgcp
is the theoretical density of the BCP scaffold calculated from the
following equation

dpcp = (dua X drcp)(0 X drcp + (1 — 0) X dua) (2)

where § is the weight ratio of HA in the BCP scaffold. Theoretical
densities of HA and B-TCP (drcp) are 3.16 g ecm™ and
3.07 g cm?, respectively.®?

CS value and elastic modulus test

CS values and elastic modulus of all scaffolds were measured
using a computer-controlled Universal Testing Machine (Ins-
tron 5567, Instron, USA). The cross-head speed was set to
0.50 mm min . A total of 5 scaffolds of each group were tested
under the same conditions.

Degradation in vitro

The degradation of the scaffolds was determined by the mass
loss. In brief, the mass (M;) of the HA/B-TCP scaffolds (n =
5/group) were measured. Afterwards, they were immersed in
simulated body fluid (SBF) and placed in a 37 °C incubator.
After 12 weeks in SBF, the scaffolds were taken out and lyoph-
ilized to measure mass again (M,). The mass loss was calculated
using the following equation

The mass loss (%) = (M, — M5)/M{ x 100%

The images showing scaffolds after degradation were taken.
And the XRD was carried out as mentioned above.

Isolation and culture of rabbit BMSCs

Rabbits were purchased from the Experimental Animal Center
of the Fourth Military Medical University [Animal License No.
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SCXK-(Militar) 2012-007]. They were sacrificed by overdose
injection of sodium pentobarbital. Bone marrow (BM) was
harvested from the tibia and femur condyle under aseptic
conditions. The BM-phosphate-buffered saline (PBS) mixture
(10 mL) was centrifuged for 8 min at 1000 rpm (L500, XiangYi,
China) and the supernatant was removed. Pellets were sus-
pended in cell culture medium that contained o-minimum
essential media (a-MEM) (Gibco, USA), 10% fetal bovine serum
(FBS) (Gibco, USA), and penicillin/streptomycin/amphotericin B
(Sangon Biotech, China) and centrifuged again. Then the cell
sediment was resuspended in 10 mL cell culture medium and
cultured at 37 °C in a humidified atmosphere of 95% air and 5%
CO,. Adherent BMSCs were obtained by complete medium
changes after 2 days.*® Following this the culture medium was
changed every 3 days. After reaching about 85% confluence,
BMSCs were trypsinized with 0.25% trypsin and counted to
yield the primary passage (P0). Cells of passage 4 were used for
all the following experiments. All animal experiments were
performed and followed the guidelines of the Experimental
Animal Center in Fourth Military Medical University. All animal
experimental procedures were approved by the Laboratory
Animal Care & Welfare Committee, School of Stomatology,
Fourth Military Medical University.

Osteogenic induction and alizarin red staining

BMSCs were seeded in 6-well plates at a density of 1 x 10° cells
per well. Osteogenic medium was a-MEM supplemented with
5% FBS, 0.10 mM dexamethasone (Sigma, USA), 10 mM
B-glycerophosphate (Alfa Aesar, USA), 50 mM t-ascorbic acid
(Sigma, USA), and 1% antibiotic/antimycotic. The osteogenic
differentiation medium was changed every 3 days. Control
group wells were BMSCs cultured in the regular o-MEM
medium. Mineralization was determined by Alizarin Red
(Sigma, USA) staining after 28 days. The calcium deposits were
observed with an inverted microscope (CKX41, Olympus,
Japan).

Seeding efficiency

The scaffolds were placed in 24-well plates not treated for tissue
culture. A drop of 50 pL of the cell suspension (containing 1 x
10° cells) was seeded on the top surface of each scaffold in each
well. After a period of 3 h 1 mL medium was additionally added
to each well. The scaffolds were left under standard cell culture
conditions for 12 h to give the cells enough time to adhere to
and establish themselves in the scaffolds. Afterwards, the
scaffolds were removed and the remaining cells in the wells
were digested with 0.25% trypsin (Sigma, USA) and counted
using a cell counting machine TC 10 (Bio-Rad, USA). The
seeding efficiency was calculated according to the following
equation

Seeding efficiency (%) = (cells added to scaffold — cells in wells)/
cells added to scaffold x 100%.

This journal is © The Royal Society of Chemistry 2017
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The values reported are the averages of at least 3 scaffolds of
each group.

Scanning electron microscopic (SEM) analysis

The dimensions of macropores and micropores in the printed
scaffolds were measured. The cell-seeded scaffolds (1 x 10°
cells per scaffold per well in 24-well plate) were washed with PBS
and fixed in 2.5% glutaraldehyde. Following the dehydration
through a series of graded ethanol, the scaffolds were dried with
freeze dryer (es-2030, HITACHI, Japan). Subsequently, the
printed scaffolds and the cell-seeded scaffolds were sputtered
with gold (e-1045, HITACHI, Japan). The surface topography of
the printed scaffolds and the cell attachment on the cell-seeded
scaffolds was analyzed by a scanning electron microscope
(S-4800, HITACHLI, Japan).

Cell proliferation

Cell proliferation was continuously monitored using Cell
Counting Kit-8 (CCK-8, MP biomedicals, USA) according to the
manufacturer's instruction. Briefly, 1 x 10° cells per well were
seeded onto each scaffold and cultured with regular o-MEM
medium in 24-well plates. On Day 1, Day 4 and Day 7, the
culture medium was changed to fresh o-MEM medium with
10% CCK-8 solution. The cell-seeded scaffolds were incubated
with CCK-8 agent for 1 h. Then the medium was transferred into
a 96-well plate and the absorbance was measured at 450 nm
using a microplate reader PowerWave XS (Bio-Tek, USA). Cells
cultured in wells without scaffold and medium without cells
were set as negative and blank control, respectively.

Real-time reverse-transcription polymerase chain reaction
(RT-PCR)

The messenger ribose nucleic acid (mRNA) expression of cell
lineage-specific genes was determined by real-time RT-PCR
analysis. The experimental procedure was described as follows.
Briefly, total cellular RNA was harvested from cultured BMSCs
(the control group) and BMSCs seeded on scaffolds (the test
group) (a density of 1 x 10° cells per scaffold per well in 24-well
plate) undergoing 14 days of osteogenic differentiation using the
Trizol reagent (Invitrogen, USA), according to the manufacturer's
protocol. RNA concentration and quality were quantified by an
Epoch microplate reader (Bio-Tek, USA). cDNA was synthesized
by reverse transcription from 20 pL of total RNA using Prime-
Script RT regent Kit (Takara, Japan) under the conditions of
15 min at 37 °C, followed by 5 s at 85 °C on a reverse transcription
machine (T Gradient, Biometra, Germany). Real-time RT-PCR
reactions containing 5 pL of 2x SYBR Premix Ex Taq™ II
(Takara, Japan), 3.20 pL of RNAse free water, 0.40 pL of 0.40 uM
forward primer and reverse primer, respectively, and 1 pL of
c¢DNA in a total volume of 10 pL, were run on a real-time PCR
machine (C-1000 Thermal cycler, Bio-Rad, USA). Specific primers
of B-actin, a housekeeping gene acted as internal control, alkaline
phosphatase (ALP), runt-related transcription factor 2 (RUNX-2)
and osteocalcin (OCN) gene for osteogenic differentiation, were
designed using Oligo 7.0 software (Molecular Biology Insights
Inc., USA). Their sequences and product sizes were listed in Table

This journal is © The Royal Society of Chemistry 2017
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Table 1 The sequences and product sizes of the genes used in real-
time RT-PCR (F and R indicate forward primer and reverse primer,
respectively)

Product size

Gene Primer  Primer sequences (5' — 3') (bp)

ALP F TGGACCTCGTGGACATCTG 80
R CAGGAGTTCAGTGCGGTTC

RUNX-2 F GCAGTTCCCAAGCATTTCATC 81
R GTGTAAGTAAAGGTGGCTGGATA

OCN F GAAGCCCAGCGGTGCA 70
R CACTACCTCGCTGCCCTCC

B-Actin F GCGACCTCACCGACTACCT 136
R GCCATCTCGTTCTCGAAGTC

1. All the primers were synthesized by the same manufacturer
(Sangon Biotech, China). Real-time RT-PCR reactions were per-
formed using the parameters as follows: 3 min of denaturation at
95 °C, followed by 40 rounds of 10 s of annealing at 95 °C, 30 s of
extension at 60 °C. Data were collected as threshold cycle (Cy)
value. The relative mRNA expressions of ALP, RUNX-2 and OCN
were normalized to internal B-actin expression, and calculated
using the 274 method. Each sample was performed in tripli-
cate to ensure the accuracy of the data.

Statistical analysis

All data were expressed as mean + standard deviation (SD).
One-way analysis of variance (ANOVA) was applied to compare
two more means. The main effects of composition, Py acro, @S
well as the interaction effects between them were evaluated by
factorial analysis. Multiple comparison between groups was
performed using least significant difference (LSD) method if the
equality of variances could be assumed. On the contrary, if the
equality of variances could not be assumed, the post hoc
multiple comparison test with Games-Howell was performed.
Analyses were performed using SPSS 16.0 (SPSS Inc, Chicago,
Illinois). A Pvalue < 0.05 was considered statistically significant.

Results
Characteristics of 3D printed HA/B-TCP scaffolds

The cylindrical scaffolds with diameter of 10 mm, height of 3 mm,
macropore size of 500 um and Pp,cro Of 0%, 30% and 50% were
designed using Solidworks CAD software (Fig. 1A). Photographs of
3D printed scaffolds are demonstrated in Fig. 1B. Micro-CT and
3D reconstruction images showed layers of powders, macropores
and struts of the scaffolds (Fig. 1C). The dimension of macropores
was about 500 pm and the distribution of macropores was well
matched to what was designed. The surface morphology of the 3D
printed scaffolds was characterized using SEM. All the scaffolds
exhibited a roughened topography on particles. Representative
SEM images of scaffolds with HA wt% of 60%, Pracro Of 0%, 30%
and 50%, respectively, are shown in Fig. 2. The macropore
dimension was 502.47 + 5.13 um, which was in accordance with
the designed macropore and confirmed the accuracy of 3D
printing. By analyzing the high-magnification SEM images, it can
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Fig.1 Characteristics of 3D printed HA/B-TCP scaffolds. (A) Designed
scaffolds with Ppacro Of 0%, 30% and 50% using Solidworks CAD
software. (B) Photographs of 3D printed scaffolds. (C) Micro-CT and
3D reconstruction images of printed scaffolds.

be seen that micropores existed in the microstructure of scaffolds.
It ranged between 10 to 30 um (Fig. 2B).

The XRD analysis of the 3D printed HA/B-TCP scaffolds are
shown in Fig. 3A. The XRD patterns of pure HA and pure B-TCP
scaffolds, which are the two staring powders, matched well with
those of standard phase-pure HA (XRD JCPDS file No. 09-0432)
and B-TCP (No. 09-0169), respectively. The varying intensities and
different peaks showed the gradual variance in phase composition
of scaffolds with different HA/B-TCP wt%. The P of the scaf-
folds with different composition and Py,acr0 are shown in Fig. 3B.
The Py 0f scaffolds with Ppyacro 0f 0%, 30% and 50% were 15.13—
18.88%, 38.23-42.64% and 51.16-56.97%, respectively, which
were significantly higher than those with the designed Ppacro,
respectively (P < 0.05). For scaffolds of a given Ppacro, however,

| 10.46pum)
J

| A

Fig. 2 Representative SEM images of scaffolds with HA wt% of 60%,
Pracro Of 0%, 30% and 50%, respectively. (A) Low-magnification
(magnification, x35). (B) High-magnification (magnification, x100).
Arrows point to micropores.
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Fig. 3 XRD analysis, Piota, CS values and elastic modulus of 3D printed
HA/B-TCP scaffolds. (A) XRD analysis from pure HA (top) to pure B-TCP
(bottom). (B) Pyotat O 3D printed scaffolds. *P < 0.05. (C) CS values. (D)
Elastic modulus.

there was no significant differences among the Py, of BCPs
scaffolds with HA wt% of 40%, 60%, 80%, respectively (P > 0.05).

CS values and elastic modulus of 3D printed HA/B-TCP
scaffolds

The composition and Pp,,¢r0 had an interactive effect on the CS
values (Fig. 3C, F = 46.09, P = 0.00). For scaffolds of a given
Pracro, the composition significantly affected the CS values,
which firstly increased and then decreased as the HA wt%
increased (F = 578.50, P = 0.00). The transition point occurred
at HA wt% of 60%. At this point, the CS values reached the
maximum 17.54 MPa with the P ..o Of 0%. The CS values of
scaffolds with HA wt% of 40%, 60%, 80% were higher than
those of pure HA and pure B-TCP, respectively (P < 0.05).
However, for scaffolds of a given Ppaero, there were no signifi-
cant differences among the CS values of BCPs scaffolds with
HA wt% of 40%, 60%, 80% (P > 0.05). For scaffolds of a given
HA wt%, the CS values among scaffolds with different Pacr0
had significant differences (P < 0.05). The higher the Py,acr0 Was,
the lower the CS value was.

The elastic modulus of the 3D printed HA/B-TCP scaffolds
was significantly affected by both the composition and the
Pinacro, Which showed an interactive effect (Fig. 3D, F=2.48, P =
0.02). For scaffolds of a given Py,cr0, the elastic modulus firstly
increased and then decreased. However, there were no signifi-
cant differences among scaffolds with various HA wt% with
respect to the elastic modulus (P> 0.05). The elastic modulus of
BCPs were higher than those of pure HA or pure B-TCP,
respectively. However, for scaffolds with Puaero Of 50%, the
elastic modulus of scaffold with HA wt% of 20% was lower than
that of pure HA. For scaffolds of a given HA wt%, the elastic
modulus among scaffolds with different Py acro had significant
differences (P < 0.05). The lower the Pp,,cro Was, the higher the
elastic modulus was. The scaffolds with HA wt% of 60% and
Pnacro Of 0% had the highest elastic modulus, which was 1.84 +
0.04 GPa.

This journal is © The Royal Society of Chemistry 2017
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Degradation of 3D printed HA/B-TCP scaffolds

Representative images of scaffolds soaked in SBF for 12 weeks
were showed in Fig. 4A. It can be seen that HA/B-TCP scaffolds
did not change significantly. However, the mass loss of HA/B-TCP
scaffolds was significantly affected by both the composition and
the Ppacro, Which showed an interactive effect (Fig. 4B, F = 366.45,
P = 0.00). For scaffolds of a given Pyaco, the degradation
decreased in the following order: pure -TCP > BCPs > pure HA.
The degradation decreased as the HA wt% increased. For scaf-
folds of a given HA wt%, the degradation among scaffolds with
different Py,cr0 had significant differences (P < 0.05). The higher
the Phacro Was, the higher the degradation was.

Compared to the XRD patterns of HA/B-TCP scaffolds before
soaking, it can be seen that the phase composition of the
scaffolds did not significantly change after soaking in SBF
(Fig. 4C). However, hydroxy-carbonate-apatite (HCA) was found
in the XRD patterns of HA/B-TCP scaffolds after soaking.

Cell culture and osteogenic induction

After cells were isolated and seeded in culture flasks many RBCs
were observed under microscopy (Fig. 5A, D0). At Day 3, most
BMSCs attached to cell culture flask had spindle morphology,
with some were triangular or irregular shaped, and they were
radially distributed (Fig. 5A, D3). At Day 5, BMSCs grew in vortex
pattern and reached about 85% confluence (Fig. 5A, D5).

Being cultured in osteogenic induction medium, cell
morphology changed from spindle to stellate- or irregular-
shaped. Cells grew in multiple layers. Under cultured for
4 weeks, BMSCs formed distinct mineralized nodules stained by
Alizarin Red staining (Fig. 5B, induced). In the control group, no
mineralized nodules were detected following Alizarin Red
staining (Fig. 5B, uninduced). The relative mRNA expressions of
ALP, RUNX-2 and OCN were shown in Fig. 5C. The osteogenic
induced cells had significantly higher mRNA expressions
compared to those of uninduced cells (P < 0.05).
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Fig. 4 The degradation of HA/B-TCP scaffolds in vitro. (A) Repre-
sentative images of scaffolds with HA wt% of 60%, Pracro Of 0%, 30%
and 50% after degradation, respectively. (B) Mass loss of scaffolds after
12 weeks in SBF. (C) XRD analysis of scaffolds after degradation.
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Cell Culture

Alizarin Red Staining

Fig. 5 Cell culture and osteogenic induction of rabbit BMSCs. (Scale
bars =100 um). (A) Primary rabbit BMSCs cultured on Day 0, Day 3 and
Day 5. (B) Alizarin red staining of rabbit BMSCs. From left to right:
macroscopic observation of osteogenic induced and uninduced
BMSCs; osteogenic induced and uninduced BMSCs (the last two
images were got with inverted phase contrast microscope). (C) Rela-
tive mRNA expressions of typical osteogenic markers (ALP, RUNX-2
and OCN) of osteogenic induced and uninduced rabbit BMSCs. *P <
0.05.

Cell attachment on scaffolds

The representative SEM images showed BMSCs attached and
spread on HA/B-TCP scaffolds with Py ¢ Of 30%, and HA wt% of
0%, 20%, 40%, 60%, 80% and 100%, respectively (Fig. 6A to F,
respectively). The seeded BMSCs shaped polygon, spindle or oval.
They spread fully on the scaffold surface and established cell-cell
interconnections. The morphology and distribution of cells were
not affected by the HA/B-TCP wt%. These SEM images confirmed
the biocompatibility of the 3D printed HA/B-TCP scaffolds.

Seeding efficiency

The composition and Ppaero both significantly affected the
seeding efficiency. They also had an interactive effect on the
seeding efficiency (Fig. 7A, F = 6.89, P = 0.00). For scaffolds of

Fig. 6 Representative SEM images of cell attachment on the 3D
printed HA/B-TCP scaffolds with Pacro Of 30%, HA wt% of 0%, 20%,
40%, 60%, 80% and 100%, respectively (magnification, x1000). Arrows
indicate the seeded BMSCs. (A) to (F) Refer to scaffolds with Pacro Of
30%, HA wt% of 0%, 20%, 40%, 60%, 80% and 100%, respectively.
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a given Ppacro, the seeding efficiency of scaffolds with HA wt% of
60% was higher than those of pure HA and pure B-TCP,
respectively, which also showed significant differences (P <
0.05). The scaffolds with HA wt% of 40% and Py ,cr0 of 50% had
the highest seeding efficiency, which was 96.33%. However, no
significant differences in seeding efficiency were observed with
respect to various BCPs (P > 0.05). For scaffolds of a given
HA wt%, the seeding efficiency among scaffolds with different
Prnacro showed significant differences (P < 0.05). The seeding
efficiency increased as the Py,.ro increased.

Cell proliferation

On Day 1, Day 4 and Day 7, the cell proliferation on each scaf-
fold was significantly higher as the time prolonged (Fig. 7B, P <
0.05). The cell proliferation was significantly affected by both
the composition and the P,acro, Which showed an interactive
effect at each time point (Fig. 7B, P = 0.00), respectively.

For scaffolds of a given Py,,cr0, 00 Day 1, the cell proliferation
on scaffolds with HA wt% of 40%, 60%, 80% were higher than
those on pure HA and pure B-TCP, respectively, which showed
significant differences (P < 0.05). On Day 4 and Day 7, the cell
proliferation on scaffolds with HA wt% of 40% was significantly
higher than those on pure B-TCP (P < 0.05). And the cell
proliferation on scaffolds with HA wt% of 40%, 60%, 80% were
significantly higher than those on pure HA (P < 0.05). However,
there was no significant differences among the cell proliferation
on BCPs at each time point (P > 0.05).

For scaffolds of a given HA wt%, the higher the Py acro Was,
the higher the cell proliferation was. On Day 1, the cell prolif-
eration was significantly lower on scaffolds with Py,acro 0f 0%
than on those with P, Of 30% and 50%, respectively (P <
0.05). However, no significant difference in cell proliferation
was observed between scaffolds with Pp,,cr 0f 30% and 50% (P>
0.05). On Day 4 and Day 7, the cell proliferation among scaffolds
with different Py,,cro sShowed significant differences (P < 0.05). In
conclusion, the cell proliferation was the highest on scaffold
with HA wt% of 40% and Pp,cro Of 50% at each time point. The
cell proliferation on each scaffold was lower than that of the
negative control group on Day 1, Day 4 and Day 7, respectively.
However, there was no significant difference with respect to the
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Fig. 7 Seeding efficiency and cell proliferation of 3D printed HA/B-
TCP scaffolds. (A) Seeding efficiency. (B) Cell proliferation on Day 1,
Day 4 and Day 7.
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cell proliferation between the scaffold with HA wt% of 40% and
Prhacro 0f 50% and the negative control group (P > 0.05).

Gene expressions of typical osteogenic markers

The mRNA expressions of typical osteogenic markers, ALP,
RUNX-2 and OCN, were detected by real-time RT-PCR. The ALP,
RUNX-2 and OCN mRNA expressions were significantly affected
by both the composition and the Ppaero (Fig. 8, P < 0.05).
Moreover, composition and Pp,,¢ro had an interactive effect on
ALP and RUNX-2 mRNA expression (P < 0.05).

61
A —0— Pracro 0%
—O Py 30%

5 —B— Py 50%

Relative mRNA Expression of ALP
w
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Fig. 8 Relative mRNA expressions of typical osteogenic markers on
3D printed HA/B-TCP scaffolds. *P < 0.05. (A) Relative mRNA
expressions of ALP. (B) Relative mRNA expressions of RUNX-2. (C)
Relative mRNA expressions of OCN.
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For scaffolds of a given Ppacro, ALP mMRNA expression on
scaffold with HA wt% of 60% was significantly higher than
those on pure HA, pure B-TCP, and scaffolds with HA wt% of
20% and 80%, respectively (P < 0.05). RUNX-2 and OCN mRNA
expressions on scaffolds with HA wt% of 60% was significantly
higher than those on pure B-TCP scaffolds (P < 0.05). However,
there were no significant differences among RUNX-2 and OCN
mRNA expressions on various BCPs, respectively (P > 0.05).

For scaffolds of a given HA wt%, ALP and OCN mRNA
expressions on scaffolds with P acro Of 0% were significantly
higher than on those with Ppac0 0f 50% (P < 0.05). RUNX-2
mRNA expressions on scaffolds with Ppacro 0f 0% and 30%
were significantly higher than on those with Pyacro Of 50%,
respectively (P < 0.05). In conclusion, maximum ALP and RUNX-
2 mRNA expressions were detected on scaffolds with HA wt% of
60% and Ppacro Of 30%. The scaffolds with HA wt% of 60% and
Prinacro 0f 0% showed the highest OCN mRNA expression.

The ALP and RUNX-2 mRNA expressions of BMSCs seeded
on scaffolds were lower than those of the control group,
respectively. However, ALP and RUNX-2 mRNA expressions on
scaffold with HA wt% of 60% and P.cro Of 30% showed no
significant differences with those of the control group (P = 0.13,
P = 0.83, respectively). With respect to the OCN mRNA expres-
sion, there were no significant differences among scaffolds with
HA wt% of 40%, 80%, and Pyacro Of 0% and the control group,
respectively (P = 0.28, P = 0.13, respectively). In addition, OCN
mRNA expression on scaffolds with HA wt% of 60%, and Ppacro
of 0% and 30%, showed no significant differences with that of
the control group (P = 0.83, P = 0.28, respectively). Interestingly,
the OCN mRNA expression on the scaffold with HA wt% of 60%
and Ppaero 0f 0% was higher than that of the control group.

Discussion
Characteristics of 3D printed HA/B-TCP scaffolds

In the present study, we manufactured HA/B-TCP scaffolds with
different compositions and Ppacro using 3D printing. The XRD
patterns showed that the phase composition of the scaffolds
changed with the altering of HA wt%. The peak patterns of pure
HA and B-TCP scaffolds confirmed the phase-purity of the
printed scaffolds, respectively. The intensities varied and the
peaks differed in BCPs as the HA wt% changed. Apparently, the
Pyoa1 Was significantly higher than the designed Ppacro. It is
because that the Py, is consisted of two parts, the designed
macropore and the micropore, which is the tiny gap between
the powder particles. According to SEM images, the dimensions
of micropore were between 10 to 30 um due to the relatively
small space between the particles. It was in agreement with the
report that the inter agglomeration pores of 3D printed
components are generally ranged from 1 to 100 pm.** According
to the results of SEM and micro-CT analysis, HA/B-TCP scaffolds
with high accuracy of pore size, pore distribution and pore
interconnectivity can be fabricated by 3D printing.

Micropores of the bone scaffold are important, which were
not only necessary for excellent osteoinductivity of BCP mate-
rials but also promoted the absorption of bone substitute in
vivo.**** Macropore size and porosity can significantly influence
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the mechanical properties, biocompatibility and biodegrad-
ability of a would-be bone scaffold, through affecting fluid
exchange, ion delivery, nutrient and cell migration.**%”
However, there is a controversy in deciding the optimum mac-
ropore diameter and Pp,cro Of the bone scaffold.*?*** Some
authors reported pore sizes in the range of 200 to 350 um were
optimum for bone tissue ingrowth.*® While others claimed that
bone ingrowth was most successful when macropores were
within the range of 200 to 900 pm.****?” Furthermore, some
others insisted that ideal pore size and porosity of the 3D
printed scaffold was 500 to 1000 pm and 30 to 70%, respectively,
to encourage bone ingrowth.*® It was reported that human
trabecular bone has a porosity of 50 to 90% and pore diameters
close to 1 mm.* In view of these considerations, in the present
study, HA/B-TCP scaffolds with macropore size of 500 um and
Prhacro 0f 0%, 30%, and 50% were prepared by 3D printing.

Effect of composition and P,,,cro 0N CS values and elastic
modulus

Composition and Pyacro are two critical factors that can affect
the mechanical characteristics of 3D printed HA/B-TCP scaf-
folds.**”?* In this study, the CS values were significantly
affected by composition and Pyacro, Which showed an interac-
tive effect. Except those of pure HA, pure B-TCP and HA wt% of
20% scaffolds, the CS values of other scaffolds were in the range
of human cancellous bone (2 to 20 MPa),* which makes these
scaffolds suitable as onlay grafts for non-load-bearing applica-
tions. The results showed that with HA wt% increased, the CS
values firstly increased and then decreased, which was in
accordance with Guo's reports,*® but inconsistent with what was
reported previously.”” Our study showed that for scaffolds of
a given Ppacro, there were no significant differences among the
CS values of BCPs scaffolds with HA wt% of 40%, 60%, 80%. It
might because there was no significant differences among the
Piorar Of BCPs scaffolds with HA wt% of 40%, 60%, 80%,
respectively. Results of Castilho et al. indicated that the CS value
increased with rising B-TCP content.”” This might mainly
because the HA/B-TCP scaffolds they used were all dense ones.
On the contrary, it was reported that pure HA or TCP scaffolds
showed better mechanical properties than BCPs,* resulting
from better sinterization processes. Therefore, factors like the
starting powder properties, binders and sinterization processes
applied had to be considered in the CS values of 3D printed
HA/B-TCP scaffolds.?>**

The elastic modulus of scaffolds was in the range of 0.20 +
0.02 to 1.84 £ 0.04 GPa, which is significantly different from
what was reported previously.** The different printing powders
and the design of scaffold may lead to the considerable differ-
ence. We found that for scaffolds of a given Pp,r0, there were no
significant differences among scaffolds with various HA wt%.
Moreover, we found that for scaffolds of a given HA wt%, the
lower the Ppacro Was, the higher the elastic modulus was, which
was in accordance with the previous study.' Besides the indi-
vidual effect that the composition and the P, exert on elastic
modulus, their interactions also play a major role in deter-
mining elastic modulus. The factorial analysis indicated that an
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interactive effect on elastic modulus existed between the
composition and the Py, 0f the scaffolds. The results showed
that scaffold with HA wt% of 60% and Ppacro Of 0% had the
highest elastic modulus among all the scaffolds.

Effect of composition and Py,,cro On degradation in vitro

Biodegradability is an important requirement for a would-be
bone scaffold.” We found that both the composition and the
Pracro Play critical roles in the degradation of the HA/B-TCP
scaffolds. With increasing HA wt% in the scaffolds the degra-
dation decreased, which was in agreement with the previous
report.”” The degradation of the pure HA scaffolds showed
significant difference from that of the pure B-TCP scaffolds, and
the degradation of BCPs was adjusted by altering the HA wt%.
For scaffolds of a given HA wt%, the higher the Pp,,., Was, the
faster the scaffolds degraded. It is acknowledged that the
degradation can be promoted with higher Pycr0, Which
provides more spaces or channels for the circulation of fluids.*
Upon these results, it was predictable that the scaffolds could
degrade more with prolonging the immersion time.

After soaking in SBF, HCA was observed in the XRD patterns
of HA/B-TCP scaffolds. In the SBF solution, series of ion
exchange, dissolution and precipitation were occurred. The
reason might be that calcium, phosphorus, carbonate ion and
other metal ions co-exist in the SBF solution. Among the ions,
calcium and phosphorus ions have nucleating effect, carbonate
ion and other metal ions could deposit into the crystal lattice,
thus biomineralized HCA structure was formed. HCA has the
similar composition and structure with bone apatite. HCA can
be easily recognized by endogenous growth factors, proteins
and osteoblasts, and is beneficial to new bone formation.

In the present study, the in vitro degradation of the scaffolds
was evaluated. However, the soaking time is not long enough to
confirm the long-term effect of composition and Pyacro ON
degradation. Moreover, with respect to the in vivo degradation
of the scaffolds, the phagocytosis by osteoclasts and macro-
phages should be taken into account,* in addition to the
degradation through body fluid. Therefore, further study is
needed to evaluate whether the in vivo degradation of the
scaffolds matches the biological process of osteogenesis.

Effect of composition and P,,,.r, 0N seeding efficiency and cell
attachment

The seeding efficiency was evaluated 12 h after cells were seeded
on the scaffolds. The 24-well plates were non-tissue culture
treated to diminish adhesion and proliferation of cells in the
wells. Therefore, the cells proliferation in the wells in the initial
12 h was very low. The influence of cell proliferation in the well
on the seeding efficiency values during the 12 h could be
neglected.** The seeding efficiency of the 3D printed HA/B-TCP
scaffolds varied in the range of 73.00 to 96.33%. However, in
one study, the seeding efficiency of 3D printed scaffold with
pore size of 750 um was approximately 30%.*" It can be
explained that the material they used to fabricate the scaffold
was a blend of corn starch with poly(e-caprolactone), which can
reduce cell attachment and proliferation.
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For scaffolds of a given Pyacro, We found that the seeding
efficiency of scaffolds with HA wt% of 60% was higher than
those of pure HA or pure B-TCP, respectively, while the seeding
efficiency of various BCPs showed no significant differences. In
addition, we found that the seeding efficiency increased as the
Ppacro increased. The higher the Ppacr0 i, the more the inter-
connection sites exist in scaffold. The higher number of inter-
connection sites in scaffold might contribute to higher cell
seeding efficiency. Since the existence of more interconnection
points might be related to better anchorage of cells to the
scaffolds, increasing the chances of cell adhesion upon seeding.
The SEM images, showing BMSCs attached and spread on
HA/B-TCP scaffolds, further confirmed the good biocompati-
bility of the scaffolds.

In addition to the individual effect that the composition and
the Phacro €xert on seeding efficiency, an interactive effect
between the composition and the Py,,.r, 0f the scaffolds existed.
Within the study ranges, the highest seeding efficiency was
obtained on scaffolds with HA wt% of 40% and Pp,acro Of 50%.

Effect of composition and Py,acro 0N cell proliferation

Cell proliferation was monitored using CCK-8 on Day 1, Day 4,
and Day 7. The ANOVA analysis showed that the cell prolifera-
tion on each scaffold was significantly higher with the time
prolonged. For scaffolds of a given Ppacro, 00 Day 1 and Day 7,
significantly higher proliferation was detected on scaffolds with
HA wt% of 40%, 60% and 80% than those on pure HA scaffolds.
On Day 1 and Day 4, significantly higher proliferation was
detected on scaffolds with HA wt% of 40% than those on pure
B-TCP scaffolds. On Day 1, Day 4, and Day 7, cells on BCPs
showed an enhanced proliferation in comparison to those on
pure HA or pure B-TCP scaffolds. However, cell proliferation
among various BCPs showed no significant differences at each
time point. The statistical analyses revealed that composition
can significantly affect the cell proliferation, however, the exact
HA wt% is not critical. These results were in consistent with
previous studies.'*'**” They showed that BCPs exerted better
cytocompatibility and the ability of promoting osteogenesis
than pure HA or pure B-TCP scaffolds. However, the results were
in disagreement with the reports by Detsch R et al** They
seeded osteoclastic cells on 3D printed pure HA, pure B-TCP and
various BCPs scaffolds. After 21 days of cultivation, cell viability
and proliferation was measured. It was showed that cell viability
and proliferation was nearly the same on all the scaffolds. On
the one hand, this might due to the much longer time they used
to culture the cells. On the other hand, the interaction of the
calcium phosphate scaffolds with different cell types might be
different.

For scaffolds of a given HA wt%, the higher the Py acr0 Was,
the higher the cell proliferation was. It can be explained that
larger porosity enables cells to proliferate better resulting from
larger space and better supply of oxygen and nutrients. The
results showed that the cell proliferation were significantly
different among scaffolds with different P,,cro at each time
point, except that of scaffolds with Pp,ero 0f 30% and 50% on
Day 1. This might because the cells mainly attached to the
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scaffolds, and proliferated less on Day 1. Though macropores
were important for fluid exchange and cell migration,* the
influence of P, ,.ro Was not obvious for scaffolds with P, acr Of
30% and 50% on Day 1. The cell proliferation on each scaffold
was lower than that of the negative control group on Day 1, Day
4, and Day 7, respectively. This might result from the relatively
fewer cells on the scaffolds compared to cells of the negative
control group.

Besides the individual effect that the composition and the
Pacro €xert on cell proliferation, their interactions also play
a major role in determining the outcome parameters of cell
proliferation. The factorial analysis indicated that an interactive
effect on cell proliferation existed between the composition and
the Ppacro Of the scaffolds. The results demonstrated that scaf-
fold with HA wt% of 40% and Ppacro Of 50% had no significant
difference with the control group for cell proliferation.

Effect of composition and Py, On osteogenic differentiation

ALP is generally regarded as an early marker for osteogenic
differentiation. It was found that ALP expression peaked at the
early stage of osteoblastic differentiation and then declined as
differentiation progresses.** RUNX-2 is among the first genes
expressed in the early process of calcification as well.*> OCN,
secreted by osteoblast, is the most abundant non-collagenous
protein of bone, which signals terminal osteoblast differentia-
tion.*® Therefore, cell osteogenic differentiation capacity was
analyzed by assessing mRNA expressions of these typical oste-
ogenic markers.

The ALP, RUNX-2 and OCN mRNA were expressed on all the
scaffolds, which indicated the osteogenic differentiation and
confirmed the good biocompatibility of the scaffolds. The
statistical analyses showed that both the composition and the
Prnacro Significantly affected the ALP, RUNX-2 and OCN mRNA
expressions. In addition, the composition and the Puacro
exhibited an interactive effect on ALP and RUNX-2 mRNA
expression. The results of our study showed that ALP, RUNX-2
and OCN mRNA expressions on scaffold with HA wt% of 60%
were significantly higher than those on pure B-TCP, respectively.
This might partly due to the degradation rate and the degra-
dation products of scaffold with HA wt% of 60% are different
from those of the pure B-TCP scaffold. For scaffolds of a given
HA wt%, ALP, RUNX-2 and OCN mRNA expressions on scaffold
with Ppacro Of 0% were significantly higher than those on scaf-
fold with Py acro Of 50%, respectively. Moreover, RUNX-2 mRNA
expression on scaffolds with Pyacro 0f 30% was significantly
higher than that on scaffold with Pp,,cr0 0f 50%. This was in
accordance with the report of Karageorgiou and Kaplan that
lower porosity enhances osteogenic differentiation by sup-
pressing cell proliferation and forcing cell aggregation in vitro.>”
The RUNX-2 and OCN mRNA expressions were lower than ALP
mRNA expression in the control group. This might because the
ALP, RUNX-2 and OCN expressed at different stages of osteo-
genic differentiation.****

In comparison with those of the control group, ALP and
RUNX-2 mRNA expressions on scaffolds were lower, respec-
tively. However, the OCN mRNA expression on the scaffold with
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HA wt% of 60% and Ppy,cro 0f 0% was significantly higher than
that of the control group. The results suggested that scaffolds
cultured with cells decreased both ALP and RUNX-2 mRNA
expressions, but to some extent, increased OCN mRNA expres-
sion. Besides the reason of seeding efficiency, this might be
relevant with the levels of degradation products in the culture
microenvironment, which needs further in-depth investigation.
However, with respect to ALP and RUNX-2 mRNA expressions,
scaffold with HA wt% of 60% and Paero Of 30% showed no
significant differences with those of the control group, respec-
tively. With regards to OCN mRNA expression, there were no
significant differences among scaffolds with HA wt% of 40%,
80%, and Ppacro Of 0% and the control group, respectively.
Moreover, OCN mRNA expression on scaffolds with HA wt% of
60% and Ppacro Of 0% and 30%, with that of the control group
showed no significant differences, respectively. Taken together,
the results suggested that scaffold with HA wt% of 60% and
Piacro Of 30% had no significant difference with the control
group for osteogenic differentiation.

Conclusions

The CS values, degradation behavior and biocompatibility of
the scaffolds significantly depended on both the composition
and the Pacro, Which exhibited an interactive effect. With
a comprehensive analysis, it is demonstrated that BCPs showed
higher CS value, seeding efficiency, cell proliferation and
differentiation capability in comparison with pure HA or pure
B-TCP scaffold. In addition, with regards to CS values, seeding
efficiency, cell proliferation and RUNX-2 and OCN mRNA
expressions, there were no significant differences among
various BCPs. The in vitro degradation of HA/B-TCP scaffolds
decreased as the HA wt% increased. The higher the Py acro Was,
the higher the degradation was. In comparison with the control
group, scaffold with HA wt% of 40% and Pyacro Of 50%
exhibited no significant difference for cell proliferation. Scaf-
fold with HA wt% of 60% and Pyacro 0f 30% had no significant
difference for osteogenic differentiation. Within the limits of
this study, the results provide useful in vitro information in
understanding the mechanical properties and biocompatibility
of 3D printed HA/B-TCP scaffolds for restoring and augmenting
the absorbed alveolar ridge. Additional studies are underway to
further evaluate the biocompatibility and bone formation
capacity of 3D printed HA/B-TCP scaffolds in vivo.
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