J Mater Sci (2019) 54:10437-10446

Materials for life sciences

t‘)

Check for
updates

3D printing of bioglass-reinforced pB-TCP porous
bioceramic scaffolds

Yule Ma' ®, Honglian Dai'** @, Xiaolong Huang' @, and Yanpiao Long’
" State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology,
Wuhan 430070, Hubei, People’s Republic of China

2Biomedical Materials and Engineering Research Center of Hubei Province, Wuhan 430070, People’s Republic of China

ABSTRACT

The use of bioglass (BG) has been proved to be an effective strategy for reducing
the sintering temperature and improving the degradability of bioceramics. In
this work, a Na,0O-CaO-MgO-P,0Os5 bioglass with a low melting temperature
and an average particle size of 1.3 pm and crystalline B-tricalcium phosphate (p-
TCP) with an average particle size of 600 nm were first prepared separately. 3D
printing was then used to fabricate the B-TCP/BG composite porous ceramic
scaffolds. The Na,O-CaO-MgO-P,0s bioglass-reinforced B-TCP porous ceramic
scaffolds demonstrated a significant enhancement in their mechanical proper-
ties, degradability and biocompatibility compared with pure B-TCP ceramics.
The results showed that the compressive strength and elastic modulus of the
reinforced B-TCP ceramic scaffold were 8.34 MPa and 208.5 MPa, respectively,
and the degradation rate of the B-TCP porous ceramic scaffolds increased by a
factor of 2.99. In addition, the optimized scaffold distinctly promoted MC3T3-E1
osteoblast cell proliferation. Na,O-CaO-MgO-P,0s5 bioglass-reinforced B-TCP
porous ceramic scaffold has great potential for application in bone regeneration.
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Additionally, high porosity and interconnected por-
ous structures with an appropriate pore size
(100400 pm) are of great importance for allowing

Introduction

In addition to the ‘gold standard’ autologous bone
grafts [1], tissue engineering has been considered one
of the most effective strategies for regenerating and
restoring tissue damaged by illness, accidents or
tumor excision [2]. Generally, in the field of bone
tissue engineering, the biocompatibility, mechanical
properties and capacity for tissue regeneration of
scaffolds should be taken into consideration first [3].
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osteoconduction, vascularization and the transport of
nutrients and metabolic wastes [4-7].

Calcium phosphate-based bioceramics exhibit
excellent biocompatibility, bioactivity and osseointe-
gration properties because their composition is sim-
ilar to that of bones, which consist of hydroxyapatite
(HA), tricalcium phosphate (TCP) and biphasic cal-
cium phosphate (BCP) [6, 8-13]. In particular, B-TCP
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(B-Caz(POy)2), a low-temperature-stable phase of
TCP, was considered to be degradable [14] and
osteoconductive [15]. It has been the subject of
extensive and long-term research for use as a bone
graft substitute [16-18]. However, as an essential
factor for biomaterials [19, 20], B-TCP was reported to
have a degradation rate of 2.3% in vitro over 5 weeks
[21] and could barely be resorbed in vivo after
6 months [22]. Degradation is an important factor for
biomaterials [21, 22]. Furthermore, Na,O-CaO-P,Os5—
510, series bioglasses can effectively reduce the sin-
tering temperature, improve biological activity and
enhance the degradability of bioceramics [23-27].
Magnesium-doped Nay,O-CaO-P,05 bioglass
showed improved bioactivity and biocompatibility
when compared with non-doped one [28].

In addition, with conventional methods for the
preparation of porous bioceramics, such as porogen
[29], gel-polymer processes [30] and slip-casting [31],
it is quite difficult to control the pore size and inter-
connected pore structure [32]. In recent years, the
emergence of rapid fabrication technology has
showed promise in addressing this problem. Many
studies have been carried out using 3D printing
technology to prepare various scaffold materials with
high porosity and customizable pore sizes [33-37].
A PCL/B-TCP composite scaffold was obtained by
melt-extrusion with easy pore shape and size control
[38]. A calcium phosphate porous bioceramic scaffold
with a perfect pore structure and a porosity of 55%
was prepared by inkjet 3D printing technology [39].

In this paper, ultrafine Na,O-CaO-MgO-P,0s
bioglass powder and ultrafine B-TCP powder were
prepared by melting and coprecipitation, respec-
tively. The B-TCP/BG composite porous ceramic
scaffolds were successfully fabricated by 3D printing
equipment. The effect of bioglass on the biocompat-
ibility, mechanical properties and degradability of the
B-TCP scaffold were studied in detail.

Materials and methods

Synthesis of B-TCP and Na,0-CaO-MgO-
P,Os5 BG superfine powders

Samples of pure B-TCP were prepared by the copre-
cipitation method as reported previously. Briefly,
141.69 g Ca(NO3),-4H,O was dissolved in 1200 mL
deionized water, and 52.8224 g (NHy,HPO, was
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dissolved in 800 mL deionized water, and then, a
calcium solution was added dropwise to the phos-
phate solution over 4 h with stirring. During copre-
cipitation, the pH value was maintained at 7.0. After
aging for 24 h, the suspension was filtered and dried
at 110 °C. Finally, after heating at a rate of 10 °C/min,
the obtained powders were calcined at 800 °C for 2 h.

Na,O-CaO-MgO-P,05 bioactive glass was pre-
pared by the melting method. Na,CO; CaCOj;,
(MgCO3)4Mg(OH),-5H,0O and NH4H,PO, were
weighed according to the weight percentage of 18
wt% NayO, 10 wt% CaO, 7 wt% MgO, 65 wt% P,0:s.
Deionized water was added as the solvent. The
mixture was heated and stirred to remove NH; and
then transferred to a crucible and melted at 900 °C.
After a refining period, the melt was poured into
water for quenching. The obtained BG was ground in
ethanol using zirconia balls for 6 h.

All of the chemical reagents used in this study
were purchased from Sinopharm Chemical Reagent
Co., Ltd. (China).

Ceramic ink writing of B-TCP/BG scaffolds

B-TCP powders with BG contents of 5 wt%, 10 wt%,
15 wt% and 20 wt% were thoroughly mixed via ball
milling and dried at 60 °C for 24 h. To prepare the
injectable ink, 44 g B-TCP/BG powders, 18 g sodium
alginate suspension (10 wt%), 5 g Pluronics F-127
solution (20 wt%) and 6 ml deionized water were
mixed by milling. After homogeneous mixing, the
inks were placed into printing tubes, and 1.5~2.5 bar
nitrogen pressure was applied. The scaffolds were
generated using a homemade 3D printing equipment
at a moving speed of 3 mm/s and were dried at room
temperature for 24 h and sintered at 710 °C for 2 h.
As a control, due to the poor sintering effect under
710 °C, pure B-TCP scaffolds prepared by the same
method (marked as S1) were sintered at 1100 °C for
2 h at a heating rate of 10 °C/min as reported pre-
viously [40]. The B-TCP/BG20 scaffold sintered at
800 °C for 0.5 h was labeled as S2.

Characterization of p-TCP and BG powders

The crystal phases of the B-TCP and milled BG
powders were determined by an X-ray diffractometer
(XRD, D8 Advance, Bruker Co., Germany) using Cu
Ko radiation and operating at 40 kV with 40 mA
current. The 20 angle data were obtained in the range
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of 10°-65° at a scanning speed of 5.0 degrees/min.
The morphology of the B-TCP and BG powders was
observed by using a Zeiss Ultra Plus field emission
scanning electron microscope (ULTRA plus FESEM,
Zeiss, Germany). Thermogravimetric and differential
scanning calorimetry (TG-DSC) curves of the BG
powders and B-TCP/BG20 raw scaffold were tested
by a thermal analysis-mass spectrometer (DSC8500,
Perkin Elmer, USA). The particle size distribution of
B-TCP and BG powders was determined by dynamic
light scattering (DLS, Mastersizer 2000, Malvern
Instruments Ltd., UK).

Characterization and mechanical properties
of the scaffolds

SEM was used to observe the scaffolds’ morphology
and pore structure and the internal micropore struc-
ture of the filament. Cubic scaffolds (10 x 10 x 10)
were fabricated for compressive strength measure-
ments that were performed by a universal testing
machine (MTS, America) at a cross head displace-
ment rate of 0.5 mm/min. To obtain average values,
the mechanical strength was measured for five scaf-
folds per group. XRD (XRD, D8 Advance, Bruker Co.,
Germany) was used to analyze the phase composi-
tion of the B-TCP/BG scaffolds after sintering and
degradation.

Degradation property of the scaffolds

The degradation property of the scaffolds was eval-
uated by using Tris—-HCl (pH 7.40) as the buffer
solution. The scaffolds were soaked for different time
periods at 37 °C. Tris—-HCI solution was added
200 mL/g relative to the mass of the scaffold. After
soaking for 1, 3, 7, 10, 14, 21 and 35 days, an elec-
trolyte-type pH meter (PHS-3C, Jinke Leici Co.,
Shanghai, China) was used to measure the pH values
of the solution without refreshing the immersion
medium. After soaking, the final weight of each
scaffold sample was measured precisely after drying
at 110 °C for 1 day. The percentage relative to the
initial weight was shown as the weight loss.

Cell proliferation assay

The MTT assay was used to determine the cell via-
bility. The culture medium (a-MEM medium,
HyClone, USA) containing mouse preosteoblast cells
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(MC3T3-E1, American Tissue Type Collection
HTB96) was exposed to the porous scaffolds for each
sample and supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin for 1, 3 and
5 days and cultured at 37 °C in a humidified incu-
bator with 5% CO, then, 10 puL of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium  bro-
mide (MTT, 5 mg/ml) was added to each well, and
the cells were further cultured at 37 °C for 4 h [41].
The pure cells without culturing with scaffolds were
used as the control. Then, a microplate reader (Mul-
tiskan GO, Thermo Scientific, USA) was used to
measure the absorbance at 570 nm after the blue
formazan crystals were dissolved in dimethyl sul-
foxide (DMSO) that was generated by mitochondrial
dehydrogenase in viable cells.

Statistical analysis

All of the data described above were expressed as the
mean =+ standard deviation (SD) and analyzed with
one-way ANOVA. For all cases, a p value < 0.05 was
considered statistically significant difference. The
results were indicated with (*) for p < 0.05, (**) for
p < 0.01.

Results and discussion
Characterization of p-TCP and BG powders

B-TCP powder was successfully prepared by the
coprecipitation method, and Na,0-CaO-MgO-P,05
BG powder was produced by melting and milling
posttreatment. The X-ray diffraction patterns of f-
TCP and BG powders are shown in Fig. 1a, b,
respectively. The B-TCP powder was a pure phase
with high crystallinity (JCPDS card No. 09-0169), and
the BG powder was amorphous. According to SEM
observations, both the synthesized B-TCP powders
and the as-milled BG powders were composed of
superfine particles with diameters of less than 2 pm
(Fig. 1c, d). The DLS results showed a narrow size
distribution in the ranges of 300-1000 nm for B-TCP
and 900-1500 nm for BG, respectively (Fig. 1le). The
statistical analysis of the particle sizes obtained in the
SEM images showed that the average particle size of
the highly pure and highly crystalline B-TCP was
400 nm, and the average particle size of the bioglass
with an irregular morphology was 750 nm (Fig. S1),
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Figure 1 XRD patterns of B-TCP (a) and BG (b). SEM observation of B-TCP (c) and BG (d) particles (the scale bar represents 2 pum in
both images). The particle size distribution was measured by DLS (e). The schematic diagram of this study (f).

consistent with the results of DLS analysis (Fig. 1e).
Ultrafine particles have a large specific surface area
and high reactivity [42, 43]. In this case, the B-TCP
and BG particles were fully mixed and exhibited a
large contact area that was beneficial to the interac-
tion between the B-TCP and BG particles. In addition,
the grains after sintering the ultrafine powders will
exhibit good degradation activity due to the effect of
their large specific surface area [44].

According to the DSC-TG curve presented in Fig. 2
and considering the endothermic/exothermic effect
of the glass phase transformation during the melting
procedure, it could be suggested that the glass tran-
sition temperature (Tg, endothermic effect) was in the
range of 600-660 °C, the crystallization temperature
(T, exothermic effect) was approximately 680-700 °C
and the melting temperature (T, endothermic effect)
was approximately 800 °C. In particular, the phase
transition temperature range implied by the DSC-TG
analysis of B-TCP/BG20% raw scaffold was roughly
consistent with the above values (Fig.2b). The
exothermic peaks below 550 °C were due to the
burning out of organic components. It should be
noted that in the previous studies, the bioglass was
generally added as a liquid phase sintering assistant
to reduce the sintering temperature of ceramics and
to reinforce the bioactivity [31]. Using this efficient
sintering method, higher shrinkage and denser
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ceramics without microspore structure tend to be
obtained. Fig. S2(a) shows the cross-sectional mor-
phology of the B-TCP/BG20% scaffold sintered at
800 °C for 0.5 h that corroborated this trend. The
results presented in the relevant literature showed
that this dense sintering structure was not conducive
to degradation and porosity [45]. The multiscale
porous structure is thought to be helpful for new
tissue regeneration [46]. Based on these considera-
tions, 710 °C was selected as the sintering tempera-
ture in this study. In this case, the bioglass was
proved to contribute a bonding effect and enhance-
ment for the B-TCP grain.

Characterization of p-TCP-BG scaffolds

To build the porous B-TCP/BG composite scaffolds,
we used sodium alginate gel and Pluronics F-127 as
auxiliary additives to prepare a writing ink suit-
able for extrusion at room temperature using 3D
printing equipment. By repeating the experiments
and adjusting the formulation, we finally obtained
several sets of inks for 3D printing, as listed in
Table S1. The B-TCP/BG scaffolds with different
shapes and sizes were fabricated with a pore size of
400 um and a porosity of ~ 60%. To adjust the pore
size and shape of ceramic scaffolds, we only need to
adjust the STL design file and printing parameters,
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making it easy to meet the requirements of different
bone defect models.

X-ray diffraction (XRD) was employed to investi-
gate the effect of bioglass on the components of
ceramic scaffolds. Figure 3 shows the XRD patterns
of the B-TCP scaffolds with the addition of 5 wt%, 10
wt%, 15 wt% and 20 wt% bioglass after sintering. The
results indicate that the diffraction peaks can be
indexed to B-TCP (PDF#09-0169) and Ca,P,0O,
(PDF#09-0346). It is easily found that the peak
intensity of Ca,P,0O; increased with greater bioglass
addition. As shown in Fig. 3b, a, magnified view of
the diffraction curves shows that the (210) crystal
plane shifted toward a larger angle with bioglass
addition in the range of 5-20 wt%; this can be
attributed to the partial replacement of the Ca** in B-
TCP by the smaller Mg>" and Na' ions. The shift
increased with increasing added glass content. This
showed that bioglass reacted with B-TCP grains and
became an integral part of the bioceramics.

The SEM images presented in Fig. 4 show the cross
section micromorphology of the fabricated B-TCP/
BG composite scaffolds that were sintered using a
unified sintering schedule as described above. It is
clear that with increasing bioglass addition, more

200 400 600 800 1000
Temperature(°C)

bonding structures (indicated by white arrow in
Fig. 4) and networks between B-TCP particles were
obtained. By contrast, as shown in Fig. 4a, b, with less
bioglass addition, the B-TCP particles in the cross
section of the ceramic scaffolds accumulated inde-
pendently of each other, lacking an effective inte-
grally bonded mechanical structure. Moreover, it is
clearly shown in Fig. 4 that the grain size of the [-
TCP/BG20 scaffold was larger than that of B-TCP/
BG5, and that the particle size of the latter one was
much closer to that of primary B-TCP. This could be
explained by the effect of the wetting and bonding of
the bioglass on the B-TCP grain. This evidence illus-
trates the improvement of the micromechanical
structure of the bioceramic scaffold due to bioglass.
It is important to note that there were no inter-
connected pores in the ceramic scaffolds and that
only residual bubble pores were observed for the -
TCP/BG20 scaffold sintered at 800 °C for 0.5 h (S2)
(Fig. S2a). The pure B-TCP scaffolds were sintered at
1100 °C for 2 h (Fig. S2b). High-temperature sintering
results in grain boundary migration and excessive
grain growth of B-TCP (up to 2 pm). This formation
mechanism of the mechanical structure was different
from that of the bioglass bonding effect. It appears

Figure 3 a XRD patterns of (a) (b)
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Figure 4 Cross-sectional microstructures (SEM observation) of B-TCP/BGS5, 3-TCP/BG10, B-TCP/BG15, B-TCP/BG20 scaffolds (a—d).

The scale bar in the figures represents 2 pm.

reasonable that as shown in Table 1, the pure B-TCP
ceramics scaffolds sintered at 1100 °C (S1) exhibited
higher linear shrinkage of 15.32% in the x and y di-
rections, the B-TCP/BG20 scaffolds sintered at 800 °C
(52) showed a shrinkage rate of 9.35%, and the B-
TCP/BG scaffolds sintered at 710 °C showed a
smaller shrinkage rate of less than 6% in the x and
y directions. Reasonably, the addition of bioglass can
decrease the sintering temperature of f-TCP ceramic
scaffolds, and the use of an appropriate sintering
temperature can reduce the shrinkage rate and
guarantee the sintering mechanical structure.

@ Springer

Table 1 Shrinkage rate of the scaffolds

Shrinkage (%) 5% 10%  15% 20% S1 S2

x—y direction 301 356 535 589 935 1532
z direction 323 3.65 545 601 948 1552

Mechanical properties of the scaffolds

To investigate the effect of bioglass on the mechanical
property of the B-TCP ceramic scaffolds, we exam-
ined the samples using a universal mechanical testing
instrument, and the obtained results are shown in
Fig. 5. The B-TCP/BG20 scaffolds showed a better
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compressive strength of 8.34 MPa and an elastic
modulus of 208.5 MPa than the scaffolds with less
bioglass addition. The compressive strength of the -
TCP/BG15 scaffold was 6.74 MPa, and the elastic
modulus was 160 MPa, satisfying the mechanical
properties requirement of cancellous bone repair [47].
A significant correlation between the content of bio-
glass and the increase in the scaffolds’ compressive
strength was observed. It is important to note that the
S1 and S2 scaffolds exhibited superior mechanical
properties due to the higher shrinkage and compact
dense internal structure.

Degradation behavior of -TCP/BG
scaffolds in vitro

To investigate the effect of bioglass on the degrad-
ability of ceramic scaffolds, we measured the weight
loss of the scaffolds after soaking them in a Tris—-HCl
buffer for different time periods. The obtained weight
loss and pH change data are shown in Fig. 6. Gen-
erally, the B-TCP/BG20 scaffold exhibited better
degradability than other group. The weight losses of
the B-TCP/BG20, B-TCP/BG15, B-TCP/BG10, B-
TCP/BG5 and S1 scaffolds after immersion for
35 days were 6.82%, 4.38%, 3.189%, 2.68% and 2.28%,
respectively. The weight loss of the S1 scaffolds was
consistent with the result for the pure B-TCP porous
scaffold (< 2.5%) reported elsewhere [19, 47]. It is
noteworthy that the weight loss rate of the §-TCP/
BG20 scaffolds was 2.99 times greater than that of S1
and that the corresponding calculated result for the p-
TCP/BG15 scaffolds was 1.92 times than that of S1.
These results demonstrated the remarkable
improvement in the degradation performance of the
B-TCP scaffolds obtained by the addition of bioglass.
Figure 6c, e, f shows the surface morphology changes
of the degraded B-TCP/BG20 ceramic scaffold after

immersion for 14 days in a PBS buffer. SEM obser-
vation revealed a large change in the surface mor-
phology of the B-TCP/BG20 ceramic scaffold from
that of the S1 scaffold. Many large and small crater-
shaped morphology features were observed on the
surface of the filaments of the B-TCP/BG20 scaffold.
Moreover, the degradation and disappearance of the
bonding sites between the particles is observed in
Fig. 6f, as indicated by white arrows. In particular,
there was no significant change in the pH value
beyond the early slight increase that could be attrib-
uted to the existence of Ca,P,0;.

Cell proliferation assay

As shown in Fig.7, an MTT assay was used to
investigate the influence of the bioglass addition on
the biocompatibility of the B-TCP ceramic scaffold.
Compared to the control group, B-TCP/BG ceramic
scaffolds showed higher OD values and displayed no
visible cytotoxicity. In particular, the B-TCP/BG15
scaffolds were observed to be more beneficial for the
growth of MC3T3-E1 preosteoblasts than other
group. It was easily found that there was a significant
promotion effect of B-TCP/BG on the MC3T3-El
preosteoblasts proliferation that showed a corre-
sponding relationship with the added bioglass con-
tent. The greater proportion of the Ca,P,0;
component and the higher pH value in the early stage
contribute to the decrease in the OD value of B-TCP/
BG20.

Conclusions
In this study, a B-TCP powder with an average par-

ticle size of 600 nm and a Na,0O-CaO-MgO-P,0s
bioglass powder with an average particle size of
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Figure 6 Surface morphology of B-TCP/BG20 scaffold before (a, b) and after soaking for 14 days in a Tris—HCI buffer (c—f), the weight
loss (g), pH value variation (h) of scaffolds after being soaked in a Tris—HCI buffer for different time periods.
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Figure 7 MTT results of the proliferation of MC3T3-El
preosteoblasts. A culture medium (100 pL) containing the
MC3T3-E1 preosteoblasts was exposed to the scaffolds for 1, 3
and 5 days. The data are represented as the mean £ SD, n = 3.
*p < 0.05, **p < 0.01 versus control.

1.3 um were prepared. Additionally, porous B-TCP/
BG scaffolds with uniform ~ 400 pm macropores
were fabricated by 3D printing and were sintered at
710 °C. The bioglass played a decisive role in the
enhancement of mechanical strength, degradability
and biocompatibility. Moreover, the reinforced f-

@ Springer

TCP/BG porous ceramic scaffolds showed a com-
pressive strength of 8.34 MPa and an elastic modulus
of 208.5 MPa. The degradation rate was increased by
a factor of 2.99. The MTT assay showed a significant
promotion of B-TCP/BG15% on the proliferation of
the MC3T3-E1 osteoblast cells. Na,O-CaO-MgO-
P,Os bioglass-reinforced B-TCP porous ceramic scaf-
fold shows great potential for application in bone
tissues repair.
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