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� Scaffold matching the shape of
alveolar defect with micropores
distributed in roof layer is designed.

� The strontium-doped a-tricalcium
phosphate scaffolds exhibit excellent
long-term mechanical stability.

� The strontium-doped a-tricalcium
phosphate scaffolds possess expected
biodegradation and osteogenic
capability.
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Due to the personalized large defect and bone absorption of the alveolar cleft, its regeneration is still a
great challenge. Conventional autologous bone repair leads to donor site adverse reactions and then
bioactive materials with stable mechanical properties, suitable degradation rates, good osteogenic ability
are required. In this study, the a-tricalcium phosphate (doping with and without 6% strontium; a-TCP-
Sr6, a-TCP) bioceramic scaffolds with high-precision pore structure were developed to repair the alveolar
cleft, and the physicochemical properties and bone repair performances were systematically compared
with the pure b phase of tricalcium phosphate (b-TCP) bioceramic scaffolds. It was shown that Sr dopant
could adjust the bio-dissolution of a-TCP scaffolds, and contributed to excellent mechanical stability. As
for the osteogenic capability in the alveolar cleft of rabbits, the a-phase TCP scaffolds both exhibited
appreciable new bone ingrowth compared to the b-TCP scaffolds. However, bone malformation and
fibrous tissue invasion occurred in the control group (without filling scaffolds). This study suggests that
the Sr dopant may adjust the biodegradation and mechanical stability of a-TCP, and such biodegradable
Ca-phosphate bioceramics scaffolds prepared by digital light processing (DLP)-based 3D printing tech-
nique demonstrate significance in promoting the reconstruction of the alveolar cleft.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cleft lip and palate have been reported as the most frequent
congenital maxillofacial defect and about 17 patients in every
10,000 newborns [1]. According to statistics, three-quarters of
the patients with clefts of lip and palate have alveolar cleft [2].
And usually, the patients are treated with the autogenous iliac
crest filling clinically [3]. However, many disadvantages are associ-
ated with autologous bone grafting, such as donor site morbidity,
chronic pain, prolonged hospitalization, iatrogenic fractures, and
risk of cutaneous nerve injury, as well as the high bone absorption
rate after alveolar cleft bone grafting, which have prompted the
search for bone graft substitutes [4,5].

To date, many artificial biomaterials have been studied for the
treatment of the alveolar defect, such as natural polymer materials,
high polymer materials, and bioceramics. But unfortunately,
although the organic compositions of natural polymers are similar
to that of natural bone tissue, their poor mechanical properties and
weak bone formation ability impaired osteogenic performance
[6,7]. The study of Nesrine et al. showed no significant difference
between the hydrogel scaffold (without cells) group and the blank
control group in the rat cleft palate repair, but the cell-loaded
hydrogel scaffold group performed better [8]. It indicated that
the hydrogel scaffold only played the role of cells carrier. The
degradation rate of high polymers is adjustable, yet its degradation
is acidic, and Montserrat et al. found that polycaprolactone (PCL)
scaffolds implanted at the rat alveolar cleft resulted in an inflam-
matory response without bone formation [9]. The calcium phos-
phate (CaP) bioceramics have similar inorganic mineral
composition and mechanical properties to that of natural bone tis-
sue [10]. Many bone repair studies involved CaP bioceramics, and
have achieved good results [11–13]. Hence the artificial bioceram-
ics scaffolds suitable for cleft palate and alveolar cleft repair
deserve to be further studied.

The a- and b-phase of TCP (a-TCP, b-TCP) have been widely
applied clinically over the last two decades [14]. Nevertheless,
the b-TCP bioceramic scaffolds have not achieved ideal bone repair
due to the poor sintering property and slow biodegradation rate
[15]. The volume of new bone formed in the b-TCP scaffolds in
the alveolar cleft model was only half of that in the autologous
grafts [16]. a-TCP has a self-curing nature (hydrolysis in water)
and exhibits a faster biodegradation rate in vivo compared to the
b-TCP [17]. The hydrolyzed product of a-TCP is calcium deficient
hydroxyapatite (CDHA) and the CDHA produced by hydrolysis is
more similar to natural bone minerals and much absorbable
in vivo compared with the high-temperature sintered HA bioce-
ramic [18]. Therefore, a-TCP has excellent bone formation ability.
Unfortunately, a-TCP may be prematurely absorbed in vivo, espe-
cially for a-TCP cement, which is more porous than sintered a-
TCP ceramic [19]. Some studies have reported a substantial absorp-
tion of a-TCP cement occurred at 8 weeks [20–22]. Thereby a-TCP
is a promising candidate for developing the degradable bioceramic
scaffolds for alveolar cleft reconstruction in situ as long as the
degradation time can be regulated.

Strontium (Sr), as the essential trace element, mostly exists in
bone tissue and has important functions in bone metabolism
[23]. Some studies demonstrated that Sr can inhibit osteoclast
activity, accordingly inhibiting bone resorption and cell-mediated
biodegradation [24,25]. It is well known that the degradation of
a-TCP is mainly mediated by cells, so doping Sr in a-TCP can the-
oretically slow down the degradation rate of a-TCP. Additionally,
Sr can enhance osteoblast activity and cell differentiation, and
weak the inflammatory response, thus contributing to bone repair
[26–28]. Moreover, Sr-doped b-TCP and biphasic calcium
phosphate (BCP) displayed better osteogenic ability and Sr-doped
2

a-TCP cement showed higher mechanical strength [27,29,30].
Thus, Sr ion was selected as the doped ion to regulate a-TCP
biodegradation, and strontium-doped a-TCP was considered to
be a good choice for repairing the alveolar cleft.

The goal of this research is to develop the Ca-phosphate bioce-
ramic scaffolds for alveolar cleft defect reconstruction. The 6% Sr
doped a-TCP (a-TCP-Sr6) scaffolds and a-TCP scaffolds were sys-
tematically investigated in comparison with the pure b-TCP scaf-
folds counterparts fabricated via the digital light processing (DLP)
printing process. The bioceramic scaffolds with gradient pores
were designed for the repair of the alveolar cleft and to minimize
fiber invasion. The pore structure, mechanical properties, in vitro
biodegradation, and in vivo bone formation of the three types of
TCP bioceramic scaffolds (a-TCP-Sr6, a-TCP, b-TCP) were evalu-
ated. Our study showed that the Sr doping in a-TCP could enhance
the long-term mechanical stability of scaffolds and the porous
architecture could readily conduct bone tissue repair in the defect.
Consequently, the Sr doping in a-TCP enables the fabrication of a
highly structurally stable biodegradable scaffold, allowing it a
competitive choice for defects caused by cleft palate or/and alveo-
lar cleft.

2. Materials and methods

2.1. Materials

The chemical reagents such as calcium nitrate tetrahydrate (Ca
(NO3)2·4H2O), strontium nitrate (Sr(NO3)2), and tris-
hydroxymethyl aminomethane (Tris) were obtained from Sino-
pharm Reagent Co., China. The ammonium phosphate ((NH4)2-
HPO4) was purchased from Aladdin Biological Technology Co.,
China. The photosensitive acrylic resin (SP700) used in DLP print-
ing was supplied by Shaoxing Xunshi Technology Co., China. These
reagents were used without modification.

2.2. Synthesis of bioceramic powders

The TCP materials were synthesized by a wet-chemical co-
precipitation method [31]. As for the a-TCP-Sr6 powder, Ca
(NO3)2·4H2O, Sr(NO3)2 and (NH4)2HPO4 solution (0.5 M) were pre-
pared, respectively, and then the Ca(NO3)2·4H2O � Sr(NO3)2 mix-
ture solution (3.0 L, 94:6 M ratio) was dropped into the
(NH4)2HPO4 solution (2.0 L, pH � 7.5–7.8) under continuous
mechanical stirring. Subsequently, the suspension was aged for
36 h and followed by filtering, washing, and drying at 80 �C over-
night. Finally, the powder was calcined at 1240 �C for 3 h. As for the
preparation of the pure a-TCP and b-TCP powders, co-precipitation
reactions free of Sr(NO3)2 remained the same while the dried pow-
ders were calcined at 1200 �C and 800 �C for 3 h, respectively. Ball
milling was conducted by a ball miller (Chishun Sci&Tech Co.,
China) to obtain superfine powders below 5 lm. X-ray diffraction
(XRD, Rigaku D/max-RA, Japan) analysis validated the phase of
the obtained powders, and inductively coupled plasma optical
emission spectrometer (ICP-OES; Thermo, UK) analysis identified
the composition of the powders.

2.3. Porous model design of bioceramic scaffolds

Triply minimal periodic surface (TPMS) structure was selected
because it’s convenient to change pore parameters. Our previous
study [32] found that the vascularization efficiency of gyroid TPMS
structure was significantly better than hexagon structure and cube
structure at 2 weeks, the angiogenesis of cube structure was simi-
lar to that of gyroid structure at 4 weeks, though. And some other
researchers used TPMS structure in bone repair and obtained good
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results [33,34]. In this study, the internal pore size was set as
600 lm based on the previous study [35]. The pore size of the sur-
face in contact with soft tissue (hereinafter referred to as ‘‘roof
layer”) was set as 100 lm to minimize soft tissue invasion. The
porosity of scaffolds showed a negative correlation with mechani-
cal strength [36,37] and a positive correlation with bio-dissolution
[38]. The scaffolds (7.5 � 4 � 3.5 mm) with a 3D shape matching
the alveolar cleft of rabbits were designed for animal model bone
repair (Fig. 1A). In short, the initial defect model was obtained by
subtracting the normal alveolar process and the cleft alveolar pro-
cess. Then surface fitting was used to get the smooth model from
the extracted surface. Subsequently, the defect model was divided
into two sub-regions: the roof layer and the bone structure layer.
The two subspaces were distinguished by distance from the surface
in contact with soft tissue. Accordingly, the macro porosity of the
3D model was set as 45%, by the way, the internal porosity was
set as 50% while the surface porosity was set as 5%. And then the
total porosity of as-sintered scaffolds was estimated to be 60%�
70% because micro pores exist in the TCP materials. Then modified
TPMS function was used to construct the structure. The function
was as follows: uG = cos(ax)sin(by) + cos(by)sin(cz) + cos(cz)sin
(ax) + f (x, y, z). Where a, b, c are constants related to pore size
and f (x, y, z) is a function described by surface fitting and related
to porosity and pore size. Meanwhile, the cylindrical scaffold
model (Ø 5 � 8 mm) was designed for physicochemical and
mechanical analysis in vitro.
2.4. Fabrication of bioceramic scaffolds

Bioceramic slurry was obtained by dispersing powders (60 wt%)
in photosensitive resin via a non-invasive homogenizer (Shenzhen
Zhongyi Technology Co., China) (see Fig. 1B). As is shown in Fig. 1C,
the DLP-based 3D printer (Shaoxing Xunshi Technology Co., China)
was used to precisely achieve the fabrication of porous scaffolds.
Subsequently, the green body was washed to remove the uncured
bioceramic slurry and dried overnight. The green samples of a- and
b-phase TCP were respectively sintered at 1240 �C and 1150 �C for
2 h and followed by air cooling and furnace cooling to obtain as-
sintered scaffolds (Fig. 1D).
Fig. 1. Schematic illustration of the design and fabrication of the porous scaffolds. (A) M
printing process. (D) As-sintered scaffolds.

3

2.5. Primary characterization analysis

The phase analysis was conducted by XRD and the porous
microstructures were scanned by scanning electron microscopy
(SEM, GEMINI 300, ZEISS, Germany). The macroporosity of scaf-
folds (n = 6) was calculated from micro-computed tomography
(micro-CT; U-CT-XUHR, MILabs, Netherlands). And the total poros-
ity was calculated as follows [37]: Ptotal = (1 � m/(V�q)) � 100%,
wherem, V, and q is the mass, the volume of scaffolds, and the the-
oretical density of powders, respectively. Then the material poros-
ity was calculated as follows: Pmat = (Ptotal � Pmacro)/
(1 � Pmacro) � 100%. The sintered cylindrical bioceramic scaffolds
(Ø 5 � 8 mm, n = 6) were applied axial pressure at a speed of
0.5 mm/min through a universal testing machine (Instron 5566,
Germany). The compressive strength and compression modulus
were calculated by the following formula: rc = F/A, E = rc/e. Where
F is the maximum load applied, A is the area of the circular cross-
section perpendicular to the load direction, e is the nominal com-
pression strain computed as the difference between two successive
positions and the initial height of the scaffold. The circular cross-
section area was used instead of the actual minimum cross-
section area, which means that the scaffold was regarded as a solid
cylinder [39]. This is because the same method is adopted in the
measurement of trabecular bone [40].
2.6. In vitro dissolution evaluation

The in vitro scaffolds (Ø 5 � 8 mm) were used to assess the dis-
solution and mechanical stability [41]. Scaffolds were socked in
Tris buffer (pH � 7.4) of 1 g/50 mL at 37 �C and the supernatant
(0.2 mL) was extracted for ICP and pH measuring, respectively.
The Tris buffer remained the volume with fresh buffer and
refreshed every 7 days. The scaffolds (n = 6) were washed, dried,
and weighed after 2, 4, 6, 8, and 12 weeks. Then the mass variation
was calculated quantificationally: mass variation = mt/m0 � 100%.
Where m0 is the initial mass of the scaffold before soaking, and mt

is the mass of the scaffold after t-week socking. Subsequently, the
compressive strength and compression modulus were tested as
well.
odel design of the scaffolds. (B) Composition and preparation of the slurry. (C) DLP
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2.7. Animal experiments

2.7.1. Surgical procedure and specimen harvesting
The alveolar cleft model was made in New Zealand white rab-

bits as reported previously [42]. This research was implemented
following the standard guidelines and approved by Animal Ethics
Committee at Zhejiang University (ZJU2020-10-093). The 18 male
rabbits with a total of 36 sides were randomly divided into four
groups (blank, b-TCP, a-TCP, and a-TCP-Sr6). To reduce the influ-
ence of individual differences and reduce the use of rabbits, differ-
ent groups were paired in turn and implanted in two sides of one
rabbit. Sodium pentobarbital solution (3%) was injected into the
ear vein with a dose of 1 mL/kg. The anesthetized rabbit was fixed
on the operating table in a lateral position, and the upper jaw was
disinfected with povidone-iodine. A longitudinal incision was
made from the alveolar of the incisor to the mucosa of the molars
and a 7.5 mm long and 4 mm deep defect was created in the alve-
olar bone using the abrasion drill. Then the mucosal tissue was
sutured and the rabbits were put back into the cage and moved
freely before micro-CT. A week later, a similar anesthesia and
mucosa incision procedure was operated to expose the defect.
After that, the scaffolds were randomly selected to fill into the
defect, and the mucosal tissue was sutured. Then the rabbits were
allowed to get back into the cage and move freely. The wounds
were cleaned and penicillin was administered for 3 days intramus-
cularly. At the predetermined times (2, 4, 8 weeks), the rabbits
were euthanized by pentobarbitone overdose, and bone samples
were harvested and fixed in 4% paraformaldehyde solution for fur-
ther analysis.

2.7.2. X-ray and micro-CT analysis
The X-ray photographs of specimens (n = 3) were obtained by

the X-ray machine (XPERT; KUBTEC, USA) and the micro-CT analy-
sis (n = 3) was conducted to appraise the new bone formation and
scaffolds’ biodegradation. The osteogenesis was compared by cal-
culating the ratio of new bone volume to tissue volume (BV/TV).
The scaffold residual was compared by calculating the proportion
of residual volume to the original volume of scaffolds.

2.7.3. Histological analysis
The specimens were decalcified in ethylenediamine tetra-acetic

acid (EDTA) solution and dehydrated serially with ethanol. After
paraffin-embedding treatment, the specimens were sliced along
the axial direction of the scaffolds. Whereafter, the slices dyed with
HE and Masson dye solution were scanned via a Digital slice scan-
ner (KF-PRO-020, KFBIO, China). Then the osteogenesis was esti-
mated by the calculation of the proportion of new bone area to
tissue area (BS/TS) and the inflammatory cells were also counted.

2.8. Statistical analysis

The data were represented as mean ± standard deviation (SD)
and analyzed via one-way analysis of variance (ANOVA). The
results were considered statistically significant if the p-value was
less than 0.05.
3. Results

3.1. Primary characterization of the bioceramic scaffolds

ICP analysis indicated the Sr substituting ratio in a-TCP-Sr6 was
5.1 mol%, which was close to the set value (6.0 mol%). And as
shown in Fig. 1B, the XRD patterns of a-TCP-Sr6, a-TCP, and b-
TCP powders were consistent with the a and b phases of TCP
(PDF #70-0364 & #09-0169). It was worth mentioning that the sin-
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tered bioceramic scaffolds maintained the 3D printing model and
the size of pores in the roof layer was significantly less than that
of internal pores (Fig. 1D).

SEM images (Fig. 2A) showed the small pores and large pores in
the roof layer (the top row) and the internal region (the middle
row) of scaffolds. Meanwhile, the high-magnification SEM images
showed that the a-TCP and a-TCP-Sr6 grains were larger than
those of b-TCP (the bottom row), which was possibly caused by
the high sintering temperature (1240 �C vs 1150 �C) for a-phase
TCP scaffolds leading to grain growth. According to quantitative
analysis, the size of the roof layer pores was less than 1100 lm
(Fig. 2B). Moreover, the macro porosity based on model’s porosity
and manufacturing precision showed no significant difference,
implying the high accuracy and good repeatability of the DLP print-
ing based on a porous 3D model (Fig. 2C). The material porosity is
the porosity of scaffolds’ struts. The total porosity includes these
two kinds of porosities and which is calculated as Ptotal = 1�(1 �
Pmacro)(1 � Pmater). As is shown, the total porosity (Fig. 2D) and
material porosity (Fig. 2E) were significantly different (p < 0.01).

As shown in Fig. 3, the a-TCP scaffolds had a slightly higher
compressive strength and the a-TCP-Sr6 scaffolds had the similar
compression modulus with the a-TCP scaffolds which was slightly
higher than that of the b-TCP scaffolds. The a-TCP-Sr6 scaffolds
will be more brittle because they had smaller deformation when
the structure collapse (Fig. 3A).

3.2. Bio-dissolution of scaffolds in vitro

The ICP results displayed that the Ca and P concentrations
increased firstly (3 or 14 days) and then decreased mildly in the
a-TCP and a-TCP-Sr6 groups (Fig. 4 A&B). However, the P concen-
tration maintained a slow increase but the Ca concentration was
significantly increased in the initial stage (�7 days) and followed
by a quick decrease in the b-TCP group. The Sr concentration in
the a-TCP-Sr6 group showed an initial increase and a reduction
with the prolongation of socking time, which was similar to the
changes in Ca concentration in the aqueous medium (Fig. 4C).
Besides, the pH values were also showed an increase in the early
several hours during immersion of a phase of TCP scaffolds
(Fig. 4D). However, the pH value displayed a decrease and then
increase after 6 days for the b-TCP scaffold group. As for the
changes in the mass of bioceramic scaffolds, it could be found that
only the b-TCP scaffolds showed a continuous mass decay but the a
phase of TCP scaffolds both showed different degrees of mass
increase for a long time stage (12 weeks; Fig. 4E). Interestingly,
the porosity of a-TCP-Sr6 decreased during immersion while the
porosity of a-TCP almost remained unchanged, and only the poros-
ity of b-TCP increased with dissolution. (Fig. 4F).

XRD analysis showed that the b phase was maintained for the b-
TCP scaffolds after immersion for 4 weeks (Fig. 5A), whereas the
phase transformation occurred in the a-TCP and a-TCP-Sr6 scaf-
folds with increasing immersion time in Tris buffer (Fig. 5 B&C).
Meanwhile, the SEM observation (Fig. 5D) confirmed that the ini-
tial surface microstructures of pore strut in the b-TCP scaffolds
were retained, free of any change in grain size and morphology.
In contrast, the as-sintered a-TCP and a-TCP-Sr6 pore strut showed
different agree of grain growth, and especially the latter exhibited
higher grain combination. In comparison with the a-TCP-Sr6,
simultaneously, the a-TCP showed a faster phase conversion, and
apatite-like crystalline morphology could be observed after
immersion for 2 weeks. A metastable intermediate phasic mor-
phology occurred on the surface layer of the a-TCP-Sr6 pore struts
at 2 weeks, and then the apatite-like crystalline morphology could
also be observed after 4 weeks. The phase conversion and morpho-
logical evolution of TCP grains probably elucidate the difference of
the mass variation during immersion in Tris buffer.



Fig. 2. Primary characterization of the scaffolds. (A) SEM images of the front view (the top row), bottom view (the middle row), and enlarged view (the bottom row) of the
scaffolds. (B) The pore size of the pores in the roof layer. (C) The macro porosity of the scaffolds. (D) The total porosity of the scaffolds. (E) The material porosity of the
scaffolds’ pore strut. *p < 0.05; **p < 0.01.

Fig. 3. Mechanical characterization of the scaffolds. (A) Stress–strain curve of the
scaffolds. (B) Compressive strength and compression modulus of the scaffolds.
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As for mechanical properties, it was more interesting that the
a-TCP-Sr6 scaffolds showed a mild increase in compressive
strength with time. And particularly, the value was nearly 8-fold
than that of the b-TCP group after 12 weeks (Fig. 6 A&B). The pure
a-TCP scaffold group showed a decrease in strength within the
early 2 weeks and then maintained a very stable compressive resis-
tance for a long time stage. Also, the a-TCP-Sr6 scaffolds had about
twice the compressive strength of a-TCP scaffolds. Moreover, the
a-TCP-Sr6 scaffolds also kept a stable compression modulus but
the b-TCP showed a compressive modulus decay in the whole stage
(Fig. 6C). These results indicated that the a-TCP-Sr6 scaffolds
exhibited an appreciable compressive resistance in the aqueous
medium in vitro.
5

3.3. Gross observation and radiograph view for the animal models

The animal experiment process and general observation of the
specimens were shown in Fig. 7 A&B. No significant difference
was seen in the general observation. The X-ray images at 4 weeks
(Fig. 7C) indicated that an obvious defect could be determined in
the blank group. Meanwhile, the material-tissue interface could
be observed in the b-TCP group, and this borderline blurred in
the a-TCP and a-TCP-Sr6 groups, showing good continuity with
the native bone tissue. In particular, the a-TCP scaffold was also
blurry, implying the fast biodegradation of the scaffolds. As for
the specimens at 8 weeks (Fig. 7D), the defects of the blank group
could not be easily identified as that at 4 weeks, and the borderline
of materials and bone tissue was gradually blurred in the b-TCP
group. Also, the interface was much blurred in the a-TCP and a-
TCP-Sr6 groups, indicating the appreciable new bone formation
and biodegradation.
3.4. Micro-CT reconstruction analysis

2D/3D reconstructed images by micro-CT analysis at 4 weeks of
post-surgery (Fig. 8A) showed almost no new bone formation in
the control group, whereas some new-born bone can be observed
in the macropore networks of the a-TCP and a-TCP-Sr6 groups,
and the new bone volume in these two groups was significantly
higher in comparison of the b-TCP group. At 8 weeks (Fig. 8B), all
of the scaffold-implanted groups showed new bone ingrowth,
and especially the a-TCP and a-TCP-Sr6 groups displayed more
appreciable new bone formation and even continuous new bone
bridging occurred in the bone defect filled with a-TCP-Sr6 scaf-
folds. It was worth noting that the b-TCP group had less new bone
tissue migrating into the deep macropores and the structural col-
lapse or breakage was observed in the a-TCP scaffold after 8 weeks,
suggesting the unstable structures of the porous bioceramics. The
low-magnification 3D reconstructed alveolar region (Fig. 8C)
showed smooth bone lines in the control group (without surgery),
while malformed bone lines appeared in the blank group. Fortu-
nately, the bone lines in the TCP scaffold groups were all smooth,
and the bone morphologies in the a-TCP group was more
satisfying.

Moreover, the quantitative data based on micro-CT images were
shown in Fig. 8D&E. The BV/TV (Fig. 8D) showed much higher data
in the a-TCP and a-TCP-Sr6 groups than that in the b-TCP group
(p < 0.01). Nevertheless, the new bone ingrowth in the blank group
was higher compared to the b-TCP group at 8 weeks (p < 0.05).
Notably, the new bone volumes in a-TCP and a-TCP-Sr6 groups



Fig. 4. In vitro dissolution characterization of the scaffolds. The ion release of (A) Ca, (B) P, and (C) Sr of the scaffolds. (D) The pH value change, (E) the mass variation, and (F)
the total porosity change of the scaffolds.

Fig. 5. Phase transformation and micromorphology change of scaffolds. XRD patterns of (A) b-TCP, (B) a-TCP, and (C) a-TCP-Sr6 scaffolds before and after socking. (D) SEM
images of the scaffolds before and after socking.
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were nearly 3-fold higher than that in the b-TCP group by now
(p < 0.01). As for the scaffold residual analysis (Fig. 8E), the b-
TCP scaffolds showed the lowest biodegradation but the a-TCP
was the fastest among the three groups of implant groups
(p < 0.01).
6

3.5. Histological analysis

Masson staining images (Fig. 9) showed that the defect was
filled with fibrous tissues in the blank group at 2 weeks, while a
minor amount of osteoid tissue was formed in the TCP scaffold



Fig. 6. Mechanical characterization of scaffolds before and after socking. (A) The compressive strength changes, (B) the compressive strength ratio changes, and (C) the
compression modulus changes of the scaffolds.

Fig. 7. Animal surgery procedures and primary characterization of the samples. (A) Animal surgery procedures. (B) Gross observation of the specimens at 4 weeks and
8 weeks. X-ray images of the samples at (C) 4 weeks and (D) 8 weeks.
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groups. Interestingly, it was obvious that collagen fibers grew into
the pore space of the a-TCP scaffolds. At 4–8 weeks, the new
immature bone tissue was formed in all groups and then trans-
formed into mature bone, and it was stressed that the new bone
tissue was colored red and blue. HE staining image (Fig. 10) also
indicated that angiogenesis occurred at 2 weeks in the macrop-
orous constructs of a-TCP and a-TCP-Sr6 scaffolds, whereas this
only occurred in b-TCP scaffolds after 4 weeks. At 8 weeks, more
vascular ingrowth appeared in all scaffold groups, and the new
bone tissue was integrated with the bioceramic pore struts, indi-
cating all of TCP bioceramic had good osseointegration potential.

According to the quantitative analysis, the BS/TS data (Fig. 11A)
showed that the a-TCP with and without Sr doping had similar
bone formation, which was significantly better than the b-TCP
group at 4 and 8 weeks, respectively. The bone ingrowth in the
b-TCP group was more appreciable than the blank group at 2 and
4 weeks, and even there had a significant difference at 8 weeks.
Fig. 11B showed the number of inflammatory cells in the defect
region was decreased over time. There was an appreciable amount
of inflammatory cells in the defect region at 2 and 4 weeks, but a-
TCP and a-TCP-Sr6 groups had a significantly low amount in com-
parison with the blank and b-TCP groups at all of the time stages
(p < 0.01).

4. Discussion

Due to the personalized large defect area and bone absorption
of the alveolar cleft, its regeneration and repair is still a great chal-
lenge in the past several decades [5]. Moreover, there is no perios-
7

teum at the defects, leading to soft tissue invasion and poor bone
recovery. It can be avoided by wrapping with a membrane between
scaffolds and soft tissue, which ultimately requires a two-staged
operation to remove the membrane, though [7]. In this study, we
carefully designed a porous scaffold with small pores in the roof
layer and large pores in the rest of the scaffold to obstruct the
migration of chondrocytes fibroblast. Additionally, the biomateri-
als must have an appropriate biodegradation rate to enable new
bone reconstruction in a well-balanced manner. Up to now, CaPs
bioceramic have been clinically applied in bone defect repair.
Unfortunately, some clinical applications have demonstrated that
the sparingly biodegradable HA and b-TCP bioceramics are hardly
matched with new bone formation. Then a-TCP is considered as
the potential bone repair biomaterial because its composition is
closer in comparison with natural bone minerals, and it has similar
mechanical properties to cancellous bone minerals. Meanwhile,
the biodegradation products from a-TCP macroporous constructs
can provide Ca and P ions for stimulating new bone formation
[43]. However, it degrades too quickly. In this aspect, our studies
found that the a-TCP-Sr6 bioceramic scaffolds (comparing with
b-TCP, a-TCP) fabricated by CAD-based 3D printing technique
could match the morphology of alveolar cleft defect; especially,
the outstanding mechanical stability and expected biodegradation
rate of such new bioceramic scaffolds were remarkably promising
for repair and reconstruction of the challenging bone defect in
future.

Previous studies showed that the porosity and pore size have a
certain influence on the mechanical properties [44], degradation
properties [45], and osteogenic properties [35] of scaffolds. Hence,



Fig. 8. Micro-CT reconstruction analysis. Three-dimensional reconstruction of scaffolds (blue) and new bone (orange) at (A) 4 weeks and (B)8 weeks. (C) Outline restoration of
the alveolar cleft. The yellow dotted line highlights the outline. Quantitative data of (D) BV/TV and (E) scaffold residual. *p < 0.05; **p < 0.01.
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other parameters, for instance, porosity and pore size, should be
kept consistent to compare the inherent properties of materials.
In our study, the 5% roof layer porosity and 50% internal porosity
were selected, and thereby the cross-section of the scaffold model
showed macropores of about 600 lm in the scaffold contacting
with bone tissue, while the micropores of less than 100 lm were
formed in the roof layer contacting with soft tissue (Fig. 1A).
What’s more, the DLP printing method has good accuracy and
repeatability in producing TPMS porous scaffolds [46]. As shown
in Fig. 2A, all scaffolds exhibited an ideal TPMS porous structure.
And micropores of the roof layer were smaller than 100 lm, and
there was no significant difference in the macroporosity. Notably,
the difference in material porosity was due to the different sinter-
ing properties, which will lead to the difference in total porosity.
This can also be attributed to the different sintering temperatures
and dopants which lead to different densification in the pore walls
of bioceramic scaffolds. Sr doping in a-phase TCP contributes to its
sintering densification and the similar sintering densification
occurred in Sr doped HA [47]. Materials have different material
porosity, meanwhile the total porosity and the macro porosity
have the relationship as Ptotal = 1�(1 � Pmacro)(1 � Pmater). Then
8

the total porosity and the macro porosity cannot be kept in consis-
tent at the same time. Since material porosity is an inherent prop-
erty of materials related to the sintering characteristics, we chose
to maintain the consistency of the macro porosity rather than
the total porosity.

The ideal bone scaffolds require good mechanical properties
and mechanical stability for temporary support [14]. The initial
mechanical strength of a-TCP scaffolds was slightly higher than
b-TCP and a-TCP-Sr6. Scaffolds for non-load-bearing bone repair
are usually designed to match the mechanical properties of tra-
becular bone. The strength of human trabecular bone ranges
between 0.1 and 30 MPa and the modulus is in the range 10
and 3000 MPa [40]. Thus the strength and modulus of TCP scaf-
folds are within the range, and all these scaffolds can meet the
requirements for the strength of non-load-bearing parts. But the
long-term mechanical stability is more important because the
scaffold is responsible to avoid new bone fracture during the scaf-
fold biodegradation process. It is interesting that, in the bio-
dissolution process, a-TCP-Sr6 scaffolds showed very stable
mechanical resistance. This may be attributed to the self-curing
property of the a phase of TCP. Re-deposition leads to mechanical



Fig. 9. Masson staining analysis of the newly formed bone. S, scaffolds; O, osteoid tissue; OB, original bone; NB, new bone; black arrows, the interface of bone and scaffold;
orange arrows, blood vessels.
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strengthening during phase transformation which possibly may
repair the micropores and microcracks in the pore struts, but
the bio-dissolution leads to strength decay. The SEM figure
(Fig. 5D) showed that a-TCP-Sr6 appeared metastable intermedi-
ate phasic morphology at 2 weeks and turned into stable phasic
morphology at 4 weeks. The porous microstructure of a phase
TCP before soaking transformed to blade-like crystals of CDHA
with fewer micropores, which might explain the increase of
mechanical properties within the initial four weeks. Meanwhile,
the SEM figure indicated the a-TCP has completed hydrolysis
within 2 weeks, but the a-TCP-Sr6 could only complete hydroly-
sis at 4 weeks. XRD analysis (Fig. 5C) also confirmed the phase
transformation from the a phase of TCP to CDHA. Combined with
the ion release rate (Fig. 4A&B), it is reasonable to assume that
the early dissolution rate of a-TCP is significantly higher than that
of a-TCP-Sr6. It is worth mentioning that the strength of CDHA is
lower than that of Sr-doped CDHA [27], and considering the
higher early dissolution rate of a-TCP, thus the mechanical
strength of a-TCP could reduce at 2 weeks. Also, the conversion
from TCP to CDHA may lead to the slower ion release and disso-
lution rate of a-TCP, which may explain the stable strength and
modulus after 2 weeks. In fact, b-TCP only experienced a bio-
dissolution process from the SEM observation and thus the com-
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pressive strength of b-TCP scaffolds decreased over time. Also, the
animal experiment further suggested the superior mechanical
stability of a-TCP-Sr6 in comparison with the a-TCP scaffolds.
The scaffold fracture occurred in the a-TCP group at 8 weeks
(Fig. 8B), indicating that the ultra-fast biodegradation rate is dete-
riorating to the structural stability. It should be noted that the
mechanical stability of a-TCP was worse than b-TCP in vivo,
which is because the degradation rate difference between b-TCP
and a-TCP is greater in vivo than in vitro.

As we know, the ideal bioceramic scaffolds need an appropriate
biodegradation rate which is beneficial for providing optimal bio-
logically active ion dosages for osteogenic cell proliferation and dif-
ferentiation bone regeneration. In this study, the scaffold mass of
a-TCP and a-TCP-Sr6 were increased firstly and then decreased
(Fig. 4E), which was attributed to the phase conversion and CDHA
production in the porous struts. The a-TCP scaffolds have an appre-
ciable bio-dissolution rate, while b-TCP and a-TCP-Sr6 scaffolds
exhibit similar bio-dissolution rates to each other. Obviously, a-
TCP is more soluble than b-TCP in vivo [48]. And some studies have
reported that Sr dopant may accelerate the biodegradation of a-
TCP cement in vitro [49]. Inconsistent results in this study might
be explained by the lower porosity of a-TCP-Sr6 scaffolds than that
of the a-TCP scaffolds. Moreover, the in vivo experiments (Fig. 8E)



Fig. 10. HE staining analysis of the newly formed bone. S, scaffolds; O, osteoid tissue; OB, original bone; NB, new bone; black arrows, the interface of bone and scaffold; green
arrows, blood vessels.
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indicated that the biodegradation rate of a-TCP scaffolds was faster
than the a-TCP-Sr6 scaffolds, but the biodegradation rate of b-TCP
scaffolds was slowest. These results showed that Sr doping played
a role in regulating the biodegradation rate by regulating the
porosity of TCP biomaterials.

At last, the ability of osteointegration, osteogenic capability, and
bone morphological repair were assessed systematically in this
study. X-ray radiographic images showed that the clear borderline
between the scaffold and bone tissue disappeared in a-TCP and a-
TCP-Sr6 groups at 4 weeks (Fig. 7C), indicating an appreciable
osteointegration potential of a-TCP and a-TCP-Sr6 scaffolds. The
micro-CT results (Fig. 8A&B) indicated that the new bone volumes
in the a-TCP and a-TCP-Sr6 groups were remarkable more than the
other groups, possibly due to the excellent osteointegration at the
early stage which facilitates the osteogenic cell migration in the
scaffold [50]. Moreover, inflammatory cells in the a-TCP and a-
TCP-Sr6 groups were observed in the high-magnification HE stain-
ing images, but these two groups exhibited a lower inflammatory
response, compared with the b-TCP group. Simultaneously, neo-
vascularization was observed in the Masson staining images and
10
the a-TCP and a-TCP-Sr6 groups showed faster blood vessel forma-
tion. These results explained the significant osteogenesis of a-TCP
and a-TCP-Sr6 groups. In addition, the alveolar process morphol-
ogy was maintained in the TCP scaffold groups (Fig. 8C), while
malunion occurred in the blank group, which may be ascribed to
soft tissue invasion [7]. These findings also indicated that microp-
ores in the roof layer of scaffolds could effectively avoid soft tissue
invasion.

The previous studies have demonstrated that Sr doping (more
than 5 mol%) may facilitate osteoblast proliferation and differenti-
ation, and then facilitate osteogenesis [24,51]. Therefore, the ben-
efit of Sr doping in a-TCP may contribute to new bone
regeneration, besides mechanical stability in the aqueous medium.
Our results showed that Sr doping in a-TCP scaffolds may improve
the biodegradation rate, osteogenic capability, and prolong the
mechanical stability in vivo in comparison with the pure a-TCP
scaffolds. These excepted physicochemical properties and biologi-
cal performances make this material beneficial for developing per-
sonalized porous bioceramic constructs for alveolar cleft repair and
reconstruction.



Fig. 11. Histological staining analysis. Quantitative data of (A) new bone formation
(BS/TS) and (B) number of inflammatory cells. *p < 0.05; **p < 0.01.
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5. Conclusion

In summary, this study developed a new 6% Sr-doped a-TCP
bioceramic and the personalized porous scaffolds were fabricated
via DLP-based 3D printing technique. The gradient porous bioce-
ramics scaffolds with high-precision shape and internal pore struc-
tures showed expected biodegradation and osteogenic capability.
In particular, the a-TCP-Sr6 bioceramic scaffolds exhibited out-
standing mechanical stability in an aqueous medium in vitro and
in vivo. This mechanical property is remarkably favorable for
designing personalized porous scaffolds in some specific mechani-
cal requirement conditions. This facile foreign ion doping in a-TCP
and 3D printing route provides opportunities to develop the new-
generation bioactive scaffolds for treating the challenging alveolar
cleft repair and reconstruction.
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