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ABSTRACT

Spatial dimension of pores and interconnection in macroporous scaffolds is of particular importance in facili-
tating endogenous cell migration and bone tissue ingrowth. However, it is still a challenge to widely tune
structure parameters of scaffolds by conventional methods because of inevitable pore geometrical deformation
and poor pore interconnectivity. Here, the long-term in vivo biological performances of nonstoichiometric bio-
ceramic scaffolds with different pore dimensions were assessed in critical-size femoral bone defect model. The
6% Mg-substituted wollastonite (CSi-Mg6) powders were prepared via wet-chemical precipitation and the
scaffolds elaborately printed by ceramic stereolithography, displaying designed constant pore strut and tailorable
pore height (200, 320, 450, 600 pm), were investigated thoroughly in the bone regeneration process. Together
with detailed structural stability and mechanical properties were collaboratively outlined. Both pCT and histo-
logical analyses indicated that bone tissue ingrowth was retarded in 200 pm scaffolds in the whole stage (2-16
weeks) but the 320 um scaffolds showed appreciable bone tissue in the center of porous constructs at 6-10 weeks
and matured bone tissue were uniformly invaded in the whole pore networks at 16 weeks. Interestingly, the neo-
tissue ingrowth was facilitated in the 450 pm and 600 pm scaffolds after 2 weeks and higher extent of bone
regeneration and remodeling at the later stage. These new findings provide critical information on how engi-
neered porous architecture impact bone regeneration in vivo. Simultaneously, this study shows important im-
plications for optimizing the porous scaffolds design by advanced additive manufacture technique to match the
clinical translation with high performance.

1. Introduction

diffusion of nutrients to cells. Last but not the least, it is well acknowl-
edged that pore size influences tissue regeneration while pore inter-

The scaffold is the centerpiece of bone tissue engineering efforts, and
its design and properties are of paramount importance [1]. First and
foremost, the chemical composition and the role of three-dimensional
(3D) pore architectures of scaffolds is of particular importance in
treating load-bearing bone defects when the damage is too large that its
self-healing response is unable to bridge the defect without the aid of
macroporous substrates. Second, porosity of scaffolds should be close to
trabecular bones (ranging from 50% to 90%) and allows adequate

connection dramatically affects nutrient transport and biodegradation
kinetics [2]. Accordingly, constructing macroporous scaffolds that
benefit bone tissue ingrowth is an ongoing pursuit in bone repair areas
[3-6].

Conventionally, biomaterial implants include not only the porous
scaffolds but also the growth factors, functional drugs, or osteogenic
cells that could stimulate and even accelerate the bone repair process
[7]1. With the wide investigation concerning the effects of geometrical
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features of scaffold materials, it is agreed that accelerating bone repair is
not limited to the biologically derived molecules [8-10]. The scaffold
itself should be optimally designed not only to ‘conduct’ the unhindered
vascularization and tissue ingrowth, but also to ‘enhance’ these pro-
cesses [11]. Hence, the scaffolds should be made of strength-strong
bioactive material and endowed with macropore structures for nutri-
tion migration, tissue cell adhesion and new bone tissue growth and
turnover [12,13].

Till now, some investigations show that a critical pore size and
interconnectivity may determine the angiogenesis and ultimately facil-
itate bone tissue growth [14-17]. For instance, Choi et al. found the
inverse opal scaffolds with small pores (<200 pm) facilitate high-density
small vessel formation with poor penetration depth; by contrast, the
scaffolds with large pores (>200 pm) are advantageous for the formation
of low-density large blood vessels with deep penetration depth. In
addition, it has been revealed that one hundred microns is the minimum
pore size which is beneficial for successful progression of bone regen-
eration [14]. A scaffold with smaller pore size and/or less inter-
connected structure may be unable to provide enough space for bone
ingrowth or be incapable of providing enough space for material
transport across the scaffold. As have been extensively studied else-
where, there are some contradictory results involving bone regeneration
efficiency in the scaffolds with different pore architectures, including
pore size, interconnectivity and porosity [16,18]. Most of studies are
performed in the early stages in vivo, but there is limited evidence from
such investigations that can confirm the importance of pore dimension
in the whole bone repair stage. Although a variety of porous scaffold
fabrication techniques have been developed, for instance, addition of
porogen [19], foam replicating [20], freeze-casting and so on [21], were
widely studied. Unfortunately, these techniques showed some short-
comings due to the difficulties in customizing external complex shape of
scaffolds and internal regular pore shape, size, as well as poor connec-
tivity [3,9,22].

Recently, computer-aided design (CAD) and additive manufacture
(AM) technology have remarkably enhanced the capability to produce
macroporous scaffolds with controllable pore geometries, which has
resulted in more interest in developing innovative pore architecture
fabrication [23,24]. It is confirmed that 3D printing technology shows
better ability to accurately control the (gradient) pore size and porosity
of (multilayer) scaffolds [25-27]. The porous structure of
tissue-engineering scaffolds with precisely tailored pore sizes can be
realized using ceramic stereolithography [28-30]. Therefore, this tri-
guing technique is favorable for fabricating certain pore features and
studying different classes of pore dimensions that could potentially
affect bone regeneration.

In order to understand the effect of pore dimension on bone tissue
growth efficiency, the porous structures of bioactive scaffolds have to be
maintained stably resistant to fast biodegradation. Sintered Mg-doped
calcium silicate (CSi-Mg) porous scaffolds [31] have recently become
confirmed available and biodegradable slowly. In our previous study
using robocast CSi-Mg scaffolds [32], bone tissue regeneration in mac-
roporous scaffolds could hardly proceed concentrically to the center
pores due to the limited opening pores in the side-wall of scaffolds.
However, their pore structures can be easily changed in the process of
stereolithography manufacture.

To clarify the above concerns, it is reasonable to postulate that a
long-term implantation study in vivo may be helpful for capturing the
whole bone repair stages and correctly conclude the pore architectures
do influence the progress of bone tissue growth. Based on this hypoth-
esis, the porous scaffolds with cubic pores were analyzed both from their
pore architectures based on 3D pCT reconstruction and from critical-
sized bone defect model studies. On the basis of the data obtained, we
proposed two new indices for the design of pore parameters of 3D
printing bioceramic scaffolds and assessment of bone tissue growth in
the entire scaffolds.
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2. Materials and methods
2.1. Synthesis of the bioceramic powders

The inorganic salts (analytic reagent) were bought from Sinopharm
Reagent Co., Shanghai, and used directly without any pre-treatment.
The resin (containing curable monomers or oligomers, photo-initiators
and dispersant) was provided by Ten Dimensions Technology Co.,
China. The 6% Mg-substituted wollastonite (CSi-Mg6) bioceramic
powders were prepared through a wet-chemical co-precipitation as re-
ported previously [33]. The superfine powders (<5 pm in particle size)
were obtained by high-energy ball milling the calcined powders for 6 h.
The phase composition was confirmed by X-ray diffraction (XRD,
Rigaku, Japan) analysis.

2.2. Fabrication of CSi-Mg6 scaffolds by ceramic stereolithography

The suspensions were prepared by mixing 60% CSi-Mg6 powders and
40% resin and followed by ball milling for 30 min [34]. For 3D stereo-
lithography of the bioceramic scaffolds, the wavelength of the stereo-
lithography apparatus (Ten Dimensions Technology Co., China) used for
the curing ultraviolet (UV) light was 405 nm. The cured layer was placed
on the glass sheet and the UV light was sourced from below the layer (see
Fig. 1A). The cured layers, with a thickness of 200 pm, were manufac-
tured. Four groups of cubic-pore scaffold model (& 6.5 x 8.0 mm) with
3D periodic porous architectures (500 x 500 x H mm) of different pore
height (H) from 200 to 600 pm (see Fig. 1B) was designed using the CAD
software. Different plotting parameters of the printed scaffolds including
theoretical porosity and pore size were calculated (see Table 1). The
printed samples were washed ultrasonically in deionized water and
followed by drying at 60 °C. Finally, the porous bodies were sintered in a
muffle furnace at a target temperature of 1150 °C for 3 h (the heating
rate is 2 'C/min while maintaining at 480 °C for 60 min). The sintered
bioceramic scaffolds with different pore heights were denoted as H200,
H320, H450, and H600, respectively.

2.3. Morphology, structure and mechanical analysis

The linear shrinkage before and after sintering was determined by
measuring the diameter and height of bioceramic scaffolds. The external
morphology of scaffolds was observed by optical microscopy (Olympus).
The surface and fracture microstructures of scaffolds were investigated
by scanning electron microscopy (SEM, S-4800, Hitachi; Japan). The
compressive strength of bioceramic scaffolds (n = 6) was measured
along the vertical Z direction by a universal testing machine (Instron
5566). The crosshead speed was set to 0.5 mm/min according to the
procedure described in ASTM C773-88. The compressive modulus was
determined from the linear region of the stress—strain curves.

2.4. Porosity analysis

The volume and pore strut of porous architecture was taken from
CAD software and used to determine the theoretical porosity of the
modeled scaffold samples. Then, one zero-damage method was used to
measure the real porosities of the bioceramic scaffolds. Briefly speaking,
the mass (m;) of sintered scaffolds was weighed, respectively, and then
the diameter (D) and height (H) were also measured by using Vernier
caliper. The real porosity of the scaffolds (n = 6) could be calculated
using the equation [35]: Porosity = (1- my/(mpg (D/2)2H)) x 100%,
where mg, and po were the mass of the sample and density of wollastonite
(2.96 g/mm>).

2.5. 2D/3d microstructure analysis

The 2D/3D pore architectures of the sintered scaffolds (n = 3) was
reconstructed by Micro-computed tomography (vivaCT 100, Scanco
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Fig. 1. (A) Schematic preparation process of bioceramic scaffolds by stereolithography technique, (B) CAD-designing four types of repeating unit cells with different
cell height (~200, 320, 450, and 600 pm in height), (C) 2D/3D visualization obtained pCT-scanning of sintered scaffolds with tuned pore architectures, and (D)

quantitative data of the pore structure parameters by pCT analysis.

Table 1

Physicochemical properties of the bioceramic scaffolds (@ 6.5 mm x 8.5 mm in CAD model).

Materials ~ CAD-mode pore parameters

Real pore parameters

X-Y poresize (pm)  Z poresize (pm)  Porosity (%)

m™

Specific surface area

X-Y
pore
size
(um)

Z pore size (pm) Porosity (%)  Specific surface area

m™

H200 500 x 500 550 x 200 48.20 7.62

H320 500 x 500 550 x 320 52.82 8.14

H450 500 x 500 550 x 450 55.92 8.95

H600 500 x 500 550 x 600 59.46 8.20

440
+8
X
440
+12
430
+6
X
430
+ 10
430
+8

480+14x130+12 46.2+1.0 6.39 +0.78

470 £16 x250+16 489+ 1.4 7.28 + 0.62

470418 x 380 + 21 51.8 £ 1.7 7.68 + 0.43

430
+ 14
420
+5

470+ 14 x540+18 54.0 +£2.2 7.45 £ 0.66

420
+16

Medical, Switzerland) at 14 pm resolution and exposure time of 3000
ms. The images were reconstructed by supporting software (Volume
Graphics MAX, Volume Graphics, Germany) to generate 2D/3D images
(@ ~6.0 x 7.2 mm) for morphometric analysis of pore architectures of
scaffolds. The quantitative data of pore parameters including strut
volume-to-total volume (BV/TV), strut thickness (Tb-Th), strut number
(Tb-N), and strut surface-to-strut volume (BS/BV) were calculated by the
Volume Graphics MAX 3.0.2 software. The specific surface area of the
sintered scaffolds was also estimated using quantitative 3D evaluation
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program included with the MicView software package after puCT
reconstruction.

2.6. Bio-dissolution analysis in vitro

The cylindrical scaffolds (mg; n = 6) were weighed and immersed in
Tris buffer (pH 7.4) with a solid-to-liquid ratio of 1.0 g/50 ml at 37 °C.
After immersing every two weeks from 2 to 8 weeks, the buffer (1.0 ml)
was extracted for examination the ionic release concentrations (Si, Ca,
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Mg) by inductively coupled plasma measurement (ICP; Thermo, USA),
and equivalent fresh buffer was added into the immersion medium. At 4
and 8 weeks, the scaffold samples were washed with absolute ethanol
and then dried at 80 °C for 12 h before weighing (m,). The mass decrease
was expressed as: mass loss = my/mp x 100%.

2.7. Bone regeneration and repair evaluation in vivo

2.7.1. Scaffold implantation and specimen harvesting

All animal operations and experiments were approved by the
Experimental Animals Ethics Committee of Zhejiang University
(No0.866). The male New Zealand white rabbits (~3.2 kg; n = 60) were
divided into four groups randomly. All of the rabbits were placed in steel
cages singly about one week for adaptation before surgery. After general
intravenous anesthesia by injection of 3% sodium phenobarbital (Merck,
Germany) at 1.0 mg/kg, the implanting surgery was performed to
bilateral distal femurs of all the rabbits under rigorous aseptic condi-
tions. A 3-cm longitudinal skin incision was made on the lateral femoral
condyle of each leg. Then, a critical size defect (@ ~6.0 x 7.2 mm) was
structured on the bilateral femoral condyles by a dental drill. All defects
were made oriented vertical to the longitudinal and sagittal axes of the
femur. Afterwards, the scaffolds were filled into the defects, and the
surgery site was rinsed with normal saline and the incision was sutured
layer by layer. The rabbits were allowed to move freely in the cage after
the operation and received an intramuscular injection of penicillin for 3
days. The femoral bone specimens were collected at 2, 4, 6, 10, and 16
weeks after rabbits were sacrificed by deep anesthesia.

2.7.2. Radiological examination by X-ray

The radiological examination on new bone formation and material
biodegradation was performed by an X-ray imaging system (XPERT;
KUBTEC, USA) under 50 KV and 100 pA. The general X-ray films were
taken both frontally and laterally by the X-ray system. Then, the films
were transported to the computer for the further analysis through the
imaging software of Image-pro Plus (IPP 6.0, Media Cybernetics, USA).
The quantitative analysis of the residual material volume versus total
initially defect volume was expressed as RV/TV (n = 5).

2.7.3. pCT scanning analysis

To assess the bone regeneration efficiency, the pCT (micro-computed
tomography) scanning was applied to four specimens in each group by a
high-resolution CT scanner (Inveon, Siemens, Germany). After scanning,
the data was collected by 3D reconstruction software (Volume Graphics
MAX, Volume Graphics, Germany). The 3D images for a region of in-
terest (ROL, @ 5.5 x 7.0 mm) containing the repair area was recon-
structed for further quantitative analysis. Briefly, the osteogenesis
indices, including BV/TV (bone volume versus the total volume of
defect) and Tb-N (Trabecular Numbers) were quantitatively analyzed
from the reconstruction data in the ROIs.

2.7.4. Histological and histomorphometric analysis

Finished with the radiological examination, the specimens (n = 4) of
each group were fixed in 4% paraformaldehyde solution preparing for
histological analysis. After immersion for one week, these specimens
were dehydrated by graded alcohol (80%-100%) and followed by
embedding in polymethylmethacrylate (PMMA). The embedded speci-
mens were sectioned to a slice with 80-100 pm in thickness form the
mid-portion of the repair region by a saw microtome (SP1600, Leica;
Germany). Afterwards, the sections were grinded and polished to ~20
pm in thickness by a grinding system (Exakt-Micro, Leica; Germany).
Finally, the ultrathin sections were stained by McNeal staining and
recorded by a light-resolution microscope (DMLA, Leica; Germany) with
different magnifications ( x 40, x 200).

As for the histomorphometric analysis, the pictures of sections at the
magnifications of 100 were chosen and analyzed by the imaging
analytical software Image Pro Plus 6.0 (Media Cybernetic, USA). Both of
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area of the newly formed bone (BS) and total area (TS) were quantita-
tively measured, and then the BS/TS was calculated form the collected
data (n = 4).

2.8. SEM/EDS characterization

The PMMA-embedded, unstained femoral bone sections were coated
with carbon, and the compositional and morphological changes of the
bioceramic scaffolds in vivo were characterized by field-emission scan-
ning electron microscopy (FE-SEM; Hitachi, Tokyo, Japan) and energy-
dispersive X-ray spectrometer (EDS; Apollo X; EDAX, Inc., Mahwah,
USA) at an accelerating voltage of 15 kV. The Ca/P atomic ratio was
determined and four randomly selected regions were chosen for
analysis.

2.9. Statistical analysis

The data were analyzed by the statistical software (SPSS 19.0, IBM,
USA) and expressed as mean + SD. Multiple comparisons were measured
by One-way ANOVA tests; in addition, the difference between two
groups was tested by Student’s ¢ tests. For all of the statistical results, p
value < 0.05 stands for statistically significant.

3. Results
3.1. Primary characterization of bioceramic scaffolds

Fig. 1(A, B) shows the schematic key steps in fabricating bioceramic
scaffolds and the different unit cell models. The representative external
and internal porous architectures of sintered scaffolds could be visual-
ized by 2D/3D pCT reconstruction, as shown in Fig. 1C. The cubic pore
morphology with different pore heights was well retained for the scaf-
folds even if they had undergone highly thermal sintering. Meanwhile,
noticeable increase in pore size and full pore interconnectivity were
confirmed from the H200 to H600 scaffolds, which was consistent with
the model design. It means the tunable side-wall pore height can be
precisely manufactured by digital light processing (DLP)-based stereo-
lithography. The quantitative analysis (Fig. 1D) confirmed that the pore-
strut density (BV/TV, Tb-Th) decreased gradually with increasing the
pore size, and conversely the BS/BV-representing specific surface area
was increased. However, the Tb-N value showed no significantly dif-
ference among the four groups of scaffolds. Additionally, a similar linear
shrinkage in pore size and uneven decrease of porosity could be found
from the sintered scaffolds (Table 1). The phase analysis (Data Not
shown) also confirmed the p-wollastonite (PDF #27-0088) for the bio-
ceramic powder for AM process.

3.2. Structural, mechanical and bio-dissolution properties of bioceramic
scaffolds

Surface structures of the bioceramic scaffolds with different side-wall
pore height were observed by SEM. As shown in Fig. 2A, the top-view
surface pores were maintained cubic morphology and similar pore
size. The high-magnification SEM micrographs showed that, the surface
structures of bioceramic struts were similar to each other, and especially
the dense microstructure could be seen on the surface of pore struts. This
is attributed to the constant chemical composition of the scaffolds, and
dilute Mg substitution may substantially enhance the sintering property
of wollastonite bioceramics. Moreover, the pore strut surface could
induce apatite-like mineral layer after soaking in SBF for 3 days. The
face-scanning EDX spectra showed high enough P peak and the Ca/P was
in the range of 1.38-1.52. The side-wall pores exhibited rectangular
morphology, but sintering treatment did lead to a significant decrease of
pore height. Generally, the pore regularity and interconnectivity could
be confirmed by SEM observation (Fig. 2B). The pore height of H200
scaffolds was only ~130 pm, in comparison with that of H600 scaffolds
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Fig. 2. Primary structural, mechanical and biodissolution characterization of the sintered bioceramic scaffolds with increased side-wall pore height. (A) SEM images
of the top-view surface morphology (I1, II1, III1, IV1) and comparison with the surface mcirostructures before (12, 112, III3, IV2) and after (I3, II3, III3, IV3; insets
showing the face-scannning EDX spectra) soaking in SBF; (B) SEM images of the side-wall morphology of the scaffolds (The green frames showing the side-wall
macropores; The crossing double-arrows displaying the pore struts with width x height of ~490 x 290 pm; The white arrow showing the height of side-wall
macropores); (C) Stress-strain curves of the scaffolds and peak strength (inset); (D) Mass decrease of the scaffolds with different during immersion in Tris buffer
for a long time stage; (E-G) Changes in ion concentrations in Tris buffer during immersion process.

(~540 pm).

In order to evaluate the structural stability of the scaffolds in vivo, the
compressive measurement was carried out on the sintered scaffolds. In
context to change in pore sizes during model design, as discussed earlier,
although the small pores may contribute to the reduction in porosity
(Table 1), the stress-strain curves showed similar response under
compression load (Fig. 2C). The H320 scaffolds exhibit appreciable
compressive resistance, indicating ~2.5-fold high apparent strength in
comparison with the H600 scaffolds (Fig. 2C, inset).

To probe the mass loss in the early stage, a bio-dissolution test was
investigated in Tris buffer at physiochemical temperature (37 °C) for the
bioceramic scaffolds. As expected, the scaffolds with higher side-wall
pore size showed a slightly higher mass loss (4.9%-6.3%; Fig. 2D)
within the early 8 weeks. This is probably attributed to the higher.

Specific surface area and faster ion exchange from the larger pores in
Tris buffer, which is mildly effective on accelerating bio-dissolution of
the scaffolds. In fact, the H600 scaffolds showed higher ion concentra-
tions in the aqueous buffers in the early stage (2 weeks; Fig. 2E-G).
However, it is interesting that only the Si concentration was maintained
a very stable level (~7-8 ppm) for the four groups of scaffolds after 2
weeks, even if the Ca and Mg ion concentrations exhibited a slight in-
crease with time. It may be interpreted that the silicate groups may
reach a saturation point in the buffer medium.
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3.3. In vivo bone regeneration evaluation for the bioceramic scaffolds

3.3.1. Macroscopic assessment in vivo

The different pore size formulations in scaffolds were designed to
systematically understand their effects on bone regeneration efficiency
in vivo. The rabbit models involving the implantation of scaffolds in
femoral bone defects were illustrated in Fig. 3A. No rabbits showed
infection symptoms, and all of animals were survived long enough until
the different time point for specimen harvesting. Gross examination of
femur specimens showed that the defects were healing over time and no
necrosis was observed in any femoral bone specimen. A mild inflam-
matory reaction mainly occurred only within the initial two weeks
(Fig. 3B). Callus formation partially covered some parts of the implants
surface after 4 weeks and the whole surface of the implants was
completely covered by the well-organized calluses after 10 weeks.

The radiological examination revealed the scaffolds exhibited
different biodegradation progress at 2-16 weeks postoperatively
(Fig. 3C). It was observed that the best repair happened in the defects
treated with H450 and H600, and the worst belonged to bone defects
filled with H200 in the early stage of both four and six weeks. The H200
scaffolds were easily distinguished with the host bone tissue after 10
weeks. This is because the H200 implants had lowest porosity and only
underwent a slower biodegradation. In contrast, the H600 bioceramic
scaffolds displayed very fast biodegradation in vivo during 4-16 weeks
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Fig. 3. Animal model operation process and primary evaluation of the femoral bone specimens. (A) The animal operation procedure including femur defect
preparation and bioceramic scaffold implantation; (B) Primary pCT reconstruction evaluation post-operatively; (C) Bone specimens at 2 weeks post-operatively; (D,
E) X-ray images of the femoral specimens filled with scaffolds after implantation for 2-16 weeks. Rectangular or circular dotted-line frames in (C, D) showing the

bone defect positions.

postoperatively. Also, the differences of material residual between the
two groups filled with H320 and H450 scaffolds was scarcely deter-
mined by X-ray radiography after 16 weeks. It suggests that the mac-
ropore size in the side wall orientation may contribute to the new bone
tissue ingrowth and biodegradation of CSi-Mg6 pore struts.

3.3.2. uCT examination in vivo

Fig. 4(A, B) showed the 2D/3D pCT images of the femoral bone de-
fects at 2 and 4 weeks postoperatively. From the longitudinal and
transverse sections, all of implants displayed structurally integral scaf-
folds and the pore wall was visible in all samples as blue colored struts at
the early time stage. The 2D pCT examination revealed that the new
bone tissue began to infiltrate the peripheral pores in the H600 scaffolds
at 2 weeks, and especially neo-bone.

Distribution in printed channel pores varied from the periphery to
the center zone, as a function of the pore size and distance to the native
bone/scaffold interface. The H200 and H320 groups showed very
limited neo-bone tissue after 4 weeks, even though some bone tissue
could grow into the second channel pores of H450 and H600 scaffolds.

With the prolongation of repair time up to 6 weeks, appreciable new
bone tissue could invade the macropore constructs in the H450 and
H600 groups (Fig. 4C), and even resulted in completely bridging the
bone defect after 10 weeks (Fig. 4D). In the case of the H200 and H320
groups, some neo-bone tissue began to fill in the scaffolds after 6 weeks,
and the later produced more osteogenesis at this time point. It is well
agreed that the interconnected macropore network is the prime requisite
for new bone tissue ingrowth through osteogenic cell migration and
vascularization. Therefore, the bioceramic scaffolds with increased side-
wall pore size presented a significantly enhanced osteogenic efficiency
during the early to middle stage repair process.

The spatial distribution of bone tissue in the macropore constructs
parallel to longitudinal axis of the scaffolds was evaluated by pCT ex-
amination in correspondence with the three main side-wall zones (& 5.5,
3.5, 1.5 mm) at the later stage (i.e. 16 weeks; Fig. 5). In terms of different
zones over the Volume of Interest (VOI) in the scaffolds, bone formation
appeared less uniform in the different zones for the H200 group, having
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no or hardly observed in the center zone (@ 1.5 mm; Fig. 5A). However,
as for the defect filled with the H320 scaffold, new bone tissue extended
to the center region of the implant, throughout the entire porous scaffold
(Fig. 5B). Notably, the H450 and H600 groups showed lower matured
bone tissue in the center macropores in comparison with the H320 group
(Fig. 5C and D).

On the other hand, the quantitative BV/TV and Tb-N values were
consistent with the abovementioned observing results (Fig. 6), which
responded respectively with the amount of new bone tissue and bone
trabecular density in bone defects. Much higher BV/TV data for the
H450 and H600 groups at 2-10 weeks implied a sustaining bone tissue
ingrowth, resulting in high-efficient bone repair in terms of increased
Tb-N data (Fig. 6B). It was interesting that, however, the BV/TV data
showed a significant decreasing trend from 10 weeks to 16 weeks in the
H600 group. In contrast, an extremely slow increase in TV/TV and Tb-N
data for the H200 group indicated the significant difficulty in new bone
tissue formation through the small side-wall pores of scaffolds. As for the
H320 group, a steady increase in BV/TV and Tb-N values were measured
during 6-16 weeks, and even superior to the H450 and H600 group at 16
weeks. It suggests the newly formed bone tissue in these two groups
would be preferentially.

Matured and bone remodeled, leading to a transient decrease of
quantitated bone tissue in the defect. Moreover, the percentage of
remaining bioceramic residuals was significantly lower in the H600
groups than in the H200 group after 16 weeks (Data Not shown),
implying a faster biodegradation of the scaffolds with higher pore size.

3.3.3. Histological evaluation in vivo

The histological staining analysis aimed to examine whether the
scaffolds with large pores had superiority when comparing with the
scaffolds with small pores. Once the PMMA-embedded bone specimens
were cut transversely, the cross-sectional sections of the scaffold around
the circular bone defect were easily observed under light microscope.
The McNeal staining images revealed a clearer porous networks and
tissue/scaffold interface at 4 weeks. The extent of new bone ingrowth in
scaffolds varied within different side-wall pore size (Fig. 7). The H200
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Fig. 4. Representative pCT-reconstructed 3D porous scaffold architectures (top panel; @ 5.5 x 7.0 mm) and 2D graphs of longitudinal and transverse sections at the
early time stage of 2 weeks (A), 4 weeks (B), 6 weeks (C) and 10 weeks (D), respectively. Blue: biomatrial; Yellow: neo-bone tissue.

scaffold could not supply a porous substrate for new bone tissue
ingrowth and the non-calcified tissue was predominantly located in
scaffold at 4 weeks (Fig. 7A). As for the H320 scaffold, the osteoblasts
were undoubtedly favorable for migrating into the peripheral pores, but
it was only observed very limited amount of osteoid-like tissue forma-
tion at the early stage (Fig. 7B). However, histological analysis (Fig. 7C
and D) together with the pCT sections (Fig. 4B) revealed the sustaining
connection between the native bone and porous biomaterials, and
notably the new bone tissue penetrated into the H450 and H600 scaf-
folds from the periphery of scaffolds, displaying an expected attachment
and integration between the neo-bone tissue and the bioceramic struts.

After 6-16 weeks, the McNeal straining confirmed the mineralization
and new bone growth, and the evolution of histology in the tissue-
material interface, respectively (Fig. 8A). It was observed that the
H450 group maintained a steady osteogenesis response from the pe-
riphery to the center zone of scaffold, and finally at 16 weeks, obtained
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appreciable matured bone tissue in the whole scaffold architectures
approximate to that of the H600 group. However, the bone formation
was retarded in the H200 and H320 groups, possibly due to the limita-
tion of the small interconnected pores in scaffolds, and especially the
former had less newly mineralized tissue after 10 weeks. On the other
hand, the bone defect margins could not be easily identified because of
appreciable biodegradation of ceramic struts and complete osseous
union of the operated site in the H450 and H600 group.

Also, the quantitative morphometric analysis of BS/TS (%)
confirmed that the H450 and H600 groups showed appreciable osteo-
genesis capacity in comparison with the H200 and H320 groups at the
early stage, while the new bone formation was degenerated in the later
at 16 weeks (Fig. 9). The H450 group showed the highest BS/TS value
during the whole implantation process. Meanwhile, the H320 group
exhibited a steady increase in bone regeneration capacity but inferior to
the H600 group in the later stage.
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weeks, respectively. *p < 0.05; **p < 0.01.

3.3.4. Phase conversion chemical composition evaluation in vivo

The SEM/EDS analysis was employed to detect the transformation
process of Ca-silicate strut to the apatite-like bone mineral and
elemental distributions after 6 and 16 weeks, respectively (Fig. 10). In
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order to distinguish the bioceramic conversion, the ion distributions
were arbitrarily divided by different colors in SEM images and EDS
mappings. Evidently, unconverted bioceramic struts in bone defect were
rich of Si, and the transition layer (new bone tissue zone) was a P-rich
layer with high Ca concentration. With prolonging time up to 16 weeks,
the Mg distribution became more homogenous, accompanying with a
gradual decrease of Si-rich zone. The outer layer adjacent to Si-rich zone
became thicker, which was presumably the converted apatite mineral
layer rich of Ca and P. In particular, the struts in H450 and H600 scaffold
almost disappeared with homogeneous Ca or P distribution. Moreover,
the Ca/P ratio in the mentioned regions of the scaffolds was listed in the
P mapping. The Ca/P ratio in the scaffolds with increase side-wall pore
sizes gradually decreased from 2.10 £ 0.10 to 1.24 + 0.12 at 6 weeks.
Simultaneously, the Ca/P ratio in the new bone and the apatite-like layer
were increased with prolonging implantation period. The Ca/P ratio
(1.40 + 0.18-1.24 + 0.22) in the converted (apatite-like) layer at 16
weeks was more below to stoichiometric HA (1.67).

4. Discussion

A variety of pore-making techniques have been offered some promise
in designing porous scaffolds. Many investigations have highlighted how
the pore interconnection, shape, or size is essential in driving the
nutrient transport, vascular infiltration and material biodegradation [4,
9,11,16]. Unfortunately, the conventional soft-/hard-template replica
methods have met multiple contradictory design criteria that are often
difficult to reconcile one or the other to some extent [15,16,36]. In
recent years, AM technology has been extensively evaluated to facilitate
in fabricating various strut- or curve surface-based scaffolds with precise
pore size and complete interconnectivity [25,37,38]. This drives us to
clarify the influences of pore structural parameters (i.e. pore size and
interconnectivity) on long-term osteo-regeneration performance,
avoiding the contradictory results due to poor pore interconnection.

DLP-based stereolithography can readily fabricate porous ceramics
with complex geometries, affording good dimensional precision with
low cost [30]. This technique is acknowledged to precisely tailor the
strut dimension and interconnected pores and even to produce ultra-thin
or ultrahigh-porosity materials [26,39,40]. In the present study, the
common features are the constant width and height of bioceramic struts
(550 x 350 pm) along longitudinal axis in CAD models, so that the
porosity of macroporous bioceramics is increased with the increase of
side-wall pore height (Table 1). Once the porosity is maintained
invariably, however, the strut dimension should be reduced when the
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Fig. 7. McNeal-strained light mirographs (40 x , 200 x ) of transverse sections of bone specimens filled with the porous scaffolds of H200 (A), H320 (B), H450 (C),
and H600 (D) at 4 weeks of post-implantation. OB: Original maturing bone; NB: Newly formed neo-bone; F: Fibrous tissue; CF: Collagenous, non-calcified fibrous
tissue; S: Bioceramic strut; Hollow arrow: newly formed vessels; Solid arrow: interface between native bone and materials.

pore size is increased. This compromising scaffold design is inevitably
disadvantageous for studying the relationship between bone formation
and pore structural parameters. In comparison with the pore size, the
scaffold porosity is less critical for accelerating or delaying the
early-time osteoregenerative efficiency in vivo [16].

The SEM observation demonstrates that the difference among the
CSi-Mg6 scaffolds is mainly the height of side-wall pores (Fig. 2), and
especially the precisely controlled pore architecture may be replicated
by stereolithography. Our study also showed that the bone tissue
ingrowth is directly related to the pore size over the entire time stage,
and especially the larger side-wall pores are extremely beneficial for
neo-bone tissue invasion in the early stage. pCT has become a popular
non-destructive tool for obtaining 3D structural images of scaffolds and
regenerated bone tissue [41,42]. In this study, the pCT reconstruction
confirmed the completeness of sintered scaffolds and osteoid-like tissue
began to infiltrate the peripheral pores within 2 weeks in the H600
scaffolds (Figs. 1 and 4), and after 4 weeks the osteoid tissue abundance
in the large-pore scaffolds suggests the neo-bone formation, which is a
preliminary step for the maturation toward the lamellar bone. In
contrast, the neo-bone ingrowth was still limited in the H320 and H200
scaffolds after 4 and 6 weeks, respectively (Fig. 4). These puCT visuali-
zations, as evidenced by the histological observation, are demonstrated
that the early-time bone regeneration is directly dependent on pore
dimension.

It is known that, even though the native bone mineral structures
exhibit a gradient from cancellous bone to less porous cortical bone, a
pore size of over 200 pm has yet been recommended for benefiting new
bone tissue ingrowth within porous scaffolds [11,14,43]. The conven-
tional scaffold fabrication techniques could only prepare those with
controllable specific pore features including geometry, size, and direc-
tionality in comparison with AM technology. Descamps described a
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microsphere template method to prepare bioceramic scaffolds with high
pore interconnectivity [19]. He proposed an organic skeleton shrinkage
mechanism to adjust pore interconnection to some extent (from 0.2 to
0.6 times of macropore size). The dimension of each interconnected pore
is unable to be precisely tailored, so that it is inevitably difficult to
optimize pore construct for osteoregenerative requirement in vivo [44,
45]. Zhang et al. have reviewed the inverse opal template-derived
scaffolds with uniform pore size interconnected network for biomed-
ical applications [46]. Although the macropore size and pore inter-
connectivity could be easily tuned by changing the diameter of the
template granules, the large-scale fabrication of the closely packed
microsphere-array template is a challenge because this process is time
consuming. Ice-segregation-induced self-assembly is another intriguing
strategy to prepare porous biomaterials with highly sophisticated
structures. The success in the control of anisotropic pore architecture has
attracted much attention to prepare the strength-strong scaffolds [47,
48]. However, the very small pore size (usually less than 250 pm) lead to
poor cellular and vascular infiltration through the unidirectional pores
[49].

Stereolithography technique indicate the flexibility in fabricate the
macropore constructs with uniform interconnected pore size in scaffolds
(Figs. 1 and 2). All scaffolds showed a fully interconnected pore archi-
tecture, and importantly, the dimension of side-wall pores in sintered
scaffolds were always maintained like the CAD model, which is of
benefit to identify the regenerative progress as a function of pore size
with time. In this regard, our investigations indicate the amount of early-
stage new bone and non-mineralized tissue is different in the large- and
small-pore scaffolds, because the former displays much appreciable
bone tissue at the later stage. Nevertheless, the collagenous fibrous tis-
sue preferentially infiltrates through the small-pore scaffolds in the early
stage, which would provoke slow osteogenic response and retard the
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16 weeks

Fig. 8. McNeal-strained light mirographs (40 x ) of transverse sections of bone specimens filled with porous scaffolds at 6 weeks (A), 10 weeks (B), and 16 weeks (C)
of post-implantation, respectively. Yellow arrow indicating the bone tissue ingrowth from the periphery to the center zone of the scaffolds. Blue arrow: new

bone tissue.
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Fig. 9. The percentage of new bone area at different time stages of implanta-
tion in each group by using histomophometric analysis. *p < 0.05; **p < 0.01.

bone healing process in vivo. This consistent difference in osteogenic
rate, albeit manufactured by the same CSi-Mg bioceramic, as well as its
associated with a different bone ingrowth, implies a pore size-dependent
osteogenic behavior.
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It has long been believed that surface biocompatibility and pore
structures constitute to the osteoconduction of biomaterials. Osteosti-
mulation, on the other hand, is attributed to the controlled ion release of
bioceramics, and precisely controlling primary pore geometry and
spatiotemporal evolution of porous architectures is the source of
enhancement of bone regeneration and thereby leads to an improved
bone repair [50-53]. Ca-silicate-based biomaterials have great potential
for applications in the damaged hard tissue regeneration areas because
of their good biocompatibility, excellent osteostimulating properties,
and comprehensive foreign ion substitution characteristics [54,55].
They have long been identified as next generation biomaterials and are
investigated extensively [56].

Our previous studies have confirmed that the 3%-10% Mg-
substituting-Ca could maintain the CSi phase after sintering at
<1200 °C [33]. Meanwhile, the in vitro osteogenic cell activity investi-
gation revealed the excellent surface cytocompatibility and osteogenic
activity of the CSi-Mgx bioceramics with different Mg substitution ratios
from 3% to 10% [57]. Therefore, such nonstoichiometric CSi confirmed
in this study, have convincingly shown its osteostimulative activities.
Our work shows an active, dissolution-driven biodegradation in Tris
buffer and the mass loss of bioceramic scaffolds exhibit a slight depen-
dence on the pore size in pH-buffer aqueous solution in vitro
(Fig. 2D—@G). It is agreed that bio-dissolution can be considered as a
factor of biodegradation, and dissolution- and cell-mediated factors may
synergistically affect the stability of porous bioceramics. Phosphate
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Fig. 10. SEM images and EDS mappings of Si, P, Ca, and Mg for the scaffolds after implantation for 6 weeks (A) and 16 weeks (B) (50 x ). According to the EDS
mapping, different components were overlapped on the SEM images to maintain clarity. The mineralized tissue (P-rich) formed around the pore strut (Si-rich) of the

bioceramic scaffolds.

buffered solution (PBS) is a representative inorganic salt aqueous solu-
tion but its pH buffer potential is junior to Tris buffer. Meanwhile, the
phosphate group (H,PO3, HPOZ ) in PBS may induce apatite minerali-
zation on the surface of the silicate bioceramics, so that the
solution-mediated biodegradation in PBS may produce mass fluctuation
[58].

In the present study, the pore wall and released ions did not appear to
provoke any detrimental inflammatory response in vivo in the early stage
(Figs. 4 and 7). As new bone tissue progressed efficiently in the inter-
connected macropores and integrated tightly with the bioceramic struts
(Fig. 4), the in vivo studies at multiple time points (6-16 weeks) also
provided clear evidence for intrinsic osteostimulative response in the
repair process. In particular, the superior performances of the large-pore
H450 and H600 scaffolds as compared to the H200 and H320 counter-
parts may be attributed to the appreciable pore dimension and ion
dissolution products-derived osteostimulative efficacy. Moreover, the
H450 scaffolds show more appreciable new bone tissue after 16 weeks in
comparison with the H600 groups. The possible reason can be attributed
that the faster biodegradation rate in H600 scaffolds leads to larger pore
dimension and low-density substrate with time, and thus is suboptimal
for osteogenic cell migration and growth.

Histological analysis confirmed the nearly complete bone ingrowth
of the defects with new osseous tissue of similar density to the sur-
rounding pre-existing bone in the H450 group (Fig. 8). The larger pores
in H600 scaffolds readily enhance the degradation and ion exchange
from the pore struts, implying the ion dissolution products would syn-
ergistically activate a sustained bone tissue ingrowth. Therefore, more
matured bone tissue (i.e. BV/TV data) is formed in the H600 groups after
6 and 10 weeks compared with the other groups (Fig. 6A). It is worthy to
note that, although the new bone mineralization in H320 group was
inferior to the H450 and H600 groups at 6 and 10 weeks, it produces the
highest Tb-N value of ossifying tissue at 16 weeks. pCT analysis also
indicated a total of ~33% of the ROI was infused with bone tissue in this
group at 16 weeks, implying appreciable biodegradation and bioactive
stimulation derived from the ions release. In contrast, limited new bone
formation was revealed in the H200 group as <15% of its volume was
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filled with bone tissue at 10 and 16 weeks. The H200 scaffold has a lower
porosity and bioactive ion concentration accumulation (Table 1 &
Fig. 2), even though its pores are completely interconnected, with
minimum size, curvature, and geometry compatible with that as
necessary to permit neo-bone tissue invasion [9,14,46,59].

It is known that the native bones have a remarkable self-healing
potential, especially in the small damages as new bone tissue may
infiltrate the neighboring defects. However, as for the large bone defect
filled with small-pore scaffolds, the areas penetrating to the internal
zone of macroporous bioceramics from the host bone have more diffi-
culties in receiving ostogenic cells and nutrients necessary to accelerate
new bone growth. In the present experimental results, the bone repair
process promoted by the Ca-silicate scaffolds is challenged by reducing
the pore dimension in the side-wall orientation, to retard infiltration of
osteogenic cells from the host tissue. Conversely, the biodegradation of
bioceramic struts in the small-pore scaffolds is slower over time,
resulting in detrimental fibrous tissue in growth in the early time stage.
While these H200 scaffolds are all valuable to evaluate osteoconduction
potential of the biomaterial, this leads to an effective reduction of pore
height available to assess the consistency of pore structural parameters,
although it did compromise the overall analysis due to much shrinkage
of pore structure after sintering treatment. Accordingly, the rationale
behind choosing porous biomaterial design is that a simple adjustment
of pore structure (pore size and interconnection) in the contact interface
between material and native bone could simultaneously tailor the
biodegradation and bioactive ion release, and thus confirming that these
biomaterials can stimulate efficient bone regeneration and repair within
a narrow time window stage.

5. Conclusion

In summary, we developed the bioactive ceramic scaffolds with
precisely tuned pore structures by ceramic stereolithography, and sys-
tematically evaluated the pore structural parameters and biodegrada-
tion behavior in vitro and bone regeneration efficacy in vivo. Dilute Mg
substitution in wollastonite can contribute to a significant enhancement



R. Wu et al.

of mechanical properties beneficial for structural stability; meanwhile,
the most elaborative differences in osteogenic efficiency among the four
types of scaffolds appear in the early and later stage due to remarkably
difference in pore height and osteoconductive properties. The present
experimental results, for the first time, provide evidence that precisely
tuned pore structure in biocermamic scaffolds with slightly different
biodegradation rate exhibit extremely intriguing biological properties in
enhancing bone repair. Therefore, it is believed that this versatile CAD
model optimization process in manipulating biomaterial (micro)struc-
ture offers a convenient route to produce bioactive scaffolds with a
rational design toward promising clinical translation.
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