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Abstract

Pore architecture in bioceramic scaffolds plays an important role in facilitating vascularization efficiency during bone repair or orbital
reconstruction. Many investigations have explored this relationship but lack integrating pore architectural features in a scaffold, hin-
dering optimization of architectural parameters (geometry, size and curvature) to improve vascularization and consequently clinical
outcomes. To address this challenge, we have developed an integrating design strategy to fabricate different pore architectures
(cube, gyroid and hexagon) with different pore dimensions (~350, 500 and 650 pm) in the silicate-based bioceramic scaffolds via digi-
tal light processing technique. The sintered scaffolds maintained high-fidelity pore architectures similar to the printing model. The
hexagon- and gyroid-pore scaffolds exhibited the highest and lowest compressive strength (from 15 to 55MPa), respectively, but the
cube-pore scaffolds showed appreciable elastic modulus. Moreover, the gyroid-pore architecture contributed on a faster ion dissolution
and mass decay in vitro. It is interesting that both pCT and histological analyses indicate vascularization efficiency was challenged even
in the 650-uym pore region of hexagon-pore scaffolds within 2 weeks in rabbit models, but the gyroid-pore constructs indicated apprecia-
ble blood vessel networks even in the 350-um pore region at 2 weeks and high-density blood vessels were uniformly invaded in the 500-
and 650-pum pore at 4 weeks. Angiogenesis was facilitated in the cube-pore scaffolds in comparison with the hexagon-pore ones within
4weeks. These studies demonstrate that the continuous pore wall curvature feature in gyroid-pore architecture is an important impli-

cation for biodegradation, vascular cell migration and vessel ingrowth in porous bioceramic scaffolds.
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Introduction

Osteoporotic fracture, tumor resection and other life-threatening
conditions may lead to some bone defects or irreversible bone
damages, and these clinical problems remain much challenge
due to its particularly pathological conditions or repair difficul-
ties [1, 2]. In the treatment of severe oculo-orbital traumas or in-
traocular malignancies, it is sometimes necessary to surgically
insert an orbital implant into the anophthalmic socket for
volume replacement and restoring the esthetic appearance of a
normal eye. In general, the prerequisite for bone repair is vascu-
larization in the porous scaffolds, which could enhance bone
regeneration and repair [3, 4]. Rapid angiogenesis during orbital
reconstruction may avoid infectional exposure of porous orbital
implant. Infections lead to the failure of orbital implants, which
necessitates implant revision surgery. However, most artificial
biomaterials used clinically including polymers, Ca-phosphate
ceramics or metal implants exhibit slow vascularization due to
insert surface or poor bioactivity [5-8]. Ideally, the implants
should not only have a desirable porous structure with patients-
tailored shapes, but also be high vascularization and mechani-
cally strong with favorable structural stability.

Over the last two decades, the implant design and the criteria of
candidate selection evolved from metal and polymer to bioactive ce-
ramic devices with complex internal structure and functionalities
for ensuring better clinical outcomes in the early time stage [9-11].
Ca-silicate bioceramic implants have gained prominence since their
high bioactivity and their interconnected pore architectures would
allow them to act as a passive framework for fibrovascular ingrowth
[12-14]. However, some critical aspects of today’s porous implants
include the structural stability and biological performances. Hence,
the development of new silicate-based scaffolds with finely tuned
pore architecture and enhanced host responses (e.g. angiogenesis
and integration), which enable an improved outcome of bone repair
or eye replacement is more than ever desirable long-term outcome.

Pore architecture, a classic topic in tissue-engineering scaf-
folds because of their significance in determining the structural
stability and tissue ingrowth efficiency, have always attracted
much attention in regenerative medicine from 1990s [15-17]. In
general, the pore interconnection is necessary because these
structure features determine the efficiency of nutrient transport,
cell migration and vessel formation, and even the mechanical
stability of porous architectures [18, 19]. Many researchers have
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design the bioceramic scaffolds with increasing structural com-
plexity, and more and more studies have recognized that the
other pore architecture features, such as pore geometry and pore
wall curvature are also the potential factors to influence the cell
migration and tissue regeneration efficiency. In fact, many con-
cepts have been developed to understand the influence of pore
size and geometry characteristics on the neovascularization of
engineering high-precision pore networks [20-22]. In this context,
itis important to understand the mechanical and biological prop-
erties of the porous scaffolds with different curvature pore sur-
face and pore geometries as reported previously [23-25].
However, it is still difficult to precisely tune pore structures of
scaffolds by conventional template replica or extrusion-based 3D
printing techniques [10, 26]. Moreover, the existing findings
involving the early bone regeneration or blood vessel ingrowth in
porous scaffolds could not offer a versatile guide to develop scaf-
folds for clinical translation.

In this study, we aimed to fabricate the bioceramic scaffolds
with three types of pore geometries and to investigate the effect
of pore architecture features (pore size, pore wall surface curva-
ture and strut corner) on the mechanical properties, ion release,
bio-dissolution in vitro and vascularization in the early stage
in vivo. In particular, the different pore sizes were integrated into
a single scaffold and the vascularization efficacy in vivo was eval-
uated systematically. It is well known that digital light processing
(DLP) strategy is versatile for preparing the porous constructs
with non-conventional pore curvature (e.g. triply periodic mini-
mal surfaces) and complex shapes via computer-aided design
and computer-aided manufacturing [27, 28]. Therefore, we com-
pared the early-stage vascular behavior of scaffolds with the
strut-based pore architecture (i.e. cube or hexagon pore) and
curve pore architecture (gyroid pore). The structural parameters
including porosity, pore dimension and specific surface area were
characterized by computer-assisted calculation. To our knowl-
edge, our works demonstrate for the first time a proof of concept
for using a pore geometry and size strategy to accelerate vascu-
larization in the porous bioceramics.

Materials and methods
Chemicals and materials

The photo-sensitive resin was brought from Ten Dimensions
Technology Co., China. The reagent-grade inorganic salts and
trishydroxymethylaminomethane (Tris) were bought from
Sinopharm Reagent Co., Shanghai, and used directly. Tris was
also used to prepare to the 0.05 M Tris buffer (pH ~7.25).

Preparation of CSi-Mg8 ceramic powders

The pure CSi-Mg8 powders were synthesized by a wet chemical
co-precipitation method as reported previously [29]. The obtained
white precipitate was dried at 120°C for 24 h and then calcined at
880°C for 2h. Finally, the as-calcined powders were ground in
ethanol medium for 6h by a planetary ball miller (Chishun
Sci&Tech Co., China) to get superfine powders particle size below
8 um.

Fabrication of porous scaffolds by DLP technique

The porous scaffold models were designed through 3D periodic
filling the unit cells (cube, hexagon and gyroid) by the software of
Materialise Magics 21.0 (Fig. 1A). The unit cell models of cube and
hexagon were designed with consistent pore size and porosity by
Magics 21.0, while the software of Mathmod was used to create
the unit cell model of gyroid (see Supplementary Fig. S1) [30]. The

designed porosity of three types of scaffold was ~58%. As for the
pore dimensions, the ~350, 500 and 650 pm in pore dimension
were selected as the benchmark, and the software of Avizo was
used to calculate the pore size distribution of unit cell models in
3D definition for ensuring that the average pore dimensions of
gyroid- and hexagon-pore scaffolds were the same as cube-pore
scaffolds through changing the size of the unit cells (Fig. 1B) [31].
The scaffold models with dimensions of @ 10x 10mm were
designed for evaluation in vitro (Fig. 1C), and the scaffold samples
with different pore geometries (cube, gyroid and hexagon) and
pore dimensions (~350, 500 and 650 pm) were signed as cube-350,
cube-500, cube-650, gyroid-350, gyroid-500, gyroid-650, hexagon-
350, hexagon-500 and hexagon-650, respectively (Fig. 1D).
Moreover, the different pore dimension-integrated scaffold mod-
els designed as @ 10 x4mm were used for animal test in vivo
(Fig. IEand F).

The bioceramic slurry was prepared through high-speed me-
chanical stirring of 60 wt% CSi-Mg8 powders and 40 wt% photo-
sensitive resins. Then, the scaffold model designed previously
was sliced to .STL file at 25 pum per layer and imported into the
DLP printer (Ten Dimensions Technology Co., Beijing). In order to
avoid the over high linear shrinkage of the sintered scaffolds,
the 3D models were enlarged by 1.33-fold before printing, and the
printing parameters were adjusted to reach the expected layer
thickness. The printed samples were formed by layer accumula-
tion from pattern of ultraviolet light (405nm) according to the
digital file. The obtained samples were washed ultrasonically in
deionized water to remove excess slurry and followed dried at
60°C for 24 h. Finally, the porous samples were sintered at a tar-
get temperature of 1150°C with a heating rate of 2°C/min for 2h
(maintaining 1h at 400°C to volatilize resin completely) in a muf-
fle furnace, and then allowed to cool down naturally.

Morphology, microstructure, mechanical analysis
and finite element analysis

The outward morphology of the sintered scaffolds was observed
by mobile camera (P30, Huawei). The top- and side-view pore
architectures of scaffolds were observed by scanning electron mi-
croscopy (SEM, GEMINI 300, Germany). The average pore size
(two parallel edges in the top-view) of porous scaffolds was mea-
sured and 12 pores from three samples were used for statistical
analysis. The real scaffold porosity (n=8) was calculated via the
following equation:

Real porosity = (V —m/p)/V x 100%,

where V, m and p represent the actual volume, mass of the
porous scaffolds and theoretical density of wollastonite, respec-
tively. The cylindrical samples (@ 10x10mm, n=8) were
prepared for compressive strength and elastic modulus measure-
ments. Mechanical testing was performed using a universal me-
chanical test machine at a crosshead speed of 0.5mm/min
according to the procedure described in ASTM C773-88. The
elastic modulus was calculated through the linear region of the
stress—strain curves. In order to understand the mechanical
behavior of different unit cells with three types of pore geome-
tries under pressure, the stress distribution of the 1x 1 x 1 unit
cell under a compression of 20N was revealed through the finite
element analysis function of ANSYS software.

Biodegradation in vitro evaluation

For evaluation of the bio-dissolution (biodegradation in vitro)
of bioceramic scaffolds, the weighed porous samples (mg; @
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Figure 1. Primary characterization of the 3D models and bioceramic scaffolds. (A) Three types of unit cell model (cube, gyroid and hexagon) and
negative replicas of pore region (green). (B) 3D definition of the pore size via the maximum diameter of a virtual microsphere fitting within the pore
architecture at any given point within the pore space and the pore size distribution of the pore architecture in unit cell of 3D models with three types of
pore geometries. (C) 3D models of the bioceramic scaffold with different pore geometries and pore dimensions and negative replicas of pore region
(green). (D) Outward appearance of the representative as-sintered bioceramic scaffolds with different pore dimensions. (E) Top-view and 3D models of
bioceramic scaffold with integrated 350-, 500- and 650-um pore dimension. (F) Outward appearance of the as-sintered scaffolds with integrated 350-,

500- and 650-um pore dimension.

10 x 10mm, n=6) with different pore geometries and pore
dimensions were immersed in Tris buffer (pH 7.4) with an L/S ra-
tio of 50 ml/g and shaking in water-bath at 37°C. The 20% volume
of solution was refreshed every 7days. At the pre-set soaking
time intervals, 1.0 ml of supernatant extracted from solution was
mixed with 9 ml of deionized water and the inorganic ion concen-
trations were measured by inductively coupled plasma (ICP;
Thermo, USA). After immersion for every 2 weeks, the samples
were washed with absolute ethanol, dried at 80°C and then
weighed (m;). The mass decrease of porous scaffolds was calcu-
lated as follows: Mass loss = m;mg x 100%.

Surgical procedure of implantation

In order to investigate the effects of the scaffolds with different
pore structures and sizes on vascularization in vivo, the dorsal
muscle embedding model in New Zealand rabbits was used. All
animal experiments were performed in accordance with the
Animals Ethics Committee of Zhejiang University (2021-0228003).
Sixteen male New Zealand white rabbits (~2.8 kg) were randomly
divided into two groups, and six of them were performed by angi-
ography before euthanasia. All rabbits with free access to food
and water were allowed to adapt for 2weeks in stainless steel
cages before surgery. The rabbits were anesthetized with general
intravenous injection of 3% sodium phenobarbital (Merck,
Germany) at 1.0mg/kg and fixed on the operating table for shav-
ing and disinfection of surgical regions. Under aseptic conditions,
three 1.5-cm longitudinal skin incisions were made on both sides
of the spine of each animal in the back. Then six small pockets
were formed by blunt dissection of muscles under the fascia. The
different pore dimension-integrated scaffolds (@ 10 x 4 mm) were
implanted into pockets randomly (Fig. SA) and the wounds were
sutured layer by layer [32]. Postoperatively, penicillin was given
once daily for 3days. At 2 and 4 weeks, the rabbits were eutha-
nized and the implants were harvested for histological evaluation
of blood vessels.

Micro-angiography and Micro-CT reconstruction

Six rabbits underwent micro-angiography at 2 and 4 weeks after
operation. Under general and deep anesthesia, the thoracic cavity
was opened. The aorta was cannulated with an 18-gauge venula
needle and flushed with heparinized saline, then, the vena cava

was severed for an outlet. After limpidity of the fluid from vena
cava, contrast agent (Microfil MV-122 [yellow]; Flow Tech, USA)
was injected in the aorta according to the manufacturer’s proto-
col (Fig. 5B) [33]. The animals were then euthanasia and stored at
4°C overnight. In the second day, the implants were harvested,
fixed with 4% paraformaldehyde solution for 3days. Micro-CT
scanner (uCT; Inveon, Siemens, Germany) was used for the as-
sessment of blood vessels volume in specimens. The colorful
images of the implants were reconstructed with standardized
thresholds for further quantitative analysis of the blood vessel
volume/total volume (BV/TV) ratio by Inveon Acquisition
Workplace (IAW, Siemens, Germany).

Histological analysis

All implants without micro-angiography were fixed in 4% para-
formaldehyde solution for 3 days, dehydrated with successive al-
cohol concentrations (80-100%) and cleared with xylene, then
embedded in polymethylmethacrylate. The sections with thick-
ness of ~20 um were cut, and then stained with hematoxylin/eo-
sin (H&E) for angiogenesis observation using light microscope
(DM500, Leica, Germany). For histomorphometric analysis, five
sections of the central part from each sample were observed
and then measured quantitatively using ImageJ software. The
area percentage of blood vessels was calculated by the total
area of blood vessels against the area of section. For each blood
vessel, only the minor axis was regarded as the diameter of
blood vessel [20].

Statistical analysis

All data were presented as mean standard deviation.
Multigroup comparisons of the means were carried out by analy-
sis of variance tests with post hoc contrasts by Bonferroni test us-
ing SPSS 21.0 (IBM, USA). All results were considered to be
statistically significant when P < 0.05.

+

Results

Macroscopic observation of the bioceramic
scaffolds

The phase compositions of the calcined CSi-Mg8 powder and sin-
tered scaffolds have been measured by XRD analysis and both
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were the low-temperature B phase of wollastonite (B-CaSiO3),
free of any other secondary phase (not shown). In order to allow
good permeability favorable for cell migration and nutrition
transport, the theoretical porosity of bioceramic scaffolds was
58% and three types of pore size (~350, 500 and 650 pm) were
designed in the cube-pore scaffolds. The pore dimension of the
other two types of hexagon- and gyroid-pore scaffolds were cal-
culated by the pore volume of the unit cell of cube pore (Fig. 1A).
Therefore, the measured pore sizes of sintered cube-pore scaf-
folds (Table 1) were very matched with the designed pore sizes
(from 350 to 650 um) due to pre-enlargement (~33%) of the 3D
model dimensions before printing. However, the gyroid- and
hexagon-pore scaffolds showed slightly higher pore size (two par-
allel edges from the top-view) of porous scaffolds. It is worth
mentioning that, meanwhile, the measured porosity (~55.1-
56.5%) was similar to the theoretical value (~58%) in all of the
scaffold models. The pore size distribution of modeled porous
constructs showed slightly different among the three types of
scaffolds, which was mainly attributed to the different pore wall
features and interconnected pore dimensions (Fig. 1B and C). The
scaffolds appeared mechanically rigid to naked eyes. It was worth
noting that the linear shrinkage of the three types of scaffolds
with different pore geometries (cube, hexagon and gyroid) were
similar to each other (~23.4-24.8%; P<0.05), and there was
no other non-linear deformation during undergoing process
(Fig. 1D). In order to effective evaluate the effect of the pore
dimensions on vascularization efficacy of three types of biocer-
amic scaffolds, the 350-, 500- and 650-um pore networks were in-
tegrated into the same scaffold, and the macroscopic observation
also confirmed the feasibility of the DLP-based 3D printing tech-
nique (Fig. 1E and F).

Structural characterization of bioceramic
scaffolds

The bioceramic scaffolds were printed via a protocol developed in
our group as reported previously [16, 24]. After sintering at
1150°C, the pore morphology and microstructures of the scaf-
folds were observed under SEM. As shown in Fig. 2, the SEM
images from the top- and side-view of scaffolds demonstrated
that the pore geometries were fully consistent with the designed
pore models, with no noticeable defect or deformation of the unit
cell. The pore wall displayed similar microstructure and densifi-
cation, which was mainly attributed to their identical chemical
composition and sintering condition. The cubic pore has been
widely reported in document, and it represents the conventional
pore morphology in 3D printed bioceramic scaffolds [34, 35]. The
SEM observation confirmed that the strut size was precisely con-
trolled consistently in the DLP-based 3D printing bioceramic scaf-
folds, and the pore size was increased with the increase of length
of the side from 350 to 650 um in the 3D models. As expected, the

Table 1. Geometrical parameters of the porous scaffolds

hexagon pore maintained the six-side structures and the angle
between adjacent edge was ~120° after sintering, which is consis-
tent with the 2D model of the hexagon pore. Meanwhile, the
gyroid-pore structure showed curve surface with similar curva-
ture, regardless of the difference in pore dimensions. Totally, it
was confirmed the flexibilities of printing bioceramic scaffolds
with various internal pore architectures, and the pore dimensions
of scaffolds with precisely defined pore geometries could be read-
ily controlled after sintering.

Mechanical evaluation of bioceramic scaffolds

Figure 3A shows the compressive strength of bioceramic scaffolds
with different pore geometries and pore dimensions. It was evi-
dent that the scaffolds with low pore dimension exhibited higher
compressive resistance. The 350-um hexagon-pore scaffolds
showed highest compressive strength (~55MPa) and the gyroid-
pore scaffolds with similar pore dimension had lowest strength
(~30MPa). With the increase of pore dimension, the mechanical
strength was decreased among three types of scaffolds, which
was consistent with previous studies [19]. Especially, the biocer-
amic scaffolds from 350 to 500 um showed a more significant
decrease in strength decay (~33% vs 47%), and this may be re-
lated to higher base value. On the other hand, the elastic modu-
lus was increased with the increase of pore dimension (Fig. 3B).
The cube-pore scaffolds exhibited the higher values than the
other two types of scaffolds with similar pore dimension. This
can be elucidated that the pore struts along the Z axis are parallel
to the compressive force orientation in the cube-pore scaffolds so
that the fracture surface of pore struts may undergo a higher
compression resistance before deformation or structure collapse.

Figure 3C shows the representative stress-strain curves for
bioceramic samples under compression. It is obvious that the
stress-strain graphs followed a similar trend as typical brittle
ceramics, but the gyroid-pore scaffolds showed a slight difference
in elastic responses in comparison with the other types of scaf-
folds. As for the gyroid-pore scaffolds, the stress was increased
slowly (region I; ~5% in strain), and then there occurred yield a
minor terrace in the stress-strain curves (region II) for the sam-
ples, which corresponded to the yield strength at the end of the
elastic deformation. After that, the stress was linearly increased
during which the pore walls continued to densifying progres-
sively (region III), an effect known as densification process.
However, it can be seen from the stress—strain graphs of cube-
and hexagon-pore scaffolds that the stress was increased approx-
imately linearly with deformation in the initial two regions
(region i1 and i2; accompanying with ~3% and ~10% strain),
implying the elastic resistance of the porous scaffolds. However,
it is interesting that the intensity and sharpness of the peaks
decreased with an increase of pore dimension of scaffolds, and
the stress for the 350-um pore scaffolds continued to increase

Geometrical parameters Cube Gyroid Hexagon
350 um 500 pm 650 um 350 pm 500 um 650 pm 350 um 500 pm 650 um

Theoretical pore size (um) 350 500 650 410 560 720 380 540 700
The measured pore size® 3446+46 4782+76 6258+93 3764%63 551792 691.2+89 3684+51 5246+78 6821+9.7

(um)
Theoretical porosity (%) 58 58 58 58 58 58 58 58 58
The measured porosity (%) 559+0.6 56.3*+0.3 564*+04 563*04 557+x03 565+05 551+0.7 558*04 554=*03
Specific surface area (m ™) 12.11 8.80 6.96 13.60 9.64 7.53 11.18 8.16 6.47

" The measured pore size (two parallel edges in the top-view) was obtained by statistical analysis from SEM images.



Regenerative Biomaterials, 2021, Vol. 9, rbab077

5

A 330 pm B S00 pm c 650 pum
Top view Si Top view iew Top view

Side view

Cube

-}
=
]
2
-
]
-
=
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distribution of the three types of unit cell (cube, gyroid and hexagon) under compression load (*P < 0.01).
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significantly (region i3). It may be postulated that the broken pore
walls were compacted until they reached the peak of compres-
sive resistance at which point all of pore wall broke.

The finite element analysis was used to understand the stress
distribution of the three types of unit cell under stress condition
(Fig. 3F). The color of blue to red indicated the low to high stress
intensity. The unit cells of gyroid and hexagon showed the high-
est (446.65 Mpa) and the lowest (182.04 Mpa) stress maximum,
respectively. It was evident that hexagon-pore structure exhib-
ited a more homogeneous stress transport. However, the gyroid
structure possessed a strong stress concentration point, which
may easily lead to structural fracture.

Bio-dissolution behavior in vitro
The bio-dissolution test for bioceramic samples was carried out
in Tris buffer in vitro and the ion release behavior was evaluated
for a long time stage (28 days). Figure 4A-C shows that the con-
centrations of Ca, Si and Mg were increased quickly within the
early stage of 7days, and then a slow increase was maintained
up to 28days. However, a significant pore geometry-dependent
increase in the ion dosage was observed. It is indicated that the
gyroid- and hexagon-pore scaffolds showed respectively the fast-
est and slowest ion release in the whole immersion stage. A trend
toward an increasing Ca concentration in the gyroid-pore scaffold
group was noticed but the differences between groups with
different pore dimensions were not statistically significant
(P>0.05). Out of these, two types of metal ions (Ca’", Mg®") were
of interest to us: Ca’* present as the main cations in the Ca-
silicate compound and Mg®" present as the doped ions, which
partially substitute Ca (8% Ca®" was substituted by Mg>").
Accumulation of Mg ions in the buffer solution was due to bio-
dissolution of non-stoichiometric wollastonite ceramic into the
aqueous medium. We observed a stable value in the ratio of Ca/
Mg (~23:2) with an increase of immersion time indicating a con-
tinuous dissolution of the bioceramic scaffolds with an increase
of immersion time.

Simultaneously, the scaffolds were further assessed for mass
decay in Tris buffer for a long time stage (8 weeks). The degree of
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mass loss in the buffer solutions was quantified directly through
weighing the dried samples. Both pore geometry- and dimension-
dependent increase were observed in the whole time stage
(Fig. 4D). The hexagon-pore architecture could contribute on
higher structural stability, and the mass loss of this type of scaf-
folds was only ~7% after immersion in for 8 weeks. However, the
gyroid-pore scaffolds showed significantly fast mass decrease
(~4.7-6.3%) within 2 weeks, and only 88-90% mass was retained
after 8 weeks.

The ion release and mass loss of the porous constructs with
different pore geometries at each time point were possibly attrib-
uted to the significantly higher specific surface area (Table 1) of
the three types of unit cell. It was noted that, although the
gyroid-pore scaffolds had lower specific surface area with in-
creasing the pore dimension, the ion release and mass loss were
faster in the large pore scaffolds. This was probably attributed to
a fact that the larger is the pore dimension, the faster is the ion
exchange. That is, the large pore in bioceramic scaffolds may
be beneficial for enhancing the biodegradation rate in vitro.
Moreover, immersion of the scaffolds in Tris buffer for 8 weeks
did not alter their surface morphology and pore geometries as
can be seen to naked eye.

Primary evaluation for the dorsal muscle
embedding models

Since the pore geometry and surface feature of the scaffolds
with three different pore dimensions were significantly different
but the pore structural parameters had negligible difference
(Table 1), we decided to integrate the different pore dimensions
into a single scaffold for angiogenesis analysis of the dorsal mus-
cle embedding model in vivo. The animal model experiments
involving the implantation of bioceramic scaffolds beneath the
dorsal muscle in the back of rabbits (Fig. 5A) were carried under
the standard animal care condition. The porous implants were
fabricated by integrating 350-, 500- and 650-pm pore dimensions
into the same scaffold via DLP-based 3D printing. All of rabbits
were awake at 1 h postoperatively. Figure 5B displays the injec-
tion operation with contrast agent after 2 and 4 weeks of scaffold
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implantation. Figure 5C shows the representative outward ap-
pearance of bioceramic scaffolds specimens without and with in-
jection of contact agent, respectively. It was noted that no rabbits
showed obvious infection, and all of them were survived long
enough until the different time points (2 and 4 weeks) for mate-
rial harvest. In fact, the gross examination of the porous samples
at 2 and 4 weeks (Fig. 5C) showed that the new blood vessels were

Hexagon

Figure 5. (A) Implantation of the different pore dimension-integrated scaffolds in dorsal muscle. (B) Schematic illustration of micro-angiography in
rabbits after operation at 2 and 4 weeks. (C) Normal and micro-angiographic implants harvested from rabbits after implantation for 2 and 4 weeks.
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migrated into the pore networks and no inflammatory response
was observed in all of specimens.

pCT-based angiographic reconstruction analyses

The uCT-reconstructed observation was used to evaluate the
overall angiographic distribution and structural stability of bio-
ceramic scaffolds. It indicated from Fig. 6A and B that the porous
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Figure 6. Representative Micro-CT top and 3D view images of micro-angiographic implants at 2 weeks (A) and 4 weeks (B) post-implantation. Blue:
bioceramic scaffolds; red: blood vessels. Quantitative data of blood vessels BV/TV in the micro-angiographic implants at 2 weeks (C) and 4 weeks (D)
postoperatively based on Micro-CT reconstruction analysis (*P < 0.05, *P < 0.01).
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constructs of all of porous implants were retained well over time,
and especially the integrated different pore dimensions were
reconstructed after 4 weeks of implantation. The cube and hexa-
gon pores could be easily distinguished, and the gyroid-pore scaf-
fold showed three kinds of pore dimensions.

The 2D/3D pCT-reconstructed blood vessel networks (Fig. 6A
and B) also exhibited some degree of relationship between angio-
genesis and pore dimensions in a scaffold. It was very interesting
that the gyroid pore showed appreciable angiogenesis after 2 weeks
of implantation, though the 350- and 650-um pore areas had signif-
icantly low and high density of blood vessels, respectively.
However, the hexagon pores showed very limited new blood ves-
sels after 2 weeks, regardless of the pore dimensions from 350 to
650 um. As for the cube-pore scaffolds, the blood vessels could mi-
grate into the small pores within a very short time stage (2 weeks),
and neovessels were distributed homogeneously in the different
regions with significantly different pore size. After 4 weeks, the an-
glogenesis was significantly enhanced in all three types of scaf-
folds. However, the gyroid- and cube-pore scaffolds showed larger
blood vessels in the 500- and 650-um pore regions. Meanwhile, the
350-um pore region showed less blood vessels in the three types of
scaffolds. Moreover, it could be observed that all of scaffolds
retained their pore constructs throughout the whole experiment,
without any structural collapse or crack, suggesting the apprecia-
ble structural stability of the CSi-Mg8 scaffolds in such dorsal mus-
cle condition in vivo.

Additionally, the 3D uCT morphometric analysis was
employed to quantify the new blood vessels in different pore
regions. As has been verified by pCT reconstruction observation,
quantitative parameters involving the BV/TV represented the rel-
ative density of blood vessels in the porous constructs. As shown
in Fig. 6C and D, the gyroid-pore scaffolds exhibited significantly
higher BV/TV ratio (>1%) than the other two types of scaffolds af-
ter 2 weeks. Especially, the hexagon-pore scaffolds showed very
low BV/TV ratio (<0.52%) in all of three pore dimension regions.
With the prolongation of the implantation time up to 4 weeks,
the BV/TV values of bioceramic scaffolds were increased by over
50%. The cube- and gyroid-pore scaffolds showed appreciable
BV/TV ratio (>2.0%) in the 500- and 650-um pore regions, but the
hexagon-pore scaffolds showed BV/TV ratio of ~1.8-2.0% in the

2 weeks
500 pu

K osov

500- and 650-pum pore regions, which was nearly 3.5- to 4.0-fold
higher than the data after 2 weeks. These quantitative results
demonstrated that the curve pore geometry was more suitable
for mediating angiogenesis in a very short time stage, and the
strut-based pore geometries with lesser corners would be benefi-
cial for blood vessel ingrowth.

Histological analysis of vascularization

Angiogenesis in the porous architectures of bioceramic scaffolds
was characterized by H&E staining and was quantified by assess-
ing the new blood vessel density and average of blood vessels. It
can be observed from Fig. 7, the vascularization of porous scaf-
folds harvested at 2 and 4 weeks was revealed by H&E staining
and the density of newly formed blood vessels in the gyroid- and
cube-pore scaffold was higher than that in the hexagon-pore
scaffolds. From the representative optical image of the transverse
section of the scaffolds, it was obvious that the newly formed
blood vessels readily grew into the randomly selected micropores
of the scaffolds and even the red cells aggregated in the well-
formed vessel in the large micropores after 4 weeks. Additionally,
the bioceramic porous frameworks were observed clearly after
4weeks, and in particular, the pore morphologies were main-
tained and could be easily distinguished among the three types of
pore geometries.

According to the quantitative analysis as shown in Fig. 8, the
area percentage of blood vessels, blood vessel density and the av-
erage diameter of blood vessels in the porous scaffolds were in-
creased with time from 2 to 4weeks. In particular, these data
were increased totally with the pore dimension in a scaffold.
Evidently, the blood vessel density in the hexagon-pore scaffolds
was increased significantly from 2 to 4 weeks, while the average
diameter of blood vessels in all of scaffolds were maintained rela-
tively stably over time.

Discussion

It is known that vascularization is one of the most important
aspects for successfully regenerating the damaged bone tissue
and always constitutes a major hurdle in bone repair medicine
[4]. Bone tissues that have undergone significant damage or

4 weeks
500 um_

Figure 7. H&E staining images of sections of the bioceramic implants with integrated pore dimensions after implantation for 2 and 4 weeks,
respectively. ‘S’ indicates the scaffolds and blood vessels are indicated by blue arrowheads.
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Figure 8. The area percentage of blood vessels (A and D), blood vessels density (B and E) and the average diameter of blood vessels (C and F) formed in
the scaffolds with integrated pore dimensions at 2 and 4 weeks of post-implantation according to histomorphometric analysis (*P < 0.05, **P < 0.01).

trauma exhibit an incredibly hypoxic environment due to the de-
struction of the local vascular network. Therefore, large bone
defects that do not fully heal on their own are termed non-healing
bone defects and exhibit a hypoxic condition [36]. Baino et al. [37]
have also given a comprehensive overview of the current state-of-
the-art and provided a picture for prospective research orbital
implants and ocular prostheses. Polymeric and ceramic porous
implants have gained prominence since their highly intercon-
nected porous architecture allows them to act as a passive frame-
work for fibrovascular ingrowth offering reduced complication
rates. However, there are still drawbacks to these orbital implants
including the risk of migration and extrusion, postoperative infec-
tions and low motility transmitted to the esthetic ocular prosthe-
sis. Hence, the development of new biomaterials with enhanced
functionalities (e.g. angiogenesis, in situ mouldability), which en-
able an improved outcome of eye replacement is more than ever
desirable topics of research in the field of ocular implants [38].

In this study, the sintered CSi-Mg8 scaffolds with different
pore architectures display large average pore size (>350 pm), high
porosity (>55%) and appropriate compressive resistance
(>15MPa). In fact, the fabrication technique enables easy replica-
tion of the 3D model as making the printed scaffolds diversity of
pore geometries. The mechanical properties are often related to
the porosity and pore size, and appreciable strength is needed for
the structure stability of bioceramic scaffolds during tissue re-
construction. Although the CSi-Mg8 bioceramic scaffolds display
significantly different compressive strength due to the precise ad-
justment in the wall structure and size of unit cell, it is evident
that there is a critical factor which may influence the mechanical
properties of the macroporous bioceramics. In fact, the density of
pore walls in the cube-typed unit cell is significantly increased,
and these supporting pore walls would be inevitably helpful for
enhancing the construct collapse. Based on the macroscopic and
microscopic observations (Fig. 2), it demonstrates that the DLP-
based 3D printing technique can completely replicate the finely
pore geometry of 3D model with precisely tuned interior architec-
ture and pore interconnectivity. Pore geometrical characteristic

including porosity, pore size, pore interconnectivity and pore
shape (internal architecture) significantly impact their mechani-
cal properties and tissue regeneration capacity [23, 39]. In our
study, the bioceramic scaffolds with similar porosity (55.1-56.5%)
but different pore dimensions (350, 500 and 650 pm) show signifi-
cantly different compressive strength and elastic modulus
(Fig. 3). The unit cell of hexagon pore exhibited a more homoge-
neous stress distribution and lower stress maximum under com-
pression load. Because of this structure feature, the hexagon-
pore scaffolds showed higher mechanical resistance among three
types of bioceramic scaffolds. Meanwhile, the gyroid-pore scaf-
folds have slightly higher specific surface area than the cube-
and hexagon-pore scaffolds with similar pore dimensions. This
may contribute on the faster ion release from the gyroid-pore
scaffolds in the early stage.

In general, the early-stage nutrient transport is mainly carried
out by diffusion processes that can supply the cells with nutrients
only at a distance below 200 um from the nearest capillary in the
surrounding tissue, so that the cells in central area of pore con-
struct frequently either die rapidly due to oxygen deficiency and
lack of nutrient. Therefore, the architectural characteristics, such
as pore size and interconnection of the biomaterials play an impor-
tant role in revascularization of the scaffold. Bai et al. [20] reported
that the pore parameters affect not only the size of the blood ves-
sels growing into the porous structure but also the number of
blood vessels formed in the pores of the bioceramic. They have
found the increase in pore size only results in an increase in size of
the blood vessels growing into the macroporous bioceramics, and
with the increase in size of interconnection, both the size and
number of the blood vessels formed in the macroporous increase.
As for the closely packed microsphere-replica bioceramic scaffolds,
there was no marked increase in extent of vascularization with fur-
ther increase in pore size above 400 mm. Choi et al. [40] also devel-
oped the inverse opal scaffolds with uniform and precisely
controlled pore diameters for systematically studying neovascula-
rization in vivo. Their results reveal that scaffolds with small pores
(79 and 147 um) favor the formation of vascular networks with
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small vessels at high densities and poor penetration depth; by con-
trast, the scaffolds with large pores (~224 and 312 pm) favor the
formation of vascular networks with large blood vessels at low
densities and deep penetration depth within 4 weeks.

However, in our study, the experimental results indicate that
pore geometry is a more critical factor in influencing the early-
stage vascularization efficiency. We found that the pore geome-
try is more important for vascularization in the bioceramic scaf-
fold compared with the pore size. The pore size of hexagon-pore
scaffolds is only slightly less than that in the gyroid-pore scaf-
folds, but the angiogenesis is significantly slow in the early stage.
It is reasonable to consider that the surface pore size is of particu-
lar importance in affecting the cell migration and nutrient trans-
port. On the other hand, the nominal pore size in the unit cell
and the interconnected pore size (window size) are another two
important parameters in influencing tissue ingrowth. In compari-
son with the microsphere-templated scaffold systems, the DLP-
based scaffolds may readily fabricate porous constructs with ap-
preciable pore size and pore interconnection. The conventional
techniques used to prepare porous scaffolds include polymer
foam replication [41], sacrificial templating [42] and phase sepa-
ration method [43]. More recently, some direct or indirect 3D
printing technologies [10, 44] offer more control over the porous
architectures of scaffolds, providing a versatile tool for determin-
ing the effects of pore shape/architecture. However, the complex
pore strut or curved pore surface is difficultly fabricated by the
common directing ceramic ink writing [45]. In contrast, the DLP-
based 3D printing is powerful in determining the effects of inter-
nal architectures and may manufacture a variety of complex
pore architectures, which is independent on the limitation of
shape of the nozzle in extrusion-based techniques. Thus, the
pore size and pore interconnection could precisely tailored in the
CSi-Mg8 bioceramic scaffolds with different pore geometries.
Meanwhile, our studies could isolate the architectural parame-
ters in 3D space, which is significantly helpful for understanding
of the effects of pore geometry and pore size on the vasculariza-
tion efficiency in vivo.

The 3D model analysis and SEM observation have confirmed
the pore interconnection of the three types of bioceramic scaffolds
is high enough for comparing the vascular cell migration and nu-
trient transport in the early stage. On the other hand, our studies
may design the bioceramic scaffolds with different internal pore
architectures while maintaining the similar porosity, pore size and
surface area. Such design strategy is able to isolate the effects of
pore geometry or pore size from other effects and achieve the pre-
cise determination of the effects of pore morphology in 3D scaf-
folds. Interestingly, the non-conventional gyroid-pore scaffold with
curved pore surface showed appreciable angiogenesis within
2 weeks, suggesting the newly formed blood vessels have initiated
quickly after implantation of the scaffolds. As unexpected, once
the pore geometry is unfavorable for angiogenesis, much slower
vascularization could be occurred in the larger pores in the
hexagone-pore scaffolds. Accordingly, the rationale behind choos-
ing porous biomaterial design is beyond a simple adjustment of
pore architectures (pore size and interconnection), and the curva-
ture (pore wall features) could simultaneously tailor the structural
stability and bioactive ion release, and thus adjust vascularization
or tissue reconstruction capability in the early stage.

Conclusion

In summary, this study has designed porous bioceramic scaffolds
with precisely tailored pore geometries and pore dimensions for

in situ angiogenesis in the early stage in vivo. It has confirmed
that although the gyroid-pore geometry exhibited limited com-
pressive resistance, such pore architecture is beneficial for ion re-
lease and appreciable angiogenesis in the animal model in the
early stage. However, the conventional cube or hexagon-pore
architectures were only beneficial for enhancing mechanical
strength but not early-stage vascularization. This study, for the
first time, provide evidence that precisely tuned pore geometries
in bioceramic scaffolds exhibit extremely different and intriguing
angiogenesis responses in the early stage. These new findings
suggest that the pore size and pore wall curvature design could
not only mimic the trabecular architecture of biological minerals,
but also need to optimize pore geometry beneficial for vasculari-
zation capability in the early stage. Based these concerns, the
next work may be concentrated on the orbital reconstruction or
bone regeneration efficacy of bioceramic scaffolds with curve-
and strut-based pore topologies for translational medicine stud-
les in the future.
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