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A B S T R A C T

Background: Neovascularization is critical for bone regeneration. Numerous studies have explored prevasculari-
zation preimplant strategies, ranging from calcium phosphate cement (CPC) scaffolds to co-culturing CPCs with
stem cells. The aim of the present study was to evaluate an alternative in vivo prevascularization approach, using
preimplant-prepared macroporous beta-tricalcium phosphate (β-TCP) scaffolds and subsequent transplantation in
bone defect model.
Methods: The morphology of β-TCPs was characterized by scanning electron microscopy. After 3 weeks of pre-
vascularization within a muscle pouch at the lateral size of rat tibia, we transplanted prevascularized macroporous
β-TCPs in segmental tibia defects, using blank β-TCPs as a control. Extent of neovascularization was determined by
angiography and immunohistochemical (IHC) evaluations. Tibia samples were collected at different time points
for biomechanical, radiological, and histological analyses. RT-PCR and western blotting were used to evaluate
angio- and osteo-specific markers.
Results: With macroporous β-TCPs, we documented more vascular and supporting tissue invasion in the macro-
porous β-TCPs with prior in vivo prevascularization. Radiography, biomechanical, IHC, and histological analyses
revealed considerably more vascularity and bone consolidation in β-TCP scaffolds that had undergone the pre-
vascularization step compared to the blank β-TCP scaffolds. Moreover, the prevascularization treatment
remarkably upregulated mRNA and protein expression of BMP2 and vascular endothelial growth factor (VEGF)
during bone regeneration.
Conclusion: This novel in vivo prevascularization strategy successfully accelerated vascular formation to bone
regeneration. Our findings indicate that prevascularized tissue-engineered bone grafts have promising potential in
clinical applications.
The translational potential of this article: This study indicates a novel in vivo prevascularization strategy for growing
vasculature on β-TCP scaffolds to be used for repair of large segmental bone defects, might serve as a promising
tissue-engineered bone grafts in the future.
1. Introduction

Repairing large bone defects remains a significant challenge in clin-
ical practice. Autologous bone grafts are currently the gold standard for
repair of bone defects [1,2]. However, autografting is restricted by
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several problems, including geometric mismatching, donor-site
morbidity, and infections [3], thus limiting its utility in patients with
large bone defects. These limitations have led to the emergence of
bone-tissue engineering. With this technique, scaffolds are employed
alone or in combination with growth factors and or stem cells to repair
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bone defects and restore function [4,5]. Although tissue engineering has
achieved a certain degree of success in the past decade, complete repair
of bone defects and restoration of function are yet to be achieved. One
leading obstacle for most tissue-engineered scaffolds is the lack of suffi-
cient vascularization within the scaffold [6]. As slow ingrowth of the
host's vasculature into the center of bone grafts hinders further bone
consolidation [7], some have concluded that neovascularization is vital
to bone regeneration [8]. New strategies are needed to overcome this
roadblock and effectively achieve vascularized tissue-engineered bone
grafts.

One strategy that has gained much attention is using grafts that have
been prevascularized in vitro or in vivo. Implantation of prefabricated
vascular networks greatly expedites host vessel perfusion and facilitates
tissue repair [9]. In vivo prevascularization approaches have several ad-
vantages over in vitro approaches, which are complex and labor intensive.
Currently, various in vivo approaches are in use, including periosteal flap
coverage, arteriovenous loop grafts, and vascular bundle insertion
around or through grafts [10,11]. Basically, in vivo prevascularization
strategies have been successfully employed in the repair of nerve tissue
and large mandibular defects [12,13]. However, there are few studies
that have investigated their use for repairing load-bearing extremities,
and even fewer that have successfully developed and assessed degradable
scaffolds capable of undergoing robust prevascularization and promoting
subsequent angiogenesis and osteogenesis when applied to large bone
defects. Thus, there is still room for the development and optimization of
prevascularized bioreactors and appropriate scaffolds.

Since bone is mainly composed of apatitic calcium phosphate min-
eral, ceramic-based bone graft substitutes, such as beta-tricalcium
phosphate (β-TCP), have been most extensively used [14]. Several
studies demonstrated that β-TCP has desirable osteotransductive,
osteoinductive, and biocompatible properties [15,16]. As such, β-TCP
has been widely used for repairing large bone defects in recent decades
[14]. In order to improve their repair performance, numerous β-TCP
composite materials have been developed, with the aim of endowing
β-TCP with more biological and durable yet biodegradable properties
[17–19]. Nonetheless, little evidence exists on whether the osteogenic
ability of β-TCP can be enhβ-TCP scaffoldanced by prevascularization
treatment.

We recently conducted a series of studies to evaluate the importance
of angiogenesis in enhancing osteogenesis [20–22]. Along these lines, the
current study aimed to evaluate an alternative in vivo prevascularization
strategy in which selected macroporous β-TCP scaffolds were used to
accelerate bone regeneration in large segmental defects. Our objectives
were threefold: (1) to develop modified macroporous β-TCP scaffolds, (2)
to assess the utility of muscle pouches adjacent to a tibia defect as in vivo
bioreactors for the prevascularization of the β-TCP scaffolds, and (3) to
test the ability of the vascularized scaffolds to integrate with the host's
existing vessels in a rat tibia bone defect model.

2. Materials and methods

2.1. Fabrication and characterization of β-TCP scaffolds

Macroporous β-TCP scaffolds were fabricated by a modified template-
casting method [23,24]. Commercially available β-TCP powder was
mixed with carboxymethyl cellulose (25 wt%), surfactant, and dispersant
in distilled water to prepare a β-TCP ceramic slurry, which was casted
and shaped into a preformed template composed of paraffin beads in the
reaction polyethylene wells of a 96-well culture plate (Corning, Tewks-
bury, MA, USA). Before the β-TCP ceramic slurry was cast, the paraffin
mold was heated in a water bath at 50 �C for 3 min, and then dried in an
oven at 40 �C for 2 h to ensure that the paraffin beads at the contact
points were fully melted. When the interconnective paraffin mold was
completely filled with β-TCP ceramic slurry, it was solidified by dehy-
dration in ascending concentrations of ethyl alcohols. The solidified
β-TCP scaffold was removed from the mold and sintered in an electric
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furnace at 1200 �C for 3 h. Sintering converted the scaffold's structure
into a macroporous structure. We have checked phase transition of β-TCP
scaffolds after sintering to ensure that α-TCP not generated.

The morphology and microstructure of porous β-TCP scaffolds were
analyzed by scanning electron microscopy (SEM, JSM-5600; JEOL Ltd.,
Tokyo, Japan) at an accelerator voltage of 20 kV. Samples were prepared
by coating the scaffold with a 5-nm-thick Pt–Au film prior to microscopy.
The scaffolds in this study measured approximately 4 mm in diameter
and 5 mm in length.

2.2. In vivo prevascularization and animal surgery

All procedures were approved by the Animal Research Committee of
Prince of Wales Hospital of the Chinese University of Hong Kong (No. 14-
052-MIS). All procedures were approved by the Animal Research Com-
mittee of our hospital (No. 14-052-MIS). The animal experiments were
performed in accordance with relevant guidelines and regulations [25].
A total of 72 male Sprague–Dawley rats (300–350 g) were randomly
assigned to a prevascularized macroporous β-TCPs group (vasculariza-
tion group, n ¼ 36, equally divided into 9 rats at each termination) and a
non-prevascularized macroporous β-TCPs group (blank group, n ¼ 36,
equally divided into 9 rats at each termination). For the in vivo pre-
vascularization procedure, we chose the muscle adjacent to the lateral
thigh as the bioreactor site for prevascularization of the scaffolds. Mac-
roporous β-TCP scaffolds were carefully embedded within a muscle
pouch created within the vastus lateralis muscle and it remained there for
3 weeks, which was enough time for a microvascular network to form
and penetrate the pores of the construct. Three weeks after implantation,
the prevascularized macroporous β-TCP scaffolds were harvested and
then implanted in the tibia defect. β-TCP scaffolds not implanted into the
bioreactor muscle served as blank controls.

2.3. Segmental tibia defect model

The segmental tibia bone defect model was established according to
the protocol we described previously [21]. Briefly, a total of 72 rats were
anesthetized with pentobarbital, the right tibia was exposed, and a
mid-diaphysis transverse osteotomy was performed at the midshaft level
to create a 5-mm-wide defect producing two bone segments. Next, a
unilateral external fixator (Xinzhong Medical Devices Co., Ltd., Tianjin,
China) wasmounted onto the bone segments with four stainless steel pins
in order to fix the proximal and distal tibia segments in place. Pre-
vascularized (n ¼ 36) or blank (n ¼ 36, non prevascularized, set as the
control group). β-TCPs scaffolds were then implanted into the tibia defect
(i.e., between the two bone segments). The rats were sacrificed 2, 4, 6, or
8 weeks after implantation surgery. The timeline of events is shown in
Fig. 1B. The sample sizes were selected to enable evaluation of statistical
significance of difference between groups. Randomisation was used to
allocate experimental units. The rats were selected in random order from
one of the 24 cages in order to minimize potential confounders such as
cage location. Rats were excluded due to death during the procedure or
failing to meet the exclusion/inclusion criteria. Researchers performing
animal experiments were not blinded.

2.4. Digital radiography

Animals underwent anterior-posterior X-rays 2, 4, 6, and 8 weeks (n
¼ 9 at each time point) after implantation surgery using a digital X-ray
machine (MX-20, Faxitron X-Ray Corp., Wheeling, IL, USA) at an expo-
sure time of 6000 ms and a voltage of 32 kV. The rats were anesthetized
under general anesthesia during the X-rays.

2.5. Micro-computed tomography

The rats (n¼ 3 per group at each time termination) underwent micro-
computed tomography (micro-CT) in order to detect structural changes



Figure 1. Prevascularized macroporous beta-tricalcium phosphate (β-TCP) scaffolds were used to treat a segmental tibia defect in rat (A) Scanning electron micro-
graphs showing the structure of β-TCP scaffolds before (blank) and after in vivo prevascularization (B) Overall schematic diagram illustrating the study design. After
implantation into the tibia defect, the prevascularized scaffolds were assessed at the indicated weeks. (C) Photographs showing the positions of blank and vascularized
macroporous β-TCP scaffolds implanted into a segmental tibia defect. Far right panel shows an X-ray radiograph of the position of the vascularized macroporous β-TCP
scaffold in the bone defect.
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in the newly formed callus and mineralized bone. Eight weeks after
scaffold implantation, the rats were sacrificed with an overdose of
pentobarbital anesthesia and their tibias were harvested. Samples were
assessed with high-solution micro-CT (SkyScan-1176; Bruker Corpora-
tion, Billerica, MA, USA) using different thresholds. The machine was set
to a voltage of 70 kV and a current of 114 μA. Three-dimensional (3D)
reconstructions of mineralized callus were generated by Gaussian
filtering (sigma ¼ 0.8 and support ¼ 2) at the global threshold (165 mg
hydroxyapatite/cm3). Regenerated bone site was selected as the region of
interest (ROI), low- and high-density mineralized tissues were recon-
structed using different thresholds (low attenuation ¼ 158, high atten-
uation ¼ 211) using our established evaluation protocol [26]. Higher
density tissues represented the newly formed highly mineralized calluses
while the low-density tissues represented the newly formed calluses.
Bone volume/total tissue volume (BV/TV), connected density (Con-
n-Dens), Tb. Sp (trabecular separation), Tb.N (trabecular number), Tb.Th
(trabecular thickness), and bone mineral density (BMD) were analyzed
using CTAN software (Skyscan, Bruker Corporation, Billerica, MA, USA)
and CTvol software packages (Skyscan, Bruker Corporation, Billerica,
MA, USA).

To assess and compare neovascularization during bone regeneration,
we performed angiography on anesthetized rats 2, 4, 6, and 8 weeks after
implantation surgery. Briefly, the rats were intracardially perfused
through the left ventricle with 4% paraformaldehyde (PFA) followed by
Microfil MV122 injection compound (Flow Tech, Inc., Carver, MA, USA),
a silicone rubber compound commonly used to fill vasculature post-
mortem. Then the callus within the defect was subjected to high-
resolution micro-CT with an isometric scanning layers thickness of 9
μm. The vascular network was reconstructed in 3D using CTAN software.

2.6. Biomechanical test

Eight weeks after scaffold implantation, the mechanical strength of
the repaired tibia specimens was assessed. We tested for tibia failure
along the anterior-posterior plane using a four-point bending device
(H25KS; Hounsfield Test Equipment, Surrey, UK) with a 250-N load cell
applied to the tibia. The inner and outer span of the blades were set to 8
and 18 mm, respectively. The long axis of the tibia was oriented
perpendicular to the blades during testing. A load was continuously
applied to the defect zone at a displacement rate of 5 mm/min. The
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modulus of elasticity (E-modulus), ultimate load, energy to failure, and
maximum stress were recorded with QMAT Professional software (Tinius
Olsen, Horsham, PA, USA). Contralateral tibias were similarly tested and
served as internal controls.

2.7. Histological and immunohistochemical analyses

Regenerated tibia samples (n¼ 3 per group at each time termination)
were harvested 2, 4, 6, and 8 weeks after scaffold implantation and
submersion fixed in 4% PFA for 3 days. The samples were then dehy-
drated in graded concentrations of alcohols, and then decalcified with
10% EDTA for 6 weeks. The samples were then embedded in paraffin and
sectioned into 5-μm-thick sections along the long axis in the midsagittal
plane. For histological analyses, sections were stained with hematoxylin-
eosin (HE) and Masson's trichrome stains. For immunohistochemical
(IHC) staining, the sections were incubated in primary antibodies against
CD31, CD34, VEGF-A, or osteocalcin (OCN) (1:200; Abcam, Cambridge,
UK) overnight at 4 �C, followed by species-appropriate HRP-conjugated
secondary antibodies (1:1000, Jackson Research). Immunoreactivity was
visualized with 3,30-diaminobenzidine (DAB). Integrated optical density
(IOD) was measured in five randomly selected visual fields per section
using ImageJ software (National Institutes of Health, Bethesda, MD,
USA).

2.8. Real-time quantitative RT-PCR analyses

Osteogenesis and angiogenesis in bone defects receiving scaffold
implants were assessed by measuring the expression levels of two growth
factors (bone morphogenetic protein 2 [BMP2] and vascular endothelial
growth factor A [VEGF-A]) 2, 4, 6, and 8 weeks (n ¼ 3 per group at each
time termination) after scaffold implantation. Total RNA was extracted
from the collected specimens using TRIzol® (Life Technologies, Carlsbad,
CA, USA) and after homogenization with liquid nitrogen. Isolated RNA
was reverse-transcribed with PrimeScript RT Reagent Kit (Takara,
Kusatsu, Shiga, Japan). The housekeeping gene GAPDH served as the
internal control for normalization. The control group represents the
normal bone. The primer sequences were as follows: BMP2 forward: 5-
AAGCCAAACACAAACAGCGG-3, reverse: 5-TTCTCCGTGGCAG-
TAAAAGGC -3; VEGF-A forward: 5-ACCTCATGCTGATACCGGGTCC-3,
reverse: 5-CCGGGGCGTGGAG-TACCTGT-3.
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2.9. Western blot analyses

At 2, 4, 6, and 8 weeks (n ¼ 3 per group at each time termination)
after scaffold implantation, bone tissue specimens were homogenized in
RIPA (Bio-Rad, Hercules, CA, USA) supplemented with protease inhibi-
tor. After incubation at 4 �C for 30 min, the specimens underwent
centrifugation at 14,000 rpm for 15 min. Protein concentration was
measured with a BCA protein assay kit (Thermo, Rockford, MD, USA).
Protein samples were subjected to 10% (w/v) SDS-PAGE, and separated
Figure 2. Vascular formation was accelerated in rats with prevascularized macropor
quantitative analysis of CD31-, CD34-, and VEGF-A-immunostained sections from rat
consolidation for 8 weeks. Scale bars, 200 μm n ¼ 3 in each group. *p < 0.05; **p < 0
within regenerating bone in rats with a tibia bone defect at 2, 4, 6, and 8 weeks after
Two-way ANOVA with the Bonferroni post hoc test was used to determine significa
larization group vs the blank group in each week; #p < 0.05 and ###p < 0.001 fo
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proteins were transferred onto polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA). After blocking with 7% skim milk, the
membranes were incubated overnight at 4 �C with primary antibodies
against BMP2 and VEGFA (1:2000; Abcam, Cambridge, UK), and then
incubated with secondary antibody (Cell Signaling Technology®, Bev-
erly, MA, USA) at room temperature for 1 h. The bands were captured
using an imaging system (ImageQuant™ LAS 4000 mini, GE Healthcare
Life Sciences, Chicago, USA), and then semi-quantified using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).
ous β-TCP scaffolds in thesegmental tibial bone defect (A–C) Representative and
s implanted with a blank or prevascularized b-TCP scaffold. The rats underwent
.01; and ***p < 0.001 (D) Representative micro-CT images of the vessel network
implantation with a blank or prevascularized b-TCP scaffold. Scale bars, 1 mm.

nt differences among groups. n ¼ 3 in each group. ***p < 0.001 for the vascu-
r 4, 6, and 8 weeks vs 2 week in each group.
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2.10. Statistical analyses

Quantitative results were presented as means � standard deviations
and analyzed with SPSS 22.0 software (IBM Corp. Released 2013,
Armonk, NY: IBM Corp.). Two-tailed Student's t test was used to evaluate
statistical differences, and a p value of <0.05 was considered statistically
significant.

3. Results

3.1. Morphology of in vivo prevascularized macroporous β-TCP scaffolds

Prior to assessing the angiogenic and osteogenic potential of β-TCP
scaffolds, we first evaluated the structure of blank/non-vascularized and
prevascularized scaffolds at the macroscopic and SEM levels (Fig. 1A, C).
As shown in Fig. 1A, the scaffold's macropores were highly inter-
connected; this network of interconnected macropores facilitated
nutrient permeability and vessel ingrowth. Despite being implanted for 3
weeks within a muscle pouch and undergoing prevascularization, the
β-TCP scaffold's structure remained intact and retained its porous
Figure 3. Prevascularized macroporous β-TCP scaffolds accelerated bone consolida
properties (E-modulus, ultimate load, energy to failure, and max stress) of the site
vascularized scaffold. The values were normalized to the corresponding contralateral
of the bone defect after 0, 2, 4, 6, and 8 weeks of consolidation. Bright white angular
bar, 5 mm (C) Three-dimensional reconstructions of micro-CT images after 8 weeks
rameters of bone tissue mineralization at the indicated indices measured at three diff
attenuation between 158 and 211 represents the newly formed calluses. n ¼ 3 in each
Sp, trabecular separation; Tb.N, trabecular number; Tb.Th, trabecular thickness; BMD
*p < 0.05; **p < 0.01.

147
structure (Fig. 1A). During in vivo prevascularization, the scaffold's
macropores achieved a desirable level of vascularization and were suf-
ficiently infiltrated by supporting fibrous components.

3.2. In vivo prevascularization of scaffolds promoted angiogenesis

To determine to what extent prevascularization of scaffolds affects
vessel formation in and around segmental tibia bone defects, we
implanted blank or prevascularized scaffolds between the two bone
segments and assessed vessel formation 2, 4, 6, and 8 weeks later via IHC.
Abundant vessel formation was observed in the vascularization group at
each of the indicated time points. Immunostaining for endothelial cell
markers (CD31, CD34, VEGFA) showed that CD31 and CD34 staining was
denser and more widely distributed in tissue sections from the vascu-
larization group than those from the blank group (Fig. 2A–C). Similarly,
immunostaining for VEGF-A, a master regulator of angiogenesis [27],
appeared to be more robust in the vascularization group than in the blank
group. This is consistent with our observation that in the prevascularized
group, prevascularized bone scaffolds increased the amount and density
of capillaries surrounding regenerated bone.
tion during osteogenesis in rats with a segmental tibial defect (A) Mechanical
in and around the tibial defect 8 weeks after implantation of a blank or pre-
normal tibias. n ¼ 3 in each group (B) Representative X-ray images (lateral view)
area represents the metal unilateral external fixator. n ¼ 9 in each group. Scale
of consolidation (left panels) and histograms showing different mechanical pa-
erent thresholds. Attenuation above 158 represents total mineralized tissue, and
group. BV/TV, bone volume/tissue volume; Conn-Dens, connectivity density; Tb.
, bone mineral density. Significant differences were evaluated by Student's t tests;
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As perfusion determines the final outcome of bone grafts [28], next
we determined whether the newly formed vessels supported adequate
blood perfusion within the regenerated bone by perfusing the rats with
Microfil, a silicone rubber contrast agent frequently used in vascular
research [29], and then imaging the vasculature via micro-CT. Three--
dimensional reconstructions of the imaged vessels showed that func-
tional vascular networks formed more quickly in the vascularization
group (Fig. 2D). During early stages of angiogenesis, we observed large
vessels branching into smaller ones, which ultimately developed into a
complex and well-defined network of vessels. This process was not
apparent in the blank group (Fig. 2D).

3.3. Prevascularized β-TCP scaffolds accelerated bone consolidation

We assessed the effects of implantation of prevascularized β-TCP
scaffolds compared to blank scaffolds on bone consolidation by
measuring the mechanical properties of respective tibia specimens over
time. The vascularization group showed significantly better values on E-
modulus, ultimate load, energy to failure, andmax stress parameters than
did the blank group (Fig. 3A). Longitudinal X-ray views of the of the
defect site 2, 4, 6, and 8 weeks after implantation revealed that, at each
time point, bone consolidation was more robust in the vascularization
group, showing a greater volume of newly mineralized cortex, than that
in the blank group (Fig. 3B). At the final time point, more calluses were
observed in the vascularization group than in the blank group (Fig. 3B).
This is clearly shown in 3D reconstructions of regenerated bone 8 weeks
after implantation surgery (Fig. 3C). In the vascularization group, BV/TV
and Tb.Th values were considerably greater at the 158–1000 and
211–1000 thresholds than those in the blank group. BMD values were
also higher in the vascularization group than in the blank group, indi-
cating that the prevascularized β-TCP scaffolds had accelerated bone
consolidation.

3.4. In vivo prevascularized scaffolds enhanced vascularization of
regenerated bone

To determine to what extent prevascularization of a scaffold enhances
vascularization of regenerated bone, we analyzed vascular networks in
tissue sections from the regenerated bone 2, 4, 6, and 8 weeks after im-
plantation of blank or prevascularized β-TCP scaffolds at a segmental
tibia defect. During the consolidation phase, the center of the defect site
became inundated with a zone of fibers rich in chondrocyte-like cells as
the callus was being stretched (Fig. 4A and B). At 4 and 6 weeks after
Figure 4. In vivo prevascularized macroporous β-TCP scaffold enhanced bone regene
sections through the segmental tibia defect of rats implanted with either a blank or pr
or Masson's trichrome stain (B) 2, 4, 6, and 8 weeks after implantation. New generate
HE staining. n ¼ 3 in each group. Higher magnification photographs of boxed areas
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scaffold implantation in the vascularization group, HE and Masson's tri-
chrome staining revealed newly formed trabecular bone and columns of
cartilaginous tissues. At 8 weeks, the vascularization group exhibited
faster bone marrow recanalization than the blank group. Similarly, OCN
staining was much denser and more extensively distributed in sections
from the vascularization group, indicating higher OCN expression and
more active osteogenesis (Fig. 5A and B). To further investigate angio-
genesis and osteogenesis activity, we measured the expression of BMP2
and VEGF-A by quantitative RT-PCR and western blotting. BMP2 and
VEGF-A mRNA levels in the vascularization group were significantly
higher than those in the blank group 2, 4, and 6 weeks after implantation,
with the peak expression occurring 2 weeks after implantation (Fig. 5C).
These findings were corroborated by western blotting, which showed
that BMP2 and VEGF-A protein expression was higher after in vivo pre-
vascularization treatment and implantation (Fig. 5D–F). Collectively,
these results provide supporting evidence that the in vivo prevasculari-
zation strategy contributed to the enhancement of vascularized bone
regeneration.

4. Discussion

In the present study, we used a relatively efficient, clinical pre-
vascularization method combined with classic macroporous β-TCP scaf-
folds to enhance bone regeneration in a segmental tibia defect model in
rat. In this method, the scaffold is inserted into a muscle pouch adjacent
to the defect, where it remains for 3 weeks to allow for vascularization.
Once vascularized, the scaffold is transferred to the defect site. We found
that this in vivo prevascularization strategy enhanced the angiogenic
properties of macroporous β-TCP scaffolds, thus promoting bone regen-
eration. The rationale for prevascularizing the scaffolds in muscle
derived from the premise that muscle tissue has a rich blood supply and
thus is ideal for prevascularization of scaffolds [30]. During in vivo pre-
vascularization, vessels in the muscle pouch surrounding the scaffold
penetrated the pores of the scaffolds, making this strategy particularly
useful for bone repair applications. Also, this strategy was practical and
feasible for use in long-bone defects. In vivo prevascularization is a more
clinically translatable method, as it uses the body's environment to pro-
mote host vascular network ingrowth inside the scaffold. We found that,
when used for our in vivo prevascularization, interconnected vascular
networks formed in a more spatiotemporally controlled manner.

Our present IHC and angiography results revealed that over time, the
density and distribution of vessels were greater in rats that had received
the prevascularized scaffold (prevascularized group) than those that
ration within the tibial defect site (A, B) Regenerated bone tissue in histological
evascularized scaffold. The sections were stained with hematoxylin and eosin (A)
d bone is marked with arrows in black and host bone tissue with white arrows in
are shown in the subjacent panels. Scale bars, 400 μm.



Figure 5. In vivo prevascularized scaffold enhanced vascularization of regenerated bone within a segmental tibial defect in rats (A) Tissue sections through the
segmental tibia defect immunostained for osteocalcin (OCN), a hormone secreted by osteoblasts. These sections were taken from rats 8 weeks after implantation with
either a blank or prevascularized scaffold. Higher magnification photograph of boxed areas are shown to the right. Scale bars, 1000 μm n ¼ 3 in each group (B)
Integrated optical density (IOD) of OCN-positive staining in tissue sections from rats 8 weeks after implantation of scaffold (C) BMP2 and VEGFA mRNA expression
levels in regenerated bone tissue 2, 4, 6, and 8 weeks after implantation of scaffold. Expression was quantified by RT-PCR. The housekeeping gene GAPDH served as an
internal control. n ¼ 3 in each group. (D) Western blots of lysates derived from regenerated bone tissue at the indicated times after implantation. n ¼ 3 in each group.
(E, F) Quantification of BMP2 and VEGFA protein expression levels in regenerated bone tissue at the indicated times after implantation of scaffold. Expression was
evaluated by western blotting. The housekeeping gene GAPDH served as an internal control. Significant differences were evaluated by Student's t tests; *p < 0.05; **p
< 0.01; ***p < 0.001, compared with the blank group. #p < 0.05, compared with the control.
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received a non-vascularized scaffold (blank group). This demonstrated
that the vessels in the prevascularized scaffold had connected success-
fully to the host's capillaries, providing the regenerated bone with a
functional blood supply, which is consistent with the findings of a
149
previous study [31]. The enhanced angiogenesis we observed was
corroborated by RT-PCR and western blot analyses showing that the
expression of the angiogenesis marker VEGFA significantly increased in
the first 2 weeks after implantation of the prevascularized scaffold. This
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also demonstrated that prevascularizing the scaffolds significantly
improved their angiogenic ability, as VEGFA expression in samples from
control animals was very low (cf. Fig. 5). VEGF has been proven to
promote the angiogenesis of endothelial cells during endochondral bone
osteogenesis [32].

In the present study, we also observed that the prevascularized scaf-
folds enhanced osteogenesis. Mechanical, X-ray, and micro-CT analyses
of newly regenerated bone showed that bone tissue mineralization was
significantly greater in rats in the prevascularization group than in the
blank group. A previous study, however, found that β-TCPs performed
poorly when used to repair a segmental bone defect in rabbit humerus
[33]. One possible explanation for these disparate results may be that the
scaffold they implanted into the defect was insufficiently vascularized. In
the present study, the intramuscular prevascularization strategy pro-
duced a robustly vascularized β-TCP scaffold capable of promoting
angiogenesis and subsequent osteogenesis at the defect site. This was
verified by IHC for OCN, a hormone secreted by osteoblasts, and RT-PCR
and western blot analyses for BMP2, an osteogenic marker.

Repairing large segmental bone defects remains to be a significant
challenge in clinical practice. One dominant factor contributing to this
challenge is achieving adequate vascularization within the defect site.
Adequate vascularization is prerequisite to achieving satisfactory bone
regeneration and favorable outcome, as angiogenesis and osteogenesis
are significantly and positively correlated [7,34]. The development of
tissue engineering, biotechnology, and microsurgery techniques has
made it possible to achieve adequate vascularization in large bone de-
fects. Prevascularization methods have become important for construct-
ing vasculature to facilitate tissue repair and regeneration. Several
researchers have analyzed the quality and quantity of vascular bundles
that invade the grooves of various scaffolds, with or without growth
factors and stem cells [35,36]. When implanted into the bone defect, the
vasculature within these scaffolds behaved similarly to those within
vascularized autologous bone grafts, in which the vessels of harvested
bone grafts were anastomosed with the local vasculature at the defect
site. Although this vascular bundle technique is efficient, and with
continued improvement, it is too costly and too technically demanding
for clinical translation. In addition, bundle stability after transplantation
cannot be ensured. Those studies, however, laid the groundwork for our
in vivo prevascularization strategy.

In the present study, our aim was to develop a cost-effective, rela-
tively simple strategy to vascularize a scaffold in vivo. The rationale
behind our strategy was similar to the in vitro seeding of endothelial cells
onto the surface of scaffolds, where microvascular-like structures are
subsequently formed and transferred to a defect site [37,38]. These in
vitro procedures, however, are more complicated and time-consuming
than our method, and the microvascular-like structures formed are less
robust, failing to fully arborize and extend into the pores of the scaffolds.
Our strategy addressed these limitations by using the recipient's own
muscle as an in vivo bioreactor, where the scaffold can be implanted
temporarily and undergo prevascularization before being transferred to
the defect site. In our strategy, the resulting vasculature is robust, infil-
trating the pores of the scaffold, and most of the vessel architecture is
preserved upon transfer to the defect. These features favor in vivo pre-
vascularization for possible use in future clinical applications.

Although angiogenesis and osteogenesis appeared to be coupled, the
mechanism of this intercellular crosstalk and the role of tissue engi-
neering remained undetermined. During bone regeneration process, be-
sides osteoblasts and osteoclasts, endothelial cells and mesenchymal
stem cells (MSCs) also participated in bone formation and remodeling
[39]. Accumulating evidence indicated that several signaling pathways
are potentially activated, including Notch signaling, VEGFR2-related
signaling, and AKT signaling [39,40]. It is reported that sustained
release of nanoparticles such as PLGA/β-TCPs increased MSCs recruit-
ment and osteogenic differentiation, further activating the coupling of
angiogenesis-to-osteogenesis [41]. The porosity structure and pre-
vascularization technique might accelerate tissue engineering mediating
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the physiological process of bone regeneration [42]. Our in vivo pre-
vascularization of microporous β-TCP scaffolds produced a functional
vascular supply for regenerated bone within a segmental bone defect,
subsequently leading to bone mineralization and repair. Our results were
subject to some limitations. Because of the material property, observation
of the prevascularized β-TCP scaffolds was only achieved by SEM and
morphology observation. Besides, we did not investigate the detailed
mechanisms underlying scaffold-associated angiogenesis and subsequent
osteogenesis. These mechanisms remain elusive and requires further
research.

5. Conclusion

The present study introduced a novel in vivo prevascularization
strategy for growing vasculature on scaffolds to be used for repair of large
segmental bone defects. In vivo prevascularized β-TCP scaffolds are su-
perior in many aspects to other methods in that their vascular supply is
robust, has superior mechanical integrity, and leads to faster bone
regeneration. These characteristics make prevascularized tissue-
engineered bone grafts promising for use in clinical applications.
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