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In previous studies, nano-hydroxyapatite/collagen/poly(L-lactic acid) (nHAC/PLA) composites have been prepared and confirmed
to repair small sized bone defects. However, they are restricted to repair a large defect without sufficient oxygen and nutrition
for cell survival. The result of this study confirmed that nHAC/PLA composites could be axially vascularized by being implanted
intramuscularly with arteriovenous (AV) bundle (GroupA) in the groins of rabbits.The combination with autologous bonemarrow
(Group B) could not enhance it the vascularization in early phase (2 weeks, 𝑃 > 0.05), but it could enhance in middle and later
phases (6 and 10 weeks, 𝑃 < 0.01). It meant that nHAC/PLA could be prefabricated as a vascularized bone substitute for grafting.

1. Introduction

Reconstruction of large bone defects poses a major challenge
to orthopedists. Despite the development of numerous bio-
logical and synthetic bone substitutes, vascularized and non-
vascularized autologous bone grafts remain the gold standard
for osteogenic bone replacement [1]. The shortcomings and
complications of autologous bone grafting including fibula,
scapula, or iliac crest restrict its application [2]. Allogenic and
xenogenic bone grafts are risk of disease transmission [3].
Tissue engineering and regenerative medicine are promising
therapeutic strategies for the repairment or replacement of
diseased or injured tissues and organs [4]. Tissue-engineered
bone (TEB) represents a promising approach to overcome
these problems and is becoming an increasingly popular
choice for repairing bone defects. Significant progress has
been made toward scaffold materials for structural support
with desired osteogenesis and angiogenesis abilities [5].
However, repair of bone defects over 30mm using tissue-
engineering methods is a difficult clinical problem now [6].

Vascularization plays a very important role in skeletal
development and repair [7]. It is crucial for TEB to establish

a vascular network that temporally precedes the formation of
new bone [8]. Because blood supply is restricted in its exterior
portions without vascularization, cells face the lack of reliable
oxygen and nutrient supply. In current surgical practice,
tissues that need to be transferred from one part of the
body to another as living three-dimensional constructs can be
provided with a vasculature by prefabrication techniques [9].
Scaffolds including xenogenic bone mineral [10], poly(DL-
lactic-co-glycolic acid) (PLGA) [9], HA/𝛽-TCP granula [2],
and processed bovine cancellous bone (PBCB) matrices [11]
have been successfully vascularized with surgical angiogene-
sis skills, allowing transplantation to defect sites.

A new type of nano-hydroxyapatite/collagen/poly(L-
lactic acid) (nHAC/PLA) composite, similar to the natural
bone in main composition and in hierarchical microstruc-
ture, has been fabricated before [12–15]. It possesses a porous
microstructure with a pore size of about 100–300𝜇m and
a porosity of about 80% like cancellous bone. The cell
culture and the implant experiment demonstrated that it
was bioactive and could repair some small bone defects. The
purpose of this study was to evaluate whether vascularized
nHAC/PLA composites could be prefabricated in vivo.
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2. Materials and Methods

2.1. Materials. Synthesis of nHAC/PLA was prepared as
previously described [12–15]. Type I collagen (CELLON
Company, Strassen, Luxembourg) was diluted in deionized
(DI) water at 0.67 g collagen/L and room temperature for
3 hours. Solutions of CaCl

2
and H

3
PO
4
(Ca/P = 1.66)

were then separately added by drops. The solution was
stirred and titrated with sodium hydroxide solution to pH
7.4 at room temperature. The nHAC deposition was har-
vested by centrifugation and freeze-dried after 48 hours.
The nHAC powder was then distributed in the PLA matrix
(MW = 1.0 × 105Da; Shandong Medical Appliance Factory,
Liaocheng, China) at a 1 : 1 weight ratio (nHAC/PLA). The
mixture was frozen at −20∘C overnight and then lyophilized
to remove dioxane. After ultrasonication, the material was
fabricated into cylindrical slices (Φ = 10mm × 10mm) with
a hole of 1.5mm diameter in the center.

2.2. Experimental Design. All experiments were approved by
the animal ethics committee of Peking Union Medical Col-
lege Hospital (PUMCH), and the procedures were conducted
in accordance with the guidelines for the care and main-
tenance of animals. Fifteen three-month-old New Zealand
rabbits (Experimental Animal Center of PUMCH, Beijing,
China) weighing 2.5 to 3.0 kg were used. All operations were
performed under sterile conditions by the same surgeon.
An nHAC/PLA composite was directly implanted into the
intramuscular gap with an arteriovenous (AV) bundle in
the left groin (Group A), and another one was implanted
into the intramuscular gap with an AV bundle in the right
groin (Group B) after being mixed with the autologous bone
marrow. Histological examinations were performed at 2, 6,
and 10 weeks after implantation.

2.3. Surgical Procedures. The animals were anesthetized
with an intravenous injection of 3% pentobarbital sodium
(1mL/kg body weight, Sigma, USA). 800,000 IU penicillin
sodium (North China Pharmaceutical Group Corporation,
China) was injected intramuscularly for preventing infection.
Group Awas treated as follows.Through a skin incision from
the groinmidpoint to the left knee, the femoral neurovascular
bundle was exposed, and the nerve was protected. The left
femoral artery and vein were surgically dissociated and then
were transversely cut and ligatured at 2 to 3 cm under the
femoral artery furcation for an AV bundle. The AV bundle
was placed in the hole of the nHAC/PLA composite and was
placed into the intramuscular gap. The femoral muscle and
skin were sutured with 3-0 silk sutures. In Group B, the same
procedures were performed after another nHAC/PLA com-
posite was mixed with 10mL autologous bone marrow from
its tibia using a self-made device (Figure 1). Postoperatively,
800,000 IU penicillin sodium and 0.15mg buprenorphine
(Tianjin Institute of Pharmaceutical Research, China) were
separately administered intramuscularly every 12 hours for 3
days.

Figure 1: The self-made device for mixing bone marrow with an
nHAC/PLA composite.
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Figure 2: Schematic drawing demonstrating the approach to his-
tological examinations: (a) 8 cross-sections were obtained perpen-
dicular to the AV bundle in the middle; (b) 4 microphotographs
of interest in the inner 1/3 radius at 3, 6, 9, and 12 o,clock at 400x
magnification were evaluated for MVD (dark black points).

2.4. Histological Examinations. The animals were sacrificed
after 2, 6, and 10 weeks (𝑛 = 5, resp.). The implants were
removed and fixed in 10% buffered formalin for 24 hours.
After washing, they were decalcified by 14% ethylenedi-
aminetetraacetic acid (EDTA) solution for 6 weeks. Then,
they were dehydrated in graded ethanols and embedded in
paraffin. Eight cross-sections (5𝜇m)were obtained from each
specimen, perpendicular to the AV bundle in the middle
(Figure 2(a)), using a Leica microtome (Leica Microsystems,
Wetzlar, Germany). For histomorphometirc analysis, four
sections were randomly selected for haematoxylin and eosin
(H&E) staining, and microphotographs were taken using a
microscope and a digital camera (Leica Microsystems). On
each section, four microphotographs of interest in the inner
1/3 radius at 3, 6, 9, and 12 o,clock at 400x magnification
were evaluated, and the number of vessels in high power
field (HPF) was counted by two independent and blinded
pathologists (Figure 2(b)). Microvessel density (MVD) was
calculated for each group and each time point. One of the
other sections was prepared for CD31 immunofluorescence
histochemical staining with rabbit anti-PECAM-1 (primary
antibody; Beijing Biosynthesis Biotechnology Corporation,
China) and goat anti-rabbit IgG/FITC (second antibody;
Beijing Biosynthesis Biotechnology Corporation, China) for
qualitative assessment.
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Figure 3: Hematoxylin and eosin (H&E) staining of specimens (magnification ×200): (a∼c) 2, 6, and 10 weeks separately after implantation
from Group A; (d∼f) 2, 6, and 10 weeks separately after implantation from Group B. Black arrows showed vessels.

2.5. Statistics Analysis. All results of MVD were given as
means ± standard deviation (X ± SD, vessels/HPF). Statistical
analysis was performed using the paired samples Student’s
t-test with SPSS 16.0. The critical level of statistical signifi-
cance was set at 𝑃 < 0.05.

3. Results

3.1. Surgery and Macroscopic Appearance. All 15 rabbits
tolerated the surgical procedure and survived well. There
were no major perioperative complications such as infection,
hematomas, or wound dehiscence. No extrusion of the
implants occurred over the observation period.The implants
were surrounded by neighbouring tissue. At each time point,
there was no significant difference of the mass around tissue
and the blood supply of the implants between the two groups
in the macroscopic appearance.

3.2. Histological Examinations. The newly formed tissue was
composed predominantly of inflammatory cells, fibroblasts,
blood vessels, and vascular sprouts in both groups (Figure 3).
There was less tissue occupying the pores of nHAC/PLA in
Group A than in Group B. Along with the time extension,
there were fewer inflammatory cells andmore fibroblasts and
vessels. At 2 weeks later, MVD of the implants in both groups
is similar (9.35 ± 1.58 versus 9.08 ± 2.18, 𝑃 = 0.712 > 0.05,
Figure 4). At 6 weeks later, MVD of the implants in
Group A was significantly less than in Group B (15.60 ±
3.20 versus 19.08 ± 3.18, 𝑃 < 0.01, Figure 4).When explanting
after 10 weeks, MVD of the implants in Group A was also
significantly less than in Group B (18.19 ± 3.17 versus 20.67
± 3.78, 𝑃 < 0.01, Figure 4). There was a trend towards
an increase in MVD in each group over time. The new
vessels of the implants could be verified by using CD31
immunofluorescence histochemical staining (Figure 5).
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Figure 4: Quantification of microvessel density (MVD) between
Group A and Group B. 2 weeks: no significant difference (𝑃 > 0.05);
6 and 10 weeks: significant difference (𝑃 < 0.01).

The vascular walls and red blood cells showed remarkable
light green fluorescence. By 10 weeks, more new vessels were
observed in Group B than Group A.

4. Discussion

Vascularization plays an important role in the process of
osteogenesis, both in development and during repair. Osteo-
genesis is characterized by invasion of capillaries into the
mesenchymal zone and the differentiation of mesenchymal
cells into mature osteoblasts, which deposit bone matrix and
lead to the formation of bone [16]. Diffusion limits oxygen
and nutrition supply to a maximum range of 200𝜇m into a
given matrix [17]. Cells cannot survive in the large constructs
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Figure 5: CD31 immunofluorescence histochemical staining of specimens 10 weeks after implantation (magnification ×100): the vascular
walls and red blood cells display remarkable light green fluorescence: (a) from Group A, (b) from Group B. Red arrows showed vessels.

without vascularization after they are transferred in vivo
environment.

TEB, an alternative to autologous bone, allogenic and
xenogenic bone grafts may overcome their shortcomings
such as limited availability for harvest, donor-site morbidity,
and disease transmission [2, 3]. It has become technically
feasible to repair small sized bone defects in clinical practice,
but it still remains challenging for reconstruction of large
volume defects [18].

The nHAC/PLA composite fabricated before, as one of
TEBs, has been demonstrated that it was similar to the natural
bone inmain composition and in hierarchicalmicrostructure
[12]. Previous studies showed that it was bioactive and could
repair some small bone defects [15]. However, there was no
experiment about its ability of vascularization for repairing
large defects so far. In this study, we first demonstrated that
the nHAC/PLA composite could be vascularized in vivo.

At present, there are three methods to achieve the vascu-
larization of tissue: incorporation of angioinductive growth
factors, endothelial cells coculture, and surgical techniques
[7]. The vessels of a construct by incorporating endothelial
cells are not mature and stable [19]. Delivery of angiogenic
factors can only enhance the formation of new vessels [20, 21].
Recently, surgical angiogenesis, utilizing preexisting blood
vessels as a vascular carrier and to incorporate artificial
materials and cells into them to regenerate nutrient vessels,
has become a promising method to establish a functional
vascular network.

The extrinsic vascular pathway, originating from the
periphery of the construct by implanting into a site of high
vascularization potential (subcutaneous [22], intramuscular
[23], and intraperitoneal [24]), has become themost frequent
method of vascularization in tissue engineering and has
been available for clinical practice [25]. The disadvantage
of this pathway is that the vascular network is random and
will be destroyed while transferring to distant implantation
sites. For this reason, axial vascularization (the intrinsic
vascular pathway), originating from implanted vessels, has
been proposed by reconstructive surgeons [18].

The methods of axial vascularization included AV shunt
loop, distal ligation type AV bundle, and flow-through type

AV bundle. After comparing them, although the AV shunt
loop showed a greater potential for producing new tissue and
capillaries, the distal ligation type AV bundle was thought
to be more effective and feasible as a vascular carrier [26].
Up to now, AV bundle has been applied clinically [27], but
no application of AV shunt loops has been reported. The
AV bundle is simpler to be constructed operatively than the
AV shunt loop, does not present problems with thrombus
formation, and provides stable blood flow [26]. Hence, distal
ligation type AV bundle was chosen as axial vessels in this
study. The results of this study showed that AV bundle could
induce axial vascularization of nHAC/PLA composites. An
nHAC/PLA composite after prefabrication in vivo could be
transplanted as a free flap or a pedicle flap to a bone defect.

In the past decade, researchers have gained important
insights into the role of bone marrow derived cells in adult
neovascularization. A subset of bone marrow derived cells,
called endothelial progenitor cells, has been of particular
interest, as these cells were suggested to home to sites of neo-
vascularization and neoendothelialization and differentiate
into endothelial cells in situ, a process referred to as postnatal
vasculogenesis [28]. In this study, it was confirmed that the
vascularization of nHAC/PLA composites with AV bundle
could be significantly enhanced by autologous bone marrow
in the middle and later phases. Meanwhile, there was no risk
of rejection by autografting. So it was an ideal method to
prefabricate a vascularized nHAC/PLA composite with the
combination of AV bundle and autologous bone marrow.

In conclusion, nHAC/PLA composites, implanted intra-
muscularly with AV bundles, had been shown to generate
new vascular networks for prefabrication of large bone
substitutes. The vascularization was better in combination
with autologous bone marrow than without it and was more
suitable for the microsurgery transplanting. Osteoinduction
of microstructured calcium phosphate materials and mul-
tiwalled carbon nanotubes (MWNTs) has been shown in
soft tissues by concentrating more proteins to differentiate
inducible cells to osteogenic cells [29–31]. In the future,
the osteoinduction of nHAC/PLA composites in soft tissues
should be investigated to decide the possibility of ectopic
fabrication of large volume vascularized TEB in combination
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with recombinant human bone morphogenetic protein-2
(rhBMP-2) or osteogenic protein-1 (OP-1).
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