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Abstract

Reconstructing large bone defects caused by severe trauma or resection of tumors remains a
challenge for surgeons. A fibula free flap and its vascularized bed can be transplanted to the
reconstruction site to achieve healing. However, this technique adds morbidity, requires
microsurgery and sculpting of the bone tissue to adapt the graft to both the vasculature and the
anatomy of the defect respectively. The aim of the current study is to evaluate an alternative
approach consisting of the in situ production of a pre-vascularized synthetic bone graft and its
subsequent transplantation to a critical-sized bone defect. 3D printed chambers containing
biphasic calcium phosphate (BCP) granules, perfused by a local vascular pedicle, with or
without the addition of stromal vascular fraction (SVF), were subcutaneously implanted into
New Zealand White female rabbits. SVF was prepared extemporaneously from autologous
adipose tissue, the vascular pedicle was isolated from the inguinal site, while BCP granules
alone served as a control group. After 8 weeks, the constructs containing a vascular pedicle
exhibited abundant neovascularization with blood vessels sprouting from the pedicle, leading
to significantly increased vascularization compared to BCP controls. Pre-vascularized
synthetic bone grafts were then transplanted into 15 mm critical-sized segmental ulnar defects
for a further 8 weeks. Micro-CT and decalcified histology revealed that pre-vascularization of
synthetic bone grafts led to enhanced bone regeneration. This pre-clinical study demonstrates
the feasibility and efficacy of the in sifu production of pre-vascularized synthetic bone grafts

for regenerating large bone defects, thereby addressing an important clinical need.
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Introduction

Although minor fractures and small bone defects can heal spontaneously, large and complex
bone defects have limited capacity for regeneration. Reconstructing large bone defects that
are the result of severe trauma or tumor ablation remains a critical challenge for orthopedic
and plastic surgeons [1]. Autologous bone grafting, whereby bone tissue is harvested from
one site and transplanted into the defect site, is currently the gold standard procedure for
regenerating large bone defects. Adequate vascularization is recognized as being a pivotal
factor in ensuring the viability of a bone graft and the subsequent healing of the defect, indeed
there is a statistically significant positive correlation between vascularization and bone
formation [2]. Consequently, vascularized bone grafts are required for the regeneration of
large bone defects. Free flaps, comprising harvested bone from sources such as the radius or
fibula, together with a vascular supply and soft tissue, can be transplanted into the
reconstruction site, where they are connected to the local vasculature [3]. Vascularized bone
transfers have demonstrated faster healing, higher resistance to resorption, and superior
mechanical integrity than non-vascularized bone grafts [4]. However, this transplantation
technique is associated with serious limitations. Firstly, the geometry of the graft rarely
conforms to the shape and size of the bone defect, thereby requiring bone sculpting to attain
an anatomically correct shape. Furthermore, connecting the vasculature of the graft to the
vasculature of the defect site requires extensive microsurgery. Finally, the quantity of bone
and soft tissue available to harvest from the donor site is limited, and most importantly,
harvesting bone and surrounding tissue for grafting causes extreme pain and morbidity for the
patient [S].

A major goal for orthopedic reconstructive surgery is therefore to avoid the need for the
creation of a second surgical bone harvest site by using synthetic biomaterials as an

alternative to grafted autologous bone. Synthetic biomaterials alone do not have the adequate



osteoinductive or angiogenic properties for healing large bone defects. However,
osteoprogenitor/stem cells, in particular mesenchymal stromal/ stem cells derived from bone
marrow (BMSCs), combined with biomaterials, have been successful in regenerating bone
tissue [6-9]. Nevertheless, it is well established that the lack of vascularization within a
synthetic bone construct is the most critical obstacle to healing large bone defects [10].
Proximity to a vascular network is vital for cell viability, and sufficient delivery of nutrients
and oxygen. Consequently, necrosis is often observed in the center of large synthetic implants
as there is not enough extrinsic vascularization to produce vessel in-growth from the
surrounding host tissue fast enough [11].

The aim of pre-vascularized synthetic constructs is to overcome the challenges of autologous
bone grafting of free flaps and of synthetic biomaterial constructs. In the tissue engineering
context, various efforts have been made to produce a network of blood vessels in vitro that
has the capacity to anastomose after transplantation in vivo in order to deliver sufficient
nutrients to the cells within the scaffold, thus enhancing their survival and functionality after
implantation. The most sophisticated strategies target the delivery of MSCs together with
endothelial cells, and in vifro these constructs have more advanced osteoblastic and
endothelial differentiation compared to groups containing a single cell type [12]. However,
when implanted into bone defects, these multicellular constructs did not enhance bone
regeneration compared with the delivery of MSCs alone [13,14]. Recent work using 3D bio-
printing has led to the creation of a perfusable vascular network using bio-inks and
endothelial cells [15-17]. This approach seems promising, although it is still a long way from
clinical applications.

In situ-generated synthetic vascularized constructs have many advantages over the complex
and labor-intensive culture required for in vitro generation of tissue-engineered vascularized

constructs. Several teams have suggested prefabricating synthetic bone substitutes by means



of ectopic implantation, making pre-vascularization possible according to an ‘in vivo
bioreactor’ principle before transplanting it into the defect to be regenerated. To date, various
strategies have been investigated to achieve pre-vascularization. Muscle tissue, which has a
rich capillary network, has been wrapped around scaffolds in the form of an intramuscular
pouch to encourage vessels to sprout from the muscle into the construct. Since this technique
was first reported [18] its use has generated constructs with enhanced vascularization [19]
however, its success was limited in pre-clinical and clinical studies by core necrosis [19,20].
This technique, along with adipose tissue derived stromal cells (ATSCs) and BMP-2, has
nevertheless demonstrated success in large maxillofacial defect reconstruction [21].
Arteriovenous (AV) loops have been used successfully to generate large vascularized
synthetic constructs using fibrin matrix [22], coral scaffolds [23] and ceramics [24] in ectopic
sites in animals. Recently, it was demonstrated that a ceramic construct, pre-vascularized
using an AV loop in an ectopic site, showed superior bone healing following transplantation
into a bone defect, compared to the construct without pre-vascularization [25]. However, in
spite of these favorable outcomes, the applicability of the AV loop is restricted by the intricate
microsurgical skills required for the construction of the arteriovenous shunt.

An alternative strategy to an AV loop is to provide vascularization by using a vascular
pedicle. In this model, an artery and a vein are inserted centrally within an implantable
chamber containing the biomaterial scaffold. The isolation of a vascular pedicle is relatively
simple and does not require anastomosis of the blood vessels, thereby circumventing the
complicated microsurgery required for an AV loop. An arteriovenous vascular bundle placed
inside a construct with cadaver bovine bone [26] or autologous ovine bone and bone marrow
[27], achieved a fully-vascularized construct in ectopic sites in rats and sheep respectively.
Further to this, chambers containing synthetic ceramic biomaterial with a vascular bundle, and

growth factors [28] or BMSCs implanted ectopically demonstrated abundant



microvasculature and tissue engineered bone [29,30]. Together, these studies demonstrate the
utility of a pre-vascularized construct generated by using a vascular bundle. However,
evaluation of the performances of this type of construct following transplantation into a large
bone defect has not yet been conducted.

The objective of this study was to produce a highly vascularized graft in situ and to transplant
it into a critical-sized defect in rabbits for bone reconstruction. In the current study, we used
biphasic calcium phosphate (BCP) granules as the synthetic biomaterial, as this material has
been shown in pre-clinical [6] and clinical studies [31,32] to be a suitable scaffold for bone
healing. While ligated vascular pedicles can also achieve pre-vascularization constructs [30],
we choose not to ligate the vascular pedicle due to increased risk of thrombosis. In line with
our aim to prefabricate a graft with abundant microvasculature, we chose to also deliver
autologous stromal vascular fraction (SVF) isolated from adipose tissue, because similarly to
human-derived SVF [33,34], SVF from rabbits contains cells such as MSCs and endothelial
cells [35,36]. The delivery of these cells has previously shown to stimulate angiogenesis in
rabbits [37,38] and other animal models [39—41]. The principal advantage of delivering SVF
instead of expanded MSCs from adipose tissue is that the preparation the SVF could be
performed extemporaneously in a single surgery, whereas the delivery of ATSCs requires in
vitro expansion and hence a second surgery. Chambers containing the BCP granules and a
local vascular pedicle inserted centrally, with or without SVF supplementation, were
implanted subcutaneously into New Zealand White (NZW) female rabbits. After 8 weeks, the
constructs were characterized by micro-computer tomography (nCT), immunohistochemistry
and histology for vascularization and bone tissue formation. In a second operative step, the
bone construct was transplanted into a mid-diaphyseal segmental ulna defect, a critical-sized

defect which has been previously described [42-44]. After a further 8 weeks, the animals



were euthanized, and samples were analyzed by pCT and decalcified histology for bone

regeneration.



Materials and Methods

Biomaterials

Implantable chambers, to hold the synthetic biomaterials, SVF, and vascular pedicle, were
designed using computer-aided design software (CAD, Space Claim Corporation, Concord,
Massachusetts, USA). Chambers consisting of hollow cylinders measuring 15 mm in length
and 10 mm in diameter, with a wall thickness of 1 mm, were designed to contain the BCP
granules. A transversal window, measuring 3.5 mm in width and 15 mm in length, with two
openings of 4.5 mm in diameter, was made to allow the vascular pedicle to pass through the
implantable chamber. The drawing was exported in stereo lithography format (STL) and
converted into a readable G-code file (Cura software). The implantable chambers were
printed in 3D using polylactic acid (PLA) white filament, 3 mm in diameter (Ultimaker 2,
Ultimaker B.V, Geldermalsen, The Netherlands). After 3D printing, the implantable chambers
were deburred, cleaned with 70% ethanol, and air-dried. The sterilization of the chambers was
ensured by immersion for 1 hour in a solution of glutaraldehyde followed by washing in a
saline solution.

The synthetic bone substitute used in this study was macro- and micro-porous BCP
(Biomatlante, Vigneux de Bretagne, France) in the form of irregular granules measuring 0.5-1
mm in size. These BCP granules were prepared by mixing calcium-deficient apatite with pore
makers, compacting the material, sintering at 1050 °C, crushing and sieving. The BCP
granules were composed of 20 % hydroxyapatite (HA) and 80 % beta tricalcium phosphate
(B-TCP) in weight as analyzed by X-ray diffraction. The BCP granules had an overall
porosity of 70 %, consisting of macropores (>100 pm) and micropores (10< pm), as measured
by mercury intrusion porosimetry [45]. The BCP granules were sterilized by gamma
irradiation at a dose > 25 kGy.

In order to avoid bone regeneration of the ulna defect from the periosteum of the radius, a bi-



layer membrane of polylactic glycolic acid (PLGA, Tisseos®, Biomedical Tissues, Nantes,
France) was placed between the radius and ulna. This synthetic resorbable bi-layered
membrane was manufactured from medical grade PLGA copolymer (Purasorb PLG 8531,
Corbion Purac BV, Gorinchem, The Netherlands) using a proprietary process in a clean room
[46]. The PLGA membrane, 10 x 20 mm in size, was packaged in double-sealed pouches and

sterilized with gamma irradiation at 25 kGy (Ionisos SA, Dagneux, France).

Study design and ethical approval

The study involved a total of 25 NZW rabbits in two surgical phases. The experiments were
conducted in accordance with European Directive 2010/60/EU. Ethical approval for this study
was obtained from the local ethics committee (CEEA, Pays de Loire, France) under the
authorization project numbers CEEA.2012.119 and Apafis # 1917. The experiments were
carried out at the Preclinical Investigation Research Center (CRIP) of the National Veterinary
School of Nantes (ONIRIS, Nantes, France) under the supervision of a doctor in veterinary
medicine. NZW adult female rabbits with a body weight of 4.5 kg were purchased from a
professional breeder (Hypharm, Roussay, France). The animals were housed in individual
cages with unlimited water and food. The room was ventilated and air-conditioned to a
temperature of 20 £ 1 °C. An artificial day / night cycle of 12 h was applied. The rabbits were
acclimated for at least 10 days prior to surgery. In the first surgery, two chambers containing
the BCP granules and a central vascular pedicle, with or without supplementation with
autologous SVF, were implanted into inguinal sites. Adipose tissue was collected and
processed for preparation of the SVF during the first surgery. Chambers containing BCP
alone served as controls. Each rabbit received two implants, with groups defined according to
the content of the implanted chambers: synthetic bone filler alone (BCP), BCP with a vascular

pedicle (BCP + Pedicle), or BCP supplemented with autologous SVF and a vascular pedicle



(BCP + SVF + Pedicle). One group of rabbits was sacrificed after 8 weeks in order to
evaluate the vascularization inside the chambers by pCT. The second surgery was performed
on 19 rabbits. 12 rabbits that had received two subcutis chambers containing BCP + Pedicle
(n=6) and BCP + SVF + Pedicle (n=6) for 8 weeks were re-operated on for transplantation of
the content of the chambers into ulnar defects. The rabbits were placed under general
anesthesia and the chambers were explanted from the inguinal subcutis sites. The outer 3D-
printed PLA chamber was removed and the content was transplanted into the ulna defect. The
second chamber was collected and fixed in buffered formaldehyde for histological evaluation.
A further seven rabbits of the same age and body weight were used for creation of ulnar
defects that were left empty (n=3) or filled with BCP granules (n=4). Eight weeks after the
second surgery, the animals were euthanatized. The ulnas were dissected and immediately

fixed in buffered formaldehyde for pCT and histology.

Subcutis implantation of chambers in rabbits

The rabbits were placed under general anesthesia by means of an intramuscular injection of a
mixture of xylazine (Rompun® 2%, 0.2 mg / kg, Bayer Pharma, Puteaux, France) and
ketamine (Imalgene 1000®, 20 mg / kg, Mérial, Lyon, France). The inguinal sites were
shaved and disinfected with povidone and sterile gauzes, and sterile fields were set up to
delimit the surgical area. The general anesthesia was maintained by the intravenous injection
of the same mixture through a catheter placed in the marginal vein of the ear. The rabbit was
monitored for body temperature and heart pulse during the surgery. The primary surgical
steps for inguinal subcutis implantation are shown in Figure 1. A medial cutaneous incision
measuring 3- 4 cm was made in the inguinal region. Two identical chambers were implanted
into the subcutaneous inguinal sites of each rabbit. In control samples, BCP was added

directly to the chambers (BCP). In the case of pre-vascularized implants, two pedicles were

10



isolated from the left and right femoral artery branches respectively. The dissection of the
femoral artery was performed in deep planes in the inguinal site. Once the branch of the
femoral artery was identified, delicate dissection of the pedicle was conducted with careful
hemostasis by using an electrical bistoury. Some BCP particles were loaded into the chamber,
then the vascular pedicle was placed in the transverse position and the chamber was then
completely filled with BCP granules, taking care not to compress the blood vessel.
Hemostasis and the patency of the vessels upstream and downstream of the chamber were
verified. After smooth dissection of the subcutaneous connective tissue, 6g of adipose tissue
adjacent to the mammary tissue was harvested and processed for isolation of the SVF. While
harvesting the adipose tissue, hemostasis was ensured by using an electric scalpel. Preparation
of the SVF required less than 1 hour while the rabbit was maintained under general
anesthesia, with the open wound moistened with saline gauzes. Chambers with a vascular
pedicle were filled with BCP granules alone (BCP + Pedicle) or BCP granules mixed with
SVF (BCP + SVF + Pedicle). All chambers were fixed to the abdominal muscle with non-
absorbable sutures (Prolene®, 2/0, Ethicon). The surgical site was closed in layers using
subcutaneous and cutaneous sutures with resorbable braided sutures (Polysorb Dec.2®, 2/0
and 3/0, Tyco Healthcare). Post-operative analgesia was provided by a transdermal patch of
Fentanyl (Durogesic®, 15 pg/kg/h) placed on the ear, ensuring continuous release of the
active substance for 3 to 5 days. Post-operative s.c. injection of non-steroidal anti-
inflammatory drugs (Meloxicam, Metacam®, Boehringer-Ingelheim, Reims, at a dose of 0.1
to 0.2 mg/kg/day) was administered for 5 days. An antibiotic treatment of marbofloxacin (3
mg/kg, s.c. injection, Marbocyl, Vetoquinol, Paris, France) was started the day of surgery and
repeated for 5 days. After surgery, the animals were monitored for signs of suffering, and the

surgical wounds were inspected daily to check for skin healing and the absence of infections.
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Extemporaneous preparation and characterization of the stromal vascular fraction of
adipose tissue from rabbits

Autologous adipose tissue (AT), 6 g per rabbit, was harvested in the inguinal-abdominal
region of rabbits during the first surgery. The AT was placed in a sterile 50 ml tube (Falcon,
BD). The SVF was prepared in aseptic conditions under a laminar flow cabinet. The AT was
washed three times with phosphate buffered saline (PBS, Gibco) to eliminate red blood cells.
Mechanical digestion was performed to roughly dissociate the AT with scissors and vortexing
for 1 to 2 minutes. Enzymatic digestion was performed with 0.075% collagenase A (Roche) at
37 °C for 45 min with 3 vortex agitations for 1 to 2 min. After digestion, the yellow viscous
solution was filtered through 70 pm (Becton-Dickinson), to remove tissue debris, and
centrifuged at 1600 rpm for 5 min. After removal of the oily supernatant, the cell pellet
corresponding to the SVF was suspended in 1.5 ml of PBS to allow it to associate with the
BCP granules. The SVF was implanted subcutaneously into the same rabbit as the harvested
AT sample to avoid an immune response against allogeneic cells. Cell counting of the SVF
preparation was performed using an automated cell counter (Nucleocounter® NC-100,
Denmark).

In order to demonstrate their multi potency, 1.5 x 10° nucleated cells from the SVF of rabbits
were cultured in a 75 cm? flask in Dulbecco's modified Eagle-based culture medium (Gibco®
DMEM, Life Technologies, Inc. Saint Aubin, France) supplemented with 10% fetal calf
serum (FCS, GE Healthcare, Vélizy-Villacoublay, France) and 1% penicillin / streptomycin
(Gibco) at 37 °C in a humidified atmosphere (5% CO2 / 95 % of air). The culture medium was
refreshed every 2-3 days. After 7 days of culture, the adherent cells (ATSCs) were
approximately 80 % confluent and were detached from the plastic by trypsin/EDTA (Lonza,
Belgium) and centrifuged at 1600 rpm for 5 min (Passage 0). After cell counting, the cells

were amplified in a 500 cm? triple flask at a cell density of 5 x 10° cells/cm? for 7 days
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(passage 1). After detachment and counting, the cells were cultured in 24-well plates at an

initial cell density of 2 x 10* and 5 x 10° cells/cm?

under adipogenic and osteogenic
conditions respectively, with 500 pL of differentiation media (StemPro® Differentiation Kkits,
Life Technologies, Saint Aubin, France). For chondrocyte differentiation, 1 x 10° ATSCs
were pelleted at 1600 rpm for 5 min and pellets were cultured under standard chondrogenic
conditions (StemPro kits ®Differentiation). The culture medium was refreshed every 2-3
days. After 21 days of culture, cells were fixed in 4% paraformaldehyde. Staining with oil red
O (M312512, Fisher), Alizarin red (Sigma Aldrich) and Alcian blue (Sigma Aldrich) was

performed to highlight, respectively, the presence of adipocytes, the mineralized matrix

produced by osteoblasts, and glycosaminoglycans produced by chondrocytes.

Transplantation of the pre-vascularized bone grafts into the ulnar defects

Eight weeks after implanting the chambers into the inguinal site, a second surgery was
performed. The rabbits were placed under general anesthesia and prepared for surgery as
previously described. The chambers containing the pre-fabricated synthetic bone grafts were
exposed by smooth dissection. The chambers were removed after verifying that the
permeability of the pedicles was being maintained, and placement of the vascular ligatures.
The vascular permeability was assessed by clamping and sectioning the distal end of the
pedicle, and after unclamping by observation of the bleeding of the pedicle. As shown in
Figure 2, the vascularized synthetic grafts were gently removed from the PLA breakable
chambers and stored in a sterile gauze moistened with physiological saline for transplantation
into the ulna defect. The second construct resected from each rabbit was put in 10% formalin
fixative for further analysis by histology. In the second surgery, the osseous site was prepared
to create a critical size segmental defect at the mid-diaphysis level of the left ulna. One

critical-sized defect site per rabbit was created as previously described [42-44]. The surgical
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approach was performed caudo-laterally with respect to the ulna in its middle third, so as to
retain the stabilizing function of the interosseous ligament, thus avoiding the use of a fixation
device. As illustrated in Figure 2, a bone defect measuring 15 mm in length was created by
medio-diaphyseal osteotomy using a wireless battery oscillating saw (Acculan 3Ti, Aesculap,
Germany). A physiological saline rinse was performed to remove bone debris. To avoid bone
regeneration of the created defect by the periosteum of the radius, a bi-layer membrane of
polylactic glycolic acid (PLGA, Tisseos®, Biomedical Tissues, Nantes, France) [46] was
interposed between the radius and the BCP granules or the pre-vascularized synthetic graft.
The segmental bone defect was either left empty, filled with BCP granules moistened with
saline, or a vascularized synthetic graft produced in a subcutaneous site of the same rabbit
(BCP + Pedicle or BCP + SVF + Pedicle). The surgical wound was closed in layers using
resorbable sutures. As before, the operated animals were monitored daily to check their
locomotion and proper cutaneous healing of the surgical site. After 8 weeks of implantation in
bone defects, the animals were euthanized as previously described. The ulna was dissected
and immediately fixed in buffered 10% formalin solution and stored at 4°C for pCT and

histology analysis.

Injection of the radio-opaque vascular compound into rabbits

After 8 weeks of subcutaneous implantation, the first group of rabbits were sacrificed in order
to study vascularization inside the chambers containing either the BCP, BCP + Pedicle or
BCP + SVF + Pedicle. The animals were placed under general anesthesia as previously
described and received a dose of heparin (50 IU/kg, Heparin Choay® 25000 IU/5 mL, Sanofi-
Aventis) to reduce blood coagulation. The animals were immediately euthanized by
intravenous injection of pentobarbital (1 ml / kg, Dolethal, Vetoquinol). After euthanasia, a

medial skin incision in the abdominal region was performed. The dissection was performed to
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expose the abdominal aorta, which was clamped and ligated proximally with a resorbable
suture (Vycril® 3-0 coil, Ethicon, Johnson & Johnson, France). The aorta was catheterized
with a silicone tube of similar diameter to inject a polymerizable silicone-based vascular
contrast product containing lead (Microfil®, MV-122, Flow Tech Inc., Carver, MA, USA).
The silicon tube was pre-filled with heparinized saline in order to avoid air bubbles using a
peristaltic pump (Masterflex™, France). The radio-opaque solution (containing a yellow dye)
was prepared according to the manufacturer’s instructions. It consisted of 45% vol. MV-122,
50% vol. of the diluent solution and 5% vol. of the curing agent. The vascular contrast agent
was perfused into the carotid artery using a peristaltic pump at a flow rate of 20 ml/min,
corresponding to a physiological pressure of 100-120 mm Hg. Complete filling of the arteries
and capillaries was assessed when the blood vessels appeared yellow. The vascular contrast
agent was left to polymerize at room temperature for 30 min. The chambers were then
dissected and immediately fixed in buffered 10% formalin solution and stored at 4°C for uCT

and histology analysis.

Micro-computed tomography

Samples which were perfused with the contrast agent to demonstrate vasculature were
characterized by high-resolution X-ray nCT (Skyscan uCT 1076, Kontich, Belgium) before
and after decalcification. The acquisition was carried out at 50 kV over 180 ° with axial
sections measuring 0.7 mm, giving a resolution of 18 um / pixel. 3D reconstruction of the
images was carried out using NRecon, Dataviewer, CTvox and CTan (Bruker, Skyscan)
software. Given this spatial resolution, large vessel diameters as well as fine vasculature down
to 50 um can be observed and measured. The filling of the chambers with BCP was measured
and expressed as material volume. The vascular volume was determined using the bone

volume / total volume parameter (BV/TV) after decalcification of the samples.
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Histology and immunohistochemistry

After fixation, the samples were decalcified in 4.13% ethylenediamine tetra acetic acid
(EDTA)/0.2% paraformaldehyde in phosphate-buffered saline, pH 7.4 for 96 hours at 50°C
using automated microwave decalcifying apparatus (KOS Histostation; Milestone Medical,
Kalamazoo, Michigan, USA). The samples were then dehydrated in ascending series of
ethanol baths (80, 95 and 100%) and finally in butanol for 30 minutes in an automated
dehydration station (Microm Microtech, Lyon, France). The samples were then impregnated
with liquid paraffin at 56°C (Histowax; Histolab, Gottenburg, Sweden) and embedded at
—16°C. Blocks were cut using a standard microtome (Leica RM2255; Leica Biosystems,
Nanterre, France). Thin histology sections (3 to 5 um thick) were made radially for subcutis
implants and longitudinally for ulnar defects. Sections were stained using the Masson
trichrome technique in an automated coloration station (Microm Microtech). This staining
combines hematoxylin for cell nuclei (blue/black), fuchsine for cytoplasm, muscle and
erythrocytes (red), and light green solution for collagen (green). The stained slices were
scanned (NanoZoomer; Hamamatsu, Photonics, Hamamatsu City, Shizuoka Prefecture,
Japan) and observed and analyzed with a virtual microscope (NDP view; Hamamatsu). The
number of blood vessels per area (presented as the number of blood vessel/mm?”) and the
average vessel diameter were determined for the entire cross section of Masson Trichrome
stained samples. Vascularization in the subcutis chambers was also identified with the anti-
CD31 antibody which labels endothelial cells. Briefly, heat-mediated antigen retrieval was
performed for 20 hours with Tris-EDTA (pH 9) at 60°C on deparaffinized sections.
Quenching of endogenous peroxidase activity was mediated by 3% hydrogen peroxide
incubation. Nonspecific binding sites were blocked with 5% goat serum, 1% bovine serum
albumin (BSA) in Tris Buffered Saline 1X pH=7.4 Tween 0.05% (T.B.S., ScyTek

Laboratories, Utah, USA). All washing steps were conducted using T.B.S. 1X pH=7.4 Tween
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0.05%. Mouse monoclonal antibody to CD31/PECAM-1 (SPM122, M01513, Bosterbio) at a
dilution of 1:25 was used, followed by incubation with a secondary goat anti-mouse antibody
at a dilution of 1:100 (E0433, Dako, Denmark). The target antigen signal was amplified using
streptavidin peroxidase (P0397, Dako, Denmark), revealed by diaminobenzidine (DAB). All
sections were dehydrated and counterstained using Gill’s hematoxylin and mounted using
Pertex mounting medium. Sections were scanned (NanoZoomer; Hamamatsu, Photonics,
Hamamatsu City, Shizuoka, Japan) and observed using a virtual microscope (NDP view;

Hamamatsu).

Statistics

The data were expressed as an average * standard deviation (SD). Analysis of the results of in
vivo experiments was performed using the GraphPad Prism 6.0 software with a one-way
ANOVA test. Tukey’s multiple comparisons tests was conducted to assess statistical

differences between the distinct groups. The significance threshold was set at p < 0.05.

Results

Preparation of SVF and multipotency of ATSCs

Approximately 6 g (5.8 = 1.4 g) of adipose tissue was harvested and the SVF was prepared
extemporaneously within 1 hour by mechanical disruption, enzyme digestion and
centrifugation. The average number of nucleated cells in the prepared SVF was 3.57 10° +
1.24 107 cells/ per mL after re-suspension in 1.5 mL of PBS and then the cell suspension was
mixed with BCP granules. SVF was cultured in vitro and the constituent plastic adherent cells
exhibited the tri-lineage characteristics typical of MSCs (Supplementary Figure 1). Briefly, in
adipogenic differentiation conditions, lipid droplets were observed after staining with Red
Oil. After osteogenic induction, the cells produced a mineralized collagen matrix, highlighted

by Alizarin red staining. Cell pellets, cultured in the presence of chondrogenic differentiation
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factors, showed the production of an extracellular matrix rich in glycosaminoglycans, as

demonstrated by Alcian blue staining.

Characterizing the content of the subcutis implanted chambers

All rabbits survived the surgeries without complications, and had normal locomotion and
weight bearing ability. After 8 weeks of subcutaneous implantation, all implants appeared
well-integrated into the surrounding subcutis tissue, with no evidence of either rejection or
necrosis. Vascular patency of the artery and vein passing through the chamber was observed
for all pedicle implants (Figure 2a). The contents of the vascularized pedicle chambers
exhibited good cohesion between the BCP granules due to abundant fibrosis (Figure 2b). In
contrast, the BCP granules implanted without a pedicle appeared less compact after opening
the chambers (Supplementary Figure 2). nCT showed that the BCP biomaterial granules had a
cylindrical shape formed by the 3D printed PLGA chamber (Figure 3a-c). As shown in Figure
3g, the three groups had very comparable biomaterial filling percentages. After injecting the
contrast agent and decalcifying the explants, it was possible to observe the vascular pedicle
and new vasculature following 3D reconstruction of the pCT images. As shown in Figure 3d,
the vascularization was negligible inside the chambers containing the BCP granules without a
pedicle and was mainly located in the surrounding fibrous tissue capsule that had formed
around the implantable chambers. Conversely, abundant vasculature with many small blood
vessels was observed inside chambers containing BCP granules with a vascular pedicle
(Figure 3e-f). Both the BCP + Pedicle and BCP + SVF + Pedicle groups exhibited abundant
blood vessel branches that had grown from the pedicle (see supplementary video). For a more
detailed view of samples, particularly for -cross-sectional views before and after
decalcification see Supplementary Figure 3. In Figure 3h, quantification of the pCT vascular

volume data revealed a non-significantly trend towards higher vascular volume in the BCP +
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Pedicle group (2.33 + 1.50, n=5) and BCP + SVF + Pedicle group (1.82 + 1.38, n=4)
compared to the control BCP group without a pedicle (0.45 + 0.34, n=3) (Figure 3h).
Histological Masson Trichrome images showed that the BCP granules were encapsulated in a
dense collagen matrix for all three implant groups (Figure 4a). The pedicle implants appeared
richer in collagen, with stronger fiber condensation, compared with the control BCP without a
pedicle, however, bone tissue was not observed in any of the three implant groups. At higher
magnification, giant nucleated cells were present in contact with the BCP biomaterial and
were more prevalent in the BCP group without a pedicle. The vascular pedicles were clearly
visible on the histological sections of the BCP + Pedicle and BCP + SVF + Pedicle groups.
CD31 immunohistochemistry staining of endothelial cells are shown in Figure 4b surrounding
the blood vessels and corroborate the structures observed by Masson Trichrome are indeed
blood vessels. In Figure 4c, quantification of the number of blood vessel per area in Masson
trichrome stained sections reveals no statistical difference between groups, however the
average diameter (Mm; excluding the diameter of the pedicle) of the blood vessels present was
significantly greater (p< 0.02) for the BCP + Pedicle (21.98 + 2.70, n=9) compared with the
BCP alone group (17.83 £+ 1.08, n=4). BCP + SVF + Pedicle (21.26 + 1.94, n=6) was not
statistically higher (p<0.07) compared with the BCP group alone. From both the histology and
immumohistochemistry it is clear that the creation of a vascularized construct, through
inclusion of a pedicle, stimulated angiogenesis, however the addition of SVF to the pedicle
group had no observed benefit on vascularization.

Transplantation of pre-vascularized synthetic grafts enhanced bone healing in ulna
defects in rabbits

After 8 weeks in subcutis sites, the pre-vascularized constructs were transplanted into a
segmental critical-sized defect created at the mid-diaphyseal level of the ulna which was
isolated from the radius using a PLGA membrane. Eight weeks after transplantation, the ulnas

were characterized by pCT and histology. As shown in Figure 5, the ulna defect that was left
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empty exhibited limited bone healing, proving that a critical-sized defect was created. The
ulna defects filled with BCP granules had lower radio-opacity than those filled with the pre-
vascularized grafts. MV+BV / TV (material volume + bone volume / total volume)
measurements revealed significantly higher bone content in the pre-vascularized BCP + SVF
+ Pedicle grafts (37.65 + 4.21, n=6) compared with the BCP group (23.73 + 7.18, n=4), p <
0.03. BCP, BCP + Pedicle (34.53 + 9.81, n=6), and BCP + SVF + Pedicle were all
significantly higher compared to empty defects (4.82 + 2.57, n=3), p < 0.01, p < 0.0001, and p
<0.0001 respectively. As illustrated in Figure 6, histological examination corroborated the
UCT results. The empty defects remained unbridged. Ulna defects filled with BCP granules
showed limited bone healing from the edges. Bone formation was observed within the defects
that received the transplanted pre-vascularized synthetic constructs; however, some tissue
necrosis was also observed. In both pre-vascularized constructs, new bone tissue was

observed in contact with the BCP biomaterials.

Discussion

Bone is a highly vascularized tissue with bone cells residing within a 100-200 pm proximity
to a blood vessel or capillary in order to ensure adequate supply of vital oxygen and nutrients.
For this reason, when a biomaterial construct is not vascularized at the time of implantation,
ischemia occurs, and high cell mortality is observed at the site. In the current study, implants
were constructed by filling 3D-printed implantable chambers with BCP granules, a ceramic
with proven bone-forming capabilities in pre-clinical and clinical trials [7,32,47]. The
chamber held the granules in place, giving the construct a compact shape, while also making
it easy to position the vascular pedicle. This pre-clinical study in rabbits demonstrates the
feasibility of producing vascularized synthetic grafts in inguinal subcutaneous sites, and their

capacity for bone healing after transplantation into a critical-sized bone defect.
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There have been considerable advances in regenerative approaches aimed at overcoming the
limitations of autologous bone grafting, however lack of adequate vascularization of synthetic
grafts remains a major obstacle for reconstructing large bone defects. In the current study, we
created a vascularized construct in situ by using an isolated pedicle composed of a peripheral
artery and an adjacent vein, which were easily isolated from the surrounding tissues and
passed through the implantable chamber. This achieved extensive neo vascularization with
blood vessels sprouting from the central vasculature following subcutaneous implantation
compared to the BCP group without a pedicle. Specifically, increased vessel size was
revealed by histological analysis after 8 weeks, in line with increased vascular volume
observed by pCT. This finding is in agreement with previous studies demonstrating the
enhancement of neovascularization by using a vascular pedicle in unison with synthetic
biomaterials [48]. Furthermore, this technique has advantages over previous in situ
vascularized biomaterial constructs made using AV loops as it overcame the laborious stage
of microsurgical anastomosis [49].

We confirmed that the autologous rabbit SVF contained multilineage-potential MSCs, similar
to those derived from human adipose tissue [33]. We did not investigate the fate of
transplanted cells contained in SVF, in particular ATSCs, because it was an autologous
model, however it is generally considered that most transplanted MSCs do not engraft and
their therapeutic effect is via paracrine mechanisms [50,51]. The delivery of SVF to the
pedicle construct did not enhance vascularization further than the use of a pedicle alone. This
may be because the number of cells present in the SVF would be minute in comparison to
those delivered by the pedicle which induced vascularization to such a degree that any
increase by SVF was negligible. To distinguish if SVF alone has a beneficial effect on
vascularization as observed by previous studies [52], an additional group containing only

BCP + SVF would be required, however this is out of the scope of the current study as the
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focus was primarily to use a pedicle to achieve pre-vascularization, and secondly to determine
if SVF would enhance this further.

While pre-vascularized constructs were successfully achieved by using our approach, there
was an absence of bone formation in the subcutis constructs following implantation for 8
weeks. This is in contrast to a recent study which observed bone formation using SVF in a
similar vascular pedicle approach [2], with differences possibly caused by the much lower cell
number used in the current study. However, the bone induction observed by Epple et al was
likely due to another aspect of their construct since the SVF showed no increase in bone
formation compared to other groups without SVF, it could also be due to the longer
implantation time of 12 weeks in contrast to the 8 week period employed here. We have
previously observed that cultured expanded MSCs derived from adipose tissue significantly
enhanced neovascularization in vivo but failed to induce de novo bone in subcutis sites [40],
in agreement with our present results. A comparable study encompassing a vascular pedicle,
albeit just the vein, passing centrally through a 3D printed calcium phosphate scaffold has
recently been reported [53]. Autologous bone marrow was placed in unison with the
biomaterial around the femoral vein of rats in subcutaneous site for 8 weeks. Contrary to our
study, newly formed bone tissue was observed in the explants loaded with bone marrow
aspirates [53]. Together, this suggests the superiority of employing bone marrow rather than
SVF, whilst still permitting delivery in a single surgery. While promising, these studies have
not assessed the bone regeneration potential of the pre-vascularized constructs in bone
defects. The current study represents the first evaluation of this type of in situ vascularized
construct in a bone defect. Autologous transplantation of this vascularized synthetic graft into
a rabbit ulna bone defect was possible without tissue morbidity and furthermore, after 8
weeks, LCT and histological examination showed good bone integration of the synthetic pre-

vascularized graft and bone defect healing. The addition of SVF yielded no benefit in terms of
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bone formation compared with the pedicle group without SVF, perhaps since both constructs
were equally well vascularized upon transplantation to the bone defect.

Some limitations of the current study include firstly, since the granules of the BCP group
often fell apart upon opening of the chambers, in contrast to the pedicle groups where firm
constructs in the shape of the chambers were formed, this dictated that fresh BCP granules
were used for the BCP control group in the bone defect surgery rather than those that had
been implanted subcutaneously 8 weeks prior, as was the case for the two pedicle groups. It
must also be noted that while our prevascularized construct approach circumvents issues of
autologous bone graft harvesting and tissue availability, it required two surgeries and an 8-
week preparation time for prevascularization, which is incompatible with severe and urgent
trauma. Furthermore, the creation of the ulna defects was not standardized, which may have
contributed to some non-unions at the extremity of the defects (Figure 5a) which may be
overcome by the use of surgical guides customized to the skeletal anatomy [54]. In addition,
the prevascularized construct was transplanted into the ulna defect without anastomosis to the
local vasculature. The limited size of the rabbit model and the availability of a suitable local
vasculature to connect the transplant prevented us from performing anastomoses. This may be
responsible for the small quantity of necrosis observed within these constructs after
transplantation into the bone defects, nevertheless, new bone tissue was formed, and
significant defect healing was observed. Finally, we did not conduct mechanical testing of the
bone constructs which would have evaluated the functional strength of the implants and given
a more precise view of the integrity of the bone tissue that was formed. While calcium
phosphate biomaterials, such as the BCP used in the current study, have proven
osteoconductive properties, they have very low mechanical properties in comparison with
those of native bone tissue and it will thus undoubtedly be necessary to provide them with

mechanical reinforcement until adequate bone formation has occurred. A mechanically
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suitable, vascularized construct has the potential to ensure effective bone healing of large
bone defects. The current study has described a technique to produce a simple, fast and
reproducible pre-vascularized bone construct, and presents the potential of overcoming the

disadvantages of autologous grafting.

Conclusion

This study has demonstrated the feasibility of in sifu fabrication of vascularized synthetic
grafts in an ectopic site using a vascular pedicle passing through the biomaterial. After
inguinal subcutaneous implantation, all the pedicle implants exhibited adequate vascular
permeability, and sprouting of a vascular network. The transplantation of the pre-vascularized
synthetic bone grafts into critical-sized ulnar defects led to significantly higher bone
regeneration compared to the transplantation of the BCP biomaterial without a pedicle. This
surgical technique was simple, fast and reproducible, and offers the possibility to preserve

bone stock and overcome the limitations of autologous grafting.
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