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Biomimetic Construction of Large Engineered Bone
Using Hemoperfusion and Cyto-Capture
in Traumatic Bone Defect
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Abstract

Due to lack of blood vessel systems, only a few tissues, such as skin, cartilage, and cornea, have been successfully
constructed in vivo. Anticoagulative scaffolds have been used in drug-eluting stent systems both in animal studies
and clinical therapies, as in the medicinal leech therapy used to salvage venous-congested microvascular free
flaps improved perfusion inspired us to tackle this hurdle in bone tissue engineering. We hypothesize that a
combination of bone marrow as the blood supply and a heparin/chitosan-coated acellular bone matrix that
acts like hirudin, together with a vacuum-assisted closure therapy system, would provide blood perfusion to
the scaffold. Using these methods, a biomimetically engineered bone construct would facilitate clinical translation
in bone tissue engineering and offer new therapeutic strategies for reconstructing large bone defects if the hypoth-

esis proves to be practical.

Introduction

PREVIOUS STUDIES in tissue engineering have provided
new information about replacing or restoring function
in bone defects due to infection, trauma, or resection of tu-
mors.'? However, up to now, most of the successes in tissue
engineering have been limited to avascular and thin tissues
that can survive by receiving a supply of oxygen and nutrients
via diffusion, without the need for an additional vascular sup-
ply.>* Today, only in vitro-engineered tissues, such as skin and
cartilage, are successfully used in the clinical setting, and very
few real tissue-like test systems have been developed.”® There-
fore, the main hurdle in the field of tissue engineering is how to
provide a sufficient blood supply to grafted tissue substitutes
during the early post-transplantation period.”

Manufacture Prevascularized Tissue In Vitro

Angiogenic factors are commonly used to induce neovas-
cularization in engineered tissues. These factors activate the
endothelial cells (ECs) or endothelial progenitor cells (EPCs)
and stimulate them to migrate toward the factor gradient.
Furthermore, they promote vessel formation and maturation.
The main factors involved in upregulating the angiogenic
processes are vascular endothelial growth factor (VEGF),

basic fibroblast growth factor (bFGF), and hepatocyte growth
factor. A complex network of cytokines, including platelet-
derived growth factor and transforming growth factor beta,
participate in the regeneration of endothelial tubes.” Incorporat-
ing localized and long-term delivery of angiogenic factors at the
implantation site into the biomaterial design can overcome the
naturally high degradation rate of growth factors.® Previous
studies have used biomaterials with degradable porous reser-
voirs or pre-encapsulated microspheres.” An alternative to
biomaterial control of growth factor release is the use of trans-
fected cells to provide sustained growth factor release. Geiger
et al. compared bone substitute scaffolds coated with VEGF-
encoding plasmid DNA versus those seeded with mesenchymal
stem cells (MSCs) transfected with VEGF.!° They found that the
latter led to greater vascularization and faster resorption of
the bone substitute. Similar results have been reported for the
application of MSCs transfected with VEGF after myocardial
infarction, which resulted in improved blood perfusion.*
Scaffolds seeded with ECs and other cell types can be cul-
tured in vitro to form three-dimensional prevascularized
structures. The construct containing the vascular network
is then implanted into the ischemic area to anastomose
with the host. Tremblay et al. found that the connection
between the prevascularized construct and the host tissue
required 4 days to form after transplantation; however, a
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14-day period was necessary to achieve a similar result with a
nonendothelialized control.'> Another technique, cell sheet
engineering, combines biomaterials with ingrowing cells
that are harvested from temperature-responsive cell culture
dishes. After being layered, a three-dimensional structure is
created and transplanted into ischemic tissues. Increases in
blood perfusion could be found with this approach.'?

Prefabrication of Large Vascularized Bone Grafts In Vivo

Most tissues in vivo, with the exception of cartilage and the
cornea, receive nutrients and oxygen via blood vessels sepa-
rated by less than 200 um.'* Previous studies have described
large tissue-engineered constructs that can be sufficiently
supplied with oxygen and nutrients in perfusion bioreac-
tors.”> However, diffusion is limited by the distance from
host capillaries once these constructs are implanted in vivo.

In vivo prevascularization is an alternative to preseeding
scaffolds with cells. In contrary to the strategy with the pre-
seeded scaffold, in vivo prevascularization is based on angio-
genesis: a sequence of events between ECs and other cell
types in the surrounding tissue to form new blood vessels
from pre-existing vessels. During the preliminary implanta-
tion into a host body, de novo vascularization of the construct
occurs. The process was first demonstrated by Fontaine et al.
in 1972, and since then, various studies have demonstrated
that host cells are able to build a perfusable vascular network
in suitable artificial structures.'®"® After successful vasculariza-
tion, the vascularized bone grafts is explanted again into the is-
chemic target site. The disadvantage of this approach is the
need for polysurgeries: the implantation of the cell-free scaffold,
followed by the removal and the proximate insertion of the pre-
vascularized biomaterial. Warnke et al. used intramuscular tis-
sue as an in vivo bioreactor to prefabricate a large mandible
replacement for clinical use during a 7-week prefabrication pe-
riod." Other studies have assessed ectopic and orthotopic bone
formation in cell-based constructs. These studies report abun-
dant bone formation throughout the intramuscular implanta-
tion. Orthotopic bone apposition was limited to the interface
of surrounding bone, with negligible osteogenesis occurring
at the center of the ilrnplan’c.20 The arteriovenous (AV) loop
chamber is another strategy for prevascularization using
in vivo anastomoses. This intrinsic vascularization model
forms a shunt loop between an artery and a vein. Polykandrio-
tis and Kneser obtained vascularized calcified tissue constructs
by inserting an AV bundle into a disk of processed bovine can-
cellous bone matrix.?'>* This approach requires several weeks
to anastomose with the host vasculature in vivo and does not
address the risk of blood coagulation upon implantation.

The strategies mentioned above provide promising ad-
vancements for the clinical use of vascularized constructs.
However, one major limitation is the survival of cells in
large constructs through nutrient and oxygen diffusion,
which is related to the limited hemoperfusion in the early
post-transplant phase.> The need for multiple surgeries is
also a major disadvantage.”

Hemocompatibility and Endothelialization
of Anticoagulant Biomaterials

Blood contact with the surface of a foreign material may re-
sult in protein adsorption, activation of the complement sys-
tem and the clotting cascade, and eventually thrombus
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formation.?® The thrombus makes oxygen and nutrient diffu-
sion more difficult. The surface properties of a biomaterial are
crucial to determine its hemocompatibility in vivo. These sur-
face properties are often supplemented with active anticoag-
ulant molecules, such as heparin, a glycosaminoglycan that
acts as a strong polyanion, or chitosan, a polycation structur-
ally similar to glycosaminoglycans and compatible with a va-
riety of mammalian cell types.

Layer-by-layer (LBL) assembly of polyelectrolytes is one
method to modify the surface of a biomaterial.*”*® Drug de-
livery systems made using LBL assembly of heparin and chi-
tosan can store heparin-binding growth factors, such as FGFs
and BMPs.?’ Heparin-chitosan LBL-coated coronary stents
have been tested in vitro and in vivo. These stents safely and
efficiently promote re-endothelialization and intimal healing,
in addition to their anticoagulant properties.*® Our group has
shown previously that the LBL assembly of heparin—chitosan
coats on acellular bone matrix (HC/ACBM) significantly in-
creases blood perfusion compared to blood diffused into
the scaffold in ACBM.*!

Endothelial-Like Differentiation and Homing
of Bone Marrow Stem Cells Are Crucial Aspects
of Tissue-Engineered Therapy Design

MSCs can differentiate into a variety of cell types, includ-
ing osteoblasts, chondroblasts, adipocytes, and hematopoie-
sis-supporting stroma. This cell type has been widely
studied for its therapeutic applications in regenerative medi-
cine. MSCs subjected to fluid shear stress (SS) differentiate
toward ECs, which are a key cell type in vasculogenesis
and cardiac repair.*> MSCs can also be differentiated to ECs
using VEGF stimulation and hypoxic environments.*

Another cell source option to regenerate function in ischemic
tissue is EPCs. These cells reside in the bone marrow primarily
and in low concentrations in the circulating peripheral blood.
EPCs stimulate the re-endothelialization of injured blood
vessels and can support vasculogenesis and angiogenesis in
hypoxic areas.>* EPCs deposit and remodel the extracellular
matrix to a greater extent than ECs, which could be an impor-
tant advantage for tissue engineering applications.*> Due to
these numerous advantages, EPCs have an enormous potential
in vascular regenerative medicine. However, the peripheral
blood of healthy adults contains very low concentrations of
circulating EPCs. Several transducers can boost the mobiliza-
tion of these progenitor cells from the bone marrow into the
peripheral blood to accelerate in situ endothelialization, such
as the stromal cell-derived factor-1, VEGF, granulocyte-colony
stimulating factor (G-CSF), and erythropoietin.*® EPCs rep-
resent a promising tool for generating an endothelium on
materials. Thus, in recent years, the interest to capture EPCs
on surfaces has gained much attention. Synthetic vascular
grafts coated with capture molecules can also be used to attract
circulating EPCs, mimicking natural homing factors, including
antibodies, peptides, and oligosaccharides.3”

Stem cell sources for bone tissue engineering are often ex-
panded in vitro using bioreactor systems.’* Bioreactor sys-
tems can create an environment similar to the in vivo
environment of bone and provide adequate nutrition and ox-
ygen to cells throughout the scaffold. Bioreactors can also
provide fluid SS cues in vitro similar to those acting on
MSCs in vivo. Additionally, fluid SS plays a crucial role in
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the differentiation of MSCs. Previous studies have shown that
different SS, ranging from 0.3 to 15 dynes/cm?, can induce os-
teogenic, endothelial, or cardiomyocyte-like differentiation of
MSCs.'*?” Recently, microscale computational fluid dynam-
ics models have been developed to predict local velocity
and shear profiles throughout the microarchitecture of the
scaffold.?® Cioffi et al. applied a combined macroscale/micro-
scale model to quantify the hydrodynamic SS throughout a
perfused porous scaffold and predict the oxygen profiles
within a cell-seeded construct during the initial stages of bio-
reactor culture. The average SSs calculated with their model
within a scaffold perfused at 0.03-0.3 mL/min, were consis-
tent with the magnitudes predicted by previous microcom-
puted tomography-based models.*

Presentation of the Hypothesis

The significant improvement in tissue perfusion observed
when using medicinal leeches to salvage the venous-
congested microvascular free flaps or reattached limbs in-
spired us to try a similar method to improve perfusion
when constructing tissue in vivo. The beneficial mechanism
of this therapy relies on secretion of the anticoagulant hirudin
from the salivary glands of the leech. This mechanism also
relies on the proboscis through which blood is absorbed.
Thus, eliminate microcirculation disorders, restore damaged
vascular permeability, eliminate hypoxia, and increase the
bioenergetic status of the organism. Vacuum- assisted closure
(VAC) can promote blood perfusion similar to the leech
proboscis.*

We integrated the current knowledge of bone tissue engi-
neering, anticoagulation scaffold prefabrication techniques,
blood perfusion, and vascularization in soft tissue enabled
by the VAC therapy system. We hypothesize that a combina-
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tion of MSCs form the bone marrow, controllable release of
heparin and cell capture molecules and VAC therapy system
can improve the blood perfusion and vascularization of the
engineered tissue.

The protocol to test this hypothesis used bone marrow as a
blood supply, delayed heparin release from the HC-coated
ACBM as an anticoagulant, and a VAC therapy system to
promote blood perfusion throughout the scaffold (Fig. 1).
Biomimetic-engineered bone generated using this leech-
inspired therapy enabled blood perfusion and captured
stem cells for neoangiogenesis and bone formation. To verify
that the construct works in vivo, we established a 30-mm tibia
traumatic bone defect model in pigs. The surgical procedures
are as follows: The pigs were anesthetized by intravenous
injection of ketamine (50 mg/kg body weight), and bilateral
surgical procedures were conducted under aseptic condi-
tions. The external fixation was put on the anterolateral of
the tibia. Then, a 50-mm incision was made at the anteriome-
dialis within 2 pins, and the tibia was isolated through the
interspace of the tendons and muscles. Then, a complete
bone defect of 30 mm, which included the periosteum, was
made in the middle segment of the tibia. The fibula was left
intact for mechanical stability. The implanted materials
were inserted into the bone defect and bound to the fibula
by thread without other fixation devices. The drainage tube
was inset into the hole of the scaffold, placed through the
muscle and cutaneous and inosculation with the VAC sys-
tem. After implantation, the wounds were carefully washed
with saline, and the incisions were sutured in full thickness
(Fig. 2). The blood flow in this model, which ranges from
0.05 to 0.1 mL/(min-g), can transport oxygen and other nutri-
ents as predicted by macroscale and microstructured models
in vitro.*” This strategy opens new possibilities for recon-
structing large segment bone defects and facilitates clinical

FIG. 1. Biomimetic
construction of tissue-
engineered bone. Biomimetic
bone engineered using the
medicinal leeches therapy
enabled blood perfusion. The
vacuum-assisted closure
(VAC) therapy system draws
the blood from medullar to
perfuse into heparin—chitosan
coats on acellular bone matrix
(HC/ACBM) act as the
proboscis promoting blood
flow within the venous-
congested microvascular free
flaps. The heparin released
from the HC/ACBM keep the
blood from coagulation as
that of hirudin. 1, control
system of VAC system; 2,
biomimetic-engineered bone
(bottom right inset; red arrow
indicates direction of blood

Adipose
tissue

flow); 3, proboscis of leech; 4,
VAC therapy system (top left
and bottom right insets,
encircled in red); 5,
experimental animal.
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FIG. 2. Surgical procedures
to construct biomimetic-
engineered bone. (A) The
external fixations were put on
the anterolateral of tibia.
Then, a 50-mm incision was
made at the anteriomedialis,
and the tibia was isolated
through the interspace of the
tendons and the muscles. (B)
A complete bone defect of
30mm, including the
periosteum, was made in the
middle segment of the tibia.
(C) HC/ACBM materials
were inserted into the bony
defect. (D) The drainage tube
was inset into the hole of the
scaffold, placed through the

muscle, cutaneous, and
inosculation with the VAC
system. Blood could be drawn
immediately after incision
sutured.

translation in bone tissue engineering. This strategy has three
advantages compared to conventional reconstruction meth-
ods. First, the VAC system allows blood to be perfused, rather
than only diffuse, into the anticoagulation construct during
the early postimplantation period. Second, the volume and
shape of tissue-engineered constructs can be customized,
and MSCs can be integrated within the scaffold to form capil-
laries. Third, this strategy promotes bone healing at the site of
the bone defect, without requiring additional surgeries.
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