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A variety of engineered materials have gained acceptance in orthopedic practice as substitutes for autologous
bone grafts, although the regenerative efficacy of these engineered grafts is still limited compared with that of
transplanted native tissues. For bone defects greater than 4-5 cm, however, common bone grafting procedures
are insufficient and more complicated surgical interventions are required to repair and regenerate the damaged
or missing bone. In this review, we describe current grafting materials and surgical techniques for the recon-
struction of large bone defects, followed by tissue engineering (TE) efforts to develop improved therapies.
Particular emphasis is placed on graft vascularization, because for both autologous bone and engineered
alternatives, achieving adequate vascular development within the regenerating bone tissues remains a signifi-
cant challenge in the context of large bone defects. To this end, TE and surgical strategies to induce devel-
opment of a vasculature within bone grafts are discussed.
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Impact Statement

This review aims to present an accessible and thorough overview of current orthopedic surgical techniques as well as bone
tissue engineering and vascularization strategies that might one day offer improvements to clinical therapies for the repair of
large bone defects. We consider the lessons that clinical orthopedic reconstructive practices can contribute to the push

toward engineered bone.

Introduction

RECONSTRUCTIVE SURGERY CAN restore skeletal function
and aesthetics in patients who have experienced major
bone loss. Current approaches to heal large-scale defects
typically require use of a bone graft at some stage of the
reconstructive process; and to this aim, multiple grafting
materials have been developed. However, for bone defects
larger than 4-5 cm, application of a bone graft alone is not
sufficient to achieve healing, and specialized surgical pro-
cedures are required to enhance the bone’s regenerative
capabilities.

Tissue engineering (TE) seeks to create bone grafts with
increased regenerative potential that will mature either
in vitro or in vivo to form functional new bone tissue, but
poor vascularization of large constructs remains an obstacle
to their successful engraftment. We believe the strategies
that enable current reconstructive techniques to heal very
large bone defects can offer lessons to inform future TE

therapies. In this review, we outline techniques used to re-
construct major bone defects and examine the features that
promote their efficacy in large-scale contexts, followed by
discussion of TE strategies to develop grafts that can restore
the complex functionality and vascularity of native bone.
Perspectives beyond the canonical TE framework of cells,
signals, and scaffolds are considered, as understanding the
practical requirements for a clinical graft can help guide TE
research toward translatable solutions.

Bone Biology and Defects

Bone tissue provides structural support to the body
through an impressive combination of lightweight, tough,
and load bearing properties. These features arise from
bone’s highly organized hierarchical structure.! At the na-
noscale, calcium phosphate mineral crystals are embedded
within a protein matrix consisting primarily of type I col-
lagen.>? At the microscale, bone tissues are organized into

Departments of 'Orthopaedic Surgery, >Chemistry, *Materials Science and Engineering, and “Bioengineering, Stanford University,

Stanford, California, USA.

539



540

two main architectural forms: cancellous bone and cortical
bone.* Cancellous bone has a spongy microstructure, con-
sisting of anisotropically ordered struts called trabeculae
with porous spaces between them. By contrast, cortical bone
tissue is very dense and provides the hardness and com-
pressive strength needed for load bearing. A dense vascular
network permeates bone, with larger arteries branching into
smaller arterioles and capillaries that pass through networks
of pores and channels in the mineralized tissues to furnish
cells with oxygen and nutrients.”™®

Bone cells carry out a dynamic process of resorption and
deposition, which enables bones to remodel in response to
microdamage and mechanical loads. Bone is one of the few
tissues that can heal without scarring,” and many bone de-
fects mend with minor intervention. However, in cases of
extreme bone loss owing to trauma or disease, surgery may
be required for reconstruction. Defects that are unable to
spontaneously heal despite a%:)ropriate stabilization are
known as critical size defects.” In humans, the threshold
size of a critical defect depends on the nature of the injury
and varies between patients, but typically defects >2 cm in
length require surgical intervention to enable recovery.'' A
variety of grafting materials and surgical techniques may be
called upon to treat critical size defects, their suitability
varying based on the defect size, and location in the body."?

Clinical Bone Graft Materials

Bone grafts are characterized in terms of their osteo-
conductivity, osteoinductivity, osteogenicity, and mechani-
cal strength. An osteoconductive graft provides a scaffold
for the deposition of new bone. Osteoinduction refers to the
act of recruiting or inducing the differentiation of osteo-
progenitor cells. A graft is deemed osteogenic if it provides
cells capable of forming new bone. The mechanical strength
of a graft material determines whether it can provide
structural stability and support to the reconstructed bone,
although no graft is able to provide immediate load bearing
without additional stable fixation."?

Autologous bone represents the graft of choice for non-
union treatment. These grafts, called autografts, are sourced
from a portion of the patient’s own bone that is harvested
and then transplanted at the site of need. Autograft is of
particular value for healing bone defects owing to its com-
position: it contains osteogenic cells, osteoinductive growth
factors, and an osteoconductive matrix. Graft characteristics
vary depending on the donor site; dense cortical grafts
provide greater initial mechanical support, whereas cancel-
lous grafts are richer in regenerative cells and growth factors
and their highly porous structure promotes rapid bone in-
growth.'* The most common site from which to harvest
autograft is the iliac crest of the pelvis, although it can also
be sourced from other bones such as the femur, tibia, fibula,
and radius.'>'® Despite the regenerative potential of auto-
graft, living tissue harvest is accompanied by significant
shortcomings. The volume of available tissue that can be
harvested is limited and the donor site often suffers from
morbidity, injury, infection, and pain.'’

Allogeneic bone tissue harvested from cadavers can be
used as an alternative graft source that avoids the limited
availability and complications associated with autograft
harvest. Allografts come in several forms. Demineralized
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bone matrix presents a high surface area of collagen and
osteoinductive growth factorslg; morselized cancellous and
corticocancellous chips possess excellent osteoconductive
properties'”; and osteochondral and whole-bone segments
can provide structural stability, although integration with
host bone is slow because of their relative inertness.'>!'> In
general, allogeneic transplants suffer from inconsistent
mechanical and osteoinductive characteristics owing to
differences between donors,'*'>'® and the processing and
sterilization techniques used to prepare donor tissue can
further reduce the mechanical strength and activity of os-
teoinductive growth factors.'*'* Allogeneic tissues also
carry a small risk of disease transmission from the donor to
the recipient.'®

Ceramic-based materials can serve as alternatives to bi-
ological tissue grafts and have found clinical use as bone
void fillers and autograft extenders. A number of ceramic
materials have been applied clinically, including calcium
phosphates,”° calcium sulfates,?! and bioglasses®> as well as
composite grafts containing organic polymers.”® As they
typically lack biological components, the main function of
synthetic grafts is to serve as osteoconductive scaffolds for
new bone formation. However, it has been contended that
the release of ions from calcium phosphate grafts into the
surrounding interstitial fluids can have an osteoinductive
effect, increasing cellular deposition of bone tissue.>*>
Ceramic grafts are typically resorbable, with the capacity to
gradually degrade and be remodeled by bone cells, enabling
their eventual replacement by functional native bone tis-
sue.26%7 However, the inherent brittleness of synthetic ce-
ramics limits their use in load bearing applications.'*'?
Ceramic grafts are often apglied in the form of granules,
spongy blocks, or cements.'® Self-setting cements provide
the advantage of solidifying in situ after placement to better
fill irregular defect volumes; however, these cements often
lack the macropores ideal for bone and vascular ingrowth,
slowing integration with the native bone tissue.”**’

Polymer-based grafts include those made from processed
biological polymers and synthetic polymers. Collagen rep-
resents the major organic component of native bone—tissue
matrix® and several grafts based on processed collagen are
currently applied in clinics.'® Collagen scaffolds contain
binding sites that interact with cells and other proteins,*®
enhancing scaffold bioactivity compared with the relatively
inert synthetic polymers. Despite this, degradable synthetic
polymers constitute an area of great research interest for
developing bone grafts, as their tunable mechanical prop-
erties and processability enable robust and complex con-
struct designs. Several scaffolds based on polylactic acid
and poly(lactic-co-glycolic acid) have been approved for use
as bone void fillers and autograft extenders.'® Integration
with other graft materials can produce composites with
improved regenerative properties,®' and their complete hy-
drolysis enables the body to repair the tissue without any
residual foreign material.

Surgical Techniques for Large Bone Defect
Reconstruction

Some defects are so large that most autografts alone
cannot heal the wound because the bone graft is subject to
uncontrollable necrosis and resorption.’’>> Bone defects
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4-5cm in length or greater generallﬁy require more complex
surgical intervention to heal fully.®

One method to regenerate almost unlimited lengths of bone
is distraction osteogenesis, developed by Ilizarov in the
1950s.” This surgical method involves placing the broken
bone ends close together to initiate the knitting process
(Fig. 1). Gradual separation of the ends at a rate of 0.5-
1.5 mm per day extends the bone before closure of the gap can
occur.’ 0 As such, there is nearly no limit to the volume of
bone that can be regenerated given sufficient time. However,
the process is exceedingly cumbersome and painful, and pa-
tients might need to wear external braces for more than a year.
These braces stabilize the unfused bone ends with strong pins
that pass through the muscle and skin, which are highly prone
to infection.’” A variant of distraction osteogenesis called
bone transport enables bone undergoing reconstruction to re-
main at a fixed length throughout the procedure. To do this, a
secondary break is created to produce a segment of bone that
can then be slowly drawn from one end of the defect to the
docking site. However, for most of the lengthening process,
the docking surfaces are not held in close proximity and may
become inactive owing to poor vascularization.*' To achieve
union, a final surgery is typically required, often with appli-
cation of a secondary autograft.

An alternative surgical method for reconstructing bone
defects greater than 4-5cm in length is the induced mem-
brane technique, developed by Masquelet et al. in the
1980s.** This technique is carried out in at least two stages
(Fig. 2). First a poly(methyl methacrylate) cement spacer is
placed within the defect. This enables any infection to be
treated and allows the surrounding soft tissues to heal, while
maintaining the defect cavity clear of unwanted tissue in-
growth. Critically, a vascularized fibrillar membrane forms
around the polymer spacer as part of the immune system’s

A

:-lr-’__.’_:zb
a Q
o
t
|
g — —
H=—==P—— external /CE_>~
fixator

541

foreign body reaction.** This membrane is known as the
“induced membrane.” After a period of 4-10 weeks, con-
tingent on the successful healing of the soft tissues, the
polymer spacer is removed and an autograft is implanted in
its place within the cavity created by the induced membrane.
Depending on the defect size and the available volume of
autograft, augmentation with allograft or synthetic bone
void fillers may be used.** The presence of the induced
membrane surrounding the bone graft creates a privileged
environment for bone regeneration, although the mechanism
of action is still unclear and may include growth factor se-
cretion,45417 high vascular density,“J17 stem cells,47 or
serving as a barrier to prevent graft resorption and fibrous
tissue invasion.’*** The induced membrane technique for
bone reconstruction works well but is lengthy, taking ~9
months from start to finish, and potentially longer if com-
plications arise.**** Formation of the membrane alone re-
quires at least one surgery and 1-2 months of waiting before
bone graft transfer may occur. Another downside is the need
for large volumes of autograft, which may not be available
and can cause secondary complications such as donor site
morbidity.

A third technique for reconstructing large-scale bone
defects is vascularized cortical bone transfer (Fig. 3). There
are several vascularized bone grafts to choose from, with the
fibula being most common.” The intact cortical strength of
these grafts provides superior mechanical support during
the 6-12 months after implantation,14 but the main ad-
vantage of these grafts is that they are harvested intact with
their associated vascular beds. Where typical autograft
fails to heal major defects owing to slow revascularization
and subsequent graft necrosis, the rich network of blood
vessels within the intact fibular bone segment is ideal for
instantly reestablishing blood flow throughout the graft upon

FIG. 1. Distraction osteo-
genesis takes advantage of
bone’s ability to generate
new tissue under tension. (A)
Monofocal bone lengthening.
(B) Multifocal bone transport
enables maintenance of limb
length throughout the proce-
dure. Color images are
available online.
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In the induced membrane technique for bone reconstruction, the defect space is filled with a PMMA cement

spacer, which induces formation of an enveloping biological membrane. The spacer is then removed, leaving the membrane
in place, and autograft is placed in the cavity. PMMA, poly(methyl methacrylate). Color images are available online.

implantation.” The procedure is challenging though, as it
requires expertise not only in orthopedic reconstruction, but
microvascular surgery, too, to reattach the graft blood ves-
sels at the recipient site. In general, transplanted small di-
ameter vessels often fail to sustain long-term circulation
because of complications that lead to occlusion, however
even maintaining blood flow for >1 month can provide
sufficient time for new vessel development and spontaneous
microvascular anastomosis between the graft and recipient
site, enabling graft survival.*® The greater success of large-

fibula
Q
-
FIG. 3. Intact segments can be har-
vested from the fibula. The fibula is B
well furnished with blood by the fib- o

ular artery, which supplies arterial
branches into the bone and surround-
ing periosteum. Color images are
available online.

scale vascularized bone grafts over avascular autograft
highlights the necessity of rapid vascularization in bone
reconstruction.

TE Bone Grafts

Tissue engineered bone holds promise to reproduce the
regenerative benefits of autografts without the drawbacks
associated with tissue harvest. However, despite some suc-
cesses using synthetic bone void fillers to guide bone healing,

fibular
(peroneal)
artery
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discussed previously, existing synthetic bone constructs lack
the osteoinductive and osteogenic potential of native bone.
At present, much research focuses on finding ways to en-
hance the regenerative capabilities of engineered scaffolds
to better serve as replacements for autologous bone. In ad-
dition, any construct’s success in large-scale defects will be
further determined by its ability to rapidly reestablish blood
flow throughout the engineered tissue.

The field of TE can be broadly defined as the application
of principles from engineering and the life sciences to
generate functional biological or biointegrative replace-
ments for native tissues and organs. In regenerative medi-
cine, the aim of TE therapies is to manipulate cells to
produce healthy new tissue for defect repair or prevention.
To achieve this, much current bone TE research focuses on
the development of new stem cell sources, the delivery of
chemical signals, and the fabrication of bioactive scaffolds
to engineer constructs capable of regenerating functional
bone tissue.

Current obstacles to the production of engineered bone
include the intricacy needed to mimic the characteristics of
native bone and the difficulty of ensuring cell survival
throughout large-scale constructs owing to slow revascu-
larization. Reproducing the complexity of living bone
presents a formidable fabrication challenge: bone tissue
includes intimately integrated minerals, structural bio-
polymers, growth factors, and cellular components, hav-
ing vastly divergent mechanical properties. Additive
manufacturing techniques capable of printing multiple ma-
terial types and integrating various deposition modalities
show promise to achieve complex integrated constructs with
the desired spatial patterning of cells, supportive struts, and
signaling molecules.’** However, currently the require-
ments of cytocompatible printing techniques impose a limit
on the achievable printing resolution. In addition, as grafts
become more complex with multiple cell types, determining
the optimal coculture conditions for tissue regeneration
becomes increasingly challenging. Fortunately, a TE strat-
egy for regenerative medicine does not need to fully recreate
the complex structure of bone, as the goal is to reproducibly
guide a successful healing response. As such, it is perhaps
not the structure of native bone that must be engineered as
much as the processes involved in bone development and
healing. Mineralized bone tissue is also not the only po-
tential target: TE approaches to mimic the periosteum’’ or
the induced membrane™ have also been considered. Simi-
larly, in the guided bone regeneration (GBR) technique, an
acellular barrier membrane is applied over a defect site to
block the invasion of soft tissue that could inhibit bone
growth.>>® GBR is a common procedure in periodontal
bone augmentation and can be performed either with or
without simultaneous implantation of a bone graft.

From the perspective of meeting medical standards, off-
the-shelf acellular synthetic scaffolds are currently more
reproducible than biologic products. And synthetic materials
are more readily and economically manufactured at the
volumes required for clinical application. Shelf-stable con-
structs that do not require specialized equipment are also
more widely accessible for low-resource communities.
These acellular scaffolds rely on the recruitment of local
host cells to invade and deposit new tissues, which might be
compromised in cases where a patient’s bone healing cap-
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abilities are limited, such as after radiation or ablation
therapy, infection, or tissue degeneration.”’ On the contrary,
cellularized constructs that require prolonged in vitro culture
periods are costly and risk undesirable phenotypic changes
that might prohibit clinical translation.”® Constant advances
in device fabrication,52’59’60 stem cell biology,61 and in vitro
bioreactor technologies®*®* are striving to one day resolve
these concerns.

In vivo TE strategies can circumvent the risks associated
with prolonged in vitro cell culture. Engineered constructs,
with or without cells, may be implanted either directly into
the defect site,57’65 96 or at a secondary location where ec-
topic bone is allowed to develop before transplantation to
the defect site.””%” An advantage of ectopic development is
that it enables formation of a vascular network within the
engineered construct before defect reconstruction, essen-
tially yielding a vascularized autologous bone graft, which
will be discussed in greater detail in a later section. In-
traoperative procedures that can carry out cell harvest, rapid
incorporation into a TE construct, and subsequent re-
implantation can be used to include cells or harvested tissue
components within in vivo engineered constructs with
minimal ex vivo cell manipulation.

In determining construct design, the tissue engineer has a
variety of building blocks to choose from. Cell sources in-
clude harvested primary differentiated cells and stem
cells,®®* 7% induced pluripotent stem cells,”" cell aggregates
or organoids,72’73 and cells with genetic modification 475,
scaffold materials include synthetic and biologically derived
polymers,76’77 metals,78 ceramics,79 and composites77; and a
range of native and engineered signaling molecules® are
available to regulate cellular activity. Applying mechani-
cal,gl’82 <3lc:(:tri(:al,83’84 and magnetic™"> forces can provide
cells with additional developmental cues to promote bone
regeneration.

The success of vascularized fibular autografts in large
bone defect reconstruction, discussed previously, demon-
strates that immediate blood perfusion through a graft sig-
nificantly improves graft survival and enables healing of
much larger defects than would be possible using avascular
grafts. Nearly all cells in the human body are located within
100-200 pm of a blood vessel, a spatial limit imposed by the
diffusion limit of oxygen.*” TE constructs need to either
include a vascular system capable of being connected to the
host system for immediate reperfusion like the vascularized
fibular graft or else promote rapid revascularization in sifu to
ensure graft survival and tissue repair.

Microvascular Engineering

Several strategies have been explored to achieve pre-
vascularization of large TE constructs. Perhaps most
straightforward, endothelial cells (ECs) or their precursor
cells embedded within 3D scaffolds can self-assemble to
form capillary-like networks with a branching morphology
similar to that found in native tissues.*®® Co-culture with
vascular mural cells (smooth muscle cells, pericytes, and
mesenchymal stem cells) promotes maturation and stabili-
zation of the newly formed vessel networks.®>*° Cell
seeding can be carried out using single cells or spheroid
aggregates. EC spheroids demonstrate considerable angio-
genic potential meaning they can rapidly sprout to form
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capillary-like structures.”’ Several fabrication strategies

may be used to organize the microvasculature within con-
structs to ensure it is sufficiently extensive to supply all en-
capsulated cells with oxygen and nutrients. These methods
include 3D printin§,73 2 microchannel pattern molding,” cell
sheet stacking,”>**% and reseeding decellularized tissues.”®
TE grafts prevascularized with capillary-like networks
in vitro depend on fusion of the graft vessels with the host
vasculature after implantation, which is a faster process than
complete neovascularization through graft invasion by host
vessels but slower than surgical anastomosis.””

An alternative approach is in vivo prevascularization,
where a TE scaffold is implanted in the body, at a secondary
implantation site, and the graft is vascularized by angiogenic
ingrowth from the surrounding tissues. Scaffolds for in vivo
prevascularization may be cellularized® or acellular,'®*'%!
although growth factor delivery might be necessary to en-
sure vascular invasion into thicker acellular grafts.”® In vivo
vascularization often occurs over the course of several
weeks to months, depending on the graft size, after which
the graft may be moved to the site of the tissue defect.
Connection of the host and graft vasculature may occur by
surgical anastomosis or natural inosculation. A small num-
ber of case reports detail use of this technique to engineer
vascularized autologous bone grafts for mandibular recon-
struction in humans, with mixed results.®’” Because of the
length of time required for vascularization, there is a risk of
necrosis at the center of large grafts,”® and relatively low
levels of bone formation in ectopic sites can be an issue.'%?

Regardless of fabrication method, various developmental
cues might also be applied to guide EC network formation
within constructs such as the scaffold material stiffness and
nanostructure and the application of shear stress.”’ The de-
livery of biochemical signaling molecules such as growth
factors is an additional powerful director of tissue regener-
ation if the correct types, doses, and delivery time windows
can be determined. Effective growth factor use requires
spatial and temporal control of delivery—chemical gradi-
ents and sequential release provide important cues to tissue
development.'® Advanced biomaterial scaffolds need to be
designed to include optimal biochemical, structural, and
mechanical cues to their resident cells.

Major Vessel Inclusion

In the body, the vascular system exists as a hierarchical
structure with arteries and veins carrying large volumes of
blood to tissues and organs quickly and branching into
smaller vessels and then capillaries for distribution at the
microlevel. Most TE approaches to prevascularization focus
on developing microvascular networks, but the inclusion of a
large-scale blood conduit through a TE construct can supply
greater volumes of blood across the graft immediately upon
implantation. Strategies to incorporate major vessels within
bone grafts include moving an artery to the defect site during
reconstruction,®>'%* developing TE constructs at a secondary
in vivo location around a vascular bundle'™ or within a
created arteriovenous loop,'” and designing construct ar-
chitectures that include an engineered channel or suturable
vessel graft.>>! Small diameter vascular grafts with an inner
diameter <6 mm are prone to occlusive failure owing to
thrombosis and intimal hyperplasia, leading to low long-term
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patency rates.'® However, for the purposes of inclusion
within a TE bone graft, long-term patency may not be re-
quired, as vascularized fibular grafts demonstrate that pro-
viding flow for even 1 month may be sufficient to enable
vascular ingrowth and remodeling within the graft.** We
propose that incorporation of a synthetic engineered vessel
conduit within large-scale bone constructs could complement
microvascular prevascularization techniques by supplying a
large volume of blood throughout the regenerating defect site
immediately upon implantation.

Outlook for the Future

TE approaches may one day offer improvements to cur-
rent surgical techniques for large bone defect reconstruction.
Tissue engineers face a daunting challenge if they seek to
replicate the intricate complexity of biological tissues;
however, therapies for regenerative medicine may not need
to fully reproduce this complexity to guide a successful
healing response. Greater understanding of the fundamental
biological mechanisms behind bone formation and repair
will help inform future regenerative therapies. Concurrently,
advancements in tissue engineered construct design and
fabrication technologies are required to develop bone scaf-
folds that can provide the necessary spatial and temporal
delivery of developmental cues. Even then, large-scale bone
constructs cannot maintain viability without an included
vasculature. Engineered bone scaffolds will need to either
come with a preexisting blood vessel system or else rapidly
revascularize in situ. The challenge of vascularizing large
reconstructed tissues is not limited to bone; success in this
endeavor could greatly advance the development of a wide
range of engineered tissues and organs.
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