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Foreword

Bone tissue engineering is a science that spans nearly all of human history and, as
such, is punctuated with important moments. From prehistoric gold cranioplasty
plates found in Incan ruins, to the identification of bone morphogenetic proteins in
the 1970s, up until the modern-day advancements in synthetic materials and cell
phenotyping, scientists have been striving to harness the natural regenerative capac-
ity of bone tissue. Despite this long history, there is still much room for innovation
and improvement. Due to its highly organized, hierarchical structure, researchers
have been longing for new means to fabricate bone tissue scaffolds with precise
control over nano- and microarchitecture. In addition, the structural importance of
bone combined with the irregularity of many defects has emphasized a need for
patient-specific constructs that can be rapidly produced on-site. Recent advances in
the availability and accessibility of 3D printers to researchers, particularly in regard
to adapting them for biomedical applications, have provided the potential answer
for both of these needs. With the rapid rise of 3D printing as a biofabrication method,
this ancient field seems ripe for yet another leap forward in innovation and clinical
outcomes.

In this textbook, Bone Tissue Engineering: Bench to Bedside Using 3D Printing,
editors Dr. Fernando Guastaldi and Dr. Bhushan Mahadik use their combined exper-
tise to present the current state of the art in applying 3D printing methods to bone
tissue engineering, as well as what future research may have in store. The first four
chapters establish a foundational knowledge of the current state of orthopedics and
3D printing technology. Chapter “Introduction” of this book introduces readers to
the current gold standard in bone repair, such as autografts and allografts, as well as
recent clinical trials in cell-based strategies. Chapter “Basic Bone Biology” dis-
cusses the anatomy and physiology of bone tissue, establishing an understanding of
the underlying biology necessary for the reader to thoroughly study the subsequent
chapters. In particular, the hierarchical structure of bone and the role these structural
relationships play in bone remodeling and homeostasis are examined. Chapter
“Biomaterial Design Principles to Accelerate Bone Tissue Engineering” introduces
the design considerations of biomaterials applied to bone tissue engineering. A wide
range of polymers, metals, and ceramics have been used to engineer bone tissue,
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and so common strategies among these materials to induce bone regeneration are
discussed, as well as emerging fabrication methods such as 3D printing. Chapter
“Additive Manufacturing Technologies for Bone Tissue Engineering” introduces
the various 3D printing technologies that have been applied to bone tissue engineer-
ing. 3D printing encompasses a range of modalities, such as extrusion printing,
inkjet printing, and photolithography. Each of these modalities has different
strengths and weaknesses that influence its success in fabricating bone constructs,
which is discussed in this chapter.

Chapters “3D Printing for Oral and Maxillofacial Regeneration” through “Bone
Grafting in the Regenerative Reconstruction of Critical-Size Long Bone Segmental
Defects” examine the application of 3D printing in several different subfields of
bone tissue engineering. Chapter “3D Printing for Oral and Maxillofacial
Regeneration” presents the current use of 3D printing for oral and maxillofacial
bone tissue engineering. Due to the cosmetic nature of many of these injuries, 3D
printed bone tissue presents great potential for improving clinical outcomes through
patient-specific treatments. Next, chapter “Printing for Orthopedic Joint Tissue
Engineering” discusses osteochondral joint tissue, including the complicated chal-
lenge of regenerating both cartilage and bone. Cartilage defects and current strate-
gies from a surgical perspective are discussed at length, and the chapter concludes
with a discussion of cartilage tissue engineering. Chapter “3D Printing in Pediatric
Orthopedics” examines applying 3D printing technologies towards pediatric ortho-
pedic practice. By transforming MRI and CT scans into sliced print files, clinicians
are able to print patient-specific surgical models for presurgical planning, as well as
specialized instruments and implants. Finally, chapter “Bone Grafting in the
Regenerative Reconstruction of Critical-Size Long Bone Segmental Defects™ dis-
cusses recent advances in engineering long-bone segmental defects, including the
development of improved allograft techniques as well as synthetic bone grafts.

Chapters “3D Bioprinting and Nanotechnology for Bone Tissue Engineering”
through “Strategies for 3D Printing of Vascularized Bone” introduce emerging tech-
nologies that can be accompanied with 3D printing to improve engineering out-
comes. Chapter “3D Bioprinting and Nanotechnology for Bone Tissue Engineering”
discusses the combination of 3D printing and nanotechnology to fabricate materials
that are more biomimetic of native bone tissue. Since bone tissue has a highly orga-
nized hierarchical structure down to the nanoscale, modification of nanoscale sur-
face roughness or chemistries can increase the success of bone engineering
techniques. Chapter “Bioreactors and Scale-Up in Bone Tissue Engineering” exam-
ines the importance of bioreactors in bone tissue engineering. Flow-perfusion bio-
reactors not only improve osteoinduction via flow-derived shear forces but are
necessary to sustain cell growth in clinically sized constructs for critical-sized
defects. Along similar lines, chapter “Strategies for 3D Printing of Vascularized
Bone” discusses the complex challenge of vascularizing engineered bone tissue.
Native bone tissue is highly vascularized which plays an important role in bone
maintenance and remodeling. This chapter discusses techniques currently employed
to best recapitulate this complex network.
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Finally, chapters “Development of Additive Manufacturing-Based Medical
Products for Clinical Translation and Marketing” and “Future Direction and
Challenges” discuss clinical translation of 3D printed bone tissue engineering con-
structs, including considerations for meeting regulatory requirements, and future
directions of the field, respectively. As a whole, this text represents a complete
examination on the current state of bone tissue engineering, particularly as 3D print-
ing emerges as a significant fabrication method. Drs. Guastaldi and Mahadik have
done an excellent job compiling the expertise of the field and providing this resource
for readers who hope to gain insight into new developments in this exciting field,
and we hope the readers enjoy.

Department of Bioengineering Adam M. Navara
Rice University Houston, TX, USA Antonios G. Mikos



Preface

Since the advent of tissue engineering in the 1980s, bone has been a primary target
for tissue regeneration. This field has seen some fantastic developments to assist
patients in need of bone-related clinical interventions, but we are still far away from
regenerating fully functional bone tissue. The hope and promise of tissue engineer-
ing to rebuild this complex organ has been mirrored on the rapidly evolving field of
3D printing that allows us to fabricate complex structures in a systematic manner.
With this in mind, we are pleased to introduce the first book that offers a compre-
hensive overview of the state of the art, current challenges, and strategies to recon-
struct large bone defects employing 3D printing technology.

This book is intended to be a concise handbook regarding 3D printing for bone
tissue engineering, covering different 3D printing technologies that can be applied
for bioengineering bone, the aspects of basic bone biology critical for clinical trans-
lation, the progress made in the field of regenerative medicine for the reconstruction
of large bone defects, and tissue engineering platforms to investigate the bone niche
microenvironment. Commercialization, legal and regulatory considerations are also
discussed to help translate bone tissue engineered constructs and 3D printing-based
products to the marketplace and the clinic. Although significant progress has been
achieved over the past 2-3 decades, challenges that still exist and approaches to
address them are discussed. This book can be read as a whole entity that provides an
overall perspective on 3D printing in bone tissue engineering. Readers can also refer
to select chapters that cater to specific topics without needing information from the
preceding chapters.

This book is intended for scientists and researchers interested in learning more
about the state-of-the-art progress made employing different 3D printing technolo-
gies for bone tissue engineering. This includes but is not limited to students (under-
graduate, graduate) and postdoctoral researchers, professors who can assign this as
a handbook for quick background studies to capture salient features of this field,
scientists across academia and industry as a reference guide for their research, clini-
cians (dentistry and medicine), and professionals in the biomedical engineering,
medical devices, tissue engineering, and biomaterial fields.

ix
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We wish to thank all the distinguished and expert contributors for their enthusi-
astic participation in this endeavor. We contacted the authors during the particularly
challenging times of the COVID-19 global pandemic in 2020 and were heartened
by their support. It was with utmost kindness and grace that they accepted our invi-
tation and agreed to multiple chapter revisions, despite what we can only describe
as being in unprecedented times. Finally, we sincerely thank the Springer staff for
their support, patience, understanding, and encouragement while we compiled this
book over almost 2 years. Their contribution to this academic venture is extremely
appreciated.

We understand that the fields of tissue engineering and 3D printing are advancing
rapidly with exciting new discoveries made regularly. It will be our sincere goal to
keep the contents updated to reflect latest advances in the following editions of this
book. We hope that this book serves as a guide and perhaps a source of inspiration
to continue pushing scientific boundaries every day.

Boston, MA, USA Fernando P. S. Guastaldi
College Park, MD, USA Bhushan Mahadik
October 1, 2021
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Introduction

Kevin C. Lee and Sidney B. Eisig

Soft and hard tissue defects due to trauma, pathology, and congenital anomalies can
be daunting reconstructive challenges for the surgeon and patient. The goals of sur-
gery, after removing disease, are to restore and maintain form, function, and esthet-
ics while limiting donor site morbidity. However, it is particularly difficult to restore
the precise anatomy in large three-dimensional defects of the craniofacial skeleton
and soft tissue (Fig. la—e). The microvascular free fibula graft is currently the work-
horse for reconstruction of large mandibular and maxillary defects. Unfortunately,
this frequently requires a tracheostomy, an intensive care unit admission, is associ-
ated with donor site morbidity, and may not adequately restore anatomy and func-
tion. The much smaller defect seen in the deficient dental alveolus requiring dental
implants following tooth loss can also be problematic. It has long been hoped that
tissue engineering solutions will provide better patient outcomes with shorter hos-
pital stays and improved quality of life.

The goal of tissue engineering is to create implantable biologically active scaf-
folds that can function as viable tissues. The groundwork for modern tissue engi-
neering dates to the late 1970s when the first successful applications were used to
improve skin grafting techniques [1]. At that time, scientists at Harvard University
developed a novel method for harvesting, culturing, and growing patient-derived
keratinocytes for extensive cutaneous burn injuries [2]. Early products had limited
clinical utility because they were thin, fragile, and lacked dermal elements.
Composite skin products were subsequently developed to include dermal fibroblasts
in a collagen framework. These tissue-engineered skin substitutes demonstrated the
feasibility of culturing and repurposing autogenous cells; however, they ultimately
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Fig. 1 Examples of challenging defects. (a) Mandibular marginal resection defect. (b) Alveolar
and nasal floor defect in a cleft patient. (¢) Orbital floor tumor requiring resection and reconstruc-
tion. (d) Dentoalveolar defect following tooth fracture and infection. (e) Soft and hard tissue defect
following a hemimandibulectomy, radical neck dissection and floor of mouth resection prior to the
introduction of microvascular free flap reconstruction
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Fig. 1.1 (continued)
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Fig. 1.1 (continued)

lacked a practical application. Today, decellularized dermal matrices are the pre-
ferred graft material given their “off-the-shelf” availability and their excellent abil-
ity to integrate, recruit host cells, and regenerate full-thickness skin defects. In the
early 1990s, interest turned to regenerating other human organs. Cartilage attracted
researchers given its poor proliferative capacity and the wide application of tissue-
engineered cartilage to both traumatic and degenerative joint injuries [3]. Media
publicity and public enthusiasm drove a rapid expansion in the field of tissue engi-
neering between 1990 and 2000. At its peak, there were 73 companies with a com-
bined annual research and development budget excess of $580 million [4].
Ultimately, investor expectations were unrealistic and the field experienced precipi-
tous drop in funding following the bursting of the dot-com bubble and the notable
failures of multiple promising trials [5]. Over the last 20 years, there has been a
progressive recovery of interest in regenerative medicine. Today, oral and maxillo-
facial surgeons are increasingly adding platelet-rich plasma (PRP) and fibrin (PRF)
products to their office-based procedures.
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The management of osteochondral defects has continued to remain both a clini-
cal and biomedical challenge [6]. Autografts are presently the gold standard for
reconstructing critical-sized skeletal defects; however, these materials are only
available in limited supply and are often associated with significant patient morbid-
ity. When harvesting calvarial bone and costochondral grafts, there is always the
fear of penetrating into adjacent potential spaces. The fibula free flap is the work-
horse flap in mandibular reconstruction, but flap harvest weakens the motor function
of the foot. Long-term concerns also exist regarding ankle stability. Donor sites
themselves may necessitate additional procedures to address lost tissue. The osteo-
cutaneous radial forearm free flap generally requires a split thickness skin graft for
coverage and a load-bearing plate to support the remnant radial bone. Particularly
with craniofacial defects, complex geometric patterns may require extensive intra-
operative carving and reshaping. Obtaining an accurate fit in this manner is often
difficult or impossible, and any imperfections in the underlying substructure can
compromise esthetics and function. Although the vascularized scapular free flap can
mimic the curvature of native maxilla, the nonuniform shape poses a barrier to
future dental implant placement. With more extensive central midface defects, there
are few satisfactory options for restoring form and function outside of allogeneic
face transplant. In these cases, bony reconstruction may be abandoned altogether in
exchange for a soft tissue coverage flap. These and other shortcomings associated
with autogenous bony reconstruction have spurred efforts to seek out other potential
sources of patient-specific tissue (Fig. 2).

Reliance on autografts has progressively decreased as providers are increasingly
interested in using synthetic bone substitutes [7, 8]. Unfortunately, the current forms
of synthetic and allogenic bone lack osteogenic and osteoinductive properties. The
success of these techniques relies entirely on host substitution which can often be
delayed or limited particularly with massive grafts. The quality of the recipient
wound bed exerts a major influence on graft success and is prone to a combination
of intrinsic and extrinsic influences. The failure of bone grafts among cigarette
smokers and diabetics is well-documented in the dental implant literature. With
respect to extrinsic factors, perioperative radiation following tumor surgery reduces
the successful incorporation of allogenic bone blocks [9]. Similarly, when treating
patients with medication-related osteonecrosis of the jaw, we would rarely consider
placing a nonvital bone graft alone into a segmental defect. In these unfavorable
scenarios, some providers elect to defer bony reconstruction or graft the gap with
autogenous bone or vascularized bone flaps to gain additional osteogenic support.
Another limitation of acellular grafts is that they persist for months as foreign bod-
ies given their slow incorporation rates. Unlike osteomyelitis, which can be man-
aged with prolonged antibiotics, the infection of a nonvital graft typically necessitates
surgical explanation. It is important to note that for cadaveric and bovine-derived
grafts, despite manufacturing standards, there still remains the rare possibility of
transmitting unknown pathogens even after donor screening and graft processing
[10]. Given all the drawbacks, current bone substitutes are far from ideal.

In general, successful tissue engineering must satisfy four fundamental require-
ments, namely there must be a scaffold, a source of regenerative stem cells, a form



6 K. C. Lee and S. B. Eisig

A

i
-

J

Fig. 2 The location of common bony autografts and free flaps

of signaling to promote cellular migration and differentiation, and sufficient vascu-
larization to meet nutritional demands and remove cellular waste [11]. Innovative
research seeks to creatively address these demands. Smart biomaterial scaffolds can
respond to internal or external stimuli [12]. The controlled-delivery of drugs and
bioactive factors over space and time adjusts to the needs of stem cells.
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Immune-sensitive smart scaffolds can also dampen the host foreign body response
against synthetic biomaterials. The advent of adjunct technologies, such as 3-dimen-
sional rapid prototyping, has helped boost the precision by which researchers are
able to work [13]. At our institution, we have leveraged this technology to address
the challenging morphology of the ramus-condyle unit [14] (Fig. 3). Anatomically
shaped frameworks can be milled or printed from traditional scaffold materials, and
therefore they do not compromise structure or integrity. In many cases, customized
frameworks can be deposited layer-by-layer to create spatial separation between
different microenvironments [15]. These multilayered constructs can be designed to
permit a more even distribution of vascularization zones which is important when
creating large bulks of tissue.

Despite improvements and refinements to bone tissue engineering techniques,
few studies have managed to translate their findings into clinical trials. Nearly all
bone regenerative products on the market utilize only a single-component of either
scaffold or growth factor [16]. Currently, recombinant human bone morphogenetic
protein-2 carried on an acellular collagen sponge (thBMP-2/ACS) is the only FDA-
approved system that combines both bioactive signaling with scaffolding. There are
multiple challenges facing the commercial viability of bone tissue engineering. A
variety of biomaterials, preparations, and delivery methods have been proposed to

Fig. 3 Anatomically
precise grafts can be
designed using
bioengineering principles.
This is an example of a
ramus/condyle unit
engineered using
autologous adipose derived
stem cells with a bovine
scaffold placed in a
bioreactor. The graft is on
the left
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achieve in situ regeneration. Unfortunately, the heterogenous methods of different
research groups have precluded the cooperative development of a standard regen-
erative protocol. As with all therapeutics, the upfront costs of conducting trials and
obtaining regulatory approval require tremendous financial support. Multi-
component systems, such as hBMP-2/ACS, are extremely difficult to bring to mar-
ket given the many combinations of independent factors that require testing. There
is also a practical challenge in obtaining regulatory approval within the window of
intellectual property; otherwise, stakeholders may never recoup their investments
[17]. Even after product approval, the financial viability of bioreactor-based bone is
currently unclear. Very conservative figures estimate that each bioengineered bone
graft would likely cost between $10,000 and 15,000 at a minimum which is much
more expensive than the standard demineralized bone graft [18]. The steep prices of
personalized bone are driven by the costs of materials, manufacturing, and properly
trained personnel. The viability of tissue-engineered bone does not solely depend on
its cost relative to that of stock bone substitutes. In healthcare, large expenditures
are justifiable if savings are realized elsewhere. Tissue-engineered bone can gain
traction if it is associated with shorter operative times, decreased lengths of stay, or
if it can demonstrate reasonable healthcare value through measurable outcomes
such as failure and reoperation rates.

There is a growing clinical need for bone tissue engineering. Bone grafts are cur-
rently used to reconstruct defects created by congenital conditions, pathologies,
traumatic injuries, and degenerative diseases. In 2018, the global bone graft and
substitute market was valued at $2.58 billion, and it is projected to continue to grow
at a compound annual rate of 4.1% [19]. In the USA, approximately 1.6 million
bone grafts are performed annually [20]. As the overall population continues to age,
the demand for orthopedic interventions is expected to increase. In 2017, there were
roughly half a million spinal procedures performed, with the majority of spinal
fusion cases occurring secondary to traumatic accidents [19]. From 2001 to 2011
there was a 40% rise in the number of hip replacements performed, and over the
same period musculoskeletal operating room procedures saw the largest increase in
utilization among all body systems [21]. By 2050, the Centers for Disease Control
and Prevention expects the incidence of hip fractures to increase by roughly
200-300%. Bone loss secondary to failed hip and knee replacements is a growing
problem as more and more joint replacements are being performed.

The challenges to bringing a concept demonstrated in the laboratory to fruition
cannot be understated. Issuance of patents, negotiations with your University, main-
taining compliance with conflict of interest laws, budgeting, procuring start-up
funding and legal services, incorporating, recruiting, and hiring, renting appropriate
space, purchasing equipment, building a good manufacturing practice facility to
produce a safe product, instituting a quality assurance program, and interacting with
the Food and Drug Administration are just some of the challenges faced when form-
ing a start-up company. Finally, if phase 1 clinical trial demonstrating safety and
efficacy is successful, then the company needs the financial resources to signifi-
cantly ramp up the size of the company and its manufacturing facility. With this
financial risk there is no guarantee phase 3 clinical trial will result in the successful
launch of a new product.
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There is optimism in the progress that has been achieved to date. Although tissue
engineering cannot yet address composite hard and soft tissue defects, vascularized
flaps can be used in tandem to obtain soft tissue bulk and coverage [22]. There
appears to once again be a public appetite for regenerative solutions. Multiple off-
label uses of rhBMP-2 have been developed (Fig. 4). PRP and PRF are routinely
used in implant dentistry, orthopedic surgery, and facial cosmetics. Over the last
5 years, multiple promising cell-based bone tissue engineering studies have been
conducted in both small and large animal models for alveolar bone defects [23]. In
our experiments, we have found success not only in directing bone formation but
also in differentiating a cartilaginous cap [14]. The ultimate goal is not to simply
grow bone but to create functional, complex structures of different cell types that
seamlessly take the place of lost organs. This book explores the current status of
bone tissue engineering for maxillofacial and orthopedic applications with a focus
on the implications of 3-dimensional printing. The translational feasibility and chal-
lenges will be discussed.

Fig. 4 Bilateral alveolar clefts in a cleft lip and palate patient (a) reconstructed with thBMP-2/
ACS (off-label use) (b)
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1 Introduction

Bone is a self-renewing, self-healing, composite material. It is organized as a hier-
archical/multi-scale structure starting at the molecular level of mineral/collagen/
water and scaling up to the structural organ level of a whole bone (Fig. 1). The
composite nature of the organic matrix (~25%), inorganic mineral (~65%), and
water (~10%) is organized in a way that makes bone both rigid (able to withstand
load without bending too much) and tough (able to bend a bit without breaking) [2].
This combination of properties makes it ideally suited to carry out its functional
roles of mechanical support and protection. Additionally, the structural characteris-
tics of bone such as having a large surface area, having entombed cells within the
mineralized matrix, and having a central marrow cavity allow it to function as a key
site for mineral homeostasis, endocrine regulatory physiology, and hematopoi-
esis [1].

Throughout life, the skeleton is in a constant state of renewal through a cellular
process called bone remodeling [3]. This intrinsic multicellular process identifies
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Fig.1 The hierarchical organization of bone. At the macroscopic level, bone is seen as a compos-
ite, with dense cortical bone forming an outside shell and cancellous (spongy, trabecular) bone
within the marrow cavity. The cancellous bone serves to attenuate loads and to direct forces to the
stronger cortical bone. At the microscopic level, cortical bone is composed of many secondary
Haversian systems, or osteons, that are the product of bone resorption and replacement with human
new bone. These osteons are composed of a central canal carrying a blood vessel, nerves, and
lymphatics surrounded by layers of concentric lamellae. Trabecular bone is also lamellar, but its
structure comprises a combination of lamellae that run approximately parallel to the trabecular
surface and the remnants of older remodeled bone that can appear osteonal in some cases. At the
ultra- and nanostructural levels, bone is a composite of collagen fibers with plates of mineral inter-
spersed within the collagen fibrils (intrafibrillar) and between the collagen fibers themselves (inter-
fibrillar). Together, these can form a cross-fibrillar phase in which the crystals can expand beyond
the dimensions of a single collagen fibril. The collagen fibrils are composed of molecules forming
a triple helix composed of two al chains and a single a2 chain. (Reproduced with permission
from [1])

regions of bone that are damaged, lack viable cells, or have other changes to the
mineral or collagen that compromise mechanical properties and replaces them with
new bone tissue [4]. Bone remodeling is also a central component to bone healing/
regeneration. In bone healing, the early phases recapitulate aspects of bone develop-
ment, involving unique stem cell populations, vascular interactions, and precursor
tissues (cartilage) [S]. The later phases of healing utilize bone remodeling processes.

Normal homeostasis and physiological stressors such as healing and regenera-
tion are all made possible by the unique macro/micro/ultrastructure of the skeleton
and its interactions with associated cells/tissues. It is only through understanding
these basic features and their intricate organization that one can begin to understand
the foundation of skeletal tissue engineering.
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Fig. 2 Morphologic, functional, and physiological characteristics of the three bone cells

2 Bone Cells

The formation and removal of bone tissue is orchestrated by three cell types [6]
(Fig. 2). Osteoblasts, which develop out of the mesenchymal stem cell population,
are responsible for formation of the collagen scaffolding which forms the basis of
mineralized tissue [7]. The differentiation from a mesenchymal stem cell to a mature
osteoblast involves several key factors, including Runx2, osterix, and wnt/b-catenin.
Once mature, osteoblasts actively secrete unmineralized matrix (osteoid) that is
comprised of type I collagen and non-collagenous proteins. Osteoblasts undergo
one of three fates. The majority of osteoblasts undergo apoptosis. Some osteoblasts
become embedded in unmineralized osteoid and eventually further differentiate into
osteocytes. A small number of osteoblasts become quiescent and line the bone sur-
face (often termed bone lining cells). These quiescent osteoblasts can be reactivated
to rapidly form new bone.

The osteoblast’s functional interactive partners the osteoclast, the cell that pri-
marily resorbs bone but also has regulatory function with osteoblasts. Osteoclasts
arise from the hematopoietic cell lineage, specifically in the line of the monocyte
[8]. Key factors in osteoclast development and eventual fusion are monocyte colony
stimulating factor (M-CSF) and receptor activator of the NF-kB ligand (RANKL).
Mononucleated pre-osteoclasts undergo fusion in advance of polarization and
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attachment to the bone surface where they seal tightly to the bone prior to resorp-
tion. Active bone resorption involves acidifying the region below the osteoclast to
dissolve the mineral and secreting other factors to break up/remove the collagen.
While actively resorbing osteoclasts are sealed tightly to the bone, the cells are
dynamic in that they can retract the sealing zone, move along the bone surface, and
then re-seal to the bone and continue resorption. The long-held paradigm of resorp-
tion was that osteoclasts undergo apoptosis at the end of their resorption phase,
although emerging evidence suggests osteoclasts can undergo fission raising the
potential that “recycling” of individual nuclei into new osteoclast may occur.

The osteocyte, entombed within the bone matrix, is involved in regulating both
bone formation and resorption [6]. Although osteocytes originate from osteoblasts
and retain several similarities, over time they express genes that clearly differentiate
them from osteoblasts. These include genes such as PEX, MEPE, DMPI, and
FGF23, which are all involved in phosphate metabolism, E11 and PDPN which
regulate fillipodial process formation, sclerostin and dkk1, inhibitors of bone forma-
tion, and M-CSF and RANKL which are involved in osteoclast signaling. These
expression profiles are consistent with the established role of osteocytes in regulat-
ing mineral metabolism, activating bone formation in response to stimuli such as
mechanical loading, and signaling bone resorption in response to stimuli such as
microdamage, disuse, or their own apoptosis.

2.1 Macrostructure

At an organ level, bone is classified as cortical or cancellous/trabecular (Fig. 3).
Cortical bone forms the outer shell of all bones and comprises approximately 80%
of total skeletal mass. The porosity of cortical bone is typically <5-10%, although
in some pathologies, or with age, this can increase significantly. Cortical bone pro-
vides protection for bone marrow as well as imparting much of the mechanical
strength to the skeleton. Increases in cortical porosity and decreases in cortical
thickness are typically associated with reductions in mechanical properties of a
bone [9, 10]. In most locations the outer surface of cortical bone is covered by peri-
osteum. Periosteum has an inner cellular layer which contains osteoprogenitor cells
and an outer fibrous layer containing collagen [11]. The periosteum plays an essen-
tial role in healing [12].

Trabecular bone, sometimes referred to as cancellous bone, is typically found at
the ends of long bones and in various inner portions of other bones [1]. Trabecular
bone has a lattice-like appearance, with more space than bone (porosity >70-80%).
The architecture of the trabecular network and individual trabecular struts plays a
role in mechanical properties. Individual trabeculae of humans are 100-200 pm
thick with shapes that range from cylindrical rods to flattened plates. Most trabecu-
lae in humans exist as plates with a transition of these plates to rods as individuals
lose bone mass. The number of trabeculae is thought to be more important than the
size of individual trabeculae because the number of trabecular has a greater effect
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Fig. 3 (a) Whole bones are comprised of an outer dense shell of cortical bone (b) that covers the
entire outer boundary and then a trabecular network (c) that is found internally among the bone
marrow. Cortical and trabecular bone are both comprised of the same bone matrix (collagen, min-
eral, non-collagenous proteins), the main difference being the porosity of the tissue (with trabecu-
lar bone being more porous compared to cortical bone)

on connectivity; therefore, losing trabeculae (through resorption) has a 2-3 times
greater effect on weakening the structure than does thinning of trabeculae.

Cortical and trabecular bone exist throughout the skeleton, which is divided into
appendicular and axial portions. The appendicular skeleton includes the limbs and
the pelvis; the axial portion includes the vertebra, the skull, and the thoracic cage.
The bones of the appendicular skeleton (other than the pelvis, scapula, carpals, and
tarsals) are referred to as long bones, each having three regions, epiphysis, metaphy-
sis, and diaphysis (Fig. 4).

The epiphyses region only exists while the physes are present during skeletal
immaturity. They are located at both ends of a long bone, in the region between the
growth plate (physis) and the joint space. Each epiphysis is comprised of both a
cortical shell and trabecular bone with the outer surface of the cortical bone that is
found within the joint space covered with articular cartilage. The growth plate, as
the name implies, permits long bones to grow in length while retaining the ability to
bear load. In humans the growth plate fuses during puberty which means that
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longitudinal growth stops. Species such as rodents typically do not fuse their growth
plates and thus long bones continually grow throughout life—although the rate of
elongation slows notably with age [13].

The metaphysis is located adjacent to the epiphysis (opposite side toward the
diaphysis) and is abundant in trabecular bone. The middle portion of a long bone is
called the diaphysis and is comprised primarily of cortical bone. Bone marrow
exists within the epiphysis, metaphysis, and diaphysis. Red marrow, which is com-
prised primarily of hematopoietic cells and connective tissue, is predominant around
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trabecular bone. In growing bone, the shaft of long bones also has mostly red mar-
row. With age, the marrow transitions to yellow marrow which is largely comprised
of adipocytes. In the long bones this transition begins in the central diaphysis and
grows outward toward the metaphysis.

2.2 Microstructure

The microstructural components of bone have important anatomical, physiological,
and mechanical roles [1]. Cortical bone is comprised of structures called osteons.
These cylindrical structures are formed either during development (called primary
osteons) or during remodeling (called secondary osteons). At the center of each
osteon is a void, the central canal, containing vasculature and nerves. The outer
boundary of secondary osteons is called the cement line. This structure, laid down
first during formation of a new secondary osteon, differs in mineral content than the
rest of the bone. This serves an important mechanical function by providing con-
trasting stiffness in material. This deflects (and sometimes traps) microdamage that
may be propagating through the bone. Cement lines help enhance overall bone
toughness. As secondary osteons form, growing from the cement line inward, the
mineral and collagen are laid in different orientations, producing concentric lamel-
lae that also serve to enhance the mechanical properties of the structure. A typical
osteon in human bone is ~200 pm in diameter, although there is extreme heteroge-
neity in size both within and among humans. Many large animal species have both
primary and secondary osteons. Rodents have primary osteons but unless they are
provided physiological or pharmacological stressors do not typically form second-
ary osteons [13]. Trabecular bone typically does not have osteons although they can
exist in nodes where trabeculae come together. Trabecular bone has structures, often
referred to as “hemi-osteons,” which are formed during remodeling and have a
cement line and lamellae.

Active remodeling that is unbalanced (more bone resorption than formation)
causes two important structural features: cortical porosity and trabecular resorption
cavities. Under normal physiological conditions, these structures are both formed
temporarily, but are eventually filled in through formation. In numerous conditions,
including post-menopausal osteoporosis and aging, osteoblasts do not fill in the
excavated areas leaving void spaces. In cortical bone, porosity has a significant
negative effect on bone mechanical properties with incomplete infilling in trabecu-
lar bone resulting in erosion cavities. Both voids produce stress risers in the tissue
and can lead to formation of microcracks.

Embedded within the matrix, throughout the entire bone, are osteocytes. The cell
bodies of osteocytes reside in a space called a lacunae while their filopodial pro-
cesses extend through channels called canaliculi. Extracellular fluid exists within
the free spaces within the lacunar/canalicular network. The lacunar/canalicular net-
work is connected to the endosteal bone surface (to interface with the bone mar-
row), to the central canal (to interface with the vascular supply), and the periosteal
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surface (to connect with the periosteal vasculature). Disrupting the lacunar/cana-
licular network, such as can occur with microdamage or micropetrosis (mineraliza-
tion of the structures), can disrupt physiological regulation that is controlled by
osteocytes. Dynamic activity occurs within the lacunae, orchestrated by the osteo-
cyte. Osteolysis of the mineral/collagen matrix in the perilacunar space occurs in
situations such as lactation, thought to be driven by the need for calcium liberation.
Whether or not active formation exists at the perilacunar space is less clear although
emerging evidence certainly points to mineral aggregation at this surface.

2.3 Ultrastructure (Fig. 5)

Mineral makes up the majority (by weight) of the bone matrix. Mineral crystals in
the form of calcium phosphonate and calcium carbonate are initially deposited in
spaces adjacent to the collagen fibrils—both between the ends and in spaces that run
longitudinally between fibrils [14, 15]. This original deposition is often referred to
as primary mineralization, which occurs quite rapidly (~3 weeks) and accounts for
about 70% of total mineralization of the tissue. As the mineral matures, often called
secondary mineralization, the carbonate content is reduced, and the crystals aggre-
gate to form large plates that remain parallel to the fibrils. This occurs more slowly
(months to years) until the local matrix achieves a physiological limit of mineral
accumulation.

The organic fraction of bone consists mostly of type I collagen with associated
non-collagenous proteins [16]. Type I collagen within bone is like that found else-
where in the body, a triple helix comprised of repeating amino acids. The most
abundant pattern of amino acids is glycine—proline—hydroxyproline, the latter serv-
ing an important role in hydrogen bonding with water within the matrix. Formation
of the collagen propeptide occurs intracellularly; extrusion to the extracellular space
results in cleavage of registration peptides which facilitate aggregation of fibrils to
form fibers. This highly coordinated process results in fibers that are roughly 10 pm
long and about 150 nm in diameter. The fibril aggregation occurs in a staggered pat-
tern such that a gap between fibrils exists which is approximately 67 nm in size; this
is eventually filled with mineral. Collagen fibers are abundant in crosslinks which
impart mechanical rigidity [17]. Pyridinoline and deoxypyridinoline are two mature
enzymatic collagen crosslinks that are common in bone. They are formed between
adjacent collagen fibers through a lysyl oxidase-mediated reaction. Additionally,
collagen in bone (as well as other tissues) accumulates nonenzymatically mediated
crosslinks, such as pentosidine, vesperlysine, and carboxymethyllysine. These
crosslinks also impart a mechanical effect on the fibers although high accumulation
has been shown to produce a brittle mechanical phenotype as they do not allow
normal sliding of adjacent fibers—an intrinsic toughening mechanism of the bone.

Although in relatively small amounts compared to mineral and collagen, non-
collagenous proteins exist in the matrix and play key roles in the cellular processes
that govern matrix formation [18, 19]. Non-collagenous proteins, often classified as
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Fig. 5 (a) Collagen molecules (green helix) are cross-linked within the fibril by bonds that are
formed through enzymatic processes and by those formed without the need for an enzymatic reac-
tion. Enzymatically formed crosslinks (black bars), such as pyridinoline or deoxypyridinoline,
form near the ends of the molecules, the C- and N-termini. Nonenzymatically formed bonds (red
bars), such as pentosidine, are randomly located between the molecules. Mineral (gray blocks) is
deposited in the hole and pore zones between the collagen fibrils. Water (blue lines) and hydrogen
bonds contribute to the bonding of mineral and collagen within the fibril. (b) Hole and pore zones
between the molecules contain plates of bone mineral (hydroxyapatite). Water is bound to collagen
in these spaces, and this alters the distribution of load sharing between the collagen and bone min-
eral deposited in this location. (Reproduced with permission from [1])

proteoglycans, glycosaminoglycans, and glycoproteins, include such common fac-
tors as alkaline phosphatase, bone sialoprotein, dentin matrix acidic phosphoprotein
1 (DMP-1), osteopontin, osteocalcin, and osteonectin. These factors direct and
influence osteoblast function and mineralization.

3 Bone Development

During fetal development, bone tissue develops in one of the two ways: intramem-
branous ossification or endochondral ossification [20]. Intramembranous ossifica-
tion is the process that forms the flat bones of the face, the bones of the skull, and
the clavicles. The process begins with mesenchymal cells coalescing to form a
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highly vascularized connective tissue which then becomes ossified. Osteocytes are
trapped within the ossified tissue and eventually, osteoblasts and osteoclasts form
and resorb bone on the surface. The small islands of ossified tissue eventually
coalesce together through the formation of bone on their surfaces.

Endochondral ossification is the process through which long bones develop
(Fig. 6). The long bone begins as a cartilage template, in the shape of the bone, that
was formed by chondrocytes. The multi-step process that transforms the cartilage
template into bone begins with the formation of bone matrix on the outer surface at
the mid-diaphysis. This bone matrix formation coincides with the death and calcifi-
cation of the internal cartilage matrix at this location. Following vascular invasion
at the mid-diaphysis (often called the primary center of ossification), the inner calci-
fied cartilage matrix is resorbed away, leaving a void which is then filled with cells
and eventually becomes the marrow cavity. Secondary centers of ossification
develop, through similar processes, at both ends of the long bone. Separating the
primary and secondary centers of ossification is the physeal (growth) plate.

The growth plate is what allows longitudinal growth of the mineralized bone
(Fig. 7). The growth plate has five distinct zones that are classified according to the

Epiphyseal

Diaphyseo- ossification
epiphyseal center
junction (secondary)
Diaphyseal
A ossification
B c center
D (primary)
E

Epiphyseal
plate
Epiphysis

Cartilage

Calcified cartilage

Fig. 6 (a—j) Endochondral ossification. The process of endochondral ossification begins with a
cartilage template that transforms into bone through a series of stages involving the coordinated
activity of chondrocytes, osteoblasts, and osteoclasts. (Reproduced with permission from [21])
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Fig. 7 The epiphyseal growth plate is classified into five zones (a, b) based on the different histo-
logic appearance of the cells and matrix: resting (reserve) zone; proliferative zone; hypertrophic
zone; zone of calcified cartilage; and zone of ossification. As long bone growth occurs, cells prog-
ress through the different zones. In the low power photomicrograph (a), the individual delineations
between zones are not obvious, although the overall structure of the region can be appreciated. (b)
The schematic more clearly shows the cell/tissue morphology of the zones within the growth plate.
(Reproduced with permission from [21])

main cellular processes that occur at each location. Moving from the end of the bone
inward, the zones are (1) resting, (2) proliferative, (3) hypertrophic, (4) zone of
calcified cartilage, and (5) zone of ossification. The resting zone is primarily hyaline
cartilage matrix with embedded chondrocytes. New resting zone matrix is continu-
ally produced by surface chondroblasts and embedded chondrocytes (thus not really
resting as its name implies). The second region is called the proliferative zone and,
fitting with its name, it is a site of active chondrocyte mitosis. The cell division is
clearly notable histologically and often can be observed with the cells appearing as
stacked coins/pancakes. Proliferative cells produce about twice their own volume of
matrix. The third region is the hypertrophic zone, where the cells hypertrophy,
increasing their volume by up to tenfold. The hypertrophic zone is complex in that
the cells actively enlarge and secrete matrix while also undergoing the beginning
stages of apoptosis. Signaling in this region is fundamental to not only bone elonga-
tion (cells actively produce both type II and type X collagen) but also secrete factors
such as vascular endothelial growth factor, which is thought to regulate vascular
permeability and mineralization. Type X collagen is exclusive to hypertrophic chon-
drocytes in the developing bone (although it can also be found in the fracture callus
and damaged articular cartilage in adults) and is typically associated with cartilage
degradation or aging. Although the fibers of type X collagen impart important
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stiffening properties to the region, they create a matrix less able to diffuse nutrients
to the cells. The matrix around the hypertrophied chondrocytes compresses between
adjacent cells and eventually begins to mineralize (this is the fourth region—calci-
fied cartilage). The chondrocytes in this region are either dead or in the process of
dying, due to lack of nutrient diffusion or cellular waste removal. As the region
becomes more calcified, local signaling leads to vascular invasion. The final zone of
the growth plate is the zone of ossification, where bone is produced by osteoblasts
on top of the calcified cartilage spicules that remain. Over time, the bone and calci-
fied cartilage cores are remodeled, eventually leaving only bone in these regions
(which are trabeculae).

Bone elongation eventually ceases, and the growth plate ossifies. Although there
is a temporal connection between these two events, they are separate processes.
Growth stops first, caused by an arresting of cell division in the resting and prolif-
erative zones. Subsequent to cessation of growth, the epiphyseal plate ossifies, leav-
ing behind a thin mineralized region of bone (the epiphyseal line) separating the
epiphysis and metaphysis.

4 Bone Remodeling and Modeling

Beyond development and growth, bone remains a highly active and responsive tis-
sue throughout life. The lifelong process of renewing or replacing of bone tissue is
termed bone remodeling. Bone remodeling occurs through the action of osteoclasts
and osteoblasts, temporally coordinated, on the same bone surface. It can occur on
any of the bone surfaces/envelopes (trabecular, endocortical, intracortical, perios-
teal). An estimated 10% of the skeleton is renewed by bone remodeling per year [22].

The first step in bone remodeling is an activation signal to trigger bone resorption
(Fig. 8). The signal can be systemic, such as disruptions in mineral homeostasis or
hormonal signals. For example, decreased calcium leads to increased circulating

Fig. 8 Bone remodeling in cortical and cancellous bone tissue. (Reproduced with permission
from [23])
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parathyroid hormone which increases bone resorption in order to release calcium
into the circulation. Local signals within bone tissue, like microdamage and osteo-
cyte apoptosis, also serve as activation signals and trigger targeted bone resorption
within a specific area. Following activation, osteoclasts are recruited to the site to
initiation bone resorption. The process of remodeling, beginning with resorption,
occurs under what is known as the canopy—a capillary-rich layer of cells above the
remodeling site [24]. In the next stage, the reversal stage, the transition from resorp-
tion to formation occurs. It is not a stage per se, yet work has uncovered that impor-
tant processes occur during this transition. While it is not completely known what
factors are involved in the coupling of resorption to formation at the same remodel-
ing site, factors released from the resorbed bone tissue, factors released by both
osteoclasts and osteoblasts, and the integrity of the canopy cells over the remodeling
site may all play roles in coupling resorption to formation [25, 26]. Following the
reversal phase, osteoblasts begin laying down a protein matrix known as osteoid.
Over time, this protein matrix becomes progressively embedded with mineral crys-
tals which accumulate and grow around the collagenous matrix. Some of the osteo-
blasts working at the surface become buried within the matrix and differentiate into
osteocytes which remain in the mineralized tissue. Once osteoblasts are finished
laying down matrix at a site, the last remaining cells become quiescent and flatten
out to cover the bone surface (termed bone lining cells).

Together, the osteoblasts and osteoclasts that work across time at the same bone
site in the remodeling cycle are called the basic multicellular unit (BMU). The esti-
mated lifespan of a BMU is 6-9 months with the resorption phase completed by the
osteoclasts occurring more quickly (weeks) than the work of the osteoblasts
(months). While initial mineralization (the first 70%) at a remodeling site may take
only a few weeks, full mineralization can take up to 1 year. The net result of bone
remodeling is the maintenance or slight decrease in bone mass. With aging, meno-
pause, and various other diseases, the balance of remodeling favors resorption lead-
ing to net loss of bone over time. Anti-resorptive therapies for treatment of
osteoporosis aim to prevent this net loss of bone and subsequent fracture by decreas-
ing or inhibiting osteoclasts and suppressing remodeling.

In contrast to remodeling, bone modeling often leads to an increase in bone
mass. Bone modeling occurs on trabecular, endocortical, and periosteal bone sur-
faces and involves the independent actions of either osteoblasts or osteoclasts on a
given bone surface. Like remodeling, an activation signal can stimulate the recruit-
ment of either osteoblasts or osteoclasts to a bone surface. However, in contrast to
remodeling, there is no coordinated action of both osteoclasts and osteoblasts on the
same bone surface. Modeling primarily occurs during childhood growth to maintain
the shape of bones during longitudinal and radial growth. During radial growth of a
long bone, for example, resorption-based modeling occurs on the endocortical sur-
face, while formation-based modeling occurs on the periosteal surface (Fig. 9).
Modeling can also be stimulated by mechanical loading. Bone is most responsive to
these mechanical signals triggering modeling before puberty, but the stimulus for
modeling remains post-puberty as demonstrated by differences in bone mass of the
dominant and non-dominant arm of young tennis young athletes engaged in
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rigorous training [27]. There is some evidence for bone anabolic therapies stimulat-
ing formation-based modeling, thereby, increasing bone formation independent of
the remodeling cycle [28].

5 Bone Healing and Regeneration

Bone is one of the few tissues that is capable of scarless healing and incorporates
elements of bone development, modeling, and remodeling that have been previ-
ously covered in this chapter [29]. Bones of the appendicular skeleton heal through
both endochondral ossification and intramembranous ossification processes.
Conversely, bones that develop through intramembranous ossification, for instance,
bones of the skull, heal primarily through intramembranous mechanisms although
this is not absolute. In some cases, healing can be through both intramembranous
and endochondral mechanisms.

Mechanical load is a major factor that influences the type of bone healing [30].
Thus, the mode of surgical fixation of injured bone becomes essential to under-
standing the mechanisms of healing. Bone that is highly stabilized (e.g., through
compression)—either surgically or because of the extent of injury—heals exclu-
sively by intramembranous ossification (Fig. 10a, b). Following injury progenitor
cells are activated and differentiate to become bone forming osteoblasts directly. It
is notable that rigidly opposed cortices of bone that have fractured will heal via
intramembranous ossification and in this manner, the bone healing process is some-
what akin to the coupled activities of bone resorption and formation during
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Fig. 10 Type of bone healing is dependent upon fixation and extent of injury. Radiographs of a
patient injured in a motor vehicle collision with open, comminuted, and displaced intra-articular
fracture of the distal femur with severe metaphyseal comminution and bone loss before (a) and
after (b) surgical fixation. There was also a minimally displaced intra-articular fracture of the
proximal tibia. The intra-articular fractures of the femur (and tibia) are fixated with high stability
(plate and screws) after near anatomic reduction and are expected to heal via primary bone healing
(black arrows), akin to intramembranous bone formation. The metaphyseal bone loss is fixated
with “relative stability” using a spanning plate and because it is a critical sized defect will undergo
a bone grafting procedure (induced membrane technique) for eventual healing via a process per-
missive of endochondral bone formation (bracket). (¢, d) Radiographs of a second patient injured
in a motor vehicle collision with open, comminuted, and displaced fracture of the femoral diaphy-
sis. Fractures of the shaft are fixated with “relative stability” (intramedullary nail) after reduction
of length-alignment-rotation and expected to heal via secondary bone healing akin to endochon-
dral bone formation. A radiographically visible callus would be expected in this mode of healing

remodeling (primary bone healing). Interestingly, the contrasted mode of distrac-
tion osteogenesis also heals primarily through intramembranous ossification,
although the injury site is under tensile force rather than compressive stabiliz-
ing force.

Conversely, a combination of intramembranous and endochondral ossification is
responsible for the healing of most long bone injuries (secondary bone healing)
(Fig. 10c, d). The presence of endochondral bone formation as a mechanism of heal-
ing is dependent upon the loading environment, and generally, is accompanied by
increased inflammatory response. Loading directly increases the extent of endo-
chondral bone formation [31]. It should also be noted that origin of progenitor cells
can influence the phenotype of the healing callus and the extent of endochondral
bone regeneration relative to intramembranous. Progenitor cells that are derived
from the periosteum of long bones can become both osteoblasts and chondrocytes,
whereas progenitors that are marrow-derived are more restricted to an osteoblast
fate [32]. Increased hypoxia also contributes to bi-potential cells differentiating to
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chondrocytes rather than osteoblasts [33]. Thus, fracture environments with signifi-
cant vascular damage will likely result in healing through an endochondral process.

Secondary bone healing follows a well-coordinated temporal process, whereby
following injury, a hematoma forms, which is followed by an inflammatory phase,
a mesenchymal-angiogenic response phase, a bone forming phase, and eventually
remodeling (Fig. 11). While these phases are often discussed as being temporally
distinct, it is important to consider that they are occurring concurrently throughout
healing. For example, callus tissue inflammatory cells remain elevated during the
bone formation process. The hematoma (clot) that forms at the time of fracture
repair prevents bleeding and serves to provide provisional stability (Fig. 11b). It was

Inflammation

Remodeling

Fig. 11 Fracture healing is a temporally defined process. (a) At injury there is disruption of peri-
osteum and bone (b) A clot forms immediately providing a provisional matrix. Platelet degranula-
tion releases chemokines to recruit inflammation. (¢) Inflammatory phase leads to a period of (d)
mesenchymal expansion and migration from the periosteum and endosteum and angiogenesis, (e)
bone is formed via both endochondral (round cells) and intramembranous ossification (cuboidal
cells), (f) osteoclasts (multinucleated cells) resorb primary bone and the process of remodeling
restores bone shape and structure. (Adapted from [29])
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assumed that the clot was required for bone regeneration but studies have shown
that fibrin during clot formation is dispensable, but clot dissolution (fibrinolysis) is
an absolute requirement [34]. An influx of inflammatory cells follows the clot, and
this inflammatory period is characterized by a mixed population of inflammatory
cells, including T- and B-cell subtypes, monocyte/macrophages, eosinophils, and
mast cells (Fig. 11c). Various models have been employed to interrogate the role
and requirement of inflammatory cells, and perhaps the research is best summarized
by indicating that while inflammatory cells are required for proper bone healing,
particularly macrophages [35, 36], too much, or sustained inflammation, particu-
larly T-cells [37—41], is deleterious to fracture healing. Systemic anti-inflammatory
agents can improve healing and disruption of adaptive immune system accelerates
healing [42—45]. While we have gained a deeper understanding of the cell-type
requirements for bone healing, the mechanistic role of the various inflammatory cell
types in bone healing is somewhat in its infancy. These cells produce a wide variety
of cytokines and these undoubtedly play a key role in recruitment of mesenchymal
progenitor cells and vasculature during the next phase of healing.

Cytokines secreted during the inflammatory phase recruit and promote prolifera-
tion of mesenchymal and endothelial progenitor cells [46]. New blood vessels begin
to form and the mesenchymal progenitor cells proliferate during the fibrovascular
phase (Fig. 11d). Failures during this phase of healing will result in atrophic healing
or smaller calluses, as seen with radiation, ischemia, and aging [47-49]. VEGF
signaling is known to be of prime importance during this early phase of bone heal-
ing to promote new blood vessel formation [50, 51], and delivery of VEGF has been
shown to promote healing in a non-union model [52]. SDFI signaling has been
shown to be important for recruitment of both endothelial progenitors [53] and the
recruitment of mesenchymal progenitors [54]. It should also be noted that BMP2
signaling, but not BMP4 or 7, is absolutely required for this phase of healing, as
mice with BMP2 deficiency do not heal [55-57]. Similarly, an absence of Notch
signaling results in the absence of mesenchymal expansion and a failure to heal [58].

Recruited mesenchyme at the periphery of fractures and proximal and distal ends
differentiates to form bone via an intramembranous process, whereas the central
portion of the mesenchyme becomes avascular and differentiates to form cartilage,
which will then undergo endochondral ossification (Figs. 11e and 12). We previ-
ously mentioned that both hypoxia and mechanical loading can influence the extent
of intramembranous and endochondral healing. Indeed, decreasing hypoxia will
decrease the extent of endochondral bone formation [59], and similarly increasing
mechanical stability will increase the proportion of endochondral bone in the callus
[60]. Other factors, beyond mechanical loading and vascularization likely influence
whether undifferentiated mesenchymal cells differentiate to become chondrocytes
or osteoblasts, but these mechanisms are not well-described in the literature.

Endochondral bone formation occurs similarly to that described for develop-
ment, whereas proliferative chondrocytes undergo hypertrophy, and then there is a
phase of vascular invasion and cartilage template resorption. Signaling processes
that are known to influence endochondral bone development likely play a signifi-
cant role during this phase of healing. As an example, BMP increases and
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Endochondral bone formation Intramembranous bone formation

Fig. 12 Intramembranous and endochondral bone formation occurring concurrently during long
bone fracture. Mouse tibiae were harvested 10 days post-fracture and fixated with an intramedul-
lary pin. Longitudinal histological sections were stained with safranin-o and imaged at 2.5x. There
is both end endochondral ossification (red staining, safranin-o stains cartilage) and intramembra-
nous bone formation occurring concurrently in this model

accelerates the extent of endochondral bone regeneration [61, 62], and inhibition of
Wht signaling decreases endochondral bone formation [63, 64]. Recent work shows
that in fracture healing some chondrocytes do not undergo apoptosis and rather
transdifferentiate to become chondrocytes through a process of dedifferentiation
and redifferentiation [65] that may, in part, be guided by Wnt signaling. Of course,
BMP and Wnt signaling are not the only relevant signaling pathways that influence
endochondral bone formation, and other pathways should also be considered as
potential therapeutic targets. Traditional endochondral development pathways such
as FGF [66], PTHrP-Indian Hedgehog [67], and cytokines such as TNF [68] influ-
ence the extent of endochondral bone regeneration. Newer discovered protein fami-
lies, such as CTRP3, also influence the extent of endochondral bone regeneration [67].
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Signaling pathways that influence endochondral bone are also important for the
intramembranous process. Osteoblast specific alterations of genes of interest in
mice are useful to demonstrate that not only does Wnt signaling influence endo-
chondral bone, but Wnt positively influences intramembranous bone formation
[69]. Intramembranous bone healing is easily studied in models of mechanical sta-
bility, including with distraction osteogenesis, and in cranial healing models.
Indeed, in a distraction osteogenesis model of induced intramembranous bone,
VEGEF production by osteolineage cells, in part driven by hypoxia, is responsible for
secondary vessel recruitment. A loss of VEGF from osteocalcin expressing cells
reduced bone formation in distraction osteogenesis model, which heals primarily
through an intramembranous process [70, 71]. In cranial healing, BMP is a potent
driver of intramembranous bone healing, and the extent of BMP-induced healing is
regulated by Notch signaling [72].

Following the bone formation phase of healing, a callus composed of woven
bone is established that has enhanced mechanical strength. Next follows a lengthy
phase of bone remodeling during which the injured bone is remodeled to re-establish
normal bone structure and function, including re-establishing material and mechan-
ical properties. The coupled activities of osteoclasts and osteoblasts are required for
this phase of healing similar to described earlier in the chapter. In the vast majority
of experimental studies of healing in animal models, these long-term remodeling
responses are not well studied, but osteoclasts clearly play an important role in the
remodeling of callus to restore bone structure and function [73]. As would be
expected, disruption of normal osteoclast function by inhibition of RANKL signal-
ing results in retained cartilage [74]. Accelerating callus remodeling may be a useful
strategy to promote enhanced bone formation, however, relatively few therapeutic
strategies investigated in rodents are focused on targeting this phase of healing.

While most bone injuries heal with standard-of-care, which may include immo-
bilization, surgical reduction, and combinations of external and internal fixation,
some bone injuries fail to heal and thus require intervention. These poor healing
bone injuries are the result of failures in the cellular and molecular processes previ-
ously outlined, but in many cases the systemic and/or local causative factors influ-
encing healing are never identified. One injury type for which it is well understood
that healing does not happen appropriately are “critical size defects” [75, 76]. In
cases where bone has been lost to trauma, infection, or cancer, there can be large
defects that are unable to heal (Fig. 10). Even with surgical intervention, including
debridement and stabilization, injuries of this type fail to heal. It is interesting to
note that the “rule of thumb” for long bone critical size healing is that defects that
are larger than the width of the bone will not heal without surgical intervention.
These critical size defects radiographically will form a small amount of bone at
distal and proximal types, but the bone tips become fibrosed and healing will not
progress without surgical intervention. Approaches to heal these critical size defects
present numerous challenges and require innovative approaches as described in
chapter “Bone Grafting in the Regenerative Reconstruction of Critical-Size Long
Bone Segmental Defects” of this text.
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1 Bone Injury and Repair

1.1 Types of Injuries

In this chapter we will focus on the methods available to repair bone defects, focus-
ing specifically on those that require surgical intervention to repair. These types of
injuries include craniomaxillofacial defects, long bone segmental defects, and spi-
nal fusion. Craniomaxillofacial injuries are classified as defects to the skull or jaw.
These can arise from high energy impact trauma, cleft palate birth defects, and oral
cancer [1-4]. Similar to craniofacial defects, long bone defects can arise from
trauma, tumor resection, and nonunion [5]. Spinal fusions involve surgery to place
an implant within the space of vertebrae to eliminate motion. Spinal fusion is used
to treat spinal fractures, deformities, and instability [6]. Craniomaxillofacial and
other segmental bone defects are particularly challenging due to their irregular size
and shape and the amount of missing bone tissue. These types of defects are usually
critical in size, in which the section of bone missing is too large for the body to
regenerate. Biomaterial implants need to be optimized to repair these defects in
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order to promote new bone formation as well as avoid implant inflammation and
infection, which is common in large missing portions of bone [7].

1.2 The Healing Cascade

In normal homeostasis, uninjured bone is constantly being remodeled. Bone is
resorbed by a resident population of osteoclasts and new bone synthesized by resi-
dent osteoblasts in a precise balance [8]. This process is facilitated by mechanosen-
sitive processes that respond to bone deformation and provide the stimuli to
alternately produce or resorb more bone and maintain the mechanical support of
soft tissues. In order to design materials for bone regeneration, the coupling of
osteoclasts and osteoblasts needs to be recognized and kept in balance in order to
avoid complete resorption of implants or unnecessary and often painful excess bone
formation.

Bones of the body heal via either endochondral ossification or intramembranous
ossification. The two methods have similar healing endpoints; however, endochon-
dral ossification involves a cartilage intermediate and is typically the process
involved in long bone healing, while intramembranous ossification does not involve
cartilage formation and is the process by which the flat bones of the skull and jaw
heal [9-11]. Bone healing occurs in stages; for segmental defects this can take sev-
eral months to complete. Firstly, a hematoma is formed and inflammation occurs,
bringing in various immune cells and bone progenitor cells. During a typical
immune response, undifferentiated macrophages would migrate to the wound site
and polarize to the M1 phenotype in the early stages (1-3 days) [12, 13]. This phe-
notype is considered “pro-inflammatory” and is responsible for the initial removal
of any cellular debris and host defense mechanisms. After 3 days and continuing for
weeks, M1 macrophages should shift in phenotype to the “anti-inflammatory” M2
macrophages, which remodel the tissue and deposit matrix [12, 13]. In the case of a
biomaterial implant, M1 macrophages are responsible for graft resorption and rejec-
tion, while M2 macrophages are accountable for graft acceptance by the body. The
M1 to M2 transition over the course of a week is important in avoiding persistent or
chronic inflammation, which can lead to a foreign body reaction and ultimate need
for a secondary surgery [14, 15]. The way in which mesenchymal stem cells and
immune cells differentiate can be partly attributed to the pore size of implant materi-
als. Pore size can determine how vessels form, how cells infiltrate and differentiate,
whether inflammation or infection will occur, and how macrophages polarize [16],
and suggest exciting opportunities to engineer biomaterial design to not only pro-
mote osteogenic activity but also modulate the immune and inflammatory cascade
after injury. Ultimately, these macrophages and the topography of an implant can
determine the success early-on in the wound healing process. After inflammation,
cartilage formation occurs in long bones and vascular growth occurs within the
cartilage [17]. Next, chondrocytes die off and cartilage is resorbed in order for mes-
enchymal stem cells to differentiate into osteoblasts. In intramembranous
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ossification this cartilage step is skipped and mesenchymal stem cells differentiate
and mature, while blood vessels are formed during the primary bone formation step
[17]. Finally, secondary bone formation occurs and bone is remodeled by osteo-
clasts in order to create the anisotropic nature of bone [17].

2 Current State of the Art in Repair: Bone Grafting

The gold standard to repair many bone defects is through the use of bone grafting.
Autografts, allografts, and xenografts fall under this category. Grafting typically
uses human or mammalian bone in order to repair a patient’s defect. Here, we will
discuss the various types of bone grafting used to repair critical-sized bone defects.

2.1 Autografts

Autografts involve using bone from a secondary site in the patient’s own body in
order to regenerate bone missing in the wound site. Multiple types of bone can be
used, such as cancellous, cortical, vascularized bone, and bone marrow [18]. One of
the most commonly used grafting sites is the iliac crest, a part of the pelvis. From
this, one can take segments of cortical or cancellous bone for a variety of sized
defects [18]. For craniofacial and long bone defects, bone can be repaired using iliac
crest autografts with 70-95% success rates [19]. For repairing small bone defects, a
chin graft or a retromolar graft from the area behind the third molar can be used [18,
20]. Other less commonly used grafts include tibial, rib, scapula, fascia, sternum,
pedicled clavicle, and pedicled temporal bone [18, 20]. Unfortunately, defects lon-
ger than 6 cm have much lower success rates, and 50% failure rates have been
reported for long bone defects [5, 19]. Drawbacks to removing the iliac crest include
iliac fractures, pain, vascular and nerve injury, and persistent hematomas [18]. A
popular cortical bone graft in craniofacial reconstruction is the calvarial graft, due
to its slow resorption rate [18]. However, the thickness of this graft is highly vari-
able and important vessels exist near this area of bone which should avoid being
damaged. Removing this bone from a patient can cause deformity at the removal
site and fracture of the bone. Although drawbacks limit the use of this graft, typi-
cally success rates are high. A study on 211 patients with calvarial grafts found that
after 10—11 months there was a 95% chance of implant integration which matched
with other findings of high success rates [21]. However, there was a high number of
secondary procedures due to bone resorption, which was attributed to the need for a
large amount of bone to be used as an autograft, and patient health differences [21].

General advantages of autografts include retention of some osteogenic cells and
an immune response that does not persist [18]. Drawbacks to these methods include
limited availability of bone and high chance of morbidity of bone at the site where
the graft was taken from [18].



40 M. J. Dewey and B. A. C. Harley
2.2 Allografts

Allografts use bone typically from a deceased donor, with cellular materials removed
before implantation [18]. Repair using allografts involves demineralized bone
matrix as particles, blocks, or sheets. This removal involves thorough treatment to
eliminate any pathogenic agents and genetic material in order to minimize disease
transmission. Removal of these pathogenic agents is necessary; however, in order to
promote bone repair the extracellular matrix and collagen should not be removed
[22]. A main drawback to using allografts is that the osteogenic properties of these
vary from one commercial supplier to another due to the treatment and cleaning
process [22, 23]. In general there can be high infection rates even after sterilization
due to foreign substances remaining in the graft, but more vigorous removal of graft
material ultimately leads to the bone being less likely to promote regeneration [20].
A study investigated four different allogenic bone matrices found that in all of the
samples there were cells and cell residues before implantation, which in canine
studies has shown to illicit an immune response [24]. Although cleaning of the bone
matrix can be difficult, the implant survival rate is more than 95%, and new bone
formation at 30% after 6 months [24].

2.3 Xenografts

Xenografts use bone from a mammalian source, typically bovine or porcine derived.
Similar to allografts, infectious materials and cells must be removed from the bone
prior to implantation. One study examined the structure of five different suppliers’
allograft and xenograft materials and discovered that three of the five bone substi-
tutes failed to meet criteria the manufacturers had promised [22]. This was due to
the grafts either containing cellular content, loss of lamellar bone structure, or no
collagen present [22]. Xenografts do not repair as well as autografts, they have a
slower integration with host bone than autografts, and disease transmission such as
bovine spongiform encephalopathy is a concern [25, 26].

Given some of the disadvantages associated with existing autograft, allograft, or
xenograft procedures, biomaterials for regenerative repair of bone have become
increasingly popular conceptually. One advantage of biomaterial approaches is the
ability to potentially generate shelf-stable implants in order to remove consider-
ations regarding time between graft harvest and use.

3 Implant Design to Optimize Bone Regeneration

In the next sections we will discuss design strategies for biomaterial implants as
alternatives to graft materials. We will discuss the properties of an such an implant,
specifically what criteria need to be met in order to successfully regenerate bone.
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These criteria include selecting biocompatible materials that can promote bone and
vessel formation, creating designs that can mimic the mechanical properties of bone
and provide mechanical stability, altering the pore size and orientation through fab-
rication methods, and controlling degradation of the material. We will also discuss
the variety of material classes available for implantation and the ways in which
these can be modified to fit bone repair applications. These include polymers, both
synthetic and natural, metals, and ceramics, focusing on their outcomes in vitro and
in vivo and their specific advantages and disadvantages. We also highlight the
method of 3D printing, which can be used to add functionality in shape, porosity,
and release of biomolecules and cells. Finally, we will discuss cellular and growth
factor additions to scaffold materials in order to improve bone formation.

4 Biomaterial Implants for Bone Regeneration

Biomaterial design criteria have to meet a wide range of benchmarks along with
considerations of ease of surgical use and economic feasibility [20]. These criteria
include biocompatibility, mechanical properties, pore size and orientation, and deg-
radation and bioresorption. Presently, no biomaterial exists that meets all the fol-
lowing criteria. However, in Fig. 1 we outline a series of design criteria for
biomaterial implants to address challenges in bone repair.

4.1 Biocompatibility

A biomaterial used for bone regeneration must be able to recruit cells from the sur-
rounding tissues and provide nutrition and signals to support the vitality of these
cells. There are many facets of biocompatibility related to bone repair; an implant

Biocompatibility Mechanical Properties | Pore Size and Orientation |Degradation and Resorption
Prom genic cell plant properties should resemble|  Pore size and oris can Degradtion time should match
differentiation and provide properties of native bone and influence cell behavior and bone formation and avoid
factors to sustain cell growth fit well to the defect space differentiation implant resorption
Surmmr_i\g bone
Pore size can / _\\I
— impact migration| | Imptant
Masenchymal
Storn Cell k_x/ \\_ __/
/ \ Irnplant Imgiant
after loading
e | -
Call death Implant can impact call 1
Cytotoxic matarial shape e
Ostecblast differentiation
Osteogenic material Poer fit Good fit Mew bone replaces implant

Fig. 1 Biomaterial properties for enhancing bone repair
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should promote osteoconduction, osteoinduction, and osteogenesis. Cells should
adhere to the biomaterial implant, enhance mineral formation and deposition of new
bone, also known as osteoconduction. A variety of signals need to be provided to
cells; ones that include osteoinduction, the promotion of differentiation of stem
cells to mature bone cells. In addition to this, avoiding signals that may cause per-
sistent inflammation, macrophage fusion, and foreign body response will lead to a
more successful outcome. An implant also needs to promote osteogenesis, such that
it attracts new cells from the surrounding tissue to the implant site to remodel and
form bone [18]. A final important aspect of biocompatibility is the need for the
implant to promote the formation of blood vessels. This should occur within a few
weeks of biomaterial implantation to support nutrient transport and cell viability
and induce osteoconduction, osteoinduction, and osteogenesis [27].

4.2 Mechanical Properties

Ideally, the mechanical properties of an implant would match the properties of the
host bone at implant. However, this is extraordinarily difficult to meet, for a number
of reasons. Firstly, bone is a multi-scale composite, with cortical and cancellous
bone having vastly different mechanical properties. The Young’s modulus and com-
pressive strength of cortical and cancellous bone can vary from a Young’s Modulus
of 0.1-20 GPa (Table 1) [27]. Further, these properties reflect the mechanical prop-
erties of fully mature bone tissue with integrated vasculature; conceptually, bioma-
terials for bone repair may be much better suited having an environment designed
for diffusive transport of nutrients and oxygen to facilitate cell penetration, prolif-
eration, and extensive remodeling required to form new bone. An additional chal-
lenge with designing modulus-matched biomaterials is that many bone defects,
notably craniomaxillofacial defects, are typically irregular in size and shape. This
makes for difficulties shaping the implant to fit the defect site, which can affect
mechanical stability. In general, the mechanical stability of the implant can also
affect the healing outcome, as micromotion can directly inhibit osseointegration, so
a mechanically stable implant is desired [28, 29].

4.3 Pore Size and Orientation

Typically, porous implants are used for bone regeneration as they provide a template
for rapid cell infiltration and metabolic support via diffusion. The pore size of an
implant greatly influences the cell behavior and ultimate success or failure of the
surgery. There exists debate about optimal pore size to promote bone regeneration,
as multiple cell types are involved in the healing process. Bose et al. suggest that
pore sizes should be at least 100 pm in diameter for diffusion of nutrients and
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oxygen, and pore sizes ranging from 200 to 350 pm are optimal for the in-growth of
bone tissue [27, 30]. As for macrophages, a pore size of 34 pm promotes a more
pro-inflammatory phenotype [31], yet other sources have suggested that 30-40 pm
pores promote a pro-healing phenotype and avoid a foreign body response [32, 33].
Bone is an anisotropic tissue, and thus the pore orientation is increasingly consid-
ered as an important design parameter to consider in implant design. Recent work
have begun to describe the use of aligned pores to promote bone formation by struc-
tural guidance cues to increase blood vessel ingrowth, accelerate cellular migration,
and guide osteogenic cell differentiation [34-36].

4.4 Degradation and Bioresorption

In order to fully repair bone, the implant must be able to degrade while still provid-
ing signals for the patient’s own cells to form new bone. This degradation time
should match the time it takes for new bone to be formed in order to replace the
implant. Different bones regenerate over different times, which are summarized in
Table 1 [27, 37]. If a material degrades too quickly, then there will not be enough
material to continue to promote host bone regeneration and mechanically support
the implant site [38]. Conversely, if a material degrades too slowly, remaining mate-
rial will block new bone formation, as seen in Fig. 2. Any degradation to a material
leads to a loss of mechanical properties, and if this is controlled correctly, then load
transfer from the implant to the host bone will occur [40—42]. Therefore, to create a
biomaterial that can successfully regenerate bone, the design must have a controlled
material degradation rate.

Table 1 Properties of a biomaterial implant for bone regeneration

Property ‘ Optimal range

Mechanics

Young’s modulus Cortical: 15-20 GPa; Cancellous: 0.1-2 GPa

Compressive strength Cortical: 100-200 MPa; Cancellous: 2-20 MPa

Pore size and orientation

Nutrient diffusion At least 100 pm in diameter

Bone in-growth 200-350 pm in diameter

Immune cells 30—40 pm in diameter to avoid foreign body
reaction

Cell migration Anisotropic pores promote faster migration

Direction vessel growth Anisotropic pores promote aligned vessels

Degradation and bioresorption

Spinal fusion 9 months or more

Craniomaxillofacial 3—6 months

Long bone 5-7 months
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Fig. 2 PCL and mineralized collagen implant in porcine ramus defect model. (a) Schematic of
subcritical ramus defect locations along with 10 mm diameter, 10 mm thick mineralized collagen
(CGCaP) scaffold, PCL support, and mineralized collagen-PCL composite implants. (b) Specimen
locations were randomized on each side of the mandible and within each porcine animal model.
Representative images of the subcritical ramus defect preimplant and postimplant. CGCaP
collagen-glycosaminoglycan calcium phosphate, PCL polycaprolactone. (¢) Representative pCT
data showing partial penetration of the implant into the medullary cavity. Light regions represent
bone mineral and dark regions represent no mineral or PCL still present within the implant. (Image
adapted from [39])

5 Scaffolds: Mechanical, Chemical, and Biological Properties

Scaffolds are commonly thought of as an initial template that provides a constella-
tion of structural, compositional, and mechanical signals to potentially accelerate
the process of bone regeneration. Common scaffold materials include polymers,
ceramics and hydroxyapatite materials, metals, and collagen-based implants. Some
advantages of scaffolds are their ability to be tailored to specific patients and avoid
the cellular material cleaning process that bone-derived graft materials require.
When deciding between allograft or xenograft materials versus synthetic or other
scaffold materials, sources have found a variety of results, ranging from better to
worse healing outcomes [43, 44]. Alternatively, autograft materials have shown
favorable healing and mechanics over scaffold materials, but autografts drawbacks
outweigh their benefits [45—47]. Scaffolds do not require a secondary surgery as
autografts do and do not suffer from a limited supply of material. If materials have
the same or very similar healing outcomes, it is then favorable to use scaffolds over
grafts due to their advantages over bone-derived materials. Scaffolds can also be
patient-tailored, such as 3D printed or cast in the particular size and shape of the
defect. In addition to this, patient-derived cells can be added to affect the outcome,
and growth factors can be added to target specific cell functions to improve osteo-
genesis and angiogenesis [48]. A summary of clinically available implant materials
and their outcomes in vitro and in vivo can be found in Table 2.
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Table 2 Commercially available bone implant materials and their healing outcomes in vivo and

in vitro
Implant type ‘ Outcome ‘ References
Demineralized bone matrix
Grafton Putty (Synthes, USA) Good handling, complete spinal fusion in all [49, 50]
animals, promotes new and mature bone
formation in critical-sized defects
DBX® Putty (Synthes, USA) Good handling, half of animals tested had spinal | [49, 50]
fusion, promotes mature bone formation in
critical-sized defects
AlloMatrix Injectable Putty Fair handling, no spinal fusion occurred, limited | [49, 50]
(Wright Medical Technology Inc, | bone formation in critical-sized defects
USA)
Regenafil (Regneration Fair handling, limited bone formation in [50]
Technologies Inc, USA) critical-sized defects
Dynagraft (Gensci Regeneration | Good handling, limited bone formation in [50]
Sciences Inc, Canada) critical-sized defects
Lubboc® bovine xenograft Better bone healing than Grafton, Ceraform, and | [25, 51]
Osteoset, induced activation of host bone cells
Biocoral® coral xenograft Superior healing compared to ceramic and [51,52]
(Biocoral Inc, USA) hydroxyapatite materials in alveolar bone
defects, bone formation within 2 weeks
post-operation
Metals
Plasma sprayed titanium Good osteoblast adhesion, proliferation, and [53]
differentiation, better early-stage healing
conditions
Sand-blasted, acid-etched Similar results to plasma sprayed, but worse [53, 54]
titanium early-stage healing, osseointegration in dental
implants
Actipore™ porous NiTi High bone ingrowth stimulation, performs [55, 56]
(Biorthex, Canada) similarly to traditional titanium implants,
complete bone bridging after 12 months
Ceramics and hydroxyapatites
ZrO, ceramic (Ziterion GmbH, Osseointegration with surface-modification [54]
Germany) comparable to titanium for dental implants
Ceraform® hydroxyapatite Newly formed bone was restricted to graft area, |[25, 51]
substitute (Teknimed, France) osteoconductive properties, poor healing
compared to Osteoset and Lubboc
SRS® carbonated apatite bone Extraosseous extrusion of bone cement, [51,57]
cement (Norian Coporation, remodels into natural bone but occurs slowly in
USA) the distal radius repair
Osteoset® calcium sulfate Osteoconductive properties, no evidence of [25,51]
substitute (Synthes, USA) osteoinductive activity, superior to Ceraform
and similar to demineralized bone substitute
BonAlive® bioactive glass Longer time for material to biodegrade, form [51, 58]
(Vivoxid, Finland) and remodel bone compared to autografts,
cortical bone grew in thickness over time

(continued)
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Table 2 (continued)

Implant type Outcome References

Biosilicate®/Bioglass® 4555 Biosilicate has higher osteogenic activity and [51,59]
higher amounts of fully formed bone compared
to bioglass, biosilicate does not have the

potential to be cytotoxic/genotoxic that bioglass

does
ProOsteon S00R (Interpore Better option than collagraft for spine and lower | [60]
International, USA) extremity applications with need for more

mechanical support, slow resorption of material
Polymers
Poly(pL-lactide) mesh plate Fair handling, poor healing response, and scant | [50]
(Synthes, USA) new bone formation in critical-sized defects,

mesh was replaced by fibrous tissue

Cortoss® Bisphenol-a-glycidyl Minimal formation of apatite layer in vitro, less | [51, 61]
dimethacrylate resin (Orthovita, | leachable toxic monomer than compared to
USA) PMMA cements, possibly cytotoxicity

Collagen scaffolds

Healos® type I collagen/ Osteoconductive and osteoinductive, not [51,62]
hydroxyapatite matrix (DuPuy recommended for interbody cages for spinal
Spine Inc, USA) fusion, similar healing to autografts in

posterolateral fusions
Collagraft® collagen/ Greatest ingrowth of bone compared to [51,60]
hydroxyapatite/tricalcium ProOsteon and demineralized bone xenograft,

phosphate composite (Zimmer rapid resorption
and Collagen Corporation, USA)

5.1 Synthetic Polymeric Scaffolds

Synthetic polymers are man-made polymers, commonly seen in household items
such as plastics, rubbers, and glue. Synthetic polymers for tissue engineering must
be biodegradable and biocompatible while avoiding a negative immune reaction and
matching biomaterial properties as closely as possible. Much of this can be accom-
plished through modifying the polymer itself, and careful consideration must be
made when examining the degradation byproducts. An advantage to using synthetic
polymers are their large scale reproducibility with controlled mechanical properties,
degradation, and structure [63].

A wide variety of techniques can be used to create porous scaffold architectures.
These include casting and forming based methods such as solvent-casting, particu-
late leaching, and gas-foaming. Solvent-casting and particulate leaching techniques
are simple, involving a water-soluble salt homogenously distributed through the
polymer solution. The polymer is cast into shape and the solvent is removed by
evaporation or lyophilization, while the salt is leached out by soaking in water to
create an open-porous polymer [63]. Gas-foaming removes the need for organic
solvents and instead carbon dioxide is used to create a polymer foam. In brief, the
solid polymer is exposed to high pressure carbon dioxide, which is then saturated
into the polymer, and then gas bubbles expand to create a closed-pore structure [63].
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Increasingly, more exotic methods are also being used such as electrospinning,
3D printing, and thermally induced phase separation. Electrospinning can create
polymeric fibers on the nanoscale by applying a high voltage and an electric field to
a polymer solution on a collector which can be rotated in order to create various
alignments of fibers. This method can easily create fine fibers; however, it can be
difficult to create small diameter fibers with biocompatible materials, and creating
3D scaffolds and complex pore geometry still remain a challenge [64]. Scaffolds
with nanofibers have shown to improve stem cell differentiation toward the osteo-
genic lineage and can be beneficial to bone repair due to their ability to mimic the
type I collagen alignment in bone [64]. In addition, sacrificial nanofibers can be
added to poly(caprolactone) fibers in order to align cells, direct the formation of
extracellular matrix, increase tensile properties, and control the release of collage-
nase and growth factors to increase cellularity [65, 66]. 3D printing can be used to
fabricate scaffolds with complex architectures; however, small pore sizes are diffi-
cult to achieve. Various methods of 3D printing exist, such as laser sintering, photo-
polymerization printing, and extrusion printing, which will be expanded on in Sect.
6. Thermally induced phase separation can be used to fabricate biodegradable 3D
polymers by first dissolving the polymer in a solvent at high temperature and then
phase separation occurs by lowering the temperature and final sublimation to create
a porous polymer [63]. Ultimately, another advantage to this is the ability to modify
the surface of polymers in order to alter cell interactions with the polymer surface.

The most extensively used polymeric material in cranioplasty is poly(methyl-
methacrylate) (PMMA). This is an easy to shape and lightweight material and does
not radiate heat [20]. Polyethylene has also been used due to its porous nature, and
if infections occur antibiotics can be used instead of complete removal of the
implant [67—69]. Polyethylene glycol (PEG) hydrogels have been investigated for
new bone formation due to their ability to slowly release growth factors. However,
unlike other polymers, PEG hydrogels added to a mandibular defect saw no differ-
ence in new bone formation and did not have an osteogenic effect [70].

Other commonly used polymers in bone tissue engineering are poly(lactic acid)
(PLA), poly(lactide-co-glycolide) (PLGA), 3-hydroxybutyric acid (PHB), and
poly(caprolactone) (PCL) [39, 71-74]. PLA degradation byproducts are expected to
be nontoxic; however, degradation by hydrolysis releases lactic acid and in a zygo-
matic fracture fixation, PLA caused swelling at the implant site in 60% of patients
[75=77]. Some polymers used for bone regeneration, such as lactic acid based poly-
mers, have caused fibrous tissue formation and foreign body responses [78].
Alternatively, PHB scaffolds have been shown to be highly compatible with osteo-
blasts and can induce ectopic, or abnormal, bone formation [79]. Benefits to using
PLA, PCL, and PLGA are their FDA approval for certain use in humans and degra-
dation rates can be tailored by altering the molecular weight and composition.
However, drawbacks include poor mechanical properties compared to bone and the
possibility of rejection by the body and foreign body responses. Mechanical proper-
ties can be tailored based on polymer crystallinity, and growth factor release can be
added to these polymer systems, in the future these two factors can possibly elimi-
nate the drawbacks of polymer systems.
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5.2 Natural Polymeric Scaffolds

Natural polymers, such as collagen scaffolds, have been used extensively as an
alternative material to heal bone defects. A common variant of the collagen scaf-
folds contains type I collagen, glycosaminoglycans such as chondroitin-6-sulfate,
and acid [80-84]. These materials are homogenized together to create a liquid sus-
pension and then freeze dried in order to create an open-porous structure that enables
cell migration and penetration through the material. Other natural polymers, such as
chitosan have also been investigated [51]. Chitosan is also highly biodegradable and
biocompatible and can differentiate osteoblasts in vitro. However, this material is
not osteoconductive and has caused allergic reactions [51]. Typically, collagen scaf-
folds without any mineral supplements are used to regenerate tendon or skin due to
their poor ability to heal bone [51, 85-88]. A benefit to using collagen scaffolds is
their tunable pore size and orientation, which can be achieved by using molds with
different thermal properties in which scaffolds are lyophilized and altering the
freezing rate and temperature [30, 81, 86, 89, 90]. Issues with using naturally
derived polymers are that they may contain pathogenic impurities and produce a
negative immune response, and it is harder to control the mechanical properties,
however, they typically support cell adhesion and proliferation [63].

Variants of collagen materials can be made in order to heal different tissues in the
body, such as scaffolds containing calcium phosphate mineral in order to repair
bone defects [83, 84, 91-95]. These scaffolds have been shown to be more appropri-
ate for bone repair, due to their biocompatible, biodegradable, and bone formation-
inducing behaviors. This has been demonstrated by mineral formation in vitro and
bone formation in vivo without additional osteogenic supplements and inhibiting
bone resorption [96-98]. Disadvantages to these scaffolds are their weak mechani-
cal properties, due to their extremely porous nature. However, mechanical proper-
ties can be altered by adding additional materials during freeze drying, such as
polymer reinforcements like PLA and PCL [99, 100]. These reinforcements can be
3D printed in various architectures, and one design in particular has been used to
achieve shape-fitting in order to avoid micromotion upon implantation [99].
Mineralized collagen scaffolds combined with laser-sintered PCL have demon-
strated a 6000-fold increase in Young’s Modulus compared to scaffolds alone [100],
and in a porcine ramus defect model this composite material had greater bone repair
than the scaffold or PCL construct alone [74]. Other elements such as allogenic tis-
sues, growth factors, and other minerals can easily be added to these scaffolds by
mixing into the suspension step before lyophilization [101-103]. Specifically, the
amniotic membrane derived from placentas has been added to collagen and mineral-
ized collagen scaffolds in order to control the wound healing process and avoid
inflammation while increasing bone formation [101, 102, 104].

Increasingly, the delivery or endogenous production of growth factors has been
investigated in collagen scaffolds. For example, PDGF-BB and IGF-I delivery was
shown to influence migration into these scaffolds [87]. Additionally, current research
is focused on sequestering and tethering these growth factors to collagen scaffolds
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or using micelles as controlled release mechanisms. Other minerals, most notably
zinc, have been investigated to improve osteogenesis, and various glycosaminogly-
cans can be used in order to alter the mineral formation [103, 105]. Additionally,
pore sizes and orientations have been investigated in collagen and mineralized col-
lagen scaffolds in order to drive a response to increase viability of tenocytes or
increase bone mineral formation [30, 34, 80, 81, 89, 105-107]. Finally, the impor-
tant interaction of mesenchymal stem cells and osteoclasts has been investigated in
these scaffolds, and research has shown that mineralized collagen scaffolds inhibit
osteoclastogenesis by releasing osteoprotegerin [97, 98]. These scaffolds have the
vast potential to be expanded on in order to achieve the criteria for bone regenera-
tion. Whether it be altering the pore size and orientation, adding other minerals,
glycoproteins, or tissue matrices, or adding growth factors and specific cell types,
there is much work to be done to advance these mineralized scaffolds.
Commercially available natural polymers, such as the mineralized collagen
material Healos®, have found comparable results in some cases to autografts.
Healos® soaked in bone marrow aspirate without any exogenous factors demon-
strated similar healing to autografts in posterolateral fusions. However, this same
material performed poorly for interbody cages in spinal surgeries, due to volume of
material and mechanical properties [62]. Thus, improvements still need to be made
in order to increase mechanical strength and stability to repair other bone defects.

5.3 Metallic Scaffolds

Metal scaffold use is limited due to their ability to conduct heat, difficulty to shape
during implantation, and radio-opacity [20]. Metal screws or plates can interfere
with imaging of the defect site and monitoring the patient’s health. In addition to
this, metals risk corrosion and fatigue over time, the stress shielding effect can cause
bone atrophy, and it is difficult to have a metal implant fit well to the implant site
without micromotion [75, 108, 109].

Titanium has been the metal of choice for use in large bone defects and like most
metals is hard to shape, but resists infection and will be accepted by the body [20].
In order for titanium and its alloys to be successful in bone repair, typically surface
modifications are necessary to promote cell attachment and integration. Various
methods to do this include mechanical grinding or polishing the surface, physical
vapor deposition, acid etching, or chemical vapor deposition [110].

Other metallic materials used include stainless steel 316 L, cobalt based alloys,
porous tantalum, and magnesium. Disadvantages include their lack of biocompati-
bility, wear, and corrosion can release ions and particles that can lead to inflamma-
tion. Stainless steel specifically has a very high stiffness, so high in fact that it can
lead to bone resorption due to the mismatch in mechanical properties of bone and
the implant [111]. Unfortunately, in order to make porous metallic materials to
mimic the natural structure of bone, these usually end up too weak to be a viable
option [110]. Porous tantalum, however, has a high porosity, a Young’s modulus
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comparable to bone, and has been shown to be biocompatible in animal models
[110]. Magnesium and its alloys are fully bioresorbable, have mechanical properties
similar to native bone, do not induce a negative immune response, and promote
bone growth [110]. Concerns of using magnesium are the hazards associated with
rapid dissolution of the magnesium in the body. An alloy of titanium, nickel-titanium
(Nitinol) can be used as a shape-memory material and has demonstrated biocompat-
ibility and mechanical properties similar to bone. Studies have shown that nitinol is
more biocompatible than stainless steel [110]; however, release of nickel ions poses
a toxicity and allergy concern.

In vivo studies comparing metal implants have shown that porous nitinol had
increased osseointegration compared to titanium alloys [112]. Of the metals avail-
able, nitinol and resorbable magnesium are the most promising due to low stiffness
[111]. In general metals suffer from stress shielding, corrosion, and biofilm forma-
tion, all of which contribute to their concerns with clinical use. Overall, the use of
metals is mostly desired for permanent implants at sites that need high mechanical
loading or as fixation devices.

5.4 Ceramic and Hydroxyapatite Scaffolds

Hydroxyapatite and bioactive ceramics are the most widely used alternative to auto-
grafts and allografts in the preclinical and clinical settings [113]. One very common
ceramic used in healing of bone defects are bioactive glasses. Bioglass is comprised
of sodium, silicone, magnesium, potassium, oxygen, phosphorous, and calcium
[114]. As far as healing results, a study examined two different versions of com-
pressed hydroxyapatite scaffolds versus a xenogenic graft in mandibular defects and
found no healing differences between the groups at the end of the study [43].
Another study used bioreactors to create bone over time in an autograft and a com-
mercially available bioceramic and found that both were able to create mineral tis-
sue, but autograft materials had more mature bone and mechanical properties more
similar to bone [45]. In general, calcium phosphate or hydroxyapatite bone substi-
tutes have less osteogenic potential than autografts [25, 45, 46]. However, hydroxy-
apatite coatings have different effects than used as a bulk material, and coatings
promote cellular contact of osteoblasts [115]. Bioceramics can have various degra-
dation times in the body, an example being hydroxyapatite and tricalcium phosphate
(TCP), with hydroxyapatite scaffolds degrading after 2-5 years and TCP degrading
within 1 year [113]. This degradation time impacts healing outcomes, as a clinical
trial involving hydroxyapatite scaffolds demonstrated that after 15 months the scaf-
fold was still present, and another study claimed the scaffolds were still present even
after 7 years [37, 116]. In contrast to this, a f-TCP scaffold deposited new bone after
9 months but complete regeneration of the fibula was only found in 1 out of 14
patients [117].

An alternative to bioactive ceramics is bioinert nanoceramics. These include
implants made of titanium, alumina, and zirconia [118]. These ceramics are not
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designed to regenerate the host bone due to their inert nature; however, they have
high fracture toughness and mechanical strength at the implant site [118]. Titanium
implants can be modified with Ca®* ions in order to create titanium oxide, which
helps prevent corrosion and absorb proteins to the surface of the material [118]. In
addition, other treatments to titanium can be made to modify the surface to promote
integration with the host bone, such as etching or sand blasting [118]. Similar to
other bioinert ceramics, alumina does not promote osseointegration due to its inert
nature, and thus coatings must be added, or the surface topography must be altered
to enhance protein adhesion. Zirconia-yttria ceramics are often used as bone fillers
due to the ability to prevent biofilms [119]. However, the drawback to these is their
inert nature, and these ceramics will still remain in the body instead of host bone.

Bioceramics are thought of to be one of the preferred scaffolds for bone repair
due to biocompatibility and high mechanical properties. However, due to the nature
of ceramics, these materials can be brittle and only so much of the material can be
resorbed by the body [115]. In order to achieve a biomaterial implant it is likely that
a composite material will be needed that balances mechanical, chemical, and bio-
logical properties. Composite materials have already been discussed as better
choices for tissue engineering applications, as no implant material exists today that
includes all of the implant criteria [63].

6 3D Printing as a Tool to Improve Bone Formation

3D printing, also known as additive manufacturing, has been used to create materi-
als in our daily lives as well as materials for the medical field. Various methods for
creating designs and architectures that would be difficult or impossible using other
methods can be accomplished by 3D printing. 3D printing involves a user-created
design, which the printer then creates layer-by-layer. This approach overcomes the
issue of irregular size and shape defects for bone repair, as the design can be tailored
to fit a patient-specific shape. A patient’s defect can be scanned using MRI or CT
technology to map the defect space, and subsequently this scan can be converted
and used on a 3D printer to fill the defect space [120—122]. 3D printing methods can
fall into four categories: extrusion, polymerization, laser sintering, and direct writ-
ing [123]. The extrusion method takes a solid polymer, extrudes the material through
anozzle by the application of heat and pressure, and allows the print to cool to room
temperature to solidify. Fused deposition printing is an example of extrusion-based
printing. Polymerization printing uses a bed of resin that is polymerized by lasers,
for example, stereolithography [124]. Selective laser sintering involves a bed of
polymer powder in which lasers are used to fuse the powder together to create a 3D
print. Finally, direct writing uses powder and a regular inkjet printing head with
binder, in which the binder is printed onto the loose powder. This method can be
used to create interconnected pores; however, intensive optimization of the printing
process for a new material is required [122, 123].
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An expanding range of materials can be 3D printed, such as the polymers poly-
ethylene, polylactic acid, and polycaprolactone, as well as ceramic materials such
as TCP and HA. In addition to these, metals can also be 3D printed; however, this is
less common, with an example being bioactive titanium scaffolds fabricated by ink-
jet 3D printing [125]. In this case, titanium was printed and then fired in order to
strengthen the material, and the bioactivity was modified by the deposition of
hydroxyapatite on the surface [125]. 3D printing can be used to make these materi-
als very porous; however, a drawback to this is that the mechanical strength is low-
ered, which limits their use in load-bearing applications. Not only can 3D printing
offer a better implant fit, it also can be modified with growth factors and cells.
Growth factors and cells for use in 3D printing, also known as bioprinting, will be
elaborated on in the following sections, but can be incorporated into polymers such
as hydrogels for encapsulating cells and the slow release of biomolecules.

A further opportunity for 3D printing is the addition of these 3D prints to existing
materials for bone regeneration. As it can be difficult to create load-bearing 3D
prints with very porous structures, an alternative is to use 3D prints as mechanical
supports and other biomaterials as the bioactive matrix. This has been demonstrated
with mineralized collagen scaffolds and 3D printed polymers. The mineralized col-
lagen acts as the bioactive and osteogenic matrix, and the polymer 3D print acts to
give mechanical strength to the whole material in order to better match the mechani-
cal properties of bone [29, 39, 74, 100]. This method provides another way to con-
sider 3D printing; besides using the method to create a scaffold, 3D printing can be
used to fabricate pieces of the overall structure. Overall, 3D printing is an extremely
useful tool for creating patient-specific implants as it can create complex and porous
shapes using a wide variety of materials and methods while also including the
option of printing cells and growth factors. More research needs to be performed on
optimizing 3D printed materials, as well as investigating combinations of 3D print-
ing with other factors to create composites which can leverage multiple benefits.

7 Stem Cells: Biology and the Application
for Tissue Regeneration

7.1 Stem Cells for Bone Repair

Multiple cell types are involved in the bone formation and remodeling process, such
as osteocytes, osteoblasts, osteoclasts, and immune cells. Osteocytes maintain the
existing bone and are considered mature bone cells. Osteoblasts are responsible for
bone growth and can differentiate into osteocytes, while osteoclasts are responsible
for bone resorption. Finally, immune cells are important for the healing outcome of
the wound, as they clean the area and can lead to fibrous tissue formation or a for-
eign body reaction if a negative immune response persists [14, 15].
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Based on literature, the addition of stem cells to implant materials before implan-
tation has shown more success than implants without stem cells [126, 127]. Overall,
the use of autologous or allogenic cells in combination with scaffolds for long bone
repair has resulted in positive healing outcomes [5]. The most commonly used stem
cells used are embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs),
and adult mesenchymal stem cells (MSCs). ESCs are derived from embryos through
in vitro fertilization, can proliferate infinitely, and can differentiate into any cell
type. iPSCs are somatic cells that have been genetically reprogrammed to express
the pluripotent properties similar to ESCs. Finally, MSCs, which are the most com-
monly used cell type for bone repair, are isolated from the liver, fetal blood, bone
marrow, and umbilical cord. All of these cell types are able to differentiate into vari-
ous bone cells, making them important in the bone repair process.

Typically, cells are cultured to a pre-confluent state and then added to graft mate-
rials and cultured for a short period of time before implantation into the defect
space. Alternatively, cells can be injected directly into defects, which has shown
some promise in vivo [128]. Cell death upon transplantation is a drawback; how-
ever, MSCs can be contained in spheroids to improve survival, and these have been
injected into damaged tissues to promote repair [129, 130]. Interestingly, these have
also shown that restricting MSC migration out of these spheroids can enhance the
osteogenic potential of these spheroids [130]. In general, adult stem cells have a
wide variety of results which can be due to the differences in donors, such as where
the cells were sampled, the age of the donor, and life habits [115].

Of the mesenchymal stem cells used, bone marrow stromal cells are favored and
can differentiate into almost all mesoderm-derived cell types, including cartilage,
bone, hematopoietic stroma, tenocytes, and skeletal muscle cells [115]. However,
loss of differentiation properties toward the adipocyte or chondrocyte lineage has
been observed after multiple cell passages [131]. Pericytes have also been investi-
gated and are derived from the peripheral blood. These cells are positive for some
osteogenic markers and can differentiate along the osteogenic, chondrogenic, and
adipogenic lineage [115]. Another commonly used cell line are adipose-derived
stem cells, due to their being easy to acquire, abundant, and can differentiate into
adipocytes, chondrocytes, osteoblasts, and myocytes. However, this cell line is more
biased toward the osteogenic lineage, which can make for biased in vitro studies and
have demonstrated less favorable outcomes compared to bone marrow stromal cells
[132, 133]. In a study by Follmar et al., combining adipose-derived stem cells with
allografts in a rabbit model demonstrated a foreign body response; however, these
same cells in a porcine model accelerated bone healing [128, 134]. Another alterna-
tive is to use cells derived from pregnancies, such as umbilical cord and placental
stem cells. Umbilical cord blood multilineage cells take longer to culture and
express lower bone antigens, but exposure to osteoblast-conditioned media enhanced
their rate of osteogenic differentiation [135, 136]. Placental stem cells have also
been shown to have a bone marrow stromal cell-like behavior and possess multilin-
eage differentiation potentials [115].

3D printing offers the unique opportunity to encapsulate cells into printed con-
structs and even encapsulate various cell types into the same print. These cells can
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be cultured and encapsulated into hydrogels, which can then be used in syringe
pumps in bioprinters to print layer-by-layer. Mesenchymal stem cells and chondro-
cytes have been embedded into alginate hydrogels, and this hydrogel exhibited
extracellular matrix formation both in vitro and in vivo [123]. Organ bioprinting, an
approach to print fully capable organs, can be accomplished through printing a vari-
ety of cells and culturing the resultant scaffold post-printing. Firstly, the organ blue-
print must be designed, next, stem cells required for the organ are isolated and
differentiated, and then these are encapsulated into hydrogels or other medium to
support the life of the cells, and finally, these are printed and placed into a bioreactor
or incubator to continue cell growth [137]. Bioprinting enables cells to be printed in
distinct areas using various nozzles containing hydrogels with different encapsu-
lated cells. This can make for interesting studies comparing co-cultures in different
compartments. Bioprinting with cells offers new complex architectures with a wide
variety of cells; however, the material in which the cells are encapsulated within still
needs to meet bioactivity requirements while being able to be printed. Cells must
remain viable within these materials and further research needs to investigate
improving these printers and materials to sustain cell viability.

7.2 Cells Involved in the Wound Healing Cascade

There are a wide variety of cells to consider using in biomaterial implants, and more
research needs to be performed on using patient-derived cells in order to accelerate
healing as well as the interactions of each cell type on the biomaterial implant.
Maintaining the balance between osteoclasts and osteoblasts, creating a controlled
environment for M1 to M2 macrophage phenotype transition, and allowing blood
vessels to grow and deliver nutrients are all factors that need consideration in bio-
material implant design. The promise of better healing using biomaterial scaffold
implants lies in the ability for these to be tailored to meet these requirements. In
order to balance osteoclasts and osteoblasts, these cell types could be examined in a
co-culture on the implant in order to determine the possible mechanisms and heal-
ing that may proceed in vivo. This has been performed on collagen-based scaffolds
in order to determine that these scaffolds inhibit osteoclastogenesis [97, 98]. Similar
studies should be carried out investigating this balance in other biomaterial implants
as well. Uncovering the type of M1 to M2 macrophage transition in implants can be
investigated by seeding MO macrophages or monocytes on scaffolds in vitro. These
transitions have been investigated by Spiller et al. [13, 138—141], and this can pro-
vide useful information over time about how these cells polarize in response to
implant released factors and implant topography and composition. This phenotype
transition could be helpful to elucidate whether inflammation may persist or if a
foreign body response may occur before an in vivo experiment is undertaken. In
addition to investigating these specific cells, placental-derived tissues have shown
promise in modulating this transition and ultimately the immune response. The
amnion and chorion membrane of the placenta have been investigated as an addition



Biomaterial Design Principles to Accelerate Bone Tissue Engineering 55

to scaffolds and have shown to dampen the pro-inflammatory immune response
while promoting osteogenesis [101, 102, 104, 139, 142, 143]. Finally, angiogenesis
is important for delivery of nutrients to the growing bone and inadequate vascular-
ization of bone has been associated with a decrease in bone mass [144]. An interest-
ing opportunity exists to test vessel formation in biomaterial implants for bone
regeneration, an example being endothelial vessel formation created in hydrogels
by co-culture of umbilical vein endothelial cells and normal lung fibroblasts [145].
This type of study could be expanded using released factors from implant or solely
focusing on blood vessel formation in implants for bone regeneration. This may
give a better understanding of how blood vessel formation would occur in vivo.

Overall there are many variables to consider when using stem cells and more
research needs to be examined on the effect of adding these to implants. There exists
potential for these cells to accelerate healing, and in combination with 3D printing
even greater potential exists to improve bone repair with complex tissue
architectures.

8 Growth Factors, Chemical Cues, Differentiating Agents
for Bone

8.1 Growth Factors to Enhance Bone Repair

Growth factors are polypeptides and are used in bone regeneration to differentiate
bone cells, promote angiogenesis, or promote migration and retention of cells to the
implant site. These can act on the autocrine (influences the cell of origin), paracrine
(influences nearby cells), or endocrine (influences the nearby microenvironment)
systems. Growth factors bind to cell receptors and induce intracellular signal trans-
duction which determines the biological response upon reaching the cell nucleus
[146]. Additionally, a single growth factor may bind to different receptors. Growth
factors are typically introduced to the body in one of the two methods, as a protein
therapy or gene therapy. Protein therapy involves direct recombinant growth factor
delivery to the site of interest, whereas gene therapy delivers growth factors to cells
by gene encoding [146].

Most common growth factors interacting with the skeletal system are bone mor-
phogenic proteins (BMPs), fibroblast growth factors (FGF), platelet-derived growth
factor (PDGF), insulin-like growth factors (IGFs), transforming growth factor-f
(TGF-p), and vascular endothelial growth factor (VGEF) to name a few. A summary
of growth factors and their impact on bone and cartilage formation can be found in
Table 3. Using growth factors to heal critically sized defects has shown to mostly
improve the healing process; however, there have been reports that BMPs and
TGFB-3 did not improve healing [5].

Bone morphogenic proteins are typically considered the most promising
approach to repair bone due to their osteoinductive nature. BMP-2, -4, -6, -7, and -9
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Table 3 Growth factors used in bone repair and their functions

Growth
factor Function References
BMPs Promotes osteoprogenitor migration [146]
Promotes proliferation and differentiation of chondrocytes and
osteoblasts
Promotes bone formation
EGF Promotes osteoblast proliferation [147]
Combined with BMP-2 and -7 can further upregulate proliferation
FGFs Promotes chondrocyte maturation (FGF-1) [146, 148]

Differentiates osteoblasts

Involvement in bone resorption and formation (FGF-2)
HGF Promotes osteoblast proliferation [149, 150]
Promotes osteoblast migration

In some instances it has been found to inhibit BMP-2-induced bone
formation

IGFs Promotes osteoblast proliferation [146, 148]
Promotes bone formation and controls resorption

Induces the deposition of type I collagen
MGF Repairs tissues [151, 152]
Improves osteoblast proliferation

PDGF Promotes osteoprogenitor migration and differentiation [146, 153,
Promotes wound healing and bone repair 154]

TGF-p Stimulates differentiation of mesenchymal stem cells to [146, 155,
osteoblasts and chondrocytes 156]

Promotes bone formation

Recruits osteoblast and osteoclast precursors
VEGF Mineralized cartilage [146]
Promotes osteoblast proliferation
Control angiogenesis

have shown to have the greatest osteogenic success in vitro [157]. However, there
have been mixed results with using BMPs. A review found that 11 results supported
the use of BMPs, three results found no effect on bone repair, and two demonstrated
negative outcomes [158]. This variability can be attributed to the variety of BMPs
used and the treatment conditions. To repair fractures, recombinant human BMP-2
(rhBMP-2) is used most frequently, and rhBMP-7 is most commonly used for non-
union repairs [158]. Overall, thBMPs have been shown to accelerate healing of
tibial fractures and reduce infection rates [158]. There exist drawbacks to using
BMPs, especially rhBMP-2 which has resulted in surgery complications, especially
spinal surgeries. The majority of these complications stem from heterotopic ossifi-
cation, or bone growth in areas of other tissues. Literature finds it difficult to com-
pare the two BMPs, BMP-2 and -7, as most studies lack comparisons between the
two which can elucidate differences. Another issue with BMPs and many growth
factors is the delivery method. Due to their soluble nature, if these growth factors
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are not appropriately carried to the site of interest they can diffuse into nearby tis-
sues and form bone in undesirable locations. In general, large doses of BMPs are
required to achieve osteogenic effects, which can be both expensive and increase the
risk of heterotopic ossification [158]. Thus, further research into BMP delivery
needs to be performed in order to control the release of these factors better.

Fibroblast growth factors have been found to be suitable for regeneration of a
wide range of tissues and are key regulators of bone development [148]. In particu-
lar, FGF-2, -9, and -18 are involved in bone development and FGF signaling can
stimulate proliferation of osteogenic cells and angiogenesis [148]. Recombinant
FGF-2 has shown to accelerate bone repair in rabbits, but its anabolic effect is lim-
ited to the first 24 h after fracture occurs [159]. In a rabbit model, FGF-2-coated
hydroxyapatite scaffolds were shown to greatly enhance the osteoinductive effect
compared to uncoated implants [160].

Platelet-derived growth factor is involved in the development of embryos but
also plays important roles in bone repair in adults. Systemic application of PDGF
has shown to result in increased bone mineral density and compressive properties in
rat vertebrae [161], conversely, PDGF inhibited bone regeneration in rat calvarial
defects [162]. However, with the appropriate carrier, the opposite was true and bone
formation was increased in rat calvarial defects [163].

Insulin-like growth factors can influence both metabolic and growth activity in
many cell and tissue types, and of the isoforms IGF-I and IGF-II, IGF-I has been
typically only used in skeletal reconstruction [164]. IGF-I is the most abundant
growth factor found in the skeletal system and regulates bone development and
osteoblasts [165]. IGF-I has also been used to increase bone formation, but this did
not have the desired effect in young animals [166]. IGF-I delivered via PLGA mic-
roparticles was shown to enhance new bone formation, but there was little therapeu-
tic effect of using IGF-I alone for cartilage and bone repair in osteoarthritic joints
[167, 168]. IGF-II is the most abundant growth factor in bone and both IGFs play
important roles in stimulating osteoblast differentiation, deposition of bone, and
collagen protein expression [169]. Insulin-like growth factors can be differentiated
from one other by their functions, as IGF-II can induce proliferation and differentia-
tion of MSCs to osteoblasts, while IGF-I cannot, and functions to maintain and
grow bone [169].

Transforming growth factor beta is one of the most common cytokines and influ-
ences the development of various tissues [164]. The carrier of TGF-p plays an
important role in its activity, as single doses of TGF-f, had no effect in rabbit cal-
varial defects but gelatin capsules enhanced bone formation [170]. Similar to this,
TGF-f hydrogels with very rapid or very slow degradation times had no effect on
bone formation [171].

Finally, vascular endothelial growth factor not only controls vasculogenesis and
angiogenesis, but is involved in recruitment and activity of bone forming cells [148].
VEGF had been shown to enhance blood vessel formation and ossification in murine
femur fractures [172]. In addition, VEGFs have been shown to enhance bone forma-
tion when combined with other growth factors [148].
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An alternative to growth factors is platelet rich plasma (PRP), which is centri-
fuged autogenous blood that contains high concentrations of cells containing vari-
ous growth factors such as PDGF, TGF-f, IGF, and VEGF [164]. PRP has been
considered a better alternative to the single use of growth factors due to its composi-
tion of many growth factors and its cost-effective sourcing [173]. However, there
are variabilities in success due to the preparation methods, concentration, and meth-
ods of application of PRP. In vitro, PRP has shown to induce proliferation of bone
marrow stem cells and promote osteogenic differentiation [174]. In vivo studies
have demonstrated various outcomes, with most improving the histological appear-
ance of bone but some reporting harmful or non-significant effects [173].

Drawbacks to using recombinant growth factors in general are their roles in
tumor formation or negative immune reactions, which has been demonstrated for
BMP2 and VEGF [146, 175]. As with all growth factors, the design of the delivery
system can greatly affect the outcome of the surgery. This adds another element to
designing a biomaterial implant. If the biomaterial includes the release of a growth
factor, then further consideration on the kinetics of release needs to be tailored to the
wound of interest, whether it be a short or sustained release. Interestingly, combina-
tions of scaffolds, cells, and growth factors have been shown both positive and nega-
tive results when compared to combinations of scaffolds and cells or growth
factors [5].

8.2 Application of Growth Factors to Tissue Engineering

In addition to printing unique structures and multiple cell types, growth factors can
be combined with bioprinting. Growth factors, like cells, can be added to the print-
ing medium in order to drive cellular responses. Hydrogels have been effectively
loaded with BMP-2 and VEGEF in order to induce bone regeneration. In one study,
BMP-2 was loaded into collagen hydrogels for a sustained release and VEGF was
loaded into alginate and gelatin hydrogels for a burst release [176]. In this example,
multiple print heads were used to create a scaffold with two different growth factors
located in different regions of the scaffold that released at different rates based on
material properties [176]. Bioprinting offers a simple way to incorporate various
growth factors in order to study their interactions with cells; however, the material
that these growth factors are encapsulated in determines their release. Further
research needs to be performed in order to optimize these materials, especially
materials other than hydrogels, as bioprinting is an incredibly useful tool if
optimized.

There exist a wide variety of growth factors available to promote bone regenera-
tion, and more research needs to be investigated on how to adequately deliver these
and control cell fate. Again, factors that can control the balance of osteoclasts and
osteoblasts, the M1 to M2 macrophage transition, and angiogenesis need to be
examined. Research has demonstrated that osteoprotegerin plays a critical role in
inhibiting osteoclastogenesis, which could be potentially used as a growth factor in
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order to maintain this balance between osteoclasts and osteoblasts [97, 98]. In addi-
tion to this, macrophage phenotype impacts the wound outcome and growth factors
could be delivered in order to promote a more M1 or M2-like phenotype. Cytokines
that can induce an M1 response include LPS and IFN-y, while cytokines that can
induce an M2 response include IL-4, IL-13, and IL-10 [13, 141, 177]. An interesting
opportunity exists to combine these cytokines in 3D-printed scaffolds in order to
drive a particular immune response depended on release rates and specific cytokines
released. Finally, angiogenesis can be accomplished by introducing VEGF to scaf-
folds, and more research should involve examining blood vessel formation with and
without this growth factor and its potential to induce vessel formation quicker in
scaffolds. Overall, growth factor addition to implant materials holds promise, but
more investigation must be performed on the negative outcomes of these factors,
controlling delivery, and leveraging multiple growth factors in order to drive osteo-
genesis, wound healing, and angiogenesis.

9 Conclusions

There are many strategies to repair bones; however, no such strategy exists without
its drawbacks. Autografts have the greatest potential to heal but require another
surgery within the patient’s body. Allografts and xenografts have shown promising
results, but processing methods can destroy important components in these materi-
als. Other scaffold types are easy to manipulate and can be patient-specific; how-
ever, their results cannot yet compare to autografts. The future of bone regeneration
involves combining these various methods to heal bone in order to achieve the prop-
erties of a biomaterial implant (Fig. 3): biocompatible materials, mechanics that
match the properties of bone and prevent micromotion, a pore size and orientation
that guides vessel formation and cell migration, and a material that degrades and
allows new bone formation to occur. 3D printing can be used to print multiple mate-
rial types, unique and challenging structures, and patient-specific implants. This can
be useful in combination with the various materials, cells, and growth factors dis-
cussed here, to one day create a biomaterial implant that addresses all necessary
criteria. Research efforts should also focus on targeting the balance between osteo-
clasts and osteoblasts, macrophage phenotype transition, and angiogenesis. These
can be addressed by material design, studies investigating multiple cell-type inter-
actions, and growth factor addition. Overall, there exists a vast amount of research
and development left in the area of bone repair, and many factors need to be
addressed. Optimizing materials, fabrication, cell types, and growth factors included
in biomaterial implants must be accomplished in order to create the optimal bioma-
terial for bone repair.
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Additive Manufacturing Technologies
for Bone Tissue Engineering

Joshua Copus, Sang Jin Lee, James J. Yoo, and Anthony Atala

1 Introduction

Additive manufacturing (AM) is the process of joining materials together in order
to form a three-dimensional (3D) object typically in a layer-by-layer fashion. There
are a variety of different approaches, from vat photopolymerization to material
extrusion, but all involve the use of 3D modeling software to create a computer-
aided design (CAD). AM technologies have been improved upon since their inven-
tion in the early 1980s to become compatible with all types of materials from
plastics, metals, ceramics, and even cell-laden hydrogels for the formation of human
tissues and organs [1]. In the early 1980s, Charles Hull was able to successfully
produce the first 3D printed part by utilizing a process which he coined “stereo-
lithography.” Using his stereolithography apparatus (SLA), he was able to cure a vat
of photo-crosslinkable polymer resin with an ultraviolet (UV) light beam. By using
a computer-generated code, he could direct the light beam to create the computer-
designed structure. The code generated to do this was called an STL file, which is
short for stereolithography, which specified the geometry, dimensions, and thick-
ness of the desired object [1]. The first 3D printed objects were typically used to
create rapid prototypes for various commercial purposes, and it was not until the
early 2000s that the technology was applied to the medical field in order to create
dental implants and prosthetic devices [1].

Researchers have utilized these AM technologies to develop orthopedics implants
that closely mimic the native structures of a patient. Severely damaged bone would
typically require a bone grafting procedure which can result in donor site morbidity
as well as other complications associated with the surgical procedure. However,
now with advances in AM, surgeons can improve outcomes without the need for a
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bone grafting procedure by using 3D printed titanium implants that allow for native
bone integration [2, 3]. Currently AM has allowed for the creation of patient-specific
hips, jaws, and even entire skull implants [3]. Since the shape of bones varies from
patient to patient, a patient-specific implant will have better fit, be easier to insert
and secure, and can also produce a better cosmetic result [4, 5].

The fabrication of bone tissue requires complex manufacturing techniques due to
its heterogeneity in biology, structure, and architecture. AM technologies allow for
greater control over many parameters in addition to size and shape. Porosity and
pore size are easily controlled by these techniques, and they are both important
parameters for bone as the native mineral components are structured in a porous
manner. The surface and mechanical properties of the constructs are dependent on
the manufacturing technique and material used and play a vital role in bone regen-
eration by affecting cell adhesion and preventing stress shielding in vivo. Lastly,
osteoconductivity can be controlled in these techniques by the inclusion of calcium
phosphates or hydroxyapatite [6]. There have been a wide range of AM techniques
developed, and each technique has its own benefits and limitations. Herein, we
explore the principles, components, and capabilities for bone tissue engineering that
each AM technique possesses.

2 3D Printing via Medical Imaging

One of the most important developments for the field of AM came in 1986 with the
development of the STL file. The STL file is used to “complete the electronic ‘hand-
shake’” from the CAD software and transmit files for the printing of 3D objects [7].”
The file stores surface information based on the CAD design and can create a text
file with information on the coordinates of each of the surface vertices. Slicer soft-
ware is then used to convert the 3D surface information into 2D cross-sections with
predetermined thickness in the form of a G-file. This then allows the 3D structure to
be printed by depositing material following the shape and path of the 2D cross-
sections. These cross-sections are stacked upon the previous layer consecutively to
create the final structure. Figure 1 shows 3D printing workflow from a medical
image from a patient to 3D printed bone construct for reconstruction.

Medical imaging
(CT, MR, etc.)

Visualized motion
program

3D bioprinted bone
construct

Mirroring 3D printing process

Pluronic
F-127 (sacrificial
material)

Printing nozzle

Pore

9

Fig. 1 The process of converting medical images into .STL format for 3D printing. (Reprinted
with permission from ref [8] Copyright © 2016 Springer Nature)
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In the medical field, technology has advanced rapidly to create CAD files based
on medical imaging techniques. Currently, 3D printed structures can be created
from computed tomography (CT), laser scanning, and even magnetic resonance
imaging (MRI) [7]. While acquiring images of the region of interest, each medical
imaging technique offers varying resolution, which can result in a discrepancy
between the desired model and the generated model. Model resolution is also
impacted by the slice thickness chosen during the image acquisition process [9].
The next step required is segmentation and mesh generation. During segmentation,
the region of interest is identified from the medical images and extracted in order to
create the mesh required for surface generation. There is a variety of open-source
software that assists with mesh generation and automates the surface rendering pro-
cess, and the preference of individual programs is ultimately up to the user, but most
programs allow for manual rendering should the generated model not match the
desired model [9]. Once segmentation and mesh generation are complete the data is
in the STL format in order to be compatible with the AM technology. Ultimately,
the goal of utilizing medical imaging techniques to generate models for AM is to
improve clinical success rates by creating a patient-specific and personalized model.

The computational models built from medical imaging technologies allow doc-
tors to make rapid prototypes of patient-specific bone defect areas. This allows the
doctors to have a physical model which they can use to develop a plan of action and
ultimately to improve the surgical outcome [10]. In other cases, medical imaging
technologies are being used to scan the defect site and create a computational model
that has the same geometry and dimensions as the bone defect. This model is then
coupled with one of the various AM technologies to create a bone transplant identi-
cal to the bone defect area [10]. From these models, many parameters can be altered
to improve tissue ingrowth and mechanical properties such as composition, density,
pore shape and size, and pore interconnectivity [10].

3 Vat Photopolymerization

Stereolithography, or vat photopolymerization, is an AM technique that is used to
fabricate 3D structures from STL files by selectively solidifying a liquid resin. The
photo-crosslinkable resin is typically contained within a vat or tank and then is
exposed to a light source in the form of a computer-controlled laser beam or a digi-
tal light projector with a computer-controlled mask [11]. When using a laser beam
to crosslink the resin, the process is typically referred to as stereolithography (SLA)
(Fig. 2a: a) but when using a projector, the process is referred to as digital light
processing (DLP), but both methods rely on the same principle of crosslinking a
liquid resin that is contained within a vat. SLA setups have remained relatively con-
stant since their invention in the 1980s. In this method, a laser is used to crosslink
resin in the desired pattern based on the STL file. This creates structures in a bot-
tom-up method. After the first layer solidifies and adheres to the build platform, the
platform is then submerged again in liquid resin and the laser then crosslinks the
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Fig.2 (a) Schematic diagram of SLA and DLP methods of vat photopolymerization. (b) Scaffolds
created by SLA that demonstrate the complex geometries that can be achieved with vat photopo-
lymerization (reprinted with permission from ref. [12] Copyright © 2019 Elsevier). (c)
Hydroxyapatite scaffolds created by vat photopolymerization showing improved cell differentia-
tion in vitro (reprinted with permission from ref. [13] Copyright © 2015 IOS Press). (d)
Poly(propylene fumarate) resins coated with BMP-2 that demonstrated improved bone regenera-
tion when implanted in calvarial defect in vivo. (Reprinted with permission from ref. [ 14] Copyright
© 2015 Elsevier)

second layer onto the first. This process is then repeated layer-by-layer until the
final design is completed. Some SLA techniques have the ability to build structures
from a top-down approach as well, but this is more commonly accomplished utiliz-
ing DLP techniques [11].

DLP is typically based on a top-down approach, where the first layer that forms
is considered the top of the scaffold. With this technique, the light source arrives
underneath the vat which requires the bottom of the vat to be composed of a trans-
parent, non-adhesive material. The build stage is lowered to the bottom of the vat
where the first layer is crosslinked and adheres onto the plate. The stage is then
raised incrementally, depending on the layer thickness, where each successive layer
is crosslinked. Once the final layer has been crosslinked, the build platform raises
completely out of the liquid resin with the final solidified structure. In this method
of photo-crosslinking, a digital mirror device (DMD) is used to create the desired
pattern (Fig. 2a: b), which limits the resolution to the size of the micromirrors con-
tained on the device. The device contains an array of millions of mirrors that are
computer-controlled on a microscale level to only reflect light onto the stage in the
shape defined by the STL file. This light is then directed to the uncured resin where
the structure is crosslinked layer-by-layer [11].

Both DLP and SLA methods of photopolymerization are compatible with poly-
mers, composite materials, hydrogels, and cells. This method also offers accuracy
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down to 20 pm, while other AM techniques typically have a resolution around
50-200 pm. Layer thickness control is one of the more difficult aspects of stereo-
lithography as it depends on many variables such as the resin, photoinitiator used,
power of the light source, and exposure time. Overexposure is a significant chal-
lenge in stereolithography techniques, and especially when attempting to create
porous structures so it is very important to optimize these parameters [11]. This
technique can be used to create complex geometries and overhangs not typically
capable by other AM techniques as demonstrated by Madrid et al. (Fig. 2b) [12].

One of the early limitations for both SLA and DLP techniques was with the pho-
tocurable resins available for use. Many of these resins caused skin irritation and
were cytotoxic which prevented them from being implanted, but now a variety of
polymers and associated resins, such as those based on vinyl esters, are available for
use with these systems [15]. Tesavibul et al. have developed a method to use lithog-
raphy based techniques to produce biocompatible hydroxyapatite scaffolds (Fig. 2¢)
[13]. Various hydrogels also have been developed for this technique which allows
for the inclusion of cells within the tissue-engineered constructs [16]. Scaffolds
produced by this technique have also been implanted in vivo previously. Dadsetan
et al. used a photo-crosslinkable poly(propylene fumarate) resin to create porous
scaffolds that allowed for bone ingrowth when implanted [14]. They coated these
SLA fabricated resin with recombinant human bone morphogenic protein-2
(rhBMP-2) and observed bone regeneration in vivo via micro-CT scans (Fig. 2d).

These vat photopolymerization techniques offer a wide variety of approaches to
design tissue-engineered bone constructs. Although not compatible with metals or
ceramics, the range of polymers available for use and the ability to manufacture cel-
lularized hydrogels make this one of the most used AM techniques for bone tissue
engineering applications.

4 Powder Bed Fusion

Powder bed fusion, also known as selective laser sintering (SLS), is an AM tech-
nique that uses a high-power laser system to sinter or fuse regions of a powder bed
together to form a scaffold [17]. It was first developed by Carl Deckard and patented
in 1989 and rapidly changed the manufacturing process of prosthetics and osseoin-
tegration [18]. This method is compatible with metals, ceramics, polymers, and
many composite materials, as long as they are available in powder form, and the
material is able to melt or sinter together [19]. Unlike stereolithography, this method
is not compatible with cells unless they are added to the scaffolds after manufactur-
ing. This technique consists of a high-power laser, a beam deflection system, a pow-
der bed container, and a deposition system (Fig. 3a), and like other systems utilizes
an STL file to determine the laser pathway to fuse materials in the desired pattern.
The laser utilized in this system is highly dependent on the material of powder
that is being fused. Most commercial devices utilize CO, lasers that have power
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Fig. 3 (a) Schematic diagram of powder bed fusion. (b) A porous scaffold created by sintering of
PLLA and calcium phosphate microspheres (reprinted with permission from ref. [20] Copyright ©
2010 Elsevier). (¢) In vitro study assessing the cell viability of osteoblasts when cultured on
PLLA-calcium phosphate sintered scaffolds (reprinted with permission from ref. [20] Copyright ©
2010 Elsevier). (d) In vivo bone regeneration within an osteochondral defect due to powder bed
fusion created scaffolds. (Reprinted with permission from ref [21] Copyright © 2017 Elsevier)

ratings between 50 and 200 W [19]. The properties of the constructs can be easily
modified by varying laser parameters such as wavelength, power, scan speed, and
spacing. The powder characteristics and deposition system also can easily control
scaffold parameters. By varying powder mixing, particle size, and composition, the
surface quality and part density will vary [19]. Once the initial layer has been sin-
tered or fused within the powder bed container, the container lowers in the Z-direction
in a predefined distance, and then the powder deposition system deposits a new
powder layer on top of the previous layer. This process is repeated and allows the
following layers to be successively fused to the previous layer in a similar method
to other AM techniques such as stereolithography. Typically powder layers are
0.1-0.3 mm thick, but this is also dependent upon the laser strength and particle size
of the powder [19]. The resolution of the final product is also dependent on the laser
and particle parameters. For instance, finer particle size will result in better resolu-
tion due to thinner layers being formed, particles flowing easier out of the powder
deposition device, and less shrinkage during sintering or fusing [19].

In the biomedical field, powder bed fusion offers superior resolution and mechan-
ical properties when compared to other AM techniques for metals such as directed
energy deposition [22]. The most common use for these in the medical field is the
fabrication of porous metal orthopedic implants [22]. The porous nature of these
implants, typically composed of a biocompatible material such as titanium, improves
bone ingrowth into the prosthetic and also promotes bone regeneration as well [23].
The importance of using calcium phosphate-based ceramics due to their osteocon-
ductive properties has been instrumental in bone tissue engineering, and powder bed
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fusion techniques expanded the complexity of scaffolds that are able to be fabri-
cated with these ceramics. Previously, their use was limited to being fabricated in
simple geometries unless incorporated into a polymeric material [24, 25]. To create
complex scaffolds composed of bioceramic materials such as calcium phosphates,
powder bed fusion was used to sinter the materials together with the aid of an inter-
mediate polymer binder that was later removed from the scaffold by placing it in a
heat furnace [26].

The inclusion of these calcium phosphate particles into polymeric constructs has
shown promising results and has been manufactured via powder bed fusion previ-
ously [20]. In this study, Duan et al. combined nanosized calcium phosphate parti-
cles into poly(L-lactic acid) (PLLA) microspheres which were then sintered together
into a 3D structure (Fig. 3b). After manufacturing these scaffolds, osteoblasts were
seeded onto the osteoconductive material, and they found that there was increased
osteoblast activity, as well as alkaline phosphatase (ALP) activity (Fig. 3c) [20].
Pure poly(e-caprolactone) (PCL) scaffolds for bone tissue engineering have also
been manufactured with this technique [27], but are still limited without the inclu-
sion of cells. Most polymeric scaffolds manufactured with a powder bed fusion
approach require post-processing techniques, like coating cells or growth factors
onto the scaffold, in order to be effective for bone tissue engineering. This technique
has also been used to create scaffolds composed of (HA)/PCL, which were then
implanted into an osteochondral defect where the scaffolds accelerated early sub-
chondral bone regeneration (Fig. 3d) [21].

Powder bed fusion is a versatile manufacturing method for metals, ceramics, and
polymers for bone tissue engineering. Most of the advantages of this technique lie
in the ability to create porous 3D structures from ceramic and metals. For bone tis-
sue engineering applications, this technique has seen the most success in the pro-
duction of patient-specific implants composed of porous metals or ceramics. Other
approaches may be better suited if the desired outcome is to produce a cellularized
bone tissue construct.

5 Directed Energy Deposition

Directed energy deposition is similar to powder bed fusion but is much more limited
in its applications to bone tissue engineering. In this process, the material is melted
as it is being deposited [28]. This process is in theory compatible with ceramics and
polymers but is mainly used for metals and often even referred to as metal deposi-
tion. This technique differs from powder bed fusion as the high energy beam is not
used to melt pre-deposited materials, but rather a high energy beam is created and
melts materials at the same time as they are being deposited [28].

In directed energy deposition, a high-powered laser or electron beam is focused
into a narrow region (Fig. 4a). Typically, this laser beam is stationary, and the stage
below is controlled by an X-Y-Z motor controller; however, additional systems that
utilize a robotic arm or rotary table are also available. Material is stored in powder
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Fig. 4 (a) Schematic diagram of directed energy deposition technique. (b) Metallic orthopedic
implants created by directed energy deposition (reprinted with permission from Basicmedicalkey.
com Copyright © 2020). (c) Cell viability of osteoblasts cultured on titanium scaffolds created via
directed energy deposition (reprinted with permission from ref. [29] Copyright © 2007 Elsevier).
(d) In vivo tissue ingrowth into porous titanium constructs and the increased calcium content asso-
ciated with improved bone regeneration within the constructs. (Reprinted with permission from
ref. [29] Copyright © 2007 Elsevier)

feed nozzles, which deposit the material into the region of focus of the laser or elec-
tron beam [28]. Most deposition heads are composed of both the powder feed noz-
zle and an adjacent laser beam, as well as inert gases to help control the parameters
with the beam. As the stage moves and material is melted and deposited, layers can
be formed and eventually stacked to create the 3D structure. One interesting aspect
of the direct energy deposition method is that the fabrication of vertical components
does not always require differential Z-slices meaning that material can be deposited
directly in a vertical beam. This technique can also be used for surface modification
of pre-existing parts, as well as fabricating new structures onto parts [28].

Due to the high energy of the focused beam, materials are fairly limited to pow-
dered metals, which therefore restricts applications in bone tissue engineering to
those of metallic implants (Fig. 4b). This process also struggles to make smooth
surface features. Lastly, the cost to operate direct energy deposit devices is signifi-
cant so for many medical devices other fabrication techniques are used [28].
Nevertheless, direct energy deposition is still used for some applications in the med-
ical field and specifically for bone tissue engineering applications. One application
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is to deposit thin layers of titanium onto the surface of biomedical implants in order
to make them more corrosion resistant and improve wear resistance [28]. Specifically,
some orthopedic implants have been fabricated with novel titanium alloys which
would be difficult to manufacture elsewhere, especially when attempting to fabri-
cate them in a patient-specific geometry [30]. Xue et al. evaluated the biocompati-
bility of porous titanium constructs fabricated by this technique and found that
osteoblasts had strong local adhesion and the cells expressed higher levels of alka-
line phosphatase compared to cells on smooth non-fabricated titanium scaffolds
(Fig. 4c) [29]. Metallic biomaterials fabricated by this method have been implanted
in vivo previously, where Bandyopadhyay et al. demonstrated a significant increase
of calcium within the implants as well as tissue ingrowth throughout the intercon-
nected pores of the scaffold (Fig. 4d).

6 Binder Jetting

Binder jetting is a technique that builds upon the powder bed fusion, but instead of
utilizing a high-powered laser to sinter the binder a drop of liquid bonding agent is
deposited onto the bed of powder [15]. Binder jetting is one of the few AM tech-
nologies that does not rely on either a light or heat source in order to fabricate scaf-
folds [31]. This technique was first invented in 1993 and very quickly became
commercialized to fabricate rapid prototypes [31]. This approach is compatible with
all materials as long as they are available in powder form. It also has one of the fast-
est build rates of all AM techniques.

In this approach, the build plate is contained within an enclosed system (Fig. 5a).
A layer of powder is spread onto the build plate before an inkjet print head deposits
the liquid bonding agent onto the desired positions. Next, the build plate lowers, and
a powder depositor typically in the form of a counter roller spreads more powder
over the first layer. The bonding agent is again deposited in the desired positions and
this process repeats until the final construct is assembled. One advantage of this
system is that when building structures with overhangs or vertical columns, powder
from previous layers can be used to stack upon and is removed at the end of the print
[31]. This allows for the manufacture of scaffolds with complex geometries and
overhangs that other AM processes would fail to create. One of the limitations of
this process is that since the final construct consists of powdered particles that are
bound together the constructs are typically fragile. In order to be utilized for bone
tissue engineering applications, these constructs require post-processing techniques
in order to improve their mechanical properties [34].

The use of metals in binder jetting techniques is the most common, although they
are still limited due to the low geometric accuracy that results from the process.
Another limitation of using metal powders with this technique is a large amount of
post-processing that occurs. Typically, sintering or isostatic pressing is required to
create scaffolds with significant mechanical properties [35]. The creation of pros-
thetics or implants with this technique is somewhat rare, as the amount of
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Fig. 5 (a) Schematic diagram of binder jetting technique. (b) Porous calcium phosphate scaffolds
with complex geometries created by powder bed fusion (reprinted with permission from ref. [12]
Copyright © 2019 Elsevier). (¢) Histological images of binder jetting scaffolds showing improved
collagen deposition from osteogenic differentiation (reprinted with permission from ref. [32]
Copyright © 2014 Wiley Online Library). (d) TCP based scaffolds created by binder jetting which
exhibit improved mineralization when implanted in vivo. (Reprinted with permission from ref.
[33] Copyright © 2013 Elsevier)

post-processing required makes other AM processes much more appealing for this
purpose. Regardless, binder jetting has been used to develop biodegradable alloys
that can be utilized as a substitute for bone grafts [36]. Binder jetting’s applications
for bone tissue engineering are more commonly associated with manufacturing
ceramics such as hydroxyapatite and calcium phosphates [37]. These are commonly
available in powder form and have excellent biocompatibility alone but are still
somewhat limited for clinical translation when manufactured with this process due
to residues left behind from the bonding agent. The binders for ceramics can include
toxic materials such as chloroform or various acid-based binders [38]. This tech-
nique has been used previously to fabricate complex porous scaffolds composed of
calcium phosphates, which exhibit surface roughness that is well-suited for bone
regeneration purposes (Fig. 5b).

The use of polymers as the sole material in binder jetting is fairly limited owing
to the fact that polymer formulations are rarely powdered. However, some polymers
have been utilized in binder jetting, such as PCL, when bound with appropriate
solvents. These can be utilized for bone tissue engineering applications, but typi-
cally other AM methods are used to create these scaffolds [31]. Gao et al. have
developed a method that utilizes bioactive glass nanoparticles and a PEG-HA
hydrogel as the binder which allows for the creation of cell-seeded scaffolds. In
vitro studies with this method showed increased collagen deposition in the presence
of osteogenic differentiation media (Fig. 5¢) [32]. Fielding et al. have utilized binder
jetting techniques to create TCP scaffolds that enhance both osteogenesis and
angiogenesis in vivo (Fig. 5d) [33].
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7 Material Jetting

Material jetting, also known as inkjet 3D printing, is a technique where liquid pho-
topolymer droplets are selectively deposited and then crosslinked, usually with UV
light [39]. In this technique, multiple print heads can be utilized to deposit many
different material compositions, or even cell-laden hydrogels, within the same scaf-
fold. Material jetting devices are very similar to the original inkjet printers designed
in the 1950s. It took until the year 2000 for an inkjet-based 3D printer to be devel-
oped by Objet Geometries [40].

The material jetting technique physically manipulates a resin or cell-laden hydro-
gel in order to create droplets that can be deposited in specific locations based on
code generated from the STL file. The droplet formation can be accomplished by
several different mechanisms. One of such mechanisms relies on the Rayleigh—
Plateau instability in order to break up a continuous stream into droplets [41]. In this
method, referred to as continuous ink jetting, the resin or bioink is contained within
a syringe and air pressure is used to force it from a nozzle. Another approach, drop-
on-demand, can utilize either a thermal actuator, piezoelectric actuator, or electrode
to generate pressure pulses which can deposit a controlled amount of ink from the
nozzle (Fig. 6a) [40, 45, 46].

Like other AM techniques, the scaffold design is based on 2D patterns generated
from an STL file. In order to generate these patterns an X-Y-Z axis motor controller
is used to move either the print head or stage being printed onto. Z-slice thickness
can be controlled in material jetting applications by altering the amount of material
deposited with each droplet. One of the main limitations of this modality is that it is
limited to photo-crosslinkable polymers with a low enough viscosity that they can
be deposited in small droplets [40]. The main advantage of this technique is that
multiple different bioinks or resins can be used, which allows for the manufacturing
of tissues with multiple cells types in the same scaffold.

Specific to bone tissue engineering, material jetting can be used to create bio-
compatible polymeric scaffolds with the optimal pore design for bone tissue
ingrowth such as the octacalcium phosphate scaffolds produced by Komlev et al.
(Fig. 6b: a) [42]. With this technique, researchers have also been able to print com-
plex multi-cell constructs (Fig. 6b: d). Xu et al. manufactured constructs that incor-
porate both mesenchymal stem cells that are capable of osteogenic differentiation as
well as smooth muscle cells that aid in vascular network formation [43]. In this
study, the inkjet printer was loaded with a sodium alginate-based bioink that encap-
sulated their cells. Calcium chloride was then used as a crosslinker to ensure
mechanical stability when printing multiple layers [43]. In some cases, this tech-
nique can even be used to biopattern bone morphogenic protein into a scaffold to
spatially control bone formation (Fig. 6¢) [44]. In this study, BMP-2 was patterned
in scaffolds via material jetting techniques which then saw osteogenic differentia-

tion in vitro, as well as improved bone formation in a rat calvarial defect in vivo
(Fig. 6d).
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Fig. 6 (a) Schematic diagram of the various material jetting techniques. DOD: drop-on-demand.
(b) (a, b) Octacalcium phosphate scaffolds created by material jetting (reprinted with permission
from ref. [42] Copyright © 2015 Frontiers). (¢, d) Constructs with multiple cell types capable of
vascular network formation and osteogenic differentiation fabricated via material jetting (reprinted
with permission from ref. [43] Copyright © 2013 Elsevier). (¢) Material jetting fabricated scaffolds
with patterned BMP-2 to control osteogenic differentiation in vitro (reprinted with permission
from ref. [44] Copyright © 2010 Mary Ann Liebert, Inc.) (d) In vivo bone regeneration of BMP-2
patterned scaffolds implanted in calvarial defect. (Reprinted with permission from ref. [44]
Copyright © 2010 Mary Ann Liebert, Inc.)

Since material jetting is capable of printing both polymeric material and cell-
seeded hydrogels within the same print it offers a distinct advantage over other
single material AM techniques. The delivery of cells, growth factors, and the high
precision droplet placement associated with this technique makes it a promising
candidate for the manufacture of transplantable bone tissues.

8 Sheet Lamination

Sheet lamination is another AM technique based on the application of heat to mate-
rials. In this process, sheets of material, whether polymer, metal, or ceramic, are cut
into shapes with laser and then are fused using heat and pressure [17, 47]. This
technique is fairly limited for tissue engineering applications as it can only create
very dense structures. Sheet lamination involves the use of a laser that typically rests
on an X-Y plotter, a heated roller that can apply pressure, a build platform, and
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material rolls for housing. Typically, the material is stored on the roller in the form
of a sheet and stretched to another roller that houses the excess material. As it passes
by the build platform, the full sheet is cut into the desired geometry before being
pressed by a heated roller which is optimized with the temperature and pressure at
which to fuse the materials. The excess material is then rolled past the build stage
where the next layer is then pressed [48]. This process is compatible with metals,
ceramics, and polymers [47].

Due to the high pressure and temperature required to fuse materials, cells cannot
be used in this process. This limits the applications for bone tissue engineering,
especially considering that the final manufactured products are very dense and have
a low void volume. This makes it very difficult to create highly cellularized con-
structs, as the cells are not able to penetrate deep due to the low pore sizes [47]. 3D
constructs are capable of this process, but it is much more applicable to use them for
rapid prototyping purposing. Regardless, this process has been used, albeit rarely, in
bone tissue engineering applications in order to create ceramic-based constructs.
Tanimoto et al. utilized this sheet lamination technique to stack individual trical-
cium phosphate sheets to create a 3D scaffold. This sheet lamination process
required temperatures up to 1200 °C and converted the B-tricalcium phosphate
sheets into a-tricalcium phosphate which increased both strength and modulus of
the scaffold [49]. Of all the AM techniques, sheet lamination is the most limited in
terms of bone tissue engineering applications.

9 Material Extrusion

Material extrusion, also known as fused deposition modeling, is arguably the most
commonly used technique for AM. In this method, the constructs are manufactured
by a controlled extrusion of material which is deposited onto a substrate by an extru-
sion head [50]. These printers usually consist of a temperature controlled unit that
is capable of dispensing the material, an X-Y-Z motor controller, the stage, and
sometimes a light source that is capable of photo-crosslinking materials [S0]. Many
of these material extruders contain multiple print heads, which allows them to use
multiple materials, including those that contain cells.

Within this system, either pneumatic or mechanical dispensing systems are used
to force the material through the nozzle (Fig. 7a) [54, 55]. Pneumatic systems rely
on pressurized air to force the material through the nozzle, while the mechanical
dispensing systems can use either a piston or screw-based system to achieve this.
Mechanical systems can have more precise flow than pneumatic as there is a resid-
ual pressure within the syringe head that often occurs with pneumatic-based sys-
tems [50]. A large variety of materials can be printed by this method, but for bone
tissue engineering applications the use of polymers, ceramic composites, and cell-
seeded hydrogels offers the most advantage over other AM techniques.

In material extrusion techniques, materials with a viscosity between 30 mPa/s
and some greater than 6 x 107 mPa/s are capable of being extruded [50]. When using
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Fig. 7 (a) Schematic diagram of material extrusion techniques. (b) Patient-specific bone geome-
tries fabricated by material extrusion that include both polymer-ceramic composites and cell-
seeded hydrogels (reprinted with permission from refs [51] (b: a, b) and [8] (b: ¢), copyright ©
2018 Whioce Publishing Pte. Ltd. and copyright © 2016 Springer, respectively). (¢) In vitro viabil-
ity of MSCs seeded within a bone tissue construct (reprinted with permission from ref. [52]
Copyright © 2015 Elsevier). (d) Histological analysis of implanted material extrusion scaffolds
that allow for the controlled release of BMP-2 in vivo. (Reprinted with permission from ref. [53]
Copyright © 2013 PLOS)

polymers, an initial molten layer is deposited onto the stage where it rapidly cools
before the next molten layer is deposited on top of it. This fuses the materials and
allows for stacking in a layer-by-layer fashion. When using hydrogels or other soft
materials, due to the lack of structural integrity, crosslinking may be required before
depositing the following layer; otherwise, the structure can collapse upon itself due
to the forces being imposed on it [S0]. The development of novel bioinks that main-
tain cell viability during the printing process has been one of the most important
developments for extrusion-based bioprinting. Previously, cell viability was limited
due to the shear stress during the printing process that they were subjected to, but
with the advancement of shear-thinning materials available for use, high cell densi-
ties can now be achieved [50].

Specifically for polymeric materials, melt electrospinning writing has been uti-
lized to fabricate highly ordered fibers that are deposited in a layer-by-layer fashion.
This process is similar to material extrusion except that a large voltage is applied to
the molten polymer which allows nanometer-scale fibers to be precisely deposited
[56], whereas material extrusion is limited to the diameter of the nozzle used.
Although this technique can offer higher fiber resolution, it is a complex process
that requires balancing many parameters. In order to successfully fabricate a
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scaffold, it requires a high voltage which can result in charge accumulation in the
fibers which ultimately results in structural distortion. The electric field, in addition
to the numerous other material extrusion parameters, must be carefully controlled
which makes it difficult to fabricate large-scale structures. Researchers have suc-
cessfully fabricated 7-mm structures [57] and structures with 100 layers of filament
[58] with this approach, but large-scale structure fabrication has been limited. As
improvements in parameter optimization occur, this technique may become more
widely used for applications in bone tissue engineering.

The use of biocompatible polymers is commonplace in material extrusion, espe-
cially when attempting to create engineered bone scaffolds. With this method, scaf-
folds with patient-specific geometry can be created with predefined pore sizes, and
cell-seeded hydrogels can be incorporated within the scaffolds in the same print
(Fig. 7b). Polymeric materials are usually utilized for their mechanical properties,
although they are frequently mixed with a ceramic such as calcium phosphate in
order to improve the osteoconductive properties of the scaffold [59]. Cell-seeded
bioinks are included to improve osteogenesis within the scaffold, aided by the inclu-
sion of mesenchymal stem cells [60]. Commonly, bioinks that contain cells are
either modified synthetic materials, such as poly(ethylene glycol) (PEG), or natu-
rally derived materials including those based on alginate, cellulose, or gelatin [61—
63]. Many in vitro studies have utilized this method to incorporate MSCs into their
constructs such as the study by Akkineni et al. (Fig. 7c) [52]. This technique also
allows for the controlled release of BMP-2 and other growth factors as shown by the
in vivo study (Fig. 7d) [53].

Overall, extrusion-based bioprinting offers the creation of complex, multi-
material cell-seeded scaffolds with high resolution and low print times. Since it is
one of the most common AM techniques, commercial extrusion printers are becom-
ing cheaper and more readily available, and as advances in materials continue, the
likelihood of this technique producing clinical-grade implants has improved greatly.
Table 1 summarizes AM techniques for bone tissue engineering applications.

10 Conclusions and Future Perspectives

AM techniques allow for the creation of patient-specific bone implants with supe-
rior biocompatibility, porosity, surface and mechanical properties, osteoconductiv-
ity, and osteoinductivity. Currently, AM techniques are limited mainly by material
availability and achievable resolution. The resolution will improve as manufactur-
ing techniques are optimized and new technologies developed, while novel bioma-
terials are continually being developed and improved upon. Additionally, the
inclusion of cells and bioactive molecules is being investigated more frequently and
researchers are learning which cell type or bioactive molecule may be optimal to
treat the various bone tissue diseases or disorders. While each AM technique has its
own advantages and limitations, AM as a whole remains a promising approach for
the development of tissue-engineered bone constructs with clinical significance.
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1 Introduction

The management and regeneration of large maxillofacial bone defects present sig-
nificant challenges for surgeons and scientists. In order to restore adequate form and
function of traumatic, congenital, and ablative missing bone, autologous bone trans-
plantation is still considered the gold standard, especially for large mandibular and
maxillary continuity defects [1, 2]. Anterior or posterior iliac non-vascularized
grafts were initially used for reconstruction; however, resorption and infection of
grafts are common due to a lack of immediate blood supply [3].

Advancements in microvascular surgery made possible the use of vascularized
grafts, such as the fibula flap, which provides a soft tissue paddle for external cover
and intra-oral lining. Conversely, many centers do not have the expertise and infra-
structure to perform the anastomosis of these grafts [3]. Additionally, donor site
morbidity is still a concern and is associated with both types of grafts [1]. These
factors compromise stability in the long-term and have detrimental effects on
patient’s quality of life [2, 3].

Emerging technologies and innovative techniques such as tissue engineering
(TE) may represent an interesting minimally invasive alternative to autogenous
bone graft procedures [4—6]. Bioengineering strategies used in developing scaffolds
for applications in bone tissue damage regeneration come in multiple ways. Each of
the strategies employed is directly guided by the defect and can be influenced by
several general factors [7, 8].

In addition, an increasing number of patients with maxillofacial bone defects
have triggered the development of new bioactive synthetic biomaterials. The
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combination of these new biomaterials with the establishment of rigorous protocols
using mesenchymal stem cell therapies and growth factors can guide cellular and
molecular pathways to improve maxillofacial regeneration. Mimicking the complex
3D architecture and functional dynamics of the maxillofacial bones is a challenging
proposal that generates the need for a customized and on-demand tissue replace-
ment strategy to obtain patient specificity that could not be achieved to date.

In the last decade, computer-assisted planning and 3D printing technology are
allowing more personalized reconstructive strategies with scaffolds designed with
precise dimensions, tailored structure, and complex morphologies for maxillofacial
regeneration [8—10].

Maxillofacial bone forms via intramembranous ossification, in which mesenchy-
mal stem cells differentiate into osteoblasts. They accumulate locally to form ossi-
fication centers, secrete extracellular matrix, and form calcified bone tissue [11].
This type of bone formation is also seen in bone formation of the cranium [12]. The
mandible is composed of an arched body, which runs posteriorly on each side to
attach to the flat ramus, which articulates the mandible to the skull through the con-
dylar process. The maxilla houses the maxillary sinus and articulates with many
other bones of the facial skeleton. This makes the maxillofacial skeletal bone com-
plex in geometry. Moreover, it needs to be adapted to a high mechanical require-
ment, since these bones participate in mastication [13].

Therefore, scaffolds designed for maxillofacial bone regeneration need to meet
specific strength requirements compatible with areas that are subjected to constant
load [10]. Additionally, these scaffolds should be biodegradable and porous, so an
ideal 3D microstructure is provided for bone ingrowth [10]. Three-dimensional
printed scaffolds have been studied in large animal models either in conjunction
with stem cells to engineer bone in vitro [14, 15] or in combination with osteoinduc-
tive materials for ectopic implantation in vivo before transfer to the defect site [8].

The aim of this chapter is to provide an overview of BTE strategies in conjunc-
tion with 3D printing technology to regenerate large maxillofacial bone defects. The
recent evidence from both small and large animal studies is revised. The clinical
application of 3D printing combined with BTE, the current limitations, and future
directions are also discussed.

2 BTE for Maxillofacial Regeneration

Bone regeneration facilitated by biomaterial scaffolds, stem cells, and growth fac-
tors has been currently regarded as the most effective approach in the field of
TE. For the convenience of content delivery, this part will be separately introduced.
Chapter “Biomaterial Design Principles to Accelerate Bone Tissue Engineering”
discussed in detail the principles of BTE that build upon the effective application of
these three elements—scaffolds, cells, growth factors—for bone regeneration. This
section will focus only on BTE for maxillofacial regeneration.
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As previously mentioned, large jawbone defects (i.e. mandible and/or maxilla)
can result from, but not limited to, congenital abnormalities, after traumatic injuries
to the maxillofacial area and tumor resection. The current therapies available for
surgeons for the treatment of these challenging large bone defects are mainly lim-
ited to non-vascularized autogenous bone grafts, vascularized autogenous bone
grafts, and titanium-based reconstruction plates. To overcome some of the limita-
tions of these methods, 3D printing technologies combined with TE approach may
enable the production of customized bioengineered bone scaffolds. A general over-
view of maxillofacial regeneration using BTE approach combined with 3D printing
technology is shown in Fig. 1.

In the last two decades, there have been two major leaps in understanding the
osteogenesis process, which have impacted and are redirecting the BTE and regen-
eration efforts—immunomodulation and angiogenesis.

Immunomodulation in Bone Remodeling
First, the concept of immunomodulation is based on the idea that macrophage is
related to osteogenic process in addition to its original relation with osteoclastic
activity [16]. This concept in conjunction with the understanding of foreign body
reaction (cell—cell and cell-materials) has fostered research aimed at establishing a
passive relation between foreign bodies and the host. Immune inhibition in organ
transplant serves as a good example of a passive relation. And it is still the case in
today’s practice. Since it is accepted that macrophages can present different modes
of action (polarization) and that activated macrophages are highly related to osteo-
genesis enhancement, immunomodulating bone formation has become a hot topic.
This osseo-immunomodulation has become a game changing concept in biomateri-
als fabrication for bone regeneration [17] and provided people to view the use of
stem cells [18] and growth factors [19] from different perspectives.

The application of gel-based biomaterials in bone formation has been possible as
it has been proved feasible using immunomodulation approaches. For instance, a
stiff hydrogel has desirable mechanical property to repair bone defect. Yet it pro-
motes osteoclastic activities when implanted. A recent study modified this stiff
hydrogel to polarize macrophages and attenuated inflammatory response, which
resulted in high level of bone formation [20]. Gelatin is often used in BTE due to its
biodegradability. With calibrated macrophage polarization, scaffold can be con-
trolled to release bone forming growth factor during degradation [19].

Angiogenesis in BTE

The relation between angiogenesis and bone formation has been always discussed.
This discussion has evolved, and the research has shown a promising advancement
in the treatment of critical size bone defects. In critical size defect repair, vascula-
ture is a key factor to ensure the success of bone regeneration.

Because of the lack of blood vessels inside a large defect, the current best bone
regeneration strategy is a combination of a biomaterial scaffold, stem cells, and
growth factors, which are the key components to regenerate bone [11, 18, 21].
Angiogenesis in BTE techniques is achieved through growth factors [22] and/or
stem cells [23] application to stimulate vessel formation and vessel by-pass surgical
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Maxillofacial Regeneration — Bone Tissue Engineering
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Fig. 1 General overview of maxillofacial regeneration using BTE approach. Main etiologies of
large jaw defects, most used therapies in the clinical setting, 3D printing technologies combined
with TE approach to produce customized bioengineered bone scaffolds. SLS selective laser sinter-
ing, BJ binder jetting, FDM fused deposition modeling, DIW direct ink writing, SLA
stereolithography
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procedures to provide direct access to blood supply [24]. In 2005 research reported
capillary penetration in pure scaffold materials with certain microstructure prior to
bone formation [25-27]. Chapter “Strategies for 3D Printing of Vascularized Bone”
will discuss in more detail the current vascularization strategies in 3D printing
for BTE.

In the last decade, a growing body of research has proved that angiogenesis could
also be achieved via biomaterials. Due to various kinds and forms of scaffold mate-
rials, there has not been developed a universal fabrication parameter of biomaterials
promoting angiogenesis and osteogenesis. Keeping in mind that angiogenesis as
one of many expectations in an ideal BTE process, a balanced strategy incorporat-
ing all essential properties will be optimal.

2.1 Scaffolding Biomaterials

For a feasible clinical application, besides common properties such as biocompati-
bility, biodegradability (optional), and immunomodulation, scaffold properties like
porosity, interconnectivity, and mechanical integrity are required for optimal bone
regeneration [28] (Figs. 2 and 3). To satisfy these properties, various types of mate-
rials (metal, polymers, ceramics, etc.) in diverse forms (block vs. mesh in metal;
solid vs. gel in polymer; granule powder vs. porous bulk in ceramic; etc.) have been
synthesized and further modified [29, 30].

In Vivo Evaluation of Biomaterials for BTE in the Field of OMFS
Biomaterials have been used as scaffolds for bone engineering and studied exten-
sively. The commonly used ones are B-TCP, titanium (Ti), and chitosan. Previous
studies showed that the bone regeneration could be enhanced significantly if these
biomaterials were used with other bioactive factors, i.e. stem cells and/or growth
factors.

In the field of oral and maxillofacial surgery, f-TCP showed an increase in bone
tissue regeneration when BMSC in combination with growth factors were used in
comparison to a pure 3-TCP scaffold [31]. Clinical studies showed that Ti scaffolds
incorporated with BMSCs and PRP have repaired alveolar cleft defects [32]. A
study using rat mandible showed that Ti membranes coated with TGF-betal/IGF-I
could significantly accelerate the healing process and lead to nearly full bony bridg-
ing of critical-sized defects [33]. Another study used different amounts of resol
resin (RS) incorporated with chitosan-hydroxyapatite (CHA) to develop a tricon-
stituent nanoensemble CHA-RS. The results suggested that, within 2 weeks, the
optimal group (CHA-1RS) enhanced the bone regeneration significantly, indicating
CHA-IRS as a potential alternative scaffold for BTE in critical calvaria defects
[34]. Table 1 shows the application of scaffold biomaterials for maxillofacial regen-
eration in animal models.

With the development of additive manufacturing technology, 3D-printed scaf-
folds have drawn more and more attention for BTE. A previous study showed that
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Fig. 2 (a) Characteristics of bone scaffolds for BTE applications and maxillofacial regeneration;
(b) desired biological behavior of bone scaffolds after in vivo implantation
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Fig. 3 The biological requirements, structure properties, composition, and manufacturing tech-
nologies of bone scaffolds for maxillofacial regeneration

3D-printed B-TCP scaffolds coated with sphingosine 1-phosphate could play dual
roles, either promoting osteogenesis or inhibiting inflammatory responses [36].
Gelatin and modified gelatin have been used as scaffolds to repair cleft defects.
Results showed that modified scaffolds with bioactive factors led to more bone for-
mation in comparison to unmodified ones [37]. Furthermore, gelatin-methacryloyl
(GelMA) based photosensitive hydrogels can be used as bio-ink for 3D printing
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Table1 Invivo application of scaffold biomaterials for maxillofacial regeneration (animal models)

Applied | Animal | Defect Evaluation | Bone formation fold

Biomaterials | with model | site Follow-up | method to control

PCL BMSCs | Rodent |Femur 12 weeks | Micro-CT | Bone volume (mm?):
25/10=2.5

Hyaluronic BMSCs |Rodent |Calvaria |4 weeks | Histology | Bone percentage (%):

acid 61/16=3.8

PLGA ADSCs | Rodent |Calvaria | 12 weeks | Histology | Bone percentage (%):
72/38=1.9

Ti ADSCs | Rodent |Calvaria |8 weeks | Histology | Bone percentage (%):
151/57=2.6

Chitosan BMSCs | Rodent |Calvaria |8 weeks | Micro-CT | More bone formation

in cell-seeded
constructs: (no
quantitative analysis)

PCL/ BMSCs | Rodent |Femur 3 weeks | Micro-CT | Bone volume (mm?):

Beta-TCP 1/0.3=3.3

PLGA BMSCs | Rodent |Calvaria |20 weeks | Histology | Bone percentage (%):
54/20=2.7

Collagen BMSCs/ |Rodent |Calvaria |8 weeks | X-ray BMD percentage (%):

ADSCs 100/60 = 1.7 (both

BMSCs and ADSCs)

Collagen; ADSCs | Rodent |Calvaria | 18 weeks |Histology | BMD (g/cm?): 4

PLGA; HA collagen; 1.6 PLGA;
2 HA

PLGA ADSCs | Rodent |Calvaria |8 weeks | Histology | Bone percentage (%):
100/42 =24

BCP ADSCs | Rodent |Femur 16 weeks | Histology | Bone percentage (%):
89/40=2.2

Collagen DPSCs | Rodent |Parietal |6 weeks | Histology |Bone percentage (%):

bone 69/38=1.8

PCL polycaprolactone, BMSCs bone marrow stem cells, PLGA poly(lactic-co-glycolic acid),
ADSCs adipose-derived stem cells, 7i titanium, -TCP beta-tricalcium phosphate, BMD bone min-
eral density, HA hydroxyapatite, BCP biphasic calcium phosphate

Note: Table adapted from Ma et al. [35]

when exposed to UV lights or visible light (depending on the photo-initiators). This
is a promising technique for 3D biofabrication.

2.2 Stem Cells as Seeding Cells

In bone regeneration, three types of stem cells have been extensively explored: bone
marrow mesenchymal stem cells (BMSCs), adipose stem cells (ADSCs), and stem
cells from dental tissue. The combination of biomaterials, stem cells, and growth
factors is regarded as the best bone formation strategy currently. Research has been
developing to maximize the potency of stem cells. In critical size bone defect, the
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cell quantity in need is large. To address this issue, several approaches have been
made, such as optimizing cell seeding density, promoting cell proliferation, and
preventing cell apoptosis [38].

Due to higher proliferation capacity of these stem cells, the seeding density
should be set at a relative low level because of contact inhibition and nutrition perfu-
sion. As discussed in the previous section, there are so many types of scaffold mate-
rials being studied in osteogenesis. Scaffold properties vary and could not yield a
systematic conclusion on optimal cell seeding density. Yet, it has been suggested
that mineralization activity is proportional to cell density. When the cell density
exceeds a certain limit, mineralization activity decreases [35]. The affinity of scaf-
fold to stem cells affects the seeding efficiency, which influences the seeding den-
sity and bone forming capacity. Generally, a high affinity of scaffold is appreciated
and is achieved by screening proper scaffold material and modifying the scaffold.
Another approach to increase the seeding efficiency is to optimize the seeding meth-
odology [39], i.e. bioreactor [15] and vacuum pressure [35].

Cellular proliferation varies in different cell types. For example, stem cells from
dental tissue have shown a better proliferation than BMSCs. Maintaining the tissue
regenerative potency of stem cells stored in liquid nitrogen is a shared challenge
both in research studies and clinical application where cryopreservation and defrost-
ing are part of routine procedures. It has been found that basic fibroblast growth
factor (bFGF) can improve cellular proliferation and prevent apoptosis of dental
pulp stem cells (DPSCs) after cryopreservation [40].

Bone Marrow Derived Stem Cells

The bone forming capacity of BMSCs was first studied among all stem cells. As
discussed, despite BMSCs not being as efficient in bone formation as lipid-free
dedifferentiated fat cells (DFAT) or stem cells from dental tissue, they usually serve
as a positive control when studying tissue regeneration potency of other types of
stem cells. Many approaches have been employed to enhance its capacity in bone
formation especially in critical size defects. miRNA21 has been suggested to main-
tain the homeostasis in bone tissue [41]. When the expression of miRNAZ21 is inhib-
ited, the bone formation ability of osteoblast is lost, and the apoptosis of osteoclasts
is increased. Recently miRNA21 was applied in conjunction with BMSCs to
improve osteogenesis in critical size defects located at load bearing areas of dog’s
mandibles [42] via the PTEN/PI3K/Akt/HIF-1a pathway, an important regulatory
pathway in osteoblast differentiation [43].

Vasculature is important to the successful repair of critical size bone defects.
HIF-1a is generally accepted to influence all critical angiogenic growth factors in
hypoxia condition [44]. HIF-1a is recently related to enhance osteogenesis of
human mesenchymal stromal cells in hypoxia condition [45]. As a protein, the sta-
bility and activity of HIF-1a at nonhypoxic condition are poor [46]. With genetic
modification via lentivirus transfection, BMSCs could express a constitutively
active hypoxia-inducible factor-1a (HIF-1ar) protein. When these genetically modi-
fied BMSCs were applied on a critical size calvaria defect, an improved bone for-
mation was observed in 8-week post-surgery [47].
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Adipose-Derived Stem Cells

Generally, BMSCs work better in bone formation than adipose tissue-derived stem
cells (ADSCs) [48]. However, it has been shown that DFAT have a higher differen-
tiation capability of becoming osteoblasts than BMSCs and ADSCs do [49]. In criti-
cal size bone defect repair, DFAT could effectively regrow bone in rat mandibles
[50], alveolar bone defects (three wall periodontal bone defect) [51], a severe alveo-
lar defect in the maxillofacial region and periodontal fenestration defect [52], and
cleft defects [37].

Dental Tissue Derived Stem Cells

Compared with BMSCs and ADSCs, stem cells from dental tissue showed promis-
ing bone formation application due to their immunomodulatory capacity, where
osteoclastogenesis has been regarded important during bone formation [53]. Dental
stem cells were found to regulate inflammatory cytokine levels and bone resorption
in response to the inflammation status.

So far several sub-types of stem cells from dental tissue have been identified:
stem cells from human exfoliated deciduous teeth (SHED), dental follicle stem cells
(DFSC), stem cells from apical papilla (SCAP), dental pulp stem cells (DPSCs),
gingival mesenchymal stem cells, periodontal ligament stem cells, bone marrow
mesenchymal stem cells from alveolar bone, periapical cyst-mesenchymal stem
cells. Most of them are collected involving less invasive procedures. The collection
of SHED and DPSCs requires no additional harm to individual and they have long
period for collection. Table 2 summarizes the bone regenerative application of all
stem cells from dental tissue.

The safety of the use of stem cell conditioned medium in human alveolar bone
repair has been verified in clinic [55]. Human mesenchymal stem cell could provide
similar bone healing outcome compared to B-TCP. Potential underlying mecha-
nisms may lie on that the growth factors secreted by the stem cells enhance bone
formation as well regulate inflammation.

2.3  Growth Factors

Growth factors are used in bone regeneration for various purposes including angio-
genesis, proliferation, and osteogenesis. For angiogenesis and cell proliferation pur-
pose, the application of growth factors has been discussed in previous sections.
Growth factors that directly enhance bone formation will be discussed in this
section.

Platelet-Rich Plasma (PRP)

Platelet-rich plasma (PRP), first introduced by Marx et al. [56] to perform tissue
regeneration in maxillofacial reconstruction, has been extensively proved in bone
regeneration. It contains a cocktail of growth factors including platelet-derived
growth factor (PDGF), transforming growth factor-f (TGF-f), and insulin-like
growth factor-1 (IGF-1) [57]. PRP may accelerate bone formation at early stage,
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Table 2 Stem cells from dental tissue and its application in bone formation

Bone regeneration | In vivo/in Easy

Cells capacity vitro access | References
Stem cells from human +++ In vivo +++ Nakajima et al.
exfoliated deciduous teeth [53]
(SHED)
Dental pulp stem cells (DPSCs) | ++ In vivo +++ Nakajima et al.

[53]
Dental follicle stem cells ++ In vivo + Nakajima et al.
(DFSCs) [53]
Periodontal ligament stem cells | — In vitro and |+ Liet al. [54]

in vivo

2 weeks after implantation. There is no obvious additional impact on bone forma-
tion when PRP is used alone with scaffold in animal studies (Table 3). Yet when
PRP is teamed up with stem cells or other growth factors, the combination could
provide a significant osteogenic effect [64].

Bone Morphogenetic Proteins (BMPs)

Most studied growth factors for bone formation are bone morphogenetic proteins
(BMPs). Despite there might be variation, BMPs influence the bone formation in
different manners. For example, out of more than 15 types of known BMPs, only
BMP-2, 6, and 9 could direct the osteoblast differentiation of mesenchymal stem
cells. Most BMPs could enhance the osteogenesis of mature osteoblasts [65].
Among all families, only recombinant human BMP-2 and 7 (thBMP-2, thBMP-7)
have been approved by the US Food and Drug Administration (FDA) for clinical
application [66, 67].

Besides a strong bone forming ability, BMPs also showed immunomodulation in
pathological conditions. For instance, BMP-2 and BMP-4 mediate inflammatory
phenotype of endothelium in response to tissue injury [68]. A recent study on
BMP-2 summarized a good angiogenic and osteogenic ability when applied with
scaffold material in murine bone defect models [69].

Direct application of growth factor has several drawbacks including short half-
life, high costs, potential systemic side-effects, and an incompletely understood
dose dependency. Hence solutions have been tried to resolve these shortcomings
including dual delivery of growth factors, BMP-2 gene transfection by a virus, and
application of BMP-2 antibody. The use of monoclonal antibodies against BMP-2
captures the endogenous BMP-2 ligands and presents them to progenitor cells [70].

To reduce undesired side effect of BMP-2, cell homing factor (SDF-1) and
BMP-2 were loaded in hydrogel to repair a critical size calvaria model. The study
showed osteogenesis outcome was maintained and even enhanced compared with
the control when BMP-2 level in dual growth factor delivery was reduced to 1/10 of
the concentration used in control (BMP-2 only) [71].
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Table 3 Comparison of PRP application for bone formation
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Defect
Additional materials model Outcome
PRP Scaffold material: autogenous Goat, Compared with scaffold material:
bone and inorganic bovine bone | forehead, addition of PRP failed to enhance
(Bio-Oss) particles round early and late bone healing was
not enhanced when PRP was used
[58]
PRP Scaffold material: inorganic Rat, Compared with BMP-7: addition
bovine bone (Bio-Oss) or mandible of PRP failed to enhance bone
autologous rib bone formation in either scaffold [59]
PRP Scaffold material: autogenous Mini-pig, Compared with BMP-2: addition
bone, tricalcium-phosphate forehead of PRP failed to enhance bone
granules (Cerasorb), bovine formation in xenogeneic bone
spongious blocks (Bio-Oss) and substitutes
a bovine bone inducing PRP significantly promoted bone
collagenous sponge (Colloss, formation of autogenous bone in
with BMP-2) early stage, 2 w post implantation
[60]
PRP HA/B-TCP Rabbit, Compared with scaffold: addition
autologous cranium, of PRP failed to enhance bone
bi-cortical | formation in 2, 4, and 6-week
post-implantation [61]
PRP B-TCP and angiogenic Rat, Compared with scaffold: addition
components (combination of cranium of PRP failed to enhance bone
VEGEF and platelet microparticle) formation; addition of
PRP + angiogenic components
significantly enhanced bone
formation [62]
PRP Autogenous bone/bovine Pig, Compared with scaffold: addition
collagen-based scaffold forehead of PRP failed to enhance bone

formation

Autogenous bone + PRP showed
a significant accelerating effect on
early bone regeneration (2 weeks)
[63]

3 Preclinical Studies: BTE of the Mandible

In the past, different techniques have been described and used to fabricate scaffolds,
such as gas foaming, solvent casting, and freeze drying. However, there are impor-
tant limitations associated with these techniques: the use of organic solvents, long
fabrication periods, labor-intensive process, effects of residual particulates in the
scaffold matrix, poor repeatability, irregularly shaped pores, insufficient intercon-
nectivity of pores and thin structures [72]. These drawbacks have been addressed
with rapid prototyping technologies such as 3D printing [7, 8, 10, 14, 15, 73].
Table 4 presents a summary of BTE strategies for mandible reconstruction in pre-
clinical large animals.
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3.1 Swine Mandible Reconstruction: 3D-Printed Bone
Scaffolds, Autologous BMSCs, Engineered Bone In Vitro

At our Laboratory, the Skeletal Biology Research Center, Department of Oral and
Maxillofacial Surgery in collaboration with the Laboratory for Tissue Engineering
and Organ Fabrication, at Massachusetts General Hospital, Boston, MA, bone has
been successfully bioengineered in an autologous minipig model [77]. To be clini-
cally relevant, uniform bone and blood supply must be achieved. To address these
fundamental aspects, scaffolds and seeding protocols using a rotational bioreactor
system (ROBS) were modified and combined with earlier implantation protocols in
Yucatan minipigs [15, 74, 75, 78].

In 2004, the SBRC at MGH first reported the reconstruction of a mandibular
defect using autologous porcine mesenchymal stem cells (pBMSCs) in which bone
formation was observed on the surface; however, a clinical application would
require bone formation and vascularization throughout the whole construct [74].
The technique was further consolidated by attempts to generate a jaw with tooth
buds by using PGA/PLLA (polyglycolide/poly L-lactic acid) scaffolds in conjunc-
tion with dental endothelial cells; however, a robust bioengineered bone was not
observed in this study [75].

In 2012, Sharaf et al. reported an in vitro study of the successful use of 3D-printed
B-TCP/PCL (50:50) and PCL scaffolds. The effect of small and large channel sizes
(1 mm vs. 2 mm, respectively) on cellular penetration was evaluated. After 2 weeks
of culturing, the B-TCP/PCL scaffolds with a small channel size showed increased
cellular proliferation and depth of cell penetration.

To regenerate the bone in porcine mandibular defects, a study performed in 2015
by Konopnicki et al. used the 3D-printed B-TCP/PCL (50:50%) scaffolds with the
small channel size seeded with pPBMPCs and an early implantation protocol
(14 days). After 8 weeks of healing the 3D-printed scaffolds seeded with pBMSCs
showed good penetration of bone forming cells and neovascularization in the center
of the construct.

In a recent study, we successfully fabricated a 4 x 2 cm B-TCP/PCL (50:50%)
scaffold implanted in a 4 x 2 cm critical-sized defect in a minipig mandible. The
scaffolds were seeded with autologous pBMSCs. The cells were treated with osteo-
genic medium in a rotational bioreactor (10 days) prior to implantation. After 4 and
8 weeks of healing, the results have indicated good osseointegration at the interface,
and early bone formation at the center of the scaffold, as well as angiogenesis
(unpublished data). However, for clinical applicability, large animal sample and
long-time points are required to evaluate angiogenesis and bone formation through-
out the whole construct as well as degradation of the scaffold materials (Fig. 4).
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N

Bone marrow aspirate

Yucatan minipig model
Rotational bioreactor

Mandible reconstruction

Fig. 4 Schematic sequence for the reconstruction of a Yucatan minipig model. (1) Autogenous
bone marrow aspiration; (2) Isolation and expansion of porcine bone marrow stem cells (pBM-
SCs); (3) Scaffolds seeded with pBMSCs (constructs); (4) Incubation in a rotational oxygen-
permeable bioreactor system (ROBS); (5) Construct implantation to reconstruct a critical-sized
minipig mandibular defect

3.2 Swine Mandible Reconstruction: Anatomical Shaped
Bioreactor, Autologous ADSCs, Engineered Bone In Vitro

In recent years, decellularized tissues have been widely applied as a transplant
material, serving as three-dimensional extracellular matrixes (ECM) for tissue
regeneration purposes. The cellular components can be removed by various decel-
lularization techniques, which have a strong influence on the morphology, structure,
mechanical properties, and biological activity of the obtained tissue. The ECMs are
conserved between species in terms of structure and composition, hindering the
chance of immune rejections. Moreover, it has been reported that cells cultured on
ECM of a specific tissue differentiate into cells of that tissue [79].

The study by Bhumiratana et al. [14] investigated the use of a clinically approved
decellularized bovine cancellous bone as a scaffold material to reconstruct the
ramus-condyle unit in a swine model. The decellularized bone was crafted into an
anatomical shape of a condyle by image-guided micromilling. Before implantation
and fixation to repair the defect, these scaffolds were seeded with autologous
adipose-derived stem cells (ADSCs) and were cultured in a perfusion culture for
3 weeks to allow osteogenic differentiation. The engineered constructs were either
compared to non-seeded scaffolds or untreated defects (condylectomy only). Six
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Fig. 5 (a) Personalized bone tissue engineering process. Autologous mesenchymal stem cells
(from fat aspirates) and CT images were obtained for each animal subject. The anatomical scaffold
was fabricated from the bovine stifle bone that had been processed to remove any cellular material
while preserving the tissue matrix. The cells were seeded into the scaffold and cultured in the
specially designed perfusion bioreactor. After 3 weeks, the engineered RCU was implanted back
into the pig for 6 months. (b) The bioreactor culture chamber consisted of five components
designed to provide tightly controlled perfusion through the anatomical scaffold: anatomical inner
chamber with bone scaffold; two halves of the polydimethylsiloxane (PDMS) (elastomer) block
with incorporated channels; two manifolds; and an outer casing. The PDMS block was designed as
an impression of the anatomical RCU structure and contained flow channels at both sides for the
flow of culture medium in and out of the scaffold. The flow rate necessary for providing nutrient
supply and hydrodynamic shear was defined by the design of parallel channels in the elastomer
block (with the channel diameters and distribution dictated by the geometry of the graft) and the
fluid routing manifold. The channel diameters and spacing were specifically designed by flow
simulation software for each pig, to provide a desired interstitial flow velocity for a given shape
and size of the anatomical RCU. (¢) Flow simulation of the medium flow through the anatomically
shaped scaffold reveals uniform flow velocity throughout the volume of the graft. (From “Tissue-
engineered autologous grafts for facial bone reconstruction” by Bhumiratana S, Bernhard JC, Alfi
DM, Yeager K, Eton RE, Bova J, Shah F, Gimble JM, Lopez MJ, Eisig SB, Vunjak-Novakovic G,
2016, Sci Transl Med., 8(343), 343ra83. Reprinted with permission)

months after transplantation, the engineered construct retained its anatomical struc-
ture, integrated with native tissue, and generated bone of superior quality in com-
parison to the other groups. Despite the relevance of obtaining new bone without
harvesting it from other sites, future studies need to address some points. First, the
real effect of using ADSC needs to be evaluated; for instance, using cell-lineage
tracing. Secondly, since a complete decellularization might be difficult to achieve,
careful discussion is required before clinical application (Fig. 5).
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3.3 Sheep Mandible Reconstruction: 3D-Printed Bioreactor,
Biomaterials, Ectopic Implantation In Vivo

In contrast to previous studies in which angle defects were analyzed, the study by
Tatara et al. [8] used a more superior and marginal defect in a region subjected to
mechanical forces and that is adjacent to the oral mucosa. A two-stage mandibular
reconstruction was used. First, the mandibular defect was created, and a customized
porous space maintainer made of poly(methymethacrylate) (PMMA) was implanted.
Meanwhile, 3D-printed bioreactors with the dimensions of the defect were obtained
and filled with either a synthetic (SG) or autogenous graft (AG) and further
implanted against the periosteum of the rib cage. This allowed the migration of
native cell populations for osteogenic differentiation. After a period of 9 weeks, the
bone generated inside the bioreactors was transferred and plated into the mandibular
defect gap. Sheep were euthanized after 12 weeks and the reconstructed samples
were analyzed. The results suggested the both materials (SG and AG) could produce
mineralized tissue suitable for transfer; however, AG generated a more mature bone
with mechanical properties similar to the native bony tissue (Fig. 6).

Pre-Surge Week 21
APy
Synthesis of porous bone Impl; ion in Repl; t with bioreactor- Harvest and analysis of
space maintainers mandibular defect generated bone reconstructed mandible:
- Clinical outcome
- Radiology
- - - Histology
Bone
] =
| Bioreactor
3D-printing of Impl ion against rib Harvest and analysis of
bioreactors periosteum bioreactor-generated bone:
- Radiology
- Histology
- Mechanical testing
- Gene expression

Fig. 6 Schematic of the use of the in vivo bioreactor strategy for reconstruction in a sheep model.
PBSMs were fabricated, and bioreactors were 3D printed to the shape of the mandibular defect. At
Week 0, a defect was made in the mandible and four bioreactors were implanted against the peri-
osteum of the rib. The mandibular defect space was preserved by insertion of the PBSM. At Week
9, bioreactors were harvested for analysis or for use as vascularized free flaps in the reconstruction
of the mandible. At Week 21, the mandibles were harvested to analyze the success of the strategy
for mandibular reconstruction. (From “Biomaterials-aided mandibular reconstruction using in vivo
bioreactors” by Tatara AM, Koons GL, Watson E, Piepergerdes TC, Shah SR, Smith BT, Shum J,
Melville JC, Hanna IA, Demian N, Ho T, Ratcliffe A, van den Beucken JJJP, Jansen JA, Wong ME,
Mikos AG, 2019, PNAS, 166(14), 6954-6963. Reprinted with permission)
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4 Clinical Application of BTE and 3D Printing in OMFS

Three-dimensional (3D) printing technology, also named additive manufacturing or
rapid prototyping technology, was first described in 1986 and has wide applications
in medicine and dentistry and is rapidly expanding. It has revolutionized the health-
care system by building biomedical models, customized implants, and prostheses.

In the field of oral and maxillofacial surgery, 3D printing is being used in the
creation of anatomical models to assist surgeons in surgical planning, in obtaining
surgical guides, in medical training and education, and in the production of custom-
ized medical devices (implants and prostheses) [73, 80]. Table 5 describes the cur-
rent applications along with the main advantages of 3D printing technology
in OMFS.

Also, it is a very interesting process because of its great potential use in fabricat-
ing scaffolds for BTE applications [73]. This approach can design scaffolds with
customized shapes and fully interconnected porous structures. Thus, 3D-printed
scaffolds can mimic native bone tissue and provide an appropriate environment for
cell migration, proliferation, and differentiation. This emerging technology based
on a computer-aided design (CAD)/computer-aided manufacturing (CAM) process
became of high interest for the regeneration of maxillofacial bone defects and in the
field of TE, due to its capacity of creating complex scaffolds with a custom, patient-
specific design and high precision [10, 73, 81].

In a recent integrative review ([82]; unpublished data) of articles published up to
date, only 20 reports were found describing patients that were treated with 3D print-
ing technology and/or TE for reconstruction of segmental bone defects of the man-
dible or the maxilla. Fifteen defects were due to tumor ablation, four were cleft
cases, and one was related to trauma. The defects had a mean size of 8.1 cm. In all
cases, patient-specific devices and scaffolds were manufactured with the aid of
CT-imaging, and the printing techniques reported were stereolithography (SLA),
selective laser sintering (SLS), and selective laser melting (SLM). The devices were

Table 5 Applications and advantages of 3D printing technology in oral and maxillofacial
surgery (OMES)

3D printing in OMFS
Applications Advantages

Surgery plan Visualize the lesion realistically

Pre-bending of reconstruction plates for trauma | Preoperative plate pre-bending
and defects

Orthognathic surgery Preoperative simulation

Facial prosthesis Esthetic improvement

TMI reconstruction Accurate functional recovery

Dental implant Improve its accuracy and treatment time
Surgeon training Perform the treatment method on the model
Information sharing with patients Help visual understanding and help avoid

medical disputes




110 F. P. S. Guastaldi et al.

mainly made of titanium (Ti); however, one case mentioned a biodegradable mate-
rial (PCL).

Cases were treated with 3D-printed Ti devices only or using 3D-printing technol-
ogy in conjunction with a variety of TE approaches such as: seeding of scaffolds
with bone marrow stem cells (BMSCs), filling Ti meshes with autogenous bone
alone or together with deproteinized bovine bone (Bio-Oss®, Geistlich Pharma AG,
Switzerland) or BMP-2, or with beta-tricalcium phosphate (8-TCP) granules after
an incubation period in media containing BMP-2. Three cases reported the patient’s
body as a bioreactor. Taking a closer look at the timepoint of publication, it turns out
that in early stage clinical trials only TE approaches were reported. In the recent
years, the combination of TE approach and 3D printing technology represents
most cases.

5 3D Printing of Customized Bone Scaffolds: Workflow

The production of custom 3D-printed scaffolds using medical imaging combined
with computer modeling and designing should be considered as a promising alter-
native for the regeneration of large maxillofacial bone defects. Over the last decade
3D printing technology is becoming affordable for surgeons and patients, and
devices and scaffolds can be manufactured in a cost and time-efficient manner, lead-
ing to personalized implants that fit one unique individual matching the concept of
individualized medicine.

The process starts with the proper selection of the patient and a thorough evalu-
ation of the bone defect that requires maxillofacial regeneration (i.e. mandible and/
or maxilla). A 3D-printed scaffold can be produced using the rapid prototyping (RP)
technique, using data from medical images such as: computed tomography (CT)
and magnetic resonance imaging (MRI) [83-85]. Details of this method are dis-
cussed in chapter “Additive Manufacturing Technologies for Bone Tissue
Engineering”.

The process from image acquisition to the final 3D-printed customized bone
scaffold is as follows (Fig. 7): the patient with a jaw defect will undergo a CT scan.
This will enable the acquisition and storage of DICOM (Digital Imaging and
Communication in Medicine) files; next, the DICOM files will be imported into a
medical image computer-aided design (CAD) software; then, CT images will be
segmented, 3D virtual models will be generated, and the file will be converted in
STL (Standard Tessellation Language) files.

Once this part is successfully completed, the next step requires the proper selec-
tion of the biomaterial(s) and the selection of the 3D printing technique; this will
lead to the production, layer-by-layer, of the 3D-printed customized bone scaffold;
once the 3D printing process is completed the last, but not least step is the
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Workflow

Patient with jaw defect

CT or MRI images

Generation of 3D models
(DICOM files)

Editing 3D models (CAD
software; STF files)

Virtual prototype model

Selection of the Selection of the 3D
biomaterial(s) printing technology

Layer-by-layer printing

Post-processing

3D-printed bone scaffold

Fig. 7 Workflow to produce 3D-printed customized bone scaffolds for maxillofacial regeneration

post-processing of the 3D-printed bone scaffold (cleaning, heat treatment, steriliza-
tion, and packaging) [83-86]. The heat treatment and the sterilization of 3D-printed
bone scaffolds will be determined and guided by the printed biomaterial(s); inap-
propriate post-processing care can damage the 3D-printed bone scaffold compro-
mising its final use.

The overall goal after the reconstructive procedure is the rehabilitation of the
patient with dental implants and prosthesis. Even though it seems obvious that the
regenerated bone is capable of anchoring dental implants, there is a lack of studies
showing dental implants placed in reconstructed jaws using 3D-printed bone scaf-
folds and the long-term stability of these implants.
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6 Current Limitations of 3D-Printed Bone Scaffolds
for Maxillofacial Regeneration

In this section we will discuss two of the main limitations for the clinical use of
3D-printed bone scaffolds for maxillofacial regeneration: (a) the scarcity of clinical
trials and (b) the vascularization of bone scaffolds. In chapter “Strategies for 3D
Printing of Vascularized Bone” we will discuss in detail vascularization strategies to
overcome the current hurdles in BTE, and in chapter “Development of Additive
Manufacturing-Based Medical Products for Clinical Translation and Marketing” we
will cover the current barriers to translate 3D-printed products to the marketplace
and the clinic.

The overall goal in BTE is to create customized bone scaffolds or co-constructs
(bone, teeth, nerve, etc.) with precise form and shape to reconstruct missing struc-
tures of the mandible and the maxilla [5]. The greatest limitation of this approach to
date is the scarcity of clinical trials. Nevertheless, data from several preclinical stud-
ies [8, 14, 15, 75, 87], as well as the positive outcomes reported in a few clinical
trials [88—90]. Positive outcomes are generally defined as absence of complications,
postoperative corrections, or total revision after the maxillofacial regeneration. Just
a few studies state a positive outcome with objective criteria such as bone mineral
density, measured in Hounsfield Units (HU), millimeters of mouth opening, and
stable occlusion [88-90]. In contrast, in cases which postoperative second surgical
interventions were performed, or complications occurred, are considered as par-
tially successful. Postoperative complications are described as suture dehiscence,
fistula occurrence, and necrosis of the reconstructed bone. In most clinical trials
there is a lack in reporting the outcome with objective and standardized data and
long-term follow-up.

Results from both preclinical and clinical studies are encouraging and suggest
that BTE approach using 3D printing technology has great potential to be translated
to the clinical setting of maxillofacial regeneration. Future developments in the field
of TE will have a significant impact on managing anatomic and physiological
changes and will definitively drive the way surgeons restore damaged tissues of the
skeleton.

Although BTE strategies and 3D printing technology represent a promising
alternative to current approaches and techniques for maxillofacial bone regenera-
tion, there are some important questions that need to be addressed before the trans-
lation of 3D-printed bone scaffolds to the marketplace and the clinic (i.e. regulatory
considerations, large scale production, safety, costs). In addition, the current avail-
able techniques for the surgeon have extensive scientific evidence and long-term
follow-up studies showing the advantages and disadvantages that should be taken
into consideration when deciding the best approach for each patient.

Vascularization
Deep cell penetration and angiogenesis are crucial conditions for the survivor and
for the clinical success of a bone scaffold. Vascularization is considered one of the
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biggest challenges in the field of BTE [91]. Clinical success of autologous bone
grafting depends on the angiogenesis induced at the recipient site within the first
48 h after implantation.

In order to maintain the viability of the grafted cells, the process of forming new
vessels is essential. For this, the implanted construct should contain implementing
pro-angiogenic factors (such as vascular endothelial growth factor secreted by
osteoblastic cells) to induce formation of new vessels from adjacent connective tis-
sue. Furthermore, prior to deposition of the extracellular matrix, the construct
should physically allow the vessels to reach the center of the scaffold [15, 78].

Several strategies have been suggested to overcome this challenge. Two ways
currently described for maxillofacial regeneration are: (a) in vitro pre-vascularization
and (b) in vivo pre-vascularization [91]. Chapter “Strategies for 3D Printing of
Vascularized Bone” describes these strategies in detail.

7 Conclusion

The regeneration of large maxillofacial bone defects presents significant challenges
for surgeons and scientists. With the constant advancement of technology, with the
development of new materials and approaches, the ability to develop customized
bioactive scaffolds will become more sophisticated.

Successful BTE is mainly determined by the following three components: a suit-
able scaffolding biomaterial, osteogenic stem cells, and bioactive growth factors.
Among the various BTE technologies tested in vitro and in vivo, few have moved
forwarded to clinical trial. The translational (from bench to bed) efficacy of these
techniques has not yet reached its full potential.

Three-dimensional printing technology has drawn significant attention in the
field of BTE, as an attractive process due to its great potential for use in the manu-
facture of artificial substitutes. It is considered a relatively fast manufacturing tech-
nique, has become economically viable, and allows the customization of bone
scaffolds. This technology has provided a new platform for basic and translational
research and has shown promising results for maxillofacial regeneration.

Looking to the future, 3D biofabrication technique will emerge. Therefore, more
requirements will be added to the three key components of bone engineering: (a) the
scaffolding biomaterial should be printable; (b) the stem cells will be cultured in a
3D system; (c) more stable growth factors are needed so the bioactivity will not be
lost during the 3D printing process. Furthermore, well-designed clinical trials are
needed to speed up the translation from lab bench to the clinical bedside.

A future in which medical treatment has become highly personalized, with spe-
cific and individualized treatments, contrary to the “one size fits all” concept, is
being practiced. Precision medicine is in focus and has become more relevant to
clinical practice based on scientific evidence.
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1 Overview

The treatment of articular cartilage defects is one of the most challenging clinical
problems in orthopedic surgery. Cartilage defects can cause debilitating pain, func-
tional limitations, and lead to further intraarticular injury and eventually osteoarthri-
tis. Over the past few decades, extensive research has been dedicated to articular
cartilage and osteochondral defects; however, these efforts have not yet led to sig-
nificant improvements on patient outcomes and the development of new treatment
options. While the currently available cartilage repair and restoration treatment
options have limitations, the field of 3D printing and bioengineering may offer
promising and exciting future treatments for patients with articular cartilage and
osteochondral defects.

In this chapter we will review articular cartilage defects and discuss the current
treatment strategies from the standpoint of an orthopedic surgeon. Our goal is to
provide an overview for the indications, technique, and outcomes for each common
treatment strategy and conclude by highlighting the rapidly evolving field of carti-
lage tissue engineering.

2 Articular (Hyaline) Cartilage

Articular or hyaline cartilage is complex and specialized tissue [1]. Articular carti-
lage is composed of extracellular matrix, the majority of which is water, as well as
collagen, primarily type II collagen, proteoglycans, and chondrocyte cells [2].
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Cartilage is avascular and does not contain any nerves or lymphatics, while the
chondrocytes, as the only cell, comprise only a small percentage of the total carti-
lage volume. Chondrocytes help maintain the extracellular matrix of the cartilage as
well as metabolically respond to the substances within the extracellular matrix,
including growth factors, acute phase reactants, and systemic or intraarticular phar-
maceuticals [2]. Chondrocytes are derived from mesenchymal stems cells (MSCs)
and thus is the rationale for focusing many research efforts on utilizing MSCs as a
treatment strategy.

Hyaline cartilage is integral for joint function because its biomechanical proper-
ties allow for low-friction joint motion, resistance to high forces and strain, and the
ability to distribute load and absorb shock [2]. Despite its importance to healthy
joint function, hyaline cartilage has poor capacity to heal [3] and does not “regener-
ate.” Unfortunately, these qualities frequently result in areas of cartilage injury in
joints (cartilage defects), which are often a source of morbidity and disability for
patients. Patients with cartilage defects can have symptoms such as pain, swelling,
catching, locking, and instability [2, 4]. The pain can be debilitating and worsen
with walking, activities of daily living, and especially high impact activities includ-
ing running or participation in sports. Mechanical symptoms such as locking, catch-
ing, or instability can be due to a piece of cartilage that has broken free (“loose
body”) and floating in the synovial fluid. Other causes of pain from articular carti-
lage lesions are the uneven or “aberrant” loading [2, 5] and also by increased load
in the subchondral bone resulting in the subchondral edema [5-7].

Patients experience a wide range of symptom quality and intensity from partial
and full thickness chondral defects. Frequently, full thickness cartilage defects are
asymptomatic and incidental findings on MRI or arthroscopy. In other patients,
however, even small defects can be extremely painful and debilitating. In theory,
cartilage repair and restoration would slow or prevent further articular cartilage
damage and the development of osteoarthritis. However, support for this theory is
lacking in the literature. Therefore, current treatment goals are focused on pain
relief rather than prevention of subsequent cartilage damage and osteoarthritis.
Initial treatment involves activity modification, anti-inflammatory medications,
weight loss, physical therapy/strengthening exercises, intraarticular injections, and
bracing. If the symptoms are controlled and tolerable, surgery is not recommended.
If the patient is still symptomatic after a course of non-operative treatments, then
surgery is considered. Frequently, there are other concomitant intraarticular pathol-
ogies, such as meniscus tears, synovitis, loose bodies, instability, and joint malalign-
ment that could also be a source of pain and functional impairment and must be
considered in the preoperative evaluation.

Articular cartilage defects are common and were found in 50% of 30,000 knee
arthroscopies in one published case series [8]. Arthroscopic knee surgery is one of
the most common procedures performed by orthopedic surgeons and involves using
a small camera, an arthroscope, and instruments to perform minimally invasive sur-
gery. The arthroscopic technique allows for complex surgery to occur by using only
a few small skin incisions, typically less than 1 cm in length.
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Fig. 1 The arthroscopic images above show the femoral condyle with a small cartilage flap tear
and underlying chondral defect. There is intact cartilage on the periphery and around the lesion.
The images are before (left) and after (right) the cartilage flap has been debrided with the chondro-
plasty technique

Although many different cartilage repair and restoration techniques exist, a sim-
ple and effective treatment of cartilage flap tears is a ‘“chondroplasty,” which
involves removal of any torn and damaged cartilage flaps and contouring the edge
so that all remaining cartilage is healthy and stable (Fig. 1). A chondroplasty can be
performed arthroscopically and the rehabilitation involves immediate weight-
bearing and a 4 to 6-week recovery period. For comparison, cartilage restoration
surgery can require 6 weeks of no weight-bearing on crutches and a 6 to 9-month
recovery. Therefore, chondroplasty can be an attractive option for patients with
smaller cartilage defects, cartilage flap tears, and patients seeking a quick recovery.
However, for patients who have failed a chondroplasty and/or have larger cartilage
defects, cartilage restoration surgeries are considered.

An important clinical decision for orthopedic surgeons is to determine who will
benefit from these cartilage restoration surgeries. Patient selection is critical since
other factors can contribute to preoperative and persistent postoperative symptoms
regardless of which technique is used. Cartilage lesion related factors that are con-
sidered include lesion size on MRI, involvement of underlying bone (osteochondral
lesion), and location of lesion.

Other patient factors also influence long-term clinical outcomes from cartilage
restoration procedures [2]. These factors include the patient’s age, activity status,
duration of symptoms, medical comorbidities (diabetes, smoking, etc.), and body
mass index (BMI). Knee instability, lower extremity malalignment, and meniscus
deficiency also should be addressed to decrease the stress on the cartilage repair site
and improve success rates. It is also important to recognize that cartilage repair and
restoration efforts are most successful when treating isolated cartilage defects rather
than multiple defects or osteoarthritis, which involves diffuse and global cartilage
thinning and degeneration. Therefore, addressing one area of damaged cartilage in
a patient with many cartilage defects or diffuse osteoarthritis is unlikely to be
beneficial.

In the following section, we will review the different cartilage restoration proce-
dures that are currently performed by orthopedic surgeons.
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3 Marrow Stimulating Techniques of Cartilage Defect
Repair: Microfracture, Osteochondral Drilling,
Abrasion Arthroplasty

3.1 Microfracture

Microfracture surgery is one of the first procedures described for the treatment of
osteochondral lesions. The technique was initially described by J. Richard Steadman
and has been in the repertoire of orthopedic surgeons for decades. Microfracture
surgery had gained so much traction through the early 2000s with famous profes-
sional athletes that the procedure was a common topic in the mainstream media,
including in the New York Times [9].

The main premise behind microfracture surgery is to create small bone channels
to the bone marrow within the lesion as a means of providing a suitable environment
for tissue regeneration [10-12]. The original technique is an arthroscopic procedure
in which the cartilage lesion is debrided down to the subchondral bone with circum-
ferentially stable healthy cartilage edges [10]. The microfracture is then performed
using an awl to “fracture” the subchondral bone plate by creating small holes with
the awl. There should be approximately 3—4 holes per square centimeter of sub-
chondral bone in order to give enough space for bone marrow stimulation without
having the holes fracture into each other [10-12]. After the microfracture is com-
plete, the release of fat droplets from the subchondral bone can be visualized, rep-
resenting release of bone marrow into the defects [2, 10—12]. On a cellular level, the
goal of the procedure is to have the MSCs released from bone marrow and a fibrin
clot fill in the defect and eventually differentiate into cartilage-like tissue.

A microfracture can be performed relatively quickly, is not technically difficult,
has a low patient morbidity, and also can be performed in combination with other
arthroscopic procedures, such as anterior cruciate ligament (ACL) reconstruction or
meniscus surgery [2, 12]. Another advantage of the microfracture technique is that
there is very little to no thermal necrosis of the subchondral bone, as opposed to
drilling through the bone. Furthermore, this procedure is cost effective, especially
compared to many of the cell-based techniques.

The primary concern with microfracture is that the osteochondral defect is ulti-
mately filled with fibrocartilage, which is biomechanically and biochemically infe-
rior to the native specialized articular hyaline cartilage [2, 13]. Although early
clinical studies were promising [12], long term follow-up studies have demonstrated
deteriorating outcomes with microfracture over time [3, 14]. Another limitation of
microfracture is that the technique is ideally used for smaller cartilage defects.
Many published studies have included lesions up to 4 cm?; however, most surgeons
would agree that microfracture is best indicated for lesions <2 cm?. Patient compli-
ance with postoperative rehabilitation is critical to achieve the best outcomes, which
typically involves 6 weeks of protected weight-bearing and use of a continuous pas-
sive motion device. Patients may resume running and jumping after 6 months
post op.
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3.2 Osteochondral Drilling

Osteochondral drilling has recently become a common modification of the micro-
fracture technique (Fig. 2). Osteochondral drilling is similar to microfracture, but
utilizes a small diameter drill instead of awls to create small drill holes into sub-
chondral bone [15]. This process parallels that of microfracture in that it stimulates
bone marrow to create a fibrin clot of MSCs, platelets and ECM proteins to fill in
the osteochondral defect [2]. However, some authors argue against the use of osteo-
chondral drilling due to concern that the heat generated by the drilling process may
cause thermal necrosis of subchondral bone and possibly affect the viability of
MSC:s released by the subchondral drilling [2, 16].

Chen et al. investigated drilling versus microfracture in rabbit models of carti-
lage defects. They found that compared to microfracture, drilling could create
cleaner and deeper channels to access more bone marrow, potentially increasing the
yield of regenerative cells given that the drill holes provide direct, uninhibited
access to bone marrow stroma [16]. The researchers found that with microfracture,
the subchondral bone around the holes can be fractured, thus decreasing the amount

Fig. 2 Below are four intraoperative arthroscopic images demonstrating drilling of an osteochon-
dral lesion. Top left: a femoral condyle cartilage lesion that has been debrided down to subchondral
bone with surrounding healthy cartilage. Top right: a drill is used to penetrate the subchondral
bone. Bottom left: after drilling of multiple, evenly spaced subchondral drill holes. Bottom right:
release of bone marrow and its associated MSCs, platelets, and ECM proteins from the drill holes/
channels that will form the clot which will fill the defect with cartilage-like tissue
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of bone marrow progenitor cells that can access the defect. Whereas with osteo-
chondral drilling, the holes to the subchondral bone are cleaner, containing more
open channels since the drill had removed any inhibiting bone fragments within the
holes. However, this study only evaluated the first 24 h after procedure, thus making
it difficult to draw distinct conclusions for long term outcomes.

3.3 Abrasion Chondroplasty

Arthroscopic abrasion chondroplasty or abrasion arthroplasty is a technique that
was developed in the 1980s to treat osteoarthritis in areas of exposed subchondral
bone. It is thought that gaining access to the vasculature located deep in the sub-
chondral bone would allow for infiltration of bone marrow elements such as MSCs.
This method utilizes a curette or motorized burr to remove the superficial subchon-
dral bone plate, resulting in a bleeding response and clot formation. In humans,
histology of the abraded regions showed healed fibrocartilage containing type I col-
lagen and fibroblasts due to stimulation of bone marrow elements [17]. Beckmann
etal. 2015 observed higher contents of MSCs in postoperative joint effusion follow-
ing abrasion compared to arthroscopic chondroplasty [18]. Despite the infiltration
of MSCs, chondrocyte differentiation still failed to create desired hyaline cartilage.
In all of these bone marrow stimulation techniques, fibrocartilage fills in the
defect over exposed subchondral bone, but has relatively low functional capacity
and poorly redistributes pressure across the articular surface. This can lead to wear
and breakdown of the repaired tissue [19]. Clinically, the fibrocartilage seen on
second arthroscopy or imaging did not lead to better clinical outcomes and there is
high variability in defect filling between patients [18]. When comparing arthroscopic
abrasion to standard arthroscopic debridement, there is little indication that abrasion
is superior to debridement, despite cartilage formation seen after abrasion [20].
Risks of abrasion chondroplasty include destruction of subchondral bone and necro-
sis of adjacent tissue which can lead to postoperative complications [21]. Compared
to other bone marrow stimulating techniques, abrasion chondroplasty may acceler-
ate cartilage repair at 1 year post-op but there is no difference in clinical outcomes,
patient-reported outcome scores, or revision rates within 5 years post-op [22, 23].

4 Adipose Derived and Bone Marrow Derived Stem Cells

The use of adipose derived stem cells (ADSCs) and bone marrow derived stem cells
(BMSCs) in the treatment of osteochondral defects and osteoarthritis has increased
over the last decade, especially in Asia. BMSCs were the first discovered multipo-
tent cell which could differentiate into chondrocytes and osteocytes. The use of
ADSCs and BMSCs in the USA has been limited due to FDA regulations since most
isolation techniques are not considered “minimally manipulative.”
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The technique of BMSC harvest typically involves bone marrow extraction from
the iliac crest which is then centrifuged to isolate the BMSCs. Following collection,
the solution can be immediately injected, stored at —80 °C until ready for use, or
cultured and expanded for later use. However, the MSCs make up a small propor-
tion of cells in this solution, meaning larger quantities may be required to have a
clinical effect [24].

The basic technique of harvesting ADSCs relies on using liposuction to isolate
“lipoaspirate” which contains stems cells. This fluid is then combined with specific
enzymes and centrifuge gradient separation to isolate the specific ADSCs.
Alternative non-enzymatic methods of isolating ADSCs that would be FDA-
approved have been studied, but have not yet been successful [25]. The isolated
ADSCs are then either injected into the joint, placed into an osteochondral defect,
or used to augment other cartilage restoration procedures. It is thought that the
ADSCs improve function by interacting with resident chondrocytes through para-
crine signaling involving growth factors, but the exact mechanism has not be eluci-
dated [26, 27]. Compared to BMSCs, ADSCs are attractive because it is relatively
easy to harvest fat and once isolated, ADSCs, like MSCs, can differentiate into
mesodermal tissues, including cartilage, without provoking immunogenicity [28].

There has been increasing evidence in the literature for the use of ADSCs and
BMSC:s for treating cartilage pathology [24, 29, 30]. Freitag et al. conducted the
first randomized controlled trial on autologous ADSCs injection for the treatment of
osteoarthritis and found improvements in pain scores and functional outcomes in
1 year [31]. Similar to bone marrow stimulation techniques, the propensity of
BMSCs and ADSCs to differentiate into fibrous tissue rather than hyaline cartilage
is a major limitation [32, 33]. However, there are encouraging results from in vitro
studies showing that these cells could be guided towards becoming chondrocytes
when the optimal environment is created. Li et al. utilized a 3D nanofibrous scaffold
treated with TGF-f to culture BMSCs, which was able to differentiate into pheno-
typical chondrocytes in vitro [34]. Similarly, Rosadi et al. demonstrated chondro-
cyte differentiation in vitro from ADSCs utilizing a silk fibroin scaffold and platelet
rich plasma [35]. Such strategies can be combined with 3D printing to create a
scaffold for optimal chondrocyte differentiation utilizing ADSCs.

5 Cell-Based Techniques for Treatment of Cartilage Defects:
Osteochondral Grafting

5.1 Autologous Chondrocyte Implantation

The appeal of cell-based methods for the treatment of cartilage defects is the induc-
tion and/or implantation of hyaline and hyaline-like cartilage as compared to the
fibrocartilage generated by bone marrow stimulation techniques. Autologous chon-
drocyte implantation (ACI) is a cell-based technique for the treatment of chondral
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lesions. ACI involves the harvesting and culturing of chondrocytes and then using
these harvested chondrocytes in an implanted patch to “fill-in” the cartilage defect.
This method utilizes the harvesting of chondrocytes from a non or lesser weight-
bearing area of the joint [2, 36, 37]. Once harvested, the chondrocytes are enzymati-
cally optimized into a suspension for reimplantation into the cartilage defect via a
periosteal or collagen patch covering [2, 36, 37]. The patch is sutured in place which
can be a technically demanding aspect of the operation.

Recently, ACI has progressed to a newer technique known as MACI or matrix-
induced autologous chondrocyte implantation. This procedure utilizes a matrix
scaffold as the vehicle to implant harvested chondrocytes into the cartilage lesion.
The chondrocyte suspension is directly adhered to the MACI degradable collagen
membrane matrix [38]. With the use of the MACI technique, the chondral graft for
implant is more durable and easier to handle surgically than the earlier generation
ACI technique grafts, thus likely to lead to improved outcomes [39]. Although long-
term outcomes are lacking, some trials have reported improved outcomes with
MACI compared to microfracture at 2 year follow-up for symptomatic cartilage
defects of the knee [39]. Currently, MACI has largely replaced the earlier genera-
tions of autologous chondrocyte implantation given its ease of use profile, decreased
operative times, decreased surgical complications, and its ability to be used in more
chondral defect areas within the knee [39]. ACI/MACT has typically been reserved
for cartilage lesions that are greater than 2 cm? but still has an intact subchondral
plate, i.e. the lesion only affects the cartilage surface. Disadvantages are that ACI/
MACT involves two separate operations and is expensive compared to other tech-
niques [38].

5.2 Osteochondral Autograft Transfer

Osteochondral autograft transfer (OATYS) is a technique that involves the transfer of
osteochondral plugs from low weight-bearing areas of the knee to cartilage defects
in high weight-bearing areas of the knee. The transferred tissue is a cylindrical
“plug” of healthy cartilage and subchondral bone which is used to replace chondral
defects (Fig. 3) [40, 41]. The goal is to utilize the osteochondral plugs to match
articular surface and allow for a healing graft that restores the articular surface with
native hyaline cartilage [41]. A major advantage of this technique is that the trans-
ferred native bone reliably and quickly heals to the surrounding bone allowing for a
relatively quick recovery. Additionally, the OATS procedure allows for any chon-
dral defect to be replaced with native hyaline cartilage and subchondral bone, thus
giving this technique a biomechanical and biochemical advantage over marrow
stimulating techniques like microfracture or drilling [40, 41].
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Fig. 3 The below images are intraoperative images from an OATS procedure performed on a
young patient with a symptomatic cartilage lesion. The lesion on the weight-bearing aspect of the
femoral condyle was replaced by a transferred osteochondral plug from a less weight-bearing area
on the femoral condyle

OATS can be completed during one operation, which decreases the patient mor-
bidity compared to other procedures, such as ACI and MACI, that require multiple
operations. Additionally, there are surgical instrument systems available that are
inexpensive and intuitive. Overall, the OATS procedure has had excellent clinical
outcomes and has demonstrated a quicker return to sport for athletes than the other
cartilage procedures mentioned in this chapter, including ACI/MACI and microfrac-
ture [40, 42, 43]. OATS is reserved for smaller lesions since the largest harvest plug
size is 10 mm in diameter. For the treatment of larger osteochondral lesions, multi-
ple plugs can be used to fill the larger lesion in a procedure called “mosaicplasty”
[40]. A drawback to mosaicplasty is the potential donor site morbidity since more
donor cartilage and bone plugs are harvested encompassing a larger donor area [40].
Mosaicplasty has been shown to be more successful in long term studies compared
to microfracture in certain patient populations representing its importance in the
repertoire for treatment of cartilage lesions [44].

5.3 Osteochondral Allograft Transplant and Allograft Implants

Many allograft options are available for the treatment of symptomatic osteochon-
dral lesions, such as an osteochondral allograft (OCA) transplantation. An OCA is
a fresh cadaver joint with live chondrocytes that is sized to the recipient patient
through either an MRI or radiograph. The transfer process is similar to the OATS
procedure, but without graft size limitations since the donor is the cadaver knee (no
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Fig. 4 Intraoperative images from an OCA procedure performed on a young patient with a large
symptomatic cartilage lesion. Left image: a near full thickness large osteochondral lesion in the
weight-bearing surface of the lateral femoral condyle. Middle image: the bone and cartilage have
been removed from the osteochondral lesion in preparation of OCA implantation. Right image:
after OCA transplant. The osteochondral allograft is well fixed in the femoral weight-bearing sur-
face replacing the osteochondral defect (left image)

donor site morbidity). The use of fresh OCA transplant allows for defects to be
filled by fresh, transplanted mature hyaline cartilage from the cadaver, typically
femoral condyles (Fig. 4). Depending on the defect size and location, fixation with
screws, dowels, or pins may be required for stability and to stimulate healing of the
allograft into the patient’s cartilage defect [2]. Similar to OATS, one of the keys to
osteochondral allograft transplantation is the bony healing between the transplanted
osteochondral graft and the surrounding subchondral bone. One of the disadvan-
tages of osteochondral allograft is the high expense, as well as the specific storage
requirements so that the chondrocytes and associated ECM does not denature [2].
The grafts have to be stored under specific conditions and must be implanted within
4 weeks, which creates logistical challenges as well [45, 46]. Given the nature of
allograft tissue, there is risk of immunologic response and poor healing between the
donor graft and surrounding native bone at the bone—bone healing interface [40].
Classically, many of the methods and industry formulations for osteochondral
allografts were used for large defects or as salvage options when other treatment
methods for osteochondral lesions had failed [2, 40, 46, 47]. Recently, multiple
allograft implantable products have been introduced by industry as an alternative to
a fresh cadaver knee. These include Cartiform (Arthrex, USA), Biocartilage
(Arthrex, USA), DeNovo (Zimmer Biomet, USA), and Chondrofix (Zimmer
Biomet, USA). These allograft options represent a target of 3D printing and scaf-
folds for defects that we will expand on in the next section.
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Treatments for symptomatic cartilage lesions

Type

Goal

Example

Pros/Cons

Debridement

Remove loose cartilage
flaps

Chondroplasty

* Can often provide
significant symptomatic
relief for isolated lesions

* Cost effective

« Single arthroscopic
operation

* Quick recovery

* Does not address cartilage
loss

Bone
marrow
stimulating
procedures

Stimulate bone marrow to
form a fibrin clot to
replace/“repair” damaged
articular cartilage

Microfracture,
osteochondral
drilling, abrasion
arthroplasty

* Use of specialized awls
* Typically, lesions <2 cm?
* Healthy surrounding
cartilage rim required

* One operation

* Cost effective

¢ Produces/repairs with
fibrocartilage

* Lengthy and involved
post-op rehabilitation and
restrictions

Stem cell
treatments

Use of multipotent stems
cells to differentiate into
chondrocyte lineage to
repair/regenerate cartilage
defects

Adipose derived
stem cells (ADSC)

* Limited use in USA

* Relatively simple and easy
harvesting procedure

* Require specific enzymes
to isolate

Bone marrow
derived stem cells
(BMSC)

* Limited use in USA
* Invasive and painful harvest

Cartilage restoration

Cell based

Use of autologous
chondrocytes that are
expanded and reimplanted
to fill a cartilage lesion

Autologous
chondrocyte
implantation (ACI)

* Larger lesions

* Requires intact subchondral
bone

* Requires two operations

* Requires periosteal or
collagen patch to seal
chondrocyte solution in place

Matrix-induced
autologous
chondrocyte
implantation
(MACI)

* Recently favored over ACI
due to improved durability,
handling, and less difficult
surgical technique

* Matrix seeded with
chondrocyte solution and
directly placed into defect

* Requires two operations
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Treatments for symptomatic cartilage lesions

Type Goal Example Pros/Cons
Autograft Transfer of healthy OATS e Technically demanding
transfer cartilage via an * Donor site morbidity
osteochondral bone plug Mosaicplasty * Same as OATS but with
from a low weight-bearing more bone plugs for larger
area of the joint to the lesions than OATS
cartilage defect * Significant donor site
morbidity
Allograft Replacement of damaged | Osteochondral * Large lesions (>2 cm?)
transplant cartilage lesion with allograft transplant | » Salvage following other
cadaveric donor cartilage or restoration techniques
with synthetically made * No donor site morbidity
cartilage-type materials * Expensive (due to
specificity and storage of
allografts)

* Need for fresh allograft
cadaveric cartilage and bone
* Possible immune response

Allograft implants | « Expensive

* Longer shelf life than fresh
cadavers

* Can replace need for fresh
cadaveric distal femur

* Treated allograft and/or
synthetically created, and
can be combined with other
modalities

6 Cartilage Tissue Engineering: Moving into the Future
and the Prospects of Using of 3D Printing
for Cartilage Defects

Cartilage tissue engineering is a rapidly evolving field and research in this area has
the potential to benefit millions of people suffering from chondral defects and osteo-
arthritis. Articular cartilage is a complex tissue with zonal architecture which is
critical to its function. The architecture and interactions between chondrocytes,
extracellular matrix, and subchondral bone are what give articular cartilage its
mechanical properties [48, 49]. Because of the spatial arrangement of chondrocytes
and molecular variability of the extracellular matrix contents of articular cartilage,
3D printing is an attractive technology for its engineering and design. 3D printing
allows for customization and mixing of materials and microstructures with the goal
of mimicking native cartilage or creating a new microenvironment to enable or
facilitate the synthesis of new articular cartilage. To date, no 3D bioprinted product
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has been successfully translated clinically from bench to bedside [50, 51]. This sec-
tion will discuss principles that are important for articular cartilage engineering and
3D printing, current successes and shortcomings, artificial cartilage products cur-
rently in clinical use, and goals for future research and development. We will also
briefly discuss the current use of 3D printing in joint replacement surgery.

Current research in cartilage engineering and 3D printing has involved cartilage
and osteochondral replacement, hydrogel materials, composite materials, cell-based
designs, cell-free designs, and many combinations of the aforementioned compo-
nents [50]. When designs utilize chondrocytes or stem cells, important cell proper-
ties must be considered including sufficient number of cells, ability of these cells to
proliferate either in vitro or in vivo, cell survival during the 3D printing process and
shelf life, interaction with the environment, and ability to maintain function in vivo.
Hydrogels made of materials such as alginate, hyaluronic acid (HA), and collagen
have been a popular area of research because cells retain their viability and meta-
bolic activity [49, 52, 53]. Researchers are also developing photopolymerizable
hydrogels for ease of application [54]. Extrusion and droplet-based printing are
forms of 3D printing that can easily use bioinks made of these materials to create
chondral grafts [48]. Hydrogels are attractive because they can easily be seeded
with patterns of cells, are low cost, and are highly compatible with different meth-
ods of 3D printing such as droplet based, extrusion based, laser based, and printing
of tissue spheroids. Disadvantages of hydrogels include the weak mechanical prop-
erties, inability to retain a uniform 3D structure well, and limitations in the com-
plexity of shapes that can be printed [49, 53]. These limitations have led to the
development of composite materials, or hydrogels mixed with synthetic, high
molecular weight biomaterials such as polylactic acid (PLA), poly-lactic-co-
glycolic acid (PLGA), and polycaprolactone (PCL) [53].

Osteochondral designs are a popular new type of graft that commonly use
scaffold-based designs composed of composite bioinks, such as PCL or PLGA
combined with osteoconductive materials such as tri-calcium phosphates and
HA. These polymers enhance the biomechanical properties of the construct com-
pared to hydrogel alone and can achieve a compressive modulus more closely
resembling that of articular cartilage [48]. Constructs can even be co-printed in a
layer by layer fashion, mixing cell-containing bioinks and polymers to create vary-
ing mechanical properties and macroscopic anatomy similar to the anisotropic
structure seen in articular cartilage [49]. Lee et al. have demonstrated success in this
approach using a composite, osteochondral graft in a rabbit model [55]. In this
study, an anatomically accurate 3D printed bioscaffold composed of PCL and HA
was infused with a transforming growth factor-p3-adsorbed collagen hydrogel. This
cell-free scaffold was surgically implanted into a proximal humerus osteochondral
defect. At four months, this scaffold demonstrated increased hyaline cartilage for-
mation, better compressive and shear properties, and higher cell content compared
to control groups as demonstrated in Fig. 5. Additionally, rabbits with this growth
factor laden scaffold resumed full weight-bearing and locomotion more consistently
than control groups. This demonstrated that a scaffold-based design could be printed
with an anatomic geometry and its materials could be enhanced with growth factors
to improve cartilage formation and function. Additionally, use of 3D printing could
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Fig. 5 Articular cartilage regeneration. India ink staining of (a) unimplanted bioscaffold, (b)
TGFp3-free and (¢) TGFp3-infused bioscaffolds after 4 months’ implantation, and (d) native carti-
lage. (e) Number of chondrocytes present in TGFp3-infused and TGFp3-free regenerated articular
cartilage samples (n = 8 per group). Safranin O staining of TGFp3-free (f, i) and TGFp3-infused (g,
j) articular cartilage. Matrix density (h) and cartilage thickness (k) of TGFp3-infused and TGFf3-
free samples (n = 8 per group for both comparisons). TGFf3 transforming growth factor $3, PCL-HA
poly-e-caprolactone hydroxyapatite. (From “Regeneration of the articular surface of the rabbit syno-
vial joint by cell homing: A proof of concept study” by Lee CH, Cook JL, Mendelson A, Moioli EK,
Yao H, Mao JJ, 2010, The Lancet, 376(9739), 440—448. [Reprinted with permission])

allow for more personalized design of the scaffold to allow for better fit into the
defect and tissue incorporation.

In a recent study by Guo et al., researchers developed a 3D printed PLCL-amine
scaffold which was functionalized by covalent bond addition of aggrecan [13].
PLCL has mechanical properties of toughness that is more similar to cartilage than
PLA and PLGA scaffolds. Also, aggrecan is the most abundant proteoglycan within
the ECM of articular cartilage, making this an attractive combination. Cartilage
defects were created in the femoral trochlear groove of rabbits and repaired by
microfracture technique combined with implantation of the biofunctionalized acel-
lular scaffold. Acellular scaffolds have the advantages of improved availability and
shelf life compared to live, cellular scaffolds, and also obviates the need for a sec-
ond procedure or cell harvest or culture. Results showed that this scaffold doubled
the thickness of regenerated cartilage tissue, tripled the number of chondrocytes
present (Fig. 6), and increased the expression of type II collagen nearly tenfold

»
»

Fig 6 (continued) Noshin M, Baker HB, Taskoy E, Meredith SJ, Tang Q, Ringel JP, Lerman MJ,
Chen'Y, Packer JD, Fisher JP, 2018, Biomaterials, 185, 219-231. [Reprinted with permission])
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Fig. 6 Histological examination of regenerated cartilage tissue using H&E and Alcian blue stain-
ing. (a) Alcian Blue staining showing the GAGs production in different groups. Cell nuclei were
stained purple and surrounding GAGs were stained blue. The GAGs expression level was quanti-
fied by binary area. Compared to defect control, microfracture and PLCL showed increased pro-
duction of GAGs from the histology staining. The addition of aggrecan further improved the
quality of regenerated tissue, with visible lined chondrocytes surrounded by GAGs. (b) H&E
staining showing newly regenerated cartilage tissue. Cell nuclei were stained purple, and the back-
ground tissue was stained pink. The cartilage layer presents a lighter pink than the bone tissue. The
number of chondrocytes was calculated and compared among groups. The chondrocytes number
in the aggrecan functionalized group was significantly higher than other experimental groups. N =
3. Data is shown as mean =+ standard deviation. ANOVA was performed to compare the signifi-
cance among groups. Means that do not share the same letter are significantly different. (From
“3D printed biofunctionalized scaffolds for microfracture repair of cartilage defects” by Guo'Y,
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compared to microfracture alone. This study demonstrated that the biofunctional-
ized scaffold augmentation of microfracture could be an effective future strategy for
the treatment of symptomatic cartilage defects by filling the defect with tissue more
akin to hyaline cartilage than fibrocartilage. Both studies demonstrate the potential
of 3D printing for treating cartilage defects.

One very important characteristic of articular cartilage which to date has been
the most challenging to recreate is the layered architecture. Hyaline cartilage con-
tains three zones, the superficial, middle, and deep zone, with each differing in
chondrocyte number and morphology and extracellular composition. This architec-
ture, which fibrocartilage lacks, helps provide hyaline cartilage resistance to com-
pression and shear stress [49]. Different strategies for creating articular cartilage
with zone-specific properties include using zonal chondrocyte subpopulations, scaf-
folds that differ in material composition and characteristics by level, and zone-
specific growth factors and cell signaling [56]. Although it is possible to harvest and
isolate chondrocytes from different zones of cartilage, it is challenging to isolate
pure zonal populations. It has also proven difficult to expand these populations due
to de-differentiation and loss of zone-specific characteristics. The cells do not self-
organize in layers, but mechanical loading influences their phenotypic development.
Current research efforts are focused on the engineering of zonal scaffolds. Zhu et al.
synthesized a gradient hydrogel from 8-arm-PEG-norbornene, PEG-dithiol, and
25% methacrylated chondroitin sulfate by varying the amount of PEG in the hydro-
gel as it was printed, thus creating a hydrogel with a three-dimensional gradient
[57]. The continuous gradient of PEG created zonal variabilities in stiffness of the
hydrogel, which was shown to influence chondrocyte proliferation and glycosami-
noglycans and collagen production in each zone, as well as cartilage specific gene
expression by stem cells. Although much research is needed prior to clinical appli-
cations, this study demonstrates that advanced printing and tissue engineering tech-
niques can be used to recapitulate zonal properties to optimize and customize
cartilage regeneration.

Although there are no current clinical applications of cartilage zone-specific
grafts, many implants, which take advantage of the bone-cartilage interface are
gaining popularity. An example of a biphasic implant which was used in humans but
has since been removed from the market due to regulatory issues is the TruFit
(Smith and Nephew, USA) bone graft substitute. The TruFit plug was a synthetic,
biphasic, acellular scaffold made of a 3D polymer blend of polylactide-co-glycolide
(PLG) copolymer, calcium sulfate, polyglycolide (PGA) fibers, and surfactant. The
chondral component was the 4 mm-thick articular portion of graft which was devoid
of calcium sulfate [58]. According to the manufacturer, the plug was indicated only
to fill bony defects and donor graft sites, but it was also frequently used off label for
primary cartilage defects. This product was attractive because it could be used in a
single stage procedure and donor site morbidity, such as in an OATS procedure,
could be avoided. The theoretical benefit of using a synthetic plug to backfill a
donor defect is that this achieves hemostasis. The plug prevents the release of
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Fig. 3 Pre-operative coronal (a) and sagittal images (b). The same
patient at two years following implantation (¢, d)

Fig. 4 Two-year post-operative images demonstrating an incorpo-
rated TruFit plug on coronal (d) and sagittal (¢)

Fig. 7 From “Autologous osteochondral mosaicplasty or TruFit™ plugs for cartilage repair” by
Hindle P, Hendry JL, Keating JF, Biant LC, 2014, Knee Surg. Sports Traumatol. Arthrosc., 22(6),
1235-1240. (Reprinted with permission)
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proinflammatory cytokines which may inhibit osteochondral healing, and the plug
promotes native tissue integration and healing with an osteoconductive material.
Donor site morbidity for osteochondral autograft has been reported from 0 to 50%
in the literature [59]. Fraser et al. published a retrospective case series looking at use
of the TruFit to backfill autologous osteochondral transplantation donor sites in the
knee. They demonstrated a low donor site morbidity of 12.5% at 2 years, but mag-
netic resonance observation of cartilage repair tissue (MOCART) scores did not
correlate with patient-reported clinical outcome scores [26]. Hindle et al. performed
a retrospective review comparing pain and functional outcomes in patients after
either TruFit implantation or autologous osteochondral mosaicplasty. Although
some MRI scans demonstrated mild incorporation of the graft at 2 years, others did
not (Fig. 7).

More importantly, patients in the TruFit group had significantly lower clinical
outcome scores as well as a lower rate of return to sport [58]. A systematic review
performed by Verhaegen et al. did not demonstrate superiority or equality of TruFit
compared to conservative management or mosaicplasty for osteochondral articular
defects or gap filling of donor sites [60]. Although this product was safe for clinical
use, its superiority over other techniques has not been demonstrated.

Other attempts to maintain the native 3D microenvironment of cartilage include
osteochondral allografts and grafts designed to augment bone marrow stimulation
techniques. Cartiform (Arthrex, USA) is an off the shelf cryopreserved osteochon-
dral allograft which contains a layer of full thickness articular cartilage over a thin
layer of subchondral bone (Fig. 8). This graft contains viable endogenous chondro-
cytes surrounded by their native extracellular matrix proteins and chondrogenic
growth factors [61]. Cartiform is intended to supplement bone marrow stimulation
and has a porous design which allow for suture fixation to secure the graft and also
for bone marrow stem cells to easily penetrate into the graft. This enhanced micro-
environment is thought to regenerate hyaline cartilage rather than only fibrocarti-
lage. Although the graft is available in different sizes, it may not fit the curvature of
the joint surface or match the native cartilage thickness. The long shelf life of
Cartiform is a distinct logistical and practical advantage compared to fresh osteo-
chondral allografts that must be used within 2 weeks of availability. However,
Cartiform is currently expensive and not covered by all insurance companies.
Melugin et al. published a prospective case series following 19 patients with full

Fig. 8 Left: large full thickness chondral defect in the central patella. Middle: implantation of
Cartiform using an absorbable suture. Right: final fixation of the Cartiform implant after applica-
tion of a fibrin sealant TISSEEL (Baxter, USA)
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Fig. 9 A full thickness patellar cartilage defect before (left) and after (right) BioCartilage implant

thickness cartilage defects of the patellofemoral compartment [62]. Nineteen (19)
patients received the Cartiform graft in addition to microfracture and 17 underwent
concomitant surgery such as lateral retinacular release or tibial tubercle osteotomy
to improve patellar tracking. They demonstrated that at a minimum of 2 years and
average of 42 months, patients had significant clinical improvements from baseline
in validated outcome scores. Second look arthroscopy at 8 weeks to 1 year showed
good incorporation of the graft, yet 2 out of 19 patients went on to develop patel-
lofemoral arthritis which required a joint replacement. This study demonstrates
promising results, but further studies and randomized controlled trials are necessary
to determine functional and economic superiority over other techniques.

Another similar strategy for cartilage reconstruction is the use of a minced juve-
nile articular cartilage allograft, DeNovo (Zimmer Biomet, USA), which is har-
vested from the femoral condyle of donors age <13 years old. The minced allograft
contains viable chondrocytes that are implanted and secured into the defect with
fibrin glue. The theory is that these viable chondrocytes migrate from the allograft
cartilage and proliferate to form new cartilage which then integrates with the sur-
rounding cartilage and subchondral bone. This single stage procedure is indicated
for cartilage defects less than 5 cm? in young patients with intact subchondral bone.
The disadvantages are that the graft is expensive and has a shelf life of only
40-45 days [63]. DeNovo is a relatively new product and only limited data are cur-
rently available. One case series followed 25 patients who received DeNovo for
symptomatic articular cartilage lesions and received intermittent MRIs and pain,
function, and recreations scores [61]. At 2 years post-operation, functional out-
comes had significantly improved compared to baseline, histology demonstrated a
mixture of hyaline and fibrocartilage formed along with type two collagen, and MRI
demonstrated mean lesion filling of 109%. Although this study suggested that
DeNovo is safe and effective in the short term, long term results and superiority to
other treatments are not known.

Other strategies involve harvesting allograft for only the extracellular matrix
instead of whole cartilage. An example is BioCartilage (Arthrex, USA), which is a
dehydrated allograft extracellular matrix scaffold made up of type 2 collagen, pro-
teoglycans, and cartilaginous growth factors from native cartilage. This product is
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designed to augment bone marrow stimulation techniques as it is thought to lead to
more hyaline cartilage and less fibrocartilage formation. A study by Fortier et al.
compared BioCartilage with platelet rich plasma and microfracture to microfracture
alone in an equine model [59]. They demonstrated that the BioCartilage group had
higher International Cartilage Repair Society (ICRS) scores, better histologic
scores, and more formation of type 2 collagen than the control group. In humans,
BioCartilage is indicated for most of the same indications as microfracture. It is an
attractive option because it is a single stage procedure, can be used in either
arthroscopic or open technique, does not contain living cells and therefore has a
shelf life of multiple years, and is less expensive than many of the other available
products. The allograft is mixed with either PRP or whole blood, placed in the
defect, and sealed in place with fibrin glue (Fig. 9) [64]. BioCartilage has been
shown to be safe in humans, and case studies have demonstrated improvement in
clinical outcomes and MRI parameters of articular cartilage repair quality, but lon-
ger term and high quality outcomes data are currently unavailable [65].

Summary of the commercial grafts that are currently available in the USA

Manufacturer/Tissue
Graft type Advantages Disadvantages Trade name | Bank
Juvenile particulate | — Single stage — 40-45-day DeNovo Zimmer Biomet
cartilage allograft procedure shelf life
— More
expensive

Dehydrated allograft | — Single stage Biocartilage | Arthrex
extracellular matrix | procedure

— Multiple year

shelf life

— Less expensive
Cryopreserved viable | — Single stage — More Cartiform | Arthrex
osteochondral procedure expensive
allograft — Long shelf life

— Easily

contoured to

desired shape
Fresh osteochondral | — Single stage — Strict storage | N/A — Joint Research
allograft procedure conditions Foundation

— Can replace — Surgical timing — Musculoskeletal

largest defects | constraints Transplant

— Can address — Possible Foundation

bone loss immune response — LifeNet Health

— Bone to bone | — More — Regeneration

healing expensive Technology

Incorporated

To date, the ideal graft for articular cartilage repair remains unknown in clinical
practice. There is limited data comparing all the different cartilage restoration tech-
niques and products. It is extremely complex and challenging to design cartilage
restoration clinical research studies for many reasons including different cartilage
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defect sizes, different locations (femoral condyle versus patella), presence of mal-
tracking and malalignment, instability, or increased cartilage strains from meniscus
insufficiency. There are also patient related factors that are confounding variables
such as age, weight, nutritional status, smoking history. Further, a second surgery
and biopsy would be required for histological evaluation of the cartilage in human
patient. Additionally, FDA regulations require a high expense and time investment
prior to translating the research from bench to bedside. In order to avoid the need for
premarket approval and animal and clinical studies, products cannot be combined
with another product and must follow principles of minimal manipulation and
homologous use [66].

In our opinion, the ideal graft will either contain or be able to generate true hya-
line articular cartilage, integrate well with the patient’s existing cartilage and bone,
be as durable as native cartilage, and fit the patient’s specific anatomy. This could be
achieved with cell-based or cell-free therapies and will be highly dependent on the
available mechanical, chemical, and tissue engineering technology. The graft would
ideally be low cost, have a long shelf life, be easily available, and could be implanted
during a single procedure. Such a graft has the potential to impact millions of people
who suffer from chondral defects and osteoarthritis. 3D printing will likely have an
important role in the development of this ideal graft for the ability to customize
materials, mechanical properties, and patient-specific shapes.

Despite our best efforts to repair and regenerate articular cartilage, many patients
will eventually require a joint replacement (arthroplasty) procedure. A joint

Fig. 10 Distal femur
cutting jig with adjustable
guides for intra-op
measurement and resection
during total knee
arthroplasty. (Image from
“Daines & Dennis. Gap
Balancing vs. Measured
Resection Technique in
Total Knee Arthroplasty.
Clin Orthop Surg. 2014; 6:
1-8. https://ecios.org/
DOIx.php?id=10.4055/
ci0s.2014.6.1.1”)
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Fig. 11 Example of 3D printed patient-specific distal femur and proximal tibia cutting guides.
(Image taken from: Patient-Specific Instruments Based on Knee Joint Computed Tomography and
Full-Length Lower Extremity Radiography in Total Knee Replacement - Scientific Figure on
ResearchGate. Available from: https://www.researchgate.net/figure/Representative-images-of-
primary-total-knee-replacement-guided-by-patient-specific_figl 323558012 [accessed 22
Sep 2020])

replacement is the final step in management of cartilage damage resulting from
post-traumatic arthritis, osteoarthritis, rheumatoid arthritis, or other causes of joint
destruction. An estimated 5.2 million total knee replacements were performed in the
USA between 2000 and 2010, and this number is only increasing with an aging
population [67]. While joint replacement is historically one of the most successful
procedures in all of surgery, implant position and alignment affects implant perfor-
mance and patient outcomes and is especially critical in total knee arthroplasty. 3D
printing has been used in clinical practice in the field of total knee arthroplasty for
years with the goal of improving alignment. Knee replacement involves bony cuts
and resection of the arthritic cartilage surface of the distal femur and proximal tibia.
Measurements for these cuts are traditionally taken intraoperatively by the surgeon
and based on anatomic landmarks and preoperative radiographs. Adjustable cutting
jigs are placed on the bone to guide resection as shown in Fig. 10 [68], and different
sized implants are available and trialed for proper fit. Patient-specific implants (PSI)
differ in the way measurements are taken, the steps performed during surgery, and
how 3D printing technology is utilized. There are many PSI currently on the market
from different companies, but all use a preoperative MRI or CT scan of the patient
to create a 3D image of the joint. This 3D image is used instead of intraoperative
measurements and anatomic landmarks. The 3D data may be used to create a
patient-specific cutting block or “jig” which can be 3D printed by the device manu-
facturer before the surgery is performed. This custom jig is then used intraopera-
tively as shown in Fig. 11 [69]. The printed block is designed to conform to the
patient’s specific anatomy and may guide the placement of pins to then further
secure a traditional cutting block, or may actually be the cutting block itself. The
iTotal Identity (Conformis, USA) is a total knee arthroplasty system in which jigs
are 3D printed out of nylon for use intraoperatively, and wax molds are 3D printed
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for casting of the patient-specific cobalt-chromium and titanium implant.
Theoretically, this improves the precision and accuracy of implant positioning and
thus patient outcomes [70]. Studies have shown that surgeries involving PSI use
significantly less instruments trays and have less steps to the surgical procedure, but
the clinical significance of this is unknown. A systematic review concluded that PSI
has not reliably demonstrated improvement in postoperative limb or component
alignment, implant longevity, cost, or patient outcomes when compared with stan-
dard instrumentation [71].

For further readings about 3D printing in other fields of orthopedics which are
outside of the scope of this book, the reader is directed to articles by Galvez,
McMemamin, Skelley, and Zuniga covering the topics of surgical planning, educa-
tion, surgical simulation, and prosthesis development, respectively [72-75].

7 Conclusion

Osteochondral defects and cartilage injury are common causes of joint pain and dis-
ability in patients of all ages. Many surgical treatment options exist with some clini-
cal success, but all have limitations and there is a need for innovative and
cost-efficient solutions that will result in improved patient outcomes. The ideal car-
tilage implants of the future will likely involve both tissue engineering and 3D print-
ing to create individualized scaffolds or tissue that can mimic hyaline cartilage. The
development of this type of implant could result in symptomatic improvements and
prevention of osteoarthritis in millions of patients throughout the USA.
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3D Printing in Pediatric Orthopedics m)

Anirejuoritse Bafor, Jayanthi Parthasarathy, and Christopher A. Iobst

1 Introduction and Historical Perspective

Pediatric orthopedics is the surgical specialty that deals with the management of
musculoskeletal conditions in growing children. The origin of the field is credited to
a French physician, Nicholas Andry. In 1741, he coined the term “Orthopedia”
which has its origins from two Greek words: orthos meaning straight and paidios
meaning child [1].

Prior to the advent of 3D printing technology, orthopedic operative planning and
templating were primarily limited to information derived from two-dimensional
X-ray images obtained as part of the patient evaluation. This made precise assess-
ment of complex fracture patterns and deformities difficult. Consequently, poten-
tially less accurate treatment plans with subsequently higher unsatisfactory
outcomes were the result. To overcome this, magnetic resonance imaging (MRI)
and computerized tomography (CT) scans with 3D reconstruction were introduced
to provide three-dimensional visualization of the anatomy. While these advanced
imaging modalities have helped to improve diagnostic accuracy and treatment plan-
ning, 3D printing delivers the next level in the evolution of imaging technology. The
ability to create a handheld model (or models) that can allow surgical plans to be
trialed prior to the actual surgery is immensely valuable for complex cases.

3D printing has been around since the early 1980s. In 1984, Charles W. Hull,
who was one of the founders of 3D systems, successfully filed a US patent for the
world’s first 3D printer marking the beginning of the 3D printing technology era [2].
3D printing can occur by either an additive or subtractive process. The concept of
additive manufacturing adds successive layers of material to produce a solid object.
In contrast, subtractive printing entails the removal of unwanted material from the
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base source, leaving the desired 3D structure as the result of the process. The pro-
cess of 3D printing is facilitated by a complex computer-aided design (CAD) soft-
ware. Some of its earliest uses were in rapid prototyping in the engineering sector
but it has since found applicability in almost all spheres of life. As improvements in
technology and design have evolved, 3D printing has been utilized to produce
everything from simple homogenous solid structures to complex structures like
cars, aircraft, and ironically even 3D printers! Because of the vast potential inherent
in this process, it is no surprise that it has gained rapid acceptance and applicability
in healthcare, especially in orthopedics.

2 The 3D Printing Process

The pathway to 3D printing patient-specific models, implants, and instruments
(Fig. 1) consists of two phases: a design phase and a manufacturing phase. The
design input commences with the accurate capture and acquisition of an image of
the structure to be 3D printed. This is achieved using computerized tomography
(CT) scanning and/or magnetic resonance imaging (MRI). High quality images are
desirable as this translates to a better resolution of the 3D model created. The images
obtained are saved in the digital imaging and communication in medicine (DICOM)
format which is then processed to create 2D images. Segmentation of the region of
interest and creation of a 3D virtual model using DICOM to Standard Triangle
Language or Standard Tessellation Language (STL) conversion programs as
MIMICS™, Inprint™ (Materialise, Leuven Belgium), 3D Doctor (MA, USA), 3D
Slicer, Invesalius, or any equivalent DICOM to 3D model converter program is the
next step. The 3D virtual model is exported as an STL file which is then imported

MR segmentation of tumor 3D model of scapula,
merged on CT tumor and rib cage

3D Printed model - CONNEX 3 Objet 350 Polyjet printer Pre print model stl
scapula with tumor

Fig. 1 Process flow for 3D printing patient-specific anatomic models from 2D DICOM images
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into computer assisted design (CAD) programs such as Geomagic Freeform™ (3D
Systems, Rock Hill, SC), 3Matics™ (Materialise Leuven, Belgium), mesh mixer, or
similar programs. These programs are used to remove any anatomy that is not
required to be printed while retaining details about specific structures to be printed.
Non-anatomic components for structural integrity of the model are added at this
time point and the STL files are exported to the printers for printing. During the
manufacturing phase the STL file is then transmitted to the 3D printer which then
uses this to generate a set of commands called the G-code which determines how the
physical structure of the 3D model is produced by the printer [3]. Production of the
physical model occurs by a process of layered printing, usually starting with a sup-
port structure or scaffolding upon which the 3D printed model is built. Once print-
ing is completed, this base is removed. Depending on the fabrication technique
used, multiple materials of differing textures and properties can be used to create
structures of varying complexities [4]. In orthopedics, much of the printed materials
come from additive manufacturing powder bed fusion printers [5]. Additional infor-
mation on the 3D printing process can be found in Chap. 4.

The last three decades have seen rapid improvements in design and technology.
Besides stereolithography (SLA), other 3D-printing technologies which have been
developed include digital light processing (DLP), fused deposition modeling
(FDM), selective laser sintering (SLS), selective laser melting (SLM), electronic
beam melting (EBM), laminated object manufacturing (LOM), binder jetting (BJ),
and material jetting (MJ) (Fig. 2). Of these, SLM and EBM have been found par-
ticularly useful in orthopedics. Polyjet technology has the ability to combine

Fig. 2 3D printer GE
ARCAM EBM printer
(powder bed fusion of
metals with electron beam

energy)
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Table 2 Implantable materials and 3D printing processes (non-biodegradable)

Bone
growth in

Process Energy Post- Region of lattice
name Materials | used Resolution | processing | implantation | Sterilization | structures
Electron Ti alloys, | Electron | High Powder Extremities, | Autoclave | Yes
Beam Co Cr beam and hip, spinal
Melting™ supports | cages
(EBM) removal

by

machining
Direct Ti alloys, | Laser Ti alloys, | Powder Spinal cages | Autoclave | Yes
Metal Co Cr Co Cr and
Laser supports
Sintering™ removal
(DMLS) by

machining
Laser PEEK Laser High Powder Spinal cages | Autoclave | Yes
sintering (polyether and

ether supports
ketone) removal
by
machining

materials to produce parts with intermittent physical and mechanical properties as
color and duraform and also build parts with rigid and flexible materials. The pro-
cess can also produce a single model with multiple materials and properties.

The field of materials for 3D printing is also advancing very rapidly and newer
materials are being introduced by every manufacturer. The process of choosing the
appropriate printing material for any model/implant to be produced depends on the
end use of the model/implant. Tables 1 and 2 show the materials currently available
in the 3D-printing arena for orthopedic applications. These include making
3D-printed patient-specific models, non-implantable surgical guides that come in
contact with skin, mucosa, and blood as well as implants that remain in the body
long term. Most of the materials are supplied by the original equipment manufactur-
ers of the 3D printers and can be used only on the specific printer. Therefore, the
manufacturing facility is limited with respect to material options depending on the
equipment and technology resources available.

3 Applications of 3D Printing Technology
in Pediatric Orthopedics

Since its advent in the 1980s, the development of 3D printing technology has pro-
vided opportunities to advance the management of disease conditions in pediatric
orthopedics. The last decade has seen a rapid rise in the use of 3D printing
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technology in orthopedics as evidenced by a more than tenfold increase in publica-
tions based on 3D printing technology in orthopedics [6]. From deformity correc-
tion to oncology and production of prosthetics, 3D printing is rapidly changing the
face of orthopedic treatment options. The ability to generate precise anatomical
models, patient-specific surgical templates, instruments, and implants, as well as
custom prosthetics and orthotics are just some of the methods where 3D printing is
currently being utilized in pediatric orthopedic surgery [7]. More recently, bioengi-
neering methods are being combined with 3D printing to create tissue engineered
biomaterials that may revolutionize treatment options in musculoskeletal oncology
and in the management of congenital and acquired skeletal deficiencies. The remain-
der of the chapter will summarize the current literature regarding the applications of
3D printing in pediatric orthopedic surgery.

3.1 Treatment Planning

A systematic review looking at the advantages and disadvantages of 3D printing in
surgery found the production of anatomic models to be the commonest use of 3D
printing [8]. Via a process called rapid prototyping, the use of preoperative anatomic
models has been utilized across pediatric orthopedic subspecialty areas including
limb reconstruction, oncology, and spine surgery [9-11]. By allowing the surgeon
to better visualize and delineate certain anatomic structures, 3D printed models
enhance the process of creating a preoperative plan. The surgeon can develop
patient-specific detailed surgical plans for both the approach and the hardware
placement. This has translated to improved accuracy in surgical procedures as well
as reduced intraoperative time and better treatment outcomes. For example, it has
been found to be beneficial in the management of pediatric pelvis and spinal condi-
tions, providing better insight in the preoperative planning stage, providing a con-
tinuous reference during surgery, improving safety of the procedure, and shortening
surgery duration [12]. In deformity correction surgery, these anatomically accurate
models of complex bone deformities can be produced from processed CT scan
images [13]. Hand-held mobile scanners have also been developed which can create
3D models of limbs including the entire soft tissue envelope which can then be uti-
lized for computer based surgical planning and hardware design [14]. In serving as
planning tools, these models are useful in determining appropriate location for
placement of trans-osseous wires and half pins as well as permitting trial correction
and preoperative assessment of correction of the deformity [13]. This “virtual surgi-
cal procedure” has the dual advantage of improving the precision and accuracy of
the actual surgical procedure as well as providing a teaching tool for surgeons-in-
training. Within the safety of a simulation lab, it also enables potential problems in
the course of surgery to be anticipated. The surgeon can plan strategies to overcome
or completely avoid these obstacles intraoperatively. In musculoskeletal oncology,
3D printing from reconstructed CT and MRI images has proven to be valuable in
determining the optimal surgical resection plan that strikes a delicate balance
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Fig. 3 Left pelvis chondrosarcoma model with resection plan—bony pelvis model derived from
the CT and soft tissue tumor model from the MR image data

between wide tissue resection and sparing adjacent tissue [15]. Figure 3 shows a
model derived by combining CT and MR scans of a patient with a chondrosarcoma
of the left hip with a resection plan used in preoperative planning. This model is also
useful for patient and family education and as a reference model during surgery.
Composite 3D printed models created by overlaying MRI and CT data of a patient
give the surgeon a better understanding of the pathologic anatomy and the spatial
relationship of the lesion to the neighboring vital structures such as vessels
and nerves.

3.2 Education

3D printing technology has been used both in the training of health care workers and
in the education of patients. With the use of these anatomical models, physicians
can better illustrate pathology and planned surgical interventions to patients and
parents to enhance their understanding of the issues. It can therefore play a key role
in the process of obtaining informed consent in conditions like Blount’s disease,
Perthes disease, and physeal bars [16].

Prior to the advent of 3D printing technology in modern orthopedics, hands-on
training in areas like complex limb deformity correction surgery was only possible
based on the availability of real-life cases or using theoretical approaches with
archived two-dimensional X-ray images and clinical photos. Creation of anatomical
models to serve as educational aids can now be achieved, thus enhancing training
and education of healthcare providers. For example, in the treatment of clubfeet, it
has been used to create models which are used to train healthcare providers in
manipulation techniques as well as providing a better appreciation of pathologic
anatomy [17].
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3.3 Patient-Specific Implants (PSI) and Instrumentation

In addition to anatomical modeling, 3D printing can be used to create unique surgi-
cal instruments and implants. This can be especially helpful in cases that have
unusual anatomy or presentation where standard “off the shelf” items have an
imperfect fit. The surgeon can avoid the need to modify existing instruments or
implants during surgery which can cause damage or weaken them in the process. By
designing custom instruments or implants, 3D printing can potentially streamline
the amount of inventory that needs to be stored in the operating room. 3D printing
also increases the access to these instruments and implants in areas of the world that
are resource challenged. Expensive implants or instruments that are not normally
available can be 3D printed as an alternative in these countries. 3D printed PSI have
gained importance due to their better fit and performance over their generic counter-
parts. The ability to control design and mechanical properties of the implant and
optimization to the clinical scenario requirements, depending on the region of
implantation is the key to the success of PSI. Traditionally used metals such as
Titanium and its alloys, Tantalum and Stainless steel and Chrome cobalt are many
times heavier and have a higher elastic modulus compared to bone. This discrep-
ancy reduces mechanical forces transmitted to the bone and results in stress shield-
ing leading to aseptic loosening and early loss of the implant [18, 19]. 3D printing
with no manufacturing design constraints gives the unique ability to create an
implant with the combination of lattice structures and smooth surfaces appropri-
ately. The lattice structures reduce weight of the implant and alter the mechanical
properties close to the region of implantation [20]. The resultant functionally graded
implant specifications enable bone growth within the lattice structures for better
stability and create smooth surfaces where friction between the joint surfaces is a
concern [21, 22]. Mechanical properties as elastic modulus of the lattice structures
can be altered by the thickness of the struts and the voids in the lattice structure.
Moreover, the ability to enhance osseo-integration and osseo-induction of porous
metallic implants by altering their biological, chemical, and physical characteris-
tics, by surface modifications makes PSI better candidates. Metal 3D printing tech-
nologies such as electron beam melting (EBM) and direct metal laser sintering
(DMLYS) are the processes that are used to create patient-specific metallic implants.
Other non-resorbable implants as spinal cages are 3D printed on laser sintering with
polyether ether ketone (PEEK) or poly ether ketone ketone (PEKK).

3D printing has found a role in the intraoperative management of some musculo-
skeletal conditions. In a cadaveric study by Birnbaum et al., pedicle screw fixation
in the lumbar spine was determined to be more accurate and faster using 3D printed
templates created from CT scan images of the lumbar vertebrae. This was in com-
parison to conventional techniques of fluoroscopy and CT scan as well as other
means of computer assisted spine surgery with navigation systems for pedicle screw
fixation [23]. Spine models have become a definitive part of the surgical planning
armamentarium in scoliosis surgery as they depict the complex 3D curve of the
spine as seen in Fig. 4. CAD/CAM workflow for 3D printing spine braces has been
well established and is being used currently in the clinical scenario as an option [24].
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Fig. 4 Spine—a 3D printed scoliosis model showing anterior view on the left and posterior view
on the right

Patient-specific models have also been utilized to plan corrective osteotomies in
the management of complex limb deformities like intra-articular deformities and
rotational forearm deformities. This application is particularly valuable in unilateral
deformities since the contralateral normal limb can serve as a design template. In
this process, synthetic templates are created and placed in the osteotomy gap, thus
restoring the normal anatomy of the deformed bone. Patient-specific instrumenta-
tion can then be designed and 3D printed to precisely match the deformities and the
planned osteotomy site. Specially designed implants used to hold the corrected
position complete the potentially comprehensive 3D printed management using this
technique [25, 26]. The reported advantages of this process are decreased surgery
and anesthesia time, reduced risk of structural damage to the bone as well as reduced
exposure to intraoperative ionizing radiation. Patient-specific 3D printed external
fixators have also been designed for use in the management of long bone fractures
[27]. These fixators have been deemed to be more accurate and user-friendly, being
less reliant on surgeon expertise. Their major drawback is the prolonged fabrication
waiting time which can be as much as 20 h preventing its use in an acute trauma
setting. Similarly, 3D printed dynamizers have been designed and incorporated into
standard external fixator struts. These have proven useful in accelerating bone heal-
ing in a large animal reverse dynamization fracture model [28].

More recently, 3D printing technology has been applied to the management of
bone defects through the use of bio-engineered bone scaffolds [29-32]. Although
they can be created as bespoke grafts specific to each patient, these materials are
also attractive because they can be produced as versatile, universal grafts to fill bone
defects without the added morbidity of donor site issues in traditional bone grafting
techniques (Fig. 5). They can also be printed as multi-material constructs to create
multifunctional grafts [32].

With the development of 3D cell-printing technology and the advances made in
tissue engineering, the potential possibilities seem endless. Work is already being
done to incorporate stem cells and growth factors as well as endothelial cells which
enables the creation of vascular-primed constructs that show better osteointegration
in their host sites [33, 34].
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Fig. 5 Examples of 3D printed hyperelastic bone showing off the shelf or patient matched forms.
(Images provided courtesy of Dimension Inx)

3.4 Rehabilitation

3D printing technology has been used in the production of custom splints and braces
as well as in the production of prosthetic limbs. The function of traditional pros-
thetic limbs for upper limb deficiencies has been driven by advances in robotic
engineering. Consequently, prosthetic upper limbs for pediatric patients were con-
sidered almost impractical due to the weight, the cost, and the need for frequent size
changes in a growing child. However, it is now possible to create 3D printed pros-
thetic devices for the upper limb in children [35] (Fig. 6). Available open source
designs (https://enablingthefuture.org/upper-limb-prosthetics/, https://3dprint.nih.
gov/) can be used to custom design and print an affordable patient-specific hand
prosthesis.

These devices are lighter than standard available prosthetic limbs and they can be
easily customized, replaced, or upgraded as the child grows. The light-weight nature
of these new devices allows for improved mobility in children and consequently,
much better functional abilities [36]. One of the major attractions is that these func-
tional limbs can be produced for as little as $300 in comparison to costs ranging
from $4000 to $50,000 for the traditional body powered and externally powered
prosthetic limbs [37, 38].
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Fig. 6 3D Printed hand prosthesis https://enablingthefuture.org/current-design-files/
cyborg-beast-hand/

4 Limitations of 3D Printing Technology
in Pediatric Orthopedics

With medical grade 3D printers priced as much as $40,000, the high initial costs of
setting up a medical 3D printing service remain one of the most important limita-
tions in its applicability [23]. This is especially relevant in resource-poor settings.
Some authorities believe however that once the barrier of the initial investment is
overcome, the technology has the potential to be a cost-effective addition to the
armamentarium of modern medicine. Some studies show a reduction in production
costs to as little as 10% of the cost of some standard instruments [39]. Further
obstacles for 3D printed technology include: (1) the need for a preparatory CT scan
which causes additional exposure to ionizing radiation for pediatric patients and (2)
the time it takes to produce patient-specific materials [14]. This production time
delay remains a substantial issue with the clinical applicability of 3D printing tech-
nology. The time scale from image capture, through data processing and the genera-
tion of a digital model has been reduced significantly to minutes but actual printing
time continues to be a process requiring as much as 20 h or more in some instances.
This currently makes the technology prohibitive in an emergency setting. As the
technology continues to evolve, it is hoped that this process will become quicker.

Another shortcoming of 3D printed patient-specific instrumentation is that a
much bigger surgical exposure is sometimes required in order to accommodate pre-
cise positioning of the 3D printed instrument [40]. This in turn may lead to an
increase in the incidence of wound complications, such as delayed healing or
infection.
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S Quality Control and Quality Assurance of 3D-Printed
Patient-Specific Devices

3D printing lends itself well to creation of highly precise patient-specific models,
implants, and devices. The final product is a culmination of several stages of design
and manufacturing processes beginning with patient-specific imaging. It is there-
fore imperative that quality control and quality assurance processes are maintained
throughout the process to deliver the right product for the particular patient and
clinical needs. With imaging, a slice thickness of more than 1.25 mm can compro-
mise the surface rendition precision of the models [41]. Segmentation is manual and
establishing and maintaining intra- and inter-operator differences to acceptable lev-
els is key to producing good meaningful parts. On the manufacturing side, regular
equipment maintenance and choice of the right material for the application is of the
utmost importance. Lastly, the importance of physician, biomedical engineers, and
3D printing and material composition experts’ coordination throughout the process
to deliver meaningful quality models/implants that are useful to end user the sur-
geon and the patient cannot be overemphasized.

6 Future of 3D Printing Technology in Pediatric Orthopedics

With recent advances allowing the design of 3D printed scaffolds incorporating liv-
ing cells, growth factors, and extracellular matrix in a process called 3D bioprinting,
the possibility of creating more complex tissue continues to increase. This will
potentially have far reaching effects in the management of congenital and acquired
skeletal deficiencies. This design process is based on the concepts of biomimicry
and biologic self-assembly [42, 43]. It is facilitated by using bio-inks which are a
combination of a printed scaffold or matrix material (typically a hydrogel), with
embedded living cells. The matrix material may be naturally occurring, synthetic, or
a combination of both [44]. Gelatin is a common example of a naturally occurring
material, while polyethylene glycol is an example of a synthetic matrix. The cells
may be primary cells, adult stem cells, or induced pluripotent stem cells [30]. The
ideal bio-ink is printable, inert, nontoxic, stable and of the desired mechanical integ-
rity [42]. Challenges still exist with the issue of cellular damage during the printing
process and maintaining porosity of the scaffold following instillation of the
hydrogel-based printing ink [45]. The role of 3D bioprinting in the repair of articu-
lar cartilage and in the management of bone defects is currently being investigated
as the search for the ideal bio-ink continues [46].

Managing bone defects in the pediatric population is a challenge. The pediatric
bone is thinner and retains the potential for growth, which must be considered when
planning treatment. Advances in bone tissue engineering have been made in recon-
struction of the pediatric craniofacial skeletal. Composite scaffolds comprising
polylactic polymer, collagen matrix, and nonceramic hydroxyapatite seeded with



3D Printing in Pediatric Orthopedics 161

autologous bone marrow cells have shown good osteointegration properties in the
reconstruction of pediatric cranial defects [47]. Despite extensive research in this
area, clinical translation of this technology remains a challenge. Several scientific,
ethical, and technological factors account for this. Some of these factors include
control of scaffold degradation, vascularization of the scaffold, improvements in the
mechanical properties of scaffolds as well as the ethical considerations involved
with using mesenchymal stem cells and the potential teratogenicity of using bio-
printed cells [48]. The use of highly specific biomimetic construct microarchitec-
ture and smart hydrogels capable of modifying properties like increased bioactivity,
stiffness, and degradation are some of the future trends proposed to tackle some of
these challenges [49, 50].

There has been some interest in the role of 3D printing technology in the man-
agement of musculoskeletal infections. In the past, there was difficulty in achieving
high concentrations of disease specific drugs at a desired location. However, this
problem can be overcome by direct local administration of the drugs. This concept
has proven effective in the management of chronic osteomyelitis [51, 52]. 3D print-
ing technology using poly DL-lactide nano-hydroxyapatite has been proposed as a
technique to create scaffolds that can act as drug delivery systems in some muscu-
loskeletal infection models [53]. There is optimism that these models can also be
utilized as local drug delivery systems in chemotherapy and radiation treatment of
cancer patients.

With the process of rapid prototyping, 3D printing enables implant and instru-
ment manufacturers to test devices before commercialization of the final product. It
is conceivable that the use of this technology can support remote location medical
care, particularly in the developing world. Case specific implants and instruments
can be 3D printed on site rather than coping with the logistic problems of transport-
ing a large inventory of these hardware [3].

3D printing technology research is being conducted to design methods that speed
up the healing of bone in fracture models as well as create an environment for more
rapid consolidation of regenerated bone in distraction osteogenesis. Customized 3D
printed strut modifications for external fixators which allow for controlled micro-
motion have been investigated in large animal fracture models [28]. Their use is
currently under investigation to determine their effect on healing of regenerated
bone during distraction osteogenesis.

7 Conclusion

3D printing is changing the face of pediatric orthopedics. With a reduction in the
size and cost of 3D printers, it is becoming more accessible for use around the
world. Its applications in diagnosis, patient education and consenting, treatment
planning, treatment execution, rehabilitation as well as training of healthcare work-
ers continue to push the limits for excellence in this area of surgery. With improve-
ments in technology and decreasing costs, it is expected that most of the limitations
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will be overcome with time. With the recent developments in 3D printing using
biomaterials, there is growing optimism that someday, evaluating the safety of new
drugs and possibly new medical devices would be less reliant on animal testing.
While this remains an attractive feature of this technology, there are growing calls
for legal regulation of this emerging field of regenerative medicine and indeed, ethi-
cal concerns need to be addressed especially since it is new technology and the risks
have not been fully evaluated [54, 55].
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PLA Poly(lactic acid)

PLA-DX-PEG Poly b,L-lactic acid-p-dioxanone-polyethylene glycol block
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PVA Poly(vinyl alcohol)

rAAV Recombinant adeno-associated virus

RANKL Receptor activator of nuclear factor kB ligand

rhBMP-2 Recombinant human bone morphogenetic protein-2

rhBMP-2/7 Recombinant human bone morphogenetic protein-2/7 heterodimer

It Room temperature
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WSF Wistar skin fibroblast
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1 Introduction

Long bone segmental defects (LBSD) resulting from high-energy traumas or tumor
resections remain a major, unresolved clinical challenge in orthopedic care. To sal-
vage the limb in the case of segmental bone loss, a rational strategy is to fill the
defect with a suitable bone graft [1]. Since Vittorio Putti systematically outlined the
principles of bone grafting in the early twentieth century, researchers and surgeons
have continued to gain basic science understanding of and develop new toolkits for
bone grafting to improve the clinical outcomes [2]. Nowadays, it is estimated that
over two million bone grafting procedures are performed annually worldwide, mak-
ing bone the second most transplanted tissue next to blood. For the regenerative
reconstruction of critical-size LBSD, the gold standard autografting is often imprac-
tical due to either the lack of sufficient volume of autografts or potential nonunion
due to the premature resorption of cancellous autografts [3]. Meanwhile, devitalized
allogenic bone grafts, the leading choice for arthroplasty and spinal surgery, are
known for notoriously high failure rates (>50%) for long bone grafting due to poor
graft fixation and inadequate vascularization/osteointegration, limiting their clinical
uses (<10% in long bone grafting) [4]. Consequently, synthetic bone graft alterna-
tives have long been sought after [5]. Current clinically used synthetic bone graft
substitutes (e.g. brittle bioceramics, weak collagen sponges/gel foams, or their
coarse combinations), however, suffer from poor surgical handling characteristics
and inadequate in vivo performances. Synthetic composite bone graft substitutes
composed of hydrogels or conventional degradable polylactides and osteoconduc-
tive minerals have been exploited to guide the regenerative reconstruction of LBSD
with varying successes. More recently, amphiphilic degradable polymer-mineral
composites have been designed to improve the structural integration with the
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hydrophilic minerals (e.g. overcoming the brittleness and weak interface of conven-
tional degradable polymer-mineral composites [6]) and consistencies of their in vivo
performances. Finally, although adjuvant use of osteoinductive human recombinant
bone morphogenetic protein-2 (thBMP-2) [7-10] is effective in augmenting graft
healing/osteointegration, reviews of its clinical use have revealed severe local/sys-
temic complications [11] associated with the high clinical doses of thBMP-2 (mil-
ligram scale) typically used in combination with collagen sponge carriers (e.g.
Infuse®) or conventional synthetic bone graft substitutes reported in literature.
Overall, there is a critical need for more effective long bone grafting technologies to
salvage limbs following traumatic long bone injuries or tumor resections.

This chapter discusses recent strategies in augmenting the performance of struc-
tural allografts and the development of novel synthetic bone graft substitutes,
including those fabricated by the increasingly accessible three-dimensional (3D)
printing technology, for scaffold-guided long bone regeneration in the past two
decades. To both serve as temporary structural supports and to promote bone regen-
eration, bone grafts should exhibit adequate osteoconductivity and osteoinductivity
and promote osteointegration. These characteristics refer to the ability of a bone
graft to support stem/skeletal progenitor cell attachment/invasion, to promote the
differentiation of stem/progenitor cells into bone-forming cell lineage, and to tem-
plate the formation of new bone that fully integrate with the surrounding host bone,
respectively. We will highlight key examples of each scaffolding material type,
including synthetic periosteal membranes, demineralized bone matrices, metallic
mesh cages, bioceramics, naturally occurring biopolymers and polysaccharides,
synthetic polymeric hydrogels, and synthetic degradable polymers and their mineral
composites, discussing their respective pros and cons for guiding the regenerative
reconstruction of critical-size LBSD from these perspectives. Whenever possible,
we will contrast the regenerative outcome of LBSD achieved by these bone grafting
technologies with clinically used control grafts (e.g. autografts or collagen sponge
absorbed with thBMP-2) or healthy long bone controls. Restoration of the mechani-
cal integrity is valued as an important indication of functional regeneration of the
LBSD and will be presented along with quantitation of new bone to the extent
possible.

2 Autografts for LBSD Treatments

Autologous bone graft is retrieved from another anatomic site of the patient’s own
skeleton. The non-weight bearing and regenerative iliac crest is the most frequently
used donor site, while the proximal tibial, distal radius as well as greater trochanter
are other options [12]. With its natural osteoconductivity and osteoinductivity, auto-
grafts can be integrated with the host bone faster and more completely, thus are
considered as the gold standard and a benchmark in evaluating the performance of
other bone grafts [13]. One of the earlier studies on autografts for LBSD repair
compared the performance of iliac crest autografts and cortical (ulna) autografts
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with demineralized bone matrix control in the reconstruction of 1-cm segmental
defects in rabbit ulna. It showed that the ulna autografts resulted in higher union rate
and superior mechanical strength of the repaired long bone than the iliac crest auto-
graft while performing comparably to the demineralized bone matrix control [14].
It should be noted that there was no specific attempt to preserve or remove the peri-
osteum at the defect site in this study, thus the relative regenerative contributions of
the periosteum versus those of the autografts cannot be determined. This study out-
come highlights the concern over the faster resorption of autologous cancellous
bone grafts that could translate into poor union rate for long bone reconstruction.
Indeed, although cancellous autografts can be more readily harvested from the
patient’s ilia, ribs, and fibulae, their intrinsically poor structural integrity/strength
and rapid resorption characteristics greatly limit their applications for the recon-
struction of load bearing LBSD [15]. Meanwhile, despite the excellent performance
of the cortical autograft in LBSD repair, its limited availability is a key limiting
factor for its practical clinical applications.

3 Structural Allografts for LBSD Treatments

Unlike autografts, allografts are harvested from a donor, often a cadevar [16], thus
are more readily available. Allografts, both cancellous and cortical bone grafts, can
be processed and machined for a wide range of customized uses [17]. To mitigate
the adverse immunological rejections and disease transmission risks [18], structural
allografts need to undergo rigorous decellularization (e.g. chemical treatment, irra-
diation, repeated lysing, and/or freeze-thaw cycles) and sterilization processes [19].
Although these processes effectively improve the safety and reduce immunological
rejections of allografts, they also inevitably compromise the structural integrity and
the osteointegrative property of the allograft due to the loss of key skeletal progeni-
tors and vascular cells and factors residing in the periosteal and intramedullary
niches. Indeed, poor structural integrity, nonunion, and inadequate vascularization
are leading causes of allograft failures for LBSD treatments. A retrospective study
on allograft factures revealed that ~18% of traumatic long bone injury patients
experienced structural allograft failures in the first 3 years, while ~46% of the
allografts ultimately failed [20].

To improve structural allograft vascularization and osteointegration with host
bone, Schwarz and colleagues used a gene therapy approach to deliver signals pro-
moting bone remodeling and vascularization to the devitalized allograft surface
[21]. Using gene expression analyses, they first revealed substantial decrease in the
expression of genes encoding receptor activator of nuclear factor kB ligand
(RANKL) and vascular endothelial growth factor (VEGF) during allograft healing.
They then immobilized via freeze-dry coating of the respective viral vectors, recom-
binant adeno-associated virus (rAAV)-RANKL and rAAV-VEGEF, on the cortical
surface of the processed cortical allograft placed within a 4-mm murine femoral
segmental defect. They demonstrated that the resulting expressions of the VEGF
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and RANKL signals were sufficient to rejuvenate the processed cortical bone
allograft, resulting in complete union by 4 weeks and full restoration of the mechan-
ical strength [21].

To restore the periosteum cellular niche lost during trauma and destroyed in
allograft processing, Zhang and colleagues engineered biomimetic tissue-engineered
periosteum (TEP) [22]. The TEP was fabricated layer-by-layer comprising polycap-
rolactone, collagen, and hydroxyapatite (HAp) composite nanofiber sheets embed-
ded with bone marrow stromal cells (BMSCs) [23]. When applied to the surface of
a processed cortical allograft to heal a 4-mm mouse femoral segmental defect, the
TEP promoted the formation of periosteal bone at the donor site, resulting in total
bony callus formation comparable to that in the autogenic femoral graft control
group by 6 weeks (Fig. 1). It should be noted, however, although the TEP greatly
strengthened the biomechanical integrity of the grafted defect by 6 weeks, the
allograft was not fully remodeled by then. The TEP recapitulated the periosteal
bone healing process as shown by the donor-dependent bone and cartilage regenera-
tion. Compared with the nanofiber sheets lacking donor BMSC, the use of the bio-
mimetic cellularized TEP significantly improved the osseointegration at the
periosteal defect site (Fig. 1).
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Fig. 1 TEP restored donor site periosteal callus formation and enhanced donor allograft incorpo-
ration in repair of a 4 mm mouse femoral segmental bone defect. Representative micro-CT 3D
images of autograft and allograft with or without TEP treatment 6 weeks post-surgery (A).
Longitudinal and cross-sectional micro-CT 2D slice views illustrate organized multilayered peri-
osteal bone formation in TEP treated sample as opposed to the other groups (B). Volumetric micro-
CT analyses of new bone in donor (C), host (D), and total callus (E) (n =6, p <0.05). (Reproduced
from [22] with permission from Elsevier)
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To facilitate more convenient delivery of exogenous cells or cell sheets around
devitalized structural allografts, we developed a self-wrapping degradable shape
memory composite fibrous mesh consisting of poly(lactide-co-glycolide)-b-
poly(ethylene glycol)-b-poly(lactide-co-glycolide) (PELGA) and osteoconductive
mineral HAp [24]. The thermoplastic shape memory composites can be programmed
with an allograft-wrapping “permanent” shape in warm water, deformed into a flat
sheet at room temperature (rt) to facilitate the transfer of stem cell sheet formed on
and released from poly(N-isopropylacrylamide) surfaces (Nunc UpCell™), and
allowed to undergo instantaneous shape recovery to wrap around a rat femur
allograft upon body-temperature saline rinse (Fig. 2). The unique hydration-induced
stiffening behavior, driven by PEG crystallization and microphase separation of the
amphiphilic PELGA [25], ensured the stable wrapping of the shape recovered mem-
brane around the allograft. Combined with its tunable degradation and ability to
support the proliferation and osteogenesis of BMSCs and periosteum-derived cells
[24], this shape memory composite has great potential as smart degradable synthetic
periosteal membrane to deliver pro-healing cellular components and/or signaling
molecules to facilitate LBSD repair. The minimal effective cellular/biochemical
signals to be restored to the allograft surface [26] as well as appropriate in vivo
degradation rate of the synthetic membrane for LBSD repair remain determined.

4 Demineralized Bone Matrix (DBM) for LBSD Treatments

Besides full structural allografts, demineralized bone matrix (DBM) can be pro-
cessed from allograft and used in guided bone regeneration. DBM is the mixture of
type I collagen matrix and osteoinductive, non-collagenous proteins and growth
factors obtained from natural bone grafts following acid or calcium ion-chelator
treatments for mineral removal. DBM is attractive for surgical uses due to its pro-
cessing flexibility (as gels, flexible strips, malleable putty, or injectable bone paste)
and its porosity and osteoinductivity desired for osteointegration [19]. Because of
its inferior mechanical strength, however, DBM is most commonly used for filling
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Fig. 2 Permanent shape programming, temporary shape fixing, and shape recovery of electrospun
HA-PELGA membrane for self-wrapping around a devitalized rat femoral bone graft. (Reproduced
with permission from Fig. 4b of [24]. Copyright 2017 John Wiley and Sons)
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bone defects in non-weight-bearing regions. But there are some reported uses of
DBM-based scaffolds for critical-size LBSD. For instance, DBM scaffolds with or
without seeded allogenic BMSCs were used to treat critical-size radial segmental
defects in ovariectomized (OVX) rabbits. Whereas DBM alone failed to promote
new bone formation in the osteoporotic rabbit by 3 months, the DBM seeded with
BMSCs resulted in significant increase in new bone formation within the radial
defect, although new bone remodeling and integration with host bone remained
inadequate by 3 months [27]. Partially demineralized allografts were also attempted
for the repair of critical-size tibial segmental defects in normal rabbits, but they
were found inferior to ceramic grafts pre-cellularized with autologous mesenchy-
mal stem cells (MSCs) [28].

To facilitate more convenient surgical delivery and better fitting of the weak
DBM in weight-bearing LBSD, an auxiliary device such as a titanium mesh cage
can be used. Cylindrical titanium mesh cages were approved by the United States
Food and Drug Administration (FDA) in the 1990s for delivering weak cancellous
bone grafts or DBM for spine fusion and other selected skeletal reconstructions [29,
30]. They have also been used for the clinical management of large segmental long
bone defects. In a two-patient case report, the cylindrical titanium mesh cages
packed with cancellous bone graft and DBM putty, stabilized with statically locked
intramedullary nails, were used to treat traumatic open tibial fractures (with 85-mm
and 95-mm long segmental bone defects, respectively) [31]. At I-year and 9-month
follow-ups, both patients achieved excellent limb alignment, stability, and fully
bridging bony healing radiographically. The hollow and fenestrated osteoconduc-
tive titanium cage reduced the risk for stress shielding while helping maintain the
form and continuity of the weak DBM putty delivered to the defect. A more recent
17-case multi-center report used cylindrical titanium mesh cages in combination
with autologous graft/allogenic cancellous bone chips and DBM to restore the
LBSD in the tibia, femur, radius, and humerus (with average segmental defect size
of 8.4 cm) [32]. The mean time to follow-up was 55 months (12—126 months).
Overall, 16 (94%) of the patients achieved radiological filling of their bony defect
and united to the native bone ends proximally and distally, resulting in a function-
ing limb.

Currently, there are several commercially available DBM-based products.
Although a growing number of studies have presented encouraging outcomes of the
use of DBM-based products in treating critical-size LBSD [33], higher quality/bet-
ter controlled clinical studies are still needed to establish their unequivocal efficacy
and advantages in critical-size LBSD treatments.

5 Synthetic Bone Graft Substitutes for LBSD Treatments

The limitations of autografts and allografts have motivated the development of via-
ble synthetic alternatives for LBSD treatments. Recent advances in controlled
polymerization/bioconjugation chemistry, biotherapeutics, and the popularization
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of computational modeling and computer-assisted design (CAD) tools and 3D scaf-
fold fabrication techniques (e.g. freeze-casting, 3D printing, bioprinting) have
allowed for the development of synthetic bone grafts that exhibit structural, mechan-
ical, and degradative characteristics well-suited for scaffold-guided bone regenera-
tion. Here we discuss recent applications of 3D synthetic scaffolds based on designer
titanium mesh cages, bioceramics, naturally occurring or synthetic hydrogels, and
degradable synthetic polymers or their composites for the treatment of LBSD.

5.1 Titanium Mesh Cages

Although titanium mesh cage implants were approved for the reinforcement of defi-
cient bone in 1990s by the FDA and subsequently used in combination with weak
cancellous bone chips and DBM for spine fusion [34] and guided segmental bone
regeneration [35], the cage design was recently optimized by Duda and colleagues
to provide local mechanical stimulus to improve segmental long bone regeneration
[36]. Two mechanically distinct titanium mesh scaffolds were designed using finite
element techniques in a honeycomb-like configuration to minimize stress shielding
while ensuring resistance against mechanical failure. Scaffold stiffness was altered
through small changes in the strut diameter only. Honeycombs were aligned to form
three differently oriented channels to guide the bone regeneration. The 3D additive
manufactured (laser sintered) titanium mesh cages were packed with autologous
cancellous bone retrieved from the sheep iliac crest and implanted into 4-cm tibial
segmental defects in sheep. To verify that local scaffold stiffness could enhance
healing, defects were stabilized with either a common locking compression plate
that allowed dynamic loading of the critical-size defect or a rigid custom-made plate
that mechanically shielded the defect. The 6-month follow-up showed that the tita-
nium mesh cage with lower stress shielding led to earlier defect bridging, increased
endochondral bone formation and advanced bony regeneration within the critical-
size defect. These findings support that rational mechanobiological optimization of
3D auxiliary titanium mesh cages can significantly enhance the critical-sized LBSD
reconstruction outcome when used in combination with weaker bone grafts.

5.2 Bioceramics

Bioresorbable ceramics, such as amorphous and crystalline calcium phosphates
(CaP), calcium apatites, and bioactive glass have long been used in bone and dental
repair and tissue engineering due to their osteoconductivity, similarity to the min-
eral compositions of calcified tissues, and their ability to absorb a wide range of
protein factors owing to their pH-dependent surface zeta potentials [37]. Bioceramics
of varying aqueous solubilities (e.g. amorphous CaP, beta tricalcium phosphate/-
TCP vs. crystalline HAp) can be used in defined ratios to achieve targeted in vivo
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resorption rate [38]. Owing to the high strength yet low fracture toughness of most
bioceramics, they are often combined with compliant polymers to achieve improved
toughness for use as bone tissue engineering scaffolds. Being slightly basic, many
of these bioceramics also help buffer the acidic degradation products of synthetic
degradable polymers such as polylactides, thereby mitigating the local inflamma-
tory responses to the degrading scaffold.

Kasten and colleagues used the high-surface calcium-deficient hydroxyapatite
(CDHA) scaffold in combination with allogenic platelet-rich-plasma (PRP) and/or
MSC:s for the regenerative repair of 15-mm rabbit critical-size segmental ulna defect
[39]. The periosteum around the adjacent bone, 5 mm away from each side of the
segmental defect, was removed. The bone defect was filled with the CDHA scaffold
with/without allogenic PRP, MSCs, or both. Compared to the CDHA only groups,
the CDHA + PRP and CDHA + MSC groups promoted better bone formation as
evidenced by radiography and histology at 16-weeks post-implantation. However,
the synergistic delivery of PRP and MSCs via the CDHA scaffold did not lead to
statistically significant further improvement in new bone formation, and a substan-
tial amount of the CDHA scaffolds remained un-resorbed by 16 weeks in all groups.
Non-destructive 4-point bending test of the new bone at 16 weeks showed that while
all scaffold-treated group resulted in higher stiffness compared to untreated control,
none of them restored the mechanical integrity beyond those of cancellous bone.
Indeed, slow-resorbing HAp scaffolds have been shown by others to persist even
after 7 years in patients [40]. It is possible that a ceramic scaffold with faster in vivo
resorption may expedite the graft incorporation.

Porous ceramic scaffolds composed of 80% B-TCP and 20% HAp impregnated
with osteogenically induced autologous MSCs and plasma-derived fibrin were used
for repairing critical-size 1-cm rabbit tibial segmental defects stabilized by k-wires
and external fixators. The periosteum surrounding the defect was removed. The cel-
lularized tissue-engineered porous ceramic scaffold was shown to outperform par-
tially demineralized allograft controls by achieving faster union and higher
compressive strength by 3 months [28]. The regeneration outcome was not com-
pared to autograft controls or unoperated tibial controls.

Bioglass, mainly consisting of calcium, phosphorus and silicon dioxide, is
known for its ability to template the surface deposition of carbonated hydroxyapa-
tite upon contact with simulated body fluid in vitro or upon implantation in vivo. By
varying the composition of bioglass, its resorption rate can be altered. Bioglass has
been shown to promote the adhesion, proliferation, and differentiation of osteopro-
genitor cells into osteoblasts, thus accelerating new bone formation and osteointe-
gration [41]. For in vivo applications, bioglass is often combined with other
materials or therapeutic proteins to enhance their biological performance. For
example, Tolli and colleagues loaded reindeer bone protein extract on bioglass car-
rier for the regenerative repair of a §-mm rat critical-size femur segmental defect
[42]. Compared to the untreated defect or the control treated with only bioglass, the
bioglass + bone protein extract groups (with 10 mg or more) significantly enhanced
new bone formations at 8§ weeks post-implantation as shown by bone mineral den-
sity quantitation by peripheral computer tomography (CT). The bioglass loaded
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with 15-mg bone protein extract was found to enhance the bone torsional stiffness
when compared with less protein extract loadings, although the observed improve-
ment was statistically insignificant. Besides the repair of critical-size LBSD, bio-
glass composites were also employed to heal non-critical tibia defects [43].

5.3 Naturally Occurring Biopolymers and Their
Bioceramic Composites

Collagen and Collagen/Bioceramic Composites

Collagens are ubiquitous extracellular matrix (ECM) proteins in native tissues. In
bone, type I collagen provides elasticity of the calcified tissue and serves as the
protein template for both bone mineralization and numerous non-collagenous pro-
tein attachment. Thus, collagen has long been used as a rational bone tissue engi-
neering component, especially for therapeutic protein delivery. Most commonly
used absorbable collagen sponges (ACS) for the delivery of rhBMP-2 [7-10, 44],
for instance, can be prepared from purified bovine or porcine collagen [45]. Major
limitations of ACS for critical-size LBSD treatment include its poor mechanical
strength complicating its surgical handling and in vivo stability (tendency for break-
age) and its suboptimal BMP-2 release kinetics responsible for the supraphysiologi-
cal loading doses required (e.g. milligram scale via INFUSE® for human uses).
Indeed, safety reviews have revealed severe local (e.g. ectopic bone formation) and
systemic complications [11, 46] associated with the high clinical doses of rhBMP-2
used in combination with ACS carriers and have led to safety warnings issued by the
FDA. To improve the mechanical strength and therapeutics release profiles of ACS,
collagen is often combined with osteoconductive bioceramics for bone tissue engi-
neering applications [47].

Collagen membranes have also been combined with bioceramic scaffolds to
improve their osteointegration for traumatic long bone injury repair. Guda and col-
leagues applied permeable collagen membrane to a porous HAp scaffold for the
regenerative repair of a critical-size, 10-mm rabbit ulna segmental defect [48].
Compared to the scaffold-only group, the collagen membrane-wrapped group
increased regenerated bone volume (e.g. 59% and 27% greater at 4 and 8 weeks,
respectively) as quantified by the micro-CT (p-CT) analysis. Flexural testing of the
rabbit radius—ulna complex after 8 weeks revealed that both the collagen-wrapped
group and the autograft control showed significantly stronger flexural strength than
the untreated defect group, but the HAp scaffold group did not, consistent with the
increased interfacial bone ingrowth and periosteal remodeling observed in the
collagen-wrapped group. The improved outcomes were attributed to the collagen
wrap’s promotion of periosteal callus ossification while preventing fibrous tissue
infiltration. It should be noted that the porous HAp scaffold remained largely un-
resorbed by 8 weeks. Longer-term graft remodeling and osteointegration was not
reported. It is of interest to determine whether the delivery of exogenous anabolic
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factors and/or the choice of faster resorbing bioceramics could further expedite the
healing.

Gelatin, the hydrolyzed collagen fragments, have also been used for the delivery
of rhBMP-2 for LBSD repair. Tabata and colleagues crosslinked gelatin hydrogel
with glutaraldehyde for BMP-2 delivery to 20-mm, critical-size segmental defects
in rabbit ulna [49]. High-water content (~98%) gelatin hydrogels incorporating
17-pg thBMP-2 exhibited significantly higher osteoinductivity than free rhBMP-2,
resulting in significantly higher bone mineral density within the defect at 6 weeks
post-surgery. However, the degree of mechanical restoration of the repaired defect
was not evaluated. This study also showed that gelatin hydrogel itself was not osteo-
inductive but could serve as a good delivery vehicle for rhBMP-2.

Polysaccharide Hydrogels and Their Composites

Hydrogels can be prepared by naturally occurring polysaccharides (e.g. hyaluronic
acid, alginate, and chitosan) or synthetically modified polysaccharides (e.g.
PEGylated or methacrylated), enabling cytocompatible encapsulation and local
release of a wide range of biotherapeutics (e.g. cells, proteins, growth factors) and
structural additives (e.g. bone minerals) [50]. These hydrogels have been used for
critical-size LBSD reconstruction.

Hyaluronic acid (HA) or hyaluronan is a glycosaminoglycan found in various
tissues, especially in joint and bone, that binds to specific cell surface receptors and
matrix proteins and provides lubrication to the synovial membranes in the joint
capsule. It is the only non-sulfated glycosaminoglycan that consists of repeating
units of N-acetyl-D-glucosamine and D-glucuronic acid and is degraded by hyal-
uronidases. HA has been widely investigated, often upon covalent crosslinking, for
the delivery of biotherapeutics (e.g. via electrostatic binding of cationic protein/
growth factors) and as a structural template for bone and cartilage tissue engineer-
ing [51]. As the crosslinked hydrophilic polysaccharide gel or powder gel is intrinsi-
cally weak, HA is often integrated with other structural components (e.g.
bioceramics, collagen/gelatin, chitosan) for guided long bone regeneration. Lee and
colleagues delivered rhBMP-2 viainjectable, butanediol diglycidyl ether-crosslinked
HA powder gel/p-TCP microsphere composites to repair 5-mm rat fibular LBSD
[52]. Unlike the B-TCP/HA only group that did not lead to detectable new bone
formation by 9 weeks, the injected composite with 10-ug rhBMP-2 resulted in
robust bony callus formation bridging over the defect at 9 weeks post-surgery [52].
However, no biomechanical test was conducted to evaluate the degree of mechani-
cal restoration of the LBSD. These results show that whereas HA by itself is not
sufficient to template long bone regeneration, it served as a good rhBMP-2 delivery
vehicle. It should be noted that the 10-pg dose of rhBMP-2 delivered in this rodent
study was quite high, which would scale to tens of milligrams in human that are
known for causing undesired systemic and local side effects.

Alginate, isolated from seaweeds, is a linear copolymer with homopolymeric
blocks of (1-4)-linked pB-pD-mannuronate and its C-5 epimer a-L-guluronate. It has
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been employed to encapsulate cells and deliver growth factors for decades including
for bone regeneration [53]. Alginate 3D hydrogels or microspheres can be formed
by ionic crosslinking of the linear polysaccharide with divalent calcium ions in the
presence of therapeutic cargos (e.g. thBMP-2) and be injected to fill irregularly
shaped tissue defects. The 3D network of ionically crosslinked alginate gel would
eventually fall apart in vivo (e.g. due to the dynamic exchange of the divalent cation
crosslinkers with monovalent cations like Na* in the tissue environment), although
the linear polysaccharide chains are not inherently degradable under physiological
conditions [54]. As alginate microspheres/hydrogels lack mechanical strength and
cell-adhesiveness, their use for LBSD regeneration often involves secondary con-
tainment and/or requires chemical modification with integrin-binding peptides. For
instance, Guldberg and colleagues conjugated arginine-glycine-aspartic acid (RGD)
to alginate via carbodiimide chemistry and Ca?*-crosslinked the RGD-modified
alginate with/without 5-pg rhBMP-2, and delivered them to a challenging 8-mm rat
femoral segmental defect in an electrospun poly(e-caprolactone) (PCL) fibrous
mesh tube with/without perforated surfaces [55]. In the absence of thBMP-2, no
bridging of the defect was accomplished by 12 weeks in the mesh tube alone or
mesh tube + alginate groups (Fig. 3, top), supporting that alginate was largely bio-
inert. However, with the 5-pg rhBMP-2 delivered, bony callus completely bridged
over the defect by 12 weeks in both mesh + alginate + BMP-2 and perforated
mesh + alginate + BMP-2 groups, with the latter achieving earlier osteointegration
(Fig. 3, bottom) and the full restoration of torsional integrity to the level of intact
bone by 12 weeks [55]. pCT-based angiography analyses showed that the presence
of perforations in the fibrous mesh tube did not improve vascular invasion. The
exact mechanism for the accelerated bone formation and defect bridging in the per-
forated mesh group, including potential impact of altered hBMP-2 release kinetics,
remains fully elucidated. Interestingly, this group also compared the in vivo perfor-
mance of the non-perforated mesh + alginate hybrid carrier with the conventional
collagen sponge carrier for BMP-2 delivery using the same rat LBSD model and
showed that at the 1-pg rhBMP-2 loading dose, the hybrid delivery system yielded
greater connectivity by week 4 and 2.5-fold greater bone volume by week 12 [56].
Alginate or RGD-modified alginate have also been used to deliver DNA encod-
ing BMP [57], multiple anabolic protein factors [58], or the combination of BMP-2
and mechanical stimulation [59] to improve LBSD repair outcomes. To accelerate
the degradation of alginate in these in vivo applications, Mooney and colleagues
used gamma irradiation to lower the molecular weight of the polysaccharide chains
prior to implantation and showed that the irradiated alginate scaffolds were degraded
faster and facilitated cellular infiltration in vivo [60]. They also used sodium peri-
odate to partially oxidize alginate to expedite its degradation [61]. Guldberg and
colleagues prepared oxidized-irradiated alginate hydrogels that even more readily
degraded in vivo and accelerated the release of rhBMP-2 for the repair of the chal-
lenging 8-mm, critical-size rat femoral segmental defects [62]. With the delivery of
2 pg of thBMP-2, bridging bony callus was observed in both oxidized-irradiated
alginate and irradiated alginate groups. At 12 weeks post-surgery, histology showed
that oxidized-irradiated alginate was degraded to a greater extent and had more
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Fig. 3 Representative radiographs at 4 and 12 weeks. Defects in Groups I and II demonstrated
small amount of bone formation and did not bridge, even after 12 weeks. At week 4, defects in
Groups III samples were infiltrated with considerable bony tissue, while Group IV samples exhib-
ited the most robust mineralization. All samples in Groups III and IV were bridged with densely
packed bone at week 12. (Reproduced from [55] with permission from Elsevier)

mature bone penetration within the hydrogel scaffold. Biomechanical strengths of
the repaired LBSD at 12 weeks were similar for both groups, with full functional
restoration of torsional stiffness achieved. Without examining the mechanical prop-
erty of the regenerated bone at an earlier time point, it is unclear whether the faster
degradation of oxidized-irradiated alginate and more rapid release of rhBMP-2
translated into expedited functional healing of the LBSD.

Chitosan, obtained from the base hydrolysis of exoskeletons of crustaceans, is a
linear polysaccharide composed of randomly distributed fB-linked D-glucosamine
and N-acetyl-D-glucosamine; it is also the primary component of exoskeleton of
insects and the cell walls of some bacteria and fungi. Chitosan has been explored for
many biomedical applications due to its biocompatibility, biodegradability, as well
as antimicrobial properties [63]. Chitosan is appealing for scaffold-guided bone
regeneration due to the ease of fabricating porous chitosan scaffolds [64]. Chitosan
powder was shown to expedite long bone fracture healing in dogs in an early study
[65]. Chitosan has also been combined with other grafting materials or osteogenic
growth factors for critical-size LBSD repair. For instance, chitosan gel-DBM pow-
der mixture was used for treating 15-mm, rabbit radial segmental defects, with bony
bridging observed by 12 weeks, although the mechanical property restoration was
not evaluated [66]. Chitosan hydrogel/TCP composite loaded with an exceptionally
high dose of 150-pg rhBMP-2 was used for the repair of 15-mm, rabbit radius seg-
mental defects, which resulted in incomplete regeneration at 8 weeks along with
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observed composite leakage from the defect [67]. These outcomes highlight the
general challenges associated with the relatively weak polysaccharide hydrogels
including chitosan for LBSD regeneration and calls for further formulation optimi-
zations for such applications.

To facilitate neo-osteogenesis and expedite regeneration of the defects in a dose-
dependent manner, Yang and colleagues photo-crosslinked chitosan-lactide-
fibrinogen (CLF) hydrogels incorporated with BMP-2 for treating a 6-mm,
critical-size segmental defect in rat femur [68]. Unlike the CLF hydrogel alone or
the group containing a low dose of thBMP-2 (0.5 pg) that led to very little bone
formation, the CLF hydrogels containing 5-pig thBMP-2 promoted bridging bony
callus formation at 4 weeks post-implantation. No biomechanical test was con-
ducted to evaluate the degree of mechanical restoration of the LBSD in this study.
This study also revealed that CFL hydrogel by itself did not promote osteogenesis.
Instead, it served as a reasonable rhBMP-2 delivery system. Finally, the use of chi-
tosan-based scaffold for the repair of infected LBSD is worthy of further investiga-
tion given the antimicrobial properties of chitosan.

5.4 Synthetic Polymeric Materials and Their
Bioceramic Composites

Unlike natural polymeric materials that vary greatly in compositions and molecular
weights depending on their sources as well as isolation and processing conditions,
synthetic polymers can be designed and synthesized with more precise composi-
tions, molecular architectures, controlled charge distributions, cytocompatible
covalent crosslinking, dynamic non-covalent crosslinking, tunable degradative
properties, and salient functional groups for modulating cellular interactions [69—
72]. Here we discuss the use of poly(ethylene glycol) (PEG)-based hydrogels, con-
ventional degradable polylactide-based composites as well as multi-functional
amphiphilic degradable composites for critical-size LBSD regeneration.

Poly(Ethylene Glycol) (PEG) Hydrogels

PEG, also known as Macrogol, is a polyether consisting of repeated ethylene glycol
units. It can be prepared either by anionic polymerization of ethylene oxide with any
hydroxyl initiators (e.g. water, ethylene glycol, or any diols) or through ring-opening
polymerization of epoxyethane. PEG is non-biodegradable, yet it is also low-fouling
and easily excretable. For tissue engineering applications, PEG has been explored
for both biotherapeutics encapsulation/delivery and as synthetic tissue scaffolds
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[73]. For the latter application, however, chemical modifications of PEG with cell
adhesive signals or blending with other structural additives known to promote cell
adhesion and bone matrix deposition are often required to overcome the low-fouling
nature of PEG.

Olmsted-Davis and colleagues delivered 20 million allogenic Wistar skin fibro-
blast (WSF) cells transduced with an adenovirus expressing BMP-2 via injectable
poly(ethylene glycol) diacrylate (PEGDA) hydrogel microspheres to repair a 5S-mm,
critical-size segmental defect in rat femur [74]. The injectable PEGDA hydrogel
was designed as a bioinert barrier mitigating the immune responses to the encapsu-
lated allogenic, BMP-2 expressing WSF cells. It was shown that the continuous
secretion of BMP-2 by these cells (with in vitro assay suggesting 96-ng/day BMP-2
production at the cell encapsulation dose applied) led to bony callus formation
bridging over the defect within 3 weeks, which was continuously remodeled into
more mature bone over 12 weeks. Although torsion test also suggested that the tor-
sional strength and stiffness approached those of the intact controls by 12 weeks, the
limited sample size of n = 3 combined with a relatively large standard deviation in
the experimental group prevented a solid conclusion from being drawn. Notably, the
size of the bony callus remained abnormally large even after 12 weeks, which was
attributed to the non-degradable hydrogel impeding adequate remodeling and tissue
integration. In addition, the long-term survival of the encapsulated genetically engi-
neered cells as well the local and systemic safety of this approach remains to be
addressed.

Garcia and colleagues functionalized 4-armed PEG-maleimide with a pro-
osteogenic a2f1 integrin-specific hexapeptide (GFOGER) and crosslinked them, in
the presence or absence of varying doses of thBMP-2, with a peptide crosslinker
sensitive to the cleavage by matrix metalloproteinase (MMP) [75]. These MMP-
degradable, GFOGER-modified PEG hydrogels were examined for their ability to
repair a 2.5-mm, critical-size segmental defect in mouse radius. In the absence of
encapsulated hBMP-2, the GFOGER-functionalized PEG hydrogel templated sub-
stantial new bone formation within the defect, albeit non-bridging, by 8 weeks post-
surgery, supporting the osteoinductivity of the GFOGER-functionalized PEG
hydrogel. This observation was in stark contrast to the lack of new bone formation
in the defects treated with the control PEG hydrogel functionalized with the more
commonly used cell adhesive RGD peptide. When encapsulated with a low dose of
30-ng of thBMP-2, the MMP-degradable, GFOGER-modified PEG hydrogels
underwent rapid degradation and sustain-released of BMP-2 in vivo, resulting in
new bone fully bridging the critical-sized ulna defect by 8 weeks and restoring its
maximal torque to that the level of intact radii (Fig. 4). Notably, this outcome was
superior to that achieved with the same dose of thBMP-2 delivered via the collagen
control, which failed to fully bridge the defect by 8 weeks. This scaffold has the
potential to improve both the safety and the efficacy of the BMP therapeutics.
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Fig.4 BMP-2 delivery from GFOGER-functionalized gels improves bone regeneration compared
to collagen foams. (A) 3D micro-CT reconstructions of radii (left) and mineral density sagittal
sections (right), scale bar 1 mm. (B) micro-CT measures of bone volume in radial defects. (C)
Bridging score at 8 weeks post-implantation n = 13. (D) Maximum torque values for 8-week radial
samples subjected to torsion mechanical testing to failure n = 5-9. (E) Sections of 8-week radial
samples stained with Safranin-O/Fast Green, scale bar 200 pm. (F) Retention of infrared dye-
labeled BMP-2 at implanted defect site in vivo n = 6. (G) Quantification of CD45~/CD90* osteo-
progenitor cells present in defect 7 days post-implantation, n = 4-6. *p < 0.05, ***p < 0.001, and
*##%%p <0.0001 compared to collagen foam/low dose BMP-2. (Reproduced from [75] with permis-
sion from Elsevier)

Polylactides and Composites

Numerous degradable synthetic polymers, including polyesters [76] (e.g.
poly(propylene fumarate) [77], polylactides), polyanhydrides [78] and polyamino
acids [79], have been pursued for scaffold-guided tissue repair over the past a few
decades [80]. Of them, the most investigated for in vivo uses are polylactides.
Poly(lactic acid) (PLA), poly(p,L-lactic-co-glycolic acid) (PLGA), PCL and their
copolymers have been approved by the FDA for many medical applications includ-
ing orthopedics [81]. These polymers can be readily prepared using scalable ring-
opening (co)polymerization of lactide, glycolide, and/or e-caprolactone. They can
be solvent cast into films, electrospun into fibrous meshes, thermal-extruded into
filaments, and rapid prototyped/3D printed into macroporous 3D scaffolds tailored
for specific tissue defects. These polymers generally support cellular adhesion and
degrade into natural metabolites such as lactic acid. For guided bone regeneration,
these polymers are often combined with osteoconductive minerals to achieve
improved mechanical strength, facilitate absorption and delivery for osteogenic
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protein therapeutics, and mitigate inflammatory response to their acidic degradation
products.

Conventional Polylactide-Mineral Composites

In an earlier study, Kirker-Head and colleagues delivered hBMP-2 and autologous
blood via PLGA microparticles to 25-mm segmental defects in sheep femora [82].
Unlike the PLGA and blood only groups that failed to induce sufficient new bone
formation, the adjuvant delivery of 2- and 4-mg rhBMP-2 with PLGA and autolo-
gous blood significantly enhanced new bone formation, with new bone content
approaching that of the intact femur at 16 weeks post-implantation while the recan-
alization of intramedullary canal nearly completed by 1 year. The PLGA was
resorbed by ~4 months after implantation. Since no biomechanical test was con-
ducted, the restoration of mechanical integrity, however, could not be evaluated. It
was noted that the weak and brittle PLGA tended to fragment during the implanta-
tion, underscoring a weakness in the handling characteristics of such conventional
degradable polymers. Zhang et al. examined porous PLA/DBM composite [83] for
the repair of 12-mm rabbit radius segmental defects and observed radiographic
healing approaching that of the autograft control. The study, however, lacked quan-
titative evaluations of new bone formation or assessment of mechanical integrity of
the repaired LBSD. Kokubo and colleagues implanted PLGA-coated gelatin
sponges impregnated with 0.4 mg/mL of rhBMP-2 in 25-mm segmental defects in
dog tibiae [84]. Whereas the defect treated with the composite scaffold alone
resulted in nonunion at 16 weeks, all defects treated with the scaffold along with
rhBMP-2 resulted in radiographic union by 8 weeks. Restoration of the torsional
integrity to the level at or beyond that of intact tibiae was achieved at 32 weeks, with
all biomechanical parameters examined comparable to that of the intact tibia at
2 years.

Reichert and colleagues showed that 3D printed PCL/TCP composites, in the
absence of any exogenous therapeutics, performed far inferior to autologous cancel-
lous bone grafts for the repair of LBSD [85]. However, they showed that when the
3D printed macroporous PCL/BTCP composite scaffold was used to deliver
rhBMP-7 to 3-cm critical-size segmental defect in sheep tibia [86], those incorpo-
rating 1.75 or 3.5 mg thBMP-7 resulted in bridging bony callus by 3 months, restor-
ing torsional strength to the level achieved by autologous cancellous bone grafting.
Although the scaffold did not fully degrade even after 12 months [87], the mechani-
cal restoration in the PCL/BTCP/3.5-mg rhBMP-7 group exceeded that of the autol-
ogous cancellous bone graft at 12 months. It should be noted that the milligrams of
rhBMP-2 and thBMP-7 delivered by the conventional polylactide-based scaffolds
in these large animal studies are similar to the high human clinical doses that are
known for causing adverse local and systemic side effects.
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Amphiphilic Polylactides and Mineral Composites

Integrating hydrophilic polymer blocks such as PEG within the hydrophobic PLA,
PLGA, and PCL is an effective way to modulate their physical (e.g. enhanced aque-
ous wettability; improved structural blending with biominerals), mechanical, and
degradative (e.g. expedited hydrolytic degradation) properties [88]. A number of
amphiphilic polylactides and mineral composites have been applied for the treat-
ment of LBSD. Kaito and colleagues prepared porous amphiphilic copolymer PLA-
PEG/HAp composite bearing 5 or 20 pg of hBMP-2 to repair a 1.5-cm, critical-size
segmental defects in rabbit radius [89]. Bony callus bridged over the defect by
8 weeks with both BMP-2 doses delivered, although the composite graft still
remained by 8 weeks and it was unclear how the mechanical integrity of the bridged
defect compared with that of the intact controls. Yasuda and colleagues developed a
PLA-PEG/BTCP paste to deliver varying doses of rhBMP-2 to the surface of struc-
tural allograft for the repair of 8-mm, critical-size segmental bone defects in rat
femur [90]. By 12 weeks, with 10- and 20-pg thBMP-2, bony callus bridged over
the allograft and the host bone, with the 10-pg rhBMP-2 group restoring the bend-
ing strength of the treated defect to those of the intact controls. It is unclear, how-
ever, whether the deep-frozen structural allografts used in this study were adequately
decellularized. In addition, the host periosteum retained during the creation of the
segmental defect may have also contributed to the healing. Yoenda and colleagues
prepared composite blocks consisting of a copolymer of PLA with randomly
inserted p-dioxanone and PEG (PLA-DX-PEG) and porous -TCP to deliver 50 pg
of rhBMP-2 to a 1.5-cm critical-size segmental defect in rabbit femur [91]. Bony
union was achieved by 8 weeks, resulting in the restoration of its bending stiffness
to 40% of the intact control. The new bone was continuously remolded, culminating
in full resorption of the composite scaffold and the restoration of the natural anat-
omy and mechanical integrity of the regenerated femur by 6 months.

We have shown that by engineering appropriate block lengths and ratio of amphi-
philic block copolymers PLA-PEG-PLA (PELA) and PLGA-PEG-PLGA (PELGA),
well integrated polymer-HAp composites exhibiting shape memory behavior, con-
trolled in vivo degradation, and unique hydration-induced stiffening could be pre-
pared [24, 25, 92-94]. The hydrophobic PLA and PLGA blocks provide tunable
degradability, while the center hydrophilic PEG block ensures excellent bonding
with osteoconductive HAp, resulting in composites with improved elasticity and
aqueous wettability [24, 92, 95]. These amphiphilic composites stiffen upon hydra-
tion as a result of microphase separation and PEG crystallization and exhibit
thermal-responsive shape memory properties that enable facile temporary shape
programming at room temperature and rapid shape recovery at body temperature
[92]. The well-distributed HAp maximized the osteoconductivity and osteoinduc-
tivity of the composite, promoting osteochondral lineage commitment of BMSCs in
unstimulated culture and supporting more potent osteogenesis upon in vitro induc-
tion (by 2-3 orders of magnitude) compared to conventional degradable polymer-
HAp composites [95]. The HAp also enabled stable encapsulation/sustained release
of BMP protein therapeutics on both electrospun composite meshes [93] and 3D
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composite grafts [94] to guide the regeneration of critical-size femoral segmental
defects in rodents.

For instance, we 3D printed macroporous 25%HAp-PELGA(8/1) grafts (25 wt%
HAp; lactide-to-glycolide ratio of 8/1 within the PLGA blocks) designed for critical-
size, 5-mm rat femoral segmental defects [94]. The grafts were compressed into
shorter cylinders at rt and conveniently placed within the 5-mm rat LBSD (perios-
teum from adjacent bone was circumferentially removed), which underwent instan-
taneous shape recovery, swelling, and stiffening at body temperature, resulting in
stable graft fixation. By contrast, resorbable collagen sponge control lost its shape
upon wetting, making its surgical placement into the defect tedious. Pull-out test
measuring the force required to dislodge hydrated HAp-PELGA graft vs. collagen
sponge from the defect confirmed superior fixation of HAp-PELGA (by >2 orders
of magnitude). When a single dose of 400-ng thBMP-2/7 heterodimer (~13-pg
when scaled to 60-kg human as opposed to the typical mg-scale clinical thBMP-2
doses) was loaded on the 25%HAp-PELGA(8/1) graft, bony callus fully bridged the
LBSD by 4 weeks, with the new bone rapidly remodeled into mature bone and
recanalized in 8—12 weeks (Fig. 5a). Continued increases in bone volume (BV) and
bone mineral density (BMD) were confirmed by pCT quantification over time
(Fig. 5b). Femoral histology confirmed active new bone remodeling by coordinated
osteoclast (tartrate-resistant acid phosphatase/TRAP, red) and osteoblast (alkaline
phosphatase/ALP, blue) activities at 4 weeks and the timely resorption of the graft
by 12 weeks (Fig. 5c). Full restoration of torsional strength of the regenerated
femurs to that of intact control femurs was achieved by 16 weeks (Fig. 5d). Finally,
no ectopic bone formation was detected in the HAp-PELGA/BMP-treated LBSD,
contrasting extensive ectopic bone formation observed in the collagen/BMP control
group. This study demonstrated that osteoconductive HAp-degradable amphiphilic
polymer composites can be engineered as smart-fitting synthetic bone graft to
achieve improved surgical handling and expedited functional regeneration of LBSD
with a safer dose of BMP therapeutics (>100 times lower than typically required
with collagen carriers).

6 Potentials of Complex Bioprinted Cell-Laden Hydrogel/
Mineral Composite Scaffolds

Compared to thermal extrusion-based 3D printing, 3D bioprinting enables the inte-
gration of temperature-sensitive biofactors and cells within a polymeric hydrogel
and/or mineral-based tissue engineering scaffold in a spatially defined manner for
both soft and hard tissue regeneration [96]. Naturally occurring biopolymer-based
hydrogels such as alginate, gelatin, collagen, hyaluronic acid, chitosan, and decel-
lularized extracellular matrices as well as synthetic polymeric hydrogels such as
PEG (meth)acrylates and Pluronics have all been exploited as bioinks to deliver
therapeutic cells and/or biofactors during 3D bioprinting. For example, Atala and
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Fig. 5 Accelerated healing of 5-mm rat femoral segmental defects by 25% HA-PELGA(8/1)
grafts preabsorbed with 400-ng thBMP-2/7. (A) 3D pCT images and BMD color maps (center
sagittal and axial slices) of the ROI showing maturing regenerated bone within the defect over
time. Global thresholding was applied to exclude bone densities below 518.2 mg HA/cm?
(HA-PELGA graft invisible at this threshold). (B) Longitudinal pCT quantification of BV and
BMD (n > 12) within the ROI over time. Statistical significance over the 4-week data or as indi-
cated by brackets indicated as follows: **p < 0.01, ***¥p < 0.0001. One-way ANOVA with
Tukey’s post hoc test. Data are presented as means = SEM. The global lower threshold of 518.2 mg
HA/cm® was applied for all quantifications. (C) Histological micrographs of H&E—, ALP/TRAP—,
and Tol blue-stained sections of explanted graft-filled femurs over time. Scale bars, 1.2 mm (25x
magnification) and 300 pm (100x magnification). Boxed regions shown at higher magnification in
bottom rows. HC healing callus, S scaffold, NB new bone, BM bone marrow. (D) Boxplots of fail-
ure torque and stiffness of intact (control, Ctl) versus regenerated femur (8/1 + BMP) 16 weeks
after being treated with HA-PELGA(8/1) grafts preloaded with 400-ng thBMP-2/7 (n = 7).
*p < 0.05, n.s.: p>0.05, Wilcoxon-Mann—Whitney rank sum test. (Reprinted from [94] with per-
mission from AAAS)

colleagues 3D bioprinted complex tissue-engineered constructs comprising of
human amniotic fluid-derived stem cell (hAFSC)-laden hydrogels (gelatin, hyal-
uronic acid, fibrinogen, and glycerol) and the sacrificial Pluronic F-127 hydrogel,
which were reinforced by thermal printed PCL support [97]. These cell-laden
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scaffolds were successfully applied for the regeneration of rodent mandibular and
calvarial bone defects. Keriquel and colleagues used laser-assisted bioprinting to
seed MSCs in collagen/nano-HAp discs in a spatially controlled manner prior to
their implantation to treat mouse calvarial bone defects [98]. It was shown that the
degree of new bone regeneration was highly dependent on the spatial arrangement
of the cells printed, with mature bone formed throughout the defects in 2 months
when cells were bioprinted at the center of the discs while no significant bone for-
mation when cells were printed onto the periphery of the discs [98].

More recently, proof-of-concept intravital bioprinting technologies have been
developed to explore the feasibility of noninvasive in vivo 3D bioprinting of syn-
thetic tissue constructs. Urciuolo et al. [99] utilized bio-orthogonal two-photon
cycloaddition to crosslink photo-sensitive gelatin or 4-arm PEG derivatives by near
infrared irradiation. Do novo formation of myofibers by donor-muscle-derived stem
cells delivered by the intravital 3D bioprinting was demonstrated in mice. Chen
et al. [100] developed digital photopolymerization-based 3D bioprinting where near
infrared is modulated into customized patterns by a digital micromirror device and
dynamically projected for inducing polymerization of subcutaneously injected bio-
ink in a spatially defined manner.

These new technological developments will likely have a positive impact on the
regenerative reconstruction of LBSD, an area that has not yet seen a significant use
of bioprinting. For instance, bioprinting may enable the delivery of therapeutic fac-
tors and progenitor cells tailored to overcome the limited regenerative potentials of
older patients or those suffering from metabolic conditions in a spatially defined
manner to conventional bone grafts. It still remains to be seen, however, whether
intravital 3D bioprinting may be successfully translated for more deeply embedded
calcified tissue regeneration such as the scaffold-guided LBSD regenerative repair.

7 Conclusions and Future Perspectives

Bone grafting technologies play a crucial role in the regenerative repair of
LBSD. Recent advances in the understanding of cellular and molecular events gov-
erning the tissue integration of allogenic bone grafts have inspired the development
of novel biomaterials to facilitate the delivery of key signaling molecules and pro-
genitor cells to the periosteal surface of devitalized structural allografts. Successes
in promoting vascularization along with osteogenesis of structural allografts using
these approaches will likely be instrumental in improving their long-term success
rate in the regenerative reconstruction of LBSD. Meanwhile, there has been exciting
new developments of synthetic bone graft substitutes in the past two decades, rang-
ing from novel auxiliary metallic cage design to environmentally responsive drug
release carriers and self-fitting shape memory polymeric bone grafts. Enabling tech-
nologies such as controlled polymerizations, high-fidelity bioconjugation chemis-
tries, and 3D printing (both thermal extrusion and bioprinting) have enabled the
design of synthetic bone grafts with controlled porosities, degradation profiles,
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mechanical properties, as well as spatially defined presentation of biochemical sig-
nals and progenitor cells. Animal studies rigorously evaluating the efficacy and
safety of these novel grafting technologies against proper controls will be essential
for their iterative optimizations and eventual clinical translations. The use of critical-
size LBSD models and adequate sample sizes in the study design, assessment of
mechanical restoration of regenerated bone (vs. those achieved by current clinical
standards and healthy controls), and determination of the long-term safety of both
biomaterials and biotherapeutics should be implemented to allow meaningful com-
parisons of competing technologies.
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3D Bioprinting and Nanotechnology
for Bone Tissue Engineering

Robert Choe, Erfan Jabari, Bhushan Mahadik, and John Fisher

1 Introduction

On the nanoscale, bone tissue is a composite of organic and inorganic constituents
(Fig. 1) [1]. The organic phase, which makes up 30% of bone, consists of a variety
of structural proteins and polysaccharides. Its main constituents are collagen fibrils
that have diameters between 35 and 60 nm and can be up to 1 pm in length [2]. The
remaining 10% of the organic phase consists of noncollagenous proteins that include
osteocalcin, osteonectin, bone sialoprotein, bone phosphoproteins, and small pro-
teoglycans. Additionally, these fibrils are organized with a periodicity of 67 and
40 nm gaps and are mineralized with hydroxyapatite crystals. Making up the
remaining 70% of bone, the inorganic phase functions as an ion reservoir for Ca, P,
Na, and Mg and provides stiffness and strength of bone in the form of apatite, car-
bonate, acid phosphate, and brushite. As the main component of the inorganic
phase, hydroxyapatite is an anisotropic and extremely stiff inorganic component
that lies in the collagen gaps [3]. This unique combination between the two phases
has allowed the bone to achieve an ideal mechanical strength and architecture to
support de novo bone formation.

Most bone tissue engineering (BTE) research to date has focused on mimicking
the mechanical properties of the native tissue and induction of new tissue ingrowth
[4]. Numerous biomaterials have been utilized to match the stiffness of bone and
support bone formation. However, most have failed to integrate completely with the
host tissue due to several factors that have limited bone restoration capabilities [5].
While attempts have been made to mimic the macro and microstructure of bone
using porous scaffolds, these fabrication methods have not been able to fully reca-
pitulate the complex cortical and trabecular architecture of native bone. As a result,
nanostructured scaffolds based on nanomaterials have been explored to better mimic
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Fig. 1 Bone tissue is a complex structure consisting of organic and inorganic phases down to the
nanoscale. Making up 30% of bone, the organic phase consists of a variety of structural proteins
and polysaccharides. The collagen fibrils are the main constituents of the organic phase with rang-
ing between 35 and 60 nm in diameter and up to 1 pm in length. The inorganic phase makes up the
remaining 70% of bone and functions as an ion reservoir for Ca, P, Na, and Mg. Additionally, this
phase provides stiffness and strength mainly in the form of hydroxyapatite. (Created with
Biorender.com)

the natural bone extracellular matrix (ECM) [6]. The nanotechnology utilized in
these constructs has demonstrated added benefits in stimulating functional tissue
due to improved cellular- and protein-level interactions [7] and has provided new
avenues to engineer scaffolds with better bioactivity, cytotoxicity, and mechanical
properties suitable for bone regeneration.

The purpose of this chapter is to highlight the current developments in BTE with
regard to 3D bioprinting and nanotechnology. We will first introduce how 3D bio-
printing has been applied in BTE and then examine various nanomaterials that have
been utilized for bone regeneration. The combined application of 3D bioprinting
and nanotechnology will be discussed in each section.

2 Overview of 3D Bioprinting in Bone Tissue Engineering

Additive manufacturing methods have become a more attractive approach for BTE
due to their ability to replicate complex macroscale geometries using patient defect-
specific scanning techniques [8]. Another advantage of these techniques is their
ability to produce constructs with consistent microscale geometry, which eliminates
sample to sample variability that has critical implications for future clinical transla-
tion. Additive manufacturing techniques have been available since the 1980s and
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have been increasingly utilized in the tissue engineering field to fabricate bone con-
structs [9].

The three main 3D bioprinting strategies that have been utilized in BTE are ste-
reolithography (SLA), extrusion printing, and inkjet printing [ 10]. Stereolithography,
which utilizes ultraviolet (UV) light beam focused on a bed of liquid photopolymer
to print layer-by-layer, is a prevalent 3D printing strategy utilized to create anatomi-
cal models to preplan orthopedic and craniofacial surgeries. While many others
have utilized this strategy to manufacture biodegradable scaffolds for several
decades, numerous challenges associated with SLA printing still remain, such as
overcoming the toxic effects of the residual photoinitiators and the negative impact
of UV light on cells [11]. In contrast, extrusion printing utilizes pneumatic or
mechanical force to extrude the bioink. Due to the ability to print high viscosity
bioinks and print high cell densities, extrusion-based printing still remains an attrac-
tive printing strategy for BTE [4]. However, distortion of the cell structure post-
printing and low resolution of the final printed constructs remain key challenges in
building upon extrusion-based printing [12]. The last printing strategy available for
BTE involves inkjet printing, which utilizes thermal, piezoelectric, or electromag-
netic means to deposit droplets of bioink. While this methodology provides great
advantages of high speed, availability, and relatively low cost, there are major chal-
lenges involving the lack of precise droplet size and placement and its requirement
for low viscosity bioinks with less than ideal mechanical properties for BTE [13].
Earlier studies involving inkjet printers used this strategy as a means to achieve
indirect fabrication of the bone scaffold [14]. Nonetheless, more research needs to
be done to optimize the printing parameters of inkjet printing for BTE.

All three bioprinting techniques have demonstrated promise in manufacturing
BTE scaffolds. Each printing strategy offers advantages and disadvantages in terms
of accessibility, cost, and resolution. Therefore, the selection of a particular bio-
printing option mostly depends on the specific needs of the user. Chapter “Additive
Manufacturing Technologies for Bone Tissue Engineering” provides additional
details on various additive manufacturing technologies.

3 Nanomaterials in Bone Tissue Engineering

Extensive research in BTE has revealed that there are numerous physical and bio-
logical requirements in designing an ideal bone implant. Since the native bone ECM
possess structures that extend down to the nanoscale, nanomaterials have been
investigated to help replicate these nanostructures within the bone microenviron-
ment and better control cell behavior. Nanomaterials possess at least one dimension
that is less than 100 nm, and they have numerous advantageous traits that their
micro-sized counterparts do not possess. These properties range from specific sur-
face characteristics to superior mechanical, electrical, optical, and/or magnetic
properties that are oftentimes absent in micro-sized counterparts [5]. When nano-
materials are incorporated into scaffolds, the surfaces obtain nanoscale roughness
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and specific surface chemistries, wettability, and surface energies that can mimic the
bone ECM [5]. Nanomaterials have demonstrated better osteoblast cell adhesion
and proliferation than standard materials [7]. While the underlying mechanisms of
cell response on the nanostructures are still being investigated, the unique surface
topography provided by these materials plays a large role in modulating bone heal-
ing [15]. More specifically, the nanotopography introduced by the nanomaterials
have been shown to affect cell adhesion, proliferation, and differentiation behavior
and matrix organization [16]. Mechanistically, cell fate is influenced by changes to
the surface texture, geometry, spatial position, and height of the scaffold, because
these changes all affect the clustering of integrins responsible for signal transduc-
tion, development of focal adhesions, and cytoskeletal structure [17]. Additionally,
nanostructures further promote protein adsorption to aid the process of cell adhe-
sion on biomaterials [18]. These proteins ultimately help regulate cell attachment
and initiate signal transduction within cells to further influence cell migration, pro-
liferation, differentiation, and ultimately tissue formation [19].

In general, nanomaterials are subdivided into nanoparticles, nanofibers, and
nanocomposites. Nanoparticles, which are particles with a size less than 100 nm in
all three dimensions, have been explored to improve bone healing and provide cel-
lular cues for osteogenesis. Nanoparticles have demonstrated the ability to enhance
bone regeneration, prevent infection, and improve the outcome of implant osseoin-
tegration [20, 21]. These particles have been commonly utilized as delivery agents
for bioactive molecules, cell labeling agents to monitor and target sites of interest,
and supplements to improve the overall performance of bone scaffolds [5].
Nanofibers, where only two dimensions are less than 100 nm, are fibers that mimic

Nanomaterials for Bone Tissue Engineering
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Fig. 2 Various nanomaterials have been utilized for BTE to date, which include calcium phos-
phates, bioactive glass, metal nanoparticles, graphene, nanofibers, and synthetic polymer nanopar-
ticles. Recent scaffold strategies involving these nanomaterials have tried to enhance a biomaterial
response to meet the mechanical and physiological demands of the host bone tissue. (Created with
Biorender.com)
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the nanofibrous nature of the native ECM and provide the topographical layout to
aid cell attachment [18]. Lastly, nanocomposites are composite scaffolds that utilize
various combinations of nanomaterials, since bone engineering strategies utilizing
only one material have not been able to fulfill the requirements of an ideal bone
scaffold. Figure 2 overviews nanomaterials that have been used in BTE to date.
More recent strategies have attempted to tailor a biomaterial response that can meet
the mechanical and physiological demands of the host tissue capitalizing on the
beneficial properties of multiple materials. The properties of specific nanomaterials
in BTE and how each are incorporated into bone bioprinting will be discussed in the
following subsections.

3.1 Calcium Phosphate Nanoparticles

Calcium phosphates have been extensively utilized in BTE. Table 1 summarizes
current bone bioprinting studies utilizing calcium phosphate nanoparticles to date.
Being composed of calcium and phosphorus ions, these minerals have demonstrated
the ability to regulate the bone remodeling process by influencing osteoblast and
osteoclast differentiation [48, 49]. Additionally, controlling the surface properties
and porosity of calcium phosphates have also been shown to influence protein
absorption, cell adhesion, and bone mineralization [50]. Depending on the type of
calcium phosphate, the bioactivity will vary due to different rates of ion release,
solubility, stability, and mechanical strength [51]. As the osteoconductivity and
osteoinductivity of calcium phosphates are influenced by physical and chemical
properties, numerous types of the mineral have been investigated for BTE
applications.

Hydroxyapatite (Ca;o(PO,)sOH, or HAp) is a very common form of calcium
phosphate used in BTE applications. HAp crystals make up the inorganic phase of
bone, which forms needle-like 20-60 nm crystals and can be harvested from bone
[52]. Various studies have established that HAp is the most stable calcium phos-
phate with low solubility in physiological conditions [53]. Additionally, HAp has
demonstrated good biocompatibility since it does not induce an inflammatory reac-
tion when utilized clinically [54]. The surface of HAp particles can serve as nucleat-
ing site for bone minerals in body fluids [55]. While HAp is inherently
osteoconductive, additional ions such as fluoride, chloride, and carbonate ions have
been incorporated to make these minerals more osteoinductive [56, 57]. Numerous
studies have demonstrated the potential for HAp to improve in vivo bone regenera-
tion through increased mesenchymal stem cell proliferation, due to better osteoblast
adhesion, and enhanced differentiation [58].

More recent studies have demonstrated that nanohydroxyapatite (nHAp)
enhances the performance of engineered scaffolds with respect to its microscale
counterpart. Since the morphology of nHAp inherently leads to a greater surface
area compared to micro-HAp, these nanoparticles can be densely packed as the
scaffolds are fabricated [59], which significantly improves the mechanical
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properties of the scaffold [60]. Additionally, the increased surface area of nHAp
drastically improves protein adsorption capabilities compared to larger HAp parti-
cles [61]. Synthesized nHAp can be fabricated as rods, fibers, or particulates due to
the different modes of synthesis [62, 63]. Since nHAp is very similar to native bone
in terms of size and chemistry, it has firmly established itself as a favorable material
for BTE.

Research has demonstrated that nanohydroxyapatite can be successfully incor-
porated into bone bioprinting strategies. The most prevalent approach involves add-
ing nHAp to synthetic polymer such as polycaprolactone (PCL) [39]. While some
groups resorted to coating the scaffold surface with nHAp post-printing, others have
successfully mixed the nHAp particles directly into the bioink formulation for
extrusion printing. Trachtenberg et al. utilized an extrusion-based printing strategy
to develop poly(propylene fumarate) (PPF) scaffolds with a mineral gradient within
the scaffold (Fig. 3) [43]. In order to improve the dispersion of the nHAp particles
within the scaffold, a surfactant was added to the print formulation without compro-
mising the compressive strength overall. The printed PPF composite scaffolds with
nHAp nanoparticles consisted of well-defined layers with interconnected pores that
could potentially serve as mechanically robust bone implants. Few groups have pro-
ceeded on to functionalize scaffolds with even more constituents to create complex

Single Two Four
material materials materials
(bilayer) (gradient)
a) b) ¢
S-HA 10 %
with or

without SDS B-HA 10 %

Cross-
section

Fig. 3 Schematic of printed scaffolds. (a) PPF-HA (10 wt%) scaffold with or without SDS. (b)
PPF-HA bilayer scaffold containing PPF and PPF-HA (10 wt%). (¢) PPF-HA gradient scaffold
containing layers of 1.25,2.5, 5, and 10 wt% HA. Respective SEM cross-sections of (d) a PPF-HA
scaffold with or without SDS, (e) a PPF-HA bilayer scaffold, and (f) a PPF-HA gradient scaffold.
Pore interconnectivity is lost with the addition of multiple materials. Scale bars in (d—f) represent
0.5 mm. (Reprinted by permission of the publisher (Taylor & Francis Ltd.) [43])
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multiphase scaffolds. Deng et al. recently fabricated poly(lactic-co-glycolic) acid
(PLGA)/mHAp/chitosan (CS)/rhBMP-2 scaffolds with an extrusion printer [36]. CS
nanospheres encapsulating rhBMP-2 were embedded within a CS hydrogel to pre-
pare a nano-sustained release carrier, which was then co-printed with PLGA/nHA
bioink to create the composite scaffold. The scaffold complex demonstrated an
effective controlled burst release of rhBMP-2 that further aided in osteogenesis
within mandibular bone defects. Others have loaded antibiotics within these com-
posites scaffolds to introduce an antibacterial effect with good results [28].

Some groups have explored the use of hydrogel incorporated with nHAp for
bone bioprinting. Wang et al. 3D printed alginate/nHAp scaffolds incorporated with
atsttrin, which is a progranulin-derived engineered protein that exerts an antagonis-
tic effect on proinflammatory TNF-a [44]. This composite scaffold was able to dem-
onstrate sustained release of the atsttrin that enhanced the bone regeneration within
a mouse calvarial defect. Another group successfully printed chitosan/nHAp scaf-
folds that had superior cell proliferation and differentiation capabilities compared to
alginate-based scaffolds [35]. However, hydrogels are still challenging to use as a
bone scaffold due to inadequate mechanical properties. In order to enhance the
mechanical and bioactive properties of hydrogel scaffolds, Chen et al. extrusion
printed with a bioink formulation consisting of 60% nHAp particles and 40% gela-
tin/hyaluronate hydrogel [33]. These scaffolds were lyophilized and then coated
with multiple layers of chitosan and sodium hyaluronate, which significantly helped
improve the compressive strength and ability to load growth factors onto the scaf-
fold surface.

Tricalcium phosphate (Ca;(PO,), or TCP) is another common calcium phosphate
utilized in bone regeneration other than HAp [51]. While two phases of TCP exist,
B-TCP is generally used in bone regeneration due to its more stable structure and
higher biodegradation rate [64]. Additionally, B-TCP degrades faster and is more
highly soluble than HAp, which leads to a higher resorption rate and increase bio-
compatibility [65]. f-TCP also promotes proliferation of osteoprogenitor cells due
to its inherent nanoporous structure that enables excellent biomineralization and
cell adhesion [66]. Therefore, numerous groups have utilized f-TCP as the main
additive for bone bioprinting. Tovar et al. successfully robocasted 100% p-TCP
scaffolds that were biocompatible, resorbable, and could anisotropically regenerate
bone within a rabbit model [24]. Additionally, Wang et al. fabricated a complex
B-TCP/PLGA scaffold with a novel cryogenic 3D printer involving water-in-oil
polyester emulsion inks with multiple functional agents—2D black phosphorus
nanosheets, doxorubicin hydrochloride, and BMP-2-like osteogenic peptide (P24)
[25]. The group was able to print hierarchically porous and mechanically strong
scaffolds that can be potentially applied for large defect repair.

Lastly, calcium phosphates with variable compositions have also been utilized
during bone bioprinting. To capitalize on the beneficial properties of both nHAp and
B-TCP, some groups have utilized biphasic calcium phosphate within bone-
engineered scaffolds. Biphasic or multiphasic calcium phosphates are homoge-
neously mixed at the submicron level to make the separation of each constituent
difficult [67]. Song et al. used low-temperature robocasting to fabricate a 3D printed
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ceramic scaffold composed of nano-biphasic calcium phosphate, polyvinyl alcohol,
and platelet-rich fibrin [27]. Without the addition of toxic chemicals during the
printing process, the group demonstrated that these composite scaffold could be
printed with the desired internal and external architecture while enhancing bone
defect repair with the incorporated bioactive factors. Also possessing intermediate
properties, amorphous calcium phosphate (Ca;(PO,),-nH,0) is a less-ordered, tran-
sition phase calcium phosphate that serves as a precursor state that precedes biologi-
cal apatite formation [68]. Since the mineral in natural bone is composed of poorly
crystalline, highly substituted apatite nanocrystals interspersed within a collagen
matrix, one potential bone regenerative strategy is to deposit a less ordered mineral
phase to mimic the biomineralization process [55]. Wang et al. demonstrated that
PLA scaffolds loaded with amorphous calcium phosphate nanoparticles with
rhBMP-2 could improve cell viability, attachment, proliferation, and differentiation
for BTE applications [22].

3.2 Bioactive Glass Nanoparticles

Bioactive glass nanoparticles (BGNP) are another class of ceramic nanoparticles
that are commonly used in bone regeneration due to their high bioactivity and great
bone bonding properties [69]. BGNPs are generally comprised of silicates or phos-
phosilicates supplemented with distinct proportions of glass modifiers like sodium
oxide (Na,0O) and calcium oxide (CaO) [69]. The common compositions of BGNPs
are binary (e.g., Si0,-Ca0), ternary (e.g., Si0,-Ca0O-P,0s), or quaternary systems
(e.g., Si0,-Ca0-P,05-Na,0), which in turn affects the porous structure and surface
area of the BGNPs [70-72]. Most BGNPs possess a spherical morphology, but non-
spherical BGNPs have also been generated in the form of pineal or rod shapes [73,
74]. Some reports have indicated that spherical nanoparticles may be taken up by
the cell more quickly and efficiently than non-spherical nanoparticles [75]. However,
non-spherical nanoparticles present a more biomimetic morphology analogous to
the natural HAp structural units, which can ultimately improve the mechanical
properties and biomineralization capability more ideal for bone scaffolds [76].
Decreasing the dimensions of the bioactive glass particles down to the nanoscale
increases the specific surface area, pore size, and ion exchange capabilities com-
pared to bioactive glass microparticles [77]. In effect, BGNPs are able to generate a
calcium phosphate layer more quickly due to improved exposure to the bioactive
elements. Ajita et al. highlighted how nanoscale bioactive glass particles could
affect the proliferative behavior in mouse MSCs [78]. The group demonstrated that
all BGNPs administered at 20 mg/mL showed no cytotoxic effect, but the cells
treated with smallest nanoparticles (37 nm) experienced the greatest increase in cell
proliferation. The faster ion release rate and the increased surface area improve
protein adsorption, which in turn promote cell adhesion, proliferation, and differen-
tiation. Some studies have indicated that calcium silicate exhibits better
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biodegradation and osteoconductivity than calcium phosphate, which has led to
research adding these powders into the 3D bioprinting process [79].

Various bioactive glass nanoparticles have been explored for bone bioprinting.
Table 2 summarizes current bone bioprinting studies utilizing bioactive glass
nanoparticles to date. Carrow et al. extrusion-printed bioactive nanocomposites by
incorporating 2D nanosilicates into a co-polymer (PEOT/PBT) scaffold [85]. The
inclusion of nanosilicates improved the stability and bioactivity of the scaffold
under physiological conditions without compromising the mechanical stiffness of
the printed scaffold. Laponite nanoclay, a type of nanosilicate similar to hectorite,
was also utilized in several different hydrogel nanocomposites to demonstrate
improved printability and mechanical stability of the printed constructs, without
compromising cell viability and distribution [86—-89]. Current research has demon-
strated that these nanoparticles possess a versatile ability to functionalize additional
components onto their surface. Luo et al. integrated the adhesion peptide (RGD
sequence) onto mesoporous silica nanoparticles to dually functionalize bone form-
ing peptide-1 [90]. This dual-peptide-loaded alginate hydrogel system promoted the
sequential differentiation of hMSCs. Some groups have also succeeded in function-
alizing photothermal or photoluminescent components onto these nanoparticles,
opening up the possibility of utilizing them for bioimaging, tumor therapy, and bone
regeneration applications [80, 81]. Lastly, few groups have begun to develop ternary
nanocomposites with additional biopolymers to supplement more bioactivity,
mechanical advantages, and cell attachment potential within the printed construct
[83,91].

3.3 Metal and Metal Oxide Nanoparticles

Metals have been widely explored as a material to replace bone tissue, primarily
because of their strong mechanical properties to withstand physiological forces
experienced by bone. While most research into the area has utilized metals as the
major implant component, recent studies have demonstrated the potential of utiliz-
ing metal nanoparticles to enhance the bioactivity of the implants.

Titanium-Based Nanoparticles

Titanium and its alloys are some of the most explored metals to date due to their
ideal mechanical properties, resistance to corrosion, and no cytotoxic effect when
implanted in the body [92]. Therefore, titanium-based implants are often utilized to
repair critical-sized bone defects [93]. Some studies have begun to investigate com-
posite scaffolds that incorporate titanium nanoparticles for bone regeneration.
Rasoulianboroujeni et al. recently printed a nanocomposite scaffold, comprised of
PLGA and TiO, nanoparticles with an extrusion printer [94]. Incorporation of the
nanoparticles improved the compressive modulus of the scaffolds, enhanced the
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wettability of the scaffold surface, and increased osteogenic proliferation and min-
eralization. Another group fabricated a hybrid polymer (Ormocomp®) scaffold
doped with barium titanite (BaTiO;) nanoparticles via two photon lithography [95].
Preliminary in vitro testing demonstrated enhanced cell differentiation due to the
refined architecture generated and the piezoelectric cues from this printing strategy.

Magnesium-Based Nanoparticles

Magnesium has been explored in bone bioprinting since it is biocompatible, regu-
lates the density and structure of bone apatite, and mediates cell-ECM interactions
[96]. Roh et al. utilized magnesium oxide (MgO) nanoparticles as a bioink additive
during extrusion printing [42]. A composite scaffold comprised of PCL, HAp, and
MGO contributed to enhanced adhesion, proliferation, and differentiation of cells
within the scaffold. Another group developed a ternary nanocomposite consisting of
PCL, nHA powder, and compatibilized magnesium fluoride nanoparticle (cMgF,)
fillers with enhanced mechanical and biological properties through extrusion print-
ing [31]. The incorporation of cMgF, nanoparticles particularly led to significant
improvements in the mechanical properties within the scaffolds, enhanced osteo-
genic differentiation, and stimulated mineralization.

Metal Nanoparticles with Antimicrobial Properties

Chronic implant-related bone infections are a major problem in orthopedic and
trauma-related surgery with serious consequences that can affect the final prognosis
of bone implants [97]. As a result, silver nanoparticles (AgNP) with antimicrobial
properties have been incorporated into 3D printed bone scaffolds. Jia et al. demon-
strated that the addition of silver nanoparticles on titanium alloy meshes helped
reduce bacterial biofilm buildup, especially in combination with antibiotic therapy
[98]. Silver nanoparticles have also been incorporated into extrusion printed
ceramic/polymer scaffolds, further establishing their potential to enhance biocom-
patibility, mechanical properties, and osteogenic activity [26, 99]. Besides AgNPs,
several other metal nanoparticles with antimicrobial properties have been investi-
gated with bone bioprinting. Zou et al. recently incorporated copper-loaded-ZIF-8
nanoparticles within PLGA scaffolds through extrusion printing and found that
these scaffolds possessed enhanced antibacterial and osteoconductive properties
[100]. Additionally, 3D printed zirconia ceramic hip joints with a coating of ZnO
nanoparticles also demonstrated antibacterial properties while maintaining the ben-
efits of precise structure and wear resistance [101].
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Iron-Based Nanoparticles

Iron oxide (Fe,0s) nanoparticles, being in the ferrimagnetic class of magnetic mate-
rials, have various preclinical and therapeutic uses [102]. On top of retaining the
bioactivity of nanomaterials, magnetic iron nanoparticles are able to directionally
aggregate and localize under a constant magnetic field. Consequently, iron oxide
nanoparticles can couple to the cell surface and control cell functions such as MSC
differentiation [103]. Huang et al. developed a novel diphasic magnetic nanocom-
posite scaffold utilizing low-temperature deposition manufacturing [104]. These
scaffolds demonstrated good biocompatibility and mechanical properties, while
also promoting cell differentiation. Another group incorporated presynthesized iron
oxide nanoparticles into polyamide scaffolds fabricated on a selective laser sinter-
ing (SLS) printer [105]. These nanoparticles demonstrated the ability to heat up
rapidly in response to an applied AC magnetic field, offering a potential avenue to
remotely induce controlled gene expression within cells on these scaffolds. At the
very least, iron oxide nanoparticles possess osteogenic and radiopaque properties
that can be used to develop biodegradable and radiographically detectable bone
implants that can aid in diagnostics and bone healing [106].

Gold-Based Nanoparticles

One nanoparticle that has not been fully utilized in bone bioprinting are gold
nanoparticles (AuNPs), which have become a promising tool in nanomedicine due
to their nanoscale dimensions, ease of preparation, high surface area, and function-
alization capability [107]. Therefore, some groups have investigated how AuNPs
can promote osteogenic differentiation in stem cells. Choi et al. demonstrated that
chitosan-conjugated AuNPs increase the calcium content and osteogenic gene
expression at non-toxic concentration through the Wnt/p-catenin signaling pathway.
The particle size also appears to play a role in MSC differentiation, as 30 and 40 nm
AuNPs were taken up by the MSCs, the most and consequently demonstrated the
highest cell differentiation rates [108]. Some groups have explored functionalizing
AuNPs to influence the MSC behavior. Li et al. functionalized gold nanoparticles
with various chemical groups to find that amino-functionalized AuNPs exhibited
increased ALP expression and matrix mineralization [109]. AuNPs can also serve as
a suitable protein or peptide delivery mechanism, as Schwab et al. were able to
assess the impact of surface immobilized BMP-2 on the Smad signaling pathway
with these particles [110]. The group utilized nanolithography to create a precisely
spaced, tunable gold nanoparticle array embedded with single BMP-2 molecules.
Compared to the control condition consisting of soluble BMP-2, the AuNP-
immobilized BMP-2 demonstrated a prolonged and elevated intracellular signal
transduction that could help upregulate the TGFf superfamily growth factors to
further stimulate bone regeneration.
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3.4 Graphene Nanomaterials

Graphene is a novel nanomaterial that has potential applications for BTE. With
exceptional conductivity and physiochemical and mechanical properties, these thin
carbon sheets with large surface area can significantly improve the properties of the
composite at minute concentrations. Graphene has an aromatic configuration that
been reported to promote cell attachment, growth, proliferation, and differentiation
[111]. Choe et al. utilized an extrusion printer to fabricate alginate/graphene oxide
(GO) composites to improve the printability, structural stability, and osteogenic
potential of scaffolds [112]. This bioink formulation demonstrated high printability
and stability and was able to maintain high cell viability and stimulate osteogenic
differentiation. Another study printed polylactic acid (PLA) scaffolds incorporated
with GO using fused deposition modeling (FDM) printer [113]. The addition of GO
increased the surface roughness, hydrophilicity, and mechanical properties of the
PLA/GO scaffolds. Additionally, the PLA/GO scaffolds proved to be more biocom-
patible and promoted cell proliferation and mineralization more efficiently than
pure PLA scaffolds.

Some researchers have also incorporated carbon nanotubes (CNT) into bone tis-
sue regeneration. CNTs are a variation of a single graphene sheet that is rolled up
into a hollow cylindrical nanostructure and are commonly divided into either single-
walled carbon nanotubes (SWCNT) or multi-walled carbon nanotubes (MWCNT)
[114]. SWCNTs are formed from a single tubular graphene while MWCNTSs consist
of multiple concentric tubular graphene layers. Their unique nanoscale cylindrical
shape makes them capable delivery agents for various biomolecules and drugs
[115]. CNTs offer great strength, elasticity and fatigue resistance that can help rein-
force composite scaffolds for bone regeneration [116]. With enhanced mechanical
properties, CNTs are able to create a strong bond on composite scaffolds that facili-
tates load transfer and strengthens the scaffold matrix [117]. Additionally, CNTs are
more conducive to protein adsorption and cell attachment due to their high specific
surface area resulting from their highly porous structure [118, 119]. This porous
interlinked nanostructure is favorable for nutrient transport throughout the bone
matrix. CNTs can also influence cell morphology and promote osteogenesis with
modifications to their surface chemistry and affinity for cell-binding proteins [120].

Recent studies have examined how CNTs can be incorporated into the bioprint-
ing process. Huang et al. fabricated a porous PCL/MWCNT composite scaffold
utilizing an extrusion printer (Fig. 4) [121]. The addition of the MWCNT improved
protein adsorption, mechanical and biological properties of the scaffolds, indicating
that these composite scaffolds can be a viable candidate for bone tissue regenera-
tion. Another group similarly developed a three-phase nanocomposite scaffold with
nHAp, CNTs, and PCL via extrusion printing [38]. They also found that the com-
posite scaffolds demonstrated typical bioactivity, good cell adhesion, and
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PCL

0.75 wi% MWONTs 025 wit% MWONTs

Small sized MWCNT
L aggregates

3 wi% MWONTs

Fig. 4 SEM images of (a) top view and (b) cross-section view of PCL scaffold, (¢) top view and
(d) cross-section view of PCL/MWCNT 0.25 wt% scaffold, (e) top view and (f) cross-section view
of PCL/MWCNT 0.75 wt% scaffold, and (g) top view and (h) cross-section view of PCL/
MWCNTs 3 wt% scaffold; High-magnification SEM images showing spherulites in the PCL
matrix and boundaries between crystal structures in the filament surface of (i) PCL, (j) 0.25 wt%,
(k) 0.75 wt%, and (1) 3 wt% PCL/MWCNT composite scaffolds; TEM images showing (m) the
alignment and migration of long-length MWCNTSs, (n) the agglomeration of short-length
MWCNTSs in PCL/MWCNT 3 wt% [121]

proliferation with added mechanical performance and electrical conductivity from
CNT. These graphene-based nanocomposites show promise as they help improve
the mechanical properties and cytocompatibility within scaffolds. However, more
work is being done to effectively synthesize these novel CNT-based nanocompos-
ites. Liu et al. were able to effectively print PPF scaffolds with negatively charged
CNT/ssDNA nanocomplexes through stereolithography [122]. Their rapid and
homogenous functionalization process helped coat the scaffold surface to promote
adhesion, proliferation, and differentiation of the cells. Another group explored
incorporating carbon nanotubes within a hydrogel [123]. Utilizing a polyion com-
plex composed of poly(sodium p-styrene sulfonate) and poly(3-(methacryloylamino)
propyl triethylammonium), a tough hydrogel with MWCNT was formulated to
manufacture 3D scaffolds via extrusion printing. These composite scaffolds demon-
strated biocompatibility and facilitated osteogenic differentiation, suggesting that
hydrogels with CNTs can be used to enhance the efficiency of bone repair.
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3.5 Synthetic Polymer Nanoparticles

Biodegradable synthetic polymers have been among the most investigated polymers
due to good biocompatibility, mechanical properties, and rates of degradation that
are comparable to the bone turnover rate [124]. Synthetic polymer nanoparticles
have garnered much interest as a drug delivery mechanism because they have con-
trolled degradability and have shown the potential to deliver small molecules,
nucleic acids, and proteins [125, 126]. These nanoparticles are superior to conven-
tional drug delivery mechanisms because they are more readily available, can
undergo controlled release over a longer duration of time, and minimize undesirable
effects such as toxicity and immunogenicity [127].

Past research has demonstrated that PLGA nanoparticles can maintain a sus-
tained release of BMP-2 to support bone healing in vivo [128]. Kim et al. investi-
gated the performance of a 3D-printed calcium phosphate scaffold coated with a
layer of PLGA nanoparticles loaded with BMP-2 [129]. The group was able to
achieve a uniform distribution of the nanoparticles and a gradual release of BMP-2.
Additionally, higher de novo bone formation was observed in vivo. However, there
are limited studies that have directly incorporated the polymer nanoparticles into the
3D printing process. Another study fabricated novel biphasic nanocomposite scaf-
folds for osteochondral regeneration that incorporated nHAp and TGF-p1-loaded
PLGA nanoparticles through stereolithography [32]. These scaffolds demonstrated
that a biomimetic graded construct could be printed with hydrogels and offers a
strategy to develop an implant for orthopedic application.

3.6 Nanofibers

Nanofibers are a valuable tool in tissue engineering for their ability to simulate the
physical and biochemical environment of the natural bone ECM. Several strategies
have been utilized to produce nanofibers, including phase separation and self-
assembly [130, 131]. The most ubiquitous fabrication method to produce nanofibers
is electrospinning, which controls the extrusion of the polymer fibers through the
use of an electric field [132]. Yao et al. recently fabricated 3D nanofibrous scaffolds
utilizing solely electrospinning [133]. The group demonstrated that PCL/PLA nano-
fibrous scaffolds, with respect to neat PCL scaffolds, possessed greater mechanical
properties while enhancing cell viability of hMSCs and osteogenic differentiation
in vitro and in vivo. The improved performance of the copolymer nanofibrous scaf-
fold was noted to be attributed to the higher mechanical stiffness and bioactivity
introduced by PLA itself. However, since the densely packed nanofibers lead to a
distinctly smaller pore space, tissue ingrowth can be negatively affected within
these scaffolds [134]. Additionally, the mechanical performance of nanofibrous
scaffolds are poorer in comparison to other tissue-engineered constructs due to their
large surface area-to-volume ratios and high porosities [135].
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An alternative strategy is to incorporate both electrospinning and extrusion print-
ing into the scaffold fabrication process. Since extrusion printed scaffolds often
suffer from low print resolution, nanofibers have been infused into the 3D printed
scaffold to introduce nanoscale features within the overall construct [136]. Vasquez-
Vasquez et al. were able to show that incorporating a PLA nanofiber coating on a
PLA scaffold promoted bioactivity, cell attachment, and proliferation when com-
pared to neat PLA scaffolds [137]. Even though both the scaffold and nanofibers
were synthesized with the same polymer, the nanotopographical changes introduced
by the nanofibers enhanced the overall performance of the tissue construct.
Nanofibers can also be functionalized with various bioactive molecules through
encapsulation or surface immobilization. Li et al. examined the performance of bio-
active glass short nanofibers functionalized with BMP-2 on 3D-printed PCL scaf-
folds [135]. Immobilizing BMP-2 onto the scaffold surface through nanofibers
allowed enhanced osteogenic gene expression of bone marrow MSCs, further dem-
onstrating that expanded applications that can be incorporated into a BTE approach
of combining 3D printing and electrospinning.

Few studies have directly incorporated nanofibers directly into the bioink before
the printing process. Thermoplastic polymer printing has limitations due to high
temperature and pressure that can interfere with the integrity of the print [138].
Therefore, hydrogels have offered a low-temperature printing strategy that bypasses
some of the issues associated with synthetic polymer printing. Abouzeid et al.
recently demonstrated that alginate/PVA hydrogels can be prepared with bifunc-
tional cellulose nanofibers with reactive carboxyl and aldehyde groups [139]. The
3D printed scaffold was able to demonstrate the ability to mineralize. However,
there is still more work to be done to print a hydrogel construct that can withstand
physiological load while maintaining precise control over fiber diameter and mor-
phology due to the intrinsic effect of material properties on printing precision and
overall scaffold mechanics.

4 Future Outlook and Conclusions

Nanotechnology has provided tissue engineers the ability to mimic native bone
ECM and improve the bone regeneration process. Numerous nanomaterials have
demonstrated immense potential in bone bioprinting applications since they present
nanoscale cues that can positively impact osteogenic attachment and differentiation.
Additionally, various nanocomposites have displayed improved mechanical and
biological properties in bioprinted bone scaffolds. Many of the scaffolds incorpo-
rated with nanoparticles have displayed the capacity to better mimic the complex
properties of the natural bone environment that can promote cellular attachment,
ingrowth, and bone formation. However, there are still questions regarding the inter-
actions between the nanosurface topography and the osteal defects into which these
enhanced scaffolds are introduced. Furthermore, new design strategies and fabrica-
tion methods will need to be expanded upon experimentally to be ultimately tailored
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for complex bone defect repair treatment in the clinic. Also, large animal model
studies that confirm that these scaffolds support vascularization and bone formation
in clinically sized defects are still needed. Tissue engineers will need to examine the
nanomaterials within structures that best support bone regeneration in a controlled
manner. Ultimately, future research will need to overcome current challenges of
bone regeneration and expand the multifunctional capabilities of nanomaterials
for BTE.
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1 Introduction

Tissue engineering strategies for bone defect repair typically consist of cells, scaf-
folds, and bioactive signals that, when combined, produce a regenerative bone tem-
plate that degrades within the host over time and stimulates the body to produce
new, functional bone tissue to take its place [1]. For strategies utilizing cell-based
approaches, scaffolds are seeded with cells and pre-cultured in vitro to allow for cell
proliferation and osteogenic differentiation prior to implantation [2]. However, tra-
ditional static culture technique has proven an inefficient method for culture of
three-dimensional (3D) scaffolds. Static culture provides sufficient nutrients and
oxygen to cells on outer surfaces of these scaffolds, but cells within the center of the
scaffold rely on diffusive transport of nutrients. Consequently, a nutrient gradient
forms within the scaffolds, resulting in cell death toward the center. These limita-
tions restrict the production of regenerative bone tissue engineering (BTE) scaffolds
of clinically relevant sizes, demonstrating these effects in constructs as small as
10 mm? [3, 4]. The difficulties associated with static culture conditions are amelio-
rated through the use of bioreactor culture. These systems provide dynamic culture
environments in which media is constantly mixed and convectively transported to
cells throughout the scaffold [2].
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Although bone is a regenerative tissue that often heals without surgical interven-
tion, defects of critical size do not spontaneously heal over time. Critical size bone
defects, which were previously discussed in chapters “3D Printing for Oral and
Maxillofacial Regeneration” and “Bone Grafting in the Regenerative Reconstruction
of Critical-Size Long Bone Segmental Defects”, are on the scale of 2.5 cm, and their
geometry varies with anatomical location [5]. When generating tissue engineering
constructs to repair these large defects, bioreactor culture is often required to
increase the nutrient transport throughout the scaffold via convective flow.
Transporting media and oxygen through convective mechanisms allows cells within
the entire construct to readily receive necessary nutrients during the culture period,
leading to greater cell survival and more homogenous tissue formation. This same
effect is related to bone tissue development and maintenance in vivo. Lack of appro-
priate vasculature limits new tissue formation in the body to sizes of 100-200 pm,
which is the diffusion limit of oxygen in highly cellular tissues [6]. However, the
presence of vasculature, which is further discussed in chapter “Strategies for 3D
Printing of Vascularized Bone”, within these tissues allows for the transport of the
growth factors necessary to instruct bone regeneration, such as bone morphogenic
protein (BMP) and vascular endothelial growth factor (VEGF) [6, 7]. Bioreactor
culture not only improves the transport of nutrients and oxygen from surrounding
media but also has a positive impact on the formation of vascular-like networks
within these constructs. These systems also have the potential to culture BTE con-
structs in a manner that replicates the in vivo environment of bone. Due to the nature
of bone acting as a supportive tissue within the body, forces of tension and compres-
sion are constantly applied. Because these forces heavily regulate bone metabolism,
their application is included within several bioreactor systems to generate more
functional bone-like structures.

Advantages of Bioreactor Culture:

1. Homogenous cell seeding: Even cell seeding is essential in the formation of
well-organized tissue within the scaffold [8]. Two dimensional cell seeding
involves deposition of cell solution directly onto the scaffold and incubation for
a period of time in static culture. Although this seeding method is relatively
popular, it results in uneven matrix deposition in 3D bone tissue applications,
typically on the periphery of the scaffolds, leading to nutrient gradients and cell
death [8]. Perfusion bioreactor systems are used to combat this issue because
they deliver cells and nutrients throughout BTE constructs [4, 9].

2. Increased cell proliferation: Along with consistent cell distribution, bioreactor
culture increases cell proliferation on scaffolds as well. Convection mechanisms
of transport lead to improved delivery of nutrients and oxygen, as well as better
waste removal processes that are linked to greater cell survival and
proliferation.

3. Application of mechanical loading and fluid shear stress: In order to more
closely mimic the in vivo environment of bone, bioreactor systems are utilized
to generate mechanical loading conditions and application of shear stress [2, 8].
The bone matrix is subjected to mechanical forces of cyclic loading while per-
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forming everyday functions. This loading cycle on the bone matrix then trans-
mits forces to cells within the tissue via fluid shear through channels called
canaliculi [8]. These forces trigger bone cells to activate the bone remodeling
process in order to maintain the necessary mechanical strength that bone pro-
vides in the body [2]. Also, research suggests that application of fluid shear
stress to mesenchymal stem cells (MSCs), the most heavily utilized stem cell
source in BTE applications, increases their osteoblastic differentiation [10].
Both compression and magnetic force bioreactor systems recreate the cyclic
loading conditions that bone experiences. Several bioreactor systems apply fluid
shear directly to cells within cultured scaffolds, including spinner flasks and
perfusion systems.

4. Vascularization: Bioreactors are utilized to improve in vitro culture processes
prior to scaffold implantation to produce more mature and complex tissue con-
structs [2]. One important aspect of generating these mature tissues in vitro
includes scaffold vascularization, which will be discussed further in chapter
“Strategies for 3D Printing of Vascularized Bone”. Bone vasculature provides
the matrix with the necessary nutrients and oxygen it needs to maintain normal
physiological functions, such as development, regeneration, and remodeling,
and serves as a mechanism for waste removal [7]. Many vascularization strate-
gies are available, but when combining a vascularization strategy with bioreactor
culture, more highly organized and functional bone tissue substitutes can be gen-
erated. Both rotating wall vessels and perfusion systems have been utilized to
produce preliminary vascular networks within tissue constructs, however there is
still significant growth and optimization necessary to improve vascularization
strategies [11].

5. Biomanufacturing: Bioreactor systems allow for the generation and mainte-
nance of clinically relevant volumes of engineered bone on the centimeter scale.
This provides a clear advantage over traditional static culture techniques that can
only produce constructs on the millimeter scale. These systems also enhance and
expedite the production process through minimization of necessary culture times
and monitoring. Because culture processes often produce variable results, biore-
actors standardize these processes and allow for the generation of multiple
patient-specific grafts in parallel, so as to ensure that patients receive the most
effective graft.

6. Clinical translation: To enhance the clinical potential for tissue engineering con-
structs, in vitro culture steps must be optimized to achieve maximum rate of
production and automation, while minimizing risk of infection and necessary
manual labor [2]. Bioreactor culture allows for cell seeding, proliferation, dif-
ferentiation, and tissue maturation to occur within the same closed vessel, mini-
mizing transfers of the cells and scaffolds during in vitro culture, and therefore
minimizing contamination risks [2]. Its potential for automation, combined with
increased nutrient delivery, and tissue maturation allows for the generation of
BTE constructs of clinically relevant sizes by overcoming the size limitations
that static culture conditions produce. These systems significantly augment the
capacities of BTE scaffolds to serve as functional replacements for diseased or
defective bone tissue in clinical scenarios.
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Table 1 Summary of commercially available bioreactor systems and their respective uses

S. T. McLoughlin et al.

Bioreactor system Company Uses Refs.

OsteoGen: Perfusion | BISS TGT Provides media perfusion to bone constructs [12]

Bioreactor

CartiGen: BISS TGT Oscillatory stress and perfusion to cartilage [12]

Compression constructs

Bioreactor

ZRP Cultivation ZellWerk Ex vivo expansion of human blood and [12]

System tissue-derived cells

TEB1000 Bioreactor | Ebers Medical | Culture of tissue engineering constructs under [12]
flow; eliminates need for external equipment

TISXell Biaxial QuinTech Life | Growth and maturation of cells on 3D bone [12,

Bioreactor Sciences tissue engineering constructs; uniaxial, biaxial, 13]
and swing modes

3DCulturePro Bose Perfusion of 3D cell culture constructs [14]

Quasi Vivo Lonza Perfusion of interconnected or co-culture [15]
monolayer cultures

‘WAVE Bioreactor Cytiva Orbital shaker for cell expansion [16]

Flexcell Tension Flexcell Cyclic or static strain applied to in vitro cultured | [17]

System cells

Flexcell Flexcell Uses piston to apply compressive force to tissue | [18]

Compression System samples

Streamer Flexcell Regulates laminar, pulsatile, or oscillating flow | [19]

in cell cultures

2 Bioreactor Systems

Some commercially available bioreactor systems and their uses are presented in
Table 1. Several bioreactor designs will be discussed in this chapter. These systems

and a summary of their results are presented in Table 2

2.1 Spinner Flasks

Rationale and design: Spinner flask systems consist of a three-armed flask, mag-
netic stir bar, and scaffolds that are suspended in media via wires, needles, or thread
[4]. A schematic of a spinner flask system is pictured in Fig. la. Typical stirring
speeds are set between 30 and 50 rpm, so as to ensure dynamic mixing of media, but
not to cause significant damage to cells seeded on the scaffolds [16, 18]. The ratio-
nale behind the use of spinner flasks for in vitro culture is that the dynamic mixing
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Table 2 Summary of bioreactor systems, cell lines, and principal findings
Bioreactor
system Cell source Principal finding Refs.
Spinner Flask | Rat BM-MSCs Upregulation of alkaline phosphatase (ALP), [16]
osteocalcin (OC), & calcium deposition; peripheral
mineralization
hMSCs Peripheral mineralization [17]
hMSCs Increased proliferation, ALP activity, & [18]
mineralized matrix
hMSCs CFD analysis, 300 rpm resulted in more [19]
homogenous mineralization
Mouse-derived Increased proliferation [20]
MSCs
Rotating Wall Rat BM-MSCs ALP activity, (OC) secretion, & calcium deposition | [16]
Vessel lowest in RWV
Rat osteoblast Increased ALP activity, osteopontin (OPN), OC, & | [21]
BMP-4; decreased proliferation; increased
osteoprotegerin (OPG) & interleukin 6 (IL-6)
Rat BM-MSCs Inhibited proliferation and osteogenic [22]
differentiation under microgravity
Human Runx2, ALP, collagen I, & osteonectin (ON) [23]
BM-MSCs expression suppressed under microgravity,
expression of adipogenic markers upregulated
Human Bioinformatics study, microgravity downregulates | [24]
BM-MSCs osteogenic & chondrogenic genes & upregulates
adipogenic genes
Osteoblast Varied ratios of LTW/HTW microcarriers resulted | [25,
in more homogenous cell distribution 26]
Fetal human Optimized fill volume and rotational speed resulted | [27]
osteoblast in greatest cell proliferation
Perfusion hMSCs Bioreactor culture of anatomically correct TMJs [28]
resulted in more homogenous cell distribution &
matrix formation
hMSCs Increased viability, proliferation, & ALP activity; | [29]
increased OC, OPN, & BMP-2 expression
hMSCs BMP-2 & OPN increase with increasing shear; [30]
increased proliferation, mineral deposition & OPN
expression
hMSCs Increased bone area & host tissue integration [31]
in vivo
hASCs More homogenous cell distribution & collagen [32]
deposition; 8% increase in new bone area after
5 week culture
hMSCs Optimal flow rate exists in between 400 and [3]
800 pm/s
hMSCs Transverse flow results in greatest MSC [33]
differentiation; parallel flow results in greater
proliferation
hMSCs Unidirectional flow results in greater osteogenic [34]

gene expression near outlet region; alternating flow
mitigated these differences

(continued)
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Table 2 (continued)
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Bioreactor
system Cell source Principal finding Refs.
Mechanical Rabbit Mechanically loaded samples showed increased [35]
Force osteoprogenitor | collagen I& IX deposition & ECM calcification
Perfusion- Human bone Highest level of ALP activity in perfusion- [36]
compression cells compression cultures
hMSCs Perfusion culture increased proliferation; [37]
compression-perfusion increased OCN & Runx2
expression
Zetos N/A Mechanical loading decreases levels of cellular [38]
apoptosis
N/A Compressive forces increase trabecular thickness [39,
& compressive moduli 40]
Compression hMSCs Physiological strain of 0.22% results in [41]
only upregulation of ALP activity, ON expression, &
collagen I deposition
Magnetic force | hMSCs Mechanical stimulation of cells results in greater | [42,
mineralization & collagen deposition 43]

of media allows for convective transport of nutrients and oxygen to cells throughout
the entire scaffold, which increases cell viability and proliferation [4, 16, 18].
Furthermore, the dynamic environment results in the application of fluid shear
forces to cells seeded on the scaffolds, particularly on the peripheral regions, which
also enhances osteogenic differentiation and bone extracellular matrix (ECM) depo-
sition [17, 18, 44]. Also, spinner flasks are utilized as a means of cell seeding, which
increases cellularity in comparison to static culture and other mechanisms of
dynamic seeding [20].

Applications: Several studies have investigated the effectiveness of spinner flasks
for dynamic culture in BTE compared to other systems, such as rotating wall vessels
(RWYV), perfusion cartridges, and static culture. Sikavitsas et al. compared spinner
flask culture to both RWV and static culture conditions of poly(lactic-co-glycolic
acid) (PLGA) scaffolds seeded with rat bone marrow-derived MSCs [16]. In con-
trast with static conditions, scaffolds cultured in spinner flasks demonstrated
increased cellularity, as well as an upregulation in markers of osteogenic differentia-
tion, demonstrating the positive effect of the dynamic mixing environment on the
culture of BTE constructs. However, both Sikavitsas et al. and Meinel et al. observed
that mineralization occurs mostly on the outer periphery of these constructs, whereas
other systems produce more homogenous mineral deposition [16, 17]. These studies
demonstrate that spinner flask systems generate an uneven distribution of shear
stress to cells within 3D scaffolds, resulting in uneven bone tissue development.
Kim et al. sought to investigate how manipulation of scaffold design can eliminate
this uneven tissue formation. By generating silk scaffolds with macroscale pores,
more homogenous ECM deposition and mineralization was observed [18]. However,
the use of larger scale pores resulted in mechanical properties that are less than
desirable for BTE applications. This highlights the need for optimization strategies
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Flask with media
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Magnetic stir bar
Stir plate
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with scaffold
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Oxygen
permeable
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Fig. 1 Schematics of bioreactor systems. (a) Spinner flask. (b) Rotating wall vessel (arrow depicts
rotation of outer cylinder) [2]. (¢) Perfusion system. Perfusion chamber design varies with scaffold
geometry. (Created with BioRender.com)

of both scaffold design and culture conditions to balance desired tissue strength and
homogenous tissue formation.

One available strategy for understanding, predicting, and optimizing nutrient
transport across 3D scaffolds is computational fluid dynamics (CFD) analysis. In
the case of spinner flask culture systems, various stir bar rotation speeds have been
examined to determine velocity fields and shear rates within the culture vessel, pro-
viding greater insight about processing parameters that yield homogenous bone tis-
sue formation. Most CFD analyses in spinner flask systems have been conducted to
investigate optimal environments for culture of articular cartilage tissue. However,
Melke et al. predicted and examined the localization of mineral deposits within silk
fibroin scaffolds seeded with human bone marrow-derived MSCs as a function of
wall shear stress generated by different stir bar speeds [19]. This analysis demon-
strated that with increasing stirring speeds, mineral deposits were more
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homogeneously distributed. Although this modeling approach is a useful tool for
optimization of culture parameters, cell culture experiments conducted in parallel
observing cell viability as a function of shear stress generated could provide greater
insight on producing more homogenous bone tissue constructs.

These systems have also been examined as a means of dynamic cell seeding for
tissue engineering constructs [20, 45]. Griffon et al. investigated a variety of
dynamic seeding mechanisms, including spinner flasks, perfusion bioreactors, and
orbital shakers for seeding of mouse-derived MSCs on a variety of scaffold materi-
als. Spinner flasks demonstrated the greatest levels of DNA and cellularity in com-
parison to other culture methods [20]. However, other groups have seen greater
success in cell seeding with perfusion bioreactors in comparison to spinner flask
systems [45].

Limitations: A major restriction is the size of the constructs that can be success-
fully cultured using these systems. This is due to a difficult and delicate balance
between convective transport via stirring and the resultant shear stress. In order to
increase nutrient transport, stirring speeds are increased, which applies more shear
stress to cells on the outer edges of scaffolds [4]. As these scaffolds are cultured
over time, this results in greater matrix and mineral deposition on the periphery of
scaffolds, creating a sharp nutrient gradient and inefficient waste removal [16, 17]
on the inner portions of scaffolds, leading to necrosis [4]. The resulting non-
homogeneous distribution of the deposited bone matrix severely impacts the
mechanical integrity of these constructs. Because of these associated issues, culture
of clinically relevant volumes of bone tissue is not currently possible using this
method. The capacity of spinner flask systems to increase osteogenic differentiation
and homogeneous bone matrix formation in bone tissue constructs seems promis-
ing, but significant optimization of both computational analyses and cell culture
experiments needs to be conducted in order to enhance these systems’ capabilities.

2.2 Rotating Wall Vessels

Rationale and design: The rotating wall vessel (RWV) bioreactor system, which is
represented in the schematic in Fig. 1b, consists of two concentric cylinders, with a
rotating outer cylinder and stationary inner cylinder, which contains an oxygen-
permeable membrane for gas exchange [2, 4]. Media and scaffolds are present in the
space between the two cylinders. RWV bioreactors create a microgravity environ-
ment in which scaffolds are in a constant state of “free fall” by balancing drag
forces, centrifugal forces, and net gravitational forces [4, 8]. This design results in
lower shear stresses and turbulence with increased nutrient delivery [8]. Several
variations of these systems exist, including slow turning lateral vessels (STLV) and
high-aspect ratio vessels (HARV). STLV systems allow for greater control over
oxygen supply, pH, and temperature of the culture vessel, and HARV systems have
reduced speeds and improved gas exchange [4].
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Applications: One application of RWYV bioreactors is to simulate the effects of
“weightlessness” on the culture of bone-forming cells. The interest in studying
these effects stems from observations of bone loss due to space travel, leading
researchers to believe that lack of mechanical stimulation of the tissue in micrograv-
ity environments alters bone metabolic processes. Rucci et al. utilized a RWV to
culture rat osteoblast-like cells that formed organoids to observe the impact of
weightlessness on osteoblastic phenotype [21]. In comparison to cells cultured in a
traditional static environment, RW V-cultured cells displayed upregulations in mark-
ers indicative of osteoclastic phenotypes, demonstrating that this environment can
result in greater bone resorption. Similar studies evaluated the impact of micrograv-
ity on osteogenic differentiation of rat and human bone marrow-derived MSCs.
Decreased proliferation and osteoblastic differentiation were observed [22], as well
as upregulations in markers associated with adipogenic differentiation [23, 24].
These studies provide great insight into the underlying mechanisms of bone loss
that result from microgravity environments.

To determine the efficacy of RWV to culture constructs for BTE applications,
Sikavitsas et al. compared the use of RWV systems to spinner flask and static condi-
tions for the culture of rat MSCs on PLGA scaffolds [16]. Cell proliferation and
osteogenic differentiation were significantly lower in RW'V than other culture con-
ditions, leading researchers to believe that scaffold collisions with the culture vessel
were detrimental to these processes. To overcome the issues associated with
scaffold-wall collisions, Botchwey et al. and Yu et al. investigated the use of lighter
than water (LTW) and heavier than water (HTW) PLGA microcarriers to culture
osteoblast-like cells [25, 26]. The purpose of these studies was to manipulate the
densities of these scaffolds to obtain greater control over scaffold movement within
the vessels, therefore optimizing culture parameters to lead to increased osteogen-
esis. By varying the ratios of HTW and LTW microspheres, they were able to
achieve a more homogenous cell distribution and upregulation in osteogenic mark-
ers in RWV systems [26]. Another optimization study conducted by Varley et al.
investigated ideal operating parameters of both single and dual axis rotational reac-
tion vessels on fetal human osteoblast proliferation on collagen-glycosaminoglycan
(GAG) scaffolds [27]. By determining optimal media fill volume and rotational
speed of both RWV systems, cell proliferation increased significantly in compari-
son to static controls. Even though this optimization strategy improved cell growth
on the scaffolds within RWV structures, the researchers suggested that developing
a variation of the RWV structure including perfusion could significantly enhance
in vitro culture [27].

Limitations: Although some RWYV systems demonstrate upregulation in osteo-
genic markers, they are not significantly different from static cultures. The micro-
gravity environment results in low shear applications to cells within the scaffolds,
which was initially hypothesized to lead to greater cell survival [8]. These vessels
provide a mechanism to understand the impact of weightlessness on bone tissue
formation, but they remain relatively ineffective for culturing regenerative BTE
constructs. Scaffold collisions with the outer vessel walls also lead to decreased cell
survival and disruption of bone tissue formation [2, 16]. To combat this, a variation
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was designed in which scaffolds are fixed on the outer wall, which was demon-
strated to increase cell proliferation, ECM deposition, and mineralization [2].
Another variation that was developed by Zhang et al. combined perfusion and biax-
ial rotation (BXR) within the same culture vessel, which led to increased prolifera-
tion and upregulation of osteogenic markers in comparison to spinner flasks, RWYV,
and perfusion systems [46]. Although these results are promising, researchers are
turning to other dynamic culture systems due to the lack of efficacy observed in
RWV systems.

2.3 Perfusion Systems

Rationale and design: Perfusion-based systems typically consist of a media reser-
voir, pump, and a perfusion cartridge which contains the scaffold, represented in
Fig. 1c [2]. Scaffolds are press-fit to the bioreactor cartridges to allow media to
perfuse directly through scaffold pores, rather than around the scaffold [2]. Two
main design types for perfusion cartridges include packed and fluidized beds.
Packed beds are typically used for microparticle-based scaffolds or scaffolds con-
sisting of one piece [8]. Fluidized bed designs are mainly used for microparticle or
particulate based biomaterials, which are mobilized due to the fluid flow of dynamic
culture [8]. However, numerous perfusion bioreactor designs exist because their
design is reliant on scaffold architecture. Media is perfused directly through scaf-
fold pores in perfusion systems, resulting in more uniform cell seeding, osteogenic
differentiation, and bone matrix production [8]. The efficiency of these systems is
co-dependent on optimal scaffold properties, such as porosity [2, 47]. Because of
the exciting potential that these systems have to improve the generation of bone-like
tissue in vitro, several groups have also applied these systems to produce constructs
of clinically relevant size, which will be discussed later in this chapter.
Applications: Because of the need to create scaffold-specific perfusion car-
tridges, several designs have been investigated in the context of BTE. One design
that has been utilized is the tubular perfusion system (TPS) bioreactor [29-31].
Developed by Yeatts et al., this system was used to culture hMSCs in alginate beads
to test the growth and differentiation of the cells within the system, as well as the
effects of flow rate on these processes. Perfusion culture increased viability, prolif-
eration, and osteogenic differentiation of hMSCs within the scaffolds [29]. The
same group then investigated the effects of dynamic culture and application of shear
on osteogenic differentiation and proliferation of hMSCs as a function of radial
position within the same scaffolds. Over the course of the culture period, increases
in DNA and osteogenic marker expression levels were observed in dynamically
cultured scaffolds, whereas statically cultured scaffolds suffered from greater levels
of cell death, specifically in larger scale constructs [30]. This demonstrates the capa-
bility of bioreactor culture to mitigate nutrient and oxygen diffusion limitations
associated with static culture. The TPS system was used again by Yeatts et al. to
culture hMSCs on electrospun nanofibrous PLGA/poly(e-caprolactone) (PCL)
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Fig. 2 Tissue engineering of anatomically shaped bone grafts. (a, b) Clinical CT imaging tech-
niques were used to generate 3D models of TMJ. (¢) Resulting machined decellularized bone
scaffold. (d) Resulting scaffolds from different CT scans. (e) Culture schematic and (f) photograph
of bioreactor utilized to culture TMJ constructs. (g—i) Assembly process of bioreactor. (Image
adapted from [28])

scaffolds to understand the impact of dynamic culture on in vivo bone formation
[31]. Bioreactor-cultured scaffolds exhibited the greatest increase in new bone area
and better integration with host tissue, which demonstrates the positive effects of
in vitro dynamic culture on bone tissue healing in vivo.

To demonstrate the capability of perfusion systems to produce complex anatomi-
cal structures of bone tissue, Grayson et al. developed a bioreactor system specifi-
cally to culture temporomandibular joints (TMJ) from decellularized bovine bone
scaffolds and hMSCs [28]. As shown in Fig. 2, anatomical geometry was obtained
via computed tomography (CT) imaging, which was then used to generate the
polydimethylsiloxane (PDMS) fitting mechanism for the perfusion cartridge and
the computer numerical control (CNC) milled scaffolds [28]. Static conditions
resulted in the formation of bone matrix and mineralization primarily on the periph-
ery of the scaffolds, while bioreactor culture groups exhibited a more even
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distribution of matrix formation and greater cell proliferation [28]. This not only
validates the advantages of bioreactor culture over static conditions, but also the
flexibility of these systems to culture anatomically accurate bone grafts.

Frolich et al. compared static and perfusion culture conditions in control and
osteogenic media using human adipose-derived stem cells (hASCs)-seeded decel-
lularized bone scaffolds [32]. Although increases in mineralization and ECM depo-
sition were observed, they were not statistically different from static controls,
potentially due to low fluid shear rates [32]. Results such as this highlight the need
for flow rate optimization studies to maximize the effectiveness of in vitro culture.

Grayson et al. conducted a flow rate optimization study to determine the impact
of this parameter on osteogenic differentiation of hMSCs on decellularized bovine
bone plug scaffolds in a perfusion bioreactor [3]. Flow rates and their corresponding
interstitial fluid flow were determined via mathematical modeling. By observing
cell and ECM distribution and gene expression, they were able to determine an
optimal range of flow rates that enhanced the process of bone formation in the sys-
tem. Another variation of flow optimization studies was conducted by Kim et al. by
investigating the effects of parallel and transverse media flow through scaffold
pores. By culturing hMSCs on polyethylene terephthalate (PET) scaffolds, it was
demonstrated that transverse flow conditions increased the rate of MSC differentia-
tion toward an osteoblastic lineage, whereas parallel flow allowed them to maintain
greater proliferative potential [33]. Direction of perfusion was also investigated for
its effects on osteogenic differentiation of hMSCs in alginate bead scaffolds, as a
function of scaffold position within a TPS bioreactor. Nguyen et al. hypothesized
that cells within these scaffolds at the inlet and outlet regions of the perfusion bio-
reactor experience different biochemical cues that guide osteogenic differentiation
due to their differences in position [34]. Greater levels of osteogenic marker expres-
sion were observed toward the outlet region under unidirectional flow. Alternating
the flow direction after 24 h mitigated these differences. The culmination of these
results demonstrates the significant effort required to optimize perfusion systems in
order to foster homogenous bone tissue formation.

Limitations: Although these systems show great promise for the culture of regen-
erative BTE constructs, several limitations exist. First, these systems are prone to
leakage and contamination due to ill-fitting connections within the system.
Significant optimization of processing parameters is also necessary. Ideal perfusion
flow rates are necessary to determine, so as to aid in the process of osteogenic dif-
ferentiation, but not to cause significant cell death within the scaffold. Bioreactor
and scaffold designs must also be tuned in order to maximize the effects of the
in vitro culture process. However, the use of CFD analyses allows for significant
optimization within these areas prior to experimentation. Combining these analyses
with perfusion bioreactor systems provides more standardized methods for produc-
ing clinically relevant volumes of bone tissue. Because perfusion systems overcome
the issues associated with other bioreactor systems and static culture, these bioreac-
tors and their derivatives present the most potential for use in clinical scenarios.
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Fig. 3 Schematics of mechanical force bioreactor systems. (a) Compression bioreactor—arrows
indicate direction of force applied to the system & the scaffold. (b) Magnetic force bioreactor—
arrows indicate direction of movement of magnetic field and nanoparticle. (Created with
Biorender.com)

2.4 Mechanical Force Systems

Rationale and design: The objective of mechanical force bioreactor systems is to
more accurately mimic the mechanical loading forces, such as tension and compres-
sion, in the in vivo bone microenvironment. These forces are a result of regular
physical movements such as walking, running, or jumping and are instrumental in
guiding bone growth, remodeling, and other metabolic processes [4, 8]. Several
designs have been investigated in the context of BTE, but the most common includes
the application of compressive forces, which is often used in combination with per-
fusion. The synergistic relationship between fluid perfusion and compressive forces
both mimics natural loading conditions of bone, while also recreating the in vivo
microenvironment of interstitial canalicular flow in response to those loading condi-
tions. These systems are typically composed of similar elements as traditional per-
fusion systems, but culture chambers include mechanisms for compressive force
application, such as a piston driven by pneumatic pressure. Using compression sys-
tems to apply physiologically relevant loads in cyclic loading conditions increases
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cellularity, matrix production, and osteogenic gene expression [8]. Another varia-
tion is the magnetic force bioreactor (MFBs), in which magnetic nanoparticles are
attached to the cell membrane and force is applied via a magnetic field [4]. This
system allows for forces to be applied directly to the cell membrane, rather than to
the scaffold and then transmitted to cells. Because other systems require an external
mechanism for forces of compression, this damages scaffold integrity and increases
risk of infection. These are the limitations that magnetic force bioreactors seek to
address. Both compression and magnetic force systems are represented in Fig. 3.

Applications: Matziolis et al. developed a compression-based system to simulate
the in vivo fracture healing environment and investigate cell response [35]. The
upper membrane of the system, driven by pneumatic pressure, applied compressive
forces that mimic the cyclic loading cycle experienced by bone. Mechanically
loaded scaffolds demonstrated an increase in ECM deposition and calcification,
validating that the application of compressive forces aids in the process of bone tis-
sue formation [35].

The application of compressive forces has been demonstrated to upregulate
osteogenesis, but several groups investigated the use of compression-perfusion cul-
ture systems to more accurately replicate the in vivo fluid microenvironment of
bone [36, 37]. Both Bolgen et al. and Jagodinski et al. conducted studies comparing
perfusion, compression-perfusion, and static conditions. Although both dynamic
environments resulted in homogenous tissue formation, markers of osteogenesis
were significantly upregulated in compression-perfusion cultures, demonstrating
the potential for these combined systems to enhance the process of bone tissue
development.

One mechanical loading bioreactor system that has been investigated extensively
for its use in culturing bone explants is the Zetos system [38—40, 48, 49]. Developed
by Davies et al., this system has been utilized to culture human, bovine, and ovine
trabecular bone explants to determine the effect of mechanical loading on cell and
tissue response. Mann et al. investigated how mechanical loading simulating a
jumping exercise impacted cellular apoptosis and bone formation in human trabecu-
lar bone. Their study established that mechanical stimulation decreased levels of
apoptosis, whereas unloaded conditions resulted in decreased osteocyte viability
and increased apoptotic behavior [38]. This same system was employed to investi-
gate its effects on the mechanical properties of bovine bone, demonstrating that
cyclic compression increases the thickness of trabeculae and compressive modulus
[39, 40]. Endres et al. investigated several loading conditions for their effects on
bovine bone stiffness and osteoid deposition, finding that stiffness increases with
applied strain, but also depends on the amount of matrix deposited [49]. Overall,
these studies demonstrate that viable bone explants are better maintained under
loading conditions, but the system has yet to be applied to engineered bone tissue.

Previous studies reported various levels of loading conditions, all of which
seemed to have a positive impact on bone formation or mechanical properties of the
engineered or explanted constructs. However, Ravichandran et al. sought to investi-
gate how physiologically relevant strains impact early osteogenesis on constructs in
a compression bioreactor [41]. This study demonstrated that physiological loading
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conditions caused an upregulation in osteogenic markers and ECM calcification
earlier in the culture period than other strain levels and static controls. This presents
a potential benefit for future clinical translation because culture times can be reduced
due to the increased rate of bone tissue formation.

Another variation of mechanical loading bioreactors are MFBs. These systems
apply different mechanical forces directly to cell membranes via membrane-
attached magnetic nanoparticles [4]. The magnitude of the force applied changes
based on the strength of the magnetic field. In comparison to other mechanical con-
ditioning bioreactor systems, this system has several advantages, such as lesser risk
of infection, precise control over applied force, no necessary optimization of scaf-
fold parameters, and a scalable system [4]. Several groups have investigated the use
of these bioreactors in BTE [42, 43]. Kanczler et al. targeted membrane potassium
channels and integrin receptors to assess how loading on these targeted proteins
affects osteogenesis and chondrogenesis in hMSCs. Markers of both processes were
significantly upregulated when these proteins were mechanically stimulated. [42]
Henstock et al. targeted the same membrane proteins in hMSCs and injected these
mechanically conditioned cells into a chick fetal femur model for endochondral
bone formation [43]. Mechanically stimulated cells mineralized the injection site
better than unlabeled controls. The culmination of these results demonstrates the
potential for MFBs to enhance bone regeneration by stimulating specific membrane
proteins. However, it has yet to be investigated how they compare to other well-
established systems.

Limitations: One major limitation associated with the design of mechanical force
bioreactors is that the mechanisms that apply compressive forces enter the sterile
bioreactor environment, which leads to potential contamination [4]. While mechan-
ical conditioning has been demonstrated to increase the mechanical properties of
BTE constructs, the scaffold material must withstand the forces applied over the
culture period without rapid degradation in order to maintain relevance for clinical
applications. It is therefore necessary to optimize scaffold material properties and
fabrication strategy in order to ensure compatibility with these systems. Optimization
of scaffold properties and operating conditions is challenging, but the use of finite
element analysis and computational modeling aids in this process in silico prior to
experimentation [50-52].

3 Biomanufacturing and Scale-Up

One of the greatest challenges is translating bioreactor technologies to a clinical
setting. Several factors influence their translational capacity, but the most prevalent
is their potential to generate clinically relevant volumes of bone. Although dynamic
culture enhances osteogenesis and cell survival within scaffolds, the scale at which
they are typically produced is that of a small in vivo animal model. Several groups
have recently demonstrated that these systems can maintain clinically relevant vol-
umes of bone for larger animal studies or human-sized defects, and they are
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Table 3 Summary of scale-up bioreactor systems and dimensions of scaffolds successfully
cultured

Scale-up bioreactor system Scaffolds cultured Refs.

Perfusion (P[LLA-co-CL]) porous scaffolds 10.5 mm & 25 mm | [60]
in diameter

Bidirectional continuous Starch/PCL fiber meshes 42 mm diameter [53]

perfusion bioreactor

TPS 200 cm?® of alginate beads in the shape of superior half | [54]
of human femur

Direct perfusion 10 cm? of B-TCP implanted subcutaneously in nude [55,
mice 56]
30 mm of B-TCP implanted in goat tibial defects [57]

In vivo AG or SG materials implanted to repair defects [58,
15-19 mm length & 5-6 mm height 59]

summarized in Table 3. Most of these systems consist of perfusion bioreactors, but
several groups have also investigated the use of in vivo bioreactors. In vivo bioreac-
tors consist of a polymethyl methacrylate (PMMA) chamber filled with autograft or
synthetic bone substitutes that are implanted into the rib periosteum to allow for
ingrowth of vasculature and tissue development. The tissue developed in this cham-
ber is then resected and used to repair a defect site within the same animal model.

Because perfusion systems demonstrated the most potential for BTE applica-
tions, these systems have also been applied in the scale-up movement for clinical
relevance. Gardel et al. designed a perfusion-based system called the bidirectional
continuous perfusion bioreactor (BCPB), in which the scaffold chamber consists of
a center tube with perforations that the scaffold surrounds [53]. Using this system,
researchers maintained the culture of a 42-mm thick scaffold containing goat bone
marrow-derived MSCs. Similarly, Kleinhans et al. used another perfusion system to
culture hMSCs on large-scale poly(L-lactide-co-caprolactone) (P[LLA-co-CL])
porous scaffolds [60]. Comparing static and dynamic seeding of cells, bioreactor-
cultured constructs demonstrated more homogenous cell distributions, as well as an
upregulation of markers of osteogenesis. These studies validate the feasibility in
culturing large-scale constructs and inducing bone tissue formation through the use
of bioreactor culture.

To confirm the possibility of culturing BTE constructs mimicking anatomical
geometry and size of the greater half of a human femur, Nguyen et al. utilized a
larger scale TPS bioreactor to culture hMSC-laden alginate beads, creating a vol-
ume of 200 cm?® of bone-like tissue, shown in Fig. 4 [54]. Cell viability was success-
fully maintained throughout the entire tissue. Although osteogenic marker
expression was upregulated toward outer portions of the construct, the researchers
hypothesized that this could lead to the development of cortical and cancellous bone
tissue within the femur, more closely mimicking the structure of native bone. This
study establishes both the scalability and the exciting potential of dynamic culture
systems to maintain clinically relevant volumes and geometries of BTE constructs.
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Fig. 4 Design, fabrication, and culture of human femur graft. (a) 3D CAD model of superior half
of human femur. (b) 3D printed mold containing cell-laden alginate beads. (¢) Aggregated con-
struct. (d) Image of large scale TPS bioreactor setup. (Image adapted from [54])

Several in vivo studies have been conducted utilizing large-scale engineered
bone tissue constructs cultured in dynamic conditions. Janssen et al. adapted a direct
perfusion bioreactor system to culture goat bone marrow-derived MSCs or hMSCs
on B-TCP scaffolds with an online monitoring system of oxygen consumption [55,
56]. Although no concrete differences were observed between static and dynami-
cally cultured constructs in vivo, the addition of online monitoring capabilities
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increases the clinical relevance by reducing the possibility of infection, minimizing
transfers, and reducing the necessary monitoring procedures. To demonstrate the
ability of these systems to be used in larger in vivo models, Wang et al. developed a
perfusion-based system to culture goat bone marrow-derived MSCs on p-TCP scaf-
folds for goat tibial defects [57]. Constructs cultured dynamically exhibited greater
mineral deposition and host tissue integration in vivo. While these results show
promise for the use of dynamically cultured constructs in vivo, further research is
needed to understand exactly how these culture environments influence bone tissue
formation.

Another bioreactor design for the generation of large-scale BTE constructs is the
in vivo bioreactor. Tatara et al. utilized this design to compare autograft and syn-
thetic materials and their potential to regenerate mandibles in sheep models [58,
59]. Although these materials exhibited significantly lower bone densities than
native mandibles when evaluated after resection, this study revealed the feasibility
of this approach to generate vascularized bone tissue substitutes. The group also
used 3D printed bioreactors of the same design to culture similar materials [61].
Using 3D printing to fabricate bioreactors allows for the culture and maintenance of
patient-specific grafts, further increasing clinical translation potential. These strate-
gies utilize common clinical imaging techniques, such as CT or MRI, to obtain
scans of the patient defect, which can be reconstructed into 3D models that are
compatible with printing software.

These studies validate the potential for bioreactor platforms to produce larger
scale constructs of both clinically relevant size and shape. Although several in vivo
studies have been conducted, further research is needed to understand the relation-
ship between dynamic culture and bone regeneration. There are also several other
factors that need to be optimized before these technologies are able to be utilized as
new clinical standards of care.

4 Future Considerations for Clinical Translation

Bioreactor systems are utilized to overcome the issues associated with static culture
of three-dimensional constructs. However, several improvements need to be made
to increase their relevance to clinical applications.

4.1 Culture of Patient-Specific Grafts

Generation of patient-specific grafts from synthetic materials and readily available
cells would mitigate the need for harvesting autologous tissue. Because these
defects often require complex geometrical structures, it is necessary to find methods
to successfully generate and culture these constructs. Traditional clinical imaging
techniques can be utilized to generate 3D models of the defect site and additive
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manufacturing technologies can be used to fabricate both synthetic grafts and bio-
reactors for dynamic culture. Costa et al. utilized additive manufacturing technolo-
gies to fabricate scaffolds and a perfusion bioreactor chamber for ovine tibia defects
[62]. After conducting computational studies to optimize fluid flow rate in these
bioreactors, scaffolds were seeded and cultured with primary human osteoblasts,
resulting in relatively high cell viability [62]. Although this shows promise for the
use of 3D printing technologies as a means of fabrication of bioreactors, further
research is needed to confirm the potential of enhancing osteogenesis within these
systems in comparison to static culture. Not only would 3D-printed bioreactors
allow for the generation of patient specific grafts, but they would also enhance the
process of biomanufacturing such scaffolds due to the ease with which these sys-
tems could be fabricated. This would be beneficial for the production of multiple
patient-specific grafts at one time because the culture of 3D constructs varies sig-
nificantly based on processing parameters and cell behavior. Generating multiple
grafts at one time would allow for the “best” graft to be implanted [63]. However,
optimizing processing parameters and cell seeding could further improve bioreactor
systems.

4.2 Automation and Monitoring

Another crucial step toward clinical translation for these bioreactor systems is the
inclusion of monitoring systems and automation of processes such as cell seeding
and culture. Current research strategies rely heavily on manual labor and the tech-
nique of researchers. However, in order for these systems to be implemented on a
large biomanufacturing scale, the level of manual labor and manipulation of tissue
engineered constructs must be reduced in order to decrease variability. First, these
systems should be implemented for cell seeding, rather than relying on manual
seeding methods. Also, online and in situ monitoring of culture environment would
reduce manual labor. Several groups have investigated the use of oxygen monitoring
systems within culture vessels to monitor tissue culture without having to manipu-
late the constructs [55, 56]. These systems can be further improved by introducing
feedback monitoring loops of quantitative markers for osteogenesis [63]. The gen-
eration of imaging-compatible bioreactor systems to monitor the growth and devel-
opment of tissue engineered bone has also been investigated [63]. In addition to
quantifying growth, online monitoring systems should be designed for easy manip-
ulation without significant technical training. Automating these processes and
designing user-friendly interfaces would optimize the potential for clinical transla-
tion and significantly reduce the variability associated with traditional tissue culture
techniques.
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4.3 Optimization

The greatest challenge that researchers face in translating bioreactor systems to
clinical scenarios involves the process of optimization. Although bioreactors have
been investigated extensively in the context of BTE, each specific design requires
optimization of processing parameters so as to generate the most functional tissue
constructs. From the cell type to flow rates and culture times, there are several vari-
ables that need to be optimized and standardized in order to make these systems
more clinically relevant. For this reason, computational fluid dynamic studies within
specific culture vessels should be conducted prior to experimentation. This will
allow for the most ideal generation of synthetic bone grafts. Although these systems
show great promise, significant research is needed in establishing a standardized use
of bioreactors before they can be translated to the clinics.

References

1. Amini AR, Laurencin CT, Nukavarapu SP. Bone tissue engineering: recent advances and
challenges. Crit Rev Biomed Eng. 2012;40:363. https://doi.org/10.1615/CritRevBiomedEng.
v40.i5.10.

2. Yeatts AB, Fisher JP. Bone tissue engineering bioreactors: dynamic culture and the influence
of shear stress. Bone. 2011;48:171. https://doi.org/10.1016/j.bone.2010.09.138.

3. Grayson WL, et al. Optimizing the medium perfusion rate in bone tissue engineering bioreac-
tors. Biotechnol Bioeng. 2011;108:1151. https://doi.org/10.1002/bit.23024.

4. El Haj AJ, Cartmell SH. Bioreactors for bone tissue engineering. Proc Inst Mech Eng H J Eng
Med. 2010;224:1523. https://doi.org/10.1243/09544119JEIM802.

5. Kim YS, Majid M, Melchiorri AJ, Mikos AG. Applications of decellularized extracellular
matrix in bone and cartilage tissue engineering. Bioeng Transl Med. 2019;4:83. https://doi.
org/10.1002/btm?2.10110.

6. Rouwkema J, Koopman BFJM, Blitterswijk CAV, Dhert WJA, Malda J. Supply of nutrients to
cells in engineered tissues. Biotechnol Genet Eng Rev. 2010;26:163. https://doi.org/10.5661/
bger-26-163.

7. Filipowska J, Tomaszewski KA, Niedzwiedzki L., Walocha JA, Niedzwiedzki T. The role of
vasculature in bone development, regeneration and proper systemic functioning. Angiogenesis.
2017;20:291. https://doi.org/10.1007/s10456-017-9541-1.

8. Carpentier B, Layrolle P, Legallais C. Bioreactors for bone tissue engineering. Int J Artif
Organs. 2011;34:259. https://doi.org/10.5301/1JAO.2011.6333.

9. Martin Y, Vermette P. Bioreactors for tissue mass culture: design, characterization, and recent
advances. Biomaterials. 2005;26:7481. https://doi.org/10.1016/j.biomaterials.2005.05.057.

10. Yourek G, McCormick SM, Mao JJ, Reilly GC. Shear stress induces osteogenic differen-
tiation of human mesenchymal stem cells. Regen Med. 2010;5:713. https://doi.org/10.2217/
rme.10.60.

11. Lovett M, Lee K, Edwards A, Kaplan DL. Vascularization strategies for tissue engineering.
Tissue Eng Part B Rev. 2009;15:353. https://doi.org/10.1089/ten.teb.2009.0085.

12. Hansmann J, Groeber F, Kahlig A, Kleinhans C, Walles H. Bioreactors in tissue engineering-
principles, applications and commercial constraints. Biotechnol J. 2013;8:298. https://doi.
org/10.1002/biot.201200162.

13. Hutmacher DW, et al. Bioreactor for growing cell or tissue cultures. U.S. Patent Application
Publication; 2006.


https://doi.org/10.1615/CritRevBiomedEng.v40.i5.10
https://doi.org/10.1615/CritRevBiomedEng.v40.i5.10
https://doi.org/10.1016/j.bone.2010.09.138
https://doi.org/10.1002/bit.23024
https://doi.org/10.1243/09544119JEIM802
https://doi.org/10.1002/btm2.10110
https://doi.org/10.1002/btm2.10110
https://doi.org/10.5661/bger-26-163
https://doi.org/10.5661/bger-26-163
https://doi.org/10.1007/s10456-017-9541-1
https://doi.org/10.5301/IJAO.2011.6333
https://doi.org/10.1016/j.biomaterials.2005.05.057
https://doi.org/10.2217/rme.10.60
https://doi.org/10.2217/rme.10.60
https://doi.org/10.1089/ten.teb.2009.0085
https://doi.org/10.1002/biot.201200162
https://doi.org/10.1002/biot.201200162

Bioreactors and Scale-Up in Bone Tissue Engineering 245

14.

15.

16.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Ahmed S, Chauhan VM, Ghaemmaghami AM, Aylott JW. New generation of bioreactors that
advance extracellular matrix modelling and tissue engineering. Biotechnol Lett. 2019;41:1.
https://doi.org/10.1007/s10529-018-2611-7.

Buesch S, Schroeder J, Bunger M, D’Souza T, Stosik M. A novel in vitro liver cell culture flow
system allowing long-term metabolism and hepatotoxicity studies. Appl Vit Toxicol. 2018;
4:232. https://doi.org/10.1089/aivt.2018.0009

Kim HJ, et al. Bone regeneration on macroporous aqueous-derived silk 3-D scaffolds.
Macromol Biosci. 2007;7:643. https://doi.org/10.1002/mabi.200700030.

. Melke J, Zhao F, Rietbergen B, Ito K, Hofmann S. Localisation of mineralised tissue in a com-

plex spinner flask environment correlates with predicted wall shear stress level localisation.
Eur Cells Mater. 2018;36:57. https://doi.org/10.22203/eCM.v036a05.

. Griffon DJ, Abulencia JP, Ragetly GR, Fredericks LP, Chaieb S. A comparative study of seed-

ing techniques and three-dimensional matrices for mesenchymal cell attachment. J Tissue Eng
Regen Med. 2011;5:169. https://doi.org/10.1002/term.302.

Rucci N, Migliaccio S, Zani BM, Taranta A, Teti A. Characterization of the osteoblast-like cell
phenotype under microgravity conditions in the NASA-approved rotating wall vessel bioreac-
tor (RWV). J Cell Biochem. 2002;85:167. https://doi.org/10.1002/jcb.10120.

Sikavitsas VI, Bancroft GN, Mikos AG. Formation of three-dimensional cell/polymer con-
structs for bone tissue engineering in a spinner flask and a rotating wall vessel bioreactor. J
Biomed Mater Res. 2002;62:136. https://doi.org/10.1002/jbm.10150.

Meinel L, et al. Bone tissue engineering using human mesenchymal stem cells: effects of
scaffold material and medium flow. Ann Biomed Eng. 2004;32:112. https://doi.org/10.1023/
B:ABME.0000007796.48329.b4.

Gomes ME, Sikavitsas VI, Behravesh E, Reis RL, Mikos AG. Effect of flow perfusion on the
osteogenic differentiation of bone marrow stromal cells cultured on starch-based three-dimen-
sional scaffolds. J Biomed Mater Res A. 2003;67:87. https://doi.org/10.1002/jbm.a.10075.
PMID: 14517865

Chen X, et al. Mechanical stretch-induced osteogenic differentiation of human jaw bone mar-
row mesenchymal stem cells (W(JBMMSCs) via inhibition of the NF-kB pathway. Cell Death
Dis. 2018; 9:207. https://doi.org/10.1038/s41419-018-0279-5.

Nettelhoff L, et al. Influence of mechanical compression on human periodontal liga-
ment fibroblasts and osteoblasts. Clin Oral Investig. 2016; 20:621. https://doi.org/10.1007/
s00784-015-1542-0.

Chen J, et al. Chromium oxide nanoparticle impaired osteogenesis and cellular response
to mechanical stimulus. Int J Nanomedicine. 2021; 16:6157. https://doi.org/10.2147/1JN.
S317430.

Dai ZQ, Wang R, Ling SK, Wan YM, Li YH. Simulated microgravity inhibits the prolifera-
tion and osteogenesis of rat bone marrow mesenchymal stem cells. Cell Prolif. 2007;40:671.
https://doi.org/10.1111/j.1365-2184.2007.00461 .x.

Zayzafoon M, Gathings WE, McDonald JM. Modeled microgravity inhibits osteogenic dif-
ferentiation of human mesenchymal stem cells and increases adipogenesis. Endocrinology.
2004;145:2421. https://doi.org/10.1210/en.2003-1156.

Sheyn D, Pelled G, Netanely D, Domany E, Gazit D. The effect of simulated microgravity on
human mesenchymal stem cells cultured in an osteogenic differentiation system: a bioinfor-
matics study. Tissue Eng Part A. 2010;16:3403. https://doi.org/10.1089/ten.tea.2009.0834.
Botchwey EA, Pollack SR, Levine EM, Laurencin CT. Bone tissue engineering in a rotating
bioreactor using a microcarrier matrix system. J Biomed Mater Res. 2001;55:242. https://doi.
org/10.1002/1097-4636(200105)55:2<242:: AID-JBM1011>3.0.CO;2-D.

Yu X, Botchwey EA, Levine EM, Pollack SR, Laurencin CT. Bioreactor-based bone tis-
sue engineering: the influence of dynamic flow on osteoblast phenotypic expression and
matrix mineralization. Proc Natl Acad Sci U S A. 2004;101:11203. https://doi.org/10.1073/
pnas.0402532101.

Varley MC, Markaki AE, Brooks RA. Effect of rotation on scaffold motion and cell growth in
rotating bioreactors. Tissue Eng A. 2017;23:522. https://doi.org/10.1089/ten.tea.2016.0357.


https://doi.org/10.1007/s10529-018-2611-7
https://doi.org/10.1089/aivt.2018.0009
https://doi.org/10.1002/mabi.200700030
https://doi.org/10.22203/eCM.v036a05
https://doi.org/10.1002/term.302
https://doi.org/10.1002/jcb.10120
https://doi.org/10.1002/jbm.10150
https://doi.org/10.1023/B:ABME.0000007796.48329.b4
https://doi.org/10.1023/B:ABME.0000007796.48329.b4
https://doi.org/10.1002/jbm.a.10075
https://doi.org/10.1038/s41419-018-0279-5
https://doi.org/10.1007/s00784-015-1542-0
https://doi.org/10.1007/s00784-015-1542-0
https://doi.org/10.2147/IJN.S317430
https://doi.org/10.2147/IJN.S317430
https://doi.org/10.1111/j.1365-2184.2007.00461.x
https://doi.org/10.1210/en.2003-1156
https://doi.org/10.1089/ten.tea.2009.0834
https://doi.org/10.1002/1097-4636(200105)55:2<242::AID-JBM1011>3.0.CO;2-D
https://doi.org/10.1002/1097-4636(200105)55:2<242::AID-JBM1011>3.0.CO;2-D
https://doi.org/10.1073/pnas.0402532101
https://doi.org/10.1073/pnas.0402532101
https://doi.org/10.1089/ten.tea.2016.0357

246

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

S. T. McLoughlin et al.

Grayson WL, et al. Engineering anatomically shaped human bone grafts. Proc Natl Acad Sci
U S A. 2010;107:3299. https://doi.org/10.1073/pnas.0905439106.

Yeatts AB, Fisher JP. Tubular perfusion system for the long-term dynamic culture of human
mesenchymal stem cells. Tissue Eng Part C Methods. 2011;17:337. https://doi.org/10.1089/
ten.tec.2010.0172.

Yeatts AB, Geibel EM, Fears FF, Fisher JP. Human mesenchymal stem cell position within
scaffolds influences cell fate during dynamic culture. Biotechnol Bioeng. 2012;109:2381.
https://doi.org/10.1002/bit.24497.

Yeatts AB, et al. In vivo bone regeneration using tubular perfusion system bioreactor cul-
tured nanofibrous scaffolds. Tissue Eng Part A. 2014;20:139. https://doi.org/10.1089/ten.
tea.2013.0168.

Frohlich M, et al. Bone grafts engineered from human adipose-derived stem cells in perfusion
bioreactor culture. Tissue Eng Part A. 2010;16:179. https://doi.org/10.1089/ten.tea.2009.0164.
Kim J, Ma T. Perfusion regulation of hMSC microenvironment and osteogenic differentiation
in 3D scaffold. Biotechnol Bioeng. 2012;109:252. https://doi.org/10.1002/bit.23290.

Nguyen BNB, Ko H, Fisher JP. Tunable osteogenic differentiation of hMPCs in tubular
perfusion system bioreactor. Biotechnol Bioeng. 2016;113:10805. https://doi.org/10.1002/
bit.25929.

Matziolis G, et al. Simulation of cell differentiation in fracture healing: mechanically loaded
composite scaffolds in a novel bioreactor system. Tissue Eng. 2006;12:201. https://doi.
org/10.1089/ten.2006.12.201.

Bolgen N, et al. Three-dimensional ingrowth of bone cells within biodegradable cryogel
scaffolds in bioreactors at different regimes. Tissue Eng Part A. 2008;14:1743. https://doi.
org/10.1089/ten.tea.2007.0277.

Jagodzinski M, et al. Influence of perfusion and cyclic compression on proliferation and dif-
ferentiation of bone marrow stromal cells in 3-dimensional culture. J Biomech. 2008;41:1885.
https://doi.org/10.1016/j.jbiomech.2008.04.001.

Mann V, Huber C, Kogianni G, Jones D, Noble B. The influence of mechanical stimulation on
osteocyte apoptosis and bone viability in human trabecular bone. J Musculoskelet Neuronal
Interact. 2006;6:408.

David V, et al. Ex vivo bone formation in bovine trabecular bone cultured in a dynamic 3D
bioreactor is enhanced by compressive mechanical strain. Tissue Eng Part A. 2008;14:117.
https://doi.org/10.1089/ten.a.2007.0051.

Vivanco J, et al. Apparent elastic modulus of ex vivo trabecular bovine bone increases
with dynamic loading. Proc Inst Mech Eng Part H J Eng Med. 2013;227:904. https://doi.
org/10.1177/0954411913486855.

Ravichandran A, et al. In vitro cyclic compressive loads potentiate early osteogenic events in
engineered bone tissue. J Biomed Mater Res B Appl Biomater. 2017;105:2366. https://doi.
org/10.1002/jbm.b.33772.

Kanczler JM, et al. Controlled differentiation of human bone marrow stromal cells using mag-
netic nanoparticle technology. Tissue Eng Part A. 2010;16:3241. https://doi.org/10.1089/ten.
tea.2009.0638.

Henstock JR, Rotherham M, Rashidi H, Shakesheff KM, El Haj AJ. Remotely activated
mechanotransduction via magnetic nanoparticles promotes mineralization synergistically with
bone morphogenetic protein 2: applications for injectable cell therapy. Stem Cells Transl Med.
2014;3:1363. https://doi.org/10.5966/sctm.2014-0017.

Wang TW, Wu HC, Wang HY, Lin FH, Sun JS. Regulation of adult human mesenchymal stem
cells into osteogenic and chondrogenic lineages by different bioreactor systems. J Biomed
Mater Res A. 2009;88:935. https://doi.org/10.1002/jbm.a.31914.

Wendt D, Marsano A, Jakob M, Heberer M, Martin I. Oscillating perfusion of cell suspen-
sions through three-dimensional scaffolds enhances cell seeding efficiency and uniformity.
Biotechnol Bioeng. 2003;84:205. https://doi.org/10.1002/bit.10759.


https://doi.org/10.1073/pnas.0905439106
https://doi.org/10.1089/ten.tec.2010.0172
https://doi.org/10.1089/ten.tec.2010.0172
https://doi.org/10.1002/bit.24497
https://doi.org/10.1089/ten.tea.2013.0168
https://doi.org/10.1089/ten.tea.2013.0168
https://doi.org/10.1089/ten.tea.2009.0164
https://doi.org/10.1002/bit.23290
https://doi.org/10.1002/bit.25929
https://doi.org/10.1002/bit.25929
https://doi.org/10.1089/ten.2006.12.201
https://doi.org/10.1089/ten.2006.12.201
https://doi.org/10.1089/ten.tea.2007.0277
https://doi.org/10.1089/ten.tea.2007.0277
https://doi.org/10.1016/j.jbiomech.2008.04.001
https://doi.org/10.1089/ten.a.2007.0051
https://doi.org/10.1177/0954411913486855
https://doi.org/10.1177/0954411913486855
https://doi.org/10.1002/jbm.b.33772
https://doi.org/10.1002/jbm.b.33772
https://doi.org/10.1089/ten.tea.2009.0638
https://doi.org/10.1089/ten.tea.2009.0638
https://doi.org/10.5966/sctm.2014-0017
https://doi.org/10.1002/jbm.a.31914
https://doi.org/10.1002/bit.10759

Bioreactors and Scale-Up in Bone Tissue Engineering 247

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Zhang ZY, et al. A comparison of bioreactors for culture of fetal mesenchymal stem
cells for bone tissue engineering. Biomaterials. 2010;31:8684. https://doi.org/10.1016/j.
biomaterials.2010.07.097.

Gomes ME, Reis RL, Mikos AG. Bone tissue engineering constructs based on starch scaf-
folds and bone marrow cells cultured in a flow perfusion bioreactor. In: Materials Science
Forum; 2006.

Davies CM, et al. Mechanically loaded ex vivo bone culture system ‘Zetos’: systems and cul-
ture preparation. Eur Cells Mater. 2006;11:57. https://doi.org/10.22203/eCM.v011a07.
Endres S, Kratz M, Wunsch S, Jones DB. Zetos: a culture loading system for trabecular bone.
Investigation of different loading signal intensities on bovine bone cylinders. ] Musculoskelet
Neuronal Interact. 2009;9:173.

Wood MA, et al. Correlating cell morphology and osteoid mineralization relative to strain
profile for bone tissue engineering applications. J R Soc Interface. 2008;5:899. https://doi.
org/10.1098/rsif.2007.1265.

Baas E, Kuiper JH, Yang Y, Wood MA, El Haj AJ. In vitro bone growth responds to local
mechanical strain in three-dimensional polymer scaffolds. J Biomech. 2010;43:733. https://
doi.org/10.1016/j.jbiomech.2009.10.016.

Birmingham E, Niebur GL, McNamara LM, McHugh PE. An experimental and computational
investigation of bone formation in mechanically loaded trabecular bone explants. Ann Biomed
Eng. 2016;44:1191. https://doi.org/10.1007/s10439-015-1378-4.

Gardel LS, Correia-Gomes C, Serra LA, Gomes ME, Reis RL. A novel bidirectional con-
tinuous perfusion bioreactor for the culture of large-sized bone tissue-engineered constructs. J
Biomed Mater Res B Appl Biomater. 2013;101:1377. https://doi.org/10.1002/jbm.b.32955.
Nguyen BNB, Ko H, Moriarty RA, Etheridge JM, Fisher JP. Dynamic bioreactor culture of
high volume engineered bone tissue. Tissue Eng Part A. 2016;22:263. https://doi.org/10.1089/
ten.tea.2015.0395.

Janssen FW, Oostra J, Van Oorschot A, Van Blitterswijk CA. A perfusion bioreactor system
capable of producing clinically relevant volumes of tissue-engineered bone: in vivo bone
formation showing proof of concept. Biomaterials. 2006;27:315. https://doi.org/10.1016/].
biomaterials.2005.07.044.

Janssen FW, et al. Human tissue-engineered bone produced in clinically relevant amounts
using a semi-automated perfusion bioreactor system: a preliminary study. J Tissue Eng Regen
Med. 2010;4:12. https://doi.org/10.1002/term.197.

Wang C, et al. Repair of segmental bone-defect of goat’s tibia using a dynamic perfusion cul-
ture tissue engineering bone. J Biomed Mater Res A. 2010;92:1145. https://doi.org/10.1002/
jbm.a.32347.

Tatara AM, et al. Autologously generated tissue-engineered bone flaps for reconstruction of
large mandibular defects in an ovine model. Tissue Eng Part A. 2015;21:1520. https://doi.
org/10.1089/ten.tea.2014.0426.

Tatara AM, et al. Reconstruction of large mandibular defects using autologous tissues gen-
erated from in vivo bioreactors. Acta Biomater. 2016;45:72. https://doi.org/10.1016/j.
actbio.2016.09.013.

Kleinhans C, et al. A perfusion bioreactor system efficiently generates cell-loaded bone sub-
stitute materials for addressing critical size bone defects. Biotechnol J. 2015;10:1727. https://
doi.org/10.1002/biot.201400813.

Tatara AM, et al. Biomaterials-aided mandibular reconstruction using in vivo bioreactors. Proc
Natl Acad Sci U S A. 2019;116:6954. https://doi.org/10.1073/pnas.1819246116.

Costa PF, et al. Biofabrication of customized bone grafts by combination of additive
manufacturing and bioreactor knowhow. Biofabrication. 2014;6:035006. https://doi.
org/10.1088/1758-5082/6/3/035006.

Salter E, et al. Bone tissue engineering bioreactors: a role in the clinic? Tissue Eng Part B Rev.
2012;18:62-75.


https://doi.org/10.1016/j.biomaterials.2010.07.097
https://doi.org/10.1016/j.biomaterials.2010.07.097
https://doi.org/10.22203/eCM.v011a07
https://doi.org/10.1098/rsif.2007.1265
https://doi.org/10.1098/rsif.2007.1265
https://doi.org/10.1016/j.jbiomech.2009.10.016
https://doi.org/10.1016/j.jbiomech.2009.10.016
https://doi.org/10.1007/s10439-015-1378-4
https://doi.org/10.1002/jbm.b.32955
https://doi.org/10.1089/ten.tea.2015.0395
https://doi.org/10.1089/ten.tea.2015.0395
https://doi.org/10.1016/j.biomaterials.2005.07.044
https://doi.org/10.1016/j.biomaterials.2005.07.044
https://doi.org/10.1002/term.197
https://doi.org/10.1002/jbm.a.32347
https://doi.org/10.1002/jbm.a.32347
https://doi.org/10.1089/ten.tea.2014.0426
https://doi.org/10.1089/ten.tea.2014.0426
https://doi.org/10.1016/j.actbio.2016.09.013
https://doi.org/10.1016/j.actbio.2016.09.013
https://doi.org/10.1002/biot.201400813
https://doi.org/10.1002/biot.201400813
https://doi.org/10.1073/pnas.1819246116
https://doi.org/10.1088/1758-5082/6/3/035006
https://doi.org/10.1088/1758-5082/6/3/035006

Strategies for 3D Printing of Vascularized
Bone

Check for
updates

Favour Obuseh, Christina Jones, and Eric M. Brey

1 Introduction

The fields of tissue engineering and regenerative medicine seek to combine con-
cepts from medicine, biology, materials science, engineering, and other related
fields to develop strategies for replacing damaged or diseased tissues and organs.
While progress has been made in engineering tissues that exhibit successful func-
tional outcomes in small animal models, the growth of tissues to the relevant size
and complexity required for clinical application is limited. This is due, in part, to the
requirement of coordinating tissue formation with the assembly of a complex, func-
tional vasculature, a frontier yet to be fully realized. The fabrication of three-
dimensional blood vessels designed to meet the structural and functional
requirements of a given tissue has the potential to revolutionize the field of tissue
engineering.

In general, cells are located within 100-300 pm of a capillary. The vasculature
functions to distribute oxygen, cells, and nutrients enable tissue—tissue communica-
tion and remove wastes. In the absence of vascularization, tissues are generally
limited to less than a few millimeters in thickness. Attempts to engineer larger tis-
sues may result in central necrosis due to the lack of sufficient oxygen or other
nutrients within the tissue. Developing methods for growing tissues and organs of
size relevant to clinical application requires control over the growth of vasculature
that meets the specific metabolic demands of a tissue. While tissue engineers have
shown an ability to grow capillary networks or large vessels separately, building
extensive, functional vascular system is one of the most sought-after advances in the
field of tissue engineering [1].
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Fig. 1 Hierarchical structure and organization of vessels. (Image created with BioRender.com)

Vascular architecture is complex, consisting of vessels of various size, thick-
nesses, composition, mechanical properties, and permeability. Blood vessels branch
from aorta (=1 cm in diameter) into pipelines with decreasing diameters which
ultimately feed into dense, small capillaries (5—10 pm in diameter) [2]. Vessels can
be generally divided into categories of arteries, veins, and capillaries (Fig. 1). While
each class of vessels varies dramatically in size, arteries generally consist of a mus-
cular wall and carry oxygenated blood, while veins carry deoxygenated blood and
are generally thinner and less elastic. Capillaries are thin-walled consisting of an
intima and basement membrane. Mural cells, or pericytes, are present intermittently
on the surface and the inner diameter is small enough that only a single red blood
cell can pass through at a time. These differing characteristics of blood vessels allow
the vasculature to meet the specific demands of each tissue and organ to maintain
appropriate function [2].

Bone is highly vascularized and critically dependent on a properly functioning
vasculature. During skeletal development, vascularization and mineralization occur
in a coordinated process. In addition to supporting proper function, bone tissue also
depends on the microvasculature to regulate homeostasis and regeneration follow-
ing injury. In bone tissue engineering (BTE), the focus is often on repairing and
generating volumes of mineralized bone tissue based on the use osteoconductive
scaffolds, osteoinductive growth factors, and osteogenic precursor cells [3]. Even
with successful mineralized tissue growth, however, implanted materials with little
to no vasculature are not likely to integrate with host tissue resulting in graft necro-
sis and failure. Multiple levels of vascular integration are required to provide
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complete blood flow throughout a large volume scaffold. Larger vessels are required
for providing convective blood flow throughout the tissue while microvascular net-
works are required for oxygenation and nutrient exchange [3].

Autologous bone graft is widely accepted as the gold standard for bone defect
repair [4]. The success of bone graft results, in part, from the presence of a preexist-
ing vascular network that can either be connected directly (microsurgical anastomo-
sis) or indirectly (vascular ingrowth) with the host blood supply. This allows for the
rapid establishment of flow in the new tissue and, in most cases, functional integra-
tion. To ultimately replace autologous bone grafts, tissue engineers need to develop
methods to design and build vasculature with the complex three-dimensional struc-
ture present in autologous tissues.

2 Vascularization of Engineered Tissues

There are two primary mechanisms by which vessels form: angiogenesis and vascu-
logenesis. Angiogenesis is the formation of new blood vessels from existing vascu-
lar networks, while vasculogenesis is the assembly of new vessels from progenitor
cells. Initially, many tissue engineering strategies focused on stimulating angiogen-
esis through the controlled delivery of growth factors. Growth factors are biological
macromolecules that can conduct cell signaling and influence cell growth, differen-
tiation, and migration. Strategies typically employ a controlled release system, with
current results indicating that controlled delivery of multiple factors can result in
more complex, stable, and functional vasculature. This is likely due to the impor-
tance of distinct growth factors at various stages of vascularization. A number of
growth factors contribute to angiogenesis, including proteins from the vascular
endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), insulin
growth factor, fibroblast growth factor (FGF), angiopoietin (Ang), and transforming
growth factor families (TGF). VEGF is critical for the initiation of angiogenesis,
inducing endothelial cell proliferation, migration, and new vessel formation [5].
PDGF/TGF are involved in recruiting and differentiation of mural cells critical for
vessel maturation. VEGF/PDGF [6], FGF/PDGF [7], VEGF/Ang2 and PDGF/Ang1
[7] have been shown to improve vascularization above single-factor delivery alone,
with outcome dependent on the sequence of delivery.

While progress has been made with these systems, the rate of vessels ingrowth,
even under the best conditions, is unlikely to be successful when attempting to vas-
cularize large tissues for clinical use. Another approach for promoting vasculariza-
tion involves seeding scaffolds with endothelial cells prior to implantation. The goal
is to enhance vascularization following implantation either via direct organization
of the endothelial cells into new vasculature, or through the release of soluble fac-
tors that induce angiogenesis. The latter effect enables the use of other cells, includ-
ing mesenchymal stem cells, which release a more potent mix of soluble factors.
The endothelial cells may also be grown within the biomaterials prior to implanta-
tion under conditions that support the spontaneous assembly of a primitive vascular
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network system. These networks can then inosculate with host vessels rapidly
establishing flow within the scaffolds. While this approach has been shown to
increase vascularization in scaffolds used for musculoskeletal applications, the
overall impact on bone tissue engineering remains limited [8, 9]. The networks are
limited in complexity, consisting only of smaller vessels, and usually take relatively
long periods of time, from days to weeks to establish vascular networks. Due to
these challenges, the impact of vascularization strategies has been limited regarding
the development of engineered tissues.

2.1 Role of Bioreactors in Vascularization

Bioreactors are designed to provide an environment that enables tissue development
under closely monitored and controlled conditions (e.g., pH, temperature, gas con-
centration, nutrient supply, waste removal) [10]. In addition, bioreactors can be
designed to support tissue growth prior to the establishment of an extensive vascular
network. The high degree of reproducibility, control and automation of bioreactors
is critical for the potential clinical translation of engineered tissues. While the pri-
mary emphasis has been on improving the delivery of nutrients to the constructs in
the bioreactor system, there have been breakthroughs in attaining vessel formation.
For example, a perfusion bioreactor system employed was used to promote angio-
genic cell migration and anastomosis in preformed microchannels [11]. See chapter
“Bioreactors and Scale-Up in Bone Tissue Engineering” for in-depth review of
bioreactors in BTE.

2.2 Scaffold Properties

Three-dimensional printing has the potential to allow unprecedented control over
the cell and scaffold architecture. The ability to control the porosity and structure of
biomaterials can allow for designing materials that mimic the native structure of
bone [12], improving nutrient transport into the scaffold [13] or enhancing vascular-
ized tissue growth within the construct [14]. In general, porosity allows cellular
migration, facilitates vessel growth, and provides surfaces for cellular adhesion.
However, increasing porosity typically compromises mechanical strength.
Identifying optimal conditions to support vascularized tissue growth requires in-
depth investigation of the relationship between scaffold architecture and tissue
response.

A challenge with the design of engineered systems is the broad range of condi-
tions in the design space that could be explored: including material features such as
pore size features (e.g., mean diameter, distribution), porosity, interconnectivity,
etc. It is neither practical nor efficient to explore these conditions experimentally.
Computational systems allow for rapid investigation of a broad range of conditions.
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Fig. 2 Agent-based modeling of angiogenesis in porous scaffolds 3D renderings of heterogeneous
scaffold vascularization after 6 weeks for different pore sizes of (a) 150, (b) 275, and (c) 400 pm.
Overall scaffold porosity is 80% in all pore sizes, and pore size distribution is 75 pm. (Reproduced
with permission from [15] LN.4902811426681)

Agent-based model systems have been used to systematically investigate the effect
of pore structure on angiogenesis into porous biomaterials (Fig. 2) [2]. The simula-
tion results allowed for the identification specific scaffold features that support rapid
and extensive angiogenesis. Complex designs can be created and more rapidly
scaled using 3D printing.

2.3 3D Bioprinting of Vascular Networks

Biofabrication or 3D bioprinting involves the use of bioinks to control the spatial
distribution of cells. This enables the formation of specific structures and close
proximity for cell—cell signaling essential for coordination of angiogenesis and
osteogenesis [16]. Selecting materials for use as the bioink can be challenging. It is
imperative to select biocompatible materials that provide physical and chemical
support for regulation and survival of cells both during the printing process and after
formation. The materials much meet the mechanical stiffness required for osteogen-
esis and mechanical strength require following application. In addition, the bioink
must be printable, able to be extruded and maintain the printed structures. In design-
ing a bioink, all of these properties, the mechanical, rheological, biodegradability,
biocompatibility, and bioactivity must be taken into account, particularly taking into
consideration the specific application [17].

Hydrogels are often used as bioinks based on their relatively lower viscosity and
support for cell function following printing. Synthetic hydrogels often have good
mechanical properties and easily tunable properties, but often lack some of the
intrinsic bioactivity of natural materials. Natural hydrogels provide a structure and
composition of the native environment; however, they typically lack the ability to
produce lasting constructs due to poor mechanical qualities. Attempts have been
made to combine hydrogels with the bioactivity and osteogenic capabilities of bio-
ceramics to create composite bioinks [18]. Natural bioinks may need to be modified
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so they can be cross-linked or stabilized during or immediately after printing to
control the final shape, structure, and architecture of the designed construct.

Alginate is a commonly used bioink due to its biocompatibility and the ease at
which it is crosslinked under conditions favorable for cell viability and function
[19]. Other natural polymers used include gelatin, fibrinogen, silk, hyaluronic acid,
and agarose. Commonly used artificial polymers include poly(ethylene) glycol
(PEG), polycaprolactone (PCL), and poly(lactic-co-glycolic acid) (PLGA). The
generation of polymer inks may require melting the polymer or dissolving the poly-
mer in a solvent to provide the rheological properties required for printing. The use
of these inks has been explored in other chapters and reviews [20, 21].

Another common bioink used for bone applications is gelatin (denatured colla-
gen I) or a methacrylated gelatin (GelMa). Gelatin can be derived from bones, ten-
dons, or skins of animals via acidic or basic hydrolysis. Combined with the ability
to form hydrogels at lower temperatures in a concentration-dependent manner gela-
tin’s biocompatibility, biodegradability, low antigenicity, inclusion of intrinsic Arg-
Gly-Asp (RGD) motifs, ease of processing, and low cost make it popular for
biomedical applications [22]. The addition of the methacrylate groups allows for
more rapid crosslinking via free radical polymerization, facilitating the printing
process. Due to its stability, ease of printing, and bioactivity, GelMa has received
significant attention for printing in tissue engineering applications [23].

Bioinks are critical for 3D printing and the resultant tissue development and
remodeling processes. When designed and implemented appropriately, materials
used in bioinks may recreate the structure or biological properties of extracellular
matrixes. In addition, bioinks of biodegradable polymers allow for scaffold design
with controlled degradation and/or release of factors which may optimize localized
vessel formation. Before examining approaches to develop 3D printed scaffolds for
applications to bone regeneration, a brief overview is given on some applications for
designing complex vasculature networks. Note that 3D printing is discussed in
greater detail in chapters “Additive Manufacturing Technologies for Bone Tissue
Engineering” and “Bioreactors and Scale-Up in Bone Tissue Engineering”.

With regard to designing perfusable 3D vascular networks, Miller et al. printed a
3D carbohydrate framework which was covered by thin layer of poly(p-lactide-co-
glycolide) (PDLGA) and loaded it with cell-laden prepolymers. The carbohydrate
framework was then dissolved, leaving behind vascular networks. The vascular net-
works/channels formed support diffusion of nutrients and cell survival [24].

An aqueous ink composed of Pluronic F127 has been used to print structures
which can be easily printed and removed under mild conditions. Vascular-like struc-
tures were generated by printing this “fugitive ink” within a GelMa matrix and then
removing the ink leaving hollow network structures within the matrix. These printed
systems (Fig. 3) were perfusable and could be seeded with HUVECS [16].

Synthetic and natural food dyes have been used as a source of biocompatible
photo-absorbers and combined with stereolithographic techniques to produce com-
plex vascular architectures within photocrosslinkable hydrogels [25]. These struc-
tures ranging from vascular networks derived were designed with mathematical
space filling models and ultimately supported perfusion within the hydrogels.
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Fig. 3 (a) Printed vascular structure with open channels. (b) Perfused channels. (¢) Channels with
seeded HUVECs. (Reprinted with permission from [16])

Printing of “thick vascularized tissues” was accomplished using two inks which
separately allowed printing of cellular and vascular patterns. Fibrinogen combined
with gelatin were used as the ink for patterning cells while Pluronic inks were used
to print vascular structures that would be ultimately removed to generate channels
[26]. Constructing the “thick vascularized tissues” with 3D perfusion chips, resulted
from print cell-laden and fugitive ink patterns within a perfusion chip printed using
silicone inks. The silicone ink was printed on a glass substrate allowing creation of
a customized environment for tissue formation [26]. After the inks were printed a
matrix of gelatin was cast, surrounding the printed structures. The Pluronic F-127
ink, which was printed to embed a vascular network structure was removed by cool-
ing the construct to 4 °C [26]. This resultant interconnected channels would be
seeded with HUVECS and perfused [26].

The printing of Pluronic F-127 ink as a sacrificial ink was also used in a tech-
nique termed sacrificial writing into functional tissue (SWIFT) [27]. Using this
technique, organoids were generated, placed in a mold, and then compacted via
centrifugation to form a dense cellular structure [27]. The sacrificial ink was then
patterned within the structure. Removal of the pattern yielded perfusable channels
in the form of single or branching conduits [27]. HUVECs were loaded into the
channels to generate an endothelial-cell lining [27].

3 3D Printing for Generating Vascularized Bone

Vascularized bone systems can be used as a tool to study tissue behavior in healthy
and pathologic states, screen new therapies, and provide replacement tissues. In the
following sections, we will briefly discuss advances that have been made using
printing techniques to generate vascularized bone for a broad range of applications.
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3.1 Lab-on-a-Chip and 3D Models

Lab-on-a-chip or micro total systems are designed to provide systems for high
throughput and automation of standard laboratory processes. These systems could
be used to study basic tissue processes, to evaluate disease states, or to screen new
therapeutics. The incorporation of microvascular networks in these systems pro-
vides a more accurate tissue model and can enable physiologic mechanisms of
transport. ECs have been introduced into microtissue systems under conditions that
result in the ECs self-organizing into networks that, in some cases, have perfus-
able lumens.

Using this approach, HUVECs were seeded in fibrin gels and co-cultured with
human lung fibroblasts (HLFs) which were placed in the middle region of the
microfluidic chip with three parallel fluidic channels separated by precisely spaced
micro-posts. Culture medium was subsequently introduced into the outside chan-
nels to support the development of vasculature. Through paracrine signaling, the
fibroblasts were critical to the resultant network formation. This network inoscu-
lated with the side channels resulting in a perfusable network in 4—7 days [28].

Another microfluidic platform was developed that enabled culture of ECs in
physiologic architectures and co-cultured with smooth muscle cells, allowing for
the study of vascular wall permeability (Fig. 4). The platform allows for connection
to various pumps and fluid handling systems to simulate blood pressure and flow.
Fluorescent molecules were introduced to the engineered vessels, and its flow, dis-
tribution, transport across the vascular walls were analyzed [29].

An organoid model of angiogenic sprouting was developed where vessels
sprouted from preformed vessels which were encapsulated within a 3D extracellular
matrix [30]. In the setup, an endothelial layer was formed by seeding endothelial

{4 - ' _, Media port
| som] [ @1 4
(% ydrogel
o 5 mmI
» 2mmz| | @ }{-?ECM port
Vessel

- _ \M\I&“
“ mm“£1 60 pm [ .\E\Needie guide

Fig.4 (a) Overview of the microfluidic device showing the different components and dimensions.
(b) Phase contrast image of the engineered blood vessel formed in the hydrogel of the device.
(Reprinted with permission from [29])
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cells in a cylindrical channel which was fully surrounded by a collagen matrix. A
gradient of angiogenic factors resulted from a distal source channel. Angiogenic
sprouts formed in response to a distinct angiogenic cocktail exhibiting hallmark
structural features of in vivo angiogenesis [30]. The sprouts created bridges between
preformed channels resulting in a perfusable system.

In a similar approach, a three-dimensional cellular spheroid with a perfusable
vascular network was formed within a microfluidic device. The spheroid was pre-
pared by coculturing human umbilical vein endothelial cells (HUVECs) and human
lung fibroblasts (Fig. 5). The spheroids were loaded into a fibrin-collagen gel, before
being introduced to the microfluidic device. Angiogenic sprouts were induced from
microchannels seeded with endothelial cells in channels of the microfluidic device.
The sprouts formed networks and reached the central spheroid. After 18 days of
culture perfusion was established with flow from the channels [31].

Controlled study of processes that influence the cell localization, adhesion and
extravasation from tumors to distal tissues are essential to understanding fundamen-
tal mechanisms of cancer metastasis. Bone models can provide insight into meta-
static disease, particularly into diseases like breast cancer which have a high
propensity to invade the stroma of large bones. Over 70% of advanced breast cancer
patients have skeletal metastases. An in vitro model of vascularized bone can be
used to study how microenvironmental factors influence metastasis [32].

In order to investigate the metastatic disease, a nanostructured bone extracellular
matrix was printed using a photo-cross-linkable ink consisting of GelMa, polyeth-
ylene glycol diacrylate (PEGDA), and nanohydroxyapatite (nHA). The ink con-
tained clusters of cancer cells, human fetal osteoblasts (hFOBS), and human
umbilical vein endothelial cells which were places in the printed structure to
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Fig. 5 Angiogenic sprouts of green fluorescent protein-HUVECs from microchannels anasto-
mosed with red fluorescent protein-HUVECs in a spheroid. (a) Sequential images of channel 3.
RFP-HUVECsS in the spheroid, GFP-HUVECsS cultured in microchannels. Both bright-field and
fluorescent micrographs are shown for day 0 and sprouting and anastomosis were monitored for
12 days (b—d). Scale bar 500 pm. (Reprinted with permission from [31])
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Fig. 6 3D vascular model of cancer metastases to bone. (a) Visual overview of the 3D printing
process of the BrCa bone model. (b) 3D view of the triculture model including the breast cancer
cells, endothelial cells, and human fetal osteoblasts (hFOBS). (¢) 2D representation of the in vivo
invasion of MDA-MB-231 cells into bone and 2D view of the triculture model. The localized niche
has three neighboring regions, consisting of micro-vascularized bone, an endothelial vessel, and
BrCa cells. (Reprinted with permission from [33])

provide a triculture model of a vascularized bone tumor. The construct as seen in
Fig. 6, allowed for a substantial infiltration of the hFOBS by the cancer cells via
trans-endothelial migration. It was observed that the endothelial cell proliferation
increased prior to the presence of invasive cancer cells, while the proliferation rate
of the invasive cancer cells increased in the presence of the osteoblasts. After the
invasive cancer cells colonized the bone matrix, endothelial cells’ expression of
CD31 was upregulated, whereas OPN and OCN (osteogenic markers) expression
were downregulated [33]. While used to study tumors, these studies provide insight
into the critical communication between endothelial cells and bone cells.

3.2 Tissue Engineered Bone

While the advances described above are exciting and innovating, they specifically
target the design of small volume model tissues with a focus on microvessel interac-
tions. Printing large volumes of vascularized bone tissue requires an extensive and
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more complex vasculature. As described previously, agent-based model systems
can be used to guide the design of scaffold architecture to enhance vascularization.
These computational environments were used to aid in the development of a toolbox
for modular scaffold design that predicted the effects of polymer architecture on
vessel invasion and bone formation. The computational tools guided the printing of
polypropylene fumarate (PPF) scaffolds that supported vascularization after implan-
tation [34, 35]. Cell culture studies have established critical interactions during co-
culture of mesenchymal stem cells (MSCs) with endothelial cells. Prevascularization
of these printed PPF scaffolds through EC/MSC co-culture further accelerated
establishment of a functional vasculature within the scaffolds post implantation [36].

Endothelial cell/MSC interactions were further explored in a 3D printed gelatin
nanohydroxyapatite (gel-nHA) structures. Following printing, human MSCs were
seeded on the scaffold and allowed to undergo osteogenic differentiation for 2 weeks
followed by seeding with human umbilical vein endothelial cells (HUVECs) which
assembled into tubule structures [37]. While the cells were not printed at the same
time as the construct, this approach combined the use of cells and a printed hydrogel-
ceramic structure to generate a model of bone containing a microvascular network-
like structure within it.

In attempts to facilitate osteogenesis, 3D printing was used to explore a silicate
(Ca;MgSi,044) bio-ceramic mixed with sodium alginate and pluronic-127 acid. Two
cylindrical scaffolds were printed, one with a hollow core (BRT-H) and a solid
structure (BRT). HUVECs and MSCs were seeded onto the scaffolds, resulting in
increased expression of actin-related proteins, including those involved in lamelli-
podia formation, cell migration, and network formation. The scaffolds were seeded
with cells and implanted subcutaneously in nude mice. Blood vessels were observed
within the lumen of the hollow pipes after 4 weeks. With the addition of recombi-
nant human bone morphogenetic protein-2 (rhBMP-2), the scaffold facilitated vas-
cularized bone regeneration and enhanced healing a segmental bone defect model
The BRT-H scaffolds exhibited improved healing over the solid scaffolds, possibly
due to the greater surface area to volume ratio and inner region that facilitated tissue
ingrowth (Fig. 7) [38].

The previously described methods attempted to induce vascularization following
implantation and did not exploit the ability to use 3D printing to explicitly design
vascular structures. To create a biomimetic scaffold, a vascular networks pattern
consisting of a central vascular channel (2 mm diameter) with six branch channels
(1 mm in diameter) with 0.45-mm spacing were printed into a beta-tricalcium phos-
phate (TCP) scaffold. HUVECs adhered to the surfaces of the scaffolds and the
space provided by the vascular channels enabled the formation of lumen-like struc-
tures. A femoral vascular bundle (artery/vein pair) was placed within the central
vascular channel during implantation, increasing vascularization within the scaffold
in vivo. The scaffold containing the bundle and supplemented with recombinant
bone morphogenetic protein-2 (rhBMP-2) exhibited increased vascularization and
osteogenesis (Fig. 8) [39].

A 3D bioprinted vascularized bone model consisting of alternating polylactide
(PLA) layers, and a cell-laden gelatin methacrylate (GelMA) hydrogel core, was
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Micro-CT

Fig.7 Micro CT images of increased bone regeneration in a segmental bone defect with implanta-
tion of BRT-H scaffolds observed after 12 weeks. The hollow scaffold (BRT-H) performed better
when compared with the solid scaffold and a control tricalcium phosphate (TCP) scaffold.
(Reprinted with permission from [38] LN-4916780135691)

TCP TCP+BMP2

vessels merged vessels merged bone

CS+LVB

CS+FVB

Fig. 8 Representative of micro-CT images of tricalcium phosphate (TCP) scaffold compared to
TCP scaffolds with bone morphogenetic protein showing increased angiogenesis and osteogenesis
within scaffolds implanted in rabbit vastus medialis pocket 4 weeks after implantation. The
CS + FVB group refers to channeled scaffolds with an unligated vascular bundle (VB), the
CS + LVB group is channeled scaffolds with ligated VB, the CS group is channeled scaffolds
without any ligated/unligated VB, and the S group is conventional scaffolds without any prefabri-
cated vascular channels. (LN-4916830272428 reprinted with permission from [39])
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generated using fused deposition modeling (FDM) and stereo lithography (SLA).
The architecture was designed to mimic bone structure by including vascular chan-
nels, haversian systems, and a central vascular core. The construct consisted of
printed PLA seeded with hMSCs to spread on the entire scaffold in accordance with
native bone microstructure. The soft (pore regions of the printed PLA) were filled
with gelatin methacrylate (GelMa) hydrogels containing HUVECs and MSCs.
Bioactive peptide regions of BMP-2 and vascular endothelial growth factor (VEGF)
peptides were immobilized in the construct to promote osteogenesis (PLA region)
and angiogenesis (GelMa region). Perfusion culture of the constructs in a bioreactor
system designed to recapitulate the convective flow found in vivo resulted in a con-
struct containing differentiated osteoblasts with organized microvessel networks
surrounding the central core. The encapsulation of hMSCs and HUVECsS (1:1 ratio)
in the GelMa hydrogel resulted in the formation of network structures. This approach
provides a platform for obtaining a hierarchically biomimetic construct with regions
of osteogenesis and angiogenesis [40].

Another approach to 3D printed vasculature for bone applications considered the
initial phase of bone injury when there is hematoma formation and a local hypoxic
milieu. Large pores are needed to enable hematoma invasion and formation through-
out the scaffold and to support nutrient transport. However, relatively smaller pores
support cell attachment and communication. 3D printing was used to design a hier-
archical organization approach with over five levels of scale from 1 pm to 20 mm.
Combined with a modular design approach, a model scaffold was fabricated from
PLA that supported cell survival, proliferation, and osteogenic differentiation [41].

These previous methods printed structures prior to implantation. Laser-assisted
bioprinting (LAB) has been investigated for direct printing of endothelial cell pat-
terns in situ. A mouse calvaria bone defect was filled with collagen containing mes-
enchymal stem cells (MSCs), apical papilla stem cells, and VEGF and then HUVECs
patterned onto the structures. When compared to random seeding, the patterned
cells performed better in controlling the position and the architecture of the defect
revascularization (Fig. 9) [42]. In situ bioprinting provides a new method for
approaching tissue engineering applications. However, challenges exist with regard
to the complexity of structures that can be achieved and the practicality of the
approach.

An issue with current vascular strategies is the tendency to focus on small ves-
sels. Printing strategies also enable the ability to print more complex macrovascular
structures. Vascular networks on the order of 1 mm in diameter with three vertical
branches leading into nine additional branches were designed to enhance nutrient
transport in a large volume tissue-engineered constructs. When connected to inlet
and outlet flow in bioreactor system, these printed structures increased cell viability
in the core of the scaffold [43]. While these systems were not investigated in vivo,
this concept points to the critical ability of 3D printing to enable design of more
complex vasculature which includes high convection vessels that will be needed for
engineering large volume tissues.
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Vascular networks

Printed patt
rinted pattern at 2 months

Fig. 9 Laser-assisted bioprinting of endothelial cells in a calvaria bone defect. RFP-labeled
HUVECSs were printed and imaged at 2 months. The following patterns (a) “ring” pattern, (b)
“disc” pattern, (c) “crossed circle” pattern were printed. The left column shows schematic repre-
sentations of each initial printed pattern design. The middle column shows the calvaria at 2 months.
The right column shows fluorescence microscopy images of RFP-labeled HUVECsS vascular net-
works 2 months post-printing. White circles indicate the initial size of the defect. (Reproduced
with permission from [17])

4 Challenges and Future Directions in Bone
Tissue Engineering

The studies described in this chapter show the substantial potential for 3D printing
to enable vascularization of bone for tissue engineering applications. While excite-
ment over these advances is high, several significant challenges remain.

As with any cell-based strategy, a viable source of endothelial cells needs to be
identified. Many of the studies described used HUVECs as a model system.
However, demonstrating 3D printing using cells that can be used in the targeted
patient population is critical.
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Fig. 10 Printing of biologically relevant structures using freeform reversible embedding of sus-
pended hydrogels (FRESH) printing technique. (a) A model of a human femur from 3D CT imag-
ing data is scaled down and processed into machine code for FRESH printing. (b) The femur
model printed in alginate. (¢) Response of FRESH printed femur to mechanical stress. (d) A model
of a section of a human right coronary arterial tree from 3D MRI is processed at full scale into
machine code for FRESH printing. (e) Arterial tree printed in a gelatin slurry. (Reprinted with
permission from [44])

In addition to cell sourcing, a more complex vascular structure needs to be gener-
ated within the scaffolds. A significant limitation in 3D printing is the complex,
hierarchical structure of vascular networks. Current printing systems cannot simul-
taneously print both pm-level capillaries and mm-sized blood vessels. This limits
the development of large grafts for BTE. While technical advances in printing con-
tinue to be made, current strategies likely will rely on a combination of printing
larger structures while simultaneously inducing self-assembly for smaller microvas-
cular networks. Fortunately, a number of exciting new advances enable the design
of complex 3D vascular structures [44]. The strategies are designed to allow a com-
plex shape and hierarchical organization of cells that is persistent following implan-
tation (Fig. 10). The integration of these techniques with bone tissue engineering
strategies will further enhance the field.

Finally, it is important to develop methods that consider the critical step of host
integration following implantation. This could include exploiting the body as an
in vivo bioreactor to further enhance vascularization and integration [45]. This tech-
nique has been used clinically [46] and has recently been coordinated with 3D print-
ing strategies to generate bone for reconstruction of large defects [47]. It is also
possible that integrating the printing strategies with stimuli responsive materials
may enable “four-dimensional system” where the printed construct can exhibit
dynamic changes based on internal or external stimuli [48].

References

1. Yang G, et al. Vascularization in tissue engineering: fundamentals and state-of-art. Prog
Biomed Eng. 2020;2(1):012002.

2. Calderon GA, et al. Tubulogenesis of co-cultured human iPS-derived endothelial cells
and human mesenchymal stem cells in fibrin and gelatin methacrylate gels. Biomater Sci.
2017;5(8):1652-60.

3. Pape HC, Evans A, Kobbe P. Autologous bone graft: properties and techniques. J Orthop
Trauma. 2010;24:S36-40.



264

4.

5.

6.

10.

11.

12.

13.

14.

15.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

F. Obuseh et al.

Song HHG, et al. Vascular tissue engineering: progress, challenges, and clinical promise. Cell
Stem Cell. 2018;22(3):340-54.

Greenhalgh DG. The role of growth factors in wound healing. J Trauma Acute Care Surg.
1996;41(1):159-67.

Chen RR, et al. Spatio—temporal VEGF and PDGF delivery patterns blood vessel formation
and maturation. Pharm Res. 2007;24(2):258-64.

. Brudno Y, et al. Enhancing microvascular formation and vessel maturation through tem-

poral control over multiple pro-angiogenic and pro-maturation factors. Biomaterials.
2013;34(36):9201-9.

. Roux BM, et al. Induced pluripotent stem cell-derived endothelial networks accelerate vascu-

larization but not bone regeneration. Tissue Eng Part A. 2021;27:940-61.

. Pilia M, et al. Transplantation and perfusion of microvascular fragments in a rodent model of

volumetric muscle loss injury. Eur Cell Mater. 2014;28:11-23; discussion 23—4.

Martin I, Wendt D, Heberer M. The role of bioreactors in tissue engineering. Trends Biotechnol.
2004:22(2):80-6.

Takahashi H, et al. The use of anisotropic cell sheets to control orientation during the self-
organization of 3D muscle tissue. Biomaterials. 2013;34(30):7372-80.

Vanderburgh JP, et al. Fabrication of trabecular bone-templated tissue-engineered constructs
by 3D inkjet printing. Adv Healthc Mater. 2017;6(22)

Zhang L, et al. Tailored mechanical response and mass transport characteristic of selective laser
melted porous metallic biomaterials for bone scaffolds. Acta Biomater. 2020;112:298-315.
Chiu YC, et al. The role of pore size on vascularization and tissue remodeling in PEG hydro-
gels. Biomaterials. 2011;32(26):6045-51.

Mehdizadeh H, et al. Three-dimensional modeling of angiogenesis in porous biomaterial scaf-
folds. Biomaterials. 2013;34(12):2875-87.

. Kolesky DB, et al. 3D bioprinting of vascularized, heterogeneous cell-laden tissue constructs.

Adv Mater. 2014:26(19):3124-30.

Gungor-Ozkerim PS, et al. Bioinks for 3D bioprinting: an overview. Biomater Sci.
2018;6(5):915-46.

Pahlevanzadeh F, et al. Recent trends in three-dimensional bioinks based on alginate for bio-
medical applications. Materials (Basel). 2020;13(18):3980.

. Van Belleghem S, et al. Hybrid 3D printing of synthetic and cell-laden bioinks for shape

retaining soft tissue grafts. Adv Funct Mater. 2020;30(3):1907145.

GhavamiNejad A, et al. Crosslinking strategies for 3D bioprinting of polymeric hydrogels.
Small. 2020;16(35):¢2002931.

Abaci A, Guvendiren M. Designing decellularized extracellular matrix-based bioinks for 3D
bioprinting. Adv Healthc Mater. 2020;9:e2000734.

Elzoghby AO. Gelatin-based nanoparticles as drug and gene delivery systems: reviewing three
decades of research. J Control Release. 2013;172(3):1075-91.

Nichol JW, et al. Cell-laden microengineered gelatin methacrylate hydrogels. Biomaterials.
2010;31(21):5536-44.

Miller JS, et al. Rapid casting of patterned vascular networks for perfusable engineered three-
dimensional tissues. Nat Mater. 2012;11(9):768-74.

Grigoryan B, et al. Multivascular networks and functional intravascular topologies within bio-
compatible hydrogels. Science. 2019;364(6439):458—64.

Kolesky DB, et al. Three-dimensional bioprinting of thick vascularized tissues. Proc Natl Acad
Sci. 2016;113(12):3179-84.

Skylar-Scott MA, et al. Biomanufacturing of organ-specific tissues with high cellular density
and embedded vascular channels. Sci Adv. 2019;5(9):eaaw2459.

Whisler JA, Chen MB, Kamm RD. Control of perfusable microvascular network morphology
using a multiculture microfluidic system. Tissue Eng Part C Methods. 2014;20(7):543-52.
Polacheck W1J, et al. Microfabricated blood vessels for modeling the vascular transport barrier.
Nat Protoc. 2019;14(5):1425-54.



Strategies for 3D Printing of Vascularized Bone 265

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Nguyen D-HT, et al. Biomimetic model to reconstitute angiogenic sprouting morphogenesis
in vitro. Proc Natl Acad Sci U S A. 2013;110(17):6712-7.

Nashimoto Y, et al. Integrating perfusable vascular networks with a three-dimensional tissue in
a microfluidic device. Integr Biol. 2017;9(6):506—18.

Cui X, et al. A microfluidic device for isolation and characterization of transendothelial migrat-
ing cancer cells. Biomicrofluidics. 2017;11(1):014105.

Cui H, et al. Engineering a novel 3D printed vascularized tissue model for investigating breast
cancer metastasis to bone. Adv Healthc Mater. 2020;9(15):1900924.

Wang MO, et al. Evaluating 3D-printed biomaterials as scaffolds for vascularized bone tissue
engineering. Adv Mater. 2015;27(1):138-44.

Bayrak ES, et al. Agent-based modeling of osteogenic differentiation of mesenchymal stem
cells in porous biomaterials. Annu Int Conf IEEE Eng Med Biol Soc. 2014;2014:2924-7.
Mishra R, et al. Effect of prevascularization on in vivo vascularization of poly(propylene
fumarate)/fibrin scaffolds. Biomaterials. 2016;77:255-66.

Chiesa I, et al. Endothelial cells support osteogenesis in an in vitro vascularized bone model
developed by 3D bioprinting. Biofabrication. 2020;12(2):025013.

Zhang W, et al. 3D-printed scaffolds with synergistic effect of hollow-pipe structure and bioac-
tive ions for vascularized bone regeneration. Biomaterials. 2017;135:85-95.

Zhou M, et al. Bioinspired channeled, hBMP-2-coated B-TCP scaffolds with embedded autol-
ogous vascular bundles for increased vascularization and osteogenesis of prefabricated tissue-
engineered bone. Mater Sci Eng C. 2021;118:111389.

Cui H, et al. Hierarchical fabrication of engineered vascularized bone biphasic constructs
via dual 3D bioprinting: integrating regional bioactive factors into architectural design. Adv
Healthc Mater. 2016;5(17):2174-81.

Sohling N, et al. 3D-printing of hierarchically designed and osteoconductive bone tissue engi-
neering scaffolds. Materials (Basel, Switzerland). 2020;13(8):1836.

Kérourédan O, et al. In situ prevascularization designed by laser-assisted bioprinting: effect on
bone regeneration. Biofabrication. 2019;11(4):045002.

Ball O, et al. 3D printed vascular networks enhance viability in high-volume perfusion biore-
actor. Ann Biomed Eng. 2016;44(12):3435-45.

Hinton TJ, et al. Three-dimensional printing of complex biological structures by freeform
reversible embedding of suspended hydrogels. Sci Adv. 2015;1(9):e1500758.

Akar B, et al. Large animal models of an in vivo bioreactor for engineering vascularized bone.
Tissue Eng Part B Rev. 2018;24(4):317-25.

Cheng MH, et al. Mandible augmentation for osseointegrated implants using tissue engineer-
ing strategies. Plast Reconstr Surg. 2006;118(1):1e—4e.

Tatara AM, et al. Biomaterials-aided mandibular reconstruction using in vivo bioreactors. Proc
Natl Acad Sci U S A. 2019;116(14):6954-63.

Morougo P, Lattanzi W, Alves N. Four-dimensional bioprinting as a new era for tissue engi-
neering and regenerative medicine. Front Bioeng Biotechnol. 2017;5:61.



®

Check for
updates

Development of Additive
Manufacturing-Based Medical Products
for Clinical Translation and Marketing

Johnny Lam, Brian J. Kwee, Laura M. Ricles, and Kyung E. Sung

1 Introduction

Tissue engineering (TE) and regenerative medicine is a continually evolving field of
research that is poised to introduce many innovative technologies for treating seri-
ous or life-threatening diseases or complex health conditions. Tissue engineers aim
to combine scaffolds, cells, and biologically active moieties as a means to restore,
maintain, improve, or replace tissue functions [1]. The use of a scaffold provides
structural support for healing tissues and serves to act as templates for complex
cell—cell and cell-scaffold interactions toward maximizing tissue regeneration [2].
Despite its promise and its relative maturity as a research discipline, tissue engineer-
ing has only gained more traction recently as a translational technology due to
advances in suitable manufacturing capabilities engendered by additive manufac-
turing [3].

Additive manufacturing (AM) is defined as a class of manufacturing processes
for the construction of three-dimensional (3D) objects, typically layer-by-layer,
using computer-aided design (CAD) [4] and is a rapidly evolving technology used
for building medical products (which may include scaffold components of cell-
scaffold constructs). The use of CAD allows for the design and creation of complex
physiologically relevant structures based on patient-specific anatomical data that
can be built as a single piece without the need for retooling [5]. Additionally, CAD
and computer-aided manufacturing (CAM) offer unprecedented precision, resolu-
tion, and reproducibility while also allowing for the modulation of various construct
features that include but are not limited to porosity, size, and geometric design [6].
AM techniques encompass different methodologies that have varying suitability for
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TE scaffold fabrication depending on the design requirements of the AM product’s
intended use [7-9]. Within the context of TE, AM can be used to fabricate implants
for both hard and soft tissues. The increased utilization of AM technologies for the
production of such medical products has spurred efforts in regulatory science toward
understanding and applying the best approach for assessing their safety and effi-
cacy. Indeed, the use of AM may introduce additional or unique technical or regula-
tory considerations depending on the product type.

This chapter provides a resource for researchers seeking to utilize AM for the
development of medical products for translation and is broadly organized into three
sections. AM technologies are also discussed in greater detail in Chap. 4. The first
section presents a cursory overview of AM techniques and a brief survey of AM
applications in TE with a small focus on bone TE. The second section discusses
technical considerations that may be taken into account during the design and man-
ufacturing process as well as AM product testing. Following this section is a regula-
tory considerations discussion related to AM-based medical products.

2 Additive Manufacturing Overview

2.1 Additive Manufacturing Technologies for Medical
Products in Regenerative Medicine

Although broad, AM techniques can be largely classified by their fabrication prin-
ciple into several categories which include stereolithography, fused-deposition
modeling, selective laser sintering, and three-dimensional (3D) printing [10, 11]. In
addition to these conventional AM approaches, there are several other more special-
ized techniques that have been developed to achieve certain resolution or compati-
bility requirements for TE applications. These different AM techniques commonly
leverage 3D model medical imaging data for scaffold development through the use
of CAD/CAM software where most CAD software converts model data into a stan-
dard tessellation language file to digitalize instructions for layer-by-layer AM fabri-
cation. The following subsections will provide brief overviews of basic principles
for select AM techniques that have particular utility in TE applications. Table 1 at
the end of this section summarizes the discussed AM techniques.

Stereolithography

Stereolithography (SLA) is an AM technique that employs an ultraviolet (UV) light
source to selectively polymerize photosensitive polymers in a format that polymer-
izes single layers at a time [12]. The SLA vat polymerization process begins with
the immersion of a fabrication platform into a photosensitive polymer liquid. A UV
light or laser is used to selectively polymerize a single layer of polymer according
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Table 1 Summary of advanced manufacturing technologies

Technology Summary Printed materials

Stereolithography Utilizes ultraviolet light | Photocrosslinkable polymers
to polymerize liquid
polymers

Selective laser sintering Sintering of powdered Powdered thermoplastics,
materials with a metals, and ceramics

high-powered energy
source

Bind jet printing Liquid binder is used to | Powdered polymers and
cross-link powdered ceramics
material
Fusion deposition modeling (FDM)/ | Melt extrusion of Thermoplastic polymers
fused filament fabrication (FFF) polymer filaments
through heated nozzle
Melt electrospin writing Applies voltage across Thermoplastic polymers with
melted polymer to form | high viscosity and low
ultrafine filaments conductivity
Bioprinting Extrusion-based | Bioinks are extruded Shear-thinning polymers with
bioprinting through nozzle by or without biologics
pneumatic or mechanical
forces
Inkjet Utilizes thermal or Biological materials with or
bioprinting acoustic forces to eject without polymeric materials
bioink droplets onto
substrate
Laser-assisted | Utilizes laser-induced Biological materials with or
bioprinting forward transfer to propel | without polymeric materials
(LAB) bioink onto substrate

to a desired digital design where only points of the polymer layer exposed to light
are polymerized. Following the polymerization of one layer, the software-controlled
fabrication platform is lowered a defined distance (i.e., the layer thickness) to allow
a recoat bar to deposit a uniform layer of fresh, non-polymerized polymer resin for
patterning. The laser-guided polymerization of the subsequent layers is performed
with a slight percentage overlap with the previously built layer to avoid delamina-
tion between adjacent layers. This process is repeated until the 3D object to be built
is completed. After the 3D object is completely formed, it is subjected to several
post-processing steps to remove non-polymerized resin and to fully cure the con-
struct. Post-processing steps help to improve polymerization of resins between lay-
ers and to remove surface irregularities.

SLA as a technique became useful in TE following the development of photocur-
able polymers with good cytocompatibility. The introduction of photocurable cyto-
compatible polymers derived from natural or synthetic materials have since enabled
the use of SLA for fabricating cell-encapsulated or cell-seeded scaffolds for TE
applications. Indeed, SLA offers some of the highest resolutions achievable with
AM techniques. More specialized versions of SLA have been developed to improve
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manufacturing efficiency (i.e., digital light processing SLA) and resolution (i.e.,
microSLA (pSLA)) where sub-micro SLA processes such as two-photon pSLA can
achieve resolutions down to 100 nm.

Despite its utility in scaffold fabrication, SLA possesses several disadvantages.
These include structure distortion due to polymer shrinkage during fabrication and
post-processing, the need for auxiliary support when constructing complex geome-
tries, and problems with combining different components for multi-material con-
structs [13].

Selective Laser Sintering and Powder-Based Printing

Selective laser sintering (SLS) belongs to a class of AM techniques based on the
sintering of materials using a high-powered energy source (e.g., carbon dioxide
laser or electron beam) [14]. The build medium for SLS generally includes thermo-
plastics, metals, and ceramics in powder form. SLS is amenable to materials that
can be processed in powder form and do not decompose when exposed to high ener-
gies during sintering. During SLS fabrication, a high-powered laser beam is used to
fuse particles within the printing chamber, to form a single layer of a user-specified
CAD model following a layer-by-layer approach [15].

The quality of SLS builds, which includes mechanical properties and variation in
size specifications, is dependent on a number of parameters such as build orienta-
tion, scanning speed, laser intensity, laser diameter, powder particle size, and ther-
mal properties of the material [16]. By modulating these parameters, SLS has been
used to produce scaffolds with tailored properties for TE applications. Initial efforts
to use SLS for regenerative medicine produced scaffolds with mechanical proper-
ties that fall within the lower range of trabecular bone [17]. SLS offers a solvent-
free method for the fabrication of complex geometries without support structures
and can achieve resolutions between 50 and 1000 pm. However, the technique also
possesses several inherent disadvantages. Particularly, SLS scaffolds composed
from thermoplastic polymers are prone to laser-induced degradation and shrinkage
or warping after fabrication. Scaffolds built using SLS are also more brittle with
increased surface roughness when compared to constructs produced using other AM
modalities due to internal structural porosity and poor control of surface topogra-
phy. Finally, the large-scale commercial translation of SLS for biomedical applica-
tions may prove difficult as the cost of processing powder materials for sintering can
be prohibitively high.

Binder jet printing, or binder jetting, shares similarities with SLS in that it offers
amethod to selectively bind powder materials on a powder bed as its mode of opera-
tion [18]. As a technique with a high production rate that can operate at low cost,
binder jetting has been explored in TE applications using a number of different
natural and synthetic polymer or ceramic materials [19, 20]. The type of material
used will govern the type of liquid binder, organic or water-based, required for 3D
printing. The quality of scaffolds produced using this method is affected by a num-
ber of manufacturing parameters such as powder packing density, powder
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flowability, particle size, binder selection, binder drop volume, binder saturation,
powder wettability, and post processing steps [18, 21]. Of the materials available for
binder jetting, 3D printed ceramic materials commonly used for bone TE such as
hydroxyapatite or calcium phosphates typically require post processing steps (e.g.,
sintering) to complete particle binding and improve inherently weak mechanical
properties [22]. Such sintering steps for finishing 3D printed ceramic parts can
cause significant shrinkage that adversely influence scaffold mechanical properties
and prevents the incorporation of thermosensitive biomolecules.

Fused Deposition Modeling or Fused Filament Fabrication
and Extrusion-Based Printing

Fused deposition modeling (FDM)), or fused filament fabrication (FFF), is a form of
melt extrusion AM that was originally invented for rapid prototyping in industrial
applications [10, 23]. The technique is founded on the melt extrusion of polymer
filaments through a heated nozzle where the deposition of the extruded polymer
layers follows Cartesian coordinates according to a computer-controlled robot. In
addition to conventional Cartesian printers, other more advanced FDM/FFF printers
have been developed to operate using polar coordinates or a robotic arm with higher
(i.e., six compared to three) degrees of freedom [24, 25]. FDM/FFF printers repre-
sent one of the more popular types of AM adopted for scaffold or device fabrication
due to their relatively low cost and high efficiency [8]. Additionally, FDM/FFF AM
platforms offer advantages in terms of short-cycle time, high-dimensional preci-
sion/accuracy, scalability, ease of use, and integration with various CAD soft-
ware [26].

The quality of FDM/FFF builds depends on a number of factors that include but
are not limited to the anisotropy in mechanical properties due to print orientation,
heat retention in the polymer material after construction that causes warping, and
construct irregularities (in the case of discontinuous scaffolds) due to polymer
stringing or dribbling caused by movement of the extruder head [27-29]. Measures
may be taken to mitigate some of these drawbacks, such as better control over the
temperature of the FDM/FFF setup (i.e., the fabrication platform and chamber) to
minimize warping due to differential cooling [30, 31]. In addition to quality, the
resolution achievable with FDM/FFF, with fiber diameters ranging in the tens to
hundreds of microns [8], is mainly determined by the rheological and viscoelastic
properties of the base thermoplastic material. Although FDM/FFF is largely limited
to thermoplastic polymers that are amenable to being processed in filament or pellet
form, the selection of such materials is large and range from engineering materials
(e.g., polyamides like nylon, polycarbonates, polyethylene terephthalate glycols) to
high-performance thermoplastics (i.e., polyetheretherketone and polyetherimide).
FDM/FFF compatible polyesters such as polycaprolactone or polylactide can sup-
port the seeding of cells for the fabrication of TE constructs with enhanced bioactiv-
ity [32-34].
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Extrusion-Based Bioprinting and Other Bioprinting Techniques

In addition to conventional AM process categories, the term “bioprinting” has
recently emerged to describe a subset of AM techniques that employs cells, growth
factors, and cytocompatible materials, known as “bioinks,” to create living tissue
constructs [35]. The bioprinting techniques are generally more amenable to produc-
ing cell-laden scaffolds for soft TE and include extrusion-based, inkjet, and laser-
assisted bioprinting. In addition to cell-laden bioinks, where cells are encapsulated
in cytocompatible materials, cell aggregate-based bioinks are increasingly used to
create scaffold-free tissue fabrication [35]. While various materials are compatible
with this technique, shear-thinning polymeric materials that can be physically,
chemically, or photo-crosslinked are often used to formulate bioinks given their
cytocompatibility [36, 37]. Materials are extruded via pneumatic or mechanical
(i.e., piston or screw) mechanisms that permit the deposition of high cell densities.
However, the shear stresses exerted on cells during extrusion can result in cell-laden
scaffolds with lower viabilities when compared to those produced by inkjet
bioprinting.

Inkjet bioprinting, also referred to as drop-on-demand bioprinting, employs ther-
mal or acoustic forces to form liquid bioink droplets for ejection onto a substrate to
build a construct. Thermal inkjet bioprinters operate by applying heat to printheads
to create air pressure pulses that force the ejection of droplets from the printhead
nozzle for printing. Temperature ranges used for this technique can reach upwards
of 200-300 °C but do not adversely affect cell viability due to the short duration of
bioink exposure to heating [38]. Unlike thermal inkjet printers, acoustic inkjet print-
ers utilize a vibrating piezoelectric crystal to generate acoustic waves for bioink
droplet formation. Each of these methods have their own unique advantages and
disadvantages for cell bioprinting [38].

Laser-assisted bioprinting (LAB), another method commonly used for bioprint-
ing, relies on laser-induced forward transfer for the printing of biological materials
(i.e., peptides, nucleic acids, and cells) [39]. LAB offers an advantageous and rapid
method for the bioprinting of high cell densities without the need for printing
through a nozzle. However, LAB functions best when working with bioinks with
fast gelation kinetics and when working with single cells types or materials.

Bioprinting is a rapidly growing area of research in AM with significant poten-
tial. The reader is referred to a deeper exploration of bioprinting approaches and
techniques by Murphy et al. [38] and Vijayavenkataraman et al. [40].
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Table 2 Representative companies and respective commercial printers that have been used for
BTE in peer-reviewed publications

Company Printer Technology Representative result Reference
3D Systems, 250740 Stereolithography | Prototyping of a diethyl [42]
USA (est. 1986) (SLA) fumarate/poly(propylene
fumarate) (PPF) scaffold
Sinterstation Selective laser Scaffolds consisting of [43]
2500 sintering (SLS) PLG alone or PLA/p--
tricalcium phosphate
composite scaffolds were
sintered
ZCorporation, Zprinter310 3D printing (3DP) | Printing of hydroxyapatite | [44]
USA (acquired (HA) and poly(vinyl)
by 3D Systems) alcohol scaffold
(est. 1986)
Electro Optical | EOSINT-M270 | Selective laser Titanium printed scaffolds | [45]
Systems, melting demonstrated bone
Germany (est. formation in rabbit femur
1989) injury model
GeSiM, Germany | BioScaffolder Extrusion, inkjet, | Printed VEGF-loaded [46]
(est. 1995) melt electrospin calcium phosphate
cement scaffolds with
alginate—gellan gum
blend
EnvisionTEC, Perfactory Stereolithography | Studied relationship [47]
Germany (est. (SLA) between architecture of
2002) 3D printed PPF scaffolds
with resulting
vascularization in vivo in
rats
Bioplotter Extrusion Bone marrow-MSCs [48]
bioprinting and printed in hydrogels
FDM showed no difference in
viability compared to
unprinted cells in the
same hydrogels
Organovo, USA | NovoGen MMX | Extrusion Bioprinting of perfusable | [49]
(est. 2007) BioPrinter bioprinting gelatin-methacryloyl
scaffold embedded with
silicate nanoplates,
HUVECs, MSCs, and
VEGF
RegenHU, 3D Discovery | Extrusion MSCs in irradiated [50]
Switzerland (est. bioprinting and alginate with RGD
2007) FDM modification were printed
alongside PCL printed
fibers for enhanced
scaffold stiffness

(continued)
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Table 2 (continued)
Company Printer Technology Representative result Reference
Cyfuse Regenova Kenzan method Scaffold-free constructs | [51]
Biomedical, made from adipose-
Japan (est. 2010) derived MSCs were used
to treat femoral defects in
pigs
Seraph Robotics, | Fab@Home Extrusion Printing of chitosan or [52]
USA (est. 2012) bioprinting chitosan-HA composite
gels embedded with
MC3T3-E1 osteoblast
cells
Rokit, South 3Dison Pro Extrusion Incorporation of Ti into [53]
Korea (est. 2012) bioprinting and PLA-printed scaffolds
FDM enhanced mechanical
properties and in vitro
osteogenesis with MC3T3
cells
Regenovo Bioarchitect Extrusion Printing of magnesium [54]
Biotech, China bioprinting (Mg)-HA, chitosan, and
(est. 2013) gelatin composite
scaffolds
Sunp Biotech, ALHA-BP11 Extrusion Calcium-phosphate [55]
China (est. 2014) bioprinting (Ca-P) printed scaffolds
showed greater
vascularization in beagle
skull model compared to
gas-foamed Ca-P
scaffolds
Cellink, USA INKREDIBLE | Extrusion Characterization of [56]
(est. 2016) bioprinting printed HA scaffolds of
varying infill density

2.2 Commercial Landscape of AM Applications in Bone

Tissue Engineering

For researchers and academics in the field of bone TE, the commercial AM land-
scape includes numerous companies that sell printers for fabricating 3D tissues and
scaffolds (refer to [41] for comprehensive list of bioprinting companies); only a
subset of these printers, however, have been utilized in peer-reviewed publications
for printing bone or bone-like scaffolds for tissue engineering (Table 2). Printers
from older and more established 3D printing companies, such as 3DSystems, have
been used by researchers to fabricate polymer, ceramic, and metal scaffolds with
traditional forms of AM, such as stereolithography and selective laser sintering
[42-44]. More recently, several printers and companies have emerged that focus on
bioprinting; most of these printers utilize extrusion bioprinting technology with or
without fusion deposition modeling (FDM) of thermoplastics. Two of the first
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commercially available bioprinters, the Bioscaffolder from GeSiM and 3D-BioPlotter
from EnvisionTec, have provided researchers the ability to incorporate hydrogel
materials into their printed scaffolds [46, 48]. Since the release of these bioprinters,
companies across Europe, United States, and Asia, such as RegenHU, Seraph
Robotics, and Rokit, have released their own extrusion and FDM bioprinters that
have been utilized by researchers worldwide [50, 52, 53]. One bioprinting company,
Cyfuse Biomedical, offers a unique bioprinter that prints with the Kenzan method,
which forms scaffold-free tissue constructs from cell spheroids [51]. When trying to
differentiate among the different types of bioprinters available, researchers may
refer to the specifications of each available printer (described in detail in [41]) to
decide which best matches their research applications.

Several bioprinting companies also offer custom-made bioinks for bone tissue
engineering with their commercial bioprinters. Of the companies that have been
utilized in peer-reviewed publications, RegenHU and Rokit offer bioinks specific to
BTE, consisting of calcium phosphate pastes and/or polycaprolactone (PCL) [57,
58]. Other bioprinting companies, such Aether and Allevi, also offer unique, bone-
specific bioinks consisting of poly(ethylene gycol) diacrylate, poly(L-lactide-co-
glycolide) (PLG), PCL, alginate, and/or hydroxyapatite (HA) [59, 60]. One

Table 3 Representative peer-reviewed publications utilizing custom or modified printers for BTE

Technology | Printer details Major result Reference
Extrusion Custom extrusion printer | Print of vascular channels (Pluornic [64]
bioprinting with four independent F127 and thrombin) lined with HUVECs

heads in 1 cm? scaffold (fibrinogen and

gelatin) embedded with fibroblasts and
MSCs with osteogenic differentiation
Extrusion Multi-head tissue/organ Printing of two alginate bioinks [65]
bioprinting building system (MtoBS) | consisting of osteoblasts or
and FDM with six dispensing heads | chondrocytes on a PCL printed

to print hydrogels or framework
thermoplastics
Extrusion Integrated tissue and Printed mandible and calvarial bone [66]
bioprinting organ printing (ITOP) structures with microchannels consisting
and FDM consists of multiple of PCL as structural scaffold and
dispensing heads for mixture of fibrinogen, HA, and glycerol
hydrogels and as cell-laden hydrogel
thermoplastics
Inkjet Custom piezoelectric Muscle-derived stem cells cultured on [67]
bioprinting inject printer that forms fibrin substrate showed selective
2D patterns of growth osteogenic differentiation in areas with
factor printed BMP-2
Inkjet Modified Hewlett-Packard | Human bone marrow-derived MSCs in | [68]

bioprinting deskjet thermal inkjet poly(ethyleneglycol)dimethacrylate
printer combined with UV | were co-printed with nanoparticles of

lamp bioactive glass and HA
Laser-assisted | Custom laser-assisted In situ printing of MSCs associated with | [69]
bioprinting workstation with a collagen and nano-HA to treat calvaria

Nd:YAG crystal laser defect in mice
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bioprinting company, Dimension Inx, has focused on selling unique 3D-Paint bio-
inks to distributors that have been demonstrated to produce scaffolds of unique elec-
tronic and mechanical properties [61-63].

Several key advancements in the field of bone 3D printing have been made with
customized bioprinters created by specific research groups that are currently not
commercially available (Table 3). These groups have designed and built their own
custom extrusion and FDM bioprinters to demonstrate bioprinting of vascularized,
osteogenic tissue of 1 cm?® size [64], mechanically enhanced scaffolds with osteo-
blasts and chondrocytes bioprinted in distinct regions [65], and cell-laden bone con-
structs of clinically relevant size, shape, and structural integrity [66]. As these
groups continue to advance their bioprinting technologies, there may be a similar
emergence of companies that sell or utilize these custom-made printers to offer
unique bone printing services in the future.

Several additive manufacturing and medical device companies have focused on
providing 3D printed products or services as treatments for patients with bone injury
or disease. Numerous 3D printed titanium devices, such as Johnson and Johnson’s
CONDUIT™ (formerly made by Emerging Implant Technologies GmbH) [70] and
Osseus Fusion System’s ARIES Lumbar Interbodies, have been FDA cleared as
intervertebral fusion devices that mediate bone ingrowth when combined with
autologous or allograft bone grafts [71, 72]. Other 3D printed titanium bone fusion
devices have also been FDA cleared for treating other types of bone injuries in the
absence of additional bone grafts, such as Si-Bone’s iFuse-3D implant for sacroiliac
fusion [73] and Additive Orthopedics’ Lattice Locking Plates for alignment, stabili-
zation, and fusion of fractures, osteotomies, and arthrodesis of small bones [74]. In
addition to these titanium printed products, other companies are currently pursuing
technologies and regulatory clearance to provide services for printing ceramic bone
replacements. Particle 3D, a start up in Denmark, is developing their company to
print 3D bone replacements out of tricalcium phosphate and fatty acids [75, 76].
Xilloc from the Netherlands is collaborating with Next21 from Japan to print cal-
cium phosphate printed bone tissue based on CT scans of patients [77]. A survey of
the US regulatory landscape of AM medical products was also recently performed
by the FDA and shows an increasing trend in the number of AM medical products
being reviewed [78].

3 Technical Considerations for Additive Manufacturing
of Medical Products

When it comes to medical product development for clinical applications, both bio-
logical considerations (such as tissue, structural, and metabolic requirements) and
technical considerations (including design, materials, manufacturing, and proper-
ties of the scaffold) are important. Given the breadth of materials available and the
wide range of AM technologies to select from, the understanding and defining of
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design requirements early on based on how the product will be used will facilitate
successful clinical translation of AM products. The following subsections of this
portion of the chapter will cover two major aspects of technical considerations asso-
ciated with AM processes for fabricating medical products: design and manufactur-
ing factors, and product testing factors. Many of the considerations covered in this
chapter are explained more in detail in the FDA guidance “Technical Considerations
for Additive Manufactured Medical Devices” [79]. Due to their diversity and com-
plexity, it is important to note that AM products that include biological materials
(e.g., cells) have additional considerations that will not be covered in depth in this
chapter.

3.1 Design and Manufacturing Considerations
for AM Medical Products

The design and manufacturing process for an AM product can be generally captured
by a process flowchart that comprises several distinct phases (Fig. 1). Briefly, AM
product development begins with the design process where model geometry dimen-
sions are either determined from predetermined specifications or using patient-
matched dimensions derived from medical imaging. The next phase consists of
material control, which includes the control of scaffold materials and bioinks, and
software workflow, both of which may be developed concurrently. For instance,
digitally processed modeling data for 3D printing can occur while simultaneously
selecting materials and ensuring their quality for printing. Following AM fabrica-
tion, the build is then subjected to post-processing prior to testing and characteriza-
tion of the final product. Manufacturing experience and quantitative knowledge of
the product are mainly acquired through test builds, worst-case builds, or verifica-
tion and validation activities. Effectively documenting and characterizing the
parameters and output specifications of each process step are critical to understand-
ing how design parameters interact with one another in influencing product

Material
Control

: Softwa ; Post- i
Design == sy = Build — °:sing e

Fig. 1 AM process flowchart



278 J. Lam et al.

function. This will also be helpful for identifying the root cause of defects acquired
during manufacturing.

Similar to traditional manufacturing methods, understanding design require-
ments helps to guide AM processes to reliably and consistently produce an AM
products. Therefore, the early identification of key design parameters is important
for developing a consistent manufacturing process and implementing effective con-
trols to ensure quality throughout all phases of design and manufacturing. One
potentially useful case study is presented by Morrison et al. [80].

Scaffold Design Considerations

The first phase of an AM process mostly begins with scaffold design. When deter-
mining quantitative design targets for an AM scaffold, it is important to consider
clinical user needs as part of the design phase of the manufacturing process.
Generally defined as qualitative requirements deemed necessary for the treatment of
a target disease or illness, the “user needs” provide a blueprint for identifying scaf-
fold attributes to be translated into quantifiable and distinct specifications [81]. User
needs can be outlined in accordance to the proposed clinical indication for the use
of the scaffold to be fabricated. It may prove helpful to determine quantitative
design targets for the desired feature sizes based on the clinical user needs of the
envisioned final product in order to guide the selection of a suitable AM technique.
Choosing an AM technology that can consistently achieve the minimum desired
feature size of the final product with the given manufacturing tolerances of the
machine is key for establishing a robust process. This is important as innovative AM
technologies may introduce unique variability into the manufacturing process.

AM technologies are particularly amenable to the fabrication of patient-matched
(PM) designs, which brings about unique manufacturing considerations [82, 83].
PM designs can be created by scaling standard-sized template design models using
one or several anatomic references, or by leveraging anatomic features in their
entirety from patient imaging data. In most cases, PM scaffolds are produced within
a predefined specification range or performance envelope, which describes the min-
imum and maximum limits for clinically relevant specifications based on user
needs. Once defined, PM designs may be further modified in response to additional
clinical needs. While technical considerations for standard-sized scaffolds are also
applicable to PM scaffolds, the following considerations may also be:

1. Imaging effects: Although most AM products are created from medical imaging
data, not every product will require the same level of imaging fidelity for achiev-
ing the desired function. The fit, and therefore, adequacy of a PM scaffold is
primarily determined by the minimum feature resolution used for matching, the
image processing algorithm that may cause dimensional deviations from the ref-
erence anatomy, the propensity of the imaged anatomic structures for deforma-
tion, and the clarity of matched anatomic landmarks. It is important to assess
these imaging effects on scaffold function.



Development of Additive Manufacturing-Based Medical Products for Clinical... 279

2. Design model interactions: For PM scaffolds that are made through modification
of a standard-sized template model, the modeling manipulation software used to
make modifications can be built with internal checks to prevent users from
exceeding pre-established specifications. To help with ensuring an effective
workflow toward optimization of scaffold properties, it is important for model-
ing manipulation software to document the design iteration that is being altered
by the end user. Such manipulation software for creating PM designs should only
be used for scaffolds and accessories for which it is validated.

3. Complex design files: While PM scaffold designs offer the advantage of being
tailored to fit the needs of certain patient subsets, the file conversion steps needed
each time a unique PM scaffold is built pose a risk of conversion errors. Therefore,
software validated for data integrity during file conversions offers potential for
greatest process consistency.

Software Workflow

As previously mentioned, AM processes interface heavily with software. Hence, it
is important to verify that the critical specifications (e.g., scaffold dimensions,
geometry, critical features) and performance criteria of AM products are not
adversely affected by software conversion or compatibility issues. Such software-
related effects on final product properties produced using an AM process should be
validated as part of the software workflow. To ensure a consistent manufacturing
process, final versions of the CAD files used for printing can be stored in standard-
ized formats and made available for referencing as part of a document control system.

The software workflow phase largely involves the computational steps necessary
to prepare a digital product model for AM fabrication. These preparatory steps
include optimizing build volume placement, adding supporting structures (if neces-
sary), slicing the digital model, and creating build paths. With regard to build vol-
ume, the orientation, placement, and packing density (i.e., distance between
components) of the product will inevitably influence final product properties and
anisotropy. Additionally, most if not all AM machines inherently have some hetero-
geneity in print function throughout various areas of the build volume [84]. This
heterogeneity is unique to AM machines and even between AM machines of the
same model.

Due to the layer-by-layer process, the AM fabrication of a medical product may
necessitate the addition of support structures into the build depending on the tech-
nology used and the complexity of the printed structure [85, 86]. When support
structures are needed, it is often good practice to analyze geometric and structural
requirements of the builds to optimize the selection of support materials. These
include a consideration of structural overhangs, high aspect ratio features protrud-
ing from the main scaffold body, internal voids or porosity, and thin features.
Following construction of a build with support structures, support materials may be
removed using physical or chemical processes. It is important to ensure that pro-
cesses for the removal of support structures will not leave artifacts that will affect
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the quality of the final scaffold. Unlike the selection of support structures, the selec-
tion of a layer thickness for build model slicing is more or less needed for all layer-
by-layer AM technologies. Choosing an optimal layer thickness for printing will
necessitate careful consideration of the technical characteristics of the employed
AM machine and the physical properties of the raw build materials.

In addition to the aforementioned software workflow considerations, the
software-programmed build path for an AM built object can significantly impact the
quality of the finished construct. The effects of build path on the final scaffold prop-
erties are highly dependent on the AM technology used [87]. For example, an opti-
mized build path for FDM/FFF processes will take into account the cooling time
required for extruded polymer melts to minimize heterogeneity in scaffold features
and anisotropy. The effect of differences in build path on scaffold performance is
important to evaluate and minimize. Given that the discussion of software workflow
standardization and validation are outside the scope of this chapter, more informa-
tion may be found in the FDA guidance “Technical Considerations for Additive
Manufactured Medical Devices” [79].

Material Controls

The selection of materials and establishment of material controls may be performed
in parallel with software workflow optimization. Choosing a base material for medi-
cal product fabrication first necessitates an understanding of the user needs of the
final product. Toward this goal, the selection of raw materials can begin by defining
broad targets for scaffold or final product mechanical function, mass transport, and
surface chemistry based on the properties of the target tissue to be engineered. One
useful guideline for determining such target scaffold properties was proposed by
Hollister [88]; accordingly, general targets for mechanical function, mass transport,
and surface chemistry may be narrowed down based on tissue types that can be
broadly categorized into soft versus hard and vascular versus avascular. Generally,
hard tissues require elastic mechanical properties with high moduli, whereas soft
tissues are typically more viscoelastic. The desired mass transport properties for
vascularized tissues are higher permeability and higher diffusivity when compared

Table 4 Examples of raw material controls depending on the material type used for AM

Material type Specification(s)

Solid Particle size and distribution; rheological properties; filament diameter and
filament diametric tolerance

Fluid Viscosity; viscoelasticity; pot life

Aqueous Composition; water content; molecular weight; molecular formula; chemical

polymer or structure; molecular weight distribution; glass transition temperatures;

monomer melting temperatures; crystallization point temperatures; purity information

mixture (i.e., ratio of monomer mixtures, impurities, etc.)

Metal, metal Chemical composition; purity

alloy, or ceramic
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to avascular tissues. As another example, the desired surface characteristics for vas-
cularized hard tissues like bone would ideally be osteoinductive or osteoconductive
to facilitate osteogenic differentiation of host progenitor cells [8].

Starting materials can have a significant impact on the quality of the final build
as they may undergo physical or chemical change during fabrication depending on
the AM technique. To ensure the consistency of the fabricated scaffold or final prod-
uct, specifications for raw materials and methods for material qualification may be
established in accordance with the chosen AM modality. Such specifications will
also be dependent on the type of materials used for AM as outlined in Table 4.

Some AM technologies, such as powder bed fusion or vat polymerization stereo-
lithography, allow for raw materials like unsintered powders or uncured resins to be
reused. While efficient, materials for reuse are likely to be exposed to intense condi-
tions that render them different from virgin materials. Studies can be conducted to
assess the effects of reusing raw materials on the properties of final scaffolds in
material reuse protocols.

In addition to the specifications defined as a part of material controls, it may
become necessary to characterize all material chemistry changes to be expected
during the fabrication of a medical product when using a particular AM technology.
This is due to the iterative processes involved in AM that cyclically expose materials
to extreme temperatures or energy with the potential to yield undesirable material
chemistries during fabrication. Depending on their starting materials, additional
material chemistry testing or characterization can be performed if polymers are
used in order to ensure that by-products that are known or thought to be unsafe to
human are not formed.

Post-processing

Post-processing steps, which include physical or chemical methods for the removal
of residues from the construct, heat treatments, and final machining, can be per-
formed as finishing steps for an AM product. In some cases, a tissue-engineered
construct, particularly a cell-laden construct, may need to be matured in a custom
bioreactor as a post-processing step. Post-processing processes are necessary to
achieve the intended function of the final product; however, the processes have the
potential to significantly impact final material properties and performance of the
product. Given the many types of post-processing methods available depending on
the AM technology, it is important to document all methods used to finish their
products and analyze how post-processing influences their final product perfor-
mance for its intended use. For products with complex internal structures, methods
can be used to assess and verify the fidelity of internal structures after post-
processing steps have been performed.
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Manufacturing Consistency

Due to the nature of AM, the quality (including mechanical properties) of a medical
product fabricated using AM may vary between different AM machines of the same
model even when the same input parameters, process steps, and raw materials are
used. Hence, it becomes essential to understand the variability associated with each
input parameter and characterize the effects of this variability on product quality in
order to separate the variability due to the machine and the variability due to the
input. It is important to verify the quality of products fabricated in a single build
cycle, between multiple build cycles, and between AM machines especially if the
prespecified requirements of a product can only be verified using destructive test-
ing. The software workflow, including all software packages, operates most consis-
tently when validated for its intended use with respect to AM product fabrication.

It is important that AM parameters (such as laser beam energy density, deposi-
tion velocity, humidity, or scanning speed) that have significant potential to affect
the build environment, design output, and subsequent product performance are
identified and evaluated. Characterizing the level of variability associated with each
manufacturing parameter and parameter interactions during the AM process will
help to understand how well parameters can be controlled during manufacturing. In
characterizing the effects of AM variability on design output and product perfor-
mance, it is most effective when parameters are controlled to be within defined
acceptable variations. Uniformity of prints may also be considered since AM prod-
uctsare typically anisotropic and may not be uniformly load-bearing. Characterization
of mechanical properties of the product along its dimensions and characterization of
the build environment may prove useful for evaluating build consistency. Fixing a
range of build parameters may also help to improve manufacturing process
consistency.

Fabricated samples that are representative of a feature or a set of features of a
scaffold, also referred to as test coupons, can be used for verification activities. The
advantage of using test coupons lays with the ability to simulate worst-case condi-
tions in the AM process as well as for identifying worst-case orientations or loca-
tions within a build volume. Test coupons are also suitable for both destructive (e.g.,
mechanical testing) and non-destructive evaluation (e.g., ultrasound, computed
tomography, dye penetration, microscopy) techniques. The test coupons should be
representative of the final AM product.

3.2 Testing of AM Medical Products
Performance Testing
Aside from design and manufacturing considerations, another important technical

aspect to consider for AM products is their performance testing and characteriza-
tion. Generally, product testing is performed with appropriate methods to verify and
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validate functional requirements of the AM product. The amount of testing informa-
tion or data needed to support the clinical use of a product will depend on the prod-
uct type and its intended use, risk profile, and novelty. The type of testing needed
will also depend heavily on important factors such as whether the product will be
implanted, whether the scaffold will be load-bearing, and whether the scaffold
dimensions are standard-sized or patient-matched. Depending on the type of prod-
uct (e.g., bone scaffold, joint replacements, osteochondral scaffolds), performance
testing may include material property testing or mechanical testing for characteriza-
tion of yield strength, creep, viscoelasticity, fatigue, moduli, and other relevant
properties. Performance testing is ideally conducted on the final version of products
that have been subjected to all post-processing, cleaning, and sterilization steps in
order to accurately characterize product properties for its intended use. An effective
performance testing program also considers worst-case combinations of product
features, dimensions, and build orientations. If test coupons or surrogates are used
in lieu of the final product for testing, it is critical to have sufficient scientific ratio-
nale supported by data to demonstrate how the test coupons or surrogates are repre-
sentative of the final product.

Effective performance testing of medical products produced using AM technolo-
gies also uniquely considers the effects of build orientation on final mechanical
properties due to potential variations in how anisotropy is introduced during fabri-
cation. Depending on the AM methodology, build orientation and build location
effects within a build volume can vary significantly in how they influence final
product properties [89]. These differences in orientation effects between different
AM technologies largely arise from how strongly and in which direction the layers
are bound during the layer-by-layer printing process. Build location effects stem
from how the AM printed materials absorb energy from or dissipate heat to neigh-
boring scaffold components during fabrication and are especially prevalent for pow-
der bed fusion AM methods. As such, a baseline study evaluating the selected AM
machine and technology interacts with a chosen material for scaffold fabrication
may prove useful in determining orientation and build location effects during per-
formance testing. In silico methods can also be considered in addition to perfor-
mance testing to assess and refine design validation processes via the modeling of
mechanical response to various stresses.

Manufacturing Material Residual Testing

AM fabricated medical products offer the advantage of being complex in geometry
and may comprise intricate features such as internal porosity, honeycomb struc-
tures, channels, voids, or cavities that are uniquely created by AM methods. Despite
the advantages associated with such intricate geometric features, the enhanced sur-
face area and difficult-to-access internal features also increase the difficulty in
removing excess manufacturing or sterilant residuals during scaffold cleaning. The
presence of manufacturing material residuals may adversely impact the perfor-
mance of a product. As such, it is important to use documented testing procedures
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and data to show that the cleaning and residual removal processes adequately
remove residuals to the extent where they do not negatively affect product quality.
Such testing may necessitate the use of destructive methods depending on the acces-
sibility of complex geometries or trapped internal volumes in the product.

Biocompatibility Testing

Certain AM products may also be evaluated within the framework of a risk manage-
ment process for biocompatibility. Biocompatibility testing of a medical product is
performed to assess the risk of a harmful biological response to the product due to
chemical toxicity or adverse reactions to physical characteristics of the product or
its manufacturing and processing. A testing plan may be developed to appropriately
address the knowledge gaps posed by the potential biological impact of the AM
product given the type and duration of biological contact. As biocompatibility test-
ing is largely outside the scope of this chapter, more specific information can be
found in the FDA guidance entitled “Use of International Standard ISO 10993-1,
Biological evaluation of medical devices — Part 1: Evaluation and testing within a
risk management process” [90].

3.3 Cell-Scaffold TE Products

Unlike AM medical products that comprise only a scaffold, cell-scaffold TE prod-
ucts are inherently complex and often involve multilayered product development
considerations [91]. Cell-scaffold TE products present unique manufacturing and
characterization challenges since these TE products often combine metabolically
active cellular components with scaffolds to yield complex three-dimensional con-
structs. As such, the final attributes of cell-scaffold TE products are not only depen-
dent on the characteristics of the individual components that the product comprises,
but also must factor in the effects of product assembly and subsequent cell-material
interactions. Indeed, cell-scaffold TE products are frequently designed to remodel
or degrade in vitro and/or in vivo which can further complicate functional testing of
these products. The packaging, shipping, and stability (or shelf-life) of cell-scaffold
TE products may also prove challenging.

As with other medical products, the safety and efficacy of cell-scaffold TE prod-
ucts should be supported with data obtained from appropriate in vitro and in vivo
preclinical testing. Many of the important tests for the individual components, such
as sterility, mycoplasma, pyrogenicity/endotoxin, scaffold properties, adventitious
agent testing, cell viability, identity, and purity, are applicable for the combined
product as well. Due to their multifaceted nature, many cell-scaffold TE products
do not have established preclinical testing paradigms and cannot rely on precedence
for testing considerations. Given the potential difficulties in fully characterizing
complex TE products, their testing may necessitate the development of new
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scientific techniques to be performed at relevant stages of product development. The
preclinical testing program for cell-scaffold TE products may combine testing per-
formed on individual components prior to product assembly with relevant testing
that is performed after product assembly.

4 Regulatory Considerations for Additive
Manufacturing-Based Medical Products

Given its versatility, AM can be employed to fabricate a wide breadth of different
products that span multiple product types. As such, AM products can be regulated
as medical devices, biologics, drugs, or combination products. The formal defini-
tions are as follows:

e Device (21 USC 321[h]): “An instrument, apparatus, implement, machine, con-
trivance, implant, in vitro reagent, or other similar or related article, including
any component, part, or accessory, which is: (1) recognized in the official
National Formulary, or the US Pharmacopeia, or any supplement to them, (2)
intended for use in the diagnosis of disease or other conditions, or in the cure,
mitigation, treatment, or prevention of disease, in man or other animals, or (3)
intended to affect the structure or any function of the body of man or other ani-
mals, and which does not achieve its primary intended purposes through chemi-
cal action within or on the body of man or other animals and which is not
dependent upon being metabolized for the achievement of its primary intended
purposes.”

e Biological Product (42 USC 262[i](1)): “A virus, therapeutic serum, toxin, anti-
toxin, vaccine, blood, blood component or derivative, allergenic product, protein
(except any chemically synthesized polypeptide) or analogous product, or ars-
phenamine or derivative of arsphenamine (or any other trivalent organic arsenic
compound), applicable to the prevention, treatment, or cure of a disease or condi-
tion of human beings.”

e Drug (21 USC 321[g][1]): “(A) Articles recognized in the official US
Pharmacopeia, official Homeopathic Pharmacopeia of the United States, or offi-
cial National Formulary, or any supplement to any of them; and (B) articles
intended for use in the diagnosis, cure, mitigation, treatment, or prevention of
disease in man or other animals; and (C) articles (other than food) intended to
affect the structure of any function of the body of man or other animals; and (D)
articles intended for use as a component of any articles specified in clause (A),
(B), or (C).”

e Combination Product (21 CFR 3.2[e]): “(1) A product composed of two or more
regulated components, that is, drug-device, biologic-device, drug-biologic, or
drug-device-biologic, that are physically, chemically, or otherwise combined or
mixed and produced as a single entity; (2) two or more separate products pack-
aged together in a single package or as a unit and composed of drug and device
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products, device and biological products, or biological and drug products; (3) a
drug, device, or biological product packaged separately that according to its
investigational plan or proposed labeling is intended for use only with an
approved individually specified drug, device, or biological product where both
are required to achieve the intended use, indication, or effect and where upon
approval of the proposed product the labeling of the approved product would
need to be changed, for example, to reflect a change in intended use, dosage
form, strength, route of administration, or significant change in dose; or (4) any
investigational drug, device, or biological product packaged separately that
according to its proposed labeling is for use only with another individually speci-
fied investigational drug, device, or biological product where both are required to
achieve the intended use, indication, or effect.”

Medical products are subject to different regulatory pathways depending on
whether the product meets the formal definition of a drug, biological product,
device, or combination product [92]. Such regulatory pathways include (1) the New
Drug Application (NDA) for drugs [93]; (2) the Biologics License Application
(BLA) for biologics [93]; and (3) the Premarket Approval (PMA) [94], Humanitarian
Device Exemption (HDE) [95], 510(k) premarket notification clearance mechanism
[96], and De Novo classification process [97] for medical devices. NDAs and BLAs
are applications for licensure under the safety and effectiveness requirements of the
FD&C Act. Biologics are further subject to the approval standards set forth in the
PHS Act that requires demonstration that the product is safe, pure, and potent. For a
medical device, the appropriate regulatory pathway and classification depend heav-
ily on the associated risks; Class I includes devices with the lowest risk and Class
IIT includes devices with the highest risk. A PMA is an application for the approval
of most Class III medical devices; to gain PMA approval, there must be a reasonable
assurance of safety and effectiveness [94]. The premarket notification, or 510(k),
clearance process applies to devices that are “substantially equivalent” to a medical
device already on the market [98]. The de novo process provides a pathway to Class
T or Class II classification for medical devices for which there is no legally marketed
device to enable a demonstration of “substantial equivalence” but for which regula-
tory controls provide a reasonable assurance of safety and effectiveness [97].

When clinical investigation is needed to evaluate the safety and efficacy of an
investigational product before marketing approval, an Investigational New Drug
(IND) application [99] is required for drugs and biologics, and an Investigational
Device Exemptions (IDE) [100] is generally required for devices. More specific
information regarding such approval mechanisms may be found in the referenced
guidance included in this section of the chapter.

The FDA has programs to help innovators and medical product developers. Some
of these resources are specific to the area of additive manufacturing. FDA resources
that are relevant to additive manufacturing products are shown in Table 5.
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Table 5 FDA resources relevant to additive manufacturing of devices and biologics

‘Web resource Link

3D Printing of Medical Devices https://www.fda.gov/3dprinting
Technical Considerations for Additive Manufactured | https://www.fda.gov/media/97633/
Devices: Guidance for Industry and FDA Staff download

Additive Manufacturing of Medical Products https://www.fda.gov/medical-devices/

cdrh-research-programs/
additive-manufacturing-medical-products
Formal Meetings Between the FDA and Sponsors or | https://www.fda.gov/media/109951/
Applicants of PDUFA Products: Guidance for download

Industry
Requests for Feedback and Meetings for Medical https://www.fda.gov/media/114034/
Device Submissions: The Q-Submission Program: | download

Guidance for Industry and FDA Staff

Center for Devices and Radiological Health https://www.fda.gov/training-and-
(CDRH) Learn continuing-education/cdrh-learn

Office of Tissues and Advanced Therapies (OTAT) | https://www.fda.gov/vaccines-blood-
Learn biologics/news-events-biologics/otat-learn
CDRH’s Division of Industry and Consumer Email: DICE@fda.hhs.gov

Education (DICE)

Center for Biologics Evaluation and Research Email: industry.biologics @fda.gov

(CBER)’s Manufacturer’s Assistance and Technical
Training Branch (MATTB)

5 Conclusions

Regenerative medicine and AM offer a means to introduce many innovative prod-
ucts for application in tissue engineering and for manufacturing products with
potential for clinical translation and commercialization. As AM processes are
adapted for production, the early consideration of technical aspects as applicable
can significantly facilitate the development of safe and effective products. Developers
can interact with the FDA through various channels described in FDA resources to
ensure adequate testing toward the manufacture of a safe and effective product. The
interactions between product developers and regulators, along with interdisciplin-
ary research, support and foster innovation in AM technology.
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Future Direction and Challenges

Nina Tandon and Sarindr Bhumiratana

1 Introduction

A key tenet of reconstructive surgery is that “when a part of a person is lost, it
should be replaced in kind, bone for bone...” [1]. From a bone reconstruction per-
spective, however, our ability to put this principle into practice has historically been
limited, since our only supplies of human bone must be donated, either from our-
selves autologously or from cadavers. The emergence of tissue engineering has
therefore been greeted with excitement at the possibility of making surgeons’ ideal
a reality.

This book has provided a comprehensive overview of the technical challenges
for creation of patient-specific, clinically relevant-sized tissue-engineered bone for
clinical applications. However, as the future directions of tissue engineering grow
clearer and the possibilities grow increasingly profound, it is important not to lose
sight of the key activities that are required to ensure that the scientific discoveries
described here eventually evolve into practical solutions that in turn provide
improved clinical outcomes.

The term clinical translation has been coined to denote the process of turning
observations in the laboratory, clinic, and community into interventions that improve
the health of individuals and the public. The goal of clinical translation is to trans-
late (or move) basic science discoveries quickly and efficiently into practice, or in
the parlance of the field “from bench to bedside.”

Major considerations for clinical translation fall into three categories: economic,
regulatory, and manufacturing. A major, cross-cutting theme, which we call the
“translational mindset,” involves simplification of the technology to facilitate not
only regulatory approval but also clinical adoption. Successful migration through
translation therefore requires an interdisciplinary approach with significant
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foresight into downstream activities. Successful solutions must be not only
approachable to regulators, but also manufacturable, scalable, usable by clinicians,
and beneficial to both patients’ real-world outcomes and ideally economic cost.
With application of the principles outlined in this chapter, we hope to make the
dream of a regenerative approach to bone reconstruction approachable and practical.

2 Overview of Translational Development

The thrill of scientific discovery has often been described by an elusive moment of
so-called eureka when creative insight sheds light on a future possibility. From the
perspective of bone tissue engineering, several of these “aha moments” have con-
verged to point us toward a future in which regenerative approaches to bone healing
may eventually become the future standard of care. Basic bone biology research has
revealed bone as a tissue that is a self-renewing, self-healing, composite material
which undergoes constant remodeling in the body. Advances in biomaterials
research have revealed the possibility for 3D cell culture in scaffolds replicating key
aspects of the bone cellular microenvironment. Advances in digital fabrication have
facilitated the recreation of complex anatomical geometry, and advances in bioreac-
tor development have facilitated directed differentiation of stem cells inside ex vivo
environments toward mature tissues. These “aha moments,” which have occurred in
academic labs throughout the world, are an amazing testament to the painstaking
labor and ingenuity of countless scientists and engineers in academia. However,
from a clinical perspective, they represent merely the starting line of a long mara-
thon race toward translational development.

HORIZON 3

Commercialization | proving technology
HORIZON 2 5+ years works in clinicleconomy

Clinical Trials | proving technology
3-5 years works in human

VALUE

HORIZON 1

Preclinical | proving technology
Studies works in vivo

TIME

Fig. 1 The three horizons of clinical translation (i.e., preclinical studies, clinical trials, and
commercialization)
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Successful translation is characterized by three key (and overlapping) stages of
value creation as the technology achieves validation and risks of failure are addressed
(see Fig. 1). Each stage, or “horizon,” as we call it, differs with respect to key activi-
ties and barriers to success. The first stage involves in vitro and in vivo studies to
reveal the underlying mechanisms of how a prospective technology works biologi-
cally. The second stage involves human clinical studies proving safety and efficacy
of the technology as a requisite before regulatory approval. The third stage involves
manufacturing scale-up and subsequent commercialization. The timeline for devel-
opment can be quite expensive and take many years; new drug approvals in the
United States take an average of 12 years and cost approximately $1 billion, respec-
tively, from preclinical testing to approval, accounting for the cost of failed trials [2].

For tissue-engineered bone to mature into clinical practice, a handoff must occur
between the academic labs often performing activities in earlier phases of develop-
ment to the industry partners usually responsible for commercialization. And in
parallel, a shift in mindset must also occur from the earlier stages’ emphasis on
novelty toward the simplification required for practical implementation within the
community via clinical trials, manufacturing scale-up, and commercialization.

In an academic mindset, for example, the hallmark of successful innovation is to
be as distinct as possible from all other innovations. However, since introduction of
new materials into the body introduces risks associated with biocompatibility, suc-
cess from a regulatory perspective may inversely hinge upon being as similar as
possible to previously approved products (so-called predicate devices).

Furthermore, from a clinical adoption perspective, it is widely known that the
healthcare industry at large, and especially surgery, can be conservative with regard
to uptake of evidence-based surgical procedures due to the training required to use
novel instrumentation and/or methods, and the associated risk of reduced outcomes.
Here, too, compatibility with existing instruments and similarity to existing meth-
ods can be advantages.

Finally, once a product is approved, it needs to integrate into an extremely com-
plex modern healthcare industry with multiple stakeholders with distinct require-
ments. The end user may be the patient, but the key decision maker is often the
surgeon, and the payer is the government or private insurer (with patients often
bearing significant cost, as well). Future engineered bone products must therefore
confer a benefit—and avoid an inconvenience—to each of those groups.

In our view, the considerations relating to the second and third horizons outlined
above lead us to conclude that successful translation of a new technology such as
bioengineered bone must tread the narrow path of retaining tight focus on its core
innovation while staying as conventional as possible with all other aspects of its
production and use. If the core innovation centers on the driving goals of personal-
ization and biological replacement, for example, the goal should be to situate that
product as neatly as possible into existing systems of regulation, manufacturing, and
medical care—rather than trying to reinvent whole systems at once. Introduction of
biological complexity (e.g., via cellular reprogramming, drug delivery methods, or
novel biomaterials) should be avoided unless necessary. Surgical instrumentation
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and fixation hardware should minimize deviation from tried-and-true surgical prac-
tice. And costs should be minimized wherever possible.

The complex reality of translation can appear daunting, or even distasteful, to
innovators with dreams of transforming medical care. Fortunately, the academy-
industry jump is easier now than it used to be, and as the boundary between acad-
emy and industry becomes more porous, and the stigma for academics being
involved in translational research has eased, the movement of experts among stages
of development is more fluid. With a translational mindset, interdisciplinary atti-
tude, and forward-looking strategy, it becomes increasingly possible to preserve the
value of the core innovation while clearing other extraneous obstacles from its way.

3 Economic Considerations and Challenges

Science has a long history of inspiring innovation and thus being a driver of busi-
ness enterprise. The chemical industry of the late nineteenth and early twentieth
century, and the pharmaceutical industry of the post-World War II period, stemmed
directly from contemporary advances in science [3]. However, the nature of the con-
nection between science and business has begun to change in important ways as
large biopharma and medical device players have pulled away from riskier research
and universities, and their spin-offs have become central figures not just in the intel-
lectual pursuit of science, but also in the business of science in the earlier, risk-
ier stages.

Successful translation of tissue-engineered bone grafts “from bench to bedside”
requires setting forth a roadmap across five key areas of economic development and
eventual sale: market size/indication, physician adoption, economic viability, intel-
lectual property, and funding. As described earlier, a “translational mindset” must
retain a view toward the entire translation journey even at the earliest stages of plan-
ning. Product approval is often the central focus in the early stages of translation,
and rightly so, but it is still essential to have a plan for launch and sale even at
the outset.

As stated earlier, in addition to building the five areas of economic development
into the business plan, it is also essential to take all stakeholders into account—
including regulators, payers, physicians, and patients—considering their roles and
needs at each step of the process, ensuring a benefit and avoiding inconvenience to
each of those groups.

3.1 Market Size

Developers of innovative bone grafting solutions will encounter a tradeoff between
market size and regulatory-acceptable indication (see Sect. 4 below for more
details). On the one hand, it is ideal to set as broad as an indication as possible, so
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as to be applicable to a wide range of indications. However, setting a very broad
indication might draw skepticism from regulators, because different parts of the
body and different diseases may be perceived as possessing different risks.

A company with infinite resources could design and test its technology for a host
of indications (such as growing bone to implant anywhere in the body), but realisti-
cally a small biotech firm has to choose its use case very carefully—even if it is
producing a platform technology.

Making this choice wisely means carefully balancing the considerations of
approvability and market size. The optimal choice has a good chance of approval
and a significant market size. In weighing the market size, developers should ask
how many people suffer from the particular injury or illness that your product would
remedy, how many of them actually need the therapy that they would provide, and
whether there exists a robust large-animal model to validate the use case preclini-
cally. Given that regulators require animal studies to be specific to the product’s use
case, these questions should be considered even before proof-of-concept animal
studies are performed. When considering different use cases, it is also important to
keep in mind that the product may be used by different sets of doctors (such as an
orthopedist, an ENT, or a neurosurgeon) with different preferences and risk
tolerances.

3.2 Physician Adoption

A common criticism of innovative products that lack user-friendliness is that they
“look like they were designed by an engineer.” For innovators involved in the earli-
est stages of development, it can indeed be fascinating to tinker with the possibili-
ties in the solution space. Why make choices that limit power and flexibility? But a
big mistake of many early startups is to design a product—and make a business
plan—without enough input from the stakeholders who are key users of the technol-
ogy. A therapy is essentially a tool for a physician to use, and as such it is critical to
consider how a physician will use it—not only in terms of ergonomics but all human
factors associated with the surgical workflow, such as training, surgical planning,
instrumentation hardware, surgical guides, and timing.

The essential principle that should be applied here, again in a “translational
mindset,” is to innovate only on the core technology, avoiding changing too much of
the surrounding use system or physician workflow. If physicians have to adjust their
workflow to use a new product, they will not use it, because no surgeon wants to risk
diminishing their outcomes while learning a new process.

In practice, for example, in craniofacial repair physicians typically take a CT
scan to plan surgery and routinely generate 3D printed models as part of surgical
planning. Companies developing anatomically precise bone grafts should therefore
aim to leverage these scans whenever possible rather than introducing additional
steps or imaging modalities into physician workflow. Further downstream, when
designing the implantation process, successful strategies should simplify
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instrumentation that physicians might have to train on and integrate with products,
such as fixation hardware, that surgeons normally use to hold a graft in place.
Involving surgeons directly in the design process early on can obviate the need for
expensive workarounds at a later date.

3.3 Economic Viability

When considering economic viability of tissue-engineered bone grafts, differing
cost drivers relate to each horizon of development. In Horizons 1 and 2 of Fig. 1,
risk/reward economics dominate the considerations for total cost of getting a prod-
uct approved, and for Horizon 3, unit cost economics apply once a product is
approved. Finally, upon commercialization, reimbursement economics must also be
taken into account.

During Horizon 1 (preclinical studies), a key activity is mapping the manufactur-
ing process to GMP, with a focus on minimizing risk and associated costs of seeking
approval. During this stage, it is critical to maximize use of the library of materials
that are well known and acceptable to the FDA and to do this from the beginning of
the translation process so as to minimize cost of approval. This principle applies to
the finest level of detail. Every material that comes in contact with the product
should contain no leachables and no contamination that could lead to unfavorable
outcomes. Even the tubing in the bioreactor should ideally have been used in other,
established products. While choosing these materials, costs should be considered so
that the unit cost of production will not be overwhelming downstream upon
commercialization.

It may be obvious to most entrepreneurs that reducing the costs of production
through scalable manufacturing and commercialization is critical to creating a prof-
itable product. For the living, patient-specific engineered grafts described in this
book, a necessary bar for economic viability stems from unit cost economics (see
Sect. 5 below for more details). Hands-on activities such as cell culture media
changes should be replaced wherever possible with automated processes. Bulk pur-
chasing and batch processing must also be implemented to maximize efficiency of
reagents and expensive quality control processes. And supply risks must be consid-
ered so that developers are not reliant on single suppliers of any key materials.

For all the importance of de-risking approval that covers only part of the risk
equation. A key principle for considering the full spectrum of economic risk is that
an approvable product is not necessarily a reimbursable product. It is critical, there-
fore, to make sure that clinical trial comparators are selected wisely to maximize
enrollment in trials (thus reducing time). Comparators should also be suited to prove
the relevant outcomes that will matter to payers, such as shorter surgical/recovery
time, prevented surgeries, etc., so as to achieve reimbursement. If a product’s clini-
cal benefit is deemed not to provide enough of an incremental benefit above stan-
dard of care to justify its price tag, the product is less likely to get on any payer’s
formulary.
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3.4 Intellectual Property

In the academic mindset, intellectual property (IP) provides a critical asset to the
university and its researchers, and the mark of a successful patent is often tied to the
broadness of the patent claims. In the translational mindset, however, the mark of a
stellar IP portfolio is more complicated, and it hinges on two factors: blocking and
freedom to operate, supported by trade secrets and company know-how.

Freedom to operate (FTO) is essentially the ability of a company to develop,
make, and market products without legal liabilities to third parties (e.g., other patent
holders). Essentially, FTO means that a developer’s process and product does not
infringe on the IP of any other companies. When performing an FTO analysis,
search criteria should include assignees, licenses, and international classification
codes. By searching assignees, you can identify the patents that a company and its
subsidiaries own. In order to assess demand for a given technology, searching for
license agreements will also give a sense of how beneficial a market is; if there are
many licensing opportunities, the technology is likely in demand. It is important to
note that FTO must cover not only the core technology but the translation, as well:
manufacturing, transportation/delivery, and scalability of the product.

A blocking patent is a patent that prevents another party from producing a prod-
uct (even if it is patented). [4] The purpose of a blocking patent is not only to protect
the patent owner’s invention against copycats but also to prevent competitors from
putting rival products on the market that might cannibalize revenue from the origi-
nal patent holder.

Beyond the mechanical aspects of FTO and blocking patents, it is especially
important to consider that IP is a company’s currency for attracting investment.
Investors want to see solid FTO and blocking patents. To make all of this work
smoothly, it is important for developers to invest early in high-quality patent law
counsel.

Finally, it is important to consider that patents are only one pillar of intellectual
property and that trade secrets and know-how can be equally valuable to companies.
A proprietary recipe for cell culture media, for example, may be more valuable to a
company when held as a trade secret so as to avoid publication of the ingredients
and expiration of patent protection. Furthermore, given the high degree of special-
ization required for engineering bone, know-how achieved via training of employ-
ees is also an important company asset that prevents others from copying processes.

3.5 Funding

One of the biggest challenges in financing translational medicine is the gap in fea-
sibility and funding between government-grant funded basic science and creating a
product that generates a positive cash flow. Since developers during Horizons 1 and
2 are not generating cash via sale of product, and many products fail to fully fund
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Fig. 2 The so-called valley of death and sources of capital corresponding to maturity of the busi-
ness. (Graphic adapted from SBA)

their development programs, this gap is colloquially called “the valley of death”
(see Fig. 2).

A critical problem to solve to cross the valley of death is the chicken and egg
problem of getting first funding. A startup company needs data to get funding and
funding to get data. Solving the chicken/egg problem is also essential to de-risking
to entice investors. A range of funding sources corresponding to increasing levels of
maturity of the product (and inversely to level of risk) are available. At the earliest
stages of development, government-funded grants from programs such as the Small
Business Innovation and Research (SBIR) program are available in the USA. These
grants are excellent sources of non-dilutive capital and also serve as a vetting of the
technology for private investors, since grants are highly competitive to achieve and
are subject to rigorous peer review. Subsequent sources of capital may be friends
and family, followed by angel investors and angel groups, then venture capital (VC)
firms as the technology continues to be de-risked. VCs make a return on invest-
ment—and ideally make an exit—when the startup is merged into or acquired by an
established company or via an offering on public stock exchanges (i.e., initial public
offering or IPO). Strategic alliances with and/or investment from established play-
ers can also increase a developer’s chance of success.

Given the high cost and long timelines of preclinical and clinical studies, the val-
ley of death has proven difficult to cross, but there are strategies to do so. Economic
viability in the earlier phases of translational development hinges on the forward-
looking risk/reward horizon in which the totality of the future cost required to fund
development of this product is weighed against the projected financial return.
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4 Regulatory Considerations and Challenges

As the economic strategy defines the commercial success of the product, clinical
and regulatory strategy defines the map toward commercialization. In order to have
a head start in setting the regulatory direction of the product, it is highly recom-
mended that the innovator enters into a conversation with the regulatory agency
early in the product development to define the product type and its regulatory
requirement. In this section, we recommend three clinical and regulatory consider-
ations that every innovator should contemplate as part of their product translation.

4.1 Consideration of Product Benefit Based on Regulatory
Pathway Requirement

Bone grafts generated with 3D printing are categorized by regulators as one of three
product types based on product composition: a device, a drug—device, or a biologic—
device combination. Under the US FDA, each product type is designated to a lead
regulatory agency based on the primary mode of action: devices fall under the pur-
view of the Center for Devices and Radiological Health (CDRH), drugs of the
Center for Drug Evaluation and Research (CDER), and biologics of the Center for
Biologics Evaluation and Research (CBER). For example, an inert polymeric scaf-
fold would be considered a device and regulated under CDRH, whereas a polymeric
scaffold which elutes drugs or small molecules to induce osteointegration would
likely be considered a drug—device combination and be regulated under
CDER. Similarly, a polymeric scaffold with attached functional growth factor such
as BMP-2 would be considered a biologic—device combination and regulated
under CBER.

The product type and its associated regulatory pathway have profound implica-
tions for development time and cost. A pure device is regulated under the 510 K or
PMA regulatory pathway, while the drug—device or biologic—device combinations

Table 1 Summary of premarket requirements of each product type [5]

Device Drugs Biologics
Submission * 510(k) NDA through IDE BLA

* PMA through IND
Clinical trial * 510(k)—No Yes Yes

* PMA—Yes, with some

exceptions
Standard of * 510(k)—Substantial equivalence | Substantial evidence of Safe, pure,
evidence * PMA—Reasonable assurance effectiveness and adequate | and potent

that the device is safe and tests of safety

effective for its intended use(s)
Compliance Yes Yes Yes
with CGMPs
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are required to follow NDA and BLA regulatory pathways, respectively. Table 1
summarizes the premarket requirement for each type of product. The drugs and
biologics pathway presents much steeper hurdles of evidence, time, and cost. For
devices, the approval process in the United States takes an average of 7 years from
preclinical testing to approval [2]. In contrast, drug and biologic developers must
conduct three clinical trials which take a much longer time from preclinical testing
to approval [2]. As a result, the development costs for drugs and biologics can like-
wise run ten times higher than those for devices. Pursuing development of a drug—
device or biologic—device combination, in turn, is a tough sell for investors
accustomed to a shorter, less costly, less scientifically rigorous path. Therefore, the
innovators must ensure that the inclusion of the drug or biologic component pro-
vides significant clinical and commercial benefit to the product before embarking
on this more strenuous journey.

4.2 Consideration of Product Indication Based
on Regulatory Viewpoint

The product developer will learn that the meaning of “indication” in the eye of the
regulatory agency may be different than in the clinical and business viewpoints, and
this has crucial implications for development. Consider, for example, that the adult
human skeleton is made up of more than 200 bones, many of which are similar and
some of which have their own unique function. Long bones provide support, store
minerals and fat, and serve as a location for hematopoiesis, while the main function
of cranium is to exclusively protect the brain.

From the clinical and commercial viewpoints, bone is independent from where it
is located in the body. As a result, clinicians harvest bone from a less important and
more abundant location as an autograft to replace or repair a defect in a more impor-
tant region. For example, both iliac crest bone graft and split cranium can be used to
repair facial deformity. On the other hand, the regulatory agency may define bone in
part by its location. The agency may view 3D printed bone grafts placed in two loca-
tions as the same or different depending on the surrounding environment and its
function. For example, a 3D printed bone scaffold or a tissue-engineered bone graft
that is successfully used to reconstruct long bone may still require a new preclinical
and clinical study if the developer wants to use the same product to repair cranium.
This is because long bone and cranium have different environments and exhibit dif-
ferent safety profiles. Long bone provides bodily support and is adjacent to ligament
and muscles, while cranium provides brain protection and is adjacent to skin and
dura mater. Depending on the locations of the bone to be repaired, the regulatory
agency may define indication based on their view of safety and function.

In addition to its location of placement in the body, a product’s indication may
also be defined by the particular disease it treats. For example, a product might have
the potential to treat either mandibular non-union fracture or radiated and
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tumorectomy bone void. Since one of these indications exhibits a harsher environ-
ment for bone repair, regulators may not consider both indications to be the same.
Because different parts of the body and different diseases may entail distinctive
risks, the solution is to find a middle ground and potentially produce products to
cover multiple bone locations or indications of similar risk profile. Therefore, prod-
uct developers should spend extra effort in defining the product market and
indication.

The solutions to some of these inherent tensions must be determined through
collaborating with the regulatory agency, which should begin as early in the devel-
opment as possible. There are more than 200 bones in the body, yet it is impossible
to conduct 200 clinical trials. Even for the smaller number of bones in the head and
face, it is essential to define how many clinical trials will be required to approve an
indication that covers the whole head and face. This is currently an open question
that the FDA and product developers will have to work together to solve to success-
fully and economically drive new innovations to help patients in need.

4.3 Consideration of Clinical Trial Design Based
on Clinical Goals

With an indication pinpointed, the product developer must develop a solid clinical
plan to gain approval for that indication on a feasible budget and timeline.
Furthermore, the outcome of the clinical trial will dictate product market penetra-
tion. The clinical plan should center on two key components: comparator as well as
study size and length.

Comparator: Choosing the right indication is only half the story. It is also crucial
to choose the right comparator for your product. Choosing a highly desirable com-
parator will make it easier to recruit patients, because the control arm is appealing.
But to compete with the gold standard and prove the bare minimum—that your
product is not inferior—will require a significantly larger study size. In contrast, an
unattractive comparator (such as inert material) will make it easier to prove a thera-
peutic advantage. However, the outcome of the study will likely not be attractive to
clinicians to use your product.

It is also important to keep in mind that the product may offer additional benefit
beyond the site of repair. For example, although autograft is a gold standard and is
known to be successful for bone reconstruction, the use of autograft causes major
pain at the donor site. Historically, regulators traditionally do not consider factors
beyond the study location—yet their approval decisions hinge on calculations of
risk and benefits. Therefore, it may be advantageous to the developer to be creative
in capturing the full benefit of the product and design a study that allows measure-
ment of this additional benefit relative to the selected comparators.

Length/size of study: The unique nature of tissue-engineered products also cre-
ates ambiguity around the optimal length and size of trials. For example,
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tissue-engineered products may offer regenerative properties by continuing to
develop and remodel after implantation, which may take several years to complete.
Although it is ideal for the regulatory agency to see data with large numbers of
patients for lengthy periods, the developer will likely desire smaller, shorter trials.

The solution here lies in the balance of adequate study length with sufficient
safety and efficacy profiles. The FDA has, in fact, been making concerted efforts to
be more open and cooperative with companies in this regard. To find a middle
ground between competing interests, it is important for developers to take advan-
tage of this opportunity and work with the FDA closely and early on, paying par-
ticular attention toward understanding regulators’ concerns and priorities.

5 Manufacturing Considerations and Challenges

Historically, the small molecules that defined drugs could easily win sufficient pat-
ent protection with composition of matter patents, irrespective of the underlying
chemical processes of manufacture, and in turn, regulators have not given their
manufacturing process much scrutiny. However, for biologics such as protein
immunotherapy, which are sensitive to the conditions in which they are produced,
purified, and stored, minor differences in manufacturing processes or cell lines can
alter or destroy the desired proteins. Furthermore, biologics are more difficult to
chemically characterize and manufacture than small molecule drugs, and so for
biologics, such as protein immunotherapy, the FDA does indeed scrutinize the prod-
uct’s underlying manufacturing processes. In the case where tissue-engineered
products are a subset of biologics, the regulation centers largely on manufacturing.
In essence, the process is the product. The essential thinking on manufacturing,
including materials and processes, should take place early in the product develop-
ment to avoid potential manufacturing risks such as inability to scale or failure to
release the product under required specifications.

Manufacturing considerations lead to particular implications for products made
through 3D printing. 3D printing has been developed as a tool to simplify manufac-
turing of complex structure. With the advancement of virtual surgical planning
(VSP), 3D fabrication can be used to generate an anatomically matched bone graft
quickly with great precision. Since the route of administration of tissue-engineered
bone graft is implantation, the manufacturing of the products—whether a device or
combination product—requires a highly regulated facility and process under Current
Good Manufacturing Practice (CGMP). The CGMP guidance ensures that: (1) there
is good documentation and record keeping, (2) there is assurance of the cleanliness
and sanitation of the product, (3) the process is validated and reproducible, (4) the
procedures are well monitored and consistent across the manufacturing process, and
(5) the product meets specifications.

This section covers four elements that the developer of a tissue-engineered bone
product with 3D printing must consider.
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5.1 Quality Control

Defining the core manufacturing process to stand the tests of time and regulatory
scrutiny means spelling out each step of the process thoroughly in sequence. To pass
muster, these steps will have to be followed in precise order and with high precision.
The quality control process must be set up to show what each step accomplished and
ensure that the measurements cover both the quality and the safety of the product.

Scaffolds generated from 3D printing must exactly match the shape and contour
designed from VSP, as precision is essential for the anatomy of the patient. Because
3D printed materials may expand or contract during printing or post processing,
great consideration must be taken to design methods to determine that the 3D
printed scaffold exhibits the correct shape and dimension upon implantation.

When cells are utilized in tissue-engineered bone product, additional quality
control measurements must be established. To confirm that the cells are of the cor-
rect type, techniques such as flow cytometry and gene expression profiling can be
used. For products that utilize more mature or differentiated cells, protein content
measurement or gene expression markers could be used to ensure that the product
meets the desired quality.

Lastly, the current regulation requires that every batch of product must pass
required safety measurements which include mycoplasma, endotoxin, and sterility
testing. The product developers must consider the method of sampling and must
perform testing process to validate. Since 3D printed tissue-engineered bone prod-
ucts will exhibit the exact defect shape, sampling from the product may not be ideal.
Surrogates or extra piece of tissue from the same manufacturing batch may be
needed to perform these safety tests. The developer must carefully design a sam-
pling process that is practical and still represents the product batch.

5.2 Quality Attributes

From the manufacturing perspective, tissue-engineered bone product developers
should balance quality attributes and manufacturability of the product. 3D printing
may be a double-edged sword when it comes to design flexibility. As the product
architecture resolution increases, so do the time and equipment advancement
needed. Therefore, designing a product that perfectly matches the native bone archi-
tecture may not always be the optimal solution. The developer must consider which
quality attributes are sufficient based on a product’s mechanism of action and test-
ing optimization.

Defining a product’s properties based on today’s 3D printing technology can
likewise be risky, as 3D printing will likely continue to develop at a faster pace than
the other biological components of tissue-engineered bone. The risk of relying on
current 3D printing capabilities when defining a process is that the product then
becomes bound to those constraints even as the technology evolves. Instead,
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developers should define the core product quality attributes, keeping in mind that
the 3D printing technology will evolve to support the fabrication of the product to
meet the desired attributes.

Since biological products exhibit high variability, another challenge is to corre-
late efficacy and potency. As the product is being developed and tested in both the
preclinical and clinical stages, collecting ample data on a range of measures that go
beyond the obvious will be a key to eventual success in defining potency. Consider,
for example, that a cell producing half as much protein may well still have the
potency it requires. It is important to think about the definition of potential potency
for the product early in the development, even though the FDA does not require a
definition until phase III clinical trials.

5.3 Scalability

The key to scalability is simplicity. The more complex a product fabrication process
is, the exponentially greater challenge there is to scale the production. A plan for
scalable manufacturing should center on utilizing other existing technologies to
support the manufacturing. For example, a 3D printing product may rely greatly on
post processing technique. Developers should always consider utilizing simple and
potentially scalable techniques. Cleaning a 3D printed structure by brushing the
deep pores within the scaffold, for instance is less scalable than using harsh agita-
tion or high pressure washing. Automation will definitely come into play to support
scalable manufacturing as the product continues to develop into later stages.
Avoiding complex fabrication processes will greatly facilitate the translation of the
product at commercialization.

5.4 Logistics

A final, crucial piece of managing risk through a sound manufacturing plan centers
on supply risks. Because materials are defined into the process, which in turn defines
the product, it is extremely difficult to change materials if the original material is
unique and becomes scarce in the future. For example, if a developer selects a bou-
tique polymer for its product, and there is a stock shortage or the supplier goes out
of business, the product and the company will be at great risk. The core lesson here
is to stay with the mainstream supply that is widely available. If boutique products
or suppliers cannot be avoided, the developers must institute a risk mitigation plan,
such as performing extensive study to validate a potential replacement early on in
development.
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6 Summary

Translation of tissue-engineered bone products using 3D printing requires under-
standing of patients’ unmet needs, the product’s ecosystem, regulatory require-
ments, and manufacturing knowledge. Successful translation of a new technology
must tread the narrow path of retaining tight focus on its core innovation while
staying as conventional as possible with all other aspects of its production and use.
If innovators make themselves aware of potential challenges and adopt a transla-
tional mindset, interdisciplinary attitude, and forward-looking strategy, they can
increase their chance of success, ultimately helping patients.
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