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The healing of bone fractures is a well-orchestrated physiological process involving
multiple cell types and signaling molecules interacting at the fracture site to replace and
repair bone tissue without scar formation. However, when the lesion is too large, normal
healing is compromised. These so-called non-union bone fractures, mostly arising
due to trauma, tumor resection or disease, represent a major therapeutic challenge
for orthopedic and reconstructive surgeons. In this review, we firstly present the
current commonly employed surgical strategies comprising auto-, allo-, and xenograft
transplantations, as well as synthetic biomaterials. Further to this, we discuss the
multiple factors influencing the effectiveness of the reconstructive therapy. One essential
parameter is adequate vascularization that ensures the vitality of the bone grafts
thereby supporting the regeneration process, however deficient vascularization presents
a frequently encountered problem in current management strategies. To address this
challenge, vascularized bone grafts, including free or pedicled fibula flaps, or in situ
approaches using the Masquelet induced membrane, or the patient’s body as a
bioreactor, comprise feasible alternatives. Finally, we highlight future directions and novel
strategies such as 3D printing and bioprinting which could overcome some of the current
challenges in the field of bone defect reconstruction, with the benefit of fabricating
personalized and vascularized scaffolds.
Keywords: large bone defects, bone regeneration, tissue engineering, vascularization, three-dimensional printing

INTRODUCTION
The reconstruction of large bone defects caused by trauma, disease or tumor resection is a
fundamental challenge for orthopedic and plastic surgeons. Their critical size exceeds the intrinsic
capacity of self-regeneration and consequently bone repair is delayed and impaired. This type
of lesion is termed non-union bone fracture and requires additional treatment with bone graft
materials in order to restore pre-existing function (Dimitriou et al., 2011). Successful bone
augmentation procedures should include an osteoconductive scaffold with sufficient mechanical
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stability, an osteoinductive stimulus to induce osteogenesis,
and should enable osseointegration and vascularity (Albrektsson
and Johansson, 2001; Giannoudis et al., 2008). The currently
available treatment strategies of bone loss are based on
autologous, allogeneic or xenogeneic bone transplantation, as
well as synthetic biomaterials. Although autologous bone grafting
still represents the gold standard technique for large bone
reconstruction, several factors limit its application. A major
restricting parameter is the volume of bone needed to treat this
type of injury, as well as the associated pain and possible donor
site complications due to the additional surgical intervention at
the bone harvest site. Similar disadvantages may be observed
for allogenic bone grafts including immunogenic reactions and
transfer of diseases (Aro and Aho, 1993). Furthermore, many of
these standard clinical grafting approaches fail due to the lack of
adequate vascularization. Insufficient vascularity of the fracture
site reduces the exchange of gas, nutrients and waste between
the tissue and the blood system, as well as the delivery of cells to
the site of injury, leading to inner graft necrosis (Mercado-Pagan
et al., 2015; Fernandez de Grado et al., 2018). To circumvent
this problem, vascularized bone transfers represent an excellent
option that ensures bone vitality and avoids graft resorption.
Nevertheless, complex fractures and their reconstructions require
modeling of the transferred bone to adapt to the anatomical shape
and extensive microsurgical techniques to connect the graft to the
blood system. Some patient bioreactor attempts have also been
made whereby a customized bone graft is implanted ectopically
in the patient for several weeks before transferring it into the
bone defect. Innovative fabrication approaches in the field of
bone tissue engineering include three-dimensional (3D) printing
and bioprinting to enable ex vivo personalized bone grafts based
on anatomical medical imaging. They are generally composed of
calcium phosphate/polymer composites or porous titanium. To
enhance the material healing properties, 3D printed scaffolds can
potentially include cells, growth factors, and vasculature. In this
review, we present the current techniques clinically available for
the reconstruction of critical-sized bone defects and point out
future challenges and possibilities of new treatment modalities
using customized and vascularized bone grafts with a focus on
3D printing and bioprinting fabrication methods.

FIGURE 1 | Current biological bone reconstruction techniques. Bone defects
arising due to the resection of tumors or non-union fractures can be treated
with the various methods indicated, with the benefits (+) and disadvantages
(−) of each technique outlined.

tissue source: autologous, allogeneic and xenogeneic bone grafts,
as well as synthetic and biological biomaterials (Brydone et al.,
2010). The selection of the ideal bone graft depends on several
factors including the geometry, size and tissue viability of the
bone defect, the biological and biomechanically characteristics
of the bone graft, and the known advantages and associated
complications of each graft option (Laurencin et al., 2014).

Autografts
Autologous bone grafting, still the clinical standard
reconstruction technique, entails harvesting bone tissue
from an anatomical donor site and transplanting it to the
recipient defect site (Sanan and Haines, 1997). The iliac crest is
the preferred harvesting site for this type of transplant, whereby
approximately 20 cm3 of cancellous bone is collected and used as
a bone block or morselized into bone chips in order to fill a bone
defect (Athanasiou et al., 2010). Autologous bone contains the
patient’s own osteogenic cells and osteoinductive proteins, such
as bone morphogenetic protein 2 (BMP2), BMP7, and plateletderived growth factor (PDGF), providing optimal osteogenic,
osteoinductive, and osteoconductive properties without risk
of viral transmissions, while pain, hematoma, possible visceral
injuries at the donor site and extended surgery time because
of the two surgical sites are the main drawbacks (Albrektsson
and Johansson, 2001; Parikh, 2002). Another disadvantage of
cancellous bone grafting is that large amounts of bone graft
cannot be obtained for critical-sized defect reconstruction
(Oryan et al., 2013). Successful repair depends on osteogenic
cell survival and tissue viability after transplantation to the
recipient site, while neovascularization plays a determinant
role. To overcome the disadvantage of limited vascularization,
free vascularized bone flaps have been employed. Taylor et al.
reported the first successful large bone defect reconstruction
using a free vascularized bone transfer (Taylor et al., 1975).

PRESENT MANAGEMENT STRATEGIES
FOR LARGE BONE LESIONS
The current reconstructive options for large bone defects,
including autologous iliac grafting, autologous vascularized
fibula transplantation, Masquelet’s induced membrane, massive
allografts and in vivo patient bioreactor strategies are presented
in Figure 1 and discussed in this section.

Bone Grafts
The leading treatment for bone defect reconstruction remains
bone grafting. The purpose of a bone graft is to support the
repair process through osteoinduction, osteoconduction, and
osteogenesis (Albrektsson and Johansson, 2001; Oryan et al.,
2014). They can be categorized into different types based on the

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

2

February 2020 | Volume 8 | Article 61

Vidal et al.

Large Bone Defect Regeneration

with donor site harvesting, and present favorable mechanical
strength (Mankin et al., 1996). For these reasons, allografts
are particularly interesting for complex skeletal reconstruction
after resection of bone tumors in pelvic bones of young
patients. However, allografts present variable osteoinductive
and osteoconductive properties and have lower osteogenic
potential compared to autografts (Coquelin et al., 2012). Other
disadvantages are the possibility of immune rejection and disease
transmission (Aro and Aho, 1993). To overcome the latter
disadvantage, Capanna et al. (1993) described a technique for the
reconstruction of large metadiaphyseal bone defects, combining
a massive allograft to support a centrally located autologous
fibula flap with the aim of improving allograft incorporation
and decreasing the risk of mechanical instability. This technique
has proven efficacy for large bone defect reconstruction (Bakri
et al., 2008). Other clinical studies described the use of allografts
alone or associated with other therapies such as autologous
concentrated bone marrow-derived cells (Putzier et al., 2009;
Faldini et al., 2011; Scaglione et al., 2014).

Vascularized bone grafts, such as an autologous vascularized
fibula flap, iliac crest flap, rib flap, and radius flap, allow the
reconstruction of large bone defects and are often used as a last
resort to avoid limb amputation for patients. Fibula and iliac
crest flaps have been used for the pelvis, head of long bones, and
maxillofacial reconstruction. Free vascularized bone flaps are
particularly suitable for mandible reconstructions after ballistic
trauma or tumor resections. An optimal option for large bone
defect reconstruction using autografts is a vascularized cortical
autograft (Rizzo and Moran, 2008). Mandible reconstruction
is predominantly performed by a fibula flap. Another option
described in the literature for a hemimandible reconstruction
is the iliac crest flap that has an adequate bone height to
ensure osseointegration (Taylor, 1982, 1983, 1985) and allows
optimal shape reconstruction of the mandible ramus. The
fibula is dissected, harvested with a vascular pedicle, shaped
and transplanted into the bone defect where it is reconnected
to the local vasculature (Figure 2). This vascularized bone
graft contains the patient’s own cells, growth factors and a
vascularization bed thereby reducing graft resorption, enhancing
healing and permitting better diffusion of antibiotics. Hidalgo
et al. evaluated the fibula flap for mandible reconstruction
and reported long-term outstanding functional and aesthetic
results without bone resorption in non-irradiated and irradiated
patients (Hidalgo and Pusic, 2002). Free fibula flap transfers
for mandibular and maxillary reconstruction achieved 98.7%
graft survival in some studies (Peng et al., 2005; Taylor et al.,
2016). Further to this, pelvic ring reconstruction employing
a double-barreled free vascularized autologous patient fibula
graft after resection of malignant pelvic bone tumors was
reported (Ogura et al., 2015). Additionally, lumbosacral spinal
defects reconstruction was also achieved with the use of a fibula
flap (Moran et al., 2009). The major complications of free
vascularized bone flaps are post-operative vascular thrombosis
and hence failure and free flap loss. The fibula flap requires
laborious microsurgery to reconnect to the vasculature, and
the need for sculpting of the graft to fit the anatomy of the
bone defect. Furthermore, this technique requires extended
anesthesia, specialized technical surgical skills and the sacrifice
of blood vessels.

Xenografts
Xenografts are harvested from different species and transplanted
for patient bone defect repair, and the most commonly used are
of bovine, porcine, or coral origin. The primary advantages are
the high availability, favorable porosity for bone tissue ingrowth
and comparable mechanical strength to native bone. However,
similar to allografts, xenografts, when treated for clinical use, may
lose part of their osteoinductive and osteoconductive abilities
(Dimitriou et al., 2011). Moreover, a significant disadvantage
of xenografts is the possible transmission of zoonotic diseases
and immune rejection. Finally, xenografts have ethical and
religious concerns. Karalashvili et al. (2017) described the use
of a decellularized bovine bone graft in a zygomatic large
bone defect reconstruction and reported long-term retention
of graft shape without resorption and bone integration. Bovine
cancellous xenografts have also been used in the treatment of
tibial fractures in elderly patients and showed favorable healing
outcomes (Bansal et al., 2009). However, the number of published
studies using xenografts in large bone defect reconstruction is still
limited and indeed clinical trials using bovine bone have shown
poor results, describing graft rejection and failure in host tissue
integration (Elliot and Richards, 2011; Patil et al., 2011; Shibuya
et al., 2012; Ledford et al., 2013).

Allografts
Bone allografts are harvested from living donors during joint
replacement (e.g., femoral heads) or from cadavers, and
stored frozen and processed and transplanted into another
patient (Keating and McQueen, 2001). Given the limitations
of autografts, allografts became an alternative to large bone
defect reconstruction. Allografts are used as powders, chips or
complete bone structural forms, so called massive allografts
and can be provided as a fresh graft, fresh-frozen, freeze-dried,
demineralized, de-lipidized by solvents or supercritical carbon
dioxide, and sterilized by irradiation (Bostrom and Seigerman,
2005; Zimmermann and Moghaddam, 2011). The primary
advantage of allografts is their immediate availability in different
sizes and shapes (Muscolo et al., 2004). They are composed
of the extracellular bone matrix containing growth factors that
stimulate regeneration, do not present complications associated
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Synthetic Biomaterials
Langer and Vacanti described tissue engineering by the use of
biocompatible materials associated with cells and/or biological
factors, in order to replace or repair tissues or organs.
Various biomaterials have been employed in the treatment of
bone defects. Calcium phosphate ceramics (CaP ceramics) are
synthetic materials composed of calcium hydroxyapatites (HA),
therefore possessing a composition similar to the native bone
matrix. CaP ceramics are primarily produced by sintering at
high temperatures and are available with variable porosity and
in construct or granules format, with their main advantage being
their osteoconductivity (Albrektsson and Johansson, 2001; Lee
et al., 2006; Samavedi et al., 2013). CaP ceramics most commonly
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FIGURE 2 | Fibula free vascularized flap. The anatomy including the tibia, fibula and major vessels is indicated. The surgical steps comprising the fibula flap, the gold
standard clinical technique for large bone defect reconstruction, is demonstrated. Step 1 illustrates the flap dissection to obtain the bone flap with its vascular
pedicle. Step 2 represents the bone flap with its vascular pedicle ready to be transplanted to the bone defect.

factors and/or stem cell therapies could be a solution for this main
disadvantage (Gomez-Barrena et al., 2011, 2019). Orthounion
is an ongoing clinical trial studying the use of bone marrow
mesenchymal stem cells combined with a bone substitute to
fill the non-union in a surgical procedure (Verboket et al.,
2018). Another ongoing clinical trial, Maxibone1 , is studying
the safety and efficacy of autologous cultured stem cells and
calcium phosphate biomaterials in alveolar bone augmentation
(Gjerde et al., 2018).

employed in bone reconstruction are biphasic calcium phosphate
(BCP), tricalcium phosphate (TCP), and HA. HA presents
excellent osteoconductive and osseointegration properties and
their macroporosity and pore interconnectivity allow excellent
cell adhesion and proliferation, leading to osteoconduction
and osteoinduction after transplantation in vivo, as well as
revascularization of the implant (Bucholz et al., 1987; Eggli et al.,
1988). TCP has higher pore interconnectivity than HA which is
crucial for neovascularization and osteoconduction (Ogose et al.,
2006), however, this higher interconnectivity gives TCP lower
mechanical properties compared to HA and TCP is reabsorbed
faster than HA after implantation (Torres et al., 2011). BCP
is the combination of TCP and HA. BCP exploits the main
advantages of both TCP and HA as they can be combined
in various ratios (Daculsi et al., 1989). Calcium phosphate
cement (CPC) differs from calcium phosphate ceramics because
they are made at ambient temperatures from hydrolysis and
are regarded as biomimetic. CPC can be used as filler by
injection and for creating 3D printing constructs (Brown and
Chow, 1983; Brown, 1987; Bertol et al., 2016), however, their
slow degradation may delay bone formation (Lodoso-Torrecilla
et al., 2018). Bioactive glass or bioglass is a synthetic silicatebased ceramic. It is rapidly resorbed in the first 2 weeks
after implantation allowing a rapid new bone and vascularized
implant ingrowth (Gerhardt and Boccaccini, 2010; Kurien et al.,
2013). Synthetic bone substitutes are an excellent alternative to
biological grafts in small bone defect reconstruction. However,
due to the insufficient strength to sustain the body load and
insufficient neovascularization ingrowth, bone substitutes are not
the best option for large bone defect reconstruction (Stanovici
et al., 2016). Their association with recombinant human growth
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Megaprothesis
After trauma or resection of a malignant or benign aggressive
tumor, the reconstruction of large bone defects is necessary
to prevent amputation. The use of metal megaprotheses
began in the 70s, and in the 90s, it became popular.
Megaprotheses replace the affected bone tissue instead of
regenerating bone tissue and there has been a significant
evolution of their components since inception in order
to ensure corrosion resistance, to avoid fractures of the
material, for better fixation, and to guarantee osseointegration.
Modular megaprostheses today allow the association of different
components to customize large bone defect reconstruction
(Hattori et al., 2011). Prostheses may have a coating of
hydroxyapatite and silver for osseointegration and to prevent
infection and various studies have shown excellent limb survival
after surgery with a follow up of up at 20 years (Mittermayer
et al., 2001; Gosheger et al., 2006; Jeys and Grimer, 2009;
Shehadeh et al., 2010). There are two significant complications
after reconstruction with megaprosthesis, mechanical and
1
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non-mechanical complications. Implant design may cause
inherent mechanical complications and those reported in
the literature include aseptic loosening, failure of soft tissue
attachments, and prosthesis stem fractures. These complication
rates are between 5 and 48%, as described in the literature
(Ahlmann et al., 2006; Gosheger et al., 2006; Holl et al., 2012)
and robust modular megaprostheses have helped to reduce
this mechanical complication (Choong et al., 1996; Jawad and
Brien, 2014). Non-mechanical complications include infection,
tumor relapse, and wound healing disorders. Infection and
wound necrosis are common complications in oncological
cases due to malnutrition, immunosuppression, lack of local
tissue vascularization, and extensive implant reconstruction (Jeys
et al., 2005; Jeys and Grimer, 2009; Pala et al., 2015). Silver
coated prosthesis, antibiotics therapy, and meticulous surgery
techniques may reduce these complications; however, nonmechanical complications are the primary threat in large bone
defect reconstruction using megaprosthesis.

Ilizarov Method
The Ilizarov method is a convenient tool for the treatment of
patients suffering from poly−trauma conditions, with multiple
fractures, osteomyelitis, and infected non-unions. The principle
of the Ilizarov’s technique is to stimulate bone growth by
bone distraction that produces neovascularization, and stimulates
new bone formation (Aronson et al., 1989; Ilizarov, 1990).
The surgical procedure consists of the use of an external
circular fixator and a corticotomy. The external fixator stabilizes
the bone and allows early weight-bearing. A distraction of
0.25 mm, four times per day, commencing after a delay of
5 to 10 days post-surgery is performed and an osteogenesis
activity occurs in the bone gap (Spiegelberg et al., 2010). The
length of bone that can be produced by this technique is
up to 20 cm per limb segment. Barbarossa et al. conducted
a study of 30 patients with osteomyelitis and infected nonunion of the femur treated with the Ilirazov technique
and reported efficacy in saving the limbs with osteomyelitis
(Barbarossa et al., 2001). Large blood vessels expressing smooth
muscle α-actin were shown to co-express BMP2 which was
involved in enhancing osteogenic activity at the site (Matsubara
et al., 2012). The Ilizarov’s bone distraction technique also
offers the possibility of correcting a defect of axis, and
allows a lengthening of the limb, however, it has associated
drawbacks such as several weeks lag time required to heal
large segmental defects, with extended hospital recovery and
discomfort for patients, as well as risks of osteomyelitis along the
transcutaneous pins.

Masquelet Induced Membrane
Technique
The induced membrane method known as the Masquelet
technique consists of a two-stage operative procedure. The first
stage includes a debridement of the defect site, soft-tissue repair
and the insertion of a cement spacer composed of polymethyl
methacrlyate (PMMA) that allows the maintenance of the bone
height and stability, and the formation of a pseudosynovial
membrane due to a foreign-body reaction. In the second step,
performed 6–8 weeks later, the cement spacer is removed
and the cavity is refilled with an autologous cancellous bone
graft (e.g., from the iliac crests), while preserving the induced
membrane. This membrane has various functions, in particular
it prevents the resorption of the cancellous bone graft, supports
vascularization and corticalization, and functions as a delivery
system for osteomodulatory and angiogenic growth factors like
transforming growth factor (TGFβ), bone morphogenetic protein
2 (BMP2) and vascular endothelial derived growth factor (VEGF)
(Masquelet, 2003; Pelissier et al., 2004; Masquelet and Begue,
2010). This innovative technique is indicated in acute and chronic
infected or non-infected massive bone defects of any size (4–
25 cm) and shape, at different anatomical sites in children and
adults (Masquelet et al., 2000; Azi et al., 2019). Its consolidation
rate varies from 82 to 100% with delays ranging from 4 months
to 1 year. The main complications include infection, failure of
a step in the surgical procedure (persisting infection or nonunion), re-fracture and severe bone graft resorption (Morelli
et al., 2016; Han et al., 2017). Different studies reported the
Masquelet’s approach as effective, for instance Sivakumar et al.
(2016) and Mathieu et al. (2019) described the use of the induced
membrane technique in the management of large bone defect
reconstruction in open fractures of the femur, tibia, and fibula
bones. A recently published review reported the application of
the induced membrane technique in patients with osteomyelitis,
suggesting this technique is an excellent alternative to solve
long bone infected defects by controlling the local infection
(Careri et al., 2019).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

FUTURE DIRECTIONS IN LARGE BONE
DEFECT RECONSTRUCTION
In-Patient Bioreactor
The principle of this approach is to use the patient as their
own bioreactor, and entail the fabrication of a customized
bone graft utilizing medical imaging and 3D printing, and the
implantation of these osteoinductive materials in ectopic sites
such as under the skin or in muscles. After several weeks, the
pre-fabricated bone graft is used for large skeletal reconstruction.
The possibility of producing substitute organs or body parts
inside human bodies, therefore using the body as a living
bioreactor was introduced (Cao et al., 1997; Vacanti and Langer,
1999) and Orringer et al. (1999) first treated an angle to angle
mandible and total lower-lip reconstruction with a prefabricated
osteocutaneous flap. A dacron-polyurethane tray was packed
with autologous cancellous bone graft and with BMP7. This tray
was implanted in the fascia above the scapula for generating a
composite pre-fabricated flap (Orringer et al., 1999). Warnke
et al. (2004) developed the bone-muscle-flap prefabrication
technique for maxillofacial reconstruction. They grew a subtotal
mandible composed of a titanium mesh cage filled with bone
bovine mineral blocks, bone mineral granules associated with
BMP7, and autologous bone marrow concentrated cells inside
the latissimus muscle and vascularization was provided by
the thoracodorsal pedicle. Seven weeks postoperatively, the
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FIGURE 3 | Workflow involved in customizable bone construct fabrication. (1) CT scans of the patient’s bone are acquired. (2) Computer aided software enables the
processing of CT images in order to (3) 3D print personalized scaffolds for (4) bone defect reconstruction. The lower panel illustrates a real large bone defect
reconstruction in a sheep metatarsal bone model.

prefabricated bone muscle flap was microsurgically transplanted
with its vascular pedicle in the mandible. Vascular supply
of the flap was successfully maintained. A favorable aesthetic
and functional outcome was obtained (Warnke et al., 2004).
Mesimaki et al. (2009) then described a 3 step surgery method
to reconstruct a large bone maxillary defect by forming a
prevascularized construct by filling a titanium mesh cage with
autologous adipose-derived stem cells (ASCs), BMP2 and betatricalcium phosphate (β-TCP) granules and inserting it in
the patient’s left rectus abdominis muscle, with vascularization
provided by the inferior epigastric artery, and subsequent
transplantation for maxillary bone reconstruction. Other studies
described the use of the pectoralis major – hydroxyapatite blocks
flap, pedicled using the thoracoacromial artery, for mandible
reconstruction (Heliotis et al., 2006; Tatara et al., 2014). A further
alternative comprised a polymethylmethacrylate chamber filled
with autograft implanted against the periosteum of the iliac
crest which was transplanted to the mandibular site after
8 weeks, with the donor periosteum sutured with the local
periosteum to reestablish the vascularization (Cheng et al., 2006).
Kokemueller et al. (2010) reported hemimandible reconstruction
by utilizing cylinders of β-TCP loaded with cells and morcellized
autologous bone graft that were implanted in the latissimus dorsi
muscle with a central vascular bundle and transplanted after
6 months. The main advantage of the patient bioreactor method
compared to the alternative surgical treatments proposed for
large bone defects reconstructions (e.g., autologous vascularized
fibula, iliac crest) is that it avoids the process of harvesting
native bone and creating further skeletal defects. However, this
method does not apply to emergency cases and requires at least
two surgical sites.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

3D Printing Techniques and Production
of Personalized Surgical Guides and
Scaffolds
3D printing is an emerging technology that permits the
manufacture of complex-shaped structures with high precision
using layer-by-layer printing of different materials. As illustrated
in Figure 3, the structures of the defects to be reconstructed in
patients are identified based on digital images obtained from a
computed tomography (CT) scan or magnetic resonance imaging
(MRI), and by using computer-aided design (CAD) software, 3D
printing technology and bioprinting 3D medical models can be
developed (Colin and Boire, 1997; Winder and Bibb, 2005). The
3D printing technologies used for polymer scaffold construction
are: (1) fused deposition modeling (FDM), (2) selective laser
sintering (SLS), and (3) stereolithography (SLA). The FDM
method is the most popular technique developed in the 1980s
and based on construction by melting deposition. The material
commonly used is a thermoplastic polymer, in powder or filament
format, which feeds an extruder tip that melts the plastic and at
its exit is deposited on a surface at a much lower temperature
so that it solidifies rapidly. The extruder tip moves in the x and
y planes to print layer by layer the pattern of the scaffold (Xu
et al., 2014). The resolution of the printed construct is defined
by multiple factors: nozzle diameter, print speed, and number
and height of the layers (Yang et al., 2018). This technique
is simple, rapid, and cost-effective, however, there are limited
choices of biocompatible, medical-grade thermoplastic polymers
available. SLS uses a CO2 laser that sinters, layer by layer, the
material in a powder state, forming the final piece. The final
piece needs to be cleaned to withdraw the powder excess and
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printed bioceramics are brittle and not suitable for load-bearing
clinical applications. Secondly, the fabrication of a large-size
scaffold for large bone defect reconstruction is time-consuming
and expensive. Moreover, for producing these 3D printed
bioceramics, toxic solvents, and high-temperatures are used in
the printing procedures which may compromise cell viability
(Rodríguez-Lorenzo et al., 2001; Lewis et al., 2006; Trombetta
et al., 2017; Wen et al., 2017; Chen et al., 2019). There have
been multiple in vivo animal studies conducted with 3D printed
customized scaffolds for bone regeneration (Park et al., 2018;
Choi et al., 2019), however, these techniques are still in a
developmental stage for clinical application and not capable of
fabricating large-sized bioceramic scaffolds.

to provide smoothness to the construct surface. SLS allows the
fabrication of large and sophisticated structures (Deckard, 1989;
Mazzoli, 2013). SLA produces 3D models by tracing a beam of
UV light or a laser on a base of a photosensitive resin that
polymerizes (Mondschein et al., 2017). The main benefit of this
3D printing technology is the high level of detail and the excellent
surface resolution (Ji et al., 2018).

3D Printing in Bone Tissue Engineering
Applications
3D printing prototype models can significantly assist with preoperative evaluation and intraoperative procedures, for example
for the use of surgical guides in mandibular reconstruction with
osteocutaneous flaps (Bosc et al., 2017; Dupret-Bories et al.,
2018). These studies showed the advantages of using 3D printed
preoperative models and surgical guides including a reduction
in operating time, flap ischemia, morbidity and associated
complications such as infections. Many studies describe the use of
3D printing scaffolds for bone tissue engineering (Kao et al., 2015;
Petrochenko et al., 2015; Saito et al., 2015; Wang et al., 2015).
Various types of ceramics, like HA, β-TCP, alpha-tricalcium
phosphate (α-TCP), BCP, bioactive glasses, and more, have been
used in recent years for the development of 3D printed scaffolds
(Vorndran et al., 2008; Suwanprateeb et al., 2009; Klammert
et al., 2010b), however, these materials are often brittle and do
not match the mechanical properties of bone. To obtain similar
mechanical strength to bone, bioceramics can be blended with
polymers, such as cellulose, poly(D,L-lactic acid-co-glycolic acid)
or polycaprolactone (PCL), before being printed (Liao et al.,
2011). PCL is a polymer, with FDA approval that is widely used in
3D printing. It has a low melting temperature (60◦ C) (Wang et al.,
2015), favorable viscoelasticity, and is biodegradable. Its slow
degradation and high stiffness make PCL one of the preferred
polymers for the manufacture of a 3D printing scaffold for
bone tissue engineering (Brunello et al., 2016). The use of CT
to create anatomically accurate scaffolds of calcium phosphate
for cranial defects and alpha-TCP for maxillofacial deformities
reconstruction have been described (Saijo et al., 2009; Klammert
et al., 2010a). Direct ink writing (DIW), also called robocasting,
has been one of the most studied and commonly used techniques
for the development of 3D bioceramic scaffolds. DIW is an
extrusion-based additive manufacturing method, in which a
liquid-phase ink containing a high volume content of ceramic
powder is dispensed through a nozzle, following a digitally
defined pattern to create a 3D construct in a layer-by-layer
manner (Lewis, 2006; Feilden et al., 2016). The chief advantages
of DIW is that it applies to a wide range of bioceramics and it is
possible to control pore size, pore orientation, and lattice design
of the printed scaffold. Moreover, it is a high speed, simple and
economic technique (Michna et al., 2005; Miranda et al., 2006)
and has been used to create a hydroxyapatite scaffold for possible
use in maxillofacial reconstruction (Cesarano Iii et al., 2005).
The main advantage of 3D printing is direct control over
both the microarchitecture and complex anatomical structure.
These 3D printed models allow the manufacture of customized
scaffolds that mimics the patient’s anatomy (Wubneh et al.,
2018). However, there are different challenges in the translation
of 3D printing bioceramics to clinical application. Firstly, 3D
Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

3D Bioprinting a Custom Living and
Vascularized Bone Graft
Bioprinting is another 3D printing technique that uses cell-laden
hydrogels to print structures that after a period of maturation,
will develop complex tissues, such as skin, cartilage, and bone.
Vascularization can be aided by the incorporation of angiogenic
growing factors or endothelial cells into bio-inks (Kolesky et al.,
2014; Fahimipour et al., 2017; Benning et al., 2018). Three
major procedures are the most used in bioprinting: inkjet,
extrusion, and laser-assisted bioprinting. For tissue engineering
applications, thermal and piezoelectric inkjet bioprinters are
commonly used. In the piezoelectric inkjet bioprinter system,
a piezoelectric crystal is used to create different potentials
which generates pressure that allows the bioink ejection in the
form of droplets. In thermal inkjet bioprinting, the printhead
is heated up to 300◦ C that generates small air bubbles that
produce pressure pulses to eject bioink droplets. The size of
droplets depends on multiple factors, such as ink viscosity,
the frequency of the current pulse and the gradient of the
temperature (Hock et al., 1996; Hudson et al., 2000; Cui
et al., 2012). The significant advantage of inkjet bioprinting is
its rapid fabrication (Murphy and Atala, 2014). In extrusion
bioprinting, a bioink is dispensed using pneumatic air pressure
or mechanical systems composed of a screw or a piston.
The flow of the bioink is more controlled in the mechanical
system due to the action of the screw. With the pneumatic
air, an interrupted filament is ejected, allowing high precision
in the printed construct. Cells are exposed to high mechanical
stress during this procedure, which may affect cell viability
(Mandrycky et al., 2016). Extrusion bioprinting allows printing
of different types of inks with different viscosities (Ozbolat and
Hospodiuk, 2016; Paxton et al., 2017). The main disadvantage
of this technique is that the high viscosity of the bioink or
cell aggregation can clog the printer tip. Laser bioprinting
consists of the interaction of a pulsed laser source with a ribbon.
This ribbon contains an energy-absorbing layer, and below it,
the bioink is located. A collector-slide receives the droplets of
hydrogel created by the dynamic jet facilitated by the energy
deposition that is created by the laser effect in the ribbon. In
this procedure cells are not submitted to a mechanical stress
(Gruene et al., 2011; Unger et al., 2011) and it is a nozzlefree cell printing technique with high resolution. Although 3D
bioprinting brings the potential of producing a customized and
vacsularized living bone transplant, this biofabrication technique
7
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has not yet been tested in clinical cases. Numerous remaining
challenges such as obtaining optimal cell numbers, adequate cell
viability and spatial cell differentiation of the 3D construct, as well
as reconnection to the local vasculature are yet to be resolved.
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CONCLUSION
In this review, the current bone reconstructive options for
large skeletal defects such as autologous, allogeneic, biological
and synthetic bone grafts are presented, as well as the future
directions in bone tissue engineering that take advantage of 3D
printing. The current gold standard technique for large bone
defect reconstruction is autologous free vascularized bone flap
transplantation that contains the patient’s cells, growth factors,
and a vascularization bed. However, its main disadvantages are
donor site morbidity, laborious microsurgery, and the need
to sculpt the construct to the anatomy of the bone defect.
Alternatively, allogeneic bone is also used to reconstruct large
bone defects, but it is less osteogenic than autologous bone
and may induce immunogenic rejection and transfer of disease.
3D printing technologies permit the fabrication of personalized
bone grafts and the improvements in the incorporation of
cells, growth factors, and vasculature may revolutionize bone
tissue regeneration.
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Treatment of osteomyelitis and infected non-union of the femur by a modified
Ilizarov technique: follow-up study. Croat. Med. J. 42, 634–641.
Benning, L., Gutzweiler, L., Trondle, K., Riba, J., Zengerle, R., Koltay, P., et al.
(2018). Assessment of hydrogels for bioprinting of endothelial cells. J. Biomed.
Mater. Res. A 106, 935–947. doi: 10.1002/jbm.a.36291
Bertol, L. S., Schabbach, R., and dos Santos, L. A. L. (2016). Dimensional
evaluation of patient-specific 3D printing using calcium phosphate cement for

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

8

February 2020 | Volume 8 | Article 61

Vidal et al.

Large Bone Defect Regeneration

lattice scaffolds. Int. J. Appl. Ceram. Technol. 2, 212–220. doi: 10.1111/j.17447402.2005.02026.x
Chen, Z., Li, Z., Li, J., Liu, C., Lao, C., Fu, Y., et al. (2019). 3D printing of ceramics:
a review. J. Eur. Ceram. Soc. 39, 661–687. doi: 10.1016/j.jeurceramsoc.2018.
11.013
Cheng, M.-H., Brey, E. M., Ulusal, B. G., and Wei, F.-C. (2006). Mandible
augmentation for osseointegrated implants using tissue engineering strategies.
Plast. Reconstr. Surg. 118, 1e–4e. doi: 10.1097/01.prs.0000221120.11128.1a
Choi, S., Oh, Y.-I., Park, K.-H., Lee, J.-S., Shim, J.-H., and Kang, B.-J. (2019).
New clinical application of three-dimensional-printed polycaprolactone/βtricalcium phosphate scaffold as an alternative to allograft bone for limb-sparing
surgery in a dog with distal radial osteosarcoma. J. Vet. Med. Sci. 81, 434–439.
doi: 10.1292/jvms.18-0158
Choong, P. F., Sim, F. H., Pritchard, D. J., Rock, M. G., and Chao, E. Y. (1996).
Megaprostheses after resection of distal femoral tumors. A rotating hinge design
in 30 patients followed for 2-7 years. Acta Orthop. Scand. 67, 345–351. doi:
10.3109/17453679609002328
Colin, A., and Boire, J.-Y. (1997). A novel tool for rapid prototyping and
development of simple 3D medical image processing applications on PCs.
Comput. Methods Programs Biomed. 53, 87–92. doi: 10.1016/S0169-2607(97)
01807-1805
Coquelin, L., Fialaire-Legendre, A., Roux, S., Poignard, A., Bierling, P., Hernigou,
P., et al. (2012). In vivo and in vitro comparison of three different allografts
vitalized with human mesenchymal stromal cells. Tissue Eng. Part A 18, 1921–
1931. doi: 10.1089/ten.TEA.2011.0645
Cui, X., Boland, T., D’Lima, D. D., and Lotz, M. K. (2012). Thermal inkjet
printing in tissue engineering and regenerative medicine. Recent Pat. Drug
Deliv. Formul. 6, 149–155. doi: 10.2174/187221112800672949
Daculsi, G., LeGeros, R. Z., Nery, E., Lynch, K., and Kerebel, B. (1989).
Transformation of biphasic calcium phosphate ceramics in vivo: ultrastructural
and physicochemical characterization. J. Biomed. Mater. Res. 23, 883–894. doi:
10.1002/jbm.820230806
Deckard, C. R. (1989). Method and Apparatus for Producing Parts by Selective
Sintering. U.S. Patent No. 4,863,538. Washington, DC: U.S. Patent and
Trademark Office.
Dimitriou, R., Jones, E., McGonagle, D., and Giannoudis, P. V. (2011). Bone
regeneration: current concepts and future directions. BMC Med. 9:66. doi:
10.1186/1741-7015-9-66
Dupret-Bories, A., Vergez, S., Meresse, T., Brouillet, F., and Bertrand, G. (2018).
Contribution of 3D printing to mandibular reconstruction after cancer. Eur.
Ann. Otorhinolaryngol. Head Neck Dis. 135, 133–136. doi: 10.1016/j.anorl.2017.
09.007
Eggli, P. S., Muller, W., and Schenk, R. K. (1988). Porous hydroxyapatite and
tricalcium phosphate cylinders with two different pore size ranges implanted
in the cancellous bone of rabbits. A comparative histomorphometric and
histologic study of bony ingrowth and implant substitution. Clin. Orthop. Relat.
Res. 232, 127–138.
Elliot, R. R., and Richards, R. H. (2011). Failed operative treatment in two cases
of pseudarthrosis of the clavicle using internal fixation and bovine cancellous
xenograft (Tutobone). J. Pediatr. Orthop. 20, 349–353. doi: 10.1097/BPB.
0b013e328346c010
Fahimipour, F., Rasoulianboroujeni, M., Dashtimoghadam, E., Khoshroo, K.,
Tahriri, M., Bastami, F., et al. (2017). 3D printed TCP-based scaffold
incorporating VEGF-loaded PLGA microspheres for craniofacial tissue
engineering. Dent. Mater. 33, 1205–1216. doi: 10.1016/j.dental.2017.06.016
Faldini, C., Miscione, M. T., Acri, F., Chehrassan, M., Bonomo, M., and Giannini,
S. (2011). Use of homologous bone graft in the treatment of aseptic forearm
nonunion. Musculoskelet. Surg. 95, 31–35. doi: 10.1007/s12306-011-0117-118
Feilden, E., Blanca, E. G.-T., Giuliani, F., Saiz, E., and Vandeperre, L. (2016).
Robocasting of structural ceramic parts with hydrogel inks. J. Eur. Ceram. Soc.
36, 2525–2533. doi: 10.1016/j.jeurceramsoc.2016.03.001
Fernandez de Grado, G., Keller, L., Idoux-Gillet, Y., Wagner, Q., Musset,
A.-M., Benkirane-Jessel, N., et al. (2018). Bone substitutes: a review of
their characteristics, clinical use, and perspectives for large bone defects
management. J. Tissue Eng. 9, 1–18. doi: 10.1177/2041731418776819
Gerhardt, L. C., and Boccaccini, A. R. (2010). Bioactive glass and glass-ceramic
scaffolds for bone tissue engineering. Materials 3, 3867–3910. doi: 10.3390/
ma3073867

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

Giannoudis, P. V., Einhorn, T. A., Schmidmaier, G., and Marsh, D. (2008). The
diamond concept - open questions. Injury 39, S5–S8. doi: 10.1016/S00201383(08)70010-X
Gjerde, C., Mustafa, K., Hellem, S., Rojewski, M., Gjengedal, H., Yassin, M. A., et al.
(2018). Cell therapy induced regeneration of severely atrophied mandibular
bone in a clinical trial. Stem Cell Res. Ther. 9:213. doi: 10.1186/s13287-0180951-959
Gomez-Barrena, E., Rosset, P., Gebhard, F., Hernigou, P., Baldini, N., Rouard,
H., et al. (2019). Feasibility and safety of treating non-unions in tibia, femur
and humerus with autologous, expanded, bone marrow-derived mesenchymal
stromal cells associated with biphasic calcium phosphate biomaterials in a
multicentric, non-comparative trial. Biomaterials 196, 100–108. doi: 10.1016/
j.biomaterials.2018.03.033
Gomez-Barrena, E., Rosset, P., Muller, I., Giordano, R., Bunu, C., Layrolle, P.,
et al. (2011). Bone regeneration: stem cell therapies and clinical studies in
orthopaedics and traumatology. J. Cell. Mol. Med. 15, 1266–1286. doi: 10.1111/
j.1582-4934.2011.01265.x
Gosheger, G., Gebert, C., Ahrens, H., Streitbuerger, A., Winkelmann, W., and
Hardes, J. (2006). Endoprosthetic reconstruction in 250 patients with sarcoma.
Clin. Orthop. Relat. Res. 450, 164–171. doi: 10.1097/01.blo.0000223978.
36831.39
Gruene, M., Unger, C., Koch, L., Deiwick, A., and Chichkov, B. (2011). Dispensing
pico to nanolitre of a natural hydrogel by laser-assisted bioprinting. Biomed.
Eng. Online 10:19. doi: 10.1186/1475-925X-10-19
Han, W., Shen, J., Wu, H., Yu, S., Fu, J., and Xie, Z. (2017). Induced membrane
technique: advances in the management of bone defects. Int. J. Surg. 42,
110–116. doi: 10.1016/j.ijsu.2017.04.064
Hattori, H., Mibe, J., and Yamamoto, K. (2011). Modular megaprosthesis in
metastatic bone disease of the femur. Orthopedics 34, e871–e876. doi: 10.3928/
01477447-20111021-20111013
Heliotis, M., Lavery, K. M., Ripamonti, U., Tsiridis, E., and di Silvio, L. (2006).
Transformation of a prefabricated hydroxyapatite/osteogenic protein-1 implant
into a vascularised pedicled bone flap in the human chest. Int. J. Oral Maxillofac.
Surg. 35, 265–269. doi: 10.1016/j.ijom.2005.07.013
Hidalgo, D. A., and Pusic, A. L. (2002). Free-flap mandibular reconstruction: a
10-year follow-up study. Plast. Reconstr. Surg. 110, 438–451.
Hock, S. W., Johnson, D. A., and Van Veen, M. A. (1996). Print Quality
Optimization for a Color Ink Jet Printer by Using a Larger Nozzle for the Black
Ink Only. Palo Alto, CA: Hewlett Packard.
Holl, S., Schlomberg, A., Gosheger, G., Dieckmann, R., Streitbuerger, A., Schulz, D.,
et al. (2012). Distal femur and proximal tibia replacement with megaprosthesis
in revision knee arthroplasty: a limb-saving procedure. Knee Surg. Sports
Traumatol. Arthrosc. 20, 2513–2518. doi: 10.1007/s00167-012-19451942
Hudson, K. R., Cowan, P. B., and Gondek, J. S. (2000). Ink Drop Volume Variance
Compensation for Inkjet Printing. Palo Alto, CA: Hewlett Packard.
Ilizarov, G. A. (1990). Clinical application of the tension-stress effect for limb
lengthening. Clin. Orthop. Relat. Res. 250, 8–26.
Jawad, M. U., and Brien, E. W. (2014). Proximal femoral reconstruction with
a constrained acetabulum in oncologic patients. Orthopedics 37, e187–e193.
doi: 10.3928/01477447-20140124-20140124
Jeys, L., and Grimer, R. (2009). “The long-term risks of infection and amputation
with limb salvage surgery using endoprostheses,” in Treatment of Bone and Soft
Tissue Sarcomas, ed. P.-U. Tunn (Berlin: Springer), 75–84. doi: 10.1007/978-3540-77960-5_7
Jeys, L. M., Grimer, R. J., Carter, S. R., and Tillman, R. M. (2005). Periprosthetic
infection in patients treated for an orthopaedic oncological condition. J. Bone
Joint Surg. Am. 87, 842–849. doi: 10.2106/JBJS.C.01222
Ji, K., Wang, Y., Wei, Q., Zhang, K., Jiang, A., Rao, Y., et al. (2018). Application of
3D printing technology in bone tissue engineering. Biodes. Manuf. 1, 203–210.
doi: 10.1007/s42242-018-0021-22
Kao, C. T., Lin, C. C., Chen, Y. W., Yeh, C. H., Fang, H. Y., and Shie, M. Y.
(2015). Poly(dopamine) coating of 3D printed poly(lactic acid) scaffolds for
bone tissue engineering. Mater. Sci. Eng. C Mater. Biol. Appl. 56, 165–173.
doi: 10.1016/j.msec.2015.06.028
Karalashvili, L., Chichua, N., Menabde, G., Atskvereli, L., and Grdzelidze, T. (2017).
Decellularized bovine bone graft for zygomatic bone reconstruction. Med. Case
Rep. 4:52. doi: 10.21767/2471-8041.100087

9

February 2020 | Volume 8 | Article 61

Vidal et al.

Large Bone Defect Regeneration

Keating, J. F., and McQueen, M. M. (2001). Substitutes for autologous bone graft
in orthopaedic trauma. J. Bone Joint Surg. Br. 83, 3–8. doi: 10.1302/0301-620x.
83b1.11952
Klammert, U., Gbureck, U., Vorndran, E., Rodiger, J., Meyer-Marcotty, P., and
Kubler, A. C. (2010a). 3D powder printed calcium phosphate implants for
reconstruction of cranial and maxillofacial defects. J. Craniomaxillofac. Surg.
38, 565–570. doi: 10.1016/j.jcms.2010.01.009
Klammert, U., Vorndran, E., Reuther, T., Muller, F. A., Zorn, K., and Gbureck,
U. (2010b). Low temperature fabrication of magnesium phosphate cement
scaffolds by 3D powder printing. J. Mater. Sci. Mater. Med. 21, 2947–2953.
doi: 10.1007/s10856-010-4148-4148
Kokemueller, H., Spalthoff, S., Nolff, M., Tavassol, F., Essig, H., Stuehmer, C.,
et al. (2010). Prefabrication of vascularized bioartificial bone grafts in vivo
for segmental mandibular reconstruction: experimental pilot study in sheep
and first clinical application. Int. J. Oral Maxillofac. Surg. 39, 379–387. doi:
10.1016/j.ijom.2010.01.010
Kolesky, D. B., Truby, R. L., Gladman, A. S., Busbee, T. A., Homan, K. A., and
Lewis, J. A. (2014). 3D bioprinting of vascularized, heterogeneous cell-laden
tissue constructs. Adv. Mater. 26, 3124–3130. doi: 10.1002/adma.201305506
Kurien, T., Pearson, R. G., and Scammell, B. E. (2013). Bone graft substitutes
currently available in orthopaedic practice. Bone Joint J. 95, 583–597. doi: 10.
1302/0301-620X.95B5.30286
Laurencin, C., Khan, Y., and Veronick, J. (2014). “Bone graft substitutes:
past, present and future,” in Bone Graft Substitutes and Bone Regenerative
Engineering, eds C. T. Laurencin, and T. Jiang (West Conshohocken, PA: ASTM
International), 1–9. doi: 10.1520/mono62013002501
Ledford, C. K., Nunley, J. A. II, Viens, N. A., and Lark, R. K. (2013). Bovine
xenograft failures in pediatric foot reconstructive surgery. J. Pediatr. Orthop.
33, 458–463. doi: 10.1097/BPO.0b013e318287010d
Lee, K. Y., Park, M., Kim, H. M., Lim, Y. J., Chun, H. J., Kim, H., et al. (2006).
Ceramic bioactivity: progresses, challenges and perspectives. Biomed. Mater. 1,
R31–R37. doi: 10.1088/1748-6041/1/2/r01
Lewis, J. A. (2006). Direct ink writing of 3D functional materials. Adv. Funct. Mater.
16, 2193–2204. doi: 10.1002/adfm.200600434
Lewis, J. A., Smay, J. E., Stuecker, J., and Cesarano, J. (2006). Direct ink writing
of three-dimensional ceramic structures. J. Am. Ceram. Soc. 89, 3599–3609.
doi: 10.1111/j.1551-2916.2006.01382.x
Liao, H.-T., Chang, K.-H., Jiang, Y., Chen, J.-P., and Lee, M.-Y. (2011). Fabrication
of tissue engineered PCL scaffold by selective laser-sintered machine for
osteogeneisis of adipose-derived stem cells. Virtual Phys. Protoyp. 6, 57–60.
doi: 10.1080/17452759.2011.559742
Lodoso-Torrecilla, I., van Gestel, N. A. P., Diaz-Gomez, L., Grosfeld, E. C., Laperre,
K., Wolke, J. G. C., et al. (2018). Multimodal pore formation in calcium
phosphate cements. J. Biomed. Mater. Res. A 106, 500–509. doi: 10.1002/jbm.
a.36245
Mandrycky, C., Wang, Z., Kim, K., and Kim, D.-H. (2016). 3D bioprinting for
engineering complex tissues. Biotechnol. Adv. 34, 422–434. doi: 10.1016/j.
biotechadv.2015.12.011
Mankin, H. J., Gebhardt, M. C., Jennings, L. C., Springfield, D. S., and Tomford,
W. W. (1996). Long-term results of allograft replacement in the management
of bone tumors. Clin. Orthop. Relat. Res. 324, 86–97. doi: 10.1097/00003086199603000-199603011
Masquelet, A. C. (2003). Muscle reconstruction in reconstructive surgery: soft
tissue repair and long bone reconstruction. Langenbecks Arch. Surg. 388, 344–
346. doi: 10.1007/s00423-003-0379-371
Masquelet, A. C., and Begue, T. (2010). The concept of induced membrane for
reconstruction of long bone defects. Orthop. Clin. North Am. 41, 27–37. doi:
10.1016/j.ocl.2009.07.011
Masquelet, A. C., Fitoussi, F., Begue, T., and Muller, G. P. (2000). Reconstruction
of the long bones by the induced membrane and spongy autograft. Ann. Chir.
Plast. Esthet. 45, 346–353.
Mathieu, L., Bilichtin, E., Durand, M., de l’Escalopier, N., Murison, J. C., Collombet,
J. M., et al. (2019). Masquelet technique for open tibia fractures in a military
setting. Eur. J. Trauma Emerg. Surg. 24, 1–7. doi: 10.1007/s00068-019-01217-y
Matsubara, H., Hogan, D. E., Morgan, E. F., Mortlock, D. P., Einhorn, T. A.,
and Gerstenfeld, L. C. (2012). Vascular tissues are a primary source of BMP2
expression during bone formation induced by distraction osteogenesis. Bone
51, 168–180. doi: 10.1016/j.bone.2012.02.017
Mazzoli, A. (2013). Selective laser sintering in biomedical engineering. Med. Biol.
Eng. Comput. 51, 245–256. doi: 10.1007/s11517-012-1001-x
Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

Mercado-Pagan, A. E., Stahl, A. M., Shanjani, Y., and Yang, Y. (2015).
Vascularization in bone tissue engineering constructs. Ann. Biomed. Eng. 43,
718–729. doi: 10.1007/s10439-015-1253-1253
Mesimaki, K., Lindroos, B., Tornwall, J., Mauno, J., Lindqvist, C., Kontio, R., et al.
(2009). Novel maxillary reconstruction with ectopic bone formation by GMP
adipose stem cells. Int. J. Oral Maxillofac. Surg. 38, 201–209. doi: 10.1016/j.ijom.
2009.01.001
Michna, S., Wu, W., and Lewis, J. A. (2005). Concentrated hydroxyapatite inks
for direct-write assembly of 3D periodic scaffolds. Biomaterials 26, 5632–5639.
doi: 10.1016/j.biomaterials.2005.02.040
Miranda, P., Saiz, E., Gryn, K., and Tomsia, A. P. (2006). Sintering and robocasting
of β-tricalcium phosphate scaffolds for orthopaedic applications. Acta Biomater.
2, 457–466. doi: 10.1016/j.actbio.2006.02.004
Mittermayer, F., Krepler, P., Dominkus, M., Schwameis, E., Sluga, M., Heinzl, H.,
et al. (2001). Long-term followup of uncemented tumor endoprostheses for the
lower extremity. Clin. Orthop. Relat. Res. 388, 167–177. doi: 10.1097/00003086200107000-200107024
Mondschein, R. J., Kanitkar, A., Williams, C. B., Verbridge, S. S., and Long,
T. E. (2017). Polymer structure-property requirements for stereolithographic
3D printing of soft tissue engineering scaffolds. Biomaterials 140, 170–188.
doi: 10.1016/j.biomaterials.2017.06.005
Moran, S. L., Bakri, K., Mardini, S., Shin, A. Y., and Bishop, A. T. (2009). The use
of vascularized fibular grafts for the reconstruction of spinal and sacral defects.
Microsurgery 29, 393–400. doi: 10.1002/micr.20655
Morelli, I., Drago, L., George, D. A., Gallazzi, E., Scarponi, S., and Romano, C. L.
(2016). Masquelet technique: myth or reality? A systematic review and metaanalysis. Injury 47(Suppl. 6), S68–S76. doi: 10.1016/S0020-1383(16)3084230847
Murphy, S. V., and Atala, A. (2014). 3D bioprinting of tissues and organs. Nat.
Biotechnol. 32:773. doi: 10.1038/nbt.2958
Muscolo, D. L., Ayerza, M. A., Aponte-Tinao, L., Ranalletta, M., and Abalo, E.
(2004). Intercalary femur and tibia segmental allografts provide an acceptable
alternative in reconstructing tumor resections. Clin. Orthop. Relat. Res. 426,
97–102. doi: 10.1097/01.blo.0000141652.93178.10
Ogose, A., Kondo, N., Umezu, H., Hotta, T., Kawashima, H., Tokunaga, K., et al.
(2006). Histological assessment in grafts of highly purified beta-tricalcium
phosphate (OSferion R ) in human bones. Biomaterials 27, 1542–1549. doi: 10.
1016/j.biomaterials.2005.08.034
Ogura, K., Sakuraba, M., Miyamoto, S., Fujiwara, T., Chuman, H., and
Kawai, A. (2015). Pelvic ring reconstruction with a double-barreled free
vascularized fibula graft after resection of malignant pelvic bone tumor.
Arch. Orthop. Trauma Surg. 135, 619–625. doi: 10.1007/s00402-015-21972197
Orringer, J. S., Shaw, W. W., Borud, L. J., Freymiller, E. G., Wang, S. A., and
Markowitz, B. L. (1999). Total mandibular and lower lip reconstruction with
a prefabricated osteocutaneous free flap. Plast. Reconstr. Surg. 104, 793–797.
doi: 10.1097/00006534-199909030-199909028
Oryan, A., Alidadi, S., and Moshiri, A. (2013). Current concerns regarding healing
of bone defects. Hard Tissue 2:13.
Oryan, A., Alidadi, S., Moshiri, A., and Maffulli, N. (2014). Bone regenerative
medicine: classic options, novel strategies, and future directions. J. Orthop. Surg.
Res. 9:18. doi: 10.1186/1749-799X-9-18
Ozbolat, I. T., and Hospodiuk, M. (2016). Current advances and future perspectives
in extrusion-based bioprinting. Biomaterials 76, 321–343. doi: 10.1016/j.
biomaterials.2015.10.076
Pala, E., Trovarelli, G., Calabro, T., Angelini, A., Abati, C. N., and Ruggieri, P.
(2015). Survival of modern knee tumor megaprostheses: failures, functional
results, and a comparative statistical analysis. Clin. Orthop. Relat. Res. 473,
891–899. doi: 10.1007/s11999-014-3699-3692
Parikh, S. N. (2002). Bone graft substitutes: past, present, future. J. Postgrad. Med.
48, 142–148.
Park, S. A., Lee, H. J., Kim, K. S., Lee, S. J., Lee, J. T., Kim, S. Y., et al. (2018). In vivo
evaluation of 3D-printed polycaprolactone scaffold implantation combined
with beta-TCP powder for alveolar bone augmentation in a beagle defect model.
Materials 11:238. doi: 10.3390/ma11020238
Patil, S., Auyeung, J., and Gower, A. (2011). Outcome of subtalar fusion using
bovine cancellous bone graft: a retrospective case series. J. Foot Ankle Surg. 50,
388–390. doi: 10.1053/j.jfas.2011.04.019
Paxton, N., Smolan, W., Böck, T., Melchels, F., Groll, J., and Jungst, T. (2017).
Proposal to assess printability of bioinks for extrusion-based bioprinting and
10

February 2020 | Volume 8 | Article 61

Vidal et al.

Large Bone Defect Regeneration

evaluation of rheological properties governing bioprintability. Biofabrication
9:044107. doi: 10.1088/1758-5090/aa8dd8
Pelissier, P. H., Masquelet, A. C., Bareille, R., Pelissier, S. M., and Amedee, J.
(2004). Induced membranes secrete growth factors including vascular and
osteoinductive factors and could stimulate bone regeneration. J. Orthop. Res.
22, 73–79. doi: 10.1016/S0736-0266(03)00165-167
Peng, X., Mao, C., Yu, G. Y., Guo, C. B., Huang, M. X., and Zhang, Y. (2005).
Maxillary reconstruction with the free fibula flap. Plast. Reconstr. Surg. 115,
1562–1569. doi: 10.1097/01.prs.0000160691.63029.74
Petrochenko, P. E., Torgersen, J., Gruber, P., Hicks, L. A., Zheng, J., Kumar,
G., et al. (2015). Laser 3D printing with sub-microscale resolution of porous
elastomeric scaffolds for supporting human bone stem cells. Adv. Healthc.
Mater. 4, 739–747. doi: 10.1002/adhm.201400442
Putzier, M., Strube, P., Funk, J. F., Gross, C., Monig, H. J., Perka, C., et al.
(2009). Allogenic versus autologous cancellous bone in lumbar segmental
spondylodesis: a randomized prospective study. Eur. Spine J. 18, 687–695. doi:
10.1007/s00586-008-0875-877
Rizzo, M., and Moran, S. L. (2008). Vascularized bone grafts and their applications
in the treatment of carpal pathology. Semin. Plast. Surg. 22, 213–227. doi:
10.1055/s-2008-1081404
Rodríguez-Lorenzo, L. M., Vallet-Regí, M., and Ferreira, J. M. F. (2001). Colloidal
processing of hydroxyapatite. Biomaterials 22, 1847–1852. doi: 10.1016/S01429612(00)00366-365
Saijo, H., Igawa, K., Kanno, Y., Mori, Y., Kondo, K., Shimizu, K., et al. (2009).
Maxillofacial reconstruction using custom-made artificial bones fabricated by
inkjet printing technology. J. Artif. Organs 12, 200–205. doi: 10.1007/s10047009-0462-467
Saito, E., Suarez-Gonzalez, D., Murphy, W. L., and Hollister, S. J. (2015).
Biomineral coating increases bone formation by ex vivo BMP-7 gene therapy
in rapid prototyped poly(L-lactic acid) (PLLA) and poly(epsilon-caprolactone)
(PCL) porous scaffolds. Adv. Healthc. Mater. 4, 621–632. doi: 10.1002/adhm.
201400424
Samavedi, S., Whittington, A. R., and Goldstein, A. S. (2013). Calcium phosphate
ceramics in bone tissue engineering: a review of properties and their influence
on cell behavior. Acta Biomater. 9, 8037–8045. doi: 10.1016/j.actbio.2013.06.014
Sanan, A., and Haines, S. J. (1997). Repairing holes in the head: a history of
cranioplasty. Neurosurgery 40, 588–603. doi: 10.1097/00006123-199703000199703033
Scaglione, M., Fabbri, L., Dell’Omo, D., Gambini, F., and Guido, G. (2014). Long
bone nonunions treated with autologous concentrated bone marrow-derived
cells combined with dried bone allograft. Musculoskelet. Surg. 98, 101–106.
doi: 10.1007/s12306-013-0271-272
Shehadeh, A., Noveau, J., Malawer, M., and Henshaw, R. (2010). Late complications
and survival of endoprosthetic reconstruction after resection of bone tumors.
Clin. Orthop. Relat. Res. 468, 2885–2895. doi: 10.1007/s11999-010-1454-x
Shibuya, N., Jupiter, D. C., Clawson, L. D., and La Fontaine, J. (2012). Incorporation
of bovine-based structural bone grafts used in reconstructive foot surgery.
J. Foot Ankle Surg. 51, 30–33. doi: 10.1053/j.jfas.2011.09.008
Sivakumar, R., Mohideen, M. G., Chidambaram, M., Vinoth, T., Singhi, P. K.,
and Somashekar, V. (2016). Management of large bone defects in diaphyseal
fractures by induced membrane formation by Masquelet’s technique. J. Orthop.
Case Rep. 6, 59–62. doi: 10.13107/jocr.2250-0685.508
Spiegelberg, B., Parratt, T., Dheerendra, S. K., Khan, W. S., Jennings, R., and Marsh,
D. R. (2010). Ilizarov principles of deformity correction. Ann. R. Coll. Surg. Engl.
92, 101–105. doi: 10.1308/003588410X12518836439326
Stanovici, J., Le Nail, L. R., Brennan, M. A., Vidal, L., Trichet, V., Rosset, P.,
et al. (2016). Bone regeneration strategies with bone marrow stromal cells in
orthopaedic surgery. Curr. Res. Transl. Med. 64, 83–90. doi: 10.1016/j.retram.
2016.04.006
Suwanprateeb, J., Sanngam, R., Suvannapruk, W., and Panyathanmaporn, T.
(2009). Mechanical and in vitro performance of apatite-wollastonite glass
ceramic reinforced hydroxyapatite composite fabricated by 3D-printing.
J. Mater. Sci. Mater. Med. 20, 1281–1289. doi: 10.1007/s10856-009-3697-3691
Tatara, A. M., Wong, M. E., and Mikos, A. G. (2014). In vivo bioreactors
for mandibular reconstruction. J. Dent. Res. 93, 1196–1202. doi: 10.1177/
0022034514547763
Taylor, G. I. (1982). Reconstruction of the mandible with free composite iliac
bone grafts. Ann. Plast. Surg. 9, 361–376. doi: 10.1097/00000637-198211000198211003

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

Taylor, G. I. (1983). The current status of free vascularized bone grafts. Clin. Plast.
Surg. 10, 185–209.
Taylor, G. I. (1985). Composite tissue transfer to the lower limb. Recent Adv. Plast.
Surg. 3, 83–109.
Taylor, G. I., Corlett, R. J., and Ashton, M. W. (2016). The evolution of free
vascularized bone transfer: a 40-year experience. Plast. Reconstr. Surg. 137,
1292–1305. doi: 10.1097/PRS.0000000000002040
Taylor, G. I., Miller, G. D., and Ham, F. J. (1975). The free vascularized bone
graft. A clinical extension of microvascular techniques. Plast. Reconstr. Surg.
55, 533–544. doi: 10.1097/00006534-197505000-197505002
Torres, J., Tamimi, F., Alkhraisat, M., Prados-Frutos, J. C., and Lopez-Cabarcos, E.
(2011). “Bone substitutes,” in Implant Dentistry - The Most Promising Discipline
of Dentistry, ed. I. Turkyilmaz (London: Intech), 4–105.
Trombetta, R., Inzana, J. A., Schwarz, E. M., Kates, S. L., and Awad, H. A. (2017).
3D printing of calcium phosphate ceramics for bone tissue engineering and
drug delivery. Ann. Biomed. Eng. 45, 23–44. doi: 10.1007/s10439-016-16781673
Unger, C., Gruene, M., Koch, L., Koch, J., and Chichkov, B. N. (2011). Timeresolved imaging of hydrogel printing via laser-induced forward transfer. Appl.
Phys. A 103, 271–277. doi: 10.1007/s00339-010-6030-6034
Vacanti, J. P., and Langer, R. (1999). Tissue engineering: the design and fabrication
of living replacement devices for surgical reconstruction and transplantation.
Lancet 354, S32–S34. doi: 10.1016/S0140-6736(99)90247-90247
Verboket, R., Leiblein, M., Seebach, C., Nau, C., Janko, M., Bellen, M., et al. (2018).
Autologous cell-based therapy for treatment of large bone defects: from bench
to bedside. Eur. J. Trauma Emerg. Surg. 44, 649–665. doi: 10.1007/s00068-0180906-y
Vorndran, E., Klarner, M., Klammert, U., Grover, L. M., Patel, S., Barralet, J. E., et al.
(2008). 3D Powder printing of β-tricalcium phosphate ceramics using different
strategies. Adv. Eng. Mater. 10, B67–B71. doi: 10.1002/adem.200800179
Wang, M. O., Vorwald, C. E., Dreher, M. L., Mott, E. J., Cheng, M.-H.,
Cinar, A., et al. (2015). Evaluating 3D-printed biomaterials as scaffolds for
vascularized bone tissue engineering. Adv. Mater. 27, 138–144. doi: 10.1002/
adma.201403943
Warnke, P. H., Springer, I. N., Wiltfang, J., Acil, Y., Eufinger, H., Wehmoller, M.,
et al. (2004). Growth and transplantation of a custom vascularised bone graft in
a man. Lancet 364, 766–770. doi: 10.1016/S0140-6736(04)16935-16933
Wen, Y., Xun, S., Haoye, M., Baichuan, S., Peng, C., Xuejian, L., et al. (2017).
3D printed porous ceramic scaffolds for bone tissue engineering: a review.
Biomater. Sci. 5, 1690–1698. doi: 10.1039/c7bm00315c
Winder, J., and Bibb, R. (2005). Medical rapid prototyping technologies: state of
the art and current limitations for application in oral and maxillofacial surgery.
J. Oral Maxillofac. Surg. 63, 1006–1015. doi: 10.1016/j.joms.2005.03.016
Wubneh, A., Tsekoura, E. K., Ayranci, C., and Uludag, H. (2018). Current state
of fabrication technologies and materials for bone tissue engineering. Acta
Biomater. 80, 1–30. doi: 10.1016/j.actbio.2018.09.031
Xu, N., Ye, X., Wei, D., Zhong, J., Chen, Y., Xu, G., et al. (2014). 3D artificial bones
for bone repair prepared by computed tomography-guided fused deposition
modeling for bone repair. ACS Appl. Mater. Interfaces 6, 14952–14963. doi:
10.1021/am502716t
Yang, X., Lu, Z., Wu, H., Li, W., Zheng, L., and Zhao, J. (2018). Collagenalginate as bioink for three-dimensional (3D) cell printing based cartilage
tissue engineering. Mater. Sci. Eng. C 83, 195–201. doi: 10.1016/j.msec.2017.
09.002
Zimmermann, G., and Moghaddam, A. (2011). Allograft bone matrix versus
synthetic bone graft substitutes. Injury 42(Suppl. 2), S16–S21. doi: 10.1016/j.
injury.2011.06.199
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2020 Vidal, Kampleitner, Brennan, Hoornaert and Layrolle. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

11

February 2020 | Volume 8 | Article 61

