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Introduction

The craniomaxillofacial (CMF) region is comprised of a complex system of soft and
hard tissues. The primary function of the intracranial space is to accommodate the
brain, while the oral cavity, which is anatomically encompassed by the cranial base
and the mandible, enables respiration, speech, and mastication [1, 2]. Defects affect-
ing this musculoskeletal structure of the midface comprise a large number of cases
requiring CMF surgery. In the year 2020, 256,085 maxillofacial surgeries, 35,387
head and neck reconstructions, and 68,915 reconstructive surgeries were performed
to address congenital deformities [3].

Cleft palate (e.g., anterior alveolar defect of the maxilla) has been reported to
affect 1 in 600 newborns [4] and requires alveolar bone grafting traditionally har-
vested from the iliac crest. Hemifacial microsomia (HFM) and Pierre Robin
sequence are both associated with micrognathia, which may cause tongue-based
airway obstruction, and are often treated with mandibular distraction osteogenesis,
requiring two separate operations with morbidities including facial scarring and
potential nerve damage. Treacher Collins syndrome is another disorder associated
with congenital absence of the zygoma necessitating autologous bone grafting.
Craniosynostosis is a condition involving premature fusion of the cranial sutures
that may lead to increased intracranial pressure. If left untreated, patients can poten-
tially suffer from developmental delays or intellectual disabilities, malocclusion,
dysphagia, and speech abnormalities [5]. Treatment modalities for this condition
include cranial expansion surgery requiring autologous split cranial bone graft or
autograft (native tissue) to adequately expand the skull without leaving critical size
defects [6].

For many CMF bony defects, autografts, to date, are considered the “gold stan-
dard” reconstructive modality. Although an effective treatment modality, autografts
are associated with multiple disadvantages including a limited quantity of available
donor tissue, donor site morbidity, and the potential for infection at the site of sur-
gery, along with cost [7]. Specifically, cleft repair with harvested autogenous iliac
crest has been known to cause short- and long-term donor site pain and sensory
disturbances [8]. HFM treatment using autogenous grafting procedures typically
entails longer surgical procedures, greater surgical mobility, and asymmetry
between the reconstructed side and the normal, unoperated, contralateral side [9].
Reconstructive surgery in the case of Treacher Collins syndrome involves using
calvarial bone grafts, especially for zygomatic reconstruction. One primary limita-
tion of this treatment modality is the resorption of the bone graft, seen in a majority
of patients [10, 11]. Furthermore in the case of craniosynostosis treatment, the likely
presence of critically sized defects necessitates the use of devices, grafts, and
implants, to aid in the healing process [12].

A requirement for grafts or implants used in the reconstruction of CMF defects
is the capacity to restore the bony defect while maintaining the three-dimensional
(3D) skeletal architecture. Thus, the field of CMF surgery has evolved toward utili-
zation of customized treatment plans for patients to improve outcomes in terms of
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physiology, function, and aesthetics, post-recovery. Such challenges have warranted
the search for alternative materials and modalities that are not limited in quantity,
are biocompatible, have the capacity to be tailored specific to the patient and ana-
tomic location, and are augmented with biologic factors to facilitate bone regenera-
tion. This chapter focuses on the re-purposing of bulk materials that have been
previously utilized for bony defect regeneration through the application of additive
manufacturing techniques to advance CMF reconstruction in both pediatric and
adult patients.

New Materials and Methods

Ceramics are synthesized solid inorganic materials that are crystalline in nature.
Bioceramics are a subset of this class, which are biocompatible, bioinert, bioactive,
or bioresorbable. Calcium phosphate (CaP)-based materials have garnered increased
attention dating back to the early 1960s as they can be utilized as resorbable and
implantable devices/materials in their bulk form [13-18]. CaP-based ceramics have
areliable safety profile and excellent biocompatibility [5]. Among the different CaP
ceramics available, B-tricalcium phosphate (-TCP) (Ca;(PO,),) and hydroxyapatite
(HA) (Ca;z(PO,)¢(OH),) have been widely utilized for bony defect regeneration
[19]. Devices manufactured using HA or B-TCP have traditionally been fabricated
through molding or casting. The process involves using a die to produce parts for a
specific application. While the accuracy of parts generated remains satisfactory, the
process is laborious to carry out for each patient or anatomic location requiring a
customized, fit-and-fill graft. Furthermore, casting a part with controlled pore spac-
ing and distribution is difficult, especially in small scaffolds. Such limitations have
prompted the search for alternative manufacturing techniques that can more readily
facilitate the production of patient-specific devices.

In the most recent form of additive manufacturing, 3D printing (3DP)—the
sequential layer-by-layer addition of material, custom medical devices/scaffolds
have been designed and fabricated using computer-aided design (CAD). While this
form of rapid prototyping has evolved considerably in recent years in various surgi-
cal fields, its presence in CMF surgery has demonstrated substantially greater
advances. One reason for such growth has been attributed to the paucity of clinically
available patient-specific tissue engineering-based therapies [4]. Further advances
in 3DP technology have been due to increased accuracy and stability of printed
materials by simultaneously reducing post-processing steps required prior to
implantation. Additive manufacturing (AM) of metals and polymers are relatively
older techniques, whereas 3DP of ceramics through solid free-form fabrication
(SFFF) or robocasting, is a newer and emerging method to fabricate resorbable,
porous scaffolds through the use of ceramic-based slurries [20]. HA and B-TCP are
two such CaP-based ceramics that can be extruded in a controlled fashion [21]. In
their bulk form, both materials exhibit valuable biocompatibility and osseoconduc-
tion in vivo. HA, which is the primary inorganic component of bone, has been
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reported to show ~2% resorption annually [22]. Such low resorption kinetics have
rendered HA unfavorable in terms of a resorbable grafting material. p-TCP on the
other hand has been shown to fully resorb within a period between 6 and 18 months
depending on various factors (i.e., volume, shape, porosity, and surface characteris-
tics) of the construct [23]. This has driven researchers to develop new workflows
using B-TCP slurries to produce 3DP customized fit-and-fill scaffolds.

Fig. 16.1 (a) CAD rendering of custom-built solid free-form fabrication 3D printer. (b) Schematic
depicting alveolar cleft model. (¢) Schematic depicting calvarial defect model, intraoperative
image of fit-and-fill reconstruction of (d) cleft and (e) calvarial defect with scaffold. (Reproduced
with permission from Shen C, Wang MM, Witek L, Tovar N, Cronstein BN, Torroni A, et al.
Transforming the Degradation Rate of f-tricalcium Phosphate Bone Replacement Using
3-Dimensional Printing. Annals of Plastic Surgery. 2021;87(6))
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The 3D printing workflow for ceramics is multifaceted consisting of the follow-
ing steps (Fig. 16.1):

1. Pre-processing: This step includes computer-aided design (CAD) and successive
computer-aided manufacturing (CAM) to generate digital part files. With the intro-
duction of 3D printing, CAD has seen significant development with its synergistic
integration to hardware like micro-computed tomography (microCT) and volu-
metric rendering software tools such as AMIRA or mimics for isolation and refine-
ment of the region of interest. The digitally reconstructed 3D computer-generated
solid is then exported to stereolithography (.STL) format through discretization
after which is it digitally sliced and meshed into a multilayered three-dimensional
(3D) object. This slicing process converts the surface data of the .STL file into
machine level “.gcode” comprising of coordinate-related instructions along with
auxiliary commands such as feed rate, print speed, etc. This is especially useful to
tailor the scaffold lattice parameters, namely, pore spacing, layer height, and rod
size. Once the details have been set, the “.gcode” is exported to the SFFF printer.

2. Printing: SFFF printers consist of a stationary platform equipped with a move-
able gantry. Commonly these printers consist of multiple extrusion nozzles to
deposit both primary and secondary, fugitive support materials simultaneously.
While there are various protocols published in the literature to synthesize a col-
loidal mixture or slurry of B-TCP, a previously established protocol combines
powdered B-TCP powder with controlled amounts of antiflocculants, dispersive
agents, and viscosifiers to generate a shear thinning gel [5, 21, 24]. The extruders
of the SFFF printer follow a tool path in the x-, y-, and z-axes from the file while
depositing the colloidal gel onto a substrate.

3. Post-processing: This type of fabrication method requires a single post-processing
step. Ceramics are generally brittle without heat treatment, causing problems
with handling and usage. To overcome this, ceramic scaffolds are heat treated
(sintered) to solidify the constructs. The heating leads to shrinkage and subse-
quent densification of the construct for it to achieve the required mechanical
properties for surgical handling. Subsequently, prior to implantation scaffolds are
also sterilized in an autoclave at approximately 121°C before surgical implantation.

Bioactive Molecules (rhBMP-2, Adenosine, and Dipyridamole)

With the introduction of tissue engineering-based approaches, the embryonic pro-
cess of tissue generation has been further recapitulated using mesenchymal stem
cells (MSCs), growth factors (GFs), and cytokines [25-27]. Similarly, the unique
combination of 3D-printed grafting materials and bioactive molecules can further
enhance the rate of bone formation and regeneration, potentially reducing the time
needed to return to form and function. Such results are possible due to increased
osteoblast activity and subsequent reduction in osteoclast activity while also leading
to scaffold resorption [4]. One such innovation that has resulted from the amalga-
mation of various surgical techniques is the use of recombinant human bone
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morphogenetic protein-2 (thBMP-2) for the reconstruction of segmental CMF
defects [28].

Bone regeneration is a complex process with a primary goal being osseoinduction
[4]. Recombinant human bone morphogenetic protein-2 (thBMP-2) is one commer-
cially available FDA-approved osteogenic agent. Its use in preclinical in vivo models
has shown considerably faster bone regeneration when compared to scaffolds implanted
without such bioactive molecules. Unfortunately, its share of drawbacks such as ecto-
pic bone formation and premature suture fusion [29-34] has limited its use. In contrast,
adenosine, commonly termed “the retaliatory metabolite,” has gained popularity as an
osteogenic agent capable of promoting higher levels of bone regeneration. The mecha-
nism of action of adenosine is by attenuating activity of a wide array of cell types as a
protective mechanism [35, 36]. Regulatory effects of adenosine such as induced pro-
tective vasodilatory and negative inotropic effects on stressed cardiac vessels and tissue
have been reported for over a century [7]. While tissues are stressed, adenosine is pres-
ent in higher quantities (e.g., in septic patients [35]). Adenosine receptors A; (ligation
of which plays a role in osteoclast formation), A, (activation of which inhibits osteo-
clastogenesis), A,p (agonism of which influences osteogenic differentiation), and Az,
(agonism of which has been reported to cause downregulation in bone resorption)
cause systemic effects since they are present throughout almost every tissue [7].
However, in unstressed tissues, its activity is limited by its lower extracellular presence
(~1 pM/L) and short half-life due to the aforementioned receptors being left inacti-
vated even with continuous blockage of adenosine deaminase enzyme [19, 35].

Due to these shortcomings, the search for alternatives mainly through pharmaco-
logical manipulation has led research groups to the selection of dipyridamole
(DIPY) as a suitable bioactive molecule. DIPY has been FDA approved for clinical
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Fig. 16.2 Schematic depicting how adenosine receptor activation alters osteoclast and osteoblast
activity. (Adapted from Lopez CD, Witek L, Torroni A, Flores RL, Demissie DB, Young S, et al.
The role of 3D printing in treating craniomaxillofacial congenital anomalies. Birth Defects Res.
2018;110(13):1055-64)
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use and has already been established as a drug in cardiac stress testing and antiplate-
let therapy [37-39]. DIPY, an adenosine A,, receptor indirect agonist, functions
through type 1 equilibrative nucleoside transporter (ENT1) to block the reuptake of
adenosine into cells causing extracellular accumulation (Fig. 16.2). With the hypoth-
esis that DIPY can enhance bone formation while avoiding the common side effects
of rhBMP-2, several tissue engineering strategies have been developed to treat crit-
ical-sized defects in immature and mature skeletal models.

Tissue Engineering Strategies: Evidence in a Small
Translational Model

Research shows that bioactive ceramic scaffolds can be used to fill critically
sized segmental defects and bridge defects with newly regenerated bone as early
as 8 weeks in vivo. Furthermore, simultaneous scaffold degradation with bone
formation and remodeling has been observed over 6 months [20]. In vivo studies
have also enabled important insights into the role of adenosine indirect agonists
on bone regeneration. To test the hypothesis that DIPY enhances bone regenera-
tive capabilities of already osseoconductive ceramic 3DP constructs, $-TCP
scaffolds were utilized in critical-sized calvarial defects in a A, knockout (KO)
murine model [33] (Fig. 16.3). The bone regenerative capacity of DIPY was
leveraged via local delivery to the defect site, thereby avoiding systemic effects
while simplifying release kinetics [4]. Significantly increased bone formation
was recorded for the scaffold group loaded with DIPY prior to implantation,
when compared to the experimental group without the bioactive molecule.

A, receptor activation was determined to be a critical mechanism of action
for bone as A,, receptor knockouts failed to regenerate the cranial bone defects.
Conversely, the control groups showed favorable healing, thereby highlighting
the role the A,, receptor plays in bone regeneration [40]. While 3DP scaffolds
composed of B-TCP alone can restore bone defects, the addition of DIPY sig-
nificantly increases osteogenic potential. Loading a 3D-printed (3DP) bioactive
ceramic scaffold that serves as a carrier of an osseoinductive molecule like
DIPY has paved the way for new tissue engineering strategies [41-43]. Research
has since been conducted making extensive use of DIPY as an osseoinductive
coating on fit-and-fill 3DP B-TCP scaffolds to treat critically sized defects
induced in the calvaria, cleft, and mandible of translational models at multiple
length scales.
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Fig. 16.3 (a) Volumetric reconstruction of bone and scaffold of the collagen-coated scaffold for
both wild-type and A2A KO groups. Volume of new bone formation within the scaffolds at the site
of trephination for (b) wild-type and (c) A2A KO groups. (Data presented as mean + SEM).
(Reproduced with permission from Mediero A, Wilder T, Reddy VS, Cheng Q, Tovar N, Coelho
PG, et al. Ticagrelor regulates osteoblast and osteoclast function and promotes bone formation
in vivo via an adenosine-dependent mechanism. FASEB J. 2016;30(11):3887-900)

Preclinical Translational Models

Skeletally Mature Translational Models

Murine models used in previous studies posed a concern during the quantitative and
qualitative analysis of the effect of DIPY. Specifically, no attempt was made to iso-
late the effect of DIPY on different bone healing tissue contributors, specifically the
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bone defect margin, dura, and pericranium, due to the model’s constraints in size
[33, 34]. Alternatively, a larger preclinical sheep model was selected for implanta-
tion of scaffolds designed with a cap (a solid barrier on the ectocortical side) to
minimize the infiltration of pericranium while allowing for contact between the
dura and an open, porous, lattice-based interior scaffold structure [34]. 3DP ceramic
scaffolds comprised of 100% B-TCP were printed for inlay reconstruction of a sur-
gically induced calvarial defect (Fig. 16.4). Specifically, custom 3DP scaffolds with
lattice-based porosity were designed and printed such that the lattice structure faced
toward the dural surface. Scaffolds were either augmented only with collagen,

o
g

g & 8 8 3 8 8

Percent Bone (%)

Fig. 16.4 (a) Inferior surface of the scaffold, (b) 3D reconstruction of the scaffold created using
Amira 6.3 software (Visage Imaging GmbH, Berlin, Germany), (¢) schematic representation of
experimental design, (d) intraoperative photograph showing scaffold placement, (e) graph depict-
ing the percentage of bone formation (error bars indicate 95% confidence intervals), (f) representa-
tive histologic image from animals in the control group at the 6-week time point, (g) magnification
of abundant bone growth between the defect margin and wall of the scaffold with a primary osteon
highlighted (yellow arrow), (h) angiogenesis (green arrows), (i) representative histologic image
from animals in the DIPY group at the 6-week time point, (j) close-up depicting significant bony
infill within the space between the defect margin and wall of the scaffold, with several osteons
highlighted (yellow arrows) that provide evidence of lamellar reorganization, (k) angiogenesis and
osteon development is evident (green arrows) and more prevalent in the DIPY group. (Reproduced
with permission from Bekisz JM, Flores RL, Witek L, Lopez CD, Runyan CM, Torroni A, et al.
Dipyridamole enhances osteogenesis of three-dimensionally printed bioactive ceramic scaffolds in
calvarial defects. J Craniomaxillofac Surg. 2018;46(2):237-44)
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which served as the control group or coated with collagen and then subsequently
immersed in a 100 pM concentration DIPY solution. Two ipsilateral 11-mm cal-
varial defects were induced in sheep (n = 5) with trephines. Defects were filled with
either a control or a DIPY-augmented scaffold, and the surgery was repeated on the
contralateral side after 3 weeks. Following euthanasia, defects were evaluated
through microCT and histomorphometric analysis for bone, scaffold, and soft tissue
quantification within the defect. No histologic evidence of ectopic bone formation
or inflammation was observed within the defects. Significantly higher osteogenesis
was seen in DIPY-coated scaffolds compared to controls both at the 3-week
(p =0.013) and 6-week time points (p = 0.046) [34]. Furthermore, the most signifi-
cant difference in results pertaining to bone regeneration was observed centrally
within the interface between the 3DPBC scaffold and the dura mater, with a bone
formation increase of ~85% when compared to control scaffolds at the 6-week
time point.

In studies employing 3DP B-TCP scaffolds in load-bearing applications, the
regenerative capacity of bioceramic scaffolds has yielded favorable results. In one
such study, full-thickness, unilateral defects were induced in skeletally mature New
Zealand White rabbits (NZWR) at the segmental mandibular body. p-TCP scaffolds
demonstrated bone regeneration at 8 weeks in vivo [44] (Fig. 16.5). Scaffolds were
seen to bridge the entire defect span despite the presence of physiological loading
during masticatory function. Intramembranous-like healing was observed with vas-
cularized woven bone formation around the scaffold indicating close contact. While
good outcomes were observed in studies utilizing skeletally mature models, the
challenges for regenerating skeletally immature bone are much different. For exam-
ple, an alveolar cleft defect of the primary palate creates structural instability of the
maxillary arch that could lead to an inability to support tooth eruption and cause
facial asymmetry [19]. Current tissue engineering approaches must also be modi-
fied by considering the constraints of a growing maxillofacial skeleton. Thus, alter-
native therapies must be explored and employed such that premature suture fusion
is not induced.

Skeletally Immature Translational Model

In scenarios involving cleft palate reconstruction in pediatric patients, autologous
bone graft from the calvaria, iliac crest, and costal cartilage is limited by the vol-
ume and shape of harvestable bone, donor site morbidity, and in some instances a
risk of infection. The ideal pediatric bone replacement would effectively fit and fill
the defect site and restore structure and function while preserving harmonious
growth. To test this hypothesis, a study was conducted in NZWR where unilateral
3.5 mm x 3.5 mm, full-thickness defects were created in the maxilla to simulate an
alveolar cleft [45]. Defects were treated with custom 3D-printed scaffolds coated
with bovine type 1 collagen and augmented with either 100, 1000, or 10,000 pM
DIPY. Euthanasia at the 8-week time point revealed dose-dependent bone
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Fig. 16.5 (a) Scaffold integration with rabbit mandible, (b) lengthwise 3D reconstruction of scaf-
fold, (c¢) end of scaffold with bony infiltration of lumen (scaffold in purple, bone in yellow), (d)
sagittal histologic slice of scaffold in continuity with rabbit mandible, (e) high magnification from
(d) demonstrating porous ingrowth, and highly cellular and vascularized woven bone structure, as
well as newer, organized lamellar bone formation depicted by arrows. I, incisor; T, tooth; IAN, infe-
rior alveolar nerve (color version of figure is available online). (f) Electron microscopy depicting
scaffold struts (green arrows) and new bone formation throughout scaffold interstices (red arrows).
New woven bone is seen filling sites of scaffold degradation (yellow arrows) and regions of lamel-
lar reorganization juxtaposed with immature woven bone are evident (blue arrows, lamellar as
brighter bone, woven is darker). (Reproduced with permission from Lopez CD, Diaz-Siso JR,
Witek L, Bekisz JM, Cronstein BN, Torroni A, et al. Three-dimensionally printed bioactive ceramic
scaffold osseoconduction across critical-sized mandibular defects. Journal of Surgical Research.
2018;223:115-22)
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Fig. 16.6 (a) Alveolar
cleft with scaffold at

8 weeks. Scaffold (black)
lattice with bone growth
(pink). Suture patency is
noted as well in lower
magnification (blue arrow)
and (b) cranial sutures
patent (yellow arrows) at
8 weeks evident with new
bone growth in and around
scaffold lattice structure
(green arrows) [45, 46]

regeneration with no evidence of maxillary suture fusion (Fig. 16.6a). Regenerated
bone density was increased compared to native contralateral unoperated bone. The
long-term analysis revealed that there was substantial scaffold resorption at
24 weeks (6 months) relative to the 8-week time point. Newly regenerated bone
using the 3DP scaffolds was seen to be analogous to the positive control animals,
treated with autologous bone grafts, with no signs of asymmetry, ectopic bone
growth, or morbidity. Furthermore, alveolar bone tissue was seen to ultimately
remodel similar to native bone density without detriment to function when given
enough time. Similarly, in an 8-week bilateral calvarial defect study involving
NZWR, scaffold-induced bone growth was statistically greater than bone growth in
empty defects (p = 0.02). Histologic analysis revealed patent calvarial sutures with
no ectopic bone formation, among all (100, 1000, and 10,000 pM) DIPY concen-
trations [46] (Fig. 16.6b).

While the previously conducted studies have provided foundational evidence of
effectiveness of 3DP B-TCP scaffolds in regenerating pediatric craniofacial defects,
pediatric clinical applications would require successful implementation in a large,
preclinical, translational animal model (e.g., swine). A recent study conducted on
6-week-old Gottingen minipigs served as an excellent pediatric preclinical animal
model due to similarities to human bone morphology, regeneration, and wound
healing [47, 48]. Unilateral calvarial defects (~1.4 cm) were created. Two groups of
animals were implanted with scaffolds with or without a cap (both groups coated
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Fig. 16.7 3D reconstruction of the bone (yellow) and remaining scaffold (purple) in the defect site
after 12 weeks of healing in a (a) negative control, (b) a defect that had been filled with a scaffold
without a cap, (c¢) a defect that had been filled with a scaffold with a cap. (d) Bar graph presenting
the mean (+95% CI) of bone that filled the defect sites in each group after 12 weeks of healing
compared to the average bone density of native bone (red line). The horizontal dashed red line
denotes the mean with corresponding 95% CI shown by the black horizontal lines

with 1000 pM DIPY), while a third group served as the negative control (no scaf-
fold) (Figs. 16.7a and 16.8a). Animals were euthanized 12 weeks postoperatively.
Defects repaired with scaffolds with caps yielded a significantly higher bone vol-
ume fraction (Fig. 16.7d) compared to defects repaired without caps (p < 0.001)
(Figs. 16.7b, ¢, 16.8b, b.1, c, c.1).
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Fig. 16.8 Nondecalcified histologic sections of a (a) negative control after 12 weeks of healing.
No bridging bone was seen across any of the unfilled defect sites, (b) defect filled with a scaffold
that that did not contain a cap after 12 weeks of healing. Vascularized woven and lamellar bone
formed throughout the defect site and cranial sutures remained patent (purple arrow). (b.1) Areas
of mature, organized bone (yellow arrows) can be seen in the higher magnified portion of the slide.
(c) Defect filled with a scaffold that included a cap after 12 weeks of healing. Vascularized woven
and lamellar bone formed throughout the defect site and cranial sutures remained patent (purple
arrow). (c.1) Areas of mature, organized bone (yellow arrows) can be seen in the higher magnified
portion of the slide

Future Outlook

The field of CMF surgery has evolved from its sole purpose of treating a disease.
With technological advancements in the field where new techniques and materials
are continuously being developed, there has been an evolving need for innovative
and comprehensive surgical care. To enable such advancements to proceed from
bench to bedside deployment, a robust understanding of regenerative medicine and
materials along with excellent surgical judgment is required. In the field of recon-
structive surgery and more specifically the field of CMF, limited volume or poor
bone quality has been a factor, which has warranted further research for alterna-
tives. 3DP of porous, bioactive, and biocompatible CaP ceramic scaffolds thus far
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has shown excellent results in repairing critically sized bony defects. 3DP implants
have not only shown an ability to perform the desired function of bone healing but
have also induced favorable responses in the presence of physiological loads.
Significant bone healing has hence been recorded in anatomic locations such as the
mandible. Furthermore, the combination of 3DP scaffolds and A,,R activation has
proven fruitful in augmenting bone growth in calvarial defects in large translational
models without any changes to suture biology. Similar responses have been observed
in alveolar cleft and calvarial defects in the growing craniofacial skeleton. With
these advancements, however, come several challenges which surgeons should be
aware of, in addition to fully understanding the principle components of tissue engi-
neering: scaffolds, bioactive agents, and stem cell therapies. While scaffolds and
pharmaceutical bioactive molecules have been explored and have shown favorable
results, clinical deployment of stem cell therapies has not yet demonstrated desired
outcomes [49, 50]. As such, regulatory concerns pose a major challenge in the
deployment of some of these techniques for clinical trials. Nevertheless, the relative
ease of 3DP, abundant material availability, and most importantly, proven, complete
re-establishment of form and function at skeletal defect sites warrant further inves-
tigation, especially through direct translation in patients.
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