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Defects characterized as large osseous voids in bone, in certain circumstances, are difficult to treat, requiring
extensive treatments which lead to an increased financial burden, pain, and prolonged hospital stays. Grafts
exist to aid in bone tissue regeneration (BTR), among which ceramic-based grafts have become increasingly
popular due to their biocompatibility and resorbability. BTR using bioceramic materials such as B-tricalcium
phosphate has seen tremendous progress and has been extensively used in the fabrication of biomimetic scaf-
folds through the three-dimensional printing (3DP) workflow. 3DP has hence revolutionized BTR by offering
unparalleled potential for the creation of complex, patient, and anatomic location-specific structures. More
importantly, it has enabled the production of biomimetic scaffolds with porous structures that mimic the natural
extracellular matrix while allowing for cell growth—a critical factor in determining the overall success of the
BTR modality. While the concept of 3DP bioceramic bone tissue scaffolds for human applications is nascent,
numerous studies have highlighted its potential in restoring both form and function of critically sized defects in
a wide variety of translational models. In this review, we summarize these recent advancements and present a
review of the engineering principles and methodologies that are vital for using 3DP technology for cranio-
maxillofacial reconstructive applications. Moreover, we highlight future advances in the field of dynamic 3D
printed constructs via shape-memory effect, and comment on pharmacological manipulation and bioactive mol-
ecules required to treat a wider range of boney defects.
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The development of three-dimensional printing (3DP) biomimetic, bioceramic scaffolds represents a significant break-
through in the field of bone tissue regeneration (BTR). Combining the precision and flexibility of 3DP with the biocom-
patibility and resorbability of bioceramics has the potential to revolutionize the treatment of large boney defects. It also has
the potential to address the shortage of autografts or reduce the risk of rejection or infection associated with allografts or
xenografts. This technology can improve the quality of life for millions of people worldwide by providing an effective, safe,

sustainable, and low-cost solution for BTR.

Introduction

THE HUMAN MUSCULOSKELETAL system is a contiguous
structure that comprises of complex arrays of intercon-
nected tissues.'” While minor hard tissue injuries may heal
with minimal to no surgical interventions, more complex
cases associated with extensive trauma, oncologic resection,
chronic osteomyelitis, or congenital defects often necessitate
surgery.®> The propensity toward these treatment modalities
stems from the inadequacy of innate mechanisms of fracture
or defect healing. Such scenarios may result in large, mor-
phologically complex defects that will not heal through en-
dogenous healing pathways thus requiring the use of natural
or synthetic bone grafts.

Bone grafting is one of the most commonly performed
procedures worldwide, with a 2022 study reporting that over
4 million bone graft procedures were being performed in the
United States annually and the bone graft substitutes mar-
ket is valued at USD $3.78 billion.* According to a recent
projection, the market has been predicted to grow to ap-
proximately USD $6 billion by 2029, driving research and
development in the field.

Natural or synthetic bone grafts aid in hard tissue regen-
eration, facilitating the process to reestablish both form and
function over time.> While autografting to date is considered
the standard of care, ““gold standard” for bone tissue regen-
eration (BTR) procedures, it is associated with a variety of
drawbacks such as limited availability, pain, and donor site
morbidity.>® These shortcomings have propelled the devel-
opment of alternatives, including synthetically derived grafts
(alloplasts). Alloplasts have been extensively studied in BTR
to effectively replicate/mimic the mechanical properties,
bioactivity, and morphology, of native bone.”'° Of the dif-
ferent classes of alloplastic materials, ceramic-based mate-
rials have gained significant prominence as they provide a
physiological environment that supports osteogenesis.'''°

Ceramics are synthesized solid, inorganic materials that
are crystalline in nature. Bioceramics form a subset of this
class, and are biocompatible, bioinert, bioactive, or biore-
sorbable. In particular, calcium phosphate (CaPQ,) CaP-
based bioceramics have garnered increased attention as they
can be utilized as resorbable, implantable devices, ' 1416:18,19

Grafts using CaP-based ceramics have traditionally been
fabricated through the process of molding or casting. While
the accuracy and precision of devices generated through
these techniques are high, the process of mold preparation
and refinement is laborious, especially for every patient or
anatomic location that requires a customized, fit-and-fill
graft. Furthermore, it is difficult to cast a part with con-
trolled pore spacing and pore distribution—essential for
biomimetic scaffold applications.® As such, over the course
of time, surgeons have witnessed tremendous clinical and

scientific innovations associated with craniomaxillofacial
and orthopedic surgeries. This progress is attributed to the
introduction of new techniques such as additive manufac-
turing, also commonly referred to as three-dimensional
printing (3DP).2*%3

Through 3DP of bioceramics, clinicians and engineers
have been able to design and fabricate customized patient-
specific implants or grafts, enabling restoration of form and
function while maintaining physiological and aesthetic
needs of patients.”*>” Furthermore, 3D printing of resorb-
able bioceramics has enabled a reduction in time for bench-
to-bedside translation, and a decrease in the need for
secondary surgeries for hardware removal.”®

The Need for Engineered Pore Architectures
in Biomimetic Scaffold Design

Bone healing in the case of critically sized defects are
either associated with lack of sufficient replacement of dam-
aged tissue or presence of a fibrous network which com-
promises the reestablishment of form and function.?®=!
Subsequently, absence of vascularization and decreased
stability of the residual bone can permanently hinder the
healing process.>>*> Such circumstances necessitate regen-
erative therag)ies to focus on the utilization of vascularized
bone grafts.** As such, scaffold macrogeometry should
permit adequate vascular supply that facilitates the delivery
of oxygen, nutrients, and osteogenic progenitor cells.”
Furthermore, scaffolds used in the restoration of bone
defects in load bearing sites such as the mandible should
exhibit sufficient mechanical strength.*® Most importantly,
ideal bone graft substitutes in craniomaxillofacial or ortho-
pedic reconstructions are required to maintain symmetry and
aesthetics while healing progresses.*’

3DP technology has hence played a pivotal role in regen-
erative medicine by paving the way to customized soft and
hard tissue reconstruction. It has allowed for the fabrication
of patient-specific, space-maintaining scaffolds that are tai-
lored to anatomic location-specific requirements.*' Com-
pared to conventionally used particulate bone grafts, 3D
printed lattice-like scaffolds have been reported to mimic
the external and internal architecture at the host site while
also providing a template for cell attachment and migra-
tion.* #4243 3D printed scaffolds have also been reported to
provide improved structural stability helping reestablish the
required tissue architecture,>%4%%

While an ideal scaffold presents excellent biocompati-
bility and the ability to support bone formation, sufficient
mechanical strength and adequate pore size also allow for
tissue growth and bone remodeling over the course of the
rehabilitation.’”** When compared to granular or bulk
constructs (devoid of engineered pores), the architecture
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of 3D printed lattice-like structures has demonstrated imp-
roved biodegradability kinetics and osteoconductivity.*>**

Material Selection and Colloidal Gel Synthesis

Selection of a particular material for BTR necessitates a
careful evaluation of material properties for successful
preclinical or clinical translation (summarized in Table 1).
Among the variety of different CaP ceramics available,
B-tricalcium phosphate (B-TCP) [Ca3(PO,),] and Hydro-
xyapatite (HA) [Ca;o(PO4)s(OH),] are most commonly
utilized in BTR.*” HA is highly stable from a chemical
standpoint and does not readily dissolve in biological flu-
ids.*® While this stability is essential for maintaining
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structural integrity, it leads to unfavorable resorption ki-
netics (~ 1% per year), which may increase risk of infec-
tion.***? On the contrary, p-TCP is completely resorbable
within a period between 6 and 18 months depending on the
geometric configurations of the graft.*> B-TCP has the added
benefit of time-dependent kinematic surface modification
capabilities. To elaborate, biologically active apatite layers
form on the surface of B-TCP when exposed to ions found in
blood plasma, thereby enhancing its bonding interface with
the surrounding tissue.>*>!

More importantly, due to the similarity in chemical com-
position of B-TCP to that of native bone, 3D printing tech-
nology has facilitated the fabrication of biomimetic bone
scaffolds.®® Of the various 3D printing platforms, solid

TABLE 1. SUMMARY OF MATERIAL REQUIREMENTS FOR CERAMIC SCAFFOLDS USED IN BONE TISSUE REGENERATION

Material requirement for

Advantage of calcium

Property ceramic scaffold use in BTR phosphate-based ceramics References
Mechanical Scaffolds aimed at regenerating bone = CaP scaffolds are not capable of load 52:53
competence defects should present the ability to bearing in vivo without additional
withstand physiological loading or hardware—due to their brittle nature
the ability to maintain shape during and low tensile strength. However,
bone healing and remodeling through subsequent osteoconduction
processes. Immediate mechanical and osseointegration with surrounding
failure upon implantation could hard tissue, its mechanical strength has
hamper healing and compromise been reported to mimic that of
aesthetics. cancellous bone.
Chemical composition Ceramics for BTR must mimic the The ratio of calcium to phosphorus in 45.54.55
and resorbability composition of native bone to hasten CaP-based ceramics, more specifically
the bone healing process. Ideally, B-TCP, is close to that of natural bone
scaffolds should resorb over time tissue (~ 1.5). Furthermore, studies
(to avoid necessity of secondary have reported favorable resorption rates
hardware removal surgeries) at a of CaP scaffolds in vivo (rates
rate that closely matches the rate of dependent on ceramic composition,
new bone formation. macro- and microgeometry of the
scaffold).
Biocompatibility Materials used in BTR must not only =~ CaP bioceramics have been shown to 36-39
and bioactivity be biocompatible but also capable of exhibit exceptional biocompatibility
promoting a favorable osteogenic and bioactivity. Studies have indicated
response after scaffold insertion. that the application of B-TCP scaffolds
The material used should boost bone alone can significantly increase bone
healing either through intrinsic regeneration relative to porous metal
mechanisms or allow for scaffolds.
augmentation with ionic
components, or growth factors.
3,39,55,60

Method of fabrication

Fabrication of a biomimetic scaffold
must be cost-effective,
commercially viable, and
demonstrate reproducibility and
repeatability. The method of
fabrication should be capable of
generating complex and intricate
geometries to allow for rapid
synthesis of patient/defect specific
scaffolds. Furthermore,
manufacturing methodology should
allow for incorporation of
interconnected pores and engineered
pore architectures to facilitate
nutrient flow while simultaneously
permitting diffusion of waste and
degradation products.

CaP-based colloidal gels have been
reported to exhibit shear thinning and
shape retention capabilities upon
extrusion through DIW 3D printing
(a form of rapid prototyping) to
generate high fidelity scaffolds to treat
critically sized boney defects. CaP-
based colloidal gels and its integration
with the DIW workflow has been
shown to be a viable option in the
fabrication of spanning structures and
lattices with varied pore sizes (as low as
~ 100 um) based on the shape and size
of the defect requiring repair.

B-TCP, B-tricalcium phosphate; BTR, bone tissue regeneration; DIW, direct inkjet writing.
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freeform fabrication or direct inkjet writing (DIW) has
enabled the extrusion of high ceramic loaded colloidal
gels due to ease of use and minimal postprocessing req-
uirements.'%3#33% DIW has allowed for 3DP of periodic
structures with spanning features using colloidal gels with
well-controlled viscoelastic responses and high-volume
solid fractions.®® A recent study highlighted the use of
commercially available B-TCP along with other polymeric
additives, namely, flocculants (polyethyleneimine), disper-
sants (ammonium polyacrylate), and viscosifiers (hydro-
xypropylmethylcellulose) to synthesize a colloidal gel
capable of shear thinning and shape retention upon extrusion
through a nozzle.*>>*

Design of Biomimetic Scaffolds

Resorbable, biomimetic 3D printed scaffolds are typically
engineered to be replaced with fully functional tissue during
the final stages of healing to avoid the need for secondary
hardware removal surgery.*”** In addition, engineered pore
architectures aid in enhancing the overall mechanical
strength of the construct in comparison to randomly distrib-
uted osteogenic particulate grafts.®> It has been found that
among the various methods by which scaffold resorption
can be altered, manipulating scaffold architecture from the
macroscale level can maximize a scaffold’s capacity of driv-
ing bone formation in tandem with resorption kinetics.*”*+4>63

Advances in computer-aided design (CAD) (Fig. 1a) and
its synergistic integration with microcomputed tomography
(microCT) (Fig. 1b) have allowed for the reconstruction of
the regions of interest (ROI). microCT imaging facilitates
the capture of high-resolution image stacks of the ROI that
can be digitally reconstructed using image thresholding and
segmentation. In subsequent design steps, scaffold macro-
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geometric parameters are defined to adequately stabilize
the defect site (Fig. lc, d), with pore geometry sufficiently
robust to impart the required mechanical integrity.?” %
Subsequently, the reconstruction methodology involves the
conversion of the segmented ROI to stereolithography (.stl)
format through discretization—which helps produce high-
fidelity defect templates that define the macrogeometry with
a mesh of vertices and edge-sharing triangular facets.®*-

Once scaffold’s macrogeometric parameters are deter-
mined, objects can be sliced using an appropriate slicing
software to generate a multilayered three-dimensional (3D)
object that comprised a series of parallel planes with fixed
interplanar spacing. This slicing process converts the .stl
into machine-level .gcode, which contains all the vital
coordinate-related instructions along with auxiliary com-
mands. These commands are especially useful in tailoring
the scaffold lattice parameters, namely pore spacing, layer
height, and rod size. Furthermore, the .gcode details the ori-
entation of the scaffold to be printed, provides virtual builds
of the scaffold for easy viewing, and allows print time
optimization for rapid prototyping.

Printing and Postprocessing of Biomimetic Ceramic
Scaffolds Using DIW

Three-axis motion on a DIW printer can be achieved by
the tool path (.gcode) input to a computer numerical con-
troller. DIW printers consist of a stationary platform
equipped with a moveable gantry (Fig. 2a). The controller
not only allows for gantry motion but also facilitates the
plunger motion of syringe pumps loaded with the colloidal
gels. Multiple extrusion nozzles allow the deposition of
different colloidal gels simultaneously (Fig. 2b). More
specifically, the primary printing material (such as B-TCP),

a CAD Workflow '

o

CAD Rendering - Bulk Construct  Sliced Layer ‘n’ (0° printing direction)

Sliced Layer ‘n+1' (90° printing direction) Rendered Lattice-Like Scaffold

FIG. 1.

(a) Biomimetic scaffold design CAD workflow schematic detailing layer-by-layer scaffold slicing and rendering

(image not to scale), (b) schematic of location of unilateral calvarial defect (dashed red circle highlighting the region of
interest), (¢) inferior view of 3D diagram of printed calvarial scaffold, and (d) intraoperative image of fit-and-fill recon-
struction of calvarial defect with scaffold.*> CAD, computer-aided design.
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FIG. 2.

Extrusion Nozzles
(x3)
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®
* @

(a) Schematic of robocasting machine (3D Inks LLC, Tulsa, OK) used to assemble bioceramic scaffolds,

(b) magnified set-up of extrusion nozzles (3 X ) capable of codepositing multiple materials, (¢) schematic of various scaffold
macrogeometries capable of being extruded through DIW 3D printing of shear thinning bioceramic colloidal gels (images

not to scale).” DIW, direct inkjet writing.

and fugitive support material (such as Carbon Black)—
which is typically added during printing and then removed
by dissolution or melting after the printing process is
complete.

The use of fugitive support material allows for the crea-
tion of parts with internal cavities or overhangs that would
be impossible to print without support (Fig. 2c). The ex-
truders of the DIW printer follow the Cartesian coordinate
tool path from the .gcode file while depositing the gel or
slurry onto a substrate. Build times for the periodic struc-
tures (lattices or scaffolds) depend on a variety of factors
ranging from overall scaffold volume, nozzle diameter
(Fig. 3a—), extrusion rate from the nozzle, and print velocity.

Printing of B-TCP colloidal gels is usually followed by
sintering at high temperatures (Fig. 3d) increasing the over-
all mechanical strength. Our studies have indicated that
B-TCP scaffolds sintered to 1100°C for 12 h presented ade-
quate mechanical and biological competence required to
reestablish form and function at the host site.> While den-
sification associated with ceramic heat treatment has been
quantified, such parameters are typically dependent upon
scaffold microgeometry, solid volume fraction, and nature
of engineered porosities, among others, that can be con-
trolled using CAD in the preprint stage.*’

Leveraging Precision Control Over Pore Architecture
with 3DP to Modulate Biomimetic p-TCP Scaffold
Degradation Rate

Extracellular matrix formation, vascular in-growth, and
nutrient/waste exchange depend on the geometric proper-
ties (pore architecture) of the scaffold.*”**** Although solid
(bulk) B-TCP constructs can be absorbed over time, the slow
degradation rate limits its use in a growing skeleton where
grafts are required to remodel with the patient.**%” Lever-
aging DIW 3D printing to manufacture resorbable B-TCP
scaffolds using engineered pore architecture helps maximize
construct rigidity with efficient vascular ingrowth, osteo-
genesis, and degradation kinetics.*> As a proof of concept,
1-month-old (skeletally immature) New Zealand White
rabbits (NZWR) underwent creation of unilateral 10 mm

diameter calvarial defects.*> Each defect received a p-TCP
scaffold and monitored up to 18 months. When comparing
the scaffold occupancy at different healing times (Fig. 4a),
scaffolds showed significantly decreased presence in vivo
(Fig. 4b).

To summarize, the study demonstrated an acceleration of
B-TCP degradation to ~55% a year owing to engineered
pore architectures. Absorbed B-TCP was replaced by vas-
cularized, organized bone with mechanical properties simi-
lar to native bone (Fig. 4c), demonstrating the efficacy of
this particular tissue engineering method in BTR and justi-
fying further preclinical translation.

Advancing Preclinical Translation Using Biomimetic
B-TCP Scaffolds

Congenital craniomaxillofacial defects

One third of all congenital birth defects result in cranio-
maxillofacial congenital anomalies such as alveolar clefts.®®
Approximately three out of four cleft lip and palate patients
present with an alveolar osseous defect resulting in facial
asymmetry, insufficient osseous support, or nasal regurgi-
tation. Other conditions may present themselves over the
course of a patient’s life, such as edentulism.>® In some
cases, autologous bone graft from the calvaria, iliac crest,
and costal cartilage is limited by the volume and shape of
harvestable bone, donor-site morbidity, and in some instan-
ces a risk of infection. Furthermore, unlike adult patients,
the thickness of pediatric bone is thinner and could lead to
a reduction in the osteoconductive potential of the autolo-
gous bone graft.*> Moreover, considering long-term growth
and development of the craniofacial skeleton, patients may
experience growth restriction and require multiple revision
surgeries.

The ideal pediatric bone replacement would therefore
need to effectively fit and fill the defect site and restore
structure and function while preserving harmonic growth
without impeding facial development. However, autogenous
bone grafting may not be sufficient in patients that have
wider or bilateral clefts. Furthermore, as such defects may
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be critically sized, additional surgical intervention may be
necessary. Due to these unique considerations, efficacious
translation of bone tissue engineering strategies in a pedi-
atric context has been limited.®*~"2

As an alternative treatment modality to autologous bone
grafting, skeletally immature NZWR were used as a model
for alveolar cleft regeneration using 3DP B-TCP scaffolds.”
Unlike the random bone formation that would occur with the
use of conventional granular grafts, new bone formation
was observed both within the scaffold and at the interstices
between osteotomy (3.5x3.5mm) and construct (Fig. 5a).
The newlzl formed bone was also highly cellular and vas-
cularized.” Although this body of work provided founda-
tional evidence of the effectiveness of biomimetic ceramic
scaffolds in regenerating pediatric craniofacial defects,
future human application warranted successful implemen-
tation in a large preclinical, translational animal model.

A recent study on healing critically sized calvarial defects
(~ 1.4 cm diameter) using 3DP B-TCP scaffolds in a swine
model revealed no adverse signs of healing (Fig. 5b). An
intramembranous-like healing was observed with osteocon-
duction having occurred throughout all scaffold porous
dimensions from defect margins toward the center of
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0.520mm

0.480mm

FIG. 3. Scanning electron
microscope images of 3D
printed B-TCP scaffolds
printed with different nozzle
diameters. (a) 0.200 mm, (b)
0.250 mm, (¢) 0.330 mm. (i, ii,
iii) Show capacity of DIW to
fabricate scaffolds with vary-
ing pore sizes, and (d) micro-
geometry and surface texture
of B-TCP scaffold sintered to
1100°C for 4h.>*¢ B-TCP,
B-tricalcium phosphate.

0.394mm

critical-sized defects.”* Most importantly, bone conduction
was greater in defects containing a scaffold, when compared
to empty defects. While the efficacy in treating critically
sized defects using 3DP scaffolds is promising, complex
fractures arising from traumatic events present additional
challenges. In particular, there is a need for mechanically
robust 3DP scaffolds to effectively restore form and func-
tion at defect sites that are typically under physiological
loading.

Noncongenital defects

Critically sized defects in the maxillofacial complex.
Craniofacial trauma may impart large forces to the cranium
and facial bones, resulting in large deficits of bone requiring
reconstruction. Extensively sized repair sites in the mandible
often require close approximation of the synthetic 5graftin
material to the defect margins,>30-31:36-38.39.42.43.45.55.60.75-7
This is particularly difficult in the case of granular-based
grafting materials as they cannot be properly shaped to fit
and fill defects requiring extensive subsequent remodeling
for complete repair.** This issue is exacerbated in load-
bearing sites such as the mandible.
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FIG. 4.
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(a) Three-dimensional reconstructions of scaffold ( purple) in the calvarium (image not to scale), (b) degradation

kinetics analysis of scaffold over 18 months used to calculate annual degradation rate of B-TCP in the calvarium, and
(c) elastic modulus (E) of calvarial scaffold-regenerated bone shows no difference compared to that of native control. Error

bars are 95% confidence intervals.

In studies using 3DP B-TCP scaffolds in load-bearing
applications (Fig. 6a, b), the regenerative capacity of bio-
ceramic scaffolds have yielded favorable results. In one
study, full-thickness, unilateral defects were induced in skel-
etally mature NZWR at the segmental mandibular body and
filled with 3DP B-TCP scaffolds. Scaffolds demonstrated
bone regeneration at 8 weeks in vivo (Fig. 6¢).>® Scaffolds
were observed to bridge the span of the defect with
intramembranous-like healing and vascularized woven bone
formation in and around the scaffold. These results dem-

FIG. 5. Nondecalcified
histologic sections of

(a) calvarial defect and (b)
alveolar defect filled with
3DP scaffolds. Red arrows
indicate biomimetic ceramic
scaffolds and white arrows
indicate organized bone for-
mation within the engineered
pores of the scaffolds.”*”*
White dashed lines denote
the ends/margins of the 3D
printed scaffold. 3DP, three-
dimensional printing.

onstrated the ability of 3DP 3-TCP scaffolds to support BTR
in the presence of physiological loading during masticatory
function.

Critically sized defects in the lower extremities

At the onset of fracture healing, a weak osteogenic interface
forms between newly forming and original bone, permitting
bone remodeling through coupled osteoblastic and osteoclastic
activity. This innate mechanism is often inadequate in settings
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that require significant boney and soft tissue regeneration such as
in extensive lower extremity trauma.® Large defects present re-
constructive challenges given the vast amounts of hard tissue that
need to be replaced (Fig. 7a). The treatment of large lower ex-
tremity defects is hence fundamentally different when compared
to treating lesions in the upper extremity, where one of the cur-
rent solutions is tissue transfer from the contralateral side. While
this technique can provide resurfacing of fat and skin, it can only
provide small bony segments, not suitable for larger grafts re-
quired for long bones in the lower extremities.**®'
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FIG. 6. (a) Surgical
segment compared to scaf-
fold (b) surgical placement
of scaffold, and (c) sagittal
histologic slice of scaffold in
continuity with rabbit man-
dible. White dashed lines
denote the ends/margins of
the 3D printed scaffold. I,
incisor; IAN, inferior alveo-
lar nerve; T, tooth.

A study utilizing osteoconductive, 3DP B-TCP scaffolds
reported promising results in the restoration of full thick-
ness segmental defects (~ 11 mm length X full thickness) in
the radial diaphysis in NZWR. Upon gross examination
and histologically, no signs of pain or swelling were rep-
orted. In addition, a tissue interface was observed between
the 3DPBC and the remodeling bone at all time points
evaluated. Qualitative microCT data indicated directional
bone ingrowth along the bone long axis, with an increase in
bone formation toward the original bone morphology over

a
- a
b .
b |
T =
- | 1 1
BWks | 12Wks | 24Wks
Bone in Scaffold Native Radius

FIG. 7. Histological cross section of (a) negative control defect in the radius, with the white arrows indicating the screw
locations for the surgical hardware; radius defect along the long axis of the 3D printed bioceramic scaffold at the defect site at (b) 8
weeks, (¢) 12 weeks, and (d) 24 weeks. The marrow (M) space is visible with yel/low marrow observed at 12- and 24-week time
points, and (e) nanoindentation values of hydrated bone samples at 8, 12, and 24 weeks with native radius for comparison of
hardness (H) of bone (The letters represent statistically homogeneous results). H at 8 and 12 weeks had similar means, whereas the
values at 24 weeks were statistically >2 previous time points and achieved statistical homogeneity values relative to native bone.’



340

time. Resorption was seen as early as 8 weeks, with a sub-
stantially greater amount of bone regeneration of the radii
marrow space at 12 and 24 weeks (Fig. 7b—d).

Osteoid formation and osteocytes were also found in
close proximity with bioactive ceramic struts, with active
remodeling of osteocytes, osteoblasts, and osteoclasts not
only on the surface but also within the scaffold’s engineered,
biomimetic porous network. Furthermore at 24 weeks, the
scaffold was observed to have significantly resorbed, pre-
senting extensive structural discontinuity. Degradation was
apparent as the original scaffold with a circular cross-section
took on an increasingly discontinuous and irregularly
shaped form, especially at 24 weeks.*> More importantly,
nanoindentation corroborated the histologic findings and
reported the reestablishment of a bone network with histo-
morpholo§y consistent with mature cortical-like native bone
(Fig. 7e).*

In summary, static physical constructs printed using
B-TCP colloidal gels exhibited the ability to support bone
formation and enabled the restoration of form and function
at the site of the induced defect, even in the presence of
physiological loading. However, during surgical procedures,
any correction/modification to cater toward a desired fit
involves either resection of additional bone at the surgical
site or, in the case of an oversized graft—abrasive instru-
ment, to satisfy dimensional restrictions and/or constraints.
While the former results in a fresh supply of cells toward the
scaffold surface, the latter could compromise macro- and
microlevel surface properties of the graft.

Most importantly, in cases where the critically sized
defect site has an irregular shape, the nature of the ceramic
grafts may not completely satisfy all dimensional require-
ments.®> A 3D printed graft/scaffold that can cater to an
irregularly shaped defect and be adjusted spontaneously
through a stimulus would help solve some issues with static
constructs.

Dynamic shape-memory bioceramic
composite constructs

Research conducted on aliphatic polyesters (APs) such as
polylactic acid (PLA) has enabled the development of a
smart biodegradable subclass, termed shape-memory poly-
mers (SMPs) which are quickly gaining interest in the bio-
medical industry.®® Shape-memory effect (SME) of
polymers is a fairly old concept described in 1953.%% Since
then, it has been studied in different polymers and polymer-
composite systems.®>*¢ These programmable materials have
the capacity to ‘“‘memorize’” a geometrical configuration
and be ““deformed’ to a temporary shape through polymer
chain vitrification or crystallization. Furthermore, they can
be reverted back to their original, memorized, permanent
shape through external stimuli (i.e., heat).®***’

In the medical device industry, SMPs have thus far
been utilized in minimally invasive surgery as well as for
sutures.®>8% SMPs are also being used in stents, however,
their application has been limited, owing to the slow expan-
sion characteristics postactuation. This has been previously
reported to cause migration after insertion, which fortu-
nately do not pose a major issue in the field of BTR where
slow actuation can be accommodated.®® In addition, unlike
metal or metal alloys, APs do not cause stress shielding,
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further bolstering their suitability for BTR.® Perhaps more
importantly, the shape-memory properties of APs and their
osteogenic potential have been reported to improve after
augmentation or combination with copolymers or inorganic
particles such as p-TCP.5>%

Results from pilot studies incorporating B-TCP in a PLA
matrix have indicated an enhancement in osteogenic poten-
tial of the overall composite construct and the ability to be
mechanically actuated—to trigger transformative responses
in the construct/material. Shape-memory structures manu-
factured through DIW were capable of expansion/contraction
upon using heat as an external stimulus.

Molecular processes can help explain the underlying
mechanisms of polymer chain mobility during these heating
and cooling cycles. During changes in temperature, two sep-
arate domains of the system are theorized to play a pivotal
role in SME, namely the crystalline domain or fixed parts
(crystallized PLA chains), and amorPhous or switching parts
such as the long polymeric chains.”’ While the shape-fixing
parts or net points are responsible for maintaining dimen-
sional stability during deformation and recovery, shape-
switching parts store elastic energy that enable SME.’! In
addition, glass transition temperature of a polymer (Tg)—
the temperature at which polymer chains begin to move,
also plays a vital role in SME actuation.”® Below Tg, the
polymer chains are stronger, and the constructs demonstrate
higher stiffness and mechanical strength—like a solid.”?
Above Tg, polymer chains are free to move/flow and exhibit
fluid-like behavior.”> At Tg, constructs experience a tran-
sition from a rigid state to a more flexible state and dem-
onstrate a behavior characterized as a “‘rubbery” phase.”

As a result, at this rubbery region, shape-memory mate-
rials exhibit large elongations/contractions under relatively
low load that would facilitate SME actuation.”*°® Perhaps
more importantly from a clinical perspective, DIW 3DP
constructs’ shape-memory properties were unaltered after
successive shape-memory cycles (Fig. 8a, b). This indicated
the construct’s ability to exhibit shape reconfiguration, giv-
ing surgeons the ability to further tailor the shape of con-
structs in situ, during surgical procedures, to effectively
fit-and-fill irregularly shaped bone defect sites.

Future Perspectives and Challenges Using Bioactive,
Biomimetic, 3D Printed Constructs

Recent translational studies have facilitated critical ad-
vancements in 3D-printed biomimetic scaffolds for boney
defect repair in preparation for clinical utilization. Con-
tinued efforts should hence be directed toward long-term
analysis of bone quality and effects of scaffold induced bone
growth on skeletal maturity. In this regard, numerous strate-
gies have been developed to optimize scaffold design. More
recently, efforts have been directed toward utilizing %rowth
factors to improve bone tissue repair.3¢:4373:75.78-80.97.98
Bone morphogenic protein (BMP) is one such osseoinduc-
tive protein that stimulates osteoblast proliferation and
differentiation.”>? Specifically, BMP-2 is FDA-approved
for maxillary sinus augmentation and noncritical alveolar
ridge defects.”®?° However, the treatment of defects with
BMPs has been shown to cause ectopic bone formation
and premature suture fusion (Fig. 9a).'°*"'%? In addition,
while they act locally to induce the differentiation of
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FIG. 9. (a) SEM micrograph of scaffold augmented with thBMP-2 with signs of suture fusion (red arrows),” and
(b) nondecalcified histology of calvarial scaffold shows blood vessels stained with Stevenel’s blue and patent sutures with

evidence of suture patency (yellow splines) adjacent to sites of reconstruction.*’

morphogenetic protein-2.

mesenchymal stem cells into bone and cartilage cells, rapid
local clearance is known to be a potential drawback.'®

Consequently, alternative approaches to adenosine recep-
tor activation, such as pharmacological manipulation, have
been explored. Of note, Dipyridamole (DIPY), an adenosine
A, A receptor indirect agonist blocks adenosine reuptake into
the cell via type 1 equilibrative nucleoside transporter,
ENT1, thereby resulting in extracellular adenosine accu-
mulation,3¢-43-0073=75.1047106 gy djes utilizing 3DP B-TCP
scaffolds have indicated improvements in bone regenera-
tive capacities in the presence of DIPY in preclinical animal
models.***3¢*7375 3D printed ceramic scaffolds augmented
with DIPY have been shown to facilitate localized drug
delivery to the defect site and to promote bone regenera-
tion without disruption of suture patency (Fig. 9b).”* Despite
the strengths of these studies, several limitations exist that
warrant further research. For example, smaller animal mod-
els may not accurately simulate all the anatomical com-
plexities of the human craniofacial region (e.g., size, volume,
interface of different tissues).73

Although studies have indicated efficacy of biomimetic,
and bioactive scaffolds to rapidly regenerate bony defects
using tissue engineering principles, this has yet to be real-
ized in extensive long-term studies through preclinical
translation in large animal models allowing researchers to
evaluate the regenerative capacity of bioactive ceramic
scaffolds more comprehensively.

Furthermore, while the clinical repair of hard tissues is
constantly evolving based on emerging technology and new
surgical techniques, research efforts must be directed toward
standardizing protocols for the design, fabrication, and eval-
uation of 3D printed medical devices. Specifically, quality
control measures and performance criteria must be thor-
oughly established. In addition, optimizing process param-
eters, strengthening market supervision, and addressing
regulatory concerns can further promote the development of
3D printed tissue engineering scaffolds and ensure ease of
accessibility to safe and efficacious treatment. Nevertheless,
while new materials are being explored in a preclinical
setting, research on biomimetic scaffolds for tissue engi-
neering will continue to gain popularity among surgeons and
translational researchers alike since it is amenable to a
patient-specific approach.

rhBMP-2, recombinant human bone
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