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Personalized bioceramic grafts for craniomaxillofacial bone

regeneration

Ana Beatriz G. de Carvalho'?, Maedeh Rahimnejad’, Rodrigo L. M. S. Oliveira®, Prabaha Sikder®, Guilherme S. F. A. Saavedra?,
Sarit B. Bhaduri®, Debby Gawlitta®”, Jos Malda@®®”®°, Darnell Kaigler'®'", Eliandra S. Trichés'* and Marco C. Bottino™'"®

The reconstruction of craniomaxillofacial bone defects remains clinically challenging. To date, autogenous grafts are considered the
gold standard but present critical drawbacks. These shortcomings have driven recent research on craniomaxillofacial bone
reconstruction to focus on synthetic grafts with distinct materials and fabrication techniques. Among the various fabrication
methods, additive manufacturing (AM) has shown significant clinical potential. AM technologies build three-dimensional (3D)
objects with personalized geometry customizable from a computer-aided design. These layer-by-layer 3D biomaterial structures
can support bone formation by guiding cell migration/proliferation, osteogenesis, and angiogenesis. Additionally, these structures
can be engineered to degrade concomitantly with the new bone tissue formation, making them ideal as synthetic grafts. This
review delves into the key advances of bioceramic grafts/scaffolds obtained by 3D printing for personalized craniomaxillofacial
bone reconstruction. In this regard, clinically relevant topics such as ceramic-based biomaterials, graft/scaffold characteristics
(macro/micro-features), material extrusion-based 3D printing, and the step-by-step workflow to engineer personalized bioceramic
grafts are discussed. Importantly, in vitro models are highlighted in conjunction with a thorough examination of the signaling
pathways reported when investigating these bioceramics and their effect on cellular response/behavior. Lastly, we summarize the
clinical potential and translation opportunities of personalized bioceramics for craniomaxillofacial bone regeneration.
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INTRODUCTION

Craniomaxillofacial bone defects arise from various etiologies such
as traumas, fractures, surgical interventions, tumor resections,
infections, or congenital malformations.'™ An established
approach for addressing substantial bone defects and facilitating
tissue reconstruction involves the utilization of bone grafts.'*™
Fundamentally, these graft materials function as scaffolds to
support the formation of new bone, ensuring the preservation of
appropriate spatial conditions and mitigating the infiltration of
undesirable tissues into the affected region.'

Bone regeneration constitutes a complex phenomenon encom-
passing molecular, biochemical, and mechanical dimensions.'’
From a clinical perspective, distinctions between maxillary and
mandibular bones arise from the varying mechanical stresses and
muscle tensions to which these bones are subjected, potentially
yielding divergent behaviors.'?> Consequently, the unique attri-
butes of mandibular bone, including its distinct origin, function,
and composition, present challenges in reconstruction and
replacement.® Nonetheless, autografts have been widely acknowl-
edged as the gold standard.' Fibula flap autografts have been an
option for reconstructing maxillofacial defects.®'*'* While auto-
grafts offer significant advantages, such as optimal osteogenic,

; https://doi.org/10.1038/s41368-024-00327-7

osteoconductive, and osteoinductive potentials,’ they also present
drawbacks, including limited availability and quantity and the
necessity of two surgical sites, leading to increased pain and
infection rates.”®' In light of the challenges linked to current
graft options, additive manufacturing (AM) is explored to fabricate
bone-like substitutes for craniomaxillofacial bone applications.'®

AM technologies, including vat photopolymerization, material
extrusion, material jetting, and direct energy deposition, have
emerged as promising alternatives for bone tissue engineering."”'
These technologies enable the production of personalized grafts
utilizing a diverse array of biomaterials and allow the fabrication of
porous and intricate three-dimensional (3D) geometries with a
high level of precision that closely mimics the architecture of
bone.b'3181% Extrusion-driven techniques are the preeminent
printing method,?® wherein a continuous strand of the specified
biomaterial is extruded onto the collecting platform based on a
computer-aided design.'®?" In this review paper, a particular
emphasis is placed on extrusion 3D printing of bioceramics since
these materials are notably recognized for their capability to
produce grafts with mechanical properties, structure, and
composition similar to native bone, thereby augmenting osteo-
genic competency.'’
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This review represents a major effort in the field of regenerative
dental medicine by covering a broad spectrum of topics related to
the development of bioceramics and the use of 3D printing
technologies to generate personalized bone grafts. To the best of
our knowledge, the present review provides, for the first time, a
comprehensive appraisal of the literature that spans all classes of
bioceramics, explores advanced 3D printing techniques used in
the fabrication of bioceramic grafts, and examines the dynamic
interactions between cells and these materials. Furthermore, this
paper offers an in-depth exploration of how 3D printing can
revolutionize regenerative dental medicine, particularly emphasiz-
ing the development stages and clinical implementation of
personalized bioceramic craniomaxillofacial grafts. It meticulously
addresses factors affecting the printing process, such as material
selection and the direct ink writing (DIW) technique. It also covers
scaffold design in detail, considering macro- and microstructural
aspects and their impacts on biological responses.

Significant attention is devoted to the feasibility and benefits of
creating personalized grafts, showcasing how this innovative
approach could revolutionize craniomaxillofacial bone reconstruc-
tion. While the precision of AM in producing tailored bone grafts is
a significant advantage, the path from development to clinical
application remains an area of active exploration. To that end, this
review highlights well-established in vitro models and provides a
thorough examination of the signaling pathways relevant to
bioceramics and their influence on cellular function and bone
formation. It concludes by summarizing the potential of next-
generation personalized bioceramics in craniomaxillofacial bone
regeneration.

BIOCERAMICS FOR BONE REGENERATION
Bioceramics are a crucial class of materials with numerous
applications, including repairing and reconstructing damaged
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Bioceramics

Permanent implants

Artificial bone replacements or
tools such as teeth or screws

Granules

Loose particles used as filling
on the repair of bone defect

Examples: CaP, CaSi, BGs \

Bone cement

Cement used
on bone repair

Examples: CaP, CaSi

Schematic of different types and applications for bioceramic materials

bone.?>?* Based on their tissue response, bioceramics can be
classified into three prominent categories: nearly inert (e.g.,
alumina and zirconia), bioactive (e.g., bioactive glass), and
bioresorbable ceramics [e.g., B- and a-tricalcium phosphate
(TCP)1.2** Various biomedical products can be manufactured
using bioceramics in their different forms, such as powders for
controlled-release drug delivery systems, granules for bone
grafting, solid pieces for dental implants, and porous structures
(scaffolds) for tissue engineering applications®*?*> (Fig. 1). In
clinical settings, various products for bone substitution are
frequently utilized, including granules, blocks, and injectable
putty. Table 1 provides a summary of these products, categorized
by the main bioceramic classes and their respective applications.
However, these products are prefabricated, and with the recent
development of technologies, there are new possibilities for
personalized bone grafts. This topic reviews the main bioceramics
reported for bone repair and regeneration research.

Calcium phosphates (CaPs)
Calcium phosphates (CaPs) are the most widely used bioceramics
for craniomaxillofacial bone regeneration. Due to their chemical
composition, similar to bone’s mineral phase, they show high
biocompatibility and excellent osteoconductivity and osteoinduc-
tivity (in certain conditions).?*?> They can be classified according
to the calcium-to-phosphorous ratio (Ca/P atomic ratio).
Synthetic hydroxyapatite (HA, Ca;0(PO4)s(OH),) (Ca:P = 1.67) has
excellent osteoconductivity and osseointegration properties.?
However, due to its low mechanical properties and low
biodegradability, HA is used more frequently as a bone filler
(cement or granules) and coating on metallic prostheses instead
as a scaffold.>***” HA can be combined with natural or synthetic
polymers to enhance the polymers’ cell adhesion properties and
bioactivity. On the other hand, polymeric materials provide
excellent flexibility and biodegradability to the scaffold, and in
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Table 1. Different classes of bioceramic materials available in the market and their clinical applications®
Classes Product name Company Composition Clinical application
Calcium MasterGraft® Medtronic B-TCP + HA Spine and Orthopedic grafts
phosphates  pental adbone®TCP Medbone® p-TCP Craniofacial and orthopedics
grafts
BoneSource® Stryker orthopedics Tetracalcium phosphate and dicalcium Cement for Orthopedic
phosphate anhydrous
Bioactive Bonalive®granules  BonAlive S53P4 Bone cavity filling,
glasses osteomyelitis, and mastoid
cavity
NovaBone Porous  NovaBone® 45S5 Craniofacial grafts
Granules
Glassbone® Noraker® 45S5 Orthopedic and craniofacial
Granules grafts
Calcium MTA Fillapex Angelus Solucoes  Mineral trioxide aggregate, salicylate resin, Bone cement sealer
silicate Odontologicas natural resin, bismuth, and silica
ProRoot Dentsply Sirona Mineral-trioxide-aggregate Craniofacial grafts
BIO-C® TEMP Angelus Solucoes  Tricalcium Silicate, Dicalcium Silicate, Tricalcium Bone cement sealer
Odontologicas Aluminate, Calcium Oxide, Calcium Tungstate-based Resin,
Polyethylene Glycol, Titanium Oxide
Composites Bonalive®putty BonAlive S53P4/ PEG Filling of bone voids and gaps
OssiMend® OssiMend® Carbonate apatite anorganic bovine bone mineral, Spine and Orthopedic grafts
Bioactive 45S5 bioactive glass, and Type | Collagen.
Bi-Ostetic™ Berkeley Advanced Type | bovine collagen, 45S5 bioactive glass, Orthopedic grafts
Bioactive Glass Biomaterials HA and TCP
Foam
Information obtained according to the respective manufacturers

this new configuration, they can be used for regenerative
applications.?®

Tricalcium phosphates (Ca3(PO,),, (Ca:P = 1.5)) have four poly-
morphic forms:  (rhombohedral), a (monoclinic, and occurs
above 1115-1150°C), o' is a high-temperature phase (occurs
above 1430-1470°C), and y a high-pressure phase.”®>° The o-
and B- phases are the most commonly used. The a-phase is more
soluble in aqueous systems than B-TCP and is used to prepare
calcium phosphate cement.®'? The B is interested in bone defect
treatment due to its high resorption rate compared to HA and
thermal stability at room temperature. B-TCP powder is also easily
attainable by different routes (solid-state reaction and thermal
conversion) and shows high biocompatibility.3%33

Dicalcium phosphate anhydrous (DCPA, CaHPQ,), or monetite,
is another CaP widely applied to bone regeneration. It can be
obtained through the dehydration of dicalcium phosphate
dihydrate (named brushite, DCPD, CaHPO,4-2H,0) using solvent-
based methods or external energy-assisted processing.>* Its main
application is as bone cement; however, it can be applied as a
coating on metallic implants, granules, injectable pastes, and
scaffolds.>*

HA has been on the market since the 1980s, including
applications in dental surgery, spine surgery, maxillofacial repair,
and more.*>3¢ Thus, there are many examples of CaPs available for
clinical procedures. The most applied are 3-TCP, HA, and biphasic
calcium phosphate (BCP), a combination of both. Commercially
available HA (Regenos’) and B-TCP (Affinos’) scaffolds with
unidirectional pore structures are suitable grafts for trauma, spine,
and benign tumor removal surgeries.” 3D-printed HA has shown
potential as a bone graft for alveolar ridge preservation in a
randomized clinical trial, equivalent to commercially available
bone graft (NanoBone®).>® Granules and paste of BCP are suitable
for human maxillary sinus bone augmentation in a randomized
clinical trial, leading to the regeneration and maturation of new
bone after six months of bone healing.®
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Calcium phosphate cement (CPC)
Calcium phosphate cements (CPCs) have been extensively applied
in bone tissue repair/regeneration due to their good biocompat-
ibility, biodegradability, and excellent stimulation of osteogenesis.
They are self-setting materials obtained through reactions
between a CaP powder and a hydraulic reactive solution. After
being mixed into a paste, they self-induce dissolution-precipitation
reactions that are responsible for its hardening. The end product
formed after the cement precipitation will depend on the starting
powder and the solution employed in its production. There are
three different categories of CPCs, according to their end products:
apatite cements (CDHA - calcium-deficient hydroxyapatite,
Cajp — X(HPOL)X(PO4)e — X(OH); — %, 0 < x<1 or HA), brushite
cements (DCPD, CaHPO,42H,0), and monetite cements (DCPA,
CaHPO,4).***' CDHA can be obtained, for instance, through the
reactions of a-TCP and water or phosphate buffer.*>** DCPD can
be obtained by combining 3-TCP and phosphoric acid.** DCPA is
the anhydrous form of DCPD and can be obtained through
dehydration or by adjusting brushite cement reactions to a
deficient pH condition. ** Taken together, in the last two decades,
many formulations of CPCs and combinations with different
materials were developed to produce 3D-printed scaffolds with
controlled shapes and porosity that can be used directly in
craniomaxillofacial bone reconstruction.*®*4>

CPCs began to be developed in the 80s,%® being already
widespread in dental and orthopedic applications. Several powder
mixtures are commercialized for clinical applications, including
DCPD, o-TCP, and B-TCP amorphous calcium phosphate (ACP).*’
Nowadays, CPC research focuses on producing 3D-printed grafts/
scaffolds, using CPCs as drug carriers,*® and producing macro-
porous injectable cement.*

Bioactive glasses (BGs)

In the late 1960s, bioactive glass (4555 Bioglass’,
45Si0,-24.5Na,0-24.5Ca0-6P,05, wt%) was developed by Hench

SPRINGER NATURE



Personalized bioceramic grafts for craniomaxillofacial bone regeneration
de Carvalho et al.

and collaborators.?® This material can rapidly form strong chemical
bonds with soft and hard tissues, and it is attributed to the
hydroxycarbonate apatite (HCA) formation on its surface, follow-
ing the ionic dissolution (e.g., Si, Na, Ca, phosphate ions, etc.).?>*°
Nowadays, there are several compositions of bioactive glass:
silicate-, phosphate-, and borate-based glasses,”'** and they can
find many biomedical applications. Traditional melting-quenching
or sol-gel techniques can be used to produce them.

Mesoporous bioactive glasses (MBGs) are another class used for
bone regeneration due to their excellent bioactive properties
(formation of a surface HA layer within a few hours from contact
with biological fluids).?*>* They have a porous structure with pores
ranging from 2 to 50nm, classified as mesoporous by the
International Union of Pure and Applied Chemistry.>* They have
a high surface area, pore volume, and well-organized mesoporous
texture.>>>® MBG was first synthesized by Yan et al. in 2004 by
combining the sol-gel process with the supramolecular chemistry
of surfactants. The glass powder obtained had well-ordered
mesoporous channels in the range of 4-7nm (hexagonal
symmetry of pore arrangement).’” The emergence of these glass
powders has opened up new opportunities in biomaterials
research. Over the past two decades, MBGs have been extensively
utilized in various applications within regenerative medicine. They
have proven effective in supporting bone regeneration and
treating bone diseases through the controlled release of drugs,
inorganic ions, and organic compounds directly at the injured
site.>® MBGs offer a versatile platform for targeted therapies and
have shown promise in bone tissue regeneration.>®>9%

Inorganic therapeutic agents can be incorporated into CaPs,
BGs, and MBGs to ensure extra functions, such as osteogenesis
and angiogenesis, as well as antibacterial and anti-inflammatory
activities. For example, the most reported metal ions are silver
(Ag™), lithium (Li™), copper (Cu*™), strontium (Sr*™), cobalt (Co*™),
zinc (Zrlf)s,srga(s%rgssium (Mg®™), gallium (Ga**) and cerium (Ce3"
and Ce™™").777>%

Sanchez-Salcedo et al. produced MBG scaffolds doped with
silver nanoparticles (Ag_NPs). The 3D-printed scaffolds showed
antimicrobial activity against S. aureus and E. coli, and the amount
of Ag_NPs added to the scaffolds did not compromise cell
viability.°® Anand et al. prepared MBG powders co-doped with
Cu?t and Mg®" ions. They verified that co-doped MBGs showed
cell proliferation and viability of osteoblast-like MG-63 cells similar
to the basic glass 80S and antibacterial activity against S. aureus
(Gram-positive) and E. coli (Gram-negative) bacteria.’’”

Overall, several compositions of BGs are available for clinical
applications, with more than 25 BG medical devices approved
worldwide.®® They are commercialized in different particle sizes,
morphology, and compositions, allowing various applications.®**?
NovaBone , for instance, offers several 4555 BG-based bone grafts
for dental and orthopedic uses.””" BonAlive® provides $53P4 BG
both as granules and paste to act in the treatment of bone
infections, benign bone tumors, and spine or trauma surgeries.”®

Calcium silicates (Ca-Si)
Calcium silicates (Ca-Si) are a class of bioceramics broadly spread
in dentistry and bone tissue engineering. Their biological outcome
relies on releasing calcium and silicon ions in situ. While calcium
ions are crucial in mediating metabolic responses on bone
regeneration,’%”* silicon ions aid in the early stages of calcifica-
tion, cell attachment, and angiogenesis.”*”® Significantly, their
properties vary according to their composition, divided into
monocalcium silicate (CaSiOs), dicalcium silicate (Ca,SiOy), trical-
cium silicate (Ca3Si20,), and pyrosilicate (Ca3Si,0,).””
Wollastonite is one of the most relevant Ca-Si for bone
regeneration. It consists of a monocalcium silicate with a structure
divided into a-wollastonite (monoclinic), stable at temperatures
superior to 1120°C, and B-wollastonite, which is stable at lower
temperatures and can be found either in a monoclinic or triclinic

SPRINGERNATURE

structure, with 6 polytypes depending on the number of
subcells.”®”® Overall, wollastonite is a bioactive and osteoconduc-
tive ceramic with high mechanical resistance,®°"82 which makes it
a promising material for scaffold manufacturing.

Ca-Si phases are the main components of mineral trioxide
aggregate (MTA) cement, whose clinical applications include pulp
capping,®#* root-end filling2*® and perforation repair.8*® By
controlling the setting time, these cements can produce 3D-
printed ceramic grafts®> or improve composite scaffolds’ print-
ability and biological response.®®8 In addition, doping Ca-Si
might be a promising way to enhance their biological response.
For instance, incorporating Sr in Ca-Si scaffolds showed good
results both in vitro and in vivo, aiding osteoblastic differentiation,
reducing osteoclastogenesis, improving angiogenesis, and
increasing mechanical resistance.®>°° Chen et al. reported that
3D-printed lithium Ca-Si scaffolds present dual bioactivity, acting
on subchondral bone and cartilage regeneration in rabbit models,
which is promising to repair osteochondral defects.’’ Du et al.
compared Mg®" and Mn®" ions as doping agents on calcium
silicate used to produce scaffolds by the sol-gel technique. Both
showed improved bone-marrow stem cells (BMSCs) differentia-
tion, vascularization, and new bone formation, with Mg>"
presenting slightly better results in vitro and in vivo.?? It is worth
mentioning that several other doping agents have been reported,
such as copper,”® gadolinium,®* zinc,”® and lanthanum.*®

Emerging and specialized ceramics

The number of bioceramics reported for bone regeneration is
extensive. Several other classes have been explored with exciting
responses. For instance, magnesium phosphates (MgP) are newly
developed resorbable ceramics with a higher dissolution rate than
CaPs.” Silicon nitride (SisN,4) stands out among other bioceramics
for its good mechanical response and osteogenic and antibacterial
properties.’®'%° Piezoelectric ceramics are also attractive due to
the activation of unique pathways for bone regeneration through
the emission of electric signals. Barium titanate, for instance, is a
piezoelectric ceramic often combined with other bioceramics,
such as HA,'°"192 B-TCP,' and BGs,'** aiming to amplify their
regenerative outcomes. Thus, there is a plethora of ceramics to
explore, and more products are expected to reach the market in
the coming years.

Composites (Polymers/Ceramics)
3D printing of polymer-ceramic composites holds immense
potential in craniomaxillofacial bone reconstruction and repair.'®
There are some ke1y easons why it is crucial in craniomaxillofacial
bone applications.'®> Composite ceramics 3D printing enables the
creation of highly customized implants tailored to each patient’s
anatomy.'® These materials are biocompatible and integrate well
with the patient’s bone tissue, reducing the risk of rejection or
allergic reactions. Maxillofacial implants made from composite
ceramics are durable and can withstand the daily forces applied
during chewing, speaking, and facial expressions.'®> Composite
ceramics are lightweight materials with low Young's moduli,
making them ideal for craniomaxillofacial applications.'® Light-
weight and flexibility ensure that the implant does not apply load
into the surrounding tissues and bones, promoting patient
comfort and reducing the risk of complications. Notably, these
materials exhibit high stiffness compared to pure ceramic
scaffolds, making them suitable for load-bearing sites. Further-
more, in craniomaxillofacial reconstruction, aesthetics is often as
important as functionality.'®

Composite TCP-based scaffolds with different fiber laydown
patterns, coated with hydroxyapatite, were used to optimize bone
regeneration in critical-sized calvaria defects in the rat skull. The
composite scaffolds had a diameter of 5mm and a thickness of
2 mm and were composed of 80 wt% PCL and 20 wt% TCP, with a
porosity of 67%-71%, a pore size of 420-500 um, and a surface

r
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area of 65-73 mm? The 0°/60°/120° laydown pattern resulted in
superior bone formation and biomechanical properties compared
to the perpendicular 0°/90° pattern in all experimental groups.'®®

GelMA/nHAp microgel arrays were created by combining
GelMA solutions of varying weights (5% and 10% w/v) with nHAp
at different concentrations (1%, 2%, and 3% w/v). Scanning
electron microscopy images revealed that elevating the nHAp
concentration resulted in a reduction in pore size within the
hydrogel and an augmentation in the roughness of the micropore
walls. This suggests that incorporating higher levels of nHAp
imparts distinct morphological characteristics to the microgel
arrays.'””

In an in vivo study, three scaffolds with varying pore sizes (350,
500, and 800 um) and unique architecture were implanted in
immunocompromised mice after seeding with bone morphoge-
netic protein-7-transduced human gingival fibroblasts. The pore
size of the composite (PCL/HA) scaffolds did not affect bone
regeneration in vivo.'® In another study, Lee et al. 3D printed PCL/
B-TCP scaffolds with heterogeneous pore sizes and wing-like
structures promoted greater bone formation in a large critical-
sized defect in the mandible of dogs,'® highlighting the
importance of the pore size for bone regeneration. Considering
the wide range of materials that can be used to obtain bone
grafts, selecting the most appropriate technique according to the
targeted reconstructed area is essential in the regenerative
context.

MANUFACTURING TECHNOLOGIES FOR FABRICATING
BIOCERAMIC GRAFTS - CONVENTIONAL VS. 3D PRINTING
Multiple techniques have been documented for producing
bioactive and resorbable ceramic scaffolds, which can be
categorized into conventional and AM methods. Among the
traditional methods are the porogenic agent,''®'"' the foam
replication technique,''>™""® gel casting of foams,''®""® freeze
casting,''®"?° and their combination.'?"??

Conventional techniques face difficulties in achieving precise
control over parameters such as porosity, interconnectivity of
pores, and structural characteristics (e.g., pore size and shape).'*
As a result, ensuring the reproducibility of the graft design is
challenging.'**'?> Moreover, one of the main challenges of
conventional methods is the inability to develop scaffolds or
grafts that match the complex anatomy of the patient’s defects. As
a result, a notable amount of material waste is generated, making
this technique unsustainable. On the other hand, AM techniques,
generically referred to as 3D printing, emerge as an alternative to
meet the desired requirements of scaffolds. These techniques
allow the development of anatomically complex and personalized
geometries while offering high levels of process control and
reproducibility, taking bone graft production to a higher
Ieve|.1247127

Generally, AM techniques consist of printing objects via layer-
by-layer deposition of powder, liquid, or solid materials from a
computer-aided designed (CAD) model. This results in significant
loss reduction, process flexibility, logistics facilitation, free-form
fabrication, and patient-specific fidelity.'?>'?® This technology was
first developed by Charles Hull in 1986 in a process known as
stereolithography (SLA) and has since evolved with the emer-
gence of new methodologies, materials, and printing
techniques.'?®

According to the International Organization for Standardization
(ISO) and the American Society for Testing and Materials (ASTM),
AM technologies can be classified into several categories: (1) vat
photopolymerization, (2) material extrusion, (3) material jetting, (4)
binder jetting, (5) powder bed fusion, (6) sheet lamination, and (7)
direct energy deposition.'® Herein, a particular focus will be on the
material extrusion technique since it is one of the most widely
applied techniques for craniomaxillofacial bone regeneration.

International Journal of Oral Science (2024)16:62

Personalized bioceramic grafts for craniomaxillofacial bone regeneration
de Carvalho et al.

In recent years, numerous pre-clinical studies have been
reported on using bioceramics scaffolds in different animal
models,'?*'3% including 3D-printed scaffolds. However, their
clinical applications remain considerably behind the extensive
reports on bone tissue engineering research. There are two main
obstacles in the translation from research to clinic. Firstly, the poor
mechanical performance of bioceramics, especially in terms of
tensile strength, highly limits most clinical applications."*"'3? In
addition, there needs to be a clear correlation between the ideal
bioceramics graft (i.e, composition and overall porosity) and the
defect type (i.e., type of bone, defect anatomical location, and its
dimension).’*'33 Thus, there is a clear need for a better
understanding of the scaffold’s features and production and the
correlation between in vitro and in vivo models with specific bone
types and defects.

MATERIAL-BASED EXTRUSION AM—DIRECT-INK

WRITING (DIW)

Among the 3D printing technologies available, material
extrusion, also known as direct ink writing (DIW) or robocast-
ing, stands out in producing bioceramic parts, so a particular
focus will be given to this technique. DIW allows the
manufacture of pieces of various sizes, with great versatility
in raw material selection, relatively low production costs,
excellent resolution of printing (between 5 and 200 um), and
high printing speed.’® This 3D printing technique allows the
fabrication of scaffolds by stacking layers of ceramic materials
in a grid-like structure.'®® In this process, the layers are
produced by extruding ceramic paste or ink through a nozzle
that can move in three dimensions (Fig. 2a). The movement of
the nozzle is programmed to create scaffolds with a structure
designed computationally. With the precise control offered by
the 3D printer, highly accurate scaffold replicas of the desired
model can be obtained (Fig. 2b). This level of control ensures a
high degree of accuracy in determining the scaffold’s final
porosity and pore shape.

To successfully manufacture ceramic scaffolds by DIW, the
ceramic ink should present adequate rheological properties.
According to the literature, to achieve optimal material extrusion
and the formation of continuous filaments without clogging, the
ink used in the process should exhibit shear-thinning behavior
and recovery after extrusion. This property enables the ink to flow
easily through the nozzle during extrusion and regain its shape
afterward, ensuring the structural integrity of the printed
object.135’136

There are several other crucial aspects to consider when
utilizing ceramic ink in 3D printing,® including: (i) Particle Size:
The particle size of ceramic materials should typically range
between 1 and 10 um. This enables the production of ceramic ink
with a high solid content, typically around 40-50 vol.% or 60-80
wt%'37; (i) Printing Speed: The printing speed needs to be
carefully adjusted to avoid the generation of defects in the printed
part. Proper printing speed control is vital to ensure optimal print
quality and structural integrity'>”'>>'3%, (iii) Nozzle Diameter and
Printing Design: The diameter of the printing nozzle and the
overall printing design plays a significant role in determining the
accuracy and resolution of the printed structures'?; (iv) Drying
and Sintering Parameters: Parameters related to drying and
sintering should be carefully optimized. These parameters affect
the elimination of the organic phase of the material and promote
densification during the sintering process, ultimately influencing
the final properties of the printed ceramic structure'*’ (v) Choice
and Amount of Additives: The selection and quantity of additives
in ink are crucial for ensuring fluidity within the printing channel
and cohesion of the printed structure. Additives are essential to
maintain the ink's desired properties and enable successful
printing.126'127'138
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Fig. 2 Schematic of DIW for printing bioceramics. a Printing process of scaffolds either by extrusion screw or compressed air methods;
b Scaffolds’ design according to different rectilinear or honeycomb infilling patterns layer-by-layer, top view and cross-section of scaffolds
after printing; ¢ Post-processing methods for bioceramic scaffolds after printing. Created using Biorender.com

The printed scaffolds, called green bodies, usually need to go
through a post-treatment to consolidate their structure. When
producing crystalline ceramic scaffolds, the green bodies are
submitted to a heat treatment that includes calcination and
sintering steps, in which the organic materials are eliminated,
and the microstructure is consolidated through mass diffusion
between the ceramic particles. Each ceramic has its ideal
sintering temperature, roughly between 50% and 75% of its
melting point.'" It is essential to remember that some
ceramics undergo phase transformation during the heat
treatment, which can affect their performance.

BGs are non-crystalline materials that can crystallize upon
sintering. When crystallization occurs, and it is intentional, a glass-
ceramic with a similar composition to the precursor glass but with
different properties is achieved."**'** Another example is B-TCP
(rhombohedral, p = 3.07 g/cm?), which can present the formation
of the a-TCP phase (monoclinic, p = 2.86 g/cm?) upon sintering.
This phase transformation may lead to the formation of
microcracks on the printed object due to the difference in density
between the two phases,?>'**'*> and thus decrease its mechan-
ical resistance.

Another consolidation technique employed after printing by
DIW is cross-linking the polymeric structure. This process does
not eliminate the organic matter, resulting in composite
scaffolds. Thus, the polymer used in the ink formulation must
be biocompatible. Compared to the sintering process, polymer
cross-linking allows the incorporation of drugs directly into the
ink,”* in addition to avoiding phase formation and
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transformations of the ceramic, which can, for instance,
preserve the non-crystalline structure of BG scaffolds.'*” Each
polymer has its cross-linking mechanism and requires a
different approach after printing. For example, sodium alginate
(Na-alg) cross-links its structure by replacing the sodium in its
composition with Ca®™, AI*™, or Mg®™ ions, forming a chemical
bond between different polymeric chains.'*® Another study
reported the comparison of scaffolds after sintering and cross-
linking their structure by printing hydroxyapatite/Na-alg
scaffolds. The sintered HA scaffolds presented higher mechan-
ical resistance and lower porosity, of 9.5 MPa and 44%, than the
cross-linked HA/Na-alg scaffolds, of 2.6 MPa and 74%."*°

Other techniques for fabricating robust structures include using
cement'’s self-setting properties. The cement setting time is strictly
controlled during printing, and the setting reaction is responsible
for the scaffold’s structural hardening. The most common cement
precursors in 3D printing for bone regeneration are tricalcium
phosphates,’*® monetite, brushite, and calcium silicate.® After
printing, the scaffold is dipped in a solution to complete the
setting reaction'" (Fig. 2¢).

The printing and post-processing steps may directly affect
the scaffold’s design since the particle size, printing speed,
needle diameter, post-processing methods, and the presence
of additives might tamper with the scaffold’s geometry
regarding pore size or shape. Consequently, design plays an
important role in the interaction between the cells and the
bone graft, and these properties will be deeply explored in the
following section.
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Fig. 3 SEM images of 3D printed bioceramic scaffolds according to different designs and materials. a 3-TCP in a rectilinear infilling pattern,
evidencing the square-shaped pores and microstructure; and (b) Calcium phosphate cement (Osteoink™) in a honeycomb infilling pattern,
presenting hexagonal-shaped pores and microstructure. Magnifications of 85%, 150x%, 5kx, and 10kx, respectively

DESIGN IMPACT ON CRANIOMAXILLOFACIAL BONE
REGENERATION

The scaffold’s design properties affect biological properties such
as cell adhesion, proliferation, and osteogenic differentiation of
stem and progenitor cells. 3D printing technology allows for
precise control over scaffold design and fabrication, making it an
ideal method for producing patient-specific scaffolds.

This section discusses the impact of the 3D-printed scaffold’s
geometry, pore size, surface area, and pore morphology on
craniomaxillofacial bone regeneration. Various aspects of porosity,
such as the quantity, dimensions, morphology, and arrangement,
must be considered (Fig. 3).

Geometry

3D printing technology allows for creating intricate structures that
accurately mimic the macro/microgeometry of native bone tissue.'>?
Of note, extensive bone reconstructions and personalization of bone
grafts are two significant challenges in regenerative dental medicine.
To address this issue, Anderson et al. utilized B-TCP and hydro-
xyapatite/a-TCP (Osteoink™) inks to print, based on cone beam
computed tomography (CBCT) imaging data, personalized bioceramic
grafts.”® Hayashi et al. 3D printed scaffolds with different shapes,
including dense granules (DGs) and two variations of honeycomb
(HCGs), characterized by the presence or absence of protuberances,
each measuring 75 um in length.">® Notably, adding protuberances
increased the granule’s surface area by approximately 3.24 mm?.
However, this improvement also led to a wider gap between the
scaffolds, resulting in an overall increase in the space within the
defect by approximately 7.6%."> In the case of DGs, the formation of
new bone occurred exclusively on the granule’s surface. Conversely,
HCGs exhibited a distinct behavior, with bone formation co-occurring
on both the surface and within the intra-scaffold channels. HCGs
lacking protuberances demonstrated the formation of roughly 30%
more new bone compared to their protuberance-containing counter-
parts.”>® These findings underscore the significant influence of the
shape and geometry of scaffolds on bone formation, considering
relevant factors such as the impact of increasing the surface area of
the scaffold.

Surface modification

The biological interactions of implantable biomaterials with
natural tissues depend significantly on the material's surface
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properties. Alterations to surface topography, roughness, or
chemistry can result in optimal performance regarding osseointe-
gration, biocompatibility, and mechanical strength.'>* There are
two categories of surface modifications: physical and chemical.
Chemical changes involve coating or chemical grafting, while
physical modifications alter the surface’s topography, roughness,
and morphology. Both categories present interesting results
according to the literature, so the clinical context and targeted
area to be reconstructed should be considered when these
modifications are applied to bone grafts. Orthopedic surgeons
face challenging cases in bone regeneration, such as spinal fusion
and long bone fractures, and craniomaxillofacial surgery is even
more complex due to the proximity of bones to nerves. Our
discussion encompassed various surface modifications and their
implications in bone regeneration.

Physical modifications. Modifying material surfaces with nanoto-
pography enhances cell adhesion and can influence cell differ-
entiation, improving osseointegration, biocompatibility, and
mechanical resistance. Further, bioactive components are widely
used to modify surface roughness and bioactivity. For example,
mesoporous silica nanoparticles have been utilized as a nanocarrier
due to their desirable characteristics, including their large surface
area, well-defined pore structure, excellent biocompatibility, and
easy functionalization.'*® In an in vitro and in vivo study, Zhang and
colleagues utilized 3D printing to create a magnesium scaffold with
an adjustable pore structure, which was further surface-modified
with a calcium phosphate coating.'*® Adding calcium phosphate
onto material surfaces enhanced their biocompatibility and
biosafety. In addition, including Mg>" during synthesis enhances
the thermal stability of HA. It leads to a more stable phase
composition after heat treatment, allowing for the creation of
porous or granulated scaffolds for various biomedical applications,
such as orthopedics and craniomaxillofacial surgery.'®’
Furthermore, calcium phosphate coatings can promote osteo-
genesis and angiogenesis. The vascularization process heavily
relies on the interaction between endothelial and smooth muscle
cells and the scaffold surface, particularly in the initial stage.
Research has demonstrated the influential role of surface
topography, encompassing features such as grooves, pitches,
and curves, in regulating vasculogenesis. The deliberate engineer-
ing of surfaces to possess a tailored micro-nanoscale topographic
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milieu, informed by biomimetic principles, has been observed to
benefit vasculogenic activity."*® Interestingly, by adjusting the
thickness of the coating, it is also possible to control the
degradation rate of the materials effectively. This provides a
means to fine-tune the biodegradation properties and tailor the
material’s performance for specific applications. '>°

Chemical modifications. In addition to physical modifications,
chemical treatments of scaffold materials with cell-specific ligands
can facilitate cell adhesion and regulate biological functions. This
is particularly important for rapid vascularization. Amino acid
sequences, including Arg-Gly-Asp (RGD), Tyr-lle-Gly-Ser-Arg
(YIGSR), and lle-Lys-Val-Ala-Val (IKVAV), have been extensively
studied for their ability to enhance endothelial cell adhesion
through the establishment of ligand-modified surfaces.'®® Hao
et al. aimed to discover new ligands and identified an avf33
integrin ligand called LXW7. The ligand was developed using
unnatural amino acids and demonstrated better stability, binding
affinity, and specificity when compared to peptides composed of
only natural amino acids.'®"

Polydopamine coatings have gained significant attention for
improving the properties of materials in various fields, including
medicine.'®? Lee and colleagues developed a technique to create
versatile polymer coatings on numerous materials by dip-coating
them in an aqueous dopamine solution. They took inspiration
from the composition of mussel adhesive proteins. Dopamine self-
polymerization generated thin, surface-adherent polydopamine
films on a wide range of inorganic and organic materials, such as
noble metals, oxides, polymers, semiconductors, and ceramics.
These films can undergo secondary reactions to form a variety of
ad-layers, including self-assembled monolayers via deposition of
long-chain molecular building blocks, metal films through
electroless metallization, and bioinert and bioactive surfaces by
grafting of macromolecules.'®

Macro-, micro-, and nanoporosity of printed structures
The formation of the extracellular matrix, the infiltration of blood
vessels, and the exchange of nutrients and waste materials are
contingent upon the scaffold’s geometric characteristics, specifi-
cally the pore architecture. While solid (bulk) -TCP constructs can
undergo gradual absorption, their slow degradation rate con-
strains their applicability in a developing skeletal context, where
grafts must adapt and remodel per the patient’s growth.'®* In the
context of growth factor carriers and promoting bone repair, the
porosity of a scaffold (particularly interconnected porosity) is also
considered more critical than its composition. This interconnected
porosity enables effective entrapment and retention of circulating
growth factors, essential for stimulating and supporting bone
repair, thus promoting efficient bone regeneration.'®® In 3D
printing, strand distance, and fiber alignment/orientation are
crucial for forming and integrating new bone tissue with the host
bone. The struts’ architectural variation affects the scaffolds’
surface volume and permeability. For instance, scaffolds with a 0°/
90° fiber alignment displayed significantly greater porosity and
larger pore size while exhibiting a lower scaffold surface area
compared to those with a 0°/60° fiber alignment.'®

Research has shown that scaffolds’ microstructure, such as the
size of pores and porosity of scaffolds, impact bone regenera-
tion.'®®'” Entezari et al. used 3D printing to create bioceramic
scaffolds with varying porosities and pore structures. The findings
demonstrated that scaffolds possessing a pore size of approxi-
mately 390 um displayed superior in vivo bone formation.
Conversely, when the pore size exceeded 590 um, changes in
scaffold pore size did not result in more significant new bone
formation.'®®

In bone tissue engineering, the mean pore size of a scaffold is a
crucial factor that plays a decisive role in determining the extent
of blood vessel ingrowth. The pores’ size directly influences the
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blood vessels’ ability to penetrate and infiltrate the scaffold,
promoting vascularization within the engineered tissue. The
design of the scaffold significantly affects the vascularization rate
after implantation. Comparing cylindrical types of different
diameters, new bone and bone marrow formation was observed
to be more significant in the larger ones (300 and 500 um) than
the smaller ones (50-100um) in a porous hydroxyapatite
material.’® Implants with a pore size (565 pum) demonstrated
superior bone formation in both peripheral and deep pores than
implants with smaller pore sizes (300 um). However, no significant
differences were observed between implants with 40% and 50%
macroporosity. This suggests that the size of the macropores had
a more substantial impact on bone ingrowth than the percentage
of microporosity.'®®

A critical consideration in scaffold design is striking a balance
between porosity, which aids in mass transport for biological
delivery and tissue regeneration, and the mechanical properties
required for temporary scaffold function. To address this
challenge, Hollister proposed an approach that accurately
determines the mechanical and mass transport properties at a
specific scale, considering detailed properties and structure.'”®
Achieving hierarchical design can be facilitated by developing
libraries of unit cells, which are mathematical constructs rather
than biological cells, at different physical scales. These unit cells
can then be assembled to create scaffold architectures that meet
the desired mechanical and transport requirements, enabling
more effective regenerative strategies.'”’ Nonetheless, there is still
no consensus in the literature about the optimal pore size that
meets all the requirements to support an ideal bone formation, so
further studies are needed. However, two points can be
confidently asserted. First, producing a scaffold material with
small, monomodal pores is not advisable. Research suggests that
scaffolds with pore diameters below 100 um may hinder the
delivery of oxygen and nutrients to the scaffold’s core, as cells
tend to adhere and accumulate on the scaffold’s surface,
obstructing the pores.'”? Another significant point is that a
biomimetic-graded porous structure comprising both macropores
and micropores provides the most favorable conditions for
angiogenesis. Mimicking the natural tissue’s architecture, this
graded porous structure facilitates the formation of blood vessels
within the scaffold. The combination of macropores allows for the
infiltration of endothelial cells and the establishment of a vascular
network. At the same time, the presence of micropores promotes
cell adhesion and the diffusion of nutrients and oxygen
throughout the scaffold. This biomimetic approach offers a
promising strategy to enhance vasculogenesis and support the
successful integration of engineered tissues with the host
vasculature. However, determining the appropriate pore size for
scaffolds in craniomaxillofacial bone regeneration remains deba-
table. A recent review by Marques et al. suggested that 96-150 pm
micropores could promote osteoblasts migration and protein
adhesion. In contrast, macropores larger than 300 um may be
more suitable for bone and capillary growth.'”> Another work
showed that scaffold pore sizes ranging from 500 to 600 pm
provided the most favorable conditions for osteoblast adhesion to
the surface of biomaterials.

Interconnectivity

In addition to pore size, interconnectivity is a critical factor that
affects the body and bioceramic scaffold interaction. Intercon-
nected pores within a scaffold create a pathway for cells to
migrate and transport nutrients.'’* The scaffold's internal 3D and
interconnected pore structure serves a dual function - facilitating
the exchange of nutrients and metabolites and guiding cell
growth. Furthermore, the scaffold possesses sufficient strength to
meet the mechanical requirements of the implantation site during
the early stages.'’>'’® Recently, Gu et al. utilized Mg-doped
tricalcium phosphate to fabricate a 3D-printed scaffold with
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interconnected pores with mechanical properties comparable to
bone.'”” The scaffold was seeded with bone marrow and umbilical
cord-derived mesenchymal stem cells (MSCs), which enhanced
osteogenesis and angiogenesis in vitro. Kim et al. successfully
repaired a maxillary tumor defect in a dog using 3D-printed
scaffolds with complete interconnectivity composed of (3-TCP-
based paste.'”® According to Liu et al., a research investigation
revealed that porous scaffolds exhibiting interconnectivity and
possessing a pore size of 500 um displayed optimal osteogenic
differentiation of human bone marrow-derived mesenchymal
stem cells in vitro and notably enhanced cell proliferation at a 60%
porosity level.'”® Moreover, introducing extra struts diminished
the interconnectivity between pores, potentially impacting bone
formation to some degree.'® This finding aligns with prior studies,
which reported an initial increase in bone regeneration rate
followed bg/ a gradual decrease after reaching a specific value for
pore size.'®!

Micro-computed tomography (uCT) findings demonstrated that
a bioceramic scaffold with 600 um pores exhibited the highest
volume of new bone formation and optimal trabecular number
within the 2-12 weeks compared to the other groups with pore
sizes of 480 and 720 pm.'®? This finding was further supported by
histological analysis, which confirmed effective new bone forma-
tion for this group of scaffolds.’®? The observed superior outcome
can be attributed to the relatively small pore size of the scaffold,
which facilitated the transport of oxygen and nutrients critical for
early-stage implantation. The smaller pore size likely created a
favorable microenvironment that supported cell viability, prolif-
eration, differentiation, and subsequent bone tissue deposition.
Although all three scaffold groups had the same porosity, the
group with 720 um pores had less canal structure and inter-
connectivity than the other groups with smaller pore sizes,
resulting in limited space for new bone tissue growth.'®?
Researchers also have proposed a hypothesis that increasing the
pore dimension to a certain extent may result in saturation of
nutrient and oxygen supply, leading to a plateau in the osteogenic
effect.'8?

Understanding the intricacies of bone formation necessitates
the utilization of diverse animal models, each offering unique
advantages that contribute to a holistic understanding of this
process. Particularly, when assessing critical size defects, the
suitability of animal models, such as rats and larger species, is
paramount. Additionally, distinctions between load-bearing and
non-load-bearing defects are crucial. Load-bearing defects neces-
sitate more stringent evaluation, as the mechanical environment
significantly influences bone healing. When evaluating a rat
critical-sized calvarial defect, it was observed that nanocomposite
scaffolds made of polydopamine-laced hydroxyapatite collagen
calcium silicate (HCCS-PDA) with a high degree of porosity and
larger pore size (500 um) exhibited remarkable bone regeneration
in comparison to scaffolds with a lower degree of porosity and
smaller pore size (250 um). The HCCS-PDA scaffolds, with their
higher porosity, provided an optimal environment for crucial
factors such as cell infiltration, vascularization, and nutrient
exchange, which played vital roles in promoting more efficient
bone regeneration. The larger pore size likely facilitated better cell
migration, adhesion, and the deposition of essential extracellular
matrix components, ultimately contributing to superior bone
formation in the critical-sized defect.'®>'3

In contrast, an alternative study conducted in a rat critical-sized
calvarial model revealed that a 3D-printed B-TCP scaffold with a
pore size of 100 pum exhibited the highest percentage of new bone
ingrowth, surpassing scaffolds with larger pore sizes of 250 um
and 400 pm. These findings indicate that the smaller pore size of
the B-TCP scaffold promoted more favorable conditions for bone
ingrowth. The 100 um pore size likely facilitated better cell
attachment, proliferation, and the establishment of a well-
integrated network of new bone tissue within the critical-sized
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defect.'®® These results highlight that further investigation and
comprehensive understanding are needed to elucidate the
relationship between porosity and pore interconnectivity to
optimize scaffold design.

Shapes of pores

The shape of pores in scaffolds plays a crucial role in bone
regeneration. Studies have shown that different pore shapes, such
as cylindrical, spherical, or irregular, can influence cell behavior,
nutrient diffusion, and vascularization within the scaffold'®®
(Fig. 4). Pore shape affects cell attachment, alignment, and
migration, ultimately impacting tissue ingrowth and the formation
of new bone. Additionally, specific pore shapes can promote the
infiltration and organization of vasculature, facilitatimig the delivery
of oxygen and nutrients to support cellular activity.'®® Therefore,
the appropriate pore shape is essential for designing scaffolds that
promote optimal bone regeneration and tissue integration. Wu
et al. showed that the gyroid-pore structure exhibited accelerated
ion dissolution and mass degradation during in vitro testing.'8¢
When tested in rabbit models, it was challenging to achieve
efficient vascularization even in the 650-um pore region of
hexagon-pore scaffolds within 2 weeks.

In contrast, gyroid-pore scaffolds displayed significant blood
vessel networks after 2 weeks, even in the 350 um pore region.
Furthermore, after 4 weeks, high-density blood vessels uniformly
penetrated the 500 and 650 um pores of gyroid-pore scaffolds.
Cube-pore scaffolds also demonstrated a higher capacity to
promote angiogenesis within four weeks than hexagon-pore
scaffolds.'®®

Barba et al. reported that the spherical, concave macropores
present in foamed scaffolds made of B-TCP exhibited superior
efficacy in promoting material resorption and bone regeneration,
surpassing the performance of 3D-printed scaffolds with
orthogonal-patterned struts and thus prismatic, convex macro-
pores. This observation suggests that the specific geometry of the
macropores significantly influences the biological response and
subsequent tissue regeneration. The spherical, concave macro-
pores likely provide a more favorable microenvironment for
cellular activity, facilitating efficient material resorption and
promoting enhanced bone regeneration within the scaffold.'”>'%”
Scaffolds with a cross-shaped pore structure may exhibit inferior
performance in strength and osteoconductivity. Therefore, using
porous HA with cylindrical pores offers distinct advantages and
may be preferred over materials with alternative pore structures
for bone regeneration.'®? According to Bidan et al., their findings
indicate that in the case of cross-shaped pores with a non-convex
structure, the initial overall tissue deposition occurs twice as fast as
square-shaped pores with a convex structure. This suggests that
the specific pore geometry plays a significant role in the rate of
tissue deposition.'®® Square and star geometries are considered
less favorable for craniomaxillofacial bone regeneration. This
assessment is based on limited cell attachment and spreading,
reduced nutrient diffusion, and compromised vascularization
within scaffolds with square and star-shaped pores in vivo. These
geometries may hinder optimal cellular behavior, impede tissue
ingrowth, and adversely affect the overall regenerative capacity of
the scaffold.'®

Li et al. devised a novel 3D-printed bioceramic scaffold inspired
by the hot dog structure, featuring drug loading and cell transport
capabilities. Utilizing extrusion 3D printing and the two-way ice
template method, they created a bioceramic rod with a hollow
tube (resembling the bread in a hot dog, with a 1 mm tube
diameter) and a sausage-like shape (resembling the sausage, with
a 500 pm diameter). The sausage structure exhibited an organized
and uniform layered micropore arrangement with an average
diameter of around 30 um. The hollow tube structure of the
scaffold facilitated the growth of blood vessels and the formation
of new bone.'®
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Fig.4 Computer design and SEM images according to different designs, pore sizes, and porosities of Sr-HT-Gahnite scaffolds prepared by DIW
(a); SEM images of dense granules, scaffolds with or without protrusions which might increase their surface area (b); and SEM images of 3-TCP

scaffolds printed with different needle internal diameters and spacing between filaments (c). Figures a and b were adapted from refs.
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and'>3, respectively (open-access articles distributed under the terms of the Creative Commons CC BY license). Figure ¢ was adapted from.?””

Korn et al. devised a personalized geometry of the bone defects,
employing two distinct pore designs: a 60-degree and a 30-degree
rotated layer orientation.'®’ These scaffolds were fabricated using
an extrusion-based 3D printing technique with calcium phosphate
cement. Subsequently, the scaffolds were implanted into artificial
bone defects created in the palates of mature Lewis rats, and they
exhibited robust structural support.'®’ Their findings highlight a
significant impact on the pore geometry, with the 60-degree
orientation outperforming the 30-degree counterpart. However,
pre-colonization of the scaffolds with rMSCs did not amplify bone
healing.'®!

PERSONALIZED GRAFTS FOR CRANIOMAXILLOFACIAL
APPLICATIONS

Following an extensive discussion about the critical factors
concerning bone grafts, covering bioceramic materials, AM
techniques focusing on DIW particularities, and the impact of
the graft’s design on bone regeneration, a particular focus is given
to engineering personalized grafts. One of the most significant
advantages of applying 3D printing for craniomaxillofacial
applications is the possibility of producing personalized grafts
that perfectly fit the bone defect.'® Combining imaging
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examinations, computer-aided design (CAD) planning, and addi-
tive manufacturing makes it possible to develop personalized
grafts matching craniomaxillofacial bone defects (Fig. 5a).° Besides
the benefits of producing patient-specific geometries, the
possibility of having bone grafts ready for placement in the
region of interest before the surgical procedure might reduce the
surgical time,'® promoting a faster process and reducing patient
trauma.

Cone-beam computerized tomography (CBCT) is frequently
used to obtain high-resolution image stacks, exported in Digital
Imaging and Communications in Medicine, also known as.DICOM
files. Magnetic resonance imaging is also a viable alternative to
provide high-quality images, especially for reconstructing cartilage
zones.'? As a first step, the images are combined, forming a 3D
model of the area to be recovered,'®'?*'** in which the
morphology and limits of the region/volume of interest can be
precisely identified in a three-dimensional view. Thus, a slicer
software is used to convert the DICOM files into 3D models and
correct the model, removing artifacts or unwanted images and
consequently improving the model’s visualization.'® The obtained
3D models will be generated in standard tessellation language
(stl) file format, creating a mesh composed of vertices and edge-
sharing triangular shapes.'®*'%3
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Step 2: CAD design

.DICOM |:> stl

Reconstructed area after
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Ideal resorption of scaffold
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Fig. 5 The workflow process of 3D printed personalized grafts for maxillofacial reconstruction. a From image obtention by imaging exams,
design on CAD software, and printing process by G-code file (created using Biorender.com) of the personalized graft. b—f A clinical procedure
involving mandibular bone reconstruction using autologous bone harvested from left ramus. A 3D-printed bioceramic graft was used for a
comparison purpose, in which the printed bioceramic graft was scanned to ensure the perfect match between the area of interest and the

internal surface of the graft (adapted from Anderson et al.'®)

After this process, the scaffold is designed according to the
desired shape and size of the region of interest. When designing
the scaffold’s shape, it is essential to match the outer edge of the
defect to the newly created inner edge of the scaffold. Thus, after
checking the surfaces, it is recommended to rescale the model to
reduce its size by a factor of 0.98 to ensure it will fit the patient’s
region of interest perfectly.' If this reduction is not performed,
the inner edge of the scaffold will be precisely the same size as the
outer edge of the defect, resulting in an over-contour or poor
adaptation, for example. All the specifications are defined in this
step, including the shape and limits of the scaffold, the presence
or absence of pores, pore size, and geometry.'*'%* Further CAD
processing steps might be required for both 3D models (area of
interest and designed scaffold), such as hole filling, noise
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reduction, cropping of useless areas, and smoothing surfaces.'
The .stl file is later transferred to a.gcode file,'®*'%* converting the
design information mentioned before and the X, Y, and Z axis
coordinates required for printing the 3D structure into codes and
numbers. After converting the files, the 3D printing process is
ready to start, and the manufacturing software provides the
working time and remaining time for printing. When printing, the
cartridges of the 3D printer will follow the coordinates generated
by the.gcode extruding the selected material.'®*

Confirming the clinically suitable adaptation of patient-specific
grafts, Anderson et al. evaluated the precision fit of printed
scaffolds compared to their respective defect areas using 3D
models obtained from CBCT and image scanning (Fig. 5b—f), which
were superimposed with the best matching algorithm method."?

SPRINGER NATURE

11



Personalized bioceramic grafts for craniomaxillofacial bone regeneration
de Carvalho et al.

12

3D-printed bioceramic grafts/scaffolds
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a In vitro tests

'\

In vivo tests

Fig. 6 Outcomes assessment for bioceramics scaffolds after printing (a) In vitro and (b) in vivo analysis. The figure was created using

Biorender.com

After aligning the models of the defective area and the 3D printed
scaffolds, the average fit deviation was just 0.27 mm, evidencing a
high level of precision and clinically accepted adaptation of the
printed scaffolds, regardless of the defect morphology or size.'®

Besides suitable adaptation, good stability was also observed by
Schulz et al., who evaluated the clinical application of 3D printed
calcium phosphate cement scaffolds for sinus grafting, consider-
ing the scaffold’s placement and posterior implant surgery
rehabilitation for maxillary bone. The scaffolds were obtained by
combining CBCT images, CAD software, and 3D printing. Nine
months after scaffold placement, implants were installed to
reestablish the patient’s dentition. Satisfactory primary stability
of the implants was evidenced during surgery, and no abnorm-
alities or postoperative complications were observed.'?

The demand for personalized 3D grafts is expected to grow rapidly
by 2030,'%'% creating opportunities for new companies and
products to develop. However, the translation of personalized grafts
into the clinics is still a challenge, both technically and in terms of
administrative aspects. Firstly, there is a need to integrate grafts into
clinical procedures. The overwhelming publications on bone research
literature need to transition to clinical practice due to a lack of an
adequate link between the features and composition of the graft with
the specific bone and defect types.'*""'** Besides tailoring design and
material to specific clinical needs, major administrative and regulatory
challenges must be overcome, including financial, insurance, and
legal aspects.'®>'% Specifically for personalized grafts, the legislation
needs to be clarified, and advances in bone research must be
followed."’

A deep understanding of the legislation and regulatory
protocols can be a differential factor for the company’s success
and product consolidation in the market. In the United States, the
Food and Drug Administration (FDA) released in 2017 the overall
guidelines for Additive Manufactured Products, followed by the
creation of an Emerging Technology Team (ETT) responsible for
identifying and resolving regulatory hurdles on the application of
emerging manufacturing in the biomedical market.'”®72%° Across
the world, several regulations on using 3D-printed personalized
devices have been created recently.”®' However, these regulations
are still recent, and new companies must establish a workflow
with more precise and clear guidelines, covering all the steps from
the patient diagnosis to the personalization of the graft.

IN VITRO EVALUATION OF 3D PRINTED SCAFFOLDS

In vitro assays are the first methodology to evaluate biomaterials
since they can analyze the interaction between the materials and
cells in a controlled laboratory setting (Fig. 6a).2%>
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The starting point is to provide a biocompatible scaffold that
shows no- or low-level toxicity."' Also, it has already been
reported that macro and micro geometries of the scaffolds
present great importance on cell penetration and adhesion,
processes that mediate osseointegration.?°>?°* These processes
are crucial for promoting osseointegration, i.e., the successful
integration of the scaffold with the surrounding bone. The macro
geometry of the scaffold, including its overall shape and
architecture, influences factors such as load distribution and
mechanical stability, which are essential for proper cell migration
and tissue formation discussed previously. The microgeometry,
including pore size, interconnectivity, and surface roughness,
directly impacts cell adhesion, migration, and nutrient diffusion
within the scaffold (Fig. 7). By carefully controlling scaffolds’ macro
and micro geometries, cell penetration and adhesion can be
enhanced, improving osseointegration and tissue regeneration
outcomes. MSCs are the most common cell type to evaluate the
scaffold’s bioactivity potential since they can differentiate into
several cell types, such as bone (osteoblasts) or adipose
(adipocytes) cells.® Thus, cell viability, alkaline phosphatase activity
assay (ALP), and the expression of osteogenesis-related genes are
the most used in vitro tests to evaluate the biological potential of
scaffolds for bone tissue engineering.®

It is well-established that the natural release of ions, such as
Ca*" and PO,*”, from calcium phosphate bioceramics can
effectively guide cell migration and promote the formation of a
mineralized matrix. These ions play a crucial role in regulating
cellular activities. They are involved in critical processes related to
bone regeneration, including cell adhesion, proliferation, differ-
entiation, and the deposition of mineralized tissue. The controlled
release of these ions provides a favorable microenvironment for
cellular interactions and facilitates the successful integration of the
scaffold with the surrounding tissues.’°® Anderson et al. analyzed
two ceramic materials (hybrid calcium phosphate and
Osteoink™)."® They found that the cell viability was significantly
reduced when the bone marrow cells were exposed to the hybrid
calcium phosphate. This fact can be due to the pH of this material,
which decreased rapidly over 24h compared to Osteoink™.
Therefore, it shows that certain changes in the bone environment
can be harmful to cells."®

Besides the effects of bioceramics on the cells, the materials
incorporated in the ceramics and released after the scaffold’s
application also play an important role in cell behavior, such as
ions or bioglass particles. For instance, bioactive ions such as Ca",
Si**, PO,%, Fe?t, Cu'", and Se® incorporated into a ceramic
material promoted osteogenesis of bone marrow-derived MSCs
in vitro,2932%

International Journal of Oral Science (2024)16:62



Cube Octet-truss Inverse fcc
| NV !w «‘J
N :
~
> L %:% ’n’r T
B 3
LL.L. )% Lo )'F

é .Vﬁ& ‘libk

Octet-truss

Personalized bioceramic grafts for craniomaxillofacial bone regeneration
de Carvalho et al.

Octet-truss Inverse fcc

Inverse fcc

Day 1

Cube Octet-truss Inverse-fcc

Day 5

Octet-truss Inverse-fcc

200 pm

1.0
Cube

0.8 Octet-truss
€ B Inverse-fcc *k
c B Foam -
% 0.6 -
19 k%
)
& 04 4 k% ok
g K
8 :
a 0.2

IERE
oL DI
0 1 3

Day 3

Octet-truss Inverse-fcc Foam

500 pum

200 um

Time/d
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Another factor that can influence the cell’s behavior is the
design of the printed scaffolds since the architecture will
define the properties, nutrient transport, and the interaction
between the scaffold and the cell matrix.2°*> A previous study,
which analyzed the osteogenesis potential of carbonate apatite
scaffolds with different shapes (honeycomb design with or
without protrusions), showed that the honeycomb design
increased cell proliferation, alkaline phosphatase activity, and
mineralized nodules formation when compared to dense
granules.'®® Another design modification that presented
promising results was the hollow-pipe structure, which differs
from the regular scaffolds, showing a ring-shaped cross-
section. This structure resulted in a higher surface area for cell
adhesion and proliferation, enhanced vascularization, and
accelerated scaffold degradation, responsible for releasing
ionic products into the environment.?%®
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Altogether, in vitro assays provide valuable insights into the
biocompatibility and bioactivity of biomaterials, helping to screen
and select promising candidates for further investigation. None-
theless, it is paramount to understand the signaling pathways and
their effect on cellular response/behavior when investigating
these bioceramics.

Signaling pathways

The energy metabolism of osteoblasts is critically dependent on
mitochondrial activity, which supplies the ATP necessary for various
cellular processes, including bone matrix synthesis and mineraliza-
tion.2%® Ceramic materials and 3D graft structures can significantly
influence the metabolic activity of osteoblasts, thereby affecting bone
formation.?'® Studies have shown that bioceramics, such as hydro-
xyapatite and tricalcium phosphate, can enhance osteoblast function
due to their bioactive properties, which promote cell adhesion,
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Hedgehog Pathway Hedgehog Pathway

Notch Signaling -

RANK/RANKL/OPG -
Pathway

Bone mineralization and
remodeling

Biological Effects Enhanced osteogenic

differentiation

Dental enamel and dentin
structure

Angiogenesis and tissue
regeneration

Mechanical strength and
rigidity of bone tissue

Immune response
modulation

Table 2. Concise signaling pathway information of main bioceramics, including hydroxyapatite, bioactive glasses, and calcium phosphates.?”
Aspect Hydroxyapatite Bioactive Glasses Tricalcium Phosphate Calcium Silicate Calcium Phosphate
(TCP) Cement
Composition Ca;19(PO4)s(OH), Various compositions Cas(POy), Ca0-SiO5-H,0 Cas(PO,4)30H and CaHPO,
including Si, Ca, Na, P system
Biocompatibility =~ High High High High High
Osteoconductivity Excellent Excellent Excellent Excellent Excellent

Signaling Wnt/p-catenin pathway Surface lon Exchange and
Pathways HA Layer Formation
BMP Pathway RANKL/RANK/OPG
pathway

BMP Pathway Notch Signaling Wnt/p-catenin Pathway

Wnt/B-catenin Pathway Hedgehog BMP Pathway
Pathway
Notch Signaling RANK/RANKL/ ERK Pathway

OPG Pathway
ERK Pathway - -
Angiogenic Signaling - -
Pathways
Bone mineralization and
remodeling

Osteogenic differentiation
and bone formation

Angiogenesis

Angiogenesis Immune Mechanical strength and
response rigidity of bone tissue
modulation

Inflammatory response - -
modulation

proliferation, and differentiation.?'" These materials’ surface character-
istics and porosity are crucial, as they can modulate the cellular
microenvironment, impacting nutrient diffusion and waste removal,
essential for mitochondrial function.?'

Furthermore, 3D-printed graft structures with controlled macro-
porosity and interconnected pore networks provide a scaffold that
mimics the extracellular matrix, facilitating better cell infiltration and
vascularization.?'? This structural mimicry supports enhanced nutrient
and oxygen supply to osteoblasts, optimizing their metabolic activity
and ensuring an adequate energy supply for bone formation.
Additionally, the mechanical properties of 3D-printed bioceramic
grafts can influence cellular mechanotransduction pathways, further
modulating mitochondrial activity and energy production.?'>*"
These combined effects underscore the importance of material
composition and architecture in designing bone grafts that not only
support osteoblast viability but also enhance their metabolic
efficiency, thereby promoting effective bone regeneration.?’

This section delves into the intricate signaling pathways
intertwined with the fascinating realm of major bioceramics.
Exploring the molecular cues and regulatory networks, we
uncover the dynamic interplay between bioceramic materials
and cellular responses (Table 2).

Calcium phosphates. Although calcium phosphates (CaPs) do not
possess intrinsic signaling properties like some growth factors or
cytokines, their interaction with biological systems can modulate
cellular signaling pathways involved in bone formation, remodel-
ing, and tissue regeneration. Calcium and phosphate signaling
mediate numerous downstream signaling cascades in diverse cell
populations.?'®?'” Below, we provide a concise overview of the
major signaling pathways associated with CaPs.

Osteogenic differentiation pathways: Research indicates that
CaP facilitates the process of osteogenic differentiation in
mesenchymal stem cells (MSCs) and osteoblasts through various
signaling pathways, including:

Bone Morphogenetic Protein (BMP) Pathway: CaP can upregulate
the expression of BMPs and BMP receptors, leading to activation
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of the canonical BMP signaling pathway. This pathway involves
the phosphorylation and nuclear translocation of Smad proteins,
which regulate the transcription of genes involved in osteogenic
differentiation and bone formation.>'® Adding calcium ions to cell
culture media has been shown to increase the expression of bone
morphogenetic protein-2 (BMP-2) as well as other markers
associated with osteogenesis, such as Osteocalcin (OCN), Osteo-
pontin (OPN) and Collagen Type | (COL-I), in both Mesenchymal
Stem Cells (MSCs) and bone cells.?' The upregulation of BMP-2
expression appears to be linked to the MEK1/2 pathway activation
through calcium channels, facilitating MSC differentiation.??°
Phosphate can activate cAMP signaling and induce BMP-2
expression and secretion.”?’ Within osteoclasts, phosphate
signaling acts in opposition to RANK-RANKL signaling, indicating
the presence of a negative feedback loop during the process of
bone resorption.??> Phosphate also influences the expression of
osteopontin (OPN) via PKC and ERK1/2 signaling.??**** Calcium
and phosphate exhibit comparable effects on genes associated
with osteogenesis, such as BMP-2, highlighting their importance in
bone regeneration.??*

Wnt/B-catenin Pathway: CaP can trigger Wnt signaling, which
results in the stabilization and movement of -catenin into the
nucleus. Once in the nucleus, 3-catenin governs the expression of
specific genes crucial for osteoblast differentiation and the
formation of bone>® This pathway plays a crucial role in
osteogenesis, the process of new bone formation. Upon binding
of Wnt ligands to cell surface receptors, a series of signaling events
is initiated, culminating in the stabilization and buildup of
-catenin within the cytoplasm. Subsequently, the accumulated
-catenin translocates to the nucleus, where it engages with
transcription factors like TCF/LEF, prompting the transcription of
genes crucial for osteoblast differentiation and the formation of
bone.**

Notch Signaling: CaP can modulate Notch signaling, which plays a
role in cell fate determination and osteogenic differentiation.
Activation of the Notch pathway can influence the balance
between osteoblastogenesis and adipogenesis in MSCs.>2
Extracellular Signal-Regulated Kinase (ERK) Pathway: CaP can
activate the ERK signaling pathway, which regulates cell
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proliferation, survival, and differentiation. ERK activation has been
associated with enhanced osteogenic differentiation of MSCs and
osteoblasts. Calcium signaling initiates the Mitogen-Activated
Protein Kinase (MAPK) pathway, akin to integrin signaling.
Extracellular calcium triggers the expression of Cyclooxygenase-2
(COX-2) in osteoblasts through the Protein Kinase A (PKA)
pathway. This induction leads to the activation of ERK1/2 signaling,
subsequently impacting osteoblast differentiation.”?” Phosphate
signaling also influences osteoblasts, osteocytes, and osteoclasts.
Phosphate controls Matrix Gla Protein (MGP) activity in osteoblasts
via ERK1/2 phosphorylation.??

Myosin light chain kinase (MLCK): Calcium ions bind to various
effector proteins, such as calmodulin, which then regulate
downstream cellular processes. For example, the calcium-
calmodulin complex can activate enzymes like protein kinase C
(PKC) or myosin light chain kinase (MLCK), leading to changes in
cell function.®

Angiogenic Signaling Pathways: CaP can also influence angio-
genesis, the process of new blood vessel formation, through
various signaling pathways,** including:

Vascular Endothelial Growth Factor (VEGF) Pathway: CaP can
increase the expression of Vascular Endothelial Growth Factor
(VEGF), a powerful angiogenic factor, in osteoblasts and various
other cell types. VEGF promotes endothelial cell proliferation,
migration, and the formation of tubes, thereby facilitating
angiogenesis.

Hypoxia-Inducible Factor (HIF) Pathway: CaP can stabilize and
activate HIF-1a, a transcription factor involved in cellular
responses to hypoxia. Hypoxia-inducible factor 1 alpha (HIF-1a)
controls the expression of genes associated with angiogenesis,
including Vascular Endothelial Growth Factor (VEGF).

Fibroblast Growth Factor (FGF) Pathway: CaP can induce the
release of FGFs from osteoblasts and other cell types. FGFs
stimulate endothelial cell proliferation and migration, contributing
to angiogenesis.

Inflammatory and Immune Response: CaP implants can trigger
an inflammatory reaction, marked by the attraction of immune
cells like macrophages and neutrophils to the implantation site.
The interaction between CaP and immune cells can modulate
inflammatory signaling pathways,”*' such as:

Nuclear Factor-kappa B (NF-kB) Pathway: CaP can stimulate NF-«B
signaling within immune cells, generating pro-inflammatory
cytokines and chemokines. NF-kB activation can also influence
osteogenic differentiation and bone formation in MSCs and
osteoblasts.

Interleukin-6 (IL-6) Signaling: CaP can induce the production of IL-
6, a pleiotropic cytokine involved in inflammation and bone
metabolism. IL-6 can stimulate osteoblast differentiation and
inhibit osteoclast formation, contributing to bone regeneration.

Bioactive glasses. Bioactive Glass (BG) influences the function of
numerous genes crucial for cell growth, specialization, and the
development of bone tissue. Particularly noteworthy are alkaline
phosphatase (ALP), bone sialoprotein (BSP), Runt-related transcrip-
tion factor 2 (Runx2), and osteocalcin (OCN).23%233 These glasses
typically contain elements such as silicon (Si0?), calcium (Ca*™),
sodium (Na'), and phosphorus (PO,37), among others. The
signaling pathways associated with bioactive glasses involve a
complex interplay between the material’s surface properties, the
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surrounding biological environment, and the cells interacting with
the material. The next section summarizes the major signaling
pathways associated with BGs.

Surface lon Exchange and Formation of Hydroxyapatite (HA) Layer:
Upon contact with physiological fluids, bioactive glasses undergo
surface reactions, releasing ions such as Ca*", Si*", and PO,>".
These ions can modulate various cellular processes by activating
specific signaling pathways. For example, the release of Ca*" ions
can trigger signaling cascades involved in cell adhesion, migration,
and differentiation. The release of Si*" ions has been shown to
stimulate the expression of osteogenic genes and promote
osteoblastic differentiation.?3* Additionally, the formation of a
hydroxyapatite layer on the glass surface provides a bioactive
interface for cell attachment and activation of signaling pathways
associated with bone formation. Moreover, bioactive glasses can
impact the RANKL/RANK/OPG system, potentially hindering
osteoclastogenesis while fostering bone formation. For instance,
studies demonstrate that strontium-substituted bioactive glasses
inhibit osteoclastogenesis by dampening RANKL-induced signal-
ing pathways, while lithium ions released from certain bioactive
glasses can similarly inhibit osteoclastogenesis.?*®

Hedgehog pathway: The Hedgehog (HH) pathway represents
another significant signaling pathway involved in bone develop-
ment. Ligands such as Sonic Hedgehog (SHH) and Indian
Hedgehog (IHH) play pivotal roles in regulating this process.?*®
Preliminary evidence suggests that bioactive glasses may influ-
ence HH pathways, with ions like strontium and lithium potentially
affecting these pathways.?*® Nevertheless, additional research is
required to fully understand the intricate mechanisms underlying
the interaction between bioactive materials and these signaling
pathways and their implications for bone biology.

Activation of Integrin-Mediated Signaling: Cell adhesion to
bioactive glass surfaces is primarily mediated by integrin
receptors, which interact with specific ligands on the material
surface. Engagement of integrins initiates intracellular signaling
pathways, including focal adhesion kinase (FAK) and Src kinase
signaling, which regulate cytoskeletal organization, cell spreading,
and survival.?>” These pathways can activate downstream signal-
ing cascades, including the mitogen-activated protein kinase
(MAPK) pathway and the phosphoinositide 3-kinase (PI3K)/Akt
pathway, impacting cell behavior and fate.?*’ The Mitogen-
Activated Protein Kinase (MAPK) family, consisting of extracellular
signal-regulated protein kinases (ERK), p38, c-Jun N-terminal
kinase (JNK), and ERKS5, is instrumental in governing cellular
processes, including differentiation, proliferation, apoptosis, and
response to stress.>>423° Various studies have observed changes in
MAPK gene expression when cells are cultured with BG.**%2*'
Additionally, high concentrations of silicon (SiO,) and calcium
(Ca") can activate MAPKs, which are also essential components of
BG's bioactivity.>*® Nevertheless, the specific mechanism through
which Bioactive Glass (BG) modulates gene expression via the
MAPK pathway remains uncertain.

Moreover, ions such as Mn®", Ca®*, Zn?*, Sr2*, Si0,, Cut, Co?™,
Lit, and B have been shown to influence cell function and
subsequent bone formation when released from biomaterials.>*?
These ions may impact various pathways and cell types, but
interpreting their effects is challenging due to the complex release
dynamics and potential cytotoxicity at certain levels. Calcium ions,
particularly from calcium phosphate-based biomaterials, are
noteworthy in this context, as their release can modulate cell
phenotype and downstream signaling pathways, including MAPK,
cAMP-PKA, and PI3K-AKT, ultimately influencing osteoblast
differentiation.?*

Release of Growth Factors and Cytokines: Bioactive glasses have
been shown to adsorb and release various growth factors and
cytokines in the surrounding biological environment. For example,
Bioactive glasses can adsorb bone morphogenetic proteins
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(BMPs), insulin-like growth factors (IGFs), and transforming growth
factor-beta (TGF-f), all of which play pivotal roles in the process of
bone regeneration and repair.>*” The release of these bioactive
molecules from the glass surface can activate specific receptor-
mediated signaling pathways in nearby cells. This adsorption
ultimately enhances osteogenic differentiation, angiogenesis, and
tissue regeneration.

Inflammatory and Immune Response: Following implantation,
bioactive glasses can trigger an inflammatory response marked by
the immune cells’ recruitment, including macrophages and
neutrophils, to the implantation site. These immune cells release
various cytokines and chemokines that modulate the local
microenvironment and activate signaling pathways involved in
tissue repair and regeneration. For instance, the secretion of pro-
inflammatory cytokines like tumor necrosis factor-alpha (TNF-a)
and interleukin-1 (IL-1) can initiate downstream signaling path-
ways, including nuclear factor-kappa B (NF-kB) and MAPK path-
ways. These pathways govern cell proliferation, differentiation,
and the resolution of inflammation.?*?

Hydroxyapatite. Hydroxyapatite (HA) is a naturally occurring
mineral form of calcium apatite. While hydroxyapatite itself is
not directly involved in signaling pathways, its presence and
interaction with biological systems can influence various cellular
signaling pathways through a process known as biomineralization.
Biomineralization is the process by which living organisms
produce minerals, such as hydroxyapatite, within their tissues. In
the context of bone formation and remodeling, hydroxyapatite
deposition and dissolution are tightly regulated processes
mediated by various signaling pathways involving cells such as
osteoblasts, osteoclasts, and osteocytes. In the next section, we
provide a concise overview of the major signaling pathways
associated with HA.

Osteoblast differentiation: Osteoblasts are bone-forming cells
responsible for synthesizing and mineralizing the bone matrix,
which includes hydroxyapatite. Signaling pathways like the BMP
pathway are pivotal in guiding the differentiation of mesenchymal
stem cells into osteoblasts.?** BMPs are growth factors classified
within the transforming growth factor-beta (TGF-) superfamily,
pivotal for orchestrating osteoblast differentiation and bone
formation processes.”** BMP signaling initiates with the binding
of BMP ligands to cell surface receptors, which triggers down-
stream signaling cascades such as the Smad pathway. Combining
HA with other materials, such as gold, promoted catenin-mediated
osteogenesis in MSCs.”*® Additionally, Bone Morphogenetic
Protein (BMP) signaling synergizes with Wnt signaling to regulate
osteoblast differentiation, particularly through canonical sig-
nals.*® Studies have revealed increased expression of osteogenic
genes and BMP2/Smad signaling pathway components in MSCs
cultured with HA, highlighting the intricate interplay between HA,
Wnt, and BMP pathways in osteogenesis.>*’

Extracellular Matrix Production: Osteoblasts secrete extracellular
matrix proteins like collagen, which provide a scaffold for mineral
deposition. Signaling pathways such as Wnt/B-catenin are
involved in regulating osteoblast activity and extracellular matrix
production.>** The Wnt signaling pathway is essential for cell
determination, proliferation, and differentiation. It functions
through interactions between Wnt proteins and Frizzled (FZD)
receptors, notably the low-density lipoprotein receptor-related
protein 5/6 (LRP5/6) coreceptors. Activation of the Wnt pathway
results in the stabilization and migration of (-catenin to the
nucleus following Wnt-FZD-LRP5/6 binding. Within the nucleus,
-catenin controls the expression of genes critical for osteoblast
differentiation and bone formation.*® Functionally, Wnt/-catenin
signaling is pivotal in promoting osteoblast differentiation and
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sustaining bone mass.?** Wnt10b, among various Wnt ligands, is
notable for its role in osteoblast differentiation, orchestrating the
expression of key transcription factors like Runx2, DIx5, and Osx
while suppressing adipogenic factors C/EBP_ and PPAR.?**%*° The
interplay between Wnt signaling and osteogenesis is evident in
the presence of HA.*** Furthermore, the morphological character-
istics of HA particles influence Wnt signaling activation, as
demonstrated by enhanced osteogenic differentiation of MSCs
on strontium-doped HA-coated surfaces with nanorod-patterned
features.2**>°"

Mineralization Initiation: Nucleation of HA crystals begins within
the collagen matrix. Signaling molecules like osteopontin and
osteocalcin help nucleate hydroxyapatite crystals and regulate
their growth.>**

Matrix Vesicle Formation: Osteoblasts secrete matrix vesicles, small
membrane-bound vesicles containing calcium and phosphate
ions. These matrix vesicles provide a microenvironment conducive
to hydroxyapatite crystal formation. Signaling pathways like the
TGF-B (Transforming Growth Factor-beta) pathway regulate matrix
vesicle formation.?**

Hydroxyapatite Crystal Growth and Maturation: Calcium and
phosphate ions form HA crystals within the matrix vesicles, which
grow and mature within the extracellular matrix. Various signaling
molecules, including alkaline phosphatase, control the mineraliza-
tion process by regulating the local concentration of calcium and
phosphate ions.

Notch Signaling and ERK pathway: Notch signaling is involved in
cell fate determination and plays a role in osteoblast differentia-
tion and bone formation. The Notch pathway’s activation is
triggered by ERK pathway activity, which oversees the expression
of genes implicated in osteoblast differentiation and bone matrix
deposition. Diverse stimuli, including HA, can induce ERK pathway
activation.””? The Extracellular Signal-Regulated Kinase (ERK)
Signaling Pathway is a fundamental mechanism in cellular
physiology. It is orchestrated by protein kinases, which promote
the transfer of phosphate groups from ATP to target proteins. This
process modulates the enzymatic activities of these proteins and
their interactions with other molecules.”®* Among the protein
kinases, the Mitogen-Activated Protein Kinases (MAPKs) family
stands out for its pivotal role in governing diverse cellular
processes from proliferation to apoptosis.>>> Studies demon-
strated that the introduction of nanoHA augmented the expres-
sion of Osteopontin (OPN) while decreasing that of Alkaline
Phosphatase (ALP) in Bone Marrow Stromal Cells (BMSCs) and
preosteoblasts via the ERK pathway.>>®> Mechanistically, nanoHA
interacts with Fibroblast Growth Factor Receptor (FGFR) and
Phosphate Transporter (PiT), triggering ERK activation.>>> More-
over, the physical characteristics of HA, such as its micro/nano
flake-like structure, profoundly influence ERK signaling, gene
expression, and osteogenic protein production in Mesenchymal
Stem Cells (MSCs).*>*

Hedgehog (Hh) Pathway: Hedgehog signaling is another impor-
tant pathway in skeletal development and bone formation.
Activation of the Hh pathway leads to the transcriptional
regulation of genes involved in osteoblast differentiation and
chondrocyte maturation.?**

Osteoclast Activation and Resorption/Bone Remodeling: Osteo-
clasts are responsible for bone resorption, which is essential for
bone remodeling and mineral homeostasis. Signaling pathways
involving RANKL (Receptor Activator of Nuclear Factor Kappa-B
Ligand) and its receptor RANK regulate osteoclast differentiation
and activation.?** This pathway regulates osteoclast differentiation
and function by phosphorylating JNK, ERK, and p38 MAP kinase.
Bone remodeling is a dynamic process characterized by a delicate
equilibrium between bone formation by osteoblasts and bone
resorption by osteoclasts. Signaling pathways like the OPG/
RANKL/RANK system regulate this balance to maintain bone
integrity and mineral homeostasis®** receptor RANK on osteoclast
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precursors, promoting osteoclast differentiation and activation.
Additionally, osteoblasts produce Osteoprotegerin (OPG), a decoy
receptor for RANK Ligand (RANKL). This interaction inhibits
osteoclastogenesis and the subsequent resorption of bone
tissue.2** Of note, surface topography plays a significant role in
cellular responses to HA. Heat treatment of HA promotes a three-
dimensional-like proliferation pattern in fibroblast cells, mediated
by p38 activation, thus enhancing cell adhesion.?> Apart from its
involvement in physiological events, p38 kinase plays a crucial role
in osteoblast regulation by HA, mediating ECM mineralization and
influencing gene expression.>** Additionally, p38 exhibits crosstalk
with the ERK signaling pathway, collectively modulating the
expression of genes essential for osteoblast differentiation.**

Angiogenic Signaling Pathways: Similar to CaP, hg/droxyapatite
regulates the following angiogenesis pathways.>>2>’

VEGF Pathway: Hydroxyapatite, as a key component of CaP
scaffolds, promotes angiogenesis by upregulating the expression
of VEGF in osteoblasts and other cell types. This upregulation
promotes endothelial cell proliferation, migration, and the
formation of tubular structures, facilitating the formation of new
blood vessels around the implant site. HA's interaction with the
VEGF pathway enhances vascularization, which is vital for
supplying oxygen and nutrients necessary for tissue regeneration
and integration of the implant.

HIF Pathway: HA stabilizes and activates HIF-1q, a transcription
factor pivotal in cellular responses to hypoxia. HIF-1a orchestrates
the expression of genes crucial for angiogenesis, including VEGF.
By activating the HIF pathway, hydroxyapatite promotes angio-
genesis, ensuring adequate oxygen and nutrient supply to the
implant site, which is essential for tissue regeneration and
integration.

FGF Pathway: HA induces the release of fibroblast growth factors
(FGFs) from osteoblasts and other cell types. FGFs stimulate
endothelial cell proliferation and migration, contributing to
angiogenesis.

Inflammatory and Immune Response:

® NF-kB Pathway: HA is capable of activating NF-kB signaling in
immune cells, triggering the production of pro-inflammatory
cytokines and chemokines. This inflammatory reaction leads
to the recruitment of immune cells like macrophages and
neutrophils to the implant site. Additionally, NF-kB activation
influences osteogenic differentiation and bone formation in
MSCs and osteoblasts, thereby contributing to tissue regen-
eration.?®

® |L-6 Signaling: HA implants induce the production of IL-6, a
cytokine involved in inflammation and bone metabolism. IL-6
stimulates osteoblast differentiation and inhibits osteoclast
formation, promoting bone regeneration. The interplay
between hydroxyapatite and IL-6 signaling plays a crucial role
in modulating the inflammatory response and fostering bone
healing and regeneration.?*®

Taken together, while in vitro assays and mechanistic-based
experiments provide critical preliminary data, it is essential to
complement them with in vivo studies to better understand the
behavior of biomaterials in a more complex biological
environment.

IN VIVO EVALUATION OF 3D PRINTED SCAFFOLDS
Despite the great importance of in vitro assays, they cannot
evaluate all the interactions between the biomaterial and cells
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because they are performed in a controlled environment and do
not consider the organism as a whole, resulting in a more
simplistic scenario (Fig. 6b).2°% So, the main goal of in vitro analysis
is to help screen for the best candidates for in vivo assessment or
to understand mechanisms underlying cell behavior.® The greatest
challenge regarding in vitro and in vivo assays is to balance
favorable properties when grafts are submitted to a controlled
environment with isolated cells and the whole organism under
load-bearing conditions.'?3

When performing an in vivo analysis, a critical-size bone defect,
defined as a small intraosseous wound that will not heal by the
natural osteogenesis,'®*?°? needs to be performed in animal
models. Usually, for craniomaxillofacial application, the critical
defect size is created in the mandible or calvaria bones,*** and its
dimensions might vary according to the animal model or bone
type.f The animals can be grouped into two categories: small-
animal (mouse, rat, and rabbit) and large-animal (dog, goat, pig,
and sheep) models, the rationale being that small models are
preferred for ethical, economic, and statistical purposes, while large
models are preferred for better explaining clinical scenarios.?*>*>°

Small-animal models such as mice and rabbits are the most
commonly used models reported in the literature,®®® and some
studies performed tests on large-animal such as
dogs.'0%17>178187.260 \When selecting the best animal model to
be used in each study, different species should be considered
since the anatomical complexities between them and, conse-
quently, some properties such as osteoinductive potential may
vary according to the animal model.'®*?%"%%2 (Carrel et al,
evaluated the performance and safety of TCP/HA 3D printed
scaffolds on vertical bone augmentation in a small-animal model,
presenting encouraging results.®® In another study, the potential
of PCL/B-TCP printed scaffolds and the presence of adipose stem
cell aggregates were evaluated for promoting new bone
formation in dog mandibular bones (Fig. 1S). The study concluded
that the scaffolds seeded with adipose cells demonstrated
enhanced ossification compared to those without cell seeding.
This finding suggests that the presence of adipose stem cell
aggregates on the printed scaffolds positivelg influences the bone
regeneration process for mandibular repair.”®® When conducting
in vivo studies for bone tissue engineering, the scaffolds can be
implanted into animals with or without the prior seeding of cells.
However, the ideal scenario for biomaterials is that the new bone
stimulation occurs by the scaffold itself, without the necessity of
seeding of cells before the scaffold’s implantation.®

Two of the analyzed studies were conducted in humans.
Anderson et al. aimed to compare hybrid calcium phosphate-
based ceramic scaffolds with Osteoink™ through mechanical and
in vitro analysis. This study used an autogenous bone graft for
in vivo bone rehabilitation instead of the experimental material,
which was used just for imaging comparison. The study findings
revealed that the printed scaffold demonstrated high precision,
effectively matching the defect area, which highlights the
exceptional precision level achievable with printed scaffolds.’®
Schulz et al. used a 3D-printed calcium phosphate cement scaffold
as an optional bone graft for sinus lift surgery, followed by implant
placement in the same area. The patient’s follow-up showed that
after nine months of placing the implants, a sufficient integration
of the natural and new bone was observed without any sign of
osteolysis or sequestration, confirming the adequate merging
between the tissues and scaffolds.'?

Image exams evaluate the scaffolds’ adaptation and new bone
formation using in vivo models. Microcomputed tomography
(uCT) and cone-beam computed tomography (CBCT) are the most
used.?®>?%* These exams are essential for monitoring the post-
surgical procedures and identifying the areas of interest, such as
the defect size, when developing a patient-specific and persona-
lized 3D-printed scaffold.%'® Besides that, uCT also allows the
quantification in three dimensions of new bone formation and the

12,13
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degree of penetration of this tissue into the scaffolds®®® by
analyzing the percentage of new bone volume over the total
volume and bone mineral density according to the calcium
hydroxyapatite quantification.® One study used radiography to
follow up on the post-surgical condition; however, this method
presents some limitations since it is a 2D image evaluation.?®®

In addition to image exams, histology analysis also plays a vital
role in identifying new bone formation through active osteoblasts
or osteoclasts, vascularization, and degree of maturity and
distribution of bone tissue.?®® Typically, studies employ a
combination of two different techniques to evaluate the presence
of new bone formation.">>?®> The first sign of bone formation
identified by histological analysis is the invasion of fibrous
connective tissue and capillaries on the scaffold’s pores. Then,
mesenchymal cells appear near the capillaries, which differentiate
into osteoblasts and gradually constitute the bone marrow cavity
and osteoid, later mineralized. Lastly, the mature bone’s canals are
formed with the Harvesian system present in some cases.?*®
Vascularization is very important since the tissue can undergo
necrosis if there are insufficient nutrients and oxygen in the
regeneration process.®

As a limitation of the in vivo studies, it is essential to remember
that presenting single clinical cases does not refer to reality since
individuals might react differently.'® Despite all the studies and
improvements in bioengineering for the craniomaxillofacial
reconstruction area, it is still challenging to predict the success
of scaffolds, considering variations from patient to patient in a
clinical scenario.'*'® Moreover, although in vivo studies can
produce more reliable results compared to in vitro experimenta-
tion, there is still a need for improvements regarding standardiza-
tion of the critical size defect and study design to translate the
in vivo results to human clinical applications.?®® So, further
research is still needed to assess the efficacy and functionality of
the printed scaffolds in human bone tissue engineering or
regenerative applications.

As described previously, different factors can impact the cell’s
behavior and in vivo response to the printed scaffolds. Table 3
summarizes the main articles.

CONCLUSION AND FUTURE PERSPECTIVES

AM technologies are a promising alternative for the fabrication of
personalized synthetic grafts/scaffolds for craniomaxillofacial bone
reconstructions. In particular, material extrusion-based 3D printing
stands out as a means of producing bioceramic structures quickly
and affordably. Compared to conventional methods, AM technol-
ogies allow higher control over the macropore architecture, with
good shape fidelity and less material waste. Moreover, they will
enable the development of anatomically complex shapes and
patient-personalized geometry.

This review covered how synthetic grafts’ material composition
and geometry affect their biological response in vitro and in vivo.
With the advancements in ink/paste formulation, process optimi-
zation, and image obtention, AM technologies are now well-
positioned to generate personalized bioceramic grafts with the
desired physical, mechanical, and biological properties. However,
some challenges still limit the translation of synthetic bone
substitutes to the clinic.

1. Vascularization Challenges: One of the critical challenges
identified is the lack of vascularization in synthetic bone
substitutes. This limitation is a significant barrier to synthetic
grafts’ successful integration and functionality. Without
adequate blood supply, the grafts may fail to support tissue
regeneration and healing, leading to suboptimal clinical
outcomes. Addressing vascularization issues is paramount.
Incorporating bioprinting techniques to integrate vascular
networks within the bioceramic graft could significantly
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enhance the viability and functionality of the grafts.®’

Developing dynamic, perfusable bioreactors for pre-
vascularization before implantation could be a promising
approach.?®® In addition, various 3D printing techniques,
such as FRESH printing,”®® in-foam bioprinting,?’® and the
SWIFT method,””" are utilized to achieve the complexity
required for creating grafts. Future research should focus on
developing strategies for creating vascularized grafts that
mimic the natural tissue environment more closely.

2. Combination with Bioprinting: The potential of combining
material extrusion with bioprinting to create grafts that
mimic natural tissues, including bone and cartilage,
represents a significant advancement. This approach can
broaden the applications of AM in regenerative medicine,
making it possible to address a broader range of
reconstructive needs. The integration of bioprinting and
bioceramic-based material extrusion opens new avenues for
multi-tissue engineering.®” Research should explore the
synergistic effects of combining different printing techni-
ques and materials to develop multifunctional personalized
grafts that can support the regeneration of various tissue
types within the craniomaxillofacial region.

3. Translational Barriers: Despite the progress in AM technol-
ogies, several barriers still limit the clinical translation of
synthetic bone substitutes. These include regulatory chal-
lenges, scalability issues, and the need for extensive
preclinical and clinical validation. Collaboration between
researchers, clinicians, and regulatory bodies is essential to
address these translational barriers. Developing standar-
dized protocols for fabricating, testing, and approving AM-
based grafts can streamline the process and facilitate their
adoption in clinical practice. In addition, integrating Al and
machine learning algorithms can optimize graft design and
predict biological responses, further personalizing treatment
plans.?’2

4. Material Limitations: While bioceramics offer several advan-
tages, they may only partially replicate natural bone’s
complex mechanical and biological properties. Future
research should explore hybrid, smart, and functional
materials that combine the strengths of bioceramics with
other biomaterials to enhance graft performance.?’®

5. Long-term Performance: The long-term stability and inte-
gration of AM-based grafts in the human body remain areas
of concern. Extensive longitudinal studies are required to
evaluate the durability and functionality of these grafts
over time.

In conclusion, the advancements in AM technologies for
craniomaxillofacial bone reconstructions are promising, offering
significant benefits in personalization, material efficiency, and
anatomical accuracy. Addressing the challenges of vascularization,
material limitations, and translational barriers through interdisciplin-
ary research and collaboration will be crucial for realizing the full
potential of personalized regenerative solutions in clinical practice.
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