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Background and Objective: Regeneration of oral and maxillofacial defects is of great interest and
impacts the lives of many. The search for strategies that mimic the outcomes expected with autologous grafts
while overcoming its limitations of limited availability and risk of infection is a growing field in dentistry,
and the objective of this research was to provide a narrative review on a promising therapy for improving
maxillofacial reconstruction.

Methods: A detailed data-based search using PubMed was performed looking for articles in English with
the search including the following terms: maxillofacial bone regeneration, tissue engineering, 3D printing,
stem cells, scaffolds, and growth factors. The search was supplemented by checking references of relevant
review articles. The search was performed on February 10th, 2022.

Key Content and Findings: The manufacturing of personalized 3D-printed bioactive scaffolds brought
to light the possibility of applying tissue engineering (TE) concepts in a personalized manner for each
patient. Imaging is the first step for acquiring personalized information for future data processing, planning,
prototyping, and manufacturing of single pieces with the structure and shape desired. It had been shown by
preclinical models that carrying undifferentiated cells [mesenchymal stem cells (MSCs)] and growth factors
onto these customized 3D-printed scaffolds provides biological support for future translational application
of customized bone tissue engineering (BTE). There are still some issues that need to be addressed prior
to implementing this therapeutic modality as a daily clinical practice. The biological basis, techniques,
limitations, and future perspectives are comprehensively addressed by this review.

Conclusions: Surgeons shall be alert to the advances in the field of BTE and 3D printing technologies, be
capable of selecting appropriate techniques and materials (relying on the scientific evidence so far) and have

the necessary ability for reconstructing oral and maxillofacial bone defects.
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Introduction

To regenerate large maxillofacial bone defects remains a
great challenge in dental practice. Autologous bone, either
vascularized or not, is still considered the gold standard
for reestablishing microarchitecture, shape, and function
when the bone gain is fundamental for the correction of
congenital or acquired defects (due to trauma or excision
of tumors). Titanium plates can also be applied for
the correction of wide continuity defects (1,2). Within
the maxillofacial area, the mandible is one of the most
frequently affected bones. The reconstruction of segmental
mandibular bone defects remains a major area of interest
for surgeons and researchers, despite surgical and technical
advances over the last decades (3-5).

The primary goal of maxillofacial reconstructive surgeries
is to provide appropriate morphology and relationship
between arches, restore hard and soft tissue, and guarantee
sufficient height and width for insertion of endosseous
titanium implants and further prosthetic rehabilitation.
Its optimal features (osteogenicity, osteoinduction, and
osteoconduction) support the autologous bone (collected
either from intraoral or extraoral sites) as the most
biologically favorable option for grafting. However, inherent
limitations such as finite source and risk of infection of the
donor site shall be considered alarming clinical challenges.
Additionally, the rate of resorption of autologous bone is an
incident and not desirable finding, compromising the long-
term stability of the rehabilitations (2).

Rehabilitating completely and partially edentulous
patients with dental implants has become increasingly
popular, possibly due to the high long-term success rates
of this modality. The reverse planning for the insertion of
dental implants and prosthetic rehabilitation is achievable
once the appropriate amount of bone was gained (6,7). In
the past decades, the emergence of innovative technologies,
such as tissue engineering (TE), may shift the paradigms
of bone grafting and overcome the limitations of current
techniques by providing customizable and individualized
treatments (3,8,9). Bone tissue engineering (BTE) consists
of an attractive minimally invasive approach to conventional
forms of harvesting bone (4,10-12). Recently, virtual
planning and three-dimensional (3D) printing technologies
have allowed the customization of scaffolds with precise
dimensions, personalized structure, and complex
morphologies for maxillofacial regeneration (4,5,13).
Therefore, we aimed to assess what is known and what is
to be known in order to safely and predictably apply these
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concepts for bone regeneration of large defects. We present
the following article in accordance with the Narrative
Review reporting checklist (available at https://fomm.
amegroups.com/article/view/10.21037/fomm-22-11/rc).

Methods

In this review, a detailed data-based search was performed
following terms: maxillofacial bone regeneration, tissue
engineering, 3D printing, stem cells, scaffolds, and growth
factors (1able 1). The search was supplemented by checking
references of relevant review articles. The search was

performed on February 10th, 2022.

BTE

Over the years, the knowledge evolved towards some
optimal characteristics attributed to scaffolds for use in
oral and maxillofacial surgery. These characteristics are
biocompatibility, biodegradability, immunomodulation,
adequate pores size, porosity, and interconnectivity. Also,
mechanical resistance has been listed as an important factor
in areas subjected to repeated/continuous loading (5).

Multiple manufacturing methods can be used: solvent
casting, particle leaching, electrospinning, gas foaming,
phase separation, etc. (10). However, the use of organic
solvents may be limited due to the extended period of
production, intense work, low replicability, pores with
irregular shapes, and poor interconnectivity (10). The
development and applicability of rapid prototyping
technologies, such as 3D printing, have shown promising
results in suppressing such limitations (3-5,10,14,15).
3D-printed scaffolds manufactured with bioactive functional
materials and proper structure have been widely used for
oral and maxillofacial regeneration (5,10,12,15,16).

The remarkable progress within BTE may turn
reconstructive therapies into significantly less invasive
procedures than gold-standard interventions, by suppressing
the necessity of harvesting bone from intraoral or extraoral
sites. Furthermore, patient morbidity, risk of infection,
cost, and the duration of the intervention can be reduced.
Also, the planning and reconstruction of bone defects with
complex morphologies will be individualized rather than
the standard interventions applied so far (17,18).

Biomaterial for scaffolds

Distinct synthetic polymers, such as polylactic acid (PLA),
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ltems Specification
Date of search (specified to date, month, and year) 02/10/2022
Databases and other sources searched PubMed

Search terms used (including MeSH and free-text search
terms and filters)

Timeframe

Inclusion and exclusion criteria (study type, language
restrictions, etc.)

Selection process (who conducted the selection, whether
it was conducted independently, how consensus was
obtained, etc.)

Any additional considerations, if applicable

Maxillofacial bone regeneration; tissue engineering; 3D printing; stem cells;
scaffolds; growth factors

02/03/1986-02/10/2022

Included: human studies, prospective and retrospective clinical trials, in vivo
studies, and systematic reviews in the English language

The screening process was done by two independent authors (HRM and HH).
Any disagreement during the screening was resolved by discussion with a third
author (FPSG)

No additional considerations

polyglycolic acid (PGA), copolymers of PLA and PGA
[poly(lactic-co-glycolic acid) (PLGA)], and polycaprolactone
(PCL) have been widely used for manufacturing bone
scaffolds. Among a wide variety of materials (ceramics,
bioactive glasses, polymers, and combinations), the chemical
similarities with the natural bone mineral content allow
synthetic calcium phosphates (CP) to be successfully used as
a bone substitute (19,20).

Furthermore, scaffolds built with multiple compounds,
such as combining PCL and B-tricalcium phosphate
(B-TCP), aggregate the benefits of both polymers and
ceramics and are successfully used for repairing mandibular
defects in vivo (3,4). Additionally, synthetic biomaterials are
not susceptible to immunological reactions, which may be
compromising when natural scaffolds are chosen (20).

Stem cells

The ability of self-renewal (21) and multi-lineage
differentiation of stem cells expanded their applicability in
the era of regenerative medicine (22), presumably reaching
the TE. Wehrle et /. (23) assessed the effects of loading
a 3D-printed hydrogel scaffold (constructed with fibrin,
gelatin, hyaluronic acid, glycerol, and hydroxyapatite) with
mesenchymal stem cells (MSCs). Their results regarding
mechanical stability, mineralization, and cell viability were
promising.

The use of MSCs was also proven to be effective when
loaded onto a 3D-printed B-TCP (24), which indicates
that the beneficial properties of stem cells are maintained
regardless of the material used for printing.
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Other cell lines can be used for TE. Adipose-derived
stem cells (ASCs) were largely investigated due to the easy
obtention of considerable amounts of adipose tissue from
the human body. Thus, this multipotent lineage has been
widely used in TE, organ repair, and gene therapies (25).
Studies loading 3D-printed scaffolds with ASCs should aim
to assess whether their effectiveness is comparable or not to
MSCs for BTE.

Bone morphogenetic proteins (BMPs)

The family of BMPs was firstly described by Urist in
1965 (26). There are approximately 30 proteins belonging
to the family of BMPs, distributed in the bone matrix. Most
of them belong to subfamilies within the transforming
growth factor (T GF-p) superfamily (27).

BMP-2, BMP-6, and BMP-9 appear to be the most
potent inductors of the differentiation of MSCs towards the
osteoblastic lineage (28). BMPs activate the Smad pathway,
which is a group of molecules that translocate and transmit
the signals of receptors activated by BMPs to the cell
nucleus (29). Albeit BMPs exert a beneficial influence on
bone formation, some side effects may be present. Among
them, the most common are edema, inflammation, and
ectopic bone formation. Alarmingly, BMPs were associated
with carcinogenesis (30).

Recombinant human BMP-2 (rhBMP-2) can be loaded
onto absorbable collagen sponges (ACS). It was shown that
this combination can support bone formation (31,32). Bone-
forming cells migrate to the construct (thBMP-2/ACS)
and infiltrate within the ACS. The MSCs surrounding the

Front Oral Maxillofac Med 2022 | https://dx.doi.org/10.21037/fomm-22-11



Page 4 of 8

Challenge Current options

bone defects |

(A 4@
- A ) N
. j’ ¥ Autogenous

vascularized bone graft

Origin:
Congenital

Trauma
K Tumor resection /

Frontiers of Oral and Maxillofacial Medicine, 2022

Tissue-engineered approach

ﬁxtensive maxillofaciam ﬁ | \ /

O 3D-printing technologies
Q Viable cells
Reconstruction | \ © Growh factors

¥ Bioengineered customized
bone scaffolds

\

Osteoblasts

Powder-based
Selective laser sintering
Binder jetting

Progenitor cells

Ink-based
Fused deposition modeling
Direct ink writing

BMSCs
DPSCs
ADMSCs

Polymerization
Stereolithograph§

PDLSCs

BMP-2 VEGF

BMP-7

PDGF FGF

J

Figure 1 Principles of bioengineered customized bone. BMSCs, bone marrow stem cells; DPSCs, dental pulp stem cells; ADMSCs, adipose

tissue-derived stem cells; PDLSCs, stem cells derived from the periodontal ligament; BMP, bone morphogenetic protein; VEGE, vascular
endothelial growth factor; PDGE, platelet-derived growth factor; FGE, fibroblast growth factor.

construct increase in number, and the coupling of rhBMP-2
to MSCs receptors induce their differentiation in osteoblasts.
As the sponge dissolves or is resorbed, cancellous bone and/
or cartilage are formed concomitantly to angiogenesis. The
process of bone formation is centripetal, from the outer to
the inner region of the sponge and culminates with complete
replacement by cancellous bone (31).

A clinical trial evaluated the bone formation capacity
of an thBMP-2/ACS construct in 80 post-extraction
sockets (33). rhBMP-2 at the concentrations of 0.75 and
1.5 mg/mL were tested. Their results showed that the
sockets treated with 1.5 mg/mL presented twice as much
bone when compared with empty controls, maintaining
crestal height and increasing thickness in 75%, 50%, and
25% of the original extraction socket. Furthermore, the
histologic analysis evidenced the absence of differences
between the new bone and the native bone.

The rhBMP-2 has been used for alveolar reconstruction,
sinus lift, and socket healing. However, although their
impact on pre-clinical and clinical trials is widely
investigated, there is no consensus regarding the clinical
efficacy of rhBMP-2 for regeneration of wide maxillofacial
defects (34) (Figure I).

3D printing

3D printing technologies, also known as additive
manufacture or rapid prototyping, were firstly proposed
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in 1986, and since then have been rapidly widespread in
dentistry due to their applications. It has revolutionized
health systems through the manufacture of biomimetic
implants, and customized prostheses. This process is
interesting because of its great potential in producing
scaffolds for use in BTE (15).

A scaffold can be 3D printed by means of rapid
prototyping of clinical imaging, such as computed
tomography (CT) or magnetic resonance imaging (MRI).
The process, from image acquisition to the manufacture
of the scaffold is as follows: a patient with a bone defect
is submitted to an imaging exam and acquisition of
DICOM (digital imaging and communication in medicine)
files; the files are imported into the software for image
processing; the images will be segmented and 3D models
generated; the printing technique and the materials are
selected; the actual printing will be performed for the
obtention of the 3D scaffold; and, finally, subjected to post-
processing (cleaning, thermal treatment, sterilization, and
packing) (35). The thermal treatment and sterilization of
the 3D-printed scaffolds are determined by the materials
used for manufacturing. Hence, any inadequate post-
processing steps can damage the structure of the scaffold
and harm the final performance (Figure 2).

There are 3 main categories of 3D printing technologies
that are most often used to produce customized bone
scaffolds for maxillofacial regeneration. Powder-based, ink-
based, and polymerization-based technologies. Within the
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Figure 2 Workflow for obtaining bioengineered customized bone scaffolds. CT, computed tomography; MRI, magnetic resonance imaging;

DICOM, digital imaging and communications in medicine; CAD, computer-aided design; STL, standard tessellation language.

powder-based category, the most used are selective laser
sintering and binder jetting technologies; within the ink-
based category, the most used are fused deposition modeling
and direct ink writing; and within the polymerization
category, the most used is stereolithography.

The manufacturing of individualized scaffolds based
on medical imaging and computer modeling ought to be
considered a promising technique for the regeneration of
large defects in the maxillofacial region. The popularity of
this technology in the dental field has increased, favoring
low-cost and effective manufacturing while integrating the
concepts of individualized care into dentistry.

Clinical applications of 3D printing for
regeneration of bone defects

The clinical application of 3D-printed bone scaffolds
seeded with MSCs has the capacity of revolutionizing the
therapeutic options for oral and maxillofacial surgeons. The
capacity of 3D printing in designing and manufacturing
individualized and precise scaffolds is of great value and
its beneficial application in the medical field is already
proven (36-40). However, there are still some limitations
needing to be overcome before large-scale clinical use.
The lack of legal regulations, standardized procedures,
randomized controlled clinical trials, and complete
angiogenesis within the scaffolds need to be further
assessed. In vitro, pre-clinical, and clinical settings need to
be developed in order to accurately translate the application
of 3D-printed scaffolds in the clinical scenario. Surgeons,
researchers, industries, and regulatory agencies might build
a workforce for overcoming the contemporary barriers and

© Frontiers of Oral and Maxillofacial Medicine. All rights reserved.

implementing this technology in daily practice, aiming to
improve the quality of the treatment given to the patients.

Limitations

For a relevant clinical application, deep cellular penetration
and angiogenesis are demanded. Vascularization is the main
challenge in BTE (14,41,42). This initial angiogenesis
is essential to the seeded cells viable. To achieve early
angiogenesis, the implanted scaffold should contain
pro-angiogenic factors (such as vascular endothelial
growth factors secreted by osteoblasts) that will induce
the formation and perfusion of new vessels from the
surrounding connective tissue (14,41,42). Furthermore, the
scaffold might allow the physical support for the vessels to
permeate towards the center of the scaffold before extensive
deposition of extracellular matrix (3). Also, with the
objective of overcoming this barrier, two main options are
proposed: (I) pre vascularization in vitro [seeding cells onto
the scaffold; keeping the scaffold under static or dynamic
(bioreactor) for speeding angiogenesis] and (II) in vivo pre-
vascularization of the 3D-printed scaffolds (implanting
the scaffold into axial vascular tissue prior to use, and
posteriorly implantation in the actual recipient bed) (42).
Even 3D printing applied in the concept of BTE being
promising for maxillofacial bone regeneration, regulatory
conditions, large-scale manufacturing, safety, and costs
remains relevant topics to be raised prior to considering
the commerce and clinical application. Importantly, the
available technique to the surgeon relies on scientific
evidence and long-term follow-ups showing positive and
negative points that should be considered when choosing
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the best clinical management for each patient.

Future perspectives

Novel bioactive synthetic materials in combination with
strict protocols may contribute to the translation of stem-
cell and growth factor therapies, providing cellular and
molecular pathways to improve the healing process in
the oral and maxillofacial region. Mimicking the 3D
architecture and the functional biomechanics of the
maxillofacial bone is a challenging proposition that demands
strategic and personalized tissue replacement, which is not
patient-specific so far.

Final considerations

Reconstruction and rehabilitation of the craniofacial region
are great challenges to surgeons. As technology advances
together with new therapeutic modalities, the ability to
create bioactive tissues becomes more sophisticated. BTE is
a well-established field of research from a pre-clinical point
of view and actively develops products and devices standing
for the principles of regenerative medicine (9-11,43).

As the future direction of the BTE becomes clearer
and its applicability increases, is extremely important for
researchers and clinicians working in this field to discuss
and actively shift the pre-clinical studies towards clinical
application. However, for BTW to reach daily clinical
practice, the industry should be involved. Three main
issues shall be considered during this process: economy,
regulations, and manufacturing. The role of the industry
is to efficiently make this technology marketable, scalable,
manufacturable, and accessible for regulators, in order to
directly improve the therapy for patients.

Finally, surgeons shall be alert to these advances, be
capable of selecting appropriate techniques and materials
(relying on the scientific evidence so far) and have the
necessary ability for reconstructing oral and maxillofacial
bone defects.
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