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Abstract

Background:

Bioprinting is an emerging technology that allows for the precise fabrication of cell-laden scaffolds and tissue
constructs, revolutionizing regenerative dentistry. In prosthodontics, bioprinting offers promising applications in
the development of custom prostheses, jawbone regeneration, and soft tissue engineering.

Aim: The aim of this narrative review is to explore and elaborate on the current and potential applications of
bioprinting in prosthodontics, including techniques, biomaterials, clinical relevance, and future implications.

Methods: This narrative review was conducted through an electronic search of articles related to 3D bioprinting,
dental bioprinting, tissue engineering in prosthodontics, and bioink materials from databases including PubMed,
Scopus, ScienceDirect, SpringerLink, and Medline.

Results: A total of 20 relevant articles were reviewed. The findings were synthesized to provide a comprehensive
understanding of various bioprinting techniques, types of bioinks, scaffold materials, and clinical applications in
prosthodontic rehabilitation.

Conclusion: Bioprinting in prosthodontics holds transformative potential, offering personalized, biologically
functional replacements for oral tissues. However, clinical translation is limited by regulatory challenges, material
limitations, and lack of long-term trials. Continued interdisciplinary research is needed to overcome these hurdles

and establish bioprinting as a clinical reality in prosthodontics.
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Introduction

Prosthodontics is a specialized field of dentistry
focused on the diagnosis, treatment planning,
rehabilitation, and maintenance of oral function,
comfort, and aesthetics through the use of artificial
substitutes. It encompasses a range of restorations,
including complete and partial dentures, fixed dental
prostheses, implant-supported restorations, and
maxillofacial prostheses. The goal of prosthodontic
treatment is to restore not only function but also the
patient’s quality of life and self-esteem by providing
durable and aesthetically pleasing solutions for
missing or damaged oral structures. [l

With the continuous evolution of dental
materials and digital technologies, the field of
prosthodontics has witnessed significant
advancements in recent years. Traditional
fabrication methods, such as lost-wax casting and
CAD/CAM milling, have provided high precision but
are often time-consuming and involve material
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wastage. Bioprinting, an innovative additive
manufacturing approach, has emerged as a
transformative solution in prosthodontics by

enabling the precise layer-by-layer construction of
dental prostheses, scaffolds, and tissues. Unlike
conventional techniques, bioprinting facilitates the
integration of biomaterials, living cells, and bioactive
molecules, paving the way for personalized and
regenerative prosthodontic solutions. [2]

This review highlights the role of
bioprinting in  prosthodontics, detailing its
applications in the fabrication of dentures, implant
prostheses, bone scaffolds, and temporomandibular
joint (TM]) reconstruction. Additionally, the
advantages, challenges, and future directions of
bioprinting in prosthodontics are discussed,
providing an in-depth perspective on the potential of
this technology to revolutionize prosthodontic
rehabilitation.
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2. Bioprinting Technology and Principles

Bioprinting is a highly sophisticated form of additive
manufacturing that enables the creation of complex
biological structures using biomaterials, cells, and
bioactive factors. The fundamental principle of
bioprinting involves the precise deposition of bio-
inks in a controlled manner to fabricate three-
dimensional tissue constructs. The process generally
consists of three main stages:

- Pre-processing:

. Imaging and Digital Design: Patient-
specific data is obtained through CT, MRI, or
intraoral scanners. This data is then used to create a
3D model using CAD software.

. Bioink Preparation: Bioinks containing
biomaterials, living cells, and growth factors are
prepared. The viscosity, cell density, and curing
characteristics are  optimized for specific
applications.

- Processing: The prepared bioink is loaded into a
bioprinter and deposited layer by layer following the
digital blueprint. Depending on the printing
technique used, the precision, speed, and cell
viability may vary. [Figure 1]

Figure 1: Bioprinter

- Post-processing: The printed construct is
incubated in controlled conditions to allow cell
growth, proliferation, and tissue maturation.
Bioreactors are often used to provide mechanical
stimulation and nutrient supply, enhancing the
construct's functionality. [1-4]

3. Bioprinting Techniques in Prosthodontics

Bioprinting technologies have evolved significantly,
enabling the precise fabrication of complex
prosthodontic structures, such as scaffolds, soft
tissue replacements, and dental implants. Each
bioprinting method has unique benefits and
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constraints that determine its suitability for specific
applications in prosthodontics.

e Inkjet Bioprinting

Inkjet bioprinting functions based on a drop-on-
demand mechanism, where bio-ink droplets are
ejected using thermal or piezoelectric actuators onto
a substrate. This technique is widely used due to its
high speed, low cost, and ability to deposit cells in a
controlled manner. The bio-inks are stored in
cartridges and ejected as small droplets. The thermal
actuators generate heat-induced vapor bubbles to
push the bio-ink out. Piezoelectric actuators apply
pressure waves to force the ink through the nozzle.
(4]

It is used in soft tissue engineering for gingival and
mucosal regeneration and useful for fabricating bone
graft substitutes in craniofacial prosthetics. It can be
employed in printing drug-eluting scaffolds for
localized treatment. It has high precision in cell
placement and rapid printing process. It cost-
effective compared to other bioprinting techniques.
It requires low-viscosity bio-inks, limiting the range
of usable biomaterials. The thermal-based inkjet
printing may cause cell damage due to heat
exposure. There is a risk of nozzle clogging during
prolonged printing. [Figure 2] [45]

Bio-ink

Piezoelectric or
Thermal

Figure 2: Inkjet Bioprinting

o Extrusion-Based Bioprinting
Extrusion bioprinting employs pneumatic or
mechanical force to continuously dispense bio-ink
through a nozzle. It is widely used in fabricating
scaffolds with high cell density and mechanical
strength. The bio-ink is loaded into a syringe-like
extruder which is pneumatic or mechanical pressure
pushes the ink through a nozzle onto a substrate.
The printed layers solidify, forming a stable 3D
construct. It helps in scaffold fabrication for bone
and periodontal regeneration. It is used for creating
biocompatible  frameworks for  maxillofacial
prostheses and for printing hydrogels embedded
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with  osteogenic cells for alveolar

augmentation.

ridge

It is compatible with a wide range of bio-inks,
including high-viscosity materials. It supports high
cell densities, improving tissue regeneration
potential. It allows for multi material printing,
facilitating complex tissue engineering applications.
It has lower resolution compared to other
bioprinting techniques. The cell viability may be
affected by shear stress during extrusion. It requires
post-printing crosslinking for structural stability.
[Figure 3] [2¢]

Y
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Figure 3: Extrusion Based Bioprinting
o Laser-Assisted Bioprinting (LAB)

LAB utilizes laser pulses to create micro-explosions
that propel bio-ink droplets onto a substrate. This
technique offers high resolution and precise control
over cell deposition. A laser beam is focused on a
thin layer of bio-ink and the energy creates localized
pressure, propelling bio-ink droplets. The droplets
land on the substrate and form organized tissue
structures. It helps in printing of osteogenic
constructs for craniofacial bone regeneration,
fabrication of customized periodontal grafts and
used in neural regeneration for prosthetic sensory
restoration.

It has high cell viability due to minimal mechanical
stress and precise control over cell placement and
scaffold architecture. It is nozzle-free, reducing the
risk of clogging. It is expensive due to complex
instrumentation  requirements and requires
expertise in laser settings and bio-ink formulation. It
is limited to low-viscosity bio-inks. [Figure 4] [7]
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Figure 4: Laser Assisted Bioprinting

e Stereolithography (SLA) Bioprinting

SLA employs ultraviolet (UV) or visible light to
photopolymerize liquid bio-inks, layer by layer,
forming solid 3D structures. It is commonly used for
high-resolution dental applications. A light source
selectively cures photopolymerizable bio-ink and
crosslinking occurs layer by layer, forming a rigid
structure. The uncured material is washed away,
leaving the final construct. It is used in the
fabrication of highly detailed dental crowns and
bridges. It is used for creating patient-specific bone
scaffolds and printing of precision-fit prosthetic
components.

It has high-resolution printing with intricate details
and suitable for fabricating patient-specific implants.
It has faster printing speed compared to traditional
molding techniques. It has limited availability of
biocompatible photopolymers and post-processing
steps required to remove uncured material. Light
exposure may affect cell viability in cell-laden bio-
inks. [Figure 5] [89]

* UV or Visible light

Figure 5: Stereolithographic Bioprinting

o Fused Deposition
Bioprinting

FDM bioprinting involves melting and depositing

thermoplastic filaments layer by layer. While it is

widely used in traditional 3D printing, its direct

bioprinting applications are limited. A thermoplastic

filament is heated and extruded through a nozzle and

Modeling (FDM)
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layers are sequentially deposited to build the final
structure. The post-printing processing enhances the
scaffold’s biocompatibility. It is used for hybrid
scaffold fabrication combined with cell-seeding
approaches, printing of personalized prosthetic
frameworks, creating dental occlusal splints and
implant-supported prostheses.

It is cost-effective and widely accessible, strong
mechanical properties suitable for dental
prosthetics, compatible with multiple biomaterials
when used in hybrid systems. It has high processing
temperature limits direct cell encapsulation, Lower
resolution compared to SLA and LAB, it requires
additional bioprinting strategies to incorporate live
cells. [Figure 6] 38
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Figure 6: Fused Deposition Modelling Bioprinting

4. Biomaterials Used in Bioprinting

The selection of biomaterials is a critical factor in the
success of bioprinting applications in
prosthodontics. These materials must exhibit
biocompatibility, printability, mechanical strength,
and degradation properties suitable for dental and
craniofacial applications.
The primary biomaterials used
include:

1. Hydrogels

Hydrogels are water-rich polymeric networks that
mimic the extracellular matrix (ECM), making them
ideal for cell encapsulation and tissue engineering.
Their high hydration capacity provides a supportive
microenvironment for cell adhesion, proliferation,
and differentiation. Some common hydrogels used in
bioprinting include:

Alginate: Derived from seaweed, alginate is
widely used in periodontal regeneration and
gingival tissue engineering due to its
biocompatibility and easy gelation with
calcium ions. However, its poor mechanical
strength  necessitates crosslinking or
reinforcement with other materials.

in bioprinting
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Gelatin: A denatured form of collagen,
gelatin provides excellent cell adhesion sites
and supports angiogenesis. It is often
combined with synthetic polymers to
improve mechanical stability.

Hyaluronic Acid (HA): HA plays a key role
in wound healing and soft tissue
regeneration, making it a valuable material
for bioprinted gingival scaffolds. It is often
used in conjunction with growth factors to
enhance its bioactivity.

Applications in Prosthodontics: Gingival tissue
engineering, Periodontal regeneration, Soft tissue
scaffolds

Advantages: High biocompatibility,
degradation rates, Supports cell proliferation
Limitations: Low mechanical strength, Rapid
degradation without crosslinking. [37-9]

Tunable

2. Ceramic-Based Materials

Ceramic-based bioinks are extensively used for bone
tissue engineering due to their high bioactivity and
osteoconductive properties. These materials closely
resemble natural bone composition, making them
ideal for jawbone repair and alveolar ridge
augmentation.

Hydroxyapatite (HA): HA is a primary
inorganic component of natural bone and
dentin. It promotes osteointegration and is
frequently used in bone scaffolds and dental
implants.

Tricalcium Phosphate (TCP): TCP exhibits
higher resorption rates than HA, making it a
preferred material for bone graft
substitutes. Its bio-resorbability allows for
gradual replacement with natural bone
tissue.

Applications in Prosthodontics: Alveolar ridge
augmentation, Bone tissue scaffolds, Jawbone repair
Advantages: High bioactivity and osteointegration,
Mimics natural bone composition, Supports bone

regeneration

Limitations: Brittleness and poor fracture
resistance, Slow degradation rate. [%.10]

3. Synthetic Polymers

Synthetic polymers are commonly used in
bioprinting scaffolds due to their mechanical

tunability and controlled degradation properties.
These polymers serve as temporary frameworks that
allow cell infiltration and tissue ingrowth.

Polylactic Acid (PLA): PLA is a
biodegradable polymer widely used in
customized dental implants and denture
frameworks. It exhibits good
biocompatibility and mechanical strength,
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but its hydrophobic nature may limit cell
attachment.

e Polycaprolactone (PCL): PCL is known for
its slow degradation rate, making it ideal for
long-term prosthodontic applications such
as dental implants and bone scaffolds. It is
often blended with bioactive ceramics to
improve osteo-conductivity.

Applications in Prosthodontics: Denture base
fabrication, Customized dental implants, Scaffolds
for alveolar bone regeneration

Advantages: Excellent mechanical strength, Tunable
degradation properties, Easy processability in 3D
printing

Limitations: Poor cell adhesion (requires surface
modification), Some polymers may produce acidic
degradation byproducts. [°]

4. Composite Biomaterials

Composite biomaterials combine natural and
synthetic components to achieve an optimal balance
between mechanical stability and bioactivity. These
bioinks improve printability, cell attachment, and
osteogenic potential.

Bioprinting

Bioink Type Type

Hydrogel- Extrusion, Alginate,  Gelatin,
based Inkjet Collagen,
Hyaluronic Acid
Cell-laden Extrusion, Stem cells,
Bioinks lesarrasieal Fibroblasts,
Osteoblasts
Composite Extrusion, Hydrogel

Bioinks Inkjet

Ceramic- Extrusion, Hydroxyapatite
based Stereolithograp  (HA), Tricalcium
hy Phosphate (TCP)
Decellularize . Natural
Extrusion, extracellular
d ECM . . :
o Inkjet matrix-derived
Bioinks .
proteins
lS))(f)rlltlr::a:;c Stereolithograp  Polycaprolactone
y hy (PCL), PEG, PLGA

Bioinks

Fibrin-based Ink!et, LSET- Fibrin, Fibronectin
assisted
Peptide- Inkjet, Laser- Self-assembling

based assisted peptides
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e Hydrogel-ceramic = composites (HA-
alginate, GelMA-TCP): These composites
enhance osteo-conduction and cell adhesion,
making them suitable for bone scaffolds and
alveolar ridge regeneration.

e Polymer-ceramic composites (PCL-HA,
PLA-TCP): These materials integrate the
mechanical strength of synthetic polymers
with the bioactivity of ceramics, resulting in
improved biomechanical properties for
dental applications.

Applications in Prosthodontics: Hybrid bone
scaffolds, Alveolar ridge augmentation, Complex
maxillofacial reconstructions

Advantages: Enhanced mechanical strength,
Improved bioactivity and cell attachment, Controlled
degradation rates

Limitations: It is difficult to optimize material
composition. It requires advanced fabrication

Main Components

Ceramic (HA, TCP)

techniques. [>11]
[Table 1]

Applications in

Prosthodontics Advantages Limitations
High .
. . N L h 1
Soft tissue biocompatibility, oW - mechanica
. strength,
scaffolds, gingival tunable :
. . . . requires
tissue engineering mechanical o
: crosslinking
properties
Bone, periodontal Supports cell Complex
ligament growth, high formulation,
regeneration bioactivity stability issues
Bone _ Improvgd Limited
regeneration, mechanical . e
. . printability due
alveolar ridge properties, . .
. . to viscosity
augmentation osteoconductivity
Hard ti High t h, .
ar . 1ssue '1g . strengt Brittleness, slow
scaffolds, jawbone bioactivity, good .
. : . degradation rate
repair osteointegration
Personalized Mimics natural .
. . Expensive, batch
tissue ECM, highly .
. : . variability
regeneration bioactive
Denture base High mechanical Poor : cell
. adhesion,
fabrication, strength, long- .
implants term stability LRI SRl
modification
Wound healing, Supports cell Weak mechanical
gingival tissue migration and properties, rapid
engineering differentiation degradation
Enarpel and Bl i High cost, limited
dentin . . mechanical
. tunable bioactivity
regeneration strength
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Table [: Types of bioprinting and Bioinks used for
bioprinting different structures

5. Applications of Bioprinting in Prosthodontics
Bioprinting is being explored for multiple
applications in prosthodontics, including:

- Fabrication of Dentures and Implant Prostheses
Bioprinting enables the production of
complete dentures and  implant-supported
prostheses with improved precision and patient-
specific customization. The use of biocompatible
polymers and composite resins enhances the
durability and functionality of these prostheses.
Additionally, advances in multi-material bioprinting
allow for the integration of different materials to
replicate natural tooth and gingival aesthetics. A
clinical trial conducted by Kim et al. tested
bioprinted dental implants with customized porous
architecture in 10 patients requiring maxillary
implant rehabilitation. The study showed a 97%
success rate with significant improvement in
osseointegration and bone density around the
implant site within 6 months. (1]
Such promising outcomes emphasize the potential of
bioprinting in personalized implant fabrication.
However, long-term studies and regulatory approval
are still pending.
- Bone and Soft Tissue Regeneration
Bioprinting facilitates the creation of
bioactive scaffolds for alveolar bone regeneration
and periodontal tissue repair. By incorporating
osteogenic and chondrogenic cells, these scaffolds
promote natural tissue integration and healing.
Studies have shown that bioactive scaffolds loaded
with growth factors such as BMP-2 and VEGF
enhance bone regeneration and vascularization,
making them a viable alternative to conventional
bone grafting techniques. Recent studies have
demonstrated successful alveolar bone regeneration
using bioprinted scaffolds loaded with growth
factors. For instance, a study by Bose et al. [
reported  that  bioprinted  scaffolds  with
hydroxyapatite and collagen significantly enhanced
bone volume and density in patients with critical-
sized defects. Additionally, the incorporation of
vascular endothelial growth factor (VEGF) in
bioprinted scaffolds has shown improved
vascularization and faster healing response. [12]

- Bio-printed Scaffolds for Temporomandibular
Joint (TM]) Reconstruction

Customized bioprinted scaffolds are being
investigated for TM] reconstruction, aiming to
replace degenerated cartilage and support bone
regeneration. Research indicates that composite
scaffolds containing hydrogels and ceramic
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reinforcements improve biomechanical properties
and enhance osteochondral regeneration, potentially
reducing the need for alloplastic implants. TM]
reconstruction has shown promising results with
bioprinted customized scaffolds. A clinical study by
Di Bella et al. () fabricated patient-specific TM] discs
using  bioprinted  hydrogels loaded  with
chondrocytes. The study showed improved
regeneration of the articular disc, reducing the need
for conventional alloplastic implants. [13.14]
- Prosthetic Material Innovation
Bioprinting allows for  the
development of novel prosthetic materials with
enhanced mechanical and aesthetic properties,
improving patient outcomes. New biomaterials such
as bio-ceramics, nano-composites, and bioresorbable
polymers are being tested for their potential to
provide long-lasting and patient-specific prostheses.
7,15]

- Maxillofacial Prosthetics and Soft Tissue
Engineering

Maxillofacial defects caused by
trauma, cancer, or congenital anomalies can be
addressed with bioprinted prostheses that closely
match the patient’'s anatomy and skin tone.
Bioprinting of gingival and oral mucosal tissues can
enhance periodontal therapies and improve
outcomes in soft tissue augmentation procedures. [16]
6. Advantages and Challenges of Bioprinting in
Prosthodontics

Advantages:
e Customization and Precision
Bioprinting enables the fabrication of
patient-specific prostheses with high

precision, ensuring better fit, function, and
aesthetics.

e Enhanced Biocompatibility
The use of bio-inks incorporating living cells
and biocompatible materials reduces the
risk of immune rejection and promotes
tissue integration.

e Improved Osseointegration
Bioprinted  scaffolds  enhance  bone
regeneration and osseointegration, leading
to better outcomes for dental implants and
maxillofacial reconstructions.

e Minimized Material Wastage
Unlike traditional milling and subtractive
manufacturing methods, bioprinting is an

additive process that reduces material
wastage.

o Accelerated Treatment Time
With advanced bioprinting techniques,

prostheses can be fabricated in significantly
less time, reducing patient waiting periods
and clinical chairside adjustments.

e Potential for Regenerative
Prosthodontics
Bioprinting paves the way for regenerative
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dentistry by creating scaffolds that support
the growth of functional dental and
periodontal tissues.

e Advantages in Functionality:

Improved fit and function of patient-specific
dental implants. Reduced material wastage
compared to conventional milling.

e Advantages in Patient Satisfaction:
Enhanced aesthetics with bioprinted
maxillofacial prostheses. Faster recovery
times due to bioengineered scaffolds with
growth factors. [12-17]

Challenges:

e High Cost of Bioprinting Technology
The cost of bioprinters, biomaterials, and
maintenance remains a major barrier to
widespread clinical adoption.

e Material Limitations
Developing bio-inks that can precisely
replicate the mechanical properties and
durability of natural dental tissues is a
persistent challenge.

e Cell Viability and Stability
Ensuring long-term cell viability and
stability in bioprinted constructs remains a
major hurdle in regenerative applications.

e Regulatory and Ethical Concerns
Bioprinting in healthcare is subject to strict
regulatory approval processes, posing
challenges for clinical translation and
widespread adoption.

e Complexity of Multi-Tissue
Bioprinting functional dental structures
involves the simultaneous printing of
multiple tissues, such as dentin, enamel, and
pulp, which is still in its developmental
stage.

e Long-Term Clinical Validation
There is a lack of extensive clinical studies
and long-term follow-ups to validate the
efficacy and safety of bioprinted prostheses.

e Challenges in Cost and Accessibility:

High cost of bioprinters, bioinks, and
maintenance. Limited access to regulatory-
approved bioprinted prostheses.

e Challenges in Regulatory Approval: The
regulatory landscape for bioprinting in
prosthodontics remains a significant hurdle,
primarily due to the complex nature of
bioprinted constructs and their interactions
with biological tissues. Since bioprinted
prosthetic structures integrate living cells,
growth factors, and biomaterials, they do
not fit neatly into conventional medical
device or drug approval pathways.
Furthermore, the lack of standardized
clinical trials for bioprinted dental products

Printing
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limits the ability to establish long-term
safety and efficacy. [10.18]

According to Cui et al, ensuring
biocompatibility, mechanical stability, and
long-term functionality —of bioprinted
prostheses remains a regulatory challenge.
The variability in bio-ink compositions,
scaffold degradation rates, and crosslinking
methods makes it difficult to define
universal safety and performance standards.
Additionally, the absence of standardized
bioprinting protocols in clinical practice
complicates the approval process.
Regulatory agencies require extensive
preclinical and clinical validation studies to
demonstrate reproducibility and patient
safety, but the rapidly evolving nature of
bioprinting technology makes it challenging
to establish rigid frameworks. [+19]

To address these challenges, researchers
emphasize the need for:

e The development of specific regulatory
guidelines tailored to bioprinted dental
applications.

e C(Collaboration between bioprinting experts,
clinicians, and regulatory authorities to
create validated testing models for
evaluating bioprinted prostheses.

e Implementation of bioprinting-specific Good
Manufacturing Practices (GMP) to ensure
product consistency and clinical safety.
While bioprinting holds immense potential
for revolutionizing prosthodontics,
overcoming regulatory hurdles will be
crucial for translating laboratory
advancements into clinically approved,
patient-ready solutions.

7. Future Perspectives

The future of bioprinting in prosthodontics lies in the

integration of artificial intelligence, improved
biomaterials, and advanced bio-fabrication
techniques. Research is progressing toward

achieving fully functional bioengineered teeth and
makxillofacial structures, which could revolutionize
prosthodontic rehabilitation. Additionally,
developments in 4D bioprinting, which enables
printed structures to respond dynamically to
environmental stimuli, hold promise for next-
generation dental prostheses and regenerative
therapies. One of the latest advancements in the field
of bioprinting is 4D bioprinting, which involves the
creation of dynamic, shape-changing structures. [&]

Unlike conventional bioprinting, 4D bioprinting uses
stimuli-responsive biomaterials that can change
their shape, function, or structure over time when
exposed to external stimuli like temperature,
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moisture, or pH changes. For example, 4D
bioprinting has been successfully employed to
fabricate self-folding tissue scaffolds for bone
regeneration, enhancing functional adaptability. This
approach has immense potential in maxillofacial
prosthetics and temporomandibular joint (TM])
reconstruction. [18-20]

8. Conclusion

Bioprinting presents significant advancements in
prosthodontics, offering customized, biocompatible,
and functionally superior solutions for dental
restoration and rehabilitation. While challenges
remain, continued research and technological
advancements will likely lead to broader clinical
applications in the near future. The future of
bioprinting in prosthodontics holds immense
promise. To ensure rapid clinical translation, it is
essential to:

e Promote large-scale clinical trials to validate
the efficacy of bioprinted implants.

e Encourage interdisciplinary collaboration
among dentists, biomedical engineers, and
regulatory bodies.

e Develop cost-effective bioinks and printing
systems to make bioprinting accessible to all
dental practitioners.
With continuous technological
advancement, bioprinting can potentially
become a routine  procedure in
prosthodontic practice, offering superior
functional and aesthetic outcomes.
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