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Abstract

Oral and maxillofacial tissue defects impair both anatomical integrity and essential
oral functions. Three-dimensional (3D) bioprinting offers a promising strategy for
fabricating patient-specific constructs with controlled architecture and biological
composition. However, many current studies primarily focus on fabrication
performance, whereas the host responses that determine long-term regeneration
remain insufficiently integrated into material design. In this review, we discuss
3D-printed and bioprinted biomaterials for oral tissue reconstruction from a host-
material interaction-guided perspective. We first summarize the regenerative
requirements of oral soft tissues, hard tissues, and soft-hard interfaces, together with
the material systems and printing technologies for oral tissue reconstruction. We then
examine how printed constructs interact with the oral microenvironment through
physical, chemical,and biological mechanisms.These interactions shape regeneration
bydirecting early hostrecognition, subsequentimmuneand vascularremodeling,and
eventual microbial balance, matrix maturation, and tissue integration. Based on these
mechanisms, we further discuss three major design strategies: bioink formulation
to construct a regenerative microenvironment, structural design to guide spatial
organization and mechanical adaptation, and bioactive functionalization to direct
host responses toward tissue-specific repair. Representative applications in soft-
tissue repair, hard-tissue regeneration, and periodontal interface reconstruction are
highlighted. Finally, current barriers and future opportunities for clinical translation
are discussed. This review provides an oral-specific, host-material interaction-guided
framework for developing host-instructive 3D-printed and bioprinted constructs for
functional oral tissue regeneration.

Keywords: 3D printing; Bioprinting; Oral tissue reconstruction; Host-material
interactions; Immunomodulation; Pore architecture; Vascularization
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1. Introduction

Oral and maxillofacial tissue defects arise from trauma,
tumor resection, infection, congenital malformations,
periodontal disease, and age-related degeneration."? These
defects may involve soft tissues, such as the gingiva and
oral mucosa; hard tissues, including alveolar bone, dentin,
cementum, and maxillofacial bone; or composite structures
composed of multiple tissue components.* Unlike
defects at many other anatomical sites, oral tissue defects
are not merely esthetic problems* but directly impair
mastication, swallowing, speech, sensory perception, and
barrier defense against microbial invasion. Moreover,
oral tissues are continuously exposed to a complex local
environment, making regeneration highly dependent on
interactions between implanted materials and the host
microenvironment.>” Therefore, successful reconstruction
requires not only the restoration of anatomical contour
but also re-establishment of mechanical support, epithelial
protection, vascular supply, immune homeostasis,
antimicrobial defense, and functional integration.

Conventional reconstructive strategies, including
autologous tissue grafting, allogeneic transplantation,
xenogeneic grafts, and synthetic biomaterial implantation,
have improved the treatment of oral and maxillofacial
defects.®® Autologous grafts offer favorable biocompatibility
and regenerative potential, but are limited by donor-site
morbidity, restricted availability, prolonged surgery, and
unpredictable remodeling.’® Allogeneic and xenogeneic
grafts alleviate tissue shortages but may introduce
immunogenicity, disease-transmission risk, variable
degradation, and inconsistent outcomes."! Synthetic
substitutes provide improved availability, structural
stability, and processing flexibility; nevertheless, many still
fail to match individualized defect geometry, reproduce
native hierarchical architecture, or actively regulate host
responses.’? Poor adaptation may consequently impair
vascular and cellular infiltration, promote chronic
inflammation and microbial colonization, and ultimately
lead to fibrous encapsulation and compromised integration.
These limitations highlight the need for biomaterials and
biofabrication methods that combine anatomical accuracy,
biological functionality, and host-adaptive regenerative
capacity.

In this context, three-dimensional (3D) bioprinting
has emerged as a promising biofabrication strategy for
oral tissue engineering and regenerative dentistry. By
integrating computer-aided design, patient-specific
imaging data, printable biomaterials, living cells,
and bioactive molecules, 3D bioprinting enables the
fabrication of customized constructs with controllable
geometry, internal architecture, and spatial biological

composition.”*** These features are particularly relevant
to oral reconstruction, where engineered constructs
must fulfill two distinct yet complementary roles. First,
they must maintain structural and biological function in
situ by adapting to irregular defects, withstanding cyclic
loading, and resisting microbial challenge.'*'” Second, they
must promote tissue regeneration, specifically supporting
the coordinated repair of epithelial, connective, vascular,
and mineralized compartments.'®® Recent advances
in natural hydrogel bioinks, synthetic polymer-based
bioinks, ceramic-reinforced composites,® bioactive ion-
containing systems, and multimaterial or hybrid printing
platforms have further expanded the structural and
functional possibilities of oral tissue bioprinting. However,
current studies remain largely fabrication-centered, with
emphasis placed on printability, shape fidelity, mechanical
reinforcement, and short-term cytocompatibility. Although
these parameters are indispensable, they do not fully
capture the decisive events that unfold after implantation.*
These events follow a temporal cascade: (i) immediate host
responses, including protein adsorption and inflammatory
activation;* (ii) mid-term events, including vascular
ingrowth, extracellular matrix (ECM) reorganization, and
microbial colonization;” and (iii) long-term outcomes,
encompassing degradation-mediated signaling and tissue
integration. The gap between precise construct fabrication
and effective host-guided regeneration remains a major
barrier to the clinical translation of 3D-printed and
bioprinted oral constructs.

The oral cavity represents a uniquely dynamic and
challenging regenerative environment. Once implanted,
3D-printed and bioprinted constructs are immediately
challenged by a multifaceted oral milieu: (i) biological
factors,” including saliva-derived proteins, immune
cells, oral microbiota, and their metabolites; (ii) chemical
conditions,” particularly pH fluctuations and enzymatic
activity; and (iii) physical factors,”® namely mechanical
forces from mastication, swallowing, and speech. These
factors collectively shape the host response and determine
whether the construct supports regeneration or instead
induces persistent inflammation, infection, fibrotic
encapsulation, premature degradation, or mechanical
failure. Therefore, the success of 3D-printed and bioprinted
oral constructs depends not only on how accurately they
are fabricated, but also on how effectively they interact
with and regulate the local host microenvironment. A
host-material interaction-guided design paradigm is
thus essential for advancing oral tissue bioprinting from
structural replacement toward functional regeneration.

From this perspective, host-material interactions can
be understood through physical, chemical, and biological
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dimensions that act in concert during immediate host
responses, mid-term tissue remodeling, and long-term
outcomes.”* Physical interactions arise from pore
architecture, interconnectivity, surface topography,
stiffness, viscoelasticity, and gradient organization,
thereby regulating cell adhesion, migration, infiltration,
mechanotransduction, and load transfer®® Chemical
interactions originate from material composition and
interfacial properties, including functional groups,
charge, hydrophilicity, ion release,** degradation
products, and mineral components, and influence protein
adsorption, mineralization, antimicrobial activity, and
microenvironmental homeostasis. Biological interactions
involve active communication mediated by cell-derived
signals, immunomodulatory factors, angiogenic cues,
antimicrobial components, and ECM-mimetic motifs,
coordinating inflammation resolution, vascular network
formation, matrix deposition, and tissue maturation.”
Together, these interactions provide a basis for designing
bioinks, scaffold architectures, and delivery systems that
actively guide host responses.*

Previous reviews have established an important
foundation for 3D bioprinting in regenerative dentistry
and craniofacial tissue engineering.*®* Early studies
mainly summarized printing modalities, printable
materials, and craniofacial fabrication strategies, whereas
subsequent reviews addressed bioink formulations,*
printing technologies,®* and applications in pulp-
dentin, periodontal, gingival, bone, cartilage, and other
oral or craniofacial tissues.* More recent reviews have
considered patient-specific reconstruction, clinical
translation, vascularization, and regulatory challenges.*
Collectively, these reviews provide valuable perspectives
on technological,  material,  application-specific,
host-response, and translational aspects. However,
comparatively fewer studies have specifically organized
these interactions as design considerations linking the
properties of 3D-printed and bioprinted constructs with
tissue-specific host responses in oral reconstruction.
Although immune modulation has emerged as a design
variable in the broader bioprinting literature, an oral-
specific framework integrating physical, chemical, and
biological host-material interactions remains insufficiently
developed. The relationships among architecture and
mechanics, interfacial chemistry and degradation, and
immune, vascular, microbial, and tissue-specific responses
have not been systematically translated into unified design
principles for oral reconstruction.

Accordingly, this review aims to determine how
interactions between 3D-printed and bioprinted
biomaterials and the oral host microenvironment can be

translated into rational design strategies for oral tissue
reconstruction. Specifically, it addresses three central
questions:

(i) How do 3D-printed and bioprinted biomaterials
interact with the oral host through physical, chemical,
and biological mechanisms?

(i) How do these interactions regulate biological
processes and tissue-material integration?

(iii) How can this mechanistic understanding guide the
design of 3D-printed and bioprinted biomaterials for
tissue-specific oral regeneration?

To address these questions, this narrative review was
informed by a targeted search of PubMed/MEDLINE,
Web of Science Core Collection, and Scopus for English-
language publications published from 2015 to 2026. Search
terms combined “3D printing,” “bioprinting,” “bioink,”
and “additive manufacturing” with “oral” “dental
“periodontal,” “maxillofacial,” “host response;,” “immune;’
“vascularization,” and “microbiome.” Original studies and
relevant reviews addressing printed biomaterials, host-
material interactions, or oral tissue reconstruction were
considered, whereas studies unrelated to regenerative
applications or lacking relevant biological outcomes were
excluded. Representative studies were selected according
to mechanistic relevance, oral specificity, and in vivo
evidence.

As shown in Figure 1, we first establish the biological
and technological foundation for this analysis by
outlining the structural characteristics and regenerative
requirements of oral soft tissues, hard tissues, and soft—
hard tissue interfaces, together with representative
material systems and printing technologies. We then
examine how printed constructs interact with the oral
host microenvironment through physical, chemical, and
biological mechanisms, and how these interactions, in
turn, shape early host recognition, immune regulation,
vascularization, microbial balance, matrix remodeling,
and long-term tissue integration. On this mechanistic
basis, host-material interactions guide three major design
dimensions: bioink formulation, structural design, and
bioactive functionalization. Representative applications are
subsequently evaluated to illustrate how these interaction-
guided principles are implemented in soft-tissue repair,
hard-tissue regeneration, and periodontal interface
reconstruction. Finally, current technical, biological, and
translational limitations are critically discussed. Through
this structure, the review provides insights linking host-
material interaction mechanisms to tissue-specific design
decisions, rather than proposing a new theory of host-
biomaterial interactions.
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Figure 1. Schematic illustration of host-material interaction-guided design of 3D-printed and bioprinted biomaterials for oral tissue reconstruction

2. Foundations of 3D bioprinting for oral
tissue reconstruction

Oral tissue reconstruction poses distinctive challenges
owing to the anatomical complexity, structural
heterogeneity, and functional diversity of the oral and
maxillofacial system.**** Defects may vary from superficial
mucosal lesions to periodontal defects and large load-
bearing maxillofacial bone defects,”* each imposing
specific demands on material composition, mechanical
competence, biological functionality, and fabrication
accuracy. A comprehensive understanding of tissue-
specific regenerative requirements, printable material
systems, and appropriate bioprinting technologies is
therefore fundamental to the rational design of 3D-printed
and bioprinted constructs. This section establishes the
conceptual basis for oral tissue bioprinting by summarizing
the structural and functional characteristics of oral tissues,
representative material platforms, and major printing
strategies.

2.1. Structural characteristics and tissue-specific
requirements for oral tissue reconstruction

Oraland maxillofacial tissues are organized as mechanically
coupled units rather than as isolated soft or hard tissue

compartments.”*® As illustrated in Figure 2A, the pulp-
dentin complex, periodontium, and temporomandibular
joint are dominated by mineralized structures but depend
on compliant interfacial tissues to transmit and dissipate
functional loads.”® Compression and fluid shear act across
the pulp-dentin complex, whereas the aligned fibers of the
periodontal ligament (PDL) buffer tensile and torsional
forces between cementum and alveolar bone. Within the
temporomandibular joint, the fibrocartilaginous disc
distributes compression and shear across the condylar
cartilage and bone. These region-specific mechanical
environments indicate that successful reconstruction
must restore not only tissue stiffness and strength, but also
hierarchical interfaces and physiologically appropriate
load transfer.

The regenerative requirements nevertheless differ
among individual hard tissues. Alveolar and maxillofacial
bone are vascularized collagen-mineral composites that
continuously remodel in response to masticatory loading
and local biochemical signals.”® Their reconstruction
should therefore provide early mechanical support while
permitting vascular invasion, bone remodeling, and
stable integration with the host skeleton. Dentin and
cementum exhibit more specialized microarchitectures
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and substantially lower remodeling capacities.”” Strategies
targeting these tissues should prioritize the reproduction
of their characteristic structures and the re-establishment
of functional connections with the dental pulp or PDL.>* In
particular, periodontal repair requires the restoration of a
compliant ligament with directionally organized collagen
fibers that insert into both cementum and alveolar bone.*

Soft oral tissues heal in environments that differ
markedly among anatomical sites. Keratinized gingiva,
non-keratinized mucosa, the tongue, and buccal mucosa
provide distinct substrates for microbial adhesion and
biofilm development.” Therefore, materials used for soft
tissue reconstruction must function in a wet, microbe-rich
environment while preserving epithelial renewal and a
balanced host-microbial interface. Following injury, oral
soft tissue repair proceeds through a coordinated sequence
of overlapping biological stages (Figure 2B).* Hemostasis
begins within minutes, when platelet aggregation and fibrin
formation seal the defect and establish a provisional matrix.
The subsequent inflammatory phase removes damaged
tissue and microorganisms while recruiting macrophages
and other reparative cells. As inflammation resolves,
keratinocytes and fibroblasts repopulate the wound, and
newly formed vessels restore local perfusion. During the
final stage, re-epithelialization is completed, and a more
organized collagen network replaces the provisional
matrix. Biomaterials designed for oral soft tissue repair
should therefore support this temporal progression rather
than provide a single static function. Early antibacterial
and immunoregulatory activity should gradually give way
to vascularization, epithelial closure, and controlled ECM
remodeling.

Clinically, oral and maxillofacial defects rarely involve a
single homogeneous tissue compartment; rather, they often
affect combinations of hard tissues, connective tissues,
epithelial structures, and vascular networks. Successful
reconstruction therefore depends on coordinated

regeneration across multiple tissue compartments and
interfaces.””*® In this context, 3D bioprinting offers unique
opportunities to spatially organize biomaterials, cells, and
bioactive cues, enabling the fabrication of multilayered,
multiphasic, and gradient constructs that better recapitulate
the structural complexity and functional requirements of
native oral tissues.

2.2, Material systems for oral tissue bioprinting

The development of suitable material systems is central to
oral tissue bioprinting. An ideal material platform should
first enable reliable printing while preserving cell viability
during fabrication.® After implantation, it should provide
sufficient structural support, degrade in coordination with
new tissue formation, and actively deliver bioactive signals
thatguideregeneration. AsshowninTable1,currentmaterial
strategies therefore combine several classes of components
that serve distinct but complementary functions.’®® In
this review, bioinks and structural inks are distinguished
according to their primary role during fabrication. Bioinks
are printable biomaterial formulations designed to provide
a biologically permissive microenvironment and, in
conventional cell-laden bioprinting, to incorporate living
cells during deposition.® In contrast, structural inks are
generally cell-free printable materials used primarily to
provide mechanical reinforcement, dimensional stability,
or long-term structural support.®* Natural hydrogels are
widely used as bioinks because they partially mimic the
ECM and provide cell-interactive microenvironments.
Collagen and gelatin provide abundant cell-interactive
motifs, making them favorable for cell attachment and
matrix deposition, but their weak networks generally
cannot support load-bearing structures.®* Gelatin
methacryloyl (GelMA) partially overcomes this limitation
by introducing photocrosslinkable groups into gelatin.® It
therefore retains many of gelatin’s biological features while
allowing stiffness and post-printing stability to be adjusted
through light-induced crosslinking. Alginate approaches

Figure 2. Structural and regenerative characteristics of oral tissues. (A) Tissue-specific biomechanical environments of the pulp-dentin complex,
periodontium, and temporomandibular joint.*® (B) Sequential phases of oral mucosal wound healing.*®
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the problem from the opposite direction: its rapid and mild
ionic gelation provides excellent printability and shape
preservation, but the polymer itself offers few binding sites
for mammalian cells. It is consequently combined with
collagen, gelatin, GeIlMA, or adhesive peptides to restore
biological activity.**® Hyaluronic acid and fibrin are
especially useful when cell migration, tissue remodeling,

or vascular ingrowth is required, although both are
usually chemically modified or reinforced to prevent rapid
deformation or degradation.®” Thus, natural hydrogel
bioinks are selected not simply by their source, but by the
balance they provide between cell support and structural
persistence.

Synthetic polymers provide complementary advantages

Table 1. Representative material systems for 3D bioprinting and 3D-printed oral tissue reconstruction

Category  Material Key characteristics References
Excellent biocompatibility; supports cell adhesion, spreading, and extracellular matrix
Collagen (ECM) remodeling; limited mechanical strength and shape fidelity 52,70-73
Gelatin Cont.alns cell-l'nte%‘actlve motlfs; improves cell atta'lc.hment and matrix remodeling; usually 42,7477
requires crosslinking or blending to enhance stability
Gelatin methacryloyl =~ Photocrosslinkable gelatin derivative; retains cell-binding motifs; tunable stiffness, 78-81
(GelMA) degradation, and print fidelity; widely used in cell-laden bioprinting
Bioink Good printability; mild ionic gelation; protects encapsulated cells; lacks intrinsic mammalian
Alginate cell-adhesion motifs and often requires blending with GelMA, gelatin, collagen, or RGD 82-86
modification
Hyaluronic acid ECM—hl'<e comp.oflent; promotes 'hydratlon,.cell mlgratloril, and .tlssue repair; weak 26.87-91
mechanical stability unless chemically modified or combined with other polymers
Fibrin Highly bioactive; support.s .cell infiltration and angiogenesis; rapid degradation and poor 15.42,70.92,93
long-term structural stability
Polyethylene glycol- Chemically defined and tunable; suitable for photocrosslinking; bioinert without
. o . . . . . 94-97
based hydrogels functionalization; often modified with peptides or combined with natural polymers
Good mechanical stability and slow degradation; widely used in extrusion or melt-based 3D
Polycaprolactone . . 98-102
Structural printing; generally serves as a structural scaffold rather than a cell-laden bioink
synthetic
polymers  Poly(lactic-co-glycolic ~ Biodegradable and clinically relevant; tunable degradation; useful for structural or delivery 103-106
acid) functions; acidic degradation products should be considered
Polylactic acid Printable a'nd blodegradabl.e; prf)v1des structur.al supPort; limited intrinsic bioactivity and 107-109
often requires surface modification or composite design
Hydroxyapatite M.a)or mmeral‘ c.omponent of bor}e and. dental hard tissues; improves osteoconductivity, 110-113
mineral deposition, and mechanical reinforcement
B-tricalcium More resorbable than hydroxyapatite; supports dynamic balance between scaffold 114-116
phosphate degradation and new bone formation; enhances osteogenic potential
Inorganic . o . . . .
bioactive  Bioactive glass Releases calc1u.m, phosphate,. and s1.11c0n species; promotes osteogenesis and angiogenesis; 81,100,117,118
additives some formulations show antibacterial activity
Silica-, zirconia-,
magnesium-, or other  Improve mechanical stability, print fidelity, or biological activity; excessive loading may 116.119.120
oxide-containing impair printability, cell viability, or cause nozzle clogging T
particles
. o High strength, corrosion resistance, and osseointegration; fabricated by metal additive
Metallic Titanium and ; . " . .
. L manufacturing; not conventional bioinks because they do not encapsulate living cells during ~ 28,121-123
materials  titanium alloys .
printing
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because their mechanical properties, degradation kinetics,
and chemical functionalities can be more precisely
controlled. Polyethylene glycol (PEG)-based hydrogels,
including PEG diacrylate and related derivatives, are
widely used as tunable platforms for photocrosslinkable
bioinks.”  However, their intrinsic  bioinertness
necessitates functionalization with cell-adhesive peptides
or incorporation of natural polymers to support cellular
activities. Thermoplastic and biodegradable polymers,
such as polycaprolactone (PCL), poly(lactic-co-glycolic
acid) (PLGA), and polylactic acid, have also been
extensively applied in oral and bone-related 3D printing.'**
These materials, however, are more appropriately classified
as cell-free structural inks used to fabricate supporting
scaffolds rather than conventional cell-laden bioinks,'*
because they are commonly processed under conditions
unsuitable for direct cell encapsulation. Their primary
contribution lies in providing mechanical reinforcement,
dimensional stability, and long-term structural support,
particularly when integrated with cell-laden hydrogels.
This division of labor allows structural stability and cellular
function to be optimized separately.

For hard oral tissue regeneration, structural support
alone is insufficient, as the construct must also provide
cues that encourage mineral deposition and integration
with host bone. Inorganic additives are therefore
introduced into hydrogel bioinks or polymeric scaffolds as
a mineral-like phase.’? Hydroxyapatite closely resembles
the stable mineral component of bone and dental tissues
and primarily enhances osteoconduction and mineralized
matrix formation.!” pB-tricalcium phosphate (B-TCP)
is more readily resorbed and is useful when scaffold
dissolution is intended to proceed alongside new bone
deposition.'”® Bioactive glass provides a more dynamic
form of stimulation by releasing calcium, phosphate,
and silicon species that can promote osteogenesis and
angiogenesis; depending on its composition, it may also
contribute antibacterial activity. Other silica-, zirconia-,
magnesium-, or metal-oxide-containing particles are
generally incorporated to provide more specific functions,
such as mechanical reinforcement, ion-mediated
signaling, or improved printing fidelity."® These inorganic
components should nevertheless be regarded as functional
modifiers rather than as universally beneficial fillers.
Increasing particle content may strengthen the construct
or enhance mineral bioactivity, but it can also increase
viscosity, disrupt extrusion, reduce cell viability, or
block the printing nozzle."*® Their effectiveness therefore
depends on controlling particle size, concentration, surface
chemistry, and dispersion within the surrounding polymer
network.

For large-volume defects or load-bearing oral and
maxillofacial reconstruction, hydrogel-based or ceramic-
reinforced hydrogel systems alone are generally insufficient
to provide immediate mechanical stability. Metallic
materials, particularly titanium and its alloys, are therefore
widely used as additively manufactured structural
frameworks.'”! Their high strength, fatigue resistance,
corrosion resistance, and osseointegration capacity allow
them to maintain the defect space and withstand functional
loading during the early stages of reconstruction.’ Like
thermoplastic polymers, metals are not bioinks, as living
cells are not incorporated during their high-energy
fabrication processes. Instead, they are typically fabricated
into porous or patient-specific frameworks through metal
additive manufacturing and subsequently combined
with bioprinted hydrogels, bioactive coatings, or cell-
seeded constructs. Such hybrid approaches integrate
the mechanical reliability of metallic scaffolds with the
biological functionality of bioprinted materials, making
them particularly relevant for maxillofacial and implant-
associated reconstruction.

Overall, material systems for oral tissue bioprinting
are evolving from single-component formulations toward
composite, multimaterial, and hybrid platforms. The
central design principle is to align material composition
and function with tissue-specific regenerative demands:**
cell-permissive hydrogels for soft tissue repair, mineral-
reinforced composites for hard tissue regeneration,
structurally supportive polymers or metals for load-bearing
defects, and spatially organized multimaterial systems
for soft-hard tissue interfaces. This materials-oriented
foundation provides the basis for selecting appropriate
printing technologies and developing host-responsive
3D-printed and bioprinted constructs for functional oral
tissue reconstruction.

2.3. 3D bioprinting technologies for oral tissue
reconstruction

Three-dimensional printing is a broad additive-
manufacturing approach in which materials are deposited
or solidified layer by layer to fabricate 3D constructs
with predefined geometries. In contrast, 3D bioprinting
represents a biofabrication-oriented subset of these
technologies that enables the spatial deposition of
biologically active materials, particularly cell-laden bioinks,
to generate tissue-mimetic constructs. Accordingly, cell-
free polymeric, ceramic, or metallic scaffolds fabricated for
structural support are referred to as 3D-printed constructs
in this review, whereas constructs fabricated through the
controlled deposition of cell-containing or biologically
active bioinks are described as bioprinted constructs.”**>
For oral tissue reconstruction, the printing technology
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should be selected based on the biological and structural
requirements of the target tissue. Soft and cell-rich
tissues generally require gentle processing conditions that
preserve cell viability, whereas hard or load-bearing tissues
demand greater geometric precision and mechanical
support.”® In this context, extrusion-based bioprinting
is widely used to deposit cell-laden hydrogels and
relatively viscous composite bioinks into customized 3D
structures.”® Vat photopolymerization-based techniques
provide higher resolution and better shape fidelity, making
them suitable for fine architectures and tissue interfaces,
although their application depends on the availability of
photocrosslinkable materials.”** Multimodal bioprinting
combines two or more fabrication methods to integrate
soft, cell-permissive regions with mechanically reinforced
compartments. For defects requiring immediate load-
bearing stability, metal additive manufacturing can further
provide patient-specific structural frameworks that are
subsequently combined with bioprinted hydrogels, cells,
or bioactive coatings.

Extrusion-based bioprinting is particularly suitable
for fabricating porous scaffolds, soft-tissue grafts, and
hydrogel-based constructs with tunable shapes.'*
However, this method requires careful optimization of
bioink viscosity, nozzle diameter, extrusion pressure,
printing speed, and crosslinking conditions, since excessive
shear stress may impair cell viability, whereas insufficient
viscosity can reduce shape fidelity. Yi et al** developed

an injectable platelet-rich fibrin/alginate/gelatin bioink
for oral soft tissue regeneration (Figure 3A). The bioink
was processed by extrusion-based 3D bioprinting into
customized constructs. The resulting constructs prolonged
the release of multiple growth factors, supported gingival
fibroblast viability, and promoted angiogenic activity in
vivo.

Microextrusion-based cell bioprinting is particularly
suitable for PDL regeneration.'* By adjusting the printing
path, filament spacing, and deposition direction, this
technique enables spatial control over cell distribution
and matrix orientation. These features are important for
reproducing the aligned fibrous architecture of the native
PDL and for guiding functional attachment between
cementum and alveolar bone. Microextrusion is also
compatible with hydrogel bioinks that can encapsulate PDL
cells under relatively mild processing conditions. After
deposition, photocrosslinking can stabilize the printed
geometry without eliminating the hydrated environment
required for cell survival and matrix remodeling.
Raveendran et al'”’ demonstrated this advantage by
optimizing the bioprinting of human PDL cells in GelMA
hydrogels. The authors separately tuned the GelMA
formulation, light-crosslinking conditions, extrusion
pressure, and nozzle dimensions. This optimization
preserved high cell viability while improving printing
resolution and construct stability.

Figure 3. Representative 3D printing and bioprinting technologies for oral tissue reconstruction. (A) Extrusion-based bioprinting of injectable platelet-
rich fibrin/alginate/gelatin bioinks for oral soft tissue regeneration.” (B) Multimodal bioprinting for periodontal soft-hard tissue interface regeneration
and (C) evaluation of the osteoinductive activity and immune response of the bioprinted periodontal module."*® (D) Metal additive manufacturing-assisted
fabrication of patient-specific oral restorations.'®

Abbreviations: AG: Alginate/gelatin; ALB: Albumin; CREA: Creatinine; dECM: Decellularized extracellular matrix; DFCs: Dental follicle cells; DIW:
Direct ink writing; DLP: Digital light projection; GelMA: Gelatin methacryloyl; GF cells: Gingival fibroblast cells; iPAG: iPRF/alginate/gelatin; i-PRF:
Injectable platelet-rich fibrin; PDL: Periodontal ligament; WBC: White blood cell count.
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Vat photopolymerization-based bioprinting, including
stereolithography and digital light processing, uses light-
induced polymerization to fabricate constructs with high
resolution and good shape fidelity."* This technology
is especially useful for photocrosslinkable bioinks and
fine architectural designs, such as aligned structures or
tissue-interface modules. High-resolution bioprinting
is advantageous for reconstructing complex soft-hard
periodontal interfaces. Yang et al.*® used a GelMA/
decellularized ECM bioink and digital light projection
printing to fabricate a PDL module with topographical
guidance (Figure 3B). In combination with direct ink
writing for the alveolar bone module, the printed construct
promoted the formation of aligned periodontal fibers and
bone and supported functional regeneration of the bone-
ligament interface in a beagle periodontal defect model
(Figure 3C). The study highlights the advantage of high-
resolution bioprinting for complex soft-hard periodontal
interfaces.

Metal  additive = manufacturing-assisted  hybrid
fabrication is important for load-bearing oral and
maxillofacial applications'! and should be distinguished
from conventional cell-laden bioprinting. Metallic materials
are not bioinks, but they can provide patient-specific
mechanical support and may be combined with bioprinted
hydrogels, bioactive coatings, or cell-seeded constructs.
By providing customized structural components, metal
additive manufacturing can complement bioprinting for
oral restoration and reconstruction. Xu et al.'* fabricated
Cu-bearing Ti-6Al-4V-6Cu alloy pediatric crowns using
laser powder bed fusion (Figure 3D). The printed crowns
showed favorable mechanical properties, corrosion
resistance, biocompatibility ~with human gingival
fibroblasts, antibacterial activity against Streptococcus
mutans, and improved internal fit compared with
prefabricated stainless-steel crowns.

Taken together, the technologies mentioned above play
complementary roles in oral tissue reconstruction. Rather
than relying on a single printing method, future oral tissue
reconstruction is likely to depend on the integration of
appropriate printing technologies with tissue-specific
bioinks, structural design, and host-responsive biological
cues.

3. Host responses to 3D-printed and
bioprinted biomaterials

The oral cavity provides a distinctive anatomical and
environmental context for implanted or surface-
contacting biomaterials.'** Host responses in this setting
extend beyond conventional biocompatibility assessments.
Instead, they emerge from the combined effects of construct

architecture, interfacial chemistry, degradation behavior,
and biologically active signals. Immediately after contact
with saliva, blood, or tissue fluid, proteins adsorb to the
material surface and form the firstbiological interface.?® This
provisional layer influences subsequent immune activation
and cell recruitment. It also affects vascular invasion, ECM
remodeling, and eventual tissue integration.'*® These
processes are further modified by conditions unique to
the oral cavity. Resident microorganisms may colonize the
material surface, whilelocal pH and enzymatic activity alter
material degradation and molecular release. At the same
time, repeated mechanical loading can modulate cellular
responses and interfacial stability. Host responses should
therefore be regarded not only as outcomes used to evaluate
material performance, but also as mechanistic information
for designing 3D-printed and bioprinted constructs that
function effectively within the oral microenvironment.

3.1. Physical interactions

Physical interactions refer to host responses regulated by
the geometric, topographical, and mechanical features of
3D-printed or bioprinted constructs. At the surface level,
topography and roughness act as early regulators of host
recognition.'" Printing-induced filament morphology,
layer-by-layer =~ deposition,  post-printing  surface
modification, and incorporation of micro- or nanoscale
fillers can all alter the surface microenvironment.
Moderate micro- or nanoscale roughness may enhance
osteoblast adhesion, stem cell osteogenic differentiation,
and mineral deposition, thereby benefiting alveolar bone
and periodontal regeneration. However, this effect is not
simply proportional to roughness. Excessive roughness,
poorly dispersed particles, or irregular filament surfaces
may impair print fidelity, increase stress concentration,
enhance nonspecific protein adsorption, or facilitate
bacterial retention. Therefore, surface topography should
be optimized within a tissue-specific window rather than
maximized indiscriminately. A representative example
is the 3D-printed polyetheretherketone (PEEK) implant
modified with a biomimetic PDL fiber-like hydrogel.
Xu et al.'* fabricated customizable PEEK implants by
fused deposition modeling, followed by sulfonation and
surface grafting of a simvastatin- and cefepime-loaded
acrylic acid-acrylamide hydrogel (Figure 4A). This
modification improved hydrophilicity, reduced surface
roughness and friction coefficient, enhanced antibacterial
activity and biocompatibility, and significantly promoted
osseointegration in vivo. Importantly, the hydrogel layer
was designed to mimic PDL-like fibers and to contribute
to stress dissipation around the implant interface.

At the architectural level, pore size, porosity, and
interconnectivity determine whether a printed scaffold can
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support host cell migration, vascular ingrowth, nutrient
diffusion, and waste removal."*® Highly interconnected
pores provide transport pathways for cells and fluids,
which is essential for large or mineralized constructs.
Nevertheless, increasing porosity often reduces
compressive strength and structural stability, creating a
trade-off between biological integration and mechanical
competence.'” For hard oral tissue reconstruction, the
pore architecture should support vascularized bone
formation while maintaining resistance to functional
loading. For soft tissue and periodontal applications, pore
and fiber organization should additionally guide fibroblast
migration, epithelial integration, and oriented ECM
deposition. This architecture-dependent host response
has been demonstrated in 3D-printed titanium meshes
for alveolar bone augmentation. Ma et al."*® compared
personalized titanium meshes with porosities of 55%, 62%,
and 68% in a beagle mandibular defect model (Figure 4B).
Micro-computed tomography (micro-CT) and histological
analyses showed that the high-porosity group (porosity =
68%) exhibited higher trabecular thickness, trabecular
number, and bone volume fraction, together with lower
trabecular separation, indicating that an optimized high-
porosity architecture favored bone regeneration in large
oral bone defects.

Mechanical properties provide another major class
of physical cues. Scaffold stiftness, viscoelasticity, and
degradation-dependent mechanical evolution regulate
cell behavior through mechanotransduction pathways.*
In hard tissue regeneration, sufficient stiffness is required
for space maintenance and load-bearing support, whereas
excessive stiffness or mechanical mismatch may cause
stress shielding, impaired bone remodeling, or interfacial
failure. In contrast, oral soft tissues require compliant and
deformable materials that can accommodate stretching,
compression, and shear during mastication, swallowing,
and speech. The PDL represents a particularly demanding
interface, as it requires aligned fibrous organization
and appropriate compliance to mediate load buffering,
proprioception, and tooth support.'

At soft-hard tissue interfaces, mechanical gradients are
essential for stable integration. Native oral tissues often
display gradual transitions in stiffness, composition, and
architecture, such as the cementum-PDL-alveolar bone
complex.'™ Sharp mechanical discontinuities in printed
constructs may concentrate stress and lead to delamination,
fibrous encapsulation, or failure under cyclic loading.
Gradient printing, multimaterial deposition, and spatially
controlled crosslinking provide opportunities to reproduce

these transitions. In this sense, physical interactions
directly inform the design of pore architecture, filament
organization, stiffness distribution, and multiphasic
scaffold structures.

3.2. Chemical interactions

Whereas physical interactions determine how host tissues
perceive construct geometry and mechanics, chemical
interactions define how the local microenvironment
responds to the material’s intrinsic properties—namely,
its composition, surface chemistry, ionic release, and
degradation profile. Surface chemistry plays a central
role in forming the initial protein adsorption layer, which
subsequently mediates cell-material interactions."” Upon
contact with saliva, blood, or other tissue fluids, proteins
rapidly adsorb to material surfaces.”® The composition,
density, orientation, and conformation of this interfacial
protein layer are influenced by surface hydrophilicity,
charge, and functional groups. Functional groups such
as hydroxyl, carboxyl, amine, catechol, and phosphate
groups can regulate protein binding, mineral nucleation,
and cell adhesion. For hard oral tissue regeneration,
calcium- and phosphate-rich surfaces are particularly
relevant because they support osteoblast attachment
and matrix mineralization.” Polydopamine (PDA)
coating is a widely used chemical modification strategy
to improve the bioactivity of 3D-printed scaffolds. Sun et
al.'* coated 3D-printed B-TCP scaffolds with PDA. They
showed that the coating increased surface roughness,
promoted adhesion and osteogenic differentiation of
bone marrow mesenchymal stem cells, and enhanced new
bone formation in a rat critical-size calvarial defect model
(Figure 4C). However, the calvarial defect model is a non-
oral bone model and does not reproduce saliva exposure,
oral microbial communities, or cyclic masticatory
loading. Therefore, these findings should be interpreted
as mechanistic evidence of osteogenic activity rather than
direct evidence of therapeutic performance in the oral
cavity, and further validation in alveolar or mandibular
defect models is required.

Bioactive ion release represents a dynamic form
of chemical signaling, particularly in hard oral
tissue reconstruction. Inorganic components such as
hydroxyapatite, B-TCP, calcium silicate, and bioactive glass
can release calcium, phosphate, silicate species, and other
functional ions into the local microenvironment. Calcium
and phosphate contribute to mineral deposition, whereas
silicate-, magnesium-, zinc-, strontium-, or copper-
containing systems may further regulate osteogenesis,
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Figure 4. Representative examples of host-material interactions in 3D-printed and bioprinted biomaterials for oral tissue reconstruction. (A) Surface
and interfacial structural regulation of 3D-printed PEEK implants through sulfonation and biomimetic hydrogel modification. Modified and reprinted
with permission from Xu et al.'** Copyright © 2023 Wiley-VCH GmbH. (B) Personalized 3D-printed titanium meshes with different porosities.'* (C)
Polydopamine-coated 3D-printed f-tricalcium phosphate scaffolds with polydopamine modify their physicochemical properties. Modified and reprinted
with permission from Sun et al."*® Copyright © 2023 Royal Society of Chemistry. (D) Copper-containing polydopamine-modified magnesium-doped
calcium silicate scaffolds with surface chemistry and controlled Cu?* release to the host microenvironment. Modified and reprinted with permission from
Jiang et al.**® Copyright © 2024 Zhejiang University Press. (E) Coaxial 3D-printed scaffolds with sequential antibacterial and osteogenic functions for
infected mandibular defect repair. Modified and reprinted with permission from Zhang et al.'”” Copyright © 2024 Wiley-VCH GmbH.

Abbreviations: AA: Acrylic acid; AM: Acrylamide; AP: Deproteinized antler powders; bFGF: Basic fibroblast growth factor; CFP: Cefepime; Col-I: Type
I collagen; CS: Calcium silicate; DLP: Digital light processing; DOPA: Dopamine; HAp: Hydroxyapatite; HSA: Hydroxyapatite-sodium alginate-antler
powders; HSM: Hydroxyapatite—sodium alginate-minocycline hydrochloride; MBAA: N,N'-Methylenebisacrylamide; MINO: Minocycline hydrochloride;
OC: Osteocalcin; PDA: Polydopamine; PEEK: Polyetheretherketone; PMMA: Polymethyl methacrylate; Runx2: Runt-related transcription factor 2; SA:
Sodium alginate; SIM: Simvastatin; SPEEK: Sulfonated polyetheretherketone; TCP: Tricalcium phosphate; UV: Ultraviolet; VEGF: Vascular endothelial
growth factor.

angiogenesis, immunomodulation, or antibacterial balance, impair cell viability, or induce cytotoxicity. Jiang
activity.””® However, ion release must be carefully controlled, et al.'* provided a representative example of controlled
as excessive local ion concentrations can disturb osmotic chemical functionalization using copper-containing PDA
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(Figure 4D). In their study, digital light processing-printed
magnesium-doped calcium silicate scaffolds were modified
through a two-step internal and external PDA(Cu?')
modification strategy. External PDA(Cu**) modification
enabled rapid early copper release for antibacterial activity,
whereas internal modification using PDA(Cu?*)-modified
polymethyl methacrylate microspheres allowed sustained
copper release during scaffold degradation, thereby
supporting osteogenesis and angiogenesis. Cylindrical
defects measuring 8 mm in diameter and 4 mm in
thickness were created in the mandible, and the animals
were evaluated four weeks after implantation. Micro-CT
showed that the internally and externally modified CSP@
PDA scaffolds produced significantly higher bone volume
fraction (BV/TV) and trabecular number than unmodified
calcium silicate scaffolds (p < 0.01), with new bone
extending further from the scaffold periphery toward the
center.

Material degradation and the resulting chemical
microenvironment also strongly affect host responses.
Degradable polymers and hydrogel networks may degrade
via hydrolysis, enzymatic cleavage, oxidation, or cell-
mediated remodeling. Their degradation products can alter
local pH, osmotic pressure, and the local inflammatory
state.!®® For instance, acidic degradation products from
aliphatic polyesters may aggravate local inflammation or
impair mineralization if not properly buffered, whereas
calcium phosphate ceramics and silicate-based ceramics
may release buffering ions that help stabilize the local
microenvironment.”” In oral tissue reconstruction,
degradation should be synchronized with tissue
formation: overly rapid degradation may compromise
structural support, whereas excessive stability may hinder
matrix remodeling and tissue integration. Chemical
interactions are therefore not passive consequences of
material composition. Instead, they can be deliberately
engineered to regulate host recognition, antimicrobial
activity, mineralization, vascularization, and matrix
remodeling. For 3D-printed or bioprinted oral constructs,
the optimization of surface chemistry, ion-release kinetics,
degradation behavior, and bioactive molecule delivery
should be considered together with printability and
mechanical performance.

3.3. Biological interactions

Biological interactions encompass the host- and
microenvironment-mediated processes that determine
how printed biomaterials are recognized, remodeled,
and ultimately integrated after implantation.'® These
processes evolve over time and collectively regulate the
transition from early defense responses to vascularized
tissue formation and functional maturation. Their balance

determines whether the construct supports regenerative
integration or progresses toward persistent inflammation,
fibrosis, infection, or structural failure.

The early biological response is dominated by innate
immune activation. Neutrophils are rapidly recruited to
the implantation site and contribute to acute inflammation,
pathogen defense, and debris clearance. Subsequently,
monocytes and macrophages become central regulators
of the host response. Macrophage responses should not
be interpreted as a fixed transition between discrete M1
and M2 phenotypes.® Instead, macrophages exhibit
dynamic and overlapping functional states that vary with
implantation stage, tissue context, microbial exposure, and
material-derived signals. Material properties, including
surface topography, stiffness, degradation products, and
released ions, can influence macrophage activation and
the transition from an inflammatory to a pro-regenerative
response.”” Persistent inflammatory activation may lead to
foreign-body giant cell formation, fibrous encapsulation,
and impaired tissue integration.

Vascularization is another essential biological
interaction, particularly for large-volume or metabolically
active constructs. Endothelial cells and progenitor cells
respond to material architecture, matrix stiffness, oxygen
gradients, and angiogenic cues by migrating, proliferating,
forming lumens, and maturing into vascular networks.'¢!
For hard tissues, vascular ingrowth is required not only
for oxygen and nutrient delivery, but also for coupling
angiogenesis with osteogenesis. Scaffold pore architecture,
degradation kinetics, and released bioactive ions can all
influence this process.'®* For example, magnesium- or
copper-containing systems may promote angiogenic
responses when released within appropriate concentration
windows, whereas excessive ion release may impair cellular
viability.'®*

Microbiological interactions are particularly important
in the oral cavity. Unlike many sterile implantation sites,
oral defects are constantly exposed to resident microbiota
and opportunistic pathogens.'® Bacteria and developing
biofilms compete with host cells for available surface
adhesion sites and produce acidic metabolites. These
local perturbations prolong inflammation and, ultimately,
compromiseboneregeneration. Therefore, oralbiomaterials
should not only support host cell colonization but also limit
early microbial colonization. Antibacterial strategies may
include antibiotic delivery, metal-ion release, antimicrobial
peptides, photothermal effects, surface charge regulation,
and anti-adhesive surface design.'® However, the oral
microbiota should not be regarded solely as a collection of
pathogens to be eliminated. Commensal microorganisms
contribute to ecological homeostasis and colonization
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resistance, whereas dysbiosis and pathogenic biofilm
development can prolong inflammation and compromise
tissue regeneration. Therefore, microbiome-oriented
material design should balance infection control with
preservation of beneficial host-microbial relationships.
Zhang et al.™ developed a coaxial 3D-printed scaffold
with a shell loaded with minocycline hydrochloride and
a core containing deproteinized antler powder (Figure
4E). In vivo performance was examined using two
mandibular models: a 5-mm-diameter S. aureus-infected
mandibular defect in rats and a noninfected 5 x 4 x 10 mm
mandibular defect in rabbits. In the infected rat model,
micro-CT evaluation at 1, 2, and 8 weeks showed that
the dual-functional HSM@HSA scaffold increased BV/
TV relative to the infected untreated control, supporting
a transition from early antibacterial activity to subsequent
regeneration. In the larger rabbit model, scaffolds remained
partially detectable at 8 weeks but were almost completely
degraded by 12 weeks; at 12 weeks, the HSM@HSA group
showed significantly higher bone volume, BV/TV, bone
surface density, trabecular thickness, trabecular number,
and connectivity density than the comparison groups.

Cellular interactions ultimately determine whether
host cells can repopulate the printed construct and
generate functional tissue. For hard tissue reconstruction,
the recruitment, adhesion, proliferation, and osteogenic
differentiation of osteoprogenitor cells are essential. For
soft tissue repair, epithelialization, fibroblast migration,
collagen deposition, and vascularization dominate the
regenerative process.’® For periodontal regeneration,
successful repair requires coordinated formation of
cementum, PDL, and alveolar bone, together with oriented
collagen fiber insertion across the soft-hard interface.’®”
Overall, biological interactions in oral tissue reconstruction
should be understood as an integrated process involving
inflammation, angiogenesis, osteogenesis, soft tissue
repair, and microbial regulation. The most effective
3D-printed and bioprinted biomaterials are therefore
not merely inert scaffolds, but host-instructive platforms
capable of temporally coordinating antibacterial defense,
immune resolution, vascular formation, and tissue-specific
regeneration.

Collectively, host responses to 3D-printed and
bioprinted oral biomaterials are governed by interconnected
physical, chemical, and biological interactions. Physical
cues regulate surface recognition, cell adhesion, tissue
infiltration, and mechanical integration. Chemical cues
control protein adsorption, ion-mediated signaling,
antimicrobial activity, and microenvironmental changes
associated with degradation. Biological cues determine
inflammation  resolution,  vascularization,  cellular

repopulation, microbial balance, and long-term tissue
integration. These interactions provide the mechanistic
basis for developing next-generation oral biofabrication
strategies, in which printed constructs are designed not
only to match defect geometry, but also to actively guide
host responses toward functional tissue reconstruction.

4, Design strategies for 3D-printed and
bioprinted oral constructs

The host-material interactions discussed above provide
mechanistic guidance for the rational design of 3D-printed
and bioprinted constructs. Rather than serving as passive
space-filling matrices, next-generation bioinksand scaffolds
are expected to actively regulate how printed constructs
are recognized, colonized, remodeled, and integrated by
host tissues. This requirement is particularly important
in oral tissue reconstruction, where implanted materials
must operate within a complex microenvironment.
Accordingly, effective design strategies should integrate
three interconnected dimensions (Figure 5): bioink
composition, which defines the chemical and biological
signaling capacity of the construct; structural architecture,
which regulates physical interactions, tissue ingrowth, and
mechanical adaptation; and bioactive functionalization,
which modulates immune, vascular, cellular, and microbial
responses.

4.1. Bioink formulation

Bioink formulation constitutes the material foundation
for constructing a regenerative microenvironment. An
ideal bioink for oral tissue reconstruction should integrate
printability,  cytocompatibility, = structural stability,
degradation behavior, and tissue-specific bioactivity.
Achieving these properties simultaneously remains
challenging because oral tissues differ markedly in
composition, mechanical properties, vascularity, microbial
exposure, and regenerative potential. Therefore, bioink
development should be guided not only by printing
performance, but also by the anticipated host response
after implantation. Based on the material characteristics
summarized in Section 2.2, the bioink formulation
should focus on balancing cell permissiveness, structural
persistence, degradation, and host-instructive signaling to
meet tissue-specific requirements.

From a processing perspective, rheological behavior and
crosslinking strategy determine whether a bioink can be
printed with sufficient fidelity while preserving biological
function. Shear-thinning behavior allows viscosity to
decrease during extrusion, thereby reducing shear-induced
cell damage, whereas rapid recovery after deposition
helps maintain the printed architecture.'® Crosslinking
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strategies, including photocrosslinking, ionic gelation,
thermoresponsive gelation, enzymatic crosslinking, and
dual-crosslinking systems, regulate the initial network
structure, stiffness, swelling, and degradation kinetics.'’
Importantly, crosslinking should not be viewed only
as a printing aid; by controlling matrix density and
degradability, it also influences nutrient diffusion, cell
infiltration, enzymatic remodeling, and long-term tissue
integration.”” Thus, bioink formulation should generate
constructs that are both manufacturable and biologically
instructive, enabling controlled host-mediated remodeling
rather than merely preserving printed shape.

4.2, Structural design

Structural design translates physical host-material
interactions into controllable architectural parameters.
Compared with conventional scaffold fabrication
methods, 3D bioprinting enables precise control of
pore geometry, filament arrangement, fiber orientation,
material distribution, and mechanical gradients.”” These
architectural features influence protein adsorption, cell
migration, nutrient transport, vascularization, load
transfer, and tissue maturation. Therefore, structure should
be regarded as an active regulator of host response rather
than a passive geometric feature.

Pore architecture is one of the most important
structural determinants of tissue ingrowth. In bone-
oriented scaffolds, pore sizes of approximately 200-500 pm
are commonly considered favorable for vascularized bone
ingrowth,'”" although the biological effects of pore size
depend on total porosity, interconnectivity, pore geometry,
material composition, surface properties, degradation
behavior, defect location, and loading conditions.
High porosity improves mass transport and biological
integration, but excessive porosity may compromise
compressive strength and spatial stability.*® Therefore, pore
design requires a balance between biological accessibility
and mechanical reliability, particularly in alveolar and
mandibular reconstruction.

For soft-tissue and periodontal applications, the
structural design should also account for compliance,
anisotropy, and tissue-specific ~organization. Fiber
alignment, filament orientation, and layered architecture
can guide cell elongation, collagen deposition, and ECM
alignment.'”> These features are especially important for
PDL regeneration, where oriented fibrous structures are
required for load transmission and functional insertion
between cementum and alveolar bone.””” Similarly,
epithelial and mucosal reconstruction may benefit from
layered constructs that distinguish barrier-forming
epithelial regions from underlying vascularized connective

tissue compartments.

Gradient and multimaterial structures are particularly
valuable for soft-hard tissue interfaces. Native oral tissues
often exhibit gradual transitions in composition, stiftness,
porosity, and cellular organization,”” as exemplified by
the cementum-PDL-alveolar bone complex. Abrupt
transitions within printed constructs may lead to stress
concentrations, delamination, fibrous encapsulation, or
mechanical failure under cyclicloading. By spatially varying
material composition, pore architecture, and mechanical
properties, gradient scaffolds can better recapitulate native
tissue transitions and facilitate coordinated regeneration
across multiple compartments.’”> Multimaterial bioprinting
further enables the integration of mechanically reinforced
hard tissue regions with cell-permissive soft tissue regions
within a single construct.

Spatial patterning of cells and bioactive cues can also be
incorporated into the structural design.'”® Region-specific
deposition of osteogenic cells, fibroblasts, endothelial
cells, epithelial cells, or stem cells may help reconstruct
tissue-specific microenvironments.'”” Likewise, localized
delivery of angiogenic, osteogenic, immunomodulatory,
or antimicrobial cues can guide vascular invasion,
mineralization, immune regulation, and matrix remodeling
in a spatially controlled manner. In this sense, structural
design determines not only the external geometry of a
construct, but also the spatial and temporal sequence of
host-material interactions.

4.3. Bioactive functionalization

Bioactive functionalization provides a direct strategy
for regulating biological host responses. While bioink
composition and structural architecture primarily define
the physicaland chemical context for regeneration, bioactive
components introduce specific signals that modulate
inflammation, vascularization, «cell differentiation,
antimicrobial defense, and tissue remodeling.** The
central challenge is to deliver these signals at appropriate
concentrations, locations, and time scales without
compromising printability, cytocompatibility, or safety.

Growth factors and signaling molecules are widely used
to guide tissue-specific regeneration. Bone morphogenetic
protein-2 (BMP-2) promotes osteogenic differentiation
and mineralized tissue formation, whereas vascular
endothelial growth factor supports endothelial cell
migration and vascular network formation.'”® Fibroblast
growth factors may contribute to soft tissue repair,
angiogenesis, and fibroblast activity, depending on the
isoform and local context. However, direct incorporation
of soluble growth factors often leads to burst release,
short biological half-life, and potential off-target effects.
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Figure 5. Schematic illustration of host-material interaction-guided design strategies for 3D-printed and bioprinted oral constructs. Bioink formulation
focuses on material composition, processing properties, and functional tuning, including natural bioinks, synthetic bioinks, composite bioinks, shear-
thinning behavior, crosslinking strategies, degradation, and cell permissiveness. Structural design regulates physical host-material interactions through
pore architecture, layered structures, and multimaterial or gradient organization, thereby controlling pore size, porosity, interconnectivity, fiber alignment,
soft-hard transition, and mechanical matching. Bioactive functionalization introduces biological cues, such as growth factors, bioactive ions or particles,
and multiple cell types, including MSCs, fibroblasts, and epithelial cells, to modulate osteogenesis, vascularization, antimicrobial activity, immune
response, and tissue integration.

Abbreviations: Ag: Silver; BMP-2: Bone morphogenetic protein 2; Ca: Calcium; Cu: Copper; Mg: Magnesium; MSCs: Mesenchymal stem cells; Si: Silicon;
VEGEF: Vascular endothelial growth factor.

Controlled delivery strategies, including microsphere silicate species, and other ions that support osteogenesis,
encapsulation, nanoparticle immobilization, affinity mineralization, and vascularization. Zinc, magnesium,
binding, and hydrogel-based release systems, can provide strontium, copper, and silver-containing systems
more localized and sustained signaling.'” For soft-hard may also provide antibacterial, immunomodulatory,
tissue interfaces, spatial gradient delivery may further help osteogenic, or angiogenic effects, depending on their
coordinate angiogenesis, osteogenesis, and connective dose and release kinetics.'**'®! Nevertheless, excessive ion

tissue remodeling. release or nanoparticle loading may induce cytotoxicity,
inflammatory activation, or impaired printability.
Therefore, bioactive particles should be designed as
controlled signaling reservoirs rather than inert fillers.

Functional ions and particles can serve as stable,
multifunctional bioactive cues. Calcium phosphate
ceramics and bioactive glasses release calcium, phosphate,
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Given the microbe-rich oral environment, antimicrobial
and immunomodulatory functions are indispensable.
Antimicrobial peptides, antibacterial ions, antibiotics,
functional nanoparticles, anti-biofilm surfaces, and stimuli-
responsive systems can reduce bacterial colonization and
biofilm formation on printed constructs.'®* However, strong
antimicrobial activity may also damage host cells or disturb
the local microbial balance. Similarly, immunomodulatory
cues should not simply suppress inflammation, because
early inflammatory responses are necessary for pathogen
defense and the initiation of tissue repair. The desired
outcome is a balanced microenvironment that allows
effective host defense, timely inflammation resolution, and
subsequent regenerative remodeling.

Cell-laden and multicellular bioprinting further
expands the biological functionality of printed constructs.
Mesenchymal stem or stromal cells can differentiate
into osteogenic, chondrogenic, or fibroblastic lineages
depending on matrix and biochemical cues.”® Fibroblasts
and epithelial cells are important for gingival and mucosal
reconstruction, whereas endothelial cells and endothelial
progenitor cells support vascular network formation.
Co-culture strategies, such as combining mesenchymal
stem cells with endothelial cells, may promote coupling
between angiogenesis and osteogenesis through paracrine
signaling and direct cell-cell interactions. However,
cell source, density, viability, differentiation status, and
spatial distribution must be carefully controlled to ensure
reproducible regenerative outcomes. '’

Overall, bioactive functionalization should be
guided by the biological processes identified in host-
material interactions. Instead of adding bioactive signals
indiscriminately, design strategies should match the target
tissue and regeneration stage: immunomodulatory cues
for inflammation resolution, angiogenic cues for vascular
ingrowth, osteogenic cues for mineralized tissue formation,
antimicrobial cues for microbial control, and multicellular
organization for complex tissue reconstruction. Through
such host-instructive design, 3D-printed and bioprinted
constructs can evolve from passive frameworks into
dynamic regenerative systems capable of coordinating the
sequential events required for functional oral tissue repair.

5. Applications in oral tissue reconstruction

The application of 3D bioprinting and 3D-printed
biomaterials in oral and maxillofacial reconstruction is
progressing from proof-of-concept fabrication toward
tissue-specific functional repair. The central challenge is
no longer limited to whether a construct can reproduce
patient- or defect-specific geometry; rather, it lies in
whether material selection, structural organization,

and bioactive functionalization can be coordinated to
regulate host-material interactions after implantation.'s*
In this context, the physical, chemical, and biological
interactions discussed above provide a useful framework
for understanding current applications. For soft tissue
repair, the required material properties depend on the
anatomical site and intended function. Mucosal constructs
may prioritize rapid epithelial closure and barrier
restoration, whereas connective tissue-oriented strategies
may place greater emphasis on matrix remodeling,
vascularization, or integration with adjacent tissues. Hard
tissue reconstruction shares the general requirements
of biocompatibility, tissue integration, and controlled
remodeling, but additionally demands tissue-specific
functions associated with mineralized regeneration.'®®
These include maintaining defect space, supporting
vascularized mineral deposition, and restoring mechanical
competence under functional loading. Soft-hard
interfaces, exemplified by the periodontal complex, impose
an additional requirement:'® the regenerated tissues must
be spatially organized and mechanically coupled across
regions with distinct compositions and functions.

5.1. Soft tissue repair

For gingival and oral mucosal reconstruction, 3D
bioprinting primarily aims to recreate a site-appropriate
ECM-like environment that restores epithelial continuity
and supports the regeneration of the underlying connective
tissue."”? Printed constructs should therefore balance
compliance, biological permissiveness, and remodeling
capacity to remain stable in the oral environment and
integrate with adjacent tissues. Natural hydrogel-based
bioinks are particularly relevant to this goal because they
provide hydrated networks and cell-interactive motifs. Yi
et al.*? developed an injectable platelet-rich fibrin (i-PRF)/
alginate/gelatin bioink for oral soft tissue regeneration
(Figure 6A). In this system, alginate and gelatin provided
a printable, shape-retentive matrix, while i-PRF supplied
a biologically active fibrin-rich component containing
multiple growth factors. This design addressed two major
limitations of i-PRF alone: poor intraoperative shaping and
burst-like release of growth factors. The printed constructs
supported gingival fibroblast viability and proliferation and
enhanced angiogenic activity in vivo. This work illustrates
how the formulation of a soft-tissue bioink can be informed
by all three dimensions of host-material interaction.

Surface functionalization provides another route to
improve oral soft tissue repair, especially when synthetic
polymers are used. Dang and Kim'® fabricated 3D-printed
PLGA scaffolds, introduced amine groups via plasma
polymerization, and immobilized fibroblast growth factor
(FGF) for periodontal soft tissue repair. The amine-
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functionalized surface enhanced the chemical reactivity scaffolds. The study suggests that chemically inert or
and wettability of PLGA, while immobilized FGF provided hydrophobic printed polymers can be engineered to form
a localized biological signal for gingival fibroblasts. As a bioactive soft tissue scaffolds by manipulating the host-
result, cell adhesion, migration, and proliferation were material interface at the molecular level.

markedly improved compared with unmodified PLGA

Figure 6. Representative applications of 3D-printed and bioprinted biomaterials in oral soft and hard tissue reconstruction. (A) 3D-printed and bioprinted
injectable platelet-rich fibrin/alginate/gelatin bioinks for oral soft-tissue regeneration.” (B) 3D-printed PCL/chitosan/L-arginine/B-TCP scaffolds for
guided bone regeneration. Modified and reprinted with permission from Hooshiar et al.'® Copyright © 2025 Royal Society of Chemistry. (C) 3D-printed
titanium grid scaffolds for reconstruction of mandibular segmental defects.'* (D) Prefabricated tissue-engineered bone for mandibular reconstruction in
a primate model." (E) Integrated tissue-organ printing platform for human-scale tissue constructs. Modified and reprinted with permission from Kang
et al.””! Copyright © 2016 Springer Nature.

Abbreviations: AG: Alginate/gelatin; BMP-2: Bone morphogenetic protein 2; CAD: Computer-aided design; Cs: Chitosan; CT: Computed tomography; GF
cells: Gingival fibroblast cells; IL-6: Interleukin 6; iPAG: iPRF/alginate/gelatin; i-PRF: Injectable platelet-rich fibrin; L-Arg: L-arginine; LDM: Latissimus
dorsi muscle; NO: Nitric oxide; PCL: Polycaprolactone; rhBMP-2: Recombinant human bone morphogenetic protein 2; SEM: Scanning electron
microscopy; TGF-B: Transforming growth factor beta; TNF-a: Tumor necrosis factor alpha; B-TCP: Beta-tricalcium phosphate.
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5.2. Hard tissue repair

In hard-tissue repair, 3D-printed constructs must
provide mechanical support, osteoconductive guidance,
vascularized bone formation, and stable integration
with host bone or implants.’> Compared with soft tissue
repair, hard tissue reconstruction relies more strongly on
structural architecture and inorganic chemical signaling.
Successful hard tissue regeneration depends first on
whether the scaffold permits host cells and newly formed
vessels to penetrate the defect. Once this regenerative space
is established, mineral-related chemical cues can support
matrix mineralization and new bone formation. Bioactive
or immunomodulatory signals may further facilitate the
transition from early inflammation to a pro-regenerative
bone-healing response.

Mineral-reinforced composite systems represent
a major strategy for translating chemical interactions
into bone regeneration. Hooshiar et al.'®® designed
multifunctional 3D-printed PCL/chitosan/L-arginine/p-
TCP scaffolds for guided bone regeneration (Figure 6B).
In this system, PCL and chitosan contributed to structural
integrity and degradation control, B-TCP supplied
osteoconductive calcium phosphate cues, and L-arginine
served as a bioactive regulator with both osteogenic and
immunomodulatory functions. The sustained release
of L-arginine reduced pro-inflammatory cytokines,
including interleukin-6 and tumor necrosis factor alpha,
and increased anti-inflammatory and osteogenic factors,
including BMP-2 and transforming growth factor beta;
together, these changes were consistent with a shift toward
a pro-regenerative macrophage profile. These results
demonstrate that hard-tissue scaffold design should not
only promote mineralization, but also regulate immune-
bone coupling through coordinated physical, chemical,
and biological cues.

For large mandibular and maxillofacial defects, physical
interactions become especially important because the
construct must maintain defect space and resist functional
loading. Li et al'® fabricated 3D-printed titanium
grid scaffolds by selective laser melting for mandibular
segmental defects (Figure 6C). In vivo, 20 adult beagle
dogs received 4-cm segmental mandibular defects; ten
defects were treated with the titanium grid alone, whereas
the other ten were additionally filled with autologous bone
chips and a bone substitute. After 18 months, continuous
mineralized tissue and trabecular bone had formed within
the scaffold pores in both groups. Micro-CT showed a
significantly greater mineralized bone volume fraction
in the graft-filled group than in the scaffold-only group

(29.31 £ 9.74% vs 22.2 + 7.44%, p < 0.05). Importantly,
the animal study also reported scaffold exposure in five
animals and excluded three animals due to anesthesia-
related loss or scaffold fractures caused by unanticipated
overloaded during biting, illustrating that mechanical and
soft-tissue complications remain relevant even when long-
term osteogenesis is achieved. The same study reported
three clinical cases with follow-up ranging from 6 months
to 3 years, during which no scaffold fractures, loosening,
or exposure were observed. Given the very small and
heterogeneous clinical sample, these observations should
be regarded as preliminary evidence of feasibility rather
than established clinical efficacy.

Prefabricated tissue-engineered bone offers another
strategy to overcome insufficient vascularization in
large-volume mandibular reconstruction. Cao et al.
compared 3D-printed PLGA/TCP and TCP scaffolds,
with or without recombinant human BMP-2 coating, in a
primate mandibular defect model (Figure 6D). The PLGA/
TCP-BMP scaffolds lost their original 3D architecture
during prefabrication, whereas TCP-BMP scaffolds better
maintained their porous structure, mechanical stability,
and mineralization capacity. Notably, prefabricated
TCP-BMP bone flaps showed improved vascularization,
osseointegration, and mandibular defect recovery
compared with direct implantation. The study highlights
that the coupling of physical stability, chemical degradation
behavior, and biological vascularization governs hard
tissue repair. It also indicates that scaffold degradation
should be synchronized with tissue formation, particularly
in large defects exposed to masticatory loading.

Bioprinting platforms can further expand the scale
and complexity of hard tissue fabrication. Kang et al.'*!
developed an integrated tissue-organ printing system
that combines cell-laden hydrogels with biodegradable
polymers to fabricate human-scale tissue constructs with
improved structural integrity (Figure 6E). The system
incorporated microchannels to support nutrient and
oxygen diffusion and was used to fabricate mandible-
like bone constructs. Although this work is not limited
to oral applications, it provides a useful platform concept
for craniofacial reconstruction: physical reinforcement
is needed for large-scale structural integrity, chemical
composition must support osteogenesis, and biological
design should address diffusion, vascularization, and cell
survival.

Beyond osteogenesis alone, hard-tissue repair
increasingly emphasizes neurovascularized regeneration.
Fitzpatrick et al'® fabricated 3D-printed silk—
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hydroxyapatite scaffolds functionalized with BMP-2,
vascular endothelial growth factor, and nerve growth factor.
The silk-hydroxyapatite matrix provided a printable and
osteoconductive scaffold, while the combined morphogens
supported osteogenic differentiation, endothelial cell
activity, and neural-associated cell responses. Although
further in vivo validation is required, this study broadens
the biological design concept of bone scaffolds from
simple mineralization toward coordinated osteogenesis,
angiogenesis, and innervation.

5.3. Soft-hard tissue interface reconstruction

Soft-hard tissue interfaces represent one of the most
challenging targets in oral tissue reconstruction.'
Periodontal tissues, for example, require coordinated
regeneration of gingiva, PDL, cementum, and alveolar
bone. Unlike isolated soft or hard tissue repair, interface
reconstruction depends on spatially organized physical
architecture, tissue-specific chemical composition, and
multicellular biological regulation. A single homogeneous
scaffold is therefore unlikely to recapitulate the graded
structure and function of native periodontal tissues. PDL
regeneration provides a representative example of this
challenge. de Souza Araujo et al.'”> developed periodontal
ligament stem cell (PDLSC)-laden collagen bioinks for
PDL regeneration (Figure 7A). The collagen-based bioink
mimicked native ECM conditions, exhibited shear-
thinning behavior, porous microstructure, and stable
swelling and degradation characteristics. When bioprinted
onto root fragments, the constructs supported PDLSC
viability, proliferation, differentiation, alignment, and
migration toward the root surface. The work highlights
that successful interface-oriented bioprinting depends on
a combination of physical, chemical, and biological cues.
Physically, the system must ensure proper printability
and matrix architecture. Chemically, it should present
ECM-like signals, such as collagen-mediated adhesion.
Biologically, it must guide cell behavior, especially PDLSC
organization and matrix deposition. Material composition
can also guide the formation of periodontal mineralized
tissue. Mei et al® developed extrusion-printed
mesoporous bioactive glass/GelMA biomimetic scaffolds
with large macropores for periodontal tissue regeneration
(Figure 7B). The incorporation of mesoporous bioactive
glass nanoparticles improved shape fidelity, surface
roughness, and bioactivity of GeIMA scaffolds, while the
release of Si** and Ca®" ions promoted cell attachment
and osteogenic/cementogenic differentiation of human
PDL cells. The study demonstrates how structural design
and ion-mediated chemical interactions can be combined

to promote mineralized tissue formation within the
periodontal microenvironment.

Bioprinting-based cell-ECM screening offers an
additional strategy for identifying suitable matrix
conditions before in vivo repair. Ma et al'”” used a 3D
bioprinting platform to fabricate PDLSC-laden GelMA/
PEGDA hydrogels with different compositions and
screened their effects on PDLSC behavior (Figure 7C).
The optimized GelMA/PEGDA formulation enhanced
osteogenic differentiation in vitro and promoted new bone
formation in vivo in alveolar bone defects (Figure 7D).**
Thirty Sprague-Dawley rats received unilateral alveolar
bone defects measuring 4 x 3 x 2 mm and were assigned
to saline, optimized GelMA/PEGDA hydrogel, or PDLSC-
laden hydrogel groups. Micro-CT evaluation at 3 and 6
weeks showed that BV/TV increased from 28.7 + 1.6% and
33.4 +4.1% in the saline controls to 31.2 + 1.5% and 40.5 +
4.4% with hydrogel alone, and further to 36.1 + 3.3% and
60.1 + 3.6% with the PDLSC-laden hydrogel, respectively.
At 6 weeks, histological analysis showed continuous newly
formed bone filling almost the entire defect in the PDLSC/
hydrogel group, whereas bone formation remained partial
with hydrogel alone and limited after saline treatment.
This example suggests that host-material interactions
can be investigated and optimized systematically before
implantation: matrix composition determines chemical
and mechanical cues, printability controls spatial
presentation, and encapsulated PDLSCs provide biological
regenerative potential.

Overall, the success of 3D-printed and bioprinted oral
constructs depends on how effectively material design
is translated into favorable host responses. To further
integrate these relationships, Table 2 summarizes how
major host responses can be linked to controllable design
variables, target oral tissues, and representative regenerative
outcomes. Soft-tissue applications require coordination
among three elements:® (i) a biomimetic scaffold, primarily
ECM-like hydrogels, (ii) dynamic cellular remodeling,
involving fibroblast activity and vascularization, and (iii)
durable barrier integrity, comprising epithelial sealing and
balanced antimicrobial defense. Hard tissue applications
require a threefold design strategy: (i) physical scaffold
properties, primarily pore architecture and mechanical
stability; (ii) osteoconductive chemistry; and (iii) biological
functionality, encompassing angiogenesis, matrix
mineralization, and subsequent osseointegration. Interface
applications require hierarchical coordination among (i)
microenvironmental cues, particularly spatial gradients
and cell alignment; (ii) multicellular organization,
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Figure 7. Representative 3D-printed and bioprinted strategies for soft-hard tissue interface reconstruction. (A) PDLSC-laden collagen bioinks for PDL
regeneration.'”® (B) Mesoporous bioactive glass/GelMA biomimetic scaffolds for periodontal regeneration.”*® (C) Bioprinting-based PDLSC-ECM
screening and (D) in vivo alveolar bone defect repair using cell-laden GelMA/PEGDA hydrogels. Modified and reprinted with permission from Ma et al.'””
Copyright © 2017 American Chemical Society.

Abbreviations: 3D: Three-dimensional; ALP: Alkaline phosphatase; BG: Bioactive glass; BV/TV: Bone volume/tissue volume; CEMP1: Cementum protein
1; Col-1: Type I collagen; ECM: Extracellular matrix; GelMA: Gelatin methacryloyl; H&E: Hematoxylin and eosin; HPDLCs: Human periodontal ligament
cells; MBG NPs: Mesoporous bioactive glass nanoparticles; OSX: Osterix; PDLSC: Periodontal ligament stem cell; PDLSCs: Periodontal ligament stem
cells; PEG: Poly(ethylene glycol); RD: Root dentin; SD: Sprague-Dawley; Si: Silicon; UV: Ultraviolet.

involving diverse cell types and their interactions; and (iii) constructs toward functional oral tissue regeneration.

cross-compartment regeneration, ensuring coordinated .
tissue repair across multiple boundaries. Thus, the 6. Challenges and future perspectives

application of 3D bioprinting in oral reconstruction Despite the growing promise of 3D bioprinting for oral
should not be evaluated only by printing resolution or tissue reconstruction, its translation from experimental
anatomical fidelity. More importantly, each construct fabrication to routine clinical application remains
should be assessed according to whether it can regulate constrained by technical, biological, and regulatory
physical, chemical, and biological interactions in a tissue- challenges.* These limitations are particularly evident in
specific manner. This host-material interaction-guided the oral cavity, where printed constructs must withstand a
perspective provides a more rational basis for selecting complex microenvironment while maintaining cell viability,
materials, designing architectures, incorporating bioactive structural integrity, and regenerative functionality. A major
signals, and translating 3D-printed and bioprinted technical challenge lies in balancing printability, resolution,
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Table 2. Summary of host responses, corresponding design variables, target oral tissues, and representative regenerative outcomes
in 3D-printed and bioprinted oral constructs

. . . . Target oral X
Host response Design variables Material strategies tissies Regenerative outcomes Reference
e L Improved cell adhesion and
Surface topography; Surface modification; Gingiva; oral wprov
Cell adhesion and  wettability; pore interconnected porous mucosa; alveolar migration; enhanced host-cell
Ui P ’ infiltration; establishment of 145,146,148

tissue infiltration

size; porosity;

scaffolds; ECM-like

and maxillofacial

a permissive environment for

interconnectivity hydrogel bioinks bone . .
subsequent tissue regeneration
ffold stiffness;
S‘ca old SFI ness I Alveolar/ Maintenance of defect space
. viscoelasticity; PCL, PEEK, or titanium R A
Mechanical ore architecture: structural frameworks: maxillofacial and load transfer; reduced
adaptation and P ? > bone; PDL; mechanical mismatch; 121,145,149,189,198

tissue integration

mechanical gradients;
degradation-dependent
mechanical changes

multimaterial and
gradient constructs

soft-hard tissue
interfaces

improved osseointegration and
structural integration

Matrix
mineralization
and osteogenesis

Surface functional
groups; calcium/
phosphate content; ion
release; mineral phase;

Hydroxyapatite,
B-TCP, calcium silicate,
bioactive glass, and
mineral-reinforced

Alveolar bone;
maxillofacial
bone; cementum

Enhanced osteogenic
differentiation and mineral
deposition; increased bone
formation and integration
with surrounding mineralized

155,156,158,188,196

degradation kinetics composites .
tissues
Surface chemistry; . .
. b Immunomodulatory . Modulation of inflammatory
Immune stiffness; degradation o . 7 Periodontal ;
) bioinks; jon-containing responses toward regenerative
regulation and products; tissues; alveolar ; .
. . L scaffolds; controlled . remodeling; reduced persistent 22,157,188
inflammation bioactive ions; S bone; mandibular . : .
. . bioactive molecule inflammation and improved
resolution immunomodulatory . defects . . .
delivery tissue-repair environment
molecules
VEGEF-containin, . ..
. . & Increased endothelial activity
Pore interconnectivity;  systems; endothelial- .
matrix degradabilit cell-containing bioinks Oral soft and vascular ingrowth;
Vascularization & ¥ & > tissues; alveolar/ improved nutrient supply and ~ 156,161,162,178,193

angiogenic cues;
bioactive ion release

Mg- or Cu-containing
materials; highly
interconnected scaffolds

maxillofacial bone

support for subsequent tissue
maturation

Surface adhesion;

Antibiotic delivery;

Oral mucosa;

Reduced bacterial adhesion
and biofilm formation;

Microbial balance  surface charge; antimicrobial periodontal carly infection control
and infection antimicrobial release peptides; Cu-, Zn-, or tissues; infected yantection ¢ 55,157,164,165
- . . . . while maintaining host-cell
control kinetics; anti-adhesive ~ Ag-containing systems; ~ mandibular - .
. 1 compatibility and regenerative
properties anti-biofilm surfaces defects .
potential
Collagen-, gelatin-, Enhanced fibroblast adhesion,
Soft-tissue Bioink compliance; & 8 R Gingiva; . . . R
. K . GelMA-, fibrin-, and migration, and proliferation;
remodeling cell-adhesive motifs; . . oral mucosa; . . . .
. . i-PRF-containing . improved angiogenic activity; 42,187
and barrier degradation rate; . periodontal soft s
. . bioinks; FGF- . support of epithelial and
restoration growth-factor delivery L tissues o .
functionalized scaffolds connective-tissue repair
Fiber alignment; Multimaterial printing; Guided PDL-cell alignment
Spatiall layered architecture; aligned collagen/ and matrix organization;
P . v 4 oo & & Cementum-PDL- 8 .
organized compositional GelMA constructs; enhanced osteogenic/
. - . L alveolar bone . L 138,151,195,196
soft-hard tissue gradients; regional dECM-containing cementogenic differentiation;
. R . . complex X L
regeneration stiffness; spatial cell bioinks; cell-patterned improved coordination of soft-

distribution

constructs

and hard-tissue regeneration

Abbreviations: Ag: Silver; Cu: Copper; dECM: Decellularized extracellular matrix; ECM: Extracellular matrix; FGF: Fibroblast growth factor;
GelMA: Gelatin methacryloyl; i-PRF: Injectable platelet-rich fibrin; Mg: Magnesium; PCL: Polycaprolactone; PDL: Periodontal ligament; PEEK:
Polyetheretherketone; VEGF: Vascular endothelial growth factor; Zn: Zinc; f-TCP: Beta-tricalcium phosphate.
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mechanical stability, and biological performance. In
extrusion-based bioprinting," highly viscous bioinks
improve shape fidelity but may generate shear stress that
compromises cell survival, whereas low-viscosity bioinks
are more cell-friendly but often lack post-printing stability.
Similarly, stronger crosslinking can enhance mechanical
robustness, yet excessive network density may restrict
cell migration, nutrient diffusion, and matrix remodeling.
These trade-offs are especially problematic for large bone
defects and soft-hard interfaces, where constructs must
simultaneously provide mechanical support, spatially
organized cellular components, and tissue-specific
bioactivity. Biological integration remains another critical
barrier. Large 3D-printed and bioprinted constructs*®
frequently suffer from insufficient vascularization,
which limits nutrient transport, cell survival, and tissue
maturation. Although angiogenic factors and vascular
cell incorporation have shown potential, the coordinated
regulation of vascularization, osteogenesis, innervation,
and matrix remodeling remains insufficiently understood.
Soft-hard tissue interfaces, such as the PDL-bone-
mucosa complex,’**”' are even more demanding because
they require region-specific mechanical, biochemical, and
cellular cues to achieve stable integration under functional
loading. The oral microenvironment further complicates
regeneration. Persistent microbial challenge may lead to
biofilm formation, chronic inflammation, and implant
failure, while saliva, enzymes, and fluctuating pH can
alter degradation behavior and bioactive molecule release.
Mechanical stress during mastication may additionally
cause material fatigue, interfacial micromotion, or
structural failure. Therefore, future oral bioprinting
systems should not only reproduce defect geometry, but
also be designed to actively adapt to host responses and
environmental stimuli.

Future development is likely to focus on multimaterial
and multicellular printing,>**  immune-instructive
bioinks, and in situ bioprinting. Multimaterial fabrication
can integrate stiff mineralized regions with softer cell-
permissive hydrogel domains, thereby better mimicking
the structural transitions between alveolar bone, PDL,
gingiva, and oral mucosa.'® Multicellular printing
may further enable the spatial organization of stem
cells, endothelial cells, fibroblasts, epithelial cells, and
immune-regulatory components, thereby promoting the
formation of vascularized, functionally integrated tissue.
Immune-instructive and antimicrobial bioinks represent
another important direction. Instead of merely avoiding
inflammation, future materials should guide immune
responses toward regeneration by promoting inflammation
resolution, macrophage-mediated tissue remodeling, and

balanced antimicrobial defense. In situ bioprinting may
also improve anatomical adaptation by directly depositing
bioactive or cell-laden materials into irregular oral and
maxillofacial defects during surgery.?** At the translational
level, personalized oral bioprinting will require closer
integration of medical imaging, computational design,
robotic fabrication, and real-time quality monitoring.*
However, clinical implementation will depend on
standardized manufacturing protocols, sterility control,
potency testing, long-term safety evaluation, cost-
effectiveness, and regulatory frameworks for personalized
bioprinted products. Future studies should therefore
prioritize clinically relevant large-animal models, long-
term functional assessment, reproducible quality-control
standards, and interdisciplinary collaboration among
biomaterials scientists, clinicians, engineers, cell biologists,
and regulatory specialists.

7. Conclusion

Three-dimensional bioprinting provides a versatile
platform for oral tissue reconstruction by enabling the
spatial organization of biomaterials, cells, and bioactive
cues within patient-specific constructs. Compared with
conventional scaffold-based approaches, it offers greater
potential to reproduce the anatomical complexity,
structural heterogeneity, and biological requirements of
oral soft tissues, hard tissues, and soft-hard interfaces. This
review emphasizes that the performance of 3D-printed
and bioprinted oral constructs should be understood from
the perspective of host-material interactions, including
physical, chemical, and biological cues. These interactions
provide a rational basis for bioink formulation, structural
optimization, and bioactive functionalization. Although
several technical and translational barriers remain, the
field is moving toward host-instructive, multimaterial,
multicellular systems. By integrating precise biofabrication
with a deeper understanding of the oral microenvironment,
next-generation 3D-printed and bioprinted constructs may
advance oral tissue engineering from anatomical repair
toward functional regeneration. Nevertheless, their clinical
translation remains prospective rather than established
and will require substantial additional experimental and
clinical validation.
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