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Abstract

Regeneration of the dental, oral, and craniofacial (DOC) complex is challenging because
mineralized, soft, vascular, and neural tissues lie side by side, and defects are often large
and irregular. Three-dimensional (3D) bioprinting enables fabrication of patient-specific,
cell-laden constructs and may offer new regenerative options for complex oral cases. This
narrative review summarizes current bioprinting technologies, their applications across
DOC tissues, and the barriers to clinical adoption. Inkjet, laser-assisted, light-based, ex-
trusion, and co-axial platforms differ in speed, resolution, cell viability, and cost, while
intraoperative bioprinting allows constructs to be printed directly into the defect dur-
ing surgery. Hydrogel-based bioinks, often loaded with cells or growth factors, support
cell delivery and guided differentiation. Across the dentin–pulp complex, periodontium,
gingiva, salivary glands, peripheral nerves, cartilage, and craniofacial bone, preclinical
studies report that bioprinted constructs can recreate tissue microarchitecture, enhance
vascularization, and support partial functional repair. Whole-tooth and load-bearing bone
regeneration remain constrained by spatial patterning, vascularization, and mechanical
demands. Most evidence remains preclinical, and translation is limited by cost, fragmented
workflows, biological and mechanical mismatch at tissue interfaces, and unclear regulatory
pathways. Standardized fidelity and viability metrics, improved bioinks, and point-of-care
workflows will be needed before bioprinting becomes part of routine oral regenerative care.

Keywords: bioprinting; printing; three-dimensional; tissue engineering; tissue scaffolds;
hydrogels; bone regeneration; nerve regeneration
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1. Introduction
Regenerative strategies for the dental, oral, and craniofacial (DOC) complex must

contend with a uniquely heterogeneous landscape: highly mineralized tissues such as
enamel and dentin, which lie immediately adjacent to soft tissues and nerves. When defects
arise from trauma, oncologic resection, or congenital conditions, large irregular volumes
with demanding vascular requirements are created. Grafts and biologics are now routinely
used in these defects, and cell-based therapies have been tested clinically, yet restoring the
original architecture and function of multiple adjacent tissues remains a challenge [1,2].
Three-dimensional (3D) bioprinting offers a path to fabricate patient-specific constructs
with biologically active materials. Current bioprinting platforms for DOC regeneration
include inkjet-based deposition, laser-assisted transfer, light-based printing, extrusion
printing, and emerging intraoperative approaches that enable point-of-care fabrication.
Each modality presents distinct trade-offs between speed, cell viability, print size, and
mechanical integrity, and each benefits from the expanding palette of bioinks, particularly
hydrogel systems and composite formulations that support cell delivery, growth-factor
presentation, and gradient architectures [3].

Oral and underlying tissues such as the periodontium, alveolar bone, salivary glands,
and nerves are critical targets for regenerative techniques, as these tissues are important for
structure, vascularization, and innervation. Additionally, these tissues are manipulated
in routine surgical and restorative treatments with a risk of iatrogenic damage. Clinical
defects in these tissues can be viewed as a tissue engineering problem, in which the surgical
site functions as a tissue reactor for matrix, cells, and biologic signaling [2]. Bioprinting
offers a way to deliver these components with spatial precision. For injured or missing oral
tissues, advances in bioprinting promise to yield a chairside regenerative treatment option
for patients with complex cases.

In recent years, the applications for 3D bioprinting have grown rapidly [3]. In the
dentin–pulp complex, tailored hydrogels and human dental pulp stem cells (hDPSCs)
are being leveraged to recreate tubule-scale features and to guide odontogenic differen-
tiation [4–6]. In the periodontium, printed scaffolds and pro-angiogenic bioinks seek to
re-establish the orientation and function of periodontal ligament (PDL) fibers while ad-
dressing concomitant alveolar bone loss [7–9]. Salivary gland engineering is incorporating
structurally adaptable matrices and organoid platforms [10], whereas peripheral nerve
repair in the maxillofacial region is exploring scaffold-free constructs and aligned fibrillar
hydrogels to promote axonal growth [11,12]. Beyond these oral tissues, cartilage of the
temporomandibular joint (TMJ) and nasal tissues, and craniofacial bone are under active
investigation, with composite and vascularized constructs pushing toward functional
restoration [13–16].

Despite these advances, translation to routine clinical use remains constrained by cost
and infrastructure needs, the challenge of matching biological and mechanical properties
across interfaces, and evolving regulatory and quality-control frameworks [2,17]. This
review surveys current DOC-focused bioprinting technologies, summarizes limitations
of the technology, and outlines pathways toward advancing clinical translation. Future
advances, including workflow digitization, automation, and point-of-care manufactur-
ing, hold promise to accelerate clinical adoption [17]. Compared to recent reviews of
bioprinting for dental alveolar tissues [3], clinical translation in oral and maxillofacial
reconstruction [18], and craniofacial reconstruction [19], this review relates each printing
modality, including intraoperative and imaging-guided printing, to specific DOC tissue
targets, separates cell-laden bioprinting from other printing approaches, and summarizes
the experimental model and level of evidence for key studies (Section 3).

https://doi.org/10.3390/jfb17110543

https://doi.org/10.3390/jfb17110543


J. Funct. Biomater. 2026, 17, 543 3 of 21

This narrative review is based on searches of PubMed and ClinicalTrials.gov for articles
published up to October 2026, without a lower date limit, supplemented by the reference
lists of recent reviews. Search terms combined “bioprinting”, “three-dimensional printing”,
or “intraoperative bioprinting” with tissue terms, including “dental pulp”, “dentin”, “pe-
riodontal”, “gingiva”, “salivary gland”, “facial nerve”, “cartilage”, “temporomandibular
joint”, and “craniofacial bone”. Representative studies were selected for relevance to DOC
tissues rather than for exhaustive coverage. Recent reviews were used to frame each topic,
and primary studies were used for the tissue-specific findings.

2. Bioprinting Technologies
Bioprinting represents a relatively new field and a new approach to using 3D printing

technology to offer benefits in the field of tissue engineering and regenerative medicine.
3D printing, in this context, refers to a process known as additive manufacturing, where a
printer can form 3D objects using computer-aided design (CAD) software, which can in
turn incorporate information from 3D scanners [20]. Bioprinting specifically refers to the
layer-by-layer deposition of living cells, biomaterials, and bioactive molecules, collectively
termed bioinks, to build tissue-like constructs [21]. In this review, printing of acellular
scaffolds, molds, or anatomical models is not considered bioprinting and is identified
explicitly as acellular printing. Currently, there is a wide variety of 3D printing techniques
in DOC regenerative medicine, in terms of both materials and techniques (Figure 1), each
having specific advantages and limitations (Table 1) [3]. The goal is for printed constructs
to be used in functional applications in clinical medicine, drug discovery or delivery, and
in vitro disease studies. The major bioprinting methods currently available are discussed
in this section.

Figure 1. Major bioprinting modalities for dental, oral, and craniofacial (DOC) applications. Co-axial
printing is an extrusion variant, and intraoperative printing is a setting. Created by the authors; the
icons and illustrations were generated with the assistance of generative artificial intelligence.
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Approaches to DOC tissue fabrication fall into four groups. Direct bioprinting deposits
cell-laden bioinks by inkjet, laser-assisted, extrusion, or light-based mechanisms. A second
group prints acellular scaffolds that are seeded with cells afterwards. A third group prints
acellular molds, templates, or anatomical models that guide casting, surgery, or tissue
formation. A fourth group uses non-printing approaches, such as electrospinning, to make
scaffolds. Co-axial bioprinting is a variant of extrusion in which a bioink and a crosslinking
solution flow together to form fibers and tubes. Intraoperative bioprinting is a setting rather
than a distinct mechanism in which extrusion, droplet-based, laser-based, or light-based
printing is performed directly in the defect during surgery.

2.1. Inkjet-Based Bioprinting

Inkjet bioprinting deposits droplets of bioink of controlled volume onto a surface.
Various techniques are used to adapt this technology for use in 3D printing, including
thermal inkjet bioprinting, piezoelectric inkjet bioprinting, electrostatic inkjet bioprinting
and electrohydrodynamic inkjet bioprinting [22].

These techniques rely on a process called microdropletization, where the inkjet heads
deposit droplets of roughly 10 to 100 µm in diameter at high speed. Given the speed and
size of the process, 3D inkjet printing has high throughput, where droplets are ejected
on demand from individual nozzles and output scales with the number of nozzles [22].
Additionally, this process is “non-contact” where droplets are deposited, not placed onto a
surface. This process means that there is a ‘drop-on-demand’ property of inkjet printing,
where the process is highly controllable. However, despite the advantages of this process,
there are also disadvantages to this method. For example, the ink must be deposited
in liquid form, as a solid ink would clog and be unable to “microdropletize”. Given
the low viscosity that these materials must have, this means that crosslinking is often
attempted to strengthen the printed structure. Some crosslinkers are toxic to cellular
viability. Cell damage in inkjet printing arises mainly from the thermal or mechanical stress
of droplet ejection and impact, rather than from the nozzle shear that dominates extrusion
printing [23], and inks are limited to low viscosities of approximately 3.5 to 12 mPa·s [21].
Additionally, the low viscosity is maintained through a lower concentration of the bioink,
which can cause failed geometry of 3D-printed scaffolds. This can serve to explain why
inkjet printing is often combined with other forms of bioprinting to add strength and
integrity to the 3D structure [22,24,25].

2.2. Laser-Assisted and Light-Based Bioprinting

Laser-assisted bioprinting is an adaptation of laser-induced forward transfer (LIFT), a
technique first described in 1986 for metal transfer [26] and adapted to transfer living cells
in the early 2000s [27]. There are five main components of this system: a pulsed laser beam,
a focusing system, a ribbon donor structure made up of an energy-absorbing layer, liquid
bioink and a receiving substrate. In LIFT, a laser pulse heats the absorbing layer and propels
the bioink from the donor onto the substrate. This has the potential to produce highly
precise constructs, and given the laser-guided design, the print heads are open, eliminating
the clogging issue that is commonly seen with nozzle-based bioprinting. Because there
is no nozzle, the cells are not exposed to nozzle shear stress, which supports high cell
viability [21,28]. However, the jet formation involves high pressure and rapid temperature
changes that are not yet fully understood. Additionally, laser-assisted bioprinting is costly,
highly complex, and slow, which limits large-scale fabrication [21,28].

Light-based bioprinting uses light to crosslink photosensitive bioinks in place rather
than to transfer them. Digital light processing (DLP) cures an entire layer at once, allow-
ing fine features at higher speed than nozzle-based methods, and has been used to print
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periodontal patches with oriented PDL fibers [8]. Volumetric bioprinting goes further,
solidifying a whole cell-laden construct within seconds through tomographic light pro-
jection [29], and recent context-aware systems use real-time imaging to adapt the printed
geometry to existing tissue [30]. Resolution on the order of 10 to 50 µm has been reported
for digital light processing [31]. Light-based printing requires photocrosslinkable and
sufficiently transparent inks, and exposure to photoinitiators and radicals can reduce cell
viability [31,32].

Table 1. Mechanisms, advantages, and limitations of bioprinting modalities for dental, oral, and
craniofacial (DOC) applications.

Type of
Bioprinting Mechanism of Action Advantages Limitations

Inkjet
bioprinting

Through microdropletization,
small droplets (about 10 to
100 µm) of bioink will be

deposited through an inkjet
head onto a surface.

Easy to operate and
maintain; bioinks are fairly

cost-effective; can have
very small (10–100 µm)
droplet size; variety of

different methods; print
speed is very fast.

High potential to clog during
printing; splashing of ink

deposition can lead to inaccuracy;
thermal and mechanical stress

during droplet ejection; limited to
low-viscosity bioinks with weak

structural integrity; while the inks
are low-cost, inkjet heads

are expensive.

Laser-assisted
bioprinting

Laser-assisted transfer of cells or
bioinks onto a substrate,

enabling the creation of complex
structures with high precision.

No clogging, as the process
is nozzle-free; high

resolution; increased cell
viability; vast array

of applications.

Extremely expensive;
methodology is very complex;

slow printing speed.

Light-based
bioprinting

(digital light
processing and

volumetric)

Projected light photocrosslinks a
cell-laden photoresin layer by
layer (digital light processing)
or as a whole volume through

tomographic projection
(volumetric).

Nozzle-free, so no nozzle
shear stress; high

resolution (about 10 to 50
µm for digital light

processing); fast, because a
whole layer or volume is

cured at once; viability
often above 85% [29,31].

Requires photocrosslinkable,
light-transparent inks;

photoinitiator and radical
exposure can reduce

viability [31,32].

Extrusion-
based

bioprinting

Fluid-dispensing system with
an automated robotic system;

utilizes pneumatic or
mechanical pressure to

dispense material.

Wide range of materials
can be printed; increased

bioprinted structure
quality

Can have reduced cell viability
due to increased shear stress

during printing process; lower
resolution than inkjet or

laser-assisted printing; print
speed is relatively slow

Co-axial
bioprinting

The bioink and crosslinking
solution are dispensed

simultaneously through
co-axial needles.

Wide range of materials
can be included with
increased freedom in
bioink composition

Requires a crosslinker, such as
calcium chloride for alginate, so it
is limited to rapidly or ionically

gelling bioinks; a support bath is
needed only when the filament
does not gel quickly enough to

hold its shape.

Intraoperative
bioprinting

Printing directly into a defect,
area of resected tissue, or
fracture during surgery.

Extrusion, droplet-based,
laser-based, or light-based

systems can be used.

Immediate management
mid-procedure for various

defects; constructs are
sized and shaped to

the defect

Very high cost; scarce evidence,
mostly limited to animal models.
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2.3. Extrusion-Based Bioprinting

Extrusion-based bioprinting combines a fluid-dispensing system and an automated
robotic system that will extrude material onto a platform. The continuous force of the
extrusion will print the material into uninterrupted cylindrical lines, instead of a single
droplet. Because the system is robotically controlled, the 3D shape and structure can be
precisely controlled. One of the main advantages of a system like this is the compatibility
with various printable materials. For example, this system can print hydrogels, copolymers
and cell spheroids. This makes the system adaptable to many applications. A major
disadvantage of this system is that the encapsulated cells are exposed to greater shear
stresses, meaning that cell viability can be reduced during printing [21,33]. Reported
resolution ranges from about 100 µm to the millimeter scale and viability from about
40% to 80%, and shear stress during extrusion through the nozzle is the main cause of
cell loss [21,33,34]. Recent hybrid approaches combine extrusion with imaging-guided
volumetric printing, allowing channels to be printed automatically around extruded cell-
laden structures and improving cell function [30].

Co-axial bioprinting is a variant of extrusion-based bioprinting. In this technique,
the bioink and the crosslinking solution are dispensed using co-axial needle assemblies,
enabling the bioinks to be deposited as a liquid which will then set. Because the bioink is
dispensed as a liquid and set by the crosslinker on contact, a wide range of components can
be mixed evenly into the ink before it gels. However, the downside of this liquid formation
of the bioink is that there are possible complications for the bioink stability upon removal
of the inks from the setting bath. Co-axial printing is mainly used to produce hollow fibers
and tubes, such as the salivary gland microtubes discussed in Section 3.4 [35], and the
crosslinking solution (for example, calcium chloride for alginate) is what sets the bioink.
A support bath is needed only when the filament does not gel quickly enough to hold its
shape [36,37].

2.4. Intraoperative Bioprinting

Intraoperative bioprinting refers to using 3D printing at the time of a procedure and
printing directly into the site of a defect or injury to aid healing [38]. This is an extremely
promising new field of bioprinting that offers immediate scanning and printing of bioma-
terials that are specifically sized and shaped for the injury being repaired. Intraoperative
bioprinting is a setting rather than a printing mechanism, and extrusion, droplet-based,
laser-based, or light-based systems can be used [38]. Thermoplastics such as polycaprolac-
tone are not currently suitable for printing in a patient because of their solvents and melting
temperatures [38]. This type of bioprinting is currently limited to animal models, including
recent large animal studies [39], but has been applied to both non-load-bearing sites and
composite tissue remodeling for craniomaxillofacial reconstruction. Preclinical studies
have reported that intraoperative bioprinting using bioinks can work for both hard and soft
tissue reconstruction. In rats, an acellular osteogenic ink printed into 5-mm calvarial defects
was reported to give approximately 80% bone coverage area at 6 weeks on micro-computed
tomography (micro-CT) [40].

3. Three-Dimensional Bioprinting of Tissues
The key studies discussed in this section are summarized in Table 2, with the printing

approach, experimental model, and level of evidence for each, and the tissue targets are
shown in Figure 2. Studies of cell-laden bioprinting are distinguished from printing of
acellular scaffolds, molds and anatomical models, and from non-printing approaches.
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Figure 2. Dental, oral, and craniofacial (DOC) tissue targets for three-dimensional (3D) bioprinting.
DLP, digital light processing; hDPSCs, human dental pulp stem cells; iPRF, injectable platelet-rich
fibrin; ITOP, integrated tissue–organ printing; α-TCP, α-tricalcium phosphate. Printed molds, as
shown for nasal cartilage, are acellular. Created by the authors; the icons and illustrations were
generated with the assistance of generative artificial intelligence.

3.1. Teeth and Pulp

Dental tissues pose unique challenges for 3D bioprinting due to their dual nature of
hardness and softness. The intricacy lies in developing a scaffold capable of providing
a supportive environment for depositing cells and tissues in their respective complex
locations. Modern 3D bioprinting utilizes bioinks that are tailored for use with various
dental alveolar tissues, including dental pulp, dentin, PDL, bone, gingiva, and the ambitious
endeavor of whole-tooth regeneration [3,41]. Bioinks should ideally be biocompatible and
printable, with a degradation rate that approximates that of new tissue formation [42,43].
Hydrogels, defined as 3D polymeric networks with high water content, are widely used
bioinks because their tunable properties can mimic the extracellular matrix, although they
typically trade printability against mechanical strength [42,43]. In the context of tooth
regeneration, natural hydrogels such as collagen, gelatin, fibrin, hyaluronic acid, alginate,
agarose, and gelatin methacryloyl (GelMA) are commonly employed [3].

Collagen-based scaffolds enhance periodontal and bone tissue regeneration, support-
ing dental pulp repair due to their biocompatibility and ability to promote cell attach-
ment [44,45]. Gelatin functions in drug delivery systems and tissue regeneration applica-
tions, serving as a versatile biomaterial for dental pulp regeneration, endodontics, and oral
wound healing [44]. Fibrin is a natural hydrogel used in tissue engineering [46] and has
been used with hDPSCs to support odontogenic differentiation in vitro [4]. Hyaluronic
acid is applied in periodontal disease treatment, dental pulp regeneration, and oral wound
healing, serving in tissue engineering scaffolds and drug delivery systems [44,47]. Alginate
is a biocompatible, ionically crosslinkable polymer with tunable mechanics, but its low
bioactivity and rapid degradation limit its use alone [48]; in dental and craniofacial applica-
tions, it has mainly been used experimentally, for example, as a bioink component for cells
and growth factors [5,7,9]. Agarose is widely used to form hydrogels for wound healing
and tissue engineering, although its specific dental applications are less extensively docu-
mented [49]. GelMA serves as a versatile platform for regenerative endodontics and dental
pulp regeneration, functioning as an injectable vehicle for delivery of stem cells, growth
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factors, and bioactive substances for tissue repair, with its photocrosslinkable properties
allowing for in situ fabrication of patient-specific hydrogels [50,51].

Material selection depends on the demands of the intended construct. Soft, vascular-
ized tissues such as pulp and gingiva tolerate low-stiffness hydrogels such as fibrin and
GelMA, whereas bone reconstruction requires reinforcement with a mineral phase or a
stiffer framework to bear load, and the printed architecture must allow nutrient diffusion
and vascular ingrowth [42,43,52]. Co-printing of vascular channels with multiple cell types
in hydrogel matrices has been demonstrated [53].

Pulpal and whole-tooth regeneration remain related but biologically distinct goals
in 3D bioprinting. Pulpal regeneration primarily targets vascularized soft-tissue repair
within existing dentin architecture, whereas whole-tooth regeneration requires coordinated
reconstruction of enamel, dentin, cementum, and pulp across multiple length scales [41].
Ameloblasts are lost after tooth eruption, so enamel cannot repair itself, which is a major
limit for whole-tooth strategies [54]. This limits but does not rule out cellular approaches,
because ameloblast-like cells derived from induced pluripotent stem cells and dental epithe-
lial organoids express ameloblast markers and enamel matrix proteins in vitro [54]. Recent
bioink strategies (including fibrinogen/gelatin/hyaluronic acid/glycerol formulations)
support hDPSC viability and odontogenic differentiation for dentin–pulp applications [4].
For whole-tooth efforts, key bottlenecks remain spatial patterning, epithelial–mesenchymal
coordination, and angiogenesis. Notably, blocking uterine sensitization-associated gene-1
(USAG-1) with an antibody rescued tooth formation in mouse models of congenital tooth
agenesis [55]. Because this is a pharmacologic rather than a printing strategy, it could
complement printed constructs, although such a combination has not been tested.

Current research involving the 3D bioprinting of dentin and pulp has reported odon-
togenic differentiation and scaffolds compatible with hDPSCs, mostly in vitro. An early
study created a fibrin-based bioink scaffold compatible with hDPSCs aimed at regener-
ating the dentin–pulp complex [4]. Notably, odontogenic differentiation was achieved
through altering fibrinogen concentrations in the scaffolding, suggesting the possibility of
augmenting site-specific regeneration. The crosslinked hydrogel had pore sizes of about
2 to 4 µm on scanning electron microscopy, of a similar order of magnitude to human
dentinal tubules, whose diameter varies from the dentino-enamel junction to the pulp,
although these are hydrogel pores rather than true tubules [4]. The study was conducted
in vitro. In another study, an acellular ink of collagen, hydroxyapatite, and alginate was
printed as an in vitro dentin model with tubule-like pores for testing occlusive agents
against dentin hypersensitivity, and polystyrene microspheres narrowed the pores of the
scaffold much as they did in natural dentin [5]. This is a testing platform rather than a
regenerative scaffold. A third study with similar aims used 3D bioink scaffolding made of
bone morphogenetic protein (BMP) peptide-tethering bioink materials. The study created a
BMP-GelMA bioink formulation using an integrated tissue–organ printing (ITOP) system.
The bioink formulation provided a microenvironment suitable for accelerated odontogenic
differentiation of hDPSCs [6].

Modern 3D bioprinting for whole-tooth and pulp regeneration is still at an early stage.
The studies presented demonstrate the available 3D bioprinting strategies combined with
novel bioink formulations that address the commonly met roadblocks to oral regenerative
medicine. Moving forward, future research should further the implementation of in vivo
studies and work toward reproducible methods. As advancements in bioink formulations
progress and the precision of scaffolding improves, there will be greater potential for
compartmentalized growth, leading to the eventual possibility of whole-tooth regeneration.
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3.2. Periodontal and Alveolar Bone Regeneration

Periodontal regeneration includes both hard and soft tissue regeneration. Restoring
critical-size alveolar bone volume defects is a niche where the specificity of bioprinting
can excel. Anderson et al. printed acellular, patient-specific hydroxyapatite and alpha-
tricalcium phosphate (α-TCP) scaffolds from cone-beam computed tomography data; the
scaffolds had higher compressive strength than an alginate and beta-tricalcium phosphate
hybrid, were cytocompatible with alveolar bone marrow stem cells in vitro, and fit defect
models within 0.27 mm of the digital design [7]. In vivo bone regeneration was not assessed.
A PDL-alveolar bone microtissue model using GelMA has also been developed to better
simulate and study periodontal tissue engineering in vitro [56].

Current research utilizing 3D bioink for PDL fiber and periodontal defect regeneration
is limited by the intricate nature of the PDL fiber network and angiogenic needs. A recent
study introduced biomimetic periodontium patches (BPPs) for PDL regeneration with
the use of microscale continuous DLP 3D bioprinting [8]. In rat and beagle periodontal
defect models, the oriented patches were reported to regenerate periodontium with region-
specific PDL fiber orientation that tolerated orthodontic tooth movement, compared with
randomly arranged and untreated controls [8]. Similarly, a periodontal module combining a
DLP-printed ligament layer and an extrusion-printed bone layer, made with a dental follicle-
derived decellularized extracellular matrix bioink, restored aligned PDL fibers and the
bone–ligament interface in a canine critical-size defect [57]. Another challenge associated
with PDL regeneration involves the necessity for localized angiogenic properties to meet
the blood supply requirements. A recent study achieved an increase in the local angiogenic
supply with the use of a 3D bioink preparation of injectable platelet-rich fibrin (iPRF)-
alginate-gelatin [9]. The bioink-based iPRF treatment proved to have sustained release of
growth factors and angiogenic properties. Furthermore, in a subcutaneous implantation
model in nude mice, the bioink showed good biocompatibility, increased vascularization,
and reduced macrophage infiltration at later time points relative to an alginate-gelatin
control [9]. Because the mice are immunodeficient and the implantation site is ectopic,
these findings do not directly show oral soft tissue regeneration or periodontal repair.

3.3. Periodontal Plastic Surgery and Soft Tissue Regeneration

In contrast to bone regeneration, soft tissue regeneration is generally less shape-
specific and favors biologic wound healing principles. In a beagle study (six dogs, three
groups, two-month follow-up), implant-site grafts of a bioprinted acellular dermal matrix
(ADM), gelatin, and alginate scaffold carrying gingival fibroblasts yielded significantly
more keratinized and attached gingiva than the same scaffold without cells (an increase
in keratinized gingiva width of 1.58 to 1.93 mm versus 0.67 to 1.30 mm), with higher
expression of collagen types I and III and vascular endothelial growth factor A [58]. These
preclinical findings need confirmation in larger and longer studies.

3.4. Salivary Glands

Salivary glands are heterogeneous tissues with specific geometries, but there have
been recent advances in structural and adjunctive stem cell use in bioprinting for salivary
gland regeneration. In vitro, gelled egg yolk plasma could be printed and supported
culture of salivary acinar cells and fibroblasts, but function and in vivo performance were
not assessed [59]. Pre-formed alginate microtubes supported epithelial–mesenchymal
self-organization and cavitation of mouse salivary cells in vitro, although this platform was
made with a co-axial microfluidic device rather than printed [60]. Microfluidic co-axial
printing produced thin cell-laden hydrogel fibers and patent hollow tubes with viable
salivary gland cells, an early step toward microscale epithelial units [35]. An in vitro
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mouse study showed that a bioprinted sweat gland-like microenvironment could redirect
mammary progenitor cells toward sweat gland markers, which is indirect evidence for
salivary tissue [61]. Magnetic 3D bioprinting of human dental pulp stem cells generated
innervated, amylase-producing salivary gland-like organoids that stimulated epithelial
and neuronal growth when transplanted into damaged salivary gland tissue ex vivo [10].

Functional salivary gland replacement requires polarized acinar and ductal epithe-
lium arranged as a ductal network that supports unidirectional saliva flow, together with
innervation and vascularization [62,63]. To date, bioprinted salivary constructs have shown
cell viability, organization, and marker expression in vitro or ex vivo, but restoration of
salivary flow in vivo has not been shown [10,35]. In our opinion, current extrusion and
co-axial platforms can approximate ductal geometry, but they cannot yet reproduce polar-
ized secretory acini, connection to a ductal outflow, and neurovascular integration in the
same construct.

3.5. Peripheral Nerves

The peripheral nervous system innervates the oral and underlying tissues and com-
municates with the pulp. The connection of both the local and systemic nervous systems
adds complexity to regenerative attempts of nerves in the DOC region. Gingiva-derived
mesenchymal stem cells show promise in a bioprinted scaffold-free construct for functional
recovery in a rat segmental facial nerve defect [11]. A bioprinted gelatin and alginate
scaffold with rat Schwann cells showed good viability and higher neurotrophic factor
expression than two-dimensional culture in vitro, and the cells persisted after four weeks
of implantation, but nerve regeneration was not assessed [64]. Although not bioprinted, an
aligned electrospun fibrin nanofiber hydrogel used as a conduit filler restored a 10-mm rat
sciatic nerve gap to a degree approaching an autologous graft [12], which illustrates the
value of aligned microarchitecture that printing could reproduce.

3.6. Craniofacial and Maxillofacial Bone, Cartilage, and Skin

Cartilage is formed by chondroblasts and chondrocytes. In the orofacial complex,
cartilage is found predominantly in the TMJ and nose. When these structures require
repair, surgeons may select from autologous or allogeneic cartilage and alloplastic implants.
Each material type has its set of unique challenges, and all struggle with adaptability due
to differences in topographies between the implantable material and the recipient site.
As early as 2015, researchers used computed tomography (CT) scans of cadaveric lower
lateral cartilage to 3D print patient-shaped molds, in which poly(glycolic acid)/poly-L-
lactic acid scaffolds seeded with human chondrocytes were cultured and then implanted
subcutaneously in nude mice, yielding engineered cartilage with alar length and width
matching native cartilage, although the thickness differed [13]. The cells were seeded onto
the scaffolds rather than bioprinted. Since then, the development of hydrogels for chondro-
genic engineering has been extensively studied due to their physical properties mimicking
native cartilage and topographical adaptability [65–67]. Recently, image-guided volumetric
printing automatically aligned a cell-laden cartilage layer onto a bone construct to produce
an osteochondral model [30]. Another study identifies bioprinting as transforming TMJ
reconstruction by enabling complex, multi-tissue structures with cellular viability, though
these approaches remain in preclinical stages requiring extensive validation before clinical
translation [15].

Bone remains one of the most difficult DOC targets because successful regeneration re-
quires both vascularization and restoration of site-specific mechanical function. In practice,
calvarial defects are relatively low-load compared with maxillo-mandibular defects, where
cyclic masticatory loading imposes higher structural demands, so material architecture
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and reinforcement requirements should be defect-site specific [38,52,68]. Most of the bone
data discussed here come from calvarial models. Novel techniques have been developed to
print osteoinductive bioinks for 3D bone bioprinting in the treatment of craniomaxillofacial
bone defects [68]. Biomaterials have also been developed incorporating growth factors into
bioprinted vascular structures in a single step [16,69]. Exosomes are currently being evalu-
ated to circumvent the shortcomings of growth factor embedding and improve targeted
therapeutic delivery [70]. The printing performance, degradability, and osteoconductiv-
ity/osteoinductivity of bioprinting materials such as hyaluronic acid, alginate, collagen,
silk fibroin, GelMA, poly(ethylene glycol) (PEG) hydrogels, and others are being studied
extensively in cartilaginous and bone engineering applications, with the goal of expanding
a surgeon’s armamentarium [52]. Printed anatomical models have also been used clinically
to plan orbital wall reconstruction and pre-shape implants, which is a non-biological use
of 3D printing [71]. Outside the DOC region, bioprinting has been investigated for the
cornea [14] and retina [72], and these applications are not discussed further.

Chronic wounds and trauma often require restoration of human skin in addition to
cartilage and bone. Unfortunately, this area of study is still considered in the early stages of
research and requires additional investigation prior to clinical trials [73,74]. Fabrication of
functional living skin utilizing a biomimetic hydrogel bioink was tested in a large animal
model with limited success [75] but is still preferred over conventional hydrogels in skin
regeneration due to improved mechanical strength. A key challenge is recreating hair
follicles and sweat glands at the dermis and epidermis levels [74]. Investigations on growth
factors involved in the wound healing process will improve the development of bioprinted
skin grafts, especially in life-threatening wounds such as burns [76]. Skin is included here
because craniofacial trauma and burns frequently involve it.

Table 2. Key preclinical studies of bioprinting and related printing approaches for dental, oral, and
craniofacial (DOC) tissues, with the experimental model and level of evidence.

Tissue Study Approach Material and Cells Model Follow-Up Principal Outcome
and Main Limitation

Dentin and
pulp

Han et al.
[4]

Cell-laden
bioprinting

Fibrinogen, gelatin,
hyaluronic acid, and
glycerol bioink with
hDPSCs, co-printed

with a polymer frame

In vitro 15 days

Odontogenic
differentiation

localized by
fibrinogen

concentration; no
in vivo data.

Dentin model Naseri
et al. [5]

Acellular
printing, cells

seeded
afterwards

Collagen,
hydroxyapatite, and
alginate; stem cells

seeded for
cytocompatibility

In vitro Not
applicable

Tubule-like pores
narrowed by

microspheres; a
testing platform, not

a regenerative
scaffold.

Alveolar bone Anderson
et al. [7]

Acellular
printing

Hydroxyapatite and
α-TCP

In vitro, with
alveolar bone
marrow stem
cells for cyto-
compatibility

Not
applicable

Higher compressive
strength; fit within

0.27 mm of the
digital design; no

in vivo regeneration
assessed.
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Table 2. Cont.

Tissue Study Approach Material and Cells Model Follow-Up Principal Outcome
and Main Limitation

Periodontium Ma et al.
[8]

Cell-laden
bioprinting

(digital light
processing)

GelMA-based
patches with dental

follicle cells

Rat and beagle
periodontal

defects
(orthotopic)

8 weeks
(rats),

12 weeks
(beagles)

Oriented PDL fibers
that tolerated

orthodontic tooth
movement,

compared with a
random hydrogel

block and untreated
defects; four rats per

group and five
beagles; proof
of principle.

Soft tissue Yi et al.
[9]

Cell-laden
bioprinting

iPRF, alginate, and
gelatin

Subcutaneous
implantation in

nude mice
(ectopic)

1 to 8 weeks

More vascularization
and less macrophage
infiltration; ectopic

site and
immunodeficient

host.

Keratinized
gingiva

Liu et al.
[58]

Cell-laden
bioprinting

ADM, gelatin, and
alginate with

gingival fibroblasts

Beagle implant
sites (six dogs,
three groups)

2 months

Keratinized gingiva
width increased by

1.58 to 1.93 mm with
cells versus 0.67 to
1.30 mm with the

cell-free scaffold; two
sites per animal;

small sample.

Salivary gland Yin et al.
[35]

Cell-laden
bioprinting
(co-axial)

Alginate fibers and
hollow tubes with
primary human

salivary stem and
progenitor cells

In vitro 15 days

Viable cells in fibers
and hollow tubes

that kept basal stem
cell markers; three

prints per condition;
no function or
in vivo data.

Salivary gland Adine
et al. [10]

Magnetic
bioprinting of

spheroids

hDPSC spheroids
with magnetic

nanoparticles and
fibroblast growth

factor 10

In vitro, and ex
vivo embryonic
mouse salivary
gland explants
(irradiated and
non-irradiated)

1 to 3 days
ex vivo

Innervated,
amylase-producing

organoids stimulated
epithelial and

neuronal growth in
irradiated explants

compared with
untransplanted

explants; no in vivo
salivary flow.

Facial nerve Zhang
et al. [11]

Scaffold-free
bioprinting

Gingiva-derived
mesenchymal stem

cell spheroids

Rat segmental
facial nerve

defect
12 weeks

Regeneration and
functional recovery
reported against an
empty silicone tube

and a reverse
autograft; small
animal model.

Peripheral
nerve

Wu et al.
[64]

Cell-laden
bioprinting

Gelatin and alginate
with rat Schwann

cells

In vitro, then
implantation

7 days in
culture;
4 weeks

implanted

Higher neurotrophic
factor expression

in vitro; nerve
regeneration not

assessed.
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Table 2. Cont.

Tissue Study Approach Material and Cells Model Follow-Up Principal Outcome
and Main Limitation

Nasal cartilage Xu et al.
[13]

Printed
acellular

mold, cells
seeded

poly(glycolic
acid)/poly(L-lactic
acid) scaffold with

human chondrocytes

Subcutaneous
implantation in

nude mice

4 weeks
in vitro,

then
8 weeks

implanted

Alar length and
width matched

native cartilage (n = 7
per group at each

time point), thickness
differed; cells not

bioprinted.

Calvarial bone Moncal
et al. [40]

Intraoperative
printing of an
acellular ink

Collagen, chitosan,
nano-

hydroxyapatite, and
β-glycerophosphate,

with or without
recombinant human
bone morphogenetic
protein-2 (rhBMP-2)

Rat 5-mm
calvarial

defects, two per
animal; empty
defect control

(n = 4), ink
alone (n = 6),
and ink with

rhBMP-2
(n = 10)

6 weeks

About 80% bone
coverage area on
micro-CT with

rhBMP-2; coverage
about 1.9-fold that of
empty defects in both
ink groups, with no
significant gain from

rhBMP-2; small
animal, low-load site.

4. Limitations and Challenges
While 3D bioprinting holds immense potential for transforming DOC regenerative

medicine, several fundamental challenges must still be addressed before these technolo-
gies can be integrated into routine clinical care [18]. Current progress highlights both the
promise of 3D bioprinting and the complexity of bringing it closer to real-world clinical
translation. The main barriers can be grouped into cost and resource constraints, physio-
logical and mechanical limitations, and regulatory and quality control considerations, each
of which is discussed below, followed by future directions for the field.

4.1. Cost and Resource Barriers

One of the most immediate challenges is cost. Advanced printers, sterile enclosures,
consumables, and trained personnel require substantial capital and operating expense [18].
High-resolution extrusion and laser-assisted systems demand precise calibration, which
further increases the expense [28]. Furthermore, bioinks incorporating growth factors or
living cells are costly to formulate, store, validate, and maintain [77]. For many clinicians
and institutions, these costs can be a barrier to early adoption [17,19]. As a result, adoption
is currently limited to research or tertiary centers with dedicated regenerative programs.

Efficient workflow integration remains another major hurdle. The process from imag-
ing and CAD modeling to bioprinting and post-processing is still fragmented and time-
consuming, adding to the human cost of 3D bioprinting [78]. Automating these steps
through robotics or artificial intelligence (AI) could enable adaptive print parameter op-
timization, real-time error correction, and predictive modeling of tissue outcomes [79].
Digital integration will be critical for moving from isolated prototypes toward reproducible,
clinically relevant prints.

Clinical adoption requires cultural and logistical change, not just technical capability.
Most clinics lack the infrastructure or personnel to support on-site fabrication, and proce-
dural workflows are not yet optimized for intraoperative bioprinting. Cost-sharing models,
centralized fabrication labs, and standardized shelf-stable bioink kits could lower financial
barriers [19,77]. Education and training will also be key factors in driving adoption [19].
Initial clinical applications may emerge first in academic oral and maxillofacial surgery, pe-
riodontology, or endodontics programs, as these settings already have the cross-disciplinary
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teams, research infrastructure, and surgical expertise needed to adopt new regenerative
technologies. This is our expectation rather than an established finding.

4.2. Physiological and Mechanical Limitations

Another major limitation lies in recapitulating the intricate biological and mechanical
environment of native tissues. The DOC region is exceptionally diverse, ranging from the
mineralized enamel-dentin interface to the soft, vascularized pulp, gingiva, and neural
structures. Reproducing this gradient of tissue stiffness, cellular composition, and immune
compatibility remains an unsolved engineering challenge [18]. Balancing mechanical
integrity with cellular viability is often a trade-off, as even small mismatches between
material degradation and tissue remodeling rates can compromise long-term stability [80].

Because these are barrier tissues exposed to the outside environment, the host immune
response to the graft also needs to be considered. Balancing the prevention of both graft
infection and immune rejection is an important variable that future biomaterial designs
must address [19]. Standardized degradation profiles and immunomodulatory biomaterials
are promising avenues toward reducing these gaps [2,57].

The oral environment adds specific barriers. Intraoral printing requires bioinks that
solidify rapidly and remain stable in a saliva-moistened, dynamic environment, together
with ergonomic, sterile delivery systems that fit the limited intraoral access [18]. Intraoral
surgical sites also carry a risk of postoperative infection, and oral bacteria can colonize graft
materials [81]. Reconstructed jaw tissue must withstand repeated masticatory loading, with
maximum molar bite forces of roughly 450 to 600 N in healthy adults [82], so load-bearing
performance cannot be inferred from calvarial models. Dental pulp, exfoliated deciduous
teeth, and periodontal ligament stem cells are accessible cell sources [83,84]. Cell-laden
bioinks also require sterilization methods that do not damage their components [85] and
have a limited shelf life; alginate-methylcellulose bioinks stored at 4 ◦C for four weeks kept
their printability but lost human cell viability and function [86]. Finally, defect designs
and healing times vary widely among large-animal studies of alveolar bone, which makes
comparison across studies difficult [87].

4.3. Regulatory and Quality Control Considerations

Regulatory oversight of bioprinted constructs is incompletely harmonized rather than
absent [19,78]. In the United States, the guidance of the U.S. Food and Drug Administration
(FDA) on additively manufactured medical devices does not address biological, cellular, or
tissue-based products, and directs such questions to the Center for Biologics Evaluation
and Research [88]; its 2021 discussion paper on point-of-care printing likewise excludes
bioprinting and is not guidance [89]. Constructs that contain living cells blur the line
between medical devices and biologic therapies [19,90]. A construct containing living cells
and a bioink would generally not qualify for regulation solely as a human cell, tissue, or
cellular and tissue-based product (HCT/P) under Section 361 of the Public Health Service
Act, which requires minimal manipulation and no combination with another article, and
would instead be regulated as a drug, device, biologic, or combination product [91]. In the
European Union, such constructs may fall within the tissue-engineered or combined ad-
vanced therapy medicinal product categories, and the hospital exemption is implemented
differently among Member States [92,93]. Consensus standards are emerging, notably
ASTM International standard F3659-24, a guide for bioinks that the FDA recognized in
2025 [94]. Classification, risk assessment, and quality control nonetheless remain open
questions [95]. Questions also remain regarding the classification of intraoperative bio-
printing and the ethical considerations of using autologous versus allogeneic cells. Until
regulatory bodies provide clearer guidance for bioprinted constructs, translational efforts
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will continue to face uncertainty in study design, manufacturing compliance, and patient
safety standards.

Consistency and reproducibility are persistent concerns that should be addressed
before regulatory approval can be obtained [19]. Small variations in bioink composition,
crosslinking parameters, or printing speed can alter the final biological performance [77,96].
Although ASTM F3659-24 provides a guide for bioinks [94], there are no widely adopted
standardized metrics for evaluating print fidelity, cell viability, or functional integration,
making it difficult to compare outcomes across laboratories [18,96]. Shared benchmarks,
outcome reporting guidelines, and validated reference materials are therefore needed
so that results can be compared across centers and clinical translation can proceed with
confidence [19,96].

Human experience in the DOC region is limited, and most of it involves acellular
printed implants rather than cell-laden bioprinting. Examples are patient-specific poly-
caprolactone scaffolds for ear reconstruction in five patients with microtia followed for
one year [97], and patient-specific 3D-printed implants for zygomatic and orbital recon-
struction described in a recent review [19]. For cell-laden constructs, a scoping review of
trial registries found 11 bioprinting trials, of which four planned to implant bioprinted
autologous tissue (blood vessel, trachea, external ear, and wound dressing); the only one
in the DOC region was a phase 1/2 trial of AuriNovo, a bioprinted collagen hydrogel
construct containing the patient’s own auricular chondrocytes, for ear reconstruction in mi-
crotia [98]. That trial enrolled two patients and was terminated for a company decision that
was not related to safety, and, to our knowledge, no outcome data have been published [99].
Printing in the operating room adds requirements for sterility, process validation, and
quality control at the point of care, which the FDA has so far addressed only in a discussion
paper [89]. Autologous cells require a donor-site biopsy and a manufacturing interval
before implantation, whereas allogeneic cells raise questions of immune compatibility and
donor screening.

4.4. Future Directions

Ultimately, progress in 3D bioprinting depends on sustained collaboration between
engineers, biologists, clinicians, regulatory specialists, and industry partners. No single
discipline can address the challenges of bioprinting alone. Academic medical centers are
well positioned to serve as incubators for translational progress, as they bring together
preclinical animal models, regulatory consultation, and surgical expertise. As the field
matures, interdisciplinary communication will determine not only the speed but also the
safety and equity with which bioprinting enters the clinic [19].

A key future direction in DOC bioprinting is the convergence of advanced imaging,
computer vision, and adaptive fabrication (Figure 3). Recent work in context-aware volu-
metric bioprinting demonstrates how real-time imaging and computational interpretation
of biological structures can guide deposition without reliance on static, preoperative CAD
models. Such approaches enable printed geometries to adapt dynamically to existing
tissue features, improving spatial fidelity and functional integration. This paradigm is
particularly relevant to DOC regeneration, where defect morphology is irregular and often
intraoperatively defined. As image-guided feedback and adaptive algorithms mature,
these systems may enable more precise, patient-specific, and intraoperative regenerative
strategies in oral and maxillofacial surgery [30].
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Figure 3. Future directions for bioprinting in dental, oral, and craniofacial (DOC) scenarios. Cre-
ated by the authors; the icons and illustrations were generated with the assistance of generative
artificial intelligence.

5. Conclusions
3D bioprinting for DOC regeneration is transitioning from proof-of-concept constructs

to increasingly biomimetic, application-specific solutions. Across teeth and pulp, periodon-
tal tissues, salivary glands, nerves, cartilage, bone, and skin, the field has increasingly
combined spatial precision with bioactive and cell-laden materials to address microarchi-
tectural fidelity, vascularization, and guided differentiation. Clinical adoption, however,
will depend on reproducible manufacturing, predictable performance in vivo, and clear
regulatory pathways in addition to improved printing capabilities. Most of the evidence
to date remains preclinical, and intraoperative bioprinting has been demonstrated only in
animal models. With coordinated effort among engineers, clinicians, and regulators, the
field has the potential to deliver patient-specific constructs that restore form and function
across DOC tissues, beyond tertiary medical centers and into routine clinical care.
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Abbreviations
The following abbreviations are used in this manuscript:

3D Three-dimensional
α-TCP Alpha-tricalcium phosphate
ADM Acellular dermal matrix
AI Artificial intelligence
BMP Bone morphogenetic protein
BPP Biomimetic periodontium patch
CAD Computer-aided design
CT Computed tomography
DLP Digital light processing
FDA U.S. Food and Drug Administration
DOC Dental, oral, and craniofacial
GelMA Gelatin methacryloyl
HCT/P Human cells, tissues, and cellular and tissue-based products
hDPSC Human dental pulp stem cell
iPRF Injectable platelet-rich fibrin
ITOP Integrated tissue–organ printing
LIFT Laser-induced forward transfer
PDL Periodontal ligament
PEG Poly(ethylene glycol)
TMJ Temporomandibular joint
USAG-1 Uterine sensitization-associated gene-1
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