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Abbreviations

3D – Three-dimensional

4D – Four-dimensional

ADSCs – Adipose-derived stem cells

AI – Artificial intelligence

BM-MSCs –  Bone  marrow-derived  mesenchymal 

stem cells

BMP – Bone morphogenetic protein

CAD – Computer-aided design

CAD/CAM – Computer-aided design and computer-

aided manufacturing

CBCT – Cone-beam computed tomography

CT – Computed tomography

DLP – Digital light processing

dECM – Decellularized extracellular matrix

DPSCs – Dental pulp stem cells

ESCs – Embryonic stem cells

ECM – Extracellular matrix

FEA – Finite element analysis

FGF – Fibroblast growth factor

GelMA – Gelatin methacrylate

GMP – Good Manufacturing Practice

GMSCs – Gingival mesenchymal stem cells

HA – Hydroxyapatite

iPSCs – Induced pluripotent stem cells

MRI – Magnetic resonance imaging

MSCs – Mesenchymal stem cells

OPG – Osteoprotegerin

OTM – Orthodontic tooth movement

PCL – Polycaprolactone

ABSTRACT

Three-dimensional (3D) bioprinting has emerged as an enabling technology in regenerative medicine with the potential 

to redefine the future of orthodontic treatment. By integrating living cells, biomaterials, and bioactive molecules through 

layer-by-layer fabrication, bioprinting enables the development of patient-specific constructs that closely replicate 

native craniofacial tissues. In orthodontics, this technology offers potential solutions for challenges such as alveolar  

bone deficiency, periodontal tissue loss, root resorption, craniofacial defects, and compromised tissue healing follow-

ing orthodontic interventions. Recent advances in stem cell biology, bioactive hydrogels, tissue engineering, growth  

factor delivery, and digital manufacturing have expanded the scope of regenerative orthodontics beyond conventional 

biomechanical tooth movement. The incorporation of artificial intelligence, computer-aided design, cone-beam com-

puted tomography, and additive manufacturing further supports precision treatment planning and customized regener-

ative  therapies.  Despite  encouraging  experimental  outcomes,  routine  clinical  implementation  remains  limited  by 

challenges related to vascularization, scaffold maturation, manufacturing standardization, regulatory approval, long-

term safety, and economic feasibility. Continued interdisciplinary collaboration among orthodontists, bioengineers,  

material scientists, and regulatory authorities is essential to translate laboratory innovations into predictable clinical 

applications. This article reviews the biological principles, technological advancements, clinical applications, transla-

tional challenges, and future perspectives of bioprinting, highlighting current evidence, existing limitations, and re-

search priorities toward clinical translation.
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PDGF – Platelet-derived growth factor

PDLSCs – Periodontal ligament stem cells

PDL – Periodontal ligament

PEG – Polyethylene glycol

PLA – Polylactic acid

RANK – Receptor activator of nuclear factor-κB

RANKL – Receptor activator of nuclear factor-κB 

ligand

SCAP – Stem cells from the apical papilla

SLA – Stereolithography

TGF-β – Transforming growth factor-beta

TMJ – Temporomandibular joint

VEGF – Vascular endothelial growth factor

β-TCP – Beta-tricalcium phosphate

INTRODUCTION

Orthodontics has traditionally focused on correcting 

malocclusion  through  the  application  of  controlled 

mechanical forces that induce remodeling of the pe-

riodontal ligament and alveolar bone. Although ad-

vances  in  biomechanics,  appliance  systems,  and 

digital  technologies  have  significantly  improved 

treatment precision, the biological response of sup-

porting tissues ultimately governs the efficiency, sta-

bility,  and  safety  of  orthodontic  tooth  movement. 

Consequently,  successful  treatment extends beyond 

achieving  ideal  occlusion  and  increasingly  empha-

sizes the preservation of periodontal health, mainte-

nance of alveolar bone integrity, and minimization of 

adverse effects such as root resorption, gingival re-

cession, and bone dehiscence. ¹, ²

The growing understanding of  craniofacial  biology 

has shifted orthodontics toward a more biologically 

driven  specialty,  where  tissue  preservation  and re-

generation  are  becoming  integral  components  of 

treatment planning. This evolution has coincided with 

recent advances in regenerative medicine, a multidis-

ciplinary field that combines cellular biology, bioma-

terials  science,  engineering,  and  molecular 

therapeutics to restore the structure and function of 

damaged tissues. Within dentistry, regenerative ap-

proaches have already demonstrated potential appli-

cations in periodontal regeneration, implant dentistry, 

endodontics, and craniofacial reconstruction, encour-

aging similar innovations in orthodontic practice. ³, ⁴

Among  emerging  regenerative  technologies,  three-

dimensional (3D) bioprinting has attracted increasing 

interest because of its ability to fabricate living, pa-

tient-specific tissue constructs with high spatial pre-

cision. Unlike conventional additive manufacturing, 

which produces inert structures from synthetic mate-

rials,  bioprinting  integrates  living  cells,  bioactive 

molecules, and biodegradable biomaterials into orga-

nized  three-dimensional  architectures  that  closely 

mimic the native extracellular matrix. This technol-

ogy enables simultaneous control over scaffold ge-

ometry,  cellular  distribution,  and  biological 

composition, thereby creating constructs capable of 

supporting tissue repair, regeneration, and functional 

integration after implantation. ⁵, ⁶

The relevance of bioprinting to orthodontics lies in the 

biological  complexity  of  orthodontic  tooth  move-

ment. Mechanical loading initiates a cascade of cel-

lular  and  molecular  events  involving  osteoblasts, 

osteoclasts,  fibroblasts,  endothelial  cells,  immune 

cells,  and  extracellular  matrix  components.  These 

coordinated processes regulate bone resorption on the 

pressure side and bone formation on the tension side, 

allowing  controlled  dental  movement  within  the 

alveolar  process.  However,  compromised  tissue 

quality  resulting  from periodontal  disease,  trauma, 

congenital anomalies, systemic disorders, or previous 

surgical interventions may impair this biological re-

sponse and limit treatment outcomes. In such situa-

tions,  regenerative  strategies  have  the  potential  to 

complement conventional biomechanics by restoring 

the  supporting  tissues  before,  during,  or  after  or-

thodontic therapy. ⁷, ⁸

Recent developments in stem cell biology and tissue 

engineering  have substantially  expanded the  thera-

peutic possibilities of bioprinting. Mesenchymal stem 

cells  derived  from bone  marrow,  periodontal  liga-

ment, dental pulp, gingiva, and other oral tissues ex-

hibit  remarkable  proliferative  and  multilineage 

differentiation  capacities,  making  them  attractive 

candidates for craniofacial regeneration. When incor-

porated into biocompatible hydrogel-based bioinks, 

these cells  can be precisely positioned within cus-

tomized scaffolds that promote cell survival, vascu-

larization,  and  tissue  maturation.  Simultaneously, 

advances in printable biomaterials have enabled the 

fabrication of constructs with controlled mechanical 
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properties,  degradation  rates,  and  biological  func-

tionality that more closely replicate native craniofa-

cial tissues. ⁹, ¹⁰

Parallel progress in digital dentistry has further ac-

celerated the clinical potential of bioprinting. High-

resolution cone-beam computed tomography, intrao-

ral optical scanning, facial imaging, computer-aided 

design and manufacturing (CAD/CAM), and artificial 

intelligence  now permit  highly  accurate  digital  re-

construction  of  craniofacial  anatomy.  These  tech-

nologies  facilitate  the  design  of  individualized 

scaffolds that precisely match patient-specific defects 

while  optimizing structural  integrity and biological 

performance. Such convergence of digital planning 

and regenerative manufacturing represents an impor-

tant step toward precision orthodontics, where treat-

ment  is  tailored  according  to  each  patient's 

anatomical, biological, and functional characteristics 

rather than relying solely on standardized therapeutic 

approaches. ¹¹, ¹²

The literature included in this narrative review was 

identified through searches of PubMed, Scopus, Web 

of Science, and Google Scholar using combinations 

of the keywords '3D bioprinting', 'orthodontics', 'tis-

sue engineering', 'craniofacial regeneration', 'bioinks', 

'stem cells',  and 'regenerative medicine'.  Preference 

was  given  to  English-language  articles,  systematic 

reviews,  landmark  studies,  and  recent  publications 

(2015–2026) relevant to orthodontic applications.

Despite  encouraging  experimental  progress,  the 

translation of bioprinting from laboratory research to 

routine orthodontic practice remains limited. Major 

challenges  include  maintaining  long-term  cellular 

viability,  achieving adequate vascularization within 

engineered  constructs,  reproducing  the  hierarchical 

architecture of periodontal tissues, and ensuring pre-

dictable integration with host tissues. Additional bar-

riers,  including  manufacturing  standardization, 

regulatory approval, cost-effectiveness, and long-term 

clinical  validation,  must  also  be  addressed  before 

widespread clinical adoption can be achieved.

Nevertheless,  rapid  advances  in  biomaterials,  stem 

cell biology, biofabrication technologies, digital den-

tistry,  and  artificial  intelligence  are  expanding  the 

possibilities of regenerative orthodontics. Rather than 

replacing  conventional  biomechanical  principles, 

bioprinting is increasingly viewed as a complemen-

tary strategy capable of restoring the biological in-

tegrity of the dentoalveolar complex while facilitating 

personalized treatment approaches. This review aims 

to critically evaluate current advances in orthodontic 

bioprinting, summarize available biological and tech-

nological evidence, discuss translational challenges, 

and identify future research priorities.

2. Orthodontic Background

Orthodontic tooth movement (OTM) is a biologically 

regulated process initiated by controlled mechanical 

forces that induce remodeling of the periodontal liga-

ment (PDL) and alveolar bone. Rather than being a 

purely  mechanical  phenomenon,  OTM depends  on 

coordinated cellular and molecular responses involv-

ing  osteoclasts,  osteoblasts,  fibroblasts,  endothelial 

cells, and inflammatory mediators, which collectively 

regulate bone resorption on the pressure side and bone 

formation on the tension side. ¹³, ¹⁴

Although  contemporary  biomechanical  principles 

have  significantly  improved  treatment  efficiency, 

successful orthodontic outcomes remain constrained 

by the biological response of the supporting tissues. 

Excessive or prolonged forces, reduced alveolar bone 

volume, periodontal inflammation, systemic diseases, 

and  individual  variations  in  bone  metabolism may 

impair tissue remodeling, resulting in delayed tooth 

movement,  root  resorption,  gingival  recession,  or 

compromised periodontal stability. ¹⁵, ¹⁶ These limi-

tations  underscore  that  biomechanics  alone  cannot 

overcome deficiencies in tissue quality or regenera-

tive capacity.

Recent advances in regenerative biology have shifted 

the focus from merely moving teeth to preserving and 

restoring  the  dentoalveolar  complex.  Strategies  in-

corporating stem cells, biomaterials, and tissue engi-

neering have demonstrated the potential to regenerate 

alveolar bone and periodontal tissues while creating a 

more favorable biological environment for orthodon-

tic  treatment.  Within  this  evolving  paradigm,  bio-

printing represents a potential technology capable of 

fabricating patient-specific living constructs that may 

enhance tissue regeneration, improve treatment pre-

dictability,  and broaden therapeutic options for pa-

tients  with  complex  craniofacial  or  periodontal 

defects. ¹⁷, ¹⁸

3. Evolution of Bioprinting
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Bioprinting evolved from conventional three-dimen-

sional (3D) printing, a technology initially developed 

for  rapid  prototyping in  engineering  and industrial 

manufacturing.  The  incorporation  of  living  cells, 

biomaterials,  and  bioactive  molecules  transformed 

additive manufacturing into a biofabrication platform 

capable of producing biologically active tissue con-

structs.  This  advancement  marked a  major  shift  in 

regenerative medicine by enabling the fabrication of 

tissues that more closely replicate the structural and 

functional characteristics of native organs. ¹⁹, ²⁰

Over the past two decades, advances in printing tech-

nologies,  bioink  formulations,  scaffold  design,  and 

computer-aided design have significantly improved 

the precision, reproducibility, and biological perfor-

mance  of  bioprinted  constructs.  The integration  of 

patient-specific imaging with digital workflows has 

further enabled the fabrication of customized tissue 

constructs tailored to individual anatomical defects, 

supporting the transition toward precision regenera-

tive medicine. ²¹, ²²

In dentistry, bioprinting has progressed from experi-

mental investigations of dental pulp and periodontal 

regeneration to applications involving alveolar bone 

and  craniofacial  tissue  engineering.  Although  or-

thodontic  practice  continues  to  rely  primarily  on 

biomechanical  principles,  emerging  evidence  sug-

gests that bioprinting may overcome biological limi-

tations by facilitating patient-specific regeneration of 

the dentoalveolar complex. Consequently, bioprinting 

is increasingly recognized as a regenerative platform 

with  the  potential  to  complement  conventional  or-

thodontic  therapy  and  improve  long-term  clinical 

outcomes. ²³, ²⁴

4. Principles of Bioprinting

Bioprinting is founded on the precise spatial deposi-

tion of living cells, biomaterials, and bioactive mole-

cules  to  fabricate  three-dimensional  constructs  that 

replicate the architecture and biological function of 

native tissues.  The workflow typically  begins with 

patient-specific imaging using cone-beam computed 

tomography (CBCT), computed tomography (CT), or 

magnetic  resonance  imaging  (MRI),  followed  by 

computer-aided design (CAD) to generate a digital 

model  that  guides  layer-by-layer  fabrication.  This 

integration of imaging and digital design enables the 

production  of  customized  constructs  with  high 

anatomical  accuracy,  an  essential  prerequisite  for 

personalized regenerative therapies. ²⁵,  ²⁶ The com-

plete workflow is illustrated in Figure 1.

The success of bioprinting depends on the coordinated 

interaction of three fundamental components: viable 

cells, bioinks, and the printing platform. Cells must 

withstand the mechanical  stresses generated during 

printing while retaining their proliferative and differ-

entiation potential. Likewise, bioinks should exhibit 

appropriate  rheological  properties  to  ensure  print 

fidelity without compromising cell viability. Follow-

ing fabrication, printed constructs require a matura-

tion  phase  during  which  extracellular  matrix 

deposition, tissue organization, and functional inte-

gration  are  promoted  under  controlled  biological 

conditions. ²⁷, ²⁸

Beyond precise fabrication, successful tissue regen-

eration requires recreation of the native cellular mi-

croenvironment.  Scaffold  architecture,  pore 

interconnectivity, mechanical stiffness, nutrient dif-

fusion, and vascularization collectively influence cell 

behavior and tissue maturation. In orthodontic appli-

cations, these factors are particularly important be-

cause  regenerated  tissues  must  integrate  with  the 

periodontal ligament and alveolar bone while with-

standing continuous biomechanical loading. Conse-

quently, the effectiveness of bioprinting depends not 

only on manufacturing precision but also on its ability 

to reproduce the biological complexity of the den-

toalveolar environment. ²⁹, ³⁰ 

5. Bioprinting Technologies

Bioprinting  technologies  differ  in  their  printing 

mechanisms, resolution, cell compatibility, and suit-

ability for specific tissue types. Consequently, select-

ing  an  appropriate  bioprinting  platform  requires 

balancing structural fidelity, printing speed, biomate-

rial  properties,  and  post-printing  cell  viability.  In 

craniofacial  tissue  engineering,  extrusion-,  inkjet-, 

laser-assisted-,  and  light-based  bioprinting  are  the 

most extensively investigated techniques, each offer-

ing distinct advantages and limitations. ³¹, ³² A com-

parison of major bioprinting technologies is presented 

in Table 1.

Extrusion-based bioprinting is the most widely used 

technique for craniofacial applications because it can 

print high-viscosity bioinks containing large numbers 

of  viable  cells.  The  method  is  technically  simple, 

scalable, and capable of producing mechanically sta-
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ble  constructs  suitable  for  alveolar  bone  and  peri-

odontal  regeneration.  However,  the  relatively  high 

shear stress generated during extrusion and its lower 

printing resolution may compromise cell viability and 

limit the fabrication of intricate periodontal microar-

chitectures. ³³, ³⁴

Inkjet bioprinting deposits bioinks as microscopic 

droplets,  providing rapid fabrication, low cost,  and 

high cell  viability. Nevertheless, its dependence on 

low-viscosity bioinks restricts the production of me-

chanically robust,  load-bearing constructs,  reducing 

its  applicability  for  regenerating  large  craniofacial 

defects. Laser-assisted bioprinting achieves excep-

tional spatial resolution without nozzle-related clog-

ging or shear stress, making it suitable for precise cell 

patterning.  Despite  these advantages,  its  high cost, 

complex  instrumentation,  and  limited  availability 

continue to hinder widespread clinical adoption. ³⁵, ³⁶

Light-based techniques, including stereolithography 

(SLA) and digital light processing (DLP), fabricate 

constructs through photopolymerization of photosen-

sitive bioinks, producing excellent structural accuracy 

and smooth surface characteristics. These methods are 

particularly  attractive  for  fabricating  anatomically 

complex  craniofacial  scaffolds,  although  the  avail-

ability  of  suitable  photocrosslinkable  biomaterials 

remains a limiting factor. Overall, no single bioprint-

ing  technology  satisfies  all  clinical  requirements. 

Current  research  therefore  focuses  on  hybrid  bio-

printing platforms that combine the strengths of mul-

tiple  techniques  to  improve  construct  fidelity, 

biological function, and clinical applicability in per-

sonalized regenerative orthodontics. ³⁷, ³⁸

Current evidence indicates that extrusion-based bio-

printing is the most extensively investigated platform 

for  craniofacial  tissue  engineering  because  of  its 

compatibility with cell-laden, high-viscosity bioinks 

and its ability to fabricate mechanically stable con-

structs. In contrast, inkjet and laser-assisted systems 

provide superior printing precision but remain con-

strained by bioink viscosity, manufacturing complex-

ity,  or  cost.  Although hybrid  bioprinting strategies 

have  demonstrated  encouraging  improvements  in 

construct fidelity and biological performance, avail-

able evidence is derived predominantly from labora-

tory investigations and animal studies. Consequently, 

comparative clinical studies are required to determine 

the  optimal  bioprinting  platform  for  specific  or-

thodontic  applications.  The major  bioprinting tech-

nologies are compared in Figure 3.

6. Bioinks and Biomaterials

Bioinks are the functional core of bioprinting, com-

prising living cells suspended within biocompatible 

biomaterials that provide mechanical support and a 

favorable microenvironment for tissue regeneration. 

An ideal bioink should combine excellent printability 

with  high  cell  viability,  appropriate  mechanical 

strength, controlled biodegradation, and the ability to 

promote  cell  adhesion,  proliferation,  and  lineage-

specific  differentiation.  Because  no single  material 

fulfills  all  these  requirements,  bioink  selection  re-

mains one of the most critical determinants of suc-

cessful tissue fabrication. ³⁹, ⁴⁰

Natural  biomaterials,  including  collagen,  gelatin, 

alginate,  fibrin,  hyaluronic  acid,  and  gelatin 

methacrylate (GelMA), closely mimic the native ex-

tracellular matrix and support cellular attachment and 

biological activity. However, their limited mechanical 

strength  restricts  their  use  in  load-bearing applica-

tions. In contrast, synthetic polymers such as poly-

ethylene glycol (PEG), polycaprolactone (PCL), and 

polylactic  acid  (PLA) provide  superior  mechanical 

stability and controlled degradation but lack intrinsic 

bioactivity.  Consequently,  composite  bioinks  inte-

grating natural and synthetic materials have emerged 

as a potential approach to balance biological perfor-

mance with structural integrity. ⁴¹, ⁴²

Recent  advances  have  shifted  bioink  development 

beyond printability toward enhanced biological func-

tionality.  Hydrogels  remain  the  most  widely  used 

matrices  because  of  their  extracellular  matrix-like 

properties,  while decellularized extracellular matrix 

(dECM)-based  bioinks,  self-healing  hydrogels,  and 

stimuli-responsive  biomaterials  provide  tissue-spe-

cific  biochemical  cues  that  improve  cell  survival, 

proliferation, and differentiation. These innovations 

have enabled more biomimetic tissue constructs with 

improved regenerative potential. ⁴³, ⁴⁴

For orthodontic applications, bioinks are increasingly 

reinforced  with  osteoconductive  materials  such  as 

hydroxyapatite, β-tricalcium phosphate, and bioactive 

glass to improve bone regeneration, osseointegration, 

and mechanical stability. ⁴⁵, ⁴⁶ In addition, nanoparti-

cle-reinforced  and  ion-functionalized  biomaterials 



Dr. Subash Chandra Nayak, Int. J. Sci. R. Tech., 2026 3(10), 1307-1328 | Review

  

              INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH AND TECHNOLOGY 1312 | P a g e

have demonstrated enhanced osteogenic differentia-

tion, angiogenesis, and extracellular matrix mineral-

ization  in  preclinical  studies,  supporting  their 

potential for craniofacial and periodontal tissue engi-

neering. ⁴⁷, ⁴⁸ However, variability in bioink compo-

sition, crosslinking strategies, and printing parameters 

continues to limit standardization and direct compar-

ison among studies. Future research should focus on 

developing multifunctional  bioinks capable  of  pro-

moting vascularization, controlled growth factor de-

livery,  and  predictable  clinical  translation  in 

personalized regenerative orthodontics. The charac-

teristics of commonly used bioinks are summarized in 

Table 2.

7. Stem Cells

Stem  cells  constitute  the  biological  foundation  of 

bioprinting because they provide the capacity for self-

renewal, proliferation, and differentiation required for 

tissue regeneration. Among the various cell popula-

tions investigated, mesenchymal stem cells (MSCs) 

remain  the  preferred  choice  for  craniofacial  tissue 

engineering owing to their osteogenic potential, im-

munomodulatory  properties,  ease  of  isolation,  and 

favorable safety profile. Their incorporation into bio-

printed  constructs  has  significantly  improved  the 

regeneration of mineralized and soft tissues, making 

them indispensable for regenerative dentistry. ⁴⁹, ⁵⁰

The  oral  cavity  offers  an  accessible  and  clinically 

relevant source of stem cells, including periodontal 

ligament stem cells (PDLSCs), dental pulp stem cells 

(DPSCs), stem cells from the apical papilla (SCAP), 

and gingival mesenchymal stem cells. PDLSCs are 

particularly  attractive  for  orthodontic  applications 

because of their ability to regenerate cementum, peri-

odontal  ligament,  and alveolar  bone,  while  DPSCs 

and SCAP contribute to mineralized tissue formation 

and craniofacial repair. Their ease of harvesting, high 

proliferative capacity, and reduced ethical concerns 

further support their translational potential. ⁵¹, ⁵²

Recent  advances  in  induced  pluripotent  stem  cell 

(iPSC) technology have expanded opportunities for 

patient-specific regenerative therapies by generating 

pluripotent cells without the ethical concerns associ-

ated with embryonic stem cells. However, challenges 

related to genomic instability, tumorigenicity, manu-

facturing  complexity,  and  regulatory  approval  cur-

rently limit their clinical application. Consequently, 

adult dental-derived stem cells remain the most prac-

tical and clinically relevant cell source for orthodontic 

bioprinting. ⁵³, ⁵⁴

Successful regeneration depends not only on stem cell 

selection but  also on the interaction between cells, 

biomaterials, and biochemical signals within the en-

gineered microenvironment. Mechanical stimulation, 

scaffold architecture, and bioactive cues collectively 

regulate stem cell survival and lineage commitment 

after  implantation.  Optimizing these  interactions  is 

expected to enhance periodontal regeneration, alveo-

lar  bone remodeling,  and the long-term success  of 

bioprinted therapies in orthodontics. The major stem 

cell  sources relevant  to  orthodontic  bioprinting are 

summarized in Table 3. ⁵⁵, ⁵⁶

Although  preclinical  investigations  have  demon-

strated  encouraging  regenerative  outcomes  using 

dental-derived mesenchymal stem cells, variations in 

cell  isolation  methods,  scaffold  composition,  and 

experimental models continue to limit direct compar-

ison among studies. Well-designed clinical trials are 

therefore required to establish standardized protocols 

and confirm their  long-term safety and efficacy in 

orthodontic applications.

8. Tissue Engineering

Tissue engineering provides the biological and engi-

neering  framework  that  underpins  bioprinting  by 

integrating three essential components: regenerative 

cells,  biomaterial scaffolds, and bioactive signaling 

molecules. The coordinated interaction of this tissue 

engineering  triad  aims  to  recreate  the  native  mi-

croenvironment  required for  tissue repair,  enabling 

controlled cell proliferation, differentiation, extracel-

lular matrix deposition, and functional tissue regen-

eration. ⁵⁷, ⁵⁸ The tissue engineering triad is illustrated 

in Figure 2.

Scaffolds serve as temporary three-dimensional tem-

plates  that  support  cell  attachment  and  guide  new 

tissue formation until they are gradually replaced by 

native extracellular matrix. An ideal scaffold should 

possess  interconnected  porosity,  appropriate  me-

chanical  strength,  biocompatibility,  controlled 

biodegradation, and adequate permeability to facili-

tate nutrient diffusion and vascular ingrowth. Recent 

advances in scaffold fabrication, including multipha-

sic and gradient scaffolds, have improved the regen-

eration  of  complex  craniofacial  tissues  by  more 
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closely replicating the structural organization of bone 

and periodontal tissues. ⁵⁹, ⁶⁰

Despite these advances, successful tissue regeneration 

remains limited by inadequate vascularization, insuf-

ficient mechanical integration, and the difficulty of 

reproducing  the  hierarchical  architecture  of  native 

tissues.  Bioreactor-based  maturation  systems  and 

dynamic culture conditions have therefore been de-

veloped  to  improve  tissue  organization  before  im-

plantation and enhance the functional performance of 

engineered constructs. ⁶¹, ⁶²

In orthodontics, these principles provide the biologi-

cal basis for regenerating alveolar bone, periodontal 

ligament, and other supporting tissues compromised 

by trauma, periodontal disease, congenital defects, or 

orthodontic  treatment.  When  integrated  with  bio-

printing, tissue engineering enables the fabrication of 

patient-specific regenerative constructs, representing 

a significant step toward biologically driven and per-

sonalized orthodontic care.

Contemporary  evidence  indicates  that  tissue  engi-

neering strategies integrating stem cells, biomimetic 

scaffolds, and bioactive signaling molecules produce 

superior regenerative outcomes compared with scaf-

fold-only approaches. Multiphasic scaffolds that more 

closely replicate the hierarchical organization of pe-

riodontal and osseous tissues have demonstrated en-

hanced cellular organization, vascular infiltration, and 

tissue-specific  differentiation  in  preclinical  studies. 

Nevertheless, inadequate vascularization, inconsistent 

scaffold degradation, and limited long-term in vivo 

validation  remain  the  principal  barriers  to  clinical 

translation.  Future  research  should  prioritize  stan-

dardized scaffold fabrication, functional vasculariza-

tion,  and  well-designed  clinical  trials  to  establish 

predictable  regenerative  protocols  for  orthodontic 

applications.

9. Bone Biology

Bone remodeling is a dynamic process that maintains 

skeletal homeostasis through the coordinated activi-

ties of osteoclast-mediated bone resorption and os-

teoblast-mediated  bone  formation.  During 

orthodontic tooth movement, mechanical forces alter 

the local microenvironment of the periodontal liga-

ment, initiating a cascade of biochemical signals that 

regulate  alveolar  bone  remodeling.  The  magnitude 

and duration of these forces determine the balance 

between bone resorption and deposition, thereby in-

fluencing the rate, efficiency, and stability of tooth 

movement. ⁶³, ⁶⁴

Osteocytes function as the primary mechanosensors 

within bone, converting mechanical stimuli into bio-

chemical  signals  that  regulate  cellular  activity. 

Among the molecular pathways involved, the recep-

tor activator of nuclear factor-κB (RANK), RANK 

ligand (RANKL), and osteoprotegerin (OPG) signal-

ing axis plays a pivotal role in controlling osteoclast 

differentiation  and  maintaining  bone  homeostasis. 

Disruption of this balance may contribute to adverse 

effects  such  as  delayed  tooth  movement,  alveolar 

bone loss, and external apical root resorption during 

orthodontic treatment. ⁶⁵, ⁶⁶

An understanding of bone biology is fundamental to 

the design of bioprinted constructs intended for cran-

iofacial regeneration. Biomaterials that promote os-

teogenesis,  angiogenesis,  and  mineralization  while 

providing adequate mechanical support are essential 

for successful integration with the host bone. Recent 

advances  in  nanostructured scaffolds  and bioactive 

ion-functionalized  biomaterials  have  demonstrated 

enhanced  cellular  attachment,  vascularization,  and 

matrix mineralization, supporting their application in 

alveolar bone regeneration and personalized regener-

ative orthodontics. ⁶⁷, ⁶⁸

10. Growth Factors and Signaling

Growth factors regulate the cellular events that gov-

ern tissue repair, angiogenesis, and extracellular ma-

trix  remodeling,  making  them  indispensable 

components of tissue-engineered and bioprinted con-

structs. Rather than acting independently, these mol-

ecules  function  through  interconnected  signaling 

networks that coordinate stem cell recruitment, pro-

liferation,  differentiation,  and  tissue  maturation. 

Controlled  incorporation  of  growth  factors  into 

bioinks and scaffolds  has  therefore  emerged as  an 

effective strategy to enhance the regenerative poten-

tial of bioprinted tissues. ⁶⁹, ⁷⁰

Among the key osteogenic mediators, bone morpho-

genetic proteins (BMPs) stimulate osteoblast differ-

entiation  and  bone  formation,  whereas  vascular 

endothelial  growth factor  (VEGF) promotes angio-

genesis, ensuring adequate oxygen and nutrient de-

livery to regenerating tissues. Platelet-derived growth 

factor (PDGF) facilitates cell migration and prolifer-

ation,  while  transforming growth  factor-β  (TGF-β) 
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regulates  extracellular  matrix  synthesis  and  tissue 

remodeling. Fibroblast growth factors (FGFs) further 

contribute to wound healing, angiogenesis, and cellu-

lar  proliferation,  collectively  creating  a  favorable 

microenvironment for tissue regeneration. ⁷¹, ⁷²

In  addition  to  soluble  growth  factors,  intracellular 

signaling pathways such as Wnt/β-catenin, Notch, and 

Hedgehog regulate osteogenesis, stem cell differenti-

ation, and skeletal development. Advances in bioma-

terial  engineering  have  enabled  localized  and 

sustained  delivery  of  these  bioactive  molecules 

through  bioprinted  scaffolds,  minimizing  systemic 

exposure while enhancing biological efficacy. Such 

controlled signaling strategies may improve alveolar 

bone regeneration, periodontal healing, and integra-

tion  of  engineered  tissues,  thereby  supporting  the 

development of personalized regenerative therapies in 

orthodontics. ⁷³,  ⁷⁴  The principal growth factors in-

volved in tissue regeneration are summarized in Ta-

ble 4.

11. Orthodontic Applications

Although bioprinting remains in the early stages of 

clinical  translation,  its  potential  applications  in  or-

thodontics  are  rapidly  expanding.  Unlike  conven-

tional orthodontic treatment, which primarily relies on 

biomechanical  manipulation  of  teeth,  bioprinting 

offers  the  possibility  of  biologically  reconstructing 

the supporting dentoalveolar tissues. This regenera-

tive  approach may improve treatment  outcomes in 

patients with alveolar bone deficiencies, periodontal 

defects,  craniofacial  anomalies,  and  compromised 

healing capacity, thereby extending the scope of or-

thodontic therapy beyond tooth movement alone. ⁷⁵, ⁷⁶

One  of  the  most  potential  applications  is  alveolar 

bone regeneration.  Insufficient  alveolar  bone vol-

ume frequently  limits  orthodontic  tooth  movement 

and may compromise treatment stability. Patient-spe-

cific  bioprinted  scaffolds  incorporating  osteogenic 

cells  and bioactive biomaterials  have demonstrated 

favourable  preclinical  findings  in  promoting  new 

bone  formation  while  maintaining  the  anatomical 

contour of the alveolar ridge. Such constructs may 

reduce  dependence  on  conventional  bone  grafting 

procedures  and  facilitate  orthodontic  treatment  in 

patients with localized bone defects. ⁷⁷, ⁷⁸

Bioprinting  also  shows  considerable  potential  for 

periodontal  regeneration,  particularly  in  recon-

structing the complex architecture of the periodontal 

ligament, cementum, and alveolar bone. Multiphasic 

scaffolds capable of spatially organizing different cell 

populations and biomaterials may improve regenera-

tion of the periodontal attachment apparatus, thereby 

enhancing periodontal support before, during, or after 

orthodontic treatment. This approach may be particu-

larly beneficial for adult patients with reduced peri-

odontal support or a history of periodontal disease. ⁷⁹, 

⁸⁰

Another important application is the management of 

craniofacial  defects,  including  alveolar  clefts  and 

post-traumatic bone loss.  Integration of  cone-beam 

computed  tomography  with  computer-aided  design 

enables fabrication of patient-specific constructs that 

closely  match  complex  anatomical  defects,  poten-

tially improving graft adaptation and reducing surgi-

cal morbidity. Emerging research also suggests future 

applications in temporomandibular joint regeneration 

and bioengineered dental tissues, although these ap-

proaches remain largely experimental. ⁸¹, ⁸²

Despite  these  advances,  evidence  supporting  or-

thodontic applications of bioprinting is derived pre-

dominantly  from  laboratory  investigations  and 

preclinical  animal  studies.  Well-designed  clinical 

trials are still required to determine long-term safety, 

functional  integration,  treatment  predictability,  and 

cost-effectiveness before these technologies can be 

incorporated into routine orthodontic practice. Nev-

ertheless, current evidence indicates that bioprinting 

is expected to complement conventional biomechan-

ics by introducing biologically  guided regenerative 

strategies that support personalized orthodontic care. 

Current and future orthodontic applications are sum-

marized in Table 5.

12. Digital Dentistry and Artificial Intelligence

Digital dentistry has become an integral component of 

modern bioprinting workflows by enabling accurate 

visualization,  planning,  and  fabrication  of  patient-

specific  regenerative  constructs.  High-resolution 

cone-beam computed tomography (CBCT), intraoral 

scanners, and computer-aided design/computer-aided 

manufacturing  (CAD/CAM)  technologies  facilitate 

precise  reconstruction  of  craniofacial  anatomy,  al-

lowing customized scaffold design that closely con-

forms  to  individual  defects.  Such  image-guided 

workflows  improve  structural  accuracy  while  sup-

porting the development of personalized regenerative 

therapies. ⁸³, ⁸⁴
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Artificial intelligence (AI) further enhances bioprint-

ing by optimizing scaffold design, predicting bioink 

performance, and refining printing parameters to im-

prove construct quality and reproducibility. Machine 

learning algorithms can analyze large biological and 

imaging datasets to identify optimal scaffold archi-

tectures, simulate tissue maturation, and predict re-

generative  outcomes.  Integration  of  AI  with  finite 

element analysis also enables biomechanical simula-

tion of orthodontic tooth movement, providing valu-

able  insights  into  scaffold  behavior  and  tissue 

adaptation under functional loading. ⁸⁵, ⁸⁶

The  convergence  of  digital  imaging,  AI,  and  bio-

printing represents a milestone toward precision or-

thodontics.  By  integrating  patient-specific 

anatomical,  biomechanical,  and biological informa-

tion into a single digital workflow, these technologies 

have  the  potential  to  improve  treatment  planning, 

reduce  manufacturing  variability,  and  facilitate  the 

clinical  translation  of  personalized  regenerative 

strategies. Nevertheless, widespread implementation 

will require standardized algorithms, robust clinical 

validation,  and  seamless  integration  into  existing 

digital orthodontic workflows.

13. Clinical Translation, Regulatory and Ethical 

Considerations

Despite significant advances in bioprinting, its trans-

lation into routine orthodontic practice remains lim-

ited.  Most  evidence  is  derived  from  in  vitro 

investigations  and  preclinical  animal  studies,  with 

relatively  few  technologies  progressing  to  clinical 

evaluation.  The  successful  implementation  of  bio-

printed constructs requires reproducible manufactur-

ing, long-term cell viability, adequate vascularization, 

predictable host integration, and sustained functional 

performance under physiological loading. In addition, 

standardization of bioinks, printing parameters, ster-

ilization  methods,  and  quality  control  protocols  is 

essential to ensure product consistency and clinical 

reliability. ⁸⁷, ⁸⁸

The  regulatory  pathway  for  bioprinted  products  is 

particularly complex because these constructs com-

bine living cells,  biomaterials,  and bioactive mole-

cules,  placing  them  at  the  intersection  of  medical 

devices,  biologics,  and  tissue-engineered  products. 

Consequently,  comprehensive  assessment  of  bio-

compatibility, biodegradation, immunogenicity, me-

chanical  stability,  and  long-term safety  is  required 

before regulatory approval can be granted. The ab-

sence of globally harmonized regulatory frameworks 

further  complicates  the  clinical  translation  of  bio-

printing technologies. Major barriers to clinical im-

plementation are summarized in Table 6.

Ethical considerations extend beyond stem cell pro-

curement  to  include  informed consent,  patient  pri-

vacy,  equitable  access  to  advanced  therapies,  and 

responsible management of patient-derived biological 

materials. As artificial intelligence becomes increas-

ingly integrated into digital planning and manufac-

turing  workflows,  additional  concerns  regarding 

algorithm  transparency,  data  security,  and  clinical 

accountability must also be addressed. Collaborative 

efforts  among  clinicians,  bioengineers,  regulatory 

agencies,  and industry partners will  be essential  to 

establish standardized protocols and facilitate the safe 

and responsible adoption of bioprinting in personal-

ized regenerative orthodontics.

14. Future Perspectives

The  future  of  bioprinting  in  orthodontics  will  be 

driven by continued advances in biomaterials, stem 

cell  biology,  and  precision  regenerative  medicine. 

Emerging innovations such as four-dimensional (4D) 

bioprinting, in which printed constructs undergo con-

trolled structural or functional changes in response to 

biological or mechanical stimuli, may overcome cur-

rent limitations related to tissue maturation and adap-

tation. Similarly, smart bioinks capable of controlled 

release of growth factors, antimicrobial agents, and 

immunomodulatory  molecules  are  expected  to  im-

prove tissue regeneration while minimizing postop-

erative complications.

Future progress will increasingly depend on integrat-

ing advanced computational tools with patient-spe-

cific  bioprinting  workflows  to  optimize  scaffold 

design and improve the predictability of regenerative 

outcomes. Research should also prioritize vascular-

ized  bioprinting,  in  situ bioprinting,  gene-editing 

technologies, and organ-on-a-chip platforms to better 

replicate  the  biological  complexity  of  craniofacial 

tissues.

Equally important will be the establishment of stan-

dardized manufacturing protocols, multicenter clini-

cal trials, and harmonized regulatory frameworks to 

facilitate safe clinical translation. Continued collabo-

ration among orthodontists, bioengineers, biomaterial 

scientists,  cell  biologists,  and regulatory authorities 
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will  be  essential  to  transform bioprinting  from an experimental  technology  into  a  clinically  reliable 

component of regenerative orthodontic care.

Table 1. Comparison of major bioprinting technologies and their relevance to orthodontics

Techno-

logy
Printing principle Major advantages Limitations

Potential ortho-

dontic applications

Extrusion-

based 

bioprint-

ing

Continuous extru-

sion of cell-laden 

bioinks through 

pneumatic or mech-

anical pressure

High cell density, com-

patible with viscous 

bioinks, suitable for 

large tissue constructs, 

cost-effective

Lower printing res-

olution, shear stress 

may reduce cell 

viability

Alveolar bone regen-

eration, periodontal 

tissue engineering, 

craniofacial scaffold 

fabrication

Inkjet 

bioprint-

ing

Deposition of mi-

croscopic bioink 

droplets using 

thermal or piezo-

electric actuation

High printing speed, 

low cost, excellent cell 

viability, precise droplet 

placement

Limited to low-vis-

cosity bioinks, poor 

mechanical 

strength for large 

constructs

Cell patterning, 

growth factor deliv-

ery, superficial peri-

odontal regeneration

Laser-as-

sisted 

bioprint-

ing

Laser-induced trans-

fer of bioinks 

without nozzle con-

tact

High spatial resolution, 

minimal shear stress, 

accurate cell positioning

Expensive equip-

ment, technically 

demanding, limited 

scalability

Precision periodontal 

regeneration, com-

plex craniofacial tis-

sue engineering

Stereo-

litho-

graphy 

(SLA)

Layer-by-layer pho-

topolymerization of 

photosensitive 

bioinks

Excellent structural ac-

curacy, smooth surface 

finish, high reproducib-

ility

Restricted to pho-

tocurable biomater-

ials, potential 

phototoxicity

Customized craniofa-

cial scaffolds, pa-

tient-specific bone 

constructs

Digital 

Light Pro-

cessing 

(DLP)

Projection of pat-

terned light to poly-

merize an entire 

layer simultan-

eously

Faster fabrication than 

SLA, high resolution, 

improved printing effi-

ciency

Limited bioink 

compatibility, spe-

cialized instru-

mentation

Personalized regener-

ative scaffolds and 

precision craniofacial 

reconstruction

Hybrid 

bioprint-

ing

Combination of 

multiple printing 

techniques within a 

single construct

Combines high resolu-

tion with mechanical 

strength and biological 

functionality

Increased manufac-

turing complexity 

and cost

Multitissue regenera-

tion, periodontal 

complex engineering, 

personalized ortho-

dontic constructs

Legend

This table summarizes the working principles, prin-

cipal advantages, inherent limitations, and potential 

orthodontic  applications  of  the  major  bioprinting 

technologies currently used in regenerative dentistry. 

Extrusion-,  inkjet-,  laser-assisted-,  and  light-based 

bioprinting techniques  differ  in  printing resolution, 

cell compatibility, bioink requirements, and suitabil-

ity  for  craniofacial  tissue  engineering,  highlighting 

the  need  to  select  printing  platforms  according  to 

specific clinical applications.

Table 2. Bioinks and biomaterials used in craniofacial and orthodontic bioprinting

Biomaterial/

Bioink

Classifica-

tion

Key biological proper-

ties
Limitations

Orthodontic applic-

ations

Collagen
Natural 

polymer

Excellent biocompatibil-

ity, promotes cell adhe-

sion, reproduce native 

Poor mechanical 

strength, rapid de-

gradation

Periodontal ligament 

regeneration, soft 

tissue engineering
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extracellular matrix

Gelatin methac-

rylate (GelMA)

Modified 

natural hy-

drogel

High printability, photo-

crosslinkable, supports 

stem cell proliferation 

and differentiation

Requires photoini-

tiators, moderate 

mechanical stabil-

ity

Periodontal regenera-

tion, alveolar bone 

engineering

Alginate

Natural 

polysac-

charide

Mild gelation condi-

tions, excellent printabil-

ity, maintains high cell 

viability

Limited cell adhe-

sion, relatively low 

bioactivity

Cell encapsulation 

and scaffold fabrica-

tion

Hyaluronic acid

Natural 

glycosa-

minoglycan

Promotes cell migration, 

angiogenesis, and extra-

cellular matrix forma-

tion

Weak mechanical 

properties

Soft tissue regenera-

tion and periodontal 

repair

Fibrin

Natural 

protein hy-

drogel

Excellent biocompatibil-

ity, supports angiogen-

esis and wound healing

Rapid degradation, 

low structural sta-

bility

Periodontal and gin-

gival tissue regenera-

tion

Polyethylene 

glycol (PEG)

Synthetic 

polymer

Tunable mechanical 

properties, controlled 

degradation, reprodu-

cible fabrication

Bioinert unless 

modified with bio-

active molecules

Composite bioinks 

and customized scaf-

fold fabrication

Polycaprolactone 

(PCL)

Synthetic 

biodegrad-

able poly-

mer

High mechanical 

strength, slow degrada-

tion, excellent structural 

support

Limited intrinsic 

bioactivity

Load-bearing 

craniofacial scaffolds 

and alveolar bone 

regeneration

Polylactic acid 

(PLA)

Synthetic 

biodegrad-

able poly-

mer

Good mechanical stabil-

ity and printability

Brittle, limited cel-

lular interaction

Customized bone 

scaffolds and sup-

portive frameworks

Hydroxyapatite 

(HA)

Bioactive 

ceramic

Excellent osteoconduct-

ivity, promotes mineral-

ization and bone 

formation

Brittle when used 

alone

Alveolar bone aug-

mentation and 

craniofacial recon-

struction

β-Tricalcium 

phosphate (β-

TCP)

Bioactive 

ceramic

Osteoconductive, biode-

gradable, stimulates 

bone remodeling

Lower mechanical 

strength than cor-

tical bone

Bone defect repair 

and alveolar ridge 

regeneration

Bioactive glass
Bioactive 

ceramic

Enhances osteogenesis, 

angiogenesis, and min-

eral deposition

Difficult to use as a 

standalone scaffold

Bone regeneration 

and composite bioink 

reinforcement

Decellularized 

extracellular mat-

rix (dECM)

Natural 

tissue-de-

rived 

bioink

Tissue-specific bio-

chemical cues, promotes 

cell differentiation and 

tissue maturation

Batch variability 

and complex pre-

paration

Personalized period-

ontal and craniofacial 

tissue engineering

Composite bioinks

Hybrid 

(natural + 

synthetic)

Combine biological 

activity with improved 

mechanical strength and 

Increased formula-

tion complexity

Patient-specific mul-

tiphasic constructs 

for periodontal and 
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printability alveolar regeneration

Legend

This  table  compares  the  biological  characteristics, 

mechanical  properties,  limitations,  and  orthodontic 

applications  of  commonly  used  natural  polymers, 

synthetic polymers, bioactive ceramics, and compos-

ite bioinks employed in craniofacial tissue engineer-

ing.  The  information  highlights  how  biomaterial 

selection influences printability, cell viability, scaf-

fold stability, and regenerative outcomes.

Table 3. Stem cell sources and their regenerative potential in orthodontics

Stem cell source Tissue of 

origin

Biological character-

istics

Regenerative 

potential

Potential orthodontic 

applications

Bone marrow-de-

rived mesen-

chymal stem cells 

(BM-MSCs)

Bone marrow High osteogenic poten-

tial, immunomodulat-

ory properties, 

multilineage differenti-

ation

Bone and cartil-

age regeneration

Alveolar bone aug-

mentation and 

craniofacial recon-

struction

Periodontal liga-

ment stem cells 

(PDLSCs)

Periodontal 

ligament

Differentiate into ce-

mentoblasts, osteo-

blasts, and fibroblasts; 

maintain periodontal 

homeostasis

Periodontal liga-

ment, cementum, 

and alveolar 

bone regenera-

tion

Periodontal regenera-

tion, enhancement of 

orthodontic tooth 

movement, root sur-

face repair

Dental pulp stem 

cells (DPSCs)

Dental pulp High proliferative ca-

pacity, angiogenic and 

neurogenic potential

Mineralized tis-

sue and pulp re-

generation

Alveolar bone repair 

and dentin–pulp com-

plex regeneration

Stem cells from 

the apical papilla 

(SCAP)

Apical 

papilla of 

developing 

teeth

Rapid proliferation and 

strong odontogenic 

potential

Root develop-

ment and miner-

alized tissue 

formation

Craniofacial regenera-

tion and regenerative 

endodontic–ortho-

dontic applications

Gingival mesen-

chymal stem cells 

(GMSCs)

Gingival con-

nective tissue

Easily accessible, rapid 

proliferation, immun-

omodulatory activity

Soft tissue and 

periodontal re-

generation

Gingival augmenta-

tion and periodontal 

tissue repair

Adipose-derived 

stem cells (ADSCs)

Adipose tis-

sue

Abundant source, high 

proliferative capacity, 

multilineage differenti-

ation

Bone, cartilage, 

and soft tissue 

regeneration

Craniofacial tissue 

engineering and scaf-

fold-based regenera-

tion

Induced pluripo-

tent stem cells 

(iPSCs)

Repro-

grammed 

somatic cells

Pluripotent, patient-

specific, unlimited ex-

pansion potential

Regeneration of 

multiple 

craniofacial tis-

sues

Personalized regener-

ative therapies and 

disease modeling (ex-

perimental)

Embryonic stem 

cells (ESCs)

Inner cell 

mass of 

blastocyst

Unlimited self-renewal 

and pluripotency

Broad tissue re-

generative poten-

tial

Primarily experi-

mental because of eth-

ical and regulatory 

concerns

Legend

This table summarizes the major stem cell populations 

investigated for  craniofacial  tissue  engineering,  in-

cluding their tissue sources, biological characteristics, 

regenerative capacity, and potential orthodontic ap-

plications.  Dental-derived mesenchymal stem cells, 

particularly  periodontal  ligament  stem  cells  and 

dental pulp stem cells, represent the most clinically 
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relevant  cell  populations  for  regenerative  ortho- dontics.

Table 4. Major growth factors and signaling pathways involved in bioprinting and regenerative ortho-

dontics

Growth factor/Signaling 

pathway

Primary biolo-

gical function

Role in tissue regener-

ation

Potential orthodontic ap-

plication

Bone morphogenetic pro-

teins (BMP-2, BMP-7)

Promote osteoblast 

differentiation and 

osteogenesis

Stimulate bone forma-

tion and mineralization

Alveolar bone regenera-

tion, bone defect recon-

struction, accelerated 

healing

Vascular endothelial 

growth factor (VEGF)

Stimulates an-

giogenesis and 

vascular permeab-

ility

Enhances vasculariza-

tion of engineered tis-

sues, improving nutrient 

and oxygen supply

Improved survival of 

bioprinted constructs and 

regeneration of periodontal 

and alveolar tissues

Platelet-derived growth 

factor (PDGF)

Regulates cell mi-

gration, prolifera-

tion, and 

chemotaxis

Promotes recruitment of 

mesenchymal stem cells 

and periodontal fibro-

blasts

Periodontal regeneration, 

wound healing, and en-

hanced tissue remodeling

Transforming growth 

factor-β (TGF-β)

Controls extracel-

lular matrix syn-

thesis and cell 

differentiation

Regulates collagen de-

position and tissue re-

modeling

Regeneration of period-

ontal ligament and con-

nective tissues

Fibroblast growth factors 

(FGFs)

Stimulate cell pro-

liferation, an-

giogenesis, and 

wound healing

Promote soft tissue re-

pair and vascular devel-

opment

Gingival regeneration and 

periodontal healing

RANK/RANKL/OPG 

pathway

Regulates osteo-

clast differenti-

ation and bone 

remodeling

Maintains balance 

between bone resorption 

and bone formation

Biological modulation of 

orthodontic tooth move-

ment and alveolar bone 

remodeling

Wnt/β-catenin signaling Regulates osteo-

genesis and stem 

cell differentiation

Enhances bone regener-

ation and mineralization

Promotion of alveolar bone 

formation and regenerative 

orthodontics

Notch signaling Controls cell pro-

liferation and lin-

eage commitment

Maintains stem cell 

homeostasis and tissue 

organization

Regulation of periodontal 

ligament regeneration

Hedgehog signaling Regulates em-

bryonic develop-

ment and skeletal 

morphogenesis

Supports craniofacial 

tissue formation and 

osteogenic differenti-

ation

Craniofacial regeneration 

and bone tissue engineer-

ing

Controlled growth factor 

delivery systems

Sustained and loc-

alized release of 

bioactive mo-

lecules

Improves biological 

efficacy while minimiz-

ing systemic exposure

Bioactive bioprinted scaf-

folds for personalized peri-

odontal and alveolar 

regeneration

Legend
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This table outlines the principal growth factors and 

molecular signaling pathways that regulate osteogen-

esis,  angiogenesis,  extracellular  matrix  remodeling, 

and stem cell differentiation during tissue regenera-

tion.  Their  potential  applications in periodontal  re-

generation,  alveolar  bone  repair,  and  orthodontic 

Table 5. Current and emerging applications of bioprinting in orthodontics

Orthodontic 

application

Clinical indica-

tion

Bioprinting strategy Potential clinical bene-

fits

Current 

level of 

evidence

Alveolar bone 

regeneration

Alveolar bone 

deficiency, loc-

alized bone de-

fects

Cell-laden osteoconductive 

scaffolds incorporating 

MSCs and bioactive bio-

materials

Enhanced bone volume, 

improved orthodontic 

tooth movement, reduced 

need for autogenous bone 

grafts

Preclinical

Periodontal 

tissue regener-

ation

Periodontal at-

tachment loss, 

gingival reces-

sion

Multiphasic bioprinted 

constructs containing 

PDLSCs, cementoblasts, 

and osteogenic cells

Regeneration of period-

ontal ligament, ce-

mentum, and alveolar 

bone

Preclinical

Alveolar cleft 

reconstruction

Cleft lip and 

palate patients

Patient-specific bioprinted 

bone grafts designed using 

CBCT and CAD/CAM

Improved graft adapta-

tion, reduced donor-site 

morbidity, enhanced or-

thodontic rehabilitation

Early pre-

clinical

Craniofacial 

bone recon-

struction

Traumatic de-

fects, tumor re-

section, 

congenital an-

omalies

Customized bioactive scaf-

folds reinforced with os-

teogenic cells

Anatomically accurate 

reconstruction with im-

proved tissue integration

Preclinical

Temporo-

mandibular 

joint (TMJ) 

regeneration

Condylar defects 

and TMJ degen-

eration

Osteochondral bioprinted 

constructs incorporating 

cartilage and bone-forming 

cells

Restoration of joint struc-

ture and function

Experi-

mental

Personalized 

regenerative 

scaffolds

Patient-specific 

dentoalveolar 

defects

AI-assisted scaffold design 

with customized bioprint-

ing

Improved anatomical fit 

and individualized treat-

ment planning

Experi-

mental

Bioactive 

drug-delivery 

scaffolds

Patients requir-

ing enhanced 

tissue healing

Bioprinted constructs with 

controlled release of 

growth factors or thera-

peutic agents

Localized biological stim-

ulation with reduced sys-

temic exposure

Experi-

mental

Future bioen-

gineered peri-

odontal 

complex

Severe period-

ontal destruction

Integrated regeneration of 

periodontal ligament, ce-

mentum, and alveolar bone

Biological restoration of 

the dentoalveolar attach-

ment apparatus

Concep-

tual/Exper-

imental

Legend

This table summarizes the present and potential future 

applications of bioprinting in orthodontics, including 

alveolar bone regeneration, periodontal tissue engin-

eering, craniofacial reconstruction, temporomandibu-

lar joint regeneration, customized scaffolds, and bio-

logically  active drug-delivery systems.  The current 

level of scientific evidence is indicated for each ap-

plication.
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Table 6. Current challenges and future directions in orthodontic bioprinting

Challenge Current limitation Potential solution Future research priority

Vasculariza-

tion

Limited nutrient diffusion and 

poor survival of large bioprin-

ted constructs

Prevascularized scaffolds, 

angiogenic bioinks, en-

dothelial cell incorpora-

tion

Development of functional 

vascular networks for clinic-

ally relevant tissue con-

structs

Cell viability 

and matura-

tion

Reduced cell survival due to 

printing-induced mechanical 

stress and insufficient tissue 

maturation

Optimization of printing 

parameters, advanced 

bioinks, dynamic biore-

actor culture

Long-term functional matur-

ation and improved post-im-

plantation survival

Biomaterial 

optimization

Difficulty balancing printabil-

ity, mechanical strength, and 

bioactivity

Multifunctional compos-

ite bioinks and smart bio-

materials

Bioinks with controlled bio-

degradation, immunomodu-

lation, and sustained 

bioactive molecule release

Mechanical 

stability

Inadequate load-bearing capa-

city of regenerated tissues

Hybrid scaffolds rein-

forced with ceramics or 

biodegradable polymers

Biomimetic scaffolds with 

improved biomechanical 

performance

Clinical 

translation

Predominance of in vitro and 

animal studies with limited 

human evidence

Well-designed multicen-

ter clinical trials and 

standardized treatment 

protocols

Generation of high-level 

clinical evidence supporting 

orthodontic applications

Manufactur-

ing standard-

ization

Variability in bioinks, printing 

parameters, and quality con-

trol

Standardized manufactur-

ing protocols and Good 

Manufacturing Practice 

(GMP) compliance

Reproducible large-scale 

production of bioprinted 

constructs

Regulatory 

approval

Lack of harmonized interna-

tional regulations for cell-

based bioprinted products

Collaboration among reg-

ulatory agencies, re-

searchers, and industry

Development of globally 

accepted regulatory path-

ways for clinical implement-

ation

Cost and ac-

cessibility

High equipment costs and 

technical expertise required

Automation, scalable 

manufacturing, and cost-

effective printing techno-

logies

Improved affordability and 

broader clinical adoption

Digital integ-

ration

Limited interoperability 

among imaging, CAD/CAM, 

AI, and bioprinting systems

Unified digital workflows 

and AI-assisted treatment 

planning

Fully integrated precision 

regenerative orthodontic 

platforms

Future in-

novations

Early-stage development of 

emerging technologies

4D bioprinting, in situ 

bioprinting, digital twins, 

gene editing, and organ-

on-a-chip systems

Personalized, biologically 

responsive regenerative 

therapies for routine ortho-

dontic practice

Legend

This table highlights the major scientific, technical, 

regulatory, and clinical challenges limiting the routine 

implementation  of  bioprinting  in  orthodontics  and 

outlines  emerging strategies  and research priorities 

aimed at facilitating successful clinical translation.

Figure 1. Workflow of three-dimensional bioprinting for personalized regenerative orthodontics.
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Legend

Schematic  illustration  of  the  complete  bioprinting 

workflow, beginning with patient assessment using 

cone-beam computed  tomography  (CBCT)  and  in-

traoral  scanning,  followed  by  image  processing, 

computer-aided  design  (CAD),  bioink  preparation, 

three-dimensional bioprinting, construct maturation, 

surgical  implantation,  tissue regeneration,  and sub-

sequent  orthodontic  treatment.  The  workflow 

demonstrates the integration of digital technologies, 

tissue engineering, and regenerative medicine to en-

able personalized orthodontic care.
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Figure 2. Tissue engineering triad used in orthodontic bioprinting.

Legend

Illustration of the tissue engineering triad consisting 

of regenerative cells, biomaterial scaffolds, and bio-

active growth factors that collectively support tissue 

regeneration. Mesenchymal stem cells (MSCs), peri-

odontal ligament stem cells (PDLSCs), dental pulp 

stem cells (DPSCs), and stem cells from the apical 

papilla (SCAP) are incorporated within biocompatible 

scaffolds  such  as  hydrogels,  gelatin  methacrylate 

(GelMA),  collagen,  hydroxyapatite  (HA),  and 

polycaprolactone (PCL), together with osteogenic and 

angiogenic growth factors to promote regeneration of 

periodontal and craniofacial tissues.

Figure 3. Comparison of major bioprinting technologies used in regenerative dentistry.

Legend

Comparison of extrusion-based, inkjet, laser-assisted, 

and light-based (stereolithography/digital  light  pro-

cessing) bioprinting technologies with respect to their 

printing  mechanisms,  advantages,  limitations,  and 

potential  orthodontic applications. The figure high-

lights the complementary characteristics of each plat-

form  and  the  emerging  role  of  hybrid  bioprinting 

strategies for personalized regenerative orthodontics.

CONCLUSION

Bioprinting represents a significant advancement in 

regenerative medicine with the potential to redefine 
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the biological foundation of orthodontic treatment. By 

integrating tissue engineering, stem cell biology, bio-

materials,  growth  factor  delivery,  and  digital  tech-

nologies, it offers opportunities to regenerate alveolar 

bone,  periodontal  tissues,  and  other  craniofacial 

structures that are critical for successful orthodontic 

outcomes. Although current applications remain pre-

dominantly at the experimental and preclinical stages, 

continuous  progress  in  biofabrication  technologies 

has substantially expanded the prospects for person-

alized regenerative orthodontics.

The successful clinical translation of bioprinting will 

depend on overcoming challenges related to vascu-

larization, construct maturation, long-term function-

ality,  manufacturing  standardization,  regulatory 

approval, and economic feasibility. Equally important 

is the generation of high-quality clinical evidence to 

establish  the  safety,  efficacy,  and  long-term  pre-

dictability of bioprinted therapies within routine or-

thodontic practice.

Rather  than  replacing  conventional  biomechanics, 

bioprinting  is  likely  to  complement  existing  or-

thodontic treatment by providing biologically guided 

regenerative solutions  tailored to  individual  patient 

needs.  Continued  interdisciplinary  collaboration 

among orthodontists,  bioengineers,  biomaterial  sci-

entists, cell biologists, and regulatory authorities will 

be essential to accelerate clinical translation. As these 

scientific and technological advances converge, bio-

printing is expected to play an increasingly important 

role in the evolution of precision orthodontics, sup-

porting a transition from conventional tooth move-

ment toward biologically integrated, patient-specific 

regenerative care.
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