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Abstract:

Traumatic dental injuries frequently affect immature permanent teeth, whose open apices and apical papilla stem cells confer
distinctive healing potential. Therefore, it is of interest to examine the post-traumatic pulp survival, the balance of inflammatory and
reparative signaling and regenerative endodontics. Persistent cytokine and NF-xB activity, matrix metalloproteinases and osteoclastic
signaling drive necrosis and root resorption, whereas Wnt/[-catenin and mineralization pathways favor reparative dentinogenesis
and continued root maturation. Thus, data show that regenerative endodontic procedures and emerging cell-free, biomarker-guided
strategies point toward personalized care, although outcomes remain largely reparative and demand standardization.
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Background:
Traumatic dental injuries (TDIs) are common in children and the
fate of the pulp largely determines their outcome [1]. After
injury, pulp cells signal through cytokines and reactive species
that regulate inflammation and repair [2]. In immature teeth, the
apical papilla harbors stem cells (SCAP) that sustain continued
root development [3]. External inflammatory root resorption
after trauma can be monitored through gingival crevicular fluid
biomarkers [4]. When inflammation persists, RANKL/OPG
signaling and matrix metalloproteinases drive external root
resorption [5]. Reparative Wnt/p-catenin signaling instead
drives odontoblast-like differentiation and dentin bridge
formation [6]. Regenerative endodontic procedures recruit
endogenous SCAP to continue root maturation in necrotic
immature teeth [7, 8]. Therefore, it is of interest to describe the
current molecular trends in pulp survival, inflammatory
signaling and regeneration after trauma in immature teeth.

Regenerative outcomes and cell-free strategies:

Outcome syntheses show improved root development but
heterogeneous, often reparative results across scaffold options
[9]. Emerging cell-free, exosome-based strategies aim to
standardize regeneration, though predictable outcomes remain a
challenge [10].

Scaffolds, stem cells and growth factors:

More broadly, regeneration rests on a tissue-engineering triad of
polymer scaffolds, stem cells and growth factors; biodegradable
matrices such as collagen and gelatin methacryloyl, increasingly
delivered through injectable hydrogels and three-dimensional
bioprinting, support cell attachment and localized release of

bioactive factors to promote root development, apical closure
and fracture resistance [11].

Regenerative procedures versus apexification:

Clinically, this biology gives regenerative procedures an
advantage over apexification, which only forms an apical barrier
without further root growth; meta-analysis reports comparable
survival but favors regeneration when root development is
severely deficient, supporting continued root maturation [12].
Consistent with prior reviews, regenerative endodontic
procedures are increasingly considered the preferred treatment
for immature permanent teeth following trauma, restoring pulp
vitality and supporting continued root development [13, 14].

Conclusion:

Post-traumatic healing of immature permanent teeth is governed
by the balance between inflammatory and reparative molecular
signaling. Regenerative endodontics and emerging cell-free
strategies are shifting care toward Dbiologically guided,
personalized management. Predictable regeneration will still
require standardized protocols and validated biomarkers.
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