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 ABSTRACT 

Regenerative endodontic procedures have emerged as a biologically based approach to 

restore the structure and function of the pulp-dentin complex, primarily through the 

interplay of stem cells, bioactive signaling molecules, and scaffolds. Scaffolds provide a 

temporary three-dimensional matrix for cell adhesion, proliferation, differentiation, and 

vascularization. An ideal scaffold should be bioactive, biodegradable, structurally stable, 

immunocompatible, and architecturally suitable for tissue regeneration. This review 

synthesizes recent in vitro and in vivo studies, clinical trials, and case reports on natural, 

synthetic, and composite scaffolds applied in pulp-dentin regeneration. A literature 

search was performed in PubMed, Scopus, and Google Scholar up to 2025. Scaffolds 

were classified according to their origin, structural form, and cellular integration. The 

review showed that while natural scaffolds demonstrate favorable biocompatibility and 

clinical outcomes, their mechanical limitations often restrict their performance. Con-

versely, synthetic scaffolds offer tunable properties but may lack inherent bioactivity. 

Composite materials and biofunctionalized hydrogels may help integrate the strengths of 

both scaffold classes. Despite encouraging experimental data, further well-designed 

clinical studies are needed to optimize scaffold-based strategies for reliable translation 

into clinical endodontics.  
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Introduction 

For decades, dental pulp has commonly been removed 

and replaced with inert materials through root canal 

therapy (RCT) after injury, infection, or irreversible 

inflammation [1]. 

Advances in pulp biology reveal its regenerative po-

tential, leading to regenerative endodontic procedures 

(REPs) based on three key components: stem cells, 

growth factors, and scaffolds [2-3].  

REPs originated with calcium hydroxide therapy 

and revascularization strategies for necrotic teeth [4]. 

Dental pulp stem cells (DPSCs) and other dental 

stem cells contribute to tissue regeneration, with scaf-

folds providing a 3D matrix that supports cell adhesion, 

migration, proliferation, and differentiation [5-6]. An 

ideal scaffold should support cell attachment, have ap-

propriate porosity and permeability, be easily manipu-

lated, and biodegrade into non-toxic byproducts to favor 

cell migration [2]. Numerous biomaterial scaffolds are 

available, each with specific advantages and limitations 

for tissue regeneration [2-3, 7]. 

This review explores the main scaffold classes used 

in tissue engineering, summarizing their key properties, 

design parameters, advantages and limitations, clinical 

applications, and future prospects, with emphasis on 

recent scaffold developments. 
 

Search Strategy 

This narrative review aimed to provide a comprehensive  
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overview of scaffold materials used in dental pulp re-

generation and REPs. A literature search was conducted 

in PubMed, Scopus, and Google Scholar for studies pu-

blished up to December 2025. Search terms included 

“dental pulp regeneration,” “pulp–dentin regeneration,” 

“scaffold,” “biomaterial,” “tissue engineering,” and “re-

generative endodontics,” used individually and in vari-

ous combinations. Eligible publications included in vitr-

o studies, animal studies, preclinical investigations, clin-

ical studies, case reports, and relevant review articles 

that addressed scaffold materials used for dentin–pulp 

regeneration. Articles focusing exclusively on conven-

tional endodontic treatments, scaffold-free regenerative 

approaches, non-English publications, and studies with 

insufficient methodological information were excluded. 

Additional relevant studies were identified through 

manual screening of reference lists of selected articles. 

The retrieved literature was critically evaluated and 

synthesized narratively to summarize current scaffold 

classifications, biological properties, advantages, limita-

tions, and future perspectives. 

 

Literature Review 

Regenerative potential of the Pulp–Dentin Complex 

Dental pulp's regenerative capacity, sensory function, 

and immune protection enable reactive dentin formation 

and homeostasis, with vascular and neural elements 

detecting injury and producing tertiary dentin for self-

repair [8]. Conventional RCT causes loss of vascularity, 

sensation, and structural integrity in treated teeth, com-

promising natural defense mechanisms, increasing frac-

ture risk, and impairing sensory perception and nutrient 

supply [9]. 

REPs aim to restore pulpal biological function, re-

pairing damaged or absent pulp with structure and func-

tion resembling native tissue, including nourishment, 

immunity, and sensibility [9-11]. 

REPs require biocompatible scaffolds, bio-signaling 

molecules, and stem cells like DPSCs from dental tissue 

[2, 5]. Certain stem cells form endothelial cells for angi-

ogenesis/vasculogenesis, others become pulpal cells like 

odontoblasts, with scaffolds delivering angiogenic/ den-

tinogenic signals such as fibroblast growth factor (FGF), 

vascular endothelial growth factor (VEGF), and trans-

forming growth factor beta (TGF-β) to promote migrati- 

on and differentiation [12]. 

Scaffolds 

Scaffolds provide a three-dimensional (3D) microenvir-

onment that supports cell adhesion, migration, prolifera-

tion, differentiation, and extracellular matrix (ECM) d-

eposition. Ideal scaffolds should exhibit interconnected 

porosity, adequate nutrient diffusion, controlled biodeg-

radation, and minimal immunogenicity while maintaini-

ng structural stability throughout tissue regeneration 

[13]. 

Scaffolds are classified by origin (natural/biological 

vs. synthetic/artificial), form (sponges, hydrogels, bloc-

ks, sheets), cell presence (cell-free vs. stem cell-seeded), 

and degradability (biodegradable vs. permanent) [3]. 

Their key characteristics are summarized in Table 1. 

 
Table 1: Overview of scaffold classification and their properties 
 

Scaffold Advantages Disadvantages Degradation 

Clinical 

Translation 

Status 

Natural polymers   

Polysaccharides [78] 
Biocompatible, derived from renewable resources, 

cost- effective 
weak mechanical properties Variable ○ 

Alginate [77, 79-80] 

Biocompatible and biodegradable, with low immu-

nogenicity, high versatility, and growth factor 

binding capacity 

Lacks inherent bioactivity, 

has limited mechanical 

strength 

Rapid (days–

weeks) 
◐ 

Chitosan [22, 81-82] 

Biocompatible and biodegradable with antib-

acterial potential, non-cytotoxic, binds DNA/ 

growth factors/glycosaminoglycans, available as 

fibers/films/sponges/hydrogels (hydrogels: low 

viscosity and higher adsorption capacity) 

Risk of allergic reactions, 

difficult to handle, and limited 

use due to crystalline proper-

ties  

Moderate 

(weeks–months) 

 

○ 

Hyaluronic acid [83-

84] 

Biocompatible and bioactive, with low immuno-

genicity and adaptable to multiple applications via 

chemical modification 

weak mechanical properties 
Accelerated 

(days–weeks) 
◐ 

Cellulose [25, 85] 
Improves cell adhesion, is biocompatible and non-

cytotoxic, and is economically viable  

Water-insoluble, biodegrada-

tion-resistant, and mechani-

cally weak in native form 

Slow (months–

years) 
○ 
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Scaffold Advantages Disadvantages Degradation 

Clinical 

Translation 

Status 

Protein And Peptides 

[26, 86] 

Biocompatible and biodegradable, structurally 

tunable via chemical modification in dynamic 

environments, and capable of signaling to guide cell 

function 

Processing and sterilization are 

challenging, with immunogenici-

ty and allergenicity concerns 

Variable ◐ 

Fibrin [77, 86-87] 

Moldable and injectable for customized 3D shapes, 

reproducible and cost-effective, with no immuno-

logic risk due to autologous origin 

Weak mechanical properties with 

insufficient rigidity  

Accelerated 

(days) 
● 

Silk [88] 

Excellent mechanical properties and chemically 

modifiable to incorporate growth factors and en-

hance cell adhesion  

Ecological concerns 
Slow (months–

years) 
◐ 

Collagen [16, 29, 89-

90] 

Biocompatible, biodegradable, and bioactive with 

low immunogenicity, strong cell adhesion, en-

hanced mechanical integrity, cross-linking capacity, 

and easy cell/growth factor incorporation 

Hydration-related mechanical 

weakness, difficult customization 

Moderate 

(weeks–

months) 

● 

Gelatin [77] 
Low immunogenicity, widely available, and cost-

effective  

Sensitive to changes in tempera-

ture  

moderate 

(weeks) 
◐ 

Self-assembling 

peptides [34, 91] 

Biocompatible and biodegradable with no immuno-

logic risk, easy injectable application, and adaptable 

3D microenvironments 

Cost-intensive fabrication and 

complex design requirements  

Moderate 

(weeks–

months) 
◐ 

Host-derived scaf-

folds [92] 

No immunologic risk due to autologous origin, 

supports tissue development, enables controlled 

growth factor diffusion, and is form-adjustable and 

cost-effective 

Requires specific materials and 

equipment 

 

Variable ● 

Platelet -rich plasma 

(PRP) 

Rich in growth factors, with lower cytokine levels 

than PRF, and releases growth factors immediately 

but for a shorter duration  

Often contains artificial antico-

agulants or additives  
Fast (days) ● 

Platelet -rich fibrin 

(PRF) [64, 93] 

Rich in growth factors, free of artificial anticoagu-

lants, with slower and longer-term growth factor 

release 

More expensive than PRP, with 

higher cytokine levels  

Moderate (1–4 

weeks) 
● 

Decellularized Extra-

cellular Matrix 

(dECM) [94] 

Autologous and suitable for tissue regeneration 
May occasionally trigger an 

immune response to DNA  

Moderate 

(weeks–

months) 
◐ 

Blood clot [43, 95] Lower levels of cytokines than PRF and PRP 

Slower healing rate than PRP 

and PRF Lacking a lot of growth 

factors  

Rapid remod-

eling (days–

weeks) 

● 

Synthetic polymer 

PGA [3, 51] 

Biocompatible and biodegradable, improves cell 

adhesion, hydrophilic linear structure for better 

solubility, cost-effective, and causes only minimal 

inflammation 

PGA degrades faster than PLGA 

due to its simpler structure 

Very rapid 

(≈14-day half-

life) 
◐ 

PLGA [51, 96-98] 

Biocompatible and biodegradable, cost-effective, 

mechanically customizable, and causes only mini-

mal inflammation 

 

Weeks–months 

depend on 

composition 
◐ 

PLA [45] Biocompatible and biodegradable Hydrophobic  
Slow (months–

years) 
◐ 

PCL [3, 96] 

Biocompatible and biodegradable with reduced 

toxicity, slow polymer breakdown, and favorable 

mechanical properties  

Hydrophobic with slow degrada-

tion and lacking functional 

moieties 

Very slow 

degradation 

(years) 
◐ 

Composite materials 

(bio ceramic) [53, 99] 

Biocompatible with low immunogenicity, oste-

oconductive, and strong resistance 

High density with low flexibility 

(brittle) and suboptimal mechan-

ical properties 

Slow ● 

Calcium phosphate, 

HA, TCP [56, 100-

101] 

Good biocompatibility with minimal rejection risk, 

mimics dentin composition, suitable as a capping 

material, and osteoconductive 

Difficult to shape, with non-

uniform particle size, brittleness, 

and gradual disintegration 

Slow (months–

years) 
● 

Bioactive glass [59, 

102]  

Forms a surface apatite layer, promotes new bone 

formation, and is osteoconductive 

Suboptimal mechanical proper-

ties with high density, brittleness, 

and delayed degradation 

Slow (months–

years) 
● 

Synthetic self-

assembling Peptide 

[61, 63]  

Suitable for drug delivery and contains both hydro-

philic and hydrophobic residues 
Weak mechanical strength 

Moderate 

degradation 

(weeks-

months) 

◐ 

 

Abbreviations: three-dimensional (3D); deoxyribonucleic acid (DNA); decellularized extracellular matrix (dECM); hydroxyapatite (HA); polycaprolactone 
(PCL); polyglycolic acid (PGA); polylactic acid (PLA); poly (lactic-co-glycolic acid) (PLGA); platelet-rich fibrin (PRF); platelet-rich plasma (PRP); tricalcium 

phosphate (TCP).  

Clinical translation status: ○ Experimental = Predominantly laboratory and animal studies. ◐ Emerging Clinical Use = Limited human studies or early clinical 

adoption. ● Established Clinical Use = Widely used clinically or incorporated into regenerative procedures 
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Biological properties depend on pore size/shape, po-

rosity, and interconnectivity; micropores (<10 μm) facil-

itate fluid circulation, macropores (>100 μm) support c-

ell migration, proliferation and tissue formation [14-15].  

Natural scaffolds 

Natural polymers offer bioactivity, cell interaction, bio-

compatibility, and enzyme-mediated biodegradability, 

making them ideal for injectable hydrogels. ECM poly-

peptides (collagen, fibrin, gelatin, keratin) and glycosa-

minoglycans (hyaluronic acid, chitosan, alginate) form 

these scaffolds, many with high water absorption [16-

17]. 

Polysaccharides 

Polysaccharides, long-chain carbohydrates hydrolyzing 

to monosaccharides/oligosaccharides, are primary scaf-

folds for dental pulp regeneration [2]. 

Alginate, derived from brown algae cell walls, can 

be ionically cross-linked with calcium to form hydro-

gels and can be modified with arginine-glycine-aspartic 

acid ligands to improve cell attachment. Its enzymatic 

cleavage enables subsequent degradation [18]. Re-

searchers engineer alginate's stiffness and stress relaxa-

tion to direct stem cell fate and activity [19]. Seaweed-

derived alginate forms gutta-percha-like scaffolds that 

carry cells, and combining VEGF-121, FGF, arginine-

glycine-aspartic acid modification, dental stem cells, 

and endothelial cells enhances proliferation [20]. 

Chitosan, obtained by deacetylating chitin from in-

sect, fungal, and crustacean exoskeletons, binds growth 

factors (GFs), deoxyribonucleic acid (DNA), and gly-

cosaminoglycans effectively. Chitosan-gelatin scaffolds 

loaded with antibiotics provide biocompatibility and 

antibacterial effects during REP [21]. Chitosan/ beta-

glycerophosphate hydrogel promotes odontoblastic dif-

ferentiation of DPSCs via sustained VEGF release [22]. 

Hyaluronic acid, an ECM glycosaminoglycan, main-

tains extracellular spacing and supports tissue organiza-

tion. Its degradation releases pro-angiogenic growth 

factors that enhance revascularization, but its mechani-

cal strength is limited and it may cause hypersensitivity 

reactions [17]. US Food and Drug Administration–

approved Restylane, a hyaluronic acid–based gel, im-

proved the survival of stem cells from the apical papilla 

(SCAP), and odontoblastic differentiation in vitro [23]. 

Cellulose, extracted from plant cell walls, demon st-

ates biocompatibility and non-toxicity, but its poor mec-

hanical properties restrict use in hard tissue regeneration 

[24]. Bacterial nanocellulose has emerged as a sustaina-

ble material that promotes in situ mineralized tissue 

regeneration [25]. 

Protein and Peptides 

Protein and peptide scaffolds are increasingly used in 

tissue engineering because their composition and struc-

ture can be tailored through recombinant and molecular 

modifications, yielding novel peptides with specific 

properties [26]. 

Fibrin scaffolds offer favorable characteristics, espe-

cially controlled biodegradability at low cost. Autolo-

gous fibrin hydrogels, easily prepared from patient 

blood, provide a reproducible and immunologically safe 

scaffold that supports odontoblast layer formation and 

pulp-like tissue generation within root canals [3, 27].  

Silk, a fibrous protein from spiders and silkworms, 

is applied in medicine for ligament regeneration, drug 

delivery, and targeted cell therapies through chemical 

modification. Methacrylate silk can function as an anti-

bacterial material against endodontic infections [28]. 

Collagen, the most abundant mammalian protein, a-

cts as a viscoelastic scaffold that closely resembles pulp 

tissue. Collagen hydrogels support cell development, E-

CM–cell interactions, and formation of a stable self-ass-

embled 3D network under physiological conditions [29-

31]. Gelatin, a partial hydrolysis product of collagen, is 

widely used in tissue engineering, cell culture, and bio-

adhesion as it offers several favorable characteristics 

(Table 1); however, its thermal instability limits its use. 

Gelatin methacryloyl (GelMA) partially addresses this 

limitation by enhancing mechanical stability and enzy-

matic degradability [32-33]. 

Self-assembling peptide scaffolds consist of short 

peptides (about 15–25 amino acids) that spontaneously 

form water-retaining nanofiber hydrogels mimicking 

ECM structure and function, though their high cost and 

complex design remain significant limitations [34]. 

Matrigel, a bioactive basement-membrane–derived 

scaffold from mouse sarcoma containing laminin, colla-

gen IV, entactin, and diverse growth/transcription facto-

rs, closely mimics ECM and enhances cell adhesion and 

interaction, but its tumor origin raises concerns about b- 

atch consistency and safety [35]. 

Host-Derived Scaffolds 

Host-derived scaffolds created through induced periapi- 
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cal bleeding promote intracanal clot formation, while 

platelet-rich materials such as platelet-rich plasma 

(PRP) or platelet-rich fibrin (PRF) promote angiogene-

sis and revascularization essential for successful REP 

[17, 36]. 

PRP is a first-generation autologous platelet concen-

trate prepared by double-spin centrifugation. It contains 

high levels of platelets, cytokines, and GFs, which may 

support apical stem cell proliferation, DPSC recruit-

ment, and wound healing [1]. PRP releases GFs rapidly 

for immediate effect, unlike PRF's slower sustained 

release [37]. 

PRF, a second-generation concentrate from single-

spin anticoagulation-free blood centrifugation, forms 

three layers with viscous middle PRF clot; its biocom-

patibility and sustained GFs release enable wide clinical 

use [38]. 

Decellularized ECM preserves key ECM compo-

nents and bioactive cues that support cell function, alt-

hough preparation variability may affect in vivo perfor-

mance [39]. While dental pulp is a common dECM 

source [40], more accessible non–dentin-derived scaf-

folds, such as decellularized submandibular gland ECM, 

also support DPSC growth and pulp-like tissue for-

mation in vivo [41]. Human dental pulp-derived decellu-

larized matrix hydrogel forms a gel at body temperature, 

showing promise for REP. 

Treated dentin matrix (TDM), an autologous demin-

eralized dentin scaffold, promotes reactive dentin for-

mation and odontogenesis in vital pulp therapy (espe-

cially capping) by enabling defect-free dentin bridge 

regeneration [42]. 

Blood Clots 

Blood clots are the most common scaffold in REP, 

formed by inducing bleeding into a disinfected canal. 

Alone, blood clots can produce unpredictable hemosta-

sis, whereas combining them with natural materials like 

collagen yields more consistent tissue formation [43]. 

Vieira et al. [44] reported that a pure blood clot pro-

duced a denser fibrin network than one exposed to eth-

ylenediaminetetraacetic acid, regardless of activation.  

Despite limitations of natural scaffolds, Galler et al. 

[45] demonstrated that natural hydrogels supported cell 

survival better than synthetic ones and that different 

hydrogels led to varying degrees of odontoblast-like 

differentiation, soft tissue formation and vascularization. 

Synthetic Scaffolds 

Synthetic polymers offer controllable mechanical prop-

erties, degradation kinetics, and reproducibility [3]. 

Their hydrolytic degradation produces acidic byprod-

ucts that may cause localized pH drops and inflammato-

ry responses [46]. 

Polyethylene glycol (PEG) 

PEG is non-toxic, hydrophilic, and non-immunogenic. 

Researchers developed light-cured PEG methyl ether 

methacrylate-co-citrate hydrogels for REP drug deliv-

ery, preserving pulp and supporting REP like direct pulp 

capping [47]. In vivo/in vitro tests showed 3D-printed 

PEG-diacrylate /sodium-alginate hydrogels loaded with 

FGF supported stem cell survival/growth, with lower 

hydrogel ratio being more effective [48]. 

Poly -Hydroxy Acids 

Polylactic acid (PLA), a biobased biodegradable/ bio-

compatible polymer from bacterial digestion of plant 

polysaccharides, uses common isomer Poly (L-lactic 

acid) [49]. PLA scaffolds enhance in vivo dentin for-

mation, promote DPSC differentiation, and upregulate 

dentinogenesis markers (dentin sialophosphoprotein, 

collagen I, osteocalcin, alkaline phosphatase, bone si-

aloprotein) in vitro. Clindamycin-loaded PLA scaffolds 

reduce bacterial load, support tooth regeneration, and 

preserve DPSC viability/ function [50]. Poly (L-lactic 

acid) provides durable structural support and promotes 

proliferation and differentiation, with increased expres-

sion of odontogenic markers [3, 51].  

Polyglycolic acid (PGA) supports adhe-

sion/proliferation of human pulp cells, fibroblasts, and 

dental pulp-derived cells [46, 51]. Poly (lactic-co-

glycolic acid) (PLGA), seeded with swine third-molar 

tooth cells, enables tooth bud maturation, dentin/pulp-

like tissue regeneration in 3-4 months. PGA/PLGA are 

related biodegradable polymers, but PGA's simpler 

structure causes faster degradation limiting long-term 

use, while PLGA's tunable lactic/glycolic ratio offers 

controlled regeneration; PGA's high water solubility 

restricts pulp-dentin applications [2]. Polycaprolactone 

(PCL) provides slow-degrading support for hard tissue 

engineering [3]. 

N-Isopropyl Acrylamide Polymer  

Thermo-reversible polymer gels have been used to 

transplant scaffold-free 3D DPSCs, generating pulp-like 

tissue without scaffold-related inflammation [52]. 
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Composite Materials (Bioceramic) 

Bioceramics (glass ceramics, bioactive glasses, calcium 

phosphates) excel in hard tissue regeneration due to str-

ength, wear resistance, and stability, though they may b-

e brittle, difficult to shape, and slow-forming [3, 53-55]. 

Calcium Phosphate 

Calcium phosphate materials, especially 3D porous 

granules like β-tricalcium phosphate and hydroxyap-

atite, provide osteoconductive substrates with strong 

bonding and low immunogenicity [6]. Well-tolerated 

hydroxyapatite scaffolds cover exposed pulp post trau-

ma due to similarity to bone/dentin [56]. Polysaccha-

ride-HA nanoparticle hydrogels promote dental stem 

cell adhesion and upregulate bone/tooth development 

genes. In rat molars, beta-tricalcium phosphate/ hydrox-

yapatite/ collagen scaffolds showed low inflamma-

tion/pulp vitality preservation like mineral trioxide ag-

gregate, but mineral trioxide aggregate uniquely in-

duced dentin bridge formation over the pulp exposures 

[57]. Tricalcium phosphate is a biocompatible 3D ce-

ramic that supports cell growth, pulp tissue promotion, 

and improved tooth prognosis [58]. Bioactive glass 

bonds with living tissue, stimulates dentin bridge/bone-

like formation, enhances dentin regeneration, and regu-

lates silica-based therapeutic ions [59-60]. 

Glass Ceramics  

Composed of SiO2, Na2O, CaO, P2O2 for bioactivi-

ty/crystallization; Ca-P dissolution boosts osteoblasts. 

Magnesium variants offer high bioactivity/mechanical 

strength; niobium-doped fluorapatite types excel in hu-

man DPSC adhesion/proliferation/differentiation [11]. 

Synthetic self-assembling peptide 

Peptide-amphiphile is a synthetic self-assembling pep-

tide hydrogel that self-assembles into nanofibers in 

aqueous environments. It has potential for drug delivery 

and rege-nerative medicine, although its low mechanical 

strength remains a limitation [61]. Arginine-glycine-

aspartic acid-modified peptide amphiphiles provide 

injectable scaffolds for pulp/dentin regeneration, and 

bioactive RADA16-I hydrogels enhance dentin-pulp 

repair. Parametric™ RADA16-I has been used to study 

pulp-dentin regeneration and DPSC-driven vascularize 

tion [62-63].  

 

Discussion 

Dentin-pulp regeneration has progressed to clinical test 

ing, yet widespread adoption remains limited by biolog-

ical, material, and clinical variables [1-3]. The diversity 

of study designs and outcomes complicates direct com-

parison, suggesting that scaffold optimization alone 

cannot ensure success. 

Comparative Analysis: Natural, Synthetic, and Composite Scaf-

folds 

Natural scaffolds (collagen, fibrin, gelatin, hyaluronic 

acid, chitosan) demonstrate superior biocompatibility 

and promote odontogenic differentiation due to their 

structural similarity to native pulp-dentin matrix [16-

17]. However, weak mechanical properties, rapid deg-

radation, batch variability, and immunologic risks limit 

their use as stand-alone systems [17, 24, 43]. This para-

dox explains why clinical applications require combin-

ing with other materials. 

Synthetic polymers (PEG, PLA, PLGA, PCL) offer 

tunable mechanical properties and controlled degrada-

tion [3, 49, 51]. However, they lack intrinsic bioactivity 

and their acidic degradation byproducts may lower pH 

and provoke inflammation [46]. This explains why pre-

clinical promise has not translated to superior clinical 

outcomes. Mechanical tunability alone is insufficient 

without concurrent biochemical optimization. 

Composite and bioactive ceramic systems integrate 

biological and mechanical advantages [53]. Collagen-

hydroxyapatite and PLGA-ceramic constructs show 

enhanced odontogenic differentiation compared to sin-

gle-component scaffolds [57], indicating no single ma-

terial class satisfies all requirements. However, in-

creased complexity introduces manufacturing, steriliza-

tion, and cost challenges, suggesting clinical practicality 

must be balanced against biological efficacy. The key 

findings of this review are summarized in Table 2 for a 

clear overview. 

Clinical Advances and Scaffold Performance 

Multiple scaffolds (blood clot, PRP, PRF, collagen, 

hyaluronic acid) achieve apical periodontitis resolution 

and continued root development in immature teeth [64-

67]. Comparable success rates between blood clot and 

platelet concentrates suggest simple autologous blood 

clot remains adequate when cost or equipment limit 

options. Superior root lengthening and dentin thickening 

with PRF, collagen, and hyaluronic acid indicate bioac-

tive scaffolds offer incremental benefits in challenging 

cases [65-66]. 
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Table 2: Comparison of major scaffold classes in regenerative 

endodontic procedures 
 

Feature Natural Synthetic 
Host- 

Derived 
Composite 

Biocompatibil-

ity 
+++ ++ +++ +++ 

Bioactivity +++ + +++ +++ 

Mechanical 

Strength 
+ +++ + ++ 

Degradation 

Control 
++ +++ + ++ 

Clinical Availa-

bility 
++ ++ +++ + 

Cost ++ ++ +++ + 
 

This table highlights the key features of different scaffold types, with 

ratings (+ to +++) indicating their relative performance across various 
characteristics. It provides a concise reference to the main findings of 

this review 
 

Recent meta-analyses further support these findings. 

Yang et al. [68] (2024) analyzed 12 randomized con-

trolled trials involving 434 participants and found no 

significant differences among blood clot, PRP, and PRF 

in clinical success (risk ratio= 0.99, 95% confidence 

interval 0.96–1.03), root length increase, or root wall 

thickening, concluding that scaffold selection may be 

based on practical considerations. In contrast, Huang et 

al. [69] (2025) evaluated 10 randomized controlled tri-

als comprising 373 teeth and reported modest ad-

vantages for platelet concentrates, with PRP improving 

clinical success (risk ratio=1.14, 95% confidence inter-

val 1.03–1.27) and PRP/PRF demonstrating greater root 

length and thickness gains than blood clot scaffolds. 

Together, these studies indicate that while platelet con-

centrates may enhance root maturation, the overall clin-

ical superiority of one scaffold over another remains 

uncertain. This reveals a central paradox: the most ac-

cessible scaffold (blood clot) is not biologically optimal 

[45], while more effective scaffolds require additional 

steps and expenses, thereby restricting their adoption 

[37]. Short follow-up periods and reliance on radio-

graphic assessments limit confirmation of true pulp-

dentin regeneration versus repair. 

Collagen scaffolds have also been evaluated in clini-

cal REPs. A recent review encompassing over 600 teeth 

reported survival rates of 85–100% and healing success 

rates of 80–100% across follow-ups up to 23 months. 

Root wall thickening occurred in 67–82% of cases, api-

cal closure in 47% (96% completing closure by 24 

months), and pulp vitality recovery ranged from 32–

60%. Root canal calcification affected 30–47% of treat-

ed teeth. Despite these favorable outcomes, histology 

showed primarily cementum-like or bone-like tissue 

rather than true pulp-dentin regeneration [70]. Thus, col-

lagen scaffolds are effective for structural repair and 

root maturation, but they do not reliably achieve full bi-

ological regeneration, highlighting the need for targeted 

scaffold modifications and advanced tissue-engineering 

strategies. 

Current evidence supports REPs as a conservative 

alternative to apexification in immature teeth [71-72], 

but insufficient data exist to define a single standard 

scaffold. Future studies with longer follow-ups, histo-

logical validation, and standardized scaffold protocols 

are needed to establish best practices. 

Translational, Regulatory and Clinical Implementation Challenges  

Multiple patient-specific factors substantially influence 

REP success including age, apex diameter, tooth type, 

etiology, and immune status [73-75]. This indicates that 

the outcomes of REPs depend critically on patient biol-

ogy and clinical conditions, not scaffold selection alone. 

Younger patients with immature teeth and open api-

ces show better regenerative responses due to greater 

stem-cell availability and enhanced vascularization [73]. 

However, REP efficacy in older patients with closed 

apices remains unclear, representing a significant gap in 

the current literature. Molars with complex anatomies 

present greater technical challenges than anterior teeth 

[74]. Trauma-induced necrosis has a worse prognosis 

than developmental malformations [75]. Immunocom-

promised patients may be at higher risk of failure, and 

uncontrolled diabetes creates unfavorable microenvi-

ronments. 

Despite significant advances in scaffold-based strat-

egies for dentin–pulp regeneration, several critical barri-

ers continue to limit their translation from bench to bed-

side. One of the major challenges is the regulatory 

pathway required for clinical approval of biomaterial-

based and cell-laden scaffolds. Composite and biofunc-

tionalized scaffolds are often classified as combination 

products, which necessitate extensive preclinical safety 

evaluation, standardized manufacturing protocols, and 

compliance with good manufacturing practice regula-

tions. These requirements significantly increase the time 

and cost associated with clinical translation [2, 52]. 

Manufacturing and scalability also represent key 

limitations. Many advanced scaffolds, particularly those 



Scaffolds in Regenerative Endodontics           Saligheh Rad M, et al 

8 

involving natural–synthetic composites or growth factor 

incorporation, require complex fabrication techniques 

that are difficult to standardize across laboratories and 

clinical settings. Batch-to-batch variability, sterilization 

challenges, and storage stability further complicate their 

large-scale production and clinical use [2, 51]. 

Cost-effectiveness is another important considera-

tion. While biologically active scaffolds may offer en-

hanced regenerative potential, their production costs are 

often substantially higher than conventional approaches 

such as blood clot–based REPs. This raises concerns 

regarding accessibility and widespread clinical adop-

tion, particularly in resource-limited settings [16, 76]. 

In addition, long-term clinical predictability remains 

insufficiently established. Most available studies  

report short- to medium-term outcomes, and there is 

limited evidence regarding the durability and functional 

stability of regenerated pulp–dentin complexes over 

time. Furthermore, variability in clinical protocols and 

outcome measures makes it difficult to compare studies 

and draw definitive conclusions regarding scaffold su-

periority [3, 16]. 

Overall, these translational challenges highlight that, 

although scaffold-based regenerative strategies are sci-

entifically promising, their routine clinical implementa-

tion will require not only biological optimization but 

also advancements in regulatory standardization, scala-

ble manufacturing, economic feasibility, and long-term 

clinical validation [77]. 

A critical limitation in the current body of literature 

on scaffolds for dentin–pulp regeneration is the substan-

tial heterogeneity in study design and level of evidence. 

The available studies range from in vitro experiments 

and animal models to case reports, retrospective anal-

yses, and a limited number of clinical trials [2, 16, 51, 

68-70]. However, these different levels of evidence are 

often discussed collectively, which may overestimate 

the clinical applicability of preclinical findings. 

In vitro and animal studies provide essential insights 

into cellular behavior, scaffold biocompatibility, and 

early regenerative mechanisms, but they do not fully 

replicate the complex biological, immunological, and 

mechanical environment of the human root canal sys-

tem. Consequently, promising results observed at the 

laboratory level may not necessarily translate into pre-

dictable clinical outcomes. 

Clinical studies in REPs, although more directly rel-

evant, are still limited in number, often characterized by 

small sample sizes, short follow-up periods, and variabi-

lity in outcome measures. Furthermore, many clinical 

studies rely on radiographic and clinical parameters wit-

hout histological confirmation of true pulp–dentin com-

plex regeneration, making it difficult to distinguish bet-

ween true regeneration and repair-based healing [64-70]. 

This evidence gap highlights the need for a clearer 

stratification of findings according to the hierarchy of 

evidence. Future research should prioritize well-

designed randomized controlled trials with standardized 

protocols and long-term follow-up. Until such evidence 

is available, conclusions regarding the superiority of 

specific scaffold systems should be interpreted with 

caution. Furthermore, the restriction to English-

language publications and the possibility of publication 

bias may have limited the comprehensiveness of the 

available evidence. 

Current State and Future Prospects 

REPs are not yet considered standard practice due to 

insufficient research and clinical consensus, though case 

studies and trials demonstrate feasibility and safety [71-

72]. Barriers to widespread adoption include low treat-

ment predictability, lack of insurance coverage, and 

absent standardized clinical protocols. 

Taken together, the literature suggests that dentin-pulp 

regeneration will most likely advance through integra-

tive strategies that couple biologically active scaffolds 

with precise control over mechanical behavior and deg-

radation kinetics. Future advances will likely include 

biomaterial improvements, gene therapy integration, 

and personalized approaches based on patient factors. 

Composite hydrogels, biofunctionalized matrices, and 

chemotactic cell-homing approaches tailored to patient 

age, anatomy, and health represent the most promising 

direction. Progress requires prospective trials with 

standardized outcomes, histologic correlation, long-term 

follow-up, and consensus on success criteria. A sum-

mary of all included studies is presented in Table 3. 

 

Conclusion 

No single scaffold currently satisfies all biological and 

mechanical requirements for predictable pulp-dentin re-

generation. Natural polymers generally show favorable 

biocompatibility and clinical applicability, but their me-
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Table 3: Comprehensive summary of preclinical and clinical studies on scaffold-based REPs, covering single-component scaffolds first, then 

composite/combination systems with better outcomes 
 

 Scaffold Author Study Cell used Conclusion 

Natural 

Polysaccharides 

Alginate 
Fujiwara et al. 

[103] (2006) 
In vivo 

DPSCs 

rat 

Subculture rat dental pulp cells became odontoblast-

like and induced calcification on alginate scaffolds. 

chitosan 
Palma et al. 

[104] (2017) 
In vivo 

Immature teeth of 

dogs 

In canines undergoing REP, adding blood to chi-

tosan scaffolds did not improve mineralization or 

dentin-pulp regeneration markers. 

chitosan Hydrogel 

+ Azithromycin  

Reis-Prado et 

al. [105] 

(2025) 

In vitro SCAPs 

3%–5% Azithromycin –chitosan hydrogels inhibited 

bacteria (especially E. faecalis) without harming 

SCAP viability; 3% worked best. 

In vivo 
SCAPs 

rats 

In rats, 3% Azithromycin –chitosan improved root 

development, reduced periapical lesions, and pro-

moted regeneration (including cementum-like depo-

sition). 

Hyaluronic acid 
Chrepa et al. 

[23] (2017) 
In vitro SCAPs 

A hyaluronic acid injectable gel improved SCAP 

survival, odontoblast-like differentiation, and miner-

alization, suggesting it may be a useful scaffold for 

REPs. 

cellulose 
Esguerra et al. 

[106] (2010) 
In vivo 

Dorsal skinfold 

chambers in hamsters 

After 2 weeks, abundant proliferating cells and no 

apoptosis indicated strong bacterial cellulose inte-

gration and biocompatibility. 

Bacterial nanocel-

lulose 

Jain et al. [25] 

(2024) 
In vitro DPSCs 

bacterial nanocellulose promoted DPSC attachment, 

migration, and odontogenic differentiation. 

Protein And Peptides 

fibrin 
Galler et al. 

[45] (2018) 

In vitro DPSCs At the cell–dentin interface, fibrin best supports 

pulp-like tissue formation and odontoblastic differ-

entiation. 
In vivo 

Immunocompro-

mised mice 

silk  
Park et al. 

[107] (2015) 
In vivo 

Rabbit Calvaria 

defect 

Silk scaffolds are biocompatible and can serve as 

osteoconductive scaffolds for hard tissue and bone 

engineering. 

Collagen 
Prescott et al. 

[108] (2008) 
In vivo Mouth DPSCs 

Collagen scaffolds promoted pulp-like matrix for-

mation and may support hard tissue development. 

gelatin 
Ishimatsu et al. 

[109] (2009) 
In vitro DPCs 

Gelatin is an effective scaffold for delivering FGF2 

to support regeneration. 

Self-assembling 

peptides 

Mu et al. [62] 

(2020) 
In vitro 

DPSCs 

HUVECs 

RADA16-I self-assembling peptide hydrogels 

increased DPSC proliferation, migration, and adhe-

sion, and promoted more vascular-like HUVEC 

structures. 

PuraMatrix 

 

Dissanayaka et 

al. [110] 

(2015) 

In vitro 
DPSCs 

HUVECs 
Even without added growth factors, peptide nano-

fibers promoted capillary network formation and 

supported DPSC migration and survival. In vivo mice 

PRP 
Bezgin et al. 

[111] (2015) 

Case 

report 
Immature teeth 

PRP served as an effective scaffold for REPs treat-

ment. 

Advanced PRF 

and Blood Clot  

Qamar et al. 

[76] (2025) 
RCT Stem cells 

Both scaffolds significantly improved root devel-

opment in immature necrotic teeth; advanced PRF 

was slightly better, but not significantly. 

PRF 
Lv et al. [112] 

(2018) 

Retrospec-

tive 

Controlled 

Cohort study 

On five people 

In REP, PRF performed similarly to blood clots for 

periapical healing, symptom relief, and continued 

root formation. 

 HAM- dECM  
Bakhtiar et al. 

[113] (2022) 

In vitro hDPSCs HAM-ECM scaffolds (cell-free or cell-loaded) did 

not inhibit pulp-like tissue formation or revasculari-

zation in the root canal, supporting further study in 

regenerative endodontics. 
In vivo Root segment models 

SHED derived 

extracellular 

matrix pulp scaf-

fold  

Yang et al. 

[114] (2024) 

In vivo Teeth  SHED-ECM pulp scaffolds were non-cytotoxic and 

promoted dentin- pulp complex regeneration in vivo, 

while enhancing BMMSCs migration and odonto-

genic differentiation in vitro. 
In vitro BMMSCs 

autoclaved TDM 
Chang et al. 

[115] (2020) 
In vivo Mice  

Allogeneic autoclaved TDM supported DPSC 

proliferation and differentiation into odontoblast-, 

fibroblast-, vascular-, and neural-like cells, suggest-

ing a-TDM + DPSCs is a promising biomaterial for 

tooth tissue regeneration. 

Synthetic 
 

 
PLA 

Wang et al. 

[116] (2017) 
In vitro SHEDs 

PLA showed good biocompatibility with SHED and 

may promote SHED mineralization as a scaffold. 
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 Scaffold Author Study Cell used Conclusion 

 

PGA 
Mooney et al. 

[117] (1996) 
In vitro 

Pulp-derived 

fibroblasts 

These tissues could aid oral tissue regeneration and 

provide new models to test the biocompatibility of 

dental materials. 

PLGA 
El-Backly et al. 

[118] (2008) 

In vitro 
DPSCs of rabbits 

Tissue engineering produced dentin/pulp-like struc-

tures with potential for future REPs or restorative use. In vivo 

Biphasic calcium 

phosphate scaf-

fold BCP20  

AbdulQader et 

al. [119] 

(2015) 

In vitro hDPSCs 

Scaffold concentration affected the cell microenviron-

ment, and Biphasic calcium phosphate scaffold BCP20 

supported HDPC differentiation for dentin regenera-

tion. 

 GelMA  

Composited with 

silver nanoparti-

cles or hyaluronic 

acid or hydroxy-

apatite 

Dorterler et al. 

[32] (2024) 
In vitro 

Antimicrobial 

Properties 

GelMA hydrogel with hyaluronic acid showed the 

strongest activity against E. faecalis. 

GelMA Hydrogel  
Zhao et al. 

[120] (2025) 

In vitro 
DPSCs HUVECs 

Rat molars 

It increased DPSC proliferation, migration, and differ-

entiation, and promoted HUVEC angiogenesis, sup-

porting its potential for dental pulp regeneration. 

In vivo 
In a rat model, it promoted vascularized pulp tissue 

formation, enhancing dental pulp regeneration. 

amnion–chorion 

membrane and 

Collagen Matrix  

Dave et al. 

[121] (2025) 

Retrospec-

tive study 

immature necrotic 

permanent teeth 

both scaffolds effective in immature necrotic teeth; 

amnion–chorion membrane had slightly higher surviv-

al/success (90.5%/85.7%) and faster sensibility recov-

ery, but overall outcomes and root development were 

similar. 

DPSCs encapsu-

lated in Collagen 

Han et al. 

[122] (2024) 
In vivo 

Implanted in severe 

combined immu-

nodeficiency mice 

Growth factor–modified hydrogels promoted lineage-

specific differentiation of DPSCs. 

Emdogain gel 

Matsumoto et 

al. [123] 

(2014) 

In vivo 

Applied in injured 

open apex within 

periapical lesion in 

rats 

EMD did not irritate injured periapical tissue and may 

create conditions that support periapical healing. 

Alginate+boron-

doped mesopo-

rous bioactive 

glass nanoparti-

cles  

Naga et al. 

[124] (2024) 
In vitro HGFCs 

The composite hydrogel may be a promising pulpoto-

my filler that supports dentin regeneration, but it 

reduced HGFCs feasibility. 

cobalt-

incorporated 

chitosan  

Kumar et al. 

[125] (2023) 
In vitro hDPSCs 

Compared with chitosan, the incorporated scaffold is 

porous and biocompatible, enhances cell adhesion, and 

may support dentin–pulp regeneration. 

Chitosan-Calcium 

Aluminate  

Bordini et al. 

[126] (2024) 
In vitro Dental pulp cells 

Enhanced cell migration and mineralization compared 

to standard chitosan. 

Chitin with or 

without hydroxy-

apatite  

Zawadzka-

Knefel et al. 

[127] (2023) 

In vitro DPSCs 

Pure chitin supports cell adhesion, proliferation, and 

differentiation, but adding hydroxyapatite improves 

regenerative potential. 

hyaluronic acid 

(restylane) /blood 

clot 

AlHowaish et 

al. [128] 

(2022) 

In vivo dog 

Combining Restylane Lyft with a blood clot scaffold 

may improve REPs outcomes in non-infected, pulp 

less immature canine teeth. 

 SilkMA  
Narayanam et 

al. [28] (2024) 
In vitro 

antibacterial effec-

tiveness 

SilkMA loaded with clindamycin and tinidazole was 

effective against endodontic infection–related bacteria. 

GelMA fibrous 

scaffolds with and 

without CEH  

Paymanpour et 

al. [129] 

(2024) 

In vitro DPSCs 

CEH-loaded GelMA enhanced cell proliferation and 

adhesion and reduced chronic lipopolysaccharide -

induced inflammation. 

 DHDP + WJM-

SCs  

Tan et al. [130] 

(2024) 
In vivo 

canine teeth of a 

feline (cat) 

DHDP combined with WJMSCs may support pulp 

regeneration and advance stem cell–based therapies. 

PLGA/ 

hydroxyapatite 

Jiménez et al. 

[131] (2018) 
In vitro hDPSCs 

PLGA/ hydroxyapatite scaffolds provided strong 

chemical and physical cues, supporting DPSC attach-

ment, proliferation, and osteogenic differentiation. 

PCL/bio-glass 

PCL/hyaluronic 

acid 

Mousavi Nejad 

et al. [132] 

(2021) 

In vitro 
Dentin and pulp 

tissue 

PCL/bioactive glass and PCL/ hyaluronic acid scaf-

folds show strong potential to enhance hDPSC attach-

ment and odontogenic differentiation. 

 

PLGA/hydroxyap

atite or PLGA/ 

tricalcium phos-

phate or PLGA/ 

calcium carbonate 

hydroxyapatite 

Zheng et al. 

[133] (2011) 

In vivo Rats  

PLGA/TCP outperformed the other scaffolds for tooth 

tissue regeneration, especially dentin formation. In vitro DPSCs 
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 Scaffold Author Study Cell used Conclusion 

 

PCL/nano hy-

droxyapatite 

Mendes Soares 

et al. [134] 

(2022) 

In vitro hDPSCs 

Cytocompatibility nano hydroxyapatite –PCL nano-

fiber scaffolds enhanced HDPC adhesion and odon-

togenic potential. 

hydroxyapatite/ 

Collagen/ -

tricalcium phos-

phate  

Guerrero-

Gironés et al. 

[57] (2021) 

In vivo Rat molars 

hydroxyapatite / beta-tricalcium phosphate/C showed 

similar outcomes to mineral trioxide aggregate in 

vital pulp therapy (no inflammation, preserved vitali-

ty) but differed in dentin bridge formation. 

Gelatin /bioactive 

glass 

Huang et al. 

[135] (2021) 
In vitro 

human bone marrow 

mesenchymal stem 

cells 

The gelatin/pH-neutral bioactive glass composite 

scaffold significantly enhanced human bone marrow 

mesenchymal stem cell chemotaxis, proliferation, and 

odontogenic differentiation. 

lithium and zinc 

containing bioac-

tive glass 

Tran et al. 

[136] (2023) 
In vitro 

Stem Cells from 

SHEDs 

Lithium/zinc bioactive glasses increased Axin2 and 

dentin sialo phosphoprotein expression in SHEDs, 

likely promoting pulp mineralization and regenera-

tion. Zinc-doped bioactive glass may be suitable for 

pulp-capping materials. 
 

Studies were color-coded according to level of evidence: in vitro (yellow), in vivo (green), and clinical studies (blue) to improve visualization of the translational 

hierarchy. 

Abbreviations: bone marrow mesenchymal stem cells (BMMSCs); casein enzymatic hydrolysate (CEH); collagen matrix (CM); decellularized extracellular 

matrix (dECM); decellularized human dental pulp (DHDP); dental pulp cells (DPCs); dental pulp stem cells (DPSCs); extracellular matrix (ECM); enamel matrix 

derivative (EMD); fibroblast growth factor 2 (FGF2); gelatin methacryloyl (GelMA); human amniotic membrane (HAM); human dental pulp cells (HDPCs); 

human dental pulp stem cells (hDPSCs); human gingival fibroblast cells (HGFCs); human umbilical vein endothelial cells (HUVECs); lipopolysaccharide (LPS); 

polycaprolactone (PCL); polyglycolic acid (PGA); polylactic acid (PLA); poly(lactic-co-glycolic acid) (PLGA); platelet-rich fibrin (PRF); platelet-rich plasma 
(PRP); randomized controlled trial (RCT); regenerative endodontic procedures (REPs); silk fibroin methacrylate (SilkMA); stem cells from apical papilla 

(SCAPs); stem cells from human exfoliated deciduous teeth (SHEDs); treated dentin matrix (TDM); tricalcium phosphate (TCP); Wharton’s jelly mesenchymal 

stem cells (WJMSCs) 

 

chanical weakness, variable degradation, and potential 

immunologic concerns may limit performance. Synthet-

ic polymers provide greater structural tunability and sta-

bility, although they often require biofunctionalization 

to improve cellular interactions and regenerative poten-

tial. 

Composite scaffolds that integrate natural and syn-

thetic components may offer complementary ad-

vantages; however, their clinical superiority has not yet 

been confirmed by robust comparative evidence. REPs 

represent a conservative, biologically based alternative 

to apexification in immature necrotic teeth, but broader 

clinical adoption requires stronger evidence, clearer 

patient selection criteria, standardized protocols, and 

long-term outcome assessment. 

Therefore, scaffold selection should be guided by 

tooth maturity, apical morphology, patient-related fac-

tors, scaffold availability, and the current level of sup-

porting evidence. Future research should prioritize well-

designed clinical studies, standardized outcome 

measures, and long-term validation to determine which 

scaffold strategies can be reliably translated into routine 

endodontic practice.  
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