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A B S T R A C T   

Microorganisms, physical factors such as temperature or mechanical injury, and chemical factors such as free 
monomers from composite resin are the main causes of dental pulp diseases. Current clinical treatment methods 
for pulp diseases include the root canal therapy, vital pulp therapy and regenerative endodontic therapy. 
Regenerative endodontic therapy serves the purpose of inducing the regeneration of new functional pulp tissues 
through autologous revascularization or pulp tissue engineering. This article first discusses the current clinical 
methods and reviews strategies as well as the research outcomes regarding the pulp regeneration. Then the in 
vivo models, the prospects and challenges for regenerative endodontic therapy were further discussed.   

1. Introduction 

The dental pulp is located in the central portion of a tooth and is 
surrounded by dentin. It consists of nerve fibers, blood vessels, fibrous 
connective tissue, and plays a crucial role in oral health. The dental pulp 
contains nerve fibers that allow teeth to perceive various external 
stimuli such as temperature and mechanical injuries, thus protecting the 
pulp from being further affected. The vascular system within the dental 
pulp provides oxygen and nutrients, contributing to the maintenance of 
the health of tooth structures like enamel and dentin. Immune cells, such 
as macrophages, dendritic cells, and lymphocytes, within the dental 
pulp have a dual role in either promoting or delaying pulp repair and 
regeneration while also enhancing the tooth’s resistance to infection [1]. 
Additionally, odontoblasts within the dental pulp can promote 
self-repair of dentin in response to tooth stimulation, forming reparative 
dentin to protect the dental pulp. Moreover, undifferentiated mesen-
chymal cells within the dental pulp can serve as a reservoir of cells, 
differentiating into fibroblasts, odontoblasts, macrophages, and more 
when stimulated. 

Currently, standard clinical approaches for managing pulp diseases 
generally include root canal treatment and vital pulp therapy (Fig. 1). If 

a deep caries on the tooth crown is not treated in time, the bacteria 
inside the caries would progress into the dental pulp, causing pulp 
infection and inflammation. Similarly, a fracture on the tooth crown can 
also directly expose the dental pulp, inducing subsequent pulp infection. 
When teeth experience severe bacterial infection, trauma, or chronic 
pulpitis that render the dental pulp irreparable, root canal therapy can 
be employed to eliminate the infection, alleviate pain, and restore tooth 
function. Root canal therapy involves several steps, including root canal 
instrumentation, irrigation, disinfection, and tightly sealing with filling 
and sealant materials. Despite the widespread clinical use of root canal 
therapy, there are still some limitations. Due to the complexity of the 
root canal system, some canals may be missed, leading to incomplete 
bacterial clearance and an increased risk of infection recurrence, 
necessitating retreatment. Additionally, root canal therapy can render 
the tooth brittle due to the loss of pulp’s blood supply, increasing the risk 
of tooth fracture and necessitating either extraction or restorative 
treatment. When teeth are mildly to moderately damaged, vital pulp 
therapy is often employed to preserve the dental pulp’s health. Vital 
pulp therapy includes pulp capping and pulpotomy, which depends on 
the infection degree of pulp tissues [2]. When the infection hasn’t 
affected the pulp, the pulp capping can be used to protect the pulp from 
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further infection. If the pulp tissue is partly affected, pulpotomy would 
be considered to remove the affected tissue and preserve the healthy 
pulp. It can also be used in cases of dental trauma or chronic pulpitis 
where the pulp has mild inflammation without severe infection. 
Furthermore, this kind of therapy can be utilized when primary teeth 
exhibit mild pulp inflammation due to caries or trauma. However, for 
teeth with severe pulp infection, vital pulp therapy may not be sufficient 
to preserve the natural pulp, and root canal therapy is still required. 
After vital pulp therapy, as a portion of the pulp’s blood supply is lost, 
the tooth may still become brittle, necessitating follow-up restorative 
treatment to protect it from further damage. Regular dental check-ups 
are necessary for post-treatment teeth to promptly address potential 
reinfection or other issues. 

Recently, dental pulp engineering and regenerative medicine have 
garnered significant attention, leading to extensive research into various 
novel strategies for better pulp regeneration. In general, dental pulp 
regeneration includes two main approaches, i.e. pulp revascularization 
and pulp engineering. The primary goal of dental pulp revascularization 
is to induce vascularized pulp regeneration through using autologous 
blood or blood components to preserve the natural structure and func-
tion of the tooth. The success of the treatment may vary depending on 
individual circumstances and treatment techniques. The main objective 
and strategy for dental pulp engineering based on exogenous cell 
transplantation involves placing stem cells, scaffold materials, and 
growth factors into prepared root canals to generate new and functional 
dental pulp-dentine complex. Numerous in vitro and in vivo studies have 
shown that these techniques can regenerate dental pulp-like tissues with 
characteristics of nerves, blood vessels, and dentin-forming cells[3]. 
Dental pulp regeneration technology holds promise as an alternative to 
traditional root canal treatment, enabling the regeneration of functional 
dental pulp for better restoration of damaged teeth functionality. 
Compared to conventional root canal treatment, pulp regeneration can 
more effectively promote the natural repair process of teeth. By inducing 
the growth of new pulp tissue, it preserves the natural structure and 
morphology of the teeth, providing long-lasting normal tooth function. 
It may also reduce the likelihood of root fracture or root canal 
re-infection associated with the root canal treatment [4,5]. However, 
there are still challenges related to the stem cell-based pulp regenera-
tion, such as complexity of clinical procedures, the cell sourcing, graft 
rejection, ethics issues, and potential treatment complications [6]. To 
avoid these issues, cell-free therapies, such as utilizing extracellular 
vesicles, decellularized extracellular matrices, and gene therapy strate-
gies, are being investigated. 

In this review, we tried to discuss the current treatment methods for 
pulp diseases and provide a comprehensive review of present strategies 
and recent advances in pulp regeneration, with a particular emphasis on 
functional pulp regeneration. Moreover, the obstacles and challenges in 
future research and clinical applications are also discussed. 

2. Strategies for regenerative endodontics 

2.1. Cell homing-based pulp revascularization 

Pulp revascularization relies on the vitality of residual tissues within 
the root canal and periapical region to facilitate pulp regeneration and 
restore the function of the pulp-dentin complex. Treatment should 
involve thorough and effective disinfection while preserving the soft 
tissue as much as possible. This process induces bleeding in periapical 
tissues to form a regenerative scaffold primarily composed of blood clots 
and provides growth factors. Finally, the procedure concludes with a 
tight coronal seal [7]. Murray et al. compared the clinical efficacy of 
platelet-rich plasma (PRP), platelet-rich fibrin (PRF), and blood clot 
revascularization (BC) in the regeneration of immature permanent teeth. 
The results indicated that PRP and PRF were more successful in 
achieving apical closure, while all three methods showed similar out-
comes in root lengthening, the periapical lesion healing and root canal 
wall thickening [8]. 

Pulp revascularization technique is now a relatively mature dental 
pulp regeneration treatment which has been applied in clinical practice 
as a cell homing procedure [9]. Recently, cell homing has demonstrated 
that dental pulp regeneration is possible. Its process contains that 
growth factors, chemotactic factors, and other signaling molecules 
loaded onto a scaffold to guide autologous stem cells to the damaged 
dental pulp area, promoting autologous stem cell proliferation and dif-
ferentiation, helping the regeneration of dental pulp tissue [10]. Re-
searchers are continually improving scaffold materials to enhance their 
biocompatibility, degradability, and ability to support the development 
of new pulp tissue. Terranova et al. [11] designed a composite mem-
brane with a 3D conical scaffold made of nanofibers and tannic acid 
microparticles, coated with gelatin. This scaffold was intended to sup-
port the migration and colonization of DPSCs within the root canal. The 
study demonstrated the scaffold’s biocompatibility and its potential for 
facilitating DPSCs migration and proliferation. The newly developed 
PRF-loaded methacrylated chitosan/methacrylated collagen hydrogel 
(ChitMA/ColMA) met essential criteria such as injectability, cyto-
compatibility, and bioactivity for promoting odontogenic differentia-
tion. These qualities made it a promising scaffold for cell-homing 
approach in pulp-dentin complex regeneration [12]. An increasing 
amount of research is dedicated to gaining a better understanding of the 
role of growth factors in the cell homing process and exploring ways to 
optimize the types and delivery methods of these factors to more 
effectively promote dental pulp tissue regeneration. Recent study 
introduced a novel injectable alkaline hydrogel that activated endoge-
nous TGFβ1 under alkaline conditions to facilitate in situ tissue regen-
eration. This hydrogel promoted the migration of bone marrow stem 
cells, facilitating the regeneration of complex tissues without the need 
for cell transplantation or exogenous growth factor delivery [13]. The 
latest research findings indicated that concentrated growth factor (CGF) 
exhibited a complex three-dimensional structure and contained key 
growth factors like Platelet-Derived Growth Factor-BB (PDGF-BB), 
Insulin-like Growth Factor 1(IGF-1), Transforming Growth Factor-β1 
(TGF-β1), basic Fibrobast Growth Factor (bFGF), and Vascular Endo-
thelial Growth Factor (VEGF). Concentrated growth factor significantly 
enhanced cell growth, migration, mineralization, and could be a 
promising biomaterial applied in regenerative endodontics [14]. One 
prospective randomized trial compared different regenerative end-
odontic procedures (REPs) using platelet concentrates as scaffolds for 
immature necrotic incisors in children. The study found that 
platelet-rich plasma (PRP), platelet-rich fibrin (PRF), and platelet pellet 
(PP) yielded similar positive responses to sensitivity tests and apical 
closure rates to the induced blood clot (BC) [15]. The study also 
observed that PRP, PRF, and PP had a lower tendency for root canal 
obliteration compared to BC. Overall, these platelet concentrate-based 
REPs showed promise for successful treatment in young patients. 
Furthermore, a randomized clinical trial investigated the treatment 

Fig. 1. Current non-surgical clinical approaches for pulp diseases.  
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outcomes of a cell homing-based regeneration approach compared to 
traditional root canal treatment for mature teeth with periapical lesions 
[16]. Although there was no significant difference between the two 
methods, REPs showed a slightly higher success rate. This was evident in 
higher positive responses in pulp vitality tests, reduced periapical 
shadow size, and lower residual bacterial presence, among other factors. 

Complications in cell homing include root canal calcification and 
obliteration, which can affect the success of subsequent treatments [17]. 
Crown discoloration is another common complication observed in 
regenerative cases and may be related to induced bleeding or the use of 
chemical agents, such as Triple Antibiotic Ointment or Mineral Trioxide 
Aggregate in the procedure [18]. Balancing tissue growth with scaffold 
and signaling molecules can help mitigate these issues in the future. 
Maintaining an aseptic environment is crucial in regenerative end-
odontic procedures, but it can be challenging to balance bacterial 
elimination, while preserving living cells [19]. Residual bacteria can 
hinder pulp tissue regeneration, and the microbial complexity of oral 
environment poses challenges. Appropriate materials should be 
designed to inhibit bacterial growth and promote tissue regeneration. 
Recent researches predominantly concentrate on immature teeth under 
specific conditions, while studies on mature teeth is lacking [20]. So, the 
need for further investigation and broader clinical applicability are 
necessary. 

2.2. Pulp tissue engineering 

2.2.1. Cells 

2.2.1.1. Dental pulp stem cells (DPSCs). Gronthos et al. first isolated 
DPSCs from adult human dental pulp (Fig. 2A) [21]. DPSCs are found to 
generate tissue resembling dental pulp, surrounding it with 
odontoblast-like cells and a dentin-like structure in vivo. DPSCs have 
self-renewal capability, multi-lineage differentiation potential, and 
clonogenic efficiency [22]. Classical MSC makers have been identified in 
DPSCs, such as CD105, CD73, CD90 [23]. They are further marked by 
neurovascular-associated makers, such as CD31, p75, Snail-1 and -2, and 
SOX-1 [24,25]. Moreover various subpopulations of DPSCs may have 
diverse and complementary functions in facilitating repair and 

regeneration within the dental pulp. Ishizaka et al. [26] transplanted 
dental pulp CD31(− ) side population (SP) cells with tooth root subcu-
taneously into SCID mice and found that CD31− SP cells expressed 
higher levels of angiogenic and neurotrophic factors such as RECA1 and 
PGP9.5, displayed enhanced migration activity, and produced neurite 
outgrowth, making them a promising choice for cell therapy and 
regenerative applications. Additionally, the combination of DPSCs with 
growth factors enhances tissue regeneration more effectively. A study 
isolated highly angiogenic, neurogenic, and regenerative modified 
DPSCs (MDPSCs) subpopulation using granulocyte-colony stimulating 
factor (G-CSF). In vivo experiments have demonstrated that MDPSCs 
could promote the formation of blood vessels and dental pulp tissue 
[27]. The formation of regenerative dentin is crucial in the process of 
dental pulp regeneration. A pilot clinical study transplanted MDPSCs 
with G-CSF into teeth with irreversible pulpitis. Through electric pulp 
test and magnetic resonance imaging, the regenerated pulp exhibited 
good function and structure. At the same time, cone beam computed 
tomography (CBCT) demonstrated the formation of functional dentin 
[28]. These studies suggested that human MDPSCs hold promise for 
complete pulp regeneration in humans. In addition, DPSCs are consid-
ered more suitable for dental tissue regeneration and neurodegenerative 
disease applications [29]. 

2.2.1.2. Stem cells from human exfoliated deciduous teeth (SHEDs). 
SHEDs are extracted from the pulp of human deciduous primary teeth 
(Fig. 2A). Miura et al. [30] first discovered SHEDs and found that they 
were highly proliferative and capable of differentiating into various cell 
types, including neural cells, adipocytes, and odontoblasts [31]. Both 
SHED and DPSCs share a phenotypic profile of MSCs and express mul-
tiple conventional MSC markers, like CD44, CD73, CD90, CD166 [32]. 
In dentistry, when SHEDs are injected with Puramatrix™ or rhCollagen 
type I into human root canals and subsequently implanted into immu-
nodeficient mice, SHEDs developed pulp-like tissues with functional 
odontoblasts capable of producing new dentin within the root canals 
[33]. This suggests that SHEDs, combined with appropriate scaffolds, 
have the potential to promote pulp-like tissue regeneration and root 
formation. Likewise, exosomes derived from SHED aggregates (SA-Exo), 
promoted angiogenesis for dental pulp regeneration in vivo [31], and in 

Fig. 2. Cells used for pulp regeneration.  
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vitro experiments demonstrated that it enhanced SHEDs endothelial 
differentiation and angiogenic abilities by regulating the 
TGF-β/SMAD2/3 signaling pathway. In addition, Xuan et al. [34] 
implanted autologous pulp stem cells from exfoliated deciduous teeth 
into necrotic immature permanent teeth and successfully regenerated 
dental pulp. In a clinical trial, implanting SHEDs led to the regeneration 
of three-dimensional pulp tissue with improved root length and reduced 
apical foramen width compared to traditional treatment methods. 
Importantly, SHEDs implantation was found to be safe during a 
24-month follow-up period, suggesting its potential for effectively 
treating tooth injuries resulting from trauma. 

2.2.1.3. Stem cells from the apical papilla (SCAPs). Sonoyama et al. [35] 
introduced a novel type of stem cells called Stem Cells from Apical 
Papilla isolated from the root apical papilla of human teeth (Fig. 2A). 
SCAPs express several surface markers including STRO-1, CD24, CD29, 
CD73, CD90, CD105, CD106, CD146, CD166. Notably, CD24 is identi-
fied as a specific marker for SCAPs. Additionally, SCAPs express a wide 
variety of neurogenic markers such as nestin, βIII tubulin, GAD and 
NeuN [36]. SCAPs display higher proliferation and mineralization po-
tential comparing to DPSCs [37]. A recent study aimed to investigate the 
impact of VEGF and Nerve Growth Factor (NGF) on SCAPs during 
regenerative endodontic procedures. The results showed that VEGF and 
NGF significantly increased the expression levels of genes related to 
dentin and neural development in SCAPs, especially when SCAP were 
exposed to bacterial lipopolysaccharides. These findings suggested that 
NGF and VEGF have the potential to enhance dental pulp regeneration, 
particularly in bacterial environments [38]. Sequeira et al. [39] com-
bined SCAPs with a platelet-rich plasma and implanted them into root 
segments with and without biomaterials. Results showed that when 
transplanted together with SCAPs, bioactive cements demonstrated 
excellent biocompatibility and facilitated the formation of the 
dentin-pulp complex and dentin bridges. Furthermore, the presence of 
these materials even promoted greater deposition of mineralized tissue. 
It suggested that SCAPs and these bioactive materials were promising for 
dental tissue regeneration. 

2.2.1.4. Bone marrow mesenchymal stem cells (BMMSCs). Friedenstein 
et al. [40] first identified BMMSCs with fibroblast-like characteristics 
(Fig. 2A). These cells have the ability to differentiate into various tissues, 
including bone, cartilage, adipose tissue, tendon, and muscle. BMMSCs 
are characterized by positive markers including Stro-1, CD271, CD73, 
CD105 and CD90. Conversely, they do not express hematopoietic and 
endothelial markers such as CD31, CD34, and CD45 [41]. BMMSCs can 
differentiate into various cell types when cultured under specific con-
ditions in vitro. These include osteogenic, chondrogenic, adipogenic and 
neurogenic lineages [42]. Recent study investigated the combination of 
rat bone marrow mesenchymal stem cells (rBMSCs) and a bioceramic 
material for pulp-like tissue formation. Rat incisor root fragments filled 
with rBMSCs and covered with iRoot BP were implanted subcutaneously 
for 3 months. The results showed increased blood vessel formation and 
the development of vascularized pulp-like tissues [43]. BMMSCs hold 
potential for enhancing pulp revascularization in dental treatments. 

2.2.1.5. Adipose-derived stem cells (ADSCs). Zuk et al. [44] discovered a 
population of stem cells called processed lipoaspirate (PLA) cells, iso-
lated from human adipose tissue. These PLA cells exhibit characteristics 
of mesodermal or mesenchymal origin. Additionally, they have the po-
tential to differentiate into adipogenic, chondrogenic, myogenic, and 
osteogenic cells, suggesting their potential as an alternative source of 
multipotent stem cells to tissue regeneration (Fig. 2B). ADSCs identify 
several expressed proteins, including CD34, CD44, CD106, CD146, and 
CD166, but not STRO-1 [45]. A comparison between ADSCs and DPSCs 
demonstrated that both types of stem cells were successfully used to 
grow tooth-like structures in adult rabbits, with similar gene expression 

patterns and differentiation potentials. While ADSCs exhibited increased 
proliferation rates and demonstrated superior resistance to cellular 
aging, indicating their usefulness as an alternative cell source for 
regenerative dentistry [46]. Another study compared BMMSCs and 
ADSCs for dental pulp regeneration. The transplantation of ADSCs 
resulted in a larger amount of pulp-like tissue than BMMSCs trans-
plantation. Additionally, ADSCs transplantation increased the area of 
matrix formation. This revealed that ADSCs exhibited regenerative po-
tential, while BMMSCs showed inferior effectiveness [47]. 

2.2.1.6. Induced pluripotent stem cells (iPSCs). Takahashi et al. [48]first 
found induced pluripotent stem cells, which exhibit similar character-
istics to embryonic stem cells and have the potential to differentiate into 
tissues from all three germ layers (Fig. 2C). By harnessing the versatile 
differentiation potential of iPSCs, their co-cultivation with the Hertwig’s 
epithelial root sheath/epithelial rests of Malassez (HERS/ERM) cell line 
instigated epithelial differentiation through cellular interactions. Dental 
epithelial-like stem cell lines derived from iPSCs (EPI-iPSCs) were suc-
cessfully established. Subsequent experiments indicated that these 
EPI-iPSCs could enhance odontogenic gene expression and promote 
mineralized nodule formation [49]. Recent study aimed to utilize cranial 
neural crest-like cells (CNCLCs) derived from iPSCs to replicate the 
characteristics of dental pulp tissue [50]. In a mouse model, CNCLCs 
combined with self-assembling peptide hydrogel successfully replicated 
the features of dental pulp tissue [51]. Therefore, there is an increasing 
need for more research focused on iPSCs to investigate their pluri-
potential differentiation potential for application in the field of dental 
pulp regeneration. 

2.2.2. Scaffolds 

2.2.2.1. Scaffold materials 
2.2.2.1.1. Natural materials. Collagen is a versatile protein that 

serves as both the structural component of human and animal connec-
tive tissues and the primary constituent of the extracellular matrix. This 
biomaterial is often times used for tissue engineering and drug delivery 
system in dentistry [52–55]. Collagen can be easily combined with other 
biomaterials and is a polymer of interest for pulp tissue regeneration. 
Thant et al. [56] invented a biomaterial scaffold called AceCol, con-
sisting of acemannan and native collagen, demonstrated improved 
physical and biological properties compared to collagen alone, making it 
a promising material for tissue regeneration. 

Chitosan is a natural biopolymer derived from the shells of crusta-
ceans such as shrimp and crabs. Chitosan supports cell adhesion, pro-
liferation, and differentiation, making it suitable for promoting tissue 
regeneration. The researchers synthesized a novel calcium phosphate 
cement-chitosan composite scaffold incorporating metformin, which 
promoted the proliferation and odontogenic differentiation of DPSCs. 
This was evidenced by elevated expression of dentinogenic markers, 
robust mineral deposition, and increased alkaline phosphatase activity 
[57]. A study designed versatile PVA/Chitosan nanofibers with cipro-
floxacin and IDR-1002, demonstrating potent anti-biofilm activity 
against various bacteria, such as Enterococcus faecalis and Staphylococcus 
aureus, and anti-inflammatory properties. In vivo, tooth fragments filled 
with these nanofibers promoted pulp-like tissue formation, showcasing 
their potential as strong candidates for antimicrobial, immunomodula-
tory, and regenerative approaches in dental pulp revascularization and 
regeneration procedures [58]. 

Silk is a natural protein fiber produced by silkworms, spiders, and 
some other insects. Silk fibroin (SF) is exceptionally biocompatible, 
facilitating cell attachment and growth. SF has been widely used in the 
field of tissue engineering [59]. A scaffold using ultrasmall super-
paramagnetic iron oxide (USPIO) - labeled hydroxyapatite (HA) and SF, 
loaded with DPSCs for regeneration was created [60]. It showed sta-
bility, low cytotoxicity, and effectively promoted dental pulp tissue 
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repair in mice, as seen through MRI imaging and histological analysis. 
Gelatin offers excellent biocompatibility, providing the necessary 

support for cell growth and adhesion. Gelatin scaffolds can be fabricated 
into three-dimensional structures with micro and macroscopic features, 
mimicking various tissue and organ architectures [61] and also serve as 
the foundation for drug delivery systems [62]. In dentistry, researchers 
synthesized gelatin/fibrin scaffolds, the hybrid scaffold exhibited 
enhanced physicochemical and biological properties compared to scaf-
folds made from either material alone. It promoted the migration, pro-
liferation, and odontogenic differentiation of DPSCs [63]. Overall, 
gelatin holds great promise in tissue engineering due to its versatility, 
biocompatibility, and degradability, making it a powerful tool for pro-
moting tissue regeneration and repair. 

Alginate is a natural polysaccharide primarily extracted from brown 
algae. It can serve as a carrier in drug delivery systems to control drug 
release rates [64]or be fabricated into various scaffold shapes for tissue 
engineering applications, mimicking specific tissue structures and 
providing a platform for cell attachment and growth [65]. Alginate gels 
are commonly used as bioink in bioprinting technology to precisely print 
scaffolds, enabling the construction of specific tissue structures. Scien-
tists have developed a kind of bioink for 3D printing using a mixture of 
alginate and dentin proteins. This bioink were easy to support cell sur-
vival, enhance differentiation of SCAPs, and were essential for effec-
tively engineering the complex structure of the pulp dentin [66]. 
Alginate is a crucial material in advancing research and applications in 
the fields of tissue engineering and regenerative medicine. 

Hyaluronic acid (HA) is a naturally polysaccharide in the body, as a 
major component of the extracellular matrix, playing a vital role in 
regulating tissue injury and repair. Researchers developed injectable HA 
hydrogels. In vitro study suggested that the hydrogels facilitated odon-
toblastic differentiation of DPSCs by releasing Td and promoted vascu-
larization through Rg1 release [67]. Similarly, Silva et al. developed an 
injectable hydrogel composed of Hyaluronic acid/cellulose nano-
crystals/platelet lysate (HA/CNC/PL) with improved properties for tis-
sue engineering [68]. HA scaffolds interact with other biomolecules or 
materials could enhance the physicochemical and biological properties. 
Simultaneously, as a reservoir for growth factors, they enable signaling 
molecules to promote stem cell migration, proliferation, and 
differentiation. 

Platelet concentrates, including platelet-rich-plasma(PRP), platelet- 
rich-fibrin(PRF), and concentrated growth factor (CGF), are extracted 
from whole blood through centrifugation. They contain a fibrin matrix, 
essential cytokines and growth factors, with applications in dental and 
regenerative medicine [69,70]. Xu et al. co-cultured DPSCs with an 
increasing concentration of PRP, leading to increased cell migration, 
proliferation, and osteogenic differentiation. Furthermore, it was 
observed that this enhancement was due to autophagy (Autophagy is a 

complex process of intracellular degradation of senescent or malfunc-
tioning organelles [71]) [72]. Interestingly, a study compared the 
regenerative effects of PRF and PRP on DPSCs. Liquid PRF demonstrated 
superior regenerative potential, especially in an inflammatory envi-
ronment [73]. CGF was also found to enhance cell proliferation, 
migration, and promote dentinogenesis and angiogenesis processes, 
making it a potential growth factor-loaded scaffold for dentin-pulp 
complex healing [74]. 

Decellularized extracellular matrix (dECM) scaffolds have garnered 
interest in tissue engineering due to their biocompatibility and bioac-
tivity. These scaffolds, created by removing immunogenic cellular 
components from human or animal tissues, leave the extracellular ma-
trix framework intact. Decellularization preserves the dECM’s physico-
chemical properties and biological functionality, making it a suitable 3D 
substrate for cell seeding and implantation in patients, facilitating tissue 
regeneration and organ restoration [75,76]. In regenerative medicine, 
Alqahtani et al. successfully introduced porcine dental pulp-derived 
ECM into a dog root canal model, which demonstrated that the decel-
lularized ECM facilitated the expression of DSP and CD31 [77]. Analo-
gously, a study observed organized dentin and enamel-like tissues in 
recell-decellularized tooth buds and natural tooth bud implants, 
providing a potential for bioengineering of whole teeth [78]. In addition 
to acellular matrices, hydrogels derived from dECM can also find ap-
plications in regenerative engineering. Researchers created hydrogel 
scaffolds from bone extracellular matrix (bECM) and found that 
bECM-derived hydrogel scaffolds significantly enhanced odontogenic 
gene expression and mineral deposition of DPSCs, highlighting their 
potential for stimulating odontogenic differentiation [79]. 

The advantages and disadvantages of natural materials as well as 
their application forms for dental pulp regeneration are summarized in 
Table 1. 

2.2.2.1.2. Synthetic materials. Poly (α-hydroxy ester)-based scaf-
folds have broad applications in the field of pulp-dentine complex 
regeneration. Polyglycolic acid (PGA) is a highly biodegradable polymer 
with good mechanical properties, making it suitable for scaffold fabri-
cation. Polylactic acid (PLA) is also biodegradable and has tunable 
degradation rates, allowing for controlled release of bioactive mole-
cules. Poly lactic-co-glycolic acid (PLGA), a copolymer of PLA and PGA, 
combines the properties of both polymers and provides enhanced me-
chanical strength and degradation control [70]. A study created 
PGA-melanocortin peptides (PGA-α-MSH) and revealed that it had a 
significant impact on human pulp fibroblasts, influencing their activa-
tion and adhesion. When integrated into multilayered films, PGA-α-MSH 
enhanced cell adhesion and proliferation, suggesting its potential as a 
biomaterial for endodontic regeneration [80]. Similarly, researchers 
have created an innovative fibrin hydrogel incorporating clindamycin 
loaded PLA-nanoparticles(CLIN-PLA-NPs), which exhibited both 

Table 1 
Natural materials used for dental pulp regeneration.  

Materials Advantages Disadvantages Application forms 

Collagen Biocompatibility, Biodegradability, Hydrophilicity, Gel-forming 
Ability 

Weak mechanical strength, Potential toxicity of 
crosslinking techniques 

Nanofiber scaffolds, Hydrogels, 
Micro-nanoparticle 

Chitosan Bioactivity, Biocompatibility, Biodegradability, Adsorption 
capability, Antimicrobial activity, Anti-inflammatory property 

High cost, Low storage stability Nanofiber scaffolds, Hydrogels, 
Sponge, Micro-nanosphere 

Silk fibroin Biocompatibility, Biodegradability, Drug delivery, High strength 
and flexibility 

Sensitivity to denaturation, Solubility constraints Nanofiber scaffolds, Sponge, 
Hydrogel 

Gelatin Biocompatibility, Biodegradability, Gelling ability, High 
stability 

Limited mechanical properties, Thermal sensitivity Nanofiber scaffolds, Hydrogels, 
Sponge, Micro-nanosphere 

Alginate Biocompatibility, Biodegradability, Gel formation, Water 
retention, Bioprinting 

Limited mechanical strength, Limited stability, Rigidity, 
Water sensitivity, Limited temperature tolerance 

Nanofiber scaffolds, Hydrogels, 
Sponge, Micro-nanosphere 

HA Biocompatibility, Biodegradability, Gel formation, Moisture 
retention 

Mechanical performance limitations, High cost Nanofiber scaffolds, Sponge, 
Hydrogel, Micro-nanosphere 

Platelet 
concentrate 

Low immune reactivity, Rich growth factors, Reduced infection 
risk 

Case limitation, Challenges in preparation and Storage, 
High cost 

Nanofiber scaffolds, Hydrogels, 
Liquid 

dECM Biocompatibility, Structural stability, Biodegradability, Reduced 
infection risk, Customizability 

Immunogenicity, Limited mechanical strength, High 
cost, Ethical concerns 

Sheets, Customized Forms, 3D 
scaffold, Fiber or tube form  
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antibacterial properties and biocompatibility, demonstrating significant 
potential in dental pulp regeneration [81]. To achieve complex tooth 
root regeneration, Chen et al. [82] combined aligned PLGA/Gelatin 
electrospun sheet (APES) and dental pulp extracellular matrix (DPEM) 
with treated dentin matrix (TDM) respectively as scaffolds, simulating 
the extracellular matrix microenvironments of periodontium and dental 
pulp-dentin complex. In vitro studies demonstrated that APES/TDM 
promoted the odontogenic differentiation of DFSCs. Moreover, suc-
cessful regeneration of periodontium and dental pulp-dentin complex 
was achieved in a miniature pig model. Polycaprolactone (PCL) is 
another commonly used biodegradable material in tissue engineering 
with wide ranging applications. Seonwoo et al. [83]created reduced 
graphene oxide-PCL-electrospun nanofibers (RGO-PCL NFs),which 
could be a useful tool for DPSC neurogenesis in neurodegenerative and 
neurodefective diseases. Analogously a tubular scaffold based on PCL 
was prepared through electrospinning technology, significantly 
enhancing the migration and proliferation of SCAPs when combined 
with fibronectin (FN) or collagen hydrogel alone or together. Addi-
tionally, it upregulated the expression of genes related to pulp regen-
eration [84]. In addition, polyethylene glycol (PEG) has been widely 
used in biology because of its non-immunogenic, non-toxic, biodegrad-
able, and highly hydrophilic properties [85]. Han et al. engineered an 
injectable PLGA/PEG hydrogel, which, through controlled release of 
VEGF and DPSCs-exo, promptly triggered angiogenesis and maintained 
osteogenesis, closely resembling the natural bone formation process. 
Both in vitro and in vivo experiments demonstrated that this material 
promoted cellular vasculature and osteogenic differentiation, facili-
tating bone formation in a calvarial defect model [86]. PEG materials 
also can be used as a delivery system. For instance, Ghandforoushan 
et al. created a composite scaffold by embedding TGF-β1-containing 
nanoparticles within PEG and PLGA, it regulated DPSCs adhesion, pro-
liferation, and differentiation, ultimately promoting their chondrogenic 
differentiation [87].Therefore, the use of these polymeric materials may 
be considered an interesting strategy for regenerative pulp therapy. 

GelMA is derived from gelatin and modified by adding methacryloyl 
groups. This modification allows GelMA to form a gel-like material when 
exposed to ultraviolet light and a photoinitiator, making it useful for 3D 
bioprinting and creating 3D scaffolds for cell growth and tissue regen-
eration. GelMA’s unique combination of bioactivity and tunable prop-
erties makes it a well type for engineering tissue [88]. An increasing 
number of studies have been focused on GelMA hydrogels. Researchers 
created an innovative GelMA/Platelet lysate/Laponite hydrogel micro-
sphere system for endodontic regeneration [89]. This material exhibited 
excellent physicochemical properties and biocompatibility. It could 
keep releasing multiple growth factors effectively, thereby promoting 
both angiogenesis and the regeneration of pulp-like tissue. It points the 
way for functional dental pulp tissue regeneration. 

Self-assembling peptides are short chains of amino acids that have 
the remarkable ability to spontaneously form into well-defined nano-
scale structures or supramolecular assemblies. These peptides can 
assemble into various shapes, such as fibers, nanotubes, or spherical 
micelles, depending on their sequence and environmental conditions 
[90,91].Self-assembling peptides can be used to create 
three-dimensional scaffolds or matrices that provide a 
three-dimensional environment for cell growth, facilitating cell adhe-
sion, proliferation, and differentiation in tissue engineering. A study 
developed a self-assembling peptide biomimetic hydrogel that 
mimicked the extracellular matrix. This hydrogel contained Arg-Gly-Asp 
peptides (RGD) and Vascular Endothelial Growth Factor (VEGF)-mi-
metic peptide epitopes, providing a 3D microenvironment for the pro-
liferation and differentiation of DPSCs. In vivo experiments also 
demonstrated the promotion of dentin-pulp complex regeneration by 
the 3D self-assembling peptide scaffold [92]. 

Combining two or more materials to overcome the limitations of 
single scaffold materials is a new direction in scaffold materials devel-
opment. Examples include calcium phosphate composite scaffolds, 

Table 2 
Important synthetic materials for pulp regeneration.  

Synthetic 
materials 

Scaffold Functions reported References 

PGA DGLG4-PGA- 
α-MSH 

Through coupling with PGA, 
α-MSH effectively suppressed 
inflammation and formed 
DGLG4-PGA-α-MSH 
nanocomposite structures, 
efficiently fostering pulp-like 
tissue regeneration. 

[99] 

Self- 
assembled 
peptide 

RAD/Dentonin 
hydrogel 

RAD/Dentonin promoted the 
proliferation, migration, 
odontogenic differentiation, 
and mineralization deposition 
of DPSCs. 

[100] 

PLGA PLGA/DEX-CD- 
IC 

The PLGA/DEX-CD-IC 
electrospun fiber scaffold 
enabled sustained release of 
dexamethasone, promoting the 
migration, proliferation, and 
odontogenic differentiation of 
SHEDs. 

[101] 

PLGA PLGA 
microsphere 

Surface-modified PLGA 
microspheres enhanced DPSCs 
attachment, stimulated 
odontogenic activity, and 
supported the formation of 3D 
structures. 

[102] 

Composite 
scaffold 

PCL/smBG 
hybrid 
composites 

The PCL/smBG hybrid 
composite enhanced 
proliferation of DPSCs and 
promoted odontogenic 
differentiation and 
mineralization compared to 
pure bioactive glass and PCL 
scaffolds. 

[103] 

PCL Fibronectin-PCL Fibronectin -loaded aligned 
PCL nanofiber scaffolds could 
promote the migration, 
proliferation, and odontogenic 
differentiation of SCAPs, which 
was dependent on the 
orientation of the fibers and the 
concentration of fibronectin. 

[104] 

GelMA GelMA 
microsphere 

GelMA microspheres loaded 
with DPSCs could promote 
vascular and neural 
regeneration within the entire 
dental pulp, as well as the 
regeneration of dentin-like 
structures, offering the 
potential to become a novel 
material for functional whole 
pulp regeneration 

[105] 

Composite 
scaffold 

SrCuSi4O10/ 
GelMA hydrogel 

The SrCuSi4O10/GelMA 
composite hydrogel effectively 
eliminated oral bacteria, 
inhibited biofilm formation, 
and enhances dentine-pulp 
complex repair. 

[106] 

Composite 
scaffold 

GelMA/PLGA 
microspheres 

GelMA/PLGA composite 
microspheres loaded with 
simvastatin formed cryogel 
microspheres. Through 
sustained release of 
simvastatin, it facilitated the 
migration, proliferation, and 
differentiation of SHEDs, 
successfully achieving the 
regeneration of vascularity- 
enriched dental pulp-like 
tissue. 

[107] 

GelMA GelMA 
microspheres 

GelMA microspheres loaded 
with DPSCs demonstrated 
robust adhesion, proliferation, 
and secretion of extracellular 

[108] 

(continued on next page) 
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bioactive and antibacterial composites, natural-natural scaffolds, 
natural-synthetic scaffolds and so on [93–98]. These composites can 
enhance cell adhesion and tissue/cell-cell interaction, thereby promot-
ing cell proliferation, differentiation, and tissue regeneration. 

Table 2 illustrates important synthetic materials used as the scaffold 
material and their functions for dental pulp regeneration. 

2.2.2.2. The structure of scaffolds. Scaffolds play a crucial role in tissue 
engineering. They enable the precise arrangement and layering of bio-
logical materials such as cells, growth factors, and scaffolds to create 
complex tissue structures. They are designed with excellent biocom-
patibility to ensure the cell attachment, growth, and differentiation on 
their surfaces. They can also be used as drug carriers, allowing the 
loading of growth factors, chemicals, or bioactive molecules and 
controlled release into the surrounding tissues [113], thereby promoting 
dental pulp regeneration. Customized scaffolds or implants can also be 
manufactured according to specific needs and anatomical structures. 
While scaffold materials possess many beneficial characteristics, they 
also come with certain limitations and challenges, such as the 
complexity of fabrication, size constraints that limit their ability to 
provide sufficient three-dimensional space in certain applications, and 
material stability issues. These factors need to be carefully assessed and 
addressed in specific applications. 

Nanofiber materials can promote the differentiation of stem cells into 
specific cell types by modulating cellular signaling pathways [114]. A 
nanofiber matrix material could enable the controlled and slow release 
of dexamethasone [115]. In vitro experiments have demonstrated that 

this material promoted odontoblast differentiation of DPSCs through the 
integrin/Bone Morphogenetic Protein/mammalian target of rapamycin 
(integrin/BMP/mTOR) signaling pathway. 

Multicellular aggregates refer to a structure formed by a group of 
cells coming together in three-dimensional space. They achieve various 
biological functions through cell-cell interactions [116]. Cell aggregates 
are typically a form of organoid, and used to mimic the structure and 
function of specific tissues and organs [117]. Itoh et al. successfully 
created scaffold- and growth factor-free three-dimensional DPSC ag-
gregates using a thermoresponsive hydrogel and this constructs were 
able to generate pulp-like tissues rich in blood vessels in vivo [118]. Cell 
aggregates can eliminate the need for scaffold materials, reducing the 
risk of inflammation and infection. Additionally, they allow for the 
customization of shapes to accommodate individual root canal mor-
phologies, offering broad prospects for dental pulp regeneration 
(Fig. 3A) [119]. 

Hydrogels play a multifaceted role by providing cell support, drug 
delivery capabilities, scaffold stability, and biocompatibility, among 
other functions. A recent study introduced an injectable hyaluronic 
acid/cellulose nanocrystals/platelet lysate hydrogel (HA/CNC/PL). 
Cellulose nanocrystals improved the mechanical properties of the 
hydrogel and enhanced its stability. In vitro experiments demonstrated 
that this 3D-hydrogel structure can sustainably release pro-angiogenic 
growth factors, promoting angiogenesis (Fig. 3B) [120]. The choice of 
hydrogel type depends on specific application requirements and 
research objectives, such as injectable hydrogels, microsphere-based 
hydrogels, bilayer hydrogels, photosensitive hydrogels, magnetic 
hydrogels, and more [121–125]. These hydrogels have the potential to 
serve as controlled growth factors (GFs) delivery systems and supportive 
matrices for tissue regeneration, particularly in vascularized soft tissues 
like the dentin-pulp complex. 

Microspheres, with diverse functionalities such as core-shell, surface 
modification, hollow, microporous, and nanofibrous structures, serve 
crucial roles in tissue engineering (Fig. 3C) [126,127]. Innovatively, a 
hierarchical growth factor-loaded nanofibrous microsphere scaffolding 
was developed, enabling the successful regeneration of pulp-like tissues 
throughout the full-length root canal and the formation of blood vessels 
[111]. Immune cells can regulate the process of regeneration. For 
example, Macrophages stimulated by zinc-doped bioactive glass (BGz) 
micro-nanospheres show a significant decrease in M1-type pro-in-
flammatory markers and can significantly promote odontogenic differ-
entiation of dental pulp cells, facilitating dentin formation [1]. While 
microspheres offer several advantages in tissue engineering, the 
non-uniformity in particle size and distribution may impact the consis-
tency of dental pulp tissue regeneration. 

The term “Tooth-on-a-Chip model” refers to a microfluidic or 
bioengineering system designed to mimic the physiological and me-
chanical characteristics of a human tooth but on a miniature scale 
(Fig. 3D) [128]. França et al. [129]developed the tooth-on-a-chip that 
mimicked the nearly physiological conditions of the pulp-dentin inter-
face. By seeding SCAPs onto the dentin surface, the study investigated 
stem cell responses on the chip. Besides, this model can also serve as a 
platform for assessing the cytotoxicity, growth status, and metabolic 
effects of commonly used dental materials on the cells [130]. 

2.2.2.3. Requirements for scaffold materials. Tissue engineering scaffold 
materials are required to meet a multitude of critical criteria to effec-
tively promote tissue regeneration and repair. These essential criteria 
encompass biocompatibility, ensuring that the material is compatible 
with human tissues, and biodegradability, allowing the degradation rate 
of scaffold materials matching the rate of tissue regeneration [131]. 
Additionally, the scaffold must possess adequate mechanical properties 
to provide structural support, along with an appropriate level of porosity 
to facilitate cell migration, vascularization, dentinogenesis, neuro-
generation and tissue formation. Bioactivity is essential to encourage 

Table 2 (continued ) 

Synthetic 
materials 

Scaffold Functions reported References 

matrix, with improved 
vascularized pulp-like tissue 
generation. 

Composite 
scaffold 

Wnt3a- 
HANW@MpSi 

Wnt3a-HANW@MpSi 
enhanced DPSCs resistance to 
oxidative stress, migration, 
odontogenic differentiation, 
angiogenesis and reinforced 
dentin-pulp complex-like tissue 
and blood vessel formation. 

[109] 

Composite 
scaffold 

PCL/BG PCL/HA PCL/BG scaffolds had 
improved mechanical 
properties, surface roughness, 
and bioactivity; PCL/HA had 
increased hydrophilicity and 
cell adhesion. Both scaffolds 
had promising potential for 
promoting DPSCs adhesion and 
odontogenic differentiation. 

[110] 

Composite 
scaffold 

PLLA/Gel 
microsphere 

VEGF, heparin, and Gel formed 
microspheres through 
crosslinking and were 
subsequently fixed inside 
injectable PLLA microspheres. 
A hierarchical microsphere 
system was used to facilitate 
controlled release of VEGF and 
provide a scaffold for DPSCs, 
successfully regenerated pulp 
tissues in full-length human 
tooth roots. 

[111] 

Self- 
assembled 
peptide 

Self-assembling 
peptide 
hydrogels 

The dentinogenic peptide, 
incorporating β-sheet 
nanofibers and a matrix 
extracellular 
phosphoglycoprotein mimic 
sequence, possessed excellent 
biological properties, 
facilitating the survival and 
proliferation of autologous 
stem cells and dentinogenesis 

[112]  
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cell adhesion, proliferation, migration and differentiation, while cus-
tomizability (material types, scaffold forms, pore density and size, fiber 
dimensions, etc.) ensures that the scaffold can be tailored to specific 
applications [132].Anti-infection properties are crucial to maintain a 
sterile environment within the scaffold [133]. Aseptic conditions around 

and inside scaffolds could prevent infections, promote cell growth, 
maintain scaffold material functionality, and reduce the risk of inflam-
mation, thereby ensuring the smooth progression of pulp regeneration 
process. Lastly, sustainability is vital to maintain the structural integrity 
of the scaffold throughout the dental pulp regeneration process, 

Fig. 3. Scaffolds with different structures in pulp regeneration. (A)Cell aggregates. Reprinted with permission from Ref. [119].(B)Three-dimensional injectable 
hydrogel. Reprinted with permission from Ref. [120]. (C)Illustration of five types of functional microspheres. Reprinted with permission from Ref. [127]. (D) Ap-
plications of the Tooth on-a-chip to test dental materials (a) Microfluidic device comprised of two parallel chambers separated by a fragment of native dentin. (b) 
SCAPs seeded on-chip after 7 days protrude cytoplasmic processes into the dentin tubules akin to odontoblasts. (c) Interaction of phosphoric acid and native dentin 
recorded in real-time. (d) Tooth-on-a-chip devices were seeded with cells, and after 48 h, fluorescein-conjugated gelatin showed gelatinolytic activity in the hybrid 
layer and dentin tubules. (e) The gelatinolytic activity was co-localized with cell cytoplasm suggesting a role for cells in the enzymatic degradation of the hybrid 
layer. (f). Streptococcus mutans seeded on-chip to evaluate real-time biofilm formation and interactions with pulp cells. (g) Tooth-on-a-chip for vasculature studies. 
(h) The device has a chamber on the ‘pulp side’ filled with collagen, seeded with mesenchymal stem cells and GFP-HUVECs. After 24 h, a pericyte-supported blood 
vessel is engineered with a controllable distance from the dentin. (i) Angiogenic sprouts toward the dentin on-chip. Reprinted with permission from Ref. [128]. 
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ensuring long-term support, adaptability to varying conditions and 
protecting the orderly development of newly formed tissues. The se-
lection of the appropriate scaffold material is pivotal for the success of 
tissue engineering projects and can vary depending on the specific 
application and clinical requirements. 

2.2.3. Growth factors 
Growth factors are important in endodontic regeneration, serving 

crucial roles in various aspects such as angiogenesis, odontoblast dif-
ferentiation, and nerve growth. 

Vascular Endothelial Growth Factor (VEGF) is a protein molecule 
that plays a crucial role in blood vessel formation and repair. When 

Fig. 4. EVs and gene therapy for regenerative dentistry. (A) Therapeutic mechanisms of EVs in tissue regeneration. Reprinted with permission from Ref. [148].(B) 
Regeneration of tissue in periodontal defects mediated by transplanted hDPSCs. Intraoral photographs were acquired a–e before transplantation or a′–e’ 12 weeks 
after transplantation. a′ Only limited periodontal tissues were regenerated in the control group (yellow dotted line). Marked periodontal tissue formation was found 
in b′ the hDPSC injection group and c′ the HGF-hDPSC injection group, but they did not restore tissues to healthy levels (yellow dotted line). Periodontal tissue 
regeneration mediated by d′ the hDPSC sheet and e′ the HGF-hDPSC sheet achieved close to normal tissue levels (yellow dotted line). Three-dimensional CT images 
were acquired f–j before transplantation and f′–j’ 12 weeks after transplantation. f′ Only limited bone regeneration was observed in the control group, but marked 
bone formation was observed g′ in the hDPSC injection group, h′ the HGF-hDPSC injection group, i′ the hDPSC sheet group, and j′ the HGF-hDPSC sheet group after 
cell transplantation (red dotted line). Reprinted with permission from Ref. [156]. 

X.-L. Li et al.                                                                                                                                                                                                                                     



Bioactive Materials 38 (2024) 258–275

267

initially discovered, VEGF was primarily associated with angiogenesis 
and vascular repair [134]. However, subsequent research has revealed 
its involvement in other biological processes, such as embryonic 
development, wound healing, and the development of certain diseases, 
particularly those related to tumors [135–137]. Injectable hydrogel 
microspheres carrying DPSCs and VEGF have been invented, and in vitro 
experiments demonstrated that the microspheres could continuously 
release VEGF and promote the expression of odontogenic-related genes. 
In a nude mouse model, it confirmed that VEGF-loaded microspheres 
promoted the regeneration of dentin-like tissue and the formation of 
new blood vessels [138]. Similarly, a study reported a degradable hybrid 
bio-cement, serving as a reservoir for VEGF and TGF-β1 to enable sus-
tained growth factors release, promoting the migration of DPSCs and the 
formation of dentin-pulp-like structures [139]. Furthermore, a recent 
study revealed that VEGF/Mitogen-Activated Protein Kinase 1/Extra-
cellular Signal-Regulated Kinase/ETS-Related Gene (VEGF/ME-
K1/ERK/ERG) signaling pathway played a crucial role in the 
anastomosis of DPSC-derived blood vessels and host blood vessels, 
shedding light on mechanisms for functional blood vessel generation 
from stem cells [140]. 

Bone Morphogenetic Protein 2(BMP-2) is a growth factor belonging 
to the bone morphogenetic protein family. It plays a crucial role in the 
development, regeneration, and repair processes of bones and cartilage 
in the human body. Divband et al. discussed a novel injectable hydrogel 
containing VEGF and BMP-2. This hydrogel sequentially released VEGF 
and BMP-2 to promote DPSCs proliferation and mineralization, 
mimicking the normal bone growth process [141]. By specific growth 
factor induction, dental pulp stem cells can differentiate into odonto-
blasts, promoting dentin formation and thereby achieving effective 
regeneration and repair of the dental pulp. A study loaded plasmid DNA 
with dentinogenesis-inducing factors BMP2 or DMP1 onto treated 
dentin scaffolds, rapidly inducing the differentiation of DPSCs into 
odontoblast cells, thereby reconstructing the dentin-pulp interface. The 
reconstructed interface exhibited similar structural and mechanical 
properties to natural tissue [142]. This construct shows potential as a 
personalized bio-filling material for the dentin-pulp interface. More-
over, researchers have discovered the molecular mechanisms of BMP2 
promoting dentin formation. It confirmed that BMP2 mediated by p38 
Mitogen-Activated Protein Kinase (MAPK), activated the Wing-
less/Integrated-β-catenin (WNT/β-catenin) signaling pathway, thereby 
promoting the differentiation of DPSCs and reparative dentin formation 
[143]. 

Nerve Growth Factor (NGF) is a crucial neurotrophic factor that 
plays a key role in the development, maintenance, and repair of the 
nervous system. It promotes neuronal growth, synaptic connectivity, 
and survival by activating intracellular signaling pathways. In dentistry, 
age-related changes may be governed by the NGF signaling mechanism, 
which plays crucial roles in odontoblast differentiation, dentine matrix 
synthesis and neuronal attraction [144,145]. NGF can promote the 
neural differentiation of DPSCs and is a potential growth factor for 
achieving functional dental pulp regeneration. For insistence, Zhang 
et al. successfully induced neural differentiation of DPSCs through the 
use of NGF and bFGF. After induction, DPSCs expressed higher levels of 
neural-related genes and protein expression. It has been confirmed that 
this process may be facilitated through the Extracellular 
Signal-Regulated Kinase (ERK) and Protein Kinase B (AKT) signaling 
pathways [146]. 

2.2.4. Extracellular vesicles(EVs) and gene therapy 

2.2.4.1. Extracellular vesicles (EVs). Extracellular vesicles (EVs) are tiny 
lipid-covered vesicles released by cells. They carry nucleic acids, pro-
teins, lipids, and other molecules, facilitating cell-to-cell communication 
and supporting normal cellular functions(Fig. 4A) [147]. Based on their 
biogenesis, EVs can be categorized into three main types: apoptotic 

bodies, microvesicles, and exosomes [148]. For example, exosomes 
derived from DPSCs cultured in odontogenic differentiation media were 
used to investigate the induction of odontogenic differentiation of 
DPSCs. It was confirmed that DPSCs could endocytose exosomes, leading 
to the activation of the P38 MAPK pathway and upregulation of odon-
togenic marker genes. In vivo experiments also demonstrated the 
regeneration of dental pulp-like tissue [149]. Similarly, Schwann 
cell-derived EVs promoted DPSCs proliferation, migration, osteogenesis 
while facilitated vessel and neurite formation, primarily through the 
stromal cell-derived factor 1/C-X-C Chemokine Receptor Type 4 
(SDF-1/CXCR4) axis [150]. In another study, researchers investigated 
that apoptotic vesicles from SHEDs (SHED-apoVs) could be endocytosed 
by endothelial cells. And mitochondrial Tu translation elongation factor 
(TUFM) derived from SHED-apoVs could activate the Transcription 
Factor EB (TFEB)-autophagy pathway, promoting the proliferation, 
migration, and differentiation of endothelial cells (ECs). This resulted in 
an upregulation of genes associated with angiogenesis, thus facilitating 
vascularization of the dental pulp [151]. Due to the numerous advan-
tages of EVs, recent years various engineering techniques, including 
preconditioning, drug loading, surface modification, artificial EVs have 
also been used to maximize the therapeutic potential of EVs to achieve 
functional tissue regeneration [152]. Although DPSC-derived extracel-
lular vesicles (DPSC-EVs) have demonstrated acceptable safety and ef-
ficacy in both preclinical and clinical studies, reports of their successful 
application in humans are scarce yet. Several factors, including donor 
characteristics, vesicle preparation, and recipient health status, influ-
ence the success rate of DPSC-EVs in regenerating dental pulp. Addi-
tional research and clinical trials are necessary to optimize treatment 
strategies and confirm the regenerative capacity and efficacy of 
DPSC-EVs for dental pulp regeneration [153]. 

2.2.4.2. Gene therapy. Gene therapy can improve the growth, repair, 
and regenerative capacity of damaged tissues by regulating gene 
expression. Gene therapy begins by identifying the target gene and 
selecting an appropriate viral vector such as adenovirus or non-viral 
vector such as plasmid to deliver the target gene. Subsequently, the 
target gene is inserted into the cells using appropriate techniques. For 
instance, numerous genes like vascular endothelial growth factors 
(VEGF), bone morphogenetic protein2 (BMP-2), fibroblast growth factor 
(FGF) have been directly transfected into tissues [154,155]. In dentistry, 
Cao et al. transferred the hepatocyte growth factor gene into DPSCs 
using an adenovirus. Later, hepatocyte growth factor (HGF)-modified 
DPSCs was used in a swine model to regenerated periodontal tissue. The 
results showed that HGF-DPSCs significantly decreased DPSCs apoptosis 
and improved periodontal bone and blood vessel regeneration(Fig. 4B) 
[156]. Similarly, a study developed a gene therapy using Growth/dif-
ferentiation factor 11 (Gdf11) electrotransfected pulp cells. It revealed 
that the electrotransfection promoted the differentiation of cells into 
dentin, and in vivo experiments demonstrated the formation of repara-
tive dentin [157]. Furthermore, Zhang et al. designed PDGF-BB gene--
modified DPSCs and showed its ability in promoting cell proliferation, 
angiogenesis, and odontogenic differentiation. PDGF-BB secretion by 
these modified cells aided in stem cell recruitment and improved the 
regeneration of dentin-pulp complexes in vivo [158]. In summary, gene 
therapy has the potential to enhance the potential of stem cells to 
differentiate into the desired cell types, thereby promoting the repair 
and regeneration of damaged tissues. However, extensive research and 
clinical trials are still needed to ensure its safety and effectiveness. 
Furthermore, regulatory, ethical, and societal issues must be appropri-
ately addressed to ensure the sustainable development of gene therapy 
in the field of regenerative medicine. 
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2.3. In vivo models for regenerative endodontics 

2.3.1. Ectopic regeneration model 
Ectopic transplantation in tissue engineering refers to the process of 

transplanting artificially cultured tissues or cells to a location different 
from where they physiologically exist. To investigate the regenerative 
potential of DPSCs, they were isolated in vitro and co-transplanted with 
hydroxyapatite/tricalcium phosphate (HA/TCP) powder subcutane-
ously into immunodeficient mice. Following in vivo transplantation, the 
generation of dentin-pulp complexes was observed, indicating the po-
tential application of DPSCs for dentin repair [21]. Likewise, Lee et al. 
constructed an ectopic model that transplanted subcutaneously a com-
pound of DPSCs mixed with hydroxyapatite/tricalcium phosphate 
(HA/TCP) with or without preameloblast-conditioned medium (PA-CM) 
or rhBMP-2 into immunocompromised mice. The results indicated that 
the addition of PA-CM to DPSCs resulting more extensive 
dentin/pulp-like structure formation, closely resembling the normal 
dentin-pulp complex [159]. Moreover, co-injection of DPSCs and mi-
crospheres under the skin of nude mice to establish an ectopic regen-
eration model confirmed the generation of a greater amount of 
dentin-like tissue (Fig. 5A) [160]. 

2.3.2. Semiorthotopic regeneration model 
Semiorthotopic model is an experimental animal model that bridges 

the gap between orthotopic and ectopic models, allowing researchers to 
transplant cells or tissues to a location that is relatively close to the 
original but not entirely identical, in order to better study the effects of 
tissue regeneration and transplantation. Tooth slice is a valid model for 
studying semiorthotopic regeneration [161]. For example, Zhang et al. 
(Fig. 5B) [162]employed a method in which they filled root slice with a 
collagen gel containing DPSCs and exosome-like vesicles derived from 
Hertwig’s epithelial root sheath (HERS) cell line to achieve pulp 
regeneration by subcutaneously implanting in mice. The results revealed 
that these constructs exhibited the formation of new structures resem-
bling normal pulp-dentin tissue, offering potential avenues for tooth 
regeneration and therapy. Similarly, tooth fragment is also used as a 
semiorthotopic model in regeneration medicine. A vivo study estab-
lished a semi-orthotopic model to investigate the impact of culture 
medium derived from 3D tooth germs (3D TGO-CM) on the regenerative 
potential of DPSCs. Subcutaneous implantation of tooth fragments filled 
with DPSCs and 3D TGO-CM was performed in nude mice. The results 
showed that 3D TGO-CM led to impressive early in vivo pulp regener-
ation, featuring well-organized pulp structures, attachment of odonto-
genic cells, and increased vascular formation [163]. Because of retaining 

Fig. 5. Different kinds of research models for regenerative endodontics. (A) Ectopic regeneration model. Gross views of neo tissue in (a) NF-SMS group (b)NF-MS 
group and (c) S-MS group. Reprinted with permission from Ref. [160]. (B) Semiorthotopic regeneration model. (a) The implanted tooth root slice, with an internal 
diameter of 2mm and a height of 3mm. (b) Schematic of the preparation of in vivo transplants. (c) HE staining showing odontoblast-like cells and regenerated 
dentin-like tissue (red arrows) at the interface between the dentin and pulp-like tissue. Immunofluorescence analysis showing the upregulated expression of 
odontogenic differentiation markers in the Gel-ELVs + DPCs group, with positive staining (white arrows) represented by green stains. Reprinted with permission from 
Ref. [162]. (C) Orthotopic regeneration model. (a) A large amount of dentin-like mineralized tissue is formed along the dentinal wall. (b) Regenerated pulp tissue. 
Spindle-shaped pulp-like cells (arrows) and a capillary (Ca). (c) Higher magnification of osteodentin-like mineralized tissue (OD) and tubular dentin-like mineralized 
tissue (TD) formation. Osteodentinocytes in the lacunae (arrow heads). Dentinal tubules (arrows). Original dentin (D). (d) Osteodentin-like matrix formation on the 
regenerated pulp in the crown part. (e) BS1-lectin staining for angiogenesis. (f) PGP9.5 staining for neurite extension (arrows). (g) Periapical tissue. (h) Periodontal 
ligament (Pe) in the periapical region. Cementum (Ce). Original dentin (D). (i) Alveolar bone (AB). (j) X-ray analysis in the periapical region. Reprinted with 
permission from Ref[168]. 
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certain anatomical and microenvironmental features, the semi-
orthotopic model is relatively closer to the natural physiological envi-
ronment compared to the ectopic model. However, it may still introduce 
some unnatural factors, such as blood flow and organ movement, which 
could potentially influence research outcomes. 

2.3.3. Orthotopic regeneration model 
The orthotopic model involves the direct implantation of scaffolds, 

growth factors, cells, and other components into the prepared root ca-
nals of animal teeth. It provides a better simulation of the physiological 
environment, allowing researchers to study tissue regeneration under 
conditions closely resembling the natural human processes. Due to the 
limited space within root canals, working with small animal models can 

be complex and challenging. Therefore, large animal models such as 
pigs, dogs, ferrets and sheep are often used in dental pulp regeneration 
research as orthotopic models [164]. 

Swine teeth share structural and functional similarities with human 
teeth, making pig a valuable in vivo model for oral research and specific 
studies in dental pulp tissue engineering. Recent research indicated that, 
in a miniature swine model, successful orthotopic pulp regeneration was 
achieved by implanting hydrogel carrying autologous stem cells into the 
root canal space. This resulted in the development of vascularized pulp- 
like tissue, accompanied by dentin-like structure [165]. However, 
Mangione et al. [166]also implanted porcine dental pulp cells with 
self-assembling nanopeptide hydrogel into minipigs’ root canal but 
found that it primarily resulted in osteodentin bridges rather than pulp 

Table 3 
Summary of in vivo models for pulp regeneration.  

Scaffold Agents 
loaded 

Animals Function References 

TDMs SC-EVs; SDF- 
1 

Semiorthotopic mice 
mode 

Extracellular vesicles released by Schwann cells could recruit endogenous stem cells and promote 
dental pulp tissue regeneration. 

[150] 

TDMs DPT-exos; 
DPC-exos 

Semiorthotopic mice 
mode 

DPT-exos better recruited SCAPs to regenerate dental pulp-like connective tissue [55] 

Tooth fragment/ 
SF scaffold 

SDF-1α Semiorthotopic mice 
mode 

SDF-1α could trigger autophagy, promoting DPSCs migration and highly vascularized pulp and 
dentin-like tissue regeneration. 

[172] 

Three types of 
fibrin 

eDMP Semiorthotopic mice 
mode 

Fibrin scaffolds with dentin matrix proteins increased the potential of stem cell chemotaxis and 
supported pulplike tissue formation and odontoblast-like cell differentiation. 

[173] 

nBG-coated dentin  Semiorthotopic mice 
mode 

Nanobioactive glass (nBG) attracted stem cells toward dentin, enhanced cell adhesion, 
revascularization, and facilitated odontogenic differentiation, contributing to the regeneration of 
biomimetic pulp-dentin tissue structure. 

[174] 

Human-derived 
ACM  

Orthotopic dog 
model 

The human-derived composite amnion-chorion membrane cell homing model exhibited increased 
generation of fibrous tissue and dentin-like cells, along with reduced infection, suggesting promise 
for improving regenerative procedures in mature teeth. 

[175] 

Collagen gel VEGF; bFGF; 
NGF; BMP7; 
PDGF 

Semiorthotopic mice 
model 

Pulp-like tissue was successful regenerated using a cell homing approach, involving the delivery of 
growth factors like bFGF, VEGF, or PDGF, along with NGF and BMP7. 

[176]  

Table 4 
Representative clinical applications of pulp regeneration therapy.  

Scaffolds Stem Cells Types of teeth in clinical 
trials 

Outcomes References 

1.Periapical bleeding  Mature necrotic teeth The readings of pulp sensibility did not exhibit significant differences 
across all intervals; however, in the cold test, the PRF group displayed the 
highest positive response rate, indicating the formation of new pulp-like 
tissues. 

[177] 
2.Platelet-rich fibrin 

(PRF) 
3. Collagen 
4.Hydroxyapatite  

SHED aggregates Pulp necrosis after 
traumatic dental 
injuries 

The SHEDs implantation group achieved regeneration of three- 
dimensional dental pulp tissue at 12 months, with increased root length, 
reduced width of the apical foramen, and regenerated pulp tissue 
containing sensory nerves. 

[34] 

Plasma-derived 
biomaterial 

Human umbilical cord 
mesenchymal stem cells 

Pulp necrosis and apical 
periodontitis 

During the 12-month follow-up period, the umbilical cord mesenchymal 
stem cells implantation group exhibited significant vascular regeneration, 
and sensation tests indicated a notable increase in the proportion of 
positive dental pulp responses. 

[178] 

Leukocyte platelet - 
rich fibrin (L-PRF) 

Autologous dental pulp stem 
cells 

Symptomatic 
irreversible pulpitis 

After 6 months and 3 years postoperatively, the tooth exhibited normal 
clinical responses, and periapical X-rays and CBCT imaging showed 
continued normal periapical area. However, vitality testing revealed 
decreased blood perfusion units, with delayed response to cold sensation 
but responsive to electric pulp testing. 

[179] 

1. Platelet - rich plasma  Immature necrotic 
incisors 

During the follow-up period, all teeth exhibited similar and high levels of 
success, including periapical healing, radiographic root development, and 
positive responses to sensitivity tests. Sensitivity tests revealed that 86 % of 
the teeth had similar initial response times and responded positively to 
stimuli. 

[15] 
2. Platelet - rich fibrin 
3.Platelet pellet 
4. Blot clot  

Mobilized dental pulp stem 
cells 

Irreversible pulpitis At 4 weeks, the electric pulp test (EPT) exhibited a strong positive 
response. After 24 weeks, magnetic resonance imaging (MRI) showed 
signal intensity of the regenerated tissue in the root canal similar to that of 
normal dental pulp. Cone beam computed tomography (CBCT) revealed 
functional dentin formation in three out of the five patients. 

[28]  

Autologous DPSCs with 
granulocyte colony- 
stimulating factor 

Mature multirooted 
molars with pulpitis 

At 4 weeks, the pulp vitality test showed a positive response; After 24 
weeks, the signal intensity of the regenerated pulp tissue in the affected 
teeth on MRI was similar to that of the normal pulp in adjacent teeth. After 
48 weeks, radiographs and CBCT showed no periapical radiolucency. 

[180]  
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regeneration, indicating the need for further research to create a more 
favorable environment for pulp regeneration. 

Canines are often considered as ideal models for dental research due 
to their similar growth patterns and pathophysiology to humans, as well 
as their ease of manipulation in research settings [167]. In a study 
involving beagle dogs, dental pulp extracellular matrix (DP-ECM) was 
implanted into debrided root canals for 8 weeks, resulting in the for-
mation of dental pulp-like tissues with neo-vascularization and miner-
alized structures [77]. Interestingly, Iohara et al. explored the impact of 
trypsin pretreatment on pulpectomized teeth in aged dogs and its effects 
on pulp regeneration. Trypsin pretreatment increased the amount of 
regenerated pulp, enhanced the differentiation of cells into 
odontoblast-like cells, and influenced the expression of relevant genes 
(Fig. 5C) [168]. 

Ferrets serve as a promising animal model for regenerative end-
odontics due to their similarities to humans in craniofacial research. 
Their cuspid teeth size and root canal anatomy are suitable for various 
endodontic procedures, making them valuable for research in this field 
[169]. For insistence, blood clot and SynOss Putty were compared in 
immature ferret teeth to investigated endodontic treatment outcomes. 
The results showed that blood clot treatment created hard tissue for-
mation in the root canal, while SynOss Putty was less effective, with 
minimal tissue regeneration and increased inflammation [170]. 

Due to their physiological and anatomical similarities to humans, 
sheep teeth can be used to test and evaluate potential treatment 
methods, including pulp regeneration, root canal therapy, periodontal 
disease treatment, and more. For example, a study aimed to assess the 
effectiveness of a pulp regeneration protocol on immature infected 
sheep teeth. After treatment, significant improvements were observed in 
root length, root wall thickness and apical canal diameter, with no 
notable differences compared to control teeth, indicating positive out-
comes for endodontic regeneration and tooth revitalization in these 
sheep teeth [171]. 

Variations of these in vivo models and their semiorthotopic and 
orthotopic applications are summarized in Table 3. 

2.4. Clinical applications or trials of pulp regeneration 

With the advances in in vitro and in vivo researches on the pulp 
regeneration therapy, some clinical applications have been conducted 
and demonstrated positive results within different review periods 
(Table 4). Although animal model studies have provided valuable in-
sights and evidences of treatment results of current pulp regeneration 
strategies, there are still many important issues to be clarified. For 
instance, the lack of standardized treatment protocols and procedural 
guidelines makes it difficult to compare different study outcomes, 
potentially affecting the stability of clinical treatment efficacy. Some 
treatment methods may pose potential safety risks, such as using allo-
geneic stem cells or genetic risks of gene-based strategy. The absence of 
long-term follow-up data on the efficacy of pulp regeneration therapy 
necessitates further observation and validation regarding treatment 
durability and potential side effects. These challenges hinder the clinical 
applications of pulp regeneration therapy. What’s more, large size multi- 
center randomized clinical studies are required before the different pulp 
regeneration therapies could be properly used in clinical practices. 

3. Challenges and future prospects 

Pulp regeneration aims to eliminate symptoms, restore the pulp- 
dentin complex structure and promote dental pulp neurovascular 
regeneration for functional pulp regeneration. Cell homing-based dental 
pulp regeneration often leads to complications such as root canal 
calcification and tooth discoloration. Balancing the degree of root canal 
disinfection with residual cell viability is a critical issue to address. 
There is a need to design ideal root canal filling materials to eliminate 
residual microorganisms and promote stem cell homing. To successfully 

develop cell-based therapeutic approaches, it is essential to achieve 
controlled in vitro stem cell proliferation to generate a sufficient number 
of cells to meet therapeutic demands. Additionally, gene therapy can be 
employed to introduce target genes into stem cells to facilitate their 
directed differentiation, potentially generating pluripotent stem cells. 
Consideration must also be given to the immune response after stem cell 
implantation and monitoring the cell cycle to ensure genetic stability. To 
avoid immune reactions associated with cell transplantation, cell-free 
therapy based on EVs can circumvent ethical concerns and reduce the 
risk of tumor formation, immunogenicity, and infections associated with 
direct cell therapy. However, the current low yield and poor purity of 
EVs necessitate solutions for obtaining and purifying EVs to achieve 
standardized and large-scale production. Additionally, studies about EV 
storage conditions are needed to maximize the utilization of EV 
properties. 

Scaffold materials play a crucial role in tissue engineering, and their 
design should take into account their biological, structural, physical, 
and chemical properties to meet the requirements of tissue regeneration. 
Thus far, a range of different scaffold types have been designed, from 
natural materials to synthetic materials, from single materials to com-
posite materials, all meeting the design criteria for pulp-dentine com-
plex tissue engineering. However, more research is needed to develop 
ideal scaffolds that fully meet the requirements for pulp-dentine com-
plex tissue engineering in a clinical setting. Scaffolds, cells and bioactive 
factors constitute the regenerative microenvironment, which can mimic 
tissue microenvironments, affect the state of stem cells and regulate 
differentiation. Therefore, new perspectives on synthetic materials, such 
as those with antimicrobial effects, stimuli responsiveness (thermal, 
electric, magnetic field, etc.), and the loading of bioactive factors, show 
promising prospects for achieving pulp regeneration. Furthermore, 
standardization and homogenization of materials need to be further 
studied. A variety of technologies, such as electrospinning and 3D bio-
printing, have been used to prepare structures with certain porosity that 
is suitable for cell migration, proliferation, and differentiation. How-
ever, the choice of the most suitable materials and technologies may 
hinder clinical translation, as different tissues and cells require different 
characteristics of biomaterials. So more clinical trials are necessary and 
future research breakthroughs in biomaterials are hoped to achieve the 
closer resemblance to normal tissues. 

Achieving functional dental pulp regeneration, which involves the 
generation of dental pulp tissue with a normal dentin structure and 
neurovascular composition, is one of the most challenging aspects in the 
field of regenerative endodontics. For example, regenerative dentin may 
exhibit distinct microstructural features (such as tissue density, degree 
of mineralization, etc.) and chemical composition, which can influence 
its sensory function and vascularization level [28,33,39]. Selecting the 
appropriate stem cells and cell sources is a pivotal challenge. While 
various types of stem cells have been studied, determining the most 
suitable cell types for dental pulp regeneration still requires further 
research. Additionally, obtaining a sufficient quantity of cells can also be 
challenging. Therefore, it is essential to explore alternative cell sources 
and establish stem cell banks to enhance the feasibility of this process. 
The regulation of stem cell differentiation into various directions 
through growth factors and signaling molecules necessitates in-depth 
research. Balancing the intricate interactions among signaling path-
ways and understanding the mechanisms of neural and vascular 
regeneration are critical. Scaffolds design is equally important, as these 
scaffolds should mimic the natural structure of dental pulp tissue, be 
compatible with root canal morphology, facilitate the attachment of 
stem cells and growth factors, and support vascular, dentin and neural 
regeneration. Furthermore, the properties of scaffolds used for neural 
regeneration, dentin regeneration and vascular regeneration may differ, 
and consideration should include scaffold hardness, the relationship 
between degradation rate and tissue regeneration rate, and the charac-
teristics of degradation products. More importantly, in the development 
and application of tissue-engineered dental pulp or scaffolds, space 
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issues, correct placement, and clinical handling are crucial, as these 
factors directly impact the effectiveness and success rate of treatment. 
For instance, during dental pulp regeneration or scaffold placement, 
considerations must be given to the anatomical structure of the tooth, 
size of the pulp chamber, condition of surrounding tissues, and accuracy 
of clinical procedures. Dental pulp regeneration often involves a lengthy 
process. While numerous laboratory studies have been conducted, 
translating functional dental pulp regeneration methods from animal 
models to clinical practice remains a challenge. Clinical trials need to 
address ethical and regulatory issues while also focusing on strategies to 
reduce regeneration time and ensure the safety and efficacy of new 
methods. 

In conclusion, selecting the ideal regeneration approaches, appro-
priate cells, growth factors, and scaffolds to meet the requirements for 
functional dental pulp regeneration remains a challenge. Despite 
extensive research efforts, tissue engineering for functional pulp 
regeneration requires deeper investigations into the molecular mecha-
nisms behind the pulp regeneration and interactions among the cells, 
scaffold and bioactive molecules (Fig. 6). 
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R. Khalilov, Regenerative endodontic procedures in necrotic mature teeth with 
periapical radiolucencies: a preliminary randomized clinical study, J. Endod. 45 
(2019) 863–872, https://doi.org/10.1016/j.joen.2019.04.005. 

[17] J. Lin, Q. Zeng, X. Wei, W. Zhao, M. Cui, J. Gu, J. Lu, M. Yang, J. Ling, 
Regenerative endodontics versus apexification in immature permanent teeth with 
apical periodontitis: a prospective randomized controlled study, J. Endod. 43 
(2017) 1821–1827, https://doi.org/10.1016/j.joen.2017.06.023. 

[18] B. Kahler, G. Rossi-Fedele, A review of tooth discoloration after regenerative 
endodontic therapy, J. Endod. 42 (2016) 563–569, https://doi.org/10.1016/j. 
joen.2015.12.022. 

[19] S.G. Kim, Infection and pulp regeneration, Dent. J. 4 (2016) 4, https://doi.org/ 
10.3390/dj4010004. 

[20] L. He, S.G. Kim, Q. Gong, J. Zhong, S. Wang, X. Zhou, L. Ye, J. Ling, J.J. Mao, 
Regenerative endodontics for adult patients, J. Endod. 43 (2017) S57–S64, 
https://doi.org/10.1016/j.joen.2017.06.012. 

[21] S. Gronthos, M. Mankani, J. Brahim, P.G. Robey, S. Shi, Postnatal human dental 
pulp stem cells (DPSCs) in vitro and in vivo, Proc. Natl. Acad. Sci. U. S. A. 97 
(2000) 13625–13630. 

[22] S. Gronthos, J. Brahim, W. Li, L.W. Fisher, N. Cherman, A. Boyde, P. DenBesten, 
P.G. Robey, S. Shi, Stem cell properties of human dental pulp stem cells, J. Dent. 
Res. 81 (2002) 531–535, https://doi.org/10.1177/154405910208100806. 

[23] E. Svandova, B. Vesela, A. Kratochvilova, K. Holomkova, V. Oralova, 
K. Dadakova, T. Burger, P. Sharpe, H. Lesot, E. Matalova, Markers of dental pulp 
stem cells in in vivo developmental context, Ann. Anat. 250 (2023) 152149, 
https://doi.org/10.1016/j.aanat.2023.152149. 

[24] V. Mattei, C. Santacroce, V. Tasciotti, S. Martellucci, F. Santilli, V. Manganelli, 
L. Piccoli, R. Misasi, M. Sorice, T. Garofalo, Role of lipid rafts in neuronal 
differentiation of dental pulp-derived stem cells, Exp. Cell Res. 339 (2015) 
231–240, https://doi.org/10.1016/j.yexcr.2015.11.012. 

[25] L. Hu, B. Zhao, Z. Gao, J. Xu, Z. Fan, C. Zhang, J. Wang, S. Wang, Regeneration 
characteristics of different dental derived stem cell sheets, J. Oral Rehabil. 47 
(Suppl 1) (2020) 66–72, https://doi.org/10.1111/joor.12839. 

[26] R. Ishizaka, Y. Hayashi, K. Iohara, M. Sugiyama, M. Murakami, T. Yamamoto, 
O. Fukuta, M. Nakashima, Stimulation of angiogenesis, neurogenesis and 
regeneration by side population cells from dental pulp, Biomaterials 34 (2013) 
1888–1897, https://doi.org/10.1016/j.biomaterials.2012.10.045. 

[27] M. Murakami, H. Horibe, K. Iohara, Y. Hayashi, Y. Osako, Y. Takei, K. Nakata, 
N. Motoyama, K. Kurita, M. Nakashima, The use of granulocyte-colony 
stimulating factor induced mobilization for isolation of dental pulp stem cells 
with high regenerative potential, Biomaterials 34 (2013) 9036–9047, https://doi. 
org/10.1016/j.biomaterials.2013.08.011. 

[28] M. Nakashima, K. Iohara, M. Murakami, H. Nakamura, Y. Sato, Y. Ariji, 
K. Matsushita, Pulp regeneration by transplantation of dental pulp stem cells in 
pulpitis: a pilot clinical study, Stem Cell Res. Ther. 8 (2017) 61, https://doi.org/ 
10.1186/s13287-017-0506-5. 

[29] K.M. Ellis, D.C. O’Carroll, M.D. Lewis, G.Y. Rychkov, S.A. Koblar, Neurogenic 
potential of dental pulp stem cells isolated from murine incisors, Stem Cell Res. 
Ther. 5 (2014) 30, https://doi.org/10.1186/scrt419. 

[30] M. Miura, S. Gronthos, M. Zhao, B. Lu, L.W. Fisher, P.G. Robey, S. Shi, SHED: 
stem cells from human exfoliated deciduous teeth, Proc. Natl. Acad. Sci. U. S. A. 
100 (2003) 5807–5812, https://doi.org/10.1073/pnas.0937635100. 

[31] M. Wu, X. Liu, Z. Li, X. Huang, H. Guo, X. Guo, X. Yang, B. Li, K. Xuan, Y. Jin, 
SHED aggregate exosomes shuttled miR-26a promote angiogenesis in pulp 
regeneration via TGF-β/SMAD2/3 signalling, Cell Prolif. 54 (2021) e13074, 
https://doi.org/10.1111/cpr.13074. 

[32] V. Govindasamy, A.N. Abdullah, V. Sainik Ronald, S. Musa, Z.A. Che, Ab. Aziz, R. 
B. Zain, S. Totey, R.R. Bhonde, N.H. Abu Kasim, Inherent differential propensity 
of dental pulp stem cells derived from human deciduous and permanent teeth, 
J. Endod. 36 (2010) 1504–1515, https://doi.org/10.1016/j.joen.2010.05.006. 

[33] V. Rosa, Z. Zhang, R.H.M. Grande, J.E. Nör, Dental pulp tissue engineering in full- 
length human root canals, J. Dent. Res. 92 (2013) 970–975, https://doi.org/ 
10.1177/0022034513505772. 

[34] K. Xuan, B. Li, H. Guo, W. Sun, X. Kou, X. He, Y. Zhang, J. Sun, A. Liu, L. Liao, 
S. Liu, W. Liu, C. Hu, S. Shi, Y. Jin, Deciduous autologous tooth stem cells 
regenerate dental pulp after implantation into injured teeth, Sci. Transl. Med. 10 
(2018) eaaf3227, https://doi.org/10.1126/scitranslmed.aaf3227. 

[35] W. Sonoyama, Y. Liu, D. Fang, T. Yamaza, B.-M. Seo, C. Zhang, H. Liu, 
S. Gronthos, C.-Y. Wang, S. Wang, S. Shi, Mesenchymal stem cell-mediated 
functional tooth regeneration in swine, PLoS One 1 (2006) e79, https://doi.org/ 
10.1371/journal.pone.0000079. 

[36] W. Sonoyama, Y. Liu, T. Yamaza, R.S. Tuan, S. Wang, S. Shi, G.T.-J. Huang, 
Characterization of the apical papilla and its residing stem cells from human 
immature permanent teeth: a pilot study, J. Endod. 34 (2008) 166–171, https:// 
doi.org/10.1016/j.joen.2007.11.021. 

[37] A. Bakopoulou, G. Leyhausen, J. Volk, A. Tsiftsoglou, P. Garefis, P. Koidis, 
W. Geurtsen, Comparative analysis of in vitro osteo/odontogenic differentiation 
potential of human dental pulp stem cells (DPSCs) and stem cells from the apical 
papilla (SCAP), Arch. Oral Biol. 56 (2011) 709–721, https://doi.org/10.1016/j. 
archoralbio.2010.12.008. 

[38] Z. Shen, H. Tsao, S. LaRue, R. Liu, T.C. Kirkpatrick, L.C. de Souza, A. Letra, R. 
M. Silva, Vascular endothelial growth factor and/or nerve growth factor 
treatment induces expression of dentinogenic, neuronal, and healing markers in 
stem cells of the apical papilla, J. Endod. 47 (2021) 924–931, https://doi.org/ 
10.1016/j.joen.2021.02.011. 

[39] D.B. Sequeira, A.R. Oliveira, C.M. Seabra, P.J. Palma, C. Ramos, M.H. Figueiredo, 
A.C. Santos, A.L. Cardoso, J. Peça, J.M. Santos, Regeneration of pulp-dentin 
complex using human stem cells of the apical papilla: in vivo interaction with two 
bioactive materials, Clin. Oral Invest. 25 (2021) 5317–5329, https://doi.org/ 
10.1007/s00784-021-03840-9. 

[40] A.J. Friedenstein, K.V. Petrakova, A.I. Kurolesova, G.P. Frolova, Heterotopic of 
bone marrow. Analysis of precursor cells for osteogenic and hematopoietic 
tissues, Transplantation 6 (1968) 230–247. 

[41] M.E. Bernardo, F. Locatelli, W.E. Fibbe, Mesenchymal stromal cells: a novel 
treatment modality for tissue repair, Ann. N. Y. Acad. Sci. 1176 (2009) 101–117, 
https://doi.org/10.1111/j.1749-6632.2009.04607.x. 

[42] D. Baksh, L. Song, R.S. Tuan, Adult mesenchymal stem cells: characterization, 
differentiation, and application in cell and gene therapy, J. Cell Mol. Med. 8 
(2004) 301–316, https://doi.org/10.1111/j.1582-4934.2004.tb00320.x. 

[43] R. Wen, X. Wang, Y. Lu, Y. Du, X. Yu, The combined application of rat bone 
marrow mesenchymal stem cells and bioceramic materials in the regeneration of 
dental pulp-like tissues, Int. J. Clin. Exp. Pathol. 13 (2020) 1492–1499. 

[44] P.A. Zuk, M. Zhu, H. Mizuno, J. Huang, J.W. Futrell, A.J. Katz, P. Benhaim, H. 
P. Lorenz, M.H. Hedrick, Multilineage cells from human adipose tissue: 
implications for cell-based therapies, Tissue Eng. 7 (2001) 211–228, https://doi. 
org/10.1089/107632701300062859. 

[45] S. Gronthos, D.M. Franklin, H.A. Leddy, P.G. Robey, R.W. Storms, J.M. Gimble, 
Surface protein characterization of human adipose tissue-derived stromal cells, 
J. Cell. Physiol. 189 (2001) 54–63, https://doi.org/10.1002/jcp.1138. 

[46] C.-N. Hung, K. Mar, H.-C. Chang, Y.-L. Chiang, H.-Y. Hu, C.-C. Lai, R.-M. Chu, C. 
M. Ma, A comparison between adipose tissue and dental pulp as sources of MSCs 
for tooth regeneration, Biomaterials 32 (2011) 6995–7005, https://doi.org/ 
10.1016/j.biomaterials.2011.05.086. 

[47] R. Ishizaka, K. Iohara, M. Murakami, O. Fukuta, M. Nakashima, Regeneration of 
dental pulp following pulpectomy by fractionated stem/progenitor cells from 
bone marrow and adipose tissue, Biomaterials 33 (2012) 2109–2118, https://doi. 
org/10.1016/j.biomaterials.2011.11.056. 

[48] K. Takahashi, S. Yamanaka, Induction of pluripotent stem cells from mouse 
embryonic and adult fibroblast cultures by defined factors, Cell 126 (2006) 
663–676, https://doi.org/10.1016/j.cell.2006.07.024. 

[49] G.-H. Kim, J. Yang, D.-H. Jeon, J.-H. Kim, G.Y. Chae, M. Jang, G. Lee, 
Differentiation and establishment of dental epithelial-like stem cells derived from 
human ESCs and iPSCs, Int. J. Mol. Sci. 21 (2020) 4384, https://doi.org/ 
10.3390/ijms21124384. 

[50] M. Zhang, X. Zhang, J. Luo, R. Yan, K. Niibe, H. Egusa, Z. Zhang, M. Xie, X. Jiang, 
Investigate the odontogenic differentiation and dentin-pulp tissue regeneration 
potential of neural crest cells, Front. Bioeng. Biotechnol. 8 (2020) 475, https:// 
doi.org/10.3389/fbioe.2020.00475. 

[51] Y. Kobayashi, J. Nouet, E. Baljinnyam, Z. Siddiqui, D.H. Fine, D. Fraidenraich, V. 
A. Kumar, E. Shimizu, iPSC-derived cranial neural crest-like cells can replicate 
dental pulp tissue with the aid of angiogenic hydrogel, Bioact. Mater. 14 (2022) 
290–301, https://doi.org/10.1016/j.bioactmat.2021.11.014. 

[52] B. An, Y.-S. Lin, B. Brodsky, Collagen interactions: drug design and delivery, Adv. 
Drug Deliv. Rev. 97 (2016) 69–84, https://doi.org/10.1016/j.addr.2015.11.013. 

[53] S.A. Sell, M.J. McClure, K. Garg, P.S. Wolfe, G.L. Bowlin, Electrospinning of 
collagen/biopolymers for regenerative medicine and cardiovascular tissue 
engineering, Adv. Drug Deliv. Rev. 61 (2009) 1007–1019, https://doi.org/ 
10.1016/j.addr.2009.07.012. 

X.-L. Li et al.                                                                                                                                                                                                                                     

https://doi.org/10.1111/iej.12606
https://doi.org/10.1111/iej.12606
https://doi.org/10.3389/fbioe.2018.00139
https://doi.org/10.3389/fphys.2016.00058
https://doi.org/10.3389/fphys.2016.00058
https://doi.org/10.1016/j.joen.2017.06.008
https://doi.org/10.1016/j.joen.2017.06.008
https://doi.org/10.1021/acsbiomaterials.1c00900
https://doi.org/10.1021/acsbiomaterials.1c00900
https://doi.org/10.1111/iej.13882
https://doi.org/10.1016/j.bioactmat.2021.12.015
https://doi.org/10.1016/j.bioactmat.2021.12.015
https://doi.org/10.1111/iej.13045
https://doi.org/10.1111/iej.13045
https://doi.org/10.1016/j.joen.2019.02.002
https://doi.org/10.1016/j.joen.2019.04.005
https://doi.org/10.1016/j.joen.2017.06.023
https://doi.org/10.1016/j.joen.2015.12.022
https://doi.org/10.1016/j.joen.2015.12.022
https://doi.org/10.3390/dj4010004
https://doi.org/10.3390/dj4010004
https://doi.org/10.1016/j.joen.2017.06.012
http://refhub.elsevier.com/S2452-199X(24)00162-2/sref21
http://refhub.elsevier.com/S2452-199X(24)00162-2/sref21
http://refhub.elsevier.com/S2452-199X(24)00162-2/sref21
https://doi.org/10.1177/154405910208100806
https://doi.org/10.1016/j.aanat.2023.152149
https://doi.org/10.1016/j.yexcr.2015.11.012
https://doi.org/10.1111/joor.12839
https://doi.org/10.1016/j.biomaterials.2012.10.045
https://doi.org/10.1016/j.biomaterials.2013.08.011
https://doi.org/10.1016/j.biomaterials.2013.08.011
https://doi.org/10.1186/s13287-017-0506-5
https://doi.org/10.1186/s13287-017-0506-5
https://doi.org/10.1186/scrt419
https://doi.org/10.1073/pnas.0937635100
https://doi.org/10.1111/cpr.13074
https://doi.org/10.1016/j.joen.2010.05.006
https://doi.org/10.1177/0022034513505772
https://doi.org/10.1177/0022034513505772
https://doi.org/10.1126/scitranslmed.aaf3227
https://doi.org/10.1371/journal.pone.0000079
https://doi.org/10.1371/journal.pone.0000079
https://doi.org/10.1016/j.joen.2007.11.021
https://doi.org/10.1016/j.joen.2007.11.021
https://doi.org/10.1016/j.archoralbio.2010.12.008
https://doi.org/10.1016/j.archoralbio.2010.12.008
https://doi.org/10.1016/j.joen.2021.02.011
https://doi.org/10.1016/j.joen.2021.02.011
https://doi.org/10.1007/s00784-021-03840-9
https://doi.org/10.1007/s00784-021-03840-9
http://refhub.elsevier.com/S2452-199X(24)00162-2/sref40
http://refhub.elsevier.com/S2452-199X(24)00162-2/sref40
http://refhub.elsevier.com/S2452-199X(24)00162-2/sref40
https://doi.org/10.1111/j.1749-6632.2009.04607.x
https://doi.org/10.1111/j.1582-4934.2004.tb00320.x
http://refhub.elsevier.com/S2452-199X(24)00162-2/sref43
http://refhub.elsevier.com/S2452-199X(24)00162-2/sref43
http://refhub.elsevier.com/S2452-199X(24)00162-2/sref43
https://doi.org/10.1089/107632701300062859
https://doi.org/10.1089/107632701300062859
https://doi.org/10.1002/jcp.1138
https://doi.org/10.1016/j.biomaterials.2011.05.086
https://doi.org/10.1016/j.biomaterials.2011.05.086
https://doi.org/10.1016/j.biomaterials.2011.11.056
https://doi.org/10.1016/j.biomaterials.2011.11.056
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.3390/ijms21124384
https://doi.org/10.3390/ijms21124384
https://doi.org/10.3389/fbioe.2020.00475
https://doi.org/10.3389/fbioe.2020.00475
https://doi.org/10.1016/j.bioactmat.2021.11.014
https://doi.org/10.1016/j.addr.2015.11.013
https://doi.org/10.1016/j.addr.2009.07.012
https://doi.org/10.1016/j.addr.2009.07.012


Bioactive Materials 38 (2024) 258–275

273

[54] H. Tani, E. Kobayashi, S. Yagi, K. Tanaka, K. Kameda-Haga, S. Shibata, 
N. Moritoki, K. Takatsuna, T. Moriwaki, O. Sekine, T.C. Umei, Y. Morita, Y. Soma, 
Y. Kishino, H. Kanazawa, J. Fujita, S. Hattori, K. Fukuda, S. Tohyama, Heart- 
derived collagen promotes maturation of engineered heart tissue, Biomaterials 
299 (2023) 122174, https://doi.org/10.1016/j.biomaterials.2023.122174. 

[55] Y. Chen, Y. Ma, X. Yang, J. Chen, B. Yang, W. Tian, The application of pulp tissue 
derived-exosomes in pulp regeneration: a novel cell-homing approach, Int. J. 
Nanomed. 17 (2022) 465–476, https://doi.org/10.2147/IJN.S342685. 

[56] A.A. Thant, V. Ruangpornvisuti, P. Sangvanich, W. Banlunara, B. Limcharoen, 
P. Thunyakitpisal, Characterization of a bioscaffold containing polysaccharide 
acemannan and native collagen for pulp tissue regeneration, Int. J. Biol. 
Macromol. 225 (2023) 286–297, https://doi.org/10.1016/j. 
ijbiomac.2022.11.015. 

[57] W. Qin, J.-Y. Chen, J. Guo, T. Ma, M.D. Weir, D. Guo, Y. Shu, Z.-M. Lin, 
A. Schneider, H.H.K. Xu, Novel calcium phosphate cement with metformin- 
loaded chitosan for odontogenic differentiation of human dental pulp cells, Stem 
Cell. Int. 2018 (2018) 7173481, https://doi.org/10.1155/2018/7173481. 

[58] M. Gonçalves da Costa Sousa, G. Conceição de Almeida, D.C. Martins Mota, 
R. Andrade da Costa, S.C. Dias, S.N. Limberger, F. Ko, L.T. Lin, E.F. Haney, 
H. Etayash, B. Baquir, M.J. Trimble, Y. Shen, Z. Su, M. Haapasalo, D. Pletzer, 
L. Chaves de Souza, G. Schuindt Teixeira, R.M. Silva, R.E.W. Hancock, O. 
L. Franco, T.M. Berto Rezende, Antibiofilm and immunomodulatory resorbable 
nanofibrous filing for dental pulp regenerative procedures, Bioact. Mater. 16 
(2022) 173–186, https://doi.org/10.1016/j.bioactmat.2022.01.027. 

[59] B. Kundu, R. Rajkhowa, S.C. Kundu, X. Wang, Silk fibroin biomaterials for tissue 
regenerations, Adv. Drug Deliv. Rev. 65 (2013) 457–470, https://doi.org/ 
10.1016/j.addr.2012.09.043. 

[60] W. Zhang, Y. Zheng, H. Liu, X. Zhu, Y. Gu, Y. Lan, J. Tan, H. Xu, R. Guo, A non- 
invasive monitoring of USPIO labeled silk fibroin/hydroxyapatite scaffold loaded 
DPSCs for dental pulp regeneration, Mater. Sci. Eng., C 103 (2019) 109736, 
https://doi.org/10.1016/j.msec.2019.05.021. 

[61] R. Zheng, H. Duan, J. Xue, Y. Liu, B. Feng, S. Zhao, Y. Zhu, Y. Liu, A. He, 
W. Zhang, W. Liu, Y. Cao, G. Zhou, The influence of Gelatin/PCL ratio and 3-D 
construct shape of electrospun membranes on cartilage regeneration, 
Biomaterials 35 (2014) 152–164, https://doi.org/10.1016/j. 
biomaterials.2013.09.082. 

[62] Y.-H. Kim, H. Furuya, Y. Tabata, Enhancement of bone regeneration by dual 
release of a macrophage recruitment agent and platelet-rich plasma from gelatin 
hydrogels, Biomaterials 35 (2014) 214–224, https://doi.org/10.1016/j. 
biomaterials.2013.09.103. 

[63] L. K, O. R, Y. F, C. J, L. J, F. Jd, S. M, R. M, Enhancement of acellular 
biomineralization, dental pulp stem cell migration, and differentiation by hybrid 
fibrin gelatin scaffolds, in: Dental Materials : Official Publication of the Academy 
of Dental Materials, vol. 39, 2023, https://doi.org/10.1016/j. 
dental.2023.01.010. 

[64] Y. Zhu, Y. Wang, G. Xia, X. Zhang, S. Deng, X. Zhao, Y. Xu, G. Chang, Y. Tao, 
M. Li, H. Li, X. Huang, H.F. Chan, Oral delivery of bioactive glass-loaded core- 
shell hydrogel microspheres for effective treatment of inflammatory bowel 
disease, Adv. Sci. 10 (2023) e2207418, https://doi.org/10.1002/ 
advs.202207418. 

[65] P. Stagnaro, I. Schizzi, R. Utzeri, E. Marsano, M. Castellano, Alginate- 
polymethacrylate hybrid hydrogels for potential osteochondral tissue 
regeneration, Carbohydr. Polym. 185 (2018) 56–62, https://doi.org/10.1016/j. 
carbpol.2018.01.012. 

[66] A. Athirasala, A. Tahayeri, G. Thrivikraman, C.M. França, N. Monteiro, V. Tran, 
J. Ferracane, L.E. Bertassoni, A dentin-derived hydrogel bioink for 3D bioprinting 
of cell laden scaffolds for regenerative dentistry, Biofabrication 10 (2018) 
024101, https://doi.org/10.1088/1758-5090/aa9b4e. 

[67] D. Atila, C.-Y. Chen, C.-P. Lin, Y.-L. Lee, V. Hasirci, A. Tezcaner, F.-H. Lin, In vitro 
evaluation of injectable Tideglusib-loaded hyaluronic acid hydrogels 
incorporated with Rg1-loaded chitosan microspheres for vital pulp regeneration, 
Carbohydr. Polym. 278 (2022) 118976, https://doi.org/10.1016/j. 
carbpol.2021.118976. 

[68] C.R. Silva, P.S. Babo, M. Gulino, L. Costa, J.M. Oliveira, J. Silva-Correia, R.M. 
A. Domingues, R.L. Reis, M.E. Gomes, Injectable and tunable hyaluronic acid 
hydrogels releasing chemotactic and angiogenic growth factors for endodontic 
regeneration, Acta Biomater. 77 (2018) 155–171, https://doi.org/10.1016/j. 
actbio.2018.07.035. 

[69] E.A. Masoudi, J. Ribas, G. Kaushik, J. Leijten, A. Khademhosseini, Platelet-rich 
blood derivatives for stem cell-based tissue engineering and regeneration, Curr. 
Stem Cell Rep. 2 (2016) 33–42, https://doi.org/10.1007/s40778-016-0034-8. 

[70] P. Noohi, M.J. Abdekhodaie, M.H. Nekoofar, K.M. Galler, P.M.H. Dummer, 
Advances in scaffolds used for pulp-dentine complex tissue engineering: a 
narrative review, Int. Endod. J. 55 (2022) 1277–1316, https://doi.org/10.1111/ 
iej.13826. 

[71] N. Mizushima, B. Levine, Autophagy in human diseases, N. Engl. J. Med. 383 
(2020) 1564–1576, https://doi.org/10.1056/NEJMra2022774. 

[72] H. Xu, F. Xu, J. Zhao, C. Zhou, J. Liu, Platelet-rich plasma induces autophagy and 
promotes regeneration in human dental pulp cells, Front. Bioeng. Biotechnol. 9 
(2021) 659742, https://doi.org/10.3389/fbioe.2021.659742. 

[73] J. Chai, R. Jin, G. Yuan, V. Kanter, R.J. Miron, Y. Zhang, Effect of liquid platelet- 
rich fibrin and platelet-rich plasma on the regenerative potential of dental pulp 
cells cultured under inflammatory conditions: a comparative analysis, J. Endod. 
45 (2019) 1000–1008, https://doi.org/10.1016/j.joen.2019.04.002. 

[74] R. Jin, G. Song, J. Chai, X. Gou, G. Yuan, Z. Chen, Effects of concentrated growth 
factor on proliferation, migration, and differentiation of human dental pulp stem 

cells in vitro, J. Tissue Eng. 9 (2018) 2041731418817505, https://doi.org/ 
10.1177/2041731418817505. 

[75] S. Hinderer, S.L. Layland, K. Schenke-Layland, ECM and ECM-like materials — 
biomaterials for applications in regenerative medicine and cancer therapy, Adv. 
Drug Deliv. Rev. 97 (2016) 260–269, https://doi.org/10.1016/j. 
addr.2015.11.019. 

[76] X. Zhang, X. Chen, H. Hong, R. Hu, J. Liu, C. Liu, Decellularized extracellular 
matrix scaffolds: recent trends and emerging strategies in tissue engineering, 
Bioact. Mater. 10 (2021) 15–31, https://doi.org/10.1016/j. 
bioactmat.2021.09.014. 

[77] Q. Alqahtani, S.H. Zaky, A. Patil, E. Beniash, H. Ray, C. Sfeir, Decellularized swine 
dental pulp tissue for regenerative root canal therapy, J. Dent. Res. 97 (2018) 
1460–1467, https://doi.org/10.1177/0022034518785124. 

[78] W. Zhang, B. Vazquez, D. Oreadi, P.C. Yelick, Decellularized tooth bud scaffolds 
for tooth regeneration, J. Dent. Res. 96 (2017) 516–523, https://doi.org/ 
10.1177/0022034516689082. 

[79] F. Paduano, M. Marrelli, L.J. White, K.M. Shakesheff, M. Tatullo, Odontogenic 
differentiation of human dental pulp stem cells on hydrogel scaffolds derived 
from decellularized bone extracellular matrix and collagen type I, PLoS One 11 
(2016) e0148225, https://doi.org/10.1371/journal.pone.0148225. 

[80] F. Fioretti, C. Mendoza-Palomares, M. Helms, D. Al Alam, L. Richert, Y. Arntz, 
S. Rinckenbach, F. Garnier, Y. Haïkel, S.C. Gangloff, N. Benkirane-Jessel, 
Nanostructured assemblies for dental application, ACS Nano 4 (2010) 
3277–3287, https://doi.org/10.1021/nn100713m. 

[81] M. Bekhouche, M. Bolon, F. Charriaud, M. Lamrayah, D. Da Costa, C. Primard, 
A. Costantini, M. Pasdeloup, S. Gobert, F. Mallein-Gerin, B. Verrier, M. Ducret, J.- 
C. Farges, Development of an antibacterial nanocomposite hydrogel for human 
dental pulp engineering, J. Mater. Chem. B 8 (2020) 8422–8432, https://doi.org/ 
10.1039/d0tb00989j. 

[82] G. Chen, J. Chen, B. Yang, L. Li, X. Luo, X. Zhang, L. Feng, Z. Jiang, M. Yu, 
W. Guo, W. Tian, Combination of aligned PLGA/Gelatin electrospun sheets, 
native dental pulp extracellular matrix and treated dentin matrix as substrates for 
tooth root regeneration, Biomaterials 52 (2015) 56–70, https://doi.org/10.1016/ 
j.biomaterials.2015.02.011. 

[83] H. Seonwoo, K.-J. Jang, D. Lee, S. Park, M. Lee, S. Park, K.-T. Lim, J. Kim, J. 
H. Chung, Neurogenic differentiation of human dental pulp stem cells on 
graphene-polycaprolactone hybrid nanofibers, Nanomaterials 8 (2018) 554, 
https://doi.org/10.3390/nano8070554. 

[84] M.L. Leite, R.A. de Oliveira Ribeiro, D.G. Soares, J. Hebling, C.A. de Souza Costa, 
Poly(caprolactone)-aligned nanofibers associated with fibronectin-loaded 
collagen hydrogel as a potent bioactive scaffold for cell-free regenerative 
endodontics, Int. Endod. J. 55 (2022) 1359–1371, https://doi.org/10.1111/ 
iej.13823. 

[85] A. Chen, S. Deng, J. Lai, J. Li, W. Chen, S.N. Varma, J. Zhang, C. Lei, C. Liu, 
L. Huang, Hydrogels for oral tissue engineering: challenges and opportunities, 
Molecules 28 (2023) 3946, https://doi.org/10.3390/molecules28093946. 

[86] S. Han, H. Yang, X. Ni, Y. Deng, Z. Li, X. Xing, M. Du, Programmed release of 
vascular endothelial growth factor and exosome from injectable chitosan 
nanofibrous microsphere-based PLGA-PEG-PLGA hydrogel for enhanced bone 
regeneration, Int. J. Biol. Macromol. 253 (2023) 126721, https://doi.org/ 
10.1016/j.ijbiomac.2023.126721. 

[87] P. Ghandforoushan, J. Hanaee, Z. Aghazadeh, M. Samiei, A.M. Navali, A. Khatibi, 
S. Davaran, Enhancing the function of PLGA-collagen scaffold by incorporating 
TGF-β1-loaded PLGA-PEG-PLGA nanoparticles for cartilage tissue engineering 
using human dental pulp stem cells, Drug Deliv. Transl. Res. 12 (2022) 
2960–2978, https://doi.org/10.1007/s13346-022-01161-2. 

[88] B.J. Klotz, D. Gawlitta, A.J.W.P. Rosenberg, J. Malda, F.P.W. Melchels, Gelatin- 
methacryloyl hydrogels: towards biofabrication-based tissue repair, Trends 
Biotechnol. 34 (2016) 394–407, https://doi.org/10.1016/j.tibtech.2016.01.002. 

[89] Q. Zhang, T. Yang, R. Zhang, X. Liang, G. Wang, Y. Tian, L. Xie, W. Tian, Platelet 
lysate functionalized gelatin methacrylate microspheres for improving 
angiogenesis in endodontic regeneration, Acta Biomater. 136 (2021) 441–455, 
https://doi.org/10.1016/j.actbio.2021.09.024. 

[90] Self-Assembling Peptides and Their Application in the Treatment of Diseases - 
PubMed, (n.d.). https://pubmed.ncbi.nlm.nih.gov/31766475/(accessed October 
6, 2023). 

[91] J. Chen, X. Zou, Self-assemble peptide biomaterials and their biomedical 
applications, Bioact. Mater. 4 (2019) 120–131, https://doi.org/10.1016/j. 
bioactmat.2019.01.002. 

[92] K. Xia, Z. Chen, J. Chen, H. Xu, Y. Xu, T. Yang, Q. Zhang, RGD- and VEGF-mimetic 
peptide epitope-functionalized self-assembling peptide hydrogels promote dentin- 
pulp complex regeneration, Int. J. Nanomed. 15 (2020) 6631–6647, https://doi. 
org/10.2147/IJN.S253576. 

[93] L. Zheng, F. Yang, H. Shen, X. Hu, C. Mochizuki, M. Sato, S. Wang, Y. Zhang, The 
effect of composition of calcium phosphate composite scaffolds on the formation 
of tooth tissue from human dental pulp stem cells, Biomaterials 32 (2011) 
7053–7059, https://doi.org/10.1016/j.biomaterials.2011.06.004. 

[94] L. Wang, Y. Zhang, Y. Xia, C. Xu, K. Meng, J. Lian, X. Zhang, J. Xu, C. Wang, 
B. Zhao, Photocross-linked silk fibroin/hyaluronic acid hydrogel loaded with 
hDPSC for pulp regeneration, Int. J. Biol. Macromol. 215 (2022) 155–168, 
https://doi.org/10.1016/j.ijbiomac.2022.06.087. 

[95] Kappa-Carrageenan/Chitosan/Gelatin Scaffolds Provide a Biomimetic 
Microenvironment for Dentin-Pulp Regeneration - PubMed, (n.d.). https://pubm 
ed.ncbi.nlm.nih.gov/37047438/(accessed October 7, 2023). 

[96] D. Nadeem, M. Kiamehr, X. Yang, B. Su, Fabrication and in vitro evaluation of a 
sponge-like bioactive-glass/gelatin composite scaffold for bone tissue 

X.-L. Li et al.                                                                                                                                                                                                                                     

https://doi.org/10.1016/j.biomaterials.2023.122174
https://doi.org/10.2147/IJN.S342685
https://doi.org/10.1016/j.ijbiomac.2022.11.015
https://doi.org/10.1016/j.ijbiomac.2022.11.015
https://doi.org/10.1155/2018/7173481
https://doi.org/10.1016/j.bioactmat.2022.01.027
https://doi.org/10.1016/j.addr.2012.09.043
https://doi.org/10.1016/j.addr.2012.09.043
https://doi.org/10.1016/j.msec.2019.05.021
https://doi.org/10.1016/j.biomaterials.2013.09.082
https://doi.org/10.1016/j.biomaterials.2013.09.082
https://doi.org/10.1016/j.biomaterials.2013.09.103
https://doi.org/10.1016/j.biomaterials.2013.09.103
https://doi.org/10.1016/j.dental.2023.01.010
https://doi.org/10.1016/j.dental.2023.01.010
https://doi.org/10.1002/advs.202207418
https://doi.org/10.1002/advs.202207418
https://doi.org/10.1016/j.carbpol.2018.01.012
https://doi.org/10.1016/j.carbpol.2018.01.012
https://doi.org/10.1088/1758-5090/aa9b4e
https://doi.org/10.1016/j.carbpol.2021.118976
https://doi.org/10.1016/j.carbpol.2021.118976
https://doi.org/10.1016/j.actbio.2018.07.035
https://doi.org/10.1016/j.actbio.2018.07.035
https://doi.org/10.1007/s40778-016-0034-8
https://doi.org/10.1111/iej.13826
https://doi.org/10.1111/iej.13826
https://doi.org/10.1056/NEJMra2022774
https://doi.org/10.3389/fbioe.2021.659742
https://doi.org/10.1016/j.joen.2019.04.002
https://doi.org/10.1177/2041731418817505
https://doi.org/10.1177/2041731418817505
https://doi.org/10.1016/j.addr.2015.11.019
https://doi.org/10.1016/j.addr.2015.11.019
https://doi.org/10.1016/j.bioactmat.2021.09.014
https://doi.org/10.1016/j.bioactmat.2021.09.014
https://doi.org/10.1177/0022034518785124
https://doi.org/10.1177/0022034516689082
https://doi.org/10.1177/0022034516689082
https://doi.org/10.1371/journal.pone.0148225
https://doi.org/10.1021/nn100713m
https://doi.org/10.1039/d0tb00989j
https://doi.org/10.1039/d0tb00989j
https://doi.org/10.1016/j.biomaterials.2015.02.011
https://doi.org/10.1016/j.biomaterials.2015.02.011
https://doi.org/10.3390/nano8070554
https://doi.org/10.1111/iej.13823
https://doi.org/10.1111/iej.13823
https://doi.org/10.3390/molecules28093946
https://doi.org/10.1016/j.ijbiomac.2023.126721
https://doi.org/10.1016/j.ijbiomac.2023.126721
https://doi.org/10.1007/s13346-022-01161-2
https://doi.org/10.1016/j.tibtech.2016.01.002
https://doi.org/10.1016/j.actbio.2021.09.024
https://pubmed.ncbi.nlm.nih.gov/31766475/
https://doi.org/10.1016/j.bioactmat.2019.01.002
https://doi.org/10.1016/j.bioactmat.2019.01.002
https://doi.org/10.2147/IJN.S253576
https://doi.org/10.2147/IJN.S253576
https://doi.org/10.1016/j.biomaterials.2011.06.004
https://doi.org/10.1016/j.ijbiomac.2022.06.087
https://pubmed.ncbi.nlm.nih.gov/37047438/
https://pubmed.ncbi.nlm.nih.gov/37047438/


Bioactive Materials 38 (2024) 258–275

274

engineering, Mater. Sci. Eng., C 33 (2013) 2669–2678, https://doi.org/10.1016/ 
j.msec.2013.02.021. 

[97] X. Chatzistavrou, J.C. Fenno, D. Faulk, S. Badylak, T. Kasuga, A.R. Boccaccini, 
P. Papagerakis, Fabrication and characterization of bioactive and antibacterial 
composites for dental applications, Acta Biomater. 10 (2014) 3723–3732, https:// 
doi.org/10.1016/j.actbio.2014.04.030. 

[98] Eggshell derived nano-hydroxyapatite incorporated carboxymethyl chitosan 
scaffold for dentine regeneration: a laboratory investigation - PubMed, n.d. htt 
ps://pubmed.ncbi.nlm.nih.gov/34617273/. (Accessed 7 October 2023). 

[99] F. Fioretti, C. Mendoza-Palomares, M.C. Avoaka-Boni, J. Ramaroson, S. Bahi, 
L. Richert, F. Granier, N. Benkirane-Jessel, Y. Haikel, Nano-odontology: 
nanostructured assemblies for endodontic regeneration, J. Biomed. Nanotechnol. 
7 (2011) 471–475, https://doi.org/10.1166/jbn.2011.1312. 

[100] Y. Liu, L. Fan, X. Lin, L. Zou, Y. Li, X. Ge, W. Fu, Z. Zhang, K. Xiao, H. Lv, 
Functionalized self-assembled peptide RAD/Dentonin hydrogel scaffold promotes 
dental pulp regeneration, Biomed. Mater. 17 (2021), https://doi.org/10.1088/ 
1748-605X/ac3928. 

[101] A. Daghrery, Z. Aytac, N. Dubey, L. Mei, A. Schwendeman, M.C. Bottino, 
Electrospinning of dexamethasone/cyclodextrin inclusion complex polymer fibers 
for dental pulp therapy, Colloids Surf. B Biointerfaces 191 (2020) 111011, 
https://doi.org/10.1016/j.colsurfb.2020.111011. 

[102] H. Zou, G. Wang, F. Song, X. Shi, Investigation of human dental pulp cells on a 
potential injectable poly(lactic-co-glycolic acid) microsphere scaffold, J. Endod. 
43 (2017) 745–750, https://doi.org/10.1016/j.joen.2016.12.019. 

[103] S. Wang, Q. Hu, X. Gao, Y. Dong, Characteristics and effects on dental pulp cells of 
a polycaprolactone/submicron bioactive glass composite scaffold, J. Endod. 42 
(2016) 1070–1075, https://doi.org/10.1016/j.joen.2016.04.023. 

[104] M.L. Leite, D.G. Soares, G. Anovazzi, I.P. Mendes Soares, J. Hebling, C.A. de Souza 
Costa, Development of fibronectin-loaded nanofiber scaffolds for guided pulp 
tissue regeneration, J. Biomed. Mater. Res. B Appl. Biomater. 109 (2021) 
1244–1258, https://doi.org/10.1002/jbm.b.34785. 

[105] Y. Qian, J. Gong, K. Lu, Y. Hong, Z. Zhu, J. Zhang, Y. Zou, F. Zhou, C. Zhang, 
S. Zhou, T. Gu, M. Sun, S. Wang, J. He, Y. Li, J. Lin, Y. Yuan, H. Ouyang, M. Yu, 
H. Wang, DLP printed hDPSC-loaded GelMA microsphere regenerates dental pulp 
and repairs spinal cord, Biomaterials 299 (2023) 122137, https://doi.org/ 
10.1016/j.biomaterials.2023.122137. 

[106] Y. Qiu, J. Tian, S. Kong, Y. Feng, Y. Lu, L. Su, Y. Cai, M. Li, J. Chang, C. Yang, 
X. Wei, SrCuSi4 O10/GelMA composite hydrogel-mediated vital pulp therapy: 
integrating antibacterial property and enhanced pulp regeneration activity, Adv. 
Healthcare Mater. 12 (2023) e2300546, https://doi.org/10.1002/ 
adhm.202300546. 

[107] X. Yuan, Z. Yuan, Y. Wang, Z. Wan, X. Wang, S. Yu, J. Han, J. Huang, C. Xiong, 
L. Ge, Q. Cai, Y. Zhao, Vascularized pulp regeneration via injecting simvastatin 
functionalized GelMA cryogel microspheres loaded with stem cells from human 
exfoliated deciduous teeth, Mater. Today Biol. 13 (2022) 100209, https://doi. 
org/10.1016/j.mtbio.2022.100209. 

[108] T. Yang, Q. Zhang, L. Xie, R. Zhang, R. Qian, Y. Tian, G. Chen, W. Tian, hDPSC- 
laden GelMA microspheres fabricated using electrostatic microdroplet method for 
endodontic regeneration, Mater. Sci. Eng., C 121 (2021) 111850, https://doi.org/ 
10.1016/j.msec.2020.111850. 

[109] N. Luo, Y.-W. Deng, J. Wen, X.-C. Xu, R.-X. Jiang, J.-Y. Zhan, Y. Zhang, B.-Q. Lu, 
F. Chen, X. Chen, Wnt3a-Loaded hydroxyapatite Nanowire@Mesoporous silica 
core-shell nanocomposite promotes the regeneration of dentin-pulp complex via 
angiogenesis, oxidative stress resistance, and odontogenic induction of stem cells, 
Adv. Healthcare Mater. 12 (2023) e2300229, https://doi.org/10.1002/ 
adhm.202300229. 

[110] Z. Mousavi Nejad, A. Zamanian, M. Saeidifar, H.R. Vanaei, M. Salar Amoli, 3D 
bioprinting of polycaprolactone-based scaffolds for pulp-dentin regeneration: 
investigation of physicochemical and biological behavior, Polymers 13 (2021) 
4442, https://doi.org/10.3390/polym13244442. 

[111] X. Li, C. Ma, X. Xie, H. Sun, X. Liu, Pulp regeneration in a full-length human tooth 
root using a hierarchical nanofibrous microsphere system, Acta Biomater. 35 
(2016) 57–67, https://doi.org/10.1016/j.actbio.2016.02.040. 

[112] P.K. Nguyen, W. Gao, S.D. Patel, Z. Siddiqui, S. Weiner, E. Shimizu, B. Sarkar, V. 
A. Kumar, Self-assembly of a dentinogenic peptide hydrogel, ACS Omega 3 (2018) 
5980–5987, https://doi.org/10.1021/acsomega.8b00347. 

[113] M.C. Bottino, K. Kamocki, G.H. Yassen, J.A. Platt, M.M. Vail, Y. Ehrlich, K. 
J. Spolnik, R.L. Gregory, Bioactive nanofibrous scaffolds for regenerative 
endodontics, J. Dent. Res. 92 (2013) 963–969, https://doi.org/10.1177/ 
0022034513505770. 

[114] X. Zhang, S. van Rijt, 2D biointerfaces to study stem cell-ligand interactions, Acta 
Biomater. 131 (2021) 80–96, https://doi.org/10.1016/j.actbio.2021.06.044. 

[115] H.-C. Lim, O.H. Nam, M.-J. Kim, A. El-Fiqi, H.-M. Yun, Y.-M. Lee, G.-Z. Jin, H.- 
H. Lee, H.-W. Kim, E.-C. Kim, Delivery of dexamethasone from bioactive 
nanofiber matrices stimulates odontogenesis of human dental pulp cells through 
integrin/BMP/mTOR signaling pathways, Int. J. Nanomed. 11 (2016) 
2557–2567, https://doi.org/10.2147/IJN.S97846. 

[116] W. Zhang, I.P. Ahluwalia, P.C. Yelick, Three dimensional dental epithelial- 
mesenchymal constructs of pre-determined size and shape for tooth regeneration, 
Biomaterials 31 (2010) 7995–8003, https://doi.org/10.1016/j. 
biomaterials.2010.07.020. 

[117] B.-D. Sui, C.-X. Zheng, W.-M. Zhao, K. Xuan, B. Li, Y. Jin, Mesenchymal 
condensation in tooth development and regeneration: a focus on translational 
aspects of organogenesis, Physiol. Rev. 103 (2023) 1899–1964, https://doi.org/ 
10.1152/physrev.00019.2022. 

[118] Y. Itoh, J.I. Sasaki, M. Hashimoto, C. Katata, M. Hayashi, S. Imazato, Pulp 
regeneration by 3-dimensional dental pulp stem cell constructs, J. Dent. Res. 97 
(2018) 1137–1143, https://doi.org/10.1177/0022034518772260. 

[119] H. Guo, B. Li, M. Wu, W. Zhao, X. He, B. Sui, Z. Dong, L. Wang, S. Shi, X. Huang, 
X. Liu, Z. Li, X. Guo, K. Xuan, Y. Jin, Odontogenesis-related developmental 
microenvironment facilitates deciduous dental pulp stem cell aggregates to 
revitalize an avulsed tooth, Biomaterials 279 (2021) 121223, https://doi.org/ 
10.1016/j.biomaterials.2021.121223. 

[120] C.R. Silva, P.S. Babo, M. Gulino, L. Costa, J.M. Oliveira, J. Silva-Correia, R.M. 
A. Domingues, R.L. Reis, M.E. Gomes, Injectable and tunable hyaluronic acid 
hydrogels releasing chemotactic and angiogenic growth factors for endodontic 
regeneration, Acta Biomater. 77 (2018) 155–171, https://doi.org/10.1016/j. 
actbio.2018.07.035. 

[121] B. Xia, X. Gao, J. Qian, S. Li, B. Yu, Y. Hao, B. Wei, T. Ma, H. Wu, S. Yang, 
Y. Zheng, X. Gao, L. Guo, J. Gao, Y. Yang, Y. Zhang, Y. Wei, B. Xue, Y. Jin, Z. Luo, 
J. Zhang, J. Huang, A novel superparamagnetic multifunctional nerve scaffold: 
remote actuation strategy to boost in situ extracellular vesicles production for 
enhanced peripheral nerve repair, Adv. Mater. (2023) e2305374, https://doi.org/ 
10.1002/adma.202305374. 

[122] A. Maleki, J. He, S. Bochani, V. Nosrati, M.-A. Shahbazi, B. Guo, Multifunctional 
photoactive hydrogels for wound healing acceleration, ACS Nano 15 (2021) 
18895–18930, https://doi.org/10.1021/acsnano.1c08334. 

[123] Y. Shen, G. Xu, H. Huang, K. Wang, H. Wang, M. Lang, H. Gao, S. Zhao, Sequential 
release of small extracellular vesicles from bilayered thiolated alginate/ 
polyethylene glycol diacrylate hydrogels for scarless wound healing, ACS Nano 15 
(2021) 6352–6368, https://doi.org/10.1021/acsnano.0c07714. 

[124] Y. Gong, Y. Zhang, Z. Cao, F. Ye, Z. Lin, Y. Li, Development of CaCO3 
microsphere-based composite hydrogel for dual delivery of growth factor and Ca 
to enhance bone regeneration, Biomater. Sci. 7 (2019) 3614–3626, https://doi. 
org/10.1039/c9bm00463g. 

[125] Z. Wang, Y. Zhang, Y. Yin, J. Liu, P. Li, Y. Zhao, D. Bai, H. Zhao, X. Han, Q. Chen, 
High-strength and injectable supramolecular hydrogel self-assembled by 
monomeric nucleoside for tooth-extraction wound healing, Adv. Mater. 34 (2022) 
e2108300, https://doi.org/10.1002/adma.202108300. 

[126] W. Leong, D.-A. Wang, Cell-laden polymeric microspheres for biomedical 
applications, Trends Biotechnol. 33 (2015) 653–666, https://doi.org/10.1016/j. 
tibtech.2015.09.003. 

[127] Q. Li, B. Chang, H. Dong, X. Liu, Functional microspheres for tissue regeneration, 
Bioact. Mater. 25 (2023) 485–499, https://doi.org/10.1016/j. 
bioactmat.2022.07.025. 

[128] C.M. Franca, G. de S. Balbinot, D. Cunha, V. de P.A. Saboia, J. Ferracane, L. 
E. Bertassoni, In-vitro models of biocompatibility testing for restorative dental 
materials: from 2D cultures to organs on-a-chip, Acta Biomater. 150 (2022) 58, 
https://doi.org/10.1016/j.actbio.2022.07.060. 

[129] C.M. França, A. Tahayeri, N.S. Rodrigues, S. Ferdosian, R.M. Puppin Rontani, 
G. Sereda, J.L. Ferracane, L.E. Bertassoni, The tooth on-a-chip: a microphysiologic 
model system mimicking the biologic interface of the tooth with biomaterials, Lab 
Chip 20 (2020) 405–413, https://doi.org/10.1039/c9lc00915a. 

[130] N.S. Rodrigues, C.M. França, A. Tahayeri, Z. Ren, V.P.A. Saboia, A.J. Smith, J. 
L. Ferracane, H. Koo, L.E. Bertassoni, Biomaterial and biofilm interactions with 
the pulp-dentin complex-on-a-chip, J. Dent. Res. 100 (2021) 1136–1143, https:// 
doi.org/10.1177/00220345211016429. 

[131] S. Wei, J.-X. Ma, L. Xu, X.-S. Gu, X.-L. Ma, Biodegradable materials for bone defect 
repair, Mil. Med. Res. 7 (2020) 54, https://doi.org/10.1186/s40779-020-00280- 
6. 

[132] R. Li, K. Liu, X. Huang, D. Li, J. Ding, B. Liu, X. Chen, Bioactive materials promote 
wound healing through modulation of cell behaviors, Adv. Sci. 9 (2022) 
e2105152, https://doi.org/10.1002/advs.202105152. 

[133] C.T. Johnson, A.J. García, Scaffold-based anti-infection strategies in bone repair, 
Ann. Biomed. Eng. 43 (2015) 515–528, https://doi.org/10.1007/s10439-014- 
1205-3. 

[134] N. Ferrara, H.-P. Gerber, J. LeCouter, The biology of VEGF and its receptors, Nat. 
Med. 9 (2003) 669–676, https://doi.org/10.1038/nm0603-669. 

[135] H.L. Goel, A.M. Mercurio, VEGF targets the tumour cell, Nat. Rev. Cancer 13 
(2013) 871–882, https://doi.org/10.1038/nrc3627. 

[136] S. Roy, S. Khanna, C.K. Sen, Redox regulation of the VEGF signaling path and 
tissue vascularization: hydrogen peroxide, the common link between physical 
exercise and cutaneous wound healing, Free Radic. Biol. Med. 44 (2008) 
180–192, https://doi.org/10.1016/j.freeradbiomed.2007.01.025. 

[137] C. Galambos, Y.-S. Ng, A. Ali, A. Noguchi, S. Lovejoy, P.A. D’Amore, D. 
E. DeMello, Defective pulmonary development in the absence of heparin-binding 
vascular endothelial growth factor isoforms, Am. J. Respir. Cell Mol. Biol. 27 
(2002) 194–203, https://doi.org/10.1165/ajrcmb.27.2.4703. 

[138] R. Zhang, L. Xie, H. Wu, T. Yang, Q. Zhang, Y. Tian, Y. Liu, X. Han, W. Guo, M. He, 
S. Liu, W. Tian, Alginate/laponite hydrogel microspheres co-encapsulating dental 
pulp stem cells and VEGF for endodontic regeneration, Acta Biomater. 113 (2020) 
305–316, https://doi.org/10.1016/j.actbio.2020.07.012. 

[139] Y.-C. Chiang, H.-H. Chang, C.-C. Wong, Y.-P. Wang, Y.-L. Wang, W.-H. Huang, C.- 
P. Lin, Nanocrystalline calcium sulfate/hydroxyapatite biphasic compound as a 
TGF-β1/VEGF reservoir for vital pulp therapy, Dent. Mater. 32 (2016) 
1197–1208, https://doi.org/10.1016/j.dental.2016.06.013. 

[140] J.I. Sasaki, Z. Zhang, M. Oh, A.M. Pobocik, S. Imazato, S. Shi, J.E. Nör, VE- 
cadherin and anastomosis of blood vessels formed by dental stem cells, J. Dent. 
Res. 99 (2020) 437–445, https://doi.org/10.1177/0022034520902458. 

[141] B. Divband, M. Aghazadeh, Z.H. Al-Qaim, M. Samiei, F.H. Hussein, A. Shaabani, 
S. Shahi, R. Sedghi, Bioactive chitosan biguanidine-based injectable hydrogels as 

X.-L. Li et al.                                                                                                                                                                                                                                     

https://doi.org/10.1016/j.msec.2013.02.021
https://doi.org/10.1016/j.msec.2013.02.021
https://doi.org/10.1016/j.actbio.2014.04.030
https://doi.org/10.1016/j.actbio.2014.04.030
https://pubmed.ncbi.nlm.nih.gov/34617273/
https://pubmed.ncbi.nlm.nih.gov/34617273/
https://doi.org/10.1166/jbn.2011.1312
https://doi.org/10.1088/1748-605X/ac3928
https://doi.org/10.1088/1748-605X/ac3928
https://doi.org/10.1016/j.colsurfb.2020.111011
https://doi.org/10.1016/j.joen.2016.12.019
https://doi.org/10.1016/j.joen.2016.04.023
https://doi.org/10.1002/jbm.b.34785
https://doi.org/10.1016/j.biomaterials.2023.122137
https://doi.org/10.1016/j.biomaterials.2023.122137
https://doi.org/10.1002/adhm.202300546
https://doi.org/10.1002/adhm.202300546
https://doi.org/10.1016/j.mtbio.2022.100209
https://doi.org/10.1016/j.mtbio.2022.100209
https://doi.org/10.1016/j.msec.2020.111850
https://doi.org/10.1016/j.msec.2020.111850
https://doi.org/10.1002/adhm.202300229
https://doi.org/10.1002/adhm.202300229
https://doi.org/10.3390/polym13244442
https://doi.org/10.1016/j.actbio.2016.02.040
https://doi.org/10.1021/acsomega.8b00347
https://doi.org/10.1177/0022034513505770
https://doi.org/10.1177/0022034513505770
https://doi.org/10.1016/j.actbio.2021.06.044
https://doi.org/10.2147/IJN.S97846
https://doi.org/10.1016/j.biomaterials.2010.07.020
https://doi.org/10.1016/j.biomaterials.2010.07.020
https://doi.org/10.1152/physrev.00019.2022
https://doi.org/10.1152/physrev.00019.2022
https://doi.org/10.1177/0022034518772260
https://doi.org/10.1016/j.biomaterials.2021.121223
https://doi.org/10.1016/j.biomaterials.2021.121223
https://doi.org/10.1016/j.actbio.2018.07.035
https://doi.org/10.1016/j.actbio.2018.07.035
https://doi.org/10.1002/adma.202305374
https://doi.org/10.1002/adma.202305374
https://doi.org/10.1021/acsnano.1c08334
https://doi.org/10.1021/acsnano.0c07714
https://doi.org/10.1039/c9bm00463g
https://doi.org/10.1039/c9bm00463g
https://doi.org/10.1002/adma.202108300
https://doi.org/10.1016/j.tibtech.2015.09.003
https://doi.org/10.1016/j.tibtech.2015.09.003
https://doi.org/10.1016/j.bioactmat.2022.07.025
https://doi.org/10.1016/j.bioactmat.2022.07.025
https://doi.org/10.1016/j.actbio.2022.07.060
https://doi.org/10.1039/c9lc00915a
https://doi.org/10.1177/00220345211016429
https://doi.org/10.1177/00220345211016429
https://doi.org/10.1186/s40779-020-00280-6
https://doi.org/10.1186/s40779-020-00280-6
https://doi.org/10.1002/advs.202105152
https://doi.org/10.1007/s10439-014-1205-3
https://doi.org/10.1007/s10439-014-1205-3
https://doi.org/10.1038/nm0603-669
https://doi.org/10.1038/nrc3627
https://doi.org/10.1016/j.freeradbiomed.2007.01.025
https://doi.org/10.1165/ajrcmb.27.2.4703
https://doi.org/10.1016/j.actbio.2020.07.012
https://doi.org/10.1016/j.dental.2016.06.013
https://doi.org/10.1177/0022034520902458


Bioactive Materials 38 (2024) 258–275

275

a novel BMP-2 and VEGF carrier for osteogenesis of dental pulp stem cells, 
Carbohydr. Polym. 273 (2021) 118589, https://doi.org/10.1016/j. 
carbpol.2021.118589. 

[142] F. Machla, V. Sokolova, V. Platania, O. Prymak, K. Kostka, B. Kruse, 
M. Agrymakis, S. Pasadaki, A. Kritis, K. Alpantaki, M. Vidaki, 
M. Chatzinikolaidou, M. Epple, A. Bakopoulou, Tissue engineering at the dentin- 
pulp interface using human treated dentin scaffolds conditioned with DMP1 or 
BMP2 plasmid DNA-carrying calcium phosphate nanoparticles, Acta Biomater. 
159 (2023) 156–172, https://doi.org/10.1016/j.actbio.2023.01.044. 

[143] J. Yang, L. Ye, T.-Q. Hui, D.-M. Yang, D.-M. Huang, X.-D. Zhou, J.J. Mao, C.- 
L. Wang, Bone morphogenetic protein 2-induced human dental pulp cell 
differentiation involves p38 mitogen-activated protein kinase-activated canonical 
WNT pathway, Int. J. Oral Sci. 7 (2015) 95–102, https://doi.org/10.1038/ 
ijos.2015.7. 

[144] A. Mahdee, J. Eastham, J.M. Whitworth, J.I. Gillespie, Evidence for changing 
nerve growth factor signalling mechanisms during development, maturation and 
ageing in the rat molar pulp, Int. Endod. J. 52 (2019) 211–222, https://doi.org/ 
10.1111/iej.12997. 

[145] T.A. Mitsiadis, H. Magloire, P. Pagella, Nerve growth factor signalling in 
pathology and regeneration of human teeth, Sci. Rep. 7 (2017) 1327, https://doi. 
org/10.1038/s41598-017-01455-3. 

[146] J. Zhang, M. Lian, P. Cao, G. Bao, G. Xu, Y. Sun, L. Wang, J. Chen, Y. Wang, 
G. Feng, Z. Cui, Effects of nerve growth factor and basic fibroblast growth factor 
promote human dental pulp stem cells to neural differentiation, Neurochem. Res. 
42 (2017) 1015–1025, https://doi.org/10.1007/s11064-016-2134-3. 

[147] H. Song, J. Zhao, J. Cheng, Z. Feng, J. Wang, A.A. Momtazi-Borojeni, Y. Liang, 
Extracellular vesicles in chondrogenesis and cartilage regeneration, J. Cell Mol. 
Med. 25 (2021) 4883–4892, https://doi.org/10.1111/jcmm.16290. 

[148] H. Lai, J. Li, X. Kou, X. Mao, W. Zhao, L. Ma, Extracellular vesicles for dental pulp 
and periodontal regeneration, Pharmaceutics 15 (2023) 282, https://doi.org/ 
10.3390/pharmaceutics15010282. 

[149] C.-C. Huang, R. Narayanan, S. Alapati, S. Ravindran, Exosomes as biomimetic 
tools for stem cell differentiation: applications in dental pulp tissue regeneration, 
Biomaterials 111 (2016) 103–115, https://doi.org/10.1016/j. 
biomaterials.2016.09.029. 

[150] D. Wang, Y. Lyu, Y. Yang, S. Zhang, G. Chen, J. Pan, W. Tian, Schwann cell- 
derived EVs facilitate dental pulp regeneration through endogenous stem cell 
recruitment via SDF-1/CXCR4 axis, Acta Biomater. 140 (2022) 610–624, https:// 
doi.org/10.1016/j.actbio.2021.11.039. 

[151] Z. Li, M. Wu, S. Liu, X. Liu, Y. Huan, Q. Ye, X. Yang, H. Guo, A. Liu, X. Huang, 
X. Yang, F. Ding, H. Xu, J. Zhou, P. Liu, S. Liu, Y. Jin, K. Xuan, Apoptotic vesicles 
activate autophagy in recipient cells to induce angiogenesis and dental pulp 
regeneration, Mol. Ther. 30 (2022) 3193–3208, https://doi.org/10.1016/j. 
ymthe.2022.05.006. 

[152] H.Y. Kim, S. Kwon, W. Um, S. Shin, C.H. Kim, J.H. Park, B.-S. Kim, Functional 
extracellular vesicles for regenerative medicine, Small 18 (2022) e2106569, 
https://doi.org/10.1002/smll.202106569. 

[153] Y. Zhou, T. Xu, C. Wang, P. Han, S. Ivanovski, Clinical usage of dental stem cells 
and their derived extracellular vesicles, in: Progress in Molecular Biology and 
Translational Science, Elsevier, 2023, pp. 297–326, https://doi.org/10.1016/bs. 
pmbts.2023.03.005. 

[154] C.M. Curtin, E.G. Tierney, K. McSorley, S.-A. Cryan, G.P. Duffy, F.J. O’Brien, 
Combinatorial gene therapy accelerates bone regeneration: non-viral dual 
delivery of VEGF and BMP2 in a collagen-nanohydroxyapatite scaffold, Adv. 
Healthcare Mater. 4 (2015) 223–227, https://doi.org/10.1002/ 
adhm.201400397. 
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