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Abstract: Pulpitis is a common and frequent disease in dental clinics. Although vital pulp therapy
and root canal treatment can stop the progression of inflammation, they do not allow for genuine
structural regeneration and functional reconstruction of the pulp–dentin complex. In recent years,
with the development of tissue engineering and regenerative medicine, research on stem cell-based
regenerative endodontic therapy (RET) has achieved satisfactory preliminary results, significantly
enhancing its clinical translational prospects. As one of the crucial paracrine effectors, the roles and
functions of exosomes in pulp–dentin complex regeneration have gained considerable attention. Due
to their advantages of cost-effectiveness, extensive sources, favorable biocompatibility, and high
safety, exosomes are considered promising therapeutic tools to promote dental pulp regeneration.
Accordingly, in this article, we first focus on the biological properties of exosomes, including their
biogenesis, uptake, isolation, and characterization. Then, from the perspectives of cell proliferation,
migration, odontogenesis, angiogenesis, and neurogenesis, we aim to reveal the roles and mechanisms
of exosomes involved in regenerative endodontics. Lastly, immense efforts are made to illustrate
the clinical strategies and influencing factors of exosomes applied in dental pulp regeneration, such
as types of parental cells, culture conditions of parent cells, exosome concentrations, and scaffold
materials, in an attempt to lay a solid foundation for exploring and facilitating the therapeutic strategy
of exosome-based regenerative endodontic procedures.

Keywords: pulpitis; regenerative endodontic therapy; pulp–dentin complex regeneration; stem
cells; exosomes

1. Introduction

As the only soft tissue in the teeth, dental pulp is a highly vascularized and richly
innervated loose connective tissue that is capable of transmitting temperature, mechanical
stimuli, and chemical stimuli. It also possesses functions related to nutrition, protection,
regeneration, and repair. Dental caries, trauma, periodontitis, and iatrogenic factors can
lead to the occurrence of pulpitis, which ultimately triggers pulp necrosis if not promptly
treated [1]. Note that the necrosis of dental pulp tissue will result in the loss of tooth vitality,
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and the vitality of the dental pulp is an essential factor determining the clinical strategies
and prognosis of endodontic treatment [2].

For teeth affected by reversible pulpitis, where the apical part of the dental pulp
remains active, vital pulp preservation is the preferred treatment strategy. Aimed at
maintaining the vitality of dental pulp, vital pulp therapy induces pulp tissue recovery
and reconstructs the protective mineralized barrier, thereby prolonging the longevity of the
affected teeth [3]. Commonly applied approaches for pulp preservation in clinical settings
include direct pulp capping and indirect pulp capping, where the capping materials are
placed directly on the exposed pulp (direct pulp capping) or the dentin surface adjacent
to the pulp (indirect pulp capping) in an attempt to preserve pulp vitality while inducing
pulp tissue repair and tertiary dentin formation [4]. Therefore, pulp-capping materials
should have favorable biocompatibility and adequate sealing properties. Currently, calcium
hydroxide cement and mineral trioxide aggregates are frequently utilized as pulp-capping
materials under clinical conditions [5], but both of them have undesirable shortcomings. In
particular, calcium hydroxide will gradually dissolve after long-term application, leading
to a higher possibility of microleakage and root canal reinfection [6,7]. On the other
hand, mineral trioxide aggregates face multiple challenges, including long clinical setting
times, insufficient antibacterial activity against specialized anaerobic bacteria, poor dentin
bonding, and potential tooth discoloration [8]. It is worth emphasizing that when reversible
pulpitis progresses into acute and chronic irreversible pulpitis, pulp tissue will not be
able to heal itself due to anatomical constraints such as a narrow apical foramen and may
further deteriorate into pulp necrosis or periapical disease [9]. At present, the first-selected
treatment strategy for dental pulp necrosis is root canal treatment, which involves root canal
preparation, root canal disinfection, and sealing of canal space with inert materials [10].
Even though root canal treatment can control root canal infection to a certain extent,
effectively preserving dentin and extending the lifespan of the affected teeth, it results in
the permanent loss of tooth vitality, sensation, and immune defense. In addition, compared
to healthy teeth, teeth receiving root canal treatment exhibit considerably increased fragility,
which makes them more susceptible to fractures or even tooth loss [11]. Furthermore,
it should be mentioned that the root growth and development of immature permanent
teeth in adolescents will stagnate after root canal treatment, leading to the failure of apical
closure, which adversely compromises the long-term preservation and normal functions
of the treated teeth [12]. In summary, the traditional treatment strategies for pulpitis in
clinical practice are not ideal because they are unable to restore the complete structures
and functions of the pulp–dentin complex. Therefore, adequately maintaining pulp vitality
and promoting structural regeneration and functional reconstruction of the pulp–dentin
complex has become an urgent bottleneck in endodontic therapy.

In recent years, with the rapid development of tissue engineering and stem cell
medicine, RET has been recognized as the most promising strategy for treating pulpitis,
which holds great promise for replacing traditional root canal treatment. As dental pulp
stem cells (DPSCs), stem cells from human exfoliated deciduous teeth (SHED), stem cells
from the apical papilla (SCAP), and other dental mesenchymal stem cells (MSCs) have been
successively discovered, accumulating research has indicated that MSC transplantation can
effectively promote pulp-like tissue regeneration in vivo [13,14]. Huang et al. confirmed
that DPSCs and SCAP, when incorporated in root canals and implanted subcutaneously
in mice, could induce the formation of pulp-like tissue accompanied by the deposition of
new dentin [15]. Additionally, Xuan et al. used DPSC aggregates to successfully regenerate
pulp-like tissues that structurally and functionally resembled original dental pulp, includ-
ing layers of odontoblast-like cells, blood vessels, neural tissues, and positive responses
to electrical stimulation [16]. However, the clinical translation of stem cell transplanta-
tion is confronted with various limitations in terms of stem cell sources, isolation and
storage, safety, and medical ethics. With an in-depth understanding of the mechanisms
regulating tissue regeneration and repair by stem cells, researchers have elucidated the
crucial paracrine effects of MSCs on dental pulp regeneration. Reportedly, conditioned
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media (CM) from bone marrow-derived MSCs (BMMSCs), adipose-derived MSCs (AM-
SCs), and dental MSCs promote angiogenesis and induce odontoblastic differentiation
of DPSCs [17–19]. Further studies have illuminated that the role of MSCs in promoting
angiogenesis and inducing tissue regeneration primarily depends on the multifaceted
functions of exosomes [20–22]. Consequently, exploring novel strategies for dental pulp re-
generation without stem cell transplantation has become a research hotspot in regenerative
endodontics, and an increasing number of endeavors are devoted to applying exosomes to
enhance the regenerative potential of the pulp–dentin complex.

Exosomes are nanoscale extracellular vesicles secreted by nearly all cells and serve as
critical mediators of intercellular communication [23]. Given the crucial roles of exosomes
in transporting various biomolecules, including nucleic acids, proteins, and lipids, their
potential applications in regenerative medicine have received widespread attention [24].
Recently, a large number of studies have documented that exosomes could enhance the
proliferation and migration of dental stem cells and promote neural repair and vasculature
formation, which ultimately contributes to the generation of pulp-like tissue, indicating that
exosomes have a broad application prospect in RET [19,24–26]. In summary, concentrat-
ing on exosome-based regenerative endodontic treatment, this article first introduces the
biological properties of exosomes, including their biogenesis process, internalization path-
ways, isolation and purification methods, and characterization techniques. Subsequently,
considering the biological characteristics of dental pulp, we conduct an in-depth investi-
gation into the feasibility and applicability of using exosomes for pulp–dentin complex
regeneration. Furthermore, the roles and mechanisms by which exosomes regulate dental
pulp regeneration are elucidated. Finally, we focus on discussing the clinical strategies
and influencing factors of exosome application in RET in order to lay a solid foundation
for developing exosome-induced regenerative endodontic strategies and facilitating their
clinical translation, thereby promoting public oral health.

2. Biological Characteristics of Exosomes

As early as 1983, Pan and Johnstone pioneered the identification of a unique vesicular
structure in the maturation process of sheep reticulocytes, which mediated the secretion
of intracellular transferrin receptor protein to the extracellular compartment [27]. Sub-
sequently, Johnstone et al. named this vesicular structure secreted from cells into the
extracellular environment as exosomes [28]. Exosomes are nanoscale particles composed of
phospholipid bilayers with a diameter of approximately 30–150 nm (Figure 1). They can
carry a wide variety of bioactive substances, such as lipids, nucleic acids (mRNA, miRNA,
etc.), cytoplasmic proteins, and transmembrane proteins, and display a characteristic cup-
shaped structure under transmission electron microscopy [29]. Exosomes are derived from
a diverse range of cell types, and almost all cells have the capability to secrete them via the
exocytotic process [23]. Moreover, exosomes are extensively present in body fluids such as
plasma, serum, urine, and saliva.

Exosomes belong to a subtype of extracellular vesicles that originate from the endo-
somal system [30] (Figure 1). Initially, the cytoplasmic membrane buds inward to form
early endosomes [31]. Then, under the control of the endosomal sorting complexes re-
quired to transport proteins, the inward invagination of the endosomal membrane creates
intraluminal vesicles (ILVs) within early endosomes, during which cytosolic proteins or
nucleic acids are encapsulated into ILVs. The resulting ILVs facilitate the maturation of
early endosomes into late endosomes, which can also be termed multivesicular bodies
(MVBs). Finally, MVBs can fuse with the cytoplasmic membrane and induce the secretion
of ILVs, which indicates that exosomes are consequently released into the extracellular en-
vironment. Exosomes regulate intercellular signaling primarily through paracrine actions
and play crucial roles in various pathophysiological processes, such as cell proliferation,
apoptosis, antigen presentation, immune modulation, tissue repair and regeneration, and
tumorigenesis. It is now generally acknowledged that exosomes exert their biological
effects on target cells through three distinct pathways: direct binding, fusion with the
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plasma membrane, and endocytosis [30,32] (Figure 1). When exosomes directly bind to
membrane receptors on the recipient cells through exosomal surface proteins, intracellular
signal transduction is activated, thereby regulating a series of biological behaviors. The
fusion of exosomes with the plasma membrane of target cells leads to the non-selective
delivery of exosomal contents into the cytoplasm, which represents the most efficient route
for biomolecule transport. However, the most dominant pathway documented for exosome
uptake is endocytosis, where intact exosomes are internalized and bound by the plasma
membrane, subsequently fusing with the endosome system for cargo release.
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Figure 1. Schematic diagram of exosome biogenesis, composition, and uptake. (A) The biogenesis
of exosomes starts with the invagination of the cytoplasmic membrane, resulting in the generation
of early endosomes. Subsequently, the invagination of the endosomal membrane promotes the
maturation of early endosomes into late endosomes, which contribute to the production of MVBs.
Eventually, MVBs fuse with the cytoplasmic membrane, and exosomes are thus released into the
extracellular environment. (B) Exosomes are lipid bilayer nanoparticles measuring 30–150 nm in
diameter. They contain a variety of proteins, lipids, and nucleic acids, which are reflective of parental
cells and can be delivered to recipient cells. (C) Exosomes can be internalized by recipient cells
through endocytosis, fusion with the plasma membrane, or direct binding to the surface proteins.

The isolation of exosomes is a challenging task due to the heterogeneity in particle
size, composition, function, and origin. Most of the currently available isolation techniques
are unable to completely separate exosomes from lipoproteins with similar biophysical
properties or extracellular vesicles derived from non-endosomal pathways, consequently
resulting in low purity of exosomes. Therefore, efficient isolation and purification of
exosomes remain a significant problem in the field of exosome research. At present,
there are a variety of methods for exosome separation, each of which possesses its own
advantages and disadvantages. As the gold standard for exosome extraction and isolation,
ultracentrifugation is the most widely applied separation technique, primarily based on
differences in the size and density of various components in the solution to obtain the
desired components. Specifically, ultracentrifugation is suitable for separating large-dose
samples with significantly different sedimentation coefficients [33]. Density gradient
centrifugation is aimed at purifying exosomes and is commonly employed in combination
with ultracentrifugation to improve the purity of exosomes. The polymer precipitation
approach typically utilizes polyethylene glycol to reduce exosome solubility and then obtain
exosomes through centrifugation. Polymer precipitation is relatively simple to perform
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and has a short analysis time, making it suitable for processing large samples. However,
the purity and recovery rate of exosomes obtained through this method are low. Based on
particle size, ultrafiltration and size-exclusion chromatography can distinguish exosomes
from other components in the sample. Although these techniques are cost-effective and do
not affect the biological characteristics of the obtained exosomes, the purity of the exosomes
is diminished. Immunoaffinity chromatography is designed on the basis of specific binding
between antibodies and ligands to separate the desired substances from heterogeneous
mixtures. This technique can be used for qualitative and quantitative determination of
exosomes, exhibiting the advantages of higher specificity, greater sensitivity, excellent
purity, and superior yield. Notably, the preservation conditions for exosomes obtained
via this method are relatively harsh. Microfluidic separation utilizes the physical and
biochemical properties of dimensionally dense bodies for microscale separation, detection,
and analysis, which is fast and requires only small amounts of samples and reagents.

The International Society for Extracellular Vesicles has proposed two proteins that need
to be discriminated from exosomes, namely, transmembrane- or glycosylphosphatidylinositol-
anchored proteins associated with plasma membranes and endosomes and cytosolic pro-
teins recovered from extracellular vesicles. Thus, a combination of several characterization
methods is warranted for consistently determining whether the extracted components
are true exosomes [34,35]. Typically, the characterization of isolated exosomes should be
carried out from three perspectives. Transmission electron microscopy has been exten-
sively applied for the morphological characterization of exosomes, which are visualized
as cup-shaped membrane structures. Nanoparticle tracking analysis allows the concentra-
tion and size distribution of exosomes to be detected, while Western blotting can examine
exosomal-specific proteins, such as the tetraspanins CD9, CD63, and CD81 and the cytosolic
proteins TSG101 and Alix. In addition, the ratio of nano-vesicle, nano-flow cytometry, and
ultra-high-performance liquid chromatography can be employed to evaluate the purity of
exosomes. Colorimetric or fluorescence analysis can assess the total amount of proteins.
Significantly, quantitative estimation of specific molecules can be achieved by applying a
sulfo-phospho-vanillin lipid assay, attenuated total reflectance Fourier transform infrared
spectroscopy, enzyme-linked immunosorbent assay, and cytometric bead array.

3. The Role and Mechanism of Exosomes in Regulating Pulp–Dentin
Complex Regeneration

In recent years, a large number of studies have demonstrated that exosomes are
capable of inducing tissue and organ repair and regeneration in animal models of my-
ocardial ischemia–reperfusion injury [36,37], brain injury [38,39], skin trauma [40], liver
injury [41,42], and bone [43,44] and cartilage injuries [45,46], indicating that exosomes
have enormous application potential in tissue engineering and regenerative medicine [47].
Research on the application of exosomes for dental pulp regeneration can be traced back
to 2016, when Huang et al. reported that exosomes isolated from DPSCs undergoing
odontogenic differentiation (DPSC-Od-Exos) significantly promoted odontoblastic differen-
tiation of DPSCs in vitro and could induce the formation of pulp-like tissue that robustly
expressed odontoblast-related proteins in vivo, confirming for the first time the feasibility
of using exosomes for dental pulp regeneration [24]. Subsequently, immense efforts have
been devoted to exploring exosome-based pulp–dentin complex regeneration, and a series
of promising results have been achieved.

3.1. Exosomes in Cellular Proliferation and Migration

RET is dedicated to the structural regeneration and functional reconstruction of the
pulp–dentin complex, which involves multiple biological procedures, including stem
cell migration and proliferation, pulp revascularization and reinnervation, and dentin
formation [48]. The migration and proliferation of stem cells initiate the regeneration and
repair of pulp tissue. When pulp tissue is damaged, MSCs such as DPSCs and SCAP in
the remaining healthy tissue will migrate to the pulp defect and rapidly proliferate to
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replenish the loss of stem cells. Studies have confirmed that exosomes can promote the
migration and proliferation of dental-derived stem cells [49]. As revealed by Ivica et al.,
exosomes secreted by pulp tissue considerably enhance the proliferation and migration of
BMMSCs, suggesting that exosomes can recruit endogenous BMMSCs from alveolar bone
at the apex to the root canal space for pulp regeneration [50]. Further research has shown
that exosomes derived from DPSCs (DPSC-Exos) could promote the migration of DPSCs in
a dose-dependent manner, confirming the essential role of DPSC-Exos in improving the
homing potential of DPSCs in the remaining healthy pulp tissue and inducing endogenous
pulp regeneration. Notably, previous studies have elucidated that, on the basis of exosomes,
Schwann cells originating from the neural crest could cooperate with DPSCs to regulate the
regeneration and repair of the pulp–dentin complex [51,52]. On the one hand, exosomes
derived from Schwann cells promote the proliferation and multilineage differentiation of
human dental pulp cells [51]. On the other hand, it has been recently evidenced by the
CCK-8 assay and the Transwell migration assay that DPSC-Exos could positively regulate
the proliferation and migration of Schwann cells [52]. Consequently, the positive feedback
mechanism between Schwann cells and DPSCs through exosomes further establishes the
basis for enhancing the biological properties of DPSCs.

3.2. Exosomes in Odontogenesis

To achieve structurally and functionally complete pulp–dentin complex regeneration,
it is crucial to initiate the multilineage differentiation potential of stem cells. When MSCs
are recruited or implanted into the site of pulp injury, one of their primary missions is
to differentiate into odontoblasts and form tubular dentin to repair damaged tooth hard
tissue, laying the foundation for rebuilding the protective barrier of dental pulp and
restoring the biological functions of the pulp–dentin complex. Therefore, inducing the
odontogenic differentiation of MSCs has become one of the critical tasks for pulp–dentin
complex regeneration. Multiple studies have documented that exosomes could promote the
multidirectional differentiation of stem cells, thus endowing them with promising prospects
for dental pulp regeneration [53]. Previously, Hu et al. revealed in vitro that DPSC-Od-
Exos could promote the odontogenic differentiation of DPSCs through the TGFβ1/Smads
signaling pathway [54]. Consistent with the above results, Swanson et al. indicated that
DPSC-Exos could induce the differentiation of DPSCs into odontoblast-like cells in vitro by
activating MAPK signaling, remarkably promoting the expression of odontogenic-related
genes such as dentin sialophosphoprotein (DSPP), bone sialoprotein, and vascular endothelial
growth factor (VEGF) while increasing the accumulation of orange-red mineral nodules as
assessed by alizarin red staining [55]. Additionally, in vivo experiments have shown that
DPSC-Exos considerably enhance the reconstruction of new tubular dentin and increase the
number of odontoblast-like cells. It is worth noting that DPSC-Exos has also been reported
to enormously facilitate the mRNA expression levels of odontogenic markers in Schwann
cells, including DSPP, dentin matrix protein 1 (DMP1), osteocalcin (OCN), and Runt-related
transcription factor 2 (RUNX2), and markedly promote the deposition of red-brown calcium
nodules [52]. Taken together, the above results indicate that DPSC-Exos hold immense
potential to improve the odontogenic competency of Schwann cells and DPSCs. However,
the specific contents delivered by DPSC-Exos remain to be elucidated in the future. In
addition to DPSC-Exos, Zhuang et al. identified that under osteogenic induction conditions,
exosomes derived from SCAP (SCAP-Exos) significantly upregulated gene and protein
expression levels of DSPP in BMMSCs [56]. SCAP-Exos and BMMSCs were then filled
into tooth fragments and implanted subcutaneously in mice for 12 weeks. As detected by
histological analysis, a layer of new continuous dentin was generated. Moreover, compared
with the control group without SCAP-Exos implantation, the thickness of the newly formed
dentin layer was substantially augmented, and the number of polarized odontoblasts
with high columnar morphology was also considerably elevated, further confirming that
SCAP-Exos are capable of enhancing the odontogenic differentiation and dentin formation
of BMMSCs, thereby contributing to the regeneration of the pulp–dentine complex.
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3.3. Exosomes in Angiogenesis

Enriched vascular networks can provide sufficient oxygen and nutrient supply to the
regenerated dental pulp and excrete metabolic products such as carbon dioxide. Therefore,
angiogenesis is a crucial factor determining the success of pulp–dentin complex regenera-
tion and represents a prerequisite for restoring the normal physiological functions of pulp
tissue. Existing research has reported that DPSC-Exos could induce the proliferation of
human umbilical vein endothelial cells (HUVECs) in vitro and promote the formation of
vascular-like tubular structures, as evidenced by the obviously increased number of loops
and nodes and length of tubes as well as upregulated expression of angiogenesis-related
genes and proteins, such as VEGF and angiopoietin-2 (Ang-2), laying the foundation for
promoting vascular formation and dental pulp functional recovery in vivo [57]. According
to Zhang et al., after the application of the inhibitor GW4869 in PDLSCs, which dimin-
ished the secretion of exosomes, the tubular structure formation capability of HUVECs
co-cultured with PDLSCs was significantly suppressed, accompanied by a remarkably
decreased number of nets, loops, and branching points as well as the length of tubes [58].
Furthermore, the expression of the angiogenesis markers CD31 and VEGFA was substan-
tially attenuated, proving that PDLSCs can promote the angiogenesis of HUVECs through
the exosome-mediated pathway. Xian et al. co-cultured dental pulp cell-derived exosomes
(DPC-Exos) with HUVECs and observed that the formation of vascular networks and
the length of tubes were considerably enhanced [59]. Correspondingly, further investi-
gation revealed that the mRNA levels of VEGFA, vascular endothelial growth factor receptor
2 (VEGFR2), and matrix metalloproteinase-9 (MMP-9) as well as the protein expression levels
of VEGFA, MMP-9, and fibroblast growth factor-2 (FGF-2) were remarkably upregulated. In
terms of underlying molecular mechanisms, this study disclosed that the administration of
DPC-Exos markedly strengthened the phosphorylation of p38 MAPK in HUVECs, thus pro-
moting angiogenesis by activating the p38 MAPK signaling pathway. As per a recent report
by Wu et al., exosomes derived from SHED aggregates (SA-Exos) significantly facilitated
the tubular length and the number of nodes, junctions, and branches of newly formed blood
vessels in SHED and HUVECs as well as the expression of angiogenesis-related markers,
including VEGF, Ang, and platelet-derived growth factor (PDGF), indicating that SA-Exos
can not only promote the angiogenic potential of HUVECs but also directly enhance the
endothelial differentiation potential of SHED [60] (Figure 2). Regarding the underlying
mechanisms, miRNA-26a delivered by SA-Exos was closely associated with improved an-
giogenesis in SHED and HUVECs by activating the TGF-β/SMAD2/3 signaling pathway.
In addition, as illustrated by immunofluorescence staining, subcutaneous implantation
of SHED aggregates combined with SA-Exos in mice substantially prompted the genera-
tion of CD31+ blood vessels (Figure 2). Intriguingly, as opposed to the GW4869-treated
group, which inhibited CD31 expression, exogenously supplemented SA-Exos consider-
ably rescued the fluorescence intensity of CD31, highlighting that SA-Exos can ameliorate
the angiogenic capability of SHED aggregates. Collectively, these findings indicate that
exosomes exert great promise for enhancing pulp revascularization, which is beneficial for
the advancement of pulp–dentin complex regeneration.
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Exos exhibited a promoting effect on the tubular structure formation of SHED, which was further
confirmed by a considerably enhanced number of nodes, connections, branches, and total length.



Biomolecules 2024, 14, 330 9 of 25

(B) Real-time quantitative polymerase chain reaction (RT-qPCR) demonstrated that SA-Exo signifi-
cantly upregulated the expression of angiogenic-related genes, including VEGF, Ang, and PDGF, in
SHED. However, the application of GW4869, which inhibited exosome secretion in SHED, resulted in
the downregulation of VEGF and PDGF expression, which could be partially alleviated by comple-
menting SA-Exo. * p < 0.05; ** p < 0.01; *** p < 0.001; ns: No significant differences. (C,D) SA-Exos
enhanced the angiogenic potential of HUVECs. (C) SA-Exos substantially facilitated the formation
of vascular-like networks in HUVECs, as evidenced by the increased nodes, connections, branches,
and total length. (D) Consistently, mRNA expression of the vascular markers VEGF, Ang, and PDGF
was remarkably promoted in HUVEC after co-culture with SA-Exos. * p < 0.05; ** p < 0.01. (E) Im-
munofluorescence staining for CD31 verified that subcutaneous transplantation of SHED aggregates
combined with SA-Exos (the third column) in mice markedly enhanced the generation of CD31+

blood vessels compared with the SHED aggregate group (the second column). Notably, in contrast
with the GW4869 pretreatment group (the left-most column), which inhibited exosome secretion of
SHED aggregates, the exogenous supplementation with SA-Exos (the right-most column) contributed
to a higher intensity of green fluorescence, suggesting that SA-Exos rescued the angiogenic capability
of SHED aggregates. Scale bar is shown. Reproduced with permission [60].

3.4. Exosomes in Neurogenesis

The regeneration of pulp nerves and the restoration of sensory function are essential
for completely reestablishing the pulp–dentin complex. DPSCs and SHED, originating
from the cranial neural crest, are precursor cells for the development of neural tissues [61].
Consequently, in comparison with MSCs from other sources, these dental stem cells show
tremendous potential for inducing dental pulp nerve regeneration. DPSCs have been
verified to promote nerve regeneration through paracrine mechanisms by secreting nerve
growth factors, brain-derived neurotrophic factor (BDNF), and glial cell line-derived neu-
rotrophic factor, thus demonstrating favorable neuroprotective effects [62]. Therefore, it is
reasonable to believe that DPSC-Exos have the ability to promote nerve regeneration and
neurological function recovery. As indicated by Venugopal et al., DPSC-Exos exhibited
desirable neuroprotective effects against kainic acid-induced excitotoxicity in vitro [63].
Further studies have clarified that DPSC-Exos could initiate anti-apoptotic and anti-necrotic
mechanisms, upregulate the expression of BDNF and the apoptosis inhibitory factor Bcl-2
in neurons, and prevent cell apoptosis by activating the PI3K-Bcl-2 pathway. In addition,
according to Mao et al., the local delivery of extracellular vesicles from gingiva-derived
mesenchymal stem cells (GMSC-EVs) played a crucial role in promoting axonal regener-
ation and functional recovery of damaged sciatic nerves in mice [64]. At the same time,
GMSC-Evs also facilitated the proliferation and migration of Schwann cells and signifi-
cantly elevated genes and proteins of differentiation, myelination, or repair phenotypes of
Schwann cells in vitro, such as early growth response 2 and glial fibrillary acidic protein.
Furthermore, Jarmalaviciute et al. verified that exosomes derived from SHED could sub-
stantially repress the apoptosis of human dopaminergic neurons induced by neurotoxin
6-hydroxydopamine hydrochloride, the hidden mechanism of which was possibly related
to the reduction of oxidative stress sensitivity of dopaminergic neurons [65]. Although
there is a lack of studies directly correlated with the role and mechanism of exosomes in
promoting dental pulp nerve regeneration, currently available experimental results suggest
that exosomes secreted by dental stem cells possess enormous potential to restore pulp
neurological function.

In conclusion, dental MSC-derived exosomes can ameliorate the migration, prolif-
eration, and multilineage differentiation capabilities of stem cells, making them an ideal
material to foster the regeneration of dentin, blood vessels, and nerves, which potentiate
the development of RET.
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4. Influencing Factors of Exosomes Regulating Pulp–Dentin Complex Regeneration
4.1. Types of Parent Cells

Exosomes derived from different parental cells carry specific bioactive molecules and
exhibit unique biological functions that are closely related to the parent cells. It has been
demonstrated that exosomes originating from osteoblasts contain osteogenic factors, which
could promote the osteogenic differentiation of MSCs [66]. In contrast, exosomes derived
from adipocytes could potentially trigger the adipogenic differentiation of MSCs. Hence,
before applying exosomes to clinical endodontic regenerative practice, careful consideration
must be given to the parental cell types from which the exosomes originate.

As mentioned earlier, exosomes derived from DPSCs [54], SHED [60], and SCAP [56]
have been broadly exploited to facilitate the regeneration of the pulp–dentin complex. DP-
SCs have strong self-renewal capacity and multidirectional differentiation potential [67,68]
and can be isolated from the pulp tissue of extracted healthy wisdom teeth and orthodontic
teeth [69]. According to Huang et al., when DPSC-Exos and DPSCs embedded in type
I collagen membranes were encapsulated into root slices and implanted subcutaneously
into the backs of nude mice, they not only induced the formation of reparative dentin
but also boosted the generation of vascularized dental pulp-like tissue [24]. Moreover,
immunohistochemistry staining and RT-qPCR confirmed that the expression levels of
odontogenesis- and angiogenesis-related markers, such as DMP1, DSPP, RUNX2, TGF-β,
and PDGF, were considerably augmented in the regenerated dental pulp-like tissue. Hence,
DPSC-Exos elicited a conducive effect on the odontogenic differentiation and vascular
regeneration of DPSCs. SHED, which can be isolated from the pulp of human deciduous
teeth, has emerged as an essential MSC source for dental pulp regeneration due to its lower
immunogenicity and fewer ethical issues when compared with DPSCs [70]. Guo et al. doc-
umented that the orthotopic implantation of SHED in the teeth of minipigs resulted in the
regeneration of full-length dental pulp tissue, which contained the odontoblast layer, blood
vessels, and nerves, as verified by HE staining and positive immunostaining of CD31 and
neurofilament (NF) [71]. Using subcutaneous injection models, Yuan et al. reported that
SHED encapsulated in injectable simvastatin-functionalized gelatin methacrylate (GelMA)
cryogel microspheres was capable of regenerating vascularized pulp tissue in the presence
of DMP1- and DSPP-positive odontoblast-like cells in intimate contact with the native
dentin wall [72]. Taken together, these results preliminarily demonstrate the feasibility
of SHED in stem cell-based regenerative endodontic dentistry. To illuminate the potency
of the SHED secretome on pulp regeneration, Vu et al. recently depicted that SHED-CM
exerted a promotive efficiency on the proliferation, migration, and odonto/osteogenic
differentiation of DPSCs, raising the possibility that SHED-derived exosomes may hold
promising applications for pulp regeneration [73]. Derived from the apical papilla of young
immature permanent teeth, SCAP has a more pronounced potential for proliferation, mi-
gration, and odontogenic differentiation in comparison to DPSCs, thus expanding their
possibility to stimulate pulp regeneration [74]. Na et al. discovered that, in sharp contrast
with SCAP sheets, SCAP pellets were more prone to initiating odonto/osteogenic differ-
entiation, as revealed by significantly higher mRNA expression levels of DSPP, RUNX2,
alkaline phosphatase (ALP), and bone sialoprotein (BSP) [75]. In particular, after subcutaneous
transplantation of SCAP pellets encapsulated in root canals for 6 weeks, highly vascularized
pulp-like tissue with uniform cell density was observed, accompanied by continuous depo-
sition of new tubular dentin around the original dentin walls. In addition, the polarized
odontoblast-like cells expressing DSPP, ALP, and BSP proteins were detected to arrange
on the newly formed dentin tissue and extend their cellular protrusions into the dentinal
tubules. Together, these findings demonstrate that SCAP pellets possess outstanding odon-
togenic properties and display immense potential for facilitating pulp–dentin complex
regeneration. In light of this, exosomes secreted by SCAP pellets may represent feasible
and desirable bioactive substances to prompt the development of RET, which deserves
particular attention. Hertwig’s epithelial root sheath (HERS) is a bilayered sheath-like
structure comprising the inner and outer enamel epithelium. It has pivotal impacts on root
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development and periodontal tissue formation [76]. To gain insight into how HERS and
dental papilla cells (DPCs) mediate pulp–dentin complex regeneration, Zhang et al. ex-
tracted exosome-like vesicles from HERS (HERS-ELVs) in a recent study and reported that
HERS-ELVs at 80 µg/mL considerably enhanced the proliferative and migratory capacities
of DPCs as well as their odontogenic potential by activating the Wnt/β-catenin signaling
pathway [25]. Moreover, it was further elucidated in vitro that HERS-ELVs remarkably pro-
moted the vascular formation of HUVECs, as suggested by the increased nodes, junctions,
and meshes. Encouragingly, HERS-ELVs also exerted a boosting effect on the neurogenic
differentiation of DPCs, significantly augmenting the expression of the neuronal marker
proteins nestin and NF200. Aimed at comprehensively understanding the pleiotropic roles
of HERS-ELVs in enhancing functional pulp–dentin complex regeneration, the research
group subcutaneously transplanted DPCs and HERS-ELVs incorporated in collagen gel
into nude mice. Four weeks later, newly formed pulp–dentin complex structures, including
tubular dentin, polarized odontoblast-like cells, and blood vessel-enriched pulp-like soft
tissue, could be observed under HE staining (Figure 3). Furthermore, immunostaining
demonstrated a markedly increased expression of DSPP and DMP1 at the interface between
pulp-like tissue and dentin (Figure 3). Meanwhile, the angiogenic markers CD31 and
VEGF and the neurogenesis-related proteins MBP101 and NF200 were obviously identified
within the pulp chamber (Figure 3), indicating that HERS-ELVs were capable of fostering
multilineage differentiation competency in DPCs. Collectively, these results reveal that
dental-derived exosomes offer broad prospects for enhancing proliferation and migration
as well as odontogenesis, angiogenesis, and neurogenesis, paving the way for promoting
complete functional regeneration of the pulp–dentin complex.
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Figure 3. HERS-ELVs promote regeneration of the pulp–dentin complex in vivo. (A) The prepared
dentin tubes. (B) Schematic illustration of subcutaneous transplants incorporating collagen gel
embedded with DPCs and HERS-ELVs. (C,D) Multifaceted roles of HERS-ELVs in facilitating
odontogenesis, angiogenesis, and neurogenesis. (C) As revealed by HE staining, newly formed
pulp–dentin complex structures, including tubular dentin (red arrow), polarized odontoblast-like
cells (blue arrow), and pulp-like soft tissue, could be identified in the Gel-ELVs + DPCs group.
Immunofluorescence analysis indicated that Gel-ELVs + DPCs resulted in positive staining of the
odontogenesis-associated proteins DSPP and DMP1 at the interface between pulp-like tissue and
dentin. (D) HE staining also confirmed that the implantation of Gel-ELVs + DPCs led to enriched
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blood vessel formation (white arrows) in the pulp chambers. Concomitantly, immunofluorescence
staining for angiogenic markers, including CD31 and VEGF, was considerably enhanced. Furthermore,
the expression of the neurogenesis-related proteins MBP101 and NF200 (white arrows) was obviously
observed in the Gel-ELVs + DPCs group. Scale bars: (C) first row: 200 µm, second row: 50 µm; (D) first
row: 50 µm. TDM: treated dentin matrix; Rd: regenerated dentin-like tissue; Od: odontoblast-like
cell; BV: blood vessels; DP: dental pulp-like tissue. Reproduced with permission [25].

Notably, the application of exosomes obtained from non-dental MSCs in regenerative
endodontic procedures requires considerable consideration to ensure the desired therapeu-
tic efficacy. It has been shown that exosomes derived from AMSCs (AMSC-Exos) mainly
play critical roles in inducing osteogenic differentiation, inhibiting osteocyte apoptosis,
and regulating inflammation [77–79]. According to Huang et al., AMSC-Exos not only
promoted the proliferation and migration of BMMSCs but also facilitated ALP activity and
gene expression of ALP and RUNX2, thus reinforcing the osteogenic potential of BMM-
SCs [77]. Additionally, Song et al. further clarified that AMSC-Exos could significantly
inhibit apoptosis of bone cells under hypoxic–ischemic conditions [78]. Moreover, AMSC-
Exos have been demonstrated to drive M2 macrophage polarization, alleviate inflammatory
responses, and induce beiging of white adipose tissue, consequently preventing adipose
tissue inflammation and metabolic disorders [79]. Therefore, the employment of AMSC-
Exos in RET remains to be elucidated. Human umbilical cord mesenchymal stem cells
(hUCMSCs) are attractive non-dental MSC candidates that exist in Wharton’s jelly of umbil-
ical cords. They possess the advantages of convenient collection; non-invasive acquisition;
high stem cell proportion; ease of amplification, storage, and transportation; and superior
anti-inflammatory and immunoregulatory capabilities [80]. Multiple studies have proven
that hUCMSCs potentially promote tissue regeneration and repair, suppress cell apopto-
sis, and modulate immune responses [81,82]. As documented by Chen et al., hUCMSCs
cultured in tooth germ cell-conditioned medium could differentiate into odontoblast-like
cells, which express the odontogenic markers DMP1 and dentin sialoprotein (DSP) [83].
More importantly, when hUCMSCs were subcutaneously implanted into the backs of nude
mice with human dentin matrix for 8 weeks, new dentin-like hard tissue and odontoblast-
like cells were observed, which were also immunohistochemically identified by positive
expression of DMP1 and DSP. In a recent clinical randomized controlled trial conducted
by Brizuela et al., hUCMSCs encapsulated in platelet-poor plasma were injected into the
pulp cavities of mature permanent teeth that suffered from pulp necrosis and apical pe-
riodontitis [84]. As a consequence, after a 12-month follow-up, apical bone lesions were
absent, and percussion pain had disappeared entirely. In addition, significant enhancement
of pulp vitality, as shown by electric and thermal pulp tests, and the recovery of blood
flow perfusion, as measured by laser doppler flowmetry, were validated, which provided
insights into the safety and effectiveness of hUCMSCs for dental pulp regeneration therapy.
Unfortunately, there is currently a lack of in-depth research on the role and prospect of
exosomes derived from hUCMSCs (hUCMSC-Exos) in pulp–dentin complex regenera-
tion, which warrants further investigation. It is worth emphasizing that the co-culture of
hUCMSCs and human dental pulp cells gave rise to enormously promoted proliferation
of the co-cultured cells compared to individually cultured hUCMSCs or human dental
pulp cells [80]. Furthermore, mRNA expression levels of DSPP, DMP1, ALP, and OCN as
well as ALP activity were considerably enhanced, accompanied by a remarkably elevated
number and density of mineralized nodules, which confirmed that co-culturing hUCMSCs
and hDPCs was beneficial for cell proliferative ability and odontoblastic differentiation
competency. Therefore, although the mechanisms by which hUCMSCs induce dental pulp
regeneration and the interaction and regulatory processes between hUCMSCs and human
dental pulp cells remain to be elucidated, it is speculated that hUCMSCs-Exos have the
potential to ameliorate the microenvironment of pulp–dentin regeneration and play pivotal
roles in hUCMSC-mediated regenerative endodontic treatment.
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In summary, the biological functions of exosomes are closely correlated with the type
of donor cells from which they originate. Accordingly, when exploring the feasibility and
applicability of exosomes for RET, researchers should prioritize dental-derived stem cells
as the parental cells for exosome production, given they have a more substantial promoting
effect on pulp–dentin complex regeneration.

4.2. Culture Environment of Parental Cells

Different culture environments, such as inflammatory stimulation, conditioned cul-
ture, and hypoxia induction, can have various effects on the parental cells from which
exosomes are derived, and exosomes secreted by parental cells under diverse conditions
possess specific bioactive components and biological functions. According to Li et al.,
pretreating DPSCs with 1 µg/mL lipopolysaccharides (LPS) could significantly increase
their exosome secretion [52]. Further studies have also elaborated that exosomes derived
from LPS-preconditioned DPSCs (DPSC-L-Exos) obviously facilitate the proliferation, mi-
gration, and odontoblastic differentiation of Schwann cells. Consistent with the above
results, Zhang et al. confirmed that tumor necrosis factor-α (TNF-α) preconditioning could
also markedly promote the secretion efficiency of exosomes from PDLSCs [58]. Notably,
exosomes originating from TNF-α-preconditioned PDLSCs (PDLSC-T-Exos) exerted an
enhancing impact on the vascular formation ability of HUVECs compared to normal ex-
osomes, contributing to considerably increased total tube length, total branching points,
total loops, covered area, and total nets. Regarding the hidden molecular mechanism, it
was illustrated that the decreased expression of miRNA-17-5p in PDLSC-T-Exos resulted
in upregulated VEGFA expression, which in turn promoted the angiogenic capability of
HUVECs. Therefore, this study revealed that mild inflammatory preconditioning could
substantially improve the proangiogenic ability of exosomes derived from PDLSCs. Mean-
while, by conducting transwell and CCK-8 assays, Huang et al. clarified that DPSC-L-Exos
pretreated with 5 µg/mL LPS significantly prompted the migration and proliferation abil-
ities of HUVECs [85]. Importantly, in comparison to normal exosomes, DPSC-L-Exos
intervention led to more regularly organized vascular-like structures, as indicated by the
increased total tube length and the number of junction points. Moreover, gene expression
levels of proangiogenic factors such as VEGF and VEGFR2 were demonstrated to expedite
as a consequence of DPSC-L-Exo application. In addition to improving the environment
for the regeneration of pulp tissue, DPSC-Exos have also been elucidated to alleviate den-
tal pulp inflammation by transferring higher levels of anti-inflammatory factors, such as
TGF-β and interleukin-10 (IL-10) [86]. In conclusion, appropriate inflammatory stimulation
not only facilitates the release of exosomes from stem cells but also remarkably enhances
their functions, which permit exosomes to suppress pulp inflammatory response and in-
duce pulp–dentin complex regeneration, thereby endowing them with broader clinical
translation potential. In light of this, aside from LPS and TNF-α, the prospects of other
low-concentration proinflammatory factors, such as interferon-γ, in promoting exosome
functions remain to be illuminated in the future, and they are expected to open up new
routes for developing exosome-based regenerative endodontic practice.

Focusing on the impact of conditioned culture on exosomes, Wang et al. reported that
exosomes obtained from SHED undergoing osteogenic induction were able to promote
osteogenic differentiation of PDLSCs, markedly augmenting ALP activity and upregulating
the expression of the osteogenic-related genes RUNX2, OCN, and osteopontin [87]. By
conducting miRNA sequencing analysis, Hu et al. verified that, compared with DPSC-Exos,
the enrichment levels of multiple miRNAs in DPSC-Od-Exos were significantly altered,
among which the expression level of miRNA-27a-5p was incredibly increased [54]. In
addition, miRNA-27a-5p mimics could considerably enhance the protein expression levels
of DSP, DMP1, ALP, and RUNX2, highlighting that DPSC-Od-Exos could potentially induce
odontogenic differentiation of DPSCs by delivering miRNA-27a-5p. Apart from condi-
tioned culture, three-dimensional (3D) cell culture also represents a desirable pretreatment
strategy that can effectively facilitate dental pulp regeneration. Faruqu et al. observed that,
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in comparison with the two-dimensional culture environment, the multipotency and exo-
some secretion efficiency of DPSCs were further enhanced under 3D culture conditions [88].
As revealed by Zhang et al., SA-Exos obtained under 3D culture exhibited stronger multi-
potent differentiation capabilities and substantially promoted odontogenesis, angiogenesis,
and neurogenesis, which successfully induced the regeneration of the pulp–dentin com-
plex in vivo [89]. Reportedly, the newly regenerated pulp tissue displayed regular and
uniform structures with the presence of abundant blood vessels and nerve distribution.
Furthermore, a continuous layer of odontoblast-like cells was identified to arrange along
the newly deposited dentin in a palisade-like manner. Intriguingly, hypoxic conditions
have been elaborated to drive stem cell differentiation and angiogenic responses in various
injured tissues, thus promoting tissue repair and regeneration [90]. Accumulating evidence
supports the idea that hypoxia can considerably alter exosome contents, facilitate their pro-
duction and uptake efficiency, and enhance their angiogenic potential [91,92]. In this regard,
Li et al. discovered in vitro that exosomes derived from hypoxia-preconditioned DPSCs
(DPSC-H-Exos) enormously strengthened the proliferation and migration capabilities of
HUVECs compared to exosomes obtained from DPSCs under normoxia [57]. Furthermore,
DPSC-H-Exos were more beneficial for the formation of tubular-like structures, as evi-
denced by the significantly increased total tube length and number of junctions and the
remarkable upregulation of angiogenesis regulatory proteins, including VEGFA, CD31,
and stromal cell-derived factor-1. Mechanically, by performing proteomics analysis, this
study underlined that the addition of DPSC-H-Exos could partially rescue the inhibitory
role of lysyl oxidase-like 2 (LOXL2) silencing in the tube formation of HUVECs, indicating
that LOXL2 is implicated in DPSC-H-Exo-mediated angiogenesis. In accordance with these
findings, as verified by Liu et al., exosomes isolated from hypoxic-preconditioned SHED
(SHED-H-Exos) possessed positive effects on HUVEC angiogenesis by transferring let-7f-5p
and miR-210-3p via the AGO1/VEGF and ephrinA3 signaling pathways, respectively [93].

In addition to hypoxic exosomes from dental MSCs, Han et al. disclosed that exo-
somes extracted from hypoxia-treated AMSCs encapsulated larger amounts of angiogenic-
associated proteins, including VEGF, VEGFR2, VEGFR3, FGF, epidermal growth factor
(EGF), and monocyte chemotactic protein 2, which exhibited a remarkably enhanced im-
pact on the proliferation, migration, and vascular formation capabilities of HUVECs [94].
Of importance, the transcriptional regulator hypoxia-inducible factor-1α (HIF-1α) has
been proposed as the most essential mediator of cellular adaptive responses to hypoxic
conditions, thus orchestrating oxygen homeostasis [95]. It is noteworthy that exosomes
secreted by DPSCs overexpressing HIF-1α (DPSCHIF−1α-Exos) potentiated capillary-like
tubular structure formation in vitro and substantial vessel growth in vivo, which could be
abrogated by Jagged1 antibodies [96]. In this context, DPSCHIF−1α-Exos shed new light on
their pivotal roles in the angiogenic process of pulp regeneration via packaging Jagged1.
Therefore, in the presence of hypoxia and associated angiogenic mediators, exosomes may
serve as novel therapeutic tools to coordinate pulp angiogenesis in regenerative endodontic
procedures. From the studies above, it can be concluded that alterations in the cell culture
environment can significantly modify the active components transported by their originat-
ing exosomes, enabling them to perform various biological functions. In future research, the
composition and function of exosomes should be further optimized by enhancing the cell
culture environment to obtain desirable exosomes that meet the requirements for clinical
applications in regenerative endodontics.

In addition to the various chemical factors mentioned earlier, low-intensity pulsed
ultrasound (LIPUS) has been widely demonstrated to promote the proliferation, migra-
tion, differentiation, and homing capabilities of stem/progenitor cells [97,98]. Moreover,
LIPUS can stimulate stem/progenitor cells to secrete more exosomes and affect their
biological functions through miRNA-mediated mechanisms, such as improving their anti-
inflammatory properties and osteogenic capacity [99–102] As reported by Zhu et al., in
contrast with normal exosomes, exosomes derived from LIPUS-treated dental follicle stem
cells (DFSC-L-Exos) could substantially strengthen the proliferation and osteogenic differ-
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entiation potential of DFSCs, indicative of promising applications for DFSC-LIPUS-Exos
in the regeneration and repair of maxillofacial bone defects [103]. Importantly, in the field
of RET, despite the fact that in vitro and in vivo experiments have revealed that LIPUS
is capable of inducing the proliferation of odontoblasts and promoting the production of
reparative dentin [104–106], the impact of exosomes obtained under LIPUS intervention on
pulp–dentin complex regeneration has not been reported and deserves in-depth investi-
gation. Furthermore, intense attention should be directed to the fact that low-level laser
therapy (LLLT) can alter the redox state of cells and stimulate mRNA activation, DNA
replication, and protein synthesis [107]. Accumulating evidence has indicated that LLLT
notably enhanced the cell viability, proliferation potential, and odonto/osteogenic differen-
tiation ability of dental-derived MSCs, such as SCAP [108], DPSCs [109], and SHED [110],
thereby showing beneficial effects for promoting pulp regeneration. Specifically, according
to Paschalidou et al., SHED exposed to laser irradiation at 8 J/cm2 energy fluence exhibited
significantly upregulated expression of odonto/osteogenesis-relevant genes, such as ALP
and DSPP, and pronounced deposition of mineral nodules, confirming that LLLT as an in-
ductive factor may contribute to the regeneration of the pulp–dentin complex by promoting
SHED biological processes [111]. Also, these results pave the way for narrowing the “thera-
peutic window” of LLLT-induced exosomes in RET. Another scientific proposal stemming
from physical inductive conditions for exosome-based regenerative endodontics would be
photobiomodulation therapy (PBMT). Marques et al. ranked PBMT alongside stem cells,
scaffolds, and growth factors, referring to it as the fourth element of tissue engineering [112].
It has been shown that the employment of PBMT could modulate the inflammatory re-
sponse and facilitate the migration and proliferation capabilities of dental-derived MSCs,
such as SHED and DPSCs [113,114]. As documented by Moreira et al., PBMT at an energy
density of 5 J/cm2 significantly improved the cell viability, proliferation, and migration
capacities of SCAP incubated in chitosan/β-glycerophosphate hydrogels [115]. By evoking
apical blood clots in rat molars, this group further illustrated that the application of PBMT
efficiently induced cell transmigration through chitosan hydrogels and contributed to the
regeneration of fully developed pulp tissue inside the root canals, which was characterized
by abundant vascular networks and odontoblast-like cells with cellular protrusions pene-
trating the newly formed tubular dentin. Although PBMT has been verified to facilitate
pulp–dentin complex regeneration by promoting cell recruitment, the effect of PBMT on
exosomes and associated RET lacks definitive evidence and warrants profound research.
Collectively, physical tissue engineering factors, such as LIPUS, LLLT, and PBMT, have
emerged as novel strategies to improve the functions of exosomes and hold promise for
advancing pulp–dentin complex regeneration.

4.3. Exosome Concentration

The concentration of exosomes can influence their biological availability and biostabil-
ity in the application environment. Dedicated to elucidating the effect of the concentration
of exosome-like vesicles derived from adipose tissue (AT-ELVs) on the biological functions
of aorta endothelial cells, Dai et al. delineated that 10 and 50 µg/mL AT-ELVs could
remarkably increase the number of migrated cells, with 50 µg/mL AT-ELVs being superior
to 10 µg/mL AT-ELVs [116]. Notably, when the concentration of AT-ELVs was increased
to 200 µg/mL, the migration capability of aortic endothelial cells was adversely inhibited.
Similarly, CCK-8 experiments showed that 10 and 50 µg/mL AT-ELVs could enhance the
proliferation of aortic endothelial cells in a dose-dependent manner. However, AT-ELVs at
200 µg/mL attenuated cellular proliferation ability, which was relatively lower than that of
the control group. Therefore, this study indicates that low concentrations of AT-ELVs can
promote the proliferation and migration of aortic endothelial cells, while on the contrary,
high concentrations elicit inhibitory effects. Committed to clarifying the optimal concen-
tration of HERS-ELVs to improve the functions of DPCs, Zhang et al. found that when
the concentration of HERS-ELVs was 80 µg/mL, the proliferation ability of DPCs was the
strongest and the number of migrated cells increased significantly [25]. However, when
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the concentration was elevated to 160 µg/mL, the proliferative and migratory potential of
DPCs was weakened compared to the 80 µg/mL group but was still markedly higher than
the control group. Notably, as the concentration increased to 240 µg/mL, the number of mi-
grated cells was substantially reduced, exhibiting no significant difference from the control
group. Collectively, the above results suggest that high concentrations of exosomes exert
unfavorable effects instead of enhancing the biological functions of target cells. Considering
this, in regenerative endodontic practice, selecting the appropriate exosome concentration
plays a vital role in acquiring therapeutic efficacy. Exosomes with lower concentrations are
susceptible to enzyme degradation or clearance by immune cells, incapable of initiating
biological effects on target cells [117]. On the other hand, higher concentrations of exosomes
may deliver excessive proteins or nucleic acids to target cells, causing cellular “overloading”
that affects normal biological functions or induces undesirable immune responses and side
effects [116]. In summary, before exploring clinical translation strategies for exosome-based
pulp–dentin complex regeneration, particular attention should be paid to the optimal
concentration of exosomes, ensuring biological functionality while maintaining safety.

4.4. Application Environment of Exosomes

To prevent exosomes from being diluted or degraded by body fluids, they must be
transported to the site of action on suitable scaffold materials [118]. Consequently, the
combinatory application of exosomes and scaffold materials has been recognized as a
feasible and effective strategy in regenerative medicine to achieve sustained and con-
trolled release of exosomes. Depending on their source, scaffold materials suitable for
regenerative endodontics comprise natural and synthetic materials. Natural materials,
such as chitosan and gelatin, possess favorable biocompatibility and bioactivity, while
synthetic materials, such as poly(lactic-co-glycolic acid) (PLGA), show superior physical
and mechanical properties as well as controllable degradation rates. In this regard, various
types of polymer scaffolds have been exploited to encapsulate exosomes in the form of
hydrogels, microspheres, and nanoparticles. Hydrogels are hydrophilic polymer materi-
als that simulate the 3D network structures and biological properties of the extracellular
matrix (ECM) [119]. Due to their superior mechanical, chemical, and biological properties,
hydrogels are extensively considered the preferred materials for tissue engineering and
biomedical applications, showing broad prospects for promoting the regeneration and
repair of oral tissues, including the pulp–dentin complex, cementum, periodontal ligament,
and alveolar bone [120–122]. Aiming at validating the usefulness and reliability of GelMA
hydrogels for dental pulp regeneration, Khayat et al. encapsulated for the first time DPSCs
and HUVECs in GelMA hydrogels and injected them into tooth root segments [123]. After
subcutaneous transplantation for 8 weeks, DPSCs/HUVECs-encapsulated GelMA con-
structs reestablished well-organized and functional neovasculature containing red blood
cells within highly cellularized and collagen-deposited dental pulp-like tissue. Odontoblast-
like cells were aligned along the inner dentin surface with cellular protrusions infiltrating
into the dentinal tubules, identifying that GelMA hydrogels are attractive for the devel-
opment of clinically relevant scaffold materials in RET and hold promising applications
to deliver exosomes. As a natural cationic polysaccharide, chitosan is obtained from the
partial deacetylation of chitin and exhibits favorable biocompatibility, biodegradability,
non-toxicity, and antibacterial activity [124]. Moreover, chitosan can be modified by intro-
ducing other functional groups to improve its physicochemical properties and biological
functions [125]. Using rat hind limb ischemia models, Zhang et al. confirmed that chitosan
hydrogel could control the release rate of exosomes and prolong their action time, thus
achieving sustained release of exosomes [126]. Recently, in rat periodontitis models, Shen
et al. reported that, in comparison with DPSC-Exo alone, the implantation of chitosan
hydrogel incorporating DPSC-Exos significantly downregulated the protein levels of proin-
flammatory factors such as IL-23, IL-1α, IL-12, IL-1β, and TNF-α by inhibiting NF-κB and
p38 MAPK signaling pathways [127]. In addition to the anti-inflammatory effect, chitosan
hydrogel loaded with DPSC-Exos also possessed desirable immunomodulatory properties,
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which stimulated the polarization of macrophages from M1 to M2, correspondingly atten-
uating the inflammatory response and promoting periodontal regeneration. Given that
eradicating root canal infection represents one of the essential bottlenecks to overcome for
the clinical transformation of RET, the anti-inflammatory and immunomodulatory effects
of chitosan hydrogel display immense potential and superiority in facilitating pulp–dentin
complex regeneration. More importantly, compounding chitosan with other antibacterial
materials would be advantageous to obtain a unique chitosan composite with comprehen-
sive antibacterial properties for the elimination of residual infection and reinfection in root
canals, which can provide a suitable immune microenvironment for regenerative endodon-
tic procedures. Owing to their strong stability and ECM-like microstructure as well as their
excellent biocompatibility, biodegradability, and injectability, self-assembling peptide-based
hydrogels have become promising candidates for regenerative medicine [128]. According to
Lan et al., who subcutaneously transplanted PuraMatrix peptide hydrogels encapsulating
DPSC-Exos into nude mice for 30 days, vascular structure-enriched dental pulp tissue could
be detected in the root canals, where collagen fibers and mineralized tissues were arranged
in an orderly and longitudinal manner along the root canal wall [52]. PuraMatrix hydrogels
are self-assembled peptide nanofiber scaffolds capable of permitting the controlled release
of exosomes as the gels degrade. As a result, together with released exosomes, the degraded
amino acids can be absorbed by target cells, thus creating favorable conditions for cellular
adhesion, proliferation, and differentiation.

As discussed before, the physicochemical properties and biological functions of scaf-
fold materials can be improved through chemical modification strategies or by incorpo-
rating microspheres or nanoparticles, which endow them with a variety of advantages
in oral tissue engineering applications, such as better water solubility, adhesive potential,
and antimicrobial properties, thereby reducing the reinfection of root canals and ensuring
the stability and sustained release of exosomes [129]. As previously validated, the mem-
brane surface of DPSC-Exos contains binding sites for type I collagen and fibronectin, and
it is beneficial for the adherence of exosomes to matrix proteins such as type I collagen
and fibronectin in the ECM through an integrin-mediated process [24]. In view of this,
modifying conventional biomaterial scaffolds with collagen or fibronectin will increase the
number of exosomes wrapped in the scaffold and promote their slow release. Microspheres
are micro- and nano-sized spherical or sphere-like particles fabricated with biodegrad-
able or absorbable polymer materials [130,131]. They display greater surface area and
lower mass density as well as superior cell attachment, cell proliferation, drug absorption,
and drug release kinetics, thus demonstrating distinct advantages as drug carriers and
tissue engineering scaffolds. In this regard, Swanson et al. constructed the amphiphilic
triblock copolymer microsphere PLGA-polyethylene glycol-PLGA (PLGA-PEG-PLGA)
to encapsulate and sustain the release of DPSC-Od-Exos [55]. DPSC-Od-Exos@PLGA-
PEG-PLGA exhibited uniform sphere-in-sphere structures with smooth surfaces (Figure 4).
As revealed by the release kinetics of DPSC-Od-Exos in vitro, PL85G15A-PEG-PL85G15A
(5 kDa) was considered the optimal chemical formulation due to the favorable controlled
elution of exosomes. Moreover, the released exosomes maintained their integrity and
biological activity and could be internalized by DPSCs. Encouragingly, when employed
as pulp-capping materials in rat molars, the sustained release of DPSC-Od-Exos from
PLGA-PEG-PLGA microspheres induced the migration and odontoblastic differentiation
of resident endogenous pulp stem cells and enhanced the generation of tertiary dentin
bridges at the pulp exposure sites, which were characterized by dentinal tubules and an
abundant collagenous dentin matrix (Figure 4). These findings demonstrate that PLGA-
PEG-PLGA polymeric microspheres represent novel and desirable vehicles for exosome
delivery to foster complete pulp–dentin complex regeneration. Nanoparticles are nanoscale
particles ranging from 10 to 100 nm in diameter. They are composed of natural or synthetic
polymers and possess unique physicochemical properties and vigorous antibacterial and
anti-biofilm activities [132]. According to Hussein et al., chitosan nanoparticle complexes
have a stronger affinity and permeability to bacterial cell membranes, exerting robust



Biomolecules 2024, 14, 330 18 of 25

antibacterial effects [133,134]. Additionally, they impose a significant scavenging impact
on bacterial biofilms and can promote macrophage infiltration and periodontal ligament
fibroblast migration, consequently inhibiting periapical tissue inflammation and inducing
tissue repair. Accordingly, the synergistic application of chitosan nanoparticle complexes
and exosomes for dental pulp regeneration holds promising prospects for root canal disin-
fection and ameliorating the regenerative microenvironment. Thus, selecting appropriate
scaffold materials can improve the application environment of exosomes, achieve specificity
in exosome delivery, and further enhance their therapeutic efficacy, thus creating favorable
conditions for pulp–dentin complex regeneration.
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Figure 4. PLGA-PEG-PLGA polymeric microspheres encapsulating DPSC-Od-Exos facilitate tertiary
dentin formation in vivo. (A,B) The structure of polymeric microspheres containing DPSC-Od-Exos.
(A) As detected by confocal microscopy, the polymeric microspheres were mainly composed of PLGA
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segments (in red fluorescence), in which interior PEG domains (in blue fluorescence) formed porous
structures. Notably, DPSC-Od-Exos (in green fluorescence) colocalized with PEG segments, thereby
contributing to a “sphere-in-sphere” morphology. (B) In comparison with the deblock H3C-PEG-
PLGA, which exhibited deflated spheres with rough surfaces, the triblock PLGA-PEG-PLGA was char-
acterized by uniformly spherical structures with smooth surfaces. Scale bars are shown. (C–G) The
release profile of DPSC-Od-Exos in vitro. (C–E) The release kinetics are reflective of the molecular
weights and hydrophilicity of the triblock PLGA-PEG-PLGA. PL85G15A-PEG-PL85G15A (5 kDa) was
acknowledged as the optimal chemical formulation due to the favorable sustained release of exosomes.
(F) NTA analysis confirmed that the released DPSC-Od-Exos remained intact and undisturbed, which
consequently presented a characteristic size and diameter distribution. (G) The released fluorescent
DPSC-Od-Exos (in green fluorescence) could be taken up by DPSCs. Scale bar, 100 µm. (H) As illus-
trated by rat pulp capping models via HE staining (top and middle rows) and Masson’s trichrome
staining (bottom row), the controlled release of DPSC-Od-Exos from PLGA-PEG-PLGA polymeric
microspheres was beneficial for dentinogenesis at the pulp interface, which featured dentinal tubules
and the accumulation of collagenous dentin matrix (arrows). Scale bars are shown. Reproduced with
permission [55].

5. Conclusions and Outlook

As our understanding deepens, the crucial role of exosomes in enhancing cell biologi-
cal functions and promoting pulp–dentin complex regeneration has gained widespread
attention. Compared with stem cell-based pulp regeneration, exosomes present the advan-
tages of low acquisition costs, wide sources, good biocompatibility, and high safety [50]. In
the field of regenerative endodontics, exosomes have shown great therapeutic potential
and provide a strong impetus for the development and clinical translation of RET [135].

However, it is essential to note that exosome-based RET strategies still face multiple
challenges and limitations. Firstly, the homogeneous production of exosomes represents
one major barrier hindering their clinical translation and application. As mentioned
earlier, the most commonly utilized methods for exosome separation in current times
include ultracentrifugation, ultrafiltration, size-exclusion chromatography, immunoaffinity
chromatography, polymer precipitation, and microfluidic techniques [30,136]. Although
exosome isolation techniques have made significant progress in recent decades, there is still
a lack of methods for absolutely precise isolation of exosomes due to their small particle
size, overlapping particle size range, and similar morphology to other extracellular vesi-
cles [137]. Secondly, the optimal source, concentration, parental cell culture environment,
characterization, and modification methods of exosomes that are applicable to clinical
treatment have yet to be elucidated. Therefore, there is an urgent need to standardize and
optimize these influencing factors to ensure the optimal therapeutic efficacy of exosomes
for their safe and effective use as pulp regeneration tools. Furthermore, the therapeutic
effectiveness and safety of exosomes in pulp regeneration cannot be accurately evaluated,
especially considering exosomes contain complex compositions, including proteins, lipids,
and nucleic acids. In light of this, it is necessary to conduct compositional analysis such as
RNA sequencing, proteomics, and metabolomics to determine whether their components
are toxic or immunogenic. Last but not least, the prevalent in vivo research on exosome-
induced regenerative endodontic procedures is constrained to animal experiments, and
there is a paucity of robust clinical evidence. In addition, the molecular mechanisms under-
lying exosome-mediated intercellular communications; the adverse reactions that exosomes
may induce; and the transport pathways, biological distribution, and metabolic kinetics of
exosomes in the body remain to be elaborated [138]. Consequently, more carefully designed
in vitro cell culture assays, in vivo animal experiments, and clinical trials simulating dental
pulp physiological and pathological conditions are warranted in the future to guarantee
the stability and safety of exosome treatment in clinical settings. It is believed that with
the continuous advancement of exosome research and the promotion of multidisciplinary
collaboration, exosomes will be clinically translated and applied in the field of regenerative
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endodontics, thus facilitating structural regeneration and functional reconstruction of the
pulp–dentin complex and benefiting public oral health.
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