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Abstract

Exosomes are the smallest subset of extracellular signaling vesicles secreted by most 
cells with the ability to communicate with other tissues and cell types over long dis-

tances. Their use in regenerative medicine has gained tremendous momentum re-

cently due to their ability to be utilized as therapeutic options for a wide array of 
various diseases. Over 5000 publications are currently being published on this topic 
yearly, many of which in the dental space. This extensive review article is the first 
scoping review aimed at summarizing all therapeutic uses of exosomes in regenera-

tive dentistry. A total of 944 articles were identified as using exosomes in the dental 
field for either their regenerative/therapeutic potential or for diagnostic purposes 
derived from the oral cavity. In total, 113 research articles were selected for their 
regenerative potential (102 in vitro, 60 in vivo, 50 studies included both). Therapeutic 
exosomes were most commonly derived from dental pulps, periodontal ligament cells, 
gingival fibroblasts, stem cells from exfoliated deciduous teeth, and the apical papilla 
which have all been shown to facilitate the regenerative potential of a number of 
tissues including bone, cementum, the periodontal ligament, nerves, aid in orthodon-

tic tooth movement, and relieve temporomandibular joint disorders, among others. 
Results demonstrate that the use of exosomes led to positive outcomes in 100% of 
studies. In the bone field, exosomes were found to perform equally as well or better 
than rhBMP2 while significantly reducing inflammation. Periodontitis animal mod-

els were treated with simple gingival injections of exosomes and benefits were even 
observed when the exosomes were administered intravenously. Exosomes are much 
more stable than growth factors and were shown to be far more resistant against 
degradation by periodontal pathogens found routinely in a periodontitis environment. 
Comparative studies in the field of periodontal regeneration found better outcomes 
for exosomes even when compared to their native parent stem cells. In total 47 diag-

nostic studies revealed a role for salivary/crevicular fluid exosomes for the diagnosis of 
birth defects, cardiovascular disease, diabetes, gingival recession detection, gingivitis, 
irritable bowel syndrome, neurodegenerative disease, oral lichen planus, oral squa-

mous cell carcinoma, oropharyngeal cancer detection, orthodontic root resorption, 
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1  |  INTRODUC TION

Exosomes are the smallest extracellular vesicles; they range in size 
from 30 to 150 nm and are found in the majority of bodily fluids.1 

They can transport functional miRNAs, coupled with the inherent 
biological functions of exosomes, which makes them a novel delivery 
platform for gene therapy.2 Exosomes have many advantages as new 
drug delivery tools—specifically, they have the characteristics of low 
immunogenicity and high transport efficiency, they can regulate 
inflammation, and they can cross the blood–brain barrier (BBB).3–5 

They transport signaling molecules that drive a number of biological 
processes, including cell signaling, immunological responses, tumor 
metastasis, and other biological activities. Exosomes have now 
been shown in several investigations to have both diagnostic and 
therapeutic functions, in which their precise detection, separation, 
and quantification are crucial. Today, exosomes are one of the most 
highly researched topics in regenerative medicine, with over 5000 
publications being published on the topic yearly. Part 1 of this 3- part 
review on exosomes focused on exosome biogenesis as well as their 
standard isolation techniques, including ultracentrifugation, micro-

fluidics, immunoaffinity, precipitation, size- exclusion chromatogra-

phy, and ultrafiltration technologies. The second part focused on 
the therapeutic potential of exosomes in medicine. This third part is 
divided into 2 major sections investigating all aspects of exosomes in 
dentistry, including (1) the therapeutic use of exosomes in dentistry 
and (2) the use of salivary exosomes as diagnostic biomarkers. The 
potential therapeutic uses of exosomes are as follows:

 1. Angiogenesis
 2. Bone regeneration
 3. Cancer therapy
 4. Cementoblast regeneration
 5. Endo/pulp regeneration
 6. Immune cell behavior
 7. Mesenchymal stem cell behavior
 8. Nerve regeneration
 9. Oral pathogen counts
 10. Orthodontic tooth movement/resorption
 11. Periodontal disease/periodontitis
 12. Temporomandibular joint (TMJ)
 13. Other treatments

This scoping review is the first of its kind, with a broad objec-

tive to summarize the extensive regenerative potential of exosomes 
across a wide range of treatments within the dental field.

1.1  |  Search strategy

An initial search using terms related to exosomes (exosomes, ex-

tracellular vesicles) and dentistry (dental, periodontal, pulpal, or-
thodontics, endodontics, periodontics, dentistry) was performed 
on September 1st, 2023. A total of 944 publications were initially 
retrieved. Of these, 290 were selected and further evaluated. 
Following the full- text screening, a total of 113 research arti-
cles that examined the regenerative potential of exosomes were 
included (102 in vitro studies, 60 in vivo studies, and 49 studies 
that included both in vitro and in vivo components). The included 
studies examined the therapeutic potential of exosomes for the 
treatment of dental tissues/diseases or when exosomes were iso-

lated from dental sources. Forty- seven articles were selected and 
included as diagnostic biomarkers of exosomes for various diseases 
and illnesses.

2  |  RESULTS

In total, 13 in vitro subsections and 8 in vivo sections were identified 
as key groups related to exosomes derived from preclinical studies. 
Seventeen subsectional groups were observed when exosomes from 
salivary and crevicular fluids were used for diagnostic purposes.

2.1  |  Angiogenesis

In total, 12 of the included studies investigated the therapeutic 
potential of exosomes for angiogenesis in vitro,6–17 while only 

1 study investigated the regenerative potential of exosomes 
in vivo.14 In total, 5 studies isolated exosomes from hPDSCs, 
3 studies isolated exosomes from SHED, 2 studies isolated ex-

osomes from SCAP, 1 study isolated exosomes from hPDLCs, 
and 1 study isolated exosomes from hBMSCs (Table 1). Each 
in vitro paper tested human- derived exosomes and utilized a tar-
get cell line of HUVECs. The results from this section revealed 
that several isolated exosomes from dental sources were able to 
promote HUVEC proliferation, VEGF expression, proangiogenic 
factors, tube formation and capillary formation capacity in vitro 
(Figure 1, Table 1). Figure 2 highlights the in vivo model utilized 
by Liu et al.,14 demonstrating that even subcutaneously injected 
exosomes into the dorsal skin along the abdomen of female nude 
mice led to a significantly greater increase in new blood vessel 
formation.

pancreatic cancer, periodontitis, peri- implantitis, Sjögren syndrome, and various sys-

temic diseases. Hence, we characterize the exosomes as possessing “remarkable” po-

tential, serving as a valuable tool for clinicians with significant advantages.

K E Y W O R D S
EVs, exosomes, extracellular vesicles, periosomes, regenerative medicine, ultracentrifugation
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2.2  |  Bone regeneration

In total, 28 studies investigated bone regeneration preclinically, 
of which 28 studies investigated the therapeutic potential of ex-

osomes in vitro, while 11 studies investigated the therapeutic po-

tential of exosomes in vivo (11 of the studies used both in vitro 
and in vivo methods). Based on the in vitro data, a total of 9 dif-
ferent derived exosomes were isolated as follows: 6 studies iso-

lated PDLC- Exos, 6 studies isolated BMSC- Exos, 5 studies isolated 
macrophage- Exos, 3 studies isolated DPSC- Exos, 3 studies iso-

lated SHED- Exos, 2 studies isolated ADSC- Exos, and one study 
each isolated gingival MSC- Exos, SC derived- Exos, and ginseng- 
derived- Exos (Table 2). In the majority of studies (61% or 17/28 
studies), exosomes were isolated from humans; additionally, ex-

osomes were isolated from mice in 6 studies (primarily RAW264.7 
cells), rats in 4 studies (primarily rat BMSCs) and plant- based ex-

osomes in one study (ginseng). All target cells examined in vitro 
demonstrated the stimulatory effects of exosomes on osteogenic 
differentiation, with the exception of research conducted by Seo 
et al.,41 who investigated the impact of bone marrow- derived 

macrophages on osteoclast inhibition by exosomes. The target 
tissue was BMSCs in 27/28 studies, of which 12 were performed 
on human BMSCs, whereas 7 studies were performed on rats and 
9 were performed on mice. All studies demonstrated favorable 
outcomes utilizing exosomes. One of the reported findings also 
depicted that, based on the fact that exosomes can avoid immune 
recognition, several cross- species results demonstrated excellent 
and favorable outcomes.

Based on the in vivo data, a total of 6 different sources of exo-

somes were isolated as follows: 5 studies isolated BMSC- Exos, 2 
studies isolated DPSC- Exos, 1 study isolated macrophage- Exos, 1 
study isolated adipose- derived- Exos, 1 study isolated SC derived- 
Exos, and 1 study isolated ginseng- derived- Exos (Table 2). In 
just over half of the studies (6/11 studies), exosomes were iso-

lated from humans, whereas exosomes were isolated from rats in 
3 studies (primarily rat BMSCs), mice in 1 study and plants in 1 
study (ginseng). Of the 11 in vivo models, 8 tested calvarial defect 
models (4 rat studies and 4 mouse studies), 1 tested white rabbit 
lateral femoral defects, 1 tested rat alveolar bone defects and 1 
tested rat ramus defects. All of the included studies concluded 

F I G U R E  1  Impact of PDLSCs on angiogenesis in inflammatory circumstances via the exosome- mediated pathway. (A) SEM was used 
to identify the secretion of exosomes. Scale bar: 100 nm. (B) TSG101 and CD63, two exosome- specific markers, were investigated using 
western blot. Exosomes produced from PDLSCs were used to treat HUVECs, which resulted in tube formation (C). After that, Image J was 
used to examine the total length of the tubes, total branching points, total loops, covered area, and total nets (D, E). Scale bar: 200 μm. 

**p < 0.01. One- way analysis of variance (ANOVA). Reprinted with permission from Zhang et al.8
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that exosomes derived from any of the above- mentioned sources 
promoted osteoblast differentiation and improved new bone for-
mation in vivo.

Two noteworthy preclinical in vitro studies demonstrated inter-
esting outcomes while investigating exosomes on in vitro osteoblast 
activity. A study by Lan et al.32 found that utilizing PDLC- Exos not 
only promoted proliferation and migration of the human osteo-

blast cell line hFOB1.19 but also led to significantly faster wound 
healing scratch assay closure, as depicted in Figure 3. To investi-
gate the regenerative potential of exosomes, Lee et al.40 compared 

DPSC- Exos to rhBMP2 and found that the exosomes were just as 
prolific as rhBMP2 on osteogenic differentiation in vitro (Figure 4). 
Furthermore, each of the animal models demonstrated favorable 

bone regeneration outcomes. A study by He et al.38 demonstrated 
complete regeneration of a critical- size ramus defect using exo-

somes (Figure 5).

2.3  |  Cancer therapy

Two studies investigated the use of exosomes in cancer therapies 
in vitro (Table 3). While these studies are still in their infancy, 
both utilized either an immortalized cell line or exosomes packed 
with a chemotherapeutic agent (gemcitabine) and showed that 
both were able to attenuate carcinoma cell lines (human carci-
noma cell line TR14645 and human pancreatic cell line46).

F I G U R E  2  Exosomes encourage the in vivo development of microvessels. (A) Typical pictures of Matrigel plugs placed under the skin in 
mice for 10 days. (B) measurement of the quantity of microvessels around the implanted plugs. (C) VEGF immunofluorescence labelling on 
implanted Matrigel plugs with Norm-  or Hypo- expos. Scale bar: 500 μm. (D) VEGF expression in Matrigel plugs quantified. (E) In matrigel 
plugs with Hypo- expos, CD31 immunofluorescence labeling reveals increased neovasculature (Scale bar = 500 μm). (F) Quantification of 
CD31- stained tubular structures. *p < 0.05. Reprinted with permission from Liu et al.14
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2.4  |  Cementum regeneration

Only two in vitro studies have investigated the effects of exosomes 
on cementoblasts (Table 4). Both M2- derived macrophages and 
hPDLC- Exos were investigated in mouse OCCM- 30 cementoblasts. 
It was found that exosomes promoted the migration, proliferation 
and mineralization of cementoblasts via the expression of p- PI3K 
and p- AKT pathways (Figure 6).

2.5  |  Endodontic/Pulpal regeneration

A total of 23 studies investigated endodontic pulpal/odontogenic 
regeneration preclinically, of which 13 studies investigated the ther-
apeutic potential of exosomes in vitro, while 10 tested exosomes 
in vivo. Based on the in vitro data, a total of 9 different derived ex-

osomes were isolated. Seven studies isolated DPSC- Exos. One study 
isolated each of the following immortalized murine odontoblast cell 
line (MDPC- 23)- Exos: Rat Hertwig's epithelial root sheath- Exos, 
SCAP- Exos, SHED- Exos, milk- derived- Exos, human umbilical cord 
mesenchymal stem cells (hUCMSCs)- Exos, human immortalized E1- 
MYC 16.3 embryonic stem cell (hESC)- Exos, and human thrombin- 
activated platelet- derived exosome (T- aPD- Exos) (Table 5). Twelve 
of the 15 cells utilized to produce exosomes were isolated from hu-

mans (80%), with 2 studies testing 2 different exosome cell sources. 

Exosomes were isolated from rats in 1 study, mice in 1 study and 
rabbits in 1 study. In 11 of 13 studies (85%), DPSCs were the tar-
get cell line investigated, with 1 study investigating rat BMSCs and 
one study investigating SHEDs. The cells tested were 69% from 
humans (9/13), 3 studies were derived from rats, and 1 study was 
derived from rabbits. All studies demonstrated favorable outcomes 
utilizing exosomes. In summary, exosomes were able to promote 
odontogenic differentiation by significantly upregulating TGFβ1, 
TGFR1, dentin sialophosphoprotein, p- Smad2/3, and Smad4 as well 
as increasing mineralization in vitro (Figure 7).59 DPSCs- sEVs and 
encapsulated miR- 125a- 3p were shown to stimulate the release of 
BMP2 in macrophages, which in turn activated the BMP2 pathway 
and promoted odontogenesis in DPSCs. Exosomes have the ability 
to counteract the inhibitory/inflammatory impact of lipopolysac-

charide on the proliferation of human dental pulp stem cells and to 
reduce lipopolysaccharide- induced apoptosis.57

Based on the in vivo data, a total of 6 different derived exo-

somes were isolated as follows: 5 studies isolated DPSC- Exos, 
2 studies isolated SCAP- Exos, and 1 study each isolated Rat 
Hertwig's epithelial root sheath- Exos, SHED- Exos, and human 
immortalized E1- MYC 16.3 embryonic stem cell (hESC)- Exos 
(Table 5). In 7 of 11 studies (64%), exosomes were isolated from 
humans, whereas exosomes were isolated from mice in 1 study 
and rats in 3 studies. Of the 11 in vivo models (1 study had 2 in vivo 
models), 5 studies investigated subcutaneous transplantation of 

F I G U R E  3  The migration and proliferation of hFOB1 are facilitated by PDLSC- Exos. The hFOB1 CCK- 8 test used 19 cells (A). After being 
exposed to PDLSC- Exo (0, 50, and 100 μg/mL) during both 24 and 48 h, 19 cells were carefully examined. (B and C) Evaluation of hFOB1's 
migration potential using a scratch wound experiment. Twenty- nine cells were exposed to PDLSC- Exo (0.50 and 100 μg/mL) over 12 and 
24 h, respectively. *p < 0.05: **p < 0.01. Adapted with permission from Lan et al.32
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tooth fragments typically in dorsal tissues, 4 studies investigated 
some form of pulpitis often bur- induced, and 2 studies investi-
gated pulpotomy. In total, 6 in vivo studies were performed on 
rats, and 5 were performed on mice. All studies found positive 
in vivo effects (Figure 8).

2.6  |  Immune cells

In total, 19 studies investigated immune cells preclinically. All 19 of the 
studies conducted in vitro investigations and one of the studies also ex-

amined immune cell behavior in vivo. Considerable variability in both 

F I G U R E  4  DPSC- EVs promote osteogenic differentiation of jaw bone (JB)- MSCs. (A) For 7 or 4 days, JB- MSCs were cultivated in an 
osteogenic induction medium with DPSC- EVs or recombinant human BMP- 2 (250 ng/mL). RUNX2, ALP, and OCN gene mRNA expression 
was measured using a quantitative reverse transcriptase polymerase chain reaction on total RNA. B- actin was the internal control. Con, 
osteogenic induction control; EV_10, DPSC- EVs (10 g/mL); EV_20, DPSC- EVs (20 g/mL). Compared with the control: *p < 0.05. **p < 0.01. 
**p < 0.001. ns, no significance. (B) B- MSCs were grown in regular media. After reaching 80% confluence, the culture medium was changed 
with 2% fetal bovine serum and 20 g/mL DPSC- EVs for 72 h. After fixing cells in 4% paraformaldehyde, immunofluorescence was used 
to measure RUNX2, ALP, and OCN protein expression. (C) Regular culture media was used to cultivate JB- MSCs. After reaching 80% 
confluence, the culture media was changed with new medium containing 2% fetal bovine serum and various DeSC- Evs concentrations for 
2 h. Western blot analysis was used to measure the RUNX2, ALP, and OC protein levels in collected cells (D). For 4 weeks, JB- MSCs were 
cultivated in an osteogenic induction medium with or without DPSC- EVs or BMP- 2 (250 g/mL). A solution of alizarin red S stained the cells. 
Images were microscoped. Scale bars, 20 μm. (E) Quantification of mineralization using alizarin red S extraction solution OD405 values. Con, 
osteogenic induction control; EV_10, DPSC- EVs (10 μg, mL); EV 20, DPSC- EVs (20 μg/mL). Error bars indicate mean ‡ SD. Compared with 
the control: *p < 0.05. **p < 0.01. ***p < 0.001. ns, no significance DPSC, dental pulp stem cell; EV, extracellular vesicle; JB- MSC, jawbone 
marrow- derived mesenchymal stem cell. Reprinted with permission from Lee et al.40
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exosome- derived cells and target cells was observed in these studies. 
Based on the in vitro data, a total of 11 different derived exosomes were 
isolated as follows: 6 studies isolated DPSC- Exos, 3 studies isolated 
BMSC- Exos, 3 studies isolated GMSC- Exos, 2 studies isolated PDLCs- 
Exos, 2 studies isolated dendritic cell- Exos, and one study each iso-

lated SHED- Exos, ADSC- Exos, SCAP- Exos, embryo- kidney- Exos, and 
laboratory- derived miR- 1260b- Exos (Table 6). Two studies investigated 
2 different exosome sources, with DPSCs having been more commonly 

shown to be superior to other tissue types.66 In almost all studies 
(18/21), human- derived exosomes were utilized, whereas one study 
utilized rat exosomes, 1 study utilized mice, and 1 study developed ex-

osomes in a laboratory. Of the 19 studies, a wide variety of target cells 
were investigated in vitro. Five studies investigated human THP1 mac-

rophages, 4 studies investigated CD4 monocytes, 4 studies investigated 
murine RAW264.7 cells, 2 studies investigated human CD14+ periph-

eral blood- derived monocytes, and 1 study each investigated human 

F I G U R E  5  In rats, PF127 hydrogel containing BMSC- Exos stimulates the regeneration of alveolar bone. (A) Quantitative investigation and 
in vivo TPEF recording of the distribution of Exos implanted at various times that are tagged with PKH26. n is equal to 3. (B) Images captured 
by micro- CT scanning of the second mandibular molar (red frame) and quantitative findings of alveolar bone abnormalities in rats treated 
with PF127 hydrogel@BMSC- CTNNB1- Exos. Number of cases (n): 6 (C) New bones were stained with immunohistochemistry to reveal 
the presence of RUNX2, OCN, IRAK1, and TRAF6. Dark brown particles, shown by the black arrows, indicate protein- positive staining. 
comparative to the PF127 hydrogel group, with n = 6 and p < 0.05. Compare to the group that used PF127 hydrogel@BMSC- NC- Exos; 
p < 0.05. *p < 0.05 vs. the PF127 hydrogel group. #p < 0.05 vs. the PF127 hydrogel@BMSC- NC- Exos group. Reprinted with permission from 
He et al.38
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TA B L E  3  In vitro use of various exosomes derived from multiple sources for cancer therapy.

Author–year Source of exosomes Target tissue of exosomes Main findings

Cancer—in vitro

Sjoqvist 
et al. 
(2019)45

1. HaCaT (ATCC)- Exos, 
human immortalized 
keratinocytes

2. NHDF, CC- 2509 human 
dermal fibroblasts- Exos

Human carcinoma cell line TR146
The media was collected after 24 h and 

centrifuged at 300 g for 10 min at 4°C 
following by 3000 g for 10 min at 4°C. 
The media was then concentrated using 
100 kDa filters and further concentrated 
using 10 kDa filters to reach a volume less 
than 500 μL

Exosomes produced from oral keratinocytes 
controlled the proliferation of fibroblasts 
and epithelial cells in the carcinoma cell line 
at comparable levels to dexamethasone, a 
medication that is often used to stop stricture 
development

Klimova 
et al. 
(2023)46

hDPSC- Exos (loaded with 
chemotherapeutic 
agents gemcitabine)

Human PANC1 and MiaPaca cell lines.
Exos were isolated via concentration of CM 

through tangential flow filtration (TFF) 
sEVs concentrator 1. Pooled serum- free 
CM were filtered using sterile polysulfone 
hollow fibers with 5 nm cut- off pores 
to remove other cell components, free 
biomolecules and cell debris

The highly concentrated CM containing Exos 
significantly reduced the in vitro growth 
of pancreatic cancer cell types. Transgenic 
plasmids expressing a suicide gene fusion, 
yCD:UPRT, were introduced into the DPSCs 
using genetic engineering. Internally given 
to cancer cells, the innocuous prodrug 
5- fluorocytosine (5- FC) is transformed 
into the powerful chemotherapeutic drug 
5- fluorouracil (5- FU) by the use of the 
suicide gene. There was a further effect on 
the inhibition of cancer cell growth from 
5- FU's conversion to 5- FC. By successfully 
transporting chemotherapeutic medications 
in conjunction with a prodrug suicide gene 
therapy system

Abbreviations: 5- FC, 5- fluorocystine; 5- FU, 5- fluorouracil; ATCC, American Type Culture Collection; DPSCs, Dental Pulp Stem Cells; Exo, Exosome; 
HaCat, human spontaneously immortalized keratinocyte cell; hDPSCs, human DPSCS; PANC- 1, Pancreatic duct epithelioid carcinoma cell.

TA B L E  4  In vitro therapeutic regenerative potential of various exosomes derived from multiple sources on cementoblast regeneration.

Author–year Source of exosomes Target tissue of exosomes Main findings

Cementoblast—In Vitro

Zhao et al. 
(2022)47

Mouse RAW264.7 
monocyte cell 
line (M0, M1 and 
M2 macrophage 
polarization)

Murine cementoblasts cell line OCCM- 30
Cells were removed by centrifugation at 300 g 

for 10 min. Then, dead cells were removed by 
centrifugation at 2000 g for 10 min, followed 
by cell debris removal by centrifugation at 
10 000 g for 30 min. The exosomes were initially 
collected by ultracentrifugation at 100 000 g for 
70 min, washed in PBS and finally collected by 
ultracentrifugation under the same condition 
again. M0/M1/M2 exosomes were added to the 
culture medium of cementoblasts at a dose of 
150 μg/mL every day

Using a Transwell assay and a CM- based 
coculture system, the authors found that 
M1- polarized macrophages inhibited 
cementoblast mineralization, whereas M2- 
polarized macrophages increased it

Li et al. 
(2023)48

hPDLC- Exos Mice OCCM- 30
Cementoblasts
Cells were centrifuged at 1500 g for 15 min. The 

supernatant obtained was filteredvusing a 
0.22 μm syringe- driven filter unit to remove 
particles larger than 200 nm. The prefiltered fluid 
was centrifuged at 4000 g for 30 min, using a 
100 kDa centrifugal ultrafiltration tube. Finally, 
exosomes were isolated from the concentrated 
solution using an ExoQuick- TC kit

Exosomes enhanced the movement, 
reproduction, and formation of minerals 
in OCCM- 30 cells. The group treated 
with exosomes exhibited a substantial 
upregulation in the expression of genes and 
proteins relevant to cementogenesis. In 
addition, exosome treatment cells increased 
the expression of p- PI3K and p- AKT. Runx2, 
osterix, osteocalcin and collagen 1 were all 
upregulated between 2 and 4 fold in the 
exosome group

Abbreviations: AKT, set of three serine/threonine- specific protein kinases; Exo, Exosome; hPDLSC; human PDLSC; OCCM- 30, Cementoblast cells of 
murine origin; P13K, Phosphoinositide 3- kinase; PDLSC, Periodontal Ligament Stem Cells.
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dopaminergic neurons, a mouse hippocampal cell line (H3), human SCs 
from odontoblasts, and mouse Tregs (Table 6). Only one in vivo study 
investigated rat SCAP- Exos on rat dental pulp exposures.63

The most commonly reported findings were that exosomes de-

rived from multiple sources were able to shift macrophage polariza-

tion from an M1 pro- inflammatory state into an M2 pro- resolution/
regeneration state.80 Furthermore, many key studies have associated 
the behavior of immune cell responses with in vivo clinical benefits. 
For instance, Elsayed et al.78 concluded human DC- Exos were shown 
to affect the immunological responses of human DC and T- cells. This 
suggests that they might be used as a potential immunotherapeutic 
agent to regulate the immune response in gingival tissue and prevent 
bone loss in periodontal disease. A study by Zheng et al.69 found 
similar conclusions where PDLSC- Exos alleviated an inflammatory 
microenvironment through the Th17/Treg/miR- 155- 5p/SIRT1 regu-

latory network, improving periodontitis. Two basic research studies 
also found that exosomes derived from separate sources were able 
to significantly decrease immune cell- driven osteoclastogenesis and 
prevent bone loss.70,74 Interestingly, Jarmalavičiūtė et al.64 found that 

exosomes specifically (but not microvesicles) derived from SHEDs im-

proved dopaminergic neurons by approximately 80%, suggesting that 
exosomes derived from SHEDs should be considered a new potential 
therapeutic tool in the treatment of Parkinson's disease. As found in 
Part II of this 3- part review, exosomes derived from multiple sources 
(including dental sources) may pose many therapeutic advantages 
when compared to currently offered therapies.

2.7  |  Mesenchymal cell function

Only 2 studies investigated the use of exosomes on mesenchy-

mal cell function (Table 7). In the study by Li and Ge,61 rat DPSC- 
expos were isolated and investigated in rat MSCs. It was found 
that when the exosomes were cultured with osteogenic differ-
entiation media, osteoblastic differentiation markers, including 
OCN, OPN and RUNX2, were all upregulated.61 The study by Han 
et al.81 investigated 3 sources of exosomes on buccal fat pad- 
derived mesenchymal stromal cells (BFP- MSCs). It was concluded 

F I G U R E  6  By injecting hPDLSC- Exos, OCCM- 30's cementogenic activity enhanced. (A) Using ARS, the biomineralization of OCCM- 30 
induced for 10 days was envisioned. (B) ARS found calcium nodules, which were then photographed using an inverted microscope. (C) The 
western blotting bands showed that RUNX2, OSX, CAP, ON, and COL1 were all expressed at higher levels. (D) The quantitative examination 
of cementogenic- associated protein by western blotting. (E) The qRT- PCR analysis of cementogenic- associated gene mRNA expression in 
OCCM- 30 activated with exosomes. *p < 0.05, #p < 0.01, %p < 0.001, &p < 0.0001 versus control. Reprinted with permission from Li et al.48
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F I G U R E  7  Effects of MSC- Exos on the odontogenic differentiation of DPCs. (A) ARS staining in addition to (C) When 5 and 10 μg/
mL exosome treatment was applied, measurement of the eluted dye revealed increased odontogenic differentiation and mineralization. 
(B) Staining with immunofluorescence and (D) Measurements of DSPP and DMP1 showed significantly higher percentages of positively 
stained cells after treatment with 5 and 10 μg/mL exosomes. (E) Genes related to odontogenic differentiation were shown to be regulated 
by 10 μg/mL exosome treatment, as revealed by RT- qPCR analysis. Summary of findings from three separate studies. Data are expressed as 
mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 compared to PBS (n = 3). Reprinted with permission from Shi et al.59
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F I G U R E  8  In a rat pulp damage model, MSC- Exos increase dentin- like tissue and odontogenesis. (A) Experimental design and animal 
model. Occlusal surface of maxillary first molars had 1.5 mm diameter and 1.5 mm depth dental pulp defect. The animals were randomly 
assigned to four groups (n = 8 facts/group) after pulp exposure and hemostasis: defects treated with collagen sponge (CS), CS/PBS, CS/Exo, 
and CS/MTA. Glass- ionomer cement fixed all faults. Animals were killed at 4 weeks for analysis. (B) HE staining. Eight representative photos. 
Scale bars: 500 or 50 μm. Magnified view is in black box. Arrowheads show dentin bridge repair. RD: reparative dentin, MTA. (C) MT staining. 
Representative images (n = 8). Scale bar: 50 μm. Arrowheads show dentin bridge repair. In CS/Exo and CS/MTA groups, immunohistochemical 
staining of (D) DSPP and (E) DMP1 exhibited favorably stained regions around reparative dentin bridges. Representative images (n = 8). Scale 
bar: 50 μm. (F) Per-  centage area of reparative dentin. (G, H) Per cent- age area deposition of (G) DSPP and (H) DMP1. Data are expressed 
as mean ± _SD. *p < 0.05, **p < 0.01, ***p < 0.001 compared to CS, #p < 0.05, ##p < 0.01, ###p < 0.001 compared to CS/PBS. Reprinted with 
permission from Shi et al.59
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TA B L E  7  In vitro therapeutic regenerative potential of various exosomes derived from multiple sources on mesenchymal cell function.

Author–year Source of exosomes Target tissue of exosomes Main findings

Mesenchymal cell function—in vitro

Li and Ge 
(2022)61

Rat DPSC- Exos Mouse MSCs
To remove cellular debris, medium from DPSCs 

was centrifuged at 2500 g for 15 min at 4°C 
and filtered with a 0.22 μm filter. The collected 
medium containing exosomes was laid on top of a 
30% sucrose/D2O cushion in a sterile UltracCear 
and ultracentrifuged at 100 000 g × 1 h at 4°C. 
The pellets were resuspended in 15 mL PBS and 
centrifuged at 4000 g at 4°C for 15 min until the 
volume was concentrated to ~200 μL

Markers of osteoblastic differentiation, 
such as OCN, OPN, and RUNX2, were 
seen after culturing in CM containing 
exosomes produced from DPSCs. Cell 
migration of MSCs in conditioned 
culture more than doubled the control 
group

Han et al. 
(2023)81

3 Sources:
1. hPDLC- Exos,
2. human alveolar 

bone- derived 

Osteoblasts- Exos
3. hGMSC—Exos

Buccal fat pad- derived mesenchymal stromal cells 
(BFP- MSCs).

The CM was initially centrifuged at 300 g for 
15 min to remove cell debris, then at 2600 g 

for 15 min at 4°C to pellet apoptotic bodies 
(termed “2.6 keV” in this study) in 500 μL of PBS. 
The resultant supernatant was concentrated to 
500 μL using Amicon ultrafilters (100 kDa) and 
centrifuged at 16 000 g for 20 min at 4°C to pellet 
microvesicles (termed “16 keV”). The supernatant 
was subsequently subjected to the authors 
in- house size exclusion chromatography (SEC) 
columns to enrich sEV

BFP- MSCs showed cellular absorption 
of all three EV subtypes for as long 
as 7 days. Three periodontal cells’ 
worth of sEV were encouraged. Cell 
multiplication, movement, and the 
activation of genes related to bone 
formation. hOBs- sEV exhibited 
higher levels of osteogenesis markers 
in comparison to hPDLCs- sEV and 
hGFs- sEV. Conversely, hOBs- 16k EV 
stimulated adipogenic gene expression 
more than hPDLCs and hGFs

Abbreviations: BFP- MSCs, Buccal Fat Pad- derived mesenchymal Stromal Cells; DPSC, Dental Pulp Stem Cells; EVs, Extracellular Vesicles; Exo, 
Exosome; GFs, Gingival Fibroblasts; GMSC, gingival mesenchymal stem cells; hDPSCs, human DPSCS; hGFs, human Gingival Fibroblasts; hGMSC, 
human GMSC; hOBs, Human Osteoblasts; hPDLCs, human PDLCs; MSC, Mesenchymal Stem Cells; OCN, Osteocalcin; OPN, Osteopontin; PDLCs, 
Periodontal Ligament Stem Cells; RUNX2, Runt- related transcription factor 2.

TA B L E  8  In vitro and in vivo therapeutic regenerative potential of exosomes in nerve regeneration.

Author–year

Source of 

exosomes Target cell of exosomes and isolation method Main findings

Nerve regeneration—in vitro

Rao et al. (2019)82 hGMSCs- Exos The in vitro assessment of peripheral nerve regeneration was 
conducted using the cocultivation of SCs and Dorsal Root 
Ganglion cells (DRGs).

Supernatant was centrifuged at 3000 g for 10 min. The supernatant 
from the cells was then extracted, and 2.5 mL of the exosome 
extraction reagent (HieffTM Quick exosome isolation kit, 
41201ES25) was added according to standard protocols

GMSC- Exos may 
strongly stimulate the 
development of DRG 
axons and SCs

Author–year

Source of 

exosomes Target tissue of exosomes Main findings

Nerve regeneration—in vivo

Rao et al. (2019)82 hGMSCs- Exos The effects of exosomes on the recovery of sciatic 
nerve function in vivo were tested using histology, 
electrophysiological, and gait analysis in rats with 
regeneration of sciatic nerves.

Three groups as follows: The hollow chitin conduit group, chitin 
conduit plus GMSC- derived

exosome group, and autograft group. The sciatic nerve was cut 
and exposed, and 10 μL of PBS was administered to the hollow 
chitin conduit group, retaining a 10 mm gap. The exosome 
group received 10 μL of PBS containing 10 μg exosomes

The in vivo research demonstrated 
that the chitin conduit and 
GMSC exosomes could 
greatly enhance nerve fiber 
quantity and diameter as well 
as stimulate the development 
of myelin. Furthermore, there 
was a clear recovery of motor 
function, nerve conduction 
function, and muscular function

Abbreviations: BFP- MSCs, Mesenchymal stromal cells originating from the buccal fat pad; DPSC, Dental Pulp Stem Cells; EVs, Extracellular Vesicles; 
Exo, Exosome; GFs, Gingival Fibroblasts; GMSC, gingival mesenchymal stem cells; hDPSCs, human DPSCS; hGFs, human Gingival Fibroblasts; 
hGMSC, human GMSC; hOBs, Human Osteoblasts; hPDLCs, human PDLCs; MSC, Mesenchymal Stem Cells; OCN, Osteocalcin; OPN, Osteopontin; 
PDLCs, Periodontal Ligament Stem Cells; Runt- related transcription factor 2, or RUNX2.
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that hOBs- sEVs showed superior levels of osteogenesis markers 
compared to hPDLCs- sEVs and hGFs- sEVs, while hOBs- 16 k EVs 
promoted adipogenic gene expression compared to hPDLCs and 
hGFs.81 In summary, the interest in these studies was character-
ized by the study by Han et al., demonstrating that various exo-

somal subsets derived from multiple sources have the ability to 
impact various cell types differently.81

2.8  |  Nerve regeneration

Only one study investigated the regenerative potential of ex-

osomes in nerve regeneration (Table 8). A study by Rao et al.82 

found that GMSC- Exos could significantly promote SC prolifera-

tion and DRG axon growth (Figure 9). Furthermore, the in vivo 

component of the study also demonstrated an increase in the 
number and diameter of nerve fibers, leading to a promotion in 
myelin formation. Recovery was shown in muscle function, nerve 
conduction, and motor function, leading to the conclusion that 
exosomes could be utilized for nerve regeneration. Future stud-

ies are needed to decide which exosomes derived from which 
sources are most likely to lead to better clinical outcomes for 
nerve regeneration.

2.9  |  Oral/Periodontal pathogens

Exosomes alone have been utilized to attenuate the effects of oral or 
periodontal pathogens (Table 9). A study by Sundaram et al.83 dem-

onstrated that plant- derived exosomes from ginger could attenuate 

F I G U R E  9  Analyzing the regeneration of nerve fibers 12 weeks after surgery. (A) TEM pictures, transverse slices stained with toluidine 
blue, and a gross view of the regenerated sciatic nerve. (B) Myelinated axon density. (C) the myelinated axons’ diameters. (D) Sheath 
thickness of myelin. Data are expressed as means ± SEM (n = 8). A one- way ANOVA with Tukey's post hoc test was used to achieve 
statistical significance. *p < 0 05, #p < 0 01. Reprinted with permission from Rao et al.82
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TA B L E  9  In vitro therapeutic behavior of various exosomes on periodontal pathogens.

Author–year Source of exosomes Target tissue of exosomes Main findings

Oral/periodontal pathogens—in vitro

Sundaram et al. 
(2019)83

Ginger exosome- like 
nanoparticles 
(GELNs)

Porphyromonas gingivalis
P. gingivalis strains were grown to mid- log 

phase
(OD600 = 0.8) and aliquots (200 μL) of samples 

were anaerobically incubated in the 25% 
saliva- coated wells with and without ginger 
exosomes like nano particles (4.0 × 108 

particles/mL) for 24 h

P. gingivalis growth was inhibited by the 
selective uptake of Ginger exosome- 
like nanoparticles

Leiva- Sabadini et al. 
(2021)84

Exosomes derived 
from honey

Oral Streptococci
Honey samples were initially diluted 1:20 

in particle- free PBS and centrifuged at 
500 g, 1500 g, 250 g for 15 min each. 
Then supernatants were filtered (0.2 μm) 
and ultra- centrifuged at 100 000 g for 
60 min. The final EV- containing pellet was 
resuspended in PBS and stored at −80°C

Honey is a promising source of highly 
active EVs with exosomal origin, 
containing a number of antibacterial 
peptides as cargo molecules. 
Furthermore, the differential effect 
of Honey- Exos on S. mutans and S. 

sanguinis may serve as a novel biofilm- 
modulating strategy in dental caries

Abbreviations: Exo, Exosome; EV, extracellular vesicle; P. gingivalis, Porphyromonas gingivalis; S. mutans, Streptococcus mutans; S. Sanguinis, 
Streptococcus sanguinis.

TA B L E  1 0  Effects of exosomes on orthodontic behavior and root resorption in living organisms.

Author–year Source of exosomes Target tissue of exosomes Main findings

Orthodontics—in vivo

Liu et al. 
(2022)85

hPDLSC- Exos Orthodontic nickel–titanium coiled springs were 
ligated between the maxillary left first molar and 
incisors. The springs were activated to deliver 
50 g of orthodontic force, as measured by a 
dynamometer. The springs were removed to 
allow the left first molars to relapse after OTM 
for 2 weeks. Submucosal injection and intra- 
ligamentary injections were performed using an 
insulin needle delivering equal volumes of saline, 
simvastatin dissolved in saline, PDLSCs- Exo, and 
exosomal simvastatin

In the rat model of OTM, PDLSC- 
derived exosomes boosted 
simvastatin solubility and relapse 
inhibition. Recurrence after OTM 
was also prevented by local PDLC- 
Exos injection alone

Zhao et al. 
(2022)47

Mouse RAW264.7 monocyte 
cell line

M0, M1 and M2 macrophage 
polarization

Mice: orthodontic tooth movement model: a nickel–
titanium coil spring was positioned between the 
maxillary incisors and the right maxillary first 
molar to provide a force of around 30 g that was 
almost constant.

Mice in the experimental group received injections 
of 10 mg/mL LPS with 5 μL on each side of the 
gingival sulcus around the maxillary first to 
third molars once every 2 days for a total of 
seven times. The control group was injected 
with normal saline with the same volume and 
frequency in the same anatomic regions.

The in vivo exosome group had local injection on 
each side of the gingival sulcus around the 
maxillary first to third molars and caudal vein 
injection of exosomes once every 2 days for a 
total of 10 times. Mice were randomly divided 
into three groups, which were subsequently 
injected with exosomes from M0, M1, or M2, 
respectively, at the dose of 100 μg per mouse, at 
100 μL in volume

In mice injected with M0, M1- , 
and M2- polarized macrophage 
exosomes, cementoblast 
mineralization was decreased 
in the M1- injected group and 
enhanced in the M2- injected group

Abbreviations: Exo, Exosome; OTM, orthodontic tooth movement; PDLCs, periodontal ligament stem cells; hPDLCs, human PDLCs.
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F I G U R E  1 0  Through IL- 10/IL- 10R, M2- Exos stimulate osteogenesis and decrease osteoclastogenesis. (A) An RT- PCR study identified 
osteogenesis- related genes in BMSCs treated with PBS, M2- Exos, or anti- IL- 10R antibody. (B) After 14 days of PBS, M2- Exos, or M2- Exos 
with anti- IL- 10R antibody, BMSCs stained with ALP. (C) ALP test kit measured ALP activity. (D, E) BMSC alizarin red- mediated calcium 
staining after 21 days of PBS, M2- Exos, or M2- Exos plus anti- IL- 10R antibody. The spectrophotometer measured alizarin red coloring 
extracted by cetylpyridinium chloride. (F) RT- PCR analysis assessed osteoclastogenesis- related genes in BMDM- induced osteoclasts treated 
with PBS, M2- Exos, or anti- IL- 10R antibody. (G) BMDM- induced osteoclasts were treated with PBS, M2- Exos, or anti- IL- 10R antibody 
for 7 days and stained with TRAP. The number (H) and area (I) of TRAP- positive cells were calculated. Data are mean Å} SEM. *p < 0.05, 
**p < 0.01, ***p < 0.001. Reprinted with permission from Chen et al.31
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the negative effects of P. gingivalis in periodontal disease. Another 
study by Leiva- Sabadini et al.84 found that honey- derived exosomes 
contained a number of antibacterial peptides as cargo molecules. 
Few studies have demonstrated the effects of exosomes on de-

creased periodontal pathogen counts, but future research may be 
needed in this field.

2.10  |  Orthodontic tooth movement

Only 2 in vivo studies have investigated the role of exosomes in 
tooth movement and tooth resorption caused by tooth movement 
(Table 10). In the study by Zhao et al.,47 the mouse RAW264.7 
monocyte cell line was investigated, including their M0, M1 and M2 
phenotypes. By isolating M0/M1/M2 macrophage exosomes and 
analyzing their impact on cementoblast mineralization, it was found 
that the effects of macrophages on cementoblast mineralization 
were at least partially exerted by exosomes.47 A study by Liu et al.85 

found that encapsulating simvastatin into exosomes derived from 
PDLSCs improved simvastatin solubility and enhanced the inhibi-
tory effect of relapse in a rat model of orthodontic tooth movement 

(OTM). Notably, local injection of PDLC- Exos alone could also block 
relapse after OTM.85

2.11  |  Periodontal regeneration

In total, 34 studies investigated periodontal regeneration preclini-
cally, of which 21 studies investigated the therapeutic potential of 
exosomes in vitro, while 22 of the studies used in vivo data (9 of the 
studies used both in vitro and in vivo investigations). A total of 11 
differential exosome sources were isolated from the in vitro stud-

ies as follows: 4 studies investigated PDLC- Exos, 3 studies isolated 
GMSC- Exos, 2 studies investigated DPSC- Exos, 2 studies investi-
gated BMSC- Exos, 2 studies isolated macrophage- Exos, 2 studies in-

vestigated SHED- Exos, and one study each investigated MSC- Exos, 
osteocyte- Exos, dental follicle- Exos, GMSC- Exos, umbilical cord- 
Exos and laboratory- derived miR- 1260b (Table 11). The majority of 
studies isolated exosomes from humans (80% of studies), whereas 
2 studies isolated exosomes from mice, 1 study isolated exosomes 
from rats, and 1 study isolated exosomes made in a laboratory 
(Table 11). The target cell line was most often human periodontal 

F I G U R E  11  MSC- Exos effects on HPDLSC osteogenic differentiation. Alizarin red and ALP were used to evaluate HPDLSC osteogenic 
differentiation in different treatment groups. (A) ALP staining (scale bar 100 μm). (B) Alizarin red staining (scale bar: 200 μm). (C) ImageJ 
computed relative ALP- positive area. (D) ImageJ- calculated relative Alizarin red- positive area. (E, F) BMP2 and Runx2 levels were measured 
using real- time PCR in separate groups (*p < 0.05, **p < 0.01, and ***p < 0.001). Reprinted with permission from Lv et al.87
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ligament cells (19/20 studies), and one study investigated mouse 
preosteoblasts. Overall, exosomes derived mainly from human 
sources were found to have no cytotoxicity on PDLCs and to be able 
to stimulate osteogenesis, migration, and proliferation of cells with 
deep Alizarin red staining, high activity of ALP, and upregulated ex-

pression of osteogenic genes (RUNX2, OPN, and OCN). (Figure 10). 
Figure 11 demonstrates that exosomes are even capable of improv-

ing PDL cell differentiation under LPS- induced inflammatory con-

ditions. Additional information was uncovered on the activation of 
BMP/Smad signaling and Wnt/β- catenin via higher phosphoryla-

tion of Smad1/5/8 and increased nuclear levels. β- catenin protein 
expression.89

A total of 13 differential exosome sources were isolated for 
the in vivo studies as follows: 4 studies investigated DPSC- Exos, 
3 studies isolated PDLCs- Exos, 3 studies isolated BMSC- Exos, 2 
studies isolated macrophage- Exos, 2 studies isolated SHED- Exos, 

and one study each isolated ADMSC- Exos, MSC- Exos, plant- based- 
Exos, dendritic cell- Exos, dental follicle- Exos, GMSC- Exos, embryo 
kidney- Exos and laboratory- derived miR- 1260b (Table 11). In more 
than half of the studies (59% or 13/22 studies), exosomes were iso-

lated from humans, whereas exosomes were isolated from rats in 4 
studies, mice in 2 studies, plants in one study, and laboratory- derived 
exosomes in 1 study. All in vivo studies examined periodontitis mod-

els that were either ligature- induced, burr- induced, or LPS- induced. 
In total, 12 studies were conducted in rats, and 10 were conducted 
in mice. All studies found that the use of exosomes led to positive 
effects in vivo. Interestingly, several studies found that exosomes 
were capable of improving periodontitis in various animal models 
even via injection into the gum tissue surrounding the defects, as 
well as improving outcomes by a simple intravenous administration 
of the exosomes (as reviewed in Part II of this III part series; exo-

somes do possess an ability to target inflammation) (Figures 12 and 

F I G U R E  1 2  In rats with periodontitis brought on by ligatures, Mel- M2- expos reduced bone loss. (A) Diagrammatic representation of 
the rat experiment on periodontitis. (B) Micro- CT analysis of the maxillary first and second molars' 3D reconstructed digital pictures and 
mesiodistal section images. (C) Bone- related parameters (BV, TV, and BV/TV). (D) Bone loss data. The results are shown as mean SD for 
n = 3. One- way ANOVA calculated data significance; *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant differences with 
the phosphate buffer saline (PBS) group. Reprinted with permission from Cui et al.98
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13). Figure 14 demonstrates the added benefits in terms of defect 
filling when exosomes were added to a bone grafting material. A 
study by Elashiry et al.70 found that one of the benefits of exosomes 
is that they are resistant to degradation by periodontal pathogens 
found routinely in a periodontitis environment.

Figure 15 overviews and highlights all the reported bene-

fits to date of exosomes during periodontal healing/regeneration. 
Interestingly, two studies, one specifically by Mohammed et al.103 

found that the exosome group revealed better results in all inter-
vals with a significantly higher area % of newly formed tissues when 
compared to their parent stem cells (Figure 16). Thus, when com-

paring exosomes to native parent stem cells, exosomes show either 
similar or better outcomes for the treatment and management of 
periodontitis.

2.12  |  TMJ disorders

Four studies investigated the use of exosomes on TMJ healing 
(3 in vitro and 2 in vivo with 1 overlap). Regarding the in vitro 

studies, 1 study utilized SHED- Exos, 1 study utilized human em-

bryonic MSC- Exos, and 1 study utilized rat condylar chondrocyte 
exosomes under resting and tensile stress (Table 12). All in vitro 
studies utilized condylar chondrosomes as their target tissue (2 
rat studies and 1 human study). Luo et al.108 found that adminis-

tration of SHED- Exos resulted in the inhibition of the production 
of interleukin- 6 (IL- 6), IL- 8, matrix metalloproteinase 1 (MMP1), 
MMP3, MMP9, MMP13, and disintegrin and metalloproteinase 
with thrombospondin motifs 5 (ADAMTS5) in chondrocytes. 
Zhang et al.109 found that MSC- Exos enhanced s- GAG synthesis 
impeded by IL- 1β and suppressed IL- 1β- induced nitric oxide and 
MMP13 production. Shi et al.110 found that Runx2 and Sox9 ex-

pression levels were considerably greater in the Force- Exo group, 
suggesting that exosomes produced in cells cultured under tensile 
stress may find use in the treatment of OA. Exosomes have been 
shown in all trials to reduce inflammation in TMJ chondrocytes, 
suggesting that they might be a potential therapeutic agent for 
TMJ inflammation.

Only 2 studies investigated TMJ disorders in animals. A study by 
Zhang et al.109 utilized human embryonic MSC- Exos in rat TMJ- OA 

F I G U R E  1 3  In vivo therapy with exosomes reduced periodontal bone loss. (A) Experiment timeline. Ligatures were placed around the 
left maxillary second molar (M2) for 3 week. Every week, gingival tissues were injected with either saline or exosomes. (B) Sample micro- 
computed tomography pictures of the maxillae, both ligated and unligated. (C) Normalized bone volume/tissue volume (BV/TV) comparisons 
between the treated (left) and healthy control (right) sides. (D) Left treatment- to- healthy- control ratio of normalized linear alveolar bone loss 
(ABL). (E) Hematoxylin–eosin. Upper panels: low magnification (200 μm scale bar). The lower panels show great magnification of the yellow 
boxes (scale bars: 50 μm). (F) Quantitative assessment of interproximal gingival lymphocyte infiltration. Reprinted with permission from Yue 
et al.77
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induced by MIA injections. Exosome- mediated repair of osteoar-
thritic TMJs was shown to be typified by early suppression of pain 
and degeneration with decreased inflammation, which was followed 
by sustained proliferation and gradual improvements in subchon-

dral bone architecture and matrix expression, which ultimately re-

sulted in total joint restoration and regeneration.109 A study by Liu 
et al. utilized human adipose- derived MSCs in rabbit TMJ condylar 
osteochondral defects and found that both inflammatory and nor-
mal Exos were able to enhance condylar regeneration and lower 
inflammation.76

Figure 17 depicts the ways in which exosomes are able to sup-

port the regeneration of the TMJ. Figures 18–20 demonstrate the 
profound regeneration capabilities of the joint space in various an-

imal models where up to 4 times higher bone volume/total volume 
has been observed.

2.13  |  Others

In total, 12 studies investigated dental- derived exosomes on “other” 
target tissues. In total, 5 in vitro studies and 12 animal studies were 
reported (with all 5 in vitro studies also having an in vivo compo-

nent). Human oral mucosal epithelial cell- Exos were utilized in one 
study, whereas all other studies used hDPSCs. All studies derived 

exosomes from humans. In the in vivo portion, 8 studies used 
hPDSC- Exos, while 1 study used each of the following: SHED- Exos, 
oral epithelial mucosal- Exos, GMSC- Exos and PDLC- Exos. All ex-

osomes were derived from humans (Table 13).
Zhang et al.117 investigated GMSC- Exo constructions and discov-

ered that they promoted taste bud regeneration and reinnervation, 
showing promise for use in patients with tongue cancer undergoing 
postoperative reconstruction of their tongues. Moreover, their find-

ings demonstrate that GMSCs or their derived exosomes enhanced 
the innervation of taste buds that had undergone regeneration, as 
seen by increased neurofilament and P2X3 expression at the sites 
of damage. At every time point examined, exosomes dramatically 
decreased carrageenan- induced oedema (by 39.5, 41.6, and 25.6% 
at 6, 24, and 48 h after injection, respectively) to similar levels as the 
positive control (prednisolone).116 Exosomes were introduced into 
deep skin wounds in rats and significantly reduced the wound size 
(Figure 21).15,111 Shi et al. found that hDPSCs could enhance flap re-

pair and revascularization and improve the survival and microvessel 
density of the flap, suppressing epithelial cell apoptosis (Figure 22).17

Two studies utilized exosomes derived from dental sources (hD-

PSCs) and found that they could substantially improve knee joint 
conditions in a rat model of OA.112 Additionally, the findings demon-

strated that exosomes produced from DPSCs efficiently restored 
aberrant subchondral bone remodeling, prevented osteophytes and 

F I G U R E  14  When periodontitis patients get treatment with hPDLSC- Exos and bone- inductive materials, the alveolar bone begins to 
regenerate. The periodontal bone abnormalities of rats with periodontitis were treated with a combination of A- TCP and β- TCP, together 
with h- PDLSCs exosomes (Exo/β- TCP). The control group consisted of the rats that did not undergo transplantation. Bones from the 
jaw were removed and studied. Four weeks subsequent to transplantation. (A) An example of fresh bone growth captured by microCT 
reconstruction pictures; (scale bar: 2 mm) (B) quantitative examination of images from microCT reconstruction; (C, D) Analysis of the 
freshly produced bone tissues using histomorphometrics. Hematoxylin and eosin (H&E) staining representative (C) and Masson staining 
(D) indicated the formation of new bone (Scale bar: 20 μm) (ns: no significance, *p < 0.05, **p < 0.01, ***p < 0.001, n = 3). Reprinted with 
permission from Lei et al.106

 1
6

0
0

0
7

5
7

, 2
0

2
4

, 1
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/p

rd
.1

2
5

5
7

 b
y

 R
ich

ard
 J. M

iro
n

 , W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
3

/1
0

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fprd.12557&mode=


    |  461MIRON et al.

F I G U R E  1 5  Illustration of modified exosomes produced from M2 macrophages used to treat periodontitis- related inflammatory bone 
loss by modulating endoplasmic reticulum stress and immunological reprogramming. (A) Making exosomes treated with melatonin using M2 
macrophages as a source. (B) Mel@M2- exos was investigated in rats suffering from ligation- induced periodontitis for the purpose of treating 
inflammatory bone loss. (C) Mel@M2- exos triggers a repolarization of macrophages and immunological reprogramming. (D) Cellular states 
are reversed and the endoplasmic reticulum stress is mediated by Mel@M2- exos. (E) Mel@M2- exos revive hPDLCs' deficit performance in 
inflammatory settings. Reprinted with permission from Cui et al.98

F I G U R E  1 6  Bar graph demonstrating 
area percent values of newly regenerated 
tissue when comparing an animal 
model that received (1) SRP, (2) stem 
cells in the form of ADSCs, and (3) the 
derived exosomes from those ADSCs. 
Noteworthy, the exosome group 
performed superior than even the parent 
cells. Reprinted with permission from 
Mohammed et al.103
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bone sclerosis, and reduced cartilage deterioration and synovial in-

flammation in vivo (Figure 23).114

An interesting study by Li et al.113 used hDPSCs in a mouse 
stroke model that was exposed to temporary middle cerebral artery 
blockage for 2 h. They discovered that cerebral oedema was reduced 
by a single tail vein injection of hDPSC- Exos, cerebral infarction and 
neurological impairment in I/R mice.113 Liu et al.75 further found that 
hDPSCs could also stabilize spinal cord injury by inhibiting M1 mac-

rophage polarization.

2.14  |  Diagnostics

Interestingly, a number of studies have now pointed to not only 
the therapeutic uses of exosomes across many fields of medicine 
but entire research labs have been dedicated and focused on uti-
lizing exosomes as small biomarkers for the detection of complex 
disorders, diseases and cancers.166,167 These strategies have been 
discussed since cells communicate over longer distances via ex-

osomes and remain more stable in body fluids. Although much 
research has mostly employed human blood and urine samples, 
it has more recently been shown that exosomes are found in high 
numbers in saliva as well as crevicular fluids, and many authors 
have reported specific diagnostic markers from either of these 
oral sources for the early diagnosis of various disorders (Table 14). 
In total, 47 studies have examined this topic, including the follow-

ing 16 areas of focus: aging (1 study), birth defects (1 study), cardi-
ovascular disease (1 study), diabetes (2 studies), gingival recession 

detection (1 study), gingivitis (1 study), irritable bowel syndrome 
(1 study), neurodegenerative disease (1 study), oral lichen planus 
(1 study), oral squamous cell carcinoma (12 studies), oropharyn-

geal cancer detection (1 study), orthodontic root resorption (5 
studies), pancreatic cancer (2 studies), periodontitis (14 studies), 
peri- implantitis (1 study), Sjogren syndrome (1 study) and systemic 

F I G U R E  17  Possible MSC exosome pathways for TMJ 
regeneration and repair in OA. Reprinted with permission from 
Zhang et al.109

F I G U R E  1 8  Subchondral bone volume and architecture 
are restored in OA by MSC- Exos. At 2, 4, and 8 weeks, rat tail 
metatarsal glands were collected for micro- CT imaging. (A) The 
condyles in sagittal (B) and top views, respectively. Representative 
images (n = 6–8) (C) Ratios of and trabecular number (Tb·N), 
trabecular separation (Tb. Sp), trabecular thickness (Tb·Th), bone 
volume (BV/TV). Data represent mean ± SEM. *p < 0.05, **p < 0.01 
compared to OA + PBS group; #p < 0.05, ##p < 0.01 compared to 
sham group. n = 6–8/group. Reprinted with permission from Zhang 
et al.109
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F I G U R E  19  TMJ restoration after therapy with exosomes (EVs). (A) An illustration showing the surgical site's schematic (sEVs: yellow 
circle, scaffold: gray rectangle with wavy line). (B) The TMJ was captured during the procedure in its natural form, after the completion of 
the defect and the application of a functional scaffold to fill it. The defect was 2 mm Å ~ 2 mm. C) TMJ deformities photographed to illustrate 
gross healing rate at weeks 4 and 8 following sEV therapy (n = 6). 5 mm scale bar. (D) Posttreatment ICRS score of TMJ cartilage regeneration 
in each group at weeks 4 and 8. Data represent the mean Å} SD (n = 3). **p < 0.01, ***p < 0.001, and ****p < 0.0001. (E) Micro- CT shows new 
TMJ subchondral bone. SUVs repaired TMJ subchondral bone structure. Micro- CT study of rabbit TMJs was done at 4 and 8 weeks. Condyle 
sagittal and top views. Representative images (n = 3). (F) trabecular number (Tb. N), trabecular separation (Tb. Sp), trabecular thickness (Tb. 
Th), and Bone volume ratio (BV/TV). Data represent the mean Å} SD (n = 3). **p < 0.01, ***p < 0.001, and ****p < 0.0001, compared with the 
blank group; #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001, ns, no significant difference, IAE group compared with AE group. 
Reprinted with permission from Liu et al.76

 1
6

0
0

0
7

5
7

, 2
0

2
4

, 1
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/p

rd
.1

2
5

5
7

 b
y

 R
ich

ard
 J. M

iro
n

 , W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
3

/1
0

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fprd.12557&mode=


466  |    MIRON et al.

disease (1 study). Therefore, in the very near future, salivary ex-

osomes may be used as early detection markers for complex dis-

eases such as oral squamous cell carcinomas and periodontitis.

3  |  DISCUSSIONS AND FUTURE 
PERSPEC TIVES

The findings from this scoping review present the most compre-

hensive data to date on exosomes in dentistry, demonstrating their 
potential as biomarkers for diagnosis as well as treatment. The ther-
apeutic potential of exosomes is quite prolific and has been used 
across several fields of dentistry with considerable success. Some of 
the most studied topics included the effects of exosomes on peri-
odontitis, pulp regeneration, new bone formation and improvements 

in immune cell function. All of the studies included in this review 
showed positive outcomes using exosomes derived from vari-
ous sources, and the majority of research mentioned exosomes' 
anti- inflammatory qualities. All studies investigating the impact of 
exosomes on immune cell function reported a transition in mac-

rophage polarization from an M1 pro- inflammatory state to an M2 
pro- resolution/regeneration phase.

3.1  |  Sources/origins of exosomes

We were interested in investigating the main source of exosomes 
from dental- derived tissues. Tables 15 and 16 highlight all the dif-
ferent exosome sources from the 113 publications. Notably, ex-

osomes were harvested from 25 different sources. Findings from 

F I G U R E  2 0  Hematological and immunohistochemical TMJ staining after exosome treatment. (A) TMJ sections stained with H&E showing 
enlarged defect areas at weeks 4 and 8 after therapy. The higher magnification panels' tiny area of vision, as shown below, is indicated by 
black boxes. (B) Safranin- O/Rapid TMJ parts stained with green dye. The enlarged microscopic fields of vision are shown by black boxes. 
(C) Collagen I and II immunohistochemical staining at week eight after therapy. The enlarged microscopic fields of vision are shown by black 
boxes. (D) Quantitative statistics for collagen I and II. Data represent the mean Å} SD (n = 3). Upper panel scale bar, 1 mm; lower panel scale 
bar, 200 μm. *p < 0.01, **p < 0.001, and ***p < 0.0001, compared with the blank group. Reprinted with permission from Liu et al.76
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F I G U R E  2 1  Through the promotion of angiogenesis, DPSC- Exos hasten the healing of cutaneous wounds in mice. (A) Gross observation 
and measurement of the wound area on days 3, 5, 7, 9, 12, and 14 after wounding in mice treated with PBS and DPSC- Exos. Scale bar, 1 cm. 
(B) At the given time points (n = 3), the rate of wound closure was considerably greater in wounds receiving DPSC- Exos treatments. (C) An 
enlarged picture of the mice's wounds from below on day 14 after they were treated with PBS and DPSC- Exos. The DPSC- Exo group had 
new blood vessels in their wounds. (D and E): Hematoxylin and eosin staining of PBS and DPSC- Exos- treated wound sections on day 14 
following surgery. The black arrows show new blood vessels. The DPSC- Exo- treated group had more vessels than the control group (n = 3). 
Scale bar: 100 μm (F and G). Immunohistochemical CD31 staining in PBS and DPSC- Exos- treated mice wound sections 14 days after surgery. 
CD31 expression was greater in DPSC- Exo- treated (n = 3) groups. Scale bar, 100 μm. *p < 0.05. DPSC, dental pulp stem cell; Exo, exosome; 
PBS, phosphate- buffered saline. Reprinted with permission from Zhou et al.15
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F I G U R E  2 2  The survival of flaps was enhanced by exosomes produced from human dental pulp stem cells. (A) Creation of the rat model 
with I/R damage and a superficial inferior epigastric artery flap. (B) The exemplary photos of flaps on day five after surgery. (C) The hDPSC- 
Exos group's flap survival ratio was significantly greater than that of the I/R group. Data are represented as the mean Å} standard deviation. 
*versus sham; #versus I/R; ***p < 0.0001; ###p < 0.0001. hDPSC: Human dental pulp stem cells; hDPSC- Exos: Exosomes derived from 
human dental pulp stem cells; I/R: Ischemia–reperfusion. Reprinted with permission from Shi et al.17

F I G U R E  2 3  The local injection of DPSC- Exos successfully alleviated bone degradation in patients with progressing knee OA. (A) 
Timeline of mouse knee OA induction and therapy. (B) Representative sagittal and coronal views, as well as three- dimensional micro- CT 
reconstructions of the knees in the various groups. Yellow arrows: sclerosis or osteophytes. (C) Statistical analysis of bone deterioration- 
relative parameters. Data are presented as mean ‡SD. *p < 0.05, **p < 0.01, ***p < 0.001; n = 5. Reprinted with permission from Fu et al.114
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TA B L E  14  Use of exosomes found in saliva and crevicular fluids for the marker detection of various disorders and diseases.

Author Main findings

Aging

Machida et al. (2015)119 MiR- 24- 3p was discovered as a new potential aging biomarker after comparing each total RNA acquired by the 13 
elderly and the 15 young people in order to verify the FC values using quantitative real- time PCR. According to 
this pilot investigation, salivary exosomal miRNAs may be shown to be potential aging indicators

Birth defect

Seelan et al. (2022)120 Cells (including fetal and placental cells) release microRNAs (miRNAs) into the environment via exosomes, which 
are then carried by blood, urine, saliva, and cerebrospinal fluid. Because of this, they are able to interact with 
certain cells and serve as diagnostic and prognostic indicators for congenital malformations

Cardiovascular diseases

Rehman et al. (2017)121 Saliva can be used as a liquid biopsy to diagnose cardiovascular diseases by analyzing biomarkers like Myoglobin 
(MYO), Cardiac troponin I (cTnI), Creatine phosphokinase MB (CK- MB), Myeloperoxidase (MPO), brain 
natriuretic peptide (NT- proBNP), Exosomal miRNA, CRP, MMP- 8, MMP- 9, TIMP- 1, and leukotriene B4)

Diabetes

Li et al. (2020)122 These findings indicate that osteocyte- derived exosomes carrying
miR- 124- 3p may regulate Gal- 3 expression of osteoblasts, especially under high- glucose conditions, suggesting a 

possible mechanism for DM- related alveolar bone pathologies

Monteiro et al. 2019123 The authors were able to isolate extracellular vesicles from gingival crevicular fluid using a method that is suitable 
to be applied in a clinical setting. The results provide an insight into the potential capacity of first trimester oral 
extracellular vesicles as early biomarkers for the prediction of gestational diabetes mellitus in presymptomatic 
women

Gingival recession

Pei et al. (2022)124 A quantitative proteomic analysis, which encompasses the study of proteins in exosomes found in gingival 
crevicular fluids, has successfully identified new biomarkers associated with gingival recession in orthodontic 
patients. The ROC analysis findings revealed that 26 markers/proteins have the potential to be considered 
biomarker candidates for GR. The investigation of protein–protein interaction networks indicated that IQGAP1, 
ACTN1, TLN1, VASP, FN1, FERMT3, MYO1C, RALA, RPL35, SEC61G, KPNB1, and NPM1 may play a role in the 
development of GR via the control of the cytoskeleton

Gingivitis

Han et al. (2020)125 Salivary small extracellular vesicles associated with gene methylation of inflammatory cytokines in gingivitis

Inflammatory bowel disease

Zheng et al. (2017)126 The researchers determined that salivary exosomal PSMA7 was found in significant quantities in the salivary 
exosomes of individuals with IBD. It has the potential to serve as a very effective biomarker for alleviating the 
discomfort associated with colonoscopy in patients

Neurodegenerative disease

Tatullo et al. (2019)127 Human periapical cyst- mesenchymal stem cells are unique MSCs that grow into functioning neurons and express 
significant neuronal markers. Human periapical cyst- derived mesenchymal stem cells may be an intelligent “lab- 
on- a- cell” for studying neurodegenerative diseases and exosome composition

Oral lichen planus

Byun et al. (2015)128 miR- 4484 was significantly upregulated in the salivary exosomes of patients with oral lichen planus. This study thus 
identified a potential miRNA biomarker for oral lichen planus and provided insight into the functions of miRNAs 
in the pathogenesis of oral inflammatory diseases

Oral squamous cell carcinoma

Zlotogorski- Hurvitz et al. 
(2016)129

Nanoparticle tracking analysis revealed a markedly elevated quantity of nanoparticles per mL in oral cancer samples 
of oral fluids (OF) in comparison to those from healthy persons. The ELISA and WB assays revealed distinct 
expression patterns of exosomal markers in exosomes derived from oral cancer (OC) compared to healthy 
individuals (HI): The expression of CD81 and CD9 is lower compared to the expression of CD63 (~53 kDa). 
This work established a starting point for identifying exosomal biomarkers that may be used to detect early 
indicators of malignancy in high- risk individuals who do not have obvious clinical symptoms or lesions

Momen- Heravi et al. 
2018130

The researchers in this study showed that oncomiR, namely miR- 21 and the miR- 27 family, are abundant in patients 
who have been diagnosed with oral cancer. Exosomes were extracted from individuals diagnosed with oral 
squamous cell cancer (OSCC). These results may have significance for the development of biomarkers for oral 
squamous cell carcinoma (OSCC) and for understanding and addressing the molecular and vesicular factors in 
the tumor microenvironment

(Continues)
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Author Main findings

Hunsaker et al. (2019)131 This was one of the first studies to examine oral cancer microRNA expression and melatonin. The results suggest 
that miR- 21, miR- 133a, and miR- 155 may be differently regulated and may explain melatonin's anti- tumor 
actions

Zlotogorski- Hurvitz et al. 
(2019)132

The authors demonstrated the unique infrared spectral signature of OC salivary exosomes, which allowed for 
the precise separation of these exosomes from HI exosomes by using tiny datasets to develop artificial neural 
networks for the detection of minute changes in protein, lipid, and nucleic acid conformations. More research 
should be done on this noninvasive technique for the detection of oral cancer in its very early stages or in 
lesions in the mouth that have the potential to become malignant

Coon et al. (2020)133 It was shown that miR- 365 is not only expressed in oral cancer cell lines but is also exported into exosomes and 
extracellular vesicles. The possible relationship between this microRNA and the characteristics and actions of 
oral tumors that express it may be better understood in light of these studies. Future studies will look at these 
possible routes and processes to see whether miR- 365 may be used as a biomarker for oral cancer in salivary or 
liquid biopsies

Jin et al. (2020)134 We selected three long noncoding RNAs (lncRNAs) (NR 026892.1, NR 126435.1, and NR 036586.1) as potential 
OSCC biomarkers. Expression levels of selected lncRNAs varied significantly (p < 0.001) in both whole cells (CAL 
27 vs. HOECs) and exo (CAL 27 vs. HOEC exo). Quantitative PCR confirmed the sequencing results for the three 
lncRNAs' expression levels. Finally, lncRNAs expressed differentially in malignant and non- cancerous exosomes, 
suggesting they might be cancer biomarkers

Masaoka et al. (2021)135 Comparison with human normal keratinocytes detected 8 upregulated and 12 downregulated miRNAs in OSCC- 
secreted exosomes. The potential target mRNAs of these dysregulated miRNAs were suggested by Ingenuity 
Pathway Analysis, and 6 significant genetic networks were indicated by genetic network analysis. Furthermore, 
4 crucial upstream miRNAs—miR- 125b- 5p, miR- 17- 5p, miR- 200b- 3p, and miR- 23a- 3p—were identified. 
miR- 125b- 5p was a central node in the most significant network. Gene ontology analysis showed significant 
enrichment of genes with cancer- related functions, such as molecular mechanisms of cancer, cell cycle, and 
regulation of the epithelial- mesenchymal transition

Faur et al. (2022)136 Oropharyngeal and oral squamous cell carcinoma patients exhibited an increase in salivary exosomal miR- 486- 5p 
and a decrease in miR- 10b- 5p compared to healthy controls. Furthermore, miR- 486- 5p expression was highest 
in stage II cancer compared to other cancer stages. Compared to the control samples, the cancer samples had 
a greater exosome dimension. Finally, miR- 10b- 5p and miR- 486- 5p expression in salivary exosomes has been 
changed by oral and oropharyngeal malignancies

Jayaseelan et al. (2022)137 The current study's findings showed three micro- RNAs that may have a significant impact on the TP53 gene's 
activities and cause dangerous consequences for patients with HNSCC. When it comes to HNSCC patients, 
exosomal- targeting microRNAs (miRNAs) of the TP53 gene might be a useful prognostic indicator. These 
miRNAs can also be employed as a treatment approach by developing inhibitors

Faur et al. (2023)138 Based on multivariate analysis of surface- increased Raman spectra of salivary exosomes, the authors developed a 
new approach to detect oral and oropharyngeal squamous cell cancer

Ludwig et al. (2023)139 Tumor tissues in HNSCC patients exhibited overexpression of TGFβ, Smad3, and TGFB1, which was correlated 
with elevated levels of soluble TGFβ. TGFβ expression in malignancies and soluble TGFβ levels did not show 
any correlation with clinicopathological information or overall survival. The only marker of tumor growth 
that corresponded with tumor size was TGFβ coupled with exosomes. The scientists came to the conclusion 
that circulating TGFβ+ exosomes in HNSCC patients' plasma may be a noninvasive indicator of the disease's 
progression

Wang et al. (2023)140 Cancer- associated fibroblasts (CAFs)- Exo was found to be involved in tumor immune regulation through hsa- miR- 
139- 5p, ACTR2 and EIF6, while PIGR, CD81, UACA and PTTG1IP may be potentially effective targets for the 
treatment of oral squamous cell carcinoma in the future

Oropharyngeal cancer detection

Wang et al. (2020)141 Compared with the current gold standard, differential centrifugation, droplet digital RT–PCR analysis showed that 
the average yield of salivary exosomal small RNA from the acoustofluidic platform is 15 times higher. With 
this high- yield exosome isolation platform, the authors showed that HPV16 DNA could be detected in isolated 
exosomes from the saliva of HPV- associated OPC patients at 80% concordance with tissues/biopsies positive 
for HPV16. Overall, these data demonstrated that the acoustofluidic platform can achieve high- purity and high- 
yield salivary exosome isolation for downstream salivary exosome- based liquid biopsy applications. Additionally, 
HPV16 DNA sequences in HPV- OPC patients are packaged in salivary exosomes and their isolation will enhance 
the detection of HPV16 DNA
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Author Main findings

Orthodontic root resorption

Rody Jr et al. (2014)142 The teeth with root resorption showed both significantly increased and downregulated proteins. Interestingly, 
exosomes are known to contain a large number of these proteins. Individually or as a panel, the authors 
discovered new proteins that might serve as helpful indicators of root resorption

Atsawasuwan et al. 
(2018)143

The researchers demonstrated that during 6 weeks of orthodontic tooth movement, the expression patterns of 
the miR- 29 family increased. GCF contains secretory miRNAs, and human tooth movement is associated with 
increased expression patterns of the secretory miRNA- 29 family. Potential periodontal remodeling indicators 
might be secretory miRNA- 29 in GCF

Holliday et al. (2018)144 Signal amplification techniques, such as polymerase chain reaction (PCR), are able to enhance the sensitivity 
required for the use of exosomes from gingival crevicular fluid (GCF) as biomarkers. Research on the impact of 
extracellular vesicles (EVs) on orthodontic tooth movement (OTM) will provide innovative perspectives that 
might uncover methods for improving OTM techniques

Rody Jr et al. (2018)145 The findings provide evidence for the existence of molecular distinctions between odontoclasts and osteoclasts. 
The use of exosomes in GCF as a therapeutic tool to identify indicators of root resorption may be made possible 
by emerging technology

Rody Jr et al. (2022)146 The authors came to the conclusion that odontoclast EVs include a variety of compounds that are different from 
those identified in osteoclast EVs, suggesting that they might be biomarkers for the destruction of periodontal 
tissue and root resorption

Pancreatic cancer

Lau et al. (2013)147 The prevalence of systemic diseases, including pancreatic, breast, lung, and ovarian cancers, is on the rise, but 
a new study suggests that distinguishing salivary biomarkers might be readily detected. This study provides 
further evidence that tumor- derived exosomes are the mechanism by which saliva and distant systemic diseases 
may produce discriminating biomarkers.

Machida et al. (2016)148 Based on quantitative real- time PCR (RT- qPCR) results, the cancer group exhibited significantly higher relative 
expression ratios of miR- 1246 and miR- 4644 in comparison to the control group. This preliminary study 
suggests that miR- 1246 and miR- 4644- containing salivary exosomes might be useful diagnostic tools for 
pancreaticobiliary tract cancer

Periodontitis

Tomofuji et al. (2016)149 MiR- 207, miR- 495, and miR- 376b- 3p are three serum miRNAs that may be useful indicators for periodontitis

Huang et al. (2019)150 Twenty- six proteins were identified only in the SP group, and 58 proteins were identified only in the healthy group. 
Gene ontology analysis revealed that innate immune response, cytolysis and complement activation were highly 
enriched in the SP group. Interaction network analysis showed that the correlations among immune- related 
proteins (e.g., complement components and chemokine (C- C motif) ligand 28) were significant in the SP group. 
C6 proteins expressed only in the SP group were evaluated by Western blotting. The authors concluded that 
salivary exosomes from periodontitis patients are enriched immune- related proteins that might participate in 
the immune response during the development of periodontitis

Tobón- Arroyave et al. 
(2019)151

A lower level of CD9/CD81 exosomes in saliva may be significant for the pathophysiology of periodontal disease

Yu et al. (2019)152 According to the present research, there is a correlation between the severity and stage of periodontitis and the 
amounts of exosome- based PD- L1 mRNA in saliva, which may be used to identify periodontitis in healthy 
individuals

Chaparro Padilla et al. 
(2020)153

People with periodontitis had far higher levels of the CD63 exosome marker in their gingival crevicular fluid (GCF) 
(p = 0.00001). Significant positive relationships were seen with bleeding on probing (rho = 0.63, p = 0.002), 
periodontal probing depth (rho = 0.56, p = 0.009), and clinical attachment level (rho = 0.48, p = 0.030) in relation 
to the total content of extracellular vesicles (EVs) in gingival crevicular fluid (GCF)

Han et al. (2020)154 Three substantially increased miRNAs (hsa- miR- 140- 5p, 146a- 5p, and 628- 5p) were exclusively discovered in sEVs 
from periodontal patients compared to healthy controls and exhibited strong discriminating power (AUC = 0.96) 
for periodontitis diagnosis. Salivary sEVs provide noninvasive miRNAs for periodontitis diagnosis, according to 
this study. Three selectively increased miRNAs in sEVs but not total saliva may indicate periodontal disease

Nik Mohamed Kamal et al. 
(2020)155

Plasma- exosomal samples such as hsa- miR- let- 7d, hsa- miR- 126- 3p, and hsamiR- 199a- 3p and salivary- exosomal 
samples such as hsa- miR- 125a- 3p are deserving of further investigation for detection of periodontitis. Due to 
their substantial correlation with the mean PPD, and considerable differential expression between samples with 
chronic periodontitis and healthy controls, these miRNAs are the most trustworthy candidates for the creation 
of a periodontitis biomarker panel
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the in vitro publications demonstrated that DPSCs were the most 
common source of exosomes and were found in 29 of the 113 pub-

lications (26%). PDLCs were utilized in 15 studies (13%), BMSCs 
were utilized in 13 (1%), SHEDs were utilized in 10 (9%), monocytes/
macrophages were utilized in 9, and GMSCs were utilized in 9 (both 

8%). We grouped all other cell types, which were used 1 or 2 times, 
into the “Other” category (encompassing 22 studies). These included 
exosomes derived from MSCs, osteocytes, dental follicle cells, 
Herwig epithelial root sheath (HERS), odontoblasts, SCs, dendritic 
cells, umbilical cord, embryonic stem cells, platelets, keratinocytes, 

Author Main findings

Han et al. (2021)156 Notably, salivary sEVs with global 5mC hypermethylation had great sensitivity and specificity (AUC = 1) in 
differentiating individuals with periodontitis from both healthy controls and those with gingivitis. According to 
the study's results, measuring global sEV methylation may be a helpful biomarker for periodontitis

Xia et al. (2021)157 The authors concluded that salivary exosome miR- 223- 3p may control GSDMD- mediated pyroptosis by targeting 
NLRP3 in periodontitis. MiR- 223- 3p expression in salivary exosomes may be a promising noninvasive method 
for diagnosing and assessing periodontitis severity

Byun et al. (2022)158 These data suggest that salivary exosomal miR- 25- 3p contributes to diabetes- related periodontitis. Other miR- 
25- 3p targets may be needed to develop drugs or diagnostics that modulate T- cell- mediated local inflammation 
and treat periodontitis

Bachtiar et al. (2023)159 In COVID- 19- diagnosed periodontitis patients with and without diabetes, Porphyromonas gingivalis is associated 
with inflammatory markers and exosomal miRNA- 155 in saliva

Han et al. (2023)160 The detection of sEVs mRNA for osterix and TNF- α was lower in periodontitis and higher in healthy controls, 
respectively, indicating good discrimination for periodontitis diagnosis. This pilot study suggested salivary sEVs 
mRNAs might be a noninvasive periodontitis biomarker

Kwon et al. (2023)161 Plasma- derived exosomal miRs (miR- 1304- 3p and miR- 200c- 3p) and SNORS (SNORD57 and SNODB1771) may be 
periodontitis biomarkers

Yamaguchi et al. (2023)162 The periodontal inflamed surface area, miR- 142, and miR- 144 were substantially greater in patients with elevated 
C6 expression after initial periodontal treatment (IPT) than in patients with reduced C6 expression following 
IPT. Salivary exosomes from individuals with periodontitis showed a substantial shift in the expression levels of 
proteins and miRNAs after intraoral phototherapy (IPT), indicating that exosome components may be used as 
biomarkers for the disease

Peri- implantitis

Chaparro et al. (2021)163 A correlation between the development of periimplantitis and a rise in EV concentration and downregulated 
expression of miRNA- 21- 3p and miRNA- 150- 5p has been suggested

Sjogren's syndrome

Yamashiro et al. (2022)164 The researchers found SS biomarkers in exosome- derived microRNAs utilizing noninvasive mouth rinse samples 
from SS patients and healthy patients. They identified 12 possible biomarkers in mouth rinse samples from the 
two groups using microarrays and real- time PCR to identify exosome- produced miRNAs. The SS group had 
significantly greater expression rates for four miRNAs than the control group. New, noninvasive SS diagnostics 
may employ these miRNAs. The first noninvasive SS screening and diagnosis using mouthwash is reported here

Systemic disease

Han et al. (2018)165 Determining the roles of salivary exosomes and comprehending their unique processes will provide fresh 
perspectives on the potential uses of salivary exosomes in the detection and management of systemic 
disorders, given their constantly expanding importance

Abbreviations: ACTN1, Alpha- actinin- 1; ACTR2, Actin- related protein 2; CAFs, Cancer- associated fibroblasts; CD, Cluster of Differentiation; CK- MB, 
Phosphokinase MB- Creatine; COVID- 19, Coronavirus disease 2019; CRP, C- Reactive Protein; cTnI, Cardiac Troponin I; DM, Diabetes Mellitus; EIF6, 
Eukaryotic Translation initiation factor 6; EVs, Extracellular Vesicles; Exo, Exosomes; FC, Fold changes; FERMT3, FERM Domain Containing Kindlin 3; 
FN1, fibronectin- 1; Gal- 3, Galectin- 3; GCF, Gender Crevicular Fluid; GR, Gingival Recession; GSDMD, gasdermin D; HI, Healthy Individuals; HNSCC, 
head and neck cancers caused by squamous cells; HOEC, Human Olfactory Ensheathing Cel; hPCy–MSCs, human periapical Mesenchymal stem cells 
with cysts; HPV, Human Papilloma Virus; IBD, inflammatory bowel disease; IPT, Initial Periodontal Therapy; IQGAP1, Ras GTPase- activating- like 
protein; IR, Infrared; KPNB1, Importin subunit beta- 1; lncRNAs, long non- coding RNAs; miR, miRNA, microRNA; MMP, Matrix metalloproteinase; 
MPO, Myeloperoxidase; MYO, Myoglobin; MYO1C, Myosin- 1; NLRP3, Three NOD- like receptor (NLR) pyrin domains; NPM1, nucleophosmin; 
NT- proBNP, peptide brain natriuretic; OC, Oral Cancer; OF, Oral Fluids; OPC, Oropharyngeal cancer; OSCC, Oral Squamos Cell Carcinoma; OTM, 
Orthodontic Tooth Movement; PCR, Polymerase Chain Reaction; PD- L1, Area under the curve, or AUC, for programmed death- ligand 1; PIGR, 
Polymeric immunoglobulin receptor; PPD, Periodontal Probing Depth; PPI, Protein–protein interaction; PSMA7, Proteasome 20S Subunit Alpha 
7; PTTG1IP, Pituitary tumor- transforming gene 1 protein- interacting protein; RALA, R- Alpha Lipoic Acid; RNA, Ribonucleic acid; ROC, receiver 
operating characteristic; RPL35, ribosomal protein L35; RT- PCR, Real- Time PCR; SEC61G, SEC61 Translocon Subunit Gamma; SMAD3, Suppresor 
of Mothers against Decapentalegic- 3; SNORS, SnoRNAs signature; SP, Severe Periodontitis; TGFβ, ransforming Growth Factor- β; TIMP, tissue- 
inhibitory protein; TLN1, Talin- 1; TP53, tumor protein p53; UACA, Uveal autoantigen with ankyrin repeats and coiled- coil domains; VASP, vasodilator- 
stimulated phosphoprotein; Western Blot, Enzyme- Linked Immunosorbent Assay.

TA B L E  14  (Continued)

 1
6

0
0

0
7

5
7

, 2
0

2
4

, 1
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/p

rd
.1

2
5

5
7

 b
y

 R
ich

ard
 J. M

iro
n

 , W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
3

/1
0

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fprd.12557&mode=


    |  477MIRON et al.

oral epithelial cells, dermal fibroblasts, plant- based derived, honey- 
derived, milk- derived and laboratory- made cells. Thus, multiple op-

tions are available to clinicians.
One noteworthy aspect, however, is that few studies charac-

terized their exosomes (internal signaling molecules) or compared 
exosomes to other sources. A couple of studies found that hDPSC- 
Exos exhibited superior regenerative properties when compared 
to hBMSCs, although limited research has been conducted on this 
subject. Future research aimed at enhancing our understanding and 
determining which exosomes are most effective for specific tissues 
is warranted. As depicted in part II of this three- part article, it is clear 

that different signaling molecules may impact various tissues differ-
ently. Future studies investigating differences between exosomes 
derived from periodontal tissues (Periosomes) may not be the ideal 
set of signaling factors (exosomes) for a joint/cartilage such as those 
injected within the TMJ. Further research clarifying which subset 
of exosomes performs better for each indication remains needed. 
Additionally, as discussed in Part I of this 3- part article, little infor-
mation has been provided on the isolation methods for each of these 
25 subsets of exosomes utilized in therapeutic dentistry, and a great 
deal of research should be dedicated to the optimization of exosome 
isolation.

TA B L E  1 5  Comparative use of exosome sources from various in vitro studies.

DPSCs PDLSc BMSC SHEDs
Monocyte 

Macrophage GMSC SCAP ADSC Other

1. Angiogenesis 5 1 1 3 2

2. Bone 3 6 6 3 5 1 2 2

3. Cancer 1 2

4. Cementoblasts 1

5 Endo/Pulpal Cells 7 1 1 6

6 Immune Cell 6 2 3 1 1 3 1 1 4

7 Mesenchymal 1 1 1 1

8 Nerve 
Regeneration

1

9 Oral Pathogens 2

10 Orthodontics 1

11 Periodontics 2 4 2 2 2 3 5

12 TMJ 4 1

13 Other

Totals 29 15 13 10 9 9 4 3 22

TA B L E  1 6  Comparative use of exosome sources from various in vivo studies.

DPSCs PDLSc BMSC SHEDs
Monocyte 

Macrophage GMSC SCAP ADSC Other

1 Angiogenesis 1

2 Bone Regeneration 2 5 1 1 2

3 Cancer

4 Cementoblasts

5 Endo/Pulpal Cells 5 1 2 3

6 Immune Cells 1

7 Mesenchymal

8 Nerve regeneration 1

9 Oral pathogens

10 Orthodontics 1 1

11 Periodontics 4 3 3 2 2 1 1 6

12 TMJ 8 1 1 1 1

13 Other

Totals 19 5 8 5 4 3 3 2 12
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One interesting finding was the fact that oral and dental- derived 
exosomes were able to have a significant impact on other tissues. 
Notably, exosomes from the dental pulp were found to greatly accel-
erate cutaneous wound healing, had a significant impact on retaining 
flap viability, and were used to greatly improve OA of knees, lower in-

flammation post spinal injury and improve both tongue and Sjogren's 
syndrome. The most astounding finding was that hDPSC- Exos might 
even cut dopaminergic neuron death by around 80%, and the authors 
considered exosomes as a potentially new therapeutic tool for the 
treatment of diseases such as Parkinson's disease.64 Another animal 
study that purposefully caused an animal stroke found that a single 
intravenous injection of DPSC- Exos alleviated brain oedema, cerebral 
infarction and neurological impairment.113 Last, one study found that 
exosomes were as efficient as prednisolone.116 It was also interesting 
to learn that various nonhuman and nonanimal sources of exosomes, 
such as plant- derived, milk- derived or honey- derived exosomes, all had 
positive outcomes in therapeutic dentistry and/or had positive effects 
on oral/periodontal pathogen reduction, thus highlighting the vast po-

tential for future research with nearly unlimited exosomal sources.
One area that remains to be further researched is the ability of exo-

somes to be utilized as diagnostic markers. As they have much longer 
half- lives when compared to proteins and hormones, these small bio-

markers may, in fact, be utilized as detection markers for cancers much 
more effectively. Many research groups are currently investigating this 
topic in cancer diagnostics in medicine, but much less work is presently 
being done in dentistry. Since saliva is much more readily accessible, 
considerable work could be done in that space to develop specialized 
saliva kits focused on detecting disease or illness from saliva quite eas-

ily. This area of research is surely to grow in the coming years.
In summary, we have summarized the extensive data to date 

on exosomes in the dental field. Despite the research on the vast 
methods to produce and isolate exosomes (Part I), their widespread 
use in medicine (Part II) and their use in dentistry (Part III), there 
remain many open questions that should fill the upcoming years of 
research in this exciting field. Currently, while many human studies 
have been conducted on medicine using exosomes, no single study 
has yet investigated the regenerative potential of exosomes in hu-

mans in the dental field. These future studies may lead to significant 
breakthroughs, and ongoing investigations will surely take place in 
the coming years.
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