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Abstract
Background  The human oral cavity harbors a diverse microbiota, including Streptococcus species. Oral mucosal 
wounds heal rapidly, although the exact cause remains unclear. This study investigates the impact of Streptococcus 
mutans-derived extracellular vesicles (Sm EVs) on wound healing in both oral mucosal organoids and mouse skin. To 
explore whether microbial EV RNA cargo influences wound healing, RNA sequences from Sm EVs were identified, and 
the most abundant sequences were synthesized into oligomers and encapsulated in E. coli EVs (Ec EVs) for further in 
vivo testing. We assessed the role of Toll-like receptor 3 (TLR3) in the wound healing mechanism in TLR3 knockout 
(KO) mice.

Results  Sm EVs significantly enhanced cell proliferation and migration in oral mucosa, with enhanced focal 
adhesion complex formation. Sm EVs improved wound healing in mouse dorsal skin compared to PBS controls. RNA 
sequencing revealed that bacterial tRNAs, particularly the tRNA-Met variant (Oligo 1), were the most abundant RNAs 
in Sm EVs. Ec EVs carrying Oligo 1 produced similar wound healing effects to Sm EVs in mucosal organoids and mouse 
dorsal skin. However, in TLR3 knockout mice, Oligo 1 did not improve wound healing.

Conclusions  This study highlights the role of Sm EVs, particularly their tRNA variants, in promoting skin wound 
healing through a TLR3-dependent mechanism. These findings suggest that EVs from oral commensal bacteria may 
offer therapeutic potential for chronic, non-healing skin wounds.
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Background
The oral cavity harbors a vast community of commensal 
bacteria that coexist with the host; although the exact 
number at any given moment is difficult to pinpoint. It is 
estimated that the average adult’s mouth contains approx-
imately 50–100 billion bacteria representing around 200 
dominant bacterial species, most of which are harmless 
[1–3]. Recent studies revealed that extracellular vesicles 
(EVs) presenting in the oral environment are key mol-
ecules that mediate interactions between the host and 
microbiota [4]. Streptococcus mutans, a Gram-positive 
bacterium, is one of the predominant microorganisms 

in the human oral cavity. S. mutans is recognized as a 
primary contributor to dental caries, playing a pivotal 
role in forming dental biofilms. Both the skin and oral 
mucosa serve as the body’s first line of defense, main-
taining homeostasis and protecting against external 
disruptions. Hence, wound healing in these tissues is a 
complex, well-orchestrated process involving various cel-
lular and molecular interactions. Traditionally, research 
has focused on immune cells, growth factors, and extra-
cellular matrix components, but recently, studies have 
highlighted the role of commensal bacteria in modulating 
wound healing responses. These bacteria, which inhabit 
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diverse niches in the body, form mutualistic relation-
ships with their host, influencing infection prevention 
and tissue repar, particularly in skin and mucosal wounds 
[5, 6]. For example, certain microbes positively affect 
skin wound healing by priming the immune system and 
influencing the wound healing cascade [7–10]. Previous 
studies demonstrated that oral Streptococci enhanced 
the wound healing process in a 24 h in vitro oral mucosa 
coculture model [11]. While it has been shown that the 
lipid component of lipoteichoic acid from S. mutans pro-
motes immune stimulation via TLR2 [12], no reports 
currently link bacterial EVs to mucosal wound healing.

The human oral mucosa is known for its high regen-
erative capacity, exhibiting rapid wound healing rates 
that are not significantly influenced by factors includ-
ing age or gender [13–15]. Despite constant exposure to 
mechanical stress and various microbes, wounds in the 
oral mucosa heal quickly with minimal scarring [16]. The 
basis for this unique healing and regeneration depends 
on cellular and non-cellular factors. Indeed, Waasdorp 
et al. suggested faster wound closure and reduced scar-
ring in the oral mucosa, compared to the skin, resulting 
from factors such as saliva presence, quicker immune 
response, and enhanced extracellular matrix remodeling 
[16]. Saliva, in particular, plays a key role in creating a 
humid environment conducive to the survival and func-
tion of inflammatory cells [17]. Moreover, saliva contains 
several growth factors, which play a significant role in the 
different stages of wound healing [18, 19]. Furthermore, 
oral mucosal stem cells secrete additional growth fac-
tors [20], which promote cell migration and proliferation, 
both essential for tissue repair in various physiological 
and pathological contexts. Additionally, Michalczyk et al. 
identified changes in the microbiome during oral wound 
healing, emphasizing the need for novel probiotic deliv-
ery methods for oral wounds [21]. However, the precise 
reasons for the particularly rapid recovery of oral mucosa 
remain unclear, and little is known about the role of com-
mensal streptococci in this process.

Recently, microbial communication and the exchange 
of bioactive molecules between commensal bacteria 
and their host have gained attention, with EVs emerg-
ing as crucial mediators of intercellular communication 
[22, 23]. Bacterial EVs are nano-sized membrane-bound 
structures released by Gram-positive and Gram-negative 
bacteria that carry proteins, lipids, and nucleic acids as 
cargo [24, 25]. S. mutans-derived EVs (Sm EVs) are par-
ticularly interesting, contributing to the complexity of 
oral microbial interactions [26]. Sm EVs have previously 
been implicated in the processes such as biofilm forma-
tion [27], host-pathogen interactions [28], and modu-
lation of the host immune response [29]. Therefore, 
understanding the role of Sm EVs could provide insight 

into the mechanisms behind the pathogenicity of this 
bacterium and its broader impact on oral health.

Microbial-derived RNA has also gathered interest as 
a pathogen-associated molecular pattern (PAMP) that 
modulates host immune responses via cytosolic and/or 
endosomal receptors [30–32]. TLRs in hosts serve as key 
receptors in these interactions by recognizing microbial 
components and triggering immune responses. TLRs 3, 
7, 8, and 9, which are primarily located in host endosomal 
compartments, can detect viral products [33]. For exam-
ple, TLR3 recognizes the double-stranded RNA (dsRNA) 
found in viruses and replicative intermediates of single-
stranded RNA and DNA viruses [34, 35]. Further, TLR3 
activation enhances the host’s defense against potential 
pathogens and serves as a signaling hub for modulating 
inflammation, cell proliferation, and tissue regenera-
tion [36–38]. TLR3 has been recognized as an important 
mediator in skin wound healing by activating a cascade 
of immune and reparative processes [8]. Staphylococcus 
aureus tRNA, for instance, induces type I interferon pro-
duction via TLR7 activation in peripheral blood mono-
nuclear cells [39]. Further, S. aureus EVs containing RNA 
and DNA can resist degradation and be delivered to host 
cells, where they modulate immune responses [32]. This 
suggests that RNA cargo in bacterial EVs may influence 
wound healing by regulating host immune responses. 
Moreover, commensal bacteria have shown promise in 
accelerating wound closure in preclinical studies, offering 
potential therapeutic applications in wound care [40]. In 
the present study, we aimed to investigate the role of Sm 
EVs in skin wound healing and identify specific EV cargo 
that contributes to this effect.

Materials and methods
Reagents
Anti-EGFR (clone D38B1, 4267), anti-phospho-EGFR 
(clone 53A5, 4407), anti-phospho-FAK (clone D20B1, 
8556), anti-EEA1 (clone C45B10, 3288), anti-paxillin 
(clone E6R6Z, 50195), anti-Src (clone 36D10, 2109), 
anti p-Src (clone D49G4, 34069), and anti-rabbit IgG-
HRP (7074) were provided from CST (Cell Signaling 
Technology, MA, USA). Anti-cytokeratin 13 (KRT13, 
10164-2-AP), and anti-β-actin (20536-1-AP), anti-CD3 
(17617-1AP), and anti-CD45 (20103-1-AP) were pro-
vided from Proteintech (IL, USA). Anti-phospho-TLR3 
(NBP2-24904) was supplied from Novus, and anti-TLR3 
(GTX113022) was acquired from GeneTex (CA, USA). 
Anti-FAK (sc-558), anti-mouse IgG-HRP (sc-2005), and 
anti-goat IgG-HRP (sc-2020) were provided by Santa 
Cruz Biotechnology (Santa Cruz, CA, USA).

Bacterial culture, EV isolation, and characterization
Streptococcus mutans (KCTC 3065, ATCC 25175) and 
Escherichia coli (K12 strain) were purchased from the 
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Korean Collection for Type Cultures (KCTC) institution. 
Bacteria were cultured until the optical density, mea-
sured at 600 nm, reached 1.5 OD in a brain heart infu-
sion medium containing 3 µg/mL of vitamin K and 5 µg/
mL hemin under an aerobic environment at 37ºC. The 
isolation of EVs from S. mutans was performed as pre-
viously described [26, 41]. Briefly, bacterial cultures were 
centrifuged at 6000 g for 20 min, and the subsequent pel-
lets were discarded. The supernatants were filtered using 
a 0.22  μm pore filter (Merck Millipore, Germany). The 
supernatants were concentrated using a tangential flow 
filtration (TFF) system (Biomax®100 kDa, Millipore, MA. 
USA). The filtrate was pelleted by ultracentrifugation in 
a 45 Ti rotor (Beckman Coulter, CA. USA) at 100,000 g 
and 4ºC for 2  h. The final pellets were resuspended in 
phosphate-buffered saline (PBS) and stored at -80ºC. Ec 
EVs were isolated using ExoBacteria EV Isolation kits 
(SBI, CA. USA) according to the manufacturer’s protocol, 
as described previously [42]. The quality of the EVs was 
assessed by TEM (HT7700, Hitachi, Japan), as described 
previously [43]. Particle size and concentration of iso-
lated bacterial EVs were analyzed using a Nanosight NS 
300 System (Malvern Panalytical, Singapore).

Human oral organoid culture and proliferation analysis
Human oral tissues (buccal mucosa, tongue, and man-
dible mucosa) were provided from Kyungpook National 
University Hospital. Tissue processing and organoid cul-
turing were performed as described by previous reports 
[44–46]. Primary tissue pieces were washed with 45 
mL of ice-cold Advanced DMEM/F12 medium supple-
mented with 1× GlutaMAX, penicillin–streptomycin, 
10 mM, and 100  µg/mL Primocin. Tissue pieces were 
crushed into small 1–3 mm3 fragments in a 10  cm cell 
culture dish using surgical scissors or scalpels. Minced 
tissue samples were digested for < 1  h via incubation in 
TrypLE. When the mixture became cloudy, it was centri-
fuged at 200 × g and 4ºC for 5 min, and the pellets were 
resuspended in 10 mL of medium and filtered using a 
100 μm cell strainer. The samples were centrifuged again 
at the same conditions and the pellets were resuspended 
in cold Basement Membrane Extract (BME). Each 10 µL 
droplet was plated on culture plates. After seeding, the 
plates were incubated at 37ºC for 30  min to allow the 
BME to solidify. Prewarmed organoid medium contain-
ing 1× B27 supplement was subsequently added to each 
plate. The medium was changed every 2–3 days, and 
organoids were split once every 1–2 weeks. Organoids 
were monitored using a Nikon ECLIPSE Ti microscope 
(Nikon Imaging Japan Inc.).

For cell proliferation and migration analysis in organ-
oids, bacterial EVs were treated for 7 days. To evalu-
ate the effect of specific antagonists for EGFR or TLRs, 
organoids were treated antagonists for 4  h, followed 

by treatment with Sm EVs for 7 days. Morphological 
changes were observed using phase-contrast microscopy.

Wound healing assay
Primary cultured human oral epithelial cells were incu-
bated in a 24-well culture dish for the scratch assay. After 
the cells were attached, a 200 µL sterile pipette tip was 
used to create a wound line across the bottom of the dish. 
After washing with PBS, cells were treated with 107 parti-
cles/mL of bacterial EVs for 5 days. Then, wound closure 
size was defined using a bright field microscope.

Cell migration ability was tested in 24-well plates con-
taining Transwell chambers (8  μm pore size) (Corning, 
CA. USA). Cells were suspended in a serum-free medium 
and added to the upper chamber. Medium containing 107 
particles/mL of bacterial EVs was loaded into the lower 
chamber. Following incubation for 24  h, non-migrated 
cells on the upper surface of the inserts were removed 
gently using a cotton swab. The migrated cells were fixed 
using 4% paraformaldehyde and stained with 0.1% crystal 
violet solution. Cells were counted in five random sepa-
rate optical fields.

RT-qPCR and western blot analyses
Total RNA was isolated using the phenol–chloroform 
extraction method with TRIzol reagent. The complemen-
tary DNA (cDNA) was synthesized from RNA using the 
5 x CellScript cDNA Master kit (CellSafe, D-100, South 
Korea) following the manufacturer’s protocol. Subse-
quently, the expression level of TLR3 was measured. 
The threshold cycle (Ct) values of quantitative PCR were 
determined using an ABI 7500 PCR system (Applied Bio-
systems, MA. USA) with TOPreal SYBR Green qPCR 
PreMIX (Enzynomics, RT500S, South Korea). GAPDH 
was used as the internal control. Primer sequences used 
in the analyses are as follows: TLR3, forward: ​T​G​T​C​T​C​
A​C​C​T​C​C​A​C​A​T​C​C​T​T, reverse: ​A​A​C​T​G​G​G​A​T​C​T​C​G​T​
C​A​A​A​G​C; GAPDH, forward: ​A​G​A​T​C​A​T​C​A​G​C​A​A​T​G​C​
C​T​C​C​T​G, reverse: ​C​T​G​G​G​C​A​G​G​G​C​T​T​A​T​T​C​C​T​T​T​T​
C​T. Matrigel-embedded organoids were treated with cell 
recovery solution at 4ºC for 1 h, then collected by centrif-
ugation. The protein concentration was measured after 
recovering the total protein using the protein extraction 
solution, and Western blotting was performed. β-actin 
was used as an internal control.

Transfection of SiRNA
Human oral mucosal organoids were transfected with a 
siRNA mixture comprising 2–3 specific oligonucleotides 
(Santa Cruz Biotechnology, CA. USA). Organoids were 
transfected using Lipofectamine 3000 (Thermo Fisher 
Scientific, L3000015) alongside the tested or control 
siRNA at a final 10 nM concentration. All transfection 



Page 5 of 21Oh et al. Journal of Nanobiotechnology          (2025) 23:322 

steps were followed according to the manufacturer’s 
protocol.

Electroporation of tRNA oligomers into EVs
For the delivery of specific oligomers into E. coli EV (Ec 
EV), synthesized oligomers were electroporated into EVs 
under conditions of V = 150 and C = 100 µF [42]. Follow-
ing electroporation, the EVs were transferred onto ice. 
Then, RNase A was treated at 37ºC for 30 min.

In vivo mouse assay
Four-week-old BALB/c black mice (male, weighing 
20 ± 2) were stabilized for 2 weeks. After the mice were 
shaved for the wounding experiments, four full-thickness 
open wounds were performed on the dorsal skin of anes-
thetized 8 mice using a sterile 4  mm-diameter punch 
device [47, 48]. The mice were randomly divided into two 
groups, and each wound was treated daily with 10 µL of 
EV solution (107 particles/mL) in the experimental group 
or with 10 µL of PBS in the control group until day 4 or 
6. The treatment solution was allowed to dry before the 
mice were returned to their cages. The wound area was 
compared after EV treatment for 6 days. Each control or 
experimental group consisted of 16 wounds. Additionally, 
the experiment consisted of treating scars with specific 
RNA oligomers electroporated in Ec EVs. To minimize 
variability, wound area measurements were performed 
under blinded conditions. At each designated time point, 
mice were temporarily anesthetized and positioned at a 
fixed distance from a calibrated digital camera mounted 
on a stand. Images were captured without applying 
pressure or tension to the wound site to avoid artificial 
contraction. The wound area was then quantified using 
metric ruler in the images. TLR3 KO mice (weighing 
20 ± 2, The Jackson Laboratory, Nar Harbor, ME. USA) 
were also used in this trial. There were 10 wounds in each 
group. EVs were treated for 4 days, and histopathological 
methods were employed to analyze skin samples.

IF and IHC staining
To make a frozen organoid section, the organoid was 
embedded by Surgipath FSC 22 Frozen section com-
pound (Leica Biosystems, Nussloch, Germany) at -80 °C. 
The organoid was sectioned to a thickness of 20 μm on 
the slide, following permeabilization using 0.1% Triton 
X-100 for 15 min and blocked in 1% (bovine serum albu-
min) BSA containing 0.01% Triton X-100. Each sample 
was incubated with primary antibodies at 4 °C overnight. 
DAPI was also stained to identify the nucleus. All sam-
ples were determined using a LSM 700 confocal micros-
copy system (ZEISS, Oberkochen, Germany). To confirm 
that the Sm EV RNA cargo is delivered to the endosomes 
within cells where TLR3 is mainly distributed, EV RNA 
was stained using the RNA-specific SYTO RNASelect 

dye (Thermo Fisher Scientific, MA. USA), and incubated 
with organoids for 10 min. Organoids were subsequently 
fixed and IF-labeled for the early endosomal marker 
EEA1.

For a more precise evaluation of the wound healing 
process, we performed histological analyses of the wound 
area at the endpoint of the experiment. The obtained 
sections were fixed using 4% paraformaldehyde at room 
temperature for 5  min. The fixed samples were then 
washed with PBS and permeabilized using 1% Tween-20 
in PBS for 5  min. The samples were incubated with 1% 
BSA in PBS for 2 h and subsequently with specific anti-
bodies (1:500) at 4  °C overnight. The IHC staining was 
performed using the UltraTek HRP Anti-Polyvalent kit 
(AMF080, ScyTek Laboratories, UT. USA). Tissues were 
counterstained using hematoxylin and eosin. Images 
were captured using a ZEISS Axio microscope (ZEISS 
Microscopy, Germany).

EV RNA sequencing and oligomer synthesis
The collected EVs were treated with RNase inhibitor 
(Applied Biosystems) at 37  °C for 15  min. Next, RNAs 
from EVs were isolated using the miRNeasy kit (Qiagen, 
Germany) according to the manufacturer’s protocols. 
RNA quality was confirmed by a 2100 Bioanalyzer (Agi-
lent Technologies, CA. USA), and the SMARTer smRNA-
Seq kit (Takara Bio, Japan) for Illumina was used to 
sequence EVs RNA, following the manufacturer’s proto-
col. The libraries were validated using the Agilent Bioana-
lyzer and sequenced on an Illumina NovaSeq instrument. 
The RNA oligomers were synthesized by Macrogen, Inc. 
(South Korea).

Statistical analysis
All in vitro experiments were performed independently 
at least twice. Statistical parameters, including analysis 
of the in vivo results obtained from the murine models, 
are presented in the figure legends. All statistical analyses 
were conducted using the Excel Analysis ToolPak. One-
way ANOVA analysis and unpaired t-test were used for 
the statistical testing of comparisons between three or 
more and two groups, respectively. A p-value < 0.05 was 
considered statistically significant. Significant p-values 
are shown in each figure.

Results
Isolation and characterization of Sm EVs
Transmission electron microscope (TEM) revealed that 
the isolated EVs exhibited a spherical morphology (Fig. 
S1A). Nanoparticle tracking analysis (NTA) provided fur-
ther insights into the heterogeneous size distribution of 
the EVs ranging between 50 and 400 nm (Fig. S1A). SDS-
PAGE analysis on both bacterial pellets and isolated EVs 
demonstrated that the EVs encapsulated distinct proteins 
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that differed from those in the S. mutans cells of origin 
(Fig. S1B).

Sm EVs promote epithelial cell proliferation and migration 
in mucosal organoids
We cultured organoids from human oral mucosal tissues, 
including the tongue, buccal, and mandibular regions. 
Immunofluorescence (IF) staining with anti-KRT13, a 
marker of oral epithelial cells, confirmed the identity of 
the organoids (Fig. S2A). To assess the uptake of Sm EVs 
by the organoids, we incubated the organoids with pre-
labeled EVs using fluorescent dyes. After 24 h of incuba-
tion, EV membranes (DiD) and intra-EV RNA (sytoRNA) 
were detected within the organoids (Fig. S2B).

We observed that Sm EVs induce the migration of epi-
thelial cells in buccal mucosal organoids. This phenom-
enon closely resembles the migration and attachment to 
the base of the culture dish, as reported by Chakrabarti 
et al. in gastric organoids [49]. As shown in Fig. S2C, all 
groups show relatively similar morphology at Day 0. By 
Day 7, in the control group (0 particles/mL), the organ-
oids maintain a compact structure with minimal mor-
phological alterations. However, at higher concentrations 
(10⁶−10⁸ particles/mL), the organoids appear more dis-
persed and pronounced spreading (marked by arrows), 
suggesting Sm EV-dependent migration of organoids’ 
cells. Based on these results, we selected a concentration 
of 107 particles/mL for subsequent experiments.

We treated organoids from three different muco-
sal tissue types with 107 particles/mL of Sm EVs for 7 
days. Phase-contrast microscopy revealed increased cell 
migration in the treated organoids compared to the con-
trols (Fig.  1A). To confirm that the cell migration from 
the organoids was due to increased cell proliferation, we 
performed IF staining using an anti-Ki67 antibody, a cell 
proliferation marker. Organoids treated with Sm EVs for 
24 h exhibited significantly higher Ki67 expression than 
the control group (Fig. 1B).

Sm EVs promote wound healing in mouse dorsal skin
Because the wound healing process relies on epithelial 
proliferation and migration [50, 51], we conducted in vivo 
experiments to evaluate Sm EVs’ wound healing poten-
tial. On day 1, the Sm EV-treated mouse group exhib-
ited a significantly reduced wound area compared to the 
PBS control group, with this trend persisting to day 6 
(Fig. 2A). Following the sacrifice of the mice, histological 
analysis of the wound tissues was performed to evaluate 
the epithelial remodeling using H&E staining. In the PBS 
group, incomplete re-epithelialization was observed, with 
a thinner and irregularly regenerated epidermis. Below 
the epidermis, dermal detachment and granulation tissue 
were observed, indicating that the wound healing process 
was still ongoing. In contrast, the Sm EV-treated group 

demonstrated a marked improvement in wound healing, 
with a relatively uniform epidermis and a dense dermis, 
rather than the presence of granulation tissue in the der-
mal layer (Fig. 2B).

TLR3 is involved in Sm EV-dependent acceleration of cell 
proliferation
It is well-established that TLRs are involved in the inter-
action between bacterial EVs and host cells. To identify 
which TLR is responsible for Sm EV-mediated cell pro-
liferation and migration, we used specific agonists for 
TLR2, TLR3, and TLR7/8 (Pam3CSK4, poly I: C, and 
R-848, respectively), which mainly recognize Gram-
positive bacterial components. Agonists for TLR2 and 
TLR7/8 showed no significant effect on cell migration 
over 7 days (Fig.  3A). However, the TLR3 agonist poly 
I: C significantly enhanced cell proliferation and migra-
tion, mirroring the effects of Sm EVs (Fig. 3B). Moreover, 
pretreatment with the TLR3 antagonist CU-CPT-4a 
abolished both Sm EV- and poly I: C-mediated cell pro-
liferation and migration (Fig.  3B). Sm EV treatment led 
to a marked increase in TLR3 phosphorylation (Fig. 3C, 
left two lanes). In contrast, TLR3 phosphorylation was 
suppressed when the cells were pretreated with the TLR3 
antagonist (Fig.  3C, right two lanes). TLR3 knockdown 
via siRNA yielded similar results, confirming that TLR3 
is essential for Sm EV-mediated cell proliferation and 
migration (Fig. 3D). We used IF staining to confirm that 
the Sm EV RNA cargo was delivered to the cellular endo-
somes, where TLR3 is predominantly localized. EV RNA 
(sytoRNA) and early endosomes (EEA1) in organoids 
were labeled with specific markers. Confocal microscopy 
revealed substantial colocalization between EV RNA and 
the endosomal marker, suggesting successful delivery of 
Sm EV RNA to the endosomes (Fig. 3E).

EGFR is involved in Sm EV-mediated acceleration of cell 
proliferation
The epidermal growth factor (EGF) signaling pathway 
is crucial for epithelial cell proliferation [52, 53]. More-
over, TLR3 signaling from the endosomal membrane is 
closely associated with EGFR [54]. Therefore, we inves-
tigated whether the EGFR activation contributes to the 
Sm EV-mediated increase in cell proliferation. Sm EVs 
enhanced EGFR phosphorylation (Fig. 4A), and pretreat-
ment with EGFR inhibitors such as gefitinib and afatinib 
significantly reduced Sm EV-mediated EGFR phosphory-
lation (Fig. 4B) and cell proliferation/migration (Fig. 4C) 
in the organoids. Additionally, pretreatment with siTLR3 
diminished Sm EV-induced EGFR phosphorylation, indi-
cating that TLR3 plays a crucial role in Sm EV-mediated 
EGFR activation (Fig. 4D).

Given that EGFR activation is a critical signaling path-
way in the progression of oral squamous cell carcinoma 
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Fig. 1  Effect of Sm EVs on cell proliferation and migration in mucosal organoids. (A) Organoids derived from three oral mucosal tissues were treated with 
107 particles/mL of Sm EVs for 7 days. Organoid morphology was monitored using phase-contrast microscopy. (B) Confocal microscopy images showing 
Ki67 (red) expression, a cell proliferation marker, in organoids treated with Sm EVs for 24 h. DAPI (blue) staining was used as a nuclear control (*p < 0.05).
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Fig. 2  Effect of Sm EVs on wound healing in mouse dorsal skin. (A) A 4 mm punch device was performed to create wounds on the dorsal surface of the 
mice, which were then randomly assigned to two groups. The experimental group received 10 µL of Sm EV solution (107 particles/mL in PBS) daily for 6 
days, while the control group received 10 µL of PBS. Diagrams were created with BioRender.com. Wound areas were photographed and measured daily 
using a metric ruler in the images (*p < 0.05, **p < 0.01). Data are presented as the mean ± standard deviation. (B) After 6 days of treatment, the mice were 
sacrificed, and wound tissues were subjected to histological analysis using H&E staining. Arrows indicate the wound area.
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Fig. 3 (See legend on next page.)
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(OSCC), a common oral cavity malignancy [55], we eval-
uated cell proliferation in OSCC organoids treated with 
Sm EVs for 7 days. Organoids derived from UMSCC1 cell 
line’s xenografts or tongue cancer tissues did not show 
significant epithelial cell proliferation or migration upon 
Sm EV treatment (Fig. S3A). Furthermore, human tongue 
cancer tissues exhibited no notable phosphorylation of 
EGFR in response to Sm EV treatment (Fig. S3B). These 
findings suggest that Sm EVs promote epithelial cell pro-
liferation only in non-tumorigenic mucosal organoids.

Sm EVs enhance focal adhesion and wound healing via 
TLR3
We examined whether Sm EVs facilitate focal adhesion 
complex formation, a critical step in cell migration [56]. 
F-actin and paxillin, key cytoskeletal and scaffolding pro-
teins, are recruited early to nascent focal adhesions at the 
leading edge of migrating cells and are essential for focal 
adhesion turnover during migration [57, 58]. We ana-
lyzed the dynamics of focal adhesion kinase (FAK) and 
actin filaments in organoids treated with Sm EVs for 24 h. 
Sm EV treatment led to FAK activation and subsequent 
focal adhesion complex formation, as shown by increased 
colocalization of paxillin (red) and actin (green), indi-
cating focal adhesion-dependent migration at the cell 
leading edge (Fig.  5A, B). The white-boxed regions in 
Fig.  5A provide an enlarged view of these interactions. 
Furthermore, TLR3 knockdown reduced Sm EV-induced 
FAK phosphorylation, demonstrating that TLR3 plays a 
key role in enhancing cell proliferation and migration in 
response to Sm EV-dependent FAK activation (Fig. 5C). 
In human tongue cancer tissues, there was no notable 
phosphorylation of FAK in response to Sm EV treatment 
(Fig. S3C).

Sm EV total RNA sequencing
RNA is likely one of the key cargos in Sm EVs, which 
allows them to function as a ligand for the host cell’s 
endosomal TLR3. Therefore, we performed total RNA 
sequencing on Sm EVs. The analysis revealed that RNAs 
with read counts exceeding 100 were identified as small 
RNA sequences ranging from 20 to 130  bp (Fig. S4). 
Notably, the five most abundant RNA species identi-
fied in Sm EVs were all tRNAs, as detailed in Table 1. To 
compare the structural characteristics of these tRNAs, 
we predicted their 3D structures using the trRosetta 
server, a deep-learning-based protein and RNA structure 

prediction tool that generates structural models based on 
predicted inter-residue distances and orientations. The 
predicted 3D structures of the tRNAs have been incorpo-
rated into Table 1, providing additional insights into their 
potential role as TLR3 ligands. The total RNA sequenc-
ing data for Sm EVs have been deposited in Bioproject: 
PRJNA1168705.

Sm EV-derived tRNA variants are crucial for promoting cell 
proliferation and migration
To explore whether the synthesized tRNA Oligos derived 
from Sm EVs contribute to promoting wound healing, 
we tested its effects on the proliferation and migration of 
primary oral epithelial cells. Because of the differences in 
cellular entry mechanisms, intracellular trafficking, and 
functional stability between bacterial EVs and synthetic 
carriers such as liposomes [59–61], we used bacterial EVs 
as a carrier for Sm EV-derived tRNA oligos. Our previous 
study demonstrated that E.coli EVs (Ec EVs) can serve as 
vehicles for delivering genetic material [42]. Therefore, 
we used Ec EVs with some preliminary experiments. 
First, Ec EVs did not significantly affect cell proliferation 
(Fig. S5A) and migration (Fig. S5B) even at a concentra-
tion of 107 particles/mL. In addition, the optimal copy 
number of synthesized tRNA-Met variants (Oligo 1 and 
Oligo 3) to be electroporated into Ec EVs was determined 
as follows. We loaded the oligos at various concentra-
tions into Ec EVs (107 particles/mL) using electropora-
tion, then treated primary oral epithelial cells with Ec EVs 
containing the oligos for 48 h and measured cell viability. 
Generally, the highest cell viability was observed when 
1012 copies/mL (3 nM/mL) of oligos were transfected 
into the Ec EVs (Fig. S6A). Transwell migration assay 
showed that, when Oligo1 and 3 were loaded respectively 
into Ec EVs at 1012 copies/mL, cell migration levels mark-
edly increased (Fig. S6B). In contrast, Oligos 2, 4, and 5 
did not show notable effects under similar conditions.

Additional experiments were performed under the 
condition that 1012 copies/mL of Oligos was electro-
porated into 107 particles/mL of Ec EVs (Fig.  6A). We 
compared the effects of Oligo 1 and 3 on cell migration 
with Sm EVs using scratch assay. Ec EV alone did not 
enhance cell migration compared to Sm EV group. How-
ever, when Oligo1 and 3 were loaded respectively into Ec 
EVs, cell migration levels significantly increased, compa-
rable to those observed with Sm EV treatment (Fig. 6B). 
This result was further corroborated by the Transwell 

(See figure on previous page.)
Fig. 3  TLR3-dependent cell proliferation induced by Sm EVs. (A) Organoids were pretreated with specific TLR agonists for 4 h and treated with Sm EVs 
(107 particles/mL) for 7 days. Morphological changes were monitored using phase-contrast microscopy. (B) Organoids were pretreated with the TLR3 
antagonist (CU-CPT-4a) for 4 h, followed by treatment with Sm EVs or the TLR3 agonist (poly I: C) for 7 days. Morphological changes were observed using 
phase-contrast microscopy. (C) TLR3 phosphorylation (Tyr 759) was evaluated by Western blot analysis under the same conditions. (D) Organoids were 
transfected with 10 µM of control siRNA or siTLR3 for 24 h, followed by treatment with Sm EVs for 7 days. TLR3 knockdown efficiency on day 7 was con-
firmed by qPCR (**p < 0.01). (E) EV RNA was stained using the RNA-specific SYTO RNASelect dye (green) and incubated with organoids for 10 min. The 
organoids were fixed and treated with antibody against an early endosomal marker EEA1 (red), then analyzed by confocal microscopy.
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migration assay, where Ec EVs loaded with Oligos 1 or 3 
significantly promoted cell migration similar to Sm EVs 
(Fig.  6C). Additionally, in human primary oral mucosal 
organoids, treatment with Ec EVs carrying Oligos 1 or 3 
promoted both cell proliferation and migration, whereas 
Ec EVs alone failed to induce these effects (Fig. S7).

To further investigate whether the wound healing 
effects of Sm EVs are specifically mediated by RNA cargo 
rather than other EV components such as membrane lip-
ids, we conducted two additional control experiments. 
First, we delivered synthetic Oligo 1 using Lipofectamine. 
As shown in Fig. S8, Lipofectamine alone did not affect 
cell viability or migration compared to the PBS or Ec Ev 
control. However, when Oligo 1 was loaded into Lipo-
fectamine, epithelial cell proliferation and migration sig-
nificantly increased, comparable to the effects seen with 
Sm EVs or Ec Evs carrying Oligo 1. This suggests that the 

observed wound-healing effects are primarily attribut-
able to the Oligo 1, rather than other components of Sm 
EVs. Second, we examined the effect of heat-inactivated 
Sm EVs, in which RNA and protein components were 
denatured by thermal treatment. Heat-treated EVs failed 
to promote epithelial cell proliferation or migration, both 
in native Sm EVs (Fig. S9A) and in Ec EVs carrying Oligo 
1 (Fig. S9B). These findings suggest that intact RNA cargo 
is essential for the biological activity of Sm EVs. Collec-
tively, these results support the hypothesis that tRNA 
cargo, rather than lipids or other non-specific com-
ponents of Sm EVs, plays a key role in mediating their 
wound healing effects.

Fig. 4  Effect of Sm EVs on EGFR activation. (A) Two different types of organoids were treated with 107 particles/mL of Sm EVs for 3 days. EGFR phosphory-
lation was assessed using Western blot analysis. (B) Organoids were pretreated with EGFR inhibitors, gefitinib (1.1 µM) or afatinib (500 nM), followed by 
Sm EV treatment for 3 days. EGFR phosphorylation (Tyr 1173) was assessed using Western blot analysis. (C) Morphological changes in organoids treated 
under the same conditions were monitored for 7 days using phase-contrast microscopy. (D) Organoids were pretreated with control siRNA or siTLR3 for 
24 h, followed by treatment with Sm EVs for 7 days. EGFR phosphorylation (Tyr 1173) was assessed using Western blot analysis.
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Sm EV-derived tRNA variant promotes focal adhesion 
complex formation
We analyzed the focal adhesion complex formation in 
organoids treated with Ec EVs or Oligo 1-transfected Ec 
EVs for 24 h. Ec EVs carrying Oligo 1 led to focal adhe-
sion complex formation, as shown by increased colocal-
ization of paxillin (red) and actin (green) (Fig.  7A). The 
white-boxed regions in Fig. 7A provide an enlarged view 
of these interactions. Next, we investigated the activation 
of Src kinase and FAK with treatment of Sm EVs and Ec 
EVs carrying Oligo 1. As shown in Fig.  7B, there was a 
significant increase of phosphorylation of Src and FAK 
upon treatment with Sm EVs and Ec EVs carrying Oligo 
1. This suggests that Src activation is involved in the sig-
naling cascade leading to FAK activation.

Sm EV-derived tRNA variant enhanced skin wound healing 
in mice model
To investigate the wound healing effect of Sm EV-derived 
tRNA variant in a mouse model, synthesized Oligo 1 was 
electroporated into Ec EVs and applied to dorsal skin 
wounds (Fig. 8A). Control groups were treated with PBS 
and Ec EVs without Oligo 1. After 4 days of treatment, 
the wound areas in both the PBS- and Ec EV-treated 
groups were comparable, showing no significant differ-
ence. In contrast, the group treated with Ec EVs carry-
ing Oligo 1 exhibited a significantly reduced wound area 
compared to both control groups (Fig.  8B). Following 
the sacrifice of the mice, H&E staining was performed 
to monitor epithelial remodeling. As shown in Fig.  8C, 
the Ec Ev-Oligo 1 group, similar to Sm EV group, exhib-
ited a relatively uniform epidermis and a dense dermis, 

Fig. 5  Effect of Sm EVs on focal adhesion activation. (A) Organoids were treated with 107 particles/mL of Sm EVs for 24 h. Paxillin (red) and F-actin (green) 
were stained and visualized using confocal microscopy. The boxed regions represent enlarged views on the right. (B) FAK phosphorylation (Tyr 397) was 
evaluated by Western blotting in organoids treated with Sm EVs for 36 h. (C) Organoids were transfected with siTLR3 for 24 h, followed by treatment with 
Sm EVs for an additional 24 h. Protein expression and phosphorylation levels were determined by Western blot analysis.
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suggesting enhanced wound healing compared to the 
PBS and Ec EV control groups.

Sm EV-derived tRNA variant does not promote wound 
healing in TLR3 Knouckout mice
Next, a TLR3 knocukout (KO) mouse model was used to 
determine whether the wound healing effect of Sm EV-
derived Oligo 1 were mediated through TLR3. In contrast 
to wild-type mice, applying Ec EVs loaded with Oligo 1 to 
TLR3 KO mice did not promote significant differences in 
wound healing rates compared to the PBS or Ec EV con-
trol groups (Fig. S10A). H&E staining of wound tissues 
collected after 4 days of treatment revealed no noticeable 
differences in healing progression across the three groups 
(Fig. S10B). These results suggest that TLR3 plays a cru-
cial role in the wound healing mechanism promoted by 
Sm EV-derived Oligo 1.

Discussion
Oral wound healing is considered an ideal model because 
it occurs rapidly and without scar formation. Although 
the general tissue architecture of skin and oral mucosa 
shares similarities, there are notable histological differ-
ences [16]. Despite these differences, various efforts have 
been made to apply the rapid healing mechanism of oral 
mucosa to skin wounds [62, 63]. Therefore, by identifying 
the factors behind the enhanced wound healing capacity 
of the oral mucosa, we can explore methods to improve 
skin wound healing. Given the increasing demand for 
effective delivery systems and alternative approaches 
to promote healing and tissue remodeling, this study 
investigated the potential of EVs derived from oral bac-
teria as a novel strategy to accelerate skin regeneration. 
Among various candidates, commensal bacterial EVs 
have emerged as promising therapeutic agents due to 
their unique biological properties and ability to influence 
host processes [64]. Unlike the direct application of bac-
teria, which mainly affects localized colonization regions, 

Table 1  Summary of oligomers synthesized with the five most abundant tRNA sequences among Sm EV small RNAs
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Fig. 6  Effect of Sm EV-derived tRNA oligos on primary oral epithelial cell migration. (A) A flow diagram illustrating the preparation of Ec EVs loaded with 
oligos synthesized from tRNA sequences derived from Sm EVs. Images were created with BioRender.com. (B) For the scratch wound-healing assay, con-
fluent monolayers of primary oral epithelial cells in a 12-well plates were scratched with a pipette tip to create a wound. Cells were then cultured in the 
presence of Ec EVs with or without Oligos 1 or 3 for 5 days, and wound closure was measured over time. (C) For the Transwell migration assay, primary oral 
epithelial cells were treated with Ec EVs carrying specific oligos for 24 h. Migrated cells were stained using 0.2% crystal violet in 10% ethanol and counted 
under a phase-contrast microscope. **p < 0.01
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EVs are recognized for their critical role as signal carri-
ers in normal and pathological processes. Moreover, the 
capacity of EVs for long-range signaling provides valu-
able opportunities to explore their functional biology and 
regulatory mechanisms in wound healing. Apart from 
EVs, microbes can deliver RNA through other mecha-
nisms, such as releasing naked RNA during cell death or 
through active secretion [65, 66]. However, such RNAs 
are highly vulnerable to rapid degradation due to the 
abundant ribonuclease (RNase) activity present in the 
extracellular milieu [67]. Conversely, EVs can protect the 
RNA cargo, thus facilitating RNA transport over longer 

distances without degradation [68, 69]. This suggests that 
EVs may have an active RNA-sorting mechanism that 
selectively packages and protects specific RNAs. While 
much remains to be explored in this area, the potential 
for EVs to deliver functional RNAs highlights promising 
possibilities for therapeutic applications.

Recent advances in high-throughput sequencing have 
revealed the extensive involvement of non-coding RNA 
(ncRNA) in gene regulation across both prokaryotes and 
eukaryotes [70–72]. Indeed, growing interest in bacte-
rial extracellular RNAs has emerged due to their poten-
tial roles in bacterial–host interactions. Among these, 

Fig. 7  Effect of Ec EVs carrying Oligo 1 on focal adhesion complex formation. (A) IF staining of paxillin (red) and F-actin (green) in organoids treated with 
Ec EVs or Ec EVs carrying Oligo 1 for 48 h. Confocal microscopy was used to visualize the colocalization of paxillin and F-actin. (B) Western blot analysis of 
Src phosphorylation (Tyr 416) and FAK phosphorylation (Tyr 397) in organoids treated with EVs for 48 h (*p < 0.05, **p < 0.01).
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Fig. 8  Effect of Sm EVs-derived tRNA Oligo 1 on wound healing in mouse dorsal skin. (A) A flow diagram illustrating the mouse skin wound healing assay 
including preparation of Ec EVs loaded with Oligo 1. Images were created with BioRender.com. (B) Representative images of mouse wounds treated with 
PBS, Ec EVs, and Ec EVs carrying Oligo 1 taken on days 0 and 4. After the dorsal epidermis of each mouse was wounded using a 4 mm punch device, the 
mice were randomly divided into three groups. Each wound was treated daily with 10 µL of Ec EV with or without Oligo 1 (1012 copies/mL) in the experi-
mental group or 10 µL of PBS in the control group until day 4 (n = 16 wounds per group). The wounds were photographed and measured using a metric 
ruler (**p < 0.01). (B, C) After 4 days of treatment, the mice were sacrificed, and wound tissues were subjected to histological analysis using H&E staining. 
Arrows indicate the wound area.
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bacterial small non-coding RNAs (sRNAs) include vari-
ous species, with transfer RNAs (tRNAs) being particu-
larly abundant and functionally relevant [73, 74]. Studies 
have shown that bacterial tRNA fragments (tRFs) can be 
transferred to mammalian cells, where they can modu-
late gene expression [74, 75]. For instance, tRFs from 
E. coli were found to be transferred via EVs to human 
cells, promoting MAP3K4 expression [76]. However, 
the function of full-length bacterial tRNA (over 75  bp) 
delivered via EVs to eukaryotic cells is less understood. 
A comparison between bacterial and mammalian RNA 
has shown that bacterial RNA effectively activates TLRs, 
specifically TLR3, TLR7, and TLR8, which are typi-
cally less responsive to mammalian cytosolic RNA [77]. 
S. aureus EV-derived RNA and DNA can function as 
ligands for intracellular receptor activation; meanwhile, 
dynamin-dependent endocytosis is strongly implicated 
in EV-mediated signaling to modulate the host immune 
response via endosomal TLR3 activation [32]. These 
findings highlight the role of bacterial nucleic acids in 
modulating immune responses and healing processes via 
extracellular trafficking.

The high abundance of tRNAs in Sm EVs, as demon-
strated in this study, raises important questions about 
their selective packaging. One possibility is that tRNAs 
are preferentially enriched due to their structural sta-
bility [78]. Alternatively, stress-induced responses in 
S. mutans may influence EV cargo composition, lead-
ing to an enrichment of tRNAs that participate in host-
microbe interactions [60]. Given that bacterial EVs are 
known to carry regulatory RNAs capable of modulat-
ing host immune pathways [79], tRNAs may serve key 
mediators in this interkingdom communication. Indeed, 
Tsatsaronis et al. emphasized the critical role of EVs as 
vehicles for microbial RNAs that engage host immune 
receptors and contribute to shaping microbial communi-
ties and host–microbe interactions [80]. Further studies 
need to be explored systematically whether other abun-
dant sRNAs in Sm EVs also contribute to specific bio-
logical effects. In this study, we demonstrated the effects 
of Sm EVs on skin wound healing. Our results showed 
that Sm EVs promoted epithelial cell proliferation and 
migration in primary oral mucosal organoids. Consis-
tent with these findings, H&E staining revealed that Sm 
EV treatment significantly enhanced epithelial regenera-
tion in a mouse dorsal skin wound model (Fig. 2). Func-
tionally, tRNA variants within the Sm EVs mediate this 
wound healing effect by stimulating host TLR3 (Fig.  3), 
which promotes cell proliferation and migration. To 
validate these findings, we synthesized an oligomer with 
the same sequence as the most abundant tRNA variants 
found in Sm EVs and used Ec EVs (which lack inher-
ent wound healing properties) as a carrier to deliver the 
Sm EV tRNA oligomers into the skin (Fig. 8). However, 

in TLR3 KO mice, neither Sm EV nor Ec EV–Oligo 1 
treatment accelerated wound healing (Fig. S10), suggest-
ing that TLR3 plays a critical role in the wound healing 
effects driven by Sm EVs and their tRNA cargo. TLR3 is 
a vital pattern recognition receptors involved in innate 
and adaptive responses to tissue injury, recognizing dou-
ble-stranded RNA (dsRNA) from sources like viruses or 
apoptotic cells [81]. Previous studies have shown that 
skin healing is impaired in TLR3-deficient mice, with 
reduced chemokine expression and myeloid cell recruit-
ment [82]. Furthermore, TLR3 activation by its agonist 
enhanced skin wound healing by recruiting neutrophils 
and macrophages [83]. These findings, combined with 
our data, suggest that activating TLR3 with bacterial EVs 
[80], such as those from Sm EVs, could be a promising 
therapeutic strategy for wound healing. Our study also 
confirmed that Sm EVs deliver RNA cargo to endosomes, 
where TLR3 is primarily located. This supports the 
hypothesis that microbial RNAs interact with endosomal 
TLRs, distinct from host RNAs. Microbial nucleic acids 
are typically released into endosomes after immune cells, 
such as neutrophils and macrophages, phagocytose the 
microbes, distinguishing them from host RNAs [84]. Fur-
thermore, EGFR binds to dsRNA-activated TLR3, trig-
gering downstream signaling pathways that promote cell 
growth [85, 86]. In our study, Sm EVs promoted epithe-
lial cell proliferation and migration via the EGFR (Fig. 4), 
further supporting a link between TLR3 activation and 
wound healing. Interestingly, despite the association of 
S. mutans and EGFR activation with OSCC progression 
[87], Sm EVs did not affect the proliferation or migration 
of OSCC. This suggests that the proliferative and migra-
tory effects of Sm EVs are limited to normal mucosal cells 
and do not extend to cancerous cell growth.

While this study suggests that tRNA variants within 
bacterial EVs accelerate wound healing by promoting 
eukaryotic cell proliferation and migration, several limi-
tations remain. One such limitation is that rodents pri-
marily rely on wound contraction, which differs from 
the re-epithelialization process predominant in human 
wound healing. To compensate for this limitation, we 
performed histological analyses and observed more pro-
nounced epithelial proliferation and regeneration in the 
wound tissues treated with Sm EVs or Ec EVs carrying 
Oligo 1,compared to the control group (Figs. 2B and 8C). 
In further studies, we aim to conduct more advanced 
investigations using stented wound models, with the ulti-
mate goal of developing Sm EV- or tRNA-based thera-
peutic strategies for skin wound healing. Additionally, 
subsequent investigations are needed to delineate the 
specific contributions of EV-associated lipids, proteins, 
and RNA species, as other components may also influ-
ence the observed effects. In particular, identifying the 
specific RNA molecules responsible for the observed 
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effects—and determining whether these effects are gov-
erned by their sequence, secondary structure, or other 
physicochemical properties—will be essential. To better 
understand the specificity of S. mutans-derived EVs, we 
compared their effects with those of EVs from other oral 
streptococcal species. Notably, S. salivarius EVs exhibited 
similar wound-healing properties, whereas EVs from S. 
gordonii and S. mitis did not (data not shown), suggesting 
that S. mutans and S. salivarius EVs may contain species-
specific cargo that enhances cellular activity. Ongoing 
work is focused on characterizing these EVs—particu-
larly their sRNA cargo—to elucidate the molecular basis 
of this species-dependent activity. Additionally, while 
we employed Ec EVs as a delivery platform in this study, 
other RNA delivery mechanisms may also be explored in 
the future. A deeper understanding of the mechanisms 
by which microbial RNAs are packaged, released, and 
sensed by host receptors will provide valuable insights 
into host-microbe interactions and inform the develop-
ment of next-generation EV-based therapeutics.

We acknowledge the importance of understanding the 
metabolism and clearance pathways of bacterial EVs in 
vivo. Previous studies have reported that bacterial EVs 
are rapidly cleared from circulation, primarily via hepatic 
and renal pathways, with a half-life of ≤ 30 min and com-
plete clearance within 6 h [14, 15]. Although we did not 
assess the pharmacokinetics of Sm EVs in this study, 
future investigations will focus on tracking EV distribu-
tion, uptake, and clearance to better elucidate their sys-
temic fate. In addition, understanding which specific cell 
types internalize Sm EVs will be essential to clarify their 
in vivo function and therapeutic effects. Further research 
is also needed to elucidate their biological activity and 
potential roles in modulating immune responses during 
wound healing. In supporting of this, our IHC analysis of 
wound tissues revealed increased recruitment of CD3 + T 
cells, indicative of early immune activation, in both the 
Sm EV- and Ec EV–Oligo 1-treated groups (Fig. S11). 
Moreover, CD45 staining, which marks leukocytes, was 
more prominent in the granulation tissue of these treated 
wounds (Fig. S11), suggesting enhanced immune cell 
infiltration and active remodeling in the healing process.

While this study highlights the therapeutic potential 
of Sm EVs in wound healing, several translational chal-
lenges must be addressed. Large-scale production of EVs 
with consistent yield and bioactivity is a major hurdle, 
as current isolation methods are not easily scalable [88]. 
Additionally, EV stability during storage and transport 
remains a concern, as they are prone to aggregation, 
degradation, and functional loss under suboptimal con-
ditions, potentially compromising therapeutic efficacy 
[89]. The mode of administration is also an important 
consideration. Although systemic injection is commonly 
employed in exosome-based therapies, Sm EVs may be 

more suitable for topical delivery—such as incorpora-
tion into hydrogel formulations—as this approach can 
enhance local retention at the wound site while mini-
mizing systemic exposure [90, 91]. Moreover, regula-
tory approval will require rigorous quality control and 
safety assessments [85]. Given that S. mutans is a com-
mon commensal bacterium, the safety profile of Sm EVs 
is expected to be relatively favorable, with a low risk of 
adverse effects. Nevertheless, comprehensive studies 
are needed to evaluate their immunogenicity and long-
term safety in clinical applications [92]. Addressing these 
gaps will deepen our understanding of the role of micro-
bial EVs and their RNAs in wound healing and immune 
modulation. This knowledge could ultimately inform 
the development of more targeted and effective EV- and 
RNA-based therapeutic strategies for treating wounds 
and other related diseases.

Conclusions
This study demonstrates that Streptococcus mutans-
derived extracellular vesicles (Sm EVs) promote epithelial 
proliferation and wound healing through a TLR3-depen-
dent mechanism mediated by tRNA cargo, particularly a 
tRNA-Met variant. Our findings suggest that commensal 
bacterial EVs and their RNA cargo represent promising 
therapeutic tools for skin wound healing. Further char-
acterization of EV components will be essential for trans-
lating these findings into clinical applications.
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