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Abstract
Background Studies examining the therapeutic potential of Mesenchymal stem cells-derived extracellular vesicles 
(MSC-EVs) in wound healing and skin regeneration have progressed rapidly. Prior to considering clinical translation, 
a systematic and comprehensive understanding of these experimental details and the overall impact of MSC-EVs on 
skin regeneration is necessary.

Methods 83 studies were identified in Web of Science, Embase, and PubMed that satisfied a set of prespecified 
inclusion criteria. A random effects meta-analysis was conducted for wound closure rate, scar width, blood vessel 
density and collagen deposition.

Conclusions Our findings demonstrate clear potential of MSC-EVs to be developed as therapy for wound healing 
and skin regeneration both in diabetic and non-diabetic animal models. Moreover, subgroup analyses demonstrated 
that apoptotic small extracellular vesicles (ApoSEVs) showed better efficacy than apoptotic bodies (ApoBDs) and small 
extracellular vesicles (sEVs) in wound closure outcome and collagen deposition, while sEVs displayed better than 
ApoEVs in revascularization. Among frequently used routes of administration, subcutaneous injection displayed a 
greater improvement to wound closure, collagen deposition and revascularization as compared to dressing/covering. 
Among easier-access source of MSCs, ADSCs demonstrated the best effect in wound closure rate and collagen 
deposition, as compared, BMMSCs displayed better in revascularization. Additionally, high heterogeneity observed in 
collection conditions, separation methods, storage methods, modifications, treatment dose, administration route, and 
frequency of MSC-EVs underscores the urgent need for standardization in these areas, prior to clinical translation.
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Introduction
Since their discovery in the 1970s, mesenchymal stem 
cells (MSCs)have demonstrated great potential in regen-
erative medicine applications. However, the clinical 
application of MSCs faces several challenges, including 
variability, scalability, delivery methods, ethical concerns 
and safety issues [1]. Recently, however, researchers have 
identified that MSCs release numerous extracellular 
vesicles (EVs) which serve as mediators of intercellular 
communication and exhibit biological activities similar 
to MSCs. These EVs are thought to promote cell prolif-
eration, differentiation, and angiogenesis, while simulta-
neously inhibiting apoptosis, inflammation, and fibrosis 
during tissue regeneration and repair processes [2–6]. 
Encased within a phospholipid bilayer, EVs carry a diverse 
array of macromolecules, including proteins, lipids, and 
nucleic acids [7]. Traditionally, in the absence of func-
tional definitions, EVs were categorized based on com-
binations of size, biogenesis, and biophysical separation 
processes. For example, apoptotic extracellular vesicles 
(ApoEVs), which include apoptotic small EVs (ApoS-
EVs, < 1 μm in diameter) and apoptotic bodies (ApoBDs, 
1–5 μm in diameter), are released from fragmented apop-
totic cells. Small EVs (sEVs, <200 nm in diameter) form a 
nanosized subclass, comprising exosomes derived from 
the endosomal system (typically < 200  nm in diameter) 
and ectosomes originating from the plasma membrane, 
which span a broader size range.

As the primary barrier between the body and the 
external environment, the skin is susceptible to various 
injuries. With the increasing prevalence of skin-related 
health issues, particularly among diabetic and elderly 
populations, the search for effective treatment options is 
becoming more urgent. While both preclinical and clini-
cal studies on the therapeutic potential of sEVs derived 
from MSCs in wound healing and skin regeneration have 
progressed rapidly [8–10], the therapeutic potential of 
MSC-derived ApoEVs has only recently been appraised, 
with just five preclinical studies included in this meta-
analysis. Furthermore, it has been reported that mature 
osteoclast-derived ApoEVs exhibit better osteogenic 
potency compared to exosome [11]. Similarly, another 
study, found that fewer huMSCs were required for Apo-
EVs isolation, and superior endometrial regeneration was 
achieved following huMSCs-ApoEVs implantation [12] 
compared to exosome-based therapy. Though there’re 
many meta-analysis related to the application of tradi-
tionally-defined sEVs in skin regeneration, the compara-
tive study between sEVs and ApoEVs is rare. Therefore, 
this study utilized meta-research methods to compare 

the therapeutic efficacy of ApoEVs and sEVs derived from 
MSCs in wound healing and skin regeneration.

Given the variability in EVs methodologies, there is still 
no consensus on which interventional traits (e.g., MSCs 
source, route of administration, animal species and 
immunocompatibility) offer the greatest therapeutic ben-
efit. To address this gap, we conducted subgroup analy-
ses to identify specific EVs characteristics associated with 
enhanced therapeutic outcomes, with the goal of opti-
mizing the clinical application of MSC-EVs therapy in the 
future.

Lastly, prior to considering clinical translation, a sys-
tematic and comprehensive understanding of these 
experimental details and the overall impact of MSC-
EVs on skin regeneration is crutial. In our approach, we 
emphasized the importance of methodological rigor and 
reporting quality, aligning with established field guide-
lines, including the International Society for Cell and 
Gene Therapy (ISCT) criteria for MSC identification [13] 
and the Minimal information for Studies of Extracellular 
Vesicles (MISEV2023) [14].

results
Search results
This systematic review adhered to the Preferred Report-
ing Items for Systematic Reviews and Meta-Analysis 
(PRISMA) guidelines. A search conducted on November 
11th, 2023, across Web of Science, Embase, and PubMed 
yielded a total of 1803 articles. After pooling all arti-
cles into Endnote X9.3.3 software, 594 duplicates were 
removed. Titles and abstracts were screened to include 
articles investigating the therapeutic application of MSC-
EVs EVs in skin repair, rejuvenation, and wound healing 
in mammalian models. We excluded 1008 studies that 
were in vitro studies, reviews, reports, commentaries, 
conference proceedings, or articles written in languages 
other than English. Full-text assessment of the remain-
ing 201 articles resulted in the exclusion of 129 studies. 
Reasons for exclusion included: 20 studies did not char-
acterize EVs by size and at least one EV protein marker, 
63 studies did not characterize MSCs by differentiation 
potential or MSCs surface marker, 3 studies did not relate 
to skin regeneration and wound healing, 3 studies did not 
research articles, 8 studies exclusively using EVs not from 
MSCs, 7 studies exclusively using nanovesicles and 25 
studies exclusively reporting in vitro findings. Addition-
ally, an updated search conducted on June 15th, 2024, 
identified 11 additional studies, bringing the total num-
ber of eligible manuscripts for this systematic review to 

Protocol Registration PROSPERO CRD42024499172.
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83. The flow chart in Fig. 1 summarizes the study selec-
tion approach.

General characteristics of the included studies
The 83 studies deemed eligible for inclusion were pub-
lished between 2015 and June 4th, 2024. Notably, approx-
imately 82% (n = 64) of these studies were published in 
2020 or later, indicating a surge in interest in MSC-EVs 
for promoting wound healing and skin regeneration. 
These studies originated from six different countries, 
with the majority (86.7%, n = 72) originating from China. 
Figure  2 depicts year of publication (2  A) and region 
according to the first author’s affiliation (2B).

Characteristics of animal models
All studies utilized either a mouse (N = 61; 73.5%) or rat 
(N = 22; 26.5%) model (Fig.  2C). Non-diabetic wounds 
and diabetic wounds were investigated in 36 (43.4%) and 
39 (47.0%) studies, respectively. 30 studies used strep-
tozotocin (STZ)-induced diabetic models to represent 
type 1 diabetes, while 9 studies utilized genetically modi-
fied diabetic db/db mice to represent type 2 diabetes. 
Full-thickness excisional wounds were the most-stud-
ied models (n = 75; 90.4%), comprising dorsal wounds 
(n = 60), diabetic foot ulcer (n = 3) [15–17], and leg exci-
sional wounds (n = 4) [18–21]. Other models (n = 8; 10%) 
include scleroderma (n = 1) [22], burns (n = 1) [23], pho-
toaging (n = 3) [24–26], atopic dermatitis (n = 2) [27, 28], 
and frostbite injury (n = 1) [29] (Fig. 2D).

MSC-EVs methodology and interventional characteristics
Types and cellular origin of EVs
sEVs were the most-studies type of EVs (n = 78), of which 
69 nomenclatures were exosome. As recommended by 
the nomenclature in MISEV 2023, exosome is a biogen-
esis-related term indicating origin from the endosomal 
system, which distinguishes exosome from ectosome. 
However, none of these studies assessed the putative 
markers of EV biogenesis pathways. Other types of EVs 
include ApoEVs (n = 5), of which 2 were ApoBDs [30, 31], 
2 were ApoSEVs [32, 33] and 1 was both ApoSEVs and 
ApoBDs [34] (Fig. 3A).

The animal sources of MSCs used included human 
(n = 58; 69.9%), mouse (n = 9; 10.8%), rat (n = 4; 4.8%) 
[35–38], canine (n = 1,1.2%) [27] and unknown (n = 11, 
13.3%). MSCs were derived from a variety of tis-
sue sources including adipose tissue (N = 32; 38.55.%), 
umbilical cord (N = 19; 22.9%), bone marrow (N = 16; 
19.3%), dermal (n = 1;1.2%) [39], fetus skin(n = 1; 1.2%) 
[40], oral mucosa lamina(n = 3;3.6%) [41–43], exfoliated 
deciduous teeth(n = 1; 1.2%) [44], synovium(n = 2;2.4%) 
[45, 46], orbicularis oculi muscle(n = 1; 1.2%) [47], hair 
follicle(n = 1; 1.2%) [48], placenta(n = 1; 1.2%) [49], 
amniotic(n = 2; 2.4%) [50, 51], menstrual blood(n = 1; 

1.2%) [52], and induced pluripotent stem cells (iPSCs) 
(n = 2; 2.4%) [28, 53] (Fig. 3B).

Characterization of MSCs
Based on the ISCT guidelines [13], a total of 66 studies 
(79.5%) met al.l three criteria for MSCs characterization, 
demonstrating the ability to adhere to plastic, exhibit in 
vitro multi-lineage differentiation capacity, and express 
surface markers. Additionally, 17 studies (20.5%) met two 
out of all the three criteria for MSCs characterization, 
demonstrating the ability to adhere to plastic and either 
exhibit in vitro multi-lineage differentiation capacity or 
express surface markers.

EVs collection conditions
Since serum contains EVs, 42 studies (50.6%) collected 
sEVs from serum-free medium. Others prepared cul-
ture medium with EV-depleted FBS (n = 22; 26.5%) or 
chemically defined medium (n = 2;2.4%) [45, 53]. sEVs 
were collected after conditioning periods of 24 h (n = 10), 
48  h (n = 42), 36  h(n = 1) [54], or 72  h (n = 4). Regarding 
the preparation of ApoEVs, one study utilized culture 
medium containing 0.3 µ of staurosporine [33], while 
three studies used 0.5µM staurosporine [30–32], both 
added to the conditioned medium for 12  h. One study 
administrating ApoEVs used three methods, including 
adding 0.5µM staurosporine, 0.5µM H2O2 or exposed 
to ultraviolet light for 12 h [34]. Additionally, 20 studies 
(24.4%) did not disclose the duration of cell culture con-
ditioning before harvest.

EVs separation techniques
There is no gold standard separation technique for 
various types of EVs, and EVs separation methods var-
ied considerably across the studies (Supplementary 
Fig.  1). Ultracentrifugation (n = 81, 97.6%) was the most 
widely used technique, albeit with various centrifuga-
tion protocols. Ultrafiltration by membranes of pore size 
0.22  μm (n = 46, 55.4%), 0.45  μm (n = 2, 1.3%) [34, 55], 
30 kDa(n = 1, 1.3%) [42], or 100 kDa (n = 5, 6.0%) [18, 21, 
43, 56, 57] was often done as an adjunct to other sepa-
ration steps. Commercial precipitation-based isolation 
kits [23, 40, 43, 58–61], size exclusion chromatogra-
phy (SEC) [42], and tangential flow filtration (TFF) [27] 
were used in 7, 1, and 1 study respectively. 1 study used 
PEG-6000 to achieve a final concentration of 8% [16]. 54 
studies (65.1%) combined two or more separation tech-
niques to achieve higher purity. 4 studies of ApoEVs all 
only used ultracentrifugation as separation technique 
[30–33]. One study administrating ApoEVs [34] also used 
0.45 μm filter and 0.22 μm to separate ApoSEVs (<1 μm) 
into small (<0.22  μm), medium (0.22–0.45  μm), and 
large (>0.45  μm) size subtypes, though the subsequent 
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Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flow diagram detailing study screening and selection
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research found that there was no difference in efficacy of 
the three subtypes in vitro.

EVs storage before use
60 studies (72.3%) reported storage temperature and/or 
medium of collected EVs. Among these, 47 studies stored 
collected EVs in -80℃, while only one study stored them 
in -20℃ [62]. Regarding the suspension medium, 46 stud-
ies utilized 100 µl (n = 6) [30–32, 34, 51, 59], 200 µl (n = 8) 
[22, 36, 39, 46, 54, 61–63], 500ul (n = 3) [18, 19, 21] of PBS 
for storage, with some studies employing other unknown 
volumes. Additionally, one study used PBS containing 
phosphatase and protease inhibitor cocktails [36]. Fur-
thermore, one study reported the thawing method before 
use: frozen EVs were thawed completely at 4℃ and were 
not refrozen [27]. However, no study reported the num-
ber of freeze-thaw cycle and the pre-separation storage 
conditions.

Characterization of EVs preparations
EVs were characterized by protein quantification (N 
= ;4554.2%), size distribution (N = 82; 98.8%), mor-
phological analysis (N = 82; 98.8%) and surface marker 

expression (N = 83; 100%) in most studies. A diverse array 
of characterization procedures was used in the studies 
we reviewed (Supplementary Fig. 1b). The determination 
of size distribution involved various techniques, includ-
ing nanoparticle tracking analysis (NTA) (n = 57;68.7%), 
dynamic light scattering (DLS) (n = 17; 21.8%), atomic 
force microscopy (AFM) (n = 2; 2.6%) [25, 52], and tun-
able resistive pulse sensing (TRPS) (n = 1; 1.3%%) [42]. For 
morphology assessment, transmission electron micros-
copy (TEM) was predominantly used (n = 75; 90.4%), 
while a smaller proportion of studies utilized scanning 
electron microscopy (SEM) (n = 7; 9.0%) [30–32, 35, 50, 
52, 64] and cryo-TEM (n = 1; 1.3%) [43]. Protein quantifi-
cation was primarily conducted using bicinchoninic acid 
assay (BCA) (n = 41; 49.4%), with a few studies employ-
ing ELISA kit (n = 2; 2.6%) [52, 65] or Bradford assay 
(n = 2; 2.6%) [66]. 4 studies reported 584.71 µg/mL [67], 
710  µg/ml [68], 2  µg/µL [69], and 1  µg/µL [70], respec-
tively. Notably, most studies did not report EVs total 
protein yield, except for one study which documented 
a yield of 100 µg from 20 ml human adipose mesenchy-
mal stem cells (ADSCs) (109 cells) collection medium 
[71]. RNA quantification was conducted using the Qubit 

Fig. 2 An overview of study characteristics, including distribution of (A) publication year, (B) region, (C) animal models, and (D) disease models
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RNA Assay Kit in two studies (2.5%) [23, 72]. However, 
the exact protein quantification data of ApoEVs were 
not reported in any related studies reviewed. Therefore, 
comparing the protein or RNA yield of sEVs and Apo-
EVs presents a challenge. Nevertheless, according to a 
study, the quantity of ApoSEV particles and protein pro-
duced by ADSCs undergoing apoptosis was significantly 
higher compared to the number of EVs secreted by nor-
mal ADSCs within a 24-hour period [33]. Specifically, an 
equal number of ADSCs generated six times more Apo-
SEV particles and four times more protein than normal 
EVs within a 12-hour period [33].

According to the MISEV 2023 [14], only 46 studies 
(55.4%) adequately characterized their EVs-featured pro-
tein. It is noteworthy that 44.9% (n = 37) of studies did 
not report the assessment of at least one positive cyto-
solic marker and 62.8% (n = 52) of studies did not report 
the major components of non-EV co-isolated structures 
to assesses purity from common contaminants. More-
over, in the case of ApoEVs, five studies solely detected 
ApoEVs as positive for apoptosis markers like Annexin 
V, Caspase-3, or cleaved Caspase-3, while neglecting the 
EVs-featured protein [30–34]. Lastly, no study provided 

Fig. 3 Distribution of (A) types and (B) cellular origin of MSC-EVs across the included studies
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additional marker information on possible intracellular 
origins of separated EVs.

Modification of MSC-EVs
Modifications to EVs were conducted in 60 studies 
(72.3%), involving alterations to parent cells (N = 33; 
42.3%), modifications to EVs directly (N = 25; 30.1%) and 
co-treatments (N = 2;) (Supplementary Fig.  2). Among 
alterations to parent cells, 12 studies implemented 
various culture conditions for parent cells, including 
incubation in hypoxic environments (N = 2) [19, 73], 
three-dimensional spheroids culture (N = 2) [47, 65], 
selenium treatment [59], education by exosomes from 
neonatal and adult serum [74], lipopolysaccharide (LPS) 
treatment [20], interferon-gamma (IFN-γ) treatment 
[75], melatonin treatment [76] and 3,2’-Dihydroxyfla-
vone (3,2’-DHF) treatment [77]. Additionally, one study 
cultured MSCs in bioreactor culture system (perfusion 
bioreactor culture incorporating 3D-Printed Scaffolds) 
inducing an ≈ 40-80-fold increase in EVs production 
[65]. 21 studies genetically modified parent cells, with 20 
studies utilizing lentivirus transduction, and one study 
employing gene knockout mice [39]. One study intro-
duced miR-146a to exosomes directly by electroporation 
[60]. 22 studies loaded EVs into biomaterial scaffolds. 
Hydrogels were the most preferred choice (n = 20). The 
remaining studies utilized bioengineered micro-porous 
three-dimensional amniotic membrane-scaffold (AMS, 
n = 1) [78] and porous microspheres (n = 1) [41]. Among 
the hydrogels, six studies utilized synthetic hydrogels: 
Pluronic F-127 based (PF-127, n = 4) [31, 32, 79, 80], and 
gelatin methacryloyl (GelMA) hydrogel (n = 3) [33, 34, 
81]. Eight studies employed natural hydrogels: chitosan-
based (n = 3) [16, 46, 61] or incorporated with silk (n = 1) 
[42], hydroxyethyl cellulose (n = 2) [45, 66], alginate-
based nanohydrogels (n = 2) [35, 82] and hyaluronan 
hydrogel(n = 1) [49]. One study used chitosan-PF-127 
composite hydrogel [80]. Dual-crosslinked hydrogel [33, 
36], extracellular matrix hydrogel [10] and conductive 
hydrogel [70] were investigated in two, one and one study 
respectively. One study loaded polydopamine nanopar-
ticles into EVs [81] and one study added sEVs into com-
posite nanoparticles [61]. Additionally, two studies used 
co-treatments with tert-butylhydroquinone (tBHQ, n = 1) 
[37] or metformin(n = 1) [70].

MSC-EVs administration and dosage regimen
The two most common routes of administration for 
MSC-EVs delivery were subcutaneous injection (N = 38; 
45.8%) and local administration (dressing/cover-
ing) (N = 19; 22.9%). Dosing units varied considerably, 
including absolute protein amount (N = 60 72.3%), par-
ticle number (N = 7; 9.0%) [16, 27, 47, 66, 68, 73, 77], or 
amount of EVs released by a certain number of MSCs 

(N = 5; 6.4%) [22, 27, 64, 83, 84]. The two most frequently 
used doses were 100 µg of EVs protein content in 100 µL 
PBS (n = 13; 16.7%) and 200 µg EVs in 100 µL PBS (n = 9; 
10.8%) [17–19, 21, 26, 29, 57, 85, 86]. For studies admin-
istrating ApoEVs, four studies applied a dose of 50  µg 
protein content [30–33] and noe study applied a dose of 
150 µg protein content [61]. The majority of studies deliv-
ered a single dose of therapy (n = 49; 59.0%). Studies with 
multiple administrations used a median value of 3 doses 
(ranged from 2 to 42 doses) (Supplementary Fig. 3).

Quality of reporting in MSC-EVs research
The quality of reporting across the studies was generally 
low, particularly regarding EV characterization and in 
vivo experiments. For EV characterization, critical details 
such as concentration (protein amount, particle number 
or amount of EVs released by a certain number of MSCs), 
positive cytosolic marker and possible intracellular ori-
gins of EVs were poorly reported. For in vivo experi-
ments, 16 studies (19.3%) didn’t disclose the sample size, 
and no study indicated how the sample size for animal 
models was calculated. 8 studies didn’t reveal the admin-
istered dose [15, 36, 45, 59, 61, 76, 80, 87], and 7 studies 
didn’t specify the treatment dose with exact EVs concen-
tration but only mentioned the solution volume [46, 67, 
70, 81, 82, 88, 89]. In terms of outcome reporting, only 18 
studies (21.7%) provided actual numerical data. Further-
more, most studies did not report the absolute p-value 
and confidence interval of the measured outcomes, indi-
cating a lack of comprehensive statistical analysis.

Meta-analysis
The meta-analysis included 31 full-thickness excisional 
wounds model studies, comprising 490 animals from 20 
diabetes and 11 non-diabetes model studies, that dis-
closed the number of animals used in the experiments 
and characterized their EVs preparation as required by 
MISEV2023. Considering the limited number of studies, 
all 5 studies administrating ApoEVs were included.

Primary outcome: wound closure outcome
31 studies were eligible for meta-analysis of wound 
closure outcome. The analysis revealed a significant 
improvement in wound closure rate for wounds treated 
with MSC-EVs compared to controls (SMD = 3.60, 95% 
CI: 3.23 to 3.96, p < 0.00001), as illustrated in Fig. 4. The 
heterogeneity index was relatively high (I2 = 83%), indi-
cating substantial variability in MSC-EVs cell source, 
preparation, and dosage regimen among the studies. Sim-
ilarly, meta-analyses conducted separately for diabetic 
and non-diabetic groups also demonstrated significant 
effectiveness of MSC-EVs therapy in accelerating wound 
closure in both models (SMD = 3.59, 95% CI: 3.16 to 4.03, 
p < 0.00001; SMD = 3.60, 95% CI: 2.95 to 4.26, p < 0.00001 
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Fig. 4 Forest plot of mean difference of wound closure rate of 31 studies following MSC-EVs interventions in diabetic or non-diabetic wound healing 
model in comparison to placebo controls. The diamond represents the pooled SMD. I2 value represents the statistical heterogeneity. MSC-EVs interven-
tions were effective in promoting wound closure both in diabetic and non diabatic groups (SMD = 3.59, 95% CI: 3.16 to 4.03, p < 0.00001; SMD = 3.60, 95% 
CI: 2.95 to 4.26, p < 0.00001 in diabetes and non-diabetes models, respectively)
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in diabetes and non-diabetes models, respectively). Het-
erogeneity remained high within subgroups regardless of 
the disease model (I2 = 85%, and 82% in diabetes and non-
diabetes models, respectively). Subgroup analysis demon-
strated that sEVs consistently result in a superior efficacy 
in promoting wound closure, particularly both in diabetic 
and non-diabetic groups whereas the efficacy of Apo-
EVs is highly variable and similar to control treatments 
from pooled analysis (Figs. 5 and 6). MSC tissue source 
(p = 0.04 both in diabetic and non-diabetic groups) may 
be associated with greater EVs efficacy as EVs derived 
from hair follicle mesenchymal stem cells (FMSCs) and 
AECs (Amniotic Epithelial Cells, exhibit characteristics 
of both embryonic and mesenchymal stem cells) dem-
onstrated better outcomes, in diabetic and non-diabetic 
groups respectively. However, the study number of 
FMSCs and AECs was limited, and among the most fre-
quently used MSCs, ADSCs demonstrated the best effect 
in wound closure rate both in diabetic and non-diabetic 
groups. Engraft may showed superior benefits compared 
to the other routes of administration, though the related 
study number was limited. Among the most frequently 
used routes of administration, subcutaneous/intradermal 
injection showed better efficacy than dressing/covering. 

Xenogeneic administration of MSC-EVs also showed a 
greater promotion in wound closure compared to xeno-
geneic delivery (P = 0.002 both in diabetic and non-dia-
betic groups). Species (P<0.00001 both in diabetic and 
non-diabetic groups) may be associated with greater EVs 
efficacy as rat models demonstrated better outcomes.

However, it’s important to note that only four stud-
ies used ApoEVs in diabetic group and only two studies 
used ApoEVs in non-diabetic group, which may cause the 
conclusions obtained on the use of ApoEVs risky and not 
very consistent. As one research reported, mature osteo-
clast-derived ApoEVs showed better osteogenic potency 
than exosome [11]. In another study, fewer huMSCs were 
needed for ApoEVs isolation, and better endometrial 
regeneration was obtained after the huMSCs-ApoEVs 
implantation, compared with exosomebased therapy [12]. 
These results were contradictory to our meta-analysis 
result above. Therefore, to draw more reliable conclusion, 
a subtypes meta-analysis was conducted for mice wound 
healing studies administering EVs with similar modifica-
tion, treatment dose and administration route (Fig. 7). In 
diabetic group, the efficacy of 50 µg of ApoBDs protein 
without modification (SMD: 26.16, 95%CI: 21.65 to 30.67) 
is similar to 100 µg of sEVs protein without modification 

Fig. 5 Subgroup analysis of MSC-EVs for wound closure rate in diabetic wound healing model. Each row represents pooled estimate data from studies 
within that subgroup. Data is presented as a forest plot with SMD and 95% confidence intervals. I2 value represents the statistical heterogeneity within 
each subgroup. Effect sizes > 0 favours MSC-EVs treatment and < 0 favours control. The ‘Overall Efficacy’ is a pooled estimate effect of MSC-EVs on wound 
closure rate from all studies combined. ADSCs: adipose mesenchymal stem cells; BMMSCs: bone marrow mesenchymal stem cells; ucMSCs: umbilical cord 
mesenchymal stem cells; MenSCs: menstrual blood mesenchymal stem cells; GMSCs: gingival mesenchymal stem cells; FMSCs: hair follicle mesenchymal 
stem cells
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((SMD: 26.60, 95%CI: 25.14 to 28.06). 200 µg of sEVs pro-
tein demonstrate a reduction in effect size as compared 
to 50 µg and 100 µg dose whereas the result was reversed 
in non-diabetic group. In diabetic group, PF-127 hydrogel 
containing 50 µg of ApoBDs protein (SMD: 5.51, 95%CI: 
2.20 to 8.81) showed similar efficacy with PF-127 hydro-
gel containing 100 µg of sEVs protein (SMD: 7.84, 95%CI: 
44.34 to 11.35). Hyaluronan hydrogel containing 50  µg 
of ApoBDs protein (SMD: 23.74, 95%CI: 20.00 to 27.49) 
demonstrate a significant increasement in effect size as 
compared to the PF-127 hydrogel modification. Similarly, 
in non-diabetic group, GelMA containing 50 µg of Apo-
SEVs protein (SMD: 32.31, 95%CI: 28.86 to 35.77) also 
demonstrate a significant increasement in effect size as 
compared to the PF-127 hydrogel modification (SMD: 
16.21, 95%CI: 8.90 to 23.34). Importantly, GelMA con-
taining ApoBDs (SMD: -7.46, 95%CI: -10.99 to -3.93) 

showed a significant reduction in effect size compared to 
ApoSEVs. In conclusion, ApoSEVs showed better efficacy 
than ApoBDs and sEVs. Subcutaneous injection as route 
of administration displayed a greater improvement to 
wound closure as compared to dressing/covering. Lastly, 
the effect size of sEVs treatment varied considerably and 
seemed was not dose-respondent.

Secondary outcome: blood vessel density, collagen 
deposition and scar width
In addition to wound re-epithelialization and cell pro-
liferation, collagen deposition, revascularization and 
inhibition of scar information were also essential parts 
of wound healing and skin regeneration. Therefore, sec-
ondary outcomes considered for wound healing studies 
included blood vessel density, collagen deposition and 
scar width.

Fig. 6 Subgroup analysis for wound closure rate in non-diabetic wound healing model. Each row represents pooled estimate data from studies within 
that subgroup. Data is presented as a forest plot with SMD and 95% confidence intervals. I2 value represents the statistical heterogeneity within each 
subgroup. Effect sizes > 0 favours MSC-EVs treatment and < 0 favours control. The ‘Overall Efficacy’ is a pooled estimate effect of MSC-EVs on wound clo-
sure rate from all studies combined. ADSCs: adipose mesenchymal stem cells; BMMSCs: bone marrow mesenchymal stem cells; ucMSCs: umbilical cord 
mesenchymal stem cells; JMMSCs: jaw bone marrow mesenchymal stem cells; OOM-SCs: facial tissue-derived orbicularis oculi muscle stem cells; FDMSCs: 
fetus skin-derived mesenchymal stem cells; AECs: amniotic epithelial cells
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Changes to collagen deposition measured by collagen 
volume fraction was reported in 11 studies for examining 
the influence of MSC-EVs interventions (a total of 166 
animals; 8 studies used diabetes models, and 3 used non-
diabetes models). Overall, MSC-EVs administration was 
associated with a significant improvement in collagen 
deposition (SMD = 2.60, 95% CI: 1.96 to 3.24; SMD = 5.16, 
95% CI: 2.95 to 4.26, p < 0.00001 in diabetes and non-
diabetes models, respectively) (Fig.  8). Similarly, sub-
group meta-analyses in diabetic and non-diabetic groups 
demonstrated that MSC-EVs therapy was significantly 
more effective than control in promoting collagen depo-
sition in both models (SMD = 3.27, 95% CI: 2.55 to 3.99, 
p < 0.00001; SMD = 5.16, 95% CI: 3.85 to 6.47, in diabetes 
and non-diabetes models, respectively). Heterogeneity 
was high in diabetes models (I2 = 86%) and non-diabetes 
models ((I2 = 84%). From subgroup analysis (Fig.  9), col-
lagen volume fraction was increased to a greater extent 
(P < 0.00001) by delivery of ApoSEVs as compared to sEVs 
and ApoBDs. However, the study number of ApoSEVs 
and ApoBDs was limited, with only two and one respec-
tively. A subtypes meta-analysis was conducted for mice 
wound healing studies administering EVs with similar 

modification, treatment dose and administration route 
and couldn’t draw an exact conclusion (Figure S4). When 
considering MSCs tissue source and route of adminis-
tration, ADSCs and subcutaneous/intradermal injection 
displayed a greater improvement (p<0.00001). Xenoge-
neic administration of MSC-EVs also showed a greater 
improvement in collagen volume fraction compared to 
allogeneic delivery (p<0.00001). Species (p<0.00001) was 
associated with greater EVs efficacy as rat models dem-
onstrated better outcomes (Fig. 9).

Ten studies assessing blood vessel density (number of 
blood vessels/mm2) to evaluate the effect of MSC-EVs 
transplantation on angiogenesis were eligible for meta-
analysis (7 diabetes model studies of 116 animals; 3 non-
diabetes model studies of 40 animals). Overall, MSC-EV 
administration was associated with a significant impact in 
supporting blood vessel development (SMD: 5.39, 95%CI: 
4.50 to 6.29; SMD: 3.50, 95%CI: 2.32 to 4.68, in diabetes 
and non-diabetes models, respectively). The heterogene-
ity index was low (I2 = 30%) in diabetic group, but mod-
erate (I2 = 65%) in non-diabetic group (Fig. 8). Subgroup 
analysis (Fig. 10) demonstrated that blood vessel density 
was increased to a greater extent (P < 0.00001) by delivery 

Fig. 7 Subgroup analysis for wound closure rate in diabetic and non-diabetic wound healing model. Subgroup analysis is conducted for mice wound 
healing studies administering MSC-EVs with similar modification, treatment dose and administration route. Each row represents pooled estimate data 
from studies within that subgroup. Data is presented as a forest plot with standardized mean difference and 95% confidence intervals. I2 value represents 
the statistical heterogeneity within each subgroup. Effect sizes > 0 favours MSC-EVs treatment and < 0 favours control. The ‘Overall Efficacy’ is a pooled 
estimate effect of MSC-EVs on wound closure rate from all studies combined
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Fig. 8 Forest plot of different secondary outcomes in diabetic and non-diabetic wound healing model. Data is presented as a forest plot with SMD and 
95% confidence intervals. The diamond represents the pooled SMD. I2 value represents the statistical heterogeneity. The ‘Overall Efficacy’ is a pooled esti-
mate effect of MSC-EVs on secondary outcomes (collagen deposition, blood vessel density, or scar width) from all studies combined
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of sEVs as compared to ApoEVs. However, it’s necessary 
to note that the number of studies employing ApoEVs 
was limited, with only one. A subtypes meta-analysis was 
conducted for mice wound healing studies administer-
ing EVs with similar modification, treatment dose and 
administration route and couldn’t draw an exact conclu-
sion (Figure S5).When considering MSCs tissue source 
and route of administration, FMSCs and subcutaneous/
intradermal injection displayed a greater improvement 
(p<0.00001). Additionally, BMMSCs demonstrated bet-
ter effect than ADSCs. Lastly, similar to the results above, 
xenogeneic administration of MSC-EVs (p < 0.00001) and 

rat models (p < 0.00001) also demonstrated better out-
comes (Fig. 10).

The meta-analysis of 3 studies assessing scar width (in 
µm) revealed promising results regarding the impact of 
MSC-EVs interventions (SMD =-15.96, 95% CI: -23.83 to 
-8.09, p < 0.0001 I2 = NA; SMD = -7.25, 95% CI: -8.98 to 
-5.52, p < 0.00001, I2 = 58%, in diabetes and non-diabetes 
models, respectively) (Fig. 8).

No harmful events were reported across any of the 
included studies, indicating the safety of MSC-EVs inter-
ventions in the context of promoting wound healing and 
skin regeneration.

Fig. 9 Subgroup analysis for collagen deposition in diabetic wound healing model. Each row represents pooled estimate data from studies within that 
subgroup. Data is presented as a forest plot with SMD and 95% confidence intervals. I2 value represents the statistical heterogeneity within each sub-
group. The ‘Overall Efficacy’ is a pooled estimate effect of MSC-EVs on collagen deposition from all studies combined
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Risk of bias assessment
The risk of bias in animal experiments was assessed using 
the SYRCLE’s ROB tool, and the findings are summarized 
in Fig. 11. Overall, a majority of studies were categorized 
as having an ‘unclear’ risk of bias across most domains. 
Specifically, although 38 studies (45.8%) reported ran-
domizing animals to experimental groups, only one study 
provided details regarding the method of randomization, 
which is crucial to assess adequate random sequence 
generation and reducing selection bias. 49 studies 
(59.0%) demonstrated a low risk for reporting base-
line characteristics, indicating a lower risk of selection 
bias. However, the risk of bias remained unclear across 
all studies for the domains of allocation concealment 

(selection bias) and blinding of personnel (performance 
bias). Only 4 studies (4.8%) clarified that animals were 
randomly housed, addressing performance bias to some 
extent. Blinding during outcome assessment (detection 
bias) was reported for 23 studies (27.7%), indicating a 
lower risk in this aspect. In terms of selective reporting 
(reporting bias), all studies were categorized as having 
a low risk based on what was reported in the methods. 
However, none of these studies reported publishing an 
a priori protocol to verify this judgment. Finally, a high 
risk of attrition bias was identified in 10 studies (12.0%), 
while 33 studies (39.8%) demonstrated a low risk, and the 
remaining 40 studies (48.2%) had an uncertain risk in this 
domain.

Fig. 10 Subgroup analysis for blood vessel density in diabetic wound healing model. Each row represents pooled estimate data from studies within 
that subgroup. Data is presented as a forest plot with SMD and 95% confidence intervals. I2 value represents the statistical heterogeneity within each 
subgroup. The ‘Overall Efficacy’ is a pooled estimate effect of MSC-EVs on blood vessel density from all studies combined
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Fig. 11 (See legend on next page.)
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Conclusions
Our review synthesized a wide range of preclinical stud-
ies focusing on the efficacy, characteristics, modification 
methods, study designs, and reporting quality of MSC-
EVs in wound healing and skin regeneration. The findings 
highlight the potential of MSC-EVs as promising thera-
peutic agents for enhancing wound healing in both dia-
betic and non-diabetic animal models. This improvement 
was evident in primary outcomes (i.e. wound closure 
rates) and secondary outcomes, including blood vessel 
density, collagen deposition, and scar width. Subgroup 
analyses demonstrated that ApoSEVs exhibited supe-
rior efficacy compared to ApoBDs and sEVs in wound 
closure outcomes. However, subgroup analyses did not 
yield definitive conclusions regarding the comparative 
effectiveness in collagen deposition and revasculariza-
tion. Among frequently used routes of administration, 
subcutaneous injection displayed greater improvement 
in wound closure, collagen deposition and revasculariza-
tion compared to topical dressing or covering. Regard-
ing accessible source of MSCs, ADSCs showed the most 
significant effect on wound closure rates and collagen 
deposition, as compared, whereas BMMSCs exhibited 
superior outcomes in revascularization. Lastly, the effect 
size of sEVs treatment varied considerably and did not 
appear to follow a dose-response relationship. Due to 
the limited number of studies administrating ApoEVs, 
it was difficult to characterize any clear trend regarding 
dose-response.

Moreover, the high heterogeneity observed in collec-
tion conditions, separation methods, storage methods, 
modifications, treatment dose, administration route, 
and frequency of MSC-EVs, as described above, under-
scores the urgent need for standardization in these areas. 
Without standardized protocols, comparability between 
studies is compromised, potentially impeding clinical 
translation [90]. These measures can also ensure consis-
tency and reproducibility across studies, enabling more 
meaningful comparisons and improving the reliability of 
research findings. In line with MISEV 2023 recommen-
dations, each EV preparation should be characterized by 
quantitative measures of the EV source (e.g., number of 
secreting cells, volume of biofluid, mass of tissue), and 
along with estimates of EV abundance (particle num-
ber, protein, and/or lipid content). Our assessment of 
adherence to international guidelines (e.g. ISCT criteria 
and MISEV 2023) [13, 14] revealed suboptimal compli-
ance, with only 79.5% and 55.4% of studies meeting the 

respective recommendations. This highlights the need for 
greater awareness and adherence to established guide-
lines. Following these standards can enhance the rigor 
and robustness of research methodologies, ultimately 
improving the reliability and validity of study outcomes.

Although MSC-EVs therapy shows great potential, sev-
eral unresolved issues still warrant future research. First, 
the use of more precise nomenclature for EVs is neces-
sary. As defined by MISEV 2023, exosome should be 
characterized by their origin from the endosomal sys-
tem, distinguishing them from other subtypes of sEVs 
(e.g., ectosome). However, none of the included studies 
using the term ‘exosome’ clarified its biogenesis origin. 
In addition, ApoEVs have not been accurately defined 
or fully embodied in MISEV 2023, despite their grow-
ing prominence in tissue regeneration research [91, 92]. 
Secondly, further research is critically needed to deepen 
our understanding of the underling mechanism driving 
the functional difference between ApoSEVs and ApoBDs. 
These differences may be linked to several key factors, 
including the unique bioactive molecules they encapsu-
late, the size, and their distinct biogenesis processes. One 
study [34] investigated the protein and gene expression 
profiles of ADSCs-derived ApoSEVs and ApoBDs. The 
findings revealed that proteins enriched in apoSEV were 
associated with cell adhesion, migration, and prolifera-
tion, while genes related to transcription and biological 
development were upregulated. In contrast, proteins in 
ApoBDs were linked to cellular metabolism and energet-
ics, with genes associated with cellular metabolism regu-
lation upregulated. Thirdly, the precise therapeutic cargo 
of EVs needs to be determined. Finally, optimal strate-
gies for EV modifications must be identify before clinical 
translation, as personalized MSC-EVs-based skin therapy 
may become the future approach. Different skin type, 
condition, and defects will likely require tailored thera-
peutic solutions [93].

Materials and methods
Literature search strategy
The protocol of this study was developed a priori, peer-
reviewed, registered, and published in the International 
Prospective Register of Systematic Reviews (PROPS-
PERO; protocol ID: CRD42024499172). It’s important to 
note that the current review specifically focuses on the 
in vivo component of the intended studies. The search 
process began by formulating a query (i.e., keywords) 
based on relevant published studies. Three bibliographic 

(See figure on previous page.)
Fig. 11 Risk of bias assessment of the 83 reviewed studies based on SYRCLE’s ROB tool represented by RevMan 5.4. [1] Randomization (selection bias); [2] 
Random sequence generation (selection bias); [3] Baseline characteristics (selection bias); [4] Allocation concealment; [5] Random housing (performance 
bias); [6] Blinding of personnel (performance bias); [7] Blinding of outcome assessment (detection bias); [8] Incomplete outcome data (attrition bias); [9] 
Selective reporting (reporting bias); [10] other sources of bias (attrition bias). A domain concerning the declaration of the randomization method was 
added (domain 1), while the domain of “blinding of outcome assessment” was not covered in this review
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databases containing peer-reviewed journals, namely, 
Web of Science (Science Citation Index Expanded), 
PubMed, and Embase, were searched. Only publications 
written in English were included. All retrieved articles 
were consolidated in EndNote, and duplicates were 
subsequently removed. The search encompassed stud-
ies published until September 3rd, 2023. To update our 
study, an additional search was conducted on June 15th, 
2024, triggered by an activated search-alert established 
earlier. No restrictions on publication date were imposed. 
Study selection processed through two stages, with two 
reviewers (YFZ, HY) independently conducting screen-
ing. The first stage involved reviewing titles and abstracts, 
while the second stage entailed assessing the full text of 
articles based on predefined exclusion and inclusion cri-
teria. Disagreements between reviewers were resolved 
through discussion. The search strategies were tailored 
to each database, incorporating controlled vocabulary, 
MeSH terms (e.g. mesenchymal stem cells, mesenchymal 
stromal cells, extracellular vesicles, exosomes, microves-
icles, apoptotic vesicles, apoptotic bodies), abbreviations 
(e.g. MSCs, EVs, MVs, ApoEVs, ApoBDs, ApoSEVs), and 
filters for preclinical animal models.

Eligibility criteria
In the first stage of the qualitative synthesis, we included 
only peer-reviewed original research articles meeting the 
following criteria: (1) written in English, (2) evaluating 
MSC-EVs therapeutic roles in wound healing and skin 
regeneration, and (3) conducted in mammalian animal 
models. Human trials were not included in this review. 
Studies were excluded if they: (1) were not original 
research (e.g., reviews, reports, commentaries, and con-
ference proceedings), (2) were written in languages other 
than English, (3) were unrelated to MSC-EVs applica-
tions in skin regeneration, or (4) solely conducted in vitro 
studies.

In the second stage of the search, only studies meet-
ing the following criteria were included: (1) controlled 
interventional design, (2) examination of at least one EVs 
protein marker, (3) characterization of the size of isolated 
MSC-EVs, (4) characterization of MSCs by differentia-
tion potential or MSCs surface marker, (5) isolation of 
EVs from MSCs, (6) investigation of wound healing and 
skin regeneration either macroscopically or microscopi-
cally, qualitatively or quantitatively, and (7) availability of 
full text either online or after request from the authors. 
Studies were excluded if they: (1) did not character-
ize EVs by size and at least one EVs protein marker, (2) 
did not characterize MSCs by differentiation potential 
or MSCs surface marker, (3) did not isolate EVs from 
MSCs, (4) did not assess wound healing or skin regenera-
tion macroscopically or microscopically, qualitatively or 
quantitatively, (5) were not controlled, (6) did not include 

the pre-specified primary outcomes or reported insuffi-
cient data on the outcomes, or (7) their full text could not 
be retrieved despite contacting the authors.

Data extraction and synthesis
Data were independently extracted by two groups of 
reviewers: YFZ and HY, as well as HJT and ZXX. Data 
were gathered from various sources, including texts, 
tables, figures, supplementary materials, and referenced 
methods. Information was collected on various study 
characteristics, encompassing general study details, ani-
mal model characteristics (e.g., species, age, model of 
disease or injury), techniques for MSCs and EVs isolation 
and characterization, modifications to MSCs or EVs, and 
dosage. All data collected are detailed in our registered 
PROSPERO protocol. We applied generally accepted 
size-based definitions of EV subtypes, including exo-
somes (< 200 nm in diameter), sEVs (< 200 nm in diam-
eter), ApoBDs (1–5  μm in diameter) [14, 94], to assess 
whether authors’ use of these terms aligned with MISEV 
recommendations. Additionally, ApoSEVs (< 1  μm in 
diameter), recently characterized in some research, were 
also defined in this study.

Since MSCs are a heterogeneous population of cells 
widely accessible from a variety of tissue sources, ISCT 
published guidelines [13] to standardize MSCs charac-
terization. Studies were evaluated for adherence to ISCT 
criteria, which encompass: (1) adherence to plastic in 
standard culture conditions, (2) positive and negative 
expression of specific surface antigens, and (3) multi-
potent differentiation potential of MSCs. Additionally, 
international guidelines for investigating extracellu-
lar vesicles (EVs) were published in 2024 under the title 
‘Minimal Information for Studies of EVs’ (MISEV 2023). 
Researchers are encouraged to characterize EVs by quan-
tity, two measures of single vesicle analysis, and assess 
the presence of categories 1 and 2 protein content of EVs 
(i.e. transmembrane proteins associated with plasma 
membrane and/or endosomes, and cytosolic proteins in 
EVs). These criteria were utilized to evaluate the adher-
ence of studies to EVs characterization guidelines.

Quality and risk of bias assessment
Risk of bias was evaluated by two independent review-
ers (YFZ, HJT) using the SYRCLE (Systematic Review 
Centre for Laboratory Animal Experimentation) risk 
of bias tool. Disagreements between reviewers were 
resolved through discussion. The SYRCLE tool features 
10 different parameters, including: (1) random sequence 
generation, (2) baseline characteristics, and (3) alloca-
tion concealment, to evaluate selection bias; (4) random 
housing and (5) researcher blinding, to evaluate perfor-
mance bias; (6) random outcome assessment, and (7) 
blinding of outcome assessment, to evaluate detection 
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bias; [8] incomplete outcome data, to evaluate attrition 
bias; [9] selective reporting, to evaluate reporting bias; 
and [10] other source(s) of bias, if any. We modified 
the tool to include another item, declaration of the ran-
domization method, but we excluded point [6] and thus 
did not check for random outcome assessment. Each of 
which was scored as having a low, high, or unclear risk of 
bias for each study. We further assessed sample size cal-
culation, quality of reporting, adherence to MISEV20223 
characterization criteria, and adherence to ISCT minimal 
criteria to characterize MSCs.

Meta-analysis
The studies identified through our comprehensive search 
were checked for eligibility for a meta-analysis. We con-
ducted a meta-analysis for four outcomes: wound closure 
rate, scar reduction, angiogenesis, and collagen deposi-
tion, using Review Manager 5.4 (Cochrane) to compare 
MSC-EVs with placebo controls. In cases where numeri-
cal data were unavailable, we extracted data from figures 
using GetData Graph Digitizer. Studies were excluded 
from the meta-analysis if sample size and treatment dose 
information were not provided, or if they did not char-
acterize EVs (except apoptotic vesicles) based on MISEV 
2023 guidelines. We chose standardized mean difference 
(SMD) as the metric for continuous outcome measures, 
accompanied by 95% confidence intervals (CIs), calcu-
lated using a random-effects inverse variance meta-anal-
ysis. This choice was made to account for the expected 
heterogeneity in measurement techniques of outcomes. 
Statistical heterogeneity was assessed using the Cochrane 
I2 test. Planned subgroup analyses included subgroups 
based on disease models (e.g. diabetes, non- diabetes) 
and intervention characteristics (e.g. tissue source of 
MSCs, subtype of EVs).
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