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Abstract

Therapies for wound healing using the secretome and extracellular vesicles (EVs) of

mesenchymal stem/stromal cells have been shown to be successful in preclinical

studies. This study aimed to characterise the protein content of the secretome from

stem cells from human exfoliated deciduous teeth (SHED) and analyse the in vitro

effects of SHED-conditioned medium (SHED-CM) and SHED extracellular vesicles

(SHED-EVs) on keratinocytes. EVs were isolated and characterised. The keratinocyte

viability and migration of cells treated with SHED-EVs and conditioned medium

(CM) were evaluated. An HaCaT apoptosis model induced by H2O2 in vitro was per-

formed with H2O2 followed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) and live/dead assays. Finally, the expression of vascular endothelial

growth factor (VEGF) in keratinocytes treated with secretome and EVs was evaluated

by immunofluorescence staining and confirmed with RT-qPCR. SHED-EVs revealed a

cup-shaped morphology with expression of the classical markers for exosomes CD9

and CD63, and a diameter of 181 ± 87 nm. The internalisation of EVs by HaCaT cells

was confirmed by fluorescence microscopy. Proteomic analysis identified that SHED-

CM is enriched with proteins related to stress response and development, including

cytokines (CXCL8, IL-6, CSF1, CCL2) and growth factors (IGF2, MYDGF, PDGF). The

results also indicated that 50% CM and 0.4–0.6 μg/mL EVs were similarly efficient

for improving keratinocyte viability, migration, and attenuation of H2O2-induced
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cytotoxicity. Additionally, expression of VEGF on keratinocytes increased when trea-

ted with SHED secretome and EVs. Furthermore, VEGF gene expression in keratino-

cytes increased significantly when treated with SHED secretome and EVs. Both

SHED-CM and SHED-EVs may therefore be promising therapeutic tools for acceler-

ating re-epithelialization in wound healing.

K E YWORD S

extracellular vesicles, keratinocytes, mesenchymal stem cells, mesenchymal stromal cells,
secretome, tissue regeneration, wound healing

1 | INTRODUCTION

The study of mesenchymal stem/stromal cells (MSCs) has been an

important focus of regenerative medicine. Over the years, many stud-

ies have employed these cells for systemic administration through

intravenous/intravascular infusion or for direct application to injured

sites, sometimes incorporating them into scaffolds. Their therapeutical

properties were initially ascribed to their differentiation potential

and/or their ability of homing to injury sites. However, it has been

demonstrated that only a small proportion of transplanted MSCs can

eventually survive and become integrated into the host tissue.1 Fur-

thermore, the systemic administration of MSCs carries a thrombo-

genic risk linked to tissue factor expression,2 as well as a risk of

embolisms related to the larger cell size of MSCs (≈ 25 μm diameter,

465 ± 20 μm2 surface area).3

Recently, the tissue regenerative properties of MSCs have also

been associated with the release of bioactive factors with paracrine

activity, including proteins and nucleic acids (microRNAs and messen-

ger RNAs).4 The secretome from MSCs has, therefore, created oppor-

tunities for studies focused on analysing the effects of MSCs

conditioned medium and extracellular vesicles on injured tissue, thus

avoiding the problems related to the direct use of the cells.

A variety of studies have demonstrated the efficacy of the secre-

tome and EVs derived from different stem cell sources in wound heal-

ing.5 MSCs secretome can therefore activate different signalling

pathways involved in the skin regeneration process to enhance kerati-

nocytes, fibroblasts, and endothelial cell activities.5 In addition, these

molecules can regulate ROS and cytokine levels and contribute to the

macrophage transition into an anti-inflammatory profile M2.5

Stem cells from human exfoliated deciduous teeth (SHED) are

self-renewing MSCs residing within the perivascular niche of the den-

tal pulp.6 These cells are a promising tool for regenerative medicine as

they are a non-invasive source of highly accessible multipotent cells,

with an excellent proliferation rate and no associated morbidity.6,7

Studies with SHED secretome and its EVs have shown significant

recovery in various animal models of disease, including acute liver

failure,8 perinatal hypoxia-ischemia,9 superior laryngeal nerve injury,10

Parkinson's disease,11 Alzheimer's disease,12 experimental autoimmune

encephalomyelitis,13 diabetic polyneuropathy,14 middle cerebral artery

occlusion,15 spinal cord injury model,16 retinitis pigmentosa,17

carrageenan-induced acute inflammation,18 myocardial injury,19

alopecia,20 dental pulp regeneration,21 calvarial defects,22 periodontitis,23

rheumatoid arthritis,24 temporomandibular joint osteoarthritis,25 glucose

intolerance26 and lung injury.27 Recently, Xie and colleagues demon-

strated in an LPS-induced wound healing model that SHED extracellular

vesicles (SHED-EVs) could regulate macrophage function, stimulate mac-

rophage autophagy, and subsequently induce an anti-inflammatory effect,

thus contributing to wound healing.28 However, the therapeutic potential

of SHED secretome and its EVs on keratinocytes has not been examined.

In this study, we hypothesised that SHED secretome and EVs could

contribute to accelerating re-epithelization. This study has therefore

aimed to characterise the protein content from SHED secretome and to

analyse the in vitro effects of SHED conditioned medium (SHED-CM)

and SHED extracellular vesicles (SHED-EVs) on keratinocytes.

2 | MATERIALS

The products used from Sigma-Aldrich were 3-(4, 5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium bromide (MTT), fluorescein diacetate (FDA),

propidium iodide (PI), 4,6-diamidino-2-phenylindole (DAPI), PKH26 Red

Fluorescent Cell Linker Mini Kit for General Cell Membrane Labelling,

Dulbecco's Modified Eagle's Medium (DMEM/HEPES)-low glucose and

high glucose, paraformaldehyde (PFA), trypsin–EDTA solution 10x Triton

X-100 and bovine serum albumin (A9418). Fetal bovine serum (FBS) heat-

inactivated from Cultilab, Campinas/SP, and dimethyl sulfoxide (DMSO)

from Nuclear. The following antibodies were purchased from Invitrogen:

VEGF Monoclonal Antibody (A183C 13G8), Catalogue # AHG0114, and

Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed Secondary Antibody,

Alexa Fluor 568 (A-11031). Bicinchoninic Acid Assay (BCA) (Thermo

Scientific™, Catalogue #23225), Aldehyde/Sulphate Latex Beads, 4% w/v,

4 μm (Invitrogen, A37304), Purified Mouse Anti-Human CD9 (1:50, BD

Bioscience, 555,370), Goat anti-Mouse IgG (H + L), Cross-Adsorbed

Secondary Antibody, Alexa Fluor™ 488 (1:500, Invitrogen, A-11001) and

Mouse Anti-Human CD63 (PE, 1:20, BD Bioscience, 556,020).

3 | METHODOLOGY

3.1 | Isolation and cultivation of SHED

SHEDs were obtained from 3 healthy donors, with the indication of

tooth extraction. The teeth were sound, without a history of trauma

or signs of clinical and radiographic pulp necrosis. The patients'
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guardians signed a written consent approved by the Brazilian

National Research Ethics Committee (Protocol number CAAE

12892419.0.0000.5347). The isolation, phenotype characterisation,

and multipotency assay of SHED were performed as previously

described.29,30 The cells were cultivated in DMEM low glucose sup-

plemented with 10% fetal bovine serum and 1% penicillin/

streptomycin at 37�C under a 5% CO2 atmosphere. Cells from pas-

sages 3–7 cells were used for all the experimental procedures.

3.2 | Preparation of conditioned media

For CM collection, 900,000 SHEDs were seeded in 182 cm2 culture

flacks and maintained in DMEM supplemented with 10% FBS and 1%

penicillin/streptomycin until they reached 80% confluency. The cul-

tures were then washed with phosphate-buffered saline (PBS) and

cultivated for 48 h in FBS-free DMEM supplemented with 1% penicil-

lin/streptomycin. The flacks selected to collect the CM were those

with a low presence of dead cells visible under the microscope and

with a culture medium without turbidity. The CM was filtered with a

0.2 μm pore membrane and stored at �35�C until use. The CM was

collected between the third and seventh passages.

3.3 | Protein identification by LC-MS/MS and
proteomic data analysis

For each sample, 20 μg of protein were mixed with 4� SDS-PAGE

sample buffer (160 mM Tris-HCl pH 6.8, 4% SDS, 10%

b-mercaptoethanol, 24% glycerol, and 0.02% bromophenol blue) to

final buffer concentration of 1x and were resolved in 10% SDS-PAGE.

The SDS-PAGE lanes were sliced and underwent gel trypsin digestion.

The proteomics analysis was performed at the mass spectrometry

facility RPT02H/Carlos Chagas Institute—Fiocruz Paraná. The pep-

tides were analysed in duplicate by LC-MS/MS in an Ultimate 3000

RSLCnano online with an Orbitrap Fusion Lumos (Thermo Scientific

Rochester, NY, USA). The chromatography was performed on a C18

in-house packed emitter with 15 cm length, 75 μm I.D., 3 μm particle

(Dr. Maisch) with a flow of 250 nL/min and a linear gradient of

5%–40% acetonitrile in 0.1% formic acid for 120 min. The MS acquisi-

tion was done in DDA mode with MS1 spectra acquired in the orbitrap

set to 120k resolution with automatic gain control standard, maximum

injection time of 50 ms, and internal mass calibration enabled. Fragmenta-

tion was done using HCD, MS2 in the orbitrap set to 15k resolution with

automatic gain control standard, and maximum injection time of 22 ms.

The mass spectra obtained was analysed using the MaxQuant software

(v. 2.0.3.0) set with default search parameters, MaxLFQ enabled, and

using the Uniprot human protein database (79,052 entries).

The peptides identified only by site, reverse, and potential con-

taminants were removed. We considered as protein identified in a

sample when having at least 1 unique peptide in at least two of the

three biological replicates. The gene ontology analysis was performed

using gProfiler, version e106_eg53_p16_65fcd97.31

3.4 | Extracellular vesicles isolation and
characterisation

For EVs isolation, the CM was subjected to successive differential

ultracentrifugation steps at 16,500 g for 63 min, followed by superna-

tant filtration with 0.2 μm membrane microfilter and double ultracen-

trifugation at 120,000 g for 70 min each. The EVs pellet was

resuspended in PBS and the protein concentration was determined

with a Bicinchoninic Acid Assay (BCA) kit.32

For EVs characterisation, the morphology was examined by trans-

mission electron microscopy (TEM, Jeol JEM-1400 Plus, Tokyo) in

Formvar-coated copper grids stained with uranyl acetate. The size dis-

tribution and concentration of the exosomes were analysed by nano-

particle tracking analysis (NTA) with NanoSight LM10 instrument

(NanoSight Ltd, Amesbury, UK). To determine the expression levels of

CD9 and CD63 in the EVs, the vesicles were coupled to beads and

stained with specific antibodies for analysis by flow cytometry.33 Briefly,

beads (4 μm) able of binding to EVs were used. The EVs were stained

with the primary antibodies CD9 (1:50) and CD63 (1:20) or a specific iso-

type control. Following this, the EVs were incubated with a secondary

antibody specific to the primary antibody (Alexa Fluor™ 488,1:500). The

EVs coupled to the beads were then washed twice and analysed using

BD Accuri™ flow cytometer and C6 software (BD Biosciences, USA).

For the evaluation of the uptake of EVs by recipient cells, the EVs

were labelled with PKH26. In accordance with the product instruc-

tions, 1 μL of PKH26 diluted in 250 μL of Diluent C was incubated

with the isolated EVs at room temperature. After 5 min, 251 μL of FBS

was added to halt the staining. The mixture was diluted with 1000 μL of

PBS and centrifuged at 100,000 g at 4�C for 1 h. The pellet was washed

with PBS and centrifuged again at 100,000 g. The labelled EVs were

resuspended in DMEM and added to the HaCaT cells. After 17 h of incu-

bation, the cells were washed with PBS and fixed with 4% paraformalde-

hyde for 20 min, rinsed in PBS and the cell nuclei were then blue stained

with 0.5 μg ml�1 of DAPI (1 min). The photographs were obtained with

the fluorescence microscope Leica DMi8 (Leica Microsystems).

3.5 | Keratinocytes viability

Immortalised epidermal HaCaT cells were cultivated in DMEM high

glucose supplemented with 10% FBS and 1% penicillin/streptomycin)

at 37�C under a 5% CO2 atmosphere. For cell viability, the HaCaT

cells were plated into 96-well plates (2000 cells/well). After 24 h, the

HaCaT cells were treated with 50% CM from SHED and 50% FBS-free

DMEM supplemented with 1% penicillin/streptomycin. Two days later,

the cells were treated with 0.25 μg ml�1 of 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) for 2 h at 37�C. The supernatant

was removed and 200 μL DMSO was added per well to dissolve the

formed formazan crystals. Absorbance was measured at 560 and 630 nm

with the equipment Multiskan™ FC Microplate Photometer (Thermo

Scientific™).

The higher SHED-CM concentrations were then tested. The

HaCaT cells were plated into 96-well plates (2000 cells/well). After

BASTIDAS ET AL. 829
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24 h, the HaCaT cells were treated with CM at 50%, 60%, 70%, 80%,

90%, or 100%. The culture medium was replaced on the third day and

the MTT assay was carried out on the sixth day as described above.

To analyse SHED-EVs effects on HaCaT cell viability, the protein

concentration of EVs isolated from 1 mL of complete CM was esti-

mated by the following formula:

CMEVc¼
EVc μg

μl � PBSμl
CMml

,

where ‘CM EVc’ is the protein concentration of extracellular vesicles

in the SHED-CM. ‘EVc’ denotes the protein concentration of extracel-

lular vesicles in the resuspended EVs pellet, ‘PBS’ stands for the vol-

ume of PBS used for EVs resuspension, and ‘CM’ signifies the volume

of the conditioned medium used for EVs isolation.

Then, two EVs concentrations were chosen for the analysis: 0.4

and 0.6 μg/mL SHED-EVs. The control groups were cells treated with

0.4 and 0.6 μg/mL HaCaT-EVs and cells treated with FBS-free DMEM

supplemented with 1% penicillin/streptomycin. The HaCaT cells were

plated into 96-well plates (2000 cells/well) and treated after 24 h. The

culture medium was replaced on the third day and the MTT assay was

carried out on the sixth day as described above.

3.6 | Cell migration

The migratory properties of the HaCaT cells were analysed by the

scratch test. The HaCaT cells were plated into 12-well plates at

the density of 25 � 104 cells per well and cultivated for 24 h. Uniform

scratch wounds were scraped by a sterile 200 μL pipette tip on the

middle of the well. Each well was washed with PBS and then

incubated with the corresponding test medium (50% SHED-CM,

0.4 μg/mL SHED-EVs, 0.4 μg/mL HaCaT-EVs, 50% HaCaT-CM, and

DMEM). Microscopic images were taken immediately after scratch

wounding and after 7 and 24 h with a Nikon Ti Eclipse microscope.

The area of the wound gaps was measured using ImageJ software.

3.7 | HaCaT apoptosis model induced by H2O2

MTT assay was used to evaluate the survival of the HaCaT cells with

different H2O2 treatments (550, 600, and 650 μM).

The HaCaT cells were then plated into 96-well plates at the

density of 3 � 104 cells per well and cultivated for 48 h. The cul-

tures were incubated with different H2O2 concentrations for 1 h,

washed with PBS twice, and treated with DMEM, 50% SHED-

CM, and 50% HaCaT-CM. The cells were maintained in standard

culture conditions for 24 h. HaCaT viability was assessed by MTT

assay. The live/dead assay was also used to confirm the results

using an H2O2 600 μM concentration. A 10 μg/mL FDA and

5 μg/mL IP solution was then incubated with the cells for 20 min.

The cells were washed with PBS and the photographs were

obtained with the fluorescence microscope Leica DMi8 (Leica

Microsystems).

3.8 | Immunofluorescence staining with vascular
endothelial growth factor (VEGF)

HaCaT cells were plated into 96-well plates at the density of

3 � 104 cells per well and cultivated for 24 h. The cells were then

treated with 50% SHED-CM, 0.4 μg/mL SHED-EVs, or FBS-free

DMEM supplemented with 1% penicillin/streptomycin and culti-

vated for 24 h (4 wells per group). Subsequently, the cells were

fixed in 4% paraformaldehyde (pH 7.4), permeabilized with 0.25%

Triton X-100 and washed with PBS. The cells were incubated

with a 1% BSA (PBS-BSA) solution for 1 h and then incubated

overnight with primary antibody VEGF in PBS-BSA (1:200) at

4�C. The cells were washed twice with PBS and incubated with

secondary antibody Goat anti-Mouse IgG, Alexa Fluor

568 (1:200) for 1 h at room temperature. The cells were washed

(twice) and the photographs were obtained with the fluorescence

microscope Leica DMi8 (Leica Microsystems). Images from four

random fields per well were obtained and the mean fluorescence

intensity in each field was calculated from grey values by ImageJ

software.

3.9 | Real-time quantitative reverse transcription-
polymerase chain reaction (RT-qPCR)

The HaCaT cells were seeded into 6-well plates at the density of

9.5 � 105 cells per well and cultivated for 24 h. The cells were then

washed with PBS and treated with 1.8 mL of control (FBS-free

DMEM supplemented with 1% penicillin/streptomycin), 50% SHED-

CM or 0.4 μg/mL SHED-EVs and cultivated for 24 h (6 wells per

group). The total mRNA of those cells was isolated using the TRIzol

Reagent (Invitrogen, California, USA) according to the manufacturer's

protocol. The quality and concentration of total RNA were examined

using spectrophotometry and reverse transcription was performed

with M-MLV Reverse Transcriptase (Promega Corporation, Wisconsin,

USA), according to the manufacturer's instructions, with random

primer as a template. Real-time PCR was performed in triplicate on a

StepOnePlus™ Real-time PCR system (Applied Biosystems) using the

GoTaq® qPCR Master Mix (Promega Corporation, Wisconsin, USA),

also following the manufacturer's instructions, for the gene VEGFA

(Forward:50-ACGAAAGCGCAAGAAATCCC-30 , reverse: 50-CTCCAGGG-

CATTAGACAGCA-30); VEGFR2 (Forward:50- CAAGTGGCTAAGGG-

CATGGA-30, reverse: 50-ATTTCAAAGGGAGGCGAGCA-30 and gene

expression was normalised to ACTB expression (Forward: 50 CC-

TGGCACCCAGCACAAT-30 , reverse: 50-GACTCGTCATACTCCTGCTTG-

30). Relative quantification was calculated using the 2 �ΔΔCtmethod.34

3.10 | Statistical analysis

The results were expressed as the mean ± standard deviation. The

one-way analysis of variance was applied, followed by post hoc Tukey

or Duncan. The statistical programme used was PASW Statistics

830 BASTIDAS ET AL.
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18 software (SPSS Inc, Chicago, IL, USA) and the significance level

used in the study was 5% (p < 0.05).

4 | RESULTS

4.1 | The secretome from SHED contains proteins
related to stress response and development

To look into the secretome from SHED, first, a mass spectrometry

analysis of the SHED-CM was performed. The analysis of the data

identified 397 proteins (Supplementary Table 1), including proteins

from extracellular space, EVs/exosomes, and cell-matrix (Table 1,

Supplementary Tables 1 and 2). Gene ontology analysis showed that

SHED-CM was enriched with proteins related to developmental

processes, such as anatomical structure development and morphogen-

esis, system and tissue development, developmental process, and mul-

ticellular organism development. Among them, we found matrix

metalloproteinases (MMP2) and growth factors, such as insulin-like

growth factor II (IGF2), myeloid-derived growth factor (MYDGF),

and platelet-derived growth factor (PDGF). SHED-CM also con-

tained proteins related to response to stimuli and stress, such as

organonitrogen compound metabolic process, response to stress,

cellular response to chemical stimulus, and to organic substance

matrix. Among them, we found cytokines, such as interleukin-8

(CXCL8), interleukin-6 (IL-6), macrophage colony-stimulating

factor 1 (CSF1) and C-C motif chemokine 2 (CCL2) (Table 1,

Supplementary Tables 1 and 2), known as immunomodulatory

(either pro- and anti-inflammatory), but also able to have protec-

tive and regenerative activities.35

TABLE 1 Gene ontology analysis of
de 397 proteins found in SHED-CM.

Term name Adjusted p-value Intersection size

GO:CC Extracellular space 2.45E-194 323

Extracellular vesicle 8.72E-185 274

Extracellular membrane-bounded organelle 9.95E-185 274

Extracellular organelle 9.95E-185 274

Extracellular region 3.92E-183 340

Extracellular exosome 6.28E-182 271

Vesicle 8.80E-142 300

Collagen-containing extracellular matrix 1.92E-58 82

Extracellular matrix 3.29E-58 91

External encapsulating structure 3.87E-58 91

Secretory granule lumen 1.95E-54 71

Cytoplasmic vesicle lumen 3.95E-54 71

Vesicle lumen 6.28E-54 71

Endoplasmic reticulum lumen 2.27E-50 67

Secretory granule 3.44E-49 99

Term name Adjusted p-value Intersection size

GO:BP Anatomical structure development 1.64E-28 213

Anatomical structure morphogenesis 1.05E-27 137

Organonitrogen compound metabolic process 3.93E-27 225

Response to stress 7.55E-26 164

System development 1.02E-25 175

Developmental process 6.30E-25 218

Multicellular organism development 7.46E-25 184

Cellular response to chemical stimulus 6.98E-24 139

Response to chemical 7.08E-24 172

Proteolysis 1.49E-23 103

Response to stimulus 4.07E-23 264

Response to organic substance 6.33E-23 137

Tissue development 1.68E-22 106

Cell adhesion 4.93E-22 91

Extracellular matrix organisation 5.38E-21 43

Note: Top 15 terms with lower p-value for cell component (GO:CC) and biological process (GO:BP).

BASTIDAS ET AL. 831
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4.2 | Extracellular vesicles isolation and
characterisation

Based on the results obtained by proteomic analysis, next was

investigated in vitro the potential protective and pro-regenerative

activity of the SHED-CM. As the proteomic analysis demonstrated

the enrichment of proteins from EVs, it was also evaluated if EVs

isolated from SHED could replicate the activity from the

whole CM.

EVs from SHED were isolated by differential ultracentrifugation.

TEM revealed a cup-shaped morphology for the EVs (Figure 1A).

Moreover, the EVs expressed some of the classical markers described

for exosomes (CD9 and CD63), which were detected by flow cytome-

try, as demonstrated in Figure 1B. NTA analyses showed high concen-

trations of vesicles with sizes ranging from 43 to 619 nm, Figure 1C.

The mode particle size was found at 131.8 ± 9.5 nm and the EVs

mean diameter was 180.5 ± 3.4 nm.

EVs internalisation by HaCaT cells was detected by labelling with

the fluorescent dye PKH26. The PKH26-labelled EVs were incubated

with HaCaT cells and after 17 h, the association of the red-labelled

EVs with the blue nuclei of the HaCaT cells was observed by fluores-

cence microscopy. This assay demonstrated that the EVs were effec-

tively internalised by the HaCaT cells (Figure 1D).

4.3 | Secretome from SHED and its EVs promotes
HaCaT viability and migration

Secretomes from SHED and its EVs were tested to analyse their

effect on HaCaT cell viability. Initially, the 50% SHED-CM group (con-

taining 50% SHED-CM and 50% FBS-free DMEM supplemented with

1% penicillin/streptomycin) demonstrated a significantly increased

viability when compared to the control (DMEM), Figure 2A. Greater

concentrations of CM-SHED were then used to assess whether there

F IGURE 1 Characterisation of extracellular vesicles isolated from SHED. (A) Morphologic analysis of EVs by transmission electron microscopy
(scale bar = 50 nm and 200 nm respectively). (B) Flow cytometry analysis of exosomal proteins CD9 (red) and CD63 (yellow) of EVs. Black:
control. (C) The particle size of EVs was analysed by nanoparticle tracking analysis. (D) EVs uptake assay. EVs (stained in red by PKH26) were
effectively internalised by the HaCaT cells (nuclei stained in blue by DAPI).
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was a proportional relation between CM-SHED concentration and cell

viability, Figure 2B. However, the MTT assay demonstrated an

inversely proportional relation, showing less viability with concentra-

tions greater than 50%.

Additionally, the protein concentration of EVs in complete CM

was 0.77 ± 0.13 μg/mL, then, the EVs protein concentration at 50%

CM was estimated as being approximately 0.4 μg/mL. Different con-

centrations from the isolated SHED-EVs were tested to evaluate

HaCaT cell viability, Figure 2C. The results showed that SHED-EVs

concentrations from 0.4 and 0.6 μg/mL were as effective as using

50% SHED-CM. In addition, the viability of both SHED-EVs concen-

trations was significantly increased when compared with similar con-

centrations from HaCaT-EVs and DMEM (control groups).

HaCaT cell migration was assessed by scratch assay (Figure 2D,

Figure 3, and Table 2). For this assay, HaCaT-EVs, HaCaT-CM, and

DMEM were used as controls. The results showed that cells in the

presence of SHED-CM, SHED-EVs, and HaCaT-EVs presented a sig-

nificant reduction in the gap area after 7 h when compared with the

control and HaCaT-CM at 7 h (Table 2). A total of 24 h later,

the groups treated with SHED-CM and SHED-EVs presented a signifi-

cant reduction in the gap area when compared with the HaCaT-EVs,

HaCaT-CM, and DMEM treated groups. There was no difference

between the SHED-CM and SHED-EVs treated groups. Results from

the gap closure percentage presented in Table 2 showed a similar ten-

dency of gap area results.

4.4 | Secretome from SHED and its EVs increase
vascular endothelial growth factor (VEGF) expression
in keratinocytes

VEGF mean fluorescence intensity was calculated on treated HaCaT

cells. The results showed an increase in VEGF expression on

HaCaT cells treated with SHED-CM and SHED-EVs when compared

to the FBS-free DMEM group, Figure 4. No difference was seen

between the SHED-CM and SHED-EV groups. Corroborating previous

F IGURE 2 Viability (MTT reduction) and migration of HaCaT after treatment with stem cell secretome and its EVs. (A) MTT after treatment
with 50% conditioned media (CM) for 2 days, n = 10. (B) MTT after use of 50%–100% conditioned media for 2 days n = 16. (C) MTT after use of
0.4 or 0.6 μg/mL of extracellular vesicles (EV) from SHED or HaCaT or 50% conditioned media (CM) of SHED for 2 days, n = 8.
(D) Quantification of scratch closure (gap area) using the ImageJ after 0, 7, and 24 h of treatment with 50% SHED-CM, 0.4 μg/mL SHED-EVs,
0.4 μg/mL HaCaT-EVs, 50% HaCaT-CM and DMEM, n = 3. Data expressed as the mean ± SD. *p ≤ 0.05 and **p ≤ 0.01 indicate significance
between groups and ‘ns’ no significance by one-way ANOVA followed by Tukey HSD post hoc test.
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findings, a substantial increase in VEGF-α gene expression levels was

observed, with approximately a four-fold increase in cells treated with

SHED-CM and a two-fold increase in cells treated with SHED-EV,

compared to untreated cells (Figure 4D). Additionally, a significant

upregulation of the VEGF receptor (VEGFR2) was detected in HaCaT

cells following treatment with the SHED-CM (Figure 4D).

4.5 | Secretome from SHED and its EVs attenuate
the suppression of cell viability induced by H2O2

HaCaT cell viability was assessed after treating the cells with different

H2O2 concentrations to generate a skin cell damage model. As shown

in Figure 5A, the cell viability of the HaCaT cells was significantly

F IGURE 3 Scratch-wound assay of HaCaT cells after 0, 7, and 24 h of treatment with stem cell secretome and its EVs (n = 3). DMEM,
HaCaT-CM and HaCaT-EV were used as controls. CM indicates conditioned media and EVs indicates extracellular vesicles. Scale bar = 200 μm.
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inhibited by the application of H2O2 in a dose-dependent manner.

The groups treated with 600 and 650 μM H2O2 (DMEM/600 μM and

DMEM/650 μM), thereby presented a significant difference when

compared to the DMEM control group. Additionally, when the cells

were exposed to H2O2 600 μM and treated with SHED-CM, cell via-

bility was not suppressed and presented no significant difference with

the DMEM group. When the cells were exposed to H2O2 650 μM,

the treatment with SHED-CM was not sufficient to attenuate cell

viability suppression. The groups SHED-CM/650 μM, HaCaT-

CM/550 μM, HaCaT-CM/600 μM, and HaCaT-CM/650 μM

presented significantly reduced cell viability when compared to the

DMEM group. No significant difference between these groups was

observed.

Furthermore, to visually confirm the MTT assay results, a live/

dead assay was performed, Figure 5B–G. The test was conducted

using only H2O2 600 μM because SHED-CM treatment performed

better with this concentration. Figure 5F shows a greater number of

dead cells in the DMEM/600 μM group, while a greater number

of live cells in the SHED-CM/600 μM and SHED-EVs/600 μM groups

were observed (Figure 5B, C, respectively). In addition, the

HaCaT-CM/600 μM and HaCaT-EVs/600 μM groups showed

a greater number of live cells (Figure 5D, E, respectively), but with

lower density when compared to the SHED-CM/600 μM and SHED-

EVs/600 μM groups (Figure 5B, C, respectively).

5 | DISCUSSION

Epithelialization is an essential component of wound healing and a

failure in this process may contribute to wound reoccurrence.36

Therefore, complete epithelialization can be used as a defining param-

eter of wound healing success. In the case of partial-thickness

wounds, re-epithelialization occurs primarily from stem/progenitor

cells in the eccrine sweat glands and pilosebaceous units, and to a

lesser extent from basal stem and progenitors in the interfollicular epi-

dermis.37 On the other hand, in full-thickness wounds, re-epithelializa-

tion occurs slower because keratinocytes originate from interfollicular

epidermal cells at wound margins,37 to later migrate to the centre of

the wound.38 In this context, analysing the effect of the secretome

from SHED and its EVs on keratinocyte viability, migration, and atten-

uation of H2O2-induced cytotoxicity could be an interesting alterna-

tive for wound treatment.

In this study, the SHED-CM and SHED-EVs effects on keratino-

cytes (HaCaT cell line) were analysed for the first time. SHED-EVs

were successfully characterised with the typical EVs markers CD9 and

CD63, NTA, TEM, and PKH26 labelling.

The viability of keratinocytes was markedly increased with 50%

SHED-CM, and greater concentrations were not effective, probably

due to the absence of essential nutrients found in fresh media. It was

also established that 0.4 and 0.6 μg/mL SHED-EVs were equally

effective in enhancing keratinocyte viability as SHED-CM. These con-

centrations were selected based on the protein concentration of EVs

isolated from the complete conditioned medium, which was measuredT
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at 0.77 ± 0.13 μg/mL. This means that working with 50% CM is

equivalent to working with approximately 0.4 μg/mL of EVs, thus

explaining the lack of difference between the EVs group and 50%

CM. Additionally, keratinocyte migration was also improved when

treated with SHED-CM and 0.4 μg/mL SHED-EVs, outperforming

the HaCaT-CM and 0.4 μg/mL HaCaT-EVs controls. This enhance-

ment in keratinocytes migration can be attributed to the presence

of cell adhesion proteins, IL-6 and CXCL8 in SHED-CM (Table 1).

Also, IL-6 and CXCL8 play crucial roles in the repair process and

have been related to keratinocyte migration, differentiation, and

proliferation.39–43

It is known that keratinocytes can express increased amounts of

vascular endothelial growth factor during wound healing,44 in addi-

tion, to expressing the three VEGF receptors (VEGFR-1, VEGFR-2,

and VEGFR-3).45,46 VEGF is widely recognised as an angiogenesis pro-

moter; however, its healing functions could also be directed to non-

endothelial cell types, such as keratinocytes. Wilgus and collaborators

demonstrated that VEGF can stimulate keratinocyte proliferation

in vitro and that the VEGFR-1 neutralisation leads to delayed re-

epithelialization in vivo.46 Additionally, it had previously been proven

that SHED-CM is rich in VEGF growth factor.21,47 In the presented

study, although our proteomic characterisation did not identify VEGF

in SHED-CM, it was found that SHED-CM and SHED-EVs can mark-

edly increase the VEGF expression on HaCaT cells. This increase was

confirmed through immunofluorescence and RT-qPCR analyses. Thus,

one plausible mechanism underlying the stimulation of keratino-

cyte proliferation and migration by the SHED secretome and EVs

appears to involve the VEGF signalling pathway. Previous works

have demonstrated that the conditioned medium from SHED con-

tains other growth factors such as angiopoietin-2, epidermal

growth factor (EGF), hepatocyte growth factor, stem cell factor,

and transforming growth factor-α,47 but also the anti-inflammatory

cytokines TGF-β1 and IL-10, and proliferative cytokines IL-6 and

IL-3, among others. Here, we also identified the cytokines CXCL8

(IL-8), IL-6, CSF-1, CCL2 (MCP-1) and growth factors such as

PDGF, IGF2, IGFBPs,2,4–7 MYDGF. Therefore, other possible sig-

nalling pathways should be explored.47,48

Finally, an HaCaT apoptosis model induced by H2O2 was estab-

lished by exposing HaCaT cells to varying H2O2 concentrations. Treat-

ment with 600 μM H2O2 proved to be the most suitable, significantly

F IGURE 4 VEGF expression in keratinocytes. (A) DAPI stain. (B) VEGF immunofluorescence staining. (C) VEGF Fluorescence Intensity (n = 4).
Data expressed as the mean ± SD. **p ≤ 0.01 indicates significance between groups and ‘ns’ indicates no significance by one-way ANOVA
followed by Tukey HSD post hoc test. Control: secondary antibody only. (D) Relative gene expression of VEGFA and VEGFR2 in keratinocytes

treated with SHED-CM and SHED-EVs. VEGFA, vascular endothelial growth factor A; VEGFR2, vascular endothelial growth factor receptor
2. The data are presented as means from technical triplicate (mean ± SD). One-way ANOVA analyses were applied with Tukey's multiple
comparisons test. Statistical significance: **p<0.01 versus DMEM, ****p<0.0001 versus DMEM, ####p<0.0001 versus SHED-CM.
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reducing keratinocytes viability to 69% ± 7%. Previously HaCaT apo-

ptosis models reported the use of 800 μM H2O2/4 h49 or 1 mM

H2O2/4 h.50 However, these concentrations were lethal in the pre-

sent experiments, necessitating the identification of an appropriate

concentration and incubation time. Also, both SHED-CM and SHED-

EVs demonstrated a mitigating effect on H2O2-induced apoptosis,

indicating an active role of SHED secretome in wound healing. These

findings align with the proteome profile obtained from SHED-CM,

revealing an enrichment of stress-related proteins (164 proteins), as

detailed in Table 1.

The potential of the secretome from various sources of stromal

cells has been explored in both preclinical and clinical studies, demon-

strating their therapeutic benefits in wound healing models. Specifically,

the utilisation of exosomes derived from bone mesenchymal stem cells

has been shown to accelerate wound closure, reduce scar formation,

and enhance collagen deposition through the upregulation of miR-

21-5p, in a full-thickness excisional wound model conducted in rats.51

Also, exosomes isolated from adipose-derived stem cells (ASC) when

administered intravenously, have demonstrated superiority over local

injections by promoting early-stage collagen expression, consequently

F IGURE 5 Skin lesion model. (A) MTT assay of HaCaT cells submitted to different H2O2 concentrations and then treated with DMEM
(control), 50% conditioned media of HaCaT (HaCaT-CM, used as control) or 50% conditioned media of SHED (SHED-CM). Data expressed as the
mean ± SD. *p ≤ 0.05 indicates significance between groups as determined by one-way ANOVA followed by Tukey HSD post hoc test. (B)–(G),
Representative fluorescent images showing live (green) and dead (red) HaCaT cells submitted to H2O2 600 μM. (B) Cells treated with 0.4 μg/mL
SHED-EVs. (C) Cells treated with 50% SHED-CM. (D) Cells treated with 0.4 μg/mL HaCaT-EVs (control). (E) Cells treated with 50% HaCaT-CM
(control). (F) Cells treated with DMEM (control). (G) Cells without H2O2 pretreatment and treated only with DMEM. Scale bars = 277.5 μm.
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leading to an accelerated wound-healing process in mice52 and

enhanced number of blood vessels in a full-thickness excisional wound

model.53 In the same way, exosomes isolated from ASC and from

embryonic stem cells promoted higher vessel densities and accelerated

wound healing in a pressure-induced ulcer model in aged mice.54

Exosomes derived from induced pluripotent stem cells

accelerated wound healing, epithelization, and angiogenesis in a full-

thickness excisional wound model in monkeys.55 Additionally, exo-

somes isolated from umbilical cord-derived MSCs accelerated re-epi-

thelialization in a model of second-degree burn injury in rats,56 while

those derived from urine-derived stem cell-induced higher amounts

of blood vessels and collagen deposition in a full-thickness excisional

wound model in diabetic mice.57 While various studies have demon-

strated a positive impact, it is well-established that the influence of

exosomes on cellular biological processes is associated with both

their source and the specific target cells. This suggests variations in

the wound-healing potential of exosomes derived from MSCs origi-

nating from, for example, bone marrow, adipose tissue, or umbilical

cord.58

In addition to exosomes, the conditioned medium has also been

studied. A conditioned medium obtained from MSCs derived from

amniotic fluid, which contains VEGF and TGF-β1, enhanced the

growth and mobility of human dermal fibroblasts in vitro and pro-

moted wound healing in vivo.59 Still, the conditioned medium derived

from bone marrow-derived MSCs reduced UV-induced MMP1

expression and maintained the synthesis of pro-collagen, contributing

to the improvement of UV-induced skin damage in mice.60

Some clinical trials have also been carried out to evaluate the

potential of therapies derived from stem/stromal cells to stimulate

wound healing and the regeneration of skin tissues. Zhou et al. con-

ducted studies on the effects of conditioned media collected from

ASC following skin treatment with fractional carbon dioxide laser

resurfacing.61,62 The topical application of the conditioned medium

was effective in enhancing wound healing by reducing transient

adverse effects such as erythema, hyperpigmentation, and increased

transepidermal water loss.61 This therapy also resulted in heightened

dermal collagen density and increased elastin density, effectively

addressing atrophic acne scars and promoting skin rejuvenation.62 In

a randomised control trial, the use of a topical human amniotic

membrane-mesenchymal stem cell-conditioned medium-vitamin E

better-promoted wound healing in chronic plantar ulcers in lep-

rosy.63 Another clinical trial focused on atrophic post-acne scars

revealed that dermal collagen was increased and the procollagen

type I gene was upregulated when using topical stem cell-

conditioned medium after a fractional carbon dioxide laser compared

to only this laser.64

In a comparative study aimed at treating facial acne scars, the

utilisation of exosomes derived from human ASC resulted in supe-

rior outcomes, including more positive responses, a quicker recov-

ery period, and a reduced incidence of side effects.65 Additionally, a

randomised controlled study involving patients with aging skin who

underwent ablative fractional laser treatment showed that the con-

ditioned media from human ASC induced favourable effects. This

was likely achieved through the reduction of MMP-1 and MMP-2

expression and presented the enhancement of collagen

1 expression.66

Therefore, recent corroborations have suggested that the regen-

erative abilities of stem cell-based therapies may be influenced by

secreted paracrine factors.

6 | CONCLUSION

In conclusion, our data demonstrate that SHED-CM and SHED-EVs

enhance cell functions and increase VEGF expression in keratinocytes.

SHEDs are an ideal source of CM and EVs for clinical applications

because of their easy accessibility, excellent proliferation, and no asso-

ciated morbidity. Both SHED-CM and SHED-EVs may be promising

therapeutic tools for accelerating re-epithelialization in wound healing.
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