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Abstract

Mesenchymal stem cell (MSC)-derived exosomes (EXs) have emerged as promising thera-
peutic agents for wound healing. However, the optimal conditions for manufacturing MSC-
derived EXs that maximize their wound-healing potential have yet to be established. Hence,
we compared the efficacy of five different MSC culture media, including three different
serum-free, a platelet-supplemented, and a fetal bovine serum-supplemented media, in
exosome manufacturing for wound healing applications. Although umbilical cord-derived
MSCs (UCMSCs) cultured in these media exhibited similar proliferation, morphology, MSC
surface marker expression, and stemness, EXs derived from UCMSCs cultured in different
culture media displayed varying levels of growth factors and cytokines. Notably, EXs derived
from platelet-supplemented media (DM-PLT_EXSs) exhibited significantly higher concentra-
tions of keratinocyte growth factor (KGF), vascular endothelial growth factor (VEGF-A),
platelet-derived growth factor (PDGF-BB), interleukin 6 (IL-6), interleukin 7 (IL-7), and inter-
leukin 8 (IL-8) than EXs from other media. These differences correlated with the superior
capability of DM-PLT_EXs to promote human skin fibroblast proliferation and stimulate
angiogenesis of human umbilical vein endothelial cells, making them a more suitable choice
for wound healing applications. Our findings emphasize the significance of the culture
medium selection in tailoring the therapeutic potential of UCMSC-derived EXs for wound
healing.

Introduction

Wound healing is an intricate sequential process encompassing four overlapping phases of
hemostasis, inflammation, proliferation, and tissue remodeling [1]. This process initiates
promptly after an injury and entails coordinating various cell types, including immune cells,
fibroblasts, and endothelial cells [1]. These cells also play a pivotal role in forming the extracel-
lular matrix and secreting various factors, such as cytokines, chemokines, and growth factors,
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depending on different stages of the wound-healing process [1]. In developed countries,
chronic wounds affect 1% to 2% of the population and consume 2% to 3% of healthcare bud-
gets [2]. Thus, developing innovative technologies and products for wound treatments is cru-
cial to alleviating chronic wound-associated societal burdens.

Cell therapy, including mesenchymal stem cells (MSCs), is emerging as an innovative
method for regenerative medicine. MSCs spring from mesoderm during human embryonic
development [3]. They possess the unique ability to self-renew and can differentiate into cell
types crucial for wound healing, such as fibroblasts, under specific conditions [4]. In addition,
the MSC secretome, comprising epidermal growth factor (EGF), fibroblast growth factor
(FGEF), insulin-like growth factor (IGF), platelet-derived growth factor (PDGF), transforming
growth factor (TGF), and vascular endothelial growth factor (VEGF), has been shown to facili-
tate wound healing [5, 6]. These factors are encapsulated within the extracellular vesicles
(EVs), making them promising cell-free candidates for replacing MSCs in clinical applications
[7]. Compared to MSCs, MSC-derived EV's exhibit reduced immunogenicity, convenient stor-
age, and remarkably potent biological activity. Hence, EVs, including exosomes, have been
proposed as an alternative to conventional cell-based therapies for treating various diseases.

Exosomes (EXs) are lipid membrane-enclosed vesicles ranging in size from 40 to 250 nm.
They are secreted by almost all cell types and contain a diverse array of bioactive molecules,
such as mRNAs, microRNAs, lipids, and proteins [8-10]. These vesicles play an essential role
in cell-to-cell communication by delivering packed biomolecules into the target cells via vari-
ous pathways, such as phagocytosis, micropinocytosis, and clathrin-mediated endocytosis’.
Moreover, MSC-derived EXs have promoted wound healing in pre-clinical and clinical trials.
For instance, Ren et al. (2019) reported that various factors present in MSC-derived EXs,
including PDGF, VEGEF-A, EGF, and FGF, can stimulate angiogenesis [11]. These EXs have
also been shown to support the proliferation and migration of epithelial cells [11]. Beyond
their supportive roles in proliferation, migration, and angiogenesis, MSC-derived EXs have
been found to reduce the inflammation response through their miR-223 and miR-181c [12,
13].

Despite showing great promise, expanding the MSCs for EV manufacturing and EV isola-
tion remains a significant challenge to bring EV's into clinical applications. A typical MSC cul-
ture for EV production involves nutrient media supplemented with fetal bovine serum (FBS).
However, the FBS-supplemented media raises concerns about introducing animal-derived
substances into humans, potentially compromising the immune response to lipopolysaccha-
rides or diseases [14, 15]. Moreover, materials derived from animals carry the risk of transmit-
ting zoonotic viral or prion diseases to humans [16-18]. To mitigate these concerns, a xeno-
free/serum-free medium has emerged as an alternative to FBS-supplemented media. To date,
two categories of xeno-free/serum-free culture media have been applied to manufacture MSCs
and EVss for clinical trials. The first type is the undefined culture medium, including media
supplemented with lysed human blood-derived platelets (PLTs). PLT lysates could be har-
vested by freezing-thawing cycles of PLT's from blood banks [19] to release various growth fac-
tors, cytokines, and other regulatory molecules that support MSC proliferation [20]. The
second category is the purely defined culture media, consisting of only defined synthetic and
recombinant substances [19]. Nonetheless, a comprehensive, comparative analysis of these cul-
ture media on EX production, characteristics, and function, especially in wound healing set-
tings, has not been done. Therefore, this study aims to evaluate the impact of five different cell
culture media, including a conventional FBS supplemented, a PLT supplemented, and three
serum-free defined media, on the characteristics and wound healing functions of UCMSC-
derived EXGs.
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Methodology
Ethics declarations

For the umbilical cord collection from caesarean section, the study entitled “Manufacturing
Exosomes for Wound Healing: Comparative Analysis of Culture Media” received approval
from the Medical Ethics Committee of Vinmec Healthcare System (Date: 31.10.2022, No.119/
2022/CN/HPDD VMEC) and was conducted following approved institutional guidelines.
Donors signed written informed consent before donating their samples.

Umbilical cord-derived mesenchymal stem cell expansion

Umbilical cords (UC) were collected from caesarean section between October 31, 2022, and
May 31, 2023, with consent forms for UCMSC isolation (Ethical number: 119/2022/CN/
HDDD VMEC). UCs were minced after washing and eradicating blood with phosphate buffer
saline (PBS) (Thermo Fisher Scientific, USA) and 1% Penicillin/Streptomycin (Sigma-Aldrich,
USA). Then, UC pieces were transferred into 50 mL falcon tubes with 500 U/mL of collagenase
type I (Thermo Fisher Scientific, USA) and incubated for one or two hours for digestion at
37°C in the shaker. Subsequently, samples were diluted in PBS and centrifuged into cell pellets.
Cells were then re-suspended with culture media and seeded with a density of 5000 cells / cm?
in culture flasks coated with CELLstart™ Substrate (ThermoFisher, USA) diluted in PBS
(1:100) with a series of medium (Table 1). After reaching 80-90% confluency, the cells were
split using CTS™ TrypLE™ Select Enzyme (ThermoFisher, USA) for the next passage.

Population doubling time

UCMSCs were examined for their proliferation rate through population doubling time in each
passage. Population doubling time (PDT) was identified following the formula [21]:

Culture period in hoursxIn(2)

PDT =
In(number of cell TO) — Inln(number of cell T1)

TO is the seeding cell number, and T1 is the cell number at harvest. Cells were stained with
trypan blue and calculated using the hemocytometer.

UCMSC characterization

UCMSC surface markers were examined at passage three by flow cytometry using a Human
MSC Analysis kit (BD Biosciences, USA). Cells were stained with positive control (anti-CD73
APC, anti-CD90 PerCP-Cy5.5, and anti-CD105 FITC) and negative cocktail control (anti-
CD45 PE, anti-CD34 PE, anti-CD11b/CD19 PE, and HLA-DR PE). The results were captured
and analyzed using a Beckman Coulter flow cytometer with Navios software 3.2.

Table 1. Three types of culture media for UC-MSC-derived EX manufacturing.

Group

Serum-free, defined culture media

PLT supplemented medium

Conventional FBS-supplemented
medium

Culture medium/condition Abbreviation | Exosomes
STEMinl medium (Himedia, USA) Sinl Sin1_EXs
NutriStem medium (REproCELL, Belgium) NutriS NutriS_EXs
StemMACS medium (Miltenyi Biotech, Germany) SMACS SMACS_EXs

DMEM/F12 (Thermo Fisher Scientific, USA) + 5% Platelet Lysate (PLT) (Sigma-Aldrich, USA) DM-PLT DM-PLT_EXs

DMEM/F12 (Thermo Fisher Scientific, USA) + 10% EVs-depleted fetal bovine serum (Thermo DM-FBS DM-FBS_EXs
Fisher Scientific, USA)

https://doi.org/10.1371/journal.pone.0313697.t001
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Fibroblast colony forming unit (CFU-F) assay

To determine the ability of UCMSCs to form fibroblast colony-forming units (CFU-F),
UCMSCs at passage three were seeded at a density of 4 cells / cm” in the 24-well plate in differ-
ent culture media. The culture medium was replaced every three days and maintained for two
weeks before the cells were fixed with absolute ethanol and stained with Giemsa 1X (Sigma-
Aldrich, USA) at RT for 15 minutes. Then, cells were washed with distilled water to remove
excess Giemsa, and the number of colonies was identified and quantified under a microscope.

Tri-lineage differentiation

UCMSCs at passage three were seeded in 96-well plates to evaluate their tri-lineage differentia-
tion capacity. After the initial culture of two days, the medium was replaced with an induction
medium from StemPro™ Chondrogenesis Differentiation Kit (ThermoFisher, USA), StemPro™
Osteogenesis Differentiation Kit (ThermoFisher, USA), and StemPro™ Adipogenesis Differen-
tiation Kit (ThermoFisher, USA) for chondrogenic, osteogenic, and adipogenic differentiation,
respectively. For adipogenic differentiation, cells were maintained for 20 days before being
fixed with 4% formaldehyde for 30 minutes and washed with PBS. Subsequently, cells were
stained with a 0.5% Oil Red O (Sigma Aldrich, USA) diluted in distilled water at room temper-
ature (RT) for 15 minutes and washed with PBS to observe the lipid-rich adipocytes. For osteo-
genic differentiation, UCMSCs were maintained for 25 days before being fixed with 4%
formaldehyde for 30 minutes and washed with PBS. Then, the cells were stained with a 2%
Alizarin Red S (Sigma Aldrich, USA) and rewashed twice with distilled water to visualize the
mineralized matrix produced by osteoblasts. Regarding chondrogenic differentiation,
UCMSCs were incubated with the chondrogenic differentiation medium for 22 days. Then,
they were fixed with 4% formaldehyde for 30 minutes, washed with PBS, and stained with
Alcian Blue (Sigma-Aldrich, USA) in 3% acetic acid. Finally, cells were washed with HCL 0.I1N
and distilled water twice. Images of differentiated cells were captured using an inverted
microscope.

Exosome isolation

The exosome isolation protocol followed the procedure detailed in our previous research [22].
Briefly, UCMSCs (P5) were seeded at 5000 cells / cm? into T225 flasks (Nunc™ EasYFlask™ Cell
Culture Flasks), then cells were maintained at 37°C and 5% CO2 without changing media in
five different culture media until reaching 90% confluency. Subsequently, conditioned media
was harvested for EXs isolating. Cell debris, apoptotic bodies, and microvesicles were removed
by a centrifuge at 16,500 x g for 30 min at 4°C (Optima XPN-100 Ultracentrifuge, Beckman
Coulter, California, USA). Then, these conditioned mediums were centrifuged at 100,000 x g
for 90 minutes at 4°C to collect EX pellets. EX pellets were reconstituted in PBS and stored at
-80°C for the downstream experiments.

Exosomes prepared for growth factor assay and functional assay were from the conditioned
media of UCMSC:s cultured in EV-depleted media (making up from EV-depleted FBS or PLT
by a centrifugation at 120.000 x g for 18 hours to eliminate EVs).

Transmission electron microscopy (TEM)

The diluted EXs were treated and labeled according to the procedure outlined in our prior

research”. Briefly, exosome samples were fixed using 4% paraformaldehyde and subsequently
placed onto Formvar-carbon coated grids (Ted Pella Inc., California, USA). The samples were
washed eight times with PBS before being stained with uranyl-oxalate. The grids were then left
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to dry at room temperature. EXs were observed using a JEOL 1100 Transmission Electron
Microscope (JEOL Ltd., Tokyo, Japan) at 80 kV at the National Institute of Hygiene and Epide-
miology (NIHE).

Western blot

Protein extraction and western blot were performed following what was described in the previ-
ous publication®?. Briefly, total EX proteins were extracted by RIPA buffer (Thermo Fisher Sci-
entific, USA) and then quantified by Pierce™ BCA Protein Assay Kit (Thermo Scientific,
Massachusetts, USA). 15 pg exosomal proteins were loaded into each lane in 4-12% NuPAGE
gels (Invitrogen, Massachusetts, USA) and underwent electrophoresis. Then, protein bands
were transferred onto the membrane before being probed with primary antibodies (Abcam,
UK) against CD9 and GAPDH, followed by incubating with goat anti-Rabbit IgG secondary
antibody (Thermo Fisher Scientific, USA). Antibody binding was exposed to an ECL chemilu-
minescent substrate (Sigma-Aldrich, Singapore) before band images were established using an
ImageQuant LAS 500 (GE Healthcare Life Science, Piscataway, NJ, USA).

Exosome label and uptake

EXs were labeled using an ExoGlow-Membrane EV labeling Kit (System Biosciences, USA),
following the manufacturer’s instructions. Briefly, labeling reaction buffer and labeling dye
were added into 100 pg of EX and incubated at RT in a dark room for 30 minutes. EXs were
loaded into the PD SpinTrap G-25 column (Cytiva Sweden, UK) to remove excess dye and
centrifugated at 800 x g for two minutes. Labeled EXs were harvested in the first fraction.

EX uptake experiments were performed on human umbilical vein endothelial cells
(hUVECs) and human dermal fibroblasts provided by the EV group (Vinmec HiTech Center)
and seeded into a 96-well plate before adding the labeled EXs. After four hours of incubation
at 37°C, excess media containing labeled EXs and cells were removed and washed with PBS.
Then, cells were fixed with PFA 4% for 20 minutes before the nucleus of these cells was stained
with DAPI (4',6-diamidino-2-phenylindole) (Thermo Fisher Scientific). EX uptake was evalu-
ated by using confocal microscopy.

Growth factor analysis using Luminex assay

Luminex assay using ProcartaPlex ™ Multiplex Immunoassays (Human Custom ProcartaPlex
7-Plex Kit) (ThermoFisher, USA) was performed to quantify six growth factors and cytokines
including, FGF-2, HGF, VEGF-A, PDGF-BB, IL-6, IL-7, and IL-8) in exosomes. Briefly, cap-
ture beads were coated in each well. Then, exosome suspension was added and incubated for
two hours before being washed by washing buffer to remove unbound reagents. Details of pro-
cedures followed the manufacturer’s instructions. The luminescent signal was monitored
using the Luminex ™ 100/200™ system with xPONENT 3.1 software.

Growth factor analysis using ELISA assay

The keratinocyte growth factor (KGF) level in different exosomes was measured using ELISA
assay (Abcam, UK). Briefly, the exosome solution was added into each well for 2.5 hours; then,
unbound reagents were removed and washed with a washing buffer. A biotinylated secondary
antibody was added before streptavidin-conjugated Horseradish Peroxidase. The degree of
KGF was measured based on the absorbance measurement (SpectraMax M5, Molecular
Devices, Silicon Valley, USA) at 450 nm. The protein amount was determined to be equivalent
to the standard curve.
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Proliferation assay

Human dermal fibroblasts were seeded into a 96-well plate (2500 cells/well) with EV-depleted
media (5% EV-depleted FBS/PLT by centrifuging at 120.000 x g/ 18 hours in DMEM/F12)
containing 10 ug/mL EXs from the culture media listed in Table 1. Fibroblasts were incubated
at 37°C and 5% CO, for 48 hours to proliferate. Then, the proliferation rate was evaluated
using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (Abcam,
UK). The cell proliferation rate was assessed based on the absorbance measurement (Spectra-
Max M5, Molecular Devices, Silicon Valley, USA) at 560 nm.

Migration assay

Human dermal fibroblasts were cultured in a 24-well plate with a density of 150,000 cells/well
for attachment and expansion. After reaching 100% confluency, cell proliferation was inhib-
ited by Mitomycin C (10 ug/mL) for two hours. Then, a scratch was created by a sterile 100 uL
tip before cells were treated with EV-depleted media (5% EV-depleted FBS/PLT by centrifug-
ing at 120.000 x g/ 18 hours in DMEM/F12) containing 10 ug/mL EXs as listed in Table 1. The
migration of cells to close the wounded area was recorded using an inverted microscope at var-
ious time intervals. The wound area was analyzed using Image] software (version 1.48) and
evaluated for the closure percentage for several time points.

Angiogenesis assay

The tube formation assay was performed using an in vitro Angiogenesis Assay Kit (Abcam,
England). Briefly, the extracellular matrix solution was coated in a 96-well plate for one hour
at 37°C. Then, hUVECs were seeded at 15,000 cells/well in different media: EBM-2 (endothe-
lial basal media 2) and EBM-2 supplement (Lonza, Switzerland) with 10 ug/mL EXs listed in
Table 1. For control well, no extracellular matrix was coated. The tube formation was evaluated
at five hours and 10 hours of incubation at 37°C. Total tube length and total branching points
were evaluated by Image] software.

Statistical analysis

GraphPad Prism 9 (GraphPad Software, California, USA) with One-Way and Two-Way
ANOVA, and Tukey HSD tests were used to evaluate the statistically significant differences
between groups. p < 0.05 was considered as statistical significance. All data were shown as
means + SD.

Results
Characterization of UCMSCs under different culture media

The cell culture medium has been shown to largely influence the proliferation and functional
properties of MSCs. We conducted an in-depth comparative analysis of the morphology, expan-
sion rate, surface markers, and differentiation potency of primary UCMSCs cultured up to pas-
sage 5 (P5) in three categories of culture media, including a 10% FBS supplemented (DM-FBS), a
5% PLT supplemented (DM-PLT) and three serum-free media (STEMin1, NutriStem, and Stem-
MACS) (Table 1). We observed that UCMSCs cultured from passage 1 to passage 5 in these cul-
ture media displayed the typical spindle-shaped morphology and similar size (Fig 1A and S1 Fig).
To evaluate the growth rate of UCMSCs cultured in different culture media, we analyzed
the population doubling time (PDT) of UCMSCs from P2 to P5. Cells generally showed similar
doubling times in all five culture conditions (Fig 1B). However, UCMSCs cultured in STE-
Minl1 at P2 exhibited a longer PDT compared to cells cultured in DM-PLT and StemMACS
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Fig 1. Characteristic of UCMSCs cultured in five different media. (A) A representative morphology of UCMSCs cultured in
DM-PLT medium at P5. Magnification 10X. Scale bar 50 um. (B) A comparative population doubling time of three UCMSC lines
cultured in 10% FBS supplemented (DM-EBS), a 5% PLT supplemented (DM-PLT), and three serum-free media (STEMin1,
NutriStem, and StemMACS) (n = 3). (C) Expression of MSC surface markers (n = 3) and (D) colony-forming potential of UCMSCs
cultured in five different culture media (n = 3). A representative image from DM-PLT culture medium independent experiments is
shown. Magnification 4X. Scale bar 200 pm. (E) A representative trilineage differentiation of UCMSCs cultured in DM-PLT medium.
Magnification 10X. Scale bar 50 um. Sinl, NutriS, DM-PLT, SMACS, DM-FBS are UCMSCs cultured in STEMin1, NutriStem,
DMEM/F12 medium supplemented with 5% PLT, StemMACS and DMEM/F12 medium supplemented with 10% FBS, respectively.
P: Passage, CFU: Colonies forming unit.

https://doi.org/10.1371/journal.pone.0313697.9001

(p < 0.05). Additionally, the PDT of UCMSCs cultured in DM-PLT was lower than those in
NutriStem (p < 0.05). Although the growth rate of UCMSCs cultured in FBS supplemented
medium was the highest at P2, the later passages demonstrated a lower proliferation rate than
others (Fig 1B).

In addition, UCMSC:s cultured in all five media at P3 expressed robust MSC markers,
including CD90, CD105, and CD73 (> 95%), except for CD105, which was 93% in UCMSCs
maintained in StemMACS medium. Additionally, minimal expression (< 2%) of antigens rec-
ognized by the negative marker cocktail, including CD45, CD34, CD11b, CD19, and
HLA-DR, was detected (Fig 1C, S2 Fig). To assess the maintenance of stemness properties, we
analyzed the colony-forming efficiency of UCMSCs using CFU-F assays. UCMSCs cultured in
all five media at passage 3 formed comparable frequencies of CFUs (Fig 1D and S3 Fig). Fur-
thermore, we investigated the multipotency of UCMSC cultures by differentiating them into
adipogenic, chondrogenic, and osteogenic lineages. The cells in all five culture medium condi-
tions exhibited the capacity to differentiate into the three cell lineages as indicated by positive
staining of Oil Red O, Alizarin Red S, and Alcian Blue (Fig 1E and S4 Fig).

Together, we observed that UCMSCs cultured in three categories of culture medium dis-
played comparable proliferation, morphology, expression of MSC surface markers, and main-
tenance of stemness.
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Fig 2. Exosomes derived from UCMSCs displayed typical exosome morphology and surface marker. (A)
Representative morphology of EXs derived from UCMSCs cultured in DM-PLT medium observed under transmission
electron microscopy. (B) Internal control GAPDH and CD9 were detected in all EX samples with 15 pg total exosomal
protein loaded into each lane. DM-FBS_EXs, DM-PLT_EXs, SMACS_EXs, NutriS_EXs, Sinl_EXs are EXs derived
from UCMSCs cultured in DMEM/12 + 10% FBS, DMEM/F12 + 5% PLT, StemMACS, NutriStem, and STEMinl,
respectively.

https://doi.org/10.1371/journal.pone.0313697.g002

UCMSC-derived exosome characterization

We next analyzed the morphology of EXs derived from UCMSCs cultured in five different
media (Table 1) by transmission electron microscopy (TEM). The vesicles demonstrated the
typical cup-shaped morphology ranging from 40 to 250 nm (Fig 2A). Total exosomal proteins
were measured (S5 Fig), before being loaded into each lane in 4-12% NuPAGE gels. The iso-
lated EXs exhibited the typical EX surface protein marker CD9 and the internal reference
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Fig 3. Quantity of growth factors and cytokines in exosomes purified from 10° UCMSCs cultured in different media
(n = 3). DM-FBS_EXs, DM-PLT_EXs, SMACS_EXs, NutriS_EXs, Sin1_EXs are EXs from UCMSCs cultured in DMEM/12
+10% FBS, DMEM/F12 + 5% PLT, StemMACS, NutriStem, and STEMin1, respectively. Statistical significance was
determined by ANOVA and post-hoc Tukey HSD tests and is indicated by: * where p < 0.05; ** where p < 0.01; *** where
p < 0.001; **** where p < 0.0001.

https://doi.org/10.1371/journal.pone.0313697.9g003
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Fig 4. Effects of EXs on fibroblast proliferation and migration (n = 3). (A) Confocal images of fibroblasts incubated
for two hours with ExoGlow (green) labeled UCMSC-derived EXs. DAPI was used to stain nuclei (B) Fibroblast
proliferation rates induced by EXs from different media. The percentage of cell proliferation was normalized to
medium supplement with DM-FBS_EXs. (C) EXs-mediated fibroblast migration as determined by a scratch assay.
DM-FBS_EXs, DM-PLT_EXs, SMACS_EXs, NutriS_EXs, Sinl_EXs are EXs from UCMSCs cultured in DMEM/12
+10% FBS, DMEM/F12 + 5% PLT, StemMACS, NutriStem, and STEMin1, respectively. Statistical significance was
determined by ANOVA and post-hoc Tukey HSD tests, two-way ANOVA, and is indicated by: * where p < 0.05; **
where p < 0.01; *** where p < 0.001; **** where p < 0.0001.

https://doi.org/10.1371/journal.pone.0313697.9004

protein of GAPDH (Fig 2B, S6 Fig), indicating that UCMSC-derived EXs were successfully
extracted.

The differential levels of growth factors in exosomes derived from different
media

We next compare the secretome of UCMSC-derived EXs isolated from five different culture
media, focusing on a panel of growth factors and cytokines, including FGF-2, KGF, HGF,
VEGE-A, IL-6, IL-7, IL-8, and PDGF-BB. We separated EXs from five different culture media
and normalized the EX levels with 10°® secreting cells to evaluate growth factors, and cytokines
encapsulated in EXs using the Luminex platform and ELISA. We revealed that EXs from PLT-
supplemented DMEM/F12 exhibited higher concentrations of IL-6, IL-7, IL-8, VEGF-A,
PDGEF-BB, and KGF than EXs from other media (Fig 3). Besides, HGF and FGF-2 were found
in greater levels in EXs from SMACS medium than in EXs from other tested media (Fig 3).

Together, we found that PLT-supplemented medium supported a higher content of various
cytokines and growth factors in UCMSC-derived EXs than conventional FBS-supplemented
and serum-free media.

UCMSC-derived exosomes from different culture conditions stimulate
fibroblast proliferation

Next, we investigated how different exosomal cytokine profiles of EXs from different culture
media impact EX-mediated fibroblast proliferation and migration. UCMSC-derived EXs were
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Fig 5. Influence of EX treatment on the tube formation (n = 3). (A) Uptake of ExoGlow-labeled EXs (green) in
endothelial cells after two hours. The nucleus was stained with DAPI. (B) The representative tube structures of hUVECs
under an inverted microscope. (C) Quantitative analysis of hUVEC tube formation normalized to the control group.
DM-FBS_EXs, DM-PLT_EXs, SMACS_EXs, NutriS_EXs, Sinl_EXs are EXs from UCMSCs cultured in DMEM/12 + 10%
FBS, DMEM/F12 + 5% PLT, StemMACS, NutriStem, and STEMinl1, respectively. Statistical significance was determined
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##¥* where p < 0.0001.

https://doi.org/10.1371/journal.pone.0313697.9005

Relative to the control (%)

Control
Total branching points

labeled with ExoGlow-membrane green dye and introduced into the fibroblast culture for 2
hours to assess cell proliferation. We observed an apparent internalization of EXs by fibroblasts
(Fig 4A). Furthermore, compared with the DM-FBS_EXs, EXs derived from four other media
demonstrated an enhanced capacity to promote fibroblast proliferation. Notably,
DM-PLT_EXs exhibited the most remarkable ability to facilitate fibroblast proliferation (Fig
4B).

In addition to fibroblast proliferation, a scratch assay was employed to examine the influ-
ence of different EXs on fibroblast migration (Fig 4C and S7 Fig). The results indicated that
EXs from PLT-supplemented DMEM/F12 tended to enhance fibroblast migration between 20
to 28 hours compared to other conditions. However, there was no significant difference in the
rates of EX-mediated fibroblast migration at any treatment time point among EXs isolated
from different UCMSC culture media (Fig 4C).

UCMSC-exosomes from NutriStem media have a higher angiogenesis effect

Since angiogenesis is an essential step in wound healing, we evaluated the influence of EXs
from different culture media on the invitro angiogenic process using human umbilical vein
endothelial cells (HUVECsS). Similar to fibroblasts, the endothelial cells uptake ExoGlow-
labeled EXs (Fig 5A).

We then performed an in vitro angiogenesis assay to examine the impact of UCMSC-
derived EXs from various culture media on tube formation. The results revealed that
DM-PLT_EXs and NutriS_EXs enhanced angiogenesis in hUVECs as evidenced in terms of
total tube length and total segment when compared to the control of hUVECs cultured in
EBM-2 (Fig 5C). However, there was no significant difference between the treated and control
groups regarding the formation of branching points. In addition, the NutriS_EXs
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demonstrated the highest capacity in promoting tube length and segment formation compared
to other treated groups (Fig 5C).

Discussion

Exosomes (EXs) derived from UCMSCs contain essential factors for various wound healing-
associated biological processes. For example, UCMSC-derived EXs, containing VEGF and
HIF-1, have demonstrated efficacy in enhancing angiogenesis in rat models [23] and promot-
ing fibroblast proliferation [22, 24]. However, the quantification and profile of secreted factors
in EXs can vary depending on the physiological properties of secreting cells and cell culture
medium. Remarkably, the type of culture medium can significantly impact the proteins packed
into exosomes. For example, ADMSC cultivated in a medium without FBS were found to
secrete proteins that could be packed into exosomes at a twofold higher rate than those culti-
vated with FBS [25]. Therefore, in this study, we conducted a comprehensive analysis to
explore the influence of culture media- specifically, FBS-supplemented DMEM/F12, PLT-sup-
plemented DMEM/F12, StemMACs, NutriStem, and STEMin1- on the characteristics of
UCMSC-derived EXs and their wound-healing ability. We demonstrated that all five types of
culture media were suitable for UCMSC expansion. Importantly, EXs derived from these
media exhibited a cup-shaped morphology and expressed CD9 protein marker. Additionally,
we detected the presence of growth factors and cytokines packed into these EXs, with
DM-PLT_EXs displaying particularly abundant expressions of these cytokines. Consequently,
EXs manufactured using the PLT-supplemented medium demonstrated enhanced capability
in supporting fibroblast proliferation and blood vessel formation.

We initiated our study by characterizing the proliferation, morphology, MSC surface
marker expression, and stemness of three UCMSC lines cultured in five distinct media. Across
varied culture media, all the UCMSC lines exhibited typical MSC morphology and adhesion
properties. Regarding the proliferation rates, UCMSCs demonstrated robust growth in all
tested media, with the population doubling times (PDTs) ranging from 24.12 to 27.55 hours
during extended maintenance. Notably, these proliferation rates surpass the range reported in
several previous studies, where PDTs of UCMSCs varied widely from 20 to 40 hours in several
initial passages, [26-28] possibly due to the different medium used in previous studies. In addi-
tion, previous studies suggested that xeno- and serum-free culture media could facilitate a
faster expansion of UCMSCs compared to those cultured in FBS-supplemented media [29].
While our data supported this phenomenon from P3 to P5, no significant difference was
observed from the other groups.

The assessment of surface markers serves as another critical criterion to determine the qual-
ity of MSCs during expansion. We observed that the expression of positive markers, including
CD73, CD90, and CD105, exceeded 95%, while negative marker expression remained lower
than 2% across all cell cultures. Besides, these UCMSCs demonstrated the fibroblast colony-
forming unit (CFU-F) and tri-lineage differentiation capacity. While previous studies showed
CFU-formation by UCMSCs and bone marrow-derived MSCs maintained with StemMACS
[30], our results represent the first report of CFU-formation by UCMSCs cultured in DMEM/
F12 supplemented with 5% PLT and STEMinl. Notably, the findings on the expansion and
characteristics of UCMSCs suggest that the three xeno-free media, including NutriStem, STE-
Minl, and DMEM/F12 supplemented with 5% PLT, are suitable for UCMSCs expansion, both
for research and potential clinical applications.

In addition, we revealed that the EXs secreted by UCMSC cultured in all five tested media
exhibited the typical cup-shape morphology ranging from 40 to 250 nm, and via TEM observa-
tion of the EX-images indicated EX purification. Moreover, EX expressed surface marker
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CD?9, as defined in the ISEV guideline [31]. This finding aligns with other reports characteriz-
ing EXs from StemMACS and FBS-supplemented DMEM/F12 medium [8, 10, 22, 32]. Conse-
quently, the data support the reliability and suitability of extracted EXs for further functional
analysis.

Previously, it has been demonstrated that the biological functions of MSC-derived EVs are
mediated by the presence of their cytokines and growth factors [22, 33-35]. In this study, we
identified eight factors, including FGF-2, KGF, HGF, VEGEF-A, IL-6, IL-7, IL-8, and PDGEF-B,
exhibiting higher expression levels in EXs from PLT supplemented medium. These factors
have been demonstrated to play essential roles in wound healing-associated biological pro-
cesses [36]. For instance, HGF can accelerate the proliferation of epithelial and endothelial
cells [37] and facilitate B1-integrin/ILK-mediated reepithelialization in epidermal cells [38].
IL-6 possesses pleiotropic activity, contributing to both inflammation and proliferation phases
in wound healing. It is produced during the initial inflammation stage, promoting cytotoxic T
cells and B cell differentiation to eliminate bacterial infection [39]. Beyond its inflammatory
effects, IL-6 plays a pivotal role in orchestrating the polarization of M1 macrophages, predomi-
nant in the inflammatory phase, to the M2 phenotype in the proliferation phase [40].

Furthermore, we detected substantial levels of other well-known wound healing-associated
factors, such as FGF, VEGF, and PDGF, within UCMSC-derived EXs from various media.
These growth factors could promote cell proliferation and migration, as well as regulate the
blood-vascular system’s development [41, 42]. Additionally, we detected KGF, a growth factor
belonging to the FGF family, which plays a central role in numerous biological processes and
signaling pathways involved in the development and regeneration of various tissues [43].

In addition to the high-expression growth factors and cytokine expressed in EXs, we identi-
fied two other cytokines, IL-7 and IL-8. IL-7 is essential for T cell development and mainte-
nance of mature T cell balance [44]. It could promote T cell proliferation, thereby improving
the clearance of viral and bacterial infections. Notably, IL-7 administration has shown promise
in addressing various conditions, including sepsis and HIV or hepatitis C and B infections
[45-47]. On the other hand, IL-8, a pro-inflammatory cytokine, primarily functions by attract-
ing neutrophils to inflammatory sites [48]. This cytokine also significantly fosters the growth
and differentiation of monocytes and macrophages [48]. The detection of five growth factors,
FGF-2, KGF, HGF, PDGEF-BB, and VEGF-A, and three cytokines, IL-6, IL-7, and IL-8, in
UCMSC-derived EXs collected from various culture media suggests that these EXs might be
used to facilitate multiple phases of the wound healing process, spanning from inflammatory
to proliferative, and even to remodeling phases. However, it is essential to note that the mecha-
nisms underlying the actions of these analyzed factors in wound healing have yet to be
examined.

During the healing process, neighboring cells must proliferate rapidly and migrate toward
the wound sites to exhibit their healing functions. Among proposed assays, MTT is widely
used to measure cell viability over a prolonged period, and the scratch assay stands out as one
of the earliest, most cost-effective, and most reliable methods for investigating directional cell
migration in 2D cultures [49-51]. Therefore, in this study, we conducted scratch-based migra-
tion and MTT-based proliferation assays to evaluate the effect of UCMSC-derived EXs on the
in vitro cutaneous wound healing process. We observed the penetration of EX into fibroblast
and HUVECs; however, we did not calculate the percentage of cells that uptake the EXs and
how many EXs were internalized into the cells. In addition, EXs from both defined and unde-
fined culture medium groups enhanced fibroblast proliferation compared to the conventional
culture medium, with DM-PLT_EXSs showing particularly pronounced effects (Fig 4B). These
findings align with the observed higher growth factor levels in DM-FBS_EXs compared to EXs
from other media (Fig 3). Furthermore, EXs produced in PLT supplemented medium
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exhibited superior capabilities in promoting fibroblast proliferation compared to Sinl_EXs
(Fig 4B), attributed to elevated levels of KGF, IL8, and PDGE-BB (Fig 3). On the other hand,
UCMSC-derived EXs isolated from five tested media did not exhibit significant differences in
supporting the dermal fibroblast migration (Fig 4C). To our knowledge, this is the sole study
assessing the influence of culture medium on the functionality of EXs in the context of the
fibroblast migration process.

Angiogenesis plays a vital role in wound healing by facilitating the supply of nutrients and
oxygen to newly formed tissues [52]. Endothelial cells primarily drive this process, and
VEGF-A emerges as a critical regulator [53]. The newly sprouting blood vessels resulting from
angiogenesis provide increased nutrients and oxygen to cells involved in the wound-healing
process, such as fibroblasts, thereby promoting their proliferation and migration. Therefore,
beyond directly promoting fibroblast migration and proliferation, EXs could potentially have a
synergistic effect in fostering fibroblast functions in wound healing by augmenting angiogene-
sis. Consequently, in this study, we conducted angiogenesis assays to elucidate the impact of
EXSs on wound healing. Among investigated EXs, NutriS_EXs demonstrated the most potent
promotion of tube length and segment formation compared to the others (Fig 5C). Besides,
DM-PLT_EXs also enhanced tube length formation compared to the control (Fig 5C). Surpris-
ingly, the observed effect of EXs on angiogenesis does not align consistently with the levels of
VEGEF-A in EXs from different media. Apart from VEGEF-A, other exosomal factors may play a
role in EX-mediated angiogenesis, as reported in previous studies [54]. Hence, further studies
are necessary to investigate the impact of exosomal factors on angiogenesis comprehensively.

In conclusion, our study represents the investigation into the impact of various xeno-free
culture media on UCMSC expansion and the roles of EXs derived from these media in the
wound healing process. All culture media exhibited comparable efficacy in maintaining
UCMSC characteristics, including stemness, the typical spindle-shaped morphology, surface
markers, high proliferation rates, CFU formation, and tri-linage differentiation. However,
UCMSC-derived EXs from PLT-supplemented DMEM/F12 demonstrated enriched levels of
growth factors such as KGF, VEGEF-A, IL-6, IL-7, and PDGF-BB. Notably, these DM-PLT_EXs
demonstrated an enhanced capacity to promote fibroblast proliferation compared with
DM-FBS_EXs and Sin1_EXs. In addition, NutriS_EXs proved to be the most effective in
enhancing the angiogenesis process, alongside EXs from PLT-supplemented DMEM/F12. Our
findings suggest that the PLT-supplemented DMEM/F12 medium may be the most suitable
choice for manufacturing MSC-derived EXs for clinical applications. However, our limitation
is due to the nature of exosomes and technical issues as the large variation in exosomal pro-
teins detected in different samples (S5 Fig). Therefore, replicating more biological samples in
the future is required to address this issue. More importantly, the components of these com-
mercially available GMP culture media are undetermined; this presents a challenge in assess-
ing how the specific components influence the growth of primary MSCs, the secretion of EXs,
and the concentration of growth factors within these EXs. Consequently, it becomes difficult
to evaluate the impact of individual components on these processes thoroughly.

Supporting information

S1 Fig. Morphology of UCMSCs cultured in different media from P1 to P5. Sinl, NutriS,
DM-PLT, SMACS, DM-FBS are UCMSCs cultured in STEMin1, NutriStem, DMEM/F12
medium supplemented with 5% PLT, StemMACS and DMEM/F12 medium supplemented
with 10% FBS, respectively.

(TIF)
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S2 Fig. A representative marker analysis of UCMSCs cultured in DM-PLT medium at P3.
(TIF)

$3 Fig. Morphology of CFU formed from cells cultured in different media. Sinl, NutriS,
DM-PLT, SMACS, DM-FBS are UCMSCs cultured in STEMinl, NutriStem, DMEM/F12
medium supplemented with 5% PLT, StemMACS and DMEM/F12 medium supplemented
with 10% FBS, respectively.

(TIF)

$4 Fig. Trilineage differentiation of isolated UCB-MSCs. MSCs were cultured in osteogenic,
adipogenic, and chondrogenic induction media and stained with corresponding staining dyes.
Sinl, NutriS, DM-PLT, SMACS, DM-FBS are UCMSCs cultured in STEMin1, NutriStem,
DMEM/F12 medium supplemented with 5% PLT, StemMACS and DMEM/F12 medium sup-
plemented with 10% FBS, respectively.

(TIF)

S5 Fig. Exosomal protein concentration from different types of culture media normalized
with 10® cells. DM-FBS_EXs, DM-PLT_EXs, SMACS_EXs, NutriS_EXs, Sinl_EXs are EXs
from UCMSC:s cultured in DMEM/12 + 10% FBS, DMEM/F12 + 5% PLT, StemMACS,
NutriStem, and STEMinl, respectively.

(TIF)

S6 Fig. The expression of CD9 and GAPDH from different types of UCMSC_derived EXs.
DM-FBS_EXs, DM-PLT_EXs, SMACS_EXs, NutriS_EXs, Sinl_EXs are EXs from UCMSCs
cultured in DMEM/12 + 10% FBS, DMEM/F12 + 5% PLT, StemMACS, NutriStem, and STE-
Minl, respectively.

(TIF)

S7 Fig. EXs-mediated fibroblast migration as determined by a scratch assay at Oh, 20h,
28h, 52h. DM-FBS_EXs, DM-PLT_EXs, SMACS_EXs, NutriS_EXs, Sinl_EXs are EXs from
UCMSCs cultured in DMEM/12 + 10% FBS, DMEM/F12 + 5% PLT, StemMACS, NutriStem,
and STEMinl, respectively.

(TIF)
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