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Featured Application: Biomedical product development from PEF application into platelets.

Abstract: Nowadays, the standard media used in clinical-scale mesenchymal stem cell (MSC) pro-
duction to supply hundreds of clinical trials uses animal-derived components as supplements, which
raises several health concerns. Consequently, the development of xeno-free media supplements
has emerged. In the current study, the effect of pulse electric field (PEF) application to platelet
concentrates (PC) with no therapeutic value for producing platelet releasates (PR) able to sustain
the ability of bone marrow-MSCs (BM-MSCs) to self-renew and differentiate was tested. It was
demonstrated that PEF application to PC induces platelet activation and growth factor (GF) release,
namely PDGF, FGF, IGF, and TGF-β. The highest GF release was observed for TGF-β, achieving
similar levels to those attained in platelet lysates (PL). BM-MSCs expanded in the presence of PR
obtained by the application of PEF (7 pulses of 10 and 12.5 kV/cm) to PC (PR PEF) retained the
characteristic MSC cell-surface markers, and the ability to proliferate and differentiate into osteogenic,
adipogenic, and chondrogenic lineages. In this study, evidence is provided that PR PEF represents a
suitable alternative to fetal bovine serum (FBS) for use in MSC production.

Keywords: pulse electric fields; platelets concentrates; MSC; stem cells; growth factor

1. Introduction

Tissue regeneration is a physiological process that is important to maintain organ
homeostasis and to restore organs after an injury. This process is intrinsic of several human
tissues, however some organs such as the heart, liver, and central nervous system present
a very limited regenerative capacity [1]. Studies have demonstrated that mesenchymal
stem/stromal cells (MSCs) have an important role in tissue regeneration, not only because
they have the ability to differentiate into mesodermal lineage cells but also due to their rich
secretome [1]. Today, MSCs isolated from different tissues have been tested in more than
300 clinical trials (www.clinicaltrials.gov, accessed on 1 February 2022) with promising
results, and several MSC-based products have already received regulatory approval [2];
however, the advanced manufacturing of these cells still needs to overcome several issues,
such as the use of animal-derived components such as fetal bovine serum (FBS) to sup-
plement cell-culture media [3,4]. The use of FBS raises several concerns; not only ethical
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concerns related to the animal welfare used to produce it, but also due to immune reactions
and the transmission of bovine pathogens to humans [5].

An alternative to FBS that has been shown to be efficient in MSC expansion is the
group of human platelet derivatives [6–8].

Platelets—when activated—release a wide range of bioactive factors, including growth
factors (GF) and cytokines, which are known to have an important role in cell expansion
and survival [9]. Platelet concentrates (PCs) are regularly produced in blood banks, and
due to their short-shelf life (5–7 days), around 5% of them are discarded before clinical
use [10,11].

Giving new use to these PCs with no therapeutic value, using them as a source of cell
culture media supplements has become a very attractive tool; however, the methodology
used to induce GF release from platelets affects platelet derivatives’ features [6,12]. The
most common methods used are hypo-osmotic shock (freeze and thaw cycles) and bovine
thrombin [13,14]. In the first methodology, the ideal number of cycles remains to be
established, since a high number of cycles might lead to GF damage and a final lysate
containing other platelet debris [14,15]. Using bovine thrombin to induce GF release
from platelets presents the same problems associated with animal-derived components [16].
Thus, more efficient strategies to activate platelet pools and consequently generate releasates
with an improved biological activity for MSC expansion are needed.

Pulse electric field (PEF) is a technology characterized by inducing electroporation on
cell membranes, with the application of ns–µs range pulses and high electric fields kV/cm,
allowing proteins to flow into and out of the cells, with a low thermal load [17,18]. In a
previous work, the potential for the application of PEF in the valorization of expired PCs
into a biomedical product with therapeutic value was demonstrated [19]. In particular,
it was shown that PCs subjected to a single PEF treatment can release PDGF into the
supernatant, and a proof-of-concept study was performed to confirm the biological activity
of this releasate to support MSC culture in vitro. In the current study, the impact of key
PEF parameters, namely the pulse width, electric field, and pulse number, on platelet
activation from expired PCs was further investigated in order to prove the concept, aiming
at modulating the release of specific GFs to improve their bioactivity for MSC expansion
while maintaining cells’ quality attributes.

2. Materials and Methods
2.1. Platelet Concentrates

Blood was collected from healthy donors in compliance with the current Portuguese In-
stitute for Blood and Transplantation (IPST, Lisbon Portugal) standard operating procedure.
All donations were screened for HIV, HBV, HCV, HTLV, and treponema pallidum.

Whole blood donations were centrifuged, and the buffy coats from four group-specific
donations were pooled with platelet additive solution (PAS) and stored for 5–7 days (if
submitted to pathogen reduction technologies) at 20–24 ◦C in continuous agitation. Conven-
tional quality assurance tests were performed, including platelet content, product volume,
and residual white blood cell count. All tested units met the standards of the Council
of Europe’s guide to the preparation, use, and quality assurance of blood components.
Microbiological control was performed by the BacTAlert system when PCs were not sub-
mitted to pathogen reduction. Gamma irradiation of the platelet concentrates was used to
prevent transfusion-associated graft versus host disease (TA-GvHD) in patients who may
develop TA-GvHD.

In the current study, 90 PCs with 1–2 days after the expiring day (5 days post-
production) were analyzed, and the six PCs with lower levels of platelet activation were
used for further analysis.

2.2. Pulse Electric Fields Application

The pulse electric fields were applied in batch mode using a cuvette connected to a
pulse generator. A total of 1 mL of PC was added into the cuvette chamber and pulses from
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a pulse generator, with a frequency of 1 Hz, were applied through the cuvette electrodes,
as seen in Figure 1a,b. The pulse voltage and current was measured using a digital
oscilloscope (LeCroy WaveAce 224), with a sampling rate of 1 GS/s, connected to a current
transformer (Pearson 110) and a high voltage probe (North Start High Voltage PVM-1). As
an operation example, a 2 µs pulse with 4.5 kV and 150 A is presented in Figure 1c, giving
about 11 kV/cm.
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The commercial pulse generator EPULSUS-PM1B-10 (from EnergyPulse Systems,
Lisbon, Portugal), was used. This generator is able to deliver positive pulses up to 10 kV
and 400 A. The pulses can last 1 µs to 200 µs, with repetition rates of 1 Hz to 200 Hz, at a
maximum average output power of 3 kW. The pulse generator is based on a solid-state
Marx generator, where various n capacitors are first charged in parallel from a relatively
low voltage Udc, and then connected in series with the load, applying about nUdc [20]. As
this generator is based on a direct capacitive discharge, it can deliver almost rectangular
pulses, independent of the load impedance, as long as the generator’s stored energy is
much higher than the pulse energy, which is the case in this application.

A standard electroporation cuvette was used, with a 4 mm distance between electrodes
and an 800 µL volume.

For PEF applications the most important parameters are the electric field amplitude,
E (kV/cm), and the specific energy, Ws (kJ/kg), given by

E =
U
d

(1)

where U refers to the pulse voltage amplitude applied in kV, and d the distance between
the electrodes of the treatment chamber in cm.

Ws =
Wt

m
(2)

where Wt is the total applied energy, and m is the mass of the sample inside the treatment
chamber in kg. The total applied energy is given, in J, by

Wt = UItonN (3)

where I is the pulse current amplitude in A, ton the pulse width in µs, and N the number of
pulses applied.

The main objective of using PEF is to avoid the thermal impact, so the increase in
temperature, ∆T in ◦C, from the application of PEF, is important, given by

∆T =
Ws

Cp
(4)

where Cp is the specific heat capacity (kJ/(kg·K)) of the treated material, which was
assumed to be similar to water: 4.18 kJ/(kg·K).
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Prior to PEF application, PCs were initially centrifuged at 1000× g for 10 min. The
resulting platelet pellet was resuspended in plasma additive solution (PAS; InterSol) to a
final concentration of 1 × 109 platelets/mL. Platelets in PAS (1 mL) were then added to
the cuvettes and exposed to 9 PEF conditions, comprising a range of 10–15 kV/cm and
1–15 pulses of 2 µs duration.

2.3. Preparation of Platelet Lysates

Platelet lysates (PL F&T) were obtained as previously described [19]. Briefly, PCs were
exposed to three cycles of freeze (liquid nitrogen) and thaw (37 ◦C). At the end, samples
were centrifuged to remove cell debris and obtain the platelet lysates.

2.4. Platelet Activation Measurement

Platelet activation was evaluated by measuring platelet surface markers (CD61 and
CD62P) via flow cytometry [21]. Briefly, platelets exposed to PEF were resuspended in
tyrode buffer containing albumin and glycose (1 × 108 platelets/mL), and then added to
a mixture containing peridinin-chlorophyll-protein (PerCP)-conjugated CD61 and phy-
coerythrin (PE)-conjugated CD62P (P-selectin; BD Biosciences, Franklin Lakes, NJ, USA).
The samples were incubated for 15 min in the dark, at room temperature. The samples
were acquired in Cytometer BD FACSCaliburTM equipment, and platelets distinguished by
forward angle light scatter (FSC) and CD61 markers.

In parallel, platelets were stimulated for 15 min with thrombin (0.05 U/mL) in tyrode
buffer containing albumin and glycose, in the presence of Gly-Pro-Arg-Pro (GPRP; BD
Biosciences) to avoid platelet aggregation, and analyzed by flow cytometry.

2.5. Growth Factor Quantification

Untreated PCs, PCs subjected to PEF, and PCs exposed to freeze and thaw cycles (PL
F&T) were centrifuged (1000× g for 10 min, at room temperature) and the supernatants,
also termed the releasate (PR PEF) or lysate (PL F&T), were collected and stored at −20 ◦C
until further use. Platelet derived growth factor (PDGF), vascular endothelial growth factor
(VEGF), insulin-like growth factor (IGF), and transforming growth factor (TGF) release was
measured in PR PEF using the Human PDGF-BB Quantikine ELISA Kit (R&D Systems,
Minneapolis, MN, USA), Human VEGF Quantikine ELISA Kit (R&D Systems), Human
TGF-β1 Quantikine ELISA Kit (R&D Systems), and Human IGF Quantikine ELISA Kit
(R&D Systems). ELISA was performed according to the manufacturer’s protocol.

2.6. Human BM-MSC Culture

The releasate obtained from PEF exposure was tested for bioactivity using hMSCs
isolated from bone marrow (BM-MSC, donor 00055; RoosterBio, Frederick, MD, USA). For
routine cell culture, BM-MSCs were thawed and propagated in MesencultTM human MSC
media according to the manufacturer’s instructions.

For bioactivity experiments, MSCs were grown in (i) standard culture medium com-
posed of DMEM, low glucose, pyruvate, no glutamine, no phenol red (Gibco™, Ther-
moFisher, Waltham, MA, USA) supplemented with 10% (v/v) FBS, 1× GlutaMAX™ sup-
plement (Gibco™, ThermoFisher), 2 IU/mL heparin (Stem cell technologies, Vancouver,
BC, Canada), 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco™, ThermoFisher);
(ii) medium supplemented with PR PEF composed of DMEM supplemented with 6% (v/v)
PR, 1× GlutaMAX™ supplement (Gibco™, ThermoFisher), 2 IU/mL heparin (Stem cell
technologies), 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco™, ThermoFisher),
supplemented with either 6% PR PEF or PL F&T. For all conditions, MSCs were inoculated
at a density of 4500 cell/cm2 in adherent static culture systems (12- and 48-well plates)
and cultured for up to 7 days at 37 ◦C in a humidified atmosphere of 5% CO2 and 95% air.
MSCs were cultured inside of an incubator at 37 ◦C, 5% CO2. The medium was exchanged
every 3 days and cultures were monitored as follows:
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Cell adhesion: Cell adhesion was evaluated by determining the number of cells
24 h after inoculation via the CellToxTM green cytotoxity assay (Promega, Madison, WI,
USA) using the manufacturer’s instructions.

Cell proliferation: Cell number was determined using the CellToxTM green cytotoxity
assay (Promega) according to the manufacturer’s protocol for live cells. Briefly, CellToxTM

green was added to cells and incubated for 15 min before fluorescence measurement, using
an Incucyte® Zoom, Essen BioScience, Ann Arbor, MI, USA, 10× objective. At each time
point, the initial number of positive CellToxTM green cells was acquired, followed by the
fluorescence measurement of the total CellToxTM green positive cells (total cell number)
determined 10 min after 0.5% (v/v) Triton X-100 in PBS treatment. The number of live cells
over time was obtained by subtracting (Initial CellToxTM green positive cells) from (total
CellToxTM green positive cells).

Cell viability: MSC viability was determined by double-staining the MSCs with
20 µg/mL fluorescein diacetate (FDA; Sigma, St. Louis, MO, USA) and 10 µg/mL propid-
ium iodide (PI; Sigma), which stains viable and non-viable cells, respectively. Briefly, the
MSCs were incubated for 5 min with FDA/PI in PBS, and cell imaging was acquired using
an Incucyte® Zoom, Essen BioScience.

MSC Immunophenotype: MSC phenotype was evaluated by measuring the expression
of cell surface antigens through flow cytometry. After 7 days of culture in different medium
formulations, cells were detached using TrypLE™ Select Enzyme (Gibco™, ThermoFisher),
and 2 × 105 were resuspended in PBS with 5% (v/v) FBS. Cells were incubated with the
following antibodies: CD73 (Biolegend, San Diego, CA, USA), CD90 (Biolegend), CD105
(Miltenyi Biotec), CD29 (Biolegend), CD34 (Miltenyi Biotec, Cologne, Germany), CD45 (BD
Pharmingen™, Franklin Lakes, NJ, USA), and HLA-DR (Biolegend) for 30 min. Data were
acquired using a BD FACSCelesta™ Cell Analyzer—BD Biosciences. A total of 5000 events
were acquired per sample.

Multilineage differentiation potential of BM-MSC: BM-MSC cells were seeded in
48-well plates at 4500 cells/cm2 and expanded for 6 days in DMEM supplemented with
6% PR or 10% FBS, as mentioned above. After this period, cells were analyzed for their
potential to differentiate into adipocytes, osteocytes, and chondrocytes. Differentiation into
adipocytes and osteocytes was performed by changing the culture medium to an adipogenic
or osteogenic differentiation medium (Sigma-Aldrich), respectively, and cells were cultured
for 21 days according to the manufacturer’s instructions. For chondrogenic differentiation,
BM-MSC were detached and resuspended in 50 µL of DMEM supplemented with 6% PR or
10% FBS; droplets of 5 µL were inoculated in a low adherence plate to form cell aggregates.
After 20 min, DMEM supplemented with 6% PR or 10% FBS was added to the cells, and
the next day replaced with chondrogenic differentiation medium (Sigma-Aldrich). Cells
were differentiated for 21 days and the medium was exchanged every 3–4 days. Cell
differentiation was performed inside an incubator at 37 ◦C, 5% CO2. At the end of all
differentiated cultures, cells were washed with PBS fixed with 4% (w/v) paraformaldehyde
containing 4% (w/v) sucrose in PBS, for 15 min. Adipocytic, osteogenic, and chondrogenic
differentiated cultures were stained with oil red O (Sigma-Aldrich), alizarin red S (Carl
Roth, Karlsruhe, Germany), and Alcian blue (Sigma-Aldrich) staining solution, respectively,
as previously described [22].

3. Results
3.1. Effects of PEF on Platelet Activation and Growth Factor Release

PCs were subjected to nine different PEF treatments, varying the electric field
(10–15 kV/cm) and pulse number (1, 7, and 15) with 1 Hz frequency. The pulse dura-
tion was the same in all conditions (2 µs/pulse). Platelet activation was evaluated by flow
cytometry, defining the activation by the percentage of CD62P+ platelets [21,23]. The data
showed a significant increase in CD62P+ platelets in comparison to the untreated group for
all PEF conditions tested. In particular, platelet activation was enhanced with the increase
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in pulse number, whereas no differences were observed between the different electric fields
applied (Figure 2a).
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The proteins released from platelets upon PEF stimulation were evaluated and com-
pared to untreated PR. No differences in the total protein present in PR PEF were observed
for the majority of PEF conditions applied when compared to untreated PR or PL F&T;
moreover, one pulse of 15 kV/cm (PR PEF G) leads to a significant increase in the total
protein in comparison to untreated PR (Figure 2b).

Following this, the levels of GF described to be stored in platelets [24,25] and relevant
for MSC expansion, such as PDGF-BB, TGF-β1, VEGF, and IGF [26–30], were measured
in the PR of all conditions tested. Our data demonstrate that PEF application leads to the
release of GF to the PR, with higher release levels observed for TGF-β1, achieving similar
levels to PL F&T (Figure 2c–f).
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Our data demonstrate that the PEF conditions with 10 (PR PEF A, B, and C) and
12.5 kV/cm (PR PEF D, E, and F) pulses led to an increase in the PDGF concentration in the
PR PEF when compared to the untreated group (Figure 2c).

In addition, the levels of TGF-β1 were similar to those obtained in the PL F&T con-
dition, which were significantly higher than the untreated PR. Moreover, comparing the
PR PEF with untreated PR, we could observe that lower pulse intensities require a higher
pulse number to achieve a significant increase in comparison to the untreated PR. Thus, a
significant enhancement of TGF-β1 was observed for 7 pulses of 10 and 12.5 kV/cm (PR
PEF B and E), and 15 pulses of 12.5 and 15 kV/cm (PR PEF F and I). The VEGF concentration
in the PR PEF was similar to the untreated condition; however, PEF application led to a
higher VEGF release if 1 pulse of 12.5 and 15 kV/cm (PR PEF D and G), and 15 pulses of
10 kV/cm (PR PEF C) were applied to cells. However, PEF application to platelets led to
a significant reduction in IGF levels in the PR after the application of 15 pulses of 10 and
15 kV/cm.

Of particular note, the levels of PDGF-BB or VEGF released from platelets after the
application of PEF did not achieve PL F&T levels, which indicates that PEF application
induces a controlled released of GF (Figure 2c,d).

3.2. BM-MSC Expansion on PR PEF Supplemented Media

BM-MSCs were cultured in DMEM supplemented with a selected PR PEF condition
(PR PEF E and H), PL F&T, or FBS, the standard media condition used to expand these cells.
Cells were cultured in these medium formulations for 6 days to understand the impact of
the different medium supplements on BM-MSC growth features, namely adhesion, prolif-
eration, and viability, as well as on the cell quality attributes including immunophenotype
and multilineage differentiation potential.

Our results showed that cell adhesion was not altered by culture in PR PEF E and
H supplemented media, as adhesion levels were similar to FBS and PL F&T (Figure 3a).
Moreover, no differences in cell proliferation were observed between cells expanded in PR
PEF, and FBS or PL F&T. Of note, cell viability assays demonstrated that cells expanded
in FBS, PR PEF E, and PL F&T exhibited the highest cell viability, but PR PEF H showed
a significantly lower cell viability than FBS. Nevertheless, the lowest cell survival was
observed for untreated PR (Figure 3c,d).

Untreated PR supplement cells had a significantly lower proliferative capacity and
viability than FBS, indicating that the GF release from platelets induced by PEF are essential
to maintain BM-MSC proliferation (Figure 3b). Our data demonstrate that PR PEF supple-
mented media is an alternative to FBS, as cells maintain their proliferative and adhesion
capacity, as well as viability.

3.3. BM-MSC Differentiation of Cells Expanded in PR PEF Supplemented Media

Subsequently, we characterized BM-MSCs expanded in PR PEF and FBS according to
their potential to maintain the quality attributes of BM-MSCs, including immunophenotype
and differentiation capability. MSC cell-surface markers were analyzed by flow cytometry.
As shown in Figure 4a, no differences in MSC markers were observed for cells cultured
in PR PEF or FBS. The BM-MSCs expressed a cell-surface profile positive for CD29, CD73,
CD90, and CD105, and negative for CD34, CD45, and HLA-DR (Figure 4a).
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Subsequently, we characterized BM-MSCs expanded in PR PEF and FBS according 

to their potential to maintain the quality attributes of BM-MSCs, including 
immunophenotype and differentiation capability. MSC cell-surface markers were 
analyzed by flow cytometry. As shown in Figure 4a, no differences in MSC markers were 
observed for cells cultured in PR PEF or FBS. The BM-MSCs expressed a cell-surface 
profile positive for CD29, CD73, CD90, and CD105, and negative for CD34, CD45, and 
HLA-DR (Figure 4a). 

Figure 3. BM-MSC expansion in media supplemented with PR obtained upon PEF treatment, PL
F&T, and FBS. (a) BM-MSC adhesion one day after cell seeding in media supplemented with PR PEF,
untreated PR, or FBS. Results plotted relative to the untreated condition. (b) BM-MSC proliferation
of cells cultured in media containing PR obtained by the application of PEF B, E and H, PL F&T,
and FBS. (c) MSC viability after 6 days in culture in the presence of PR, PL F&T, and FBS. (d) Live
(FDA) and dead (Pi) staining of MSCs for 1 and 6 days in culture with PR. Mean ± SD is shown.
n = 3. ns = non-significant. * p < 0.05, ** p < 0.01.

We examined the potential of these cells to differentiate into adipogenic, osteogenic,
and chondrogenic lineages. We observed that BM-MSCs cultured in all conditions had the
ability to differentiate into these lineages, as confirmed by the positive staining of oil red O
(adipogenic), Alcian blue (chondrogenic), and alizarin red S (osteogenic) (Figure 4b).
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CD105, CD34, CD45, and HLA-DR. (b) Differentiation potential to adipogenic, osteogenic, and
chondrogenic lineages by oil red O, alizarin red S, and Alcian blue staining, respectively.

4. Discussion

In this work, we evaluated the use of several PEF protocols applied to platelets with
no therapeutic value to produce a platelet derivative component that could be used as an
alternative to FBS and PL as a media supplement for MSC cultures. Taken together, our
data show that the application of PEF to expired PCs leads to a controlled released of GFs
from platelets (Figure 2), and this PR PEF supports BM-MSC renewal and differentiation,
while cell characteristics are maintained, as seen in Figures 3 and 4.

It was observed that PR features are dependent on the PEF parameters applied, as
different levels of GFs are released upon PEF application, as well as the percentage of
platelet activation (Figure 2). These data are in accordance with previous studies demon-
strating that PEF parameters influence the platelet rich plasma characteristics [19,31–34].
The application of PEF to cells induces the opening of pores on cell membranes leading
to a release of proteins into and out of the cells [17,18]. Depending on PEF conditions, it
can permeabilize internal membranes, such as mitochondria or endoplasmic reticulum
membrane [35–37]. Consequently, the PEF parameters applied can regulate the bioactive
components that are released from the cells, due to their protein size and location within
the cell compartments. The performed analysis of PDGF, VEGF, TGF-β1, and IGF in the
PR obtained after PEF stimulation demonstrates that TGF-β1 was released in a higher
amount than VEGF, PDGF, or IGF, when compared with the basal levels characterized by
the untreated PR (Figure 2c–e). Interestingly, only TGF-β1 achieved similar levels to PL
F&T, which causes the breakage of all platelets and the release of all proteins stored in
the cell (Figure 2d). Previously, Frelinger et al. characterized the GF release from platelet
rich plasma upon PEF application and correlated it with the expression of several platelet
granule markers, observing that GFs were differently localized in the platelets [31]. PDGF
and VEGF distribution correlates with α-granules and T granules, indicating a similar
distribution in the cell [31]. In this study, an analogous release of PDGF and VEGF was ob-
served, while TGF-β1 was highly released, which might indicate that these GFs were stored
differently in the platelets, and that different PEF parameters affect platelets differently.
Besides this, TGF-β1 is the GF with the lowest protein size analyzed in the present study,
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thus it requires small pores in the cell membrane to be able to cross the cell membrane [38].
Previously, studies have shown that PDGF-BB and TGF-beta are stored in the α-granules
of platelets; however, it might be differently distributed within the granules, as TGF-beta
is highly released upon PEF application in comparison to PDGF [31,39]. Moreover, the
TGF-beta protein is smaller than PDGF which also could lead to these differences in protein
release from platelets.

In addition, our data show that the IGF levels obtained in the PR PEF I and C, and PL
F&T were significantly lower than in the untreated condition, which might indicate IGF
degradation caused by the freezing cycles or by the application of PEF [14,40]. Currently,
there are multiple ongoing clinical trials using MSC which have raised concerns about the
use of animal-derived components as a medium supplement for cell expansion in vitro [4].
One alternative proposed is the use of chemical-defined media; however, studies have
demonstrated that it fails to sustain the MSC features [41]. Consequently, the need to
develop a xeno-free media supplement which is able to retain the biologic activity of MSCs
emerged. Our data demonstrate that PEF application leads to the release of GFs that are
important for MSCs, such as the TGF-β1 and FGF which are known to regulate osteogenic
and adipogenic differentiation, as well as cell proliferation [42]. Therefore, in the current
study, we compared PRs obtained by the application of 7 pulses of 10 and 12.5 kV/cm
to FBS or PL F&T as a supplement for BM-MSC cultures. Our data demonstrate that the
basic features of MSC cells were maintained in comparison to FBS or PL F&T, namely cell
adhesion to the cell-culture plate and cell proliferation (Figure 3). Moreover, our data reveal
the importance of stimulating PC platelets to create an efficient MSC media supplement,
as the untreated condition showed a significantly lower cell proliferation and survival in
comparison to PR PEF. Studies have demonstrated that cells expanded in PL proliferate
faster than FBS during initial passages [15,43]. Significant differences in cell proliferation
were not observed between PR PEF, FBS, or PL F&T; however, our study was performed
for a short period of time (6 days).

Furthermore, an important characteristic of MSCs is their ability to differentiate into
other cell types, namely adipocytes, chondrocytes, and osteoblasts. With this in mind,
evaluating the established MSC surface markers and their differentiation capacity after
expansion in the presence of PR PEF is crucial for the MSC clinical applicability. In the
current study, we observed that cells expanded in PR PEF retained the cell-surface markers
described for BM-MSCs (Figure 4a), as well as their ability to differentiate into osteogenic,
adipogenic, and chondrogenic phenotypes (Figure 4b). This is consistent with data pre-
viously published using PL to expand MSCs, showing a low variability within an MSC
sample cohort expanded in PL or PRP, and in comparison, to MSCs expanded in FBS [15,44].

5. Conclusions

In conclusion, PEF parameters can be used to regulate GF release from platelets
obtained from expired PC, and tune PR characteristics. The PR PEF had the required
components to maintain BM-MSC features in vitro, indicating its clinical advantage for
MSC production. Further studies are required to characterize the MSC features after longer
periods of expansion with PR PEF, as well as the impact of PR PEF on the MSC secretome.
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