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Abstract

Cold Atmospheric Plasma (CAP) is gaining interest as a biomedical technology due to
its ability to modulate cellular behaviour through the controlled delivery of reactive oxy-
gen and nitrogen species (RONS), UV photons, and electric fields. This is particularly
relevant to wound healing, where redox modulation can reduce microbial burden and
promote tissue repair. Mesenchymal stem/stromal cells (MSCs) are key regulators of
immune response and tissue regeneration, suggesting potential synergy between CAP
and MSC-based approaches. However, before CAP can be incorporated into MSC-based
approaches, it is essential to establish whether it compromises core MSC characteristics.
This study investigated the effects of CAP on MSC viability, morphology, phenotype and
multilineage differentiation potential. Adipose-derived immortalised MSCs were exposed
to CAP using a helium plasma jet under optimised conditions and assessed for up to
72 h. CAP exposure produced treatment-time-dependent effects on metabolic activity
and morphology, enabling the identification of a non-cytotoxic treatment window. Under
mild conditions, CAP-treated MSCs maintained the characteristic MSC phenotype (CD73-,
CD90-, and CD105-positive; HLA-DR- negative) and retained adipogenic, osteogenic, and
chondrogenic differentiation capacity. These findings indicate that controlled CAP exposure
preserves key MSC properties, supporting further investigation of CAP as a complementary
tool for MSC-based wound healing applications.

Keywords: cold atmospheric plasma (CAP); mesenchymal stem/stromal cells (MSCs);
MSC differentiation; MSC phenotype

1. Introduction

The skin is the largest organ of the body and serves as a physical barrier that protects
internal tissues and organs. Disruptions to the skin barrier by an external force or trauma
are classified as acute or chronic wounds, distinguished by the time they take to restore
physiological and structural integrity of the injury site [1]. Wound healing is a complex
and highly coordinated process involving dynamic interactions between resident dermal
and epidermal cells, ultimately resulting in wound closure and the restoration of damaged
tissue [2]. The physiological process is generally categorised into four overlapping stages:
homeostasis, inflammation, proliferation and remodelling. Dysregulation of these stages
can give rise to chronic, non-healing wounds, representing a major global healthcare burden
that affects millions of individuals worldwide [3]. The aetiology and clinical manifestations
of non-healing wounds vary and can be classified as arterial, diabetic, pressure and venous
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ulcers [4]. Despite differences in their underlying pathophysiology, they are commonly
associated with prolonged inflammation and reduced angiogenesis at the injury site [5].

Chronic wound management and care have seen major advances in recent years with
a move from conventional methods such as hydrocolloids and gauze to smart biomate-
rial dressings and hydrogels [6,7] and cell-based therapies [8], especially mesenchymal
stem/stromal cells (MSCs) [9]. MSCs are a class of cells distinguished by their natural
capacity for self-renewal, differentiation into specialised tissue cells, immunomodulation
and targeted migration to injury sites [10]. The International Society for Cell & Gene Ther-
apy (ISCT) defines MSCs as spindle-shaped, adherent cells that express CD105, CD90, and
CD73 and lack CD45, CD34, CD11b, CD79«x, and HLA-DR surface markers and maintain
trilineage differentiation capacity in cell culture media [11]. MSCs contribute to multiple
stages of the wound healing process [12]. Through their injury-homing capacity, MSCs
localise to sites of tissue damage, where they modulate the activity of inflammatory cells
via paracrine signalling [13,14]. They also support the proliferative phase of wound repair
through engraftment at the injury site and the secretion of regenerative and anti-fibrotic
factors, thereby promoting enhanced tissue and skin repair [15].

Despite the potential of MSCs in therapeutic applications, translating their unique
abilities in clinic is complex and limited by their variability. MSCs from different donors
differ in their proliferation and differentiation capacity, and further differences arise from
the tissue they are isolated from as well as the isolation protocol [16]. This variability is
particularly challenging when aiming to define treatment parameters and understand their
influence on cells for a new technology, as the effects of treatment need to be distinguished
from the differences between cell batches. Immortalisation with human telomerase reverse
transcriptase (WTERT) has been used to overcome some of these limitations of primary
MSC cultures [17]. hTERT-immortalised adipose-derived MSCs were therefore used in this
study to provide a stable and reproducible cell model.

Non-thermal or Cold Atmospheric Plasma (CAP) is partially ionised gas composed
of excited atoms, electrons, positive ions, electromagnetic fields, UV radiations, reactive
species and free radicals, which result from direct and indirect collisions between electrons
and molecules as well as the loss of electrons following the supply of energy to a neutral
gas [18]. Electrons are the first to take up the energy, which they then transfer into gas
molecules (e.g., Ar, He, Np, CO;, Oy) in the form of vibrational excitation. The generation
of plasma in air or in noble gases such as argon or helium, which then interact with
surrounding air molecules, results in the creation of reactive species such as reactive
oxygen species (ROS), which include singlet oxygen, superoxide anion (O, ™), hydrogen
peroxide (H;O,), hydroxyl radical (OHe) and ozone (Os), as well as reactive nitrogen
species (RNS) such as nitric oxide (NO) and nitrogen dioxide (NO,) [19,20]. The various
components of CAP contribute to its complex chemical kinetics that lay down the basis of
its clinical potential.

The application of CAP in medicine has evolved rapidly, including disinfection, wound
healing, cancer treatment and tissue regeneration. The unique mix of RONS, ions, electrons,
free radicals, electromagnetic fields and UV radiation that CAP generates contributes to
its interactions with living cells [21,22]. CAP has also been demonstrated to effectively
reduce planktonic bacterial cells and biofilms through a number of mechanisms such
as lipid peroxidation and DNA damage [23]. This capability has positioned CAP as a
promising alternative for wound disinfection, as it combats antibiotic-resistant infections
commonly associated with chronic wounds. Extensive research has been conducted on
CAP in chronic wounds and ulcers, with studies spanning animal models [24,25] and
clinical applications [26,27]. In addition to alleviating the infection load, CAP can stimulate
skin cells (keratinocytes, fibroblasts) to proliferate and enhance their migration, leading
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to accelerated wound healing [28]. Given that both CAP and MSC-based therapies are
being developed for chronic wound management, their combined use is of growing interest.
However, before the two approaches can be combined, it is essential to establish whether
CAP preserves the key characteristics of MSCs.

The aim of this study was to characterise the reactive species generated by a helium-
based plasma jet and to evaluate their possible contribution to the response of MSCs to CAP.
To achieve this, the main reactive species produced by the plasma jet were first quantified.
The CAP treatment window was then determined using dose-response analysis, and the rel-
ative contribution of reactive species was examined by comparing direct treatment, plasma
activated medium (PAM) and medium replacement after exposure. Finally, the expression
of selected MSC surface markers and trilineage differentiation capacity were evaluated to
determine whether key MSC characteristics were preserved following CAP treatment.

2. Materials and Methods

2.1. Plasma Source: J-Plasma Radiofrequency (RF) Helium Atmospheric Pressure Plasma
Jet (APP])

The Apyx Medical Ultimate® Electro-surgical generator, an electrosurgical FDA-
approved (FDA: K192867) helium RF CAP jet (Apyx Medical, Clearwater, FL, USA), was
used. J-plasma consists of a 15 cm handpiece connected to a control unit and a gas line,
enabling the regulated flow of helium through the device, which generates a helium corona
discharge at room temperature. The jet nozzle was stabilised at a 2 cm distance from the
support platform for direct MSC treatment and activation of media. All treatments were
conducted at 40% power (approx. 6 W; [29,30]) and a 4 Standard Litre per Minute (SLM)
gas flow.

2.2. Chemical Analysis of J-Plasma

Plasma activated water (PAW) was generated in a 24-well plate using deionised water
(1 mL, dH,0) at 2 cm from platform. The dH,O was exposed to a J-plasma device for
varying durations: 30, 60, 120, 180 s. Following treatment, the pH of PAW was measured
using FiveEasy ™ Plus pH/mV bench meter (Mettler Toledo, Greifensee, Switzerland).

The concentration of HyO; in plasma-activated dH,O was determined using titanium
oxysulfate (TiOSOy4, Merck, Arklow, Ireland). An amount of 100 puL of PAW or HyO,
standard sample was incubated with 10 uL of TiOSOj4 for 10 min in the dark, after which
absorbance readings were taken at 405 nm wavelength (FilterMax F5, Multi-Mode Mi-
croPlate Reader, Molecular Devices, San Jose, CA, USA). Data were acquired with SoftMax
Pro (version 6.4; Molecular Devices). A standard curve of known H,O, concentrations was
included on each plate and used to convert the absorbance of samples into concentration
H202 in LLM.

Total oxidative species were measured using potassium iodide (KI, Merck, Arklow,
Ireland). A total of 50 puL of PAW or H,O, standard sample was mixed with 50 uL dH,O
(non-buffered conditions) or 50 uL 10 mM phosphate buffer (buffered conditions) and
100 L 1 M KI solution and incubated in the dark for 20 min. The absorbance was read at
a 405 nm wavelength (FilterMax F5, Multi-Mode MicroPlate Reader, Molecular Devices,
San Jose, CA, USA).

All chemical measurements were performed in three independent experiments, each
in three technical replicates.

2.3. Cell Culture of ASC52telo hTERT Immortalised Adipose-Derived Mesenchymal Stem Cells

Human ASC52telo hTERT-immortalised adipose-derived MSCs were kindly provided
by Dr. Jessica Whelan and Dr. Susan McDonnell, University College Dublin, Dublin,
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1. CAP Treatments

2. PAM Treatments

hTERT MSCs in 100uL
media (2.5X10"4cs/mL)

Ireland. Cells were cultured in Mesenchymal Stem Cell Medium (Cat. No. 7501 MSCM,
ScienCell, Carlsbad, CA, USA) supplemented with 5% Foetal Bovine Serum (Cat. No. 0025,
FBS, ScienCell), 1% MSC growth supplement (MSCGS, Cat. No. 7552, ScienCell) and a 1%
penicillin/streptomycin solution (Cat. No. 0503, P/S, ScienCell) in a humidified incubator
at 37 °C and 5% CO,. Cells were routinely subcultured once a confluence of 85% was
reached using a 0.05% trypsin/EDTA Solution (Cat. No. 0183, Trypsin/EDTA, ScienCell)
and reseeded at 2.5 x 10* cs/mL.

2.4. Direct and Indirect Plasma Treatment Set-Ups

All treatments were conducted at 2 cm distance from the platform, with a gas flow
rate of 4 SLM and power of 40% (approx. 6 W; [30,31]) (Figure 1). For direct treatments,
cells were seeded 24 h prior to treatment (at a concentration of 2.5 x 10* cs/mL in 100 pL).
Before plasma exposure, culture media was removed, cells were washed with PBS, and
100 pL of fresh media was added, resulting in a liquid depth of approximately 3.4 mm
above the cell monolayer. Cells were then exposed to plasma for treatment durations of 1,
2,5,10, 15,20, 30, 60, and 90 s and the untreated control was kept in the same conditions
except for being exposed to plasma. Each treatment condition was performed in triplicate.
For plasma activated media (PAM) treatments, the same procedure, treatment times and

set-up were used; however, the media was treated separately before being immediately
added to the cells.

Exposure to Plasma

—_—

Transfer

activated >
media to cells z 24 h,48h,72h
(seeded a day
in advance)

Media only (no cells

seeded)
Figure 1. Schematic diagram of the experimental flowchart of cold plasma treatments.

2.5. Resazurin/Alamar Blue Assay

The response of hTERT-MSCs was analysed using the colorimetric resazurin metabolic
activity assay (resazurin sodium salt, Cat. No. R7017-1G, Merck, Arklow, Ireland). After
the specified exposure and incubation times, media was removed and cells were washed
with sterile Phosphate-Buffered Saline (PBS) (Cat. No. P4417-50TAB, Merck, Arklow,
Ireland) and 100 pL of resazurin media solution was added (final concentration of 8 pg/mL
resazurin) followed by a 2.5 h incubation at 37 °C and in 5% CO,. Absorbance was
measured using a spectrophotometric plate reader (FilterMax F5, Multi-Mode MicroPlate
Reader) at 570 nm and 600 nm as a reference wavelength. Results are expressed in the
percentage of metabolic activity of control cells, which are non-treated cells.

2.6. Live Cell Imaging

Changes in hTERT-MSC fibroblast-like morphology were investigated following each
treatment for the duration of the incubation (24, 48, 72 h) using the Incucyte® Live-Cell
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Analysis Instrument (Sartorius, Gottingen, Germany) in phase-contrast mode with the
53/5X 1 G/R Optical Module.

2.7. Phenotyping of ASC52telo hTERT-MSCs

To determine the MSC phenotype of hTERT-MSCs, the expression of positive markers
CD105, CD90 and CD73 and the negative marker HLA /DR was analysed by flow cytometry
using an MSC Phenotyping Cocktail Kit, anti-human, REAfinity (Miltenyi Biotec, Bisley,
UK). Samples were analysed using the Cytoflex LX flow cytometer (Beckman Coulter,
Brea, CA, USA) using CytExpert software (version 2.6.0.105; Beckman Coulter). Cells
were harvested for phenotypic analysis 72 h following CAP treatment (20 s and 30 s) by
pooling the cells harvested from 60 wells of a 96-well plate, each treated for the appropriate
exposure time.

Flow cytometry data were analysed using a sequential gating strategy to accurately
identify viable MSC populations and assess surface marker expression. Initially cells were
gated based on forward scatter (FSC-A) versus side scatter (SSC-A) to exclude debris and
select the main cell population based on size and granularity. Doublets were then excluded
by plotting FSC-A versus FSC-H and live singlets were gated. Fluorescent gates were then
established using unstained controls, and positive and negative gates were selected based
on these unstained controls. Percentages of cells expressing CD73, CD90 and CD105, as
well as cells lacking HLA-DR, were calculated within viable singlet population.

2.8. Osteogenesis Differentiation Potential Assay

Following CAP treatment (72 h) cells were seeded at 5 x 10% cs/cm? in a 96-well
plate for 2 days prior to adding complete osteogenesis differentiation media (StemPro
Osteocyte/Chondrocyte Differentiation Kit, Cat. No. A10072-01, Gibco, Paisley, UK). Media
was changed every 3—4 days, and cells were incubated for a total of 21 days. Cells were then
gently washed with PBS and fixed with 4% paraformaldehyde (PFA) at room temperature.
Calcium-rich deposits were assessed using an Alizarin Red S staining kit (Cliniscience,
Cat. No. 0223-SC, Nanterre, France) according to the manufacturer’s instructions. Stained
cultures were imaged using brightfield microscopy.

2.9. Adipogenesis Differentiation Potential Assay

Following CAP treatment (72 h), cells were seeded at 1 x 10* cs/cm? in a 96-well
plate for 2 days prior to adding complete adipogenesis differentiation media (StemPro
Adipogenesis Differentiation Kit, Cat. No. A10070-01, Gibco, Paisley, UK). Media was
changed every 3—4 days and cells were incubated for a total of 14 days. Cells were then
gently washed with PBS and fixed with fixative (Cliniscience, Cat. No. 0843, Nanterre,
France) at room temperature. Intracellular lipid droplet accumulation was assessed using
Red Oil O staining (Cliniscience, Cat. No. 0843a, Nanterre, France) according to the
manufacturer’s instructions. Stained cultures were imaged using brightfield microscopy.

2.10. Chondrogenesis Differentiation Potential Assay

Following CAP treatment (72 h), cells were resuspended at a density of 1 x 107 ¢s/mL,
and 5 pL droplets were dispensed into wells of a 24-well plate to generate micromasses.
The micromass cultures were incubated for 2 h at 37 °C without media to allow cells to
adhere and form a compact micromass before adding media. Complete chondrogenesis
media (StemPro Chondrogenesis Differentiation Kit, Cat. No. A10071-01, Gibco, Paisley,
UK) was added. Media was changed every 2-3 days, and cells were incubated for a total of
14 days. Cells were then gently washed with PBS and fixed with 4% paraformaldehyde
(PFA) at room temperature. Sulphated proteoglycans were detected using Alcian Blue
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staining (Cliniscience, Cat. No. 8378-5C, Nanterre, France) according to the manufacturer’s
instructions. Stained cultures were imaged using brightfield microscopy.

2.11. Statistical Analysis

All experiments were performed at least three independent times. Statistical analysis
was carried out using GraphPad Prism (version 9.5.1, GraphPad Software, San Diego,
CA, USA). Data are presented as the mean + standard deviation (SD). Multiple com-
parison analyses were performed using two-way ANOVA followed by Sidak’s multiple
comparison test.

3. Results
3.1. pH Measurements and Chemical Properties

Upon interacting with a liquid surface, reactive species originally present in the gas
phase both from the plasma and surrounding air generate short and long-lived reactive
species within the liquid they encounter. These RONS play a crucial role in mediating
CAP’s effects on biological entities, such as cells in culture and tissues. The concentration of
hydrogen peroxide generated in deionised water (dH,O) was directly correlated with expo-
sure time, where it increased from 57.5 uM with 30 s exposure to 429 uM at 180 s treatment
time (Figure 2a). Similarly, total oxidative species generated in dH,O also demonstrated
a direct relationship between exposure time and concentration when measured under
non-buffered (reactive species that are stable at acidic conditions) and buffered (reactive
species that are stable at neutral conditions) conditions. Concentrations of nitrites and
nitrates were also measured but showed minimal RNS generation by this plasma system
(<3 uM at 3 min exposure), in line with findings of other studies [31]. The pH of deionised
water decreased as plasma exposure time increased, from pH 5.3 at 30 s exposure to pH
4.03 recorded at 180 s exposure (Figure 2b).

500+ -
= H,0, . ’
o I B Ox species. (buffered) .
21 400+ El Ox species. (non-buffered) .
= .
c 4 .
.% 300
g 200 i
8 24
5
S 100
0- N 0 T T T 1
0 30 60 120 180 0 50 100 150 200
Plasma Exposure Time (s) Plasma Exposure Time (s)

@ (b)

Figure 2. (a) Chemical composition of PAW after exposure to Apyx J-Plasma APP] for exposure times
of 30, 60, 120 and 180 s. Oxidative species refer to species able to oxidise potassium iodide (KI) at acidic
pH (non-buffered) or neutral pH (buffered). H,O; is quantified using TIOSOy. (b) Measurements of
pH in water following exposure to Apyx J-Plasma APPJ for exposure times of 30, 60, 120 and 180 s.
Results are presented as the mean =+ S.D. of three experiments.

3.2. Optimisation of CAP Treatment Parameters Based on Biological Response

In order to investigate MSCs” sensitivity to plasma and its potential use as a tool to
modulate MSC activity, it is essential to identify safe CAP parameters. Immortalised human
mesenchymal stem cells (NnTERT-MSCs) were used to determine dose responses to CAP
conditions, as their ability to expand indefinitely eliminates the time constraints associated
with primary MSC cell lines. Following the initial characterisation of plasma-generated
reactive species and associated pH changes, the influence of distance (1.5-3 cm) was in-
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vestigated. Dose-response curves were generated for each treatment distance (Figure 3a).
As treatment distance did not markedly alter the viability of cells, a distance of 2 cm
was selected as an intermediate and representative treatment condition for subsequent
experiments. Subsequently, a broader exposure range of 1 s—1.5 min was evaluated, and
cells were incubated for 24, 48 or 72 h post-treatment (Figure 3b). hTERT-MSC metabolic
activity was reduced to 50% at an exposure time of about 40 s. Comparison between 24,
48 and 72 h incubation post-treatment showed similar viability trends, suggesting that
the majority of cell death at higher exposure times is sustained over the measured time
points (24, 48 and 72 h) after interaction with plasma and not over prolonged incubation
post-treatment. Morphology and confluency of hTERT-MSCs were monitored by live-cell
imaging over 72 h, and Figure 3c shows representative phase-contrast images acquired at
72 h following 30 s, 60 s and control treatments. Cells exposed to 30 s CAP maintained
normal spindle-shaped morphology and confluence, whereas higher treatment (60 s) re-
sulted in reduced cell density and visible morphological changes consistent with decreased
viability. Based on these results, 30 s was defined as a mild treatment at which metabolic
activity remained above 50% of control and cells retained proliferative capacity along with
displaying no visible morphological changes. This exposure was used as an upper limit for
‘mild treatment’ conditions in the subsequent analysis.

# 15cm 3‘
' sl E - 24h
[ 25cm 8
5 - = = 48h
o °
3100 2 -+ T2h
> 2
: :
g 50 ;
g X
o LY e S S S
Plasma Exposure Time (s, log scale) Plasma Exposure Time (s, log scale)
(@ (b)
Control 30s 60 s

72 h

(c)

Figure 3. Changes in (a) metabolic activity in response to CAP exposure at varying distances (1.5,

2,2.5,3 cm at 72 h post-treatment. Changes in (b) metabolic activity following exposure to CAP at
2 cm distance and incubation for 24 h, 48 h and 72 h following treatment. Results are presented as
the mean + S.D. of three experiments and relative to the untreated control. (c) Changes in MSC’s
spindle-shaped morphology at 60 s, 30 s and control at 72 h, taken at 10 x objective by IncuCyte S3.

CAP influences living cells through its chemical and physical components. Different
plasma devices vary in their design, gas inlet composition, and power, leading to differences
in the way they generate and deliver these components. These variations lead to different
cellular responses; hence, it is essential to understand the specific mode of action of each
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device. In this section, cells were treated directly with CAP, and media was changed
straight after treatment, followed by a 72 h incubation. Immediate replacement of the
culture media after plasma exposure reduces cellular interactions with long-lived reactive
species (e.g., HyO,). Significantly higher metabolic activity can be seen with media change
at higher exposure times (30 s-90 s) compared to no media changes (Figure 4), suggesting
that removing these reactive species and other byproducts of the initial interaction with
plasma attenuates the reduction in metabolic activity compared to not changing the media
following exposure. This points to the potential contribution of long-lived ROS in mediating
the effects of the Apyx J-plasma on MSCs.

150-

=

o k3

(&)

% 100 o= H v 3

2 Bl &4 .

a L ]

=

T °

$ 50 T

2

®

E - ﬁ
0 T Ll Ll L] T

Ct 10 15 20 30 60 20
Plasma Exposure Time (s)

e Media Changed < Media not Changed

Figure 4. Changes in metabolic activity in response to direct CAP exposure, followed by immediate
media change or no media change and a 72 h incubation. Metabolic activity is obtained via resazurin.
The results are presented as the mean £ S.D. of three experiments and relative to the untreated
control. *** p < 0.0001.

3.3. Effects of Plasma Activated Medium (PAM) on hTERT-MSCs

In addition to direct CAP treatment, PAM was also investigated. While direct CAP
treatments have shown effects on MSCs, there is a growing interest in the use of PAM as a
more practical and versatile approach for biomedical applications. Avoiding the higher
cytotoxicity caused by increased oxidative stress and UV radiation, PAM may offer an
alternative by harnessing CAP’s benefits in a controlled and accessible manner. Cell culture
medium was activated in a 96-well plate (100 puL per well) and then immediately transferred
to cells that had been seeded 24 h in advance in a 96-well plate. By using PAM, the treatment
circumvents the exposure to short-lived species, UV emissions, and electromagnetic fields.
Compared to direct treatment, PAM elicited a less distinct dose-response pattern in MSCs
and less cytotoxicity overall (Figure 5a). Additionally, phase-contrast live images at 72 h
(Figure 5b) indicate that cell morphology remained unchanged following PAM treatment.
The differences in responses between PAM and direct CAP may be attributed to the stability
and lifespan of the reactive species involved, as direct treatment also exposes cells to short-
lived species and other plasma components.

3.4. Effects of CAP on hTERT-MSC Phenotypical Marker Expression

To evaluate the impact of CAP on the phenotypic properties of MSCs, the expression
of established MSC surface markers (positive markers: CD73, CD90, CD105; negative
markers: HLA-DR) between mild CAP-treated and untreated cells was investigated using
flow cytometry. The results (Figure 6 and Supplementary Figure S1) showed that CAP-
treated cells at parameters (20 s, 30 s) with low cytotoxicity continued to express MSC
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Metabolic Activity [% of Control]

150-

100-

o
e

0-

markers in a similar manner to untreated control, with no significant increase or decrease
in phenotypical characteristics. Although not statistically significant, HLA-DR showed an
exposure-time-dependent increased expression, which warrants further investigation.

® 24h
® 48h
® 72h

Ct101520306090 Ct 101520306090 Ct 101520 30 60 90

Plasma Exposure Time (s)
@)

Control 30s 60s

(b)

Figure 5. (a) Changes in metabolic activity obtained via resazurin of hTERT-MSC in response to
PAM followed by a 24 h, 48 h, and 72 h incubation. (b) MSC’s spindle-shaped morphology following
PAM treatments at 60 s, 30 s and control at 72 h, taken at 10x objective by IncuCyte S3. Results are
presented as the mean & S.D. of three experiments and relative to the untreated control.

3.5. Effects of CAP on hTERT-MSC Differentiation Potential

To evaluate whether CAP exposure affects the multipotent capacity of MSCs, adi-
pogenic, osteogenic and chondrogenic differentiation assays were performed following
treatment (Figure 7). Cells treated with mild exposure times (15, 30 s) retained their ability
to differentiate along all lineages. Under adipogenic conditions, CAP-treated hTERT-MSCs
formed lipid droplets similar to the untreated control. Similarly osteogenic differentiation
potential was preserved at 15 and 30 s treatment times, where treated cells formed calcium
deposits. Chondrogenesis differentiation was also maintained, with CAP-treated cells
showing a proteoglycan-rich matrix. These findings suggest that, at the parameters tested,
CAP exposure did not prevent hTERT-MSCs from undergoing trilineage differentiation. In
contrast, cells exposed to 60 s of CAP exhibited markedly reduced viability (as shown in
Section 3.2) prior to the induction of differentiation. As a result, differentiation capacity at
this exposure time and higher was diminished, primarily due to cell death.
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Figure 6. Phenotypical analysis of MSC surface markers (positive markers: CD105, CD90, CD73;
negative marker: HLA-DR) for MSCs treated for 20 s and 30 s compared to the untreated control.
Percentages of cells expressing CD73, CD90, CD105 and HLA-DR, presented as the mean & S.D.
of three experiments and relative to the untreated control at 72 h post-treatment. Viability was

determined using trypan blue (~99%).

Adipogenesis Osteogenesis Chondrogenesis

Ct

15s

30s

Figure 7. Adipogenic, osteogenic and chondrogenic differentiation potential of h\TERT-MSCs follow-
ing CAP treatments at 15 s and 30 s and untreated control. (left) Images of adipogenic differentiation
showing intracellular lipid accumulation stained with Oil Red O. (middle) Images of osteogenic
differentiation demonstrating calcium-rich mineralised matrix deposition stained with Alizarin Red

S. (right) Images of chondrogenic differentiation demonstrating acidic polysaccharides stained with
Alcian Blue.
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4. Discussion

Cold plasma holds significant promise for applications in tissue regeneration and
wound healing. To safely translate these into therapeutic effects, it is essential to understand
how MSCs respond to plasma to define the limits of their sensitivity and determine safe
exposure thresholds. Emerging research suggests that cold plasma can effectively stimulate
the proliferation of adipose-derived, bone-marrow-derived and hematopoietic stem cells
compared to untreated controls [32,33]. Furthermore, studies have demonstrated that com-
bining CAP with MSC therapy can enhance wound healing in animal skin models [34,35].
To investigate plasma as a tool for modulating MSCs and understanding its effect on these
cells, it is essential to identify safe treatment parameters and determine their tolerance to
CAP [36].

Direct exposure to CAP can cause cellular damage and apoptosis [37-39]. Therefore,
establishing safe operative parameters is crucial when translating CAP into regenerative
medicine applications. Dose-response analysis was carried out to identify the threshold
at which MSCs lose their viability. Cells exhibited a less than 50% decrease in viability
for all treatment durations under 30 s (40% power (approx. 6 W), 4.0 SLM), identifying
this as a treatment window for investigating plasma effects on MSC function. No sig-
nificant difference was observed in cell viability when incubated for longer than 24 h
post-treatment. However, Ermakov et al. (2021) showed that longer incubation times result
in decreased cell viability of MSCs post-plasma treatment [40]. This contrasts with other
studies, which showed an increase in cell proliferation following plasma treatment that
further increased with incubation time [32]. The discrepancy between these studies and our
results may stem from variations in plasma source, treatment parameters and experimental
conditions. This also highlights the challenges of standardising plasma treatments across
studies to ensure reproducibility and facilitate comparison. Additionally, it was previously
shown that hTERT overexpression in human fibroblasts is associated with improved mito-
chondrial function and reduced response to oxidative stress [41]. Given that the present
study used hTERT-immortalised MSCs, it is possible that primary MSCs that lack hTERT
overexpression could respond differently to CAP-induced oxidative stress.

Previous studies on MSCs have performed direct and indirect cold plasma treatments
using different approaches and achieved different outcomes [32,42,43]. For CAP to be used
as a tool for tissue regeneration, understanding its mechanism of action and assessing both
immediate and delayed cellular responses is crucial in order to differentiate between tran-
sient and sustained effects of plasma exposure on cell behaviour. Chemical characterisation
of J-plasma in deionised water shows that H,O; is the main long-lived species generated,
which could suggest it plays a vital role in the loss of metabolic activity observed in MSCs.
However, to confirm whether J-plasma-generated ROS are the main drivers of its effect on
cells, a detailed analysis of the ROS generated in media is required. Our results demon-
strated that cells maintained significantly higher viability at longer exposure times when
media was replaced immediately, indicating a potential contribution of CAP-generated
long-lived ROS to cytotoxicity. These findings further support the role of ROS as mediators
of the plasma-induced cellular responses [44,45]. Previously, CAP-generated ROS have
been shown to induce intra- and extracellular ROS accumulation, leading to oxidative
stress and DNA damage that diminish cell metabolic activity and induce apoptosis [46,47].
However, H,O, levels have been reported to deplete in the presence of enzymes found in
media and sera [48]. Understanding CAP’s effect on MSCs is therefore more challenging
and multifaceted, requiring consideration of not only individual reactive species like HyO,.

Treatment with PAM eliminates any physical interaction between cells and plasma,
resulting in a reduced level of cytotoxicity compared to that observed with direct treatment.
This could be due to the combined effects of short- and long-lived reactive species and
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the UV and electromagnetic field in CAP, which can lead to increased oxidative stress
and potential DNA damage [44], while PAM relies only on the effects of longer-lived
reactive species that may exert more controlled and prolonged biological effects. Hahn
et al. (2024) showed that PAM also induces an oxidative response in MSCs [43]. The
lifetime and concentration of reactive species could differ between direct and indirect
plasma treatment, where the direct treatment generates an intense burst of ROS at the cell
surface, potentially triggering apoptosis [43]. Treatment with PAM also allows for a more
uniform treatment distribution across cells, avoiding localised overexposure that may occur
with direct treatment.

Treatment with CAP did not result in changes in expression profiles of the positive
markers CD105, CD90 and CD73, suggesting that while CAP alters cells’ oxidative state,
metabolism and survival, it does not alter these MSCs’ phenotypical characteristics at short
exposure times. These results suggest that the expression of the selected MSC surface
markers was maintained following short plasma exposure, despite the changes observed
in metabolic activity. Phenotypic stability is an important consideration for downstream
applications of CAP, as shifts in marker expression could affect MSC function or introduce
variability. These findings are consistent with previous reports demonstrating that con-
trolled CAP treatment can modulate cellular behaviour without adversely affecting surface
markers [32,49]. Oxidative stress has previously been reported to induce senescence in
MSCs, even at non-cytotoxic levels of exposure [50]. Similarly, CAP has been shown to in-
crease the expression of senescence-associated factor p16 in fibroblasts and adipose-derived
stem cells (ASCs) [51]. Interestingly, our findings demonstrate that low-cytotoxic direct
CAP treatment did not impair the adipogenic, osteogenic or chondrogenic differentiation
capacity of hTERT-MSCs. This may be attributed to treatment conditions used in the
present study, as well as the potential scavenging and degradation of CAP-generated ROS
by media components, such as FBS, present in the culture media [52]. As differentiation
was not evaluated quantitatively, changes in differentiation capacity cannot be excluded
and further investigation is required.

This study demonstrated that short exposures (<30 s) to a helium APPJ jet (J-plasma)
preserved the MSC phenotype of hTERT-MSCs, supporting further investigation of this
plasma source as a potential tool for MSC-based therapeutic applications. While CAP treat-
ment modulated viability in a dose-dependent manner, exposure times with low cytotoxic
effect preserved MSC phenotype and trilineage differentiation capacity. Collectively this
supports the potential use of CAP as a pre-conditioning or adjuvant therapeutic strategy
in regenerative medicine and wound healing applications. Future studies should further
investigate the molecular mechanisms underlying CAP-MSC interactions, particularly in
primary MSC cell models, as well as explore long-term effects of CAP exposure, such as
cellular senescence, DNA damage and sustained proliferative capacity. In addition, the ef-
fect of CAP on MSC secretome and extracellular vesicle (EV) production and the molecular
composition of EV cargo (e.g., proteins, lipids and microRNAs) should be analysed, as well
as the downstream signalling pathways responsible for mediating the regenerative and
immunomodulatory responses of MSCs.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/plasma9040043/s1, Figure S1: Representative dot plots of flow
cytometry data illustrating surface marker expression profiles (positive CD73, CD90, CD105) and
negative (HLA-DR)_ for hTERT-MSCs treated for 20 s and 30 s compared to untreated control at 72 h
post treatment.
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