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Abstract: Despite numerous attempts to use human mesenchymal stem cells (hMSCs) in the field of
tissue engineering, the control of their differentiation remains challenging. Here, we investigated
possible applications of a non-thermal atmospheric pressure plasma jet (NTAPPJ) to control the
differentiation of hMSCs. An air- or nitrogen-based NTAPPJ was applied to hMSCs in culture media,
either directly or by media treatment in which the cells were plated after the medium was exposed to
the NTAPPJ. The durations of exposure were 1, 2, and 4 min, and the control was not exposed to the
NTAPPJ. The initial attachment of the cells was assessed by a water-soluble tetrazolium assay, and
the gene expression in the cells was assessed through reverse-transcription polymerase chain reaction
and immunofluorescence staining. The results showed that the gene expression in the hMSCs was
generally increased by the NTAPPJ exposure, but the enhancement was dependent on the conditions
of the exposure, such as the source of the gas and the treatment method used. These results were
attributed to the chemicals in the extracellular environment and the reactive oxygen species generated
by the plasma. Hence, it was concluded that by applying the best conditions for the NTAPPJ exposure
of hMSCs, the control of hMSC differentiation was possible, and therefore, exposure to an NTAPPJ is
a promising method for tissue engineering.

Keywords: non-thermal atmospheric pressure plasma; mesenchymal stem cells; tissue engineering;
regenerative medicine

1. Introduction

Tissue engineering and regenerative medicine is a field that involves replacing or regenerating
human cells and tissues to restore or even improve the function of the human body [1]. Human
mesenchymal stem cells (hMSCs) are derived from the bone marrow, and are often considered
to be highly promising therapeutic agents in this field due to their self-renewal and multilineage
differentiation capabilities [2]. The hMSCs are known to have the potential to differentiate into
osteoblasts, chondrocytes, adipocytes, etc. [3–6], but the control of their differentiation still remains
to be resolved, which will be the key to successful tissue engineering and regenerative medicine in
the future.
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The use of a non-thermal atmospheric pressure plasma jet (NTAPPJ) has drawn a great deal of
interest from researchers, especially because of its possible applications in biological fields such as
the treatment of biomaterial surfaces [7,8] and the direct treatment of both microorganisms [9,10]
and living cells and tissue [11–13]. Therefore, NTAPPJ has advantages in terms of the production of
electrons, ions, and free radicals below body temperature, as it ensures no thermal damage is done to
the target [12,14].

Recent studies have indicated that a certain duration of exposure to plasma may have bioactive
effects, such as improved cell attachment and proliferation [13–15]. A study that considered the use
of adipose-tissue-derived stem cells (ASCs) indicated that there was an increase in the proliferation
of cells by NTAPPJ exposure, which did not affect their stemness [16]. In another study in which
the effect of NTAPPJ exposure was considered on human mesenchymal stem cells isolated from
periodontal ligaments (hPDL-MSCs), it was evident that the hPDL-MSCs possessed all of the typical
MSC properties, including the capacity for multilineage differentiation [17]. Finally, in a study in
which human peripheral blood mesenchymal stem cells (hPB-MSCs) were exposed to an NTAPPJ, the
effects were variable in accordance with their distance from the plasma plume, where both dead cells
and viable cells were evident [18]. Despite these few papers describing the investigation of the effects
of NTAPPJs on stem cells, studies have been limited in terms of investigating the proliferation and
multilineage potential rather than considering the direction of differentiation. Additionally, no study
has investigated the effects of NTAPPJs on the differentiation of human mesenchymal stem cells.

Hence, the aim of the study was to investigate the effects of an NTAPPJ on the differentiation of
hMSCs for possible applications in the field of tissue engineering and regenerative medicine.

2. Materials and Methods

2.1. Human Mesenchymal Stem Cells

The hMSCs in this study were purchased commercially (Lonza, Allendale, NJ, USA) and cultured
in Dulbecco’s Modified Eagle’s Medium (Gibco, Grand Island, NY, USA) without any differentiation
supplements. The passages of the cells were maintained low, between three and five subcultures, to
maintain their multilineage capabilities.

2.2. Non-Thermal Atmospheric Pressure Plasma Jet

The NTAPPJ used in this study was developed at the Plasma Bioscience Research Center of
Kwangwoon University, Korea, and was used in our previous studies for different purposes [7,8,13].
The gas was supplied with either compressed air or nitrogen with a controlled rate of 0.5 L/min using
a mass flow controller (AFC600, Atrovac, Yongin, Korea). All hMSC exposures to the NTAPPJ were
carried out while the hMSCs were suspended in culture media. In terms of the direct application of the
NTAPPJ [13], 1 mL of culture medium with 1 × 104 cells was exposed to the NTAPPJ for 1, 2, and 4 min,
and the experiments were carried out in standard 12-well culture plates (SPL, Daegu, Korea), with the
distance between the medium and the tip of the NTAPPJ flume at 3 mm. The media-treated samples
were also exposed to the NTAPPJ in a similar way, but in this study, the culture medium without cells
was exposed to the NTAPPJ first, and then the cells were exposed to the NTAPPJ-treated medium [13].
The control samples were not exposed to the NTAPPJ.

2.3. Cell Attachment

The number of hMSCs attached on the culture well plate after 24 h of NTAPPJ exposure along with
any unattached cells was assessed using a water-soluble tetrazolium salt (WST, Daeil Lab, Seoul, Korea)
assay according to previously described methods [13,19,20]. As the optical density measured from the
WST assay was directly proportional to the number of cells attached after the NTAPPJ exposure, the
results are expressed as the percentage of the optical absorbance of the control.
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Additionally, the morphology of the attached cells was assessed using fluorescent dyes and a
confocal laser microscope. After culturing for 4 h under the previously described conditions, the cells
were stained with DAPI (nuclei are blue, Invitrogen, Grand Island, NY, USA) and rhodamine phalloidin
(actin filaments are red, Invitrogen, Grand Island, NY, USA), and then the cells were visualized under
a confocal laser microscope (LSM700, Carl-Zeiss, Thornwood, NY, USA).

2.4. Cell Differentiation

The differentiation of the hMSCs was assessed by the expression of the peroxisome
proliferator-activated receptor gamma (PPARG), collagen type 2 (COL II), and osteopontin (OPN)
genes, which are indicators of adipogenesis, chondrogenesis, and osteogenesis, respectively [3,21,22].
The primer sequences used in this study are listed in Table 1. The cells were cultured for 14 days, and
the total RNA was extracted from the cells using TRIzol reagent (Ambion, Austin, TX, USA). The RNA
was then reverse transcribed into cDNA using an Omniscript RT kit (Qiagen, Hilden, Germany), which
was then mixed with an appropriate primer and SYBR green assay (Applied Biosystems, Foster City,
CA, USA) for analysis by real-time reverse transcription polymerase chain reaction (RT-PCR). GAPDH
was used as the housekeeping gene, and the results are presented as the relative fold increase in gene
expression over that of the control (the 2−∆∆CT method).

Additionally, the confirmation of OPN gene expression by real-time RT-PCR analysis was carried
out using immunofluorescence staining of cells with an anti-osteopontin antibody (1:100, Santa Cruz
Biotechnology, Dallas, TX, USA) where the goat anti-mouse IgG-FITC (1:100, Santa Cruz Biotechnology,
Dallas, TX, USA) was used as the secondary antibody to stain the cells. The results were observed
using a confocal laser microscope (LSM700, Carl-Zeiss, Oberkochen, Germany). The brightfield image
was also obtained from the control group using the same microscope, to indicate the number of cells
present in the field of view for each group.

Finally, alizarin red staining was performed to observe mineralized bone-like cells on day 7.
In brief, the cells on a plate with the scaffolds were washed with PBS and fixed with 70% ethanol for 1 h.
The fixed cells were stained for 10 min with 40 mM alizarin red staining solution, pH 4.2, at 25 ◦C. After
washing off the excess dye with deionized water, the bound stain was eluted with 10% cetylpyridinium
chloride, and the absorbance of the solution was measured at 562 nm. The measured absorption values
were divided by the percentage values obtained from the number of cells attached in each group.

Table 1. Primer sequences of the genes used for reverse transcription polymerase chain reaction (RT-PCR).

Genes Forward Sequences Backward Sequences

PPARG 5′-GCA GGA GCA GAG CAA AGA G-3′ 5′-TGG TCG TTC AAG TCA AGA TTT AC-3′

COL II 5′-GGA GCA GCA AGA GCA AGG AGA AG-3′ 5′-TGG ACA GCA GGC GTA GGA AGG-3′

OPN 5′-AGA CCA TGC AGA GAG CGA G-3′ 5′-ACG TCT GCT TGT GTG CTG G-3′

2.5. Statistical Analysis

The statistical analyses of the results for both the attached cells and the cells that had differentiated
were carried out using a one-way ANOVA test with the IBM SPSS statistics 20 program (IBM, Armonk,
NY, USA). Statistical significance was considered to be p < 0.05.

3. Results

3.1. Cell Attachment

The results of the cell attachment assessment according to the WST assays are shown in Figure 1.
The results revealed that there were no significant differences in the results between the control group
and all of the test groups except that of the hMSCs exposed for 4 min to the air-flowing NTAPPJ by the
direct method (Figure 1a). The findings indicated that, in general, neither the air- nor nitrogen-flowing
NTAPPJs had an effect on the attachment of the hMSCs.
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Figure 1. Human mesenchymal stem cells (hMSCs) attached after 24 h of cell culture following 

different durations of plasma exposure to (a) the air-flowing non-thermal atmospheric pressure 

plasma jet (NTAPPJ) by the direct method, (b) the air-flowing NTAPPJ by the media-treatment 

method, (c) the nitrogen-flowing NTAPPJ by the direct method, and (d) the nitrogen-flowing NTAPPJ 

by the media-treatment method (* significant at p < 0.05). 

The morphology of the cells after 4 h of incubation was examined using immunofluorescent 

images, and the results are shown in Figure 2. A rounded cell morphology with relatively 

undeveloped actin filaments was evident for the control cells (Figure 2a), which appeared similar to 

the morphology of the cells in the test groups (Figure 2b–e). 

 

Figure 2. Human mesenchymal stem cell morphology after 4 h of cell culture following (a) no 

exposure to plasma (control), (b) direct exposure to the air-flowing NTAPPJ for 4 min, (c) media 

Figure 1. Human mesenchymal stem cells (hMSCs) attached after 24 h of cell culture following
different durations of plasma exposure to (a) the air-flowing non-thermal atmospheric pressure plasma
jet (NTAPPJ) by the direct method, (b) the air-flowing NTAPPJ by the media-treatment method,
(c) the nitrogen-flowing NTAPPJ by the direct method, and (d) the nitrogen-flowing NTAPPJ by the
media-treatment method (* significant at p < 0.05).

The morphology of the cells after 4 h of incubation was examined using immunofluorescent
images, and the results are shown in Figure 2. A rounded cell morphology with relatively undeveloped
actin filaments was evident for the control cells (Figure 2a), which appeared similar to the morphology
of the cells in the test groups (Figure 2b–e).
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Figure 2. Human mesenchymal stem cell morphology after 4 h of cell culture following (a) no exposure
to plasma (control), (b) direct exposure to the air-flowing NTAPPJ for 4 min, (c) media treatment
exposure to the air-flowing NTAPPJ for 4 min, (d) direct exposure to the nitrogen-flowing NTAPPJ for
4 min, and (e) media treatment exposure to the nitrogen-flowing NTAPPJ for 4 min. Scale bar is 100 µm.
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3.2. Cell Differentiation

The results of the hMSC differentiation experiments following exposure to the NTAPPJs are shown
in Figure 2. The expression of PPARG, COL II, and OPN indicated the adipogenesis, chondrogenesis,
and osteogenesis, respectively.

Generally, for the expression of all genes tested in this study, the air-flowing NTAPPJ resulted in
better differentiation than did the nitrogen-flowing NTAPPJ (Figure 3a–c).
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Figure 3. Relative gene expression in the human mesenchymal stem cells (hMSCs) after 14 days of
cell culture following different durations of plasma exposure by the NTAPPJ: (a) PPARG, (b) COL
II, and (c) OPN. The results are expressed as the relative fold increase compared to that of the
control, with GAPDH as the housekeeping gene. Each test group was coded as follows: AD, exposed
to the air-flowing NTAPPJ by the direct method; AM, exposed to the air-flowing NTAPPJ by the
media-treatment method; ND, exposed to the nitrogen-flowing NTAPPJ by the direct method; and NM,
exposed to the nitrogen-flowing NTAPPJ by the media-treatment method. The number after each code
indicates the duration of the exposure to the NTAPPJ in minutes (* significant at p < 0.05).

In terms of adipogenesis, expression of PPARG was increased as the duration of exposure to the
NTAPPJ increased through the direct method (Figure 3a). However, there was no significant effect
when the NTAPPJ exposure was carried out using the media-treatment method (Figure 3a).

In terms of chondrogenesis and osteogenesis, the expression of COL II and OPN following
exposure to the NTAPPJ, either by the direct or media-treatment method, showed significantly higher
levels compared to those of the control for the longer duration of exposure (Figure 3b,c).

The results were confirmed using the fluorescent staining of OPN, as it showed the most dramatic
increase of gene expression in RT-PCR analysis following the NTAPPJ exposure, compared to PPARG
or COL II. The results were in concordance with RT-PCR analysis, as brightly colored green staining
was evident for hMSCs directly exposed to 4 min of the air-flowing NTAPPJ by the direct and
media-treatment methods (Figure 4b,c) and hMSCs exposed to 4 min of the nitrogen-flowing NTAPPJ
by the direct method (Figure 4d), when compared to the numbers of cells present in the culture
(Figure 4f). There was no evidence of any fluorescence for the control samples (Figure 4a), and hMSCs
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exposed to 4 min of the nitrogen-�owing NTAPPJ by the media-treatment method showed a brighter
color than control samples but a weaker signal than other test samples (Figure 4e).

Figure 4. Immuno�uorescent images of osteopontin following staining with anti-osteopontin antibody
and the goat anti-mouse IgG-FITC stain (green) of hMSCs of: (a) control, (b) direct exposure with the
air-�owing NTAPPJ for 4 min, ( c) media-treatment exposure with the air-�owing NTAPPJ for 4 min,
(d) direct exposure with the nitrogen-�owing NTAPPJ for 4 min, and ( e) media-treatment exposure
with the nitrogen-�owing NTAPPJ for 4 min. ( f ) Bright�eld image of control. Scale bar is 100 � m.

Finally, the formation of mineralized tissues was examined by considering calcium deposition
as indicated by the alizarin red staining (Figure 5). The results were similar to the trends reported in
the other results: the hMSCs directly exposed to 4 min of the air-�owing NTAPPJ by the direct and
media-treatment methods showed signi�cantly higher levels of optical density ( p < 0.05) as did the
hMSCs exposed to 4 min of the nitrogen-�owing NTAPPJ by the direct method.

Figure 5. Optical density indicating the calcium deposition according to alizarin red staining and
normalized by dividing the measured absorbance by the percentage of the cells attached (* signi�cant
at p < 0.05).
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4. Discussion

In this study, the e � ects of an NTAPPJ with varying levels of supply gas and exposure time on the
di � erentiation of hMSCs were considered in terms of three possible di � erentiation states of hMSCs:
adipogenesis, chondrogenesis, and osteogenesis.

The experiments were carried out while cells were suspended in medium, rather than fully
attached and cultured, in order to accurately assess the attachment of the hMSCs [12,13]. However,
despite the similar conditions, the same NTAPPJ treatments, and the previous results in which the
mouse osteoblasts showed an increased number of cells attached after the NTAPPJ exposure [13], here
the results with hMSCs indicated minimal e � ects of the NTAPPJ exposure. This �nding may be due to
di � erences in the animal cell lines used in the previous study and the human cells used in this study.
Animal cell lines exhibit heteroploid chromosome patterns, whereas human cells are diploid in nature,
and these two types of cells are known to react di � erently to surrounding chemicals [19].

Cell attachment is important in cellular activity as it may subsequently a � ect both the cell
proliferation and di � erentiation [ 23]. The results for the numbers of cells attached following the
NTAPPJ exposure (Figure 1) indicated that there were no signi�cant di � erences in the numbers of cells
attached, except for those cells exposed to 4 min of the NTAPPJ by the direct method, which showed a
slight but signi�cant increase in number (Figure 1a). The results concur with the results of experiments
under similar conditions that considered exposures of no longer than 4 min [ 7,8,13]. Additionally, the
morphology of cells appeared similar between the NTAPPJ-exposed and control cells (Figure 2).

Previous studies investigated the e� ects of non-thermal plasma on the attachment and proliferation
of cells [13–15]. In a previous study that applied helium-based NTAPPJ to adipose-tissue-derived
stem cells, more cells proliferated with the NTAPPJ exposure and their stem-like properties were
una� ected [16]. Here, di � erent gas sources were used for the NTAPPJ and the focus was on markers of
stemness—namely, CD44 and CD105. In another study in which the e� ect of the helium-gas-supplied
NTAPPJ exposure was considered on human mesenchymal stem cells isolated from periodontal
ligaments (hPDL-MSCs), it was evident that the hPDL-MSCs possessed all the typical MSC properties,
including the capacity for multilineage di � erentiation [ 17]. Hence, this study is unique because, to
the best of our knowledge, it is the �rst to investigate the e � ects of non-thermal atmospheric pressure
plasma on the di � erentiation of human mesenchymal stem cells using air or nitrogen as the source with
the results based on the genetic markers related to adipogenesis, chondrogenesis, and osteogenesis.

In the physiological state, the di � erentiation of stem cells is known to be a � ected by the interactions
between cells and the extracellular matrix (ECM), which results in cell-signaling cascades [ 2]. Therefore,
the extracellular environment in tissue engineering is important for the control of cell functions,
where the biomimetic chemical functionalities surrounding the cells have been shown to a � ect the
di � erentiation of stem cells [24].

The application of the NTAPPJ to the hMSCs by both the direct and media-treatment methods
resulted in changes in the chemicals in the medium by the interactions between electrons, various ions,
and radicals from the plasma with the proteins and ions in the medium. Such chemical changes may
have resulted in chemical changes to the extracellular environment, as well as in cellular di � erentiation.
This explains the increased di� erentiation of stem cells in both the directly treated and media-treated
groups for chondrogenesis and osteogenesis (Figure 3b,c). In fact, it is already known that chemicals
such as OH- or COO- result in increased chondrogenesis [25,26]. Additionally, oxygen-related chemicals
were formed more actively when air was used as the source of the NTAPPJ, which may explain the
general trend of more signi�cantly increased di � erentiation in the cells exposed to the air-�owing
NTAPPJ than was observed for the cells exposed to the nitrogen-�owing NTAPPJ. However, this does
not explain why the hMSCs exposed to the NTAPPJ by the direct method showed a more signi�cant
increase in di� erentiation than the hMSCs exposed to the NTAPPJ by the media-treatment method in
adipogenesis (Figure 3a).

It is well known that plasma produces both long-lived and short-lived reactive oxygen species
(ROS) [14], and the dose of such species may also a� ect cellular functions. On the other hand, it has
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already been well established that ROS are linked to the activity of stem cells, such as in bone marrow
monocyte-macrophage lineage cells or hematopoietic stem cells [27,28]. Additionally, it was previously
reported that such ROS may act as secondary messengers in intracellular signal transduction and
therefore result in increased adipogenesis [29–31]. Hence, the result of adipogenesis by hMSCs may
have been a� ected by the ROS, which were short lived in the media and therefore had less e� ect on
hMSCs exposed to the NTAPPJ by the media-treatment method.

Successful hard tissue regeneration often relies on the formation of either cartilage or bone tissue
while avoiding the formation of adipose tissue [ 3,24]. Hence, directing the di � erentiation of the hMSCs
through either chondrogenesis or osteogenesis and avoiding adipogenesis would be useful in such a
scenario. Further in vivo or in vitro experiments are warranted to con�rm the formation of the relevant
proteins associated with each of these di� erentiation pathways. Despite the limitations of this study,
the use of the media-treatment method for exposure by an NTAPPJ is expected to be a useful method
for selectively guiding hMSC di � erentiation into hard-tissue-related cells while suppressing adipogenic
di � erentiation, although further investigation is needed to con�rm the likelihood of this outcome.

5. Conclusions

In this study, the e � ects of a non-thermal atmospheric pressure plasma jet with an air or nitrogen
source on the di� erentiation of human mesenchymal stem cells were investigated. The results showed
that di � erent conditions of plasma exposure resulted in di � erent levels of cellular di � erentiation.
These results may be linked to both the chemicals of the extracellular environment and the reactive
oxygen species produced by the plasma, and further investigations will also be helpful to correctly
drive the di � erentiation of the stem cells into the desired tissue.

Nevertheless, it was shown that the non-thermal atmospheric pressure plasma jet with air or
nitrogen is a useful tool in the di � erentiation of human mesenchymal stem cells and has possible
applications in tissue engineering.
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