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ABSTRACT: Non-thermal plasma application has become a promising field of investigation 
in chronic wound healing research over the past few decades. In addition to its well-charac-
terized antibacterial effects, plasma potentially promotes the growth of eukaryotic cells. To 
date, mainly epithelial skin cells have been examined regarding the impact of plasma treat-
ment on chronic wound healing. However, immune cells also are involved in wound healing 
as well as the removal of pathogens. Therefore, we compared the survival behavior of 2 human 
leukocyte cell lines (a monocyte and a CD4+ T helper cell line) and their respective human 
blood counterparts after exposure to plasma. Measurements of early and late apoptotic cells 
demonstrate that freshly isolated blood cells were more susceptible to apoptosis induction than 
the cell lines. Furthermore, blood and cell line monocytes tolerated longer plasma exposure 
compared with blood and cell line CD4+ T helper cells.
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I.	 INTRODUCTION

Non-thermal plasma has drawn more and more attention worldwide in the field of medi-
cal applications over the past 2 decades.1 Because of its complex composition (free radi-
cals, excited and neutral species, ions, electrons, and ultraviolet, visible, and infrared 
radiation),2,3 plasma can have lethal effects on bacteria and eukaryotic cells. In addition, 
it has potentially stimulating effects on mammalian cells.4,5 Medical applications range 
from the removal of dental biofilms6 and healing of infectious skin and nail diseases7 
to wound management.8 In particular, chronic wounds pose one major target for plas-
ma treatment.9 However, future plasma applications require a thorough examination of 
plasma-cell interactions, ensuring the safety and reliability of devices in advance of their 
clinical use. So far, most studies concerning chronic wound healing have investigated 
the effect of plasma on skin cells. Nevertheless, immune cells play an important role in 
skin health, wound healing, and bacterial cleaning.10,11 Epidermal T cells are known to 
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be involved in wound regeneration. Among others, their ability to produce insulin-like 
growth factor 1 has been shown to be essential for a proper acute wound healing process, 
whereas this growth factor was absent in T cells isolated from chronic wounds.10 Next 
to T cells, monocytes contribute to wound recovery. After monocytes are recruited to 
the wound, they are stimulated by various cytokines or bacterial products to differenti-
ate into macrophages. These leukocytes are able to engulf senescent cells and debris as 
well as pathogens spreading the wound bed. Moreover, they exert functions that pro-
mote wound healing, such as stimulation of collagen production, angiogenesis, and re-
epithelialization.11 This study reveals for the first time the major differences regarding 
the survival of human blood CD4+ T helper cells and monocytes compared with their 
homologous cell lines after plasma exposure. 

II.	 MATERIALS AND METHODS

A.	 Cell Culture

The THP-1 human monocyte (Cell Lines Service GmbH, Eppelheim, Germany) and 
Jurkat CD4+ T helper cell lines (DSMZ, Braunschweig, Germany) were cultured in 
RPMI 1640 (Lonza Group AG, Basel, Switzerland) containing 10% (THP-1) or 8% 
(Jurkat) fetal calf serum (FCS; Sigma-Aldrich, St. Louis, MO), 2 mM L-glutamine, and 
1% penicillin/streptomycin (both from Lonza Group AG).

Peripheral blood mononuclear cells were isolated from human blood from healthy 
donors by density gradient centrifugation (Histopaque-1077; Sigma-Aldrich). Mono-
cytes were subsequently isolated by negative selection (Pan monocyte isolation kit; 
Miltenyi Biotec, Bergisch Gladbach, Germany); CD4+ T lymphocytes were isolated by 
positive selection (human CD4+ selection kit; Stem Cell Technology, Grenoble, France). 
The purity of T helper cells and monocytes was greater than 85%, as evaluated by 
staining with specific fluorochrome-conjugated antibodies and flow cytometry measure-
ments (data not shown). Cell culture medium was used as described for THP-1 cells 
(supplemented with 10% FCS).

B.	 Plasma Treatment 

For non-thermal plasma treatment, the plasma jet kinpen 09 (neoplas GmbH, Greifs-
wald, Germany) was used based on the setup described by Weltmann et al.12 It was 
operated with argon (99.999% purity) at a flow rate of 3 standard L/minute, and a radio 
frequency of around 1 MHz was applied. For assessment of apoptosis 1×106 cells were 
incubated with 5 mL of plasma-treated cell culture medium. Different plasma treat-
ment times were chosen (5, 15, 60, 120, 180 seconds and an additional 360 seconds for 
monocytes and THP-1 cells) to distinguish different plasma sensitivities of the inves-
tigated cell types. Cells were left untreated (0 seconds) as a negative control or were 
treated with 100 µM hydrogen peroxide (H2O2; Sigma-Aldrich) as a positive control for 
apoptosis induced by reactive oxygen species. For the detection of plasma-mediated pH 
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variations, cell culture medium (8% FCS) was treated with plasma for 60, 180, and 300 
seconds or left untreated (0 seconds) as a negative control.

C.	 Apoptosis Assay

Twelve hours after treatment, cells were harvested and 0.5×106 cells were stained with 
1 µL (1 µg) of the apoptosis marker annexin V (conjugated with fluorescein isothio-
cyanate; Enzo Life Sciences, Lörrach, Germany) in binding buffer (10 mM HEPES/
sodium hydroxide [pH 7.4], 140 mM sodium chloride, 2.5 mM calcium chloride) for 
10 minutes in the dark. Cells were washed once and resuspended in 300 µL of binding 
buffer. Late apoptotic or necrotic cells were stained with 1 µL 7-aminoactinomycin D 
(7AAD; eBioscience, San Diego, CA) for 5 minutes. The percentage of early (annexin 
V positive/7AAD negative) and late (annexin V and 7AAD positive) apoptotic cells was 
subsequently measured using a Gallios flow cytometer and analyzed using Kaluza flow 
analysis software (both from Beckman Coulter, Brea, CA) and FlowJo 7.6.5 software 
(TreeStar Inc., Ashland, OR), respectively. 

D.	 pH Measurement

The pH value of plasma-exposed cell culture medium was determined 1 minute after 
treatment. These measurements were performed with a pH meter (Sevenmulti M47; 
Mettler Toledo, Giessen, Germany).

E.	 Statistics

Two-way analyses of variance and Holm-Sidak’s post hoc test (Prism 6.0; GraphPad 
Software, La Jolla, CA) were used to calculate the statistical significance of the cell 
culture experiments. The mean of 3 independent experiments per cell line was compared 
with samples from 3 individual donors. Bars and error bars represent the mean and range 
of duplicates per donor and triplicates of the cell lines, respectively. Statistics of pH liq-
uid analyses were determined by one-way analysis of variance and Dunnett’s multiple 
comparison test (Prism 6.0) referring to the negative untreated control. The means of 3 
independent experiments were plotted as bar graphs with error bars that represent the 
maximum and minimum of the measured pH values. Statistical significance of all ex-
periments is displayed in the following way: *p < 0.05, **p < 0.01, and ***p < 0.001.

III.	 RESULTS AND DISCUSSION

The gating strategy of the flow cytometric annexin V/7AAD apoptosis assay is depicted 
in Fig. 1, which allows both early and late apoptotic cells at one time point to be record-
ed. After gating all cells in a forward scatter (FSC)/side scatter (SSC) dot plot, they were 
separated by their annexin V and 7AAD staining properties. Cells that were negative 
for both annexin V and 7AAD (annexin V–/7AAD–) were regarded as living cells. Cells 
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that stained positive for annexin V but negative for 7AAD (annexin V+/7AAD–) were 
undergoing early apoptosis. Moreover, cells positive for both annexin V and 7AAD (an-
nexin V+/7AAD+) were already in a late apoptotic stage. In contrast to apoptotic cells, 
necrotic cells can be stained with 7AAD but not with the marker annexin V (annexin  
V–/7AAD+). Preliminary time course experiments showed that plasma treatment with 
the kinpen 09 induced only apoptotic processes in all investigated cells, whereas almost 
no necrotic cells could be detected (data not shown), as previously described by Beke-
schus et al.13 for peripheral blood mononuclear cells. Thus, inflammatory reactions due 
to necrosis could be neglected. 

Figure 2 represents the percentages of early (Fig. 2A) and late (Fig. 2B) apoptotic 
blood CD4+ T helper cells compared with the Jurkat cell line after plasma treatment. 
Percentages of both early (annexin V+/ 7AAD–) and late apoptotic (annexin V+/ 7AAD+) 
CD4+ T helper cells and Jurkat cells increased with plasma treatment time prolonged up 
to 120 seconds. Because of donor variations, CD4+ T helper cells treated for 180 seconds 
behaved differently: While the percentage of early apoptotic cells of donor II further 
increased, those of donors I and III dropped below the value of the cell sample treated 
for 120 seconds. In contrast to the level of late apoptotic cells of donors I and III, which  
increased further, donor II reached a plateau. Apoptotic rates of primary CD4+ T helper 
cells always exceeded those of the Jurkat cell line. Nevertheless, strong differences be-
tween the donors of the primary cells were detected. There was no significant increase 
of cell death after 5 seconds of plasma treatment for all investigated freshly isolated 

FIG. 1. Flow cytometric gating of early and late apoptotic cells. A: All cells (exclud-
ing cell debris) were first gated in a forward scatter (FSC)/side scatter (SSC) plot 
and subsequently categorized into subgroups regarding the staining ability of the 
apoptotic marker annexin V and the late apoptotic/necrotic dye 7-aminoactinomycin 
D (7AAD). B: Percentage of early (annexin V+/7AAD–; bottom right quadrant) and 
late (annexin V+/7AAD+; top right quadrant) cells were analyzed further. No necrotic 
cells could be detected.

(A) (B)
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FIG. 2. Comparison of apoptotic rates of isolated CD4+ T helper cells versus a  
Jurkat cell line after plasma treatment. Percentages of early apoptotic cells annexin  
V+/7-aminoactinomycin D [7AAD–]) (A) and late (annexin V+/7AAD+) apoptotic cells 
(B) are displayed as bar diagrams, with the proportion of apoptotic untreated cells sub-
tracted for each investigated cell type; 100 μM hydrogen peroxide was used to trigger 
apoptosis. Representative data from 3 independent experiments are shown.
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CD4+ T helper cells compared with Jurkat cells. While early apoptosis after 15 seconds 
of plasma treatment was significantly higher for cells of 2 blood donors, only one donor 
revealed a significant increase in late apoptotic CD4+ T helper cells. For nearly all tested 
samples, plasma treatment for 60 seconds and longer resulted in a significant difference 
between primary CD4+ T helper cells of these 3 donors and the Jurkat cell line (from 
p < 0.05 to <0.001). In comparison, treatment of primary CD4+ T helper cells with 
H2O2 led to an increased number of early but not late apoptotic cells compared with 
Jurkat cells. Percentages of early (Fig. 3A) and late apoptotic cells (Fig. 3B) of freshly 
isolated monocytes were compared with the THP-1 cell line. Similar to the T helper 
cells, the percentage of apoptotic cells increased in a plasma treatment time–dependent 
manner in both investigated cell types. For the THP-1 cell line, only plasma treatment 
of 360 seconds resulted in increased early and late apoptosis. Furthermore, all exam-
ined cells displayed much lower percentages of early apoptotic cells than the amounts 
of corresponding late apoptotic cells. Primary monocytes showed significantly higher 
(from p < 0.05 to <0.001) early and late apoptosis rates compared with THP-1 cells for 
treatment times exceeding 60 and 15 seconds of plasma exposure, respectively. Thus, 
isolated monocytes were more susceptible to non-thermal plasma treatment than the 
THP-1 cell line. In addition, incubation with 100 µM of H2O2 significantly increased 
early and late apoptosis in primary monocytes compared with THP-1 cells.

Non-thermal physical plasma was able to induce apoptosis in all examined im-
mune cell types. Both primary CD4+ T lymphocytes and primary monocytes showed 
higher early and late apoptotic percentages than their cell line counterparts. However, 
both types of primary cells displayed a significantly higher percentage of apoptotic 
cells already in the untreated control than the cell lines (data not shown). For statisti-
cal reasons, baseline percentages of apoptosis in untreated controls were subtracted 
from the corresponding treated samples. The reason why the investigated cell lines 
tolerated higher plasma doses than the primary cells might be the fact that both cell 
lines descend from patients with leukemia.14,15 Their immortalization and adaption to 
cell culture may have led to an increased capability to deal with oxidative stress and 
prevent apoptosis. Even though working with cell lines is more convenient and an 
effective tool for establishing experiments, it is necessary for future research to focus 
also on the impact of non-thermal plasma treatment on primary immune cells. These 
cells are closer to a real in vivo situation and may reveal differences between healthy 
donors and patients with chronic wounds.

Moreover, blood monocytes and the respective THP-1 cell line were less sensitive 
to the induction of early and late apoptosis than blood CD4+ T helper cells and the 
Jurkat cell line in response to plasma and H2O2 treatment, indicating strong resistance of 
monocytes toward plasma chemistry and radicals. As previously described,16 this might 
be because monocytes—but not CD4+ T helper cells—are known to produce reactive 
oxygen species, including H2O2, themselves during respiratory bursts.17 Treatment with 
100 µM of H2O2 did not even induce apoptosis in THP-1 monocytes. In contrast to 
H2O2, it is already known that etoposide is able to provoke apoptosis in THP-1 cells via 
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FIG. 3. Comparison of apoptotic rates of isolated monocytes versus a THP-1 cell line 
after plasma treatment. Percentages of early apoptotic cells (annexin V+/7-aminoacti-
nomycin D [7AAD–]) (A) and late (annexin V+/7AAD+) apoptotic cells (B) are displayed 
as bar diagrams, with the proportion of apoptotic untreated cells subtracted for each 
investigated cell types; 100 μM hydrogen peroxide was used to trigger apoptosis. Rep-
resentative data from 3 independent experiments are shown.
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a different mode of action.16 However, H2O2 is one major stable product of argon plasma 
treatment of the kinpen 09 in liquids.18 Thus, it is not surprising that the same treatment 
doses of both plasma and H2O2 induced less apoptosis in monocytes than in CD4+ T 
helper cells. Furthermore, incubation with 100 µM of H2O2 showed similar effects on 
the level of apoptosis activation as a treatment time of 180 seconds in all investigated 
cell types. Since comparable H2O2 levels were measured in cell culture medium treated 
with plasma for 180 seconds,19 H2O2 seems to be one of the main plasma components to 
affect cell viability in susceptible cells. 

Next to the formation of H2O2, plasma treatment may alter the pH of the treated cell 
culture medium, which can then affect cell viability. Therefore, we additionally inves-
tigated plasma-modulated pH changes, which are depicted in Fig. 4. A slight increase 
in the pH value could be measured with increasing treatment time. The longest plasma 
exposure of 300 seconds yielded a pH value of 8.3 in the medium compared to a pH 
value of 7.8 in the untreated medium. 

This can be explained by a degassing effect of the carbonate buffer sodium bicar-
bonate, a main component of the RPMI medium buffer system. This loss of carbon di-
oxide was due to the argon flow of the plasma jet.20 The elevated pH level of the culture 
medium may contribute to apoptosis induction since it is known that alkaline stress can 
cause apoptosis in human cells.21

Moreover, it is already known that reactive species such as superoxide anions and 
hydroxyl radicals are formed by plasma treatment of liquids.22 Therefore, it has to be 
further investigated what effects these molecules and the pH have on cellular level.

FIG. 4. pH measurements of the plasma-treated cell culture medium. One minute after 
plasma exposure, pH values of the treated medium were determined with a pH meter. 
Representative data from 3 independent experiments are shown.
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IV.	CONCLUSION

We showed that the percentage of early and late apoptotic leukocytes increased with 
plasma treatment time. However, the magnitude of apoptosis induction was strongly de-
pendent on the cell type investigated. Monocytes were less sensitive than CD4+ T helper 
cells, whereas the cell lines displayed higher survival rates compared with their human 
blood counterparts. We additionally demonstrated that prolonged plasma treatment led 
to an increased pH value of the cell culture medium, which might aggravate apoptosis 
induction. Taken together, we showed significant differences regarding apoptosis induc-
tion after plasma treatment between different immune cell types as well as between 
primary cells and cell lines. Future investigations of the molecular basis of these effects 
are necessary to figure out what mechanisms are involved in cell survival.
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