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Abstract

®

CrossMark

Low-temperature plasma has been shown to have diverse biomedical uses, including its
applications in cancer and wound healing. One recent approach in treating mammalian

cells with plasma is through the use of plasma activated media (PAM), which is produced

by exposing cell culture media to plasma. While the adverse effects of PAM treatment on
cancerous epithelial cell lines have been recently studied, much less is known about the
interaction of PAM with normal epithelial cells. In this paper, non-cancerous canine kidney
MDCK (Madin-Darby Canine Kidney) epithelial cells were treated by PAM and time-lapse
microscopy was used to directly monitor their proliferation and random migration upon
treatment. While longer durations of PAM treatment led to cell death, we found that moderate
levels of PAM treatment inhibited proliferation in these epithelial cells. We also found that
PAM treatment reduced random cell migration within epithelial islands. Immunofluorescence
staining showed that while there were no major changes in the actin/adhesion apparatus, there
was a significant change in the nuclear localization of proliferation marker Ki-67, consistent

with our time-lapse results.

Keywords: low temperature plasma, cell proliferation, cell migration, plasma activated media,

time-lapse microscopy, immunofluorescence, Ki-67
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1. Introduction

Low temperature plasma (LTP) is a weakly ionized gas,
composed of electrons, ions, chemically reactive (and non-
reactive) species and radicals where the heavy particles (ions
and neutrals) remain at low energy. LTP has multiple applica-
tions in biology and medicine such as inactivation of micro-
organisms [1, 2], dental disinfection [3], wound healing [4],
and cancer therapy [5, 6]. Understanding the interactions of
plasma with mammalian cells is critically important for anti-
cancer and wound healing applications. Key cell biological

1361-6463/17/185205+9$33.00

processes that may be impacted in these applications include
cell proliferation, death, and migration.

Several studies have documented the effects of treating cells,
especially cancerous ones, by plasma [7]. Different approaches
have been taken in treating cells with LTP including direct
exposure to plasma or using plasma activated media (PAM)
[8-13]. PAM provides distinct advantages such as the isola-
tion of the effects of chemical species in the activated media
from the direct effects of plasma’s other agents such as charged
particles, UV radiation, and heat. PAM also allows storage for
later use. It has been revealed that reactive oxygen spices (ROS)

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic of the plasma pencil used for the preparation
of plasma activated media.

and reactive nitrogen spices (RNS) are primarily responsible
for the biomedical impacts of LTP involving macromolecular
damage such as peroxidation of lipids and induction of DNA
damage [14—17]. Ultimately, a sufficiently high dose of such
oxidative stress resulted in cell death via necrosis or apoptosis
in cancer or normal cells [18-20]. The impact of LTP on cell
migration is also important due to its role in tumor metastasis,
wound repair, and angiogenesis [21]. Plasma treatment has
been shown to reduce single cell migration rate and induce cell
detachment by reducing integrin expression [22, 23]. Results
of a migration assay showed that plasma treatment reduces
cell migration and proliferation in a scratched monolayer of
cells [24, 25]. Plasma was also shown to have anti-proliferation
effects on a multicellular tumor spheroid [26].

Most current cancer therapy methods are associated with
unwanted side effects due to damage of normal cells and
healthy tissues. Although the cross section of the plasma
plume in a plasma jet device is small and the treatment area is
localized, it is very important to understand the interaction of
plasma with normal cells. Prior research indicates that normal
cells are more resistant to oxidative stress than cancer cells
and it has been reported that plasma treatment can be used
to selectively treat some cell types [27-29]. For example,
Fridman et al reported the absence of skin damage induced
by plasma treatment [30]. It is important to mention here that
the selective effect of plasma treatment is highly dependent on
the dose (time) of plasma exposure. Normal cells can survive
a moderate level of oxidative stress but a longer exposure time
can induce severe irreversible damage [31].

In this paper, we use non-cancerous canine kidney epithe-
lial cells to evaluate the effects of PAM on normal epithelial
cells with respect to the fundamental processes of cell pro-
liferation, adhesion, and migration. We used time-lapse cell
microscopy to directly observe cell proliferation, death, and
migration. We also used immunofluorescence to observe
markers of cell adhesion and proliferation in control and PAM
treated samples. Our results indicate a clear mitigation of
proliferation as well as a reduction in random cell migration
within epithelial islands.

2. Experimental methods

2.1. Plasma source and PAM

The source of LTP used in this work is the plasma pencil
which is shown schematically in figure 1. The plasma pencil
is composed of two ring-shaped electrodes embedded in per-
forated disks and located parallel to each other at a distance
variable from 0.5 to 1cm. More details of the plasma pencil
can be found in [32]. Plasma is ignited by applying a pulsed
high voltage and a flow of helium gas with 99.99% purity.
For all experiments, plasma was operated with the following
conditions unless otherwise mentioned: a frequency of SkHz,
voltage of 7kV, pulse width of 800 ns, and a flow rate of
5.0 £ 0.1 sIm. The distance between the tip of the nozzle and
surface of media in the cell culture dish was ~22 mm.

To prepare PAM, 1ml of Eagle’s Minimum Essential
Medium (EMEM) complete cell culture media (supplemented
with 10% Bovine Calf Serum and 1% Penicillin/Streptomycin/
Glutamine) was added in each well of a 24-well plate and was
exposed to the plasma pencil for the desired exposure times.
The pH and temperature of PAM were measured before and
after plasma exposure and results indicated that plasma treat-
ment does not change either of these (data not shown).

2.2. Cell culture

MDCK (ATCC® CCL-34™) cells were cultured in EMEM
(ATCC, Manassas, VA) supplemented with 10% Bovine Calf
Serum and 1% Penicillin/Streptomycin/Glutamine purchased
from HyClone (Logan, UT, USA) as recommended by the pro-
vider (ATCC, Manassas, VA). MDCK cells are normal (non-
cancerous) epithelial cells originally derived from a canine
kidney. Cells were seeded in a 75 cm? vented cell culture flasks
and stored at 37 °C in a humidified incubator with 5% CO,
for 3 d or once cells had reached a high confluence. Then, a
cell suspension with a desired density was prepared and seeded
into either a 96-well, 24-well, or 6-well plate depending on
the experimental protocol (as stated in the following sections).
Plates were incubated overnight at 37 °C in a humidified incu-
bator with 5% CO, before treatment with PAM.

2.3. PAM treatment of cells and the cell viability assay

To evaluate the effect of PAM treatment on net MDCK
cell number, the CellTiter 96% AQueous One Solution Cell
Proliferation Assay (MTS) (Promega, Madison, MI, USA)
was employed. In this assay, metabolically active cells reduce
the MTS tetrazolium compound into a colourful formazan
product that is measurable using absorbance detection with a
microplate reader. In this protocol, MDCK cells were seeded
in a 96-well plate at a cell density of 2 x 10* cells/well and
were incubated overnight at 37 °C in a humidified incubator
with 5% CO,. For PAM treatment, the older media on cells
were replaced with 100 pl of PAM which was prepared by
2, 3, 4, 6, and 10min plasma exposure. The control sample
was treated with fresh complete cell culture media without
plasma exposure. Then, cells were stored in an incubator for
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Figure 2. Effects of PAM on the viability of MDCK epithelial

cells using MTS assay at 48 h of PAM treatment. The percentage of
metabolically active cells was normalized to the control. Results are
shown from three independent experiments with two replications, as
mean + SD (standard deviation).

delayed cell viability measurements at 12, 24, and 48 h post-
PAM application. At each measurement time, 20 ul of the
MTS solution was added to 100 pl of freshly replaced cell cul-
ture media in each sample well of the 96-well plate and incu-
bated for 1h at 37 °C. Absorbance was measured at 490 nm
using a microplate reader (AgileReader, ACTGene Inc.). All
experiments were conducted as three sets of independent
experiments and the results are expressed as the number of
metabolically active cells per ml. Trypan blue exclusion assay
was used to quantify the data achieved from the MTS assay. In
this dye exclusion assay, live cells exclude the trypan blue dye
and remain unstained while dead cells uptake the dye in and
turn blue because of their damaged cell membrane.

2.4. Time-lapse imaging

Time-lapse imaging was used to monitor changes in cells
during PAM treatment. Here, MDCK cells were seeded at
8 x 10* cells per well in a 24-well plate overnight. Then,
2 portions of Smin PAM (1 ml each), as explained in sec-
tion 2.1, were used to treat the cells. Media was buffered with
10mM HEPES solution to stabilize the pH during imaging.
Since PAM with lower exposure time (3min or below) did
not induce a noticeable change in cell viability of MDCK
cells and very long exposure times such as 10min PAM
caused severe cell death, 5min plasma exposure was selected
to provide PAM of moderate intensity (refer to cell viability
results of PAM shown in figure 2). Right after PAM applica-
tion, time-lapse microscopy of PAM and control samples was
started. The 24-well plate was fixed on an automated stage at
an ambient temperature of 37 °C. Phase-contrast images were
acquired at 10x magnification using an inverted microscope
(DMi8, Leica Microsystems) equipped with a CCD camera
(Andor Technology Ltd). Images were captured every 10 min
for a period of 48h (288 images) of PAM treatment. Imagel
software (NIH) was used for the processing and analysis of
the resulting images.

2.5. Immunofluorescence

For immunofluorescence experiments, 8 x 10* cells per well
of MDCK cells were grown overnight on collagen coated
(0.2mg ml~! coll) square coverslips which were placed in
a 6-well plate. Cells were then treated with 2 portions (1 ml
each) of Smin PAM in addition to 1ml of the fresh complete
cell culture media. For the control samples, the older media
was replaced by 3ml of fresh complete cell culture media.
Cells were incubated for 48h at 37 °C in a humidified incu-
bator with 5% CQO,. Then, the media were discarded and cover-
slips were washed with CB buffer (Cytoskeletal buffer: 10 mM
MES, 3mM MgCl,, 0.14 M KClI, pH 6.8). This was followed
by a 15min incubation in a permeabilization/fixing solution
containing 4% paraformaldehyde, 1.5% BSA and 0.5% Triton
in CB buffer at room temperature. Cells were then washed
three times with PBS, for 5 min each time. Samples were then
incubated in an appropriate dilution of each of the primary
antibodies or 488-phalloidin for 1h, followed by three PBS
washes and were then incubated for 1h with the secondary
antibodies. Then, after a PBS wash, cells were incubated in
DAPI (4/,6-Diamidino-2-Phenylindole) diluted in PBS for
5min. Each coverslip was mounted on a glass slide and stored
overnight at 4 °C prior to imaging. Fluorescence images of
cells were acquired using an epi-fluorescence microscope
(DMi8, Leica Microsystems) equipped with a CCD camera
(Andor Technology Ltd) and 10x, 20x, and 40x objectives.
All chemicals used for immunofluorescence were from Fisher
Scientific unless mentioned otherwise. The following primary
antibodies were used: anti-beta-catenin (BD Biosciences) to
mark cell—cell adhesions, anti-paxillin (Santa Cruz Biotech)
to mark cell-surface adhesions and anti-Ki-67 (Dako) to mark
proliferating cell nuclei. Anti-beta-catenin and anti-paxillin
antibodies were used at 1:100 dilution and anti-Ki-67 was used
at 1:150 dilution. Phalloidin-488 (Molecular Probes) was used
at 1:200 dilution to mark filamentous actin. The secondary
antibodies used were anti-mouse and anti-rabbit IgG (Jackson
ImmunoResearch), both used at 1:200 dilution.

2.6. Statistical methods

All experiments were repeated at least three times. Statistical
analyses were performed using SPSS software (IBM, USA).
Results were analyzed using chi-square test or independent
t-test as stated in the results. A p-value below 0.05 was con-
sidered to be statistically significant (* denotes p < 0.05, **
denotes p < 0.01 and *** denotes p < 0.001).

3. Results and discussion

3.1. Effects of PAM treatment on viability of MDCK cells

We first used the MTS assay to determine the effect of PAM
treatment on MDCK cell viability with PAM generated for
various plasma exposure times. The MTS assay (taken
together with the trypan blue exclusion assay) yields the
number of live cells at a given time point. Figure 2 shows the
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Figure 3. Phase contrast images of (a) control and (b) PAM treated MDCK cells obtained by time-lapse microscopy at different time points
of 0, 12, 24, 36, 48 h show a significant increase in cell population in the control sample compared to the PAM treated sample. Scale bar:

200 pim.

results of the MTS assay at 48 h after PAM initiation. Here, the
percentage cell viability, defined as the live cell number nor-
malized with respect to the control case of no PAM treatment,
has been plotted as a function of PAM level which we define
as the duration of LTP exposure time (min) to make PAM.
While PAM with up to 3min plasma exposure time did not
show a difference in percentage cell viability after 48h, PAM
with greater exposure times showed a progressive decrease in
cell number. For instance, 6 min PAM treatment resulted in
20% cell viability reduction. Eventually, 10 min PAM induces
widespread cell death leaving no metabolically active cells.
This data suggests that PAM with moderate exposure
times, such as around 5min leads to a reduction in cell

number, while avoiding widespread cell death as in the
10min PAM sample. Thus, PAM with 5min plasma expo-
sure (moderate level of PAM treatment) was chosen for the
rest of the study, in order to ascertain if cell death alone was
leading to reduced cell numbers or whether there was an
impact of PAM on the proliferation of MDCK cells. Note
that this trend is different from what we observed in PAM
treatment of squamous cell carcinoma of urinary bladder
(SCaBER) which indicated a more than 90% cell death after
a 4min PAM treatment. The effect of PAM and aged-PAM
on SCaBER cells and its correlation with the concentration
of hydrogen peroxide generated in the media were published
recently in [27].
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Figure 4. Phase-contrast images obtained from time-lapse imaging (of control sample) show reshaping of a dividing cell (white arrow) which
adopts a round morphology from a spread shape and the re-spreading of daughter cells after cell division. Time is indicated in hour:min.

3.2. Time-lapse phase imaging upon PAM treatment

In order to ascertain the effect of moderate PAM treatment
on MDCK cell morphology, proliferation, and migration in
PAM and control samples, we carried out time-lapse phase
imaging of the cells upon PAM treatment. In these experi-
ments, phase images of cells were taken every 10 min during
the 48 h following PAM treatment initiation. Figure 3 shows
images of the control and PAM treated samples respectively
at 0, 12, 24, 36, and 48 h. These images are selected from
time-lapse movies that are provided as online supplemen-
tary material (stacks.iop.org/JPhysD/50/185205/mmedia)
(available from link). Figure 3(a) and the supplementary
movie 1 of the control sample demonstrates rapid pro-
liferation in cells over 48h. In contrast, cells in the PAM
treated sample did not show a similar increase in popula-
tion number which is visually clear in figure 3(b) and in the
supplementary movie 2 of the PAM sample. Nevertheless,
no major physical cell damage or shrinkage was observed in
the time-lapse movies.

The mitigation in the number of live MDCK cells at the
48h time point in the PAM treated sample (compared to
the control case) could be the net result of a combination
of an increase in the rate of cell death and an inhibition of
cell proliferation. To delineate the relative contributions of
these factors, the number of dividing cells in the time-lapse
sequence was manually counted using Imagel] software
and was normalized by the initial total number of cells.

2.5
-]
(]
T
s 27
: |
S g
cc
2: 15
3 DOControl
o_
o8 EPAM
S 1}
T - %k k
=2
-]
S o5}
o
=2
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Figure 5. Number of division events normalized by initial number
of cells in control and PAM as quantified from time-lapse images
during 48h of PAM treatment. Data represent averages from 6
movies from two independent experiments as means + SD. An
independent #-test indicates that cell proliferation was significantly
lower in PAM treated samples (mean = 1.97, SD = 0.28) than
control (mean = 0.40, SD = 0.32), #(10) = 8.987, **P < 0.001.

Figure 4 shows an example of a dividing cell in a time-lapse
sequence. During mitosis, the cell temporary rounds up,
divides into two and the daughter cells re-spread onto the
surface. Such cell division events can be clearly seen in our
phase time-lapse sequences, as shown in figure 4: the cell
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Figure 6. (a) Immunofluorescence images of a control (left) and a PAM treated (right) sample, stained for the proliferation marker Ki-67.
(b) The average percentage of Ki-67 stained cells in immunofluorescence images in PAM and control samples. Data represent averages
from at least eight images from two independent experiments, shown as means + SD. *P < 0.05 (chi-square test).

morphology changes from being spread to a rounded shape
(associated with higher brightness in the periphery) indi-
cating a loss of peripheral focal adhesions [33]. After cell
division, daughter cells spread back to recoup their inter-
phase morphology (figure 4). Figure 5 shows the number
of division events normalized by the initial number of cells
in control and PAM samples. The number of dividing cells
was counted in each image sequence acquired from 48h
of time-lapse imaging. This result indicates that cell pro-
liferation was significantly reduced in PAM treated cells
(p < 0.001) and suggests that mitigation in cell number
increase was associated with cell proliferation inhibition.

3.3. PAM treatment alters the frequency of Ki-67 nuclear
localization in MDCK cells

In order to confirm the inhibition of cell proliferation induced
by PAM, the nuclear localization of Ki-67, a marker of cell
proliferation, was ascertained using immunofluorescence.
Figure 6(a) shows immunofluorescence images from con-
trol and PAM treated MDCK cells in which Ki-67 has been
stained. Ki-67 staining is markedly brighter in cells that
are actively involved in proliferation. The number of Ki-67
stained cells were counted in at least 8 immunofluorescence
images obtained with 10x magnification from PAM and con-
trol samples. Figure 6(b) shows the percent of Ki-67 stained
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Figure 7. Trace of a cell’s migration path during time-lapse imaging is shown in red colour in (a) a control sample and (b) a PAM treated
sample. (c) The average speed of cells within epithelial islands of PAM and control MDCK samples. Data represent the average in yzm h™!
n = 20 tracked cells of two independent experiments: means + SD. ***p < 0.001 (independent #-test).

cells, on average, in immunofluorescence images. As shown,
the number of Ki-67 stained cells is lower in PAM treated
cells than in the control case, which indicates inhibition of
proliferation. A chi-square test indicated a significant asso-
ciation between treatment and the number of marked cells,
x*(1) = 20.53, p <0.05. In fact, the percentage of stained
cells in the control sample was 1.7 times higher than that
for the PAM treated cells with a 95% confidence interval of
(1.34,2.11). This result supports the lower rate of cell prolifer-
ation in PAM samples as observed using time-lapse imaging.

3.4. Effect of PAM treatment on cell migration within cell
islands

Time-lapse imaging of MDCK cells upon PAM treatment also
suggested that PAM treatment may have affected random cell
migration of cells within MDCK islands. To test this quanti-
tatively, single cells within the MDCK islands were tracked
in the control and PAM time-lapse sequences using MtrackJ
(Image] software) and the average speed of single cells was
measured (supplementary movies 3 and 4). Figures 7(a) and
(b) show the trace of a cell’s migration path in control and PAM
treated samples, respectively. Figure 7(c) indicates the average
speed of single cells in PAM and control samples. This result

indicates that the average cell migration speed of PAM treated
cells is lower than that of the control. Results of an indepen-
dent 7-test indicated that speed of single cells in PAM treated
sample (mean = 16.78 umh~!, SD = 3.27 um h™') is statisti-
cally significantly lower than control (mean = 23.23 yum h™,
SD = 3.43 um h™'), #(37) = 5.994, p < 0.001. We then per-
formed immunofluorescence experiments to determine if any
adverse effects on the actin and adhesion apparatus of MDCK
cells underlies the decreased migration speed. Beta-catenin
and paxillin (markers of cell-cell and cell-substrate adhesion,
respectively) were expressed and distributed similarly in both
control and PAM samples. Likewise, the overall filamentous
actin organization in the control and PAM treated samples did
not differ significantly. These immunofluorescence images are
presented in supplementary figures 1-3.

4. Conclusion

In this study, the effects of PAM treatment on non-cancerous
MDCK epithelial cells were determined using colourimetric
assays, time-lapse imaging as well as immunofluorescence
staining. While PAM generated with higher time of plasma
exposure caused widespread cell death, moderate PAM treat-
ment mitigated the increase in cell number without significant
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cell death. Time-lapse imaging over 2 d of PAM treatment
showed that treatment of MDCK cells with PAM created with
a moderate time of exposure to LTP resulted in inhibition
of cell proliferation. This result was confirmed by immuno-
fluorescent localization of Ki-67 in MDCK nuclei. We also
found, using tracking of single cells within epithelial cell
islands, that PAM treatment decreases the average cell migra-
tion speed of MDCK cells. However, both actin and adhesion
organization did not differ significantly upon PAM treatment
suggesting that PAM treatment impacts part of a cell migra-
tion module within these cells. The effects of PAM on epithe-
lial cells addressed in this work has implications in applying
LTP directly or through PAM in anti-cancer as well as wound
healing applications.
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