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ABSTRACT: Atmospheric pressure nonthermal plasma has shown great potential for medicine
applications related to disease treatment. However, the microscopic interaction of the plasma par-
ticles and its associated fields with mammalian cells is still not well understood. Here, we present
the first in situ observation of the fundamental processes related to the chemical changes inside
live cells upon plasma irradiation, in real time. We analyze the effect of plasma dose on cell vi-
ability and on the internal chemical environment, using novel nano and molecular chemical sen-
sors, in gliosarcoma cells. A pulsed nanosecond helium plasma jet was used as the plasma source.
Our results show the accumulation of oxidative and nitrosative stress following two minutes of
plasma irradiation, with the initiation of cell death only after three minutes of plasma irradiation.
Moreover, the cell membrane integrity became compromised following six minutes of irradiation,
which led to sudden changes in the intracellular chemical composition. We also present the first
study involving the effects of plasma irradiation on lysosomes and the mitochondrial reduction
potential. We observe that the intracellular accumulation of the ROS and RNS has negligible ef-
fects on the endosomal and lysosomal membrane integrity, suggesting that the cell membrane
damage is likely caused by the external ROS and not by buildup of internal oxidative stress due
to the irradiation. These observations illustrate the utility of nanoprobes and molecular probes in
providing insight into the fundamental interaction of cold plasma with cells, thereby assisting in
the interpretation of observed macroscopic effects of tissue exposed to plasma.

KEY WORDS: plasma medicine, oxidative stress, nitrosative stress, pH, chemical sensing,
nanosensors, mammalian cells, fluorescence confocal microscopy

I. INTRODUCTION

Understanding the effects of plasma irradiation on living tissue has garnered a great deal
of interest in recent years."”’ This interest in plasma irradiation of living tissue is mo-
tivated by the resulting positive physiological changes observed in otherwise diseased
tissue after plasma treatment."®'° Currently, the use of plasmas for healthcare is being
developed, with applications including wound healing, dental procedures, sterilization,
and cancer therapy.'**!""1* The majority of these studies focus on essentially macroscopic
changes in tissue, during and after irradiation. Currently lacking is a detailed understand-
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ing of the instantaneous internal chemical changes induced in the cells upon plasma ir-
radiation. That is, we do not yet understand how plasma exposure affects the intrinsic
cellular and metabolic processes of individual cells in real time.*!'* Such an understanding
would reveal the mechanisms behind the observed curative effects of plasma irradiation
and allow us to develop standard plasma dosage regimens for various clinical applica-
tions. This insight would also help to better understand how cells respond to plasma
exposure, thereby elucidating curative effects and quantifying regimes of cytotoxicity.

In addition, there is an absence of diagnostics with the capacity to monitor plasma-
induced chemical changes within individual cells. Rather, the state of the art approach is
to characterize the ionized gas phase or the media in which the cells grow. The viability
of the cells under such exposure is then assessed. Such a macro approach does not
directly address the plasma-induced physical and chemical processes occurring within
individual cells in real time.”" Indeed, it can be argued that only with a detailed under-
standing of plasma-induced mechanisms within the cell itself can treatment plans for
sterilization or wound care!'® and other plasma therapy be credibly developed.!? In this
work we address this need.

Conventionally, internal cell physiology can be monitored in a variety of ways.
These include physical microprobes and methods such as magnetic resonance and opti-
cal imaging. Physical microprobes, the most commonly used approach; often involve
the use of microelectrodes and sensing elements that are manually inserted directly into
the cell. However, these probes are highly invasive in nature and cannot be used for high
resolution mapping of intracellular analytes. Optical probes are attractive because they
are highly sensitive, noninvasive, and able of faithfully monitoring dynamic changes
inside the cells. Optical probes are generally luminescence based molecular probes or
nanoprobes that are assimilated by the cell, either passively via diffusion across the cell
membrane, or actively via the cell’s endocytic machinery. The changes in fluorescence
intensity, or in its upper-state lifetime, are used to monitor the changes in intracellular
analyte concentration.'®'® The probes have been developed, with varying degrees of
selectivity, in which specific subcellular elements inside the cytoplasm as well as in the
membrane can be monitored.

Here we present the first real-time in Situ observation of the intracellular chemical
changes in response to plasma irradiation, using fluorescence microscopy and novel
probes, both nano and molecular. Specifically, we measure the instantaneous changes
in intracellular acidity (pH), reactive oxygen species (ROS), and reactive nitrogen spe-
cies (RNS) in response to plasma irradiation. Intracellular pH changes are of interest
as they play a critical role in many cellular events, such as protein synthesis, RNA and
DNA synthesis, ion channel conductivity, ion transport, cell cycle control, cellular pro-
liferation, cell fertilization, cell-volume regulation, neurotransmitter reuptake, muscle
contraction, and apoptosis.'”” The pH level within microbes, such as bacteria, controls
various reaction rates within the cell, as well as the regulation of cell stability and pro-
tein structure.?’ In this respect, plasma-induced variations in the cytoplasmic pH are of
interest from a sterilization standpoint as well. ROS are produced in copious amounts

Plasma Medicine



Cellular Changes in Response to Plasma Irradiation 9

in atmospheric pressure plasma discharges, including the aggressive hydroxyl radical
(-OH), which can damage lipid molecules and amino acids via bond breakage.'* The mi-
gration of this radical, in particular, from the plasma discharge into the cell, is therefore
of great interest. An increase in the ROS concentration in cells induces an intracellular
oxidative stress that can severely damage the proteins, lipids, and DNA; modulate the
cell signaling; and eventually lead to cell death.?!*> We present a dose-dependent change
in the intracellular chemical levels, as well as the viability of cells. We observe the onset
of cell death after 3 min of irradiation, and the cells become necrotic following 6 min of
irradiation. The increase in the oxidative stress in cells also leads to dysfunction of the
cellular organelles, such as lysosomes and mitochondria, which may be a potential cause
of cell death. Thus we also indirectly monitor the damage to subcellular components,
such as mitochondria, endosomes, and lysosomes, by measuring the dynamic changes
in pH and in singlet oxygen levels. This is the first study monitoring such changes to
subcellular organelles in response to plasma irradiation. A better understanding of the
fundamental processes related to the morphological and chemical changes inside the
cells, upon plasma irradiation and in real time, will provide an insights into plasma
interactions with live cells and tissues and help optimize plasma therapy. These results
should also facilitate its application in clinics.

Il. EXPERIMENTAL SETUP
A. Plasma Source

In this study, a nonthermal, atmospheric pressure plasma source was used as the ionized,
excited gas source to study plasma cell interactions. Such plasmas are used in plasma
medicine studies, because the gas temperature is typically near room temperature, which
prevents thermal damage to the cells. Furthermore, such discharges are produced in
regular room air, which prevents the dehydration effects associated with the vacuum of
conventionally produced plasmas.?*?* Such plasmas are also used for treatment of poly-
mers and the purification of water.® For medical applications, these plasmas, typically
produced in helium-oxygen admixtures, produce a host of gas phase products, in partic-
ular ROS.? It has been shown that the interaction of these ROS radicals, electrons, ions,
and UV light, all of which are produced in the plasma discharge, with cells, chemically
activate the intracellular medium. This chemically reactive medium is assumed to affect
the intracellular environment, which can have positive effects for short exposure times
but lead to various forms of cell death for longer exposures.* In this work, a helium-fed
plasma jet was used. The flow rate was low enough to prevent detachment of cells from
their substrate, but still high enough to offset turbulence effects generated downstream.
The plasma jet is produced using a coaxial electrode geometry, with a single, metal
ground electrode downstream of the powered electrode, depicted schematically in Fig.
1. A pulsed power source applies a 150 nsec rise time, 10 nsec width, and 8 kV ampli-
tude voltage pulse, at a repetition rate of 1 kHz to produce the jet. The voltage pulse
creates an ionization wave that travels along the exhaust gas, producing radicals along
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FIG. 1: Schematic depiction of plasma jet processing cells in culture

its length. Details of the mechanics of similar jets, particularly those used for plasma
medicine studies, have been published.?

B. Cell Culture

The 9L rat gliosarcoma cell line was used to evaluate the effects of plasma on cell vi-
ability and oxidative stress. The cells were cultured in 10% serum-supplemented RPMI-
1640 cell medium. For microscopy assays the cells were plated in a petri dish with cover
glass bottom (Nunc Lab-Tek). During the direct plasma irradiation of cells, 2 mL of
colorless cell media was used.

C. Cell Viability Assay

A suspension of 9L cells, prepared in 10% serum-supplemented RPMI-1640 cell medi-
um, was seeded into the wells of a Corning 96-well micro plate, at approximately 10,000
cells per well. Twenty-four hours later, the individual wells of the plate were subjected
to plasma irradiation, for varying periods at room temperature. Following treatment, 100
mL of WST-8 dye (CCK-8, Dojindo Molecular Technologies, Inc.) was added to each
well, containing either control (nonirradiated cells) or plasma-irradiated cells, and incu-
bated for 4 hr. The absorbance was recorded using a Biochrom Anthos 2010 microplate
absorbance reader.
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The live/dead cell fluorescence assays were performed according to established
protocol. Propidium iodide (PI) (2.5 pM) and calcein AM (3 pM) were added to the
cells prior to plasma irradiation. Calcein AM easily passes though the membrane and
is retained inside the live cells; whereas PI is membrane impermeable and stains the
nucleus of necrotic cells. The calcein fluorescence at 530nm (excitation wavelength:
480 nm) and PI fluorescence at 620 nm (excitation wavelength 530 nm) is monitored
using fluorescence microscopy to determine the number of live cells and dead necrotic
cells.

D. Fluorescence Microscopy

The live/dead cell assay and the changes in the chemical concentration were monitored
using a fluorescence confocal microscope (Leica SP-5X). This state-of-the-art micro-
scope has several excitation sources, including a diode laser (405nm), Ar laser (455nm),
a supercontinuum source (490—-650 nm), and a Ti:sapphire laser (700-950nm). The
fluorescence signal is detected using several photomultiplier tubes (PMTs). An acousto-
optic tunable filter allows the selection of the emission wavelength range. Using this
microscope it is possible to image four channels simultaneously. All the experiments
were performed by placing the petri dish containing cells on the objective (mostly x60
magnification) followed by plasma irradiation.

The cells were kept in the incubator until right before the measurements were taken,
with the sample at room temperature and ambient atmosphere. The petri dishes contain-
ing the cells were placed on the microscope objective and the “pre-exposure” images
were captured. The cells were then exposed to plasma irradiation in the same general
location. The measurements before and after irradiation were performed in the same
area; thus the same cells were interrogated. Fluorescence images were acquired before
the plasma irradiation as well as after the plasma irradiation at specific time intervals.
The cells were not exposed to ambient atmosphere for more than 10 min (experimental
duration). All measurements were performed in triplicate.

E. Intracellular pH Measurement

Intracellular pH was measured using a pH sensitive dye, seminaphtharhodafluor
(5-[and-6]-carboxy SNARF-1, acetoxymethyl ester) (Invitrogen). The cells were incu-
bated in a 15 uM dye solution, for 30 min, and then washed thoroughly before adding
colorless RPMI culture medium. The dye has an absorption maximum at 514 nm, and
fluorescence emissions at 580 nm and 640 nm were used for determining the pH level
using standard procedures.?” A fluorescence confocal microscope was used to image the
cells. The cells were exposed to the helium plasma jet for up to 6 min, after which the
cells were immediately imaged at the same spot. The treatment and imaging were per-
formed at the same location on the cell culture dish so that cumulative effects could be
assessed. The pH of the endosomes and lysosomes were measured using 8-hydroxypy-
rene-1,3,6-trisulfonic acid, trisodium salt (HPTS)-based nanoparticle sensors. These
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nanosensors have a pH dependent fluorescence response when irradiated at different
wavelengths. At lower pH we observe higher fluorescence at 510 nm, when excited
at 405 nm, as compared to 455 nm excitation. Whereas at higher pH the fluorescence
signal at 510 nm is higher when excited at 455 nm. The ratio between the fluorescence
when excited at 405 and 455 nm is used to quantify pH.'®

F. Measurement of Oxidative Stress

The cells used in this experiment were incubated in a 4.6 uM solution of 2,7 -dichlo-
rodihydrofluorescein diacetate (H,DCFDA or DCF) (Sigma-Aldrich) in colorless RPMI
medium for 30 min to promote dye uptake. The cells were then washed thoroughly,
followed by addition of colorless RPMI. The sensor dye was excited at 488 nm, and the
fluorescence emission at 520 nm was used to monitor the oxidative stress in the cells,
following plasma irradiation, using previously established protocols.?”*® A fluorescence
confocal microscope was used for this purpose.

The infusion of the ROS, namely singlet oxygen, in the endosomes and lysosomes
was determined by using singlet oxygen sensor green (SOSG) based nanoparticle sen-
sor. These nanosensors have a very weak fluorescence signal; however, in the presence
of singlet oxygen we observe a drastic increase in the fluorescence emission at 525 nm.
This increase in fluorescence emission is directly proportional to the concentration of
singlet oxygen in the microenvironment.”

G. Synthesis of Nanosensors

1. Materials

Acrylamide, methylene-bis-acrylamide (MBA), dioctyl sulfosuccinate, Brij 30, hex-
ane,ammoniumpersulfate (APS),and N,N,N’,N’-tetramethylethylenediamine (TEMED),
were all acquired from Sigma-Aldrich (St. Louis, MO). N-(3-aminopropyl)methacryl-
amide hydrochloride salt (APMA) was obtained from Polysciences Inc. (Warrington,
PA). Ethanol (95%) was acquired from Decon Labs, Inc. (King of Prussia, PA). All solu-
tions were prepared in 18 MQ water purified in a Barnstead 1 Thermolyne Nanopure 11
system. All the chemicals and materials were used as received. SOSG and HPTS were
obtained from Invitrogen.

2. Methods

The polyacrylamide nanoparticles were synthesized using the process of reverse mi-
celle polymerization technique.!'®!'® This technique involves formation of water nano
droplets, containing the monomers, stabilized by surfactants in an oily hexane solution.
First, the monomer solution was prepared by dissolving 8.6 mmol acrylamide, 0.25
mmol APMA, and 1.2 mmol of the cross-linker in 1.6 mL phosphate buffer at pH 7.4.
The choice of cross-linker is mainly governed by the hydrophilicity of the molecule be-
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ing incorporated. The pH sensors were prepared using the cross-linker MBA, whereas
the singlet oxygen sensors were prepared using GDMA, which is relatively more hy-
drophobic. The oil solution was prepared by mixing two surfactants, 6.85 mmol Brij
30 and 2.88 mmol dioctyl sulfosuccinate, into 36 mL of the argon-purged hexane so-
lution. The aqueous solution is then added to the hexane solution and stirred for half
an hour under inert atmosphere, to stabilize the droplets. The polymerization reaction
is initiated by adding 0.54 mmol TEMED and 28 pmol APS, freshly prepared 10%
(weight/volume). The solution was further stirred for 2 hr to complete the polymeriza-
tion. Hexane was removed by rotary evaporation, using a Rotavapor-R (Brinkmann
Instruments), and then suspended in ethanol. The surfactants and excess dye were re-
moved by washing the particles five times in ethanol and five times in water for over
two days, in an Amicon ultrafiltration cell (Millipore Corp., Bedford, MA), using a
300 kDa filter, and then freeze-dried with a 5 L Modulyo freeze dryer. The molecular
dyes can be incorporated into the nanoparticle by encapsulation before the synthesis,
or after the nanoparticle synthesis by post loading. The pH sensors were prepared by
encapsulating the dye HPTS into the nanoparticle matrix. Whereas the singlet oxygen
sensors were prepared by post loading the dye SOSG (singlet oxygen sensor green) into
the hydrophobic nanoparticle matrix.

H. Particle Size and Charge

The particles were diluted in water at a concentration of 1 mg/mL, and the particle size
distribution in the aqueous solution was measured by dynamic light scattering (DLS)
using a DelsaNano C Submicron Particle Size Analyzer (Beckman-Coulter, Brea, CA).
The surface charge was measured using the same instrument by monitoring the mobility
of the nanoparticles.

I. Nanoparticle-Aided Intracellular Measurements

The 9L cells were plated on a petri dish with a cover glass bottom and grown for a
few days before incubation with NPs. The nanosensors were incubated with the cells at
1 mg-mL"! final concentration for 6 hr. After each incubation, unbound nanoparticles
(NPs) were removed by gentle rinsing with fresh cell media three times. For the co-
localization assay the cells were treated with a lysosomal staining probe, LysoTracker
red DNB-99, for 10 min. The excess LysoTracker probe was removed by washing with
colorless RPMI media one more time. The colocalization percent is obtained using an
Imagel] colocalization plugin.

J. Statistical Analysis
The statistical analyses were performed using one-way analysis of variance (ANOVA)

test and were followed up with the Tukey test, which compares every mean with each
other and reports the P value for each comparison. These analyses were performed using
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GraphPad Prism software. All analyses were performed with a confidence interval set at
95% (P < 0.05). All the experiments were performed in quintuplicate.

[1l. RESULTS AND DISCUSSION

The hydrodynamic size of the nanosensors is about 70 nm. They also have a positive
surface charge varying from +10 mV to +20 mV. The small size and positive charge
facilitates excellent uptake of the nanoparticles by the cells. These nanoparticles also
do not show any toxicity by themselves, as shown in Fig. S1, and this is also consistent
with our previously published results. The choice of cross-linker for the nanoparticles
is important and is based on the molecular dye to be encapsulated, as this controls the
degree of hydrophilicity of the nanoparticle. Dyes that are hydrophobic cannot be easily
loaded into a hydrophilic matrix. Thus, for SOSG, which is a hydrophobic molecule,
we use a slightly modified nanoparticle with GDMA (glycerol dimethacrylate) as the
cross-linker instead of MBA. The presence of GDMA makes the matrix hydrophobic,
thus facilitating efficient loading of SOSG. However, for HPTS, which is a hydrophilic
dye, we used MBA as the cross-linker.

A. Cell Viability and Mitochondrial Reduction Potential

We first investigated the cell viability, using a colorimetric cell viability assay, which is
based on the reduction of a water-soluble tetrazolium dye, by cellular dehydrogenases,
to its formazan derivative. The tetrazolium dyes are reduced in the mitochondria, and
this procedure gives a direct estimation of the mitochondrial reduction potential. Tetra-
zolium dyes are characterized by a central, positively charged, quaternary tetrazole ring
core containing four nitrogen atoms. Upon reduction, the tetrazole ring is disrupted,
resulting in a brightly colored formazan derivative. The amount of tetrazolium dye that
is reduced to formazan derivatives is directly proportional to the reducing potential of
the cell, and hence its viability.** Spectrophotometric measurement of the absorbance
of the formazan product, produced in cells treated with plasma, relative to that of con-
trol (untreated) cells, facilitates the determination of the cytotoxicity of that agent.
The CCK-8 assay used here is a tetrazolium based assay. The reduction of these salts
is associated with not only mitochondria, but also the cytoplasm and with nonmito-
chondrial membranes, including the endosome/lysosome compartment and the plasma
membrane. The percentage viabilities of the plasma-irradiated cells are calculated by
measuring the absorbance of the formazan derivative at 490 nm, and they are reported
relative to the viability of the control cells, as shown in Fig. 2. We observed the onset of
cell death from 3 min irradiation onwards. This is a very crucial parameter, towards in
vivo application, for determining the plasma irradiation dose of such a source, without
damaging the host cells. In our case the number of cells irradiated is only a fraction
(15%) of the total number of cells because of the larger size of the wells compared to
the plasma irradiation diameter. Thus, the cell viability was calculated based on the
following formulae
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Cell Viability (Percentage)

control 2 min 3 min 4 min 6 min

Plasma Irradiation time

FIG. 2: Cytotoxic effect of plasma irradiation on 9L cells, using CCK-8 assay. Viability of the
control cells, without any plasma irradiation, is set to 100%. Error bars show standard deviations.
The P values are denoted as shown: *P < 0.05; **P < 0.01; ***P <0.001; ****P < (0.0001.

Percent Viability (Plasma irradiation time =t)= (I -1_) /(I -1_) x 100

l:  Absorbance of formazan dye for samples with plasma irradiation time ‘t’
|_: Absorbance of formazan dye for samples with plasma irradiation for sufficiently
long time to kill all cells in the exposure area (obtained from microscopy data)
I, Absorbance of formazan dye for samples without plasma irradiation.
It has been previously shown that plasma irradiation can cause mitochondrial depo-
larization, leading to apoptosis.’! Our results corroborate the previous findings.
In addition to the CCK-8 assay, the cell morphology and the onset of necrosis were

also monitored, using calcein AM and propidium iodide tests. Cell death can occur
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through apoptosis or necrosis. Apoptosis is programmed cell death, whereas necrosis
occurs when the integrity of the cell membrane is compromised. Necrosis, in vivo, can
lead to uncontrolled inflammatory responses and other undesirable effects. The onset of
necrosis can be monitored by using PI, which is a membrane impermeable dye that only
stains the nucleus of necrotic cells. The cells before plasma treatment do not show any
PI staining but have excellent calcein staining, as shown in Fig. S2. From the CCK-8
data, we observe cell death after 3 min irradiation, but we do not observe any PI staining,
even after a few hours, indicating that the most likely cause of cell death is apoptosis.
These results corroborate previous reports on the observation that extended exposure
to nonthermal plasma leads to apoptosis.’>3* It has been shown that plasma exposure
results in the activation of p53 in certain cell lines, which delays the cell cycle process
and leads to apoptosis. It is claimed that this method will be particularly useful for
cell lines resistant to chemotherapy.** Another study showed that irradiating cells with
plasma activate c-Jun NH_-terminal kinase (JNK) and p38 kinase, due to the presence
of ROS and RNS, that leads to apoptosis.* We observed an instantaneous change in
the cellular morphology, following 4 min of plasma irradiation. A majority of the cells
start to bleb, which is pinching of the cell membrane, although we do not observe any
instantaneous PI staining. On further increasing the irradiation time to 5 or 6 min, we
observed immediate nuclear staining from PI, which is indicative of necrosis. Figure
3 shows the cellular morphology and the staining, following 4 and 6 min of plasma
irradiation. We observed a strong calcein fluorescence and no signal from PI after 4 min
irradiation. However, we did observe significant cell blebbing, indicating apoptosis. For
the 6-min irradiation period, we observed a weak calcein fluorescence and a strong PI
signal indicating necrosis. The weak calcein fluorescence is attributed to the leakage of
dye from the cytosol because the cell membrane is heavily compromised. Thus, combin-
ing the results from the previous CCK-8 assay and the calcein-PI assay, we can evaluate
the type of cell death following different plasma doses.

B. Cytosolic Chemical Changes

1. Oxidative Stress in Cells

Next, we investigated the oxidative stress in the 9L cells. It has been previously shown
that the plasma jets produce ROS, such as singlet oxygen, peroxides, nitrites, and hy-
droxyl radicals. The probe DCF is a membrane permeable dye that is initially nonfluo-
rescent.'** However, the probe becomes highly fluorescent following cleavage of its
two acetate groups by intracellular esterase enzymes, and oxidation following interac-
tion with the ROS species. We irradiated the cells for several time periods, up to 6 min,
as shown in Fig. 4a. We observed the development of oxidative stress after only 1 min
of plasma irradiation, although it becomes quite significant after only 2 min. This may
be the onset of lipid peroxidation, although we do not observe any significant increase
in toxicity until after 3 min of irradiation, as shown in Fig. 2. However, after 6 min of
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FIG. 3: Cells stained with calcein and PI, following 4 min (top) and 6 min (bottom) irradiation.
Cells stained with calcein (a and d) and P1 (b and €). The overlay of the green and red is shown in
parts ¢ and f. For the 4-min irradiation, we do not observe any damage to the membrane integrity
and hence no red fluorescence from the nucleus (b). However, for the 6-min treatment, we see
significant nuclear staining, which is indicative of instantaneous necrosis (¢).

irradiation, a further increase in the ROS concentration was observed. This is consistent
with our observation of the pH changes elicited following plasma exposure, and may
be attributed to the damaged cell membrane and malfunctioning ion channels. Similar
increase in the ROS level in cells was also reported previously, although after a much
longer time duration.®®* They observed a threefold increase in intracellular ROS level
after 1 hr post irradiation, but the oxidative stress reduced with time. However as shown
in Fig. 4b, we observe more than a 100-fold increase in the level of ROS in the extracel-
lular environment (cell media).

2. Nitrosative Stress in Cells

Reactive nitrogen species (RNS) are a set of molecules and free radicals, including
nitric oxide and its derivatives, such as nitrogen dioxide radical, peroxynitrite anion,
peroxynitrous acid, nitrosoperoxycarbonate anion, nitronium cation, and dinitrogen tri-
oxide.®® In addition to the ROS, a cold plasma also produces significant amounts of
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FIG. 4: (a) Fluorescence emission intensity of DCF dye at 520 nm inside the 9L cells, follow-
ing plasma irradiation, showing oxidative stress. (b) Fluorescence intensity from DCF dye in the
extracellular environment indicating the changes in the level of ROS in cell media. Error bars
show standard deviations. The P values are denoted as shown: *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001.

RNS. Like the ROS, the RNS play a critical role in many biological functions, such as
signal transduction, cellular signaling, regulation of cell growth, and neurotransmis-
sion. However, an imbalance in the amount of RNS can lead to stress in the cells. They
interact and oxidize the subcellular components and membrane, which eventually leads
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to cell death.>® We determined the increase in intracellular RNS using a dye, DAF-FM
(4-amino-5-methylamino-2°,7 -difluorofluorescein). DAF-FM diacetate is a cell perme-
able dye; it easily penetrates the cell membrane and is then cleaved by intracellular
esterases and retained inside the cytoplasm.!” Once the DAF dye is oxidized, it then
interacts with NO to form a fluorescent triazole compound, leading to an increase in its
fluorescence quantum yield of almost two orders of magnitude. This increase in fluo-
rescence is used to monitor the qualitative changes in the amount of intracellular NO.
Figure 5 shows the changes in the intracellular RNS. We observe a significant increase
in the amount of RNS, from 2 min of irradiation onwards, constantly increasing with
longer irradiation times, until 4 min. The amount of RNS increases drastically after 6
min, because of cell membrane damage. These results are in accordance with our previ-
ous observations with ROS. Previous long term studies on the evolution of the intracel-
lular RNS showed a slight increase (2x) in the concentration level from 1 hr up to 18 hr,
and then decreased within 48 hr.3* We also observe an increase in the RNS levels by a
factor of 30 in the extracellular environment, as shown in Fig. 4b,which is significantly
lower than the observed increase in ROS levels.

Although most of these probes lack absolute specificity towards a particular species,
they display high sensitivity towards some of the ROS or RNS, thereby providing a
basis for the estimation of their relative contributions to the intracellular effects.*® These
measurements provide a qualitative idea of the temporal evolution of each of the ROS
and RNS inside the cytoplasm, in response to plasma exposure.

3. Intracellular pH Measurement

The NO, and some of the ROS produced from plasma irradiation can reduce the pH
level. The plasma driven reduction in pH has been exploited to kill bacteria.’”*® Thus
we monitored the intracellular pH level of the cells to determine if the plasma irradia-
tion gave rise to any reduction in intracellular pH, that might contribute towards the cell
death. The pH change was measured after 3 min of irradiation. Additionally, the change
in intracellular pH level can also be an indication of the improper functioning of the ion
channels, caused by plasma irradiation.

SNARF-1 AM-ester which is a pH sensitive, cell permeant dye, was used to moni-
tor the pH response in the cytoplasm. The dye permeates the cell membrane and ac-
cumulates in the cytoplasm following de-esterification by the intracellular esterase
enzymes that render the molecule membrane impermeable.’*!” Figure 6(a) shows the
SNARF loaded cells after 6 min of irradiation. We did not observe any significant
change in pH for irradiation shorter than 6 min. However, after 6 min of irradiation,
we observed a slight increase in pH (up to +0.2 pH units). This may be attributed to
the influx of ions from the extracellular culture medium into the cytoplasm, due to
compromised membrane integrity. The relative insensitivity of the intracellular pH to
plasma exposure was surprising, because air plasma irradiated water solutions have
been shown to decrease the pH of the medium.*® However these results show that the
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FIG. 5: (a) Fluorescence intensity from DAF inside the cytoplasm, following different plasma
irradiation periods, indicating nitrosative stress. (b) Fluorescence intensity from DAF in the ex-
tracellular environment indicating the changes in RNS in cell media. Error bars show standard
deviations. The P values are denoted as shown: *P < 0.05; **P < 0.01; ***P < (0.001; ****P <
0.0001.
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(a)

FIG. 6: 9L cells containing the (left) pH sensitive SNARF dye (a), (right) pH sensitive nanopar-
ticles containing HPTS (b). The molecular probes selected for monitoring the pH at different
intracellular component is based on their pKa value. The dye, which is membrane permeable, is
uniformly spread throughout the cytoplasm, whereas the NPs are localized in compartments. The
images were taken in the confocal mode, with a x40 objective (scale, 20 um).

cell death cannot be attributed to the internal changes in pH, which is an extremely
important physiological factor.

C. Chemical Changes in Endosomes and Lysosomes

Lysosomes are cell organelles responsible for the degradation of proteins and macro-
molecules that have been endocytosed or phagocytosed. The lysosomes consist of many
degradative enzymes. Disrupting the membrane leads to a leakage of such enzymes
into the cytoplasm.*! It has been previously shown that the reactive oxygen and nitro-
gen species can damage the lysosomes by destabilizing the membrane through lipid
peroxidation. This in turn can lead to dysfunction of the cell, and even its death, by
inducing apoptosis.*?4 We observed the perturbation to the lysosome by monitoring the
pH changes. It has been previously shown that the pH of lysosomes tends to increase
when the membrane integrity is compromised because of oxidative stress. \WWe monitored
the changes in lysosomal pH using polyacrylamide-based nanosensors. The nanosen-
sor consists of a pH sensitive fluorescent dye, HPTS, encapsulated in a polyacrylamide
matrix. Figure 6 shows the pH sensitive fluorescent nanosensors in the cells. This type
of HPTS nanosensors has been previously used for measuring the pH of lysosomes and
endosomes. 1845

These nanosensors get endocytosed by different pathways, such as those mediated
by clathrin and caveolae, and tend to accumulate in the acidic vesicles, such as the ly-
sosomes.* To monitor the colocalization of these nanoparticles with the acidic vesicles,
we stained the acidic compartments with LysoTracker dye and monitored the overlap
between the fluorescence from the nanoparticles and that of the stain. LysoTracker dyes
selectively stained the acidic vesicles. Figure 7 shows the overlap of the fluorescence
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(b)

Fig. 7: Co-localization of the nanoparticles with lysosomes. (a) The nanoparticles inside cells
(green fluorescence); (b) The staining of the lysosomes using lysotracker dye (red fluorescence).
(c) The co-localization of the nanoparticles and lysosomes is shown here (yellow and orange, due
to overlap between green and red).

signal from the nanoparticles with that from the LysoTracker. We observed that about
41% of the total number of nanoparticles, internalized by the cells, are localized inside
the lysosomes. The rest of the nanoparticles are most likely in late endosomes or other
vesicles such as caveosomes. These nanoparticles are completely nontoxic, and we do
not observe any oxidative stress due to the nanoparticles, even after 48-hr incubation.?®18

Upon plasma irradiation we do not observe any changes in the pH of the local envi-
ronment of the nanoparticles, for up to 6 min of irradiation. This indicates that, although
there is a significant buildup of ROS inside the cytoplasm, they do not disrupt the endo-
somes and lysosomes.

Additionally, we also monitored the diffusion of the ROS, singlet oxygen in par-
ticular, into the endosomes. For this purpose we used nanoparticles loaded with singlet
oxygen sensor green (SOSG), which is a membrane impermeant dye that has a very
weak fluorescence. However, on interacting with singlet oxygen, its fluorescence in-
creases significantly because of oxidation.!” The increase in fluorescence can be used
to detect the presence of singlet oxygen. SOSG was chosen for this purpose for two
reasons: (1) the molecules are membrane impermeant and thus will not leak into the cy-
toplasm if they leach out of the nanoparticle matrix; and (2) the molecules are extremely
sensitive to the presence of singlet oxygen, but not to other ROS and can be used for
dynamic monitoring. We did not observe any changes in the fluorescence signal from
the nanoparticles until 6 min irradiation. However, on irradiating further, we observed a
steady increase of fluorescence signal. This is due to the sudden increase of ROS species
in the cytoplasm after 6 min, when most of the cells become necrotic. This increase in
ROS probably leads to the peroxidation of the lipid in the vesicles. Thus both the pH
and singlet oxygen sensing experiments show that the intracellular vesicles, like the
endosomes and lysosomes, are unperturbed by the buildup of ROS in the cytoplasm,
until the cells become necrotic.
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IV. CONCLUSION

In summary, we have investigated the immediate internal chemical environment of liv-
ing cells exposed to nonthermal plasma. Here we observed that the plasma conditions
investigated did not elicit significant changes in the intracellular pH level. However, we
did observe that the plasma interaction with the media produces large amounts of ROS
and RNS, and thus we observed the onset of oxidative stress inside cells after just a 1 min
irradiation. The level of oxidative stress not only affects the cell signaling but also has
the potential to damage the cell components, and is thus a very important parameter in
determining the dose of plasma irradiation. Not surprisingly, the cell viability assays show
significant cell death after only 3 min of plasma irradiation. In conclusion, the intracellular
chemical probes presented here provide critical insights into the interaction of plasma and
mammalian cells, and can serve as a powerful tool for assessing the response of cells to
plasma irradiation in future plasma medicine studies. This tool allows for the quantifica-
tion of plasma-induced effects and, ultimately, quantification of actual plasma therapies.
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SUPPLEMENT A. NP CELL VIABILITY OF BLANK: TOXICITY FROM BLANK
NANOPARTICLES WAS OBSERVED USING THE MTT ASSAY, AS DESCRIBED
BEFORE

au -

a0

Call viakdliny

40

20

o O.5mg i 1mgjmi

Hanoparticle concenfmaton

FI1G. S1: The toxicity from blank nanoparticles. We did not observe any significant toxicity from
the blank nanoparticles, which is consistent with our previously published results.
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SUPPLEMENT B. CALCEIN-PI ASSAY ON CELLS BEFORE IRRADIATION

FIG. S2: Cells before plasma irradiation with calcein staining (a) and PI staining (b). We ob-
served strong calcein fluorescence from the cells, indicating that the cells were healthy and there
was efficient intracellular accumulation of calcein. We did not observe any PI fluorescence, indi-
cating the absence of necrotic cells.
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