714

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 37, NO. 6, JUNE 2009

Low-Temperature Plasmas for Medicine?

Mounir Laroussi, Fellow, IEEE

(Invited Paper)

Abstract—Can low-temperature plasma technology play a role
in medicine? This is a question that many investigators today are
trying hard to give a positive answer to. It did not quite start
out this way. Almost two decades ago, few “‘curious” electrical
engineers and physicists with the help of few “brave” biologists/
microbiologists asked themselves more basic questions: What hap-
pens to biological cells if they were exposed to low-temperature
plasma? Will they die? Will they survive? If they survive, will they
come out the same or somehow “injured”? If injured, will they be
able to repair the damage and recover? What kind of damage?
Which plasma agent causes the damage? etc. As will be shown
in this paper, some of these fundamental questions have been
partially or fully answered, but until today, a complete picture has
yet to emerge. This is good and not so good. It is good because
if we already knew all the answers, we would not be looking
forward to a more exciting research. It is not so good because after
all these years, we are still quite a ways from an implementable
medical application. In this review paper, the present state of
knowledge regarding the effects of cold plasma on bacteria cells
(prokaryotes) and on eukaryotic cells (such as mammalian cells)
will be presented. As medical applications where low-temperature
plasma is showing signs of success, blood coagulation and wound
healing will be described.

Index Terms—Atmospheric pressure, bacteria, biomedical,
blood coagulation, cold plasma, discharge, medicine, plasma,
reactive species, sterilization, wound healing.

I. INTRODUCTION

NE of the attractive features of nonequilibrium plasmas
is the ability to achieve enhanced gas phase chemistry
without the need for elevated gas temperatures [1], [2]. This is
because these plasmas exhibit electron energies much higher
than that of the ions and the neutral species. The energetic
electrons enter into collision with the background gas, caus-
ing enhanced level of dissociation, excitation, and ionization.
Because the ions and the neutrals remain relatively cold, the
plasma does not cause any thermal damage to articles it comes
in contact with. This characteristic opened up the possibility to
use these plasmas for the treatment of heat-sensitive materials
including biological matter such as cells and tissues [3], [4].
Low-temperature high-pressure nonequilibrium plasmas are
already routinely used in material processing applications.
Etching and deposition, where low-pressure plasmas have his-
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torically been dominant, are examples of such applications.
More recently, the biological and medical applications of
high-pressure plasmas have witnessed a great interest from
the plasma and medical research communities. This is due
to promising applications in medical research such as elec-
trosurgery [5], tissue engineering [6], surface modification
of biocompatible materials [7], and the sterilization of heat-
sensitive materials and instruments [8]. This burst of research
activities resulted in the organization of several workshops and
conferences worldwide, the latest being the “International Con-
ference on Plasma Medicine.” Some of the papers presented
at that conference were published in a special issue of the
“Plasma Processes and Polymers” (Vol. 5, No. 6, August 2008).
The following statement in the editorial of that special issue
summarized the excitement built around a new multidisci-
plinary field that bridges engineering, physics, and biology:
“Recent demonstrations of plasma technology in treatment of
living cells, tissues, and organs are creating a new field at the
intersection of plasma science and technology with biology
and medicine—Plasma Medicine. This fascinating field poses
many technological challenges and brings to the forefront many
fundamental questions regarding the mechanisms of interaction
between living organisms and plasma.” [9].

This paper is organized as follows. First, and for the benefit
of the reader with only plasma physics background, a brief
description of the two types of cells considered in this paper will
be presented. These are the prokaryotic cells (such as bacteria
cells) and the eukaryotic cells (such as mammalian cells). Next,
the known effects of plasmas on bacterial cells will be outlined
and discussed. This includes the inactivation kinetics as well as
the effects of the various plasma agents on this type of cells.
This section will be followed by a coverage of what is presently
known regarding the effects of plasma on some eukaryotic cells,
particularly in relation to specific medical applications, namely,
wound healing and blood coagulation.

II. PROKARYOTIC CELLS VERSUS EUKARYOTIC CELLS
A. Prokaryotes

Prokaryotic cells lack a cell nucleus and do not have
membrane-bound organelles. Bacterial cells are prokaryotic.
The chromosomal DNA of prokaryotes is a single loop and is
contained in the nucleoid, an area not bound by an envelope.
Prokaryotes have a relatively large surface-to-volume ratio, a
high metabolic rate, and a high growth rate (they multiply quite
fast). Fig. 1 shows a schematic of a prokaryotic cell.
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Fig. 1. Schematic of a bacterial cell (prokaryote) [10], [11].

Bacteria cells are either gram positive or gram negative. The
gram-positive cells can exist in one of two states, namely, the
vegetative state and the spore state. In the vegetative state, cells
can uptake nutrient, divide, form colonies, etc. The spore state
is a state under which the bacterium can overcome extremely
harsh and unfavorable conditions that would otherwise kill the
vegetative cell. In the spore state, the genetic material of the cell
is located in a compact core that has small water content and is
protected by a wall. Around this structure, several protein-based
wall-like layers or “coats” are formed. These coats include the
inner and outer coats. Under these coats (and around the core)
is located the cortex, a region made of several concentric rings
composed of peptidoglycan. With this structure and morpho-
logical configuration, the cell can go in a dormant state for
extended lengths of time. When the surrounding conditions
become favorable, the spore can germinate and revert to a
vegetative cell.

Gram-negative cells do not have the ability to form spores.
However, it is important to remember that this lack of ability
to form spores does not render gram-negative bacteria less
pathogenic than their gram-positive counterpart. Escherichia
coli, for example, is a gram-negative bacterium.

B. Eukaryotes

The term “eukaryote” comes from the Latin “eu” meaning
true and “karyon” meaning nucleus. Organisms possessing a
nuclear membrane are called eukaryotes. Eukaryotic cells are
therefore cells where the genetic material is contained within
a well-defined region surrounded by a membrane. As shown
in Fig. 2, eukaryotes exhibit membrane-bound organelles, the
description of some is shown next [10], [11].

1) Plasma membrane: It is located inside the cell wall and

forms a sort of a bag that completely surrounds the cell.
It is about 5 nm thick and is a bilayer of phospholipids
and proteins. The phospholipids are formed by water-
insoluble fatty acids and water-soluble phosphate esters.
One of the functions of the plasma membrane is control
of the transport of nutrients and ions (Nat ,K*,...) in
and out of the cell.

2) Nucleus: The nucleus is the largest organelle. It is spher-

ical in shape with a diameter of a few micrometers.
It is bound by an envelope that includes an inner and
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Fig. 2. Schematic of a eukaryotic cell [10], [11].

an outer membrane. This membrane contains pores that
allow the interior of the nucleus to communicate to the
rest of the cell. The nucleus contains the DNA and an
inner organelle, the nucleolus, which produces ribosomes
(RNA + proteins).

3) Mitochondria: Mitochondria are usually rod-shaped
structures, about 1 pum in diameter and 2-3 pym long.
Mitochondria are membrane bound, and they are the sites
of cellular respiration. Organs with high-energy demands
have cells with large number of mitochondria, whereas
organs with low-energy demands have cells with only
a few mitochondria. Mitochondria produce adenosine
triphosphate (ATP), which is the cellular energy mediator.
Energy of the ATP is used in biosynthetic reactions in
the cell.

4) Lysosome: Lysosomes are single-membrane-bound struc-
tures. They contain various enzymes involved in intracel-
lular digestive activities.

III. EFFECTS OF LOW-TEMPERATURE PLASMA ON
BACTERIAL CELLS

To reach a general understanding of the effects that plasma
has on the cells of bacteria, one has to study the time evolution
of the inactivation process (kinetics) and to elucidate the poten-
tial physical and/or chemical effect that each plasma-generated
inactivation agent has on the cells. This section discusses these
two important aspects of the study of plasma-based bacterial
inactivation.

A. Kinetics

Survivor curves are plots of the number of colony-forming
units (CFUs) per unit volume versus treatment time. They
are plotted on a semilogarithmic scale with the CFUs on the
logarithmic vertical scale and time on the linear horizontal
scale. A single line indicates that the relationship between the
concentration of survivors and time is given by

Log[N(t)/No] = —k - t (1

where Ny is the initial concentration and k is the “death rate”
constant.
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A widely used kinetics measurement parameter is what is
referred to as the “D” value (decimal value). The D-value
is the time required to reduce an original concentration of
microorganisms by 90% (or the time for a one log;, reduction).
It can be expressed as follows:

D = t/(log No — log N,) )

where ¢ is the time to destroy 90% of the initial population, Ny
is the initial population, and Ny is the surviving population [12].

Experimental work on the germicidal effects of cold
atmospheric-pressure plasmas has shown that survivor curves
take different shapes depending on the type of microorganism,
the type of the medium supporting the microorganisms, and
the method of exposure, namely, “direct exposure” or “remote
exposure.” Direct exposure is when the sample under treatment
comes in direct contact with the plasma. In this method of
exposure, the sample is subject to all possible agents generated
by the plasmas. These include heat, charged particles, reactive
neutrals, and electromagnetic radiation (such as ultraviolet
(UV) photons). Remote or indirect exposure is when the sample
does not come in direct contact with the plasma, e.g., the sample
is placed at some distance from the plasma. In this method,
the charged particles do not affect the sample under treatment
as they recombine before reaching it. In addition, the heat
flux and the possible radiation flux are greatly reduced. This
leaves mainly the long-lived radicals to directly interact with
the biological sample.

Single-slope survivor curves (one-line curves) for the inacti-
vation of some bacteria strains have been reported [13]-[15].
The D-values ranged from 4.5 s to 5 min. Two-slope sur-
vivor curves (two consecutive lines with different slopes) were
reported by various investigators [14], [16]-[18]. The curves
show that the D-value of the second line, i.e., D5, was smaller
(shorter time) than the D-value of the first line, ie., D;.
Montie et al. [19] claimed that D, was dependent on the species
being treated and that Dy was dependent on the type of surface
(or medium) supporting the microorganisms. The “biphasic”
nature of the survivor curve was explained as follows. During
the first phase, the active species in the plasma react with the
outer membrane of the cells, inducing damaging alterations.
After this process has sufficiently advanced, the reactive species
can then quickly cause cell death, resulting in a rapid sec-
ond phase. Multislope survivor curves (three phases or more)
were also reported in some cases, each line having a different
D-value (for more information on this, the reader is referred to
[3] and the references therein).

These inactivation kinetics studies reveal that several factors
can impact the killing process: the type of bacteria, the type
of medium in/on which the cells are seeded, the number of
cell layers in the sample, the type of exposure, contribution of
UV or lack thereof, operating gas mixture, etc. If UV plays an
important or dominant role, the survivor curves tend to exhibit
a first rapid phase (small D-value) followed by a second slower
phase. When UV does not play a role, such as in the case of an
air plasma, single-phase survivor curves were mainly observed
(see Fig. 3). However, in some cases, multislope curves have
also been reported.
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Fig. 3. Example of a single-phase survivor curve. E. coli on Luria-Bertani
broth exposed to a helium/air plasma [3].

B. Inactivation Agents

As mentioned earlier, biological materials can be exposed to
plasma in two different methods: direct exposure and remote (or
indirect) exposure. In the case of direct exposure, all plasma-
generated agents, including charged particles, come in contact
with the sample. In the case of remote exposure, the amount
of heat transmitted to the sample is reduced and the charged
particles and short-lived species recombine before reaching the
sample. In the following section, the contribution of the four
main inactivation factors of a nonequilibrium high-pressure air
plasma are reviewed.

1) Heat: As nonequilibrium plasmas do not produce high
temperatures, heat is not an important factor in the inactivation
process of bacterial cells. Indeed, temperature measurements
in various cold plasma sources showed that the temperature
of the biological samples exposed to the plasma did not rise
substantially. Laroussi and Leipold [20] determined the gas
temperature in their plasma discharge (DBD in air) by compar-
ing experimentally measured rotational band structure of the
0-0 transition of the second positive system of nitrogen with
simulated spectra at different temperatures. By using a thermo-
couple probe, they also measured the temperature in a sample,
placed 2 cm away from the discharge. Their measurements
showed a minimal temperature increase, and they concluded
that thermal effects do not play an important role.

2) UV Radiation: UV radiation has been known to be ger-
micidal for quite a long time. In fact, various kinds of UV lamps
have been developed and are routinely used in biology laborato-
ries to sterilize the surfaces of some tools and instruments. Low-
pressure mercury lamps are an example of such UV sources.
UV radiation in the 200-300-nm wavelength range with doses
of several milliwatt—seconds per square centimeter are known
to cause lethal damage to cells. Among the UV effects on cells
of bacteria is the dimerization of thymine bases in their DNA
strands. This inhibits the ability of the bacteria to replicate
properly.

Depending on the operating gas, plasmas generate UV
radiation in several wavelength ranges including vacuum UV
and up to 380 nm. Although they produce energetic photons,
wavelengths below 200 nm will not propagate at atmospheric
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pressures. Therefore, if such a wavelength range is to be used,
the target sample has to be located in a low-pressure vessel.
Low-pressure plasmas using Ny /O gas mixture or argon have
been shown to produce large enough UV doses to inactivate
bacterial cells [21]-[23]. However, atmospheric-pressure air
plasma, which is likely to be the most effective type of
cold plasmas for sterilization, produces very little UV [20].
Most of the UV radiation in air plasma is emitted from Ny
and NO bands but with insufficient power densities, below
50 uW/cm?. Therefore, UV does not play a major role in the
inactivation process by atmospheric-pressure air plasma. Gas
mixtures may of course be tailored to optimize UV emission
since UV photons do increase the inactivation efficiency. In
this context, gases that can form UV-emitting excimers can
be used alone or in combination with a second discharge that
provides the additional chemical action necessary to enhance
the inactivation process.

3) Charged Particles: Mendis et al. [24] and Laroussi et al.
[25] suggested that charged particles can play a very significant
role in the rupture of the outer membrane of bacterial cells.
They showed that the electrostatic force caused by charge accu-
mulation on the outer surface of the cell membrane could over-
come the tensile strength of the membrane and cause its rupture.

When charged, a body of the size of a bacterial cell (in the
micrometer range) experiences an outward electrostatic force
due to each charge being subjected to the repulsive forces of
all the similar charges accumulated on the cell surface. This
force is proportional to the square of the charging potential ®
and inversely proportional to the square of the radius of cur-
vature of the surface r. Therefore, the smaller the radius of
curvature, the stronger the electrostatic force. The charging
potential ® depends on the ratio of the ion mass to the electron
mass. Therefore, gases with larger atomic mass lead to higher
electrostatic forces. Mendis et al. [24] derived the condition for
membrane disruption as

@] >0.2- (r-A)V2. FY2 3)

where r is the radius of curvature, A is the thickness of the
membrane, and Fj} is its tensile strength.

The scenario described earlier is more likely to occur for
gram-negative bacteria, the membrane of which possesses an
irregular surface. These irregularities offer small radii of curva-
tures that cause localized high outward electrostatic forces. This
conclusion was supported by experimental results obtained by
direct-exposure experiments carried out by Laroussi et al. [25].

4) Reactive Species: In high-pressure nonequilibrium
plasma discharges, reactive species are generated through
various collisional pathways, such as electron impact excitation
and dissociation. Reactive species play an important role in
all plasma—surface interactions. Air plasmas, for example, are
excellent sources of reactive oxygen-based and nitrogen-based
species, such as O, O3, O3z, OH, NO, NOo, etc.

Laroussi and Leipold [20] carried out measurements of the
concentrations of hydroxyl and nitrogen dioxide produced by a
DBD operated in air, at atmospheric pressure. The presence of
OH was measured by means of emission spectroscopy, looking
for the rotational band of OH A-X (0-0) transition. Nitrogen

717

‘IBD,"“I""I""I""I""I‘"'I""I""IIIII

140k
120 F R E

100 L 4 3

NO, Concentration [ppm]
oo
]
T
L ]
|

r & Dry Alr ]
20E 1 e Humid Air (80%) E
D:..<,I....I...‘I....I....I‘.‘.I.y..ly...l....:
0o 2 4 6 8 10 12 14 16 18
Flow Rate [Ifmin]

Fig. 4. NO2 concentrations generated by a humid and dry air plasma [20].

Fig. 5. Ozone concentration generated by air plasma [26].

Fig. 6. SEM micrographs of E. coli cell. (a) Control. (b) Plasma treated [27].

dioxide was measured as a function of the airflow rate and for
different power levels by a calibrated gas detecting system (see
Fig. 4). The ozone concentration was measured for varying flow
rates and at various power levels by chemical titration method
by Minayeva and Laroussi [26] (see Fig. 5). Ozone germicidal
effects are caused by its interference with cellular respiration.
Cell membranes are made of lipid bilayers, an important
component of which is unsaturated fatty acids. The unsaturated
fatty acids give the membrane a gel-like nature. This allows the
transport of the biochemical by-products across the membrane.
Since unsaturated fatty acids are susceptible to attacks by
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SEM micrographs showing (a) untreated B. subtilis spores, (b) spores inactivated under 0.7% added O2, and (c) spores exposed to a 40-min treatment

under 10% added O2. Not all spores are inactivated, but they are visibly eroded [22], [23].

hydroxyl radical (OH), the presence of this radical can therefore
compromise the function of the membrane lipids whose role is
to act as a barrier against the transport of ions and polar com-
pounds in and out of the cells. Protein molecules are susceptible
to oxidation by atomic oxygen or metastable oxygen molecules.
Proteins also play the role of gateways that control the passage
of various macromolecules in and out of cells.

IV. MORPHOLOGICAL OBSERVATION

Investigators have used scanning electron microscope (SEM)
to visually inspect the impact that plasma exposure may
have on cell morphology. Any visible change in outer struc-
ture of cells after exposure to plasma was attributed to the
impact of a specific plasma agent. By using SEM images,
Laroussi et al. [27], [28] showed that after exposure to plasma,
E. coli cells underwent severe morphological changes such as
lysis (splitting of cells). Fig. 6 shows SEM micrographs of lysed
E. coli cells. Laroussi et al. [27] attributed such damage to one
of two processes: membrane rupture due to charge buildup on
the cells or to chemical attack by radicals such as O and/or OH.

By using SEM, Moisan et al. [21], [22] showed that cells of
B. subtilis that were exposed to low-pressure N3 /O, afterglow
were subject to severe etching that eroded the cells. Atomic
oxygen was identified as the possible player responsible for this
cell erosion. Fig. 7 shows a SEM micrograph illustrating this
scenario.

V. INACTIVATION OF BIOFILMS

Cells of microorganisms exhibit two forms of behaviors. The
“planktonic” form is when the cells are free floating more or
less independently. The second form is when cells become
attached to each other and to the surface of a host material.
It is the latter form that can lead to the formation of a dense
microbial community embedded in an adhesive gluelike matrix
that anchors itself to, generally, a solid surface. This complex
community with its protective matrix is referred to as “biofilm.”
Biofilms can be found on solid surfaces and in pores in contact
with aqueous solutions or as films floating on liquid surfaces.
Because cells in a biofilm closely interact with each other
within the protective environment of the film, they exhibit
different characteristics than free-floating planktonic cells. One
of the key differences is their enhanced resistance to adverse
conditions and external stresses. This makes biofilms very re-
sistant to chemicals found in detergents and even to antibiotics.
Therefore, if not controlled, biofilms could represent serious
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Fig. 8. Inactivation kinetics of (solid line) a 12-h and (dashed line) a 24-h-old
P. agglomerans biofilm [29].

health hazards in many situations. In addition, biofilms can
cause damage, such as corrosion, to the surfaces of the materials
they attach to, adding an economical cost to their health risk.

Recently, some attempts were made to evaluate the effects
of nonequilibrium plasmas on biofilms. Vleugels et al. [29]
studied the efficacy of an atmospheric-pressure glow discharge
to destroy biofilms formed on fresh food products. In their
tests, a helium/oxygen gas mixture was used. The biofilm-
forming bacterium Pantoea agglomerans was grown on syn-
thetic membranes to simulate plant tissues. After allowing a
period of growth, a biofilm developed with a polysaccharide
matrix, shielding an extensive network of cells. The samples
were then placed downstream (remote exposure) of a plasma
generated between two parallel electrodes driven by a high ac
voltage at a frequency of 460 kHz. Fig. 8 shows the inactivation
results. It is clear that as more time was allowed for the biofilm
to grow, both the inactivation kinetics and efficiency exhibited
a different behavior. For a 12-h curve, there are three distinct
inactivation phases, while for a 24-h curve, there are only
two phases. In addition, the 24-h-old biofilm showed a much
increased resistance to plasma exposure.

Brelles-Marino et al. [30], [31] used a helium-stabilized
atmospheric-pressure jet driven by a 100-W 13.56-MHz RF
source to inactivate biofilm-forming bacteria such as Rhizobium
gallicum and Chromobacterium violaceum. A small admixture
of nitrogen was added to the gas flow, and the biofilm samples
were located 7 mm away from the plasma. Fig. 9 shows a
biphasic survivor curve [31]. The first phase is relatively short,
while the second phase is quite slow. A three-log reduction
in CFUs was achieved in about 1-h exposure time duration.
This is a much slower inactivation process that could generally
be achieved on planktonic cells, hence illustrating the inherent
difficulty in destroying biofilms.
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Fig. 9. Inactivation kinetics of C. violaceum, a biofilm-forming bacteria [31].

VI. INACTIVATION OF BACTERIA AND PROTEIN
BY PLASMA JETS

Nonthermal atmospheric-pressure plasma jets/plumes are
playing an increasingly important role in various plasma
processing applications. This is because of their practical ca-
pability in providing plasmas that are not spatially bound or
confined by electrodes [32]. This capability is very desir-
able particularly in biomedical applications. Various types of
“cold” plasma jets have therefore been developed by several
investigators [32], and their potential use to inactivate bac-
teria on surfaces including skin/tissue was tested [33]-[35].
Laroussi et al. [33], [34] reported that the plasma pencil, a
pulsed device that emits a plume several centimeters long, was
capable of destroying bacteria (E. coli, Vibrio cholera, Staph
epidermis, etc.) in a targeted and localized manner. Fig. 10 is
a photograph showing a treated zone for different operating
conditions. Lu ef al. [36] showed similar efficacy results on
inactivating Staphylococcus aureus with their plasma jet. They
also showed that with an He/O mixture, the charged particles
in the plasma plume/jet play a significant role in the inactivation
process. Weltmann et al. [18] reported on the antimicrobial
effects of miniaturized atmospheric-pressure plasma jets. Like
Laroussi et al. and Lu et al., they showed that their jets
are capable of inactivating E. coli, Bacillus atrophaeus, and
S. aureus at exposure times of several minutes.

Another interesting recent development is the destruction of
proteins by atmospheric-pressure plasma jets. This is important
for the sterilization of medical tools, which are frequently con-
taminated by both microorganisms, and proteinaceous matter.
By using a plasma jet operated with a helium/oxygen gas
mixture, Deng et al. [37], [38] achieved substantial destruction
of proteins deposited on stainless steel. Protein reduction of
4.5 logs was achieved, which corresponded to a minimum
surface protein of 0.36 fmol/mm?. Deng er al. [37] attributed
this result to protein degradation by excited atomic oxygen and
excited nitride oxide. The hope of this study was that potentially
plasmas could be used to inactivate prions, which are regarded

as the etiological agent of spongiform neurodegenerative
diseases [37].

719

Fig. 10. Photographs of petri dishes showing the effects of the cold plume,
generated by the plasma pencil, on E. coli cells. Operating gas is helium.
Top petri dish is control; bottom petri dishes were treated for (left) 30 s and
(right) 120 s [34].

VII. NONLETHAL STUDIES

Some investigators asked the following question: Does ex-
posure to plasma affect bacteria even if the cells “survive” and
remain culturable? This question was partially addressed by
asking a simpler and more specific question: Does exposure to
plasma change the metabolism of bacteria? To investigate this
eventuality, sole-carbon-source-utilization profiles of bacteria
(E. coli and Bacillus globiggi) were compared to profiles of bac-
teria that survived and grew following exposure to an air plasma
[27], [39]. The tool used to assess these profiles was Biolog’s
GN2 plate, a 96-well microtiter plate. The Biolog GN2 plate
is comprised of 95 different carbon substrates, each contained
in a separate well to which a minimal growth medium and
tetrazolium violet are added. The redox dye turns purple in the
presence of electron transfer, indicating that the substrate has
been utilized by the inoculated bacteria. The 95 substrates are
dominated by amino acids, carbohydrates, and carboxylic acids
[27]. A control well containing no substrate is also included.
Color development for both control and plasma-treated cells
was then compared. The amount of color development in the
wells was determined at 24-h intervals by measuring the optical
densities with an EL 800 Universal Microplate Reader. Any
change in the rate of utilization of a particular substrate by the
exposed cells relative to the control cells would indicate that the
biochemical pathways associated with that substrate have been
altered.

In the E. coli [27] case, it was found that some small changes
in the utilization of some substrates did occur. Fig. 11 shows
an increased utilization of D-sorbitol in the plasma-treated
cells, and Fig. 12 shows a decreased utilization of D,L-lactic
acid. These changes are presumed indicative of plasma-induced
alterations in enzyme activity.

In the case of B. globiggi, Laroussi et al. [39] analyzed
the sole-carbon-utilization profile of “descendent” of cells that
survived plasma exposure to that of their “parent” cells, and
they found the following: The utilization of the sole-carbon
substrates is sufficiently different between parent cells and
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descendent cells to be of consequence (see Fig. 13(a) and (b)
as an example). These differences indicate that although the
plasma treatment did not result in the inactivation of the cells, it
did cause some substantial changes in their metabolic behavior.
Temporary and maybe permanent changes in some biochemical
pathways of cells can result. These changes may also be the
precursor to cell death.

VIII. EFFECTS OF LOW-TEMPERATURE PLASMA
ON EUKARYOTIC CELLS

Until recently, not much effort has been dedicated to study
the effects of nonequilibrium plasmas on “eukaryotic” cells,
such as mammalian cells. In many respects, eukaryotic cells are
different and have a more complex structure than prokaryotic
cells. As mentioned earlier in this paper, unlike the case with
prokaryotes, cellular functions in eukaryotic cells are localized
and the cells exhibit membrane-bound subcellular structures
(organelles). The effects of plasma on eukaryotic cells are
therefore expected to be somehow different from those on the
cells of bacteria. Preliminary work has shown that at low power,
short exposures of mammalian cells to “cold” plasma can lead
to cell detachment without causing necrotic effects. Under
certain conditions, short exposures can lead to “apoptosis,”
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Fig. 13.  Examples of sole-carbon-utilization data comparing the patterns of

“parent” (M1) cells of B. globiggi (no plasma treatment) and descendents (JW3)
of plasma-treated cells. Cells were in suspensions, and the plasma treatment
time was 180 s. The selected wells [F6 for (a) and A2 for (b)] contained,
respectively, L-alanine and a-cyclodextrine [39].

or programmed cell death. Death of cells by apoptosis is not
accompanied by lysis, which is a source of inflammation in
affected areas. These very preliminary results, although in need
of more in-depth investigations, point out that cold plasma may
elicit some beneficial changes and therefore might play a role
in practical medical applications, such as the removal of dead
tissue and the acceleration of wound healing.

In the following, we first start by describing the effects of
cold air plasma on eukaryotic microalgae, which can be a
source of contamination in water. Then, we will cover prelim-
inary studies that were done on few mammalian cells. This is
followed by describing promising medical applications where
cold plasma may potentially play a successful role. These are
wound healing and blood coagulation.

A. Effects of Plasma on Pathogenic Microalgae

Studies on the inactivation of pathogenic microorganisms by
low-temperature plasmas have focused mainly on bacteria [40],
[41], but very little work has considered effects of plasma on
eukaryotic pathogens.

Recently, Tang et al. [42] reported on the effects of non-
thermal air plasma on cell motility, viability staining, and
morphology in a variety of eukaryotic microalgae (Akashiwo
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Fig. 14. Scanning electron micrographs showing effects of plasma exposure and pH decrease on cellular morphology of (a)—(c) Akashiwo sanguinea and (d)—(f)
Scrippsiella trochoidea: (a) Control, (b) cell exposed to plasma for 320 s, (c) cell in medium with pH decreased to 3.0, (d) control, (e) cell exposed to plasma for
480 s, and (f) cell in medium with pH decreased to 2.7. Scale bars: [(a), (¢)] 20 pm; [(b), (d), and (f)] 10 um; and (e) 3 pm [42].

sanguinea, Scrippsiella trochoidea, Heterocapsa triquetra, and
Corethron hystrix) in aqueous environments. These algae, and
others like them, can cause a variety of concerns for human
populations, ranging from taste and odor problems in drinking-
water supplies to noxious blooms of so-called “red tides,”
responsible for fish deaths, beach closures, and shellfish poi-
soning. Based on systematic measurements of pH and com-
parative observations of algal cell morphology using SEM,
Tang et al. [42] concluded that a strong pH decrease in samples
following air plasma exposure was the principal mechanism
responsible for its deleterious effects on algal cells. Fig. 14
shows SEM micrographs illustrating the comparable effects
of low pH suspension (acidy) and air plasma on algal cells.
Since Oe, NOe, NO,, O3, and OHe are the major reactive
components of air plasma, the pH decrease may be attributed to
acid-forming reactions such as follows: 2NO + H»O 4 O3 —
2HNOj3; NO 4 O3 — NO3 + O9; and NO; + OHe — HNOs.
Following exposure to air plasma, therefore, the algal cultures
could be considered a dilute nitric acid.

B. Effects of Plasma on Select Mammalian Cells

Until now, only limited work has been done on the cellular
level to elucidate some of the effects of low-temperature plasma
on mammalian cells. Preliminary work was carried out by
Stoffels et al. [43]-[47] and Yonson et al. [48] on few types
of cells. In one study by Stoffels, Chinese hamster ovarian
cells, CHO-K1, were used as a model. They exposed these
cells to an RF-driven low-power small-volume cold plasma

generated around the tip of a needle-shaped electrode. It was
found that “necrosis” occurs for powers greater than 0.2 W and
exposure times longer than 10 s. Necrosis is cell death due to
catastrophic injury. During necrosis, the cell’s membranes are
damaged and the cytoplasm is released, causing inflammation
in the affected areas. Lower doses of exposure to the plasma
were found to result in “apoptosis.” Apoptosis is an internally
triggered cell mechanism of self-destruction. It is also referred
to as “programmed cell death.” During apoptosis, the cell
internal contents remain within the cell wall, therefore avoiding
inflammation. It was found that if the power level and exposure
time were reduced to about 50 mW and 1 s, respectively, the
cells partly detach from the sample, take a more rounded shape,
and did not undergo apoptosis [43]. In addition, no necrotic
zone was observed in the exposed sample. Fig. 15 shows this
interesting finding by showing CHO-K1 cells before and after
plasma exposure. Stoffels er al. were also able to induce cell
detachment in two other cell types, i.e., endothelial cells and
smooth muscle cells. These were Bovine aortic endothelial
cells and rat aortic smooth muscle cells. It was found that
exposure as short as 10 s induced cell detachment generally
without necrosis. By using a miniature atmospheric-pressure
glow discharge plasma torch, Yonson ef al. [48] also showed
detachment of human hepatocytes (HepG2). Details of this
group’s work on cell detachment, reattachment, and surface
functionalization can be found in [48]. By using a cold plasma
atmospheric jet, Shashurin er al. also observed detachment
in mouse dermal fibroblast cells, under what they termed
“medium” plasma treatment levels [49]. Finally, Kieft ez al. [47]
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Fig. 15. CHO-KI cells (a) before and (b) after exposure to the low-power
plasma needle. The treated cells have a more rounded shape and are detached
but not necrotic [43].

were able to induce apoptosis in 3T3 mouse fibroblast cells, and
Fridman et al. [50] reported that low doses of plasma promote
apoptotic behavior in human Melanoma skin cancer cell lines,
in vitro. High doses, on the other hand, were found to cause
necrosis of the cells. It is not clear to the author of this paper
that the biochemical pathways and chain of events that plasma
is able to trigger so as to cause apoptosis are well understood
at the present time. Therefore, no further comments regarding
this rather interesting and important result will be added here.
Hopefully, future investigations will shed enough light on this
process, which can open the door for the use of plasma in the
treatment of some types of cancer.

C. Wound Healing

Wound healing follows a complex and highly orchestrated
series of events. Three distinct main phases can be identified
in the course of the healing of a dermal and epidermal tissue
after an injury. Failure to complete all chain of events described
hereinafter can lead to chronic wounds which may not heal
at all.

1) The inflammatory phase: During this first phase, bacteria
and debris are phagocytized. It is also during this phase

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 37, NO. 6, JUNE 2009

that clotting occurs to achieve hemostatis and stop blood
loss. The inflammation is due to the secretion of in-
flammatory factors from blood platelets. Other processes
involving cell aggregation through the cross-linking of
fibrin also occur.

2) The proliferative phase: This phase exhibits several
stages. First new blood vessels are grown from preex-
isting vessels, a process referred to as “angiogenesis.”
This is followed by collagen deposition, collagen being
a fibrous structural protein of connective tissue. After
this stage, granulation tissue made of a variety of cells
is grown to fill the volume of the wound. Next to occur
are epithelialization followed by wound contraction.

3) The remodeling phase: During this phase, reorganization
or realignment of the connective tissue occurs. Cells
that remain and are not needed subsequently undergo
apoptosis.

What role can low-temperature plasma play to help or en-
hance the process of wound healing? First, it is important to
note that conventional treatments of wounds (such as using
antibiotics) are limited by the bacteria’s ability to develop
resistance against antibiotics. This appears not to be the case
for plasma-based treatments. However, before answering the
question on the role, if any, plasma can play in wound healing,
researchers had to first investigate the potential cytotoxicity
of cold plasma. Studies performed but not published by few
investigators showed that when used at low power, cold plasmas
had no irreversibly detrimental effects on the DNA of mam-
malian cells. Gel electrophoresis techniques were used in these
tests. This was a welcome news to researchers interested in
investigating plasma for wound healing. Another study looked
at the possible damage that plasma exposure could inflict on
animal skin. Fridman er al. [51], [52] used hairless mice and
pig models to clarify this issue. They came up with what
they called “maximum acceptable prolonged treatment” levels.
A dose of 10 min at 0.6 W-cm™2 was deemed acceptable
for the hairless mouse case. Histological studies showed no
microscopic damage to the treated skin.

Laroussi and co-workers looked at another model to test tox-
icity and to see if nonthermal plasma affects cell regeneration
[53]. They used planaria (flatworms, Dugesia tigrina species),
known for more than two centuries to have remarkable regen-
erative capabilities and currently a focus of studies, hoping
to identify a molecular strategy for metazoan wound healing
[54]. These organisms are easily held in culture and provide an
abundant inexpensive experimental model. A postpharyngeal
cut (the tails of the worms were sliced off) was carried out,
such that the anterior section of the worm could feed. To
maximize potential for regeneration, the worms were fed twice
per week. Worms were exposed to plasma for 0, 10, 20, and
40 s. Nearly all the worms survived the exposure and most
lived throughout the following 14 days. Laroussi et al. saw
no evidence that regeneration of worms exposed to plasma
treatment differed from regeneration in control worms. Thus,
it was concluded that exposure to nonthermal plasma does not
hinder (nor accelerates) growth or cell regeneration in planaria.
Fig. 16 shows the progress of an injured worm in regenerating
its cut tail.
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Fig. 16. Photographs of a worm having part of its tail cut, exposed to plasma
for 40 s, and then left in conditions to grow back. (a) After 1 day, (b) after
4 days, (c) after 7 days, and (d) after 14 days. The photos show that the worm
was able to grow back in a normal way [53].

Assuming that low-temperature plasma poses no cytotoxic-
ity, the question is what evidence can be produced to show that
plasma can indeed help or accelerate the healing of wounds. By
using MTT assays (measuring mitochondrial activity), Stoffels
showed that proliferation of fibroblasts does occur [55] when
exposed to low-power density plasma. As described earlier,
fibroblast proliferation is an important step in the cascade of
events necessary for wound healing. Referring to a prior work
done by Shekhter et al. [56], [57], Fridman et al. [52] claimed
that fibroblast proliferation is induced by the exogenic NO
generated by the plasma. NO is also known to help in the
regulation of immune deficiencies, induction of phagocytosis,
proliferation of keratinocytes, regulation of collagen synthesis,
etc. [52], all of these being processes that play important roles in
wound healing. In addition, plasma plays a role in greatly low-
ering wound infection by inactivating a large number of bacteria
inhabiting the wound. It is therefore safe to conclude that low-
temperature plasma not only reduces infection by inactivating
bacteria but also, at the same time, seems to enhance key events
necessary for proper wound healing, such as the proliferation of
fibroblasts. Recently, a clinical study conducted by Stolz et al.
[58] showed that low-temperature argon plasma treatment of
chronic wounds was well tolerated by patients, without side
effects. However, the uneven surfaces of the wounds presented
challenges that limited the success of the procedures.

D. Blood Coagulation

Blood is a fluid medium through which nutrients and oxy-
gen are delivered to the cells of a body. It is composed of
a fluid called “plasma” in which three types of cells are in
suspension. These are the red blood cells, the white blood cells,
and platelets. The fluid plasma is mostly water with dissolved
minerals, hormones, glucose, proteins, and carbon dioxide. The
red blood cells, called erythrocytes, contain an oxygen-binding
biomolecule called hemoglobin. The red blood cells collect
oxygen at the lungs and release it throughout the body. The
white blood cells, called leukocytes, play a key role in the
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Platelets

Fig. 17. SEM micrographs of platelets in anticoagulated blood. (a) Blood
(platelets) not treated by plasma. (b) Formation of fibers in the plasma-treated
blood [61].

immune system by defending the body against invasion by
foreign cells, such as pathogenic bacteria. Platelets, also called
thrombocytes, are disk-shaped cells without a nucleus. They are
involved in blood coagulation, an important part of hemostasis.
Blood coagulation occurs via a complex cascade of events that
start with platelet activation, the formation of a plug, and the
triggering of clotting factor (a protein in the blood plasma) to
form fibrin.

Historically, excessive blood loss from a cut or a wound was
stopped by applying pressure or by “cauterization.” Cauteriza-
tion involves the use of heat to “burn” the wounded area so as
to coagulate the blood and stop further bleeding. This technique
was used since ancient times and was first described in medical/
scientific terms by the Andalusian scientist Abu Al-Qasim
Al-Zahrawi about a millennium ago (10th Century) in his med-
ical encyclopedia entitled Kitab al-Tasrif [59]. In modern times,
cauterization is achieved by electrical means and is referred to
as electrocautery or electrosurgery. Electrosurgery is used to
cut soft tissues and/or to arrest blood flow out of a wound/cut.
Because of its elevated temperature, thermal plasma has also
been used successfully as an electrosurgical method to help
coagulate blood [60]. Argon beam coagulator is an example
of a plasma device used for cauterization. However, cauter-
ization, in general, is accompanied by damage to surround-
ing tissues and may further complicate or delay the healing
process. Therefore, investigations to employ low-temperature
plasma have recently been conducted. Fridman’s group at
Drexel University demonstrated that nonthermal plasma could
also quickly stop bleeding by triggering platelet activation,
formation of fibrin mesh, and platelet aggregation [52], [61].
They also claimed that the mechanism of blood coagulation
by nonthermal plasma does not involve the release of calcium
ions or induce substantial change in the pH level of blood,
factors previously thought to initiate coagulation. Instead, they
proposed that nonthermal plasma has highly selective effects on
blood proteins. As evidence, they found that plasma helps the
conversion of fibrinogen into fibrin without affecting albumin.
Fig. 17 shows the presence of a fiber mesh in a plasma-treated
blood sample [52], [61].

IX. CONCLUSION

In this paper, the known effects of nonthermal plasma (also
known as nonequilibrium, low-temperature, or cold plasma)
at atmospheric pressure on both prokaryotes and eukaryotes
have been described. Two potential applications in medicine
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were presented. These were wound treatment and blood coag-
ulation. Both processes play significant roles in the healing of
wound or cuts. Plasma was found to reduce infection, activate
platelets, and enhance fibroblast proliferation without damage
to living tissue. These results are very promising and point
to the possibility of success in the use of nonthermal plasma
in the wound-care arena. Chronic wounds affect millions of
Americans, with tens of thousands of amputations taking place
every year because of diabetic ulcers. It is therefore under-
standable to realize how attractive the idea of using low-
temperature plasma to help the healing of chronic wounds can
be. However, in my opinion, the results obtained so far are of
preliminary nature, and much more careful work still needs
to be done before plasma can establish itself as a technology
used routinely and effectively in wound care. Another possible
application of plasma is the treatment of some types of cancers
by inducing apoptosis in cancer cells. However, it is the author’s
opinion that, here, also more duplication of the preliminary
results needs to occur and more work aimed at elucidating the
mechanisms whereby plasmas induce apoptosis is required. In
the meantime, it is of note to mention that preliminary results on
successful treatments of skin diseases (Melanoma, Cutaneous
Leishmaniasis) as well as other under the skin- or organ-related
diseases have recently been reported (for more information,
[52] and references therein can be consulted).

There are other equally important biomedical applications of
low-temperature plasmas that were not covered in this paper:
Their use to address material-related issues such as biocompat-
ibility, self-cleaning surfaces, hydrophilicity/hydrophobicity,
and the coating with antibacterial films. Plasmas offer an attrac-
tive technological solution to prepare surfaces presenting selec-
tive functions such as primary amine functions or carboxylic
groups. This is done by either surface grafting or by deposit-
ing organic coatings by plasma polymerization. Here, plasmas
are replacing multistep wet processes. Interesting studies have
recently been carried out to determine the critical number
of functional groups (NHy or COOH) per square centimeter
required for the adhesion of biomolecules, the mechanisms by
which proteins adhere to the plasma-treated surfaces, and how
the treatments by different plasma reactors compare.

Other uses of low-temperature plasma in the medical field
are the sterilization of heat- and/or moisture-sensitive medical
instruments, the sterilization of the inside of small-diameter
plastic tubes (capillaries) such as those used in catheters, the
inactivation and cleaning of proteins that may still remain on
the metallic surface of medical tools such as scalpels, etc. To
conclude, there is no question that low-temperature plasma is
likely to play some kind of role in medicine in the near future;
however, how much of a role and how many diseases will it help
cure are hard to predict. Hopefully, more than we now expect.
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