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In this review an emerging field of plasma medicine is discussedewbe-equilibrium plasma are

shown to be able to initiate, promote, control, and catalyze various complex behaviors and responses in
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tissue, safe, and effective in inactivation of various parasites and foreign organisms
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1. INTRODUCTION

In physical sciencesiplasma refers to the forth state of mattewhileinmeli ci ne and bi ol ogy
is knownas the noncellular fluid componentf blood Interestingly, the term plasma has been coined by

Irving Langmuir to emphasizéhat the characteristics @inic liquids ubiquitous in biology and medicine

are analogous to plasma in the physical sciefidesDespite this historical connection, few applications

of plasma in medicine have been explored until recdgjly This situation is rapidly changingnd the

main purpose of this review is to provide an update on the recent research related to applications of

plasma in medicine and to possible mechanisms of interactivedse plasra and living matter.

Plasma can exist in a variety of forms and can be created in different waysany technological
applications, for example, plasma exists at low gas pressuigtgning, on the other hand, is an example
of atmospheric pressutbermal plasma For the purpose of this article it is important to distinguish
between thermal and ndghermal plasmaln all plasmasupported by electric fieJetlectrons receive the
external energy much faster than the much heavier ions and have tmuippto heat up to several
thousands of degrees before their environment heatslumonthermal plasmacooling of ions and
uncharged molecules more effective tha energy transfer from electrons até gasremairs at low
temperature For this reaon northermal plasma is also called nequilibrium plasma In thermal
plasma, on the other harehergy flux from electrons to heavy particles equilibrates the energy flux from

heavy particles to the environment only when temperature of heavy pargcemes almost equal to the



electrontemperatureOf course the terms thermal and stbermal, equilibrium and neequilibrium are
not very precise Sometimes everl few tens of degrees difference in the temperaturth@fheavier
species can play a suastial role This is particularly important when various plasatemical

processes are considerdtis certainly important when plasma is used to treat heat sensitive objects

Some of the earlier applications of plasma in medicine relied mainihethermal effects of plasma

Heat and high temperature have been explaitechedicinefor a long time for the purpose of tissue
removal, sterilization and cauterization (cessation of bleedi#jg)Warriorshave cauterized wousdby
bringingthemin contact with red hot metal objeace ancient timesElectrocauterys a more modern
technique which appliesontrolledheat to surface layers ¢ifsue by passing sufficiently high current
through it[4]. However, contact of tissue with metal surface of a cautery device often results in adhesion
of charred tissue to the metaSubsequent removal of theetal can peel the charred tissue away re
starting bleeding Some of the earlier applications of plasma in medicine provided anaiter to metal
contact electroautery In Argon Plasma Coagulation (also called Argon Beam Coagu)atigly
conductve plasma replaced the metal contacts in order to pass current through tissue avoiding the
difficulties with tissue adhesionHot plasma is also being employed to cut ti&)e5-8], although the

exact mechanisrhy which this cutting occurs remains uncleéteat delivered by plasma has also been

employed recently for cosmetic-séructuring of tissu¢o-11].

What differentiates more recent research on applications aghalasmedicine is the exploitation of ron
thermal effects Why are northermal effects of plasma so interesting and promising? The main reason is
that nonthermal plasma effects can be tuned for variouslathial purposes such as genetic transfection
[12-14], cell detachmenil5-18], wound healind19-23], and otherqi.e., [2, 24, 25). Moreover, non
thermal effects can be selectiveachieving a desired result for some living matter, while having little
effect on the surrounding tissu&his is the casdor examplewith recent plasma blood coagulation and
bacteria deactivation whictods not cause toxicity in the surrounding living tisgi#s 20] This review

will concentrate mainly on these novel rtbrermal efécts and on possible noimermal mechanisms of

interaction between plasma andtig organisms

Most of research focusing on the use of-tteermal plasma effects in medicine can be fit into two major
categoriesthataredirect plasma treatment arniddirect plasma treatmen6]. In direct plasma treatment

living tissue or organs play the role of one of the plasma electrdl@sany cases voltage does notdee

to be directly connected to this living tissue electrode, but some current may flow through living tissue in
the form of either a small conduction curratisplacement current or botiConduction current should be

limited in order to avoid any thermaiffects or electrical stimulation of the muscleBirect plasma



treatment may permit a flux of various active uncharged species of atoms and molecules as well as UV
radiation to the surface of the living tissu&@hese active uncharged species generatguasma will
typically include ozone (€), NO, OH radicalsetc However, he most importandistinguishingfeature

of the direct plasma treatment is thagignificant fluxof chargegeacheghe surface of the living tissue

These charges may consi$tboth electrons as well as positive and negative ions

In contrast, indirect plasma treatment employastly uncharged atoms and molecules that are generated
in plasma, buinvolves small if any, flux of chargesto the surface In indirect treatmenthe active
uncharged species are typically delivered to the surface via flow of gas through a plasma region

Both indirect and direct nethermal plasma treatmenipermitsome degree of tuning of the plasma
propertieg26]. For example, the amount &fO vs. ozone produced in plasma can be tun#éds also
possible to tune micestructure of the plasma discharge which can be particularly relevant in direct
treatment The fact that direct plasma treatment involves substantial ctfangeprovides greater
flexibility in tuning the northermal plasma effectsindirect plasma treatmgnon the other hand, may
have an advantagehen the plasma device needs to be at a substantial distance from the surface

2. ANIMALAND HUMAN LIVING T ISSUE STERILIZATION

2.1 Direct Plasma Medicine, FloatingElectrode Dielectric Barrier Discharge
(FE-DBD)

The direct plasma treatment implies that living tissue itself is used as one of the electrodes and directly
participates in the active plasmadtiarge processesThusFigure 1 illustrates direct plasma treatment
(sterilization) of skin of a livemouse Dielectric Barrier DischargeDBD) plasma is generated in this

case between the quasuarface covered higholtage electrode and threousewhich servesas a second

electrode.



Figure 1. Nondamagingroom temperature andtmospherigressure=E-DBD plasma for treatment of living tissue: animal
treated for up to 10 minutes remains healthy and no tissue damage is observed visually or microsi@ifjically

Direct application of the higholtage (1640 kV) nonthermal plasma discharges in atmospheric air to
treat Ive animals and people requirashigh level of safety precautionsSafety and guaranteed ron
damagingregimesare the crucial issuen the plasma medicineDischarge current should be obviously
limited below the values permitted for treatment of livilggue Moreover, discharge itself should be
homogeneous enough to avoid local damage and discon@ogation of special atmospheric discharges
effectively solving these problems is an important challenge for plasma medicine

Fridman et alespecialy developed for this purpose the floatialgctrode dielectric barrier discharge
(FE-DBD), which operates under the conditions where one of the electrodes is a diplet&ated
powered electrode and the second aatieetrode is a human or animal skinorgani without human or
animal skin or tissue surface present discharge does not[®jt20, 26, 27] In the FEDBD setup, the

second electrode (a human, for example) is not grounded and remains &hg flotential Discharge

ignites when the powered electrode approaches the surface to be treated at a distance (discharge gap) less

than about 3 mm, depending on the form, duration, and polarity of the driving voltage.

Simple schematic of the FBBD powe supply and voltage/current oscillograargillustrated inFigure

2 [19]. Typical value of plasma power in initial experiments was kept abehtVe, surface
power density 0.8 W/cnf. Further development of the ABEBD discharge is related to optimization of
shape of the applied voltage to minimize the DBD -naoiformities and related possible damaging
effects The best resulthus farhave been achieved by organization of theDHD in the pulsed mode

with pulse duration below 3000 nsec[28-30], which results in the nstreamer discharge regime,



sufficient uniformity and possibility of the natamaging direct plasma treatment even when tbensk

electrode is a living tissue and therefore ,wiity, and essentially neaniform.

As soon as the atmospheric discharge is safe, it can be effectively applied directly to humanitiedy as
illustrated inFigure 3. Thus tke highly intensive and effective ndhermal plasma devices can be
directly applied to living animal or human tissue for different types of medical and cosmetic treatment

As a first example, let us consider medical sterilization of living tissue
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Figure 2. Schematic of FE DBD discharge plasma power sufipl8.) Voltage and current oscillogranj$9].



