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Abstract

Recent demands for low-temperature sterilizatiothexmedical and food industrial
fields have prompted the development of variouseheterilization techniques, such as
plasma sterilization and electron beam sterilizaamong others.  Until now, dry heat
or hot steam techniques such as the autoclavdeathypxide (EtO) gas sterilization and
gamma-ray sterilization have mainly been usedarilgting medical instruments. Dry
heat or hot steam sterilization can be applied éolpbjects that can withstand high
temperatures. In contrast, EtO gas sterilizatemlze used on heat-sensitive materials,
but the EtO gas itself is toxic, carcinogenic anffammable and poses a threat to the
environment in the form of chlorofluorocarbons. n@aa-ray sterilization techniques
can be used on medical instruments after covehegitwith plastic sheets or carton
cases. However, this technique is expensive age tis a concern that the materials
may be modified physically by the gamma-ray irréidia

A recent development has been the application adrpa discharge to sterilization.
Plasma sterilization methods have several advastayer conventional methods,
including a low sterilization temperature (typigalless than 70°C) and a short
sterilization period of several minutes to one houBy using higher microwave power,
we can achieve the same sterilization in a shemeatment time. However, the risk of
heat damage caused by the surface contact betWeemplasma and the medical
instrument becomes serious, especially for plastterials. For this study, to achieve
sterilization at a low temperature of less than(C;0& pulse-modulated microwave
system was used. The sterilization characteristidSeobacillus stearothermophilus
spores as biological indicator (Bl) were studietlechanisms of plasma sterilization
were studied in @ N, and N-O, plasmas. To expand the application of microwave
plasma sterilization technique, a large-volume meddisterilizer using microwave
plasma, which could achieve large sterilizationunoé and internal sterilization effect,
was developed.

For plasma sterilization, the Bls used wése stearothermophilus (ATCC No.
12980) spores with population of®.@vhich were spread on a small stainless steel disc
and placed in Petri dishes set on a movable substtage about 15-23 cm below the
quartz vacuum window in 40-cm-diameter surface-walasma (SWP) device.
During plasma irradiation, the stage temperatures weeasured using thermo-label
sheets attached to the Petri dish. After plasnadimtion, the spores were incubated in
culture solution for seven days at an incubatiomperature of 55-60 °C.
Subsequently, it could be determined whether tloeesphad been killed or not because



the color of the culture solution changed from peifo yellow if the spores were still
viable.

Sterilization of Bl samples with 203. stearothermophilus spores was confirmed
using continuous wave (CW) SWP in, M, and N-O, mixture gas within 4 min. It
was found that all the Bl samples were sterilizgdhe pulse-modulated oxygen plasma
when the total microwave on time was longer thab 4,22ven when the on-duration per
pulse was 10 ps. Based on the thermo-label measats, it can be shown that the
surface temperature of the Petri dish during tptakcessing period, was always less
than 70 °C. When the total microwave on time washshorter than 120 s, we found
that a longer on-duration per pulse was requiregdiccessful sterilization.

To study the mechanism of plasma sterilizationgiises of plasma using optical
emission and mass spectrometry, and SEM analysekapfes of spores after plasma
treatments were applied. There exist UV emissionBl,-O, mixture gas discharge
plasma. Several strong lines at 282.0, 297.7,631&15.9, 337.1, 357.7 nm were
originated from the second positive system¥{G— B3Hg) of N, molecules. Several
UV emissions at 214.1, 226.9, 237.0, 247.9, 25&8nere considered originated from
NO y system (AX* — X°II). They might play some role in sterilizing theosgs in
addition to N positive system in the wavelength region of 30@-Ath and the etching
process due to oxygen radicals.

In the new large-volume microwave plasma steriliaadischarge transition between
SWP and volume-wave plasma (VWP) could be contiolleSo far, we have
demonstrated sterilization of the spores packageglassine pouch using SWP/VWP
filled the new sterilizer with air-simulated,MD, gas mixture. We have confirmed that
the wrapped 10Bacillus atrophaeus spores and 0. stearothermophilus spores were
sterilized by CW or time-modulated microwave extitg,, N, and N-O, plasmas for
net on time of roughly 20 min. When water vaposwaded on different gas species
plasma, it has been found a great improvement enilization effect, especially on
internal sterilization of polyethylene (PE) film agped materials.

The possible sterilization mechanisms were studied summarized as presented
below. When microwave energy was induced to a tleanfilled with oxygen,
nitrogen and water vapor, microwave plasma wastexcthen UV radiation, oxygen
radicals and some strong oxidizer would be produc&tbnsequently, spores will be
inactivated by UV radiation, be etched by oxygediigals, be oxidized by some strong
oxidizer. If spores were wrapped by PE film, oxygadicals would loose energy
while contacting PE film, therefore, oxygen radscaiould be shut down by PE film.



1 | ntroduction

1.1  Plasma (physics)

1.1.1 Common plasmas

In physics and chemistry, a plasma is typically ianized gas, and is usually
considered to be a distinct phase of matter inrashtto solids, liquids and gases
because of its unique properties. "lonized" mdhaas at least one electron has been
dissociated from a proportion of the atoms or male The free electric charges
make the plasma electrically conductive so thatsponds strongly to electromagnetic
fields.

This fourth state of matter was first identifiedardischarge tube (or Crookes tube),
and so described by Sir W. Crookes in 1879 (hedatl"radiant matter”). The nature
of the Crookes tube "cathode ray" matter was sulesdty identified by British
physicist Sir J. J. Thomson in 1897, and dubbeasiph” by I. Langmuir in 1928 [1].

Plasmas are the most common phase of matter. s lbfen been said that 99% of
the matter in the universe is in the plasma staldis estimate may not be very
accurate, but it is certainly a reasonable onaaw\of the fact that stellar interiors and
atmospheres, gaseous nebulae, and much of thetati@r hydrogen are plasmas. In
our own neighborhood, as soon as one leaves thi@seatmosphere, one encounters
the plasma comprising the Van Allen radiation baltsl the solar wind. On the other
hand, in our everyday lives encounters with plasaradimited to a few examples: the
flash of a lightning bolt, the soft glow of the Awa Borealis, the conducting gas inside
a fluorescent tube or neon sign, and the slightuarnof ionization in a rocket exhaust.
It would seem that we live in the 1% of the unieems which plasmas do not occur
naturally. [2]

1.1.2 Définition of plasma

Although a plasma is loosely described as an @adlyr neutral medium of positive

and negative particles, a more rigorous definitieguires three criteria to be satisfied:

1. The plasma approximation: Charged particles must be close enough together
that each particles influences many nearby chapgetitles, rather than just the
interacting with the closest particle (these cadileceffects are a distinguishing
feature of a plasma). The plasma approximatiorai®l when the number of



electrons within the sphere of influence (called Erebye sphere whose radius

is theDebyelength, A, =+/s.kT./(€n,) ) of a particular particle is large.

2. Bulk interactions. The Debye length is short compared to the physical size of
the plasma. This criterion means that interactiartee bulk of the plasma are
more important than those at its edges, where bayredfects may take place.

3. Plasma frequency: The electron plasma frequency (measuring plasma
oscillations of the electrons) is large compareth® electron-neutral collision
frequency (measuring frequency of collisions betwetectrons and neutral
particles). When this condition is valid, plasned to shield charges very
rapidly (quasi-neutrality is another defining prageof plasmas). [3]

Therefore, a useful definition is concluded as dwl [2]: A plasma is a

quasi-neutral gas of charged and neutral particles which exhibits collective behavior.

1.1.3 Areas of plasma technology

There are many areas of plasma technology, sugiiaasna etching processing, thin
film deposition; plasma-based lighting systems;spla chemistry; plasma spray and
bulk materials work; sources and display systemsyirenmental and medical
applications; materials synthesis; and power systdhrusters, etc. In this thesis, |
concentrated on low-temperature plasma sterilingtto medical application.

1.2 Definition of sterilization and disinfection

Serilization is the elimination of all transmissible agentsc{sas bacteria, prions
and viruses) from a surface, a piece of equipnfent] or biological culture medium.

It is different from disinfection, where only orgams that can cause disease are
removed by a disinfectant. In general, any inseainthat enters an already sterile part
of the body should be sterilized. This includesipment like scalpels, hypodermic
needles and artificial pacemakers, etc. It is alssential in the manufacture of many
sterile pharmaceuticals, medical instruments aond forocessing.

Disinfection is the destruction of pathogenic and other kinfdsiieroorganisms by
physical or chemical means. Disinfectants are dotensubstances used to destroy
viruses and microbes (germs), such as bacteridwuargl, as opposed to an antiseptic
which can prevent the growth and reproduction efous microorganisms, but does not
destroy them. The ideal disinfectant would offemplete sterilization, without



harming other forms of life, be inexpensive, andh-gorrosive. Unfortunately ideal
disinfectants do not exist. Many disinfectants anéy able to partially sterilize. The
most resistant pathogens are bacteria spores lbu struses and bacteria are also
highly resistant to many disinfectants.

1.3 Conventional methods of sterilization

The agents that cause sterilization range from teedétthal chemicals to physical
processes [4]. The preferred principle for steaiiion is through heat. There are also
chemical methods of sterilization. [5]

1.3.1 Heat sterilization

This can be achieved by moist or dry heat. Moisathgenerally used for
sterilization is saturated steam. Pressurizednsteas the advantage of sterilizing
penetrable materials and exposed surfaces quicKlyy heat requires high temperature
and longer times, but will penetrate a wide ranfe ~
materials.

Sterilization by steam is only applicable if dama
by heat and moisture is not a problem. A widelgels
method for moist heat sterilization is thgtoclave. A ‘ &)
medical autoclave is a device that uses steanetihizt |
equipment and other objects. This means that
bacteria, viruses, fungi, and spores are inactiva
However, in 2003 scientists discovered a singléedel
organism, Strain 121, which can survive at a saogch
130 °C higher than the traditional autocla |
temperatures. Prions (A prion — short f v - ]

proteinaceous infectious particle — is a type

, , ) Fig. 1.1 Photograph of an
infectious agent made only of protein.) also mayb® autoclave, TOMY SX-700.

destroyed by autoclaving. Autoclaves work by allay steam to enter, then
maintaining pressure at 103 kPa (15 psi). Thiseauhe steam to reach 121 °C, and
this is maintained for at least 15 minutes. Tleast and pressure transfer sufficient
heat into organisms to kill them. Autoclaves avand in many medical settings and
other places that need to ensure sterility of geadbb In our laboratory, we have a top
loading autoclave (TOMY SX-70(ig. 1.1) to sterilize failed samples of sterilization



experiments before discard. Autoclaves that fiegbpened with hypodermic needles
were once more common, but many procedures todaingle-use items rather than
sterilized, reusable items. For instance, manyisak instruments (forceps, needle
holders, scalpel handles, etc.) are commonly singée items rather than reusable.
Because damp heat is used, heat-labile producth (88 some plastics) cannot be
sterilized this way or they will melt. Some papar other products that may be
damaged by the steam must also be sterilized anotag In stovetop autoclaves,
items should always be separated to allow the stegmanetrate the load evenly.

Examples of sterilization bgiry heat are infrared radiation and incineration. The
penetration of the heat caused by the infrarecatiah at the surface of the material is
by means of conduction. On the other hand, inath@m is a very effective
sterilization method, but destructive to the mediurtf hot air is used, it is estimated
that at a temperature of 170 °C, it takes approteiya60 min to get complete
sterilization [4]. Dry heat has the advantage thaan be used on powders and other
heat-stable items that are adversely affected &égnst(for instance, it does not cause
rusting of steel objects), however, the disadvantizgthat it can only be applied to
instruments that can withstand the high temperature

Other heat methods include flaming, boiling andaiization.

Flaming is done to loops and straight-wires in microbigidgporatories. Leaving
the loop in a Bunsen burner flame until it glowd ensures that any infectious agent
gets inactivated. This is commonly used for smatal or glass objects, but not for
large objects.

Boiling in water for 15 minutes will kill most bacteria and virusémit boiling is
ineffective against prions and many bacterial sgotigerefore boiling is unsuitable for
sterilization. However, since boiling does kill stdacteria and viruses, it is useful if
no better method is available. Boiling is a simatel familiar enough process, and is
an option available to most anyone most anywheajiring only water, enough heat,
and a container that can withstand the heat; howdling can be hazardous and
cumbersome.

Tindalization is a cumbersome process designed to reduce tbedéwactivity of
sporolating bacteria that are left by a simple ibgHin-water method. The process
involves boiling for 20 minutes, cooling, incubagifor a day, boiling for 20 minutes,
cooling, incubating for a day, boiling for 20 mieat cooling, incubating for a day, and
finally boiling for 20 minutes again. The threeuation periods are to allow spores
formed by bacteria in the previous boiling periogotoduce the heat-sensitive bacterial
stage, which are killed by the next boiling stefindalization is also ineffective



against prions.

1.3.2 Chemical sterilization

Chemicals are also used for sterilization. Althougeating provides the most
effective way to rid an object of all transmissilalgents, it is not always appropriate,
because it destroys objects such as most fibecptiost electrics, and some plastics.

Ethylene oxide gas (EOG) Kkills bacteria (and their endospores), mold, amabf,
and can therefore be commonly used to sterilizestanibes, which would be damaged
by sterilizing techniques such as pasteurizatiam thly on heat (temperature > 60 °C),
such as plastics, optics and electrics. EthylendeotreatmentKig. 1.2) is generally
carried out between 30 °C and 60 °C with relativentdity above 30% and a gas
concentration between 200 mg/l and 800 mg/l foteast 3 hours. Ethylene oxide
penetrates very well, moving through paper, clatig some plastic films and is highly
effective. However, it is highly flammable, andju&res a long time to sterilize than
any heat treatment. The process ajga
requires one or more weeks for aeration p
sterilization to remove toxic residues a
poses environmental risks. Ethylene oxi
is widely used and sterilizes around 50%
all disposable medical supplies such
bandages, sutures and surgical impleme
The way by which ethylene oxide reac
with bacteria is a process referred to
alkylation  [4]. Alkylation is the
replacement of a hydrogen atom by an al
group. In a bacterial cell this substitutig
is lethal.

Ozone is used in industrial setting t
sterilize water and air, as well as

disinfectant for surfaces. It has the bene

of being able to oxidize most organic mattef7ig- 1.2 Photograph of a commercial
EOG sterilizer (3M) used in the hospital

y courtesy of Hamamatsu University
gas that must be produced on-site, so it Bchool of Medicine).

not practical to use in many settings. The efiectess of ozone as a bactericidal is
due to its interference with cellular respiration.

On the other hand, it is a toxic and unstab



Bleach is another accepted liquid sterilizing agent. s&hold bleach, also used in
hospitals and biological research laboratoriessist® of 5.25% sodium hypochlorite.
At this concentration it is most stable for storalget not most active. According to
the Beth Israel Deaconess Medical Center Biosdfédypual (2004 edition), in most
cases, it should be diluted to 1/10 of its storagrecentration immediately before use;
however, it should be diluted only to 1/5 of theorage concentration to Kill
Mycobacterium tuberculosis.  This dilution factor must take into account Yodume of
any liquid waste that it is being used to steriliz8leach will kill many organisms
immediately, but should be allowed to incubate 20r minutes for full sterilization.
Bleach will kill many spores, but is ineffectiveaagst certain extremely resistant spores.
It is highly corrosive, even causing rust of stegd steel surgical implements.

Glutaraldehyde andformaldehyde solutions (also used as fixatives) are additional
accepted liquid sterilizing agents, provided tl immersion time is long enough — it
can take up to 12 hours for glutaraldehyde to &ill spores, and even longer for
formaldehyde. (This assumes that a liquid notaairig large solid particles is being
sterilized. Sterilization of large blocks of tigsgan take much longer, due to the time
required for the fixative to penetrate.) Glutaeddgde and formaldehyde are volatile,
and toxic by both skin contact and inhalation. t&laldehyde has quite a short shelf
life (<2 weeks), and is expensive. Formaldehydéess expensive and has a much
longer shelf life if some methanol is added to Imihi polymerization to
paraformaldehyde, but is much more volatile. Fddelayde is
also used as a gaseous sterilizing agent; in #sig,dt is preparec = =
on-site by depolymerization of solid paraformaldddwy J =

Ortho-phthalaldehyde (OPA) is a sterilizing chemical
which received Food and Drug Administration (FDAgarance
in late 1999. Typically used in a 0.55% soluti@RA shows
better myco-bactericidal activity than glutaraldedy It also is
effective against glutaraldehyde-resistant spor€@RA has
superior stability, is less volatile, and does irdtate skin or
eyes, and it acts more quickly than glutaraldehyden the
other hand, it is more expensive, and will staiotgins Fig. 1.3 Photograph

. : . : of Sterrad® 100S
(including skin) gray in color. (cited from website

Another chemical sterilizing agent gydrogen peroxide. of STERRAD®,

It is relatively non-toxic once diluted to low cantrations Johnson & Johnso.
(although a dangerous oxidizer at high concentnajioand leaves no residue. The
Sterrad® 100SKig. 1.3) and other Sterrad® sterilization chambers combiygrogen



peroxide gas with an RF discharge plasma [4] toligi heat-sensitive equipment such
as rigid endoscopes. The Sterrad® 100S sterilizé® minutes and also penetrates
some lumen devices. The most recent Sterrad® m&ieirad® NX, can sterilize
most hospital loads in as little as 20 minutes had greatly expanded lumen claims
compared to earlier models. However, the Sterr&d® limitations with processing
certain materials such as paper and long thin lgmand currently this equipment is
assumed to effectively sterilize due to the higmosmtration of hydrogen peroxide
rather than to the plasma component.

Endoclens is another new liquid chemical steril@atsystem providing chemical
sterilization of flexible endoscopes. It mixes telemicals (hydrogen peroxide and
formic acid) together to make its antiseptic asdege The machine has two
independent asynchronous bays, and cleans (in wiatargent with pulsed air),
sterilizes and dries the endoscopes automaticafyl. air and water inlets are filtered,
and the machine handles temperature, timing anchiclaé concentration. The total
time for the whole process is 30 minutes, and d-bapy report of the cycle is printed
(as well as being stored electronically). Studwh synthetic soil containing bacterial
spores showed this machine achieved sterilizaffectesely.

The Dry Serilization Process, DSP, is a process originally designed for the
sterilization of plastic bottles in the beveragdustry. It uses hydrogen peroxide with
a concentration of 30-35% and runs under vacuunditons. Using the common
reference germs for hydrogen peroxide sterilizapoocesses, endospores of different
strains ofBacillus atrophaeus andGeobacillus stearothermophilus, the Dry Sterilization
Process achieves a germ reduction capability ofsteeilization process is 30,
The complete cycle time of the process is 6 secondibe surface temperature of the
sterilized items is only slightly increased duritige process by 10 °C-15 °C.
Particularly due to the high germ reduction anddlght temperature increase the Dry
Sterilization Process is also useful for medicad gsharmaceutical applications.
However, the disadvantage is the concentratiorydfdgen peroxide is a little higher.

1.3.3 Radiation sterilization

Methods exist to sterilize using radiation suctXagys, gamma rays, or subatomic
particles. Gamma rays are very penetrating, but as a result requireybsikelding for
the safety of the operators of the gamma irradiataeility; they also require storage of
a radioisotope, which continuously emits gamma r@lysannot be turned off, and
therefore always presents a hazard in the areaheffdcility). X-rays are less



penetrating and tend to require longer exposuregjrut require less shielding, and are
generated by an X-ray machine that can be turnédoofservicing. Subatomic
particles may be more or less penetrating, and beagenerated by a radioisotope or a
device, depending upon the type of particle. BWeugh,a-particle and protons could
be used, electrons are the usual choice in thishadet Sincep-particles from
radioactive sources cannot penetrate too far, aated electrons are usecElectron
beam irradiation is presently an active research area for thenveatt of infectious
medical waste. Irradiation with X-rays or gammasraloes not make materials
radioactive. Irradiation with particles may makeatarials radioactive, depending
upon the type of particles and their energy, amdtype of target material: neutrons and
very high-energy particles can make materials ative, but have good penetration,
whereas lower energy particles (other than neufrcersnot make materials radioactive,
but have poorer penetration.

Fig. 1.4 Photograph of a commercial Ugermicidal lamp(cited from the Wikimedia
Commols).

Ultraviolet radiation (UV, from a germicidal lamp as shown kig. 1.4) can also
be used for irradiation, but only on surfaces aomhes transparent objects (note that
many objects that are transparent to visible ligbtually absorb UV). It provides
some degree of protection from infection with paggic microorganisms. Ultraviolet
radiation is most effective against bacteria in #8 nm-240 nm range. It is not
ionizing. Its lethality comes from exciting largeolecules the size of proteins. It
appears that UV induces changes in the cellulateru@cids structure. It is also
suggested that UV irradiation of the cellular DNAsults in the formation of
photoproducts, which may have a detrimental effactthe DNA structure. It is
routinely used to sterilize the interiors of bialog safety cabinets between uses, but is
ineffective in shaded areas, including areas uddefwhich may become polymerized
after prolonged irradiation, so that it is veryfidiflt to remove). It also damages
many plastics, as can be seen if one forgets asfyogne foam object in the cabinet
with the germicidal lamp turned on overnight. Imagiice, the UV radiation is



produced by low-pressure mercury vapor lamp madguaftz tubes. They emit 95%
of their total radiation at 253.7 nm.

14 Conventional methods of disinfection

Disinfectants are antimicrobial agents that areliagpto non-living objects to
destroy microorganisms, the process of which isaknasdisinfection. Disinfectants
should generally be distinguished framntibiotics that destroy microorganisms within
the body, and fromantiseptics, which destroy microorganisms on living tissue.
Sanitisers are high level disinfectants that kill over 99.9ta target microorganism in
applicable situations. Not all disinfectants armaigsers can sterilize (the complete
elimination of all microorganisms), and those tbah depend entirely on their mode of
application. Bacterial endospores are most regidta disinfectants, however some
viruses and bacteria also posess some tolerance.

From the next section, types of disinfectants b&lintroduced. [6]

1.4.1 Alcohols

Alcohals, usually ethanol or isopropanol, are wiped ovenches and skin and
allowed to evaporate for quick disinfection. Thegve wide microbiocidal activity,
are non corrosive, but can be a fire hazard. Tdisy have limited residual activity
due to evaporation, and have a limited activitythe presence of organic material.
Alcohols are more effective combined with water 8% alcohol is more effective than
95% alcohol. Alcohol is not effective against fahgr bacterial spores.

1.4.2 Aldehydes

Aldehydes, such as glutaraldehyde, have a wide microbiocadaivity and are
sporocidal and fungicidal. They are partly inaated by organic matter and have
slight residual activity.
1.4.3 Halogens

Chloramine is used in drinking water treatment instead ofochk because it

produces less disinfection byproducts.
Chlorine is used to disinfect swimming pools, and is adsredmall quantities to



drinking water to reduce waterborne diseases.

Hypochlorites (Sodium hypochlorite), often in the form of commbousehold
bleach, are used in the home to disinfect draing,tailets. Other hypochlorites such
as calcium hypochlorite are also used, especiadlyaaswimming pool additive.
Hypochlorite gives off free chlorine and it is thklorine that is the true disinfectant.
Hypobromite solutions are also sometimes used.

lodineis usually dissolved in an organic solvent or agd!l’s iodine solution. Itis
used in the poultry industry. It is added to thedd drinking water. Although no
longer recommended because it increases scar tiggunation and increases healing
time, tincture of iodine has also been used assegptic for skin cuts and scrapes.

1.4.4 Oxidizing agents

Oxidizing agents act by oxidizing the cell membrasfemicroorganisms, which
results in a loss of structure and leads to cselslgnd death.

Chlorine dioxide is used as an advanced disinfectant for drinkiatewto reduce
waterborne diseases. In certain parts of the warlthas largely replaced chlorine
because it forms fewer byproducts. Sodium chlpgtalium chlorate, and potassium
chlorate are used as precursors for generatingicaldioxide.

Hydrogen peroxide is used in hospitals to disinfect surfaces. Its@netimes
mixed with colloidal silver. It is often preferrdzbcause it causes far fewer allergic
reactions than alternative disinfectants. Alsodusethe food packaging industry to
disinfect foil containers. A 3% solution is alseed as an antiseptic. When hydrogen
peroxide comes into contact with the catalase eezymcells it is broken down into
water and a hydroxyl free radical. It is the damagused by the oxygen free radical
that kills bacteria. However, as recent studiegehshow hydrogen peroxide to be
toxic to growing cells as well as bacteria, its ws® an antiseptic is no longer
recommended.

Ozoneis a gas that can be added to water for sanitation

Peracetic acid is a disinfectant produced by reacting hydrogenoxide with acetic
acid. It is broadly effective against microorgamgsand is not deactivated by catalase
and peroxidase, the enzymes which break down hedrguproxide. It also breaks
down to food safe and environmentally friendly desis (acetic acid and hydrogen
peroxide), and therefore can be used in non-ripgdications. It can be used over a
wide temperature range (0-40°C), wide pH range-{3X), in clean-in-place (CIP)
processes, in hard water conditions, and is nettdtl by protein residues.
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Potassum permanganate (KMnQO,) is a red crystalline powder that colours
everything it touches, and is used to disinfectaaigms. It is also used widely in
community swimming pools to disinfect ones feetdbefentering the pool. Typically,
a large shallow basin of KMnfvater solution is kept near the pool ladder.
Participants are required to step in the basinthed go into the pool. Additionally, it
is widely used to disinfect community water pondsl avells in tropical countries, as
well as to disinfect the mouth before pulling oegth. It can be applied to wounds in
dilute solution; potassium permanganate is a veeful disinfectant.

1.45 Phenolics

Phenolics are the active ingredient in most bottles of "fehed disinfectant”.
They are also found in some mouthwashes and infdetant soap and handwashes.
Phenol is probably the oldest known disinfectanit agas first used by Lister, when it
was called carbolic acid. It is rather corrosieetiie skin and sometimes toxic to
sensitive people, so the somewhat less corrosieagic o-phenylphenol is often used
in favour. Hexachlorophene is a phenolic which veaxe used as a germicidal
additive to some household products but was badoedo suspected harmful effects.

1.4.6 Quaternary ammonium compounds

Quaternary ammonium compounds (Quats), such as benzalkonium chloride, are a
large group of related compounds. Some have bsed as a low level disinfectant.
They are effective against bacteria, but not agasmsne species of Pseudomonas
bacteria or bacterial spores. Quats are biocideshnalso kill algae and are used as an
additive in large-scale industrial water systemminimize undesired biological growth.
Quaternary ammonium compounds can be effectivenfdidiants against enveloped
viruses.

1.4.7 Other

Dettol is used to disinfect surfaces at home. It kiis majority of bacteria. It is
one of the few disinfectants useful against viruses

Virkon is a wide-spectrum disinfectant used in labs. ill§ bacteria, viruses, and
fungi. Itis used as a 1% solution in water, apdgs for one week once it is made up.
It is expensive, but very effective, its pink caldades as it is used up so it is possible
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to see at a glance if it is still fresh.

High-intensity ultraviolet light can be used for disinfecting smooth surfaces such
as dental tools, but not porous materials thatopague to the light such as wood or
foam. Ultraviolet light fixtures are often presemt microbiology labs, and are
activated only when there are no occupants in mr@og., at night).

15 Low-temperature plasma sterilization

Conventional methods of sterilizing medical instants have been mainly
performed using a dry-heat or hot-steam autoclarehtat-resistant materials, and
ethylene-oxide gas for heat-sensitive materialsowéier, as described in the previous
two sections, we found several drawbacks of theveotional methods of sterilization
or disinfection. Recently, a low-temperature plassterilization technique has been
developed using low-pressure or atmospheric preggasma discharges. The plasma
sterilization method has a number of advantagespeoad with the conventional
methods. One of the advantages is to be able rforpesterilization at a relatively
low temperature less than 70 °C, and in a relatiwdlort period, for instance, from
several min to several tens of min. This technigu@articularly useful in surface
sterilization of medical instruments and medical &od packaging materials.

M. Laroussi presented a brief review of notableenté@fforts on the inactivation of
bacteria by low-pressure plasmas [7]. Low-presplasmas have been considered for
biological sterilization for some time. Some oéthystems developed in the 1970s
and 1980s were not really “plasma-based” steaiian systems. This is due to the
use of gas mixtures that contain components witingédal properties (such as,6&;
and aldehydes) before the plasma is ignited. [8, Bjese are more correctly termed as
“plasma-assisted” sterilization systems. Pladoaged sterilization uses gases that
posses no germicidal property on their own. Thegome biocidal only when a
plasma is ignited. Example of such gases or nestwf gases are air, helium/air or
helium/ @, and N/ O.. In this section, only plasma-based systems belreviewed.
Most recently, many studies on the effects of lowspure plasma on biological matter
in plasma-based systems were conducted for vamgass mixtures. Examples are
low-pressure oxygen plasmas ang/ND plasmas. [10-12] These studies were
motivated by specific objectives such as the dewuirtation of interplanetary space
probes and the sterilization of medical tools. dE microwave driven low-pressure
plasmas were mostly used in these studies.

Recently Bol'shakov et al. published a detaileddgtwf the effects of radio
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frequency (RF) oxygen plasma at reduced pressurgaoteria. [10] The study was
carried out for two modes of operation, the indeedii coupled mode and the
capacitively coupled mode. The inductive mode feasid to offer a better efficiency
in destroying biological matter. This was due tghler electron and ion densities in
this mode, which resulted in an enhancement otreleémpact processes. [10] High
densities of atomic oxygen and perhapg @ synergy with UV photons induced
chemical degradation of the biological materialdofeed by volatilization of the
decomposition products (GOCO, N, etc.). Plasmid DNA degradation was evaluated
for both the inductive mode and the capacitive modewas found that at the same
power the inductively coupled plasma destroyed a\d&6 of supercoiled DNA in 5 s
while only 50% was destroyed by the capacitivelyupied plasma.[10]
Characterization of the decomposition of the byprtsl was carried out during plasma
exposure by emission spectroscopy. CQ, Nb*, OH, Na, K, etc. were amongst the
detected species. CN, CH, and NO were not deteatelicating that their
concentrations were below 1 ppm.[10]

Moreau et al. [11] and Moisan et al. [12] carriad detailed studies on the effects
of low pressure BIO, plasma on various bacteria. The biological sasplere placed
in the flowing after-glow of a plasma generated dysurfatron source. [13] The
surfatron source was driven by microwave power aitrequency of 915 or 2450 MHz.
In their studies Moisan et al. [12] characterizled inactivation kinetics and correlated
that with the physics and chemistry of the aftenglo Since this study was focused on
the inactivation kinetics, brief introduction torse basic definitions are listed as below:

One kinetics measurement parameter, which has hemd extensively by
researchers studying sterilization by plasma, igtwh referred to as the “D” value
(Decimal value). The D-value is the time requitededuce an original concentration
of microorganisms by 90%. The D-value is therefexpressed in the unit of time.
Since survivor curves are plotted on semi-logarithscales, the D-value is determined
as the time for a one lggreduction.

In their early studies on the inactivationBdcillus subtilis spores by low-pressure
plasmas, Moisan et al. [12] reported that survimmves (colony forming units, CFUSs,
versus treatment time) exhibited three inactivapbases. Figure 1.5 shows a typical
example of such survivor curves. [14] Moisan etfHb] claimed that the first phase,
which exhibited the shortest D-value, was mainlg tlu the action of UV radiation on
isolated spores or on the first layer of stackeoresfa The second phase, which had
the slowest kinetics, was attributed to a slow ieroprocess by active species (such as
atomic oxygen, O). Finally the third phase wasiated after spores and debris had
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been cleared during phase 2, hence allowing UVittthe genetic material of the still
living spores. The D-value of this phase was olekito be close to the D-value of
the first phase. However, in a more recent sttitly,same research group examined
the inactivation process @&. subtilis spores exposed to the flowing afterglows of an
N./O, mixture and of pure argon, and reported that UWfiateon, not the radicals,
played the dominant role. The survivor curves wephasic and consistent with UV
inactivation. The second phase represented spoatsvere shielded by others and
that needed more irradiation time to accumulatetidal UV dose. This observation
was further supported by the fact that at low UYemsity a lag time existed before
inactivation. This was due to the requirement thaninimum UV dose had to be
achieved before irreversible damage to the DNAnsisaoccurred.  Since in pure argon,
which would not contain oxygen radicals, inactigatwas achieved for similar lengths
of time, it was concluded that the role of oxygernthe N/O, plasma was mainly to
provide oxygen atoms to form NO, which was the nsaiarce of the UV photons.
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Fig. 1.5 Survival curves foB. subtilis spores exposed to &/N, discharge afterglow.
Gas pressure in the sterilization chamber is 5 @as flow is one standard I/min pkf%
of added @and discharge field frequency is 2450 MHz. [14, 15

Switching the focus to high-pressure plasmas, Mroussi discussed the
fundamental properties of non-equilibrium atmosghegressure plasmas [7]. In
addition to their practical side, design simplicitand low operational cost,
non-equilibrium atmospheric pressure plasmas exhibique features, which have
provided the base for numerous applications. #&s¢hplasmas the electron energies
are much higher than that of the heavy speciesjons and neutrals. The energetic
electrons collide with the background atoms andecuks causing enhanced level of
dissociation, excitation and ionization. The atiree feature is the fact that these
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reactions occur without a substantial increase ha bperating gas temperature.
Because the ions and the neutrals remain relato@ly, the plasma causes no or just
minimal thermal damage to articles it may come antact with. This characteristic

opened up the possibility to use these plasmasthertreatment of heat-sensitive
materials including biological tissues.

Several methods have been developed in the last deeades that allowed
researchers to easily generate non-equilibriumnpdasat “high-pressures”, up to one
atmosphere. [16, 17] One requirement is commall tine methods: the inhibition of
the glow-to-arc transition. Dielectric barrier cisrges (DBDs) achieve this
requirement by covering at least one of two eleldso(separated by a gas gap) with a
dielectric sheet. [18] In this case, the dischacgerent is self-limited by charge
build-up on the dielectric surface. DBDs are galgrdriven by sine-wave high
voltages with frequencies in the kHz range. Théxjfiency range has recently been
extended all the way down to DC by replacing trededitric barrier by a resistive layer,
which plays the role of a distributed ballast, thinsiting the discharge current. [19]
Plasma discharges with metallic bare electrodegedrby RF voltages in the MHz
range were also developed. [20] In this case acgagposed mainly of a noble gas
(such as He) is flown at a rate of few liters/mirthe gap between the electrodes.

As for the sterilization application, Boudam et fibm Moisan’s group made a
review of the literature on atmospheric pressuieltirges used for microorganism
inactivation. Their research results show, inipalar, that UV photons can be the
dominant species in the inactivation process, wditeajority of researchers have come
to the conclusion that, at atmospheric pressurenatally reactive species such as free
radicals, metastable atoms and molecules alwaysatdhe inactivation process. [21]

16  Scopeof thework

Our group [22-30] has started investigating low{penature surface sterilization
with a low-pressure large-area planar surface-wdasma (SWP) source using oxygen
discharge since 2002. From then on, the biologicdicator (BI) samples ofa
stearothermophilus with population of 1.5 x 10spores were successfully sterilized by
750 W continuous microwave (CW) excited oxygen mplasrradiation for 3 min or
longer, and the sterilization mechanism in the exyglasma was concluded that it
might be due to a chemical etching reaction froerdfactive oxygen radicals [22, 23].

The present work consists of three parts of lowperature plasma sterilization
experiments. The first part is to find out thectisrge conditions for CW and
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pulse-modulated SWPs in low-temperature sterilimgtand to study the mechanisms of
plasma sterilization with different gas speciengs low-pressure SWP source [22-25].
Description of the SWP source will be presentedclimpter 2. Low-temperature
sterilization experiments with the SWP source idlpresented in chapter 5.

The second part is to achieve and improve intestellization effect using a new
large-area low-pressure planar microwave sourc&hich both SWP and volume-wave
plasma (VWP) can be produced [27, 28, 30]. Desoripof the new VWP source will
be presented in chapter 3. Low-temperature statitin experiments with the VWP
source will be presented in chapter 6.

The last part presented in chapter 7 is about githew& pressure plasma
sterilization with some previous works and a receastilt.
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2 Surface-wave plasma sour ce
2.1  Introduction to surface-wave plasma

Surface waves are electromagnetic waves alongitegace of two different media
with phase velocity less than the speed of ligl8ince the wave propagation involves
the motion of free charged particles, they can agape only at the interface of two
media with opposite signs of dielectric permityyisuch as plasma and dielectric.
Plasmas that are excited by propagation of electgmetic surface waves carrying
sufficient power flux are called surface-wave-simdd plasmas, usually as
surface-wave plasma (SWP). The surface wave mode allows to generate uniform
high-frequency-excited plasmas in volumes whoserdatdimensions extends over
several wavelengths of the electromagnetic wave,ekample, microwaves of 2.45
GHz in vacuum the wavelength amounts to 12.2 cm\WPSources can be divided into
two groups depending upon whether the plasma gesepart of its own waveguide by
ionization or not.

The propagation of a non-ionizing electromagnetidase wave along the interface
between plasma and its surrounding dielectric media first studied by Trivelpiece
and Gould in 1959 [1]. Their study was focusedl@m amplitude electromagnetic
waves propagating along the positive plasma colafDC discharge in a cylindrical
dielectric tube. It seems that Bulkin et al. [2¢r& the first to observe a discharge
sustained by a surface wave when they reportedeitigtence of a wave with a
longitudinal electric field component along a pdlskscharge sustained in a waveguide.
Tuma [3], who employed a surface-wave dischargexote a laser medium, was
probably the first to clearly identify its naturkat surface waves propagating at the
plasma-dielectric boundary could be absorbed in pleesma, thus sustaining the
discharge.

In the 1970s and 1980s, the experimental works exoinmg surface-wave plasma
were limited to cylindrical dielectric tubes [4-12] Moisan et al. [4, 5] developed a first
series of simple, compact and highly efficient ace-wave launchers, based on coaxial
and waveguide components that were particularlgblé for the microwave generation
of long plasma columns. However, the thin dielectube structure is difficult to
generate large-diameter plasma. Since KomachiKanmhyashi [13] reported a new
method for generating large area microwave plassieguraveling waves in an open
dielectric waveguide in 1989, the concept of thgdaarea SWP source has emerged.
According to the shape of the plasma-dielectrierfisice where surface waves are
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guided, the large-area SWP sources can be divittedtwo groups: planar large-area
SWP sources and tubular large-area SWP sources.
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Fig. 2.1 lllustration of the surface-wave plasma.
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Nagatsu et al. [14-26] reported the first slot ante type planar SWP source in
1996. The 2.45 GHz microwave was fed from a reqar waveguide through a pair
of slot antennae contacting to a quartz windownfdiger = 240 mm, thickness = 17
mm). The slots were half a wavelength in free spling, inclined in opposite
directions, and a detailed study of the dischangelyrction using other types of slot
antennae is also available [25]Figure 2.1 shows the illustration of the SWP produced
by slot antennae structure. The discharge wasisest by standing surface waves
resulting in mode jumps and hysteresis, which hasnbexplained by resonance
surface-wave eigenmodes in the dielectric platel[ipalso including the antennae
configuration [24]. Plasma densities in order 6f*cm™ over a wide pressure range
in various gases were achieved. The operatioheo$burce without dielectric window,
relying only on the underdense plasma layer atntetal-plasma boundary as the
waveguiding interface, has also been reported [19].

2.2  Experimental setup

Figure 2.2 shows the SWP device in our laboratory. A schentiawing of the
experimental setup is shownhing. 2.3. The SWP was produced in a 40-cm-diameter,
cylindrical vacuum chamber by introducing a 2.45zGi#icrowave through a quartz
window via slot antennae. A rectangular quartzdein (18-mm thick quartz plate
with dielectric constany = 3.8) with inner dimensions of 109 mm x 380 mmsed as
vacuum sealing on the top metal plate. There gater cooling system equipped
around the quartz plate. Five transverse slotsareertically to the waveguide axis
with a spacing of one-half of the waveguide wavgtenand four pairs of longitudinal
slots are also cut between the transverse slo&)@asn in the bottom schematic lafy.
2.3. The width and length of each slot are 10 mm &8d= 61 mm, wheré is a
free-space wavelength. [27] For each antenna,ptbheger was tuned to achieve
minimum power reflectivity.

The microwave power is fed into the chamber fromecangular waveguide. The
rectangular waveguide line is equipped with E-HetufNissin, MT-20), a water-cooled
isolator (Nissin, 1S-30J), two directional coupléiissin, PM-60) with power detector
enabling the monitoring of the incident and re#ecpower respectively, and a pulse
monitor coupler. The E-H tuner was used to minenttze reflected power, keeping the
short plunger at optimum position. The whole syste powered by a stabilized 2.45
GHz magnetron generator (Nissin, MPS-30D) with dh&ut power in the range from
0.2 to 3 kW. With the pulse unit (Nissin, MGP-20)d a function generator (Kenwood,
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FG-272), the pulse-modulated plasma dischargesdcdid operated using the
microwave system with a modulation frequency of @C30 kHz. The microwave
pulses were monitored by the incident power detetiounted on the waveguide just
after the isolator. Typical rise and fall timegfided as a 10 to 90 % interval, were
roughly 0.3us and 3us respectively, and maximum instantaneous powerwas.

The top metal plate, bottom flange and the sidewhlhe chamber are equipped
with altogether 17 ports for pumping, leaking, sree gauge, viewing, gas- and
instrumentation-feedthroughs. The ports for purgppressure gauge and viewing are
shielded against the radiation by a fine stainktsgl mesh. There are two sidewall
ports in a distance of 14 cm from the top metaleplane set with glass window called
Optopass Port (QYP-150-UV) is not only the mainwire port used to observe the
inside of vacuum chamber, but also capable of indtiag light whose wavelength is
greater than 150 nm through it from inside the darn The other one connected with
quadrupole mass spectrometer is used for massrgmediagnosis. One horizontal
port in the sidewall in a distance of 20 cm frora thp plate and one vertical port on the
bottom flange are used for the probe diagnostiésLangmuir probe with a platinum
wire tip was used to measure the spatial distrioutf the basic plasma parameters,
such as electron density, temperature and ionataiarcurrents.  Axial distributions of
the microwave electric field intensity at 2.45 Giere also measured using the same
Langmuir probe scannable in the direction. The intensity of the 2.45 GHz
microwave, picked up by the short wire tip of threlge, was directly measured using a
spectrum analyzer (Tektronix, 491).

Fig. 2.2 Photograph of the surface-wave plasma device.
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Fig. 2.3 Schematic of the surface-wave plasma source. [27]

The vacuum chamber is evacuated by a turbomolequiarp (Pfeiffer Vacuum,
TMU 260 SG) with pumping speed of 210 I/s and aleistage rotary vane pump
(Pfeiffer Vacuum, DUO 10) with pumping speed ofriflh as the backing pump. The
two pumps are operated by a display and operatiitg(Rfeiffer Vacuum, TCP 380).
The base pressure of the whole vacuum system cavdmiated to the order of 40
The working pressure during the experimantontrolled by a bleed valve and
measured by a pressure gauge set (Pfeiffer Vac@®ungleGauge meter + Compact
The working gas, ssiabxggen, nitrogen or argon, is
introduced into the chamber from one top flanget pod controlled by a mass flow
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2.3  Surface-wave plasma characteristics

In order to excite the pure surface mode [21],dl@sma density should be higher
than the critical densitygit = (1 +&g)ne, Wwheren, is the cutoff density, = aomea),ozle2
(the electron plasma frequenay, = the wave frequency) andeq is the dielectric
constant of the window, thusg,;; = 3.6x13" cmi®.  Furthermore, as shown Fig. 2.1,
the electric fields of the launched electromagnetave should locally distribute near
the quartz-plasma interface and exponentially deadty a characteristic length, which
roughly equals the skin depttip,, inside the plasma.

A Langmuir probe with a 0.7-mm-diameter, 8-mm-Igigtinum wire tip was used
to measure the spatial distribution of the basisipla parameters, such as ion saturation
currents, and electron density in continuous miewav excited SWP.  Axial
distributions of the microwave electric field intgty were also measured using the
same Langmuir probe, by measuring the electrid faghplitudes at 2.45 GHz directly
using a spectrum analyzer.

Since the SWP device presented in this thesis wadenin Nagoya University
before being displaced to Shizuoka University, timeasurement of continuous
microwave excited SWP characteristics was carriedim Nagoya University [28].
While, the measurement of pulse-modulated micronexeted SWP characteristics
using a Langmuir probe with a 0.6-mm-diameter, 2-tang platinum wire tip was
carried out during my doctoral course in Shizuokenversity [29].

2.3.1 Characteristics of continuous SWP

First, the characteristics of the SWP in the cddevo-pressure Ar gas are presented.
Figure 2.4 shows thez-axial distribution of ion saturation current andcrowave
electric field intensity in Ar plasma where the gasssure was 20 mTorr, Ar gas flow
rate was 71.4 sccm and the net microwave power/@3/V. The downside of quartz
plate is defined as= 0 throughout this thesis. By scanning the Lanigmobe in the
z direction, the axial distribution of the ion sattion current was measured and found
to achieve its maximum in the vicinity af= 40 mm. This is due to the equilibrium
between the plasma generation at the quartz-plasrteaface and the plasma
disappearance by diffusion process. Moreovergethetric field intensity of the 2.45
GHz wave is strongly damped and vanisheg at20 mm. The decay length of the
electric field is typically of the order of 5-10 mmThis means the electric field, only
existing at quartz-plasma interface, will not affdee plasma processing below.
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Fig. 2.5 Horizontal distribution of ion saturation
current az = 14~15 cm in He plasma. [28]
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Next, the characteristic of the SWP in the caslwfpressure He gas is presented.
Figure 2.5 shows the horizontal distribution of plasma dsnsgitofile in He plasma
where the gas pressure was 200 mTorr, He gas fidev was 278.6 sccm and net
microwave power was 680 W. We find that uniformagpsha within £5% can be
obtained in the vicinity of the center over aboitcin ony-axial direction.

2.3.2 Characteristics of pulse-modulated SWP

Finally, the characteristics of pulse-modulated SWRhe case of low-pressure
oxygen gas are presented. The waveforms of plaemsities of oxygen SWPs driven
by pulse-modulated microwaves are showhRigure 2.6 shows typical waveforms of
ion saturation currents under discharge conditishere the gas pressure was 60 mTorr
and the duty ratio was 50% at modulation frequence 50 kHz and 25 kHz. A
Langmuir probe was placed at 55 mm below the quartz window, and it was found
that the plasma density saturated aboufud(after the microwave onset. After the
microwave pulse turn-off, ion saturation currengsayed with a time constant of about
30us. It was expected that oxygen with metastablestauch as O*D) or Oz*(lAg),
which are considered to play an important roletarikzation, would exist for a short
time until they were released from surface attacitnafter the microwave was turned
off.

50 kHz, on/off:50%/50% 25 kHz, on/off:50%/50%

DN

off

Microwave power (a.u.)

off

AT AN A I s I 4l
RNV AV AV RV R VR
SNNNVVN LN N

Microwave power (a.u.)

Tis(ped)
Tis{ph)

Fig. 2.6 Typical waveforms of ion saturation currents togettvith the pulse
signals; modulation frequencies of (a) 50 kHz and?6 kHz.
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In order to study the discharge condition requiidsterilization, the instantaneous
power of the microwave pulses was varietigure 2.7 shows the relationship between
ion saturation current and instantaneous poweh thigé probe set at= 55 mm and =
100 mm and at a gas pressure of 60 mTorr. It essebn that the ion density increases
almost linearly with instantaneous power, apartmfra change in gradient at around
1200~1300 W. This could be due to a slight changbe plasma density profile over
the chamber cross section.

[
60 £ E
50 F ]

40 L E

Tis(h)

30 | ]
20 | ]
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0 500 1000 1500 2000 2500 3000
Instantaneous Power (W)

Fig. 2.7 Relationship between ion saturation current
measured at = 55 mm and incident microwave power.
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3 Volume-wave plasma sour ce
3.1  Introduction to volume-wave plasma

Sugai et al. [1] briefly recalled the main factsoab microwave propagation in
non-magnetized plasmas. They presented in the afaseal bounded plasmas new
phenomena occur. Suppose that microwaves areemici@.g. axially) on a finite
bounded plasma (e.g. cylindrical plasma columnph the low density (underdense)
case Fig. 3.1(a)) the waves penetrate into the plasmaaksme waves (and give rise to
volume resonances if the plasma dimensions are axahle to the wavelength
determined from equatian® = w,” + ¢°k%, wherek is the wave vector is the speed of
light in free space and, = e(Ndeome)™’?).  In an overdense plasma such propagation is
not possible, but an electromagnedicface wave (a wave decaying exponentially away
from the guiding structure [2]) can propagate alandielectric-plasma interfac&ig.
3.1(b)), penetrating into the plasma at a few skindeptighis situation is eventually
possible also along a plasma-metal boundary, becans can regard the low-density
plasma sheet along the metal wall as a dielecdm§ the overdense bulk plasma.

Microwave

RN

Plasma Low Density
Volume Wave 171 (ng < ng )

! Skin Depth

1 s

“|High Density
(Ng>ng)

|:|'|-

Fig. 3.1 Electromagnetic wave propagation in finite
(a) underdense and (b) overdense plasmas. [1]

28



The planar-type overdense microwave plasmas prodwdbout magnetic fields as
so called surface-wave plasma (SWP) have beenibledcn chapter 2. It has a
number of advantages in producing high-densigy(10* cmi®), large-areal( > 40 cm)
plasmas at pressures ranging from a low pressurendiorr to a moderate pressure of
~10Torr [3-5]. However, a big issue in enlargihg plasma device is on the dielectric
window needed for vacuum sealing. To hold a hugehanical force, typically 10
tons/nt of dielectric window, one needs a very expensthigk dielectric plate. [6]
Recently, Nagatsu [7] has proposed a patent steithat using slot antennae (which
are directly formed by punching the wall of a wavelg@ line) combining a planar
cylindrical cavity resonator above the quartz plpl@ne, where only seven pieces of
small-size quartz window are used instead of thneige one cross-section-size piece of
quartz plate as vacuum window. Moreover, with thigicture, bothsurface-wave
plasma (SWP) mode andolume-wave plasma (VWP) mode can be controlled by the
electron density change, which in turn, is causgdhie pressure change. Since the
electron density can be controlled not only by diag the pressure, but, even more
straightforwardly, by changing the power fed to t@amber, one should also observe
similar mode changes when changing incident powea fixed pressure. [8] The
cutoff density was calculated as 7.4 x1@m* corresponding to the microwave
frequency of 2.45 GHz. [9] In the present work,val the microwave device that can
produce volume-wave plasma as volume-wave plasonaeso

Figure 3.2 shows the illustration of the SWP and VWP produbgdlot antennae
structure. The SWP and VWP can be applied to mgchplasma CVD or plasma
sterilization.

Surface-wave Plasma Volume-wave Plasma

microwave metal microwave

8 2 quartz / )

|

S o

E-field =« E-field

field-free

plasma
density

F

L

E-fields exist locally along the E-fields exist inside the chamber
interface between quartz and plasma.  with standing wave structures.
N, > (1+€ )N, 06> Neyror=7 -4%10™8em-3 N, < N.p7=7-4x10"0cnmr
(overdense plasma) (underdense plasma )

Fig. 3.2 lllustration of the surface-wave plasma and volumae plasma.
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3.2  Experimental setup

Figure 3.3 shows the VWP device in our laboratory. A scheéem@dtawing of the
experimental setup is shown kig. 3.4. The 2.45 GHz microwave, guided by a
rectangular waveguide, was fed into a vacuum charfibed with discharge gas,
through slot antennae cut in the broad face of @amteguide [10]. It has similar slot
antennae and waveguide line as described in chaptarthe SWP device. The slot
antennae were directly formed by punching the Iptesge of the waveguide. A planar
cylindrical cavity resonator was combined just betbe slot antennae plane and above
the quartz plate plane, where only seven piecesnaill-size quartz window were used
instead of the general one cross-section-size pécpiartz plate as vacuum window
(Fig 3.5).

" "Mass Flow
' Controller |~— -~ - &

Gate Valve L
Microwave

Power Supply

Fig. 3.3 Photograph of the volume-wave plasma device.
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Fig. 3.4 Schematic drawing of the volume-wave plasma source
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The vacuum chamber consisted of an upper sectittmangylindrical structure of 55
cm in diameter and of 21 cm in height for plasmarse and a lower section with a
square cross section of 63 x 63°cand of 48 cm in height for sample treatment. st i
evacuated by a turbomolecular pump (Pfeiffer VacutiU 1001P) with pumping
speed of 920 I/s and a single-stage rotary vaneppifeiffer Vacuum, DUO 20) with
pumping speed of 20 ih as the backing pump. The two pumps are opeltajed
display and operating unit (Pfeiffer Vacuum, DCUWKEO Base pressure of the whole
vacuum system can be evacuated to the order dfTbdr. Working pressure during
the experiment is controlled by a gate valve ancésueed by a pressure gauge set
(Pfeiffer Vacuum, SingleGauge meter + Compact @mescen gauge sensor). The
working gas, such as oxygen, nitrogen or argomt®duced into the chamber from
four inlets just below the quartz plate plane aodtiwlled by a mass flow meter. The
projected microwave power could be varied from10.3 kW and the time-modulated
plasma discharges could be operated using the wawme system with a remote-control
on/off timer module.

There are total 8 ports on sidewalls of the lowectisn of the chamber, 2
viewing-windows on the convenient front-loading daad 3 ports on the bottom plane.
The 3 ports on the bottom plane are for leakingespure gauge and a
magnetic-force-holding moveable stage, respectivelshe ports on left sidewall of the
lower section of the chamber in a distance of 35frm the quartz plate plane can be
connected with quadrupole mass spectrometer, Laimgmmbe and matrass with pure
water. A Langmuir probe with a platinum wire tipasvused to measure the spatial
distribution of ion saturation currents. Distrilauts of the microwave electric field
intensity at 2.45 GHz were also measured usingstéme Langmuir probe. The
intensity of the 2.45 GHz microwave, picked up bg short wire tip of the probe, was
directly measured using a spectrum analyzer (Tektrd91).

Fig. 3.5 Photograph of the seven small quartz windows.
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3.3  Characteristics of surface-wave plasma and volume-wave plasma

Profile of plasma produced in the large-volume lissge chamber has been

investigated [11]. A Langmuir single probe pla@é®5 cm below the quartz window
was used to measure spatial distribution of iomrasibn current by scanning probe
through the chamber. When the microwave power @5 kW at pressure of 30
mTorr, plasma density profile measured in A/ gas mixture was plotted Fig. 3.6.
It was found that the value of ion saturation cotreept more than half of maximum
value broadened over 50 cm diameter. We also medsiie relationship between ion
saturation current and incident microwave powerAmN,/O, plasma. When the
microwave power was varied from 0.56 kW to 1.4 Kj. 3.7 showed ion saturation
current in SWP increased almost linear with incigewer without any density jump.
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Fig. 3.6 Spatial distribution of ion saturation
currents in SWP mode with ArjlO, gas mixture.
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For the measurement of electric field intensity picked-up microwave signals at
2.45 GHz were directly measured using a spectruaiyaar with a platinum wire tip of
Langmuir probe. By varying discharge pressure armddent microwave power,
discharge transition between SWP mode and VWP madeobserved in Ar plasma,
O, Ny, air-simulated plasma, as shownFig. 3.8(a) and(b), respectively. In Ar and
air-simulated MO, gas mixture, when the SWP was excited, brightrpéaslischarge
was observed just below the quartz window, as shiovig. 3.9(a) andFig. 3.10(a),
respectively. In previous SWP experiments, it leen found that the electron
densities near quartz window were higher than titea density for SW excitation,
and diffused and decayed in the downstream regidvihen the VWP was excited,
underdense plasma discharge entirely spread iondwmber, as shown Fig. 3.9(b) in
Ar andFig. 3.10(b) in air-simulated MO, gas mixture.
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Fig. 3.8 Discharge transition between SWP mode and VWP mode
in (a) Ar and (b) in @ N,, and air-simulated NO, gas mixture.
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E4

Fig. 3.9 Photograph of Ar discharge in (a) SWP mode an&/\WJP mode.

Fig. 3.10 Photograph of air-simulated,fD, gas mixture discharge in
(a) SWP mode and (b) VWP mode.
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4 Confirmation of sterilization

4.1 I ntroduction

Basic knowledge of plasma physics is well known floe researchers studying
plasma science and plasma applications. HoweJss, hasic knowledge of
sterilization is only well known for microbiologstand experts in medical and food
packaging industries. To make all the present viberkvell understood, it is necessary
to introduce the information on the biological icatiors used in the present sterilization
experiments, the method how to confirm sterilizaticesult and agar-plate based
colony-count method to know how much the bacteagehbeen inactivated, however,
have still not been sterilized.

First, biological indicators with different kindsf anicrobe will be presented in
section 4.2. Next, a quick method of confirmingréization result by tryptic soy
broth will be presented in section 4.3. Finallge tagar-plate based colony-count
method will be presented in section 4.4.

4.2  Biological indicator

Sterilization is the act or process, physical cemaftal, that destroys or eliminates
all forms of life, especially microorganisms. Therm is absolute, i.e. a substance
cannot be partially sterile [1]. Due to the diffity in confirming sterility, a more
practical definition of sterility has been adoptelfining sterility as the process by
which living organisms are removed or killed to extent that they are no longer
detectable in standard culture media in which thaye previously been found to
proliferate [1]. In practice, assurance of a lowol@ability of any living
microorganisms remaining is used as a measureedfityt Sterility of a particular
item can only be confirmed by destructive testifighe item, which is not practical for
most purposes. [2]

Sterilization monitoring improves the assurancet tim@dical devices have been
adequately sterilized. Biological monitoring iscapted as the most effective method.
Biological indicators function by introducing hightesistant bacterial spores into the
sterilization cycle. If these spores are destroyeld assumed that any contaminating
organisms in the load have also been killed, asetloeganisms have lower resistance
than the spores, and are present in lower numBgrs [

Biological indicators (BIs) consist of an inoculdtearrier contained within its
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primary pack ready for use, and providing a defimedistance to the specified
sterilization process. An inoculated carrier isaarier on which a defined number of
test organisms have been deposited (Associationthier Advancement of Medical
Instrumentation; AAMI ST59). In the present worikdustrial use standard Bls
manufactured by Raven biological laboratories, [Atwere used.

421 Carriers

Discs have advantages over spore strips due to thar siRifferent materials may
be compatible only with specific modes of steriii@ga. Discs can be used to monitor
various sterilization methods and can be inoculaté&tt any organism Raven Labs
manufacture. Several types and sizes of discs aamglable including: paper,
borosilicate paper, and stainless steel. In opeements, we chose the stainless steel
disc and called iBUS type.

Steel discs are representative of materials founani isolator, and are compatible
with vapor hydrogen peroxide. The polished stasisteel is strongly recommended
to eliminate crevices in the carrier which can ldadtailing. The oblong disc is
inoculated withGeobacillus stearothermophilus or Bacillus atrophaeus with mean strip
recovery of 1.5x, 2.5x and 3.0°10FU/8mmx12mm stainless steel disc (CFU: colony
forming units). Discs are packaged in a Tyvek®ypobuch and may be exposed in
the pouch or an off-center hole in the disc allalwsm to be removed from their
package and suspended throughout the isolatorstoarproper flow as shown Fig.
4.1(a) and(b).

Fig. 4.1 Photograph of disc-type-carrier Bls in case of (@@ing
removed from package and (b) being packaged irvak®y/poly pouch.
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Paper strips are in Schleicher & Schuell filter paper — sizé 6im x 38.1mm —
packaged in a peel open glassine paper pouch asishd-ig. 4.2(a). Glassine paper
is permeable to sterilant but resistant to moistuned air at ambient
temperature/pressure. This allows the user tcspram the strip within the glassine
from the sterilizer to a laminar flow hood, whetecan be transferred into recovery
medium such as the tryptic soy broth presenteext section.

Seri-chart is a set of strips with 5 different population,made from the same
spore batch for use in cycle development as shavwingL 4.2(b). Expose the five test
strips to determine what level of sterility is bgidelivered by a particular cycle. A
control strip is also included. Available wih stearothermophilus (log 3, 4, 5, 6, & 7
test strips and a log 5 control) Bratrophaeus (log 4, 5, 6, 7, & 8 test strips and a log 6
control).

VA = e

CONTENTS:

1 viablity control strip

5 test strips.

Fig. 4.2 Photograph of paper-strip-type-carrier Bls in ca$e
(a) being packaged in glassine paper pouch an8téi)-chart.

4.2.2 Species

Raven Labs manufactures many species of non-pailmgpore-forming bacteria.
Most are used for various types of sterilizatiohpugh some have other uses.
Following is a brief description of the most commuses:

Bacillus atrophaeus (previouslyBacillus. subtilis variety niger, ATCC No. 9372) is
Gram-positive, catalase-positive bacterium andgrasen highly amenable to genetic
manipulation, and has therefore become widely ab@s a model organism for
laboratory studies. In terms of popularity astetatory model organisiB. subtilis is
often used as the Gram-positive equivalenEstdherichia coli, an extensively studied
Gram-negative rod. It is used in steam sterilaraprocedures below 121°C. Some
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pharmaceutical products are sterilized at 106°16°C for longer times because they
are heat labile and would be damaged at 121°Cgirehitemperatures. This species
has been used as a challenge to the lower tempesain steam, wheres.
stearothermophilus would be too great a challenge. In using a leskatlenge it is
necessary to have an extremely high level of cbmiver the manufacturing process,
environment, and bioburden of components. Thigamiggn is certified with a Steam D
and z-value so its resistance at the lower tempessican be determined.

Geobacillus stearothermophilus (ATCC No. 12980) has been used for steam and
other types of sterilization by several Bl manufiaets. In particular, it has been used
to validate VHP sterilization of barrier isolatoamd clean areas in pharmaceutical
production. To be able to provide a comparabledpecd Raven Labs also offes.
stearothermophilus and test it in KO, vapor. This product is typically inoculated onto
steel carriers so it is compatible with thglH process. This organism is certified with
an HO, D-value.

As described in above text, the industrial useVith species oB. atrophaeus and
G. stearothermophilus spores are not specially used for the type oilig&ion using
plasma. However, these two species of non-pathoggore-forming bacteria can be
considered as the representatives of highly redidiacterial spores. Therefore, the
biological indicators as steel discs or paper stimpculated withG. stearothermophilus
or B. atrophaeus are also useful in the plasma sterilization expernits.

The termspore may refer to the dormant stage of some bactersaairaea, however
these are more correctly known as endospores. enflospore is a dormant, tough,
non-reproductive structure produced by a small remab bacteria from the Firmicute
family. The primary function of most endosporestds ensure the survival of a
bacterium through periods of environmental streSghey are therefore resistant to
ultraviolet and gamma radiation, desiccation, lyso&, temperature, starvation, and
chemical disinfectants. So, sterilization of baetein spore status shows higher
sterilizing performance than sterilization of commmacteria.

Most of the Bls used in the present work have beenght from Raven Labs.
However, we occasionally ask our cooperating miciolgy laboratory directly make
Bls as steel discs or agar-plate inoculated &#therichia coli not in spore status just
to simulate the contaminated environment like aund environment. E. coli is a
bacillus normally found in the human gastrointedtitract and existing as numerous
strains, some of which are responsible for diardisaases.
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4.3 Procedure for use

Raven Labs [4] manufactures prepared culture mggeially formulated for use
with their spore products. Soybean Casein DigesthBis the recommended media
(USP 24) for use with Biological Indicators. Rasenlryptic Soy Broth is
manufactured and tested to meet USP and NCCLSitgteand growth promotion
guidelines. The general procedure for use is:

Spore carrier may be removed or left in primarykaaing. Place carrier into test
environment. Within completion of the sterilizatiacycle, aseptically transfer the
spore carrier from the test unit into sterile Trg@oy Broth. An acid indicator may
be used to facilitate detection of growth. Incebasit 55°-60°C for G
stearothermophilus, 30°-35°C forB. atrophaeus, for seven days. Check daily for
growth and record growth as a failed sterilizatoyole. If the spores were destroyed,
the medium will remain a purple color. If sterdiion processing was unsuccessful the
spores will metabolize, causing a yellow color apamfter several days of incubation
as shown irFig. 4.3(a).

|72 |

Fig. 4.3 Photograph of (a) culture tubes with
Tryptic soy broth and (b) Dry bath incubator.

Raven Labs offer a Dry Bath Incubator as showii@g 4.3(b) having features as:

® Ambient to 60°C temperature range (+/- 2°C)

® Removable, clear polycarbonate 12-well rack alldwbkviewing of all units at a
glance for media tubes; Rack inserts into an alumirblock which maintains
temperature stability

® Racks and/or blocks available for use with any Rgweduct

® Available in 35°C, or 55°C or a variable temperatorodel
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4.4  Agar-plate based colony-count method

For the purpose of colony-count method, the follayvidefinition and principle
should be known. Definition of colony count (cuiible microorganisms): All aerobic
bacteria, yeasts and moulds capable of formingntegoin or on the medium specified,
under the test conditions described. Principleabny count: Measured volumes of
the sample or dilutions of the sample are mixedh wiblten yeast extract agar in sterile
Petri dishes, and incubated under the conditioasifed.

Figure 4.4 shows the steps of colony-count by spread platdhade Each of the
remainder Bl samples was put in 1.5 ml Brain-Héaftision (BHI) solution apart to
obtain the original solution. Then, 0.1 ml pick-tpom the original solution was
diluted by adding 0.9 ml BHI solution to obtain thenfold dilution. Also, 0.1 ml
pick-up from the tenfold dilution was diluted bydaag 0.9 ml BHI solution to obtain
the hundredfold dilution. Later, 0.1 ml pick-upifin the original solution, the tenfold
dilution and the hundredfold dilution respectivelgs spread uniformly on the surface
of a BHI agar plate. Having incubated inverte®%ior 37°C for one day, the number
of colonies formed by viable bacteria was countetio avoid error, the average of the
respectively counted number of colony forming uni@*U) from the above three
solutions was used.

0.1ml 0.1ml

Spread 0.1 ml-solution
uniformly over the BHI
agar surface

=

Spores on
disc y M

solution ©riginal  diluted  diluted SHl agat culture
medium
1.5ml (x10) (x100)

Fig. 4.4 lllustration of the steps of colony-count by sprgdate method.
The number of colonies formed by viable bacteriagar-plateKig. 4.5) is counted

to know the number of CFU in the dilutions of thegple, therefore, the number of
survived CFU in the sample after inactivation pssteg can be calculated. Decimal
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reduction value (D value) is defined as the timéate a reduction of spore population
by one order. The survivor data obtained by colomynt method can be plotted in a
semi-logarithmic data graph. Since the plotteédatighly lie on a straight line, from
the slope of the line, D value can be easily caled.

4.5 Summary

Fig. 4.5 Photographs of colonies formed on agar-plate ie céga) after
1 min G, plasma irradiation and (b) after 4 min @asma irradiation.

Information on the biological indicators, the gealeprocedure for use and the
agar-plate based colony-count method have beeemngsskin this chapter.

Thank Prof. Koide, Prof. Nagata and Mr. Uchijima Feelping and instructing me
how to do agar-plate based colony-count methodhatnticrobiology laboratory of
Hamamatsu University School of Medicine.
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5 L ow-temperature sterilization with surface-wave plasma sour ce
51 Introduction

A recent approach of realizing low-temperature mplasterilization is the utilization
of microwave plasma. Examples include downstrelsnpa produced by microwave
excitation [1-4], Duo-Plasmaline, Plasmodul and nBteon systems [5, 6],
microwave-induced plasmas [7, 8], moving atmosgharicrowave plasmas [9], and
surface-wave plasmas [10-14]. It is also importardlarify the mechanism of plasma
sterilization. Up to now, a number of studies hawsen devoted to make the
sterilization mechanisms clear. Moisan et al. reggbthat UV emission was a main
factor of sterilizing event in the sterilizationpetiments using afterglow of,&nd N
mixture plasma [1-4]. They reported multi-slopeai@cteristics of survival curves,
where first, spores on the first layer were killegl UV emission, second the erosion
process due to oxygen radicals occurred at slovalDey and finally remaining survived
spores were sterilized by UV emission. Typicailytook roughly 40 min to realize
sterilization of 16 Bacillus subtilis spores under the optimum condition that the oxygen
gas was added to nitrogen gas by 2 %. The effeas composition on spore
mortality has been investigated by Lerouge et sihgigases such as pure, @,/CF,,
O./H,, and Q/Ar [10]. They used discontinuous microwave disgea of 30 s pulses
followed by 30 s pauses. The results of scannliectren microscopy (SEM) analysis
of the Bacillus subtilis spores showed a significant reduction in the sofespores by
the QJ/CF,; plasmas irradiations. It was deduced that theiligegion of the
microorganism might be related to an etching pretgsthe reactive plasma.

By using higher microwave power, we can achievestimae sterilization in a shorter
treatment time. However, the risk of heat damagesed by the surface contact
between the plasma and the medical instrument bes@@rious, especially for plastic
materials. For this study, to achieve sterilizatet a low temperature of less than
70 °C, a pulse-modulated microwave system was used.

First, the preliminary experiments that testedil&ation effect with different gas
species plasmas will be introduced. Next, the hdisge conditions for continuous
wave (CW) and pulse-modulated oxygen-discharge SiWRserilization of 1.5 x 10
and 3 x 10 G stearothermophilus spores as a Bl were studied. It was confirmed tha
using pulse-modulated SWPs serves to reduce thpetature of objects by roughly
10 °C, compared with that of CW SWPs. Last, somayges of SWPs with NO,
mixture gas were carried out to make clear the a@sims of plasma sterilization.
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52  Experimental setup

For plasma sterilization, the Bl samples used vpdaeed in Petri dishes set on a
movable substrate stage with a diameter of 20 boytz = 15-23 cm below the quartz
vacuum window as shown irig. 5.1. During plasma irradiation, the stage
temperature was monitored using a thermocouple t¢@ys CT-700S Digital
thermometer; Sensor: Type K -50 ~ +1200 °C) attddbethe rear surface of the metal
stage plate or indicated by thermo-label sheetshiii, Thermo Label 5E-50, 5E-75,
5E-100) attached to the Petri dish and covered fg@e of thin glass as shownFhiyg.
5.2. The thin glass was used to avoid any directamirttetween the plasma and the
thermo-label sheet. The morphology of the spoffeey dhe plasma irradiation has
been analyzed with the scanning electron micros¢8gdM: Hitachi, S300N and Jeol,
JSM-6360). Optical emission spectrometer (OES) suneanents have been done
using UV-visible spectrometer (Acton, SpectraPr@@Bin the wavelength range of
200~800 nm. Mass spectrum has been obtained gsiadrupole mass spectrometer
(Pfeiffer Vacuum, Prisma™ QMS 200). A cable oficalt fibers was used to transfer
the optical emission transmitting from the OptopasH = 14 cm) to the UV-visible

OES, and QMS was connected to other po#t {4 cm) as shown iRig. 5.3.

Sotantenna  Fan %&?GHZ .

Fig. 5.1 Sample stage in the surface-wave plasma device.

Fig. 5.2 Thermo-label sheets, 5E-50 and 5E-75.
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Fig. 5.3 SWP device connected with QMS and OES.

30 T T 1
AN ® Arplasma
& O H_plasma ?

25 L. 2 T . ,,,,,,,,,,, _
% A O2 plasma | oo
& —— .0’ s
S 200 I - ee? ut ]
o ' : ; ! A O

‘ ; i . A O
5 | ¥ af°°
° 5 e O® -
> @ O0CaA
5l ‘ g A ‘ :
m ezt
s 10 8TAN S —
- o0 4 1 f %
GC, QO A
s O
S 5L o7 @a i -
A

3] NN ¥
= AQ 3

0.. I | i I |

0 2 4 6 8 10 12
Plasma irradiation period (min.)

Fig. 5.4 The change in the stage temperature measured hétlthermocouple versus the
plasma irradiation periods for the different gascigs: oxygen, hydrogen and argon. [12]

Figure 5.4 shows the change in the stage (15 cm) temperature as measured using
the thermocouple versus the plasma irradiationodsrior the different gas species of
Ar, H, and Q. After a 10 min plasma discharge, the temperatnoeeased by
approximately 25 °C in all cases. Based on thentbdabel measurements, it was
also shown that the surface temperature of the &etr was less than 55 °C after a 10
min plasma discharge. [12]
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53  Serilization effect of SWPs with different gas species

When our group started studying low-temperature romwave excited plasma
sterilization, some preliminary experiments thated sterilization effect with oxygen,
argon, hydrogen and nitrogen plasmas were carngdrespectively. Those works
have been reported in reference 11 and Egure 5.5 shows the colony count results
of the G. stearothermophilus spores irradiated with oxygen, argon and hydrogen
plasmas to compare the effect of gas species dhzstiion. The discharge conditions
were same: A microwave power of 750 W, a pressdrabmut 75 mTorr, and
irradiation duration of 10 min. However, as shawirig. 5.5, for both the Ar and H
plasma discharges, the spores survived even att@main irradiation. From this, that
electrons and ions are not the primary agentsigdterilization process was deduced.
Consequently, it might be the,@lasma that plays a role in killing the sporeghiis
experiment. To study the shape and size of theespbefore and after plasma
irradiation, SEM analyses were performedkigure 5.6(a) and5.6(b) showed the SEM
images of th&. stearothermophilus spores after 1 min and 4 min @lasma irradiation,
respectively. Figure5.7 showed the schematic representation of a bactgak with
its genetic material (DNA) and protecting coatsreunding it, and the changes in the
spore size (erosion of the microorgansim) for &lcdarge durations. It was clearly
shown that the length and width of the spores dti@ally decreased after only a 4 min
plasma irradiation. The ellipsoidal spores witleagth of 1.5um and a width of 0.9
um irradiated by @ plasma shrank to jellybean-like slender shapesowe¥er, in the
case of the Ar or kHplasma, it was found that the sizes and shap#sec$pores were
not affected by a 10 min plasma irradiation. Tboaild be attributed to chemical
etching by the oxygen radicals generated in thgemyplasma.

Pelletier [15] had pointed out that microorganisame in some ways similar to
synthetic polymers — namely, macromolecules conpa$ehe elements C, H, N and
O; it is therefore interesting to draw parallelshwihe abundant literature on plasma
treatment and etching of polymers. Many gasesgasdnixtures can etch polymers in
low-pressure plasma, the common feature being ttiet convert them into volatile
reaction products, which are then removed by tleiwan pump [10]. Lerouge et al.
[10] also pointed out that oxygen-containing gasegas mixtures used for plasma
sterilization were chosen on the basis of eatriierdture on sterilization and on polymer
etching. Especially, oxygen plasma is used widigy the removal of organic
materials — for example, for the removal of phasts after lithographic operations in
microelectronics [16] — and the etch rate is stlprgrrelated to the concentration of
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oxygen atoms produced by the dissociation ef[T¥]. Although hydrogen plasma
was also used to etch diamond film and polymerspuge et al. [10] pointed out that
H, was added on £H, (20/80%) to increase the output of vacuum ultri@ti¢vUV)
radiation by the plasma. Moisan et al. [3] assutiederosion of the microorganism,
atom by atom, through etching stemming from theogutgon of reactive species from
the plasma on the microorganism with which theyssgiiently undergo chemical
reactions to form volatile compounds (spontanedcisieg). The reactive species can
be atomic and molecular radicals, for example, @ @g respectively, and excited
molecules in a metastable state, for example,'@esinglet state. This chemistry,
which occurs under thermodynamic equilibrium caods, yields small molecules (e.g.,
CO,, H;0) that are the final products of the oxidationgass. [15] Such chemical
reactions with atomic oxygen free radicals can dnenél in the literature on plasma
etching of polymers [18] as listed below:

-C-C-+0: - -C-C-+ OH -C=C-+0: - -C=C-+ OH
RH + OH - R + H:0 RH+O0: - R+R O
o o}
-C=C-+0: > | | - -C=0+C-
-C-C- -C-C-

Only addition of oxygen to the unsaturated molecigdading to a saturated radical,
results in a weakened C-C bond, therefore, scisprogesses can occur leading to
volatile etch products (such as CO and,{j@8].
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Fig. 5.5 Survival curves of th& stearothermophilus spores irradiated

by the ox ogen and argon surface-wavernglas[12]

(b)

Fig. 5.6 SEM images ofG stearothermophilus spores after
(a) 1 min and (b) 4 min oxygen plasma irradiatidd]
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Fig. 5.7 Schematic representation of a bacterial spore \itith genetic
material (DNA) and protecting coats surroundinf]t sizes of spores versus
O, and Ar plasma irradiation time [11].

In order to examine the effect of the UV radiatemitted from the @plasma, a
thin quartz plate with a thickness of 3 mm was @thover the Petri dish to block any
charged or neutral particles, while only UV photamgh wavelengthl, greater than
160 nm were able to transmit the quartz plate. éi@n, after a 10 min Oplasma
discharge, the spores were still viable and hadchahged their size or shape. From
these results, it would appear that UV radiationds necessary for this sterilization to
be effective in the @plasma experiment. However, it could be the ¢hag as the
radicals approached the Petri dish, UV photons tnlgdh generated. The further
investigation on the role of UV photons performexing OES will be described in
section 5.5.

To examine the effect of oxygen radicals on sttlon, a grounded stainless-steel
plate with 4-mm-diameter holes on a stage locatemm8below the quartz window.
Although the electrons and ions were blocked by phinched plate, the neutral radicals
could pass through the plate, together with any pfdtons that might have a weak
effect on sterilization. The survival curve of tle stearothermophilus spores in a
Petri dish located 7.5 cm below the punched plae plotted irFig. 5.8. The number
of colony forming units (CFU) for different plasndéscharge periods is shown. From
the slope of the survival curve, the D value wdsreged roughly 30-45 s. The SEM
images of the original spores are showrkig. 5.9(a), while the images after a 10 min
radical irradiation are shown Fig. 5.9(b), where the changes of spores shape and size
are similar with the one as shown kig. 5.6(b). Hence, we concluded that the
primary sterilization species were the oxygen raldiproduced by the surface-wave
sustained oxygen plasma. An analogous experim@&nguitrogen plasma discharge
was performed to study its effect on sterilizatio® preliminary result of the colony
count was also plotted Fig. 5.8. It was found that the spores were sterilizedrait4
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min discharge, where the D value was roughly esdchas 30-40 s.
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Fig. 5.8 Survival curves of th& stearothermophilus spores irradiated
by the oxygen radicals and nitrogen surface-waasmés. [12]

Furthermore, it is interesting to note that therspghapes as shown king. 5.10(b)
were almost identical to the original ones as showrrig. 5.10(a) after a 5 min
nitrogen plasma irradiation, which differs from thedings with oxygen plasma or
oxygen radical irradiation. This result could pbks be caused by UV photons
emitted by the nitrogen plasma. Similar experirmemive been done by Moisan’s
group in the microwave plasma with,, gas mixtures and they showed that UV
emission ranging from 250 to 320 nm was stronglyaeced by adding 2 % of,@as
content into M plasma [2-4]. To confirm the role of UV photomsitted directly from
the plasma or those generated when the radicateagpthe Petri dish, an examination
using UV emission spectroscopy will be presenteskiction 5.5.

5 um

(B}
Fig. 5.9 SEM images ofG stearothermophilus spores (a)
before and (b) after 10 min oxygen radical irradiat[12]
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Fig. 5.10 SEM images ofa stearothermophilus spores (a) without
plasma irradiation and (b) after 5 min nitrogerspta irradiation.

54  Discharge conditions for CW and pulse-modulated oxygen SWPs in
low-temperature sterilization

Since that a six-order magnitude reduction of cplftlmming units (CFU) could be
achieved after only a 3 min irradiation with lowepsure oxygen SWP has been
reported in reference 10, in this section, the tdisge conditions required for
low-pressure CW and pulse-modulated oxygen SWHewrtemperature sterilization
have been investigated.

The characteristics of continuous SWP and pulsewtatel SWP [13] have been
described in section 2.3. Consequently the sunaveves measured using agar-plate
based colony-count method will be first presentedn criteria of plasma discharges for
CW and pulse-modulated SWP sterilizations will bespnted.

5.4.1 Survival curves measured using colony-count method

Here, the Bls used wef@ stearothermophilus spores with population of 1.5 x 9.0
which were spread on a small stainless steel didgéced in a Petri dish set about 15
cm below the quartz window. »Qlischarges were generated at a pressure of 50-60
mTorr with an Q gas flow rate of 200 sccm. The survival curves @f
stearothermophilus spores (measured with a colony-count technique) @@y and
pulsed-microwave plasma discharges are shownFigs. 5.11(a) and 5.11(b),
respectively. In the case of pulse-modulated mene plasma discharge, the plasma
irradiation period (or total processing periodjhie sum of the total microwave on-time
and the total microwave off-time. It can be sdeat the reduction in spores is almost
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linear for both the CW and pulse-modulated SWHIgtations. For microwave pulses
with an instantaneous power of 2.0-2.2 kW and anaol off-duration of 1@is, the D
value for pulse-modulated SWP sterilization wenenfth to be 21-27 s, similar to those
obtained for CW sterilization (a CW power of 750 BWyalues of 15-25 s).

Depending upon the instantaneous power, differantivwal curves were observed
and so the criteria for sterilization could be #ddby scanning two parameters: the
instantaneous power, and the net on-duration ofrlceowave pulses.
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Fig. 5.11 Comparison of survival curves of CW and pulsed
microwave plasma sterilization. (a) CW and (b) pdisnicrowave.

5.4.2 Criteria of plasma discharges for CW-and pulse-modulated SAP sterilizations

This subsection discusses the experimental residlthe CW-SWP sterilization
under discharge conditions of a pressure of abfut@mTorr and a gas flow rate of
200 sccm. G, stearothermophilus spores with a population of 1.5 x°Mere placed on
the stage about 15 cm below the quartz window atydjen plasmas were produced
using microwave powers of 500 W, 750 W, 1000 W,QL%0 and 2000 W. Two BI
samples were put in the Petri dish on the stagedoh plasma irradiation experiment.
One sample was to be used for the culture solutaor test after incubation and the
other was to be used for colony counting.

The temperature of the Petri dish increased frorfi28t room temperature to 60 °C
after 130 s of plasma discharge when excited by\ag@wer of 1000 W, or 50 s of
plasma discharge when excited by a CW power of 1800 In Fig. 5.12, the
temperature in the Petri dish as monitored by trernbto-label sheets for the CW
discharge is shown together with the temperaturg¢hi® pulse-modulated SWPs, under
the same microwave power of 900 W-1 kW (average goofor CW, while
instantaneous power for pulse-modulated SWP).
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The discharge conditions required for CW-SWP statiion are shown ifig. 5.13.
The plasma irradiation period was varied from 30 Isg 10-sec steps, only under the
conditions that CW microwave power was kept at 1@0@nd 1500 W. Sterilization
was confirmed for samples which were irradiatedsfors or longer with a CW power of
1000 W and for 40 s or longer with a CW power od@%. These results show that
the Bls were sterilized using CW oxygen plasma utigke following conditions: a) CW
power should not be less than 700 W; b) the plasmdiation period should not be less
than 40 sec; c) a total microwave energy of att 18@kJ is needed.
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Fig. 5.13 Sterilization criteria of plasma discharge condiso
between CW microwave power and total plasma irtamligime.

In reference 11, that Bls could not be sterilizgdabgon plasma excited by a CW
power of 700 W was reported. An interesting experit was carried out to examine
the effects of the oxygen radicals and UV radiatonitted from the oxygen plasma
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during sterilization. It was suggested that therep were mainly killed by chemical
reactions with oxygen radicals, as opposed to tWeradiation. Analyses of SWPs
with different gas species will be presented irtisads.5 in detailed.

From the irradiation of oxygen plasma excited bysptmodulated microwave
power, we tested several different parameter cammditusing this system. The pulsed
modulation frequency of the pulsed operation, the&roawave on-duration, the
instantaneous microwave power and the total micvewan-time were all varied.
Figure 5.14 shows the sterilization effectiveness for a variet conditions. From
these results, it can be concluded that the relsiip between the minimum
instantaneous microwave power and the total micvewan-time needed for
pulse-modulated microwave plasma sterilization lariitted by a curve which roughly
corresponds to a microwave energy of 200 kJ. Catiadely, it can be understood that
the sterilization criteria is related to the disgfgaconditions, such as the product of
radical density and net on-duration, for instanceéigure 5.14 suggests such a criterion,
but a quantitative understanding has not beencserifily established yet.
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Fig. 5.14 Sterilization criteria of plasma discharge conaiidetween pulse-modulated

microwave instantaneous power and total microwandirne. Here open symbols
indicate sterilized resiilts and solid svmbhols inthenol-sterilized resiilt:

Figure 5.15 shows a comparison of sterilization results frone telationship
between the total on-time of the microwave plasnasws the on-duration of
microwave pulses during the pulse-modulated oxygdamsma treatment. The
discharge conditions were a pressure of about BPOriTorr and a gas flow rate of 200
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sccm. G stearothermophilus spores with a population of 3 x %@ere placed on the
stage about 23 cm below the quartz window. Framfigure, it was found that all the
Bl samples were sterilized by the pulse-modulatagigen plasma when the total
microwave on-time was longer than 120 s, even wheron-duration per pulse was 10
us. Based on the thermo-label sheet measurememi) ibe shown that the surface
temperature of the Petri dish during the 300 4 fiacessing period, that is, the sum of
150 s total microwave on-time and 150 s total mvi@ree off-time, was always less than
70°C. When the total microwave on-time was muadbrtehn than 120 s, we found that
a longer on-duration per pulse was required focessful sterilization. The reason for
this could be that the total saturating period @i saturation current increases with
on-duration per pulse, when the total microwavetiore is fixed. During a longer
saturating period of the ion saturation currentygen radicals, which are considered
key agents in oxygen plasma sterilization, candreegated.
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Fig. 5.15Experimental results of sterilization between
on-duration per pulse and total microwave on-time.

5.4.3 Conclusion

This section describes the effects on low-tempeegtlasma sterilization using CW
and pulse-modulated surface-wave excited oxygesnm@a At a discharge pressure of
30~70 mTorr, and a Ogas flow rate of 200 sccm, Bl samples with 1.5 G
stearothermophilus spores were successfully sterilized when irradidi@ 50 s or
longer with a CW power of 1000 W, and when irragliator 40 s with a CW power of
1500 W. When using pulse-modulated oxygen plasraadéscharge pressure of about
120-130 mTorr, and an Qgas flow rate of 200 sccm, Bl samples with 3 ¥ @
stearothermophilus spores were successfully sterilized when the totarowave on
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time was longer than 120 s and the instantaneowsmpwas kept at 1500 W.

55  Characteristics of SWPs with air-simulated N»-O, mixture gas for
low-temperature sterilization

We have studied the discharge conditions requicedCW and pulse-modulated
oxygen SWPs in low-temperature sterilization. His tsection, we aim at investigating
the characteristics of low-temperature sterilizatissing air-simulated gas discharge
plasma sustained by the surface-wave. The s#idiz mechanisms of SWP with
air-simulated gas mixture by using SEM analysiplaEma-irradiated spores, OES and
QMS measurements of the plasmas will be discu$sép.

In the present experiments, we tested pusgp@re N and air-simulated mixture gas
(N2 = 80 sccm and £= 20 sccm) in the plasma discharges at a pres§waieout 60-70
mTorr with total gas flow rate of 100 sccm. Bls Gf stearothermophilus with
population of 3 x 1®deposited on an oblong polished stainless stselwlére placed in
a Petri dish set on the stage located alzout23 cm. In the plasma production, the
incident microwave power of 750 W was introducedptoduce the surface-wave
plasma, while the reflected power was minimizetypacally 20-30 W.
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Fig. 5.16 Survival curves measured with the colony countireghad in cases of (a)
pure Q, (b) pure N and (c) air-simulated NO, mixture gas discharge plasmas.
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To study the survival curves of spores with ther agéony-count method, we varied
the plasma treatment time from zero to 5 min. Dgrplasma irradiation, the
thermo-label sheets were used to measure the envaratal temperature of Bl samples.

The survival curves measured with the agar colayat method are shown Hig.
5.16 in cases of pure O pure N and air-simulated NO, mixture gas discharge
plasmas. It was found that the 3.0 ¥ $pores were killed after about 4 min plasma
discharges with roughly linear slopes for all thees. Here, we evaluated the D value
defined as the time needed to reduce the surviepllation of spores by one order.
FromFig. 5.16(a) and(b), we found that D values in the cases of pusea@ pure N
gas discharges were almost the same and evaluated toughly 25-34 s. In each
discharge, the thermo-label sheets showed the tamope was around 60-65 °C after 3
min plasma discharge.

In the Q plasma, we have concluded that the main mechawasthe chemical
etching due to the oxygen radicals because of faignt reduction of spore sizes [11,
12]. On the other hand, we speculated that statiin for the pure Nplasma was
mainly due to the UV light emission radiated fromplasma, because the killed spores
were not changed in size at all. Survival curvecase of the air-simulated D,
mixture gas discharge plasma is also showhign5.16(c). From its slope, we found
that D-value was roughly 13-26 s, which was bettan those of pure £and pure N
plasma irradiations. Therefore, we believe thatgpores can be sterilized using the
low-pressure air discharge plasma in the futuneliger.

Optical emission spectra were measured using thieabgmission spectroscopy.
In the present measurement, the minimum observadelength is 200 nm due to the
limitation of monochromator, so that we mainly stuith the wavelength between
200-400 nm. Figure 5.17 shows the spectra in cases of purg Pure N and
air-simulated N-O, mixture gas discharge plasmas. As showhign5.17(b), several
strong lines at 282.0, 297.7, 313.6, 315.9, 33357 nm were originated from the
second positive systems (G, — B3Hg) of N, molecules in pure Nplasma. As
shown inFig. 5.17(c), there exist strong peaks in the wavelength betvZ89~280nm
in N2>-O, mixture gas discharge plasma. Several UV emissitr214.1, 226.9, 237.0,
247.9, 258.8 nm were considered originated fromyN&Ystem (A" — X?I1). It has
been found that the emission intensity in the UYiae is extremely large in pure;N
and air-simulated NO, mixture gas discharge plasmas compared with thhe @
plasma. Although we did not measure the absohitensities of the UV emission,
they might play a role in sterilizing the sporesantdition to N positive system in the
wavelength region of 300-400 nm and the etchinggse due to oxygen radicals.
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Fig. 5.17 Optical emission spectra in wavelength between 200~nm in cases of
(a) pure @, (b) pure N and (c) air-simulated NO, mixture gas discharge plasmas.
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Furthermore, we should take into account of theligieg effects due to several N
atomic (N 1) lines in the wavelengths between 1I3-hm and N bands between
140-175 nm [19]. To examine the effect of thesassion lines on the sterilization,
we carried out the comparison experiment usingraglate and a fused quartz plate as
optical filters. Figure 5.18 shows the schematic drawing of the experimentaipst®
compare the role of UV emission in the wavelengtgion of shorter than 200 nm.
We placed LiF thin plate and quartz thin plate walch thickness of 2 mm on the
sample holders for Bls. One sample holder was wsigmbut any top plate, so that the
all of the UV emission can irradiate the spore dampThe lower limit of wavelength
at 50 % transmittance is roughly ~120 nm for LiGtpland ~180 nm for fused quartz
plate, respectively. The maximum transmittanced.ibf and quartz plate are about
90 % or higher. In the present experiment, we usgdgen plasma to examine the
effect of UV emission of shorter wavelength on iftion. Plasma discharge
conditions were same as the previous experimentalitons, except that the Bls were
set inside the metal cylinder (sample holder) witout 10 mm in height. Figure 5.19
shows the results of survival curves of three sampl Here, it was noted that the
slopes of the colony forming units versus treatmtme became worse than those
shown inFig. 5.16(b). The D values estimated by the second slope wmrghly
2.4-3.7 min, that is to say 144-222 s, as aroumdtisies longer than those fig.
5.16(b). This might be due to that the samples were s¢h® bottom inside the metal
cylinder, so that the UV emissions were alloweeniter only from the upper open area
of cylinder. As seen ifig. 5.19, one can not clearly distinguish among three saspl
It suggests that the effect of UV emission in thevglength shorter than 200 nm might
be not so significant in the present sterilizatfmmocess using surface-wave excited
nitrogen plasma.

N, Plasma
quartz Uv eﬁission LiF plate
plate
ﬂ ’/ Metal
I - I ﬁ/ cylinder
| [ |
/ N\
Biological indicator Stage

Fig. 5.18 Schematic drawings of three samples: LiF thin péate quartz
thin plate were used as filter on the top, and apiémout top plate.
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Fig. 5.19 Survival curves measured with the colony countireghad in cases of
LiF plate, quartz plate and air-simulategt® mixture gas discharge plasmas.

Figure 5.20 show the spectra in cases of differentg@rcentage added to,10,
mixture gas discharge plasmas as (a)X0 sccm + i 90 sccm, (b) @ 20 sccm + M
80 sccm, (c) @ 40 sccm + & 60 sccm and (d) £60 sccm + M 40 sccm. It has
been found that the emission intensity at certaavelength in the UV region changed
with the added @percentage.

To conclude the relations between the changes a$sem intensity at certain
wavelength and the {percentage as shown king. 5.20, the UV intensity at 237.0 nm
originated from the N@ system (AX* — XZI1), at 297.7 nm and 337.1 nm originated
from the second positive systemsTiG — B3Hg) of N, molecules in MO, plasma as a
function of the Q percentage added to,dD, mixture gas have been investigated as
shown in Fig. 5.21. Figure 5.21(a) showed that the UV intensity at 237.0 nm
originated from the NG system (A" — XZII) achieved its maximum value while at
10~20% Q. Figure 5.21(b) and(c) showed that the UV intensity at 297.7 nm and
337.1 nm originated from the second positive systé@il, — B3Hg) of N> molecules
decreased with the increase of thep@rcentage. These results suggest that in air the
O, percentage is optimum for sterilization. So that tested low-pressure air
discharge plasma sustained by the 2.45 GHz suviave- and confirmed a rapid
sterilization with the actual air discharge aftboat 4 min irradiation at temperature
about 65 °C.
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To confirm the existence of NO in the,#, mixture gas discharge plasmas,
quadrupole mass spectrometry (QMS) was also caoigdo obtain mass spectrum
(mass number between 0-50) of air-simulatedOd mixture gas discharge plasmas as
shown inFig. 5.22, after the discharge became stable. It provetlNiéa (mass=30)
existed in air-simulated NO, mixture gas discharge plasmas.

E_DE_IOI'I Current [A]
E-0a+

E-07- O IS[0]
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Fig. 5.22 Mass spectrum of air-simulated-®, mixture gas discharge plasmas.

56  Summary

In this chapter, we have presented an experimesttaly on low-temperature
sterilization with low-pressure large-area surfa@ee plasmas.

First, the preliminary experiments that testedilstation effect with different gas
species plasmas were carried out. We presentedetiperimental results on
sterilization using argon, hydrogen, oxygen androggn plasmas excited by
surface-waves. It was found that oxygen and némoglasmas were effective for
low-temperature sterilization, however, the Bls &varot sterilized by argon and
hydrogen plasmas.

Next, the discharge conditions for continuous w#&Z&V) and pulse-modulated
oxygen-discharge SWPs in sterilization of 1.5 £ 46d 3 x 10 G stearothermophilus
spores as a Bl were studied. It was confirmed tisang pulse-modulated SWPs
serves to reduce the temperature of objects byhtgud °C, compared with that of CW
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SWPs. At a discharge pressure of 30~70 mTorr,aaf6l gas flow rate of 200 sccm,
Bl samples with 1.5 x £0G stearothermophilus spores were successfully sterilized
when irradiated for 50 s or longer with a CW powefd 000 W, and when irradiated for
40 s with a CW power of 1500 W. When using pulssualated oxygen plasma at a
discharge pressure of about 120-130 mTorr, and ;aga® flow rate of 200 sccm, BI
samples with 3 x 170G stearothermophilus spores were successfully sterilized when the
total microwave on time was longer than 120 s &edristantaneous power was kept at
1500 W.

Last, some analyses of SWPs with air-simulatedDNmixture gas for sterilization
of 3 x 10 G stearothermophilus spores as a Bl were carried out to make clear the
mechanisms of plasma sterilization. It has beeandothat the main physical
mechanisms of air-simulated plasma sterilizatiantae chemical etching effect due to
the oxygen radicals and UV emissions from thesBicond positive system and NO
system in the range of 200-400 nm. Low-pressureiacharge plasma sustained by
the 2.45 GHz surface-wave was realized and a rsigdlization with the actual air
discharge after about 4 min irradiation was conéidn The present experimental
results supported the feasibility to utilize air a=rrier gas in the future
environmentally-friendly plasma sterilizer.
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6 L ow-temper ature sterilization with volume-wave plasma sour ce
6.1 Introduction

Low-temperature plasma sterilization using low-ptge surface-wave plasma has
been investigated in chapter 5. The problem ofpllasma sterilization is essentially
on the treatment of the surface only. In ordersterilize inside the medical
instruments wrapped with perforated plastic packings required to produce the
plasma inside the packing material. [1] To overeothis problem, volume-wave
plasma (VWP) is proposed for plasma sterilizatamshown irfFig. 6.1.

SWP

waveguide

down streaming plasma

wapped medical
implements

Fig. 6.1 Schematic drawings of (a) surface-wave plasma
and (b) volume-wave plasma sterilization techniques

In this chapter, sterilization experiments of Blghwand without their original
package using VWP and SWP in,®l; and air simulated gas mixture were investigated
firstly. Later on, sterilization experiments of Ipethylene (PE) film wrapped Bls
using different gas species plasma with water vagdition were investigated.
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6.2  Experimental setup

For plasma sterilization, the Bl samples used vpémeed in Petri dishes set on the
movable stage with a diameter of 50 cm about 30em5below the quartz vacuum
window. During plasma irradiation, the stage terapge was indicated by
thermo-label sheets (Nichiyu, Thermo Label 5E-38,/, 5E-100) attached to the Petri
dish and covered by a piece of thin glass. Thephmogy of the spores after the
plasma irradiation has been analyzed with the SEMol( JSM-6360). OES
measurements have been done using UV-visible speeter (Acton, SpectraPro 2300i)
in the wavelength range of 200~800 nm. Mass spectnas been obtained using
quadrupole mass spectrometer (Pfeiffer Vacuumpiai¥ QMS 200) connected to the
port on left sidewall of the lower section of chantand time-modulated plasma
discharges can be operated with a remote-controffaimer module as shown iRig.
6.2. A cable of optical fibers was used to transfex bptical emission transmitting
from the viewing-port on the front-loading door.

Fig. 6.2 Photographs of the VWP device connected with
QMS and the remote-control on/off timer module.

To find the suitable plasma on-time to prevent psscpart of chamber from high
temperature, stage temperature was measured b&ngd-label sheets attached to the
Petri dish during oxygen plasma irradiation by Zinstep. Figure 6.3 shows the
relationship between substrate stage temperatuteplsma on-time when incident
microwave power is 2 kW at pressure of 50 mTorhwvilie movable stage at 40 cm
below quartz window. From the figure, we foundtteeage temperature had already
achieved 70 °C only after 5-min plasma irradiatioitherefore, continuous plasma
on-time within 5 min and then several minutes off¢ for cooling down is
recommended. To reduce more temperature, thebBupdgasma on-time and off-time
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are needed to know as a remote-control timer id tsepply time-modulated plasma
discharges. A thermocouple (Custom, CT-700S Oigitarmometer; Sensor: Type K
-50 ~ +1200 °C) attached to the surface of the hsttage at about 38 cm below the
quartz window was used to indicate the temperaturBigure 6.4 shows the
temperature reduction by applying the time-modulgti@sma discharges.
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Fig. 6.3 Relationship between stage temperature and plasrtiene.
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6.3 Resultsand discussion
6.3.1 Serilization experiments of Blswith and without original package

When we started the sterilization experiments withvolume-wave plasma source,
Steri-chart type Bls were chosen since they hadbeen successfully sterilized with
their wrapped glassine paper pouch by the 40-crmeler SWP source. The
placement of Bl samples is as shownHFig. 6.5. As a preliminary test, wrapped
steri-chart type Bls with £oand 18 G. stearothermophilus spores had been successfully
sterilized by the VWP source using A/, plasma.

Fig. 6.5 Placement of Bl samples from side view and top view

Then, we investigated the sterilization effect ¢ Brrapped with and without their
original package by using-0ON, and air-simulated plasmas. [2] First, we show the
sterilization results by using oxygen plasmarable 6.1. When CW power was kept
2.5 kW at pressure of 200 mTorr for total 20 milh,tlae wrapped Steri-chart tyd®.
atrophaeus spores with population of 1@ 1& were sterilized. Moreover, unwrapped
SUS typeG. stearothermophilus spores with population of $@vere also sterilized. To
decrease temperature of samples during plasmaaitiatd we decreased CW power to
2 KW at pressure of 50 mTorr and set the stagemiQogver than previous position.
Only wrapped Steri-chart typ® atrophaeus spores with population of 1@o 16 and
unwrapped SUS types stearothermophilus spores with population of fOwere
sterilized. When CW power was decreased to 1.5ak\pessure of 50 mTorr, if the
plasma irradiation period was long enough, even3b& typeG. stearothermophilus
spores wrapped with Tyvek®/poly pouch was sterilizeWe noticed that from the
discharge transition curve shown g. 3.8(b), the first two cases were SWP
sterilization, only the last case was VWP sterilama  Since the glassine paper pouch
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of Steri-chart type Bls has many minor holes ornthys, parts of high density down
streaming SWP can still sterilize the spores eméédd the cellulose strip. However,
the Tyvek® pouch of SUS type Bl can only let disgeagas penetrate it, which makes
us owe the internal sterilization effect to VWP gwoed inside the Tyvek® pouch. To
achieve lower temperature during plasma irradiatmasma on-time during one cycle
was decreased to less than 1 min.

Serilization results

Discharge Sage [rrad. B. atrophaeus wrapped| G. stearothermophilus
Temp. . .
condition |Location| periods P (B. subtilis) Steri-chart SUS
10*| 10°| 1¢°| 10| 10° 2.5x10
CW=2.5kW 5min
30cm ) ~95°C Ol O| Ol O| O] unwrapped [ O
0,::200sccr] X 4times
CW= 2 kW 2min
_ <90°C| O | O| O x| X unwrapped
0,::200sccr] x10times
40cm
CW=1.5 kW 2min unwrapped | O
) ~90°C| O| O| O} ]| -
0O,::200sccnf x30times wrapped @)

Table6.1 Results of sterilization experiment using CW oxygéasme

Steri-chart Bacilius atrophaeus  0,=200sccm

9
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10° &, .
7 "
10 : Power=20kW .
2 10° i
=
= 5
2 1 iy D value: 4.78 |
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Fig. 6.6 Survival curves of th®. atrophaeus spores irradiated by oxygen plasma.
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By agar-plate based colony-count method, we caculze D value to know the
sterilization effect relying on plasma irradiatibme. Figure 6.6 shows the survival
curves of the wrapped Steri-chart typ.eatrophaeus spores irradiated by oxygen plasma.
The D value estimated by the plotted data for S¥éRlization (power = 2 kW, pressure
= 50 mTorr) was roughly 2.95-5.2 min, while for VVéRerilization (power = 1.5 kW,
pressure = 50 mTorr) was roughly 7.75-8.85 min.

Next, we show the sterilization results by usintyagen plasma and air-simulated
plasma inTable 6.2. For the nitrogen plasma case, when CW powerkeps2 kW at
pressure of 50 mTorr for total 20 min, unwrapp@dstearothermophilus spores with
population of 16 to 1¢ were sterilized. Moreover, unwrappBd atrophaeus spores
with population of 10 were also sterilized. Since we applied time-mathd
microwave with cycles of on-time of 30 sec and tofie of 60 sec, it made the
temperature at about 70 °C. For the air-simulpteadma case, to decrease temperature
of samples during plasma irradiation, we adjusteted4modulated microwave with
cycles of on-time of 12 sec and off-time of 48 setlnwrappedG. stearothermophilus
spores with population of 1@and 18 were sterilized. The temperature after total 20
min plasma irradiation was less than 55 °C.

Serilization results
B. atrophaeus )
] Sage . G. stearothermophilus
Discharge i Irrad. (B. subtilis)
o L ocation ] Temp. unwr apped
condition periods unwrapped
z (cm) <
1
100 |10 10°| 10°| 10’
SUS
CW= 2kW 30 sec
35cm _ ~70°C O O|lO0|l0O| x| O
N,::200sccn] X 40 times
CW=2.3 kW,
12 sec
No/Oy:: 37cm . <55°C Ol O x| X| X
x100 timeg
200/50sccm

Table6.2 Results of sterilization experiment using
CW nitrogen plasma and air-simulated plasma.
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We also show the sterilization results by usingspuhodulated microwave excited
air-simulated N-O, plasma inTable 6.3. On-duration and off-duration of modulation
signal were both 500s. When instantaneous microwave power was kepV4dx 15
min, wrapped Steri-chart tyf® atrophaeus spores with population of 1@nd 16 were
sterilized. Unwrapped SUS typR. atrophaeus spores andG stearothermophilus
spores with population of 2.5 x A@ere also sterilized. If we lengthened 5 min hwit
the addition of wrapped Steri-chart tyPeatrophaeus spores with population of $@nd
10’ could be sterilized. Since the maximum instartasegrower of 4 kW leads to too
high temperature to destroy the original packagBlef such as Tyvek®/poly pouch or
glassine paper pouch, there is no sense in studtyimgemperature plasma sterilization
using such kind of pulse-modulated microwave exgitiasmas.

Sterilization results
. Stage
Discharge | o | Irrad Temp, | Steti-chart B atrophaeus sUS 106
condition z (cm) periods wrapped unwrapped
B afro- | 3 stearofh-
4 5 6 7 8
i 10 1 |10 |1 phacus | ermepliius
Instant 5 i
min
power . OO0 0|0 x| O O
41 x4 times
200500 .
e 30 cm =950
5 min olo!|x|x | x o O
M,200/0,50 x 3 times
SOOI

Table6.3 Results of sterilization experiment
using pulse-modulated air-simulated plasma.

6.3.2 Serilization experiments of PE film wrapped Bls

From the sterilization results described in lagisgation, in spite of the good result
that internal sterilization of Tyvek®/poly pouchapped Bl was only achieved by VWP,
we still expected much better internal sterilizatieffect, which made us start the
sterilization experiments attempting to achieverinal sterilization of polyethylene film
wrapped Bls.

Polyethylene is a thermoplastic commodity heavégdiin consumer products (over
60 million tons are produced worldwide every yearn the polymer industry the name
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is sometimes shortened to PE. The PE films haea badely used as fresh-keeping
wrap, a layer cling to the paper in the paper pgeki®r drink, etc.. Therefore, we
think it is useful for food packaging industry tseusuch internal plasma sterilization
technique for PE film wrapped materials. The vémn PE film (whose melt
temperature is only higher than 60 °C) used inpttesent work and the placement of the
Bl samples are as shownFhig. 6.7.

Fig. 6.7 Photographs of PE film cling to a protective filmda
the placement of Bl samples with and without Pia fivrap.

Fig. 6.8 Photograph of the matrass supplying water vapoaamall needle valve.

We show the sterilization results of PE film wragpBls (Steri-chart typeG
stearothermophilus spores) inTable 6.4. As CW power was 2 kW at pressure of 50
mTorr in air-simulated plasma (VWP mode), when niathd on/off time was kept as
12/48 s per cycle, sterilization of Bl with sporpspulation of 16 and 18 were
successful with temperature at about® When on/off time was modified to 12/60 s
and stage was set 5 cm lower, sterilization of i Wrapped Bl with spore population
of 10° and 1 were successful with temperature lower than‘G5 Recently
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Hayashi et al. [3] carried out a sterilization expent using radicals produced by
oxygen/water vapor RF plasma. We also found ifewaapor was supplied directly
into the chamber from a matrass filled with purgdewavia a small needle valv&ig.
6.8) addition on the air-simulated plasma, even stage 40 cm below quartz window,
sterilization were successful for all the sporeshwpopulation of 1&10° with and
without PE film wrap.

.—PE film
Bl == =—— |\ —Petridish
On/Off On- Spore Population G. steamihermophils

Gas B Temp.

(s) | time P q0e | 10t | 108 | 108
.| ~60°C

N2 ‘;02:: 12/48 %9322:2 Without O QO X hd
200/50 scem PE film
20 min | ©2°C

12/60 >-a0cm | With PE QO QO X X

film

20;;5?211 55°C
sccm 20 min | With &

+H,0:: 12/60 Z=40cm | without O O O O
500 ppm PE film

Table6.4  Sterilization results of PE film
wrapped Bls using air-simulated plasma.

Optical emission analyses of the plasma have hestly fcarried out by the discharge
image, then by OES.Figure 6.9 show the discharge images (&) air-simulated
plasma emitting orange light whi(b) water vapor added air-simulated plasma emitting
pink light. There might be some new products, Wwtace useful for sterilization.

Fig. 6.9 Photographs of (a) air-simulated plasma
and (b) water vapor added air-simulated plasma.
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Figure 6.10(a) shows the optical emission spectrum in cases cfrwaipor addition
on air-simulated plasmas with and without PE filmagt We find the only difference
between them is emission intensityFigure 6.10(b) shows the optical emission
spectrum in case of air-simulated plasmas with witdout water vapor addition, the
difference is also emission intensity. It meardt thptical emission during UV range
can transmit through PE film, and is almost nog¢etiéd by water vapor addition. It has
been found that the emission intensity in the U§iae is extremely large and the strong
lines are originated from the second positive systd N, molecules, however, no
obvious UV emission are originated from NO, which different with the optical
emission spectrum obtained in the SWP source witkiraulated plasma.

OZ:SOsccm /NZ:ZOOsccm / H20:500ppm OZ:SOsccm / N2:2005ccm
ower: , Pressure:50mTorr ower: , Pressure:50mTorr
3000 P 2kw, P 50mT 3500 P 2kW, P 50mT
a 7W!th0ut P_E film . (b | ——with pure water |
- 2500 ( ) —__withPEfilm | 3000 ( ) [ without pure water
5
8 & 2500 - ]
> 2000 + 1 >
@ ‘@ 2000 + .
& 1500 - .3 |
< £ 1500t L
)] (6] | i
2 1000 - 12 1
& ® 1000 - j
g g
00 J | 500 VEHELE
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Fig. 6.10Optical emission spectra in case of (a) water vapor
addition on air-simulated plasma and (b) air-siredgplasma.

Since the water vapor addition on the air-simulgiabsma greatly improved the
sterilization effect, we carried out sterilizati@xperiments with SUS type BI<5(
stearothermophilus spores and. atrophaeus spores with population of 2.5 x ®awith
and without PE film wrap, using 3200 sccm), K (200 sccm), air-simulated ;ND;
plasma (N: 200 + Q: 50 sccm) with and without water vapor additiod@ ppm). In
all the experiments, discharge conditions are saseCW microwave power = 2kW,
time-modulated on/off timer = 12/60 s, pressured=nbdlorr. These experiments also
prepared the samples for SEM analyses and aga&r-pkged colony-count analyses.
Table 6.5(a) lists the sterilization results @ stearothermophilus spores relying on
plasma irradiation period.Table 6.5(b) lists the sterilization results @&. atrophaeus
spores relying on plasma irradiation period.
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(a) G stearothermophilus
spores (SUS type)

Sterilization results relying on plasma irradiateriod

Experimental conditions:

10 min

20 min

30 min

40 min

N>+O,

No+Oo+water

(@)

PE film: No+O5

X

PE film: No+Oo+water

@)

O,

O-+water

X|X|X|X|X

OO | X |[X]|]O |0

OO |Oo|X]|O

PE film: G,

PE film: O+water

N>

N, +water

X | X | X

X | X | X

O |0 | X

PE film: N»

PE film: N, +water

X

X

X

(b) B. atrophaeus
spores (SUS type)

Sterilization results relying on plasmal
irradiation period

Experimental conditions: 10 min 20 min 30 min
N»>+0O, X o 0
No+O,+water X o} o}
PE film: No+O5 — — —
PE film: No+O,+water X X X
O, X 0 o)
O,+water X @) O
PE film: G, — — —
PE film: O+water X X X
N> X X X
N, +water X X X
PE film: N, — — —
PE film: N, +water X X X

Table6.5 Sterilization results relying on plasma irradiatiperiod in case of (ak
stearothermophilus spores and (B3. atrophaeus spores with population of 2.5 x°.0

SEM analyses were performed to study the shapesiaedof the spores before and

after plasma irradiation. For spores sterilizechltyogen plasmaHig. 6.11(b)), spores
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have no change compared with the contfef(6.11(a)). We considered the spores
were inactivated by UV radiation. For spores 8gexdl by water vapor added nitrogen
plasma Fig. 6.11(c)), spore appearance changed and looked like threspterilized by
ozone [4]. Therefore, we considered the sporesewsdidized by some strong
oxidizers, in addition to inactivation by UV radat.

Fig. 6.11 SEM images ofG stearothermophilus spores (a) without
plasma irradiation, (b) after 30 min nitrogen plasimadiation and
(c) after 30 min water vapor added nitrogen plasnaaiation.

Fig. 6.12SEM images ofG. stearothermophilus spores (a) after 30 min air-simulated
plasma irradiation, (b) after 30 min water vaporded air-simulated plasma
irradiation, (c) with PE film wrap after 40 min @imulated plasma irradiation and (d)
with PE film wrap after 30 min water vapor addedsanulated plasma irradiation.

For spores sterilized by air-simulated plasray.(6.12(a)), spore size and shape
changed. We considered the spores were etchedkymew radicals in addition to
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inactivation by UV radiation. For spores steritizey water vapor added air-simulated
plasma Fig. 6.12(b)), spore size, shape and appearance changed. ¢sdeed
additional oxidation reaction to spores happendgor spores with PE film wrap
irradiated by air-simulated plasmiig. 6.12(c)), spores have no change compared with
the control Fig. 6.11(a)). For spores with PE film wrap sterilized by wat@apor
added air-simulated plasmd&ig. 6.12(d)), only spore appearance changed. We
considered the spores were oxidized by some stridligers, in addition to inactivation
by UV radiation.

Effort on finding out the specie of the strong ozets produced by water vapor
added air-simulated plasma was done by using QM&wree mass spectra (mass
number between 0-50) of air-simulated-®, mixture gas discharge plasmas with no
water vapor additionFig. 6.13(a)), with water vapor addition of 2000 ppnkig.
6.13(b)) and 5000 ppmHig. 6.13(c)) were obtained. By comparing the three mass
spectra we found that the value of Hnass=2), OH (mass=17) ang( (mass=18)
distinctly increased as the value of added wat@owrancreased. The value ob®b
(mass=34) and NO (mass=30) also had a minor budlisbhct increase as the value of
added water vapor increased. These results seglgtst hydrogen peroxide {6:)
vapor might be the strong oxidizer produced by wasgor added air-simulated plasma
because of the existence of OH radical. Moreatvsyggests that more water vapor is
helpful for producing useful agents on sterilizatisuch as OH, ¥, and NO.

{a) no water vapor addition on air—simulated plasma
lon Current [A]

—_—

02

OH
gl e e et S NO
53 s s = [H20: o ;

bz ; f ; ; ; coz |

RGP et

UIII‘IEII‘II1ID‘IIIWIEII‘IEIDHIIEIS‘IIIS‘DIII‘SIEII‘I4IDI‘II4|5III‘5|D
Mass [amu]
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E-074

E-074

{b) 2000 ppm water vapor addition on air—simulated plasma
lon Current [A]

Ergad ;
0 a0
Mass [amu]

i) 5000 ppm water vapor addition on alr—simulated plasma
lon Current [A .

30 35 P 15 5
Mass [amu]

Fig. 6.13Mass spectra of air-simulated-®, mixture gas discharge plasmas (a) with
no water vapor addition, with water vapor additadrfb) 2000 ppm and (c) 5000 ppm.
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By agar-plate based colony-count method, we caculze D value to know the
sterilization effect relying on plasma irradiatibme. Figure 6.14 show the survival
curves of the SUS typ&. stearothermophilus spores irradiated by water vapor added
oxygen plasma and water vapor added nitrogen plasfilae D value estimated by the
plotted data was roughly 2.8-4.4 min for water vapdded oxygen plasma, while
roughly 3.5-4.4 min for water vapor added nitroggg@msma. This result suggests that
oxygen radicals have more effectiveness on theiusion of spores than UV photons.

107 T T T T T T 107 T T T T T T
[ G. stearothermophilus L i
10° ) p i 1000 (b) G. stearothermophilus |
2.5x10 A\ 2.5x10°
%) 5 %) 5 N .
£ 10° + 4 = 10° + N 4
AN
g, 10° | 1 % 10° | 1
E 10° | 4 § 10° | \ D-value: ~4.4min 4
L 5 D-value: ~4.4min L ) \
2 107 - R 2 107+ N\ :
o o e
S 10t L i 9 10tL AN i
O O N\
0 o| D-value: ~3.5min\
10" - R 107 1 AN -
D-value: ~2.8min\ N\
10-1 | | | | | | | 10'1 | | | | \\ | |
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Plasma treatment time (min) Plasma treatment time (min)

Fig. 6.14 Survival curves measured with colony-count methodases of
(a) water vapor added,@lasma and (b) water vapor addedpidisma.

® Without water vapor addition
® \Vith water vapor addition i

G. stearothermophilus
2.5x10°

D-value: ~6.7min

10" | \

Colony forming units (CFU)
H
ow

\

10° [D-value: ~3.9min\§
\.\\D—value: ~4.3min
| | |

10'1 I I
0 10 20 30 40 50 60

Plasma treatment time (min)

Fig. 6.15Survival curves measured with colony-count methodcases of PE film
wrapped Bls irradiated by air-simulated plasma aitid without water vapor addition.
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Colony-count results of PE film wrapped SUS ty@estearothermophilus spores
were plotted in thd=ig. 6.15. In air-simulated plasma case, the 4-order madaitof
cfu reduction during 20 min was found and it jusatamed the sterilization results
presented inTable 6.4. After water vapor was added into air-simulatddsma,
successful sterilization was achieved after 30 plasma irradiation. The D value
estimated by the plotted data was roughly 3.9-4r8for PE film wrapped SUS typ@é.
stearothermophilus spores irradiated by water vapor added air-sirdlgilasma. It
was not so bad compared with the D value for wesgror added oxygen or nitrogen
plasma without PE film wrap. This result suggéstd water vapor added plasmas are
easy to achieve internal sterilization effect.

6.4 Summary

In this chapter, we investigated the internal Beation technique using VWP and
SWP for application to the sterilization of the mpad medical materials. Water vapor
addition on different gas species plasma has beemdf have a great improvement on
sterilization effect, especially on internal steation effect.

Microwave
energy

oxygen
nitrogen
water vapor
+ inactivation by UV emissio
« etching due to oxygen radicals

« oxidation by some strong oxidizer

Microwave plasma

uv oxygen

emission radicals Strong
0*, O* oxidizer

(air)

Fig. 6.16 Possible sterilization mechanisms in the presemkwo

In the end, | would like to summarize the posskitlerilization mechanisms in the
present work as shown iRig. 6.16. When microwave energy was induced to a
chamber filled with oxygen, nitrogen and pure wateicrowave plasma was excited,
then UV radiation, oxygen radicals and some strorglizer would be produced.
Consequently, spores will be inactivated by UV aidn, be etched by oxygen radicals,
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be oxidized by some strong oxidizer. If sporeseverrapped by PE film, oxygen
radicals would loose energy while contacting Pk fitherefore, oxygen radicals would
be shut down by PE film.
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7 L ow-temperature sterilization with atmospheric pressure plasma
sour ces

7.1 I ntroduction

In the previous chapters, we concentrated on tidysbf low-temperature plasma
sterilization using low-pressure microwave plasma@he characteristics of low-pressure
microwave excited air plasma and air-simulatedd mixture gas discharge plasma for
low-temperature sterilization were investigated. n @e other hand, atmospheric
pressure discharges have been widely investigategtent years because of a variety of
advantages they offer, such as low-cost equipmeatyacuum operation and the
discharge reactivity. To enrich the study of lewmperature plasma sterilization, the
low-temperature sterilization applications with eetty popular atmospheric pressure
plasma sources in addition to the low-temperatueziligation applications with
microwave plasma sources are necessary to thissthebherefore, | would like to
present some previous work in sterilization appitca using atmospheric pressure
plasma in air circumstance in this chapter. A méaesult and OES diagnostics of
atmospheric pressure air plasma will also be lyrieintioned.

Atmospheric pressure plasma, such as the arc, ppothuced by arc discharge have
also been investigated and applied to a numbemadstrial fields. However its
application is limited yet, because these plasmaces are thermal plasma sources
having high gas temperature that leads to indisnate “burning” rather than selective
chemical reactions. A discharge generated at on @pdielectric surface can generate
highly active non-equilibrium plasma at atmosphepi@ssure and even at room
temperature. Roth et al. [1], H. Koinuma group6]2and J. Park group [7-9] have
developed kinds of non-equilibrium atmospheric poes plasma sources, such as
symmetric pectinate electrodes panel driven byaérdiquency power and plasma jet
source driven by 13.56 MHz RF power, respectivelfhose atmospheric pressure
plasma sources can be used for environmental piaec deposition of thin films,
etching materials, and surface treatment of madseriaRoth et al.used a one
atmosphere uniform glow discharge plasma (OAUGDjlling microorganisms [1].

In this work, we firstly studied atmospheric presswsurface barrier discharge
(APSBD) in air using kinds of pectinate electrogesels driven by audio-frequency
power and experimentally proved such APSBD plasmas awery simple, effective and
innocuous tool for inactivation dEscherichia coli bacteria [10]. There are several
merits of this kind of discharge plasma: the terapee is low which avoids the
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shortcomings occurring in the high-temperature wethhe plasma is innocuous and
persons can stay near the discharge without arcaptienary measures; the process can
be carried out in any conditions with only a pokahigh-voltage apply. We also
discuss the mechanism of killing.

Later, we found if we offered a gas flow to blowtdhe APSBD plasma and
concentrated the highly active non-equilibrium piasinto one line, we could obtain
atmospheric pressure plasma jet driven by audmu@acy power. Therefore, we
developed two structure types of atmospheric presglasma jet sources named PJ-1
and PJ-2, which are driven by easily generatedoaindgquency power variable range
from 5 kHz to 20 kHz. Using PJ-1 or PJ-2, we chtaim a stablenearhomogeneous,
arc-free dielectric barrier discharge (DBD) witlya@mn at atmospheric pressure, without
water-cooling device. [11]

7.2  Experimental setup
7.2.1 Symmetric pectinate electrodes covered dielectric panel scheme

Figure 7.1 schematically shows the experimental setup for dtegilization. A
sinusoidal voltage up to several tens of kilovo#iak-to-peak was applied to the
electrodes, and the source frequency was variditeimange of 1-20 kHz. Experiment
was carried out at room-temperature in air, petgirdectrodes generated heat to some
degree after 10 min, but the surfaceEotoli sample which was 20 mm away from the
plasma panel maintained room-temperature. The afréa coli was about 28 cfm
while the rectangle area of pectinate electrodesabaut 9 ch  The gas species were
diagnosed by a mass spectrometer (LZL-203D). Theent and voltage waveforms
were recorded in a digital oscilloscope (Tektronit®S220) using the measurement
circuit as shown in the next subsectiéing( 7.5).

Power

T supply

High voltage
[ electrode
.

Fig. 7.1 Experimental setup for sterilization.
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The dielectric panels used is 55 mm x 55 mm coplaet-plate whose dielectric
constant is 2.6; the thickness is 1.0 mm. Eleesodre made of red copper, coved
with lead-tin foil. The high voltage electrode s@sis of seven interconnected
electrode strips 1-mm-wide, 10n-thick, 33-mm-long with a strip-to-strip distanai4
mm, and the grounded electrode consists of the g@tTiEnate electrodes on the lower
surface Fig. 7.2). The construction can be regarded as severakcitapces connected
in parallel and the constant capacitance of thdecliéc panel and the electrodes
between the high voltage electrodes and the graletkrtrodes can be calculated as
5.4 pF. The impedance of the set of capacitarme®lso be estimated as about 800
while the frequency of applied voltage is 10 kHz.

(a) high voltage electrode

2277727 772077
/N

grounded dielectric
electrode panel

Fig. 7.2 (a) Schematic of dielectric panel and pectinatetedde, (b) image of discharge.
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Fig. 7.3 Typical voltage and«gugent waveforms of our APSBD.

Figure
7.3 shows the typical voltage and current waveformewfAPSBD. We can see that
the current waveform consists of a sinusoidal wawth many current peaks. It
indicates that this kind of discharge is not glowsctarge, whose current is
characterized by only one narrow peak every hatfecgf the applied voltage [12], but
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a dielectric barrier discharge (DBD). In the conmiaBD waveforms, current is 90 °
ahead of voltage. However, in our case, we carfindtthe phase difference. The
reason might be that in our current measurementitithe resistor used (X% has
much larger impedance than the electrodes covergdcttic panel (3002 while
frequency = 10 kHz), which made the phase diffezebetween current and voltage
mainly dependent on not the capacitive electrodeered dielectric panel scheme but
the resistor. If we chose a resistor that had mask impedance than the electrodes
covered dielectric panel, we should obtain the comiBD waveforms.

7.2.2 Plasma jet scheme

A schematic drawing of the experimental setup @ashinFig. 7.4. The common
ground of main structure of PJ-1 and PJ-2 is thay tboth consist of two concentric
electrodes. The outer electrode is coupled to wiodrequency power supply at
variable frequency range from 5 kHz to 20 kHz, #m&linner one is grounded with the
discharge gas such as argon or helium passingiigh. The key differences between
these two structure types of plasma jet sourceéharsurfaces of inner electrode and the
shapes of outer electrode. For PJ-1, the grountezt electrode is a stainless steel
pipe closing on one end and only opening the athdras gas inlet. There are several
holes used as spray nozzle of gas along a cirbelar on the wall of the inner electrode
having 8 mm inner diameter. The outer electrodePdfl is a metal pipe (inner
diameter 15 mm) covered with both sides insulatiogt. For PJ-2, there are no holes
on the wall of the inner electrode, except one lear each side of the grounded inner

stainless steel pipe. The outer electrode of BJtst a coil around an insulating pipe.
H. V.

N\

R

(b)
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Fig. 7.4 Schematic drawing of the atmospheric
The gas flow pressure plasma jet sources (a) PJ-1 and (b) PJ-2. rate was

measured by a mass  flow
meter. Figure 7.5 shows the electrical circuit of audio-frequencywpgo-driven
atmospheric pressure plasma jet source. A sinakeoioltage up to several tens of
kilovolts peak-to-peak was applied to the outectetales, and the source frequency was
varied in the range from 5 kHz to 20 kHz. The entrand voltage waveforms below
were recorded by using a digital oscilloscope (fa@kts, TDS220).

Plasma Jet

100MQ
Audio-

Frequency

Power
Supply ~ Transformer

100kQ

Oscilloscope

Fig. 7.5 Audio-frequency power-driven atmospheric presslasrpa jet source.
7.3  Resultsand discussion

7.3.1 Symmetric pectinate electrodes covered dielectric panel scheme
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Fig. 7.6 Survival curve ofE. coli; the sample was
exposed directly to APSBD plasma in air.

Figure 7.6 shows a
survival curve oft. coli treated by the discharge plasma when the voltag& o peak
of 40 kV is applied and the treatment durations3e, 1, 2, 5 and 10 min respectively.
We can see that APSBD is very effective for baateénactivation: at the beginning, 0-2
min, the curve drops rapidly and a quick killingopess is going along. The curve
drops slowly after 2 min.

(b)

Fig. 7.7 Samples ofE. coli incubated after treatment by air plasma for differ
durations. (a) Untreated (left) and treated fors3@ight), (b) treated for 1 min (left)
and treated for 2 min (right), (c) treated for Sirfleft) and treated for 10 min (right).



Figure 7.7 illustrates the photos of samples Bf coli that were incubated in an
incubator for 14 h. One of them is the sample tiat not been treated by APSBD
plasma, while the other five samples were treamd30 s, 1, 2, 5 and 10 min
respectively. We can see that there is almostautebial colony in the sample after
being treated for 2 min.

The mechanism of sterilization was one importaintghve are concerned with. In
order to know which species plays major role instlprocess, we used a mass
spectrometer to investigate the discharge plasmae result is that molecular oxygen
and monatomic oxygen increase with time, nitricdexiNO also increases but its
content is much smaller compared with moleculargexyand monatomic oxygeRig.
7.8), while other species, such as NOH, HQ,, H,O,, have not been found.
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Fig. 7.8 Intensity of several active species
produced by APSBD: (a) £(b) O and (c) NO.

Strangely, the most common product of DBD, ozowe)d not be found in the mass
spectrometer, but we could smell the charactermticur of ozone even far from the
discharge. The reason may be that ozone is uestaid when it enters the mass
spectrometer, it decomposes very quickly,

O,+e - 0,+0+e, (1)
0+0,+M - 20,+M, (2
The discharge generates ozone due to the reactions
0O,+e - O+O+e, (3)
O,+e - O0+0O" +2e, 4)
0+0,+M - O, +M , (5)

whereM can be N, O,or O, and excitation and dissociation of nitrogeolenules lead
to a number of additional reaction paths such as
N+0O, - NO+O, (6)
N+NO - N, +0O, (7)
These reactions can produce additional oxygen afontzone generation.

Ozone is a kind of strong oxidant, it can Kill b in different forms: it can
decompose enzyme that is desirable in synthesigingose in bacteria; react with
bacteria and virus directly and destroy cell wRINA and RNA of them; permeate the
pericellular membrane and invade into the cell, trdgs lipoprotein and
lipopolysaccharide. The disinfectant process asnficell wall, pericellular membrane
to cytoplasm and chromatin body, so the Kkillingviery exhaustive. Ozone will
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degrade into molecular oxygen and monatomic oxyged,the latter is another oxidant
and some of the monatomic oxygen will combine immlecular oxygen, so they leave
no harmful by-products at the end. Ozone, as d &frgas, can pervade to the whole
space and leaves no dead angle.

Of course APSBD in air may generate other reaatixygyen species, such as O
[13]

O,+e - 0,. (8)
O, is a highly toxic material and can destroy impottaigh polymer and membrane of
anaerobic bacteria’s cell, but superoxide dismutasie aerobic bacteria will turn it
into H,O,, which then degrades inta,@, so it does little harm to persons.

Since the ozone and monatomic oxygen are the nrdimiarobial products of
APSBD, we can infer that this kind of discharge baruseful not only in killinde. coli,
but also in killing a variety of microorganisms [14 The wide application of APSBD
IS very promising.

7.3.2 Plasma jet scheme

First, we present the results of PJ-1 source. Wingan gas flow rate was kept at
200 L/h and the applied voltage increases up 19}, &t frequency 15 kHz, a soft blue
glow was produced between the concentric outeriramer electrode, which then exited
the narrow space through the nozzle of outer pipetrede, namely, the nozzle of PJ-1.
At 1.5 cm from that nozzle, the gas temperature kegd at 47 °C. A photograph of
atmospheric pressure discharge of PJ-1 with argoshown inFig. 7.9(a). Visual
inspection of the discharge at the nozzle seenesdikiniform glow with no apparent
arcing. InFig. 7.9(b), we show the typical waveforms of DBD current adtage in
PJ-1 source, where the discharge gas stream comtesom several holes along the
circular helix of the grounded inner electrode. thalgh it does not appear to revolve
flow of discharge gas like some condition underdhedischarge jet, the PJ-1 structure
results in the inconsistent direction of dischagges slowly spraying at the nozzle of
outer electrode.

In order to clearly know the discharge status betwthe inner electrode and the
outer electrode, we modified the outer electrodédfl by using a quartz tube as an
insulating medium with spiral wire over it as outdectrode. The image of plasma
discharge is shown iRig. 7.10(a), where visual inspection of the discharges between
the electrodes at each hole along the inner eldetie revealed obviously.Figure
7.10(b) shows the waveforms of current and voltage wawe$oin the modified PJ-1
source. Even though the structure is slightlyedéht from PJ-1, we can see fréfig.
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7.10(a) that the discharge plasma appears around the @eetrode nearly at the same
time when gas streams sprayed out from severakhateng the circular helix of the

grounded inner electrode.
PJ-1 looks like a flame and not straight.

As shownFiy. 7.9(a), the plasma spray at the nozzle of

For egaplons such as etching, deposition,

surface modification and sterilization, howeverg tpresent plasma shape is not

satisfactory to achieve a rapid material processingence, we designed PJ-2 to
improve the characteristics of plasma spray anhtiezle.
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Fig. 7.9 (a) Image of discharge of PJ-1 and (b)
time-depending current and voltage waveforms.

91



20 ' ' ' ' ' ' ' 50

Voltage (kV)
Current (mA)

Time (us)

Fig. 7.10(a) Image of discharge, and (b)
time-depending current and voltage waveforms.

In the case of PJ-2 source, argon gas flow ratekepsat 200 L/h and the applied
voltage was increased up 49.3k\at frequency 15.9 kHz. As shownhing. 7.11(a),
a bright white glow was produced at the nozzleh& grounded inner electrode and
spraying outside the nozzle of PJ-2 for almost 2lang. At 1.5 cm from the nozzle,
the gas temperature was kept at 38 °Eigure 7.11(b) shows typical current and
voltage waveforms of the PJ-2 source.

Although the atmospheric pressure plasma jet hde applications, in the present
work, we studied the sterilizing characteristicsom® of its applications. Since the
highest temperature for living. coli is 47.5 °C, we tested the sterilization effecEto
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coli using plasma jet of PJ-2 at 1.5 cm away from tbezle, so as to keep gas
temperature at 38 °C.

inner
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Fig. 7.11 (a) Image of discharge of PJ-2 and (b)
time-depending current and voltage waveforms.

Figure 7.12 shows the experimental setup of sterilizing agpian. We placed the
culture mediums into whiclk. coli was implanted beforehand, at 1.5 cm from the
nozzle of PJ-2. After the plasma processing, theie mediums were then kept at 37
°C for 14 h for the incubation. By contrast withtneated culture medium growirkgy
coli, we plotted the relative area ramf colonies versus plasma treatment timeSiqn
7.13. It is obviously found fronfrig. 7.13 that such a plasma jet source as PJ-2 is very
effective in the disruption d&. coli.
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In the case of PJ-2, we could produce higher depsiisma jet compared with that
in the case of PJ-1, because we could apply higbkage and current in the case of
PJ-2 under lower gas temperature, such as 38 °Gch IBwer temperature in the PJ-2
was realized due to strong gas flow from one eikihe inner pipe differently from the
case of PJ-1, where gas flow through each holaenirner pipe was weak because of
several gas through-holes.

In the present sterilization experiment, we consitleat one of the possible
sterilization mechanisms is ozone generated by Aheplasma jet under the air
circumstance at atmospheric pressure. The pradugield of ozone in the case of
PJ-2 may be stronger than that in the case of PJrtherefore, PJ-2 is more effective in
the sterilizingE. coli compared with PJ-1.

Although we have also carried out the mass speaxipis measurement to study the
by-products by the Ar plasma jet, we could not dietiee ozone directly because of their
unstable characteristics. However, it was no ddhdit the ozone was produced under
the present atmospheric plasma jet, since we caddgnize their existence from the
strong smell of ozone. It might be that the spdade plasma offered free electrons for
oxygen in air circumstance to generate ozone ddieetoeactions of Equation (3)-(5) as
presented in subsection 7.3.1.

7.3.3 Line-shaped dielectric barrier discharge plasma scheme

Recently, a line-shaped DBD plasma source has lbeseloped in our group.
Since the experiment was also carried out at rcemperature in air, which is very
similar to the case of symmetric pectinate ele@sodovered dielectric panel scheme, |
would like to only mention a result of optical esimn spectroscopy (OES)
measurement to enrich the analyses of sterilizatiechanism as presented in
subsection 7.3.1.

Figure 7.14 shows optical emission spectra of the line-shagietectric barrier
discharge in air Kig. 7.14(a) for spectrum in the wavelength between 200-400 nm,
while Fig. 7.14(b) for spectrum in the wavelength between 200-800. ns shown in
Fig. 7.14(a), it has been found that the emission intensittheaUV region is extremely
large and the strong lines are originated from #eeond positive system of ;N
molecules, however, no obvious UV emission areimaigd from NO. On the other
hand, inFig. 7.14(b), we can not find the strong O atomic (O 1) line7a7.7 nm.
These spectra are not similar to the spectrumwefdcessure air-simulated surface-wave
plasma, but similar to the spectrum of low-pressuiteogen surface-wave plasma as
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presented in chapter 5. The reason might be owinthe short lifetime of NO, O
atoms at atmospheric pressure and the energy atifferbecause of different plasma
excitation methods.

Relating the results of mass spectroscopy measuteiméAPSBD as presented in
subsection 7.3.1, the increase of molecular oxyged monatomic oxygen can be
considered as the evidence of that ozone is deceedpoy the mass spectrometer itself,
because no O atomic (O I) line is measured by OB8e reached a conclusion that
ozone and monatomic oxygen are the main antimiargisoducts of APSBD, however,
with the OES results, ozone and the UV emissiogimaied from the second positive
system of N molecules should be considered as the main ambtiiiad products of
APSBD.
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1.4 Summary

In this chapter, the effects of low-temperature spla sterilization of
audio-frequency-excited APSBD plasma in air and aajpheric pressure plasma jet
(APPJ) using argon have been investigated. Expmatiah results suggested that the
coli could be completely killed by irradiating with lei@mperature air APSBD plasma
for more than 10 min. We consider that one possibhson why APPJ using argon as
discharge gas has the effect on disruptngoli is the sprayed Ar plasma offered free
electrons for oxygen in air circumstance to gemem@one due to the reactions of
Equation (3)-(5) as presented in subsection 7.3.1.
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8 Summary and outlook

In this thesis, the low-temperature plasma sterilization using low-pressure large-area
surface-wave-produced and volume-wave-produced discharges and atmospheric
pressure dielectric barrier discharge (DBD) have been studied. The experiments were
performed in two slot antennae large-area microwave planar plasma sources and two
self-made atmospheric pressure dielectric barrier discharge plasma sources. Surface
sterilization effect and internal sterilization effect realized by low-temperature plasma
were investigated in detail.

Characteristics of low-pressure pulse-modulated surface-wave plasma (SWP) in a
40-cm-diameter SWP device and characteristics of low-pressure SWP and volume-wave
plasma (VWP) in a new 55-cm-diameter microwave plasma device were studied in
chapter 2 and chapter 3, respectively. That was helpful for us to apply microwave
excited plasmas in suitable mode for surface or internal sterilization. In chapter 5, the
discharge conditions for CW and pulse-modulated SWPs in low-temperature
sterilization, and the mechanisms of plasma sterilization with different gas species were
investigated in the 40-cm-diameter SWP device. To achieve and improve interna
sterilization effect, in chapter 6, the new large-area low-pressure planar microwave
source, in which SWP and VWP are able to be controlled, was used for plasma
sterilization. By adding water vapor into different gas species plasma, great
improvement of internal sterilization effect was noticed. Accordingly, kinds of
analyses of the plasma and the spores as biological indicator were carried out to clarify
the mechanisms of plasmainternal sterilization effect.

In chapter 7, some previous works about atmospheric pressure plasma sterilization
using scheme of symmetric pectinate electrodes covered dielectric panel and plasma jet
scheme were presented. Relating with the optical emission spectra obtained by the
new line-shaped DBD plasma source, the mechanisms of atmospheric pressure air
plasma sterilization were anal yzed.

This thesis contributes to not only the development of a high-speed low-temperature
surface plasma sterilization techniqgue and a low-temperature interna plasma
sterilization technique for medical application, but also clarifying the mechanisms of
kinds of low-temperature plasmas.

Although much work has been done, there are still some tasks need to do, such as:
accurate measurement of oxygen and OH radicals as the effective agents on sterilization
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by OES, QMS and other available methods,; efforts on reducing temperature and
treatment time for internal plasma sterilization technique; also, to catch the latest trend
in plasma application, making portable plasma sterilizer for clinic or dental surgeon
using atmospheric pressure plasmais expected.

My goa in the study of low-temperature plasma sterilization is to develop a
commercial plasma sterilizer for medical application. | think though there is still a
long way from the goal, | am aready on the way.
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