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ABSTRACT
Inactivation of Airborne Bacteria by Direct Intetimn with Non-Thermal Dielectric Barrier
Discharge plasma: The Involvement of Reactive Orygpecies

Nachiket D. Vaze
Advisors: Suresh G. Joshi, MD, PhD and Kambiz Reraei, PhD

The present study examined the effect of Diele&daier Discharge (DBD) plasma on
bioaerosol particles. Different DBD plasma deviegse designed and tested for their efficacy in
inactivation of airborne bacteria. Bacterial aeteseere injected in / through the plasma stream
and the treated bioaerosols were analyzed. Théseésdicated a complete inactivation of
bioaerosol upon a very short exposure in the rafgeailliseconds to plasma discharge. A large

system was designed to evaluate its efficacy totivate bacterial spores.

After preliminary studies, to study the underlyimgchanisms of inactivation, a single
filament DBD plasma generating probe was devel@metused for subsequent studies. In
parallel, a near uniform aerosol generator (nebdliwas optimized, and aerosol particle size
characterized. The kinetics of bacterial inactmagproduced by this system was investigated,
and sub-lethal dose determined. We hypothesizadrbagrototype bacteri&scherichia coli
when present in aerosols and exposed to singleditd DBD plasma system, activates

intracellular reactive oxygen species (ROS).

The predetermined sub-lethal dose of DBD plasmausad to study the cellular
responses dEscherichia coliduring its inactivation. Cell membrane is morenarbble when
bacteria are present in aerosols, and hence timgeban features, such as cellular respiration

and growth, permeation, and depolarization werestigated following exposure to single



XVi

filament DBD plasma system. During studies, thalease mediated defense system was found to
be involved predominantly in the management ofirgtlular ROS pool. Through the usebof

coli derivatives of specific gene mutation, we analytredinvolvement of heat stress-responsive
genes. Although the plasma is considered non-tHetotalized heating and the generated
interactive stress is likely involved in the inaetiion ofE. coli bioaerosol. These findings

provide a new dimension in underlying mechanismis.afoli inactivation during DBD plasma

exposure.
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1. BACKGROUND AND LITERATURE SURVEY

1.1 Plasma Discharge

The word “Plasma” is used to describe the fourdtesbf matter in Physics. The term was
first coined by Irvin Langmuir who noticed the slarities between the biological liquid and the
ionized gas [1, 2]. Plasmas have historically besad in applications related to electronics and
chemistry, but recently there have been a largebeumof studies related to the biomedical
applications of plasma [3-7]. The plasma statelmdescribed as ionized form of the gas that
they are produced in with the total net charge dperutral [8]. Besides charged particles,
plasmas also contain neutral atoms and molecueged atoms and molecules, radicals and UV

photons.

1.1.1 Non-thermal Plasmas

The broadest classification of plasma is donerimseof their temperature profile as
‘Thermal’ and ‘Non-thermal’ Plasmas. Thermal plasrage characterized by very high
temperatures of electrons and heavy particles, dfudhged and neutral. In non-thermal plasmas,
the gas temperature is closer to room temperathiie the electron temperature is high [8, 9].
Since the gas temperature of these non-thermahplass low, it can be used in applications that
require the treatment of temperature sensitive mnadée This characteristic has opened up the
possibility to use these non-thermal plasmas fertitbatment of such materials as biological
matter such as cells and tissues [10]. Non-theptaaimas are already being used heavily in
material processing applications, such as etclaaiyation and deposition [11-16]. Recently,

there have been many studies into the sterilizagftect produced by plasma.



1.1.2 Plasma as a Tool for Sterilization:

Electrical Plasma is an emerging technology forlgtation. Plasma has been used as an
effective tool in sterilizing surfaces, cleaningtera medical devices etc. However, there has not
been a study that delved deeper into the effeptasima on bacteria and the role that plasma
generated species play in microbial death. DBDnsrathermal discharge is cold to touch. The
gas temperature in this discharge is room tempergéibout 25°C) [17]. The electron
temperature however, is ~1eV. These high energyrelexare helpful in producing various
species. These species are ozone, UV radiatioludiimg VUV) and Reactive Oxygen Species
(ROS) [18]. This plasma chemistry is very importansterilization of microbes. The plasma
species stated above, both individually and sysgaogilly, inactivate bacteria. The bactericidal
properties of ozone, UV and ROS are well knownsH®tudy investigates the sterilization effect

using non-thermal plasma discharge (DBD).

1.1.3 Dielectric Barrier Discharge

The Dielectric Barrier Discharge was developed @eentury ago by Siemens. Its
configuration is quite basic. There are two elattiothat are separated by a gap. The gap can
have any gas, such as Air; &c. There are one or more dielectric layers batvilee two
electrodes. A high voltage AC current is applietbas the electrodes. Due to the high voltage,

the resulting electric field produces ionizatiorthie gap between the two electrodes.
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Figure 1: Basic Schematic of a DBD

Conventional sterilization is based on methods stsozone UV or Heat Sterilizatior
These methods, while widely used, all have ced@&advantages and limitations. Plas
discharge produces mahighly reactive specitand therefore is a great stemation agent. A
reduction in Gog in the bacterial concentration has been obseiwvetreatment times of &
seconds or less [19This short exposure time makes plasma an exdtegnative tc
conventional sterilization systems. However, themaaiim of sterilization and bacterial defer
against plasma needs to be studied. Plasma is ktmpnoduce reactive oxygen species (RC
Gaunt et.al [20teviewed the effect of different plasma speciedacteria.

Depending on the gas medium, applied voltage, magepometry and electrode ¢
distance, plasma species vary. The paraminfluencing the plasmgeneratiorare electron
density, gas temperature ah@ type and amount reactive species produced aitable species
such as ozon& he amount of ROS generated per electron voitdasured by the-factor. Non-

thermal DBD plasma has afgetor between 0-0.5.



1.2 Bio-aerosols

Bioaerosols are viable and/or nonviable biologpaaticles, such as bacteria, virus,
fungal spores, and pollen grains and their fragsmant by-products (e.g., endotoxins,
mycotoxins), that are suspended in the air [21gsSEhare generated as droplets and dry solid
particles, having different aerodynamic diamethet tange from 0.5 to 1Q0m [22, 23]. The
generation of bioaerosol occurs during bubble imgstvhere larger droplets of water are broken
into smaller droplets and microorganisms (singl#scor groups) are usually surrounded by a
thin layer of water [24]. Aside from natural acties, land spreading of slurries, pressurized
spray irrigation events, and aeration basins atewager treatment plants are a few ways
microorganisms become aerosolized. The bioaertisalsre generated from dry surfaces (e.g.,
feedlots, soils, plants) or during the land appiaraof dry manures can be released as individual
or groups of cells or associated with inorganio@anic particulate matter [25]. In hospitals and
laboratories, bioaerosols are generated by cleasfimgunds, spraying of infected parts,

wounds, sample processing and centrifugation.
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Figure 2: Size Distribution of Various Aerosols andBioaerosols

The size distribution of aerosols is shown inftgare above. Aerosol particles 1 tqubn
in diameter are of the greatest concern becaugeatieereadily inhaled or swallowed, but the

greatest retention in the lung alveoli occurs it 1- to 2um particles [26].

1.2.1 Sources of Bio-aerosols and Adverse Healthféfts caused by Bio-aerosols in
Indoor Environments

Bio-aerosols can originate from a variety of soaraed each source gives rise to a
unique composition. HVAC ventilation systems arganaulprits of bioaerosol formation and

transport. These bioaerosol later deposits onuftfaces inside the rooms connected with the



HVAC systems and produce secondary bioaerosolseTdre severe human health effects

associated with the accumulation of bioaerosolsliinsidoor environments.

1.2.1.1 Buildings

Bioaerosols are often said to be responsible @ lsuilding syndrome (SBS) and
building related illnesses (BRI). The major souraesbuilding materials; fungal contamination
within wall, ceiling, and door cavities by movemeitells, spores, and cell fragments via wall
openings and gaps at structural joints. The pojulatof microorganisms multiply due to the
lack of fresh air due to increased insulation dafdigs, poorly maintained or operated
ventilation systems, and high humidity levels. Tisiespecially true in developing countries

where poor design and lack of maintenance canteptbblems.

1.2.1.2 Healthcare Facilities

Health care facilities often house individuals waetkposed wounds and respiratory
infections. These individuals are a potential sewfinfection as they shed the infectious agent
from the skin, respiratory tract and other contaated sites. Ventilation causes dilution thus
reducing the microbial load but still predispospagients. Sinks, wash-basins and drains,
nebulizers, humidifiers, and cooling towers aresptiil sources of Gram-negative bacilli, which
colonize on the moist surfaces. Hospital environimeften house patients with infections of
potentially deadly pathogens suchfasnetobacter baumanniMRSA andClostridium difficle
Dressings and bedding also can be the sourcesgboiraé microorganisms [27]. Fungal spores
gain entry into the hospital buildings through viation ducts. Since exposure levels are high,

this may be an issue in the immuno-compromiseckptsi



1.2.1.3 Infectious Diseases

Infectious diseases that are caused by virusegrmdungi, protozoa involve the
transmission of the causative infectious agent feoraservoir to a susceptible host through
direct contact, airborne transmission or vectombdransmission. Airborne transmission of
these disease causing agents is one of the magtars methods of transmission. The exposure
to bioaerosols containing these pathogens can atcertain specific professions, for example,
health workers (tuberculosis, winter stomach fleasies), farmers, veterinarians (Q-fever,
swine influenza, anthrax). Whenever people aredipgnarge amount of time in confined
spaces such as an office or an airplane, thergrisader possibility of disease transmission [28,
29]. (Influenza, winter stomach flu, TB, ettggionellaeare Gram-negative bacteria that can
cause potentially fatal pneumonia, particularlgusceptible subjects (e.g. elderly or immuno-
compromised subjectd)egionellaegbecome airborne often as a result of active aérosg
processes. Outbreaks have been reported in vatiediens such as hospital bathrooms [30],
meat packers [31], workplaces where water misesystare used (fruit and vegetable stores)
[32]. Several diseases have been attributed ta fhaginclude aspergillosis, histoplasmosis,
blastomycosis, coccidioidomycosis and adiaspirorayc83, 34]. Thus, high-risk occupations
for occupational infectious diseases due to bica@rexposure include farmers, veterinarians,

health care workers and biomedical workers studinfgrtious agents.

1.2.1.4 Respiratory Diseases:

Respiratory symptoms and diseases have been vatlglied as dust-associated health
effects. They can range from acute mild conditimnsevere chronic respiratory diseases that
require specialist care. The symptoms can inclirdeéag inflammation caused by specific

exposures to toxins, pro-inflammatory agents argéns. Non-allergic respiratory symptoms



are caused by non-immune-specific airway inflamamgtivhereas allergic respiratory symptoms
reflect an immune-specific inflammation in whichrieais antibodies (IgE, IgG) can play a major
role in the inflammatory response. Irritant —inddi@sthma is highly prevalent in farmers and
farm-related occupations and is in these occupati@sumed to be caused by bioaerosol
exposures (particularly endotoxin). Although itimically characterized as asthma, it has been
shown in some populations (e.g. swine farmers)ttiete symptoms are not only associated with
a cross-shift reversible decrease in lung fundfamthma) but also with an accelerated chronic
decline in lung function (COPD, chronic obstructmmonary diseases) [35]. In addition to
asthma and COPD, organic dust exposed workers saiap hypersensitivity pneumonitis

(HP) and organic dust toxic syndrome [36].

Table 1: Disease Causing Microorganisms that camaosmitted through Aerosols

Microorganisms or Infectious doses | Inoculation
diseases of microorganisms routes
Adenovirus >150 Intranasa
Respiratory syncytial virus > 100-640 Intranasal
Syphilis 57 Intraderma
Malaria 10 Intravenous
Typhoid fever 10 Ingestion
E. coli 10 Ingestion
Enterohaemorrhagic E. coli O157: H7 10 Ingestion




Bacillus cereus T0or 10 per gram|  Ingestion

Campylobactejejuni 500 or fewer Ingestion

http://www.irsst.qc.ca/media/documents/pubirssbegd- pdf

1.2.2 Aerosol Generation and Sampling
For experimentation in the laboratory setting, ael®and bioaerosols can be generated
artificially and sampled using aerosol samplingapfus. This section details different

methodology of aerosol analysis.

1221 Nebulizers:

Artificial bioaerosols are generated in the labonato simulate naturally occurring
bioaerosols, for example to simulate the releasmaigent or a bioaerosol created by a
biological process such as sneezing. In many bosaéstudies, the generation of bioaerosols is
performed by nebulizers. Collison nebulizers apeaaninent type of nebulizers, first described
in the scientific literature by Collison in 1935ebulization is taken to mean a refinement of
fluid atomization. In an atomizer, a gas is useddpirate the liquid into a sonic velocity gas jet,
wherein it is sheared into droplets. In a Nebulitiee liquid/gas jet is impacted against a barrier
(the inside of the jar) to remove the larger fraictof the droplets. The finer droplets thus
created, with smaller diameter are then producdbteasutput. The collision nebulizers are
manufactured in 3, 6 or 24 jet form. Because Catlisebulizers are recirculating systems and

impose large shear forces, microorganisms in sgspeccumulate metabolic damage as a
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Collison continues to operate, and may lose vigjli7]. The rate of loss of viability is typically
not rapid enough to prevent an experiment fromdpperformed.

Other methods of producing bioaerosols includerathedes of atomization, such as
ultrasonic nozzles that use high-frequency vibretito produce an aerosol, and electrostatic
nebulizers that use electrical forces. Dry powdspetsion techniques are used to produce an
aerosol from a powder source, such as dry bactp@kes, and powder scrapers are also used for

fungal bioaerosols [38].

Figure 3: A BGI 24-jet Collison Nebulizer
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1.2.2.2 AGI-30 Impinger

The All-Glass Impinger, AGI-30 (Ace Glass Inc., ¥land, NJ) is a widely used sampler
in bioaerosol experimentation [39, 40]. The AGIH8 a nominal air sampling flow rate of
12.3-12.6 L/min, which is maintained by drawingagwum of at least 410 mm Hg to achieve
sonic velocity at the exit plane of a 1.27 mm ditenacceleration nozzle, and typically the
initial liquid volume is 20 mL. The jet created the nozzle causes aerosol particles to impact on
the bottom of the glass vessel. Sampling efficiepfcgn impinger depends on airflow rate,
distance between the exit plane of the impingementle and the bottom surface of the liquid
reservoir, and the properties of the collectiomdfllLiquid evaporation rate in an AGI-30 was
measured by Lin et al. [41], who observed a rat@.»fmL/min when an AGI- 30 was operated

in an environment at a temperature of@%nd a relative humidity of 47%.

Figure 4: The AGI-30 Impinger

http://www.opticsplanet.com/ace-glass-laboratogsgivare-and-equipment-impinger-agi-30-complete-7848tml
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1.2.2.3 SKC BioSamplers

The SKC BioSampler impinger (SKC Inc., Eighty Fdaa), was developed to improve
the sampling and retention efficiencies of the ABBIf42]. A nominal sampling flow rate of 12.5
L/min is maintained by drawing a vacuum of at €&t mm Hg across the device. Typically,
the initial volume of collection liquid is 20 mLnstead of the aerosol being accelerated in a
single jet and directed normally against an immerciurface (as is the case with the AGI-30),
the airflow in the SKC impinger is accelerated tlgb three nozzles that impinge tangentially on

the cylindrical wall of the glass vessel.

Figure 5: The SKC BioSampler

http://www.skcinc.com/prod/225-9594.asp
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1.3 Existing Methodologies for Control of Bioaerosis

A major motivation of this thesis is the inactrest of microorganisms in bioaerosols.
Currently, there are various technologies that esklthis issue and are detailed in this section.
These technologies however have certain limitattbas make them not as effective and

attractive as we would expect. There are two issugsrespect to this challenge.

1) The Precipitation and Capture of Bioaerosols: @Qettechnologies do not inactivate
the microorganisms inside the bioaerosol droplet just knock them down through
Electro-Static Precipitation or capture on a memeéra

2) Inactivation of Bioaerosols: This thesis details #pplication of non-thermal plasma
technology in inactivating the bacteria inside leimsols. In this method, the bacteria

are not only out of the airflow but also unabledplicate and grown in culture.

1.3.1 Filters:

While passing through filters, bacteria in bioaaile are contained by filters such as High
Efficiency Particulate Air Filters (HEPA). Thesédrs typically adsorb the infectious
microorganisms onto the filter surface and thusaesd from the air stream. Since these filters
do not inactivate the microorganisms, the microoig/as can survive and even proliferate.
There have been efforts to introduce antimicrosuddstances onto the surface of the filters to
inactivate the microorganisms. Various chemicaksarices such as lodine to Silver
Nanoparticles have shown to be effective in inating bacteria on filter surfaces [43, 44].
Although the drawback of this is that when non-bgatal dust is deposited on the surface of
these filters, the antimicrobial effect of theseitide substances are negated. Additionally,
filters with tiny wires embedded into them haverbased to expose the bioaerosols to thermal

energy.
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1.3.2 UVGI Radiation:

Ultraviolet irradiation is widely used for contribly bioaerosols. One study demonstrated
a 12-fold reduction in bioaerosol inside an opagtoom when exposed to a high level of
UVGI at 290pW/cn [45]. For 99% inactivation of bioaerosols, the dvses required were
1.017 to 2.35@W sec/cm for E. coli; 15.949 to 19.345W sec/cr for B. subtilis 12.917 to
17.497uW sec/cr for yeast; and 47.984 to 89.41W sec/cm for P. citrinum[46]. A UVGI
dosage of 289 to 860N sec/cm was required to produce a 5 log decrease in theettration
of Legionella pneumophilbioaerosols [47]. The advantage of UV radiatioth& it consumes
less energy than other methods, such as thermajyendV lamps are often employed in
operating rooms and other healthcare related fi@siliUV radiation is also used in conjunction
with other modalities to enhance the sterilizatdiect. TiG particles are used in conjunction
with UV to cause a photo catalytic antimicrobiaegon. In a recent test, three 18 W fluorescent
visible white-light lamps with a Ti©coating of 5.9 g could reduce 9-84% of culturdizeteria
bioaerosols and 3—74% of culturable fungal bioa@so® a 2 m x 2 m x 2m chamber within 30—

480 min of irradiation [48].

1.3.3 Thermal Energy:

Thermal energy has been used for a long time ttralaserosols. There are two main
modalities in which heat can be used; moist hedtdap heat. Moist heat employs pressure with
steam whereas dry heat employs very high tempexafinborne microorganisms have been
known to be inactivated with very short exposurgeny high temperatures such as 100-140°C.
High-temperature exposure at 400°C via simulatediecstive explosion was found to inactivate

more than 99.99% d. subtilisspores in bioaerosols [49]. It is well known thagh
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temperature causes the denaturation of the prat@iasgh the breakage of polypeptide bonds

and thus alteration in structure [50].

1.3.4 lon Emission:

lon emission has emerged as a new technology &etirating bioaerosols in recent
years. Various studies have reported that airilgnigit the growth of bacterial and fungal
species [51-53]. Aerosols can be removed throbgtdeposition of ions on the surface of
aerosols particles. The same applies to bioaerasalell, as these particles can be knocked out
of the airflow and deposited onto the surface. €hghowever not much evidence about the
exact mechanisms of the action of ions in inadiipbioaerosols. One study [54] has suggested
that the air ions cause bactericidal effects thinoilxg electro-poration of bacteria in addition to
ozone exposure. Kim et al. [55] suggested thatrelguoration plays a primary role in the
antibacterial effects of air ions. The attachmerdrid accumulation of air ions on the surfaces of
airborne microorganisms induce distortion of tharbg electric fields of cell walls, which then

disrupt the transport of electrons and protongdmsnicroorganisms.
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2. DEVELOPMENT AND TESTING OF A LABORATORY SCALE SY STEM FOR THE
INACTIVATION OF BACTERIA IN BIOAEROSOLS WITH NON-TH ERMAL

PLASMA

2.1 Inactivation of Airborne Microorganisms

The inactivation of airborne microorganisms idssed in the first chapter[56]. Here we
are attempting to demonstrate the effectiveneddofthermal Plasma technology and
especially the Dielectric Barrier Discharge (DBD} the inactivation of airborne

microorganisms.

2.1.1 Materials and Methods

2111 Dielectric Barrier Grating Discharge

The treatment of a volume of treatment medium sscairflow required the building of a
device having specific geometry. The normal onetsdee to one electrode planar would not
work in this case. Hence this necessitated thelderent of a new geometry of discharge.
Hence a multiple electrode arrangement was usecdhvaliernated the electrode and the
dielectric covered electrode. The entire asseméaty2? high voltage and 21 ground electrodes.
This discharge was called the Dielectric Barrieatteig Discharge (DBGD). The discharge was
to be placed perpendicular to the airflow to inggtdt. The airflow would flow through the gap

between the electrodes of the discharge and biedr@ath the DBD plasma.
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Figure 6: The Dielectric Barrier Grating Discharge (DBGD)
© [2010] IEEE

2.1.1.2 Discharge Power Measurements

The DBGD device was operated using a quasi-pulsagpsupply that delivers large
voltage pulses followed by low voltage oscillatio@scilloscope measurements indicated that
the duration of one pulse period was approximadejus, the maximum peak-to-peak voltage,
28 kV, and the pulsed current was nearly 50 A (peaieak value). The average power of the
discharge over one pulse period was approxima®W8, and considering the discharge area of
91 cnf, the power density was calculated as 3.6 \§/@mce the majority of power was
discharged within the pulse duration (within theydeycle of the pulse period), it is useful to
describe the power in terms of the pulse duratselfisince there is essentially no discharge
between pulses. Measurements indicated that tise pluiration is 74s, nearly an order of
magnitude less than the complete pulse period,wdiies a duty cycle of 0.1283. The average
power in the pulse duration was calculated as 287 Given that the residence time of a

bioaerosol particle passing through the discharga was 73@s and the pulse period being 600
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us, this meant that each bioaerosol particle theggmthrough the DBGD area experienced about
one pulse of DBD discharge power. The typical cotregion of bioaerosol in an experiment

was approximately 5 ¥O° bacteria per liter of air, which translated to mpgmately 9 x10°

bacteria within the cross section of discharge atemy given time (in each 2-mm wide cross
section of flow passing through the DBGD, assunmlug flow conditions in the DBGD

chamber).

21.13 The PDRF System

To test the efficacy of the treatment, a labasaszale model of an actual HVAC
system was designed. This system was termed thedtat Detection and Remediation Facility
(PDRF). This consisted of a DBGD and sampling ¢bsimber connected by two pipes to a large
volume cylinder. The cylinder contained plate miedd which increased the residence time
inside the system. Two sampling ports were condemteeither side of the DBGD, for pre and

post plasma treatment sampling.
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Figure 7: The Pathogen Detection and emediation Facility

2114 Aerosol Injection and Sampling

The PDRF system was initially presterilized usingrgernal heating stem anc
prehumidified to 70% Relative Humid. The bacterial culture was placed into a BC-jet
Collison nebulizer, whiclvas operated at 40 psi for a period of 45 s (nelmgirate: 1.1
ml/min). According to the manufacturer’s specifioas, the Collison nebulizer genera
bioaerosol droplets with a median diameter um at the operating conditions that are un
experiments (4@si static pressure of air that drives the nebrjliZéhe nebulizer had a taper
glass opening into the impingement solution. It whserved that high speed of nebulization

not good for sampling bioaerosols. Therefore, ih@ftthe nebulizer was modified with
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aluminum assembly. This assembly was connectdteatrid of the nebulizer and contained

radial holes for impingement of bacteria into siolt

2.1.15 DBGD Device Operation

The DBGD device was then switched ON for a perib@i0s so that the entire volume of
bioaerosol in the system gets treated with one fheisagh the discharge. Subsequent volume
treatments were made within a 2-min interval towalfor time to remove used air samplers and
replace them with sterile samplers. Air samplesewaken in pairs: before and after passing
through plasma. Therefore, the decontaminatiowieficy of the DBGD device was measured
on a per pass basis with each set of air sampldssubsequent volume treatments can showed
an additive effect of multiple passes through tisettarge. Each of the presterilized air samplers
was initially filled with 30 ml of sterile phosplebuffered- saline (PBS) solution, and after

sampling, each sample solution was serially dilated plated onto agar plates.

2.2 Results

2.2.1 Testing of. coli survival inside system

To assess the survival of bacteria in flight, coingxperiments were performed on the
system. These experiments were aimed at detergiihenfeasibility of this system for
inactivation ofE. coli. We ran experiments in PDRF system without plasestment. The
results clearly showed that tke coli survived inside the system and also the samplioggss.
The concentration of bacteria was reduced by lems 1 logy 10 minutes after introduction into
the system. The experiment run at two different igitynlevels displayed no significant

difference in the concentration of the bacteriardime and that the concentrations were based
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mainly on the initial concentration. As for the gamg efficiency, the expected concentration of

bacteria in the air can be calculated as:
Concentration of Bacteria = Total Bacteria Aerasadi/ Total Volume of PDRF
= 1X1@50 Liters = 4x1®Bacteria/Liter of Air

The control runs indicated that, the first sampleen contained ~?®acteria/Liter. This

indicates a good sampling efficiency of about 10%.

2.2.2 Inactivation of Airborne E. coli

The control experiments show a small reductiorhextumber of viabl&. coliinside the
system. For plasma treatment experiments, thergedation in bacterial viability. The
samples were taken at the same time points aotiteotexperiments. Due to the restrictions of
the system, there was a gap of one minute betwasgnset of pre and post treatment samples.
As described earlier, the plasma discharge was@bjponly for 10 seconds. This time of

treatment is displayed as the Grey shaded areigume8.
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Figure 8: Results of Air Sterilization Experimentsinside the PDRF System. The shaded region shows the
duration of plasma exposure[56].

The first two samples were analyzed and an apprate@meduction of ~1.5logs (97%)
was observed between first (pre treatment) andnse@most treatment) sample. When the next
pre treatment sample i.e. the third sample wastakere were no viable bacteria observed on
the plate. This constitutes a reduction of ~3.58#45%) from the second sample
concentration. This rapid reduction took place nigithe time that plasma was switched OFF.
Sample 4 (post treatment) was taken and sampled 6 were taken before and after the third
plasma treatment. For samples 4, 5 and 6 thereweecelturable bacteria found on plate;

therefore they were omitted from Fig.8

2.2.3 Flow Cytometric Analysis of Samples
Flow cytometry is emerging as a real-time technifpualetecting bacteria in various

environmental samples. This method has been usdetéct the number of viable bacteria in
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aquatic samples [57, 58] and food samples[59]unexperiments, flow-cytometric
measurements were made using FACS calibur (Becidhri3on, USA) flow cytometer with

488 nm excitation from an argon ion laser at 15Worochromes with a high affinity for

nucleic acid SYBR Green | and propidium iodide(Mblecular Probes) were used for flow
cytometry. The SYBR Green I, a green fluoresceutaic acid stain, has been shown to stain
living and dead Gram-positive and Gram-negativedsac[57]. Pl is a red fluorescent dye that
intercalates with dsDNA and only enters permeadilidisintegrated cytoplasmic membranes [1]
The flow cytometer measures the intensities ofaignoduced in the Green (530nm) as well as
Red (670nm) spectrum. Since all bacteria are pdrlaeeath the Green dye, the intensities of the
signal in the green region can be used to deteatdimber of bacteria in each sample. The red
dye can only enter cells whose membranes havepgeremeated; hence it can be used as an

indicator of such.

Stock
< Positive
Control

Figure 9: Results of Flow Cytometric Analysis of Ai Samples after Plasma Treatment[56].
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The results, as shown in the figure above, indit@éthe florescent intensity peak for
air samples one through six is identical, this ns¢hat there are the same number of total
bacteria present for each air sample taken dursipgranents. The stock positive control sample
is a pure untreated samplekafcoliwhose intensity peak was two orders of value graaan
the intensity of the air samples. The results Rliopn lodide (not shown here) indicated weak
permeation of the dye into the samples. This waouditate that the membrane has not been
compromised to the extent that it would cause lgaka lysis. These results are expected as the
very short residence time inside the plasma zonetisonsidered sufficient to completely lyse

the membranes of bacteria.

2.3 Inactivation of Spores

This task was a continuation of the air steriliaatexperiments. Experiments were
carried out using.Cereusspores as well &. Subtilisvegetative cells. ThB. Subtilis
vegetative cells can help us see if there is afigrdnce between the degree of inactivation of
Gram-negative and Gram-positive bacteria. Experimetith spores are important as they
determine if plasma has any effect on a bactepaies which has a different structure than the

vegetative cell.
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Figure 10: Different layers of an Endospore.

Above illustration shows the structure of a spa dhe major layers of the endospore
are the exosporium, the cortex and the membrareh &ehese layers provides protective
coating to the spore cell located in the centereMaced with adverse conditions, spore
forming bacteria undergo sporulation and form spofée water content of these spores is
10~30% less than that of vegetative cells. The eangnactivity inside the spore is also reduced
and the metabolic rate is reduced. This in turnesdke spore more resistant to sterilizing
agents. Plasma has been used to treat sporesfacesiAn electrode array sterilized®Xpores
in 240 seconds 15W (He), 13W (Air) [60]. Lerougaktobserved 2 log reduction in the
viability of B. Subtilisspores after 15 minutes of treatment [61]. Thieiefficy of sterilization
was the least in pure;@lasma and the highest in/OF, plasma. The main mechanism of
sterilization as proposed by them is etching. SEMdes showed that spores are significantly
etched after 30 min of plasma exposure, but notptet@ly destroyed[62]. The achievement of

high efficiency with the addition of GRvas attributed by them to high etch rate of organi
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solids. In another study of treatmentBfsubtilisspores on filter [63], for an initial spore degsit
of up to 16 per filter, a 3-log reduction was achieved in I 200s, whereas an initial spore
density of 18 per filter required a longer plasma treatmenthmfua 360s. With a capillary
plasma electrode discharge, reductions in CFUsechfrgm 18(Helium plasma) to 1gair
plasma) for plasma exposure times of less thanih(6w]. Different spore forming bacteria
have been used to study their inactivation in campa. Using a glow discharge plasria,
pumulusspores on paper were inactivated in 2.4 minutgsaper whereaB. subtilis niger
spores took 4 minutes for the same degree of wetain i.e. ~4 logs [65]. From these studies it
can be inferred that it takes much longer to ivaté the bacterial spore than their counterpart,
the vegetative cell. Also, the mechanism of inadtton seems to be more complex than that of

bacterial inactivation.

2.3.1 Development of Setup for Inactivation of Spas

The setup consisted of a spore input unit, plasnitzamd collection plates. The spores
were introduced into the system using nebulizatiRnoducing a mist containing spore cells). A
fan on the top of the setup pushed the light bms@rdownwards to the spores. The spores were
collected on agar plates kept at the bottom ok#tap. A filter was connected to the exhaust to
capture the remaining spores. The entire unit ve@s inside the biosafety hood. The geometry
of the discharge aerosol interaction was changedder to better facilitate the treatment and

collection of the spore cells.
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Figure 11: The Setup for the Inactivation of SporesThe aerosolized cells are introduced into the siesn at
the top. Plasma treated samples are collected atelbottom on an agar plate.

2.3.2 The results of bacterial spore inactivation

As a controlB. Cereusspores were introduced inside the system for ti02@nseconds.
The plasma discharge was then initiated and thererpnt was repeated for the same time
points. For 10 second exposure to plasma, there-8@% reduction in concentration of spore
cells. For longer (20 second) treatment, there+v@%6 reduction. The findings are shown in

Figure 12. There was a linear decrease in the corat®n of the spores.
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Figure 12: The Results of Inactivation of Spores wh the DBGD Device

2.4 Discussion

The PDREF is a bioaerosol decontamination instaltetinat combines DBGD with a
filterless ventilation system for the purpose aftdeying high concentrations of bacterial
bioaerosols from indoor air. The results presehte@ show that the PDRF system can achieve
an ~5 log reduction (99.999%) cfu & coli in a millisecond of direct exposure in the DBD
ventilation grating (DBGD) device without the udeadilter (to trap and treat airborne particles).
These results are unique because, in most DBDcrust@rilization studies, treatment times are
always at least 1000 times longer on the ordeeobdsds and, in some cases, even minutes in
duration. This concept of a filterless system Hamag that a very short exposure time of
bioaerosol to DBGD plasma can cause rapid inaativadf microorganisms. The detection with
flow cytometry indicated that the processed airgasiindeed contained bacteria that were

nebulized in the form of bioaerosol. This in parbfirmed our theory that the plasma does not
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act as an electrostatic precipitator. Further aiglgf the samples with fluorescent dyes
indicated that the bacteria were largely intacttheir membranes were not compromised by
exposure to plasma. This meant that the speciekipea by plasma enter the bioaerosol droplet
and into the bacterial cell and cause cell death.

In additional, the experimental conditions closalynic the conditions that might exist
during a bioterrorist attack, namely, the reledsa lsigh concentration of bioaerosol moving at
high flow rate inside of a ventilation duct, a pb#gy for mass casualties. Looking at the
rapidity, efficacy advantages of this technologym+thermal plasma air cleaning technology
could be employed in commercial and military builgs for the purpose of mitigating the
detrimental effects of a pathogenic bioaerosol.r&liea scope in prevention of bioaerosol-

related outbreaks in high density civilian populati
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3. ANALYSIS OF THE STERILIZATION EFFECT OF PLASMA G EOMETRY AND

LONG LIVED SPECIES

3.1 Introduction:

The results detailed in chapter 2 iatid that the DBGD system is effective in sterligi
large volumes of airflow and led to the investigatinto the mechanisms of the inactivation and
the species mediating it. Plasma produces variooit Bved and long lived species that have
bactericidal effects. The major species producedlagma is ozone. This study intended to
separate the effects ozone from the other spenielsiped. Since ozone itself is used as a
sterilizing agent, it was necessary to determieenied to have direct interaction with plasma in
the system. The effect of ozone can be separatadtfie effect of plasma by adding ozone
filters, but these filters can only be used posatiment and there is still certain degree of
exposure to ozone that the airborne bacteria sexecd it was determined that the degree of
exposure to direct discharge can be used to deterhdw much of an effect plasma filaments
themselves have on the bioaerosol.

The previously-described pathogen detection anedetion facility (PDRF) was used to
perform air flow sterilization experiments (Chap2¢r In general, the PDRF setup is a closed-
loop air circulating system that consisted of g¢a250 liter drum connected by pipes to a square
box that contains the electrode arrangement odliglectric barrier grating discharge (DBGD).
The drum with internal baffles provides desirabidume of air for experiments and arranges the
air flow treatment in the plug flow reactor moder sampling ports on both sides of DBGD
were used to sample air from inside the system.flbiaeinside the system was not interrupted
throughout the plasma treatment or the samplinggatore. The flow rate is maintained at 25

liters per second so the entire volume is circdlatéhin 10 seconds; for this reason the plasma
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treatment procedure consisted of turning the pladiseharge on for 10 seconds to treat all air in
the chamber. The sampling time points were kepsteon for all of the experiments. In order to
analyze the effect of dosage of plasma and thetaffeozone alone, the geometry of the
discharge was changed. This allowed a certain dagrbioaerosol to be not exposed directly to
the plasma filaments. All experiments were peridmwith the same initial conditions and the
only parameter that was changed was the type atinient

a) direct plasma exposure (same as reported in ch2pter

b) 75% direct exposure (where 75% of bacteria passithr plasma and 25% do not);

c) Indirect plasma exposure: treatment by ozone (ilgeof the same amount of ozone as

is produced by plasma).
3.2 Materials and Methods

3.2.1 Design of a Variable Geometry DBGD

The plasma discharge setup consisted of 21 higag®ire electrodes insulated by
guartz and 22 grounded wires. When the dischargeanitsated, DBD plasma was produced in
the air gaps between the electrodes and grounded.\Wihis createed a screen of plasma that
bacteria had to pass through. This arrangemeihtegblasma discharge is shown in the figure

below.
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Figure 13: The plasma unit with its multiple-electiode configuration (top). The same plasma unit, witlhe
plasma discharge initiated (bottom). Notice the se&en of plasma covering the entire cross-section aif
passage[66].

3.2.2 Reducing the Degree of Exposure to DBGD

75% direct exposure The two ways of investigating the effect of diregposure to plasma

are:

a) Introducing a barrier between the plasma and thgkato be treated, thus removing the
influence of the ions and reactive oxygen specedyred by plasma: This method is not
possible for these experiments as the flow ofsaparpendicular to the electrodes and
any obstruction will lead to changes in airflow angdressure drop will be introduced

inside the system; and
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b) Reducing the total area of direct exposure anohtettertain percentage of the sample (in
this case, the bioaerosol) is treated indirectlyh®ylong living species such as ozone. In
the DBGD setup, this can be achieved by reduciagittmber of active electrodes,
creating gaps in the screen produced by plasma.Wéay, certain percentage of bacteria
escape coming in contact with the plasma and asatetd by plasma indirectly.

To understand the influence of direct and indipgasma exposure of bacteria, every fourth high

voltage electrode in the DBGD discharge was remavebthe plasma discharge initiated.

Il

Figure 14: The plasma unit with every fourth high wltage electrode wire removed (left). The quartz toes are
retained in order to maintain the same airflow. Ths produces zones of indirect exposure (A). The imag
shown on the bottom is with the plasma[67].

This discharge is shown in Figure 14. This dischargcurs across the air gaps between
the wires. Since the area of the discharge is 7b#teatotal cross sectional area, this can be
termed as a 75% direct and 25% indirect exposarthi$ case, as the plasma discharge is away

from the path of 25% of the bacteria flow, it candonsidered indirect treatment for the area
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where there is no discharge. The selection of ieredes to be removed was done in such a
way that the indirect treatment is distributed asrthe cross section of the airflow. The pulsed
voltage that is input to the plasma discharge i&\2&nd the current was measured to be 50 A

(peak-to-peak value). The total power dissipatethénplasma was 100 W.

3.2.3 Growth and Preparation of Bacterial Strains 6r Nebulization

The microorganism used in our studies \&asherichia colK12 substr. MG1655.
Strains were revived from frozen stocks. The frogtck was transferred to 10 ml culture tube
containing Luria Bertani (LB) media. The culturesagrown overnight in an orbital shaker
incubator at 37°C. The culture was then transfaiweskbntrifuge tubes and spun at 3500 rpm for
1 minute. The supernatant was removed and thet pedle again washed with deionized water.

The final solution was prepared by adding the b&dtpellet to 30 ml of deionized water.

3.2.4 Injection of Bacteria and Air Sampling

A 24 jet collision nebulizer (BGI Inc., Waltham MAyas connected to the system.
Deionized water was added to the nebulizer anah¢tbelizer was operated at 40 psi input
pressure. This injection was performed to increasérumidity inside the system. The humidity
was increased to 70% RH and the nebulizer was nieted. The bacterial solution was then
added to the nebulizer and it was connected bathetsystem. The nebulizer was run again at
40 psi for 45 seconds. The nebulizer was then disected and removed. The sampling of the
air inside the system was performed using speamatidified AGI impingers (Ace Glass Inc.,
Vineland NJ). A negative air pressure system wasl @isr acquiring the samples from the

uninterrupted circular flow system.
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3.2.5 Analysis of Surviving cells

The samples were taken in 1X Phosphate Bufferades@BS) solution. Each sample
was then diluted with PBS using the serial dilutoethod. The dilutions were then plated on
BHI agar plates (BD BBL, Franklin Lakes, NJ). Theéates were incubated overnight at 37°C
inside a stationary aerobic incubator. The numibeolmnies growing on the plates was counted

on next day to determine the number of bacteriagrein the sample.

3.3  Analysis of Long Lived Species

As discussed earlier, the plasma produces highilstiree products that are stable enough to
be considered as long lived species. Ultravioldtateon and ozone are the major products of
plasma that are bactericidal. In order to tesitAaence of these species on the sterilization

effect, a separate study of treatments with ozowleldy was performed.

3.3.1 Ozone Production in DBD

The major long-living specie created by DBD plagmeaolume is ozone. The
dissociation of @molecules in air by energetic electrons is thet fieaction in this process. This
reaction is followed by a three-body reaction bew®, Q, and M leads to the formation of
ozone where M is another molecule or wall:

O+@BM—03 +M—03+M (1)

To isolate the effect of plasma-generated ozonemirborne bacteria we produced ozone
elsewhere and injected it into the chamber. F&; theone concentration generated by DBGD
inside the system was measured, total ozone prioduets calculated, and then the ozone
generator (Medozone, Russia) was adjusted to peothecsame amount of ozone. The bacteria
were introduced into the system through the prooésgbulization as usually. Pre-treatment air

sample was taken and the ozone generator was s@itohfor 10 seconds, the same time as
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plasma treatment. The ozone was allowed to pasaghrthe experimental system and a post
ozone treatment sample was taken. The time of sagwhs kept the same as that in plasma

experiment. Further samples were taken pre andgzoste exposure.

3.3.2 Measurement of Ozone Produced by DBGD

The concentration of ozone produced by plasmamessured using an ozone meter. The
plasma discharge was initiated and kept on foreb@rsds, where the concentration of ozone
generated was 28 ppm. As a parallel experimergparate ozone generator was employed for
producing pure ozone. It had an intake for air antlet for the generated ozone. It was observed
that at 0.5 SLPM, the amount of ozone generatadariie system by the generator was the
same as generated by DBD plasma for 10 second@8igpm. The results are shown in Figure

15 below.
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Figure 15: Evolution of ozone generated by DBGD déharge and relative humidity inside the system.
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3.3.3 Generation of Pure ozone

The generation of pure ozone was performed usivig@zone ozone generator as
mentioned. This device has an inlet port for atrhesig air and an outlet for ozone to be injected
into the system. The ozone produced by the desipedportional to the input air pressure. The
test was carried out to determine what pressurddymoduce ozone comparable to the plasma
system. The ozone generator was run at four diffenput pressures and the results measured.
As the plasma discharge produces 28 ppm of ozbaejalue of input pressure that is closest to
that value was identified. The input pressures,df.3 and 2 SLPM produced ozone at
concentrations much greater than what was detésgt@thsma. For 0.5SLPM input pressure, the
output produced is 27ppm for 10 seconds. Arounde®@nds, the concentration of ozone inside
increased to 30ppm and higher. Because of thisgzbre generator was only kept ON for the
duration of 10 seconds. The injection and sampingijoaerosol was identical to that of plasma

studies.

3.4 Results of. coli Inactivation

Figure 16 below shows the summary of experimeetllts performed with the PDRF
system. 100% direct exposure to plasma led to ribatest degree of inactivation. A 25% drop in
the direct exposure led to the inactivation duplé&sma exposure to drop to 29% from the 97%
observed in 100% direct exposure experiments. ile@n experiments with pure ozone

produced the least degree of inactivation.



38

—=— 100% DBGD Treatment
—e— 75% DBGD Treatment

4A— Pure Ozone Treatment
—vw— Control

Zone of Direct Plasma Exposure
(Plasma/Ozone Generator ON)

~ Zone of Indirect Exposure
T~ (Plasma/Ozone Generator OFF)

Percentage of Pre-Treatment Sample
(viable cfu/L of Air)

T
15 20 25 30 35 40

Time (Minutes)

Figure 16: Results of the Experiments. The dark stded region denotes the first 10 second treatment thi
100% plasma @), 75% plasma @)/ ozone (A) as compared to the control runs with no plasma/ame (¥)[67].

The 10 second exposure to ozone resulted in orfly ib@ctivation of airborn&. coli.
Pure ozone failed to produce complete inactivalbigrihe time the next sample was taken. The
third sample represents the pre-treatment samplihé2nd 10 seconds treatment (second pass
through plasma). By this time, no viabte coli were detected in either plasma treatments,

indicating the clear superiority of plasma exposaer pure ozone.

3.5 Ultraviolet Production in DBD
Ultraviolet radiation is one of the products of DBI2sma discharge. Here we analyzed

the UV products produced by DBGD in terms of thecsfa and the intensities.

3.5.1 Spectrum of Ultraviolet Radiation Produced byDBGD
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Figure 17: The ultraviolet spectrum of the DBGD Disharge analyzed for the 220nm to 300nm range.

It is well-established that Ultraviolet radiatiaproduced by plasma discharges,
including DBD. The PDRF system was analyzed for p®duction and the results are detailed
above. The range of the UV wavelengths investigatasiin the UVC range. The highest
intensities observed were at the 209nm, 254nm @AdrA. The wavelength of greatest interest
is 254nm, which is known to be the wavelength poay bacterial inactivation. The intensity of
UV at this wavelength was 2.1e3 au. This indic#tes UV produced can be involved in the

sterilization effect produced by the DBGD. This legito investigate the intensity of the dosage

produce by the DBGD.

3.5.2 Measurement of Ultraviolet Intensities neaDBGD
The intensities of the UV produced by plasma weeasured. Figure 18 shows the

intensities of the UV along the axis of bioaerd#ight, and denotes the maximum intensity
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measured was 30pW/énThe intensities gradually decreased further afn@y the DBGD.
This level of intensities for a short period ofardction between bacteria and the aerosols is not

enough to produce the amount of inactivation okeia the earlier results.
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Figure 18: Ultraviolet power densities measured ngahe DBGD plasma device.

3.6 Discussion
In this study, two major factors affecting the phesinduced sterilization of air using
plasma were investigated — direct plasma treat@eeiozone treatment. On one hand, it is

known that ozone is a relatively slow sterilizatagent. On the other hand, experiments shows
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significant sterilization effect during the time amplasma is off and ozone is probably the only
active agent. If ozone was indeed the major inatiig agent in plasma, the same dosage of
pure ozone would produce the same inactivatioreas with plasma discharge. The experiments
with ozone injection have confirmed that ozone albave slow damaging action. To determine
the effect of direct exposure and the ions andgasassociated with it, the total direct exposure
was reduced to 75% and sterilization experimente\performed. The results indicate that the
inactivation dropped from 97% to 29%. Hence, a nedluction in the direct exposure results in
a much larger reduction in the inactivation immeéeljaafter plasma exposure, so the effect of
direct exposure has significant non-linearity. Bimaplest explanation of this non-linearity is
synergism between ozone and direct plasma exposbeeteria inactivation. In addition, our
assumption that 25% reduction in plasma area nibah25% of bacteria are not subject of
direct plasma exposure is probably oversimplifmatiAfter 4 minutes all bacteria were inactive
with 75% treatment, and it probably meant thabaliteria received a dosage of direct treatment,

e.g. in the form of UV radiation.

The direct exposure to plasma disturbs the baategimbrane and the charges stick to the
membrane. While complete membrane breakdown rexjaifeeld of several kV/cm and longer
time periods[68], we know that charge absorpti@u$eto pores opening much faster — in
millisecond and tens of microseconds time rangé [6®llow-up 2-minute ozone action on

bacteria with disturbed membranes provides comgket@ization.

Investigation of the influence of direct exposunews that there is 3.5 log reduction
during the much longer post-plasma exposure. Tlign® that after the initial 97% reduction,
remaining bacteria keep flowing through the systetmen ozone enters the bacteria and further

reacts with the membrane to inactivate theam et al [70] observed that there is a synergism
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between negative air ions produced by DBD plasntacaone on bacterial cell death.
Bactericidal effect of negative air ions in additim ozone was found to be far greater than
ozone by itself. In their experiments, viabilitye$cherichia colwas reduced to 40% of first
sample after 11 hours of negative air ion (NAlatreent, as compared with 70% in the ozone

alone treatment.

The humidity inside the system plays a role inittaetivation. The bacteria in our experiments
are in the form of a bioaerosol. This bioaerosaisists of the bacteria enclosed in a fine droplet
of water. As the bioaerosol travels inside theeaystthe droplet shrinks. Dunklin et al [71] show
that the shrinkage of the water droplet dependhemelative humidity and that at 50% Relative
Humidity (RH), the droplets shrink to one tenthtlodir size in 4 msec. Our experiments were
made at higher RH. As the liquid can act as a ptiv shield around the bacteria, shrinking of
the droplet causes the bacteria to be more vulieetalthe charges and ROS produced by
DBGD plasma. ThougMuranyi et al[72] have recently demonstrated that the fastest
inactivation of plasma treatétspergillus Nigerspores occurs at high relative humidity (70%),
their experiments consisted of treating bacte&ed on surfaces, whereas in this study we

discuss the inactivation of airborne bacteria.

Due to the humid air inside our system, OH rad&xpected to be formed. It is known
that one main path for the generation of the hydreadical in a DBD system is the photo-
dissociation of ozone into atomic singlet oxyged #re reaction of this radical with water
molecule [73]. This can be another synergetic meishathat explains non-linearity in direct
plasma treatment. With this knowledge and our arpatal results, we can conclude that the

main cause of inactivation is the synergetic actibshort-living plasma agents (charges,
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radiation, and radicals such as QPthat disturb the membrane and ozone. This synengptes a

toxic environment for the bacteria, ultimately réisig in inactivation.

In this section of the thesis work, we intentiopalld not consider potential influence of
plasma product on environment in the case of indpplication of the method presented here
for several reasons. First, we believe that incee of bio-terrorist attack, damage caused by
plasma products is negligible in comparison wittrdntamination. Secondly, there are known
methods of ozone and N@bsorption and destruction that can be combindd plasma air

sterilization.
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4. DEVELOPMENT OF A SINGLE FILAMENT DBD BIOAEROSOL
INTERACTION SYSTEM AND TESTING ITS EFFICACY AGAINST VARIOUS

MICROORGANISMS

The results of chapter 3 have led to the followabgervations:

e The DBGD plasma discharge is effective in inactngairborne bacteria in flight, with
very short residence time inside the zone of plasma

e Modified geometry experiments have shown that thectinteraction of bioaerosol
particle with the DBD produces significant inactioa.

e The inactivation of the remaining bioaerosol sugjtfest the species produced by plasma
diffuse through the droplet and damage the bacserthat it is inactivated by the ozone
produced in volume by the DBGD.

With these results, it is necessary to determieeeffect of the plasma discharge itself on the
aerosol, removing completely the effect of longetivplasma species such as ozone. The
interaction of the plasma discharge and aerosgleirovould lead us to understand the effect of
the short lived species produced by plasma. Thapten details the development of a discharge

consisting of only one filament of DBD plasma.

4.1 Filamentary nature of DBD

As discussed in earlier chapters, the Dielectrici®abDischarges are filamentary in nature.
The basis construction of a DBD system is two etelds separated by a dielectric layer.
Breakdown of an atmospheric pressure gas or roomii the presence of at least one dielectric
barrier in the gap results in multistreamer modep#ration with formation of microdischarges

[8] and these filaments are visible to the nakesl ejhe current passes through these
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microdischarges which typically have a diametetheforder of 10@um. These microdischarges
move laterally along the surface of the electrddes movement has been studied and
modeled[74]. This movement gives the impressiothefplasma discharge being a volume
discharge. For understanding the species produceda plasma filament, we needed to produce
a point to point discharge where the microdisch@agationery. Such discharge has been

studied byAyan et.al[75].This arrangement is discussed below.
4.2  Single Filament System

4.2.1 The DBD Plasma Producing Device

The setup consists of a DBD-bacterial treatmenintd&a. It consists of an injection port,
a DBD plasma chamber and a sampling system. Tlre @ssembly is shown in Figure 1. One
electrode of the system is made of steel and ter @ steel covered with quartz. The DBD is

initiated between these two electrodes. The DBDabed as a point to point discharge.

Figure 19: The Single Filament DBD Discharge. Theyrple discharge is initiated between two electrodeis
shown on the right.
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4.2.2 Plasma Discharge Geomett

The plasma discharge was initiated betwthe twoelectrodes. The geometry of t
discharge was designed to be closely mimickingriievidual filaments of our original systel
In the original system, the discharge was initidietiveen two cylindricallectrode, producing
plasma discharge across the gap, perpendiculaetiength of the electrode wires. Since it is
possible to isolate a single filament with that metry, the setup and the injection geometry
changed to the new setup. Aerosnjection in the original system was performed ithe
volume and it was pushed towards the system uaimg} fThis would not be feasible in the r
system as the singe filament discharge is much erestd smaller. Therefore the system
designed for dect injection of the bioaerosol onto the plasnsidargeA modified nebulizer’s
tip was placed about 2mm from the single filamastliarge, perpendicular to its plane. -

schematic of the system is showrFigure 20.
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Figure 20: The Schematic of Single Filament DBD Bioaerosohteraction Systen
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4.2.3 Pulsed AC Plasma Power Supply

The device is operated with an alternating cur(At) pulsed power supply. The power
supply consists of a step up transformer that presla high voltage between the output
terminals. The microsecond plasma device produsksig discharge peak voltage, whose
frequency can be adjusted. As per our earlier tesefjarding air sterilization technology, the
frequency was set at 1.5 kHz. This power supplyahasige of 50-3500Hz frequency and 17.8-
31.8kV Peak voltage. This translates to 1.4-18.2&kpower. For the purpose of this study, the
two settings chosen were 20kV Peak Voltage@ 1.5kkizh translates to 2.1W peak (Low
Power) and 22kV peak Voltage @1.5kHz which traeslad 3.2W peak (High Power). These
voltage settings chosen were similar to our eagligrerimentation [67]. The inactivation

efficacy was determined at both power levels faralde loads of bioaerosol.

4.2.4 Bioaerosol Production and Sampling

Injection and Sampling: For this purpose, a higlure Nebulizer (Teleflex Medical,
Research Triangle Park, NC) was used. 100ml ob#oterial culture was used as the liquid for
nebulization. The output of the nebulizer was medito inject a fine stream of aerosol. The
input to the nebulizer was connected through erfith a cylinder of medical grade air (Airgas
Inc., Radnor Township, PA). Tests were performediiain the optimum input pressure and 10
psi was chosen as the input pressure for all tafist. passing through the plasma zone, the
bioaerosol was collected at the sampling port. Mlagr methods for collecting bioaerosol
particles are impingement and impaction [76-78]eHdue to the geometry of the setup,
impaction method was used. A 50ml conical microtgiige tube (Fisher Scientific
International, Hampton, NH) was connected to the @od the treated bioaerosol was deposited

on the inside of this tube. 10ml of deionized wdEvID Millipore, Billerica, MA) was then
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added to the tube and mixed thoroughly to colleetliioaerosol particles. This suspension was

used as the sample for colony counting.

4.3 Materials and Methods

4.3.1 Modified Nebulizer for Injection of Bioaerosb

The original system consisted of a 24 jet Collisebulizer as detailed in chapter 1. That
nebulizer is very large for this system and cowdtibe incorporated. After extensive research,
we isolated a nebulizer that we could connect écsifstem. The large volume nebulizer is a
clinical use nebulizer produced by Teleflex Mediddlis nebulizer is not ordinarily used in
research studies. It is mostly used to administegslin aerosol form. It produces aerosol
through a 6 cm diameter outlet. No document exibtaut its characterization. For getting
accurate results through the interaction aerosthl plasma, the stream of aerosol produced
needed to be extremely fine. This meant a certegne® of modification of the output of the
nebulizer was required. This was performed by desgga nozzle system using a cork and a
Pasteur pipette as shown in figure. The modifiezzteohad a diameter of 2mm, which is
roughly the gap between the two electrodes whexrenpd is produced. This custom output
needed to be analyzed for the properties of aeso$bkrefore, an Optical Particle Counter

(OPC) was used to detect the size distributionramdber of particles produced.

4.3.2 Collection of Microorganisms from Bioaerosol

The original system as detailed in earlier chaptrgloyed impingement as the method
for collection of bioaerosol. Since the PDRF system closed loop system, it can only be
sampled in parallel, which is where the impingemmotess is useful. Here, the single filament

system is designed to be a single pass systensu€bra system, the impaction method is the
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best method for analysis. Impaction is generalgdusr aerosols that have large particle in
them. These large particles, such as micron siaeteha, are impacted onto a collection surface
whereas smaller nanosized particles are evapod@@dSome of the most popular air samplers
employ multi stage impactors that collect aerosal bioaerosol particles onto a filter surface
[80]. These filters are then removed and analy3@tte our plasma system is filterless and does
not employ filters, we used a conical collectiobduo collect the treated bioaerosol particles on
the inside surface.

The treated bioaerosol deposited such could begzsdkither by sampling with a swab
or adding collection liquid to it. The swab samglimethod was considered as less precise and
further experimentation could not be performedlmdamples. Therefore, for further analysis,
the collection tube was then removed from the DBBeably and collection liquid was added to
it. This liquid was the same deionized water thas wsed to produce the bioaerosol. In cases
where there was post treatment addition of cedabstances such as scavengers, appropriate
collection medium was used. The liquid containing tollected bioaerosol was then used for

analysis.

4.3.3 Methods of Analysis

4.3.3.1 Plate Counts

The collected bioaerosol samples were analyzied) s¢andard plate counting
methods. Serial dilutions were performed in deiedivater and the dilutions were plated out on
Tryptic Soy Agar (TSA) plates (BD BBL, Franklin Le&, NJ). The plates were incubated
overnight at 37°C inside a stationary incubator gn@dnumbers of colony forming units were

counted at 24 and 48 hours post incubation.
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4.3.3.2 Flow Cytometry

Flow cytometry was used to detect the presencacieha in collected samples. For this,
we employed a bacterial cell counting kit [81](Lifechnologies, Grand Island, NY). This kit
contains a florescent dye (SYTO 9) along with aypiglrene microsphere standard which is 6pum
in size. The microsphere standard is significalattger than the bacterial particles and is used to
differentiate populations grouped on size. SYTQ@ 8 cell permeable dye that penetrates the
bacterial cells. It is a nucleic acid stain thathpeates both gram positive and gram negative
bacteria to give a very distinct Green Fluoresceibe Guava Flow Cytometer (EMD
Millipore, Millerica, MA) was used for the experimiation.

The control and DBD treated bioaerosol was colkatel0 ml of deionized water. For
each sample, 1ml aliquots were made, in ordertaag@ in triplicates. 1ul of SYTO 9 and 10ul
of the Microsphere Standard was added to eachdlihis sample was analyzed using the
Guava Easycyte Flow cytometer with the Guava Exgbtess Assay. In this assay, the green
fluorescence produced by the bacterial cells wassored against the forward scatter (FSC). The
sizing of the cells was determined using the FSQteSthe 6pum Microsphere standards are
considerable larger than the 1um E. coli cell, thatinct populations were observed. The

number of cells fluorescing Green was consideredaththe number of cells detected.

4.4 Results

4.4.1 Results of Inactivation Studies with the Sirlg Filament DBD
The Single Filament system was tested by chalhengiwith various amounts of
bioaerosol. Control testing was performed to deteerthe efficacy of bioaerosol production and

collection. The tests indicated that for 30 secavfdsebulization, the concentration of bacteria
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collection in the control untreated bioaerosol wheut 16 cfu/ml. This was considered as the
lower end of initial inoculum for the sterilizaticfficacy experiments.

For testing the efficacy of the single filamenstgyn, three power settings were chosen
on the adjustable power supply. The power inpuamp@ters were kept as close as possible to the
original system. Three settings were chosen foirtiti@al experimentation. These were

a) High Power: 22kV Peak-to-Peak Voltage with 1.5kHeduency which translates to
3W Power

b) Medium Power: 21.4kV Peak-to-Peak Voltage with HbErequency which translates
to 2.5W Power

c) Low Power: 20kV Peak-to-Peak Voltage with 1.5kHedtrency which translates to
2.1W Power

The results of the DBD treatment are shown in Fediik. The control bioaerosol

contained 2.14xTviable bacteria. All three treatments resultedadrviable growth on agar

plates. The plasma was efficient in completelgiivating all the bacteria.
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Figure 21: Inactivation of E. coli Bioaerosol at Various DBD Power Levels

This held true for all of the strains tested. ratHer studiesk:. coli, being the most
widely studied bacteria, was chosen as model asgarifo understand the mechanism of
bacterial cell death, it is essential to subjeetlihcteria to sub lethal dose of plasma so that the
various responses to various pathways that areadeti, can be studied. Due to the efficiency of
plasma of producing complete inactivation in lowoamt of bacteria, the initial bacterial load
needed to be increased. This was achieved by imgeaérosol into the system for a greater
period of time. At larger nebulization times, tHagma is not able to produce complete
inactivation and some of the bacterial populatiorvises. For 3min nebulization, the
inactivation efficiency dropped. Fé&:. coli, it produced 2log reduction from an initial contro

aerosol of ~1Dbacteria/ml. For this high inoculum, it was obsehthat if the power input was
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increased, the complete inactivation efficacy westared. This dependence on the bacterial load
and power has been observed in many other plasrdees82-84] For the treatment samples
that produced complete inactivation, the entirearwas added to Tryptic Soy Broth (TSB)
(Fisher Scientific, Pittsburgh, PA) and incubatedraight and visually observed for the

presence of growth at 24 and 48 hours. No colomere observed on the agar plates.

4.4.2 Inactivation of Various Microorganisms

The efficacy of the plasma discharge in inactivgairborneE coli has been detailed in
chapter 1. However, the large volume PDRF systesinwé used to determine efficacy against
other microorganisms. Therefore, it was necessangé the single filament system to test
against bioaerosols of other relevant bacteriatt@se studies, we tested some of the most
clinically relevant bacteria used in antimicrolsakceptibility testing. This is especially relevant
in the clinical setting.

Epidemiological studies on the prevalence of miogaaisms in health care facilities
have determined that there are certain specieaatéba that are most prevalent and can cause
major nosocomial infections. We tested gram-negativainsE. colias well asAcinetobacter
baumannii A.baumanniis a third most prevalent nosocomial pathogenecigs. It has been
isolated from various hospital environments andbeen shown to colonize patients [85]. It has
been identified as the causative agent in mangsemedical conditions such as sepsis and
nosocomial pneumonia. Sinéeinetobacteican colonize respirators and propagate respiratory
iliness, it is especially dangerous in aerosol form

Staphylococci are also a major cause of hospitgliaed infection (HAI) [86]. Since
these organisms are present abundantly on thetbkiprinciple route 0B. aureugransmission

is from patient to patient via transiently colordZgands of hospital personnel, who acquire the
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organism after direct patient contact or after ling contaminated materia]87]. However,
recent evidence has suggested that airborne trasemimay also be imports

For example, a methicill-resistant Saureus(MRSA) outbreak originating from tt
exhaust ducting of an adjacent isolation rocentilation system was terminated once
ventilation system was repaired and an openingwmdow seale(88]. There have been repo
of HAI outbreaks due to MRSA contaminated dustirreghaust{89, 90].

Hence, we investigated the effect of placon six(6) strains as detailed in thigure 22.
It can be seen from the resuttsi the plasma was able to inactivate all six straling test
strains were nebulized for 30s seconds and tregitedblasma. The resulting bioaerosol v
collected in 10 rhof deionized water. Dilution plating was then doyed to detect the numb

of viable bacteria through colony forming un
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Figure 22 Testing of a Battery of Microorganisms against Sigle Filament DBD
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These results leads to believe that the DBD has similar effect oangpositive as we
as gram negative bacteria. Also important to nod tult-drug resistant strains are suscept
to this discharge as well. The mechanism of DBbads thus different from conveional

antibiotics.

4.4.3 Power dependency and Identifying the St-lethal Dose
One of the major parameters of plasma dischargbe ipower. There have been me

studies detailing the dependence of inactivatiotheplasma pow [6, 91, 92]
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Figure 23 Time of Nebulization affects the Inactivation ofBioaeroso
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The results are show in Figure 23. The dependehite anactivation effect on the initial
load and the power was tested. The following posedtings used were as discussed earlier in
the chapter.

a) High Power: 22kV Peak-to-Peak Voltage with 1.5kHeduency which translates to
3W Power
b) Medium Power: 21.4kV Peak-to-Peak Voltage with HbErequency which translates
to 2.5W Power
c) Low Power: 20kV Peak-to-Peak Voltage with 1.5kHedtrency which translates to
2.1W Power
For shorter nebulization time, number of viaBlecoli captured from bioaerosol was about
10°cfu/ml. The DBD plasma was able to completely inate bacteria for both treatment power
conditions. When the initial inoculum was increai@@ugh longer nebulization, there was
survival observed. A similar dependency on thedyadtload (cell densities) and power has

been reported by other investigators [93, 94].

4.4.4 Analysis of Inactivation through sustained ioubation and growth curve

The results of the plasma treatment studies hadieated that the bacteria are inactivated
when exposed to lethal dose of plasma. Howevemiithod use for determining this
inactivation was the agar dilution method, wherettieated samples were plated on agar plates
and incubated overnight. A study was required toalestrate complete inactivation of bacteria
in bioaerosols. Plasma is expected to producesstreshe bacterial cell, and when the stress
overwhelms the defense mechanism of the bacteteads to bacterial cell death.

There have been studies where antitbial® agents have demonstrated the ability of

bacterial cells to recover from the stress puthamt by the treatment [95-97]. This recovery is
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generally slower than original growth of the baietlecell. To confirm the inactivation of
microorganism tested in our studies, we incubatedreated samples for longer periods of time.
Two sub-lethal doses of plasma and a lethal dose sedected. One ml of control bioaerosol as
well as each of the treated samples was added ltofdmtrient rich Tryptic Soy Broth. Swabs

of the samples were also streaked onto Tryptic/Smyr plates. Both the plates and the samples
cultured in broth were incubated for 24 and 48 bqast treatment. Visual inspection was

performed after both incubation periods, to deggotvth. The results are shown in Figure 24.

Figure 24: The control and plasma treated bioaeroganoculated onto agar plates
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Figure 25: Treatment Samples from the Lethal and s-Lethal Doses of DBD, incubated for 24 and 48 hoar
after treatment. The samples are, from L to R: Contol, Sub-lethal dose, Sub-lethal dose and lethal de

The results of the inactivation are shown in Feg%. For lethal dose of DBD plasma, no
visible colony growth was observed on the agareglator 24 and 48 hours of incubation in
media, the lethal dose did not produce any vidilnleidity. For the control samples, there was
growth observed on the agar plates as well in nrmedithe same was observed for the sub lethal
doses tested. For both sub lethal doses, the graivablonies observed on agar plate was more
prominent to the eye than the control sample. Tésslt is interesting since it indicated that the
bacteria that were treated with sub lethal dosts#yg grew faster. To determine the growth

patterns of sub-lethal doses of plasma, cell groméfasurement and respiration analysis studies

were performed.
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4.5  Analysis of the Sterilization Effect Produced ¥y Single Filament DBD Discharge

45.1 Materials and Methods

45.1.1 Optical Density and XTT studies
One of the most widely use methods of analyzelggrowth is the optical

density (O.D.) measurement method. When the baageow they absorb light of wavelength of
600 nm. The cell density is proportional to thisniner. For this, the treated samples were
collected in 10 ml dkD. The samples, being too dilute, were concentrasety a Vivaspin
(Vivaproducts, Inc., Littleton, MA) concentrator 5@ul. 950ul of TSB was added to the samples
and samples were incubated at 37°C in a statianetpator. The optical density of the
suspension was measured using the MULTISKAN GO tBpaltotometer (Fisher Scientific,
Pittsburgh, PA).

XTT (2, 3-Bis (2-methoxy-4-nitro-5-sulfophenyl)-2tdtrazolium-5-carboxanilide) assay
is a quantification method based on the respiratwtabolic activity of viable cells.
XTT is a tetrazolium salt, which is based on thedification of the yellow tetrazolium
salt XTT to form an orange formazan dye by metabaditive cells [98].
The stock solution of 10 mg/mL XTT was prepared@mL 1X sterile PBS solution.
Aliquots of 10Qul XTT were stored at -20°C. The working solutionsyaepared by adding 50
stock solution in 1 ml dH20 to yield a final contion of 0.5 mg/mL, andd of 50 mM
Menadione to yield a final concentration of @@. 900u! of this solution was added to 50ul of
the treatment samples, along with 50ul of TSB.

A negative growth control containing overnight cuét was used. The absorbance of the
samples at 492 nm was measured with the MULTISKADI &ectrophotometer (Fisher

Scientific, Pittsburgh, PA) for 2hr, 4hr, 6hr antd@urs and overnight after treatment.
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45.1.2 Flow Cytometric Measurement of Microorganisms impées

Three test conditions were used, control, low popl@sma treatment and high power
plasma treatment. The results were obtained byraingethe populations by their fluorescence
in the green channel. Sizing beads were addecetdifyg the bacterial populations by correct
size. The plot showed two distinct populations. Bphen beads were observed as a population
with higher Fluorescence and the population witlalgen green fluorescence was identified as
the bacteria in the aerosol sample. The populatientified as bacteria were gated and the
number of events inside the gated area were mehslinese replicate readings were taken for
each bioaerosol sample and averaged. The numbtisei were compared with the number of

viable bacteria observed through colony countirgagas

45.1.3 Membrane Permeation

LIVE/DEAD® BacLight Bacterial Viability Kit was pwhased Life Technologies (Grand
Island, NY). The LIVE/DEAD BacLight Viability Assal(it contains SYTO® 9 green-
fluorescent nucleic acid stain and propidium iodiel@-fluorescent nucleic acid stain. SYTO 9
dye can penetrate and stain all bacteria with ba#tt and damaged membranes. Propidium
iodide can only penetrate to cells with damaged brames. When SYTO 9 and propidium
iodide present together, propidium iodide reducés@0 fluorescence. Thus, when bacteria are
stained with the mixture of SYTO9 and propidiumideg cells with intact membrane, whereas
stained green and cells with damaged membrane gatastained red can be detected. Both dyes
are provided as powders in sealed plastic Pasipett@s. Both dyes were dissolved in 5 ml of

sterile deionized water in order to producgVd SYTO 9 and 3QM propidium iodide solutions.
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4514 Membrane Depolarization

The BacLight™ Bacterial Membrane Potential Kit go®s solutions of the carbocyanine
dye DIiOC2(3) (3,3diethyloxacarbocyanine iodide) and CCCP (carbagghide 3-
chlorophenylhydrazone), both in DMSO, and a 1X phase-buffered saline solution. DIOC2(3)
exhibits green fluorescence in all bacterial cdlig, the fluorescence shifts toward red emission
as the dye molecules self-associate at the highiesaic concentrations caused by larger
membrane potentials. For the experiment, 10uleDifOC2(3) was added to 1ml of the treated

samples. The green and red fluorescence was mdasithethe Guava flow cytometer.

45.1.5 Positional Dependence of Sterilization

The results of the inactivation have indicateat the single filament DBD plasma
is indeed capable of inactivating bacteria in fligrhis study deals with the interaction of
microdischarge with the bioaerosol droplet. Thexeehbeen studies regarding the interaction of
particles and droplets interacting with streamecllarges. Whereas low pressure systems are
mostly glow discharges having gradients in plaseresdies that are small on the scale length of
any given aerosol or dust particle. In contrast,dlameter of the streamer in atmospheric
pressure discharges can be comparable with thefkthe particle. The dynamics of the
propagation of streamers that intersect with padican therefore be significantly perturbed.
The intersection of streamers with these aeroswide expected to change the rate of radical
generation by both changing the properties of tteamer and by transferring heat to the droplet,

thereby increasing its rate of evaporation. Thisvislent in the results in chapter 5 relating to
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heat stress produced by the streamer on the bs@eatmplet. The study bgabaeva et.a]99]
indicates that small particles of moderate perviijtiare enveloped by the streamer. Larger
particles such as bacterial bioaerosol dropletsrdancept the streamer while charging. As
plasma envelopes the particle, it provides hotziogi radiation that can affect the bacterial cell

inside the bioaerosol droplet.

452 Results

4521 Optical Density and XTT Studies
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Figure 26: Optical Density Measurements of Sampld3ost Plasma Treatment
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The results of the optical density measuremenslaogn in Figure 26. Sub-lethal and
lethal conditions were tested along with positind aegative control aerosol. The samples were
analyzed for 1hr, 2hr, 4hr, 6hr, 8hr and overnygbdt treatment. Duplicate readings were
performed. The control aerosol showed linear growtte lethal dose of plasma showed
insignificant growth for the entire duration oftieg. The sub-lethal samples showed dormancy
till the 8hr reading, when there was a sharp iregea the concentration. This time point also
coincides with beginning of the exponential phddes indicates the cells damaged by sub-lethal
dose of plasma showing recovery effect. This effes further analyzed with cellular

respiration studies.

ENC mControl Aerosol Sublethal Dose M Lethal Dose

Absorbance at 492nm

1lhr 2hr 4hr 6hr 8hr Overnight
Time of Incubation after Plasma Treatment

Figure 27: Cellular Respiration Measured with the XIT Assay
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The XTT studies are detailed in Figure 27. Subde#imd lethal conditions were tested
along with control aerosol as well as negative raerosol. The samples were analyzed for
1hr, 2hr, 4hr, 6hr, 8 hours and overnight postiineat. The readings were taken at 492nm.
There was negligible signal for the first two hopost treatment for all samples. The aerosol
samples showed greater respiration than the uatteetgative control. The growth of the control
aerosol was linear for the 4hr, 6hr, 8 hour sampieereas the sub lethal dose sample showed
delayed response. Similar to the optical densitgsueements, there was increased respiration at
the 8 hr. sample for the sub lethal dose. Thisevalas comparable to the control aerosol.
However, the respiration in the sub lethal samygeiscantly decreased overnight. Apart from
the negative control, the aerosol samples showekdsed respiration overnight. But this could
be due to the cytotoxicity of XTT. This led us tother investigate the effect of plasma on the
cell membrane as the respiration is affected by R@&ring the cells and disturbing the

respiratory chain.

45.2.2 Flow Cytometric Measurement of Microorgams in Samples
For the DBGD system, we employed the flow Cytamehethod for the rapid
detection of bacteria in treated samples. This owglogy was again employed for the single

filament treatment.
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® Plate Count = Flow Cytometry
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Figure 28 Detection of Bacteria in Treated and Control Aercol

The resultaare shown in Figure .. For low power treatment, there is no signific
difference between the bioaerosol particles captbgeflow cytometry, however, the viab
count decreased byl@gs. For higher power, it can be seen that flotoeter detected 90%
the bioaerosol particles whereas no colonies wieserved on agar plates. The decrease i

population observed by flow cytottry can be attributed to the fact that higher poafgslasme
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can lead to membrane rupture and disintegratidraoferia [84]. The membrane effects were

thus analyzed with fluorescent dyes.

4523 Membrane Permeation
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Figure 29: The Red and Green Fluorescence of Plasriaeated Aerosol Samples.

The results of the membrane permeation studyetagleld in Figure 29. The fluorescence
of the samples was measured in the Green and Rehels of the Guava Flow cytometer. The

average fluorescence of the samples was obtaihean be seen that the control aerosol samples
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have a much higher fluorescence in the green spactndicating intact membranes. For the sub
lethal and lethal doses, this reduces whereasth#uorescence increases. The increased
permeation is observed according to the lethalithe plasma dosage. This would lead us to

believe that there is increasing membrane pernteatith plasma exposure.

4524 Membrane Depolarization
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Figure 30: The DIOC2(3) Fluorescence of Plasma Tréad Bioaerosol Samples, Measured in the Green and
Red Spectrum.
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The results are shown in Figure 30. The DiIOCH#(®rescence was measured
with the Guava flow cytometer. The average fluoeese values were obtained for the green and
red channels. The depolarization is indicated lysthft in DIOC2(3) fluorescence to the red
spectrum. The results indicate that the oppositeisan the plasma treated aerosol samples.
Compared to controls, there is shift in the DiIOGZ3ectrum towards the green spectrum. This
is an indication of the hyper-polarization of trecteria after plasma exposure. The increase in
the net negative charge can be attributed to thesigon of charged species on the surface of

the bacteria.

45.2.5 Positional Dependence of Sterilization

Spatial Geometry of Aerosol Injection
1.00E+07

1.00E+06
1.00E+05
1.00E+04
1.00E+03
1.00E+02

1.00E+01

Number of Bacterial Cells in Bioaerosol

1.00E+00

Wildtype

Injection Above
Plasma

Injection Below
Plasma

m Control

1.88E+06

1.78E+06

3.49E+06

M Treatment

1.05E+04

1.60E+05

6.63E+05




69

Figure 31: Dependence of Sterilization on Positioaf Aerosol Injection

The spatial geometry of the discharge was analykleel dosage used was the sub lethal
dose of plasma. Three positions of injection wenpleyed. The injection of the bacteria above
plasma discharge produced significant sterilizattbowever, the survival of the bacteria was
significantly higher than the normal injection. \Withie bacteria were injected below the plasma
discharge, there was no significance of inactivatithe effect of inactivation produced when

the aerosol is injected above single filament

4.6  Conclusion

Plasma technology is emerging as a hew approacdiattivating aerosols. The point to
point DBD discharge developed was efficient in inating up to 3 logs of bacteria, determined
by the flowrate. The efficacy of the discharge &B® dependent on the total flow of bioaerosol.
Plasma discharge has been used to inactivatercaritibiotic resistant bacteria and this was
demonstrated for aerosols of such species in thi/sThese results have significance in a
clinical setting.

Flow Cytometry was useful in determining the preseof bacteria in the post treatment
flow. The results indicate that although most @& bacteria in bioaerosol are captured through
the impaction process, the viability is decreaseatly by the interaction with DBD discharge.
For high power plasma treatment, no viable bacteeige observed through plate counts and
almost a log fewer bacteria were observed throlayh ¢ytometry. This could be due to the

rupture of the cell walls after interaction witlapina, changing the size of the cells.
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Membrane effects were analyzed using fluorescaimiag method. The results indicate
that there is significant membrane permeation gi@sma exposure. The results with the
depolarization experiments were interesting asethes hyper-polarization, as opposed to
depolarization, in the plasma treated bacterias Wauld indicate that the species produced by
plasma are indeed entering the bacterial cellaitiirgpermeated membranes and causing
inactivation through interfering with cellular pegses. The major species produced by plasma

are the Reactive Oxygen Species (ROS) and thadiamnent is studied in the next chapter.
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5. ANALYZING THE OXIDATIVE AND PEROXIDATIVE STRESS PRO DUCED

BY SINGLE FILAMENT DBD

5.1 Reactive Oxygen Specit

This chapter deals with the effect of the Readwggen Species (ROS) produced by
single filament plasma discharge on the bacteraenosol. The cascade of ROS productic
shown below. In plasma dischar, the free electron is provided by the electritdfidhe Figure
32 indicates the cascade of species produced bynpléhrough the reduction of oxygen. 7
species that are of the greatest interest duestolibctericidal properties are the supero:
radical (Q), hydrogen peroxide (,0,) and hydroxyl radical (Ol These species are involv
in the biological processes of the bacterial @il the bacterial cell has defense mechan
against them. In this chapter, we will explore Wieetthe celllar defenses of thE. colicell that

are triggered after exposure to -thermal plasma.
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Figure 32 Production of ROS through the reduction of Oxyger[100]
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5.1.1 Superoxide lon

The superoxide radical ;) is generated ithin aerobic biological systems during b
enzymatic and noenzymatic oxidations. , ~ differs from HO, in that it is a charged species
physiological pH (pKa = 4.8), so it cannot pene&tnaembrane[101, 102] However, aqueot
O, at low pH forms Kdroperoxyl radical (H%), which can enter the cell easily. The reac
rate constant is 8 x 104 M-1sgcand the reaction proceeds four orders of madaitaster ir
the presence of the enzyme superoxide dismi([103].

E. colicontains three SODs: cytoplasmic i- and manganesesfactored enzymes (-
SOD and MnSOD) and a periplasmic coprzinc-cofactored enzyme (Cu-80D). The twc
isozymes Fe-SOD and MBOD are coordinately regulated in response tolgwels[104, 105].
The FeSOD is the default isozyme and -SOD is synthesized when BE$D cannot b
activated. MnSOD synthesis is also stimulated whenev, -generating antibiotics are prese
with the control being exerted by tKatG system [106, 107KatG is not actie during norma

aerobiosis, in the absence of these exogen, sources.
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5.1.2 Hydroxyl lon and Hydrogen Peroxide

Hydrogen peroxide is an importeROSthat is produced as a byproduct of cellt
respiration. It camlso be produced by the dismutation of superoxide ion. kD is a relatively
stable and long living species as it has no ungaitectrons. Due to their small size and nel
charge, HO, molecules freely dissolve in solution and readiffude inio cells through ce

membrane aquaporins [180, 181]. The reaction ofdgeh peroxide with transition met:
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imposes on cells an oxidative stress conditiond¢hatresult in damage to wlar components
such as proteins, lipids and DNA, leading to menesis and cell death,®, can also produc
deleterious effects in the cell by being convettethe Hydroxyl radical O". In the presence «
iron or copper ions, ¥, reacts with ;- to produce highly reactiv®©H. In nor-thermal

plasma, hydroxyl radals combine to form ;0.
‘OH + °*OH > H,0,

The important genetic pathways that pro the defense mechanism against hydrc
peroxide inkE. coliare OxyRandSoxRSsystems, which are elicited by cells to avoid

introduction of oxidative lesions by hydrogen pedaxconditionsg108].

The bacterial cell employs multiple pathways tovecee FO,. Thereare many
enzymes being involved in the defense agair,O,. Of these, there are three major ones
have important roles in vivo. These enzymes akgl alydroperoxide reductasahpQ), catalase
G (katG) and catalase K&tE)[109]. Ahpis a two-componendhpG-AhpF) thiol-based

peroxidase that transfers electr from NADH to HO,, thereby reducing D, to water.

Ahn
’_‘IP

NADH + H* +H,0, — 2H,0 + NAD*

This peroxidase is the primary scavenging enzyngerregulargrowth condition. The
evidence suggests that ahp@# mutants accumulate enoughO, to activate th«OxyRH,0,

stress response.
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Another system is the catalase system consistiKatG andKatE. KatG belongs to the
catalaseperoxidase family and normallyweakly expressed in exponential ct

However,OxyRstrongly induces botahpCFandkatGwhen cells are stressed

exogenous kD, [110]. KatE is strongly expressed in stationary phase cellg,iasnduced by
theRpoS[111]. Figure 33, outlines the metabolice fate O,.

Hocl — !0,

H,0,
myelo-
ONOQO peroxidase
‘NO . D
20, 20, H,0, U ‘OH g H,O
acidicpH, SOD
B3k 3 catalase
GSS5G
Glutathione
peroxidase H,0 + 0,
2H,0

Figure 33:The transition between Reactive Oxygen Spec [112]
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5.1.3 The Oxidative Stress ReguloaxyR
OxyR is a 34kDa protein [113] , is a homolog of thesRyfamily of transcriptional

regulators in E. coli [110, 114], and charactetisti this protein family [115]OxyRcontrols the
regulon system consisting of about 40 genes, whiotect the cell from hydrogen peroxide
toxicity. Hence oxyRmutants have been shown to be hypersensitive@,nd constitutive
expression of th©xyRregulon due to dominant mutationsoxyR such as found in mutants
oxyRL of S. entericandoxyR2 of E. coli, has been shown to increase the resistance ctth®
H,0, [116]. OxyRalso has a role in protecting against heat sfidsy, near-UV [117], singlet

oxygen [118] and lipid peroxidation-mediated celhthge [119].

5.2 Materials and Methods

5.2.1 Bacterial Strains
The bacterial strains were obtained from multgarces. The table denotes their

sources.

Table2: Gene deletion mutants used to study theivaion produced by single filament

Strain no. Relevant genotype Source
BW25113 Wild type CGSC #7636
3144 BW251131sodA Dr. Xilin Zhao
3145 BW251131sodB Dr. Xilin Zhao
3156 BW251131sodAdsodB Dr. Xilin Zhao
3157 BW251131katG Dr. Xilin Zhao




3202 BW2518 AkatE Dr. Xilin Zhao
3201 BW251131katG1katE Dr. Xilin Zhao
3200 BW251131ahpC Dr. Xilin Zhao
TA4110 oxyR2 oxyR Constitutive| Dr. Gisela Storz
TA4112 oxyR13 oxyR Deletion | Dr. Gisela Storz
JW4103-1| groEL: groL768(del)::kan CGSC#: 10954
SX1398 | groES: groS791-YFP(::cat)CGSC#: 12953
MF634 DnaJ: dnaJ259(ts) CGSC#: 5828
GR756 DnaK: dnaK756(ts) CGSC#: 5829
DA16 grpE: grpE280 CGSCH#: 7795
JWO0462-1| HtpG: htpG757(del)::kan CGSC#: 8616
JW0866-1 clpA: clpA783(del)::kan CGSC#: 8898
JW2573-6| clpB: clpB757(del)::kan CGSC#: 11763
JWO0428-1| clpX: clpX724(del)::kan CGSC#: 8591
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The strains were grown in Tryptic Soy Broth andatured onto agar plates, and stored
at 4°C. For experimental purposes, colonies werkepl from the plate and inoculated into 20ml
of Tryptic Soy Broth and incubated at 37°C overnigha shaker incubator at 200 r.p.m.

For strains containing antibiotic resistance gémemedium was used for growth.
50pg/ml Kanamycin was added to the culture. Tharsof interest was added to the selective
culture and incubated at 37°C overnight in a shalarbator operating at 200r.p.m. The
overnight culture was then added to 80 ml of daiediwater (Millipore, MA) to obtain the

working solution for nebulization purposes. Thifi saspension was then added to the nebulizer.

5.2.2 Experimental Conditions
The nebulizer input pressure was maintained gt 40 The samples were obtained from

running the test conditions. Deionized water wasduss the collection liquid for the samples.
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10ml of deionized water was added to the collectidres and the collected bioaerosol was

collected in the liquid through thorough mixing.i¥sample was then used for further analysis.

5.2.3 Colony Count Assay
Standard plates count assay was performed tosabsesurvival of each strain. Each
sample was plated in triplicate. Experiments wearein duplicates. Standard t-test was

employed to ascertain the statistical significance.

5.2.4 D-Mannitol and Thiourea

The D-Mannitol was obtained in powder form (SigAddrich, St Louis, MO). Aliquots
were made by dissolving required amount of the povird distilled water. Thiourea was
obtained in powder form and aliquot in similar waje working solutions used in the

experiments were prepared fresh for each experiment

5.2.5 Catalase

The catalase was obtained in lyophilized powdenfd®hosphate Buffer (50 mM
Potassium Phosphate Buffer, pH 7.0 at 25 °C) (Sjgmas prepared and a stock solution of 10
mg/ml was prepared in this Phosphate Buffer. Tlsayat determine the enzymatic activity was
performed according to protocol. Solutions of tkRpeximental concentrations were prepared

fresh before each experiment.

5.2.6 Mediation of Heat Stress
For the experiments involving the mediation oftheteess through temperature, the
overnight cultures to be nebulized were suspendedhier that was maintained at 4°C. The

collection of treated samples was also processeaiar and collected at 4°C.
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5.2.7 Detection of HO, by DCFH-DA Fluorescence

The DCFH-DA was obtained from Cayman Chemical (Anbor, MI). A 10mg/mi
solution was made in DMSO. From this, 48.7ul wageaidto 100ml of KO to get 10uM
working solution. The Mannitol solution was prephby adding 728mg of mannitol powder to
40 ml dHO to make 100mM working solution. Six samples waralyzed for three treatment
conditions. The overnight culture to be nebulizeswicubated for 30 mins at 37°C in a solution
of PBS containing the DCFH-DA. The samples of tbetml and treated bioaerosol were
collected in PBS or the Mannitol solution prepafBde samples were analyzed by flow

cytometry for their relative fluorescence in thegm spectrum.

5.2.8 Statistical Analysis

Data sets were analyzed using Microsoft Excehaardied using GraphPad Prism 4
software (GraphPad, San Diego, CA). Fhealues are derived against corresponding untreated
conditions, unless and otherwise stated, aRd/alue of <0.05 is considered significant. All
experiments were repeated minimum three times sisieded, and data are means + standard

error.

5.3 Results

5.3.1 Inactivation of Superoxide Dismutase Deficet Mutants
The findings of the inactivation gbddeficient mutants are shown in the Figure 34. The

single and double knockouts were tested and cordparéhe controls.
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Figure 34: Inactivation of sod deletion strains compared with wildtype

The inactivation pattern of the single knockoutswat significantly different than tf

wildtype (p=0.0943 forisodA,p=0.3088 fouUsodB. The double knockout straiisodAdsodB

actually showed significantly greater survival aswpared to the wildtype (p= 0.0004). T

greatest susceptibility was displayed by the mubhsodB These results are interesting in

sense that they indicate that the defense agai superoxide radical is not activated a

plasma exposure. This would lead us to believe@, is not directly impacting the bacter

cells. Next the focus was turned towards the pemgefense gene

5.3.2 Inactivation of Catalase Deficient Mutans
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Figure 35: Inactivation of catalase/peroxidase deficient mwnts

The single and double knockoutskat were tested and the resut® shown in Figur
35. For the double knockoukatE4dkatG,there no significant difference in inactivation wat
compared to wildtype (p=0.701"4katEalso showed no significant differenetkatE however,
was inactivated to a significantly greater amopat0)(0002). The inactivation observed was
logs greaterttan in wildtype. This was the first indication agtinvolvement of Peroxidati\
stress. Th@ahpCgene is part of thoxyRregulated system. The alkyl hydroperoxidase israa
system involved in the defense against peroxidairess anMahpCwas testd with plasma
The inactivation of this strain was similar to 4katEand significantly greater than wildty
(p=0.0003). Hence, two strains that are deficierdafending against peroxidative stress v

shown to be susceptible to plasma harge.
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5.3.3 Oxidative Stress Regulon ox
The susceptibility of the catalase and hydroperm@sgdmutants led us to furtf

investigate the involvement of the oxidative stpggthways
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Figure 36: Inactivation of oxyR mutant strains.

The system was thus tested at the regulon levaltvé deletion and overexpress
mutants obxyR(oxyR13 andoxyF2). The results are shown in Figure 3Be ove-expressor of
theoxyRwas protected better than the wildtype. (p=0.70FE deletion mant was found to b
susceptible as withkatE and4ahpCmutants (p=0.002). This indicates the overall irreohent

of theoxyRsystem in the defense against oxidative stressupsatiby plasm

5.3.4 DCFH-DA Fluorescent Detection of 1O,
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Figure 37: DCFH-DA Fluorescence of Treated Samples.

Flow cytometry was employed to detect the produnctf HO; inside bacterial cells. The
results are shown in above figure. The highest$eatH,O, were detected in the sub-lethal
dose treatment. Both the control and lethal dosedyzed low fluorescence. The addition of

Mannitol produced reduction in the fluorescencdidating the scavenging effect of Mannitol.

5.4  Scavenging of Oxidative Stress Effect

5.4.1 Protective Effect of Catalase

Testing of the gene knockout mutant strains hasated the involvement of
peroxidative stress produced by plasma. The additieexogenous catalase has been shown to
protect bacteria from exogenous peroxidative s{Ea3]. Of the catalase gene knockoutisatE

was chosen to analyze the effect of external csgakince it has been shown to have
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significantly higher susceptibility than the wilghy. Various concentrations of the catalase \
tested as a pre and post treatment protective mism. Addition of thecatalase prior t
nebulization and treatment produced no significduainge in the inactivation. P-treatment

addition consisted otollection of thetreated aerosol in a solution containiragadase
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Figure 38: External Catalase Scavenging the Effect of Plasnmaxposure

The resultsshown above in Figure !indicate that for all of the concentrations

catalase tested, significant protection comparewltitype treatment was obsen. For
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increasing values of catalase, the protective effeceased, but complete protection was not
achieved. 200 units of catalase addition provitedgreatest protection (p=0.0001). For higher
values such as 500 units, the level of protecteeedsed but was still significant (p=0.001). This
validates our earlier statement about the involvdroéperoxide in the inactivation &. coli

during plasma exposure. Complete protection wa®bsérved and indicates the involvement of

other species produced by plasma.

5.4.2 Mannitol and Thiourea as ROS Scavengers

Two non-enzymatic scavengers of ROS, D-mannitolBmdurea were also used. D-
mannitol is a sugar that has been shown to defgaithst peroxidative stress [121]. Thiourea is
an organospulphur compound that has been used@sl-ascavenger [122]. Ohk one of the
major ROS that is deleterious to bacteria. Thegwavengers are not endogenous to bacterial
cell. Therefore, the wildtype was also tested tieigeine their efficiency in protection. Both
scavengers were added to the test strains preadrpatment. Pretreatment in this case

provided no significant protection.
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For postreatment, the Addition of Mannitol protected tlz¢atase deficient strain to .

extent een greater than wildtypeOf the various concentrations of the scavenger@dtie

greatest protection was observed for mM concentration (p=0.001).
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Figure 40: Protective Effect of Thiourea Addition

The results withhiourea showed also followed similar trend (Figd0). 1 mM of
thiourea provided significant protection to katE strain (p=0.0028). The protective effect
wildtype was not significant. The protective effectréased for higher concentration
thiourea. For 100 mVhiourea addition, there wa: log reduction in untreated as was treated
bioaerosol. This effect might be attributed to fihet thatthiourea ha been shown to be toxic

cells at high concentratiof$22].

5.5 Heat Stress in DBD

The plasma density in the microdischarges is mugiehn than in the surrounding spa
Therefore, these microdischarges can be considearéte sole active locatis of the DBD
volume. It can be considered that all the energpefplasma is dissipated in the microdisch:

volume and eventually threlativetemperature of the gas and the surface treatettirased
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Energy dissipation is minute but highly localizedlacan be very important when the surface to

be treated is temperature sensitive, such as hoalogaterials.

5.5.1 Heat Stress Mutants

The results from the oxidative mutant studies iagidhat there is involvement kdtE
gene in the defense against stress generated $maldt has been observed tkatE is involved
in defense against multiple types of stressesydey heat shock and osmotic stress[123].
Therefore other genes involved in heat and geséreds mechanism needed to be investigated.
Two families of hsp, hsp60 and hsp70 (60- and 7@-kBp) have been implicated in protein
folding and assembly [124These are the groES/groEL system and the dnaJ/grEKsystem,
respectively. These systems constitute 15—-20%eoffidtal protein content d. coli cells heat

stressed at 46°C [124].

55.1.1 The dnaJ/dnaK/grpE system:

DnakK, the Hsp70 homolog & coli, is controlled by the two co-chaperones DnaJ (41
kDa) and GrpE (22 kDa), which if acting togethasrgase the weak ATPase activity of DnaK by
2 orders of magnitude [125-127]. DnaJ accelerdiesdte ofy-phosphate cleavage of DnaK-
bound ATP [126, 128], whereas GrpE promotes theassl of ADP. Several model cycles for the
DnaK/DnaJ/GrpE molecular chaperone machinery aei itteraction with target polypeptides
have been proposed. In two of those models [128], tBiaJ interacts with substrate polypeptide
first and then through the DnaJ-induced hydrolgéi®BnaK-ATP to DnaK-ADP-Pi, a ternary
DnaJ-substrate-DnaK-ADP-Pi complex is formed. @dmsplex is responsible for the chaperone
effect by sequestering the substrate protein amelly preventing it from aggregation [129].
Another model of the system states that [126]r¢he of DnaJd is to convert the low-affinity

DnaK-ATP form to the high-affinity DnaK-ADP-Pi forrthereby locking the chaperone onto the
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target polypeptide. In this model, DnaJ may a& catalytic manner and fulfill its action without
forming a stable ternary complex with peptide-D#gKR. This way, dnaJ has a catalytic effect
on the binding of the32 heat shock transcription factor to DnaK; Dnahpstes the binding

without becoming itself part of the Dnajg2 complex [128]

5.5.1.2 groES/groEL system

The groES and groEL genesEfcoli constitute the groE operon. The products of these
genes are required for bacterial cell growth ahhegnperature (42°C). These genes are
members of the heat shock regulon. The groES astelggenes code for 10,368- and 57,259-Mr
acidic polypeptides, respectively, found at higiaoellular levels (about 2% of total cell
proteins at 37°C) [131-133]. Furthermore, as mesbéthe heat shock regulon, the intracellular
levels of their products increase with temperathreugh a positive transcriptional control

exerted by thepoH (U32) gene product [134].

5.5.1.3 htpG system

Hsp90 ofE. coli, encoded by the htpG gene, is an abundant pribtains further induced
during heat stress. Although not essential for ilitghdeletion of htpG results in slower growth
at higher temperatures [135], and a slight incréageotein aggregation in heat-stressed cells.
Thomas and Baneyx [136] showed that at@2the absence of eithelpB or htpGled to
increased aggregation of preS2--galactosidasesianfyprotein whose folding depends on
DnaK-DnaJ-GrpE, but not GroEL-GroES. Recertignest et al[137] demonstrated that htpG
promotes reactivation of heat-inactivated luciferasa reaction that requires the prokaryotic
Hsp70 chaperone (DnaK) system. It was suggesteldny that the DnaK—-DnaJ—-GrpE system is

the first to act on the client protein, and thepGitand DnaK act in a synergistic way to complete
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the protein remodeling. The in vitro and in viveeraction of htpG and DnaK E. coliis

additional evidence that htpG functions togethehwhe Hsp70 syste.
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Figure 41 Deletion Mutants of Genes Involved in HeaStress

The results of inactivation of heat stress mutantésshown in Figure 41. All three of t
strains tested showed complete inactivation akkposure to plasma. The same dose
produced only a 2 log reduction in wildtype proddicemplete inctivation in the mutants. Th

is a clear indication of the involvement of heagss in the

5.5.2 Maediation of Heat Stres:
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Figure 42 Mediating Heat Stress through Low Temperature Exgrimentation

The results are shown irigure 42. TheAgrpE and the\clpX mutants showed significa
survival when treated at 4°C than at room tempegailhe wildtype also was protected fc
log. However, there was not completer protectiarafoy of the strains tested. This would |«
us tobelieve that heat stress is not the only stressiitag on the cell by plasma discharge,

there is involvement of other pathways as w

5.6 Discussion

Genedeletion experimen provide an indication as to whicharkers in thepathways are
involved in response to external stimuli. The ressurdicate that plasma produces oxida
stress on the bacterieatE genewas found to to be significantly involved in oxiolet

management. ThakatE mutant was inactivated significantompared to wildtyp. The double
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knockout ofkat genes and thieatG knockout showed no significant difference from wyjake.

For the superoxide dismutase mutants, no significeange was observed, as compared to
wildtype. The double knockout of tls®dgenes was protected better than the wildtype. This
maybe be partly due to the ability of @ permeate the bacterial membrane poorly as cadpa
to H,O,[138]. The superoxide anion might also be gettiogverted to the more stable®
within the water in the bioaerosol droplet. On tgulon level, thexyRover-expressor was
stronger than all the other strains, including tyilee. The involvement adxyRin the defense
against oxidative stress has been studied befd@.[The mutant deficient in alkyl
hydroperoxide reductasel{pQ also showed greater sensitivighpChas been shown to be the
major contributor to the defense against ROS [139]. BothahpCandkatE are controlled by
oxyRandkatE is also induced bRRpoSactivation[123]. Therefore the susceptibility shown by
thekatE and theahpCmutants indicates the involvement of botyRandrpoSpathways in the
defense against plasma. The interesting part ik#i& mutant did not show any significant
change in inactivation from wildtype. This might ¢hee to the fact that botixyRandrpoS
pathways are functional, even if you take katG. The loss of eithekatE or ahpCseems to

have overwhelmed the defenses of the bacteriaincpgeeater cell death. The reduction in the
number of bacteria detected in the bioaerosol ®itliv Cytometry also points to physical
damage imparted upon the bacterial cell by thehdisge. Plasma discharge is known to destroy
the membranes of cells. There is localized heatisigle the zone of the plasma and bioaerosol
that interacts with this zone is bound to be affddiy it. The importance &htEto bacterial
survival is an indication of great stresskatE has been shown to be involved in heat stress as
well as osmotic and weak acid stress [116, 123 WMas investigated with heat shock

susceptible mutants. Genes responsible for theuptmoh of various Hsp were investigated.
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There was susceptibility observed in all of thettstigess mutants tested. Mediation of this heat
stress by temperature control did protect the Ibiacsggnificantly but there was not a complete
protection afforded by this method. This indicapedential involvement of heat stress in

conjunction with the oxidative stress.
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6. CONCLUDING REMARKS AND FUTURE DIRECTIONS

6.1 Summary

This thesis investigates the efficacy of DBD pladior the inactivation of airborne
bacteria. The investigation began with the develepnof a prototype system for air
sterilization. HVAC systems account for the greadesount of interaction we have with
aerosols. A lab scale model of an HVAC system walbped for testing. The treatment of
airflow necessitated the development of a speg#iemetry of discharge. A unique Dielectric
Barrier Grating Discharge (DBGD) was developed. &fieacy of this discharge was
investigated through the production and introductbartificial bioaerosols dE. coliwith a
nebulizer. The results measuring survival of thetdrda indicated complete sterilization for a
very short period of interaction between bioaer@suticle containing the bacteria and plasma.
This unexpectedly rapid sterilization effect ledtasnalyze further the mechanisms underlying

this rapid inactivation.

Plasma discharge produces a large number of sdaldleinstable reactive species in the
medium that it is ignited. The most prevalent speg@roduced by plasma is ozone. DBD in
particular has been used to produce ozone in @ugatities for industrial purposes. Therefore,
we investigated the effect of the ozone producedunyDBGD system. It was observed that the
ozone produced by plasma was not the major comdritba the inactivation effect, and indicated
that it is involved in the inactivation. Since mos$the energy in the plasma discharge is
concentrated in the zone of the plasma, the dinéetaction of the plasma with the bacteria in
the aerosol droplet is important to the sterilaateffect. This was demonstrated in experiments

conducted to analyze the influence of plasma gegnoetthe sterilization of airflow.
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These results led to further investigation inteedi interaction of plasma microdischarge
with bioaerosol droplet. We further hypothesizeat fived reactive oxygen species are another
major contributors to the sterilization effect. Exinents were designed to test this hypothesis
with unique single filament DBD discharge develof@dthis purpose. The efficacy of this
discharge in inactivation of bacteria was determiri® understand the pathway involvement, a
sub lethal dose of plasma was determined. Systeahgte involved in the defense against
oxidative stress were analyzed using mutants. Otlteomutants tested against plasma, the
catalase mutants were found to be significantlyarsusceptible. The genkatEandahpCwere

the most susceptible. ROS scavengers were emptoyeddiate the ROS produce by plasma.

The involvement okatEin multiple bacterial stress defense mechanismsi$eio
investigate another closely related system i.ehta stress system. The work was performed
with heat stress deficient mutants. The resultgatd involvement of localized heat stress
produce by the DBD single filament affecting thed®srosol. The observations lead us to believe
that the hydrogen peroxide stress, combined with seess and membrane changes cause the

bacterial inactivation.

6.2 Future Work

The effectiveness of plasma technology in inatitnggbioaerosols rapidly has opened a
whole new area of plasma sterilization. There egpedo further investigate the sterilization
effect through transcriptional analysis. The gethes are indicated to be involved in the defense

can be studied for their expression.
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The development of larger prototypes was succkggierformed in this study. There is
scalability to the technology and it can be appt@garious modalities where bioaerosols are a

problem, such as hospital ventilators and othepira®ry apparatus.
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