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Atmospheric-pressure parallel-plate dielectric barrier discharge has been designed
for sterilization of Saccharomyces Cerevisiae and Candida yeasts. Oxygen has been
used as the input working gas. The output gas after discharge operation was a
mixture of both ozone and oxygen, with concentration that depends on the applied
voltage between the electrodes, gap space and gas flow rate. Sterilization process
has been done in two ways, by direct exposure to oxygen plasma inside the dis-
charge cell and by indirect exposure to the plasma. Survivor curves, and scanning
and transmission electron microscope were used to study the inactivation kinetics
and morphology of the yeast surface before and after sterilization. It has been found
that the indirect sterilization causes yeast inactivation in a short time, less than
three minutes, while the direct sterilization took place in a longer time, more than
ten minutes.

PACS numbers: 52.80.Dy, 52.75.Rx UDC 537.523, 533.924, 535.682

Keywords: atmospheric pressure discharge in oxygen, sterilization of yeast, exposure in-
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1. Introduction

Recently atmospheric pressure dielectric barrier discharge (DBD) became one of
the most important types of plasma used in chemical, industrial, biological and med-
ical applications [1-5]. Ozone synthesis, hydrogen production, pollution control,
removal of nitrogen oxides and control of automotive exhaust gases and conversion
of green house gases are the most important chemical applications of DBD. Surface
treatment of polymers, textiles, and wool are some of industrial applications of
DBD. Sterilization of bacteria, fungis, virus and yeasts are some of the biological
applications [6—8].
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DBD is one of the non-equilibrium types of cold plasma which provides electron
energies much higher than that of the ions and the neutral species. DBD reactor is
one of the non-equilibrium cold plasma techniques. These plasmas exhibit electron
energies much higher than those of the ions and the neutral species. The energetic
electrons collide with the background gas, causing enhanced level of dissociation,
excitation, and ionization. The ions and the neutrals inside the plasma remain
relatively cold, so the plasma does not cause any thermal damage to surfaces it
comes in contact with.

Dielectric barrier discharge is produced between two parallel electrodes of metal
with at least one electrode covered with a dielectric material, e.g. glass, mica or
ceramic materials. When a high ac voltage is applied between the electrodes, the
discharge process will take place in the gap between the electrodes. DBD is a
highly transient, low-temperature non-equilibrium discharge, operating under a
broad range of pressures, from low pressure up to more than atmospheric pressure.
DBD provides high-energy electrons (1-10 eV), able to produce ions, radicals and
excited species in the working gas between the electrodes.

Dielectric barrier discharges at elevated pressure can be characterized by a large
number of short-lived micro-discharges, that have been investigated experimentally
as well as theoretically by many authors [9—15].

Recently, substantial amounts of research have been focused on sterilization
using DBD plasma. During the DBD treatment, photons, electrons, ions and active
chemical species from the plasma reach the surface of a biologically contaminated
object and can eventually lead to its sterilization [6,8,16—20]

Plasma sterilization process was done in two ways:

1) Direct exposure to oxygen plasma inside the discharge cell. The samples were
suspended on sterilized cover slides and inserted inside the discharge zone,
subjected to all possible agents generated by the plasma including charged
particles [20, 21], reactive species [22] and electromagnetic radiation (such as
ultraviolet photons) [22—-24].

2) Indirect exposure, in which the sample does not come in direct contact with
the plasma. In this method, the yeasts are placed outside the discharge region
and the charged particles do not affect the sample under treatment as they
recombine before reaching it. In addition, the heat flux and the possible
radiation flux are greatly reduced. This leaves mainly the long-lived radicals
like ozone to directly interact with the biological sample [25].

The aim of this work is to compare the effect of direct and indirect plasma ster-
ilization techniques on Saccharomyces Cerevisiae and Candida yeasts with oxygen
as working gas. Survivor curves for the treated yeast and plots of the number of
colony-forming units (CFUs) per unit volume versus treatment time are plotted
on a semi-logarithmic scale with the CFUs on the logarithmic vertical scale and
time on the linear horizontal scale. Scanning electron microscope (JSM-5600LV)
and transmission electron microscope (JEOL 1010) have been used to study the
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surface morphology and cell damage mechanism for the exposed and unexposed
sample that help in understanding the mechanism of inactivation.

2. Frperimental setup

A parallel plate DBD reactor has been designed with two rectangular stainless
steel plates, one of them covered with a Pyrex glass plate 1.2 mm thick, that was
cohesively pasted to the electrode (see Fig. 1). The area of each electrode was 20
cm X 10 cm and the gap space between them was varied from 2, 2.5 to 3 mm. The
upper electrode was connected to the high-voltage terminal step-up transformer (1—
30 kV) operated at 50 Hz. The system has been described in details elsewhere [26].
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Fig. 1. Experimental setup used for the sterilization process.

The working gas (oxygen: commercial grade of purity of 99%) was injected
through the inlet port of the plexi-glass box through a hole of the lower electrode,
with flow rate of 0—1 1/min, and the exhaust gas was getting out from the exit
port of the box through another hole in the lower electrode. Ozone concentration
was measured using ozone detector (Model Hl-AFX-Instrumentation, USA), that
was connected directly to the outlet port.

3. Results and discussion

3.1. Direct sterilization

Saccharomyces Cerevisiae and Candida were isolated and cultivated in yeast
mold broth medium. Sterilized cover slides were immersed in the solution to make
a thin layer of the yeast. Slides were inserted inside the discharge zone of the DBD
discharge cell and were exposed to oxygen plasmas for different exposure times
under different discharge current at constant flow rate. The treated cover-slides
were put in yeast mold agar medium poured in sterilized Petri dishes followed by
adding of 0.1 ml of saline solution (6 g/1) to distribute the treated yeast cells in the
dishes. Total viable count method was used to compare between control samples
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and the plasma treated samples. Figures 2a and 2b illustrate the survival curves
for the exposed yeast for different exposure times at discharge currents of 1 mA,
0.8 mA and 0.6 mA and the gap space of 2 mm.
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Fig. 2. Survival curve for (a) Saccharomyces cerevesiae (b) Candida in oxygen
plasma at different exposure time.

There are two main hypotheses for the mechanisms of the cell death caused by
gas discharge, both involving lethal damage to the cell membrane structures and
ultimately leading to leakage of cyptoplasmic contents or lyses.

1) Electrostatic disruption mechanism suggests that the total electric force
caused by accumulation of surface charge could exceed the total tensile force
on the membrane [19].

2) Damage of the cell membrane or cellular components are suggested to be
caused by energetic ions, radicals and reactive species generated inside the
discharge reactor [19, 20].

The survivor curves shown in Figs. 2a and 2b show two phases of the inactivation
process, the first proceeds slowly in which the active species react with the outer
membrane of the cells causing wall damaging and the second phase proceeds quickly
causing cell death.

The inactivation mechanism in oxygen DBD plasma might be attributed to:

1) Inactivation by active species contained in oxygen plasma, including atomic
oxygen, and ozone those may cause oxidation of DNA and protein.

2) Inactivation by ion-etching (O,072).

Scanning electron microscope (JSM-5600LV) and transmission electron micro-
scope (JEOL 1010) were used to investigate the effect of oxygen plasma on the
internal and external structure of the S. Cerevesiae yeast as shown in Figs. 3a, b,
¢ and d. SEM in Fig. 3a for the control sample shows small elliptical cells that
can appear round or ovoid in shape. The exposed yeast, with exposure time 10 min
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Fig. 3. SEM and TEM of S. Cerevisiae yeast in oxygen plasma. (a) SEM cionrole
(b) SEM 10 min. exposure (¢) TEM control (d) TEM 10 min. exposure C.W: cell
wall, C.M: cell membrane, N: nucleus, M: mitochondria, P.S preplasmic space, V:
vacuole.

inside the discharge zone, shows little morphological changes on the yeast surface
after plasma exposure. Some cells become enlarged, few cells have been ruptured.
TEM in Fig. 3¢ for the control sample shows the cell internal structure with double-
layered cell wall (C.W), nucleus (N), contains the DNA and an inner organelle. The
cell also contains a large storage vacuole. Other visible structures are mitochondria
and the endoplasmic reticulum. The cell wall, composed of proteins and polysac-
charides, gives the yeast cell its shape, and acts as a physical and chemical barrier.
The TEM of the exposed yeast shown in Fig. 3d shows irregular cell membrane
(C.M.) that seems to be dissociated from the cell wall (C.W.), resulting in damage
of the cellular components caused by energetic ions, radicals and reactive species
generated inside the discharge reactor. The mitochondria were affected by the dis-
charge component and become darker than the control sample, resulting from some
types of chemical reactions that took place inside the cell, leading to formation of
organic residue or salts.

The effect of oxygen plasma on the internal and external structure of the Can-
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dida yeast is shown in Figs. 4a, b, ¢ and d. The cells have been exposed for 15
minutes inside the discharge zone. SEM of the exposed cells in Fig. 4b shows large
morphological changes on the yeast surface, and the erosion and rupturing of the
cell wall are clearly observed, while some cells lost all of their content. The charged
particles inside the plasma play a very significant role in the rupturing of the outer
membrane of the cell. The electrostatic force caused by charge accumulation on
the outer surface of the cell membrane could overcome the tensile strength of the
membrane and cause rupturing. Another possibility of rupturing may be attributed
to the reactive species inside the plasma like oxygen atoms and hydroxyl groups.
TEM of the exposed Candida yeast presented in Fig. 4d shows a complete separa-
tion between the cell wall and cell membrane. The cell wall was seriously damaged;
it appears lighter than of the non-exposed samples, lost its rigidity, causing cells to
lose their contents.

Fig. 4. SEM and TEM of Candida yeast in oxygen plasma before and after treat-
ment (a) SEM control (b) SEM 15 min. exposure (¢) TEM control (d) TEM 15
min. exposure C.W: cell wall, C.M: cell membrane, N: nucleus.

3.2. Indirect sterilization

Ozone and other gases resulting from the discharge process were transferred out
of the discharge zone by a 50 cm plastic pipeline to a test tube containing saline
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solution of the yeast. Ozone concentration was measured by ozone detector (model
H1-AFX-Instrumentation, USA). It has been found that ozone concentration de-
pends significantly on several parameters, including applied voltage, gas flow rate
and the gap space between the electrodes.

Figure 5 shows the general behaviour of ozone concentration as a function of
the applied voltage at different gas flow rates with the gap space of 3 mm.
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Direct injection of ozone with different concentrations (15 g/m?® and 10 g/m?)
inside a test tube that contained a saline solution of the yeast has been done for
different times (0.5—4 min.). The inactivation took place in less than three minutes

for both types of yeast for ozone concentration of 15 g/m?3, as shown in Figs. 6a
and b.
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Fig. 6. Survival curve for (a) S. Cerevisiae (b) Candida yeast at ozone con-
centrations of 15 and 10 g/m?® for different injection times. Only one phase
can be noticed in the survivor curve of both types of yeast, as shown in
Figs. 6a and b. SEM and TEM of the ozone treated S. Cerevisiae yeast
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Fig. 7. (a) SEM and (b) TEM of S. Cerevisiae treated by ozone gas.

for three minutes are shown in Figs. 7a and b. SEM in Fig. 7a shows deformation
in some cells. Wrinkled cell surfaces with much shrinkage in the cell dimensions are
observed. TEM of the ozone treated cells shown in Figs. 7b shows wavy cell wall
(more elastic) and irregular in shape. The cell membrane was seen to be separated
from the cell wall what was not seen for the non-exposed cells.

Figures 8a and b show the SEM and TEM of Candida yeast treated with ozone
for three minutes. Dramatic effect appears on all cell’s morphology and ultra struc-
ture was greatly affected, while the cytoplasm lost it’s homogeneity.

Fig. 8. (a) SEM and (b) TEM of Candida treated by ozone gas.

The different modes of action of ozone on a living organism involve the produc-
tion of peroxides. The peroxides are responsible for the remarkable bactericidal and
fungicidal effects of ozone. The inactivation of both types of yeast by ozone may be
attributed to the oxidation of DNA and proteins or due to their interference with
cellular respiration.
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4. Conclusion

A low-cost atmospheric-pressure electric barrier discharge has been successfully
used for yeast inactivation. The inactivation process was done using two methods,
the direct and the indirect method. The direct method, offering the insertion of
slides covered with saline solution of the treated yeast in the discharge cell and its
exposure to various types of reactive species, including atomic oxygen, oxygen ions
and ozone. Damaging of the cell membrane or cellular components is suggested to
be caused by energetic ions, radicals and other reactive species generated inside
the discharge zone. In the indirect method, ozone generated in the discharge cell
was directed via a plastic pipeline to a test tube that contained the saline solution
of the yeast. The different modes of action of ozone on a living organism involve
the production of peroxides. The peroxides are responsible for the remarkable bac-
tericidal and fungicidal effects of ozone. The inactivation of both types of yeast
by ozone may be attributed to the oxidation of DNA and proteins or due to its
interference with cellular respiration. The indirect method was found to be more
efficient than the direct one since complete inactivation took place in three minutes
while the direct sterilization needs fifteen minutes. The survivor curve for the yeast
under direct inactivation shows two phases of the inactivation process, while the
yeast treated by the indirect method shows only one phase.
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IZRAVNA I NEIZRAVNA STERILIZACIJA MIKROBA PLAZMOM

Sagradili smo posudu s usporednim plo¢ama i dielektri¢nom pregradom za postiza-
nje izboja na atmosferskom tlaku, namijenjenu za proucavanje sterilizacije mikroba
Saccharomyces Cerevisiae i Candida. Radni plin bio je kisik. Izlazni plin iz posude
bio je smjesa ozona i kisika, ¢ija je koncentracija ovisna o vaponu izboja medu
elektrodama, procijepu i brzini protjecanja plina. Sterilizacija se provodila na dva
nacina, izravnim izlaganjem u izbojnoj posudi i neizravnim izlaganjem plazmi. Za
proucavanje kinetike prekida aktivnosti stani¢ne plazme i oblika mikrobne povrsine
rabili smo krivulje prezivjelih stanica prije i poslije sterilizacije. Ustanovili smo da
neizravna sterilizacija dovodi do prekida aktivnosti mikroba u kratkom vremenu,
manje od tri minute, dok je izravna sterilizacija trajala dulje, vise od deset minuta.
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