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Biological and Chemical Effect of DC Transient Spark Discharge
on Escherichia Coli

K. Kucerova, K. Hensel

Comenius University, Faculty of Mathematics, Physics and Informatics, Bratislava, Slovak Republic.

Abstract. We investigated the effects of cold plasma generated by DC transient spark
discharge in a contact with water solutions containing E. coli. In the discharge system,
where water solution repetitively flow through the discharge zone, we observe more
pronounced chemical and biological effects in non buffered solutions compared to buffered
ones. We analyzed the concentrations of various reactive species in water solutions, pH and
conductivity in dependence on gas mixture composition, water solution flow rate and plasma
treatment time. The chemical effects were correlated with observed bacterial inactivation.

Introduction

Plasma is a rich source of reactive species, high energy electrons and charged particles. It has the
potential to be effectively used for many industrial applications including environmental or
energetical ones. For biological and medical applications, the low temperature (cold) plasma is often
used as it possess highly reactive electrons while surrounding gas remains at ambient temperature.
The cold plasma has a great potential for sterilization of thermo sensitive materials, food and fruit
treatment, blood coagulation, dental care and disinfection, tissue and wound healing, or even ulcer
and tumor treatment [Fridman 2008; Laroussi 2009; Morent 2011; Park 2012]. Low temperature
plasma effect strongly depends on gas composition and surroundings in which it is generated. Water
based environment is natural for most of living organisms and water is also present in most living
organisms. Generating the plasma in the gas in contact with water leads to formation of primary active
species and radicals (OH", H’, O°, NO") usually via electron impact reactions with the dominant
molecules in air (N,, O, H,0,). These species may then react among themselves or with surrounding
gas and form various secondary species in a gas phase (Os;, NO, NO,, HNOs). By the contact of
plasma with water these species can dissolve into water and lead to formation of various reactive
oxygen and nitrogen species RONS: dissolved ozone Og, nitrites NO,~, nitrates NO3~, peroxynitrites
ONOO™. The RONS species are often considered to play the main role in the process of chemical
decontamination of gas and water, as well as bacterial inactivation [Laroussi 2002; Morent 2011;
Machala 2013, Luke$ 2014]. The production of nitrites and nitrates in water is probably the main
reason of acidification of plasma treated solution [Luke$ 2012; Machala 2013]. The evaluation of
concentration of these reactive species is critical to understand the chemical processes and subsequent
biocidal effects. Despite many positive effects reported plasma interaction with cells remains still
relatively not well understood. The goal and contribution of our work was to investigate the chemical
effects of plasma generated in various gases and in a contact with various water solutions and
correlate them with the biological effects of the plasma.

Experimental Setup

Experimental setup was designed to provide repetitive contact of water solution with discharge
(Fig. 1) [Hensel 2015]. Water solution was driven by peristaltic pump down the grounded electrode
(water electrode) above which a high voltage electrode was placed. The distance between the
electrodes was 1 cm. The electrodes were enclosed in a small chamber (volume = 12.5 mL) to be able
to vary a gas composition (gas flow rate =2 L/min). Transient spark discharge (TS) was driven by
positive DC power supply (Technix RS20) and its electrical characteristic were monitored by high
voltage probe (Tektronix P6015A) and Rogowski type current probe (Pearson Electronics) connected
to an oscilloscope (Tektronix TDS 1012). The typical amplitude of the applied voltage was
Upnax = 10-13 kV, amplitude and frequency of the discharge current pulses were I, = 5-18 A and
f = 1.5-4 kHz, respectively.
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Figure 1. Scheme of experimental set up with water electrode.

Materials and Methods

We investigated chemical effects of the TS discharge in water solutions and biological effects on
gram-negative bacteria Escherichia coli (CCM3954). The bacteria is well known and widely used as
a model microorganism. It is commonly present in intestine of warm-blooded organism, and therefore
considered as an indicator of fecal contamination of water. We used planctonic bacterial suspension,
i.e. bacteria floating in the solution. The volume of treated samples was 5 mL and the initial
concentration of bacteria in the solution was 10’ CFU/mL (CFU — colony forming unit). The
bacterial inactivation was evaluated by standard colony counting method and inactivation effect was
expresses as a logarithmic reduction of bacterial concentration.

Chemical effects in water solutions were investigated in non buffered water solution of
monosodium phosphate NaH,PO, mimicking tap water (“water”, 600 uS/cm, pH 5), as well as in
phosphate buffered 2mM solution Na,HPO,/KH,PO, (PB, 550 uS/cm, pH 7). The concentrations of
hydrogen peroxide H,O, and nitrite NO, were evaluated using colorimetric methods. Immediately
after the treatment we stabilized the 200 pL of the treated sample by 30 uL of sodium azide NaN; to
prevent the reaction of H,O, with NO, , and subsequently added 100 uL of titanium oxysulfate
TiOSO,4. The H,0O, reacts with titanyl ions of TiOSO, and produce yellow-colored product with
maximum absorbance peak at 407 nm. To determine nitrite NO, concentration, we employed
commercial kit (Cayman Chemicals) that uses Griess reagents to form pink-coloured azo-product with
maximum absorbance peak at 540 nm. We also monitored the pH (WTW 3110), conductivity
(Greisinger Electronic GMH 3430) and temperature of treated solution approximately 1-2 minutes
after the treatment; taking into account the temperature of solution (the post treatment stabilization
time was similar for all samples).

Results and Discussion

In this section we present the results of TS discharge biocidal effect on E. coli and chemical
effects on water solutions (“water”, PB), In Figure 2 characteristic voltage and current waveforms of
positive DC transient spark discharge are depicted and photograph of the discharge is presented, too.
As the figure shows, the TS discharge is typical with current pulses of high amplitude (order of
several tens of A) and very short duration (10—100 ns). The frequency of the pulses is usually of order
of several kHz that depends on the breakdown voltage. During the current pulses the breakdown
voltage drops almost to zero as the electric circuit internal capacity discharges completely. After the
breakdown the potential across the discharge gap starts to increase as the capacity recharges until
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Figure 2. The voltage and current characteristic of DC transient discharge in air at atmospheric
pressure, and corresponding photograph of the discharge in water electrode system [ambient air].
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Figure 3. Effect of plasma treatment time on E. coli in “water” (left) and comparison of plasma
treatment in non-buffered (“water”) and buffered (PB) solutions (right) [ambient air, treatment time
5 min, liquid flow 14 mL/min, U, = 11kV, I, = 10 A, f = 2.5-4 kHz] (data points represents
mean value + standard deviation (left); box and whiskers plot: maximum, upper quartile, median,
lower quartile, minimum (right)).

another breakdown occurs. The TS is a self-pulsing repetitive streamer to spark transition discharge
[Janda 2012], where the repetitive frequency can be well controlled by breakdown voltage.

Figure 3 shows the biocidal effect of TS discharge. A decrease in bacterial concentration from
initial 10" CFU/mL to 10* CFU/mL was observed after 10 minutes treatment of E. coli in “water”. We
achieved stronger inactivation effect in non-buffered solution = 3 log than in buffered =~ 1 log. To
understand different biodical effects of the TS discharge in the two solutions we decided to measure
the chemical agents in water potentially responsible for this effect.

In general, plasma can effect its environment by several possible ways — UV radiation, heat,
electric field, charged and neutral reactive species. According to several studies [Herrman 1999; Choi
2006; Laroussi 2005] the UV radiation produced by low temperature discharge is not sufficient to
inactivate microorganisms at high rates. The bacteria can be efficiently killed by a heat, however in
low temperature plasma the gas temperature (represented by the energy of ions) remains almost at
ambient temperature. Although the TS discharge produce more heat than other low temperature
plasma discharges, in our system after 10 min treatment we observed solution temperature increase
only by approximately 4.05 + 1.5 °C, i.e., very little to have any significant effect on bacteria. Electric
field can also affect the cell membrane cause its electroporation and support efficient transport of
reactive species into the cell. This phenomenon is more likely dominant in gram-negative bacteria
than in gram-positive as the gram-negative bacteria have thinner peptidoglycane layer than gram-
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positive. In low temperature plasma the dominant role is often assigned to various atomic and
molecular reactive species. Reactive species originates in a gas and dissolve into water or can be
generated directly in water. These species change the properties of treated solution. Figure 4 shows
dependence of pH and conductivity on plasma treatment time of “water”. The decrease of pH is
associated with the increase of conductivity. After 15 min treatment pH decreased to 3 and
conductivity increased to 1400 uS/cm.

Reactive species responsible for the pH decrease are NO, and NO; (1) that forms when NO,
generated by the discharge in the gas phase dissolves into water. In the water at acidic pH the NO,
can further react and forms NO3; dominantly (2). This reaction is however impossible in buffered
solution where pH is kept neutral. In this case, NO, is accumulating and therefore its concentration is
higher in PB than in “water”. In the case H,O; is present; NO, can react with H,O, and form
peroxinitrite ONOO (3).

NO,(gas) + NO,(gas) + H,O — NO, (lig.) + NO; (liq) + 2H" (D
3NO,  +4H" +H,0 — 2NO +NO; + 2H;0" (2)
N02_+ HzOz — O:NOO_ + Hzo — NOg_ + Hzo (3)

The formation of active species in water is also affected by the gas composition above the water
solution. Figure 5 shows the effect of various mixtures of N, and O,. If the discharge is generated in
pure oxygen atmosphere with minimum nitrogen impurities, NO, will not formed, its concentration
is negligible, and pH will stay constant. On the other hand the concentration of H,O, formed in very
high rate in pure oxygen. It is caused by higher formation of hydroxyl radicals that form H,O, and
accumulate in water, and also due to lack of NO, they could potentially react with.

In nitrogen atmosphere the discharge produces only a small amount of NO, because of lack of
oxygen in reaction, therefore also only a small decrease of pH was observed. In case of O,/N,
mixtures in “water” solution, there is most significant pH decrease and the concentration of reactive
species is relatively high and balanced (0.4—0.5 mM) compared to pure N, and O,. Synergetic effect
of H,O, and NO, in acidic conditions can lead to formation of peroxinitrites and is responsible for
overall strong bactericidal effect. On the other hand in PB the pH does not change much (Fig. 5), the
concentrations of H,0, is small compared to “water”, while concentration of NO, is higher due to
neutral pH that suppress nitrites to be converted into nitrates (Fig. 6).

All previous experiments were performed with constant solution flow rate of 14 mL/min. At this
flow rate we got almost pulsation-free solution flow and highly repeatable discharge pulses with
almost regular frequency. Nevertheless we also investigated the possible effect of solution flow rate
on the formation of reactive species. As can be seen in Figure 7, the solution flow rate in the range of
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Figure 4. Effect of plasma treatment time on pH and conductivity of ‘water’ solution [ambient air,

liquid flow 14 mL/min, U, = 11kV, L. = 10 A, f = 2.5-5 kHz] (data points represents mean
values =+ standard deviation).
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Figure 5. Effect of gas mixture on pH of “water” and PB (left) and concentration of H,O, and NO,
in “water” [treatment time 5 min, %0, in Nj, Uy = 11KV, T, = 11-18 A, =~ 2—4 kHz].
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Figure 6. Effect of gas mixture on concentration of H;O, and NO, in “water” and in PB solutions;
[treatment time 5 min U, = 11-13kV, I, = 10-18 A, f = 2.5-4 kHz] (data points represents
mean values =+ standard deviation).

5-20 mL/min did not have any significant effect on the concentration of the generated species. At
very high flow rates the effect on H,O, concentration was observed, however probably the result of
irregularity of water flow driven by the pump. The results show the solution flow rate does not have
any significant effect and the only parameter that determines the efficiency is the energy density [J/L]
delivered to the given volume of the liquid in a given time.

To compare our results with the works of others authors, one has to keep in mind there has been
various types of discharges used and utilized in various experimental conditions and therefore
comparison of the results is often very difficult or impossible. Many authors uses DBD discharges,
particular plasma jets [Tresp 2013, Zhang 2013, Akishev 2015, Xu 2015], which are more gentle in
their effect toward water solution containing bacteria, however they demand noble gases as a working
gas. Few others utilized a gliding arc [Burlica 2006], which induces higher concentration of reactive
species in comparison to plasma jets, but these discharges reach higher temperatures, therefore induce
different concentration of particular RONS. Treatment of the liquids is often done in a batch mode,
rather than continuous mode. There are very few papers where water is circulated [Jamroz 2014,
Kovacevi¢ 2014], or even re-circulated as it is in our system.

In many works the achieved bacterial inactivation of E.coli is higher [Pavlovich 2014, Oehmigen
2010, Joshi 2011], however the treated volume, the treatment time and used power have to be
considered. Pavlovich et al. [Pavlovich 2014] used spark-like discharge to produce =1 mM NO,”
concentration in saline solution (0.85% NaCl, 0.15mL) after 5 minutes of treatment in air
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atmosphere. In NaH,PO, solution we achieved slightly smaller concentration (= 0.6 mM), however in
larger volume of treated liquid (5 mL). Burlica et al. using the gliding arc discharge [Burlica 2006]
did not find any hydrogen peroxide in nitrogen or air atmosphere, while in oxygen they produced
very less H,O, (0.24 mM) in comparison to our system. On the other hand the concentration of NO,~
was higher. The pH decrease and NO,  chemistry had similar tendency in dependence on gas
mixtures. They also observed more obvious pH decrease in air (to pH 2.7) than in oxygen (to pH 3.4).
The concentration of NO,~ was highest in air and they did not detect any NO,™ in oxygen atmosphere.
Jamroz et el. [Jamroz 2014] used flowing liquid cathode system and they observed similar
concentration of H,O, (1.12 mM) and less concentration of NO, (8.15 uM). Oehmigen et al.
[Oehmigen 2010] used surface DBD discharge and induced 9 uM of H,0, and 30 uM of NO,™ in
5mL of deionized water after 5 min of treatment. Luke$ et al. [LukeS 2014] generated lower
concentrations of 120 uM of H,0, and 50 uM of NO;~, but in much bigger liquid volume by pulsed
discharge generated above a liquid.

In conclusion the water electrode system that we used has a great advantage in its ability to work
in ambient air and repetitive contact of liquid with discharge. It allows us to vary liquid volume, liquid
flow rate, as well as the treatment time. The reactive species which are produced in air are in good
balance and sufficient concentration to inactivate bacteria, considering the volume of bacterial
solution, treatment time and power.

Conclusion

We investigated the effects induced in water solutions by positive DC transient spark discharge
generated in atmospheric pressure and compare it to other authors work. We achieved 3-log reduction
of Escherichia coli after 10 min treatment of “water” by TS discharge generated in air. In buffered PB
solution we observed lower 1-log reduction. In monosodium phosphate solution decrease of pH from
5 to 2.5, increase of conductivity from 600 to 1400 puS/cm and insignificant increase of temperature
were noticed after 15 minutes treatment. Chemical effects, i.e. concentration of H,O, and NO, were
measured in dependence on working gas in which was the TS discharge generated. We found the
chemical effects are independent on solution flow rate. More experiments are needed to clarify impact
of reactive species on bacterial inactivation.
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Figure 7. Effect of solution flow rate on conductivity [mS/cm], pH and concentration of H,O, [mM];
[treatment time 5 min, treated volume 5 mL, working gas — air, U, = 10 kV, = 4 kHz].
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