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Abstract

Recently, non-equilibrium, atmospheric pressure air plasmas have been shown to possess excellent germicidal properties. A number of
studies have shown that air plasmas are capable of inactivating a wide range of microorganisms in the matter of few seconds to few minutes.
However, until now little information regarding quantitative measurements of the various plasma agents that can potentially participate in
the inactivation process has been published. In this paper, emission spectroscopy and gas detection are used to evaluate important plasm
inactivation factors such as UV radiation and reactive species. Our measurements show that for non-equilibrium, atmospheric pressure air
plasmas, it is the oxygen-based and nitrogen-based reactive species that play the most important role in the inactivation process.
© 2004 Elsevier B.V. All rights reserved.
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1. Inroduction production of an agent or another and to optimize the ef-

ficiency of the inactivation process. The analysis presented
The inactivation of harmful microorganisms such as bac- here, however, is for low temperature atmospheric pressure

teria can be achieved by chemical and/or physical means,plasmas generated in air. For information on plasma steril-

such as heat, chemical solutions and gases, and radiationzation using other gas mixtures such ag@r,, or at low

[1]. Most conventional sterilization techniques are associated pressures, the reader is referred to REFs8].

with some level of damage to the material or medium sup-

porting the microorganisms. This does not present a prob-

lem in cases where material preservation is not an issue.2. Identification of the inactivation factors and

However, in cases where it is imperative not to damage the assessment of their roles

materials to be sterilized, conventional methods are either

not suitable at all or offer very impractical and/or tedious ~ Under plasma exposure, bacterial cells can be inactivated

and time consuming solutions. This situation led to the de- by one of four known factors or by a synergistic combi-

velopment of new techniques that are at least as effectivenation of these. These factors are the heat, UV radiation,

as established ones, but with added superior characteristiceharged particles, and reactive neutral species. The extent

such as short processing times, non-toxicity, and medium of the influence of each factor depends on the plasma op-

preservation. Amongst these new methods, non-equilibrium erating parameters such as power and gas mixture and flow

atmospheric pressure plasmas have been shown to present@te. Here, we present relative, and when possible, absolute

great promisg2-5]. measurements of the presence of these agents in an atmo-

In this paper, the identification and potential role of each Spheric pressure air plasma generated by a Dielectric Bar-

inactivation agent generated by the plasma is assessed. Geriier Discharge (DBD). Since our experiments are conducted

erally, various gas mixtures can be used to optimize the with the biological sample placed at some distance from the
plasma (remote exposure), the effects of charged particles
(electrons and ions) will not be discussed. A comprehensive

* Corresponding author. Tek:1-757-683-2416; faxs-1-757-683-3220.  Study of the effects of charging bacterial cells by a plasma
E-mail address: mlarouss@odu.edu (M. Laroussi). can be found in Ref9].
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Fig. 1. Experimental setup of DBD air plasma generator and related diagnostics.

A schematic of the experimental setup showing the DBD sults are shown ifrig. 3. For a very low flow (0.51/min), a
and the diagnostics used in our evaluations is presentedgas temperature of 340 K was found. Increasing the airflow
in Fig. 1 The electrodes of our DBD consist of two sym- causes the gas temperature to approach room temperature
metrical aluminum plates covered by 1 mm thick sheets of (300 K).
alumina (AbO3). The distance between the electrodes is  Fig. 4 shows the increase in the temperature of the bio-
adjustable, up to 1.25 cm. Water cooling of the electrodes al- logical sample under treatment for various dissipated power
lows us to keep the temperature close to room temperature.
The applied voltage and the discharge current are monitored
by means of a high voltage probe and a current viewing
resistor, respectively. The discharge was operated at power
levels up to 20 W at an electrode separation of about 7 mm. r
Optical emission spectroscopy, mass spectroscopy, and gas
detection (for NQ, NO, and Q) were used to diagnose the
plasma contents.

2.1. Heat and its potential effect

Normalized Intensity

It has long been known that heat has detrimental effects Simulation, T = 300 K
on living cells. Therefore, heat-based sterilization techniques
were developed and commercially used for applications that

do not require medium preservation. In heat-based conven- 335 336 337

tional sterilization methods,i both moist heat. and dry heat Wavelenght [nm]

are used. In the case of moist heat, such as in an autoclave,

a temperature of 122C at a pressure of 15 psi is usgd]. Fig. 2. Measured and calculated rotational bands of the 0-0 transition

of the second positive system of nitrogen. The spectra are intentionally

o . N
Dry heat sterilization requires temperatures close to°C70 .o " o rically for better comparison,

and treatment times of about T10].

To assess if heat plays a role in the case of an air plasma,
the gas temperature in the discharge was determined by
comparing the experimentally measured rotational bands 340

350 —————————————————————

close to room temperature. A variation in power from 2 to 300
15W showed no significant change in the relative spectral
distribution. This indicates a power-independent tempera-
ture in the range between 2 and 15W at a gas flow rate of
101/min. The gas temperature for various gas flow rates at a
power consumption of 10 W was also investigated. The re- Fig. 3. Gas temperature vs. gas flow rate for a power of 10W.

structure of the 00 transition of the 2nd positive system of < r

nitrogen with simulated spectra at different temperatures. @ 330 [ . 3

In addition, the temperature in a sample, placed 2 cm away *g N

from the discharge, was measured by a thermocouple probe. § 320 | . .
Fig. 2shows the measured and calculated rotational bands § F

of the 0-0 transition of the 2nd positive system of, ffor a 310 |- ° 1

power of 10 W. It indicates that the gas temperature remains 8 F
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Fig. 4. Increase of sample temperature vs. plasma dissipated power.

levels, as measured by a thermocouple. At our typical run-
ning power levels, a maximum increase of 2as observed.
Therefore, based on these measurements no substantial ther-
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mal effects on bacterial cells are expected.

2.2. Ultraviolet radiation and its potential role

7

tion process in the case of an air plasma. Our results show
that no significant UV emission occurs below 285 nm. This
is illustrated inFig. 5. Power measurements with a cali-
brated UV detector in the 200-300 nm wavelength region
revealed that the power density of the emitted UV radiation
is below 50uW/cn? and is essentially independent of the
air flow rate. At this power levels we expect the UV not to
play a significant direct role in the sterilization process by
low temperature air plasmas.

2.3. Reactive species and their role

In high-pressure non-equilibrium plasma discharges, re-
active species are generated through various collisional path-
ways, such as electron impact excitation and dissociation.
Reactive species play an important role in all plasma—surface
interactions. Air plasmas are excellent sources of reactive
oxygen species (ROS) and reactive nitrogen species (RNS),
such as atomic oxygen (O), ozonesChydroxyl (OH), NO,
NO,, etc. Some reaction pathways that lead to the genera-
tion of these species in air plasmas are:

+
e+ 0, — e+ Oy (A8 Z) — e+ 0OCP) + 0¢P)
u

From early times humans have known that sunlight has €+ Oz — e+ O2(B? Z) — e+ 0('D) + O(P)

beneficial hygienic effects. This is of course due the pres-

u

ence of UV radiation in the sunlight spectrum. AmongstUV o 1. 0, + M — O3+ M

effects on cells of bacteria is the dimerization of thymine

bases in their DNA strands. This inhibits the bacteria’s abil- N+ O+ N2 — NO + Ny

ity to replicate properly. Wavelengths in the 220-280 nm
range and doses of several mW sfcane known to have the
optimum effect11].

NO + O3 <+ NOs + Oy
NOs + O + hv — O3+ NO

Spectroscopic and absolute power measurements were

conducted to quantify the UV contribution to the inactiva-
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Fig. 5. UV spectrum of a DBD in air in the 200-300 nm wavelength range.
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Fig. 6. Emission spectrum from a DBD in air showing OH band heads. Fig. 8. Ozone concentration generated in a DBD in air as a function of
air flow rate and at three power levels (1.5, 5, and 10W).

e+H)O— OH+H+e

emission spectrum in the range between 306 and 310 nm
O+ H20 — 20H and it indicates the OH band heaéigg. 7 shows the relative
concentration of OH in the discharge as a function of the
air flow rate and dissipated power, assuming that the rota-

. . . . : . tional band intensity represents the OH concentration. Th
in atmospheric pressure air. Relative concentration of atomic 0N band inte ;ty epresents the OH co ce tratio €
ozone concentration was measured for varying flow rates

oxygen in the DBD, as measured by detecting the oxygen . )

lines at 615.597 and 615.678 nm, showed that the concentra-anOI at various power 'e?’?"s by a calibrated ozone detector.
tion of atomic oxygen decreased less than 20% as the flowThe resuilts are shpwn IRig. 8 O.zone germmdaj effects .
rate was increased from 1 to 18 I/min. The presence of OH are caused by its interference with cellular respiration. Ni-

L . trogen dioxide was m r function of the air flow
was measured by means of emission spectroscopy, Iooklngt ogen dioxide was measured as a function of the air flo

for the rotational band of OH A—X (0-0) transition. This rate and for different power levels by a calibrated gas de-
' tecting system and the results are showirig 9.

molecular band has a branch at about 306.6 nm (R branch) The reactive species mentioned above have direct im-
and another one at 309.2nm (P brandky. 6 shows the . . . .
pact on the cells of microorganisms, and especially on their
outermost membranes. These membranes are made of lipid
bilayers, an important component of which is unsaturated
fatty acids. The unsaturated fatty acids give the membrane a
gel-like nature. This allows the transport of the biochemical

The following are measurements of oxygen, hydroxyl,
ozone, and nitrogen dioxide obtained from a DBD operated
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Fig. 7. Relative OH concentration as a function of plasma dissipated Fig. 9. Concentration of nitrogen dioxide generated in a DBD in air as a
power and air flow rate. function of air flow rate and at three power levels (1.5, 5, and 10W).
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by-products across the membrane. Since unsaturated fatty 10/
acids are susceptible to attacks by hydroxyl radical (OH) F
[12], the presence of this radical can therefore compromise
the function of the membrane lipids whose role is to act
as a barrier against the transport of ions and polar com-
pounds in and out of the cel[43]. Imbedded in the lipid
bilayer are protein molecules which also control the passage
of various compounds. Proteins are basically linear chains
of aminoacids. Aminoacids are also susceptible to oxidation
when placed in the radical-rich environment of the plasma. i 1
Therefore, the reactive species generated by air plasmas are 103 ¢ 3
expected to greatly compromise the integrity of the cells of E *
microorganisms, leading to their eventual destruction.

108 ° .

105 ¢ :
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104 .

e b e b e b b e
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3. Correlation between the presence of reactive . , . , .
. . o L Fig. 11. Colony forming units oBacillus spores vs. treatment time by a
species and inactivation kinetics low temperature, atmospheric pressure air plasma.

One kinetics measurement parameter, which has been . )
used extensively by researchers studying sterilization by Was still much greater than 10%, when only helium was
plasma, is what is referred to as thB™value (Decimal ~ USed as the operating gas. In fact Devalue in this case
value). TheD-value is the time required to reduce an origi- Was greater than 20 min. When the helium/oxygen mixture
nal concentration of microorganisms by 90%, or if the “kill’ Was used, as shown ifig. 10 a D-value of 10min was

curve is plotted on a semi-logarithmic scale, Drvalue is achieved Fig. 11 shows the inactivation kinetics of an air
determined as the time for a one jggeduction. plasma. AD-value close to 20 s was achieved in this case.

To show the effects of reactive species on the destruc- This is a 30 times faster inactivation process than the pre-
tion of bacteria, kill curves were plotted for three different Vious case. Since heat and UV radiation were shown not to

gaseous conditions: helium only, 97% helium/3% oxygen play an important role for cold air plasmas, the dramatic
mixture, and air, all at atmospheric pressure. Spores of increase in inactivation efficacy is attributed to the presence

the Bacillus genus were used since they are hard to kill ©f the chemically reactive species such as NO2NO, G,
and are accepted metrics for biological sterilization. When €tC-- - .-

helium is used, only very small concentrations of radicals

originating from impurities are expected. When helium is )

mixed with oxygen, oxygen-based species such as O ang® Conclusion

Ogs are generated. When air is used, both oxygen-based and )
nitrogen-based species are generated. Low temperature, atmospheric pressure plasmas have

Fig. 10 shows a comparison between the inactivation been shown to possess very effective germicidal character-
kinetics in the case of helium and when a 97%-3% he- istics. Their relatively simple and inexpensive designs, as
lium/oxygen mixture, respectively, was used. After 10 min well as their non-toxic nature, give them the potential to re-

of treatment time the surviving spore population percentage Place conventional sterilization methods in the near future.
This is a most welcome technology in the healthcare arena

where re-usable, heat sensitive medical tools are becoming
120 more and more prevalent.
mm—100% He In this paper, based mainly on non-intrusive optical diag-
—— 3% O . . .
2 nostics and gas detection systems, we conclude that in the
case of low temperature air plasmas, it is the highly reac-

100 -

80 1

?t%:euélgas 60 | tive species such as O, OH, and N@at play the most
crucial role in the destruction of microorganisms. Heat and
40 1 UV radiation may play a secondary role, but we expect their
20 | effects to be either minimal or indirect.
O 4
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