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The bactericidal action of the plasma of a high-frequency discharge excited at a frequency f = 5.28 MHz and
a low pressure in air on different test-strains of microorganisms has been investigated. The high-efficiency
plasma inactivation of strains of E. coli, B. subtilis, C. albicans, and S. aureus at an initial contamination
N0 ≤ 103 CFU ⁄ ml was detected. It was established that the most probable sterilization agents of the plasma
generated are the "hot" and "cold" OH radicals, the excited electrically neutral N2 and O2 molecules, and the
UV plasma radiation.
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Introduction. The development of new highly efficient methods for sterilization of materials is of profound
importance for medicine, ecology, and light and food industries. At present, the traditional methods of sterilization,
vapor sterilization and autoclaving at a sterilizing-medium temperature of 120–180oC, are most generally employed.
However, in a number of cases, the use of these methods leads to damage of thermolabile materials. This circumstance
has stimulated the development of alternative methods of sterilization: chemical ethylene oxide and formaldehyde gas
methods and physical methods in which UV radiation, electron beams, γ-radiation, and microwave electromagnetic
fields are used. However, practical implementations of these methods have revealed a number of weaknesses. For ex-
ample, materials sterilized with the use of chemical agents should be then treated for a long time (as long as 24 h)
because these agents can be highly inflamable, explosive, toxic, or carcinogenic substances dangerous for the environ-
ment. The sterilization of materials by γ-radiation or electron beams can cause damage to them and calls for the use
of expensive, cumbersome equipment and special protective measures for provision of safety of the attending person-
nel. The use of high-intensity microwave electromagnetic fields is limited because a long time is required to attain a
sterilization action with these fields.

Of special importance is the sterilization problem in modern medicine, in which new expensive materials and
high-tech equipment are used. These circumstances as well as the discovery of new stable forms of pathogenic micro-
organisms impose stringent requirements on the sterilization process and call for the development of inexpensive, safe
and rapid methods for treatment of materials and instruments with the use of new highly efficient sterilizing agents ex-
erting a nondestructive action on their surface. The plasma methods of sterilization most fully satisfy these require-
ments [1, 2].

The suggestion that plasma can be used for sterilization of medical materials and instruments was made as
early as in the 1960s of the past century [3]. This plasma can be generated by different electric discharges. Electric
(arc, spark, and corona) discharges excited at atmospheric pressure are sources of plasma for sterilization of liquid ob-
jects [4–6], and the surface of solid bodies is treated by the plasma of glow discharges [7, 8]. High-frequency capaci-
tive discharges (HFCD) of low pressure are the most suitable sources of plasma for sterilization of products made
from capillary-porous materials (fabric, paper, board, atraumatic sutural material, porous fluoroplastic, etc). These dis-
charges, unlike the other forms of gas discharges, make it possible to perform volume treatment of materials because
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they give rise to nonself-sustained pulse-periodic microdischarges inside their pores [9]. Electrons in the HFCD plasma
possess energy of several electron-volts and are extremely overheated relative to the heavy particles with a gas tem-
perature of �0.3 eV, which makes it possible to obtain a large number of excited chemically active "cold" particles,
the deactivation of which can be accompanied by the appearance of a photon flux with an energy of �6 eV. Thus,
the plasma serves simultaneously as a low-temperature chemically active medium and as an UV-radiation source pos-
sessing bactericidal properties. Moreover, the sterilizing agents formed in the plasma of a discharge exist only during
its combustion and disappear practically instantaneously once the discharge is switched off.

The available literature data on the sterilization of materials by the plasma of high-frequency discharges are
few in numbers and were obtained for discharges excited at an industrial frequency f = 13.56 MHz [10–12]. It was
established in [10] that the sterilization of materials in the plasma of a high-frequency capacitive discharge excited in
air is threshold in character and its main mechanism is the destruction of microorganisms by positive ions and excited
molecules of the neutral gas. The authors of [11] have shown that, in the case where a high-frequency discharge ex-
cited in oxygen is used for sterilization of materials, the degradation of microorganisms in them is due to the pho-
toetching and ionic etching caused by OI atoms and metastable molecules of the singlet oxygen O2

∗. It was established
in [12] that a high-frequency discharge excited in an atmosphere of H2, N2, O2, Ar or their mixtures can be used to
advantage for the inactivation of microorganisms, the removal of proteins, and the depyrogenation of endotoxins and
that the sterilization effect is determined first of all by the efficiency of the erosion and etching of the surface layers
of materials, protecting the microorganisms from the action of UV radiation. It was also shown that O2

 ⁄ H2 mixtures
are the most suitable media for both the inactivation of bacteria and the removal of endotoxins and protein films.

At present there are no works devoted to investigating the action of the plasma generated in an electromag-
netic field of lower industrial frequency on microorganisms, even though it is known that the accumulation and ioni-
zation of excited chemically active molecules in an oscillating electric field is dependent on its frequency [13, 14].

The aim of the present work is to investigate the bactericidal action of the plasma of a low-pressure high-fre-
quency planar discharge excited at a commercial frequency f = 5.28 MHz on different test-strains of microorganisms.

Experimental and Investigation Methods. The scheme of the experimental setup used in our investigations
is shown in Fig. 1. A high-frequency planar volume discharge burning uniformly in the atmosphere of molecular gases
at a pressure of 0.1–10 torr was excited in a discharge chamber formed by parallel plane metal electrodes 1 and 2
mounted on the transparent quartz plates 7. The distance between the electrodes l was changed from 6 to 20 mm. The
lower electrode 2 was positioned on the dielectric (glass or fluoroplastic) spacer 4 fixed to the grounded metal support
3. All the elements of the discharge chamber were inside the vacuum chamber 5 filled with a working gas. The pres-
sure of the plasma-forming gas P was controlled by a VDG-1 vacuum gauge.

As the electric-power source 12, an industrial VChI-62-5-IG-101 generator was used. The high-frequency volt-
age U1 supporting the discharge was supplied from several turns of work-coil 11 of generator 12 and was fed to the
upper electrode 1. This voltage was measured by a static S509 voltmeter 10 and was varied by changing the anode

Fig. 1. Diagram of the experimental setup: 1) upper electrode; 2) lower electrode;
3) grounded metal support; 4) dielectric spacer; 5) vacuum chamber; 6) carrier
with microorganisms; 7) quartz plates; 8) condenser; 9, 10) voltmeters; 11) work-
coil; 12) high-frequency generator; 13) photographic objective; 14) digital video
camera.
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voltage of the generator lamp triode and the tapped-coil coupling of the work-coil with the discharge chamber. The
specific power supplied (the electric power consumed by a unit volume of the plasma) W was estimated by the formula

W = [Id (U1 − U2)] ⁄ V .

The voltage U2 was measured by a V7-26 voltmeter 9. The current Id was calculated by the formula Id =
2πfCU2, where C is the total capacitance of capacitor 8 and the lower electrode 2 relative to the ground. The ca-
pacitance of capacitor 8 was selected such that the condition C >> C12 was fulfilled, i.e., the relation X2� << Xd.ch
was provided.

As the tests-strains of microorganisms, we used vegetative forms possessing characteristic morphological, cul-
tural and physiological-biochemical features as well as good growth properties: the ATSS-8739 gram-negative
Esherichia coli (E. coli), the ATSS-6633 gram-positive Bacillus subtilis (B. subtilis), the ATSS-6538 Staphylococcus
aureus (S. aureus), and the ATSS-10231 yeastlike fungi Candida albicans (C. albicans). The cultures of the microor-
ganisms being tested were grown on agar slants for 18 h; then they were washed off by a sterile physiologic salt so-
lution and dissolved in accordance with the Farland optical turbidity standard to a working cell concentration of
109–102 CFU ⁄ ml, whereupon control seedings were made for determining the number of living cells.

The samples prepared were put on carriers 6 inert with respect to the microorganisms and the plasma
(sterile plane glass plates of size 2 × 2 cm or the bottom of sterile opened glass Petri dishes of diameter 9.5 cm)
and placed on electrode 2 of diameter 11.5 cm in the discharge chamber. In this case, the glass plates occupied
less than 3% of the area of the electrode, and the Petri dishes occupied more than 70% of its surface. The form
of the discharge excited in the discharge chamber was selected depending on the indicated conditions: the treatment
of the samples was performed in the plasma of a high-frequency capacitive discharge when plates were used [15]
and in the plasma of a nonclassical HFCD called the high-frequency barrier discharge (HFBD) in the literature
when Perti dishes were used [15–18]. Figure 2 presents video images of a high-frequency capacitive discharge (a)
and high-frequency barrier discharges at different instants of time (b, c), obtained with the use of the photographic
objective 13 and camera 14 (Fig. 1).

The high-frequency capacitive discharge was excited in air at pressure P � 0.4 torr, specific power W � 0.1
W ⁄ cm3, and interelectrode space l = 20 mm. The high-frequency barrier discharge was excited at P � 0.4–0.5 tor r ,
W � 0.1 W ⁄ cm3, and l = 20 mm. The time t of treatment of the test-strains by the HFCD plasma was 5, 7, and 10 min,
and t was 5, 7, 10, 20, and 30 min when the HFBD plasma was used. The values of the specific power supplied to the
high-frequency capacitive and barrier discharges was selected such that the heating of the samples was minimum and the
possibility of their chemical sterilization was excluded. It should be noted that the HFBD excited was, at the initial stage,

Fig. 2. Video images of the excited HFCD (a) and HFBD (b, c): 1) upper
electrode; 2) lower electrode; 3) light-emitting layer of the glow-discharge
plasma; 4) filament of the HFBD; 5) carrier with microorganisms in the
HFCD; 6) carrier with microorganisms in the HFBD.
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a homogeneous glow discharge (Fig. 2b) that was then changed for the filamentary one (Fig. 2c) characterized by the
appearance of a "bundle" of current-carrying plasma channels moving chaotically between the electrodes [18].

To estimate the degree of natural death of the microbe cells, we made control seedings of the prepared test-
cultures each on the carriers being used, and then the samples that were not subjected to the plasma action were held
in an air atmosphere at room temperature for the time corresponding to the plasma-treatment regulations.

In the case where glass plates were used, the number of microorganisms found on them was determined by
the method of direct seeding of the culture washed off from the experimental and control samples on the surface or
in the bulk of the corresponding differential-diagnostic counting medium, including the subsequent cultivation of the
seeding. When Petri dishes were used, the microorganisms in both the experimental and control dishes were flooded
by a corresponding counting agarose medium (the depth-cultivation method). In this case, it was possible that one may
exclude the stage of washing off the microorganisms from the carriers, leaving room for incomplete washing and sec-
ondary contamination of the biological material and, as a consequence, the appearance of an additional error in the es-
timation of the number of cells in the colonies of microorganisms in the process of seeding.

To obtain maximum standardized results, we cultivated the E. coli samples in Endo medium at a temperature of
37 oC for 72 h, the S. aureus samples in an egg-salt agar at a temperature of 37 oC for 24 h, the B. subtilis samples in
a meat-peptonic agar at 30 oC for 72 h, and the C. albicans samples in a Sabouraud medium at 24 oC for 120 h.

The efficiency of the plasma eradication of the tests-strains and their natural lethality was estimated by the de-
gree of survival I of the microorganisms grown after the plasma treatment, and the microorganisms grown after these
strains were held for the same time t in air medium. The value of I was calculated using the relation

I = 
Nt

N0
 ⋅ 100% .

An analysis of samples of the control seedings of the test-cultures each has shown that the percent of microbe
cells that died naturally is negligible and can be disregarded when the sterilizing plasma action is estimated. This is
explained by the fact that the microorganisms being tested are mesophilic in character and are found on carriers in a
physiologically neutral medium (a physiologic salt solution) or in a medium favorable for them (a nutrient medium).

Results and Discussion. Results of investigations of the action of a HFCD plasma on test-cultures E. coli,
S. aureus, B. subtilis, and C. albicans, carried out with the use of glass plates as carriers, are presented in Table 1. It
is seen from this table that the efficiency of the bactericidal action of the plasma generated in a high-frequency ca-
pacitive discharge excited in air depends substantially on the initial concentration N0 of the test-culture and the dura-
tion of the plasma action t on it. For example, the survival of E. coli was 0.2% at N0 � 1⋅103 CFU ⁄ ml and t = 7–10
min and not lower than 71% at N0 � 1.4⋅104 CFU ⁄ ml at t = 7–10 min. A similar dependence was obtained for S.
aureus, even though, in this case, the bactericidal action of the plasma was weaker: after a 10-min treatment, the sur-
vival of the microorganisms was 83% at N0 = 1.8⋅104 CFU ⁄ ml and 36%  at N0 = 8.0⋅103 CFU ⁄ ml. This effect is evi-
dently due to the formation of clumps of microorganisms stuck together when they are present in large concentrations
in the culture, which prevents the penetration of the sterilizing plasma agents into them.

TABLE 1. Survival I (%) of the Test-Cultures on the Surface of a Glass Plate after Their Treatment  by the Plasma of
a HFCD Versus Their Initial Concentration N0 and the Time of Plasma Treatment. The Plasma-Forming Gas is Air, the
Working Pressure P � 0.4 tor r , the Electrode Spacing is 20 mm, the Specific Power Consumption W � 0.1 W ⁄ cm3

Test-culture N0, CFU ⁄ ml
t, min

5 7 10

E. coli

1.0⋅103 0.2 0.2 0.2
8.0⋅103 — 6.0 0.3
1.4⋅104 — 78.0 71.0

S. aureus 
8.0⋅103 88.0 — 36.0
1.8⋅104 88.0 83.0 83.0

B. subtilis 1.7⋅102 70.0 3.0 2.0
C. albicans 1.0⋅103 0.2 0.0 0.0
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The efficiency of bactericidal action of the plasma on B. subtilis with N0 = 1.7⋅102 CFU ⁄ ml was low when
the time of treatment was equal to t = 5 min; in this case, approximately 70%  of viable cells were detected. However ,
when the time of plasma action was increased to 7–10 min, the survival of the B. subtilis cells was of the order  of
2–3% . For  the C. albicans culture with N0 = 1.0⋅103 CFU ⁄ ml, a practically complete bacter icidal effect was detected
at all the times of action of the HFCD plasma on it.

Data on the survival of the test-cultures B. subtilis, E. coli, and S. aureus found at the bottom of the Petr i
dish subjected to the action of the plasma of a high-frequency bar r ier  discharge for  different times are presented in
Table 2. These data show that the efficiency of bacter icidal action of the HFBD plasma, as well as of the HFCD
plasma, depends on the initial contamination of the cellular  suspension. However , unlike the HFCD plasma, a complete
bacter icidal effect for  the E. coli microorganisms with N0 = 1.0⋅102–1.0⋅103 CFU ⁄ ml was attained even after a 5-min
treatment of them by the HFBD plasma. The survival of S. aureus with N0 = 1.7⋅103 CFU ⁄ ml and B. subtilis with
N0 = 1.0⋅109 CFU ⁄ ml was 80–100% even in the case where the duration of the treatment was t = 30 min. These re-
sults, along with the analogous data obtained for the HFCD plasma, (Table 1), show that Staphylococcus aureus is
very stable to the plasma action.

To determine the conditions for efficient eradication of Staphylococcus aureus in the plasma of a high-fre-
quency barrier discharge, we excited this discharge at higher pressures of the plasma-forming gas with the use of a
higher specific electric power. The results obtained have shown that an increase in the plasma-forming gas pressure
from 0.4 to 1.5 torr does not cause a marked decrease in the number of the S. aureus microorganisms — the survival
of this test-culture was �90% when it was subjected to the plasma action for 30 min. The authors of [7] also arrived
at the conclusion that the efficiency of the plasma eradication is independent of the plasma pressure. The efficiency
of action of the plasma of a high-frequency barrier discharge excited with the use of a higher specific power (W =
0.85 W ⁄ cm3, P � 0.7 tor r) on the cultures being studied was investigated in a discharge chamber  with electrodes
separated by 10 mm distance: the area of these electrodes was practically equal to the area of the inser ted glass
plates of size 2 × 2 cm. As the test-objects, we used, in addition to S. aureus, E. coli and B. subtilis bacteria se-
lected for comparison. The duration of the treatment of these cultures was 5, 10, and 20 min. The data on their sur-
vival are presented in Fig. 3.

As is seen from Fig. 3, the survival of E. coli comprised 13.5% of the initial microbe concentration after
treatment by the HFBD plasma for 5 min. The bactericidal effect was practically absent for the S. aureus culture sub-
jected to the same plasma action — the survival of its cells was of the order of 94%. The efficiency of the HFBD-
plasma action on the B. subtilis culture at t = 5 min was also low: after the plasma treatment, the viable B. subtilis
cells comprised �40% of their initial concentration N0 � 4.4⋅103 CFU ⁄ ml. The results of investigations of the survival
of the cultures being studied after 10 min treatment by the HFBD plasma have shown that this plasma action gives a
100% bactericidal effect for the test-strains of E. coli and B. subtilis, and the survival of the S. aureus test-strain was
about 4% in this case. Complete eradication of all the test-cultures was obtained after 20 min plasma action.

An analysis of the data presented in Tables 1 and 2 and in Fig. 3 shows that the microbe population subjected
to the plasma treatment can be conditionally divided into three characteristic groups: microorganisms that are least toler-
ant to the plasma action (they die within the first minutes of treatment), microorganisms that have a "normal" tolerance
(they form the main mass of the population), and microorganisms that are highly tolerant to the plasma action.

TABLE 2. Survival I (%) of the Test-Cultures at the Bottom of a Petri Dish after Their Treatment by the Plasma of
a HFBD Versus Their Initial Concentration N0 and the Time of Plasma Treatment t. The Experimental Conditions are
Identical to Those Presented in Table 1

Test-culture N0, CFU ⁄ ml
t, min

5 7 20 30

E. coli
1.0⋅102 0 0 0 —

1.0⋅103 0 0 0 —

S. aureus 1.7⋅103 — 90 88 82

B. subtilis 1.0⋅109 — 100 100 98
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The available literature data on the study of the structural-functional changes in microorganisms under the ac-
tion of a plasma point to the fact that death of these microorganisms happens when their cell wall breaks down, the
cytoplasmic membrane unravels, and its main function — as a permeability barrier — is destroyed [19–21]. However,
at present there is no clear consensus on the mechanism of the plasma destructive action on microorganisms, which is
explained by the synergetics of the acting factors as well as by the fact that the mechanism of the eradication process
is unclear. In accordance with the modern concepts, the main bactericidal agents of a plasma is its UV radiation of
wavelength falling within the ranges Δλ1 � 160–220 nm and Δλ2 � 250–270 nm as well as the fluxes of excited atoms
and molecules of oxygen, nitrogen, OH radical, ozone, and nitrogen oxides NOx. In this case, UV radiation exerts a
determining bactericidal action because its frequencies Δλ1 and Δλ2 correspond to the maximum of the radiation-inac-
tivation cross section of the deoxyribonucleic acid molecules of the microorganisms and it plays a significant role in
the formation of chemically active particles in the plasma [22, 23]. According to the data obtained in [7], the unex-
cited and charged particles have no influence on the plasma eradication.

Our earlier investigations [14] on the influence of the regimes of excitation of a high-frequency capacitive dis-
charge with f = 5.28 MHz on the parameters of the plasma generated in this discharge have shown that the bands of
the plasma radiation in the UV, visible, and near infrared regions of the spectrum (Δλ = 300–1000 nm) correspond to
the bands of the first and second positive systems of the N2 molecules, the bands of the first negative system of the
molecular ion N2

+, and the OH bands. In this case, "cold" OH molecules having a rotational temperature Trot
c  close to

the gas-kinetic temperature Tg � 300 K in the excited electron state OH(A2Σ) and "hot" molecules with Trot
h  � 10,000

K are present in the discharge at the same time. An analysis of the emission spectra of a high-frequency capacitive
discharge in the range 225–300 nm has shown that the intensity of the plasma radiation increases slightly when its
wavelength decreases, beginning at 300 nm. In our opinion this effect is due to the presence of the "tails" of molecu-
lar bands of O2 (the Shumann–Runge system) and molecular bands of N2 (the Lyman–Birge–Hopfield system) in this
spectral range. The foregoing allows the suggestion that the bactericidal agents of the high-frequency capacitive and
barrier discharges used in the present work are the excited electrically neutral N2 and O2 molecules, the OH radicals,
and the UV radiation of the discharge plasma.

Conclusions. Our investigations have shown that the plasma of the high-frequency capacitive and barrier dis-
charges excited at a commercial frequency f = 5.28 MHz in air at a pressure P � 0.4 torr with the use of a specific
power W ≈ 0.1–0.85 W ⁄ cm3 is a highly efficient bactericidal medium for strains of E. coli, B. subtilis, C. albicans,
and S. aureus when their initial concentration N0 ≤ 103 CFU ⁄ ml. At larger values of N0 the eradication efficiency de-
creases because of the formation of clumps of microorganisms that stick together, which decreases the number of
plasma bactericidal agents penetrating into them. It has been established that the HFBD plasma exerts a more pro-
nounced bactericidal action on microorganisms as compared to that of the HFCD plasma, and that the eradication of
all the test-cultures being investigated is independent of the pressure (0.4–1.5 torr) of this plasma.

It was shown that the most probable bactericidal agents of plasma generated in a high-frequency capacitive and
barrier discharge are "hot" and "cold" OH molecules, excited N2 and O2 molecules, and the UV radiation of the plasma.

To analyze the mechanisms of eradication of microorganisms under the action of the HFCD and HFBD
plasma in detail and formulate engineering principles of construction of a high-efficiency sterilizing plasma apparatus
safe for the environmentit it is necessary to carry out additional experimental and theoretical investigations.

Fig. 3. Survival I of microorganisms versus the time of their treatment in the
plasma of a HFBD at a pressure P � 0.7 torr and a specific energy consump-
tion W = 0.85 W ⁄ cm3: 1) E. coli; 2) S. aureus; 3) B. subtilis. I, %; t, min.

424



The authors are grateful to S. V. Goncharik for help in the preparation of materials for this article.

NOTATION

C12, capacitance of the space between the upper and lower electrodes, μF; f, frequency, MHz; I, degree of
survival of microorganisms, %; Id, total current of the discharge, A; l, interelectrode space, mm; N0, initial concentra-
tion of cells of a test-strain, CFU ⁄ ml; Nt, final concentration of cells of a test-strain, CFU ⁄ ml; P, pressure, torr; t,
time of treatment of test-strains by a plasma (duration of plasma action), min; Tg, gas-kinetic temperature, K; Trot

h , ro-
tational temperature of the "hot" molecules, K; Trot

c , rotational temperature of the "cold" molecules, K; U1, high-fre-
quency voltage, V; U2, voltage across the space between electrode 2 and the ground, V; V, volume occupied by the
plasma, cm3; W, specific energy supplied, W ⁄ cm3; X2�, reactance of the circuit section, Ω; Xd.ch, reactance of the dis-
charge chamber, Ω; Δλ1, Δλ2, Δλ, wavelength ranges, nm; VUV ⁄ UV, vacuum ultraviolet/ultraviolet. Subscripts: d, dis-
charge; 0, initial value of a quantity; g, gas; h, hot; rot, rotational; c, cold; d.ch, discharge chamber.
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