ORIGINAL ARTICLE | MICROBIOLOGY

https:/doi.org/10.47183/mes.2025-332 (cc) BY 4.0

ANTIMICROBIAL EFFECT OF LOW-TEMPERATURE ARGON PLASMA M) Check for updates
ON SURGICAL INFECTION IN VITRO

Anzhelika V. Zagainova'™, Marina A. Sukhina', Alexander B. Zemlianoi®®, Tatiana A. Zelenina*, Pavel S. Markevich?,
Konstantin A. Novozhilov!, Zlata E. Fedets!, Marina N. Pankova', Tamari R. Maniya', Olga V. Gritsyuk'

"Centre for Strategic Planning of the Federal Medical and Biological Agency, Moscow, Russia

2National Medical Research Center of high Medical Technologies — the Vishnevsky Central Military Clinical Hospital, Krasnogorsk, Russia
3Russian Biotechnological University, Moscow, Russia

4Kirov Military Medical Academy, St. Petersburg, Russia

Introduction. Low-temperature argon plasma (LTAP) has been widely studied as an alternative approach to prevention of purulent infections
in cases of reduced germicide effectiveness due to the developed pathogen resistance.

Objective. Survival assessment of opportunistic pathogens under the action of LTAP exposure in in vitro models.

Materials and methods. The study was carried out using ESKAPE clinical strains (a “superbug” group with a high epidemic potential for the
formation of hospital strains) and reference strains from culture collections, as well as strain mixtures. A PLASMORAN plasma arc unit (Russia)
was used as a LTAP source. One plasma generation mode, three distance variants (from the nozzle to the Petri dish culture plane — 10, 15,
and 20 cm), four LTAP exposure options (15, 30, 45 s for bacteria and 30, 45, and 60 s for fungi) were used. Pathogens survival after LTAP
exposure in vitro was assessed by bacterial growth inhibition.

Results. LTAP showed a significant antimicrobial action against clinical strains of ESKAPE Gram-negative bacteria K. pneumoniae, R. aerugi-
nosa, A. baumanii, E. coli, Gram-positive bacteria MRSA and yeast-like fungi C. albicans under an exposure duration of 30-45 s for bacteria
(the required dose of UV-A radiation is 37.8 J/m? UV-B 15.9 J/m? UV-C 34.2 J/m?) and a distance of 10-15 cm from the plasma generator
nozzle. The antimicrobial effect is manifested in the absence of pathogen growth on culture media at the site of LTAP exposure at a certain
exposure dose, duration, and distance. This effect ensures a decrease in the titer of viable microorganisms not only in monocultures, but also
in bacterial associations, both in reference strains from culture collections and in ESKAPE clinical strains.

Conclusions. PLASMORAN-generated LTAP exhibits significant antibacterial and antifungal effects with respect to both reference strains
from culture collections and ESKAPE clinical strains. The efficacy of LTAP action ensures a decrease in the titer of viable microorganisms
from 108-10° CFU to single CFU. The greatest effect of LTAP conditions (UV-A radiation dose of 37.8 J/m?; UV-B 15.9 J/m?; UV-C 34.2 J/m?)
on bacterial cultures is observed under a distance of 10-15 cm and an exposure duration of 30-45 s. The optimal conditions for fungi (UV-A
radiation dose of 168.6 J/m?; UV-B 68.4 J/m?, UV-C 159 J/m?) are a distance of 10 cm and an exposure duration of 60 s. Under standard dose,
exposure duration, and distance, A. baumannii and E. faecium are more resistant to LTAP action than other studied bacteria. C. albicans is
more resistant to LTAP action compared to bacteria, requiring a longer exposure and a shorter distance from the plasma generator nozzle to
the treated surface. The results obtained require further study.
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OPUI'MHAJIbHAA CTATbA | MUKPOBMOJIOIMA

BeepeHune. NprMeHeHe MeToa Ha OCHOBE HU3KOTeMMNepaTypHOW aproHoBon nnadmbl (HTAT) LWIMPOKO M3yYaeTCcs B Ka4eCTBe afbTepHa-
TUBHOIO MOAXOAA K MPOdUIaKTUKE Pa3BUTUS THOMHbBIX MHAIEKLMIA B ClyHasnXx, koraa 9heKTUBHOCTb aHTUMMKPOOHbBIX MPenapaToB 1 aHTu-
CENTUKOB CHWXXeHa 13-3a CPOPMUPOBAHHON K HUM YCTONYMBOCTI MATOrEHOB.

Llenb. OueHka BbPKMBAEMOCTY YCIIOBHO-MATOrEHHbIX MYKPOOPraHM3MoB, obnafatoLLmx naToreHHbIM NoTeHLManoM, nocne BO3AENCTBUS
dakTopos HTAI Ha mogenn in vitro.

MaTtepuanel n metogpl. ViccnegoBaHne BbINOHEHO C UCMONb30BAHNEM KIMHUYECKMX LWTaMMOB 13 rpynnbl ESKAPE-natoreHoB (rpynna
cynep-MNKPOOPraHN3MOB C BbICOKUM 3MUMAEMUHECKMM MOTEHUMANoM OpMUPOBaHMS rOCMUTaNbHbIX LITAMMOB) 1 STANOHHbBIX My3EeHbIX
KYNbTYP, a TakXe cMecK LTaMmmMoB. B kadecTBe nctodHvka HTAIM ncnonb3osanv nna3meHHo-ayrosyto yctaHoBky «[TJTASMOPAH» (Poc-
cusi). B paboTe ncnonb3oBany OavH PEXNM NnasMoreHepaLum, Tpy BapuaHTa pacCTosHUS OT cpesa corfla nnasMoTpoHa A0 M0CKOCTH
pacnonoxeHns Kynstypbl B Hawke Metpu (10, 15 1 20 cMm), YeTblpe BapunaHTa akcno3numm genctang haktopos HTAI Ha kynsTypsl (15, 30,
45 ¢ pns 6akTepun n 30, 45 1 60 ¢ ang rpubos). OLeHKY BbPKMBAEMOCTH NATOMEHHbIX MMKPOOPIrann3MOoB in vitro nocne Bo3aenctansg HTAM
onpeaensnv no 3afepxke bakTeprasbHoOro pocTa.

Pe3ynbraThbl. BbisiBNeHO Bbipa)keHHOe MPOTMBOMUKPOOHOE AeCTBME B OTHOLLEHMN KIMHUYECKMX LUTaMMOB rpamMoTpuLiaTenbHbIX 6akTepui
13 rpynnel ESKAPE-naToreHos K. pneumoniae, P. aeruginosa, A. baumanii, E. coli, rpamnonoxutensHbix 6aktepuin MRSA 1 gpoxxxeno-
LobHbIX rpmbos C. albicans npu BpemeHn Bo3aencTtaus 30-45 ¢ ans 6akTepuit (HeobxoaymMas npn aToM fo3a nanyderuns YO-A 37,8 x/m?,
YO-B 15,9 [x/m?, YO-C 34,2 [1x/M?) 1 paccTosiHim oT conna npubopa 10-15 cm. MNpoTrBoMuKpobHoe aenctBne HTAI 3akntodaeTcs
B OTCYTCTBUM POCTa MUKPOOPraHN3MOB Ha MUTaTesbHbIX cpefax B MecTe Bo3aencTaus HTAI npu onpefeneHHbIX 003e BO3OENCTBUS,
BPEMEHI 3KCMO3ULMN 1 PACCTOSIHMN, 0OECMNEUNBAIOLLINX CHUXKEHVE TUTPA XKUSHECTOCOOHBIX MUKPOOPraHN3MOB HE TOJIbKO MOHOKYJILTYP,
HO 1 B accoumaummn bakTepuin, Kak B OTHOLLUEHUM MY3eHbIX STanoHHbIX KYNbTYP, Tak 1 B OTHOLLEHUN KIMHUYECKMX LUTAMMOB 13 FpynMbl
ESKAPE-naToreHos.

BeiBogbl. ®akTopbl HTAI, dhopmMurpyemble nnasmeHHo-ayroson yctaHoBkom «[JTASMOPAH», obnagatoT BbipaXXeHHbIM aHTnbakTepuans-
HbIM 11 MPOTUBOIrPUOKOBBLIM AECTBMEM Kak B OTHOLLEHUW My3elHbIX STaNIOHHbIX KYBTYP, Tak U B OTHOLLEHUW KIIMHUYECKMX LUTaMMOB pa-
bouen konnekuun rpynnel ESKAPE-natoreHoB. OdhdhekTMBHOCTb BO3aencTBMA dhakTopoB HTAIM obecnevynBaeT CHUDKEHUE TUTPA XKUN3-
HecnocobHbIX M1UkpoopraHnamos ¢ 108-10° no eanHU4HbIX KOE. ®akTopbl Bo3aencTaus HTAMM (gosa nanyderus YO-A 37,8 Dx/m?; YO-B
15,9 [x/m?; YO-C 34,2 [)k/M?) nMmetoT Hanbonblumin adekT npu 0bpaboTke BakTepuasbHbIX KynsTyp Ha paccTosHum 10-15 cM ¢ akcno-
3uumen 30—45 c; onsa rpubos (o3a usnydeHns YO-A 168,6 x/m?; YO-B 68,4 [ox/m?; YO-C 159 [x/m?) npu paccTosiHn 10 cM 1 BpeMeH!
Bo3gencTteusa 60 c. A. baumannii v E. faecium 6onee ycTon4mBbl K hakTopam Bo3aenctema HTAT, yem gpyrne nccnegosaHHble 6akTepumn
npun cTaHOapTHbIX 403e, BPeMeHN Bo3aencTeus 1 paccTtosHun. C. albicans 6onee ycTondvBa K hakTopam Bosaenctaus HTAIM no cpas-
HEHWIO C BaKTEPUAMMN, U X YHUHTOXEHWE TpebyeT 60MbLUEN SKCMO3NLMM BO3AENCTBUSA Y MEHBLLIErO PAaCCTOAHNSA OT COoma nna3moTpoHa
00 obpabarbiBaeMor NOBEPXHOCTU. [onydeHHble pesynsraTel TPEOYOT AaNbHENLLIEro N3dy4eHuns.

KnioueBble cnoBa: HM3KOTEMMNepaTypHas aproHoBas mnasma; nna3meHHbI NoTok; hakTopbl HTAI; aHTUMUKPOGHOE AeCTBUE; in Vitro;
nnasmeHHo-ayroeast yctaHoska «[MIJJASMOPAH»
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INTRODUCTION

Bacteria are ubiquitous inhabitants of the environment
and the human body, which play a vital role in main-
taining ecological balance. Among all known bacte-
ria, including those without pathogenic potential, only
about 1% can cause infections in patients with weak-
ened immune systems. I. . Mechnikov was the first to
point out the possibility of normal human microflora to
exhibit pathogenic properties. When skin damage oc-
curs, both transient and resident opportunistic microflo-
ra can enter the wound surface. Opportunistic bacteria,
such as Staphylococcus aureus, Streptococcus sp. and
Pseudomonas aeruginosa, are common pathogens of
skin and wound infections [1].
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As a rule, antibacterial therapy is not aimed at infec-
tions caused by potentially pathogenic microflora due
to widespread antimicrobial resistance [2—-6]. Biofilms
formed by attached bacteria further complicate the de-
struction of bacterial organisms [7-10]. In addition to
the continuously extending list of drug-resistant micro-
organisms, antibacterial therapy is often inapplicable in
patients with allergic and toxic drug reactions [11].

Growing antimicrobial resistance, which spreads
globally, is a serious hazard to human health. In recent
decades, the number of multidrug-resistant (MDR) bac-
teria isolated from the environment and biomaterials has
increased, including Gram-negative bacteria Escherichia
coli, Serratia coli, Proteus mirabilis, Pneumocystis
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pneumoniae, Pseudomonas aeruginosa, and Gram-
positive methicillin-resistant  Staphylococcus aureus
(MRSA) [12].

To date, research studies into infections caused by
potentially pathogenic microflora have largely focused
on identifying chemicals that are effective against bac-
teria. However, alternative approaches to the prevention
and treatment of purulent infections based on physical
factors are increasingly attracting attention, which is
particularly relevant in view of the decreasing efficacy of
germicides due to the phenomenon of antimicrobial re-
sistance. Among them, low-temperature argon plasma
(LTAP) is a promising local treatment tool with a signifi-
cant bactericidal effect [13-16].

LTAP is a stream of partially ionized neutral gas pro-
duced at atmospheric pressure and macroscopic tem-
perature [17]. The plasma stream contains charged par-
ticles (electrons, ions, free radicals, excited molecules)
and ultraviolet radiation [18, 19]. The bactericidal effect
of plasma is associated with the synergistic action of
ionized elements and ultraviolet radiation, which leads
to oxidative stress and bacterial DNA damage [20-23].
Therefore, LTAP has a significant antimicrobial potential.

Medical products and equipment are processed in
three stages: disinfection, pre-sterilization cleaning, and
sterilization. Reusable instruments, devices, and equip-
ment are treated with mechanical, physical (thermal),
chemical, or combined methods after every patient use.
The mechanical method is based on wiping systems,
when large-sized devices and instruments that do not
come into contact with blood are treated with disinfect-
ant wipes. The physical (thermal) method consists in
heating in water at a temperature of 70-80°C, steam,
or hot air (e.g., bed items are sterilized by steam under
pressure; medical products made of glass, metals, and
silicone rubber that are not contaminated with secre-
tions are disinfected with 120°C air). The chemical meth-
od involves immersing the instruments in disinfectant
containers. Physical and chemical disinfection methods
can be used in combination, e.g., treating instruments
in a cleaning solution simultaneously upon their heating.
Non-thermal plasma can be effective for sterilizing medi-
cal equipment when thermal or chemical treatment is
not suitable [13, 24, 25].

Low-temperature plasma has been reported to im-
prove skin regeneration in cosmetology [26, 27]. It also
showed efficacy in wound healing and pain reduction
after hemorrhoidectomy, including due to its significant
bactericidal effect [28]. LTAP treatment accelerated re-
generative processes and wound cleansing during the
correction of late purulent-inflammatory complications
of contouring using polyacrylamide gel [29]. In [30, 31],
the bactericidal effect of LTAP was observed for the first
time, when treating contaminated dentin areas.

Due to its nonspecific and penetrating action, LTAP
can reduce microbial contamination of tissues, ensur-
ing local bactericidal effects on infected wounds and re-
ducing wound inflammation. LTAP has a number of key
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advantages, including a high nonspecific bactericidal
activity and a low potential for the development of resist-
ance. In addition, LTAP is a promising method for treat-
ing acute and chronic wounds due to its relative simplic-
ity, low cost, and a lack of special requirements for the
treatment of wound surfaces.

This study is aimed at assessing the survival of op-
portunistic pathogens under the action of LTAP expo-
sure in in vitro models.

MATERIALS AND METHODS

The study was carried out using the following ESKAPE
clinical strains — Klebsiella pneumoniae, Pseudomonas
aeruginosa, Acinetobacter baumannii, Escherichia
coli, Gram-positive MRSA Staphylococcus aureus,
Enterococcus faecalis, Enterococcus faecium with mul-
tidrug resistance (according to the European Committee
on Antimicrobial Susceptibility Testing — EUCAST),
yeast-like fungi Candida albicans, reference strains from
culture collections E. coli ATCC 10536, K. pneumoniae
subsp. pneumoniae ATCC 700603, Staphylococcus
aureus 906, Pseudomonas aeruginosa ATCC 10145,
Enterococcus faecalis ATCC 29212, Enterococcus fae-
cium 9/68, fungi Candida albicans ATCC 24433.

The strains were taken from the culture collection of
the Laboratory of Microbiology and Parasitology (Centre
for Strategic Planning of the Federal medical and biologi-
cal agency). The study was conducted using certified
reference materials with confirmed biochemical prop-
erties grown on dense agarized media (quality control).
Reference cultures were acquired from national and
state collections. The cultures were stored in a culture
collection in a cryoprotective environment in low-tem-
perature freezers at a temperature of —70°C.

The following dense agarized nutrient media were
used for the microbial culture: Endo medium for the
cultivation of E. coli culture, K. pneumoniae, P. aer-
uginosa; yolk-salt agar for the cultivation of S. aureus;
Enterococcus-agar for the cultivation of E. faecalis and
E. faecium; Sabouraud Fluid Medium for the cultivation
of C. albicans.

In the study, the dynamic range of the action of LTAP
conditions on the survival of individual ESKAPE patho-
gens strains and strain mixtures was assessed.

The research methodology was as follows. Daily cul-
tures of microbial strains were drip-applied onto the sur-
face of Petri dishes with agarized medium (d = 90 mm) to
form a continuous lawn at the rate of 100 pL per dish. In
the suspension applied to the agarized medium surface,
each microbe content was 4.5 McFarland Standard No,
which corresponds to 9.0 x 108-1.2 x 10° CFU/mL.
The microbe suspension was thoroughly rubbed with
a spatula over the entire agar surface. Then, each dish
with the introduced microorganism was treated us-
ing a PLASMORAN plasma arc surgical wound treat-
ment unit (TS 9444-001-43009282-2015 manufactured
by Plasmoprom, Russia) in a preset mode, setting the
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distance of 10, 15, and 20 cm (Factor L) and the expo-
sure duration of 15, 30, and 45 s for bacteria and 30, 45,
and 60 s for fungi (Factor T). In the study, one plasma
generation mode, three options for the distance from the
nozzle to the Petri dish culture plane, and four exposure
options for the LTAP factors were used. To estimate the
microbial titer used for inoculation in a bacterial suspen-
sion inoculum, a dilution method was used with inocula-
tion on a Petri dish, followed by CFU growth counting on
the agarized media surface.

The sectors of bacterial culture seeding within the
exposure area, which was monitored by the illumination
zone on the nutrient medium, were treated. Non-treated
microbial crops were used as a control.

After the LTAP exposure, the culture dishes were
placed in a thermostat for cultivation. The control group
with microbial crops was also placed in a thermostat for
further incubation.

The LTAP effect on microbial growth inhibition was
assessed by the presence or absence of a lysis zone
on the nutrient medium. The results were evaluated
by measuring the diameter of the lysis zone delay and
counting the number of grown clones of microorgan-
isms in the lysis zone.

The culture dishes were incubated in a BD240 incu-
bator (Binder, Germany) for 24—-48 h at a temperature of
(37 + 1)°C for bacteria and at two temperature conditions
(37 + 1)°C and (26 + 1)°C for fungi. After incubation, the
grown colonies were counted in two ways: manually and
using a Scan 1200 automatic colony counter (France).
The purity of each culture was identified by mass spec-
trometry using a Microflex mass spectrometer with

Factor L d 0 ¢0
v\|5 |25 2 d
5| 25|40 =
20 | X0

Figure prepared by the authors

Fig. 1. Geometry of the illumination spot on the treated
surface formed by recombination radiation of LTAP
depending on the value of Factor L: 1 — the border of
the central and regional areas; 2 — the outer boundary of
the edge area

specialized software (Bruker Daltonik GmbH, Germany).
Subsequently, the biomass of the grown bacterial colo-
nies in the exponential growth phase was removed from
the surface of two dishes surface.

The LTAP effect on the survival of ESKAPE patho-
gens was evaluated after (24 + 2) h for bacteria and after
(48 + 2) h and 7 days for fungi.

The plasma generator was operated in the following
modes: the gas-dynamic flow of the working gas; re-
combination radiation with a wide spectrum — from the
vacuum ultraviolet to the near infrared range; argon gas
with significant catalytic properties in reactions involving
oxygen, nitrogen, and their compounds; ozone formed
as a result of recombination radiation action on atmos-
pheric oxygen.

When treating the dishes with LTAP radiation, the
dishes of the main group were positioned such that the
LTAP radiation illumination spot of the marginal region
covered the central inoculation area (Fig. 1). In the con-
trol groups of all the tested pathogens, the culture dish-
es were not exposed to LTAP radiation.

During exposure, the B2 device mode was used at
the values of the time factor (T) of 15, 30, and 45 s and
the distance factor (L) of 10, 15, and 20 cm. The energy
characteristics used to illuminate the dishes are shown
in Table 1. Since the device measures energy illumina-
tion (also known as radiation intensity) in W/m?, the en-
ergy accumulation is expressed in J/m?, which is equal
to W/m? x radiation time (s). The LTAP radiation energy
characteristics were measured by the manufacturer us-
ing a TKA-PKM 13 unit. The device is equipped with
three sensors: UF-A (400-315 nm), UV-B (315-280 nm),
and UV-B (280-200 nm).

The efficacy of LTAP exposure was assessed by cal-
culating the percentage of bacterial and fungal death
on the surface of control and experimental samples ac-
cording to the formula:

Efficacy (%) = 100 — ( (=T x 100)/C ), 1)

C._ — the mean number of bacteria in the initial suspen-
sion, equal to the ratio 2.C/N;
>C — the sum of all colonies grown on the dishes in all
replications;
N — replication number;
T — the mean number of bacteria grown on the dishes
after 24-48 h of crop incubation is equal to the ratio ¥ 7/n;
>T — the sum of all colonies grown on the dishes after
24-48 h of crops incubation in all replications;
n — the dish number (at least five for each test microor-
ganism or a mixture of test microorganisms in accord-
ance with EN ISO 11737-1") used for the study (the same
for control and LTAP-treated Petri dishes with test mi-
crobes).

The criterion of antimicrobial activity against test mi-
croorganisms or a mixture of test microorganisms was

T GOST ISO 11737-1-2012 Sterilization of medical products. Microbiological methods. Part 1. Evaluation of the microbial population on products.
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Table 1. Characteristics of the PLASMORAN plasma arc surgical unit used for treatment

Factor T, s
UV type
15 45 60
Factor L=10cm
UV-A 4215 84.3 126.45 168.6
uv-B 1741 34.2 51.3 68.4
Uv-C 39.75 79.5 119.25 189
Factor L =15 cm
UV-A 18.9 37.8 56.7 75.6
Uv-B 7.95 15.9 23.85 31.8
UVv-C 1741 34.2 51.3 68.4
Factor L =20 cm
UV-A 1215 24.3 36.45 48.6
UV-B 4.68 9.36 14.04 18.72
Uv-C 10.2 20.4 30.6 40.8

Table prepared by the authors using their own data

Note: radiation intensity measurement £ (J/m?) + 10%

considered to be a decrease in colony growth by at least
99.99% or complete inhibition of their growth. Viable col-
onies were estimated by counting the grown colonies
of each type of microorganism on the surface of nutri-
ent media in Petri dishes (using a biological microscope
Leica DM6B-Z, in/n-243302670221503917, s/n-503838
with an integrated camera; magn. x100).

Statistical processing of the research results was
carried out using the Statistica 10.0 software pack-
age (StatSoft Inc., USA). The standard deviation and
error were calculated based on the results on each of
five dishes, and the Student’s t-test with the Bonferroni
correction was applied, considering the distribution to
be normal. The differences were considered statistically
significant at p < 0.05.

RESULTS AND DISCUSSION

The first stage of the study was carried out using refer-
ence strains from culture collections in triplicate for each
combination, including the distance and time of LTAP
exposure.

When exposing reference strains from culture col-
lections to LTAP (at different exposure distances and
times), bacterial growth inhibition (efficacy 99.999-
100%) was achieved against E. faecalis ATCC 29212,
E. faecium 9/63, K. pneumoniae subsp. pneumoniae
ATCC 700603, E. coli ATCC 10536, P. aeruginosa
ATCC 10145, S. aureus 906; the corresponding data are
presented in Table 2.
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The effectiveness of bacterial growth inhibition at the
level of 100% was achieved for Enterococcus faecalis at
a distance of 10 cm after 15 s when exposed to a dose
of UV-A 4215 J/m?, a dose of UV-B 17.1 J/m?, and a dose
of UV-C 39.75 J/m?. At the same time, bacterial growth
inhibition when exposed to doses of UV-A 84.3 J/m?,
UV-B 34.2 J/m?, and UV-C 79.5 J/m? was achieved at an
exposure duration of 30 s, and when exposed to UV-A
126.45 J/m?, UV-B 51.3 J/m?, and UV-C 119.25 J/m? af-
ter 45 s. When treated at a distance of 15 cm, bacte-
rial growth inhibition was achieved after 45 s when ex-
posed to UV-A 56.7 J/m?, UV-B 23.85 J/m?, and UV-C
51.3 J/m?.

As a result of LTAP exposure of reference
strains Klebsiela pneumoniae subsp. pneumoniae
ATCC 700603, E. coli ATCC 10536, Enterococcus
faecalis ATCC 29212, Enterococcus faecium 9/63,
Pseudomonas aeruginosa ATCC 10145 for 45 s
with a UV-B dose of 15.9 J/m? and of Candida albi-
cans 24433 ATCC for 60s with a dose of UV-B with
68.4 J/m? at a distance of 10 cm, all these microor-
ganisms showed the absence of growth in the area of
directed LTAP exposure; the corresponding data are
shown in Fig. 2.

In the study, the LTAP effects on dishes with ESKAPE
cultures were studied: Gram-positive bacteria MRSA
S. aureus, E. faecalis, E. faecium; Gram-negative bacte-
ria K. pneumoniae, P. aeruginosa, A. baumannii, E. coli,
as well as on yeast-like fungi C. albicans, using different
exposure distances (from the plasma nozzle to the Petri
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Table 2. Efficacy assessment of LTAP effect on the survival of reference strains from culture collections (%)

Distances from the nozzle to the Petri
dish culture plane, cm
No. Pathogen LTQEr:Egg,Sg * 10 15 20 iy
Effectiveness assessment (%)
15 100 99.999 99.999
1 FierococoLs Jaccals 30 100 99.999 99.999 2« 107
45 100 100 99.999
15 99.999 99.999 99.999
2 Enterococcus faecium 9/63 30 99.999 99.999 99.999 1.5 x 107
45 99.999 99.999 99.999
15 99.999 99.999 99.999
3 K;/)ibesu/%i preuToniac suosp. 30 99.999 99.999 99.999 3.5 x 10°
45 99.999 99.999 99.999
15 99.999 99.999 99.999
4 Escherichia coli ATCC 10536 30 99.999 99.999 99.999 3.0 x 10°
45 99.999 99.999 99.999
15 99.999 99.999 99.999
s | F Se“d%g’éai(%irgg’hosa 30 99.999 99.999 99.999 2.5 x 10°
45 99.999 99.999 99.999
15 99.999 99.995 99.95
6 | Candida albicans 24433 ATCC 30 99.999 99.995 99.995 1.2 x 107
45 99.999 99.995 99.995
15 99.999 99.999 99.999
7 Staphylococcus aureus 906 30 99.999 99.999 99.999 1 x 10°
45 99.999 99.999 99.999

Table prepared by the authors using their own data

dish cultures plane) and exposure duration; the results
are shown in Figure 3.

The research found that the use of variable LTAP pa-
rameters (distance and duration) allowed the efficacy of
99.999-100% in the inhibition of bacterial growth to be
achieved (Table 3).

Experiments on LTAP action were carried out in five
replications for ESKAPE clinical strains K. pneumoniae,
P. aeruginosa, A. baumannii, E. coli, Gram-positive bac-
teria MRSA S. aureus, E. faecalis, E. faecium with mul-
tiple drug resistance (according to the EUCAST), and
in three replications for each combination of LTAP ac-
tion on reference culture mixtures E. coli ATCC 10536,
K. pneumoniae subsp. pneumoniae ATCC 700603,
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S. aureus 906, P. aeruginosa ATCC 10145, E. faecalis
ATCC 29212, E. faecium 9/63.

When studying LTAP action on a mixture of refer-
ence strains from culture collections, the efficacy of
99.999% was achieved under variable parameters of
distance and exposure duration. Survival was mainly
observed for strains of K. pneumoniae subsp. pneu-
moniae ATCC 700603; viable colonies of P. aeruginosa
ATCC 1014530, collection strains of £. coli ATCC 10536,
S. aureus 906, E. faecalis ATCC 29212, E. faecium 9/63
were not detected (Table 4).

When evaluating LTAP effects on the survival of mi-
crobial clinical strain mixtures, a 99.997-99.999% effi-
cacy was achieved compared with the initial inoculum
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Enterococcus faecalis
ATCC 29212

—

X,

E. coli ATCC 10536

Candida albicans 24433 ATCC

Klebsiela pneumoniae subsp.
pneumoniae ATCC 700603

Pseudomonas aeruginosa
ATCC 10145

Photos taken by the authors

Fig. 2. Efficacy assessment of LTAP effect on the survival of reference strains from culture collections: the dis-
tance from the nozzle to the Petri dish culture plane is 10 cm, LTAP exposure duration — 45 s (60 s for Candida albicans
ATCC 24433); the arrow indicates the area of bacterial growth inhibition

level. After LTAP exposure, single colonies of clinical
strains of K. pneumoniae and A. baumannii were found
on the incubation dishes, while viable colonies of strains
P. aeruginosa, E. coli, S. aureus, E. faecalis, E. faecium,
Candida albicans were not found. The research results
are presented in Table 5.

The antimicrobial action of LTAP is manifested in the
death of bacterial cultures (Gram-positive and Gram-
negative potentially pathogenic clinical strains of micro-
organisms with multiple drug resistance) and yeast fungi.

The study showed that 99.999% of microbial death
occurs at the minimal exposure dose of UV-A 12.05 J/m?,
UV-B 4.68 J/m?, UV-C 10.2 J/m? — combination of LTAP
factors indicated in Table 5. An increase in the distance
leads to a decrease in the LTAP effect. Conversely, an
increase in the duration exposure intensifies the LTAP
effect. Thus, an optimal combination of distance and
duration enables the total LTAP energy to be transferred
to the microorganisms. This observation was confirmed
in vitro on microbial cultures such as K. pneumoniae,
A. baumannii, and fungi C. albicans. Exposure at longer
distances (15-20 cm) over time periods (15 s for bacteria
and 30 s for fungi) had no effect on these cultures.

The LTAP exposure parameters that induced mi-
crobial death depended on the microbial type, expo-
sure duration, and exposure distance. An exponential
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dependence of the viable bacteria number (A. bauman-
nii, K. pneumoniae, and fungi C. albicans) on the energy
illumination value (due to the exposure distance and ex-
posure duration) at which the bacteria died, was found. It
is important to note that LTAP treatment of MRSA S. au-
reus and P. aeruginosa disrupted the microbial viability
completely at all values of distance and time parameters.
When studying the action of LTAP in vitro on the micro-
bial survival of reference cultures of E. coli ATCC 10536,
K. pneumoniae subsp. pneumoniae ATCC 700603,
S. aureus 906, P. aeruginosa ATCC 10145, E. faeca-
lis ATCC 29212, E. faecium 9/63, fungi C. albicans
ATCC 24433 and ESKAPE strains K. pneumoniae, P. ae-
ruginosa, A. baumannii, E. coli, Gram-positive bacteria
MRSA S. aureus, E. faecalis, E. faecium, with multiple
drug resistance (according to the EUCAST), yeast-like
fungi C. albicans, the PLASMORAN-generated LTAP
ensured a decrease in the viable microbes titer from 108-
10° to single CFU/mL, i.e., by 8-9 orders of magnitude,
for both culture collection strains and clinical bacterial
strains, with the efficacy ranging within 99.99-100%.
The literature has previously recognized the poten-
tial antibacterial effect of low-temperature plasma on
ESKAPE pathogens [31]. In general, complete growth in-
hibition of unfixed ESKAPE pathogens when exposed to
low-temperature plasma is achieved from 1 min to 3 h,
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Exposure Exposure distance, cm

duration, s 10 | 15 20
Enterococcus faecalis

15

30

45
Enterococcus faecium

15

30

45

Photos taken by the authors

Fig. 3. Efficacy of LTAP action on the survival of ESKAPE clinical strains: the area of bacterial growth inhibition is
indicated; magn. x100
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Fig. 3 (continued)
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Fig. 3 (continued)
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Fig. 3 (continued)
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Table 3. Efficacy assessment of LTAP action on the survival of microbial strains

Distance from the nozzle to the Petri
dish culture plane, cm
No. Pathogen LTQEr::?gg,sgre 10 15 20 SrumL
Effectiveness assessment (%)
15 99.999 99.999 99.999
1 Enterococcus faecalis 30 99.999 99.999 99.999 1.4 x 108
45 99.999 99.999 99.999
15 99.999 99.999 99.99
2 Enterococcus faecium 30 99.999 99.999 99.99 4.0 x 108
45 99.999 99.999 99.999
15 99.999 99.999 99.999
3 Klebsiela pneumoniae 30 99.999 99.999 99.999 5.4 x 108
45 99.999 99.999 99.999
15 99.999 99.999 99.999
4 Escherichia coli 30 99.999 99.999 99.999 4.0 x 108
45 99.999 99.999 99.999
15 99.999 99.999 99.999
5 Pseudomonas aeruginosa 30 99.999 99.999 99.999 3.3 x 108
45 99.999 99.999 99.999
15 99.999 99.99 99.99
6 Acinetobacter baumanii 30 99.999 99.999 99.99 1.5 x 108
45 99.999 99.995 99.99
15 100 99.99 99.99
7 Stagﬁ;g’gsc"ﬁcjgfeus 30 99.999 99.999 99.99 1.0 x 107
45 99.999 99.999 99.99
15 99.999 99.998 -
8 Staphylococcus aureus 30 99.999 99.998 - 21 x 108
45 99.999 99.998 -

Table prepared by the authors using their own data

depending on the device, type of discharge, output volt-
age, and other factors [31]. The most rapid growth inhibi-
tion of ESKAPE pathogens was described by Flynn et al.
(2015) [32]. When using thermal plasma of atmospheric
pressure, a rapid antibacterial effect was found against
all ESKAPE pathogens in an unfixed (planktonic) growth
form. Complete destruction of Enterobacter cloacae
was achieved in 45 s, P. aeruginosa — in 60 s, E. fae-
cium, K. pneumoniae and A. baumannii were completely
inactivated within 120 s. S. aureus was the most stable,
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requiring a 240 s exposure to low-temperature plasma
for its inactivation.

As a research result, a high efficacy of LTAP in ex-
perimental conditions was achieved with the proportion
assessment of death of viable bacterial and fungal cul-
tures. In the present study, almost complete destruction
of viable cells of ESKAPE pathogen test cultures oc-
curred during the LTAP exposure of 15 s, at a dose of
UV-A 1215 J/m?, UV-B 4.68 J/m?, and UV-C 10.2 J/m?
at a distance of 20 cm.
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Table 4. Efficacy assessment of LTAP action on the survival of reference strains from culture collections

Exposure distance, cm
Exp°3”resd“rat'°"’ 10 15 20 Control, CFU/mL
Efficacy, %
15 99.999 99.999 99.999
30 99.999 99.999 99.999 1 x 10°
45 99.999 99.999 99.999

Table prepared by the authors using their own data

Table 5. Efficacy assessment of LTAP action on the survival of a mixture of microbial strains

Exposure distance, cm
Exp°3”resd“rati°"’ 10 15 20 Control, CFU/mL
Efficacy (%)
15 99.999 99.997 99.997
30 99.999 99.997 99.997 4 x 108
45 99.999 99.997 99.997

Table prepared by the authors using their own data

C. albicans yeast-like fungi were found to be more
resistant to LTAP exposure compared to bacteria. Their
destruction requires a longer exposure and a shorter
distance from the nozzle to the treated surface, while
the exposure efficacy is similar to that for bacteria, i.e.,
99.99-100%.

A number of studies have shown that fungi are less
sensitive to low-temperature plasma than bacteria [33].
However, the effect of low-temperature plasma in inac-
tivating fungi depends on the fungus type, the gases
supplied, the distance between the plasma device and
the sample, and exposure duration [34, 35]. Most stud-
ies have reported that non-thermal and low-temperature
plasma can effectively inactivate Candida albicans yeast
cells [34].

Some researchers emphasize that the exposure of
strains to low-temperature plasma is associated with
safety problems; namely, microorganisms that survive
plasma exposure can be modified both genetically and
phenotypically, representing danger to the environment.
Thus, C. albicans that survived plasma treatment dem-
onstrated genetic variability, although showing no signifi-
cant changes in metabolism and drug susceptibility [35].
On the one hand, this indicates that low-temperature
plasma treatment is associated with a low probability of
the formation of genetically and phenotypically unfavor-
able strains [34, 35]; on the other, more experimental
data is needed to solve the safety problem. Further stud-
ies in this direction should be conducted to assess the
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safety of LTAP exposure and the contribution of its main
parameters to the antibacterial and proliferative effect for
the treatment of postoperative wounds in in vivo models.

CONCLUSIONS

1. PLASMORAN-generated LTAP was found to ex-
hibit significant antibacterial and antifungal effects
both against reference strains from culture collections
and against ESKAPE clinical strains: K. pneumoniae,
R. aeruginosa, A. baumannii, E. coli, Gram-positive
bacteria MRSA S. aureus and E. faecalis, with multi-
ple drug resistance (according to the EUCAST system),
and yeast-like fungi C. albicans. The efficacy of LTAP
exposure is manifested in the decreased titer of viable
microorganisms from 108-10° CFU to single CFU, i.e.,
by 8-9 orders of magnitude for bacteria, ranging within
99.999-100%.

2. A. baumannii and E. faecium are more resistant to
LTAP exposure than other bacteria studied.

3. C. albicans is more resistant to LTAP exposure
compared to bacteria, and their destruction requires a
longer exposure duration and a shorter distance from
the plasma nozzle to the treated surface, with an impact
efficiency ranging 99.99-100%.

4. The greatest effect of LTAP exposure is achieved
when treating potentially pathogenic microorganisms
at a distance of 10-15 cm and an exposure duration of
30-45 s for bacteria (the required dose of UV radiation is
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37.8 J/m? UV-B 15.9 J/m? UV-C 34.2 J/m?) and at a dis-
tance of 10 cm and exposure time 60 s for fungi (the re-
quired radiation dose is UV-A 168.6 J/m? UV-B 68.4 J/m?
UV-C 159 J/m2).

5. Exposure to PLASMORAN-generated LTAP en-
sures a decrease in the viable microbial titer not only in
monospecies culture, but also in the bacterial associa-
tion both in relation to museum reference cultures and
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