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INACTIVATION REGIMES IN SUPERCRITICAL CARBON DIOXIDE:
PURE GAS, HYDROGEN PEROXIDE, PERACETIC ACID
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Introduction. Healthcare-associated infections (HAIs) continue to pose a significant challenge to public health. The existing sterilization
methods possess a number of limitations regarding their applicability to heat-sensitive materials and the possibility of residual toxicity or ma-
terial damage. Sterilization using supercritical carbon dioxide, particularly in combination with oxidative additives, appears to be a promising
alternative capable of providing the required level of microbial safety at low temperatures and moderate pressures. However, the available data
show significant variability depending on experimental conditions, indicating the need for optimization and validation of processing regimes.
Objective. Optimization and validation of Bacillus subtilis spore sterilization regimes in an experiment using supercritical carbon dioxide
(scCO,), including pure scCO,, scCO, with hydrogen peroxide (H,0,), and scCO, with peracetic acid (PAA).

Materials and methods. Experiments were conducted using a prototype test bench for investigating sterilization regimes. Bacillus subtilis
subsp. spizizenii ATCC 6633 NCTC 10400 was used as the biological indicator. The study involved the contamination of titanium discs with
spores followed by their treatment under the three regimes (pure scCO,, scCO, + H,0,, scCO, + PAA). Further, microbiological analysis with
enumeration of surviving spores and statistical processing of the results were carried out. For each regime, central composite experimental
designs were implemented, varying temperature, pressure, and exposure duration. Efficacy was assessed based on the log-reduction of vi-
able spores. Validation series included 10 independent replicates each.

Results. Gas-dynamic treatment with pure scCO, in the range of 35-60°C, 70-120 atm, and 60-120 min proved ineffective (maximum log-
reduction < 0.8). The addition of oxidizing agents significantly increased the degree of inactivation: for the scCO, + H,0, (200 ppm) regime,
the optimal parameters were 37.9°C, 120 atm, 30 min (log-reduction 4.4 + 0.3; CV = 7.3%); for scCO, + PAA (50 ppm) — 45°C, 94 atm, 10 min
(log-reduction 6.0 + 0.3; CV = 4.9%), which meets the requirements for the sterility assurance level (SAL) for medical devices. The PAA regime
provided a statistically significant higher efficacy compared to H,0, (t-test, p < 0.001).

Conclusions. The sterilization methodology based on supercritical carbon dioxide with the addition of hydrogen peroxide or peracetic acid
ensures effective inactivation of Bacillus subtilis spores under parameters compatible with the low-temperature processing of heat-sensitive
medical materials, thus meeting modern sterility requirements for medical devices.
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OoNTUMN3ALUNA N BAJTMOALIMA PEXKUMOB MHAKTUBALIMA CIMNOP BACILLUS SUBTILIS
B CPEJIE CBEPXKPUTUYECKOIO CO,: YACTbIN MA3, MEPEKMCb BOAOPOA,
HAOYKCYCHAA KUCJIOTA

P.LL. MeBetanse, M.C. lanctsaH, 9.H. Xapax™, N.HO. KonecHukos, J1.I. KupakocsiH, M.C. IMNognopwH, B.H. Llapes, C.[. ApyTtoHoB

Poccuncknin yHmeepcuTeT MeauumHbl, Mockea, Poccuns

BeepgeHune. VHdpekumm, cBsi3aHHblE C OkadaHneM MeaguumHcekor nomowm (MCMI), npogomkatoT NpeacTaBnsaTh CYLLECTBEHHYIO Npobaemy
0N 3apaBooxpaHeHust. CyLLeCcTBYIOLME METOAB! CTEPUAN3ALIN UMEIOT OrpaHNYeHNs MO MPUMEHNMOCTY K TEPMOYYBCTBUTENBHBIM MaTepu-
anam 1 MoryT COMpOBOXAATbCA OCTATOYHOM TOKCUYHOCTBIO MV MOBPEXAeHNeM n3aenuin. CTepunmnsaums CBEPXKPUTUHECKM ANOKCULOM
yrnepoga, 0Co6eHHO B COYETaHUU C OKUCAUTENbHbIMX Jo6aBKamMu, NPeAcTaBseTcs NepCneKTUBHON ansTepHaTUBOW, CMOCOOHON obe-
cne4ynTb Tpebyembln ypOBEHb MUKPOOHOM 6€30MacHOCTM MPU HU3KUX TeMnepaTypax 1 yMepeHHbIX AaBneHnsax. OQHako CyLLecTByroLme
[aHHble JEMOHCTPUPYIOT 3HAYNTENBHYHO BaprabenbHOCTb Pe3dynsTaToB B 3aBUCMMOCTHM OT YC/IOBUIA 3KCMEPUMEHTA, YTO yKasblBaeT Ha He-
06X0MMOCTb ONTUMM3aLMM 1 Bannaaumm PeXKMMOB 06paboTKN.

Llenb. OnTrMmmsaums 1 BanmaaLmsa pexxMMoB cTepunmsaummn cnop Bacillus subtilis B 9kCneprMeHTe C MCMoNb30BaHNEM CBEPXKPUTUHECKOrO
avokeunpa yrnepopa (scCO,), Bkntodas 4ncTbii scCO,, scCO, ¢ nepekucsio Bogopopa (H,0,) n scCO, ¢ HamykeycHom kucnoTon (PAA).
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Martepuansl 1 meTofbl. OKCNEPUMEHTbI MPOBOANN C UCMOMb30BaHWEM MPOTOTUMNA UCMbITATENIbHOrO CTeHAa AN UCCNeN0BaHUS PEXU-
MOB CcTepunmnaaumn. B kadectse 61M0N0rM4eckoro nHankatopa ncnonbaosanu Bacillus subtilis subsp. spizizenii ATCC 6633 NCTC 10400.
VlccnenosaHne BKKOYANO KOHTaMUHALIMIO TUTAHOBBIX AWMCKOB criopamu; 06paboTky Tpems pexvmamu (Hmictein scCO,, scCO, + H,0,,
scCO, + PAA); MMKPOBWONOrMHYECKNI aHanna C MOACHETOM BbDKMBLUMX CMOP; CTATUCTUHYECKYIO 00paboTKy pesynbtaTtos. [is Kaxooro
pexxunmMa 6bln peann3oBaHbl LieHTpanbHble KOMMO3ULMOHHbBIE MiaHbl 9KCMEPUMEHTOB C BapbMpOBaHNeEM TemnepaTtypbl, 4aBNeHUst 1 Bpe-
MEHM 9KCMOo3nLMKN. SPMEKTUBHOCTL OLEHMBAM MO NokasaTento log-reduction »KM3HeCnoCObHbIX CROP, BaNMAALMOHHBLIE CEpUM BKOHaM
no 10 He3aBMCUMbIX MOBTOPOB.

Pesynbrarthl. fagogyHammndeckas obpaboTka 4ncTeiM scCO, B amanasoHe 35-60 °C, 70-120 atM, 60-120 M1H OKasanacb HeahdeKTVB-
HoW (MakcumanbHbI log-reduction < 0,8). [obaBneHne oKMCUTENen CyLIECTBEHHO YBEMYMBANO CTEMEHb MHaKTUBaLMW: A5 pexuma
scCO, + H,0, (200 ppm) onTtumarsbHble napameTpbl coctasum 37,9 °C, 120 atm, 30 MuH (log-reduction 4,4 + 0,3; CV = 7,3%); anst scCO, + PAA
(50 ppm) — 45 °C, 94 atm, 10 muH (log-reduction 6,0 + 0,3; CV = 4,9%), 4TO COOTBETCTBYET TPEOOBAHMAM YPOBHS rapaHTUN CTEPUIIBHOCTY
(SAL) ons meamumHekux nsgenun. Pexxkum ¢ PAA obecnednn cTatucTM4ecky 3Ha4MMo 601ee BbICOKYIO 9(PdEKTUBHOCTL MO CPaBHEHMIO
¢ H,0, (t-tecT, p < 0,001).

BbiBogbl. MeTogyka cTepunmsaummn Ha OCHOBE CBEPXKPUTUHECKOrO AMOKCUAA yrnepoaa ¢ AobaBneHnem nepekucy Bogopoga unm Haa-
YKCYCHOW KMCNOTbI 0becnedmBaeT ahMeKTUBHYIO MHaKTBaUmO cnop Bacillus subtilis npy napameTpax, COOTBETCTBYHOLLUMX HU3KOTEMIME-
paTypHo 06paboTke TEPMOYYBCTBUTENBHBIX MEAVLMHCKMX MaTepuasios, 1 yOOBNETBOPSAET COBPEMEHHbIM TPEOOBaHMSM K CTEPUIIBHOCTY
MELVLIMHCKNX N30eNniA.

KntoueBble cnosa: Bacillus subtilis; cTepunusauns TepMonadbunbHbiX MeOVLUMHCKAX U3Oenui; cTepunmsaums OVOKCUAOM yrnepona;
CTepunMsaums HagyKCyCHOWM KMCNOTOW; CTEPUIN3aLIs NepeKNChI0 BOAOPOAA; CTEPUNN3aLMs; ra3oBasi CTepunmnsaumns

Onsa yntnposaHus: Betanse P.LU., lancTtaH M.C., Xapax 9.H., KonecHukos M.tO., KupakocsiH J1.I, MoagnopuH M.C., Liapes B.H., ApyTto-
HoB C.[. OnTumusauyis v Banmaauma pexriMoB nHakTueauwy cnop Bacillus subtilis 8 cpene caepxkputudeckoro CO,: 4MCTbIN ras, nepe-
KMCb BOOOPOAA, HaayKCcycHaa kucnota. MeguumHa sketpemasibHbix cutyauymi. 2026;28(1):134-145. https:/doi.org/10.47183/mes.2025-359
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CooTBeTcTBUE npuHUnnam 3TUKu: o,u,o6peH|/|e ONO3TUHECKOrO KOMUTETA HE Tpe6OBaJ'IOCb, MOCKObKY nccnenoBaHne BbIMNMOHEHO in vitro
6es y4qacTtns NOOEN, XKUBOTHbIX, KIIMHNYECKIX 06pa3|_|,05 N NCNoNb30BaHNA NepcoHasibHbIX OJaHHbIX.
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INTRODUCTION

Healthcare-associated infections (HAIs) continue to
pose a significant challenge to public health. According
to a number of publications, the surfaces of medical
devices can facilitate the formation of biofims and the
spread of resistant pathogens, complicating the preven-
tion and treatment of HAIs [1-3]. Several studies have
noted the role of tightening requirements for device safe-
ty and biocompatibility in the adoption of new materials
and more complex designs, which may limit the appli-
cability of some conventional sterilization methods due
to potential risks of degradation or residual toxicity [2,
4]. Well-established sterilization methods, such as auto-
claving, radiation, and gas treatment (e.g., with ethylene
oxide), have limited applicability to heat-sensitive materi-
als due to the possibility of residual toxicity or structural
alterations in devices [4]. In this context, sterilization us-
ing supercritical carbon dioxide (scCO,) is considered a
promising alternative as a method integrating efficacy,
safety, and compatibility with modern materials.

In order to reduce the risk of device contamination,
the inactivation of both vegetative and spore-forming
bacteria should be ensured. Among spore-forming spe-
cies, Bacillus subtilis is widely used as a model test or-
ganism in sterilization studies [5-7]. Given the increas-
ing constraints on materials and device designs, there
is a growing interest in novel low-temperature methods
that exhibit effectiveness while preserving the functional
properties of materials. Spore-forming bacilli, particularly
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B. subtilis and B. stearothermophilus, are known to be
among the most resistant microorganisms to eradication
due to the protective structural features of their spores,
making them benchmark indicators of sterilization effi-
cacy [5, 7].

A number of experimental studies have demonstrat-
ed that the use of scCO,, as well as its combinations
with various oxidizing agents, can effectively inactivate
B. subtilis spores under different processing param-
eters [5-9]. The authors of most publications emphasize
that the proposed sterilization regimes cannot be con-
sidered a versatile solution; moreover, the existing data
show a significant variability in effectiveness depending
on experimental conditions and protocols used [5-7, 10].
Therefore, in our study, the ranges of parameters are se-
lected following a review of literature data and consider-
ing the engineering constraints of our laboratory facility
(maximum pressure 120 atm).

In this work, we aim to optimize and validate steriliza-
tion regimes for Bacillus subtilis spores in an experiment
using supercritical carbon dioxide (scCO,), including
pure scCO,, scCO, with hydrogen peroxide, and scCO,
with peracetic acid.

MATERIALS AND METHODS
Experimental facility

The experiments were conducted using a prototype
test bench for studying sterilization regimes (Skolkovo
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Institute of Science and Technology, Russia). The facil-
ity included a 1 L working chamber made of AISI 316
stainless steel, with temperature control from ambient
to 100°C and a maximum working pressure of 120 atm.
The system was equipped with a programmable logic
controller (PLC) for automatic cycle control, redundant
pressure monitoring (analog pressure gauges and digi-
tal sensors), and a PID temperature controller (TPM210).
Medical-grade CO, was used as the sterilizing agent.
Figure 1 presents a general schematic description of
this facility.

Biological Indicator

The microorganism Bacillus subtilis subsp. Spizizenii
ATCC 6633 NCTC 10400 was used as the biological in-
dicator.

Culture preparation and sample contamination

Nutrient agar medium No. 1 GRM of the following com-
position was used for cultivation: casein hydrolysate
(6.00 g/L); yeast extract (2.50 g/L); glucose (1.00 g/L);
and agar-agar (9.00 g/L). Inoculations were incubated at
a temperature of 37.1°C for 24 h.

The inoculum was prepared from a 24-h agar cul-
ture by selecting well-isolated colonies and transferring
them into a sterile 0.9% sodium chloride (NaCl) solution
to a concentration equivalent to 0.5 McFarland standard
units [11]. The suspension density was controlled using a
DEN-1 densitometer (Biosan, Latvia). The inoculum was
used within 15 min of preparation.

A volume of 100 pL of the inoculum was applied onto
the surface of titanium discs using an automatic micro-
pipette and dried to completeness at a temperature of
20 + 2°C under sterile conditions. The contaminated

—/

Figure prepared by the authors based on their own data

discs were packaged in individual kraft paper bags prior
to gas-dynamic treatment (Fig. 2A).

Microbiological analysis

Following sterilization, the samples were removed from
the kraft bags and placed into sterile containers with
5 mL of 0.9% sodium chloride (NaCl) solution. The wash-
off was performed by shaking for 1.5 min at 1000 rpm
using a V-3 vortex mixer.

The wash fluid was plated in a volume of 200 pL (for
screening experiments) or 1000 L (for validation experi-
ments with SAL calculation) onto the surface of nutrient
agar in 90 mm Petri dishes. The difference in plating vol-
umes is related to methodological requirements. Thus,
for screening experiments, a 200 pL volume provided
sufficient sensitivity while reducing the load on the auto-
matic counting system Scan 500; for validation experi-
ments, the 1000 pL volume maximized the sensitivity of
the analysis in accordance with GOST R ISO'. The fluid
was evenly distributed over the surface of the medium
using a sterile Drigalski spatula. The inoculations were
incubated at 37°C for 24 h.

The results were recorded both visually and us-
ing a Scan 500 automatic colony counter (Interscience,
France). For plates with confluent growth, counting was
performed automatically using a Scan 500 system via the
selected field method. The latter consisted in defining the
counting area followed by calculation of the colony densi-
ty and its automatic recalculation for the entire plate area,
converted to CFU/mL while accounting for the inoculation
volume. Reference samples were not subjected to steri-
lization; the wash-off from these controls was performed
immediately after contamination using the same method.
The minimum detectable number of viable microorgan-
isms (limit of detection, LOD) was 1 CFU/mL.

10 11 12

Fig. 1. Pneumatic schematic of the prototype test bench for investigating sterilization regimes: 1 — gas cylinder;
2 — first valve; 3 — filter; 4 — pump; 5 — safety valve; 6 — first control valve; 7 — working chamber; 8 — throttle valve;
9 — second control valve; 10 — electronic pressure gauge; 11 — temperature sensor; 12 — second valve

T GOST R ISO 14937-2012 (ISO 14937:2009). Sterilization of health care products. General requirements for characterization of a sterilizing agent and the
development, validation and routine control of a sterilization process for medical devices. Moscow: Standartinform; 2013.
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Preparation of chemical additives

Solutions of hydrogen peroxide (H,0,) and peracetic
acid (C,H,0,) were prepared under controlled conditions
as part of a scientific collaboration with the Mendeleev
Russian University of Chemical Technology. The solu-
tions were prepared using Type | ultrapure water, ob-
tained through double reverse osmosis and UV treat-
ment. All preparation and dispensing procedures were
carried out in a glove box under inert atmosphere.

The working concentrations were 200 ppm (0.02%)
for hydrogen peroxide and 50 ppm (0.005%) for per-
acetic acid.

The solutions were prepared in batches, consider-
ing a shelf life of up to one week under storage condi-
tions recommended by the Mendeleev University (at low
temperature, protected from light). The incoming quality
control of the stock solutions was performed using re-
dox titration methods to verify their concentration.

Experimental design

Using the Minitab 17.1 statistical software, three sepa-
rate Central Composite Designs (CCD) were generated,
one for each treatment group: CD (pure carbon diox-
ide), CDHP (carbon dioxide + hydrogen peroxide), and
CDPAA (carbon dioxide + peracetic acid).

For the CD group, temperature (35—-60°C), pressure
(70120 atm), and exposure duration (60-120 min) were
varied within a single block, based on literature data [5,
7, 8] and considering the engineering constraints of the
equipment (Pmax = 120 atm).

The CDHP and CDPAA groups were investigated
at temperatures of 30-45°C, pressures of 90-110 atm,
and exposure duration of 10-30 min, according to

A

Figure prepared by the authors based on their own data

data from [9, 12], with the experiments organized into
three blocks.

Each Central Composite Design (CCD) included
20 experimental runs: 8 cube points, 6 axial points, and
center points with « = 1. All equipment operations were
performed by a single operator, while all microbiologi-
cal procedures were conducted by one microbiologist
to ensure data homogeneity.

The validation of optimal sterilization regimes in-
volved conducting a series of 10 independent replicates
for each regime, followed by the calculation of the log-
reduction relative to the control (N,). When more than
two models and corresponding optimal regimes were
identified, a comparative analysis of the log-reduction
values between the groups was planned for the statisti-
cal assessment of differences in sterilization efficacy.

The experimental runs were performed according to
the CCD matrix, with process parameter deviations con-
trolled within + 2°C for temperature, + 5 atm for pres-
sure, and + 2 min for exposure time.

Experimental procedure

Each experiment involved the preparation of two sam-
ples (on a matrix of titanium discs measuring 8 x 1 mm):
a reference and a test (experimental) sample. The test
samples for the CD regime were packaged in kraft pa-
per (Fig. 2A). For the CDHP and CDPAA regimes, they
were additionally fully immersed in 15 mL of the corre-
sponding additive solution in open test tubes placed in-
side the reaction chamber (Fig. 2B).

The experimental procedure involved sample prepa-
ration and loading into the working chamber, followed
by sealing and achieving the specified CO, temperature
and pressure conditions. After maintaining the target

Fig. 2. Preparation of titanium discs for gas-dynamic treatment: A — individual packaging of a contaminated titanium
disc in a kraft paper bag; B — placement of the packaged disc in a test tube with oxidizer solution for treatment according

to CDHP or CDPAA protocols
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conditions for the designated exposure time, a con-
trolled decompression (< 10 atm/min to minimize me-
chanical inactivation effects) was performed, followed by
sample retrieval and microbiological analysis.

The process parameters (temperature, pressure, du-
ration) were monitored manually using redundant analog
and digital sensors. Experiments were conducted at an
ambient temperature of 20-25°C and a relative humidity
of 50 + 10%.

Statistical analysis

The logarithmic reduction (log-reduction), calculated us-
ing formula (1), was used as the response variable:

0

NI
where N, — the number of viable microorganisms in the
reference sample;

N — after treatment.

To identify the dependence of sterilization efficacy on
process parameters, the response surface methodology
(RSM) with the construction of full quadratic models was
applied.

For each experimental group, a preliminary assess-
ment of data distribution using the Anderson-Darling
(AD) test was planned. Depending on the outcome of the
normality test, either a two-sample t-test (in the absence
of significant deviations) or a non-parametric Mann—
Whitney U test (MW), corrected for ties, was planned for
comparing reference and test samples. The sterility of
medical devices was considered achieved at a log-re-
duction = 6, which corresponds to a Sterility Assurance
Level (SAL) of < 107 according to GOST requirements?.

(1)

log — reduction = log,,

RESULTS
Results for the CD Group

Raw data and response distribution. In the experiment
on the treatment of Bacillus subtilis spores with pure
CO,, 20 runs were conducted, varying temperature (35—
60°C), pressure (70-120 atm), and exposure duration
(60-120 min). The mean log-reduction was 0.52 + 0.35
(AD: p > 0.05).

DOE Analysis: Full Quadratic Model. An analysis of
variance (ANOVA) indicated the lack of statistical sig-
nificance for the model (F = 0.26; p = 0.972; R? = 19.1%,
adj R? = 0%). Only 19% of the variability can be explained
by the process factors (temperature, pressure, exposure
duration), while the remaining 81% is attributed to ran-
dom error. None of the coefficients, including main, qua-
dratic, and interaction terms, were statistically significant
(@l p > 0.2).

With the purpose of verifying the robustness of the
conclusion regarding the statistical insignificance of the

full quadratic model, a stepwise variable elimination pro-
cedure (backward elimination method) was additionally
applied at a = [0.1; 0.3] (step = 0.1). In all cases, the fi-
nal model was reduced to a constant, since no variable
reached statistical significance (minimum p = 0.24), and
the explained variance did not exceed 10%.

Statistical analysis of differences between groups

In the control group CD (N,), the median number of vi-
able spores was 4.34 x 10° [2940; 5245] CFU/mL, com-
pared to 1.57 x 10° [556; 2678] CFU/mL in the treated
CD group (N).

A test for normality of the data distribution showed no
deviations from a normal distribution in the treated group
(AD: p > 0.05). However, a statistically significant devia-
tion was detected in the control group (AD: p < 0.05).
Consequently, a non-parametric test was applied for in-
tergroup comparison, which revealed a statistically sig-
nificant difference (MW: p < 0.001). Thus, the reduction
in the number of viable spores after treatment with pure
CO, was established to be statistically significant.

Results for the CDHP group

Raw data and the dynamics of experimental series
expansion. In the initial series of experiments on treat-
ing Bacillus subtilis spores with a mixture of CO, and
hydrogen peroxide (CDHP), 20 runs were performed,
varying temperature (30-45°C), pressure (90-110 atm),
and exposure duration (10-30 min). An analysis of the
constructed regression model revealed a low explained
variance (R? = 45%; adj R? = 0%). All coefficients, in-
cluding linear, quadratic, and interaction effects, were
statistically insignificant (p > 0.4), and the lack-of-fit test
showed a high p-value (p = 0.94), indicating the inability
of the model to explain the variation in the experimental
data. A stepwise factor elimination procedure (backward
elimination method) failed to select any predictors, and
the final model included only a constant.

Given that the structure of the initial experimental de-
sign was unbalanced—the majority of replicates were
concentrated at the center point (seven replicates), while
only two experiments were performed at the extreme
factor levels (pressure of 90 and 110 atm; exposure du-
ration of 10 and 30 min), and independent replicates
were missing for several factor combinations — these
results collectively indicated insufficient informativeness
of the initial design and justified the need for targeted
expansion of the series.

Consequently, five points were added, located in
the central region and at the boundaries of the varying
factors (Table 3, No. 21-25). In the expanded sample
(n = 25), a slight improvement in model parameters was
observed (R? = 40%; adj R? = 4%); however, key effects
remained insignificant (o > 0.25 for all factors; lack-of-fit:

2 GOST R ISO 14937-2012 (ISO 14937:2009). Sterilization of health care products. General requirements for characterization of a sterilizing agent and the
development, validation and routine control of a sterilization process for medical devices. Moscow: Standartinform; 2013.
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p = 0.97), and the stepwise elimination procedure again
failed to identify statistically significant predictors. To fur-
ther investigate the influence of pressure on sterilization
efficacy, six points with extreme pressure values (70 and
120 atm, at a fixed temperature of 38°C) were added.
The median log-reduction for the full sample (n = 31) was
1.31 [0.50; 2.61] (AD: p < 0.05).

Final analysis of the experimental series (n = 31):
Model and statistical parameters

In order to determine the influence of factors on spore
inactivation efficacy, a multiple regression model was
constructed using a stepwise backward elimination pro-
cedure (o = 0.1). The final model included the linear and
quadratic effects of temperature and pressure, as well
as the linear effect of exposure duration. Interaction ef-
fects between factors were excluded as non-significant.
The regression equation for the predicted log-reduction
value for the CDHP group (Y, is as follows:

Yo = 1.60 +0.387 x t.-0.1800 = P, + )
+0.01542 x T —0.00511 = t .2 + 0.000996 = P_ 2.

The explanatory power of the model increased
to 58.5% (R? = 58.5%; adj R? = 50.2%; pred R? = 38.5%;
lack-of-fit: p = 0.32). The quadratic terms for tempera-
ture (p < 0.05) and pressure (p < 0.001), as well as the
linear effect of pressure (p < 0.05), were found to be
statistically significant, while all other variables were ex-
cluded during the selection process due to a lack of sig-
nificance (p > 0.1).

Statistical analysis of differences between groups

In the CDHP control group (N, n = 31), the median num-
ber of viable spores was 3.1 x 10% [2950; 3680] CFU/
mL, compared to 1.9 x 10% [101; 474] CFU/mL in the
treated group (N, n = 31). Testing for normality in the

distribution of CFU/mL revealed statistically significant
deviations from a normal distribution in both groups
(AD: p < 0.005). In this light, a non-parametric test was
applied for intergroup comparison, the results of which
showed a statistically significant difference between the
groups (MW: p < 0.0001). The treatment effect is clearly
demonstrated by the appearance of the reference and
treated samples (Fig. 3).

Search for optimal processing conditions

In order to determine optimal sterilization regimes, an
analysis of the obtained regression model (Y, was
performed. The maximum value of the log-reduction
within the range of the investigated factors was used as
the optimality criterion (Fig. 4).

The calculation results were used to determine that
the maximum effect is achieved at a temperature of
37.9°C, a pressure of 120 atm, and an exposure dura-
tion of 30 min (Fig. 5). Under these conditions, the pre-
dicted log-reduction value is 2.14 (95% CI: [1.78; 2.50];
95% PI (prediction interval): [1.42; 2.87]), and the integral
optimality criterion (D) for the identified solution is 0.78.

Model diagnostics

Diagnostics of the final regression model (n = 31) was
performed based on visual analysis of residual distri-
bution. The normal probability plot (Fig. 6A) revealed a
deviation of residuals from the normal distribution; how-
ever, no explicit outliers or structural patterns were de-
tected. Similarly, the plot of residuals versus predicted
values (Fig. 6B) showed no systematic trends or signs of
heteroscedasticity.

Results for the CDPAA group

Original data and response distribution. In the ex-
periment on the treatment of B. subtilis spores with a

Figure prepared by the authors based on original data

Fig. 3. Example of Petri dish appearance: reference sample (left) and sample after treatment using one of the studied

CDHP regimes (right)
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Fig. 4. Response surfaces of the log-reduction parameter based on the regression model for the CDHP group
(n=31): A— P_atm and t_C at fixed T (30 min); B— P_atm and T_min at fixed t (37.9°C); C — t_C and T_min at fixed
P (120 atm); t_C — temperature; P_atm — pressure, atm; T_min — exposure time, min; log_red — response (log,,
reduction, log,, units)
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Figure prepared by the authors based on original data

Fig. 5. Graph of the search for optimal processing conditions for the CDHP group: n = 31; t_C — temperature,
°G; P_atm — pressure, atm; T_min — exposure time, min; log_red — log,, reduction; D — composite desirability; vertical
lines — optimal factor levels
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Figure prepared by the authors based on original data

Fig. 6. Diagnostics of the log-reduction model residuals (CDHP group, n = 31): A— normal probability plot (X-axis:

residuals, log,, units; Y-axis: percentage, %); B — residuals vs. predicted values plot (X-axis: predicted log,, reduction
values; Y-axis: residuals, log,, units)

mixture of CO, and peracetic acid (CDPAA), 20 runs  DOE analysis: Full quadratic model

were conducted with variations in temperature (30—

45°C), pressure (90-110 atm), and exposure duration  Unlike previous experimental series, it was decided for
(10—-30 min). The mean log-reduction was 210 + 0.90 the CDPAA regime not to simplify the full quadratic mod-
(AD: p > 0.05). el, since its quality metrics were deemed satisfactory
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(R? =78.0%; adj R? = 47.6%; lack-of-fit: p = 0.08). The re-
gression equation for the predicted log-reduction value
for the CDPAA group (Y ) takes the following form:

CDPAA

Yeppan = —19,80 + 0,163 x t_ + 0,387 x P, -
-0,106 x T —0,00219 x t.?~0,00263 x P, 2+
+0,00027 xt_2+0,00190 x t,x P, -

~0,00347 xt,x T +0,00207 x P, xT

min®

©)

Of all the factors included in the model, only the
linear effect of temperature was statistically significant
(p < 0.05), whereas the effects of pressure (p > 0.05),
exposure duration (p > 0.05), and the quadratic and in-
teraction terms did not reach statistical significance (all
p > 0.22).

Statistical analysis of intergroup differences

In the CDPAA control group (N, n = 20), the me-
dian number of viable spores was 213 x 10° [1600;
3973] CFU/mL, compared to 2.21 x 10" [12.5; 41.1]
CFU/mL (AD: p < 0.005) in the experimental group (N,
n = 20). Statistical analysis of significance of differences

confirmed a significant reduction in viable spores after
treatment (MW: p < 0.0001). Figure 7 shows a compari-
son of the appearance of the reference and test sam-
ples.

Optimization of treatment conditions

The full quadratic model Y, (Fig. 8) was used to de-
termine optimal sterilization regimes based on the crite-
rion of log-reduction maximization.

According to the optimization results, the highest
predicted log-reduction value is 3.60 (95% CI: [2.37;
4.82]; 95% PI: [1.65; 5.54]), achieved at a temperature
of 45°C, pressure of 94 atm, and exposure duration of
10 min. For these conditions, the composite desirability
of the model equals 0.95 (D), indicating a high degree of
conformity between the selected regime and the speci-
fied parameters (Fig. 9).

Model diagnostics

Evaluation of the normal probability plot of residuals
(Fig. 10A) and the plot of residuals versus predicted

Figure prepared by the authors based on original data

Fig. 7. Example of Petri dish appearance: reference sample (left) and sample after treatment with one of the studied

CDPAA regimes (right)
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Figure prepared by the authors based on original data

T_min

Fig. 8. Response surface of the log-reduction parameter according to the regression model for the CDPAA group:
A — P_atm and t_°C at fixed T (10 min); B — P_atm and T_min at fixed t (45°C); C —t_°C and T_min at fixed P (94 atm);
t_°C — temperature, °C; P_atm — pressure, atm; T_min — exposure duration, min; log_red — response: log,-reduction
(log,, units)
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Fig. 9. Optimization plot of treatment conditions for the CDPAA group: t_°C — temperature, °C; P_atm — pressure,
atm; T_min — exposure duration, min; log_red — log,,-reduction; D — composite desirability; vertical lines — optimal

factor levels
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Fig. 10. Residuals diagnostics for the log-reduction model (CDPAA group): A — normal probability plot (X-axis:
residuals, log,, units; Y-axis: percentage, %); B — residuals vs. predicted values plot (X-axis: predicted log, -reduction

values, log,, units; Y-axis: residuals, log,, units)

values (Fig. 10B) revealed no deviations from normal dis-
tribution or signs of heteroscedasticity.

Validation of optimal sterilization regimes

In order to confirm the effectiveness of the established
optimal sterilization conditions and evaluate the method
reproducibility, validation experiments with ten inde-
pendent replicates for each regime were conducted. In
the CDHP regime (37.9°C, 120 atm, 30 min, 200 ppm
H,0,), the mean log-reduction was 4.4 + 0.3 with a coef-
ficient of variation of 7.3%. For the CDPAA regime (45°C,
94 atm, 10 min, 50 ppm PAA), the mean log-reduction
was 6.0 + 0.3, with a coefficient of variation of 4.9%. In
all experiments, the log-reduction values exceeded the
detection limit of the method (1 CFU/mL).

The data distribution in both groups conformed to the
normal distribution (AD: p > 0.05), allowing the use of a t-test
to compare the effectiveness of the regimes. It was found
that the CDPAA regime enables a statistically significant
higher spore inactivation compared to CDHP (mean differ-
ence 1.60 (log-reduction); 95% CI: [1.31; 1.89]; p < 0.001).
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DISCUSSION

Our comparative evaluation of the sterilizing effect of
supercritical CO, and its combinations with oxidizing
agents on B. subtilis spores found that the use of CO,
alone (CD regime) did not lead to a significant reduc-
tion in the spore viability: in all tested parameter com-
binations, the inactivation level did not exceed 0.8 log
orders. The introduction of oxidizing agents — hydro-
gen peroxide (CDHP) and peracetic acid (CDPAA) —
yielded fundamentally different results. According to
validation series data, for the CDHP regime, the mean
reduction was 4.42 + 0.32 log orders (CV = 7.30%) at
37.9°C, 120 atm, 30 min, compared to 6.02 + 0.30
log orders (CV = 4.98%) at 45°C, 94 atm, 10 min, for
CDPAA.

The coefficients of variation were calculated from
a series of 10 independent replicates for regimes with
oxidizing agents; for the CD regime, separate validation
experiments were not conducted since no optimal con-
ditions providing a high degree of inactivation could be
identified.
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The four-fold or greater reduction of viable B. subti-
lis spores achieved in our study through treatment with
scCO, and hydrogen peroxide indicates the potential of
this approach for high-level disinfection of semi-critical
medical devices [1, 13]. Such an inactivation level is con-
sidered acceptable in current international guidelines
for ensuring the microbiological safety of devices where
absolute sterility is not required but effective protection
against most pathogens is necessary [13-15]. It should
be emphasized that we primarily assessed spore inacti-
vation; therefore, further analysis of antimicrobial activity
against other clinically relevant microorganisms is re-
quired for practical implementation of the method.

The low effectiveness of Bacillus subtilis spore sterili-
zation using pure CO,, observed across the studied range
of temperatures (35—-60°C), pressures (70-120 atm), and
exposure duration (1-2 h), is fully consistent with the
results of several independent studies. In the work by
Spilimbergo et al. [5] at 36°C, 80 atm, and extended ex-
posure (uUp to 48 h), the log-reduction for B. subtilis spores
was 0.5-0.9, which agrees with our values of 0.4-0.8 at
significantly shorter treatment modes. Dillow et al. [16]
demonstrated that at 205 bar (~200 atm), 34°C, and a 2-h
exposure, the log-reduction for Bacillus cereus spores did
not exceed 1-2 units. Only at 60°C with an increased du-
ration of 4 h, a log-reduction of 5-8 units was achieved,
which falls outside the scope of most regimes applicable
to medical devices. White et al. [17] confirmed that even
at 96-103 atm and 35-60°C following a 72-h exposure,
the log-reduction for B. subtilis and B. stearothermophilus
spores remained close to zero; significant inactivation was
observed only upon the addition of oxidizers or water.

Altogether, these data confirms that spore steriliza-
tion using pure CO, is ineffective under mild and moder-
ate regimes. In practice, such inactivation requires either
an extreme increase in temperature or a significant ex-
tension of treatment exposure, which is often impractical
or economically unfeasible when working with medical
materials. In our study, the parameter range was select-
ed based on the constraints of the experimental facil-
ity and the objectives related to the applicability of the
method for processing medical devices, which aligns
with real-world production conditions and the prospects
for subsequent technology implementation.

The agreement between our obtained log-reduction
values and the ranges reported in several independ-
ent studies for Bacillus spp. spores under similar con-
ditions [5, 16, 17] may indicate a certain reproducibility
of the low effectiveness of pure CO, within the studied
regimes. Despite differences in experimental models,
subjects, and protocol details, no significant discrepan-
cies in the achieved level of inactivation were observed.
However, definite conclusions regarding reproducibility
require specifically designed interlaboratory studies with
control of critical parameters.

It should be noted that we were unable to identify
other publications on the use of the B. subtilis strain and
comparable treatment conditions (200 ppm H,O,, tem-
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perature, pressure), except for the work by Warambourg
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et al. [6], whose parameters were used as a reference
when planning our experiments. In our study, the optimal
process parameters (120 bar, 37.9°C, 30 min, 200 ppm
H,0,) differed from those described by Warambourg et
al. [6] (110 bar, 40°C, 20 min, 200 ppm H,0,), although
being close in values. The overlap in the ranges of op-
timal conditions, determined independently, may be
considered an indication of partial reproducibility of the
‘optimal sterilization window” for scCO, with H,0, for
B. subtilis. However, the achieved log-reduction values
differed significantly (4.42 vs. 8.73), indicating limitations
in quantitative reproducibility between different labora-
tories and underscoring the importance of standardizing
experimental methods and reference materials.

Regarding the application of CDPAA, the most simi-
lar conditions to the present study are found in the ex-
periments by Setlow et al., where for B. subtilis at 35—
55 ppm PAA, 35°C, 100 bar, and an exposure duration of
25 min, a reduction in viability of more than 6 log orders
was observed [12]. In our study, the optimal parameters
were 45°C, 94 bar, 10 min, 50 ppm PAA. Thus, while the
ranges of concentration, pressure, and temperature that
result in significant inactivation were similar, differenc-
es in exposure duration and protocol details preclude
claims of reproducibility in the strict sense and compli-
cate a direct quantitative comparison of effectiveness.

Despite the partial overlap of key parameters with
those used in publications, a correct quantitative com-
parison of inactivation effectiveness remains challenging.
The main reasons stem from differences in the specific
strains used, the geometry and material of the substrate,
the method and volume of inoculum application, the re-
covery procedure, as well as details of the experimental
protocols. This variability underscores the need for fur-
ther standardization and interlaboratory alignment of key
parameters in scCO, sterilization research.

The available literature data on spore inactivation us-
ing scCO, in combination with oxidizing agents (hydro-
gen peroxide, peracetic acid) are highly heterogeneous.
Most publications investigate different Bacillus strains
(most commonly B. atrophaeus, B. pumilus, G. stearo-
thermophilus), employ substantially different oxidizer
concentrations, and utilize varied experimental protocols
[18]. We were unable to identify any studies that simul-
taneously used low oxidizer concentrations, conditions
comparable to the present study in terms of tempera-
ture and pressure, and B. subtilis as the test organism.
This fragmentation and lack of standardization hinder a
correct quantitative comparison of inactivation effective-
ness between the results of the present work and most
published data. The necessity for further research using
identical biological materials and harmonized regimes is
emphasized in a number of recent reviews [12, 18].

Our analysis of the contribution of individual factors re-
vealed that in the CDHP regime, pressure exerted a highly
significant influence both in linear (p < 0.05) and quadratic
(p < 0.001) terms, with the quadratic effect being the most
pronounced. In the CDPAA regime, the linear effect of
pressure did not reach statistical significance (p > 0.226),



OPUI'MHAJIbHAA CTATbA | MUKPOBUOJ1IOIUA

which is likely associated not only with differences in the
chemical properties of the oxidizing agents but also with
characteristics of the matrix and the local availability of the
sterilizing agent [9]. Our data are partially consistent with
those of Hossain et al., where pressure was the determin-
ing factor for bacterial inactivation under pure scCO, treat-
ment conditions; however, that study primarily investigated
vegetative forms rather than spores [8]. According to Zhang
et al., pressure enhances the solubility and penetration of
CO, through cellular barriers, although the efficiency of this
process can vary significantly for spores [7, 9.

Temperature demonstrated consistent significance
in both models: for CDHP — as both a linear (p < 0.01)
and quadratic (p < 0.05) effect; for CDPAA — as the
dominant linear factor (p < 0.05). This highlights the
leading role of temperature when oxidizers are added
to overcome spore barriers. The significance of the tem-
perature factor identified in our study for the regime with
peracetic acid aligns with the data by Zhang et al., ac-
cording to whom an increase in temperature enhances
CO, diffusion and the fluidity of cellular structures [7].

Exposure duration was statistically significant only for
CDHP (p < 0.05) but not for CDPAA (p > 0.407), which is
also consistent with literature data indicating a relatively
smaller contribution of exposure duration compared to
pressure and temperature [7, 9]. The faster action of
peracetic acid may explain the reduced dependence on
exposure duration.

The pressure—temperature interaction was statis-
tically significant for both regimes (CDHP: p < 0.05;
CDPAA: p < 0.05), indicating a synergistic effect be-
tween these parameters. It appears that at pressures
above the critical point for CO,, diffusion is primarily
governed by pressure, while increasing temperature
further enhances membrane fluidity and activates oxi-
dative processes [7, 8].

In our study, rapid decompression after treatment
was intentionally excluded to minimize the contribution
of mechanical damage to spores and to obtain a more
objective assessment of the chemical action of scCO,
and oxidizing agents. This approach is justified by the
results of several studies demonstrating that rapid de-
compression can have a significant effect on inactiva-
tion through physical effects unrelated to the action of
the agent itself [5, 7, 8]. In our opinion, this approach
provides more reliable data on inactivation mechanisms.

References

7. Rowan NJ, Kremer T, McDonnell G. A review of Spaulding’s
classification system for effective cleaning, disinfection and
sterilization of reusable medical devices: viewed through a
modern-day lens that will inform and enable future sustain-
ability. Science of the Total Environment. 2023;878:162976.
https://doi.org/10.1016/].scitotenv.2023.162976

2. Spaulding AB, Watson D, Dreyfus J, Heaton P, Grapentine S,
Bendel-Stenzel E, et al. Epidemiology of bloodstream infec-
tions in hospitalized children in the United States, 2009—
2016. Clinical Infect Diseases. 2019;69(6):995-1002.
https://doi.org/10.1093/cid/ciy1030

3. Stewart S, Robertson C, Pan J, Kennedy S, Dancer S,
Haahr L, et al. Epidemiology of healthcare-associated in-

144

The validation experiments showed log-reduction
values substantially exceeding the upper bounds of the
prediction intervals calculated from the main series dur-
ing the optimization of the regimes. This discrepancy is
attributed not only to the application of the optimized
regimes but also to the use of different microbiologi-
cal approaches in the two series. Thus, during model
construction, the initial spore concentration was lower
(to ensure stable operation of the automatic counter),
whereas validation was performed at the normative load
(N, = 10°) required for SAL calculation [14, 15].

Our study is not devoid of several limitations that
should be considered when interpreting and practically
applying the data obtained. The work was conducted on
a single laboratory facility with a maximum pressure of
120 atm, which limits the range of investigated regimes.
The experiments were performed with only one model
organism (Bacillus subtilis subsp. spizizenii ATCC 6633)
and on titanium discs. Therefore, the effectiveness of
the method when applied to other microorganisms and
materials was not evaluated. The result reproducibility
was determined only within a single laboratory setting,
without interlaboratory comparisons. In addition, we did
not investigate the effect of sterilization on the functional
properties and biocompatibility of medical devices. All
these limitations should be considered when planning
further work and translating laboratory results into prac-
tice.

CONCLUSIONS

During the conducted experimental studies using super-
critical carbon dioxide (scCO,), including pure scCO,,
scCO, with hydrogen peroxide (H,0,), and scCO, with
peracetic acid (PAA), regimes for the inactivation of
Bacillus subtilis spores on titanium discs were validated.
Optimal conditions for the low-temperature processing
of thermally sensitive medical materials, compliant with
modern international requirements, were experimen-
tally substantiated. The scCO, with peracetic acid re-
gime achieves a sterility assurance level (SAL) of < 107,
which is required for the sterilization of medical devices.
The scCO, with hydrogen peroxide regime exceeds
SAL < 10, corresponding to high-level disinfection. The
use of pure scCO, alone proved insufficiently effective
(maximum 0.8 log-reduction).

fection reported from a hospital-wide incidence study: con-
siderations for infection prevention and control planning.
Journal of Hospital Infection Society. 2021;114:10-22.
https://doi.org/10.1016/}.jhin.2021.03.031

4. Arutyunov SD, Yanushevich OO, Korsunsky AM, Podporin MS,
Salimon Al, Romanenko |l, et al. Comparative analysis of the
effectiveness of modern methods of sterilization of instruments
and the place of gas-dynamic treatment with carbon dioxide.
Russian Journal of Stomatology. 2022;15(1):12-9 (In Russ.).
https://doi.org/10.17116/rosstomat20221501112

5.  Spilimbergo S, Bertucco A, Lauro FM, Bertoloni G.
Inactivation of Bacillus subtilis spores by supercritical
CO, treatment. Innovative Food Science and Emerging

MEOVLIHA SKCTPEMAbHBIX CUTYALIMI | 2026, TOM 28, Ne 1



ORIGINAL ARTICLE | MICROBIOLOGY

10.

11.

Technologies. 2003;4(2):161-5.
https://doi.org/10.1016/51466-8564(02)00089-9
Warambourg V, Mouahid A, Crampon C, Galinier A, Claeys-
Bruno M, Badens E. Supercritical CO, sterilization under
low temperature and pressure conditions. The Journal of
Supercritical Fluids. 2023;203:106084.
https://doi.org/10.1016/j.supflu.2023.106084

Zhang J, Davis TA, Matthews MA, Drews MJ, LaBerge M,
An YH. Sterilization using high-pressure carbon dioxide. The
Journal of Supercritical Fluids. 2006;38(3):354—-72.
https:/doi.org/10.1016/}.supflu.2005.05.005

Hossain MS, Nik Ab Rahman NN, Balakrishnan V,
Alkarkhi AFM, Rajion ZA, Ab Kadir MO. Optimizing super-
critical carbon dioxide in the inactivation of bacteria in clinical
solid waste by using response surface methodology. Waste
Management. 2015;43:402-9.
https:/doi.org/10.1016/j.wasman.2015.01.003

Qiu QQ, Leamy P, Brittingham J, Pomerleau J, Kabaria N,
Connor J. Inactivation of bacterial spores and viruses in bio-
logical material using supercritical carbon dioxide with ster-
ilant. Journal of Biomedical Materials Research B Applied
Biomaterials. 2009;91B(2):572-8.
https:/doi.org/10.1002/jbm.b.31431

Salimon Al, Statnik ES, Kan Y, Yanushevich OO, Tsarev VN,
Podporin MS, et al. Comparative study of biomaterial sur-
face modification due to subcritical CO, and autoclave dis-
infection treatments. The Journal of Supercritical Fluids.
2022;191:105789.
https://doi.org/10.1016/j.supflu.2022.105789

McFarland J. The nephelometer: an instrument for estimating
the number of bacteria in suspensions used for calculating the

opsonic index and for vaccines. JAMA. 1907;49(14):1176-8.
https://doi.org/10.1001/jama.1907.25320140022001f

72, Setlow B, Korza G, Blatt KMS, Fey JP, Setlow P. Mechanism
of Bacillus subtilis spore inactivation by and resistance to
supercritical CO, plus peracetic acid. Journal of Applied
Microbiology. 2016;120(1):57-69.
https:/doi.org/10.1111/jam.12995

13. von Woedtke T, Kramer A. The limits of sterility assurance.
GMS Krankenhhyg Interdiszip. 2008;3(3):Doc19.

74. Rutala WA, Weber DJ. Sterilization, high-level disinfection,
and environmental cleaning. Infectious Disease Clinics of
North America. 2011;25(1):45-76.
https://doi.org/10.1016/.idc.2010.11.009

15, Shenoy ES, Weber DJ, McMullen K, Rubin Z,
Sampathkumar P, Schaffzin JK, et al. Multisociety guidance
for sterilization and high-level disinfection. Infection Control
Hospital Epidemiology. 2025.
https://doi.org/10.1017/ice.2025.41

16. Dillow AK, Dehghani F, Hrkach JS, Foster NR, Langer R.
Bacterial inactivation by using near- and supercritical carbon
dioxide. PNAS. 1999;96(18):10344-8.
https://doi.org/10.1073/pnas.96.18.10344

17. White A, Burns D, Christensen TW. Effective terminal ster-
ilization using supercritical carbon dioxide. Journal of
Biotechnology. 2006;123(4):504-15.
https:/doi.org/10.1016/}.jbiotec.2005.12.033

18. Soares GC, Learmonth DA, Vallejo MC, Davila SP,
Gonzalez P, Sousa RA, et al. Supercritical CO, technology:
The next standard sterilization technique? Material Science
and Engineering: C. 2019;99:520-40.
https:/doi.org/10.1016/j.msec.2019.01.121

Authors’ contributions. All authors confirm that their authorship meets the ICMJE criteria. The primary contributions are distrib-
uted as follows: Ramaz Sh. Gvetadze — administrative management of the project, manuscript review and editing; Mariam S. Gal-
styan — conducting experiments on the facility, processing primary data, writing the initial version of the article, and preparing
illustrative material; Yaser N. Kharakh — developing the statistical design of the study, statistical analysis, and results interpretation;
Petr Yu. Kolesnikov — conducting microbiological research, cultivating microorganisms, and performing microbiological analysis;
Levon G. Kirakosyan — technical support for experiments, conducting validation experiments, and writing the methodology and
results sections; Mikhail S. Podporin — planning experiments to optimize modes, and scientific and methodological support; Viktor
N. Tsarev — concept of the microbiological part of the study, provision of laboratory resources, and scientific editing; Sergey D. Aru-
tyunov — study conceptualization, methodology development, and approval of the final version of the manuscript for publication.

AUTHORS

Ramaz Sh. Gvetadze, Dr. Sci. (Med.), Professor,
Academician of RAS
https://orcid.org/0000-0003-0508-7072

ramaz-gvetadze@yandex.ru

Mariam S. Galstyan
https://orcid.org/0000-0002-3372-5775

galstyan.mariam17@gmail.com

Yaser N. Kharakh, Cand. Sci. (Med.)
https://orcid.org/0000-0001-7181-8211

c.kharakh@gmai.com

Petr Yu. Kolesnikov
https://orcid.org/0000-0003-2947-726X

petrs8@mail.ru

EXTREME MEDICINE | 2026, VOLUME 28, No 1

Levon G. Kirakosyan, Cand. Sci. (Med.)
https://orcid.org/0000-0001-5380-1475
dr.lkirakosyan@gmail.com

Mikhail S. Podporin, Cand. Sci. (Med.)
https://orcid.org/0000-0003-1737-0887
podporin.mikhail@yandex.ru

Viktor N. Tsarev, Dr. Sci. (Med.), Professor
https://orcid.org/0000-0002-3311-0367
nikola777@rambler.ru

Sergey D. Arutyunov, Dr. Sci. (Med.), Professor
https://orcid.org/0000-0001-6512-8724
sd.arutyunov@mail.ru

145




