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Abstract. This study aimed to investigate the activity of the drug Pyofag against clinical isolates of Pseudomonas aeruginosa
and to evaluate the effectiveness of the combined action of surface-active antiseptics and bacteriophages. To achieve
this aim, classical methods for the isolation and identification of bacteria were employed. Antibiotic susceptibility of
Pseudomonas isolates was determined using the disc diffusion method, while susceptibility to surface-active antiseptics
(decamethoxine, benzalkonium chloride, chlorhexidine bigluconate, octenidine dihydrochloride, and polyhexanide) was
assessed using the broth dilution method. The susceptibility of clinical isolates to Pyofag was evaluated based on the
optical density of bacterial suspensions after 18 hours of incubation with the preparation. The nature of the combined
effect of bacteriophages and antiseptics on P. aeruginosa was assessed by calculating the lytic index of the phage on
planktonic bacterial forms cultured in media containing sub-bacteriostatic concentrations of antiseptics. The results
showed that all 54 isolated clinical strains of P. aeruginosa retained high susceptibility only to reserve antibiotics — colistin
(94.4%) and cefiderocol (75.9%). Resistance to other antipseudomonal antibiotics (cefepime, ceftazidime, piperacillin-
tazobactam, imipenem, and ciprofloxacin) was observed in 96.3%-100% of isolates. However, aminoglycosides (gentamicin,
tobramycin, amikacin) and meropenem remained effective against 29.6%-44.4% of strains. Antiseptic agents containing
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surface-active compounds demonstrated strong antipseudomonal properties and are capable of inhibiting bacterial
proliferation at concentrations ranging from 16.4-22.5 pg/mL (octenidine dihydrochloride, decamethoxine, chlorhexidine
bigluconate) to 65-145.7 ug/mL (polyhexanide, benzalkonium chloride). It was confirmed that decamethoxine, octenidine,
and chlorhexidine exhibit significantly greater antibacterial activity than polyhexanide and benzalkonium chloride
(p<0.01). The isolated Pseudomonas strains showed high susceptibility to the pharmaceutical preparation Pyofag: the lytic
activity index (Is) of Pyofag exceeded 0.5 in 70.4% of strains, indicating that 50% of the bacterial population was destroyed
during the dynamic interaction between bacterial growth and phage replication. In media containing sub-bacteriostatic
concentrations of decamethoxine, chlorhexidine, or octenidine, both susceptible (n=7, Is = 0.69) and resistant (n=38,
Is=0.15) strains were lysed more intensively by the bacteriophage. This was evidenced by an increase in the susceptibility
index to 0.80-0.87 in susceptible strains and to 0.54-0.70 in phage-resistant strains, respectively

Keywords: surface-active antiseptics; bacteriophages; antibiotics; Pyofag; opportunistic microorganisms

INTRODUCTION

During the period from 2015 to 2025, the problem of an-
tibiotic resistance has assumed global importance. Exist-
ing limitations in the effectiveness of antibacterial therapy
have led to an increase in the number of severe infections,
higher mortality rates, and significant economic costs
associated with treatment. Against the backdrop of the
growing number of infections caused by superpathogens
that demonstrate multidrug resistance (MDR), significant
attention is being paid to the search for alternative means
of antibacterial therapy, among which natural destroyers of
bacteria — bacteriophages — play an increasingly prominent
role. The prolonged war in Ukraine and the fullscale rus-
sian aggression launched in 2022 have led to a sharp rise
in the number of severe wound infections. The widespread
use of antibiotics for prophylactic and therapeutic purpos-
es during evacuation and the provision of medical care has
contributed to the selection of antibiotic-resistant strains.
Therefore, the issue of identifying alternative strategies for
combating antibiotic-resistant microorganisms — particu-
larly non-fermenting Gram-negative bacilli (Pseudomonas
spp., Acinetobacter spp.) — and introducing new methods
of antibacterial therapy using bacteriophages, which have
demonstrated their effectiveness, is particularly relevant.

No randomised controlled trials directly comparing
bacteriophage therapy with standard antibiotic treatment
for antibiotic-resistant Pseudomonas aeruginosa infections
in intensive care units (ICUs), burn, or polytrauma patients
have been published since 2020. However, several wellchar-
acterised case reports and small cohort studies indicate
that phage-antibiotic combinations are feasible, generally
well tolerated, and may be clinically beneficial in selected
challenging cases, with molecular and phenotypic resist-
ance dynamics documented in a subset. A retrospective,
observational study on device-related or systemic infec-
tions conducted by S.I. Green et al. [1] evaluated 12 cases of
customised phage therapy, showing a 66% favourable re-
sponse rate, with 42% bacterial eradication. Phage therapy
was safe, though immunological neutralisation occurred in
some instances.

J.-P. Pirnay et al. [2] conducted a multicentre, multi-
national, retrospective observational study focusing on
individualised phage therapy. The researchers analysed
100 cases of individualised phage therapy across 12 coun-
tries and observed clinical improvement in 77.2% of cases
and bacterial eradication in 61.3%. The use of antibiotics
alongside phage therapy increased the likelihood of suc-
cess. N. Cesta et al. [3] published a case report describing

a 62-year-old patient with chronic P. aeruginosa infection
who was successfully treated with customised phage ther-
apy and meropenem, showing no recurrence of infection
over a period of two years.

A case series on anti-S. aureus therapy for diabetic foot
infection conducted by M.]. Young et al. [4] tested anti-S.
aureus phage therapy on 10 patients at high risk of ampu-
tation. Nine out of ten patients benefited, although one
patient showed no response to treatment. L. Rahimzadeh
Torabi et al. [5] demonstrated success using personalised
intravenous/nebulised phage and antibiotics in an ex-
tremely drug-resistant (XDR) burn patient, with clinical
cure, detailed adverse event monitoring, and resistance
documentation. The findings of K. Racenis et al. [6] indicat-
ed that the combination of phages, antibiotics, and surgical
intervention holds considerable potential for treating left
ventricular assist device (LVAD)-associated Pseudomonas
aeruginosa infections, with biofilm formation and resist-
ance phenotype evolution tracked in vitro.

Across all reports, phage therapy (often in combina-
tion with antibiotics) was well tolerated, with no severe
infusion reactions or cytokine storms clearly attributable
to phage administration. Current evidence remains limited
to salvage case series and a single non-randomised cohort;
phageantibiotic combinations are promising yet unproven
alternatives for resistant Pseudomonas aeruginosa infec-
tions in critical care settings. This underscores the urgent
need for well-powered, rigorously monitored clinical trials
with standardised endpoints for resistance and safety. This
research aimed to investigate the activity of the drug Py-
ofag and to assess the effectiveness of its combined action
with surfactant-based antiseptics against clinical isolates
of Pseudomonas aeruginosa obtained from wounded ser-
vicemen with complicated wound infections.

MATERIALS AND METHODS
Characteristics of the antiseptic compounds and biological
preparations used in the study:

Decamethoxine is an antiseptic from the group of
surfactants and a derivative of bisquaternary nitrogen. In
the study, the substance decamethoxine — a fine-grained
white powder readily soluble in water and alcohol — was
used. A working solution at a concentration of 0.1% was
prepared by dissolving 100 mg of decamethoxine in 100 mL
of sterile, purified water.

Benzalkonium chloride (alkyldimethylbenzylammo-
nium chloride) is a cationic surfactant and an antiseptic
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from the group of quaternary ammonium compounds. In
thisresearch, a 50% solution of benzalkonium chloride (pro-
duced in China) was used. To prepare a 0.5% working solu-
tion, a 1:10 dilution was made using sterile purified water.

Octenidine dihydrochloride is a surface-active anti-
septic with a broad spectrum of microbicidal activity. To
evaluate the susceptibility of clinical bacterial strains, the
commercial preparation Octenisept was used. It contains
0.1 g of octenidine dihydrochloride and 2.0 g of phenox-
yethanol per 100 mL of water (produced in Germany).

Chlorhexidine bigluconate, a biguanide derivative,
acts via a surface-active mechanism that disrupts microor-
ganisms. It is widely employed as an antiseptic (0.1% solu-
tion) and as a disinfectant (0.25% and 0.5% solutions), both
in complex formulations and as aqueous or aqueous-alco-
holic solutions. In this study, a 20% solution of chlorhex-
idine (produced in Ukraine) was used to prepare a 0.2%
working solution by diluting 10 mL of the drug in 90 mL of
sterile purified water (1:10 dilution).

Polyhexanide (polyamidopropylbiguanide) is a pol-
ymeric cationic surfactant with antiseptic and disinfect-
ant properties. Susceptibility was assessed using the drug
Prontosan, a wound irrigation solution produced in Germa-
ny, which contains 0.1% polyhexanide, 0.1% betaine, and
purified water.

Pyofag is a polyvalent bacteriophage preparation
produced by Infuzia PJSC, Ukraine, for NEO PROBIO CARE
INC., Canada. One millilitre of the preparation contains
specific bacteriophages at a concentration of at least 1x10°
phage particles, targeting the following microorganisms:
Streptococcus pyogenes, Staphylococcus aureus, Escherichia
coli, Pseudomonas aeruginosa, Proteus vulgaris and Proteus
mirabilis [7].

The object of the study was microbial cultures ob-
tained from the museum of clinical isolates at the bacte-
riological laboratory of the Department of Microbiology,
National Pirogov Memorial Medical University, Vinnytsya.
These isolates were collected between 2022 and 2024 from
patients with purulent-inflammatory wound complica-
tions who were undergoing treatment at the Communal
nonprofit enterprise Vinnytsya Regional Clinical Hospital
named after N.I. Pirogov Vinnytsia Regional Council, spe-
cifically at the Centre for Thermal Trauma and Plastic Sur-
gery and other medical institutions in Vinnytsia. The study
protocol was approved by the Committee on Bioethics,
National Pirogov Memorial Medical University, Vinnytsya,
Ukraine (Protocol No. 3; 07 April 2022).

In total, 152 isolates of Gram-negative bacteria were
obtained during the 2022-2024 period. Differentiation of
Gram-negative bacteria was conducted according to gen-
erally accepted criteria, based on the following indicators:
oxidase test results, the ability to produce a water-soluble
pigment, morphological characteristics of colonies formed
on tryptic soy agar (TSA), and biochemical activity deter-
mined using diagnostic test systems Neferm-test 24 and
Entero-test 24 (PLIVA-Lachema a.s., Brno, Czech Repub-
lic). Antibiotic susceptibility testing of the isolated strains
was performed following the Order of the Cabinet of Min-
isters of Ukraine No. 116-p [8] and the recommendations of
EUCAST (version 13) [9].

Determination of the susceptibility of isolated P. aerug-
inosa strains to the drug Pyofag polyvalent bacteriophage

was conducted using a simplified, original method involv-
ing the calculation of a susceptibility index for each isolat-
ed culture. From cultures of clinical P. aeruginosa strains
grown on TSA for 18-20 hours at 36°C * 1°C, a bacterial
suspension was prepared at a concentration of 1.5 x 10?
CFU/mL, corresponding to 0.5 McFarland units, in isotonic
sterile sodium chloride solution. The turbidity of the sus-
pension was adjusted to the required concentration using
a DensiLa-Meter densitometer. For the experiment, 200 uL
of the prepared bacterial suspension was added to sterile
plastic tubes (16 mm diameter) containing 2 mL of sterile
meat-peptone broth (MPB). The tubes were incubated in
a thermostat for 2 hours to reach the logarithmic growth
phase, after which 200 uL of the phage cocktail Pyofag was
added to the test tube. Simultaneously, 200 uL of sterile
isotonic sodium chloride solution was added to the control
tube. The experiment included a medium control (2 mL of
MPB), which was incubated alongside both the growth con-
trol and the test tube for 18 hours at 36°C = 1°C. Following
incubation, the optical density of the suspension in the test
culture - cultivated in the presence of 10* phage particles —
was measured, taking into account the dilution factor (Df),
the control culture (Dk), and the nutrient medium (Dc), all
expressed in McFarland units. The assessment of the sus-
ceptibility of clinical isolates to the biological preparation
Pyofag was performed by calculating the susceptibility in-
dex to the bacteriophage (Is) using formula (1):

Is=(Dk- Df)/(Dk- Dc), 1)

where Dk - the density of the bacterial suspension in the
control tube, in McFarland units; Df — the density of the
bacterial suspension in the medium containing bacterio-
phage, in McFarland units; Dc - the density of the sterile
culture medium, in McFarland units.

This index, as illustrated by the formula, enables an es-
timation of the proportion of the bacterial suspension de-
stroyed by the bacteriophage after 18 hours of incubation,
relative to the control. The susceptibility of the bacterial
cultures to antiseptic agents was determined by the meth-
od of serial dilutions, establishing the minimum inhibitory
concentration (MIC, ug/mL) and the minimum bactericidal
concentration (MBC, pg/mL) [8, 9].

To identify the synergistic bactericidal effect of sur-
factant-based antiseptics and Iytic bacteriophages on
clinical isolates, nutrient media were prepared contain-
ing sub-bacteriostatic concentrations (25% of the MIC) of
the antiseptic for the test strain, and the lytic activity of
the phage was re-evaluated using the method described
above. The experiment included several controls: a me-
dium control, a culture growth control in the presence of
the sub-bacteriostatic concentration of antiseptic (sub-
MIC, pg/mL), and a microbial population growth control in
the presence of phage in an untreated medium. Data were
considered valid if the density of the culture control in the
presence of the subMIC antiseptic remained within *15%
of the control density without antiseptic. The resulting Is
values were compared with the baseline data to assess the
effect of inactive concentrations of antiseptic on the lytic
activity of the phage.

Statistical analysis was conducted using Microsoft Ex-
cel 2010, applying methods of variational statistics [10].
The mean values of the parametric data, along with the
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standard deviation (M *s), were calculated, and the fre-
quency of occurrence of non-parametric features in the
study group was determined. Individual samples were test-
ed for normality of distribution (F(x)), and the reliability
of results across different groups was assessed using FT-
EST, TTEST, and Student’s t-test. Comparisons between
multiple samples were made using the Bonferroni cor-
rection, depending on the number of samples being ana-
lysed. Results were considered statistically significant at a
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|
\
\
. \
Tobramycin ‘

Gentamicin
Ciprofloxacin

Imipenem |

Meropenem |

Cefepime
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p-value of <0.05, with high statistical reliability confirmed
for p-values of p<0.01, following the correction.

RESULTS

Based on morphological, cultural, and biochemical charac-
teristics, 54 clinical strains (35.5% of all isolated microor-
ganisms) were identified as Pseudomonas aeruginosa. The
results of antibiotic susceptibility testing for these isolates
are presented in Figure 1.

| |

susceptible
intermediate

M resistant

0% 20%

T
40%

60% 80% 100%

Figure 1. Antibiotic susceptibility profile of isolated P. aeruginosa strains (n=54)

Source: compiled by the authors

According to the obtained results, clinical isolates
of Pseudomonas aeruginosa demonstrated high suscepti-
bility to polymyxin (94.4%) and cefiderocol (75.9%), and
moderate susceptibility to the aminoglycosides amika-
cin, tobramycin, and gentamicin, for which the combined
proportion of susceptible and intermediate strains was
51.85%, 48.1%, and 46.3%, respectively. Among these,
tobramycin exhibited the highest proportion of suscep-
tible isolates — 44.4%, compared to 33.3% for amikacin
and 29.6% for gentamicin. A total of 31.5% of isolates
remained susceptible to meropenem, whereas no iso-
lates were fully susceptible to imipenem; only 29.6% of
clinical strains were classified as moderately resistant.
The susceptibility of Pseudomonas aeruginosa to other

antipseudomonal beta-lactams revealed low suscepti-
bility to piperacillin-tazobactam and ceftazidime: 33.3%
of isolates were moderately resistant, while 66.7% were
resistant. Only 2 out of 54 strains remained susceptible
to cefepime, with 35.2% moderately resistant and 42.6%
resistant. Thus, resistance to antipseudomonal cepha-
losporins and penicillins reached 96.3%-100%. Cationic
surfactants demonstrated considerable activity against
Gram-negative non-fermenting bacteria. The susceptibil-
ity of the clinical isolates to quaternary ammonium com-
pounds (decamethoxine, benzalkonium chloride), as well
as octenidine dihydrochloride, chlorhexidine bigluconate,
and polyhexanide, was assessed. The results are summa-
rised in Table 1.

Table 1. Susceptibility of clinical isolates of P. aeruginosa to antiseptics (n=>54)

Average concentrations of antiseptic (M £ s, pg/mL)

Antiseptic

Minimum inhibitory concentration (MIC)

Minimum bactericidal concentration (MBC)

Decamethoxin

22.52%2.83%5

73.74%15.06%°

Benzalkonium chloride

145.7+32.11%3

418.75+78.89'®

Chlorhexidine bigluconate 22.5+2.36%° 72.09+2.06°
Octenidine dihydrochloride 16.4+2.43%° 102.5+10.75%°
Polyhexanide 65.0£5.08123 192.5£27.701:23

Notes: ! — statistically significant difference compared to decamethoxine (p <0.01); 2 - statistically significant difference
compared to chlorhexidine (p < 0.01); 3 — statistically significant differences compared to octenidine (p < 0.01);
+ — statistically significant differences compared to benzalkonium (p < 0.01); 5 — statistically significant differences
compared to polyhexanide (p<0.01)

Source: compiled by the authors

It was found that the greatest antipseudomonal activ-  bacterial growth at MICs of 22.52 * 2.83 pg/mlL,

ity was exhibited by decamethoxine, chlorhexidine biglu-
conate, and octenidine dihydrochloride, which inhibited

22.5%2.36 ug/mL, and 16.4 = 2.43 ug/mL, respectively. The
MBCs of these antiseptics ranged from 72.09+2.06 ug/mL
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(chlorhexidine) to 102.5 = 10.75 ug/mL (octenidine). No
statistically significant differences in antimicrobial activ-
ity were found among decamethoxine, chlorhexidine, and
octenidine; however, all three exhibited significantly great-
er antipseudomonal activity than polyhexanide and benza-
lkonium chloride (p<0.01). The antiseptics decamethoxine,
chlorhexidine, and octenidine exhibited a bacteriostatic
effect at concentrations 2.9-4 times and 6.5-8.9 times low-
er than those required for polyhexanide and benzalkoni-
um chloride, respectively. It was found that the death of
P aeruginosa occurred at minimum concentrations of
192.5%27.70 pg/mL for polyhexanide and 418.75+78.89 ug/
mL for benzalkonium chloride, which significantly exceed-
ed the corresponding values for decamethoxine, chlorhex-
idine, and octenidine by 1.9-2.7 times and 4.1-5.8 times,
respectively (p<0.01).

Assessment of the susceptibility of the isolated
P. aeruginosa strains established that the biologically ac-
tive preparation Pyofag displayed variable activity against
the tested isolates. Calculation of the susceptibility index
enabled evaluation of the lytic efficacy of the antipseu-
domonal phage cocktail in the preparation by determin-
ing the proportion of the bacterial population undergoing
lysis after 18-20 hours of incubation. Based on the value
of the susceptibility index (Is), the isolated strains were

classified into the following categories: highly susceptible
(0.8 <Is<0.99), susceptible (0.5 < Is<0.79), moderately re-
sistant (0.3 < Is £ 0.49), and resistant (0.01 < Is < 0.29). The
distribution of isolates by susceptibility to the polyvalent
bacteriophage is shown in Figure 2.

13 High susceptible
24 Susceptible
3 Moderate resistant
14 Resistant

Figure 2. Susceptibility of isolated Pseudomonas
aeruginosa strains to Pyofag (n=54)
Source: compiled by the authors

According to the data obtained, 70.4% of P. aeruginosa
strains (38 isolates) were classified as highly susceptible or
susceptible to Pyofag, while 29.6% (16 isolates) were mod-
erately resistant or resistant. The values of the phage lytic
activity index (Is) for the tested P. aeruginosa strains are
presented in Table 2.

Table 2. Susceptibility of clinical isolates of P. aeruginosa (n=54) to Pyofag

Susceptibility category Number of isolates (n) Susceptibility index (Is)
Highly susceptible 24 0.95+0.007*
Susceptible 14 0.65+0.024*
Moderately resistant 3 0.34+0.020*
Resistant 13 0.098£0.026*

Notes: * - statistically significant differences between group values (p<0.01)

Source: compiled by the authors

According to the results, the lytic effect of Pyofag
was observed in 24 P. aeruginosa strains, as indicated by a
susceptibility index (Is) of 0.95+0.007. This suggests that
only 5% of the population remained viable 20 hours after
phage application. In the susceptible isolates (n=14), the
susceptibility index was 0.65*0.024, indicating a substan-
tial activity of Pyofag and its ability to reduce the bacte-
rial population by approximately 65% within 20 hours of
incubation. Among the moderately resistant P. aeruginosa
strains, 66% of cells survived phage treatment, reflected by
a susceptibility index of 0.34+0.020. In contrast, 13 strains
were classified as resistant to the polyvalent pseudomon-
al phage cocktail in Pyofag, with a susceptibility index of

0.098+0.026. Given the results obtained, the potential syn-
ergistic detrimental effect of surfactant-active antiseptics
and bacteriophages on clinical strains of P. aeruginosa was
investigated. To this end, the lytic effect of the phage was
assessed under cultivation conditions in a medium con-
taining 25% of the sub-bacteriostatic concentration of the
antiseptic specific to each P. aeruginosa strain. To rule out
the additive effect of the antipseudomonal agents, the ex-
periment included controls to measure the optical density
(in McFarland units) of bacterial suspensions cultured in
the presence of subbacteriostatic concentrations (subMIC)
of antiseptics, compared with the untreated culture control
(Table 3).

Table 3. Optical density of P. aeruginosa bacterial cultures in the presence
of sub-bacteriostatic concentrations (subMIC) of antiseptics (M s, McFarland units)

Characteristics of the nutrient medium Phage-resistant strains (n=_8) Phagosensitive strains (n=7)
Control MPB 7.44%+0.19 7.07%0.14 (-5%)
MPB with subMIC decamethoxine 6.79+0.22 6.49+0.20 (-4.4%)
MPB with subMIC benzalkonium chloride 6.95+0.20 6.54%0.22 (-6%)
MPB with subMIC chlorhexidine bigluconate 6.81£0.25 6.64%0.13 (-2,5%)
MPB with subMIC octenidine dihydrochloride 6.73£0.24 6.6%0.17 (-2%)
MPB with subMIC polyhexanide 6.85+0.17 6.46£0.26 (~5.7%)

Source: compiled by the authors
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As shown by the results of the control measurements,
sub-bacteriostatic concentrations of antiseptic agents did
not result in significant inhibition of bacterial growth, as
evidenced by a 2-6% reduction in average optical density
relative to the control. Therefore, these concentrations did
not exert a pronounced effect on bacterial proliferation.

The synergistic effect of surfactants (chemical lytic factors)
and Pyofag (a biological Iytic agent) was assessed in strains
resistant (Is=0.15+0.05) and susceptible (Is=0.69+0.03) to
the phage. A total of eight resistant and seven phage-sus-
ceptible P. aeruginosa clinical isolates were included. The
results are presented in Table 4.

Table 4. Lytic effect of phage on clinical isolates of P. aeruginosa
in the presence of subbacteriostatic concentrations of surfactant antiseptics

Susceptibility index (Is) (M s)
Antipseudomonal factor(s)
Phage-resistant P. aeruginosa (n = 8) Phagosensitive P. aeruginosa (n="7)
Pyofag 0.15%0.05 0.69+0.03
Pyofag with subMIC decamethoxine 0.70£0.09* 0.87+0.05*
Pyofag with subMIC benzalkonium chloride 0.25+0.05 0.75%0.04
Pyofag with subMIC chlorhexidine bigluconate 0.54+0.09* 0.80+0.02*
Pyofs Wit subMIC octenidine 0.64+0.12° 0.86+0.03°
Pyofag with subMIC polyhexanide 0.28+0.05 0.76+0.04

Notes: * - statistically significant differences relative to the corresponding Pyofag-only indicator (p<0.01)

Source: compiled by the authors

The results indicated that the presence of 25% of the
minimum bacteriostatic concentration of decamethoxine,
chlorhexidine bigluconate, and octenidine dihydrochlo-
ride led to a statistically significant enhancement of the
Iytic effect of Pyfag (p £0.01), as reflected in increased
susceptibility index values. Specifically, in the group
of P. aeruginosa strains resistant to the phage cocktail
(Is=0.15+0.05), the susceptibility index increased by 3.6,
4.3, and 4.7 times, respectively, in the presence of chlor-
hexidine, octenidine, and decamethoxine at concentra-
tions that did not inhibit bacterial growth. These differ-
ences were statistically significant (p <0.003). It was also
demonstrated that the effectiveness of Pyofag against

susceptibility to phage

subMIC polyhexanide

subMIC octenidine

subMIC benzalkonium

subMIC chlorhexidine bigluconate

subMIC dexamethoxine

susceptible strains of P. aeruginosa increased by 1.2 times
in the presence of decamethoxine and octenidine, while
sub-bacteriostatic concentrations of chlorhexidine in-
creased the susceptibility of P. aeruginosa by 1.16 times.
According to the findings, the susceptibility of P. aerugino-
sa to Pyofag also increased in the presence of sub-bacteri-
ostatic concentrations of benzalkonium chloride and pol-
yhexanide; however, no statistically significant difference
between the obtained values was established. It should be
noted that, during the study of the synergistic interaction
between surfactant antiseptics and Pyofag, alterations in
the distribution of strains by phage susceptibility were ob-
served in the experimental group (Fig. 3).

resistant

moderate resistant
M susceptible

high susceptible

10 15 20

Figure 3. Susceptibility of clinical strains of P. aeruginosa
to Pyofag in the presence of sub-bacteriostatic concentrations of surfactant antiseptics (n=15)

Source: compiled by the authors

According to susceptibility to Pyofag, determined based
on Is values, the tested strains were classified as resistant
(6 isolates), moderately resistant (2 isolates), susceptible (6
isolates), and highly susceptible (1 isolate). When exposed
to Pyofag in a medium containing subMIC concentrations
of decamethoxine and octenidine, the number of highly
susceptible strains increased to 9, while the number of re-
sistant strains decreased to 1 and 2 isolates, respectively.
Changes in phage susceptibility categories of P. aeruginosa
were also observed when Pyofag was applied in the presence

of other antiseptics. The number of highly susceptible
strains increased to 6 in media containing subMIC concen-
trations of chlorhexidine bigluconate, and to 2 and 3 strains
in the presence of polyhexanide and benzalkonium chlo-
ride, respectively. Notably, the number of Pyofage-resistant
strains of P. aeruginosa decreased to one under the combined
action of Pyofag and chlorhexidine. However, when clinical
isolates were tested in media supplemented with polyhex-
anide or benzalkonium, the number of resistant strains
either remained unchanged or decreased only marginally.
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DISCUSSION

V. Kovalchuk et al. [11] demonstrated that among the path-
ogens responsible for purulentinflammatory complica-
tions in injured servicemen during the full-scale military
aggression by russia, non-fermenting Gram-negative ba-
cilli of the genera Acinetobacter and Pseudomonas, as well
as enterobacteria of the genus Klebsiella, are predominant.
The proportion of isolated P. aeruginosa varies widely (from
1% to 35%), which is associated with multiple factors (no-
sological classification, wound type and location, duration
of hospitalisation, extent of antibacterial therapy, etc.).
Thus, the proportion identified in this study (35.5%) is gen-
erally consistent with contemporary data [12].

Numerous studies - including those by N. Bahni-
uk et al. [13], S. Mudenda et al. [14], and O. Nazarchuk et
al. [15] — have demonstrated that P. aeruginosa is a mul-
tidrug-resistant (MDR) pathogen that exhibits high levels
of resistance to antipseudomonal antibiotics. The strate-
gy for addressing antibiotic-resistant bacteria, proposed
by the World Health Organization as part of a global ac-
tion plan, involves the rational use of antibiotics, which
are classified into Access, Watch, and Reserve groups [16].
According to the data obtained, clinical strains of Pseu-
domonas aeruginosa demonstrated notable susceptibility
to the reserve antibiotics colistin (94.4%) and cefiderocol
(75.9%). However, no strains were identified as suscepti-
ble to the Watch group antibiotics ceftazidime, piperacil-
lin-tazobactam, ciprofloxacin, or imipenem, although sus-
ceptibility to meropenem and tobramycin was observed
in 31.5% and 44.4% of isolates, respectively. The amino-
glycosides gentamicin and amikacin (Access group antibi-
otics) were effective against 29.6% and 33.3% of clinical
isolates, respectively. T. Denysko [17] has shown that the
low susceptibility of P. aeruginosa to Access group antibi-
otics results in the limited effectiveness of empirical anti-
biotic therapy for pseudomonal infections. J. Murugaiyan
et al. [18], in their review, highlighted strategies currently
applied or proposed as alternatives to traditional antibiot-
ics in managing wound infections. These include the top-
ical application of antiseptics, to which bacteria develop
resistance slowly and generally remain highly susceptible.
The results obtained indicate that the antiseptic activity
index of agents available on the pharmaceutical market in
Ukraine and recommended for topical use against clinical
strains of P. aeruginosa ranges from 61 (Octenisept), 22.2
(0.05% chlorhexidine bigluconate solution), 15.4 (Pron-
tosan) to 8.9 (Decasan).

In the context of rising antibiotic resistance, alterna-
tive antimicrobial strategies targeting healthcare-associ-
ated pathogens are gaining increasing importance. Interest
in polyvalent phage cocktails composed of virulent bacte-
riophages has grown significantly, and additional phage
therapy approaches are actively under development [19].
Clinical studies by A. Nawaz et al. [20] and C. Torres-Bar-
celé & M.E. Hochberg [21] have yielded positive results for
phage therapy in infections caused by multidrug-resistant
strains of P. aeruginosa, supporting the development of
alternative strategies to combat super-pathogens under
modern conditions. S. Derkach [22] demonstrated that
Pyofag is effective against several wound pathogens, in-
cluding clinical strains of S. aureus and P. aeruginosa; how-
ever, numerous factors may influence phage activity both

in vitro and in vivo. In the present study, 70.4% of clinical
isolates of P. aeruginosa were identified as susceptible to
Pyofag, slightly exceeding the results (46%-68%) reported
by S. Derkach, possibly due to differences in susceptibility
assessment methodology.

The combined effects of virulent bacteriophages and
antibiotics on bacterial cells have been thoroughly exam-
ined by F. Oechslin et al. [23] and L. Cui et al. [24]. A syner-
gistic antibacterial effect has been observed between phag-
es and beta-lactam antibiotics; however, antibiotics that
disrupt bacterial protein synthesis (such as macrolides and
aminoglycosides) have been shown to inhibit phage effica-
cy. The concurrent use of antiseptics and bacteriophages
is insufficiently covered in scientific literature, except for
general recommendations to avoid simultaneous applica-
tion due to the potential negative impact of antiseptics on
phage activity. Nevertheless, surfactant-based antiseptics
do not adversely affect non-enveloped viruses, including
bacteriophages. Therefore, considering the mechanisms
of action of antiseptics such as quaternary ammonium
compounds, biguanides, and other surfactants, it was con-
sidered relevant to investigate the combined antimicro-
bial effects of phages and cationic detergents on clinical
strains of P. aeruginosa.

According to the data obtained, decamethoxine,
chlorhexidine bigluconate, and octenidine dihydrochlo-
ride enhanced the lytic effect of Pyofag and increased the
susceptibility of resistant isolates to the phage cocktail. It
should also be noted that one strain remained classified as
resistant even in the presence of antiseptics that exerted
a synergistic effect on the lytic properties of the bacterio-
phage. This finding may indicate the presence of distinct
resistance mechanisms in Pseudomonas aeruginosa against
the phage cocktail in the drug Pyofag.

CONCLUSIONS

Clinical strains of P. aeruginosa exhibit a high level of re-
sistance to antipseudomonal antibiotics from the Access
and Watch groups, with the predicted effectiveness of em-
pirical therapy ranging from 30% to 50%. The antiseptics
decamethoxine, octenidine dihydrochloride, chlorhex-
idine bigluconate, and polyhexanide demonstrate strong
antipseudomonal activity. Their dosage forms are likely to
be effective for the local treatment of wound infections,
as their activity indices exceed the MIC of the antiseptics
by a factor of 8.9 to 61. The majority (70.4%) of clinical
P. aeruginosa isolates were susceptible to the antipseu-
domonal phage cocktail in the composition of Pyofag,
which supports recommending this drug for the treatment
of antibiotic-resistant strains. The surface-active antisep-
tics decamethoxine, chlorhexidine, and octenidine exhibit
a synergistic antipseudomonal effect when used with Py-
ofag, enhancing both the susceptibility of Pseudomonas
aeruginosa to the bacteriophage and its lytic activity. Fu-
ture research will focus on evaluating the ability of bacte-
riophages to affect the biofilm-forming properties of clini-
cal P. aeruginosa strains, as well as exploring the combined
effects of surfactants and bacteriophages on biofilm-asso-
ciated bacterial forms.
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AHoTauis. Meroo po6oTu 6yn0 AOCTIIUTU aKTUBHICTh Tpemnapary miodar momo KIiHiuyHuX isonariB Pseudomonas
aeruginosa; BU3HAUMUTK e(dEKTUBHICTh KOMGIiHOBaHOI Mii MOBepXHEBO-aKTMBHMX AHTUCENTHKIB i Gakrepiodaris. s
TOCSTHEHHSI METY BUKOPUCTOBYBAIMCH KIIACUMYHI METOIM BUA/IeHHS Ta ineHTHdika1lii 6akrepiit. BusHaueHHS Uy TIMBOCTI
TICeBAOMOHA, 0 aHTUOIOTUKIB MPOBOAMIOCH OUCKO-IMUDY3iiiHMM METOIOM, 10 TTOBEPXHEBO-aKTUBHUX aHTUCENITUKIB
(mekaMeTOKCHHY, 6€H3AIKOHII0 XJTIOPUAY, XJIOPTreKCUAVHY OirTIOKOHATY, OKTEHIAVHY AUTiIAPOXIOPULY i MOJireKcaHiay)
— MEeTOIOM pO3BelleHb y DiKOMY TOXMBHOMY cepemoBuili. UyTIMBiCTh KIIHIYHMX i3075TiB IO Tpermapaty miodar
BM3HAua/IM 3a OTITUYHOIO TYCTUHOIO 6akTepianbHOi cycrensii micis 18 rox inkyoariii 3 miodarom. BusHaueHHS XxapakTepy
KOMOiHOBaHOTO BIUTMBY 6akTepiodaryianTucenTukis Ha P. aeruginosa mpoBOIMIOCH IIJITXOM BU3HAUEHHS iHIEeKCY T TUUHO1
nii dary Ha mTaHKTOHHI hopmu 6akTepiit, AKi KyJIbTUBYBAIM B CEPEIOBUIIL] 3 CyO6AKTEPiOCTATUIHMIMM KOHIIEHTPAIlisSIMU
AQHTMCENTHUKIB. 3a pe3ylbTaTaMy BCTAHOBJIEHO, IO 54 BUAIEHMX KIiHIUHMX mTamu P. aeruginosa 36epiraim BUCOKY
YYTIUBiCTh TIIBKY 10 aHTUOIOTUKIB pe3epBy KomicTuHY (94,4 %) i nedinepoxomny (75,9 %), mo iHIIMX aHTUIICEBOOMOHATHUX
aHTMb6ioTHKIB (edenimy, nedbTrasunumy, minepanyiiny-Tazobakramy, imineHemy, UuIpodIoKcaMuy) 3adikcoBaHMii
piBeHb criiikocTi y 96,3-100 % i30/1sTiB, OMHAK aMiHOITIIKO3UAM (TeHTaMil[MH, TOOpaMillMH, aMiKalMH) i MepoTreHeM
3a/IMIIAI0ThCI e(PeKTUBHUMM Iog0 29,6-44,4 % iutamiB. AHTHCENTMYHI 3ac00M, SIKi MiCTSITh ITOBEpXHEBO-aKTUBHI
AQHTUCEITUKM, TEMOHCTPYIOTh BMCOKi aHTUIICEBAOMOHAIHI BJIACTMBOCTI i 3MaTHI MPUTHIYYBaTX PO3MHOKEHHS 6aKkTepiii
B KOHIIEHTparisix Bim 16,4-22,5 MKr/Ma (OKTE€HiIMHY IUTiAPOXIOPUI, JEKaMETOKCUH, XJIOPTeKCUIMHY OirTIOKOHAT)
o 65-145,7 MKr/mi (TIoirekcaHiz, 6eH3aJKoHi0 Xiaopum). JoBefeHo, 10 JeKaMeTOKCYH, OKTEHIIMH i XJIOPreKCUANH
IOCTOBipHO MepeBUIIYIOTh aHTMOaKTepiaabHYy A0 aHTUCENTHKIB MosirekcaHis i 6eH3ankoHiit xnopur (p<0,01). Bugineni
MITaMy TICeBIOMOHAJ, MPOJEeMOHCTPYBaAM BMUCOKY UYTIMBICTD O JiKapcbkoro 3acoby miodar: ingekc maituunoi aii (Is)
miodary 6ys Buiie 0,5 y 70,4 % mtamiB (50 % 6akTepiit TMHYIM B Mpolieci IMHAMIYHOI B3a€MOJii pocTy 6akTepiajbHOi
MOMyJIALIi1 i po3MHOKeHHS 6akTepiodarib). B cepegoBuinax 3 cy66akTepioCTaTUUHMMY KOHIIEHTPAIisIMM JeKaMeTOKCHHY,
XJIOPTeKCUIIMHY, OKTeHiguHYy, i uymmBi (n=7, Is=0,69), i criiiki (n =38, Is=0,15) mrramu pyitHyBaauch 6akrepiodarom
Oi/bII iHTEHCUBHO, PO IO CBiAUMIO 3pOoCcTaHHS iHAeKcy uyTiuBocTi go 0,8-0,87 y uymmBuxX mtamis, i 7o 0,54-0,7 y
(aropesucTeHTHMX MITAMiB, BiIIIOBiTHO

KniovyoBi cnoBa: TMOBepXHEBO-aKTMBHI aHTUCENTUKM; 6Gakrepiodarnu; aHTMOIOTMKM; TTiodar; YMOBHO-IIaTOTE€HHi
MiKpOOpraHismu
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