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With the rising prevalence of multidrug-resistant (MDR), extensively drug-resistant (XDR), and pandrug-resistant (PDR) strains of Pseu-
domonas aeruginosa, the development of alternative therapeutic approaches has become increasingly important. Among these, the use
of bacteriophages represents a particularly promising strategy for the treatment of infections caused by multidrug-resistant pathogens.

The aim of this study was to isolate and characterize bacteriophages Iytically active against P. aeruginosa, to determine their activity
spectrum against clinical isolates, and to assess the potential of combining bacteriophages with antibiotics.

Materials and methods. The lytic activity of bacteriophages was tested against 23 clinical isolates of P. aeruginosa obtained from
pediatric bloodstream infections, including strains carrying antibiotic resistance genes bla, ,,, ,, bla,,, bla,,,, and bla, . Antimicrobial
susceptibility of bacterial isolates was determined using the disk diffusion method according to EUCAST recommendations. Bacterio-
phages were isolated from wastewater samples collected in Kyiv. Lytic activity was evaluated by the Spot test and a modified agar
overlay assay. Morphological characteristics were examined using transmission electron microscopy. Bacteriophage-antibiotic inter-
actions were assessed by a modified disk diffusion method.

Results. Between 2021 and 2024, a total of 62 bacteriophages were isolated from wastewater, belonging to the Myoviridae-like,
Siphoviridae-like, and Podoviridae-like morphotypes. Their lytic spectra varied considerably, ranging from narrow specificity (2—4
strains) to the ability to lyse more than 20 clinical bacterial isolates. Overall, 29.0 % of bacteriophages showed activity against multiple
strains, and some isolates exhibited a broad host range, with specific lysis observed in up to 91.3 % of tested strains. Combination
testing revealed a predominantly synergistic interaction between bacteriophages and -lactam antibiotics, manifested by an increase
in both plaque size and number.

Conclusions. The isolated bacteriophages demonstrated substantial variability in Iytic activity and have potential applications in
the treatment of infections caused by multidrug-resistant P. aeruginosa strains. The findings support the feasibility of establishing
bacteriophage collections and applying combined bacteriophage-antibiotic therapies. Considering the current epidemiological
situation in Ukraine, these results are of practical importance for the development of new antimicrobial strategies.
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EdektuBHicTb 6akrepiodaris npotu Pseudomonas aeruginosa
3 pisHUMHU npodiraMHM CTIHKOCTI A0 aHTUOIOTHKIB

B. A. MoHsToBCcbKMM, A. A. BopsiHuk, B. . LUnpo6okos, A. B. XapiHa

B ymoBax 3pocTanHsi yactot nosisn MDR, XDR T1a PDR wramis Pseudomonas aeruginosa 0cobnmBoro 3HayeHHs HabyBae noLuyk
ansTepHaTUBHUX NiAXoAiB 40 Tepanii iHEKLIiA, LLO HUMM cipuinHeHi. OfHa 3 NepCneKTUBHIX CTpaTErii — BUKOpUCTaHHs 6akTepiodaria
[N NiKyBaHHS iHGEKLIN, O CPUYMHEHI MIKPOOPraHi3Mamu 3 MHOKHHOKO NIKAPCHKOKO CTIMKICTHO.

Mera po6otu - i3ontoBaTit Ta cxapaktepuaysat GakTepiodary, ki NiTMYHO aKTBHI OO P. aeruginosa, BU3HAUMTH iXHIA CnekTp
AKTVUBHOCTI LOAO KNMiHIYHIX i30MTIB Ta OLHUTI NOTeHLian nogaHaHHs dharie 3 aHTUbioTVKamu.

Martepiau i meToau. [ns SOCTimKeHHs NITUYHOT aKTUBHOCTI chari BUKOPUCTaHO 23 KNiHiYHi i30nsiTh P, aeruginosa, Wwo BURINeHi y aitei
3 iHGDeKLiSIMI KPOBOTOKY, BKMKOYAKOUM LUTaMW, SiKi MICTUAM FreHW aHTUOIOTUKOPE3NCTEHTHOCTI bla,,,, bla,, bla,, bla.,. Yymusicts
BakTepianbHWX i30nATiB [0 aHTUBIOTWKIB BU3HAYaNM AVCKO-aMdy3iiHM METOZOM, BianosiaHo Ao pekomeHaauin EUCAST. BakTepiodharu
i3orntoBany 3i CTiyHWx Bog MicTa Kuesa. JlitniHy akTuBHICTb OLiHIoBanu MeTogom Spot test i MoandikoBaHM METOAOM arapoByX LLapiB.
Mopdponorito BUB4YanM 3a JONOMOrOK0 TPAHCMICIAHOI eneKTPOHHOI Mikpockonii. [Ins BU3Ha4eHHs dharoBo-aHTUBIOTMKOBOI B3aeMoji
BUKOPUCTaHO MOANCIKOBaHWIA ANCKO-ANCDY3iNHUA MeTOA.

Pesynsrati. Ynpogosx 2021-2024 pp. 3i CTi4HWX Bog i30MboBaHo 62 GakTepiodary, o Hanexanu go mopdotunie Myoviridae-like,
Siphoviridae-like Ta Podoviridae-like. BctaHoBneHo BapiabenbHicTb iXHbOro NiTMYHOMO CNeKTpa: Big By3bKoi cieLndiyHOCTi (2—4 LwTamm)
[0 3patHoCTi NisyBaTit noHag 20 kniHiYHWX GakTepianbHux isonsTis. 3aranom 29,0 % daris Oynu akTUBHUMM LLOAO Kinbkox GakTepi-
anbHWX LTaMiB, a OkpeMi charoBi i30nATY xapaKTepu3yBanucs LUMPOKMM CNeKTpoM i (cneumdivHmi nianc 8o 91,3 % npotectoBaHux
GakTepianbHuX LWTamiB). TecTyBaHHs KOMBIHOBAHOI Aji Aano 3Mory BCTAHOBUTY NEPEBAXHO CUHEPTIYHWIA edheKT B3aeMogji Mix charamm
Ta B-nakTaMH1UMK aHTUBIOTUKaMU, LU0 BUSIBIANM 3a 3BINbLUEHHSM i AiaMeTpa, i KinbKoCTi GrsiLLoK.

BucHoBKu. [30nb0BaHi 6akTepiotharn xapakTepuayrTbCs 3HAUHOK BapiabenbHICTHO NITUYHOT aKTUBHOCTI Ta MOTEHLIRHO MOXYTb
©OyTV BUKOpUCTaHI A1s NiKyBaHHS! iHCDEKLIN, CPUYMHEHNX WTaMamm P. aeruginosa 3 MHOXMHOK NIKapCbKoto CTilKiCTio. OTpuMaHi
pesynbTaty NigTBEPAKYOTh JOLINBHICTE CTBOPEHHS KOMNEKLN dharis i KOMGIHOBAHOMO 3acTocyBaHHS ix 3 aHTUBioTMkamu. Bpaxo-
BY0YM enigemionoriyHy cuTyauito B YkpaiHi, Lii AaHi MatoTb NPaKTUYHE 3HAYEHHS A1t PO3POOKM HOBMX NMPOTUMIKPODHMX CTpaTerii.

© The Author(s) 2025. This is an open access article under the Creative Commons CC BY 4.0 license
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Pseudomonas aeruginosa is a Gram-negative bacterium
that ranks among the leading causative agents of opportun-
istic infections in humans. This microorganism is capable of
inducing both acute and chronic infectious processes, par-
ticularly in immunocompromised individuals, such as those
with chronic obstructive pulmonary disease, cystic fibrosis,
malignancies, severe trauma, and burns. P, aeruginosa may
serve as the etiological agent of sepsis, ventilator-associat-
ed pneumonia, and infectious complications in patients with
COVID-19. Importantly, P. aeruginosa is one of the principal
pathogens of hospital-acquired infections, frequently asso-
ciated with the use of medical devices. Itis often implicated
in catheter-associated urinary tract infections, diabetic foot
infections, and ear infections, including ofitis externa and
chronic suppurative otitis media [1,2].

According to ECDC data, P. aeruginosa is the most
frequently isolated microorganism in cases of pneumonia
acquired in intensive care units across the European Union
(20.3 % of all isolated pathogens) [3]. The situation is fur-
ther complicated by the fact that treating infections caused
by P. aeruginosa is extremely challenging due to its high
mutation rate and ability to adapt through the acquisition
of antibiotic resistance [4]. In 2024, the World Health Or-
ganization classified carbapenem-resistant P. aeruginosa
strains as belonging to the “High Priority Group,” for which
there is an urgent need to develop new antibacterial agents
for clinical use [5]. Globally, the incidence of P. aeruginosa
infections has shown a general upward trend. This can be
partly attributed to the increasing prevalence of risk factors
for P. aeruginosa infections, such as population aging, a
growing burden of chronic diseases, more intensive use
of medical devices, and the rising number of immunosup-
pressed persons [6].

P. aeruginosa is also one of the leading nosocomial
pathogens in Ukraine, demonstrating a high potential for the
development of multidrug resistance, particularly to carba-
penems. According to ECDC data for 2021, resistance rates
of P, aeruginosa in Ukraine to antimicrobial agents were as
follows: carbapenems — 78.0 %, piperacillin-tazobactam
— 75.5 %, ceftazidime — 81.4 %, and fluoroquinolones —
81.4 %. At the same time, it was noted that the represent-
ativeness of isolates remained low, which limits the ability to
fully reflect the epidemiological situation in the country [7].

Under the conditions of war in Ukraine, due to the
substantial increase in the burden on healthcare facilities
and the large number of wounded individuals as a result of
active hostilities, a marked rise in the prevalence of multi-
drug-resistant P. aeruginosa strains has been observed. In
military and combat settings, P. aeruginosa was detected
in 14.8 % of postoperative wound samples and in 7.1 % of
intra-abdominal samples. Resistance to key antibiotics was
identified as follows: ciprofloxacin —45.6 %, meropenem —
67.4 %, ceftazidime — 52.3 %, and piperacillin/tazobactam
—-48.7 % [8].

According to the data from enhanced epidemiological
surveillance of antimicrobial resistance in microorganisms
causing purulent-inflammatory wound infections among
combat-related casualties, conducted by the Public Health
Center of the Ministry of Health of Ukraine in 2024, P. aeru-
ginosa ranked among the four most common pathogens
of wound infections. During 2024, this microorganism was
isolated in 13.7 % of clinical specimens obtained from
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wounded individuals. The antibiotic resistance of the isolat-
ed P. aeruginosa strains was characterized by high rates,
specifically: imipenem — 62.5 %, meropenem — 50.6 %,
levofloxacin — 60.7 %, ciprofloxacin — 59.3 %, ceftazidime
- 58.8 %, cefepime — 62.1 %, tobramycin — 55.8 %, and
piperacillin-tazobactam — 51.3 % [9].

Phage therapy, which employs lytic viruses as antimi-
crobial agents, holds promise as an adjunctive tool in the
treatment of infections caused by P. aeruginosa. Resistance
mechanisms that limit the effectiveness of antibiotics are
less likely to restrict the activity of bacteriophages, includ-
ing against bacteria residing within biofilms. Over the past
decade, several reports have documented successful
applications of bacteriophages in infections caused by
P, aeruginosa. Specifically, bacteriophages have been used
in the treatment of antibiotic-resistant infections in cystic
fibrosis [10], chronic pulmonary infections [11], prosthetic
vascular graft infections [12], bone and joint infections [13],
as well as skin ulcers and wounds [14].

Although commercial bacteriophage preparations
effective against P. aeruginosa currently exist and their
successful clinical applications have been documented, the
phage collections from which these preparations are derived
require regular updating. Since virulent bacteriophages are
characterized by narrow host specificity and can lyse only
a limited number of strains, updating collections necessi-
tates the inclusion of bacteriophages capable of effectively
targeting currently circulating bacterial isolates.

Aim
The aim of the present study was the isolation and char-
acterization of P. aeruginosa bacteriophages that may be

utilized both for the development of commercial phage
preparations and for personalized therapy.

Materials and methods

Atotal of 23 clinical isolates of P. aeruginosa, obtained from
pediatric patients with bloodstream infections, were used
in this study. In selected experiments, the reference strain
P. aeruginosa DSM 50071 from the Leibniz Institute DSMZ
— German Collection of Microorganisms and Cell Cultures
GmbH was also employed.

The susceptibility or resistance of clinical isolates to
antimicrobial agents was assessed following the recom-
mendations of EUCAST [15]. Susceptibility testing was per-
formed using the disk diffusion method on Mueller-Hinton
agar, with antibiotic disks supplied by HiMedia® [16]. After
incubation, the diameters of inhibition zones were meas-
ured to determine the susceptibility of the strains. Further
classification of isolates as susceptible, multidrug-resistant
(MDR), or extensively drug-resistant (XDR) was carried out
according to the criteria proposed by A. P. Magiorakos et
al. [17]. Analysis of antimicrobial resistance profiles was
conducted using the WHONET 2024 software.

All bacteriophages were isolated from wastewater
samples collected in Kyiv. Phage isolation was carried out
as follows: to remove coarse particulate matter, the samples
were first filtered through a paper filter, followed by decon-
tamination of bacterial flora through the addition of 5-10
drops of chloroform per 10 mL of sample, with subsequent
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Table 1. Characteristics of primers used in this study for the detection of antibiotic resistance genes

S S e Y N Y71 B =

bla

bla

bla

bla

TEM

NDM-1

IMP

VIM-1

F ATGAGTATTCAACATTTCCG
R CTGACAGTTACCAATGCTTA
F GGTTTGGCGATCTGGTTTTC
R CGGAATGGCTCATCACGATC
F CTACCGCAGCAGAGTCTTTG
R AACCAGTTTTGCCTTACCAT
F AGTGGTGAGTATCCGACAG
R ATGAAAGTGCGTGGAGAC

(9

52 621 [20]
57 587 21]
58 261 [22]

368
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exposure for 2 hours at room temperature. After chloroform
treatment, to eliminate lysed bacterial cells, the samples
were centrifuged at 3,000 rpm for 10 minutes.

To increase the likelihood of phage recovery, a pre-en-
richment step was performed: the wastewater sample was
incubated together with a broth culture of a susceptible bac-
terial strain in liquid medium for 18-24 hours at 36 + 1 °C.
Upon completion of incubation, the sample was centrifuged
at 12,000 x g for 10 minutes to remove lysed bacterial cells.
The supernatant was then sequentially passed through
membrane filters with pore sizes of 0.45 ym and 0.22 ym
(MF-Millipore™, Millex® GS MCE Membrane).

The presence of lytic bacteriophages in the sample was
determined using the Spot test method [18].

Apure phage lineage was obtained by triple sequential
re-plating of individual phage plaques (clear zones) on a
lawn of the corresponding susceptible bacterial culture,
ensuring clonality and purity of the phage isolate.

For quantitative determination of phage titers, a mo-
dified agar overlay method with certain simplifications was
used. Instead of the conventional double-layer agar, a single
layer was prepared, consisting of a commercial nutrient me-
dium (Nutrient Agar, HiMedia®, India), a 24-hour culture of
the target microorganisms (up to 1 mL), and an aliquot of the
corresponding phage dilution. For qualitative assessment
of the specific activity of isolated bacteriophages, the Spot
test method was employed [18].

Formvar-coated support grids were used to prepare
films for electron microscopy. Samples were contrasted
using 2 % phosphotungstic acid at pH 6.8, with an ex-
posure time of 1-2 minutes. Phage-containing samples
were applied to the film by the drop method, with a phage
concentration of at least 10° PFU/mL. Prepared specimens
were examined using a JEOL JEM-1230 transmission
electron microscope.

In this study, DNA obtained from bacterial cell ther-
molysates was used as the template for PCR. To prepare
bacterial strains for nucleic acid extraction, overnight
cultures (1.5 mL) in Eppendorf tubes were centrifuged for
5 minutes at 3,000 rpm. The supernatant was discarded,
and the resulting cell pellet was resuspended in 100 pL
of phosphate buffer. Bacterial DNA was subsequently
extracted using the commercial ExXTOPCR™ kit (A & A
Biotechnology, Poland).

For amplification, the commercial PCR Mix Plus Green
kit (A & A Biotechnology, Poland) was employed. The total
reaction volume was 25 L, comprising 12.5 pL of PCR
Mix Plus Green, 1 uM of each forward and reverse primer,
1 L of bacterial DNA, and deionized water up to the final
volume. PCR was performed on a Perkin ElImer GeneAMP
PCR System 2400 thermocycler (USA) for 30-35 cycles

(depending on the primers), using the following program:
DNA denaturation at 95 °C for 30 s, primer annealing
at 52-78 °C for 30-60 s (Table 1), elongation at 72 °C
for 15-60 s, followed by a final elongation at 72 °C for
7 minutes.

To study the effect of antibiotics on bacteriophage
replication, a modified Kirby—Bauer method was used,
performed as follows: up to 10 mL of molten nutrient agar,
cooled to 4045 °C, was supplemented with up to 1 mL of an
overnight bacterial culture and 100 uL of the corresponding
bacteriophage at a concentration of 1-5 x 10° PFU/mL.
The mixture was thoroughly mixed and poured into sterile
Petri dishes. After the agar layer solidified, the dishes were
placed in an incubator with the lid slightly ajar for 15 minutes
to allow surface drying. Commercial antibiotic discs (no
more than five discs per dish) were then evenly applied
to the surface of the prepared medium. The dishes were
subsequently incubated at 35 °C for 18-20 hours. Nutrient
Agar (HiMedia®, India) was used as the growth medium.

After incubation, the effect of antibiotics on bacterio-
phage replication was evaluated according to the following
criteria:

1. Synergy — the combined use of phage and antibiotic
produces a stronger effect than either agent alone. This was
manifested as an increase in the diameter and/or number of
phage plaques within the sublethal concentration zone of the
antibiotic (i. e., in the area of antibiotic diffusion immediately
beyond the bacterial growth inhibition zone);

2. Antagonism — the combined application results in
a reduced effect compared to the action of each agent
individually. This was observed as a decrease in the diam-
eter and/or number of phage plaques within the sublethal
antibiotic zone;

3. Additive (indifferent) effect — one component does
not alter the effect of the other. This was manifested by the
absence of changes in the diameter and/or number of phage
plaques in the presence of the antibiotic.

Results

Between 2021 and 2024, a total of 62 bacteriophages were
isolated from wastewater samples, exhibiting varying de-
grees of lytic activity. Clinical P, aeruginosa strains, collected
from healthcare facilities in Kyiv during the same three-year
period, were used for phage isolation.

To evaluate the activity of the isolated bacteriophag-
es against antibiotic-resistant strains, an additional 23
P, aeruginosa isolates obtained from bloodstream infections
were selected, representing diverse levels of antimicrobial
resistance. The susceptibility of these strains to antimicrobial
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Fig. 1. Antimicrobial susceptibility of P. aeruginosa strains used to assess the activity of the isolated bacteriophages. S: susceptible; I: susceptible, increased exposure; R: resistant.

agents was assessed using the disk diffusion method, and
molecular identification of selected genes associated with
antibiotic resistance was performed using PCR.

To determine susceptibility patterns, antimicrobial
agents from six main groups recommended for the
treatment of P. aeruginosa infections were used [15]:
penicillins (piperacillin, piperacillin/tazobactam), cephalo-
sporins (cefepime, ceftazidime, ceftazidime / avibactam),
carbapenems (imipenem, meropenem), monobactams
(aztreonam), fluoroquinolones (ciprofloxacin, levofloxacin,
norfloxacin, gatifloxacin), and aminoglycosides (amikacin,
tobramycin).

Analysis of antimicrobial resistance profiles using
WHONET 2024 software revealed that four isolates (strains
No. 1,6, 7, 22) were classified as “putative PDR,” two isolates
(strains No. 14, 21) as “confirmed XDR,” and 17 isolates as
“possible XDR,” requiring additional validation. Overall, the
tested strains exhibited moderate levels of resistance to
(-lactam antibiotics and fluoroquinolones (Fig. 1).

PCR analysis revealed that 52.2 % of P. aeruginosa
isolates carried the bla, ,, , gene (encoding the NDM-type
metallo-B-lactamase), 8.7 % harbored the bla, , gene (IMP-

type metallo-B-lactamase), 47.8 % contained the bla,,, gene
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(VIM-type metallo-B-lactamase), and 8.7 % possessed the
bla., gene (TEM-type B-lactamase).

Thus, the obtained bacterial isolates were consistent
with the study objectives and exhibited diverse antibiotic
resistance profiles.

In the subsequent stage of the experimental study,
the specific activity of the isolated bacteriophages, lytically
active against P. aeruginosa , was evaluated according to
two main criteria: the number of bacterial strains lysed by
each individual bacteriophage (i. e., the spectrum of its lytic
activity) and the number of bacteriophages capable of lysing
a single bacterial strain (i. e., the sensitivity of the bacterial
isolate to the bacteriophages).

The results of the assessment of the specific activity of the
bacteriophages demonstrated considerable variability in their
lytic spectrum, with lysis observed in 4.2 % to 87.5 % of the
total tested clinical multidrug-resistant P. aeruginosa isolates.

A total of 18 phage isolates, representing 29 % of the
entire phage collection, exhibited activity against individual
bacterial cultures. Specifically, 9isolates (14.4 %) lysed only
two bacterial strains, corresponding to a lytic spectrum of
8.3 %. Four isolates (6.5 %) lysed three strains, and one
isolate (1.6 %) lysed four strains, accounting for 13 % and
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Fig. 2. Transmission electron microscopy images of bacteriophages lytically active against clinical isolates of P. aeruginosa. Staining with 2 %
phosphotungstic acid: A-E — Myoviridae-like type; F — Podoviridae-like type; G, H — Siphoviridae-like type.
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17.4 % of the spectrum, respectively. Two isolates (3.2 %)
demonstrated activity against five strains (21.7 % of the
spectrum), one isolate (1.6 %) against six strains (26 %),
and two isolates (3.2 %) lysed seven bacterial strains
(30.4 %). Three isolates (4.8 %) exhibited activity against
eight strains (34.8 %), another three (4.8 %) against nine
strains (39.1 %), and five isolates (8.1 %) lysed ten strains
(43.5 %). Twoisolates (3.2 %) lysed eleven strains (47.8 %),
and three more (4.8 %) lysed twelve strains (52.2 %). Four
isolates (6.5 %) lysed thirteen strains (56.5 %), two isolates
(3.2 %) lysed fifteen strains (65.2 %), and single isolates
(1.6 % each) lysed sixteen (69.6 %), twenty (86.9 %), and
twenty-one (91.3 %) strains, respectively. This variability in
the Iytic spectrum reflects the substantial diversity of the
phage collection, ranging from narrow-host-specific isolates
to those capable of lysing a broad range of bacterial strains.

Concurrently, the sensitivity of the clinical P. aeruginosa
strains to the phage isolates was analyzed. This parameter
also exhibited variability, with bacterial culture susceptibility
ranging from 6.3 % (lysis of a single bacterial strain by four
bacteriophages) to 47.6 % (lysis of a single bacterial strain
by 30 different bacteriophages).

During the electron microscopy study, it was shown that
the isolated bacteriophages belonged to several morpholog-

3anopi3bkuil MeAUYHNI XypHaA. Tom 27, Ne 5(152), BepeceHb - x0BTeHb 2025 p.

Fig. 3. Determination of phage - antibiotic interaction using the test
culture P. aeruginosa DSM 50071 and bacteriophage P1Sf.

A: LIonN (cefepime), MIP 30/6 (piperacillin/tazobactam),
['AT (gatifloxacin), Li®3 (ceftazidime/avibactam), MIP (piperacillin);

B: AMK (amikacin), TOB (tobramycin), JIB® (levofloxacin),
HOP (norfloxacin);

C: MEP (meropenem), EPI (ertapenem), A3M (aztreonam),
LN (ciprofloxacin).

ical types, including Myoviridae-like, Siphoviridae-like, and
Podoviridae-like types. The majority of the bacteriophages
were classified as Myoviridae-like types (Fig. 2).

In addition to determining the lytic spectrum of the isolat-
ed bacteriophages, a study was conducted to evaluate the
potential for combined use of P, aeruginosa bacteriophages
and antibiotics. The modified disk diffusion method allowed
the assessment of how different antibiotics, applied on paper
discs, affected the replication of the bacteriophage P1Sf
on a culture of P. aeruginosa DSM 50071 as they diffused
through the agar.

During the study, two types of interactions between the
bacteriophage and antibiotics were observed: synergistic
and additive effects (Fig. 3). Most of the tested antimicrobial
agents exhibited a synergistic effect.

Specifically, when the following antibiotics were applied
to the nutrient medium — piperacillin, piperacillin / tazobac-
tam, gatifloxacin, ceftazidime / avibactam, cefepime, levo-
floxacin, norfloxacin, ciprofloxacin, ertapenem, meropenem,
and aztreonam — synergism was observed. This manifested
as anincrease in the diameter of phage plaques in the zone
of sublethal antibiotic concentrations, indicating enhanced
phage replication under conditions of partial inhibition of
bacterial cell growth.
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Discussion

In this study, a total of 62 bacteriophages were successfully
isolated from wastewater samples collected in Kyiv, demon-
strating lytic activity against clinical isolates of P. aeruginosa,
including multidrug-resistant strains. These findings are
consistent with previous reports indicating that wastewater
represents one of the most reliable sources for isolating
bacteriophages targeting P. aeruginosa, due to the high
density of bacterial hosts present in such environments [23].
This isolation strategy is promising for updating phage
collections, which are essential both for the development
or renewal of commercial phage preparations and for per-
sonalized phage therapy.

Most of the bacteriophages tested in this study lysed
only a few bacterial strains (typically 2—4), and only a small
proportion exhibited a broad lytic spectrum (>10 strains).
This highlights the need for further selection and com-
bination of bacteriophages into targeted preparations,
continuously updating collections to account for currently
circulating resistant strains. These findings also corrob-
orate observations from other studies, indicating that
bacteriophages active against P. aeruginosa generally
possess a narrow host range, and thus effective therapy
typically requires the use of mixtures (cocktails) of multiple
bacteriophages [24].

The lysis of all 23 P. aeruginosa strains by bacterio-
phages from the collection demonstrates the therapeutic
potential of bacteriophages against multidrug-resistant
strains. Despite the presence of various resistance mech-
anisms in the bacterial strains tested, it was shown that
the bacteriophages were capable of actively lysing these
pathogenic bacteria.

It has been experimentally demonstrated that the
phage — antibiotic synergy of bacteriophage P1Sf, which is
Iytically active against P. aeruginosa DSM 50071, most fre-
quently occurs when using antimicrobial agents that disrupt
cell wall function and inhibit DNA gyrase and topoisomerase
IV. These findings are consistent with experimental studies
conducted by other researchers. For instance, Dana J.
Holger and colleagues showed that the combination of
phage — meropenem - colistin against multidrug-resistant
P. aeruginosa strains restored their susceptibility to mero-
penem [25]. Ferran A. A. et al. simulated oral ciprofloxacin
treatment combined with inhaled phage administration for
respiratory infections caused by P. aeruginosa, demonstrat-
ing that the combined use of bacteriophages and ciproflox-
acin prevented the growth of resistant bacteria both during
simultaneous and sequential treatment [26].

The obtained results highlight the potential of phage
therapy as an adjunctive tool in the treatment of infec-
tions caused by P. aeruginosa, particularly in Ukraine,
where the war has led to an increase in wound infections.
Bacteriophages may be applied for the management of
post-traumatic complications, wound infections, burns, and
osteomyelitis. Local bacteriophages from our collections can
also be adapted for topical therapy, for example, in wound
hydrogels. The efficacy of this approach has already been
demonstrated under laboratory conditions [27,28].

Limitations of the study include a focus on in vitro activity
without in vivo testing, the narrow host specificity of some
bacteriophages, and a limited number of bacterial strains.

Conclusions

1. Overall, the obtained data emphasize the importance
of further research on bacteriophages as adjunctive therapy
for combating multidrug-resistant P. aeruginosa.

2. Considering the current epidemiological background
in Ukraine, including the increased prevalence of XDR
clones due to the ongoing war, the phage isolates described
here may serve as valuable tools in outpatient or inpatient
management of complex nosocomial infections.

3. The findings also underscore the potential of phage
— antibiotic interactions as a novel approach in the clinical
treatment of severe and hard-to-treat infections, opening
opportunities for the development of optimized combination
therapy protocols and personalized patient care.

Perspectives of subsequent scientific research.
Future studies should encompass genomic analysis of
bacteriophages, evaluation of biofilm activity, and clinical
trials to enable integration into treatment protocols in
Ukraine. Overall, the isolated bacteriophages represent
a valuable resource for the development of new thera-
peutics, contributing to the fight against P. aeruginosa
antibiotic resistance.
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