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Abstract

Introduction. The formation of biofilms by healthcare-associated infection (HAI) pathogens on invasive medical
devices is an increasingly urgent problem in clinical practice. Microbial biofilms contribute to persistent infections,
complicate treatment, increase healthcare costs, and reduce the quality of patient care. The resistance of biofilm-
embedded bacteria to antibiotics is a key factor in chronic and recurrent infections. In this context, bacteriophages
may serve as a promising therapeutic agent against bacterial infections, including those caused by biofilm-forming
microorganisms.

Objective. To assess the efficacy of lytic bacteriophages in disrupting microbial biofilms on urinary catheters
using in vitro and in vivo experimental models.

Materials and methods. The study employed microbiological, morphological, and electron microscopy techniques.
In vitro, biofilms were cultured on urinary catheter surfaces and subsequently treated with bacteriophages. For
the in vivo model, catheter-associated urinary tract infection (CAUTI) was induced in mice, which were then
divided into experimental and control groups. Bacteriophages were administered transurethrally.

Results. In the in vitro model, bacteriophages effectively disrupted biofilms, inducing bacterial cell lysis and
degradation of the exopolysaccharide matrix. In the in vivo experiments, mice treated with bacteriophages
exhibited regression of CAUTI, as confirmed by morphological and bacteriological analyses. Electron microscopy
revealed biofilm destruction on 5 out of 6 catheters. In contrast, the positive control group showed progressive
infection, while no biofilm formation was observed in the negative controls.

Conclusions. The findings from both in vitro and in vivo experiments demonstrate that bacteriophages are
capable of degrading biofilms and may represent an effective therapeutic strategy against biofilm-associated
HAls.

Keywords: bacteriophages; biofilms; biofilm forms of microorganisms; healthcare-associated infections; catheter-
associated urinary tract infections; optical density; scanning electron microscopy
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AHHOMayus

BBeaeHue. [Npobnema opmmnpoBaHns GnonnéHok Bo3byanTensiMm MHEKLUIA, CBA3AHHbBIX C OKa3aHUeM Meau-
umnHckor nomowm (MCMIT), Ha MHBa3UBHbIX YCTPOMUCTBAX, MPUMEHSIIOLLNXCA B MEAMLMHCKOM NPakTUKe, B HACTOS-
Lee Bpems npmobpeTaeT BbICOKY0 akTyanbHOCTb. CyLecTBOBaHNE MUKPOOPraHM3moB — BO30yauTenemn nHpek-
uuii B Buae bronnéHok co3naét 6onbLune npobnemsl B MEAULIMHCKON NPaKTUKE, HAHOCUT SKOHOMUYECKUIA yLuepb
M CHWXKaeT Ka4yeCTBO OKa3aHUs MEeAVMLUHCKOW noMoLum. PopmypoBaHMeM OUOMMEHOK OOBACHATCS MPUYUHBI
ONUTENbHO MpoTeKalLwmX MHAEKLUNOHHBLIX 3aboneBaHuii, He nogaarLmxcs aHTMbuoTMkoTepanuu. B cnoxme-
LLUMXCS YCIOBUSAX OAHUM 13 3¢phEKTUBHBIX KOMMOHEHTOB 60pbOLI C 6GakTepuanbHbIMU UHEKLUAMU, B TOM YMCne
BbI3BaHHBIMU BMONNEHOYHBIMK (hOpMaMMN MUKPOOPraHM3MOB, MOXET SIBUTbCS UCMONb30BaHue baktepuodaros.
Llenb paboTbl — oueHUTb 3 PEKTUBHOCTL NPUMEHEHNSA NUTUYECKUX BakTeprnodaros Ans A4ECTPYKLMM MUKPOOD-
HbIX BMONNEHOK HA MOYEBbLIX KAaTeTEPaX B SKCNEPUMEHTArbHbLIX MOAENSsIX in Vitro v in vivo.

Marepuansi u meToabl. B pabote npumeHann Mmukpobronormyeckne, Mopgonormyeckne n aneKTPOHHO-MUKPO-
ckonuyeckme metogel. In vitro mogenvposany GMONNEHKM Ha MOBEPXHOCTU MOYEBbLIX KaTETEPOB C NOCMEAYHOLLUM
nobasneHnem baktepuodaros. /In vivo MoaenupoBanu KateTep-acCoLMNPOBaAHHYO MHAEKLIMIO MOYEBBLIBOASILLIMX
nyten (KA-MMIM) y mbliwen, pa3nenéHHbiX Ha OMbITHYH0 M KOHTPOIbHbIE TPYMMbl, C NOCNEAYOWMM TpaHcype-
TpanbHbIM BBeAeHMEM GakTepmnodaros.

Pesynbratbl. B akcnepumeHTansHon mogenu in vitro 6aktepuodary paspyluanv 6uonnéHku, Bbi3biBas nNmaunc
KMNeToK U OeCTPYKUMIO 3K30MonvMcaxapugHoro martpukca. In vivo y mbllWen OnbITHOW rpynnbl Habniogancsa pe-
rpecc TedeHns KA-UIMI, noateepXaéHHbIN MOpdonornyeckumMm n 6akTepronormyeckuMm nccreaoBaHnsmMu.
OneKTpoHHast MMKPOCKONWS BbiSiBUNa AeCTPYKUMo 6MonnéHok Ha 5 n3 6 katetepos. B rpynne nonoxurensHoro
KOHTpONS MHGEKLUSI NPOrpeccmMpoBana, B oTpuUaTenibHOM KOHTporie BMONNEHKN OTCyTCTBOBAnM.

BbiBoabl. PedynbraThl NpOBEAEHHBIX AKCNEPUMEHTArbHBIX MCCREA0BaHWN in Vitro v in vivo NpogeMOoHCTpMpoBa-
nu, 4yto BakTepuodparn cnocobHbl paspyLliatb GUONNEHKM 1 MOryT BbITb 3ddEKTUBHBIM CpeacTBOM ANt 60pbbbI
¢ NCMT, BbI3BaHHLIMW MUKPOOPraHn3Mamm, hOpMUPYHLLIMMKN BUONNEHKN.
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KnroueBble cnoBa: 6akmepuoghazu; buonnéHku; 6uonnéHoYHble hOPMbI MUKPOOP2aHU3MO8; UHGhEKUUU, CBs-
3aHHbIE C OKa3aHuUeM MeOUUUHCKOU MOMOWU; Kamemep-acCouuupo8aHHble UHGDEeKUUU MOYe8bI8oOSUWUX Mymel;
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Amuyeckoe ymeepdeHue. ABTOPbI MOATBEPXAAIOT COBMIOAEHNE UHCTUTYLIMOHASBHBIX U HAUMOHanNbHBIX CTaHaap-
TOB MO MCMOMNb30BaHWI0 N1abopaTopHbIX XUBOTHBIX B COOTBETCTBUM C MEXAYHAPOAHbIMU U POCCUACKUMU HOPMaMM 1
pekomeHpaumsamm (TOCT 33216 «PykoBoAaCTBO Mo codepXaHuio 1 yxody 3a nabopaTopHbIMU XMBOTHbIMU. [paBuna
cogepxaHus 1 yxofa 3a nabopaTtopHbiMu rpbidyHamu 1 kponukamuy», Oupektuea 2010/63/EU no oxpaHe XUBOTHbIX,
ucnonb3yemMblX B Hay4HbIX Lensix, npunoxeHve A k EBponenckon KOHBEHUMM 06 oxpaHe MO3BOHOYHbLIX XUBOTHbIX,
MCMONb3yeMblX Ansi 9KCNEPUMEHTOB M B APYrMx Hay4HbIx uensax (ETS Ne 123), CanlluH 3.3686-21 «CaHutapHo-anu-
Aemuvonornyeckne TpebosaHna No NpodunakTrke NHPEKUMOHHbIX bonesHelny, CaHnTapHble Nnpasvna no yCTPonCTBY,
060opyaoBaHMIo 1 CoaepXKaHMio AKCNepUMeHTanbHO-6MoNorMYecknx KNMHUK (BuBapues) (yTB. MaBHbIM rocyaapcTBeH-
HbIM caHuTapHbiM Bpadom CCCP ot 06.04.1973 Ne 1045-73), FOCT P 51000.3-96 «O6Lwume TpeboBaHuUst k ucnbitaTesnb-
HblM nabopatopusim», FTOCT P 51000.4-96 «O6wwme TpeboBaHUsi K akkpeguTauum UcnbiTaTeNbHbIX nabopaTtopuiny,
«[MpaBvna npoBegeHnst paboT C UCMONb30BAHNEM 3KCMEPUMEHTArbHbBIX XMUBOTHBIX», YTB. MUHWCTEPCTBOM 34paBo-
oxpaHeHust CCCP (1977), «[MpaBuna no obpalleHuto, coaepxaHuio, 06e360n1BaHMI0 U YMEPLLBIEHUIO 3KCNIEPUMEH-
TanbHbIX XUBOTHbIX», YTB. MuHuctepctBom 3apaBooxpaHeHuss PCOCP (1977), MNpukas M3 P® ot 19.06.2003 Ne 267
(MpaBuna nabopatopHoi npakTukn B P®P)). MNpoTokon nccrnenoBaHusi ogobpeH JlokanbHbIM 3TUYECKUM KOMUTETOM
C3IrMY um. N.U. MeuHukoBa (npotokon Ne 3 ot 13.03.2024).

BnazodapHocmb. ABTOpPbI BblpaxatoT 6raroapHOCTb 3a NOMOLLb B MPOBEAEHWUMN UCCIEA0BaHU METOLOM 3NEKTPOH-
HOW MUKpocKonuy MexaucumnimHapHOMY pecypCHOMY LIEHTPY MO HanpasneHunto «HaHoTtexHonormm» HayyHoro napka
Cnery B pamkax npoekta Ne 125021702335-5.

McmoyHuk puHaHcupoesaHusi. ViccnegosaHve BbINOMHEHO 3a CHET rpaHTa Poccuiickoro HayyHoro cdpoHaa Ne 24-15-
20022, https://rscf.ru/project/24-15-20022, n 3a c4é€T rpaHTa CaHkT-leTepbyprckoro Hay4Horo doHaa Ne 24-15-20022.

KoHgpnniukm uHmepecoe. ABTOpbl AeKNapupyoT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB UHTEPECOB, CBSI-
3aHHbIX C Ny6rvkaumen HacTosILLEeN cTaTbu.
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BaH K.B., BactotnHa M.J1., Mypawosa J1.A., Jlowayexko A.C., BpioxaHosa B.B., Peibansuerko O.B., Bonaaperko A.C.,
KoHctaHTuHOBa A.M., ManbkoBckuii 6.3. ddekTMBHOCTE NpUMeHeHust BakTepuodaroB Ans A4ecTpykumm GuonnéHok
Ha MOYEBbLIX KaTeTepax B IKCNepUMEHTanNbHbIX MoAensx in vitro v in vivo. XKypHan mukpobuosioauu, anudemuonoauu u
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Introduction

The current global trend toward increasing bacte-
rial resistance to antimicrobials significantly limits the
arsenal of tools available to combat microorganisms
[1]. The development of antibiotic resistance is becom-
ing a serious threat in healthcare-associated infections
(HAIs) associated with biofilm forms of microorgan-
isms [2]. The formation of biofilms explains the caus-
es of long-term infectious diseases that are resistant to
antibiotic therapy [3]. Microorganisms that are part of
the biofilm show significantly higher resistance to an-
timicrobials — up to 1000 times compared to plank-
tonic cells [4]. This significantly complicates the fight
against HAI pathogens associated with biofilm forms of
microorganisms [5]. The problem of biofilm formation
by HAI pathogens on invasive devices used in medical
practice is of particular importance [6-8].

Continuing the current trend will negate all mod-
ern achievements and successes in the treatment of
infectious diseases. In this regard, the World Health
Organization and health authorities around the world
are drawing attention to the urgent need to address the
problem of drug resistance, calling for full support for
efforts to develop new ways to combat infectious dis-
eases amid a slowdown in the development of new anti-
microbials by many pharmaceutical companies [9].

Under the current circumstances, one of the effec-
tive components in the fight against bacterial infections,
including those caused by biofilm forms of microorgan-

isms, may be the use of bacteriophages (BP) [10]. The
application of BP for biofilm destruction is a promising
direction and is of great interest to specialists in various
fields, as evidenced by the increase in the number of
scientific papers in recent years [11]. At the same time,
the number of publications on this topic using scanning
electron microscopy (SEM) is quite limited.

The aim of this study is to evaluate the effective-
ness of lytic BP for the destruction of microbial bio-
films on urinary catheters (UC) in experimental in vitro
and in vivo models.

Materials and methods

Microbiological methods

The analysis of the effectiveness of lytic BP for
assessing changes in the structure of biofilms on UC
fragments was carried out using collection bacterial
strains of HAI pathogens Pseudomonas aeruginosa
ATCC 12903/ NCTC 27853 and Escherichia coli ATCC
25922/NCTC 12241. Biofilms were grown in vitro on
the inner surfaces of silicone-coated UC fragments.

Electron microscopy methods

The assessment of biofilm formation by P. aeru-
ginosa and E. coli on the surface of UC fragments and
the identification of destructive changes under the influ-
ence of BP were carried out using SEM at the Scientific
Park of St. Petersburg State University Interdisciplin-
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ary Resource Center in the field of nanotechnology. The
preparations were made by fixing the material in 25%
glutaraldehyde solution for 12 hours at 4°C. After that,
to ensure the drainage of excess charge during SEM
studies, a thin (5—10 nm) conductive film was formed
on the surface: carbon/silver was applied by ion (Ar")
sputtering of the corresponding targets in the vacuum
chamber of the Gatan PECS (Model 682) device, and
gold was applied by magnetron sputtering in a VUP
C156RS vacuum chamber (Scientific Technologies and
Service LLC).

Biofilms were visualized using a Merlin SEM
and an Auriga Laser dual-beam workstation (both from
Carl Zeiss) with an Everhart-Thornley secondary elec-
tron detector. The imaging conditions varied depending
on the sample to achieve maximum contrast and image
quality: accelerating voltage — 5-20 kV, beam cur-
rent — 500-700 pA.

BP were selected by spot testing, evaluating their
lytic activity on a five-point scale (based on the number
of crosses). The study used BP specific to the strains
under investigation, Sextaphage and Intestiphage (Mi-
crogen) with high lytic activity (++++) (Fig. 1).

Bacterial biofilms of HAI pathogens were grown
on 1 cm long fragments of Foley's UC, cut lengthwise
for accessibility to the inner surface. Manipulations
with UC were performed under sterile conditions. Bac-
terial suspensions of the studied strains of P. aerugino-
sa and E. coli were diluted in a sterile nutrient medium
to a standard turbidity of 0.5 according to McFarland,
then seeded in a continuous lawn in Petri dishes on the
surface of Mueller—Hinton agar. Five UC fragments
were placed on each Petri dish with the seeded lawn
of the studied strains of HAI pathogens. Fifty microli-
ters of liquid nutrient medium were applied to each UC
fragment, and the Petri dishes were placed in a ther-
mostat. Cultivation was carried out under thermostatic
conditions at 37°C for 24 hours.

One day after incubation, the UC fragments were
removed from the surface of the dense nutrient medium
and placed in individual sterile 1.5 mL eppendorf tubes,

where they were washed twice to remove planktonic
cell forms. The washing procedure consisted of adding
1 mL of sterile water to the tubes, treating them in a
Vortex device for 30 seconds at 1500 rpm, centrifuging
for 30 seconds at 13,000 rpm, and then removing the
supernatant. The UC fragments were transferred to new
sterile eppendorf tubes without disturbing the sediment.
Then, one of the five UC fragments underwent a con-
trol rapid assessment for the presence of biofilms using
the method of G.A. O'Toole et al., based on the ability
of gentian violet dye to bind to the exopolysaccharide
matrix of biofilms [12]. Biofilm formation was assessed
by measuring the optical density (OD, optical density
units) on a Thermo Scientific Multiskan GO microplate
spectrophotometer at a wavelength of 590 nm [13].

Another similar fragment of the UC was prepared
using the standard fixation method for examination in
SEM.

The remaining fragments of the UC were placed
on Petri dishes with a dense Mueller-Hinton nutrient
medium. One of the three remaining samples was inoc-
ulated with 50 pL of BP preparation specific to the bac-
terial strain under study, while the remaining two UC
fragments were inoculated with 50 pL of sterile nutrient
medium. The dishes were then placed in a thermostat at
37°C for another 24 hours for incubation.

On the third day of the experiment, a visual as-
sessment of the growth of microbial colonies on the Pe-
tri dish was performed (Fig. 2). Then, the UC fragments
were removed from the dense nutrient medium and, af-
ter separation from the suspension cells (see the pro-
cedure description above), the preparations were fixed
using the standard method for SEM. At the same time,
one of the fragments underwent a control rapid assess-
ment for the presence of biofilms using the method of
G.A. O'Toole et al. [12], followed by OD measurement.

In the part of the study devoted to evaluating the
effectiveness of BP for the destruction of P. aerugino-
sa biofilms in vivo, using an experimental model of
catheter-associated urinary tract infection (CAUTI) in
mice, 4 mm fragments of Teflon 26G Polyflex catheters

b

Fig. 1. Visual assessment of BP lytic activity.

a — complete lysis of P. aeruginosa culture at the drop site without secondary growth colonies (++++);
b — complete lysis of E. coli culture at the drop site without secondary growth colonies (++++).
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(Polymed) fragments that had been left in the bladder
for a long time (5 days) were examined in vivo. BP se-
lection was performed using spot testing, and the drug
Sextaphage (Microgen), specific to the studied strains
with high lytic activity (+ + + +), was used in the ex-
periment. To assess the formation of P. aeruginosa
biofilms on the surface of catheter fragments and to
identify destructive changes under the influence of BP,
the SEM method was used (according to the procedure
described above).

The experiment used 18 sexually mature outbred
female ICR (CD-1) laboratory mice aged 2—4 months,
weighing 17-24 g, kept in identical conditions and di-
vided into three groups: experimental, positive control,
and negative control, with six animals in each group.
The animals were randomized into groups using a ran-
dom number generator.

The experimental group consisted of catheterized
mice with simulated CAUTI associated with the forma-
tion of P. aeruginosa biofilms on an invasive device,
receiving BP transurethrally. The positive control group
consisted of catheterized mice with simulated CAUTI
associated with the formation of P. aeruginosa biofilms
on an invasive device that did not receive BP. The neg-
ative control group consisted of catheterized mice with-
out simulated CAUTI that did not receive BP.

Inhalation anesthesia was used during bladder
catheterization procedures. Isoflurane was used for an-
esthesia, and induction was performed using the hood
method. Anesthesia was maintained using an extended
nasal cone with cotton balls soaked in 0.5 mL of iso-
flurane, without the use of an evaporator. Anesthetized

+ Nutrient

medium 24h

24 h

ORIGINAL RESEARCHES

mice were placed on their backs on a sterile diaper. The
periurethral area was wiped with a napkin containing
0.05% chlorhexidine bigluconate and treated with a 10%
povidone-iodine solution using an applicator with a cot-
ton tip. Then, through a peripheral 22 G Vasofix Certo
catheter (BBraun) treated with sterile surgical lubricant,
a 4 mm fragment of 26 G Polyflex Teflon catheter was
inserted into the mouse's bladder using a guide needle
and left in the bladder. After that, the 22 G peripheral
catheter was removed from the urethra. This procedure
was performed in each group of laboratory animals.

Modeling of CAUTI in laboratory animals in the
experimental group and the positive control group was
performed in accordance with the protocol of M.S.
Conover et al. [14] using the collection bacterial strain
P. aeruginosa ATCC® 12903/NCTC 27853. After cathe-
terization of the bladder with an insulin syringe through
a peripheral 26 G Polyflex catheter, mice were trans-
urethrally injected with 50 puL of a bacterial suspension
of P. aeruginosa with a turbidity of 0.5 according to
McFarland (Fig. 3).

Subsequently, starting from 2 days after bladder
catheterization and CAUTI modeling, mice in the ex-
perimental group were administered 50 pl of BP (Sex-
taphage, Microgen Scientific and Production Associa-
tion) once a day for 3 days under anesthesia using the
method described above.

The dynamics of CAUTI in laboratory animals
were assessed using microbiological urine tests be-
fore the start of the experiment and on days 2 and 5
in mice of all groups. Urine was collected in sterile
1.5 mL tubes by mechanically pressing on the blad-

+ Sextaphage

24 h

Fig. 2. Modeling of P. aeruginosa and E. coli biofilms on Foley's UC fragments followed by the addition of nutrient medium or
BP (using P. aeruginosa as an example).
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der area while holding the mouse over the tube. Then,
a standard Gold urine culture was performed on Petri
dishes with a dense UTI nutrient medium. The plates
with cultures were incubated under thermostatic condi-
tions for 48 hours at 37°C. The growth of microorgan-
isms was assessed according to the specified method-
ology with verification of microorganisms by time-of-
flight mass spectrometry (MALDI-TOF).

During the experiment, clinical examination of
the mice was performed before each administration,
assessing the following signs: the presence of a forced
(hunched) posture, signs of exhaustion and dehydra-
tion, changes in the condition of the skin, the presence
of hyperemia in the area of the external genital organs
and changes in activity.

Euthanasia was performed by killing the animals
with an overdose of isoflurane followed by cervical dis-
location.

Furthermore, to assess the severity and activity of
the inflammatory process in the urinary system in labo-
ratory animals at the end of the experiment, a morpho-
logical method of examination was used.

Morphological method

Light microscopy was performed in the pathologi-
cal anatomy department No. 2 of the N.I. Pirogov Clin-
ic of High Medical Technologies Saint-Petersburg State
University.

The material was fixed in sufficient volume in a
10% solution of buffered neutral formalin for 24 hours.
Standard histological processing was performed using
the HISTO-TEK VP1 device (Sakura), then the kidney
and bladder material was poured into paraffin and seri-
ally sectioned using the Epredia HM 340E microtome
(Thermo Fisher Scientific). The resulting histological
sections were stained with hematoxylin and eosin ac-
cording to the standard protocol. Morphological exam-
ination was performed using a Leica DM 1000 light
microscope (Leica). Microphotographs were obtained
using a Leica Flexacam C3 camera (Leica) with LAS
X software. Morphometric analysis of the images was
performed using F1JI software and included analysis of
inflammatory infiltrate in the mucosa and lamina pro-
pria of the bladder, renal pelvis, and renal parenchyma.
Morphological changes in the urothelium were also
assessed, including the presence of bacterial colonies
with determination of their percentage of the total sur-
face area of the mucosa in the specimen, and micro-
scopic features of the lamina propria of the mucosa, the
presence and severity of necrosis and neutrophilic casts
in the renal tubules, as well as their percentage rela-
tive to the preserved renal parenchyma. Morphometric
analysis of the parameters was performed on an area of
0.2 mm? in the areas with the most pronounced changes
(hot spots).

The severity of inflammation was assessed
semi-quantitatively. Based on the composition of in-

Fig. 3. Transurethral access for the introduction
of P. aeruginosa bacterial suspension through
a 26 G Polyflex peripheral catheter

flammatory infiltrate cells in 1 field of view (0.2 mm?)
at x400 magnification (“+” — up to 30 cells, “++” —
31-79 cells, “+++” — > 80 cells, “~” — no inflamma-
tory infiltrate).

Statistical analysis of the data was performed
using R software (version 4.4.3). Data on OD indica-
tors are presented as the arithmetic mean and standard
deviation (M £ SD). To compare the OD indicators of
biofilms formed by different strains of microorganisms
with the negative control, the nonparametric Mann—
Whitney U test was used, since the distribution of val-
ues in the groups was not tested for normality due to the
small sample size. The statistical significance of differ-
ences in microbial load (CFU/mL) between groups of
animals in the in vivo experiment was assessed using
the Mann—Whitney test for independent samples. Dif-
ferences were considered statistically significant at a
significance level of p < 0.05.

Results

During modeling and subsequent visualization of
daily biofilms on fragments of siliconized Foley UC,
average OD values were obtained for various bacteri-
al strains: P. aeruginosa, E. coli and negative control
(0.103 £ 0.002 OD units). The results obtained were
classified according to their biofilm-forming potential
using the following methodology [15].

Comparison of the obtained OD values with those
of the negative control showed that the cells of the stud-
ied strains of P. aeruginosa (0.168 £ 0.003 OD units)
and E. coli (0.154 = 0.005 OD units) showed a moder-
ate tendency to form biofilms. The average OD values
of the studied strains exceeded the OD values of the
negative control by approximately 1.5 times (p < 0.05).
At the same time, during the rapid indication of two-
day biofilms on fragments of siliconized Foley UC, the
average OD values were 0.215 + 0.008 for P. aerugino-
sa and 0.203 & 0.005 units OD, which indicated that the
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Fig. 4. SEM image of the inner surface of a Foley urinary catheter fragment with a 24-hour biofilm.
a — P. aeruginosa bacterial biofilm (24 h), x 5000; b — E. coli bacterial biofilm (24 h), x 20,000.

OD values exceeded those of daily biofilms and nega-
tive controls (p < 0.05).

On the UC scans after culturing the bacterial
strains P. aeruginosa and E. coli for 24 hours without
BP treatment, the presence of microbial communities
in the form of formed biofilms was noted, while nu-
merous dividing cells were detected in the thickness of
the intercellular matrix that unites bacteria into a single
biofilm structure (Fig. 4).

After 48 hours of incubation of UC with bacterial
strains without the addition of BP intensively devel-
oped multilayer biofilms of P. aeruginosa and E. coli
were observed (Fig. 5).

Electron microscopic analysis of the surface of the
UC with a daily model biofilm of P. aeruginosa and E.
coli after a single exposure to BP for 24 hours showed
pronounced signs of destruction of the microbial com-
munity. The destructive effect of BP was manifested
both on the vegetative forms of microorganisms and on
their biofilm communities. First of all, a change in the
morphology of bacterial cells included in the preserved

fragments of biofilms was noted, which manifested it-
self in the deformation of the cell wall surface and its
destruction. Disruptions in the structure of the cell wall
were accompanied by destructive changes in the shape
of bacterial cells. Ultimately, the effect of BP led to the
lysis of most bacterial cells due to the destruction of
cell walls. The destruction of a significant portion of
the cells in the biofilms was evidenced by the discovery
of areas of cell debris accumulation. At the same time,
there was a marked decrease in the number of bacteria
on the surface of the substrate that retained the mor-
phological properties characteristic of viable bacterial
cells (Fig. 6). At the level of the biofilm community
of microorganisms, the destruction of the intercellular
exopolysaccharide matrix, up to its complete disap-
pearance in some areas of the microbial community,
indicated a change in the structure of P. aeruginosa and
E. coli biofilms as a result of BP exposure.

In the part of the study devoted to evaluating the
effectiveness of BP for the destruction of P. aeruginosa
biofilms in vivo in an experimental model of CAUTI

b

Fig. 5. SEM image of the inner surface of a Foley urinary catheter fragment with a 48-hour biofilm.
a — P. aeruginosa bacterial biofilm (48 h), x10,000; b — E. coli bacterial biofilm (48 h), x10,000.
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a

b

Fig. 6. SEM image of destructive changes in the daily biofilm on the surface of a Foley urinary catheter fragment after a single
exposure to BP.
The oval marks areas of cell debris accumulation. The arrow indicates destructive changes in cell walls.
a — destruction of the P. aeruginosa biofilm after exposure to sextaphage, x 10,000;
b — destruction of the E. coli biofilm after exposure to intestiphage, x15,400.

in mice, the results showed that during the experiment
in the positive control group (animals with established
catheter, after administration of P. aeruginosa and
without BP instillations), 5 out of 6 animals showed
progression of CAUTI. During clinical examinations,
starting from the second day of the experiment and until
its completion, hyperemia was recorded in the external
genital organs of mice.

During bacteriological urine tests at reference
points (days 2 and 5), this group showed a tendency
toward a significant increase in the microbial load of
P, aeruginosa from 10" to 10° CFU/mL. During bacteri-
ological urine testing before the start of the experiment,
one mouse in this group was found to have Aerococ-
cus viridans growth at a titer of < 100 CFU/mL, which
could be due to contamination of the biomaterial during
sampling or endogenous colonization of this locus.
A. viridans is a well-known Gram-positive opportunistic
pathogen that can infect various animals, including mice,

especially those with immunodeficiency [16]. Howev-
er, bacteriological examination at subsequent reference
points did not detect 4. viridans in this animal.

According to electron microscopic analysis of
invasive devices, microbial communities of microor-
ganisms were observed in the form of P aeruginosa
biofilms (Fig. 7).

In morphological studies of these mice (5 out of 6)
in the positive control group, the severity of the inflam-
matory process in the tissues corresponded to subacute
active cystitis and subacute active pyelitis, respectively
(Fig. 8).

In 1 of 6 animals in this group, CAUTI did not de-
velop during modeling, which was confirmed by clini-
cal examination data (absence of hyperemia of the ex-
ternal genital organs, signs of exhaustion and dehydra-
tion, etc.), as well as by the results of bacteriological,
morphological, and electron microscopic examination
methods.

b

Fig. 7. SEM image of the surface of removed fragments of the catheter from the bladder of animals.

a — fragment of the catheter with a formed biofilm of P. aeruginosa, x 8590; b — fragment of the catheter with a formed biofilm of P,
aeruginosa, x 10,000.
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Fig. 8. Inflammatory process in the tissues of mice in the positive control group. Electron microscopy, stained with hematoxylin
and eosin, x100.

a — subacute active cystitis. The black arrow indicates the urothelium lining the bladder mucosa. The black oval marks the area of

intraepithelial spread of a small number of neutrophilic granulocytes and lymphocytes into the urothelium. The black triangle marks

a moderate lymphocytic inflammatory infiltrate of the lamina propria of the mucosa with an admixture of histiocytes and neutrophilic
granulocytes, as well as moderate edema of the stroma and hyperemia of the vessels;

b — subacute active pyelitis. The black arrow indicates the urothelium lining the mucosa of the renal pelvis, with reactive changes in the form
of an increase in the number of cell layers, their dystrophy, and local polarity disruption. The black oval indicates the area of intraepithelial
spread of neutrophilic granulocytes into the urothelium. The black triangle marks a moderate lymphocytic inflammatory infiltrate
with an admixture of histiocytes and plasmocytes in the renal stroma.

In the experimental group (animals with estab-
lished catheter, after administration of P. aeruginosa
followed by instillations of BP), 3 out of 6 mice showed
regression of CAUTI and positive dynamics, as indicat-
ed by the results of bacteriological and morphological
studies, clinical examinations, and SEM data.

According to bacteriological urine tests, no growth
of flora was detected in any mouse in this group before
the start of the experiment. Furthermore, when model-
ing CAUTI on the second day of the experiment, before
the administration of BP, each mouse developed bacte-
riuria caused by P. aeruginosa, with a microbial load of
10'-10° CFU/mL. Then, after BP instillations into the
bladder, no flora growth was detected in the urine of 4
out of 6 animals on the 5th day of the experiment. In 2
of 6 mice, P. aeruginosa growth of 10! and 10* CFU/mL
was detected in the urine, with one of them showing
fulminant UTI, which was also confirmed by clinical
examinations (hyperemia of the external genital organs,
weight loss, forced (hunched) posture, and changes in
activity) and confirmed by microscopic examination
(purulent abscessing pyelitis and interstitial nephritis,
purulent necrotic papillitis).

Electron microscopic analysis of removed frag-
ments of the catheter extracted from the bladder of
animals with negative bacteriological test results on
the 5th day of the experiment, which underwent trans-
urethral instillation of lytic BP, showed destruction of
the exopolysaccharide matrix of biofilms and lysis of
P. aeruginosa cells (Fig. 9).

Microscopic examination of mice in the experi-
mental group with regression of CAUTI and observed

positive dynamics (3 out of 6) revealed no morpho-
logical signs of inflammation in the studied material
(Fig. 10).

Among the three remaining mice in the experi-
mental group, morphological examination revealed that
in two mice the severity of the inflammatory process
in the tissues corresponded to subacute active cystitis
and subacute active pyelitis, in one mouse, P. aerugino-
sa biofilm was detected on the surface of the catheter,
in another, under the influence of BP, the formed bio-
film was destroyed according to SEM data; in the third
mouse, the severity of the inflammatory process in the
tissues corresponded to purulent abscessing pyelitis, in-
terstitial nephritis and purulent necrotic papillitis, with
destruction of the formed biofilm also observed.

It is important to note that for the animal with the
most pronounced inflammation and fulminant form of
UTI, the infectious process was localized in the upper
urinary tract, while in the lower urinary tract it was ab-
sent at the end of the experiment. In our opinion, this
can be explained by the action of the phage in the lower
urinary tract and insufficient concentration in the upper
urinary tract.

The negative control group (animals with estab-
lished catheter, without P. aeruginosa and without BP
instillations) had no significant features and was char-
acterized by the absence of UTI development, with the
exception of 2 mice, in whose urine bacteriological ex-
amination Staphylococcus nepalensis growth was de-
tected at a titer of less than 100 CFU/mL. S. nepalensis
is a coagulase-negative staphylococcus that was first
discovered in Nepal in goats with pneumonia and is
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b

Fig. 9. SEM image of the surface of removed fragments of the catheter from the bladder of animals.

a — absence of P. aeruginosa biofilm on the surface of the removed fragment of the catheter, x 5000; b — absence of P. aeruginosa biofilm
on the surface of the removed fragment of the catheter, x 10,000.
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—
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Fig. 10. Urothelium without signs of inflammation and dystrophy (arrow) on a micro-preparation of the bladder (a) and kidney
(b). Electron microscopy, stained with hematoxylin and eosin, x100.
a — the triangle indicates the lamina propria of the mucosa with slight edema and slight hyperemia of the vessels; b — the arrow indicates
urothelium without signs of inflammation and dystrophy, the triangle indicates a papilla. The square marks the tubules of a kidney with
a typical structure.

considered part of the normal flora of mammals, includ-
ing mice, including the gastrointestinal tract; it can also
cause infections [17]. The isolation of this microorga-
nism could be associated with contamination of the ad-
ministered catheter or endogenous colonization of this
locus. At the same time, on the 2nd and 5th days of the
experiment, one of these mice had a negative result in
a bacteriological examination of urine, while the other
mouse had S. nepalensis growth in urine at a titer of 10!
and 10° CFU/mL respectively, which is also confirmed
by SEM data: a biofilm of S. nepalensis was identified
on the catheter extracted from the bladder of this mouse
(Fig. 11). On the remaining catheters from other ani-
mals in this group, no biofilm forms of microorganisms
were found during electron microscopic analysis.

In the morphological study, no microscopic signs
of inflammation were found in the examined material
in 5 out of 6 animals in the negative control group. In

contrast, in the mouse that excreted S. nepalensis in its
urine, the morphological picture in the tissues corre-
sponded to subacute active cystitis and subacute active
pyelitis.

The results of bacteriological, morphological, and
electron microscopic studies performed during the ex-
periment among all groups of animals are presented in
the Table.

It is important to note that safety issues, including
toxicological assessment and analysis of local irritant
effects, were not included in the scope of the current
phase of work and require separate study in further re-
search.

Discussion
Currently, there is active discussion of alternative
replacements for antimicrobials for the effective pre-
vention and treatment of infectious diseases. The search
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a b

Fig. 11. SEM image of the surface of the removed catheter fragment.

a — bacterial biofilm S. nepalensis, x 8250; b — overview image of a bacterial biofilm of S. nepalensis, covered with a surface film,
with S. nepalensis cells bordering it, x 2890.

for alternative ways to combat opportunistic microor-
ganisms includes the need to research and develop new
antimicrobial factors. These circumstances explain the
increased interest in therapeutic BP [18].

According to many experts, the best option is BP
drugs, which can be used both in combination with an-
timicrobials and as an independent therapeutic agent
[19, 20]. The development and industrial production of
new BP drug forms is actively progressing. However,
to date, the use of BP for the destruction of bacterial
biofilms has been an insufficiently researched area.

The fact that the use of BP for biofilm destruction
is a promising direction is evidenced by the increased
interest in this issue among specialists of various pro-
files [21]. In recent years, close attention to this prob-
lem has been confirmed by a significant increase in the
number of scientific publications [22, 23]. At the same
time, the number of publications on this topic that use
electron microscopy to study the process of destroying
bacterial biofilms with BP using the SEM method is
limited.

In a recent in vitro study, F. Zurabov et al. per-
formed electron microscopic analysis of Klebsiella
pneumoniae biofilms using SEM, adding a phage cock-
tail of three types of sensitive BP with depolymerase
activity to the microbial community [24]. According to
the authors, the use of this BP cocktail proved to be
quite effective and led to the inhibition of biofilms, but
complete lysis of bacterial cells was not detected in
this experiment. The results demonstrated the ability of
the studied phage cocktail, sensitive to K. pneumoniae
cells, to effectively destroy the exopolysaccharide ma-
trix of biofilms, which performs a protective function in
microbial communities.

According to R.R. Pallavali et al., the action of
lytic phages sensitive to biofilm forms of multidrug-re-
sistant strains of P. aeruginosa, E. coli, K. pneumoniae
and Staphylococcus aureus isolated from the wounds of

burn patients led to a decrease in biomass and lysis of
bacterial cells [25]. The biomass of biofilms of P. aeru-
ginosa, S. aureus, K. pneumoniae and E. coli decreased
by more than 50-80% depending on the duration of
phage exposure. SEM analysis revealed morphophy-
siological changes in the structure of biofilms resulting
from phage-mediated lysis.

Another promising direction in phage therapy for
combating biofilm forms of bacteria is the use of BP
enzymes — phage endolysins and depolymerases.

According to data obtained by W. Chen et al. as
a result of electron microscopic studies using SEM,
the use of a hybrid protein based on Klebsiella BP en-
dolysins against ESKAPE pathogens led to changes
in the morphology of microorganisms in the form of
roughness on the surface of bacteria, small holes in the
cell wall, and cell deformation, up to their complete
lysis [26].

An electron microscopic study by the same au-
thors, devoted to the analysis of the effect of phage en-
dolysins on mature biofilms of Acinetobacter bauman-
nii and Enterococcus faecalis, showed that exposure
to these enzymes for 24 hours led to almost complete
destruction of the biofilms.

A study by M. Shahed-Al-Mahmud et al. demon-
strated the ability of the depolymerase of the recombi-
nant spike protein BP A. baumannii (pAB6) to exhibit
enzymatic activity for 4 hours and destroy formed bio-
films by loosening the protein-exopolysaccharide ma-
trix [27].

In addition to studies describing the destructive
effect of BP on biofilm forms of bacteria, a number of
authors have devoted their research to analyzing the use
of BP for the prevention of biofilm formation.

An example is the study by W. Fu et al., in which
electron microscopic analysis of samples showed that
pretreatment with a mixture of BP P. aeruginosa M4 in
vitro for 2 hours at 37°C prior to bacterial inoculation
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Results of bacteriological, morphological and electron microscopic studies performed during the in vivo experiment

Result of bacteriological urine culture before the experiment, CFU/mL Severity of inflammation in tissue
Mouse Presence | reroscope slide Microscope slide
serial nd " of formed .
number Before experiment 2 day of 5" day of biofilm of kidney of bladder
experiment experiment
presence | severity | presence | severity
1. Experimental group
No growth of facultative
1.1 anaerobic microflora (FAM) P. aeruginosa, 10" P. aeruginosa, 10' Yes Yes + Yes +
detected
. No growth
2 —_ —
1.2 No growth of FAM detected P. aeruginosa, 10 of FAM detected No No No
. No growth
2
1.3 No growth of FAM detected P. aeruginosa, 10 of FAM detected No Yes + Yes +
. ] No growth
1 — —
1.4 No urine collected P. aeruginosa, 10 of FAM detected No No No
1.5 No growth of FAM detected P. aeruginosa, 10° P. aeruginosa, 10* No Yes +++ No -
. No growth
2 —_ -
1.6 No growth of FAM detected P. aeruginosa, 10 of FAM detected No No No
2. Positive control
) No growth
21 No growth of FAM detected No urine collected of FAM detected No No - No -
2.2 No growth of FAM detected P. aeruginosa, 10" P. aeruginosa, 10° Yes Yes ++ Yes ++
2.3 A. viridans, < 100 P. aeruginosa, 10> P. aeruginosa, 10° Yes Yes ++ Yes ++
24 No growth of FAM detected P. aeruginosa, 10> P. aeruginosa, 10° Yes Yes + Yes +
2.5 No urine collected P. aeruginosa, 10?2 P. aeruginosa, 10° Yes Yes ++ Yes ++
2.6 No growth of FAM detected P aeruginosa, 10" P. aeruginosa, 10? Yes Yes T Yes St
3. Negative control
. No growth No growth
3.1 S. nepalensis, <100 of FAM detected  of FAM detected No No - No -
3.2 S. nepalensis, < 100 S. nepalensis, 10' S. nepalensis, 10° Yes Yes + Yes +
No growth No growth
3.3 No growth of FAM detected of FAM detected of FAM detected No No - No -
. No growth No growth
34 No urine collected of FAM detected  of FAM detected No No - No -
No growth No growth
3.5 No growth of FAM detected of FAM detected of FAM detected No No - No -
3.6 No growth of FAM detected _, N0 growth @ gJranidy No No - No -

of FAM detected

of FAM detected

prevented biofilm formation [28]. The data obtained
were confirmed by the absence of both microcolonies
and single bacterial cells on the surface of the Foley
UC.

Another study using the SEM method, conducted
by J.J. Curtin et al., confirms the possibility of prevent-
ing the formation of S. epidermidis biofilms on Foley
catheters by pretreating them with BP for 24 hours
in vitro [29].

Thus, a number of studies on the use of BP to com-
bat biofilm forms of microorganisms that cause HAIs
have noted morphophysiological changes in the struc-
ture of biofilms in the form of destructive changes in
the intercellular exopolysaccharide matrix and changes
in the morphology of bacterial cells that are part of bio-

films, which manifested itself in changes in the surface
of the cell wall and various deformations of cells, up to
their complete lysis.

The results of our study demonstrated the destruc-
tive effect of BP against biofilms, which manifested it-
self at both the cellular and population levels of micro-
bial communities of microorganisms.

Currently, the volume of scientific research de-
voted to modeling CAUTI in laboratory animals with
subsequent evaluation of BP efficacy remains insuffi-
cient, which necessitates further in-depth study of this
problem [30].

F. Mehmood Khan et al. in a review devoted to the
use of phage therapy in in vivo animal models, present-
ed various routes of administration of BP to infected
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mice [31]. However, among the listed options for BP
administration, the transurethral route was absent.

A.N. Singh et al. evaluated the effectiveness of
a phage cocktail with different routes of administra-
tion and dosages for combating simulated UTI in mice
caused by colistin-resistant K. pneumoniae [32]. The
phage cocktail was administered to mice transure-
thrally, rectally, subcutaneously, and orally after the
onset of UTI. The authors found that higher concentra-
tions of phages and transurethral, oral, and rectal routes
of administration were optimal. Transurethral admin-
istration required several doses, while oral and rectal
administration required approximately 69 repeated
administrations.

In contrast to these studies, M.S. Conover et al.
modeled not only UTI but also CAUTI in mice. In the
experimental model of CAUTI, a silicone-coated Rena-
SIL tube was inserted into the bladder, followed by in-
stillation of a bacterial suspension of E. faecalis. Within
1 day, CAUTI developed, characterized by active pro-
gression of the infection associated with the formation
of E. faecalis biofilms on the surface of the invasive
device. In turn, when using the UTI model, 1 day af-
ter the onset of infection, the authors noted a decrease
in the concentration of the pathogen in the urine with
its subsequent eradication. This approach allowed for
a more accurate simulation of the clinical situation in
which the presence of UC in the bladder contributes to
the development of a persistent bacterial infection asso-
ciated with biofilm forms of microorganisms.

The results of the presented studies by different
authors indicate that, despite the growing interest in
phage therapy, there are insufficient studies devoted to
modeling CAUTI and evaluating the effectiveness of
BP. The data obtained emphasize the need for further
research aimed at optimizing phage therapy for CAU-
TI, in particular, the study of transurethral administra-
tion of BP. This will allow the development of more
effective strategies to combat persistent biofilm-associ-
ated infections, which is especially relevant in the con-
text of growing antibiotic resistance.

Recent studies confirm the promise of using phag-
es in the fight against infections associated with biofilm
forms of microorganisms, including CAUTI. Experi-
mental data demonstrate their ability to destroy the exo-
polysaccharide matrix of biofilms, cause lysis of bacte-
rial cells, and prevent their formation. However, despite

ORIGINAL RESEARCHES

in vitro successes, questions about the optimal methods
of administration (including transurethral), dosage, and
efficacy of phages in vivo require further study.

The development of combined strategies that com-
bine phage therapy with other antimicrobial approaches
is particularly relevant. In-depth research in this area
may be the key to overcoming antibiotic resistance and
creating new methods for treating chronic and recur-
rent infections, including those associated with biofilm
forms of microorganisms associated with medical de-
vices.

Conclusion

Using SEM, it was established that the modeled
biofilms of P. aeruginosa and E. coli formed on Foley's
UC in vitro were subjected to destruction by lytic BP
with destruction of the exopolysaccharide matrix and
pronounced cell lysis.

Electron microscopic analysis of control samples
of Foley UC using SEM showed that without BP treat-
ment, microbial communities in the form of biofilms
formed on them after 24 hours. At the same time, phys-
iologically active and dividing cells, united into a sin-
gle structure, were detected on the surface of the UC.
After 48 hours, abundant clusters of bacterial cells were
observed on the UC without BP treatment, forming a
single biofilm structure together with fragments of the
intercellular matrix.

Our data from the study evaluating the effective-
ness of BP for the destruction of P. aeruginosa biofilms
in vivo in an experimental model of CAUTI in mice
indicate that BP can be successfully used to combat
CAUTI associated with biofilm forms of microorgan-
isms and lead to the destruction of the exopolysaccha-
ride matrix of biofilms with lysis of the cells that make
up the biofilm.

The effectiveness of BP in destroying microbial
biofilms formed on the surface of UC in experimental
in vitro and in vivo models has been clearly demonstrat-
ed.

When patients develop CAUTI associated with
biofilm forms of microorganisms and removal of the
invasive device is not possible, the use of BP by flush-
ing through the UC may be considered.

The results of experimental studies have demon-
strated that BP can be an effective means of combating
HAISs caused by microorganisms that form biofilms.
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