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Application of polymeric amines as
adjuvants to overcome resistance of
Pseudomonas aeruginosa to tetracycline
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ABSTRACT. Overcoming antibiotic resistance in pathogenic microorganisms is important due to the
proliferation of initially resistant species whose resistance has increased over decades of antibiotic
use. A significant danger is caused by Pseudomonas aeruginosa (Schroeter, 1872) Migula, 1900 (blue
bacillus), which possesses a strong cell membrane and is capable of forming biofilms around colonies.
We found that hydrophilic polyvinylamine, which does not contain any specific functional groups and
binding centers, is able to significantly enhance the sensitivity of Ps. aeruginosa to tetracycline. The min-
imum inhibitory concentration was 0.26-1.16 pg/mL depending on the density of the initial culture of
Ps. aeruginosa, which corresponds to the values for sensitive microorganisms.
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1. Introduction

The progress in the fight against bacterial infec-
tions, primarily due to the use of antibiotics, has as a
side effect not only the emergence of antibiotic-resistant
strains, but also a greater spread of bacteria that orig-
inally had defense mechanisms against external influ-
ences. A significant danger is caused by Pseudomonas
aeruginosa (Schroeter, 1872) Migula, 1900 (blue bacil-
lus), which is responsible for infectious diseases of
respiratory organs, gastrointestinal tract, urinary tract,
circulatory system, etc. (Osmon et al., 2004). (Osmon
et al., 2004; Wood et al., 2023). This bacterium actively
infects organisms weakened by other diseases, which
makes it playing an increasing role in hospital-acquired
infections. Antibiotic resistance of Ps. aeruginosa is asso-
ciated with both acquired genetically anchored mech-
anisms of resistance to certain classes of substances, as
well as with the existing efflux system (active excretion
of antibiotics from the cell) and poor permeability of
the cell membrane, which is characteristic of Gram-
negative bacteria (Jin, 2024). In addition, these bacte-
ria can form biofilms that also prevent drug penetration
(Thi et al., 2020).

The use of adjuvants, chemical compounds that
weaken bacterial defenses, such as those that disrupt
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biofilms and increase cell membrane permeability, is
one strategy to overcome antibiotic resistance (Douafer
et al., 2019). A number of adjuvants have been tested
to enhance the activity of tetracycline and its deriva-
tives against Ps. aeruginosa (Borselli et al., 2017; Troudi
et al.,, 2020; 2021; Wang et al., 2021; Troia et al.,
2022). Polyaminofarnesyl and polyaminogeranyl deriv-
atives containing 3-4 amino groups and a hydrophobic
fragment showed sufficiently high activity (Troudi et
al., 2020; 2021). The use of these substances made it
possible to reduce the effective concentrations of tet-
racyclines to 2 pg/mL and below, which is within the
range of values for tetracycline-sensitive Gram-positive
bacteria Bacillus subtilis (Ehrenberg 1835) Cohn 1872
(Minzdrav RF, 2018).

While tetracycline was synthesized about 70
years ago (Stephens et al., 1952), it is still actively
used in the control of anthrax (Bacillus anthracis Cohn
1872), rickettsioses (Rickettsia species), respiratory dis-
eases (Mycoplasma pneumoniae Somerson et al. 1963),
pneumonia (Chlamydophila pneumoniae (Grayston et al.
1989) Everett et al. 1999), periodontitis, acne, rosacea
(Roberts, 2003).

Tetracycline (Scheme 1) is an amphoteric com-
pound with several ionizable functional groups respon-
sible for their corresponding pKa values: a tricarbonyl-
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amide (C-1:C-2:C-3, pKa = 3.3), a phenolic diketone
(C-10:C-11:C-12, pKa 7.7) and a dimethyl amino
group (C-4, pK,,, = 9.7). Therefore, under acidic,
slightly acidic, neutral and alkaline conditions, tetracy-
cline exists in cationic, zwitterionic and anionic forms,
respectively (Gu and Karthikeyan, 2005). Problems in
its use are related to the existing or developed resis-
tance of several pathogens (Opal and Pop-Vicas, 2015;
Grossman, 2016; Unemo et al., 2024). In addition,
some difficulties are caused by the reduced solubility
of tetracycline in the physiological pH range: about
22-27 ng/mL in acetate/phosphate buffer solutions in
the pH range of 5-7 (Ahmed and Jee, 1985; Meretoudi
et al., 2020). In this regard, the common dosage form
of tetracycline is its hydrochloride, and the efficacy
of amine-containing adjuvants may be related to both
their ability to disrupt bacterial membranes and bio-
films and their interaction with the tetracycline mol-
ecule, increasing its solubility and bioavailability. In
the study of low molecular weight compounds as adju-
vants (Troudi et al., 2021), the need for a combination
of hydrophobic and basic hydrophilic fragments in the
molecules was noted. At the same time, the ability of
polyamines to penetrate living cells is known, which
makes them promising as nucleic acid delivery agents
in gene therapy and genetic engineering (Boussif et al.,
1995; Tian et al., 2022; 2024). Polyvinylamine (PVA)
is one of the simplest in structure polymeric amines
(Scheme 2), available in the form of fractions with a
narrow molecular weight distribution when obtained
by hydrolysis of fractionated polyvinylformamide
(Annenkov et al., 2011).

This work is aimed at studying the adjuvant
activity of PVA in relation to tetracycline when acting
on Ps. aeruginosa bacteria. We also evaluated the adju-
vant activity of oligopropylamine (Scheme 2), which
is similar to compounds found in the valves of diatom
algae (Sumper and Kroger, 2004).

2. Materials and methods

PVA fraction of molecular mass 4.7 kDa obtained
according to (Annenkov et al., 2011) was used in this
work. Oligomeric polyamine PV18-2a, fraction 1.0.
kDa, was synthesized according to the method of
(Annenkov et al., 2018). Tetracycline was prepared
from its hydrochloride (Sisco Research Laboratories
Pvt. Ltd., lot 38614) according to the method (Kardys
and Conn, 1961)). Solutions for testing antimicrobial
activity were prepared by dissolving the components
in physiological solution (150 mM NaCl), the pH value
was adjusted to 7.4 by adding 0.1 M HCI or NaOH. The
prepared solutions were sterilized by filtration through
syringe filters (0.22 pum, Sartorius AG, Germany).

Antimicrobial activity was evaluated by the
method of diffusion in agar on dense nutrient medium
by comparing the size of the zones of growth suppres-
sion of the microorganism (Minzdrav RF, 2018). Sterile
nutrient medium GMF-agar (LLC “NICF” series 1151221,
valid till 12.2024), pre-seeded with test microorgan-
ism - Pseudomonas aeruginosa 27853, was poured into
plastic disposable Petri dishes with diameter 90 mm
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Scheme 1. Structure of tetracycline and ionization con-
stants of its functional groups.

CH,4
PVA PV18-2a
n=109 m=14

Scheme 2. Structures of PVA and oligopropylamine
PV18-2a.

(JSC “Firma Medpolymer”, Saint-Petersburg, series
011032024, valid till 03.2027). Culture suspension was
prepared using turbidity standard SOP No1-98-15 BAK-
10 (from 19.04.2024, valid until 19.04.2025) in ster-
ile physiological solution, after which it was added to
nutrient medium (49 =1°C) at the rate of 1 mL per 100
mL. To determine the number of bacterial cells in 1 mL
of suspension, a series of dilutions were made followed
by sowing on GMF-agar. Thus, the number of Ps. aeru-
ginosa introduced into a Petri dish was 4.5-10° cl/mL.

After solidification of the nutrient medium in a
Petri dish, 6 wells with a diameter of 8.1 mm and a
height of 6.5 mm were made using a hollow tube. 150
ul of test solutions were added into the wells. Working
solutions of the tested substances were prepared in dif-
ferent concentrations. Each experiment was carried out
in three replicates. After the solutions were added, the
dishes were left at room temperature for an hour, then
incubated at (36 £1)°C for 16-18 hours.

A typical view of a Petri dish after cultivation is
shown in Fig. 1. The diameter and width of the zones
of growth suppression of the test microorganism were
measured using a digital caliper, with an accuracy of
0.1 mm. The values of minimum inhibitory concentra-
tion (MIC) were found similarly (Bonev et al., 2008)
from the dependence In(C) vs 12, where C is the con-
centration of the active substance, 1 is the width of the
inhibition zone. The dependence was approximated by
a linear equation with a free term equal to In(MIC).

3. Results and discussion

Tetracycline suppresses the growth of Ps. aeru-
ginosa at rather high concentrations (Fig. 1), its MIC is
46.8 pg/mL, which is consistent with the data obtained
using the dilution method of microbial suspension in a
96-well plate (Troudi et al., 2021). Experiments in the
presence of 100 pg/mL PVA showed (Fig. 2) a signifi-
cant increase in tetracycline activity, its MIC decreased
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Fig.1. Photograph of a Petri dish after the action of tet-
racycline in different concentrations (ug/mL, indicated near
the wells). At the bottom is the dependence of the logarithm
of tetracycline concentration (ug/mL) on the square of the
radius of the inhibition zone (mm). The MIC was 46.8 ng/mL.

to 1.16 and 0.26 pg/mL depending on the density of the
initial culture of Ps. aeruginosa. These values exceeded
the best values of = 2 pg/mL for polyaminofarnesyl
and polyaminogeranyl derivatives (Troudi et al., 2020;
2021). PVA in the absence of tetracycline begins to
inhibit the growth of Ps. aeruginosa only at a concen-
tration of 200 pg/mL. When PVA and 12 ug/mL tetra-
cycline were co-administered (Fig. 3), the MIC of PVA
was 57 pug/mL.

Polyamine PV18-2a (Scheme 2), which is an
analog of biogenic polyamines from valves of diatom
algae (Sumper and Kroger, 2004), was also tested as
an adjuvant for tetracycline. PV18-2a is an oligomeric
compound with an average molecular mass of 1.0 kDa.
The elemental unit of PV18-2a contains a higher num-
ber of hydrocarbon groups compared to PVA and pos-
sesses certain hydrophobic properties, in particular the
ability to associate in aqueous medium (Annenkov et
al., 2024). It also enhances the antibacterial activity of
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Fig.3. Dependence of the logarithm of the concentration
of PVA (4.7 kDa) on the square of the radius of the inhibition
zone (mm) in the presence of tetracycline (12 pg/mL). The
MIC was 57 pg/mlL.
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Fig.2. Dependence of the logarithm of tetracycline con-
centration (ug/mL) on the square of the radius of the inhibi-
tion zone (mm) in the presence of 100 pug/mL PVA. (1) - cul-
ture density of 4.5:10° cl/mL, (2) - 10° cI/mL. MIC: 1.16 (1)
and 0.26 (2) pg/mL.

tetracycline up to MIC 6.3 pg/mL (Fig. 4), which is sig-
nificantly lower than the MIC of free tetracycline.

4. Conclusions

Thus, we found that hydrophilic polyvinylamine,
which does not contain any specific functional groups
and binding centers, is able to significantly enhance
the sensitivity of Ps. aeruginosa to tetracycline, reduc-
ing its active concentrations to the values characteristic
of sensitive microorganisms. Taking into account the
ability of polyamine PV18-2a to also act as an adjuvant
to the Ps. aeruginosa - tetracycline system, the activity
of polyvinylamine can be attributed to the presence of
multiple amino groups capable of association with cell
membranes and biofilms. It can be assumed that vary-
ing the structure and molecular weight of polymeric
amines will yield more effective adjuvants capable of
inhibiting antibiotic resistance of microorganisms.

4 -+
- y=0.242x + 1.833
b R2 = 0957 ——
€37
= R
- '_’_‘~".
2+t

L2, mm?

Fig.4. Dependence of the logarithm of tetracycline con-
centration (ug/mL) on the square of the radius of the inhibi-
tion zone (mm) in the presence of 100 ug/mL PV18-2a. The
MIC was 6.25 pg/mlL.
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NpumeHeHHe NOAMMEpPHbIX aMMHOB B
KauecTBe aAblOBAHTOB AAAl MPEOAONECHUA
ycTonunBoctu Pseudomonas aeruginosa K

TETPALUUKAUHY
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AHHOTAIIUA. [IpeonosieHre yCTOMYMBOCTU 00JIE3HETBOPHBIX OPraHU3MOB K IeMICTBUI0 aHTUOUMOTHUKOB
AKTyaJIbHO B CBS3U C PacCpOCTPAaHEHWEM BUIOB, N3HAYAJIBHO 00J1a/JAI0NUX YCTOMYUBOCTHIO K BHEITHUM
BO3IEUCTBUSAM, W KOTOpasi YCUIWJIAcCh 3a AECATUJIETUS NMPUMEHEHHs aHTUOWMOTHUKOB. CyIecTBEeHHYIO
OMACHOCTh TpeAcTaBisieT Pseudomonas aeruginosa (Schroeter, 1872) Migula, 1900 (cuHerHoriHas
majiouka), oOjafaiomas MPOYHON KJIETOYHOW MeMOpaHOW M CcriocoOHass oOpa30BHIBATH OMOILIEHKU
BOKDPYT KOJIOHUM. Hamu ycTaHOBJIEHO, YTO TMAPOMUIIPHBIN MOJUBUHUIAMUH, HE COAEPKAIIUN HUKa-
KUX crienuduiyecknux GyHKIMOHAJIBHBIX TPYIII U [IEHTPOB CBA3BIBAHUSA, CIIOCOOEH CYI[eCTBEHHO YCHJIIU-
BaTh YyBCTBUTEJIBHOCTD Ps. aeruginosa K TeTpanukInHy. MUHUMaJIbHasA NHrMOMpyonias KOHIeHTpaluA
coctasmaa 0.26-1.16 MKr/MJI B 3aBUCMMOCTH OT ILJIOTHOCTY HayaJIbHOM KyJIbTYpHI Ps. aeruginosa, 94To
COOTBETCTBYET MMOKA3aTEJIAM JIJISI YyBCTBUTEJIBHBIX MUKPOOPTaHU3MOB.
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1. BBeapenue

Ycnexu B 60pb0e ¢ 6aKTepruaIbHBIMU UHQEeKI-
AMU, TpeXxe Bcero 3a cYéT NpruMeHeHUsA aHTHOMOTHU-
KOB, B KauecTBe M060YHOro 3¢ PeKxTa MMelT He TOJIBKO
[osIBJIeHNe AaHTUOMOTHUKOYCTOMYMBEIX IITAMMOB, HO
u GoJiplllee pacrpocTpaHeHHe OaKTepuil, M3HAYaJIbHO
UMeBIINX MeXaHW3Mbl 3allUTH OT BHEIIHEro BO3-
JetictBus. CylllecTBEHHYH0 OIACHOCTh IpeJcTaBJiAeT
Pseudomonas aeruginosa (Schroeter, 1872) Migula, 1900
(cuHerHoHas ajovKa), BEI3bIBAOIIAA NHDEKI[MOHHbIE
3aboJieBaHUA OPraHOB [bIXaHUA, XeJIyAOYHO-KUIIeY-
HOTO TpakKTa, MOYEBBIBOIALIMX IIyTel, KPOBEHOCHOM
cucremsl 1 mip. (Osmon et al., 2004; Wood et al., 2023).
Jannas GakTepus akTUBHO IopakaeT OpraHM3M, OcJja-
OJieHHBIN JApyrumu 3aboJjieBaHUAMM, YTO OO0YCJIOBJIU-
BaeT eé BO3paCTalIlyl0 POJib BO BHYTPUOOJBHUYHBIX
nH@eKuAX. AHTUOMOTHUKOYCTOMYNBOCTD Ps. aeruginosa
CBsA3aHa KaK ¢ IPUOOPETEHHBIMU I'eHeTHYecKU 3aKpe-
IJIEHHBIMU MeXaHN3MaMU YCTOMYMBOCTH K ONpeiesIeH-
HBIM KJIaccaM BelllecTB, TaK U C UMeIoIelcs CUCTeMOM
abdokca (aKTMBHOe BBIBeJleHHEe aHTUOMOTHUKOB U3
KJIETKM) U IJIOXOU NMPOHUI[AeMOCThI0 KJIETOUHON MeM-
OpaHbl, XapaKTepHOH [Jid TrpaMoTpUIlaTeJIbHBIX Oak-

*ABTOp AJIs IEPENNCKU.

Tepuil (Jin, 2024). Kpome Toro, 3Tu 6akTepuu MOIyT
0o0pa30BBIBaTh OMOIJIEHKH, TaKXke MpenATCTBYIOIe
IIPOHUKHOBEHNUIO K HUM JIeKapCTBEHHBIX IIpernapaToB
(Thi et al., 2020).

OpHOI U3 cTpareruil npeofojeHns aHTUONOTHU-
KOYCTONYMBOCTH SABJIAETCA MCIOJIb30BaHUE aJblOBaH-
TOB — XUMHUYECKUX COeJUHEHNN, 0CcIabIAINNX 3alIUTY
OakTepull, Halnpumep, pa3pylalNuX OHOIUIEHKU U
MOBBIMIAIOIMX TPOHUIIAEMOCTh KJIETOYHBIX MeMOpaH
(Douafer et al., 2019). [[Jia HOBBIIIEHUS AKTUBHOCTH
TeTpalUKJIMHA U ero NPOM3BOAHBIX II0 OTHOLIEHUIO K
Ps. aeruginosa ucnwTaH psn ambioBaHTOB (Borselli et
al., 2017; Troudi et al., 2020; 2021; Wang et al., 2021,
Troia et al., 2022). JToCTaTOYHO BHICOKYI0 aKTUBHOCTb
[IOKa3aJil MpOM3BOAHBIE INoJMaMuHobapHe3wna U
oJINaMMHOIre€paHuniIa, cofepxaiye 3-4 aMUHOTPYIIIIHI
u ruapodobHeii pparment (Troudi et al., 2020; 2021).
Hcnosp3oBaHue [JaHHBIX BelleCTB IO3BOJIMJIO IIOHU-
3UTh JlelICTBYIOIINE KOHIIEHTPaluy TeTPaUKINHOB 10
2 MKT/MJI ¥ HUXe, YTO HaXOqUuTCA B 06J1acTH IoKa3aTe-
Jiell Il YyBCTBUTEJIBHOM K TeTPaIMKJIMHY 'PaMIIOJIio-
xutenpHOU 6akTepun Bacillus subtilis (Ehrenberg 1835)
Cohn 1872 (Muuzapas P®, 2018).
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TeTpalUKJIMH CHHTE3UPOBaH oKojo 70 Jjer
Hazaz (Stephens et al., 1952), HO OH THO-TIpeXHEMY
aKTUBHO UCNOJIb3yeTcsA B 60pbbe, B YaCTHOCTH, C CUOUP-
ckoii s3Boi (Bacillus anthracis Cohn 1872), pukkeTcuo-
3amu (Rickettsia species), 3a60JIeBaHUAMM JIbIXaTEJIbHBIX
nyTeit (Mycoplasma pneumoniae Somerson et al. 1963),
nHeBMoHuel (Chlamydophila pneumoniae (Grayston et
al. 1989) Everett et al. 1999), napoAOHTUTOM, aKHEe,
posariea (Roberts, 2003).

TerpauuknuH (Cxema 1) mpencraBiisieT coOOM
amdoTepHOe coeUHEHNE C HEeCKOJIBKUMH NOHU3UPY-
eMBIMU (PYHKINOHAJIBHBIMU I'PYNIIaMU, OTBEYAOIIMU
3a COOTBETCTBYIOLIME BeJuuMHbl DK : TpukapGoHuWia-
mugHasa (C-1:C-2:C-3, pK, 3.3), peHoNBHAA [UKe-
toHHas (C-10:C-11:C-12, pKa 7.7) 1 quMeTUJIbHAaA
amunorpynmna (C-4, pK,,. = 9.7). B cBsA3u ¢ 2TUM B
KHCJIBIX, YMEepPeHHO KHCJIBIX, HEHTpaJIbHBIX U ILIe0Y-
HBIX YCJIOBUAX TETPAIVKJIVH CYIIeCTBYeT B KATOHHO],
[[BUTTEPHOHHON U aHUOHHOH (opMe, COOTBETCTBEHHO
(Gu and Karthikeyan, 2005). ITpo6JyiemMsl Tipu ero npu-
MeHeHUH CBSI3aHHBl C KMeIolelicss WM pa3BUBLIElcA
yCTOMYMBOCTBIO psija Bo3Oyautesieii (Opal and Pop-
Vicas, 2015; Grossman, 2016; Unemo et al., 2024).
Kpome Toro, ompefiesiéHHble 3aTPyOHEHUsA BBHI3BIBAET
MIOHVXEHHAs pacTBOPUMOCTD TETPAUUKIIMHA B GU3MO-
jorudeckoi obsactu pH: okoso 22-27 MKIr/MiI B alle-
TaTHBIX/dochaTHBIX OydepHBIX pacTBOopax B Auana-
3oHe pH 5-7 (Ahmed and Jee, 1985; Meretoudi et al.,
2020). B 3TOl CcBA3U paclpOCTPaHEHHOU JieKapCTBeH-
HOI GOpMOIT TeTpanUKJINHA SBJIAETCA €ro TUIPOX-
Jgopup, a 3¢bGdeKTUBHOCTh aMHHOCOAepXalluX agbio-
BAHTOB MOXeT OBITh CBsI3aHA KAaK C UX CHOCOGHOCTHIO
HapymaTh MeMOpaHbl U OMONIEHKU OaKTepuil, Tak U
CO B3aHMMOJENCTBHEM C MOJIEKYJION TeTpaluKINHA,
MOBBIIIAIOIIVM €r0 pacTBOPUMOCTb U GMOOCTYITHOCTb.
IMTpu nccsteqoBaHNY HU3KOMOJIEKYJIIPHBIX COeIMHEeHNH
B KauectBe ambioBaHToB (Troudi et al.,, 2021) otme-
yajach HeoOXOOUMOCTh COuYeTaHUs TUAPOGOOHBIX U
OCHOBHBIX THJIPOPUIIBHEIX GparMeHTOB B MOJIEKYJIaX.
B TO xe BpeMms, HM3BECTHA CIOCOGHOCTh MOJIMAMKHOB
[IPOHUKATh B JKUBble KJIETKY, OOYyCJIOBJIMBAOIIASA X
[ePCIeKTUBHOCTD B KaueCTBe areHTOB [JOCTaBKU HyKJle-
WHOBBIX KHUCJIOT B TeHHOM Tepamuy U TeHHOU WHXe-
Hepum (Boussif et al., 1995; Tian et al., 2022; 2024).
MonmusununamuH (I1BA) mpencraBjiser coboil oguH
U3 MPOCTENMNX MO CTPYKType IMOJIMMEpHBIX aMKHOB
(Cxema 2), mocTynHbIi B Bue Gpakuuil ¢ y3KUM MoJie-
KYJIApHO-MAacCCOBBIM paclpefeseHneM Ipy MoJIy4YeHun
rUAPOJIM30M (PPaKIMOHNPOBAHHOIO NOJUBUHUIIDOD-
mamuzga (Annenkov et al., 2011).

JlanHasa paboTa MOCBsAIIeHA WU3yYeHUI0 anbio-
BAaHTHOU akTUBHOCTU [IBA 1O OTHOIIEHUI0 K TeTpa-
MUKJIMHY IpU AeHcTBUM Ha Gakrepuu Ps. aeruginosa.
Taxke orjeHeHa agbIOBAHTHAS aKTHUBHOCTH OJIUTOIPO-
muiaMuHa (Cxema 2), aHAJOIMYHOTO COeJUHEHUSM,
0oOHapyXeHHBIM B CTBOPKax JMAaTOMOBBIX BOJOPOCJIEH
(Sumper and Kroger, 2004).

2. MaTepuanbl U MeTOADI

B pa6ore ncnosnb3oBanu ¢paxiuio [I1BA Moseky-
JIsIpHOM Macchl 4.7 k/la, OJyuYeHHYI0 B COOTBETCTBUU
¢ (Annenkov et al., 2011). OJuroMepHsIfi TOJMAMUH
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pKa=7.7

Cxema 1. CTpyKTypa TeTpalyKJINHA U KOHCTAHTHI HOHU-
3a1uu ero GyHKINOHAJIBHBIX TPYIII.

HaCw H
N N N
H L,'m

NH, CH,
MBA PV18-2a
n =109 m=14

Cxema 2. CtpykTrypHble (popmyJisl IIBA u osmuronponu-
namuHa PV18-2a.

PV18-2a, ppaknusa 1.0. k/]a, cuHTe3upoBaIu 10 MeToAy
(Annenkov et al., 2018). TeTpauuKJUH MOJIyYaaHd U3
ero ruapoxJiopuga (Sisco Research Laboratories Pvt.
Ltd., toT 38614) no meToay (Kardys and Conn, 1961)).
PacTBoOphI A1 TeCcTUPOBaHUA aHTUMUKPOOHO! aKTUB-
HOCTH FOTOBWJIM PacTBOpPeHHEM KOMIIOHEHTOB B pu3u-
osornyeckoM pactBope (150 MM NaCl), Beinununy pH
nosoauian 1o 7.4 nobasmenvem 0.1 M HCl min NaOH.
l'oToBBIE pacTBOpHl CTEPUIN30BaJIN (PUIBTPOBAHHEM
yepe3 mmpuiieBble GuibTpsl (0.22 MM, Sartorius AG,
Fepmanus).

OmnpepeneHre aHTUMUKPOOHOM  aKTHUBHOCTU
IIPOBOAWJIN MeTojoM aud@ys3uu B arap Ha IJIOTHOH
MTaTesJIbHON cpefle IIyTeM CpaBHEHUs pa3MepoB 30H
yrHeTeHus pocra Mukpoopranusma (Munzapas PO,
2018). B mtactmaccoBble oqHOpa30Bble yamku Iletpu
nuamerpoM 90 MM (AO «dupma Meanoanmep», CaHKT-
[TetepOypr, cepusa 011032024 roaex o 03.2027), pas-
JIMBAJIN CTEPUJIBHYIO IUTaTeJIbHYI0 cpeny I'Md-arap
(OO0 «HUILlD» cepunall51221, romen mo 12.2024),
IIpeJBApUTEJIbHO 3aCesHHYI0 TeCT-MUKPOOPraHHu3MOM
— Pseudomonas aeruginosa 27853. CycneH3UI0 KyJIbTYPhI
TOTOBWJIN, UCIIOJIb3yA cTaHAapT MyTHOCTU COIT No1-98-
15 BAK-10 (ot 19.04.2024 romen mo 19.04.2025), B
CTepUJIBHOM (M3MOJIOTHYECKOM pacTBope, II0CJe Yero
JobaBysM B NuTaTesbHYI0 cpeny (49 +1°C) us pac-
yeta 1 mu1 Ha 100 M. A onpefnesieHUs YUCIIEHHO-
cTH OaKTepHasIbHBIX KJIETOK B 1 MJI cycreH3uu JeJiaan
cepuio pa3BefleHHl ¢ IocjieAyomuM nocesom Ha I'M®-
arap. TakuM oOpa3om, YMCJIEHHOCTh Ps. aeruginosa BHO-
cuMoi B vamky [etpu coctaBuia 4.5-10° kji/miL.

I[Nocie 3acThIBaHUA NUTATEJIBHOM Cpefbl B YalllKe
[TeTpu c noMoMIbI0 NOJIOH TPYOKU Aesiaiu 6 JyHOK Jua-
MeTpoM 8.1 MM U BbICOTOH 6.5 MM. B JiyHKH BHOCHJIU
mo 150 MKJI MCHOBITyeMBIX pacTBOpoB. PabGouue pac-
TBOPHI HCCJIeJyeMBIX BellleCTB FOTOBUJIM B Pa3HBIX KOH-
HeHTpauuax. Kaxapili skcriepuMeHT IIPOBOJUIIN B TPEX
oBTOpHOCTAX. Ilocsie BHeCeHUs pacTBOPOB YallK{ Ha
yac OCTaBJ/LUIM IIPU KOMHATHOM TemmepaTrype, 3aTeM
WHKyOHpoBasu npu temmepatype (36 +=1)°C B TeueHue
16-18 u.
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Puc.1. ®otorpadpusa uamku I[leTpu nocie npericTBus
TeTpalMKJIMHA B Pa3jIMYHbIX KOHLIEHTpauuax (MKr/MJ, yka-
3aHBI OKOJIO JIYHOK). BHU3Y - 3aBUCHUMOCTD Jiorapudma KoH-
LleHTpaluu TeTpanukinHa (MKr/MJI) OT KBaJpara paauyca
30HBI nHrubupoBanusa (MM). MUK cocraBuia 46.8 MKr/miL.

Tunuunaeiii Bua vamku [leTpu mocsie KyJibTu-
BUpPOBaHUA IpefcTaBjieH Ha Pucynke 1. luameTrp u
MIMPUHY 30H yIHETEeHUs POCTa TeCT-MHKPOOpraHu3Ma
U3MepsUIU MPU NMOMOIY U(PPOBOTo MITAHTEHIUPKYJIA,
¢ ToyHOCThIO 70 0,1 MM. 3HaueHUS MUHMMAaJIbHOM
UHrubupyiomeii konnenrpanuu (MUK) naxoauiu ana-
noruyHo (Bonev et al., 2008) us 3aBucumoctu In(C) vs
12, rme C — KOHIIeHTpaIMA JeUCTBYIOIIEro BellecTBa, 1 —
MIMpPUHA 30HBl UHTUOMPOBaHUsA. 3aBUCUMOCTh alIIPOK-
CHUMHUPOBAJIN JIMHEWHBIM ypaBHEHUEM, CBOOOHBIN
YJieH KoToporo paBHsIcsA In(MUK).

3. Pe3ynabTaTtbl M 06Ccy)xpeHue

TeTpauukiavH nomasJisieT pocT Ps. aeruginosa
Mpu JOBOJIBHO BBICOKMX KOHLeHTpanusax (Puc. 1), ero
MUK cocraBisger 46.8 MKIr/MJI, YTO COOTBETCTBYET
JaHHBIM, IOJIyYeHHBIM C HCIIOJIb30BAaHUEM MeToAa
pa3baBjieHuss MUKPOOHON cycIleH3uu B 96-JIYHOUYHOM
wiaHmete (Troudi et al., 2021). OKciepuUMEHTHI B IIPU-
cyrctBun 100 mxr/mi [IBA mokazanu (Puc. 2) cymie-
CTBEHHOE yBeJIMYeHNre aKTUBHOCTU TeTPaLUKJIHA, ero
MUK nonususachk 10 1.16 1 0.26 MKr/mJI B 3aBUCHMO-
CTU OT IJIOTHOCTHU HavaJIbHOU KyJIbTYPHL Ps. aeruginosa.
JlaHHble BeJIUYMHBI MPEBBIMIAIOT JIyYIlle MoKa3aTesun
A7 TPOM3BOJHBIX MMoJIMaMUHO(apHe3usa U MoJua-
MHWHOTepaHWIa, cocTapysomuye = 2 Mkr/mia (Troudi
et al., 2020; 2021). [IBA B OTCyTCTBHE TeTpPaLUKINHA
HauyMHaeT MOJABJIATh POCT Ps. aeruginosa nullib NpU
koHueHTpanuu 200 Mkr/mi. Ilpyu coBMecTHOM BBefe-
Huu [1BA u 12 mxr/mn tetpauukiausa (Puc. 3) MUK no
TIBA coctaBuia 57 MKr/MijI.
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Puc.2. 3aBucumocTs Jyiorapudma KOHI[EHTpaluu TeTpa-
UMKJIMHA (MKr/MJI) OT KBaJpaTa paguyca 30HB MHTHOUpOBa-
HuA (MM) B npucytersun 100 mxr/mit IIBA. (1) - miioTHOCTH
KyJibTyphl 4.5-10° xyi/mi, (2) — 10° kii/mi. MUK: 1.16 (1) u
0.26 (2) MKr/MII.

B kauecTBe agbioBaHTaA AJIA TeTpPAaLUKINHA OBLI
Takxe HcnbITaH nomuamMuH PV18-2a (Cxema 2), npen-
CTaBJIAIOIINI cOOOH aHaJior OMOTreHHBIX IOJIMaMHHOB
U3 CTBOPOK JUATOMOBBIX Bozopocieir (Sumper and
Kroger, 2004). PV18-2a npepcrasiseT cob6oil oJuro-
MEpHYI0O CMeCh CO cpeHell MOJIeKyJIApHOI Mmaccoii 1.0
k/la. dieMmeHTapHOe 3BeHO PV18-2a comepxut 60Jib-
Ilee KOJIMYECTBO YIJIEBOJAOPOJHBIX TPYNN IO CpaBHe-
Huto ¢ [IBA u obGiagaer omnpeaeséHHBIMU TUAPodoO-
HBIMH CBOMICTBAMH, B YaCTHOCTH, CIIOCOOHOCTBIO K
acconuanuy B BogHoOU cpenie (Annenkov et al., 2024).
OH TaKXe yCUJIMBaeT aHTUOaKTepUaJIbHYI0 aKTUBHOCTD
TeTpanukyHa 10 MUK 6.3 mkr/mi (Puc. 4), uto cyte-
ctBeHHO Hke MUK cBo60IHOTO TeTpaLUKJIMHA.

6.0 + e
50
(@]
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Puc.3. 3aBucumocts Jorapudma KoHieHTpauuu IIBA
(4.7 x1a) oT xBagpara paguyca 30Hb MHTMOUpOBaHUA (MM)
B npucyTcTBum TeTpauukyinHa (12 mkr/mi). MUK cocraBuia
57 MKr/MJL
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4. BoiBOADI

Takum o6pa3omM, HaMU yCTaHOBJIEHO, YTO TUAPO-
(pUIIBHBIN MOJIMBUHWJIAMUH, He COAepXallnii HUKaKuX
cnenuduieckrux (PyHKIMOHAIBHBIX TPyNI U IIeHTPOB
CBA3BIBaHUS, CIIOCOOEH CyIeCTBEHHO YCHUJIMBATh 4YyB-
CTBUTEJIbHOCTD Ps. aeruginosa k TeTpalUKJINHY, CHIXAasA
ero JIeHCTBYyIOIIME KOHILEHTpaluu OO0 I[OKa3aTesel,
XapaKTepHBIX AJ1 YyBCTBUTEJIbHBIX K HEMYy MUKpOOpra-
HU3MOB. YUMTHIBasA CIOCOOHOCTh noianamuHa PV18-2a
TakXe BBICTynaTh B KayecTBe aAblOBaHTA IIO OTHOIIe-
HUIO K cucTeMe Ps. aeruginosa — TeTpalnukivH, aKTUB-
HOCTb NOJIMBUHWJIAMUHA MOXHO CBA3aTh C HaJIM4YueM
MHOXeCTBEHHBIX aMHHOTPYMI, CIOCOOHBIX K acCOIu-
anuy ¢ KJIeTOYHBIMU MeMOpaHaMu U OHOILIEHKaMMU.
MoXHO NpeanosIoKUTh, YTO BapbUpOBaHKe CTPYKTYPHI
1 MOJIEKYJIAPHON MaccChl MOJIMMEPHBIX aMHHOB IIpH-
BeJET K co3faHuio 6osiee 3(PhEKTUBHBIX a/[bIOBAHTOB,
CIIOCOOHBIX MOMABJIATh YCTOMYUBOCTH MHUKPOOPraHU3-
MOB K aHTUOMOTHUKAM.
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