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The widespread spread of multidrug-resistant bacteria poses a serious threat to the healthcare system, dramati-
cally reducing the effectiveness of most existing antibiotics. This situation significantly complicates the treatment of
bacterial infections, prolongs the course of diseases, and increases the number of complications and mortality rates.
One of the most promising areas is nanotechnology, particularly the synthesis and use of nanocomposites of metals
such as silver and copper, which have a synergistic effect.

Aim: to synthesize and study the antibacterial activity of Ag/Cu hanocomposites against a multidrug-resistant
clinical strain of E. coli.

The Ag/Cu nanocomposites were synthesized at the Department of Theoretical and Applied Chemistry of Sumy
State University by the polyol-colloid method with low-frequency ultrasonic treatment. Broth serial dilutions deter-
mined the antibacterial activity of aqueous solutions of Ag/Cu nanocomposites according to the European Commit-
tee's recommendations for the Susceptibility Testing of Antibiotics (EUCAST). A clinical multidrug-resistant isolate
of E. coli was used to determine the minimum inhibitory concentrations (MIC) and minimum bactericidal concen-
trations (MBC) of the Ag/Cu nanocomposites solution. The synthesized Ag/Cu nanocomposites were 45-100 nm in
size, predominantly round in shape, and prone to agglomeration. The minimum inhibitory concentration of Ag/Cu
nanocomposites for E. coli was 7.81 ug/ml, the minimum bactericidal concentration was 15.63 ug/ml, which is 16
times less compared to copper nanoparticles and 32 times less than silver nanoparticles. The disc diffusion method
confirmed the bactericidal properties of multidrug-resistant E. coli. Changes in the morphological structure of E.
coli were studied by transmission electron microscopy: membrane roughness, changes in cell shape, intracellular
redistribution of cytoplasmic components/structures, cell wall damage, and partial leakage of cellular contents. The
obtained results emphasize the potential of Ag/Cu nanocomposites as an effective antibacterial agent, particularly
against multidrug-resistant strains of E. coli. This opens up prospects for their further use in medical practice, partic-

ularly for treating purulent inflammatory processes caused by multidrug-resistant bacteria.
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Introduction.

The ever-increasing prevalence of antibiotic resis-
tance among microorganisms is a serious public health
problem [1]. Bacterial resistance reduces the effective-
ness of antibiotics, increasing morbidity and mortality,
which leads to more extended hospital stays and, as a
result, higher treatment costs [2]. Domestic and for-
eign scientists have been sounding the alarm about the
spread of multidrug-resistant gram-negative bacteria
among patients affected by the war in Ukraine since
2022 [3]. A group of scientists from the UK cite a case
of treatment of a wounded man from Ukraine, where
multidrug-resistant bacteria led to the amputation of a
limb [4].

E. coli is one of the most common opportunistic
pathogens, often isolated from patients with various
inflammatory and purulent-inflammatory diseases [5].
The pathogen becomes especially dangerous when it
loses sensitivity to antibiotics and extremely dangerous
in cases of multidrug resistance [6].

The antibacterial properties of metal nanoparticles,
including silver and copper, are known [7, 8, 9, 10], but
there are already alarming reports of bacterial resistance
[11]. Combining several mechanisms of antibacterial
action of silver and copper nanoparticles in nanocom-
posites can be a driving factor for enhancing the anti-
bacterial effect and preserving it in cases of multidrug
resistance.

The aim of the study.

To synthesize and investigate the antibacterial activ-
ity of Ag/Cu nanocomposites against a multidrug-resis-
tant clinical strain of E. coli.

Object and research methods.

Ag/Cu nanocomposites were synthesized at the
Department of Theoretical and Applied Chemistry of
Sumy State University by the polyol-colloid method with
low-frequency ultrasonic treatment.

The isolation and identification of E. coli was carried
out according to the methodological recommendations
of Y. V. Voyda et al. [12].

Species affiliation was determined by morphological,
tintorial, cultural, and biochemical properties of micro-
organisms according to the Bergey’s determinant. E. coli
was tested for susceptibility to macrolides, B-lactams,
aminoglycosides, fluoroquinolones, tetracyclines, am-
phenicols, lincosamides, and cephalosporins. As multi-
drug-resistant, an E. coli strain that showed resistance to
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at least one antibacterial drug in three or more antibiotic
groups was selected for the study.

Broth serial dilutions determined the antibacterial
activity of aqueous solutions of Ag/Cu nanocomposites
according to the European Committee’s recommenda-
tions for the Susceptibility Testing of Antibiotics (EU-
CAST). A clinical multidrug-resistant isolate of E. coli was
used to determine the minimum inhibitory concentra-
tions (MIC) and minimum bactericidal concentrations
(MBC) of the Ag/Cu nanocomposites solution. The iso-
lated pure culture of E. coli was grown at 37°C for 24
h on Mueller-Hinton agar, after which microbial suspen-
sions (inoculum) were prepared in 0.9% NaCl solution
with a concentration of 1.5x10%® CFU/cm?, which are
identical to the McFarland turbidity standard of 0.5. A
series of serial dilutions of the Ag/Cu nanocomposites
solution in Mueller-Hinton broth were prepared with
the following concentrations: 1000 pg/mL, 500 pg/mL,
250 pg/mL, 125 pg/mL, 62.5 pug/mL, 31.25 pg/mL, 15.63
ug/mL, 7.81 pg/mL, and 3.9 pug/mL. A microbial suspen-
sion with a final concentration of the test microorgan-
ism of 5x10° CFU/cm? was added to these dilutions. At
the same time, the growth of microorganisms without
the influence of Ag/Cu nanocomposites, the control of
nanocomposites without inoculants, and the control of
the culture medium were simultaneously performed.
The samples were cultivated in a thermostat at 37°C for
24 hours. The lowest concentration of nanocomposites
that inhibited the visible growth of the studied microor-
ganism was considered to be the MIC. The concentration
at which the bactericidal effect occurred was considered
to be the MBC. After that, to determine the MBC, the
culture medium from the dilutions where visible growth
retardation was noted was inoculated onto Mueller Hin-
ton agar and incubated at 37°C for 24 hours. The con-
centration of nanocomposites at which the bactericidal
effect occurred was chosen as the MBC.

Growth retardation zones were determined by the
disc diffusion method according to EUCAST recommen-
dations. Disks with a diameter of 6 mm impregnated
with aqueous solutions of Ag/Cu nanocomposites at
concentrations of 1 g/L, 3 g/L, and 5 g/L were used for
the study.

Transmission electron microscopy (SEM 125-K micro-
scope) was used to study morphological changes in the
E. coli strain after treatment with Ag/Cu nanocompos-
ites at a concentration of 1 MBC.

Research results and their discussion.

The synthesized Ag/Cu nanocomposites are predom-
inantly spherical in shape, with a size of 45-100 nm, and
tend to agglomerate (fig. 1).

The antibiotic resistance profile of the E. coli strain
selected for the study of the composites’ antimicrobial
effect is shown in the table. The E. coli pathogen was
resistant to 4 antibiotics and sensitive to 5 antibiotics.

Ag/Cu nanocomposites showed bactericidal proper-
ties against multidrug-resistant E. coli: MIC was 7.81 pg/
ml, MBC — 15.63 pg/ml. The MIC and MBC of pure silver
nanoparticles were 500 pg/ml, and copper nanoparti-
cles — 250 pg/ml. The combination of silver and copper
in the composition of nanocomposites increased the an-
tibacterial activity of metals by 32-64 times.

According to the results of the disco-diffusion meth-
od, it was found that the growth retardation zone of the
multidrug-resistant E. coli test strain at different concen-

Figure 1 — Transmission electron microscopy of Ag/Cu
nanocomposites.

Table — Antibiogram of E. coli strain

Antibiotics CImI?L:JSI?Iate

Cephalosporins Ceftazidime S

Ceftriaxone R?

Aminoglycosine Tobramycin S

Meropenem S

B-lactams Piperacillin-tazobactam S

Aztreonam R

. Ciprofloxacin S
Fluoroquinolones - -

Moxifloxacin R

Aminoglycosides Amipcillin R

Amikacin S

Tetracyclines Taigecycline S

Notes: 'R — resistant, 2S — sensitive.

trations of nanocomposites was within 9 mm (fig. 2). By
the method of diffusion into agar, it was found that with
increasing concentrations of Ag/Cu nanocomposites, no
increase in the growth retardation zones of the E. coli
test culture was observed. Despite the rather high con-
centrations and nanosizes of Ag/Cu composites, small
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Figure 2 — E. coli growth inhibition zones at different concentrations
of Ag/Cu nanocomposites.

ISSN 2077-4214. Bichuk npo6nem 6ionorii i meguuunn — 2024 — Bun. 4 (175) / Bulletin of problems in biology and medicine — 2024 - Issue 4 (175)

519



MIKPOBIONOTIA / MICROBIOLOGY

Figure 3 — Transmission electron microscopy of multidrug-resistant E. coli: A — multidrug-resistant E. coli without treatment with Ag/
Cu nanocomposites; B — multidrug-resistant E. coli after treatment with Ag/Cu nanocomposites). Notation: a — partial leakage of cellular
content, b — membrane roughness, ¢ — cell wall damage, d - redistribution of cytoplasmic components/structures, e — loss of stable shape by
the bacterial cell.

growth retardation zones may be associated with poor
diffusion of nanocomposites into the nutrient medium.

The study of the morphology of microorganisms
under the influence of Ag/Cu nanocomposites on E. coli
bacterial cells shows cell deformation and damage to
the cell wall (fig. 3).

ChangesintheE. colitest culture’s bacterial cells were
observed per the results of the agar diffusion method.
According to the results of transmission electron
microscopy (fig. 3), it was found that co-cultivation of
the E. coli test culture with Ag/Cu nanocomposites at a
concentration of 1 MBC leads to the loss of a stable shape
of the bacterial cell: membrane roughness, changes
in cell shape compared to the control, intracellular
redistribution of cytoplasmic components/structures
and damage to the cell wall are observed, and areas with
partial leakage of cellular content are also visible.

Researchers suggest that one of the ways silver
inactivates cells is by destroying the outer membrane of
bacteria, while copper compounds act on other cellular
structures: they denature nucleic acids and other
internal biomolecules and cellular structures [13, 14, 15].
Even high concentrations of copper, which lead to the
death of bacteria within 24 hours, do not lead to rapid
destruction of the outer membrane. Silver’s destruction
of the membrane can help copper reach the internal
cellular structures in the case of combined use of silver
and copper [16]. G. Vasiliev et al. suggest the following
three mechanisms of antibacterial synergistic effect
of silver and copper [16]. First, copper ions promote
better oxidation of silver Ag® in the redox reaction and,
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as a result, better release of silver ions Ag* from silver
nanoparticles in the presence of Cu?* ions. Secondly, the
production of Cu* ions during the redox reaction plays
an important role, as they have a better antibacterial
effect than Cu?'. Thirdly, free silver ions bind to proteins
in the culture medium less efficiently in the presence
of Cu®, which leads to a higher concentration of Ag* in
the solution. The antibacterial synergistic effect of silver
and copper can be an ideal solution to many problems in
the medical field where the elimination of an infectious
agent is required when the antibacterial effect of silver
or copper alone is insufficient.

Conclusions.

The Ag/Cu nanocomposites synthesized by the poly-
ol-colloid method demonstrated a pronounced antibac-
terial effect against multidrug-resistant E. coli compared
to the use of silver and copper nanoparticles separately,
which is promising for further study of the antibacterial
properties of nanometals in composites to reduce the
effective concentrations against multidrug-resistant bac-
teria.

Prospects for further research.

Further study of the antibacterial and antibiofilm
activity of Ag/Cu nanocomposites against other multi-
drug-resistant strains of E. coli and other gram-positive
and gram-negative bacteria is necessary. A more de-
tailed study of the mechanisms of synergistic antibacte-
rial action of silver and copper, the role of the structural
components of Ag/Cu nanocomposites, and their physi-
cochemical characteristics in neutralising bacteria is also
needed.

Ayxcuii . 4., ,?MupoHoes I1. ®., leaxHiok T. B., 'I'lweHuuHua; P. M., Tony6Hu4a B. M. .
HAHOKOMMO3UTU Ag/Cu AK AIbTEPHATUBHUUN 3ACIB ANA NIKYBAHHA IHOEKLIN,
BUKNTUKAHUX MYNBTUPESUCTEHTHUMMU LUTAMAMM E. coli
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LlupoKke nowupeHHA Mynemupe3ucmeHmHux bakmepili cmeoptoe ceplio3Hy 3a2po3y 0714 cuCmemMu OXOPOHU
300p08’A, OCKiNbKU Ue pi3Ko 3HUMCYE eghekmusHicmb binbwiocmi icHyro4ux aHmubiomukie. Taka cumyauis 3Ha4HO
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YCKAAOHIOE niKy8aHHA bakmepianbHux iHgheKyil, no0oexcye nepebiz 3ax80pto8aHb, 36inbLWYE KiflbKicMb YCKAAOHEeHb
ma piseHb cmepmHocmi. OOHUM i3 nepcrnekmMuU8HUX HaNPAMKI8 € BUKOPUCMAHHA HOHOMexHOo102ill, 30KpemMa cuHme3
ma 3acmocy8aHHA HAHOKOMITO3UMie Memasie, makux K cpibs10 ma miob, AKi nposAenstome cuHepaiyHuli egpekm.

Mema: cuHmesysamu ma oocaidumu aHmubakmepianbHy aKkmueHicme HaHokommno3zumie Ag/Cu 8i0HOCHO
MyAbmupe3ucmeHmMHo20 KaiHiyHo2o wmamy E. coli.

HaHokomnozumu Ag/Cu bynu cuHme308aHi Ha Kaghedpi meopemuyHoi ma npuknadHoi ximii CymAY nonionsbHo-
KO/10i0HUM MemoO oM 3 HU3bKOYACMOMHOH Yabmpa38yKoeor 06pobKoro. AHMuUbaKkmepianeHy AKMUBHICMb 800HUX
po34uHie HaHokommno3umie Ag/Cu 8u3Ha4yanu memooom cepiliHux po3eedeHb y 6ynblioHi 32i0HO 3 peKoMeHOauiamu
Esponelicbko2o Komimemy i3 8U3Ha4YeHHA Yymsausocmi 0o aHmubiomukie (EUCAST). [1ns 6u3HQYeHHS MiHiMaAb6HO
iH2ibyto4ux kKoHueHmpauil (MIK) ma miHimaneHo 6akmepuyudHux KoHyeHmpayit (MBbK) po34uHy HaHOKOMMo3umis
Ag/Cu 8uKopucmosyeanu KniHiyHuli  MynemupesucmeHmHuli i3onam 6akmepii E. coli. CuHme3o8aHi
HaHokomo3umu Ag/Cu manu posmipu 45-100 HM, nepesaxcHo OKpyaay opmMy ma cxusbHicmes 00 azaomepayil.
MiHimanbHo iH2ibyroua KoHUyeHmpayia HaHokommnosumie Ag/Cu 01 E. coli cmaHosuna 7,81 mMke/MA, MiHiManbHa
6akmepuyudOHa KoHueHmpauia — 15,63 mre/mn, wo 8 16 pasie meHuwe 8 nopieHAHHI 3 HAHOYACMUHKAMU Midi ma
8 32 pasu meHuwe ropieHAHO 3 HOAHOYACMUHKAMU cpibaa. bakmepuyudHi enacmusocmi myssmupe3ucmeHmHor E.
coli niomeepoxceHi Oucko-ougyziliHum memoodom. [ocnidxceHi 3miHu mopghosnoeiyHoi cmpykmypu E. coli memodom
npoceivyro4oi eneKkmpoHHOI MIKPOCKOMIi: WopcmKicme MeMbpaHU, 3MiHA ¢hopMU KAIMUH, 8HYMPiWHbOKAIMUHHUU
nepepo3nodin KOMMNOHeHmMis/cmpyKkmyp yumonaasmu, MOWKOOMEHHA KAIMUHHOI cmiHKU ma 4Yacmkosuli
B8UMOK KAiMUHHO20 emicmy. OmpumaHi pesynsmamu nidKpecaoms nomeryian HaHokomnosumis Ag/Cu Ak
eghekmusHo20 aHMUBAKMeEPIanbHO20 a2eHMa, 30Kpema npomu MysabmupesucmeHmHux wmamie E. coli. Le
8i0KpuBsae nepcriekmusu 014 IXHbo20 M00AAbUWO20 BUKOPUCMAHHA Y MeOUYHIl npakmuyi, 30Kkpema 041 MiKy8aHHA

2HIlIHO-3ananb6HUX NPOYecie CpUYUHEeHUX MyAbmupe3ucmeHmHUMU bakmepiamu.

Knrouosi cnosa: mynsmupeszucmermuicmes, Escherichia coli, Hanokomnoszumu Ag/Cu.

3B’A30K nybaikauii 3 nnaHoBMMM HayKOBO-poCNig-
HUMU poboTamu.

Jocnif)eHHA BUKOHAHO 33 PaxyHOK rpaHTOBOI Nig-
TpUMKM HaujioHanbHoro ¢oHay AocnigskeHb YKpaiHu.
Ha3Ba NpoeKTy: «ANbTepHATMBHE NiKYBaHHA eKcnepu-
MEeHTaNbHOI rHIMHOT XipypriyHoi iHdeKuii, y Tomy uuchi
npu 6oiosin Tpasmi». Homep pepkaBHOI peecTpauii
npoekty 0124U004801.

Bcryn.

MocTiliHO 3pocTatoya NOLWMPEHICTb CTIMKOCTI MiKpo-
opraHiamiB 4o aHTMBIOTKKIB € cepio3HOI Npobiemoto
Ona oxopoHu 3g0pos’a [1]. PesucTeHTHiCTb 6GaKTepil
3HMXKYE edEeKTMBHICTb 3acToCcyBaHHA aHTUBIOTUKIB,
36i/bLUYIOUYM 3aXBOPIOBAHICTb | CMEPTHICTb, WO NPU3BO-
ONTb 0,0 NOAOBXKEHHA TepMiHy nepebyBaHHA B liKapHi i,
AK HACNiAOK, A0 NiABULEHHA BAPTOCTI NiKyBaHHSA [2]. Bi-
TUYM3HAHI Ta 3apybixKHi BYEHi 6'10Tb Ha CNOJIOX LLLOAO No-
LUMPEHHA MYNbTUPE3UCTEHTHUX TPaMHeraTMBHUX bakTe-
pifi MiXK NaLieHTiB, AKI NOCTPaXKA4aNn BHACNIAOK BiiHM B
YKpaiHi, noynHatoum 3 2022 p. [3]. Mpyna B4yeHux i3 Beaun-
KObpUuTaHii HaBOAATb BUNAAOK NiKyBaHHA NOPAHEHOrO 3
YKpaiHu, e MynbTUPe3nCTeHTHICTb BakTepilt npussena
00 amnyTaLii KiHLiBKK [4].

E. coli — 0ayH 3 HalPO3MOBCIOAMKEHILNX YMOBHO-MNa-
TOreHHUX 36yAHUKIB, WO 4acTo BWUCIBAETbCA BiA, NaLi-
€HTIB i3 Pi3HMMW 3aNanbHUMM Ta THIMHO-3aMaNbHUMM
3axBoptoBaHHAMM [5]. Ocobnmeo HebesneyHWm CTa€
36y4HMK Npu BTPaTi YYT/IMBOCTI A0 aHTMOIOTMKIB i BKpal
Hebe3neyHMM y BUNaZKax My/IbTUPE3UCTEHTHOCTI [6].

Bigomo npo aHTMbakKTepianbHi BAACTUBOCTI HaHO-
YaCTMHOK MeTanis, y TOMy YMchi cpibna Ta miai [7, 8, 9,
10], npoTe BKe 3’ABAAIOTLCA TPUBONKHI NOBIZOMNEHHA
3a CTiliKicTb 6akTepilt i 4o Hux [11]. NoeaHaHHA AeKinb-
KOX MexaHi3miB aHTMbaKTepianbHOi Aji HaHOYaCTUHOK
cpibna Ta mMigj y cknaai HaHOKOMMNO3UTIB MOXKE CTAaTU py-
WikHUM GaKTOpPOM ANs NMoCUNeHHA aHTUbaKTepianbHOI
Aii Ta 36eperkeHHs T y BUNaaKax MynbTUPE3NUCTEHTHOCTI
bakTepin.

Merta gocnigKeHHs.

CuHTe3yBaTV Ta OCNIAUTU aHTUBaKTepianbHy aKTUB-
HicTb HaHoKomno3uTie Ag/Cu BiHOCHO My/bTUPE3UC-
TEHTHOrO KAiHiyHoro wramy E. coli.

O6’eKT i meTOAU AOCNIAKEHHA.

HaHokomno3suntn Ag/Cu 6ynmn cuHTe30BaHI Ha Kade-
Api TeopeTUyHOI Ta npukaagHoi ximii CymaY nonionb-
HO-KONOTAHMM METOA0M 3 HU3bKOYACTOTHOHO YNbTPA3BY-
KoBOt 0b6pobKoto.

BuagineHHa Ta igeHTuoiKauito E. coli nposoanau
3rigHO MeToauYyHMM pekomeHpauiam HO. B. Boliga 3i
cnisasT. [12]. BUAoBY HafexHicTb BU3HaYanun 3a mopdo-
NOTIYHUMMU, TUHKTOPiIaIbHUMM, KyAbTYpasbHUMM Ta bio-
XiMIYHMMM BNACTUBOCTAMM MiKPOOPraHi3miB BignoBigHO
00 BU3HAYHWKA beppyki. E. coli pocniarKyBanu Ha 4yTam-
BiCTb 10 MaKponiais, B-naktamis, amiHOMiKo3nAis, ¢To-
PXiHONOHIB, TETPALUMKAIHIB, amdeHiKoNiB, NiHKO3aMiZiB,
uedanocnopwuHis. Ltam E. coli, wo npoABMB CTilKiCTb
NpWHalMHI 0 ogHOro aHTMbaKTepiafbHOro npenapary
B TPbOX abo binblwe rpynax aHTMHGioTUKIB, ByB 06paHuit
ONA AOCNIAKEHHSA K MY/IbTUPE3UCTEHTHUN.

AHTMBOaKTepiasibHy aKTUBHICTb BOAHWUX PO3YUHIB
HaHoKkomno3utie Ag/Cu BM3HaYanM METOAOM Cepiit-
HUX po3BeAeHb y OyNbMOHI 3rifHO 3 pekomeHaauiaMmm
€BpPONENCHKOrO KOMITETY i3 BU3HAYEeHHA YyTAUBOCTI A0
aHTMGioTMKiB (EUCAST). [nA BM3HAYEHHA MiHiManbHO
iHribytounx KoHueHTpauii (MIK) Ta miHimanbHO 6akTe-
pULMAHUX KoHUeHTpauin (MBK) po3unmHy HaHoKomnmno-
3uTiB Ag/Cu BUKOPUCTOBYBAU KNiHIYHUIA MyNbTUPE3UC-
TEHTHUW i301aT 6akTepii E. coli. BugineHy uncty Kynetypy
E. coli kynbTByBanu npu Temnepatypi 37°C npotarom
24 rop, Ha arapi Mtonnepa-XiHTOHa, Nicaa Yoro roTysaau
MiKpObHi cycneHsii (iHokyntomm) B 0,9% posumHi NaCl 3
KOHUeHTpauieto 1,5x10% KYO/cm3, wo iaeHTUYHI CTaH-
Aapty myTtHocTi 0,5 3a Mak-®apnaHgom. foTyBanu pag,
cepiiHMX po3BedeHb Po3uMHy HaHokomnosutis Ag/Cu
y 6ynbioHi Mionnepa-XiHTOHa 3 TaKUMW KOHLLEHTpaLLia-
mu: 1000 mkr/mn, 500 mkr/mn, 250 mkr/mn, 125 mkr/
mAa, 62,5 mrr/mna, 31,25 mkr/mn, 15,63 mkr/ma, 7,81
MKr/ma Ta 3,9 mkr/ma. o umx possefeHb 40AaBanu

ISSN 2077-4214. Bicuuk npo6nem Gionorii i meanuunn — 2024 — Bun. 4 (175) / Bulletin of problems in biology and medicine — 2024 - Issue 4 (175)

521



MIKPOBIONOTIA / MICROBIOLOGY

PucyHoK 1 - Mpocsivytoua enekTpoHHa MiKpoCKonia HAHOKOMNO3W-
Tis Ag/Cu.

Tabnuua — AHTUGIoTMKOrpama wramy E. coli

AHTUBIOTUKM . U UL )
i3onAt E. coli
LedTasnanum St
Ledbanocnopuuu - >
LedTtpiakcoH R
AMIHOTNIKO3UH TobpamiuuH S
MeponeHem S
B-naktamm MNinepayuniH-tazobakTam S
A3TpeoHam R
nnpodaokcaumH S
PTOPXIHONOHM Lunpod .
MokcudnoKcaymH R
X X Aminumnix R
AmiHornikosnam -
AmikaumH S
TeTpauuKkniHm Talreumnkin S

MpuMmiTKK: 'R — PE3NUCTEHTHUNA, 2S — UyTIUBUIA.

MiKpPOBHY CcycreHsito 3 KiHLLeBOI KOHUEHTPALLE AOCi-
OKyBaHOro mikpoopraHiamy 5x10° KYO/cm3. OgHovacHo
NPOBOAWIN KOHTPO/Ib POCTY MiKpOOpraHiamis 6e3 Bnau-
By HaHoKomno3uTis Ag/Cu, KOHTPO/Ib HAHOKOMMO3WUTIB
6e3 iHOKyNATIB Ta KOHTPOJb MOXMBHOIO CepesoBULa.
JocnigKyBaHi 3pasku KynbTUBYBanM B TEPMOCTaTi npu
TemnepaTypi 37°C npotarom 24 rog,. 3a MIK BBaxkanu

[ [ .,
PUCyHOK 2 — 30HM 3aTpuMKM pocTy E. coli npu pisHMX KOHUEHTpaL,i-
AX HaHoKomno3uTis Ag/Cu.

HaliMeHLLY KOHLLeHTPaL,ito HAHOKOMMO3WUTIB, AKA MPUTHI-
yyBasa BUAMMMI PIiCT AOCANIAMKYBAHOTO MiKpPOOpraHis-
My. 3a MBK BBaKa/iM KOHLUEHTpaL,ito, Npu AKiN HacTaBas
bakTepuumaHuin edekt. Micna uboro ANA BUM3HAYEHHSN
MBK pobunn BUCiB NOXMBHOIO cepefoBMLLA i3 po3Be-
AeHb, Ae BiAmivanacb BUAMMA 3aTPMMKA POCTY, Ha arap
Mtonnepa XiHToHa Ta iHKybyBanu npu 37°C npoTtsarom 24
rog. 3a MBK obupanu Ty KOHLEHTpaL,ito HAHOKOMMNO3K-
TiB, MPW AKi HacTaBaB baKTepULMAHNI edeKT.

30HM 3aTPUMKM POCTY BM3HaAYaAM AUCKO-andys3iit-
HUM MeTOoAOM 3a pekomeHgauiamm EUCAST. Ona po-
CNiAXKeHHA BMKOPUCTOBYBAIN OUCKM AiaMeTpom 6 Mm,
MPOCOYEHi BOAHVMMM PO3YMHAMM HaHOKOMMO3uTiB Ag/
Cuy KoHueHTpauiax 1 r/n,3r/nta5r/n.

MopdonoriyHi 3miHM wtamy E. coli nicna o6pobku
HaHoKkomno3utamm Ag/Cu y KoHueHTpauii 1 MBK go-
CNigXXyBannm MeToA0M MPOCBIYYHOUOI €1EeKTPOHHOI Mi-
Kpockonii (mikpockon MEM 125-K).

Pe3ynbTatv AocnigMKeHHA Ta ix 06roBopeHHs.

CuHTe30BaHi HaHoKomnosutn Ag/Cu matoTb nepe-
BaXKHO KynsacTy dopmy po3mipom 45-100 Hm, 3i CXMAbHI-
CTIO 0 arnomepauii (puc. 1).

Mpodinb aHTMBIOTMKOpPe3ncTeHTHOCTI wTamy E. coli,
obpaHoro Ana AOCNigKeHHA aHTUMIKPOOHOT Aji Kom-
nosuTiB, NogaHui B Tabauui. 36yaHuk E. coli BussuscA
CTilKUM A0 4 aHTMBIOTKKIB Ta YyTAMBUIA — 40 5 aHTUGI-
OTWKIB.

HaHokomnosutn Ag/Cu npossunn 6aktepuumaHi
BN1ACTUBOCTI BiAHOCHO My/nbTUpPE3UCTEHTHOI E. coli: MIK
ctaHosus 7,81 mkr/mn, MBK — 15,63 mkr/ma. MIK Ta
MBK uncTmx HaHouacTMHOK cpibna ctaHoBman 500 mKr/
MJ1, HAHOYACTUHOK Midi — 250 mKr/mn. MoeaHaHHA cpi-
6na Ta Migi y cknagi HaHOKOMMNO3WTIB MpuU3BENO A0
NnocuneHHA aHTMbaKTepiasibHOI aKTMBHOCTI MeTanis y
32-64 pasis.

3a pesynbratamu AUCKo-andysiiHoro metogy 6yno
BCTAHOB/IEHO, LLO 30HA 3aTPMMKM POCTY MYy/bTUPE3NC-
TEHTHOro TecT-WwTamy E. coli npu pisHUX KOHUEHTpaLLi-
AX HAHOKOMMO3MUTIB 3HAXOAMNUCL B MeXax 9 mm (pwmc.
2). MeTtogom amoysii B arap 6yn0 BCTaHOB/IEHO, WO
npu 36iNblUEHHI KOHUEHTpaUin HaHoKomno3suTtis Ag/
Cu He cnocTepiranoch 36isblWeHHA 30H 3aTPUMKK POCTY
TecT-kKynbTypu E. coli. He3Baxatoum Ha A0CUTb BUCOKI
KOHLEHTpauii Ta HaHopo3mipu Komno3uTie Ag/Cu, He-
BE/IMKi 30HM 3aTPUMKM POCTY MOXKYTb OyTW MOB’A3aHi
i3 noraHot Andy3ieto HAHOKOMMO3UTIB A0 MOXKMBHOIO
cepefoBULLa.

JocnigrkeHHs mopdonorii MiKpoopraHiamis 3a ymos
BN/IMBY HaHOKOMMO3uTiB Ag/Cu Ha KniTnuHM 6akTepin E.
coli peMoHcTpye AedopmalLLito KNITUH Ta NOLUKOAKEHHA
KNITUHHOI CTiHKK (puc. 3).

3MiHK y BaKTepiaNbHUX KNITUHAX TecT-KynbTypu E.
coli cnoctepirannca BiANOBIAHO A0 OTPUMAHUX PE3Yib-
TaTiB metogy auoysii B arap. 3riAHO OTpMMaAHUX pe-
3y/IbTaTiB MPOCBiIYYOYOT €/1eKTPOHHOT MiKpocKonii (puc.
3) BCTaHOB/IEHO, WO CRiBKY/ABTUBYBAHHA TECT-KYNbTYPU
E. coli 3 HaHoKomnosutamu Ag/Cu y KoHueHTpauii 1
MBK npr3BoauTb A0 BTpaTM GaKTepiasibHOK KNITUHOM
cTabinbHOi dopmu: crocTepiraeTbca WOPCTKICTb Memb-
paHu, 3MiHa GOPMU KAITUH Y MOPIBHAHHI 3 KOHTPO/EM,
HaABHi BHYTPILUHbOKAITUHHUI Mepepo3nohin Komno-
HEHTIB/CTPYKTYP LMTOMAA3MM Ta MOLUKOAMKEHHSA KNITUH-
HOI CTiHKM, TaKOXX MOMITHI AiNAHKM 3 YaCTKOBUM BUTO-
KOM KNITUHHOIO BMICTY.
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PucyHoK 3 — lMpoceiuyloua enekTpoHHa MiKPOCKoNia MyabTUPE3UCTEHTHOI E. coli: A — mynbTupesucteHTHa E. coli 6e3 06po6bku HaHOKomMO-
3utamm Ag/Cu; b — mynbtupesucrteHTHa E. coli nicna 06po6ku HaHokomnosutamu Ag/Cu). Mo3HaueHHA: a — YaCTKOBUIA BUTOK KAITUHHOIO
BMICTY, 6 — LIOPCTKICTb MeMbpaHu, B — MOLUKOAMKEHHSA KAITUHHOI CTIHKK, I — Nepepo3noAin KOMNOHEHTIB/CTPYKTYp LMTONAa3Mu, 4, — BTpaTta
6aKTepianbHOIO KAiTUHOIO cTabinbHOT popmu.

LoCniAHUKM NPUNYCKaloTb, WO OAHMM i3 cnocobis
iHaKTUBALi KNiTUH cpibnom € pyliHYBaHHA 30BHILIHbOT
membpaHu bakTepiil, Todi AK CNOAYKM Mifi AiloTb Ha
iHWIi KNITUHHI CTPYKTYpU: AEHaTYpYytoTb HYKNEIHOBI KuC-
JIOTW Ta iHLWI BHYTPIWHI 6ioMONEKyN Ta KAITUHHI CTPYK-
Typu [13, 14, 15]. HaBiTb BUCOKI KOHLEHTpauii migi, aki
npusBoaATb A0 3arnbeni 6akTepii BNpoaoBK 24 rof
He NMpuU3BOAATbL A0 LWBMAKOIO PyrHYBAHHA 30BHIiLLIHbOT
membpaHu. PyliHyBaHHA membpaHu cpibnom moxe go-
NOMOTITU MiZi JOCATTU BHYTPILHIX KNITUHHUX CTPYKTYP
Yy BMNAZKYy NOEAHAHOrO 3acTOCyBaHHA cpibna Ta migj
[16]. G. Vasiliev 3i cniBaBT. NnpunyckaoTb HaCTyMHi Tpu
MeXxaHi3mun aHTMbaKTepianbHOi cuHepriyHoi aii cpibna
Ta migi [16]. Mo nepuwe, iOHM Migi CNPUAIOTL KPaLOMy
OKMCHeHHIo cpibna Ag’ B OKUCHO-BiAHOBHIN peaKLii i, Ak
HaCcNigoK, Kpallomy BUBINbHEHHSA iOHIB cpibna Ag* 3 Ha-
HOYaCTUHOK cpibna y npucyTHOCTi ioHiB Cu®. Mo-apyre,
Ba*K/IMBY POJIb Bigirpae npoayKkyBaHHA ioHiB Cu* nig vac
OKWUCHO-BiZAHOBHOI peakKuji, Wo MaloTb Kpally aHTUbaK-
TepianbHy Ajto nopiBHAHO 3 Cu?*. Mo-TpeTe, BiNbHI iOHK
cpibna 3B’A3yl0TbCA 3 GiIKAMW B MOXKMBHOMY Cepefo-
BULL MeHLW edpeKTMBHO B npucyTHocTi Cu®, wo npu-
BOAUTb A0 6inbloi KoHUeHTpauii Ag* B po3umHi. AHTU-
6aKTepianbHa cuHepriyHa aia cpibna Ta migi moxe 6yTK

ineanbHUM piweHHAM gns 6araTbox npobnem B cdhepax
MeanuMHU, ae NoTpibHe ycyHeHHs 36yaHuKa iHdeKuji
npw HegOCTaTHbOMY aHTMBaKTepiabHOMY edeKTi nwe
cpibna abo migi.

BUCHOBKM.

CuHTE30BaHi NOMIO/AbHO-KONOIAHUM METOAOM Ha-
HoKomnosuT Ag/Cu NpPOAEMOHCTPYBAAN BUPANKEHY
aHTMbaKTepianbHy Ait0 BiAHOCHO MYNbTUPE3UCTEHTHOI
E. coli nopiBHAHO 3 3aCTOCYBaHHAM OKPEMO HaHOYaCTu-
HOK cpibna Ta Migj, Wo € NnepcnekTMBHMM 415 nogab-
LWOro AOCNIAMKEHHA aHTMOaKTepiaNbHUX BNACTUBOCTEM
HaHOMeTaniB y CKAai KOMMO3UTIB 3 METOK 3MEHLLEHHA
e(eKTUBHUX KOHLEHTpPAL,iM BiAHOCHO MYyNbTUPE3UCTEHT-
HUx 6akTepin.

MepcnekTuBM NOAANbLUUX [OCNIAMKEHD.

HeobxigHe nopanblue AOCNIAMKEHHA aHTubakKTe-
pianbHOI Ta aHTM6IONNIBKOBOI aKTUBHOCTI HaHOKOM-
nosutie Ag/Cu BIZLHOCHO iHLIMX MYNLTUPE3UCTEHTHUX
wramis E. coli a TaKOXK iHLWIMX FPAaMNO3UTUBHUX Ta TPam-
HeraTuBHUX bBakTepin. HeobxigHe Ginblw geTanbHe BU-
BYEHHA MEXaHi3aMiB CMHepriYHOi aHTMbaKTepianbHOI Al
cpibna Ta Migj, poni CTPYKTYPHUX KOMMOHEHTIB HaHO-
Komno3uTie Ag/Cu i ix Gi3UKO-XiMIYHUX XapaKTEPUCTUK B
3HeLWKoAKeHHi bakTepii.

-
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HAHOKOMIMO3UTU Ag/Cu IK ANNTEPHATUBHUM 3ACIE AN1A NIKYBAHHA IHOEKLIA, BUKNUKAHUX MY/b-
TUPESUCTEHTHUMM LUTAMAMM E. coli

Oy:xuii |. 4., MupoHos M. ®., IBaxHioK T. B., MweHuyHuit P. M., lony6Huua B. M.

Pestome. MocTiHO 3pocTatoya NPOTUMIKPOBHa CTiMKiCTb 40 aHTUMBIOTUKIB € cepiio3HO NPob6aemMOoto CbOrogeH-
HA. LLMpOKe NoWwmnpeHHA MynbTUPE3UCTEHTHUX BaKTepii pPi3Ko 3HMKYE ePeKTUBHICTb BinbwocTi aHTUHIOTUKIB Ta
BMMArae piwy4mx Ai wono po3pobkM HoBUX GOpM aHTMOAKTepiabHUX 3acob6iB 3 NOCUIEHO aHTUBaKTepiaib-
HO0 aKTUBHICTHO. Biflomi CBOEID aHTMOaKTepianbHO Ai€t0 HAHOYACTUHKM Cpibaa Ta Migi He 3aBXK AN 3a40BO/IbHAOTbL
notpebu nikapis, BPaxoBYHOUM iX TOKCUYHY Ait0 Ta GaKTM NOABU PE3UCTEHTHOCTI A0 HUX. 3MEHLLEHHS TOKCUYHOI Aji
Ta JOCATHEHHA NOCUNEHOrO CUHEPTiYHOro aHTUHaKTepPiaIbHOro BMN/IMBY CTUMYIOE A0 PO3PO6KM HOBUX pOpM B3aE-
mogji cpibna Ta miai.

B cTaTTi HaBOAATLCA AaHi AOCNiAXKeHb aHTUBaKTepiaNbHOT aKTUBHOCTI HaHOKomNo3uTiB Ag/Cu BiAHOCHO My/b-
TUPE3UCTEHTHOIO KAiHiYHOro wramy E. coli, 1o nposBMB pPe3UCTEHTHICTb BiAHOCHO LiedanocnopuHie, B-nakramis,
$TOPXiHONOHIB Ta amiHOMNiKo3nAiB. CMHTe30BaHi NOMI0ONbHO-KONOIAHMM METOAOM 3 HM3bKOYACTOTHO Y/IbTPA3BY-
KoBOI 06p06KOI0 HaHOKOMNO3UTK Ag/Cu Manu po3mipu 45-100 HM, nepeBa>KHO OKpYyr1y GOpMy Ta CXMAbHICTb A0
arnomepatiii. MiHimanbHo iHribytoya KOHLEeHTpaLia HaHokomno3uTis Ag/Cu ans E. coli ctaHosuna 7,81 mkr/mn, mi-
HimanbHa 6akTepuUMaHa KOHLUEHTPaLia — 15,63 mKr/mA, 1o B 32 pasu MeHlLLe B NOPIBHAHHI 3 HAHOYACTUHKaMU Miaj
Ta B 64 pa3y MeHLle NopiBHAHO 3 HAHOYACTUHKaMM cpibna. bakTepuLUMaHi BNAaCTUBOCTI My/bTUPE3UCTEHTHOI E. coli
nigreepaxeHi aucko-anoysinHmum metogom. ocnigrkeHi amiHn mopdonoridyHoi cTpykTypu E. coli meTogom npocsi-
YYHOYOI €/1IEKTPOHHOT MiKPOCKOMIT: LOPCTKICTb MembpaHu, 3miHa GOPMU KNITUH, BHYTPILLHbOKAITUHHKUI Nepepo3no-
AiN KOMMNOHEHTIB/CTPYKTYP LMTOMNIA3MM, MOLIKOAMKEHHSA KAITUHHOT CTIHKM Ta YaCTKOBMIA BUTOK KAITUHHOIO BMICTY.

MiaTBepAXKeHHN CMHeprivyHOI Aji cpibna Ta migi y cknagi HaHokomno3mTie Ag/Cu € NepcnekTMBHUM 4S8 Noaasib-
LLOTrO JOCNIAMKEHHA aHTMOAKTepialbHUX BNACTUBOCTEN MeTasieBUX HAHOKOMMO3MTIB Ta BNPOBAAMKEHHSA 1X Y KAIHIYHY
NPaKTUKY.

Kniouosi cnoBa: My/ibTMPE3UCTEHTHICTb, Escherichia coli, HaHokomnosutn Ag/Cu.

Ag/Cu NANOCOMPOSITES AS AN ALTERNATIVE TREATMENT FOR INFECTIONS CAUSED BY MULTIDRUG-
RESISTANT E. coli STRAINS

Duzhyi I. D., Myronov P. F., Ivakhniuk T. V., Pshenychnyi R. M., Holubnycha V. M.

Abstract. The constantly growing antimicrobial resistance to antibiotics is a serious problem today. The
widespread spread of multidrug-resistant bacteria sharply reduces the effectiveness of most antibiotics and requires
decisive action to develop new forms of antibacterial agents with enhanced antibacterial activity. Known for their
antibacterial effect, silver and copper nanoparticles do not always meet the needs of doctors, given their toxic
effect and the facts of the emergence of resistance to them. Reducing the toxic effect and achieving an enhanced
synergistic antibacterial effect stimulates the development of new forms of interaction of silver and copper.

The article presents data on the antibacterial activity of Ag/Cu nanocomposites against a multidrug-resistant
clinical strain of E. coli, which showed resistance to cephalosporins, B-lactams, fluoroquinolones, and aminoglycosides.
Synthesized by the polyol-colloidal method with low-frequency ultrasonic treatment, Ag/Cu nanocomposites had
dimensions of 45-100 nm, predominantly rounded in shape, with a tendency to agglomeration. The minimum
inhibitory concentration of Ag/Cu nanocomposites for E. coliwas 7.81 pug/ml, the minimum bactericidal concentration
was 15.63 pg/ml, which is 32 times less compared to copper nanoparticles and 64 times less compared to silver
nanoparticles. The bactericidal properties of multidrug-resistant E. coli were confirmed by the disk-diffusion method.
Changes in the morphological structure of E. coli were studied by transmission electron microscopy: membrane
roughness, cell shape change, intracellular redistribution of cytoplasmic components/structures, cell wall damage,
and partial leakage of cellular contents.

Confirmation of the synergistic effect of silver and copper in the composition of Ag/Cu nanocomposites is
promising for further research into the antibacterial properties of metal nanocomposites and their implementation
in clinical practice.

Key words: multidrug resistance, Escherichia coli, Ag/Cu nanocomposites.
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INVESTIGATION OF ANTAGONISTIC ACTIVITY OF METAL NANOPARTICLES
(Au, Ag, Fe) COMPOSITION WITH PROBIOTIC STRAIN Lactobacillus plantarum

FOR THE DEVELOPMENT OF METAL-PROBIOTICS

F.D. Ovcharenko Institute of Biocolloidal Chemistry of NAS of Ukraine (Kyiv, Ukraine)
25| “The Institute of Traumatology and Orthopedics” by NAMS of Ukraine (Kyiv, Ukraine)
sdybkova@gmail.com

Metal nanoparticles are widely used in medicine, veterinary medicine, and biotechnology. The aim of the study
was to investigate the antagonistic activity of metal-containing compositions based on the probiotic strain Lacto-
bacillus plantarum with gold, silver and iron nanoparticles against the test cultures Escherichia coli ATCC 25922,
Enterococcus faecalis ATCC 29213, Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa ATCC 27853, Ser-
ratia marcescens, Escherichia coli 055, Enterobacter aerogenes, Acinetobacter baumannii, Staphylococcus aureus
209, Staphylococcus epidermidis, Klebsiella pneumoniae, Salmonella typhimurium, Shigella sonnei, Shigella flexneri,
Proteus mirabilis, Proteus vulgaris, Candida albicans. Colloidal-chemical, biochemical and microbiological methods
were used in the study. Compositions of metal nanoparticles with L. plantarum cells (1x109 CFU/ml): (1) a compo-
sition with a mixture of Au/Ag/Fe nanoparticles 0.32 Au/160.0 Ag / 100.0 Fe ug/ml; (2) a composition with 30 nm
silver nanoparticles (160.0 ug/ml); and (3) a composition with 4 nm NBC silver nanoparticles (content of Ag 8x10-5
ug/ml) were developed and their effective antagonistic effect against all studied test cultures of microorganisms was
established. Plasmid-eliminating effect of the developed compositions containing silver nanoparticles was revealed

which gives the ability to prevent the transfer of antibiotic resistance genes to the host intestinal commensals.
Key words: metal nanoparticles, Lactobacillus plantarum, antagonistic activity, elimination of antibiotic resis-

tance plasmids, metal-probiotic.

Connection of the publication with planned re-
search works.

The work was carried out within the framework of
the research work: “Development of environmentally
friendly and biocompatible nanomaterials for biomedi-
cal purposes” (state registration number 0121U113443).

Introduction.

The specific properties of metals in the ultradis-
persed state open up wide possibilities for their use in
medicine, veterinary medicine and biotechnology.

Researchers are focusing considerable interest on
studying the modulating ability of metal nanoparticles
(MeNPs) in relation to physiological and biochemical
processes in prokaryotic and eukaryotic organisms [1, 2].
In addition, metal nanoparticles have high antimicrobial,
anti-inflammatory, regenerative, and plasmid-eliminat-
ing activity [3-5].

These biological properties of MeNPs are important
and relevant in terms of their interaction with prokary-

otic and eukaryotic cells and determine the feasibility of
their use in the creation of metal-containing composi-
tions of probiotic preparations.

Modern biotechnology for the production of probiot-
ic preparations faces a number of problems, namely: in-
sufficient biomass growth rate of producer strains, long
rehydration time of probiotic cultures after lyophilisa-
tion, which requires the use of a complex set of growth
substrates and inevitably affects the high cost of probiot-
ic preparations. These problems can be avoided by using
substances that can stimulate the metabolic activity of
probiotic cells. Such substances can be metal nanopar-
ticles [6].

In addition to the probiotic properties, the value of
metal-containing probiotics can be determined by the
presence of MeNPs as a source of trace elements.

One of the main biological properties of probiotic
preparations determining their effectiveness is antago-
nistic activity [7]. The microbiological component in the
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