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ANTIBACTERIAL AND ANTIBIOFILM ACTIVITY OF CU/CU.0
NPS AGAINST MULTIDRUG-RESISTANT BACTERIA

Introduction. Multidrug-resistant (MDR) bacteria are very
dangerous and represent a major problem in all areas of healthcare: they
often cause diseases that cannot be treated with antibiotics, which leads
to long-term ineffective treatment, complications, and high treatment
costs. Searching for new antimicrobials is one of the key components of
a successful fight against infections caused by MDR. This study was
designed to elucidate the antimicrobial and antibiofilm activities of
copper/copper oxide nanoparticles (Cu/CuO NPs) against MDR
bacteria.

Methods. Cubic Cu/Cu,O NPs were synthesized by the polyol
method. The physicochemical characteristics of the nanoparticles were
investigated using transmission electron microscope, X-ray diffraction
investigation, energy dispersive spectroscopy and Fourier-transform
infrared spectroscopy. Laboratory reference bacterial strains (S. aureus
ATCC 25923. E. coli ATCC 25922, P. aeruginosa ATCC 27853) and
MDR clinical strains isolated from patients with a purulent process (S.
aureus, E. coli, P. aeruginosa) were used to examine the antibacterial
effect of nanoparticles.

Results. Cubic Cu/Cu,O NPs showed antimicrobial activity against
both Gram-negative and Gram-positive bacteria, but the antibiofilm
activity of Cu/Cu,O NPs was more promising for targeting Gram-
negative bacteria. Cu/Cu,O NPs were less effective against MDR strains
of planktonic bacteria in comparison to laboratory reference strains. No
significant differences were found between the action of the Cu/Cu,O
NPs on biofilms formed with reference laboratory strains or MDR
clinical strains.

Discussion. The findings of this research may be useful to develop
new drugs and approaches for treating infection caused by MDR
microorganisms. Further research is warranted to elucidate the
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underlying mechanisms of Cu/Cu,O NPs action, optimize their
formulation, and evaluate their safety and efficacy in preclinical and
clinical settings.
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AHTUBAKTEPIAJIBHA TA AHTHUBIOILIIBKOBA
AKTUBHICTh HAHOYACTHHOK CU/CU20 BIJHOCHO
MYJbTUPE3UCTEHTHUX BAKTEPII

Beryn. MynbTupesucteHTHI OakTepii € qyke HeOe3medyHUMH Ta
CTaHOBIATH Cepio3HY mpolieMy B yciX cdepax OXOpPOHH 3H0pOB’S:
YacTO BHKJIMKAIOTh 3aXBOPIOBAHHS, sIKIi HE MiANAIOTHCS JIIKYBaHHIO
AHTHOIOTMKAMH, IO TPH3BOTUTH OO0 HEe(PSKTUBHOCTI JIIKyBaHHS,
YCKIaAHEHb 1 BHCOKMX 3arpaT. Ilomyk HOBHX aHTUMIKpOOHHX
NpernapariB € OJHUM 13 KIIIOYOBHX KOMIOHEHTIB ycIiniHOi 00OpoThOH 3
iHQEKUisAMH, 10 CIIPUYMHEHI MYJIbTUPE3UCTEHTHUMH Oaktepiamu. [lana
poboTa mpUCBAYCHA JOCIIHKCHHIO aHTUMIKPOOHOT Ta aHTUO10TUTIBKOBOT
aKTUBHOCTI HaHOYacTMHOK okcuay Mimi  (Cu/Cu20)  BigHOCHO
MYJIbTUPE3UCTEHTHUX OaKTepii.

Martepiann Ta Meroau gochaimxkeHb. KyOiuHI HaHOYACTHHKHU
Cu/Cu20 0Oys0 CHHTE30BaHO MOJIOIBHUM MeTon0M. Di3uKo-XiMiuHi
XapaKTePUCTUKH  HAHOYACTHHOK  JOCIHIDKYBaJH 32  JOIOMOTOIO
MPOCBIYYIOYOI eJIEKTPOHHOI MIKPOCKOMIi, pPEeHTTreHIBChKOi mudpaxiii,
eHeprogmciepciiinoi  cmektpockomii  T1a  Dyp’e-iHdpadepBoHOI
cnekrpockomnii. Jlaboparopni My3eitHi OakTepiajibHi mramu (S. aureus
ATCC 25923. E. coli ATCC 25922, P. aeruginosa ATCC 27853) Ta
KITIHIYHI ITaMHd MyJbTHPE3UCTEHTHHX Oaktepiit (S. aureus, E. coli, P.
aeruginosa), 1m0 BHIIEHI BiJ MAI[i€HTIB i3 THIKHO-3aMaIbHUMHU
MpOLIECAMU  BHKOPUCTOBYBAJIMCS JJIsl BHBYEHHS aHTHOAaKTEpiallbHUX
BJIACTUBOCTEH HAHOYACTHHOK.
Ky06iusi Cu/Cu0
e(EeKTUBHICTh BiZIHOCHO SIK I'PaMHETATHBHUX TaK 1 TPaMIO3UTHBHHUX
Oakrtepiif, ame aHTHOIOILTIBKOBa aKTHBHICTH HaHOYacTHHOK Cu/Cu0

Pe3y.11 bTaTH. HaHOYaCTHHKH IIOKa3ajin

BUSIBHJIACS O1IBII IIEPCIIEKTUBHOIO 110 BIIHOMIEHHIO 10 TPaMHETaTUBHHUX
Oakrepiii. Hanouactunku Cu/Cu20 BusBMIHCS MEHII e(EeKTHBHHUMHU
BIJHOCHO ~ MYJIbTHPE3UCTEHTHHX IITaMIB IUIAHKTOHHHUX  OakTepii
MOPIBHSHO 3 J1a0OpaTOpHUMHM InTaMamu. He OyJo BHSIBIEHO iCTOTHHX
BigMiHHOCTEH MDK gier0 HaHodyacTHHOK Cu/CuO Ha OiOIUIIBKH, IO
cthopmoBaHi MYy3eMHUMU Ta KITIHIYHUMHA mTaMmaMu
MYJIbTHPE3UCTEHTHUX OaKTepii.

OOroBopenHsi. Pe3ynpTaTé 1bOTO JOCIHIKEHHS MOXYTb OyTH
KOPDHUCHUMH JUISI PO3POOKM HOBHX JIKIB 1 MIAXOIIB 1O JiKyBaHHS
iHQeKNil, CHPUYMHEHHX MYJBTHPE3UCTEHTHUMH MIKPOOpraHi3MaMu.
HeoOximui momanbiii  JOCHIIKEHHS Uil 3°sCyBaHHS  OCHOBHHX
MexaHi3MiB aii HaHowacTHHOK Cu/Cu20, onrtumizamii iX ckimamgy Ta
OIIIHKH iX 0e3meKu Ta eheKTUBHOCTI B JOKJIIHIYHUX 1 KITIHIYHIX YMOBaX.

KJu11040Bi cj10Ba: HAHOYACTUHKH OKCHIY Mifi, OiommiBku, Oaktepii,

PE3UCTEHTHICTH OaKTepil, MIKPOOPTaHi3MHU.
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INTRODUCTION

The ever-increasing antimicrobial resistance to
antibiotics is a serious public health challenge [1]. The
wide spread of multidrug-resistant (MDR) bacteria
reduces antibiotics' effectiveness, increasing morbidity
and mortality, leading to longer hospital stays and,
consequently, higher treatment costs [2]. According to
the US Center for Disease Control (CDC) and
Prevention, each year in the USA more than 2.8 million
people become ill with resistant infections, and at least
35000 patients die [3]. In Europe yearly the number of
infections and deaths caused by multidrug-resistant
bacteria (S. aureus, E. coli, E. faecium, S. pneumoniae,
K. pneumoniae and P. aeruginosa) was estimated
approximately 400000 and 25000, respectively, in
2007 [4]. CDC estimated financial burden of MDR as
$55 billion per year overall that include $20 billion
direct healthcare costs and $35 billion indirect costs
(loss of productivity) [1, 5]. Therefore, the development
of new approaches, materials, and methods for
destroying bacteria can help to minimize the drawbacks
of growing multi-drug resistance [6, 7].

The antibacterial properties of copper have been
known since ancient times, but the discovery of
antibiotics temporarily stopped the use of copper and
other metals as antimicrobials. Given the increasing
antibiotic resistance, there has recently been renewed
interest in copper, especially nanostructured copper, as a
good antibacterial alternative. Nanostructured metals are
more effective because they can interact closely with
microorganisms, thanks to their unique properties such
as small size and high surface area/volume ratio [8]. In
the current study, copper was the metal of choice as it is
more readily available than other noble metals such as
silver and gold and is equally potent in its antimicrobial
properties.

Previously, it was repeatedly reported that copper
nanoparticles exhibit antibacterial activity against
Gram-positive and Gram-negative bacteria [9, 10, 11,
12]. The bactericidal properties of copper oxide
nanoparticles also were noted against methicillin-
resistant S. aureus, K. pneumonia, and E. faecalis [13,
14, 15]. Raffi M. et al. reported a concentration
dependent activity of Cu NPs against reference
laboratory strain E. coli ATCC15224 [16]. However,
there is little published information on the activity of
Cu/CuO NPs against MDR strains.

Several mechanisms of action of copper
nanoparticles on bacterial cells have been reported:
nanoparticles reduce transmembrane electrochemical

potential, disrupt the integrity of the cell membrane with
subsequent leakage of the cytoplasm; nanoparticles
release copper ions (Cu* and Cu?*), inactivate proteins
inside the cell and damage DNA; generate reactive
oxygen species, thereby causing the development of
oxidative stress, which leads to apoptosis [17, 18, 19].

Existing research recognizes the critical role played
by microbial biofilm in infections. The bacteria in the
biofilm matrix possess higher resistance to antibacterial
drugs compared to planktonic forms of bacteria [20, 21,
22], as well as drug penetration to target cells is limited
[23]. Diseases caused by biofilms are complicated to
treat, often take a long course, gradually progress, and
have a poor response to antibiotic therapy [24, 25].
Therefore, radical new approaches are needed to treat
diseases caused by microbes in biofilms [26], namely
the formation of non-toxic and potent antibiofilm agents
targeting signaling pathways regulating quorum sensing
(QS), extracellular polymeric substance synthesis,
biofilm-related genes, microbial motility, adhesion,
dispersion, and many more [27]. Although extensive
research has been carried out on the antibiofilm
effectiveness of copper oxide nanoparticle [28, 29, 30],
no single study exists that investigates its activity
against reference laboratory and clinical MDR strains.

The current research set out to compare the
antimicrobial  activity of  copper/copper oxide
nanoparticles (Cu/Cu,O NPs) against laboratory
reference strains and MDR clinical Gram-positive
Gram-negative strains of planktonic bacteria and their
biofilms.

MATERIALS AND METHODS

Synthesis of Cu/Cu20 NPs

Cu/Cu0 NPs were synthesized by the following
method. 12.5 g polyvinylpyrrolidone (PVP) K-30
(Thermo Fisher Scientific, USA) and 4.0 g sodium
hypophosphite (Thermo Fisher Scientific, USA) were
dissolved in 40 ml of ethylene glycol (Thermo Fisher
Scientific, USA) and stirred using a magnetic stirrer
until completely dissolved at room temperature. The
solution was heated to 90 °C at a rate of 5 °C min.
Then 2.5 g of copper sulfate (Thermo Fisher Scientific,
USA) was dissolved in 10 ml of ethylene glycol in a
similar way and slowly added to the PVP/sodium
hypophosphite  solution  with  constant  stirring.
Gradually, the color of the suspension turned brown,
indicating the formation of copper nanoparticles. In
general, the reaction lasted 15 min. The dispersion was
cooled down to room temperature and mixed with a
certain amount of isopropanol and distilled water. The
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precipitate was collected after centrifugation (8000 rpm
for 10 min) and washed with distilled water three times
to remove excess PVP and side products, followed by
drying at 50 °C for 2 h in a vacuum dryer. Nanoparticles
were treated with low-frequency ultrasound (22+1.65
kHz) for 5 minutes (ultrasonic dispergator UZDN-A,
SELMI, Ukraine).

Cu/Cu20 NPs characterization

The morphology of synthesized Cu/Cu,O NPs was
examined by transmission electron microscope (TEM).
Samples for TEM were prepared by deposition
isopropyl alcohol solution of Cu/Cu,O NPs on a copper
grid covered with a thin carbon film with the subsequent
drying in air at room temperature. TEM analyses were
performed using “PEM-125K” (Ukraine). In an X-ray
diffraction (XRD) investigation of synthesized materials
were carried out on the automated diffractometer
DRON 4-07 connected to the computer-aided
experiment control and data processing system. The Ni-
filtered CuKo radiation (wavelength 0.154 nm) was
used with a conventional Bragg-Brentano $-29
geometry (29 is the Bragg’s angle). The samples were
measured in the continuous registration mode (at the
speed of 1.0 °/min) within the 29-angle range from 30°
to 120°. All data processing procedures were carried out
with the use of the program package DIFWIN-1
(“Etalon PTC” Ltd). Phase analysis was carried out by
comparing the diffraction patterns from the investigated
samples and the reference data JCPDS. Energy
dispersive spectroscopy (EDS) elemental analysis of
Cu/Cu20 NPs was carried out on a JEOL JSM—6390LV
scanning microscope with an X-ray detector INCA 350
(Jeol, Japan). Fourier-Transform Infrared (FTIR)
Spectroscopy analysis spectra were obtained using a
spectrophotometer  (Nicolet 1S20, Thermo Fisher
Scientific, USA) in the spectral region of 4000 — 400
cm™using a resolution of 4 cm™ and 64 coadded scans.
Concentration of Cu/Cu,O NPs in the aqua solution was
determined by the method of inductively-coupled
plasma atomic spectrometry (ICP-AES) using an iCAP
6300 Duo spectrometer (Thermo Scientific Corporation,
USA).

Bacterial Strains and Culture Conditions

To examine the antibacterial effect, we used
laboratory reference bacterial strains (S. aureus ATCC
25923. E. coli ATCC 25922, P. aeruginosa ATCC
27853) and MDR clinical strains isolated from patients
with a purulent process (S. aureus, E. coli, P.
aeruginosa). Identification of the clinical strains was
performed by examining their morphological, staining,
biochemical, and antigenic features. Microorganisms
were tested on sensitivity to macrolides, B-lactam,
aminoglycosides,  fluoroquinolones,  tetracyclines,
amphenicols, lincosamides, and cephalosporins. The

strains resistant to at least one antibacterial drug in three
or more antibacterial categories were selected as multi-
resistant and stored at the Microbiology Lab (Sumy
State University, Ukraine) for further research. The
study protocol was approved by the Institutional Ethics
Committee (Sumy State University, Protocol Ne 1/9
from 14 September 2023) after the informed consent
collection from the patients.

Media (Mueller-Hinton broth and agar) for the
cultivation of microorganisms were purchased at Hi
Media (Maharashtra, India). Sigma Aldrich (St. Louis,
MO, USA) provided gentian violet. glutaraldehyde.

Antibacterial activity of the Cu/Cu20 NPs

Antibacterial activity of Cu/CuO NPs was
examined with the determination of minimum inhibitory
concentration (MIC) by tube serial dilution method
according to the international recommendations
provided by the Clinical and Laboratory Standards
Institute (CLSI) [31]. Overnight pure cultures of
microorganisms were diluted with cultivation media to a
concentration of 5x10% CFU/ml. Then, 0.2 ml of serially
diluted Cu/Cu,O NPs were added to 1.8 ml of the
bacterial suspension at a final concentration of 1000
pg/ml to 31.25 pg/ml. Tubes containing growth medium
and tested microorganisms were considered as positive
controls. The tubes containing growth medium, and
Cu/Cu,0 NPs were used as negative control. The tubes
with Muller Hinton broth served as a blank control.
Then, tubes were incubated aerobically at 37 °C for 24
h. The tube with the lowest concentration of Cu/Cu,O
NPs that completely inhibits visual growth of bacteria
(no turbidity) was considered as MIC. After that 100 pL
of aliquots from each tube were inoculated onto Muller
Hinton agar and incubated at 37 °C for 24 hours. The
lowest concentration of Cu/Cu,O NPs that kills 100% of
the initial bacterial/fungal population was recorded as
minimum bactericidal concentration (MBC). All
measures were triplicate. MBC of Cu/Cu,O NPs was
used as starting point for in vitro time-Kkill test.

In vitro static time-Kkill studies were conducted in
glass tubes containing 2-ml volumes of Mueller Hinton
broth with logarithmically growing cultures. The
starting inoculum of microorganisms was 5x103
CFU/mL. In the test, we used the concentrations of
Cu/Cu,0O NPs equivalent to 1 MBC. In 30 min, 1, 3, 6,
12 and 24 h of incubation 100-pL aliquots from tubes
were spotted onto plates with solid media. After that,
plates were incubated at 37 °C for 24 h. Viable
organisms were counted in logio.

Antibiofilm activity of Cu/Cu20 NPs

To assess the ability of nanoparticles to reduce
biofilm mass, the suspensions of the overnight cultures
of microorganisms were placed in polystyrene 96-well
plates containing 200 pL. Mueller-Hinton broth with
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bacteria at 5x10° CFU/mL concentration and incubated
for 72 h at 37 °C. Then, the nutrient broth was removed
and 200 pL of fresh nutrient broth with 1 MBC, 3 MBC,
and 5 MBC of Cu/Cu,O NPs was added to each well
and incubated for 24 h at 37 °C. Positive control wells
were untreated with Cu/Cu,O NPs. The Cu/Cu,O NPs
control with 1 MBC, 3 MBC, and 5 MBC without
microorganisms, and the Mueller-Hinton broth control
without Cu/Cu,O NPs and microorganisms were also
incubated. Then, the culture media with Cu/Cu,O NPs
were discarded, followed by triple rinsing with a 0,9%
saline solution. To evaluate the volume of biofilm mass,
0.1% (w/v) gentian violet staining was used. After that,
the plates were rinsed and air-dried, and 200 pL of 96%
v/v ethanol was put into each well for the dissolving of
connected dye. We measured the optical density (OD)
of each well at a wavelength of 595 nm using a
Multiskan FC spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). The assay was
repeated 6 times and mean values were calculated.

The cell morphology and arrangement of pathogens
in biofilms were assessed using SEM. Small glass slides
(0.5%1.0 cm) were immersed in 5 mL Mueller-Hinton
broth with bacteria at 5x10° CFU/mL concentration and
incubated for 72 h at 37 °C. Then, samples were split
into four groups. Three groups were added with
Cu/Cuz0 NPs diluted in Muller-Hinton broth at the
concentration 1, 3, or 5 MBC. To the control group was
added Muller-Hinton broth. After that, all samples were
incubated for 24 h. Then, the media were discarded.
Samples were washed three times with phosphate-
buffered saline (pH 7.2 — 7.4, LLC “Genesis”, Ukraine),
fixed with glutaraldehyde 2% for 120 min, dehydrated
in ethanol-water mixture with increasing ethanol
concentrations (30%, 50%, 70%, 80%, 90%, and 96%),
and air-dried overnight. Dehydrated specimens were
coated with a thin film of silver in a sputter coater.
Morphological analysis was performed by the
examination of the SEM (SEO-SEM Inspect S50-B;
accelerating voltage — 20 kV) images.

Statistical analysis

Statistical significance was determined using an
analysis of variance with Graph Pad Prism 9 software,
where p-value < 0.05 was considered statistically
significant.

RESULTS

Cu/Cu20 NPs were mostly cubic and distributed in
the range of 35-200 nm with a strong tendency to
agglomerate (Fig. 1a). Fig. 1c depicts the XRD pattern
with peaks indicating the formation of Cu and Cu,O
nanoparticles. The reflections on the XRD pattern can

be indexed to that of Cu and Cu,O according to the
literature pattern (JCPDS, card Ne 004-0836 and 005—
0667). The diffraction peaks Cu at 43.320, 50.460,
74.140, 89.940 correspond to the (111), (200), (220),
(311) planes, and peaks Cu20 at 29.60, 36.440, 42.320,
61.380, 73.540, 77.380 correspond to the (110), (111),
(200), (220), (311), (222) planes respectively. This
probably indicates a weak stability of copper
nanoparticles  before oxidation. EDS spectrum
measurement reveals that the samples contain elements
of copper and oxygen and exhibit an oxide state (fig.
1b). The absorption bands of PVP are recorded on the
FTIR spectrum of the synthesized Cu/Cu,O NPs which
were added to stabilize the suspension in a mass ratio
Cu: PVP = 2:1 (fig. 1d).

We isolated several strains of the pathogens from
patients and tested them on sensitivity to antibiotics. For
further investigation, we selected one multi-resistant
strain of each species. Antibiotic resistance profiles of
the selected strains are presented in table 1.

Antibiotic profile of laboratory reference strains
showed that S. aureus ATCC 25923, E. coli ATCC
25992, and P. aeruginosa ATCC 27853 were sensitive
to all the antibiotics listed in the table 1.

MIC and MBC of Cu/Cu2O NPs against laboratory
reference strains were similar mostly for all tested
microorganisms (125 pg/mL), except E. coli with an
MBC of 250 pg/ml. MIC and MBC of Cu/Cu0 NPs
against all examined MDR microorganisms were
determined at a concentration of 250 pg/ml (fig. 2)

Time-killing assay demonstrated similar speed for
laboratory and MDR strains Killing. S. aureus were
destroyed in 3 hours after the start of incubation, while
E. coli and P. aeruginosa lost viability in 6 and 12
hours, respectively (fig. 3).

Examination of the antibiofilm activity did not show
any significant difference in the activity of Cu/Cu.O
NPs at concentrations 1 MBC, 3 MBC, and 5 MBC
against biofilms formed with laboratory reference
strains and MDR S. aureus compared to the positive
control (fig. 4).

The treatment of the biofilms formed by laboratory
reference strains and clinical MDR strains E. coli with
Cu/Cu,0O NPs caused a significant decrease in optical
density compared to positive control almost at all used
concentrations (fig. 5).

Use of Cu/Cu,O NPs for treatment of the biofilms
formed with both types of P. aeruginosa also
demonstrated sufficient reduction of the optical density
at all applied concentrations of nanoparticles in
comparison to non-treated wells with biofilms (fig. 6).
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Table 1 — Profile of MDR strains sensitivity to antibiotics

Strains / registration number in the laboratory
Antibiotics
S. aureus / 73 E. coli/ 54 P. aeruginosa / 254
Azithromycin R? R R
Macrolides

Clarithromycin R R R
Amoxicillin R R R
B-lactams Ampicillin R R R
Oxacillin R R R
Amikacin R R R
Aminoglycosides Gentamicin R R R
Kanamycin R R R
Gatifloxacin S? R R
Levofloxacin S S S
Fluoroquinolones Ofloxacin S S R
Ciprofloxacin S R S
Lomefloxacin S S S
Tetracyclines Doxycycline R R R
Amphenicols Levomycetin R R R
Lincosamides Lincomycin R R R
Cefazolin R R R
Cephalexin R R R
Cefepime S S S
Cefixime R R S

Cephalosporins
Cefotaxime R R R
Cefpodoxime R R R
Ceftazidime R R R
Ceftriaxone R S S

Note: 'R — resistant, °S — sensitive

Figure 7 demonstrates the effectiveness of the
Cu/Cu20 NPs against S. aureus biofilm. There were no
any reductions in the bacteria cell numbers after the
treatment of the biofilm with Cu/CuO NPs. However,
SEM images showed the cell deformation and decrease
in the cell size (marked with a red arrow). In addition,
analysis of Fig. 7b, 7c, and 7d indicates the absence of
an exopolymer matrix, which is the main structural

component of the biofilm and provides quorum sensing.
The data obtained suggest the lack of a full-fledged
mature biofilm of S. aureus under the influence of
Cu/Cu0 NPs and, accordingly, the quorum sensing
system, which regulates the virulence of these bacteria.
This contributes to the lower survival of S. aureus when
exposed to nanoparticles.

Treatment of biofilms formed by E.coli with
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Cu/Cu0 NPs caused a dose-dependent decrease in
biofilm mass that is shown in figure 8. Bacterial cells
treated with 1 MBC of Cu/Cu,O NPs were deformed,
and the arrangement of cells in space relative to each
other changed. Biofilms formed by E. coli and treated
with 5 MBC Cu/Cu20 NPs were mostly demolished and
consisted of single spherical-shape cells with damaged
cell walls and leakage of cytoplasmic contents. Red
arrows point the serious damage.

The influence of Cu/Cu,O NPs on the structure of
mature biofilms formed by P. aeruginosa is reflected in

@h TEM 100 kV sample:2
e Spot size: 0.5 um

date: 31.10.2023

—~

200 nm

fig. 9. We found a similar effect of Cu/Cu,O NPs on
biofilms formed by P. aeruginosa and E. coli. There
was a decrease in the P. aeruginosa biofilm mass and
bacteria cell destruction after treatment with Cu/Cu,O
NPs at concentrations 3 and 5 MBC. The cells exposed
to these nanoparticles displayed a ruptured and
shrunken appearance, resulting in a loss of cellular
components.

Taken together, these results suggest that there is a
relation between bacteria features and the effectiveness
of Cu/Cu,0O NPs antibiofilm activity.
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DISCUSSION

As mentioned in the literature review, searching for
new antimicrobials is one of the key components of a
successful fight with infections. It is now well established
from a variety of studies that nanometals are promising
alternatives to existing antibiotics. However, several
questions regarding the treatment of infectious pathology
using metal nanoparticles remain relevant.

Many recent studies have shown that the shape and
size of nanoparticles, temperature of synthesis, bacterial
cell wall structure, as well as other characteristics of
nanoparticles and microorganisms influence
antimicrobial activity [32]. In this study, the antibacterial
and antibiofilm activity of Cu/Cu,O NPs was evaluated
against laboratory reference and clinical MDR strains of
some ESKAPE isolates. It was reported previously that
MIC of Cu NPs varies from 500 pg/ml to 103.5+4.71
pg/mL for E. coli and S. aureus [33, 34]. Ren G. et al.
showed a wide range of MBC values for CuO NPs from
100 to 5000 pg/ml for various resistant and laboratory
isolates [9]. However, most of these studies did not assess
the effectiveness of Cu/Cu,O NPs against MDR strain.

We synthesized cubic Cu/Cu2O NPs with size 35-200
nm, stabilized with PVP. Nanoparticles demonstrated
two-fold higher antibacterial activity against almost all

laboratory reference strains compared to MDR clinical
strains of S.aureus, E. coli, and P. aeruginosae.
Previous studies suggest the higher efficacy of Cu/CuO
NPs against Gram-negative bacteria than Gram-positive
[35] due to the presence of a thicker peptidoglycan layer
reduced cellular penetration [17]. However, the findings
of the current study do not support these assumptions.
We did not find a difference in the Cu/Cu,O NPs
antibacterial activity against Gram-positive or Gram-
negative bacteria. Although there was a difference in the
speed of bacteria-killing between Gram-positive and
Gram-negative microbes, we did not reveal the
difference between MDR and antibiotic susceptible
laboratory reference strains.

Most previously published studies in the field of
Cu/CuO NPs antibiofilm activity have been focused
only on the ability of copper nanoparticles to inhibit
biofilm formation [36, 37, 38]. In this study we found
that examined Cu/Cu,O NPs effectively destroyed the
mature biofilms formed with Gram-negative bacteria at
low concentrations (1-5 MBC). However, this result has
not previously been described. Such contrast is likely to
be related to the morphological and physiological
difference of Gram-negative and Gram-positive bacteria
and various biofilm structure.
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Contrary to expectations, no significant differences
were found between the action of the Cu/Cu,O NPs on
biofilms formed with reference laboratory strains or
MDR clinical strains. A possible explanation might be
that antibacterial and antibiofilm activity of Cu/Cu,O NPs
is performed with the involvement various sets of
antimicrobial mechanisms.  Although the antibiofilm
activity of nanoparticles was higher at relatively lower
concentrations than that of antibiotics, we can assume
that susceptibility to antibiotics and to nanoparticles are
not correlated, just as their antimicrobial mechanisms are
not comparable. Espirito Santo et al. suggest contact
killing via direct contact of copper with cell membrane
[39, 40]. Another possible mechanism is copper ions
released from copper nanoparticles [41, 42, 43].
Consistent with the literature, this research found that
Cu/Cu,0 NPs attach to the bacteria cell and could be
attributed to the destruction of the bacteria biofilm via the
contact mechanism. However, these results should be
interpreted with caution.

AUTHOR CONTRIBUTIONS

P.M. proposed the idea, formulated overarching
research goals and aims, and conducted experiments in
a bacteriological laboratory; conducted a statistical
analysis of the studies using GraphPad Prism 8.0
software. Prepared pictures 2, 3, 4, 5 and 6; prepared
and wrote the initial draft of the published work
(including substantive translation); edited and
approved the final version of the manuscript. 1.D. was
responsible for the management and coordination of
the research activity planning and execution; developed
the design and the main stages of the experiment;
provided financial support for the project leading to
this publication; critically revised the article. Edited
and approved the final version of the manuscript. T.I.
proposed a hypothesis of the effectiveness of Cu/Cu,0
NPs regarding MDR bacteria and their biofilms;
conducted experiments in a bacteriological laboratory;
sowed and prepared microorganisms for the
bacteriological investigations; studied the sensitivity of

FUNDING

This research’s findings might help to develop new
approaches for treating infection caused by MDR
microorganisms. Further study should be undertaken to
investigate the biocompatibility and safety of Cu/Cu,0O
NPs-based formulations.

CONCLUSIONS

The results of this investigation show that
synthesized Cu/Cu,O NPs were effective against both
Gram-negative and Gram-positive bacteria. The
antibiofilm activity of Cu/Cu.O NPs was more
promising for targeting Gram-negative bacteria.
Cu/Cu20 NPs were less effective against MDR strains
of planktonic bacteria without difference in biofilms.
Thus, our findings support the notion that Cu/Cu,O
NPs could be used to enhance the action of existing
antibiotics against Gram-negative and Gram-positive
bacteria. Further research is warranted to elucidate the
underlying mechanisms of Cu/Cu,O NPs action,
optimize their formulation, and evaluate their safety
and efficacy in preclinical and clinical settings.

bacteria to antibiotics; tested a biofilm creation model;
prepared table 1; edited and approved the final version
of the manuscript. R.P. synthesized Cu/Cu,O NPs,
prepared them in the required concentrations, and
conducted a study and analysis of the physicochemical
characteristics of Cu/Cu,O NPs; prepared figure 1;
wrote and edited sections Materials and Methods
(subsections 2.2 and 2.3) and Results; edited and
approved the final version of the manuscript. O.B.
developed the design of the experiments, critically
revised the article, edited and approved the final
version of the manuscript. V.H. made a critical review,
commentary, and revision of the manuscript; edited
and expanded the literature review and discussion;
conducted an optical density study; prepared graphical
abstract and figures 7, 8, and 9; analyzed SEM images
and OD studies; tested a biofilm creation model;
provided financial support for the project leading to
this publication; edited and approved the final version
of the manuscript.

This work was supported by the National Research Foundation of Ukraine (grant No. 2023.04/0109); Ministry of

Education and Science of Ukraine (grant No. 0124U000540).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

The authors are grateful to Kostyantyn Belikov (The research and technology complex “Institute of Single Crystals”
of the NAS of Ukraine) for assistance in investigating Cu/Cu,O NPs. The authors express gratitude to the Center for
Collective Use of Scientific Equipment “Laboratory of Materials Science of Helioenergy, Sensor and Nanoelectronic

924



Eastern Ukrainian Medical Journal. 2024;12(4):914-927

Systems” of Sumy State University for assistance in conducting research by the method of infrared Fourier
spectroscopy using equipment purchased with the funds of project No. 0123U102746.

ARTIFICIAL INTELLIGENCE DISCLOSURE
No artificial intelligence (Al) technologies were used during manuscript writing or editing.

REFERENCES

10.

11.

Prestinaci F, Pezzotti P, Pantosti A. Antimicrobial
resistance: a global multifaceted phenomenon. Pathog
Glob Health. 2015;109(7):309-18.
https://doi.org/10.1179/2047773215Y.0000000030.
Dhingra S, Rahman NAA, Peile E, Rahman M,
Sartelli M, Hassali MA, Islam T, Islam S, Haque M.
Microbial Resistance Movements: An Overview of
Global Public Health Threats Posed by Antimicrobial
Resistance, and How Best to Counter. Front Public
Health. 2020 Nov 4;8:535668.
https://doi.org/10.3389/fpubh.2020.535668.

U. S. Department of Health and Human Services,

Antibiotic resistance threats in the United States, 2019.

U. S. Department of Health and Human Services,
CDC; Atlanta, GA.

ECDC/EMEA The bacterial challenge: time to react.
Stockholm: European Center for Disease Prevention
and Control; 2009.

Centres for Disease Control and Prevention, US
Department of Health and Human Services. Antibiotic
resistance threats in the United States. Atlanta: CDC;
2013. Available from:
http://www.cdc.gov/drugresistance/pdf/ar-threats-
2013-508.pdf

Zaman SB, Hussain MA, Nye R, Mehta V, Mamun
KT, Hossain N. A review on antibiotic resistance:
alarm bells are ringing. Cureus. 2017 Jun
28;9(6):€1403. https://doi.org/10.7759/cureus.1403.
Chatterjee A, Modarai M, Naylor NR, Boyd SE, Atun
R, Barlow J, et al. Quantifying drivers of antibiotic
resistance in humans: a systematic review. Lancet
Infect Dis. 2018 Dec;18(12):e368-e378.
https://doi.org/10.1016/S1473-3099(18)30296-2.
Erci F, Cakir-Koc R, Yontem M, Torlak E. Synthesis
of biologically active copper oxide nanoparticles as
promising novel antibacterial-antibiofilm agents. Prep
Biochem Biotechnol. 2020;50(6):538-48.
https://doi.org/10.1080/10826068.2019.1711393.
Ren G, Hu D, Cheng EW, Vargas-Reus MA, Reip P,
Allaker RP. Characterisation of copper oxide
nanoparticles for antimicrobial applications. Int J
Antimicrob Agents. 2009 Jun;33(6):587-90.
https://doi.org/10.1016/j.ijantimicag.2008.12.004.
Ermini ML, Voliani V. Antimicrobial Nano-Agents:
The Copper Age. ACS Nano. 2021 Apr
27;15(4):6008-29.
https://doi.org/10.1021/acsnano.0c10756.

Zangeneh MM, Ghaneialvar H, Akbaribazm M,
Ghanimatdan M, Abbasi N, Goorani S, et al. Novel
synthesis of Falcaria vulgaris leaf extract conjugated
copper nanoparticles with potent cytotoxicity,

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

antioxidant, antifungal, antibacterial, and cutaneous
wound healing activities under in vitro and in vivo
condition. J Photochem Photobiol B. 2019
Aug;197:111556.
https://doi.org/10.1016/j.jphotobiol.2019.111556.
Grass G, Rensing C, Solioz M. Metallic copper as an
antimicrobial surface. Appl Environ Microbiol. 2011
Mar;77(5):1541-7.
https://doi.org/10.1128/AEM.02766-10.

Agarwala M, Choudhury B, Yadav RN. Comparative
study of antibiofilm activity of copper oxide and iron
oxide nanoparticles against multidrug resistant biofilm
forming uropathogens. Indian J Microbiol. 2014
Sep;54(3):365-8. https://doi.org/10.1007/s12088-014-
0462-z.

Ahamed M, Alhadlag HA, Majeed Khan MA,
Karuppiah P, Al-Dhabi NA. Synthesis,
characterization, and antimicrobial activity of copper
oxide nanoparticles. J. Nanomater. 2014, 637858, 4
pages, 2014, https://doi.org/10.1155/2014/637858.
Naseer M, Ramadan R, Xing J, Samak NA. Facile
green synthesis of copper oxide nanoparticles for the
eradication of multidrug resistant Klebsiella
pneumonia and Helicobacter pylori biofilms. Int.
Biodeterior. Biodegrad. 2021;159:105201.

Raffi M, Mehrwan S, Bhatti TM, Akhter JI, Hameed
A, Yawar W, et al. Investigations into the antibacterial
behavior of copper nanoparticles against Escherichia
coli. Ann. Microbiol. 2010;60:75-80.
https://doi.org/10.1007/s13213-010-0015-6.

Salah I, Parkin IP, Allan E. Copper as an antimicrobial
agent: recent advances. RSC Adv. 2021 May
19;11(30):18179-86.
https://doi.org/10.1039/d1ra02149d.

Roman LE, Gomez ED, Solis JL, Gomez MM.
Antibacterial Cotton Fabric Functionalized with
Copper Oxide Nanoparticles. Molecules. 2020 Dec
9;25(24):5802.
https://doi.org/10.3390/molecules25245802.
Makvandi P, Gu JT, Zare EN, Ashtari B, Moeini A,
Tay FR, Niu LN. Polymeric and inorganic
nanoscopical antimicrobial fillers in dentistry. Acta
Biomater. 2020 Jan 1;101:69-101.
https://doi.org/10.1016/j.actbio.2019.09.025.

Koo H, Allan RN, Howlin RP, Stoodley P, Hall-
Stoodley L. Targeting microbial biofilms: current and
prospective therapeutic strategies. Nat Rev Microbiol.
2017 Dec;15(12):740-55.
https://doi.org/10.1038/nrmicro.2017.99

Jamal M, Ahmad W, Andleeb S, Jalil F, Imran M,
Nawaz MA, Hussain T, Ali M, Rafig M, Kamil MA.

925


https://doi.org/10.1179/2047773215Y.0000000030
https://doi.org/10.3389/fpubh.2020.535668
http://www.cdc.gov/drugresistance/pdf/ar-threats-2013-508.pdf
http://www.cdc.gov/drugresistance/pdf/ar-threats-2013-508.pdf
https://doi.org/10.7759/cureus.1403
https://doi.org/10.1016/S1473-3099(18)30296-2
https://doi.org/10.1080/10826068.2019.1711393
https://doi.org/10.1016/j.ijantimicag.2008.12.004
https://doi.org/10.1021/acsnano.0c10756
https://doi.org/10.1016/j.jphotobiol.2019.111556
https://doi.org/10.1128/AEM.02766-10
https://doi.org/10.1007/s12088-014-0462-z
https://doi.org/10.1007/s12088-014-0462-z
https://doi.org/10.1155/2014/637858
https://doi.org/10.1007/s13213-010-0015-6
https://doi.org/10.1039/d1ra02149d
https://doi.org/10.3390/molecules25245802
https://doi.org/10.1016/j.actbio.2019.09.025
https://doi.org/10.1038/nrmicro.2017.99

Eastern Ukrainian Medical Journal. 2024;12(4):914-927

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Bacterial biofilm and associated infections. J Chin
Med Assoc. 2018 Jan;81(1):7-11.
https://doi.org/10.1016/j.jcma.2017.07.012.

Omar A, Wright JB, Schultz G, Burrell R, Nadworny
P. Microbial Biofilms and Chronic Wounds.
Microorganisms. 2017 Mar 7;5(1):9.
https://doi.org/10.3390/microorganisms5010009.
Shehabeldine AM, Amin BH, Hagras FA, Ramadan
AA, Kamel MR, Ahmed MA, et al. Potential
Antimicrobial and Antibiofilm Properties of Copper
Oxide Nanoparticles: Time-Kill Kinetic Essay and
Ultrastructure of Pathogenic Bacterial Cells. Appl
Biochem Biotechnol. 2023 Jan;195(1):467-85.
https://doi.org/10.1007/s12010-022-04120-2.
Shehabeldine A, EI-Hamshary H, Hasanin M, EI-
Faham A, Al-Sahly M. Enhancing the Antifungal
Activity of Griseofulvin by Incorporation a Green
Biopolymer-Based Nanocomposite. Polymers (Basel).
2021 Feb 12;13(4):542.
https://doi.org/10.3390/polym13040542.
Shehabeldine AM, Ashour RM, Okba MM, Saber FR.
Callistemon citrinus bioactive metabolites as new
inhibitors of methicillin-resistant Staphylococcus
aureus biofilm formation. J Ethnopharmacol. 2020
May 23;254:112669.
https://doi.org/10.1016/j.jep.2020.112669.

Lebeaux D, Ghigo JM, Beloin C. Biofilm-related
infections: bridging the gap between clinical
management and fundamental aspects of recalcitrance
toward antibiotics. Microbiol Mol Biol Rev. 2014
Sep;78(3):510-43.
https://doi.org/10.1128/MMBR.00013-14.

Rather MA, Gupta K, Mandal M. Microbial biofilm:
formation, architecture, antibiotic resistance, and
control strategies. Braz J Microbiol. 2021
Dec;52(4):1701-1718. https://doi.org/10.1007/s42770-
021-00624-x.

Sasarom M, Wanachantararak P, Chaijareenont P,
Okonogi S. Biosynthesis of copper oxide nanoparticles
using Caesalpinia sappan extract: In vitro evaluation
of antifungal and antibiofilm activities against Candida
albicans. Drug Discov Ther. 2023 Sep 15;17(4):238-
47. https://doi.org/10.5582/ddt.2023.01032.
Ansarifard E, Zareshahrabadi Z, Sarafraz N,
Zomorodian K. Evaluation of Antimicrobial and
Antibiofilm Activities of Copper Oxide Nanoparticles
within Soft Denture Liners against Oral Pathogens.
Bioinorg Chem Appl. 2021 Jun 4;2021:9939275.
https://doi.org/10.1155/2021/9939275.

Padmavathi AR, Sriyutha Murthy P, Das A, Nishad
PA, Pandian R, Rao TS. Copper oxide nanoparticles as
an effective anti-biofilm agent against a copper
tolerant marine bacterium, Staphylococcus lentus.
Biofouling. 2019 Oct;35(9):1007-25.
https://doi.org/10.1080/08927014.2019.1687689.
Limbago, B. M100-S11, Performance standards for
antimicrobial susceptibility testing. Clin. Microbiol.
Newsl. 2001;23:49.

Liang X, Sun M, Li L, Qiao R, Chen K, Xiao Q, Xu F.
Preparation and antibacterial activities of

33.

34.

35.

36.

37.

38.

39.

40.

41.

polyaniline/Cu0.05Zn0.950 nanocomposites. Dalton
Trans. 2012 Mar 7;41(9):2804-11.
https://doi.org/10.1039/c2dt11823h.

Das PE, Abu-Yousef IA, Majdalawieh AF,
Narasimhan S, Poltronieri P. Green Synthesis of
Encapsulated Copper Nanoparticles Using a
Hydroalcoholic Extract of Moringa oleifera Leaves
and Assessment of Their Antioxidant and
Antimicrobial Activities. Molecules. 2020 Jan
28;25(3):555.
https://doi.org/10.3390/molecules25030555.

Thekkae Padil VV, Cernik M. Green synthesis of
copper oxide nanoparticles using gum karaya as a
biotemplate and their antibacterial application. IntJ
Nanomedicine. 2013;8:889-98.
https://doi.org/10.2147/1JN.S40599.
Betancourt-Galindo R, Reyes-Rodriguez PY, Puente-
Urbina BA, Avila-Orta CA, Rodriguez-Fernandez OS,
Cadenas-Pliego G et al. Synthesis of copper
nanoparticles by thermal decomposition and their
antimicrobial properties. Nanomater.
2014;2014(1):980545.
https://doi.org/10.1155/2013/980545.

Ye L, He X, Obeng E, Wang D, Zheng D, Shen T,
Shen J, Hu R, Deng H. The CuO and AgO co-
modified ZnO nanocomposites for promoting wound
healing in Staphylococcus aureus infection. Mater
Today Bio. 2023 Jan 14;18:100552.
https://doi.org/10.1016/j.mtbio.2023.100552.

Chari N, Felix L, Davoodbasha M, Sulaiman Ali A, &
Nooruddin T. In vitro and in vivo antibiofilm effect of
copper nanoparticles against aquaculture pathogens.
Biocatalysis and Agricultural Biotechnology.
2017;10:336-41.
https://doi.org/10.1016/j.bcab.2017.04.013
Ashajyothi C, Harish KH, Dubey N, Chandrakanth
RK. Antibiofilm activity of biogenic copper and zinc
oxide nanoparticles-antimicrobials collegiate against
multiple drug resistant bacteria: a nanoscale approach.
J Nanostruct Chem 2016;6:329-41.
https://doi.org/10.1007/s40097-016-0205-2.

Espirito Santo C, Lam EW, Elowsky CG, Quaranta D,
Domaille DW, Chang CJ, Grass G. Bacterial killing by
dry metallic copper surfaces. Appl Environ Microbiol.
2011 Feb;77(3):794-802.
https://doi.org/10.1128/AEM.01599-10.

Warnes SL, Caves V, Keevil CW. Mechanism of
copper surface toxicity in Escherichia coli 0157:H7
and Salmonella involves immediate membrane
depolarization followed by slower rate of DNA
destruction which differs from that observed for
Gram-positive bacteria. Environ Microbiol. 2012
Jul;14(7):1730-43. https://doi.org/10.1111/].1462-
2920.2011.02677 ..

Espirito Santo C, Taudte N, Nies DH, Grass G.
Contribution of copper ion resistance to survival of
Escherichia coli on metallic copper surfaces. Appl
Environ Microbiol. 2008 Feb;74(4):977-86.
https://doi.org/10.1128/AEM.01938-07.

926


https://doi.org/10.1016/j.jcma.2017.07.012
https://doi.org/10.3390/microorganisms5010009
https://doi.org/10.1007/s12010-022-04120-2
https://doi.org/10.3390/polym13040542
https://doi.org/10.1016/j.jep.2020.112669
https://doi.org/10.1128/MMBR.00013-14
https://doi.org/10.1007/s42770-021-00624-x
https://doi.org/10.1007/s42770-021-00624-x
https://doi.org/10.5582/ddt.2023.01032
https://doi.org/10.1155/2021/9939275
https://doi.org/10.1080/08927014.2019.1687689
https://doi.org/10.1039/c2dt11823h
https://doi.org/10.3390/molecules25030555
https://doi.org/10.2147/IJN.S40599
https://doi.org/10.1155/2013/980545
https://doi.org/10.1016/j.mtbio.2023.100552
https://doi.org/10.1016/j.bcab.2017.04.013
https://doi.org/10.1007/s40097-016-0205-2
https://doi.org/10.1128/AEM.01599-10
https://doi.org/10.1111/j.1462-2920.2011.02677.x
https://doi.org/10.1111/j.1462-2920.2011.02677.x
https://doi.org/10.1128/AEM.01938-07

Eastern Ukrainian Medical Journal. 2024;12(4):914-927

42. Molteni C, Abicht HK, Solioz M. Killing of bacteria 43. Chatterjee AK, Chakraborty R, Basu T. Mechanism of
by copper surfaces involves dissolved copper. Appl antibacterial activity of copper nanoparticles.
Environ Microbiol. 2010 Jun;76(12):4099-101. Nanotechnology. 2014 Apr 4;25(13):135101.
https://doi.org/10.1128/ AEM.00424-10. https://doi.org/10.1088/0957-4484/25/13/135101
Received 20.10.2024 Ooepacano 20.10.2024
Accepted 20.11.2024 3ameepoceno oo opyky 20.11.2024

INFORMATION ABOUT THE AUTHORS

Igor Duzhyi, https://orcid.org/0000-0002-4995-0096, MD, DMSc, Professor. Head of the Department of Surgery,
Traumatology, Orthopedics and Phthisiology, Sumy State University, Sumy, Ukraine. tel. +380990081259, e-mail:
gensurgery@med.sumdu.edu.ua

Petro Myronov, https://orcid.org/0000-0003-1805-3816, MD, PhD, Leading Researcher of the Department of Surgery,
Traumatology, Orthopedics and Phthisiology, Sumy State University, Sumy, Ukraine. Emergency surgeon, Municipal Non-
Commercial Organization “Clinical Hospital Ne 5” of Sumy City Council, Sumy, Ukraine. tel. +380996699065, e-mail:
petrmyronov@gmail.com

Tetiana Ivakhniuk, https://orcid.org/0000-0001-5851-2218, PhD, Associate Professor of the Department of Public
Health, Sumy State University, Sumy, Ukraine. tel. +380502078873, e-mail: t.ivakhnjuk@med.sumdu.edu.ua

Roman Pshenychnyi, https://orcid.org/0000-0002-2560-9379, PhD, Associate Professor of the Department of
Theoretical and Applied Chemistry, Sumy State University, Sumy, Ukraine. tel. +380953483310, e-mail:
r.pshenychnyi@chem.sumdu.edu.ua

Oleksandr Bidakov, https://orcid.org/0009-0009-1287-5991, MD, Researcher of the University Clinic and Policlinic
of Radiology, University Hospital, Halle, Germany. tel. +49(0)345-557-7056, e-mail: oleksandr.bidakov@uk-halle.de

Viktoriia Holubnycha, http://orcid.org/0000-0002-1241-2550, PhD, Associate Professor of the Department of Public
Health, Sumy State University, Sumy, Ukraine. tel. +380985931032, e-mail: v.golubnichaya@med.sumdu.edu.ua

927


https://doi.org/10.1128/AEM.00424-10
https://doi.org/10.1088/0957-4484/25/13/135101
https://orcid.org/0000-0002-4995-0096
mailto:gensurgery@med.sumdu.edu.ua
https://orcid.org/0000-0003-1805-3816
mailto:petrmyronov@gmail.com
https://orcid.org/0000-0001-5851-2218
mailto:t.ivakhnjuk@med.sumdu.edu.ua
https://orcid.org/0000-0002-2560-9379
mailto:r.pshenychnyi@chem.sumdu.edu.ua
https://orcid.org/0009-0009-1287-5991
mailto:oleksandr.bidakov@uk-halle.de
http://orcid.org/0000-0002-1241-2550
mailto:v.golubnichaya@med.sumdu.edu.ua

