orijiin JIITEPATYPHU

UDC 616-001.4-085:546.56-022.532
DOI https://doi.org/10.32782/2226-2008-2024-3-12

A. S. Butsyk https://orcid.org/0000-0002-0019-025X
R. A. Moskalenko https://orcid.org/0000-0002-2342-0337

NOVEL COPPER-LOADED DRESSING FOR WOUND HEALING:
ABIBLIOMETRIC ANALYSIS

Ukrainian-Swedish Research Center “SUMEYA”, Sumy State University, Medical Institute, Sumy, Ukraine
UDC 616-001.4-085:546.56-022.532

A. S. Butsyk, R. A. Moskalenko

NOVEL COPPER-LOADED DRESSING FOR WOUND HEALING: A BIBLIOMETRIC ANALYSIS

Ukrainian-Swedish Research Center “SUMEYA”, Sumy State University, Medical Institute, Sumy, Ukraine

Introduction. In recent years, there has been a significant increase in the number of patients requiring wound care. The attention is on the
time required for wound healing and the growing risk of antibiotic resistance. The 2022 Global Antimicrobial Resistance and Use Surveillance
System (GLASS) report highlights alarming resistance rates among common bacterial pathogens. Thus, it is important to emphasize new
alternative methods of wound care to address antibiotic resistance. Metal-based nanoparticles, such as copper nanoparticles (CuNPs), are a
promising material for tissue regeneration and preventing the development of antibiotic resistance of microorganisms.

The aim is a bibliographic analysis of data on the use of copper nanoparticles as an antimicrobial agent for wound healing (and for other
medical purposes).

Materials and methods. The authors searched for information in electronic databases such as PubMed, Scopus, Web of Science, and
Google Scholar using the main keywords. Tools for bibliometrics network visualization (VOSviewer) were used in the analysis.

Results. We studied 142 publications in the Scopus database, where the main keywords were “copper nanoparticles” and “wound healing”.
The results show that over the past 14 years, the number of publications on the research topic has begun to increase. The subject is mostly studied
by researchers from China, India, and the USA, which indicates the relevance of the current subject among the scientists. From 2010 to 2024, a
bibliometric analysis on the Scopus database identified four chronological stages based on keywords: 1) synthesis of copper nanoparticles and
description of the antimicrobial properties; 2) antibacterial activity in wound healing; 3) inception of new biomaterials to wound care.

Thus, copper nanoparticles and their properties are actively studied. The ability of CuNPs to inhibit bacterial growth and promote
angiogenesis can be used in wound healing and added to dressings to stimulate tissue regeneration.

Key words: copper nanoparticles, CuNPs, wound healing, tissue regeneration, wound dressing.

YIK 616-001.4-085:546.56-022.532

A. C. Bynuk, P. A. Mockanenko

HOBI KYIIPYM-BMICHI ITIOB’SI3KH JJ151 3SATO€HHSI PAH: BIBJIIOMETPUUYHUI AHAJII3

Vrpaincvko-weeocvruti oocnionuyvkuil yenmp SUMEYA, Meouunuii incmumym, Cymcvkuti deporcasnuil ynieepcumem, Cymu, Ykpaina

Crarts mpucBsSYeHa aHANI3y JIITepaTypHHUX JaHUX II0/0 BUKOPUCTAHHS HAHOYACTUHOK Mijli SIK aHTHMIKpOOHOTO 3ac00y JUIS 3aTO€HHS paH
y 3B’A3KY 31 301IbLIIEHHSM KiTBKOCTI aHTHOI0TUKOPE3UCTEHTHNX OaKTepiadbHUX MATOTEHIB.

Ha ocHoBi nocmimkens 142 mpxepern Oyso BCTaHOBIICHO, 110 32 OCTaHHI 14 POKIB KUIBKICTh MyOITiKalliil Ha BKa3aHy TeMY CYTTEBO 30i/ib-
IIMIACS, 10 TIOB’SI3aHO 31 3pOCTAIOYMM IHTEPECOM HAyKOBIIIB /10 HAHOTEXHOJOTIH Ta MOIIYKOM aJbTePHATHBHUX aHTHMIKPOOHHMX PEYOBHH.
bibniomeTpuyuHuii aHami3 MOKa3aB, [0 HAHOYACTUHKHU MiJli aKTHBHO BHBYAIOTHCSA BUCHUMH B Pi3HUX KpaiHaX CBiTy, 30kpema B Kurai, [Hnii Ta
CIIA. Txus 31aTHicTh IPUTHiYYBaTH picT GakTepiil Ta CIPUATH aHTiOTeHe3y MOske OyTH BUKOPHMCTaHa G3MOCEPEHbO 1/l Uac JTiKyBaHHS paH

ab0 J101aBaHHs JI0 NepeB’si3yBaIbHUX MaTepialliB Ui CTUMYJIIOBAHHS pereHepailii TKaHHH.
Kuti04o0Bi c;10Ba: HaHOYACTHHKM MiJli, 3aTO€HHS PaH, pereHepais TKaHWH, PaHOBA OB’ sA3Ka.

Introduction. In recent years, the number of patients
with wounds has increased significantly around the world.
This problem has become particularly acute in Ukraine. The
number of wounds and injuries among the civil and military
population has significantly boosted since the beginning of
the full-scale invasion. The main concern is the time it takes
to heal and the risk of antibiotic resistance. The 2022 Global
Antimicrobial Resistance and Use Surveillance System
(GLASS) report underscores resistance rates observed
among prevalent bacterial pathogens. In 76 countries, the
average of methicillin-resistant Staphylococcus aureus
(MRSA) causing bloodstream infections is 35% [1].
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Thus, new alternative methods of wound care should be
found to overcome antibiotic resistance.

The United States Environmental Protection Agency
(EPA) acknowledged copper in 2008 as the inaugural
metallic antimicrobial agent [2]. Nanomaterials containing
copper (CuNPs) promote the synthesis of extracellular matrix
(ECM) components, such as fibrinogen, and enhance the
activity of matrix metalloproteases (MMPs) in fibroblasts.
CuNPs play a role in the formation of collagen and integrins,
which are vital for cellular binding to the extracellular matrix
[3-5]. Therefore, copper nanoparticles can be promising
material in the regeneration of tissue and wound healing.

The basis of wound treatment is different types of
dressing. The choice of dressing depends on the specific
wound type. It plays a crucial role in wound care by creating
an optimal environment for healing, protecting the wound
from infection, and promoting faster recovery [6].
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There are a lot of dressing materials based on
nanomaterials, such as silver and gold nanoparticles,
which can be used for wound healing [7-9]. However,
the development of dressings with copper nanoparticles
is a promising direction, considering the high healing
properties of CuNPs combined with antimicrobial action.
They can enhance the effectiveness of wound dressings due
to their strong antibacterial properties, lower tendency to
induce microbial resistance compared to antibiotics, and
improve their mechanical strength and absorption capacity,
making them more effective and comfortable for patients.

The aim is to conduct a bibliographic analysis of data
on the use of copper nanoparticles and their antimicrobial
action in the dressing material for advanced regeneration
capacity in wound care.

Materials and Methods. The authors analyzed and
systematized scientific publications on material with CuNPs
used inwound healing in the electronic database Scopus for the
past fourteen years on the keywords “copper nanoparticles”
and “wound healing”. The authors analyzed the data of
publications, such as year, subject area, and country of the
research using the Scopus database. VOSviewer system
from the University of Leiden (http://www.vosviewer.com/)
was used for the visualization of the bibliometric network.

Results and Discussion

Copper nanoparticles

Overthe lastten years, the development of nanomaterials
has expanded in various areas of clinical use. Currently,
around 100 nanomedicines have gained approval from both
the Food and Drug Administration (FDA) and the European
Medicines Agency (EMA), with over 500 more undergoing
clinical trials [10].

Nanotechnology involves the production and
manipulation of materials at the nanoscale level,
typically ranging from 1 to 100 nanometers (nm) in size.
Nanoparticles (NPs) are a diverse class of materials within
nanotechnology, encompassing particulate substances.
These nanoparticles can be composed of various materials,
including metals, metal oxides, polymers, and carbon-based
materials. Due to their small size and unique properties,
nanoparticles find applications in a wide range of fields,
including medicine, electronics, environmental science,
and materials science [11; 12]. One of the promising
nanoparticles in recent years are copper nanoparticles.

Copper is a vital dietary element necessary for the
proper functioning of the human body. The human body
can acquire copper from diverse sources such as shellfish,
seeds, nuts, cereals, whole grain products, and chocolate.
Despite the availability of various sources for meeting
the daily copper requirement, research indicates that the
average adult loses about 1.4 mg/day for men and 1.1 mg/
day for women [13].

Copper is present in over 30 types of proteins and
important in the metabolism of living organisms. Enzymes,
which contain copper, contribute to various body functions.
Oxygen metabolism, regulation of skin pigmentation,
synthesis of collagen, maintenance of blood vessel
integrity, as well as iron balance, antioxidant defense, and
neurotransmitter synthesis are among them [14; 15].

However, copper can become toxic, when consumed over
human tolerance levels. Copper toxicity, or copperiedus,
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can cause several pathological processes that adversely
affect human organisms. Acute copper toxicity causes
nausea, vomiting, diarrhea, abdominal pain, headaches,
and dizziness, while chronic copper toxicity leads to liver
damage, kidney failure, or neurological symptoms [16].
Thus, copper-based medications should be used carefully,
in appropriate doses under the supervision of a doctor to
avoid the toxic effect of copper on the human body.

Synthesis of CuNPs

There are three main methods to synthesize copper
nanoparticles: chemical, physical, and green synthesis [17].

Chemical method based on the reduction of copper ions
in a solution to form nanoparticles. This can be achieved
through various techniques such as chemical reduction,
precipitation, or electrochemical methods.

In the reduction technique, Cu (II) salts can be reduced
by various reducing agents, such as ascorbic acid, sodium
borohydride, or polyol. These agents allow to product
nanoparticles with controlled size and shape.

Microemulsion is amethod of synthesis of nanoparticles,
where a thermodynamically stable dispersion is formed in
two immiscible liquids, such as water-in-oil, oil-in-water,
or water-in-carbon dioxide supercritical phases, which is
facilitated by a surfactant. This category uses the reverse
micelle method, which involves two inverted emulsions of
water and oil. This method was used to synthesize copper
nanoparticles ranging in size from 3 to 13 nm.

The electrochemical method used electricity as a
controlling force to produce copper nanoparticles. This
technique occurs by passing an electric current between
two electrodes separated by an electrolyte. So, synthesis
takes place at the electrode/electrolyte interface [18].

Chemical methods are the most widely used approaches
to obtain copper nanoparticles. However, a significant
drawback is the use of hazardous substances at the synthesis
stage. The development of environmentally friendly
methodologies becomes extremely necessary, considering
the growing prevalence of the use of nanoparticles and their
active interaction with people.

The main physical method used to produce copper
nanoparticles is based on reducing bulk copper into
nanoscale particles and includes the milling technique.
Milling involves the reduction of the metal to either
micro- or nano-scale dimensions, following the “top-
down” approach, or assembling larger structures through
the blending of precursor salts, following the “bottom-up”
approach.

This method has limitations, such as difficulty in the
production of ultrafine particles and long-time production.
Contamination, which often occurs during mechanochemical
processing, affects the quality of the produced material.
Nevertheless, there are several advantages of milling
synthesis, such as low-cost production and enabling large-
scale production. The average size of nanoparticles, their
type, and morphology can be adjusted by milling conditions.
Thus, the milling method is a promising approach to
developing a scalable synthesis of CuNPs, which can be
used in different fields, such as biosensors, pharmaceutical
and antimicrobial materials [19; 20].

Green synthesis is one of the most interesting methods
of CuNPs production in recent years. According to this
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approach, synthesis of nanoparticles includes the utilization
of biological organisms (bacteria, plants, or fungi) and
their extract as a reducing agent of the copper ions [21].
Green synthesis offers several advantages, including
environmental friendliness, cost-effectiveness, and the
potential for large-scale production without the use of harsh
chemicals.

Various plants have been utilized to produce
nanoparticles due to their medicinal values and properties.
Fortunella margarita, Asparagus adscendens, Citrus
medica, Cissus vitiginea have been previously used for the
synthesis of copper nanoparticles [22-25].

The mechanism of green synthesis includes preparing a
biological extract and mixing it with a solution of copper
salt (copper sulfate, copper chloride). The reducing agents
in the biological extract reduce the copper ions in the
precursor solution to form copper nanoparticles [26].

All mechanisms of CuNPs have their advantages and
disadvantages. However, green synthesis offers a more
ecological approach to the synthesis of nanoparticles due to
its use of renewable resources and reduce the generation of
hazardous waste. Chemical and physical approaches provide
control over particle size, and shape, while scaling up green
synthesis is more challenging due to process complexity.
Thus, the choice between methods of copper nanoparticles
depends on the specific application requirements, desired

nanoparticle properties, environmental impact, and
scalability considerations.
Characterization and properties of CUNPs
Morphological characteristics, such as size and

shape of nanoparticles, are crucial in studying because it
significantly impacts on their efficacy. The most important
techniques to describe CuNPs and determine their efficacy
are scanning and transmission electron microscopy (SEM
and TEM), atomic force microscopy (AFM), dynamic light
scattering (DLS), energy dispersive X-ray (EDX), and
X-ray diffractometer (XRD).

Copper nanoparticles have unique properties, which
are effectively used in different fields, such as biomedical
applications, electronics, the chemical industry, textiles,
and agriculture.

One of the main properties of copper nanoparticles
is antimicrobial action. CuNPs can reduce the viability
of bacteria, viruses, or fungi, depending on the chemical
composition, shape, and size of the nanomaterial. The
mechanism of antimicrobial activity is based on the
contact action of nanomaterials, the release of ions, and the
production of reactive oxygen species (ROS).

The first stage of CuNPs effect is direct contact with
the cell surface, which leads to a change in the cell wall
of microorganisms and the cell membrane. CuNPs and
their released ions are positively charged, while the surface
of both Gram-positive and Gram-negative bacteria are
negatively charged. Thus, copper nanoparticles adsorb on
the surface of bacterial cells, which leads to the destruction
of the cell wall and, therefore, entry of the nanoparticles
and their ions inside the cell [27].

The release of copper ions plays an essential role in
antimicrobial action. Once copper ions get into bacterial
cells, they can bind to enzymes and disrupt their function,
bacterial DNA, leading to DNA damage and interfering with
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replication and transcription processes. The interaction of
ions with bacterial DNA leads to the disruption of genetic
material and prevents bacterial growth and proliferation [28].

Although ions play one of the key mechanisms in
antimicrobial action, copper can only dissolve a small
number of ions, which means that the release of ions is not
the main antimicrobial mechanism of copper nanoparticles.

Both CuNPs and their ions can induce oxidative stress
by generation of ROS. Reactive oxygen species are oxygen-
containing derivatives composed of increasable oxygen
radicals, such as superoxide (O,), hydroxyl (OH), and
hydrogen peroxide (H,0,), which are highly reactive and can
increase in the presence of copper in the cell. The oxygen
radicals damage cellular components such as proteins, lipids,
and nucleic acids and lead to apoptosis [29-31].

Application of CuNPs in the wound healing

Chronic wounds are injuries that fail to heal in a
systematic and timely manner throughout the different stages
of the healing process within a 3-month period. Wounds can
be classified into four groups: venous, arterial insufficiency,
pressure, and diabetic ulcers. The classification is based
on the etiology of the cause. Chronic wounds represent a
considerable challenge to the healthcare system due to their
prevalence and high-cost treatment. [32; 33].

Chronic infection is often associated with multiple
bacterial species and, thus, effective care and appropriate
treatment are essential. Bacteria, which are part of skin
microbiota  (Staphylococcus  aureus, — Pseudomonas
aureginosa), can penetrate wounds and cause chronic
inflammation. At the beginning of chronic wound
formation, gram-positive bacteria, especially S. aureus, are
most common. Methicillin-resistant S. aureus (MRSA) has
become a serious problem. There are only a few antibiotics
that are effective against these stains. MRSA often forms
a biofilm, where bacteria can transfer the resistance genes
between each other and, thus, increase resistance to
antibiotics and innate host immunity mechanisms. This
biofilm can be formed by antibiotic resistance strains, which
is more dangerous because treatment with antibiotics could
be ineffective [34-37].

Copper nanoparticles are promising material in wound
healing due to their antimicrobial properties. Moreover,
they can stimulate tissue regeneration by promoting
angiogenesis and collagen synthesis.

CuNPs can be merged with natural or synthetic
materials, such as chitosan or poly(vinyl alcohol), due
to their biocompatibility and ability to promote tissue
regeneration [38; 39]. Wound dressings have been made
using different materials (synthetic or natural) and come
in various physical forms, such as sponges, hydrogels,
hydrocolloids, films, and membranes. Various formulations
and unique characteristics of dressing make them
appropriate for treating specific types of wounds [40].
Copper nanoparticles can be used in dressing material to
repair the skin barrier, promote wound regeneration, and
decrease the risk of re-infection. Dressing material is used
to enhance the proliferation and migration of fibroblasts
and accelerate the formation of epithelial tissue [41].

Limitations of using copper nanoparticles

A lot of studies claim the cytotoxicity of metal
nanoparticles. Thus, copper nanoparticles are not an
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exception. The size and shape of nanoparticles determined
the result of cytotoxicity. Most of the nanoparticles
have a limited therapeutic index, despite their extensive
antimicrobial properties [42; 43]. On the one hand, CuNPs
have antimicrobial properties that can be used in the
treatment of bacterial infections. On the other hand, they
can also affect cells, organs, and systems of the human body
[44]. Therefore, it is necessary to conduct more research
to determine the cytotoxic level of CuNPs and the ways
of their effect on the host organism. To achieve this goal,
copper nanoparticles should be studied from a physical,
chemical, and biological point of view.

Bibliometric analysis of scientific literature

We analyzed 142 publications in the Scopus database,
which was filtered by the keywords “copper nanoparticles”
and “wound healing”, although there are more than nine
thousand publications that were found by the keyword
“copper nanoparticles”. Thus, scientific interest in copper
nanoparticles started in the early 90s and significantly
increased over the past thirty years, while the interest of
CuNPs’ use in wound healing started in 2010 and increased
over the last few years (Fig. 1).

The copper nanoparticles and their effect on wound
regeneration are mostly studied by researchers from China,
India, and United States.
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There is also great interest in the dissemination of
publications on the subject. According to the data from
the Scopus database, copper nanoparticles have been
studied from the side of chemistry, material science, and
engineering. Only in the past fourteen years the number
of publications in biochemistry, molecular biology, and
pharmacy increased (Fig. 2).

Thus, copper nanoparticles have been actively studied
in the last 30 years mostly for their physical properties,
leaving an unfilled niche in the study of properties of
nanoparticles in wound healing. The use of nanoparticles
in this direction began to be actively studied only in the
last 14 years.

We analyzed the 142 publications published from
2010 to 2024 on the research topic. Selected articles were
analyzed in the Scopus database using the keywords “copper
nanoparticles” and “wound healing”. They can be divided
into three thematic clusters: 1) copper nanoparticles;
2) antimicrobial activity; 3) wound infections (Fig. 3).

There are also three chronological stages: synthesis of
copper nanoparticles and description of the antimicrobial
properties; antibacterial activity in wound healing and
creation of new biomaterials to wound care (Fig. 4).

Limitations. This research includes publications only
in the Scopus database from 1993 to March 20, 2024.
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Fig. 1. Comparison of the publication chronology. A. Documents filtered by the keyword “copper nanoparticles”.
B. Documents filtered by the keywords “copper nanoparticles” and “wound healing”
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Fig. 2. Comparison of the distribution of publications on the subject area. A. Documents filtered by the keyword
“copper nanoparticles”. B. Documents filtered by the keywords “copper nanoparticles” and “wound healing”
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Conclusions.

Nowadays, the problem of antibiotic resistance requires
special attention. More microorganisms are becoming
resistant to antibiotics due to lack of control over their use.
Thus, it is necessary to investigate alternative materials
that could reduce the use of antibiotics in the treatment of
infectious diseases, such as wounds.

Analysis of publications of the Scopus database due
to the period from 2010 to 2024 shows rising scientific
interest in the copper nanoparticles application in medicine,
particularly for wound care. Notably, the interest in copper
nanoparticles appeared in the 90s, but most publications
are dedicated to the physical properties and synthesis of
nanoparticles. Meanwhile, research on the use of CuNPs in
wound care has increased over the past 14 years. Moreover,
due to the active search and study of alternative methods of
treating infections, the subject of interest is relevant and is
being actively studied now.

We identified three chronological stages using the tool
for building and visualizing bibliometrics: synthesis of
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copper nanoparticles and description of the antimicrobial
properties; antibacterial activity in wound healing and
inception of new biomaterials to wound care. Scientific
publications that were investigated can be split under
the three thematic clusters: 1) copper nanoparticles;
2) antimicrobial activity; and 3) wound infections.

Thus, copper nanoparticles are now actively being studied
by scientists in different parts of the world. The ability of CuNPs
to suppress bacterial growth can be used in wound care. CuNPs
promote angiogenesis and collagen synthesis and can be added
to the wound dressing. To improve antimicrobial action and
decrease the cytotoxicity of CuNPs, different components, such
as chitosan, are used due to their synthesis.

Financial support.

Ukrainian-Latvian bilateral project “Modern copper-
containing dressing materials with improved regenerative
and antibacterial properties”, contract M/01-2024, state
registration number 0123U103301.

Conflict of interest.

The authors declare no conflict of interest.

BIBLIOGRAPHY

1. Global antimicrobial resistance and use surveillance system (GLASS) report 2022. Geneva: World Health Organization;
2022. Licence: CC BY-NC-SA 3.0 IGO. Available from: https://www.who.int/publications/i/item/9789240062702.

2. Vincent M, Duval RE, Hartemann P, Engels-Deutsch M. Contact killing and antimicrobial properties of copper. J Appl
Microbiol. 2018 May; 124(5): 1032-1046. doi: 10.1111/jam.1368]1.

3. Sharma P, Goyal D, Chudasama B. Ecotoxicity of as-synthesised copper nanoparticles on soil bacteria. IET Nanobiotechnol.
2021 Apr; 15(2): 236-245. doi: 10.1049/nbt2.12039.

4. Malandrakis AA, Kavroulakis N, Chrysikopoulos CV. Copper nanoparticles against benzimidazole-resistant Monilinia
fructicola field isolates. Pestic Biochem Physiol. 2021 Mar; 173: 104796. doi: 10.1016/j.pestbp.2021.104796.

5. Mendes C, Thirupathi A, Corréa MEAB, Gu Y, Silveira PCL. The Use of Metallic Nanoparticles in Wound Healing: New
Perspectives. Int J Mol Sci. 2022 Dec 6; 23(23): 15376. doi: 10.3390/ijms232315376.

6. Vivcharenko V, Trzaskowska M, Przekora A. Wound Dressing Modifications for Accelerated Healing of Infected Wounds.
Int J Mol Sci. 2023 Apr 13; 24(8): 7193. doi: 10.3390/ijms24087193.

7. Sakthi Devi R, Girigoswami A, Siddharth M, Girigoswami K. Applications of Gold and Silver Nanoparticles in Theranostics.
Appl Biochem Biotechnol. 2022 Sep; 194(9): 4187-4219. doi: 10.1007/s12010-022-03963-z.

8. Ngakala ZB, Sibuyi NRS, Fadaka AO, Meyer M, Onani MO, Madiche AM. Advances in Nanotechnology towards
Development of Silver Nanoparticle-Based Wound-Healing Agents. Int J Mol Sci. 2021 Oct 19; 22(20): 11272. doi: 10.3390/
jms222011272.

9. Toczek J, Sadlocha M, Major K, Stojko R. Benefit of Silver and Gold Nanoparticles in Wound Healing Process after
Endometrial Cancer Protocol. Biomedicines. 2022 Mar 16; 10(3): 679. doi: 10.3390/biomedicines10030679.

10. Wozniak-Budych MJ, Staszak K, Staszak M. Copper and Copper-Based Nanoparticles in Medicine-Perspectives and
Challenges. Molecules. 2023 Sep 18; 28(18): 6687. doi: 10.3390/molecules28186687.

11. Khan I, Saeed K, Khan I. Nanoparticles: properties, applications and toxicities. Arabian Journal of Chemistry. 2019; 12(7):
908-931 doi: https://doi.org/10.1016/j.arabjc.2017.05.011.

12.Joudeh N, Linke D. Nanoparticle classification, physicochemical properties, characterization, and applications: a
comprehensive review for biologists. J Nanobiotechnology. 2022 Jun 7; 20(1): 262. doi: 10.1186/s12951-022-01477-8.

13. Institute of Medicine (US) Panel on Micronutrients. Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron,
Chromium, Copper, lodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc. Washington (DC):
National Academies Press (US); 2001. doi: 10.17226/10026.

14. Vimbela GV, Ngo SM, Fraze C, Yang L, Stout DA. Antibacterial properties and toxicity from metallic nanomaterials. Int J
Nanomedicine. 2017 May 24; 12: 3941-3965. doi: 10.2147/IJN.S134526.

15. Gromadzka G, Tarnacka B, Flaga A, Adamczyk A. Copper Dyshomeostasis in Neurodegenerative Diseases-Therapeutic
Implications. Int J Mol Sci. 2020 Dec 4; 21(23): 9259. doi: 10.3390/ijms21239259.

16. Ingle AP, Duran N, Rai M. Bioactivity, mechanism of action, and cytotoxicity of copper-based nanoparticles: a review. Appl
Microbiol Biotechnol. 2014 Feb; 98(3): 1001-9. doi: 10.1007/s00253-013-5422-8.

17. Crisan MC, Teodora M, Lucian M. Copper Nanoparticles: Synthesis and Characterization, Physiology, Toxicity and
Antimicrobial Applications. Applied Sciences. 2021; 12(1): 141. https://doi.org/10.3390/app12010141.

18. Khodashenas B, Ghorbani HR. Synthesis of Copper Nanoparticles: An Overview of the Various Methods. Korean Journal
of Chemical Engineering. 2021; 31 (7): 1105-9. doi: 10.1007/s11814-014-0127-y.

19.

ISSN 2226-2008 OJIECbKWI MEJAYHNIA XKYPHAJT Ne 3 (188) 2024

Sandoval SS, Silva N. Review on Generation and Characterization of Copper Particles and Copper Composites Prepared by
Mechanical Milling on a Lab-Scale. Int J Mol Sci. 2023; 24(9): 7933. doi: 10.3390/ijms24097933.

77



orijiin JIITEPATYPHU

20.

21.
22.

23.

24.

25.

26.
27.
28.
29.
30.
31
32.
33.
34.

35.

36.
37.
38.
39.
40.
41.
42.

43.

44,

78

Iliger KS, Sofi TA, Bhat NA, Ahanger FA, Sekhar JC, Elhendi AZ, Al-Huqail AA, Khan F. Copper nanoparticles: Green
synthesis and managing fruit rot disease of chilli caused by Colletotrichum capsici. Saudi J Biol Sci. 2021 Feb; 28(2):
1477-1486. doi: 10.1016/j.sjbs.2020.12.003.

Akintelu SA, Folorunso AS, Folorunso FA, Oyebamiji AK. Green synthesis of copper oxide nanoparticles for biomedical
application and environmental remediation. Heliyon. 2020; 6(7): 04508. doi: 10.1016/j.heliyon.2020.e04508.

Amjad R, Mubeen B, Ali SS, et al. Green Synthesis and Characterization of Copper Nanoparticles Using Fortunella margarita
Leaves. 2021 Dec 13;13(24): 4364. doi: 10.3390/polym13244364.

Thakur S, Sharma S, Thakur S, Rai R. Green Synthesis of Copper Nano-Particles Using Asparagus adscendens Roxb. Root
and Leaf Extract and Their Antimicrobial Activities. International Journal of Current Microbiology and Applied Sciences.
2018; 7(04): 683-94. doi: 10.20546/ijcmas.2018.704.077.

Shende S, Ingle AP, Gade A, Rai M. Green synthesis of copper nanoparticles by Citrus medica Linn. (Idilimbu) juice and its
antimicrobial activity. World J Microbiol Biotechnol. 2015 Jun; 31(6): 865-73. doi: 10.1007/s11274-015-1840-3.

Wu S, Rajeshkumar S, Madasamy M, Mahendran V. Green synthesis of copper nanoparticles using Cissus vitiginea and its
antioxidant and antibacterial activity against urinary tract infection pathogens. Artif Cells Nanomed Biotechnol. 2020; 48(1):
1153-1158. doi: 10.1080/21691401.2020.

Mohamed EA. Green synthesis of copper & copper oxide nanoparticles using the extract of seedless dates. Heliyon. 2020
Jan 30; 6(1): €03123. doi: 10.1016/j.heliyon.2019.e03123.

MaX, Zhou S, Xu X, Du Q. Copper-containing nanoparticles: Mechanism of antimicrobial effect and application in dentistry:
a narrative review. Front Surg. 2022 Aug 5; 9: 905892. doi: 10.3389/fsurg.2022.905892.

Wang L, Hu C, Shao L. The antimicrobial activity of nanoparticles: present situation and prospects for the future. Int J
Nanomedicine. 2017 Feb 14; 12: 1227-1249. doi: 10.2147/IIN.S121956.

Fu'Y, Chang FM, Giedroc DP. Copper transport and trafficking at the host-bacterial pathogen interface. Acc Chem Res. 2014
Dec 16; 47(12): 3605—13. doi: 10.1021/ar500300n.

Denluck L, Wu F, Crandon LE, Harper BJ, Harper SL. Reactive oxygen species generation is likely a driver of copper based
nanomaterial toxicity. Environ Sci Nano. 2018 Jun 1; 5(6): 1473—1481. doi: 10.1039/C8EN00055G.

Salah I, Parkin IP, Allan E. Copper as an antimicrobial agent: recent advances. RSC Adv. 2021 May 19; 11(30): 18179-18186.
doi: 10.1039/d1ra02149d.

Ermini ML, Voliani V. Antimicrobial Nano-Agents: The Copper Age. ACS Nano. 2021 Apr 27; 15(4): 6008—6029. doi:
10.1021/acsnano.0c10756.

Raffi M, Mehrwan S, Bhatti TM, et al. Investigations into the antibacterial behavior of copper nanoparticles against
Escherichia coli. Annals of Microbiology. 2010; 60(1): 75-80. doi: 10.1007/s13213-010-0015-6.

Salvo J, Sandoval C. Role of copper nanoparticles in wound healing for chronic wounds: literature review. Burns Trauma.
2022 Jan 21; 10: tkab047. doi: 10.1093/burnst/tkab047.

Sandoval C, Rios G, Sepulveda N, Salvo J, Souza-Mello V, Farias J. Effectiveness of Copper Nanoparticles in Wound
Healing Process Using In Vivo and In Vitro Studies: A Systematic Review. Pharmaceutics. 2022 Aug 31; 14(9): 1838. doi:
10.3390/pharmaceutics14091838.

Hsueh YH, Tsai PH, Lin KS. pH-Dependent Antimicrobial Properties of Copper Oxide Nanoparticles in Staphylococcus
aureus. Int J Mol Sci. 2017 Apr 8; 18(4): 793. doi: 10.3390/ijms18040793.

Goswami AG, Basu S, Banerjee T, Shukla VK. Biofilm and wound healing: from bench to bedside. Eur J Med Res. 2023 Apr
25;28(1): 157. doi: 10.1186/s40001-023-01121-7.

Han G, Ceilley R. Chronic Wound Healing: A Review of Current Management and Treatments. Adv Ther. 2017 Mar; 34(3):
599-610. doi: 10.1007/s12325-017-0478-y.

Diao W, Li P, Jiang X, Zhou J, Yang S. Progress in copper-based materials for wound healing. Wound Repair Regen. 2023
Oct 11. doi: 10.1111/wrr.13122.

Nuutila K, Eriksson E. Moist Wound Healing with Commonly Available Dressings. Adv Wound Care (New Rochelle). 2021
Dec; 10(12): 685-698. doi: 10.1089/wound.2020.1232.

Simoes D, Miguel SP, Ribeiro MP, Coutinho P, Mendonca AG, Correia IJ. Recent advances on antimicrobial wound dressing:
A review. Eur J Pharm Biopharm. 2018 Jun; 127: 130-141. doi: 10.1016/j.ejpb.2018.02.022.

Matica MA, Aachmann FL, Tendervik A, Sletta H, Ostafe V. Chitosan as a Wound Dressing Starting Material: Antimicrobial
Properties and Mode of Action. Int J Mol Sci. 2019 Nov 24; 20(23): 5889. doi: 10.3390/ijms20235889.

Hanan NA, Chiu HI, Ramachandran MR, Tung WH, Mohamad Zain NN, Yahaya N, Lim V. Cytotoxicity of Plant-
Mediated Synthesis of Metallic Nanoparticles: A Systematic Review. Int J Mol Sci. 2018 Jun 11; 19(6): 1725. doi: 10.3390/
jms19061725.

Xiong P, Huang X, Ye N, et al. Cytotoxicity of Metal-Based Nanoparticles: From Mechanisms and Methods of Evaluation
to Pathological Manifestations. Adv Sci (Weinh). 2022; 9(16): 2106049. doi: 10.1002/advs.202106049.

Haoitiuna 0o peoarxyii 30.04.2024.

Iputinama oo opyxy 30.08.2024.
Enexmponna adpeca ons aucmysannus r.moskalenko@med.sumdu.edu.ua

ISSN 2226-2008 OAECBKUI MEJIUYHUI JKXYPHAJI Ne 3 (188) 2024



