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Abstract: The focus of this review article is to present a retrospective analysis of copper applications
focusing on ions and nanoparticles as broad-spectrum antimicrobials. Copper nanoparticles are
presented as an alternative to rising antibiotic resistance. The basic mechanisms of bacterial, fungal,
and viral inactivation, which explain their potential, are presented. The green biosynthesis of copper
nanoparticles using biomaterials is also presented and considered a very promising trend for future
biotechnology and medical applications.
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1. Introduction and History of Copper Applications in the Prevention and Treatment
of Infections

The Smith Papyrus, the oldest known medical document in history, presents the first
documented use of copper as an anti-infection agent. The information there is attributed to
an Egyptian physician around 1700 BC, but is based on information even since 3200 BC. In
hieroglyphics, copper was denoted by the ankh symbol, which was used by the Egyptians
and Indians to symbolize endless life. They used various forms of copper and copper
compounds to maintain hygiene for many ailments. In ancient times, the Egyptians used
to sterilize wounds and drink water by applying metals (silver, copper, etc.) [1].

As early as 1600 BC, the Chinese utilized copper coins as medicine to cure bladder
problems and stomach and heart aches. To keep battle wounds from infection, Phoenician
sailors sprinkled shavings from their bronze swords inside.

Women have known for thousands of years that storing water in copper vessels
protected their children from diarrhea, and kept this knowledge for the next generations.
The Romans described various medicinal applications of copper. Copper compounds were
also used by the Aztecs to heal sore throats; in Persia and India, copper was applied to treat
venereal ulcers, boils, and eye infections [2].

The power of copper’s antimicrobial effect is extraordinary. A team of scientists
checked the old railings of the Grand Central Terminal in New York and found that the
copper still works just as well as the day it was installed more than a hundred years ago,
and the antimicrobial effect still remains.

Copper kills the bacteria that cause Legionnaires’ disease, as well as drug-resistant
microorganisms such as methicillin-resistant Staphylococcus aureus (MRSA). Viruses concern-
ing the global health community, such as the Middle East Respiratory Syndrome (MERS),
the 2009 swine flu pandemic (H1N1), and the 2019 pandemic (SARS-CoV-2) have been
shown to die from contact with pure copper in minutes [3-8]. Ahmadi et al. revealed
the antiviral efficacy of copper nanoparticles biosynthesized by Juglans regia green husk
aqueous extracts and the synergistic action of copper and iron nanoparticles on viruses [9].
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Patoo et al. and Rai et al. [10,11] also contributed with proofs to the synergistic effects of
metal and metal oxide nanoparticles on SARS-CoV-2 and other viruses.

2. Methods for the Synthesis of Copper Nanoparticles

There are basically three groups of methods for nanoparticle synthesis: physical, chem-
ical, and biological [12]. One of the physical methods that is most preferred and popular
among authors is radio frequency magnetron sputtering. This is one of the most promising
methods for applying thin layers due to the possibility of obtaining a homogeneous coating
over a large area under controllable conditions [13]. The main disadvantage of this outdated
method is related to the high cost of nanoparticle synthesis [14]. This method also allows
the co-pulverization of the newly synthesized nanomaterials, which leads to an important
characteristic: the antimicrobial activity [15].

According to Hachem et al. [16], the synthesis of nanoparticles using chemical methods
is based on fundamental chemical reactions. These reactions are precipitation, oxidation,
hydrolysis, thermolysis, polymerization, and condensation [17]. Depending on the reac-
tions, several preferred chemical methods for synthesis stand out. One of them is plasma
chemical vapor deposition, which is used to deposit thin films from a gaseous to a solid
state over a substrate [18]. Another widely used technique is the “sol-gel” method. This
technique is applied to obtain metal oxides, mostly copper nanoparticles [19,20]. Chemical
deposition is one of the most economical techniques for acquiring nanoparticles because it
does not depend on expensive machinery and equipment [21]. “Green” chemical synthesis
is an innovative and relatively new method for the synthesis of metallic nanomateri-
als, where water, which contains environmentally friendly reducing agents, is used as a
chemical solvent [22].

3. Green Synthesis of Copper Nanoparticles

“Green synthesis” controls the size and shape as well as the production of stable
nanomaterials without harmful reagents. Biological synthesis is superior to chemical and
physical methods in terms of cost, environmental friendliness, and ease of synthesis screen-
ing. “Green synthesis” is ecological, economical, and safe and uses biological materials
such as cell cultures of bacteria, fungi, and plants [23]. Several factors affect this method,
including the temperature, pH, reaction time, volume of reagents added, and volume of the
biological extract. The interaction of these factors is critical for determining the shape and
size of the synthesized nanoparticles. Various plants and their parts are excellent producers
of copper nanoparticles, such as the leaf extract of Hagenia abyssinica L., the juice of Citrus
medica Linn., and Syzygium guineense [24-26]. The plants are excellent producers of copper
nanoparticles because they are widely available, easy to process, and a source of many
metabolites. They are rich in pharmacological constituents that act as both reducing and
capping agents in the process of synthesis [24-26].

Over the past few decades, chemical and physical synthesis approaches have been
widely used to produce nanoparticles [27]. However, they have been proven to be dan-
gerous to both the environment and human health because of the harsh chemicals used.
Biosynthesis technologies have been identified as potential and optimal alternatives. These
approaches hold promise in a variety of contexts, including green chemistry. For example,
copper nanoparticles can be produced in large quantities using Rhatany root extract as a
“renewable resource” [26]. The literature review reveals that biologically synthesized cop-
per nanoparticles using microbial substances instead of plant extracts are sparsely explored.
Future research can be focused in this direction because “green synthesis” appears to be
the future of nanotechnology synthesis.

4. Copper Ions and Nanoparticles

The majority of research on metal-based nano-antimicrobials has demonstrated that
the nanomaterial’s biological efficacy is much greater and longer than the metal salt’s bioac-
tivity. Numerous factors can affect this effect, including the size of the nanoparticles, the
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high surface-to-volume ratio of ultrafine particles, the massive release of ions, as well as the
unusual features connected to the existence of surface stabilizers. Anti-agglomeration com-
pounds, in fact, have frequently been shown to modify the ion release of the nanoparticles
and, consequently, their antibacterial characteristics [23,27-30].

It has been demonstrated that soluble copper compounds exhibit superior antibacterial
activity against a variety of pathogens, such as viruses, bacteria, fungi, and algae [5,7-9],
all of which are generally safe for medical implants and human consumption [31-33].
Copper primarily enters microbial cells in the form of ions [28-30]. It alters the pH level
and function of the membrane channels, destroys the functional groups and structure
of the cell and inner membranes, and produces reactive oxygen species (ROS) that can
cause irreversible damages like protein oxidation, the rupture of crucial internal molecules
like enzymes, DNA, and RNA, and the destruction of the entire cell membrane due to
free-radical lipid peroxidation (Figure 1).
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Figure 1. Effect of copper nanoparticles and ions on a microbial cell.

Longano et al. [34] have outlined several methods for producing copper nanoparticles
with varying sizes, shapes, and coatings attached to various polymers. Torras and Roig [35]
present contemporary techniques for using microwaves to manufacture copper and alloyed
copper particles and trace their photocatalytic activity. One of the most prevalent uses of
this metal in contemporary healthcare facilities is the control of Legionella sp. in hospital
water distribution systems by the ionization method of copper and silver [36—40]. A broad
spectrum of bacteria, including spore-forming Bacillus subtilis, Salmonella enterica, Campi-
lobacter jejuni, Escherichia coli, and Staphylococcus aureus, are susceptible to the antimicrobial
activity of copper ions originating from nanoparticles. Moreover, 99.9% of most bacteria
are killed within two hours of contact [37-39,41,42]. Additionally, this metal occasionally
exhibits superior qualities in comparison to other precious metals with antibacterial ac-
tivity, like platinum and gold [40,43]. By direct contact, bacteria, yeasts, and viruses can
be eliminated from copper surfaces. According to reports, contact death happens over a
prolonged incubation period and at a pace of at least seven to eight orders of magnitude
per hour. There were no live microbes found on copper surfaces. This gives rise to the
concept of self-cleaning materials made of copper [36]. Additionally, copper is a vital
trace element for human health since it is regarded as a metal that is not too harmful to
humans and is utilized in intrauterine and other devices [37,38]. Some authors claim that
copper nanoparticles cause severe toxicological effects and serious damage to the kidneys,
liver, and spleen of experimental mice, but micro-copper particles do not do so in the
majority [40]. There is a relationship between the characteristics of nanomaterials and their
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nanotoxicity [43]. Several factors, such as the specific surface area of the nanoparticles,
their high reactivity, the overexpression of H¥, etc., are predicted to probably cause the
severe nanotoxicity observed in vivo [43]. It should be experimented further in vivo by
green synthesized copper nanoparticles to check their toxicity completely.

Synthesized copper nanoparticles against Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus, and Bacillus subtilis have exceptional antibacterial capabilities, thanks
to an extract from the leaves of the herb Hagenia abyssinica [44]. According to Ganga’s re-
search, gram-positive bacteria like Staphylococcus aureus and Bacillus subtilis, as well as gram-
negative bacteria like Escherichia coli and Klebsiella pneumoniae, were effectively neutralized
by green-synthesized copper nanoparticles derived from Riccia fluitans bryophytes [45].
From all the combinations tested against the targeted bacterial strains, copper nanoparticles
demonstrated the strongest antibacterial efficacy. Similar outcomes were observed by
Malaikozhundan et al. [46] when copper nanoparticles were synthesized using Mentha
spicata leaf extract to inhibit Klebsiella pneumoniae, Escherichia coli, and the gram-positive
Streptococcus pyogenes and Staphylococcus aureus.

5. Gene Expression after Nanoparticle Interaction

Reverse transcriptase polymerase chain reaction about gene expression induced the
activation of copper oxidase, converting the toxic first-valence copper ions into less toxic
second-valence ions. The activation was observed in the fifth minute of the interaction of
bacterial cells with copper and silver ions. A statistically significant activation of copper
oxidase was found in E. coli ATCC 10536 and in the presence of titanium dioxide thin
films embedded with copper and silver nanoparticles by RT-qPCR, despite the significantly
lower concentration of ions released from the thin film.

The representativeness of these results is ensured by the use of two types of negative
controls: the so-called clear glass plate (uncoated but cleaned as for coating) and the
titanium dioxide-coated one. The gene expression was similar when tested against the
control, pure glass, or TiO,. This allows us to conclude that TiO, does not act as a stress-
determining factor and that the occurrence of stress responses is entirely due to the copper
and silver nanoparticles entering the component composition of the thin films’ coatings.
This confirms that titanium nanoparticles or dissolved ions do not have a suppressive effect
on the bacterium. It proves that the dissolution of metal ions from the atomic clusters of
copper and silver nanoparticles is responsible for their combined toxic effect [47].

When analyzing the data for 30 and 60 min, the results are comparable. The effect
is weaker with time, i.e., the expression of copper oxidase CuO in the first minutes of
the treatment is most noticeable. The tendency for a decrease in the expression of copper
oxidase with time is clear. The result in the 5th minute shows the rapid reaction of the
bacteria to the nanomaterials and the stress response. Nine-fold activation is achieved at
the 5th minute, and seven-fold activation is achieved at the 30th minute [47].

6. Combinations between Copper, Copper Oxide, and Other Nanoparticles

Copper nanoparticles could be applied to critical points in some key industries to im-
prove the quality of protective clothing [48]. Several reported studies have given promising
results. The Cu-5i0, nanocomposite, copper-doped hydroxyapatite nanopowders, alginate
nano-copper cotton cellulose fibers, and copper nanoparticle-treated fibers were all tested
for antibacterial activity using the agar diffusion test [34]. The antibacterial performance
results of the fibers loaded with nano-copper demonstrated a distinct zone of inhibition
surrounding the visible copper nanoparticle fiber bundle and a reduced number of micro-
biological colonies. Grace et al. also reported another clear concentration effect [49]. The
same scientists demonstrated in a different work that cotton-cellulose fibers treated with
nano-copper alginates efficiently prevented the growth of bacteria [31]. CuO nanocompos-
ites completely inhibited the development of E. coli cells when applied to cotton fibers [50].
The addition of CuO nanoparticles at doses of 0.01-0.5% and 1% to adhesive composite
trans bond XT increased its antibacterial properties against Streptococcus mutans. The shear
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bond strength of the metal brackets linked to the human premolars did not exhibit any
negative consequences [51].

Copper alloys can be created by combining copper nanoparticle coatings with other
metals. The US Environmental Protection Agency has registered over 450 alloys that are
resistant to six different kinds of bacteria, including MRSA, VRE (Vancomycin-resistant
Enterococcus faecium), P. aeruginosa, S. aureus, and E. coli. Copper-containing coatings can
be applied to any surface that is in contact with pathogens and come in a variety of
colors and shapes. They do not need expensive extra cleaning techniques and are robust,
recyclable, and sustainable. These surfaces work incredibly well; MRSA at 10° CFU/mL
was eliminated in 90 min at 25 °C on a C197 copper surface when it was contaminated
by sneezing and splashing. For clean copper surfaces with 10° CFU at 22 °C, a 45-min
elimination period in a dry touch simulation yields a faster effect. At 4 °C, complete
disinfection is accomplished in 6 h [52].

At 20 °C and 50% relative humidity, copper surfaces were more effective in eradicating
MRSA than silver and iron-containing materials and stainless-steel surfaces, with almost
no live bacteria remaining 75 min after the microbial application to the studied surface [53].
Within 10 min, an even quicker bactericidal response was seen for vancomycin-resistant
Enterococcus (VRE) [54]. The increased effectiveness of contact bacterial inactivation on
copper surfaces evaluated at higher temperatures and humidity levels is demonstrated by
this and other research. Copper nanomaterials generally exhibit quick and wide-ranging
biocidal action against a variety of microorganisms, including viruses (Influenza A and
Norovirus), fungi (Candida albicans, Penicillium sp.), bacteria (Legionella pneumophila, E. coli,
and Clostridium difficile—both vegetative cells and spores), as well as resistant strains of
these organisms (MRSA, VRE) [2,55]. Due to their multiple non-specific modes of action
and quick bactericidal effect, copper-containing contact surfaces are preferred in the fight
against resistance in comparison to chemical antibacterial treatments [56,57].

The agar diffusion of the Cu-5iO; nanocomposite was determined by placing a paper
disk saturated with different nanocomposite aqueous suspensions on an agar surface in-
oculated with E. coli (ATCC 25922). Our result showed that the filter paper prevented the
nanoparticles’ diffusion into the nutrient medium, but the nanocomposite had a stronger
antibacterial effect than the copper nanoparticles [57]. The antibacterial activity of Cu-5iO,
nanocomposites depends on the good distribution and lack of aggregation of the copper
nanoparticles on the surface of the SiO; nanoparticles [58]. The effectiveness of nanocom-
posites is also confirmed by the work of Maniprasad and Santra [59], who investigated the
antibacterial activity of copper nanoparticles deposited on SiO, particles. They estimated
a minimum inhibitory concentration (MIC) of 2.4 pug of Cu metal/mL against both E. coli
and B. subtilis. Antibacterial studies clearly present that Cu/SiO, nanocomposites are more
effective compared to insoluble Cu(OH); at equivalent concentrations of copper, indicating
the higher bioavailability of ions (i.e., more soluble Cu) in Cu/SiO, nanocomposites, deter-
mined by the “core-shell” structure. The antimicrobial test of copper-doped hydroxyapatite
nanopowders against E. coli ATCC 25922 by the agar diffusion method and in liquid media
showed that all metal-doped hydroxyapatite samples caused the death of viable bacterial
cells [60]. Another study by Yaseen et al. [61] reported that the CuO-5iO,-nanocomposite
had good photocatalytic activity, anti-leishmanial activity, and antioxidant activity, i.e., had
promising biological attributes.

Compared to silver, copper coatings have been the subject of less investigated antibac-
terial activity; however, a Cu/TiO; thin film was investigated under low UV light using
E. coli that is resistant to copper ions. Sunada [62] showed that the synergistic action of the
photocatalytic activity of TiO; and that of copper ions produced a bactericidal impact of the
Cu/TiO; combination even on copper-resistant E. coli cells under very low UV irradiation.
Cu-doped TiO, showed superior antibacterial activity against E. coli when compared to
undoped TiO;, as reported by Mingmongkol et al. [63]. However, the high Cu doping
concentrations of 1.0 wt.% and Cu-doped TiO; exhibited detrimental effects on the charge
transfer, -OH generation, and surface charge of the nanoparticles.
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Several authors reported about various formulations and combinations of silver and
copper nanoparticles and their synergistic effects on different bacteria [64,65]. Other authors
reported on the immunomodulatory effects of copper on some proteins, influencing innate
host defenses. Zinc, copper, and silver appear to be the metals with the greatest activity
in regard to the increased concentration of nitric oxide (NO-), a kind of reactive nitrogen
species that has synergistic effects on host immune systems against pathogens [66—68].
Nitric oxide can oxidize copper too. It is present in protective proteins. It may cause the
release of copper ions that boost the toxicity against microbial and tumor cells [66,69].

7. Combination of Copper with Polymers for Antimicrobial Effect

Using electro-synthesized copper nanoparticles dissolved in various polymers, as well
as ion-deposited composites (Ion Beam Sputtering technique) and copper fluoropolymer
nanocomposite films, Cioffi et al. [27] conducted biological studies on E. coli. Copper
nanoparticles stabilized with tetra-butyl-ammonium perchlorate were found to have clear
biostatic activity on Saccharomyces cerevisiae, Escherichia coli, Staphylococcus aureus, and Lyste-
ria sp. when they were embedded in polymer matrices like polyvinyl-methyl-ketone, PVC
(polyvinyl chloride), and polyvinylidene fluoride. Furthermore, it was consistently noted
that copper nanoparticle-polyvinylidene fluoride films had the least effective biostatic ac-
tion, while copper nanoparticle-polyvinyl-methyl-ketone films exhibited the best biostatic
effect [27]. On the other hand, the ammonium salt had a substantial growth inhibition
impact and significantly reduced the growth of bacteria in the cases of copper nanoparti-
cles stabilized by tetra-octyl-ammonium chloride and embedded in polymer matrices like
polyvinyl-methyl-ketone. It is interesting to note that the simultaneous action of implanted
metal nanoparticles and tetra-octyl-ammonium chloride resulted in increased biological
activity for these nanocomposites. Furthermore, because of the exceptionally high concen-
tration of unattached copper atoms, copper nanopaticle-polyvinylidene fluoride coatings
demonstrated even greater disinfection efficacy against E. coli [27].

The antibacterial properties of copper-encrusted multi-walled carbon nanotubes (Cu-
MWCNT) were also evaluated in compliance with ISO 14729:2001 (EU) regulations [70].
At a dose of 21 pg/mL, pure MWCNTs showed a comparatively poor impact against E.
coli (20 & 2.5%). When compared to pure copper nanoparticles, combined Cu-MWCNTs
demonstrated a good level of antibacterial efficiency (~75%) and around 52% bactericidal
activity [71]. Copper nanoparticles were functionalized with polyethyleneimine (PEI) and
4-aminobutyric acid (GABA) by Jardén-Maximino et al. [32]. These composites with 2, 5,
and 5.0 wt.% of Cu showed outstanding antibacterial action against Staphylococcus aureus
and Pseudomonas aeruginosa. By employing bile juice to create a hemocompatible composite
Cu-MWCNT, Mondal and Mondal [33] demonstrated potent antibacterial activity against
S. aureus and P. aeruginosa biofilms, with minimum inhibitory concentrations (MIC) of 24
and 16 pg/mlL.

At a lower dosage of approximately 3 pug of Cu per gram composite gel, agarose-Cu
nanoparticle composites at two distinct concentrations (3 and 6 pg of Cu per milliliter of
LB broth) demonstrated full suppression against E. coli [72].

8. Copper Oxide’s Biological Effects

According to Perelshtein et al. [50], copper oxide has a very high activity (1.4 wt.%),
completely inactivating S. aureus and E. coli in just 3 h. The toxicity of zinc oxide and
titanium oxide was compared with that of nano-sized and powdered copper oxide on the
bacteria Vibrio fischeri, the water flea Daphnia magna, and the freshwater crustacean Tham-
nocephalus platyurus. Compared to the other nanoparticles, the copper nanoparticles were
more harmful [73]. The antibacterial properties of cuprous oxide nanoparticles produced
with linear low-density polyethylene by co-extrusion, thermal adhesion, and attachment
to epoxy resin, three-methoxy-vinyl-silane, and ethyl cyanoacrylate were examined by
Gurianov et al. [74]. The impacts of the nanocomposites were ranked as follows: thermal
adhesion > ethyl cyanoacrylate > trimethoxyvinylsilane > epoxy resin > extrusion > epoxy
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resin > produced by extrusion. The composites that exhibit the highest activity may find
application as materials for the disinfection of waste-water and tap water.

An enhanced antimicrobial effect was obtained with a combination of TiO, with CuO
and two-layer structures of Ag and CuO in combination with TiO,. [57,75-77]. Structures
where Ag and CuO are inlaid on TiO, have higher biocidal activity.

Fan et al. [68] reported the synergistic antimicrobial effect of copper and silver nanopar-
ticles when mixed and alloyed. The antimicrobial behavior is even better enhanced in
Ag—Cu nanoparticles.

9. Mechanisms of Antimicrobial Activity

The antimicrobial properties are attributed to the release of ions from the surface of
the metal copper, copper oxide, and nanoparticles, the rate of which mainly depends not
only on the chemical composition of the material, but also on the reactive oxygen and
nitrogen species (ROS and NS) that are formed. Several mechanisms of action could be
outlined [28,42,78].

Copper ions hinder the development of bacterial resistance through many mechanisms
simultaneously. The bacterial membranes become damaged when they come into contact
with copper surfaces. Copper ions have the ability to directly harm bacterial proteins
and, via a Fenton-like reaction, generate extremely reactive hydroxyl radicals (-OH) that
interact with other proteins, DNA, and enzymes to cause lipid peroxidation and the
destruction of membrane structures [42,79-81]. CuO nanoparticles have been shown to
promote advantageous outcomes, including enhanced angiogenesis and wound healing.
Through surface functionalization, the surface charge of the nanoparticle can be altered,
which contributes to the inactivation of bacteria. Positively charged nanoparticles may
bind faster and easily kill bacteria because the bacterial cell wall is, in general, negatively
charged [17,28].

An even stronger antimicrobial effect was observed when combining chitosan with cop-
per nanoparticles, and their size depends on the concentration of chitosan [82]. Vanti et al. [83]
established 98% fungal growth inhibition at a 0.1% concentration of economically feasible
chitosan-coupled copper nanoparticles. The study emphasizes the benefits of synthesized
chitosan-copper nanoparticles on agricultural crops as fungicides and growth promot-
ers. It can be a safe alternative to pesticides in order to avoid hazardous effects on the
environment [55].

Copper nanoparticles have the potential to be used as antibacterial agents; however,
when administered as an aerosol, they cause severe inflammatory reactions and cellular
damage. This toxicity may be decreased by coating metal nanoparticles with polysac-
charides, such as the antibacterial and biocompatible chitosan. In vitro experiments have
demonstrated a considerable reduction in the ROS production and the toxicity of copper
nanoparticles after 24 and 52 h when coated with chitosan. In contrast, mice exposed to
chitosan-coated as opposed to uncoated copper nanoparticles showed an increase in the
inflammatory response presented by the total protein, cytokines/chemokines, and white
blood cell count in their broncho-alveolar fluid. These findings imply that covering metal
nanoparticles with muco-adhesive polysaccharides (chitosan, for example) may expand
their potential for use in the regulated release of copper ions; nevertheless, if inhaled, this
will lead to a greater inflammatory response [84,85]. Other studies on the copper-chitosan
nanocomposite showed that it had no cytotoxicity on the normal cell line, but exhibited
very low cell viability against bladder cancer (UM-UC-3 (transitional cell carcinoma)),
squamous cell carcinoma, and transitional cell carcinoma Grade IV cell lines [86].

Copper nanoparticles are mainly used in antiseptic technical materials such as var-
nishes, paints, and other coatings; for ointments with antimicrobial action in medicine;
and also for antiseptic materials in wound healing [28]. In agriculture, the nano-crystalline
powders of iron, cobalt, and copper in extremely low concentrations increase the germina-
tion rate of seeds as well as the chlorophyll index, the number of nodules, and the yield of
the crop [87].
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In vitro studies in mice proved that a dose of 430 mg/kg live weight of 23.5 nm copper
nanoparticles is lethal. The targets of the attack were the liver, spleen, and kidneys [88].
Exposure to concentrations of 10, 25, and 50 ug/mL of CuO nanoparticles in human pul-
monary epithelial cells (A549) resulted in the depletion of glutathione and the stimulation
of catalase, lipid peroxidation, and superoxide dismutase activities. The CuO nanoparticles
reduced cell viability to 75, 66, and 48%, respectively, according to the MIT assay [89].

The inclusion of copper atoms in the layers of TiO, nanoparticles shifts the light
absorption to visible light, and therefore irradiation with ultraviolet light is not necessary.
The antimicrobial effect is preserved with irradiation with visible light, achieving high
bacterial inactivation in 30 min-99.9999% [90]. Qin et al. [91] conducted experiments
comparing the antibacterial action of three oxides. The results show that copper oxide is
most effective, followed by zinc and finally titanium. Copper oxide nanoparticles work in
low concentrations, and it is believed that their action is due to the released copper ions,
the generation of ROS, membrane cell disruption, protein and mitochondrial damage, and
DNA dysfunction [42].

According to Sandle [92], the control of surfaces as vectors for pathogen transmission
increasingly forms part of the overall infection control strategy. In a real hospital setting,
various studies have shown that in rooms equipped with copper surfaces, after proper
pre-positioning, a reduction in the bacterial load and infection rate is observed [93]. In
some studies, it was found that the contact inactivation of bacteria was observed at a rate
of 7-8 log/h, with no surviving microorganisms after only a few hours of contact [94].
In 2010, a similar study was conducted at a hospital in Birmingham, UK, where some of
the surfaces were replaced with copper alloys. These have been used for an experimental
composite toilet seat as well as other key risk items such as door locks, etc.

All the data collected prove that bacteria on copper surfaces are 90-100% less compared
to similar plastic and aluminum surfaces. Based on this evidence, many hospital facilities
are beginning to use copper or copper alloys for touch surfaces such as door handles,
switches and control buttons, tables, bed boards, and hospital cabinets. Furthermore, the
use of copper nanoparticles is not limited to hard surfaces; some manufacturers are targeting
CuO nanoparticle-impregnated textiles for beds, pillowcases, and hospital clothing for
patients and healthcare workers. A clinical trial in intensive care units at Calama Hospital
in Chile reported a similar reduction. An ambulatory study confirmed the reduction in
the microbial load, resulting in reduced contamination in close proximity to the copper
surfaces. The estimate shows a 40% reduction in ICU-acquired infections, with the potential
for a reduction of up to 70%. This also leads to reduced care costs and improved patient
outcomes [95,96]. After 6 h of exposure, Cu-containing ZnO films led to a strong reduction
in the number of viable E. coli bacteria in a hospital environment [96-98].

Airborne pathogens are also risky, as are surfaces. Copper nanoparticles are used in
heating, ventilation, and air conditioning systems in hospitals. Typically, these systems
use aluminum components. Depending on the design and outdoor air pollution, these
components can promote the development of resistant biofilms of bacteria and fungi on
heat exchanger coils, fins, condensate drains, air ducts, etc. [55,99,100].

10. Conclusions

There is a strong connection between the past applications of copper as a metal and the
continuing interest in this material in the following new forms: nanoparticles, alloys with
other metals, and combinations with other materials such as polymers, carbon nanotubes,
etc. Nanocomposites accumulate promising results, especially in combined activity and
synergistic effects with silver, zing, silica, and titanium dioxide, including ferrite nanoparti-
cles. The nanocomposites with chitosan and other polymers have the advantage of causing
less toxicity to mammals but present strong antibacterial, antiviral, and antifungal effects.
Copper is improving the immune system’s defense against pathogens. Copper will become
one of the most precious metals for human well-being. Green synthesized nanoparticles and
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nanocomposites could be nontoxic for humans as antimicrobials, bioremediation agents,
and growth factors for agricultural plants.

11. Future Directions

The future application of green synthesized copper nanoparticles could improve the
antimicrobial effect of combined copper nanocomposites and diminish their toxic effect on
mammalian cells [34,101,102]. The copper nanoparticles obtained by green synthesis using
tea leaf extracts could be used not only for biomedical applications, but also for water biore-
mediation [103]. Authors obtain copper oxide nanoparticles by “green synthesis” using,
for instance, the leaf tissue from Camellia sinensis L. and lavender (Lavandula anguistifolia).
It is proven that they have a successful effect at the lowest concentrations (4 pg mL™1)
in the root and shoot development of lettuce and tomato seedlings [104,105]. So, these
nanomaterials could be used in the future for bioreclamation and as new fertilizers. The
literature review reveals that biologically synthesized copper nanoparticles using plant
extract are sparsely explored, and much future research can be conducted in this direction
as “green synthesis” is the future of nanotechnology.
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