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Abstract

The remarkable link between the strength and location of the Localized Surface Plasmon Resonance (LSPR) peak and the
size, shape, and density of Cu NPs has been validated by numerous investigations on the optical properties of copper NPs.
The prospect of attaining Cu NPs with tunable LSPR peak may be useful for developing catalysts, biosensors, optoelectronic
devices, optical devices, etc. The diversity, complexity and heterogeneity of cancer and bacteria-causing diseases have placed
them among the most disheartening infections that threaten the health of humans for so many years. Investigations on copper
oxide's optical, anticancer, and antibacterial properties have been carried out on a number of occasions due to their fascinating
properties, which have been discovered as a potential therapeutic agent for the treatment of both cancer and bacteria-causing
illnesses. Despite these established investigations, little review research has been done on the antibacterial and anticancer
properties of copper NPs and their oxides. The optical properties of copper NPs and their oxides are not known to have any
recorded review information. The optical characteristics of copper NPs and their efficacy in treating cancer and bacterial
infections are highlighted in this review as a result. The mechanism of action of CuO NPson cancer strains and bacterial
strains, challenges, and recommendations in the clinical application of copper nanomedicine were also highlighted. The
evaluated studies developed copper oxide nanoparticles with enhanced optical characteristics; however, the methods and
conditions used in each study's synthesis varied from study to study. Outstanding anticancer and antibacterial properties
were exhibited by the studied copper oxide nanoparticles. It is clear that most approaches are still unable to bring copper
nanosystems loaded with anticancer and antibacterial agents to the clinic; thus, additional work must be done to solve the
major issues of the cancer epidemic and antibiotic resistance.
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Introduction

Many different fields, including chemistry, physics, nano-
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) . . . structures can be explained by materials with at least one
Department of Industrial Chemistry, Edo University Iyamho, . . .
Tyamho, Edo State, Nigeria exterior dimension between one and one hundred nanome-
) . ters [6—12]. Nanomaterials function at this scale as a connec-
Department of Research Operations, Rubber Research . .
Institute of Nigeria, Benin City, Nigeria tion between atomic, bulk, or molecule structures [10-13].
. . . When compared to their bulk counterparts, nanostructured
Department of Chemistry, University of Benin, PMB 1154, . X .. .
Benin City, Nigeria materials have been shown to have unique, distinctive, and
4 ) L interesting features because of their extremely small particle
Department of Chemistry, Benson Idahosa University, PMB . . . . .

1100, Benin City, Edo State, Nigeria diameters, high diffusion rates, large surface areas with free

dangling bonds, and higher reactivity [14, 15].
Metal nanoparticles (NPs), in particular nanostructured

materials, frequently exhibit activity that differs from that of
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analogous bulk materials due to differences in size, shape,
optical, catalytic, magnetic, electrochemical, thermody-
namic, and other features that result in distinctive quantum
properties [15-21]. These exceptional qualities have been
used in a variety of industries, including construction, tex-
tiles, environmental protection, cosmetics, agriculture, aero-
space, and others [18]. The biomedical component of these
applications is strongly governed by the advancements in
nanotechnology. Nanostructured materials have a wide range
of applications, including biosensing, imaging, diagnostics,
and therapy [19-22]. To improve the standard of living and
the survival rate, there is constantly a push to offer adequate
medical treatment at a fair price. Nanostructured materi-
als, therefore, provide support to these attempts by setting
a personalized platform with the potential of incorporating
therapeutics and diagnosis into a single system [22].

Copper oxide nanoparticles (CuO NPs) are one of the
most fascinating transition metal oxides with a narrow band-
gap (~2.0 eV) and distinctive properties such as high-quality
electrochemical activity, suitable redox potential, heightened
optical properties, elevated specific surface area, and out-
standing stability in solutions [23]. Among the many nano-
materials, copper nanoparticles (Cu NPs) have attracted a
lot of attention. They have been studied in a wide range of
fields, usually as catalysts in organic synthesis, agriculture,
drug delivery, paint, catalysis, food preservation, electro-
chemistry, agrochemicals, sensors/biosensors, water treat-
ment, energy storage, sensors, sintering additives, semicon-
ducting compounds, in the metal-metal bonding process,
capacitor materials, anti-fouling coating, nanometal lubri-
cant additives, biocidal agents and construction materials,
anticancer agent, antibacterial agent, etc. [23].

The advent of nanotechnology in the medical industry
has enabled an astounding advancement in research efforts
utilizing CuO nanoparticles. As a result of the potential to
promote electron transfer processes at reduced over-poten-
tial and enhanced surface area, several investigations have
established their use in the nonenzymatic responsiveness of
medically significant analytes [23-25]. CuO nanoparticles
have been demonstrated to exhibit pharmacological effect,
particularly in the treatment of cancer and bacteria [23].
Because the US Environmental Protection Agency (EPA)
has recognized CuO nanoparticles as antimicrobial agents,
their use in biomedical devices to prevent bacterial infection
has received a lot of interest [26]. From sensing to thera-
peutics, CuO NPs are being incorporated into all areas for
the improvement of novel technologies and to enhance the
accessible ones [23, 26].

Research on the optical features of CuO NPs has drawn
so much awareness owing to their usefulness in technologi-
cal applications [27-29]. The capacity of NPs to intensively
interact with light can be utilized in amplifying stimulated
fluorescence and Raman scattering. For instance,
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Metal NPs particularly, copper NPs have been extensively
utilized in the amplification of nonlinear optical properties
of lithium niobate and fabrication of nonlinear optics devices
[28]. Pang et al. generated embedded Cu NPs with spheroi-
dal geometry via Cu* ion implantation in lithium tantalate
(LiTaOs;) crystal [29]. Substantial optical absorption in the
visible light band was observed in LiTaO; with embedded
Cu NPs due to the localized surface plasmon resonance
(LSPR) effect. The authors confirmed that the diameter of
Cu NPs and the correlated linear optical responses could
be tailored by adjusting the Cu™ ion. A previous study has
established that the sensitivity of brisant explosives to laser
radiation can be heightened with the aid of aluminum NPs
[28]. This observation has supported their usage in the gen-
eration of optical detonator capsules. In all the aforemen-
tioned investigations, the effectiveness of the system func-
tion was dependent on the nanoparticle's optical features
based on their sizes, structures, radiation wavelengths and
shapes. Novel copper NPs with exceptional optical features
can be developed if these parameters are tuned.

The ongoing, unchecked multiplication of cancer cells
is the basic defect that leads to the development of cancer
[30]. Cancer cells proliferate and divide uncontrollably,
infecting healthy tissues and organs, and eventually spread-
ing throughout the body. They do this instead of adequately
reacting to the signals that regulate normal cell behavior.
As a result of accumulating aberrations in numerous cell
regulatory systems, cancer cells demonstrate a broad loss
of growth control that is reflected in a number of behaviors
that set them apart from normal cells.

Studies on laboratory animals as well as epidemiologi-
cal analyses of the cancer rates in human communities
have both helped identify substances, known as carcino-
gens, that cause cancer (e.g., the high incidence of lung
cancer among cigarette smokers) [31, 32]. It is unduly
simplistic to speak about a single cause for the major-
ity of cancers because the formation of malignancy is a
complex multistep process, and numerous factors may
increase the risk that cancer will develop. Nevertheless,
it has been discovered that a wide range of substances,
including radiation, chemicals, and viruses, can cause
cancer in both experimental animals and people. Through
DNA damage and mutations, radiation and many chemical
carcinogens cause cancer. Since the generation of muta-
tions in important target genes is believed to be the earliest
event leading to cancer development, these carcinogens are
commonly referred to as starting agents. Sunlight ultra-
violet radiation, which is a key contributor to skin cancer,
tobacco smoke's carcinogenic compounds, and aflatoxin
are some of the primary causes of human cancer (a potent
liver carcinogen produced by some molds that contaminate
improperly stored supplies of peanuts and other grains)
[32]. The main recognized causes of human cancer are
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the carcinogens in tobacco smoke, which include nickel
compounds, dimethylnitrosamine, and benzo(a)pyrene.
In addition to being linked to cancers of the esophagus,
oral cavity, pharynx, larynx, and other locations, smok-
ing is the undeniable cause of 80-90% of lung cancers. A
remarkable toll for a single carcinogenic agent, smoking
is thought to be responsible for close to one-third of all
cancer-related deaths overall [31].

Infection by bacteria can affect every organ in a human
body [33]. There are specific organs that each type of bac-
teria prefers to infect over others. Neisseria meningitidis,
for instance, can infect the lungs and cause pneumonia in
addition to typically infecting the meninges, the protective
covering over the central nervous system. Infection of the
skin is not brought on by it, though. Staphylococcus aureus,
which most individuals carry on their skin or mucous mem-
branes, frequently causes skin and soft tissue infections but
also easily travels throughout the body via the circulation
and can infect the lungs, abdomen, heart valves, and nearly
any other place.

Infection-related cell death brought on by a bacterium
or an immune system reaction to an infection are two pos-
sible causes of disease [34]. When a disease's symptoms
come from the body's efforts to get rid of the germs, anti-
biotics could be ineffective or even harmful. The systemic
inflammatory response syndrome (SIRS), which is typically
brought on by a bacterial infection, is an excessive inflam-
matory response to infection that manifests as the release
of numerous cytokines and manifests both infection-related
symptoms as well as early hemodynamic instability symp-
toms [34]. Patients with SIRS have the potential to escalate
to sepsis, which can lead to multiorgan failure and death, if
left untreated. Even the most potent antibiotics frequently
fail to arrest this progression once the cascade of events
gets going.

Copper oxide nanoparticles offer a viable alternative in
the management of a number of bacterial infections and
cancer diseases, especially those associated with multi-drug
resistant. Nanoparticles can be used singly or combined with
antibiotics providing excellent synergistic effects. There has
not been much research on the antibacterial and anticancer
activities of copper NPs and their oxides. There is no known
review information about the optical characteristics of cop-
per NPs and their oxides. This paper addresses the optical
characteristics of copper NPs and their oxides using various
synthetic techniques for the first time. A succinct descrip-
tion of some intriguing results from employing copper oxide
nanostructures as a therapeutic agent to treat bacteria- and
cancer-causing disorders is also provided. Additionally
highlighted were the challenges and recommendations in
the therapeutic application of copper nanomedicine, as well
as the mechanism of action of CuO NPs on cancer strains
and bacterial strains.

Optical properties of copper/copper
oxide nanoparticles prepared by different
approaches

The response a material exhibits to electromagnetic radi-
ations, particularly visible light, is known as its optical
property. When light strikes a medium, a number of phe-
nomena, including refraction, reflection, scattering, and
absorption take place [35]. In numerous aspects, NPs' opti-
cal characteristics are important [35]. Due to the confine-
ment of their electrical properties, they cause a quantum
effect, with the potential for variations in form, size, or
type to change the color they create. The change in the
optical energy band gap, which subsequently impacts the
surface plasmon resonance of the nanomaterials, is what
causes the size-dependent optical property of NPs [35, 36].
Particularly for the semiconductor-based nanoparticles, it
has been demonstrated that the optical band gap generally
rises with a decrease in particle diameter [36].

The generation of colloidal copper NPs with the
enhanced optical property via pulsed Nd: YAG laser abla-
tion in acetone and water was demonstrated by Tilaki et
al. [37]. The optical features and morphology/size of the
synthesized NPs were investigated using UV-visible
spectrophotometry and transmission electron micros-
copy, respectively. The copper NPs were observed to be
spherical with a mean diameter of 30 nm in water (Fig. 1)
and 3 nm in acetone (Fig. 2). Optical extinction of the
copper NPs obtained after the ablation exhibits surface
plasmon resonance peaks at 575 nm and 626 nm in ace-
tone and water, respectively (Fig. 3). Evaluation of the
time evolution of the optical absorption showed a blue
shift of the optical extinction maximum, linked to the
transition of the particle size distribution. The copper
NPs in acetone were stable and yellowish even after ten
months. The blue—green-colored solution is transformed to
brown-black in the water environment. Complete precipi-
tation of copper NPs which oxidized to copper oxide (II)
was confirmed by electron diffraction pattern and optical
absorption measurements after two weeks. The oxidation
of copper could be ascribed to the reaction of the col-
loidal particles with dissolved oxygen in the water. This
investigation presents a route to regulate the composition
and size of copper nanoparticles by adjusting the ablation
medium. The authors inferred that the ablation of bulk
copper in acetone and water is a flexible and physical
approach for the generation of stable colloidal copper and
oxidized copper NPs with improved optical properties.

A similar approach was employed by Sadrolhosseini
et al. to synthesize copper nanoparticles (Cu NPs) in vir-
gin coconut oil (VCO) via a laser ablation approach [38].
Nd: YAG laser at wavelengths of 532 nm for 5, 10, 20,
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Fig.1 a Typical TEM image and b size distribution of colloidal copper nanoparticles prepared in water [37]
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Fig.2 a Typical TEM image and b size distribution of colloidal copper nanoparticles prepared in acetone [37]

and 30 min was used to induce irradiation of copper plate
dipped in VCO. The TEM pattern and its depiction of the
particle size and shape that were distributed in the VCO
using the laser ablation technique are shown in Fig. 4. Cu
NPs with a spherical shape could be seen on both non-
agglomerated and dispersed TEM images. The average
Cu NP size diameters for ablation times of 5, 10, 20, and
30 min are 11 nm, 10 nm, 7 nm, and 4 nm, respectively.
The ablation time is increased from 5 to 30 min. The inter-
action between the laser beam and the VCO molecules that
capped the nanoparticles determines how small the parti-
cles become. The copper cluster crystals were produced
from liberated copper atoms, and VCO can cap Cu NPs.
The NPs form during the laser ablation process by phase

* @ Springer

transition and nucleation. The NPs generated in the VCO
environment averted the aggregation of Cu NPs. Incre-
ment in ablation time led to a corresponding increase in
optical properties such as refractive index, absorption and
nonlinearity effect. The concentration and volume fraction
of copper nanofluid were also observed. Fourier transform
infrared spectroscopy analysis confirmed the capping of
the Cu NPs with oxygen from the VCO hydroxyl groups.
The analysis of the surface plasmon resonance signals
show refractive indices that raised from 1.44371 1 0.0034i
to 1.44387 1 0.0142i (Fig. 5). Thus, laser ablation is an
eco-friendly and green approach for the generation of Cu
NPs in VCO.
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Fig.3 Optical extinction spectra of colloidal copper nanoparticles synthesized in a water at different times; the inset is the optical absorption of
the colloidal solution after 2 weeks b acetone at different times; the inset is the optical extinction of the colloidal solution after 2 weeks [37]

Another technique that has been used to generate cop-
per or oxides of copper NPs is the liquid-phase reduction
approach. Several studies have synthesized NPs with sat-
isfactory stability to oxidation, variable shapes and dimen-
sions, and comparatively lower cost when compared to other
metals. The possibility of using copper NPs as additives to
compositions for optical detonator capsules based on brisant
explosives has been investigated by several studies owing to
the aforementioned properties. The efficacy of heating NPs
in the matrix of a labile material is controlled by the follow-
ing features: the absorption efficiency factor of NPs, the laser
pulse energy density, the initiating radiation wavelength and
the special characteristics of light scattering in the sample
[[28, 39, 40]. Kalenskii et al. calculated the spectral depend-
ences of the light absorption, extinction, and scattering
efficiency aspects of copper NPs with radii in the range of
400-1100 nm [28] (Figs. 6, 7). For the nanoparticle radii of
10-60 nm, the detection of plasmon maximum on the spec-
tral dependence of the extinction efficiency factor was seen.
The authors observed a shifting of the optimal absorption
efficiency with an increasing radius of copper nanoparti-
cles toward red wavelengths. The analyses of the results are
based on the characteristics of the spectral dependence of
the complex copper refractive index. The authors demon-
strated that the placement of copper NPs with a radius of
35 nm into a translucent matrix that has a refractive index of
1.54 (secondary explosive pentaerythritol tetranitrate) exhib-
ited an extremely high absorption efficiency factor (2.9) of
the second harmonic of a neodymium laser. The studies of
Kalenskii et al. imply that the copper NPs are prospective
material for utilization in compositions for optical detonator
capsules due to their improved optical features [28].

A similar optical study involving the calculation of the
Band Gap of the generated copper NPs in the wavelength
range of 500 to 650 nm at room temperature was also exam-
ined by Mohindroo et al. [31]. The particles exhibited ele-
vated absorption at 550 nm signifying their extraordinary
absorptive features. This technique uses water as the medium
for copper ions reduction to copper NPs. Starch was used
as a stabilizer and reducing agent. The reaction mixture
was heated using a microwave for approximately 5 min to
achieve the necessary reaction temperature. The adjustment
of the pH to alkaline was realized through a 5% NaOH solu-
tion. The generation of copper NPs was confirmed by the
solution color transformation from blue to yellowish black
supported by the UV absorption at 570 nm. Measurement of
the stabilized copper NPs optical absorption was estimated
at room temperature in the wavelength range of 520-650 nm.
The nanoparticles generated from varying concentrations
of copper ion revealed some level of absorbance disparity
in the visible region, confirming their possible use in the
fabrication of absorbing material. The authors observed that
factors such as NPs size, NPs shape, and the effective masses
of the electron and hole are influenced by the absorption
of incident radiation. The optical absorption was seen to
increase as the particle size of the copper NPs increased. The
estimated Bandgap (1.98-2.02 eV) of the synthesized copper
NPs is in line with previously reported values.

Wei and Liu (2017) proposed an effortless pathway for
the fabrication of Cu NPs with tunable shape (hemisphere,
cube and agglomerate), density and size (42—-146 nm) via
an electrochemical deposition approach using Na;CA as a
reducing/ capping agent and CuSO, as a precursor on ITO
substrate [41]. The investigation of the synthesized copper
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Fig.4 TEM images and typical of statistical graphs for Cu NPs in VCO in different ablation times. [5 min (a, b), 10 min (¢, d), 20 min (e, f), and
30 min (g, h)]. The particle sizes for 5, 10, 20, and 30 min are 11, 10, 7, and 4 nm, respectively (N is the number of particles) [38]

* @ Springer



International Nano Letters (2022) 12:379-398

385

_ R
0.8} \
8 S min (Theory)
g 0.6+ 5 min (Experimantal data) )
° 10 min (Theory)
o 10 min (Experimantal data)
= 04 PR slgmal o VCO wibont CuvPs |
Y 20 min (Theory) = - |
14 20 min (Experimantal data) s ——-’\
——— 30 min (Theory) Zos % |
0.2 30 min (Experimantal data) k4 i
wwm wm W ™
Ange
ol 1 L 1 L A " .
40 45 50 55 60 65 70 75 80
Angle (deg)

Fig.5 SPR signal for different concentrations of nanofluid. Angles
of resonance for 5 min, 10 min, 20 min, and 30 min are 60.646°,
60.662°, 60.702°, and 60.745°, respectively. The sub-figure shows the
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NPs was achieved using TEM, SEM, XRD, SAED, XAES
and UV-vis spectrophotometry. The final morphology and
composition of the nanoparticles were examined from vital
parameters consisting of capping agent, applied poten-
tial, Cu* concentration and deposition time. The results
are displayed in Fig. 8. The synthesis of pristine Cu NPs
with decreased agglomeration was facilitated by sodium
citrate which served as a capping and reducing agent. The
slim presence of agglomerated Cu NPs resulted from the
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inadequate chelation between Cu”* and NayCA. The exist-
ence of Na;CA induced the transformation of Cu NPs from
cubes to hemispheres because of the strong absorption of
Na;CA on Cu {111} facets, and NajCA also play a role in
the generation of pristine Cu free from oxidation. Sodium
citrate is selectively absorbed on Cu {111} faces rather than
{100} faces, hence, influencing the thermodynamic equi-
librium in crystal growth. Copper source, deposition time
and applied potential influenced the dynamic process and
resulted in a controlled growth rate and a number of nuclei.
The optical features of the generated copper NPs examined
via UV-visible absorption spectroscopy showed LSPR
peak intensity and position that are intensely linked to the
size, shape, and density of Cu NPs. The absorption band
changes considerably based on the degree of agglomeration
of the Cu NPs and whether there are copper oxides in the
deposits. As the particle diameter increase, the intensity of
LSPR peak red-shifts and heightens. Similarly, the intensity
of the LSPR peak and promotion of absorption band red-
shift can be reduced by the plasmon coupling generated by
the decreased particle size. The authors concluded that Cu
NPs with tunable LSPR peaks could be useful in designing
catalysis, biosensors, optoelectronic devices, etc.

The improvement and integration of Cu nanostructures
in solar cells to heighten the solar cell proficiency over the
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Fig.6 Dependences of the light extinction (a), scattering (b) and absorption efficiency factors (c¢) on the radii of the copper nanoparticles calcu-
lated for wavelengths of 450 (curve 1), 532 (curve 2), 650 (curve 3), and 1064 nm (curve 4) [28]
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Fig.8 a SEM images, b TEM and HRTEM images, ¢ SAED image and ¢ LMM Auger spectra of Cu hemispheres synthesized with potential of
—0.32 V vs. Ag/AgCl for 1000 s in electrolyte containing 2 mM CuSO4 and 10 mM Na;CA [41].

entire NIR and visible spectrum are still very challenging.
Cu nanostructures have been established as a system that
can be effortlessly incorporated with solar cells, in such a
way that, its electro-optical features, can be enhanced. Bos-
carino et al. fabricated copper nanostructures by ablating
copper target or solid-state dewetting of 9 nm copper layer
(dry) by means of a nanosecond pulsed laser at 1064 nm, in
isopropyl alcohol and acetone (wet) [42]. The copper NPs
are implanted in an aluminum-doped zinc oxide layer. Then,
the optical, electrical and morphological characteristics of
the two categories of systems were studied based on their
synthesis conditions. The purpose is to correlate the two
fabrication strategies and choose the primary requirements
to attain the most suitable system for photovoltaic uses. The
major disparities, shown by the dry and wet approaches were
seen in the size and shape of the Cu NPs. Faceted nanoparti-
cles, with an average particle size of below 150 nm resulted
from dewetting in nitrogen, while smaller-sized spherical
nanoparticles below 50 nm laser emanated from the abla-
tion process (Figs. 9, 10). The copper NPs generated from
the dry system via thermal annealing led to more improved
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electrical features when compared to the wet system (the
obtained sheet resistance of the wet vs dry system is 103 vs.
106 €/sq, respectively). Ultimately, the dry system indicates
a maximum transmittance of 89.7% at 697 nm when cor-
related to 88.4% at 647 nm for the wet system in acetone, in
addition to 86.9% at 686 nm in isopropyl alcohol (Fig. 11).
Also, wet systems demonstrate more heightened transmit-
tance in NUV. The authors concluded that the outcome of
this study can be harnessed to enhance the light-harvesting
performance of photovoltaic devices.

Biomedical applications

The expansion of sophisticated analytical devices with
heightened sensitivity, selectivity, and throughput, when
compared to conventional bioanalytical approaches, has
been made possible by the current advancement in the gen-
eration of nanomaterials with preferred features and biocom-
patible nature [43]. From diagnosis to therapeutics, nanoma-
terials can act as a system itself or can be incorporated into
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Fig.9 SEM images of a as
deposited AZO bottom layer
surface; b the surface of as
deposited Cu on AZO bottom
layer; c glass substrate/ AZO
bottom/Cu stack after a thermal
annealing at 300 Fig. 2. SEM
images of a as deposited AZO
bottom layer surface; b the sur-
face of as deposited Cu on AZO
bottom layer; ¢ glass substrate/
AZO bottom/Cu stack after a
thermal annealing at 300 [42]

LESSTER T SRS PR S R

the system to enhance the performance of the anticipated
usage [23]. When compared to other metal nanostructures,
copper-based nanomaterials are the most prospective mate-
rial for application in biomedicine due to several exceptional
properties [44]. For example, copper having variable oxi-
dation states has made it extremely reactive, performing a
multiplicity of catalytic reactions concerning one/two elec-
tronic mechanistic pathways [43]. This characteristic may
be utilized to construct and design third-generation sensors
for physiologically applicable electro-active analytes such as
uric acid, glucose, ascorbic acid, dopamine and L-cysteine
[23]. Copper has also been reported to possess inherent anti-
fungal, antibacterial, and anti-inflammatory properties which
make copper-based nanostructures an appropriate prospect
for generating ointments, microbes-resistant medical devices
and bandages. Furthermore, copper is a crucial trace element
that is necessary as a cofactor for the standard performance
of a range of metabolic enzymes [44]. This feature can be
exploited in the synthesis anti-tumor formulations that cause
the elimination of tumor/diseased cells by making alterations
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to the intracellular copper ions levels [45]. The small sizes
of the nanoparticles have facilitated their ease of access to
the micron-sized human cellular entity and interact readily
with the biomolecules intracellularly and on the surface of
the cell [45].

Cancer applications

Cancer is one of the principal reasons for the increased
rate of mortality and morbidity globally, with roughly 70%
of deaths occurring in middle and low-income countries
according to the fact sheet of the World Health Organi-
zation (2017) [23]. Typical strategies for cancer remedy
involve surgery, biopsy, chemotherapy, radiation and cath-
eter application [45]. Chemotherapy is one of the most
advocated approaches for cancer therapy, nevertheless,
the non-explicitness of the concerned chemicals leads to
harsh side effects such as anemia, metastasis, loss of appe-
tite, and nausea with alopecia being the most frequent.
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Fig. 10 SEM images, at two different magnifications of Cu nanopar-
ticles produced in acetone (a, b) and in IPA (¢, d) deposited on AZO
bottom layer [42]
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Fig. 11 Transmittance, reflectance, and absorbance curves of dry sys-
tems, as a function of the annealing temperature [42]

Besides, resistance to chemotherapeutics drugs which is a
major setback develops with time [46]. In recent times, the
use of nanomaterials in cancer therapy has sprung up as a
substitute for chemotherapeutic treatment. Nanostructured
materials have attracted an enormous significance owing
to their toxic influence on human beings and other organ-
isms; nonetheless, it is rather difficult for their activity to
be restricted to the only tumor mass. CuO NPs have been
established as a prospective curative agent that precisely

* @ Springer

inhibits the growth and metastasis of melanoma and stimu-
lates apoptosis of tumor cells [47]. The anti-tumor feature
of copper oxide NPs is due to the crucial function played
by copper in regulating the typical endothelial cell growth
and the lack of toxicity in copper that resulted from the
system possessed by normal cells that help them to evade
an elevated intracellular level of copper by means of cyto-
solic chaperones such as CCS and ATOX1 [48].

In addition, the existence of copper in several drugs has
been shown to selectively possess an anti-tumor influence
that enhances the suitability of CuO NPs as possible anti-
tumor agents. In a matter of fact, chemically modified and
unmodified CuO NPs have been utilized in the treatment
of a broad variety of cancer variants such as lung, tumor
of kidney, liver, brain, eye, breast, and prostate [23]. As
soon as these NPs go into the nucleus or cell, it induces
a cascade of reactions involving diverse genotoxic reac-
tions such as the alternation of gene expression, muta-
tions, DNA damage and mitochondrial localization [47].
CuO NPs have been reported to distinctively target the
mitochondria within the cell and instigate the mitochon-
drion-mediated apoptosis signaling channel by generating
oxidative stress environments in the cell. The investigation
of the anti-tumor features of CuO NPs on metastatic lung
tumors and subcutaneous melanoma showed that CuO NPs
can hinder the metastatic growth of melanoma in tumor-
bearing mice [48, 49].

Several studies have shown the possibility of using plant
leaf extract as a reducing and stabilizing agent without the
addition of any other capping agent. Chinnathambi et al.
formulated a novel chemotherapeutic copper Cu NPs con-
taining Allium noeanum Reut. ex Regel leaf for human
endometrial cancer therapy [50]. The antioxidant activity
was investigated using the 2, 2-diphenyl-1-picrylhydrazyl
(DPPH) test. To compare the anti-human endometrial cancer
properties of A. noeanum leaf aqueous extract, Cu (NO;),
and copper nanoparticles, MTT analysis was carried out on
human endometrial cancer (Ishikawa, HEC-1-A, HEC-1-B,
and KLE) cell lines and normal (Human umbilical vein
endothelial cells (HUVECs). Experimental results show
that the studied copper NPs exhibited elevated anti-human
endometrial cancer effects and cell death against HEC-1-A,
Ishikawa, KLE and HEC-1-B cell lines. The IC50 of cop-
per NPs and A. noeanum leaf aqueous extract against the
HEC-1-B cell line were observed to be 331 mg/mL and
548 mg/mL, respectively; against the HEC-1-A cell line
were 356 mg/mL and583 mg/mL, respectively; against KLE
cell line were 411 mg/mL and 609 mg/mL, respectively; and
against Ishikawa cell line were 357 mg/mL and 560 mg/mL,
respectively. Out of the investigated cell lines, the best out-
come of anti-human endometrial cancer features of copper
NPs was obtained in the cell line of HEC-1-B. This exami-
nation demonstrated outstanding anti-human endometrial
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cancer prospects of copper NPs containing A. noeanum in
the in vitro condition.

The generation of intracellular emergence of reactive
oxygen species such as hydroxyl radicals, superoxide anion
and non-radical hydrogen peroxide in SKHep-1 and HepG2
cells by CuO NPs in a dose-reliant mode was established by
an earlier examination [51]. The reduction of the mitochon-
drial membrane prospect, the prevailing glutathione forma-
tion instigated by the reactive oxygen species detoxification,
and a considerable decline in the GSH/GSSG proportion at
10 pg ml~! with both cell line types encountering a shift in
the structural surface after the completion of 24 h incubation
period was induced by copper nanoparticles (Fig. 12) [51].
Though the usage of NPs in vivo conditions is yet uncertain
due to their adverse impact on characteristic cells, some
investigators have established fewer levels of toxicity or the
absence of toxicity while exploring the anticancer features
of CuO NPs. For instance, in separate research, CuO NPs
have been ascertained to judiciously incite apoptosis and
autophagy in uveal melanoma cells and human renal cell

(@)

carcinoma cells without impacting retinal pigment epithe-
lium cells and human embryonic kidney cells [52]. The use
of nanotechnology to specifically target cancer cells is an
important stage of future biomedicines in which there is
a singled-out NPs internalization for specifically targeted
elimination of tumor cells without negatively affecting the
normal cells. This discovery is meaningful because NPs
may induce severe harm by penetrating unintended cells.
To improve CuO NPs selectivity, an exceptional study was
successfully carried out using polyethylene glycosylation
NPs. This helps to improve their retention and permeation
qualities and effortlessly infiltrates the leaky vasculature of
tumor cells by bypassing tight normal cells vasculature. In
a particular strategy, Folate receptors, which have been des-
ignated to be over-expressed in dissimilar cancers includ-
ing breast, brain and kidney have been used for CuO NPs
targeted delivery [53]. The rudimentary ambition was the
conjugation of CuO NPs with folic acids to regularize the
advancement of the binding of folic acid—folate receptor
on the tumor cells merely as typical cells free from folate
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Fig. 12 a Fluorescent images of HepG2 and SK-Hep-1 cells after
treatment with CuO nanoparticles for 24 h showing ROS generation
and quantification of ROS by microplate reader with extinction and
emission wavelength of 480 and 570 nm, respectively b GSH status
analysis of HepG2 and SK-Hep-1 cells after treatment with varying

concentrations of CuO nanoparticles for 24 h showing a decrement in
the GSH/GSSG ratio. ¢ SEM images of cells exposed to CuO nano-
particles for 24 h confirming a change in the cellular morphology of
tumor cell [51]
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receptors [53]. The in vivo examination shows that the life-
cycle of the studied tumor-associated mice boosted up to 19
and 29 days after the injection of CuO and folic acid incor-
porated CuO NPs, respectively. Regardless, the emergence
of tumor, its metastasis and reproduction are instigated by
cancer stem cells.

Application as an antibacterial agent

In nations with inadequate socio-economic growth, an erup-
tion of contagious infection is a severe problem in healthcare
with a lot of monetary obligations. Most of the infections are
induced by food /water/soil-borne pathogens such as viruses,
bacteria, and parasites [54]. Distinguishable medications in
the form of antibiotics have been produced but microbes
typically form a characteristic of inherent resistance toward
the diverse categories of antibiotics; therefore, a substitute
antimicrobial medicinal agent is greatly needed [54].

The remarkable antimicrobial feature of CuO NPs has
attracted substantial interest in manifold biomedical appli-
cations such as wound dressing bandages, topical antimi-
crobial ointments and antimicrobial coating of medical
devices [55]. The US Environmental Protection Agency
(EPA) has acknowledged copper and its associated com-
pounds as active antimicrobial agents. They have been uti-
lized extensively as possible antimicrobial agents against
diverse strains of infectious microbes such as Staphylococ-
cus aureus, E. coli, Pseudomonas aeruginosa, Pseudomonas
desmolyticum, Enterobacter aerogenes, Stenotrophomonas
maltophila, Streptococcus faecalis and Candida albicans
[23]. Deterrence of biofilm formation and bacterial adhe-
sion on medical instruments is a principal role of CuO NPs.
In an investigation, CuO NPs were generated utilizing a
liquid-phase chemical preparation technique to examine the
effectiveness in thwarting biofilm generation. Heightened
inhibitory outcomes on both Gram-negative and Gram-pos-
itive bacteria resulted from the addition of a little amount of
CuO nanoparticles [56].

Nevertheless, the effectiveness of CuO NPs in eliminat-
ing bacteria is greatly dependent on diverse factors such as
morphology, particle size, reaction pH and concentration.
For example, CuO NPs were seen to be more effective at
a pH of 5 in eliminating strains of Staphylococcus aureus,
while its toxicity was reduced by a more elevated pH [57].
The observation was ascribed to the improved penetration
capability of CuO NPs under an acidic environment. CuO
NPs were documented to have more heightened toxicity
against L. brevis and E. coli than their micro-scale NPs at
a similar concentration in another examination [57]. More
smallish sized CuO NPs have been associated with a consid-
erable antibacterial property for the strains of Gram-negative
and Gram-positive bacteria [56]. The morphology of the
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synthesized CuO NPs is one of the major factors that deter-
mine antimicrobial activity, although all the structural forms
are generally bacteriostatic. The antibacterial features are
heightened from all-around bacteriostatic to highly selective
as the morphology metamorphoses from cubic to octahe-
dral [58]. This disparity in toxicity is attributed to the CuO
nanocrystal’s surface facet's dissimilarity which eventually
led to the formation of distinct adsorption and desorption
propensities toward the bacteria. In a comparative analysis,
the structure—function connection was demonstrated for CuO
NPs as a function of antimicrobial property [59].

As a function of shape, including nanospheres and
nanosheets, Gilbertson et al. established structural prop-
erty—function (SPF) and structure property—hazard (SPH)
connections for nano cupric oxide (n-CuO) [60]. Experi-
mental samples, including filtered and unfiltered ones, were
generated in the same way as for the cellular test to assess
the interaction of bulk CuO, CuO nanopowder, and CuO
nanosheets with E. coli. This was followed by a fixation
procedure to preserve the samples for TEM imaging. For
each CuO sample and a control sample devoid of CuO, TEM
and STEM micrographs were made using meticulously con-
structed microtome layers (70 nm thick). The interaction
of CuO with the bacterial cells (i.e., inside the cell, at the
cell surface, and/or penetrating the cell wall) can be seen in
Fig. 13 thanks to the use of STEM imaging in conjunction
with electron energy loss elemental mapping. Differentiating
between items made of copper and those made of other mate-
rials was made possible via elemental mapping. Phosphorus,
osmium, and copper were each represented by a different
color: green, blue, or red. The fixative contains the element
osmium, which is present in the copper, which is the ele-
ment of interest. Phosphorus defines the cell. Micrographs
of the control microorganisms are shown in Figs. 13b, ¢
(no CuO exposure). The NaCl salt that was used to make
the biological media contains residual copper, which causes
background copper readings in the control sample (seen as
the red hue). TEM images of the CuO bulk, nanopowder,
and nanosheets as they are preserved in the experimental
sample are shown in Fig. 13d, g, and j. Individual or smaller
aggregates on the nano size are seen in addition to mas-
sive aggregates of each substance. TEM images of bacte-
ria exposed to CuO bulk, nanopowder, and nanosheets are
shown in Figs. 13e, i and k, respectively. Figures 13f, h, and 1
show micrographs with the elements mapped to help identify
the locations of the CuO materials. CuO is present inside the
cell in each of the three exposure conditions, as indicated
by the arrows. CuO nanosheets interact with the cell wall in
Fig. 13k, with one sheet clearly displayed puncturing the cell
wall (inset). Although the micrographs show potential CuO
internalization for all of the samples examined here (bulk,
nanopowder, and nanosheets), there are distinct differences
in how each sample interacts with the bacterial cell. First,
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Fig.13 a The experimental sample prepared for imaging of
microtomed slices. The cells are pelleted, fixed, and cut into 70 nm
thick slices using a microtome for imaging. TEM and STEMEELS
micrographs of E. coli b, ¢ control (no CuO exposure), e, f bulk
CuO, h, i CuO nanopowder, and k, 1 CuO nanosheets. d, g and j

show aggregates of bulk, nanopowder, and nanosheets, respectively.
HAADEF indicates the TEM mode used to collect the respective
image. Green, red, and blue were used to differentiate between the
cell (phosphorus), copper, and osmium (used in the fixative), respec-
tively (c) [60]
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absorbed material is either in the form of single particles or
nanoscale aggregates. Larger aggregates and non-nano-sized
particles do not enter the cell and instead remain outside.
Second, rather than maintaining their sheet-like shape, the
CuO nanosheets appear to be rolled up (this is supported by
the Df ~ 1, which indicates a rod-like scattered aggregate
morphology). The accumulation of n-CuO at the cell wall
is also clearly demonstrated by strong evidence, as seen in
Fig. 13k. Application of kinetic models to the toxicity data
demonstrated that trends in observed reaction cannot be fully
described by surface area alone, elucidating the underlying
mechanisms of action to further explain the shape-dependent
behavior. The combined results help to clarify additional
steps toward the regulated design of ENMs.

A more heightened biochemical reactivity of the
nanosheets was depicted by the chemical mechanistic
pathways during the GSH oxidation assay. A better-
improved oxidation propensity was displayed by the
studied CuO nanosheets when correlated to the other two
categories. The detailed mechanistic pathway involving
basic facts about the toxic nature of the CuO NPs has not
been explored thoroughly and is a matter of intense dis-
cussion. A previous analysis implied that the toxic feature
of CuO NPs stems from the contact elimination path-
way in which the discharge of copper ions sequentially
induces the formation of reactive oxygen species and a
corresponding disturbance of the cellular membrane [43,
61, 62]. The redox cycling between Cu (II) and Cu (I)
assists in the inducement of the superoxide species that
stimulate the biomolecule's degeneracy. CuO NPs react
with endogenic hydrogen peroxide to develop hydroxyl
radicals in a strategy comparable to the Fenton reaction
[25]. Nevertheless, CuO NPs-mediated inactivation of
certain cellular enzymes crucial for metabolic pathways
have been documented [61]. The function of copper
oxides in the contact-killing of bacteria has been exam-
ined comprehensively by a previous study [63]. A sub-
stantial disparity in the contact-killing behaviors existing
between copper and its oxides has been ascribed to the
distinct copper ions released per unit surface area. The
observed discharged copper ions disparity was due to the
antibacterial effectiveness seen for the optimal discharged
pure copper followed by copper (ii) oxide and copper (i)
oxide. Another study investigated the effectiveness of
copper oxide NPs generated via Prunus africana bark
extract (PAE) and Camellia sinensis extract (CSE) against
carbapenem-resistant bacteria [63]. The agar well diffu-
sion approach was used to examine the susceptibility of
the CuO NPs. The green synthesized CuO NPs display the
utmost expansion suppression zones of 30 mm with MIC
between 30 and 125 pg/ml ranges against MDR bacteria.
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Possible mechanism for anticancer activity
of CuO NPs

On the use of CuO NPs, numerous studies have been pub-
lished. However, it was unclear exactly how these NPs'
activity was being controlled by signaling or other mecha-
nisms. This is how the mechanism is summed up:
According to research, the main cause of cell death
brought on by Cu/CuO NPs is the production of reactive
oxygen species (ROS) (Fig. 14(1)). The hub of cellular
signaling and energy metabolism is the mitochondria [65].
Reactive oxygen species (ROS) and nitric oxide (NO)
buildup and oxidative stress are linked to the disruption
of this organelle [64]. In response to black-bean-extract-
mediated CuO NPs, HelLa cervical cancer cells showed
altered mitochondrial structure together with a loss of
membrane potential, indicating mitochondrial damage
[66]. In addition, CuO NPs produced from black bean
extract and the leaves of Ficus religiosa, E. globulus, and
P. hexapetalum dramatically raised the intracellular ROS
level [67]. In the case of A549 lung cancer cells, HeLa
cervical cancer cells, and MCF-7 breast cancer cells,
respectively, it was accompanied by the loss of mitochon-
drial membrane potential [66]. The uptake of CuO NPs
increased the NO level in MCF-7 and HeLa cancer cells
in addition to the generation of ROS [68]. On the other
hand, research has indicated that cancer cells may have
higher levels of ROS due to their high metabolic activ-
ity. Therefore, reducing the ROS level is a wise strategy
in this regard. CuO NPs had an antioxidant function as
demonstrated by their free radical scavenging ability [69]
(Fig. 14(2)). According to a recent assessment, cancer
cells' ROS levels were modestly elevated, which encour-
aged them to evolve antioxidant defenses that increased
their sensitivity to outside stimuli [65]. This trait encour-
ages the generation of ROS. Since the production of ROS
is essential for the development of cancer, lowering its
production might help prevent cellular transformation. To
choose a CuO with the right properties, it is crucial to
consider the role of ROS in disease states. Overly high
levels of oxidative stress cause cell damage and death in
living things. DNA damage, which is characterized by
DNA fragmentation [65] (Fig. 14(3), can be brought on
by a high intracellular ROS level. DNA fragmentation is
thought to be the cause of the oxidative stress caused by
A. indica leaf CuO NPs in cancer cells [70]. The results
of a recent investigation that looked at the genotoxicity of
commercial CuO NPs are consistent with this conclusion
[71]. In contrast, it was discovered that the antioxidant-
rich CuO NPs made from M. chamomilla flower extract
interacted directly with the plasmid, which is thought to
be involved in DNA breakage [69]. Tumor suppressor
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Fig. 14 Graphical representation of the proposed mechanism for anticancer activity in response to Cu Cu/CuO NPs O NPs [64]

genes (p53 and p21) are expressed in response to DNA
damage, and their overexpression stops the cell cycle and
triggers apoptosis [72]. The exposure of NPs encourages
DNA damage, which ultimately causes the cell cycle to
stop. Cell cycle arrest at the G2/M phase was induced in
MCEF-7 breast cancer cells and A549 cancer cells, respec-
tively, during the biofabrication of CuO NPs [73]. The
expression of p53 was also increased [65]. According to a
study, the various histone deacetylase (HDAC) enzymes,
which create a non-transcriptional compact chromatin
structure by removing the acetyl group on histones [74]
(Fig. 14(5)), are responsible for controlling the level of
tumor suppressor gene expression (p21 and p53) as well

as the level of oncogene, MMP-2, and MMP-9 expres-
sion in response to plant-based CuO NPs. In reaction to
cellular stress and DNA damage, apoptosis is a planned
cell death mechanism controlled by a number of caspases
[75]. Both intrinsic and extrinsic routes are capable of
producing this cell death. The intrinsic pathway entails the
mediation of proapoptotic proteins, the expression of Bak/
Bax on mitochondria by an antiapoptotic protein, Bcl-2
to cause membrane permeabilization, and the release of
cytochrome c to create the apoptosome with the Apaf-1
adaptor and pro-caspase-9 [76]. In terms of the extrin-
sic apoptotic pathway, the contact between the ligand and
death receptor on the cell surface activates caspase-8.
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Major executioner caspases like caspase-3 and caspase-7
will cleave as a result of both intrinsic and extrinsic apop-
tosis being activated [75]. CuO NP treatment significantly
upregulates the expression of intrinsic apoptotic mRNA
and protein, including Bax, cytochrome c, caspase-9, and
caspase-7, according to studies [68].

In parallel, the CuO-NPs-treated cells expressed more
caspase-8, indicating the capacity to start extrinsic apoptosis
[68] (Fig. 14(6)). It appears that both intrinsic and extrinsic
routes were used by the plant-mediated CuO NPs to trig-
ger apoptosis. The elevation of ER-stress-related mRNA
and protein expression, which implicates the numerous
pathways involved in causing apoptosis [77], was recently
found to be able to initiate commercial CuO-NP-induced
apoptosis (Fig. 14(7)). Lipidomics was used in a prior study
to show how the HCT-116 colon cancer cell line's lipid pro-
file changed after being exposed to commercial CuO NP
[78, 79]. Apoptosis, which may aid in cancer cell death, is
interestingly not promoted by the CuO NP treatment but
rather autophagy (Fig. 14(8)). In fact, this autophagy induc-
tion may serve as a cellular defense against the toxicity of
CuO NPs, as CuO-NP-treated cells successfully undergo
apoptosis when autophagy is inhibited pharmacologically
or genetically [80]. Overall, the CuO NPs have shown to
have anticancer effects through a variety of signaling path-
ways, including ROS production, antioxidant property, cell
cycle arrest, apoptosis, and autophagy. Depending on the
method and source of Cu/CuO NP synthesis as well as the
cell line used, the mode of action of CuO NPs may change.
Studies on NPs currently only pay attention to their use and
outcomes, not their molecular mechanism or signaling. For
instance, it has been shown that CuO NPs have an antian-
giogenic effect on human breast tumors, but their molecular
mechanism is yet unknown [81]. To further understand how
these NPs function in various situations and cell types, it
is essential to unravel their precise molecular mechanisms
[82-85].

Antibacterial mechanism of action

Copper kills bacteria by a complex process that is still being
studied. According to published research, copper interacts
with microorganisms on various cellular levels, which all
lead to cell death. These interactions include denaturing
of nucleic acids, protein modification, and cell membrane
permeabilization. A system that requires energy to func-
tion transports copper ions that have been released from
the surface through the cell membrane. Once the intracel-
lular concentration of copper ions reaches a critical level,
the plasma membrane's barrier function starts to decline.
Nucleotides, amino acids, and potassium leak from the
membrane as it becomes more permeable [86, 87]; Warnes

a
* @ Springer

et al. [88] exhibited fast membrane depolarization and loss
of membrane integrity upon exposure to metallic copper
surfaces, resulting in cytoplasmic buildup of free radicals.
Reactive oxygen species (ROS) are another way by which
copper harms cell membranes (ROS). Due to their ability to
give and take electrons, copper ions can undergo oxidation,
changing from Cu+ to Cu2+. This causes oxidative stress
to membrane lipids (lipid peroxidation), amino acids in pro-
teins, and nucleic acids; catalyzes the generation of ROS
like hydroxyl radicals (HO) and superoxide anions (O2); and
causes oxidative deactivation of enzymes [88-94].

Coordination chemistry is a method used to ensure that
essential metals are needed for appropriate protein activ-
ity [94, 95]. To catalyze cytotoxic processes, they serve as
cofactors and are essential. Metallochaperoning proteins,
membrane transporters, and metalloregulating proteins are
among the proteins that regulate the activity of intracellular
metal ions. Certain elements of protein complexes, such as
oxygen (O), nitrogen (N), and sulfur (S), can bind to metal
ions [96]. Proteins' atomic structure causes them to prefer
certain metal ions for binding [97]. However, if metal home-
ostasis is disrupted, metal ions like Cu2+ can compete with
other necessary metals like iron ions (Fe2+) and prevent
proteins from associating with the correct cofactor, hence
reducing protein activity [94]. When copper ions attach to
the amino acid cysteine, for example, the HIV-1 protease
is blocked [98]. One other illustration is the inhibition of
protein tyrosine phosphatases by the oxidation of cysteine
residues on the phosphatases by copper ions (74). The iso-
propylmalate dehydratase enzyme in E. coli is also rendered
inactive through a process known as mismetallation, which
involves the displacement of iron atoms from the enzyme's
iron-sulfur clusters by copper ions [99, 100].

Clinical translation of copper nanomedicine:
obstacles

Clinical translation of copper nanoparticles and other nano-
medicine faces challenges, such as being time- and money-
consuming. Clinical translation is hampered by biological
difficulties, biocompatibility, regulatory issues, toxicity,
legal and intellectual property (IP), and overall cost-effec-
tiveness in comparison to conventional medicines [101].
Despite their efficacy, these barriers prevent copper nano-
particles from being widely used in the market today [102].
The clinical translation of copper nanomedicine should take
a variety of factors into account. The first is the nanophar-
maceutical design, which can be listed as follows: physical
and chemical stability, biodegradability, complex formula-
tion design, and administration route The difficulties asso-
ciated with large-scale production, such as reproducibility
and cost, should be addressed, as should the difficulties



International Nano Letters (2022) 12:379-398

395

associated with quality control assays for characterization,
such as polydispersity, scalability complexities, incomplete
contamination purification, consistency and storage stabil-
ity of the final product, morphology, and charge [103, 104].
Preparation techniques are required to consistently produce
high-quality, repeatable nanoparticulates in large, scalable
amounts from batch to batch.

Recommendation

As it becomes evident that most methodologies still cannot
translate anticancer and antibacterial-loaded copper nano-
systems to the clinic, more research becomes necessary
to address the enormous problem of antibiotic resistance.
According to the Gawande et al. advice, the community cur-
rently has another responsibility, which is to "make more
efforts for clinical translation of nanoparticles and takes
their advantages in a more comprehensive way" [43]. An
interdisciplinary approach to creating innovative proto-
cols, tests, and infrastructure for large-scale manufacture of
nanoparticulates is unquestionably necessary for successful
clinical translation. We, therefore, call on all academic and
pharmaceutical industry professionals with backgrounds in
medicine, biology, pharmaceutics, toxicology, and engineer-
ing to make greater efforts to address these issues [105, 106].

The coordination of academic institutions, pharmaceuti-
cal manufacturing facilities, and research facilities that are
highly skilled in analyzing nanoparticles platforms, conduct-
ing preclinical studies, and creating and executing clinical
trials for nanoparticulate platforms are some potential strate-
gies to expedite the transition of advantageous nanoparticles
to clinical applications [68].

Conclusion

The development of innovative antimicrobial copper nano-
particles and their applications have been the subject of a
number of recent studies, which have been covered in this
chapter. Over the years, there has been a notable advance-
ment in the biomedical application of nanostructured mate-
rials. CuO NPs contain a variety of distinctive physico-
chemical properties that can be modified at different levels
to achieve previously unrecognized and desired particular
qualities. This study's extensive literature evaluation dem-
onstrates that local plasmon surface resonance gives copper
nanoparticles (NPs) enhanced optical properties. Due to the
close relationship between the size, shape, and density of
Cu NPs and the intensity and location of the LSPR peak,
it is possible to achieve Cu NPs with customizable LSPR.
Numerous applications, including catalysts, biosensors,
optoelectronic devices, optical devices, and nonlinear optical

materials, have made use of these properties. This review
also provided a brief summary of many studies that inves-
tigated the use of copper oxide nanostructures as a treat-
ment for cancer and bacterial infections. CuO NPs have been
proven to be a promising alternative for the treatment of bac-
teria- and cancer-causing cells. The potential and prospects
for developing CuO NPs as a future medication in cancer
and pathogenic therapy, are still highly promising. However,
the clinical translation of copper nanoparticles and other
nanomedicine faces challenges, such as being time- and
money-consuming due to biological difficulties, biocompat-
ibility, regulatory issues, toxicity, legal and intellectual prop-
erty (IP), and overall cost-effectiveness in comparison to
conventional medicines. To solve the aforementioned issues
with antibiotic resistance, further research must be done.

Funding No funding was received for this research.

Declarations

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

References

1. Omorogbe, S.O., Ikhuoria, S.O., Ifijen, I.H., Simo, A., Aigbod-
ion, A.I,, Maaza, M.: Fabrication of monodispersed needle-sized
hollow core polystyrene microspheres. In: The Minerals, Metals
& Mater Soc (ed.), TMS 2019 148th Annual Meeting & Exhib
Supplem Proceedin 155-164 (2019)

2. Omorogbe, S. O., Aigbodion, A.L, Ifijen, H.I., Ogbeide-Ihama,
N., Simo, A., Ikhuoria, E.U.: Low temperature synthesis of super
paramagnetic Fe;O, morphologies tuned using oleic acid as crys-
tal growth modifier. In book: TMS, 149th Annual Meeting &
Exhibition Supplem Proceedings, pp 619-631 (2020)

3. Ifijen, I.H., Ikhuoria, E.U.: Generation of highly ordered 3D vivid
monochromatic coloured photonic crystal films using evaporative
induced technique. Tanzan. J. Sci. 45(3), 439449 (2019)

4. Ifijen, I.H., Ikhuoria, E.U.: Monodisperse polystyrene micro-
spheres: studies on the effects of reaction parameters on particle
diameter. Tanzan. J. Sci. 46(1), 19-30 (2020)

5. Ifijen, .H., Ikhuoria, E.U., Omorogbe, S.O.: Correlative studies
on the fabrication of poly (styrene-methyl-methacrylate-acrylic
acid) colloidal crystal films. J. Dispers. Sci. Tech. 40(7), 1-8
(2018)

6. Ifijen, I.H., Ikhuoria, E.U., Omorogbe, S.O., Aigbodion, A.IL.:
Ordered colloidal crystals fabrication and studies on the proper-
ties of poly (styrene-butyl acrylate-acrylic acid) and polystyrene
latexes. In: Srivatsan, T., Gupta, M. (eds.) Nanocomposites VI:
nanoscience and nanotechnology in advanced composites. The
Minerals, Metals & Mater Series, pp. 155-164. Springer, Cham
(2019)

7. Ifijen, I.H., Maliki, M., Ovonramwen, O.B., Aigbodion, A.L,
Ikhuoria, E.U.: Brilliant coloured monochromatic photonic crys-
tals films generation from poly (styrene-butyl acrylate-acrylic
acid) latex. J. Appl. Sci. Environ. Manag. 23(9), 1661-1664
(2019)

* @ Springer



396

International Nano Letters (2022) 12:379-398

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

Ifijen, I.H., Omorogbe, S.O., Maliki, M., Odiachi, I.J., Aigbo-
dion, A L, Ikhuoria, E.U.: Stabilizing capability of gum arabic on
the synthesis of poly (styrene-methylmethacrylate-acrylic acid)
latex for the generation of colloidal crystal films. Tanzan. J. Sci.
46(2), 345-435 (2020)

Omorogbe, S.0., Ikhuoria, E.U., Igiehon, L.1., Agbonlahor, G.O.,
Ifijen, I.H., Aigbodion, A.IL.: Characterization of sulphated cel-
lulose nanocrystals as stabilizer for magnetite nanoparticles
synthesis with improved magnetic properties. Nig. J. Mater. Sci.
Eng. 7(2), 23-31 (2017)

Ifijen, I.H., Ikhuoria, E.U., Aigbodion, A.I., Omorogbe, S.O.:
Impact of varying the concentration of tetraethyl-orthosilicate
on the average particle diameter of monodisperse colloidal silica
spheres. Chem. Sci. J. 9(1), 183-185 (2018)

Ikhuoria E.U., Ifijjen I.H., Georgina O.P., Ehigie A.C., Omorogbe
S.0., Aigbodion A.L.: The adsorption of heavy metals from
aqueous solutions using silica microparticles synthesized from
sodium silicate. In: Ni-Co 2021: The 5th Intn’l Symposium on
Ni and Co, pp 195-205 (2020)

Ifijen, I.H., Itua, A.B., Maliki, M., Ize-Iyamu, C.O., Omorogbe,
S.0., Aigbodion, A.IL, Ikhuoria, E.U.: The removal of nickel and
lead ions from aqueous solutions using green synthesized silica
microparticles. Heliyon 6(9), e04907 (2020)

Kaushik, N., Thakkar, M.S., Snehit, S., Mhatre, M.S., Rasesh,
Y., Parikh, M.S.: Biological synthesis of metallic nanoparticles.
Nanomed. Nanotechnol. Biol. Med. 6, 257 (2010)

Ifijen I.H., Ikhuoria E.U., Maliki M., Otabor G.O., Aigbodion
A.L: Nanostructured materials: a review on its application in
water treatment. In: The Minerals, Metals & Materials Society
(eds) TMS 2022 151st Annual Meeting & Exhibition Supple-
mental Proceedings. The Minerals, Metals & Materials Series.
Springer, Cham, pp 1172-1180 (2022)

Ifijen I.H., Aghedo O.N., Odiachi I.J., Omorogbe S.O., OluE.L.,
Onuguh 1.C.: Nanostructured Graphene Thin Films: A brief
review of their fabrication techniques and corrosion protective
performance. In: The Minerals, Metals & Materials Society (eds)
TMS 2022 151st Annual Meeting & Exhibition Supplemental
Proceedings. The Minerals, Metals & Materials Series. Springer,
Cham, pp 366-377 (2022)

Ifijen I.H., Maliki M., Omorogbe S.O., Ibrahim S.D.: Incorpora-
tion of metallic nanoparticles into alkyd resin: a review of their
coating performance. In: The Minerals, Metals & Materials
Society (eds) TMS 2022 151st Annual Meeting & Exhibition
Supplemental Proceedings. The Minerals, Metals & Materials
Series. Springer, Cham, pp 338-349 (2022)

Ifijen, I.H., Maliki, M., Odiachi, I.J., Aghedo, O.N., Ohiocheoya,
E.B.: Review on solvents-based alkyd resins and water borne
alkyd resins: impacts of modification on their coating properties.
Chem. Afr. (2022). https://doi.org/10.1007/s42250-022-00318-3
Atale, N., Saxena, S., Nirmala, J.G., Narendhirakannan, R.,
Mohanty, S., Rani, V.: Synthesis and characterization of sygy-
zium cumini nanoparticles for its protective potential in high
glucose-induced cardiac stress: a green approach. Appl. Bio-
chem. Biotechnol. 181, 1140 (2017)

Wang, Y., Yang, Q.W., Yang, Q., Zhou, T., Shi, M.F., Sun, C.X.,
Gao, X.X., Cheng, Y.Q., Cui, X.G., Sun, Y.H.: Cupous oxide
nanoparticles inhibit prostate cancer by attenuating the stemness
of cancer cells via inhibition of the Wnt signaling pathway. Int.
J. Nanomed. 12, 2569 (2017)

Ammara, S., Shamaila, S., Bokhari, A., Sabah, A.: Nonenzymatic
glucose sensor with high performance electrodeposited nickel/
copper/carbon nanotubes nanocomposite electrode. J. Phys.
Chem. Solids. 120, 12-19 (2018)

Ifijen, I.H., Maliki, M.: A comprehensive review on the syn-
thesis and photothermal cancer therapy of titanium nitride

@ Springer

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

nanostructures. Inorg. Nano-Metal Chem. (2022). https://doi.
org/10.1080/24701556.2022.2068596

Lim, E.K., Kim, T., Paik, S., Haam, S., Huh, Y.M., Lee, K.:
Nanomaterials for theranostics: recent advances and future chal-
lenges. Chem. Rev. 115(1), 327-394 (2014)

Verma, N., Kumar, N.: Synthesis and biomedical applications
of copper oxide nanoparticles: an expanding horizon. ACS Bio-
mater. Sci. Eng. 5(3), 1170-1188 (2019)

Xie, Y., Yu, Y., Lu, L., Ma, X., Gong, L., Huang, X., Liu, G., Yu,
Y.: CuO nanoparticles decorated 3D graphene nanocomposite as
non-enzymatic electrochemical sensing platform for Malathion
detection. J. Electroanal. Chem. 812, 82—-89 (2018)

Shabnam, L., Faisal, S.N., Roy, A.K., Haque, E., Minett, A.L,
Gomes, V.G.: Doped graphene/Cu nanocomposite: a high sensi-
tivity non-enzymatic glucose sensor for food. Food Chem. 221,
751-759 (2017)

Meghana, S., Kabra, P., Chakraborty, S., Padmavathy, N.: Under-
standing the pathway of antibacterial activity of copper oxide
nanoparticles. RSC Adv. 5(16), 12293-12299 (2015)
Bol’basov, E.N., Lapin, I.N., Tverdokhlebov, S.I., Svetlichnyi,
V.A.: Aerodynamic synthesis of biocompatible matrices and their
functionalization by nanoparticles obtained by the method of
laser ablation. Russ. Phys. J. 57, 293-300 (2014)

Kalenskii, A.V., Zvekov, A.A., Nikitin, A.P., Ananeva, M.V.:
Optical properties of copper nanoparticles. Russ. Phys. J. 58,
1098-1104 (2015)

Pang, C., Li, R., Li, Z., Dong, N., Amekura, H., Wang, S., Yu,
H., Wang, J., Ren, F., Ishikawa, N., Okubo, N., Chen, F.: Copper
nanoparticles embedded in lithium tantalate crystals for multi-
GHz lasers. ACS Appl. Nano Mater. 2(9), 5871-5877 (2019)
Wu, D.J.: Oversupply of limiting cell resources and the evolution
of cancer cells: a review. Front. Ecol. Evol. 9, 653622 (2021)
Mohindroo, J.J., Garg, U.K., Sharma, A.K.: Optical properties
of stabilized copper nanoparticles. In: AIP Conference Proceed-
ings International Conference on Condensed Matter and Applied
Physics (ICC 2015): Bikaner, India (30-31 October 2015). 1728:
020534. (2016) https://doi.org/10.1063/1.4946585.

Basu, A.K.: DNA damage, mutagenesis and cancer. Int. J. Mol.
Sci. 19(4), 970 (2018)

Doron, S., Gorbach, S.L.: Bacterial infections: overview. Int.
Encycl. Public Health 2008, 273-282 (2008)

Verhoef, J., van Kessel, K., Snippe, H.: Immune response in
human pathology: infections caused by bacteria, viruses, fungi,
and parasites. Nijkamp Parnham’s Princ Inmunopharmacol. 23,
165-178 (2019)

Pells, G.P., Shiga, M.: The optical properties of copper and gold
as a function of temperature. J. Phys. C: Solid State Phys. 2(10),
1835 (1969)

Sarangi, B., Mishra, P.S., Behera, N.: Advances in green syn-
thesis of ZnS nanoparticles: an overview. Mater. Sci. Semicond.
Process. 147, 106723 (2022)

Tilaki, R., Irajizad, A., Mahdavi, S.: Size, composition and opti-
cal properties of copper nanoparticles prepared by laser ablation
in liquids. Appl. Phys. A 88, 415-419 (2007)

Sadrolhosseini, A.R., Noor, A.S.B.M., Shameli, K., Mamdoohi,
G., Moksin, M.M., Mahdi, M.A.: Laser ablation synthesis and
optical properties of copper nanoparticles. J. Mater. Res. 28(18),
2629-2636 (2013)

Ash, C., Dubec, M., Donne, K., Bashford, T.: Effect of wave-
length and beam width on penetration in light-tissue interaction
using computational methods. Lasers Med Sci 32(8), 1909-1918
(2017)

Lukianova-Hleb, E.Y., Lapotko, D.O.: Influence of transient
environmental photothermal effects on optical scattering by gold
nanoparticles. Nano Lett. 9(5), 2160-2166 (2009)


https://doi.org/10.1007/s42250-022-00318-3
https://doi.org/10.1080/24701556.2022.2068596
https://doi.org/10.1080/24701556.2022.2068596
https://doi.org/10.1063/1.4946585

International Nano Letters (2022) 12:379-398

397

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Wei, C., Liu, Q.: Shape-, size-, and density-tunable synthesis and
optical properties of copper nanoparticles. Cryst. Eng. Commun.
19, 3254-3262 (2017)

Boscarino, S., Censabella, M., Micali, M., Russo, M., Terrasi, A.,
Grimaldi, M.G., Ruffino, F.: Morphology, electrical and optical
properties of Cu nanostructures embedded in azo: a comparison
between dry and wet methods. Micromachines 13, 247 (2022)
Gawande, M.B., Goswami, A., Felpin, F.X., Asefa, T., Huang,
X., Silva, R., Zou, X., Zboril, R., Varma, R.S.: Cu and Cu-based
nanoparticles: synthesis and applications in catalysis. Chem. Rev.
116(6), 3722-3811 (2016)

Szymarski, P., Fraczek, T., Markowicz, M., Mikiciuk-Olasik, E.:
Development of copper-based drugs, radiopharmaceuticals and
medical materials. Biometals 25(6), 1089-1112 (2012)

Kim, G.J., Nie, S.: Targeted cancer nanotherapy. Mater. Today
8(8), 28-33 (2005)

Housman, G., Byler, S., Heerboth, S., Lapinska, K., Longacre,
M., Snyder, N., Sarkar, S.: Drug resistance in cancer: an over-
view. Cancers 6(3), 1769-1792 (2014)

Song, H., Xu, Q., Zhu, Y., Zhu, S., Tang, H., Wang, Y., Ren, H.,
Zhao, P., Qi, Z., Zhao, S.: Serum adsorption, cellular internaliza-
tion and consequent impact of cuprous oxide nanoparticles on
uveal melanoma cells: implications for cancer therapy. Nano-
medicine 10(24), 3547-3562 (2015)

Yang, Q., Wang, Y., Yang, Q., Gao, Y., Duan, X., Fu, Q., Chu,
C., Pan, X., Cui, X., Sun, Y.: Cuprous oxide nanoparticles trig-
ger ER stress-induced apoptosis by regulating copper trafficking
and overcoming resistance to sunitinib therapy in renal cancer.
Biomaterials 146, 72-85 (2017)

Wang, Y., Yang, F., Zhang, H., Zi, X., Pan, X., Chen, F., Luo, W.,
Li, J., Zhu, H., Hu, Y.: Cuprous oxide nanoparticles inhibit the
growth and metastasis of melanoma by targeting mitochondria.
Cell Death Dis. 4(8), €783 (2013)

Chinnathambi, A., Alahmadi, T.A., Alharbi, S.A.: Biogenesis
of copper nanoparticles (Cu-NPs) using leaf extract of allium-
noeanum, antioxidant and in-vitro cytotoxicity artificial cells.
Nanomed. Biotechnol. 49(1), 500-510 (2021)

Kung, M.L., Hsieh, S.L., Wu, C.C., Chu, T.H., Lin, Y.C., Yeh,
B.W.,, Hsieh, S.: Enhanced reactive oxygen species overexpres-
sion by CuO nanoparticles in poorly differentiated hepatocellular
carcinoma cells. Nanoscale 7(5), 1820-1829 (2015)

Giannousi, K., Hatzivassiliou, E., Mourdikoudis, S., Vourlias, G.,
Pantazaki, A., Dendrinou-Samara, C.: Synthesis and biological
evaluation of PEGylated CuO nanoparticles. J. Inorg. Biochem.
164, 82-90 (2016)

Laha, D., Pramanik, A., Chattopadhyay, S., Kumar Dash, S., Roy,
S., Pramanik, P., Karmakar, P.: Folic acid modified copper oxide
nanoparticles for targeted delivery in in vitro and in vivo systems.
RSC Adv. 5(83), 68169-68178 (2015)

Engler, A.C., Wiradharma, N., Ong, Z.Y., Coady, D.J., Hedrick,
J.L., Yang, Y.Y.: Emerging trends in macromolecular antimicro-
bials to fight multi-drug-resistant infections. Nano Today 7(3),
201-222 (2012)

Markovié, D., Deeks, C., Nunney, T., Radovanovié, Z, Radoicié,
M., éaponjic’, Z.,Radeti¢, M.: Antibacterial activity of Cu-based
nanoparticles synthesized on the cotton fabrics modified with
polycarboxylic acids. Carbohydr. Polym. 200, 173-182 (2018)
El Saeed, A.M., El-Fattah, M.A., Azzam, A.M., Dardir, M.M.,
Bader, M.M.: Synthesis of cuprous oxide epoxy nanocomposite
as an environmentally antimicrobial coating. Int. J. Biol. Mac-
romol. 89, 190-197 (2016)

Kaweeteerawat, C., Chang, C.H., Roy, K.R., Liu, R., Li, R., Toso,
D., Fischer, H., Ivask, A., Ji, Z., Zink, J.1.: Cu nanoparticles have
different impacts in Escherichia coli and Lactobacillus brevis
than their microsized and ionic analogues. ACS Nano 9(7),
7215-7225 (2015)

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Azam, A., Ahmed, A.S., Oves, M., Khan, M., Memic, A.: Size-
dependent antimicrobial properties of CuO nanoparticles against
Gram-positive and-negative bacterial strains. Int. J. Nanomed. 7,
3527 (2012)

Pang, H., Gao, F., Lu, Q.: Morphology effect on antibacterial
activity of cuprous oxide. Chem. Commun. 9, 1076-1078 (2009)
Gilbertson, L.M., Albalghiti, E.M., Fishman, Z.S., Perreault, F.,
Corredor, C., Posner, J.D., Elimelech, M., Pfefferle, L.D., Zim-
merman, J.B.: Shape-dependent surface reactivity and antimicro-
bial activity of nano-cupric oxide. Environ. Sci. Technol. 50(7),
3975-3984 (2016)

Hsueh, Y.H., Tsai, P.H., Lin, K.S.: pH-dependent antimicrobial
properties of copper oxide nanoparticles in Staphylococcus
aureus. Int. J. Mol. Sci. 18(4), 793 (2017)

Ladomersky, E., Petris, M.J.: Copper tolerance and virulence in
bacteria. Metallomics 7(6), 957-964 (2015)

Ssekatawa, K., Byarugaba, D.K., Angwe, M.K., Wampande,
E.M,, Ejobi, F., Nxumalo, E., Maaza, M., Sackey, J., Kirabira,
J.B.: Phyto-mediated copper oxide nanoparticles for antibacte-
rial, antioxidant and photocatalytic performances. Front. Bioeng.
Biotechnol. 10, 820218 (2022)

Letchumanan, D., Sok, S.P.M., Ibrahim, S., Nagoor, N.H.,
Arshad, N.M.: Plant-based biosynthesis of copper/copper oxide
nanoparticles: an update on their applications in biomedicine,
mechanisms, and toxicity. Biomolecules 11, 564 (2021)

Perillo, B., Di Donato, M., Pezone, A., Di Zazzo, E., Giovannelli,
P., Galasso, G., Castoria, G., Migliaccio, A.: ROS in cancer ther-
apy: the bright side of the moon. Exp. Mol. Med. 52, 192-203
(2020)

Nagajyothi, P., Muthuraman, P., Sreekanth, T., Kim, D.H., Shim,
J.: Green synthesis: in-vitro anticancer activity of copper oxide
nanoparticles against human cervical carcinoma cells. Arab. J.
Chem. 10, 215-225 (2017)

Chung, I.M., Abdul Rahuman, A., Marimuthu, S., Vishnu Kirthi,
A., Anbarasan, K., Padmini, P., Rajakumar, G.: Green synthesis
of copper nanoparticles using Eclipta prostrata leaves extract
and their antioxidant and cytotoxic activities. Exp. Ther. Med.
14, 18-24 (2017)

Dey, A., Manna, S., Chattopadhyay, S., Mondal, D., Chattopad-
hyay, D., Raj, A., Das, S., Bag, B.G., Roy, S.: Azadirachta indica
leaves mediated green synthesized copper oxide nanoparticles
induce apoptosis through activation of TNF-alpha and caspases
signaling pathway against cancer cells. J. Saudi Chem. Soc. 23,
222-238 (2019)

Duman, F., Ocsoy, I., Kup, F.O.: Chamomile flower extract-
directed CuO nanoparticle formation for its antioxidant and DNA
cleavage properties. Mater. Sci. Eng. C Mater. Biol. Appl. 60,
333-338 (2016)

Sulaiman, G.M., Tawfeeq, A.T., Jaaffer, M.D.: Biogenic syn-
thesis of copper oxide nanoparticles using Olea europaea leaf
extract and evaluation of their toxicity activities: an in vivo and
in vitro study. Biotechnol. Prog. 34, 218-230 (2018)

Siivola, K.M., Suhonen, S., Hartikainen, M., Catalan, J., Norppa,
H.: Genotoxicity and cellular uptake of nanosized and fine cop-
per oxide particles in human bronchial epithelial cells In Vitro.
Mutat. Res. 856-857, 503217 (2020)

He, Z.L., Yang, X.E., Stoffella, P.J.: Trace elements in agroeco-
systems and impacts on the environment. J. Trace Elem. Med.
Biol. 19, 125-140 (2005)

Ali, K., Saquib, Q., Ahmed, B., Siddiqui, M.A., Ahmad, J., Al-
Shaeri, M., Al-Khedhairy, A.A., Musarrat, J.: Bio-functional-
ized CuO nanoparticles induced apoptotic activities in human
breast carcinoma cells and toxicity against Aspergillus flavus:
an in vitro approach. Process. Biochem. 91, 387-397 (2020)
Kalaiarasi, A., Sankar, R., Anusha, C., Saravanan, K., Aarthy,
K., Karthic, S., Mathuram, T.L., Ravikumar, V.: Copper oxide

(]
’r @ Springer



398

International Nano Letters (2022) 12:379-398

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

nanoparticles induce anticancer activity in A549 lung cancer cells
by inhibition of histone deacetylase. Biotechnol. Lett. 40, 249-256
(2018)

Pfeffer, C.M., Singh, A.T.: Apoptosis: a target for anticancer ther-
apy. Int. J. Mol. Sci. 19, 448 (2018)

Minelli, C., Shard, A.G.: Chemical measurements of polyethylene
glycol shells on gold nanoparticles in the presence of aggregation.
Biointerphases 11, 04B306 (2016)

Liu, H., Lai, W., Liu, X., Yang, H., Fang, Y., Tian, L., Li, K., Nie,
H., Zhang, W., Shi, Y., et al.: Exposure to copper oxide nanoparti-
cles triggers oxidative stress and endoplasmic reticulum (ER)-stress
induced toxicology and apoptosis in male rat liver and BRL-3A
cell. J. Hazard. Mater. 401, 123349 (2021)

Soria, N.G.C., Aga, D.S., Atilla-Gokcumen, G.E.: Lipidomics
reveals insights on the biological effects of copper oxide nanopar-
ticles in a human colon carcinoma cell line. Mol. Omics 15, 30-38
(2019)

Laha, D., Pramanik, A., Maity, J., Mukherjee, A., Pramanik, P.,
Laskar, A., Karmakar, P.: Interplay between autophagy and apopto-
sis mediated by copper oxide nanoparticles in human breast cancer
cells MCF7. Biochim. Biophys. Acta Gen. Subj. 2014(1840), 1-9
(2014)

Tao, X., Wan, X., Wu, D., Song, E., Song, Y.: A tandem activation
of NLRP3 inflammasome induced by copper oxide nanoparticles
and dissolved copper ion in J774A.1 macrophage. J. Hazard. Mater.
411, 125134 (2021)

Preeth, D.R., Shairam, M., Suganya, N., Hootan, R., Kartik, R.,
Pierre, K., Suvro, C., Rajalakshmi, S.: Green synthesis of cop-
per oxide nanoparticles using sinapic acid: an underpinning step
towards antiangiogenic therapy for breast cancer. J. Biol. Inorg.
Chem. 24, 633-645 (2019)

Li, X., Shenashen, M.A., Wang, X., Ito, A., Taniguchi, A., El-Safty,
S.A.: Hierarchically porous, and Cu- and Zn-containing y-AIOOH
mesostrands as adjuvants for cancer immunotherapy. Sci. Rep. 7(1),
16749 (2017)

Li, X., Shenashen, M.A., Wang, X_, Ito, A., Taniguchi, A., El-Safty,
S.A.: Mesoporous caged-y-AIOOH-double-stranded RNA analog
complexes for cancer immunotherapy. Adv. Biosyst. 2(1), 1700114
(2018)

Azzam, A.M., Shenashen, M.A., Selim, M.S., Mostafa, B., Tawfik,
A., El-Safty, S.A.: Vancomycin-loaded furriness amino magnetic
nanospheres for rapid detection of gram-positive water bacterial
contamination. Nanomaterials 12, 510 (2022)

Azzam, A.M., Shenashen, M.A., Mostafa, B.B., Kandeel, W.A.,
El-Safty, S.A.: Antibacterial activity of magnesium oxide nano-
hexagonal sheets for wastewater remediation. Environ. Prog. Sus-
tain. Energy 38(s1), S260-S266 (2019)

Ohsumi, Y., Kitamoto, K., Anraku, Y.: Changes induced in the
permeability barrier of the yeast plasma membrane by cupric ion.
J. Bacteriol. 170, 26762682 (1988)

Lemire, J.A., Harrison, J.J., Turner, R.J.: Antimicrobial activity of
metals: mechanisms, molecular targets and applications. Nat. Rev.
Microbiol. 11, 371-384 (2013)

Warnes, S.L., Caves, V., Keevil, C.W.: Mechanism of copper sur-
face toxicity in Escherichia coli O157:H7 and Salmonella involves
immediate membrane depolarization followed by slower rate of
DNA destruction which differs from that observed for Gram-posi-
tive bacteria. Environ. Microbiol. 14, 1730-1743 (2012)

Nan, L., Liu, Y., Lii, M., Yang, K.: Study on antibacterial mecha-
nism of copper-bearing austenitic antibacterial stainless steel by
atomic force microscopy. J. Mater. Sci. Mater. Med. 19, 3057-3062
(2008)

Avery, S.V., Howlett, N.G., Radice, S.: Copper toxicity towards
Saccharomyces cerevisiae: dependence on plasma membrane fatty
acid composition. Appl. Environ. Microbiol. 62, 3960-3966 (1996)
Hazel, J.R., Williams, E.E.: The role of alterations in mem-
brane lipid composition in enabling physiological adaptation of

@ Springer

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

organisms to their physical environment. Prog. Lipid Res. 29,
167-227 (1990)

Weaver, L., Noyce, J.O., Michels, H.T., Keevil, C.W.: Potential
action of copper surfaces on meticillin-resistant Staphylococcus
aureus. J. Appl. Microbiol. 109, 2200-2205 (2010)

Rifkind, J.M., Shin, Y.A., Heim, J.M., Eichhorn, G.L.: Coopera-
tive disordering of single-stranded polynucleotides through copper
crosslinking. Biopolym. Orig. Res. Biomol. 15, 18791902 (1976)
Arendsen, L.P., Thakar, R., Sultan, A.H.: The use of copper as an
antimicrobial agent in health care, including obstetrics and gynecol-
ogy. Clin. Microbiol. Rev. 32(4), e00125-e218 (2019)

Finney, L.A., O’Halloran, T.V.: Transition metal speciation in the
cell: insights from the chemistry of metal ion receptors. Science
300, 931-936 (2003)

Ma, Z., Jacobsen, F.E., Giedroc, D.P.: Coordination chemistry of
bacterial metal transport and sensing. Chem. Rev. 109, 46444681
(2009)

‘Waldron, K.J., Robinson, N.J.: How do bacterial cells ensure that
metalloproteins get the correct metal? Nat. Rev. Microbiol. 7,
25-35 (2009)

Karlstrom, A.R., Shames, B.D., Levine, R.L.: Reactivity of cysteine
residues in the protease from human immunodeficiency virus: iden-
tification of a surface-exposed region which affects enzyme func-
tion. Arch. Biochem. Biophys. 304, 163—169 (1993)

Kim, J.-H., Cho, H., Ryu, S.-E., Choi, M.-U.: Effects of metal ions
on the activity of protein tyrosine phosphatase VHR: highly potent
and reversible oxidative inactivation by Cu?* ion. Arch. Biochem.
Biophys. 382, 72-80 (2000)

Macomber, L., Imlay, J.A.: The iron-sulfur clusters of dehydratases
are primary intracellular targets of copper toxicity. Proc. Natl. Acad
Sci. 106, 8344-8349 (2009)

Eleraky, N.E., Allam, A., Hassan, S.B., Omar, M.M.: Nanomedi-
cine fight against antibacterial resistance: an overview of the recent
pharmaceutical innovations. Pharmaceutics 12(2), 142 (2020)
Hua, S., De Matos, M.B.C., Metselaar, J.M., Storm, G.: Current
trends and challenges in the clinical translation of nanoparticulate
nanomedicines: Pathways for translational development and com-
mercialization. Front. Pharmacol. 9, 790 (2018)

Tinkle, S., McNeil, S.E., Miihlebach, S., Bawa, R., Borchard, G.,
Barenholz, Y., Tamarkin, L., Desai, N.: Nanomedicines: address-
ing the scientific and regulatory gap. Ann. N. Y. Acad. Sci. 1313,
35-56 (2014)

Kumar, T.M., Mutalik, S., Rajanikant, G.K.: Nanotechnology and
nanomedicine: Going small means aiming big. Curr. Pharm. Des.
16, 1882-1892 (2010)

Hafner, A., Lovric, J., Lakos, G.P., Pepic, I.: Nanotherapeutics in
the EU: an overview on current state and future directions. Int. J.
Nanomed. 9, 1005 (2014)

Ifijen, .H., Maliki, M., Anegbe, B.: Synthesis photocatalytic deg-
radation and antibacterial properties of selenium or silver doped
zinc oxide nanoparticles: A detailed review. OpenNano 8, 100082
(2022)

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely
governed by the terms of such publishing agreement and applicable law.



	Copper nanoparticles and their oxides: optical, anticancer and antibacterial properties
	Abstract
	Introduction
	Optical properties of coppercopper oxide nanoparticles prepared by different approaches
	Biomedical applications
	Cancer applications
	Application as an antibacterial agent
	Possible mechanism for anticancer activity of CuO NPs
	Antibacterial mechanism of action
	Clinical translation of copper nanomedicine: obstacles
	Recommendation
	Conclusion
	References




