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Abstract

Copper oxide and colloidal copper
nanoparticles have gained popularity as
powerful  antibacterial  agents.  These
nanoparticles have recently shown promise in
preventing the spread of antibiotic resistance,
combating microbial diseases, and providing
fresh approaches in a variety of fields. This
thorough analysis explores the complex
mechanisms behind the bactericidal action of
copper oxide and colloidal  copper
nanoparticles, illuminating their multifaceted
use and potential future uses. Due to their
outstanding antibacterial qualities, colloidal
copper and copper oxide nanoparticles have
attracted a lot of attention in the domains of
nanotechnology, materials science, and
biomedicine. These nanoparticles have come
to light as possible substitutes and additives in
response to the growing concern over
antibiotic resistance and the requirement for
sustainable  antibacterial  solutions. The
purpose of this review is to examine the multi-
dimensional potential of copper oxide and
colloidal copper nanoparticles in various
applications and to clarify the mechanism
underlying their bactericidal activity. Through
mechanisms involving ROS production, cell
membrane rupture, intracellular absorption,
and antibacterial synergy, colloidal copper and
copper oxide nanoparticles demonstrate strong
bactericidal action. Their numerous uses
include biomedicine, water filtration, food
packaging, agriculture, and even possible
antiviral properties. For their successful
integration into diverse industries, it is
essential to solve issues with biocompatibility,
resistance, regulation, and scalability. These

nanoparticles have the potential to
revolutionise the fight against bacterial
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illnesses and contribute to a safer and more
sustainable future with continued study and
innovation.

Keywords: Bactericidal action, antimicrobial
mechanisms, Copper, and Copper oxide,
colloidal nanoparticles, multi-dimensional
applications.
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I. INTRODUCTION

The revolutionary field of nanotechnology, also known as "nano," studies how to
manipulate and control matter on a very small scale, or the nanoscale. Materials display
special characteristics and behaviours that set them apart from their bulk counterparts at this
minute scale. Nanotechnology is the process of precisely controlling the design, manufacture,
and use of structures, devices, and systems at the nanoscale scale, or roughly on the order of
one billionth of a metre.

The name "nano" comes from the Greek word "nanos," which means "dwarf” and it
perfectly convulsions the field of nanotechnology, in which scientists and engineers deal with
extremely small structures and particles that recurrently fit inside the range of individual
molecules and atoms. Across a wide range of disciplines, comprising Physics, Chemistry,
Biology, Engineering, and Medicine, this is the capacity to control matter at such a tiny scale
which further opens up a world of innovative opportunities.

The need for innovative, powerful antibacterial drugs has been emphasized with the
rise of germs that are already becoming resistant to the traditional antibiotics. Due to their
distinctive physical and chemical enigmatic characteristics, especially their improved
antibacterial activity, metallic nanoparticles have drawn a lot of attention. Different metallic
nanoparticles (NP), such as Copper nanoparticles have shown potential antibacterial activities
to wide ranges of bacterial strain including Escherichia coli. In order to effectively fight
bacterial illnesses, the current research intends to establish very upfront, potent and reliable
approach for the manufacture of highly antibacterial copper nanoparticles.

Il. DIFFERENT TECHNIQUES FOR COPPER AND COPPEROXIDE NANO-
PARTICLE PREPARATION

The creation of copper and copper oxide nanoparticles is possible using a variety of
ways. The complexity, scalability, and characteristics of the nanoparticles produced by these
processes can differ based on their preparation methodologies. The following techniques are
typical for creating copper and copper oxide nanoparticles: [1-9]

Chemical Reduction Techniques: There are numerous reports of Cu/CuO nanoparticles
synthesis by different mechanism.

1. Solvent Reduction: In this copper nanoparticles synthesis process, a copper precursor
(basically copper salts) is first dissolved in a solvent or in aqueous medium and a
reducing agent is applied. Copper salts are reduced in a polyol solvent at high
temperatures, frequently with the help of stabilisers, in the polyol process. In another
version named Hydrothermal Synthesis, Copper salts and reducing agents react under
high pressure and temperature to produce nanoparticles. [10]

2. Approach of Precipitation: In this approach, copper ions are precipitated from a
solution to create copper oxide nanoparticles. In general, mixing copper salt solutions
with a precipitator, such as sodium hydroxide or ammonia, is a very preferred method.
Copper hydroxide initially forms as the black precipitating agent is added to the copper
salt solution. CuO nanoparticles can be created through the controlled oxidation and
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dehydration of copper hydroxide. Sometimes, oxidation can also be performed in
presence of stabilising agents.

3. Solution-phase Synthesis: The most frequent method for creating copper and copper
oxide nanoparticles with specific characteristics is the solution-phase synthesis. These
techniques provide different parameter control like size, form, and traits. Chemical
reduction, the polyol approach, solvothermal/hydrothermal synthesis, the micro-emulsion
method, electrochemical deposition, copper salt oxidation, and seed-mediated growth are
very well established and commonly used methods. The resultant nanoparticles can be
fine-tuned to meet particular application requirements by modifying variables including
precursor concentrations, reaction conditions, and stabilising agents[11]. However, while
working with chemicals and at high temperatures, safety precautions must be considered
to avoid any casualties.

Electrochemical Technique is another preferred method to prepare CuNP. By
controlling the deposition parameters, copper ions from a solution are deposited onto an
electrode surface, where they can ultimately form nanoparticles. Copper ions in a solution
are reduced at an electrode surface to create nanoparticles by an electrochemical
reduction process.

In Thermal decomposition process, the Copper salts precursors have been used for
the breakdown and creation of nanoparticles. When copper-containing precursors are
heated to high temperatures, tiny CuNP is formed. In another version, precursors are
hydrolysed to create a sol, which is then condensed to create a gel that contains
nanoparticles.Water-in-Oil Surfactants stabilise the water and oil phases in a micro
emulsion for the development of CuNP, where copper ions are reduced to produce
nanoparticles. Sol-Gel Technique is another well-established method for metallic NP
generation.

4. Sonochemical Technique: There are two variations of this approach. One is Ultrasonic
Irradiation performed by the creation of cavitation bubbles with ultrasonic waves in high
temperatures and pressures, which encourage the reduction of copper ions followed by
very small CuNP generation. Synthesis with NP can also be conducted in Microwave
Assistance Irradiation where quickly heating the reaction mixture with microwaves
resulting nanoparticles formation.

5. Green Synthesis: The synthesis of Cu or CuO NP in biological procedure has been
reported by different scientific groups. In Biological techniques: reducing copper ions and
forming nanoparticles are performed using microorganisms/ fungal or enzymes. In Plant-
Mediated Synthesis, CUNP or CuONPs are produced using extracts from a variety of
plants. The phenolic and flavonoids from this plant extracts are cast-off both as stabilisers
and reducing agents.

Regarding particle size management, cost, scalability, reproducibility, and
restrictions, each of these methods has its own benefits and shortcomings. The preferred
features of the nanoparticles and the particular application for which they will be
employed will determine the method to be used. Additionally, while creating copper
oxide nanoparticles, oxidation procedures can be used to produce the desired oxide form,
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such as copper oxide nanoparticles like CuO or Cu,0, frequently made by heating copper
nanoparticles in the presence of oxygen.

I11.MECHANISM OF Cu-BASED NP MEDIATED CELL CYTOTOXICITY

The antibacterial action of copper nanoparticles is linked to a number of phenomena
that work together to compromise the integrity of bacterial membrane and operation of
bacterial cellular activities. These mechanisms, by which a NP could interact with the
bacterial cells in a variety of ways are practically originated from the nanoparticles itself
distinct physicochemical characteristics. Strong antibacterial action has been shown by
copper and copper oxide nanoparticles against a wide variety of microorganisms, including
bacteria, viruses, and fungus. Their antimicrobial action involves a number of crucial
activities. The following are the primary processes by which copper nanoparticles could exert
their antibacterial efficacy:

1. Cell Membrane Damage: Copper nanoparticles possess a high surface area to volume
ratio and sharp edges and corners, which can cause cell membrane damage .[12] When in
contact with moisture or biological fluids, copper nanoparticles release copper ions
(Cu2+), which is one of the primary reason underlying their antibacterial activity These
characteristics give them the ability to engage with and pierce bacterial cell membranes.
Copper contents are eventually released from the nano-structures whenever they come
into surface of the cell membrane and cytosol. Microorganisms are extremely poisonous
to these ions. These ions which are already released can systematically interact with the
membrane and ultimately can damage the lipid bilayer of the cell membrane, resulting in
the release of intracellular substances. They have the capacity to compromise the integrity
of the cell membrane, resulting in cellular contents leakage and eventual cell death. In
addition, copper ions disturb vital biological functions by attaching to trans-membrane
proteins and enzymes that contain the sulphur atom. [13]

2. Production of Reactive Oxygen Species (ROS): Copper nanoparticles have the ability
to cause bacterial cells to produce reactive oxygen species (ROS). By producing reactive
oxygen species (ROS) through procedures like Fenton-type reactions, copper and copper
oxide nanoparticles can cause oxidative stress in microbial cells. Highly reactive
chemicals called ROS, including hydrogen peroxide and superoxide radicals, lead to
oxidative stress in cells. Naturally cells have the defence mechanism to neutralise the
ROS generated from its regular biochemical pathways. But when NPs interact with the
cell, the extent of ROS is so high that cell cannot mitigate it. The elevated amount of ROS
ultimately destroys the essential protein and lipid inside the cell. Cellular malfunction and
eventual death can result from an excessive stockpile of ROS, which can harm proteins,
lipids, and DNA. [14-22]

3. DNA Damage: Interactions between copper nanoparticles and bacterial DNA can result
in oxidative damage and strand breakage. There are several reports that ROS can degrade
the DNA into nucleotide and ultimately destroy the genetic elements. Basically the
developed ROS cleaves the phosphor-diester bonds in the nucleic acid. The degradation
of DNA neither harms the replication and transcription of DNA but also immediately
impairing the bacterial survival and growth. [23-24]
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Protein Denaturation: By relating with amino acids that contain sulphur, copper
nanoparticles can interact with bacterial proteins and alter their natural structures thereby
causing denaturation. This may result in protein degradation or aggregation and loss of
function, which are essential for the survival and development of bacteria. [25]

Lipid Denaturation: One of the important mechanism nanoparticles mediated
cytotoxicity is related with the oxidation of membrane lipid. The elevated amount of ROS
causes lipid oxidation like protein one. The oxidation of lipid has very severe
consequences. Membrane becomes rigid and also fluidity is also lost. Rigid membrane
further hampers the essential cellular and biophysical activities. [22]

Disruption of lon Homeostasis: Copper ions emitted from the nanoparticles can
interfere with the ion homeostasis of bacteria. Different cellular functions need the
maintenance of distinct ion gradients across the membranes of bacterial cells. These
gradients may be disturbed by the entry of copper ions, impairing vital cellular processes.
[26]

Intracellular Accumulation of Copper lons: Bacterial cells have systems for absorbing
copper ions, which are crucial trace metals for numerous cellular activities. However, an
excessive build-up of copper ions can overpower these defences, resulting in cell toxicity.
[27]

Nanoparticle Agglomeration: Copper nanoparticles can aggregate on bacterial cell
surfaces, forming physical barriers that obstruct nutrition intake. The bombardment of
CuNP on the surface of cell membrane or bacterial outer membrane have effect the
formation of big pores and compromises with its membrane integrity. Cell membrane
integrity is much needed for the bacterial cell for its waste removal, and other critical
bacterial growth processes. [28]

Enzymatic Activity Inhibition: Copper nanoparticles have the ability to block important
enzymatic processes in bacterial cells as CuNP can denature the intracellular proteins
very often. Moreover, many enzymatic functions require the presence of di-valent metals,
and copper nanoparticles can interfere with these processes by competitive inhibition
mechanism, causing disrupt of cellular metabolism permanently. [29]

Intracellular Effects: Copper nanoparticles in any form, can enter easily in different
types of microbial cells. Upon entering inside the microbial cells, the stockpile of CuNPs
is very often enhanced gradually and it is observed that its substantial accumulate in
numerous organelles, including mitochondria may cause cellular damage. This is known
as intracellular effects. This interferes with cellular energy production, organelle function,
and might be with mitochondrial biogenesis. [30]

Synergistic Effects: The synergistic effects Copper nanoparticles are also being
manifested when combined with other antimicrobial substances like antibiotics or
antifungal medications. The likelihood of microbial resistance is decreased and the total
antibacterial action is improved by these synergistic effects.
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However, it's also crucial to exactly take into account any hazards that could arise
from wusing copper nanoparticles, including worries about the environment and
cytotoxicity to human cells. Therefore, using copper and copper oxide nanoparticles for
antimicrobial applications requires rigorous investigation and evaluation. Different
scientific communities are also actively investigating CuNP mediated cyto-toxicity in
Caenorhabditis elegans. [31]

IV. FUTURE OUTLOOKS OF COPPER AND COPPER OXIDE NANO PARTICLE

Due to their special characteristics and possible applications, copper and copper oxide
nanoparticles have attracted a lot of attention in a number of sectors. Here are a few
hypothetical future perspectives:

1. Electronics and Optoelectronics: Due to their high electrical conductivity and possible
usage in printed electronics, copper nanoparticles have showed promise in the fields of
electronics and optoelectronics. They could also be used in transparent conductive films,
conductive inks, and flexible and wearable electronics. Due to their semiconducting
characteristics, copper oxide nanoparticles may be used in optoelectronic devices such as
solar cells and light-emitting diodes (LEDs). [32]

2. Catalysis: Due to their large surface area and distinctive electrical characteristics, copper
nanoparticles, in particular copper oxide nanoparticles, have been investigated as catalysts
in a number of chemical processes. They might be applied in procedures like pollutant
degradation, hydrogenation, and oxidation. [33]

3. Biomedical Applications: Antimicrobial agents, medication delivery systems, and
imaging agents are just a few of the biomedical uses that copper and copper oxide
nanoparticles have showed promise in. They are intriguing for battling germs that are
resistant to antibiotics because of their antibacterial capabilities.

4. Energy Storage: Due to their high electrical conductivity and catalytic activity, copper-
based nanoparticles may be used in energy storage devices like batteries and
supercapacitors. [34]

5. Environmental Remediation: Due to their catalytic activity and capacity to absorb
contaminants, copper oxide nanoparticles may be used in environmental applications like
water purification and pollution removal. [35]

6. Research in Nanotechnology: As the field develops, it's possible that copper and copper
oxide nanoparticles will be used for hitherto unrecognised purposes and will exhibit novel
features.

Due to their special qualities and prospective uses, copper and copper oxide
nanoparticles have attracted a lot of attention in a variety of sectors, including medicine.
An overview of the prospective future for copper and copper oxide nanoparticle
utilisation in human therapeutics is given below: [36]
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Antibacterial and Antimicrobial Properties: Copper and copper oxide nanoparticles
have excellent antibacterial and antimicrobial characteristics, which have been
scientifically shown. They can destroy bacteria and other microbes by rupturing their cell
membranes. These nanoparticles could be utilised to create cutting-edge antimicrobial
medicines that treat illnesses and stop the spread of bacteria that are resistant to
antibiotics. [37]

Wound Healing: Copper is known to aid in the healing of wounds and the regeneration
of tissues. To encourage quicker and more efficient wound healing, copper and copper
oxide nanoparticles could be added to wound dressings or ointments. Additionally, they
might aid in lowering the danger of infection in exposed wounds. [38]

Cancer Treatment: Studies have looked into the possibility of copper and copper oxide
nanoparticles in the treatment of cancer. These nanoparticles might be designed to target
cancer cells specifically and transport therapeutic medicines right to the tumour location,
causing the least amount of harm to healthy tissues. Additionally, they might be
combined with other therapies including radiation therapy and chemotherapy. [39]

Drug Delivery: Targeted medication delivery is made possible by nanoparticles, such as
copper and copper oxide nanoparticles. They can transport medications and other
therapeutic agents to particular cells or tissues because of their small size and distinctive
surface characteristics. This might lessen negative effects while improving therapeutic
effectiveness.[40]

Disorders of Copper Metabolism: Copper is essential for the functioning of the central
nervous system, and disorders of copper metabolism have been connected to
neurodegenerative diseases including Alzheimer's and Parkinson's. The delivery of
therapeutic medicines that alter the amounts of copper in the brain via copper
nanoparticles holds the promise of delaying the course of various illnesses. [41]

Diagnostic Imaging: Nanoparticles can also be employed in MRI and CT scans, two
types of medical imaging. The contrast of pictures could be improved by copper and
copper oxide nanoparticles, increasing the diagnostic precision. [42]

Biocompatibility and Safety: Securing the biocompatibility and safety of nanoparticles
is one of the difficulties associated with using them in medicine. Understanding the
possible harmful effects of copper and copper oxide nanoparticles, particularly with
chronic exposure, requires further research. Additionally, techniques for regulating their
distribution within the body and getting rid of them once their therapeutic purpose has
been achieved are required. [43]

Regulatory Approval: Prior to receiving regulatory approval for usage in humans,
copper and copper oxide nanoparticles would need to undergo extensive testing and
evaluation to guarantee their safety and efficacy. The FDA (in the United States) and
other regulatory organisations are crucial in determining the advantages and
disadvantages of such advances. [44]
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Overall, copper and copper oxide nanoparticles' prospects for use in human
medicinal applications seem positive, but further study, development, and clinical trials
are needed to fully grasp their potential and handle any issues that might occur.
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