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Abstract: Copper is one of the essential trace elements that have numerous biological functions, acting as a catalytic cofactor within
enzymes or as part of cells. Because of its capacity to exist in two oxidation states, numerous physiological and therapeutic agents are
exploited. In this research work, the scholars highlight the importance of copper in human health; more specifically, the discussion
revolves around its biological functions including the role of copper in fighting diseases and its prospective applications as a biomaterial.
The paper intends to use the existing literature regarding the multiverse of copper to emphasize its wide scope of applications, including
antimicrobial, anticancer and neuroprotective effects. Also, we discuss the prospects and challenges of copper - based therapeutics and

biomaterials.
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1. Introduction

Copper is considered as an important element and it is
believed that life cannot exist without copper. Enzymes those
which are involved in cellular respiration, protection from
stress and building up of connective tissues contain this metal.
The two physiologically significant oxidation states of copper
are Cu (I1) and Cu (1), where Cu (I) prevails as the dominant
form within the cell cytoplasm's reducing environment. The
fact that copper is so controlled within the human body
indicates its importance, and when present in a deficiency or
excess concentration cu tolerance can develop dangerously to
pathogenic states including Menkes and Wilson’s diseases.
Recent developments in biomaterials and nanotechnology
have paved new ways for enhanced medical diagnostics,
manufacturing, and drug delivery.

In the biomedical field, metal - based nanomaterials have
become one of the key research targets since the emergence
of nanomaterials. Metal - based nanomaterials have been
involved in many aspects such as antimicrobial, imaging, and
tumor therapy.

Biological function of copper

Copper homeostasis

Copper homeostasis is tightly regulated in the human body.
Copper is absorbed in the duodenum and transported to the
liver, where it binds to ceruloplasmin for systemic
distribution. Proteins such as CTR1, ATP7A, and ATP7B are
critical for copper uptake, transport, and excretion. Excess
copper is excreted via bile, highlighting the liver's central role
in copper metabolism. Disruptions in this system can lead to
diseases like Wilson's and Menkes diseases. Additionally,
recent research has uncovered the role of copper in
modulating the immune system, influencing macrophage
activity, and supporting antioxidant defenses.

Enzymatic roles
Copper acts as a cofactor for several key enzymes:

« Cytochrome c oxidase: Facilitates cellular respiration by
enabling efficient electron transfer within the
mitochondrial respiratory chain.

o Superoxide dismutase (SOD): Protects cells from
oxidative damage by neutralizing reactive oxygen species.

« Lysyl oxidase: Promotes cross - linking of collagen and
elastin, which is crucial for maintaining the structural
integrity of connective tissues.

« Dopamine B - hydroxylase: Plays a vital role in the
synthesis of norepinephrine, a neurotransmitter involved
in mood regulation and cardiovascular function.

Copper deficiency impairs these functions, leading to
hematological, neurological, and connective tissue disorders.
Conversely, copper excess can result in oxidative stress,
organ damage, and exacerbation of neurodegenerative
conditions.

Therapeutic Application of copper

Antimicrobial Property

Copper has long been recognized for its antimicrobial
properties. Copper surfaces exhibit "contact killing, " where
bacterial membranes are rapidly degraded through reactive
oxygen species (ROS) production. Copper nanoparticles have
been shown to disrupt bacterial DNA, offering a promising
approach to combat antibiotic - resistant strains. Additionally,
copper’s antiviral properties are being leveraged to deactivate
viral particles by degrading their genetic material, showing
potential in controlling outbreaks of influenza and other viral
infections.

Anticancer Potential

Copper - based compounds are being explored for their
anticancer properties. These compounds can induce oxidative
stress in cancer cells, disrupt angiogenesis, and inhibit tumor
growth. For instance, copper chelators have demonstrated
efficacy in reducing tumor progression in preclinical models.
Recent studies also indicate that copper - dependent enzymes
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may influence cancer cell metabolism, opening avenues for
targeted therapies.

Neurological Applications

Copper dysregulation is implicated in neurodegenerative
diseases such as Alzheimer's and Parkinson's. Copper
chelation therapy has shown promise in reducing amyloid
plaque formation and oxidative stress in these conditions.
Furthermore, maintaining optimal copper levels has been
linked to preserving cognitive function and mitigating the risk
of age - related neurodegenerative disorders.

Cardiovascular Applications

Copper - containing stents and implants promote
angiogenesis and reduce restenosis by enhancing endothelial
cell proliferation and inhibiting smooth muscle growth. These
properties make copper a valuable component in
cardiovascular biomaterials. Emerging research also suggests
copper’s potential role in reducing atherosclerotic plaque
formation and improving vascular health through modulation
of lipid metabolism.

Copper - Based Biomaterials

Bone Regeneration

Copper - containing implants accelerate bone healing by
promoting osteoblast differentiation and angiogenesis.
Techniques such as micro - arc oxidation and copper coating
on titanium implants have enhanced their osteogenic and
antibacterial properties. Recent innovations include the
development of biodegradable copper - based scaffolds that
provide sustained copper release, further optimizing bone
regeneration processes.

Wound Healing

Copper’s antimicrobial and pro - angiogenic properties are
leveraged in wound dressings. Copper - releasing hydrogels
enhance healing by reducing infection and promoting tissue
regeneration. Advances in nanotechnology have enabled the
design of copper - infused bioactive dressings that combine
antibacterial efficacy with enhanced biocompatibility,
accelerating recovery in chronic wounds and burns.

Copper and Antibiotics

Copper ions can interact with antibiotics in two ways:

1) Synergistic Effects: Copper complexes restore the
efficacy of antibiotics against resistant strains by
enhancing their antimicrobial action.

2) Antagonistic Effects: Copper—antibiotic interactions
may degrade the antibiotic or reduce its activity,
necessitating  careful  consideration in  clinical
applications.

Research shows that copper nanoparticles can disrupt
bacterial resistance mechanisms, making them potent
adjuvants in antibiotic therapy. Additionally, the combination
of copper ions with traditional antibiotics has shown potential
in treating biofilm - associated infections, which are
notoriously difficult to manage.

2. Challenges and Future Directions

While copper - based materials show immense promise,

challenges remain:

« Toxicity: High copper concentrations can damage healthy
tissues, leading to oxidative stress and cell death. The fine
balance between therapeutic and toxic doses remains a
critical  barrier.  Developing advanced delivery
mechanisms that release copper in controlled amounts is
essential to mitigate these risks.

o Target Specificity: Copper’s widespread activity can
affect both healthy and diseased tissues. Achieving
targeted delivery to specific cells or tissues requires
innovations in drug delivery systems, such as
encapsulated nanoparticles or ligand - based targeting
approaches.

« Resistance Development: Prolonged exposure to copper
could potentially lead to resistance in microbial
populations. Further studies are needed to understand and
counteract this phenomenon, ensuring the sustained
efficacy of copper - based antimicrobials.

e Clinical Translation: Bridging the gap between
laboratory research and real - world applications poses
significant challenges. Rigorous clinical trials are required
to validate the safety, efficacy, and cost - effectiveness of
copper - based therapies. Additionally, regulatory
approval processes must adapt to the unique properties of
copper - containing materials.

« Environmental Concerns: The widespread use of copper
- based products raises environmental considerations, such
as potential contamination of ecosystems and the
development of copper - resistant microbial strains.
Sustainable manufacturing and disposal practices must be
developed to address these issues.

3. Future Directions

1) Advanced Drug Delivery Systems: Research into
copper - loaded nanoparticles and hydrogels shows
promise for improving the precision and safety of copper
- based treatments. These systems can enable controlled
release, reducing toxicity and enhancing therapeutic
efficacy.

2) Immunomodulatory Therapies: Copper’s role in
modulating immune responses opens new avenues for
therapies targeting autoimmune diseases and chronic
inflammatory conditions. Understanding the molecular
pathways involved will be key to harnessing copper's
potential in immunotherapy.

3) Regenerative Medicine: Innovations in copper -
containing biomaterials, such as scaffolds and coatings,
are poised to revolutionize tissue engineering. Future
research  should focus on optimizing their
biocompatibility and degradation profiles to maximize
patient outcomes.

4) Combating Antimicrobial Resistance: The integration
of copper with existing antibiotics could provide dual -
action therapies to overcome resistance mechanisms.
High - throughput screening of copper - based
compounds may Yyield novel antimicrobial agents.

5) Cross - Disciplinary Collaboration: Collaboration
among material scientists, biologists, chemists, and
clinicians is essential to accelerate the translation of
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copper - based technologies from bench to bedside. This
interdisciplinary approach will also facilitate the
development of guidelines for safe and effective use.

4. Conclusion

Copper is perhaps one of the most important metals in term
of its biological functions and unique properties. New
solutions for problems in the healthcare sector are provided
by services ranging from antimicrobial surfaces to more
complex biomaterials. It's evident that its importance extends
far beyond dealing with the issue of antibiotic resistance and
even enhancing regenerative medicines — it has a strong
implication in many other areas.

Additionally, copper forms an indispensable part since it is
well known to aid in regulating immune responses and
defending against chronic infections. Copper's inclusion into
the existing technologies as well as incorporation into newer
devices such as biodegradables significantly broaden its range
and scope in medical science.

In order to get the most out of copper, there is an urgent need
for collaboration between material scientists, biologists and
practitioners. By changing the way such challenges are
approached in terms of toxicity and specificity, newer and
safer alternatives and applications can be devised. Since
copper possesses such qualities, it will continue to steal
spotlight in the realm of medical research as it has proven its
mettle in solving many of the global healthcare challenges.
Day by day as more research is conducted in this realm,
copper will be in the center of attention and will lead in
providing practical approaches to the theoretical idea.
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