
 

Contents lists available at Dergipark 

Journal of Scientific Reports-B  

journal homepage: https://dergipark.org.tr/tr/pub 

 

E-ISSN: 2717-8625                                                              Number 14, December 2025 

REVIEW ARTICLE 

Receive Date: 11.08.2025                              Accepted Date: 16.09.2025 

24 

 

Copper nanoparticles: Synthesis, characterization, and their 

applications in medicine 

Hussein Elaibia,Farah Mutlagb,Ebru Halvacic, Fatih Send* 

aKütahya Dumlupinar University, Department of Biochemistry,  Sen Research Group, Kutahya 43000, Turkey,  

ORCID: 0000-0001-5306-6511. 
bKarbala Education Directorate, Ministry of Education. Karbala, 56001, Iraq,  

ORCID: 0000-0001-5348-0739.  
cKütahya Dumlupinar University, Department of Biochemistry,  Sen Research Group, Kutahya 43000, Turkey,  

ORCID: 0009-0003-2343-0046. 
dKütahya Dumlupinar University, Department of Biochemistry,  Sen Research Group, Kutahya 43000, Turkey,  

ORCID: 0000-0001-9929-9556. 

Abstract 

Copper nanoparticles (CuNPs) have emerged as versatile nanomaterials with significant biomedical potential owing to their unique 
optical, electrical, thermal, and catalytic properties. As an essential trace element, copper plays a pivotal role in various  
physiological processes, including metabolism, cardiovascular health, and tissue regeneration, making its nanoscale forms 

particularly relevant for medical applications. This review offers a thorough synthesis of existing research on CuNPs. 
Encompassing their preparation via chemical, physical, and biologically mediated (green) approaches, alongside detailed 
characterization techniques essential for correlating size, morphology, and surface chemistry with biological performance. Special 
emphasis is placed on their multifunctional roles in antimicrobial therapy, targeted drug delivery, cancer treatment, and imaging-
guided diagnostics, as well as their integration into theranostic platforms. The toxicological profile of CuNPs, including their 
cellular interactions, generation of reactive oxygen species (ROS), and potential environmental impact, is critically discussed. 
Furthermore, the review outlines recent advances and future perspectives, highlighting the importance of precise synthesis control, 
advanced characterization, and rigorous safety evaluation to facilitate the safe and effective clinical translation of these 

technologies. This review aims to link synthesis strategies, physicochemical properties, and biomedical functionalities of CuNPs 
while identifying challenges and research priorities that can accelerate their translation from laboratory to clinical practice. 

© 2023 DPU All rights reserved. 
Keywords: Copper nanoparticles; green synthesis; nanomedicine; antimicrobial activity; drug delivery; cancer therapy; toxicity 
assessment. 
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1. Introduction  

Copper nanoparticles (CuNPs) have garnered persistent scientific interest as novel nanomaterials for extensive 

medical applications. Copper is a crucial trace metal integral to numerous metabolic processes, encompassing glucose, 

cholesterol, and iron metabolism, and is needed for cardiovascular function, lung elasticity, bone development, and 

red blood cell production. Excessive copper can result in hepatic damage and gastrointestinal complaints, while a 

shortage may significantly impair cardiovascular health, induce anemia, cause tissue damage, and result in skeletal 

anomalies [1], [2], [3], [4], [5]. 

Despite these hazards, the controlled application of copper nanomaterials holds significant promise in medicine, 

alongside a suite of other biomedical technologies. Copper-based nanostructures exhibit excellent effectiveness 

against Gram-positive and Gram-negative bacteria such as Staphylococcus aureus, Bacillus subtilis, Proteus vulgaris, 

and Escherichia coli, and often surpass the potency of silver nanoparticles. Consequently, copper nanostructures have 

been widely investigated to measure and optimize their properties for biomedical uses [6], [7], [8], [9]. 

This review aims to provide a comprehensive overview linking synthesis strategies, physicochemical properties, 

and biomedical applications of CuNPs, while critically addressing their toxicity and safety. It seeks to highlight current 

challenges, recent advances, and future research priorities that can accelerate their translation from laboratory research 

to safe and effective clinical use. 

2. Synthesis of Copper Nanoparticles 

Copper nanoparticles are a class of particles with diameters ranging from 1 to 100 nm. Various synthesis and 

stabilisation methods have been reported, yielding highly monodisperse copper nanoparticles with excellent 

morphology and tunable size, which have numerous applications spanning various industrial and biological processes 

[10], [11], [12], [13].  

Several physical, chemical, and biological approaches have been used for their synthesis; however, these 

approaches have drawbacks such as high-energy requirements, high cost, and the use of toxic chemicals. To overcome 

the limitations of the physical and chemical methods, different biological methods have been employed for the 

synthesis of copper nanoparticles using plants to increase the antioxidant activity and control of the particle size in 

biomedical applications [14], [15], [16], [17], [18]. 

These methods are simple, non-toxic, eco-friendly, sustainable, biocompatible, and cost-effective. As such, copper 

nanoparticles have an important role in life medicine and diagnostics. Various chemical routes have been used for 

producing copper nanoparticles, including chemical reduction, microemulsions, and sonochemical synthesis. They 

have been produced from dimethyl copper (CH3)2Cu, copper hydrazine carboxylate, copper carbonyl clusters, metallic 

copper, and Cu (II) complexes as precursors. Copper nanopowders have been proven to manufacture high-density 

sintered compacts from metallic copper powders and have been used in fabricating copper nanotubes using the 

sacrificial template method [11], [19], [20], [21], [22]. 

Chemistry-informed techniques employed in the synthesis of nanoparticles include the sol–gel method, 

solvothermal technique, chemical vapor deposition, microemulsion, hydrothermal method, and chemical reduction 

[14], [23], [24]. 

Characterization techniques encompass UV–vis spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-

ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and dynamic 

light scattering (DLS).[12], [25], [26]. 

Chemical reduction is one of the most preferred techniques for the synthesis of copper nanoparticles, as it is simple 

and allows controlled manipulation of particle size [27], [28], [29]. 

Copper salt and polymers with a reducing agent are the primary materials required for synthesis; copper salts such 

as copper chloride, copper acetate, copper sulfate, copper nitrate, copper carbonate, and copper phosphate have been 

used, with copper sulfate being preferred [15], [30]. 
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Polyvinylpyrrolidone (PVP), cetyltrimethylammonium bromide (CTAB), polyaniline (PAN), and polyethylene 

glycol (PEG) have been employed as polymers because of their ability to prevent aggregation of the nanoparticles 

[31], [32]. 

Sodium borohydride, L-ascorbic acid, hydrazine, sodium citrate, and sodium hypophosphite have been utilized as 

reducing agents. 

A typical reaction proceeds with the reduction of Cu2+ ions to copper (0) nanoparticles, where the copper ions first 

hydrolyze to copper hydroxide in an aqueous solution, followed by the production of copper nanoparticles triggered 

by a reducing agent. Generally, to prevent rapid reaction and sedimentation, the process is carried out in ice-cold 

conditions and under an inert gas [11], [33], as illustrated in Figure 1. 

 

Fig 1. Chemical reduction process for CuNPs synthesis. 

2.1. Chemical methods 

Chemical methods involve commonly employed reduction techniques that use chemicals or reagents to convert 

copper ions into metallic copper nanoparticles. These methods achieve reduction through agents such as sodium 

ascorbate, elemental copper, sulfites, hydrazine, and sodium hypophosphite. The selection of the chemical reducer 

influences particle size, morphology, and distribution, along with concentrations of the metal precursor and stabilizer. 

Advantages include high efficiency, reproducibility, the synthesis of high-purity nanoparticles, cost-effectiveness, 

simplicity of methods, and scalability. The disadvantages include restricted production capacity, possible 

contamination from chemical residues, and an environmental impact resulting from toxic byproducts [14], [33], [34], 
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[35], [36], as summarized in Table 1. 

Table 1. Summary of section 2.1. This table outlines key chemical reducing agents for CuNP synthesis, their 

mechanisms, typical particle sizes, and main pros and cons. Sodium ascorbate is eco-friendly with good size control 

but oxidation-prone; hydrazine yields ultra-small particles yet is highly toxic; sulfites are low-cost but risk sulfur 

contamination; sodium hypophosphite offers oxidation resistance, though may leave phosphorus residues; elemental 

copper avoids external reducers but lacks precise size control and is prone to oxidation. 
 

 

Table 1. Overview of prevalent chemical techniques for the manufacture of copper nanoparticles (CuNPs) and their principal characteristics. 

Chemical 

Reducing Agent 

Reduction Mechanism Typical Size & 

Shape 

Advantages Disadvantages 

Sodium ascorbate Electron donation converts Cu²⁺ 

to Cu⁰ in aqueous media 

10–80 nm, mostly 

spherical 

Eco-friendly, mild 

conditions, good size 

control 

Oxidation-sensitive, 

requires alkaline medium 

Hydrazine Strong reduction causing very 

rapid nucleation 

5–30 nm, uniform 

sizes with control 

Fast production, very 

small sizes 

Toxic and hazardous, 

nitrogenous residues 

Sulfites Moderate reduction via temporary 

Cu–sulfite complexes 

20–100 nm, 

irregular shape 

Low toxicity, inexpensive Sulfur contamination, 

broader size distribution 

Sodium 

hypophosphite 

Reduction of Cu²⁺ with a possible 

protective phosphate layer 

10–70 nm, 

spherical 

Good oxidation 

resistance, consistent 

production 

Phosphorus residues may 

hinder some applications 

Elemental copper Displacement (cementation) or 

Cu⁺ disproportionation 

30–150 nm, 

mostly irregular 

No major external 

reductant needed 

Poor size control, prone to 

oxidation 

2.2. Physical methods 

Physical methods such as evaporation, condensation, and laser ablation also yield copper nanoparticles (CuNPs). 

Evaporation condensation utilizes a tube furnace where a copper source evaporates, diffuses, and condenses into 

nanoparticles in a controlled inert environment. Size is adjustable by changing reactor tube volume or inert gas 

pressure. Laser ablation employs concentrated infrared (IR) laser irradiation focused on a metallic target immersed in 

distilled water, creating nucleation sites and subsequently CuNPs at extended ablation times. While dispersion is better 

at a 2-mm laser spot size compared to 0.5 mm, the technique is reliable and does not generate harmful byproducts as 

it uses only water and a strong Nd: YAG laser [37], [38], [39], [40], as summarized in Table 2. 

Table 2: Summary of section 2.2. Physical synthesis methods for CuNPs are devoid of chemicals and generally 

produce high-purity nanoparticles. Evaporation, condensation, and laser ablation offer superior control over particle 

purity; nonetheless, they exhibit limited scalability and significant energy requirements. Arc discharge facilitates quick 

production but compromises control over size distribution, whereas high-energy ball milling provides scalability at 

the cost of homogeneity and surface oxidation. Sputtering guarantees meticulous control and consistency, particularly 

for coatings or thin films; however, the technique is not ideal for extensive powder manufacturing. The selection is 

contingent upon the equilibrium among purity, size regulation, yield, and existing infrastructure. 

Table 2. Comparison of prevalent physical techniques for synthesizing copper nanoparticles (CuNPs) and their principal characteristics. 

Physical Method Principle / Mechanism Typical Size & 

Shape 

Advantages Disadvantages 

Evaporation–

Condensation 

Copper is vaporized in a high-

temperature furnace under inert 

gas, then condensed into 

nanoparticles 

20–100 nm, 

spherical 

High purity, adjustable 

size via gas pressure and 

tube volume, simple 

concept 

High energy consumption, 

costly equipment, batch 

limitations 

Laser Ablation 

(Nd: YAG) 

High-energy IR laser pulses 

vaporize copper from a solid 

target in liquid, causing 

10–80 nm, tunable 

by laser spot 

size/time 

No chemical 

contamination, eco-

friendly (water medium), 

Low yield, expensive laser 

system, requires precise 

control for uniformity 
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nanoparticle nucleation high purity 

Arc Discharge An electric arc between copper 

electrodes vaporizes material 

into plasma, followed by 

condensation 

5–50 nm, various 

shapes depending 

on arc parameters 

High production rate, 

crystalline particles 

Requires high current, 

possible oxide formation, 

and less control over size 

distribution 

High-Energy Ball 

Milling 

Mechanical attrition reduces 

bulk copper into nanoscale 

particles via repeated collisions 

20–200 nm, 

irregular 

Scalable, no chemical 

waste, relatively low-cost 

equipment 

Broad size distribution, 

possible contamination from 

milling media, oxidation risk 

Sputtering 

(Physical Vapor 

Deposition) 

Copper atoms ejected from a 

target by ion bombardment 

deposit on a substrate or in a 

collector medium 

5–50 nm, uniform 

films or particles 

High uniformity, 

controlled thickness/size, 

clean surfaces 

Requires vacuum systems, 

limited yield for powders, 

and an expensive setup 

 

2.3. Biological method 

Copper nanoparticles (CuNPs) exhibit utility in areas such as catalysis, sensing, antimicrobial textiles, and inks for 

solar cells. Their excellent anticorrosion and electrical performance make them superior alternatives to gold and silver 

metal nanoparticles in electronics. A variety of physical, chemical, and biological methods have been established for 

the synthesis of CuNPs, with biological approaches frequently favored due to their low toxicity, cost-effectiveness, 

environmental sustainability, and accessibility [7], [20], [21], [41], [42].  

Biological approaches, also termed "green synthesis" or "biosynthesis, ”utilize reducing agents such as 

microorganisms, enzymes, and plant extracts. In comparison with microbial routes, photosynthesis offers advantages 

including widespread availability of reducing agents, absence of temperature or pressure controls, and faster 

production of nanoparticles. In hydrothermal synthesis, copper nitrate concentration affects particle morphology; 

lower concentrations facilitate rod formation, while higher concentrations result in clusters of rods [43], [44], [45], 

[46], as summarized in Table 3. 

Table 3: Summary of section 2.3 Green synthesis of CuNPs uses natural reducing and stabilizing agents from 

plants, microbes, or enzymes to avoid toxic chemicals. Due to its speed, cost, and environmental sustainability, plant 

extract synthesis is popular, although raw material discrepancies limit it. Microbial and enzyme-mediated methods 

are slower and less scalable but more specific. Photosynthesis is fast and energy efficient, while hydrothermal green 

synthesis improves crystallinity and shape control. Method selection depends on environmental sustainability, 

reproducibility, scalability, and desired particle properties. 

Table 3. Comparison of prevalent biological techniques for the creation of copper nanoparticles (CuNPs) and their principal characteristics. 

Biological Method Principle / Mechanism Typical Size & 

Shape 

Advantages Disadvantages 

Plant Extract-

Mediated 

Synthesis 

Phytochemicals (phenolics, 

flavonoids, sugars, proteins) reduce 

Cu²⁺ to Cu⁰ and cap nanoparticles 

5–100 nm, 

spherical, rods, 

irregular 

Eco-friendly, low cost, fast 

production, no toxic 

chemicals 

Variability in extract 

composition, batch-to-

batch inconsistency 

Microbial 

Synthesis 

Bacteria, fungi, or yeast reduce 

Cu²⁺ via enzymatic/metabolic 

processes 

10–80 nm, varied 

morphologies 

Renewable source, mild 

conditions, possible 

intracellular stability 

Slow production, requires 

sterile conditions, and 

downstream purification 

Enzyme-Mediated 

Synthesis 

Isolated enzymes (e.g., 

oxidoreductases) catalyze Cu²⁺ 

reduction in vitro 

5–50 nm, 

controlled 

morphology 

High specificity, fine 

control over size and shape 

High cost of enzymes, 

stability issues, and limited 

scalability 

Photosynthesis-

Based Approach 

Light-driven reactions in plant 

extracts or microbial systems 

promote Cu²⁺ reduction 

10–60 nm, often 

spherical 

No heating/pressure, 

renewable, fast 

Dependent on light 

intensity and exposure, it 

may yield a broader size 

range. 

Hydrothermal 

Green Synthesis 

Aqueous plant extract with Cu salt 

processed under mild hydrothermal 

20–100 nm, rods 

or clusters 

Good crystallinity, 

possible shape control via 

Requires a special reactor 

and, longer processing 
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conditions precursor concentration time 

3. Characterization Techniques 

Numerous techniques have been employed to study copper nanoparticles (CuNPs). UV-Vis spectroscopy provides 

a preliminary evaluation of CuNPs and allows monitoring of chemical state changes. Fourier Transform Infrared 

Spectroscopy (FTIR) delineates functional groups associated with the nanoparticles, elucidating features such as 

metal-carbon bonds.[12], [26], [47]. 

X-Ray Diffraction (XRD) has been widely utilized to ascertain nanoparticle dimensions and examine the synthesis 

of copper oxides. Scanning Electron Microscopy (SEM) analyzes surface appearance, whereas Transmission Electron 

Microscopy (TEM) directly assesses nanoparticle dimensions and form. [25], [48], [49].  
Dynamic Light Scattering (DLS) is employed to evaluate particle size distribution. Atomic Absorption Spectroscopy 

(AAS) evaluates surface composition, while UV-Visible spectroscopy examines optical characteristics. [50].  

Hot-stage optical microscopy determines particle morphology. Although Scanning Transmission Electron Microscopy 

(STEM) is ideal for analyzing particle size and distribution, sample preparation can be challenging; thus, XRD remains 

the preferred technique. SEM also facilitates examination of morphology and size distribution. These characterization 

methods, applied to samples originating from diverse synthesis approaches, establish correlations among preparation 

tailorability, structural and chemical properties, and consequences of exposure to various environments [51], [52], 

[53], as illustrated in Figure 2. 
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Fig 2. Characterization techniques for copper nanoparticles (CuNPs) 

3.1. Spectroscopy techniques 

Spectroscopy offers essential insights into copper nanoparticles (Cu-NPs), uncovering exploitable features and 

optical characteristics suitable for medicinal applications. UV-Vis, Surface-Enhanced Raman Scattering, and X-ray 

Spectroscopy are important techniques. Compact proportions guarantee a predominantly seamless fit. [11], [54], [55]. 

3.2. Microscopy techniques 

Microscopy techniques are essential for assessing the morphology, size, and surface characteristics of copper 

nanoparticles (CuNPs), which subsequently affect their physical and chemical properties [56], [57].  

Transmission electron microscopy (TEM) is widely employed because it relies on the transmission of an electron 

beam through the sample to generate images at the nanometer scale. High-resolution TEM provides atomic-scale 

images, facilitating direct measurement of crystal structures and surface morphology [14].  

Scanning electron microscopy (SEM), which scans the sample surface with an electron probe, offers three-

dimensional images and enables analysis of topography, morphology, and its chemical composition when combined 
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with energy dispersive spectroscopy (EDS) [58].  

Atomic force microscopy (AFM) utilizes various tip–sample interactions (van der Waals, electrostatic, magnetic, 

and chemical forces) to produce three-dimensional topography images of nanoparticle surfaces. CuNPs' size, a critical 

factor influencing their properties and applications, can be determined by measuring diameters and projected areas 

from TEM, SEM, or AFM images [59]. 

3.3. X-ray diffraction 

X-ray diffractometry (XRD) is essential for determining the crystalline and phase properties of copper 

nanoparticles synthesized using various methods. XRD examination utilizes CuKα radiation with a wavelength of 

1.5406 Å, covering a 2θ range of 30° to 70° to investigate the crystalline structure essential to the nanoparticles' 

biological properties. [60], [61], [62]. 

Moreover, microwave-assisted copper-oxide nanorods demonstrate significant antioxidant, antimicrobial, and 

anticancer activities applicable to both normal skin and breast cancer cellular models [63]. 

3.4. Dynamic light scattering 

Dynamic light scattering (DLS) is a technique for measuring size that relies on the analysis of fluctuations in 

particle number within the intensity of laser-scattered light. It can be used to collect statistically significant data for a 

suspension of particles of about 1 nm to 3 µm in size. DLS is extensively employed to characterize the dimensions of 

polymers, tiny particles, and big molecules in suspension. DLS measures the time-dependent fluctuations in the 

scattering intensity due to the Brownian motion of the particles in the suspension or molecules in solution, over a wide 

angular range (typically 90–173°); the scattering angle depends mainly on the sample cell design [64], [65]. 

4. Properties of Copper Nanoparticles 

Copper nanoparticles possess unique optical, electrical, and thermal characteristics that make them especially 

valuable for various medical applications, such as cancer, drug delivery, and antimicrobial therapies. Their efficient 

synthesis and characterization are essential to enhance their performance for these applications [57], [66]. 

Metal nanoparticles manifest unique properties once their dimensions approach the few-nanometer range. By 

reducing particle sizes, strain, and defects such as dislocations and grain boundaries can be incorporated. Additionally, 

their lattice constants often differ from those of form bulk samples, thereby exerting a direct influence on intrinsic 

properties [67], [68]. 

Nanoparticles are a subset of nanomaterials characterized by sizes ranging between 1 and 100 nm. Within this 

class, copper nanoparticles are generally defined as copper particles confined to these dimensions. A variety of 

chemical, physical, and biological methods have been established for their synthesis. Common methodologies 

encompass chemical reduction, sonochemical techniques, electrochemical methods, laser ablation, microwave-

assisted processes, and biological synthesis utilizing microbial or plant extracts.[69], [70]. 

4.1. Optical properties 

Copper nanoparticles have optical, electrical, and magnetic properties distinct from bulk copper, influenced by 

their dimensions and morphology. The optical features stem from the surface plasmon resonance (SPR) effect, which 

is caused by the collective oscillations of free electrons interacting with the electromagnetic field of incident visible 

light. The SPR energy scales with the conduction electron density, which is highest in copper among metals like 

copper, silver, and gold, leading to distinctive optical behavior [57], [71]. 

A sudden change is observed in the refractive index on the surface of noble metals due to long-range intermolecular 
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forces. This peculiar optical property has generated widespread interest in metal nanoparticles. Exposure of 

nanoparticles to visible light in the ultraviolet region produces scattered light of specific wavelengths, owing to the 

SPR effect [72].  

The UV-Visible absorption of copper nanoparticles displays a distinctive surface plasmon resonance peak that 

fluctuates with particle size ranging from 200 to 800 nm, as ascertained using UV-Visible Spectroscopy, Fourier 

Transform Infrared Microscopy, X-ray Diffraction Analysis, and Scanning Electron Microscopy [73], [74]. 

4.2. Electrical properties 

Electrical conductivity is a fundamental property of metallic elements that determines the ability of materials to 

conduct an electric current. Among the first metals identified as electrical conductors, copper has received particular 

attention in material science and engineering [75], [76]. 

Copper is widely distributed throughout the human body in the bloodstream, skeletal muscles, and brain. Copper-

based materials demonstrate superior biocompatibility, fulfilling criteria for biological applications like wound 

healing, hemostasis regulation, and antibacterial efficacy [77], [78]. 

4.3. Thermal properties 

The thermal behavior of CuNPs is dependent on particle size and is usually measured by differential scanning 

calorimetry (DSC) [79], [80]. 

DSC analysis typically shows endothermic and exothermic peaks attributable to water evaporation, Copper phase 

changes, melting, and oxidation [81]. 

Differential Scanning Calorimetry (DSC) analyses of copper nanoparticles frequently display characteristic 

endothermic and exothermic transitions at temperatures significantly lower than that of bulk copper (1085 °C). For 

instance, CuNPs of approximately 50 nm in diameter have demonstrated exothermic and endothermic peaks near 473 

°C and 563 °C, respectively, values consistent with the melting point depression phenomenon observed in metallic 

nanoparticles. The decrease in melting temperature is due to the elevated surface-to-volume ratio and augmented 

surface energy linked to nanoscale dimensions, which together diminish the thermal energy necessary for phase 

transitions [81], [82]. 

5. Applications in Medicine 

Copper nanoparticles occupy a unique niche in the biomedical sector. Their extensive antimicrobial activity extends 

the options available for antibacterial therapy [14]. 

Copper nanoparticles have been explored as versatile nanovehicles due to their modifiable surfaces and capacity 

for drug conjugation. They present a promising platform for targeted delivery, including potential encapsulation or 

surface conjugation of anticancer agents such as doxorubicin, methotrexate, gefitinib, and folic acid, although direct 

implementations with these agents require further investigation [83], [84], [85], [86]. 

Copper and its derivatives have been utilized in chemotherapy, as copper is crucial in various biochemical 

pathways, including glucose, cholesterol, and iron metabolism, which are essential for cardiovascular health, lung 

elasticity, bone formation, and erythropoiesis [87], [88], [89]. 

Copper shortage and excess are perilous, resulting in hepatic damage, impairment of gastrointestinal and renal 

functions, pleural effusions, anemia, tissue injury, fragility, and skeletal anomalies [3], [90]. 

The antibacterial properties of copper have been widely used in agriculture, water treatment, in the preservation of 

wood and textiles, solar energy conversion, and batteries and sensors [91], [92], [93]. 

Copper nanoparticles exhibit an extraordinary antibacterial activity against Gram-positive bacteria (S. aureus) and 

Gram-negative bacteria (E. coli) that is, in many cases, superior to silver nanoparticles [8], [94]. 
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Synergistic antibacterial activities have also been observed between copper and silver nanoparticles. Copper 

nanoparticles nowadays constitute low-cost, biocompatible substrates for biosensing and colorimetric analysis, while 

offering new perspectives in the development of smart textiles. Their integration within polymeric materials can 

provide composite materials with increased functionality, such as protection against radiation or electromagnetic 

interference [10], [95], [96], [97]. 

Copper nanoparticles are furthermore exploited in wound healing dressings, personal equipment, and the treatment 

of inflammatory diseases by enhancing the effects of anticancer drugs and antibiotics. They are used in anticancer 

therapy to inhibit the growth of tumour cells, while their optical and electrical properties enable their exploitation in 

imaging and diagnostics [78], [88], [98], [99]. 

5.1. Antimicrobial applications 

Copper-based nanomaterials demonstrate significant antibacterial efficacy against a wide range of Gram-positive 

and Gram-negative bacteria, including resistant strains such as methicillin-resistant Staphylococcus aureus, Bacillus 

subtilis, Proteus vulgaris, and Escherichia coli, surpassing the capabilities of silver-based alternatives [7], [100], [101], 

[102]. 

5.2. Drug delivery systems 

The pharmaceutical sector faces ongoing challenges related to the solubility, degradation, and bioavailability of 

drugs. Incorporating active ingredients into polymer matrices constitutes a crucial tactic to alleviate these 

shortcomings [103], [104], [105]. 

Exploiting the antibacterial, anticancer, and antifungal capacities of copper nanoparticles has facilitated the design 

of efficient drug delivery systems [25]. 

Utilizing copper nanoparticles as nanovehicles represents an emerging avenue to enhance current delivery 

methodologies, mitigating the deleterious effects of drug degradation and surmounting multidrug resistance [18], 

[106]. 

5.3. Cancer treatment 

Copper nanoparticles (CuNPs) represent a highly attractive tool for cancer therapy, as they meet the criteria of 

excellent biocompatibility, easy functionalization, and low cost [107]. 

These attractive attributes, combined with established knowledge about their synthesis and characterization, open 

multiple medical applications, including drug delivery systems, antimicrobial uses, imaging, diagnosis, and cancer 

treatment. The latter, increasingly investigated, benefits from copper's recognized role during angiogenesis and tumor 

development [88], [108], [109]. 

In this context, metallic and oxide CuNPs have been synthesized through several physicochemical routes, 

characterized by spectroscopic and microscopic methods, and employed to develop implantable drug delivery systems 

in which the nanoparticles are hosted in various polymeric matrices [93], [110], [111]. 

Alternatively, CuNPs of curcumin have been evaluated for their intrinsic antitumor activity. Metallic copper (Cu 

NPs) also acts as an effective photothermal agent in several cancer therapy approaches. The discussed synthesis 

procedures are straightforward and scalable, offering CuNPs suitable for different diagnostic and therapeutic 

applications [112], [113]. 

5.4. Imaging and diagnostics 

Copper nanoparticles complement conventional imaging sources by overcoming limitations associated with their 
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inability to cross biological barriers [18]. 

Molecular imaging (MI) is a non-invasive technology employed to observe biological processes at cellular and 

subcellular levels through the use of tailored imaging agents that bind to specific targets with great specificity [114], 

[115]. 

Metal nanoclusters, including copper nanoclusters, are noteworthy for bioimaging owing to their diminutive size, 

robust fluorescence, stability, low toxicity, and biocompatibility, rendering them potential probes for biosensing and 

bioimaging applications [116], [117], [118]. 

The most widely studied radio nuclides for positron emission tomography (PET) imaging of nanoparticles are 18F, 
64Cu, and 124I. Several different 64Cu-chelators, such as NOTA, DOTAGA, and DOTA, have been conjugated to 

various nanoparticles to allow imaging of their in vivo distribution. Chelators, such as (1,4,7-triazacyclononane 1,4,7-

triyl) triacetic acid (NOTA) and 1,4,7,10-tetraazacyclododecane 1,4,7,10-tetraacetic acid (DOTA), have been used for 
64Cu-labelling of metal-based and organic nanoparticles [119], [120]. 

6. Toxicity and Safety Considerations 

Copper nanoparticles (CuNPs) have garnered significant interest in biomedical applications owing to their 

antibacterial characteristics, economic viability, and similarity to noble metal nanoparticles [101], [121]. 
Nevertheless, their potential toxicity warrants careful evaluation. CuNPs can accumulate in the pericellular 

environment, dissolve, and subsequently adhere to cell membranes through electrostatic interactions [122], [123], 
[124]. 

This adhesion, accompanied by the release of copper ions, disrupts membrane integrity, enabling the entry of 

nanoparticles and ions into the cytoplasm. Once internalized, elevated reactive oxygen species (ROS) levels may 

induce protein oxidation, reduce adenosine triphosphate (ATP) synthesis, and cause DNA damage [122], [125], [126]. 

The greatest solubility and liberation of copper ions occur in the stomach and intestinal fluids. Human exposure to 

nanoparticles occurs via four primary pathways: inhalation, ingestion, dermal contact, and ocular exposure. Copper 

nanoparticles may infiltrate the gastrointestinal tract via ingestion from food or water, or through inhalation followed 

by the swallowing of particles from the respiratory tract [127], [128]. 

The aggregation of nanoparticles in tissues and organs can lead to severe diseases, including neurological disorders 

such as Alzheimer’s and Parkinson’s [129], [130]. 

6.1. Cellular toxicity 

Copper is an essential trace dietary element that plays a fundamental role in the proper functioning of organisms 

due to its involvement in many biological processes [131]. 

Copper nanoparticles have remarkable properties like those observed for silver and gold nanoparticles. They are 

biologically active, biocompatible, and low-cost materials [10], [13], [14]. 

The synthesis and characterization of copper-based nanoparticles can therefore be a crucial issue in developing 

novel therapies and drugs [132]. 

Limited knowledge exists regarding the direct impact of copper nanoparticles on human cells and the potential 

dangers associated with various particle sizes, despite the recognized size dependency in other particles, such as silver 

nanoparticles [128], [133]. 

Recent studies highlight the urgent need to investigate how copper nanoparticles (CuNPs) transform within 

biological matrices and whether specific nanoforms pose heightened cytotoxic risks. Experimental evidence from 

comparative assays on three distinct CuNPs sizes against human cell lines demonstrates that particle size significantly 

influences cytotoxicity, with medium-sized particles (40–60 nm) showing higher cellular uptake and toxicity. 

Optimization studies further reveal that the presence of serum in cell culture media improves nanoparticle 

dispersibility, whereas different sonication methods have no substantial effect. Moreover, the stability of CuNPs 



 Elaibi et al., (2025)/ Journal of Scientific Reports-B, 014, 24-40  

35 

 

dispersions declines over time, making the age of suspensions a critical factor in reliable cytotoxicity assessment 

[134], [135]. 

7. Future Perspectives of Copper Nanoparticles in Biomedicine. 

Copper nanoparticles (CuNPs) have emerged as highly promising agents in biomedicine due to their 

multifunctional properties, spanning antimicrobial action, drug delivery, cancer therapy, and bioimaging. Their unique 

optical, electrical, and thermal characteristics, combined with selective cytotoxicity toward pathogens and 

demonstrated biocompatibility, position them at the forefront of next-generation nanomedicine. These capabilities, 

however, impose new demands on synthesis control, surface engineering, and precise physicochemical 

characterization to optimize their therapeutic performance while ensuring safety. 

Recent advances in synthesis, particularly biologically mediated routes, offer safer, scalable, and more eco-friendly 

alternatives to traditional chemical and physical methods, enabling better control over particle size, morphology, and 

stability. Parallel progress in advanced characterization techniques, such as XPS, FTIR, TGA, BET, zeta potential 

analysis, and ICP-MS, is essential for elucidating structure-property-function relationships and tailoring nanoparticles 

for specific biomedical tasks. 

In clinical contexts, CuNPs hold potential for integrated theranostic systems, combining targeted diagnostics and 

therapy, particularly in oncology, infectious disease management, and organ-specific interventions. Their versatility 

extends to serving as imaging contrast agents (MRI, PET) and enabling personalized medicine strategies through 

tunable targeting and release profiles. Moreover, copper’s role as an essential trace element in metabolic pathways 

provides a unique physiological relevance, though precise dose control is critical to prevent toxicity while avoiding 

deficiency-related disorders. 

The path forward lies in converging three pillars: innovative synthesis, precision characterization, and rigorous 

toxicological profiling. Addressing these simultaneously will accelerate the safe translation of CuNP-based systems 

from experimental platforms to commercial biomedical applications, enabling more efficient, targeted, and 

multifunctional treatments in modern healthcare. 

8. Conclusion 

Copper nanoparticles (CuNPs) exhibit a wide range of beneficial properties, including optical, electrical, and 

catalytic characteristics, which render them suitable for various biomedical applications. Their notable antibacterial, 

antifungal, and anticancer activities have sparked intense research interest regarding their biological properties and 

production methods. The numerous synthesis approaches permit tailoring of physical, chemical, and structural 

characteristics of CuNPs, influencing their biological efficacy in a direct relationship to their size, morphology, and 

composition. The inherent instability of copper poses a challenge addressed by employing surface-stabilizing agents, 

enabling the production of uniform, well-defined, and stable nanoparticles for biomedical purposes. This compilation 

systematically outlines the common synthesis routes encompassed within chemical, physical, and biological methods. 

Subsequent sections delineate characterization techniques vital for assessing particle size, morphology, and 

composition. Elucidation of the chemical, optical, electrical, and thermal properties of copper is followed by an 

overview of major biomedical applications, including antimicrobial agents, targeted drug delivery systems, cancer 

therapeutics, and imaging-guided diagnostics. Toxicity related to both CuNPs and copper ions is discussed by 

examining cellular impacts. Concluding perspectives suggest potential directions for advancing the synthesis, 

characterization, and application of CuNPs in medicine. 

Acknowledgements 

The authors dedicated this publication to the 100th anniversary of the Republic of Türkiye. As scientists raised by 



 Elaibi et al., (2025)/ Journal of Scientific Reports-B, 014, 24-40  

36 

 

Türkiye, they are proud to be citizens of this country. 

Author Contributions  

Farah Mutlag, Hussein Elaibi; Conceptualization, Methodology, Visualization, Writing – original draft, Ebru 

Halvaci; Writing – review & editing, Visualization, Fatih Sen; Supervision, Project Administration, Writing – 

Review&Editing 

References 

[1] L. Chen, J. Min, and F. Wang, “Copper homeostasis and cuproptosis in health and disease,” Signal Transduct. Target. Ther., vol. 7, no. 1, p. 

378, 2022. 

[2] X. Chen et al., “Copper homeostasis and copper-induced cell death in the pathogenesis of cardiovascular disease and therapeutic strategies,” 

Cell Death Dis., vol. 14, no. 2, p. 105, 2023. 

[3] J. Sailer et al., “Deadly excess copper.” Redox Biol., vol. 75, p. 103256, Sep. 2024, doi: 10.1016/j.redox.2024.103256. 

[4] M. Rondanelli et al., “Copper as dietary supplement for bone metabolism: a review,” Nutrients, vol. 13, no. 7, p. 2246, 2021. 

[5] R. Liu, J. Yao, K. Chen, and W. Peng, “Association between biomarkers of zinc and copper status and heart failure: a  meta -analysis.” ESC 

Hear. Fail., vol. 11, no. 5, pp. 2546–2556, Oct. 2024, doi: 10.1002/ehf2.14837. 

[6] J. Naradala, A. Allam, V. R. Tumu, and R. K. Rajaboina, “Antibacterial activity of copper nanoparticles synthesized by Bambusa arundinacea 

leaves extract,” Biointerface Res. Appl. Chem, vol. 12, pp. 1230–1236, 2021. 

[7] G. M. El-Sherbiny, M. E. Shehata, and M. H. Kalaba, “Biogenic copper and copper oxide nanoparticles to combat multidrug-resistant 

Staphylococcus aureus: Green synthesis, mechanisms, resistance, and future perspectives,” Biotechnol. Reports, vol. 46, p. e00896, 2025, doi: 

https://doi.org/10.1016/j.btre.2025.e00896. 

[8] S. V. Gudkov, D. E. Burmistrov, P. A. Fomina, S. Z. Validov, and V. A. Kozlov, “Antibacterial properties of copper oxide nanoparticles,” Int. 

J. Mol. Sci., vol. 25, no. 21, p. 11563, 2024. 

[9] S. Talebian, B. Shahnavaz, M. Nejabat, Y. Abolhassani, and F. B. Rassouli, “Bacterial-mediated synthesis and characterization of copper oxide 

nanoparticles with antibacterial, antioxidant, and anticancer potentials,” Front. Bioeng. Biotechnol., vol. 11, p. 1140010, 2023. 

[10] V. Molahalli et al., “Properties, synthesis, and characterization of Cu-based nanomaterials,” in Copper-based nanomaterials in organic 

transformations, ACS Publications, 2024, pp. 1–33. 

[11] A. Pricop et al., “Copper Nanoparticles Synthesized by Chemical Reduction with Medical Applications,” Int. J. Mol. Sci., vol. 26, no. 4, p. 

1628, 2025. 

[12] D. M. Nzilu, E. S. Madivoli, D. S. Makhanu, S. I. Wanakai, G. K. Kiprono, and P. G. Kareru, “Green synthesis of copper oxide nanoparticles 

and their efficiency in the degradation of rifampicin antibiotic,” Sci. Rep., vol. 13, no. 1, p. 14030, 2023. 

[13] Q. Wei, Y. Pan, Z. Zhang, S. Yan, and Z. Li, “Copper-based nanomaterials for biomedical applications,” Chem. Eng. J., vol. 483, p. 149040, 

2024, doi: https://doi.org/10.1016/j.cej.2024.149040. 

[14] M. Devaraji, P. V Thanikachalam, and K. Elumalai, “The potential of copper oxide nanoparticles in nanomedicine: A comprehensive  review.” 

Biotechnol. Notes (Amsterdam, Netherlands), vol. 5, pp. 80–99, 2024, doi: 10.1016/j.biotno.2024.06.001. 

[15] S. Adewale Akintelu, A. Kolawole Oyebamiji, S. Charles Olugbeko, and D. Felix Latona, “Green chemistry approach towards the synthesis 

of copper nanoparticles and their potential applications as therapeutic agents and environmental control,” Curr. Res. Green Sustain. Chem., vol. 4, 

p. 100176, 2021, doi: https://doi.org/10.1016/j.crgsc.2021.100176. 

[16] A. I. Osman et al., “Synthesis of green nanoparticles for energy, biomedical, environmental, agricultural, and food applications: A review,” 

Environ. Chem. Lett., vol. 22, no. 2, pp. 841–887, 2024, doi: 10.1007/s10311-023-01682-3. 

[17] A. Antonio-Pérez, L. F. Durán-Armenta, M. G. Pérez-Loredo, and A. L. Torres-Huerta, “Biosynthesis of copper nanoparticles with medicinal 

plants extracts: From extraction methods to applications,” Micromachines, vol. 14, no. 10, p. 1882, 2023. 

[18] A. G. Krishna, S. Sahana, H. Venkatesan, and V. Arul, “Green synthesis of copper nanoparticles: a promising solution for drug resistance and 

cancer therapy challenges,” J. Egypt. Natl. Canc. Inst., vol. 36, no. 1, p. 44, 2024. 

[19] E. Dwivedi and L. K. Singh, “Comprehensive review on biological synthesis of copper nanoparticles and their multivariate applications,” Adv. 

Appl. Sci. Res, vol. 13, p. 99, 2022. 

[20] N. C. Nkosi, A. K. Basson, Z. G. Ntombela, N. G. Dlamini, and R. V. S. R. Pullabhotla, “A review on bioflocculant-synthesized copper 

nanoparticles: characterization and application in wastewater treatment,” Bioengineering, vol. 11, no. 10, p. 1007, 2024. 

[21] Y. T. Gebreslassie and F. G. Gebremeskel, “Green and cost-effective biofabrication of copper oxide nanoparticles: Exploring antimicrobial 

and anticancer applications,” Biotechnol. Reports, vol. 41, p. e00828, 2024, doi: https://doi.org/10.1016/j.btre.2024.e00828. 

[22] A. Kumar, A. Saxena, A. De, R. Shankar, and S. Mozumdar, “Facile synthesis of size-tunable copper and copper oxide nanoparticles using 

reverse microemulsions,” Rsc Adv., vol. 3, no. 15, pp. 5015–5021, 2013. 

[23] A. Vinukonda, N. Bolledla, R. K. Jadi, R. Chinthala, and V. R. Devadasu, “Synthesis of nanoparticles using advanced techniques,” Next 

Nanotechnol., vol. 8, p. 100169, 2025, doi: https://doi.org/10.1016/j.nxnano.2025.100169. 

[24] A. M. Abu-Dief, W. H. Alsaedi, and M. M. Zikry, “A collective study on the fabrication of nano-materials for water treatment,” J. Umm Al-

Qura Univ. Appl. Sci., pp. 1–23, 2025. 



 Elaibi et al., (2025)/ Journal of Scientific Reports-B, 014, 24-40  

37 

 

[25] M. Priya et al., “Green synthesis, characterization, antibacterial, and antifungal activity of copper oxide nanoparticles derived from Morinda 

citrifolia leaf extract,” Sci. Rep., vol. 13, no. 1, p. 18838, 2023. 

[26] P. Kashyap, P. Shirkot, R. Das, H. Pandey, and D. Singh, “Biosynthesis and characterization of copper nanoparticles from Stenotrophomonas 

maltophilia and its effect on plant pathogens and pesticide degradation,” J. Agric. Food Res., vol. 13, p. 100654, 2023, doi: 

https://doi.org/10.1016/j.jafr.2023.100654. 

[27] D. Tank et al., “Recent advances in phyto-and microorganisms-mediated synthesis of copper nanoparticles and their emerging applications in 

healthcare, environment, agriculture and food industry,” Bioprocess Biosyst. Eng., pp. 1–34, 2025. 

[28] V. V. Gande and S. Pushpavanam, “Continuous synthesis of copper nanoparticles using a polyol process in a milli -channel reactor,” J. Flow 

Chem., vol. 11, no. 3, pp. 661–674, 2021. 

[29] A. P. Onivefu, A. Efunnuga, A. Efunnuga, M. Maliki, I. H. Ifijen, and S. O. Omorogbe, “Photoresist performance: an exploration of synthesis, 

surface modification techniques, properties tailoring, and challenges navigation in copper/copper oxide nanoparticle applications,” Biomed. Mater. 

Devices, vol. 3, no. 1, pp. 62–92, 2025. 

[30] C. M. Luque-Jacobo et al., “Biogenic Synthesis of Copper Nanoparticles: A Systematic Review of Their Features and Main Applications,” 

Molecules, vol. 28, no. 12, Jun. 2023, doi: 10.3390/molecules28124838. 

[31] D. Okyere, R. H. Manso, X. Tong, and J. Chen, “Stability of polyethylene glycol-coated copper nanoparticles and their optical properties,” 

Coatings, vol. 12, no. 6, p. 776, 2022. 

[32] A. Ates and C. Hardacre, “The effect of various treatment conditions on natural zeolites: Ion exchange, acidic, thermal and steam treatments,” 

J. Colloid Interface Sci., vol. 372, no. 1, pp. 130–140, 2012, doi: https://doi.org/10.1016/j.jcis.2012.01.017. 

[33] R. Lu, W. Hao, L. Kong, K. Zhao, H. Bai, and Z. Liu, “A simple method for the synthesis of copper nanoparticles from metastable 

intermediates,” RSC Adv., vol. 13, no. 21, pp. 14361–14369, 2023. 

[34] A. Conte et al., “Advanced morphological control over Cu nanowires through a design of experiments approach,” Mater. Adv., vol. 5, no. 22, 

pp. 8836–8846, 2024. 

[35] M. B. Gawande et al., “Cu and Cu-based nanoparticles: synthesis and applications in catalysis,” Chem. Rev., vol. 116, no. 6, pp. 3722–3811, 

2016. 

[36] M. Baláž et al., “Synthesis of copper nanoparticles from refractory sulfides using a semi-industrial mechanochemical approach,” Adv. Powder 

Technol., vol. 31, no. 2, pp. 782–791, 2020, doi: https://doi.org/10.1016/j.apt.2019.11.032. 

[37] H. Förster, C. Wolfrum, and W. Peukert, “Experimental study of metal nanoparticle synthesis by an arc evaporation/condensation process,” J. 

Nanoparticle Res., vol. 14, no. 7, p. 926, 2012. 

[38] A. Nyabadza et al., “A review of physical, chemical and biological synthesis methods of bimetallic nanoparticles and applications in sensing, 

water treatment, biomedicine, catalysis and hydrogen storage,” Adv. Colloid Interface Sci., vol. 321, p. 103010, 2023. 

[39] C. Lo Pò et al., “Cu-based nanocatalyst by pulsed laser ablation in liquid for water splitting: Effect of the solvent,” J. Phys. Chem. Solids, vol. 

193, p. 112162, 2024, doi: https://doi.org/10.1016/j.jpcs.2024.112162. 

[40] T. Khamliche, S. Khamlich, M. K. Moodley, B. M. Mothudi, M. Henini, and M. Maaza, “Laser fabrication of Cu nanoparticles based nanofluid 

with enhanced thermal conductivity: Experimental and molecular dynamics studies,” J. Mol. Liq., vol. 323, p. 114975, 2021, doi: 

https://doi.org/10.1016/j.molliq.2020.114975. 

[41] P. G. Bhavyasree and T. S. Xavier, “Green synthesised copper and copper oxide based nanomaterials using plant extracts and their application 

in antimicrobial activity: Review,” Curr. Res. Green Sustain. Chem., vol. 5, p. 100249, 2022, doi: https://doi.org/10.1016/j.crgsc.2021.100249. 

[42] V. Vatanpour, O. O. Teber, M. Mehrabi, and I. Koyuncu, “Polyvinyl alcohol-based separation membranes: a comprehensive review on 

fabrication techniques, applications and future prospective,” Mater. Today Chem., vol. 28, p. 101381, 2023, doi: 

https://doi.org/10.1016/j.mtchem.2023.101381. 

[43] N. Chakraborty et al., “Green synthesis of copper/copper oxide nanoparticles and their applications: a review,” Green Chem. Lett. Rev., vol. 

15, no. 1, pp. 187–215, 2022. 

[44] N. S. Alsaiari et al., “Plant and Microbial Approaches as Green Methods for the Synthesis of Nanomaterials: Synthesis, Applications, and 

Future Perspectives,” Molecules, vol. 28, no. 1, p. 463, 2023, doi: 10.3390/molecules28010463. 

[45] T. T. Tran et al., “pH-Dependent Morphology of Copper (II) Oxide in Hydrothermal Process and Their Photoelectrochemical Application for 

Non-Enzymatic Glucose Biosensor,” Appl. Sci., vol. 14, no. 13, p. 5688, 2024. 

[46] Y. Cui et al., “Denitrification performance and in-situ fermentation mechanism of the wastepaper-flora slow-release carbon source,” Bioresour. 

Technol., vol. 380, p. 129074, 2023, doi: https://doi.org/10.1016/j.biortech.2023.129074. 

[47] V. D. Kannan et al., “Ecofriendly bio-synthesis and spectral characterization of copper nanoparticles using fruit extract of Pedalium murex L.: 

in vitro evaluation of antimicrobial, antioxidant and anticancer activities on human lung cancer A549 cell line,” Mater. Technol., vol. 39, no. 1, p. 

2286818, 2024. 

[48] S. J. Figueroa Ramírez, B. Escobar Morales, D. A. Pantoja Velueta, J. M. T. Sierra Grajeda, I. L. Alonso Lemus, and C. A. Aguilar Ucán, 

“Green Synthesis of Copper Nanoparticles Using Sargassum spp. for Electrochemical  Reduction of CO(2).” ChemistryOpen, vol. 13, no. 5, p. 

e202300190, May 2024, doi: 10.1002/open.202300190. 

[49] D. Kirubakaran, K. Selvam, M. Dhaneeshram, M. S. Shivakumar, M. Rajkumar, and A. Shanmugarathinam, “Biogenic synthesis of copper 

nanoparticle using Impatiens chinensis L: insights into antimicrobial, antioxidant and anticancer activity,” J. Mol. Struct., vol. 1317, p. 138991, 

2024, doi: https://doi.org/10.1016/j.molstruc.2024.138991. 

[50] A. S. Pozdnyakov et al., “Green synthesis of stable nanocomposites containing copper nanoparticles incorporated in poly-N-vinylimidazole,” 

Polymers (Basel)., vol. 13, no. 19, p. 3212, 2021. 

[51] J. Neiva, Z. Benzarti, S. Carvalho, and S. Devesa, “Green Synthesis of CuO Nanoparticles-Structural, Morphological, and Dielectric  

Characterization.,” Mater. (Basel, Switzerland), vol. 17, no. 23, Nov. 2024, doi: 10.3390/ma17235709. 



 Elaibi et al., (2025)/ Journal of Scientific Reports-B, 014, 24-40  

38 

 

[52] S. Tyagi, A. Kumar, P. K. Tyagi, and M. Hatami, “Development and characterization of biogenic copper oxide nanoparticles, with an  

exploration of their antibacterial and antioxidant potential.,” 3 Biotech, vol. 14, no. 1, p. 20, Jan. 2024, doi: 10.1007/s13205-023-03869-5. 

[53] M. Piergiovanni et al., “The Combined ICP-MS, ESEM-EDX, and HAADF-STEM-EDX Approach for the Assessment of  Metal Sub-Micro- 

and Nanoparticles in Wheat Grain.,” Molecules, vol. 29, no. 13, Jul. 2024, doi: 10.3390/molecules29133148. 

[54] S. Vijayaram et al., “Applications of Green Synthesized Metal Nanoparticles — a Review,” Biol. Trace Elem. Res., vol. 202, no. 1, pp. 360–

386, 2024, doi: 10.1007/s12011-023-03645-9. 

[55] S. Yadav et al., “Copper‐Based Multiwavelength UV Surface Enhanced Raman Spectroscopy,” Adv. Opt. Mater., p. 2500078, 2025. 

[56] P. H. Tsilo, A. K. Basson, Z. G. Ntombela, N. G. Dlamini, and R. V. S. R. Pullabhotla, “Biosynthesis and characterization of copper 

nanoparticles using a bioflocculant produced by a yeast Pichia kudriavzevii isolated from Kombucha tea SCOBY,” Appl. Nano, vol. 4, no. 3, pp. 

226–239, 2023. 

[57] M. S. Mohammed and S. E. Kadhim, “Study of the optical and structural properties of copper nanoparticles prepared via the electrochemical 

technique,” J. Opt., pp. 1–6, 2024. 

[58] M. A. Sacco et al., “Scanning Electron Microscopy Techniques in the Analysis of Gunshot Residues: A Literature Review,” Appl. Sci., vol. 

15, no. 5, p. 2634, 2025. 

[59] Z. Adamczyk, M. Sadowska, and M. Nattich-Rak, “Quantifying nanoparticle layer topography: Theoretical modeling and atomic force 

microscopy investigations,” Langmuir, vol. 39, no. 42, pp. 15067–15077, 2023. 

[60] F. Noori, A. T. Neree, M. Megoura, M. A. Mateescu, and A. Azzouz, “Insights into the metal retention role in the antibacterial behavior of  

montmorillonite and cellulose tissue-supported copper and silver nanoparticles.,” RSC Adv., vol. 11, no. 39, pp. 24156–24171, Jul. 2021, doi: 

10.1039/d1ra02854e. 

[61] M. Bin Mobarak, M. S. Hossain, F. Chowdhury, and S. Ahmed, “Synthesis and characterization of CuO nanoparticles utilizing waste fish 

scale and exploitation of XRD peak profile analysis for approximating the structural parameters,” Arab. J. Chem., vol. 15, no. 10, p. 104117, 2022, 

doi: https://doi.org/10.1016/j.arabjc.2022.104117. 

[62] S. Logambal et al., “Synthesis and characterizations of CuO nanoparticles using Couroupita guianensis extract for and antimicrobial 

applications,” J. King Saud Univ. - Sci., vol. 34, no. 3, p. 101910, 2022, doi: https://doi.org/10.1016/j.jksus.2022.101910. 

[63] K. Mansi, R. Kumar, D. Narula, S. K. Pandey, V. Kumar, and K. Singh, “Microwave-Induced CuO Nanorods: A Comparative Approach 

between Curcumin,  Quercetin, and Rutin to Study Their Antioxidant, Antimicrobial, and Anticancer Effects against Normal Skin Cells and Human 

Breast Cancer Cell Lines MCF-7 and T-47D.,” ACS Appl. bio Mater., vol. 5, no. 12, pp. 5762–5778, Dec. 2022, doi: 10.1021/acsabm.2c00769. 

[64] J. Rodriguez-Loya, M. Lerma, and J. L. Gardea-Torresdey, “Dynamic light scattering and its application to control nanoparticle aggregation 

in colloidal systems: a review,” Micromachines, vol. 15, no. 1, p. 24, 2023. 

[65] N. Farkas and J. A. Kramar, “Dynamic Light Scattering Distributions by Any Means.,” J. nanoparticle Res.  an Interdiscip. forum nanoscale  

Sci. Technol., vol. 23, no. 5, May 2021, doi: 10.1007/s11051-021-05220-6. 

[66] A. B. G. Trabelsi et al., “Effect of CuO Nanoparticles on the Optical, Structural, and Electrical Properties  in the PMMA/PVDF 

Nanocomposite.,” Micromachines, vol. 14, no. 6, Jun. 2023, doi: 10.3390/mi14061195. 

[67] D. Prieur et al., “Size dependence of lattice parameter and electronic structure in CeO2 nanoparticles,” Inorg. Chem., vol. 59, no. 8, pp. 5760–

5767, 2020. 

[68] L. Qian, J. Zhang, W. Yang, Y. Wang, K. Chan, and X.-S. Yang, “Maintaining Grain Boundary Segregation-Induced Strengthening Effect in 

Extremely Fine Nanograined Metals,” Nano Lett., vol. 25, no. 13, pp. 5493–5501, 2025. 

[69] M. Pourmadadi, R. Holghoomi, A. shamsabadipour, R. Maleki-baladi, A. Rahdar, and S. Pandey, “Copper nanoparticles from chemical, 

physical, and green synthesis to medicinal application: A review,” Plant Nano Biol., vol. 8, p. 100070, 2024, doi: 

https://doi.org/10.1016/j.plana.2024.100070. 

[70] K. A. Altammar, “A review on nanoparticles: characteristics, synthesis, applications, and challenges,” Front. Microbiol., vol. 14, Apr. 2023, 

doi: 10.3389/fmicb.2023.1155622. 

[71] S. Tyagi, R. K. Kashyap, A. Dhankhar, and P. P. Pillai, “Plasmon-powered chemistry with visible-light active copper nanoparticles,” Chem. 

Sci., vol. 15, no. 41, pp. 16997–17006, 2024. 

[72] M. Omrani, H. Mohammadi, and H. Fallah, “Ultrahigh sensitive refractive index nanosensors based on nanoshells, nanocages  and nanoframes: 

effects of plasmon hybridization and restoring force.,” Sci. Rep., vol. 11, no. 1, p. 2065, Jan. 2021, doi: 10.1038/s41598-021-81578-w. 

[73] N. M. A. Aziz, D. A. Goda, D. I. Abdel-Meguid, E. E. El-Sharouny, and N. A. Soliman, “A comparative study of the biosynthesis of CuNPs 

by Niallia circulans G9 and Paenibacillus sp. S4c strains: characterization and application as antimicrobial agents,” Microb. Cell Fact., vol. 23, no. 

1, p. 156, 2024. 

[74] B. D. Harishchandra, M. Pappuswamy, G. Shama, V. A. Arumugam, T. Periyaswamy, and R. Sundaram, “Copper nanoparticles: a review on 

synthesis, characterization and applications,” Asian Pacific J. cancer Biol., vol. 5, no. 4, pp. 201–210, 2020. 

[75] F. Liu, G. Xie, S. Wang, J. Yang, C. Chen, and X. Liu, “Excellent combination of mechanical properties and electrical conductivity obtained 

by minute addition of alloying elements and nanometer scaled Al2O3 in copper alloy,” Mater. Sci. Eng. A, vol. 867, p. 144689, 2023, doi: 

https://doi.org/10.1016/j.msea.2023.144689. 

[76] M. Tehrani, “Advanced electrical conductors: an overview and prospects of metal nanocomposite and nanocarbon based conductors,” Phys. 

status solidi, vol. 218, no. 8, p. 2000704, 2021. 

[77] W. Diao, P. Li, X. Jiang, J. Zhou, and S. Yang, “Progress in copper‐based materials for wound healing,” Wound Repair Regen., vol. 32, no. 3, 

pp. 314–322, 2024. 

[78] C. Sandoval, G. Ríos, N. Sepúlveda, J. Salvo, V. Souza-Mello, and J. Farías, “Effectiveness of Copper Nanoparticles in Wound Healing 

Process Using In Vivo and  In Vitro Studies: A Systematic Review.,” Pharmaceutics, vol. 14, no. 9, Aug. 2022, doi: 

10.3390/pharmaceutics14091838. 



 Elaibi et al., (2025)/ Journal of Scientific Reports-B, 014, 24-40  

39 

 

[79] J. Leitner, D. Sedmidubský, M. Lojka, and O. Jankovský, “The effect of nanosizing on the oxidation of partially oxidized copper nanoparticles,” 

Materials (Basel)., vol. 13, no. 12, p. 2878, 2020. 

[80] A. Bahl, A. Pathani, N. Kumari, M. N. Manivilasam, and G. Ramesh, “Nanomaterial size and shape on melting entropy and enthalpy: A 

combined analysis through differential scanning calorimetry (DSC),” in AIP Conference Proceedings, AIP Publishing LLC, 2025, p. 120047. 

[81] L.-C. Jheng et al., “Melting and Recrystallization of Copper Nanoparticles Prepared by  Microwave-Assisted Reduction in the Presence of 

Triethylenetetramine.,” Mater. (Basel, Switzerland), vol. 13, no. 7, Mar. 2020, doi: 10.3390/ma13071507. 

[82] L. Somlyai-Sipos, D. Janovszky, A. Sycheva, and P. Baumli, “Investigation of the melting point depression of copper nanoparticles,” in IOP 

Conference Series: Materials Science and Engineering, IOP Publishing, 2020, p. 12002. 

[83] M. T. Yassin, F. O. Al-Otibi, S. A. Al-Sahli, M. S. El-Wetidy, and S. Mohamed, “Metal oxide nanoparticles as efficient nanocarriers for 

targeted cancer therapy: addressing chemotherapy-induced disabilities,” Cancers (Basel)., vol. 16, no. 24, p. 4234, 2024. 

[84] M. Ahmadi, C. A. Ritter, T. von Woedtke, S. Bekeschus, and K. Wende, “Package delivered: folate receptor-mediated transporters in cancer 

therapy and diagnosis,” Chem. Sci., vol. 15, no. 6, pp. 1966–2006, 2024. 

[85] Z. Xiong et al., “Delivery of gefitinib loaded nanoparticles for effectively inhibiting prostate cancer progression,” Biomater. Sci., vol. 12, no. 

3, pp. 650–659, 2024. 

[86] S. Singh and K. Pal, “Folate functionalized multifunctional CuO@PHBV@PDA nanoplatform for pH-Responsive dual drug delivery and 

ROS-driven apoptosis in breast cancer,” J. Drug Deliv. Sci. Technol., vol. 96, p. 105669, 2024, doi: https://doi.org/10.1016/j.jddst.2024.105669. 

[87] X. Tang et al., “Copper in cancer: from limiting nutrient to therapeutic target.,” Front. Oncol., vol. 13, p. 1209156, 2023, doi: 

10.3389/fonc.2023.1209156. 

[88] S. Abdolmaleki, A. Aliabadi, and S. Khaksar, “Unveiling the promising anticancer effect of copper-based compounds: a  comprehensive 

review.,” J. Cancer Res. Clin. Oncol., vol. 150, no. 4, p. 213, Apr. 2024, doi: 10.1007/s00432-024-05641-5. 

[89] Y.-M. Wang, L.-S. Feng, A. Xu, X.-H. Ma, M.-T. Zhang, and J. Zhang, “Copper ions: The invisible killer of cardiovascular disease,” Mol. 

Med. Rep., vol. 30, no. 5, p. 210, 2024. 

[90] H. Fujikawa and J. Haruta, “Copper Deficiency: An Overlooked Diagnosis.,” Cureus, vol. 15, no. 11, p. e49139, Nov. 2023, doi: 

10.7759/cureus.49139. 

[91] S. Bonthula et al., “Recent advances in copper-based materials for sustainable environmental applications,” Sustain. Chem., vol. 4, no. 3, pp. 

246–271, 2023. 

[92] M. H. Saleem, U. Ejaz, M. Vithanage, N. Bolan, and K. H. M. Siddique, “Synthesis, characterization, and advanced sustainable applications 

of copper oxide nanoparticles: a review,” Clean Technol. Environ. Policy, pp. 1–26, 2024, doi: 10.1007/s10098-024-02774-6. 

[93] M. J. Woźniak-Budych, K. Staszak, and M. Staszak, “Copper and Copper-Based Nanoparticles in Medicine-Perspectives and Challenges.,” 

Molecules, vol. 28, no. 18, Sep. 2023, doi: 10.3390/molecules28186687. 

[94] G. P. Jose, S. Santra, S. K. Saha, S. K. Mandal, and T. K. Sengupta, “Differentiating the mechanism of antibacterial activities of nano and 

ionic copper by using Escherichia coli as a model microorganism,” bioRxiv, pp. 2010–2024, 2024. 

[95] G. Vasiliev et al., “Synergistic antibacterial effect of copper and silver nanoparticles and their mechanism of action,” Sci. Rep., vol. 13, no. 1, 

p. 9202, 2023. 

[96] Z. Hao, M. Wang, L. Cheng, M. Si, Z. Feng, and Z. Feng, “Synergistic antibacterial mechanism of silver -copper bimetallic nanoparticles.,” 

Front. Bioeng. Biotechnol., vol. 11, p. 1337543, 2023, doi: 10.3389/fbioe.2023.1337543. 

[97] M. Bekhit, E. S. Fathy, and A. Sharaf, “Effect of gamma irradiation on properties of the synthesized PANI-Cu nanoparticles assimilated into 

PS polymer for electromagnetic interference shielding application.,” Sci. Rep., vol. 14, no. 1, p. 16403, Jul. 2024, doi: 10.1038/s41598-024-66356-

8. 

[98] G. Borkow and E. Melamed, “The Journey of Copper-Impregnated Dressings in Wound Healing: From a Medical Hypothesis to Clinical 

Practice,” Biomedicines, vol. 13, no. 3, p. 562, 2025. 

[99] A. Butsyk et al., “Copper nanoparticle loaded electrospun patches for infected wound treatment: from development to in-vivo application,” 

Polymers (Basel)., vol. 16, no. 19, p. 2733, 2024. 

[100] W. W. Y. Yeo et al., “A Metal-Containing NP Approach to Treat Methicillin-Resistant Staphylococcus  aureus (MRSA): Prospects and 

Challenges.,” Mater. (Basel, Switzerland), vol. 15, no. 17, Aug. 2022, doi: 10.3390/ma15175802. 

[101] I. A. Ivanova, D. S. Daskalova, L. P. Yordanova, and E. L. Pavlova, “Copper and copper nanoparticles applications and their role against 

infections: a minireview,” Processes, vol. 12, no. 2, p. 352, 2024. 

[102] P. Sharma, D. Goyal, and B. Chudasama, “Antibacterial activity of colloidal copper nanoparticles against Gram‐negative (Escherichia coli 

and Proteus vulgaris) bacteria,” Lett. Appl. Microbiol., vol. 74, no. 5, pp. 695–706, 2022. 

[103] A. I. Fernandes and A. F. Jozala, “Polymers Enhancing Bioavailability in Drug Delivery.,” Oct. 2022, Switzerland. doi: 

10.3390/pharmaceutics14102199. 

[104] L. Eltaib, “Polymeric Nanoparticles in Targeted Drug Delivery: Unveiling the Impact of Polymer Characterization and Fabrication,” Polymers 

(Basel)., vol. 17, no. 7, p. 833, 2025. 

[105] P. Bharathy and P. V Thanikachalam, “Recent advances and future prospects in polymer-mediated drug delivery systems: a comprehensive 

review,” Int. J. Drug Deliv. Technol., vol. 14, no. 3, pp. 1896–1907, 2024. 

[106] Q. Wang et al., “Elesclomol-Copper Nanoparticles Overcome Multidrug Resistance in Cancer Cells.,” ACS Appl. Mater. Interfaces, vol. 16, 

no. 11, pp. 13509–13524, Mar. 2024, doi: 10.1021/acsami.3c17792. 

[107] J. I. Garcia-Peiro, J. Bonet-Aleta, and J. L. Hueso, “Copper-based nanoplatforms and their role in cancer therapy,” Coord. Chem. Rev., vol. 

534, p. 216542, 2025, doi: https://doi.org/10.1016/j.ccr.2025.216542. 

[108] J. Talapko, T. Matijević, M. Juzbašić, A. Antolović-Požgain, and I. Škrlec, “Antibacterial activity of silver and its application in dentistry, 

cardiology and dermatology,” Microorganisms, vol. 8, no. 9, pp. 1–13, 2020, doi: 10.3390/microorganisms8091400. 



 Elaibi et al., (2025)/ Journal of Scientific Reports-B, 014, 24-40  

40 

 

[109] Y. Li, Y. Dong, X. Zhou, and K. Fan, “Nanotechnology connecting copper metabolism and tumor therapy,” MedComm–Biomaterials Appl., 

vol. 2, no. 2, p. e36, 2023. 

[110] A. Gupta, P. Patel, S. Shah, and K. Patel, “Nanocomposites in focus: tailoring drug delivery for enhanced therapeutic outcomes,” Futur. J. 

Pharm. Sci., vol. 11, no. 1, p. 37, 2025. 

[111] P. Jagadeesh, S. M. Rangappa, and S. Siengchin, “Advanced characterization techniques for nanostructured materials in biomedical 

applications,” Adv. Ind. Eng. Polym. Res., vol. 7, no. 1, pp. 122–143, 2024, doi: https://doi.org/10.1016/j.aiepr.2023.03.002. 

[112] S. Kamble et al., “Evaluation of curcumin capped copper nanoparticles as possible inhibitors of human breast cancer cells and angiogenesis: 

a comparative study with native curcumin,” Aaps PharmSciTech, vol. 17, no. 5, pp. 1030–1041, 2016. 

[113] R. Cheng et al., “A Copper‐Based Photothermal‐Responsive Nanoplatform Reprograms Tumor Immunogenicity via Self‐Amplified 

Cuproptosis for Synergistic Cancer Therapy,” Adv. Sci., vol. 12, no. 19, p. 2500652, 2025. 

[114] X. Wang, W. Shen, L. Yao, C. Li, H. You, and D. Guo, “Current status and future prospects of molecular imaging in targeting the tumor 

immune microenvironment,” Front. Immunol., vol. 16, p. 1518555, 2025. 

[115] M. Samadzadeh et al., “Molecular imaging using (nano) probes: cutting-edge developments and clinical challenges in diagnostics,” RSC 

Adv., vol. 15, no. 30, pp. 24696–24725, 2025. 

[116] K. Babu Busi et al., “The Multifarious Applications of Copper Nanoclusters in Biosensing and Bioimaging  and Their Translational Role in 

Early Disease Detection.,” Nanomater. (Basel, Switzerland), vol. 12, no. 3, Jan. 2022, doi: 10.3390/nano12030301. 

[117] M. Lettieri, P. Palladino, S. Scarano, and M. Minunni, “Copper nanoclusters and their application for innovative fluorescent detection 

strategies: An overview,” Sensors and Actuators Reports, vol. 4, p. 100108, 2022, doi: https://doi.org/10.1016/j.snr.2022.100108. 

[118] M. Ramadurai, G. Rajendran, T. S. Bama, P. Prabhu, and K. Kathiravan, “Biocompatible thiolate protected copper nanoclusters for an 

efficient imaging of lung cancer cells,” J. Photochem. Photobiol. B Biol., vol. 205, p. 111845, 2020, doi: 

https://doi.org/10.1016/j.jphotobiol.2020.111845. 

[119] O. O. Krasnovskaya et al., “Recent advances in 64Cu/67Cu-based radiopharmaceuticals,” Int. J. Mol. Sci., vol. 24, no. 11, p. 9154, 2023. 

[120] K. Stockhofe, J. M. Postema, H. Schieferstein, and T. L. Ross, “Radiolabeling of nanoparticles and polymers for PET imaging,”  

Pharmaceuticals, vol. 7, no. 4, pp. 392–418, 2014. 

[121] A. Ghandili, “Recent Advances on Antimicrobial Properties and Biomedical Applications of Copper Nanoparticles,” 2024. 

[122] J. Ramos-Zúñiga, N. Bruna, and J. M. Pérez-Donoso, “Toxicity mechanisms of copper nanoparticles and copper surfaces on bacterial cells 

and viruses,” Int. J. Mol. Sci., vol. 24, no. 13, p. 10503, 2023. 

[123] H. L. Karlsson et al., “Cell membrane damage and protein interaction induced by copper containing  nanoparticles--importance of the metal 

release process.,” Toxicology, vol. 313, no. 1, pp. 59–69, Nov. 2013, doi: 10.1016/j.tox.2013.07.012. 

[124] E. Moschini, G. Colombo, G. Chirico, G. Capitani, I. Dalle-Donne, and P. Mantecca, “Biological mechanism of cell oxidative stress and 

death during short-term exposure to nano CuO,” Sci. Rep., vol. 13, no. 1, p. 2326, 2023. 

[125] A. Sielska and L. Skuza, “Copper Nanoparticles in Aquatic Environment: Release Routes and Oxidative Stress-Mediated Mechanisms of 

Toxicity to Fish in Various Life Stages and Future Risks,” Curr. Issues Mol. Biol., vol. 47, no. 6, p. 472, 2025. 

[126] T. Ameh, M. Gibb, D. Stevens, S. H. Pradhan, E. Braswell, and C. M. Sayes, “Silver and copper nanoparticles induce oxidative stress in 

bacteria and mammalian cells,” Nanomaterials, vol. 12, no. 14, p. 2402, 2022. 

[127] K. Jomova, S. Y. Alomar, E. Nepovimova, K. Kuca, and M. Valko, “Heavy metals: toxicity and human health effects,” Arch. Toxicol., vol. 

99, no. 1, pp. 153–209, 2025. 

[128] T. Ameh and C. M. Sayes, “The potential exposure and hazards of copper nanoparticles: A review,” Environ. Toxicol. Pharmacol., vol. 71, 

p. 103220, 2019. 

[129] K. Harini et al., “Nano-mediated strategies for metal ion–induced neurodegenerative disorders: focus on Alzheimer’s and Parkinson’s 

diseases,” Curr. Pharmacol. Reports, vol. 8, no. 6, pp. 450–463, 2022. 

[130] H. W. Ejaz, W. Wang, and M. Lang, “Copper toxicity links to pathogenesis of Alzheimer’s disease and therapeutics approaches,”  Int. J. Mol. 

Sci., vol. 21, no. 20, p. 7660, 2020. 

[131] M. P. J. V. K. K. D. Vetchý, “Biological role of copper as an essential trace element in the human organism.,” Ces. a Slov. Farm.  Cas. Ces. 

Farm. Spol. a Slov.  Farm. Spol., vol. 67, no. 4, pp. 143–153, 2018. 

[132] G. Naikoo et al., “An overview of copper nanoparticles: synthesis, characterisation and anticancer activity,” Curr. Pharm. Des., vol. 27, no. 

43, pp. 4416–4432, 2021. 

[133] M. Pohanka, “Copper and copper nanoparticles toxicity and their impact on basic functions in the body,” Bratisl. Lek. List., vol. 120, no. 6, 

pp. 397–409, 2019. 

[134] I. Na and D. C. Kennedy, “Size-specific copper nanoparticle cytotoxicity varies between human cell lines,” Int. J. Mol. Sci., vol. 22, no. 4, p. 

1548, 2021. 

[135] I.-C. Lee et al., “Comparative toxicity and biodistribution of copper nanoparticles and cupric ions  in rats.,” Int. J. Nanomedicine, vol. 11, 

pp. 2883–2900, 2016, doi: 10.2147/IJN.S106346. 


