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Sustainable and environmentally friendly nanomaterials are in greater demand, which has sparked interest in green synthesis of metal 

nanoparticles. In recent years, copper nanoparticles (CuNPs) have emerged as promising materials owing to their outstanding physico-

chemical and biological attributes and economic viability. To promote safer and more sustainable synthesis approaches, green synthesis 

methods have been developed using plant extracts and other biological resources as natural reducing and capping agents. The structural 

and morphological characteristics of the synthesized CuNPs are generally analyzed with various techniques like X-ray diffraction (XRD), 

scanning electron microscopy (SEM), transmission electron microscopy (TEM) and ultraviolet–visible (UV-Vis) spectroscopy. The wide 

range of uses of copper nanoparticles is also covered in this review, with special attention paid to their antibacterial, antifungal, antiviral 

and anticancer activity. Standardizing green synthesis procedures and increasing production while preserving the stability, homogeneity 

and reproducibility of nanoparticles is a crucial research need, despite the fact that numerous studies have shown. Future studies should 

also look into long-term environmental effects and synergistic processes in biomedical applications. By encompassing these perspectives, 

the present review aims to offer an in-depth understanding of green synthesis strategies for CuNPs and their role in fostering sustainable 

nanotechnological innovations. 
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INTRODUCTION 

 Nanomaterials, characterized by their nanoscale dimen-

sions, possess unique physico-chemical properties that distin-

guish them from their bulk counterparts and enable a wide 

range of advanced applications. Nanoparticles have a wide 

variety of applications, including medicinal treatments, the 

manufacturing of solar as well as oxide fuel battery for storing 

energy and their widespread integration into many daily pro-

ducts like clothing and cosmetics [1]. The creation of these 

environmentally acceptable techniques for nanoparticle synth-

esis is becoming into a significant area of nanotechnology, 

particularly for metallic nanoparticles, which have numerous 

uses [2]. The majority of nanoparticle manufacturing methods 
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use chemical, biological and physical processes, which are 

costly and emit dangerous substances that seriously pollute the 

environment [3].  

 A number of classification schemes have been developed 

to arrange materials with a nanoscale size [4]. Based on the 

properties like size, shape, activity or the kind of material the 

nanoparticles can be categorised [5]. According to their con-

stituent materials, nanoparticles are categorized as inorganic 

nanoparticles and organic nanoparticles [6]. The inorganic 

nanoparticles are sub-divided into carbon-based nanoparticles, 

metal and metal oxide nanoparticles, semiconducting nano-

particles, quantum dots and ceramic nanoparticles [7]. The 

organic nanoparticles are classified into polymeric nano-

particles and biomolecule derived nanoparticles [8]. 
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 Based on their physical properties, shape, size and syn-
thesis technique, researchers are actively developing the metal 
nanoparticles with distinct architectures and functional chara-
cteristics. Such efforts underscore the importance of sustain-
able nanotechnology as a solution to the limitations and enviro-
nmental concerns associated with conventional nanoparticle 
synthesis methods [9]. In this review, copper nanoparticles 
(CuNPs) are highlighted due to their remarkable applications 
and inherent challenges [10]. Plant-based synthesis methods are 
emphasized as a sustainable approach to advance nanotechno-
logy in an eco-friendly manner [11]. The synthesis of CuNPs 
can be broadly classified into physical and chemical techni-
ques. In physical synthesis, bulk materials are broken down 
through pulverization or acidic treatments [12]. While this app-
roach successfully produces nanoparticles, it requires contin-
uous energy input and typically generates particles larger than 
100 nm, which may disrupt system equilibrium [13]. 
 Monoclinic semiconducting copper nanoparticles (CuNPs) 
have a variety of uses. These nanoparticles, characterized by a 
broad and direct band gap of 1.2-2.1 eV [14], are widely utilized 
in solar-powered devices, batteries and gas sensors due to their 
excellent optoelectronic properties. Moreover, their strong photo-
catalytic and antimicrobial activities make them effective in 
water purification systems, as well as in the formulation of 
antimicrobial agents, algaecides, weed killers and anti-fouling 
coatings [15-17]. Encouraging efforts toward this goal include 
the investigation and use of biological possessions that exist 
in the production of eco-friendly metal nanoparticles [18]. 
Plants, fungi, viruses and bacteria have become increasingly 
key sources for the cost-effective and ecologically friendly 
production of non-toxic nanoparticles in recent years. The 
development of nanomedicines has recently involved the use 
of a variety of nanostructures, including neocrystalline, lipo-
somes, carbon nanotubes, metals and metal oxides and nano-
biomolecules [19].  

 The selection methodology for the relevant studies was 

conducted using specific keywords such as copper nano-

particles (CuNPs), green synthesis, plant extract, etc. The 

flowchart based on PRISMA is given in Fig. 1. This review 

encompasses findings from 107 research papers on copper 

nanoparticles, with their trends and distribution visually sum-

marized in Fig. 2, highlighting the breadth of current research 

in the field. 
 

 
Fig. 2. Graphical representation of reviewed copper nanoparticles research 

papers 

 

 Importance of copper nanoparticles: Copper nano-

particles (CuNPs) are highly valued for their strong anti-

bacterial and antifungal properties, making them indispens-

able in biological and healthcare applications [20,21]. Their 

antimicrobial efficacy is largely attributed to the generation 

of reactive oxygen species and the disruption of microbial 

cell membranes [22]. Beyond their biological role, CuNPs have 

shown promising activity against tumor cells, highlighting 

their potential in anticancer therapy [23]. In addition to bio-

medical applications, CuNPs play a crucial role in catalysis, 

facilitating reduction, oxidation and coupling reactions. Their 

 

Fig. 1. Selection process of papers based on PRISMA 
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high catalytic efficiency is a direct result of their large surface-

area-to-volume ratio [24]. Furthermore, the intrinsic stability 

and excellent electrical conductivity of CuNPs make them 

attractive candidates for advanced sensor technologies and 

supercapacitors [25]. 

 Limitations of conventional method of synthesis: The 

development of nanotechnology has been greatly aided by the 

traditional processes for creating CuNPs, including chemical 

reduction, electrochemical procedures and physical methods 

(such as laser ablation and evaporation-condensation). How-

ever, the cost, operational complexity and environmental impact 

of these methods are drawing more and more criticism [26]. 

Green synthesis is less effective for mass production since it 

frequently takes longer than chemical processes [27]. The final 

product may also aggregate or need further purification [28]. 

Moreover, a lot of plant-based pathways have issues with 

standardization, reproducibility and scalability [29]. Despite its 

potential, microbial synthesis, sterile conditions and labour-

intensive culture was maintained [30]. These challenges high-

light the need for deeper mechanistic studies and improved 

control strategies. 

 Factors affecting synthesis: The durability, shape and 

efficiency of CuNPs produced using green technologies are 

influenced by a number of parameters [31]. The nature and 

concentration of the biological reducing agent (plant extract or 

microbe) are the most important factors [32]. The amounts of 

proteins, flavonoids and polyphenols, which function as stabi-

lizing and reducing agents will vary among plants. The size 

and shape of the particles are also greatly influenced by the 

pH of the reaction media. The smaller and more homogen-

eous nanoparticles are frequently preferred at higher pH values 

[33]. 

 Green synthesis of CuNPs assisted by plants: Different 

plant parts, including the fruit, seed, stem, callus, leaves, bark 

and flowers are used in plant-mediated green synthesis proc-

esses to produce metal nanoparticles of various sizes and 

forms [34-37]. When extracts from various plant species and 

components are combined with metal salts, nanoparticles of 

various sizes, shapes, compositions and activities are produced 

[38-40]. 

 Numerous factors such as pH, temperature, length, concen-

tration of metal salts and photochemical composition of plant 

leaf particles, affect the quality, stability, quantity and yield 

rate of nanoparticles. Due to the existence of water-soluble 

phytochemicals, plants reduce metal ions more quickly [41]. 

In the synthesis of nanoparticles, ketones, terpenoids, amides, 

flavones, carboxylic acids and aldehydes are the key phyto-

chemicals [42]. The quinones and plastohydroquinone mole-

cules found in plant leaf extract may assistance in the metal 

ion reduction process. This suggests that heterocyclic comp-

ounds and biomolecules in plants are capable of carrying out 

the extracellular MNP synthesis [43]. 

 From leaf extract: The gel of Aloe vera leaves was used 

to synthesize CuNPs [44]. Table-1 summarizes various plant 

leaf extracts used for the green synthesis of copper CuNPs 

and their corresponding applications. Different precursors such 

as copper nitrate, copper sulphate and copper chloride were 

employed, yielding nanoparticles of diverse shapes and sizes 

as observed through SEM/TEM analysis. The particle morp-

hology ranges from spherical to cubic and rod-like structures, 

typically within the nanometer scale. It also emphasizes the 

multifunctional nature of CuNPs including antibacterial, anti-

oxidant, photocatalytic and biomedical activities. These findings 

highlight the pivotal influence of plant species and synthesis 

parameters on the resultant physico-chemical attributes, struc-

tural morphology and functional performance of CuNPs. 

 From fruit extract: Various fruit-derived biomolecules 

acted as natural reducing and stabilizing agents, influencing 

the morphology and functionality of the synthesized nano-

particles. The CuNPs made from Phyllanthus embilica or goose 

berry, exhibit a crystalline shape and SEM and XRD analyses 

revealed that the CuNPs possessed an FCC structure with an 

average size ranging from 15 to 30 nm [56]. Table-2 presents 

a summary of fruit extracts utilized for the green synthesis of 

CuNPs and their corresponding applications. The CuNPs 

exhibited diverse structures such as spherical and rod-shaped 

forms with sizes typically ranging from 23 to 31 nm. These 

nanoparticles demonstrated significant biological activities, 

including antioxidant, antimicrobial, cytotoxic and photo-

catalytic properties. The data collectively emphasize the poten-

 

TABLE-1 

LIST OF LEAF EXTRACTS USED FOR SYNTHESIS OF COPPER NANOPARTICLES AND THEIR APPLICATIONS 

Name of the plant Precursor Application SEM/TEM Ref. 

Azadirachta indica Cupric chloride dihydrate Antibacterial activity Crystalline, cubical shape, size (48 nm) [2] 

Celastrus paniculatus 

 

Copper(II) sulphate 

pentahydrate 

Antibacterial activity Spherical shape, size (2-10 nm), 

diameter (5 nm) 

[45] 

Arundinariagigantea Cupric nitrate trihydrate Photocatalytic applications Monoclinic structure, size (36 nm) [46] 

Cupressocyparis leylandii Copper sulphate pentahydrate Antibacterial activity Small spherical shape, size (17.08 nm) [47] 

Rubus glaucus Benth Copper nitrate Antioxidant Spherical and of partial crystalline 

nature, size (13-25 nm) 

[48] 

Cissus vitiginea Copper sulphate pentahydrate Antioxidant activity Spherical shape, size (5-20 nm) [49] 

Syzygium Cumin Copper sulphate pentahydrate Control the growth of human 

pathogens 

Rod shape, size (10 µm) [50] 

Rosmarinus officinalis Copper(II) Nitrate trihydrate Antimicrobial activity Spherical in shape, size (18 to 26 nm) [51] 

Alstoniascholaris Copper sulphate Antimicrobial activity Irregular shapes, size (22-34 nm) [52] 

Jatropha Curcas Copper chloride Antibacterial activity Spherical shape, size (12 1 nm) [53] 

Euphorbia serpens Copper(II) acetate Biomedical applications Cube shape, size (20.39 nm) [54] 

Ecliptaprostrata Copper acetate Therapeutic application Spherical shape, size (23-57 nm) [55] 
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tial of fruit-based synthesis as an eco-friendly and efficient 

approach for producing functionally diverse CuNPs. 

 From seed extract: Seed extracts have emerged as an 

efficient alternative to conventional chemical stabilizers and 

reducing agents, offering a simple, single-step route for the 

green synthesis of metal nanoparticles (MNPs). They present 

a cost-effective and sustainable option compared to other bio-

logical approaches, owing to their low maintenance require-

ments, independence from controlled cultivation and rich 

diversity of phytochemicals that act as natural reducing and 

capping agents [62]. With Caesalpinia bonducella seed extract 

and a green synthesis method, CuNPs were produced. The 

presence of several components, such as flavonoids citrulline, 

phytosterinin and β-carotene, which act as reducing, stabili-

zing and capping agents [63]. Table-3 summarizes the use of 

various seed extracts for the biosynthesis of CuNPs, detailing 

their precursors, applications and morphological character-

istics. The phytochemicals present in the seed extracts serve 

as effective reducing and capping agents, facilitating a green 

and sustainable synthesis approach. The resultant CuNPs 

exhibit a range of morphologies including spherical, rod, and 

cubic shapes with particle sizes spanning from approximately 

6.5 to 98 nm. These biosynthesized nanoparticles demonstrate 

prominent functional properties such as antibacterial, anti-

oxidant, catalytic degradation and antimicrobial activities.  

 Characterization techniques: In green synthesis, the 

bioactive compounds such as flavonoids, alkaloids and poly-

phenols facilitate the reduction of copper ions (Cu2+) to elem-

ental copper nanoparticles (Cu0). These phytochemicals func-

tion as both reducing and stabilizing agents, preventing nano-

particle agglomeration by capping the particle surfaces. The 

mechanism typically involves the transfer of electrons from 

these biomolecules to the metal ions, promoting nucleation and 

growth of copper nanoparticles [67,68]. Table-4 presents 

various characterization techniques used for detecting CuNPs. 

Each method serves a specific purpose in confirming syn-

thesis, identifying the characteristic functional groups, deter-

mining crystal structure and examining morphology. UV–Vis 

spectroscopy verifies nanoparticle formation through surface 

plasmon resonance peaks, while FTIR spectroscopy identifies 

the functional groups responsible for reduction and stabili-

zation. XRD analysis provides insights into crystallinity and 

phase purity and SEM/TEM analyses reveal the CuNPs’ size, 

shape and surface distribution. Collectively, these techniques 

ensure a comprehensive understanding of CuNPs properties 

and quality. 

 Applications: CuNPs possess significant antibacterial 

properties; however, their aerosolized delivery can cause cell-

ular damage and provoke severe inflammatory responses. 

Surface modification of metal nanoparticles with biocompa-

tible polysaccharides, such as chitosan, which also exhibits 

antibacterial activity, has been shown to reduce this toxicity 

[69]. Coating CuNPs with mucoadhesive polysaccharides like 

chitosan can enhance their potential for controlled copper ion 

release, although inhalation exposure may still exacerbate 

inflammatory effects [70]. In agricultural applications, trace 

TABLE-2 

LIST OF FRUIT EXTRACTS USED FOR SYNTHESIS OF COPPER NANOPARTICLES WITH THEIR APPLICATIONS 

Name of the plant (fruit) Precursor Application Morphology Ref. 

Rubus glaucus Benth Copper nitrate Antioxidant efficacy CuO-NPs 

showed 89.02% 

Spherical shape, size (23-31 nm) [48] 

Punica granatum juice Copper sulphate Biomedical field 56 to 59 nm [57] 

Solanum macrocarpon Copper acetate Highly electroactive, Spherical shape, size (~30 nm) [58] 

Citrus limon Copper sulphate pentahydrate antimicrobial activity Rod shape, (~30 nm) [59] 

Abelmoschus esculentus Copper(II) nitrate tri hydrate Cytotoxicity and photocatalytic 

applications 

Spherical shape, size (25 nm) [60] 

Amomum subulatum Copper(II) sulphate Cancer therapy Rod shape, size (26.04 nm) [61] 

  

 

 
TABLE-3 

LIST OF SEED EXTRACTS USED FOR SYNTHESIS OF COPPER NANOPARTICLES WITH THEIR APPLICATIONS 

Name of the plant (seed) Precursor Application SEM/TEM Ref. 

Caesalpinia bonducella Copper sulphate Electrochemical and biological field 13 nm [63] 

Nigella sativa Copper(II) sulphate High antibacterial activity Rod shape, size (98.23 nm) [64] 

Persea americana Copper(II) sulphate Antioxidant activity Spherical shape, size (62.25 nm) [65] 

Moringa stenopetala Copper(II) nitrate trihydrate Catalytic degradation spherical shape, size (6.556 nm) [66] 

Tamarindus Indica Copper sulphate Antimicrobial activities Cube shape, size (67 nm to 90 nm) [66] 

 
TABLE-4 

CHARACTERISTICS TECHNIQUES FOR COPPER NANOPARTICLES DETECTION 

Technique Purpose Key features/indicators 

UV-Vis spectroscopy  Confirms nanoparticles synthesis (SPK 

peak)  

Peak at 560-580 nm shows CuNPs; sharp peak = stable; broad = 

aggregation  

FTIR spectroscopy  Identifies functional groups from plant 

extracts  

Peaks at ≈ 3400 cm–1 (OH), ≈ 1600 cm–1 (C=O or C=C); confirms 

capping and reduction agents  

XRD analysis  Determination of crystalline structure  Shows specific diffraction peaks; confirms the purity and phase  

SEM analysis an TEM analysis  Surface morphology & aggregation  Reveals particle shape, texture, distribution  
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amounts of nanocrystalline iron, cobalt, and copper powders 

have been reported to improve seed germination, increase 

chlorophyll content, nodule formation, and overall crop yield 

[71]. The high natural abundance, low cost, and versatile 

synthesis routes of copper-based nanomaterials make CuNPs 

particularly attractive for such uses [72,73]. 

 Medicinal and pharmaceutical applications: CuNPs, 

characterized by their nanoscale dimensions and high surface- 

area-to-volume ratio, can efficiently interact with and disrupt 

microbial membranes, rendering them highly effective in the 

biomedical applications such as surgical instruments, anti-

microbial surface coatings and wound dressings [74]. In addi-

tion to their intrinsic antimicrobial activity, CuNPs have shown 

considerable promise as nanocarriers for drug delivery, enab-

ling the targeted transport and controlled release of therapeutic 

agents, which can enhance efficacy while minimizing syst-

emic side effects [75,76]. 

 Antimicrobial activity: Strong antibacterial properties 

are demonstrated by CuNPs against a variety of bacteria, fungi 

and viruses [77]. The antimicrobial efficacy of CuNPs is 

influenced by various factors such as particle size, shape, 

concentration and surface functionalization, which can modu-

late their interaction with microbial cells [78]. They can readily 

pass through microbial membranes due to their small size, which 

causes cellular components to be disupted and ultimately results 

in cell death. Reactive oxygen species (ROS) produced by CuNPs 

harm lipids, proteins and DNA in microbial cells [79-81]. 

Furthermore, CuNPs can synergize with the conventional anti-

biotics, enhancing their bactericidal effects and potentially 

reducing the development of antimicrobial resistance [82].  

 Anticancer activity: The cytotoxic effects of CuNPs on 

tumour cells have demonstrated their promising potential in 

cancer therapy [83]. Due to their small size, CuNPs allows 

efficient cellular uptake and accumulation in tumor tissues, 

enhancing therapeutic efficacy [84]. CuNPs can induce reactive 

oxygen species (ROS) generation, causing oxidative stress, 

DNA damage, and apoptosis in cancer cells while sparing 

normal cells at controlled doses [85-87]. Furthermore, CuNPs 

can be functionalized with targeting ligands or drugs to enable 

selective delivery, improving the specificity and efficiency of 

anticancer therapy [88]. Their ability to act as photothermal 

and photodynamic agents further broadens their application 

in non-invasive cancer treatments [89]. Research has indicated 

that CuNPs have broad relevance as they have demonstrated 

efficacy against cell lines of liver, colon and breast cancer 

[90-92]. 

 Antifungal activity: The copper nanoparticles have 

effective antifungal properties against variety of plant and 

human infectious fungi [93,94]. Moreover, CuNPs generate 

reactive oxygen species (ROS), which harm fungal proteins 

and DNA and ultimately result in cells death [95,96]. Research 

has demonstrated its efficacy against fungi such as Aspergillus 

niger, Candida albicans and Fusarium oxysporum [97-99]. 

 Future perspectives of copper nanoparticles: CuNPs 

are increasingly recognized for their multifunctional potential 

in medicine, agriculture and environmental sustainability. 

Their broad-spectrum antibacterial, antifungal and antiviral 

properties position them as promising alternatives to traditional 

medications, particularly in addressing rising antibiotic resis-

tance. In agriculture, CuNPs can serve as nanopesticides or nano-

fertilizers, improving plant health while reducing chemical 

inputs and environmental burden [100]. In biomedical appli-

cations, CuNPs show potential for targeted drug delivery, 

anticancer therapy and antimicrobial coatings, with ongoing 

efforts focused on enhancing biocompatibility and reducing 

cytotoxicity. Environmentally, their catalytic activity supports 

water purification, pollutant degradation and heavy metal 

removal, contributing to sustainable remediation strategies 

[101-103]. Green and eco-friendly synthesis methods remain 

a priority to ensure minimal ecological impact. The develop-

ment of multifunctional CuNPs-based composites and contro-

lled-release systems can further expand their applications 

across agriculture, medicine and environmental sectors. Future 

research will need to balance efficacy, safety and sustain-

ability to fully harness the benefits of CuNPs [104]. 

Conclusion 

 Copper nanoparticles (CuNPs) have emerged as highly 

versatile nanomaterials with applications in medicine, agricu-

lture and environmental sustainability. Their potent antibact-

erial, antifungal and antiviral properties make them strong 

candidates for replacing or complementing conventional treat-

ments, particularly against antibiotic-resistant microorganisms. 

In agriculture, CuNPs can improve plant growth and product-

ivity as nano-fertilizers and nano-pesticides while minimizing 

the use of chemical inputs. Environmentally, they serve as eff-

ective agents for water purification, pollutant breakdown, and 

removal of heavy metals, promoting sustainable remediation. 

Plant-, fruit- and seed-based green synthesis methods offer 

environmentally friendly and cost-effective routes to produce 

CuNPs, though issues such as scalability, reproducibility and 

standardization need to be addressed. Future studies should 

aim to refine synthesis techniques, enhance biocompatibility, 

and develop multifunctional CuNPs-based systems for contro-

lled release. Ensuring a balance between efficiency, safety and 

environmental sustainability will be essential for the successful 

integration of CuNPs across diverse scientific and industrial 

fields. 
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