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Abstract
Nanoscience and nanotechnology have steered in the new era of medical innovation and offered a promising solution to the longstanding 
challenges in the healthcare due to size dependent physicochemical properties. The ability to engineer the specific nanostructures makes 
the nanomaterials more attractive and find potential applications in the field of biomedical sciences. Among various noble metal 
nanomaterials, copper and copper-based nanomaterials are considered as a unique nanomaterial for multitude of the biomedical 
applications. Plant biomolecules contain various terpenoids, alkaloids, flavonoids, flavones, proteins, polyphenols, saponins, tannins, steroids, 
as well as other nutritional compounds; which are capable of acting as reducing and capping agents for copper-based nanomaterials 
formation. Biosynthesis of copper-based nanomaterials has great advantages due to less-toxicity, biocompatible, antiviral or anti-bacterial 
properties for the development of bio-sensor or drug delivery application. In this mini-review, the biosensor and drug delivery potential of 
the copper-based functional nano-formulation are discussed.
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1. Introduction
Copper, the 26th most abundant element in the Earth’s crust and according to man’s knowledge it is the oldest metal since 9000 B.C[1]. 
Copper is an essential trace element that helps to maintain homeostatic functions in living organisms. It has good electrical and 
thermal conductivity and has become a metal of interest due to its low toxicity, wide adaptability, higher cost effectiveness when 
compared to various other metals (Ag, Au, Pd, Fe, etc.) used for synthesizing of nanomaterials[2]. Copper is a co-factor for many 
enzymes in metabolism; yet, it can also be found in proteins that transport electrons in addition to the enzymes. There are four 
fundamental protein groups bonded to copper. Group I have a single tetrahedral copper ion. Group II has one copper ion with planar 
arrangement. Group III has two copper ions and the active site of the final group IV contains additional copper layered[3].

Copper nanomaterials are the materials synthesized in the range of 1-100 nm from vapor deposition, electrochemical reduction, 
radiolysis reduction, thermal decomposition, and chemical reduction of copper metal salt. Classical nanomaterials synthesis 
processes involve the use of hazardous materials, including toxic, corrosive, and explosive substances, and utilized both chemical and 
physical methodologies and thus leading to harmful formation of products and waste[4]. To solve this problem, an alternative, 
eco-friendly, and benign method has been developed for the synthesis of clean, non-toxic nanomaterials with the help of organisms 
such as fungi, plants and bacteria like Bacillus subtilis, Fusarium oxysporum and Penicillium sp. as a green substitute[5].

The biosynthesized copper nanomaterials have a lot of applications; firstly, urinary tract infection (UTI) which is caused by various 
bacteria such as E. coli, Pseudomonas sp., Streptococcus sp., Proteus sp., Klebsiella sp., and Staphylococcus sp. majorly present in the 
infected area. The unique physicochemical characteristics of CuS nanoparticles are attributed to the high specific area to volume 
ratio. These are not only stable under harsh process conditions, but also are considered as safe materials to humans[6]. Another such 
application is colorectal cancer, the second most lethal cancer in both males and females. Studies have concluded that contact 
between nanomaterials and cell lines could lead to better response in cancer cells and reduced the concentration of the desired 
compound. Copper nanomaterials are highly practical because of their unique properties which induce apoptosis via reactive oxygen 
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species over production and DNA injury. Moreover, studies have shown that copper nanomaterials can damage the mitochondrial 
membrane potential and induced apoptosis through the mitochondria[7]. Another application is in the healing of chronic wounds. 
Copper performs a significant function in the healing activity by stimulating the expression of molecules found in the extracellular 
matrix, including integrin, the primary moderators of cell connection to the extracellular matrix, fibrinogen, and collagen formation. 
Gold and silver nanomaterials have good antibacterial properties but have some limitations. Gold nanomaterials have a limited 
antibacterial action against Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Candida albicans and silver 
nanomaterials are prone to aggregation, which might be resulted in a change in size, a loss of antibacterial activity and are poorly 
digested by the human body[8].

2. Biosynthesis of Copper Based Nanomaterials
Biosynthesis of nanomaterials is the synthesis of nanomaterials using plant biomolecules, microorganism, and/or enzymes. 
Biosynthesis of nanomaterials has gained more attention than chemical synthesis, chemical reduction method, and physical method 
due to its facile synthesis, economical, biocompatible, and eco-friendliness[9]. However, the success rate of nanomaterials 
biosynthesis depends on several factors such as survival activity, adaptability, and reducing capability of the plant biomolecules, 
microorganisms, and/or enzymes.

Biocompatible copper nanomaterials were synthesized with a marine bacterial species, i.e. Stenotrophomonas rhizophila strain 
BGNAK1 that showed significant antimicrobial activity against various pathogenic bacteria and yeast. Additionally, the scavenging 
ability of the copper nanomaterials against 2,2-diphenyl-1-picrylhydrazyl (DPPH), hydroxyl, nitric oxide, and superoxide radicals as 
well as their reducing power in the FRAP assay, demonstrated their antioxidant activity[10]. The process of producing copper 
nanomaterials by bacterial means, employing a strain of Bacillus flexus that was isolated from textile effluent that employed an uplift 
in stability of the synthesized nanomaterials. These nanomaterials were then used to clean waste-water, photocatalytically degrade 
different azo dyes and reduce various parameters like electrical conductivity, pH, total dissolved solids, chemical oxygen demand, 
color intensity, sulphates, and phosphates in the textile’s wastewater[11]. Copper nanomaterial synthesis using bacteria are copper 
resistant and to tackle this, a tolerant bacterial isolate (ZTB29) was also demonstrated for the synthesis of copper oxide 
nanomaterials[12].

The environmentally friendly production of copper oxide nanomaterials was done by utilizing flower extract from Tecoma stans 
(T. stans). The green nanomaterials went through agar well diffusion methods to test bactericidal efficacy against a range of clinical 
pathogens such as Bacillus subtilis and Pseudomonas aeruginosa bacteria. Additionally, the T. stans flower mediated copper oxide 
nanomaterials was shown an upper hand in degradation of methylene blue (MB) dye as well as in vitro anticancer activity against 
A549 lung cancer cell line[13]. Biogenically, copper nanomaterials were produced in the presence of Syzygium cumini leaf extract, that 
served as a great stabilizing, reducing agent, as well as showed excellent performance in terms of catalytic reduction of MB dye from 
the aqueous medium using sodium borohydride (NaBH4) as a reducing agent[9]. Biosynthesis of copper nanomaterials was conducted 
using green union strategy by ginger roots separate effectively leading to a much better antibacterial portrayal against bacteria like 
E. coli and S. aureus[14]. Using an easy and affordable technique, copper nanomaterials were synthesized using Curcuma longa powder 
aqueous extract. The Curcuma longa extract-capped copper nanomaterials showed an attractive antibacterial activity with both 
gram-positive and gram-negative microorganisms[15]. The potential of Ziziphus spina-christi (L.) Willd. fruit extract was investigated 
as novel reducing agents for the environmentally friendly manufacture of copper nanomaterials. The synthesized nanomaterials 
could be used as an efficient adsorptive to remove crystal violet from aqueous solution. Moreover, Escherichia coli and 
Staphylococcus aureus are the two distinct (gram-positive and gram-negative) bacteria, were used to test the antibacterial efficacy of 
the copper nanomaterials[16]. Capparis zeylanica plant leaf extract was utilized for the bio-synthesis of copper nanomaterials where 
the leaf extract acts as both reducing and capping agent. It showed an effective antibacterial activity more against gram negative 
bacteria than gram positive bacteria[17]. For the green synthesis of copper nanomaterials, Corallocarbus epigaeus rhizome extract was 
also used. This biogenic nanomaterials was shown effective antibacterial activity against multidrug-resistant S. typhi as well as 
bactericidal activity against the human pathogen, additionally it was shown a tremendous degradation efficiency for the MB[18]. 
Copper nanomaterials were synthesized by a green, ecofriendly method with Cissus vitiginea. The biosynthesized copper 
nanomaterials have strong antioxidant and antibacterial activity against DPPH free radical and UTI pathogens like E. coli, 
Enterococcus sp., Proteus sp. and Klebsiella sp[19]. A general schematic representation for the synthesis process used various copper 
metal source and various ingredients present in different leaf is shown in Figure 1.

3. Biosensor Application
Copper and copper-based nanomaterials can be functionalized with biologically derived recognition molecules from the plant extract 
solution, microorganisms, and enzymes. This allows the nanomaterials to recognize the target analyte by various spectroscopic, 
optical as well as electrochemical techniques. Biocompatible copper nanomaterials were synthesized using Sapindus mukorossi fruit 
extract. The proposed cupric oxide nanomaterials provided an eco-friendly environment for the detection of dopamine (DA) or 
related neurochemicals[20]. A green and simple approach was utilized for the synthesis of cuprous oxide carbon dots/Nafion 
(Cu2O-CDs/NF) composite film. The addition of NF to the Cu2O-CDs composite made the surface more homogenous due to attraction 
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of cations via ion-exchange model and exclusion of anions (anionic uric acid, UA and ascorbic acid, AA) via electrostatic interaction. 
This change in the composite structure improved the analytical performance such as sensitivity and selectivity towards the detection 
of DA. The synthesized biogenic nanomaterials were shown a high sensitivity and reliability for detection of DA (due to oxidation of 
dopamine to dopamine-o-quinone, DA’) in presence of UA and AA. A schematic representation for the fabrication of electrochemical 
biosensor is shown in Figure 2. The nanomaterials further showed satisfactory results when applied to determine the (DA) in human 
serum[21]. The copper nanomaterials were added to the graphite pencil electrode (GPE) to enable enzyme-free flow injection 
amperometric glucose detection based on its direct oxidation in the alkaline medium without the use of any enzyme. Thus, copper 
nanomaterials modified GPE combination was proven to be offered fast, inexpensive, disposable, selective and sensitive 
amperometric sensor for the determination of glucose[22]. The study conducted and demonstrated the use of pure and copper-doped 
titanium dioxide (Cu-TiO2) nanostructures as the basis matrix for enzyme-less label-free myoglobin detection to detect acute 
myocardial infarction[23]. The creation of an electrochemical biosensor for glucose detection was done by using copper 
(Cu)-nanoflower-decorated gold nanomaterials (AuNMs) and graphene oxide (GO) nanofibers (NFs). When GOx-HRP-Cu nanoflower 
was present, Cu-nanoflower@AuNMs-GO NFs was demonstrated exceptional electrochemical catalytic nature and selectivity for the 
conversion of glucose to gluconic acid[24]. DA coated copper (CuO@DOP) nanomaterials were synthesized for the detection of 
L-cystine. The CuO@DOP nanomaterials as-developed sensor offers quick and accurate detection of L-cysteine throughout a broad 
concentration range as well as biocompatibility with living things[25]. A green and facile sonication method was used for the synthesis 
of novel maca extract coated cupric oxide nanomaterials (MaE-CuO NMs). The DA detection of the MaE-CuO NMs biosensors was 
evaluated on the dual electrochemical-smartphone colorimetric detection approach showcasing high sensitivity and low limit of 
detection value[26]. Cuprous oxide nanomaterials were synthesized by green route (P-Cu2O NMs) with artemisia absinthium leaf 
extract, which acted as a reducing agent, accompanied by the enzyme tyrosinase (Tyr) used as a sensing material. P-Cu2O+Tyr as a 
combination exhibited a selective response to DA and no reaction to interfering analytes such as tyrosine, cysteine, and ascorbic 
acid[27]. Cupric oxide nanospheres, both uncapped and glutathione-capped, were created by combining root extract of Berberis 
lyceum with an appropriate salt solution. GSH-CuO nanospheres were further modulated into efficient/economical biosensors[28]. 
Biogenically, copper oxide nanomaterials were synthesized by using Camellia japonica plant leaf extract. The synthesized 
nanomaterials showed effective detection of two biomolecules; namely cysteine and NADH (dihydronicotinamide adenine 
dinucleotide)[29].

Figure 1. A schematic representation for various sources of copper, plants extract with their biomolecules present in plants extract solution, different straegy of synthesis 

steps and the interaction of the molecules with the core copper from copper nanomaterials[2].
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Figure 2. Biosynthesis and glassy carbon electrode fabrication strategy with Cu2O-CDs/NF composite film for electrochemical DA detection in human serum without 

interference from UA and AA[21]. DA: dopamine; AA: ascorbic acid; UA: uric acid.

4. Drug Delivery Application
Biosynthesis of copper and copper-based nanomaterials has been shown as protecting therapeutic compounds, control drug release, 
and drug delivery to the site of disease. The copper nanomaterials were synthesized by leaf extract of the Alstonia scholaris showed 
antimicrobial effects on bacterial species like the S. aureus and E. coli (Figure 3)[30]. The biosynthesis of copper sulphide (CuS) 
nanomaterials from copper sulfate was achieved with the culture supernatant of Serratia nematodiphila to show antibacterial activity 
against UTI pathogens such as Escherichia coli, staphylococcus aureus, proteus vulgaris and klebsiella pneumonia[6]. The green 
copper nanomaterials were synthesized by using Achillea millefolium leaf extracts that showed considerable antibacterial 
assessments against Staphylococcus aureus, M. tuberculosis, E. coli, K. pneumoniae, P. mirabili, C. diphtheriae and S. pyogenes 
bacteria’s as well as antifungal effects against G. albicans, A. flavus, M. canis and G. glabrata fungus[31]. Copper nanomaterials were 
synthesized extracellularly utilizing the stem latex of Euphorbia nivulia, a plant of medicinal importance. The nanomaterials were 
stabilized and subsequently capped by peptides and terpenoids present within the latex. The synthesized nanomaterials were used as 
a non-toxic aqueous formulations for administration of cancer therapy[32]. Biogenic copper nanomaterials were fabricated by using 
date stones and pomegranate peel as two waste plant extract precursors to increase its cytotoxic action. In order to assess the 
biogenic CuO-NMs cytotoxic potential, they were used against MCF7 human breast cancer cell lines and contrasted with the BJ1 
normal cell line. The outcomes was shown a selective suppression of MCF7 cancer cell proliferation[33]. Copper oxide nanomaterials 
were synthesized from the leaves of (Ormocarpum cochinchinense) O. cochinchinense. The biosynthesized nanomaterials was shown 
a high anticancer cytotoxicity on human colon cancer cell lines (HCT-116) with IC50 value of 40 μg mL-1[34]. The copper nanomaterials 
were synthesized biogenically by Gloriosa superba L. plant extract. These nanomaterials exhibited significant antibacterial activity 
against pathogenic bacterial strains namely gram negative Klebsiella aerogenes, Pseudomonas desmolyticum, and Escherichia coli as 
well as gram positive bacteria Staphylococcus aureus[35]. A cost-effective one-step fast bio fabrication process for functionalized 
copper oxide nanomaterials was utilized the eucalyptus globulus leaf extract (ELE) bioactives. The synthesized nanomaterials were 
shown pro-apoptotic nature in human breast cancer (MCF-7) cells. Furthermore, ELE-CuONMs was inhibited sclerotia germination 
and growth of A. flavus, a type of fungal infections[36]. Copper oxide nanomaterials were synthesized by using the aqueous extract of 
the Stigmaphyllon ovatum plant. The biogenic nanomaterials showed effective anticancer property against the growth of the 
carcinoma cells, leaving less than 40% of the cells alive[37]. Biogenic copper oxide nanomaterials have shown potential larvicidal 
activities too. The environmentally friendly production of copper oxide nanomaterials utilizing Tridax Procumbens leaf extract was 
investigated larvicidal activity against dengue, chikungunya, and zika, causing vector Aedes aegypti. Copper oxide nanomaterials was 
exhibited the highest level of activity with the Aedes aegypti[38]. A comparative performance of various bio-based copper 
nanomaterials in drug delivery is shown in Table 1.
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Figure 3. A general aim for the investigation of anti-microbial activity based on copper nanomaterials[30].

Table 1. Table for a comparative performance of biosynthesized copper-based nanomaterials in drug delivery applications.

Nanomaterials Sources for biosynthesis Applications References

Cu-NMs Alstonia scholaris leaf 

extract

Antimicrobial effects on bacterial species like the S. aureus and E. coli [29]

CuO NMs Achillea millefolium leaf 

extract

Antibacterial and anti-fungal effects on Staphylococcus aureus, M. tuberculosis, E. 

coli, K. pneumoniae, P. mirabili, C. diphtheriae and S. pyogenes bacteria’s and G. 

albicans, A. flavus, M. canis and G. glabrata

[30]

Cu-NMs Euphorbia nivulia latex Used for administration/in vivo delivery of nanomaterials for cancer therapy [31]

CuO-NMs Pomegranate peel and 

date stones plant extract

Cytotoxic agent against human breast cancer [MCF7] cell lines [32]

CuO-NMs Ormocarpum 

cochinchinense leaf 

extract

Anticancer cytotoxicity with IC50 value of 40 μg/mL on human colon cancer cell 

lines (HCT-116)

[33]

CuO-NMs Eucalyptus globulus leaf 

extract

Apoptotic effect on human breast cancerMCF-7 cells with a significant (P < 0.05) 

reduction in viability and inhibited sclerotia germination and growth of A. flavus

[35]

CuO-NMs Stigmaphyllon ovatum leaf 

extract

Anticancer agents in HeLa cells with IC50 value of 40μM [36]

CuO-NMs Tridax procumbens leaf 

extract

Larvicidal activity against chikungunya, yellow fever, and dengue transmit vector 

Aedes aegypti species

[37]

5. Conclusions and Future Perspectives
The large number of medicinal plants and microorganisms can be used for fabrication and functionalization of copper and 
copper-based nanomaterials due to the availability of various biomolecules in them. This enhanced to achieve the aim of green, eco-
friendly, and one-step route in view of the environmental consequences. The development of different methodologies to extract of 
phytocompounds would be allowed to improve the stabilize of nanomaterials and preserved their physical as well as chemical 
properties for longer period. To interpret this, it would be necessary to understand the biochemical component composition or 
structure and the molecular level mechanism for the formation of nanomaterials. Bio-mediated synthesis of copper or copper-based 
nanomaterials has been applied to treat many pathogenic/carcinogenic diseases with lower toxic effect. However, non-bio-mediated 
synthesis of copper or copper-based nanomaterials has various toxic effects for the human health. It is an obvious challenge to 
identify and isolate the bio-component from the plant or its extract, microorganisms and/or enzymes that contribute to the nano-
formulation and stabilization. This presents an opportunity to explore the bio-based advanced functional materials.
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