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Plants produce numerous secondary metabolites and rich in phytochemicals, which are potential bioresources for
synthesizing Cu and CuO Nanoparticles (NPs). This green synthesis approach is environmentally friendly and more
advantageous over commercial synthesis using physical and chemical methods. The green synthesized Cu and CuO NPs
can be used as anticancer, antibacterial, antifungal and anti-inflammatory agents in biomedical applications. We discuss
about the green synthesis of Cu and CuO NPs using various plants, factors affecting the synthesis, biomedical
applications, and toxicity evaluation of the NPs. In addition, the mechanisms of the NPs entry into biological entities were
also discussed.
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| 1. Introduction

Green synthesis of Cu and CuO NPs is more advantageous than chemical and physical synthesis as it is a clean,
nontoxic, cost-effective, and environmentally friendly approach. It bypasses the use of harsh, toxic, and expensive
chemicals & and, instead, utilizes biological entities like bacteria [, yeasts &, fungi 4], algae &, and plants €. Among all
these natural organisms used in the green synthesis of Cu and CuO NPs, plants rich in bioactive compounds can serve
as a reducing, stabilizing, and capping agent during NP synthesis; this makes them the best choice. They are
nonpathogenic to humans, and the downstream processing steps are simple . Unlike some bacterial and fungal strains
that produce the NPs intracellularly, plant-mediated NP synthesis yields the NPs in the mixture solution, which can be
easily obtained by filtering, rinsing, and drying B8, The size, morphology, and stability of NPs can also be easily
optimized for medicinal and pharmaceutical usage using this green method [QIL1112]

2. Plant-Based Green Synthesis of Copper and Copper Oxide
Nanoparticles

The most important phytochemicals in plants are phenols and flavonoids, found in different parts of the plants, such as
shoots, leaves, stems, flowers, roots, and fruits. These phenolic compounds possess hydroxyl and ketone groups,
contributing to the iron chelation and subsequently demonstrating a strong antioxidant property 3. NPs synthesized
through this green method increased in stability, prevented the agglomeration and deformation of the NPs and allowed
adsorption of phytochemicals on the surface of the NPs, which enhance the reaction rate of NPs 14l. One of the common
techniques in synthesizing Cu and CuO NPs is mixing a known concentration of plant extract to a known concentration of
precursor and heating the mixture to a fixed temperature, with continuous stirring at a given time (Figure 1).
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Figure 1. Plant-based synthesis of copper oxide nanoparticles. The boiling of respective parts of the plant can be used to
extract biomolecules from the plant. The resulted filtrate is the plant extract, which can reduce the copper precursor to
synthesize copper/copper oxide nanoparticles (Cu/CuO NPs). The biomolecules’ presence in plant extracts serves as
reducing, stabilizing, and capping agents in Cu/CuO NP synthesis.

Occasionally, certain organic chemicals were added to prevent agglomeration and obtain fine NPs while maintaining the
greener approach. The synthesized NPs eventually form various shapes and sizes, which carry unique properties in many
applications [, Different characterization techniques can analyze the physical and chemical properties of NPs. In addition
to size and shape, the size distribution, degree of aggregation, surface charge, surface area, and surface chemistry of the
NPs can also be analyzed 22! (Figure 2).
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Figure 2. Characterization of synthesized copper/copper oxide nanoparticles (Cu/CuO NPs). (a) Transmission microscopy
image of CuO NPs synthesized from Syzygium alternifolium (Wt.) Walp 2&. (b,c) Scanning electron microscopy image

(SEM) (b) and energy dispersive X-ray spectroscopy EDS (c) of Cu NPs synthesized using Cissus vitiginea leaf extract
)



2.1. Synthesis Strategy of CuO, Cu20, and Cu403 NPs

Cu exists with variable oxidation numbers; this includes Cu(l), Cu(ll), and very few Cu(lll) ions. To date, the synthesis
strategy reported for CuO, Cu20, and Cu403 is the same in terms of parameters such as plant extract, precursor
concentration, pH, and temperature. However, these parameters mainly affect the type of Cu particles formed during
green synthesis 18],

2.2. Factors Affecting the Green Synthesis of Cu and CuO NPs

A few parameters play a crucial role in determining the characteristics of the Cu and CuO NPs synthesized; these include
reaction temperature, pH, time, concentration of plant extracts, precursor used, and mixing speed. The reaction medium'’s
temperature was found to influence the nature of the NPs formed. As the reaction temperature increases, the reaction rate
increases, consuming metal ions to form the nuclei of the NPs; this may lead to smaller NP sizes 19, Generally, green
synthesis is conducted below 100 °C or at ambient temperature 29, NPs can undergo aggregation, shrink, or grow during
long-term storage and it also has a shelf life that eventually affects its overall potential 2122 Studies have implied that
the size of NPs is dependent on the reaction time [23[24125]126] |t can be seen that increases in the time taken for green
synthesis increase the size of the NPs. The biomolecules in plant extracts can act as natural capping and reducing agents
during the green synthesis of NPs. These metabolite compositions vary depending on the types and parts of the plant and
the extraction procedure 24, Hence, the volume of plant extracts and the amount of biomolecules present in the plant
extract used can affect the synthesis rate due to the availability of these molecules for the rapid bioreduction of metal salts
and the stabilization of NPs 28], The precursor is a salt and alkali metal solution. Numerous soluble copper salts were
used in the green synthesis of Cu and CuO NPs. The pH of the reacting mixture in the biosynthesis of NPs is also one of
the factors affecting the size of NPs. The optimum pH of the reaction medium ranges from 7-9, suggesting an alkaline
condition is favorable for synthesizing NPs 22,

| 3. Application of Cu and CuO NPs
3.1. Antibacterial

Plant-mediated Cu NPs effectively repressed Gram-negative bacteria in urinary tract infection, such as Escherichia coli
(E. coli), Enterococcus sp., Proteus sp., and Klebsiella sp. 4. This implies the potential of these NPs in treating such
infection. Cu and CuO NPs have also shown a suppressive effect on the growth of Gram-positive bacteria Staphylococcus
aureus (S. aureus), Bacillus subtilis (B. subtilis), and Streptococcus pyrogenes (S. pyrogenes).

3.2. Antifungal

CuO NPs can induce antifungal properties via different mechanisms (Eigure 3).
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Figure 3. Graphical representation of the proposed mechanism for antifungal activity in response to copper oxide
nanoparticles (CuO NPs). The CuO NPs distorted the cell wall of fungus such as Aspergillus flavus. Internalization of
these particles induced reactive oxygen species (ROS) generation, which resulted in DNA and mitochondrial damage that



contribute to the antifungal activity. Alternatively, the antifungal activity of CuO NPs may be attributed to their antioxidant

property.

3.3. Anticancer

Numerous studies have reported the anticancer effect of plant-mediated Cu/CuO NPs, particularly breast B9311[32][33](34]
[35]361[37] cervical [BUIB238] colon Y, skin (epithelioma) B2, gastric B, blood (leukemia) BY, liver [0 ung [B241][42][43]

and ovarian 24 cancers (Table 1).

Types of
Cells/
Cell Line

Breast
cancer

AMJ-13

MCF-7

MDA-MB-
231

Cervical
cancer

HelLa

Table 1. Anticancer effects of the plant-derived Cu and CuO NPs biosynthesized.

Cu/CuO NPs
Size
(nm) Shapes
20-50 Spherical
Cuboidal,
5-24 spherical, and
oval-shaped
10-40 Spherical
12 Spherical
18.9- .
45.2 Spherical
20 Spherical
20 Spherical
30-40 Spherlcal,
cubical
36+8 Spherical
>200 Spherical
10-50 Spherical
20 Spherical
>200 Spherical
12 Spherical
~26.6 Spherical
36+8 Spherical
60- Spherical

100

Toxicity (IC50)
(ng/mL)

1.47

>100

50.3

19.77-27.44
(depends on
source of plant
extract)

53.89

85.58

24.5

35

21.56

215

30

11

7.5

26.73-20.32
(depends on the
source of plant
extract)

~0.5 mg/mL

24.74

119.1 pg/mL

Biological Function (Targeting)

Antioxidant, loss of membrane potential, and
DNA fragmentation

ROS generation, loss of mitochondrial
membrane potential, apoptosis, and cell cycle
arrest

Growth inhibition

Antioxidant and apoptosis

Growth inhibition

Growth inhibition

ROS generation and antiangiogenic

Growth inhibition

ROS and NO generation, apoptosis, DNA
fragmentation, induces proinflammatory (TNF-o)
cytokines, and inhibits anti-inflammatory
cytokine (IL-10)

ROS generation and antiangiogenic

ROS generation

ROS generation and antiangiogenic

ROS generation and antiangiogenic

Antioxidant and apoptosis

ROS generation, loss of mitochondrial
membrane potential, and apoptosis

ROS and NO generation, apoptosis, DNA
fragmentation, induces proinflammatory (TNF-a)
cytokines, and inhibits anti-inflammatory
cytokine (IL-10)

Growth inhibition

Reference

[34]

[33]

[30]

[32]

[44]

[36]

[46]

[31]

[36]

[32]

[38]

[31]

[a7]



Cul/CuO NPs

Types of
Cells/ Size
Cell Line
(nm)
Colon
cancer
HT-29 10-40
Epithelioma
Hep-2 12
Gastric
cancer
AGS 5-22
Leukemia
MOLT-4 10-40
Liver cancer
HepG2 23-57
Lung cancer
A549 12
20
33.47
577
577
Ovarian
cancer
SKOV-3 20-50

Shapes

Spherical

Spherical

Spherical

Spherical

Spherical,
hexagonal,
cubical

Spherical

Spherical

Spherical,
irregular

Spherical

Spherical

Spherical

Toxicity (IC50)
(ng/mL)

33.0

21.66-29.58
(depends on
source of plant
extract)

25-50

>80

>500

18.11-37.19
(depends on the
source of plant
extract)

81.57

25

200

200

2.27

Biological Function (Targeting)

Growth inhibition

Antioxidant and apoptosis

Apoptosis

Growth inhibition

Antioxidant

Antioxidant and apoptosis

Growth inhibition

Apoptosis

Loss of mitochondrial membrane potential, ROS
generation, and apoptosis

Regulates histone deacetylases, downregulates
oncogenes and upregulates tumor suppressor
genes, intrinsic and extrinsic apoptosis, and
downregulates inflammatory genes (TNF-a and
COX-2)

Antioxidant, loss of membrane potential, and
DNA fragmentation

ROS, reactive oxygen species; NO, nitric oxide; TNF-a, tumor necrosis factor; IL-10, interleukin-10.

3.4. Wound Healing and Anti-Inflammatory Activity

Reference

[30]

[32]

[39]

[30]

[40]

[32]

[45]

[41]

[42]

[43]

[34]

Plant-mediated Cu/CuO NPs also demonstrate wound healing and anti-inflammatory properties. Studies indicate the

potential of plant-mediated Cu/CuO NPs in reducing inflammation, relieving pain, and promoting wound healing [23148],

| 4. Toxicity Evaluation

This aspect should be evaluated thoroughly before utilizing these NPs in medicine. Here, we review the toxicity of plant-

based green-synthesized Cu and CuO NPs in vitro and in vivo studies. A previous study has demonstrated that plant-

mediated Cu NPs are relatively safe on normal human cell lines (Table 2). These data revealed that the Cu and CuO NPs
have minimal toxicity in normal cells, with a cytotoxicity effect on cancer cells at low concentrations, suggesting their safe

application. Nevertheless, the toxicity and optimal dosage to be administrated should be evaluated. It is crucial to evaluate

the toxicity of plant-mediated CuO NPs in various animal models.



Table 2. Effects of the plant-derived Cu and CuO NPs biosynthesized on cell lines and animal models.

Types of Cells/ CulCuO NPs .
Cell Line/Animal . Toxicity (IC50) Reference
Size (hm) Shapes
Human embryonic kidney cells
HEK 293 32+0.9 Spherical 410 pg/mL 491
Human umbilical vein endothelial cells
HUVEC 10-30 Spherical >1000 pg/mL 48]
Human dermal fibroblast
NHDF 12 Spherical >100 pg/mL £
HuFb 20-50 Spherical 54.34 pgimL [24]
L929 20 Spherical >100 pg/mL (48]
Animal
Male Swiss albino mice (BALBI/c strain) 20-50 Spherical Lethal at 800 mg/kg (24
Zebrafish 20-40 Spherical 500 + 15 mgl/L E

5. Comparison of the Efficacy of Plant-Based-Synthesized and
Commercial Cu and CuO NPs

It was documented that the efficacy of these NPs in suppressing cancer proliferation was comparable to commercial CuO
NPs or was even better in some of the cases (Table 3). These findings imply the potential of plant-based CuO NPs in
cancer therapy without causing significant toxicity to normal cells.

Table 6. Comparison of the toxicity of plant-derived and commercialized CuO NPs.

. Plant-Mediated Cu/CuO NPs Commercial Cu/CuO NPs
Cell Line/
:III;I(;Z?I Size Shapes Toxicityl Size Shanes Toxicityl Reference
(nm) p Area (nm) P Area

In vitro
MCF-7 12 Spherical 19.77 £ 0.98 pg/mL 12 Spherical 27.44 £ 2.14 pgimL (22]
HelLa 12 Spherical 20.32 £1.16 pg/mL 12 Spherical 45.31 + 2.44 pg/mL 22
A549 12 Spherical 18.11 + 0.93 pg/mL 12 Spherical 37.19 +2.82 pg/mL 2

In vivo
Zebrafish 25-35 Spherical 175 + 10 mg/L 25-35 Spherical 45 =10 mg/L B

. + . +

Rat 10-30 Spherical Wound area: 0.9 £ 0.2 10-30 Spherical Wound area: 2.1 + 0.1 [48]

cm? cm?

| 6. Future Perspective in Cancer Therapy of Cu and CuO NPs

Advancement in the green synthesis of NPs has created a new approach in biomedical applications. Plant-synthesized Cu
and CuO NPs have many attractive properties, such as antibacterial, antifungal, anticancer, anti-inflammatory, and wound
healing. It is important to note that the Cu/CuO NPs synthesized from different plants have different properties due to the
diversity in metabolite composition. This diversity leads to variation in size, shape, and morphology of the NPs, which
contributed to the alteration of their overall properties and activities. Additionally, further validation of the underlying
mechanisms and pathways of Cu/CuO NPs at both the cellular and organism level is mandatory. Therefore, a
comprehensive study on these NPs, including in vitro and in vivo assessments from different aspects, would drive their
medicinal application. Although it seems that many trials and more research need to be conducted, the potential and
prospects for developing Cu and CuO NPs as a future drug, especially in cancer therapy, are still very bright. The green
technology of NPs, utilizing natural plant resources that will be developed into nanobiotechnology, is not very far off from a
breakthrough.
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