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Abstract

Copper-based nanoparticles, especially metallic copper (Cu NPs) and copper oxide (CuO
NPs), have attracted increasing attention due to their redox activity, biological efficacy,
and technological applications. However, conventional chemical synthesis often involves
toxic reagents, limiting their biomedical applicability. In this context, plant-mediated green
synthesis has evolved and has become a sustainable and cost-effective alternative. This re-
view provides a comprehensive overview of recent advances in the biosynthesis of Cu and
CuO nanoparticles using plant extracts. The main synthesis pathways are examined, with
emphasis on the role of phytochemicals as reducing, stabilizing, and capping agents, as well
as the influence of reaction parameters on nanoparticle yield. The review highlights the di-
versity of plant species and extract types used and clarifies their effects on nanoparticle size,
morphology, oxidation state, and surface chemistry. Key physicochemical characterization
techniques (ultraviolet-visible (UV-Vis) spectroscopy, Fourier transform infrared (FTIR)
spectroscopy, X-ray diffraction (XRD), electron microscopy, and zeta potential analysis) are
systematically discussed. Moreover, a summary of in vitro and in vivo biological activities
is provided, including antimicrobial, antioxidant, cytotoxic, anticancer, wound-healing,
and plant-growth-promoting effects. Overall, plant-mediated copper-based nanoparticles
demonstrate significant potential as biofunctional nanomaterials. Nevertheless, challenges
concerning reproducibility, mechanistic understanding, standardization and toxicological
evaluation must be addressed to facilitate reliable translation into biomedical applications.

Keywords: copper nanoparticles; green synthesis; capping agents; sustainable nanomaterials

1. Introduction

Copper nanoparticles (Cu NPs) and copper oxide nanoparticles (CuO NPs) are among
the most versatile nanomaterials in modern nanoscience. Their growing interest is linked
to unique physicochemical properties, significant biological activity, and a wide range of
technological applications [1-4]. Copper’s electronic configuration allows it to alternate be-
tween Cu?, Cut, and Cu?* oxidation states, which enables redox activity. This characteristic
is essential for catalytic processes, free radical production and antimicrobial behavior [5-7].
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As particle size decreases into the nanoscale domain, the surface-to-volume ratio
increases dramatically and enhances interactions with electron-rich compounds and biolog-
ical molecules. As a result, both catalytic efficiency and biological reactivity are significantly
improved. Compared with widely used noble metal nanoparticles such as silver and gold,
copper offers greater abundance, lower cost, and suitability for industrial-scale applica-
tions [8-10].

Traditional chemical synthesis of Cu-based nanoparticles usually involves strong
reducing agents, organic solvents, stabilizers, and energy-intensive processes. Although
these methods allow good control over particle size and crystallinity, they raise environ-
mental, toxicological, and economic concerns [11]. Harsh reaction conditions can lead to
toxic residues, hazardous waste, or nanoparticles with unwanted surface contaminants.
Such issues limit their suitability, particularly for biomedical applications. As a result,
research has increasingly focused on alternative synthesis methods that minimize the use
of hazardous chemicals and reduce ecological impact [12,13].

Among green synthesis approaches, such as methods based on bacteria [14], fungi [15]
and algae [16], plant-mediated synthesis has gained particular attention [17]. This type of
method is valued for its simplicity, good reproducibility, low energy consumption, and
the wide availability of plants [18]. Plant extracts are rich in secondary metabolites such
as flavonoids, terpenoids, tannins, phenolic acids, organic acids, sugars, alkaloids, and
proteins. These compounds can simultaneously act as reducing, stabilizing, and capping
agents during nanoparticle formation. Their chemical diversity enables the reduction
of copper ions to metallic or oxide forms and supports the stabilization of the resulting
nanostructures. In addition, they can influence particle morphology and surface chemistry.
As a result, this eco-friendly method often produces nanoparticles coated with bioactive
plant-derived compounds, which may enhance antimicrobial, antioxidant, anticancer, and
anti-inflammatory properties [19-21].

Plant-mediated synthesis of Cu and CuO nanoparticles has grown dramatically in the
past ten years [12,22-24]. Numerous plant species, such as medicinal herbs, shrubs, fruits,
roots, leaves, peels, barks, seaweeds, and even agricultural waste, have been studied; each
has unique metabolic profiles that affect the formation of nanoparticles [17]. In this article,
we present a comprehensive overview of plant-based research on copper nanoparticles,
including original experiments, mechanistic insights, and biological evaluations. Moreover,
it supports a critical comparison of results across plant extracts and synthesis mechanisms.

Despite the rapid growth of research in this field, several methodological challenges
remain. Plant extracts are inherently complex and vary widely depending on species, culti-
var, growth conditions, season, and extraction methods. As a result, reported nanoparticles
often differ significantly in yield, size, morphology, and biological activity, which limits
cross-comparison and standardization between studies. Moreover, many reports focus
mainly on preliminary evaluations, particularly antibacterial assays, without in-depth
mechanistic analysis or broader biological assessment. Toxicological studies, although
widely acknowledged as essential, are still insufficiently addressed in many publications.
This review focuses on these challenges by identifying recurring patterns and research gaps
within a broader scientific context.

The review is organized around four main themes. First, it discusses biosynthesis
pathways, with emphasis on phytochemical involvement, reaction conditions, plant species
diversity, and mechanistic aspects. Second, it integrates findings from common characteri-
zation techniques, highlighting the role of UV-Vis spectroscopy, electron microscopy, FTIR,
and XRD in confirming nanoparticle formation and structure. Third, it reviews in vitro
biological studies, including antimicrobial, antifungal, antioxidant, cytotoxic, anticancer,
and catalytic activities. Finally, the review covers in vivo studies that provide the highest
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level of biological validation. These include wound-healing, antileishmanial, neuroprotec-
tive, plant-growth-promoting, and toxicological studies. The review ends with a critical
overview, identifying strengths, challenges, and future research needs.

2. Biosynthesis of Copper Nanoparticles Using Plant Extracts

Plant-mediated biosynthesis of Cu and CuO nanoparticles typically involves the re-
action of copper salts with aqueous or hydroalcoholic plant extracts. Commonly used
copper precursors include copper sulfate [25], copper nitrate [26,27], and copper chlo-
ride [12]. Most techniques involve boiling, heating, or extracting the plant material at
controlled temperatures to produce solutions rich in polyphenols, flavonoids, reducing
sugars, ascorbic acid and proteins [22,28]. When these extracts are mixed with copper
salts, the biomolecules reduce copper ions and simultaneously stabilize the newly formed
nanoparticles by complexation. This process is illustrated in Figure 1. Overall, green syn-
thesis can be considered a simple “one-pot” method, in which reduction, stabilization, and
capping occur in a single step.

Plant extract
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Figure 1. Green-synthesis of copper and copper oxide nanoparticles. Created in BioRender. Lungu,
L L. (2026).

2.1. Role of Phytochemicals in Reduction and Stabilization

Phytochemicals play a key role in forming nanoparticles. Phenolic compounds are
especially important because their hydroxyl groups can easily donate electrons to Cu?*
ions, reducing them to Cu’. In this process, phenolics oxidize to quinones, which may also
help stabilize the nanoparticles through 7—m interactions or covalent bonds [29]. Because
flavonoids have multiple hydroxyl groups that can participate in redox reactions, they
function similarly. Other reducing agents include ascorbic acid, sugars, and terpenoids.
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Through amino, hydroxyl, or carbonyl groups, compounds such as proteins, polysaccha-
rides, and alkaloids bind to the surfaces of nanoparticles and provide steric stabilization.

Studies using extracts obtained from Blumea balsamifera [30], Moringa oleifera [31], and
Jatropha curcas [32] show that flavonoids and phenolic acids are important for both reducing
copper ions and capping the nanoparticles. Plant extracts rich in terpenoids, such as those
derived from Piper retrofractum [33], exhibit fast reaction kinetics, which corresponds to
the strong reducing power of these compounds. Root extracts from Krameria spp. [34],
containing tannins and phenolic lipids, produce nanoparticles that remain stable in solution
for long periods. This highlights the role of capping molecules in keeping nanoparticles
well-dispersed.

2.2. Diversity of Plant Species and Extract Types

The plant species used in the evaluated studies are very diverse and includes medicinal
herbs, edible plants, agricultural waste, and non-edible species. This variety brings complex
phytochemical profiles and different mechanisms of nanoparticle formation. Extracts from
plants like Withania somnifera [35], Hyptis suaveolens [36], Thymus fedtschenkoi [37], Ephedra
alata [38], Achillea biebersteinii [39], Rosmarinus officinalis [40,41], Mentha species [42—-45],
Matricaria chamomilla [46], and Cinnamomum species [47] have strong bioactive compounds
that are also used in traditional medicine. These substances are effective as both reducing
and capping agents, and often help to produce nanoparticles with good biological activity.

Many studies also focus on fruit-based extracts, such as those from strawberry [48],
Citrus sinensis [49], Citrus paradisi [50], and Morinda citrifolia [51]. Citrus fruits, in partic-
ular, contain ascorbic acid, citric acid, flavonoids, and limonoids, making them strong
reducing agents. Fruit peels and wastes, like those from Citrus reticulata [52] and hawthorn
berries [53], are popular in green synthesis because they are cheap, easy to find, and rich in
phenolic compounds.

Leaf extracts from plants such as Ageratum houstonianum [54], Hagenia abyssinica [55],
Catha edulis [56], Avicennia marina [57], and Malva sylvestris [58] are also commonly used.
They have high levels of chlorophyll, flavonoids, and polyphenols, which give them strong
reducing and stabilizing abilities. These extracts often produce nanoparticles with uniform
size distribution.

Non-edible plants and waste materials have also shown good results. For example,
extracts from Vaccinium waste [59], tamarind shell powder [60], and gum Arabic [61] shows
that agricultural byproducts are useful in nanoparticle synthesis.

2.3. Influence of Reaction Conditions

Nanoparticle properties depend on reaction factors such as pH, temperature, reaction
time, plant extract and concentration of the precursor. Although numerical data were
not provided in the reference text, general patterns were found throughout the literature
(Figure 2).

2.3.1. pH and Temperature

Most studies report that increasing pH facilitates the deprotonation of phenolic hy-
droxyl groups, thereby enhancing their electron-donating capacity. Moreover, higher
pH values typically yield smaller, more uniform nanoparticles with improved stability.
Similarly, higher temperature increases reaction kinetics and nucleation rates. Micro-
wave-assisted synthesis, as demonstrated in the study using Citrus sinensis extract [49],
substantially reduces reaction time by enabling rapid molecular heating and uniform en-
ergy distribution. Furthermore, the reaction temperature exerts a significant influence
on nanoparticle dimensions [62]. Usually when reaction temperature increases, larger
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CuO nanoparticles are formed. Thus, particle sizes can increase from 9-11 nm at lower
temperature to 1945 nm at higher temperature [63].
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time reaction time
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Figure 2. Effect of synthesis parameters on copper nanoparticle size. Created in BioRender.
Lungu, I. I. (2026).
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2.3.2. Influence of Reaction Time and Storage Stability

Reaction time represents a critical kinetic parameter during green synthesis, directly
influencing nucleation, growth, and aggregation processes. Shorter reaction times gener-
ally favor the formation of smaller nanoparticles due to limited crystal growth, whereas
prolonged reaction periods may promote particle enlargement or aggregation [64—66]. For
example, in the green synthesis using Ailanthus altissima, a reaction time of 4 h resulted
in smaller nanoparticles (5-20 nm), while extending the reaction to 16 h in the Allium
eriophyllum system led to larger particles (30-35 nm) [64,67]. These findings highlight the
time-dependent nature of nanoparticle growth dynamics.

In addition to reaction kinetics, nanoparticle stability over time (shelf life) is an im-
portant post-synthesis parameter that determines long-term performance. During storage,
nanoparticles may undergo aggregation, surface oxidation, or gradual structural modifica-
tion, particularly in systems lacking sufficient phytochemical capping. Colloidal stability is
closely related to surface charge, organic coating integrity, and environmental conditions.
Therefore, temporal stability must be considered separately from synthesis kinetics, as it
directly impacts reproducibility and practical applications of green-synthesized copper-
based nanomaterials.

2.3.3. Plant Extract and Precursor Concentration

The concentration of plant extract is important because it acts as both a reducing
and stabilizing (capping) agent in the production of CuO nanoparticles [28]. Berra and
colleagues showed that using a higher amount of plant extract increases the rate of copper-
ion reduction; this leads to the formation of more Cu and CuO nanoparticles. This happens
because the plant active metabolites are responsible for both reducing the copper ions and
keeping the nanoparticles stable [68].

The type of copper salt used as a precursor also affects the crystallinity, oxidation
state, and shape of the nanoparticles. For example, a study using Malva sylvestris extract
compared copper sulfate, copper nitrate, and copper acetate as precursors and found that
the resulting nanoparticles had different characteristics. The size of the CuO nanoparticles
varied between 19 and 26 nm, the smallest being obtained with copper sulfate. Nanopar-
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ticles synthesized from copper nitrate and copper chloride showed a higher degree of
crystallinity [58]. This observation highlights the importance of precursor selection for
designing nanoparticles with specific physicochemical properties.

2.4. Formation of Metallic vs. Oxide Nanoparticles

Under normal conditions, especially when exposed to air, copper nanoparticles tend
to oxidize easily, forming CuO or Cu,O. As a result, many studies report copper oxide
nanoparticles as the main product, with no detectable metallic copper, particularly when
longer reaction times or higher temperatures are used. For example, synthesis with Ephedra
alata extract mainly produced CuO nanoparticles [38], while Morinda citrifolia extract led to
CuO nanostructures with a higher crystallinity [51]. The formation of oxide nanoparticles is
often associated with improved photocatalytic and antimicrobial activity, because of higher
surface reactivity and the presence of oxygen vacancies [4,69].

3. Physicochemical Characterization and Confirmation of
Nanoparticle Formation

Literature shows that the formation of copper-based nanoparticles is commonly con-
firmed using several techniques that are complementary (Figure 3), including UV-Vis spec-
troscopy, FTIR, XRD, electron microscopy (scanning electron microscopy (SEM)/transmission
electron microscopy (TEM)), and dynamic light scattering or zeta potential analysis [70-73].
In plant-mediated synthesis, nanoparticles typically show a relatively narrow size range,
usually between 5-100 nm, with spherical or quasi-spherical shapes. These characteristics
are influenced by the reducing strength of the plant extracts and can conduct to different
biological activity of the resulting nanomaterials [74].

UV - Vis )
spectroscopy
SPR bands

/

Nanoparticles
[ confirmation

and optical
properties

, Physicochemical /Earticle o
“ Analysis of charact.enza.tlon ELL] / morphology SEM
XRD | crystalline cﬁ';::,".:::t'?ﬂ : i and surface TEM
phases e charge DLS

// Functional
group

analysis and
capping

Figure 3. Physicochemical characterization of copper-based nanoparticles.

3.1. UV-Vis Spectroscopy and Surface Plasmon Resonance

UV-Vis spectroscopy is usually the first technique used to confirm nanoparticle forma-
tion [73,75]. In green synthesis using Krameria sp. root extract, Alshammari and colleagues
observed a surface plasmon resonance (SPR) band between 406 and 410 nm during reaction
optimization. The strongest and sharpest peak appeared at 426 nm when 0.3 M CuSO4 was
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used, indicating the highest yield of copper nanoparticle formation [34]. The narrow shape
of this band suggests the presence of a uniform population of metallic Cu® nanoparticles.

In a Heliyon study using seedless date extract, authors reported a single SPR band at
576 nm for Cu/CuyO nanoparticles [71]. This shift toward longer wavelengths compared
with the Krameria system is related to a larger average particle size, around 78 nm as mea-
sured bydynamic light scattering (DLS). It also reflects the mixed Cu/CuyO composition
and possibly a thicker organic coating created by the extract. In both cases, the presence
of a single, well-defined band in the visible region supports the formation of nanoscale
copper materials rather than bulk copper.

Copper oxide nanoparticles often show SPR bands at shorter wavelengths, sometimes
in the UV region. For example, in the synthesis of CuO nanoparticles using Morinda citrifolia
leaf extract, Priya and co-authors reported a clear absorption band at 256 nm, which was
assigned to CuO nanoparticles [51]. The gradual increase in absorbance at this wavelength
during the first two hours was used to monitor reaction progress. This increase occurred
alongside a visible color change from pale green to dark brown, reflecting the continuous
formation and growth of CuO nanocrystallites.

Overall, plant-mediated synthesis can generate copper-based nanostructures exhibit-
ing absorption features across a broad spectral interval (=250-600 nm). However, these
features do not originate from a single plasmonic mechanism. The visible bands (~=400-600
nm) are associated with the localized surface plasmon resonance (LSPR) of metallic Cu
domains, whereas the UV absorption (~250-350 nm) is attributed to interband or band-gap
related transitions of Cu,O/CuO phases. Therefore, the broad spectral response reflects
phase heterogeneity (metallic and oxidized copper species) rather than size effects alone.

3.2. XRD Confirmation of Crystalline Phases

XRD analysis is commonly used to confirm the crystalline structure and phase compo-
sition of copper-based nanoparticles [76,77]. In a synthesis using date extract, Cu/Cu,O
nanoparticles showed diffraction peaks at values of 43.27°, 50.41°, and 74.17°. These peaks
correspond to the (111), (200), and (220) planes of face-centered cubic metallic copper, and
additional signals attributed to CuyO [71]. The presence of both metallic and oxide phases
is often observed when phenolic-rich extracts partially reduce Cu?* to Cu’, followed by
surface oxidation when exposed to air.

Similarly, Alshammari et al. reported that nanoparticles synthesized with Krameria
root extract displayed characteristic fcc copper reflections at the (111), (200), and (220)
planes [34]. Selected area electron diffraction (SAED) patterns confirmed their crystalline
nature and their distinctive planes. Based on Scherrer equation, crystallite sizes were
estimated to be in accordance with TEM measurements, indicating particle sizes of 5-8 nm.

In contrast, CuO nanoparticles synthesized using Morinda citrifolia leaf extract showed
XRD patterns characteristic of monoclinic CuO, with no detectable secondary phases or
impurities. The medium calculated crystallite size was 29 nm, which is close to particle
sizes observed using SEM and TEM. This agreement between XRD and microscopy is
important when we correlate structural features to biological performance. For example,
modest zones of inhibition can be explained by larger particle size and the presence of
oxidized forms compared with smaller metallic Cu nanoparticles [51].

More complex systems, including fucoidan-coated CuO or CuS nanostructures used
for anticancer or photothermal applications, also rely on XRD to confirm both the copper
phase and the presence of crystalline coatings or hybrid structures [78]. Structural features
identified using XRD, SEM and TEM can be further connected to the therapeutic efficacy
of nanoparticles.
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3.3. Particle Size, Morphology and Surface Charge

Images obtained with TEM and SEM are commonly used to determine nanoparticles
size and morphology [79-81]. In case of Krameria-derived Cu nanoparticles, TEM analysis
showed spherical to slightly oval particles, with sizes between 5.2-7.7 nm [34]. The very
small particle size is important, as these nanoparticles produced in vitro large inhibition
zones (up to 44 mm). Such behavior is sustained by the high surface-area-to-volume ratio,
which allows more effective interaction with microbial membrane.

TEM analysis of Cu/CuyO nanoparticles obtained with seedless date extract revealed
the presence of spherical nanoparticles. DLS measurements showed a mean hydrodynamic
diameter of 78 nm and a zeta potential of +41 mV [71]. Although the particle diameter
was relatively large, the high positive zeta potential suggests good colloidal stability and
indicates that can interact electrostatically with negatively charged bacterial membranes.

CuO nanoparticles synthesized using Morinda citrifolia extract showed mostly spherical
particles with a polydisperse size distribution between 20 and 50 nm, as observed by TEM.
SEM analysis indicated an average particle size of 29.2 nm [51]. Energy-dispersive X-ray
spectroscopy (EDX)results showed an elemental composition of approximately 65% Cu,
23% O, and 12% C. The carbon content is attributed to organic compounds from the plant
extract acting as capping agents. This organic layer plays an important role in colloidal
stability and influences the release of Cu?* ions in biological environments.

CuNPs synthesized using Falcaria vulgaris used for in vivo wound-healing study
were described as spherical nanoparticles with an average size of 20 nm [78,82]. This
intermediate particle size, together with the phytochemical coating from the plant extract,
was associated with strong antimicrobial and wound-healing effects. These included low
minimum inhibitory concentration (MIC) values and a significant increase in fibrocyte
counts observed in vivo (see Sections 4 and 5).

3.4. FTIR and Phytochemical Capping

FTIR analysis shows that polyphenols, flavonoids, and other phytochemicals are
involved in both the reduction and stabilization of copper nanoparticles [43,83-85]. In

1 was

the Krameria-based system, a strong and broad absorption band around 3422 cm™
assigned to O-H stretching vibrations of phenolic groups. Additional peaks at 2326 cm ™1,
attributed to C=N stretching, and around 1107 cm !, associated with N-H bending, were
also observed. These signals indicate that cyano- and amino-containing compounds from
plant extract bind to the surface of the Cu nanoparticles and act as stabilizing agents [34].

Similarly, in the synthesis using date extract, FTIR analysis showed carbonyl (C=0)
and hydroxyl (O-H) bands attributed to phenolic compounds. The authors linked these
groups to both the reduction of Cu?* to Cu” and the formation of an organic layer that
stabilizes the nanoparticles [71]. In the case of CuO nanoparticles synthesized with Morinda
citrifolia extract, FTIR spectra displayed characteristic Cu-O vibrations below 600 cm ™!,
together with bands associated with plant flavonoids and glycosides [51]. These findings
support the formation of hybrid inorganic-organic nanoparticles.

Overall, these spectroscopic results indicate that the same phytochemicals responsible
for antioxidant activity also influence particle size, surface charge, and interactions with
biological systems. This highlights a close link between plant chemistry, nanoparticle struc-
ture, and biological performance. To better illustrate these differences, Table 1 summarizes
key characterization parameters for representative green Cu and CuO nanoparticle systems
discussed in both in vitro and in vivo studies.
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Table 1. Selected examples of green-synthesized Cu/CuO nanoparticles and key physicochemi-
cal parameters.

System/Extract Nominal Phase SPR Band (nm) XRD Main Reflections Slze(f}gl;“ds/)s EM Zeta Potential Notable Features
Spherical/oval, very
Krameria sp. root . small size; strong SPR;
extract Mostly Cu® (fcc) o 3216;14;:) 42?;1m (111a1rz;3£2(§)f0 zéc(zczg) 5.2-7.7 nm (TEM) Not reported intense bioactivity
CuNPs [34] 4 p (antioxidant and
antimicrobial)
. Cu peaks at 78 nm Roughly spherical;
Séi‘iléis doaltf]’;s";‘ﬁt Cu® + Cu0 Single band at 20 = 43.27°, 5041°, hydrodynamic +41 mV highly stable colloid;
2 74.17° diameter (DLS) strong positive charge
. o . 20-50 nm (TEM); Spherical, polydisperse;
Morinda citrifolia leaf CuO (monoclinic) 256 nm CuO pattfzrn, average 29.2 nm mean Not reported EDX: Cu 65%, O 23%,
extract CuO NPs [51] crystallite ~29 nm o
(SEM) C12%
Strong antioxidant,
Falcaria vulgaris leaf Cu-based (likely Not specified Confirmed crystalline ~20 nm Not reported antifungal, antibacterial
extract CuNPs [78,82] Cu®/Cu,0) P by XRD (TEM/FE-SEM) P and wound-healing

activity

Copper precursors

Low biological activity

Antioxidant, antimicrobial, antifungal, cytotoxic activity

4. In Vitro Biological Activities of Plant-Mediated Cu-Based Nanoparticles

In vitro studies on green-synthesized Cu and CuO nanoparticles report a wide range
of biological effects, including antioxidant activity, antibacterial and antifungal action
antibiofilm effects, anticancer or cytotoxic responses, and modulation of cell viability in
non-malignant cells. The reported results depend strongly on factors such as nanoparticle
size, oxidation state, applied dose, and the nature of the phytochemical coating (Figure 4).

Green-synthesized

Plant extracts .
cooper nanoparticles

Key determinants of
enhanced
antimicrobial activity
of green-synthesized
copper nanoparticles;

High biological activity

Positive zeta
potential

Small
particle size

Figure 4. Biological activity of green-synthesized copper nanoparticles. Created in BioRender.
Lungu, I. I. (2026).

4.1. Antioxidant Activity and Radical Scavenging

Alshammari et al. evaluated the antioxidant activity of Cu nanoparticles synthesized
using Krameria root extract using 2,2-diphenyl-1-picrylhydrazyl radical scavenging assay
(DPPH) assay. At a concentration of 200 ug/mL, CuNPs showed a radical scavenging
activity of 83.81%, which was higher than that of the plant extract alone (76.02%) and
copper sulfate (42.78%) at the same concentration. Increasing the CulNP concentration
led to a significant rise in scavenging activity, from about 55% to over 83% [34]. These
results indicate that converting copper into a nanostructured form enhances the antioxidant
performance of the plant extract.
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In a similar study using Falcaria vulgaris extract, DPPH assays showed that CulNPs
exhibited antioxidant activity comparable to that of the standard antioxidant butylated
hydroxytoluene (BHT) [82]. The authors attributed this effect to the combined action
of the copper core and the plant-derived organic coating, which is rich in antioxidant
phytochemicals and supports redox-related activity.

CuO nanoparticles synthesized using Plumbago zeylanica leaf extract exhibited a half
maximal inhibitory concentration (ICsp) value of 123.77 £ 1.96 pug/mL, indicating moderate
radical scavenging activity. Lower ICs values, corresponding to stronger antioxidant poten-
tial, were reported for CuO nanoparticles synthesized with Bergenia ciliata (91.2 pg/mL) and
Tribulus terrestris (51.53 ug/mL), Ligustrum lucidum (63.45 pg/mL) and Capsicum frutescens
(40 ug/mL) extracts. Among the reported systems, CuO nanoparticles synthesized us-
ing Suaeda maritima (28.05 ug/mL) and Artemisia abyssinica (5.75 pg/mL) demonstrated
remarkably strong DPPH radical scavenging activity, comparable to that of conventional
antioxidants [86].

Another study evaluated the antioxidant activity of CuO nanoparticles synthesized
using different plant extracts compared to chemically synthesized CuO nanoparticles. The
antioxidant activity was evaluated using three complementary radical scavenging assays
(ABTS, DPPH and H;0;) allowing a multifaceted evaluation of antioxidant performance.
In all three assays, CuO nanoparticles obtained via green synthesis showed superior
antioxidant performance compared to those synthesized without plant extracts. Among the
plant-mediated samples, CuO nanoparticles synthesized using Tamarindus indica or Hibiscus
rosa-sinensis extracts exhibited the strongest antioxidant activity, with ICsq values close to
those of ascorbic acid (18-22 ug/mL) against all three free radicals, highlighting their high
hydrogen and electron donating capacity. Moderate antioxidant activity was observed for
CuO nanoparticles derived from Azadirachta indica, Murraya koenigii and Moringa oleifera
extracts, with ICsg values in the range of 25-40 pg/mlL. Data suggested that plant-capped
nanoparticles are more efficient in scavenging H,O, and DPPH radicals than ABTS radicals.
In contrast, chemically synthesized CuO nanoparticles without the involvement of plant
extracts exhibited the highest IC5) values in all assays (38-54 pg/mL), demonstrating a
lower antioxidant activity [87].

An in vivo study conducted in a rat model demonstrated that orally administered CuO
nanoparticles (50 nm, 100 mg/kg/day for two weeks) induced marked hepatic oxidative
stress, elevated liver enzymes, inflammatory response (TNF-« upregulation), and activation
of apoptotic pathways, including increased caspase-3 expression. Histopathological exami-
nation confirmed liver injury and DNA fragmentation. These findings support the intrinsic
pro-oxidant and hepatotoxic potential of CuO nanoparticles in biological systems [88]. In
non-capped systems, CuO nanoparticles tend to promote reactive oxygen species (ROS)
generation through surface redox cycling and Cu?* ion release, leading to oxidative stress.
However, when copper-based nanoparticles are synthesized via green routes and capped
with plant-derived phytochemicals, they may shift the balance between pro-oxidant and
antioxidant surface-mediated reactions. Polyphenolic compounds present on the nanopar-
ticle surface can donate electrons, scavenge free radicals, and chelate copper ions, thereby
influencing surface charge transfer processes and limiting uncontrolled ROS amplification.

4.2. Antibacterial and Antifungal Activity In Vitro

A substantial number of studies show that plant-derived Cu nanoparticles have strong
antibacterial and antifungal activity, although the reported effects vary widely. The Krameria,
Morinda, and Falcaria systems allow a direct quantitative comparison of this activity.

In the Krameria extract-based study, disc and well diffusion assays performed on
Mueller-Hinton agar revealed very large inhibition zones for biosynthesized CulNPs
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against drug-resistant Staphylococcus aureus and Escherichia coli. At a CuNP concentra-
tion of 256 ng/mL, inhibition zones reached 43.4 mm for E. coli and 44.1 mm for S. aureus.
These values were comparable to those obtained with chloramphenicol (30 ug/mL), which
produced a zone of 46.2 mm and served as the positive control. In contrast, the Krameria
root extract alone showed much weaker activity. At an MIC of 128 pug/mL, inhibition zones
were only 4.7 mm for E. coli and 1.5 mm for S. aureus. This highlights the strong enhance-
ment of antibacterial activity achieved when copper is incorporated into nanoparticles. The
study demonstrated that significant antibacterial activity was achieved at concentrations as
low as 32 pg/mL, indicating that effective biological activity occurs below 0.1 mg/mL [34].

The same Krameria CuNPs were tested against plant-pathogenic fungi (Alternaria
alternata and Fusarium oxysporum). The plant extract (80 ng/mL) yielded inhibition zones
between 9-11 mm against A. alternata and F. oxysporum. In contrast, CuNPs generated
larger inhibition zones even at low concentrations (10-20 pg/mL) and showed statistically
significant antifungal activity compared with both the plant extract and fluconazole. At
high concentration (160 ng/mL), however, the difference in antifungal activity between
Krameria CuNPs and extract was no longer significant. This effect may be due to saturation
of the local environment or limitations in nanoparticle diffusion [34].

CuO nanoparticles synthesized using Morinda citrifolia extract showed also consistent
antibacterial and antifungal activity. When tested at a dose of 25 pL of CuO nanoparticle
suspension, inhibition zones were 13.6 & 1.1 mm for Bacillus subtilis, 13.2 £ 0.2 mm for
Staphylococcus aureus, and 13.1 &£ 1.2 mm for Escherichia coli [51]. Antifungal activity was
slightly higher, with inhibition zones of 13.1 & 1.1 mm for Aspergillus flavus, 14.7 £ 0.7 mm
for A. niger, and 16.2 £ 1.4 mm for Penicillium frequentans, the latter being comparable to
fluconazole activity. The observation that antifungal effects matched or, in some cases,
exceeded antibacterial effects can be explained by differences in fungal cell structure. Fungal
spores and hyphae possess a larger surface area and a more complex, polysaccharide-rich
cell wall composed primarily of chitin, 3-glucans, and mannoproteins. These components
provide multiple binding sites for CuO nanoparticles, facilitating enhanced adhesion,
accumulation, and nanoparticle penetration [51].

In the Falcaria vulgaris system, antibacterial and antifungal activity was evaluatedus-
ing minimum inhibitory concentration/minimum bactericidal concentration (MIC/MBC)
and minimum inhibitory concentration/minimum fungicidal concentration (MIC/MEFC)
assays. Copper nanoparticles inhibited fungal growth at concentrations of 2-4 mg/mL and
showed fungicidal effects at 4-8 mg/mL against Candida albicans, C. glabrata, C. krusei and
C. guilliermondii. CuNPs exhibited the lowest MIC and MBC values across all tested strains,
confirming their superior antibacterial potency. For Gram-negative bacteria, MIC values
of CulNPs were 8 mg/mL for Salmonella typhimurium and Escherichia coli, and 4 mg/mL
for Pseudomonas aeruginosa, while corresponding MBC values ranged from 8 to 16 mg/mL.
Among Gram-positive bacteria, CuNPs showed even greater efficacy, with MIC values of
4 mg/mL for Staphylococcus aureus and 2 mg/mL for both Streptococcus pneumoniae and
Bacillus subtilis, and MBC values between 4 and 8 mg/mL [82]. These results indicate a
higher sensitivity of Gram-positive bacteria to CulNPs.

In contrast, the F. vulgaris extract exhibited moderate antifungal and antibacterial
activity, with values generally two-fold higher than those of CuNPs. While ionic copper
possesses inherent antifungal and antibacterial properties (weak antibacterial and antifun-
gal performance of CuSOy), its effectiveness requires substantially higher concentrations
compared to CuNPs [82]. Although these concentrations are higher than levels reported
in other studies, they reflect that Falcaria-derived copper nanoparticles have potential as
multifunctional topical agents.
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The data indicate that small, metallic-rich Cu nanoparticles (5-8 nm), can produce
inhibition zones comparable to antibiotics at concentrations in the tens to hundreds of
ug/mL. In contrast, larger CuO nanoparticles (20-50 nm) typically generate moderate inhi-
bition zones at similar volumetric doses [34,51,82]. These results suggest that antimicrobial
potency is jointly influenced by particle size and the composition of the plant-derived
surface coating. Results of antibacterial and antifungal activity are summarized in Table 2.

Table 2. Summary of antimicrobial activities of plant-derived copper-based nanoparticles.

System/Extract and Target

Assay and Conditions

Key Quantitative Outcome

Interpretation

Krameria CulNPs vs.
S. aureus, E. coli [34]

Well diffusion on
Mueller-Hinton agar; CuNPs
1-256 ug/mL; chloramphenicol
30 pg/mL

At 256 ug/mL CuNPs: 44.1 mm
(S. aureus), 43.4 mm (E. coli);
chloramphenicol 46.2 mm.
Extract MIC 128 pg/mL gave zones
1.5 mm (S. aureus), 4.7 mm
(E. coli).

CuNPs essentially match a
broad-spectrum antibiotic in zone size
at sub-mg/mL concentrations; extract

alone is far less active.

Krameria CuNPs vs.
A. alternata,
F. oxysporum [34]

Agar well diffusion; CuNPs
10-160 ug/mL;
fluconazole control

Extract zones: 13 mm
(A. alternata), 11 mm (F. oxysporum).
CuNPs significantly higher zones at
10-20 pg/mL; significance vs.
extract lost at 160 pug/mL.

Low-dose CuNPs outperform extract
and reach activity comparable to
fluconazole for A. alternata;
concentration-response not strictly
linear at high doses.

Morinda citrifolia CuO vs.
bacteria [51]

Moderate antibacterial activity; less
dramatic than Krameria system, likely
due to larger particle size (20-50 nm)

and oxide state (CuO).

At 25 pL: zones 13.6 = 1.1 mm
(B. subtilis), 13.2 + 0.2 mm
(S. aureus), 13.1 = 1.2 mm (E. coli).

Well diffusion; CuO NPs
15-25 uL; streptomycin control

Morinda citrifolia CuO vs.
fungi [51]

Zones: 13.1 £ 1.1 mm (A. flavus),
14.7 + 0.7 mm (A. niger),
16.2 £ 1.4 mm (P. frequentans); A.
niger zone similar to fluconazole.

CuO NPs more potent against fungi
than bacteria; comparable to
fluconazole for A. niger, indicating
potential as antifungal agents.

Well diffusion; CuO NPs
15-25 uL; fluconazole control

Falcaria vulgaris CuNPs vs.
mixed bacteria [82]

Broad-spectrum antibacterial activity,
albeit at higher mg/mL doses, likely
reflecting high organic content and
partially aggregated dispersions.

MIC/MBC; various
bacterial strains

MIC 2-8 mg/mL; MBC
4-16 mg/mL.

Falcaria vulgaris CuNPs vs.
fungi [82]

Strong antifungal activity with similar
or slightly lower MIC/MFC than for
bacteria, consistent with observed
wound infection control in vivo.

MIC/MEC; various

fungal strains MIC 2-4 mg/mL; MFC 4-8 mg/mL.

4.3. Cytotoxicity and Anticancer Effects In Vitro

Several plant-derived copper-based nanomaterials have shown selective anticancer
activity while maintaining low toxicity toward non-malignant cells, although the effective
concentrations vary considerably between systems.

Zangeneh et al. investigated Cu nanoparticles synthesized using Falcaria vulgaris ex-
tract and evaluated their effects on human umbilical vein endothelial cells (HUVECs). The
authors reported high cell viability in a dose-dependent manner, with no detectable cytotox-
icity even at the highest tested concentrations (1 mg/mL), suggesting good biocompatibility
with normal vascular cells [82].

At the same time, these CulNPs exhibited strong cytotoxic effects against cancer cell
lines. In the Thymus fedtschenkoi system, Dehnoee et al. reported pronounced and se-
lective growth inhibition of multiple human lung cancer cell lines by biosynthesized
CuNPs, with ICsg values of 173 & 3 pg/mL for NCI-H661, 250 + 7 pg/mL for NCI-H1975,
142 + 5 pg/mL for NCI-H1573, and 115 + 7 pg/mL for NCI-H1563. In contrast, no cyto-
toxic effect was observed toward normal human umbilical vein endothelial cells (HUVECS),
even at concentrations up to 1000 pg/mL, indicating a cancer—cell selectivity [37].

A broader perspective is provided by the review of WoZniak-Budych and co-workers,
which summarized multiple CuO and CuS-based theranostic nanoformulations for can-
cer therapy. For instance, CuS nanoparticles loaded with doxorubicin achieved nearly
68% tumour inhibition in an Ehrlich ascites carcinoma mouse model under near-infrared
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irradiation, highlighting the synergy between copper-based nanostructures, photothermal
effects and drug delivery [78]. Although these systems are not strictly plant-mediated, they
demonstrate the strong therapeutic potential of copper nano-architectures.

Overall, these studies emphasize that copper nanoparticles should not be viewed
as single materials. The need to consider nanoparticles as integrated systems is broadly
applicable to metal and metal-oxide nanomaterials, particularly those exhibiting redox
activity and ion release (e.g., iron oxides, zinc oxide, silver nanoparticles). Copper-based
nanoparticles represent a representative example of this complexity due to their dynamic
oxidation-state interconversion and surface redox processes. Accordingly, factors such
as plant source, particle size and phase, and surface chemistry play a decisive role in
determining whether copper based nanomaterials exhibit antimicrobial, antioxidant or
anticancer activity in vitro.

5. In Vivo Biological Effects of Plant-Mediated Cu-Based Nanoparticles

In vivo studies reported in the selected articles and related literature mainly address
wound healing, anti-infective applications, anticancer effects, and plant growth promo-
tion. The most detailed quantitative data are often obtained from hybrid CuNP systems,
where plant-derived copper nanoparticles are combined with therapeutic agents such
as phenytoin.

5.1. Cutaneous Wound Healing and Infection Control

One of the most comprehensive in vivo evaluations of copper nanoparticles synthe-
sized using Falcaria vulgaris was reported by Zangeneh et al. [82]. In this study, full-thickness
skin wounds were induced in rats, which were then treated for 10 days with 0.2% CuSOy
ointment, 0.2% F. vulgaris extract ointment, 3% tetracycline ointment or 0.2% CuNP oint-
ment. The 0.2% CuNP ointment-treated group showed a statistically significant enhance-
ment in wound healing compared to all other groups. Histological and biochemical analyses
revealed accelerated wound contraction, increased angiogenesis, and elevated levels of
extracellular matrix components, including hydroxyproline, hexosamine, and hexuronic
acid. In parallel, CuNP treatment significantly reduced wound area and inflammatory cell
infiltration, particularly neutrophils and lymphocytes, while increasing fibrocyte/ fibroblast
ratio reflecting progression from proliferative to remodeling phases of healing. F. vulgaris-
derived CuNPs markedly promote tissue regeneration and modulate inflammation more
effectively than the plant extract, CuSOy, or conventional antibiotic treatment [82].

A systematic review by WoZniak-Budych et al. further emphasized the relevance of
the Falcaria vulgaris-based CuNP. The authors reported that ~20 nm CuNPs capped with
Falcaria extract effectively disinfected wounds in rats and promoted the healing process [78].
Increases in fibrocyte numbers and in the fibrocyte-to-fibroblast ratio reflected enhanced
extracellular matrix deposition and tissue remodeling. The same review highlights that
larger CuNPs (~80 nm) accelerated blood vessel formation and wound closure in rat
skin. Importantly, no changes were observed in serumalanine aminotransferase (ALT) and
alkaline phosphatase (ALP), albumin, or total protein levels over 3-21 days of treatment,
supporting the systemic safety of topical CuNP application [78].

Another example linking plant-mediated copper nanotechnology to wound healing
involves phenytoin-loaded CuNPs synthesized using licorice extract. In a rat excisional
wound model, Saddik et al. showed that this nanoformulation improved wound con-
traction, re-epithelialization, dense collagen deposition and reduced inflammatory cell
infiltration compared with phenytoin alone, CuNPs alone, or base ointment. Notably,
phenytoin-loaded CuNPs induced an approximately tenfold increase in procollagen type I
expression, which is a key indicator of effective wound healing [89].

https:/ /doi.org/10.3390/antiox15030339


https://doi.org/10.3390/antiox15030339

Antioxidants 2026, 15, 339

14 of 21

Several additional plant-derived copper nanoparticle systems, such as those based on
Allium eriophyllum and Artemisia annua, have also been reported to enhance skin wound
or burn healing. Overall, studies emphasize that green-synthesized CuNPs generally
promote faster wound closure and improved infection control compared with conventional
treatments, without causing significant systemic toxicity [22].

5.2. In Vivo Antimicrobial and Wound-Related Infection Outcomes

The antimicrobial MIC and MBC values reported for Falcaria vulgaris-derived CulNPs
(see Section 4.2) were reflected in effective infection control in the in vivo wound model.
Zangeneh et al. showed that wounds treated with CuNP ointment had significantly lower
bacterial and fungal loads than all other treatment groups [82]. This outcome indicates not
only direct antimicrobial activity but also improved barrier function, likely resulted from
faster re-epithelialization. Importantly, these findings demonstrate that the nanoparticles
remain effective in the complex wound environment and not only under in vitro conditions.

A review by Sandoval et al. (2022) [90] further supports the clinical relevance of
copper-based wound dressings. The review analyzed several chronic wound models and
concluded that copper-containing dressings consistently achieved higher wound closure
rates at days 14 and 21 compared with standard treatments. Reported closure values
were often in the range of 60-80%), compared with 30-50% for conventional dressings in
diabetic and infected wound models. Many of these systems used Cu or CuO nanoparticles
loaded-polymeric matrices, frequently incorporated plant-derived capping agents [90].

5.3. In Vivo Anticancer and Systemic Effects

Most in vivo anticancer studies in copper nanotechnology use chemically synthesized
Cu, CuO, or CuS nanoparticles. In addition, plant-mediated systems included in this
review, such as Thymus fedtschenkoi- and Acroptilon repens-derived CuNPs, are specifically
developed with potential applications in translational oncology [37].

In vivo anticancer studies involving copper-based nanomaterials, including CuS
nanoparticles used for photothermal therapy and copper nanoparticles functionalized
with chrysin as radiosensitizers. In an Ehrlich tumour mouse model, a CuS-based thera-
nostic system combined with near-infrared laser irradiation (808 nm, 1 W/cm?) achieved
tumour inhibition of approximately 68% within five days of treatment [78].

Copper nanoformulations have also shown promising effects in pancreatic cancer
models. Histological and apoptotic analyses of excised tumors showed a markedly higher
number of apoptotic tumor-initiating cells in mice treated with CuO nanoparticles com-
pared with untreated controls and reduced overall tumor size. These results demonstrate
that CuO-NPs suppress pancreatic tumor growth by inducing apoptosis in cancer stem-like
cells that are typically resistant to therapy [91].

Taken together, these findings suggest that copper nanoparticles may extend beyond
topical and antimicrobial applications toward systemic anticancer therapy. However, care-
ful toxicological evaluation, including studies on biodistribution and long-term copper
accumulation, remains essential before further clinical translation.

5.4. Copper Nanoparticles and Plant Physiology In Vivo

Several studies examined the effects of Cu nanoparticles on plant physiology, particu-
larly under abiotic stress conditions. For instance, biogenic CuNPs produced by Klebsiella
pneumoniae NST2 were shown to reduce salt stress in maize by improving oxidative re-
pair processes and lowering Na* accumulation [92]. In maize exposed to drought stress,
CuNP treatment also led to improved growth parameters and higher grain yield compared
with untreated plants [93]. Moderate doses of CuNPs enhance plant performance under
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stress, whereas excessive copper, whether ionic or nanoparticulate, results in phytotoxic
effects [22].

Similar effects have been reported in horticultural systems. Copper and copper oxide
nanoparticles synthesized using different plant extracts have been applied to control fungal
pathogens, including Fusarium and Colletotrichum. Foliar or soil application of copper
nanoparticles significantly reduced the severity and incidence of Fusarium oxysporum
infection in Solanum lycopersicum, with reductions in disease symptoms of more than 65%
relative to controls. Nanoparticles treated plants were associated with improvements of
plant vigour, including increased chlorophyll content and growth metrics [94,95]. Extract-
based copper nanoparticles were also able to promote seed germination, early seedling
growth, increased chlorophyll content, and detoxification enzyme activity, while also
demonstrating efficient copper uptake. Examples include studies based on Avicennia marina
and Catha edulis [56,57]. Taken together, these studies highlight the dual role of copper
nanoparticles as both micronutrients and fungicidal agents.

Table 3 summarizes the available in vivo data and highlights plant-mediated copper
systems within the broader field of copper nanomedicine.

Table 3. Representative in vivo effects of copper-based nanoparticles relevant to plant-mediated systems.

System/Model . Dose/‘ Duration Key Quantitative or Semi-Quantitative Reference
ormulation Outcomes
CuNPs significantly increased wound
contracture, vessel count, hexosamine,
o . hydroxyproline, hexuronic acid, fibrocytes
Falcaria vulgaris g%é‘; 8&1;(1; Og‘;g:enfa‘r’lst' and fibrocyte/fibroblast ratio (p < 0.01);
CuNP ointment in rat ;<tr ¢ 3% 4t/ t1‘~ plin 10 days topical significantly reduced wound area, total 182]
full-thickness ¢ b ack a © tacy;: d < treatment cells, neutrophils, lymphocytes vs. all other
skin wounds ase, ignt?(zll;ea ¢ groups; MIC 2-8 mg/mL and MBC 4-16
mg/mL against bacteria; MIC 24 mg/mL
and MFC 4-8 mg/mL against
fungi in vitro.
Faster wound closure vs. controls (often
Topical CuNPs in rat CulNPs ~20-80 nm 60-80% vs. 30-50% closure at day 14);
wound models embedded in hydrogels Typically 14-21 days enhanced angiogenesis; no significant [78]
(review summary) or ointments changes in liver function markers (ALT,
ALP, albumin, total protein).
Enhanced wound contraction and
Phenytoin-loaded Phenytoin-loaded CuNP Studv duration not full re-epithelialization; improved histological
CuNPs ointment vs. phenytoin Ve fied in abstract y architecture; reduced inflammatory 89]
(licorice-based) in rat alone, CulNPs alone, spec11 1€ d 1n abstrac infiltration compared with all comparators;
excisional wounds and base (multi-day course) CuNPs also demonstrated antioxidant and
antimicrobial effects in vitro.
Significant growth inhibition of NCI-H661,
Thymus-fedtschenkoi CuNPs; in vitro data: NCIc_;lcgezsl’irIiglr_s i?lzgltclilccl_eléiSf 2r11ung
: iability i i ! R 37
CUNPs: hung cancer HUVEC viability infactup - Invitro exposie 11;yCy up o 1000 g /mi. suzgesting (7]
broad safety margin in
non-malignant endothelial cells.
Copper-based
photothermal CuS nanoparticles Tumour inhibition rate ~68% in treated
nanoformulation combined with 54 tiniecti mice; mechanism involves photothermal (78]
(CuS + doxorubicin) doxorubicin; 808 nm laser ays postmection hyperthermia and
in Ehrlich irradiation, 1.0 W/cm? chemotherapeutic release.
tumour-bearing mice
In infected or diabetic wounds,
Cu-containing dressings showed higher %
CuNPs in chronic Various CuNP- wound closure at day 14 and 21 (often
wound healing Typically 14-21 days 60-80%) compared with conventional [90]

(systematic review) containing dressings dressings (30-50%); improved granulation
and epithelialization reported

across multiple models.
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Taken together, the in vivo findings point to three main conclusions. First, plant-
mediated copper nanoparticles can significantly accelerate wound healing while effectively
reducing bacterial and fungal load, as reflected by changes in biochemical markers of extra-
cellular matrix formation and inflammation. Second, when applied at therapeutic doses in
skin and tumor models, CuNPs can be designed to minimize systemic toxicity. This is sup-
ported by stable liver function parameters and the preserved viability of normal cells, such
as HUVECs. Third, anticancer applications represent a growing area of interest, particularly
when CuNPs are combined with photothermal or chemotherapeutic approaches.

6. Conclusions

From a synthesis perspective, plant-mediated routes offer a simple and versatile
strategy in which reduction, stabilization, and capping occur simultaneously, without
the need for toxic reagents. Across the reviewed studies, small size copper nanoparticles
typically exhibited stronger antimicrobial and antioxidant effects, whereas the larger ones
showed moderate bioactivity, particularly in antifungal and photocatalytic applications.
FTIR and EDX analyses further demonstrate that phytochemical capping is not a passive
feature but a critical determinant of colloidal stability, surface charge, and ion release
behavior in biological environments.

Green-synthesized Cu and CuO nanoparticles consistently show strong antimicrobial,
antioxidant, wound-healing, and selective anticancer activity. These effects are closely related
to nanoparticle size, oxidation state, and the presence of phytochemical surface coatings,
indicating that plant metabolites actively influence both physicochemical properties and
biological behavior. The strongest in vivo evidence is currently available for topical and
regenerative applications, particularly wound healing and infection control, where plant-
derived copper nanoparticles achieve outcomes comparable to conventional treatments.

However, several open questions remain. First, reproducibility and standardization
represent major challenges, as plant extracts vary significantly depending on species,
cultivation conditions, seasonality and extraction protocols. Future efforts should focus on
phytochemical profiling and quantitative standardization of extracts to enable better cross-
study comparison. Second, mechanistic understanding of nanoparticle—cell interactions
remains incomplete, particularly regarding cellular uptake, copper ion release kinetics,
redox modulation pathways, and long-term cellular responses.

Further research should also address comprehensive toxicological evaluation, includ-
ing biodistribution, chronic exposure, accumulation in organs, and potential genotoxic or
immunomodulatory effects. The development of clear structure-activity relationships that
correlate nanoparticle size, crystalline phase, surface chemistry, and biological effects is
essential for designing copper-based nanomaterials.

Furthermore, plant-mediated copper nanoparticles could be incorporated into mul-
tifunctional systems such as polymeric wound dressings, hydrogels, targeted anticancer
systems, antimicrobial coatings, electrospun nanofibrous scaffolds, bone-regenerative com-
posites, biosensing devices or formulations aimed for plant protection in agriculture. Com-
bining green synthesis approaches with advanced nanofabrication techniques and mech-
anistic biological studies will be critical for moving these materials from experimental
research toward practical biomedical and technological applications.
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The following abbreviations are used in this manuscript:

CuNPs Copper nanoparticles

CuONPs Copper oxide nanoparticles
SPR Surface Plasmon Resonance
UV-Vis Ultraviolet-Visible spectroscopy

FTIR Fourier Transform Infrared spectroscopy
XRD X-ray Diffraction

SEM Scanning Electron Microscopy

TEM Transmission Electron Microscopy

EDX Energy-Dispersive X-ray Spectroscopy
DLS Dynamic Light Scattering

MIC Minimum Inhibitory Concentration
MBC Minimum Bactericidal Concentration
MEC Minimum Fungicidal Concentration
1Cs Half Maximal Inhibitory Concentration
DPPH 2,2-Diphenyl-1-picrylhydrazyl

SAED Selected Area Electron Diffraction
HUVECs Human Umbilical Vein Endothelial Cells
ALT Alanine Aminotransferase

ALP Alkaline Phosphatase

ROS Reactive Oxygen Species

References

1.

Vodyashkin, A.; Stoinova, A.; Kezimana, P. Promising Biomedical Systems Based on Copper Nanoparticles: Synthesis, Characteri-
zation, and Applications. Colloids Surf. B Biointerfaces 2024, 237, 113861. [CrossRef]

Raju, S.K.; Karunakaran, A.; Kumar, S.; Sekar, P.; Murugesan, M.; Karthikeyan, M. Biogenic Synthesis of Copper Nanoparticles
and Their Biological Applications: An Overview. Int. ]. Pharm. Pharm. Sci. 2022, 14, 8-26. [CrossRef]

Chakraborty, N.; Banerjee, J.; Chakraborty, P.; Banerjee, A.; Chanda, S.; Ray, K.; Acharya, K.; Sarkar, J. Green Synthesis of
Copper/Copper Oxide Nanoparticles and Their Applications: A Review. Green Chem. Lett. Rev. 2022, 15, 187-215. [CrossRef]
Gebreslassie, Y.T.; Gebremeskel, EG. Green and Cost-Effective Biofabrication of Copper Oxide Nanoparticles: Exploring Antimi-
crobial and Anticancer Applications. Biotechnol. Rep. 2024, 41, e00828. [CrossRef] [PubMed]

Ladomersky, E.; Petris, M.]. Copper Tolerance and Virulence in Bacteria. Metallomics 2015, 7, 957-964. [CrossRef]

Rani, A.; Sharma, J.; Sangwan, G.; Prasad, S. Copper Complexes and Its Role in Biological Activity. Asian . Chem. 2024, 36,
2705-2716. [CrossRef]

Krasnovskaya, O.; Naumov, A.; Guk, D.; Gorelkin, P.; Erofeev, A.; Beloglazkina, E.; Majouga, A. Copper Coordination Compounds
as Biologically Active Agents. Int. ]. Mol. Sci. 2020, 21, 3965. [CrossRef]

Crisan, M.C.; Teodora, M.; Lucian, M. Copper Nanoparticles: Synthesis and Characterization, Physiology, Toxicity and Antimicro-
bial Applications. Appl. Sci. 2021, 12, 141. [CrossRef]

https:/ /doi.org/10.3390/antiox15030339


https://doi.org/10.1016/j.colsurfb.2024.113861
https://doi.org/10.22159/ijpps.2022v14i3.43842
https://doi.org/10.1080/17518253.2022.2025916
https://doi.org/10.1016/j.btre.2024.e00828
https://www.ncbi.nlm.nih.gov/pubmed/38312482
https://doi.org/10.1039/C4MT00327F
https://doi.org/10.14233/ajchem.2024.32584
https://doi.org/10.3390/ijms21113965
https://doi.org/10.3390/app12010141
https://doi.org/10.3390/antiox15030339

Antioxidants 2026, 15, 339 18 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Harishchandra, B.D.; Pappuswamy, M.; Pu, A.; Shama, G.; A, P.; Arumugam, V.A.; Periyaswamy, T.; Sundaram, R. Copper
Nanoparticles: A Review on Synthesis, Characterization and Applications. Asian Pac. |. Cancer Biol. 2020, 5, 201-210. [CrossRef]
Bhagat, M.; Anand, R.; Sharma, P.; Rajput, P.; Sharma, N.; Singh, K. Review—Multifunctional Copper Nanoparticles: Synthesis
and Applications. ECS J. Solid State Sci. Technol. 2021, 10, 063011. [CrossRef]

Ying, S.; Guan, Z.; Ofoegbu, P.C.; Clubb, P.; Rico, C.; He, E; Hong, ]J. Green Synthesis of Nanoparticles: Current Developments
and Limitations. Environ. Technol. Innov. 2022, 26, 102336. [CrossRef]

Siddigi, K.S.; Husen, A. Current Status of Plant Metabolite-Based Fabrication of Copper/Copper Oxide Nanoparticles and Their
Applications: A Review. Biomater. Res. 2020, 24, 11. [CrossRef]

Antonio-Pérez, A.; Durdn-Armenta, L.E; Pérez-Loredo, M.G.; Torres-Huerta, A.L. Biosynthesis of Copper Nanoparticles with
Medicinal Plants Extracts: From Extraction Methods to Applications. Micromachines 2023, 14, 1882. [CrossRef]

Singh, D.; Jain, D.; Rajpurohit, D.; Jat, G.; Kushwaha, H.S.; Singh, A.; Mohanty, S.R.; Al-Sadoon, M.K; Zaman, W.; Upadhyay, S.K.
Bacteria Assisted Green Synthesis of Copper Oxide Nanoparticles and Their Potential Applications as Antimicrobial Agents and
Plant Growth Stimulants. Front. Chem. 2023, 11, 1154128. [CrossRef]

Noor, S.; Shah, Z.; Javed, A.; Ali, A.; Hussain, S.B.; Zafar, S.; Ali, H.; Muhammad, S.A. A Fungal Based Synthesis Method for
Copper Nanoparticles with the Determination of Anticancer, Antidiabetic and Antibacterial Activities. J. Microbiol. Methods 2020,
174, 105966. [CrossRef]

Nasri, N.; Mansouri-Tehrani, H.-A.; Dini, G.; Keyhanfar, M. Synthesis of Alga-Coated Copper Oxide Nanoparticles with Potential
Applications in Shrimp Farming. Fish. Shellfish. Immunol. 2024, 151, 109754. [CrossRef]

Assefa, E.T.; Shumi, G.; Gendo, K.M.; Kenasa, G.; Roba, N. Review on green synthesis, characterization, and antibacterial activity
of CuO nanoparticles using biomolecules of plant extract. Results Chem. 2024, 8, 101606. [CrossRef]

Jha, S.K; Jha, A. Plant Extract Mediated Synthesis of Metal Nanoparticles, Their Characterization and Applications: A Green
Approach. Curr. Green Chem. 2021, 8, 185-202. [CrossRef]

Guo, Y;; Xu, Y.; Bao, Q.; Shen, C.; Ni, D.; Hu, P; Shi, ]. Endogenous Copper for Nanocatalytic Oxidative Damage and Self-Protection
Pathway Breakage of Cancer. ACS Nano 2021, 15, 16286-16297. [CrossRef] [PubMed]

Vincent, J.; Lau, K.S.; Evyan, Y.C.-Y,; Chin, S.X,; Sillanp&&, M.; Chia, C.H. Biogenic Synthesis of Copper-Based Nanomaterials
Using Plant Extracts and Their Applications: Current and Future Directions. Nanomaterials 2022, 12, 3312. [CrossRef] [PubMed]
Banger, A.; Kumari, A.; Jangid, N.K,; Jadoun, S.; Srivastava, A.; Srivastava, M. A Review on Green Synthesis and Characterisation
of Copper Nanoparticles Using Plant Extracts for Biological Applications. Environ. Technol. Rev. 2025, 14, 94-126. [CrossRef]
Letchumanan, D.; Sok, S.PM.; Ibrahim, S.; Nagoor, N.H.; Arshad, N.M. Plant-Based Biosynthesis of Copper/Copper Oxide
Nanoparticles: An Update on Their Applications in Biomedicine, Mechanisms, and Toxicity. Biomolecules 2021, 11, 564. [CrossRef]
Ameta, RK; Malik, P.,; Korgaokar, S.; Vanzara, P.; Soni, K. Contemporary Advances in the Plant Resources Mediated Synthesis
of Copper Oxide Nanoparticles: Insights on Structure-Function-Workability Understanding. Plant Nano Biol. 2024, 7, 100065.
[CrossRef]

Dhir, S.; Verma, R.; Bhatt, S.; Garg, V.; Dutt, R. Green Synthesis, Characterization, and Biomedical Applications of Copper and
Copper Oxide Nanoparticles of Plant Origin. Curr. Drug Ther. 2023, 18, 391-406. [CrossRef]

Dey, A.; Manna, S.; Chattopadhyay, S.; Mondal, D.; Chattopadhyay, D.; Raj, A.; Das, S.; Bag, B.G.; Roy, S. Azadirachta Indica
Leaves Mediated Green Synthesized Copper Oxide Nanoparticles Induce Apoptosis through Activation of TNF-« and Caspases
Signaling Pathway against Cancer Cells. J. Saudi Chem. Soc. 2019, 23, 222-238. [CrossRef]

Matei, A.; Craciun, G.; Romanitan, C.; Pachiu, C.; Tucureanu, V. Biosynthesis and Characterization of Copper Oxide Nanoparticles.
Eng. Proc. 2023, 37, 54.

Tatar, D.K,; Jha, ].M. Biosynthesis and Characterization of CuO Nanoparticles Using Mehandi and Neem Leaf Extract and Its
Relevance as a Nanofluid for Heat Transfer. . Cryst. Growth 2023, 605, 127063. [CrossRef]

Cuong, H.N.; Pansambal, S.; Ghotekar, S.; Oza, R.; Thanh Hai, N.T.; Viet, N.M.; Nguyen, V.-H. New Frontiers in the Plant Extract
Mediated Biosynthesis of Copper Oxide (CuO) Nanoparticles and Their Potential Applications: A Review. Environ. Res. 2022,
203, 111858. [CrossRef]

Din, M.I; Arshad, F,; Hussain, Z.; Mukhtar, M. Green Adeptness in the Synthesis and Stabilization of Copper Nanoparticles:
Catalytic, Antibacterial, Cytotoxicity, and Antioxidant Activities. Nanoscale Res. Lett. 2017, 12, 638. [CrossRef]

Ginting, B.; Maulana, I.; Karnila, I. Biosynthesis Copper Nanoparticles Using Blumea Balsamifera Leaf Extracts: Characterization of
Its Antioxidant and Cytotoxicity Activities. Surf. Interfaces 2020, 21, 100799. [CrossRef]

Das, PE.; Abu-Yousef, 1. A.; Majdalawieh, A.F,; Narasimhan, S.; Poltronieri, P. Green Synthesis of Encapsulated Copper Nanoparti-
cles Using a Hydroalcoholic Extract of Moringa Oleifera Leaves and Assessment of Their Antioxidant and Antimicrobial Activities.
Molecules 2020, 25, 555. [CrossRef]

Ghosh, M.K,; Sahu, S.; Gupta, I.; Ghorai, T.K. Green Synthesis of Copper Nanoparticles from an Extract of Jatropha Curcas Leaves:
Characterization, Optical Properties, CT-DNA Binding and Photocatalytic Activity. RSC Adv. 2020, 10, 22027-22035. [CrossRef]

https:/ /doi.org/10.3390/antiox15030339


https://doi.org/10.31557/apjcb.2020.5.4.201-210
https://doi.org/10.1149/2162-8777/ac07f8
https://doi.org/10.1016/j.eti.2022.102336
https://doi.org/10.1186/s40824-020-00188-1
https://doi.org/10.3390/mi14101882
https://doi.org/10.3389/fchem.2023.1154128
https://doi.org/10.1016/j.mimet.2020.105966
https://doi.org/10.1016/j.fsi.2024.109754
https://doi.org/10.1016/j.rechem.2024.101606
https://doi.org/10.2174/2213346108666210901113852
https://doi.org/10.1021/acsnano.1c05451
https://www.ncbi.nlm.nih.gov/pubmed/34652919
https://doi.org/10.3390/nano12193312
https://www.ncbi.nlm.nih.gov/pubmed/36234439
https://doi.org/10.1080/21622515.2025.2453950
https://doi.org/10.3390/biom11040564
https://doi.org/10.1016/j.plana.2024.100065
https://doi.org/10.2174/1574885518666230328150208
https://doi.org/10.1016/j.jscs.2018.06.011
https://doi.org/10.1016/j.jcrysgro.2022.127063
https://doi.org/10.1016/j.envres.2021.111858
https://doi.org/10.1186/s11671-017-2399-8
https://doi.org/10.1016/j.surfin.2020.100799
https://doi.org/10.3390/molecules25030555
https://doi.org/10.1039/D0RA03186K
https://doi.org/10.3390/antiox15030339

Antioxidants 2026, 15, 339 19 of 21

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Amaliyah, S.; Pangesti, D.P; Masruri, M.; Sabarudin, A.; Sumitro, S.B. Green Synthesis and Characterization of Copper
Nanoparticles Using Piper Retrofractum Vahl Extract as Bioreductor and Capping Agent. Heliyon 2020, 6, €04636. [CrossRef]
Alshammari, S.0.; Mahmoud, S.Y.; Farrag, E.S. Synthesis of Green Copper Nanoparticles Using Medicinal Plant Krameria sp.
Root Extract and Its Applications. Molecules 2023, 28, 4629. [CrossRef]

Shanmugapriya, J.; Reshma, C.A.; Srinidhi, V.; Harithpriya, K.; Ramkumar, K.M.; Umpathy, D.; Gunasekaran, K.; Subashini, R.
Green Synthesis of Copper Nanoparticles Using Withania Somnifera and Its Antioxidant and Antibacterial Activity. ]. Nanomater.
2022, 2022, 7967294. [CrossRef]

Shubhashree, K.R.; Reddy, R.; Gangula, A.K.; Nagananda, G.S.; Badiya, P.K.; Ramamurthy, S.S.; Aramwit, P.; Reddy, N. Green
Synthesis of Copper Nanoparticles Using Aqueous Extracts from Hyptis suaveolens (L.). Mater. Chem. Phys. 2022, 280, 125795.
[CrossRef]

Dehnoee, A.; Javad Kalbasi, R.; Zangeneh, M.M.; Delnavazi, M.-R.; Zangeneh, A. Characterization, Anti-Lung Cancer Activity,
and Cytotoxicity of Bio-Synthesized Copper Nanoparticles by Thymus Fedtschenkoi Leaf Extract. J. Clust. Sci. 2024, 35, 863-874.
[CrossRef]

Atri, A.; Echabaane, M.; Bouzidi, A.; Harabi, I.; Soucase, B.M.; Ben Chadbane, R. Green Synthesis of Copper Oxide Nanoparticles
Using Ephedra Alata Plant Extract and a Study of Their Antifungal, Antibacterial Activity and Photocatalytic Performance under
Sunlight. Heliyon 2023, 9, €13484. [CrossRef]

Wang, G.; Ahmeda, A.; Malek, Z.; Mansooridara, S.; Zangeneh, A.; Zangeneh, M.M. Chemical Characterization and Therapeutic
Properties of Achillea Biebersteinii Leaf Aqueous Extract Synthesized Copper Nanoparticles against Methamphetamine-induced
Cell Death in PC12: A Study in the Nanotechnology and Neurology Fields. Appl. Organomet. Chem. 2020, 34, e5488. [CrossRef]
Moroda, M.D,; Leta Deressa, T.; Tiwikrama, A.H.; Chala, T.F. Green Synthesis of Copper Oxide Nanoparticles Using Rosmarinus
Officinalis Leaf Extract and Evaluation of Its Antimicrobial Activity. Next Mater. 2025, 7, 100337. [CrossRef]

Bagheshzadeh, P.; Amini, E.; Baniasadi, F,; Tavana, S.; Mohammadikish, M. Green Synthesis of Copper Nanoparticles Using
Rosmarinus Officinalis L. Extract Improves the Developmental Competence of Mouse Oocytes during in Vitro Maturation. Reprod.
Sci. 2025, 32, 1241-1261. [CrossRef]

Malaikozhundan, B.; Lakshmi, V.N.; Krishnamoorthi, R. Copper Oxide Nanoparticles Using Mentha Spicata Leaves as Antibacterial,
Antibiofilm, Free Radical Scavenging Agent and Efficient Photocatalyst to Degrade Methylene Blue Dyes. Mater. Today Commun.
2022, 33, 104348. [CrossRef]

Baral, J.; Pokharel, N.; Dhungana, S.; Tiwari, L.; Khadka, D.; Pokhrel, M.R.; Poudel, B.R. Green Synthesis of Copper Oxide
Nanoparticles Using Mentha (Mint) Leaves Characterization and Its Antimicrobial Properties with Phytochemicals Screening.
J. Nepal. Chem. Soc. 2025, 45, 111-121. [CrossRef]

Ahmed, M.E,; Jameel, S.K.; Alhammer, A.H. Antibacterial Effect and MexA Efflux Pump Inhibition by Green-Synthesized Copper
Nanoparticles from Mentha Piperita. Mol. Biol. Rep. 2025, 52, 913. [CrossRef] [PubMed]

Gholami, M.; Azarbani, F.; Hadi, F.; Murthy, H.C.A. Eco-Friendly Synthesis of Copper Nanoparticles Using Mentha Pulegium Leaf
Extract: Characterisation, Antibacterial and Cytotoxic Activities. Mater. Technol. 2022, 37, 1523-1531. [CrossRef]

Duman, E,; Ocsoy, I.; Kup, FO. Chamomile Flower Extract-Directed CuO Nanoparticle Formation for Its Antioxidant and DNA
Cleavage Properties. Mater. Sci. Eng. C 2016, 60, 333-338. [CrossRef]

Sarwar, N.; Humayoun, U.B.; Kumar, M.; Zaidi, S.F.A.; Yoo, ]. H.; Ali, N.; Jeong, D.I; Lee, ].H.; Yoon, D.H. Citric Acid Mediated
Green Synthesis of Copper Nanoparticles Using Cinnamon Bark Extract and Its Multifaceted Applications. J. Clean. Prod. 2021,
292,125974. [CrossRef]

Hemmati, S.; Ahmeda, A.; Salehabadi, Y.; Zangeneh, A.; Zangeneh, M.M. Synthesis, Characterization, and Evaluation of
Cytotoxicity, Antioxidant, Antifungal, Antibacterial, and Cutaneous Wound Healing Effects of Copper Nanoparticles Using the
Aqueous Extract of Strawberry Fruit and 1-Ascorbic Acid. Polyhedron 2020, 180, 114425. [CrossRef]

Jahan, I; Erci, E; Isildak, I. Facile Microwave-Mediated Green Synthesis of Non-Toxic Copper Nanoparticles Using Citrus Sinensis
Aqueous Fruit Extract and Their Antibacterial Potentials. ]. Drug Deliv. Sci. Technol. 2021, 61, 102172. [CrossRef]

Ghaffar, A.; Kiran, S.; Rafique, M.A.; Igbal, S.; Nosheen, S.; Hou, Y.; Afzal, G.; Bashir, M.; Aimun, U. Citrus Paradisi Fruit Peel
Extract Mediated Green Synthesis of Copper Nanoparticles for Remediation of Disperse Yellow 125 Dye. Desalination Water Treat.
2021, 212, 368-375. [CrossRef]

Priya, M.; Venkatesan, R.; Deepa, S.; Sana, S.S.; Arumugam, S.; Karami, A.M.; Vetcher, A A.; Kim, S.-C. Green Synthesis,
Characterization, Antibacterial, and Antifungal Activity of Copper Oxide Nanoparticles Derived from Morinda Citrifolia Leaf
Extract. Sci. Rep. 2023, 13, 18838. [CrossRef] [PubMed]

Ituen, E.; Ekemini, E.; Lin, Y.; Li, R.; Singh, A. Mitigation of Microbial Biodeterioration and Acid Corrosion of Pipework Steel
Using Citrus Reticulata Peels Extract Mediated Copper Nanoparticles Composite. Int. Biodeterior. Biodegrad. 2020, 149, 104935.
[CrossRef]

Dtugosz, O.; Chwastowski, J.; Banach, M. Hawthorn Berries Extract for the Green Synthesis of Copper and Silver Nanoparticles.
Chem. Pap. 2020, 74, 239-252. [CrossRef]

https://doi.org/10.3390/antiox15030339


https://doi.org/10.1016/j.heliyon.2020.e04636
https://doi.org/10.3390/molecules28124629
https://doi.org/10.1155/2022/7967294
https://doi.org/10.1016/j.matchemphys.2022.125795
https://doi.org/10.1007/s10876-023-02512-w
https://doi.org/10.1016/j.heliyon.2023.e13484
https://doi.org/10.1002/aoc.5488
https://doi.org/10.1016/j.nxmate.2024.100337
https://doi.org/10.1007/s43032-025-01816-8
https://doi.org/10.1016/j.mtcomm.2022.104348
https://doi.org/10.3126/jncs.v45i1.74491
https://doi.org/10.1007/s11033-025-11025-w
https://www.ncbi.nlm.nih.gov/pubmed/40960556
https://doi.org/10.1080/10667857.2021.1959214
https://doi.org/10.1016/j.msec.2015.11.052
https://doi.org/10.1016/j.jclepro.2021.125974
https://doi.org/10.1016/j.poly.2020.114425
https://doi.org/10.1016/j.jddst.2020.102172
https://doi.org/10.5004/dwt.2021.26684
https://doi.org/10.1038/s41598-023-46002-5
https://www.ncbi.nlm.nih.gov/pubmed/37914791
https://doi.org/10.1016/j.ibiod.2020.104935
https://doi.org/10.1007/s11696-019-00873-z
https://doi.org/10.3390/antiox15030339

Antioxidants 2026, 15, 339 20 of 21

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

Chandraker, S.K.; Lal, M.; Ghosh, M.K,; Tiwari, V.; Ghorai, T.K.; Shukla, R. Green Synthesis of Copper Nanoparticles Using Leaf
Extract of Ageratum Houstonianum Mill. and Study of Their Photocatalytic and Antibacterial Activities. Nano Express 2020, 1,
010033. [CrossRef]

Murthy, H.C.A.; Desalegn, T.; Kassa, M.; Abebe, B.; Assefa, T. Synthesis of Green Copper Nanoparticles Using Medicinal Plant
Hagenia Abyssinica (Brace) JF. Gmel. Leaf Extract: Antimicrobial Properties. J. Nanomater. 2020, 2020, 3924081. [CrossRef]
Andualem, W.W.; Sabir, EK.; Mohammed, E.T.; Belay, H.H.; Gonfa, B.A. Synthesis of Copper Oxide Nanoparticles Using Plant
Leaf Extract of Catha Edulis and Its Antibacterial Activity. J. Nanotechnol. 2020, 2020, 2932434. [CrossRef]

Essa, H.L.; Abdelfattah, M.S.; Marzouk, A.S.; Shedeed, Z.; Guirguis, H.A; El-Sayed, M.M.H. Biogenic Copper Nanoparticles
from Avicennia Marina Leaves: Impact on Seed Germination, Detoxification Enzymes, Chlorophyll Content and Uptake by Wheat
Seedlings. PLoS ONE 2021, 16, e0249764. [CrossRef] [PubMed]

Benhammada, A.; Trache, D. Green Synthesis of CuO Nanoparticles Using Malva Sylvestris Leaf Extract with Different Copper
Precursors and Their Effect on Nitrocellulose Thermal Behavior. J. Therm. Anal. Calorim. 2022, 147, 1-16. [CrossRef]

Benassai, E.; Del Bubba, M.; Ancillotti, C.; Colzi, I.; Gonnelli, C.; Calisi, N.; Salvatici, M.C.; Casalone, E.; Ristori, S. Green and
Cost-Effective Synthesis of Copper Nanoparticles by Extracts of Non-Edible and Waste Plant Materials from Vaccinium Species:
Characterization and Antimicrobial Activity. Mater. Sci. Eng. C 2021, 119, 111453. [CrossRef]

Ashok, B.; Hariram, N.; Siengchin, S.; Rajulu, A.V. Modification of Tamarind Fruit Shell Powder with in Situ Generated Copper
Nanoparticles by Single Step Hydrothermal Method. J. Bioresour. Bioprod. 2020, 5, 180-185. [CrossRef]

Chawla, P.; Kumar, N.; Bains, A.; Dhull, S.B.; Kumar, M.; Kaushik, R.; Punia, S. Gum Arabic Capped Copper Nanoparticles:
Synthesis, Characterization, and Applications. Int. ]. Biol. Macromol. 2020, 146, 232-242. [CrossRef] [PubMed]

Joshi, A.; Sharma, A.; Bachheti, RK.; Husen, A.; Mishra, V.K. Plant-Mediated Synthesis of Copper Oxide Nanoparticles and Their
Biological Applications. In Nanomaterials and Plant Potential; Husen, A., Igbal, M., Eds.; Springer International Publishing: Cham,
Switzerland, 2019; pp. 221-237.

Akarken, G.; Cengiz, U.; Bektas, T.E. Hydrothermal Synthesis of CuO Nanoparticles: Tailoring Morphology and Particle Size
Variations for Enhanced Properties. ]. Adv. Res. Nat. Appl. Sci. 2024, 10, 329-336. [CrossRef]

Zhao, H.; Su, H.; Ahmeda, A ; Sun, Y;; Li, Z.; Zangeneh, M.M.; Nowrozi, M.; Zangeneh, A.; Moradi, R. Biosynthesis of Copper
Nanoparticles Using Allium Eriophyllum Boiss Leaf Aqueous Extract; Characterization and Analysis of Their Antimicrobial and
Cutaneous Wound-healing Potentials. Appl. Organomet. Chem. 2022, 36, €5587. [CrossRef]

Alsoltani, K.; Harbbi, K.H. Effect of the Synthesis Time on Structural Properties of Copper Oxide. Ibn AL-Haitham ]. Pure Appl. Sci.
2023, 36, 181-190. [CrossRef]

Zeraati, F; Johari, N.; Rafati, F. Exploring Reduction Time and Precursor Effects on Cu Nanoparticle Size in A Nontoxic Chemical
Reduction Method. Sci. Iran. 2025. [CrossRef]

Awwad, A.; Amer, M. Biosynthesis of Copper Oxide Nanoparticles Using Ailanthus Altissima Leaf Extract and Antibacterial
Activity. Chem. Intern. 2020, 6, 210-217. [CrossRef]

Berra, D.; Laouini, S.E.; Benhaoua, B.; Ouahrani, M.R.; Berrani, D.; Rahal, A. Green synthesis of copper oxide nanoparticles by
Pheonix dactylifera L leaves extract. Dig. . Nanomater. Bios 2018, 13, 1231-1238.

Salem, S.S.; Yousef, A.; Abd El Hamid, E.S.; Ibrahim, S.; Elbawab, R.H. Evaluation of Eco-Friendly Copper Oxide Nanoparticles
for Anticancer Activity and Antibacterial Effects against Streptococcus Mutans Using Molecular Docking. Sci. Rep. 2025, 15, 40921.
[CrossRef]

Engku Razali, ENN.Z.; Othman, S.A. Characterization of Synthesized Copper Nanoparticles from Curcuma Longa: A Preliminary
Review. J. Res. Nanosci. Nanotechnol. 2023, 9, 42-53. [CrossRef]

Mohamed, E.A. Green Synthesis of Copper & Copper Oxide Nanoparticles Using the Extract of Seedless Dates. Heliyon 2020, 6,
€03123. [CrossRef]

Patel, C. LASIS-Assisted Copper Nanoparticle Synthesis and Characterization, along with UV-Visible Spectroscopy. Int. J. Sci.
Res. Sci. Eng. Technol. 2024, 11, 6-12. [CrossRef]

Ismail, M.LM. Green Synthesis and Characterizations of Copper Nanoparticles. Mater. Chem. Phys. 2020, 240, 122283. [CrossRef]
Kaur, H.; Kumar, S.; Bouzid, G. Exploring the Role of Different Phytochemicals on the Morphological Variations of Metal and
Metal Oxide Nanomaterials for Biomedical Application. Interactions 2024, 245, 234. [CrossRef]

Keabadile, O.P.; Aremu, A.O.; Elugoke, S.E.; Fayemi, O.E. Green and Traditional Synthesis of Copper Oxide Nanoparticles—
Comparative Study. Nanomaterials 2020, 10, 2502. [CrossRef] [PubMed]

Hassan, E.; Gahlan, A.A.; Gouda, G.A. Biosynthesis Approach of Copper Nanoparticles, Physicochemical Characterization,
Cefixime Wastewater Treatment, and Antibacterial Activities. BMC Chem. 2023, 17, 71. [CrossRef]

Gongalves Martins, T.A.; Botelho Junior, A.B.; De Moraes, V.T.; Espinosa, D.C.R. Study of pH Influence in the Synthesis of Copper
Nanoparticles Using Ascorbic Acid as Reducing and Stabilizing Agent. In Proceedings of the TMS 2020 149th Annual Meeting
& Exhibition Supplemental Proceedings; The Minerals, Metals & Materials Society, Ed.; The Minerals, Metals & Materials Series;
Springer International Publishing: Cham, Switzerland, 2020; pp. 1547-1557.

https://doi.org/10.3390/antiox15030339


https://doi.org/10.1088/2632-959X/ab8e99
https://doi.org/10.1155/2020/3924081
https://doi.org/10.1155/2020/2932434
https://doi.org/10.1371/journal.pone.0249764
https://www.ncbi.nlm.nih.gov/pubmed/33857218
https://doi.org/10.1007/s10973-020-10469-5
https://doi.org/10.1016/j.msec.2020.111453
https://doi.org/10.1016/j.jobab.2020.07.003
https://doi.org/10.1016/j.ijbiomac.2019.12.260
https://www.ncbi.nlm.nih.gov/pubmed/31904465
https://doi.org/10.28979/jarnas.1405595
https://doi.org/10.1002/aoc.5587
https://doi.org/10.30526/36.2.3024
https://doi.org/10.24200/sci.2025.65551.9553
https://doi.org/10.5281/ZENODO.3670918
https://doi.org/10.1038/s41598-025-23947-3
https://doi.org/10.37934/jrnn.9.1.4253
https://doi.org/10.1016/j.heliyon.2019.e03123
https://doi.org/10.32628/IJSRSET24114100
https://doi.org/10.1016/j.matchemphys.2019.122283
https://doi.org/10.1007/s10751-024-02088-5
https://doi.org/10.3390/nano10122502
https://www.ncbi.nlm.nih.gov/pubmed/33327366
https://doi.org/10.1186/s13065-023-00982-7
https://doi.org/10.3390/antiox15030339

Antioxidants 2026, 15, 339 21 of 21

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Wozniak-Budych, M.].; Staszak, K.; Staszak, M. Copper and Copper-Based Nanoparticles in Medicine—Perspectives and
Challenges. Molecules 2023, 28, 6687. [CrossRef] [PubMed]

Kumar, S.; Tripathy, S.K.; Kaushik, N. A Review on Green Synthesis of Copper Nanoparticles Using Plant Extracts: Methods,
Characterization, and Applications. Pharm. Nanotechnol. 2025, 13, 110118. [CrossRef]

Nagpure, A.S.; Mohture, V.M.; Kayarkar, A. Green Synthesis of Highly Dispersed Cu Metal Nanoparticles Catalysts. Inorg. Chem.
Commun. 2022, 146, 110118. [CrossRef]

Chand Mali, S.; Raj, S.; Trivedi, R. Biosynthesis of Copper Oxide Nanoparticles Using Enicostemma Axillare (Lam.) Leaf Extract.
Biochem. Biophys. Rep. 2019, 20, 100699. [CrossRef] [PubMed]

Zangeneh, M.M.; Ghaneialvar, H.; Akbaribazm, M.; Ghanimatdan, M.; Abbasi, N.; Goorani, S.; Pirabbasi, E.; Zangeneh, A. Novel
Synthesis of Falcaria Vulgaris Leaf Extract Conjugated Copper Nanoparticles with Potent Cytotoxicity, Antioxidant, Antifungal,
Antibacterial, and Cutaneous Wound Healing Activities under in Vitro and in Vivo Condition. J. Photochem. Photobiol. B 2019,
197,111556. [CrossRef]

Jabeen, A.; Khan, A.; Ahmad, P; Khalid, A.; Majeed, Z.; Anjum, Z.; Modafer, Y.; Jefri, O.A.; Alanazi, A.M.; Saeedi, A.M.; et al.
Biomedical and Photocatalytic Dye Degradation Studies of Cymbopogon Citratus Mediated Copper Oxide Nanoparticles (CuO
NPs). J. Drug Deliv. Sci. Technol. 2023, 87, 104795. [CrossRef]

Veisi, H.; Karmakar, B.; Tamoradi, T.; Hemmati, S.; Hekmati, M.; Hamelian, M. Biosynthesis of CuO Nanoparticles Using Aqueous
Extract of Herbal Tea (Stachys lavandulifolia) Flowers and Evaluation of Its Catalytic Activity. Sci. Rep. 2021, 11, 1983. [CrossRef]
Nzilu, D.M.; Madivoli, E.S.; Makhanu, D.S.; Wanakai, S.I.; Kiprono, G.K.; Kareru, P.G. Green Synthesis of Copper Oxide
Nanoparticles and Its Efficiency in Degradation of Rifampicin Antibiotic. Sci. Rep. 2023, 13, 14030. [CrossRef]

Gebrie, H.T.; Assege, M.A.; Meshesha, D.S.; Tebeje, B.A.; Moges, G.W.; Wodajo, A.T.; Manahelohe, G.M.; Belew, A.A. Biosynthesis
and Characterization of Copper Oxide Nanoparticles from Plumbago zeylanica Leaf Extract for Antibacterial and Antioxidant
Activities. Sci. Rep. 2025, 15, 30656. [CrossRef] [PubMed]

Rehana, D.; Mahendiran, D.; Kumar, R.S.; Rahiman, A K. Evaluation of Antioxidant and Anticancer Activity of Copper Oxide
Nanoparticles Synthesized Using Medicinally Important Plant Extracts. Biomed. Pharmacother. 2017, 89, 1067-1077. [CrossRef]
Abdelazeim, S.A.; Shehata, N.I.; Aly, H.E; Shams, S.G.E. Amelioration of Oxidative Stress-Mediated Apoptosis in Copper Oxide
Nanoparticles-Induced Liver Injury in Rats by Potent Antioxidants. Sci. Rep. 2020, 10, 10812. [CrossRef]

Saddik, M.S.; Alsharif, EM.; El-Mokhtar, M.A.; Al-Hakkani, M.E,; El-Mahdy, M.M.; Farghaly, H.S.; Abou-Taleb, H.A. Biosynthesis,
Characterization, and Wound-Healing Activity of Phenytoin-Loaded Copper Nanoparticles. AAPS PharmSciTech 2020, 21, 175.
[CrossRef]

Sandoval, C.; Rios, G.; Septlveda, N.; Salvo, J.; Souza-Mello, V.; Farias, J. Effectiveness of Copper Nanoparticles in Wound
Healing Process Using In Vivo and In Vitro Studies: A Systematic Review. Pharmaceutics 2022, 14, 1838. [CrossRef] [PubMed]
Benguigui, M.; Weitz, L.S.; Timaner, M.; Kan, T.; Shechter, D.; Perlman, O.; Sivan, S.; Raviv, Z.; Azhari, H.; Shaked, Y. Copper
Oxide Nanoparticles Inhibit Pancreatic Tumor Growth Primarily by Targeting Tumor Initiating Cells. Sci. Rep. 2019, 9, 12613.
[CrossRef] [PubMed]

Noman, M.; Ahmed, T.; Shahid, M.; Niazi, M.B.K.; Qasim, M.; Kouadri, F.; Abdulmajeed, A.M.; Alghanem, S.M.; Ahmad, N;
Zafar, M; et al. Biogenic Copper Nanoparticles Produced by Using the Klebsiella Pneumoniae Strain NST2 Curtailed Salt Stress
Effects in Maize by Modulating the Cellular Oxidative Repair Mechanisms. Ecotoxicol. Environ. Saf. 2021, 217, 112264. [CrossRef]
Van Nguyen, D.; Nguyen, HM.; Le, N.T.; Nguyen, K.H.; Nguyen, H.T.; Le, HM.; Nguyen, A.T.; Dinh, N.T.T.; Hoang, S.A.; Van
Ha, C. Copper Nanoparticle Application Enhances Plant Growth and Grain Yield in Maize Under Drought Stress Conditions.
J. Plant Growth Regul. 2022, 41, 364-375. [CrossRef]

Varympopi, A.; Dimopoulou, A.; Theologidis, I.; Karamanidou, T.; Kaldeli Kerou, A.; Vlachou, A.; Karfaridis, D.; Papafotis, D.;
Hatzinikolaou, D.G.; Tsouknidas, A.; et al. Bactericides Based on Copper Nanoparticles Restrain Growth of Important Plant
Pathogens. Pathogens 2020, 9, 1024. [CrossRef] [PubMed]

Lopez-Lima, D.; Mtz-Enriquez, A L; Carrién, G.; Basurto-Cereceda, S.; Pariona, N. The Bifunctional Role of Copper Nanoparticles
in Tomato: Effective Treatment for Fusarium Wilt and Plant Growth Promoter. Sci. Hortic. 2021, 277, 109810. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/antiox15030339


https://doi.org/10.3390/molecules28186687
https://www.ncbi.nlm.nih.gov/pubmed/37764463
https://doi.org/10.2174/0122117385384107250825115755
https://doi.org/10.1016/j.inoche.2022.110118
https://doi.org/10.1016/j.bbrep.2019.100699
https://www.ncbi.nlm.nih.gov/pubmed/31720437
https://doi.org/10.1016/j.jphotobiol.2019.111556
https://doi.org/10.1016/j.jddst.2023.104795
https://doi.org/10.1038/s41598-021-81320-6
https://doi.org/10.1038/s41598-023-41119-z
https://doi.org/10.1038/s41598-025-10700-z
https://www.ncbi.nlm.nih.gov/pubmed/40835861
https://doi.org/10.1016/j.biopha.2017.02.101
https://doi.org/10.1038/s41598-020-67784-y
https://doi.org/10.1208/s12249-020-01700-5
https://doi.org/10.3390/pharmaceutics14091838
https://www.ncbi.nlm.nih.gov/pubmed/36145586
https://doi.org/10.1038/s41598-019-48959-8
https://www.ncbi.nlm.nih.gov/pubmed/31471546
https://doi.org/10.1016/j.ecoenv.2021.112264
https://doi.org/10.1007/s00344-021-10301-w
https://doi.org/10.3390/pathogens9121024
https://www.ncbi.nlm.nih.gov/pubmed/33291381
https://doi.org/10.1016/j.scienta.2020.109810
https://doi.org/10.3390/antiox15030339

	Introduction 
	Biosynthesis of Copper Nanoparticles Using Plant Extracts 
	Role of Phytochemicals in Reduction and Stabilization 
	Diversity of Plant Species and Extract Types 
	Influence of Reaction Conditions 
	pH and Temperature 
	Influence of Reaction Time and Storage Stability 
	Plant Extract and Precursor Concentration 

	Formation of Metallic vs. Oxide Nanoparticles 

	Physicochemical Characterization and Confirmation of Nanoparticle Formation 
	UV–Vis Spectroscopy and Surface Plasmon Resonance 
	XRD Confirmation of Crystalline Phases 
	Particle Size, Morphology and Surface Charge 
	FTIR and Phytochemical Capping 

	In Vitro Biological Activities of Plant-Mediated Cu-Based Nanoparticles 
	Antioxidant Activity and Radical Scavenging 
	Antibacterial and Antifungal Activity In Vitro 
	Cytotoxicity and Anticancer Effects In Vitro 

	In Vivo Biological Effects of Plant-Mediated Cu-Based Nanoparticles 
	Cutaneous Wound Healing and Infection Control 
	In Vivo Antimicrobial and Wound-Related Infection Outcomes 
	In Vivo Anticancer and Systemic Effects 
	Copper Nanoparticles and Plant Physiology In Vivo 

	Conclusions 
	References

