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Abstract

Several bioactive compounds, including phenolic and flavonoid substances, have been
identified in the aqueous leaf extract of Schinus terebinthifolius (ALE). These compounds are
active ingredients in green nanoparticle biosynthesis. Transmission electron microscopy
(TEM), energy dispersive X-ray spectroscopy (EDX), zeta potential analysis, and FTIR
spectral analysis were used to characterize copper oxide nanoparticles (CuNPs) and silver
nanoparticles (AgNPs). According to TEM results, AgNPs exhibited somewhat larger
diameters (12 ± 4 nm), were spherical with significant aggregation, and displayed a fairly
uniform distribution, while CuNPs were primarily quasi-spherical with a narrow size
range of about 4–5 nm. CuNPs showed a much more negative zeta potential value of
−25.8 mV, indicating good to high colloidal stability, whereas AgNPs had a zeta potential
of −15.5 mV, suggesting moderate stability. The main compounds included chlorogenic
acid (10,375.28 µg/g), gallic acid (7015.59 µg/g extract), ellagic acid (1571.29 µg/g ex-
tract), and rutin (1485 µg/g extract). The antifungal activity of CuNPs and AgNPs was
tested at concentrations of 6, 12, 25, 50, and 75 µg/mL on Quercus rubra wood against
Fusarium circinatum and Pythium tardicrescens. The greatest inhibition of F. circinatum growth
was observed with CuNPs and AgNPs at 75 µg/mL, showing fungal inhibition percent-
ages (FIPs) of 61.48 and 60.74%, respectively. CuNPs and AgNPs at 75 µg/mL exhibited
moderate activity against P. tardicrescens, with FIPs of 21.48% and 15.92%, respectively. The
MICs for AgNPs and CuNPs were 1.5 and 85 µg/mL with F. circinatum and P. tardicrescens,
respectively. Overall, CuNPs and AgNPs demonstrated potential antifungal activity against
F. circinatum but moderate activity against P. tardicrescens compared to the control. This ALE
from S. terebinthifolius is rich in flavonoids and phenolic compounds, including gallic acid,
chlorogenic acid, rutin, ellagic acid, and p-coumaric acid, as identified by HPLC analysis.
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These biomolecules act as both capping agents, which stabilize the nanoparticles, and
reducing agents. Using S. terebinthifolius ALE’s rich phytochemical profile as a reducing
and stabilizing agent provides an environmentally friendly method for the green synthesis
of CuNPs and AgNPs.

Keywords: Schinus terebinthifolius; leaf aqueous extract; copper nanoparticles; silver
nanoparticles; green synthesizes; HPLC; antifungal activity

1. Introduction
Nanotechnology has become one of the most rapidly developing and significant scien-

tific disciplines due to its transformative potential across multiple sectors, including agri-
culture, industry, environmental protection, and healthcare [1,2]. The ability to manipulate
materials at the nanoscale enables the development of systems with enhanced physico-
chemical and biological properties that are difficult to achieve in their bulk counterparts.
In recent years, increasing attention has been directed toward sustainable nanotechnol-
ogy approaches that minimize environmental impact while maintaining high functional
efficiency [3–5].

Among these approaches, the green synthesis of nanoparticles has emerged as a
promising alternative to conventional chemical and physical methods. This strategy elim-
inates the need for hazardous reagents and energy-intensive processes by utilizing bio-
logical resources such as plant extracts, microorganisms, and biopolymers as reducing,
capping, and stabilizing agents [6,7]. In particular, plant-mediated synthesis offers ad-
vantages including simplicity, scalability, cost-effectiveness, and suitability for biological
applications [8].

Plant aqueous extracts are rich in bioactive phytochemicals, such as phenolic acids,
flavonoids, tannins, terpenoids, alkaloids, proteins, and carbohydrates [9]. These com-
pounds not only facilitate the reduction of metal ions into nanoparticles but also act as
stabilizing agents, enhancing nanoparticle stability and biological performance [10,11].
Additionally, many of these phytochemicals possess inherent antioxidant and antimi-
crobial activities, which may synergistically enhance the bioactivity of the synthesized
nanoparticles [12].

One plant of particular interest is Schinus terebinthifolius Raddi (Anacardiaceae),
commonly known as the Brazilian pepper tree. Its leaves and bark have been widely
used in traditional medicine due to their anti-inflammatory, antimicrobial, and healing
properties [13,14]. Phytochemical studies have revealed the presence of diverse bioactive
compounds, including phenolic acids, flavonoids, tannins, terpenes, and triterpenes [15–20].
Moreover, plant extracts from this species have been successfully utilized in the green syn-
thesis of silver nanoparticles (AgNPs), demonstrating their potential as effective reducing
and stabilizing agents [21].

Silver nanoparticles (AgNPs) are among the most extensively investigated nanoma-
terials due to their broad-spectrum antimicrobial activity and wide-ranging applications
in medicine, agriculture, food packaging, and biomedical devices [22,23]. Their antimi-
crobial efficacy is strongly influenced by physicochemical characteristics such as particle
size, shape, and surface chemistry, as well as the nature of the capping agents [24,25].
Green-synthesized AgNPs are particularly advantageous, as their biogenic surface func-
tionalization enhances interaction with microbial cells while reducing cytotoxic effects on
non-target organisms [26]. Similarly, copper nanoparticles (CuNPs) have gained atten-
tion as cost-effective alternatives to silver-based nanomaterials. CuNPs inhibit microbial
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growth through multiple mechanisms, including membrane disruption, protein denatura-
tion, and the generation of reactive oxygen species (ROS) [27,28]. When synthesized via
green approaches, CuNPs exhibit improved stability and biocompatibility, supporting their
application in agricultural and environmental systems [29].

The antimicrobial activity of metal nanoparticles is generally attributed to their ability
to interact with microbial cell surfaces, penetrate cellular membranes, induce oxidative
stress, and interfere with essential cellular processes such as DNA replication and en-
zyme activity [30,31]. Furthermore, phytochemical residues on nanoparticle surfaces can
enhance these effects through synergistic interactions [32,33]. These properties make
green-synthesized nanoparticles promising candidates for controlling plant pathogens,
particularly under increasing concerns of antimicrobial resistance.

In the present work, pine diseases were selected because they cause rapid, widespread
mortality in economically vital timber forests and ecosystems, leading to severe economic
losses. Pythium-induced damping-off is a critical, global issue that causes 25–75% an-
nual plant losses [34]. The disease thrives in high moisture, causing a massive economic
impact [35]. Pitch canker disease of pine, also known as pine pitch canker, is a serious threat
to pine trees (species in the Pinus genus). Forest ecosystems, including pine plantations,
are particularly vulnerable to microbial infections that affect plant health and productivity.
Pines are widely distributed, especially in the Mediterranean region, where they play a sig-
nificant ecological and economic role. However, young pine plants are highly susceptible to
infections by fungi, oomycetes, and other pathogens due to their relatively weak protective
tissues [36,37]. Among these, diseases such as damping-off caused by Fusarium circinatum
and Pythium tardicrescens are considered highly destructive, leading to significant losses in
forest nurseries and plantations [38–41]. Current management strategies are often limited
and require intensive intervention, highlighting the need for more sustainable and effective
alternatives [42,43].

Despite the growing interest in green-synthesized nanoparticles, few studies have
explored the combined use of plant-mediated silver and copper nanoparticles to protect
wood materials against phytopathogenic fungi, particularly those affecting forest species
such as pine. Therefore, this study aims to synthesize AgNPs and CuNPs using the
aqueous leaf extract of Schinus terebinthifolius via an eco-friendly approach and to evaluate
their antifungal activity on wood samples. This work provides a sustainable strategy for
developing long-lasting antifungal agents with potential applications in agriculture and
forest protection.

2. Materials and Methods
2.1. Preparation of the Plant Extract

Schinus terebinthifolius Raddi leaves (Figure 1) were collected from trees growing
in the nursery of the Department of Floriculture, Ornamental Horticulture and Garden
Design, Faculty of Agriculture (El-Shatby), Alexandria University, Alexandria, Egypt. The
plant was previously identified at the Department of Forestry and Wood Technology,
Faculty of Agriculture, Alexandria University, and a sample was deposited (voucher
number Zidan0031).

Schinus terebinthifolius was selected due to its well-documented richness in bioactive
phytochemicals, including phenolics, flavonoids, tannins, and terpenoids, which are known
to act as effective reducing and stabilizing agents in green nanoparticle synthesis [44,45]. In
addition, this plant is widely available and fast-growing and considered an invasive species
in several regions, which makes it an economically and environmentally sustainable raw
material source. Moreover, previous studies have reported its successful use in the biosyn-
thesis of metallic nanoparticles, supporting its suitability for such applications. Therefore,
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its selection is based on both its phytochemical profile and its practical advantages in green
synthesis approaches.

 

Figure 1. The collected Schinus terebinthifolius leaves.

Fresh healthy leaves of S. terebinthifolius were thoroughly washed with tap water to
remove any dust or debris and then chopped and boiled in distilled water for 15–20 min to
prepare a clear aqueous leaf extract (ALE), which was then filtered.

2.2. HPLC Conditions

An Agilent 1260 series instrument was used to perform the HPLC analysis of the ALE
from S. terebinthifolius. A Zorbax Eclipse Plus C8 column (4.6 mm × 250 mm, id, 5 µm film
thickness) was used for the separation. Water (A) and 0.05% trifluoroacetic acid in acetoni-
trile (B) at a flow rate of 0.9 mL/min made up the mobile phase. Using (A) concentrations
of 82, 80, 60, 60, 82, 82, and 82%, respectively, a mobile phase linear gradient program was
put into place with a step size of 1 min and periods of 5, 8, 12, 15, 16, and 20 min. The
multi-wavelength detector was monitored at 280 nm. The injection volume was 5 µL for
each sample solution (redissolved in acetone). The column temperature was maintained
at 40 ◦C. Standard HPLC-grade phenolic and flavonoid compounds were used, including
gallic acid, chlorogenic acid, catechin, methyl gallate, caffeic acid, syringic acid, pyrocat-
echol, rutin, ellagic acid, p-coumaric acid, vanillin, ferulic acid, naringenin, rosmarinic
acid, daidzein, quercetin, cinnamic acid, kaempferol, and hesperetin. The identification of
compounds was confirmed by comparing their retention times with those of the standard
compounds. All chemical standards (high-performance liquid chromatography (HPLC
grade) were from Sigma-Aldrich (St. Louis, MO, USA) [46]. The HPLC chromatograms of
the standard compounds are presented in our recent work [46].

2.3. Synthesis of Copper and Silver Nanoparticles Using Schinus terebinthifolius Aqueous
Leaf Extract
2.3.1. Green Synthesis of CuNPs

Copper oxide nanoparticles (CuNPs) were synthesized using the ALE of S. terebinthifolius,
with slight modifications [47,48]. Separately, a 0.1 M solution of copper sulfate pentahydrate
(CuSO4·5H2O) was prepared in distilled water. The leaf extract (10–20 mL) was gradually
added to 90–100 mL of the copper salt solution, which was stirred continuously at 60–80 ◦C
for 30–60 min. The color change from light blue to dark brown indicated the formation of
CuNPs. The reaction mixture was then allowed to cool to room temperature with continued
stirring for 1–2 h to ensure complete reduction and stabilization. The nanoparticles were
collected by centrifugation at 4000–5000 rpm for 15–20 min, washed several times with
distilled water and ethanol to remove impurities, and dried at 60 ◦C for 12 h. Optionally,
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the dried CuNPs can be calcined at 300–400 ◦C for 2–3 h to enhance crystallinity, after which
they can be stored in an airtight container for further characterization and applications.

2.3.2. Green Synthesis of AgNPs

Silver nanoparticles (AgNPs) were synthesized using the ALE of S. terebinthifolius,
with slight modifications [49,50]. In brief, a 1 mM solution of silver nitrate (AgNO3) was
prepared, and 10 mL of ALE from S. terebinthifolius was added to 90 mL of the AgNO3

solution. The mixture was continuously stirred on a hot plate at 60–70 ◦C for 30–45 min.
During this time, the solution gradually changed color from green to dark brown, indicating
the formation of AgNPs through the reduction of Ag+ ions by phenolic and flavonoid
compounds present in the ALE. The nanoparticles were then collected by centrifugation
at 6000 rpm for 10 min, washed several times with deionized water (ddH2O) to remove
any impurities, and dried in an oven at 50 ◦C overnight to obtain pure and stable AgNPs
suitable for further characterization and applications.

2.4. Characterization of Green Nanometal
2.4.1. Examination by the Transmission Electron Microscopy (TEM)

For transmission electron microscopy (TEM) examination, a small drop of the biosyn-
thesized CuNP and AgNP suspensions obtained using S. terebinthifolius ALE was carefully
deposited onto carbon-coated copper grids and allowed to dry under ambient conditions.
The prepared grids were then examined using a JEOL Plus 1400 transmission electron
microscope (JEOL Ltd., Tokyo, Japan) operated at an accelerating voltage of 70 kV. The
acquired micrographs were subsequently processed and analyzed using ImageJ software
version 1.54r (National Institutes of Health, Bethesda, MD, USA) to determine particle
morphology and size distribution [51,52].

2.4.2. Examination by the Energy-Dispersive X-Ray Spectroscopy (EDX)

The elemental composition of the biosynthesized CuNPs and AgNPs produced using
the ALE of S. terebinthifolius was investigated by energy-dispersive X-ray spectroscopy
(EDX). The analysis was carried out using an Oxford INCA 6587 X-ray microanalysis system
coupled with a JEOL JSM-5500 LV scanning electron microscope. The measurements were
performed at an accelerating voltage of 20 kV to confirm the presence and purity of silver
and iron elements in the synthesized nanomaterials and to detect any additional elements
originating from phytochemical capping agents [53].

2.4.3. Zeta Potential Analysis

The surface charge and colloidal stability of the biosynthesized CuONPs and AgNPs
obtained using the ALE of S. terebinthifolius were evaluated through zeta potential mea-
surements. The analysis was performed using a Zetasizer instrument (Malvern Panalytical
Ltd., Malvern, UK), which measures the electrostatic potential at the slipping plane of
nanoparticles suspended in solution. Zeta potential values provide critical information
regarding particle surface charge and dispersion stability, where higher absolute values
indicate enhanced repulsive forces and improved stability of the green-synthesized NP
suspensions [54,55].

2.4.4. FTIR Examination of the Produced Nanoparticles

FTIR analysis (Shimadzu device, Kyoto, Japan) was used to describe the functional
groups of S. terebinthifolius ALE and the surfaces of the CuNPs and AgNPs generated by
the ALE. This was achieved by carefully scanning an FTIR-type spectrum at a resolution of
4 cm−1 within a range of 4000–400 cm−1 [56].
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2.5. Antifungal Bioassay

The molecularly identified fungal isolates from the diseased root samples from
Pinus halepensis (Mill.), Fusarium circinatum and Pythium tardicrescens (Accession num-
bers PV636492 and PV636491), respectively [43], were used for the antifungal activity.
Wood samples prepared at a dimension of 2 × 2 × 2 cm were obtained from Quercus rubra
L. wood. CuNPs and AgNPs prepared at the concentrations of 6, 12, 25, 50, and 75 µg/mL
were applied to these wood samples. All the wood samples were subjected to antifun-
gal evaluation against the growth of the two isolates (F. circinatum and P. tardicrescens).
Three replicates (wood samples) of each concentration for each isolated fungus were used.
A total of 100 µL of the produced extract concentration was added to each wood sample.

A two-week-old culture of F. circinatum and P. tardicrescens on PDA media was pre-
pared. The treated wood samples with the CuNPs and AgNPs, as well as the controls,
were inoculated with two fungal discs (0.5 cm diameter) in a Petri dish and then incu-
bated for 7 days at 25 ± 1 ◦C [43]. The fungal inhibition percentage (FIP) = [(Control
growth − Growth in treatment)/Control Growth] × 100, for the treated and untreated
woods against each fungus, was measured [57]. The positive control, viz., Cure-M 72% WP
(Mancozeb 64% + Metalaxyl 8%), was tested at the recommended dosage (2 g/L) for anti-
fungal activity by the poisoned food technique [58]. Deionized water (ddH2O) was used as
a negative control sample. The minimum inhibitory concentrations (MICs) of the biosyn-
thesized CuNPs and AgNPs by the ALE of S. terebinthifolius prepared at concentrations of
1.5 to 85 µg/mL were assessed using the broth dilution method [43,59].

2.6. Statistical Analysis

The percentage of fungal inhibition measured from the treated wood with the concen-
trated CuNPs and AgNPs (6, 12, 25, 50, and 75 µg/mL) was statistically analyzed using
two-way ANOVA (analysis of variance) in SAS software (SAS Institute, Release 8.02, Cary,
NC, USA). The mean values of each treatment from the nanoparticles and their concen-
trations were compared with positive and negative control treatments using Duncan’s
multiple range test at a 0.05 level of probability.

3. Results
3.1. Chemical Compounds of the Extract by HPLC

Table 1 and Figure 2 present the chemical compounds of the ALE from S. terebinthifolius
by HPLC analysis. The main compounds were chlorogenic acid (10,375.28 µg/g), gallic
acid (7015.59 µg/g extract), ellagic acid (1571.29 µg/g extract), rutin (1485 µg/g extract),
p-coumaric acid (838.83 µg/g extract), and methyl gallate (729.88 µg/g extract).

Table 1. Phytochemical compounds identified in the aqueous extract from the leaves of Schinus
terebinthifolius by HPLC analysis.

Compounds Area (mAU × s) Area (%) Conc. (µg/mL
Extract)

Conc. (µg/g
Extract)

Gallic acid 1936.38 32.93 140.31 7015.59

Chlorogenic acid 1480.83 25.18 207.51 10,375.28

Catechin 30.28 0.515 7.03 351.54

Methyl gallate 257.49 4.379 14.60 729.88

Caffeic acid 67.41 1.14 4.04 201.76

Syringic acid 1.89 0.032 0.12 6.05
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Table 1. Cont.

Compounds Area (mAU × s) Area (%) Conc. (µg/mL
Extract)

Conc. (µg/g
Extract)

Rutin 204.28 3.47 29.70 1485

Ellagic acid 276.39 4.701 31.43 1571.29

p-Coumaric acid 459.41 7.81 16.78 838.83

Vanillin 62.91 1.070 2.13 106.47

Ferulic acid 170.15 2.89 9.84 492.03

Naringenin 49.47 0.841 4.78 239.13

Rosmarinic acid 31.13 0.529 2.77 138.29

Daidzein 2.83 0.048 0.16 8.08

Querectin 7.70 0.131 1.00 49.88

Cinnamic acid 3.07 0.052 0.07 3.32

Kaempferol 8.12 0.138 0.83 41.63

 

Figure 2. HPLC chromatograms of the identified chemical compounds in the aqueous leaf extract of
Schinus terebinthifolius.

3.2. Characterization of the Nanomaterials
3.2.1. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) images revealed that both copper nanoparti-
cles (CuNPs) and silver nanoparticles (AgNPs) synthesized via the green method using
the ALE of S. terebinthifolius were successfully formed with well-defined nanostructures
and good dispersion. For the CuNPs (Figure 3A), the particle sizes ranged from 3.27
to 7.40 nm, with measured diameters of 3.27, 4.09, 4.62, 4.90, 4.90, and 7.40 nm, respec-
tively. The particles were mostly quasi-spherical, exhibiting a narrow size distribution
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(predominantly around 4–5 nm). Such an extremely small particle size indicates an efficient
bioreduction process facilitated by phytochemicals present in the extract, mainly polyphe-
nols and flavonoids, which acted simultaneously as reducing and capping agents. The fine
dispersion and limited aggregation suggest that the phytoconstituents provided strong
stabilization through surface functionalization, preventing overgrowth or agglomeration.

Figure 3. TEM images of (A) copper nanoparticles (CuNPs) and (B) silver nanoparticles (AgNPs)
synthesized using the aqueous leaf extract of Schinus terebinthifolius.

In comparison, the AgNPs (Figure 3B) exhibited slightly larger diameters, ranging
from 5.71 to 20.80 nm, with specific values of 5.71, 9.12, 12.26, 16.15, and 20.80 nm. The
particles appeared predominantly spherical with moderate aggregation and a relatively
uniform distribution, showing an average size of approximately 12 ± 4 nm.

3.2.2. EDX Analysis of Green-Synthesized Cu and Ag Nanoparticles Using Schinus
terebinthifolius Leaf Extract

EDX analysis (Figure 4 and Table 2) confirmed the successful green synthesis of CuNPs
(Figure 4a) and AgNPs (Figure 4b) using the ALE of S. terebinthifolius. The mass percentage
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of the Cu was 4.23% in the biosynthesized CuNPs; moreover, some other elements were
found, like K (31.73%), S (3.82%), O (42.89%), and C (16.50%). In the green-synthesized
AgNPs, Ag was found at 73.64%, and other elements such as O (17.09%), C (7.08%), and Cl
(1.67%) were also reported.

 

Figure 4. EDX spectrum showing the elemental peaks of (a) copper nanoparticles (CuNPs) and
(b) silver nanoparticles (AgNPs) synthesized using the leaf aqueous extract of Schinus terebinthifolius.

Table 2. Elemental composition of copper and silver nanoparticles synthesized using the aqueous
leaf extract of Schinus terebinthifolius determined by EDX analysis.

CuNPs AgNPs

Element Mass % Atom% Element Mass % Atom%

C 16.50 ± 0.14 27.07 ± 0.24 C 7.08 ± 0.08 24.47 ± 0.28

O 42.89 ± 0.45 52.82 ± 0.55 O 17.09 ± 0.33 44.34 ± 0.86

S 3.82 ± 0.07 2.35 ± 0.04 Mg 0.52 ± 0.05 0.89 ± 0.08

Cl 0.83 ± 0.04 0.46 ± 0.02 Cl 1.67 ± 0.06 1.95 ± 0.07

K 31.73 ± 0.22 15.99 ± 0.11 Ag 73.64 ± 0.44 28.34 ± 0.17

Cu 4.23 ± 0.16 1.31 ± 0.05 Total 100.00 100.00

Total 100.00 100.00
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The relatively high K content detected in CuNPs is mainly attributed to the plant
extract used in the biosynthesis, which is naturally rich in potassium ions. These ions
can remain adsorbed on the nanoparticle surface or be associated with phytochemical
capping agents such as phenolics and organic acids. In addition, partial retention of plant-
derived residues during purification may contribute to the detected K signal. Therefore,
the presence of K is related to the plant-mediated synthesis and surface interactions rather
than the copper precursor itself [60–62].

3.2.3. Zeta Potential Analysis of Green-Synthesized CuNPs and AgNPs

Zeta potential analysis (Figure 5) was performed to assess the surface charge and
colloidal stability of the green-synthesized CuNPs (Figure 5a) and AgNPs (Figure 5b),
prepared using the ALE of S. terebinthifolius. The measurements revealed negative zeta
potential values for both nanoparticle systems. The zeta potential value of AgNPs was
measured at −15.5 mV, suggesting moderate colloidal stability. In contrast, CuNPs exhib-
ited a significantly higher negative zeta potential value of −25.8 mV, reflecting good to
high colloidal stability. Values near or exceeding ±25 mV are commonly observed in stable
colloidal systems due to strong electrostatic repulsion.

 

 

Figure 5. Zeta potential analysis of biosynthesized CuNPs (a) and AgNPs (b) using Schinus
terebinthifolius aqueous leaf extract.

3.2.4. FTIR Spectral Analysis

The FTIR spectrum peaks in the ALE from S. terebinthifolius correspond to the specific
phytochemicals, typically phenolic compounds and flavonoids, responsible for creating
and stabilizing the nanoparticles (Figure 6a). The peaks around 3430 cm−1 (3883.43, 3868.42,
3586.04 cm−1) correspond to O–H (hydroxyl) and N–H (amine) stretching vibrations, peaks
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around 2920 cm−1 relate to C–H stretching (alkanes/aliphatic groups), peaks around
1614 cm−1 (peaks near 1600–1500 cm−1 range) relate to C=C stretching of aromatic rings
(flavonoids/phenols), peaks around 1448–1384 cm−1 correspond to C–H2 and C–H3 bend-
ing vibrations (alkanes), and peaks around 1232–1045 cm−1 (peaks below 1100 cm−1, e.g.,
740.51 and 666.06 cm−1) correspond to C–O stretching (alcohols, carboxylic acids, esters).
The presence of these peaks confirms that organic compounds from the S. terebinthifolius
ALE have successfully coated the surface of the produced nanoparticles.

 

Figure 6. The FTIR spectral analysis of the aqueous leaf extract from Schinus terebinthifolius (a), the
synthesized CuNPs (b), and AgNPs (c).

The existence of several organic macromolecules is suggested by the significant peaks
in CuNPs produced by the ALE of S. terebinthifolius (Figure 6b). Peaks at the wavenumber
3200–3500 cm−1 (intense peak around this region, e.g., 3422, 3802.90, 3630.29 cm−1) are
attributed to the hydroxyl groups of water adsorbed on the nanoparticle surface due
to the material’s high surface area. Sharp peaks were seen at 3850–3630 cm−1, which
usually represent the stretching vibrations of O–H in phenols or alcohols, possibly due to
moisture content. The peak around 2920 cm−1 is attributed to C–H stretching vibrations
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in alkanes or organic acids present in the plant extract, indicating residual organic matter
capping the nanoparticles. Peaks in the range of 1600–1640 cm−1 are related to C=C
or C=O stretching. Peaks in this range (e.g., 1625, 1490.56 cm−1) are usually attributed
to C=C stretching vibrations of aromatic rings or carbonyl (C=O) groups from organic
components like flavonoids and proteins in the extract. C–O stretching is associated with
peaks around 1000–1100 cm−1. In particular, peaks here (e.g., 1033 cm−1) suggest C–O
stretching vibrations, which can be connected to the phenolic groups or alcohols from the
plant extract that aid in anchoring to the surface of the nanoparticle. The C–N stretching
vibration of aromatic amino groups is linked to the peak at 1490 cm−1. Metal–oxygen bonds
are characterized by peaks below 1000 cm−1 (around 613–846 cm−1). Cu–O stretching
vibrations of the bond formation are clearly indicated by peaks at 613.31 and 463 cm−1,
which indicate strong evidence for the successful formation of the CuONPs. The reduction
of Cu2+ ions to Cu/CuONPs and the stabilization of the resulting nanoparticles are caused
by these functional groups, which include phenols, flavonoids, and terpenoids found in
the S. terebinthifolius ALE.

In accordance with the biosynthesized AgNPs by the ALE from S. terebinthifolius
(Figure 6c), the peaks around 3800–3500 cm−1, 2350 cm−1, 1600 cm−1, and below 1000 cm−1

can be summarized to a combination of organic functional groups that are stabilizing the
AgNPs. The stretching vibrations of O–H (hydroxyl) groups in alcohols and phenolic
compounds, as well as N–H (amine) groups in proteins and amides, are usually attributed
to the broad, strong peaks in the ~3880–3200 cm−1 area (e.g., 3883, 3819, 3586 cm−1). These
are essential for reducing silver ions. The C–H stretching of aliphatic chains (alkanes)
found in organic compounds is related to the small peaks at 2900 cm−1. The peak at
about 2350 cm−1 is probably ambient CO2 absorption, which is a typical FTIR spectroscopy
artifact. C=O stretching in carbonyls (ketones, aldehydes, carboxylic acids, or amides) and
C=C stretching in aromatic rings are represented by the peaks in the range 1650–1550 cm−1.
These groups are essential for stabilizing and capping the nanoparticles. The C=O (carbonyl)
and C=C (aromatic ring) peaks around 1600 cm−1 shift when those oxygen atoms coordinate
with the metal. The presence of complex organic molecules functioning as stabilizing agents
is further confirmed by the “fingerprint region” peaks below ~1100 cm−1 (e.g., 740, 666, 567,
475 cm−1), which are linked to different C–O and C–N stretching or C–H bending modes.

3.3. Antifungal Activity

Table 3 and Figure 7 present the antifungal activity of CuNPs and AgNPs on Quercus
rubra wood against Fusarium circinatum and Pythium tardicrescens. The highest activity
against the growth of F. circinatum was observed with the application of CuNPs at 75,
50, and 25 µg/mL, with fungal inhibition percentages (FIPs) of 61.48, 57.04, and 52.22%,
respectively. Additionally, AgNPs at 75, 50, and 25 µg/mL showed FIP values of 60.74,
55.18, and 53.33%, respectively.

The application of CuNPs and AgNPs to Q. rubra wood showed moderate to weak
activity against the growth of P. tardicrescens, where the highest activity was found with the
treatments of CuNPs at 75 µg/mL, 50 µg/mL, and 25 µg/mL, with values of 21.48, 18.88,
and 17.03%. Additionally, AgNPs at the same concentration showed FIP values of 15.92%,
12.59, and 10.37%, respectively.

Overall, CuNPs and AgNPs demonstrated strong antifungal activity against F. circinatum
but moderate activity against P. tardicrescens compared to the control.

Means with the same letter within the same column are not significantly differ-
ent according to Duncan’s multiple range test (PC (positive control): Cure-M 72% WP
(Mancozeb 64% + Metalaxyl 8%); NC (negative control): deionized water (ddH2O)).

https://doi.org/10.3390/chemistry8060070

https://doi.org/10.3390/chemistry8060070


Chemistry 2026, 8, 70 13 of 23

Table 3. The antifungal activity of CuNPs and AgNPs against Fusarium circinatum and
Pythium tardicrescens.

Treatment Concentration
Fungal Inhibition (%)

Fusarium circinatum Pythium tardicrescens

PC 2 g/L 56.66 ± 0.00 B * 27.77 ± 0.00 A

NC ddH2O 0.00 I 0.00 I

CuNPs 75 µg/mL 61.48 ± 0.64 A 21.48 ± 0.64 B

CuNPs 50 µg/mL 57.04 ± 0.64 B 18.88 ± 0.00 C

CuNPs 25 µg/mL 52.22 ± 0.00 E 17.03 ± 0.64 D

CuNPs 12 µg/mL 48.52 ± 0.64 G 15.55 ± 1.11 E

CuNPs 6 µg/mL 45.18 ± 1.28 H 0.00 I

AgNPs 75 µg/mL 60.74 ± 0.64 A 15.92 ± 0.64 DE

AgNPs 50 µg/mL 55.18 ± 0.64 C 12.59 ± 0.64 F

AgNPs 25 µg/mL 53.33 ± 0.00 D 10.37 ± 1.69 G

AgNPs 12 µg/mL 51.85 ± 0.64 E 8.88 ± 0.00 H

AgNPs 6 µg/mL 49.63 ± 0.64 F 0.00 I
*: Different uppercase letters (A–I) within each column indicate statistically significant differences between
treatments (two-way ANOVA, Duncan’s multiple range test, p < 0.05). Treatments sharing the same letter within
the same column are not significantly different. The alphabetical order reflects decreasing antifungal activity from
A (highest inhibition) to I (no inhibition).

Figure 7. The visual observation of the antifungal activity of CuNPs and AgNPs against the growth of
Fusarium circinatum (A); Pythium tardicrescens (B); Cu1, Ag1; Cu2, Ag2; Cu3, Ag3; Cu4, Ag4; Cu5, Ag5
(75; 50; 25; 12; 6 µg/mL) respectively; +Control (Cure-M); −Control (ddH2O). Red arrows indicate
fungal growth inhibition relative to full growth in the negative control.

4. Discussion
The aqueous leaf extract (ALE) from Schinus terebinthifolius was successfully used

as a mediated green eco-friendly biosynthesis of CuNPs and AgNPs. Several charac-
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terizations confirmed these, e.g., the larger particle size of AgNPs compared to CuNPs
can be attributed to the lower reduction potential of Ag+ ions, allowing more prolonged
nucleation and particle growth before stabilization occurs. Nevertheless, the consistent
nanoscale dimensions confirm the extract’s strong reducing capacity and effective stabiliza-
tion potential [63,64]. These could be related to the presence of phytochemical compounds
in the ALE, including gallic acid, chlorogenic acid, catechin, methyl gallate, caffeic acid,
syringic acid, rutin, ellagic acid, p-coumaric acid, vanillin, ferulic acid, naringenin, ros-
marinic acid, daidzein, quercetin, cinnamic acid, and kaempferol, which are related to
phenolic and flavonoid compounds. S. terebinthifolius, widely distributed in tropical and
subtropical regions, is known for its rich phytochemical composition. Its leaves have potent
antibacterial, antifungal, anti-inflammatory, and antioxidant properties and are rich in phe-
nolic compounds, flavonoids, essential oils, and tannins [15,65]. These characteristics make
its ALE an excellent candidate for green synthesis of metal nanoparticles with enhanced
biological efficacy. Caffeic acid (5.07 mg/100 mg extract), coumaric acid (1.64 mg/100 mg
extract), and syringic acid (1.59 mg/100 mg extract) were the main phenolic chemicals
found in the ethanol extract [15]. The polyphenolic chemicals found in the ethyl acetate
extract of S. terebinthifolius leaves are primarily generated from gallic and ellagic acids [66].

The major compounds in the acetate fraction from the extract were gallic acid, methyl
gallate, and 1,2,3,4,6-pentagalloylglucose [67]. The main constituents of the extracts that
showed potential antibacterial and antioxidant activity were quercetin, ferulic acid, and
caffeic acid [68]. The active EtOAc phase of the EtOH extract from the leaves contained ethyl
gallate, methyl gallate, quercitrin, myricetrin, and myricetin [17]. Gallic acid, p-coumaric
acid, caffeic acid, and epicatechin were among the phenolic acids and flavonoid chemicals
found in the leaf extracts by LC–MS analysis [69].

Numerous active plant compounds with therapeutic or nutritional properties have
been used to create nanomaterials. Among these, phenolic acids and flavonoids have
received considerable attention due to their potential applications in nanomedicine. The
functions of flavonoids as mediators in the formation of metal nanoparticles have recently
been reviewed by Sathishkumar et al. [70]. Numerous phenolic acids have also been studied
as stabilizers or reducing agents in the production of metal nanoparticles. The uses of
phenolic acids as possible mediators for the creation of metal nanoparticles were examined
previously [71].

Gallic acid acts as a crucial, eco-friendly agent in the green biosynthesis of
nanoparticles, functioning simultaneously as a reducing agent (converting metal ions
to metallic nanoparticles) and a capping agent (stabilizing the nanoparticles to prevent
aggregation) [72–74]. This dual-action mechanism is driven by its polyphenolic struc-
ture, which allows it to donate electrons and subsequently coat the nanoparticle surface,
enhancing stability and bioactivity [71]. Gallic acid-coated green-synthesized silver
nanoparticles had potent antibacterial action against bacteria and fungi and had minimal
damage to healthy cells [71].

For other polyphenolic compounds, hydroxyl groups in the B and C rings of
kaempferol are involved in the k-AuNPs formation [75]. Quercetin’s carbonyl and hydroxyl
groups at places C3 and C5, as well as the catechol group at sites C3′ and C4′, can chelate
metal ions to create a variety of metal nanoparticles [76]. It is interesting to note that the
study verified that bimetallic Ag-SeNPs mediated by quercetin have greater therapeutic
efficacy in terms of antibacterial, antioxidant, and anticancer properties [77].

For the “green” production of metal nanoparticles, such as gold, silver, and copper,
chlorogenic acid (CGA) is an efficient natural, environmentally friendly reducing and
stabilizing agent that usually results in spherical, stable particles. It functions as a capping
agent, improving biocompatibility and inhibiting aggregation for use in antibacterial and
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anti-inflammatory treatments [78]. AgNPs were successfully synthesized by CCA with
a promising antibacterial functionalization of silk fiber [79]. In order to create stable
CuNPs and nanocomposites, CGA isolated from Prangos serpentinica extract acts as an
environmentally friendly, bioinspired capping and reducing agent. It works by chelating
Cu(II) ions, which are then reduced to metallic Cu(0) (usually 20–50 nm) using reagents
like sodium borohydride, creating a CGA–Cu(0) matrix for catalytic uses like the Henry
reaction [80].

Scampicchio et al. looked into the manufacture of gold nanoparticles using phenolic
acids, such as propyl gallate, caffeic acid, protocatechuic acid, ferulic acid, and vanillic
acid [81]. Every phytochemical under investigation was capable of reducing gold (III) to
gold nanoparticles. The synthesized gold nanoparticles’ possible biomedical uses have
not yet been examined, though. Zougagh et al. [82] have also investigated sinapinic and
syringic acids as possible mediators for the creation of metal nanoparticles. Additionally,
caffeic acid has been utilized as a reducing agent in the manufacture of silver and gold
nanoparticles [83,84].

The smaller size of CuNPs (3–7 nm) and the spherical, moderately larger AgNPs
(5–21 nm) reflect the extract’s dual functionality as a natural reducing and stabilizing agent.
This highlights the efficiency, simplicity, and sustainability of the green synthesis approach
compared with conventional chemical methods, producing NPs that are uniform, stable,
and environmentally benign [11,85].

For CuNPs, the spectrum displayed characteristic Cu peaks along with O, C, S, Cl,
and K, indicating the presence of both the metallic Cu core and plant-derived organic
compounds acting as stabilizing and capping agents [86,87]. The relatively low copper
percentage (4.23 wt%) and the high C and K contents suggest that the nanoparticles were
effectively coated by phytochemicals, such as flavonoids, phenolics, and organic acids,
which prevent aggregation and enhance stability [88,89]. The appearance of S and Cl
peaks may be attributed to S- or Cl-containing phytochemicals or natural plant salts, which
contribute to the reduction or surface stabilization of the nanoparticles [87]. The presence of
O indicates partial surface oxidation, forming a thin CuO/Cu2O layer, which is responsible
for the irregular morphology observed in CuNPs [86,88].

In contrast, the EDX spectrum of AgNPs exhibited strong and distinct peaks of Ag
with a high mass percentage (73.6 wt%), confirming the formation of pure metallic sil-
ver nanoparticles [90,91]. Minor peaks of C, O, Mg, and Cl correspond to phytochem-
ical residues or mineral components from the extract, participating in reduction and
stabilization [91]. The lower oxygen content in AgNPs compared to CuNPs reflects the
superior oxidation resistance of Ag, contributing to their more uniform and compact
morphology [90].

The elemental composition and SEM micrographs revealed clear differences in mor-
phology and purity between the two samples. AgNPs appeared more uniform and compact,
whereas CuNPs exhibited irregular structures due to partial surface oxidation and strong
organic capping. These results confirm that S. terebinthifolius ALE serves efficiently as both
a bioreducing and biostabilizing agent, providing an eco-friendly and effective route for
nanoparticle synthesis. The pronounced organic coating in CuNPs and the higher metallic
purity in AgNPs highlight the dual functionality of the extract in producing nanoparticles
with distinct physicochemical characteristics [92,93].

Although the same ALE was used for the synthesis of both CuNPs and AgNPs, K was
detected only in CuNPs. This difference can be explained by the distinct surface chemistry
and reactivity of the two metallic nanoparticles rather than any variation in the plant extract.
CuNPs exhibit higher surface reactivity and a stronger tendency to interact with oxygen-
containing functional groups of phytochemicals, which may facilitate the adsorption or
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retention of plant-derived inorganic ions such as K on their surface or in the surrounding
organic corona. On the other hand, AgMPs generally form more chemically inert and stable
surfaces, which may not favor the adsorption or retention of such residual ions, leading
to their absence in the EDX spectrum. Therefore, the presence of K in CuNPs but not in
AgNPs reflects differences in metal–surface interactions and capping layer affinity rather
than differences in the composition of the plant extract.

The negative zeta potential analysis for both NPs indicates the formation of electrostat-
ically stabilized colloids [54,55]. The negative surface charge in AgNPs is attributed to the
adsorption of negatively charged phytochemical constituents from the plant extract onto the
nanoparticle surface. Functional groups such as hydroxyl and carboxyl moieties present in
polyphenols and flavonoids impart a net negative charge, generating electrostatic repulsion
between AgNPs and partially suppressing aggregation. However, zeta potential values
in the range of −10 to −20 mV generally indicate limited electrostatic stabilization, which
implies that AgNPs may exhibit mild aggregation over extended storage periods [94–96].

The higher negative charge on CuNPs indicates a denser surface coverage by plant-
derived stabilizing agents, leading to enhanced charge repulsion and improved dispersion
stability in aqueous media [64,97]. A comparative evaluation of both systems demonstrates
that CuNPs possess superior colloidal stability compared to AgNPs under identical synthe-
sis conditions. This difference suggests a stronger interaction between the phytochemicals
and the copper nanoparticle surface, resulting in a more negatively charged interface. The
results clearly confirm the effectiveness of S. terebinthifolius ALE as a natural stabilizing
agent, capable of producing negatively charged and stable metal nanoparticles via an
eco-friendly green synthesis approach [98,99].

Overall, the negative zeta potential values obtained for both AgNPs and CuNPs
validate the successful stabilization of the biosynthesized nanoparticles, with CuNPs
exhibiting greater electrostatic stability than AgNPs. These findings highlight the potential
applicability of the synthesized nanoparticles in biological, environmental, and catalytic
systems where colloidal stability is critical.

There is the presence of functional groups that aid in the reduction of Ag+ to Ag0 and
Cu2+ ions to Cu0 or CuO, and nanoparticle capping agents, which stabilize the resulting
nanoparticles and prevent their agglomeration. These were examined by FTIR analysis of
the biosynthesized AgNPs, CuNPs, and the ALE of S. terebinthifolius. The OH group found
in alcohols and phenolic compounds is responsible for the band at 3430 cm−1, according
to the analysis of these spectra [100,101]. The band at 1614 cm−1 represents the C=C of
aromatic rings present in flavonoids and alkaloids, whilst the bands at 2918 and 2921 cm−1

are ascribed to the CH group that constitutes the chemical structure of organic groups [102].
The alkanes that comprise the structure of organic compounds are linked to the CH2 and
CH3 folds, which are represented by the bands at 1448 and 1384 cm−1, respectively [103].
The group C–O found in alcohol, carboxylic acid, ester, and ether is represented by the
bands at 1232, 1209, and 1045 cm−1 [104].

The shoulder peak at 1626 cm−1 in the Khat leaf extract may be caused by conjugated
C=O of the proteins that cap and stabilize CuO NPs, C=C stretching, and vibrations about
C=O amide [105]. The peaks observed at 613 cm−1 and 463 cm−1 should be a stretching of
Cu-O, which is very close to the results of some previous works [105–107].

These results indicate the presence of some organic compounds that may be related
to the process of reduction of Ag+ to Ag0 and Cu2+ ions to Cu0 or CuO [105,107–109],
resulting in the formation of AgNPs from the proposed biosynthesis process using the ALE
of S. terebinthifolius, as well as indicating coated AgNPs and CuNPs. It was reported that
the high concentration of phenols and flavonoids in the leaf extract facilitates the reduction
of copper ions into nanoparticles [110–114].
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In accordance with the antifungal activity of the produced nanoparticles, the antifungal
activity of CuNPs and AgNPs showed potent activity against Fusarium circinatum and weak
activity against Pythium tardicrescens. Previous works showed that, in addition to their
fungistatic action against Candida albicans and Candida glabrata, AgNPs produced from
the ALE of S. terebinthifolius showed higher antibacterial efficiency against Pseudomonas
aeruginosa [100]. This is consistent with the findings of Abd-Elhamed et al. [43], as they
demonstrated the influence of both AgNPs and the extract, which were observed to have
potential antifungal activities against P. glomerata, F. circinatum, and P. tardicrescens. The
activity was achieved at lower concentrations with the synthesized AgNPs. Extracts from
leaves of S. nigrum exhibited higher antifungal activity against A. niger, A. flavus, and
C. albicans as compared to their corresponding aqueous extracts [115].

The synthesized AgNPs by the ALE from Solanum nigrum at 75 µg/mL, when applied
to Pinus halepensis wood, showed fungal inhibition values of 58.14%, 56.66%, and 40.37%
against P. tardicrescens, F. circinatum, and P. glomerata, respectively [43].

The biosynthesized AgNPs using a cell-free extract (CFE) of Bacillus thuringiensis,
prepared at 500 µg/mL, showed antifungal activity against Aspergillus niger, A. terreus,
A. flavus, and A. fumigatus [116]. In another study, good antifungal activity against A. niger,
A. fumigatus, and F. soleni was observed with the application of AgNPs at 50 µg/mL [117].
AgNPs exhibited notable antifungal activity at 47–51 µg/mL against the mycotoxigenic
fungi A. flavus and A. ochraceus [118]. On the other hand, the alcoholic extracts of
S. terebinthifolius did not exhibit any genotoxic effects on Aspergillus nidulans [119]. When
evaluating the genotoxic potential of S. terebinthifolius extract in an in vitro assay, Carvalho
et al. [120] found that, although the extract did not directly break DNA structure, it had the
potential to cause oxidative damage to DNA and bacterial mutations.

It should be noted that the selected concentrations for the antifungal assays were
based on preliminary screening experiments and previously reported studies on simi-
lar biosynthesized nanoparticles, which indicated effective inhibitory activity within this
range. The tested range was chosen to ensure adequate dispersion stability of the nanopar-
ticles in the testing medium and to avoid possible aggregation effects that may occur at
elevated concentrations, which could influence the reproducibility and interpretation of
antifungal results.

Increasing the concentration of nanoparticles can often lead to 100% inhibition, as
many studies indicate a concentration-dependent, positive correlation between nanopar-
ticle dosage and inhibition efficiency [121]. Additionally, higher concentrations were not
included to maintain a balanced evaluation between efficacy and material usage efficiency.
However, the limitation of this study is in not testing higher concentrations, which could
provide further insight into the maximum inhibitory potential.

5. Conclusions
An efficient reducing agent for the production of copper and silver nanoparticles

was the aqueous extract of S. terebinthifolius leaves, demonstrating that green synthesis
mediated by plant extracts is straightforward, inexpensive, and environmentally safer,
with greater potential. The nanomaterials were well-characterized by means of TEM, EDX,
zeta potential, and FTIR analyses. Several bioactive phenolic and flavonoid compounds
that are very helpful for phytoreducing agents to produce nanoparticles were identified
by HPLC examination of the aqueous extract. The results of antifungal activity showed
that the CuNPs and AgNPs, when applied to Q. rubra wood, were more effective against
F. circinatum than P. tardicrescens.
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