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Abstract: In the current study, Heliotropium bacciferum
leaf extract was used to biosynthesize copper oxide nano-
particles (CuO-NPs). Various analytical techniques were
used to characterize the produced CuO-NPs. Transmission
electron microscope investigation indicated well-distrib-
uted spherical particles in various development phases.
The particles’ diameters ranged from 22.15 to 37.01 nm,
with an average of 24.8 ± 6.1 nm. Energy dispersive X-ray
examination confirmed the presence of nanoscale Cu ions at
a high concentration, as seen by the strong signal peak at
1 keV. Fourier transform infrared spectrum revealed various

functional groups on the green-produced CuO-NPs, as evi-
denced by multiple absorption beaks. The bands found at
3,195 and 2,916 cm−1 revealed that phenolic and flavonoid
compounds’ alcohols and alkanes were stretching C–H.
Also, a band at 1,034 cm−1 is typically attributed to CuO pro-
duction. CuO-NPs exhibited significant bioactivity against
isolated and molecularly identified fungal strains, including
Rhizoctonia solani (OR116528), Fusarium oxysporum (OR116508),
and Botrytis cinerea (OR116491). Remarkably, the highest inhibi-
tion percentages were recorded at 100µg/mL, with values 81.48,
71.11, and 50.74% for R. solani, F. oxysporum, and B. cinerea,
respectively. Molecular docking interactions revealed that
the highest binding affinity of CuO-NPs was −5.1 for the oxidor-
eductase of B. cinerea and −5.2 and −5.4 for the chitin synthase
of R. solani and F. oxysporum, respectively. Consequentially,
the biosynthesized CuO-NPs could be employed as antifungal
biocontrol agents, as well as usingH. bacciferum leaf extract for
the synthesis of nanoparticles for various sustainable agricul-
tural applications.
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1 Introduction

Nanotechnology is an important field of study in medicine,
food, health, the chemical industry, electronics, energy
science, cosmetics, space exploration, and environmental
sciences [1,2]. The demand for nanotechnology-derived
products is increasing, and this emerging technology has
the potential to benefit human health [3]. Nanoparticle
(NP) biosynthesis has recently emerged as a more cost-
effective and environmentally friendly alternative to che-
mical and physical methods [4,5]. Plant-based extracts are
the most promising biological alternative [6,7], where they
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are inexpensive “chemical factories” that require minimal
maintenance. However, applying phyto-NPs in medical,
pharmaceutical, cosmetic, and agricultural fields still has
a long way to go. Green chemistry-based NP synthesis is a
single-step process requiring less energy to fabricate eco-
friendly NPs that can convert agricultural waste and food
into energy and other useful products [8]. The process
of converting metal ions into NPs is greatly aided by
plant-derived compounds, including terpenoids, tannins,
alkaloids, steroids, saponins, and polyphenols [9]. The
investigation of functional groups found in aqueous plant
leaf extracts has previously been conducted to assess their
potential utility as reducing agents. As a result, various func-
tional groups, including amines, polyphenols, and carboxylic
acids, present in plant leaf extracts have been employed as
reducing agents in synthesizing silver NPs [10].

Copper oxide NPs possess unique crystal structures
and high surface areas, making them highly valuable anti-
microbial agents. These NPs are robust and stable and have
a longer shelf life than other organic antimicrobial agents
[11]. Various methods of CuO synthesis exist, such as che-
mical precipitation, microwave irradiation, and thermal
decomposition. The chemical method, on the other hand,
uses dangerous chemicals that limit its uses. This has led to
more interest in biological methods for synthesizing CuO-
NPs, which are better for the environment and easier to
handle and do not require cell culture [12]. Thus, researchers
have already reported using plant extracts such as Punica
granatum [13], Ficus sycomorus [7], Malva sylvestris [14],
and Ocimum basilicum [15] for the synthesis of oxide NPs.
The biosynthesized CuO-NPs were subjected to characteriza-
tion using a range of physicochemical techniques, such as
Fourier-transform infrared spectroscopy (FTIR), X-ray diffrac-
tion, and electron microscopes. Furthermore, the synthesized
CuO-NPs were employed in diverse applications, including
antibacterial and antifungal activities [16–20].

Green NP production with Heliotropium bacciferum
leaf extract is an intriguing strategy that takes advantage
of the natural features of plant extracts to produce NPs. H.
bacciferum (Boraginaceae family), sometimes known as the
“Cherry Heliotrope,” is a medicinal plant that contains sev-
eral bioactive chemicals, including polyphenols, flavonoids,
alkaloids, and terpenoids [21]. These chemicals can be used
as reducing agents and stabilizers in the manufacture of NPs.
The Boraginaceae family has a wide range of flavonoids and
polyphenols, which have been shown to have a variety of
pharmacological actions, including antibacterial, antioxidant,
anti-inflammatory, antiviral, and hepatoprotective character-
istics [22]. H. bacciferum has been recognized as a rich reser-
voir of various phytochemicals, with notable efficiency in
scavenging diphenyl picryl hydrazyl radicals, as described

in previous investigations [23]. A recent investigation showed
that the aerial components of H. bacciferum have significant
antibacterial and antifungal activities [24]. The antifungal
capabilities of specific components of the H. bacciferum plant
are not well researched. As a result, the primary goal of this
research was to determine the efficacy of copper NPs gener-
ated from H. bacciferum leaf extract in preventing fungal
development. Furthermore, the characterization of biogenic
NPs for research purposes necessitates the use of a variety of
instruments and analytical procedures. In addition, the CuO-
NPs were molecularly docked with fungal chitin synthase,
cutinase agglutinin, trypsin, and oxidoreductase.

2 Materials and methods

2.1 Green synthesis of CuO-NPs through
H. bacciferum leaves extract

The green synthesis of CuO-NPs was mediated through
H. bacciferum leaf extract using cupric sulfate (CuSO4,
Sigma-Aldrich, USA) as a precursor according to the method
described by Chen et al. [25] with simple modifications.
Briefly, the plant extract was homogenized (150 rpm) for
3 h at 50°C in 100mM phosphate buffer with a final solid-
to-liquid ratio of 10%. Afterward, the clear supernatant was
separated through centrifugation for 15min at 10,000 rpm
and used as a source for reduction power. The CuSO4 reduc-
tion was carried out by mixing CuSO4 solution (10mM) with
clear plant extract in a ratio of 1:1 for 5 h under shaking at
50°C. After cooling at room temperature, the CuO-NPs for-
mation was indicated by a dark brownish-to-black color
developing in the reduction mixer. The developed CuO-
NPs were separated through centrifugation at 10,000 rpm
for 15min. To assure purity, the precipitated CuO-NPs were
washed several times with double distilled water (ddH2O) and
finally with 95% ethanol before being dried at 80°C for 24 h
before any further processing.

2.2 Characterization of prepared CuO-NPs

The surface morphology and size of the eco-friendly synthe-
sized CuO-NPs were studied through transmission electron
microscopy (TEM) using the JSM-6360 microscope (JEOL,
Tokyo, Japan), operating at 15 kV as an acceleration voltage
with a carbon-coated copper grid used for sample loading.
The energy dispersive X-ray (EDX) unit of TEM (JSM-6360
microscope; JEOL, Tokyo, Japan) was used to evaluate the

2  Esraa Hamdy et al.



elemental analysis of the prepared CuO-NPs. The net
surface charge (zeta potential) of the prepared NPs was
evaluated through Zetasizer nanoseries (ZS, Malvern,
Germany). The hydrodynamic size of the prepared CuO-
NPs in colloidal solution was evaluated at two angles, 11
and 90°, through Malvern Zetasizer (ZS). Furthermore, the
surface functional groups of CuO-NPs were examined uti-
lizing the KBr-disc technique for FTIR spectroscopy at
400–4,000 cm−1.

2.3 Plant pathogens’ isolation and
preliminary identification

The isolation and identification of pathogenic fungi from
strawberry plants were performed in different steps. First,
plants exhibiting symptoms such as wilting, yellowing, dis-
coloration, lesions, or abnormal growth were collected,
and the roots or fruits were separated and cut into pieces.
Then, a 1% (v/v) aqueous solution of sodium hypochlorite
was used to sterilize the symptomatic pieces. Afterward,
the small pieces were placed on potato dextrose agar (PDA)
plates and incubated at 25–28°C for a week. Any plate exhi-
biting fungal growth was then purified and subjected to
macroscopic examination, including color, texture, shape,
and growth patterns, to identify the fungal species.

2.4 Molecular identification

For molecular identification, the ITS region was amplified
from the isolated fungi. The extraction process beganwith 4-
day fungal cultures, from which fungal DNA was extracted
using the CTAB-DNA extraction method [26,27]. Following
DNA extraction, a polymerase chain reaction (PCR) was per-
formed to amplify the ITS region of the fungal ribosomal
DNA using ITS1 and ITS4 primers [28]. Gel electrophoresis
was carried out to separate the PCR products. After gel elec-
trophoresis, the fungal-PCR amplicons were purified using a
commercial purification kit (ChargeSwitch™ gDNA Plant Kit,
Thermo Fisher Scientific, Carlsbad, CA, USA). The purified
fragments were subsequently sent to a sequencing service
provider (Macrogen Co., Seoul, Korea) for DNA sequencing
utilizing Sanger sequencing technology. Upon obtaining the
ITS-DNA sequence data, it underwent analysis and compar-
ison with the reference database GenBank using sequence
alignment algorithms. The BLAST tool (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) assisted in fungal species identifica-
tion based on sequence similarity. The identified pathogenic

fungi from strawberry plants were further studied to under-
stand potential control measures.

2.5 Antimicrobial activities of the
synthesized NPs

The food poison technique [29] was used to evaluate the
antifungal activity of potential antifungal agents against
the isolated fungi from strawberry plants. The biosynthe-
sized CuO-NPs were prepared at 25, 50, 75, and 100 µg/mL in
final concentrations. They were incorporated into a sui-
table solid culture medium, PDA, by being thoroughly
mixed while the medium was still in a liquid state, after
which the medium was poured into Petri dishes and
allowed to solidify. A small plug of the isolated fungal
strains was transferred onto the center of the agar plates
containing the CuO-NPs using a sterile toothpick. For com-
parison purposes, control plates containing the culture
PDA medium without the CuO-NPs were inoculated. The
plates were incubated under appropriate conditions for
fungal growth (25–28°C) for 7 days until sufficient fungal
growth was observed in the control plates. The plates were
examined, and the growth of the test fungi on the plates
containing the synthesized CuO-NPs was compared with
that on the control plates. The degree of inhibition was
evaluated by measuring the diameter of the fungal colonies
and comparing them to the control colonies. The inhibition
percentage (IP) was calculated as IP% = [(control-fungal
treatment)/control] × 100.

2.6 Molecular docking

Before docking, the target proteins were retrieved from the
RCSB Protein Data Bank (https://www.rcsb.org/) and AlphaFold
Protein Structure (https://alphafold.ebi.ac.uk/) databases.
Furthermore, the target proteins were prepared by removing
water molecules and attaching ligands by the UCSF Chimera
software package. At the same time, the CuO structure was
retrieved in the crystallographic information framework from
the Material Project database (https://next-gen.materialsproject.
org/) and converted to PDB format using Open Babel software.
Themolecular docking interaction of CuO and target proteins in
Rhizoctonia solani (chitin synthase, cutinase, and agglutinin),
Fusarium oxysporum (chitin synthase, cutinase, and trypsin),
and Botrytis cinerea (chitin synthase, cutinase, and oxidoreduc-
tase) were done using AutoDock 4.2 tool and UCSF Chimera,
while visualized by BIOVIA Discovery Studio software.
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3 Results and discussion

3.1 Particle morphology, size, and elemental
analysis through TEM

The surface morphology and size of the prepared CuO-NPs
were evaluated through TEM. Figure 1a shows that the
prepared CuO-NPs revealed well-dispersed spherical parti-
cles in different growth phases. The prepared particles
revealed varied sizes ranging from 22.15 to 37.01 nm with
an average size of 24.8 ± 6.1 nm (Figure 1b), which asserted
the ability of H. bacciferum leaf extract to reduce Cu ions to
nanoscale. The CuO-NPs of the same size were reported in
other studies [30,31]. The TEM results also indicated a sig-
nificant separation of all particles from each other with
limited aggregation. Furthermore, all particles were sur-
rounded with secondary material in a cap-like shape, which
could be attributed to the organic material from plant
extract as reported in several studies [32–34]. Additionally,
the EDX analysis was applied to evaluate the elemental
nature of the prepared CuO-NPs. The analysis (Figure 1c)
revealed the existence of copper (Cu) and oxygen (O) con-
stituents in copper oxide NPs. The occurrence of strong and
narrow diffraction peaks in the EDS spectrum indicates the
crystalline quality of the product [35]. The peak observed at
0.5 keV indicates the presence of oxygen, whereas the peaks
observed at binding energy values of 1.0, 8.0, and 9.0 keV
provide confirmation of the presence of copper [19,35,36]. In
addition, the presence of a carbon atom was seen at an
energy level of around 0.2 keV, which can be attributed to
the organic layer present in the synthesized CuO-NPs [36].
The presence of sulfur may be attributed to the utilization of
copper sulfate as the initial substance [37].

3.2 Zeta potential and particle distribution

The surface charge of NPs is an important characteristic
that directly mediates the particle’s stability, biosafety, and
bioactivity [38]. Hence, the net surface charge of the pre-
pared CuO-NPs was evaluated through Zetasizer. The results
indicated in Figure 2a revealed positively charged CuO-NPs
with an average zeta potential of about 24.8 ± 3.23mV, which
points to the stability of the prepared particles in the biolo-
gical systems as the measured zeta potential within +30 and
−30mV [39,40]. The positively charged CuO-NPs were pre-
viously reported in several CuO-NPs prepared by various
plant extracts, including Stachys lavandulifolia [41] andMus-
saenda frondosa L. [39]. On the other hand, the Zetasizer was
used to analyze the particle size distribution of the greenly
synthesized CuO-NPs. As indicated in Figure 2b, the CuO-NPs
ranged between 38.4 and 192.9 nm as measured at 11° and
90°, respectively. The particle size range is significantly
higher than that detected through TEM analysis, which
could be accredited to the non-homogeneous particle size
(polydisperse nature) of the prepared particles and the
fact that DSL measures particle size in the wet state. In
contrast, the TEM measures the particle size in a dried
condition [42,43].

3.3 FTIR analysis for prepared CuO-NPs

The functional groups on the CuO-NPs were evaluated
through FTIR analysis, as shown in Figure 3 and Table 1.
The FTIR spectrum revealed several functional groups on
the green synthesized CuO-NPs indicated by several absorp-
tion beaks in the scanning range (4,000–400 cm−1). The

Figure 1: Surface morphology of the green synthesized CuO-NPs (a) as illustrated through transmission electron microscopy (TEM) with corre-
sponding average particle size (b) calculated through ImageJ software. The prepared NPs’ elemental analysis is illustrated through EDX unit (c).
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bands detected at 3,195 and 2,916 cm−1 showed the C–H
stretching of alcohols and alkanes of phenolic and flavonoid
compounds [32,44]. Two small bands were also observed at
2,338 and 1,699 cm−1, indicating O]C]O stretching and amide
I bond of proteins/enzymes [45]. The three bands detected at
1,582, 1,426, and 1,325 cm−1 indicated the C]O stretching of
alkanes, OH phenolic bending, and C–N stretching, respectively
[32,44,46]. The band detected at 1,178 cm−1 indicated the

observance of C–OH stretching and C–C stretching of
alkanes [32]. The FTIR spectrum indicated a band around
1,034 cm−1, which is usually attributed to CuO formation
[36,47], whereas the band at 784 cm−1 is usually attributed
to M–O vibration in the CuO structure [48]. Overall, the FTIR
results demonstrated the presence of various phenolic sub-
stances, terpenoids, or proteins attached to the CuO NPs’
surface, which are in line with the TEM results. The free

Figure 2: The surface net charge (zeta potential) of the prepared CuO-NPs (a) and hydrodynamic size at two different angles (b) as illustrated through
Zetasizer.
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Figure 3: The FTIR spectra of green-synthesized CuO-NPs show various bands corresponding to distinct functional groups on the NP surface.
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amino and carboxylic groups that have interacted with the
copper surface (as an organic coat) may cause the stability of
the green synthesized CuO-NPs to prevent their agglomera-
tion [32,49].

3.4 Isolation and identification of the
pathogenic fungi

The fungal isolates that had been obtained from infected
strawberry plants were identified using morphological and
molecular identification methods.

3.4.1 Symptoms and morphological identification

The morphological features of fungal colonies isolated
from the plants were indicative of root rot symptoms, typi-
cally including a white to light brown color, irregular
growth patterns, and a cottony to fluffy texture. Under
the microscope, the fungus was characterized by its multi-
nucleate hyphae without septa (aseptate) and the presence
of sclerotia, which were compact masses of hyphae that
appeared dark brown to black. All these features corre-
sponded to the fungus R. solani [58,59].

The isolation trials conducted on symptomatic plants
exhibiting wilt and yellowing of leaves revealed fungal
colonies characterized by a cottony texture and white color.
Microscopic analysis unveiled the presence of macroco-
nidia, which displayed a sickle-shaped morphology with
multicellular characteristics, exhibiting a curved and
tapered appearance. Additionally, microconidia (small,
oval, unicellular spores) and chlamydospores (thick-
walled, round, survival structures) were evident. These
morphological attributes were consistent with those asso-
ciated with the fungus F. oxysporum as reported in previous
studies [60,61]

The afflicted plants exhibited symptoms of fruit rot,
commonly referred to as gray mold, with fungal colonies
presenting a characteristic gray-to-brown coloration and a
velvety to a fluffy texture. Microscopic examination revealed
septate hyphae and the presence of conidiophores, which
were branched structures responsible for bearing conidia
(asexual spores). The conidia, typically oval-shaped, were pro-
duced in chains, delineating the characteristic features of B.
cinerea [62,63].

3.4.2 Molecular identification

For molecular identification purposes, the ITS region of the
ribosomal RNA gene cluster served as a common target.
This region’s widespread adoption stemmed from its high
sequence variability across fungal species, rendering it
instrumental for fungal identification and phylogenetic
analyses. The PCR was employed to amplify the ITS region
of fungal DNA, followed by DNA sequencing and subsequent
comparison with known sequences within the GenBank
public database. Sequencing of the PCR-amplified ITS region
was conducted for each isolate, and the resulting sequences
were juxtaposed with reference sequences in the database,
affirming the identities of R. solani, F. oxysporum, and
B. cinerea in the infected strawberry samples. These sequences
were deposited in the GenBank database under accession
numbers OR116528, OR116508, and OR116491, respectively.
PCR is widely recognized for its exceptional accuracy in
detecting and identifying diverse organisms, encompassing
pathogenic and non-pathogenic fungi, such as Alternaria alter-
nata, F. solani, R. solani, and Aspergillus spp. [64,65]. The
nuclear ribosomal internal transcribed spacer (ITS) region
has been accepted as the authoritative fungal barcode and
represents mycology’s most frequently examined genetic
marker. The average length of the ITS region within the
fungi kingdom is around 550 base pairs (bp). However, it

Table 1: FTIR spectra list of band positions for CuO-NPs in this study

Wave number (cm−1) Band Functional group References

3,195 C–H stretch Polyphenolic compounds [50]
2,916 C–H stretch Alkanes [34,51]
2,338 O]C]O stretch Carbon dioxide [34]
1,699 –C]C– stretch Alkenes [51,52]
1,582 N–H bend Amide I bonds (NH) of proteins [32,53,54]
1,426 C–O stretch Ester and aliphatic ether [54,55]
1,325 O–H stretch Phenolic group [54]
1,178 C–OH bending Alkanes [32,51,52]
1,034 C–N stretch Aliphatic and aromatic amines [32,34]
784 Cu–O vibrations Corroborating the formation of CuO-NPs [48,56,57]
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is essential to note that this length may differ substantially
among various species [66]. The geographical area under
consideration encompasses two distinct regions, referred
to as ITS1 and ITS2, characterized by their variability. These
regions are separated by the presence of the 5.8S ribosomal
gene, which is conserved to a high degree. Including a
chimera, control is essential in ITS-based mycological inves-
tigations due to the crucial role played by the 5.8S gene in
facilitating chimeric elongation in mixed-template PCR [67].
In conclusion, the combination of morphological and mole-
cular identification techniques confirmed the presence of
the detected fungal strains in the infected strawberry sam-
ples. This information was crucial for understanding the
diseases caused by these pathogens and developing effective
control strategies for strawberry production.

3.5 Antimicrobial activities against the
isolated fungi

Table 2 and Figure 4 show the inhibitory percentages of the
three fungi (R. solani, F. oxysporum, and B. cinerea) at four
different concentrations (25, 50, 75, and 100 µg/mL) of CuO-
NPs biosynthesized from H. bacciferum leaf extract. A nega-
tive control group is included, indicating no inhibition of
fungal growth. At the lowest 25 µg/mL concentration, R. solani
showed 78.15% inhibition, F. oxysporum exhibited 70.00%
inhibition, and B. cinerea displayed 40.37% inhibition. As
the concentration of CuO-NPs increased to 50 µg/mL, the
IPs for R. solani, F. oxysporum, and B. cinerea were 80.00,
70.37, and 44.44%, respectively. At 75 µg/mL concentration,
R. solani had 80.37% inhibition, F. oxysporum showed
70.74% inhibition, and B. cinerea demonstrated 48.52% inhi-
bition. Finally, at the highest 100 µg/mL concentration, the
IPs were 81.48% for R. solani, 71.11% for F. oxysporum, and
50.74% for B. cinerea. The data suggest that the biosynthe-
sized CuO-NPs from H. bacciferum leaf extract can poten-
tially suppress the growth of plant pathogenic fungi. The IPs
generally increased with higher concentrations of CuO-NPs,
indicating a dose-dependent effect.

Nanomaterial synthesis typically employs three dis-
tinct approaches: physical, chemical, and biological pro-
cesses. Plant-based nanotechnology has the potential to
be cost-effective, biocompatible, dependable, and environ-
mentally friendly. Green methods have recently gained
prominence as a significant aspect of nanotechnology.
Green-mediated production of nanomaterials is emerging

Table 2: Percentage of in vitro growth suppression of plant pathogenic
fungi subjected to CuO-NPs biosynthesized from H. bacciferum leaf
extract

Concentrations (µg/mL) IP (%)

R. solani* F. oxysporum B. cinerea

25 78.15c 70.00a 40.37c
50 80.00b 70.37a 44.44bc
75 80.37b 70.74a 48.52ab
100 81.48a 71.11a 50.74a
Negative control 00.00d 00.00b 00.00d

*The different letters beside the antifungal means in each column indi-
cate that the data were significantly other at probability level 0.05.

Figure 4: The antifungal activity of the CuO-NPs biosynthesized from H. bacciferum leaf extract against three fungi (R. solani, F. oxysporum, and B.
cinerea).
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as an alternative approach. Various green sources have
been documented, such as microorganisms, fungi, viruses,
and plant extracts. Jebril et al. [68] utilizedMelia azedarach
leaf extract as a reducing agent to green synthesize silver
nanoparticles (Ag-NPs). The synthesized Ag-NPs demon-
strated antifungal activity by inhibiting the growth of Ver-
ticillium dahlia [68]. Mali et al. [17] employed Celastrus
paniculatus leaf extract to produce cost-effective and eco-
friendly copper nanoparticles (Cu-NPs) for copper reduc-
tion. The Cu-NPs displayed significant antifungal properties
against F. oxysporum [17]. Zhu et al. [69] used Cinnamomum
camphora leaf extract for the green synthesis of zinc nano-
particles (Zn-NPs). The synthesized Zn-NPs exhibited anti-
fungal activity against Alternaria alternate, inhibiting spore
germination and causing cell membrane disruption. This

disruption resulted in the leakage of essential proteins and
nucleic acids, leading to the death of the fungal pathogen [69].

Numerous research teams have used plant leaf extracts
to biosynthesize Ag-NPs and explored their antibacterial
applications [70–72]. Ravichandran et al. discovered that
Parkia speciosa leaf extract could be utilized for the green
chemistry-based synthesis of Ag-NPs with antimicrobial
properties, which may be employed to treat various diseases
[73]. Punniyakotti et al. [74] produced Cu-NPs using Cardios-
permum halicacabum leaf extracts and found that Cu-NPs
possess antibacterial properties, disrupting the bacterial cell
wall and hindering their growth within the host body [74].
Mukherjee et al. [75] showed that Olax scandens leaf extract
could be used to make Ag-NPs using green chemistry. They
revealed that the Ag-NPs can be applied in four distinct

Table 3: Molecular docking interaction of CuO and target proteins in R. solani, F. oxysporum, and B. cinerea

Fungi Targets Binding energy (kcal/mol) Interactions

R. solani Chitin synthase −5.2 Hydrogen bonds: SER778, ARG781, TYR894, GLY905, and GLU906
Cutinase −4.3 Hydrogen bonds: THR11, LYS13, SER39, GLY41, and GLN45
Agglutinin −4.7 Hydrogen bonds: ARG88, ALA128, GLU131, and ASN155

F. oxysporum Chitin synthase −5.4 Hydrogen bonds: ASP385, PHE386, TYR389, SER395, and GLN497
Cutinase −5.1 Hydrogen bonds: SER43, ASN85, SER121, and GLN122
Trypsin −5.0 Hydrogen bonds: SER190, CYS191, SER214, TRP215, and VAL227

B. cinerea Chitin synthase −4.4 Hydrogen bonds: ASP385, PHE386, TYR389, SER395, and GLN497
Cutinase −4.8 Hydrogen bonds: ALA30, CYS31, SER32, SER67, and THR70
Oxidoreductase −5.1 Hydrogen bonds: THR35, PRO36, GLN38, GLN143, and GLN427

Figure 5: Molecular interaction of CuO-NPs and chitin synthase of R. solani (a), F. oxysporum (b), and B. cinerea (c).
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areas: antibacterial properties, anticancer, cell imaging, and
as a biocompatible delivery system [75].

3.6 Molecular docking interaction

Molecular docking interaction and scores are represented
in Table 3 and Figure 5. CuO bound to the binding site of

chitin synthase (Figure 5a), cutinase (Figure 6a), and agglu-
tinin (Figure 7a) in R. solani by energy of −5.2, −4.3, and
−4.7 kcal/mol, respectively. By −5.4, −5.1, and −5.0 kcal/mol,
CuO interacted with the binding site of chitin synthase
(Figure 5b), cutinase (Figure 6b), and trypsin (Figure 7b)
in F. oxysporum, respectively. Regarding the B. cinerea’s
chitin synthase (Figure 5c), cutinase (Figure 6c), and oxi-
doreductase (Figure 7c), CuO bound with their binding sites
by −4.4, −4.8, and −5.1 kcal/mol, respectively.

Figure 6: Molecular interaction of CuO-NPs and cutinase of R. solani (a), F. oxysporum (b), and B. cinerea (c).

Figure 7: Molecular interaction of CuO-NPs and R. solani agglutinin (a), F. oxysporum trypsin (b), and B. cinerea oxidoreductase (c).
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Targeting of fungal chitin synthase leads to loss of
chitin in the fungal cell membrane and finally fungal death.
Therefore, chitin synthesis is considered a promising target
for antifungal drugs [76]. In addition, targeting oxidoreduc-
tases led to disturbances in fungal viability. Besides, fungal
oxidoreductases play a major role in the pathogenicity and
protection of fungi against host defense [77]. Fungal cutinase
acts on cutin in the cuticle that covers all plant leaves, stems,
flowers, and fruit [78]. Also, some antifungal agents possess
trypsin inhibition and plant resistance against fungal attack
[79]. Fungal agglutinin is a lectin accumulated in the myce-
lium and sclerotia fungi and serves as a storage protein
[80]. In the current study, the molecular docking tech-
nique demonstrated that CuO has binding affinities for
fungal trypsin. Furthermore, CuO exhibited binding affi-
nities for fungal trypsin. Cutinase and agglutinin prevent
the spreading of fungus on the infected strawberries.

4 Conclusions

Using an extract from H. bacciferum leaves, this study was
able to make copper oxide nanoparticles (CuO-NPs). The
CuO-NPs exhibited well-dispersed spherical particles with
an average size of 24.8 ± 6.1 nm. The synthesized NPs dis-
played high concentrations of nanoscale copper ions, as
confirmed by EDX analysis. Copper oxide nanoparticles
produced with the help of H. bacciferum leaf extract
have shown promising antifungal action against straw-
berry infections. The current work used molecular docking
experiments to examine the interactions between the NPs
and the target pathogens, revealing important details about
their mechanism of action. The molecular docking model
demonstrated CuO’s affinity for engaging the binding sites
of fungal target proteins, allowing researchers to investigate
its antifungal potential. These interactions shed light on the
putativemechanisms bywhich NPs exercise their antifungal
effects. This information is critical for understanding the
underlying mechanisms and enhancing the design of future
antifungal NPs. Our findings show that copper oxide nano-
particles mediated by H. bacciferum leaf extract have the
potential to be a practical and effective antifungal agent
against strawberry infections. Further research and devel-
opment in this area may result in the development of novel
solutions for long-term crop protection and disease manage-
ment in strawberry agriculture.
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