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ABSTRACT: The synthesis of fungicides in eco-friendly and cost-
effective ways is significantly essential for agriculture. Plant pathogenic
fungi cause many ecological and economic issues worldwide, which
must be treated with effective fungicides. Here, this study proposes the
biosynthesis of fungicides, which combines copper and Cu2O
nanoparticles (Cu/Cu2O) synthesized using durian shell (DS) extract
as a reducing agent in aqueous media. Sugar and polyphenol
compounds contained in DS, as the main phytochemicals acting in
the reduction procedure, were extracted under different temperatures
and duration conditions to obtain the highest yields. We confirmed the
extraction process performed at 70 °C for 60 min to be the most
effective in extracting sugar (6.1 g/L) and polyphenols (22.7 mg/L).
We determined the suitable conditions for Cu/Cu2O synthesis using a
DS extract as a reducing agent for a synthesis time of 90 min, a volume ratio of DR extract/Cu2+ of 15:35, an initial pH solution of
10, a synthesis temperature of 70 °C, and a CuSO4 concentration of 10 mM. The characterization results of as-prepared Cu/Cu2O
NP showed a highly crystalline structure of Cu2O and Cu with sizes estimated in the range of 40−25 nm and 25−30 nm,
respectively. Through in vitro experiments, the antifungal efficacy of Cu/Cu2O against Corynespora cassiicola and Neoscytalidium
dimidiatum was investigated by the inhibition zone. The green-synthesized Cu/Cu2O nanocomposites, which are potential
antifungals against plant pathogens, exhibited excellent antifungal efficacy against both Corynespora cassiicola (MIC = 0.25 g/L, the
diameter of the inhibition zone was 22.00 ± 0.52 mm) and Neoscytalidium dimidiatum (MIC = 0.0625 g/L, the diameter of the
inhibition zone was 18.00 ± 0.58 mm). Cu/Cu2O nanocomosites prepared in this study could be a valuable suggestion for the
control of plant pathogenic fungi affecting crop species globally.

■ INTRODUCTION
Diseases on crops in general and diseases caused by fungi, in
particular, are one of the causes of severe damage to
agricultural production.1−3 Fungi exist in soil, postharvest
residues, water, and air. Pathogenic fungi can survive for a very
long time, even in the absence of host plants. They are
preserved by mycelium, sclerotia, post scores, egg spores, and
thick-walled spores in the soil and on plant residues.4 The
fungus enters the plant mainly through open wounds, through
the vascular cells of the plant that are no longer able to absorb
water and nutrients from the substrate. They are always
present in the plant but only appear to cause disease at
sufficient density. During outbreaks, they reproduce very
quickly, causing serious damage.

Corynespora cassiicola is a fungal phytopathogen that affects
over 300 plant species and causes significant economic losses
in tropical and subtropical countries.5 It is an Ascomycota that
belongs to the Dothideomycetes and forms a different
phylogenetic group within the Pleosporales with Corynespora

smithii.6 Corynespora cassiicola causes the Corynespora Leaf
Fall (CLF) disease in rubber trees, which is one of the most
serious cryptogamic diseases in rubber plantations.7 It was
isolated in 1936 in rubber plantations in Sierra Leone and was
later discovered in India and Malaysia in the early 1960s.7

Since then, the disease has swiftly expanded over most rubber-
producing nations in Asia and Africa, causing severe occasional
outbreaks and significant losses in natural rubber output. It is a
necrotrophic pathogen that colonizes the rubber tree by
secreting phytotoxic compounds.8 Rubber tree isolates can
infect other plants through a selective host range.9
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Furthermore, the severity of symptoms elicited by a particular
isolate varies according to cultivar preferences.10

In addition, dragon fruit (Hylocereus undatus) has a
significant export value and is mostly grown in Vietnam. The
appearance of brown spot disease caused by Neoscytalidium
dimidiatum has hampered the production of dragon fruit plants
in recent years.11 Until now, appropriate fungicides for
managing this disease, which damages the plant cell wall and
decreases export economies, have not been discovered. The
brown spot disease often emerges during the rainy season, with
an infected area of up to 90% and a disease rate of 10−50%.
The mechanism of effectors in plant−fungal interactions is

represented in Figure 1. Fungal pathogens attack the hosts
using both universal and pathogen-specific pathogenicity
mechanisms.12 Cellular signaling pathway components might
be universal pathogenicity factors, which are frequently
essential for healthy growth, and fungal enzymes were utilized
for plant cell wall disintegration.13,14 Plant cell walls are mostly
made of cellulose, xylan, and pectin, which act as a natural
barrier for plants, preventing disease invasion.15 Plant
pathogens have been shown to produce a series of cell-wall-
degrading enzymes (CWDEs) during the mutual recognition
process with the host, including cellulase (CL), neutral
xylanase (NEX), and polygalacturonase (PG), and these
enzymes can degrade plant tissues to provide nutrition for
the pathogens and promote their invasion into host tissues.16,17

One or a few related fungi species use distinct virulence factors,
which may include host-specific poisons and secreted
effectors.18 The host plant’s counter-defense mechanisms can
be both general (e.g., synthesis of antifungal proteins and
activation of defensive signaling pathways) and pathogen-
specific (e.g., detoxification of pathogen-specific toxins and
specific recognition of pathogen effectors by plant resistance
gene products).19

Therefore, in agricultural production, the treatment of fungal
diseases is an urgent requirement. Among the methods of
plant-pathogen control, the use of specific topical fungicides is
the most common.1 However, pathogenic fungi can develop
different defenses against fungicides. It means that plant
pathogenic fungi can adapt to fungicides by mutating, leading
to the ineffectiveness of fungicides.20 In addition, the use of
toxic fungicide preparations can seriously affect human health
and other benign organisms. Therefore, the development of
long-term effective, environmentally friendly, and cost-effective
fungicides is an important goal for researchers.
In recent years, nanotechnology has proposed various

options for treating agricultural problems.21,22 It has been
reported that nanotechnology can improve crop yields by
developing nanofertilizers23 and nanoparticles to treat plant
diseases.24,25 Various nanoparticles studied for the treatment of
plant diseases have yielded desirable effects, thus being
considered a new avenue for developing these applica-
tions.26−28 Copper-based nanoparticles (Cu-based NPs),
including metallic copper nanoparticles (Cu) as well as
cuprous oxide nanoparticles (Cu2O) or nanoparticles cupric
oxide nanoparticles (CuO), have attracted attention from
diverse disciplines due to the widespread use in electronics,
catalysts, sensors, and agricultural and medical applications.29

The antifungal activity of Cu-based nanoparticles has long
been recognized. Copper nanoparticles and nanorods have
been investigated against Stachybotrys chartarum and have
recorded low minimum inhibitory concentration (MIC)
values.30 Promising antifungal activity of Cu nanoparticles
against plant pathogenic fungi such as Curvularia lunata,
Phoma, Fusarium oxysporum, and Alternaria alternata has also
been found.31 The antifungal activity of CuO nanoparticles has
been studied toward the yeast Saccharomyces cerevisiae,
resulting in relative performance.32 Meanwhile, Cu2O nano-
particles proved to be more effective against yeast Saccha-

Figure 1. A schematic representation of the fungal pathogenicity effectors, signal transduction pathways activated (MAPK, Mitogen-activated
protein kinase; CAMP, cyclic adenosine monophosphate), and host defensive reaction.
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romyces cerevisiae.33 At the same time, the combination of
CuNPs and Cu2ONPs (Cu/Cu2O) has also been reported to
enhance effectiveness against yeast Saccharomyces cerevisiae,33

Neoscytalidium dimidiatum,29 and Pyricularia oryzae.34 Hence,
the synergistic effect of Cu/Cu2O nanocomposites has brought
interest to scientists in studying their antifungal ability.
There are many methods of synthesizing Cu-based nano-

particles, such as hydrothermal,35,36 microwave,37,38 electro-
chemical,39 chemical reduction,40 etc. But they have limitations
such as the use of hazardous chemicals, high energy costs, and
complicated operating equipment. Therefore, a green synthesis
method that is simple, environmentally friendly, and cost-
effective should be proposed to synthesize stable Cu-based
nanoparticles. The development of biosynthesis of Cu-based
nanoparticles using plant extracts plays an important role
because it completely matches the criteria above.28,41 Plants are
sources of phytochemical components such as polyphenols,
terpenoids, flavonoids, alkaloids, saponins, vitamins, poly-
saccharides, proteins, etc., which act as reducing and stabilizing
agents for NP biosynthesis.42

Durian is widely known in Asia, especially in Southeast Asia.
The durian shell (DS) is regarded as a byproduct of durian
agriculture. According to studies, the durian shell contains
many polysaccharides, which are long chains of carbohydrate
molecules consisting mainly of D-galacturonic acid and neutral
sugars such as vL-rhamnose, vL-arabinose, D-galactose, D-
glucose, and D-fructose.43 These compounds are considered a
potential source of natural antioxidants, especially polyphenols
and flavonoids. These components are appropriate for use as
highly efficient reducing and stabilizing agents for Cu-based
nanoparticle synthesis.44 However, no studies have been
reported using the DS extract as a reducing and stabilizing
agent for the synthesis of Cu/Cu2O nanocomposites.
In this study, Cu/Cu2O nanocomposites were synthesized

by the reduction of CuSO4 solution using DS extract as a
reducing agent. The influences of the synthesis duration, the
volume ratio of DS extract/CuSO4, pH solution, reaction
temperature, and the CuSO4 concentration on the Cu/Cu2O
formation were evaluated. The antifungal activity of Cu/Cu2O
nanocomposites synthesized under the best conditions will be
assessed against plant pathogenic microorganisms, particularly
Corynespora cassiicola and Neoscytalidium dimidiatum.

■ EXPERIMENTAL SECTION
Materials. The shells of durian (Durio Zibethinus) were

collected from supermarkets in Ho Chi Minh City. After
collecting and washing, the durian shells were cut into pieces
and dried at 60 °C to constant mass. Copper(II) sulfate
(Cu(SO4)2·5H2O, > 99.9%) and sodium hydroxide (NaOH, >
99.9%) were purchased from Sigma-Aldrich.

Extraction of Durian Shells and Determinations of
Total Glucose and Polyphenols. The dried durian shells
(DS) were ground into fine powder. In the next step, 10 g of
DS powder were mixed into 500 mL of distilled water and then
heated to T (°C) for t minutes under stirring. The effects of
temperature (T = 65, 70, 75, and 80 °C) and durations (t = 30,
60, 90, and 120 min) of the extraction on the yields of the total
sugar and polyphenol content were surveyed. The DS extract
was filtered and kept at 4 °C for further experiments. The
polyphenol concentration in DS extract was determined by the
colorimetric method using the Folin-Ciocalteu reagent with
gallic acid selected as the calibration standard.45 The presence
of polyphenol in the solution was determined using a UV−vis

spectrophotometer (UV−1800, Shimadzu) at a wavelength of
760 nm. The total sugar in the durian shell extract was
determined using Bertrand’s technique,46 which is a commonly
used commercial method and is precise, simple to use, and
inexpensive. The manganimetric method is used to analyze the
precipitate of cuprous oxide created by the reduction of the
copper-alkaline liquid in the presence of reducing sugars.
Bertrand’s tables show a clear relationship between the amount
of potassium permanganate (0.1 N) applied and the sample’s
reducing sugar concentration.

Green Synthesis and Characterizations of Copper Nano-
particles. The green synthesis of copper nanoparticles was
started by adding DS extract and 0.01 M CuSO4 solution into a
250 mL flask under stirring of 300 rpm. The mixture’s pH was
adjusted by using NaOH 1 M solution. The color trans-
formation from pale green into dark green occurred in the
aqueous phase. The process is further followed by heating the
mixture to the desired temperature. The formation of the
copper nanoparticles is confirmed by the color change from
green to brown. The collected copper nanoparticles were
washed by centrifugation with a rotational speed of 6,000 rpm
until reaching their neutral pH and redispersed in 96° ethanol
solution. Finally, the CuNPs powder was dried in a pure
nitrogen flow at 80 °C to prevent the oxidation of copper. The
effects of the parameters, such as synthesis time (30, 60, 90,
and 120 min), the ratio of DS extract and CuSO4 solution (25/
25, 20/30, 15/35, and 10/40), pH solution (9, 10, and 11),
reaction temperature (60, 70, and 80 °C), and CuSO4
concentration (5, 10, 15 mM) on CuNPs synthesis were
surveyed.
A UV−vis spectrometer (UV-1800, Shimadzu) was used to

observe the formation of copper nanoparticles at 200−800 nm.
The samples were diluted five times before being analyzed.
The crystal structure of CuNP powder was determined by X-
ray diffraction (XRD), using a Bruker D2 Phaser powder
diffractometer with Cu Kα radiation of 1.5406 nm wavelength
at 40 kV and 30 mA in the range of two θ angles 10−80° and a
step size of 0.02°/s. The features of functional groups in DS
extract on the copper nanoparticles were explored by Fourier
transform infrared spectroscopy (FTIR) using an active Tensor
27-Bruker spectrometer with scanning angle from 400 to 4000
cm−1. The morphology, particle size, and crystal phases were
also estimated by high-resolution transmission electron
microscopy (HR-TEM) using the JEOL JEM2100 instrument.
The size distributions of nanoparticles were determined by
TEM result using ImageJ 4.0 software and the technique of
dynamic light scattering (DLS) on a Malvern instrument. The
morphology of copper nanoparticles was also characterized by
scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) on a JEOL JST-IT 200 instrument.
Electrochemical equilibrium on the surfaces and molecular
vibrations were determined through zeta potential spectrosco-
py using a Specifica Horiba SZ-100 instrument. The element
analysis of copper nanoparticles was performed by energy
dispersive X-ray (EDX) spectroscopy on a Horiba-7593
instrument.

Evaluation of Antifungal Activity. The antifungal activity
of copper nanoparticles was screened by agar diffusion method.
The standard fungi strains was grown in potato dextrose agar
(PDA) at 37 °C for 3−5 days before each experiment to
ensure viability and purity. The spore suspension was adjusted
with NaCl 0.85% containing 0.1% Tween 80 (v/v) to a
concentration of approximately 106 spores/mL and spread on
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PDA plates using sterile cotton swabs, then holes with a
diameter of 6 mm were punched on the surface, then 100 μL
of copper nanoparticles were poured into media wells. The

antifungal test plates were incubated at 30 °C for 5 days. After
incubation, the diameter of inhibitory zones around each hole
was measured. Amphotericin B and sterile potato dextrose

Figure 2. Effects of temperature (a) and duration (b) of durian shell extraction on total sugar and polyphenol content in the extract.

Figure 3. UV−vis spectral analysis of copper nanoparticles under various conditions. (a) Effect of synthesis duration. (b) Effect the volume ratio of
DS extract/Cu2+. (c) Effect of synthesis temperature. (d) Effect of the initial pH solution. (e) Effect of the CuSO4 concentration.
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broth were used as a positive and negative control, respectively.
The zone of inhibition was measured (in mm), and three
replicates were carried out for the activity of copper
nanoparticles against tested fungi.47 Additionally, the values
of minimum inhibitory concentration (MIC) were determined
by the method of dilution in the culture medium.48

To ensure accuracy of the results, the tests were undertaken
in triplicate. The “mean ± standard deviation” values were
calculated through OriginPro 9.0 software.

■ RESULTS AND DISCUSSION
The Suitable Extraction of Durian Shell. Experiments

were carried out in the range of 65−80 °C at a fixed extraction
duration of 60 min to assess the effect of extraction
temperature on the generation of total polyphenols and total
sugar content from durian shell extract (Figure 2a). At first, the
quantity received was marginally tiny. However, increasing the
treatment temperature from 65 to 70 °C enhanced the yields,
which were highest at 6.1 g/L and 22.7 mg/L, respectively.
Furthermore, when the extraction temperatures were raised
above 70 °C, there was no substantial rise in phenolic content.
The evidence suggests that decomposition of the entire
available produced total phenolic compounds from the shell
might result in the unchanged yield within this temperature
range. These components undergo a chemical transformation
when the temperature exceeds the allowable limit and are
susceptible to loss through steam entrainment.49

The extraction duration of the production of total
polyphenols content and total sugar content were also
investigated by varying the time from 30−120 min at a fixed
reaction temperature of 70 °C. Figure 2b shows the result that
the phenolic contents yield increased rapidly to 6.1 g/L and
22.7 mg/L at 60 min, respectively. After this time, production
of total polyphenol content almost remained constant, and

total sugar content was decrease significantly. This observation
is supported from the previous study.50 This might be that the
degradation and oxidation of the desired compounds also take
place for a prolonged duration, decreasing process efficiency.51

Hence, the suitable extraction conditions to obtain the highest
total sugar and polyphenols content were chosen at 70 °C for
60 min.

Durian Shell-Mediated Green Synthesis of Copper
Nanoparticles. The formation of CuNPs was observed by
UV−vis spectroscopy, as shown in Figure 3. UV−vis spectra
analysis of the synthesized samples showed CuNP formation
through the appearance of a peak in the wavelength range of
500−600 nm, discovered after the reaction temperature was
kept at 80 °C just after 30 min. When increasing the reaction
duration from 30 to 90 min, the CuNP formation increased
sharply (Figure 3a). On the other hand, the formation level of
CuNPs hardly changed after a reaction time rising up to 120
min; at the same time, the plasmon intensity of the CuNPs
synthesized at this time level shifted toward the larger
wavelength, indicating that the CuNPs have agglomerated
together to form larger-sized particles. Therefore, 90 min is the
chosen time to investigate further conditions. With a volume
ratio of DS extract/Cu2+ of 15:35, the highest performance of
CuNPs formation was obtained (Figure 3b). By examining the
effect of other parameters, CuNPs were detected with the
highest UV−vis absorbance at pH = 10 (see in Figure 3c) and
at the temperature of 70 °C (Figure 3d). The effect of CuSO4
concentration on the CuNPs formation (Figure 3e) showed
that the CuNPs concentration grew as the initial Cu2+
concentration increased from 5 to 10 mM. The CuNPs
formation reduced significantly in the case of continuously
rising Cu2+ concentration up to 15 mM. The rate of CuNPs
formation also increased with increasing Cu2+ concentration.
However, the newly formed copper nanoparticles can clump

Figure 4. XRD pattern (a), EDS spectrum (b), FT-IR spectra (c), and zeta potential (d) of the sample synthesized under the best conditions.
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together with too high Cu2+ ion concentration, forming larger
particles and leading to a decrease in the process’s efficiency.
From the results obtained above, the study determined the

suitable conditions for CuNPs synthesis using DS extract as a
reducing agent in a synthesis time of 90 min, a volume ratio of
DS extract/Cu2+ of 15:35, a synthesis temperature of 70 °C, an
initial pH solution of 10, and a CuSO4 concentration of 10
mM.

Characteristics of Copper Nanoparticles. XRD is used
to analyze the nature and crystalline phase of Cu/Cu2O. The
XRD result (Figure 3a) shows diffraction peaks at 2θ = 29.8,
36.3, 42.2, 61.1, 73.2, and 77.1° corresponding to the (110),
(111), (200), (220), (311), and (222) planes in the structure
of Cu2O (JCPDS card no. 05-0667). In addition, XRD analysis
also showed the presence of Cu at 2θ = 36.2, 42.6, 50.7, and
74.4°, with corresponding lattice planes (111), (111), (200),
and (220) of the face-centered cubic structure of zerovalent
copper (JCPDS card no. 04-0836). Based on the XRD peaks at
36.3° and 42.6°, the average crystal size of Cu2O and Cu was
calculated based on the Scherrer equation. As a result, the
average crystal sizes of Cu2O and Cu are about 40.5 and 28.3
nm, respectively.
The elemental compositions of the Cu/Cu2O nano-

composites were investigated by EDS analysis. The EDS
spectrum of the Cu/Cu2O sample (Figure 4b) proved the
formation of Cu/Cu2O nanocomposites with the appearance
of Cu and O, and the mass ratio of these elements
corresponded to 86.02:11.48. In addition, the peak of C
could be related to the presence of phytochemical compounds
in the DS extract, as well as the use of carbon tape as a
substrate for the preparation of measurement. From XRD and
EDS results, we can conclude that Cu/Cu2O has been
successfully synthesized using DS extract as a reducing agent
by the biosynthesis method.
To confirm the creation of Cu/Cu2O nanocomposites

employing DS extract as a reducing and stabilizing agent, FT-
IR analysis was performed. The FT-IR spectrum (Figure 4c) of
the DS extract revealed many absorption bands at 3428, 1605,
1442, 1283, 1049, and 671 cm−1 corresponding to the
functional groups of the plant extract’s biomolecules. The
broad and strong band at 3428 cm−1 is due to polyphenols’
hydrogen-bonded OH groups, which are capable of reducing
Cu2+ ions into CuNPs.52,53 The bands at 1605 and 1442 cm−1

are attributable to the C�O stretching of the amide carbonyl
and the aromatic amine’s C−N stretching vibration.54 The C−
O−C stretching asymmetric vibration is responsible for a weak
band at 1049 cm−1.55 In addition, the FT-IR spectroscopy
result of the produced Cu/Cu2O nanocomposite is presented
in Figure 4c. A strong band at 630 cm−1 was identified owing
to the vibrations of the Cu−O functional group, and a band at
1095 cm−1 is linked to the existence of oxygen bonding in
copper, confirming the creation of Cu2O NPs, similar to
previous reports.56,57 The presence of the carboxylic acid group
may be confirmed by the other absorption band at 1200
cm−1.58 The C�O stretching of the ketone group was
reflected by the peak at 1600 cm−1.55 According to FT-IR
spectra, the interactions of −OH and C�O groups in the
carbohydrates, flavonoids, tannins, and phenolic acids con-
tained in DS may stabilize the produced Cu/Cu2O NPs. The
mechanism, by which phytochemical compositions performed
their function to reduce Cu2+ into Cu2O and Cu phases, is
described in Figure 5. The zeta potential in the double
electrical layer surrounding CuNPs is −69.4 mV (Figure 4d),
confirming their high stability in aqueous solution.
The SEM image established that the CuNP nanocomposite

synthesized under suitable conditions was spherical in shape
(Figure 6a). It can be observed that the formed Cu2O particles
have a larger size (35−50 nm) than the CuNP particles of
smaller size (20−30 nm). The SEAD image shows the
appearance of three or four structural planes of Cu2O next
to the smaller CuNPs with two or three planes (Figure 6b).
Observing the HRTEM image, it can be seen that the
components in the DS extract covered the Cu and Cu2O
particles to prevent their agglomeration. The agglomeration
between the spherical particles almost did not occur thanks to
the encapsulation of the phytochemical compounds in the DS
extract that both act as a reducing agent and prevent their
agglomeration after the formation process, thus enhancing the
stability of Cu/Cu2O nanocomposites. The particle sizes of
Cu2O and Cu have been estimated in the ranges of 40−25 nm
and 25−30 nm, respectively (Figure 6c). The d-spacings,
estimated from SEAD, of 0.25, 0.21, and 0.15 nm (inset Figure
6c) were assigned to (111), (200), and (220) crystal planes of
the Cu2O phase, respectively.

59 Meanwhile, Cu appears in the
(111) and (200) planes with d-spacings of 0.21 and 0.18 nm,60

and this result also confirmed the formation of Cu0, which was

Figure 5. Synthesis mechanism of the CuNP nanocomposite using the DS extract as a reducing agent.
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hardly observed in the XRD analysis. From the size
distributions of nanoparticles carried out by using TEM
images and DLS techniques of the Cu/Cu2O nanocomposite
(Figure 6d,e), the average particle sizes of the sample were
demonstrated to be concentrated at 27.8 ± 4.9 nm and 36.8 ±
0.9 nm, respectively. These results are not significantly
different, which shows the similarity of two measurements in
determining the size of Cu/Cu2O nanocomposites synthesized
green using a DS extract. These results were entirely consistent
with the XRD analysis of the sample.
Copper nanoparticles synthesized with different green

reducing agents are compared in Table 1. The comparison
shows the various size distributions of copper particles affected
by the type of reducing and stabilizing agents, parameters of
the synthesis process. Though the pH value in synthesizing the

copper nanoparticles by pure (+)-catechin solution was
claimed to increase with smaller particle size,61 some reports
show that the suitable pH for the biosynthesis of nanoparticles
from a plant extract is in the range of 6−9, while other papers
reported the synthesis process in the absence of NaOH or
neglecting the pH value in the process (provided information
in the Table 1). The varying temperature and interval factor
can also be observed in the process of preparing the copper
nanoparticles. Some CuNPs were reported to be obtained at
room temperature or 1−3 days interval; on the other hand,
some were obtained for just 0.25−0.5 h or with the assistance
of higher temperature conditions (50−95 °C). The difference
in the synthesis procedure may be due to the distinguished
content of glucose and polyphenols in each green reducing
agent, which is a common feature of green synthesis methods.

Figure 6. SEM (a), SAED (b), and HRTEM (c) images and the size distributions of nanoparticles using TEM (d) and DLS (e) of the Cu/Cu2O
nanocomposite.
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It had been reported that the more phytochemicals that were
in the solution to reduce precursor molecules, the faster the
rate of nanoparticle formation.62 Furthermore, in previous
studies, numerous plants with their specific parts were used,
resulting in polydisperse CuNPs with vast ranges of variation.
When compared to other green reducing agents and
precursors, the CuNP sample synthesized from the DS extract
and CuSO4 by the simple technique has a spherical shape, but
the synthesis time is greatly reduced, and it has a smaller size
and higher uniformity.

Antifungal Activity. The inhibition zones of the
synthesized Cu/Cu2O solution against Corynespora cassiicola
and Neoscytalidium dimidiatum are shown in Figure 7. The
results showed that the nanocomposites exhibited good
antifungal efficacy against both fungal strains. A wide and
relatively heterogeneous inhibition zone was detected, which
characterizes the antibacterial ring of fungal strains.74−76 The
zones of inhibition for Corynespora cassiicola and Neo-
scytalidium dimidiatum correspond to 22.00 ± 0.52 mm and
18.00 ± 0.58 mm (Figure 7a,b). And, the extract is not
antifungal against both Corynespora cassiicola and Neoscytali-
dium dimidiatum (Figure 7c,d). It can be concluded that the
biosynthesis of Cu/Cu2O nanocomposites using durian shell
extract as a reducing agent showed high antifungal efficacy
against Corynespora cassiicola and Neoscytalidium dimidiatum.
Their excellent antifungal activity can be attributed to the
nanoparticle size and the combination of Cu and Cu2O
nanoparticles. For the MIC test (Figure 8), after 5 days of
incubation compared with the control, the CuNPs solution
could inhibit abilities with Corynespora cassiicola and Neo-

scytalidium dimidiatum at the MIC = 0.250 g/L and MIC =
0.0625 g/L, respectively.
The primary goal of Table 2 is to compare the antifungal

effects of CuNPs to other nanoparticles against Neoscytalidium
dimidiatum. It is noticeable that the zone size of the CuNPs
sample is larger than that of AgNPs and Ag@CS (as shown in

Table 1. Comparison of Preparation Conditions and
Particle Size of CuNPs Synthesized by Using Various Green
Reducing Agents and Copper Precursors

green reducing agents
synthesis
conditions

particle
size, nm

phase
contribution refs

CuSO4
Durian shell 70 °C, 1.5 h,

pH = 10
20−50 Cu/Cu2O this

work
corn starch 50 °C, 3 h 50−100 Cu 63
lemongrass
(Cymbopogon
citratus)

room
temperature,

72 h

2.90 ±
0.64

Cu 64

native cyclodextrins 80 °C, 5 h 2−33 Cu 65
Magnolia kobus leaf 95 °C, 23.3 h 37−110 Cu 66
Bifurcaria bifurcata 100−120 °C,

24 h
5−45 Cu2O/CuO 67

Cu(NO3)2
pure (+)-catechin 30 °C, 1 h, pH

= 11
3−40 Cu 61

Cof fea plant 75 °C for 12 h 262 CuO 68
CuCl2

India neen leaves
(Azadirachta indica)

85 °C, 28 h,
pH = 6.6

48 Cu 69

Jatropha. curcas leaves room
temperature,

24 h

12 ± 1 Cu 70

Ginkgo biloba Linn
leaves

80 °C, 0.5h
min, pH = 9

15−20 Cu 71

(CH3COO)2Cu
Syzygium aromaticum
bud

30 °C, 0.25h 12−15 Cu 72

Eclipta prostrata leaves 50 °C, 0.5 h,
pH = 6

28−105 Cu 73

Figure 7. Inhibition zones of synthesized CuNPs solution (a, b) and
the DS extract (c, d) against Corynespora cassiicola and Neoscytalidium
dimidiatum.

Figure 8. Minimum inhibitory concentration (MIC) of synthesized
CuNPs solution against Corynespora cassiicola and Neoscytalidium
dimidiatum (N = 4.0 g/L).
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Table 2); at the same time, this study proposes a simple,
economical process for synthesizing copper nanoparticles via
green chemistry. Additionally, the inhibition zone diameter of
CuNPs against Corynespora cassiicola is relatively large.
Moreover, to the best of our knowledge, no earlier findings
of antifungal activity against Corynespora cassiicola employing
CuNPs have been published.
In addition, according to Cao et al.,78 the synthesized nano

copper had strong inhibitory ability against Corticium salmoni-
color, pathogenic of rubber trees. Pariona et al.28 proposed the
green synthesis of fungicides, which consist of copper
nanoparticles (CuNPs) prepared in aqueous media; the result
proved that the green-synthesized CuNPs are potential
fungicides against F. solani, Neofusicoccum sp., and F.
oxysporum. Mali et al.20 proposed that the cosynthesized
nano sample from Celastrus paniculatus was able to inhibit the
fungus Fusarium oxysporum. Furthermore, the benefits of green
synthesis were energy and material savings, as well as
environmental friendliness. The technique, in particular, can
be carried out at room temperature and advantageously scaled
up to mass production at a reasonable cost. On one hand, it
aids in the utilization of agricultural waste such as durian shells,
while on the other hand, it aids in the development of next
generation nanomaterials. As a result, CuNPs appear to be
reliable candidates for potentially and effectively suppressing
Corynespora and Neoscytalidium dimidiatum.
Figure 9 depicts the antifungal mechanism of CuNPs against

Corynespora cassiicola and Neoscytalidium dimidiatum, including
direct adherence of CuNPs to the fungal surface and the
influence on membrane structural integrity.79 CuNPs interact
with the fungal cell wall due to their affinity for the carboxyl
group found on the fungal surface.80 The antifungal action of
nanoparticles is attributed to the generation of reactive oxygen
species (ROS), membrane damage, loss of enzyme activity,
protein malfunction, and other factors.80 Ashraf et al.

investigated the antifungal behavior of CuNPs.81 When
CuNPs come into contact with a bacterial cell, they release
Cu ions, which are absorbed on the cell wall, resulting in the
formation of ROS and the loss of membrane integrity.81

Similarly, CuNPs are also responsible for the disruption of
cellular metabolic pathways, the creation of pits in membranes,
and the development of oxidative stress, all of which lead to
cell death.82 The Cu polymer nanocomposite has been
presented as an effective antifungal agent. The authors
investigated the influence of nanocomposite fungicides on
the release of Cu ions and CuNPs.83 When Cu ions engage
with the outer fungal membrane, they interact with amines and
carboxyl groups in the peptidoglycan layer, as well as sulfhydryl
groups, causing protein denaturation.84 Cu ions (Cu2+) attach
to DNA and cross-link nucleic acid strands, resulting in helical
structural disorder.85 Similarly, the released CuNPs adhere to
the cell membrane and enter the fungus via endocytosis.86 The
sensitivity of microorganisms to the fungicide activity of
CuNPs is primarily determined by particle size, electrostatic
interaction between microbial cells and nanoparticles, fungal
cell wall and membrane composition, and the hydrophobic or
hydrophilic character of nanoparticles.87

■ CONCLUSION

Cu/Cu2O nanocomposites were successfully synthesized by a
green method using DS extract as a reducing agent. Sugar and
polyphenol compounds contained in DS extract were
determined as the main components committing the reduction
process. Optimal conditions for extraction, as well as operating
parameters for Cu/Cu2O synthesis, were determined. The Cu/
Cu2O nanocomposites prepared at the optimized conditions
were formed as highly crystallized spherical particles and in a
size range of 25−40 nm with excellent stability due to the
encapsulation of the phytochemical in the DS extract, which
prevents the agglomeration of nanoparticles. These green-
synthesized Cu/Cu2O’s exhibited excellent antifungal perform-
ance against Corynespora cassiicola and Neoscytalidium
dimidiatum. Thus, the nanocomposites prepared in this study
could be a valuable suggestion for controlling pathogenic fungi
that affect crop species globally.

Table 2. Comparison of Antifungal Activity of the Green
Synthesized CuNPs with Other Nanoparticles

samples IZD, mm MIC, g/L refs

CuNPs 22.00 ± 0.52a 0.25a this work
18.00 ± 0.58b 0.0625b

AgNPs 13.33 ± 0.58b ND 77
Ag@CS 17.42 ± 0.52b ND

aCorynespora cassiicola. bNeoscytalidium dimidiatu. ND, not done.

Figure 9. Illustration of antifungal mechanism of CuNPs nanoparticles.
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(18) Doehlemann, G.; Ökmen, B.; Zhu, W.; Sharon, A. Plant
pathogenic fungi. Microbiol. Spectr. 2017, 5 (1), 5.1.14.
(19) Rana, A.; Sahgal, M.; Johri, B. Fusarium oxysporum: genomics,
diversity and plant−host interaction. In Developments in Fungal
Biology and Applied Mycology; Springer, 2017; pp 159−199.
(20) Mali, S. C.; Dhaka, A.; Githala, C. K.; Trivedi, R. Green
synthesis of copper nanoparticles using Celastrus paniculatus Willd.
leaf extract and their photocatalytic and antifungal properties.
Biotechnol. Rep. 2020, 27, e00518.
(21) Fu, L.; Wang, Z.; Dhankher, O. P.; Xing, B. Nanotechnology as
a new sustainable approach for controlling crop diseases and
increasing agricultural production. J. Exp. Bot. 2020, 71 (2), 507−519.
(22) Haris, M.; Hussain, T.; Mohamed, H. I.; Khan, A.; Ansari, M.
S.; Tauseef, A.; Khan, A. A.; Akhtar, N. Nanotechnology−A new
frontier of nano-farming in agricultural and food production and its
development. Sci. Total Environ. 2023, 857, 159639.
(23) Preetha, P. S.; Balakrishnan, N. A review of nano fertilizers and
their use and functions in soil. Int. J. Curr. Microbiol. Appl. Sci. 2017, 6
(12), 3117−3133.
(24) Sharon, M.; Choudhary, A. K.; Kumar, R. Nanotechnology in
agricultural diseases and food safety. J. Phytol. 2010, 2 (4), 86012960.
(25) Danish, M.; Altaf, M.; Robab, M. I.; Shahid, M.; Manoharadas,
S.; Hussain, S. A.; Shaikh, H. Green synthesized silver nanoparticles
mitigate biotic stress induced by Meloidogyne incognita in
Trachyspermum ammi (L.) by improving growth, biochemical, and
antioxidant enzyme activities. ACS Omega 2021, 6 (17), 11389−
11403.
(26) Terra, A. L. M.; Kosinski, R. d. C.; Moreira, J. B.; Costa, J. A.
V.; Morais, M. G. d. Microalgae biosynthesis of silver nanoparticles for

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07559
ACS Omega 2023, 8, 10968−10979

10977

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thanh+Gia-Thien+Ho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:hogiathienthanh97@gmail.com
mailto:hogiathienthanh97@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tri+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9486-5096
https://orcid.org/0000-0001-9486-5096
mailto:ntri@ict.vast.vn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nhat+Linh+Duong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Van+Minh+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thi+A+Ni+Tran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thi+Diem+Trinh+Phan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thi+Bao+Yen+Tran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ba+Long+Do"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nguyen+Phung+Anh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thi+Anh+Thu+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07559?ref=pdf
https://doi.org/10.1289/EHP7484
https://doi.org/10.1289/EHP7484
https://doi.org/10.1289/EHP7484
https://doi.org/10.1590/2179-8087-floram-2018-0086
https://doi.org/10.1590/2179-8087-floram-2018-0086
https://doi.org/10.1021/acsomega.1c04878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c04878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c04878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.plantsci.2011.10.017
https://doi.org/10.1016/j.plantsci.2011.10.017
https://doi.org/10.3114/sim.2009.64.01
https://doi.org/10.3390/jof7060485
https://doi.org/10.3390/jof7060485
https://doi.org/10.3390/jof7060485
https://doi.org/10.1016/j.jmb.2006.11.086
https://doi.org/10.1016/j.jmb.2006.11.086
https://doi.org/10.1051/fruits:2006021
https://doi.org/10.1051/fruits:2006021
https://doi.org/10.1128/EC.00277-06
https://doi.org/10.1128/EC.00277-06
https://doi.org/10.1016/j.fbr.2020.12.001
https://doi.org/10.1016/j.fbr.2020.12.001
https://doi.org/10.1016/j.fbr.2020.12.001
https://doi.org/10.7717/peerj.2841
https://doi.org/10.7717/peerj.2841
https://doi.org/10.7717/peerj.2841
https://doi.org/10.1111/jph.12973
https://doi.org/10.1111/jph.12973
https://doi.org/10.1111/jph.12973
https://doi.org/10.1007/s10658-017-1198-5
https://doi.org/10.1007/s10658-017-1198-5
https://doi.org/10.1128/microbiolspec.FUNK-0023-2016
https://doi.org/10.1128/microbiolspec.FUNK-0023-2016
https://doi.org/10.1016/j.btre.2020.e00518
https://doi.org/10.1016/j.btre.2020.e00518
https://doi.org/10.1016/j.btre.2020.e00518
https://doi.org/10.1093/jxb/erz314
https://doi.org/10.1093/jxb/erz314
https://doi.org/10.1093/jxb/erz314
https://doi.org/10.1016/j.scitotenv.2022.159639
https://doi.org/10.1016/j.scitotenv.2022.159639
https://doi.org/10.1016/j.scitotenv.2022.159639
https://doi.org/10.20546/ijcmas.2017.612.364
https://doi.org/10.20546/ijcmas.2017.612.364
https://doi.org/10.1021/acsomega.1c00375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c00375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c00375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c00375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/03601234.2019.1631098
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


application in the control of agricultural pathogens. J. Environ. Sci.
Health - B 2019, 54 (8), 709−716.
(27) Castillo-Henríquez, L.; Alfaro-Aguilar, K.; Ugalde-Álvarez, J.;
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