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Abstract

Green synthesis offers an environmentally friendly and cost-effective alternative for the synthesis of copper oxide nanopar-
ticles (CuO NPs). In this study, the synthesis of CuO NPs was optimized by using copper sulfate (CuSO,) and the aqueous
extract of Alpinia officinarum and its antifungal activity were investigated. The synthesized CuO NPs were characterized by
UV-visible spectroscopy (UV-vis), X-ray diffraction (XRD), Fourier-transform infrared radiation spectroscopy (FT-IR),
scanning electron microscope (SEM), energy dispersive spectroscopy (EDS), dynamic light scattering (DLS), and transmis-
sion electron microscopy (TEM). The results showed that the optimized conditions for the synthesis of CuO NPs were 1:2
ratio of extract and CuSO, solution, pH 7, and 30 °C. The characteristic UV-vis peak of A. officinarum synthesized CuO
NPs was at 264 nm. The synthesized CuO NPs had high crystallinity and purity and were spherical in morphology with the
mean size of 46.40 nm. The synthesized CuO NPs reduced the fungal growth of Colletotrichum gloeosporioides in a dose-
dependent manner. The minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) of the CuO
NPs were 125 pg-mL~! and 500 pg-mL~!, respectively. The antifungal activity of CuO NPs may be attributed to its ability
to deform the structure of fungal hyphae, induce excessive reactive oxygen species accumulation and lipid peroxidation in
fungi, disrupt the mycelium cell membrane, and result cellular leakage.
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Introduction

In recent years, nanotechnology has been emerging as an
advanced technology and widely used in the fields of indus-
try, agriculture, medicine, etc. (Murugesan et al. 2019). Nan-
oparticles (NPs) exhibit unique physicochemical properties
compared with their bulk materials, such as huge specific
surface area, high activity, and good optical and electrical
conductivity (Moon et al. 2018). Copper oxide (CuO), as an
important transition metal oxide, has attracted wide attention
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of researchers due to their low cost, good stability, and great
antimicrobial property (Priya et al. 2020).

NPs have been synthesized conventionally by chemi-
cal or physical techniques. However, these methods suffer
many disadvantages due to the involvement of expensive
operations, toxic chemicals, and large energy consumption
(Kocabas et al. 2020). To overcome the above challenges,
researchers turn their attention to biological method, which
is carried out by microorganisms and plants (Mohamed et al.
2021). However, the microorganisms-mediated synthesis of
NPs is a complicated process and often leads to biological
contaminants (Mali et al. 2019). Therefore, the synthesis
of NPs by plants may be a better choice and also known as
“green synthesis” or “eco-friendly synthesis” (Devipriya and
Roopan 2017). Green synthesis of NPs is simple and can be
produced on a large scale (Rafique et al. 2020). Different
plant-derived extracts are abundant, cheap, and easily avail-
able. More importantly, plants contain numerous and varied
phytochemicals like flavonoids, polyphenols, terpenoids, and
alkaloids, which can serve as reducing and capping reagents
in the green synthesis process of NPs (Veisi et al. 2021).
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Some plant extracts have been successfully applied to the
green synthesis of NPs, such as Houttuynia cordata (Chen
et al. 2021), Ocimum tenuiforum (Sharma et al. 2020), and
Salvia officinalis (Okaiyeto et al. 2020). However, it is found
that the physical and chemical properties of green synthe-
sized NPs were affected by plant species and synthesis con-
ditions (Kamali et al. 2019; Tshireletso et al. 2021). Khal-
dari et al. (2021) found that the types and concentrations
of plant extracts had great influence on the morphology of
synthesized CuO NPs. Kamali et al. (2019) and Kocabas
et al. (2020) found that pH obviously affected the particle
size of CuO NPs. Kamali et al. (2019) also found that with
more rise of the reaction temperature, more precipitation
or agglomeration occurred in the synthesis of CuO NPs.
In addition, Tshireletso et al. (2021) found that the type of
citrus peel affected the particle size and antimicrobial prop-
erty of CuO NPs. The particle sizes of CuO NPs synthesized
from lemon, orange, and tangerine peel extracts were 50, 74,
and 70 nm, respectively. CuO NPs synthesized from lemon
peel extract has good antibacterial effect, but CuO NPs syn-
thesized from orange peel extract has no antibacterial effect.

Alpinia officinarum Hance is an aromatic rhizome belong-
ing to the Zingiberaceae family and mainly distributed in the
south of China. A. officinarum has anti-inflammatory, anti-
cancer, analgesia, and diuretic properties as well as antioxi-
dant effects and has been widely used as traditional medicine
and dietary food (Qu et al. 2021). The main components of
A. officinarum have been isolated and are flavonoids, diphe-
nyl heptanes, volatile oils, glycosides, etc. (Hoang et al.
2021). It is reported that flavonoids are the most involved
substance in the green synthesis process of NPs (Sarkar et al.
2020). Therefore, A. officinarum may be a promising source
for green synthesis of NPs. However, there is no report of
the green synthesis of CuO NPs by using the A. officinarum
as reducing agent.

Anthracnose caused by Colletotrichum gloeosporioides
is the most common and harmful fungal disease in mango
production, which often leads to 30 ~60% postharvest loss
(Ren et al. 2020). At present, anthracnose was controlled
mainly by organic chemical fungicides, such as prochlo-
raz fungicide (Ntsoane et al. 2019). However, long-term,
extensive, and unreasonable use of these chemical agents
leads to the development of fungal-resistant strains. In addi-
tion, the residues of chemical fungicides can also be toxic
to humans and environment (Pei et al. 2020). Thus, it is
urgent to explore safe, efficient, and environmental-friendly
alternatives to resolve these problems. Green-synthesized
NPs are regarded as a kind of eco-friendly fungicide for
controlling plant pathogens (Vanathi et al. 2016). Vanathi
et al. (2016) have reported potential antifungal properties of
Eichhornia synthesized CuO NPs against plant fungal patho-
gens like Fusarium culmorum and Aspergillus niger. In addi-
tion, Henam et al. (2019) found that CuO NPs synthesized

by Euphorbia helioscopia exhibited significant antifungal
activity against Cladosporium herbarum owing to its nano
size and oxidative damage. However, the antifungal effects
of green synthesized CuO NPs on C. gloeosporioides were
not studied fully.

Herein, the purpose of this research is to (1) explore the
potential of CuO NPs synthesized from A. officinarum extract
and optimize the synthesis process; (2) investigate the poten-
tial antifungal activities and its possible mechanism of A.
officinarum synthesized CuO NPs against C. gloeosporioides.
It is expected this work may provide a promising eco-friendly
fungicide to control postharvest diseases and prolong the
shelf life of mango fruit.

Materials and methods
Plant and chemicals

Dry rhizome powder of A. officinarum was purchased from
Yulin Shengdingju Primary Chinese Herbal Medicine Co.,
Ltd., China. The precursor copper sulfate pentahydrate
(CuSO,-5H,0) was obtained from Sinopharm Chemical
Reagent Co., Ltd, China.

Fungal pathogen

C. gloeosporioides was isolated from infected mango fruit
and stored in Environmental Biology Laboratory of Chang-
zhou University.

Preparation of A. officinarum extract

Dry rhizome powder of A. officinarum (10 g) was mixed
with 100 mL deionized water using a stirrer-heater at 80 °C
for 45 min. The mixture was cooled to room temperature and
then filtered through filter membrane (0.45 um). The filtrate
was kept at 4 °C for further use (Kocabas et al. 2020).

Preparation and optimization of synthesis
parameters for CuO NPs

300 mL copper sulfate (CuSO,) solution (40 mmol-L ") and
100 mL A. officinarum extract were mixed. The concentra-
tion of CuSO, was based on the results of our preliminary
experiment (Supplementary materials, Fig. S1). The pH of
the mixture was maintained at 4, which is the initial pH
value of the reaction mixture. The mixture was then mixed at
60 °C for 3 h, and the formation of CuO NPs was confirmed
by change in color to dark brown. Then, the synthesized
CuO NPs were centrifuged at 7000 X g for 10 min. The pre-
cipitate was rinsed alternately thrice with deionized water
followed by absolute ethanol and then collected and dried
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at 60 °C for 10 h. Finally, the precipitate was calcinated at
400 °C for 3 h to remove impurities (Singh et al. 2019).

In order to obtain stable and high-quality CuO NPs, the
synthesis conditions were optimized based on the above
reaction by changing the parameters including the ratio of
A. officinarum extract and CuSO, solution (1:1, 1:2, and 1:3
(v/v)), pH of the reaction mixture (4, 7, and 10) and reaction
temperature (30, 60, and 90 °C). In the optimization, only
one parameter was varied and the other parameters were
kept constant. All the samples were analyzed by UV—visible
spectroscopic absorption by reading the adsorption spectrum
of CuO NPs between 200 and 800 nm.

Characterization of CuO NPs

The UV-visible spectrum of synthesized CuO NPs was
measured by UV-visible spectrophotometer (SHIMADZU
UV-2700). X-ray diffraction (X-ray diffractometer, D/
MAX2500, 26 =20~ 80°) was employed by to monitor crys-
tallinity and purity of synthesized CuO NPs. The functional
groups of CuO NPs and A. officinarum extract were investi-
gated by Fourier transform infrared radiation spectroscopy
(FT-IR, Nicolet IS50) from 400 to 4000 cm™'. The morphol-
ogy, particle size, and element composition of CuO NPs
were analyzed by a Scanning electron microscope (SEM,
Zeiss Sigma 300) configured with the energy dispersive
spectroscopy (EDS, Pegasus XM2). Hydrodynamic diam-
eter was determined by dynamic light scattering (DLS) with
a Malvern Zetasizer Nano machine. Transmission electron
microscopy (TEM, JEM-1400plus) was used to analyze the
shape and average size of CuO NPs.

Mycelia growth of C. gloeosporioides

Antifungal property of CuO NPs against C. gloeosporioides
was carried out by mycelial growth following the method
of Khan et al. (2020). CuO NPs suspensions were added to
20 mL potato dextrose agar (PDA) medium to achieve final
concentrations of 15.625 ~8000 pg-mL~'. PDA medium
without CuO NPs was used as control. In the meantime,
PDA medium containing A. officinarum extract (10%) served
as a positive control. After PDA medium solidification,
mycelial plug of 11-day-old fungal pathogens with 6 mm in
diameter was deposited in the middle of the PDA medium
plates and then incubated at 25 °C. The diameter of mycelia
colony was measured after 11 days. The experiment was car-
ried out in triplicates. The inhibitory rate of mycelia growth
was calculated according to the following formula:

o D, -D,
Inhibitory rate(%) = D x 100

1
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where D, is the diameter of mycelia growth in control plate,
D, is the diameter of mycelia growth in treated plate.

Minimum inhibitory concentration and minimum
fungicidal concentration

Spore suspension (1 x 10 spores-mL~") of C. gloeospori-
oides was prepared according to the method of Ren et al.
(2020). A two-fold serial broth dilution method was per-
formed for the determination of minimum inhibitory con-
centration (MIC) for CuO NPs against C. gloeosporioides
according to the method of Khan et al. (2020). In this
experiment, C. gloeosporioides was treated with CuO NPs
(15.625~8000 pg-mL~") in sterile potato dextrose broth
(PDB) medium. Each test tube was then inoculated with
1 x 10° spores-mL~"! suspensions and incubated on a rotary
shaker at 25 °C for 3 days. The absence of fungal growth
was visually checked to define MIC value. The minimum
fungicidal concentration (MFC) was determined after MIC
treatment by inoculating 100 pL samples on PDA medium
plates, where no viable colony was observed on the plate
after incubation at 25 °C for 24 h (Li et al. 2021). All experi-
ments were performed in triplicates.

Spore germination rate and germ tube prolongation
of C. gloeosporioides

The effects of CuO NPs on spore germination and germ tube
prolongation of C. gloeosporioides were assayed according
to Ren et al. (2020). 100 pL of spores of C. gloeospori-
oides (1 x 10° spores-mL~") were inoculated into 5 mL PDB
medium containing CuO NPs at MIC, and the PDB medium
without CuO NPs was used as control. The cultures were
incubated at 25 °C on a rotary shaker at 150 rpm for 12 h.
The spore germination and germ tube prolongation were
examined at 3, 6, 9, and 12 h after inoculation. Approxi-
mately 200 spores were randomly observed using biomicro-
scope (NE600). A spore was considered germinated when
the length of germ tube was equal to or greater than the
diameter of the spore. Germination rate was expressed as
the percentage of germinated spores out of the total spores
evaluated. Germ tube length was assayed with an ocular
micrometer. Each treatment was replicated three times.

Cellular leakage

The soluble protein, soluble sugar, and nucleic acid leakage
from mycelia of C. gloeosporioides treated with (or without)
CuO NPs was examined according to the method of Zhu
et al. (2021).
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Oxidative stress and membrane lipid peroxidation

The superoxide anion (O, ) production rate was determined
following the method of Elstner and Heupel (1976). The
mycelia treated without (as control) or with CuO NPs at
MIC were incubated as described above, and collected at 3,
6,9, and 12 h, respectively. The hydrogen peroxide (H,0,)
content was measured following the method of Mondal and
Choudhuri (1981). The malondialdehyde (MDA) content
was measured according to the thiobarbituric acid (TBA)
method (Heath and Packer 1968).

Morphological observation of C. gloeosporioides

The mycelia morphology of C. gloeosporioides was ana-
lyzed using the methods described by Li et al. (2021). In
brief, mycelia were treated with CuO NPs at MIC for 6 h,
and sterile water treatment was taken as the control. Then
the mycelia were washed thoroughly with PBS solution (pH
7) and fixed in 2.5% (v/v) glutaraldehyde for 12 h at 4 °C.
The hypha was dehydrated in graded series of ethanol solu-
tion (30 ~100%). Afterwards, the mycelia morphological
changes of the C. gloeosporioides were observed by SEM
(FEI Quanta FEG 250).

Statistical analysis

All the data were presented as the mean + standard deviation
(SD). One-way analysis of variance followed by the least
significant difference (LSD) test was used to compare the
means between different treatments using IBM SPSS statis-
tics (v26.0) software. P value less than 0.05 was considered
significantly different.

Results and discussions
UV-vis spectra analysis

The reduction of Cu?* into CuO NPs could be identified
by the color change of CuSO, solution from blue to brown
in the existence of A. officinarum extract (Fig. 1), which
indicated the formation of CuO NPs (Sarkar et al. 2020).
With the extension of reaction time, the color of the mixed
solution became darker, indicating that more CuO NPs were
formed.

The effect of the ratio of A. officinarum extract and CuSO,
solution on CuO NPs green synthesis was investigated at
a fixed concentration of CuSO, (40 mmol-L'l), pH 4, and
60 °C. As shown in Fig. 2a, the surface plasmon resonance
(SPR) peak intensity and position of the green synthesized
CuO NPs was changed when the ratio of extract to CuSO,
solution changed. The enhanced intensity represented the

Substrates

Extract  Cu?'

VD

Fig. 1 Color changes of CuO NPs solution at different reaction time

increased concentration, while the blue shift indicated the
decreased size of CuO NPs. Our results are similar to those
of Kamali et al. (2019). XRD patterns showed that the crys-
tallinity of CuO NPs synthesized was affected by the ratio
of extract to CuSO, solution (Fig. 2d). The sharper peaks
were observed in CuO NPs when the volume ratio of A.
officinarum extract to CuSO, solution was 1:2. The results
from UV-vis spectrum and XRD pattern revealed that the
optimal ratio of extract to CuSO, solution employed for CuO
NPs synthesis was 1:2.

As the pH increased from 4 to 10, the UV—vis absorp-
tion peak of CuO NPs also changed (Fig. 2b). Under acidic
conditions, all the functional groups possess positive charge
and generate repulsive force with positively charged Cu®*
due to high proton concentration, which is unfavorable to
the formation of CuO NPs. With the increase of pH, the
bioavailability of functional groups also increased. This is
mainly because polysaccharide molecules and flavonoids
with reducibility may change from positive ions to negative
ions with the increase of pH value, which will enhance the
interaction between them and Cu®* and thus make the reduc-
tion reaction easier. Whereas, the CuO NPs became unstable
and started to agglomerate at higher pH values such as pH
10. Kamali et al. (2019) also found a similar phenomenon.
As shown in Fig. 2e, the crystallinity of the synthesized CuO
NPs increased firstly and then drops sharply as the pH value
increased. The results showed that pH 7 was the optimal
condition for the CuO NPs synthesis using A. officinarum.

Figure 2c¢ showed that the SPR peak intensity of the
synthesized CuO NPs decreased with the concomitant red
shift as the reaction temperature increased from 30 to 90 °C,
indicating the reduced concentration and increased size of
the synthesized CuO NPs. This result might be due to the
destruction of biomolecules capped on the NPs at high tem-
perature, which resulted in agglomeration of CuO NPs and
generation of larger particles. The result was agreed with the
report by Kamali et al. (2019). The crystallinity of the syn-
thesized CuO NPs changed little at the reaction temperature
from 30 to 60 °C; however, it decreased at 90 °C (Fig. 2f).
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Fig.2 a UV-vis spectra and d XRD pattern of the green synthesized
CuO NPs under different ratio of A. officinarum extract and CuSO,
solution, b UV-vis spectra and e XRD pattern of the green syn-
thesized CuO NPs with different pH, ¢ UV-vis spectra and f XRD
pattern of the green synthesized CuO NPs with different reaction

Therefore, 30 °C was chosen as the optimum reaction tem-
perature based on the results of UV—vis spectrum and XRD
pattern.

To better understand the physical and chemical properties
of the synthesized CuO NPs, CuO NPs obtained under the
optimized conditions, i.e., the 1:2 ratio of extract and CuSO,
solution, pH 7, and 30 °C, was further characterized using
various analytical techniques.

UV-vis analysis

The UV-vis spectra of A. officinarum extract and the syn-
thesized CuO NPs under the optimized conditions were
shown in Fig. 2g. The CuO NPs exhibited strongest absorb-
ance at 264 nm. The result was similar to the previous study
reported by Sankar et al. (2014), who found the UV-vis
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20 (deg.)

Wavenumbers (cm" )

temperatures, g UV—vis spectra of A. officinarum extract and green
synthesized CuO NPs under optimized conditions, h XRD pattern
of the green synthesized CuO NPs under optimized conditions, and
i FT-IR spectra of A. officinarum extract and the green synthesized
CuO NPs under optimized conditions

spectra of CuO NPs synthesized from Carica papaya leaves
ranged between 250 and 300 nm. However, the peak of A.
officinarum extract was at 309 nm.

XRD analysis

The observed diffraction sharp peaks position at 32.4°,
35.4°,38.6°,48.8°, 53.4°, 58.3°, 61.5°, 66.3°, 67.9°, 72.4°,
and 74.9° were assigned to (110), (—111), (111), (—202),
(020), (202), (—113), (—=311), (220), (311), and (004),
respectively (Fig. 2h). These results were highly consistent
with JCPDS Card Number 01-080-1268 of CuO NPs with
a monoclinic phase (Naika et al. 2015). No impurity peaks
other than CuO were observed in the XRD pattern, indicat-
ing the synthesized CuO NPs with high phase purity. The
narrow and sharp diffraction peaks indicated that the CuO
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NPs were well crystallized in nature. The mean crystallite
size (D) was calculated according to the Scherrer equation:

_ KA
- pcosd

where K is the dimension constant (0.9), 1 is X-ray wave-
length (0.15406 nm), g is the value of full width at half
maximum, 0 is half diffraction angle (Weldegebrieal 2020).
The size of the CuO NPs was calculated as 50.56 nm.

FT-IR analysis

FT-IR spectrum clearly displayed a prominent peak around
3431 cm™! (Fig. 2i), indicating the existence of — OH
functional group and — NH, bending. This supported the

fact that A. officinarum extracts were rich in polyphenols,
which could serve as reducing agents (Sarkar et al. 2020).
The stretching vibration peak at 2917 cm™! indicated C-H
bond stretching and the presence of amine group (Akintelu
et al. 2020). The peak at 2349 cm™! was credited to CO,
vibration in the atmosphere (Rafique et al. 2020). The peak
at 1636 cm™! depicted C =0 bond stretching, and it may
also be the N-H bending vibration and C-N bond vibra-
tion (Anand et al. 2020; Kalia et al. 2021). The absorption
band at 1115 cm™! linked to C-O bond stretching, which
was originated from the biomolecules of the extract. In addi-
tion, peaks at 667 cm~! in FT-IR spectrum of A. officinarum
extract corresponded to aromatic ring and C-H bending
vibration, presented in the flavonoids, carotenoids, saponins,
and glycosides constituents of the plant extract. The peaks
of CuO NPs around 610 cm™! and 521 cm™! belonged to the
stretching vibration of Cu—O bond, further corroborating the

Element Weight (%) Atomic (%)

CK 3281 512§
OK 3268 3831
PK 022 0.14
SK 0.62 0.36
CukK 3367 9.94
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Fig.3 a SEM image, b EDS spectra, ¢ X-ray atomic mapping, d DLS spectra, e TEM image, and f the particle size dispersion of the CuO NPs
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formation of CuO NPs (Weldegebrieal 2020). After calcina-
tions, the FT-IR spectra of CuO NPs displayed the absence
or decrease of strong stretching and vibration peaks for some
organic compounds of A. officinarum. It may be that high-
temperature calcinations decompose some plant components
on the surface of NPs (Hosseini-Koupaei et al. 2019).

SEM and EDS analysis

SEM image indicated the defined spherical morphology of
the prepared CuO NPs (Fig. 3a). The strong signals from the
copper and oxygen atoms were observed by EDS (Fig. 3b),
confirming the formation of pristine CuO NPs (Nagaraj
et al. 2019). The EDS spectrum also showed a strong car-
bon element peak, and other weak signals such as Ca and S
atoms, which was correspond to the phytochemicals from A.
officinarum extract bonded to CuO NPs. Besides, the X-ray
atomic mapping was executed to demonstrate the distribu-
tion of constituent elements in the CuO NPs, and it clearly

(a) Concentration of CuO NPs (ug-mL-")
31.25

Control Extract 15.625 62.5 125

exhibited the uniform distribution of Cu and O atoms over
the surface (Fig. 3c).

DLS analysis

Hydrodynamic diameter of CuO NPs measured using DLS
was given in Fig. 3d. The average hydrated particle size of
CuO NPs is 62.36 nm. It is worth noting that the hydrody-
namic diameter is not the physical size of particles, because
it contains the sphere of hydration up to the slip plane
(Sarkar et al. 2020).

TEM analysis

TEM image illustrated uniformly dispersed spherical CuO
NPs particles (Fig. 3e), which was consistent with the SEM
image (Fig. 3a). The particle size of CuO NPs were between
35 and 60 nm, and the mean size of CuO NPs measured was
46.40 nm (Fig. 3f), which was smaller than the hydrated
particle size (62.36 nm) measured by DLS. The difference
might be due to the influence of the biomolecules covering
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Fig.4 a Photographs of the fungal mycelium growth of C. gloe-
osporioides on PDA plates contained A. officinarum extract and
0~8000 pg-mL~" of CuO NPs after 11 days of incubation, b Inhibi-
tory rate of A. officinarum extract and 0~8000 pug-mL~! CuO NPs on
mycelium growth of C. gloeosporioides after 11 days of incubation, ¢
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the NPs surface and the Brownian motion (Li et al. 2021).
Similar results were also reported in Coriandrum sativum
synthesized CuO NPs by Sarkar et al. (2020). In addition,
the average particle size of A. officinarum synthesized CuO
NPs was smaller than those synthesized by Camellia sin-

ensis and Lavandula anguistifolia extract (Khaldari et al.
2021).

Effect of A. officinarum synthesized CuO NPs
on the fungal growth of C. gloeosporioides

As shown in Fig. 4a, CuO NPs significantly inhibited the
growth of C. gloeosporioides in a dose-dependent manner.
This result was agreement with the findings of Vanathi et al.
(2016). However, A. officinarum extract had no antifungal
effect on C. gloeosporioides, indicating that the antifungal
activity of synthesized NPs comes from CuO NPs (Fig. 4a).
Zhang et al. (2020) found that the antimicrobial activity of
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A. officinarum from different organs is different, and it has
universal antimicrobial activity against Gram-positive bacte-
ria, but low or no antimicrobial effect against Gram-negative
bacteria and fungi. When the concentration of A. officinarum
synthesized CuO NPs was 1000 pg-mL™!, the inhibition rate
of CuO NPs on the growth of C. gloeosporioides reached
to 74.69% (Fig. 4b). However, Malandrakis et al. (2019)
showed that the inhibition rate of CuO NPs at the same con-
centration on C. gloeosporioides growth was about 50%.
This observation indicated that the A. officinarum synthe-
sized CuO NPs possessed stronger antifungal activity. For
the quantitative measurement of antifungal activity of the
synthesized CuO NPs, the MIC and MFC were determined.
The results showed that the MIC and the MFC values of the
CuO NPs were 125 pg-mL~! and 500 pg-mL ™", respectively
(Fig. 4c, d).

In order to further explore the inhibitory effect and mech-
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growth of C. gloeosporioides, MIC was used as the treat-
ment concentration of CuO NPs for further study.

Effect of A. officinarum synthesized CuO NPs
on spore germination and germ tube elongation
of C. gloeosporioides

The spore germination of C. gloeosporioides was signifi-
cantly inhibited by CuO NPs at MIC (Fig. 5a). After incuba-
tion for 12 h, the spore germination rate of CuO NPs-treated
C. gloeosporioides was 39.63% of the control (P < 0.05).
Similarly, Huang et al. (2021) reported that Ginkgo biloba
synthesized CuO NPs could significantly inhibit spore ger-
mination of Bipolaris maydis. Moreover, the germ tube elon-
gation was also significantly inhibited by CuO NPs at MIC,
which was only 34.29% of the control after incubation for
12 h (P <0.05) (Fig. 5b, ¢). This result agrees with the find-
ings of Zhu et al. (2021), who reported that the length of the
germ tube of Alternaria alternate treated with ZnO NPs was
obviously shorter than that in the control group.

Effect of A. officinarum synthesized CuO NPs
on cellular leakage of C. gloeosporioides

The cellular leakage of C. gloeosporioides treated with
CuO NPs increased with the extension of incubation time

(Fig. 6a—c). After 12 h of treatment with CuO NPs, the leak-
ages of soluble protein, soluble sugar and nucleic acid of
C. gloeosporioides were 3.06, 2.48, and 9.48 times that of
the control (P <0.05), respectively. The massive cellular
leakage indicated that the integrity of fungal cell membrane
was seriously damaged by CuO NPs. However, there was
no significant change in the cellular leakage of the control
(P> 0.05) with the increase of incubation time. Our results
were consistent with the results reported by Li et al. (2021),
who found that when the cell surface contacted with Ag
NPs, the intact cell membrane structure was destroyed,
resulting in the leakage of cellular components such as sugar
and protein.

Effect of A. officinarum synthesized CuO NPs on lipid
peroxidation of C. gloeosporioides

Excessive reactive oxygen species (ROS) accumula-
tion could result in cell membrane lipid peroxidation and
membrane damage. O, and H,0, are two main ROS in
organisms (Agnihotri and Seth 2020; Kumar and Seth
2022). MDA is the main product of membrane lipid per-
oxidation and are often used as an indicator of oxidative
damage of the cell membrane (Ren et al. 2017). The results
in Fig. 6d—f showed that CuO NPs markedly induced the
increase of O, -production rate, H,O,, and MDA contents
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Fig.7 SEM images of C.
gloeosporioides mycelia treated
with a sterile water (as control)
and b CuO NPs

in C. gloeosporioides after 3 h of inoculation (P <0.05). The
level of O,~, H,0,, and MDA in C. gloeosporioides subject
to CuO NPs treatment at MIC for 12 h were 16.41, 2.40, and
5.90 times of the control. The over production of ROS would
aggravate cell damage and the permeability of the membrane
was further increased, which led to the massive leakage of
cell contents and inhibited the growth of fungal hyphae. Our
results agree with the reports by Li et al. (2021), who found
that the ROS in the bacteria after Ag NPs treatment was
obviously higher than that in the control.

Effect of A. officinarum synthesized CuO NPs
on fungal morphology of C. gloeosporioides

In this study, drastic changes in the external hyphae mor-
phology of C. gloeosporioides were observed under treat-
ment with CuO NPs at MIC (Fig. 7b). As shown in Fig. 7a,
fungal hyphae treated with sterile water were smooth and
free from any damage. However, the hyphae treated with
CuO NPs lost their smoothness and broke in many places
(Fig. 7b), which would be conducive to the cell leakage.
These results indicated that CuO NPs inhibited the growth
of C. gloeosporioides might be related to malformation of
fungal hyphae. Our results resembled the findings of previ-
ous work (Pariona et al. 2019). Ahmad et al. (2020) discov-
ered that A. indica synthesized CuO NPs clearly damaged
hyphae of D. seriata and B. dothidea, the shape of hyphal
walls showed abnormal morphology while mycelia treated
with water appeared to remain intact.

Conclusions

CuO NPs were successfully synthesized using CuSO,
and A. officinarum extracts. The optimized synthesis
parameters of CuO NPs were pH 7, 30 °C, and the ratio
of extract and CuSO, solution at 1:2. The UV-vis spectra

of synthesized CuO NPs exhibited characteristic peaks at
264 nm. SEM and TEM images revealed that the particles
appeared to be spherical with about 35-60 nm in size.
XRD and EDS identified the purity of the synthesized CuO
NPs. Moreover, CuO NPs exhibited significant antifungal
activity against C. gloeosporioides. This might be related
to its ability to deform the structure of fungal hyphae,
induce excessive ROS accumulation and lipid peroxida-
tion of C. gloeosporioides, resulting in the cell membrane
injuries and cellular leakage. These results suggested the
potential use of green synthesized CuO NPs in challenging
fungal phytopathogens.
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