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ABSTRACT: Nanoparticle-based antibacterial agents have
emerged as an interdisciplinary field involving medicine, material
science, biology, and chemistry because of their size-dependent
qualities, high surface-to-volume ratio, and unique physiochemical
properties. Some of them have shown great promise for their
application in plant protection and nutrition. Here, GO-AgNPs
nanocomposite was fabricated through interfacial electrostatic self-
assembly and its antifungal activity against phytopathogen
Fusarium graminearum was investigated in vitro and in vivo for
the first time. The results demonstrated that the GO-AgNPs
nanocomposite showed almost a 3- and 7-fold increase of
inhibition efficiency over pure AgNPs and GO suspension,
respectively. The spore germination inhibition was stimulated by a
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relatively low concentration of 4.68 yg/mL (minimum inhibition concentration (MIC)). The spores and hyphae were damaged,
which might be caused by an antibacterial mechanism from the remarkable synergistic effect of GO-AgNPs, inducing physical
injury and chemical reactive oxygen species generation. More importantly, the chemical reduction of GO mediated by fungal
spores was possibly contributed to the high antimicrobial activity of GO-AgNPs. Furthermore, the GO-AgNPs nanocomposite
showed a significant effect in controlling the leaf spot disease infected by F. graminearum in the detached leaf experiment. All the
results from this research suggest that the GO-AgNPs nanocomposite developed in this work has the potential as a promising
material for the development of novel antimicrobial agents against pathogenic fungi or bacteria.
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1. INTRODUCTION

Fusarium is a complex and multiple species of fungal
phytopathogen, causing fargoing and catastrophic diseases of
most cultivated crops, such as Fusarium head blight (FHB) of
wheat and barley and crown rot (CR) of maize, all of which can
tremendously reduce the crop quality and yield." Besides,
during the infection process, several secondary metabolites
(mycotoxins), including trichothecene deoxynivalenol (DON),
are produced by the pathogenic fungi.” These mycotoxins,
functioning as a virulence factor, accelerate the aggressiveness
of pathogen to host plants and their residues on contaminated
grains, if consumed, are detrimental to human and animal
health.

Conventionally, the measurement strategy for plant fungal
disease prevention and control mainly depends on the use of
chemical agents." Unfortunately, indiscriminate use of bacter-
icides has brought some thorny environmental problems.
Biological control has also been developed for therapeutic
applications (field management). Previous studies found that
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Fusarium wilts (of cucumber and flax) could be suppressed
through the application of fluorescent Pseudomonas spp. stains
and Streptomyced sp. strains, and the mechanism is attributed to
the production of chitinolytic enzymes.” But their practical
applications are restricted by variable environmental factors,
resulting in inadequate distribution. Antifungal peptide (AFP)
genes and engineered proteins have been expressed in plants
through genetic engineering to enhance their resistance to the
pathogens.”” This approach to disease management may not be
readily available since pathogens too tend to evolve virulent
variants. In this case, it is essential to develop an innovative and
effective alternative to maintain a sustainable balance of
complementary approaches for disease control.

Currently, the rapid growth in nanotechnology is increasing
the likelihood of combining engineered nanomaterials with
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biotechnology to expand the application domain of nanoma-
terials. In particular, to our best knowledge, a variety of
nanomaterials have been developed into novel antimicrobial
agents for agricultural disease control, including TiO,° and
AgNPs.”* Carbon-based nanomaterials are particularly interest-
ing because of their extremely high mechanical strength and
prominent physicochemical properties in interaction with
bacteria. Previous findings have suggested that various nano-
materials, like graphene oxide (GO), reduced graphene oxide
(RGO), SWCNT, MWCNT and C60, exhibited strong
antimicrobial activity against phytopathogen,”'® fungi and
cells."!

Silver nanoparticles (AgNPs), as reported with excellent
toxicity to a wide range of microorganisms, are the most
extensively studied and have been applied in the medicine field
for treating a variety of infections and synthesizing composites
or manufacturing medical devices used as antibacterial
agents.'”'”> Moreover, they revealed mild toxicity toward
human cells at an extremely low concentration.'” Various
studies have demonstrated that the bactericidal effect of AgNPs
is closely related with their size,'” shape,16 surface chemistry,'”
stability,'® and surface charge.'” Nevertheless, commercially
available bare AgNPs with high reactivity lead to particle
aggregation and settling, prompting the decrease of anti-
bacterial activity.”” Thus, various organic”’ and inorganic™”
substances are used to stabilize AgNPs or to control the release
of silver ion. Graphene oxide, a single-atom-thick and two-
dimensional (2D) sp>-bonded carbon honeycomb lattice, has
been functionalized miscellaneously, because of its intriguin%
surface chemical properties, especially the large surface area™
and high water solubility of GO nanosheets.”* GO is also
increasingly considered as an eminent support material which
can be hybridized with DNA,** metal oxides,”® polymers*” and
inorganic nanoparticles.”® Additionally, various graphene-based
components have been used as antibacterial agents, even in
antiviral applications. For example, graphene oxide-TiO, thin
films were applied as nanocomposite photocatalysts for
degradation of Escherichia coli (E. coli) in solar light irradiation,
resulting in a 7.5-fold improvement of the antibacterial activity
of the TiO, thin film.”> Graphene-tungsten oxide composite
also exhibited photoinactivation which can cause protein
degradation and RNA efflux of bacteriophage MS2 viruses
under visible light irradiation.”® Recently, Hu et al. have
obtained stabilized RGO-AgNPs hybrids using the simple one-
pot boiling method.”" The nanocomposite possesses better
dispersibility owing to abundant hydroxyl and carboxyl groups
located at the edges of GO. In addition, GO sheets can also act
as bridges to bind silver nanoparticles homogeneously to
prevent them from agglomeration and then lead to enhanced
antibacterial activity toward E. coli’> As a novel efficient
nanobactericide, GO sheets and silver nanoparticles have been
reported to possess broad-spectrum antimicrobial activity
against phytopathogens in vitro and have significant effect in
the control of plant disease by field experirnent.7’9’33 However,
little is known about whether the GO-AgNPs nanocomposite
has antifungal activity toward fungal pathogens.

In the present study, GO-AgNPs nanocomposite was
fabricated through interfacial electrostatic self-assembly and
we investigated, for the first time, the sporicidal activity and
antifungal activity of the GO-AgNPs nanocomposite against
typical F. graminearum that causes FHB disease in wheat plants.
The results showed that GO-AgNPs nanocomposite displayed a
high inactivation rate of conidia of F. graminearum. The spore

germination was significantly inhibited compared with Ag
nanoparticles and GO sheets alone. Moreover, the effects of
these nanomaterials on the hyphae and their practical
applications conducted on detached-leaves were also inves-
tigated. Considering the novel and high antifungal activity at
such a low concentration (7.81 ug/mL), the GO-AgNPs
nanocomposite has good biocompatibility and can be used as a
promising material for prevention of pathogenic fungal or
bacterial infections in crop protection.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents. Graphite powder (99.99%), silver
nitrate (AgNO;), 1% sodium citrate dihydrate, sodium borohydride
(NaBH,), potato dextrose agar (PDA) medium, polyvinylpyrrolidone
(PVP), poly dimethyl dially] ammonium chloride (PDDA), and
carboxy methylated cellulose(CMC) were purchased from Sigma-
Aldrich. The microbes were obtained from the State Key Laboratory of
Agricultural Microbiology of Huazhong Agricultural University
(Wuhan, China).

2.2. Synthesis of Graphene Oxide and AgNPs Using
the Chemical Reduction Method. GO nanosheets were
prepared as described previously.”* GO was prepared from
natural graphite powders by the modified Hummers method.**
Briefly, the natural graphite powders (99.99%; Sigma-Aldrich)
were initially oxidized by concentrated sulfuric acid (H,SO,) to
produce graphite oxide (GtO). After filtering and washing with
deionized water to remove chemical residues, the GtO was
dispersed in deionized water and bath-sonicated (Elamsonic,
S60H) for 3 h to exfoliate the GO mixture (GO).

AgNPs were prepared based on a typical procedure.”> AgNPs
were obtained by reducing AgNO; with NaBH, in water
suspension using citrate as stabilizing agent. Specifically, S mL
of 10 mM was mixed with 45 mL of ultrapure water at 45 °C
and heated rapidly to boiling. Then 1 mL of 1% sodium citrate
dihydrate and 300 4L of 3 mM NaBH, were injected dropwise
under vigorous stirring and the resulting solution was kept at
boiling temperature for 60 min. After cooling to room
temperature, the solution was filtered through a polycarbonate
membrane (0.22 ym). The final mixture was centrifuged at
8000 rpm and the pellets were resuspended in water. The
concentration of resultant AgNPs was 0.1 mg/mL.

2.3. Synthesis of GO-AgNPs Nanocomposite by
Electrostatic Self-Assembly. Graphene oxide was exfoliated
by ultrasonication in water for 2 h to obtain the aqueous
homogeneous graphene oxide dispersion (1.0 mg/mL). PVP-
capped graphene oxide was first prepared by mixing 80 mg of
PVP with 20 mL of 0.25 mg/mL graphene oxide solution,
followed by stirring for 30 min. The mixture was washed at
least three times by centrifugation and then suspended in S mL
of water. Next, 0.1 mL of 20 wt % PDDA was mixed well with
16.8 mL of 0.625 M KCl, followed by injecting 4.2 mL of PVP-
capped graphene oxide to get PDDA-functionalized graphene
oxide (PDDA-GO). The resulting solution was sonicated for
1.5 h, followed by washing and centrifugation three times.
Finally, the PDDA-GO was redispersed in 4 mL of water,
forming a clear and brownish yellow suspension with a final
concentration of 1.0 mg mL™".

The GO-Ag composites were synthesized based on a
previous method.*® Forty microliters of 1.0 mg/mL PDDA-
GO were added to 1.5 mL of as-prepared AgNPs under stirring.
Then the solution was sonicated for 3 min before standing
overnight. The precipitate was washed several times and freeze-
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dried before redispersion in 1 mL of deionized water for further
use.

2.4. Characterization of GO-Ag Nanocomposite. The
UV—vis absorption spectra were confirmed using a Shimadzu
UV-1650PC spectrometer to detect the presence of AgNPs and
GO sheets. The morphology of the as-prepared nanoparticles
was observed by transmission electron microscopy (TEM). The
nanocomposite suspensions (10 L) were dropped on carbon-
coated copper grids and air-dried for TEM analysis. TEM
measurements were performed by Hitachi H-7650 EM with an
accelerating voltage of 300 kV. X-ray diffraction (XRD) was
carried out to analyze the crystallographic structure using a
Rigaku D/MAX-rA diffractometer with Cu Ko radiation (1=
1.5406 A). X-ray photoelectron spectroscopy (XPS) measure-
ments were conducted on a Thermo VG Multilb 2000
spectrometer equipped with a monochromatic Al Ka radiation
source. Raman spectra were collected with a Renishaw inVia
model confocal microscopy Raman spectrometer (Renishaw,
UK) at an excitation wavelength of 633 nm. Both Zeta-
potential and dynamic light scattering were measured with a
Zetasizer Nano ZS (Malvern Instruments, England).

2.5. Cells Culture. The representative wheat pathogen F.
graminearum was purchased from the State Key Laboratory of
Agricultural Microbiology of Huazhong Agricultural University
(Wuhan, China).

F. graminearum, one kind of filamentous pathogenic fungi,
was maintained on Difco-Bacto Potato Dextrose Agar (PDA) at
28 °C. After 5 days of incubation in an incubator, F.
graminearum spores were obtained as described previously.””
The mycelia of F. graminearum were incubated in CMC liquid
medium for 5 days under light conditions with gentle shaking
to obtain macroconidial suspensions. After filtering the
suspensions through sterilized gauze, the conidia were
harvested by centrifugation at 3,500 rpm for 5 min and washed
twice with sterile distilled water. The spore suspensions were
first adjusted to a desired concentration of 3 X 107 spores per
mL. All experiments were carried out in triplicate at room
temperature.

2.6. In Vitro Investigation of Antifungal Activity. To
investigate the antifungal activity of the synthesized nano-
composites against phytopathogen, the synthesized bare
AgNPs, GO, and GO-AgNPs nanocomposite were studied
separately. The fungistatic and fungicidal activities of GO,
AgNPs, and GO-AgNPs nanocomposite were investigated by
the modified microdilution method to determine the minimum
inhibitory concentration (MIC) and minimum fungicidal
concentration (MFC). In a preliminary experiment, the
dispersion of GO-AgNPs hybrids was diluted in a geometric
progression from 2 to 64 times (in the concentration range of
125—3.90 ug/mL) and the obvious concentration range of GO-
AgNPs nanocomposite tested in this experiment was between
15.62 and 7.81 pug/mL (Figure S2). After diluting the initial
dispersion (15.62 ug/mL) by 1, 0.9, 0.8, 0.7, 0.6, and 0.5 times,
the obtained concentrations of GO-AgNPs nanocomposite
decreased gradually from 15.62 to 7.81 pg/mL (15.62, 14.06,
12.5,10.93, 9.37, 7.81 ug/mL). The MIC value is defined as the
lowest concentration of GO-AgNPs at which the visible growth
of microorganisms was significantly inhibited compared with
the blank. For spore germination inhibition test, F. graminearum
spores were prepared as described previously.”” Briefly, 100 uL
aliquots of spore suspensions (3 X 107 spores mL™') were
mixed with 100 yL of GO-AgNPs nanocomposite in the tubes
to obtain a final concentration of 3.9, 4.68, 5.46, 6.25, 7.03, and

7.81 pg/mL. Then, 50 uL of the mixture was pipetted onto
sterile concave slides. After incubation at 28 °C for 7 h, at least
two hundred spores per treatment were assessed by measuring
the germination rates, and comparing them to those of the
control samples containing spore suspensions and 20 uL of
deionized water. The spore germination rate was calculated as
follows: spore germination rate (%) = (the number of
germinated spores)/(total number of spores).

The high humidity level was maintained during germination.
Three concave slides were prepared for all treatments and
repeated at least three times. Meanwhile, micrographs were
taken with a digital camera connected to a Leica microscope
(Germany DCF425).

The cell viability of F. graminearum spores mixed with GO-
AgNPs hybrids was determined by the standardized colony
forming units (CFU) counting. Briefly, after 3 h incubation of
inoculum suspensions and nanocomposite, gradient-diluted
samples were transferred onto their respective potato dextrose
agar plates, cultured at 30 °C for 3 days, and spotted until
growth was observed in the control plates. Finally, the colonies
of cells were counted. The concentration in the treated samples
with no growth of colonies or fewer than three colonies
(approximately 99 to 99.5% killing activity) was recorded as the
minimum fungicidal concentration (MFC). Meanwhile, the
comparison experiments were conducted to examine the
fungistatic and fungicidal activities of AgNPs and GO sheets
separately.

2.7. Morphological Analysis of Fungal Hyphae. SEM
was used to examine morphological changes of F. graminearum
hyphae with and without the treatment of GO-AgNPs
nanocomposite.'’ After blank PDA plates were prepared,
several cellophane membranes were sterilized by boiling in
distilled water and then placed on the surface of the agar plates.
A fungal cake was cut from the 5-day-old F. graminearum grown
on PDA medium and then placed at the center of the agar
plates covered with the cellophane membranes. All the plates
were incubated in a humid chamber at 28 °C for 3 days, and
then the fungal culture was sprayed with 2 mL of GO-AgNPs
nanocomposite for 3 days, followed by another 3 days of
incubation. DI water was applied for the control group. Three
days later, the cellophane membranes were removed from the
agar, and the hyphal structure was observed and photographed
under an optical microscope in vivo. Additionally, pieces of
mycelial material were cut from the edge of the fungal cultures,
fixed with 2.5% glutaraldehyde, postfixed with 1% aqueous
0sO4 (Fluka) and washed with 0.1M, pH 7.0 phosphate
buffers. Subsequently, the samples were dehydrated separately
in an ascending ethanol series (30, S0, 70, 80, 90, and 100%)
for 15 min, and dried in a vacuum oven. Finally, thin sections
containing the cells were placed on the copper grids and
observed under a SEM (JEOL JSM-6700F).

2.8. Spore Observation by SEM and TEM. The
morphological changes of spores were further investigated
using SEM and TEM after treatment with GO-AgNPs
nanocomposite.'’ The bacterial suspensions were treated with
GO-AgNPs for 2 h at 30 °C and the spore suspensions were
treated with GO for 3 h at 28 °C. After centrifugation at 6000
rpm for the bacterial cells and 3500 rpm for the conidia, the
condensed cells were fixed with 2.5% glutaraldehyde, postfixed
with 1% aqueous OsO, (Fluka) and washed with 0.1 M, pH 7.0
phosphate buffer. Then, the samples were dehydrated
separately in an ascending ethanol series (30, 50, 70, 80, 90
and 100%) for 15 min, and dried in a vacuum oven. Finally,
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Figure 1. Schematic illustration of fabrication of GO-AgNPs nanocomposite and its antifungal characterization in vitro and in vivo.
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Figure 2. Synthesis and characterization of GO-AgNPs nanocomposite. (a) Light photo of GO sheets and GO-AgNPs nanocomposite dispersed in
DI water, (b) TEM images of GO-AgNPs hybrids, (c) UV—vis absorption spectra, and (d) zeta potential of AgNPs, GO sheets, P-GO, and GO-
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thin sections containing the cells were placed on the copper
grids and observed under a SEM (JEOL JSM-6700F) and TEM
microscope (FEI, Czech).

2.9. Reactive Oxygen Species (ROS) Assay. The
production of ROS in fungal spores induced by nanomaterials
can be measured. Here, we focused on an assay to detect the
ROS level using reactive oxygen species assay kit, which mainly
contained nonfluorescent molecule 2',7’-dichlorodihydrofluor-
escein diacetate (DCFH-DA). After deacetylation to 2/,7’-
dichlorodihydrofluorescein (DCFH) by intracellular esterases,
DCFH was oxidized by intracellular ROS to yield fluorescent
dichloroflurescein (DCF).” Briefly, spore cells (~10° per mL)
were incubated with 200 uL of GO, AgNPs and GO-AgNPs for
2h at 30 °C, and then, the cells were washed three times with
0.1 M PBS(PH 7.8) and resuspended in PBS solution. As a
positive control, the spores were treated with sterilized water.
Two microliters of DCFH-DA (30 M) was added to the cell
suspension and cultured for another 1h in complete darkness.
The fluorescence intensity was measured on an Edinburgh

24060

FLS920 spectrometer at 522 nm.” The level of intracellular
ROS was expressed as the ratio of fluorescence intensity of each
sample to the intensity of a control sample.

2.10. Silver lon Release Property. The property of sliver
ion release (from AgNPs surfaces) of the GO-AgNPs
nanocomposite was studied by dialysis experiment. In the
experiment, a dialysis tube (cellulose ester; MWCO 100 000
Da) made of a semipermeable membrane was filled with 5 mL
nanocomposite dispersion of a certain concentration and
immersed in 100 mL of ultrapure water. Under mild and
continuous stirring at 30 °C for 10 days, the ultrapure water
was changed every day to collect samples at different time
points. All the obtained samples containing released silver ion
was analyzed by inductively coupled plasma atomic emission
spectrometry (ICP-AES, IRIS Advantage ER/S)

2.11. Plant Growth Conditions and Phytopathogen
Inoculation in Detached Leaf Assay. The wheat seeds were
purchased from a local seed company. Wheat seeds were
germinated in the 30 cm? plastic pots containing a mixture of
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Figure 3. TEM images of synthesized AgNPs (A), AgNPs after standing for a week (B), GO-AgNPs nanocomposite (C) and GO-AgNPs
nanocomposite after standing for a week (D).
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nutritional soil, with 10 seeds per pot and 1 cm or a larger
distance between each seed. All the pots were arranged at

random in triplicate in a growth chamber and maintained at 24
+ 1 °C with 40 + 10% relative humidity and 14-h photoperiod

24061
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for 3 weeks before use for experiment. Then, the seedlings were
harvested and S cm long segments were cut from the leaf and
inserted into the 0.5% water agar containing 10 mg/L kinetin as
preservative.38

For the phytopathogen inoculation in vivo, two leaves were
pierced from the wheat plants per pot at the center of the
adaxial surface using a sterile needle and inoculated with 10 L
of the as-prepared F. graminearum conidial suspension through
the micropores at three inoculation points between the leaf
veins, followed by incubation of the wheat leaves at 28 °C
under continuous light condition.*” During incubation, 7.81
ug/mL of GO-AgNPs nanocomposite was sprayed on the
wheat leaves every day and sterilized distilled water was used
for the control group. A total of ten leaves were used for every
treatment and the lesion size was measured as the indicator of
pathogen aggressiveness after 1 week.

2.12. Statistic Analysis. All the experiments were
performed in triplicate and the results were expressed as
mean + SD (standard deviation). Statistical analysis was
performed using Statistical Product and Service Solutions
Software (SPSS 11.0, United States). The differences between
the groups were assessed using the analysis of variance test. The
results were considered statistically significant at P < 0.05 or
0.01.

3. RESULTS AND DISCUSSION

3.1. Characterization of the GO-Ag Nanocomposite.
In this experiment, as shown in the schematic illustration in
Figure 1, the GO-AgNPs nanocomposite (or other hybrids)
was formed using an electrostatic self-assembly strategy.”® GO
and AgNPs were separately synthesized, and then GO was
modified with poly(diallyldimethylammonium chloride)
(PDDA) capped on the surface as surfactant to obtain the
positive potential-functionalized graphene oxide (PDDA-GO).
The PDDA-GO can promote the loading of the negatively
charged Ag nanoparticle. Finally, the nanocomposite was
freeze-dried for further analysis. Zeta-potential was measured
to verify the electrostatic interaction. As shown in Figure 2, the
mean zeta potential of the GO sheets was negative due to the
abundant oxygen-containing groups (carboxy group and
hydroxyl). Then PDDA-functionalized GO exhibited a positive
charge of 33 mV after modification with PDDA. When added
into the dispersion of PDDA-GO sheets, the negative-charged
AgNPs (—19.3 mV) were assembled on the surface of PDDA-
GO via electrostatic interaction to obtain GO-Ag nano-
composite with positive surface charge. Therefore, PDDA is
likely to play a significant role in the formation of GO-AgNPs
nanocomposite.

For silver nanoparticle alone, there is strong dispersion
difficulty because of its strong adhesion forces between particles
with high surface energy.”” Graphene oxide can attach metal
nanoparticles onto the hyphal interfaces, as a kind of dispersion
and surfactant-like agent.”' A previous investigation has proved
that graphenelike carbon shell facilitated the dispersion of
metals in polymers by mechanically entrapping metal nano-
particles, which was possibly attributed to the covalent and
chemical functionalization of metal particles.””

The loading of AgNPs onto the GO sheets was characterized
by TEM and several other techniques. The TEM image shown
in Figure 2b is a representative micrograph of GO-AgNPs
nanocomposite. The whole single GO sheets could be seen to
be filled with plenty of AgNPs, and some areas were overlapped
with AgNPs with a darker color, demonstrating that the AgNPs

were homogeneously attached to the surface of GO sheets and
the particle diameters were roughly in the range of 10 to 35 nm.
As shown in Figure. 3, after standing for a week, the AgNPs
suspension became concentrated while GO-AgNPs nano-
composite was well distributed at a much higher concentration
(20 pg/mL) compared to the newly synthesized products.
According to the results in our experiment, GO obviously
altered the charge and aggregation behavior of AgNPs, thus
effectively enhancing the dispersion state of the nanoparticle.
The UV absorption peak of typical sliver nanoparticles was at
around 410 nm. After attachment to GO sheets, the absorption
spectra of GO-AgNPs hybrids showed a significant shift to 450
nm compared with the characteristic absorption peak of GO at
230 nm, which was attributed to a surface plasmon, indicating
large amounts of AgNPs were successfully loaded on the GO
sheets.*

The X-ray diffraction (XRD) patterns and X-ray photo-
electron spectra (XPS) were also collected to confirm the
presence of Ag nanopaticle. As shown in Figure 4e, a sharp
peak at 20 = 10.5° could be observed for GO sheets, which was
assigned to the (001) reflection of GO. However, the peak of
GO sheet, probably attributed to the interlamellar water
trapped between hydrophilic GO sheets at 20 value around
10.5°, completely disappeared after electrical decoration with
AgNPs. Additionally, intensive peaks appeared at 26 value of
38.1, 44.3, 64.2, and 77.6°, which were assigned to the (111),
(200), (220), and (311) crystallographic planes of face-
centered-cubic Ag nanoparticles, respectively (JCPDS No. 07-
0783).** X-ray photoelectron spectrum (XPS) was also used to
analyze the chemical structure of the hybrid. As shown in
Figure 4a, the C 1s XPS spectrum of GO clearly displayed the
oxidation with five components that corresponded to carbon
atoms in different functional groups: C—C/C=C (284.8 V),
C—OH (285.8 eV), C (epoxy) (286.7 €V), and C=0 (287.8
eV), indicating the successful synthesis of GO sheets. After
reduction with sodium citrate, the peak intensity assigned to
oxygen-containing functional groups was obviously decreased
when compared with the samples of pure GO sheets (Figure
4c). An additional Ag 3d peak appeared in GO-AgNPs
nanocomposite relative to the samples of pure GO sheets,
indicating the changes of the surface composition (Figure 4c).
The incisive peaks with binding energies at 368.1 and 374.1 eV
in the Ag 3d core-level XPS spectrum were ascribed to Ag 3d3/
2 and Ag 3d5/2 photoelectrons, respectively. This observation
is in agreement with a previous study.” In particular, the C 1s
(binding energy at 284.7 eV) and O 1s (binding energy at
531.7 eV) in the XPS spectrum could still be observed when
GO was functionalized, implying that the residual oxygenated
groups on the surface of GO sheets could enable the
composites to be well dispersed, as shown in Figure 2b.**

Raman spectra, which are usually used for structural and
electronic characterization of graphitic materials, were also
measured at room temperature using a Raman micro-
spectrometer (Renishaw, UK) at an excitation wavelength of
633 nm. To analyze the properties of single-, double-, and
multilayer graphene oxides, we measured the variation of the
2D band of Raman spectra. As presented in Figure Sla, the
representative disordered D and G bands of GO sheets were
clearly observed at nearly 1350 and 1585 cm™', respectively,
which were attributed to the in-plane Alg (LA) zone-edge
mode and the E2g mode, resulting from the significant
amorphization of graphite lattice as amorphous carbon
contained a certain fraction of sp® carbons.” In TEM, the
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single-layer GO sheets could be observed, but the Raman
characteristic was not detected, probably due to the difference
in detection methods. The 2D/G ratios typically reached 0.810or
0.32, indicating the presence of double thin film and triple-
layers along with some wrinkles at the edges, which was
consistent with a previous study.”” The 2D band appeared
approximately at 2659 cm™". For triple-layer GO sheets, the G
and 2D spectrum variation occurred at 1586 and 2673 cm™,
respectively. Triple-layer GO exhibited a higher D/G ratio
(1.38) than the double-layer (0.82), which was attributed to the
edge defects of overlapping region.”” In the case of Raman
spectrum of GO-AgNPs (Figure Slc), many primary vibration
bands were observed, including higher intensive G and D bands
at 1356 and 1595 cm™), due to surface enhanced Raman
scattering (SERS) effect of AgNPs deposited on GO sheet
surface.”” These results also displayed the presence of graphene
oxide. The peaks at 1021 and 1069 cm™" were assigned to CH
deformation and the ring breathing modes, respectively, and
the bands at 1595 and 1606 cm™" were ascribed to the C=C
stretching vibration mode.

3.2. Fungistatic and Fungicidal Activities of GO-Ag
Nanocomposite. The antifungal activity of self-assembled
GO-AgNPs nanocomposite against F. graminearum was
investigated in comparison to that of AgNPs and GO sheets.
The fungistatic activity was confirmed by the microdilution
method. Just like silver NPs, the MIC of GO-AgNPs
nanocomposite against the tested spores was as low as 4.68
ug/mL (Table 1), revealing its brilliant antifungal properties.

Table 1. MIC and MFC of GO-AgNPs Nanocomposite
against F. graminearum Spores”

MIC MEC

GO- GO-
tested fungi AgNPs AgNPs GO AgNPs AgNPs GO
F. graminearum 4.68 4.68 S0 12.5 9.37 500

“The results were obtained from experiments repeated at least three
times.

Previous research found that the as-prepared GO with an
average lateral dimension of 11 + 4 nm exhibited cytotoxic
effects only at up to 10 ug/mL, while the sheets could
significantly destroy the cell at 100 pg/mL.*’ The low
concentration advantage of GO-AgNPs is extraordinarily
conducive to their promising application in vivo. From Figure

S, it can be seen that, after incubation with GO-AgNPs
dispersion and AgNDPs, the germination rate of spores was
gradually decreased with an increase of their concentrations.
However, PVP and PDDA cannot produce any effect on the
spore growth (Figure Sb and Figure S2).

Interestingly, AgNPs exhibited a slightly higher but not
statistically significant antibacterial activity relative to GO-
AgNPs nanocomposite in the concentration range of 3.9—5.46
ug/mL. The increased concentration witnessed a sharp drop of
the germination rate to 11.38% for the GO-AgNPs nano-
composite at 7.81 ug/mL, but a moderate decrease (43.11%)
for AgNPs. It is important to note that after coupling with the
nanosheets, the toxicity efficiency of AgNPs was increased by
nearly three times at the same concentration and the GO
nanosheets also enhanced the antifungal activity by 7-fold. In
the case of GO sheets alone, almost no inhibition of spore
growth was shown even at 7.81 pg/mL and the germination
rate was up to 87.2%, which can be observed in the
corresponding microscopy images of F. graminearum spore
germination (Figures S4 and SS). Actually, the significant
growth inhibition toward spores was observed at 50 yg/mlL, a
concentration much higher than that of AgNPs or GO-AgNPs
nanocomposite. The corresponding microscopy images of F.
graminearum spore germination in the presence of GO-AgNPs
nanocomposite were taken by Leica (Germany, DCF425)
(Figure 6). For the spores without any nanomaterials, normal
and long germ tubes could be seen growing from the top of
spores. However, for the spores treated with the GO-AgNPs
nanocomposite, the spore germ tube was strongly inhibited and
the intensity of the inhibitory action was concentration-
dependent (Figure S6).

Additionally, we performed an inactivation experiment to
evaluate the sporicidal activities of the GO-AgNPs composite.
As shown in Table 1, the MEC of GO-AgNPs composite and
AgNPs was determined to be 9.37 and 12.45 ug/mlL,
respectively, at which nearly all the cells were killed by the
nanoparticles. However, the MFC of pure GO nanosheets was
as high as 500 pug/mL. While both of them exerted significant
inhibition of spore germination at 4.68 ug/mL, GO-AgNPs
nanocomposite could completely kill cells under a lower
concentration, which also suggested that GO-AgNPs composite
had stronger antifungal activity. In this sense, GO-AgNPs
hybrids had an obvious increment effect in antimicrobial
activity over pure AgNPs or GO sheets. The vital reason for
this is the enhancement of the dispersion state of the AgNPs
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Figure 5. Dose—response of germination rate of F. graminearum spores. (a) The germination rates of spores treated with GO, AgNPs, and GO-
AgNPs nanocomposite. (b) PVP in the concentration range of 3.9 to 7.81 yg/mL.
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A

(f
Figure 6. Photomicrographs of F. graminearum macroconidial germination after exposure to 0, 3.91, 4.68, 5.46, 6.25, and 7.81 ug/mL of GO-AgNPs

nanocomposite separately. F.graminearum conidia were germinated on coverslips for 7 h at 28 °C (a) without (the control) and (b—f) with GO-
AgNPs nanocomposite at different concentrations.

nanoparticle. Nanoparticles interact with biological cells mainly
depending on their surface properties, agglomeration state.” It
is well-known that the agglomeration liability in solution of
AgNPs caused by the strong van der Waals interaction amon
these silver nanoparticles restricts their antibacterial action."*"
After stabilization with GO sheets, the nanocomposites had
higher zeta-potentials in pure water to induce stable
dispersions.*” Upon contact with fungal spores or mycelia,
GO sheets can act as bridges to bind silver nanoparticles
homogeneously to promote the direct contact between Ag
nanoparticles and cells, suggesting the synergistic effect of GO
sheets and AgNPs, which played an important role in the
antibacterial activity of AgNPs by inducing significant antifungal
activity of the nanocomposite.”” The well-known toxicity
mechanisms proposed are that catalytic oxidation by metallic
silver and the release of dissolved monovalent silver ion
probably contribute to the bactericidal effects of silver
particles.'”*"

Silver ions released from silver nanoparticles on the surface
of GO sheets were detected in dialysis experiments. As shown
in Figure S7, the content of Ag* diffused out of the dialysis tube
was increased in 20 days and finally, only 89.7% Ag" was
released (Figure S7). The release of Ag" favored the high
antimicrobial activity, especially the slow and long release of
Ag". The released silver ions can strongly interact with thiol,
carboxyl, hydroxyl, amino, phosphate, and imidazole groups in
proteins and enzymes on bacterial membranes which may
complicate the mechanistic understanding of the prohibition on
the bacterial growth.>!

Additionally, as shown in Figure 4, XPS spectrum of GO-
AgNPs showed that the peak of oxygen-containing functional
groups was significantly deceased in comparison to GO sheets,
which was attributed to the reduction reaction. After incubation
with F. graminearum spores, the XPS spectrum of GO-AgNPs
was redetermined and interestingly, the results indicated that
the peak area ratios of the C—OH and C=0 bonds to the C—
C bonds deceased greatly by 33.84 and 57.14% respectively
when in contact with fungal spores for 24 h (Figure S8). It
seems that the fungal spores induced further chemical
reduction, thus reducing the intensity of oxygen-containing

functional groups. Currently, there is much interest in the green
synthetic procedures for nanoparticles by biological systems
due to the reduction ability during their biochemical
process.””>® It was worth noting that GO, with excellent
electrical properties, can act as a terminal electron acceptor for
metal-reducing and some environmental bacteria.”> Among
them, prokaryotic bacteria can play a most efficient role in the
chemical reduction of GO sheets, such as Shewanella bacterium
and E. coli, through transferring metabolically generated
electrons in their glycolysis process from the cell interior to
GO as an external electron acceptor.”>> Our results displayed
that electron transfer between the reduced GO and fungal cell
was contributed to the high antibacterial activity, possibly by
changing the membrane electric potential and inducing cell
glr%vth inhibition, even lethal effects, as reported by Chen et
al.

3.3. Hyphal Structure Change Induced by GO-AgNPs
Nanocomposite. As demonstrated above, GO-AgNPs nano-
composite significantly restrained the germination of spores
and the development of germ tubes; thus, the mycelia grown
from spores are assumed to be affected by the treatment of GO-
AgNPs nanocomposite. To find out the interaction and the
mechanism by which GO-AgNPs nanomaterials influence the
growth of F. graminearum, optical microscopy and SEM
analyses were performed to examine the structural changes of
fungal samples. After 3 days of growth on normal PDA media at
30 °C, the hyphae were sprayed with GO-AgNPs nano-
composite dispersion, and the untreated and treated samples
were viewed under a SEM (JEOL JSM-6700F). The hyphae of
control group (treated with water) in Figure 7a appeared
smooth and remained intact after incubation, with slender
bodies, whereas, after contact with 6.85 and 7.81 ug/mL GO-
AgNPs composite, the hyphae became sunken and stacked
together (Figures 7b and Figure 7c). Additionally, some old
hyphae were obviously deformed and bulked (Figure 7e).
Figure 7f shows a representative collapsed structure of F.
graminearum in the presence of GO-AgNPs nanocomposite,
along with distortion.

The well-known toxicity mechanisms proposed are that
catalytic oxidation by metallic silver and the release of dissolved
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Figure 7. SEM images of F. graminearum hyphae in the presence of
water (a) and 6.25 (b) and 7.81 ug/mL (c) of GO-AgNPs
nanocomposite. (d—f) The typical structure of old hyphae and normal
hyphae after treatment with 7.81 ug/mL of GO-AgNPs nano-
composite.

monovalent silver ion probably contribute to the bactericidal
effects of silver particle.'” The released silver ions can strongly
interact with thiol, carboxyl, hydroxyl, amino, phosphate, and
imidazole groups in proteins and enzymes on bacterial
membranes, which may complicate the mechanistic under-
standing of the prohibition on the bacterial growth.”® Ag*
released from silver nanoparticles on the surface of GO sheets
was detected in dialysis experiments. As shown in Figure S7,
the content of Ag" diffused out of the dialysis tube was
increased in 10 days and finally, only 89.7% Ag" was released.
The release of Ag" favored the high antimicrobial activity,
especially the slow and long release of Ag".

3.4. Spore Cell Observation by SEM and TEM after
Treatment with GO-AgNPs Nanocomposite. The scanning
electron microscopy (SEM) and TEM are widely used to assess
the direct interactions between the biological cells and
nanomaterials.'"’ To investigate the changes in the cellular
morphologies of the treated F. graminearum spores, microscopy
imaging experiments were conducted. From Figure 7a, it can be
seen that, as part of phragmospore, all the macroconidia under
untreated conditions displayed the typical slender, sickle-shape
morphology and possessed an intact and plump structure with
three transverse septa. However, after direct contact with GO-
AgNPs nanocomposite for 2 h, most of the F. graminearum
macroconidia were crumpled, wizened, and obviously stacked
together with nanomaterials, which probably facilitated the
direct contact of Ag nanoparticles on the surface of GO
nanosheets with the cells. In addition, the regular cell
construction disappeared, and macroconidia seemed to be
heavily damaged, indicating the significant effect of the
nanocomposite on the spores (Figure 8b). These findings
were similar to a previous report showing that the adsorption of
nanoparticles to the bacterial cell walls is responsible for their
bactericidal effects from the construction of nanomaterials and
biological cells, and the abundant oxygenated groups of GO can
develop hydrogen bonds to interact with the lipopolysaccharide
subunits of the cell membranes which contain sugars,
phosphates, and lipids.>”

The toxicity action was also investigated by TEM imaging.
Figure 9a shows the normal spores with well-defined and
integrated cell membranes which contained a number of tiny
organelles. However, once the spores were mixed with
nanomaterials, the GO nanosheets loaded with silver nano-
particles were wrapped around the cell walls of spores,

X2,50010pm

X2,500 10pm

Figure 8. SEM images of conidia of F. graminearum after incubation
with sterile water (a) and GO-AgNPs nanocomposite (b) for 3 h.

hindering their nutrient absorption and transport from external
environment.”® To date, there have been various reports about
the possible antibacterial mechanisms of graphene-based
nanomaterials, including cell membrane stress induced by the
mechanical injury of graphene nanosheets and oxidative stress
associated with the generation of cellular ROS.>” Akhavan et al.
have confirmed that graphene oxide nanowalls with extremely
sharp edges exhibited toxicity on bacteria, causing physical
membrane damage.”” Oxidative cell damage was also proposed
as one of the main mechanisms for the cytotoxicity of silver
nanoparticles on cells and bacteria.”' As shown in Figure 9, the
high surface area of GO sheets facilitated the contact of silver
nanoparticles with cells, which was consistent with SEM
imaging experiments. The blue arrows indicated the direct
interaction of AgNPs on the surface of GO nanosheets with the
outer membrane of spores (Figure 9b, c). There is no doubt
that the synergistic effect of GO-AgNPs hybrids was
responsible for the remarkable antifungal action of the
synthesized composite toward fungal spores and hyphae.

Collectively, the direct-contact interaction of GO-AgNPs
nanocomposite with cells greatly enhanced the toxicity action,
possibly by causing both physical and chemical injuries, not
only due to the extremely sharp edges of graphene nanowalls
and silver nanoparticles, but also the release of Ag" on the
surface of AgNPs. There is no doubt that the synergistic effect
of GO-AgNPs hybrids was responsible for the remarkable
antifungal action of the synthesized composite toward fungal
spores and hyphae.

Meanwhile, the relatively high stability of AgNPs dispersion
from the use of GO sheets cannot be ignored. When compared
to AgNPs alone, GO-AgNPs nanocomposites exhibited much
stronger antifugal activities. The difference between them
appears attributed to the phase behavior and biodistribution of
nanoparticles, which play a vital role when nanoparticles
interact with biological systems.”” It should be noted that GO
sheets help the AgNPs to stick or transport to a place where
they can be better delivered to the fungus. This formation
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Figure 9. TEM images of conidia of F. graminearum after incubation with sterile water (a) and GO-AgNPs nanocomposite (b, c) for 3 h.

pattern, for one thing, contributes to the stable dispersion of
the nanoparticles, and extremly affects their antibacterial
activity. On the other hand, it may particularly affect silver
excretion and result in long residence time during the interation
of nanoparticles with the biological cells."””" Ultimately, the
nanocomposites preponderantly inhibited the spore germina-
tion and even killed the spore, leading to hyphal impairment
and even the complete inhibition of sporulation.

3.5. ROS Production. The aforementioned results
indicated that physical damage on the hyphae and spores was
obviously associated with the memchanism of GO-AgNPs. As
far as we know, the toxicity action mediated by oxidative stress
on the biological cells commonly occurred under the treatment
of the biological cells with various nanomaterials, such as metal
oxide nanoparticles and carbon nanomaterials.””~%* Hence, the
production of ROS was further detected to evaluate the
antifungal activity of GO-AgNPs. ROS are a group of short-
lived reactive oxidants, including the superoxide radical,
hydroxyl radical (—OH), hydrogen peroxide (H,O,), singlet
oxygen, etc.’” The ROS level of cells was measured after
incubation separately with a different conceatration of GO,
AgNPs and GO-AgNPs. As shown in Figure 10, GO, AgNPs,
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Figure 10. ROS level of F. graminearum spore after incubation with
different concentrations of GO, AgNPs, and GO-AgNPs nano-
composite.

and GO-AgNPs induced a significant concentration-dependent
increase in ROS production. It should be noted that, despite
ROS induction for all the particles, GO-AgNPs showed a
relatively higher level than the other two. The ROS level for
GO sheets and AgNPs at 7.81 pug/mL was 151- and 271-fold
that of the control, while the content of Ag ion showed a 437-
fold increase in the presence of GO-AgNPs composite,
reflecting a synergetic effect. It seems that oxdation stress

excactly makes a great contribution to the strong anfungal
activity of the GO-AgNPs composite. ROS are normal and
harmless byproducts in the aerobic metabolism process, but
biological cells would cause excessive ROS generation under
adverse conditions.”” The excessive ROS would induce injury
to various cellular constituents such as lipids, proteins and
DNA, influence various signaling pathways, and finally result in
growth arrest or cell death.”” These results suggested that,
when in contact with fungal spores, GO-AgNPs not only result
in obvious morphological injury but also induce ROS
production to initiate fungal spore inhibition and death.

3.6. Detached Leaf Experiment for Controlling Fungal
Disease. Nanomaterials have shown great promise for their
application in plant protection and nutrition due to their size-
dependent qualities, high surface-to-volume ratio and unique
optical properties.”> The results from this study have
demonstrated that GO-AgNPs nanocomposite could not only
partly inhibit the sporulation process but also have sporicidal
action to destroy the hyphal structure. The unique antifungal
activity of GO-AgNPs nanocomposite at such a low
concentration (4.68 pg/mL) may have the potential for
controlling the plant disease in the future. Therefore, we
performed the detached leaf experiment to further investigate
whether the GO-AgNPs nanocomposite can protect crop from
F. graminearum invasion as an antibacterial agent. Experiments
with detached leaf segments are frequently employed in
bacterial and fungal pathogen disease tests, such as Stagonospora
nodorum,®* Septoria tritici, > Erysiphe graminis DC. f.sp. avenae,*
and Microdochium nivale®” Back in 1999, the study of H.
Diamond et al. supported that Fusarium ear blight (FEB)
disease measurements of wheat cultivars tested in the detached
leaf experiments were significantly correlated with the results
obtained from the glasshouse whole plant study.”® In this study,
a leaf detached from a 3-week-old wheat seedling was used for
the experiment, with the same plant age and positioned leaves.
After spraying GO-AgNPs nanocomposite on the wheat leaves,
the leaf spot disease or the lesion size was significantly reduced
compared to the untreated control, although some small-size
spots were observed (Figure 11). This observation sheds light
on our previous finding that carbon-based nanomaterials
displayed high antimicrobial action toward phytopahtogens
and could be applied in plant management.'” However,
scholars vary in their views about the potential application of
graphene, especially the cytotoxic effects or biocompatibility of
graphene in the biological system. Several studies indicated that
graphene and AgNPs exerted mild cytotoxicity toward
mammalian cells and could be applied for medical dis-
infection.®® Conversely, Akhavan et al. reported the effects of
nanoscale graphene oxide (NGO) sheets on the reproduction
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Figure 11. Detached wheat leaves treated with (a) sterile deionized
water and (b) GO-AgNPs nanocomposite. Three plants were tested
for each treatment and all the experiments were performed in
triplicate.

capability of Balb/C mice at the intravenous injection
concentration >200 mg/mL in vivo.”” They found that NGO
sheets were absorbed in testis and induced remarkable DNA
damage and chromosomal aberration. Additionally, the
hormone secretion and pregnant functionality was also
disturbed. It should be noted that, in the present experiment,
the inhibitory concentration was only up to 4.68 yig/mL, which
is extremly lower than the previously reported toxicity dose on
plant and mammalian cells.”’ For this reason, GO-AgNPs may
have the potential application in crop disease mangement, but a
consistent aim of agriculture is the sustainable development or
management of natural resources. Therefore, the nanomaterials

Table 2. Several Currently Used Chemical Fungicides against Fusarium sps.

chemical fungicide

GO-AgNPs
hymexarizonaol
acibenzolar-S-methyl

prothioconazole

tebuconazole

azoxystrobin

fluoxastrobin

prochloraz
propiconazole

cyproconazole/
propiconazole

phosphorous acid

azoxystrobin
kresoxim-methyl

copper oxychloride

carbendazim
toclofos-methyl
hymexazol
azoxystrobin

carboxin

Fusarium strains

F. graminearum
F. graminearum
Fusarium wilt

F. avenaceum
F.crookwellense
F. culmorum

F. graminearum
F. poae
F.sporotrichioides
F. avenaceum

F. crookwellense
F. culmorum

F. graminearum
F. poae

F. sporotrichioides
Fuverticillioides
FE.proliferatum

F. avenaceum

F. crookwellense
F. culmorum

F. graminearum
F. poae

F. sporotrichioides
avenaceum
crookwellense
culmorum
graminearum
poae

sporotrichioides

F. oxysporum f.sp.
E. oxysporum fsp.
E. oxysporum fsp.
E. oxysporum fsp.

F. oxysporum fsp.
oxysporum f.sp.

o]

oxysporum f. sp.

cubense

cubense

cubense

cubense

cubense
cubense

cubense

oxysporum Klotz
oxysporum Klotz
oxysporum Klotz
oxysporum Klotz

oxysporum Klotz

mL)

9.37
62.5
S0
0.27
32
0.19
0.4
0.09
0.23
1.7
6.5
2.1
0.57
15
0.24
3.50
10.0
69
>100
>100
>100
>100
>100

43
>100

64
>100
>100
>100

1

10
100
>100

250
250
>100

0.235
53.606
69.961

144.58
154.0

24067

effective concentration (ug/

experimental method reference

in vitro, LC inhibit mycelia in this experiment
in vitro, ECy, germination inhibition in this experiment
Elmer et al.”!

Miillenborn et al.”

greenhouse test

in vitro, EDy, inhibit mycelia

in vitro, EDsyg, inhibit mycelia Mi.il%nborn et al,”> Marin et

al.

In vitro, ED50 Inhibit mycelia Miillenborn et al.”

in vitro, EDy inhibit mycelia Miillenborn et al.”>

in vitro, LC completely inhibit Nel et al.”*
mycelia

in vitro, LC completely inhibit Nel et al.”*
mycelia

in vitro, LC completely inhibit Nel et al.”*
mycelia

in vitro, LC completely inhibit Nel et al.”*

mycelia
glasshouse test control Fusarium wilt ~ Gullino et al.”®

glasshouse test control Fusarium wilt

in vitro, LC completely inhibit Nel et al.”*
mycelia

in vitro, ECg, inhibit mycelia Song et al’®

in vitro, ECs, inhibit mycelia Song et al’®

in vitro, ECs, inhibit mycelia Song et al.”®

in vitro, EC, inhibit mycelia Song et al.”®

in vitro, ECy, inhibit mycelia Song et al.”®
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should be further evaluated to guarantee their safe use in
agriculture.

In Table 2, we provided reference data on currently used
chemicals against this Fusarium sps. Additionally, we chose one
commercial fungicide (Hymexarizonaol) to compare its
antifungal activity on F. graminearum with that of the GO-
AgNPs and the reference data. The results showed that
Hymexarizonaol could completely kill the spores at a
concentration of 62.5 ug/mL, far higher than that of GO-
AgNPs. As shown in Table 2, all the chemical fungicides
exhibited their antifungal activity at a different effective
concentration, including lethal concentration (LC), with 50%
effective dose indicated as EDS0 and the concentration for 50%
of maximal effect as ECS0. Compared with the currently used
chemical fungicides against Fusarium in agriculture (Table 2), it
can be seen that, except for prothioconazole, tebuconazole and
prochloraz, the lethal concentration of the GO-AgNPs
nanocomposite (9.37 ug/mL) is much lower than that of the
other fungicides in previous studies. Particularly, its antifungal
activity against F. graminearum is several times higher than that
of azoxystrobin, fluoxastrobin, carboxin and azoxystrobin,
whose 50% effective doses are all nearly more than 100 ug/
mL. The unique antifungal activity of GO-AgNPs nano-
composite at such a low MIC and MFC (4.68 and 9.37 ug/
mL) suggests its great potential for controlling the plant disease
in the future. More importantly, Lu et al. have reported that
nanoparticles were not genotoxic or cytotoxic to humans.'*
Recently, Tan’s group has demonstrated that there was no
visual phytotoxicity on leaves when 100 ppm of Ag@dsDNA@
GO was applied on the tomato transplants in a greenhouse
experiment, and when compared to the untreated control, the
nanoparticles can significantly reduce the severity of bacterial
spot caused by Xanthomonas perforans.”” GO-AgNPs nano-
composite, as a novel bactericide, may well meet the
requirements of plant disease control, whose aim is to hinder
the development of pathogens efficiently and create a
sustainable balance between complementary approaches and
field management. However, further research should be
conducted about the phytotoxic behavior of the nanomaterials
before use under field conditions.

4. CONCLUSIONS

In this study, we have fabricated GO-AgNPs nanocomposite
through the interfacial electrostatic self-assembly method and
characterized its properties using various technical devices. The
as-prepared GO-AgNPs nanocomposite exhibits good disper-
sibility in water without any further modification. The toxicity
action of the synthesized GO-AgNPs nanocomposite on F.
graminearum was investigated for the first time. The GO-
AgNPs nanocomposite shows enhanced antimicrobial activity
at an exceedingly low concentration (9.37 pg/mL) compared
to the pure AgNPs (12.45 pug/mL) and GO nanosheets (250
ug/mL), which may prevent the supererogatory effect on the
host plant. Results from SEM, TEM and ROS analyses indicate
that the synergy of both GO sheets and AgNPs plays a vital role
in their inactivation effects, not only inducing physical damage
on biological structure, but also causing oxidation stress on
cells. The detached leaf experiment has confirmed that the
nanocomposite can significantly control the development of the
leaf spot caused by F. graminearum spore, and protect plants
from pathogen infection. The overall findings from this study
suggest that the unique shape and ultrasmall size of GO-AgNPs
nanocomposite make it a promising antimicrobial agent for

preventing crop diseases caused by fungal or bacterial
pathogens.
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