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Silver nanoparticles (AgNPs) have been extensively studied as antimicrobial materials, but their capability of
suppressing aflatoxin production has not been investigated. In this work, AgNPs with an average size of
4.5 nm were synthesized to inhibit the growth of Aspergillus flavus (A. flavus). Based on the anti-fungal
assay, the concentration of 5 pg mL™! was chosen to study the direct inhibiting effects of AgNPs on

aflatoxin production. Results show that AgNP treatment could significantly decrease secretion of
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Accepted 18th April 2017 aflatoxin B; from A. flavus. Real-time measurements of O, with an electrochemical sensor reveal tha
the AgNPs could trigger the release of O,~ from fungal mycelia. A mechanism involving O, release is

DOI: 10.1039/c7ra02312) proposed to explain AgNP-caused depression of aflatoxin production from A. flavus. This is the first
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Introduction

Aflatoxins, the secondary metabolites of Aspergillus flavus (A.
flavus), Aspergillus parasiticus (A. parasiticus) and Aspergillus
nonius (A. nonius),* are a group of highly toxic substances that
cause acute or chronic human liver diseases.»* Among them,
aflatoxin B; (AFB,) is recognized as the most toxic natural
substance. At a very low level, AFB, leads to significantly nega-
tive impacts on human and animal health.* Since agricultural
products such as peanut, corn, rice and wheat are easily
contaminated by fungi,” great efforts have been devoted to the
development of efficient ways to suppress AFB; production.
Essential oils extracted from plants have been applied to
inhibit fungal growth and mycotoxin production in recent
years.® Essential oils including aldehydes (cinnamaldehyde,
citral, citronellal and neral), phenols (thymol, eugenol, phenol
and thymol), alcohols (linalool and citronellol), as well as
ketones (carvone and menthone) have been regarded as
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attempt to study AgNP-induced inhibition on aflatoxin generation and its possible mechanisms.

effective antifungal reagents.”™ As advances of nanotech-
nology, nanomaterials have also been employed to inhibit
fungal growth."** Single-walled carbon nanotubes (SWCNTs),
multi-walled carbon nanotubes (MWCNTs), graphene oxide
nanosheets and reduce graphene oxide nanosheets have been
proven to possess antifungal activities against Fusarium grami-
nearum and Fusarium poae.**™**

As a nanomaterial with a broad bactericidal spectrum and
long-lasting antimicrobial effects, nanosilver has also been
applied to inhibit microbial growth."”"* Nanosilver has been
practically used as fresh-keeping packaging materials, food
additives and food coating materials to control the growth of
microbes in food and vegetables.”®** A significant inhibitory
effect on the growth of Candida albicans and Aspergillus could be
achieved by using nanosilver as antifungal materials. The
antifungal activity of silver nanoparticles (AgNPs) against
Alternaria solani and Fusarium oxysporum has also been veri-
fied.”® Although nanosilver is a very promising material to
restrain the growth of fungi including Aspergillus species, its
capability of suppressing aflatoxin production in Aspergillus has
not been systematically investigated so far.

Reactive oxygen species (ROS), which are closely related
to a great deal of biological events such as aging, cancer
development, and neurodegenerative diseases,**>* may also
participate in the generation of aflatoxins in A. flavus.*?
Enhancement of oxidative stress leads to a higher level of
aflatoxins production from toxigenic strains.** Moreover, the
application of antioxidants could reduce biosynthesis of
aflatoxins from Aspergillus species.***® In our recent work, we
demonstrated that the secretion of ROS upon citral stimula-
tion might be the mechanism for citral-induced reduction of
AFB,; production from A. flavus.*
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In the present study, AgNPs synthesized via a wet-chemical
approach were characterized with TEM and UV-vis spectrom-
etry. The anti-fungal activity of the as-prepared AgNPs was eval-
uated by measuring their growth inhibition effects on A. flavus. A
low concentration of AgNPs, which cannot cause a significant
growth inhibition effect, was chosen to investigate direct effects
of AgNPs on aflatoxin production. Release of O, from A. flavus
upon the stimulation of AgNPs was real-time monitored using
a MWCNTs-Mn;0, nanorods-based biosensor to reveal the
possible mechanism for AgNPs-induced aflatoxin suppression.

Experimental
Reagents and materials

A. flavus GZ-6 was a gift from Institute of Agro-Products Pro-
cessing Science and Technology, Chinese Academy of Agricul-
tural Sciences, P. R. China. The MWCNTSs, sucrose and yeast
extract were purchased from Aladdin (Shanghai, China).
Soybean peptone was bought from Qingdao Hope Bio-
Technology Co. Ltd. (Qingdao, China). Nafion perfluorinated
resin (Sigma-Aldrich, China) was dissolved in absolute ethanol
to form a 5% Nafion solution. All other chemicals were of
analytical grade and directly used in the present study without
further purifications.

Preparation of standard O, solutions

The standard O,  solutions were prepared by adding KO,
powder into nitrogen gas-saturated phosphate-buffered saline
(PBS). The concentration of O,  solution was determined
spectrophotometrically using the ferrocytochrome C reduction
assay, in which the absorbance change at 550 nm was recorded
to calculate the amount of O, with the extinction coefficient of
21.1mM ' em ™.

Synthesis of AgNPs and Mn;0, nanorods

AgNPs were synthesized according to Shirtcliffe’'s route with
minor modifications.*® Briefly, 1 mL AgNO; solution (0.01 M)
and 1 mL sodium citrate dihydrate solution (0.01 M) were mixed
with 20 mL deionized water at 70 °C. Then, a NaBH,~NaOH
solution, which was freshly prepared by dissolving 0.0189 g
NaBH, in 50 mL of 0.1 M NaOH solution, was added into the
above mixture under stirring. The color of the solution changed
to bright yellow instantly, showing the successful synthesis of
AgNPs.

Mn;0, nanorods were fabricated with the following way:
firstly, 0.2 g poly(vinylpyrrolidone) and 0.1 g stearic acid were
mixed in 15 mL ethanol under stirring for 15 min. Then, 45 uL
Mn(NO3), (50 wt%) and 400 pL H,0, (30%) were added into the
mixture successively, stirring for another 15 min. After heating
at 160 °C for 8 h, the Mn;0, nanorods were produced and
harvested by centrifugation (12 000 rpm min~", 10 min).

Fabrication of Mn;0, nanorods-MWCNTs-modified
electrodes

Glassy carbon electrodes (GCEs) were polished with 0.05 um
alumina slurry on a piece of chamois leather to achieve
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a smooth surface. 5 pL well-dispersed MWCNTSs suspension
(1 mg mL™") and Mn;0, nanorods (7.5 mg mL~ ") were dropped
onto the GCE surface successively to produce the modified
electrode. A 5% Nafion solution was coated on the modified
GCEs, storing at 4 °C for the electrochemical tests.

Culture of A. flavus and AgNPs treatment

A. flavus was inoculated in a culture medium (450 g L™ " sucrose,
60 g L " yeast extract and 30 g L~ * soybean peptone in deionized
water) and incubated at 30 °C under constant shaking (200 rpm)
for 3 days. The A. flavus mycelia were harvested via filtration and
washed with PBS for 3 times. The mycelia were re-suspended in
a PBS solution and treated with 5 ug mL~" AgNPs at 30 °C for 60
seconds. After washing for 3 times, the PBS- and AgNPs-treated
mycelia were inoculated in fresh media, culturing at 30 °C
under constant shaking. The media sampled at 0, 72 and 96 h
were stored at 4 °C for the determination of the AFB1
concentrations.

The collected media were filtered through a Waterman filter.
The AFB,; was extracted from the filtrates with chloroform, fol-
lowed by the dehydration with anhydrous sodium sulfate and
the evaporation at 50 °C under vacuum. The amount of AFB,
was determined with a high-performance liquid chromatog-
raphy (HPLC) containing an ultraviolet/visible spectrum Waters
2475 detection system (Waters Corporation, Milford, MA, USA).

Materials characterization and electrochemical
measurements

Morphologies of the nanomaterials were characterized with SEM
(JSM-7600, JEOL, Tokyo, Japan) and TEM (JEM-2100, JEOL, Tokyo,
Japan). XRD spectra were examined using a Cu Ka-ray with tube
conditions of 40 kV and 30 mA ranging from 10° to 80° (XRD-7000,
Shimadzu, Japan). UV-vis spectrum of the AgNPs suspension was
collected with a UV-2550 spectrophotometer (Shimadzu, Japan).
All electrochemical measurements were carried out with the
modified GCE as a working electrode, a Pt counter electrode and
a Ag/AgCl reference electrode. The electrochemical data were ob-
tained using a CHI 660E electrochemical workstation (Shanghai
Chenhua Apparatus Corporation, China).

Results and discussion

Since shape and size of AgNPs are critical parameters for the
antimicrobial activity, transmission electron microscopy (TEM)
was carried out to characterize the morphology of the as-
prepared nanosilver. Nanoparticles with uniform shape and
size can be observed in Fig. 1A. The TEM image with a higher
magnification (Fig. 1B) clearly shows the spherical shape of
a single nanoparticle. By measuring diameter of the nano-
particles in the TEM images, the size distribution of the AgNPs
is exhibited in Fig. 1C. The AgNPs vary from 1.0 to 9.0 nm and
possess an average value of 4.5 nm. Both shape and size of the
as-prepared AgNPs are consistent with those reported in
previous literatures.*® A well-defined peak located at 394 nm can
be found in the UV-vis spectrum of the AgNPs suspension
(Fig. 1D), attributing to the surface plasmon resonance

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Characterization of the as-prepared AgNPs. (A) TEM image of
the AgNPs; (B) TEM image of a single AgNP; (C) particle size distribu-
tion of the AgNPs; (D) UV-vis spectrum of a AgNPs suspension.

absorption peak of AgNPs. The above results verify the
successful synthesis of AgNPs with the spherical shape and an
average size of ~4.5 nm, the quality of which can meet the
requirements of the following biological tests. Before its appli-
cation in anti-fungal assays, the freshly prepared AgNPs have
been stored at 4 °C for 4 days. In comparison to the data in
Fig. 1D, there is no significant change on the UV-vis spectrum of
the stored AgNPs suspension (Fig. S1t), suggesting the good
stability of AgNPs during the storage process. The stability of
AgNPs in the culture medium was also investigated with the
dynamic laser scattering technique (Fig. S27). After an incuba-
tion in a culture medium for 4 days, the hydrodynamic size of
AgNPs increases to ~7.5 nm. The results indicate that the
AgNPs are quite stable in the culture medium and the surface
adsorption of small peptides may cause the increment of the
nanoparticle size.

To investigate effects of the AgNPs exposure on fungal
growth, dry weight of A. flavus mycelium balls before/after
AgNPs treatments were measured. As the dose of AgNPs in the
system increases, weight of the mycelium balls gradually
decreases (Fig. 2A). When the AgNPs dose reaches to 60 pg
mL ", the weight is very close to zero (Table S17), suggesting the
complete inhibition of A. flavus growth by AgNPs. The results
indicate that the AgNPs could effectively inhibit the A. flavus
growth in a dose-dependent manner, agreeing well with the
anti-fungal activity of AgNPs. Undoubtedly, the AgNPs-caused
growth inhibition could significantly reduce the fungal
amount in the system, further resulting in the decrease of
aflatoxin production. At high doses (more than 15 pg mL™ %),
AgNPs-induced direct reduction of aflatoxins cannot be differ-
entiated from the indirect one that was caused by the fungal
amount decrease. As shown in Fig. 2A, AgNPs have no signifi-
cant effect on the A. flavus growth at 5 ug mL~". The growth of A.
flavus exposed to 5 pg mL~' AgNPs in a liquid culture medium
was shown in Fig. S3 in ESL.t Moreover, morphologies of the
mycelia treated with 5 pg mL~"' AgNPs are similar to those in
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Fig.2 Effects of AQNPs exposure on the growth of A. flavus. (A) Dose-
dependent reduction of the dry weight of mycelium balls; (B) surface
morphologies of the mycelia after the PBS treatment; (C) surface
morphologies of the mycelia after the AgNPs treatment (5 pg mL™3).

control group (Fig. 2B and C). Therefore, the concentration of 5
ug mL ™" is selected in the following assays to explore the direct
inhibition effects of AgNPs on the aflatoxin production from A.
flavus. 1t has been reported that the antimicrobial activity of
nanosilver may be caused by the penetration of the nano-
particles into the microbes.* Since the size of AgNPs is less than
5 nm, their binding and penetration cannot be directly observed
in the SEM images. TEM was also conducted to check the
morphology of the filamentous fungi (Fig. S4). However, the
attachment and penetration of AgNPs were not observed in our
investigation.

After exposure to 5 ug mL ™' AgNPs, the mycelia were har-
vested by centrifugation, further culturing in a fresh medium
for 96 h. The media were collected at 0, 72 and 96 h for aflatoxin
measurements (Table 1). At the beginning of incubation,
amounts of AFB, in the culture media are quite low (around 3-4
ng mL™") in both PBS- and AgNPs-treated samples. Desorption
of aflatoxin molecules from the mycelium may lead to the initial
amount of AFB;. After incubation for 72 h, there is a significant
enhancement on the AFB; concentration. As the incubation
time elongates to 96 h, the amount of AFB, further increases.
AFB,; has been bio-synthesized and gradually secreted into the
culture media by A. flavus during the culture process in both
control and AgNPs-exposed groups. By comparing both groups,
it can be found that the pre-treatment of AgNPs could induce an
obvious reduction on the AFB; concentrations in the culture
media. After a 96 h culture, the average AFB,; concentration in
the AgNPs-exposed sample is around 28.96 ng mL ™", which is
lesser than that in the PBS-treated one. The results strongly
support that an instantaneous stimulation of A. flavus by AgNPs
could effectively depress the generation of AFB;.

Electrochemical biosensor is a well-established method for
in situ monitoring important biomolecules in biological
systems.****?37 O, is one of the ROS with high activity and
short half-life. The measurement of O, in a biological system is
quite difficult. In the present work, O, was chosen as a typical
type of ROS to investigate the role of ROS in AgNPs-caused

RSC Adv., 2017, 7, 23021-23026 | 23023
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Table 1 Production of AFB; from the PBS and AgNPs-treated A. flavus
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PBS AgNPs
Time (h) AFB1 (ng mL ™) AAFB1 (ng mL ™) AFB1 (ng mL ™) AAFB1 (ng mL™)
0 3.22 £1.20 — 4.03 + 2.16 —
72 24.44 £ 2.15 21.22 £+ 3.35 17.17 £ 0.98 13.15 £ 3.14
96 66.23 £ 6.60 63.01 £ 7.80 28.96 £+ 1.14 24.94 £ 3.30

suppression of AFB; production. In order to real-time study the
possible role of O, in the AgNPs-induced inhibition of AFB;
production, we synthesized Mn;0, nanorod, a specific artificial
nano-enzyme of O, , for the fabrication of an O,-
“electrochemical biosensor. The as-prepared products are rod-
shaped materials with the diameter of ~100 nm and the
length of ~200 nm (Fig. 3A and B). The XRD pattern (Fig. 3C)
displays several diffraction peaks, matching well with (101),
(112), (200), (103), (211), (004), (220), (105), (312), (303), (224),
(215) and (400) planes of tetragonal Mn;O, (JCPDS card 24-
0734). The scanning electron microscope (SEM) images and the
X-ray diffraction (XRD) data verify the successful synthesis of
Mn;0, nanorods. After layer-by-layer deposition of MWCNTs
and Mnz;O, nanorods, surface morphology of the modified
electrode was imaged with SEM (Fig. 3D). A layer of nanorods
covers on a network structure, clearly proving the existence of
MWCNTs and Mn;0, nanorods on the surface of the electrode.

During the catalytic process, a O,  oxidizes the Mn>" to
produce MnO," and H,0, while another O, simultaneously
reduces the MnO," to produce Mn>" and O,. Performances of
the electrochemical sensor including the sensitivity, dynamic
range and specificity were investigated before its application in
the system containing fungi. The amperometric responses of
the sensor to successive addition of O,  is recorded at an
applied potential of 700 mV (Fig. 4A). The response time is less

Intensity

3

0 40 50
20 (Degree)

Fig. 3 Characterization of the as-prepared MnzO,4 nanorods and the
electrode surface. (A) SEM image of the MnzO4 nanorods; (B) TEM
image of a single MnzO4 nanorod; (C) XRD pattern of the MnzO,4
nanorods; (D) SEM image of the surface of the MnzO,4 nanorods-
MWCNTs-modified electrode.
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than 5 s in response to a step injection of O, . Well-defined
steady-state currents can be obtained in a range of 57.5 to
862.5 nM, in which there is a linear relationship with a corre-
lation coefficient of 0.999 between the current intensity and the
O, concentration (Fig. 4B). The detection limit of 19.87 nM (S/
N = 3) and the sensitivity of 6.26 A uM ' can be calculated
based on the calibration curve (Fig. 4B).*® The specificity of the
O, sensor is shown in Fig. 4C and D. The additions of 1 uM
common compounds and ions existed in biological systems
including H,0,, ascorbic acid (AA), Na', NO;~, ClI~ and dopa-
mine (DA) do not lead to significant current responses. While,
57.5 nM O, can trigger a dramatic increment of the current
signal. The findings reveal that the MWCNTs-Mn;0O, nanorods-
modified electrode with a low detection limit, a high sensitivity
and excellent specificity for O, detection could be utilized in
real-time detection of O, released from A. flavus.

The secretion of O,  from A. flavus with/without AgNPs
treatment was real-time monitored using the electrochemical
sensor. As shown in Fig. 5, the addition of PBS in the A. flavus
system does not cause any electrochemical response (red line).
The data rule out the interference of the solvent in the elec-
trochemical detection. Upon the injection of a 5 ug mL ™" AgNPs
suspension, an obvious increase of the current occurs (black
line). To validate that the current change is indeed caused by
0,7, superoxide dismutase (SOD), a selective scavenger of O,
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Fig. 4 Performance of the O, electrochemical sensor. (A) Ampero-
metric responses of the sensor on successive injection of O, into
a PBS buffer (0.01 M, pH 6); (B) plots of the response current versus the
O,~ concentration; (C) amperometric responses of the sensor to
ascorbic acid (AA), Na*, NOs~, Cl™, dopamine (DA) and H,O,; (D)
responses of the sensor to 10 uM interferes and 57.5 nM O, .

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Real-time monitoring the AgNPs-induced O, release from A.
flavus. Amperometric responses of the sensor in a PBS solution
without A. flavus (red line), a PBS solution containing A. flavus upon the
injection of 5 pg mL™* AgNPs suspension (black line), as well as a PBS
solution containing A. flavus upon the injection of 5 pg mL™* AgNPs
suspension and equal volume of SOD (50 U mL™Y) (blue line).

was introduced in the detection system. SOD-catalyzed dis-
mutation of O, may generate hydrogen peroxide, which does
not interfere the electrochemical monitoring of O,  as being
illustrated in Fig. 4C and D. The existence of SOD could elimi-
nate the current enhancement induced by AgNPs (blue line).
The data indicate that the treatment of AgNPs could stimulate
the fungal mycelia to release O,  rapidly. According to the
calibration curve in Fig. 4B, the amount of the O,  released
from AgNPs-exposed A. flavus is around 41.3 nM (the weight
concentration of mycelia in the testing system is 1.15 g mL™%).
In order to directly analyze the function of O,  in nanosilver-
induced aflatoxin suppression, experiments need to be carried
out to investigate influences of AgNPs on the expression of ROS-
related genes in future works.

In the present study, AFB, released into the culture medium
was measured to represent the amount of aflatoxins synthesized
by the A. flavus cells. Since ROS are closely related to the
biosynthesis of aflatoxins, a possible mechanism involving
quick release of O,  is proposed to explain the AgNPs-caused
inhibition of AFB; production from A. flavus on the basis of
the above data (Fig. 6). The moderate accumulation of ROS in A.
flavus mycelia could initiate a series of biochemical reactions
for the aflatoxin biosynthesis. Upon the stimulation of AgNPs,
0O,  molecules are secreted from the mycelia immediately,

¢ AgNP % O 3 Aflatoxin B,

Fig. 6 Mechanism for AgNPs-caused suppression of aflatoxin
production in A. flavus.
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ultimately resulting in the quick reduction of intracellular ROS
level. The low intracellular oxidative level further influences the
signalling pathway to the aflatoxin biosynthesis. Finally, the
production of aflatoxins in A. flavus is significantly suppressed.
In future works, effects of AgNPs on the secretion of other ROS
such as hydroxyl radical and H,0O, in A. flavus should be
investigated to further reveal the role of ROS in the mycotoxin
production. It should also be noted that the inhibiting effects of
AgNPs on the release process might also affect the reduction of
aflatoxin secretion. As far as we known, there is no report on
AgNPs-induced secreting inhibition of aflatoxin-containing
vesicles. Thus, the mechanism for antifungal activity and
aflatoxin reduction caused by AgNPs needs to be further
investigated.

Conclusions

In summary, AgNPs-induced suppression of AFB; production
from A. flavus and its possible mechanism have been investi-
gated in the present work. AgNPs synthesized with a wet-
chemical approach were characterized using TEM and UV-vis
spectrometry. Based on the anti-fungal assay, 5 ug mL™ " was
selected as the concentration in the aflatoxin production and
0, release tests to avoid the interferences of indirect aflatoxin
reduction due to the fungal growth inhibition. The exposure of
A. flavus to AgNPs could significantly decrease the secretion of
AFB,. The real-time measurements of O,  with a MWCNTs-
Mn;0, nanorods-based electrochemical sensor show that the
AgNPs could trigger the release of O, from fungal mycelia
rapidly. A mechanism involving O,  release is proposed to
explain the AgNPs-caused depression of aflatoxin production
from A. flavus. This is the first attempt to study AgNPs-induced
inhibition on aflatoxin generation. The electrochemical sensors
fabricated in the present study could also be used to investigate
other O, related biological systems in future works.
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