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The green synthesis of nanoparticles (NPs) is important because of the favorable potential of plant
biomolecules involved in the synthesis of NPs. This study aimed to provide a fast, easy, cheap, and
environmentally friendly method for the synthesis of superparamagnetic iron oxide NPs (SPIONP) and
silver nanoparticles (AgNPs) using Stachys lavandulifolia and an evaluation of their use as antifungal
agents against Aspergillus niger and Fusarium solani. The physicochemical properties of AgNPs and
SPIONPs were studied using FESEM, HRTEM, XRD, VSM, UV-Vis, and EDX spectroscopy. The sizes and
morphologies of the AgNPs and SPIONPs, measured via electron microscopy, were 12.57 nm and
10.70 nm, respectively. Nanoparticles have previously been shown to have antifungal activities, and
SPIONPs and AgNPs can show antifungal resistance. These NPs can be used as a substitute for widely
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Introduction

Nanotechnology examines the properties of materials that have
at least one dimension smaller than 100 nm,' so that the
physical, chemical, and biological properties of these particles
differ substantially from those of their bulkier samples.*”®
Currently, NPs are mainly produced using a variety of physico-
chemical methods that have disadvantages such as low stability,
dependence on advanced equipment, high temperature, high
pressure and the production of toxic by-products with adverse
effects on the environment.*” Considering the problems
mentioned in previous approaches, the discovery of inexpensive
and environmentally friendly methods for the production of
NPs is essential.*** The green nanoparticle synthesis method
uses fungi, bacteria, algae, and plants, which are considered the
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used toxic fungicides to promote food safety and public health.

most inexpensive and accessible plants and do not require
specific conditions or a complex culture environment to grow.*?
In the green synthesis method, plant extracts of NPs may
contain many secondary compounds and metabolites.™

An increasing resistance of pathogens to antimicrobial
agents such as fungicides and antibiotics has become a global
problem.™"” Nanoparticles have various applications in medi-
cine for controlling disease and in other fields.*® The AgNPs and
SPIONPs are the most widely studied and they have unique
physical, chemical, and biological properties, and their anti-
microbial activity has been demonstrated.”?* Magnetic NPs
with unique properties of biocompatibility and biodegradability
are increasingly being used in research and for various appli-
cations in science and technology, including biosensors, water
treatment, MRI imaging, targeted transfer and targeted
drugs.*®** Because of their specific properties, they can interact
with different microorganisms without posing a risk to human
health. Various types of compounds and iron oxides exist in
nature including Fe;0, and Fe,0;.° Nanoparticles have a higher
antimicrobial activity against pathogens with higher surface-to-
volume ratios than their bulk materials and can be used as
a viable strategy in control of microorganisms.***” Although
there are numerous studies on the antimicrobial properties of
nanomaterials, their mechanism in the control of microbes is
not yet well understood. Studies show that AgNPs bind to the
phosphorus groups on DNA, causing the DNA to become more
compact and prevent its proliferation and cell death. The AgNPs
can also cause deformation and damage to the hyphae struc-
ture. The SPIONPs can interact with microbial cells and cause
damage to cell membranes, as well as the destruction of
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macromolecules and the production of O, super peroxidase. In
this study, a leaf extract of Stachys lavandulifolia was used,
which is one of the important medicinal plants of the Lam-
iaceae family because its extract contains polyphenol and
flavonoid compounds.

For the cases captured in this study, the extract and S. lav-
andulifolia were used for synthesis of AgNPs and SPIONPs,
respectively, and their antifungal effects against two strains of
pathogenic fungi were investigated.

Materials and methods
Preparation of the plant extract

The leaves were collected from S. lavandulifolia and these were
dried and subjected to extraction after powdery mildew formed.
The extract from S. lavandulifolia leaves was extracted before the
flowering stage, and the leaves were washed with deionized
water to remove the dust from the leaf surface. The leaves were
dried in shade and at room temperature for four days and then
the leaves were powdered in a sterilized mortar and kept in
a closed container away from moisture and light at room
temperature until required. Then, 20 ml of deionized water was
added to each gram of extract powder and stirred at 60 °C on
a heated stirrer at 360 rpm for 1 h followed by filtration using
Whatman® Cellulose Filter Paper No. 42 and the filtrate was
then centrifuged at 4 °C for 95 min at 9500 rpm. Finally, the
supernatant was filtered and centrifuged again with the same
Whatman paper. The extract was stored in the dark at 4 °C and
sterile media was used at all stages.

Green synthesis of silver and iron nanoparticles

For the green synthesis of AgNPs, a 100 mM silver nitrate
storage solution was first prepared and 1 ml of the plant extract
was added to 2 ml micro-tubes and the contents of each micro-
tube was diluted to find the appropriate concentration of silver
nitrate for the synthesis of AgNPs. A portion of the stored silver
nitrate solution (20, 25, 30, 35, 40, 45, 50, 55 or 60 ul) was added
to the contents of the tube and the reaction mixture was kept at
ambient temperature and the color change of the plant extract
was investigated at different times. The AgNPs were precipitated
using a centrifuge. The precipitate of AgNPs was collected by
centrifugation at 14 000 rpm for 15 min, washed twice with
deionized water to remove the unreacted materials and impu-
rities, and then finally washed with absolute ethanol. The
collected powder was dried at 60 °C.

The SPIONPs, 41 mM FeCl; and 27 mM FeCl, (1 : 1.5) were
first dissolved in deionized water in a sterile Erlenmeyer flask
with a lid which was completely closed and then shaken well on
a heated stirrer. When the temperature reached 80 °C, the plant
extract was added, and after 10 min, it was adjusted to pH 11
with 1 M sodium hydroxide and then centrifuged three times
after cooling (12 000 rpm, 15 min, 4 °C) with the removal of the
solid residue. The resulting supernatant was dried for 24 h at
80 °C on glass and the powder obtained was used to determine
the characteristics of the synthesized NPs and their biological
activity.
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Characterization of the nanoparticles

Ultraviolet absorption of the synthesized nanoparticles was
investigated using a UV-Vis Drop 250-211Fo075 spectrophotom-
eter (Germany). The crystalline structure of the powdered
samples was examined using XRD with the X'Pert PRO (PAN-
alytical, Netherlands). Scanning electron microscopy (SEM) was
performed using a Sigma VP (Carl Zeiss) to determine the
morphological properties of the NPs. To determine the exact
size and shape of the synthesized nanoparticles, a transmission
electron microscope (TEM, FEI Tecnai) was used. The magnetic
properties of the SPIONPs were investigated using a vibrating
sample magnetometer (VSM, Lake Shore-7400, Lake Shore
Cryonics, USA).

Antifungal effects of AgNPs and SPIONPs

In order to investigate the biological activity of the AgNPs and
SPIONPs on the growth of fungi, two strains of fungi: Aspergillus
niger and Fusarium solani were propagated in potato dextrose
agar (PDA) medium. For the iron NPs, 0.1 g of the NP powder
was first dissolved in 10 ml of deionized water and sonicated
(probe 6 mm, 10% ambient, 60 s sonic and 15 s rest and then
repeated 15 times) to disperse the NPs. The AgNPs and SPIONPs
at concentrations of 0, 1, 5, 25, or 50 ppm were added to 20 ml of
PDA medium immediately after autoclaving. From the new
cultures of the tested fungal strains, 5 mm discs were generated
on Petri dishes and then stored at 25 °C, and the fungal radial
growth was measured after 24 h and 48 h.

Statistical analysis

Statistical analysis was performed in a completely randomized
design with a factorial arrangement with three replications and
the data were analyzed using SPSS version 25 software (IBM).
The comparison of means was performed by a Duncan test at
the significant level of 0.01.

Results

The discoloration of the extract to brown after the addition of
silver nitrate (less than 1 h) and the change of the color of the
solution containing iron salts from yellow to charcoal were the
first indications of the production of AgNPs and SPIONPs. To
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Fig.1 Absorption spectra of plant extract (a), SPIONPs (b) and AgNPs
(c).
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Fig. 2 The XRD spectra of AgNPs (a) and SPIONPs (b) synthesized with Stachys lavandulifolia extract.

confirm the formation of NPs and their presence, the solutions for AgNPs and SPIONPs, respectively, whereas the plant extract
were analyzed by a spectrophotometric method. Fig. 1 shows lacked an absorption peak.

the UV-Vis spectra of the AgNPs and the SPIONPs. These spectra X-ray diffraction (26 = 10° to 80°) was used in this study to
indicate that a high adsorption occurred at 432 nm and 212 nm  study the crystal structure of the synthesized NPs and to re-

Fig. 3 TEM images of SPIONPs (a) and AgNPs (b) synthesized with Stachys lavandulifolia extract.

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 29737-29744 | 29739
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Fig. 4 FESEM and EDX images of SPIONPs (a) and AgNPs (b) synthesized with Stachys lavandulifolia extract.

confirm the synthesis of the NPs. As shown in the Fig. 2, clear
peaks are shown for SPIONPs at 26 = 30.47, 35.77, 43.49, 53.85,
57.33, 62.9, 74.37 (inverse spinel cubic structure) and for AgNPs
at 20 = 27.85, 32.21, 38.08, 44.3, 46.2, 64.45, 77.29 (the face
centered cubic structure).>® The Scherrer formula (eqn (1)) was
used for determining the size of the NPs. The crystallite size of
the NPs (diameter) was estimated to be about 11.56 nm and
13.05 nm, for AgNPs and SPIONPs, respectively.

K2
T =
B cos

1)

where, 7 is the crystallite size (nm), K is the crystallite shape
coefficient (0.9), 4 is the X-ray generator wavelength (0.154 nm),
8 is the FWHM, and 4 is the diffraction angle.

Transmission electron microscopy was used to determine
the size, shape, and distribution of the synthesized nano-
particles,” and the results (Fig. 3) show that both of the
synthesized NPs are spherical particles and have an average size
of less than 50 nm.

The surface morphology and chemical composition of the
NPs were determined by FESEM (Fig. 4). The FESEM images also
confirm that the distribution of particles was uniform and that
they had the same spherical shape. As can be seen in the EDX
spectrum, the SPIONPs were composed of only Fe and O (100%
total) and the AgNPs were mainly composed of Ag and Cl, and
the results confirmed the purity of the synthesized NPs. The

29740 | RSC Adv, 2020, 10, 29737-29744

presence of peaks at 0.6 and 6.5 keV for SPIONPs and 3 keV for
AgNPs was observed due to SPR and confirmed the synthesis of
the NPs.

VSM was used to investigate the magnetic properties of the
SPIONPs. The curve shows the residual curve of the Fe;O,
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Fig. 5 VSM curve of SPIONPs synthesized with Stachys lavandulifolia
extract (emu: electromagnetic units).
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Fig. 6 The inhibitory effects of AQNPs and SPIONPs on the radial growth of the mycelia of A. niger and F. solani.

sample in the —20 000 to 20 000 Oe applied field range. The
saturation magnetization curve was estimated to be 33.02 emu
g~', with particle magnetization passing through the source
where no residual magnetism was observed, and the force field
was calculated to be 0.34 Oe (Fig. 5).

The antifungal activity of the greener synthesized NPs
against two pathogenic fungi was determined by measuring the
radial growth of the mycelium. The synthesized NPs showed an
inhibitory effect on the radial growth of the mycelium of A. niger
and F. solani (Fig. 6 and 7). In this study, AgNPs were also used
to compare the antimicrobial activity of magnetic NPs of iron. It
was found that AgNPs and SPIONPs were capable of inhibiting
the growth of mycelia of the two fungi used in this study. A
mean comparison test showed that the antifungal activity and
inhibitory effect of AgNPs and SPIONPs on radial growth of
mycelium of A. niger and F. solani did not show significant
differences at different times and showed similar effects. The
maximum inhibitory effect of AgNPs and SPIONPs on the radial
growth of the fungi tested in this study was at 25 and 50 ppm,
respectively.

Discussion

Metallic nanoparticles (silver and iron) are of great interest
because of their many properties and applications. Stachys
lavandulifolia is a valuable aromatic herb and is well known for
its thymol and carvacrol monoterpenoids and is a good source
of antioxidants. This study is the first report of the synthesis of
SPIONPs from leaf extracts of this plant. The use of bio-sources
as reducing agents and NPs has been widely recognized in
recent decades due to their easy availability, environmental
friendliness and their biocompatibility.**** The discoloration of
the ion-containing solution after the addition of the plant
extract was the first indication of the synthesis of NPs, which
was because the nanoparticles are confined to a small space as
compared to a small amount of plasmonic oscillating material,
leading to the effect. Surface plasmon resonance on the surface
results in the color of the nanoparticles being different from
their clumped state. The presence of clear peaks in the UV-Vis

This journal is © The Royal Society of Chemistry 2020

absorption spectrum of AgNPs and SPIONPs and their
absence in the plant extract indicated the synthesis of NPs in
the desired solution.®* According to the theory of quantum
confinement, the wavelength decreases as the particle size
decreases. This spectrum again confirms the nanometer
particle size and is consistent with the results of previous
studies. In the XRD results, the presence of sharp peaks indi-
cates a high degree of crystallinity for the NPs, confirming the
synthesis of the NPs and it is consistent with the results of other
studies. The recorded TEM images show that the conditions
applied to the reduction of iron and silver ions and the green
synthesis of the NPs caused AgNPs and SPIONPs to be synthe-
sized with an average diameter of 12.57 nm and 10.70 nm,
respectively, with the S. lavandulifolia extract. As shown in
Fig. 3, the AgNPs and SPIONPs were predominantly spherical
and regular, and this was fully consistent with the results of the
XRD and the SEM. The strong peaks in the EDS and XRD spectra
show that NPs have been synthesised and their purity. The
synthesized NPs have the ability to rapidly adsorb to the
magnets, and after the NPs are absorbed onto the magnets, the
aqueous phase is completely transparent, indicating that no
plant extract remains and all the extract used for the synthesis
of the NPs has been used. After removal of the external magnetic
field, the NPs were readily dispersed, which indicated that the
NPs could be applied in various fields and that the iron NPs
could be removed after use. According to the VSM results, the
very small coercivity field could be due to the small size of the
NPs and the single magnetite domain. Therefore, this curve
confirms the SPIONPs superparamagnetic characteristic.
Hyperparamagnetic properties are important for various appli-
cations such as in MRI and gene transfer, drug delivery, and so
on, and their small size and spherical shape give better inter-
action with cell membranes and the antimicrobial activity of the
NPs. Previous studies have reported the presence of secondary
compounds in S. lavandulifolia leaves, and the results of FTIR
show the presence of strong peaks for these compounds which
confirmed the existence of different functional groups of the
plant extract. The S. lavandulifolia is involved in the synthesis,

RSC Adv, 2020, 10, 29737-29744 | 29741
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Fig. 7 The inhibitory effects of AQNPs on the mycelial growth of F. solani (1-5) and A. niger (11-15), and the inhibitory effects of SPIONPs on the
mycelia growth of F. solani (6—-10) and A. niger (16-20).

coating, stabilization and inhibition of NP agglomeration. For The higher the concentration of AgNPs and SPIONPs, the
SPIONPs, the strong absorption band at 569.80 nm could be greater the decrease in mycelial growth and the greater the
related to Fe-O and the synthesis of the SPIONPs. The observed inhibitory effect of NP growth was observed. In the case of
bands were in agreement with those found in other studies. SPIONPs, the concentration of 10 ppm is twice that of 5 ppm,

29742 | RSC Adv, 2020, 10, 29737-29744 This journal is © The Royal Society of Chemistry 2020
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but its inhibitory effect does not differ by 5 ppm because the
NPs may be agglomerated to magnetic SPIONPs at higher
concentrations, therefore, for the maximum inhibitory effect of
the magnetite iron NPs, the optimum amount of NPs deter-
mines the maximum antitumor effect. The size of the NPs
affects their antimicrobial activity, and the smaller the NPs are,
the easier it is for them to cross the cell membrane and enter the
cell space, causing cell death through oxidative stress and also
by affecting the macromolecules.** The antimicrobial properties
of the NPs depends on the size, particle type, and strain of the
bacterium and the fungus. There are many studies on the
antimicrobial activity of SPIONPs and AgNPs, and the results of
these are in line with the results of this study. Previous studies
showed by producing TEM images of mycelium treated with
AgNPs, that the NPs destroyed the cell membrane and inhibited
the natural growth of the mycelium. Mishra et al.>* highlighted
the role of Fe** ions in hydrogen peroxide production and
damage to macromolecules. Mishra et al. also demonstrated the
antifungal activity of AgNPs against the pathogenic fungus.
Studies have shown that AgNPs are capable of producing ROS
that affect gene expression, apoptosis and cell signaling path-
ways. Because of their high volume, NPs are better able to
interact with microorganisms and reduce the oxygen demand of
cells. Although NPs have a detrimental effect on microorgan-
isms, other studies have shown that they also have a positive
effect. Silver and iron NPs have been found to have a positive
effect on root length, plant growth and disease control of plants,
so NPs can be an interesting alternative for plant protection and
as nano-fertilizers and nano-fungicides.***® Nanoparticles have
been considered as an alternative in various biological appli-
cations due to their unique properties despite their bulk. Iron is
a microelement required for plant growth and a plant can use
the iron NPs used in a foliar spray to control fungi and patho-
genic bacteria, to help plant growth and stress resistance.

Conclusions

In this study, a one-step method using cheap, easily available,
and non-toxic reducing agents to reduce iron and silver ions
and to synthesize AgNPs and SPIONPs, which had antifungal
activities, was demonstrated. TEM and FESEM images show
spherical AgNPs and SPIONPs with average sizes of 12.57 nm
and 10.70 nm, respectively. FTIR spectra show the presence of
plant extract biomolecules and their ability to coat the synthe-
sized nanoparticles. In addition, both types of synthesized
nanoparticles showed inhibitory effects against the radial
growth of the mycelia of the pathogenic fungi A. niger and F.
solani. Therefore, given the reports that some pathogens are
resistant to fungicides and the need to develop other alterna-
tives, nanoparticles synthesized from extracts of S. lav-
andulifolia may contribute to the development of new
fungicides and, thus, to the management of plant diseases.
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