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Abstract — Silver nanoparticles are widely investigated with regard to their physical, chemical, but also
biological properties. Antibacterial and antitumor properties of AgNPs have been intensively studied. In
addition, the synthesis using a green approach brings further significant biological properties. However, it
is also necessary to monitor the potential toxicity of such nanoparticles in different ecosystems. In this
experiment, the effect of AgNO3; and AgNPs on germinated plants of Zea mays was studied. Effects on basic
growth and physiological parameters were observed. There was a statistically significant difference between
the variants tested.
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Introduction

In the current decade, nanomaterials (NPs) are intensively investigated. The knowledge about
their toxicity and behavior in eco-environment is very important [1, 2]. Silver nanoparticles are
defined as individual silver particles or small silver aggregates with a size of 1-100 nm [3-5].
Due to their small size, large surface capacity and antimicrobial effects, they are widely used
in many industries including electronics, medical diagnostics, textile industry, or also in
personal care [6]. Biological synthesis of nanoparticles using plants and microorganisms has

been described in a previous review paper [7, 8] and is still given great attention [9].
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Fig. 1. The expected biological effects of AgNPs on plants. (A) The soil particles are surrounded by water
potential gradients that affect plant root growth (due to positive hydrotropism, the growth of the roots is directed
towards the water) and thus also the nutrient intake. Hydropatterning changes the distribution of root hairs and
lateral roots along the root circumference. It has recently been discovered that the transcription factor ARF7
activates the LDB16 gene, which induced the initiation of lateral roots formation when water is available. These
recent molecular findings can bring new information on the NPs [10]. (B) AgNPs enter the plant through
conductive elements and are transported to its organs and cells. AgNPs induce reactive oxygen species (ROS)
formation and distinct reactions in peroxisomes in the cells. The most important predicted effects of AgNPs
phytotoxicity on the nucleus (DNA damage, transcription factor binding, etc.), mitochondria (e.g., respiratory
chain damage, damage to DNA and membranes), chloroplast (e.g., damage to DNA, photosystem, and
membranes). Changes lead to activation of caspases and cell death. An important effect is a decrease in GSH
concentration and consequent damage to cellular components. These complex changes result in changes in overall
metabolism.

Increased use of silver nanoparticles (AgNPs) enhances the risk of their release into the eco-
environment. There is also growing concern about health and safety risks [11]. It is therefore
essential to address the potential effect of AgNPs on plants as primary producers and an
essential component of the ecosystem [4, 6]. These effects may vary depending on the size,
shape and concentration of the nanoparticles. They can also be different depending on the age
and type of plant. Terrestrial plants can be exposed to nanoparticles in many ways. The main
ones are potential leakage into the environment, irrigation with contaminated surface water,
application of contaminated biosolids, or wastewater drain [11]. However, only a very limited
number of publications have so far dealt with the interaction between higher plants and AgNPs.

The aim of this work was to study the effect of different concentrations of silver nitrate (AgNO3)

and AgNPs on germinated plants of maize (Zea mays) of Silen variety.

Materials and methods

Chemicals



Silver nitrate, methanol, NaCl and other chemicals were purchased from Merck (USA) at a
purity >99%. All chemicals that we used for gel electrophoresis were purchased from VWR
(Germany). All plastic materials used (tubes, tips) in this study were purchased from Eppendorf
(Hamburg, Germany). Deionised water was prepared by using the reverse osmosis equipment
Aqual 25 (Brno, Czech Republic), and was further purified by using an ELGA apparatus
equipped with a UV lamp (Lane End, United Kingdom). The resistance was 18 MQ and the pH

was measured using the pH meter (WTW)).

Spectrometry and electrochemical measurement

Photometry: BS-300 chemical analyzer from Mindray (China), cuvettes 5 x 6 x 30 mm, optical
path 5 mm, a volume of reaction mixture in the cuvette 180-500 pL. Photometric detector
measuring at wavelengths: 340, 405, 450, 510, 546, 578, 630, and 670 nm. Spectrophotometry:
A UV/VIS UV-3100PC, VWR (USA) single-beam spectrophotometer was used to record the
UV-VIS spectra. The VIS spectrum was measured every 2 nm in the range of 350-700 nm in
plastic cuvettes with an optical path of 1 cm. The Infinite F50 (Tecan, Switzerland) was used
for measurement on a polystyrene microtiter plate (Gama Group a.s., Czech Republic).
Electrochemical analysis of silver was performed by DPV method, 0.2 M acetate buffer (pH 5),
scan from -0.1 to 0.6 V, polarization rate of 25 mV/s (working carbon electrode, Metrohm,
Switzerland). Characterization of nanoparticle surface was performed by methods previously
optimized [12-18]. Ferric Reducing Antioxidant Power (FRAP) is based on the reduction of
2,4,6-tripyridyl-s-triazine complex (TPTZ) with FeCl3 - 6H>O and the absorbance was
measured at 605 nm. The radical of 2,2'-azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid
(ABTS, 7 mM) and potassium peroxodisulfate (5 mM) were mixed in water. The solutions were
then prepared by diluting with water in a ratio of 1:9 v/v, stored for 12 hours in the dark at 4 °C
prior to use and the absorbance was measured at 660 nm The DMPD (N,N-dimethyl)-1,4-

diaminobenzene method is based on quenching the color of the radical whose absorbance is



measured at 450 nm. Total phenols were determined by the Folin-Ciocalteau reagent (1.5 mL
of reagent was mixed with 200 mL of the sample), in which the mixture was left at 25 °C for 5
min followed by the addition of 1.5 mL of 6% (w/v) Na;CO3. The sample was left for 90 min
at 25 °C and the absorbance was measured at 725 nm. Concentration dependence of gallic acid
was prepared. The total flavons content was determined by the following procedure: 0.5 mL of
the sample was mixed with 1.5 mL of methanol, 0.1 mL of 10% aluminium chloride, 0.1 mL
of 1 M potassium acetate and 2.8 mL of water. The resulting solution was left at 25 °C for 30
min and the absorbance was measured at 415 nm. The quercetin calibration dependence was
prepared to determine the concentration of quercetin. Total protein was determined by biuret

(510 nm) and pyrogallic method (520 nm).

Surface morphology of the nanoparticles

Surface morphology of the nanoparticles was investigated with field emission scanning electron
microscopy (FESEM) using operating voltage of 10 kV in the SEM (Zeiss) instrument. Surface
charging effect was minimized by coating the samples with gold on copper stubs with a coating
instrument. Transmission electron microscope (TEM) and higher resolution TEM (JEOL) were
determined on a copper stub with carbon glue and coated with gold before analysis. The samples
for TEM and HRTEM were placed in vials containing absolute ethanol and ultrasonicated for
10 min. thereafter, holey/lacey carbon grids (10 pm) were dipped into the vials containing the

ultrasonicated samples and dried before microstructural determination.

Preparation of AgNPs by green synthesis

Silver nanoparticles were prepared using green synthesis. The sage leaves (Salvia officinalis)
were purchased in single packs (50 g, Valdemar Gresik - Natura s.r.0., Czech Republic). The
leaves were first homogenized by milling to a particle size of 1-2 mm and then extracted. The

mixture was stirred in ultrapure water (80°C, 60 min) at a ratio of 5 DW g/100 mL, v/w. The



leachate was further centrifuged (30 min, 4000 g). Then filtration through filter paper (100 pm)
was performed. The leachate was mixed with 0.1 M silver nitrate (1: 1) and stirred on a magnetic
stirrer (80°C, 24 h). The particles were precipitated with methanol (1: 1) and left on a magnetic
stirrer for 60 min. After purification, the supernatant was pipetted off and the particles were
allowed to dry (24 h, 60°C, VWR drier, USA). The particles were dispersed in ultrasound-

irradiated water at a concentration of 3 mg/mL for 40 minutes.
Biological experiment

Seeds of maize (Zea mays) of Silen variety were sprouted on cellulose wadding in cultivation
boxes (Batist, Czech Republic) in an amount of 10 x 10 seeds and were watered by tap water
(250 mL, conductivity of 480 uS/cm, pH 6.5). The boxes were left for one week at lab
temperature (25°C). For our experiment, 7-day-old maize seedlings were selected. The plants
were chosen to be uniform in size. The seedlings were after this time placed into a hydroponic
system with 3 L of cultivation solution and with a light of 36 W/865, FAR of 100 umol/m?/s
with light/dark intervals of 12 h/12 h. AgNOsand AgNPs were applied at 1, 50, 150 mg/L.
Preparation of nanoparticles for application was as follows: homogenization was achieved by
ultrasound, AgNPs (3, 150, 450 mg) were added into the 2 mL Eppendorf tubes and the tubes
were supplemented with ultrapure water to their 2 mL volumes. Then, three various
concentrations (1, 50, 150 mg/L) of silver nitrate solution were prepared. Silver nitrate was used
as a positive control. Silver nitrate (3, 150, 450 mg) was added to Eppendorf tubes. Distilled

water was used as a negative control.
Analysis of photosynthetic dyes

To determine the number of chlorophylls, 1 g of the above-ground portion of the plant was
weighed, placed in a mortar and grinded with sea sand. Then, 1 mg of magnesium oxide was

added and, after a short period of grinding, 10 mL of acetone was added. The sample was



filtered through filter paper (with 100 um pore size). The filtered sample was refilled with
acetone to a 25 mL volume of volumetric flask. The extracted chlorophyll was diluted into a 2
mL glass cuvette with acetone at a ratio of 1: 9. Chlorophyll measurements were performed in

the range 350—650 nm, scan 2 nm (UV-3100PC spectrophotometer; VWR International, USA).

Physiological and morphological evaluation

Stem (length, number of leaves) and root (length of longest and shortest root, number of roots)
morphology in the plants was observed (n = 5). The amounts of chlorophyll, silver, protein and
phenolic compounds were determined (n = 3). In addition, quantification and analysis of the
morphological parameters of the root system (microscopic and photographic evaluation) were
performed. For determining the fresh weight (FW), plants were weighed (Boeco, Germany)
immediately after removal from the hydroponic system and placed on filter paper (n = 4). For
the determination of dry matter (DW), the plants were divided into smaller parts and left for 48

h at 60 °C (n = 3).

Microscopic and photographic analysis

To evaluate the effect induced by AgNOsand AgNPs, the plants were photographed (Canon,
FulHD 20.3 Mpx). Microscopic analysis was performed using a computer-connected
microscope VisiScope (VWR, USA) allowing photos collection (10 MPx) on a PC. Image

analysis was performed by ColorTest (Prevention Medicals, Czech Republic).

Statistical evaluation of data

Experimental work was performed in at least three independent experiments. Each sample in
the experiments was analysed at least five times. The obtained data presented in this paper are
the average values. No experimental points were excluded from the proposed experimental
study. All the obtained data were stored in the Qinslab database (Prevention Medicals, Czech

Republic). If possible, data were processed and evaluated mathematically and statistically in



the Qinslab database. The results were expressed as mean = standard deviation (SD). Photos
were processed by the ColorTest program, which assigns an intensity to the individual pixels
of the studied image in a given color area [19]. For preparing the publication, the data were

processed using MICROSOFT software (USA).

Results and discussion

Characterization of prepared plant extracts from S. officinalis leaves

The total protein content of extracts measured using pyrogallol red decreased with increasing
temperature applied for extract preparation (from 85 to 55 g/L). Using the biuret test, the highest
protein content (93.5 g/L) was found in the extract prepared at 20°C. The concentration of
phenolic compounds in the extracts increased directly in proportion to the preparation
temperature of the phytoextract (3—5 mg/L). The content of flavonoids in extracts obtained from
S. officinalis increased with extraction temperature (from 1 up to 5.5 mg/L). Based on the DPPH
method, free radicals (10.5 GA g/L) were most quenched by sage leaf extracts prepared at 80°C.
Using the ABTS method, the ability of extracts to quench free radicals was significantly
reduced with increasing preparation temperature. The color evaluation of the prepared extracts
at different temperatures indicated that the color intensity decreased with increasing
temperature applied for the preparation of the extract. At the highest temperature used, the color

intensity decreased by 15% compared to the lowest preparation temperature.

The prepared extract was mixed with silver nitrate (1: 1, 500 rpm, 25°C). AgNPs formation was
monitored spectrophotometrically. The signal of around 450 nm in the UV VIS absorption
spectrum confirmed the presence of AgNPs in the mixture [20]. AgNPs were characterized: the
hydrodynamic size ranged from 20—-60 nm, the absorption spectra achieved maximum peak at
455 nm. AgNPs formation rate constants were determined by the integration method and were

experimentally around 0.3 uM/s/AU. AgNPs were produced most rapidly using an extract



prepared at 60°C. An ideal time was found to produce the largest amount of AgNPs in solution
which ranged between 2448 h. The yield of AgNPs produced by green synthesis using sage
was 65%. Simple reactions (total phenols, flavones, ability to quench free radicals, total protein)
were used for basic characterization of AgNPs surface properties. Chemical properties: the
ABTS method — 40-80% of control, the DPPH method — a decrease by 15-55% after 15 min.
of radical quenching, total phenols (extract): 1200-1800 mg/mL eq. GA. The SEM analysis
showed that the particles were mostly spherical in shape with a size of 50 nm. The SPR method
determined the particle size at intervals of 20—60 nm and the zeta potential in the range of -20

to -5 mV (Fig. 2).

The effect of AgNPs on germinated plants of Zea mays

The interaction between AgNPs and autotrophs was studied. The uptake, translocation, and the
accumulation of the AgNPs in cells depend on the cellular structure, its permeability, size of
the nanoparticles [8]. The soil particles are surrounded by water potential gradients that affect
plant root growth (due to positive hydrotropism, the growth of the roots is directed towards the
water) and thus also the nutrient intake. Hydropatterning changes the distribution of root hairs
and lateral roots along the root circumference. It has recently been discovered that the
transcription factor ARF7 activates the LDB16 gene, which induced the initiation of lateral
roots formation when water is available); see in Fig. 1. These recent molecular findings can
bring new information on the NPs [10, 21]. The plants were exposed to AgNO3 and AgNPs (0,
50 and 150 mg/L). The plants were collected on days 4, 5 and 6 of the experiment. With
increasing concentrations of AgNOs; and AgNPs, significant growth retardation, discoloration
and leaf tip drying have been monitored. Fig. 3 shows the dependence of the mean length and
weight of plant biomass on the variants tested (control, AgNO3, AgNPs). Plant biomass with
increasing concentration and exposure day decreased. For all studied variants, the effect on the

root system was noticeable. With increasing concentrations of applied amounts of AgNO3 and



AgNPs, the roots became slightly brown. The overall reduction in plant biomass was due to
plant stress response. The plant probably needed energy and substances to transport and inhibit
heavy metals. The increased root biomass is probably related to ensuring an equalized water

balance of plants.
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Fig. 2. Synthesis and characterization of silver nanoparticles (AgNPs). (A) Salvia officinalis was collected in
the Boskovice wake in summer 2018, the plant was dried and homogenized. Its significant secondary metabolite
with an antibacterial effect is salviol. (B) A simplified scheme for preparing AgNPs: The plant was washed in
distilled water, dried at 60°C, homogenized to 1 mm particle size, mixed with water and extracted at different
times and temperatures. The extract was filtered and stirred with AgNOs. (C) AgNPs have been prepared and then
characterized. Typical VIS spectrum of the AgNPs prepared (scan 0.2 nm), (D) hydrodynamic size, (E) typical
voltammogram of thiol compounds bound to the surface of AgNPs, (F) changes in integrals of thiol compounds
of AgNPs prepared at 20 and 80°C, (G) a typical appearance of AgNPs obtained using a plant extract prepared at
20, 40, 60, and 80°C. The color intensity was evaluated by ColorTest, (H) a typical dependence of total phenolic

compounds on the GA concentration, (I) total phenolic compounds of AgNPs obtained at 20, 40, 60, and 80°C.

Biological effects of AgNPs on maize plants — growth characteristics



The length of the longest root was measured for each sample. Its mean length was 12.7, 8.7 and
9.9 cm in the control sample, in the presence of AgNO; and in the presence of AgNPs,
respectively. Another observed parameter was the length of the above-ground portion of the
plants. Its mean length was 15.9, 10.8 and 11.6 cm in the control sample, in the presence of
AgNOs3 and in the presence of AgNPs, respectively (growth reduction of about 40%).
Subsequently, the average number of roots was counted. There were no differences among
group means (control 7.4; AgNO3 group 7 and AgNPs group 7.5). Also, the fresh root weight
was found. Compared to control (246.3 mg), there was a decrease of 27.2% in the presence of
AgNOs; and in the presence of AgNPs, a decrease of 17.8% was observed. We also monitored
the fresh weight of the above-ground portions of plants, which was 377.3 mg in control; for
AgNO3 we recorded a decrease of 47.8% and for AgNPs a decrease of 35.6%. Compared to
control, statistically significant differences were found in all studied variants at 95%

significance level.
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Fig. 3. Basic study of the phytotoxic effect of AgNPs on plants of Zea mays in hydroponics. (A) Typical photo
of germinated plants of Zea mays — (a) control group, (b) AgNOs3, (c) AgNPs — after 196 h of exposure to the
hydroponic system with tap water; Ag concentration of 150 mg/L. Plants were collected in triplicates every day
and then processed according to the procedure described in the Material and Methods section. Statistical analysis
summarizes all data on the tested variant. (B) Root analysis: (a) primary root length, (b) count of roots, (c) fresh
weight of root. (C) Stem analysis: (a) stem length, (b) fresh weight of stem, (c) photosynthetic pigments. Statistical

analysis was performed using Qinslab, with 95% difference being considered to be statistically significant.

Effect of AgNPs on photosynthetic pigments

Fig. 1 shows the expected effect of AgNPs on chloroplasts and thus also on the number of
photosynthetic dyes. Furthermore, the amounts of chlorophyll a, chlorophyll b, carotenes and
xanthophylls were calculated by absorbance. We found that the number of photosynthetic dyes
increased (control: 675 ug/mL, AgNOs3 group: 827 pg/mL, and AgNPs group: 1261 pg/mL).
The increase in the number of photosynthetic dyes by more than 50% in the presence of AgNPs
is likely caused by plant defensive reactions due to increased oxidative stress. However, this
possible link should be further studied carefully [22]. A statistically significant difference

compared with control was found in all studied variants at 95% significance level.

Conclusion

AgNPs were prepared by green synthesis using sage and biophysically characterized. These
particles were subsequently tested for their phytotoxicity in germinated plants of maize. AgNPs
were chemically stable throughout the experiment and exhibited a number of biological effects

in most of the analyzed parameters, however, these need to be further investigated.
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