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Abstract: With the advancement of nanotechnology and the increasing utilization of nanoparticles
(NPs), their production and release into the environment are on the rise. Consequently, it is crucial
to continuously monitor the toxicity of nanoparticles for humans, animals, and plants, as well as
their impact on the environment. This is particularly significant in relation to human health and food
production, given the escalating use of nanomaterials in agriculture and horticulture. The aim of
the study was to investigate the response of rapeseed seedlings to silver nanoparticles (AgNPs) and
gold nanoparticles (AuNPs) over different periods of exposure. This research analyzed the impact
of these nanoparticles on the biochemical response of rapeseed seedlings after 7, 14, and 21 days of
growth in their presence. This study assessed the activity of guaiacol peroxidase (GPOX), pyrogallol
peroxidase (PPOX), superoxide dismutase (SOD), and free protein content, as well as the interactions
between key elements responsible for oxidative stress and the antioxidant response. The findings
demonstrated a significant effect of AgNPs and AuNPs on stimulating the response of rapeseed
seedlings, with the activity of PPOX, GPOX, and SOD being dependent on the exposure time and the
type and dose of nanoparticles used. Enzyme activity increased with the length of exposure time,
while the content of free protein decreased over the weeks. The most intense reaction of seedlings
was observed in the case of GPOX, with the lowest activity observed in PPOX and SOD. High effects
of the nanoparticle type and rate were also observed in the correlation matrix. This study suggests
that a comprehensive analysis of plant reactions to nanoparticles could have a significant impact on
the proper and effective use of nanoparticles in agriculture and horticulture. This could lead to the
environmentally friendly production of high-quality plant material.

Keywords: silver nanoparticles; gold nanoparticles; guaiacol peroxidase; pyrogallol peroxidase;
superoxide dismutase; free protein; antioxidant activity

1. Introduction

With the growing population and the ever-increasing demand for food, as well as tak-
ing into account climate change and soil and food contamination with harmful compounds
from fertilizers and pesticides, modern agriculture and horticulture must implement in-
novative cultivation methods. In intensively developing urban and suburban areas, soil
used for agricultural crops is particularly exposed to contamination and pollution, so the
production of healthy, uncontaminated food safe for human health within urban agriculture
is an important problem. Changes and improvements in food production are aimed at
increasing efficiency, and also at producing food that is safe for the consumer’s health. In
order to adapt to these requirements, the latest technologies and products manufactured
based on the achievements of scientists in recent years are used. One of the technologies
that have become present in modern agriculture and horticulture is the introduction of
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materials based on nanotechnology. With the emergence of nanotechnology in the agricul-
tural sector, efficient and more environmentally friendly nanopreparations are available,
such as nanoemulsions, nanopolymers, nanopesticides, nanoherbicides, and nanofertilizers
produced for sustainable agriculture [1,2].

Nanotechnology deals with the design and creation of materials in which at least one
of the dimensions is between 1 and 100 nm [3]. These materials are characterized primarily
by high reactivity resulting from the increased ratio of specific surface to volume, which
causes the nanoparticles to have different physicochemical properties that can change the
reactivity and thus their biological activity [4,5]. The properties of nanoparticles and their
reactivity are influenced by the core composition, shape, surface properties, stability, and
method of their production [6-8]. Due to their unique properties, these materials can be
used in almost all branches of industry [9-13] and above all, in medicine and pharmacy, in
elements of drug delivery systems and tissue imaging [14].

In agricultural and horticultural practices, nanomaterials are used to reduce nutrient
losses, which positively affects the size and quality of crops, and to reduce the number of
plant protection products. Nanotechnologies offer opportunities for solving agricultural
and environmental problems in order to enhance crop productivity, to improve the soil
health, and to reduce the costs of plant production, as well as offer possibilities for using
nanomaterials to improve food safety [15].

The reactions of plants to the presence of nanoparticles in the environment are very
complex and depend on the properties of the nanoparticles such as their shape or size, and
also on the plant’s genotype, development stage, and cultivation conditions [12]. Tools that
enable the study of these relationships are projects carried out in a system of physically
controlled conditions with precisely defined substrate components, such as in vitro plant
cultures. Most of this information and known applications concern silver nanoparticles
(AgNPs) and gold nanoparticles (AuNPs), mainly due to their antibacterial and antifungal
properties [16-18]. However, there are also reports on nanoparticles of carbon, copper,
aluminum, zing, iron, silicon, titanium, and others [16,19-21].

AgNPs are known for their strong antibacterial, antifungal, and antiviral properties,
and hence are used in a range of products such as clothing, cosmetics, pharmaceuticals, and
medical devices [22,23]. Also, AuNPs have distinct properties such as good conductivity,
chemical stability, and resistance to bacterial infection, and are used as an antimicrobial
agent [24]. These characteristics make them suitable for applications in electronics, catalysis,
and sensing technologies [25]. Their uses also extend into the medical field, where they
are used in imaging, therapy, and drug delivery [26-28]. AgNPs and AuNPs exhibit a
phenomenon called “Surface Plasmon Resonance”, where they absorb and scatter light with
extraordinary efficiency [29,30]. This property has led to their use in a variety of light-based
technologies, such as photovoltaics, optoelectronics, and molecular diagnostics [25]. Metal
nanoparticles can also affect the physiological and biochemical processes of plants. AgNPs
content in the environment can affect seed germination processes, the growth of shoots and
roots, and through interactions with proteins, enzymes and carbohydrates, it can also affect
changes in the amount of biomass [31-36]. Moreover, AgNPs act as an ethylene inhibitor
and activate antioxidants, influencing the chlorophyll content [37-39]. When examining the
impact of AuNPs on physiological processes and the growth and development of plants,
including agricultural ones, attention should be paid to the various effects depending
on the size and shape of the particles and their concentrations. Therefore, very diverse
effects on seed germination, plant growth, photosynthetic intensity, and the activation of
reactive oxygen species (ROS) scavenging enzymes have been noted [40]. Some researchers
have described the positive impact of AuNPs on the seed germination process [41-43],
increases in surface area or the number of leaves, elongation growth of plants, chlorophyll
content, sugar content, which translates into the quality yields [42,43], or a significant
impact on the regulation of the antioxidant system [44]. Another effect studied with
AuNPs is genotoxicity, which may be caused by direct interaction with DNA or through
the formation of ROS and induction of oxidative stress [45,46]. The overproduction of ROS
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or their ineffective removal can lead to very serious problems, disorders in cell functioning,
lipid peroxidation, damage to carbohydrates and proteins, and damage in DNA [47-49].
The actions of ROS on proteins can cause specific modifications to amino acid residues,
the fragmentation of the polypeptide chain, the formation of cross-links and aggregates,
and alterations in charge [50]. Although the overproduction of ROS is harmful, if they are
present in cells in low concentrations, they affect the proper functioning of the cell. They are
produced by natural processes used for the regulation of physiological processes and play
important roles as signal functions [51]. An increase in ROS has substantial implications
on the activity of antioxidant enzymes in plants under nanoparticles stress [52-54]. Plants
have developed mechanisms to prevent oxidative stress, employing enzymes and other
compounds that inhibit or neutralize free radicals. The balance between the synthesis of
ROS and their detoxification is controlled by the cellular antioxidant system, which consists
of enzymes such as superoxide dismutase (SOD), peroxidase (POX), catalase (CAT), ascorbic
acid peroxidase (AAP), and glutathione reductase (GR) and compounds such as ascorbic
acid (AA), cysteine (Cys), glutathione (GSH), tocopherol, carotenoids, hydroquinones, and
polyamines [55].

To study the reactions of plants to the presence of nanoparticles in the environment
under in vitro culture conditions, we used rapeseed seedlings. Rapeseed cultivars, due to
an even and rapid seed germination period, are often used in in vitro cultures. Disinfected,
sterile seedlings may be obtained within a week of culture. Furthermore, rapeseed, as one
of the most important crops globally, with its oil serving as a key ingredient in various
industries, including food, biodiesel, and industrial applications, was chosen for the ex-
periment. As a major source of vegetable 0il, rapeseed contributes to the global edible oil
production and plays a vital role in meeting the growing demand for functional, healthier,
and sustainable oil alternatives mainly due to its high content (approx. 90%) of 18-carbon
unsaturated acids and many bioactive compounds such as antioxidant compounds [56,57].

Extensive research has been conducted by the team over many years to investigate the
impact of AgNPs and AuNPs on the growth and health of rapeseed. The goal of the research
is to develop a technology for the use of these nanoparticles in agriculture. The research
has allowed the team to specify the doses of nanoparticles, their impact on the growth of
rapeseed seedlings, oxidative stress, and other related markers. In a previous study, the
team presented the changing morphological, physiological, and biochemical parameters
of plants under the influence of lengths of exposure to two concentrations of AgNPs
and AuNPs. The data available on this subject are still very limited. The morphological
parameters of rapeseed seedlings, such as the length and weight of shoots and roots,
and the content of photosynthetic pigments (chlorophyll a, b, and total), carotenoids,
anthocyanins, phenolics, free sugars, and H,O, were determined. In a recent study, the
team further examined the impact of the length of exposure of rapeseed seedlings to AgNPs
and AuNPs on the activity of antioxidant enzymes such as SOD, GPOX, PPOX, and free
protein content and their interactions with photosynthetic pigments (chlorophyll a, b, and
total), carotenoids, anthocyanins, and H,O, (data from our previous study [31]). The
research was conducted in in vitro culture conditions on synthetic media, examining the
reaction of rapeseed seedlings after 7, 14, and 21 days of exposure to nanoparticles.

The findings contribute to a better understanding of the role of the length of plant
exposure, which is a crucial element influencing the interaction between metal nanoparti-
cles and plants. Despite numerous reports on the effects of metal nanoparticles on plant
development and physiological processes, further extensive research is needed to under-
stand the role of other factors on the NP/plant interaction and the potential of AgNPs
and AuNPs in inducing plant responses to oxidative stress. This research is crucial in the
context of using nanotechnology to develop and support global, sustainable agriculture.
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2. Materials and Methods
2.1. Plant Material

Seeds of spring rapeseed ‘Feliks’ from Strzelce Plant Breeding Ltd. (Strzelce, Poland)
were used.

2.2. In Vitro Cultures of Rapeseed Plants

The micropropagation method described by Tomaszewska-Sowa et al. [31,58] was
used in the experiment. The sterile seeds were inoculated on MS Basal medium [59] (Sigma
Aldrich, Saint Louis, MO, USA) with 10 seeds per jar. The experiment took place in a
growth chamber with a temperature of 24 &= 1 °C and a 16-h photoperiod under OSRAM
L36W /77 Fluora lamps (OSRAM, Munich, Germany). The photosynthetic photon flux
density was set to 40 umol-m~2-s~!, providing the necessary light source for growth.

2.3. Nanoparticles

AgNPs and AuNPs obtained from Nanoparticles Innovation NPIN s.c. (£6dz, Poland)
were used in the study. The nanocolloids were synthesized using the seed-mediated growth
method, following the procedures outlined by Domeradzka-Gajda et al. [60] and Pudlarz
et al. [61], as per the manufacturer’s information. The final metal concentration after
synthesis was maintained at 100 ppm.

Scanning transmission electron microscopy (Nova Nano SEM 450, FEI, accelerating
voltage 30 kV) was employed for size and size-distribution analysis, revealing the obtained
sizes of 20 4= 3 nm for AgNPs and 20 £ 2 nm for AuNPs. Dynamic Light Scattering (Nano
ZS Zetasizer system, Malvern Instruments, Worcestershire, UK) was also employed to
measure the hydrodynamic sizes, which were determined to be 23 & 4 nm for AgNPs and
24 + 5 nm for AuNPs.

2.4. Treatment of In Vitro Plants with AGNPs and AuNPs

AgNPs and AuNPs were applied onto the medium surface. Nanoparticles were
diluted to concentrations of 50 and 100 ppm and applied in an amount of 1 mL per culture
jar with a sterile pipette tip that was gently mixed to cover the surfaces of all seeds. Seeds
that germinated on the MS medium without the application of AgNPs or AuNPs were used
as the control. Concentrations were selected based on our previous research [31] and also
on the literature data presented by numerous authors who considered these concentrations
the most representative for the effects of nanoparticles on plants. For each experimental
treatment, four repetitions were used. Biochemical analyses of rapeseed seedlings were
performed for each experimental variant 7, 14, and 21 days after inoculating the seeds on
the MS medium and starting the germination process (Figure 1).

Figure 1. In vitro cultures of rapeseed plants on MS Basal medium 21 days after inoculation.
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2.5. Free Protein Content and Enzymes Assessments
2.5.1. Free Protein Content Assessment

The protein concentration was determined using the method of Bradford [62]. Bovine
albumin at a concentration ranging from 0 to 50 ug was used as a standard for the calibra-
tion curve.

2.5.2. Extraction of Enzymes

Enzymes were extracted in a cold, 50 mM sodium phosphate buffer, pH 7.0, with an
addition of 1 M NaCl. In total, 250 mg of fresh tissue was homogenized in an ice-cold
mortar and pestle with 2 mL of extract buffer. After homogenization, the extract was
centrifuged in 15,000 g, 4 °C for 30 min. After that, the supernatant was collected in a
new tub, and the pellet was discarded.

2.5.3. Guaiacol and Pyrogallol Peroxidase Assessments

GPOX and PPOX have been assessed with the adapted methods described by Zahir
et al. [63] and Chance and Maehly [64] in a 96-well microplate format. The reaction mixture
contained 10 pL of enzyme extract, 10 uL of guaiacol or pyrogallol, and 250 uL of reaction
buffer (phosphate buffer, 50 mM, pH 7.0) per well. The reaction began after the addition
of 10 uL of HyO;, solution. Immediately, the absorbance (470 nm for guaiacol and 430 nm
for pyrogallol) was measured for 2 min. For the blank, the reaction contained 260 uL of
phosphate buffer instead of 10 puL of enzyme extract. One unit of peroxidase activity is the
amount of enzyme oxidizing 1 nmol substrate in min~—1.

The spectrophotometric analysis of the extracts was carried out using a UV-VIS Bio-
Photometer (Eppendorf, Hamburg, Germany).

2.5.4. Superoxide Dismutase Assessment

SOD activity was measured with the use of the method used by Zahir et al. [63] in
a 96-well microplate format. For the SOD activity assay, 2.5 uL enzyme extract (per well
of a microplate), 250.5 pL of the reaction solution, and 25 uL H,O were used. For light
control, 253 pL reaction solution and 25 pL. H,O were added. Then, the microplate was
put under a 30 W UV lamp at a distance of 20 cm from the light source. Every 5 min., the
microplate was taken under the UV lamp, and the absorbance was measured (560 nm).
After 30 min. of exposure, the reaction had stopped. The activity of SOD was expressed as
the 50% photoinhibition as described by McCord and Fridovich [65].

2.6. Statistical Analysis

The data obtained from the conducted experiments underwent statistical analysis
using MS Excel and R Core Team (version 4.0.4) with the R Studio overlay. When the
data did not follow a normal distribution, normalization was performed until a normal
distribution was achieved and confirmed using the Shapiro-Wilk test. The choice of
normalization method depended on the skewness of the data, with either square root or
log10 transformations applied.

For the analysis of variance and determination of homogeneous groups, a two-way
analysis of variance was conducted. The Tukey post hoc test was used with a significance
level (alpha) set to 0.05. Libraries agricolae, rstatix, tidyverse, and moments were utilized
for this analysis.

To assess the presence of correlations, a linear r Pearson correlation analysis was
performed at a significance level of 0.05. Obtained data (GPOX, PPOX, SOD) were also
correlated with the content of hydrogen peroxide, chlorophyll a and b, carotenoids, and
anthocyanins (data presented by Tomaszewska-Sowa et al. 2022 [31]). The results were
presented in the form of a correlation matrix, which displayed the relationships between
the examined features.
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3. Results
3.1. Effect of Nanoparticles on the Free Protein Content

The content of free protein in plant tissues showed no significant differences during
the initial two weeks of the experiment, as indicated in Table 1. Interestingly, the highest
content of free protein in the first week was observed in plant tissues treated with 50 ppm
of AuNPs (18.45 £ 1.71 mg/gFW). No substantial variations were observed in the second
week. However, during the third week, a noticeable decrease in the content of free protein
was observed across all tested plant variants. Despite this rapid decline, there were no
significant differences observed among the tested combinations.

Table 1. Influence of nanoparticle type and concentration on the free protein content 7, 14, and
21 days after rapeseed treatment.

Treatment Time (Days) Nanoparticles Free Protein (mg/gFW)
Control 16.82 £ 0.80 ab
AgNPs 50 ppm 15.78 £ 0.60 abc
7 AgNPs 100 ppm 17.03 £ 0.39 ab
AuNPs 50 ppm 1845+171a
AuNPs 100 ppm 17.91 & 1.56 ab
Control 11.90 4 1.08 cd
AgNPs 50 ppm 13.54 £1.34 bc
14 AgNPs 100 ppm 15.79 & 0.73 abc
AuNPs 50 ppm 16.91 4+ 0.83 ab
AuNPs 100 ppm 16.26 £ 0.30 abc
Control 426 +031e
AgNPs 50 ppm 551+ 0.57e
21 AgNPs 100 ppm 407 £051e
AuNPs 50 ppm 791 £ 091 de
AuNPs 100 ppm 716 £0.88e

Values are presented as means + standard deviation; the same lowercase letters indicate non-statistically
significant differences according to Tukey’s test (p < 0.05). Abbreviations: AgNPs—silver nanoparticles,
AuNPs—gold nanoparticles.

Furthermore, the analysis revealed significant effects of the time factor (p = 0.0000)
and the testing variant/combination factor (p = 0.0001). However, no significant interaction
was observed between the studied factors (p = 0.3125).

3.2. Effect of Nanoparticles on the Guaiacol Peroxidase (GPOX) Activity

The analysis of GPOX activity, performed using two-way ANOVA and the Tukey HSD
test (p = 0.05, agricolae R library), revealed variations in the enzyme activity across different
experimental conditions, including total activity (per gram of fresh weight) and specific
activity in tissues (per 1 mg of protein) (Table 2).

During the first week of the experiment, following exposure to nanoparticles, high
activity was observed in plant tissues treated with AuNDPs, specifically AuNPs 50 ppm
(916.69 £ 527.76 U/gFM) and AuNPs 100 ppm (1034.64 £ 151.85 U/gFM). The lowest
activity was observed in plants treated with AgNPs 50 ppm (432.14 £ 295.18 U/gFM) and
control plants (553.23 & 249.02 U/gFM). In the second week of exposure, plants treated
with AgNPs 50 ppm exhibited the highest activity (1556.92 4= 677.10 U/gFM), while control
plants (327.05 & 106.25 U/gFM) and AuNPs 50 ppm (412.82 £ 26.20 U/gFM) showed the
lowest activity. In the third week, plants treated with AuNPs 50 ppm displayed the highest
activity (1220.90 & 294.45 U/gFM), while those treated with AgNPs 50 ppm had the lowest
activity (61.02 &+ 16.67 U/gFM).
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Table 2. Influence of nanoparticle type and concentration on the guaiacol peroxidase (GPOX) activity
in rapeseed 7, 14, and 21 days after treatment.

Treatment Time (Days) Nanoparticles GPOX U/gFW GPOX U/mg
Control 553.23 4+ 249.02 ab 38.53 £ 18.66 abc
AgNPs 50 ppm 432.14 4+ 295.18 abc 30.22 £+ 20.56 ¢
7 AgNPs 100 ppm 763.80 + 324.83 ab 48.78 4+ 19.50 abc
AuNPs 50 ppm 916.69 + 527.76 ab 58.70 £ 33.72 abc
AuNPs 100 ppm 1034.64 + 151.85a 72.02 + 12.29 abc
Control 327.05 4+ 106.25 abc 31.06 £ 10.51 bc
AgNPs 50 ppm 1556.92 + 677.10 a 113.79 + 41.46 abc
14 AgNPs 100 ppm 766.24 + 402.14 ab 49.98 + 24.97 abc
AuNPs 50 ppm 412.82 4+ 26.20 ab 25.92 4+ 2.27 bc
AuNPs 100 ppm 703.98 + 123.30 ab 45.75 £ 7.72 abc
Control 552.58 4+ 113.32 ab 190.40 + 46.23 ab
AgNPs 50 ppm 61.02 £ 16.67 ¢ 16.11 £ 6.54 ¢
21 AgNPs 100 ppm 139.45 + 48.30 bc 50.00 + 16.26 abc
AuNPs 50 ppm 1220.90 + 294.45 a 241.53 +98.85 a
AuNPs 100 ppm 524.87 4+ 159.34 ab 117.73 + 54.37 abc

Values are presented as means + standard deviation; the same lowercase letters indicate non-statistically
significant differences according to Tukey’s test (p < 0.05). Abbreviations: AgNPs—silver nanoparticles,
AuNPs—gold nanoparticles.

The analysis of variance demonstrated the significance of both the week and nanopar-
ticle dose factors for the examined feature. The significance level for the time factor was
p = 0.0123, and for the combination of factors, it was p = 0.0038. Furthermore, a significant
interaction between the studied factors was observed at a significance level of p = 0.0000. In
terms of specific activity, less variability was observed compared to general activity. During
the first week, plants exposed to AuNPs 100 ppm (72.02 £ 12.29 U/mg) displayed the
highest activity, while AgNPs 50 ppm (30.22 =+ 20.56 U/mg) exhibited the lowest activity.
In the second week, the lowest activity was observed in plants exposed to AuNPs 50 ppm
(25.92 &+ 2.27 U/mg) and control plants (31.06 = 10.51 U/mg), while AgNPs 50 ppm
(113.79 £ 41.46 U/mg) exhibited the highest activity. In the third week, plants exposed to
AuNPs 50 ppm (241.53 £ 98.85 U/mg) and control plants (190.40 & 46.23 U/mg) displayed
the highest activity, while the lowest activity was observed in plant tissues exposed to
AgNPs 50 ppm (16.11 £ 6.54 U/mg).

Regarding specific GPOX activity, significance was observed for the time factor (p = 0.0144)
and the combination of factors (p = 0.0500). Furthermore, the interaction between the tested
factors was found to be significant at a level of p = 0.0003.

3.3. Effect of Nanoparticles on the Pyrogallol Peroxidase (PPOX) Activity

The analysis of peroxidase activity measured using pyrogallol as a substrate exhibited
similar trends in enzyme activity compared to GPOX, both in terms of total activity and
specific activity (Table 3). However, there was no significant effect observed for the time
factor (time of exposure) on total activity (p = 0.5643), or for the combination/testing variant
(p = 0.2224). Nevertheless, a significant interaction between the factors was observed at
a level of p = 0.0019. Regarding the specific activity of PPOX, no significant effect of the
testing variant/combination factor was observed (p = 0.6897). However, the duration of
exposure/time factor was found to be significant (p = 0.000). Additionally, there was a
significant interaction observed between the factors at a level of p = 0.0314.
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Table 3. Influence of nanoparticle type and concentration on the pyrogallol peroxidase activity
(PPOX) in seedlings 7, 14, and 21 days after rapeseed treatment.

Treatment Time (Days) Nanoparticles PPOX U/gFW PPOX U/mg
Control 1627.33 + 483.90 ab 111.18 4 37.50 de
AgNPs 50 ppm 1401.21 £ 267.77 ab 99.96 £ 18.16 de
7 AgNPs 100 ppm 1981.58 4 294.05 ab 130.08 + 20.00 a—e
AuNPs 50 ppm 2300.20 £ 1097.37 ab 147.35 £ 70.13 cde
AuNPs 100 ppm 2195.55 £ 271.86 a 153.06 + 24.44 a—e
Control 1840.08 4 169.87 ab 166.41 + 13.94 a—e
AgNPs 50 ppm 3285.83 + 1306.83 a 296.07 £ 151.11 a—e
14 AgNPs 100 ppm 1720.24 £ 402.91 ab 118.00 + 34.20 cde
AuNPs 50 ppm 1487.45 4 194.04 ab 9486 £17.14 e
AuNPs 100 ppm 1711.74 +£172.24 ab 112.20 £ 12.20 b—e
Control 1813.16 & 324.26 ab 582.58 £ 54.27 a
AgNPs 50 ppm 1027.94 4 26.38 b 260.23 £ 42.56 a—d
21 AgNPs 100 ppm 1361.74 £ 61.03 ab 513.61 £ 96.08 ab
AuNPs 50 ppm 2978.14 + 450.67 a 526.92 + 82.62 ab
AuNPs 100 ppm 2043.12 + 399.56 ab 424.46 £ 121.04 abc

Values are presented as means + standard deviation; the same lowercase letters indicate non-statistically
significant differences according to Tukey’s test (p < 0.05). Abbreviations: AgNPs—silver nanoparticles,
AuNPs—gold nanoparticles.

3.4. Effect of Nanoparticles on the Superoxide Dismutase (SOD) Activity

The analysis of SOD activity, in terms of total activity, observed in tissues, exhibited
moderate variation throughout the experiment (Table 4). In the first week of exposure, the
lowest SOD activity was observed in plant tissues exposed to AgNPs 100 ppm, measuring
950.50 =+ 16.22 U/gFM. The activity observed in the other experimental variants was at a
similar level. Similarly, in the second week of exposure, plant tissues displayed comparable
activity levels to those observed in the first week. The highest SOD activity was found in
plants exposed to AuNPs 50 ppm, measuring 1345.71 & 39.86 U/gFM. In the third week of
plant exposure, the highest SOD activity in tissues was observed in the AuNPs 100 ppm
variant, reaching 1394.09 £ 53.03 U/gFM. Simultaneously, the lowest statistically significant
activity value was observed in the AgNPs 100 ppm variant (924.46 & 87.16 U/gFM).

Table 4. Influence of nanoparticle type and concentration on the superoxide dismutase (SOD) activity
in seedlings 7, 14, and 21 days after rapeseed treatment.

Treatment Time (Days) Nanoparticles SOD U/gFW SOD U/mg

Control 1112.72 £+ 64.78 a-d 198.99 £ 10.33 a-d
AgNPs 50 ppm 1004.31 £ 27.81 bed 189.76 £ 12.47 a—d

7 AgNPs 100 ppm 950.50 + 16.22 c¢d 182.30 + 6.88 bed
AuNPs 50 ppm 1210.05 £ 93.17 a-d 227.64 + 82.34 a—d

AuNPs 100 ppm 1168.62 £ 36.16 a-d 137.58 £ 22.07d
Control 1045.78 £ 43.80 a—d 260.89 + 21.06 a—d

AgNPs 50 ppm 1228.17 £ 95.10 a-d 342.36 + 27.28 ab
14 AgNPs 100 ppm 1255.37 £ 49.68 a—-d 330.95 4 41.88 abc

AuNPs 50 ppm 1345.71 £ 39.86 ab 356.83 £ 56.87 a

AuNPs 100 ppm 1293.21 + 30.89 abc 288.37 + 35.63 a—d

Control 1113.20 £ 65.42 a-d 171.18 £ 18.35 bed
AgNPs 50 ppm 1010.52 £ 115.91 bed 178.56 £ 20.86 bed
21 AgNPs 100 ppm 924.46 +87.16d 122.64 £14.10d
AuNPs 50 ppm 1304.79 £ 136.31 abc 163.96 £ 21.17 cd
AuNPs 100 ppm 1394.09 £ 53.03 a 207.07 + 27.49 a—d

Values are presented as means + standard deviation; the same lowercase letters indicate non-statistically
significant differences according to Tukey’s test (p < 0.05). Abbreviations: AgNPs—silver nanoparticles,
AuNPs—gold nanoparticles.
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The analysis of variance demonstrated the significance of the time/week factor at a
level of p = 0.0104, as well as the combination/study variant factor at a level of p = 0.0000.
Additionally, the interaction between the studied factors was found to be significant at a
level of p = 0.0597. On the other hand, the specific activity of SOD during the experiment
showed low variability. In the first week, the lowest activity was observed in plant tissues
treated with 100 ppm AuNPs (137.58 & 22.07 U/mg). A decrease in SOD activity in plant
tissues was observed in the third week, with the AgNPs 100 ppm variant displaying the
lowest activity level (122.64 £ 14.10 U/mg) throughout the entire experiment. The analysis
of variance revealed the significance of the time factor at a level of p = 0.0000, while the
combination/experimental variant factor was not significant (p = 0.4950). Furthermore, the
interaction between the two studied factors was not statistically significant (p = 0.3580).

3.5. Linear r Pearson Correlation Analysis

The correlation analysis revealed substantial interdependencies in the production of
the analyzed elements when influenced by AgNPs and AuNPs. For the control plants,
a predominantly positive correlation was observed between the content of chlorophylls
(total, a, and b) and carotenoids (Figure 2). Additionally, the total and specific activities of
GPOX and PPOX were positively correlated, with the highest correlation noticed for the
specific activities of these enzymes. Furthermore, a strong positive correlation was found
between the total and specific activities of GPOX.
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Figure 2. Pearson’s r correlation matrix between examined features—Control.

There were also high positive correlations between the GPOX and PPOX specific
activities and anthocyanins. Hydrogen peroxide content and chlorophyll content, especially
chlorophyll b, the total activity of SOD, and carotenoids were positively correlated as well.
In contrast, the specific activity of SOD and total activity of PPOX displayed a negative
correlation with the chlorophylls and the specific activity of GPOX, particularly, a high-level
negative correlation with the specific activity of PPOX.

In plants treated with 50 ppm AgNPs, a positive correlation was predominantly
observed for the content of chlorophylls and carotenoids, and for the total and specific
activities of PPOX, GPOX and SOD (Figure 3). Furthermore, a strong positive correlation
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was found between the total and specific activities of GPOX. Additionally, such a positive
correlation was found between the total and specific activities of GPOX, PPOX, and SOD
enzymes as well as between carotenoids, chlorophylls (total and a), and the specific activity
of PPOX. In the opposite direction, a negative correlation was found between chlorophylls,
carotenoids, anthocyanins, and GPOX activities. Moreover, a negative correlation was
noted between the specific activity of SOD and anthocyanins as well as between hydrogen
peroxide and GPOX and SOD activities.
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Figure 3. Pearson’s r correlation matrix between examined features—AgNPs 50 ppm.

A higher rate of AgNPs, 100 ppm, affected the correlation matrix of analyzed elements
differently compared to that with a lower rate except, especially, for a positive correlation
of the content of chlorophylls and carotenoids (Figure 4). A high negative correlation was
observed between hydrogen peroxide and chlorophylls, carotenoids, and SOD activity
(total and specific). Furthermore, such a correlation was also found between the specific
activities of PPOX and SOD. Moreover, anthocyanins were positively correlated with other
analyzed elements in most of the cases, especially with GPOX activities.

In the case of plants exposed to 50 ppm AuNPs, a positive correlation was predomi-
nantly observed for the content of chlorophylls, carotenoids, and the specific activity of
SOD and also for the total and specific activities of PPOX and GPOX (Figure 5). In the
opposite direction, a higher negative correlation was found between the specific activity of
GPOX and anthocyanins and total activity of SOD. Moreover, a negative correlation was
noted between hydrogen peroxide and the total activities of GPOX and PPOX.

Plants treated with a higher dose of AuNPs 100 ppm showed a positive correlation
in most of the instances, particularly between chlorophylls, carotenoids, and the specific
activity of PPOX and total activity of SOD (Figure 6). The total and specific SOD activities,
as well as the correlation between the total and specific PPOX activities and between
carotenoids and the specific activity of PPOX and total activity of SOD, also demonstrated a
positive correlation. In the opposite direction, a negative correlation was observed between
the total activity of GPOX and chlorophylls, carotenoids, as well as between hydroxyl
peroxide and chlorophylls, carotenoids, and the total and specific activities of SOD.
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Figure 5. Pearson’s r correlation matrix between examined features—AuNPs 50 ppm.
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Figure 6. Pearson’s r correlation matrix between examined features—AuNPs 100 ppm.

4. Discussion

Due to AgNPs’ and AuNPs’ high antimicrobial properties, they have multiple applica-
tions in the field of agriculture. Depending on the plant species, size, and the concentration
of nanoparticles, both positive and negative effects have been reported [46]. Used as protec-
tive soaking or sprays, they are very effective in controlling various plant pathogens [66,67].
This could happen through the generation of reactive oxygen species (ROS) that dam-
age the cellular components of the pathogens, disrupting their multiplication and plants
growth [68]. They also lead to better germination rates and healthier, more robust plants
when used to treat seeds before planting, enhancing plant growth and yield [69]. Despite
the benefits, AgNPs or other stressors [70] may also cause oxidative stress in plants by
producing excessive ROS, which can lead to cellular damage if the plants” antioxidant
defenses are unable to neutralize them [71]. Some research indicates that exposure to
AgNPs may impact gene expression in plants, turning certain genes on or off, it also affects
the disruption transport of phytohormones [20,72,73].

The measurement of antioxidant enzyme activity can potentially serve as an effective
indicator of the toxic impacts of environmental factors on plants. In our study, we explored
the impact of nanoparticle exposure duration, type, and dosage on the activity of GPOX,
PPOX, and SOD in rapeseed seedlings. Nevertheless, we did not observe a clear ascending
or descending trend. During the first week, enzyme activity remained relatively consistent
with that of the control group. Yet, in the second week, we noted the highest activity
of GPOX for rapeseed seedlings exposed to AgNPs, particularly at a concentration of
50 ppm. Conversely, during the third week of the experiment, AuNPs exhibited the
highest influence on GPOX activity, notably at the same concentration of 50 ppm. Research
by Sharma et al. [71] showed that metal ions can alter enzyme activity in plant tissues,
corroborating our findings of variations in GPOX activity following exposure to AuNPs
and AgNPs. The observed elevated GPOX activity in plants treated with AuNDPs is in
line with studies like Manaf et al.’s [74], where increased peroxidase activity was seen
under stress conditions. Our findings of time-dependent enzyme activity align with Slesak
etal. [75], who showed different kinetics in plant stress responses, including enzyme activity
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variations. The significant interaction between the studied factors—time and nanoparticle
dose—resonates with the findings from Alharby et al. [76], who reported the influence of
multiple factors on enzymatic activity. Our results also found less variability in specific
activity compared to total activity, similar to observations of changes in enzyme activity
levels made by Radi¢ et al. [77]. Contrarily, some studies like Kao’s [78] reported a decreased
enzyme activity under heavy metal stress, contradicting our findings of increased GPOX
activity with nanoparticle treatment. The fluctuating levels of GPOX activity observed in
our study could be seen as inconsistent when compared to the research of Smirnoff [79],
who reported a more uniform stress response of plants. The significant time-dependent
effect in our study is at odds with findings from studies like Missaoui et al.’s [80], where
CAT activity was found to be relatively constant over time. Our finding that nanoparticle
dose significantly affects enzyme activity contradicts the findings of Movafeghi [81], who
reported that enzyme activity can remain unaltered with varying exposure levels.

We observed similar trends in the peroxidase activity using pyrogallol as a substrate
and in GPOX activity. This observation suggests a possible similar response mechanism to
exposure conditions. The presence of nanoparticles can lead to an upregulation in PPOX
activity as part of the plant’s response to stress. However, the response of PPOX activity
to nanoparticle treatment can be variable. For instance, Lei et al. [82] found an increase in
PPOX activity in spinach plants treated with titanium nanoparticles, suggesting a stress
response. Our research has shown that nanoparticles can impact PPOX activity differently
depending on the duration of exposure. Jurkow et al. [83] observed some variations in
PPOX activity over time, indicating a potential exhaustion of antioxidant defense systems
in prolonged nanoparticle exposure. Different nanoparticles or metal ions also seem to
affect PPOX activity in varied ways. While some nanoparticles like copper and zinc oxide
have been found to significantly increase PPOX activity [84], others like silver nanoparticles
and ions have been observed to decrease it [85].

The activity of SOD can be significantly influenced by the treatment of plants with
nanoparticles. SOD is an important antioxidant enzyme in plants that helps scavenge
reactive oxygen species (ROS), including superoxide radicals. Nanoparticles, due to their
small size and large surface area, can easily interact with biological systems and potentially
cause oxidative stress. In response to such stress, plants often exhibit altered activities in
their antioxidant enzymes, including SOD, as part of their defense mechanisms [52]. The
literature data have shown that different types of nanoparticles can elicit varying responses
in SOD activity. Vannini et al. [86] also noted an increase in SOD activity in Eruca sativa
cell cultures treated with AgNPs. This heightened SOD activity is a key part of the plant’s
defense mechanism against nanoparticle-induced stress. Barbasz and others [85] found no
effect of AgNPs on SOD activity and opposite results for peroxidases in two tested wheat
varieties. Conversely, exposure to titanium dioxide nanoparticles caused a decrease in SOD
activity in wheat seedlings, possibly due to the excessive ROS production surpassing the
detoxifying capacity of SOD [45]. The concentration of nanoparticles and the duration of
exposure can also influence SOD activity. Tripathi et al. [87] observed an increase in SOD
activity in higher concentrations demonstrating a dose-dependent response. In a study by
Szymanska et al. [88], Arabidopsis thaliana plants exposed to TiO,NPs showed an increase
in SOD activity, indicative of an antioxidant response. However, the reaction was less
pronounced than in plants exposed to other types of nanoparticles, suggesting that AuNPs
might be less stressful for the plants. Moreover, the duration of nanoparticle exposure
can modulate the response of SOD activity. An initial increase in SOD activity might be
followed by a decline over time, potentially due to the exhaustion of the antioxidant defense
system in prolonged stress conditions [89]. Nonetheless, the effects of AgNPs and AuNPs
on SOD activity may vary considerably, influenced significantly by numerous factors such
as the plant species and its growth stage. By studying the effects and optimizing the use
of nanoparticles in agriculture, their potential can be fully exploited so that they can be a
modern tool in agriculture and contribute to the development of environmentally friendly
and efficient agricultural practices [90].
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A study conducted by Barbasz and colleagues [85] examined the effects of AgNPs and
ions on the activity of antioxidative enzymes in the callus cells of two varieties of wheat.
The results showed that there was no effect of silver on the SOD activity, whereas CAT
activity was significantly decreased. The changes in the activity of peroxidases in both
varieties were opposite. From the other side, Igbal et al. [91] undertook a study focused on
understanding the impact of AgNPs on various physiological, biochemical, and antioxidant
parameters of wheat under heat stress conditions. They discovered that the introduction of
AgNPs resulted in protective effects on the plant tissues under stress. Specifically, wheat
plants treated with AgNPs demonstrated a significant augmentation in dry matter content,
coupled with an increase in antioxidant defense under heat stress conditions. Findings
from Gunjan and colleagues [92] also imply that the enzymatic complex, comprised of APX,
GPOX, and glutathione reductase (GR), may play a role in a plant’s defense mechanism
against the oxidative stress triggered by nanometals in Brassica juncea. Authors investigated
the effects of AuNPs on the antioxidative enzyme activity in B. juncea seedlings. They found
that the activities of those enzymes increased in response to elevated AuNPs concentrations
(200 ppm). These activities were notably higher than those of CAT. In a study by Sharma
et al. [93], there was also increased GPOX activity observed in B. juncea seedlings exposed
to AgNPs. Similar results were obtained by Tripathi and colleagues in their research [87].
They observed that AgNPs, when used at high concentrations, significantly stimulated the
activity of both SOD and APX. However, they also found that these nanoparticles inhibited
the activity of GR and dehydroascorbate reductase (DHAR) in Pisum sativum seedlings.

Tripathi et al. [87] also found increased ascorbate peroxidase activity in pea seedlings
upon AgNPs exposure, suggesting an activated antioxidant response to nanoparticle-
induced stress. The impact of AuNPs on peroxidases activity is less understood. However,
a study by Sharma et al. [93] showed that AgNPs can stimulate the production of hydrogen
peroxide in B. juncea seedlings, leading to an increase in GPOX activity. This suggests that
even though AuNPs are generally considered less toxic than AgNPs, they can still induce
oxidative stress responses in plants, including the activation of GPOX.

The correlation study’s findings provide valuable insights into the complex interplay
of various elements and activities in the presence of AgNPs and AuNPs, shedding light on
their potential impact on plant physiology and biochemistry. We observed large differences
in the activity of oxidative stress markers under the influence of the tested doses of silver
and gold nanoparticles. In plants not exposed to nanoparticles, the presence of H,O, is
positively correlated with the content of chlorophyll, carotenoids, and specific SOD activity.
However, there is no clear correlation with PPOX, GPOX, and anthocyanin compounds.
The presence of AgNPs at the dose of 50 ppm significantly modifies the seedlings’ response.
It causes a decrease in SOD and PPOX activity. In turn, at a higher dose of 100 ppm, the
activity of SOD, carotenoids, and the chlorophyll content decrease. An identical situation
occurs in the case of a higher dose of AuNPs. This may make plants more susceptible to
damages caused by the presence of H,O,. In turn, the presence of AuNPs at a lower dose
causes only a decrease in the activity of peroxidases at an average level. In other cases,
there is no correlation of H,O, with the other tested markers.

5. Conclusions

Although there are many reports about the impact of nanoparticles, it is difficult to
find information on the impact of the length of exposure to AgNPs and AuNPs on the
physiological and biochemical processes occurring in plants. Therefore, we examined plant
responses, which varied depending on the duration of nanoparticle exposure. Our research
suggests a significant impact of AgNP and AuNP in stimulating the response of rapeseed
seedlings, as indicated especially by the activity of GPOX and to a lesser extent PPOX
and SOD. We found that the exposure time of rapeseed seedlings to nanoparticles is a
very important factor influencing the content of total protein and the activity of the tested
enzymes. Enzyme activity tends to increases with the length of exposure time, while the
content of free protein decreases over the weeks. The type and dose of nanoparticles used
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also affect the analyzed markers to quite a high extent. Typically, a greater influence of
AuNPs was observed in the first and third week, while AgNPs seemed to have a more
potent effect in the second week. All these studies will further the understanding of
complex plant responses to nanoparticle stress (length of exposure and concentration). The
possibilities of applications of nanomaterials offer great potential, but the long-term effects
of their use in agriculture on the environment and human health are not yet fully known.
It is necessary to develop safe and sustainable practices for the use of nanomaterials in
agriculture as an element of innovative technologies combining novel, non-chemical means
of plant production and protection [94-97].
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