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Abstract

:

There is a growing demand for high quality and sustainable food in the world and this need falls within the context of the European Green Deal’s strategy “From Farm to Fork”. In order to achieve these outcomes, the use of modern and innovative technologies of plant production and protection is required. The use of nanoparticles (NPs) in agriculture and horticulture is an example of such technology. However, research on the effect of length of exposure to metal nanoparticles on seeds germination and seedlings development are limited in the literature. In our study, the effect of silver (AgNPs) and gold nanoparticles (AuNPs) on the seedling growth and biochemical response of rapeseed after 7, 14 and 21 days was analyzed. In the experiments, 0, 50 and 100 ppm concentrations of NPs were used in vitro. The level of photosynthetic pigments, anthocyanins as well as other stress parameters, such as free phenolic compounds, free sugars or H2O2, decreased due to the application of both AgNPs and AuNPs at the initial culture period; however, the differences were observed in the successive weeks of exposure. The parameters were increasing, irrespective of the kind of nanoparticles; however, as for the content of free sugars and free radicals, higher values were recorded due to the effect of AuNPs. Our results showed that length of plants exposure to NPs is very important factor modifying growth and final response of seedlings. Better understanding of its influence could speed up use of NPs in agriculture and horticulture for production of high-quality plant material (e.g., to seed priming, stimulation of seedlings’ growth and their protection), not contaminated with pesticides, fertilizers and mycotoxins.
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1. Introduction


There is a growing demand for high quality and sustainable food in the world and this need falls within in the context of European Green Deal’s strategy “From Farm to Fork”. In order to achieve these outcomes, the use of modern and innovative technologies of plant production and protection is required. These technologies should ensure not only high yield but also its high quality, as well as safety for consumers and to the environment.



The use of nanoparticles (NPs) in agriculture and horticulture is an example of such technology. Due to its possible beneficial effect on the development of seeds and plants, this technology has recently gained increased attention. Thanks to multifunctional properties of nanoparticles, new areas of their application, such as nano-fertilizers, nano-pesticides and nano-priming agents, are emerging. However, there is also available literature indicating the detrimental influence of NPs on the development and physiology of plants. Thus, extensive research is underway to precisely define the parameters that affect the final result of NPs on plants.



Nanotechnology deals with designing and developing materials in which at least one of the dimensions falls within the range from 1 to 100 nm. The terms ‘nanotechnology’ and ‘nanostructures’ are relatively new concepts; however, NPs are not new for the environment and they occur, e.g., in the form of minerals. Due to high potential of nanostructures the synthetic NPs are recently created, making them suitable to various applications [1,2]. The materials made following that technology can demonstrate specific physical, chemical or biological properties, which makes them very different from the properties of single atoms or compounds with a micrometric structure [3]. The reason for that transformation is increasing the specific surface area of the volume [4,5], which can result in the NPs showing different physicochemical properties, which can change reactivity, and thus, their biological activity [2,6]. The properties of NPs, including their reactivity, are affected by a number of factors, including their size, the composition of the core, shape, the properties of the surface, purity, stability and their production method [1,7]. Next to the kind of nanoparticles and their application method, the plant genotype, age, development stage, the kind of organ or cultivation conditions also determine the response of the plant to the presence of metal NPs in the environment [8,9,10]. Most literature reports concern the commonly used nanoparticles of silver and gold. However, one can also find information on the nanoparticles of carbon, copper, aluminum, zinc, iron, silicon, titanium and others [11,12,13]. Due to its strong biocidal and fungicidal properties, of all the metal NPs, silver shows definitely the biggest number of applications [14]. Additionally, more and more products use or are composed of nanosilver (AgNPs). The materials can be successfully applied almost in all the branches of industry and technology, starting from medicine, food production, all the way to the construction industry [15,16,17]. They can be, therefore, used as components of household appliances, food packaging, textiles, medical products, antiseptics, as well as in electronic equipment due to a good electrical conductivity and photochemical properties [8], as elements of drug delivery systems or tissue imaging [18,19,20,21]. Still numerous application possibilities concern gold nanoparticles (AuNPs). They are used in drug delivery, bio-sensors and antioxidants, and they show also anticancer, antibacterial, antifungal and catalytic properties. AuNPs are applied in medicine, pharmacy, cosmetology and agriculture [22].



Controlling and sterile plant growth conditions in vitro facilitate an observation of the plant response to the presence of NPs in the environment. Studies are carried out to determine the effect of nanoparticles on seed germination, plant growth, genetic plant modifications and production of secondary metabolites [7,23,24,25]. AgNPs applied as a component of the Murashige and Skoog Basal Medium (MS) [26] are noted to stimulate shoot regeneration and growth [24,27], callus induction and proliferation [27] and embryogenesis [28], whereas AuNPs enhance the number of leaves, leaf area, plant height, chlorophyll content and the sugar content, thus leading to the better crop yield [22,29,30]. AuNPs increase the seed germination and seedling growth, vegetative growth, free radical-scavenging activity [31], embryogenesis and callus proliferation [28].



Next to the positive effect of silver and gold nanoparticles, as for the processes related to growth and development, a negative effect or indeed an inhibiting effect of development processes was also noted, especially of AgNPs. These nanoparticles lowered the seed germinability [32,33], inhibited shoot growth [34] and reduced the biomass [35].



The metal NPs, including silver and gold, can affect the development processes and biochemical and metabolic pathways. The phytotoxicity of NPs to plants in terms of physiology is predicted by reduction of chlorophyll, carotenoids or anthocyanins. AgNPs can disrupt the synthesis of chlorophyll in leaves and, thus, affect the photosynthetic system of the plants, decreasing the chlorophyll content, leading to the inhibition of plant growth [36,37,38,39].



The key mechanism responsible for AgNPs phytotoxicity is a production of excessive reactive forms of oxygen (ROS) induced by AgNPs, causing oxidative stress in plant cells. Numerous reports show that a production of ROS is considerably elevated in the plants after exposure to AgNPs [8]. Silver or gold nanoparticles phytotoxicity is related to reactive forms of oxygen accumulated in tissues, which can lead to numerous changes in plant cells. The oxidative stress markers, e.g., catalase (CAT), superoxide dismutase (SOD) and guaiacol peroxidase (GPOX), are enzymatic antioxidants, catalyzing the ROS decomposition; changes in their activity inform of a plant response to oxidative stress [8,40]. Under stress, e.g., the application of metal NPs, in plant cells, the level of certain compounds changes, such as polyphenols and flavonoids, which act as the chelators of metals and take part in ROS sweeping up by peroxidases [41,42,43]. Some evidence indicates that AuNPs induce toxicity in plants by inhibiting the aquaporin function, a group of proteins that help in the transportation of a wide range of molecules including water [44]. AuNPs enter the cells as a result of endocytosis, and within 24 h, they are enclosed in lysosomes and arranged around the perinuclear region of the cell and able to induce oxidative DNA damage as a result of oxidative stress and breaks in DNA chains, depending on the NPs’ size and cell type [16,45].



Despite numerous reports on the effect of metal NPs on the morphological parameters and physiological processes, there are still no definite data on the effect of AgNPs and AuNPs on plants. Depending on the experimental conditions and key factors, the final effect on the analyzed elements might be both positive and negative. Therefore, intense research on the role of all crucial elements influencing the metal NPs/plant interaction is highly required for a better understanding of the final outcomes. One such elements is the length of plant exposure to NPs. The available literature data on this subject are still extremely limited. Thus, the main goal of our research is to analyze the effect of rapeseed exposure length to AgNPs and AuNPs (the two most frequently investigated and described metal NPs) on the final response of seedlings, especially the morphological parameters; the length and weight of shoots and roots as well as the content of photosynthetic pigments, flavonoids, polyphenols, sugars and H2O2. Analyses were performed for 3 weeks in one-week intervals, on day 7, 14 and 21, in vitro.




2. Materials and Methods


2.1. Plant Material and In Vitro Culture Medium


Seeds of spring rapeseed ‘Feliks’ from Strzelce Plant Breeding Ltd. were used for the experiment. Both spring and winter varieties of this species are successfully used in in vitro cultures. They are characterized by an even and rapid germination period. After appropriate seed disinfection, sterile seedlings are obtained within seven days of culture. The micropropagation process has been successfully developed and described [46]. Moreover, rapeseed is a versatile industrial crop among cultivated plants. The oil extracted from rapeseed, thanks to its unique composition, is one of the food oils with the healthiest composition of fatty acids on the market. It adds to a healthy diet in humans and offers a high-protein alternative to soya in animal nutrition. In addition, rapeseed is used in various industries, due to its special fatty acid composition.



The seeds were surface disinfected. In the first step, they were rinsed in running tap water, then sterilized for 1 min in 70% ethanol. The next step was proper disinfection with 1.5% (v/v) NaClO solution (Chemistry, Bydgoszcz, Poland) for 12 min. After this step, the seeds were rinsed three times in sterilized distilled water. Sterile seeds were inoculated on the MS medium (Sigma Aldrich, Saint Louis, MO, USA), with 10 seeds per jar.



MS Basal Medium was used at 4.4 g/dm3, supplemented with 30 g/dm3 sucrose (Chempur, Piekary Śląskie, Poland). The medium was solidified with 0.7% agar (Vitro LAB-AGAR, Biocorp, Warsaw, Poland). In the final stage of preparation, the pH of the medium was set at 5.8. Then, 50 mL each of the medium was poured into 350 mL jars, closed with plastic lids, and was autoclaved at 121 °C and 0.5 atm for 20 min.



Seed germination occurred in a growth room at temperature of 24 ± 1 °C, with a 16-h photoperiod.,under photon flux density of 40 µmol m−2 s−1 light intensity. OSRAM L36W/77 Fluora lamps (OSRAM, Munich, Germany) were used as the light source.




2.2. Characteristics of NPs


AgNPs and AuNPs obtained from Nanoparticles Innovation NPIN s.c. (Lodz, Poland) were used in the study. According to the information provided by the manufacturer the nanocolloids were obtained by seeded-mediated growth method in accordance with the procedures provided by Domeradzka–Gajda et al. [47] and Pudlarz et al. [48]. The final metal concentration after the performed synthesis reached the value of 100 ppm. Measurements carried out by means of scanning transmission electron microscopy (Nova Nano SEM 450, FEI, accelerating voltage 30 kV) showed the size and size distribution of nanoparticles and 20 ± 3 nm for AgNPs and 20 ± 2 nm for AuNPs were obtained. Measurements were also performed by Dynamic Light Scattering (Nano ZS Zetasizer system, Malvern Instruments, Worcestershire, United Kingdom) and hydrodynamic sizes were 23 ± 4 for AgNPs and 24 ± 5 for AuNPs.



Nanoparticles at concentrations of 50 and 100 ppm were applied at 1 mL using a sterile pipette tip to the surface of the medium.




2.3. Biometric Analyses


Analyses of morphological parameters and biochemical analyses were carried out for each variant of the experiment after 7, 14 and 21 days after inoculation on the medium. For this purpose, rapeseed seedlings were taken out of the jars, the residual medium was removed and the shoot and root lengths (cm) were measured. Other biometric parameters were also determined, such as fresh shoot weight (mg) shoot dry weight (mg), fresh root weight (mg) and root dry weight (mg). In addition, the seedlings were visually assessed; characteristics such as leaf color and shape and any other developmental anomalies were determined.




2.4. Spectrophotometric Analyses of Plant Pigments


Determination of chlorophyll a and b and total chlorophyll was performed according to the Wettstein method [49]. Chlorophylls were extracted in the presence of 80% acetone (Chemistry, Bydgoszcz, Poland) from 100 mg of plant material 7, 14 and 21 days after inoculation onto the medium. Absorbance was measured at the wavelength characteristic of chlorophyll a and b, 645 and 663 nm, respectively. The contents of the pigments tested are presented in mg/g fresh weight (FW).



Determination of carotenoid content was performed according to the Wettstein method. Carotenoids were extracted from 100 mg of plant material in the presence of 80% acetone (Chemistry, Bydgoszcz, Poland) from plant material 7, 14 and 21 days after inoculation onto the medium. Absorbance was measured at 440 nm, a wavelength characteristic of carotenoids [49]. Carotenoid content is presented in mg/g FW.



The anthocyanin content was analyzed using the Harborne method [50]. Plant material 7, 14 and 21 days after inoculation was extracted from 200 mg of plant material in the presence of 1% hydrochloric acid in methanol (Chemistry, Bydgoszcz, Poland). Absorbance was measured at 530 nm, a wavelength characteristic of glucoside-3-cyanidin [50]. Carotenoid content is presented in mg/g FW.



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




2.5. Biochemical Analyses


Free phenolic content has been measured with the method by Maksimović et al. [51]. A total of 250 mg of fresh tissue was ground in a mortar in 2 mL of 50% EtOH. Afterward the homogenate was centrifuged in 10,000× g, for 15 min, the supernatant was collected as a source of free phenolics. In order to determine the content, 50 μL of extract was placed in microplate well. Then, 175 μL of 1 N Folin-Ciocâlteu reagent was added, followed by the addition of 5% Na2CO3. After 10 min of incubation, the absorbance was measured (724 nm). The content of free phenolics was determined on the basis of a calibration curve for gallic acid. The content of free phenolics was converted onto [g] of fresh weight.



To determine the concentration of hydrogen peroxide (H2O2), as per Zahir et al. [52], 250 mg of fresh tissue was ground in a pre-chilled mortar with 2 mL of pre-cold TCA (0.1%, w/v) in Eppendorf tube (Sigma Aldrich, Saint Louis, MO, USA). Homogenate was centrifuged for 15 min at 12,000× g. To each well containing the reaction mixture, we added 50 μL supernatant, 50 μL of 10 mM potassium phosphate buffer (pH 7.0), and 100 μL of 1 M KI (Pol-Aura, Różnowo, Poland). The absorbance was read at 390 nm. The H2O2 concentration was calculated using a standard curve with known concentrations of H2O2.



The free sugar content was determined according to the method of DuBois et al. [53], as modified by Bacete et al. [54]. Extracts (100 µL) were mixed with 100 µL of 5% phenol solution and vortexed (Vortex V-1 Plus, Thermo-Fisher Scientific, Waltham, MA, USA), then 500 µL of 96% sulfuric acid was added and vortexed again. After cooling, 250 µL of the reaction mixture was applied on a microliter plate and read at a wavelength of 490 nm. The content of free glucose equivalents was determined on the basis of a calibration curve. The content of free sugars was converted into g of fresh weight.




2.6. Statistical Analysis


The data obtained from the conducted experiments were subjected to statistical analysis performed in MS Excel and R Core Team (version 4.0.4) with the R Studio overlay. In the absence of a normal distribution of data, normalization was carried out until the moment of obtaining a normal distribution and passing the Shapiro–Wilk test. The normalization procedure was dependable on the skewness of data; therefore, square root or log10 was used. Two-way analysis of variance and determination of homogeneous groups were performed using the Tukey post-hoc test, for p ≤ 0.05 using libraries agricolae, rstatix, tidyverse, moments. In order to determine the occurrence of a correlation, an analysis of the linear r-Pearson correlation was performed (p ≤ 0.05) and presented in the form of a correlation matrix between the examined features.





3. Results


3.1. Effect of NPs on the Growth of Seedlings


3.1.1. Shoots


As demonstrated in our studies, the presence of silver and gold nanoparticles on the surface of the medium resulted in a reduction in the shoot length and weight, as compared to the control combination, irrespective of the treatment period (Table 1, Figure 1).



The application of AgNPs at the concentration of 100 ppm resulted in a decrease in the length of shoots over the first 7 days of culture, which also decreased the fresh weight and the dry weight. The longest shoots over the first days of culture were observed in the control plants. The length of these shoots was 6.33 cm, and their fresh and dry weight were 93.98 mg and 4.70 mg, respectively. After the application of AgNPs at the concentration of 100 ppm the shoots length was observed to be over 60% reduced, whereas a decrease in the fresh and dry weight accounted for 44%. The slightest changes in the morphological parameters of shoots were noted after the application of AuNPs. The shoots, when exposed to 100 ppm AuNPs, were only 34% shorter than in the control. The fresh and dry weight of shoots was similar to the same parameters of control plants in the combination AuNPs 50 ppm. In the successive weeks of culture, the biggest decreases in the shoot length and weight were noted for AuNPs 50 ppm. Fourteen days after the application, the length and the weight were, respectively, 47.3% and 50% lower than in the control. The lowest deviations in the shoot length were noted between the control combination and AgNPs 50 ppm. In the latter combination, the shoots were only about 15% shorter, while the fresh weight and the dry weight were even 23% higher compare to control. After the successive 7 days of observations, the lowest values of the parameters of shoot length and weight were noted when AuNPs at a concentration of 100 ppm were found in the environment. There was observed a decrease of the length of the shoots by 60% and the fresh weight and the dry weight by 62%. The lowest inhibiting effect was noted for AuNPs 50 ppm for the shoot length; the decrease accounted for 18%. The fresh weight and the dry weight of the shoots was higher than in the treatment without the NPs application for the variant with AgNPs 100 ppm, where, despite a reduction in the shoot length, the shoot weight was 30% higher. The application of AgNPs clearly reduced the shoot length and weight, over the first days after the application, as compared with AuNPs. A longer such impact, however, deteriorated the morphological parameters of the shoots when exposed to AuNPs.




3.1.2. Roots


The prevailing values of biometrical parameters of roots, their length and weight, decreased due to the application of AgNPs and AuNPs (Table 2). Only in the first 7 days of culture, the application of AgNPs at the concentration of 50 ppm increased the root length by over 9%. However, their fresh and dry weight was lowest, as compared with the other variants tested; about 36% lower than the control. The lowest decrease in the root weight, as compared with the control, was noted for AuNPs 100 ppm, where the root weight deviated from the values of the control treatments by 20% for the fresh weight and 25% for the dry weight of the roots.



In the successive weeks, together with an increase in the concentration of the nanoparticles applied, the maximum root length decreased both for AgNPs and for AuNPs. The shortest roots with the lowest fresh and dry weight were reported for AuNPs 100 ppm. The lowest root length and root weight losses were recorded for AgNPs 50 ppm.



After three weeks of culture, the parameters of root length and weight were highest for the combinations without the application of NPs. The greatest changes in those parameters occurred for AuNPs 100 ppm; the length as well as the fresh and dry weight of roots decreased by 68% and 61%, respectively. The smallest inhibiting effect was noted for AgNPs 100 ppm, in which the root length was reduced by 22% and the fresh and dry weight by 28%.





3.2. Effect of NPs on the Content of Chlorophyll, Carotenoids and Anthocyanins


The total chlorophyll content in rapeseed seedlings was significantly reduced under different concentrations of AgNPs and AuNPs, in comparison to the control for the first 7 days of culture (Table 3). The lowest content of total chlorophyll was recorded at the 50 ppm of AgNPs and it was 1.12 (mg/g FW), while the control was 2.15 (mg/g FW). Additionally, the treatment of the plant analyzed with AgNPs decreased the carotenoids content, especially at 50 ppm from 0.89 (mg/g FW) in the control to 0.49 (mg/g FW) in the sample studied. However, under those conditions the content of anthocyanins was 0.31 (mg/g FW) and it was higher than the control, which was 0.25 (mg/g FW). In the successive week of culture, the total content of chlorophyll as well as of carotenoids and anthocyanins was highest for the samples after the application of AgNPs 100 ppm and it was 2.09, 0.91 and 0.39 (mg/g FW), respectively. The content of photosynthetic pigments and flavonoids was also higher in the plants treated with AgNPs on the 21st day of culture. The highest content of the total chlorophyll of 2.23 (mg/g FW) was noted for AgNPs 50 ppm, the highest content of carotenoids was 0.99 (mg/g FW) and of anthocyanins—0.49 (mg/g FW); the values were significantly higher than the control (Table 3).




3.3. Effect of NPs on the Phenolics Content


The analysis of the content of free phenolic compounds (two-way ANOVA, Tukey HSD Test, p ≤ 0.05) in the plant tissues demonstrated some variation in terms of the content of the analyte (Table 4).



In the first week of the plant exposure to nanoparticles there was observed a greater variation than it is the case later. The significantly highest content of free phenols was recorded in the control plant tissues (1.32 mg/g FW), whereas the lowest significant content was recorded in the tissues of plants exposed to the effect of 100 ppm AuNPs (0.62 mg/g FW). After 14 days of exposure there was observed no greater variation in the content of free phenolic compounds across the variants; the content of phenols was very similar across the variants. Nevertheless, the lowest content was observed in the control plant tissues (0.82 mg/g FW), followed by AuNPs 100 ppm (0.93 mg/g FW) and AuNPs 50 ppm (0.97 mg/g FW). Most free phenolic compounds were recorded in the tissues of the plants treated with AgNPs (1.08 mg/g FW for AgNPs 50 ppm and 1.11 mg/g FW for AgNPs 100 ppm). Additionally, after 21 days, no greater variation was observed in the content of phenolic compounds across the combinations (Table 4). The analysis of variance showed no significance of the factor of the week of exposure to nanoparticles. However, a high significance was observed for the factor of combination (the concentration and the form of the nanoparticle) at p = 0.000482. We noted a significant interaction between the factors at p = 0.000179.




3.4. Effect of NPs on the Free Sugars Content


The analysis of the content of free sugars (two-way ANOVA, Tukey HSD Test, p = 0.05) showed some variation in terms of the content of those compounds in the plant tissues (Table 5).



After 7 days of exposure, the highest concentration of free sugars was noted in the tissues of the plants treated with AuNPs (16.88 mg/g FW for AuNPs 50 ppm, 8.62 mg/g FW for AuNPs 100 ppm). As for the control plants and the plants treated with AgNPs, we recorded no bigger differences; however, the content of sugars was non-significantly lower (7.42 mg/g FW for the control plants, 5.79 mg/g FW for AgNPs 50 ppm and 6.52 mg/g FW for AgNPs 100 ppm). After 14 days, we recorded a decrease in the content of free sugars. The lowest content was found in the plants treated with AuNPs 100 ppm (2.89 mg/g FW). As for the other variants, no significant differences were found, despite a downtrend. The highest content was reported for the plants treated with AgNPs and AuNPs at the concentration of 50 ppm; 5.88 mg/g FW (AgNPs 50 ppm) and 5.60 mg/g FW (AuNPs 50 ppm). After 21 days, the trend continued and there was observed a lower content of free sugars; 2.90 mg/g FW for the control plants, 4.02 mg/g FW for AgNPs 50 ppm, 3.98 mg/g FW for AgNPs 100 ppm, 3.44 mg/g FW for AuNPs 100 ppm, whereas in the plants treated with AuNPs (AuNPs 50 ppm), a sudden increase was observed up to 10.53 mg/g FW (Table 5). The analysis of variance showed a significance of the factor of the day for the feature at p = 0.0000285 as well as the factor of combination p = 0.00645. The interaction between the factors was significant at p = 0.09892.




3.5. Effect of NPs on the ROS Content


A number of studies demonstrated that ROS production is significantly elevated in plants after exposure to AgNPs. The exposure of plant tissues to the effect of nanoparticles, as an abiotic stress factor, is often related to an elevated level of oxidative stress markers, such as H2O2, in tissues (Table 6).



Investigating the response of plants to the presence of nanoparticles in the environment in the first week of the plant exposure, it was observed that the highest ROS concentration in form of H2O2 was found in the tissues of the plants exposed to AuNPs 100 ppm (319.99 nM/g FW). As for the other variants, the content was relatively similar. In the second and third week of exposure, there was noticed a low variation across the study variants; however, the H2O2 values in the tissues following the exposure to gold nanoparticles were higher than in the control combination. The highest concentration was noted after 14 days for the plants exposed to AuNPs 50 ppm, which was 287.22 nM/g FW and the highest concentration after 21 days was noted for plants exposed to AuNPs 100 ppm, which was 293.53 nM/g FW. The analysis of variance showed a significance of the factor of the day on feature p = 0.00000159 as well as the factor of combination p = 0.00131. The interaction between the factors was significant at p = 0.08815.





4. Discussion


The presence of AgNPs or AuNPs in the environment can result in the occurrence of some anomalies of physiological and biochemical processes and in a change in the growth rate or organ morphology. Nanoparticles can inhibit the seed germination, shoot and root elongation or reduce the leaf area [8]. Recent studies have confirmed that some NPs can get through the seed coat and affect the development processes of embryos, e.g., through a stimulation of the enzymes engaged in the metabolic processes. In the germinating seeds at the radicle appearance stage, the tissues of the root apex contact the NPs, which can get into the rhizodermis through the apoplast, with endocytosis; within the root, they flow towards the plant secretory tissue using symplastic pathways and are translocated to other plant organs [55]. Our results are consistent with such reports. The application of silver and gold nanoparticles reduced the shoot length and weight compared to the control combination. This tendency was observed in all the combinations, irrespective of the length of seed/seedlings exposure to nanoparticles. Additionally, Jiang et al. [34] noticed a drastic decrease in the fresh and dry weight of common duckweed (Spirodela polyrhiza) plants together with an increase in the concentration of AgNPs over the first few days after the application. The highest used concentration of AgNPs (10 mg/L) decreased both the fresh and dry weight of plants by almost 50%, compared to the control. Sharma et al. [56] also observed a decrease in the fresh weight of shoots in Brassica juncea but in lower concentrations of AgNPs, higher than 50 ppm. However, higher concentrations of AgNPs, exceeding 200 ppm, were needed to inhibit the shoot elongation. AgNPs concentrations on a level of 15.4 mg/L also reduced the shoot length in Physalis peruviana [12].



Our research proved that the biometrical parameters of roots decreased when exposed to AgNPs and AuNPs. The root length and weight, during 21 days of growth, were mostly inhibited by the presence of AuNPs applied in concentration of 100 ppm. Roots in this combination were the shortest and demonstrated the lowest fresh and dry weight. The reason for such an effect could be the fact that the root tissues are the first structures which come into direct contact with nanoparticles applied to the medium surface. For this reason, the effect of the nanoparticles is clearly visible in roots. Literature data indicate that the decrease in the length of the roots treated with higher concentrations of nanoparticles is a rate-related phenomenon, as lower AuNPs rates (10 ppm) in Arabidopsis thaliana did not inhibit the shoot elongation, the number of leaves and the total fresh weight [31]. Similarly, in maize plants (Zea mays L.), low AuNPs concentrations (5, 10, 15 ppm) did not inhibit growth. The seedlings under those conditions were longer than the control plants. Additionally, Sabo-Attwood et al. [57] have found that AuNPs at high concentrations (100 mg/L) deteriorated plants, whereas lower concentrations of AuNPs triggered larger-than-5 nm growth-promoting effects, supporting our findings that AuNPs enhance the plant growth.



The results of the studies and observations have suggested a conclusion that AgNPs at a high concentration result in a perforation of the cell wall penetrating the protoplast, damage the root cell vacuoles, which triggers a toxic effect [58]. Mirzajani et al. [59] observed that AgNP could not penetrate to the root cells at a low concentration (up to 30 μg/mL), whereas at higher concentrations, AgNPs showed a destructive effect on the cell structure and triggered a toxic effect by affecting various aspects of plant morphology, including a decrease in the values of growth parameters.



It was also observed that nanoparticles demonstrate a varied capacity for penetration at the highest concentration applied, depending on the parameters. A varied size of nanoparticles in various studies shows a correlation between the size and the phytotoxic effect. Usually, nanoparticles smaller in size were more destructive and inhibiting during the plant growth than those bigger in size [13,60,61]. As reported by Qian et al. [37] with an increase in the AgNPs concentration in Arabidopsis thaliana plants, a decrease was recorded in the shoot and root length. High concentrations (15.4 mg/L−1) of AgNPs also reduced the length of shoots and roots in Physalis peruviana [12]. In Brassica rapa, the concentration of 1.0 mg/L AgNPs stimulated an increase in the root length and a 10% increase in the fresh weight, while higher concentrations already showed an inhibiting effect on those parameters and the roots were clearly deformed with discolored tips [41]. Geisler-Lee et al. [62] also noted that the seedlings treated with silver nanoparticles showed shorter roots, with clearly changed brown-colored tips. The changes in the root properties and look could have been due to the fact that nanoparticles are transported through an apoplastic route in cell walls and get accumulated in structures such as plasmodesmata. The level of accumulation differed depending on the structure and accumulated progressively in the following sequence: border cells, root cap, columella and columella initials; an additional reason can be that the radicle was not adapted to the treatments [60].



Detrimental effect of AgNPs on chlorophyll content corresponds to the results of research of the impact of AgNPs in Spirodela polyrhiza [34] and in Physalis peruviana [12]. The authors observed a decreased content of chlorophyll in the initial period of plant exposure to nanoparticles. The total chlorophyll content decreased significantly when exposed to AgNPs at higher concentrations in Oryza sativa [38] and in turnip (Brassica rapa ssp. rapa L.) [41]. Sharma et al. [56] also reported on an increased content of chlorophyll after the application of 100 ppm AgNPs as well as on maximum photosystem II quantum efficiency, as measured through Fv/Fm ratio, recorded at 50 ppm AgNPs treatment, which points to a low degree of damage of the photosynthetic apparatus and to a lower frequency of photooxidative damage in plants. A corrected quantum yield positively correlates with a higher content of chlorophyll in leaves.



Anthocyanins are flavonoids found in vacuoles and they are associated with the stress response in plants [63,64]. As observed, they protect plants from damage induced by ROS [65]; they can act as non-enzymatic antioxidants to protect the cells from oxidative stress, sweeping an excess of reactive forms of oxygen as well as a chelator of metals [66] and so they are treated as antioxidant molecules [67]. The exposure of turnip seedlings to increasing AgNPs rates increased the number of anthocyanins in tissues, as compared with the control. Similar results were found for the contents of anthocyanins in A. thaliana exposed to AgNPs [37]. For that reason, an increased content of anthocyanins produced as a result of exposure to AgNPs, observed in that study, can be due to an elevated oxidative stress caused by NPs and a defense reaction against that factor in the plant.



The total polyphenol content in R. communis with the values lower than in the control samples was also found by Yasur and Rani [42], even though some data indicated that stimulation of AgNPs results in the accumulation of phenolic compounds [68]. However, Yasur and Rani [42], after the application of AgNPs, observed a greater total content of phenol in the respective parts of the plants (root and shoot). Silver in a nanoform also increased the total content of phenol in the experiments. Seed treatment with AgNP decreased the content of free phenolic compounds more than in the plants treated with AgNO3. Additionally, Spinoso-Castillo et al. [24] demonstrated an increased production of phenolic compounds in vanilla (Vanilla planifolia) in the culture with 25 and 50 mg/L AgNPs added. It is common knowledge that the effects which can be triggered in plants by AgNPs are related to their capacity to destroy cell membranes, to disrupt the DNA replication, triggering an increased production of reactive forms of oxygen and inhabiting the production of ethylene. By triggering the defense systems, the plant tries to reverse that effect, e.g., by increasing a production of phenolic compounds with a high antioxidative activity.



Presence of silver nanoparticles decreasedthe content of sugars in plants throughout the first week of culture in our study. Similar effect in the first days of culture in the plants of Lupinus termis L. was also observed by Al-Huqail et al. [69]. The exposure to 0.5 mg L−1 AgNPs decreased the content of sugar; an increase in the accumulation of proline in leaves was also noted, considered an indicator of a stressful effect of AgNPs on plants. Similar results were reported by Nair and Chung [38] in Oryza sativa L. plants. The plants exposed to 0.5 and 1 mg L−1 of AgNPs also resulted in, next to other morphological and physiological changes, a decrease in the content of sugars. However, there are reports on an increased content of soluble sugars in maize leaves exposed to AuNPs [70], which correlates with our studies with an increase in the content of free sugars as a result of the application of 50 ppm AuNPs. Additionally, it is common knowledge that the accumulation of organic substances, such as sugars or amino acids in cytoplasm, plays an important role in an osmotic regulation in plants, which affects, e.g., morphological parameters of plant growth [71,72]. In the studies of the response of the plants to stress factors, an important aspect seems to be, therefore, an identification of specific features related to the resistance to abiotic stress factors, such as the presence and concentration of compatible osmolytes (e.g., proline), sugars or proteins as potential biological markers applicable for genetic identification and modification to increase the resistance of plants and plant cells, e.g., to salinity [73].



Higher values of H2O2 were noted especially for gold nanoparticles in our study. Similarly, rice seedlings treated hydroponically with nTiO2 (1000 mg/L), nAg (0.5 and 1 mg/L), nCuO (5 mg/L) or nZnO (250 mg/L) were identified with significantly higher levels of H2O2 in the tissues [38,74,75]. Chen et al. [74] demonstrated that rice seeds exposed to nZnO at 50–1000 mg/L showed increased H2O2 levels. Similarly, Thiruvengadam et al. [41] reported the impact of AgNPs exposure in turnip seedlings and found that a higher concentration of AgNPs resulted in an excessive generation of superoxide radicals and increased lipid peroxidation; H2O2 formation also significantly increased after exposure to 5 and 10 mg/L AgNPs. Only Speranza et al. [76] reported that AgNPs treatment at a concentration of 2 mg/L delayed H2O2 production until 30 min, with a dramatic increase after the application of a higher concentration, i.e., 20 mg/L. An oxidative stress is also considered to be the one of the main mechanisms of the toxic effect of nanoparticles to plants [77].




5. Conclusions


Our results showed a variation in the effect of nanoparticles on the plants. We observed an effect of the length of exposure in relation to the kind of nanoparticles. The level of photosynthetic pigments, anthocyanins as well as other stress parameters, such as free phenolic compounds, free sugars or H2O2, decreased due to the application of both AgNPs and AuNPs at the initial culture period; however, the differences were observed in the successive weeks of exposure. The parameters were increasing irrespective of the kind of nanoparticles; however, as for the content of free sugars and free radicals, higher values were recorded due to the effect of AuNPs. Not surprisingly, the concentration has proven to play a critical role in the response of plants to nanoparticles. However, what is noteworthy is the effect of the length of exposure to nanoparticles and changes in the response of the plant in comparison to the length of its effect. Thus, our results showed that length of plants exposure to NPs is a very important factor modifying the growth and final response of seedlings. A better understanding of its influence could speed up use of NPs in agriculture and horticulture for the production of high-quality plant material (e.g., to seed priming, stimulation of seedlings’ growth and their protection against agrophages), not contaminated with pesticides, fertilizers and mycotoxins. It should be emphasized that this approach is also in line with the farm-to-fork strategy of the European Green Deal, as our findings proved the response of seedlings to AgNPs and AuNPs may vary depending on the length of exposure. Further research will be conducted to set the most efficient values of the key elements of plant/NPs interaction to ensure the priming effect of NPs on seed germination, stimulation of the seedlings’ development and protection from various biotic and abiotic factors, especially pathogens. Concluding, the potential of AgNPs and Au NPs seems to be meaningful and may lead to the application of these NPs in agriculture and horticulture as, e.g., elements of seed coatings.
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Figure 1. Comparison of the effect of the nanoparticles’ (NPs) type and concentration on the morphological parameters of seedlings. Abbreviations: AgNPs—silver nanoparticles, AuNPs—gold nanoparticles. 
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Table 1. Comparison of the influence of nanoparticles’ type and concentration on the shoot length and fresh and dry weight of rapeseed seedlings.
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Treatment Time (Days)

	
Concentration of Nanoparticles

	
Shoot Length (cm)

	
Shoot Fresh Weight (mg)

	
Shoot Dry Weight (mg)






	
7

	
Control

	
6.33 ± 2.06 a–e *

	
93.98 ± 19.14 c–e

	
4.70 ± 0.95 c–e




	
AgNPs 50 ppm

	
3.67 ± 1.03 ef

	
82.17 ± 19.55 de

	
4.11 ± 0.97 de




	
AgNPs 100 ppm

	
2.50 ± 1.22 f

	
52.67 ± 8.64 e

	
2.63 ± 0.43 e




	
AuNPs 50 ppm

	
3.33 ± 1.36 f

	
93.00 ± 42.87 de

	
4.65 ± 2.14 de




	
AuNPs 100 ppm

	
4.17 ± 0.98 c–f

	
75.67 ± 19.45 e

	
3.78 ± 0.97 e




	
14

	
Control

	
9.17 ± 1.83 a

	
155.50 ± 34.61 b–d

	
7.78 ± 1.72 b–d




	
AgNPs 50 ppm

	
7.83 ± 1.50 ab

	
191.33 ± 32.61 ab

	
9.57 ± 1.63 ab




	
AgNPs 100 ppm

	
7.25 ± 1.63 a–c

	
150.50 ± 25.09 b–d

	
7.53 ± 1.25 b–d




	
AuNPs 50 ppm

	
4.83 ± 1.57 b–f

	
76.50 ± 30.22 e

	
3.83 ± 1.51 e




	
AuNPs 100 ppm

	
5.08 ± 2.63 b–f

	
97.33 ± 47.93 de

	
4.87 ± 2.39 de




	
21

	
Control

	
9.83 ± 1.72 a

	
237.00 ± 40.92 ab

	
11.85 ± 2.04 ab




	
AgNPs 50 ppm

	
6.17 ± 1.16 a–e

	
171.50 ± 72.31 a–d

	
8.58 ± 3.61 a–d




	
AgNPs 100 ppm

	
6.67 ± 1.03 a–d

	
307.00 ± 56.49 a

	
15.35 ± 2.82 a




	
AuNPs 50 ppm

	
8.00 ± 1.78 ab

	
197.67 ± 95.77 a–c

	
9.88 ± 3.64 a–c




	
AuNPs 100 ppm

	
4.00 ± 1.09 d–f

	
90.67 ± 40.10 de

	
4.53 ± 2.00 de








* 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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Table 2. Comparison of the influence of nanoparticles’ type and concentration on the root length and fresh and dry weight of rapeseed seedlings.






Table 2. Comparison of the influence of nanoparticles’ type and concentration on the root length and fresh and dry weight of rapeseed seedlings.





	
Treatment Time (Days)

	
Concentration of Nanoparticles

	
Max Root Length (cm)

	
Root Fresh Weight (mg)

	
Root Dry Weight (mg)






	
7

	
Control

	
5.33 ± 1.94 ab *

	
81.67 ± 28.57 b

	
4.08 ± 1.42 b




	
AgNPs 50 ppm

	
5.83 ± 1.16 a

	
51.67 ± 11.69 b–d

	
2.58 ± 0.58 b–d




	
AgNPs 100 ppm

	
4.00 ± 0.89 a–d

	
60.00 ± 8.36 bc

	
3.00 ± 0.42 bc




	
AuNPs 50 ppm

	
5.00 ± 1.78 ab

	
54.33 ± 7.65 b–d

	
2.72 ± 0.38 b–d




	
AuNPs 100 ppm

	
4.33 ± 0.81 a–d

	
61.17 ± 14.27 bc

	
3.06 ± 0.71 bc




	
14

	
Control

	
4.75 ± 1.08 ab

	
132.50 ± 29.78 a

	
6.63 ± 1.48 a




	
AgNPs 50 ppm

	
3.58 ± 0.64 a–e

	
60.33 ± 17.03 b–d

	
3.02 ± 0.85 bc




	
AgNPs 100 ppm

	
3.42 ± 0.37 a–e

	
51.67 ± 8.16 b–d

	
2.58 ± 0.40 b–d




	
AuNPs 50 ppm

	
2.33 ± 0.40 c–e

	
47.50 ± 18.09 bc

	
2.38 ± 0.90 b–d




	
AuNPs 100 ppm

	
2.25 ± 0.61 de

	
26.83 ± 6.17 d

	
1.34 ± 0.30 d




	
21

	
Control

	
6.00 ± 1.54 a

	
80.83 ± 16.36 b

	
4.04 ± 0.81 b




	
AgNPs 50 ppm

	
3.92 ± 1.02 a–d

	
49.83 ± 11.92 b–d

	
2.49 ± 0.59 b–d




	
AgNPs 100 ppm

	
4.67 ± 1.72 a–c

	
57.67 ± 25.42 b–d

	
2.88 ± 1.27 b–d




	
AuNPs 50 ppm

	
3.00 ± 1.54 b–e

	
33.17 ± 27.83 cd

	
1.66 ± 1.39 cd




	
AuNPs 100 ppm

	
1.92 ± 1.02 e

	
31.00 ± 17.49 cd

	
1.55 ± 0.87 cd








* Values are presented as means ± standard deviation; the same lowercase letters indicate non-statistically significant differences according to Tukey’s test (p ≤ 0.05).
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Table 3. Comparison of the influence of nanoparticles’ type and concentration on the photosynthetic pigments—chlorophyll (Chl.), carotenoids and anthocyanins content in rapeseed seedlings.
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Treatment Time (Days)

	
Concentration of

Nanoparticles

	
Chl. a

(mg/g FW)

	
Chl. b

(mg/g FW)

	
Chl. Total

(mg/g FW)

	
Carotenoids

(mg/g FW)

	
Anthocyanins

(mg/g FW)






	
7

	
Control

	
1.44 a–d *

	
0.72 a

	
2.15 ± 0.32 ab

	
0.89 ± 0.12 a–c

	
0.25 ± 0.08 ab




	
AgNPs 50 ppm

	
0.75 e

	
0.37 b–e

	
1.12 ± 0.12 f

	
0.49 ± 0.03 d

	
0.31 ± 0.08 ab




	
AgNPs 100 ppm

	
0.86 de

	
0.33 de

	
1.18 ± 0.21 ef

	
0.55 ± 0.08 cd

	
0.25 ± 0.03 ab




	
AuNPs 50 ppm

	
1.16 a–e

	
0.38 b–e

	
1.55 ± 0.24 a–f

	
0.73± 0.11 a–d

	
0.23 ± 0.02 ab




	
AuNPs 100 ppm

	
0.91 c–e

	
0.31 e

	
1.22 ± 0. 13 d–f

	
0.58 ± 0.06 b–d

	
0.24 ± 0.01 ab




	
14

	
Control

	
1.00 b–e

	
0.35 c–e

	
1.35 ± 0.36 b–f

	
0.67 ± 0.17 a–d

	
0.31 ± 0.07 ab




	
AgNPs 50 ppm

	
1.16 a–e

	
0.42 b–e

	
1.58 ± 0.43 a–f

	
0.73 ± 0.21 a–d

	
0.18 ± 0.01 b




	
AgNPs 100 ppm

	
1.51 a–c

	
0.57 ab

	
2.09 ± 0.47 ab

	
0.91 ± 0.19 ab

	
0.39 ± 0.36 ab




	
AuNPs 50 ppm

	
1.35 a–d

	
0.44 b–e

	
1.78 ± 0.37 a–f

	
0.84 ± 0.17 a–c

	
0.24 ± 0.06 ab




	
AuNPs 100 ppm

	
1.40 a–d

	
0.44 b–e

	
1.84 ± 0.62 a–f

	
0.86 ± 0.27 a–c

	
0.25 ± 0.05 ab




	
21

	
Control

	
1.54 a–c

	
0.54 a–d

	
2.08 ± 0.86 a–d

	
0.93 ± 0.35 ab

	
0.33 ± 0.10 ab




	
AgNPs 50 ppm

	
1.69 a

	
0.54 a–c

	
2.23 ± 0.37 a

	
0.99 ± 0.16 a

	
0.49 ± 0.18 a




	
AgNPs 100 ppm

	
1.46 a–d

	
0.44 b–e

	
1.90 ± 0.5 a–e

	
0.86 ± 0.20 a–c

	
0.32 ± 0.12 ab




	
AuNPs 50 ppm

	
1.00 b–e

	
0.32 e

	
1.31 ± 0.49 c–f

	
0.64 ± 0.21 a–d

	
0.20 ± 0.03 b




	
AuNPs 100 ppm

	
1.55 ab

	
0.49 a–e

	
2.04 ± 0.33 a–c

	
0.94 ± 0.12 ab

	
0.29 ± 0.07 ab








* Values are presented as means ± standard deviation; the same lowercase letters indicate non-statistically significant differences according to Tukey’s test (p ≤ 0.05).
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Table 4. Comparison of the influence of nanoparticles’ type and concentration on the free phenolics content in rapeseed seedlings.
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Concentration of

Nanoparticles

	
Phenolics mg/g Fresh Weight (FW)




	
7 Treatment Time (Days)

	
14 Treatment Time (Days)

	
21 Treatment Time (Days)






	
0NPs

	
1.32 ± 0.04 a *

	
0.82 ± 0.11 bc

	
1.06 ± 0.04 ab




	
AgNPs 50 ppm

	
1.01 ± 0.09 ab

	
1.08 ± 0.12 ab

	
0.97 ± 0.08 a–c




	
AgNPs 100 ppm

	
0.85 ± 0.03 bc

	
1.11 ± 0.12 ab

	
0.98 ± 0.02 a–c




	
AuNPs 50 ppm

	
1.00 ± 0.03 ab

	
0.97 ± 0.13 a–c

	
0.97 ± 0.00 a–c




	
AuNPs 100 ppm

	
0.62 ± 0.02 c

	
0.93 ± 0.05 bc

	
0.82 ± 0.03 bc








* Values are presented as means ± standard deviation; the same lowercase letters indicate non-statistically significant differences according to Tukey’s test (p ≤ 0.05).
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Table 5. Comparison of the influence of nanoparticles’ type and concentration on the free sugars content in rapeseed seedlings.
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Concentration of

Nanoparticles

	
Sugars mg/g FW




	
7 Treatment Time (Days)

	
14 Treatment Time (Days)

	
21 Treatment Time (Days)






	
0NPs

	
7.42 ± 1.79 a–c *

	
4.83 ± 1.16 a–c

	
2.90 ± 0.37 bc




	
AgNPs 50 ppm

	
5.79 ± 0.35 a–c

	
5.88 ± 1.14 a–c

	
4.02 ± 0.65 a–c




	
AgNPs 100 ppm

	
6.52 ± 0.49 a–c

	
3.96 ± 0.65 a–c

	
3.98 ± 0.96 a–c




	
AuNPs 50 ppm

	
16.88 ± 0.84 a

	
5.60 ± 2.39 a–c

	
10.53 ± 0.03 a




	
AuNPs 100 ppm

	
8.62 ± 1.60 ab

	
2.89 ± 0.53 c

	
3.44 ± 0.96 bc








* Values are presented as means ± standard deviation; the same lowercase letters indicate non-statistically significant differences according to Tukey’s test (p ≤ 0.05).
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Table 6. Comparison of the influence of nanoparticles’ type and concentration on the H2O2 content in rapeseed seedlings.
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Concentration of

Nanoparticles

	
H2O2 nM/g FW




	
7 Treatment Time (Days)

	
14 Treatment Time (Days)

	
21 Treatment Time (Days)






	
0NPs

	
351.15 ± 26.18 a *

	
251.54± 8.80 cd

	
290.2 ± 9.73 a–d




	
AgNPs 50 ppm

	
267.51 ± 9.53 b–d

	
243.90 ± 13.59 d

	
272.76 ± 14.64 b–d




	
AgNPs 100 ppm

	
280.21 ± 1.59 b–d

	
253.23 ± 5.66 cd

	
268.60 ± 4.04 b–d




	
AuNPs 50 ppm

	
308.66 ± 16.78 a–c

	
287.22 ± 16.90 a–d

	
285.84 ± 0.51 a–d




	
AuNPs 100 ppm

	
319.99 ± 7.50 ab

	
258.87 ± 13.87 b–d

	
293.53 ± 11.24 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).
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