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Abstract

:

Nanopriming, a technique that involves treating seeds with nanoparticles, is gaining attention for enhancing seed germination and seedling growth. This study explored the effects of silver nanoparticles (AgNPs), synthesized using Ascorbic acid, Caffeic acid, and Gallic acid, on cucumber seedling development. The nanoparticles, characterized by spherical morphology and distinct optical properties, showed varying effects based on the type and concentration of the reducing agents used. AgNP treatments generally led to higher germination rates and improved shoot and root growth compared to controls. Biochemical analyses revealed that these treatments influenced plant physiology, affecting reactive oxygen species (ROS) production, oxidative stress markers, and the content of amino acids, phenolic compounds, flavonoids, and soluble sugars. Specifically, certain AgNP treatments reduced oxidative stress, while others increased oxidative damage. Additionally, variations in free amino acids and phenolic and flavonoid contents were noted, suggesting complex interactions between nanoparticles and plant biochemical pathways. These findings highlight the potential of nanopriming in agriculture and underscore the need for further research to optimize nanoparticle formulations for different plant species.
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1. Introduction


The continuous global population growth, with projections estimating around 9 billion people by 2050, has significantly increased food demand. Anticipated agricultural demand is expected to rise by 50–70% compared to current levels, presenting substantial challenges [1]. Fertilizers and pesticides play a crucial role in agricultural production by providing essential nutrients and protecting crops from pests and diseases. However, their excessive use has led to detrimental environmental and health impacts, including soil chemical alterations, water pollution, and the introduction of harmful substances into the food chain [2]. Balancing production with sustainability is imperative for ensuring food security, necessitating the exploration of new technologies like nanotechnology to enhance agricultural production sustainably.



Nanotechnology, dedicated to synthesizing and developing nanomaterials, offers innovative solutions for sustainable agricultural practices [3]. Specifically, nanopriming, which involves using nanoparticles in a priming solution that contacts seeds, has shown promise. This technique facilitates seed germination and growth by allowing nanoparticles to penetrate the seed coat, altering metabolism and signaling pathways [4]. Nanopriming not only enhances germination and growth but also offers protection against seed-borne pathogens due to the antifungal and antibacterial properties of nanoparticles.



Understanding nanoparticle application methods is crucial, with nanopriming gaining prominence for its effectiveness in promoting seed germination and seedling growth [5]. Traditional seed priming techniques, such as hydropriming, osmopriming, and hormonal priming, have limitations, including significant waste and environmental contamination [6]. In contrast, nanopriming addresses these issues by utilizing smaller quantities of nanoparticles.



Green synthesis emerges as a sustainable alternative for producing nanoparticles. This method minimizes waste, energy consumption, and material usage, reducing environmental impacts. Biological agents like algae, fungi, bacteria, and plants can transform metallic ions into nanoparticles, with plant extracts offering a rapid, cost-effective, and environmentally friendly approach [7,8].



The dualistic impact of silver nanoparticles (AgNPs) on plant systems is noteworthy, with both positive and negative effects reported. Positive impacts include enhanced agromorphological, antioxidant, and enzymatic aspects in plants like Helianthus annuus [1] and improved germination and growth in Satureja hortensis [9]. However, negative effects such as growth inhibition and cellular viability reduction have been observed in plants like Lemna gibba and rice (Oryza sativa L.), highlighting the need for comprehensive understanding [10,11].



Focusing on cucumber (Cucumis sativus L.), one of the oldest cultivated vegetables, this study aims to explore the effects of AgNPs synthesized through green methods on cucumber seeds and seedlings. Cucumbers are not only nutritionally valuable but also hold medicinal and cosmetic potential, making them an important subject for scientific investigation [12,13]. By examining the biochemical and physiological aspects of AgNP nanopriming, this research seeks to contribute to the evolving field of nanotechnology in agriculture, addressing global food security and sustainability.




2. Materials and Methods


2.1. Green Synthesis of Silver Nanoparticles (AgNPs) and Reaction Mixture Preparation


The green synthesis of AgNPs was performed using silver nitrate (AgNO3) and antioxidant agents: Gallic acid (GA), Caffeic acid (CA), and Ascorbic acid (AA) (all supplied by Sigma-Aldrich Química SL, Madrid, Spain). Two concentrations of AgNO3 solutions (10 mM and 100 μM) were initially prepared. In a test tube, 10 mL of each antioxidant agent solution was combined with 50 μL of the AgNO3 solution to initiate nanoparticle synthesis. The mixture was kept in the dark at 60 °C for 5 days, leading to the deposition of nanoparticles at the bottom of the tube. The procedure was repeated to ensure a sufficient quantity of nanoparticles for further analysis.




2.2. Characterization of Silver Nanoparticles


A range of analytical techniques was employed to characterize the synthesized silver nanoparticles:




	
UV-Visible Spectrophotometry: The UV-visible absorption spectra of the Ag nanoparticle solutions were recorded between 300 and 500 nm using a UV-visible spectrophotometer.



	
Transmission Electron Microscopy (TEM): Nanoparticles were suspended in 1 mL of water. A drop of this solution was placed on a carbon-coated copper grid and air-dried. TEM analysis was performed using a JEOL2100 microscope at the Centro Nacional de Microscopía Electrónica, Madrid.



	
X-ray Powder Diffraction (XRD): XRD profiles were obtained using an Empyrean Cu LFF X-ray diffractometer within a 2θ range from 2° to 80°. The analyses were conducted at the Research Support Centre (CAI) for X-Ray Diffraction, Universidad Complutense de Madrid. The resulting diffraction patterns were compared with reference patterns from the International Centre for Diffraction Data (ICDD) database.



	
Fourier-Transform Infrared Spectroscopy (FTIR): FTIR measurements were carried out using a JASCO (FT/IR-6200) spectrophotometer at the CAI of Physical and Chemical Techniques, Complutense University of Madrid. The interpretation of results followed guidelines provided in infrared spectroscopy tables [14].









2.3. Nanopriming of Cucumber Seeds with AgNPs and In Vitro Cultivation


Cucumber seeds (Cucumis sativus L.), ‘Marketer’ variety, were sourced from Vilmorin-Mikado Ibérica, Spain. All equipment was sterilized meticulously. The experiment included various nanopriming treatments for seed germination, such as water-control, bulk AgNO3 controls, and AgNPs from GA, CA, and AA. Each treatment involved a 20 h imbibition period in darkness. The experiment was replicated twice to enhance statistical robustness.




2.4. In Vitro Cultivation of Cucumber Seedlings


After the 20 h nanopriming period, 12 seeds from each solution were placed in Petri dishes with moist filter paper and kept in the dark for 3 days at 22 ± 2 °C. Nine germinated seeds from each dish were transplanted into seed trays and grown in controlled conditions (22 ± 2 °C, 16 h light/8 h dark photoperiod) for one month.




2.5. Measurement of Morphological Parameters during Germination


On the third day post-sowing, various morphological parameters were measured, including shoot and root lengths, secondary root presence, and germination percentage. The shoot–root ratio was computed by dividing shoot length by root length.




2.6. Measurement of Photosynthetic Parameters


Photosynthetic parameters, including SPAD values and chlorophyll fluorescence (Fv/Fm, PIabs), were measured after one month using the SPAD-502 meter and HANDY PEA+ device, respectively. Photosynthetic pigment content was assessed using lyophilized plant material following the Rainbow protocol [15].




2.7. Measurement of Biochemical Parameters


Biochemical analyses were conducted after one month of growth, using methodologies from López-Hidalgo et al. [15]. Oxidative stress was measured by detecting superoxide anion through NBT reduction, analyzed using ImageJ® software [16].




2.8. Statistical Analysis


Statistical analysis was performed using STATISTICA® v7 software. A simple ANOVA was conducted to compare means between different treatments. Statistically significant differences (p < 0.05) were classified using the Duncan multiple range test. Means are presented with their standard deviations.





3. Results


3.1. Synthesis and Characterization of Silver Nanoparticles Using Reducing Agents


The introduction of Gallic acid to silver nitrate led to discernible changes in coloration, resulting in grey nanoparticles (GA-AgNPs). This reaction, albeit not immediate, exhibited high optical density values, and UV-visible spectrum analysis revealed a prominent peak at 440 nm, corresponding to 70 nm-sized particles. Electron microscopy unveiled aggregates and confirmed the coating of nanoparticles with Gallic acid. FTIR spectra identified specific functional groups, and XRD analysis confirmed the presence of silver in various oxidation states (Figure 1).



Caffeic acid induced an immediate reaction, resulting in dark grey nanoparticles (CA-AgNPs) with plasmon resonance bands at 421 nm and 467 nm, representing 50 nm and 80 nm-sized particles. FTIR spectra elucidated the presence of Caffeic acid on nanoparticle surfaces. XRD analysis identified specific oxidation states of silver, offering insights into the synthesized nanoparticles’ structural properties (Figure 2).



Ascorbic acid promptly reacted with silver nitrate, yielding gold-colored nanoparticles (AA-AgNPs) with distinct plasmon resonance bands at 402 nm, 421 nm, and 467 nm. Electron microscopy highlighted 20 nm-sized particles, and FTIR spectra demonstrated similarities between Ascorbic acid and the synthesized nanoparticles. XRD analysis verified different oxidation states of silver, providing a comprehensive characterization (Figure 3).




3.2. Morphological Parameters


3.2.1. No Adverse Effects on Germination Observed with Nanopriming Treatments


The results reveal favorable germination percentages for all treatments, except for the AgNO3 treatment, which served as a negative control with no seed germination (Table 1). Minor variations are observed between the 100 μM and 10 mM treatments, with the 100 μM treatments showing slightly lower percentages, around 80–90%. The control and 10 mM treatments exhibit identical germination percentages.




3.2.2. Silver Nanoparticle Treatments Enhanced Both Shoot and Root Lengths in Cucumber Seedlings


The morphological parameters of shoot and root length provide valuable insights into the initial effects of nanoparticle treatments on cucumber plants (Figure 4). The results underscore significant disparities among treatments. Notably, the water-control treatment exhibits the lowest mean shoot length, markedly inferior to the highest mean recorded in the CA-AgNPs (100 μM) treatment, which reaches approximately 3.6 cm. When comparing the control with alternative treatments, a noteworthy discrepancy of at least 1 cm becomes evident. Interestingly, nanoparticle treatments display close clustering, with notable distinctions observed primarily between AA-AgNPs (10 mM) and CA-AgNPs (100 μM). Upon analyzing individual reducing agents, slight disparities emerge between the 10 mM and 100 μM treatments, although more pronounced in Ascorbic acid treatments.



Next, root length also exhibits significant differences between treatments with and without nanoparticles (Figure 5). The lowest values recorded are in the water-control and AA-AgNPs (10 mM) treatments, both around 14 cm, about 5 cm lower than the GA-AgNPs (100 μM) and CA-AgNPs (100 μM) treatments, which displayed the highest values. This disparity highlights the pronounced impact of nanoparticle treatments on root development, with certain treatments promoting notably longer roots compared to others.



Lastly, regarding the shoot–root ratio, no significant differences (Duncan’s Test, p < 0.05) have been observed for the relationship between shoot and root lengths, with the exception of the control group and the AA-AgNPs (100 μM) treatments. These findings suggest a consistent proportionality between shoot and root lengths across most treatments, indicating balanced growth dynamics. However, the exception of the control group and the AA-AgNPs (100 μM) treatments underscores specific treatment effects on shoot–root ratio.





3.3. Photosynthetic Parameters


3.3.1. Nano-Priming Treatments Significantly Improved the Chlorophyll Index of Cucumber Seedlings


To estimate the chlorophyll content in leaves, the chlorophyll index (SPAD) was employed. As depicted in Figure 6, significant differences were observed between the control and AgNPs treatments. The lowest SPAD values belong to the control treatment, significantly (p < 0.05) surpassed by all nanoparticle treatments, except CA-AgNPs (10 mM). Noteworthy is the minimal difference between the 100 μM and 10 mM treatments for most reducing agents, except for AA-AgNPs, where differences are more pronounced.




3.3.2. Chlorophyll Fluorescence


Two parameters, maximum photosystem II photochemical efficiency (Fv/Fm) and potential photosynthetic index of photosystem II (PIabs), were considered to determine chlorophyll fluorescence. Fv/Fm values are relatively consistent across treatments, with no significant differences observed between control, AA-AgNPs (100 μM), and GA-AgNPs treatments (Figure 6). PIabs shows significant differences between treatments with and without nanoparticles. The highest and lowest values are within Gallic acid-derived AgNPs treatments. The control value lies in between other treatments, showing significant differences only with CA-AgNPs and AA-AgNPs (10 mM) treatments.




3.3.3. Photosynthetic Pigment Content: Chlorophyll and Carotenoids


For a comprehensive understanding of the photosynthetic process, the total content of chlorophylls and carotenoids in cucumber seedling aerial parts was measured.



Regarding chlorophyll content (Figure 7), the water-control treatment stands out with significantly higher values than all AgNPs treatments. Among nanoparticle treatments, 100 μM treatments consistently showed lower values than 10 mM treatments. Notably, GA-AgNPs (10 mM) exhibited the highest value among all nanoparticle treatments.



As for carotenoid content (Figure 7), significant differences were found between the water-control and CA-AgNPs treatments. The highest recorded value belongs to GA-AgNPs (10 mM), slightly surpassing the control and AA-AgNPs treatments. CA-AgNPs treatments have the lowest carotenoid content with no significant differences between both tested concentrations.





3.4. Biochemical Parameters


3.4.1. Malondialdehyde Content Varied with Different Nano-Priming Treatments, Indicating Changes in Oxidative Stress Levels


Results indicate a larger stained (NBT) area in control plant leaves compared to leaves from nanoparticle treatments (Figure 8A). A greater stained surface signifies a higher concentration of superoxide anion, indicating increased oxidative stress. Figure 8B illustrates the oxidative stress percentages for each nanopriming treatment. Control seedlings and those treated with CA-AgNPs exhibit significantly higher oxidative stress compared to other treatments. GA-AgNPs (10 mM) and AA-AgNPs (100 μM) treatments show high percentages, slightly lower than those mentioned earlier.



Malondialdehyde (MDA) content, a cellular oxidative damage indicator, varies significantly among treatments (Figure 9). GA-AgNPs treatments, especially GA-AgNPs (100 μM), show the lowest values, denoted by treatment GA100 and GA10. Conversely, CA-AgNPs treatments, particularly CA-AgNPs (10 mM), exhibit the highest malondialdehyde content. Treatments AA100 and AA10 display intermediate MDA levels. These results reflect significantly higher cellular oxidative damage in CA-AgNPs nanopriming treatments and AA-AgNPs (10 mM) compared to the water-control. GA-AgNPs (100 μM) seedlings demonstrate significantly lower oxidative damage compared to other treatments.




3.4.2. Silver Nanoparticles Induced Significant Changes in Free Amino Acids Content in Cucumber Seedlings


The content of free amino acids, crucial indicators of cellular metabolism, also varies significantly among treatments (Figure 10). The water-control treatment exhibits the highest content of free amino acids (56.71 mg/g FW), followed by treatments GA10 and CA10. Conversely, the lowest levels are observed in treatment CA100. Treatments GA100, AA100, and AA10 display intermediate levels of free amino acids.




3.4.3. Variation in Total Phenolic Compounds and Flavonoid Contents Observed across Different Nano-Priming Treatments


The content of phenolic compounds and flavonoids, key secondary metabolites with various physiological roles, exhibits significant variability across treatments (Figure 11). Phenolic compound content ranges from 3.27 mg/g FW in treatment CA100 to 5.44 mg/g FW in treatment GA10, while flavonoid content ranges from 2.75 mg/g FW in treatment CA10 to 3.67 mg/g FW in treatment C. Notably, treatments GA10, GA100, and CA10 display relatively higher levels of phenolic compounds compared to other treatments. Conversely, treatment CA100 exhibits the lowest phenolic compound content. Similarly, treatments GA10, GA100, and CA10 also exhibit relatively higher levels of flavonoids compared to other treatments.




3.4.4. Nano-Priming Treatments Altered Total Soluble Sugars and Starch Contents in Cucumber Seedlings


The content of total soluble sugars and starch, vital components of carbohydrate metabolism, displays significant variation across treatments (Figure 12). Total soluble sugars content ranges from 2.00 mg/g FW in treatment C to 4.42 mg/g FW in treatment CA10, while starch content ranges from 15.34 mg/g FW in treatment GA100 to 29.97 mg/g FW in treatment CA10. Notably, treatments CA10 and CA100 exhibit relatively higher levels of total soluble sugars compared to other treatments. Conversely, treatment C displays the lowest total soluble sugars content. Regarding starch content, treatments CA10 and CA100 also display relatively higher levels compared to other treatments, with treatment CA10 (29.97 mg/g FW) exhibiting the highest starch content. Conversely, treatment GA100 exhibits the lowest starch content (15.34 mg/g FW).






4. Discussion


The nanoparticles synthesized with Ascorbic acid, Caffeic acid, and Gallic acid all exhibit a spherical morphology, as observed in the characterization studies. The spherical shape is a common trait across the various reducing agents used in the synthesis process [17]. This characteristic is noteworthy, as the spherical morphology often contributes to the stability and biocompatibility of nanoparticles [18]. The uniformity in shape may have implications for the interactions of these nanoparticles with biological systems, influencing their potential applications in fields such as medicine and agriculture.



In the case of Gallic acid, the synthesis resulted in grey nanoparticles with a prominent peak at 440 nm, suggesting the presence of 70 nm-sized particles. The observed optical properties hint at potential applications in fields that are sensitive to specific wavelengths, showcasing the versatility of Gallic acid-induced nanoparticles. On the other hand, ascorbic acid-mediated synthesis yielded gold-colored nanoparticles with distinct plasmon resonance bands at 402 nm, 421 nm, and 467 nm. Caffeic acid-induced nanoparticles exhibited an immediate reaction and varied particle sizes, highlighting the influence of its aromatic structure on nanoparticle characteristics. These unique optical characteristics contribute to the distinctive coloration of the nanoparticles and may have implications for applications in sensing or imaging [19,20], where specific wavelengths are crucial for optimal performance. The variation in optical features between Gallic acid, Ascorbic acid, and Caffeic acid-synthesized nanoparticles underscores the significance of choosing the appropriate reducing agent based on the desired nanoparticle properties for specific applications.



The FTIR signatures of the reducing agents, Gallic acid, Ascorbic acid, and Caffeic acid, along with the corresponding silver nanoparticles, revealed intriguing similarities and distinctions. In the case of Ascorbic acid, remarkable parallels were observed, including stretching vibrations of the C=C bond, enol-hydroxyl peak, and O–H (hydroxyl) stretching bond, along with characteristic bands between 500 and 600 cm−1, indicative of silver oxide lattice vibrations. Likewise, Gallic acid-coated nanoparticles exhibited distinct peaks corresponding to functional groups in Gallic acid, emphasizing the surface interaction and stabilization of nanoparticles. Caffeic acid-induced nanoparticles showcased a unique FTIR spectrum, highlighting the influence of its aromatic structure on nanoparticle characteristics. The adsorption of oxidized Caffeic acid onto the silver nanoparticles was confirmed by distinctive peaks and a broad band indicating silver oxide. The XRD analysis further identified various oxidation states of silver, suggesting a potential role for Ascorbic, Gallic, and Caffeic acids as capping agents in nanoparticle synthesis [17].



While some studies suggest that the size and surface characteristics of nanoparticles may influence their interaction with living organisms, it is important to acknowledge that specific effects can vary depending on factors such as the type of nanoparticles, concentration, exposure duration, and the biological system in question. In our study, we aim to investigate whether the differences in size and capping agents of nanoparticles synthesized with Gallic acid, Ascorbic acid, and Caffeic acid could have implications for their interaction with biological systems, such as plants.



The specific mechanisms underlying the interactions of nanoparticles within seeds are still being explored. The germination results of cucumber seeds showed a consistently high germination percentage across all nanopriming treatments, similar to what has been observed in other studies [21]. Notably, the AgNO3 control exhibited no seed germination, making it an effective negative control [22]. The minor differences in germination percentages between the 100 μM and 10 mM treatments suggest a concentration-dependent response, with slightly lower percentages observed in the 100 μM treatments.



The treatment of plants with silver nanoparticles (AgNPs) could enhance overall growth and development by interacting with proteins, enzymes, and carbohydrates that influence the production of plant growth regulators [23]. These regulators play crucial roles in cell division, elongation, and cellular processes such as electron transport and the regulation/production of substances like ethylene or reactive oxygen species. The complex interaction of these processes is reflected in variations in total biomass development, affecting both roots and shoots.



Indeed, when examining morphological parameters such as shoot and root length, a notable positive impact of nanopriming on cucumber seedling development was observed. The significant differences between treatments with and without nanoparticles underscore the potential impact of nanopriming on cucumber seedling morphology, similar to what has been demonstrated in other species [13].



The effects of silver nanoparticles (AgNPs) are not uniform across all parts of the plant. Roots appear to exhibit a more significant response to nanoparticle treatments compared to shoots, which could be explained by the fact that roots are the first tissues to come into direct contact with silver nanoparticles [24] and are responsible for the continuous absorption of nutrients.



It is particularly noteworthy that the shorter shoot length in the control treatment, compared to the nanoparticle treatments, suggests a positive influence on shoot development. The enhanced growth observed in seedlings exposed to silver nanoparticles (AgNPs), especially in treatments with Caffeic acid (CA) and Gallic acid (GA), suggests a positive influence on the development of both shoots and roots. Our results, which demonstrate the positive effects of nanoparticles in stimulating growth, align with previous studies that highlight the benefits of nanopriming for seed germination and seedling development [13,25].



Although the mechanisms underlying the observed effects are not yet fully understood, interactions between nanoparticles and proteins, enzymes, and carbohydrates could influence the production of plant growth regulators, affecting cell division, elongation, and other cellular processes [23,26].



The variations between reducing agents highlight the importance of understanding nanoparticle characteristics and their influence on morphological outcomes [23]. While the literature reports diverse results in nanoparticle–seed interactions, our findings align with studies showing positive effects on seed germination and seedling development. The results consistently demonstrated that silver nanoparticles (AgNPs) synthesized with Gallic acid (GA-AgNPs) significantly improved shoot and root length in cucumber seedlings compared to other treatments and controls. This suggests that GA-AgNPs could enhance cell elongation and division, possibly due to their impact on the production of plant growth regulators [27].



However, it is important to recognize that these positive effects are not universal; other studies have reported negative or inhibitory responses in different plant species and with various nanoparticles [28,29,30]. This underscores the need for a nuanced understanding of nanoparticle characteristics, such as size and concentration, as well as their specific interactions with different plant species [31,32], to optimize their use in agriculture.



Although the aerial part has shown notable growth in nanoparticle treatments, it is crucial to evaluate how efficient this development is in terms of its photosynthetic capacity. It is important to consider that, although the Fv/Fm values in several treatments suggest potential damage to the photosynthetic apparatus (Fv/Fm value of less than 0.8, reflecting damage to the reaction center of photosystem II [26], the SPAD values do not show a drastic decrease. This seemingly contradictory behavior may be due to factors affecting SPAD readings. SPAD measurements, which offer an indirect estimate of chlorophyll content, can be influenced by leaf structure, thickness, and water content, which might alter light absorbance and, therefore, the SPAD measurement. Additionally, uneven chlorophyll distribution within the leaf could also affect SPAD values independently of the actual chlorophyll concentration [32].



These factors suggest that discrepancies between SPAD values and chlorophyll content could reflect complex interactions influenced by treatment conditions, underscoring the need for further investigation into leaf physiology and measurement techniques. Therefore, although the decrease in Fv/Fm indicates that there may be some level of damage to the photosynthetic apparatus, this suggests that the plants might be experiencing moderate stress or are somehow compensating for the negative effects on their photosynthetic apparatus.



A deeper understanding of the physiological aspects, particularly ROS generation, is necessary to unravel the potential oxidative stress and cellular damage induced by AgNPs, in which the dosage and size of AgNPs also play a crucial role, as an excess can lead to phytotoxicity [13].



The primary mechanism underlying AgNP-induced phytotoxicity is the overproduction of ROS, leading to oxidative stress in plant cells. Four types of ROS, including singlet oxygen, superoxide, hydrogen peroxide, and hydroxyl radical, play a key role in this process [33]. The excessive production of ROS under stress conditions can result in lipid peroxidation, damaging cell membrane permeability, altering cellular structure, and directly affecting proteins and DNA, ultimately leading to cell death and growth inhibition in plants [34].



The percentage of oxidative stress observed in our study differs significantly from recent literature, with notable variations between the control treatment and the AG100 and AA10 treatments. Interestingly, the remaining nanoparticle treatments exhibit percentages similar to the control, suggesting that those gNPs do not induce oxidative stress, and, in the case of GA100 and AA10, actually reduce oxidative stress significantly. This aligns with findings in tobacco plants, where low levels of ROS were observed after AgNP treatments [35]. Similarly, in a rice seedling study, exposure to AgNPs resulted in lower ROS levels compared to untreated seedlings, potentially contributing to growth stimulation [36].



The variation in malondialdehyde (MDA) content among the treatments indicates significant oxidative damage at the cellular level, with AC and AA10 nanopriming treatments inducing higher oxidative damage compared to the control. In contrast, the GA100 treatment shows significantly lower oxidative damage. This aligns with previous studies reporting increased MDA formation in soybeans (Glycine max L.) and Arabidopsis thaliana L. after exposure to AgNPs [37,38]. However, the results challenge the expected trend, as gallic acid-derived nanoparticles in our study show lower MDA values. Our study reveals complex dynamics in ROS production and oxidative stress. While some treatments induce oxidative damage, others mitigate it, challenging conventional expectations.



The ability of GA-AgNPs to enhance antioxidant systems and mitigate oxidative stress suggests that crops treated with these nanoparticles could exhibit increased resistance to abiotic stresses such as drought, salinity, and extreme temperatures. Furthermore, the improved uptake and utilization of nutrients observed in this study could lead to more efficient nutrient management, reducing the need for excessive fertilizer application and thereby minimizing environmental pollution. The concentration-dependent nature of these effects underscores the importance of optimal nanoparticle dosing to avoid potential phytotoxic effects [13].



Surprisingly, the free amino acid content was significantly higher in the control treatment compared to the AgNPs 100 μM treatments. Notably, AC treatments consistently reported the lowest levels of free amino acids, suggesting a potential negative impact of AgNPs. These results diverge from other literature’s findings, where interactions with nanoparticles typically lead to an overall increase in amino acid content. Studies in tomato (Lycopersicon esculentum Mill.) plants [39] and Arabidopsis thaliana [40] have reported linear increases in amino acids, particularly in response to stress. However, contrasting results exist, such as in wheat (Triticum aestivum L.) and rice, where exposure to AgNPs did not induce significant changes in amino acid content [17].



In line with our results, specific cases have been documented where certain amino acids experienced substantial decreases following AgNP exposure. In a cucumber study, exposure to AgNPs resulted in a significant dose-dependent reduction of glycine and asparagine content [41], paralleling our findings. These amino acids are integral to plant metabolism, and their alteration can have profound implications for the physiological state of the plant.



The recorded phenolic compound contents exhibited considerable heterogeneity among treatments. Notably, the GA10 treatment demonstrated the highest phenolic compound content, slightly surpassing the control treatment. In contrast, treatments with other AgNP concentrations, except for AC treatments, showed similar phenolic compound levels. These findings align with studies on watermelon (Citrullus lanatus (Thunb.) Matsum. y Nakai) [42] and kale (Brassica oleracea var. sabellica L.) [43], suggesting that most AgNP treatments may not significantly affect phenolic compound content. A positive impact on phenolic content was observed in the GA10 treatment, consistent with studies on fava beans (Phaseolus vulgaris L.) [44], tomatoes [45], and potatoes (Solanum tuberosum L.) [46].



Flavonoid contents displayed marked differences between the control treatment and AgNP treatments. The control treatment exhibited significantly higher flavonoid levels compared to AgNP treatments, with GA10 reporting the highest flavonoid content among nanoparticle treatments. This reduction in flavonoid content aligns with findings in other species, where AgNP treatments resulted in significantly lower flavonoid content compared to controls [45,46]. However, contrasting results have been documented in tomatoes and potatoes, where AgNPs induced a slight increase in flavonoid content [45,47].



Significant differences in total soluble sugar content were observed among treat-ments, with all nanoparticle treatments showing higher levels compared to the control. CA10 exhibited the most substantial increase, suggesting a clear positive effect of AgNPs on soluble sugar content. Similar findings in studies by Kumar et al. [4] and Salih et al. [45] support this positive impact, with the former reporting a 20% increase in total soluble sugar content in winged bean seedlings treated with AgNPs.



Contrasting results have been reported in studies on lemons, where increasing AgNP concentrations led to a progressive reduction in total sugar content [48]. Additionally, a significant decrease in total and reducing sugar content was observed in rice seedlings exposed to AgNPs [49]. These discrepancies emphasize the need for a nuanced understanding of the specific effects of AgNPs on different plant species.



Starch content varied significantly among treatments, with no clear correlation between nanoparticle concentration or type and starch levels. Each antioxidant agent demonstrated a treatment that significantly surpassed the control in starch content. This suggests that the effects on starch content depend on the nanoparticle type and concentration. A study on common beans and corn by Salama [50] provided a similar pattern, where different concentrations of AgNPs yielded diverse results in carbohydrate content.



The results of this study underscore the significant impact that the choice of reducing agent and concentration has on the outcomes of silver nanoparticle (AgNP) treatments in cucumber seedlings. Silver nanoparticles synthesized with Gallic acid (GA-AgNPs) at a concentration of 10 mM consistently demonstrated the most favorable effects across multiple parameters, including shoot and root lengths, chlorophyll content, and oxidative stress reduction. These findings suggest that GA-AgNPs could be highly effective in enhancing plant growth and stress resilience, potentially making them a valuable tool in agricultural practices, particularly in environments subjected to abiotic stresses like drought or high salinity.



Conversely, Caffeic acid-synthesized nanoparticles (CA-AgNPs) at the same concentration resulted in the highest starch content but also induced increased oxidative stress. This dual effect indicates that while CA-AgNPs might promote carbohydrate storage, they could also lead to higher oxidative damage under certain conditions. The accumulation of phenolic compounds and flavonoids, observed predominantly in CA-AgNP-treated plants, further supports their potential role in enhancing plant defense mechanisms. However, the associated oxidative stress could limit their applicability, highlighting the need for careful consideration when selecting CA-AgNPs for specific agricultural purposes.



Ascorbic acid-synthesized nanoparticles (AA-AgNPs) demonstrated intermediate effects across most of the evaluated parameters, such as shoot and root growth, oxidative stress, and chlorophyll content. While AA-AgNPs did not outperform the other treatments in any specific category, their balanced profile suggests a more generalized benefit, potentially offering a moderate improvement in both growth and stress resistance without the extremes observed with GA- and CA-AgNPs.



These differential effects imply that the selection of AgNP type and concentration can be strategically tailored to meet specific agricultural objectives. For example, GA-AgNPs could be particularly advantageous in enhancing growth and reducing oxidative stress in crops exposed to harsh environmental conditions. In contrast, CA-AgNPs might be more suitable for boosting starch content and defense mechanisms, albeit with the trade-off of increased oxidative stress. AA-AgNPs could serve as a more balanced option, providing moderate benefits across a range of physiological processes.



In conclusion, this study not only reveals the nuanced roles of different AgNPs in plant physiology but also emphasizes the importance of optimizing nanopriming treatments based on the specific needs of the crop and the environmental context. Future research could further refine these findings by exploring the long-term effects of these treatments and their applicability to other crops and stress conditions.



Further research is essential to decipher the intricacies of nanoparticle-plant interactions and their physiological consequences, contributing to the broader understanding of nanomaterial applications in agriculture.




5. Conclusions


In conclusion, our study shows the diverse impacts of nanopriming with silver nanoparticles (AgNPs) synthesized using Gallic acid, Ascorbic acid, and Caffeic acid on cucumber seed germination and seedling development. Nanopriming treatments significantly enhanced cucumber seedling development, as evidenced by increased shoot and root lengths compared to the control. The observed variations among reducing agents underscore the importance of understanding nanoparticle characteristics in influencing morphological outcomes. Moreover, our findings shed light on the biochemical responses of cucumber seedlings to nanopriming treatments. While nanopriming induced alterations in oxidative stress and malondialdehyde (MDA) content, specific treatments exhibited mitigation or exacerbation of oxidative damage, challenging conventional expectations. The analysis of free amino acids and secondary metabolites revealed intricate responses to nanopriming treatments, highlighting the potential implications for plant physiology and metabolism. Contrasting results among treatments underscore the complexity of nanoparticle–plant interactions. Our study offers valuable insights into both the potential benefits and challenges associated with nanoparticle applications in agriculture, with implications for the optimization of nanopriming protocols, highlighting the necessity for further research to elucidate specific molecular mechanisms and optimize application strategies.
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Figure 1. TEM image of AgNPs synthesized via the reaction of Gallic acid with AgNO3. 
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Figure 2. TEM image of AgNPs synthesized via the reaction of Caffeic acid with AgNO3. 
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Figure 3. TEM image of AgNPs synthesized via the reaction of Ascorbic acid with AgNO3. 






Figure 3. TEM image of AgNPs synthesized via the reaction of Ascorbic acid with AgNO3.
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Figure 4. Images of cucumber plants subjected to different nanopiming treatments with silver nanoparticles: Control; AA100 (Ascorbic acid + AgNO3 100 μM); AA10 (Ascorbic acid + AgNO3 10 mM); AC100 (Caffeic acid + AgNO3 100 μM); AC10 (Caffeic acid + AgNO3 10 mM); AG100 (Gallic acid + AgNO3 100 μM); AG10 (Gallic acid + AgNO3 10 mM). 
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Figure 5. Mean values of shoot length, root length, shoot–root ratio of cucumber seedlings treated with different silver nanopriming solutions (silver nanoparticles were synthetized by Gallic acid (GA), Caffeic acid (CA), and Ascorbic acid (AA) and 10 mM and 100 μM AgNO3). Different letters denote significant differences between treatments based on Duncan’s multiple range test (p < 0.05). 
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Figure 6. Mean values of SPAD values, Fv/Fm ratio, and PIabs of cucumber seedlings treated with different silver nanopriming solutions (silver nanoparticles were synthetized by Gallic acid (GA), Caffeic acid (CA), and Ascorbic acid (AA) and 10 mM and 100 μM AgNO3). Different letters denote significant differences between treatments based on Duncan’s multiple range test (p < 0.05). 
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Figure 7. Mean values of chlorophyll and carotenoid contents of cucumber seedlings treated with different silver nanopriming solutions (silver nanoparticles were synthetized by Gallic acid (GA), Caffeic acid (CA), and Ascorbic acid (AA) and 10 mM and 100 μM AgNO3). Different letters denote significant differences between treatments based on Duncan’s multiple range test (p < 0.05). 
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Figure 8. Representative NBT-stained leaves of cucumber plants of each nanopriming treatment (A): Control; AA 100 (Ascorbic acid + AgNO3 100 μM); AA 10 (Ascorbic acid + AgNO3 100 mM); AC 100 (Caffeic acid + AgNO3 100 μM); AC 10 (Caffeic acid + AgNO3 100 mM); AG 100 (Gallic acid + AgNO3 100 μM); AG 10 (Gallic acid + AgNO3 100 mM). (B) The histogram represents the quantitative analysis of formazan deposits area in the leaves for the plants from each treatment. Different letters accompanying the data in the figure denote statistically distinct groups (p ≤ 0.05) via Duncan’s test. 
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Figure 9. Mean values of malondialdehyde (MDA) content of cucumber seedlings treated with different silver nanopriming solutions (silver nanoparticles were synthetized by Gallic acid (GA), Caffeic acid (CA), and Ascorbic acid (AA) and 10 mM and 100 μM AgNO3). Different letters denote significant differences between treatments based on Duncan’s multiple range test (p < 0.05). 
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Figure 10. Mean values of free amino acids content of cucumber seedlings treated with different silver nanopriming solutions (silver nanoparticles were synthetized by Gallic acid (GA), Caffeic acid (CA), and Ascorbic acid (AA) and 10 mM and 100 μM AgNO3). Different letters denote significant differences between treatments based on Duncan’s multiple range test (p < 0.05). 
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Figure 11. Mean values of phenolic compounds and flavonoid content of cucumber seedlings treated with different silver nanopriming solutions (silver nanoparticles were synthetized by Gallic acid (GA), Caffeic acid (CA), and Ascorbic acid (AA) and 10 mM and 100 μM AgNO3). Different letters denote significant differences between treatments based on Duncan’s multiple range test (p < 0.05). 
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Figure 12. Mean values of total soluble sugars and starch contents of cucumber seedlings treated with different silver nanopriming solutions (silver nanoparticles were synthetized by Gallic acid (GA), Caffeic acid (CA), and Ascorbic acid (AA) and 10 mM and 100 μM AgNO3). Different letters denote significant differences between treatments based on Duncan’s multiple range test (p < 0.05). 
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Table 1. Influence of silver nanoparticles synthesized with diverse organic acids (Gallic Acid—GA, Caffeic Acid—CA, and Ascorbic Acid—AA) on cucumber seed germination. Evaluation of two nanoparticle concentrations in nanopriming: 100 μM and 10 mM, in comparison with bulk AgNO3.
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Priming Treatment

	
Concentration

	
Germination (%)






	
Water-Control

	
-

	
100




	
Bulk AgNO3

	
100 μM

	
0




	
10 mM

	
0




	
GA-AgNPs

	
100 μM

	
100




	
10 mM

	
100




	
CA-AgNPs

	
100 μM

	
88.8 ± 9.6




	
10 mM

	
100




	
AA-AgNPs

	
100 μM

	
83.3




	
10 mM

	
100
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