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Abstract

:

The micronutrient Zinc (Zn) is essential for the proper growth and development of crops. Zinc oxide nanoparticles (NPs) and fine particles are presented as an emerging alternative to more traditional fertilizers. In this study, the possible toxic effect of four laboratory-synthesized ZnO NPs and fine particles with different characteristics on tomato seed germination and vigor parameters was examined in comparison to bulk ZnO. Different metal precursors were used for the chemical synthesis of the particles: Zn(NO3)2 and ZnSO4, for particles named NIT-. and SUL-., respectively. In addition, the synthesis process was modified to obtain coated particles (denoted as UW-, NIT-UW and SUL-UW) and washed particles (denoted as W-, NIT-W and SUL-W). These particles were applied at different toxic doses (0, 1.4, 2.8, 5.6 and 11.2 g L−1). The results indicated that although the constant contact time between the ZnO particles did not affect the germination capacity of the seeds, it affected the growth of roots and hypocotyls, with a higher impact on the roots’ development. This toxicity was more evident from the lowest particle dose used, although it did not prevent radicle and hypocotyl elongation during the development period studied (14 days). The synthesized coated particles (NIT-UW, SUL-UW) generated high toxicity on radicle and hypocotyl development, and this effect was observed from the first days of contact with the particles. The observed toxic effects on radicle length were minimized by the application of bulk ZnO particles. In the case of hypocotyl growth, these minor toxic effects were observed by using NIT-W particles and bulk ZnO. The possibility of positive effects on seed germination and development (radicle and hypocotyl length) when in continuous contact with ZnO, whether in fine particles, nanoparticles, or bulk sizes, was excluded. Furthermore, no benefits on germination parameters were observed by suppressing the final washing step in the particle’s synthesis process, suggesting that particle coating did not provide any advantage for seed germination under these continuous contact conditions.
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1. Introduction


In plants, Zinc (Zn) serves as an essential trace element, playing a fundamental role in various physiological and metabolic processes [1,2]. The optimal concentration range of Zn for plants is narrow, emphasizing the importance of a precise dosage and controlled application. A suitable range of Zn concentrations in the plant is between 20 and 100 mg Zn kg−1 dry matter [3,4]. In tomatoes, Zn contents of around 30 mg Zn kg−1 (24.8 to 38.3 mg Zn kg−1 [5,6]) have been documented. However, concentrations vary according to the variety of tomato [7,8]. In this sense, the effects of Zn deficiency on plants have been reported by different authors [1,2,9]. These symptoms include chlorosis and smaller leaves, increasing crop maturity period, spikelet sterility and inferior quality of harvested products. These symptoms arise due to the disruption of essential functions like photosynthesis and protein synthesis, both reliant on proper Zn presence [9].



On the other hand, exceeding the critical Zn concentration within the plants can lead to toxicity symptoms, and the release of Zn into the environment has the potential to cause environmental issues [10], making it crucial to maintain proper management practices. Zn toxicity in plants may be manifested in various ways, including reduced yield, poor seed germination, stunted leaf growth and inhibited root development [11].



The availability of Zn in the soil varies widely [12], and low availability in soil (10–30 mg Zn kg−1) can lead to Zn deficiency in plants, which negatively affects their growth [13]. Thus, the application of micronutrient sources like Zn has become increasingly significant over the past decade [14]. This is aimed at achieving appropriate Zn concentrations in the soil, which is crucial for optimal plant growth.



Nanotechnology has allowed for the development of nanoparticles (NPs) with unique properties that enable a wide range of applications depending on their size [15]. To classify a particle as a NP or ultrafine particle, its diameter must be between 1 and 100 nm. Particles larger than 100 nm and up to 2500 nm are classified as fine particles. Indeed, the use of Zn NPs as nanofertilizers has also aroused great interest. This interest lies in the fact that the characteristics of these particles are an advantage for supplying the desired Zn content within the plant, as they can be easily absorbed by the plant due to their small size [16]. However, there is a great concern about the potential adverse effects of Zn NPs on the environment and health. Its accumulation at high levels in the plant could not only affect plant growth but could also pose a route for contamination of the food chain [17]. It is also raising queries about their effects on vital processes such as seed germination [18].



Improving plant seed germination and seedling early developmental stages is one of the most notable applications of NPs in agriculture. Recent reports studied the impact of diverse NPs on various crops, particularly during early development, focusing on seed germination and seedling growth. Seed germination, involving radicle emergence and hypocotyl elongation, stands out as the most sensitive phase in a plant’s life cycle. The use of NPs in seed coating aims to enhance seed performance beyond traditional techniques by improving germination rates, fostering leaf and root development, and bolstering resistance to environmental stress, pests and diseases [19]. The results of different studies have presented contrasting impacts, both positive and negative, of metal NPs on higher plants, predominantly agricultural species [20]. The plant’s response to NPs presence is contingent upon several variables, including NP type, size, environmental concentration, time of exposure, plant variety and whether the NP serves as a vital micronutrient required by the plant, such as Cu, Zn, or Fe [21].



Regarding Zinc oxide (ZnO) NPs, there are different outcomes. Its phytotoxicity has been demonstrated as it inhibits root growth and development [22]. However, other studies showed that priming with ZnO NPs exhibits a detectable level of germination enhancement compared to the control seeds [23,24]. Another proven benefit of the application of ZnO NPs is their capacity to enhance the plant’s antioxidant defense system and serve as an effective growth regulator, thereby improving crop productivity even under stressful conditions [25].



Critically, the germination resulting from seed priming is closely related to the concentrations of NPs used [26]. ZnO NPs can be used as nanofertilizers at optimal concentrations between 1 and 10 ppm since high concentrations can cause toxic effects, e.g., reduction in radicle and hypocotyl growth at concentrations above 50 ppm [27]. Furthermore, plants’ responses to metal-containing NPs also depend on other factors, including the type of metal, plant species, exposure conditions and plant growth stage [28]. In tomato, authors have studied the effects of ZnO NPs application on seed germination, where low concentrations have a positive impact on the physiological profile and root architecture of tomato plants, improving their overall health and growth [29,30].



The general objective of this work is to investigate the effect of the application of different toxic doses of ZnO NPs, fine particles, or bulk-size particles with different characteristics and synthesized through different chemical methods, on the germination of a common agricultural crop, Solanum licopersicum L. Specific objectives include:




	-

	
Investigate the effect on the number of germinated seeds.




	-

	
Investigate the effect on radicle and hypocotyl length at different periods (7 and 14 days after germination).




	-

	
Investigate possible toxic effects in relation to the dose.









The hypothesis is that the physico-chemical characteristics of the different nanoparticles synthesised may influence their toxic effect at high doses.




2. Materials and Methods


2.1. Synthesis and Characterisation of ZnO Particles


The Zn sources used in this study were different ZnO fine particles and NPs synthesised in the laboratory as well as commercial bulk ZnO particles. Regarding the selection of the particle synthesis method, the method with the best production yield–cost ratio was chosen compared to other considered methods [31,32]. The procedure followed for the synthesis of the particles was based on the co-precipitation method described by Huy et al. (2019) [33] with the modification of the hydroxide source (NH4OH) and metal precursors used. Different metal precursors, Zn(NO3)2 and ZnSO4, were used for the synthesis of NIT-. and SUL-., respectively. In addition, the method was modified to obtain unwashed (denoted as UW-, NIT-UW and SUL-UW) and washed (denoted W-, NIT-W and SUL-W) particles since the by-products formed in the synthesis, namely NH4NO3 and (NH4)2SO4, could have positive effects on seeds germination or plant growth, due to the presence of these primary (N) and/or secondary (S) macronutrients in the composition of the particles. In fact, they are known as common fertilizers. These by-products are originated by the combination of the Zn salt anion with the ammonium ion of the added base catalyst. Briefly, the synthesis process started by dropwise addition of 180 mL of 0.3 M NH4OH solution into a glass beaker containing 180 mL of 0.15 M of the metal-containing precursor solution. Then, the solution was stirred vigorously for 180 min at room temperature, and the initially colourless solution turned milky-white after reaction, which indicates the formation of Zn-based particles compounds. The solution was divided into two portions, one portion was rinsed three times with distilled water (W) and the other was dried without be washed before (UW). Both samples were then dried at 80 °C for 24 h.



Hydrodynamic size and Zeta potential (ZP) measurements of the particles were recorded using dynamic light scattering (DLS) and electrophoretic migration techniques in a Zetasizer Nano ZS equipment (Malvern Panalytical Ltd., Malvern, UK). The particle size distribution was measured by transmission electron microscopy (TEM) using a JEOL JSM 6335F microscope and Image J 1.53e software. SEM images were obtained by using a JEOL JSM 6335F scanning electron microscope. The specific surface area and pore size distribution were obtained by using an N2 adsorption volumetric system at 77 K (Micromeritics ASAP 2020). The amount of carbon, hydrogen, nitrogen and sulfur in the samples was analyzed using a LECO CHNS-932 elemental microanalyzer. Finally, the thermogravimetric analysis was accomplished in a Labsys Evo DSC/TGA Setaram thermogravimetric analyzer from 30 to 1200 °C.




2.2. Germination Tests


The influence of the synthesized particles (NIT-UW, NIT-W, SUL-UW, SUL-W) and bulk size ZnO particles (ZnO-bulk) on the germination of tomato seeds (Solanum licopersicum L.) was studied. For this purpose, different aqueous solutions of 10 mL with different toxic doses of Zn (0, 1.4, 2.8, 5.6 and 11.2 g L−1) were prepared and subjected to a sonication process. In the control treatment, 10 mL of distilled water was added. The treatments were accomplished on the surface of a Petri dish filter paper. Taking into account the surface on which the solution was applied, these doses correspond to 0, 15, 30, 60 and 120 kg Zn ha−1, respectively.



Subsequently, 20 tomato seeds were placed on the Petri dish, maintaining the required distance between them to allow for the elongation of the radicles and hypocotyl. Thus, Petri dishes were sealed with waxed paper to prevent moisture loss and placed in a culture cabinet under dark conditions and at 25 °C temperature. After 7 days, the number of germinated seeds was counted, and hypocotyls and radicle length were measured with a millimeter rule. These measurements were repeated after 14 days. It is noteworthy that the tests were conducted in randomized complete blocks, and 3 replicates of each treatment were conducted.




2.3. Data Analysis


For the analysis of the data obtained, dose–response curves were made, representing the relationship between the ZnO doses to which the seeds were exposed and the effect or response of the seeds to each dose. For the graphing of these curves, the values of EC10 (ZnO concentration that produces a 10% reduction in the response with respect to the control) or EC50 (ZnO concentration that produces a 50% reduction in the response with respect to the control) were used according to the results obtained. The experimental data were described by different models, establishing the least squares sum between observed and predicted data.



Different models were used depending on the behavior of the parameters and doses studied:




	(i)

	
Three-parameter logistic model [34], which considers Ymax (maximum response, i.e., the highest value of radicle or plumule height), EC10 and b (maximum slope of the model) as main variables;


  Y   c   =     Y   m a x       1 +   x   100 − x   (   c   E   C   C     )   b      












	(ii)

	
Four-parameter logistic model [35,36], where Ymin (minimum response, when a minimum value is reached and maintained with several application rate values) is included as a variable.


  Y =   Y   m i n       Y   m a x   −   Y   m i n       1 +     x   100 − x     · (   c o n c   L C x   )   b      

















The NOEC values (No Observed Effect Concentration), i.e., the maximum concentration at which no effect was observed, and LOEC (Lowest Observed Effect Concentration), i.e., the minimum concentration at which an effect was observed, were also determined. In addition, a Principal Component Analysis (PCA) was performed using the obtained particle characteristics and germination results.



Statistical analysis was accomplished by using Statgraphics Centurion XVII 17.2 software (Manugistic Inc., Rockville, MD, USA) and IBM SPSS Statistics 26.0 software (SPSS Inc., Chicago, IL, USA). ANOVA analyses were performed for comparison of mean values (Fisher LSD test at 95.0% confidence level). Also, NOEC and LOEC values were determined by Dunnett’s mean separation analysis (significance level of 0.05). Finally, orthogonal analyses were also conducted to study possible differences between applying ZnO vs. the control treatment.





3. Results and Discussion


3.1. Characterization Results of ZnO Particles


The hydrodynamic diameter refers to the size of the hypothetical sphere that exhibits the same diffusion coefficient as the particle under measurement, considering the presence of a hydration layer around the particle or molecule. Consequently, the hydrodynamic diameter values provide an idea of the expected particle sizes. In our study, NIT-UW particles showed an average hydrodynamic diameter value of 603.3 nm, showing peaks with a mean value of 2380 nm in different registers, with an area between 16% and 33%. Therefore, the presence of some larger-sized particles contributes to the increase in the mean value. On the other hand, NIT-W particles exhibited homogeneous values, with an average hydrodynamic diameter of 541.0 nm. Samples SUL-UW and SUL-W were not analyzed due to their larger particle size distribution, inhibiting precise characterization by the DLS technique, as this method only performs optimally for the analysis of samples with a monodisperse distribution.



In our study, the particles exhibited sizes larger than those documented by previous researchers. According to Ganesan (2020) [37], an average hydrodynamic size of 338 nm was measured for the synthesized ZnO particles obtained biologically with an aqueous fungal extract. Concerning NIT-UW, its increased average value is attributed to the presence of a small quantity of larger particles, which notably impacted the overall hydrodynamic size value.



ZP values measured in deionized water of ZnO samples are shown in Table 1. ZP values are an indicator of the level of repulsion or attraction between particles. Thus, values ranging between −30 and 30 mV signify instability, suggesting that the solution in water is prone to forming unstable suspensions and aggregates. Since this value is the measure of the surface charge of the particle, the higher the ZP, the greater the repulsion between the particles, which can prevent agglomeration and, therefore, the higher the stability. In this case, as can be seen in Table 1, only NIT-W particles showed ZP values higher than 30 mV (30.6 ± 4.0 mV), indicating more stability in the water of these particles compared to the remaining samples. Other authors report highly variable ZP values with different synthesis methods [38,39,40].



SEM technique was used to capture in-depth micrographs of the synthesized samples, mainly to reveal their morphology and estimate their approximate particle size. Samples NIT-UW and NIT-W exhibited particle sizes larger than expected, with estimated values of 200 and 300 nm, respectively (Figure 1). On the other hand, SUL-UW and SUL-W samples presented a lamellar structure with an estimated thickness layer below 50 nm. The layers in the SUL-W sample exhibited smaller sizes, likely due to breakage occurring during the washing process or removal of the salt by-product coating. For NIT-UW and SUL-UW samples, which were not washed after synthesis, a layer covering the particles was visible in SEM micrographs, like a gluing phase. This layer most likely consisted of salt by-products, as already referred to. Additionally, TEM analysis was conducted for the washed samples (NIT-W and SUL-W), obtaining particle size values of 91 and 104 nm, respectively. In addition, a higher aggregation of the samples NIT-UW, SUL-UW and SUL-W was observed.



Nitrogen (N), carbon (C), hydrogen (H) and sulfur (S) contents in the synthesized samples can be seen in Table 1. The general amounts of N and S agree with the presence of NH4NO3 and (NH4)2SO4 in the unwashed/washed samples of NIT-. and SUL-., respectively.



Moreover, different specific surface area values (SBET) were obtained for the samples analyzed (Table 1). Samples that showed higher specific surface area values were NIT-W with 20.0 m2 g−1, followed by SUL-W sample, with a value of 9.2 m2 g−1, proving that the washing step removes the salt by-products that are filling the pores, which is consistent with the pore’s enlargement seen in the table. The samples showing high SBET values denote a high reactivity/interaction with other compounds, being directly related to the particle size and/or morphology of the material. Therefore, NIT-UW and SUL-UW particles showed very low or no detectable SBET values. These results are directly related to the synthesis process of NIT-UW and SUL-UW samples since they are not washed after treatment, leading to a coating on the sample’s surface (as can be seen in SEM micrographs), reducing the porous structure of the materials. The specific surface area measured for NIT-W NP (SBET = 20.0 m2 g−1) is in agreement with the results obtained by Sharma and Ghose (2015) [41], ranging from 19.3 to 21.4 m2 g−1, and by Huy et al. (2019) [33] (SBET = 20.02 m2 g−1), with the latter having a similar process of synthesis to the one used in this work.



Regarding the pores size values, all the samples analyzed showed much lower values than those reported by Huy et al. (2019) [33], 17.0 nm. Sample NIT-W shows the highest value of pore size, certainly due to a high removal efficiency of NH4NO3. On the other hand, the elemental analysis showed that sample SUL-W still presents some amount of S element, explained by the lower solubility of (NH4)2SO4 in water when compared to NH4NO3 (70.6 and 118 g/100 mL at 0 °C [42], respectively), or the presence of other S-containing species. Regarding the pore volume, the same conclusions can be drawn, and from the volume ratio of micro and mesopores, it can be concluded that the salt by-products mainly fill the mesopores.



The thermogravimetric curves measured for the synthesized ZnO particles are shown in Figure 2. The total weight loss of the NIT-W sample (Figure 2b), heated up to 1200 °C, was only 6%, showing a progressive mass loss between ~200 and 1200 °C. This behavior is indicative of the high thermal stability of NIT-W NPs due to their purer form. On the other hand, the other samples showed higher total mass loss values, e.g., 66, 68 and 40% for NIT-UW, SUL-UW and SUL-W particles, respectively. These higher weight losses are related to the thermal decomposition of the salt by-products. This result again agrees with the incomplete salt removal in sample SUL-W.



In all cases, the mass loss observed between 30 and 150 °C (18, 1.5, 10 and 10% for NIT-UW, NIT-W, SUL-UW and SUL-W samples, respectively) can be attributed to the evaporation of water generally occluded in the internal structure of the particles. This indicated the hydration of the ZnO powder. Likewise, mass loss observed at temperatures ranging from 160 to 450 °C (47 and 27%, for NIT-UW and SUL-UW, respectively) can be attributed to the decomposition of the saline by-products used in the synthesis of the particles (NH4NO3 for NIT-. and (NH4)2SO4 for SUL-.). In the decomposition of SUL-UW, two stages were observed, mainly attributable to the thermal decomposition of ammonium nitrate, as shown in previous studies [43]. The mass losses observed between 600 and 800 °C are due to incomplete conversion of ZnSO4 since the thermal degradation of this salt is consistent with this range of temperatures [44].



At temperatures above 1000 °C, generally, there is no mass loss since Zn metal is stable at that temperature. In addition, no weight losses were observed at temperatures above 400 °C in NIT-UW and 900 °C in SUL-UW and SUL-W samples, confirming the completion of the thermal decomposition reaction and the formation of ZnO particles. However, it was observed that NIT-W and SUL-W samples were not stable above temperatures of 800–850 °C. So, it was observed that in the coated samples (NIT-UW and SUL-UW), nitrate and sulfate salts remained in the sample at higher amounts. Furthermore, for NIT-W and SUL-W particles, it was observed that even after the washing process, the salts remained in the samples, although in lower amounts.




3.2. Influence of ZnO Particles on Germination Parameters


3.2.1. Seed Germination Percentage


The contact effect of different sources and application doses of Zn on the germination grade of Solanum licopersicum L. seeds is shown in Table 2.



The different treatments exhibited maximum reductions in germination percentage of 40.4, 15.8, 10.5, 12.3 and 14.0% when compared to the control, for NIT-UW (11.2 g Zn L−1 dose), NIT-W (5.6 g Zn L−1 dose), SUL-UW (2.8 g Zn L−1 dose), SUL-W (1.4 g Zn L−1 dose) and ZnO-bulk (1.4 g Zn L−1 dose), respectively. However, the mean separation tests only revealed significant differences in germination when the highest dose of the NIT-UW sample (11.2 g Zn L−1) was used. At this dose, the mean percentage of germinated seeds was significantly lower (56.5%). However, it should be noted that the results in this case show high variance.



No significant differences among the different particles for each dose were observed in all cases. The orthogonal contrasts, used to compare the effect of the ZnO treatments vs. the control group (without ZnO), also indicated no variations in the mean percentage of germinated seeds. As has been reported in the literature, plants require moderate levels of Zn to grow and develop properly [12]. According to other authors, in the case of tomato, treatments with ZnO NPs at low doses show no significant differences in the seed germination percentage in relation to the control [45], even improving the percentage [30]. However, at higher concentrations of ZnO NPs, a decrease in seed germination percentage is observed in tomato plants [26,29]. Germination depends not only on the amount of ZnO used in the treatment but also on the type of NPs. According to Sánchez-Pérez et al., 2023 [46], treatment with ZnO NPs obtained via green synthesis improved seed germination rate, while chemically synthesized ZnO NPs at higher concentrations decreased germination percentage.



In the case of the treatment with NIT-UW particles, the obtained NOEC and LOEC values corresponded to concentrations of 5.6 and 11.2 g Zn L−1, respectively. These particles are characterized by a high N content (15.78%) by the presence of NH4NO3 salt residues and undetectable specific surface area values (not/very low porous structure).



For the rest of the treatments, these values cannot be determined as no statistically significant reduction in the number of germinated seeds was measured. These results suggested low contact toxicity of ZnO on tomato (Solanum licopersicum L.) seed germination. Only the highest dose (11.2 g Zn L−1) of NIT-UW particles led to a significant reduction in the number of germinated seeds.




3.2.2. Radicle Length


The contact effects on the elongation of the radicle exhibited by the seeds at 7 and 14 days of development, according to the dose and sources of Zn applied, are shown in Table 3. These best-fitted models were the 3-parameter logistic model [34] for NIT-UW and SUL-UW samples and the 4-parameter logistic model [35,36] for NIT-W, SUL-W and ZnO-bulk. The obtained fitting parameters can be seen in Table 4.



In general, a similar trend in radicle growth was observed at both stages of development studied (7 and 14 days). The LOEC and NOEC values (1.4 and 0 g Zn L−1, respectively) indicated a negative effect on radicle elongation at very low concentrations. So, these results suggested that the sources are highly toxic to radicle development. According to other authors [26,46], increasing the dose of ZnO NPs decreases radicle length with respect to the control.



However, at 14 days, the results obtained showed a higher influence on the application dose of seed growth than those observed at 7 days. The results show that after 7 days of contact, an increase in dose from 1.4 g Zn L−1 did not lead to a significant decrease in radicle length. On the other hand, radicle length at 14 days shows a significant decrease at 2.8 g Zn L−1 (96.0% at NIT-UW-30 and 95.2% at SUL-W-30, with respect to control), with respect to the same treatments given at a 1.4 g Zn L−1 dose (90.8% and 91.4%, respectively).



NIT-UW and SUL-UW particles showed the lowest radicle length values (reaching reductions of up to 98.3 and 98.2% for NIT-UW-120 at 7 and 14 days, respectively, and up to 98.3 and 97.1%, for SUL-UW-120 at 7 and 14 days, respectively). These particles were not washed, so the N composition is high (15.78 and 8.02% in NIT-UW and SUL-UW samples, respectively) when compared to the washed particles due to their coating consisting of NH4NO3, (NH4)2SO4 and ZnSO4 salts, respectively. The unwashed particles (NIT-UW and SUL-UW) demonstrated a contrast compared to the remainder of the particles, as their values adapted to the three-parameter model. The obtained EC10 values (Table 3) indicated higher toxicity on radicle length by using NIT-UW and SUL-UW particles at lower contact times. It should be noted that the lower EC10 values at 7 days compared to 14 days for NIT-UW, NIT-W and SUL-UW particles could indicate that the toxic effect occurs in the first days of seed contact with the particle, contrary to the behavior observed for SUL-W and ZnO-bulk particles.



In addition, it was observed that for each of the tested doses, radicle length was higher for treatment with the NIT-W sample compared to NIT-UW. This indicates a lower toxic effect of the washed NIT-W particles versus the unwashed (coated) NIT-UW sample. Despite both solids being synthesized following the same synthesis method, using Zn(NO3)2 as a precursor, the determined characteristics are very different. Thus, in general terms, SUL-W particles showed similar behavior to their unwashed counterparts (SUL-UW).



The application of the ZnO-bulk treatment resulted in higher radicle length compared to the synthesized particles for all doses and contact times tested (reduction for 1.4, 2.8, 5.6 and 11.2 g Zn L−1 doses after 7 days: 87.2, 87.6, 84.2 and 90.5%, respectively; after 14 days: 85.9, 87.2, 83.4 and 90.5%, respectively). Although other studies concluded that high doses of ZnO can cause inhibitory effects [27,47], our results indicated that regardless of the dose applied and the characteristics of the particles, the toxic effects on the radicle length of the synthesized particles were higher than those observed for the bulk-sized commercial particles. In the study conducted by Liu et al. (2016) [48], they obtained slightly higher inhibitory effects on root development when Zn ions (ZnSO4) or ZnO NPs (average diameter of 36 ± 9 nm) were used versus ZnO-bulk particles. In this case, these authors suggested that the effects of Zn NPs were closely related to the enhanced release of Zn ions from the NP surfaces.




3.2.3. Hypocotyl Length


The contact effect exhibited by the seeds after 7 and 14 development days on the elongation of the hypocotyl changing the dose and sources of Zn used are shown in Table 5. These best-fitted three-parameter and four-parameter logistic models and the corresponding parameters can be seen in Table 6.



All treatments showed a reduction in hypocotyl elongation compared to the control experiment. The LOEC and NOEC values (1.4 and 0 g Zn L−1, respectively) indicated a negative effect on hypocotyl length at very low concentrations, as seen with radicle length.



The results at 14 days showed similar behavior to those obtained at 7 days, except for sources NIT-W and ZnO-bulk, which showed a significant increase in hypocotyl length between days 7 and 14, achieving a decrease with respect to the control of 12.7 and 15.4% for the dose of 1.4 g Zn L−1, respectively.



Again, NIT-UW and SUL-UW particles showed the lowest values of hypocotyl length. Also, the model parameters showed a different behavior for the unwashed particles (NIT-UW and SUL-UW) with respect to the rest, as the model does not consider a minimum value of hypocotyl length. The obtained EC10 values (Table 5) corroborated the previous results obtained for radicle length, which indicated higher toxicity on seed development using NIT-UW and SUL-UW particles at lower contact times. These results suggested that the toxic effects occurred from the first days of seed contact with the particle. Elongation values indicate that although the toxicity of the sources leads to a decrease in hypocotyl length compared to the control, hypocotyls elongate as incubation time progresses (Table 5).



The mean separation test revealed significant differences in hypocotyl length between the application doses of the NIT-UW source. When the dose of NIT-UW was increased, a significant decrease in hypocotyl length was shown. This effect was observed both at 7 and 14 days after germination (decreases of up to 91.4% and 88.0% with 11.2 g Zn L−1 dose, respectively). However, the toxic effect of the washed homologous particle NIT-W was lower than when unwashed. The results at 7 days of NIT-W indicate that although there is a toxic effect of Zn contact on the seed, this effect does not increase with higher application doses.



In the same way, hypocotyl elongation of seeds in contact with SUL-UW particles showed significant differences when lower (1.4 and 2.8 g Zn L−1) and higher doses (5.6 and 11.2 g Zn L−1) were used at 7 days after germination. However, at 14 days, a clear difference in the dose effect was observed, showing greater toxicity with the increase in the contact dose.



The highest hypocotyl lengths were observed with sources NIT-W and ZnO in bulk size, being these the least toxic treatments for all the tested doses. Among the particles selected for this study, the NIT-W particles are the only ones that did not show a tendency to aggregate due to their high stability, as indicated by the ZP value (30.6 mV). The results obtained by DLS corroborate that the rest of the particles showed aggregation. Therefore, it can be considered that this sample maintained a constant particle size during the studies, and the rest of the particles may have undergone aggregation over the time elapsed between synthesis and characterization, displaying particle size values higher than those shown after treatments. As a result, these particles may have a much smaller size during the study owing to the sonication process they undergo before being added to the petri dishes. This phenomenon explains the increased toxicity of the smaller particles during the study (NIT-UW, SUL-UW and SUL-W).



The general symptom of Zn2+ phytotoxicity is a retardation of growth, with the plants being stunted [49]. Studies that investigate the seed exposure to treatments through limited exposure (priming, etc.), like the study conducted by Bayat et al. (2022) [28], suggest that NPs are absorbed on the surface of the seeds and are gradually re-released to exhibit their effects in the subsequent days. In our study, however, seeds underwent continuous exposure to treatment, showing a decrease in both radicle and hypocotyl growth.



In order to study the relationship between the characteristics of the synthesized ZnO particles and the toxicity behavior observed in the tested germination parameters, a Principal Component Analysis (PCA) was carried out (Figure 3). In the bi-plot graph of the two parameters, it was possible to distinguish different groups of values depending on the particle type and/or the used ZnO particle dose, indicating different behavior of the particles. This distribution shows differences between NIT-UW and SUL-UW (both unwashed particles), NIT-W (particles synthesized with Zn(NO3)2 precursor), and SUL-W (particles synthesized using ZnSO4 precursor). It is observed that the behavior of NIT-UW particles (unwashed solids synthesized with Zn(NO3)2 precursor) was mainly influenced by their mass losses at 30–150 and 60–450 °C, as well as by the percentage of N content. However, the behavior of SUL-UW particles (unwashed particles synthesized using ZnSO4 as a precursor) was mainly influenced by their H and S content. Particles SUL-W (synthesized from the precursor ZnSO4) showed similar behavior, with the difference in the dose used (1.4 g Zn L−1). These particles did not show a high influence on any of the studied parameters. Furthermore, NIT-W samples (particles synthesized from the precursor Zn(NO3)2) were mainly influenced by ZP, VTotal and VMic, as well as the C content. It is noteworthy to highlight that NIT-W particles were also influenced by Vmeso, SBET and average pore size parameters (Figure 3B).



The PCA biplot graphs showed that, on the one hand, the parameters VTotal and VMic and, on the other hand, VMeso, SBET and mean pore size seem to be related to each other. This suggests that these parameters had similar behavior in the different synthesized particles under the experimental conditions tested.



The PCA biplot graph (Figure 3A) shows how the different characteristics of the synthesized ZnO particles influenced the tested germination parameters and, thus, the toxicity effect on the seeds. It is observed that the length of the seedling hypocotyl was positively correlated with the ZP and C content. The NIT-W particles caused a lower negative impact on hypocotyl length. These particles showed a high ZP value and high stability (ZP values ranging between −30 and 30 mV signify instability) and the highest percentage of C in their composition (1.54%). Furthermore, the distribution of the data indicates that the parameters VTotal, VMic, VMeso, C content (Figure 3A), SBET and pore size influenced radicle length (Figure 3B). NIT-W particles showed high values of VTotal, VMic, VMeso, SBET and pore size compared to unwashed particles. In addition, NIT-W stood out for its high C content. This particle showed a lower toxicity effect on radicle length. In contrast, these parameters determined from the particles did not seem to be related to germination percentage.






4. Conclusions


The findings of this study indicated that, although the continuous contact of the different ZnO particles did not show adverse effects on the germination capacity of tomato seeds, it negatively affected the development of roots and hypocotyls. These toxic effects were observed even at the lowest application dose of the study, indicating that it was an excessive dose, and were more pronounced on root development than on hypocotyl development.



The physical and chemical characteristics of the different nanoparticles had an impact on their toxic effect on seedling development. The radicle growth of tomato seedlings was affected when exposed to ZnO particles, and this effect depended on the particle properties, such as their Zeta potential (ZP), carbon content (C), specific surface area (SBET), micropore, mesopore and total volume (VMic, VMeso, VTotal and size of the pores. Particles with high values of those properties, such as NIT-W, had a less harmful impact on tomato radicle length compared to other treatments studied. Moreover, regarding hypocotyl growth, its length was positively correlated with the ZP and C content of the synthesized particles applied. Particles with high values of ZP and C content, such as NIT-W, resulted in a less pronounced negative impact on tomato hypocotyl length.



Therefore, the possibility of positive effects on seed germination and seedling development (root and hypocotyl length) under continuous contact with ZnO particles, either in fine particles, nanoparticles or bulk size, was ruled out. In addition, the suppression of the final washing in the synthesis process of the synthesized particles has not been beneficial for the germination parameters studied in any of the synthesized particles, so it can be concluded that the existence of the by-products coating on the particles did not lead to any advantage regarding the germination of the seeds at these continuous contact conditions.







Author Contributions


Conceptualization, M.d.F., P.A. and L.D.; methodology, M.d.F., P.A. and L.D.; validation, M.d.F., P.A. and L.D.; formal analysis, M.d.F. and P.A.; investigation, M.d.F., S.M., L.D., A.R., S.Á.-T. and P.A.; resources, P.A. and L.D.; data curation, M.d.F., S.M., L.D., A.R., S.Á.-T. and P.A.; writing—original draft preparation, M.d.F.; writing—review and editing, M.d.F., S.M., L.D., A.R., S.Á.-T. and P.A.; supervision, P.A. and L.D.; funding acquisition, P.A. and L.D. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Comunidad de Madrid through the call Research Grants for Young Investigators from Universidad Politécnica de Madrid (project: ECOnanoZn, reference APOYO-JOVENES-21-FUF0C0-61-VOXTPR). The work performed at CERES (Chemical Engineering and Renewable Resources for Sustainability) was supported by the European Regional Development Fund (ERDF), through COMPETE 2020—Operational Programme for Competitiveness and Internationalization, combined with Portuguese National Funds, through Fundação para a Ciência e Tecnologia, I.P. [POCI-01-0145-FEDER-006910; UID/EQU/00102/2020].




Data Availability Statement


Data will be made available from the corresponding author upon request.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Hamzah Saleem, M.; Usman, K.; Rizwan, M.; Al Jabri, H.; Alsafran, M. Functions and strategies for enhancing zinc availability in plants for sustainable agriculture. Front. Plant Sci. 2022, 13, 1033092. [Google Scholar] [CrossRef] [PubMed]

	



Noulas, C.; Tziouvalekas, M.; Karyotis, T. Zinc in soils, water and food crops. J. Trace Elem. Med. Biol. 2018, 49, 252–260. [Google Scholar] [CrossRef]

	



Khan, S.T.; Malik, A.; Alwarthan, A.; Shaik, M.R. The enormity of the zinc deficiency problem and available solutions—An overview. Arab. J. Chem. 2022, 15, 103668. [Google Scholar] [CrossRef]

	



Chapman, H.D. Zinc. In Diagnostic Criteria for Plants and Soils; Chapman, H.D., Ed.; University of California Davis, Division of Agricultural Sciences: Davis, CA, USA, 1966. [Google Scholar]

	



Ali, M.Y.; Sina, A.A.I.; Khandker, S.S.; Neesa, L.; Tanvir, E.M.; Kabir, A.; Khalil, M.I.; Gan, S.H. Nutritional Composition and Bioactive Compounds in Tomatoes and Their Impact on Human Health and Disease: A Review. Foods 2020, 10, 45. [Google Scholar] [CrossRef]

	



Akinci, I.E.; Akinci, S.; Yilmaz, K. Response of tomato (Solanum lycopersicum L.) to lead toxicity: Growth, element uptake, chlorophyll and water conten. Afr. J. Agric. Res. 2010, 5, 416–423. [Google Scholar]

	



Ramesh, K.V.; Paul, V.; Pandey, R. Dynamics of mineral nutrients in tomato (Solanum lycopersicum L.) ruits during ripening: Part I—On the plant. Plant Physiol. Rep. 2021, 26, 23–37. [Google Scholar] [CrossRef]

	



Guil-Guerrero, J.L.; Rebolloso-Fuentes, M.M. Nutrient composition and antioxidant activity of eight tomato (Lycopersicon esculentum) varieties. J. Food Compos. Anal. 2009, 22, 123–129. [Google Scholar] [CrossRef]

	



Al Jabri, H.; Saleem, M.H.; Rizwan, M.; Hussain, I.; Usman, K.; Alsafran, M. Zinc Oxide Nanoparticles and Their Biosynthesis: Overview. Life 2022, 12, 594. [Google Scholar] [CrossRef]

	



Kumari, M.; Khan, S.S.; Pakrashi, S.; Mukherjee, A.; Chandrasekaran, N. Cytogenetic and genotoxic effects of zinc oxide nanoparticles on root cells of Allium cepa. J. Hazard. Mater. 2011, 190, 613–621. [Google Scholar] [CrossRef]

	



Kaur, H.; Garg, N. Zinc toxicity in plants: A review. Planta 2021, 253, 129. [Google Scholar] [CrossRef]

	



Alloway, B. Zinc in Soils and Crop Nutrition, 2nd ed.; IZA y IFA: Brussels, Belgium; Paris, France, 2008. [Google Scholar]

	



FAO; IFAD; UNICEF; WFP; WHO. The State of Food Security and Nutrition in the World 2022; FAO: Rome, Italy, 2022. [Google Scholar]

	



Kathi, S.; Laza, H.; Singh, S.; Thompson, L.; Li, W.; Simpson, C. A decade of improving nutritional quality of horticultural crops agronomically (2012−2022): A systematic literature review. Sci. Total Environ. 2024, 911, 168665. [Google Scholar] [CrossRef] [PubMed]

	



Tsuzuki, T. Commercial scale production of inorganic nanoparticles. Int. J. Nanotechnol. 2009, 6, 567. [Google Scholar] [CrossRef]

	



Yadav, P.S.; Kumar, J.; Silas, V.J.; Kumar, M.L.S.; Kishor, B. Effect of organic manures and biofertilizers on plant growth, yield and quality traits of Tomato (Solanum lycopersicum Mill.) var. Pusa Ruby. Pharma Innov. J. 2023, 12, 299–302. [Google Scholar]

	



Dimkpa, C.O.; McLean, J.E.; Latta, D.E.; Manangón, E.; Britt, D.W.; Johnson, W.P.; Boyanov, M.I.; Anderson, A.J. CuO and ZnO nanoparticles: Phytotoxicity, metal speciation, and induction of oxidative stress in sand-grown wheat. J. Nanopart Res. 2012, 14, 1125. [Google Scholar] [CrossRef]

	



Verma, S.K.; Das, A.K.; Patel, M.K.; Shah, A.; Kumar, V.; Gantait, S. Engineered nanomaterials for plant growth and development: A perspective analysis. Sci. Total Environ. 2018, 630, 1413–1435. [Google Scholar] [CrossRef]

	



Zaim, N.S.H.B.H.; Tan, H.L.; Rahman, S.M.A.; Abu Bakar, N.F.; Osman, M.S.; Thakur, V.K.; Radacsi, N. Recent Advances in Seed Coating Treatment Using Nanoparticles and Nanofibers for Enhanced Seed Germination and Protection. J. Plant Growth Regul. 2023, 42, 7374–7402. [Google Scholar] [CrossRef]

	



Guo, H.; Liu, Y.; Chen, J.; Zhu, Y.; Zhang, Z. The Effects of Several Metal Nanoparticles on Seed Germination and Seedling Growth, A Meta-Analysis. Coatings 2022, 12, 183. [Google Scholar] [CrossRef]

	



Cox, A.; Venkatachalam, P.; Sahi, S.; Sharma, N. Silver and titanium dioxide nanoparticle toxicity in plants, A review of current research. Plant Physiol. Biochem. 2016, 107, 147–163. [Google Scholar] [CrossRef]

	



Lin, D.; Xing, B. Phytotoxicity of nanoparticles, Inhibition of seed germination and root growth. Environ. Pollut. 2007, 150, 243–250. [Google Scholar] [CrossRef]

	



Mahdieh, M.; Sangi, M.R.; Bamdad, F.; Ghanem, A. Effect of seed and foliar application of nano-zinc oxide, zinc chelate, and zinc sulphate rates on yield and growth of pinto bean (Phaseolus vulgaris) cultivars. J. Plant Nutr. 2018, 41, 2401–2412. [Google Scholar] [CrossRef]

	



Rawashdeh, R.Y.; Harb, A.M.; AlHasan, A.M. Biological interaction levels of zinc oxide nanoparticles; lettuce seeds as case study. Heliyon 2020, 6, e03983. [Google Scholar] [CrossRef]

	



Salam, A.; Khan, A.R.; Liu, L.; Yang, S.; Azhar, W.; Ulhassan, Z.; Zeeshan, M.; Wu, J.; Fan, X.; Gan, Y. Seed priming with zinc oxide nanoparticles downplayed ultrastructural damage and improved photosynthetic apparatus in maize under cobalt stress. J. Hazard. Mater. 2022, 423, 127021. [Google Scholar] [CrossRef]

	



Singh, A.; Singh, N.B.; Hussain, I.; Singh, H.; Yadav, V.; Singh, S.C. Green synthesis of nano zinc oxide and evaluation of its impact on germination and metabolic activity of Solanum licopersicum. J. Biotechnol. 2016, 233, 84–94. [Google Scholar] [CrossRef]

	



Sarkhosh, S.; Kahrizi, D.; Darvishi, E.; Tourang, M.; Haghighi-Mood, S.; Vahedi, P.; Ercisli, S. Effect of Zinc Oxide Nanoparticles (ZnO-NPs) on Seed Germination Characteristics in Two Brassicaceae Family Species, Camelina sativa and Brassica napus L. J. Nanomater. 2022, 1, 15. [Google Scholar] [CrossRef]

	



Bayat, M.; Zargar, M.; Murtazova, K.M.-S.; Nakhaev, M.R.; Shkurkin, S.I. Ameliorating Seed Germination and Seedling Growth of Nano-Primed Wheat and Flax Seeds Using Seven Biogenic Metal-Based Nanoparticles. Agronomy 2022, 12, 811. [Google Scholar] [CrossRef]

	



Amooaghaie, R.; Norouzi, M.; Saeri, M. Impact of zinc and zinc oxide nanoparticles on the physiological and biochemical processes in tomato and wheat. Botany 2017, 95, 441–455. [Google Scholar] [CrossRef]

	



Rehman, F.U.; Paker, N.P.; Khan, M.; Zainab, N.; Ali, N.; Munis, M.F.H.; Iftikhar, M.; Chaudhary, H.J. Assessment of application of ZnO nanoparticles on physiological profile, root architecture and antioxidant potential of Solanum licopersicum. Biocatal. Agric. Biotechnol. 2023, 53, 102874. [Google Scholar] [CrossRef]

	



Akhil, K.; Jayakumar, J.; Gayathri, G.; Khan, S.S. Effect of various capping agents on photocatalytic, antibacterial and antibiofilm activities of ZnO nanoparticles. J. Photochem. Photobiol. B Biol. 2016, 160, 32–42. [Google Scholar] [CrossRef]

	



Mariya Joseph, H.; Poornima, N. Synthesis and characterization of ZnO nanoparticles. Mater. Today Proc. 2019, 9, 7–12. [Google Scholar] [CrossRef]

	



Huy, N.N.; Thanh Thuy, V.T.; Thang, N.H.; Thuy, N.T.; Quynh, L.T.; Khoi, T.T.; Van Thanh, D. Facile one-step synthesis of zinc oxide nanoparticles by ultrasonic-assisted precipitation method and its application for H2S adsorption in air. J. Phys. Chem. Solids 2019, 132, 99–103. [Google Scholar] [CrossRef]

	



Haanstra, L.; Doelman, P.; Voshaar, J.H.O. The use of sigmoidal dose response curves in soil ecotoxicological research. Plant Soil 1985, 84, 293–297. [Google Scholar] [CrossRef]

	



Bellio, R.; Jensen, J.E.; Seiden, P. Applications of Likelihood Asymptotics for Nonlinear Regression in Herbicide Bioassays. Biometrics 2000, 56, 1204–1212. [Google Scholar] [CrossRef]

	



Chèvre, N.; Slooten, K.B.; Tarradellas, J.; Brazzale, A.R.; Behra, R.; Guettinger, H. Effects of dinoseb on the life cycle of Daphnia magna, Modeling survival time and a proposal for an alternative to the no-observed-effect concentration. Environ. Toxicol. Chem. 2002, 21, 828–833. [Google Scholar]

	



Ganesan, V.; Hariram, M.; Vivekanandhan, S.; Muthuramkumar, S. Periconium sp. (endophytic fungi) extract mediated sol-gel synthesis of ZnO nanoparticles for antimicrobial and antioxidant applications. Mater. Sci. Semicond. Process. 2020, 105, 104739. [Google Scholar] [CrossRef]

	



Faisal, S.; Jan, H.; Shah, S.A. Green Synthesis of Zinc Oxide (ZnO) Nanoparticles Using Aqueous Fruit Extracts of Myristica fragrans, Their Characterizations and Biological and Environmental Applications. ACS Omega 2021, 6, 9709–9722. [Google Scholar] [CrossRef]

	



Barzinjy, A.A.; Azeez, H.H. Green synthesis and characterization of zinc oxide nanoparticles using Eucalyptus globulus Labill. leaf extract and zinc nitrate hexahydrate salt. SN Appl. Sci. 2020, 2, 991. [Google Scholar] [CrossRef]

	



Khan, M.; Ware, P.; Shimpi, N. Synthesis of ZnO nanoparticles using peels of Passiflora foetida and study of its activity as an efficient catalyst for the degradation of hazardous organic dye. SN Appl. Sci. 2021, 3, 528. [Google Scholar] [CrossRef]

	



Sharma, R.K.; Ghose, R. Synthesis of zinc oxide nanoparticles by homogeneous precipitation method and its application in antifungal activity against Candida albicans. Ceram. Int. 2015, 41, 967–975. [Google Scholar] [CrossRef]

	



Patnaik, P. Handbook of Inorganic Chemicals; McGraw-Hill: New York, NY, USA, 2003. [Google Scholar]

	



Gómez Rojas, O.; Hall, S.R.; Nakayama, T. Synthesis of a Metal Oxide by Forming Solvate Eutectic Mixtures and Study of Their Synthetic Performance under Hyper- and Hypo-Eutectic Conditions. Crystals 2020, 10, 414. [Google Scholar] [CrossRef]

	



Darezereshki, E.; Alizadeh, M.; Bakhtiari, F.; Schaffie, M.; Ranjbar, M. A novel thermal decomposition method for the synthesis of ZnO nanoparticles from low concentration ZnSO4 solutions. Appl. Clay Sci. 2011, 54, 107–111. [Google Scholar] [CrossRef]

	



Włodarczyk, K.; Smolińska, B. The Effect of Nano-ZnO on Seeds Germination Parameters of Different Tomatoes (Solanum lycopersicum L.) Cultivars. Molecules 2022, 27, 4963. [Google Scholar] [CrossRef] [PubMed]

	



Sánchez-Pérez, D.M.; Márquez-Guerrero, S.Y.; Ramírez-Moreno, A.; Rodríguez-Sifuentes, L.; Galindo-Guzmán, M.; Flores-Loyola, E.; Marszalek, J.E. Impact of Biologically and Chemically Synthesized Zinc Oxide Nanoparticles on Seed Germination and Seedlings’ Growth. Horticulturae 2023, 9, 1201. [Google Scholar] [CrossRef]

	



Li, Y.; Liang, L.; Li, W.; Ashraf, U.; Ma, L.; Tang, X.; Pan, S.; Tian, H.; Mo, Z. ZnO nanoparticle-based seed priming modulates early growth and enhances physio-biochemical and metabolic profiles of fragrant rice against cadmium toxicity. J. Nanobiotechnol. 2021, 19, 75. [Google Scholar] [CrossRef] [PubMed]

	



Liu, R.; Zhang, H.; Lal, R. Effects of Stabilized Nanoparticles of Copper, Zinc, Manganese, and Iron Oxides in Low Concentrations on Lettuce (Lactuca sativa) Seed Germination, Nanotoxicants or Nanonutrients? Water Air Soil Pollut. 2016, 227, 42. [Google Scholar] [CrossRef]

	



El-Ghamery, A.A.; El-Kholy, M.A.; Abou El-Yousser, M.A. Evaluation of cytological effects of Zn2+ in relation to germination and root growth of Nigella sativa L. and Triticum aestivum L. Mutat. Res./Genet. Toxicol. Environ. Mutagen. 2003, 537, 29–41. [Google Scholar] [CrossRef]








[image: Agronomy 14 00980 g001] 





Figure 1. SEM micrographs of the synthesized ZnO NPs. 
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Figure 2. TGA curves: (a) NIT-UW sample; (b) NIT-W sample; (c) SUL-UW sample; (d) SUL-W sample. 
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Figure 3. Bi-plot graph of the two principal parameters in the Principal Component Analysis (PCA) of the germination parameters studied (percentage of germinated seeds, radicle and hypocotyl lengths) and characteristics of the particles used: (A) Zeta potential; %N; %C; %H; %S; VMic (micropores volume); VTotal (total pores volume); mass loss at 30–150 °C, and at 160–450 °C; (B) SBET (specific surface area); VMeso (mesopores volume); pore size. The variance values measured for the 2 components were 89.92% (A) and 83.12% (B). 
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Table 1. Main physico-chemical properties of ZnO particles.
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	NIT-UW
	NIT-W
	SUL-UW
	SUL-W





	Zeta potential (mV)
	6.3 ± 0.5
	30.6 ± 4.0
	−11.0 ± 3.7
	−7.4 ± 5.7



	%N
	15.78 ± 1.97
	0.26 ± 0.03
	8.02 ± 0.32
	0.54 ± 0.02



	%C
	0.15 ± 0.05
	1.54 ± 0.20
	0.07 ± 0.01
	0.12 ± 0.02



	%H
	2.87 ± 0.18
	0.71 ± 0.03
	3.57 ± 0.09
	2.38 ± 0.12



	%S
	0.03 ± 0.02
	0.08 ± 0.10
	14.90 ± 0.46
	5.51 ± 0.13



	SBET (m2 g−1)
	-
	20.0
	0.4
	9.2



	VMic (cm3 g−1)
	9.5 × 10−5
	8.1 × 10−3
	1.2 × 10−4
	3.3 × 10−3



	VMeso (cm3 g−1)
	-
	3.1 × 10−2
	1.7 × 10−4
	1.1 × 10−3



	VTotal (cm3 g−1)
	5.0 × 10−6
	3.9 × 10−2
	2.9 × 10−4
	1.4 × 10−2



	VMic/VTotal
	-
	0.21
	0.41
	0.24



	Average pores size (nm)
	-
	7.8
	3.3
	6.0







SBET: Specific surface area, obtained by the Brunauer, Emmett and Teller theory; VMic: micropores volume; VMeso: mesopores volume; VTotal: total pores volume.













 





Table 2. Contact effect of different Zn doses on Solanum licopersicum L. seeds germination percentage.
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NIT-UW

	

	
NIT-W

	

	
SUL-UW

	

	
SUL-W

	

	
ZnO-bulk

	

	




	
Dose

(g Zn L−1)

	
Mean ± SD (%)

	

	
Mean ± SD (%)

	

	
Mean ± SD (%)

	

	
Mean ± SD (%)

	

	
Mean ± SD (%)

	

	
p-Value 1






	
0

	
95.0 ± 5.0

	
b

	
95.0 ± 5.0

	
-

	
95.0 ± 5.0

	
-

	
95.0 ± 5.0

	
-

	
95.0 ± 5.0

	
-

	




	
1.4

	
86.5 ± 3.0

	
b

	
86.5 ± 6.0

	
-

	
88.5 ± 10.5

	
-

	
83.5 ± 6.0

	
-

	
81.5 ± 14.5

	
-

	
NS




	
2.8

	
93.5 ± 3.0

	
b

	
93.5 ± 3.0

	
-

	
85.0 ± 5.0

	
-

	
91.5 ± 7.5

	
-

	
85.0 ± 8.5

	
-

	
NS




	
5.7

	
90.0 ± 5.0

	
b

	
80.0 ± 8.5

	
-

	
86.5 ± 3.0

	
-

	
88.5 ± 7.5

	
-

	
86.5 ± 12.5

	
-

	
NS




	
11.4

	
56.5 ± 27.5

	
a

	
81.5 ± 20.0

	
-

	
86.5 ± 10.5

	
-

	
88.5 ± 3.0

	
-

	
86.5 ± 7.5

	
-

	
NS




	
p-value 2

	
0.024

	

	
NS

	

	
NS

	

	
NS

	

	
NS

	

	




	
Orthogonal contrasts 3

	
NS

	

	
NS

	

	
NS

	

	
NS

	

	
NS

	

	








All values compared using the LSD multiple range test at the 0.05 probability level. Statistical differences are presented with different letters (lowercase letters indicate differences between doses—for the same source—and uppercase letters indicate differences between sources—for the same dose). NS: not significant. 1 p-values obtained between the different ZnO sources for each dose. 2 p-values obtained between the different doses for each source of Zn. 3 Orthogonal contrasts control vs. Zn dose.













 





Table 3. Contact effects of different ZnO treatments on mean radicle length of tomato seeds at 7 and 14 days of development.
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7 Days




	

	
NIT-UW

	

	
NIT-W

	

	
SUL-UW

	

	
SUL-W

	

	
ZnO-Bulk

	

	




	
Dose

(g Zn L−1)

	
Mean± SD(mm)

	

	
Mean± SD(mm)

	

	
Mean± SD(mm)

	

	
Mean± SD(mm)

	

	
Mean± SD(mm)

	

	
p-Value 1




	
0

	
80.23 ± 17.70

	
b

	
80.23 ± 17.70

	
b

	
80.23 ± 17.70

	
b

	
80.23 ± 17.70

	
b

	
80.23 ± 17.70

	
b

	




	
1.4

	
6.81 ± 1.48

	
aAB

	
8.84 ± 2.11

	
aCD

	
4.46 ± 0.62

	
aA

	
6.89 ± 1.49

	
aAB

	
10.28 ± 0.47

	
aD

	
0.0042




	
2.8

	
3.17 ± 0.44

	
aA

	
8.35 ± 2.09

	
aB

	
2.95 ± 0.131

	
aA

	
2.82 ± 0.32

	
aA

	
9.92 ± 3.89

	
aB

	
0.0025




	
5.6

	
2.25 ± 0.46

	
aA

	
9.46 ± 1.79

	
aB

	
2.68 ± 0.482

	
aA

	
3.52 ± 1.49

	
aA

	
12.65 ± 3.28

	
aC

	
0.0001




	
11.2

	
1.37 ± 0.33

	
aA

	
8.19 ± 1.10

	
aC

	
1.40 ± 0.373

	
aA

	
3.00 ± 0.35

	
aB

	
7.63 ± 0.94

	
aC

	
0.0000




	
p-value 2

	
0.0000

	

	
0.0000

	

	
0.0000

	

	
0.0000

	

	
0.0000

	

	




	
14 Days




	

	
NIT-UW

	

	
NIT-W

	

	
SUL-UW

	

	
SUL-W

	

	
ZnO-Bulk

	

	




	
Dose

(g Zn L−1)

	
Mean± SD(mm)

	

	
Mean± SD(mm)

	

	
Mean± SD(mm)

	

	
Mean± SD(mm)

	

	
Mean± SD(mm)

	

	
p-Value 1




	
0

	
80.75 ± 3.99

	
c

	
80.75 ± 3.99

	
b

	
80.75 ± 3.99

	
b

	
80.75 ± 3.99

	
c

	
80.75 ± 3.99

	
c

	




	
1.4

	
7.42 ± 2.59

	
bB

	
9.13 ± 1.93

	
aBC

	
4.51 ± 0.37

	
aA

	
6.93 ± 1.36

	
bAB

	
11.41 ± 1.47

	
abC

	
0.0024




	
2.8

	
3.24 ± 0.73

	
aA

	
9.01 ± 0.77

	
aB

	
3.95 ± 0.81

	
aA

	
3.91 ± 1.00

	
abA

	
10.33 ± 3.85

	
abB

	
0.0037




	
5.6

	
2.31 ± 0.31

	
aA

	
9.88 ± 2.20

	
aB

	
2.70 ± 0.44

	
aA

	
3.74 ± 0.53

	
abA

	
13.39 ± 3.48

	
bC

	
0.0001




	
11.2

	
1.42 ± 0.44

	
aA

	
8.93 ± 1.51

	
aB

	
2.37 ± 1.44

	
aA

	
3.12 ± 0.53

	
aA

	
7.68 ± 0.86

	
aB

	
0.0000




	
p-value 2

	
0.0000

	

	
0.0000

	

	
0.0000

	

	
0.0000

	

	
0.0000

	

	




	
Elongation between 7 and 14 Days (mm)




	
Dose

(g Zn L−1)

	
Mean (mm)

	

	
Mean (mm)

	

	
Mean (mm)

	

	
Mean (mm)

	

	
Mean (mm)

	

	




	
1.4

	
0.06

	

	
0.41

	

	
0.02

	

	
0.22

	

	
0.75

	

	




	
2.8

	
0.06

	

	
0.66

	

	
1.00 *

	

	
1.09

	

	
0.41

	

	




	
5.6

	
0.61

	

	
0.29

	

	
0.05

	

	
0.03

	

	
1.14

	

	




	
11.2

	
0.73

	

	
0.97

	

	
0.12

	

	
0.05

	

	
0.06

	

	








All values compared using the LSD multiple range test at the 0.05 probability level. Statistical differences are presented with different letters (lowercase letters indicate differences between doses—for the same source and development days—and upper-case letters indicate differences between sources—for the same dose and development days). 1 p-values obtained between the different ZnO sources for each dose and development days. 2 p-values obtained between the different doses for each source of ZnO and development days. * Significant differences between the mean elongation values from day 7 to 14.













 





Table 4. Model parameters for radicle length after 7 and 14 days of treatment.






Table 4. Model parameters for radicle length after 7 and 14 days of treatment.





	

	

	
NIT-UW

	
NIT-W

	
SUL-UW

	
SUL-W

	
ZnO-Bulk




	
Model

	

	
3-Parameter

	
4-Parameter

	
3-Parameter

	
4-Parameter

	
4-Parameter






	

	
Ymin

	
-

	
8.67

	
-

	
3.11

	
10.07




	

	
Ymax

	
80.23

	
80.23

	
80.23

	
80.23

	
80.23




	
7 days

	
EC10

	
1.04

	
10.66

	
0.05

	
12.77

	
11.99




	

	
b

	
0.9

	
17.69

	
0.50

	
18.42

	
25.96




	

	
TSS

	
633.6

	
656.3

	
629.2

	
633.9

	
718.6




	

	
Ymin

	
-

	
66.90

	
-

	
21.30

	
61.35




	

	
Ymax

	
89.00

	
89.27

	
89.31

	
89.28

	
89.10




	
14 days

	
EC10

	
3.88

	
13.66

	
2.01

	
7.61

	
7.58




	

	
b

	
1.15

	
23.71

	
1.00

	
3.65

	
2.99




	

	
TSS

	
314.6

	
762.1

	
152.4

	
166.1

	
2631.3








Ymax: maximum response (maximum radicle length achieved with the model); Ymin: minimum response (minimum radicle length obtained by the model); EC10: ZnO concentration that generates a 10% reduction with respect to the maximum effect; b: maximum slope of the model; TSS: total sum of squares (the model that provided the minimum TSS was chosen).













 





Table 5. Contact effects of different ZnO treatments on mean hypocotyl length of tomato seeds at 7 and 14 days of development.






Table 5. Contact effects of different ZnO treatments on mean hypocotyl length of tomato seeds at 7 and 14 days of development.





	
7 Days




	

	
NIT-UW

	

	
NIT-W

	

	
SUL-UW

	

	
SUL-W

	

	
ZnO-Bulk

	

	




	
Dose

(g Zn L−1)

	
Mean (mm)

	

	
Mean (mm)

	

	
Mean (mm)

	

	
Mean (mm)

	

	
Mean (mm)

	

	
p-Value 1




	
0

	
76.71 ± 7.49

	
e

	
76.71 ± 7.49

	
b

	
76.71 ± 7.49

	
c

	
76.71 ± 7.49

	
c

	
76.71 ± 7.49

	
b

	




	
1.4

	
40.28 ± 2.43

	
dB

	
47.33 ± 1.25

	
aC

	
26.84 ± 3.45

	
bA

	
31.44 ± 4.06

	
bA

	
46.54 ± 5.24

	
aBC

	
0.0001




	
2.8

	
31.69 ± 4.85

	
cBC

	
41.45 ± 4.98

	
aCD

	
20.59 ± 3.09

	
bAB

	
13.98 ± 5.13

	
aA

	
47.31 ± 13.46

	
aD

	
0.0011




	
5.6

	
16.61 ± 2.56

	
bA

	
47.12 ± 5.31

	
aB

	
12.68 ± 3.34

	
aA

	
16.90 ± 1.24

	
aA

	
34.76 ± 16.35

	
aB

	
0.0014




	
11.2

	
6.58 ± 0.56

	
aA

	
49.01 ± 2.46

	
aD

	
6.72 ± 1.91

	
aA

	
13.84 ± 1.78

	
aB

	
42.17 ± 2.25

	
aC

	
0.0000




	
p-value 2

	
0.0000

	

	
0.0000

	

	
0.0000

	

	
0.0000

	

	
0.0055

	

	




	
14 Days




	

	
NIT-UW

	

	
NIT-W

	

	
SUL-UW

	

	
SUL-W

	

	
ZnO-Bulk

	

	




	
Dose

(g Zn L−1)

	
Mean (mm)

	

	
Mean (mm)

	

	
Mean (mm)

	

	
Mean (mm)

	

	
Mean (mm)

	

	
p-Value 1




	
0

	
89.27 ± 5.08

	
e

	
89.27 ± 5.08

	
c

	
89.27 ± 5.08

	
e

	
89.27 ± 5.08

	
c

	
89.27 ± 5.08

	
b

	




	
1.4

	
56.67 ± 6.74

	
dA

	
77.94 ± 4.73

	
bcB

	
49.43 ± 3.37

	
dA

	
50.57 ± 4.89

	
bA

	
75.49 ± 4.56

	
bB

	
0.0001




	
2.8

	
42.51 ± 5.89

	
cB

	
61.81 ± 8.76

	
aC

	
32.01 ± 3.39

	
cAB

	
24.82 ± 4.47

	
aA

	
68.76 ± 11.94

	
abC

	
0.0001




	
5.6

	
25.77 ± 1.63

	
bAB

	
67.70 ± 13.14

	
abC

	
22.40 ± 3.71

	
bA

	
23.71 ± 1.32

	
aA

	
47.67 ± 24.47

	
aBC

	
0.0047




	
11.2

	
10.72 ± 5.55

	
aA

	
71.19 ± 4.02

	
abC

	
11.04 ± 2.09

	
aA

	
19.53 ± 0.29

	
aB

	
72.39 ± 4.72

	
bC

	
0.0000




	
p-value 2

	
0.0000

	

	
0.0148

	

	
0.0000

	

	
0.0000

	

	
0.0301

	

	




	
Elongation between 7 and 14 Days (mm)




	
Dose

(g Zn L−1)

	
Mean (mm)

	

	
Mean (mm)

	

	
Mean (mm)

	

	
Mean (mm)

	

	
Mean (mm)

	

	




	
0

	
4.14

	

	
22.18 *

	

	
4.32

	

	
5.70

	

	
30.23 *

	

	




	
1.4

	
9.17 *

	

	
20.58

	

	
9.72 *

	

	
6.81 *

	

	
12.91

	

	




	
2.8

	
10.82

	

	
20.35 *

	

	
11.41 *

	

	
10.83 *

	

	
21.45

	

	




	
5.6

	
16.39 *

	

	
30.62 *

	

	
22.59 *

	

	
19.14 *

	

	
28.95 *

	

	








All values compared using the LSD multiple range test at the 0.05 probability level. Statistical differences are presented with different letters (lowercase letters indicate differences between doses—for the same source and development days—and uppercase letters indicate differences between sources—for the same dose and development days-). 1 p-values obtained bet