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Abstract

:

Selenium is an essential trace element in human nutrition. Recent findings suggest that the biosynthesis of selenium nano particles (SeNPs) in plants might be a ubiquitous phenomenon. We investigated the potential of SeNP biosynthesis in food plants and our core objective was to explore the commonness and possible ubiquitousness of nano selenium in food plants and consequently in the human diet. By growing a variety of plants in controlled conditions and the presence of selenite we found strong evidence that SeNPs are widely present in vegetables. The shoots and roots of seven different plants, and additionally Brazil nuts, were analyzed with single-particle inductively coupled plasma mass spectrometry with a focus on edible plants including herbs and salads. SeNPs were found in every plant of our study, hence we conclude, that SeNPs are common ingredients in plant-based food and are therefore eaten daily by most humans. Considering the concerning worldwide prevalence of selenium deficiency and the great physiological properties of SeNPs, we see a high potential in utilizing this discovery.
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1. Introduction


Selenium is an essential trace element with great importance for human health. The oxidative states it occurs in are similar to sulfur-II to +VI and accordingly, selenium can be found in corresponding compounds, including selenide (Se2−), selenite (SeO32−), and selenate (SeO42−). The two latter ones, alongside organic compounds, namely selenomethionine (SeMet) and selenocysteine (SeCys), are well-described forms of selenium in human nutrition. The European Food Safety Authority (EFSA) recommends a daily intake of 70 μg/day for adult men and women and a progressive weight dependent amount between 15 μg/day (for ages 1 to 3 years and a reference body weight of 11.9 kg) and 55 μg/day (for ages 11 to 14 years and a reference body weight of 45.7 kg) for children. An adjusted intake during pregnancy is not recommended. Yet, the average daily intake is estimated by the EFSA to be between 31.0 and 65.6 μg/day in adults (≥18 years) and 20.6 to 45.9 μg/day in children aged 3 to <10 years [1].



Intestinal absorption of selenium is generally good, particularly in comparison to other micronutrients, for example zinc (25% from milk and dairy food [2]) and iron (14 to 18% from mixed diets and 5 to 12% from vegetarian diets [3]). Absorption from selenite was found to be between 62 and 76% and above 90% for selenomethionine and selenate. The absorption of selenium in an unknown chemical state from food was found to be 83%, as tested on an intake of 100 g shrimp/day [4].



Selenium rich foods are mainly animal-based, they include fish, shellfish, and meat. Often in agriculture, fodder is enriched with selenium [5]. Plant-based food can be a less reliable source of selenium, as the selenium intake of plants is dependent on salinity, pH-levels, and soil composition, including the strong variation of the selenium content in soil [1,6]. The reliability of plants as selenium sources can be increased by using selenium-enriched fertilizer [7]. While small amounts of selenium can show beneficial effects on resistance against stress factors like heat and drought, it is not considered an essential element for plants [8,9], and with few exceptions, only small amounts of selenium are tolerable for plants. Plant species can be divided into three groups, selenium non-accumulators, selenium accumulators, and selenium hyperaccumulators and concentrations of <100 mg/kg, 100–1000 mg/kg, or >1000 mg/kg dry weight can be found in those plants, given that there is sufficient selenium available in the soil [8,10].



A total of 25 human selenoproteins have been identified so far and play important roles in human physiology. Their functions include key roles in the immune system and cancer prevention, thyroid metabolism, brain function, fertility, and antioxidant processes [11,12,13]. Selenium deficiency is associated with cardiovascular disease, cancer, liver disease, osteoarthritis, and Keshan disease [14,15,16,17,18]. Selenium impacts apoptosis and autophagy in cardiomyocytes, therefore a deficiency cannot only cause Keshan disease, but other forms of cardiomyopathy as well [17]. The antiviral properties of selenium are especially promising in nano particles. Zanamivir-loaded SeNPs showed superior cell viability than zanamivir or SeNP alone and selenium is also associated with good outcomes in COVID-19 infections [19,20].



Due to its heavier and larger nature, selenium in the form of SeCys can be superior to sulfur and Cys in enzymes, as it is both a good electrophile and nucleophile. Sulfur is less polarizable than selenium and can therefore not regenerate to its active form within the catalytic cycle as easily and quickly [9].



Even for a micronutrient, the therapeutic range of selenium is noteworthily narrow, therefore food sources and food supplements containing selenium require to be of high quality with a minimized danger of toxicity. Thus, recommendations for selenium supplementation should be made with careful consideration for the soil of the respective area and the selenium supply due to food. Toxic effects of selenium mostly occur in protein biosynthesis where SeCys and SeMet might mistakenly be put in the place of Cys or Met [21]. This replacement can happen non-specifically and subsequently cause faulty proteins. Due to the important role of Cys in the structure and function of many proteins, it being replaced by SeCys bears a greater danger than Met being replaced by SeMet. SeNPs excel in that matter, since despite their great bioavailability and activity, their toxicity is lower than that of other selenium compounds [13,22,23,24,25,26].



Among the most promising applications for SeNPs are treatments for various kinds of cancer. An optimal selenium supply can decrease the incidence of cancer. Mostly its antioxidant nature and ability to control reactive oxygen species (ROS) and radicals factor into its chemopreventive nature. Decreased levels of selenium and seleno-enzymes, like glutathione peroxidase (GPx) for example, are associated with malignant melanoma, colorectal cancer, lung cancer, hepatocellular carcinoma, and gallbladder and biliary tract cancers [14,18,26,27]. However, increased levels of selenium can increase the risk of cancer as well. This double-edged relationship between selenium intake and cancer is particularly well described for prostate cancer [12,28,29].



SeNPs are superior to other forms of selenium as food supplements, due to their high bioavailability, low toxicity, and high biological activity [13]. Additionally, SeNPs were shown to be present in an elemental state and the Se0 is acting particularly well at protecting against heavy-metal toxicity [13,30]. This is achieved partly by direct reductive activity, but also by the induction of several pathways and enzymes like Nrf2, GSH, and hemoglobin oxygenase.



A modification of SeNPs can be performed and a conjugation with another agent that can, for example, be used to specifically target the tumor cells can enhance the antitumor activity while lowering its toxicity [24]. Successful applications of SeNPs include trials with estrogen receptor α-positive breast cancer cells, colon cancer cells, prostate cancer cells, and cervical carcinoma cells [24,26,31,32,33]. The size effect of SeNPs and nano particles in general is still discussed. While some researchers find inconclusive results, some studies find that the activities of GPx, thioredoxin reductase, and other selenium dependent enzymes increase more when a given amount of SeNP is applied with smaller particles [34,35]. It is therefore of great interest to the nutritional and medicinal science community to find ways to produce selenium in nano form with a small size and a narrow size distribution.



Recently, we found evidence that plants are able to naturally produce SeNP when exposed to selenite [26]. This was found for species from many different orders of plants and might turn out to be a ubiquitous phenomenon. Generally, selenium is not an essential nutrient for plants and so far, no genes that encode for SeCys or SeMet were found in a plant genome [8,9]. For most plants, selenium is mainly a potential toxin, potentially causing oxidative and nitrosative stress. Additionally, as in animals, seleno amino acids might be confused with their sulfuric equivalents and cause faulty proteins in plants as well [8,26,36]. Selenium can on the other hand still cause positive effects for plant organisms in small doses, like resistance to stress from factors like metallic stress and drought [10]. Furthermore, selenium can enhance plant growth and crop yield [37,38,39].



Selenium has a high bioavailability for organic and inorganic compounds. The uptake of selenate and selenite mostly happens through sulfate and phosphate transporters, respectively [6,40]. Many of the earlier described selenium hyperaccumulators belong to the family of Brassicaceae. Various food plants, namely cruciferous vegetables, belong to that family. In this research, it was our aim to investigate the potential synthesis of SeNPs in food plants and potentially find evidence that nano selenium is already part of many humans’ diets. As a continuation of our previous work, we grew plants under controlled conditions in the presence of selenite and analyzed their SeNP content with single-particle mass spectrometry with inductively coupled plasma (sp-ICP-MS). It was our aim to quantify the amount of nano selenium and find insight into their size and size distribution and thus on the presence of nano selenium in food.




2. Materials and Methods


2.1. Chemicals and Instruments


A Sartorius arium® pro system was used to produce ultrapure water (18.2 MΩ·cm). A Qiagen Tissue Ruptor II was used to homogenize the plant samples. Macerozyme R-10 derived from Rhizupus sp. and Proteinase K were used for plant digestion. They were purchased from GeneON and bioWorld, respectively. For the buffer preparation, disodium hydrogen citrate and citric acid were purchase from Sigma-Aldrich. Dialysis membrane Spectra/Por® 3 with a MWCO of 3.5 kDa and the corresponding closures were purchased from Fisher Scientific.



For the plant growth, a hydroponic system by growland was used. Hoagland solution was prepared from a salt base that was purchased from Biozol. Sodium selenite to spike the growth solution and formalin solution to surface sterilize the seeds were purchased from Merck. Ethanol 96% that was used during the dialysis was purchased from Sigma-Aldrich.



A NexION 350D sp-ICP-MS by Perkin Elmer (Waltham, MA, USA) was used for the analysis. It was equipped with a quartz cyclonic spray chamber and a glass nebulizer (Ar 1.0 SLPM @ 43 psi). The peristaltic pump tubing with flared ends and an inner diameter of 0.38 mm was made of polyvinyl chloride.



Polypropylene tubes with a volume of 50 mL were purchased from Sarstedt AG & Co.KG (Nümbrecht, Germany) and tubes with a volume of 15 mL were purchased from Cellstar.




2.2. Plant Treatment


Basil (Ocinum basilicum), dill (Anethum graveolens), chard (Beta vulgaris), spinach (Spinacia oleracea), brussels sprouts (Brassica oleracea var. gemmifera), broccoli (Brassica oleracea var. italica), lamb’s lettuce (Valerianella locusta), and Brazil nuts (Bertholletia excelsa) were used in our research.



The plant treatment was performed in the same way as in our previous work on SeNPs in plants [26]. Formalin solution with a 10% concentration was used to perform a surface sterilization on the seeds for 10 min. Ultrapure water was used to rinse of any remaining formalin. The seeds were transferred onto filter paper that was kept moist and dark in order to allow germination for up to 7 days. After germination, the seedlings were conveyed to a hydroponic system, where they were grown for 28 to 42 days. Hoagland solution was used as growth solution, after it was diluted to quarter strength and was spiked with 5 mg/L sodium selenite, resulting in a concentration von 28.91 µmol/L of selenium.



Water absorption by the plants and evaporation was compensated every 2 to 3 days. Two neon tubes with a power of 55 W and a color temperature of 6500 K and a reflector were placed at a distance of 30 cm above the seeds. The plants were grown in 8 h of darkness and 16 h of artificial light. The light period started at 6 a.m. and ended at 10 p.m. After the growth period, the plants were harvested from the hydroponic system and the shoots were separated from the roots. Intermixing was avoided by disposing of the root crowns. Both tissues were rinsed with DI water.



The root surface was further cleaned. After a second rinse with DI water, rough cuts of the root tissue were prepared and subsequently transferred to a pH 6 M citrate buffer (0.1 M). The roots were stirred for 48 h to rinse off any residues of growth solution. The buffer solution was then rinsed off with DI water and a sample of 100 mg was taken from the tissue. Without the 48 h period, the shoots were treated in the same manner and samples of 100 mg were taken. A tissue ruptor was used to homogenize the samples in 8 mL of the earlier-described citrate buffer for 2 min.



A total of 2 mL of a 50 mg/mL solution of Macerozyme R-10 was added to the mixture as well as 50 µL of a 20 mg/mL solution of Proteinase K. The mixture was shaken at 37 °C. After 24 h, 0.500 mL of ethanol was mixed with 0.500 mL of supernatant and 4.000 mL of earlier-described citrate buffer. A dialysis was performed in 450 mL of buffer and 50 mL of ethanol. The dialysis tubing had a 3.5 kDa MWCO and after being filled with the 5 mL sample, it was stirred for 24 h.



The sample was removed from the tubing afterwards and if necessary, citrate buffer was added to a volume of 5 mL. The mixture was diluted by a factor of 10 with ultrapure water before being analyzed.



For every species, three individual plants were used and treated as described. If a concentration higher than 1 µg/L of dissolved selenium was found in a sample, the last dilution step was not performed with a factor of 10, but instead 50 µL of ethanol was added to 500 µL of sample, which was then diluted with ultrapure water to 10 mL, resulting in a dilution factor of 20 instead of 10. Sample 1 and Sample 2 of chard root required this treatment.



The Brazil nuts were cut into small pieces and samples of 100 mg were treated in the same manner as the root and shoot tissues. Two different brands of Brazil nuts were purchased from two different supermarkets and since they contained very different amounts of selenium, the second batch of Brazil nuts was analyzed without the last dilution step (1000 µg/mL) while the first batch was diluted to 50 mL in the last sample preparation step resulting in a concentration of 10 µg/mL.




2.3. ICP-MS Method and Parameters


A method was developed using the Syngistix software version 2.4 with nano application, measuring the 80Se isotope with a relative abundance of 49.61%. Argon-dimer interference was removed using hydrogen in a dynamic reaction cell (DRC). The dwell time was set to 50 µs and measuring time to 120 s, while the settling time was eliminated completely. The sample flow rate was determined daily. Further instrumental parameters included:



	RF power
	1300 W



	Plasma Ar flow
	15 L/min



	Reaction cell gas flow (H2)
	4.4 mL/min



	RPq
	0.8 V



	Deflector Attractor
	−135 V



	Deflector Entrance Lens
	−50 V



	Transport Efficiency
	7.26%










3. Results


The sp-ICP-MS analyses for basil and dill plants are displayed in Figure 1 and Table 1. All basil plants show moderate concentrations of dissolved selenium with 0.15 to 0.3 µg/L in the root and a low concentration between 0.05 and 0.1 µg/L in the shoot samples. The root tissues show fairly symmetrical histograms of nano particles with a narrow size distribution between 35 and 80 nm and a maximum between 50 and 55 nm. In accordance with the dissolved selenium, the number of nano particles is low to mediocre compared to other plants. The shoot samples appear to only have a very narrow size distribution with a surprisingly high number of particles in the range between 30 and 50 nm.



Dill shows an astonishing amount of similarity between the root and shoot tissues. SeNPs are found in every plant. The dissolved selenium ranges from 0.3 to 0.5 µg/L in the roots and from 0.3 to 0.8 µg/L in the shoot samples. The maximum for both parts of the plant is between 40 and 60 nm. The histograms show a steep decline for the particles smaller than the maximum and a very flat and slow decline for the particles bigger than the maximum with few particles with a diameter between 300 and 500 nm found in all samples.



The sp-ICP-MS analyses for chard and spinach plants are displayed in Figure 2 and Table 2. Selenium nano particles were found in all chard plants. The samples prepared from plants 1 and 2 had high concentrations above 1 ppm of dissolved selenium, which are connected to an increased potential for false positive results. Those samples were remeasured at half concentration. All root samples show a great number of SeNPs in a broad range with the main share being between 40 and 80 nm in diameter. Fewer particles were found in the shoot tissue, especially for plants 1 and 2, which goes along with a lower concentration of dissolved selenium. Interestingly, the ratio of dissolved to nano selenium in root and shoot tissues for plants 1 and 2 is about 5:1 while for plant 3 the ratio is roughly 3:2. This comes along with a higher number of SeNPs in the shoot of plant 3, hinting that the ratio between dissolved and particulate selenium is not dependent on the organ, but rather the number of SeNPs in a plant part is dependent on the overall selenium concentration.



All spinach plants formed similar amounts of selenium nano particles. With a slightly narrower distribution than chard, SeNPs can be found mostly in the range between 40 and 70 nm. While in plant 1 there is a ratio of roughly 3:2 of dissolved selenium in root compared to shoot samples, the ratio in plants 2 and 3 is close to 1:1. However, here, we can see a larger number of nano particles in the root tissues compared to the respective shoot samples. Keeping in mind that the used method is prone for variation and the exact quantification should not be overestimated it is noticeable here, that unlike in chard plants, there is a tissue-dependent gradient and root samples have a larger amount of their selenium stored as SeNPs than their shoot counterparts.



The sp-ICP-MS analyses for brussels sprouts and broccoli are displayed in Figure 3 and Table 3. Selenium. Brussels sprouts, especially the root samples show a great number of SeNPs. With a maximum between 50 and 65 nm, all root samples contained nano particles, which were up to 400 nm and over in diameter. In contrast to other plants with few particles larger than 100 nm in diameter, in brussels sprouts roots there was a dense and broad distribution of larger particles. The shoots, on the other hand, had a rather narrow distribution of nano particles, and overall fewer nano particles, mostly in the range between 40 and 60 nm in diameter. Analogous to the particles, the concentration of dissolved selenium was between 0.5 and 0.9 µg/L in the root samples and only between 0.1 and 0.3 µg/L in the shoot samples.



Broccoli, just like brussels sprouts, belongs to the plant family Brassicaceae, which contains all the cruciferous vegetables and that is known to contain many selenium accumulators. Unsurprisingly, the broccoli samples show selenium patterns that are similar to brussels sprouts. A great number of particles with a maximum between 60 and 75 nm in a broad distribution ranging up 500 nm is found in the root samples, which have a concentration of dissolved selenium between 0.4 and 0.6 µg/L.



Equally, the shoot samples of broccoli plants are similar to brussels sprouts with a narrow distribution of nano particles and a maximum between 50 and 60 nm. However, there is less of a gradient in the overall number of nano particles or dissolved selenium in broccoli, compared to brussels sprouts. The shoot samples contain 0.2 to 0.4 µg/L dissolved selenium and a higher number of particles.



The sp-ICP-MS analyses for lamb’s lettuce and brazil nuts are displayed in Figure 4 and Table 4. Most of the lamb’s lettuce samples do not give conclusive results. While all of the histograms show SeNPs, most of them do not show a trustworthy distribution. Only a few bars being present in the histograms, often with very high numbers and very low concentrations of dissolved selenium, is a strong hint for false positive results. The case is less clear for lamb’s lettuce roots. Those samples show a more trustworthy distribution of SeNPs ranging from 36 to 70 nm. It can be assumed that the overall low concentration of selenium in lamb’s lettuce is strongly correlated to the lack of SeNPs and especially the shoot samples show close to no reliable hint for the presence of SeNPs, leading to the assumption that unlike the other plants, the consumption of lamb’s lettuce does not include the ingestion of selenium nano particles, as most of lamb’s lettuce’s SeNPs are stored in the roots.



Brazil nuts, being the most prominent representative source of plant-based selenium, have been widely discussed lately for the huge variation of selenium content, which is most probably linked to the strongly varying selenium content of the soil, which Brazil nut trees grow on. We did not grow any plants of this species ourselves, but instead bought two different brands of Brazil nuts from two different local grocery stores. The nuts were treated in the same manner as the plants and the analysis was performed accordingly [41].



And just as the current state of scientific knowledge suggests, the selenium content varies hugely. This is true for the two brands being different from each other, but even the nuts from the same package differ strongly from each other. This also applies to the different runs of sp-ICP-MS analysis that were performed with the exact same sample. When comparing the two batches, referring to the two different bags of nuts, please pay attention to the different dilutions. Replicate 1 was diluted by a factor of 100, compared to replicate number 2.



A reason for the strong differences between the three runs of a sample might be due to aggregation. While we were not yet able to investigate the coating of naturally occurring SeNPs in plants, it is safe to assume that there is a coating around the selenium core. With the exceptionally high amounts of selenium that can be accumulated in Brazil nuts, there might be a unique coating for SeNPs that allows for more efficient detoxification and selenium storage. An aggregation due to the coating might be a reason for a lack of homogenous distribution of SeNPs within the samples.



It should be kept in mind that the analytical method was optimized to reduce dissolved selenium and by doing so, minimizing the potential of false positive results. For Brazil nuts, with naturally high concentrations of selenium, a stronger dilution was needed to avoid false positives. At the expense of a more representative size histogram, we achieved valid and trustworthy results, thus being able to prove that Brazil nuts also contain selenium nano particles. Additionally, it must be kept in mind that nuts are a more complex matrix to work with than shoot and root tissues. The different composition of compounds, especially the lower amount of water in the matrix and the high amounts of proteins and fats, may complicate the extraction of nano particles. Since little is known about naturally occurring SeNPs, it is hard to make an assumption about their resistance to factors like heat or acidity and therefore care has to be taken during the extraction process.



It is, on the other hand, safe to say that Brazil nuts with a high overall concentration of selenium produce a larger number of SeNPs, mainly in the range between 40 and 60 nm. The size distribution of SeNPs in Brazil nuts is rather sharp, with more particles larger than the most frequent size. The histograms overall show a similarity in shape to the ones obtained from shoot and root samples. Despite the dialysis of dissolved selenium, some of the Brazil nuts contain huge amounts of selenium. With a single Brazil nut, the daily recommended dose of selenium could be exceeded by far. On the contrary, some of the Brazil nuts do contain comparably low amounts of selenium and a handful of them might be needed to meet the daily dose of selenium.




4. Discussion


SeNPs were found in every observed plant. The nano particles are present in root and shoot tissues and in the case of Brazil nuts, in the nuts themselves as well. The data acquisition time was 120 s and the flow rate was 0.25 mL/min, therefore the SeNPs in 50 µg of plant mass are shown in every histogram, with the exceptions being the chard root samples 1 and 2 representing 25 µg, the first batch of Brazil nuts representing 5 µg, and the second batch of Brazil nuts representing 500 µg as described in the plant treatment section. To ensure that the particles we detected were not root exudates or have a microbiological origin, samples were taken from the growth solution and analyzed in the same way as the plant tissues. No SeNPs were detected by the sp-ICP-MS in those samples. There are differences in the size and size distribution of the particles in the different plant species as well as in the number and proportion of SeNPs. Some observations, however, can be generalized to some extent. Typically, a higher concentration of dissolved selenium is associated with a higher number of SeNPs. The maximum number of SeNPs was found between 40 and 70 nm in all species and the main size ranges are usually not larger than 50 nm. This narrow size distribution is, on the one hand, highly advantageous for possible applications as food supplement or medicinal products and can, on the other hand, be interpreted as a sign for an active metabolic pathway that leads to the nano particle synthesis. In our previous research, we already grew eight different species of plants under the same conditions to evaluate the botanical commonness of SeNP biosynthesis in plants [26]. With these additional plants, we see strong evidence that the naturally occurring synthesis of SeNPs is in fact a ubiquitous phenomenon and we firmly predict that SeNPs can be found in any plant and hence every food plant. It is therefore safe to assume that SeNPs are ubiquitously present in every human’s diet on a daily basis.



The impact of a suboptimal selenium status on human health is not yet fully understood and requires further research. While clear selenium deficiency is well known and described, as well as selenosis from chronic selenium intoxication, there are still many unknown factors for the ideal selenium supply. A high but not oversaturated selenium is linked to reduced mortality by multiple causes including systemic inflammatory response syndrome, sepsis, and cancer mortality including reduced all-cause mortality in prospective studies [12]. Aside from mammals and plants, SeNPs can also have beneficial effects on fish. SeNPs can improve the growth and final weight as well as the antioxidant and immune function in fish. Enriching plant-based fish feed with selenium can therefore supply fish with beneficial SeNPs as well.



A size effect for nano particles was found to be significant for absorption in the gut. For all observed species, the highest count of detected particles was well under 100 nm, mostly between 40 and 70 nm, which is an ideal size for bioavailability in humans. Therefore, we see great nutritious potential for these particles. This particle size is also associated with great cell-barrier penetration. The large surface of SeNPs can, on the other hand, be a disadvantage as well, due to their high surface energy and the potential of precipitation, however compounds such as polyphenols, polysaccharides, and proteins are known to be stabilizing agents. The abundance of such compounds in plants suggests a higher stability of plant-based SeNPs compared to SeNPs that are derived by chemical synthesis.



These findings raise two main questions: What does this mean for agriculture and nutrition? What research is needed in the future? As for nutrition, we know that SeNPs are a great source of selenium, due to their high bioavailability and effect and their low toxicity. These properties make them a highly desirable compound in food. Throughout the last decade, a trend was observed showing that an increasing number of people choose to eat fully plant-based diets with all animal-derived foods excluded. Many experts believe that climate change will force everyone to focus their diet more on plants and massively reduce animal-derived foods. Since selenium is a potentially critical nutrient in the vegan diet, measures need to be taken to ensure a sufficient supply of selenium for the population.



SeNPs are highly desirable candidates for future food supplements. They show great bioavailability and low toxicity, but beyond that, they have unique beneficial effects on health that cannot be observed for other forms of selenium. While a selenite supplement affected pancreatic function and increased adipogenesis and general anabolism in adolescent rats, SeNP supplementation significantly reduced white adipose tissue and BMI [13,42].



The great variations in selenium content of the observed Brazil nuts show even more how complicated selenium nutrition can be. The selenium content of the soil in which Brazil nuts and other plants are grown can be safely assumed to be one of the most critical factors for uptake in plants. Even among trace elements, the range of recommended intake for selenium is particularly narrow. For such a nutrient, it is very important to be aware of the compounds in which it can be found in food [43,44]. In many regions, for example, Nordic countries, the selenium concentration in soil is very low. To achieve sufficient selenium supply, different measures are taken. Unlike the common approach of enriching animal fodder with selenium, Finland took the measure of adding selenium to fertilizers nationwide and thus increased the average daily intake of selenium from 25 µg/day/10 MJ in the 1970s to 80 µg/day/10 MJ today [7]. This is a great example of the benefits of plant-based selenium, and we firmly believe that SeNPs play a huge role in this matter. In many more applications and for a variety of plants, selenium biofortification has proven to be a great way to improve crop selenium content and the nutritious value of plants. The biofortification of crops has been shown to yield promising results through foliar application as well. Therefore, we see potential for future research investigating the binding forms of selenium in crops that have been treated in that manner, as it is more resource-efficient and can help answer the question of whether all plant cells are able to synthesize SeNPs [37,39,45,46].



Selenium is acting as a biostimulant. It can increase the accumulation of bioactive compounds such as vitamin c or flavonoids, which further aid the antioxidant properties of selenium [38,47]. Beneficial effects of selenium on agricultural plants and SeNPs on human health can therefore be achieved simultaneously.




5. Conclusions


For the future, we see cause for further research to evaluate the dose-dependent nano particle synthesis in plants and quantitative studies to judge the proportion of selenium that is present in nano form. Selenium deficiency is estimated to affect up to 1 billion people worldwide [48]. Our research shows that it is a highly desirable approach to address this problem by biofortification of crops with selenium. The ubiquitous biosynthesis of SeNPs in food plants results in a high-quality selenium source with great safety and sustainability.



Furthermore, we see cause for research on the coating of these nano particles, as the surface may impact its biological function massively. For this purpose, single-particle-ICP-MS and organic triple-quadrupole mass spectrometry must be combined in the future to determine the organic ligands on the surface of selenium nanoparticles. A complete characterization also requires the determination of the selenium modification present in the core of the nanoparticles. For example, the question arises whether the selenium is present in the red (Se rings) or grey (Se chains) modification, which would cause very different reaction behaviors. To fully assess the potential of plant-based SeNPs as food supplements and components in both natural foods and those enhanced by biofortification, an enhanced method has to be developed that differentiates between organic, inorganic, and nano selenium and can quantify the percentage of selenium that is in nano form. These additional questions very clearly show the challenges that still need to be overcome in the future for an accurate characterization of selenium nanoparticles.
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Figure 1. Size distribution of SeNPs in root and shoot tissues of basil and dill plants. These histograms show the sp-ICP-MS analysis of (a) basil root, (b) basil shoot, (c) dill root, and (d) dill shoot. Three specimens of each plant were grown, and each bar color represents a single plant. The standard deviation depicted describes the variation for 3 replicates of the same sample. Nano particles with a size of up to 531 nm were detected, however the histograms in this figure are meant to show the main distribution of SeNPs and were therefore cropped. Supplementary information S1 shows the full results. Supplementary information S2 shows histograms including all detected data points for the individual replicates. 
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Figure 2. Size distribution of SeNPs in root and shoot tissues of chard and spinach plants. These histograms show the sp-ICP-MS analysis of (a) chard root, (b) chard shoot, (c) spinach root, and (d) spinach shoot. Three specimens of each plant were grown, and each bar color represents a single plant. The standard deviation depicted describes the variation for 3 replicates of the same sample. Nano particles with a size of up to 242 nm were detected, however the histograms in this figure are meant to show the main distribution of SeNPs and were therefore cropped. Supplementary information S1 shows the full results. Supplementary information S2 shows histograms including all detected data points for the individual replicates. 
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Figure 3. Size distribution of SeNPs in root and shoot tissues of brussels sprout and broccoli plants. These histograms show the sp-ICP-MS analysis of (a) brussels sprout root, (c) brussels sprout shoot, (b) broccoli root, and (d) broccoli shoot. Three specimens of each plant were grown, and each bar color represents a single plant. The standard deviation depicted describes the variation for 3 replicates of the same sample. Nano particles with a size of up to 536 nm were detected, however the histograms in this figure are meant to show the main distribution of SeNPs and were therefore cropped. Supplementary information S1 shows the full results. Supplementary information S2 shows histograms including all detected data points for the individual replicates. 
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Figure 4. Size distribution of SeNPs in root and shoot tissues of lamb’s lettuce and in Brazil nuts: These histograms show the sp-ICP-MS analysis of (a) lamb’s lettuce root, (b) lamb’s lettuce shoot, (c) the first batch of Brazil nuts, and (d) the second batch of Brazil nuts. Three specimens of each plant were grown, and each bar color represents a single plant. The standard deviation depicted describes the variation for 3 replicates of the same sample. Nano particles with a size of up to 273 nm were detected, however the histograms in this figure are meant to show the main distribution of SeNPs and were therefore cropped. Supplementary information S1 shows the full results. Supplementary information S2 shows histograms including all detected data points for the individual replicates. 
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Table 1. Concentrations of dissolved selenium corresponding to the histograms shown in Figure 1.
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Root

	
Shoot






	
Basil

	
1

	
2

	
3

	
1

	
2

	
3




	
Mean concentration of dissolved Se [µg/L]

	
0.288

	
0.258

	
0.166

	
0.073

	
0.056

	
0.106




	
Standard deviation

	
0.003

	
0.006

	
0.005

	
0.005

	
0.003

	
0.001




	
Mass of Se per kg plant mass (fresh weight) [mg]

	
2.88

	
2.58

	
1.66

	
0.73

	
0.56

	
1.06




	
Dill

	




	
Mean concentration of dissolved Se [µg/L]

	
0.495

	
0.433

	
0.339

	
0.374

	
0.817

	
0.579




	
Standard deviation

	
0.029

	
0.011

	
0.007

	
0.003

	
0.019

	
0.007




	
Mass of Se per kg plant mass (fresh weight) [mg]

	
4.95

	
4.33

	
3.39

	
3.74

	
8.17

	
5.79











 





Table 2. Concentrations of dissolved selenium corresponding to the histograms shown in Figure 2.
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Root

	
Shoot






	
Chard

	
1

	
2

	
3

	
1

	
2

	
3




	
Mean concentration of dissolved Se [µg/L]

	
0.404

	
0.453

	
0.742

	
0.194

	
0.176

	
0.462




	
Standard deviation

	
0.012

	
0.009

	
0.023

	
0.009

	
0.004

	
0.006




	
Mass of Se per kg plant mass (fresh weight) [mg]

	
4.04

	
4.53

	
7.42

	
1.94

	
1.76

	
4.62




	
Spinach

	




	
Mean concentration of dissolved Se [µg/L]

	
0.565

	
0.560

	
0.362

	
0.357

	
0.552

	
0.378




	
Standard deviation

	
0.032

	
0.021

	
0.010

	
0.007

	
0.011

	
0.009




	
Mass of Se per kg plant mass (fresh weight) [mg]

	
5.65

	
5.60

	
3.62

	
3.57

	
5.52

	
3.78











 





Table 3. Concentrations of dissolved selenium corresponding to the histograms shown in Figure 3.






Table 3. Concentrations of dissolved selenium corresponding to the histograms shown in Figure 3.





	

	
Root

	
Shoot






	
Brussels Sprout

	
1

	
2

	
3

	
1

	
2

	
3




	
Mean concentration of dissolved Se [µg/L]

	
0.941

	
0.522

	
0.698

	
0.205

	
0.133

	
0.284




	
Standard deviation

	
0.007

	
0.009

	
0.002

	
0.002

	
0.001

	
0.001




	
Mass of Se per kg plant mass (fresh weight) [mg]

	
9.41

	
5.22

	
6.98

	
2.05

	
1.33

	
2.84




	
Broccoli

	




	
Mean concentration of dissolved Se [µg/L]

	
0.461

	
0.420

	
0.601

	
0.400

	
0.373

	
0.192




	
Standard deviation

	
0.017

	
0.001

	
0.001

	
0.007

	
0.034

	
0.002




	
Mass of Se per kg plant mass (fresh weight) [mg]

	
4.61

	
4.20

	
6.01

	
4.00

	
3.73

	
1.92
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