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In a greenhouse experiment, silver nanoparticles (Ag-NPs) were applied on European beech (Fagus sylvatica L.) leaves using the droplet application method. Scanning electron microscopy (SEM) analyses showed that after 24 h silver nanoparticles were mostly present in aggregates or as single particles on the surface of the leaf, surrounding or covering the stomata. Analyses of cross sections of the leaf revealed that some silver nanoparticles were adhering to the cell walls of the mesophyll and palisade cells, most likely after penetration into the leaf through the stomata as particles and not as Ag ions. Our preliminary results showed evidence of foliar uptake of silver nanoparticles in European beech. This opens new insights on the ability of trees to take up solid nanosized particles, eventually contained in raindrops, through their leaves, and potentially transport them to other parts of the tree. This study would be helpful for investigating the role of trees in atmospheric ultrafine particle mitigation.
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1 INTRODUCTION
Plants exposed to airborne ultrafine particulate matter (PM) can take it up. This can have dangerous but also useful effects. For example, edible plants can be contaminated by the heavy metals contained in the PM so that particles enter the food chain. These ultrafine particles can be directly deposited onto the leaves of plants, through wet or dry deposition (Luo et al., 2019), and eventually penetrate from the leaf surface into the internal tissues mainly through the stomatal pathway (Lv et al., 2019). Atmospheric fallouts of lead nanoparticles (NPs) were found in leaves of lettuce near a lead-recycling plant (Uzu et al., 2010), confirming once more that atmospheric contamination in edible plants is a major issue. Trees have been used for phytoremediation of contaminated soils (Shah and Daverey, 2020), water and atmosphere (Wei et al., 2021). Engineered NPs (with at least one dimension less than 100 nm) can have the same geometrical shape and dynamic effects of ultrafine PM particles, e.g., PM1 or PM2.5 of urban road dust, and they can be absorbed into plants by foliar and root uptake (Ha et al., 2021).
Less explored than the soil-root uptake and transport of NPs, their adhesion on leaves and consequent foliar uptake have been confirmed in experiments on annual plants. Such studies reported that NPs were mainly absorbed through stomatal pathways as determined for fluorescent polystyrene particles (43 nm in diameter) in leek and broad bean (Eichert et al., 2008), of liposome-NPs in cherry-tomato plants (Karny et al., 2018), of gold NPs (Au-NPs) in wheat (Avellan et al., 2019) and perilla (Ha et al., 2021). Root and leaf uptake and transport of NPs have also been demonstrated in trees (e.g., Cocozza et al., 2019; Rossi et al., 2019; Ballikaya et al., 2022a), but what happens to the NPs in trees is still under debate (see Ballikaya et al., 2022b). Using 3D chemical tomography, our group could confirm (Ballikaya et al., 2022a) the leaf uptake of Au-NPs sprayed onto the leaves of European beech by identifying single Au-NPs inside the leaf structure and inside a trichome (leaf hair). Similarly, silver NPs (Ag-NPs) were detected within a leaf of a clementine mandarin tree by microscopic hyperspectral imaging, after branch immersion in an Ag-NP suspension for 24 h (Su et al., 2020). TiO2 particles (400–500 nm) were observed by transmission electron microscopy (TEM) inside Betula pendula leaves exposed to the particles at wind speed for 2 h (Räsänen et al., 2017). However, the exact mechanisms of leaf uptake are not yet understood and evidence of metal NPs inside leaf structures of trees is scarce.
In a pilot greenhouse experiment, we aimed at investigating the foliar uptake of Ag-NPs in European beech (Fagus sylvatica L.), the most common native, broadleaf species of European forests, which was recently proven to efficiently take up metal NPs such as Au-NPs through the leaves and transport them to stem and roots 20 days after the treatment (Ballikaya et al., 2022a). In this study, we explored if the foliar uptake already occurred 24 h after the Ag-NP exposure and if Ag was detectable in its nanoparticulate form inside the leaves of beech using scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analyses. Ag-NPs were used to simulate deposition of raindrops containing ultrafine particles on tree leaves, similar as previously done with Au-NPs on a mint-like edible plant (Ha et al., 2021). Ag-NPs were chosen because they are easy to track in complex plant matrix since background Ag concentrations are absent or low. Moreover, the foliar uptake of Ag-NPs in trees can have important environmental implications because trees could mitigate the hazardous increase of Ag-NP emissions into the environment (Giese et al., 2018), driven by high demand of Ag-NPs in many fields of application, e.g., as antibacterial, antifungal, anti-cancer agents, textiles, bio-sensing, imaging, water treatment, cosmetics (Zhang et al., 2016). Airborne Ag-NPs are considered of medium-high concern due to their ability to penetrate deep into human lungs (European Commission, 2013) as well as to induce changes in the morphology of plants after their exposure (Yan and Chen, 2019).
2 MATERIALS AND METHODS
Two healthy 3-year old European beech seedlings were kept in a greenhouse under natural conditions. The trees were growing in pots filled with mixed soil substrate (“Containererde,” Ökohum GmbH, Switzerland) from February to July 2020, until fully expanded leaves were formed. The trees were regularly watered, and no fertilizer was added.
Biopure™ 40 nm spherical citrate coated Ag-NPs (1 mg mL−1) were obtained from NanoComposix (San Diego CA, United States.). Ag-NP suspensions (200 mg L−1) were prepared in MilliQ water and dispersed by ultrasonication for 3 min in order to improve the homogeneity and stability of the suspension. We selected the most inert form of Ag-NPs, i.e., citrate coated, following manufacturer’s instructions for the exposure to minimize chemical reactions on leaf surfaces and toxicity to plants.
Droplets of Ag-NP suspensions were then pipetted on the leaves of beech (Figure 1A), while the air humidity was set to 90%–100% to ensure stomatal opening. The soil was covered with Parafilm® to avoid contamination. Twenty droplets (a total volume of approximately 20 µL) were carefully applied on the abaxial (lower) side of each leaf, where the stomata are present (Van Wittenberghe et al., 2012), following the midrib and a lateral vein (Figures 1A, B). Similarly, Ag-NP-free droplets (only ultrapure water without any NPs) were applied on leaves of beech trees as a control. The droplet application method was chosen because the wet deposition increases the residence time, retention amount, and influx of NPs to plants compared with dry deposition, which is mainly driven by gravitational sedimentation and weak electrostatic force near the leaf surface (Ha et al., 2021).
[image: Figure 1]FIGURE 1 | (A) Representation of the application method where droplets of Ag-NPs were applied following the mid rib and a lateral vein of the lower leaf side of beech. (B) A flat area containing a drop of Ag-NPs and a cross section were considered for the SEM analyses. The cross section was done by cutting through a drop of Ag-NPs from the upper to the lower side of the leaf to avoid contamination.
Twenty-four hours after the exposure, one randomly selected leaf was removed, dissected and investigated natively using SEM (Zeiss GeminiSEM 450) equipped with an X-ray energy dispersive spectrometer (X-MAX80, AZTec Advanced, Oxford) for elemental analysis, as follows. A flat area (approx. 1 × 1 mm in size) and a cross section of unwashed leaf were neatly cut around and in the middle of the dried droplet, respectively, using a sharp blade. The cut was carefully made from the adaxial (upper) side, free of Ag-NPs, to the abaxial side of the leaf taking special care to avoid smearing the Ag-NPs along the cross section (Figure 1B). We did not wash the leaf because we wanted to easily identify the area where the Ag-NP droplet was applied and to avoid the risk of spreading the Ag-NPs to uncontaminated leaf areas, e.g., adaxial side, that would have caused more methodological complications. The leaf specimens (flat area and cross section) met the main requirements, that are a) the surface to observe was clearly visible, b) the specimens were firmly fixed to the specimen mount using double sided conductive sticky tabs. Thus, the leaf specimens were processed without any further treatment (e.g., without being dehydrated nor stained with gold) in order to avoid contamination or removal of the Ag-NPs from the leaf surface and internal structures. One leaf sample per tree was analyzed at an acceleration voltage of .8 keV and a beam current of 200 pA. Images were acquired with a SE2 detector. EDX spectra were recorded at an acceleration voltage of 10 keV. All microscopic investigations were performed at the Center for Microscopy and Image Analysis, University of Zurich (Switzerland).
3 RESULTS AND DISCUSSION
Ag-NPs were identified on the lower leaf surface and on a cross section. After 24 h of exposure, SEM images showed the spatial distribution of the Ag-NPs on the leaf surface after the evaporation of the droplet (Figure 2A). High concentration of Ag-NPs in suspension (200 mg L−1) caused the formation of large areas of particle clusters visible on the leaf surface, partially or completely covering the cuticle and the stomata. The used NP concentration in this study was not representative of current or expected concentrations of Ag-NP in nature, but rather to assure higher chances to detect the NPs in the leaf tissues. Nevertheless, future concentrations for silicon dioxide (SiO2), cerium dioxide (CeO2) and Ag engineered NPs were predicted to increase from pg L−1 to ng L−1 until 2050, with relatively low impact on water, air and soil, but unknown for organisms living close to NP point sources (Giese et al., 2018).
[image: Figure 2]FIGURE 2 | (A) Presence of Ag-NPs on the abaxial side of a leaf after droplet deposition. (B) Element analysis of the particles using energy-dispersive X-ray spectroscopy confirmed the presence of Ag-NPs (in aggregates and single particles) observed around the magnified stoma in the yellow box. Scale bars: (A) 4 µm and (B) 1 µm.
X-ray elemental analysis confirmed the presence of Ag-NPs close to the stomatal aperture in aggregates mixed with salts from the dried droplet (see analysis spot of spectrum four in Figure 2B) or single particles (see analysis spot of spectrum five in Figure 2B). Other elements, such as O, C, Ca, Na, Mg, Si, S, K, could have originated from the leaf sample or the chemical composition of the Ag-NP suspension (e.g., high signal from Na, C and O likely originated from the sodium citrate solution containing the Ag-NPs).
Tree leaf morphology and, thus, the leaf surface, is characterized by several macro- and micro features that can affect the NP adhesion (i.e., the ability of the NPs to remain on the plant surface after wet deposition) and uptake (Schwab et al., 2016). NP size and surface properties can interact with specific compounds of the foliage surface (e.g., proteins, glucosides, waxes), as well as with leaf hydrophobicity and surface roughness, mostly preventing the NPs to penetrate internal tissues of the leaf (Avellan et al., 2021). Moreover, the physical dynamics (e.g., sedimentation, evaporation, shrinkage of drop interface) of NPs in a non-movable droplet, i.e., sessile drop, can affect the absorption of the NPs, as well described in Ha et al. (2021). These considerations can explain the reason of high aggregation of Ag-NPs on the surface of the treated beech leaf.
Following deposition and adhesion onto the leaf surface, a fraction of spherical particles were found on the cell wall of the lower epidermis in the magnified area of the orange box in Figure 3B and confirmed to be Ag-NPs by X-ray elemental analysis (see analysis spots spectrum five and six in Figure 3A). Thus, Ag penetrated the leaf tissues in its original nanoparticulate form and not as dissolved ions. Possible biotransformation of Ag-NPs into ionic Ag within the leaf, after their penetration, could still be possible, as previously documented in lettuce by Larue et al. (2014) and as observed for other NPs such as copper (Cu)O NPs (Xiong et al., 2017) and SiO2 NPs (El-Shetehy et al., 2021). Given the size of our Ag-NPs, i.e., 40 nm, penetration through the cuticle can be excluded as the size exclusion limit to enter the cuticular pathway is estimated to be smaller than 5 nm (Eichert et al., 2008). We can also convincingly exclude that contamination has occurred during handling the sample and cutting the cross section, because of the accuracy of the sectioning method described above. Thus, the stomatal pathway seems to be the main route for the Ag-NPs internalization, probably caused by diffusion of solutes or suspended particles in water adsorbed to the walls of the stomatal opening (Eichert et al., 2008), which was likely favored by high humidity conditions during the experiment. As reported by Eichert et al. (2008), the stomatal uptake can start immediately and persist as long as the droplets are not completely dried out. We thus believe that some Ag-NPs penetrated the stomata the moment the droplets were applied until they dried out (approx. 20–25 min after the drop application), while the majority of Ag-NPs that were not directly on the stomata or were not moved by internal drop flows adhered to the leaf surface. Since ours was an acute application of a highly concentrated Ag-NP solution, repeated incubations or steps that would maintain the solubility of the droplets for longer time could produce a higher entry of nanoparticles. Ha et al. (2021) have already been showing a dynamic behavior of Au-NPs in a sessile drop, moving toward the contact lines of the drop on the leaf surface by evaporation-driven internal flow. Thus, in our case, stomata positioned near the contact lines were more likely infiltrated by Ag-NPs in suspension too. However, stomatal uptake of NPs is limited by the stomatal aperture size (generally higher in coniferous than in broadleaved species), stomatal number density (in beech approx. 420 mm−2; Van Wittenberghe et al., 2012) and stomatal opening cycle. Differences in coating materials can also affect the uptake and transport of Ag-NPs. Su et al. (2020) mentioned that gum Arabic coated Ag-NPs, compared to citrate coated, were highly effective in inhibiting the aggregation of NPs in synthetic sap and enhancing the mobility of NPs in trees. On the contrary, it was shown that Au-NP transport from leaves to roots was not affected by different surface coatings (Avellan et al., 2019; Ballikaya et al., 2022a), but adhesion on the leaf surface was increased for citrate Au-NPs compared to polyvinylpyrrolidone (PVP) Au-NPs, with some uptake potentially preferentially occurring through the stomata (Avellan et al., 2019). However, after entering the plant leaf, PVP Au-NPs remained trapped in the leaf mesophyll, but the citrate Au-NPs were not, likely due to differences in coating affinity with cell structures and macromolecules. In our study, we were not able to test and compare the influence of different coatings on the NP uptake and transport, but we do not exclude possible effects of the citrate coating as described in previous studies, i.e., less uptake, more aggregation, higher transport than seen with other surface coatings.
[image: Figure 3]FIGURE 3 | (A) Element analysis of the particles using X-ray energy-dispersive spectrometer confirmed the presence of the Ag-NPs on internal structures of the leaf; the stripes in the image are charging artefacts of this location. (B) Magnified cross section of leaf showing different anatomical structures: l: lower epidermis; m: spongy mesophyll; v: vein (xylem and phloem); p: palisade mesophyll; u: upper epidermis. (C) Yellow arrows indicate aggregates of Ag-NPs (details in magnified white box) adhering on the cell wall of the spongy mesophyll cells under the lower epidermis (magnified area in yellow box). (D) Red arrows indicate single and aggregates of Ag-NPs (details in magnified white box) adhering on the cell wall of the palisade parenchyma under the upper epidermis (magnified area in red box). Scale bars: (A, B) 10 μm; (C) 500 nm; detail in (C) 200 nm; (D) 500 nm; detail in (D) 200 nm.
Observing the leaf cross section (Figure 3B), aggregates of Ag-NPs were found adhering onto cell walls of the spongy mesophyll close to the lower side of the leaf surface where stomata were located just below the drop deposition (Figure 3C). Similar findings were reported by Räsänen et al. (2017). The authors observed presence of TiO2 particles aggregated in the intercellular space or on the cell walls of spongy mesophyll cells in leaves of B. pendula but not in Betula pubescens, likely due to species-related characteristics. We also found Ag-NPs, as single particles or as aggregates, on the palisade mesophyll cells closer to the upper epidermis (Figure 3D). As previously speculated by Su et al. (2020), an apoplastic movement of the NPs could have occurred via the mesophyll cells along the leaf cross section due to diffusion of assimilated sugars from photosynthesis in mesophyll cells, and then eventually transported into the phloem, or due to coating affinity with cell structures which could have moved the NPs at a high rate at the early time of exposure, as demonstrated in Avellan et al. (2019). The transport mechanisms at cellular level are still not well understood and many pathways of NP translocation are possible, such as through passive diffusion (polar paths) or facilitated transport via receptor binding and endocytosis (Schwab et al., 2016). Penetration of various fluorescent NPs (<6 nm in size) into the cell wall and movement into the phloem was observed in citrus leaves, although only after assisted penetration through superficial perforations in the cuticle created by laser light beam (Etxeberria et al., 2016).
Because future concentrations of Ag-NPs are predicted to increase in all environmental compartments, with special concerns for water and atmosphere (Giese et al., 2018) that would directly affect human health as well as vegetation, more research should be done on the interaction of Ag-NPs with trees, which can act as bio-accumulators of NPs and improve air quality (Ballikaya et al., 2022b). Particular attention should be given to the foliar uptake because leaves are the direct organs that interact with atmospheric emissions of NPs. Future research should invest in exploring the phytotoxicity of Ag-NPs in plants too, because effects of Ag-NPs in high concentrations were observed to cause oxidative stress and reduction of biomass in annual plants (e.g., Cvjetko et al., 2017; Yan and Chen, 2019), as well as in trees (Sweet and Singleton, 2015).
4 CONCLUSION
Our findings are a good indication that Ag-NPs can enter into the leaves of European beech. This is the first preliminary study that identified, imaged by SEM, the presence of metal NPs inside of a beech leaf, 24 h after the NP exposure Moreover, our results showed that the detected Ag was in its original nanoparticulate form, which excludes dissolution into Ag ions at the moment of foliar uptake. Thus, our preliminary results provide valuable insights on the ability of trees to take up solid nanosized particles through their leaves and potentially transport them to other parts of the tree.
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