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Introduction: Tire and road wear particles are one of the most abundant types of microplastic entering the environment. The toxicity of tire and road wear particles has been linked to their organic additives and associated transformation products. Tire and road wear particles, and associated tire-derived compounds are introduced to the agricultural environment via atmospheric deposition, irrigation with reclaimed wastewater, and the use of biosolids (treated sewage sludge) as fertilizer. In the agricultural environment, these tire-derived compounds could be taken up by edible plants, leading to human exposure.Methods: Sixteen tire-derived compounds were measured in twenty-eight commercial leafy vegetable samples from four countries. Based on the results, the estimated daily intake of these tire-derived compounds was calculated due to leafy vegetable consumption based on local diets under a mean and maximum concentration scenario.Results: In commercial leafy vegetables, six tire-derived compounds were detected: benzothiazole (maximum concentration—238 ng/g dry weight), 2-hydroxybenzothiazole (maximum concentration—665 ng/g dry weight), 1,3-diphenylguanidine (maximum concentration—2.1 ng/g dry weight), N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine (6PPD, maximum concentration—0.4 ng/g dry weight), N-Isopropyl-N-phenyl-4-phenylenediamine (IPPD, maximum concentration—0.1 ng/g dry weight), and N-phenyl-N-cyclohexyl-p-phenylenediamine (CPPD, maximum concentration—0.3 ng/g dry weight). At least one compound was present in 71% of samples analyzed. The estimated daily intake for 1,3-diphenylguanidine ranged from 0.05 ng/person/day in the mean scenario to 4.0 ng/person/day in the maximum scenario; benzothiazole ranged from 12 to 1,296 ng/person/day; 6PPD ranged from 0.06 to 2.6 ng/person/day; IPPD ranged from 0.04 to 1.1 ng/person/day; CPPD ranged from 0.05 to 2.6 ng/person/day.Discussion: Statistical analyses did not reveal correlation between known growth conditions and tire-derived compound concentrations in the leafy vegetable samples. The estimated daily intake via leafy vegetable consumption was generally lower than or comparable to the estimated daily intake via other known sources. However, we show that tire-derived compounds are taken up by foodstuff, and exposure might be higher for other produce. Future studies are needed to uncover pathways of tire-derived compounds from road to food, assess the exposure to transformation products, and investigate the biological effects associated with this exposure.[image: Graphical Abstract]GRAPHICAL ABSTRACT | 
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1 INTRODUCTION
Abrasion of tires at the road surface generates tire and road wear particles, which represent a major flux of microplastics into the environment. Estimates of tire and road wear particle emissions range widely, from 0.9 to 2.5 kg/capita/year, which corresponds to between 24% and 94% of total microplastic emissions (Mennekes and Nowack, 2022), emphasizing that tire and road wear particle pollution is highly relevant, but still poorly understood. The amount of tire and road wear particles is expected to increase in future years due to the continuous increase in the number of cars on the road. Upon generation at the road surface, 0.1%–10% of tire and road wear particles become airborne (Grigoratos and Martini, 2014), and can potentially be transported over long distances (Kole et al., 2017). The largest fraction of tire and road wear particles (90%–99.9%) accumulates at the road surface and is flushed during road-wash events into roadside soils, receiving water bodies, or sewer systems. Many cities have combined sewer and runoff systems, in which road-wash is collected along with sewage in wastewater treatment systems. Thus, it is expected that biosolids (treated sewage sludge) are contaminated with tire and road wear particles. Biosolids are used in many countries for fertilization, and an estimated 1,400–2,800 tons per year of tire wear particles are deposited on agricultural fields in Germany via this route (Baensch-Baltruschat et al., 2021). Treated wastewater effluent is also used in many countries for irrigation, with the unintended risk of introducing pollutants to agricultural fields (Winpenny et al., 2010; Miller et al., 2016; Gianico et al., 2021).
Tire and road wear particles are formed of material derived both from tires and from the road surface. One of the main concerns associated with tire and road wear particles is the high chemical additive content associated with tire material. Tire and road wear particles have been estimated to contain 5%–10% organic and inorganic additives by weight, added to tires among other functions, as processing aids, antioxidants, and plasticizers (Wagner et al., 2018). These additives and their transformation products, i.e., tire-derived compounds, are not chemically bound within the rubber matrix, and many leach into the environment. Some of the main chemical additives are vulcanization accelerators including benzothiazoles, and several guanidine derivatives such as 1,3-diphenylguanidine (DPG), which comprise 0.5% of tire mass each (Unice et al., 2015), corrosion inhibiting benzotriazoles, the crosslinking agent hexa (methoxymethyl) melamine (HMMM), and p-phenylenediamine compounds (PPDs), which are used as antiozonants, and represent 0.8% of tire mass (Unice et al., 2015). These tire-derived compounds are ubiquitously detected in the environment. Benzothiazole is detected in surface water up to 2,500 μg/L, wastewater up to 49.3 μg/L, sludge up to 50.2 μg/kg, and air up to 32 μg/m3 (Liao et al., 2018). DPG has recently been detected in wastewater effluent at concentrations up to 150 ng/L and surface waters up to 1.9 μg/L (Zhang et al., 2023). HMMM has been detected in wastewater treatment plants at concentrations up to 60.8 μg/L (Alhelou et al., 2019), as well as rivers at concentrations up to 1.6 μg/L (Johannessen et al., 2021a). PPDs and PPD-quinones have been detected in air, water, and soils at sum concentrations of 11.0 pg/m3, 2.3 μg/L, and 776 ng/g, respectively (Cao et al., 2022). Both benzothiazoles and DPG have been associated with toxic effects of tire and road wear particles to fish, albeit above environmentally relevant concentrations (Chibwe et al., 2022). Quinone derivatives of PPDs (PPD-quinones) have been shown to be highly toxic to some aquatic species at environmental concentrations, with the most notable example being 6PPD-quinone (Zoroufchi Benis et al., 2023).
There are multiple pathways by which tire-derived compounds can reach the agricultural environment, but exact pathways and mass fluxes are unknown. The airborne fraction of tire and road wear particles can deposit onto agricultural soils (Brahney et al., 2021), especially where agriculture and major roadways are in close proximity. Reclaimed wastewater containing tire-derived compounds may be applied to agricultural fields for irrigation, mainly in areas of water scarcity. For example, reclaimed wastewater comprises more than 50% of Israel’s agricultural water supply (Miarov et al., 2020). Irrigation with reclaimed wastewater is prohibited in Switzerland (Departement für Umwelt Verkehr Energie und Kommunikation UVEK, 2021), but practiced in several other countries in Europe, particularly in the Mediterranean region. According to a 2008 report, Spain uses 821,920 m3/day and Italy uses 123,288 m3/day (Jimenez and Asano, 2008) of reclaimed wastewater. The use of reclaimed wastewater for irrigation is expected to increase globally over the next years, especially in Europe due to new EU regulation (European Parliament and The Council of the European Union, 2020). Based on the high density of tire and road wear particles (1.5–2.2 g/cm3) relative to water, and reported retention of other types of microplastic particles in wastewater treatment plants, it is assumed that tire and road wear particles are retained in sludge during wastewater treatment (Baensch-Baltruschat et al., 2021). After further treatment, sludge may be used as an alternative fertilizer. Although the presence of contaminants in sludge has led to a ban of its use in agriculture in Switzerland (Admin, 2024), each year 755 kilotons dry mass of sludge is applied to land as biosolids in Spain, and 316 kilotons dry mass in Italy (Collivignarelli et al., 2019). This practice is expected to increase globally due to both the energy demands associated with bioavailable nitrogen production, and global phosphorous scarcity.
Plant uptake of contaminants of emerging concern is well documented in the literature (Wu et al., 2014; Miller et al., 2016; Mordechay et al., 2022). Hydroponic studies have demonstrated plant uptake and translocation from roots to leaves of the tire-derived compounds HMMM (maximum concentration 18.0 μg/g), 6PPD (maximum concentration 0.75 μg/g), 6PPD-quinone (maximum concentration 2.19 μg/g), DPG (maximum concentration 2.29 μg/g), benzothiazole (maximum concentration 1.24 μg/g) (Castan et al., 2023), as well as 2-mercaptobenzothiazole (maximum concentration 1.12 μg/g) (LeFevre et al., 2016). However these experiments were conducted under controlled conditions and at higher concentrations than are expected to occur in the environment. Uptake by plants grown in soils is more complex, involving chemical, physical and biological processes affecting the availability of a compound to the plant. Strong sorption to soil has been demonstrated for several tire-derived compounds, with HMMM displaying a Freundlich sorption coefficient (log Kf) up to 1.19 and DPG up to 2.88 (Tang and Kolodziej, 2022), suggesting that plant uptake of tire-derived compounds may be lower in the soil environment as compared to hydroponic studies. The potential for enhanced solubilization due to the presence of plant root exudates, as well as biotic and abiotic transformations of tire-derived compounds in soil further complicate the extrapolation of results obtained in hydroponic studies to the agricultural environment. In addition to root uptake and translocation, tire and road wear particles may come into direct contact with plant leaves, due to atmospheric deposition, or resuspension from the soil. It has been shown that positively charged microplastics can be taken up through the stomata of lettuce leaves (Wang Y. et al., 2022), so it is plausible that tire and road wear particles themselves are taken up into lettuce leaves. Even if foliar uptake of tire and road wear particles does not occur, the particles may release tire-derived compounds on the leave surfaces, and foliar uptake of these compounds would be possible. Finally, soil particles contaminated with tire-derived compounds may be suspended during irrigation, rainfall, or wind events and attach to leafy vegetables (Pinder and McLeod, 1988). This process could introduce tire-derived compounds which are associated with soil particles to leafy vegetables. Tire-derived compounds with a high affinity to soil would be otherwise unavailable for root uptake.
The increasing body of research demonstrating biological effects of tire-derived compounds (Tian et al., 2021; Chibwe et al., 2022; Zoroufchi Benis et al., 2023), as well as their recent detection in human urine (Asimakopoulos et al., 2013; Li and Kannan 2023) warrant a thorough human exposure assessment. Human exposure to tire-derived compounds via inhalation, dust ingestion, and drinking water have been demonstrated (Wang et al., 2013; Wang et al., 2022b; Cao et al., 2022; Li and Kannan, 2023), however, the concentration of tire-derived compounds in commercial produce and the exposure via dietary intake is unknown. Leaves have been demonstrated to accumulate more organic contaminants than other plant organs (Wu et al., 2014; Ben et al., 2021; Ben Mordechay et al., 2022a), so we hypothesized that leafy vegetables may be contaminated with tire-derived compounds and contribute to the overall human exposure. Due to differences in reclaimed wastewater and biosolids use in different regions of the world, we hypothesized that tire-derived compound contamination of leafy vegetables would depend on national agriculture policy. Therefore, in this study we screened sixteen tire-derived compounds in twenty-eight leafy vegetable samples grown in four countries (Israel, Switzerland, Italy, Spain) in order to estimate human exposure via dietary intake.
2 MATERIALS AND METHODS
2.1 Sample collection and processing
Two sets of leafy vegetable samples, collected from Switzerland and Israel, were analyzed in this study. Samples collected in Switzerland were collected in replicates of three, and analyzed separately. Samples from Israel were collected in replicates of 10–15, and were combined and analyzed as composite samples. In total, fifteen leafy vegetables (grown in Switzerland, Italy, or Spain) were purchased in grocery stores in Switzerland as part of an investigation by the Swiss consumer magazine K-TIPP between February and April 2023. Information regarding use of reclaimed wastewater or biosolids was unavailable for these samples. The leaves were transported frozen to our laboratory, where they were lyophilized. The dry leaves were then homogenized using a blender to obtain representative samples of the entire biomass. A total of thirteen leafy vegetable samples were collected in Israel during 2017, each representing a different commercial field. All samples from Israel were irrigated with reclaimed wastewater. Details regarding the sampling procedure and locations are provided in Ben et al. (2021). The samples were lyophilized and stored frozen (−20°C). The dry samples were shipped frozen to Austria (April 2023) for analysis. Details about individual samples, including the wastewater treatment plant where the reclaimed wastewater was produced are provided in Supplementary Table S1.
Samples from both sample sets were extracted between March and May 2023. Since tire-derived compounds were present at trace levels in leafy vegetable samples, it was necessary to extract a large amount of biomass and then pre-concentrate samples before measurement. To this end, three sub-samples of 1.5 g were extracted from each sample (total biomass extracted: 4.5 g per sample), and then combined and concentrated. Sub-samples were added to 50-mL polypropylene centrifuge tubes (Nunc). Isotopically labelled surrogate standards (0.67 µg of benzothiazole-d4 and 6PPD-quinone-d5) were added to each of the sub-samples. To each tube, 4 g stainless steel beads and 30 mL acetonitrile (LCMS grade, Analytics Shop) were added. Samples were homogenized via bead beating for 3 min (3,000 strokes per min) and centrifuged (17,000 g, 20 min, and 20°C). Twenty mL of supernatant was extracted to a separate glass vial. Then, 4 mL of acetonitrile was re-added to the tube containing the biomass, and extraction was repeated twice following the same procedure, for a total extracted volume of 28 mL per sub-sample. All sub-samples (28 mL) were combined, then filtered (0.2 µm nylon filters) using vacuum filtration. Filtered extract was then pre-concentrated to 5 mL using rotary evaporation (226 mBar, 60°C). Due to precipitation, concentrated samples were re-filtered through 0.2 µm nylon filters before analysis.
2.2 Analysis
Samples were analyzed using ultra performance liquid chromatography coupled with triple quadrupole mass spectrometry (Agilent 6,470), operated in multiple reaction monitoring (MRM) mode. The following compounds were analyzed: benzothiazole (BTZ), 2-hydroxybenzothiazole (2OH-BTZ), 2-aminobenzothiazole (2NH2-BTZ), 2-mercaptobenzothiazole (2SH-BTZ), 5-methyl-1H-benzotriazole (5M-1H-BTR), aniline, 1,3-diphenylguanidine (DPG), hexa (methoxymethyl)melamine (HMMM), N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine (6PPD), N-isopropyl-N-phenyl-4-phenylenediamine (IPPD), N-phenyl-N’-cyclohexyl-p-phenylenediamine (CPPD), N,N’-diphenyl-p-phenylenediamine (DPPD), N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine-quinone (6PPDq), N-isopropyl-N-phenyl-4-phenylenediamine-quinone (IPPDq), N-phenyl-N’-cyclohexyl-p-phenylenediamine-quinone (CPPDq), N,N’-diphenyl-p-phenylenediamine-quinone (DPPDq). Molecular structures and physicochemical parameters of all tire-derived compounds are provided in Supplementary Table S2. Chromatographic and MRM parameters are provided in Supplementary Table S3. Raw data were processed using Agilent Quantitative Analysis software, and detailed peak picking settings are provided in Supplementary Section S1.
Samples were additionally analysed using Orbitrap high resolution mass spectrometry (Thermo Scientific Q Exactive). Measurement details are provided in Supplementary Section S2. A suspect screening was applied to search for previously reported tire-derived compounds and transformation products for which we do not have standards (Lefevre et al., 2015a; LeFevre et al., 2015b; Alhelou et al., 2019; Johannessen et al., 2021b; Chibwe et al., 2022; Hu et al., 2022; Seiwert et al., 2022; Wiener and LeFevre, 2022; Fohet et al., 2023; Zhao et al., 2023). Features with an exact mass match to a suspect of Δppm <5 ppm were considered potential transformation products, and the MS2 spectra were manually checked for fragments matching those reported in the literature, those of the respective parent compound, or a good FISH (in-silico fragmentation) annotation, in the case where a structure is known or has been proposed. In addition to the suspect screening, we attempted to apply two non-target data analysis methods to search for transformation products. The first approach used the Expected Compounds feature of Compound Discoverer software, which applies known Phase I and Phase II transformations in-silico to a list of compounds. In this case, we applied common Phase I and Phase II transformations which have been previously reported to occur in plants (Lefevre et al., 2015a; LeFevre et al., 2015b; Wiener and LeFevre, 2022; Sunyer-Caldú et al., 2023) to our sixteen target tire-derived compounds, and then screened acquired data for exact mass matches to these expected compounds. The second approach was to use the Molecular Networking feature of Compound Discoverer, which links compounds based on shared molecular fragments from MS2 spectra. Further details of suspect and non-target analyses are provided in Supplementary Section S3.
2.3 Quality assurance and quality control
Surrogate standards benzothiazole-d4 or 6PPD-quinone-d5 were assigned to each analyte based on similarities in chemical structure or similarities in behavior throughout the extraction procedure. Surrogate standard assignments are provided in Supplementary Table S3. Final measured concentrations were corrected to the recovered amount of surrogate standards. Matrix-matched calibrations were prepared by extracting reference material (i.e., a mixture of those leafy vegetable samples which had been determined to contain no tire-derived compounds in an initial screening run) and spiking it to twelve nominal concentrations from 0.11 to 556 ng/g. Analytical blanks (acetonitrile) were measured after every six samples. Limit of quantification was determined as the lowest concentration within the linear range of the calibration, or the mean plus three times the standard deviation of all analytical blanks. Six method blanks (no plant material) were extracted along with samples. Three compounds (DPG, 2-hydroxybenzothiazole, and benzothiazole) were detected sporadically in method blanks—for these compounds, the mean concentration measured in method blanks was subtracted from the concentrations measured in samples. Recovery tests were performed by spiking dry reference material at nominal concentrations of 1, 10, and 100 ng/g, and extracting as described above. For all tire-derived compounds, limit of quantification (ng/g) and recovery (%) are presented in Supplementary Table S4.
All samples were measured in duplicate, and measurement order was randomized to eliminate bias from instrument carryover. Concentrations in measurement duplicates were averaged. In the case that one duplicate was below the limit of quantification, its value was set to 0. It is important to note that this is a conservative approach to data treatment, and actual concentrations may be slightly higher than what we report. Samples for which one duplicate was below the limit of quantification, or for which variance between measurement duplicates exceeded 30% were annotated (Figure 1).
[image: Figure 1]FIGURE 1 | Concentrations of tire-derived compounds (tire-derived compounds) in twenty-eight leafy vegetable samples. Samples are grouped by hierarchical clustering analysis, shown with the dendrogram left of the table. All units are ng/g dry weight. Superscript a indicates that one measurement duplicate was below limit of quantification. Superscript b indicates that variance between measurement duplicates was >30%. Gray color indicates trace detections of tire-derived compounds (detections in a concentration range associated with >40% error, "Supplementary Table S4).
2.4 Calculations and statistical analyses
All data were analyzed in R (Version 4.3.1). Divisive hierarchical clustering analysis (HCA) was applied to all samples. Compound concentrations were first centred and scaled, with concentrations below limit of quantification set to half of the limit of quantification. Dissimilarities between samples were calculated using the Manhattan algorithm (sum of absolute differences) from the cluster R package, and dendrograms were visualized using the factoextra R package. To evaluate individual relationships between specific variables and tire-derived compound contamination, samples were grouped by country of growth, leafy vegetable type, wastewater treatment plant of irrigation water origin, compost application, and growth season. For the last three variables, information was only available for samples from Israel, thus other samples were excluded from these two analyses. Analysis of Variance (ANOVA) was then performed to check for statistically significant variation in either cumulative tire-derived compound concentration or number of tire-derived compounds detected between the different groups. Exposure was estimated for the adult Israeli population based concentrations in samples from Israel, and consumption data from the 2nd Israeli National Health and Nutrition Survey (Ben Mordechay et al., 2022b). Exposure to tire-derived compounds in leafy vegetables was compared with exposure to pharmaceuticals from the same leafy vegetable samples, which was assessed in Ben Mordechay et al., 2022 (Ben Mordechay et al., 2022b). Exposure was estimated for the adult Swiss population based on concentrations in samples purchased in Switzerland. Swiss leafy vegetable consumption data was not readily available, but the EFSA Comprehensive European Food Consumption Database (European Food Safety Authority, 2022) provided consumption data for neighbouring countries Austria, France, and Italy, so Swiss consumption was based on a weighted average of those values. Exposure was calculated with the following equation: [image: image], where EDI represents the estimated daily intake (ng/person/day) C represents the concentration of a given compound in leafy vegetable samples (ng/g wet weight), D represents the mean daily dose of leafy vegetables in each adult population (g consumed/person/day). The mean scenario was calculated using the mean concentration (with non-detects set to 0) and mean leafy vegetable consumption, while the maximum scenario was calculated using the maximum concentration and 95th percentile leafy vegetable consumption.
3 RESULTS
Out of the sixteen compounds analyzed, six were detected in at least one leafy vegetable sample: benzothiazole (maximum concentration—238 ng/g), 2-hydroxybenzothiazole (maximum concentration—665 ng/g), DPG (maximum concentration—2.1 ng/g), 6PPD (maximum concentration—0.4 ng/g), IPPD (maximum concentration—0.1 ng/g), CPPD (maximum concentration—0.3 ng/g). The number of tire-derived compounds per sample ranged between 0 (n = 8 samples) and four (n = 2 samples). At least one tire-derived compound was detected above limit of quantification (LOQ) in 71% of the samples. All measured concentrations are presented in Figure 1.
Out of the sixteen tire-derived compounds analyzed, benzothiazole was the most frequently detected (detection frequency of 42.9%). 2-aminobenzothiazole, 2-mercaptobenzothiazole, and 2-hydroxybenzothiazole were not detected (with the exception of 2-hydroxybenzothiazole in CH-04). The only benzotriazole derivative analyzed, 5-methyl-1H-benzotriazole, was not detected. DPG was detected in 21.4% of samples. The detection frequencies of 6PPD, IPPD, and CPPD were 25%, 10.7%, and 3.6%, respectively. DPPD was not detected, nor were the respective quinone derivatives. HMMM and aniline were also not detected.
Divisive hierarchical clustering analysis was performed to identify groups of samples with similar patterns in tire-derived compound concentrations. Most samples clustered together, with the exception of two samples: one lettuce grown in Switzerland (CH-04) contained the highest measured concentrations of DPG (2.1 ng/g dry weight) and 6PPD (0.4 ng/g dry weight), and lettuce grown in Israel (IL-01) contained the highest measured benzothiazole concentration in any sample (238 ng/g dry weight), and the only detection of 2-hydroxybenzothiazole (665 ng/g dry weight), which was also the highest measured concentration of any compound. Plastic factories were located next to lettuce growth sites or distribution centers for both samples, but our data did not allow us to prove that they were a source of emissions. In addition, sample CH-04 was next to a major highway, potentially explaining the high concentrations (further discussion on these two samples is provided in Supplementary Section S4). For these reasons, the two samples were classified as outliers and excluded from further analyses. Analysis of Variance (ANOVA) did not reveal any statistically significant (p < 0.05) relationships between tire-derived compound contamination in leafy vegetables and growth country, crop type, recycled wastewater source, compost application, or growth season (Supplementary Table S5).
With a suspect screening, we tentatively identified two tire-derived compound transformation products which have been previously reported. HMMM TP546 was identified in hydroponically grown lettuce plants exposed to HMMM (Castan et al., 2023), and was proposed to be an amino acid conjugate. Here, HMMM TP546 was detected with a maximum signal in samples CH-05 and ES-02. 6PPD TP194 is a known transformation product of 6PPD which has previously been reported in snow and wastewater treatment plant influent (Seiwert et al., 2022), and was detected with a maximum signal in sample IL-12. According to Schymanski et al. (2014), both compounds were assigned a confidence level of 3, “tentative candidate,” since their exact mass and several MS2 fragments correspond to proposed compounds, but MS2 spectral matching was not thorough enough to merit higher confidence (details Supplementary Section S5). We were unable to identify any further transformation products with non-target analyses, so exposure was assessed based on only the sixteen target tire-derived compounds.
Estimated daily intake (EDI) via leafy vegetable consumption of the detected tire-derived compounds for the Israeli and Swiss adult populations are presented in Table 1. No EDI values are presented for 2-hydroxybenzothiazole, since it was only detected in an outlier sample. Based on mean concentrations measured, and mean leafy vegetable consumption, EDIleafy vegetable ranged from 0.04 ng/person/day of IPPD to 52 ng/person/day of benzothiazole. Under the maximum concentration scenario, EDIleafy vegetable was between one and two orders of magnitude higher for all compounds, and ranged from 1.1 ng/person/day of IPPD to 1,296 ng/person/day of benzothiazole.
TABLE 1 | Leafy vegetable consumption (g/person/day) and estimated daily intake (ng/person/day) via consumption of leafy vegetables of five tire-derived compounds for adult national populations. Both the mean scenario and maximum scenario are shown, (mean/maximum). Note that 2-hydroxybenzothiazole is excluded from estimated daily intake calculations, since it was only detected in one outlier sample.
[image: Table 1]4 DISCUSSION
The uptake of pharmaceuticals from reclaimed wastewater into edible crops has been well established with both mechanistic (Shenker et al., 2011; Goldstein et al., 2014; Chuang et al., 2019; Kodešová et al., 2019; Li et al., 2019; Li et al., 2022; Zellner et al., 2023) and monitoring studies (Wu et al., 2014; Ben et al., 2021). Several laboratory studies have demonstrated that other classes of compounds, including industrial compounds (Sun et al., 2018; Yu et al., 2021; Gu et al., 2023), plasticizers (Du et al., 2009; Li et al., 2014), and even tire-derived compounds (LeFevre et al., 2016; LeFevre et al., 2017; Castan et al., 2023) can be taken up by plants. However, the occurrence of tire-derived compounds in consumer produce has not previously been established. Here, we report concentrations of sixteen tire-derived compounds in commercial leafy vegetable samples grown in four countries (Switzerland, Italy, Spain, and Israel). The samples collected in Israel have been previously analyzed for 65 pharmaceuticals (Ben et al., 2021), enabling a direct comparison of detection frequency and concentration between tire-derived compounds and pharmaceuticals (Supplementary Table S6). Generally, the samples with the highest pharmaceutical concentrations detected also had the highest tire-derived compound concentrations. Concentrations of individual compounds in the Israeli sample set ranged greatly, both for tire-derived compounds (not detected to 665 ng/g) and pharmaceuticals (not detected to 1,470 ng/g).
Detection frequencies also varied greatly among both tire-derived compounds in the sample set from Israel (0%–38.5%) and pharmaceuticals (0%–100%). This variability is unsurprising since the detection frequencies of both tire-derived compounds and pharmaceuticals in wastewater and surface water bodies also varies highly from compound to compound, due to differences in emissions and environmental stability (Petrie et al., 2013; Seiwert et al., 2020; Johannessen et al., 2021b; Rauert et al., 2022a; Rauert et al., 2022b; Wilkinson et al., 2022). In the agricultural environment, soil sorption, microbial transformation, extent of plant uptake and translocation, and plant metabolism vary greatly for compounds with different chemical structures (Xu et al., 2009; Kodešová et al., 2015; Miller et al., 2016; Kodešová et al., 2019; Li et al., 2019; Li et al., 2022; Ben Mordechay et al., 2023; Muerdter et al., 2023). Benzothiazole was the tire-derived compound with the highest detection frequency of 50% in the samples from Israel, and 42.9% in all samples (Figure 2). Six pharmaceuticals exhibited even greater detection frequencies in leafy vegetables: carbamazepine (100%) and two of its metabolites, epoxide carbamazepine (100%), dihydroxy carbamazepine (85%), lamotrigine (92%), nicotine (85%), and venlafaxine (62%). These compounds were also detected at high frequency in rivers due to their consistent use and emission (Wilkinson et al., 2022). While pharmaceuticals are generally used consistently throughout the year, tire-derived compounds enter wastewater mainly during runoff events, and thus exhibit lower detection frequencies in the environment (Seiwert et al., 2020; Rauert et al., 2022b). Despite inconsistent detections for individual tire-derived compounds, 69% of the samples from Israel contained at least one tire-derived compound, compared with 100% of the same samples which contained at least one pharmaceutical (Ben et al., 2021).
[image: Figure 2]FIGURE 2 | Mean concentrations of pharmaceuticals (gray) and tire-derived compounds (red) measured in leafy vegetable samples from Israel. Standard errors are shown with error bars. Detection frequencies are shown along with the compound names.
Detection frequencies of individual tire-derived compounds could be interpreted based on their physicochemical properties (Supplementary Table S2) and known environmental behavior. It is known that benzothiazole (Castan et al., 2023), as well as 2-mercaptobenzothiazole (LeFevre et al., 2016) can be readily taken up by plants. Unsubstituted benzothiazole was frequently detected (42.9% of samples), while 2-mercaptobenzothiazole, 2-hydroxybenzothaizole, and 2-aminobenzothiazole were not detected. Higher limits of quantification could contribute to the lack of detections for two compounds (75.6 and 55.6 ng/g for 2-mercaptobenzothiazole and 2-hydroxybenzothiazole, respectively), but 2-aminobenzothiazole had a very low limit of quantification (1.1 ng/g). Similarly, 5methyl-1H-benzotriazole was not detected (limit of quantification 2.8 ng/g), although unsubstituted benzotriazole was detected in 23% of the same leafy vegetable samples when they were previously analyzed (Ben et al., 2021). In addition to analytical bias, the differences in detection frequencies could be related to differences in occurrence and concentrations of the compounds in the agricultural environment, differences in physicochemical properties affecting plant uptake, or differences in plant metabolism. Benzothiazoles and benzotriazoles are widely occurring compounds. Benzothiazoles are also used as biocides and food flavorings, and benzothiazole has even been reported to occur naturally in products such as tea leaves (Vitzthum et al., 1975). In fact, benzothiazole has been detected at similar concentrations to those we report in several food products (Flavor and Extract Manufacturers Association, 1997; Liao et al., 2018), so the high detection frequency of benzothiazole compared to the other tire-derived compounds analyzed could simply be a result of its environmental ubiquity.
Soil sorption can reduce the availability of a compound for root uptake. All studied benzothiazoles and 5-methyl-1H-benzotriazole are neutral in the pH range of most soils and are relatively hydrophilic (log KOW of 1.13–2.35, Supplementary Table S2), implying low sorption and high bioavailability to plants for root uptake. 5-methyl-1H-benzotriazole is known to exhibit low soil sorption (Kodešová et al., 2023). The log KOW values of benzothiazoles and benzotriazole are also within the optimal range for root uptake and translocation (Briggs et al., 1982; Chuang et al., 2019). While differential availability for plant uptake may not explain differences in detection frequencies between benzothiazoles and benzotriazoles, it has been reported that the extent of plant uptake and metabolism can be altered by the location and functional group properties of substitutions in benzimidazole and benzotriazoles (Muerdter et al., 2023), which are structurally similar to benzothiazoles. This study showed that Aridopsis plants rapidly and completely depleted unsubstituted benzotriazole from hydroponic medium, while 2-aminobenzotriazole was not depleted, suggesting that substitutions can substantially reduce the uptake of benzotriazoles (Muerdter et al., 2023) and could explain the difference in detection frequency between benzotriazole and 5-methyl-1H-benzotriazole. Furthermore, plant metabolism can occur rapidly, and could contribute to lack of detections. Hydroxy-, primary amino-, and mercapto-groups can be sites of direct conjugation in plants (Schröder and Willey, 2007; Sun et al., 2018), leading to fast transformation kinetics, which could explain the absence of 2-mercaptobenzothiazole, 2-hydroxybenzothiazole and 2-aminobenzothiazole, while benzothiazole was frequently detected. In a comparative metabolomics experiment, after 24 h, a substantial proportion of unsubstituted benzimidazole remained in Arabidopsis plants, while substituted benzimidazoles were further metabolized (Muerdter et al., 2023). This pattern likely holds true for benzothiazoles, which share a very similar base structure with benzimidazoles. Although benzothiazole was rapidly metabolized in lettuce plants in a hydroponic experiment (Castan et al., 2023), it could be more recalcitrant compared to its substituted derivatives in plants grown on the field.
The detection frequencies of the four PPDs analyzed corresponds to usage of the individual compounds. 6PPD (25%), is the most used PPD, followed by IPPD (10.7%), and then the much less used CPPD (3.6%) and DPPD (not detected) (Datta et al., 2007). All four PPDs have detection frequencies >50% in air, soil, and runoff water, with 6PPD dominating the concentration profile in all sample types (Wang et al., 2022b; Cao et al., 2022). Although 6PPD is known to be unstable in aqueous systems (Seiwert et al., 2022), it was detected in 25% of leafy vegetable samples suggesting that it may be more stable in terrestrial environments and/or within plants. On the other hand, it could also suggest the presence of tire and road wear particles on the field, which can act as a long-term source of 6PPD to plants, replenishing losses of 6PPD (Castan et al., 2023). In general, PPDs were present at very low concentrations (<1 ng/g). PPD-quinones were not detected in any samples, likely due to slightly higher limits of quantification (1.1–2.8 ng/g) than their respective PPDs (0.05–0.6 ng/g). PPD-quinones have been reported to occur in air, soil, and runoff water at similar or even higher concentrations to their parent PPDs (Wang et al., 2022b; Cao et al., 2022), however their concentrations in the agricultural environment are unknown. PPDs are relatively hydrophobic (log KOW of 3.28–4.93 [Cao et al., 2022; Hu et al., 2023)]. PPD-quinones are also hydrophobic [log KOW of 2.58–4.30 (14,79)], and could exhibit specific binding at the quinone moiety. This results in a high sorption potential for 6PPD-quinone (Hu et al., 2023; Lokesh et al., 2023), the same is presumably true for other PPD-quinones. Hydrophobic compounds are also known to accumulate in plant roots, as has been previously shown for 6PPD and 6PPD-quinone (Castan et al., 2023), so future work should investigate the occurrence of these tire-derived compounds in root vegetables, such as carrots or potatoes. It is also likely that PPDs and PPD-quinones in the soil environment would sorb to soil organic matter, which could limit the availability for root uptake (Li et al., 2019; Li et al., 2022). However, it is also known that for crops which grow close to the ground, such as leafy vegetables, attachment of soil particles to leaves can introduce hydrophobic contaminants to the crop. This could explain the detection of PPDs in the leafy vegetables despite their hydrophobicity.
HMMM was not detected in any samples, although it was shown to have high uptake into lettuce plants in a hydroponic study (Castan et al., 2023), and had a low limit of quantification of 1.1 ng/g. This could imply that HMMM was not present in the agricultural environment to begin with, or that it was not available for plant uptake due to sorption, or transformation in soil, or that it was rapidly transformed in the plant. Irreversible loss of HMMM was demonstrated in multiple soils (Tang and Kolodziej, 2022), although the mechanism is not currently known. Likewise, DPG was taken up by lettuce under hydroponic conditions (Castan et al., 2023), but demonstrated high sorption in multiple soils due to its positive charge (Tang and Kolodziej, 2022), implying a low availability of DPG for root uptake. In this study, DPG was detected in 21.4% of samples. This observation could suggest that attachment of soil particles to leafy vegetables is a relevant uptake pathway for DPG (Pinder and McLeod, 1988). Aniline was not detected, which could be an artifact of a higher limit of quantification (27.8 ng/g), low occurrence of aniline in the agricultural environment, or plant metabolism (Marco and Novak, 1991).
This study was designed to provide a first overview of tire-derived compound levels in leafy vegetables, not to determine the source of the tire-derived compounds. However, we had assumed that tire-derived compounds are introduced to the agricultural environment predominantly through irrigation with reclaimed wastewater or application of biosolids as fertilizer. We hypothesized that leafy vegetables grown in countries where both practices are prohibited (i.e., Switzerland) would have much lower levels of tire-derived compounds than leafy vegetables from Israel, where all samples were irrigated with reclaimed wastewater. Contrary to our hypothesis, we did not observe any statistical relationships between country of origin, and tire-derived compound levels in the leafy vegetables. Differences in reclaimed wastewater quality originating from different wastewater treatment plants had a large influence on concentrations of pharmaceuticals in edible crops (Ben et al., 2021; Ben Mordechay et al., 2022a) and we had hypothesized that the same would be true for tire-derived compounds, but this trend was not observed (Supplementary Table S5). We also did not observe a statistically significant relationship between tire-derived compound levels and the season in which samples from the Israeli sample set were grown, although we had hypothesized that distinct rainy and dry seasons in Israel would lead to different levels of tire-derived compounds entering the agricultural environment. These observations could be due to our small sample size. Additionally, the flux of tire-derived compounds into wastewater treatment plants is associated with road-wash events, which occur irregularly as compared to the relatively constant emissions of pharmaceuticals. Irregular emissions of tire-derived compounds make it hard to compare reclaimed wastewater quality between different wastewater treatment plants, while for pharmaceuticals a clear trend was observed (Ben et al., 2021; Ben Mordechay et al., 2022a). Overall, the lack of relationship between known growth conditions and tire-derived compound levels in leafy vegetables (Supplementary Table S5) could imply that there are multiple pathways by which tire-derived compounds reach the agricultural environment, and future studies are needed to uncover these pathways in order to guide agriculture policy. In particular, atmospheric deposition of tire and road wear particles may be an equally or more relevant pathway compared to application of biosolids or irrigation with reclaimed wastewater. Atmospheric deposition may be particularly relevant for leafy vegetables which were grown close to major roads. It should be further investigated whether foliar uptake is possible for particles which settle directly on leafy vegetables and whether agricultural policy measures, such as a minimum distance between roads and agricultural areas can reduce the entrance of tire-derived compounds to the agricultural environment. We did observe much higher contamination of two samples grown near plastic factories. Although these data are too limited to draw conclusions, future research should investigate whether plastic factories can act as point sources of tire-derived compounds to the agricultural environment.
Other than two tentatively (confidence level 3) identified transformation products, we were unable to identify transformation products in leafy vegetable samples. This is relatively unsurprising—since tire-derived compounds were generally present in leafy vegetable samples at trace levels, it can be expected that their transformation products were also present at very low concentrations. It is a major analytical challenge to prioritize and identify unknown compounds at such low concentrations with non-target mass spectrometry, particularly when the compounds are present in a complex matrix, such as plant extracts. Often, statistical techniques can be employed to overcome this challenge. For example, ratios of signal between exposed plants and controls (non-exposed plants) are typically used to prioritize potential transformation products. In the case of time-series experiments, trends in signal over time can also be used to identify potential transformation products. However, a survey study is ill-suited for such analyses, since there are neither time series data, nor true controls (leafy vegetable samples which definitely do not contain any tire-derived compounds or transformation products). Our expected compounds analysis screened all samples for the exact masses of products resulting from sixteen tire-derived compounds undergoing all possible permutations of nine Phase I and thirty-two Phase II transformations—this search identified 1,195 potential matches. Without a way to statistically prioritize these potential transformation products, the results of this analysis could not be used.
On the other hand, molecular networking is a more specific approach, since it groups known compounds (tire-derived compounds) with unknown compounds (transformation products) based on similarities in MS2 fragmentation spectra, which imply structural similarities. However, in non-target high resolution mass spectrometry using data-dependent acquisition, MS2 spectra are only collected for compounds exhibiting the highest signals at a given retention time. In this case, it is likely that tire-derived compound transformation products did not fulfill this criterium. Thus, using molecular networks analysis, we did not identify any unknown compounds with meaningful (m/z > 60, minimum 2 related fragments) spectral similarities. This is unsurprising, since endogenous plant molecules are likely to be much more abundant than any tire-derived compound transformation products in leafy vegetable extracts, and thus, data acquired in data-dependent MS2 acquisition mode was poorly suited for molecular network analysis.
These results do not mean that transformation products are not present in consumer produce, or not relevant. On the contrary, it is well established that target monitoring of organic contaminants, including tire-derived compounds, often under-estimates exposure, since a large fraction of organic contaminants in plants are present as transformation products (Lefevre et al., 2015a; LeFevre et al., 2017; Cheng et al., 2021; Wiener and LeFevre, 2022; Castan et al., 2023). To fill this data gap, mechanistic plant metabolomic studies are needed to identify in-plant transformation products of tire-derived compounds. These studies should be followed up with suspect screenings of identified products in real consumer produce to thoroughly assess exposure to tire-derived compounds via produce consumption.
The above discussion highlights the many open questions regarding the sources and fate processes of tire-derived compounds in the agricultural environment. Future research is needed to fully understand the processes which control the flux of tire-derived compounds from the road to food. As future research directions, we suggest: 1) quantification of tire-derived compounds in biosolids and reclaimed wastewater, 2) investigation of sorption and transformation of tire-derived compounds in agricultural soils, and 3) identification of in-plant transformation products of tire-derived compounds, and development of methods capable of measuring these transformation products in real samples.
Based on mean as well as maximum tire-derived compound concentrations, and mean and 95th percentile leafy vegetable consumption, we provide estimated daily intakes via leafy vegetable consumption (EDIleafy vegetable) in Table 1. For most compounds, the EDIleafy vegetable in the maximum scenario exceeds the mean scenario by more than an order of magnitude. This is due to both large differences between the maximum and the mean tire-derived compound concentrations in leafy vegetables, as well as between the 95th percentile and mean leafy vegetable consumption in both the Swiss and Israeli populations. The EDIleafy vegetable based on mean concentrations is generally low compared to other exposure pathways, which are also calculated based on mean environmental concentrations. For example, the EDIleafy vegetable of DPG in the mean case (0.05–0.3 ng/person/day) was lower than via dust ingestion (0.7–60.9 ng/person/day) (Li Z-M. and Kannan, 2023), or drinking water (72.1 ng/person/day) (Zhang et al., 2023), although the exposure from drinking water was estimated based on only one water sample. Benzothiazole EDIleafy vegetable values in the mean scenario (12–52 ng/person/day) are slightly higher than those reported for ∑5 benzothiazole derivatives via inhalation of outdoor air near the workplace (1.4–4.2 ng/person/day) and near the home (3.5–9.1 ng/person/day) (Maceira et al., 2018), and comparable to EDI from drinking water [36.2 ng/person/day (Zhang et al., 2023)]. Total EDI for benzothiazoles has been calculated based on measured concentrations in urine to be 4.8–18.2 μg/person/day (Asimakopoulos et al., 2013), which would suggest that leafy vegetable consumption, inhalation, and drinking water all contribute as only minor sources to total benzothiazole exposure. Potential explanations for this large discrepancy could be that major exposure routes to benzothiazole are still unknown. Another explanation could be that target analyses have underestimated benzothiazole uptake, if benzothiazole is mostly taken up in conjugated (or otherwise transformed) form, and subsequently deconjugated in the body (Cheng et al., 2021). The EDIleafy vegetable of 6PPD and other PPD derivatives via leafy vegetable consumption in the mean scenario (0.04–0.2 ng/person/day) were in the same range as EDI via inhalation of ∑5PPDs (0.01–0.04) (Cao et al., 2022) for general residents, but much lower than for roadside workers (IPPD: 4.2 ng/person/day, 6PPD: 13.3 ng/person/day) (Wang et al., 2022a). EDI of PPDs via roadside soil ingestion (∑5PPDs: 35–63 ng/person/day) (Cao et al., 2022) also much exceeded EDIleafy vegetable. However, for people regularly consuming high quantities of highly contaminated leafy vegetables, exposure to tire-derived compounds will be much higher (EDIleafy vegetable maximum scenario).
EDIleafy vegetable for a given single compound and scenario varies up to nearly ten-fold between different the Israeli and Swiss populations (Table 1), due to differences in both leafy vegetable consumption and tire-derived compound concentrations. Between different compounds, EDIleafy vegetable spans several orders of magnitude—the same is true for EDIleafy vegetable for pharmaceuticals in Israel (Ben Mordechay et al., 2022b). For the Israeli adult population, the highest EDIleafy vegetable of a tire-derived compound was that of benzothiazole (mean scenario 52 ng/person/day), which is comparable to the EDIleafy vegetable of nicotine (40 ng/person/day), caffeine (20 ng/person/day), and sulfamethoxazole (20 ng/person/day), but much lower than EDIleafy vegetable for carbamazepine (870 ng/person/day) or lamotrigine (570 ng/person/day) (Ben Mordechay et al., 2022b). Leafy vegetables tend to accumulate organic contaminants more than other crop types (Wu et al., 2014; Ben et al., 2021), so our data can be used as a starting point for estimating tire-derived compound dietary intake, although the total is likely to be higher since leafy vegetables represent only a fraction of total diet.
Currently, there are limited data regarding effects of tire-derived compounds on human health (Baensch-Baltruschat et al., 2020; Zoroufchi Benis et al., 2023). A no observable effect level of 357 mg/day was proposed for benzothiazole based on a rat study (Abbott and Renwick, 2003), which is substantially above EDIleafy vegetable for the mean and maximum concentration scenario. 6PPD has demonstrated moderate toxicity in various rodent species (OECD, 2004), while 6PPD-quinone demonstrates a species-specific toxicity in fish (Zoroufchi Benis et al., 2023). However, human toxicity of tire-derived compounds has not been systematically evaluated, thus, the risk associated with this exposure cannot be assessed. Future work addressing toxicity associated with ingestion of tire-derived compounds should consider mixture toxicity, since we show that multiple compounds co-occur along with pharmaceuticals in leafy vegetable produce. Additionally, uptake and exposure might be higher in other types of produce. Due to a limited number of samples, and a lack of information about their specific growth conditions, we were unable to implicate specific sources of tire-derived compounds. Future work is needed to quantify the fluxes of tire-derived compounds to the agricultural environment, assess the fate of tire-derived compounds in the agricultural environment, and assess the contribution of transformation products to total tire-derived compound exposure. Future research should also address the biological effects of ingestion of tire-derived compounds.
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