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Abstract

Despite the widespread presence of tire-derived chemicals (TDCs) in the environment,
research on their occurrence in road dust and the associated health risks remains limited.
This study quantified 30 TDCs in 24 seasonal road dust samples collected from four
functional areas in Guangzhou. In silico toxicology prediction tools were applied to assess
toxicity, enabling systematic exposure and health risk assessments, as well as the
identification of priority contaminants for control. Total TDC concentrations
ranged from 325 to 9,671 ng/g. 1,2-Diphenylguanidine (DPG) and 4-N-(4-
methylpentan-2-yl)-1-N-phenylbenzene-1,4-diamine  (6PPD) were the dominant
compounds, accounting for 85% and 8.6% of the total concentration, respectively. The
highest total concentration was observed in business districts (mean: 4,388 ng/g) and was
correlated with traffic density. However, the notable concentrations detected in green
spaces with low traffic volumes (mean: 847 ng/g) suggest that abrasion of other rubber
materials during pedestrian activities may represent an additional source. Dry-season
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concentrations were approximately twice those measured during the wet season, indicating that rainfall reduces
TDC accumulation. Toxicity predictions identified neurotoxicity, carcinogenicity, mutagenicity, and endocrine
disruption as the primary toxicological effects. Risk assessment indicated low health risks from inhalation and dermal
contact, though attention is warranted. DPG, 6PPD, and 3H-1,3-benzothiazol-2-one were identified as priority
pollutants requiring further monitoring. This study provides critical data to support future pollution control measures
and regulatory strategies for TDCs in road dust.

INTRODUCTION

Tire-derived chemicals (TDCs) are collectively defined as compounds intentionally incorporated into tire
products and road materials to improve product performance, including wear resistance, anticorrosion, and
antioxidation, along with their environmentally formed transformation products"’. Since the journal Science
reported in 2021 that 2,5-dianilinocyclohexa-2,5-diene-1,4-dione (6PPD-Q) - a representative TDC - induces
acute death in silver salmon in the Pacific Northwest at concentrations as low as the ng/L level, TDCs have
emerged as pollutants of great concern?. This concern has been further substantiated by a recent
comprehensive review systematically elucidating the aquatic toxicity of 6PPD-Q!, underscoring the growing
recognition of TDC:s as priority emerging contaminants.

Based on the differences in chemical structure, TDCs are classified into four categories: p-phenylenediamines
(PPDs), their quinone conversion products (PPD-quinones; PPD-Qs), benzothiazoles (BTs), and other
TDCs". Compounds featuring a benzene ring disubstituted with amino groups (-NH,) at the para positions
are collectively referred to as PPDs, which are primarily incorporated into tire compounds as antioxidants.
Their primary function is to extend the storage and service life of tires. Common PPDs
include 4-N-(4-methylpentan-2-yl)-1-N-phenylbenzene-1,4-diamine (6PPD) and
2-(cyclohexylamino)-5-(phenylamino)cyclohexa-2,5-diene-1,4-dione  (DTPD). As ozone oxidation
products of PPDs, PPD-Qs mainly include 6PPD-Q and 2-anilino-5-(propan-2-ylamino)
cyclohexa-2,5-diene-1,4-dione (IPPD-Q). These quinone derivatives generally exhibit higher toxicity
than their parent compounds. BTs are a class of chemicals characterized by a rigid benzothiazole
heterocyclic structure and primarily function as vulcanization accelerators (VAs) such as 1,3-
benzothiazole (BTH) and 3H-1,3-benzothiazol-2-one (2-OH-BTH). They facilitate cross-linking
reactions between tire polymers and vulcanizing agents (e.g., sulfur), thereby enhancing the physical
properties and service life of tires. Compounds lacking distinct chemical structural features but widely used
in tire products are defined as “other TDCs”, which mainly include 1,2-diphenylguanidine (DPG) and
cross-linking agents such as hexa(methoxymethyl)melamine (HMMM). DPG has been widely detected in
environmental matrices and is recognized as a major TDC!), while HMMM is primarily utilized in
pre-coated metal sheets for white goods and architectural cladding, as well as in waterproof surface
applications'”*!. Notably, several amine-based TDCs, including 6PPD and DPG, are listed as
high-production-volume chemicals in the United States and Europe®.

Due to the absence of covalent bonding with the tire matrix, TDCs readily leach into the environment,
resulting in widespread contamination. To date, various TDCs have been detected across multiple
environmental matrices, including aquatic environments"”, atmospheric particulates""!, soil"?), sediments"?,
and biota"*. Dust has long been recognized as both a reservoir and a major human exposure pathway for
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many environmental contaminants via ingestion, inhalation, and dermal contact"*"”. Therefore, it is very
necessary to study the distribution of TDCs in dust. Previous studies have shown that TDCs are frequently
detected in indoor dust. For instance, the typical TDCs 6PPD and DTPD have been detected in indoor dust,
with concentrations ranging from 1.7 to 233 ng/g"*"\. Tan et al. further reported the occurrence of DPG and

BTH in indoor dust, with median concentrations ranging from 5,030 to 11,400 ng/g and from 890 to
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1,060 ng/g, respectively™. In addition to indoor sources, TDC contamination in road dust has emerged as a
significant environmental concern. Ginsberg ef al. conducted a comprehensive survey of representative
antioxidant-type TDCs in outdoor road dust®'. Their results revealed the widespread distribution of these
antioxidants, with DPG and 6PPD-Q exhibiting the highest median concentrations of 121 and 9.75 ng/g,
respectively. However, current research on TDCs in outdoor road dust remains limited, with studies mainly
restricted to individual additive types, resulting in incomplete coverage of TDC species.

Furthermore, ubiquitous TDCs can enter organisms via dermal absorption, inhalation, and ingestion,
eliciting diverse toxic effects such as metabolic toxicity, reproductive toxicity, and endocrine disruption. For
instance, 6PPD-Q, which has gained widespread attention due to its association with acute coho salmon
mortality, inhibits the activity of lipolysis-related enzymes and downregulates related gene expression,
leading to abnormal lipid metabolism and metabolic toxicity"”?.. In addition, DPG, the most frequently
detected TDC with the highest environmental concentrations, has been associated with allergic dermatitis®’.
Furthermore, Dsikowitzky et al. identified potential genotoxicity associated with common processing
accelerators such as HMMM"*/. Emerging evidence also suggests that certain TDCs possess
endocrine-disrupting potential. Chang et al. reported that 6PPD exhibited thyroid-disrupting activity,
whereas its metabolite 6PPD-Q showed no such effects'*. These toxic TDCs can enter the human body
through dust ingestion and dermal contact, posing potential health risks. Therefore, comprehensive toxicity
prediction and health risk assessment of TDCs are imperative. However, current assessments of TDC toxicity
primarily rely on traditional in vivo and in vitro assays. These methods are laborious, costly, and ethically
challenging due to their reliance on animal testing, and they often focus on isolated toxicity endpoints.
Consequently, there is a pressing need for more rapid and efficient strategies to enable comprehensive
toxicity profiling and health risk assessment of TDCs.

The present study focused on Guangzhou, South China, which is characterized by the highest highway
network density in the country and a substantial population of residents and motor vehicles. Specifically, this
study aimed to: (1) investigate the occurrence, seasonal variation, and spatial distribution of 30 TDCs in road
dust collected from four different functional areas; (2) predict the comprehensive toxicity profiles of these 30
TDCs using the in silico tool ProTox 3.0; and (3) assess human exposure risks associated with these TDCs
and identify priority pollutants. This study shifts the focus toward TDCs in outdoor environments by
broadening the spectrum of target analytes and employing an in silico tool to profile their potential toxicity.
Combined with health risk assessment, this approach enables the identification of priority pollutants and
provides critical data to inform future management strategies for TDCs in road dust.

MATERIALS AND METHODS

Chemicals and reagents

The selected 30 target TDCs, including 6 PPDs, 4 PPD-Qs, 12 BTs, and 8 other compounds, were chosen to
represent the major chemical classes of tire additives and their transformation products based on their
environmental relevance, toxicological concerns, and analytical feasibility. The
6 PPDs are 1-N,4-N-dinaphthalen-2-ylbenzene-1,4-diamine (DNPD), 6PPD,
1-N-cyclohexyl-4-N-phenylbenzene-1,4-diamine (DPPD), DTPD,
2-anilino-5-(4-methylpentan-2-ylamino)cyclohexa-2,5-diene-1,4-dione (CPPD), and
1-N,4-N-diphenylbenzene-1,4-diamine (IPPD). The 4 PPD-Qs included 6PPD-Q,
4-N-(2-methylphenyl)-1-N-(4-methylphenyl)benzene-1,4-diamine (CPPD-Q),
1-N-phenyl-4-N-propan-2-ylbenzene-1,4-diamine (DTPD-Q), and IPPD-Q. The 12 BTs are
2-methyl-1,3-benzothiazole (2-Me-BTH), 1,3-benzothiazol-2-amine (2-ABTH),
2-methylsulfanyl-1,3-benzothiazole (2-Me-S-BTH), 2-OH-BTH, BTH, 2H-benzotriazole (BT),
N-(1,3-benzothiazol-2-ylsulfanyl)cyclohexanamine (CBS), N-(1,3-benzothiazol-2-ylsulfanyl)-N
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-cyclohexylcyclohexanamine (DCBS), 4-(1,3-benzothiazol-2-ylsulfanyl)morpholine (NOBS),
N-(1,3-benzothiazol-2-ylsulfanyl)-2-methylpropan-2-amine (TBBS),
2-(1,3-benzothiazol-2-yldisulfanyl)-1,3-benzothiazole (DM), and 9,9-dimethyl-10H-acridine (BLE). The
remaining eight TDCs included 4-anilinophenol (4-HDPA), 1,3-dicyclohexylurea (DCU), 1,3-diphenylurea
(DPU), HMMM, 2,2,4-trimethyl-1H-quinoline (RD), dimethylcarbamothioylsulfanyl
N,N-dimethylcarbamodithioate (TMTD), DPG, and N-cyclohexyl-N-methylcyclohexanamine (DCA).
During the experiments, three internal standards, namely 6PPD-quinone-ds, BT-d4, and Atrazine-ds, were
used. These high-purity standards (2 98 %) were purchased from various vendors. The abbreviations,
molecular formulas, Chemical Abstracts Service (CAS) registry numbers, chemical structures, and suppliers
of the 30 target TDCs are summarized in Supplementary Table 1. The organic reagents used in the
experiments, such as methanol and dichloromethane, were high-performance liquid chromatography
(HPLC) grade and purchased from Merck (Diisseldorf, Germany). Stock standard solutions of each target
compound were prepared in methanol and subsequently stored at -20 °C until use.

Dust sample collection and pretreatment

According to the intensity of human activities, 12 sampling sites were selected in Guangzhou across four
functional areas: business districts (n = 4), urban villages (n = 2), green spaces (1 = 3), and residential areas (n
=3). Road dust samples were collected from these same sites in September 2022 (wet season) and
March/April 2023 (dry season) using pre-cleaned brushes, resulting in a total of 24 samples. At each site, five
subsamples were collected (one from the road centerline and four from surrounding positions) and mixed to
generate one homogenate. All collected dust was wrapped in aluminum foil, sealed in polypropylene bags,
transported to the laboratory, and stored at -20 °C pending chemical analysis. The selected areas and
sampling points are shown in Figure 1. Detailed information on each sampling event is provided in
Supplementary Table 2.

The dust extraction procedure was adapted from previously published methods with specific
modifications™!. Briefly, approximately 100 mg of sieved dust (250 um mesh) was weighed into a 30 mL glass
centrifuge tube, and spiked with 100 ng of a mixture of three internal standards. The sample was
ultrasonicated with 5 mL methanol for 30 min at room temperature, followed by a second extraction with
5 mL dichloromethane under ultrasonication for 30 min. After centrifugation (3,500 rpm, 5 min), the
combined supernatants were collected, dried under a gentle nitrogen stream, and reconstituted in 1 mL
methanol. Finally, the extracts were filtered through 0.22 pm nylon membranes (Anpu Co., Shanghai, China)
prior to instrumental analysis.

Instrumental analysis

The target analytes and internal standards were analyzed using ultra-performance liquid chromatography
coupled with a Xevo TQ-S triple quadrupole mass spectrometer (UPLC-ESI-MS/MS; Waters, Milford, MA,
USA) equipped with an electrospray ionization (ESI) source. Chromatographic separation was performed on
a Waters BEH C18 column (50 mm x 2.1 mm, 1.7 pm) with an inline filter (2.1 mm, 0.2 pm) connected
before the column to remove fine particles from the mobile phase and samples. The column temperature was
maintained at 40 °C, and the injection volume was 5 pL. The mobile phase consisted of (A) 0.1% (v/v) formic
acid in Milli-Q water and (B) methanol, at a flow rate of 0.3 mL/min. The gradient elution program was as
follows: 0 min, 30% B; 1 min, 70% B; 1.5 min, 80% B; 2 min, 100% B; 4 min, 100% B; 5.5 min, 70% B; and
6.5 min, 70% B. The total run time was 5 min, with an additional 1.5 min for column re-equilibration before
the next injection. All compounds were detected in positive electrospray ionization mode [ESI(+)] under
multiple reaction monitoring (MRM). The ion source parameters were as follows: desolvation gas
temperature, 500 °C; desolvation gas flow rate, 4 L/min; sheath gas temperature, 300 °C; sheath gas flow rate,
12 L/min; nozzle voltage, 500 V; capillary voltage, 2,500 V; and nebulizer pressure, 101 psi. The detailed mass
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Figure 1. Map of sampling locations across different functional areas in Guangzhou. Basemap: © OpenStreetMap contributors.

spectrometry parameters, including MRM transitions and retention times of the target compounds, are listed
in Supplementary Tables 3 and 4.

Quality assurance and quality control

Comprehensive quality control measures were systematically implemented throughout the analytical process.
Field blanks and procedural blanks were incorporated in each experimental batch to monitor potential
background contamination. Additionally, solvent blanks and standard substances (100 ug/L for each target
analyte) were analyzed to evaluate instrument performance. Matrix spike tests at 100 ppb were performed in
triplicate to assess method accuracy, demonstrating recovery rates of 50%-124% for all 30 target compounds
in road dust matrices [Supplementary Table 5]. The limits of detection (LODs) and limits of quantification
(LOQs) for target pollutants in road dust were calculated using the signal-to-noise ratio approach, and
analyte concentrations were determined via the internal standard method [Supplementary Table 5]. All data
were blank-corrected by subtracting blank values from sample measurements. For all quantitative batches,
the correlation coefficients (R*) of the calibration curves (0.1-200 pg/L) exceeded 0.99.

In silico toxicity prediction tools and methods

This study utilized ProTox 3.0, a computational toxicology prediction tool, to assess the toxicity of 30 TDCs.
ProTox 3.0 was selected due to its broad applicability and robust validation across diverse chemical classes,
including emerging organic contaminants®’. The platform employs machine learning and computational
chemistry methods to predict a variety of toxicological endpoints - such as acute and organ toxicity,
carcinogenicity, mutagenicity, and endocrine disrupting potential - based solely on molecular structure. It
integrates molecular similarity analysis, fragment-based toxicophore identification, and machine learning
models to predict multiple toxicity endpoints with high accuracy and coverage. Its applicability domain
encompasses a wide range of environmental pollutants, making it suitable for screening-level assessment of
TDCs. Furthermore, the tool provides acute oral toxicity predictions and classifies compounds into toxicity
classes according to the predicted median lethal dose (LD,,) as follows: Classes I & II (fatal if swallowed, LD,
< 50 mg/kg), Class III (toxic if swallowed, 50 < LD, < 300 mg/kg), Class IV (harmful if swallowed, 300 < LD,,
< 2,000 mg/kg), Class V (may be harmful if swallowed, 2,000 < LD, < 5,000 mg/kg), and Class VI (non-toxic,
LD, > 5,000 mg/kg).
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Comprehensive toxicity predictions were performed for 30 TDCs across 11 toxicological endpoints,
including hepatotoxicity, neurotoxicity, carcinogenicity, immunotoxicity, mutagenicity, cytotoxicity, and
receptor-mediated toxicities [aryl hydrocarbon receptor (AhR), androgen receptor (AR), estrogen receptor
alpha (ERa), and transthyretin (TTR)]. The selection of these endpoints was informed by existing knowledge
of tire additive toxicology and concerns raised in previous studies regarding their potential adverse effects”®.
The canonical Simplified Molecular Input Line Entry System (SMILES) notations of each compound were
first retrieved from PubChem using their CAS registry numbers. These molecular structures were
subsequently submitted to the ProTox 3.0 platform, where all specified toxicity endpoints were selected for
prediction, generating corresponding toxicity profiles.

Data and statistical analysis

Instrumental data were processed using MassLynx software (v4.1, Waters Corp.). To correct for analyte loss
during sample preparation, an internal standard method was employed; the corresponding internal standard
for each target compound is detailed in Supplementary Table 4. Each sample was analyzed in triplicate, and
the mean concentration was used as the representative value. Statistical analyses were performed using SPSS
Statistics (v27.0.1, IBM Corp.). Data normality was assessed using the Shapiro-Wilk test. For normally
distributed data, parametric tests [independent-samples ¢-test, paired-samples t-test, one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test] were applied, whereas non-normally distributed data
were analyzed using non-parametric tests (Mann-Whitney U test and Kruskal-Wallis test). Spearman’s rank
correlation analysis was performed to evaluate inter-compound correlations. Statistical significance was
defined as P < 0.05. Relevant figures were generated using Origin (2021, OriginLab Corp.).

Human exposure assessment and health risk
This study employed the estimated daily intake (EDI) metric to assess non-dietary exposure risks to TDCs
through incidental dust ingestion and dermal contact. The EDI (ng/kg bw/day) was calculated as follows:

EDI = EDIingostion + EDIgermal (1
CXEFXIGR
EDIingestion = T )
CXSAXAFXABSXEF
EDIgcrmal = BW (3)

Based on exposure assessment frameworks recommended by the U.S. Environmental Protection Agency
(EPA)®**) and Wang et al.®"), EDI represents the sum of oral dust ingestion (EDI,,,,) and dermal contact
(EDI,,..»)- Cis the mean concentration of target analytes in road dust (ng/g). EF is the exposure frequency
(days/year); IGR is the dust ingestion rate (mg/day); BW is the human body weight (kg); SA is the skin
surface area available for contact (cm?*/day); AF is the dust-to-skin adherence factor (mg/cm?); and ABS is the
dermal absorption factor (unitless). All parameters were adopted from Jin et al. and are summarized in

Supplementary Table 6.

To further evaluate human health risks associated with the 30 TDCs and prioritize compounds, predicted
Lethal Dose 50 (LD, ) values were converted to reference doses (RfDs) using Equation (4)"”". The hazard

quotient (HQ) was subsequently calculated as the ratio of EDI to RfD"", as defined below:

_ LDsg
RfD = 1000 )
EDI
HQ = %)

= %D
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Figure 2. Concentration distribution of widely detected TDCs in road dust (n = 24 for each compound). The box represents the IQR from
the 25th to the 75th percentile; the black line inside the box denotes the median; the open square (O) indicates the mean; and diamond
symbols () represent outliers (extending to the minimum and maximum values within 1.5% IQR). TDCs: Tire-derived chemicals; IQR:
interquartile range; DPG: 1,2-diphenylguanidine; 6PPD: 4-N-(4-methylpentan-2-yl)-1-N-phenylbenzene-1,4-diamine; 2-OH-BTH:
3H-1,3-benzothiazol-2-one; RD: 2,2,4-trimethyl-TH-quinoline; BTH: 1,3-benzothiazole; 6PPD-Q:
2,5-dianilinocyclohexa-2,5-diene-1,4-dione; DTPD: 2-(cyclohexylamino)-5-(phenylamino)cyclohexa-2,5-diene-1,4-dione; 4-HDPA:
4-anilinophenol; HMMM: hexa(methoxymethyl)melamine; 2-Me-S-BTH: 2-methylsulfanyl-1,3-benzothiazole; 2-ABTH:
1,3-benzothiazol-2-amine; DPU: 1,3-diphenylurea; BT: 2H-benzotriazole; DPPD: 1-N-cyclohexyl-4-N-phenylbenzene-1,4-diamine; IPPD:
1-N,4-N-diphenylbenzene-1,4-diamine; IPPD-Q: 2-anilino-5-(propan-2-ylamino)cyclohexa-2,5-diene-1,4-dione; DTPD-Q:
1-N-phenyl-4-N-propan-2-ylbenzene-1,4-diamine; DCA: N-cyclohexyl-N-methylcyclohexanamine; TBBS:
N-(1,3-benzothiazol-2-ylsulfanyl)-2-methylpropan-2-amine; DNPD: 1-N,4-N-dinaphthalen-2-ylbenzene-1,4-diamine; CPPD:
2-anilino-5-(4-methylpentan-2-ylamino)cyclohexa-2,5-diene-1,4-dione.

RESULTS AND DISCUSSION

Occurrence of TDCs in road dust

The concentration distribution of TDCs in road dust from various functional areas is illustrated in Figure 2.
Detailed information on detection frequency (DF), median, mean concentrations, and concentration ranges
of the 6 PPDs, 4 PPD-Qs, 12 BTs, and 8 other TDCs is provided in Supplementary Table 7. As shown in
Figure 2, Supplementary Figure 1A and Supplementary Table 7, the total concentrations of the 30 TDCs in
road dust ranged from 325 to 9,671 ng/g. Notably, DPG, 6PPD, 6PPD-Q, and HMMM were detected in all
functional areas, indicating their widespread presence in road dust, which aligns with the findings of Liu
et al.®*. This finding is further supported by Breider et al.*”, who reported that DPG (18%) and 6PPD (15%)
were among the most frequently detected tire-derived compounds in vegetables from Swiss markets,
confirming the ubiquitous presence of these chemicals across different environmental media. Our study also
presents new insights. In particular, 4-HDPA and DPU - transformation products of DPPD"* and DPG,
respectively - were detected across all functional areas, with mean concentrations of 48.6 and 16.1 ng/g,
respectively. This underscores the importance of monitoring not only parent TDCs in road dust but also
their transformation products. In contrast, CPPD-Q, 2-Me-BTH, NOBS, DCU, BLE, and DM were not
detected in any of the samples, suggesting either very low environmental concentrations or effective
elimination during industrial processes.

Supplementary Figure 1B depicts the concentration distribution of four TDC categories (PPDs, PPD-Qs,
BTs, and others). PPDs exhibited significantly higher concentrations than BY's in road dust (123 vs. 69 ng/g;
one-way ANOVA with Tukey’s post hoc test, P < 0.05). This difference is likely due to the higher lipophilicity
of PPDs (log Kow: 4.0-6.0) compared to BTs (log Kow: 2.0-3.0), suggesting that physicochemical properties
influence the environmental distribution of TDCs, with more lipophilic compounds tending to accumulate
in road dust. Previous studies have reported higher concentrations of PPD-Qs relative to their parent PPDs
in aquatic environments due to oxidation and biodegradation processes'*”**. However, in this study,
substantially lower concentrations of PPD-Qs compared to PPDs were found in road dust samples. This
suggests that oxidation and biodegradation processes are less pronounced in dust matrices than in aquatic
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systems, thereby limiting the transformation of PPDs to PPD-Qs.

Among the 6 PPDs analyzed, 6PPD was detected in all functional areas and exhibited the highest
concentrations (ranging from 6 to 1,082 ng/g, with a median of 130 ng/g), accounting for 8.6% of the total
TDC concentration (based on the ratio of the mean concentration of 6PPD to the mean concentration of the
30 TDCs across all samples) [Figure 3 and Supplementary Table 7]. This predominance of 6PPD may be
attributed to its substantial global production volume (e.g., 22,700-45,400 tons in the United States"’;
10,000-100,000 tons in Europe'*”). In this study, the median concentration of 6PPD in road dust (130 ng/g)
was comparable to levels reported in Australian dust samples (median: 101 ng/g) but lower than those
reported in Japan (range: 323-356 ng/g)'*'. We hypothesize that these geographical differences may be
influenced by varying traffic densities across countries, given that TDCs are primarily incorporated into
automotive tires and road materials. Furthermore, comparison with indoor dust data from Huang et al.
revealed a substantially lower median concentration of 6PPD in indoor environments (14 ng/g) than in our
road dust samples (130 ng/g)"*. This pronounced contrast further supports the likelihood of outdoor,
vehicle-related sources as the dominant origin of 6PPD in the environment.

Among the four PPD-Qs analyzed, 6PPD-Q was detected in all functional areas and exhibited the highest
concentrations, ranging from 0.50 to 159 ng/g (DF: 100%) [Figure 3 and Supplementary Table 7]. Meanwhile,
Huang et al. reported median concentrations of 6PPD-Q in road dust (32.2 ng/g), which are comparable to
those observed in our investigation (38.8 ng/g)!"*". The high environmental prevalence of 6PPD-Q may
partially result from the ozone-driven oxidation of its parent compound, 6PPD?. DTPD-Q and IPPD-Q
were also frequently detected in road dust (DF > 60%), indicating their widespread occurrence in roadway
matrices, consistent with prior research®”. Notably, CPPD-Q was not detected in any samples. This absence
may be attributed to factors such as lower production volumes, limited usage in tire formulations, or
differences in environmental persistence and transformation pathways, requiring further investigation.

For BTs, the two most prominent compounds were 2-OH-BTH and BTH, with concentration ranges of
ND-607 ng/g and ND-351 ng/g, respectively [Figure 3 and Supplementary Table 7]. This prevalence likely
results from the widespread addition of BTH to tires for rubber vulcanization, enhancing mechanical
strength and wear resistance'***”. As tires abrade on road surfaces, significant amounts of BTH are released
into road dust. Furthermore, BTH can undergo oxidation to form 2-OH-BTH"*, contributing to the
co-occurrence of both compounds in road dust. Except for 2-Me-BTH and NOBS, which were not detected
in any samples, other BTs were quantifiable. The median concentrations of 2-ABTH, 2-Me-S-BTH, and BT
were 14.3, 18.3, and 10.0 ng/g, respectively. In contrast, notably lower mean concentrations (< 3 ng/g) were
observed for CBS, DCBS, and TBBS.

Among other tire additives, DPG, a VA used in rubber products such as tires, furniture, and shoes™”,
exhibited the highest concentrations, ranging from 208 to 7,661 ng/g, accounting for 85% of the total TDC
concentration (based on the ratio of the mean concentration of DPG to the mean concentration of the 30
TDCs across all samples) [Figure 3 and Supplementary Table 7]. However, Tan et al. investigated DPG in
indoor dust and reported concentrations ranging from 5,030 to 11,400 ng/g, which are notably higher (by
approximately one order of magnitude) than those in our road dust samples™’. This substantial discrepancy
may be attributed to the widespread incorporation of DPG into indoor furnishings, toys, and gloves,
suggesting a greater prevalence of indoor sources. Additionally, four other substances - 4-HDPA, DPU,
HMMM, and RD - were ubiquitously detected in road dust (DF > 80%), but their concentrations were
substantially lower (ND-1,156 ng/g) compared to DPG. This difference may reflect lower usage volumes
and/or reduced environmental release despite their presence in tire formulations. Notably, DCU was not
detected in any samples, potentially indicating its phase-out or minimal use in contemporary tire
formulations.
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Figure 3. Mean concentration of 30 TDCs in road dust from various functional areas. Error bars are omitted for clarity; concentration
ranges for each compound are available in Supplementary Table 7. TDCs: Tire-derived chemicals; PPDs: p-phenylenediamines; PPD-Qs:
quinone conversion products of p-phenylenediamines; BTs: benzothiazoles; Others: other TDCs; IPPD:
1-N,4-N-diphenylbenzene-1,4-diamine; CPPD: 2-anilino-5-(4-methylpentan-2-ylamino)cyclohexa-2,5-diene-1,4-dione; DTPD:
2-(cyclohexylamino)-5-(phenylamino)cyclohexa-2,5-diene-1,4-dione; DPPD: 1-N-cyclohexyl-4-N-phenylbenzene-1,4-diamine; 6PPD:
4-N-(4-methylpentan-2-yl)-1-N-phenylbenzene-1,4-diamine; DNPD: 1-N,4-N-dinaphthalen-2-ylbenzene-1,4-diamine; IPPD-Q:
2-anilino-5-(propan-2-ylamino)cyclohexa-2,5-diene-1,4-dione; DTPD-Q: 1-N-phenyl-4-N-propan-2-ylbenzene-1,4-diamine; 6PPD-Q:
2,5-dianilinocyclohexa-2,5-diene-1,4-dione; BLE: 9,9-dimethyl-10H-acridine; DM: 2-(1,3-benzothiazol-2-yldisulfanyl)-1,3-benzothiazole;
TBBS: N-(1,3-benzothiazol-2-ylsulfanyl)-2-methylpropan-2-amine; NOBS: 4-(1,3-benzothiazol-2-ylsulfanyl)morpholine; DCBS:
N-(1,3-benzothiazol-2-ylsulfanyl)-N-cyclohexylcyclohexanamine; CBS: N-(1,3-benzothiazol-2-ylsulfanyl)cyclohexanamine; BTH:
1,3-benzothiazole; BT: 2H-benzotriazole; 2-ABTH: 1,3-benzothiazol-2-amine; 2-OH-BTH: 3H-1,3-benzothiazol-2-one; 2-Me-S-BTH:
2-methylsulfanyl-1,3-benzothiazole; 2-Me-BTH: 2-methyl-1,3-benzothiazole; DCA: N-cyclohexyl-N-methylcyclohexanamine; TMTD:
dimethylcarbamothioylsulfanyl N,N-dimethylcarbamodithioate; RD: 2,2,4-trimethyl-TH-quinoline; HMMM:
hexa(methoxymethyl)melamine; DPG: 1,2-diphenylguanidine; DPU: 1,3-diphenylurea; DCU: 1,3-dicyclohexylurea; 4-HDPA:
4-anilinophenol.

Correlation analysis of the 24 detected TDCs (excluding six substances not detected at any sampling points:
BLE, DM, DCU, NOBS, 2-Me-BTH, and CPPD-Q) in road dust across functional areas is presented in
Supplementary Figure 2. Overall, significant positive correlations (r = 0.6-0.9, P < 0.05) were observed among
most TDCs, suggesting common sources. Notably, strong correlations (r > 0.9) were found between parent
compounds (BTs and PPDs) and their respective transformation products. These results indicate that the
levels of transformation products in road dust are linked to the environmental transformation of their parent
chemicals. Therefore, the distribution of TDCs in road dust is strongly influenced not only by their
physicochemical properties, sources, and usage patterns, but also, more significantly, by traffic density.
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Figure 4. (A) Spatial variations of 30 TDCs in road dust; (B) Seasonal variations of 30 TDCs. The right panel presents the spatial and
seasonal distribution of DPG separately. TDCs: Tire-derived chemicals; DPG: 1,2-diphenylguanidine; DCA:
N-cyclohexyl-N-methylcyclohexanamine; BLE: 9,9-dimethyl-10H-acridine; DM: 2-(1,3-benzothiazol-2-yldisulfanyl)-1,3-benzothiazole;
IPPD: 1-N,4-N-diphenylbenzene-1,4-diamine; CPPD: 2-anilino-5-(4-methylpentan-2-ylamino)cyclohexa-2,5-diene-1,4-dione; IPPD-Q:
2-anilino-5-(propan-2-ylamino)cyclohexa-2,5-diene-1,4-dione; DTPD-Q: 1-N-phenyl-4-N-propan-2-ylbenzene-1,4-diamine; DTPD:
2-(cyclohexylamino)-5-(phenylamino)cyclohexa-2,5-diene-1,4-dione; DPPD: 1-N-cyclohexyl-4-N-phenylbenzene-1,4-diamine; CPPD-Q:
4-N-(2-methylphenyl)-1-N-(4-methylphenyl)benzene-1,4-diamine; 6PPD-Q: 2,5-dianilinocyclohexa-2,5-diene-1,4-dione; 6PPD:
4-N-(4-methylpentan-2-yl)-1-N-phenylbenzene-1,4-diamine; DNPD: 1-N,4-N-dinaphthalen-2-ylbenzene-1,4-diamine; 4-HDPA:
4-anilinophenol; TMTD: dimethylcarbamothioylsulfanyl N,N-dimethylcarbamodithioate; RD: 2,2,4-trimethyl-1H-quinoline; HMMM:
hexa(methoxymethyl)melamine; DPU: 1,3-diphenylurea; DCU: 1,3-dicyclohexylurea; 2-OH-BTH: 3H-1,3-benzothiazol-2-one; 2-Me-S-BTH:
2-methylsulfanyl-1,3-benzothiazole; 2-Me-BTH: 2-methyl-1,3-benzothiazole; 2-ABTH: 1,3-benzothiazol-2-amine; TBBS:
N-(1,3-benzothiazol-2-ylsulfanyl)-2-methylpropan-2-amine; NOBS: 4-(1,3-benzothiazol-2-ylsulfanyl)morpholine; DCBS:
N-(1,3-benzothiazol-2-ylsulfanyl)-N-cyclohexylcyclohexanamine; CBS: N-(1,3-benzothiazol-2-ylsulfanyl)cyclohexanamine; BTH:
1,3-benzothiazole; BT: 2H-benzotriazole.

Spatial and seasonal variations of TDCs in road dust

Figure 4A presents the total concentrations of the 30 TDCs across different functional areas. The
contamination levels followed the order: business district > urban village > residential area > green space.
Overall, the highest total concentration was observed in business districts (mean: 4,388 ng/g), likely due to
their denser traffic flow. Notably, TDCs were also detected in green spaces (characterized by high pedestrian
activity but low vehicle traffic), albeit at lower total concentrations (mean: 847 ng/g). This finding suggests
that tire wear from rubber abrasion on shoe soles and atmospheric transport may also contribute to TDC
contamination in green spaces'***’.. Furthermore, substantial concentrations of TDCs were also detected in
residential areas and urban villages, which may be attributed to human activities and the low street-sweeping
frequency™.
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Concurrently, we analyzed the compositional profiles of TDCs across different functional zones, as shown in
Figure 4A. Overall, no significant differences were observed in the compositional distribution of TDCs
among these functional zones. Human and vehicular traffic intensity primarily influenced the total
concentrations of TDCs rather than their compositional patterns. This suggests that the sources and release
mechanisms of the various TDCs are consistent across all zones.

Figure 4B presents the seasonal variations of the 30 target TDCs in road dust across different functional
areas. Overall, the total concentrations of the 30 TDCs were significantly higher during the dry season
(range: 672-9,671 ng/g) than during the wet season (range: 325-5,803 ng/g) (paired-samples t-test, P < 0.05).
This disparity may be attributed to limited rainfall during the dry season, which facilitates the accumulation
of TDCs in road dust. Conversely, rainfall events can transport TDCs into aquatic systems, thereby
exacerbating water pollution and posing a threat to aquatic ecosystems”’. However, an opposite trend was
observed in residential areas and green areas, where TDCs exhibited distinct seasonal patterns. This
phenomenon may be associated with three key factors. First, local regulations and sanitation practices may
play a role. Second, seasonal differences in tire wear rates could contribute; for instance, Rodovalho and de
Tomi reported increased tire rolling resistance during the rainy season””. Consequently, tire wear rates are
higher during the rainy season compared to the dry season, potentially leading to elevated TDC
concentrations in road dust during wet periods. Furthermore, the number of antecedent dry days also
represents a significant influencing factor.

As depicted in Figure 4B and Supplementary Figure 3, the compositional distribution of various TDCs
remained consistent across seasons. This indicates that seasonal variation primarily affects the overall
concentration of TDCs in road dust, while having a negligible effect on their compositional profiles.
Consequently, it can be inferred that the sources of TDCs in road dust might remain stable across different
seasons.

Predicted human toxicity

The acute toxicity, organ toxicity, toxicological endpoints, and toxicological pathways of the TDCs were
predicted using ProTox 3.0, with “+” for positive/toxic effects and “-” for negative/nontoxic effects
[Supplementary Table 8]. The prediction results showed that all the studied TDCs were within the
applicability domain, indicating that the predictions were reliable.

As shown in Figure 5A, the LD_, values of the 30 representative TDCs ranged from 215 to 7,000 mg/kg.
Among them, IPPD-Q, DTPD-Q, DPPD, and 6PPD, with LD, values of 215, 215, 244, and 271 mg/kg,
respectively, were classified as Class III acute toxicity substances. This classification indicates that these
substances exhibit high toxicity and may lead to various adverse toxicological effects. Consequently, future
studies should prioritize investigating the environmental occurrence and health impacts of these four
high-priority compounds. Moreover, the acute toxicity assessment indicated that quinone transformation
products derived from PPD-derived antioxidants exhibit greater toxicity compared to their parent
compounds, consistent with previous studies®. As shown in Supplementary Table 8, 23 of the 30 TDCs were
found to exhibit neurotoxic effects, aligning with the findings reported by Ricarte et al.*”. Additionally, BTs
demonstrated both neurotoxic and hepatotoxic effects. These results indicate that neurotoxicity is a primary
concern for TDCs, and that the hepatotoxicity associated with BT's warrants further investigation.

In silico toxicity predictions identified carcinogenicity and mutagenicity as the primary toxicity endpoints for
the TDCs. The binding interactions between the TDCs and specific receptors were evaluated to predict their
toxicity potential mediated by the disruption of biological pathways. Among the four receptors examined,
the TDCs demonstrated strong binding affinity for AhR and TTR, but only weak affinity for AR and ER"".
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Figure 5. (A) Predicted median lethal dose (LD.,) values of 30 TDCs; (B) Distribution of HQ values for 24 TDCs. Six substances (CPPD-Q,
2-Me-BTH, NOBS, DCU, BLE, and DM) were excluded as they were not detected at any sampling site. TDCs: Tire-derived chemicals; HQ:
hazard quotient; CPPD-Q: 4-N-(2-methylphenyl)-1-N-(4-mehylphenyl)benzene-1,4-diamine; 2-Me-BTH: 2-methyl-1,3-benzothiazole;
NOBS: 4-(1,3-benzothiazol-2-ylsulfanyl)morpholine; DCU: 1,3-dicyclohexylurea; BLE: 9,9-dimethyl-10H-acridine; DM:
2-(1,3-benzothiazol-2-yldisulfanyl)-1,3-benzothiazole; IPPD-Q: 2-anilino-5-(propan-2-ylamino)cyclohexa-2,5-diene-1,4-dione; DTPD-Q:
1-N-phenyl-4-N-propan-2-ylbenzene-1,4-diamine; DPPD: 1-N-cyclohexyl-4-N-phenylbenzene-1,4-diamine; 6PPD:
4-N-(4-methylpentan-2-yl)-1-N-phenylbenzene-1,4-diamine;DTPD: 2-(cyclohexylamino)-5-
(phenylamino)cyclohexa-2,5-diene-1,4-dione; 4-HDPA: 4-anilinophenol; BTH: 1,3-benzothiazole; CBS: N-(1,3-benzothiazol-2-
ylsulfanyl)cyclohexanamine; 2-OH-BTH: 3H-1,3-benzothiazol-2-one; TMTD: dimethylcarbamothioylsulfanyl N,N-dimethylcarba
modithioate; BT: 2H-benzotriazole; 2-Me-S-BTH: 2-methylsulfanyl-1,3-benzothiazole; IPPD:1-N,4-N-
diphenylbenzene-1,4-diamine; DPG: 1,2-diphenylguanidine; 2-ABTH: 1,3-benzothiazol-2-amine; 6PPD-Q: 2,5-
dianilinocyclohexa-2,5-diene-1,4-dione; DCBS: N-(1,3-benzothiazol-2-ylsulfanyl)-N-cyclohexylcyclohexanamine; RD:
2,2,4-trimethyl-1TH-quinoline; DCA: N-cyclohexyl-N-methylcyclohexanamine; DCU: 1,3-dicyclohexylurea; HMMM:
hexa(methoxymethyl)melamine; NOBS: 4-(1,3-benzothiazol-2-ylsulfanyl)morpholine; CPPD:
2-anilino-5-(4-methylpentan-2-ylamino)cyclohexa-2,5-diene-1,4-dione; BLE: 9,9-dimethyl-10H-acridine; DPU: 1,3-diphenylurea; DNPD:
1-N,4-N-dinaphthalen-2-ylbenzene-1,4-diamine; TBBS: N-(1,3-benzothiazol-2-ylsulfanyl)-2-methylpropan-2-amine; DM:
2-(1,3-benzothiazol-2-yldisulfanyl)-1,3-benzothiazole.
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These findings suggest that such additives may induce AhR-mediated toxic responses and disrupt thyroid
hormone function, while their estrogenic or androgenic toxicity is expected to be low. This concern is further
supported by recent in vivo evidence demonstrating that 6PPD-Q exhibits tissue-specific bioaccumulation
and hepatotoxicity in zebrafish, with toxicological mechanisms distinct from those of its parent compound
6PPDP*. The transformation products exhibited higher binding affinity for TTR, suggesting that
environmental transformation may increase their potential to disrupt thyroid hormone homeostasis relative
to their parent compounds.

Therefore, the toxicity predictions indicated that the primary toxic effects of the TDCs include neurotoxicity,
carcinogenicity, mutagenicity, and thyroid hormone disruption. Furthermore, the toxic effects of
transformation products warrant greater attention compared with those of their parent compounds. It
should be noted that these predictions are exploratory in nature and based solely on molecular structures;
therefore, they may not fully capture complex biological processes such as metabolism or mixture effects.
Consequently, experimental validation (e.g., in vitro assays) is warranted to confirm these findings.

Human exposure implications and risk prioritization

Supplementary Table 9 summarizes the EDIs of 30 TDCs for children and adults via dust ingestion and
dermal absorption across different functional areas. As shown in Supplementary Table 9 and Supplementary
Figure 4, for both adults or children, the highest EDI was observed in the business district [mean + standard
error (SE): 9.49 +2.70 and 65.4 + 18.3 ng/(kg-d), respectively], followed by the urban village [8.44 + 0.63 and
57.5 + 4.30 ng/(kg-d)], the residential area [7.06 = 1.96 and 47.5 + 13.4 ng/(kg-d)], and the green space [4.52 +
0.93 and 31.0 + 6.3 ng/(kg-d)]. This spatial pattern corresponds to the total concentrations of TDCs in these
areas. Overall, the EDI via dust exposure for adults was lower than that for children, indicating the greater
sensitivity and vulnerability of children to these additives. DPG was the primary contributor to total intake,
accounting for 61%-72% of exposure, suggesting its significant potential to enter the human body via dust
and pose health risks, thereby warranting exposure control measures. This finding aligns with a recent study
by Sherman et al., which investigated tire-derived compounds in leafy vegetables and identified DPG as one
of the most frequently detected compounds (21.4% of samples), with EDIs ranging from 0.05 to
4.0 ng/person/day"*. These results demonstrate that DPG not only dominates dust exposure but also
represents a key contaminant in the food chain, further underscoring the need for comprehensive exposure
management strategies across multiple pathways. While 6PPD-Q exhibited relatively low EDI contributions
(1.3%-1.8%), its potential early-life health effects necessitate increased biomonitoring efforts™’, particularly in
children.

Concurrently, we conducted a health risk assessment and established a priority ranking for the 30 TDCs, as
summarized in Figure 5B and Supplementary Table 10. The results demonstrated that the estimated intake of
TDCs via dust ingestion was consistently at least four orders of magnitude lower than the predicted RfDs for
the respective compounds. All calculated HQ values were below 1, indicating a relatively low health risk
associated with exposure to these TDCs through dust. DPG, 6PPD, 2-OH-BTH, BTH, RD, DTPD, 4-HDPA,
6PPD-Q, and DPPD were identified as the top nine priority contaminants. Notably, two substances with
high predicted toxicity - IPPD and DTPD-Q - were assigned lower priority rankings due to their low
environmental concentrations. This finding underscores that health risk assessments of contaminants should
consider not only intrinsic toxicity but also, more critically, environmental exposure levels. Overall, the
health risk posed to humans by TDCs via dust exposure was low. However, this does not preclude the need
for their management. It is crucial to note that our exposure assessment, which considered only dust
ingestion and dermal contact and relied on estimated toxicity data, may have underestimated the cumulative
exposure. These limitations introduce uncertainty into our conclusions.
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CONCLUSIONS

This study systematically investigated the occurrence, spatial distribution, and potential health risks of 30
TDCs in road dust from Guangzhou. DPG and 6PPD were identified as the predominant TDCs, and their
concentrations were correlated with population density and traffic volume. Seasonal analysis revealed that
prolonged dry conditions promoted TDC accumulation in road dust. Based on integrated toxicity prediction
and health risk assessment, DPG, 6PPD, and 2-OH-BTH were identified as priority pollutants, and children
were found to face relatively higher exposure risks. These findings underscore the need for future studies to
evaluate multiple exposure pathways and obtain comprehensive toxicological data to refine risk assessments
of TDC:s in urban environments.
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