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Airborne micro- and nano-plastics represent an underestimated threat to urban environments and
human health. We characterized their concentrations and polymer composition in size-fractionated
particulate matter collected in Leipzig, Germany, using pyrolysis gas chromatography mass
spectrometry. Total concentrations of plastic particles <10 µmaveraged 0.6 ± 0.2 µg/m3, with fine and
coarse fractions contributing equally. Tire wear particles dominated, accounting for about 65% total
plastics, followedbypolyvinyl chloride, polyethylene, andpolyethylene terephthalate. Thesepolymers
correlated strongly with carbonaceous aerosol markers, indicating co-emission and atmospheric
mixing. Exposure and risk assessment suggest that inhalation of approximately 2.1 µg of these
airborne plastic particles per day may increase cardiopulmonary mortality by 9% and lung cancer
mortality by 13% in humans. By integrating exposure, risk assessment, and analytical data, these
findings highlight the need for global policy action, emphasizing the value of region-specific research
for air quality and public health initiatives.

Airborne plastic particles have emerged as a concerning component of
particulate matter (PM) air pollution. These materials, defined as nano-
plastics (≤1 μm) and microplastics (1 μm-1 mm), or together as MNPs1,
have the potential to intervene in ecological processes and impact human
health2. MNPs have been detected in remote geographic regions such as the
North Pole3, South Pole4 and high altitude sites5,6, highlighting their
omnipresence and long-range atmospheric transport7. Airborne MNPs are
suspected to be released from a variety of anthropogenic sources, including
tire wear particles (TWPs) and brake wear particles (BWPs)8, incineration
bottomash residues9, textilefibers10, resuspended road and soil dust11–13, and
urban surfaces14. In addition to that, oceanic microplastics can re-enter the
atmosphere via sea spray15,16, further contributing to the global plastic cycle.
In spite of the increased prevalence in the environment, the potential health
risks associated with inhalable MNPs remain understudied.

Since 2015, research interest in airborne MNPs has accelerated17–23 as
concernsmount regarding the inhalation of airborneMNPswith PM2.5 and
PM10

2,24,25. InhalableMNPs can be taken into the deep lung26 where they are
suspected of causing oxidative stress, cytotoxicity, and chronic inflamma-
tion, and potentially contributing to respiratory diseases, including inter-
stitial lung disease and fibrosis27. These MNPs, once airborne, have the
ability to act as carriers for co-contaminants such as heavy metals28,

polycyclic aromatic hydrocarbons29, pharmaceuticals30 and carbonaceous
parameters31, which can amplify their toxicity. No clear regulatory thresh-
olds for emissions and inhalation of MNPs exist, prompting the World
HealthOrganization (WHO)32 andEuropeanEnvironmentAgency33 to call
for standardized exposure assessments that support their relevance to
human health within the framework of Sustainable Development Goal 3
(Good Health and Well-Being). As part of the ongoing negotiations under
the Global Plastics Treaty, marine plastic pollution has now received con-
siderable attention, but airborne MNPs are under-represented in global
policy dialogues, regardless of their ubiquitous distribution and potential
direct human exposure34.

There are several techniques available for analyzing airborne MNPs,
including vibrational spectroscopy methods such as μ-Raman35 and μ-
FTIR36, which provide information on particle size, number, and polymer
composition. However, their detection limits (≥1 μm for μ-Raman, ≥10 μm
for μ-FTIR) and susceptibility tofluorescence or organicmatter interference
restrict their applicability, particularly for nanoplastics. The pyrolysis-gas
chromatography-mass spectrometry (Py-GC-MS) approach, on the other
hand, provides polymer-resolved, mass-based quantification with high
sensitivity and comparable less pretreatment. Thus, Py-GC-MS is particu-
larly suitable for samples in complex environments such as airborneMNPs.
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Within the present study,we address the aforementioneduncertainties
by applying Py-GC-MS for detailed polymer-specific characterization of
size-segregated airborne MNPs in PM10 (PM10MNPs), PM2.5 (Fine
microplastics; FMPs) and PM10-2.5 (Coarse microplastics; CMPs). The
concentration data generated through this analysis served as the foundation
for the subsequent interpretation of their secondary interactions in the
atmosphere by investigatinghow they are related to carbon sumparameters.
Additionally, by integrating size-resolved exposure estimates with a
polymer-specific hazard index, the present study deduces the relative risk
potential associated with MNP inhalation and highlights the substantial
health burden posed by airborne MNPs. We believe that this integration of
polymer-specific quantification with health risk modeling represents a key
advance in the field and provides urgently needed evidence for policy and
regulatory discussions. The findings are therefore relevant not only for air
quality guidelines but also for international policy frameworks aimed at
reducing plastic pollution and protecting public health.

Results and discussions
Concentration and distribution of airborne MNPs
Currently, there is no standardized method for qualitative and quantitative
analysis of polymers via their pyrolysates37. Therefore, the present study
identified and quantified polymer clusters (prefix-C is added to every
analyzed polymer) such as polyethylene (C-PE), polypropylene (C-PP),
polyvinyl chloride (C-PVC), polyethylene terephthalate (C-PET), poly-
styrene (C-PS), polymethyl methacrylate (C-PMMA), polycarbonate (C-
PC), polyamide-6 (C-PA6), polyurethane (MDI-PUR), car tire tread (CTT)
and truck tire tread (TTT) based on the quantifiers listed in Goßmann
et al.19,38,39, with cluster-associated compounds detailed in supplementary
information (Supplementary Table 1). A cluster definition is necessary
because in environmental samples, polymers are not only used as homo-
polymers but often as co-polymers, block polymers or composite polymers.
They are also used as resins and coatings. Consequently, all detected indi-
cator signals after thermal decomposition are mixed signals from these
different sources, which can be assigned to the proportion of the respective
polymer. Therefore, the respective polymer concentration is quantified as a
homopolymer but indicated as a cluster19. To address potential overlaps
with black carbon (BC), all the data related to the C-PVC cluster are labeled
with an asterisk (*), which shows its mixed origin as recently shown by
Goßmann et al. (manuscript accepted40 and ref. 38). Since thermal trace
analysis of C-PVC* and related polymers only generates non-specific,
aromatic indicator products, unavoidable interferences occur in complex
environmental samples. In this study,Naphthalenewas used as an indicator
(Supplementary Table 1) for C-PVC*, despite its low specificity, due to the
lack of a more selective alternative. As a result, C-PVC* is a mixed cluster
with unknownproportions of chlorinated polymers on the one hand and, in
particular, BC from various sources on the other. Since both PVC and BC
are of high (toxicological) relevance with regard to air pollutants in the
urban environment, which comes almost exclusively from anthropogenic
sources41,42, this cluster is both included in theoverallMNPscalculations and
discussed in detail. This study does not quantify C-PA6 andMDI-PUR due
to undetectable signals (<LOD) in the analyzed samples, as their con-
tribution is supposed to be very low, which may contribute to a potential
underestimation of total MNP mass. This limitation is likely related to the
relatively short sampling duration; therefore, a longer sampling duration is
required to enhance detection sensitivity for such polymers.

In the present study, concentrations of MNPs in PM10MNPs, FMPs
and CMPs are reported, where CMPs were calculated by subtracting the
concentration of FMPs from PM10MNPs. This data representation
approach has been applied to observe the distribution and behavior of
MNPs in different size fractions of airborne polymeric particles. The total
MNPs (∑MNPs) concentration is the collective summation of all
the polymers that have been quantified for their size fraction in this
study. The FMPs/PM10MNPs and CMPs/PM10 MNPs ratios represent
the respective proportions of FMPs and CMPs within the total
PM10MNPs.

The concentration and distribution of airborne MNPs showed con-
siderable variation across particle size fractions during the sampling days
(Fig. 1a). The variability in daily concentrations of MNPs agrees with pre-
vious studies20,31,43,44, suggesting contributionsofmultiple influencing factors
such as emission sources45, atmospheric conditions, meteorological
parameters46, and secondary formation processes47. Our observations also
showed these variations, and a summary of the weather conditions during
the study period is given in Supplementary Section S1.

Temporal trends and size-segregated mass concentration. During
the two-week sampling period, the average mass concentration of total (∑)
PM10MNPs was 0.6 ± 0.2 μg/m³ (0.4–0.9 μg/m³).∑FMPs and∑CMPs each
averaged 0.3 ± 0.1 μg/m³, with ranges of 0.1–0.5 μg/m³ and 0.1–0.6 μg/m³,
respectively. Both contributed equally to ∑PM10MNPs at 0.5 ± 0.2, indi-
cating a balanced distribution in ambient air (Fig. 1a, b; Supplementary
Table 2). The observed concentration aligns with findings from an urban
study in Graz, Austria31, which reported 0.238 μg/m³ of MNPs in PM2.5 but
is lower than the concentrations of 1.2 μg/m³ found in size-segregated
aerosols (0.45-11 μm) in Kyoto, Japan21 and 5.6 μg/m³ in PM2.5 samples
from Shanghai, China43. It should be noted that discrepancies in reported
MNP concentrations across sites are partly due to differences in quantifi-
cation strategies, particularly the choice of marker compounds/quantifiers,
which limits the direct comparability of absolute values in addition to var-
iations in local emission sources. Airborne MNPs emitted in urban areas
have a long-distance travel potential and can be deposited at high alpine
site44, over the north-south Atlantic Ocean48 and in the northern Atlantic
Ocean19 contributing to their detection in remote regions6,7,49,50.

In this study, polymers from clusters like C-PVC*, C-PMMA, C-PE,
C-PET, and TTT indicated their dominance in FMPs with 0.6 FMPs/
PM10MNPs compared to CMPs (Supplementary Table 2). On the contrary,
clusters from C-PP, C-PS and C-PE have shown their predominant exis-
tence in CMPswith 0.7 CMPs/PM10MNPs (Supplementary Table 2). C-PC
has a unique characteristic, which appears to be entirely in FMPs, which can
be attributed to its brittle nature and susceptibility to environmental
degradation (e.g., UV exposure, abrasion), resulting in preferential frag-
mentation into smaller airborne particles51,52. Additionally, binders of
epoxide-based coatings are included in the C-PC. Abrasion of respective
surfaces is supposed to be of a very low particle size as well. Typically, ratio
(PM2.5/PM10) values below 0.6 suggest that PM may originate from re-
suspended soil dust, long-distancedust transport, processing industries, and
other mechanical activities53–55. Interestingly, CTT and total TWPs
(CTT+TTT) exhibited equal contributions in FMPs and CMPs (Supple-
mentary Table 2), consistent withfindings froma road simulator laboratory
analysis56 having PM2.5/PM10 ratio of 0.5. The ambient concentrations of
each quantified polymer are given in the supplementary information
(Supplementary Fig. 1a–j; Supplementary Table 2). CTT has the highest
concentration among all the polymers in each PM size fraction, and TTT
makes a lower but significant contribution to TWPs. The high concentra-
tion of TWPs highlights the important contribution of vehicular traffic to
airborneMNPs (SupplementaryTable 2), attributing their prevalence to tire
abrasion influenced by traffic density, driving patterns, and road
conditions8. FollowingTWPs, polymers such asC-PVC*, C-PE, andC-PET
were consistently dominant across PM size fractions (Supplementary
Table 2). Compared to the current study, Chen et al.43 observed elevated
levels of PVC (0.5 μg/m³) and PE (4.2 μg/m³) in PM2.5 at urban sites in
Shanghai, China. Similarly, higher levels of PE (230 ng/m3), PET (39 ng/m3)
in particle size of 0.43–2.1 μm and PS (4 ng/m3) in particle size of 7.0 to
11.0 μm were reported in Kyoto, Japan21. There was a moderate median
PM2.5 concentrations of PET (up to 180 ng/m³), PP (up to 40.5 ng/m³), and
PE (up to 33.3 ng/m³) in different classes of region observed in Graz,
Austria31, while at high alpine sites, Kau et al.44 reported variable PET
concentrations (4.1–29.5 ng/m³ in PM1; 0.53–35.6 ng/m³ in PM10). In
another urban study inChina, Luo et al.20 noted significantly lower PE levels
(5.0-10.2 pg/m³). Suchdifferences in the concentrationsmost plausibly arise
from methodological variability, including the choice of quantifier20,
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instrumentation31, size segregation sampling21 and extraction procedures57

applied for MNP analysis. These variations can be due to difference in A
study at Tokushima University, Japan, Mizuguchi et al.58 detected lower PP
(<LOD to 3.5 ng/m³) and PS (0.25–0.76 ng/m³) concentrations in PM10

samples. A comparative overviewof reportedmass concentrations ofMNPs
in different PM size fractions across various global locations is given in
supplementary information (Supplementary Table 3), emphasizing the
variability in urban airborne MNPs pollution and the urgent necessity of
standardized analytical methods for consistent and meaningful data and
derived health risk evaluation.

Size-fraction dependent polymer composition. Within the present
study, TWPs accounted for 60-65% in each PM size fraction (Fig. 2),
which aligns with European reports59, attributing 64% of microplastic
emissions to tire wear. According to Kraftfahrt Bundesamt60, in 2022,
Saxony had 2,185,262 cars and 223,906 registered trucks and buses,
reflecting on our findings that CTT emissions are over ten times higher
than TTT (Supplementary Table 2). TWPs in the air are not limited to
urban areas38,61,62 but can also transported via wind to the open ocean19,49

and high alpine sites44,63, highlighting their widespread dominance
among polymers. Our study results observed that following TWPs, C-PE
(12-17%), C-PVC* (12-14%) and C-PET (4-7%) are the most prominent
polymers existing in all size fractions (Fig. 2a–c). These polymers were
also generally reported in a variety of environmentalmatrices due to their
significant production in Europe64 and consumption65,66. An urban area
study in Oldenburg, Germany, Goßmann et al.38, also observed a similar
trend in polymer composition from roadside spider web samples.
Although C-PS, C-PP, and C-PC have significantly less contribution
(0.1–0.6%) in all size fractions (Fig. 2a–c), aligning with the previous

polymer analysis studies38,50,67, their presence is still important for
studying the dynamics of MNPs. Moreover, our study revealed the pre-
dominance of C-PVC*, C-PC, C-PMMA, andTTT in FMPs, while C-PP,
C-PE, C-PET, and C-PS are more prevalent in CMPs. This distinction
forms two different polymer groups based on size fractions, which is
consistent with the discussion in previous section. In order to confirm it
statistically, pairwise statistical comparisons (Wilcoxon signed-rank
tests, n = 14) were performed, which revealed that C-PC and C-PMMA
were significantly enriched in FMPs, while C-PP and C-PS were sig-
nificantly enriched in CMPs. Directional trends also suggested enrich-
ment of C-PVC and TTT in FMPs and C-PE and C-PET in CMPs
(Supplementary Table 4). Principal Component Analysis (PCA) further
confirmed size-fraction driven differences in polymer composition
(Supplementary Fig. 2). FMPs clustered with C-PC, C-PMMA, C-PVC*,
and TTT, whereas CMPs clustered with C-PE, C-PP, C-PET, and C-PS
along the first two principal components (explaining ~48% of variance).
This clear segregation supports our hypothesis that FMPs and CMPs are
compositionally distinct, with different polymer drivers dominating each
size class.

Relative polymer contribution. In the present study, the total PM10

mass load ranged from 10.9 to 24.3 μg/m³, with a mean of 16.7 ± 3.8 μg/
m³. On average, 3.6% by mass of the total PM10 mass was contributed by
MNPs. The PM2.5 mass load ranged from 6.9 to 16.1 μg/m³ (mean:
11.1 ± 2.9 μg/m³), with FMPs contributing 2.8% by mass. For PM10-2.5,
the mass load varied between 3.4 and 8.2 μg/m³ (mean: 5.7 ± 1.5 μg/m³),
withCMPs accounting for 5.2%bymass of the totalmass load. (Fig. 3a-c).
A few urban environmental studies reported 13.2% in Shanghai, China43,
0.67% in Graz, Austria31 and 0.2% in Taiwan68 contributions as FMPs in

Fig. 1 | Temporal variation and size-fractional
distribution of airborne micro- and nano-plastics
(MNPs). aDailymass concentrations of Polystyrene
(C-PS; dark yellow), polycarbonate (C-PC; green
color), polypropylene (C-PP; pink color), poly-
methyl methacrylate (C-PMMA; yellow color),
polyethylene terephthalate (C-PET; blue color),
polyethylene (C-PE; orange color), polyvinyl
chloride (C-PVC*; olive color), Truck tire tread
(TTT; dark gray color), Car tire tread (CTT; light
gray color) in total PM10MNPs (solid color bar), fine
microplastics (FMPs; diagonal shaded bar), and
coarse microplastics (CMPs; cross shaded bar) over
the two-week sampling period. Error bars represent
standard deviation, indicating variability in mea-
sured concentrations. b Box plot for each quantified
polymer contains minimum, maximum, and mean
values with individual data points in circles repre-
senting relative contributions of FMPs and CMPs to
PM10MNPs, expressed as FMPs/PM10MNPs (Pink
color) and CMPs/PM10MNPs (Dark Gray color)
ratios, respectively. Data show an approximately
equal partitioning ofMNPsmass between FMPs and
CMPs with noticeable temporal variability.
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total PM2.5mass load. The German Environment Agency (UBA) report69

indicated that TWPs contributed 3.1% and 4.6% of total PM10 and PM2.5

mass load, respectively. A study in Hamburg, Germany, Samland et al.70

reported that 12% of PM10 and PM2.5 mass on major roads consists of
TWPs and BWPs. In another study from Stockholm, Sweden, TWPs
accounted for approximately 4% to 6% of total PM10 concentrations

71. In
this study, TWPs accounted for 2.3% of PM10 and 1.9% of PM2.5 mass
loads, respectively. Despite the variability in absolute values, a clear trend
emerges. MNPs, and especially TWPs, consistently form a measurable
part of urban PM. The somewhat lower contributions observed in our
study compared with locations such as Shanghai or Hamburg are likely
related to differences in traffic density, sampling duration, and analytical
methods. Our results fall within the range reported elsewhere and add to
the evidence that MNPs are a recurring feature of urban air pollution.
Even though the contribution ofMNPs to the total PMmass is below 10%
compared to other chemical constituents (such as organic and
inorganic)72, their abundance reflects the presence of an omnipresent and
relevant pollutant class in the atmospheric environment. The consistent
presence of MNPs, together with the known toxicity of some polymer
types, indicates that their health impacts may be more significant than
their mass contribution. Understanding these contributions is essential
for developing mitigation strategies and assessing potential health risks
of MNPs.

Inter-polymer and carbon sum parameters associations
Understanding interrelations between carbonaceous parameters and poly-
mers is crucial for identifying sources and transformations in the atmosphere.
Limited studies have explored inter-relationships among polymers and their
association with other urban pollutants, significantly influencing their
environmental fate and transport mechanisms73. This highlights the need for
further research and data dissemination on the extent of MNPs pollution74.
Pearson’s correlation coefficient (R) was calculated (Supplementary
Table 5a–c) with p value < 0.05 to check the interaction between the detected
polymers and carbon sum parameters in their respective size fractions.

Inter-polymer associations. In the present study, C-PMMA showed
better correlations with C-PE (R = 0.76) and C-PP (R = 0.56) in FMPs
(Supplementary Table 5b), suggesting common sources such as cos-
metics and personal care products75, with TTT (R = 0.61) and C-PS
(R = 0.57) indicating emissions associated with TWPs and construction
materials, respectively51,67,76. C-PVC*/C-PP (R = 0.60) and C-PP/C-PE
(R = 0.61) (Supplementary Table 5b) indicated a similar fragmentation
process77. Other correlating polymers, such as C-PE, C-PET and C-PS

(R = 0.55), reflect their widespread use in single-use plastic bags, con-
tainers, construction materials, textiles, and other common sources51,67.
Their concurrent application in packaging and consumer products,
combined with similar fragmentation properties and resuspension
pathways, likely explains their co-occurrence in the atmosphere. A study
from China43 reported significant correlations between PS, PVC, and PE
(R = 0.68–0.82), suggesting a shared emission source and such relation-
shipswere not observed in our study (Supplementary Table 5b) except for
PM10MNPs C-PVC*/C-PE (R = 0.81) (Supplementary Table 5a). This
underlines that the composition and emissions of MNPs can vary
depending on study location, population density, and topography, even
in urban areas. In this study, overall CMPs showweaker correlations than
FMPs (Supplementary Table 5c), likely due to differences in degradation,
transport, or sources78, with a notable CTT/C-PS correlation (R = 0.60)
suggesting co-emissions from tire wear and roadmarkings79. This pattern
suggests that fine fractions capture stronger source-related signals,
whereas coarse fractions might be influenced by more complex atmo-
spheric mixing and processing. TWPs have strong correlations (R = 0.95,
0.93, and 0.96 in∑PM10MNPs,∑FMPs, and∑CMPs, respectively). This
finding highlights their substantial contribution to atmospheric MNPs
loading, primarily from tire wear, representing primary MNPs80 gener-
ated through road surface abrasion54,81. The observed co-occurrence of
road marking particles and TWPs is consistent with traffic-related
sources, which dominate at the sampling site, as also reported in earlier
studies. Our observations showed meteorology-related variations, and a
summary of the weather conditions during the study period is provided
in Supplementary Section S1. However, because meteorological varia-
bility during the sampling windowwas relatively limited (Supplementary
Fig. 3a–d and Supplementary Fig. 4), it is unlikely to explain the inter-
polymer correlations observed fully. Instead, the associations are more
plausibly linked to shared usage patterns and traffic-related sources.
Taken together, these findings suggest that meteorology may influence
variability in overall concentrations, but polymer co-occurrence in our
dataset is primarily driven by source. Therefore, further source-specific
analysis would help refine this conclusion.

RelationshipbetweenMNPsandcarbonsumparameters. Individual
concentrations of all the carbon sum parameters and their relative PM
ratios, are shown in Supplementary Table 2. Although MNPs constitute
only a small fraction of the total PM and carbon load, their high surface-
area-to-volume ratio, particularly in the fine fraction, enables them to act
as potential carriers for organic compounds, as shown in previous
studies31,44,82. This suggests that FMPs, despite their low abundance, may

Fig. 2 | Polymer-specific composition of airborne
micro- and nano-plastics (MNPs) indicated by
size fraction. Percentage contribution of dominant
and minor polymers in (a) PM10MNPs, (b) Fine
microplastics (FMPs), and (c) Coarse microplastics
(CMPs). Tire wear particles [TWPs: Car tire tread
(CTT; light gray color) + Truck tire tread (TTT;
dark gray color)] contributed the highest fraction
across all size classes, followed by polyethylene (C-
PE; orange color), polyvinyl chloride (C-PVC*; olive
color), and polyethylene terephthalate (C-PET; blue
color). Polystyrene (C-PS; dark yellow), Poly-
propylene (C-PP; pink color), polymethyl metha-
crylate (C-PMMA; yellow color), and polycarbonate
(C-PC; green color) were found at lower levels.
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contribute to the adsorption and transport of carbonaceous material
within the atmosphere. Similar to inter-polymer associations, correla-
tions in FMPs with carbon sum parameters are stronger compared to
PM10MNPs and CMPs (Supplementary Table 5a–c), reflecting that fine
particles offer a clearer representation of MNPs associations and possess
greater sorption capacity for organic contaminants82. A strong correla-
tion (R = 1.0) between Total Carbon (TC) and Organic Carbon (OC) in
all PM size fractions indicated that the organic fraction of carbon is
dominant over the total. Additionally, the correlation value of OC and
Primary Organic Carbon (POC) (R = 0.72), OC and Secondary Organic
Carbon (SOC) (R = 0.91) in FMPs showed a significant existence of
primary and secondary carbon in the organic fraction. In contrast, CMPs
only observed their dominance as secondary carbon rather than primary
carbon (Supplementary Table 5a–c), suggesting their potential role in
interacting with secondary formation processes in the atmosphere.
Similarly, the correlation between POC and Elemental Carbon (EC)
(R = 1.0) across all PM size fractions suggested a common origin, likely
from incomplete combustion sources, such as diesel exhaust and biomass
burning83. In our study, only C-PMMA, C-PVC*, and C-PE within PM10

MNPs showed strong correlations with all carbon parameters
(R = 0.53–0.94), demonstrating their strong association with particulate
organic matter (POM) and indicating that they occur as particle-bound
species embedded in organic matrices while coexisting within both pri-
mary (POC) and secondary (SOC) carbonaceous fractions (Supple-
mentary Table 5a). The correlation of C-PET with POM (R = 0.40) and
EC (R = 0.44), which is lower than the correlations observed at a high
alpine site in Sonnblick, Austria44, is attributed to differences in source
contributions and atmospheric processes. Except for SOC, ∑FMPs are
strongly correlated with EC, OC, TC, POC, and POM (R = 0.67–0.80),
suggesting that a significant portion of these MNPs likely originate as
POM from primary sources like TWPs (Supplementary Table 5b). In
comparison to our study, a weaker correlation was observed in Austria31

between ∑MNPs and OM (R = 0.46) and EC (R = 0.51). Notably, indi-
vidual polymers such as C-PET, C-PS, and C-PE showed strong corre-
lations with OC, SOC, and POM (R = 0.51–0.80) (Supplementary
Table 5b), which are in agreement with the previous results in urban
samples31. These polymers can release volatile organic compounds

(VOCs), e.g. monomers, oligomers and additives during their degrada-
tion or processing, which may undergo atmospheric reactions leading to
the formation of SOA84. However, polymers like C-PC, CTT, TTT, and
TWPs correlated strongly with EC and POC (R = 0.59-0.79), indicating
their primary origin from traffic emissions such as vehicle components,
tire treads and surface abrasion (Supplementary Table 5b). Since
refractory polymeric carbon such as BC, but also PVC, is part of the C-
PVC* cluster, its correlation with the various carbon parameters is not
very conclusive. Contrary to∑FMPs,∑CMPs correlated poorly withOC
but significantly with SOC rather than POC, suggesting SOA formation
during secondary processes, particularly in C-PS and TWPs (Supple-
mentary Table 5c). The observed correlations betweenMNPs and carbon
fractions suggest co-occurrence in the aerosol phase, likely driven by
common emission sources or atmospheric transport processes. Although
the small mass fraction of MNPs in this study makes direct adsorption
difficult to establish, previous studies82 have documented the ability of
microplastics to adsorb carbonaceous material. Therefore, it remains
plausible that FMPs in our samples also adsorbed organic carbon from
the surrounding environment, contributing to the observed correlations.

Estimated MNPs intake, exposure and their toxicity on humans
Inhalation of airborne MNPs is increasingly recognized as a potential
exposure pathway, though their health impacts are not fully understood.
According to the WHO, mass concentration is a crucial parameter for
evaluating air pollution exposure and its health effects, along with devel-
oping legislation to address public exposure to MNPs85. This section pre-
sents exposure estimates based on measured concentrations; however,
where potential effects are discussed, they remain largely hypothetical.
Targeted studies are needed to address current knowledge gaps and verify
these assumptions. In order to observe outdoor inhalation exposure, from
measured ∑MNPs concentration in ambient air, we have calculated the
amount of MNPs that can enter the body (ages 20-59) through outdoor
inhalation (refer to Materials and methodology section and Eq. 7 for more
details). The study estimated a daily inhalation exposure of 2.1 μg of
PM10MNPs, including 1.1 μg of FMPs and 0.94 μg of CMPs (Fig. 4a).
Upscaling these inhalation exposure estimates to annual intakes of 0.7 mg,
0.4mg, and 0.3mg, respectively, is essential for evaluating long-term health

Fig. 3 | Relative contribution of micro- and nano-
plastics (MNPs) to total ambient particulate
matter (PM) mass. a Average mass proportion
(black dashed line) of PM10MNPs within total PM10

mass load, where blue bars and black circles repre-
sent the PM10 mass load and percentage contribu-
tion of PM10MNPs for each day, respectively.
b Average mass proportion (black dashed line) of
fine microplastics (FMPs) relative to PM2.5 mass
load, where orange bars and black triangles repre-
sent the PM2.5 mass load and percentage contribu-
tion of FMPs for each day, respectively. c Average
mass proportion (black dashed line) of coarse
microplastics (CMPs) to PM10-2.5 mass load, where
yellow bars and black squares represent the PM10-2.5

mass load and percentage contribution of CMPs for
each day, respectively. All data reflect the integrated
contribution of total polymermass to urban ambient
aerosol burdens.
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risks and ensuring that laboratory findings reflect real-world exposure for
meaningful dose-response assessments. These annual intakes are compar-
able to those reported in an Australian indoor house dust study in Sydney86

(0.2mg/kg-body weight/year). An additional study in Taiyuan, China20,
estimated the daily intake of PE bound to PM2.5 at 34 pg/day. In contrast, a
broader rangeofMNPs intake, from61.85 to 102.59 μg/day,wasobserved in
Mumbai87, India. However, as the analytical methods used in these studies
areneither standardizednor consistent, evaluating thesedifferences remains
challenging, as highlighted in earlier section. Using model approaches24,25,
reported estimations of daily MNPs intake via air, reported 8.23 × 10-6μg/
day and 1.07 ×10-7mg/capita/day, respectively. Based on the modeling
approach findings, it appears that airborne MNPs intake may be higher in
the present than previously estimated, emphasizing the value of analytical
measurements to complement model-based exposure assessments.

Moreover, a statistical analysis by Kernel Density Estimation (KDE)
using the Kolmogorov-Smirnov test24 assessed the probabilistic density of
MNPs intake across different particle sizes. The test shows that a peak in
FMPs intake highlights a consistent and widespread exposure level across
the population (Fig. 4b) compared to PM10MNPs and CMPs. Due to the
small size of FMPs, they can penetrate deeper into the respiratory tract,
highlighting a higher potential for long-term retention and systemic
exposure88. Based on this assumption and to explore potential health
impacts, this study calculated relative risk (RR) and attributable fraction
(AF) for FMPs exposure (Eqs. 8 and 9) on the basis of existing epidemio-
logical models to estimate environmental burden of disease68,89 (Supple-
mentary Table 6). This study found indications for potential increased
mortality risks of 5–9% for cardiopulmonary (RR: 1.08 ± 0.01; CI:
1.06–1.10) and 8–13% for lung cancer (RR: 1.12 ± 0.02; CI: 1.09–1.15)
compared to the threshold level (Fig. 4c; Supplementary Table 6). Although
RR remained consistently higher than the threshold throughout the study
period, it is closely aligned with findings from Colombia’s northern Car-
ibbean region90, which reported RR values of 1.00 ± 0.001 for cardio-
pulmonary disease and 1.11 ± 0.06 for lung cancer. However, the risks
observed in the present study are lower than those reported for Taiwan68

(AF: 26.4 ± 12.6% for cardiopulmonary and 26.7 ± 12.9% for lung cancer)
and Romania89 (AF: 17.5–24.6% for cardiopulmonary and 25.0–34.4% for

lung cancer) but notably higher than those reported in a European meta-
analysis, which foundPM2.5-associatedRRof 1.03 for lung cancer incidence
and 1.05 formortality91. These observations suggest that, despite their small
mass, prolonged exposure to airborne MNPs may pose health risks over
time. The elevatedRR for lung and cardiopulmonarymortality, which could
be derived from the comparative assessments of this study, may be influ-
enced by a possible polymer-specific toxicity of PM92. Studies suspect this is
in connection with lung deposition of PE, PET, PP93, which have also been
detected in placental94 and liver95 tissue, and are possibly related to
respiratory, fetal development and hepatic function issues. To incorporate
polymer-specific considerations, we calculated the Polymer Hazard Index
(PHI) according to Lithner et al.42, which is based on monomer hazard
classifications. This approach, combinedwith PM2.5 riskmodels, serves as a
first-order approximation in the absence of polymer-specific dose-response
data, while underscoring the need for further toxicological research on
MNPs. Polymers like C-PE, C-PET, and C-PP have been categorized as IV,
III, and I, respectively, with PHI shown in SupplementaryTable 7 indicating
C-PE is more hazardous compared to the other polymers (C-PET and C-
PP) and can cross the blood-brain barrier, potentially leading to neurotoxic
effects and neurodegenerative diseases96,97. We detected substantial TWPs
(HazardCategoryV forCTTandTTT),which are known to carry a cocktail
of harmful chemicals such as benzothiazoles and 6-phenyl-1,2,3,4-tetra-
hydroquinoline quinone (6-PPDQ), contributing to acute toxicity, oxidative
stress, and chronic respiratory and cardiovascular issues98,99. C-PVC*,
notably abundant in fine particles and having the highest PHI after TWPs
are categorized as the most hazardous (Hazard Category V) polymer that
can induce arterial plaque formation and systemic inflammation, increasing
cardiovascular risks100. PVC as part of C-PVC* is produced from vinyl
chloride monomer compound classified as a Group 1 carcinogen, and was
assigned one of the highest hazard scores due to its strong associations with
carcinogenicity and mutagenicity42. Complementing this, it was found that
PVC is dominant in human lung tissue101 but also and accounts as C-PVC*
for over 97% of the total PHI, indicating its overwhelming contribution to
health risks from inhaledmicroplastics. These calculations are based on the
C-PVC* data, which do not allow any analytical differentiation between
PVCand soot/BC. SinceBC is also a highly toxicologically relevant polymer,

Fig. 4 | Human inhalation exposure and health
risk estimates for airborne micro- and nano-
plastics (MNPs). a Daily inhalation estimates of
PM10MNPs (Blue color), including fine micro-
plastics (FMPs; orange color) and coarse micro-
plastics (CMPs; green color), for adults under
average urban exposure. Solid lines of each color
represent the average daily intake of MNPs in the
respective size fractions. b Kernel Density Estima-
tion (KDE) plot depicting probabilistic distribution
of MNPs intake, highlighting peak exposures of
FMPs (orange curve) as compared to PM10MNPs
(blue curve) andCMPs (green curve). cRelative Risk
(RR) values for lung cancer (red color) and cardio-
pulmonary mortality (black color) linked to FMPs
exposure across sampling days. Blue dashed line
marks the RR = 1 threshold; error bars indicate
variability in the measurements.
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the derived data remain highly relevant. C-PS, although less abundant, falls
under Hazard Category II (Supplementary Table 7) and, according to
previous experimental studies, it has the potential to induce cellular apop-
tosis, disrupt cellular integrity, and has been linked to reproductive toxicity
and hormonal disruptions, including impacts on testicular functions102.
C-PC exposure (Hazard Category IV) is associated with tissue damage,
redox homeostasis in the liver and imbalance of variousmetabolic pathways
in the human body103. To improve clarity and focus on the key findings, we
have consolidated the hazard categories, associated chemicals, and potential
human health impacts into Supplementary Table 7, facilitating a direct
comparison of toxicity data. The consistency between our risk estimates
(RR, AF and PHI) and an increasingly evident polymer-specific toxicity
strengthens the case that MNPs inhalation represents a genuine public
health concern. It is important to emphasize that while these risk values
provide insight into potential health concerns, they are based on associa-
tions and modeled estimates rather than direct causality.

Conclusions
The present study offers a detailed characterization of airborne MNPs in
an urban environment, revealing their significant presence across PM
size fractions and highlighting TWPs as the dominant source, followed
by C-PVC*, C-PE, and C-PET. FMPs enriched with hazardous polymers,
such as C-PVC* and TWPs, pose greater inhalation risks due to their
potential for deep lung deposition and interaction with carbon sum
parameters. Our findings estimated a daily as well as annual inhalation
intake ofMNPs and identified elevatedmortality risks for cardiopulmonary
and lung cancer outcomes, which underscores the need for regulatory
attention. Importantly, while this study is geographically localized, the
implications are far-reaching as regional studies like this are essential to
inform global exposure baselines and guide science-driven policy.
Addressing MNPs pollution is critical to achieving Sustainable Develop-
ment Goal (SDG) 3 (Good Health and Well-being) by reducing human
exposure, SDG 11 (Sustainable Cities and Communities) by integrating air
qualitymanagement into urban planning, and SDG 13 (Climate Action) by
mitigating the atmospheric impact of MNPs emissions. In this context,
actionable measures include regulating tire wear emissions, establishing
standardized monitoring protocols for airborne MNPs, and integrating
polymer-specific indicators into existing air quality regulations. In sum-
mary, while current evidence increasingly suggests that inhalation ofMNPs,
particularly FMPs, could have health implications, more longitudinal and
mechanistic studies are required to confirm polymer-specific toxicities,
establish safe exposure thresholds, and inform regulatory standards. Until
then, ourfindingsunderscore the importanceofmonitoring airborneMNPs
as emerging pollutants and continuing to refine health risk assessment
methods.

Materials and methodology
Reference standards and chemicals
Commercially available raw polymers were used as standards to quantify
MNPs in air. A total of eleven polymers were selected, including PE, PP,
PVC, PET, PS, PMMA, PC, PA6, MDI-PUR, CTT, and TTT. Detailed
information on these polymer standards used for identification and quan-
tification of the respective clusters including suppliers, is provided in Sup-
plementary Table 8. Ethanol andDichloromethane (DCM)was taken from
Carl von Ossietzky University of Oldenburg laboratory supply store, partly
further distilled to residue grade, Hexafluoro isopropanol (HFIP) (Sigma
Aldrich, Germany), Acetone, Tetrahydrofuran (THF) and Tetra methyl
ammoniumhydroxide (TMAH,25% inmethanol (MeOH), Sigma-Aldrich,
Germany), deuterated polystyrene (d8-PS, Sigma Aldrich, Germany). All
solvents were filtered through glass fiber filter of 0.3 μm pore size (What-
man, Altmann Analytical, Germany; pretreated at 500 °C/4 h).

Instrumentation and calibration
MNPs analysis was performed as outlined in published literature19,38,39,66,104

by using Py-GC-MS. The instrument set-up consisted of a micro furnace

pyrolyzer (EGA/Py-3030D; FrontierLabs, Japan)with an auto-shot sampler
(AS1020E;FrontierLabs, Japan),whichwas coupledwith aGC-MS (6890N-
5973MSD; Agilent Technologies). All the quantifiers have been chosen by
taking into consideration the secondary reactions that may happen during
the pyrolysis process105,106, but these reactions are largely irrelevant in highly
diluted, complex environmental samples. Such reactions are reported
mainly in artificial experimental setups where selected compounds are
present at relatively high concentrations. In natural samples, the much
higher dilution and the presence ofmultiple reactants for potential pyrolysis
products (e.g., HCl) suggest that these reactions occur only to a negligible
extent, if at all. Our analyses showed no evidence of such effects, although
they cannot be completely excluded. Moreover, the measurement was
performed in Single Ion Monitoring (SIM) mode, which enhances the
sensitivity of the target compound by focusing on characteristic ions of
target polymers (Supplementary Table 1). This also reduces background
noise from complex airborne matrices and allows reliable quantification of
polymers at trace levels, providing lower detection limits and improved
accuracy compared with full scan analysis. A detailed description of the
instrument settings and procedural parameters can be found in the sup-
plementary information (Supplementary Table 9). The external calibration
of the device was carried out using both liquid and solid standards. For
calibration, individual polymer standards were dissolved and diluted in
appropriate organic solvents prior to pyrolysis, including DCMused for C-
PA6, C-PC, C-PS,HFIP for C-PET, acetone for C-PMMA, and amixture of
THFwithDCMforC-PVC, according to their solubility107 andC-PE, C-PP,
CTT, TTT and MDI-PUR were weighed as solid standards (1.0-16 μg) in
pyrolysis cups. For C-PE and C-PP, conventional solvent dissolution was
not feasible due to their non-polar, crystalline nature. Following Goßmann
et al.19, we therefore employed a one-point calibration based on the lowest
calibration point, which provides only semi-quantitative estimates. Alter-
native approaches, such as dilution in inert matrices, were considered but
not applied, as they can introduce variability in recovery. Reported con-
centrations for C-PE and C-PP should thus be interpreted as semi-
quantitative values. The current study used d8-PS in DCM as an internal
standardwith 20 μL of 125 μgmL-1 of solution injected (equivalent to 2.5 μg
per cup) into pyrolysis cups alongwith analytes. For quantification, the ratio
of peak areas of the respective selectedmarker compounds (Supplementary
Table 1) to the peak areas of the internal standard (herem/z 98 from styrene
trimer) was plotted against the mass of polymer used to get the calibration
curve104. Each curve was plotted with 95% confidence and prediction bands,
and the calibration linearity for each polymer was calculated as the deter-
mination coefficient (r2) valueusingOriginPro2023 (SupplementaryFig. 5).
20 μL of TMAH solution (12.5% in methanol, Sigma Aldrich, Germany)
was added to each pyrolysis cup for online derivatization and thermo-
chemolysis to enhance the signal sensitivity for C-PET and C-PC39,66. The
marker compounds for C-PP, C-PE, C-PVC*, CTT and TTT were not
affected byTMAHaddition to the pyrolysis cups66,104. A summary ofmarker
compounds, quantifier ions, linear equation, R2 value, Limit of Detection
(LOD) and Limit of Quantification (LOQ) is highlighted in the supple-
mentary material (Supplementary Table 1).

MNPs collection and analysis
PM samples (PM10 and PM2.5 fractions simultaneously) were collected at
Torgauer Straße, Leipzig, Germany (51.35° N, 12.42° E) using two separate
DIGITEL (DHA-80) high-volume samplers (Supplementary Fig. 6). The
roadside site, located within the urban area, represents an upper-limit
exposure scenario due to its high traffic density. Sampling was conducted
over a two-weekperiod (01 to14September2022),whichprovidesa focused
and detailed snapshot of MNPs composition under conditions of strong
traffic influence. This setup offers the advantage of capturing peak urban
exposure levels at fine size resolution of PM and generating high-quality
baseline data for health risk estimation. At the same time, the restricted
spatial and temporal scope limits the representativeness of our findings for
other environments (e.g., suburban or rural) and prevents assessment of
seasonal or long-term variability. A more representative picture could be
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obtained in future research by including diverse sites (urban and rural
background) and conducting longer-term sampling to reflect broader
variability inMNPs concentrations. The sampler was operated at aflow rate
of 500 Lmin-1 for 24 hours, following Ambient air- European
Standards108,109. For the collection of airborne particles, the samplers were
equippedwithquartzfiberfilters (MunktellMK360;Ø=150mm).There are
fine and coarse fractions of PM in PM10 samples, but PM2.5 samples only
contain fine fractions. We calculated the PM10-2.5, a coarse fraction of PM,
by subtracting the PM2.5 concentration from the PM10 concentration. The
totalmass load of collected PM samples were determined gravimetrically by
weighing filters before and after sampling under controlled laboratory
conditions (temperature and humidity).

An 18mm punch (~254 mm2 of area) from the sampled filter was
placed into a pyrolytic cup along with an internal standard and TMAH for
analysis. The direct sample introduction without any pretreatment, as used
in previous studies20,37,43,58,110,111 is ideal for saving time and avoiding sample
manipulations.

Analysis of carbonaceous constituents in PM samples
The carbonaceous aerosol fractions, EC and OC, were analyzed using a
thermo-optical instrument (EC/OC analyzer: Sunset Laboratory Inc., USA)
in accordance with EUSAAR2112. A filter punch (1.41 cm2) from the sam-
pled filter area was taken and analyzed for carbon parameters using an EC/
OC analyzer.

Calculations and statistical analysis
Detection and Quantification limits of the instrument. The LOD and
LOQ in absolute mass (μg) for each polymer as absolute mass were
calculated using:

LOD ¼ 3:3σ=s ð1Þ

LOQ ¼ 10σ=s ð2Þ

where σ denotes the standard deviation of the peak area of the lowest
standard concentration, and s denotes the slope of the calibration curve113.

Carbon sum parameters. Calculated carbon sum parameters are
mentioned below using the following equations:

Total carbon ðTCÞ ¼ ECþOC ð3Þ

Primary organic carbon POCð Þ ¼ OC
EC

� �
min x EC ð4Þ

Secondary organic carbon ðSOCÞ ¼ OC�POC ð5Þ

Particulate organic matter ðPOMÞ ¼ 1:6x OC ð6Þ
The term (OC/EC) min is the minimum OC/EC ratio, and 1.6 is the

factor which is used to calculate the particulate fraction of organic matter
from OC in urban aerosol samples.114,115

MNPs inhalation. In the present study, we calculated the amount of
MNPs that have the potential to enter the humanbody (Age group= 20 to
59 years) through inhalation in the outdoor environment with the fol-
lowing equation:

MNPs intake ðμg=dayÞ ¼ IR ×T×C ð7Þ

Where IR represents the average inhalation rate (0.83 m3/hour), T represents
outdoor exposure time (4 hours/day), and C represents the daily average
concentration of∑MNPs20,32,116. However, as detailed time-activity data were
not available for this study, future assessments should incorporate local
activity surveys or sensitivity analyses to capture variability in exposure better.

Health risk assessments and polymer-specific toxicity. The Relative
Risk (RR) associated with exposure to FMPs was estimated using a log-
linear exposure-response model widely utilized in environmental epi-
demiology to quantify the health burden attributable to air pollutants.
The following equation was applied:

RR ¼ Xþ 1
Xoþ 1

� �β

ð8Þ

Where X is the measured FMPs concentration, X₀ is the background con-
centration of PM₂.₅ (set at 3 μg/m³)68, β is the risk coefficient, taken as 0.15
for cardiopulmonarymortality and 0.23 for lung cancermortality, following
WHO guidelines68,117.

To quantify the proportion ofmortality attributable to FMPs exposure,
the Attributable Fraction (AF) was calculated using68,117,118:

AF ¼ RR � 1
RR

ð9Þ

WhereRR is calculated fromEq. (8).This helps to estimate theproportionof
disease burden that could be prevented if PM2.5 concentrations were
reduced to background levels, which refers to the concentration of PM2.5

that would exist in the absence of anthropogenic emissions, including
microplastics.

The chemical toxicity associated with distinct polymer types is a key
factor in assessing the ecological risks of MNPs. The potential hazards
associated with each polymer were assessed since PM10MNPs represent the
highest contribution of each polymer in this study. Based on this, the
Polymer Hazard Index (PHI) was calculated specifically for PM10MNPs
using the following equation42.

PHI ¼
X

ðSn × PnÞ ð10Þ

Where Sn is the hazard score assigned to each polymer type based on its
toxicological properties42, Pn is the proportion of that polymer within the
PM10MNPs.

Stastistical analysis. Statistical analyses were performed to evaluate
differences in polymer abundances between FMPs and CMPs. Pairwise
comparisons for each polymer were conducted using the Wilcoxon
signed-rank test (two-sided), a non-parametric method suitable for small
sample sizes and non-normally distributed environmental data. Results
are reported as medians, test statistic Wilcoxon (W), and p-values, with
significance considered at p < 0.05. Moreover, to assess the overall
compositional divergence between the two size classes and identify key
polymer drivers, we performed PCA on centered and standardized
polymer abundance data. The first two principal components were used
to visualize clustering of samples and the loadings of individual polymers.

In addition to that, in the present study, a probability density function
test was performed as per Chen et al.24. From the daily intake of MNPs
dataset, a statistical analysis from KDE was applied to analyze MNPs
exposure distributions, providing a smooth probability density function
without arbitrary binning. It helped to identify dominant inhalation expo-
sure levels across PM10MNPs, FMPs, and CMPs. The Kolmogorov-Smirnov
test was used to evaluate the data distribution and goodness of fit. By
smoothing the data, KDE improves exposure risk characterization and
supports daily intake estimates. This method enhances statistical reliability,
enabling a more precise evaluation of high-risk exposure zones in urban air
and strengthening the study’s microplastic inhalation risk assessment. All
statistical analyses were conducted in OriginPro 2023, and graphical outputs
were generated accordingly.

Quality control (QC) and quality assurance (QA)
QC and QA measures have been implemented during the whole sampling,
preparation, and analysis to ensure the accuracy and reliability of data while
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minimizing contamination risks. All laboratory apparatus, including glass-
ware and steel ware, was cleaned with ultrapure water and pure ethanol
before use. The drying procedure was conducted within a Class II biological
safety cabinet (Claire pro B-2-130, laminar flow hood, Berner, sample pro-
tection mode), which utilizes HEPA‑filtered downward laminar airflow to
protect both the samples and the work area from airborne contamination.
The chemicals used in this study were filtered with a 0.3 μm pore-sized glass
fiber filter and stored in a pre-cleaned glass bottle. During all the analytical
steps, no plastic material was used; a cotton laboratory coat and nitrile gloves
were worn, and a clean laminar flow bench was used to process all the
samples and standard preparation procedures. To ensure accurate measure-
ments, solid standards were weighed in pyrolysis cups (Eco Cups 80 LF,
Frontier Labs, Japan), which were pre-cleaned to avoid contamination with a
precision microbalance (Sartorius Cubis MSE2.7S-000-DM). Variabilities in
the preparation of calibrants, samples and with the instrument were corrected
using internal standards119. Quartz fiber filters were heated at 850 °C for
3 hours before collecting the PM10 and PM2.5 samples. To preserve the
integrity of the collected samples, they were stored at −20 °C until analysis.
Additionally, field blanks were placed during sample collection procedures,
which were processed similarly to routine laboratory sample preparation
procedures. The final concentration of the samples in this study is reported
after the blank subtraction. To avoid any overestimation of the results, all
sample data were raw-corrected on a raw data basis (subtraction of peak area
ratios) before quantification. To illustrate the order of magnitude, we have
also calculated the blank concentration of each quantified polymer. The
overall average value of blanks was found to be 3.9 ± 0.7 ng/m3 (Supple-
mentary Fig. 7). During the analysis of samples by Py-GC-MS, blank cups
were also placed to check any carryover signals and cross-contamination
from the previous sample analyzed. The reproducibility of the instrument was
thoroughly checked throughout the sequence by evaluating the d8-PS signals.
During pyrolysis, the system is frequently cleaned by measuring multiple
instrument blanks (GC runs without injections) to ensure accurate analysis.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available in Excel sheet
format at Zonedo120 via: https://doi.org/10.5281/zenodo.17424212.
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