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Environmental Significance

One of the current pressing challenges in investigating the fate of nanoplastics in living organisms and

oNOYTULT D WN =

environmental systems is the inability to track nanoplastics in environmental and biological media. Recent
efforts have focused on synthesizing metal-doped nanoplastics to achieve this purpose. However, only a
1 limited number of metal-doped nanoplastics have been synthesized so far, which tend to lack the true
13 representation of real-life nanoplastics. This study quantified the elemental concentration and fingerprint
in real-life nanoplastics derived from plastic consumer products and environmentally aged plastic
16 fragments using state-of-the-art analytical methods. This study provides a tool, based on elemental
18 fingerprints, to track the fate of real-life model nanoplastics in controlled laboratory studies. It expands
the realm of nanoplastics that can be followed based on their metallic signatures to all kinds of plastics.
21 Additionally, this study illustrates the importance of nanoplastics as a source of metals and metal-bearing

23 nanoparticles in the environment.



oNOYTULT D WN =

Environmental Science: Nano Page 2 of 35

Elemental fingerprint as a potential tool for tracking the fate of real-life model nanoplastics

generated from plastic consumer products in environmental systems

Mohammed Baalousha'*, Jingjing Wang?, Md Mahmudun Nabi?, Mahbub Alam?, Mahdi Erfani?,

Julien Gigault3, Florent Blancho?, Mélanie Davranche?, Phillip Potter®, Souhail R. Al-Abed®

Affiliations:

! Center for Environmental Nanoscience and Risk, Department of Environmental Health Sciences, Arnold

School of Public Health, University of South Carolina, SC 29208, United States

2 Department of Civil and Environmental Engineering, University of South Carolina, SC 29208, USA

* TAKUVIK Laboratory, CNRS/Université Laval, 1045, av. de La Médecine, Québec G1V 0A6, Canada
4 Géosciences Rennes, CNRS/Université de Rennes, 263 av. Général Leclerc, 35000 Rennes, France

5 Office of Research and Development, Center for Environmental Solutions and Emergency Response yg

Environmental Protection Agency, 26 W. Martin Luther King Drive, Cincinnati, OH 45268, United States

* Corresponding author: mbaalous@mailbox.sc.edu



mailto:mbaalous@mailbox.sc.edu

Page 3 of 35

oNOYTULT D WN =

Environmental Science: Nano

Abstract

Metals and metalloids are widely used in producing plastic materials as fillers and pigments, which
can be used to track the environmental fate of real-life nanoplastics in environmental and biological
systems. Therefore, this study investigated the metal and metalloids concentrations and fingerprint in
real-life model nanoplastics generated from new plastic products (NPP) and from environmentally aged
ocean plastic fragments (NPO) using single particle-inductively coupled plasma-mass spectrometry (SP-
ICP-TOF-MS) and transmission electron microscopy coupled with energy dispersive x-ray spectroscopy
(TEM-EDX). The new plastic products include polypropylene straws (PPS), polyethylene terephthalate
bottles (PETEB), white low-density polyethylene bags (LDPEB), and polystyrene foam shipping material
(PSF). All real-life model nanoplastics contained metal and metalloids, including Si, Al, Sr, Ti, Fe, Ba, Cu,
Pb, Zn, Cd, and Cr, and were depleted in rare earth elements. Nanoplastics generated from the white
LDPEB were rich in Ti-bearing particles, whereas those generated from PSF were rich in Cr, Ti, and Pb. The
Ti/Fe in the LDPEB nanoplastics and the Cr/Fe in the PSF nanoplastics were higher than the corresponding
ratios in natural soil nanoparticles (NNPs). The Si/Al ratio in the PSF nanoplastics was higher than in the
NNPs, possibly due to silica-based fillers. The elemental ratio of Si/Al, Fe/Cr, and Fe/Ni in the nanoplastics
derived from ocean plastic fragments was intermediate between the nanoplastics derived from real-life
plastic products and NNPs, indicating a combined contribution from pigments and fillers used in plastics
and from natural sources. This study provides a method to track real-life nanoplastics in controlled
laboratory studies based on nanoplastic elemental fingerprints. It expands the realm of nanoplastics that
can be followed based on their metallic signatures to all kinds of nanoplastics. Additionally, this study
illustrates the importance of nanoplastics as a source of metals and metal-containing nanoparticles in the

environment.
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1. Introduction

Plastic pollution is a serious global environmental problem and receives considerable attention from
government agencies, research communities, and the general public 3. The global production of plastics
exceeds 250-300 million metric tons per year and is expected to double in the next two decades #®. Due
to improper disposal and transport via wind and surface runoff, large quantities of plastics enter
environmental systems. These plastics break down in the environment into increasingly smaller particles
down to the nano-size range (i.e., nanoplastics, 1-100 or 1-1000 nm 7-8), known as secondary (or real-life)
nanoplastics & °. Consequently, plastic particles of various sizes, shapes, and polymeric compositions are
widely distributed in the environment and found in freshwater 11! and marine ecosystems 12 13, fish 14,
birds %, and even in the Arctic and Antarctic sea ice ®. Thus, there is an increased global interest in
understanding the environmental fate and effects of the different classes of plastic particles, including
nanoplastics. So far, many studies have investigated the occurrence and characteristics of plastic
fragments and microplastics in environmental 1% 7% and biological systems % 5. Fewer studies
investigated the fate and effects of mainly synthetic (e.g., commercially available) microplastics (e.g.,
polystyrene, polypropylene, polyethylene, polyvinyl chloride) 2%-22 and even fewer studies investigated the
fate and effects of synthetic nanoplastics, typically polystyrene 2022, This is because synthetic microplastics
of different polymer types are commercially available, but polystyrene nanoplastics are the only

commercially available nanoplastics 202,

Moreover, several research groups synthesized metal-labeled nanoplastics (e.g., palladium-doped
polystyrene spheres 2 and indium-doped polyester fibers 27, heteroaggregation of positively charged gold
nanoparticle with negatively charged nanoplastics 2% 2°) to track nanoplastics in environmental and
biological media using the metal signature 26. Therefore, the current knowledge on the environmental
fate and effects of nanoplastics is limited to a few types of nanoplastics due to the lack of synthetic

nanoplastics of different polymer types, sizes, and shapes. Such knowledge also might not represent the
3
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true environmental fate and effects of real-life nanoplastics, which cover a broad spectrum of polymers,

sizes, shapes, and additives.

Real-life nanoplastics are different from synthetic nanoplastics in many essential aspects. 1) Real-life
nanoplastics contain constituents not present in synthetic nanoplastics, such as pigments and fillers 3% 3%,
which influence the environmental fate and adverse effects of nanoplastics. These additives could impact
the environmental fate and effects of real-life nanoplastics compared to synthetic nanoplastics. 2) Real-
life nanoplastics occur in various shapes, sizes, and colors. However, synthetic nanoplastics are typically
available only in smooth spheres 26-2°, 3) Synthetic nanoplastics surfaces are often modified/functionalized
to maximize colloidal dispersion of otherwise hydrophobic nanoplastics 26. For instance, polystyrene latex
beads contain high concentrations of surfactants (e.g., sodium dodecyl sulfate (SDS) 3?, but the
composition and concentration of the surfactants are often not included in ingredient labels. Such
information is proprietary and is typically not disclosed by manufacturers, which hampers assessing their
impact on the environmental fate and adverse effects of synthetic nanoplastics. These surfactants are
well known to influence nanoplastics aggregation, settling, biological uptake, and toxicity. 4) Commercial
nanoplastics are often formulated with a biocide to prevent bacterial growth during delivery and storage.

Additionally, synthetic nanoplastics may contain other ingredients not disclosed by the manufacturers.

Inorganic additives may account for up to 60 wt.% of plastic composition 33. Typical fillers include SiO,,
BaSO,, TiO,, clays, talc (MgSi,0,5(0OH),), and kaolinite (Al,Si,O5(OH)). Inorganic pigments include various
metal oxides, such as iron, titanium, chromium, cadmium, and lead oxides 34. These fillers and pigments
have been detected in various types of plastics. For instance, food packaging plastics have been shown to
contain nickel, cadmium, cobalt, copper, lead, chromium, zinc, and iron 3°. Drinking water bottles have
been shown to contain antimony, lead, cadmium, and other metals 3% 37. Analysis of nanoplastics by
scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDX) illustrates

the presence of Si, Al, Fe, Zn, S, Ba, Br, and Ti in marine plastics 3% 3%; Si, Al, Mg, and Fe in microplastics
4
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used in exfoliating products %°; and Al, Si, Na, and Nb in microplastics found in Malaysian commercial fish
41 However, little attention has been given to the impact of inorganic additives in determining the
environmental risks of nanoplastics. These metal additives could be used as tracers to track the
environmental fates of real-life nanoplastics, thereby opening a window toward investigating all types of

polymers, sizes, and shapes of real-life nanoplastics.

Single particle-inductively coupled plasma-mass spectrometry (SP-ICP-MS) is a powerful tool for
particle quantification #2. It has been commonly used for the detection and quantification of metal(loid)s-
bearing nanoparticles or cells > %4, Additionally, it has been recently used for the detection of carbon in
microplastics #°4°. The size detection limit of metal(loid)s-bearing nanoparticles varies from few to several
hundreds of nanometers ° whereas that of carbon-bearing particles (microplastics) varies from 0.62 to
1.8 um %%, depending on instrument sensitivity, target element, and media composition. Additionally,
single particle-inductively coupled plasma-time of a flight-mass spectrometry (SP-ICP-TOF-MS) has been
recently used for the simultaneous detection of carbon and rare earth elements (REEs) in synthetic REE-
doped polystyrene microplastics 4’. However, SP-ICP-TOF-MS has never been implemented to measure
elemental fingerprints in nanoplastics generated from consumer products or from ocean plastic

fragments.

This study characterizes the elemental (metals and metalloids) fingerprint in model real-life
nanoplastics generated from new plastic products (NPP) used in our daily lives and from environmentally
aged ocean plastic fragments (NPO). The elemental fingerprint in the nanoplastics was compared to those
in natural nanoparticles (NNPs) extracted from three soil samples to identify unique elemental signatures
in model real-life nanoplastics. The elemental fingerprints within nanoplastics were determined using ICP-
TOF-MS in conventional and single particle analysis modes to cross validate the results using bulk
elemental ratios and single particle elemental ratios. The multi-element single particles events were

classified into clusters of events of similar elemental composition using a two-stage agglomerative
5
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hierarchical clustering analysis approach to reduce the large data produced by SP-ICP-TOF-MS into a

reportable format.

2. Materials and Methods

2.1. Generation of nanoplastics from plastic consumer products

Model real-life nanoplastics were generated from consumer products (NPP) using a kitchen blender.
Plastic products were chosen based on polymer and product type. The most common polymers in
environmental plastic samples are polypropylene, polyethylene terephthalate, polyethylene, and
polystyrene >. A typical consumer product for each polymer type was selected: polypropylene drinking
straw (PPS), polyethylene terephthalate soda bottle (PETEB), white low-density polyethylene shopping
bag (LDPEB), and polystyrene (PSF) foam packing material. The plastic consumer products were cut into
small (~1 cm) pieces. They were placed in approximately 500 mL of SuperQ water in a 1 L beaker and
broken down using a commercially available kitchen-style stick blender. The blender was rinsed
extensively with SuperQ water before and between plastic sample blending to avoid cross contamination.
SuperQ water without plastic products was blended similarly as a procedural blank. The blender was
operated by hand and used in 5 sequential 30 s intervals separated by 60 s breaks to prevent overheating
of the blender motor. Plastic samples and SuperQ water without plastics products were filtered through
a 0.45 um Whatman syringe filter to remove particles outside the nanomaterial size range. Dynamic light
scattering (DLS) measurements were acquired using a Malvern Zetasizer to confirm the presence/absence
of newly formed nanoplastics and the SuperQ water in the blended samples. Preliminary experiments
analyzed with DLS showed no particle formation from the blender in Super Q water. The polydispersity of
the generated nanoplastics prevented accurate determination of their z-average hydrodynamic diameter,
but the higher signal response compared to SuperQ water allowed the qualitative confirmation of the

formation of nanoplastics.
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2.2. Generation and characterization of nanoplastics from ocean fragments (NPO)

Environmentally aged ocean plastic fragments were collected from the North Pacific garbage patch
(provided by Ocean-Clean-Up NGO). Four different batches of plastic debris were selected to generate
nanoplastics. The plastic debris were selected based on their degree of weathering/oxidation state
because the formation of nanoplastics increases with the degree of weathering 27. Model real-life
Nanoplastics (labeled Nanoplastics 1, 2, 3, and 4) were generated from the environmentally aged ocean
plastic fragments according to the previously established protocol >!. Briefly, the ocean plastic fragments
were mixed with deionized (DI) water at a 1:2 plastic:DI ratio (w/w) in a square bottle and stirred at 250
rpm for 48 h, followed by sonication for 1 h, then filtration at 40 um cut-off cellulose acetate filter (VWR,
Radnor, PA, USA). The resulting particles were treated with H,0,/UV for 5 h to remove associated organic
matter and algal residue. Then, the nanoplastics size fraction was separated by filtration over a 1.2 um
cut-off glass fiber filter (Prat DUMAS, Couze-et-Saint-Front, France). The H,0, was removed by diafiltration
using a 20 kDa PES membrane (Microdyn-Nadir, Goleta, CA, USA). The hydrodynamic diameter of the
nanoplastics was determined using Dynamic Light Scattering (DLS) (VASCO Flex's, Cordouan Technologies,
Pessac, France). The morphology of the nanoplastics was examined by transmission electron microscopy
(TEM, JEM 2100 HR, Jeol, Tokyo, Japan). The TEM samples were prepared by depositing 2.5 pL of the
nanoplastics suspension on a carbon-coated grid (Oxford instrument, Abingdon, UK). The TEM was
operated at 200-kV acceleration voltage with a LaBgas an electron source with a point and line resolution
of 2.3 A and 1.4 A, respectively. Particles were photographed with a Gatan Orius SC200D camera, and
elemental analyses were performed using an EDX Oxford X-Max 80T detector. The polymer composition
of the nanoplastics was determined using Fourier-transform-infra red spectroscopy (FT-IR) and Pyrolysis-
Gas Chromatography-Mass Spectrometry (Py-GCMS, Pyrolyzer PY-3030 Frontier Lab, GC, and MS from
Agilent Technologies mass spectrometer, 5977B, Santa Clara, CA, USA) according to the method described

elsewhere °1. Pyrolysates were separated using Helium as carrier gas on a C18 capillary column (DB5, 30m

7
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for Polyethylene and 60m for Polypropylene and natural organic matter, Agilent Technologies).
Pyrolysates were identified by comparing the PyGCMS mass spectra of the environmentally aged plastics
with the National Institute of Standards and Technology (NIST) database for eluted peaks and the F-Search

database to determine the polymeric composition of the nanoplastics (FrontierLab, Japan).

2.3. Soil samples

Three topsoil samples, Orangeburg, Varina, and Mecklenburg, were collected with a hand drill from
the surface to 15 cm below the surface in polyethylene bags described elsewhere 2. The Orangeburg soil
was collected from Dillon County (34.5044, -79.4231452), the Varina soil was collected from Dillon County
(34.455574, -79.444813), and the Mecklenburg soil was collected from Chester County (34.80189, -
80.07951139), South Carolina, United States. Natural nanoparticles were extracted from the soils as
described elsewhere >2. Briefly, the soils were sieved using a 10-mesh 2 mm pore-size nylon sieve
(Zhangxing Instrument, Shanghai, China). A hundred grams of the dry-sieved soils were mixed with 1 L
ultrapure water (UPW, Millipore Advantage System, Merck Millipore, Darmstadt, Germany) for 24 h,
followed by wet sieve through a 300-mesh 54 um pore size nylon sieve (Zhangxing Instrument, Shanghai,
China). Then, the sieved soil samples were freeze-dried (Labconco FreeZone 6 Liter, Kansas City, MO, USA).
Twenty mg of the freeze-dried soils were mixed with 30 mL UPW in 50 mL acid-washed polypropylene
centrifuge tubes and overhead rotated on a tube rotator at 40 rpm (Fisher Scientific, Shanghai, China)
overnight. The well-dispersed mixture was bath sonicated (Branson 2800, 40 kHz, Dandury, CT, USA) for
2 h to disrupt soil microaggregates and enhance the dispersion of NNPs >3. The 1 um size fraction was then
separated by centrifugation (Eppendorf, 5810 R, Hamburg, Germany) at 775 g for 5 min based on a 2.5
g-cm3 particle density and Stokes' law calculation 4. The top 20 mL of the supernatant was transferred

into 50 mL acid-washed polypropylene centrifuge tubes and stored at 4 °C before further analysis. The
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collected fractions were diluted 5000-folds in UPW and sonicated for 15 min in a bath sonicator before

SP-ICP-TOF-MS analysis. The operating parameters of the ICP-TOF-MS are provided in Table S1.

2.4. Digestion and total metal concentration analysis

A mixture of HNO; and HCL, instead of hydrofluoric acid, were used to digest the nanoplastics which
have been shown to efficiently digest various types of plastics/polymers including PP, PE< LDPE, HDPE, PS,
and PET >°. Although the HNO; and HCL mixture is not sufficient to completely dissolve refractory metal
particles such as Ti and Zr, several studies demonstrated the accuracy of measuring these element
concentrations using ICP-MS without HF digestion >* 57, Approximately 50 mg of the NPO were digested
using 4 mL of distilled HNO; and 1 mL of distilled HCI (Fisher Chemical, Fair Lan, NJ, USA) in a microwave
system (Multiwave Pro, Anton Paar, Ashland, VA, USA). The digestion sequence consists of two steps: a
20-minute power ramp up to 1400W and a 60 min power hold. After cooling, the digestates were diluted
in 5 mL 1% HNO; and transferred into acid-washed 15 mL centrifuge tubes (Fisher Scientific, Mexico). The
samples were bath sonicated (Branson, Model 2800, 40kHz, Danbury, CT, USA) for 15 min and centrifuged
at 3100 g (Eppendorf, 5810R, Germany) for 5 min to remove any undigested minerals and prevent clogging
the ICP-TOF-MS sample introduction system with large particles. The top 8 mL supernatants were
collected for metal analysis using ICP-TOF-MS. Due to the high metal concentrations in the NPO, the
digestate supernatants were further diluted 10 folds using 1% HNO; before ICP-TOF-MS analysis. All
samples were sonicated for 15 min in a bath sonicator before and after dilution. Metal concentration
analysis was performed using an ICP-TOF-MS (TOFWERK, Thun, Switzerland). Samples were introduced
into the ICP with a 2DX autosampler (Element Scientific, Omaha, United States) and a MicroMist U-series
Nebulizer (Thermo scientific, USA) connected via a Quartz Cyclonic Spray Chamber (Meinhard, USA) to

the injector of the ICP torch. Additional instrument parameters are provided in Table S1.

2.5. Multi-element single particle analysis

Page 10 of 35
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Single-particle analysis of the real-life model nanoplastics (NPO and NPP) and the natural
nanoparticles (NPP) were performed using an ICP-TOF-MS (TOFWERK, Thun, Switzerland) to determine all
isotopes within individual particles.® Element specific instrument sensitivities were measured with a
series of multi-element solutions prepared from a mixed multi-element ICP certified reference standard
(0,1, 2, 5, and 10 pgL! multi-element standard, diluted in 1% HNOs, BDH Chemicals, Radnor, PA, USA).
The transport efficiency was calculated using the known size approach >° using both Au nanoparticles
with a certified particle size of 60 nm (NIST RM8013 Au, Gaithersburg, MD, USA) prepared in UPW and Au
ionic standard solutions (0, 1, 2, 5, and 10 ugL?, diluted in 1% HCI, BDH Chemicals, West Chester, PA, USA).
Using a standard tuning solution, the ICP-TOF-MS mass spectra were calibrated based on 8H,0*, >°Co*,
1151n+, 140Ce*, and 238U* target isotopes in TofDaq Viewer (Version 2.9, TOFWERK). Dissolved calibration
standards were prepared from a mixed multi-element ICP certified reference standard (0, 1, 2, 5, and 10
ug-L?, diluted in 1% HNOs;, BDH Chemicals, Radnor, PA, USA) to determine the elemental specific mass
responses of particles. A 4.5% H,/He gas mixture was used as collision gas to eliminate/minimize

interferences and was optimized for >®Fe* and 28Si* signals.

All samples were diluted with UPW before analysis to avoid coincidence and eliminate the dissolved
background. All samples and UPW blanks were prepared and analyzed in triplicates. The SP-ICP-TOF-MS
simultaneously measures all isotopes (mass range of 14-275 amu) at a sampling rate of 33 KHz (30 us time
resolution). However, mass spectra were pre-averaged before readout, resulting in an integration time of
2 ms. Data was acquired for 200 s for each replicate. The data were combined for the three replicates to
achieve comprehensive analysis due to limited detection events of certain elements. All data processing
— signal thresholding (Poisson algorithm %) and split event correction - was performed using Tofpilot
(Version 2.9, TOFWERK Ag, Switzerland). The mass and size detection limits assuming pure metal and

metal oxide phases are summarized in Table S2.

10
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2.6. Agglomerative hierarchical clustering analysis

Detected particle signals were classified into single- and multi-metals nanoplastics (smNPs and
mmNPs). The mmNPs were classified into clusters of nanoplastics of similar elemental composition using
a two-stage (e.g., intra- and inter-sample) agglomerative hierarchical clustering as performed elsewhere
52,61,62 Thijs process identifies clusters/groups of nanoplastics of similar elemental composition and their
mean elemental composition. Briefly, intra-sample clustering was performed on all metal and metalloid
masses in each mmNP to generate clusters that best account for variance in mmNP elemental composition
in each sample. The dissimilarity matrix was constructed by calculating the pairwise correlation distance
between mmNPs based on elemental mass. Then, agglomerative hierarchical clustering was performed
using the average correlation distance method. This step generated a unique cluster dendrogram for each
sample, divided into major clusters using a specified correlation distance cutoff. The distance cutoff of
0.5, was determined by visually inspecting the dendrogram and through trial and error to minimize the
variance/diversity in mmNP elemental composition in the major clusters. Our previous study
demonstrated that expert choice and sensitivity analysis of the average silhouette scores can be equally
used identify major mmNP clusters . Then, a cluster representative was determined for each major
cluster as the mean of metal masses in individual mmNPs within each cluster, considering all elements
that occurred in at least 5 percent of mmNPs within the cluster. Then, inter-sample clustering was
performed on the major cluster representatives to group/cluster the similar mmNP major clusters
identified in the different samples. This step generated a cluster dendrogram for intra-sample cluster
representatives, which was divided into major clusters using a distance cutoff of 0.4, as performed for the
intra-sample clusters. The intra-sample clustering was performed using the same agglomerative

hierarchical clustering method described above.

The mean intra-sample cluster composition was determined as the mean metal mass fraction in all

mmNPs in the cluster and was compared across samples. The mass fraction of a given metal in each mmNP
11
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was determined as the mass of that metal divided by the sum of masses of all metals in that mmNP. Select
elemental ratios were determined particle-by-particle for all mmNPs containing the select elements. The
number concentration (NP mL?) of the total, smNPs, mmNPs, and cluster members were determined
according to the single-particle theory.>® Finally, heat maps were generated by comparing the number

concentration of nanoplastics in each major cluster among the different samples.

3. Results and discussion

3.1. Polymer characterization of environmental nanoplastics

The NPO exhibits a z-average hydrodynamic (d,,) diameter distribution between 100 and 800 nm with
a mode d,, of 220 nm 3. FT-IR spectra of the NPO display characteristic peaks of polypropylene (PP) at
2950, 1376, 979, and 973, and cm™ and polyethylene (PE) at 2850, 720, and 718 cm™! (Figure S1). The full
(m/z 50 to 260) PyGCMS pyrograms of the NPO are presented in Figure S2 and illustrate that nanoplastics
1, 2, and 3 have similar pyrolysates, mainly alkene compounds (Figure S2a shows the spectrum of
nanoplastics 1). In contrast, the nanoplastics 4 pyrogram displays (Figure S2b) a large composition
heterogeneity, including the presence of natural organic matter, propylene, and a trace of polyethylene. The
large signal in the nanoplastics 4 pyrogram corresponds to carbon dioxide, strongly indicating the presence
of natural organic matter in the pyrolysis cup. We focus on polymeric markers (e.g., m/z 55 for Nanoplastics
1, 2, and 3 and m/z 70 for Nanoplastics 4) to identify the different polymers present in the NPO. A series
of n-alkene compounds from the nonene (C9) at tR=4.03 min up to 1-pentatriacontene (C35) at tz=19.7
min was identified in nanoplastics 1 (nanoplastics 2 and 3 display similar pyrograms) (Figure S3a). This
series of n-alkene could originate from polyethylene polymers %, other polymers, or natural organic
matter . However, the triplet of 1,11-dodecadiene, 1-dodecene, and dodecane at elution times of 6.88,
6.96, and 7.02 min, respectively was also identified in the pyrolysates of nanoplastics 1 (Figure S3b). This

triplet of pyrolysates categorically indicates the presence of polyethylene polymer in nanoplastics 1, 2,

12
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and 3 ®, Pyrolysates greater than C20 are attributed to the higher mass of pure plastics deposited in the
pyrolysis cup (20-30 mg) compared to those (typically few ng) used to analyze environmental matrices.
PyGCMS programs of nanoplastics 4 display a triplet centered on the 1-dodecene and the presence of
phenolic compounds, suggesting that nanoplastics 4 contains a mixture of polyethylene and organic
matter (Figure S2b). A relatively high peak also is identified at elution time of 7.7 min with a major ion of
m/z 70. The m/z 70 pyrogram of nanoplastics 4 displays four peaks (C9, C12, C15i, and C15s),
corresponding to methyl-alkene ion, a unique polypropylene marker (Figure S3c) that does not suffer from

interferences by pyrolysates generated from natural organic matter .

3.2. Metal concentrations and ratios

Substantial concentrations of Al, Fe, Cr, Ni, Mn, Co, Zr, Sn, Sb, and Pb were detected in the NPP (Figure
1a). Aluminum and Fe exhibited the highest concentrations, accounting for 37 to 86% and 2 to 46% of all
detected metals and metalloids in the nanoplastics. Chromium, Ni, Mn, Sb, Zr, and Sn accounted for 4 to
6.3%, 1.2 t0 2.6%, 0.3 to 1.5%, 0 to 4.9%, 0.1 to 1.6% and 0 to 0.7% of all detected metals and metalloids
in the nanoplastics. Pb was detected in PSF and Co in PETEB and PSF, accounting for 1.3% and 0.1% of all
detected metals and metalloids in the nanoplastics, respectively. Similarly, substantial concentrations of
metals and metalloids were detected in the NPO. Silicon exhibited the highest concentration in all these
nanoplastics, accounting for 49 to 69% of the sum of all metals and metalloids (Figure 1b). Aluminum, Sr,
Ti, Fe, and Ba also occurred at high concentrations, accounting for 8 to 12%, 5 to 11%, 4 to 6%, 3 to 4.1%,
and 0.5 to 5.2% of metals and metalloids, respectively. Copper, Pb, Zn, Cd, and Cr accounted for 0.1 to 5%
of the detected metals and metalloids. All other elements occurred at much lower concentrations,
accounting for < 0.1 % of metals and metalloids. Rare earth elements displayed the lowest concentrations

among all the metals and metalloids, accounting for < 0.01% each.

13
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Metals are widely used in plastics as additives for pigments, fillers, stabilizers, catalysts, biocides,
antimicrobial agents, lubricants, and flame retardants ¢ %8, Silicon and Al are used mainly as fillers.
Commonly used fillers in plastics include SiO,, CaCO;, BaSQ,, TiO,, clays, talc (MgSi;O10(0OH),), and
kaolinite (Al,Si,05(OH))3% 3%, Titanium in TiO, is used as a white pigment; Cu in the form of BaCuSi,0¢, and
2CuCO;.Cu(OH), is used in the blue pigment; Cu, Cd, and Cr are used as green pigments such as the
phthalocyanine green (Cu-organic complex), CuCH;C0OO),.H,0, CuCO;.Cu(OH),., Cr,05.2H,0, and a mix of
CdS and Cr,0s; Pb and Ba are used as yellow pigments such as Pb3(Sb0O,),, PbCrO,, or Pb,Sn0O, and BaCrO,.
Lead and Ba are also used in plastic formulations as heat stabilizers, antioxidants, UV stabilizers (Pb), and
fillers (Ba). Antimony in Sb,0; and Zn are used in plastics as flame retardants. Metals in plastics also can

be sorbed from the environment.

The bulk ratios of Ti/Nb, Si/Al, Cr/Fe, and Ni/Fe in the NPO are presented in Figure 2. These elemental
ratios are substantially higher than the natural background ratios 8, indicating that these elements (Ti, Si,
and Cr) are intentionally added to the plastics as pure elements or composites. As discussed above, these

elements are widely used in plastics as additives such as pigments and fillers 67 8,

While considerable work has been on characterizing metal contamination in plastics, particularly in
plastic recycling,” little attention has been given to identifying elemental fingerprints in nanoplastics vs.
those in NNP. Below we discuss the identification of elemental fingerprints in model real-life nanoplastics
(NPP and NPO) using transmission electron microscopy and SP-ICP-TOF-MS and agglomerative

hierarchical clustering analysis.

3.3. Microscopy analysis

Microscopic analyses, using TEM-EDX, illustrate that the NPO exhibit irregular shapes and consist of a
mixture of carbon rich particles, metal rich particles, and composite carbon-metal particles (Figure 3).

Figure 3a shows an example of particles detected in nanoplastics 3 including carbon, aluminum, titanium,

14
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iron, and silicon rich particles. The carbon rich particles are indicative of fragmented polymeric particles.
Silicon, Al, and Fe-rich particles were associated with the polymeric fragment. In contrast, this micrograph
did not identify Ti-rich particles with the polymer. Figure 3b-c shows an example of the particles detected
in nanoplastics 2 and illustrates carbon and titanium rich particles that were associated. The titanium-
bearing particles were 180-260 nm in size, typical of TiO, pigments used in the production of plastics.
These metallic particles (e.g., Al, Si, Ti, and Fe) are used in relatively high concentrations in plastics and
therefore can be identified by TEM-EDX analysis. However, other metallic particles are used in plastics in
much lower concentrations. They therefore are very unlikely to be detected by TEM-EDX measurements
due to their rare occurrence compared to polymeric and the more dominant metal and metalloids-bearing
particles. Additionally, metals and metalloids could be sorbed on the surfaces of plastics from the
surrounding environment, which might be present in much lower concentrations than the metal additives,
rendering their detection by TEM rather difficult. Thus below, we further discuss the characterization of

the metallic signatures of the model real-life nanoplastics based on SP-ICP-TOF-MS analysis.

3.4. Maetallic fingerprint in nanoplastics generated from plastic products

At the single-particle level, metals and metalloids were detected in all the model real-life nanoplastics
as single particles. Similar to our previous study °2, all elements - Si and Fe more frequently than other
elements due to interferences - were detected as single particles in the procedural blanks at low
concentrations . Most of the detected particles in the procedural blanks were smNPs. In contrast, mmNPs
were rarely detected in the procedural blanks, suggesting that all mmNPs in nanoplastic samples are
actual particles 2. The number concentration (particles g Figure 4a) of metal and metalloid-bearing
particles was higher in the NNP than in the nanoplastics, except for Cd in all samples and Sb in nanoplastics

1. Additionally, REEs (in particular La, Ce, Pr, and Nd), Hf, and Th occurred at much lower concentrations
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(e.g., 12 to 48 folds) in the nanoplastics compared to the NNPs, in agreement with the total metal

concentrations discussed above.

The within-sample relative abundance of the detected metallic particles in the nanoplastics and NNPs
is presented in Figure 4b. Iron, Ti, Pb, Si, Al, Cr, Cu, Zn, and Cd were the most frequently detected elements
in nanoplastics. Antimony represented a significant fraction (approximately 5% of all detected elemental
signatures) of the detected particles in nanoplastics 1. Antimony is used as a pigment, catalyst, and flame
retardant in plastics & 71. Cadmium represented a high proportion of elements detected in NPO (1 to 20%)
compared to NPP (<0.04%) and to NNP (< 0.01%), suggesting that Cd metals could have sorbed to the
surfaces of ocean plastic fragments from the surrounding environment 72. Rare earth elements Mo, Sn,
Ta, and Th were rarely detected in the nanoplastics and represented a small fraction (<1 % each) of all
metal and metalloid-bearing particles detected in plastics. Among the NPP, the LDPEB was particularly
rich with Ti-bearing particles, accounting for 55% of all detected metal particles. TiO, is the most widely
used white pigment in the polymer industry 73. The PPS and PETEB NPP were rich in Fe, Pb, Cr, and Si-
containing particles. The relative abundance of Ti, Al, Cu, Zn, Cd, Nb, and W was higher in NPO than in
NPP. This might be attributed to the sorption/attachment of these elements/particles on the surfaces of

plastics from the natural environment 72,

The mmNPs were clustered into 30 clusters (Figure S4a), including Al, Si, Fe, Ti, Ba, Cr, Pb, Ni, Zn, Sn,
Cd, Cu, and Mn-bearing NM clusters. A distance cutoff of 0.5 was selected to group these clusters into
major clusters while preserving the identity of most of the clusters. Consequently, 5 to 18 major mmNP
clusters were identified in each sample (Figure S4a). Inter-sample clustering generated 20 clusters using
a distance cut-off of 0.4 (Figure S4b). A cutoff of 0.4 was selected to avoid grouping clusters of different
elemental compositions into major clusters. The elemental composition (mean mass fraction of metals)
of all clusters with at least twenty mmNP members in any sample is presented in Figure 5, and those with

fewer members in Figure S5. Typically, the composition of each cluster is dominated by one metal and
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contains minor or trace concentrations of other metals. Four clusters accounted for > 99% of all mmNPs
for the NPP, including FeCrTi, TiFeAl, AlFeCu, and SiAlFe clusters (Figure 5). These four clusters accounted
for > 81% of mmNPs in the NPO. Eleven clusters were necessary to account for > 99% of all mmNPs in the
NPO, which includes, in addition to the four clusters identified in the NPP, CdPbCu, CuPbZn, CrPbCo,
PbCrTh, ZnFePb, SbPbSn, and BaPbCe. Despite the different filter size cutoff used to separate NPP (< 0.45
p) and NPO (< 1.2 um), mmNM with similar elemental compositions (e.g., FeCrTi, TiFeAl, AlFeCu, and
SiAlFe) were identified in both types of nanoplastics, indicating that the filtration process does not alter
the mmNM elemental composition of the nanoplastics. The different mmNM clusters identified in NPO
compared to NPO are attributed to metal sorption from the natural environment. Furthermore, two other
clusters, CeLaNd, and ZrPbTh, were abundant in the soil samples accounting for 0.4 to 5.5 and 0.1 to 3.4
of all mmNPs in the soil samples but occurred at very low frequency in the nanoplastics. Clusters identified
in NPP and NPO exhibited different elemental fingerprints than those identified in the NNP as discussed

below.

Al-rich cluster. All plastic particles detected an Al-rich cluster, representing 2 to 32% of all mmNPs.
The MmNPs exhibited higher Al and Pb mass fractions and lower Fe mass fractions than those in NNPs
(Figure 5a). Copper, Zn, Cd, and Pb were detected more frequently in the NPO than in the NNP and were
not detected in the NPP, suggesting they might have been acquired from the surrounding environment.
Consequently, the Al/Fe and Al/Cd were higher in nanoplastics than NNP. In contrast, Al/Cu and Al/Pb
were lower in the nanoplastic than in NNP, indicating the enrichment of nanoplastics with Cu and Pb

compared to NNP.

Fe-rich cluster. Fe-rich cluster was detected in all nanoplastics, representing 13 to 67% of all mmNPs.
Iron represented 68 to 85% of the particle masses within this cluster (Figure 5b). The mass fraction of Cr
and Co was higher in the NPP than in the NPO. Ni and Cu mass fractions were higher in NPO than in NPP

in NNP. Cd was detected in the NPO only, suggesting that Cd might be acquired from the environment.
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Ti-rich cluster. Ti-rich cluster was detected in all plastic particles, representing 1 to 40% of all mmNPs.
Titanium accounted for 77 to 92% of particle masses within this cluster (Figure 5c). Iron accounted for 1
to 15% of the particle mass and was highest in NNP than in NPP in NPO. Zinc accounted for 1 to 6% of the
particles mass and was highest in the NPP than NPO than NNP. Copper and Cd accounted for 0 to 2% and
0 to 1% particle masses in the NPO and were either not detected or present at a negligible concentration

in NPP and NNP.

Si-rich cluster. Si-rich cluster was detected in all nanoplastics and represented 5 to 57% of all mmNPs.
Si accounted for 77 to 98% of the particles’ masses (Figure 5d). Al and Fe accounted for 1 to 14% and 0 to
4% of the particle masses and were higher in NNP than in the NPO than in the NPP. Titanium accounted
for 1 to 5% of the particle masses and was higher in the NPO than in the NNP than in NPP. Copper, Zn, and
Cd were detected only in the NPO, suggesting they might be acquired from the surrounding environment.
Lead was detected in most nanoplastics, suggesting it might have originated from plastic additives and/or

the surrounding environment.

Cd-rich cluster. Cd-rich cluster was detected in the NPO only (Figure 5e) and represented 1 to 9.7% of
all mmNPs. Cadmium accounted for 68 to 73% of particle masses, followed by Pb which accounted for 7
to 27% of the particle masses, Cu which accounted for 1 to 15% of the particle masses, Al, Ti, Fe, Zn, and
Ba which accounted for <7%, <4%, <3%, <2%, and <2% of particles masses, respectively. This cluster's
occurrence in the NPO suggests that these elements might have been sorbed on the plastics from the

natural environment 72,

Cu-rich cluster. Cu-rich cluster was detected in the NPO and the Varina soil only (Figure 5f) and
represented 1.2 to 7.1% of all mmNPs and < 0.1% of all NNP in the Varina soil. Copper accounted for 59
to 75% of particle masses, Pb, Zn, Cd, Ni, Mn Cr, Mo, Fe, and Al accounted for <30%, <24%, <17%, <8%,

<7%, < 5%, <5%, <2%, and <1% of particles masses, respectively. The occurrence of this cluster mainly in
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the NPO suggest that these elements might have been sorbed on the plastics from the natural

environment 72,

Cr-rich cluster. Cr-rich cluster was detected all samples (Figure 5g), and accounted for higher fraction
of mmNPs in the NPO (0 to 5%) than in the NPP (0 to 0.8%) than NNP (< 0.1%). Copper, Pb, Co, Ba, Fe, and
Cu accounted for 65 to 79%, <30%, <26%, <21%, <15%, and <6% of particles masses, respectively.
Titanium, Zr, Sb, Th, Cd, and Mo accounted for <5% of the particle masses. The higher occurrence of this
cluster in nanoplastics suggest that this cluster might be due to using these elements as pigments and

fillers in plastics and/or due to sorption from the surrounding environment.

Pb-rich cluster. Pb-rich cluster was detected at higher frequency in the NPO (0.6 to 3.6%) than in the
NPP (< 0.8%) than in the NNP (<0.3%). Lead, Th, Cr, La, Ce, Ba, Cd, and Cu accounted for 31 to 69%, <69%,
<41%, <32%, <28%, <10%, <7% and <7% of particles masses, respectively (Figure 5h). All other elements
accounted for <5% of the particle masses. The higher occurrence of this cluster in nanoplastics suggest
that this cluster might be due to using these elements as pigments and fillers in plastics and/or due to

sorption from the surrounding environment.

Zn-rich cluster. Zn-rich cluster was detected at higher frequency in the NPO (0.6 to 2.9%) than in the
NPP (< 0.5) and in the soil samples (<0.2%). Zinc, Fe, Ti, Pb, Mn, and Cu 62 to 94%, <20%, <17%, <15%,
<12%, and <10% of particle masses, respectively (Figure 5i). All other elements accounted for <5% of the
particle masses. The higher occurrence of this cluster in nanoplastics suggests that this cluster might be
due to using these elements as pigments and fillers in plastics and due to sorption from the surrounding

environment.

Sb-rich cluster. Sb-rich cluster was detected mainly in the environmental nanoplastics and accounted
for 0.0 to 5.7% of all mMmNPs in these samples. Antimony, Sn, and Pb accounted for 62 to 83%, <38%, and

<26% of particle masses, respectively (Figure 7j). Titanium and Fe accounted for < 2% of the particle
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masses each. The occurrence of this cluster in environmental nanoplastics suggests that this cluster might

be to sorption from the surrounding environment.

Ba-rich cluster. Ba-rich cluster was detected at a higher frequency in the soil samples (0.3 to 1%) than
in the NPO (0.3 to 0.8%) in the NPP (< 0.3%) than in NNP (<0.3%). Barium, Pb, Ce, La, Nd, Ti, Al, Cu, Fe, and
Zn accounted for 44 to 76%, <47%, <24%, <23%, <8%, <7%, <7%, <6%, <6%, <5% and <5% of particles
masses, respectively (Figure 5k). All other elements accounted for <5% of the particle masses. Ce-rich
cluster. Ce-rich cluster was detected mainly in the NNP and accounted for 0.4 to 5.5% of all mmNPs in the
soil samples. This cluster occurred sporadically in the nanoplastics, suggesting this cluster originated from
natural sources. Cerium, La, Nd, Pr, Pb, Th, Fe, and Ba accounted for <59%, 61%, <64%, <29%, <26%, <9%,
<8%, and <7% of particles masses, respectively (Figure 5l). Zr-rich cluster. Zr-rich cluster was detected
mainly in the soil samples and accounted for 0.1 to 3.4% of all mmNPs in the NNP. This cluster occurred
sporadically in the nanoplastics, suggesting this cluster originated from natural sources. Zirconium, Pb, Ti,
Al, Ce, Ba, and Th accounted for 64 to 96%, <36%, <12%, <10%, <9%, <8%, and <8% of particles masses,
respectively (Figure 5m). The higher occurrence of Ba, Ce, and Zr clusters in the soil samples suggests that

this cluster might be of natural origin.

Because elemental association occurs in different clusters, we calculated select elemental ratios (e.g.,
Si/Al, Fe/Cr, and Fe/Ni) in all particles containing these element combinations within each sample (Figure
6). The NNP display Si/Al between 0.5 and 6, typical of naturally occurring nanoparticles (Figure 6a).>2 All
nanoplastics exhibited Si/Al ratios between 0.5 and 100 with a bimodal distribution. The first peak
corresponds to those in NNP. The second peak ranges between 10 and 100. The NPP displayed a higher
fraction of particles with high Si/Al ratios than those in the NPO. This might be due to the interaction of
ocean plastics with naturally occurring particles resulting in the increased relative abundance of naturally
occurring particles in the NPO. The higher Si/Al in the nanoplastics relative to the NNP might be attributed

to using Si as a plastic filler. Most NNP exhibited Fe/Cr and Fe/Ni between 10 and 200 (Figure 6d and g).>?
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The NPP exhibited monomodal Fe/Cr and Fe/Ni distributions, varying between 0.5 and 10 (Figure 6e and
h). The NPO exhibited bimodal distributions representing a mixture between NNP and nanoplastics
(Figures 6f and i). The lower Fe/Cr and Fe/Ni in the nanoplastics than in the NNP might be attributed to
the co-existence of iron, Cr, Ni, and Fe from independent particles within the same nanoplastics. Despite
the different filter size cutoff used to separate NPP (< 0.45 u) and NPO (< 1.2 um), the elemental ratios of
Si/Al, Fe/Cr, and Fe/Ni are consistent for NPP and NPO, suggesting that the filtration cutoff did not impact

the elemental ratio with the two types of nanoplastics.

The number concentration and the relative abundance of the multi-metal-containing nanoplastics and
the mmNNPs is presented in Figure 7. In most cases, the number concentration of a given cluster is higher
in the NNP than in the NPO. However, few clusters, such as CdPbCu and SbPbSn were present in the
nanoplastics only (Figure 7a). The within sample relative abundance of FeCrTi and SiAlFe cluster is higher
in the NPP than in the NNPs than in the NPO, The within sample relative abundance of TiFeAl are higher

in the NPO than in the NNPs than in the NPP.

3.5. Environmental implications

This study illustrated the characteristics of real-life model nanoplastics generated from new plastic
products (NPP) and environmentally aged ocean plastic fragments (NPQO). These model real-life
nanoplastics exhibited irregular shapes, were rich in metals and metalloids, and were depleted in rare
earth elements. The relative abundance of metals and metalloids, such as Ti, Al, Cu, Zn, Cd, and W, were
higher in the NPO than in the NPP, likely due to sorption/attachment from the surrounding environment.
These model real-life nanoplastics are very different from the commercially available synthetic
nanoplastics (e.g., polystyrene beads), which are spherical and contain no to little metal concentrations.
Therefore, these results illustrate the need to investigate the environmental fate and effects of the more

environmentally relevant model real-life nanoplastics than the typically studied synthetic nanoplastics.
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This is because the occurrence of metal and metalloids in real-life nanoplastics could alter their
environmental behaviors, such as flotation and sedimentation, by altering plastics' density. They also may
enhance the toxicity of nanoplastics toward aquatic organisms, which has not been fully addressed yet.
Additionally, metals in nanoplastics could alter the global biogeochemical cycles of metals and metalloids
7476 For instance, nanoplastic-related metals could dominate metal content in the ocean surface water
as nanoplastic tend to float at the ocean surface following aggregation whereas natural nanoparticles

tend to settle down following aggregation.

There has been recent interest in synthesizing model metal-doped nanoplastics to track nanoplastics
in fate in the environment and following uptake in organisms 26. However, such nanoplastics are spherical,
contain many surfactants, and contain only one metal; therefore, they lack an accurate representation of
real-life nanoplastics. In contrast, real-life nanoplastics have a mixture of metals and metalloids used in
plastics as pigments and fillers and sorbed on the surfaces of plastics from the natural environment.
Additionally, the elemental fingerprints of real-life nanoplastics are different from naturally occurring
nanoparticles, opening a window toward using these elemental fingerprints to track nanoplastics in
laboratory and mesocosm studies as well as in the natural environment. For instance, metal enrichment
in nanoplastics or differences in elemental ratios of nanoparticles compared to natural nanoparticles,
could be used to track nanoplastics in nanoplastic uptake, fate, and transport experiments or to identify

the occurrence of nanoplastics in a given environmental system.
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Figure 1. Bulk elemental concentrations in model real life nanoplastics generated from (a) new plastic
products (NPP), including polypropylene straw (PPS), polyethylene terephthalate bottle (PETEB), white
low density polyethylene bag (LDBEB), and polystyrene foam (PSF) and (b) environmentally aged ocean
plastic fragments (NPO), including Nanoplastics 1, 2, 3, and 4. Samples were analyzed using inductively
coupled plasma-time of flight-mass spectrometer following microwave assisted acid digestion using a
mixture of 4 ml HNO; and 1 ml HCI. Data in Figure 1 a represent one replicate whereas those in figure 1b
are the mean and standard deviation of three replicates.
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Figure 2. Bulk elemental ratios of (a) Ti/Nb, (b) Si/Al, (c) Cr/Fe, and (d) Ni/Fe in nanoplastics generated
from ocean fragments (NPO). The dashed lines represent the natural background ratios. Nanoplastics 1,
2, 3, and 4 refer to the model real-life nanoplastics generated from environmentally aged ocean plastic
fragments. Samples were analyzed using inductively coupled plasma-time of flight-mass spectrometer
following microwave assisted acid digestion using a mixture of 4 ml HNO; and 1 ml HCI.
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Figure 3. Typical electron microscopy micrographs of the model environmental nanoplastics generated
32 from ocean plastic fragments (NPO): (a) Nanoplastics 3 and (b and c) Nanoplastics 2.
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Figure 4. (a) Number concentration and (b) within sample relative abundance of metal-bearing particles
in nanoplastics generated from new plastic products (NPP, particle per mL), nanoplastics generated from
ocean plastic fragments (NPO, particle per g), and natural nanoparticles (NNP) extracted from three
different soils (particle per g). The within sample relative abundance of metal events in nanoplastics were
determined by normalizing the number concentration of each metal by the total number concentration
of all metal events in a given sample. PPS, PETEB, LDBEB, and PSF refer to the model real-life nanoplastics
generated from consumer products, including polypropylene straw, polyethylene terephthalate bottle,
white low density polyethylene bag, and polystyrene foam. Nanoplastics 1, 2, 3, and 4 refer to the model
real-life nanoplastics generated from environmentally aged ocean plastic fragments. Orangeburg, Varina,
and Mecklenburg refer to the three soil samples.
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Figure 5. Elemental composition of the multi-metal nanoparticles (mmNPs) clusters identified in
nanoplastics generated from fresh plastic products (NPP, PPS, LDPEB, PETEB, and PSF), environmental
nanoplastics generated from ocean plastic fragments (NPO, Nanoplastics 1, 2, 3, and 4), and natural
nanoparticles (NNPs) extracted from three different soils (Orangeburg, Varina, and Mecklenburg). Only
clusters with at least 20 mmNPs detected in at least one sample are presented. First and second stage
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cutoffs were 0.5 and 0.4, respectively.
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Figure 6. Elemental ratios of (a-c) Si/Al, (d-f) Fe/Cr, and (g-i) Fe/Ni in (a, d, g) soils (NNP), (b, e, h)
nanoplastics generated from fresh plastic products (NPP), and (c, f, i) nanoplastics generated from ocean
plastic fragments (NPO). First and second stage cutoffs were 0.5 and 0.4, respectively. PPS, PETEB, LDBEB,
and PSF refer to the model real-life nanoplastics generated from new plastic products including
polypropylene straw, polyethylene terephthalate bottle, white low density polyethylene bag, and
polystyrene foam, respectively. Nanoplastics 1, 2, 3, and 4 refer to the model real-life nanoplastics
generated from environmentally aged ocean plastic fragments. Orangeburg, Varina, and Mecklenburg
refer to the three soil samples.
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Figure 7. (a) Number concentration and (b) within sample relative abundance of multi-element single
particles in the different multi-metal nanoparticles (mmNPs) clusters identified in nanoplastics generated
from fresh plastic products (NPP, particle per mL), nanoplastics generated from ocean plastic fragments
(NPO, particle per g), and natural nanoparticles (NNP) extracted from three different soils (particle per g).
First and second stage cutoffs were 0.5 and 0.4, respectively. Nanoplastics 1, 2, 3, and 4 refer to the model
real-life nanoplastics generated from environmentally aged ocean plastic fragments. Orangeburg, Varina,

and Mecklenburg refer to the three soil samples.
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