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Background: Concerns on microplastics (MPs) in food are increasing because of our
increased awareness of daily exposure and our knowledge gap on their potential adverse
health effects. When particles are ingested, macrophages play an important role in
scavenging them, potentially leading to an unwanted immune response. To elucidate
the adverse effects of MPs on human health, insights in the immunotoxicity of MPs
are essential.

Objectives: To assess the effect of environmentally collected ocean and land weathered
MP particles on the immunological response of macrophages using a state-of-the art in
vitro immunotoxicity assay specifically designed for measuring particle toxicity.

Methods: Environmentally-weathered macroplastic samples were collected from the
North Pacific Subtropical Gyre and from the French coastal environment. Macroplastics
were identified using (micro)Raman-spectrometry, FT-IR and Py-GC-MS and cryo-milled
to obtain size-fractionated samples up to 300um. Physiochemical MP properties
were characterized using phase contrast microscopy, gel-permeation chromatography,
nuclear magnetic resonance, and differential scanning colorimetry. Macrophages
(differentiated THP-1 cells) were exposed to particles (<300um) for 48h before
assessment of cell viability and cytokine release. Using both the physiochemical particle
properties and biological data, we performed multi-dimensional data analysis to explore
relationships between particle properties and immunotoxicological effects.

Results: We investigated land-derived polyethylene, polypropylene, polystyrene,
and polyethylene terephthalate, water-derived polypropylene macroplastics, and virgin
polyethylene fibers and nylon MPs. The different plastic polymeric compositions and MP
size classes induced distinct cytokine responses. Macrophages had the largest response
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to polyethylene terephthalate-particle exposure, including a dose-related increase in
IL-1B, IL-8, and TNF-a secretion. Smaller MPs induced cytokine production at lower
concentrations. Additionally, a relationship between both physical and chemical particle
properties and the inflammatory response of macrophages was found.

Discussion: This research shows that MP exposure could lead to an infammatory
response in vitro, depending on MP material and size. Whether this implies a risk to
human health needs to be further explored.

Keywords: microplastics, immune response, immunotoxicology, physiochemical characterization, macrophages,
THP-1 cells, dose-response relationship

INTRODUCTION

Microplastics ~ (MPs)  are  widespread  anthropogenic
contaminants that can be found in marine and fresh waters,
the atmosphere, the urban environment, and even in food
and beverages (Kontrick, 2018; Wayman and Niemann, 2021)
including fish, shellfish, honey, sugar, beer, soft drinks, milk and
tap and bottled drinking water (Kosuth et al., 2018; Kutralam-
Muniasamy et al., 2020; Shruti et al., 2020). In 2020 MPs were
defined for a California (USA) senate bill on MPs in drinking
water. Here, MPs were defined as solid polymeric materials
particles between 1 nm and 5 mm, which is significantly smaller
than the MPs as defined 3 years earlier as plastic particles in sizes
ranging from 1 micrometer up to 5mm (Gigault et al., 2018).
Evidence is growing for severe environmental contamination
by these smaller particles as well - e.g., nanoplastics down to
a size of 20nm (Ter Halle et al., 2017; Lebreton et al., 2018;
Wagner and Reemtsma, 2019). Ecotoxicological literature on
the topic is growing, and recently, a human health focus is
emerging. Humans may be exposed to MPs orally via ingestion,
by inhalation of airborne particles or by absorption through
dermal contact. Quantifying the extent of human exposure to
micro- and nanoplastics (MNPs) is still in its infancy (Materi¢
etal., 2020; Rubio et al., 2020; Mohamed Nor et al., 2021; Vethaak
and Legler, 2021), which means that quantitative exposure data
is limited.

Transport via water plays a significant role in introducing
MP into the food chain (Cox et al, 2019). Intact plastic
objects or fragmenting pieces of larger plastic - macroplastics -
weathered on beaches and riverbanks - produce micro-
and nanoplastics in the ocean and fresh water ecosystems
(Wagner and Lambert, 2018). The most abundantly retrieved
polymers as environmental contaminants are polyethylene
(PE), polypropylene (PP), polystyrene (PS), polyvinyl chloride
(PVC), polyurethane (PU), and polyethylene terephthalate (PET)
(Geyer et al, 2017). These polymers come in a wide variety
of shapes and often contain additives, such as plasticizers,
flame-retardants, and pigments (Hermabessiere et al., 2017).
In the environment, MPs are typically covered by complex
biofilms comprised of microbial and microscopic life, as
well as viruses and are surrounded by a protein corona
(Zettler et al., 2013; Kirstein et al., 2016; Amaral-Zettler et al.,
2020; Mughini-Gras et al., 2021; Vaksmaa et al., 2021).

Human exposure to MPs from the food chain occurs via the
gastrointestinal tract after ingestion as highlighted by two recent
studies reporting the presence of MPs in human stools (Schwabl
et al,, 2019; Zhang et al.,, 2021). Nonetheless very little is known
about the distribution of micro- and nanoplastics in the human
body and their ability to cross biological barriers (Paul-Pont et al.,
2018). Smaller particles may be able to cross barriers more easily
than larger particles, but properties other than particle size, such
as particle chemistry, likely play a role as well (CONTAM., 2016;
Schiir et al., 2019; Kim et al., 2020), as does the shape of the
MPs as e.g., particles or fibers (Dodson et al., 2020; Gonzalez-
Pleiter et al., 2020). Foreign particles in the intestines can be
excreted via feces, but in addition, the absorbed particles can
accumulate in the Peyer’s patches. Here, macrophages encounter
plastic particles as one of the first cells of the immune system
and actively scavenge ingested particles (Boraschi et al., 2017).
Their role in the first line of defense makes macrophages an
important cell model to assess whether MP exposure may result
in adverse effects. These adverse effects may result from the
inability of macrophages to degrade engulfed particles, resulting
in macrophage secretion of inflammatory cytokines. Screening
of the effects of MP on inflammatory response by macrophages
will contribute to the understanding of the potential impact of
exposure to MPs on macrophages. The impact on macrophages
can be designated as a key event in the mechanism resulting in an
alteration of the functioning of the immune system, potentially
leading to adverse effects on human health.

Contact with plastic material produces an inflammatory
response. Strong macrophage-mediated immune effects, such as
various (non-) immunological foreign body responses to polymer
implant wear particles, have been observed in both human
patients and animals already for decades (Goodman et al., 1994;
Wooley et al., 2002; Vasconcelos et al., 2016; Wright and Kelly,
2017). More recently also information about the immunological
responses of cells and organisms to MPs have been published
(Hirt and Body-Malapel, 2020; Gonzalez-Fernédndez and Cuesta,
2022; Weber et al,, 2022). These reactions to polymer particles
can be considered red flags when reflecting on the potential for
similar effects induced by MPs.

Besides the potential induction of cellular toxicity by the
chemical nature of polymers, there is a known role for additives,
proteins and microorganisms on the surface of a MPs (Galloway,
2015), as well as physical particle properties (e.g., size). MPs
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have sizes at which the physical material properties, e.g., stiffness,
shape and surface structure, can affect cell behavior via various
mechanotransduction routes (Kashiwada, 2006; Barboza et al,,
2018; Leuning et al., 2018; Vassey et al., 2020). For example, high
aspect ratio polymer fibers elicit a completely different cellular
response than granular particles from the same type of polymer
(Frere et al,, 2018). Since particle properties may lead to adverse
effects, it is important to characterize the particles used in toxicity
tests as extensively as possible. Such information on particle
properties is often lacking in articles studying MPs despite the
fact that it is essential to relate particle properties to toxicological
effects in the future.

Commercially available MPs have been shown to induce an
inflammatory response in cells. PS particles of 44 nm diameter
strongly enhanced the expression of Interleukin (IL)-6 and IL-8
in gastric adenocarcinoma cells in vitro at 1 to 10 pg/L (Forte
etal., 2016). Minor acute toxicity was found for nanometer range
PS particles at a wider concentration range of 0.01 mg/L and
100 mg/L (Hesler et al., 2019). Similar results on toxicity were
obtained using 1, 4, and 10 um PS particles at 60,000 to 250,000
particles/mL (Stock et al., 2019). Cytotoxicity has been found
for small micrometer range PS and PE particles at the highest
tested concentrations of 10 mg/L, possibly via an oxidative stress
mechanism as quantified by increased reactive oxygen species
(ROS) production (Schirinzi et al., 2017). As recently reviewed
by Yong et al,, the vast majority of published experiments on
human cells used pristine MPs and not environmentally sourced
secondary MPs (Yong et al., 2020). Depending on particle size
and chemistry, cell type and whether or not the particles are
taken up by cells, these studies only demonstrated a potential
for low to moderate adverse effects on ROS production and pro-
inflammatory responses at relatively high particle concentrations
(Yongetal.,, 2020). Even though there are a significant number of
studies on in vivo effects of MPs on marine life, there is clearly a
lack of human in vivo data.

We aimed to elucidate the effect of environmentally collected
ocean and land weathered MP particles (20-200 wm) on
the immunological response of macrophages using an in
vitro immunotoxicity assay specifically designed for measuring
particle toxicity. Based on the size of the particles used, it is
unlikely that the particles will be internalized by macrophages.
However, interaction between macrophages and such particles
may lead to a biological response. Particles were obtained by
collecting plastic material from the environment, mill this into
small particles and sieve to obtain size fractionated samples.
Plastics were treated with hydrogen peroxide prior to exposure
to remove biological material. As has been shown, any treatment
and handling may affect properties such as particle surface or
absorbed agents, which may lead to different biological effects
(Rubin et al., 2021). As such, the particles in our experiments
are environmentally sources but may not be environmentally
realistic due to the treatment.

We hypothesized that the biological response, apart from
the dose, depends on particle size and polymeric composition
of MPs. Therefore, particle preparation and characterization
was addressed in-depth to simulate the use of environmentally
sourced particles, to develop potential reference materials, and to
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FIGURE 1 | Map with the locations of land-derived macroplastic collection.
The scale bar illustrates a 20 km distance and the black arrow points North.

set a benchmark for particle characterization. Multiple modalities
for in-depth characterization of the MPs physiochemical
characteristics and multiple biological read-outs allowed us to
perform clustering analysis and relate particle properties to
immunological responses.

MATERIALS AND METHODS

(Micro)Plastic Sampling and Initial

Identification and Processing

Terrestrial and Marine-Derived Plastics

Plastic litter was collected between June and August 2019 at
different locations near Boulogne-sur-Mer (France). Four items
were selected based on their diversity in appearance (Figure 1).
Each sample was weighed before being processed and stored
at —20°C.

The polymeric composition was determined upstream after
the collection into the environment, e.g., before the washing
step, on small pieces cut from harvested macroplastics using
first pyrolysis coupled to gas chromatography and mass
spectrometry (Py-GC/MS), then Raman microspectroscopy (.-
Raman) and finally Fourier transform Infrared spectroscopy
(FT-IR). Protocols for Py-GC/MS and Raman analyses were
adapted from previously published work (Hermabessiere et al.,
2018). Here, Py-GC-MS samples were handled using an auto
sampler (EGA/PY-3030D, Frontier Lab, Fukushima, Japan), all
samples were analyzed with a GC2010-QP2010-Plus GC/MS
(Shimadzu, Noisiel, France). All the interfaces from the pyrolyser
to the ion source were set at 300°C. After pyrolysis at 700°C
for 1min, the pyrolysis products were injected with a split
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of 10. Separation of the products was achieved on a RXi-5
ms® column (60 m, 0.25 mm, 25 wm thickness) (Restek, Lisses,
France). The helium flow, oven program and mass parameters
were kept constant. Finally, F-Search software 4.3 was used
to identify the polymer from the total ion chromatogram
(TIC) program. Identification was considered successful when
similarity percentages reached 80% or higher, or when marker
compounds were clearly highlighted. jL.-Raman analyses were
performed on a XploRA PLUS V1.2 (HORIBA Scientific,
Palaiseau, France). Samples were analyzed with a laser at a
wavelength of 785nm. Time of acquisition was set at 2s
with 10 accumulation. Spectra were acquired from 200 to
3200 cm~! with a 100x objective. Slit aperture and hole were
respectively set at 200 and 500 pm. The polymer identification
was carried out using the KnowItAll® spectroscopy software.
Identification was considered as good where hit quality index
was above 80. FT-IR analyses were performed on a Spotlight™
400 FT-IR device equipped with a MCT. The micro attenuated
total reflection automatic module equipped with a germanium
crystal was used to perform measurements. All the spectra
recorded were obtained using the same parameters, ie :
wavelength range from 4,000 to 600 cm~!, with a resolution
of 4 cm™! and 25 accumulations. Measures were performed
in the transmittance mode. Spectra were then compared to
Flopp and Flopp-e databases (De Frond et al, 2021) and
confirmed using the OpenSpecy database (Cowger et al., 2021).
Identifications were validated when identification were higher
than 0.7.

To generate MP samples from the collected macroplastics, the
items were washed, ground and sieved. To avoid contamination
of the cell culture, organic matter present on the surface of the
plastics was removed using 0.22 pum filtered 30% (w/w) hydrogen
peroxide solution (H,O3) (ref: 216763, Sigma-Aldrich, Saint-
Quentin Fallavier, France). A ratio from 25 to 45 mL/g of 30%
H,0; was used to pre-treat the samples under a fume hood for
24h at room temperature. Then samples were rinsed four times
with 0.22 pm filtered analytical grade water (ref. 307586, Carlo
Erba, Val-de-Reuil, France) under mild shaking for 5 min. Before
grinding, the macroplastics were stored at —20°C.

For grinding, approximately 2.0 g of each macroplastic sample
was placed in a stainless steel or polycarbonate tube. A milling
piston was added and the two extremities were closed using
two inox caps. Grinding was carried out using a Spex 6770
Freezer/Mill™ cryogrinder (Rickmansworth, UK), and cooled
using liquid nitrogen. The protocol consisted of two cycles
consisting of three steps: 2 min of cooling, 4 min of grinding at
15 cycles per second, and 2 min of post-milling cooling. For the
collected samples, a set of 2 x 2 cycles was employed in order
to collect a sufficient mass of the smallest particle fraction. Tube,
caps, and piston were washed between samples using 70% ethanol
and pressurized air.

Using inox sieves in combination with a Retsch AS 200 sieve
shaker (30 min at 60 rpm) produced 20-50 jtm, 50-100 pwm, and
100-200 wm distinct size fractions. Samples were sieved as a
powder (not suspended), resulting in possible adhesion of small
micro-sized particles to bigger particles. Between sieving of the
four sample types, sieves were washed using a specific four-step

protocol: (1) vacuum cleaning of the inner, outer and join parts;
(2) blowing with compressed air from the outer to the inner face;
(3) rinsing outer, join and inner parts with 70% (v/v) ethanol; and,
(4) blowing with compressed air from the outer to the inner face
and join part.

Marine-Derived Plastics

Ocean-weathered plastics were sourced during a sampling
campaign to the North Pacific Subtropical Gyre. The polymer
composition was identified using Raman spectroscopy.
Secondary MPs from macroplastics collected on the ship
were generated, followed by dissolution and reprecipitation of
the polymer (Davis et al., 2000; Hamad et al., 2013). In short, 1 g
of each polymer was dissolved in 20 mL of organic solvent under
constant stirring with a glass stirrer bar (PP in xylene/toluene
(1/1 vol/vol) at 180°C for 60-90 min, and nylon 6,6 (Goodfellow
GmbH, Polyamide-nylon 6,6 film, artnr. AM321400) in
trifluorethanol at 40°C for 30 min followed by the addition of
40mL chloroform) and re-precipitated the solvent/polymer
solution in anti-solvent (60 mL cold MilliQ for PP or 150 mL
MilliQ for nylon) under constant stirring with a glass stirrer bar.
The precipitated mixtures were vacuum filtered onto 0.7 pm
glass fiber filters (Advantec, 47 mm) and dried at 65°C. After
drying, the polymer was macerated with a ceramic mortar and
pestle. Further, high density PE (HDPE) fibers were used as
a virgin fiber particle [HDPE SHORT STUFF®miniFIBERS
(MiniFIBERS Inc.: https://www.minifibers.com/)].

In-depth Chemical Characterization of the

Generated Microplastics

Fourier Transform Infrared Spectroscopy

FTIR spectra were recorded in ATR mode on a Perkin Elmer
1600 FT-IR (UATR). MP samples were gently pressed on the
ATR crystal (diamond), and the absorption of the infrared
light in the range of 4000-450 cm™! was measured. The
spectra were compared to spectra from an online library of
known FTIR polymer spectra (SDBSWeb: https://sdbs.db.aist.
go.jp National Institute of Advanced Industrial Science and
Technology, version 2018.07.18).

Differential Scanning Calorimetry

We used DSC to identify the melting point, melting enthalpy,
and glass transition temperature of the particle materials. DSC
was performed on a TA Instruments Q2000 DSC apparatus. For
this, we prepared the samples for DSC analysis by weighing 5 -
10 mg of the MPs in the DSC sample pan. For determination of
melting points and melting enthalpies, these samples were heated
by 10°C per min from —80°C to 200 or 300°C (depending on
the melting point of the MP) and subsequently cooled to —80°C
at a similar rate. Additionally, glass transition temperatures were
determined by heating at a rate of 40°C per min over the same
temperature range.

Nuclear Magnetic Resonance Spectroscopy
We explored possibilities to perform polymer identification by
'H-NMR on a Bruker Avance III HD (400 MHz for 'H-NMR)
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spectrometer (acquisition time: 4.0 sec, relaxation delay: 1.0 sec,
spectral width: —2.0-14.0 ppm, number of scans: 64). However
due to difficulties with the solubility in solvents suitable for NMR,
not all samples could be analyzed. For PS we used chloroform-
dl as a solvent, for PET we used a 5:1 mixture of TFA-d1 and
chloroform-d1, and for nylon we used pure TFA-dl. For the
various PP and PE samples, we explored the use of chloroform-
d1, DMSO-d6, THF-d8, para-xylene-d10, or TFA-d1 as possible
solvents, either at room temperature or at elevated temperatures.
However, using these solvents, we were not able to solubilize
PP and PE particles sufficiently in order to prepare samples for
NMR analysis.

Gel Permeation Chromatography

Gel permeation chromatography (GPC) was used to define the
molecular weight of which the polymers of the MP particles were
composed. GPC was measured on a Shimadzu Prominence-I LC-
2030C 3D Liquid Chromatograph, using a Polymer Labs PLgel
Mixed-C and -D column (5 pm 300 mm x 7.5 mm ID, MW-range
200 - 2,000,000 Da). Detection was done with a PDA detector
at 254nm. THF was used as the eluent for the PS samples.
We prepared the GPC samples by dissolving MPs in THF at a
concentration of 1 mg/mL, followed by filtration over a 0.2 um
PTFE filter. Number and weight-averaged molecular weights
(Mn, resp. Mw) were calculated relative to polystyrene standards.
This information can be used to compare particles which are
weathered for different periods of time and possibly have shorter
polymer chain lengths. Unfortunately, due to difficulties with the
solubility of the other MPs in solvents suitable for GPC (e.g.,
chloroform, THE, DMEF, or ODCB), these samples could not be
analyzed, even at elevated temperatures.

Visualization and Size Quantification of

Microplastics
The size distribution of the particles in each sample was
determined by image analysis of photomicrographs. We created
a 1,350 pg/mL suspension in cell culture media for each MP
sample (polymer and size fraction). After vigorous vortexing, 100
nL of the suspension was transferred to a microplate well for
microscopic analysis. Due to their density properties, PET and
PS particles for all size fractions sunk in cell culture medium,
whereas PE and PP particles floated. Therefore, PET and PS
samples were imaged from the bottom of the microplate and PE
and PP in the focal plane of the cell culture medium surface.
Image] 1.51n (NIH, Bethesda, USA) was used to analyze
particle size. Based on the contrast between the MPs and the
background signal, Image] identified the MPs as objects, allowing
the measurement of the surface area (in wm?) of the particles
and their Feret diameter (in pwm). Feret diameter is a measure
for particle size based on the distance between two parallel
lines on the outsides of a 2-dimensional projection of a 3-
dimensional particle.

Cell Culture and Exposure Experiments
THP-1 Cell Culture

THP-1 cells (ATCC TIB-202) were cultured in RPMI 1,640 + L-
glutamine (Gibco 11875093) cell culture medium, supplemented

with 10% FBS (Gibco 10500064), and 1% penicillin/streptomycin
(Gibco 15140122) at 37°C in a humidified environment and
5% CO;. Before exposure to MPs, cells were differentiated
to macrophages using phorbol 12-myristate 13-acetate (PMA)
(Sigma Aldrich P1585). Cells (5* 10% cells/well for sinking plastics
or 10%10* cells/well for floating plastics) were exposed to
100 ng/mL PMA in 96% ethanol for 3 h, after which the medium
was replaced by fresh cell culture medium. After treatment,
cells adhered to the bottom of typically used PS 96-well plates
for exposure to sinking particles and to the basolateral side of
microplate inserts (Costar 3470 and Costar 3413) for exposure
to floating particles. Exposure to MPs started after an overnight
settling period.

Exposure of THP-1 Cells to Microplastics

MP suspensions were created with concentrations of
1,350 pg/mL. This suspension was 1:3 diluted five times
giving the following concentrations: 1,350, 450, 150, 50, 16.7, and
5.6 wg/mL. Directly after preparation, 120 wL of each dilution
was added per 96-well plate well containing the differentiated
THP-1 cells for 48h of exposure. Nigericin [1.25uM] and
100 ng/mL lipopolysaccharide (LPS) served as the positive
control for inflammatory cytokine release, while cells cultured in
basic cell culture medium acted as a negative control.

Cell Viability

WST-1 reagent (Roche 11644807001) was diluted 1:10 in cell
culture media and incubated with the cell cultures for 1h
at 37°C. Subsequently, absorbance was measured at 440 nm
using a SpectraMax M2 plate reader (Molecular Devices). WST-
1 is a tetrazolium salt which is cleaved by mitochondrial
dehydrogenase to formazan, and the amount of generated dye is
directly proportional to the number of living cells.

Cytokine Release

After 48 h of exposure, cell culture supernatants were transferred
to v-bottom 96-wells plates and stored at —80°C until processed
further for ELISA analysis. We measured IL-18 (Invitrogen
88-7261-88), TNF-a (Invitrogen product 88-7346-88), IL-6
(Invitrogen 88-7066-88), IL-8 (Invitrogen 88-8086-88) and IL-10
(Invitrogen 88-7106-88) according to manufacturer instructions
using a SpectraMax M2 plate reader (Molecular Devices).

PROAST Analysis for Dose-Responses

Dose-response analyses on the cytokine secretion data were
performed using the European Food Safety Authority (EFSA)
BMD webtool (EFSA Web Application for PROAST (version
69.0) available from: https://r4eu.efsa.europa.eu [accessed
November 13, 2020]), which is based on the R-package PROAST
version 69.0 (RIVM, Bilthoven, Netherlands). PROAST is a
software package that fits dose-response curves for a given
data set. Based on the dose-response curve fitting, the package
calculates a confidence interval around a dose (benchmark
dose - BMD) at which a predefined response (benchmark
response - BMR) would occur. The lower (BMDL) and higher
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(BMDU) bounds of this confidence interval (90% double sided)
obtained after model averaging are conventionally described
as BMDL and BMDU respectively. For the cytokine release
data, a BMR of 0.2 was selected. This BMR of 0.2 represents
a 20% change in cytokine production, which is in the steep
part of the dose response curve meaning that comparisons are
above background levels. Dose-response analysis of cytokine
secretion was conducted to allow the comparison of effects
between types of plastics and between particle sizes. Generally it
is recommended to use a BMD of 10% to identify adverse effects
(USEPA., 2012), however we decided to use a BMD of 20% for
effects on cytokine secretion. A 20% increase in cytokine release
was considered biologically relevant and beyond the variation in
response that could be due to the variation in the assay. Most
importantly as our aim was to compare the effects at the same
level of response, and for such cases a clear response is more
important than the identification of the lowest dose at which
effects occurs. Subjecting the data to dose-response modeling
using the EFSA webtool, we calculated both BMDL and BMDU
limit around the BMD as a confidence interval of 90%. For this
modeling, we used secretion data of IL-18, TNF-a, and IL-8 after
exposure to various polymers — both sinking and floating - and
size fractions.

Statistical Analysis

Parameter Selection

For statistical analyses, we selected 19 parameters, based on their
suitability for further interpretation (e.g., excluding FTIR spectra,
and using the type of plastic instead), as well as having a sufficient
number of data points for further analyses. Included parameters
were classified as biological (IL-18, IL-6, IL-8, TNF-a, WST-
1), chemical (PE, PET, PS, PP, nylon, all as binary options), or
physical (particles concentration, melting point, density (e.g.,
floating or sinking), size fractions, median diameter, percentages
particles in the 0-20, 20-50, 50-100, and 100-200 um ranges).
Analyses were done in R version 4.0.0 or later.

Correlation Analyses

For each pair of parameters, we determined the Spearman
correlation coeflicient. Squared correlation coefficient (R?) values
were visualized as a heatmap combined with hierarchical
clustering (1 - R* distance, Ward D linkage). Also, the 1 - R?
distance matrix was used as input for multidimensional scaling
(MDS) to obtain a visual overview of parameter relations.

Network Visualization

For visualization of parameter correlations, we reduced the set of
all possible pairwise correlation coefficients to those that were: (1)
supported by having mutual data in at least 40% of the data points
(out of a total of 270); (2) significant at a False Discovery Rate-
adjusted p-value < 0.05; (3) had an absolute R value of 0.25 or
higher; and (4) were not a priori obvious, i.e. excluding negative
correlations between different plastic types or between particle
size range percentages. The resulting table was imported into
Cytoscape 3.7.2. (Shannon et al., 2003) for network visualization.

Other Statistical Analyses

The particle size distribution was visualized using the polynomial
fit function in MS Excel based on the number of particles
within defined bins for particles sizes. Statistical significant
differences between conditions was calculated using Non-
parametric Kruskal-Wallis one-way ANOVASs in GraphPad
Prism 8.4.1 (GraphPad Prism software Inc. San Diego, USA) and
R version 3.6.0.

RESULTS

Macroplastic Polymer Identification and
In-depth Molecular Microplastic

Characterization

Upon macroplastic collection all items were successfully
identified using a minimum of two out of the three identification
techniques employed in this study. The four terrestrial-derived
macroplastic items were identified as PET, PP, PE, and PS
(Table 1), which is in line with the FT-IR identification of the
subsequently generated MP samples (Supplementary Figure 1).
Note, these generated MP samples will be designated as ‘polymer
type_Land’. The marine-derived macroplastic item was identified
as PP using p-Raman and FT-IR and designated as PP_Water
from this point on. We also included virgin high-density PE
(HDPE) fibers and nylon 6,6 as reference materials. Both
materials were analyzed using p.-Raman and FT-IR and indeed
identified as PE and nylon.

'H-NMR analysis of PET, PS, and nylon samples confirmed
their identification (Supplementary Figure 2). All three
polystyrene size fractions gave similar !H-NMR-spectra, that
were typical for atactic polystyrene. Where on the one hand all
three-size fractions of each type of polymer were chemically
similar, they exhibited differences in polymer chain length as
determined by GPC-UV (Table 2). Unfortunately, due to low
solubility of the PE and PP samples in solvents suitable for
NMR, these samples could not be analyzed, even at elevated
temperatures.

We also performed DSC to determine thermal properties and
insights into crystallinity to further characterize the polymer
configuration of the MP particles. From the DSC heat flow graphs
(data not shown), we could extract melting point temperatures
and melting enthalpies for all except the PS samples, and
glass-transitions for PET, PS and nylon samples (Table 3).
Furthermore, this provides insights into the extent to which the
polymer morphology is crystalline or amorphous. We found:
(1) similar melting point and enthalpy, and glass-transition
temperature values for the three size fractions per polymer type;
(2) two melting points for the polypropylene samples — indicating
a polypropylene mixture existing of isotactic PP and an unknown
form; (3) the polystyrene to be amorphous since no melting
points and melting enthalpies were detected in these samples
upon heating; and (4) due to the high crystallinity of PP and
PE, no glass-transition temperatures could be detected for those
samples. As stated in point 3 and 4, no values could be detected
for those specific samples, which can be found in Table 3 as
“nd” - not detected.
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TABLE 1 | Result of identification for the selected items, before transformation to microplastics.

Samples Description Identification®d

Py-GC/MS n-Raman FT-IR
PET_Land Water plastic bottle PET (76%)° PET (96.7%) PET (98.8%)
PE_Land White piece of plastic PE (99%) PE (76.8%) PE (98.7%)
PP_Land Cordage PP (95%) PP (90.4%) PP (97.4%)
PS_Land Yogurt pot PS (93%) PS (94.3%) PS (98.4%)
PP_Water PP (>95%) PP
PE_Fibers HDPE SHORT STUFF®miniFIBERS PE (>95%) PE
Nylon_Virgin Nylon 6,6 resin sheet Nylon (>95%) Nylon

aFigures presented in italic between brackets corresponds to the identification scores obtained with the different techniques.
b Although inferior to 80%, the identification as PET has been validated, controlling specific peaks as presented in Hermabessiere et al. (2018).

¢Scores obtained with Flopp-e database (De Frond et al., 2021).
dScores obtained with Flopp database (De Frond et al., 2021).

TABLE 2 | Gel permeation-chromatography measured molecular weights of
polystyrene samples.

Samples M; (g/mol) M,, (g9/mol) Polydispersity
PS_Land 20-50 84,800 214,500 25
PS_Land 50-100 95,900 231,700 2.4
PS_Land 100-200 103,100 246,200 2.4

Microplastics Size Characterization and

Shape Visualization

To characterize the samples in terms of particle size distribution,
we obtained a small sample out of the MP suspension for
each type of polymer and size fraction, and imaged particles
in one focal plane, e.g., at the bottom of a microwell for
sinking, and at the medium surface for floating MPs (Figure 2).
Since they were generated by cryomilling of macroplastics, the
MPs as used in this study were irregular in shape, ranging
from rod-shaped morphologies to spherical and highly irregular
shapes. This visual inspection showed that the generated MPs
have a strong similarity with the shapes of MPs as found
in nature. The representative images in Figure2 show that
we obtained clear differences in particle sizes between the
fractions. However, along with the larger particles that were
selected during the sieving procedure, smaller particles were
found in the samples as well, due to the electrostatic clustering
of smaller particles onto larger particles when handled as
dry powder.

MP imaging using Scanning Electron Microscopy (SEM)
allowed for better visualization of particle morphology. Due
to highly similar particle morphologies between the various
MP samples, we depicted representative SEM images of the
three polystyrene samples at three different magnifications
(Supplementary Figure 3). Again, it was clearly visible that
particle size increases in the samples with larger size fractions.
Furthermore, we observed a wide variety of particle shapes for
particles as a whole as well as on a material surface structure

level, strongly resembling a sub-section of microplastics as found
in nature.

Using image analysis software (Image] version 1.53c)
we measured the Feret diameter and surface area of
each individual particle larger than 1pm on the images
(Supplementary Figure 4). We observed a significant difference
in mean particle size within each sample. For PET_Land,
PE_Land, and PS_Land, the increase in mean particle size was
in line with the intended size fractionation. We next calculated
the particle size distribution within each sample. Particle sizes
were based on surface area, as this is an important dose metric
for exposure of cells (Schmid and Stoeger, 2016). Particle size
distribution was plotted relative to the total surface area. For
this, particle areas in pm? of particles in one bin were added
up and divided by the total surface in wm? of all particles.
The resulting distributions show what percentage of the total
particle-covered surface is covered by particles falling into each
bin of the accompanying Feret diameters of those particles
(Figure 3). For all polymers the defined size fractions have most
of their weight in the aimed size range. Additionally, in the same
sample, smaller and larger particles were present as well.

Exposure of THP-1 Cells to Microplastics
For the exposure experiments, we selected a concentration range
up to the concentration of MPs at which the first signs of
cytotoxicity occurred. In addition, the highest concentration was
chosen so that the cell layer was not covered completely, as
this will result in loss of viability due to reduced supply of
nutrients and would also be seen as overload and unrealistic for
the human situation. To gain insight into the toxicological effects
of various MPs, we selected three different polymers PET_Land,
PS_Land and Nylon_Virgin using the available size fraction for
these MPs. For PET_Land 20-50, PET_Land 50-100, PS_Land
20-50, and Nylon_Virgin, we observed a significant increase
in cytotoxicity, as measured using the metabolic marker WST-
1, after 48h of exposure at only the highest concentrations
(Supplementary Figure 5). For PET_Land 100-200, PS_Land
50-100, and PS_Land 100-200, we did not observe a significant
increase in cytotoxicity.
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TABLE 3 | DSC-derived thermal properties.

Polymer Size fraction Melting point Melting enthalpy Glass-transition
(iwm) (°C)* (J/9)* temperature
oy
PET_Land 20-50 249 40.1 78
PET_Land 50-100 248 44.6 63
PET_Land 100-200 248 455 66
PE_Land 20-50 128 180.7 nd
PE_Land 50-100 128 180.3 nd
PE_Land 100-200 129 184.6 nd
PP_Land 20-50 131/165 41.6/56.7 nd
PP_Land 50-100 132/166 40.8/56.4 nd
PP_Land 100-200 132/165 41.3/59.6 nd
PS_Land 20-50 nd nd 86
PS_Land 50-100 nd nd 92
PS_Land 100-200 nd nd 85
PP_Water <300 157 76.7 nd
PE_Fibers <300 129 182 nd
Nylon_Virgin <300 258 68.6 64

For all samples, the heat flow was measured in heating and cooling cycles. From the heating runs, melting point and melting enthalpy, and glass transition temperature data were derived.

"Scanning rate 10°C/min.
“Scanning rate 40°C/min.
nd stands for not determined.

Based on the cell viability results, maximum concentrations
of 1,350 pg/mL were used to expose THP-1 cells for 48h to
all MP samples, including the sinking and buoyant MPs of all
size fractions. Regarding the release of IL-1p (Figure 4), TNF-a
(Supplementary Figure 6), and IL-8 (Supplementary Figure 7)
we found that: (1) exposure experiments with sinking particles
were more robust in terms of repeatability and variance of data
compared to exposure to floating particles; (2) the samples with
the smallest particles (20-50 um) gave the strongest response
in cytokine secretion per unit mass; (3) for all polymers, the
largest size fraction (100-200 wm) did not induce a significant
increase in secretion of IL-1B, TNF-a, and IL-8; (4) both fibers
and particles induced a response, which was not dependent on
shape; (5) for the sinking particles we observed similar trends in
secretion for all 3 cytokines; and (6) no significant effect was seen
on IL-6 expression.

Dose-Response Analysis of the Cytokine

Secretion Data

To further characterize the effect of MP exposure, the effect of
MP particle size and material on cytokine release was further
assessed using BMD analysis in which a 20% increase in cytokine
release was considered a relevant effect (see Section PROAST
Analysis for Dose-Responses). Sinking particles induced the
most robust responses as seen in the narrow ranges between
the BMDL and BMDU (IL-1f in Figure 5, TNF-a and IL-8 in
Supplementary Figure 8). For all three cytokines, the response
was higher for MPs in the smallest size range, whereas for the
fraction with the largest particles an BMD could not be derived
with certainty for cytokine levels. This directly indicates a size
dependent effect on cytokine secretion of MPs. For the smaller

fractions, we found a dose-dependent increase in cytokine
secretion. Cytokine response was comparable for all plastic
types, including BMDs per size fraction compared between the
different types of polymer. Notably, the highest concentration
used for exposure of Nylon_Virgin showed cytotoxicity and
therefore cytokine responses are less reliable as part of a dose-
response curve.

Interplay Between Chemical-Physical
Particle Properties and Biological

Responses

We applied a statistical multivariate approach to calculate,
describe and visualize relationships between the physical and
chemical particle properties and the biological responses as
measured by both the cytokine secretion and cytotoxicity. For
this, we used the following data as input: cytokine secretion (IL-
18, TNF-a, and IL-8), cytotoxicity (WST-1), particle polymeric
composition, particle size distribution, density, concentration,
and thermal properties. The fingerprint of variations per
parameter over all samples allowed us to calculate the correlation
between the individual parameters and cluster them based on
similarity (Figure 6A). The combination of correlations were
used to create a multidimensional scaling-plot in which the
relations between all parameters could be investigated in a 2-
dimensional plane (Figure 6B). Lastly, we created a network of all
significantly correlating parameter pairs (FDR < 0.05, unadjusted
p < 0.035, |R| > 0.25) and the interconnectivity between them
(Figure 6C). From this, we were able to gain insight into the
relationships between the physical and chemical parameters
in relation to the biological responses. Here, we observed an
influence of both the physical as well as the chemical parameters
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FIGURE 2 | Representative phase-contrast images of the various microplastic samples and size fractions. Images in grayscale, the white scalebar in the top-left

100 — 200 pum

on the biological response. More specifically, these results
indicated that: (1) cytokine data are mutually related; (2) cytokine
responses are mainly dependent on the concentration, and that
(3) cytotoxicity depends more on particle size, with particularly
the smaller particles (0-20 wm) contributing to the cytotoxicity;
and, (4) thermal properties and density (e.g., floating/sinking
properties) are less crucial for biological responses.

DISCUSSION

We have assessed the effect of environmentally collected
ocean and land weathered MP particles (20-200 pm) on the

immunological response of THP-1 derived macrophages, to gain
understanding of the potential human health hazards of MPs.
Our results show that the biological response is more pronounced
for smaller particles (20-50 um), however, the type of plastic
plays a role as well. This work focused on the effects of MP
on macrophages as a first indicator for an immunotoxicological
response and it would be of interest to test this more in depth.
In addition, it would be beneficial to include other toxicological
end-points as well to determine the toxicological effects of MPs
more completely.

To our knowledge, we are the first to present data of the
immune-mediated effects of environmentally sourced plastics
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FIGURE 3 | Particle size distribution. The graphs represent the distribution of Feret diameters between 1 and 300 wm. The height of the curves represent the fraction
of the sum of the 2-dimensional projection surface area of all particles within 1 bin (data divided in bins of 10 um) relative to the sum of all particles measured per
sample. The number of particles analyzed per sample ranged between 112 and 419. The sample PP_Water consist of 1 size fraction, namely <300 um. See
Supplementary Table 1 for raw data.

on macrophages. Such data are important to assess the effects
of MPs for human risk assessment. The effect of MPs on
macrophage response has mainly been studied for spherical
polystyrene particles. The effects of different types on plastics
on hepatic and intestinal cells was assessed by Stock et al.
(2021), who found material and size dependent effects (Stock
et al, 2021). The ability of THP-1 derived macrophages to
phagocytose plastic particles has been demonstrated although no
effect on cytokine production was observed for 100,000 (1 pm),
250,000 (4pm) or 60,000 (10wm) particles per mL (Stock
et al,, 2019). The particles used in our studies are substantially
larger and could therefore not be phagocytosed by THP-1 cells.
Others have shown that amine-modified polystyrene nanobeads
of 50 nm did induce IL-1f production in THP-1 macrophages at
concentrations of 5-10 jLg/cm?, whereas no such effect was found
for polystyrene or polyvinyl chloride nanobeads of similar sizes.
In addition it would be beneficial to harmonize dosimetry to
allow comparison of data (Busch et al., 2021). The concentrations
in our experiments correspond between 2.1 pg/cm? (5.6 ug/mL)

and 506 pg/cm? (1,350 jLg/mL), which means that our results are
in accordance with those found by Busch et al. (2021).

Previous studies with spherical PS particles gave indications
of an effect, but as known from nanomaterial toxicology, particle
properties play an important role in their toxicity (Gigault et al.,
2021). Therefore, the assessment of effects of environmentally
sourced particles, as used in our experiments, is needed to
gain insight into the toxicity of MPs. Our experimental results
allow assessment of the effects of different polymers and also
of different particle sizes. The number of particles, which is
higher for the smallest particles at similar mass concentration,
their fate, as well as the expected effects are all related to
the size of the particles (Vethaak and Legler, 2021). The size
classes we have used in these experiments are among the particle
sizes to which humans can be expected to be exposed to
(Zhang et al., 2021). However, as we found a higher cytokine
response for smaller particles, it seems likely that particles below
the size range we have used, will induce a more pronounced
biological response in vivo. More so, since the majority of the
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FIGURE 4 | IL-1B secretion by THP-1 cells after 48 h of exposure to various microplastic samples measured by ELISA. Bars represent the mean values (N > 3) with
error bars to indicate the confidence interval at 95%. Positive controls were exposed to 1.25 uM Nigericin. Statistical significance indicated by stars with the following
p-values: *P < 0.05 as calculated using Non-parametric Kruskal-Wallis one-way ANOVA's.
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particles used in our experiments are too large to be engulfed by
macrophages (Stock et al., 2021). Nevertheless, our results show
that even when particles are not engulfed, they may lead to a
macrophage response.

To our knowledge, we are the first to describe exposure of
cells to floating particles. Exposure of cells to sinking particles is
straight-forward, but studying floating particles comes with some
technical challenges. By culturing the cells on the basolateral side
of a cell culture insert, contact between the floating MPs in cell
culture medium and the cells could be established. Biological
responses of floating particles were more variable compared to
exposures with sinking particles. As THP-1 cells only attach
after differentiation, the yield of differentiation determines the
number of cells able to attach to the insert. Differences in number
of cells did, however, not explain the variation in the experiment.
For both sinking and floating particles it is important to keep in
mind that contact between cells and particles is dependent on the
fraction of the particles which comes into contact with the cells.
Particles that stay in suspension will not be in contact with the
cells and can therefore not cause a biological effect directly.

Our results indicate that size-fraction, concentration, and
polymer type are the most important determinants for the
biological response, which in our experiments was based on
cytokine secretion. This is supported by earlier findings on

hepatic and intestinal cells (Stock et al., 2021). Inclusion of
materials with different properties, such as different precisely
defined shapes, and of various chemical compositions would
allow for further linking of MP properties to biological effect.
Characterization of immunological effects could be further
extended to phagocytosis of MPs, which is a functional read-
out for clearance capacity of macrophages. Inclusion of different
exposure durations in contrast to the single exposure duration
in these experiments, would allow assessment of MP effects and
phagocytosis over time. Addition of additional assays for other
end-points, not limited to immunological responses, would even
further improve the network, which contributes to determining
the properties of MPs that are contributors to biological response.
Such information can ultimately be used for risk management
and for policy makers to define modes of action for securing
public health.

To avoid contamination of our cell culture, we have treated
the particles with hydrogen peroxide to remove biological
material. In real life particle exposure, such biological material
remains on the particles and may also induce biological effects
(Hirt and Body-Malapel, 2020). For future research we therefor
recommend to include particles with and without the biological
material, which allows discrimination of particle and biological
effects. We aimed to compare the effects of MPs of different
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FIGURE 6 | Multivariate and network analysis approach visualizing the relationships between the chemical and physical particle properties and biological responses of
THP-1 cells to the microplastic samples. (A) Heatmap showing correlations (R2) between selected parameters and clustering of the parameters on similarity.

(B) Multidimensional scaling showing (dis)similarities (based on the calculated correlations) as distances between the parameters. (C) Cytoscape network analysis
showing significant parameter correlations as network connections. Line color indicates correlation strength, with deeper shades of purple indicating higher |R| values.

chemical and physical composition to ultimately determine MP
properties that influence a biological response. As differences
between equipment and assays are common, the use of a
reference material can help to explain the differences in results
between labs. As such reference material is not available for MPs

yet, proper characterization of particle properties is crucial. We
have included extensive particle characterization, but, despite the
efforts made, some data could not be produced due to the lack
of accurate methods. Particle characterization could be improved
by information on the additive or non-intentionally added
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substances (NIAS) composition. Paul-Pont et al. (2018) described
constraints and priorities for MPs exposure. Standardization
of materials and methods employed for exposure and particle
characterization to ensure data quality has been proposed for
ecotoxicity testing but can be applied for human toxicity testing
as well (Koelmans et al., 2019; Mohamed Nor et al., 2021).

Our experiments have focused on the determination of a
human health hazard in relation to particle properties, not
necessarily to determine a human health risk. To be able to
conclude whether MPs pose a risk to human health, information
on exposure should be considered. Additionally, information
is needed on ingestion of MPs and resulting bioavailability in
the other target tissues. As a next step, hazard assessment of
MPs at these target tissues can be assessed. To put our results
into this perspective, we roughly estimate that our cells were
exposed to a concentration range of 30-7,000 particles per insert
of 0.32 cm? for the smallest particle fraction. Assuming a human
consumption of 40,000 MPs per year (Cox et al., 2019), which
corresponds to 110 particles per day, our exposure levels are
substantially higher than daily human exposure. The question
remains however, whether this induction of cytokines results in
adverse effects on the long term.

CONCLUSION

We have shown that MPs generated from macroplastic from
land and sea via cryomilling, as well as commercially available
virgin materials induce a dose-dependent cytokine response
(in IL-1B, TNFa and IL-8) in differentiated THP-1 cells. The
correlation of the physiochemical characteristics of the particles
with the biological response showed that particle size more
strongly correlated with biological responses than polymer type.
Further research should elucidate whether stronger responses
are found for even smaller particles and whether other cell-
physiological and toxicological parameters may be affected by
MP exposure. Such information would allow determination of
relationships between physiochemical properties and biological
effects, which can be used to characterize the possible
toxicity of MPs.
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