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Abstract

Micro- and nanoplastics (MNPs)! are ubiquitous in the environment, resulting in the uptake of MNPs by a
variety of organisms, including humans, leading to particle-cell interaction. Human macrophages derived from
THP-1 cell lines take up Polystyrene (PS)?, a widespread plastic. The question therefore arises whether primary
human macrophages also take up PS micro- and nanobeads (MNBs)® and how they react to this stimulation.
Major aim of this study is to visualize this uptake and to validate the isolation of macrophages from peripheral
blood mononuclear cells (PBMCs)* to assess the impact of MNPs on human macrophages. Uptake of
macrophages from THP-1 cell lines and PBMCs was examined by transmission electron microscopy (TEM)®,
scanning electron microscopy and live cell imaging. In addition, the reaction of the macrophages was analyzed
in terms of metabolic activity, cytotoxicity, production of reactive oxygen species (ROS)® and macrophage
polarization. This study is the first to visualize PS MNBs in primary human cells using TEM and live cell
imaging. Metabolic activity was size- and concentration-dependent, necrosis and ROS were increased. The

1 MNPs — micro- and nanoplastics

2 PS - Polystyrene

3 MNBs — micro- and nanobeads

4 PBMCs - peripheral blood mononuclear cells
> TEM - transmission electron microscopy

6 ROS - reactive oxygen species



methods demonstrated in this study outline an approach to assess the influence of MNP exposure on human
macrophages and help investigating the consequences of worldwide plastic pollution.

Environmental implication

Polystyrene micro- and nanoplastics are among the plastic particles which can be found worldwide in different
ecosystems (1). Because of their size, they can enter the food chain and accumulate in a large variety of
organisms (2). Previous studies already showed a cytotoxic effect on murine macrophages and human dTHP-1
(3, 4). However more research is needed to assess the impact of this distribution on humans. Studying the
consequences of human plastic exposure and potential health risks using a human macrophage model, supports
the process of political decision-making addressing plastic pollution.
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Introduction

The ubiquitous presence of micro- and nanoplastics (MNPSs) in the environment has captured the interest of the
scientific community, prompting an investigation into the potential impact of this pollution on human health.
MNPs have been detected all over the world (1). They can be found in oceans (5), the atmosphere of large cities
such as Shanghai (6) or of rural areas (7) and in agricultural soil (8). Studies working with animal models
showed that exposure to microplastics (MPs) leads to accumulation of particles in different organs of mice (9) or
reduces intestinal mucus (10). Further, for different human cell lines induction of apoptosis is reported (11).
These observations elucidate that a possible harm to human health is mediated through exposure to MNPs,
emphasizing the need of research in this field.

Plastic can even be found in human blood in an average concentration of 1.6 pg/mL (12). The type of plastic
detected in human blood included styrene, a pyrolysis product of polystyrene (PS) or other polymerized styrene,
which was found in 8 out of 22 samples (12). Therefore, we focused on PS in this study. PS is a thermoplastic,
composed of styrene monomers. It is often used for food packaging and PS monomers can also migrate into food
(13).

Concerning potential pathways how MNPs can possibly enter the human body and correspondingly also human
blood, three mechanisms are usually discussed: via the gastrointestinal tract, through inhalation (14, 15) or
transdermally (2). Potentially harmful substances have to pass the barriers of these organ systems, before
entering the human body. Three layers compose the intestinal barrier, combining secretory products, gut
microbiota, humoral components, an anatomic barrier built by the intestinal epithelium and immune cells, such
as macrophages (16, 17). In the lung, the air-blood barrier is formed by endothelial cells and alveolar epithelial
cells and alveolar macrophages are attached to the epithelial surface (18). Particles of a size smaller than 2.5 um
are able to reach the alveoli, however, the mucus layer on top of the epithelium, containing for example such
small particles, is constantly transported towards the nasopharyngeal area and is swallowed afterwards. The
skin’s barrier is the result of a physical barrier formed by the epithelium, a humoral barrier mediated through
antimicrobial peptides, a chemical barrier due to its’ slight acid pH and an immunological barrier represented by
different immune cells such as Langerhans cells, macrophages or mast cells (19). As this description shows,
macrophages play an important role in all these barriers as one decisive component of innate immunity. They are
part of the so-called professional phagocytes that are responsible for removal of microorganisms in the human
body (20). Because of their key role in the different barriers of the human body, macrophages were chosen for
further investigation. The importance of macrophages was also emphasized by Jeon et al. (21) stating that
macrophages might be the decisive cell type for the influence of orally ingested MPs.

To study human macrophages, the THP-1 cell line derived from a patient with acute monocytic leukaemia is
widely used. The cells of a cell line are immortalised and because they are cheap, easy to handle and constantly
available, they are broadly used. Alternatively, human macrophages can be obtained from donors via isolating
them from peripheral blood mononuclear cells (PBMCs). Since they are of natural origin, individual variations
can occur, complicating analyses and interpretation (22). However, the malignant background of cell lines that
divide without Hayflick limit narrows the conclusions, which can be drawn from their analyses, since they might
differ in some properties from pristine cells (23). Therefore, studying ex vivo human macrophages can provide a
more reliable insight into the possible consequences of MNPs on the human body. Thus, one focus of this study
was to establish an in vitro model to study effects of MNPs on human macrophage behaviour obtained by
differentiating monocytes isolated from PBMCs (dMPHs). Uptake of PS by murine macrophages and human
macrophages derived from THP-1 cells was already observed (24-26) prompting the question whether pristine
human macrophages take up PS as well. To visualize intracellular non-fluorescent PS micro- and nanobeads
(MNBs) in differentiated THP-1 (dTHP-1) cells and dMPHSs transmission electron microscopy (TEM) was used.
In addition, scanning electron microscopy (SEM) and live cell imaging were performed for dMPHs.

Macrophages are not only responsible for removal of internal waste but are also effectors of cell-mediated
immunity because of their ability to present antigens and to release pro- and anti-inflammatory cytokines (27,
28). Their contribution to different inflammatory diseases such as diabetes, cancer or atherosclerosis is subject of
many studies (28). To examine whether a possible uptake of MNPs by human macrophages affects their
immunological function, possible adverse effects of PS MNBs on human macrophages were investigated. These
included the influence of PS MNBs on metabolic activity (dTHP-1), polarization of macrophages (dMPHs),
cytotoxicity (dTHP-1, dMPHSs) and generation of reactive oxygen species (ROS)(dMPHs).



Methods

The human monocytic cell line THP-1 was used to check if the applied TEM protocol works to visualize the
uptake of non-fluorescent PS MNBs. Additionally, the influence on metabolic activity and cytotoxicity was
measured. Since one of the main objectives of this study was to establish an in vitro model to study effects of
MNPs on human macrophage behaviour, further experiments (TEM, SEM, live cell imaging, influence on
polarization, production of ROS and cell viability) were performed using dMPHs extracted from Leukocyte
Reduction System cones (LRSC) of healthy, anonymous donors having undergone a strict health check by the
Transfusion Medicine and Hemostaseology Department of the Universitdtsklinikum Erlangen, Germany. The
permission to use these LRSCs was given by the ethics committee of the Friedrich-Alexander-Universitit
Erlangen-Niirnberg (ethical approval no. 48 19B), according to the rules of the Declaration of Helsinki in its
current form.

Cell line THP-1

Cells of the human THP-1 cell line (ATCC, Manassas, USA) were differentiated into dTHP-1 following standard
procedures (22). THP-1 cells were differentiated using phorbol 12-myristate 13-acetate (PMA, 25 ng/mL) in R10
medium (10 % FBS, 1 % Penicillin/Streptomycin in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA))
over 72 hours in a density of 10000 cells per well in a 96-well plate.

Stimulation of dTHP-1 with polystyrene MNPs

dTHP-1 were exposed to PS MNBs (Polybead® microspheres, Polysciences, Warrington, USA) of different
diameters and concentrations. Cells not exposed to PS MNBs served as controls. Higher concentrations than the
currently physiological concentration of 1.6 pg/mL were included in the analyses to investigate concentration-
dependent effects. TEM pictures were taken according to the steps outlined in section 2.6, metabolic activity and
cytotoxicity (see 2.3) were measured after different timepoints. The chosen diameters, concentrations of PS
MNBs and timepoints of each analysis are specified in Table 1.

Table 1: Overview of the conditions for each method used to examine dTHP-1

Experiment Diameter (um) Concentration (pg/mL) Timepoints (hours)

TEM 0.5, 1and 3 37.5 24

150

750

1500

Metabolic activity 0.5, 1 and 3 37.5 24

75

150

375




750

1500

Cytotoxicity 0.5, 1 and 3 37.5 24, 48,72

75

150

375

750

1500

Metabolic activity and cytotoxicity of stimulated dTHP-1

Metabolic activity of the stimulated dTHP-1 cells was assessed with the alamarBlue™ Assay (Invitrogen AG,
Carlsbad, CA, USA). After 24 hours of exposure to PS MNBs, the medium was discarded, and cells were
incubated under standard conditions with alamarBlue™ reagent (1:10 in differentiation medium) for 3 hours.
Only medium with alamarBlue™ served as a blank. Absorbance was detected at 560 nm using the iMark
Microplate Absorbance Reader (BioRad, Hercules, USA). Metabolic activity of controls was defined as 100 %.
Cytotoxicity was measured using the CYQUANT LDH Cytotoxicity Assay (Invitrogen) and results were
calculated (% cytotoxicity) according to the manufacturer’s protocols. Negative results were omitted.

Monocyte isolation and differentiation of human macrophages

All steps were performed following the protocol of Wedekind et al. (29). PBMCs were separated from a LRSC
using density gradient centrifugation. CD14" monocytes were isolated through magnetic activated cell sorting
(MACS, Miltenyi Biotec, Bergisch Gladbach, Germany), according to the manufacturer’s information. The naive
monocytes were seeded into 6-well plates at a concentration of 1.5 *10° cells per well. The differentiation into
dMPHs was performed with macrophage-colony stimulating factor (M-CSF, 100 ng/ml, PeproTech, USA) in
R10 medium. Cells were incubated under standard culture conditions for 6 days (37 °C, 5 % CO,, Incubator
MCO-230AICUV-PE, PHCBI, Tokyo, Japan). On day two and five, 500 pL R10 medium with M-CSF (100
ng/mL) were added. The detection of the surface proteins CD14, CD11b and CD68 by flow cytometry served as
verification of macrophage purity (30).

Macrophage stimulation and pre-polarization

On day six, the supernatant was discarded, and the dMPHs were exposed to different substances (plastic
stimulation or polarization in M1 or M2 macrophages) dissolved in 1 mL R10 medium. The stimulation with PS
MNBs was carried out by using different diameters and concentrations of the same PS MNBs used to stimulate
dTHP-1 (Polybead® microspheres, Polysciences, Warrington, USA). Unstimulated dMPHs were polarized to
M1-dMPHs by adding Lipopolysaccharide (LPS, Sigma Aldrich) or to M2-dMPHs by adding IL-4 (Miltenyi
Biotec). For the performed experiments, the observed substances, diameters of PS MNBs, concentrations and
timepoints of analyses can be found in Table 2. dMPHs only exposed to R10 medium served as controls for all



experiments. Stimulated cells were incubated under standard culture conditions until the different analyses were

carried out.

Table 2: Overview of the conditions for each method used to examine dMPHs

Experiment

TEM

SEM

dMPH polarization,
ROS (H,DCFDA and
Griess Assay)

Stimulant

PS beads @ 0.5 pm

PS beads @ 1 um

PS beads @ 3 pm

PS beads @ 3 pm

PS beads @ 0.5 um

Concentration (pg/mL)

1.04

1.6

10

37.5

75

375

1500

37.5

375

1500

37.5

375

1500

10

37.5

1.6

37.5

Timepoint (hours)

2,24

48

24,48

2,8,24,48

2,8,24,48

24, 48




Experiment Stimulant Concentration (pg/mL) Timepoint (hours)

IL-4 0.02
LPS 1
Cell viability PS beads © 0.5 pm 1.6
37.5
live cell imaging 0.5 pm 1.6 individual durations
37.5

Transmission electron microscopy and scanning electron microscopy

To be able to visualize the non-fluorescent PS MNBs intracellularly, TEM was performed. Therefore, dTHP-1
and dMPHs were washed with PBS and fixed with Indium Tin Oxide (ITO) solution. Samples were dehydrated
in an ascending ethanol series and embedded in Epon (Carl Roth, Karlsruhe, Germany). Ultrathin sections were
stained using uranyl acetate and lead citrate and then ready for TEM analyses (JEM 1400 Plus; JEOL Germany
GmbH, Freising, Germany). For SEM analyses of dMPHs surface the cells were initially seeded on cover slips.
All other preparatory steps were equal to the preparation for TEM analyses. Protocols for TEM and SEM
adhered to the guidelines outlined in the publication by Hampel et al. (31). dMPHs were examined with a
scanning electron microscope (Jeol JISM-IT 300; JEOL, Tokyo, Japan).

Live cell imaging

dMPHs were seeded into p-dishes at a concentration of 1.0%10° or 0.5*10° cells per dish and treated as
mentioned in 2.4. On day six, the remaining medium was removed, PS nanobeads (NBs, 0.5 pm) were added,
and the imaging was started using the Nanolive 3D CX-F microscope for live cell imaging (Nanolive SA,
Tolochenaz, Switzerland). Exposure to PS NBs in a concentration of 1.6 pg/mL was monitored for about 24 h
(n=3) and 37.5 pg/mL were filmed for 48 h (n=1). To edit the videos STEVE microscopy software was used. The
non-fluorescent PS NBs were digitally stained based on visual perception. Videos were created out of pictures
taken from one slice of the three-dimensional dIMPHs (n=4) using ImageJ software.

Cell viability

After incubation with PS NBs (0.5 pm) for 24h and 48h and harvesting with Trypsin (GIBCO Life), cell viability
was analysed by AnnexinV (AxV, GeneArt, Regensburg, Germany) and Propidium lodide (PI, Sigma Aldrich)
staining. Analyses were performed with the CytoFLEX S flow cytometer (Beckman Coulter, Brea, CA, USA)
and Kaluza software. AxV-, PI" cells were defined as viable, AxV™, PI" as apoptotic, and AxV™*, PI" as necrotic
cells (29). The gating strategy is displayed in Fig. 8B.

Polarization analyses by flow cytometry
Cells were harvested using a cell scraper and incubated with two different antibody panels, one fully stained

panel and panel for background control. The background control panel included antibodies against CD11b
(BV650, BioLegend, San Diego, CA, USA), CD68 (AF488, BioLegend), CD14 (PerCP-Cy5.5, BioLegend) and



a zombie NIR antibody (BioLegend). This served as a control to verify dMPH purity since they were
differentiated from PBMCs. In addition, the fully stained panel contained antibodies against CD163 (PE-Dazzle,
BioLegend), and CD206 (APC, BioLegend) for M1-polarization and HLA-DR (KO, Beckman Coulter) and
CD80 (PE-Cy7, BioLegend) for M2-polarization. They were analysed using flow cytometry (CytoFLEX S,
Beckman Coulter) and Kaluza Software. For Background correction, the median fluorescence intensity of the
background control panel was subtracted from the fully stained panel. The gating strategy is displayed in Fig.
9A.

Reactive oxygen species production
Dichlorodihydrofluorescein-diacetat staining

After incubation with PS NBs (0.5 pm) for 24h and 48h, general ROS production was analysed with
Dichlorodihydrofluorescein-diacetat staining (H,DCFDA, 2 umol/mL, Invitrogen, Carlsbad, USA). Cells not
exposed to PS NBs served as controls and serum free medium (RPMI-1640, Sigma-Aldrich) without H,DCFDA
served as blanks. The staining was incubated for 90 minutes in the incubator. Cells were harvested using a cell
scraper. Fluorescence of the cells dissolved in PBS with PI (1 pL/mL) was measured using flow cytometry
(Beckman Coulter). For analyses Kaluza software was used (gating strategy is displayed in Fig. 10A) and
background correction was carried out by subtracting the medium fluorescence intensity of blanks without
H,DCFDA from cells exposed to H-DCFDA.

Production of Nitric oxide

The supernatant of the cell culture of dMPHs was centrifuged after 24 and 48 hours and stored at -20°C for
further analyses. Production of nitric oxide was measured in a microplate assay using Griess reagent (Promega,
Madison, USA), according to the manufacturer’s instructions. Shortly, the culture supernatant was thawed,
incubated for 10 minutes with Sulfanilamide Solution in the dark and then incubated for another 10 minutes with
N-1-naphtylethylenediamine dihydrochloride (NED) in the dark. Standards were diluted in R10 medium.
Absorbance was measured at 540 nm using a BioTek Epoch Microplate Spectrophotometer (Agilent, Santa
Clara, USA).

Statistical analyses

Statistical analyses were performed with GraphPad Prism 8. For dTHP-1 experiments, tukey's multiple
comparisons test was performed to compare all groups exposed to PS MNBs and controls (not exposed to any
substance). For metabolic activity, activity of controls was defined 100 %. To assess the influence of MNBs size
on cytotoxicity, results of different sizes of PS MNBs were compared and to assess the influence of duration, all
time points were compared with each other. For experiments with dMPHs, a Kruskal-Wallis test was performed
to compare all groups exposed to stimulants against the control not exposed to any substance with Dunn’s
correction for multiple testing. Significance is indicated as * p<0.05, **p < 0.01, ***p<0.001, ****p<0.0001.

Results
Cellular uptake of Polystyrene MNBs by dTHP-1 influences metabolic activity and cytotoxicity

The studies of dTHP-1 showed uptake of PS MNBs of all sizes (0.5 pm, 1 um, 3 pm, Fig. 1A) and thus
determined our protocol for further analyses of PS-stimulated dMPHs from LRSC. Metabolic activity of the
dTHP-1 cell line after exposure to PS MNBs of different sizes and concentrations was assessed with an
alamarBlue™ Assay. This assay utilizes Resazurin, a cell-permeable and non-fluorescent substance, which is
reduced to a fluorescent molecule upon entering living cells (32). Figure 1B shows the metabolic activity of
dTHP-1 cells under the influence of PS MNBs compared to the controls’ activity (100 %). PS microbeads (MBs,
1 pm, 3 um) increased metabolic activity significantly unlike PS NBs (0.5 pm) when compared to controls.
Higher concentrations of PS MBs were associated with a significant decrease in metabolic activity when
compared to lower concentrations of the same size. P-values of all comparisons can be found in Table 3,
Supplementary. Thus, metabolic activity increased in cells exposed to PS MBs (1um, 3 pm) in intermediate
concentrations.
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Figure 1: TEM picture and analyses of metabolic activity of dTHP-1 A TEM picture showing (five) intracellular
PS MBs (3 um) in a dTHP-1 cell after incubation with 37.5 pg/mL PS MBs for 24 hours. The arrowhead points
at an intracellular PS MB. B Metabolic activity of dTHP-1 cells exposed to PS MNBs in ascending
concentrations (shown on the x-axis) and diameters (0.5 um, 1 um and 3 um) compared to the control’s activity,
which was set as 100 %. Significances shown here only refer to comparison with the controls. The metabolic
activity was measured using an alamarBlue™ assay (Invitrogen). A significantly increased metabolic activity
was observed for MBs (1 um, 3 pm) and concentrations up to a concentration of 750 pg/mL. For NBs (0.5 pm)
this increase was not observed. Higher concentrations of PS MBs are associated with a significant decrease in
metabolic activity when compared to lower concentrations of the same size. P-values can be found in Table 3,
Supplementary. n= 4, standard deviation shown. * p<0.05, **p < 0.01

For the assessment of cytotoxicity, the release of Lactate Dehydrogenase (LDH) was examined. LDH is a
cytosolic enzyme which is released into cell culture medium upon damage of the cell membrane (33). Based on
LDH release, cytotoxicity of PS MNBs was calculated. PS NBs (0.5 pm) had significant impacts on cytotoxicity
with ascending concentrations after all timepoints when concentrations were compared to the control (equals
0%) or to lower concentrations (n=3-4, Fig. 2, A). PS MBs (1 um) also show this effect, however not as distinct
as 0.5 um NBs and rather after longer exposure periods (48 hours, 72 hours). PS MBs (3 pm) significantly
increased cytotoxicity in higher concentrations when compared to the control especially after 48 hours. Analyses
concerning the influence of size showed a significant decrease in cytotoxicity for PS MBs (1 um, 3 um) when
compared to PS NBs (0.5 um). 3 um MBs revealed a significant decrease in cytotoxicity when compared to 1
pm MBs in some measurements (Fig. 2B). Comparison of the different timepoints showed a tendency towards a
significantly higher cytotoxicity for longer exposure periods, especially when 48 hours were compared to 24
hours (Fig. 2C). An incubation for 72 hours only increased cytotoxicity significantly when compared to 48 hours
of exposure in the highest concentration of 1500 pg/mL. P-values of all comparisons can be found in Tables 4-6,
Supplementary.
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Figure 2: Cytotoxicity of PS MNBs on dTHP-1 A Influence of different concentrations Cytotoxicity of
different concentrations (shown on the x-axis) and sizes (0.5 um (red), 1 um (green), 3 um (blue)) after 24 hours,
48 hours and 72 hours on dTHP-1. Significances shown here only refer to comparisons with controls (equals 0
%). PS MNBs show an increasing cytotoxicity for increasing concentrations, especially PS NBs (0.5 um). B
Influence of different sizes Cytotoxicity of 0.5 um, 1 um and 3 um PS MNBs in different concentrations
(shown on the x-axis) after 24 hours, 48 hours and 72 hours on dTHP-1. PS MBs show a significant decrease in
cytotoxicity when compared to PS NBs. C Influence of different durations Cytotoxicity after 24 hours, 48
hours and 72 hours of different sizes (0.5 um, 1 um, 3 pm) and concentrations (shown on the x-axis) of PS
MNBSs. An exposure for 48 hours shows significant increases in cytotoxicity when compared to 24 hours. The
cytotoxicity was measured using a CyQUANT LDH Cytotoxicity Assay (Invitrogen). P-values can be found in
Tables 4-6, Supplementary. n= 3-4, standard deviation shown. * p<0.05, **p < 0.01, ***p<0.001, ****p<0.0001

Visualisation of Polystyrene uptake in dMPHs

On account of the results obtained from experiments using dTHP-1, the following experiments were performed
using dMPHs. To demonstrate ingestion of non-fluorescent PS MNBs by dMPHs and their intracellular position
after uptake, TEM, SEM, and live cell video microscopy were performed. TEM pictures were taken after 2, 8, 24
and 48 hours after PS MNB exposure to investigate time-dependency. In TEM, PS MNBs are visible as round to
oval light grey structures. The appearance of blank space around the PS MNBs originates from cutting artefacts.
Different sizes and concentrations were used to assess their influence on the uptake. Uptake of PS MNBs was
observed under all conditions (Fig. 3, 4). Close-up TEM images were taken of PS MNBs to assess the
intracellular localisation. No lipid-bilayer was detected surrounding the MNBs, which suggests that they are
located in the cytosol.

Density of intracellular PS MNBs increased proportionally to their concentration. Live cell imaging showed the
same effect and could moreover show the active engulfment of PS MNBs by the dMPHs. SEM confirmed the
fully enclosed PS MBs by dMPHs. In TEM pictures, no major differences in the amount of intracellular PS



MNBs were observed after different timepoints. However, live monitoring showed that the longer the cells were
exposed to PS NBs, the more could be detected intracellular. At higher concentrations, some PS MNBs were
detected outside the cells (Fig. 3F), which was observed in the live cell imaging as well.

SEM was also used to assess sample density and visualize morphological changes of dMPHs. PS MBs with a
diameter of 3 pum were chosen as a preliminary test had shown that 0.5 um were below the detection rate of
SEM. A high density of dMPHs was observed after 24 and 48 hours for the controls. Cell density was decreased
after exposure to PS MNBs at both timepoints compared to the controls. The uptake of MBs was associated with
morphological alterations of the cells, such as a shift towards a more circular shape. Changes in cell morphology
were detected in the live cell imaging as well, with longer incubation the cells showed a more rounded shape. A
complete circular shape of the cell was noted in SEM for the higher concentration of 37.5 pg/mL after 24 hours
of exposure time.

Control
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Figure 3: TEM pictures of dMPHs after 2 hours of stimulation with PS MNBs in different sizes and
concentrations. PS MNBs are visible as round to oval light grey structures, red arrowheads point at intracellular
PS MNBs, orange arrowheads at extracellular PS MNBs. A Unexposed dMPH serving as a control. Pictures B-E
were taken from dMPHs exposed to PS NBs (0.5 um). Concentrations of PS NBs ascend from B-E, resulting
into a higher intracellular detection of NBs. Cells in picture F were exposed to PS MBs (3 um). E and F both
show extracellular PS MNBs.

37,5 pug/ml

Figure 4: TEM pictures of dMPHs after 24 (A and B) and 48 hours (C and D) of stimulation with PS NBs (0.5
pm). PS NBs are visible as round to oval light grey structures, arrowheads point at intracellular PS NBs. A
dMPH stimulated with PS NBs in a concentration of 1.04 pg/mL C dMPH stimulated with PS NBs in a
concentration of 1.6 pg/mL. B, D dMPHs stimulated with PS NBs in a concentration of 37.5 pg/mL. For
ascending concentrations of PS NBs, more intracellular PS NBs were observed.
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Figure 5: SEM pictures of dMPHs after 24 hours of exposure to PS MBs (3 um). A and B were taken from
controls, cells in C and D were exposed to 10 pg/mL PS MBs and cells in E and F were treated with 37.5 pg/mL
PS MBs. dMPHs are exemplary encircled in red, red arrowheads point at intracellular PS MBs, orange
arrowheads at extracellular PS MBs. PS MBs are visible as evenly round structures. In picture E and F the red
arrowhead points at a macrophage enclosing a PS MB. Exposure to PS MBs causes decreased cell density and a
circular shape of the dMPHs.
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Figure 6: SEM pictures of dMPHs after 48 hours of exposure to PS MBs (3 um). Control group is represented by
image A and B. Cells treated with 10 pg/mL PS MBs are represented by image C and D. Images E and F
illustrate the cellular morphology of cells treated with 37.5 pg/mL PS MBs. Exemplary dMPHs are encircled in
red, red arrowheads point at intracellular PS MBs, orange arrowheads at extracellular PS MBs. PS MBs are
visible as evenly round structures. In pictures E and F a macrophage enclosing a PS MB is shown.
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Figure 7: Pictures extracted from video material of dMPHs exposed to PS NBs (0.5 pm, pink) in a concentration
of 37.5 ng/mL. The PS NBs were digitally stained based on visual perception. Duration of exposure: A: 2 hours,
B: 24 hours. An increase of intracellular PS NBs can be observed for longer durations of exposure to PS NBs.
Cells were observed for 48 hours in total.

ONLINE VERSION

Video 1: dMPHs exposed to PS NBs (0.5 pm, pink) in a concentration of 37.5 pg/mL. PS NBs were digitally
stained based on visual perception. Cells were observed for 48 hours in total. An increase of intracellular PS NBs
can be observed for longer duration of exposure to PS NBs.

Exposure to Polystyrene NBs results into an increased number of necrotic cells

To distinguish between viable, apoptotic, and necrotic cells an AxV and PI staining was used. AxV binds to
phosphatidylserine, which is exposed on the outer cell membrane of dead cells. The membrane of viable cells
only contains phosphatidylserine on the inner part. To differentiate between apoptotic and necrotic cells, PI is
used, as it can only diffuse through the membrane of necrotic cells (34). The results can be seen in Figure 8C. It
shows the percentage of necrotic and apoptotic cells after 24 and 48 hours. After both timepoints, the majority of
cells were viable. There was no significant influence of PS NBs on apoptosis. PS NBs at a concentration of 37.5
pg/mL caused a significantly higher number of necrotic dMPHs at both time points (n=4, p= 0.0285 for 24
hours, p=0.0121 for 48 hours, 0.5 pm).
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Figure 8: Analyses of cell viability of dMPHs after PS NB (0.5 um) exposure A Timeline showing the essential
steps for differentiation of macrophages isolated from a LRSC. B Cells were pre-gated on singlets (FSC-A/FSC-
H), debris was excluded (FSC-A/SSC-A) and AxV", PT cells were defined as viable, AxV™, PI" as apoptotic, and
AxV*, PI" as necrotic cells. C Percentage of apoptotic and necrotic cells after 24 hours and 48 hours exposure



time to PS NBs (1.6 pg/mL and 37.5 pg/mL, 0.5 pm) or only R10 medium (control). Cell viability was assessed
using AxV and PI staining. Numbers of necrotic cells are significantly increased after 24 and 48 hours of
exposure time to PS NBs in a concentration of 37.5 pg/mL (p= 0.0285 for 24 hours, p=0.0121 for 48 hours).
Kruskal-Wallis test and Dunn‘s multiple comparisons test; n=4, *p< 0.05.

Polystyrene NBs have no effect on macrophage polarization

To assess whether the dMPHs tend to develop into a rather pro-inflammatory (M1, also referred to as classical
activation) or rather anti-inflammatory (M2, also called alternative activation) direction (35) after uptake of PS
NBs, flow cytometric analysis of typical surface markers was performed. CD80 and HLA-DR are markers for
M1 activation and CD163 and CD206 are markers for M2 activation (36). Only cells showing typical
macrophage markers (see section 2.4) were included in the analyses. IL-4 polarizes macrophages to the anti-
inflammatory subtype and LPS to the pro-inflammatory type (28) and were thus used as positive controls.
Results are shown in Figure 9 (B, C, E, F, H, I, K, L). CD80 was significantly increased by LPS after 24 hours
(n=4, p=0.0210) and 48 hours (n=4, p=0.0407) and CD206 by IL-4 after 24 hours (n=4, p=0.0356). Expression
of CD163 was significantly decreased by LPS after 48 hours (n=4, p=0.0165). The exposure to PS NBs in
different concentrations showed no significant influence on marker expression. This shows that PS NBs have no
impact on the polarization, although dMPHs are able to polarize.
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Figure 9: Analyses of dMPHs polarization after exposure to PS NBs (0.5 um) A Cells were pre-gated on singlets
(FSC-A/FSC-H) and viable cells based on morphological properties (FSC-A/SSC-A) and staining (Zombie
NIR). Macrophages were identified by CD11b, CD14 and CD68 expression. B,C,E,F,H,I,K,L. Background
corrected (AMFI) median fluorescence intensity of CD163, CD206, CD80 and HLA-DR measured using flow



cytometry. D,G,J,M Representative data used for background correction for each marker. dIMPHs were exposed
to different concentrations of PS NBs (1.6 pg/mL and 37.5 pg/mL, 0.5 um), IL-4 (20 ng/mL), LPS (1 pg/mL) or
R10 medium (control) for 24 hours and 48 hours. A significant decrease of CD163 can be seen after 48 hours
exposure to LPS (p= 0.0165). CD206 is significantly increased by IL-4 after 24 hours (p= 0.0356). Expression of
CD&O0 is significantly increased after 24 hours and 48 hours of exposure to LPS (p=0.0210 for 24 hours, p=
0.0407 for 48 hours). Exposure to PS NBs showed no significant influence on the expression of surface markers.
Kruskal-Wallis test and Dunn‘s multiple comparisons test; n=5 for cells exposed to PS NBs for 24 hours, n=4
for cells exposed to PS NBs for 48 hours, IL-4 or LPS; *p< 0.05.

Nitrite, but not general reactive oxygen species, is increased by PS NBs in dMPHs

ROS production was analysed by H,DCFDA staining and measuring the fluorescence with flow cytometry.
H,DCFDA diffuses into the cells, is modified by the cellular esterase and intracellular ROS can oxidize the
resulting molecule (37), resulting in a fluorescent molecule. The results can be seen in Figure 10B,C, showing
the median fluorescence intensity in dependence of the exposed substance. No significant influence on general
ROS production after exposure to PS NBs, IL-4 or LPS was detected. A clear trend of an increased ROS
production after exposure to LPS which served as a positive control, especially after 48 hours, is recognizable.

As H,DCFDA staining measures several ROS (38), nitric oxide (NO) production as a specific type of reactive
nitrogen species (RNS) produced by macrophages (39) was analysed in addition using the Griess reaction. This
method indirectly quantifies NO production by measuring Nitrite and is a standard assay to assess NO
production (40). A significant increase was observed for 37.5 pg/mL PS NBs after 24 hours (0.5 pm, p=0.0486,
Fig 10E). All other stimulants showed no significant impact on NO production, although an increase is visible
for the same condition after 48 hours as well (Fig. 10F).
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Figure 10: A Cells were pre-gated on singlets (FSC-A/FSC-H), debris was excluded (FSC-A/SSC-A) and
viability of cells was assessed with a PI staining. B-C Background corrected mean fluorescence signals (y-axis)
from H,DCFDA staining, indicating the intracellular generation of ROS, for the different stimulation substances
(x-axis) are shown. MPHs were exposed to PS NBs (0.5 um, 1.6 pg/mL and 37.5 pg/mL), IL-4 (20 ng/mL), LPS
(1 pg/mL) or R10 medium (control) for 24 and 48 hours. No significant influence on general ROS production
was observed for any substance. Kruskal-Wallis test and Dunn‘s multiple comparisons test; n=4, *p< 0.05. D
Representative data used for background correction. E, F Concentration of Nitrite (in pM) for the different
stimulation substances are shown. MPHs were exposed to PS NBs (0.5 pm, 1.6 pg/mL and 37.5 pg/mL), IL-4
(20 ng/mL), LPS (1 pg/mL) or R10 medium (control) for 24 and 48 hours. A significant increase in Nitrite
production was observed for 37.5 pg/mL (p=0.0486, 24 h). Kruskal-Wallis test and Dunn‘s multiple comparisons
test; n=5 for controls and cells exposed to PS NBs, n=4 for IL-4 and LPS exposure, *p< 0.05.

Discussion

The physiological concentration of 1.6 g plastic particles per mL blood found by Leslie et al. (12) was of major
interest in this project to outline the potential consequences for the human body. Previous studies have shown
that murine macrophages and THP-1 cells internalize PS MNPs (24-26, 41, 42). However, most studies



investigating the cellular internalization of MNPs used fluorescently labelled particles that do not resemble
MNPs occurring in nature (43). Fluorescent labels may leach out from the particles leading to a false positive
result or may even be toxic triggering adverse effects not originating from the particles per se (44, 45).
Therefore, one goal of this study was the visualization of non-fluorescent PS MNBs in human macrophages by
using TEM for the visualization of intracellular MNP. The results from this study using well-defined PS MNBs
help understand the basic mechanisms and will enable to transfer the experimental approaches to other more
environmentally relevant particle types used in future studies. Using TEM, no difference concerning the uptake
between different sizes of PS MNBs or different timepoints was observed. A rapid uptake of PS NPs, which only
moderately increased after 2 hours of incubation, was already observed before in dTHP-1 cells (46). Most PS
MNBs have already been taken up within this period. To investigate time-dependency, live cell imaging was
performed, and it showed that an increase of intracellular PS NBs correlates with a longer exposure period. With
increasing concentrations of PS MNBs, an increasing amount of intracellular beads was observed, indicating that
PS MNBs were taken up by dTHP-1 and dMPHs in a concentration-dependent manner, regardless of their size.
Extracellular PS MNBs were observed for high concentrations such as 375 pg/mL after 2 hours of exposure time
in TEM. This could indicate a saturation or time was not sufficient for a complete ingestion. For longer exposure
times, only lower concentrations were investigated. PS NBs observed outside the cells in live cell imaging
support the idea of a possible saturation. Although this observation could also be caused by cell death leading to
the release of PS NBs or even an active process, the active release of PS NBs was not observed in live cell
imaging; hence, a saturation of the cells is considered most reasonable. Assessment is aggravated because both
methods reflect only one level of a three-dimensional system. Therefore, extracellular PS MNBs could also be
located at a different level. This is also the most likely explanation why no extracellular PS NBs are visible at the
beginning of live cell imaging. Thus, determination of an endpoint of uptake is not achievable and should be
subject to future studies. Another interesting follow-up question is whether the uptake up to a saturation of PS
MNBs impacts the ability of dMPHs to take up other particles or bacteria.

However, not only the size of the particles, concentration and time-dependent effects may determine their
interactions and uptake by cells but also their physicochemical surface properties, like their zeta potential or
surface coatings like a protein or eco-corona. Wieland et al. (47) recently showed that the zeta potential of the
particles can be one of the driving factors of whether a particle interacts with a cell. They showed that the
number of particles interacting with and their subsequent internalisation by cells increases with an increasing
zeta potential. Furthermore, once the particles were coated with an eco-corona, their zeta potential became more
negative which led to a higher likeliness to interact with cells and becoming internalized (43, 47). The particle-
cell interaction and its internalization by cells is a pre-requisite for testing cytotoxicity and therefore the
differences in particle-cell interactions due to the different particles’ properties may consequently lead to
differences in their cytotoxic potential. For instance, dTHP-1 cells treated with differently surface functionalized
50 nm PS NPs showed that aminated NPs were more cytotoxic and genotoxic than carboxylated or unmodified
NPs (46). Furthermore, high concentrations of MP with a higher negative zeta potential can influence cell
proliferation and induce higher cytotoxicity in murine macrophages compared to more neutral particles (48).
This shows that using pristine PS MNBs underestimates the risks associated with MNPs, since the uptake and
therefore also the effects of PS MNBs are influenced by environmental conditions. Therefore, using the PBMCs
cell model established in this study will be highly relevant to be used in future studies including more complex
MNP of different sizes, shapes, environmentally coatings and surface functionalisation.

Concerning the intracellular localisation of PS MNPs, it was found that in murine macrophages and dTHP-1 PS
MNP was localized in the cytosol (26, 46). NPs and NBs were also found in the endoplasmic reticulum (26, 49).
PS NBs were detected in endosomes of murine macrophages (49). In the present study, PS MNBs were also
visualized in the cytosol by TEM but could not be detected in the endoplasmic reticulum or in endosomes. To
further investigate this, staining of the different organelles, as implemented by Jasinski et al. (49), could be an
option. The circular morphological changes observed in SEM and video microscopy suggest that the cells are
undergoing a degree of stress or damage in response to the exposure. It is also possible that the cells were
attempting to contain or isolate PS MNBs to minimize further harm to themselves or nearby cells. Another
possibility is that the uptake of PS MNBs by the macrophages contributes to the observed changes in
morphology and density, as cells engulf and internalize particles or other cells. However, especially the effects
observed in the live cell imaging could also speak for an increased cell death due to PS NBs. Cellular toxicity of
PS MNBs, resulting in cell death, may also explain the decrease in cell density (not quantified) observed in SEM
after treatment with PS MBs.



In regard to a possible toxicity of intracellular PS MNPs, a reduction in viability of dTHP-1 cells is known for
unmodified PS, amino-modified PS (50 nm, 52 nm) (46, 50) and carboxyl-modified PS (20 nm, 500 nm, 1000
nm) (51). Interestingly, no cytotoxic effects were observed for unmodified PS NBs (50 nm) (50) and NPs (50
nm, 200 nm, 500 nm) (26) or carboxyl-modified PS NPs (48 nm) (46) on dTHP-1 cells by other groups. Wolff et
al. (52) observed a tendential decrease in cell viability of macrophages derived from human PBMCs upon
exposure of PS MNBs. The analysis of cytotoxicity of PS MNBs for dTHP-1 reveals an increasing cell death for
ascending concentrations of PS MNBs, indicating a concentration-dependent cytotoxicity. This association is
particularly notable for PS NBs (0.5 um). The observation that PS MBs of 3 um did not increase cytotoxicity in
higher concentrations after 24 hours can be explained by the observed smaller toxic effects of PS MBs (3 um, 1
pm). The results show a size-dependency of PS MNBs’ cytotoxicity, as a smaller size (0.5 pm) shows a higher
impact on cytotoxicity. Within the beads classified as MBs, a larger size (3 um) showed an even smaller
cytotoxic effect when compared to 1 pm MBs. However, since larger particles in the same concentration as
smaller particles contain a minor absolute number of particles, this decrease in cytotoxicity could also be
explained by the total amount of PS MBs. Furthermore, a time-dependency was observed for dTHP-1, as after
longer exposure times (48 hours, 72 hours) an increasing cytotoxicity was observed when compared to 24 hours
exposure. Comparison of the two later timepoints showed no clear difference. Thus, these results indicate that PS
MNBs have developed their cytotoxic effect after 48 hours of exposure. As primary cells allow a deeper insight
in cell viability regarding the differentiation between apoptotic and necrotic cells than cell lines (23), analyses of
dMPHs revealed a significant increase in necrotic cells for a higher concentration (37.5 pg/mL) of PS NBs (0.5
pm), supporting the idea of a concentration-dependency. Other studies confirmed these findings by reporting an
induction of apoptosis and necrosis (53, 54) for non-human cells. Overall, a decrease in cell viability of
macrophages was shown in this study for dTHP-1 and dMPHSs, whereby investigations of dMPHs, in contrast to
investigations of dTHP-1, provide more information about apoptosis and necrosis.

An explanation for differing results on cytotoxicity of PS MNPs from different suppliers is that general
conclusions on the same size and type of plastic can only be drawn when physicochemical properties are taken
into consideration (47, 48). Busch et al. (50) used PS NBs (50 nm) to investigate toxicity on dTHP-1 from the
same supplier as the PS NBs used in this study (0.5 pum). A possible explanation for the contradictory results
here could be the difference in size. The important role size of PS MNBs plays in the induction of cell death was
shown in the cytotoxicity analyses in this work. A potentially higher effect of PS NPs is confirmed by other
studies (3, 55). Another result from our study supports this hypothesis: dTHP-1 exposed to PS MBs (1 pum, 3
pum) had a higher metabolic activity, resembling a well-functioning cell. Increasing concentrations of larger PS
MNBs did not show this increase of metabolic activity compatible with the observation of concentration-
dependent effects. Similar observations were made for murine macrophages using the same 3 um PS MBs (48).
This can possibly be explained by the cells focusing their metabolism on uptake of PS MNBs. To evaluate the
impact of different sizes, further functional tests with this novel in vitro model considering physicochemical
properties and the coating with an eco-corona are necessary.

A common mechanism held responsible for the impact of MNPs on cells is the generation of ROS (56). This
process is usually used by macrophages as a defence mechanism against bacteria and parasites (57), but an
increase also correlates with oxidative stress and cellular damage such as oxidation of proteins (58, 59) and DNA
(56). Therefore, the influence of PS NBs on production of ROS was of major interest to assess possible
consequences on the human body. For MNPs, an increase in ROS production has been shown for different cell
lines such as dTHP-1 cells, Raji-B cells and TK6 cells (21, 26) under exposure to different plastic particles,
including PS. On the other hand, a reduction in ROS production was reported for carboxy-modified PS
stimulated RAW264.7 mouse MPHSs (42) and no increase in ROS production by THP-1 cells stimulated with PS
NPs is reported by other groups (60). The results of our study do not show an increase in general ROS
production after exposure to PS NBs, which matches the results of Lunov et al. (61) who used primary human
macrophages stimulated with LPS before PS exposure and measured mitochondrial ROS. An explanation for the
differing results can be the usage of different cell types or differences in particle size and/or particle
characteristics, as size-dependent effects and an influence of the direct particle environments have been reported
to influence ROS production (56).

Simultaneously, the results of this study show an increase in NO production in response to stimulation with PS
NBs in a higher concentration. A significant impact was observed after 24 hours for 37.5 pg/mL and an increase
of NO for this condition is still observable after 48 hours, showing that levels of NO are concentration-dependent
and decrease after a longer exposure period to PS NBs. Prietl et al. (51) observed an increase in NO production



for mouse macrophages stimulated with Carboxyl PS and Wang et al. (3) observed a concentration dependent
increase of NO for RAW?264.7 macrophages stimulated with PS MNPs. The results of this study support the
current state of knowledge on NO production induced by PS NBs using dMPHs for the first time. NO is a
soluble gas with multiple functions in humans: NO has a vasodilatory effect and is produced by vascular
endothelial cells; it is a neuronal messenger in the brain (62) and increased levels of NO are associated with
diseases such as rheumatoid arthritis (63), systemic lupus erythematosus (64), and multiple sclerosis (65). In
macrophages, NO interacts with various intracellular processes, for example it inhibits complex IV of the
electron transport chain in mitochondria (66). By this, it influences the mitochondrial membrane potential and
can have antiapoptotic effects which was found by Beltran et al. (67). However, Beltran et al. discuss that this
effect might be influenced by duration of exposure to NO and that a longer inhibition of complex IV results in
oxidative stress.

The differing results of this study concerning general ROS and NO production emphasize the necessity to
distinguish between different kinds of ROS. If only general ROS production had been investigated, the effects of
PS MNBs would have been underestimated. At the same time, assessing the consequences of an increased NO
production again emphasized the complexity and diversity of interactions in the human body. Therefore, it might
be too generalizing to only examine general ROS species and future studies should distinguish more clearly
which exact type of ROS is influenced by MNPs.

As mentioned before, macrophages can be divided into two subtypes. Pro-inflammatory M1 macrophages are
associated with a high production of IL-12 and IL-23 (68), whose release contributes for example to the
emergence of intestinal bowel disease (69). At the same time, M1 macrophages are associated with anti-tumour
effects (68, 70) and M2 macrophages have been related with tumour growth (68). These examples show how the
microenvironment influenced by macrophages can have severe impacts on health, proving the importance to
consider this aspect when investigating consequences of PS MNBs uptake by macrophages. In this study, M-
CSF was used to differentiate macrophages, which induces a non-activated MO state (52). To distinguish
between the two subtypes of macrophages, identification of key surface markers is a well-established method.
The changes of marker expression under the influence of IL-4 and LPS indicate that LPS polarizes dMPHs
towards the M1 subtype and IL-4 stimulates them into the M2 direction (71). This proves that the method
applied in this research detects polarization of dMPHSs. The influence of unmodified PS NBs (0.5 um) on the
expression of surface markers in human dMPHs was explored. Collin-Faure et al. (24) and Merkley et al. (25)
found changes in the expression of surface markers for mouse macrophages exposed to PS MNPs. This is
different from the findings by Fuchs et al. (72), who isolated macrophages from human blood and pre-
differentiated them into M1- and M2- macrophages before stimulation with carboxyl- and amino-functionalized
PS NPs. The results showed no influence on the expression of M1 surface markers and reduced expression of
CD163 and CD200R (both typical M2 markers (73, 74)) in M2 macrophages (72). Wolff et al. (52) recently
showed a downregulation of M1 markers after stimulation with amino-modified and unmodified PS MNBs. The
present study did not detect any change of surface marker expression under the influence of PS NBs. The
outcomes of the studies with human macrophages differ strongly. One possible explanation for this might be
donor variability. Another important aspect is, that in vivo nanoparticles are surrounded by protein coronas and
the properties of the proteins also influence macrophages polarization (75). This effect could be even enhanced
for environmentally relevant MNPs coated with an eco-corona. In conclusion, all these findings underline the
importance of further research using dMPHs and considering protein- and eco-coronas as well as plastic
characteristics for macrophage polarization.

Conclusion

This study validates the isolation of macrophages from PBMC'’s as a suitable method to investigate the influence
of MNPs on human macrophages. Intracellular uptake of non-fluorescent PS MNBs was visualised with TEM
and live cell imaging for the first time. The consequences of this uptake on dTHP-1 are a size- and
concentration-dependent influence on metabolic activity and additionally a time-dependent effect on cell death.
No effect on dMPHs polarization was observed for PS NBs, however dMPHs show a significantly increased
necrosis after exposure to a higher concentration of PS NBs than the currently physiological concentration in our
blood. The alterations of human macrophages observed in this study, especially for higher concentrations of PS
MNBs, indicate that PS MNPs may interact with the finely tuned human immune system. This observation
emphasizes the need to minimize the MNP concentration organisms are exposed to. The results of this study
show that both, dTHP-1 and dMPHs, take up PS MNBs in a concentration-dependant manner which leads to



cytotoxic effects. In conclusion, the usage of dTHP-1 to study the effects of MNPs on human macrophages is
suitable for orienting experiments. However, such observations should be confirmed by using dMPHSs as they
represent more physiological cells and allow more reliable conclusions concerning the effects on humans. The
methods described in this study provide a basis for necessary future analyses to further investigate these
influences and show that this is a sufficient macrophage in vitro model. With this model, the impact on human
macrophages of more types of MNPs with different shapes and particle coronas that better reflect plastic taken
up by humans can be studied. Knowing macrophages behaviour towards MNPs helps assessing the risk of MNPs
for human health and take preventive action.
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Highlights

e Human monocyte-derived macrophages as novel in vitro model to study effects of MNP
e  Concentration-dependent cytoplasmic uptake of PS MNBs visualized by TEM and SEM
e Uptake of PS MNBs by primary human macrophages is visible in live cell imaging

e  Effects of different sized, non-fluorescent PS-MNBs in physiological concentration

e PS MNBs induce nitric oxide formation and cytotoxic effects in human macrophages





