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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Cellular internalization pathways for 
MP differ depending on eco-corona 
origin.

• Ecocorona from different environments 
differ in their protein composition.

• Freshwater microplastics become inter
nalized by maropinocytosis and 
phagocytosis.

• Saltwater microplastics become inter
nalized mainly via macropinocytosis.
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A B S T R A C T

Microplastic particles (MP) ubiquitously occur in all environmental compartments where they interact with 
biomolecules, forming an eco-corona on their surfaces. The eco-corona affects the surface properties of MP and 
consequently how they interact with cells. Proteins, an integral component within the eco-corona, may serve as a 
ligand driving the interaction of MP with membrane receptors. To date, it is not known, whether eco-coronae 
originating from different environmental media differ in their proteinaceous compositions and whether these 
particles interact differently with cells. We show that the protein composition of the eco-coronae formed in 
freshwater (FW) and salt water (SW) are distinct from each other. We did not observe different adhesion 
strengths between MP coated with different eco-coronae and cells. However, the internalization efficiency and 
the underlying internalization mechanisms significantly differed between FW- and SW eco-coronae. By inhibiting 
actin-driven and receptor-mediated internalization processes using Cytochalasin-D, Amiloride, and Amantadine, 
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we show that FW microplastic particles predominantly become internalized via phagocytosis, while macro
pinocytosis is more important for SW microplastic particles. Overall, our findings show that the origin of eco- 
coronae coatings are important factors for the cellular internalization of microplastic particles. This highlights 
the relevance of eco-coronae for adverse effects of environmentally relevant microplastic particles on cells and 
organisms.

1. Introduction

Microplastic particles, synthetic polymeric particles smaller than 
1 mm [1], are ubiquitously found in all environmental compartments 
[2]. The overall abundance of microplastic particles comes along with 
the potential risk of particle uptake by organisms, including humans. To 
date, numerous studies are showing the uptake of microplastic particles 
by various organisms ranging from invertebrates such as zooplankton 
[3–5] and mussels [6,7] up to vertebrates [8]. One risk associated with 
the uptake of microplastic particles that has been intensively discussed is 
the translocation of microplastic particles from the primarily exposed 
organs, like the gastrointestinal or respiratory tract, into other tissues [9, 
10]. The translocation of microplastic particles into tissues was sug
gested to occur via cellular internalization and subsequent particle 
transportation [9–11]. Once a cell encounters foreign particulate matter 
in the micrometre-size range, a potential internalization can be sub
divided into two steps. Within the first step, the surface of the particle 
interacts with the cell either by binding to cellular receptors [12,13] or 
by unspecific (e.g. electrostatic) interactions with the cell membrane 
[14]. Subsequently, the particle can be internalized by various mecha
nisms. Among these mechanisms for endocytosis, the actin-dependent 
processes phagocytosis and macropinocytosis are the ones which are 
relevant for micron-sized particles [15–17]. Phagocytosis is initiated by 
the interaction of ligands on the surface of a particle with specific re
ceptors on the cellular membrane [13,17,18], whereas macro
pinocytosis can either be performed constitutively for nutrient 
acquisition in cells of the innate immune system or can be induced by 
growth factors [18].

Whether or not microplastic particles interact with a cell depends on 
the particles surface properties, such as the zeta potential or surface 
coatings [19–21].

Microplastic particles in the environment exhibit surface modifica
tions, a so called eco-corona formation, compared to their pristine 
counterparts which are often used in effect studies [22]. Most of the 
findings on the formation of coronas on particle surfaces originate from 
nanomaterial sciences. Those studies mainly used artificial media such 
as blood or serum from a single organism [23–26], or specific culture 
media [27,29]. It was described that within less than half a minute, the 
first proteins attach to a particle surface, and the amount of proteins was 
described to increase with increasing incubation time [26]. With time, a 
hard corona develops, consisting of proteins with high binding affinities. 
On top of the hard corona, loosely bound proteins develop a soft corona 
[23,31]. Although the whole protein corona, the hard and the soft 
corona, is not a static but highly dynamic system, initial bound proteins 
forming the hard corona stay as a fingerprint of the coronas’ history 
even after the particle enters a different compartment [24]. Once a 
particle is released into the environment, the surrounding media is much 
more complex than in experimental setups using well-defined media. It 
hosts different organisms, conditioning the media with specific metab
olites [33]. As a result, a particle released into this environment faces a 
plethora of different biomolecules [33], consequently coating the par
ticle with an eco-corona [35,37,39,41]. Wheeler et al. [43] highlighted 
in their comprehensive review that the molecular diversity of the 
eco-corona reflects the biodiversity of the environment in which it is 
formed. The often unknown biomolecules occurring within the envi
ronmental media make identifying the constituents of the eco-corona 
challenging. So far, the components of an eco-corona were described 
as proteins, humic and fulvic acids, amino acids, lipids, polysaccharides, 

and carbohydrates [41,45,47], which change the particles’ 
physico-chemical surface properties. Although proteins do not neces
sarily compose the highest share of biomolecules within an eco-corona, 
the robust body of literature on proteins allows the characterization and 
increases insights into eco-corona formation [43].

Proteins are large molecules consisting of different combinations of 
amino acids and can function as structural components, transport and 
storage, messengers, enzymes and antibodies [28]. They are released 
during the metabolisms of organisms into their surrounding environ
ment, and consequently adsorb and accumulate on any available surface 
[30]. Here, depending on the organisms present in an ecosystem the 
released proteins can be different and consequently can lead to different 
protein composition of the eco-corona. In general, the coating with an 
eco-corona changes the biological identity of a particle by introducing a 
soft layer onto the particles making them softer [32], and changes the 
microplastic particles’ zeta potential, which can induce a modified 
interaction to cellular membranes, biodistribution, immunological re
sponses and toxicity [52] compared to microplastic particles without an 
eco-corona [19]. In the case of a stronger attachment of the particles to 
cells, the internalization into the cells can be enhanced [19,21]. The 
attachment of such microplastic particles with a cellular membrane can 
either be mediated by unspecific electrostatic forces or by the specific 
interaction of the components of the eco-corona with receptors of the 
cell membrane. Here, especially proteins, can serve as a ligand for re
ceptor binding.

In our study we characterized the proteinaceous composition of two 
different eco-coronae, fresh- (FW) and salt water (SW) with liquid 
chromatography-tandem mass spectrometry (LC-MS/MS). Furthermore, 
we assessed whether different eco-coronae lead to differences in 
particle-cell interactions and characterized their binding probability and 
adhesion forces to cellular membranes compared to microplastic parti
cles without an eco-corona. Additionally, we analysed the internal
isation efficiency and investigated whether there are differences in the 
internalization mechanisms of microplastic particles coated with 
different eco-coronae, by inhibiting either phagocytosis or 
macropinocytosis.

2. Materials & methods

2.1. Microplastic particle characterization

2.1.1. Microplastic particles and pre-treatment conditions
Plain, non-fluorescent, white monodisperse polystyrene spheres with 

a diameter of 3 µm (MICROMOD, Rostock, Germany, white particles, 
micromer® plain, Prod.-Nr.: 01–00–303) were used as microplastic 
particles. The particles were exposed to the corresponding environ
mental media as described in Ramsperger et al. [21]. In brief, the 
microplastic particles were incubated for two weeks in FW or SW to 
obtain an eco-corona or in ultrapure water (UW), serving as control 
particles without an eco-corona (Veolia pure lab flex, Veolia, Celle, 
Germany, and Milli-Q, MERCK MILLIPORE, Darmstadt, Germany). The 
freshwater was obtained from a controlled mesocosm facility at the 
University of Bayreuth and the saltwater originates from a highly 
diverse populated seawater aquarium at the Department of Animal 
Ecology I, University of Bayreuth. 100 µL of microplastic particle stock 
solution (50 mg mL− 1) was added to 900 µL of the corresponding water 
sample (FW, SW, UW) in a glass vial (autosampler vials, 1.2 mL, neoLab, 
Heidelberg, Germany). To ensure vital microbial communities, the 
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water in the FW and SW samples was changed three times per week. To 
do so the samples were centrifuged (2000 × g, 20 min, room tempera
ture), and 900 µL of supernatant was replaced by the same amount of 
new corresponding water. The same procedure was performed for the 
UW treatment. Before adding the UW, it was filtered (Whatman Puradisc 
syringe filter, 0.2 µm, GE Healthcare, Freiburg, Germany) under sterile 
conditions. To prevent aggregation of the microplastic particles by 
sedimentation, all samples were placed on a shaker (100 round per min 
(rpm) at room temperature). Although we did not add surfactant to 
avoid aggregation of the microplastic particles, only occasionally ag
gregates were found in all samples. Furthermore, particles were 
opsonized with immunoglobulin G (IgG) to serve as a positive control 
treatment for phagocytosis. Therefore antibodies (native immunoglob
ulin G primary antibodies from mouse serum MERCK MILLIPORE, 
Darmstadt, Germany) were passively adsorbed onto carboxylated 
microplastic particles (MICROMOD, Rostock, Germany, white particles, 
micromer® COOH, Prod.-Nr.: 01–02–303) as described previously [34, 
36,38]. Opsonization was verified by antibody-antibody labelling with 
goat anti-Mouse IgG cross-adsorbed fluorescent secondary antibody 
(Dy-Light 488, THERMO SCIENTIFIC). The concentration of all micro
plastic particles samples was determined using a haemocytometer 
(Neubauer improved, Brand, Wertheim, Germany) to ensure compara
ble particle concentrations.

2.1.2. Surface structure of the microplastic particles
Microplastic particles of all treatments were pipetted onto a silicon 

wafer and fixed using Karnovsky’s fixative (2 % paraformaldehyde 
(PFA) (reagent grade, Sigma Aldrich, Merck KgA, Germany) and 2.5 % 
glutaraldehyde (for electron microscopy, Carl Roth GmbH, Germany) in 
1 × phosphate buffer saline (PBS)) prior to dehydration in an ethanol 
series (30 %, 50 %, 70 %, 80 %, 90 % for 30 min each, 95 % and absolute 
ethanol for 1 h each, Ethanol purity >99.9 %, VWR International S.A.S., 
France) and dried in hexamethyldisilazane (HMDS, purity > 98 %, Carl 
Roth GmbH, Germany) [40]. The silicon wafers were mounted on car
bon conductive tabs (Ø 12 mm Plano GmbH, Wetzlar, Germany) fixed to 
aluminum stubs (Ø 12 mm, Plano GmbH, Wetzlar, Germany). The stubs 
were then transferred into a desiccator and stored until the images were 
acquired. Samples were subsequently coated with a 4 nm-thick platinum 
layer (208HR sputter coaressington, Watford, UK) and analyzed using a 
Scanning Electron Microscope (SEM, FEI Apreo Volumescope, Thermo 
Fisher Scientific, magnification 5000–6500, 5 kV, Everhart-Thornley 
detector).

2.1.3. Proteinaceous composition of the eco-corona
For proteome analysis, 500 µL of incubated microplastic particles 

were centrifuged for 15 min (4◦C, 500 x g). Supernatant was removed 
and 50 µL of 2x Laemmli buffer (0.25 M Tris-HCL; pH 6.8, 40 % (v/v) 
Glycerol, 8 % (v/v) SDS, 0.4 % (v/v) 1 % bromphenol blue) were added 
to the particles, vortexed shortly, incubated at 95◦C (5 min) and 
centrifuged for 5 min (20,000 x g). Samples were then transferred onto a 
NuPAGE 4–12 % Bis-Tris Gel (Invitrogen, USA). Gels were run for 4 min 
at 200 V and subsequently stained overnight using Roti Blue staining 
solution (Roth, Germany). Protein-containing areas were excised, 
destained and washed with 50 mM NH4HCO3. Supernatant was dis
carded, samples were reduced with 45 mM DTE (30 min, 55◦C) and 
subsequently alkylated with 100 mM iodoacetamide in the dark at room 
temperature. Gel pieces were washed, and a sequential in-gel digestion 
was performed using Lys-C (4 h, 37◦C, Lysyl Endopeptidase, Mass 
Spectrometry Grade (FUJIFILM Wako Pure Chemical Corporation, 
USA)) followed by trypsin (17 h, 37◦C, 200 ng trypsin (sequencing grade 
modified trypsin, Promega, Germany)). Supernatants were collected, 
and peptides were extracted using 70 % acetonitrile (ACN). Collected 
supernatants were pooled and dried using a vacuum centrifuge (Vacuum 
concentrator, Bachofer, Germany).

Samples were dissolved in 15 µL solvent A (0.1 % formic acid), 
loaded on a trap column (PEP-Map100 C18, 75 µm x 2 cm, 3 µm particles 

(Thermo Fisher Scientific, U.S.A)) and separated on a reversed-phase 
column (PepMap RSLC C18, 75 µm × 50 cm, 2 µm particles, Thermo 
Scientific, U.S.A) at a flow rate of 250 nL/min with a 30 min gradient of 
3–25 % solvent B followed by 5 min increase to 40 %. Solvent B con
sisted of 0.1 % formic acid in ACN. After separation, the column was 
washed with 85 % solvent B for 10 min. MS/MS analysis was performed 
with a Q Exactive HF-X mass spectrometer (Thermo Scientific, U.S.A). 
The data-dependent acquisition method consisted of cycles of one MS 
scan with a mass range of m/z 300–1600 at a resolution of 60,000, 
followed by a maximum of 15 MS/MS scans at a resolution of 15,000.

Spectra were searched with MASCOT V2.6.2 (Matrix Science 
Limited, UK) [42]. The MS/MS data was searched against two different 
databases. In one case we used a bacteria subset of the National Center 
for Biotechnology Information protein (NCBIprot) database (updated: 
Nov 2020), in the other a compiled algae database downloaded from 
NCBI (March 2022). In both cases an additional common contaminant 
database (from MaxQuant) was used. An emPAI quantification [44] was 
done in Scaffold (version Scaffold_4.10.0, Proteome Software Inc., 
Portland, USA) and only proteins with a protein identification rate 
higher than 95 % were further analyzed. The mass spectrometry pro
teomics data have been deposited to the ProteomeXchange Consortium 
(http://proteomecentral.proteomexchange.org) via the PRIDE partner 
repository with the dataset identifier PXD050078 [46].

For protein quantity estimations, all peaks in the total ion chro
matogram (TIC) were integrated and areas calculated using the Xcalibur 
Qual Browser (Thermo Fisher Scientific, U.S.A). Total areas were cor
rected by subtracting the peak areas of a blank run without sample. The 
ratios between protein amounts from the IgG preparation and the 
samples were calculated.

2.2. Cell experiments

2.2.1. Cell line and cell culture conditions
Murine macrophage J774A.1 cells (DSMZ, Braunschweig, Germany) 

were cultured as described previously [19,21,36]. In brief, cells were 
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Lonza Group 
Ltd, Basel, Switzerland), supplemented with 10 % v/v FCS (Sigma 
Aldrich, St. Louis, USA) and 100 U/mL penicillin/streptomycin (Lonza 
Group Ltd, Basel, Switzerland) in T-25 culture flasks (CORNING, New 
York, USA) under standard cell culture conditions (37 ◦C, 5 % CO2, 
humidified) and passaged three times per week. Before the experiments, 
the cells were scraped off, centrifuged (200 × g, 2 min) and resuspended 
with 5 mL cell culture media.

2.2.2. Adhesion forces of microplastic particles to cells
To quantify the adhesion forces of microplastic particles to cells, we 

performed experiments using a microfluidic microscopy platform 
(described in supplementary information and Wieland et al. [19]) and 
optical tweezers. The optical tweezers setup was based on the optical 
tweezers kit provided by Thorlabs (Modular Optical Tweezers, OTKB/M, 
Thorlabs GmbH, Bergkirchen, Germany) together with a backfocal plane 
detection module (OTKBFM, Thorlabs GmbH, Bergkirchen, Germany) to 
enable quantitative force measurements. The microscope’s beam path 
was illuminated using a white LED (LEDWE-15, Thorlabs GmbH, Berg
kirchen, Germany). The visible light of the LED passed through a 
dichroic mirror (DMSP805, Thorlabs GmbH, Bergkirchen, Germany) 
and was focused into the sample with a condenser objective (Nikon E 
Plan, 10 x, NA 0.25). The sample was observed using a 100 × oil im
mersion objective (Nikon E Plan, 100 x, NA 1.25). The visible light 
passed a second dichroic mirror (DMSP805, Thorlabs GmbH, Berg
kirchen, Germany) and was focused on a CMOS camera (DCC1240C, 
Thorlabs GmbH, Bergkirchen, Germany) using an achromatic tube lens 
with 200 mm focal length (AC254–200-A, Thorlabs GmbH, Bergkirchen, 
Germany). To generate the optical trap, a 975 nm diode laser 
(BL976-PAG500, Thorlabs GmbH, Bergkirchen, Germany) together with 
a laser diode controller (LDC 210 C, Thorlabs GmbH, Bergkirchen, 
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Germany) and a temperature controller (TED 200 C, Thorlabs GmbH, 
Bergkirchen, Germany) was used. The laser beam was collimated using a 
FiberPort (PAF-X-7-B, Thorlabs GmbH, Bergkirchen, Germany), and 
expanded by a factor of 3 using a Galilean beam expander (two achro
matic doublets with − 50 mm (ACN254–050-B) and 150 mm 
(AC254–150-B) focal length, Thorlabs GmbH, Bergkirchen, Germany). 
The laser beam was reflected by the second dichroic mirror of the mi
croscope’s beam path and coupled into the objective, which focused the 
laser beam in the sample to generate the optical trap. After the laser 
beam passed through the sample, it was collected by the condenser 
objective. It was then reflected by the first dichroic mirror of the mi
croscope’s beam path into the backfocal plane detection module. The 
laser beam was focused by a 40 mm lens (LB1027-B, Thorlabs GmbH, 
Bergkirchen, Germany) and weakened by an absorptive filter (OD 0.6, 
NE06B, Thorlabs GmbH, Bergkirchen, Germany). The focused laser 
beam was then detected using a quadrant photodiode (QPD, PDQ80A, 
Thorlabs GmbH, Bergkirchen, Germany), enabling to measure slight 
shifts in the beam position, which correspond to shifts in the position of 
the trapped particle. The sample was placed into the light path using a 
piezo stage (MAX311D/M, Thorlabs GmbH, Bergkirchen, Germany) that 
was controlled using three T-Cube piezo drivers (TPZ001, Thorlabs 
GmbH, Bergkirchen, Germany), enabling a precise positioning in x-, y-, 
and z-direction. Together with strain gauge readers (TSG001, Thorlabs 
GmbH, Bergkirchen, Germany) for the x- and y-direction, precise auto
matic positioning of the sample with a resolution of up to 5 nm was 
possible.

To perform the adhesion experiments, the cells were counted using a 
haemocytometer (Neubauer improved, Brand, Wertheim, Germany) and 
50,000 cells were seeded on glass coverslips (diameter: 18 mm, #1, 
MENZEL GLAESER, Braunschweig, Germany) in 12-well plates (Cell
Star, GREINER BIO-ONE, Frickenhausen, Germany) in 1 mL of cell 
culture medium and allowed to adhere onto the coverslips under stan
dard cell culture conditions (37 ◦C, 5 % CO2, humidified) overnight. 
Right before the experiment, the coverslips with the adherent cells were 
mounted to a custom-built aluminum sample holder, 84 µL of imaging 
medium containing approximately 105 microplastic particles of the 
respective treatment (FW, SW, UW) were added, and the sample was 
covered with another coverslip. Then, the sample was mounted on the 
optical tweezers setup.

To trap a single microplastic particle, the laser was turned on with an 
output power of ~150 mW. After a particle has been trapped, it was 
positioned next to a cell, and the trap stiffness was calibrated using the 
QPD to track the thermal fluctuations of the particle in the trap. The QPD 
signal was recorded for 6 s with a frequency of 50 kHz. From the QPD 
signal, the trap stiffness was calculated harnessing the powerspectral 
density [48]. The trap stiffness typically was 15–20 pN µm− 1. Each 
microplastic particle was calibrated individually to account for slight 
variations in the diameter and refractive index of the particles.

After the trap stiffness has been calibrated, a measurement was 
started. With the piezo stage, the cell was slowly moved towards the 
trapped microplastic particle, until it made contact with the cell. The 
contact was monitored using the QPD, and the movement of the stage 
was stopped after the QPD signal was set off 0.15 V (corresponds to a 
displacement of the particle from the trap center of approximately 
30 nm). The particle-cell contact was continued for 1 s or 10 s, respec
tively. Then, the cell was retracted and moved to its original position to 
rupture the particle off the cell. This process was recorded with a 
framerate of 30 fps using the CMOS camera. In the video, the micro
plastic particle position was tracked using a cross-correlation tracker 
[34,36,49] to measure the displacement of the particle from the trap 
during the rupture phase. From the particle displacement, the adhesive 
force was calculated with the calibrated trap stiffness. For each particle, 
10 particle-cell contacts were evaluated. Additionally, for each particle 
the force heterogeneity was calculated, which was defined as the 
maximal adhesion force measured for a particle divided by the corre
sponding minimal force.

2.2.3. Quantification of particle-cell-interactions, internalization and the 
inhibition of the internalization mechanisms

The cells from the stock culture were counted using a haemocy
tometer (Neubauer improved, Brand, Wertheim, Germany) and 50,000 
cells were seeded on glass coverslips (diameter: 18 mm, #1, MENZEL 
GLAESER, Braunschweig, Germany) in 12-well plates (CellStar, 
GREINER BIO-ONE, Frickenhausen, Germany) in 1 mL of cell culture 
medium and allowed to adhere onto the coverslips under standard cell 
culture conditions (37 ◦C, 5 % CO2, humidified) overnight.

To quantify the particle-cell-interactions and internalization as well 
as the underlying internalization mechanisms for microplastic particles 
the cell culture medium was either replaced by pure cell culture medium 
(control treatment) or replaced by cell culture medium containing the 
respective inhibitor (Cytochalasin D, Amiloride or Amantadine). The 
concentrations of the inhibitors were chosen as described in the litera
ture: Cytochalasin D (2 µM, diluted in DMEM) and Amiloride (130 µM, 
diluted in DMEM) were used to inhibit actin-dependent endocytosis in 
general [36,50,51,53] and Amantadine (100 µM, diluted in DMEM) was 
used to inhibit receptor-mediated endocytosis, in this specific case 
phagocytosis [54,55].

The cells treated with the corresponding inhibitor and the control 
cells without inhibitor were incubated for 30 min under cell culture 
conditions. Then, 150,000 microplastic particles pre-treated with fresh-, 
salt- or ultrapure water or IgG-opsonized microplastic particles were 
added. The cells were placed on ice for one hour to reduce cell meta
bolism during the particle sedimentation. Three coverslips for each 
microplastic particle treatment and inhibitor/control treatment combi
nation were prepared, yielding a total of 3x4x4 = 48 coverslips. After 
one hour of microplastic particle sedimentation, the well plates were 
incubated under cell culture conditions for two hours to allow cellular 
internalization of the particles. Then, the cells were fixed with 4 % PFA 
(SIGMA-ALDRICH, St. Louis, Missouri) for 20 min on ice and subse
quently labelled with Alexa Fluor Phalloidin 488 (Invitrogen, Carlsbad, 
USA) and dilution buffer, consisting of 98.7 % PBS, including 0.3 % 
Triton and 1 % bovine serum albumin (BSA, APPLICHEM, Darmstadt, 
Germany) to a final concentration of 1: 25 for 25 min.

To quantify the particle-cell-interactions, the procedure described in 
Ramsperger et al. [21] was used. In brief, to determine the total number 
of particle-cell-interactions on each coverslip, five randomly chosen 
regions of interest (ROIs, 0.10 mm2) were selected and imaged by using 
a DMI 6000 microscope (LEICA, Wetzlar, Germany, HCX PL APO 
63 ×/1.30 oil objective) including a spinning disc unit (CSU-X1, 
YOKOGAWA, Musashino, Japan) with an EMCCD camera (Evolve 512, 
PHOTOMETRICS, Tucson, Arizona, including an additional 1.2 ×
magnification lens). A differential interference contrast (DIC) micro
scopy image was acquired to quantify the particle-cell-interactions 
within the ROIs using the Fiji ImageJ cell counter software. Addition
ally, confocal stacks of fluorescently labelled cells were acquired using a 
488 nm laser (50 mW, Sapphire 488, COHERENT, Santa Clara, Cali
fornia) at a spinning disc speed of 5000 rpm to excite fluorescence. Axial 
stacks of the cells were acquired with a vertical distance of 0.2 µm, 
which is sufficient to oversample the image given the axial resolution of 
the microscope [56]. The confocal stacks were used to calculate the area 
covered by cells within an ROI. The area covered by cells was detected 
using both the DIC and the fluorescence channel simultaneously to 
obtain robust results. To allow comparability between the treatments, 
the same number of cells were seeded for all treatments and the same 
number of particles were added into each sample well, as described 
above.

From the same samples, we visually screened each coverslip for 
single particle-cell-interactions to distinguish between particles that 
were only attached to cells and particles that were completely inter
nalized. The same DMI 6000 microscope, including a spinning disc unit 
with a higher magnification (100 ×/1.40 oil objective), was used. 
Beginning from a randomly defined starting point, the coverslips were 
screened in the DIC-channel until 100–110 particle-cell-interactions 
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were detected, or the whole coverslip was screened entirely. Once a 
particle-cell-interaction was found, a DIC-image was taken, and axial 
stacks of fluorescently labelled cells were acquired using a 488 nm laser 
(50 mW, Sapphire 488, COHERENT, Santa Clara, California) at a spin
ning disc speed of 5000 rpm to excite fluorescence (vertical distance of 
the axial stacks: 0.2 µm). To evaluate the internalization of the micro
plastic particles, each confocal stack of cells with labelled actin filaments 
was analyzed with Fiji ImageJ (version: 2.0.0-rc-54/1.51 h 
2016–09–08) orthogonal views. The microplastic particles used in the 
experiments were not fluorescent and were not directly visible in the 
confocal stacks. DIC images were used to mark the particle positions 
(using the ROI manager in Fiji ImageJ). These positions were then 
transferred to the confocal stacks, in which internalized particles were 
visible as spherical black regions within the actin network. Only 
microplastic particles that were entirely surrounded by actin filaments 
were considered to be internalized. Microplastic particles that were only 
partly surrounded were considered to be attached to cell membranes 
(Fig. 1 A and B).

2.2.4. Combination and standardization of the results
The number of particle-cell-interactions was extrapolated to the 

whole area of each coverslip (245.50 mm2). As the areas on the cover
slips covered by cells differ slightly between replicates and treatment- 
inhibitor-combinations each coverslip was standardized as described 
in Ramsperger et al. [21].

2.2.5. Scanning electron microscopy - cells
100,000 cells per mL were seeded one day before the experiment, 

and on the following day, 106 microplastic particles (10 particles per 
cell) of the corresponding treatment (FW or SW) were added and left to 
settle for one hour in ice. Afterward, the cells were transferred to cell 
culture conditions for two hours to allow internalization. Subsequently, 
the cells were fixed using Karnovsky’s reagent (12 % v/v para
formaldehyde, 8 % v/v glutaraldehyde in 0.1 M buffer) for 1 h at room 
temperature. Cells were washed three times with ultrapure water and 
afterward dehydrated using an ethanol series 30 % (3 ×15 min at 4 ◦C), 
50 % (3 ×15 min at 4 ◦C), 70 % (3 ×15 min at − 20 ◦C) for 90 % 
(3 ×15 min at − 20 ◦C), absolute ethanol (3 ×20 min at – 20 ◦C) and 
Hexamethyldisilazane (2 ×10 min at room temperature) and let dry 
overnight in a desiccator. The air-dried samples were sputtered with 
2 nm platinum, and microscopy was performed using SEM (FEI Apreo 
Volumescope, Thermo Fisher Scientific, magnification 5000–6500, 

Fig. 1. Illustration of the differentiation between particles that are attached to the cells and particles that are internalized by cells. (A) Example of J77A.1 murine 
macrophage cells with microplastic particles incubated in SW. The DIC images were used to localize microplastic particles within the DIC images (A) and within the 
confocal z-stacks (B). The filamentous actin was fluorescently labeled and orthogonal views (XY-, XZ- and YZ-plane) allowed the differentiation between microplastic 
particles that are attached (yellow circle) to the cells and microplastic particles that are internalized (blue circle) by cells. Internalized particles are completely 
surrounded by filamentous actin. (C, D) Scanning electron microscopy images of J774A.1 murine macrophages incubated with 3 µm sized microplastic particles 
coated with an eco-corona from FW (C) and SW (D). Yellow arrows indicate particles that are only attached to cells and blue arrows indicate internalized particles; 
scale bar: 20 µm.
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5 kV, Everhart-Thornley detector). Representative SEM pictures of cells 
with attached and internalized particles are presented in Fig. 1 (C and 
D).

2.3. Statistical analysis

Statistical analysis was conducted using R studio software (Version 
1.0.143). The data of the individual cell experiments were tested for 
normal distribution (Shapiro-Wilk test) and homogeneity of variances 
(Levene test). For the adhesion force experiments using optical tweezers, 
the assumptions for an ANOVA with a Tukey post-hoc test were met, 
whereas for the particle-cell-interactions and number of internalized 
particles, a Kruskal-Wallis test with a Games Howell post hoc test (p- 
adjust method for multiple nesting: Bonferroni Holm) was conducted.

3. Results

First, we investigated whether the coating with an eco-corona from 
FW and SW and the opsonisation of the microplastic particles with IgG 
was successful using SEM. The images confirm the presence of an eco- 
corona on the microplastic particles surfaces, by showing deposits on 
their surfaces incubated in FW and SW (Fig. 2 A and B, respectively) that 
were absent on the microplastic particles incubated in UW (Fig. 2 C). 
Likewise, the IgG-coated carboxylated microplastic particles show a 
visibly covered surface, compared to the untreated carboxylated 

particles (Fig. 2 D and E, respectively), indicating a successful coating 
with IgG. Since antibodies such as IgG are proteins, the IgG particles 
served as reference particles for the eco-corona protein quantification. 
The protein content within an eco-corona is expected to be lower 
compared to a specific coating of microplastic particles with IgG, since 
an eco-corona can consist of other biomolecules, like lipids or carbo
hydrates. Using the total ion chromatograms, which represent the signal 
intensities of all peptide ions detected by the mass spectrometer, we 
observed on average a 2.8 × higher protein amount for the microplastic 
particles opsonized with IgG compared to the eco-corona microplastic 
particles (Fig. S1). The use of total ion current is a common approach in 
proteomics experiments [69].

Furthermore, we analysed the proteinaceous composition of the two 
eco-coronae formed in FW and SW and found that they are distinct from 
each other. None of the proteins found in an FW-derived eco-corona 
were present in an SW eco-corona and vice versa (results from the 
database searches are available in supplement table ST1). We unam
biguously identified various peptides from bacterial and algal species. 
The most proteins were identified in the SW incubated samples (71 
unique peptides for bacteria, 28 unique peptides for algae) which could 
be assigned to 19 bacterial proteins and 13 algae proteins, respectively. 
In the search against the algae database, nearly all identified proteins 
were annotated as "unnamed protein product" and therefore not 
assigned to specific protein classes. In addition, we identified several 
bacterial proteins from the genus Marivita in the SW samples. The genus 

Fig. 2. Scanning electron microscopy images of 3 µm sized microplastic particles with different treatments. Microplastic particles coated with an eco-corona due to 
FW (A) or SW incubation (B) and particles without an eco-corona due to incubation in UW (C). COOH functionalized microplastic particles (D) were additionally 
opsonized with IgG (E). Both particles coated with an eco-corona show deposits on the initially smooth surface, the COOH functionalized microplastic particles show 
a rough surface which is coated by a net-like structure after the opsonization with IgG; scale bar: 1 µm.
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Marivita belongs to the Roseobacter clade (within the Rhodobacteraceae 
family), which represent some of the most abundant organisms in the 
marine environment and is also known to play key roles in many marine 
biochemical processes [57–59]. However, it should be noted that 
although we have searched our mass spectrometry data against all 
known SW and FW protein sequences, many microorganisms have not 
yet been sequenced, so that an exact assignment of the taxa is not 
possible.

We then investigated, whether the differences in the proteinaceous 
composition of the different eco-coronae lead to differences in their 
interactions with cells. Therefore, we quantified the adhesion between 

microplastic particles and cells by using a microfluidic microscopy 
platform and optical tweezers. Both, the fraction of remaining particles 
(microfluidics results are presented in supplementary information, 
Fig. S2, S3, S4) and the adhesion forces measured with optical tweezers, 
which corresponds to the force needed to pull the microplastic particle 
away from the cell membrane, were higher for microplastic particles 
coated with an eco-corona (average adhesion forces: FW: 2.5 ± 0.5 pN 
and SW: 1.5 ± 0.2 pN) compared to the microplastic particles without 
an eco-corona (UW: 0.6 ± 0.1 pN, average loading rate: 50 pN/s) 
(Fig. 3). We did not observe a significant difference for the adhesion 
forces between microplastic particles coated with an eco-corona from 

Fig. 3. Adhesion forces between microplastic particles and cells. To measure the adhesion forces between microplastic particles and cells, we used optical tweezers. 
A: After trapping a particle, we moved a cell close to the particle and made contact for 1 s. B: Then, the cell was moved away from the particle (average loading rate: 
50 pN/s), and the displacement Δx of the particle from the trap center was measured to determine the adhesion force. C-E: Distribution of the adhesion force for FW, 
SW, and UW particles. F: The average adhesion force for FW (2.5 ± 0.5 pN) and SW (1.5 ± 0.2 pN) were significantly higher than the adhesion force of UW particles 
(0.6 ± 0.1 pN). However, there was no significant difference between FW and SW particles. (Kruskal-Wallis Test with Games-Howell post-hoc test: n.s.: two-sided 
p > 0.05, **: two-sided p ≤ 0.01, ***: two-sided p ≤ 0.001).
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FW and SW. However, we show that the number of particle-cell- 
interactions significantly (*** = p ≤ 0.001) differs between all micro
plastic particles, with a significantly higher number of particle-cell- 
interactions of microplastic particles coated with an eco-corona from 
FW compared to SW (p ≤ 0.001, Fig. S5). The same pattern was 
observed for the internalization of all tested microplastic particles. The 
microplastic particles coated with an eco-corona significantly 
(p ≤ 0.001) more often become internalized than microplastic particles 
without an eco-corona and significantly (p ≤ 0.001) less than micro
plastic particles opsonized with IgG, with FW showing a significantly 
higher number of internalized microplastic particles compared to SW 
(*** = p ≤ 0.001, Fig. S5).

Since we did find differences in the proteinaceous composition of the 
two eco-coronae and also significant differences for the particle-cell- 
interactions and internalization between FW and SW we investigated 
the underlying internalization mechanisms. The inhibition of the actin- 
based internalization mechanisms significantly (p ≤ 0.001) reduced the 
internalization for all tested microplastic particles compared to their 
corresponding controls (Fig. 4). Interestingly, the inhibition of phago
cytosis, did not significantly reduce the internalization of microplastic 
particles coated with an eco-corona from SW, but significantly (IgG and 
FW: p ≤ 0.001; UW: p ≤ 0.01) reduced the internalization of all other 
particle types compared to the corresponding controls.

4. Discussion

We show that the proteinaceous composition of the eco-corona on 
microplastic particles incubated either in FW or SW is distinct from each 
other. Although these differences in eco-corona composition did not lead 
to differences in the adhesion strength to cellular membranes, the 
number of particle-cell-interactions, internalized particles and their 

underlying internalization mechanisms significantly differ between the 
eco-coronae formed in different environments.

When a particle encounters a cell, it can bind to the cellular mem
brane. This binding can depend on the biological identity, like the 
composition of surface coatings of a particle initiating specific receptor- 
mediated interactions or on the physicochemical properties of a particle 
initiating the interaction via unspecific electrostatic forces [14,17,20, 
60,61]. It has already been shown that the physicochemical properties of 
microplastic particles determine how they interact with cells. Generally 
it was described that the coating with an eco-corona makes the surface of 
a particle rougher [19] but softer [32], and surface functional groups are 
introduced [19,21] changing the microplastic particles’ zeta potential 
[19]. These changes can lead to a higher interaction between micro
plastic particles and cells compared to their pristine counterparts [19, 
20]. Here we show that also the proteinaceous composition found on the 
surface of microplastic particles coated with eco-coronae formed under 
different environmental conditions are different. Although the quantity 
of proteins was higher in the SW compared to the FW eco-corona, the 
number of particle-cell interactions and the internalization was higher 
for microplastic particles coated with an eco-corona from FW. This 
finding suggests that the composition of the proteins within an 
eco-corona (and also other molecules) is more critical than the quantity 
of proteins. One type of protein may be more likely to interact with cell 
receptors than others, leading to differences in cellular internalization. 
Furthermore, it has been described that proteins can also bind to specific 
receptors, initiating a so-called "don’t eat me signal”, and inhibiting 
cellular internalization [75]. However, the “don’t eat me” signal, initi
ated by the binding of CD47 to its receptor SIRPa [75] is highly specific, 
and it is unclear whether similar processes can occur for proteins within 
an eco-corona interacting cell membrane receptors.

Our results show that the physicochemical properties of microplastic 
particles are important for the particle-cell interaction, but the mecha
nisms involved in microplastic particle internalization might be driven 
by the particles’ biological identity, e.g. the coating with proteins.

Macrophages represent the forefront of the innate immune defence 
against foreign particulate matter such as bacterial invaders [62]. The 
most prominent kinds of proteins we found in both eco-coronae are 
associated with prokaryotic cellular membranes (See table ST1). The 
proteins in the eco-corona may expose ligands resembling those of 
prokaryotes that can be recognized by membrane receptors facilitating 
particle internalization via phagocytosis [14]. The most relevant re
ceptors to induce internalization are opsonic and non-opsonic receptors. 
Opsonic receptors are highly specific and bind to host-derived proteins, 
such as antibodies and complement components, initiating the process 
of phagocytosis. Non-opsonic receptors recognize pathogen-associated 
molecular patterns, e.g., from microorganisms or apoptotic cells [76]. 
Many membrane receptors have dual functions like the mediation of the 
particle attachment as well as the particle internalization. Those adhe
sion and internalization receptors can also activate and inhibit each 
other’s functions [63–65]. Therefore, the proteinaceous components of 
the eco-corona may alter the particles’ adhesion to cells, the number of 
particle-cell-interactions, as well as their internalization. By inhibiting 
phagocytosis with Amantadine we show that microplastic particles 
coated with an eco-corona derived from SW most likely become inter
nalized accidentally via macropinocytosis, not phagocytosis. Interest
ingly, Deloid et al. [53] just recently described that PS nanoparticles 
without an eco-corona are actively internalized in an in vitro human 
small intestine model and not via macropinocytosis. This might be due 
to the small size of the PS nanoparticles (26 nm in diameter) and their 
pristine surface properties, since the internalization mechanism are 
different for nanoparticles compared to microparticles. In general, 
nanoparticles have additional internalization mechanisms compared to 
microparticles. The most often described internalization mechanisms for 
nanoparticles are clathrin-mediated endocytosis, caveolae-dependent 
endocytosis, clathrin/caveolae-independent endocytosis, and passive 
diffusion [77,78]. For particles larger than 0.5 µm phagocytosis and 

Fig. 4. Internalization efficiency after drug treatment compared to control 
(100 % = control). For each particle type a corresponding control without 
inhibiting the internalization mechanisms was conducted. IgG = Microplastic 
particles opsonized with immunoglobulin G (positive control), FW 
= Microplastic particles incubated for two weeks in freshwater, SW 
= Microplastic particles incubated for two weeks in saltwater and UW 
= Microplastic particles incubated for two weeks in ultrapure water (no eco- 
corona, negative control). Cytochalasin D and Amiloride significantly inhibi
ted the internalization for all microplastic particle types compared to their 
corresponding controls (*** = p ≤ 0.001). Amantadine significantly inhibited 
the internalization of IgG, FW (*** = p ≤ 0.001) and UW (** = p ≤ 0.01) but 
not for microplastic particles incubated in saltwater (ns= p > 0.05, all numbers 
indicate mean ± se).
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macropinocytosis are the main internalization mechanisms [63]. Since 
we used microplastic particles of 3 µm in diameter, it is highly unlikely 
that other internalization processes than phagocytosis and macro
pinocytosis are responsible for the particle internalization. The intro
duction of an eco-corona on the surface of microplastic particles leads to 
a very small increase in the size of the particles. However this increase 
was described to be not significant compared to particles without an 
eco-corona [19].

Furthermore, as already described, macrophages are professional 
phagocytes compared to epithelial cells and therefore the internalization 
mechanisms, especially for microparticles can be different. Particulate 
internalization via macropinocytosis is not initiated by the direct 
interaction of ligands on the particle surface with cell membrane re
ceptors but rather randomly [15,66]. Cells of the innate immune system 
constitutively perform membrane ruffling [16,67], making the inter
nalization of microplastic particles that adhere to cellular membranes 
unspecifically via electrostatic forces more likely. Since microplastic 
particles coated with an eco-corona increase the number of 
particle-cell-interactions and stronger adhere to cellular membranes the 
accidentally occurring internalization via membrane ruffling can be 
enhanced. Additionally, growth factors that may be components of an 
eco-corona, increase membrane ruffling and, consequently, macro
pinocytosis [18,67].

One explanation that microplastic particles coated with an eco- 
corona from SW seem to mainly become internalized via macro
pinocytosis is the presence of salts within the eco-corona [21]. The salt 
concentration in the saltwater incubation media is 35‰; therefore, salts 
may also be present in the eco-corona. Interestingly extracellular cal
cium can drive constitutive macropinocytosis in human 
monocyte-derived macrophages [16]. Calcium is the fifth most abun
dant salt in our incubation medium (460 mg/L), suggesting that calcium 
is also present in the eco-corona, supporting the process of membrane 
ruffling. Thus, macropinocytosis might be the main internalization 
pathway for microplastic particles coated with an eco-corona from SW. 
For the other tested microplastic particle types, namely FW, IgG and 
UW, the internalization process are most probably a combination of both 
mechanisms, phagocytosis and macropinocytosis. Particles opsonized 
with IgG highly specifically bind to the opsonic Fcγ receptor, and 
therefore, their main internalization pathway is receptor-mediated 
phagocytosis [68,70]. The strong binding of IgG to Fcγ-receptors is 
also shown by the strong adhesion between the IgG-coated particles and 
cells (Fig. S2). Additionally, the adhesion forces of IgG microplastic 
particles were often higher than the maximal force that the optical trap 
could produce, and we could therefore not quantify the adhesion forces 
of IgG microplastic particles. Although not statistically significant, the 
adhesion forces of microplastic particles incubated in FW are higher 
than those incubated in SW. This might be due to the different protein 
composition on microplastic particles coated with an eco-corona from 
FW compared to SW. In general, the process of phagocytosis is not solely 
facilitated through opsonic receptors, such as the Fcγ receptor. Some 
non-opsonic receptors, like C-type lectins, lectin-like recognition mole
cules (e.g. CD33), and scavenger receptors [73,76], can initiate phago
cytosis, whilst others, for example, toll-like receptors, can bind to 
pathogen-associated molecular patterns but do not initiate the process 
of phagocytosis. However, toll-like receptors can prime the cell for 
phagocytosis or cooperate with phagocytic receptors, enhancing the 
process of phagocytosis [76]. Non-opsonic receptors might therefore 
play an important role during recognition and internalization of FW and 
UW microplastic particles. However, this is speculative and needs 
further investigation.

UW microplastic particles only very occasionally bound to cellular 
membranes or became internalized. However, the small number of 
particles interacting with cells and becoming internalized may occur for 
different reasons. Since LC-MS/MS is a highly sensitive technique, we 
also found proteins on the microplastic particles incubated in UW, such 
as human keratin, which is a common contamination in all types of 

plastics [71]. Furthermore, we identified the bacterial protein "chaper
onin GroEL", from different bacterial taxa, in the FW, SW, and UW 
samples, which was absent in IgG. In FW and UW, GroEL from the genus 
Ralstonia was identified. Ralstonia is known to be a common contami
nant in laboratory kits or reagents (e.g. DNA extraction kits) [72], and 
does therefore likely not originate from the eco-corona. The proteins 
detected on the particles without an eco-corona originating from 
contamination may already be sufficient to cause weak adhesion and a 
small number of internalizations. Furthermore, although the particles 
were added to the experimental setup in a pristine form without an 
eco-corona, proteins and other biomolecules from the surrounding cell 
culture media can adsorb to the surface of the particles [19,24,61]
without an eco-corona explaining the small number of interactions.

The internalization of microplastic particles coated with an eco- 
corona either via phagocytosis or macropinocytosis may have severe 
effects on the cells. In the case of phagocytosis, the presence of the re
ceptor on the plasma membrane works as a sensor for detecting external 
signals, e.g. the binding of a microplastic particle coated with an eco- 
corona to the cell membrane which leads to the transmission of 
signaling cascade responses for the extracellular to intracellular envi
ronment of cells. The overstimulation of cells by encountering micro
plastic particles from the environment may encounter a higher risk of 
alteration and dysfunction of phagocytosis, which consequently can 
promote several chronic diseases, including cancer, neurological disor
ders such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic 
lateral sclerosis, cardiovascular disease, and inflammatory bowel dis
ease [73]. In the case of macropinocytosis, the higher likeliness of 
microplastic particles from the environment interacting with macro
phages can also lead to the release of cytokines, such as growth factors, 
that can eventually enhance the process of macropinocytosis. This 
overstimulation can lead to a dysregulation of the macropinocytosis 
pathway, further corroborating many physiological and pathological 
consequences, including dysregulated immune response, dysbiosis, and 
chronic human diseases. Therefore, in-depth scientific validations 
related to mechanisms and targets of endocytosis pathways may provide 
a better understanding of diagnosing and treating diseases [53,73,74].

5. Conclusions

We showed that the proteinaceous composition of the eco-corona 
differs between microplastic particles that were incubated in FW and 
SW. These differences did not significantly change the adhesion of the 
particles to the cells but it affected the number of particle-cell- 
interactions and their cellular internalization. We found that micro
plastic particles coated with an eco-corona from SW mainly become 
internalized via macropinocytosis, whereas the other particle types seem 
to be internalized via macropinocytosis and phagocytosis. As the mo
lecular signaling cascades involved in different internalization pathways 
play an important role in determining the cellular fate of internalized 
microplastic particles, environmental microplastic particles might cause 
different cellular reactions depending on their eco-corona composition. 
Such cellular reactions are the basis for potentially adverse effects of 
environmental microplastic particles on cells, tissues, and consequently 
organisms. Therefore, our results may help to better understand the 
hazard potential associated with microplastic particles in the 
environment.

Environmental implication

Harmful effects of microplastics (MPs) on organisms were shown, 
especially related to their ingestion or inhalation. Upon uptake the MPs 
can translocate from the exposed organs into other tissues via cellular 
internalization. The cellular internalization of MPs was shown to be 
enhanced for environmentally exposed MPs, coated with an eco-corona. 
We show that the composition of the eco-corona formed in different 
environments leads to different internalization pathways. To be able to 
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understand the adverse effects of MPs from the environment on organ
isms and human health a mechanistic understanding of their in
teractions with cells is essential.

Funding

This work was supported by the Deutsche Forschungsgemeinschaft 
(DFG, German Research Foundation) – project number 391977956-SFB 
1357; and the European Union’s Horizon2020 Research and Innovation 
programme, under the Grant Agreement number 965367 (PlasticsFatE). 
The SEM was funded by the Deutsche Forschungsgemeinschaft (DFG GZ: 
INST 91/366-1 FUGG and INST 91/427-1 FUGG). AFRMR was sup
ported by a scholarship of the elite network of Bavaria (BayEFG). S.W. 
was supported by the elite network of Bavaria (Study Program Biological 
Physics). S.W. and AFRM.R. were supported by the University of Bayr
euth Graduate School.

CRediT authorship contribution statement

Laforsch Christian: Writing – review & editing, Writing – original 
draft, Validation, Supervision, Software, Resources, Project adminis
tration, Methodology, Investigation, Funding acquisition, Conceptuali
zation. Kress Holger: Writing – review & editing, Writing – original 
draft, Validation, Supervision, Software, Resources, Project adminis
tration, Methodology, Investigation, Funding acquisition, Conceptuali
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[22] Rozman, U., Kalčíková, G., 2022. Seeking for a perfect (non-spherical) microplastic 
particle – the most comprehensive review on microplastic laboratory research. 
J Hazard Mater 424, 127529. https://doi.org/10.1016/j.jhazmat.2021.127529.

[23] Lundqvist, M., Stigler, J., Elia, G., Lynch, I., Cedervall, T., Dawson, K.A., 2008. 
Nanoparticle size and surface properties determine the protein corona with 
possible implications for biological impacts. Proc Natl Acad Sci 105, 14265–14270. 
https://doi.org/10.1073/pnas.0805135105.

[24] Lundqvist, M., Stigler, J., Cedervall, T., Berggård, T., Flanagan, M.B., Lynch, I., 
Elia, G., Dawson, K., 2011. The evolution of the protein corona around 
nanoparticles: a test study. ACS Nano 5, 7503–7509. https://doi.org/10.1021/ 
nn202458g.

[25] Tenzer, S., Docter, D., Rosfa, S., Wlodarski, A., Rekik, A., Knauer, S.K., Bantz, C., 
Nawroth, T., Bier, C., Sirirattanapan, J., et al., 2011. Nanoparticle size is a critical 
physico- chemical determinant of the humanblood plasma corona: a 
comprehensive quantitative proteomic analysis. ACS Nano 5, 7155–7167. https:// 
doi.org/10.1021/nn201950e.

[26] Tenzer, S., Docter, D., Kuharev, J., Musyanovych, A., Fetz, V., Hecht, R., 
Schlenk, F., Fischer, D., Kiouptsi, K., Reinhardt, C., et al., 2013. Rapid formation of 
plasma protein corona critically affects nanoparticle pathophysiology. Nat 
Nanotechnol 8, 772–781. https://doi.org/10.1038/nnano.2013.181.

[27] Fadare, O.O., Wan, B., Liu, K., Yang, Y., Zhao, L., Guo, L.H., 2020. Eco-corona vs 
protein corona: effects of humic substances on corona formation and nanoplastic 
particle toxicity in daphnia magna. Environ Sci Technol 54, 8001–8009. https:// 
doi.org/10.1021/acs.est.0c00615.

[28] Brash, J.L., Horbett, T.A., 1995. Proteins at interfaces. Adv Protein Chem 32, 
283–326. https://doi.org/10.1016/S0065-3233(08)60577-X.

[29] Nasser, F., Lynch, I., 2016. Secreted protein eco-corona mediates uptake and 
impacts of polystyrene nanoparticles on daphnia magna. J Proteom 137, 45–51. 
https://doi.org/10.1016/j.jprot.2015.09.005.

[30] Hlady, V.V., Buijs, J., 1996. Protein adsorption on solid surfaces. Curr Opin 
Biotechnol 7, 72–77. https://doi.org/10.1016/s0958-1669(96)80098-x.

[31] Monopoli, M.P., Åberg, C., Salvati, A., Dawson, K.A., 2012. Biomolecular coronas 
provide the biological identity of nanosized materials. Nat Nanotechnol 7, 
779–786. https://doi.org/10.1038/nnano.2012.207.

[32] Witzmann, T., Ramsperger, A.F.R.M., Wieland, S., Laforsch, C., Kress, H., Fery, A., 
Auernhammer, G.K., 2022. Repulsive interactions of eco-corona-covered 
microplastic particles quantitatively follow modeling of polymer brushes. 
Langmuir 38, 8748–8756. https://doi.org/10.1021/acs.langmuir.1c03204.

[33] Nasser, F., Constantinou, J., Lynch, I., 2019. Nanomaterials in the environment 
acquire an “eco-corona” impacting their toxicity to daphnia magna—a call for 
updating toxicity testing policies. Proteomics 1–15. https://doi.org/10.1002/ 
pmic.201800412.

[34] Keller, S., Berghoff, K., Kress, H., 2017. Phagosomal transport depends strongly on 
phagosome size. Sci Rep 1–15. https://doi.org/10.1038/s41598-017-17183-7.

[35] Cooksey, K.E., and Wigglesworth-Cooksey, B. (1995). Adhesion of bacteria and 
diatoms to surfaces in the sea: A review, https://doi.org/10.3354/ame009087 
https://doi.org/10.3354/ame009087.

[36] Berghoff, K., Gross, W., Eisentraut, M., Kress, H., 2021. Using blinking optical 
tweezers to study cell rheology during initial cell-particle contact. Biophys J 120, 
3527–3537. https://doi.org/10.1016/j.bpj.2021.04.034.

[37] Loeb, G., Neihof, R., 1975. Marine conditioning films. Adv Chem 145, 319–335. 
https://doi.org/10.1021/ba-1975-0145.

[38] Eisentraut, M., Sabri, A., Kress, H., 2023. The spatial resolution limit of 
phagocytosis. Biophys J 122, 868–879. https://doi.org/10.1016/j. 
bpj.2023.01.030.

[39] Lorite, G.S., Rodrigues, C.M., de Souza, A.A., Kranz, C., Mizaikoff, B., Cotta, M.A., 
2011. The role of conditioning film formation and surface chemical changes on 
Xylella fastidiosa adhesion and biofilm evolution. J Colloid Interface Sci 359, 
289–295. https://doi.org/10.1016/j.jcis.2011.03.066.

[40] Laforsch, C., Tollrian, R., 2000. A new preparation technique of daphnids for 
scanning electron microscopy using hexamethyldisilazane. Arch Fur Hydrobiol 
149, 587–596. https://doi.org/10.1127/archiv-hydrobiol/149/2000/587.

[41] Rummel, C.D., Jahnke, A., Gorokhova, E., K?hnel, D., Schmitt-Jansen, M., 2017. 
The impacts of biofilm formation on the fate and potential effects of microplastic in 
the aquatic environment. Environ Sci Technol Lett. https://doi.org/10.1021/acs. 
estlett.7b00164.

[42] Perkins, D.N., Pappin, D.J., Creasy, D.M., Cottrell, J.S., 1999. Probability-based 
protein identification by searching sequence databases using mass spectrometry 
data. Electrophoresis 20, 3551–3567. https://doi.org/10.1002/(SICI)1522-2683 
(19991201)20:18< 3551::AID-ELPS3551> 3.0.CO;2-2.

[43] Wheeler, K.E., Chetwynd, A.J., Fahy, K.M., Hong, B.S., Tochihuitl, J.A., Foster, L. 
A., Lynch, I., 2021. Environmental dimensions of the protein corona. Nat 
Nanotechnol 16, 617–629. https://doi.org/10.1038/s41565-021-00924-1.

[44] Ishihama, Y., Oda, Y., Tabata, T., Sato, T., Nagasu, T., Rappsilber, J., Mann, M., 
2005. Exponentially modified protein abundance index (emPAI) for estimation of 
absolute protein amount in proteomics by the number of sequenced peptides per 
protein. Mol Cell Proteom 4, 1265–1272. https://doi.org/10.1074/mcp.M500061- 
MCP200.

[45] Galloway, T.S., Cole, M., Lewis, C., 2017. Interactions of microplastic debris 
throughout the marine ecosystem. Nat Ecol Evol 1, 0116. https://doi.org/10.1038/ 
s41559-017-0116.

[46] Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathirana, S., 
Kundu, D.J., Inuganti, A., Griss, J., Mayer, G., Eisenacher, M., et al., 2019. The 
pride database and related tools and resources in 2019: improving support for 
quantification data. Nucleic Acids Res 47, D442–D450. https://doi.org/10.1093/ 
nar/gky1106.

[47] Pulido-Reyes, G., Leganes, F., Fernández-Piñas, F., Rosal, R., 2017. Bio-nano 
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