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E N V I R O N M E N T A L  S T U D I E S

Environmental exposure enhances the internalization 
of microplastic particles into cells
A. F. R. M. Ramsperger1,2, V. K. B. Narayana1, W. Gross2, J. Mohanraj3, M. Thelakkat3, A. Greiner4, 
H. Schmalz4, H. Kress2*†, C. Laforsch1*†

Microplastic particles ubiquitously found in the environment are ingested by a huge variety of organisms. 
Subsequently, microplastic particles can translocate from the gastrointestinal tract into the tissues likely by cellular 
internalization. The reason for cellular internalization is unknown, since this has only been shown for specifically 
surface-functionalized particles. We show that environmentally exposed microplastic particles were internalized 
significantly more often than pristine microplastic particles into macrophages. We identified biomolecules forming 
an eco-corona on the surface of microplastic particles, suggesting that environmental exposure promotes the 
cellular internalization of microplastics. Our findings further indicate that cellular internalization is a key route 
by which microplastic particles translocate into tissues, where they may cause toxicological effects that have 
implications for the environment and human health.

INTRODUCTION
Microplastic particles are ubiquitous in marine and freshwater eco-
systems (1, 2). Once microplastic particles are introduced into these 
environments, microorganisms and biomolecules attach to their 
surfaces, forming an eco-corona that can enhance their ingestion 
by organisms (3). The ingestion of microplastic particles has been 
shown in a huge variety of organisms (4) ranging from zooplankton 
(5, 6), to bivalves (7, 8), up to vertebrates (9). From the gastrointestinal 
tract, which represents the main entry point for ingested foreign 
particulate matter, microplastic particles can translocate into the 
circulatory system (7) and the tissues, where their effects include 
inflammatory responses (8) and necrosis (9). The translocation of 
microplastic particles into tissues has been suggested to occur via 
cellular internalization (7, 8). The gastrointestinal system comprises 
a plethora of different cell types (10), including macrophages. This 
cell type occurs in all body compartments including the digestive 
system. Macrophages additionally occupy a central position within the 
innate immune response to foreign particulate matter and are special-
ized on the internalization of foreign material (11). Hence, they may 
play a decisive role for cellular internalization of microplastic particles.

An established approach to investigating the cellular internaliza-
tion of particles by macrophages is the use of specifically surface-
functionalized particles, like carboxylated and, therefore, negatively 
charged particles (12, 13) or opsonized particles coated with anti-
bodies such as immunoglobulin G (IgG) (14) to induce receptor-
mediated phagocytosis (12, 15). Smaller-sized particles are more 
likely internalized by cells than larger microparticles (16, 17). This 
may be because of the fact that smaller particles, especially in the 
nano size range (18), can passively cross cellular membranes, 
whereas for larger particles, mechanisms of active endocytosis play 
a crucial role (19). The abovementioned functionalized and pristine 

particles, predominantly used in toxicological studies, do not re-
semble microplastic particles found in nature, since plastic in the 
environment is of different shape and size and is additionally coated 
with an eco-corona (3). However, in research on the effects of larger 
microplastic particles, a recent comprehensive review (19) high-
lighted that “factors other than size have so far hardly been consid-
ered when studying tissue translocation.” Recently, Nasser et al.  (20) 
proposed in their comprehensive review that the inclusion of 
biological matter, like eco-corona coatings, should become a pre-
requisite for ecotoxicity testing (20). Already seconds after expo-
sure, plastic surfaces are covered by biomolecules (21) forming an 
initial corona. Over time, biomolecules with higher binding affini-
ties substitute biomolecules with lower binding affinities forming 
the so called “hard corona,” and biomolecules can adhere to already 
strongly attached biomolecules forming the “soft corona” (22). This 
process leads to the formation of a substantial coating that mainly 
consists of biomolecules, like carbohydrates, lipids, and proteins 
(3, 23), which raises the intriguing possibility that this eco-corona 
could promote microplastic particle internalization by host cells. 
Given that specific protein coatings other than, e.g., IgG can also 
increase particle internalization into cells (24, 25), we hypothesized 
that microplastic particles exposed to aquatic environments adsorb 
biomolecules, forming an eco-corona that enhances the particles’ 
attachment to and internalization into cells compared with pristine 
microplastic particles.

RESULTS
To test our hypothesis, we investigated the internalization of fresh 
water– and salt water–exposed spherical microplastic particles with 
a diameter of 3 m, a size class reported to occur in the environment 
(26) and of appropriate size of active endocytosis (27). As a cell sys-
tem, we used the established murine macrophage cell line J774A.1 
with a mean single cell area of 495 ± 22 m2 (all numbers shown are 
the means ± standard error of the mean, unless otherwise stated). 
We incubated the microplastic particles (nonfluorescent plain poly-
styrene without any functionalization such as opsonization or 
carboxylation) in fresh water from an artificial pond or salt water 
from a marine aquarium (both of which were inhabited by diverse 
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animal, plant, and microbial communities; fig. S1). Microplastic 
particles incubated in ultrapure water (pristine particles) under 
sterile conditions with no biomolecules present were used as nega-
tive controls, and IgG-opsonized microplastic particles, known to 
induce receptor-mediated phagocytosis (14), were used as positive 
controls. Although some biomolecules are adsorbed by surfaces 
within seconds (21), we incubated the microplastic particles for 
2 and 4 weeks to allow the formation of a substantial eco-corona, 
resembling conditions a microplastic particle is exposed to in 
nature. For the internalization experiments, 23,000 ± 1000 cells were 
cultured on glass coverslips, and 29,000 ± 700 microplastic particles 
were added and allowed to sediment onto the cells for 1 hour on ice. 
Afterward, the cells and the sedimented particles were incubated for 
2 hours. After this incubation, unattached particles were washed off 
using buffer, and the cells were preserved with paraformaldehyde 
(PFA). Filamentous actin, as being part of the cytoskeleton and 
intimately involved in the process of the internalization of particulate 
matter in the used size (15), was fluorescently labeled to distinguish 
between internalized and attached microplastic particles: Only 
those microplastic particles that were fully surrounded by fluores-
cently labeled actin were considered to have been internalized 
(Fig. 1 and fig. S2). With our experimental approach, we can show 
that nonfluorescent microplastic particles exposed to the environ-
ment are fully surrounded by cellular material and are therefore 

unambiguously internalized by the cells. To verify that these particles 
were indeed the used incubated polystyrene microplastic particles 
and not contaminants (e.g., dust of a similar size and shape), single 
Raman spectra were acquired from 10 randomly chosen particles 
from each treatment and incubation time. All particles were con-
firmed to be the used polystyrene particles (fig. S3).

Our results show that microplastic particles exposed to fresh 
water or salt water for either incubation time (2 or 4 weeks) attached 
to and became internalized by cells approximately 10 times more 
often than pristine microplastic particles. The nonparametric 
Kruskal-Wallis test was used to investigate differences between all 
tested treatments: P < 0.001 for 2 (2w) and 4 (4w) weeks of incuba-
tion. A Games-Howell post hoc test was conducted for pairwise 
analysis (e.g., FW versus SW). Particle-cell interactions (PCI): 
FW2w versus UW2w P < 0.01, FW4w versus UW4w P < 0.001, SW2w 
versus UW2w P < 0.05, SW4w versus UW4w P ≤ 0.001; internalized: 
FW2w versus UW2w P < 0.01, FW4w versus UW4w P < 0.01, SW2w 
versus UW2w P < 0.01, SW4w versus UW4w P ≤ 0.001 (Fig. 2). 
IgG-opsonized microplastic particles attached to and were internal-
ized by cells more often than microplastic particles exposed to fresh 
water and salt water by a factor of approximately 10, and more often 
than pristine microplastic particles by a factor of approximately 
100 (PCI and internalized: IgG2w&4w versus FW/SW/UW2&4w 
P ≤ 0.001). Furthermore, between 2 and 4 weeks of incubation, we 
detected significant increases in the numbers of attached micro-
plastic particles exposed to salt water and internalized microplastic 
particles exposed to fresh water or salt water (for pairwise compari-
sons of the incubation times within one treatment, a nonparametric 
Mann-Whitney U test was performed: PCI: SW2w versus SW4w 
P < 0.01; internalized: SW2w versus SW4w P < 0.01, FW2w versus 
FW4w P < 0.05; Fig. 2). We did not observe a statistically significant 
difference between microplastic particles incubated in fresh water 
and salt water for either incubation time (summary statistical anal-
ysis, see table S2).

The increased number of attachments and internalizations 
observed for the pretreated particles is likely because of the presence 
of an eco-corona. To determine whether an eco-corona was present, 
we first investigated the surface morphology of microplastic parti-
cles using scanning electron microscopy (SEM). The microplastic 
particles exposed to fresh water showed heterogeneously distribut-
ed irregular surface modifications (Fig. 3A), indicating the adhesion 
of molecules (28), which might be components of an eco-corona. 
Those exposed to salt water seemed to be homogeneously covered 
with structures resembling salt crystals (Fig. 3B), which were likely 
derived from air drying and which impeded the detection of an 
eco-corona. In contrast, the pristine microplastic particles had plain 
surfaces without any visible modifications (Fig. 3C), and IgG-
opsonized microplastic particles showed rough but homogeneous 
surfaces (Fig. 3D), as is characteristic of particles that are opsonized 
with proteins (28). This finding is supported by the fact that the 
diameters of these structures were in the same size range (20 to 
40 nm) as individual IgG antibodies (29).

Then, to determine whether the surface modifications detected 
by SEM might represent biomolecules in an eco-corona, we investi-
gated the chemical signatures of these coatings using micro-Raman 
spectroscopy. We found that the surfaces of particles exposed to 
fresh water harbored Raman bands, indicating the presence of 
biomolecules such as carbohydrates (C─O─C band), amino acids 
(C─N─S band), nucleic acids (PO4 band), lipids (C─H, C─H2 

Fig. 1. Images of particle-cell interactions of microplastic particles exposed to 
fresh water for 2 weeks. DIC: Differential interference contrast microscopy images 
of particle-cell interactions. Fluorescence: Spinning disc confocal images of the 
cells with fluorescently labeled filamentous actin (false color image, maximum 
intensity projection showing arbitrary units). XY, YZ, and XZ projections of three-
dimensional confocal images allow the differentiation of microplastic particles 
(A) attached to cell membranes or (B) internalized microplastic particles. Arrows 
indicate microplastic particle position. Scale bars, 10 m.
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band), and proteins (C─H and C═O band) (30), which are known 
constituents of an eco-corona (Fig. 4) (3, 23). In contrast, we did 
not detect Raman bands specific for biomolecules on the pristine 
microplastic particles. We were not able to detect any chemical 
signatures specific to biomolecules on the surfaces of microplastic 
particles exposed to salt water, most likely because of the incrusta-
tion with salt crystals that was observed by SEM and bright-field 
imaging (fig. S4). The very prominent SO4

2− salt Raman band may 
have masked other bands specific for biomolecules (fig. S5).

Therefore, we further analyzed the elemental composition of 
surface coatings of microplastic particles incubated in ultrapure, 

fresh water, and salt water using x-ray photoelectron spectroscopy 
(XPS, Fig. 5). Microplastic particles incubated in fresh water and salt 
water displayed a distinct feature corresponding to nitrogen, which 
was absent on microplastic particles incubated in ultrapure water (fig. S7). 
In addition, salt water–incubated microplastic particles showed 
carbon from either ─O═C─O─ or ─O═C─N─ groups (fig. S8) 
(31). The origin of this signal is more likely from ─O═C─N─ 
groups as the presence of nitrogen was unequivocally confirmed on 
microplastic particles incubated in salt water (Fig. 5B). This is fur-
ther supported by the nitrogen peak position (400.1 eV) found on 
both salt water– and fresh water–incubated microplastic particles, 
which is characteristic of amino acids (31). The presence of a variety 
of functional groups on microplastic particles incubated in fresh 
water and salt water was further supported by their broad S 2p and 
O 1s core spectra (fig. S9). Hence, XPS analysis strongly indicate the 
presence of biomolecules not only on the surface of fresh water–
incubated but also even on the surface of salt water–incubated 
microplastic particles. Furthermore, the fact that particles incubated 
in salt water attached to and were internalized by cells as often as 
particles incubated in fresh water indicates that the two types of 
particles have similar biomolecular coatings.

DISCUSSION
Overall, our findings suggest that the coating of the particles with 
biomolecules enhances the cellular internalization of microplastic 
particles, indicating that the presence of an eco-corona is an im-
portant factor inducing the cellular internalization of microplastics.

It has been shown that some proteins act as opsonins that 
enhance the internalization of particles into cells, since surface 
proteins play an important role in nanoparticle-cell interactions 
(32, 33). For instance, Walkey et al. (25) showed that the internal-
ization of gold nanoparticles by the same murine macrophage cell 
line as that used in our study is positively correlated with the con-
centration of proteins adsorbed onto the particle surface. Our re-
sults show that the role of surface coatings extends to microplastic 
particles in the lower micrometer range exposed to fresh water and 
salt water. Once biomolecules adsorb onto microplastic particle 
surfaces, they may function as a chemical stimulus for the attach-
ment and internalization of those particles into cells, similar to 
mechanisms known for specifically functionalized particles. The 
internalization of foreign materials by macrophages is triggered by 
membrane receptors such as Fc or scavenger receptors (34). While, 
for example, Fc receptors are highly specific for binding the Fc re-
gion of IgG antibodies (15), scavenger receptors are known for their 
broad range of ligand binding (34). Therefore, the internalization of 
microplastic particles coated with an eco-corona may occur via 
scavenger receptor–induced phagocytosis. Consistently, we found 
that pristine microplastic particles with no eco-corona were very 
rarely internalized compared with microplastic particles incubated 
in fresh water and salt water. Although pristine microplastic parti-
cles do not have an eco-corona, a coincidental internalization of 
these particles could be because of membrane ruffling and macro
pinocytosis, as both processes occur in macrophages (35, 36). 
Membrane ruffling is intimately linked to the formation of mac-
ropinosomes, which can be up to 5 m in size (32), and therefore, 
pristine microplastic particles with no chemical stimulus on their 
surfaces could be nonspecifically internalized together with fluid 
because of this process.

Fig. 2. Combined results of particle-cell interactions and internalized micro-
plastic particles. (A) Numbers of particle-cell interactions and (B) numbers of 
internalized microplastic particles following 2 (light color) or 4 (dark color) weeks 
of incubation (all numbers indicate the means ± SE, table S1; IgG, positive control; 
FW, particles exposed to fresh water; SW, particles exposed to salt water; UW, 
negative control, pristine particles from ultrapure water). The numbers of particle-cell 
interactions and internalized microplastic particles were standardized to coverslips 
with 23,000 cells to which 29,000 particles were added. Because the data span 
almost three orders of magnitude, the ordinate is scaled logarithmically. The IgG 
treatment differs highly significant from all other treatments for either incubation 
time. Fresh water and salt water differ significantly from ultrapure water (except 
where specified otherwise, a Kruskal-Wallis test followed by a Games-Howell post 
hoc test was conducted to investigate significant differences between treatments, 
***P ≤ 0.001, **P ≤ 0.01, *P = 0.05). The salt water treatment shows a significant 
increase in the numbers of particle-cell interactions and internalized microplastic 
particles over the incubation time, and fresh water shows a significant increase 
in the number of internalized microplastic particles during the incubation time 
(Mann-Whitney U test: **P ≤ 0.01, *P = 0.05).
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Fig. 3. Representative SEM images of microplastic particles after 4 weeks of incubation, with enlarged views of the surface. (A) FW: Microplastic particles incubated 
in fresh water, with an enlarged view of the irregular surface modifications (arrows). (B) SW: Microplastic particles incubated in salt water, with an enlarged view of the 
irregular surface modifications with small salt crystals (arrows). (C) UW: Microplastic particles incubated in ultrapure water showing a plain surface. (D) IgG: Microplastic 
particles opsonized with IgG with an enlarged view of its homogeneously rough surface. Scale bars, 1 m; SEM settings: 2 to 3 kV, InLens/SE2 detector.

Fig. 4. Raman spectroscopic analysis of the coating of microplastic particles incubated with fresh water. (A) False color Raman image of the microplastic particles 
(red) and the biomolecules forming a putative eco-corona (blue) on their surfaces, generated from the spectral mapping data. Scale bar, 2 m. (B) The spectrum in red 
represents Raman signatures corresponding to the microplastic particles, and the spectrum in blue corresponds to signatures representative of the eco-corona. The 
Raman vibrational modes associated with biomolecules are mainly the C-S stretching mode (701 cm−1), the PO4 stretching mode (950 cm−1), the C─H bending mode 
(1410 cm−1), the C═O stretching mode (1664 cm−1), the C─H and C─H2 stretching mode (2851 cm−1), and the Raman band at 2126 cm−1 (C─N─S), together with the 
stretching mode at 701 cm−1, which could be indicative of the presence of thiocyanate molecules. Spectral signatures such as the ═C─H stretching mode (3053 cm−1), the 
C─H bending mode (2906 cm−1), the C─C bending mode (1604 cm−1), the C─H bending mode (1032 cm−1), and the C─C ring stretching mode (1001 cm−1) correspond to 
the PS microplastic particles.
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We show that an eco-corona formed under environmental con-
ditions facilitates cellular internalization of microplastics in a size 
range frequently found in nature (26). Hence, it may not be pristine 
plastic particles per se but rather microplastics exposed to the 
environment that pose a health risk. It enhances the probability of 
cellular internalization and therefore may pose more of a health risk 
to organisms that ingest these particles along with their food. The 
coating with an eco-corona may then lead to a “Trojan horse” effect 
that particles normally not interacting with membrane receptors 

become internalized (37). Thus, the generally prevailing assump-
tion that plastic itself behaves as an “inert” material from a toxi-
cological point of view (23, 38) is not valid for microplastic particles 
when exposed to fresh water and salt water. This is in concordance 
with the suggestion of Galloway et al. (3) that environmental coat-
ing plays an important role in the interaction of microplastics 
with cells and tissues and therefore in determining their ecological 
impact.

We anticipate our results to be a starting point for investigations 
on the cellular mechanisms of microplastic internalization from 
fresh water and salt water and even terrestrial environments. This 
will allow us to obtain a comprehensive picture of microplastic 
internalization by cells, which, in turn, will be indispensable for 
identifying how microplastic exposure might affect organisms in 
polluted environments.

MATERIALS AND METHODS
Experimental design
Cell line and cell culture conditions
Murine macrophage J774A.1 cells (DSMZ, Braunschweig, Germany) 
were cultured as described previously by Keller et al. (39). To main-
tain suitable cell concentrations, cells were passaged three times per 
week to an appropriate number and cultured in T-75 culture flasks 
(Corning, New York, USA). Before the experiments, the cells were 
scraped off of the culture flask surfaces into the culture media, 
centrifuged (200g, 2 min, 20°C), and resuspended with 5 ml of cell 
culture medium in a Falcon tube (Corning, Corning, New York, USA). 
Then, the cells were counted using a hemocytometer (Neubauer 
improved, Brand, Wertheim, Germany), seeded on microscope 
coverslips (diameter, 18 mm; #1, MENZEL GLÄSER, 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 culture conditions (37°C, 5% CO2, 
humidified) overnight. On each coverslip, 40,000 cells per milliliter 
were seeded to obtain a mean number of 23,000 cells per coverslip 
(not all cells adhered to and remained on the coverslips during the 
experimental procedure).
Microplastic particles and pretreatment conditions
Plain nonfluorescent white polystyrene beads (microplastic particles) 
with a diameter of 3 m (Micromod, Rostock, Germany, white par-
ticles, micromer plain, Prod. Nr. 01-00-303) were incubated in fresh 
water or salt water for the environmental samples, or in ultrapure 
water (Veolia Purelab flex, Veolia, Celle, Germany) to serve as the 
“pristine microplastic particle” negative control. Freshwater samples 
were obtained from an artificial outdoor pond, whereas saltwater 
samples were collected from a marine aquarium facility with a 
defined salinity of 35 ‰ (fig. S1). Twenty microliters of micro-
plastic particle stock solution (50 mg ml−1) was added to 980 l of 
the corresponding water sample (fresh, salt, and ultrapure water) in 
a glass vial (autosampler vials, 1.2 ml; neoLab, Heidelberg, Germany). 
The ultrapure water (Veolia Purelab flex, Veolia, Celle, Germany) 
was filtered (Whatman Puradisc syringe filter, 0.2 m: GE Healthcare, 
Freiburg, Germany) under sterile conditions to exclude microbial 
activity. For each treatment (fresh, salt, and ultrapure water), 
10 replicates (glass vials) were prepared. To ensure vital microbial 
communities within the environmental samples during the incuba-
tion process, the corresponding water samples were changed three 
times per week. Each glass vial was centrifuged (2000g, 20 min, 

Fig. 5. Core-level spectra of microplastic particles incubated in ultrapure 
water (gray), fresh water (green), and salt water (blue). (A) C 1s region showing 
the characteristic PS signals at 284.8 and 291.5 eV corresponding to carbon from 
(─C─C─ aliphatic and aromatic) and -* shake-up processes, respectively (44). In 
addition, all the samples display a signal at 286.5 eV, attributable to the carbon 
bound to oxygen as in alcohol or ether functional groups. Microplastic particles 
from salt water additionally show a signal at 289 eV, possibly from the carbon 
in ─O═C─N or ─O═C─O functional groups. (B) N 1s region from all the samples, 
confirming the presence of nitrogen on the surface of microplastic particles 
incubated in fresh water and salt water with the maximum at 400.1 eV. (C) S 2p 
region showing prominent signals at 168.5 and 169.8 eV on the surface of microplastic 
particles from ultrapure water and fresh water, and salt water, respectively, 
corresponding to sulfate functional group.
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room temperature), and 900 l of supernatant was replaced by the 
same amount of new corresponding water samples. To prevent 
aggregation of the microplastic particles by sedimentation, all sam-
ples were placed on a shaker (100 rpm at room temperature) for the 
whole incubation time. Although we did not add additional surfac-
tant to avoid aggregation of the microplastic particles, only occa-
sionally aggregates were found in all samples. Microplastic particles 
from fresh, salt, and ultrapure water were collected for the cell ex-
periments after 2 weeks of incubation, while the remaining particles 
were further incubated under the same conditions for an additional 
2 weeks within the same vials.

For the positive control, IgG antibodies (native IgG primary anti-
bodies 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) according to the protocol described by Keller et al. 
(39). Opsonization was verified by antibody-antibody labeling with 
goat anti-mouse IgG cross-adsorbed fluorescent secondary antibody 
(Dy-Light 488, Thermo Fisher Scientific). The IgG-opsonized 
microplastic particle stock solution was stored at 4°C for later use as 
a positive control for assessing internalization.
Quantifying numbers of pretreated, positive, and negative 
control microplastic particles
The numbers of microplastic particles within each treatment were 
quantified, because due to the media exchange of microplastic par-
ticles incubated in fresh, salt, and ultrapure water, an unknown 
number of particles were lost. The quantification of the numbers of 
microplastic particles from fresh, salt, and ultrapure water was con-
ducted in subsamples for both incubation times (2 and 4 weeks). 
The number of microplastic particles within the IgG treatment was 
only counted once because those particles were obtained from an 
unmodified stock solution (no media exchange was performed, and 
therefore, a loss of IgG particles can be ruled out). To quantify the 
numbers of microplastic particles for each treatment and incuba-
tion time, 100 l of microplastic particle dilutions [fresh, salt, and 
ultrapure water:phosphate-buffered saline (PBS) 1:100; IgG stock 
solution:PBS 1:1000] was added to two sample wells per treatment 
within a 12-well plate, and the particles were allowed to sediment. 
For imaging, the 12-well plates were placed onto an inverted micro-
scope (Nikon Eclipse Ti, NIKON, Tokyo, Japan, 20×/0.45 objective), 
and spatial image series were acquired with an electron-multiplying 
charge-coupled device (EMCCD) camera (Luca-R, Andor, Belfast, 
Northern Ireland). For each sample well, three regions of interest 
(ROIs) (4.23 mm2 each) were imaged, and the numbers of micro-
plastic particles were counted using the Fiji ImageJ cell counter 
software (40). We tested the distribution of particles within one 
sample well by microscopy. Heterogeneities of the particle numbers 
did occur, but we compensated for this by standardizing to 29,000 
particles for each treatment for a whole coverslip (245.50 mm2).
Cell experiment
The following experimental procedure was implemented to obtain 
samples for the quantification of microplastic particles interacting 
with cells (PCI), the measurement of the area covered by cells on the 
coverslips, and for investigating the number of internalized micro-
plastic particles from the PCI.

After 2 or 4 weeks of exposure to fresh, salt, and ultrapure water, 
microplastic particles were added to cells, which were prepared 
on coverslips in 12-well plates the day before the experiments, as 
described above. Microplastic particles pretreated with fresh, salt, 

or ultrapure water and IgG-opsonized microplastic particles were 
diluted in cell culture medium (fresh, salt, and ultrapure water 
1:100; IgG stock solution 1:1000). The 12-well plates containing the 
prepared cells were placed on ice for 1 hour to reduce cellular activ-
ity. From each treatment of the pretreated microplastic particles 
and the IgG-opsonized particles, 100 l of each microplastic particle 
dilution was added to a coverslip. Ten coverslips for each treatment 
and exposure time were prepared, yielding a total of 80 coverslips. 
After 1 hour of microplastic particle sedimentation, the well plates 
were incubated at 37°C (Kelvitron kl BK6160, Heraeus, Hanau, 
Germany) for 2 hours to activate cells. Then, the coverslips were 
washed three times with PBS to remove unattached microplastic 
particles. Cells were fixed using a PBS-PFA solution containing 4% 
PFA (Sigma Aldrich, St. Louis, Missouri) for 15 min on ice. Then, 
the coverslips were washed again three times with PBS, and 50 l of 
labeling solution was added and allowed to sit for 25 min to label 
filamentous actin. The labeling solution consisted of Alexa Fluor 
Phalloidin 488 (Invitrogen, Carlsbad, USA) and dilution buffer, 
consisting of 98.7% PBS, including 0.3% Triton and 1% bovine 
serum albumin (AppliChem, Darmstadt, Germany), to a final con-
centration of 1:25. The coverslips were again washed three times 
with PBS and transferred to 1 ml of ultrapure water. Last, the cover-
slips were mounted on glass slides (Servoprax, Wesel, Germany) 
with Fluoromount-G (SouthernBiotech, Birmingham, Alabama) 
mounting media and allowed to dry overnight. The next day, the 
coverslips were fixed to the glass slides with nail polish (fig. S2).
Quantification of PCI and area covered with cells on coverslips
To determine the total number of PCI on each coverslip, five ran-
domly chosen ROIs (0.29 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) 
microscopy image was acquired to quantify the PCI within the 
ROIs using the Fiji ImageJ cell counter software. In addition, confocal 
stacks of fluorescently labeled cells were acquired using a 488-nm 
laser (50 mW, Sapphire 488, Coherent, Santa Clara, California) 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 m, which is 
sufficient to oversample the image given the axial resolution of the 
microscope (41).

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 ob-
tain robust results. As described previously (42), a local contrast 
filter was applied to the DIC images to obtain a rough approxima-
tion of the cell mask MDIC. The local contrast filter highlights areas 
in which the difference ∆I between the local intensity maximum 
and minimum is larger than a given threshold TDIC

	​​ ​M​ DIC,i,j​​  = ​ {​​​ 
1 if  ​I​ DIC,circle​​  > ​ T​ DIC​​

​  
0  if  ​I​ DIC,circle​​  ≤ ​ T​ DIC​​

​​​	

A circular filter with a radius of 3 px was chosen. To obtain a 
mask MF of the area covered by cells in the fluorescence channel, 
the axial stacks of 25 images IF (index k) were projected to the 
intensity maximum, and a simple threshold TF was applied to the 
resulting image
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	​​ ​M​ F,i,j​​  = ​ {​​​ 
1 ifmax ​({​I​ F,k​​})​ i,j​​  > ​ T​ F​​

​  
0 ifmax ​({​I​ F,k​​})​ i,j​​  ≤ ​ T​ F​​

​​​	

The masks were multiplied to obtain a mask M that highlights 
areas in which cells were detected in both channels

	​​ M​ i,j​​  = ​ M​ DIC,i,j​​ * ​M​ F,i,j​​​	

In the resulting mask, small holes were filled up to a size of 40 m2, 
which corresponds to 8% of the average cell size. Next, the mask was 
smoothed by a Gaussian filter approximation (43) with an SD of 
3 px = 0.6 m to reduce pixel noise at the cell boundary. Objects in 
the background with an area of less than 80 m2 were excluded, 
which appear in M mainly because of noise in the background (42). 
In this step, care was taken not to exclude any cells (fig. S6). Areas 
covered by cells within an ROI were extrapolated to a whole coverslip 
(245.50 mm2). The whole algorithm was implemented in MATLAB 
2017b (MathWorks Inc.).
Investigation of internalized microplastic particles
From the same samples used to quantify PCI and areas covered with 
cells on coverslips, we visually screened each sample for single PCI 
to distinguish between particles that were only attached to cell 
membranes or were internalized. All samples were scored blind to 
exclude personal bias. The same DMI 6000 microscope including a 
spinning disc unit with a higher magnification (100×/1.40 oil objec-
tive) was used. Beginning from a randomly defined starting point, 
the coverslips were screened in the DIC channel until 100 to 
110 PCI were detected or until the whole coverslip was completely 
screened. Once a PCI was found, a DIC image was taken, and axial 
stacks of fluorescently labeled cells were acquired (vertical distance 
of the axial stacks, 0.2 m). To evaluate internalization of the micro-
plastic particles, each confocal stack of cells with labeled 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 therefore were not direct-
ly 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 in-
ternalized particles were visible as spherical black regions within the 
actin network. Only microplastic particles that were fully surrounded 
by actin filaments were considered to be internalized. Microplastic 
particles that were only partly surrounded were considered to be 
attached to cell membranes.
Combination and standardization of the results
The number of PCI (ROI-PCI experiment, 0.29 mm2) and the num-
ber of microplastic particles added (ROI–quantifying numbers of 
pretreated, positive, and negative control microplastic particles, 
4.23 mm2) were extrapolated to a whole coverslip (245.50 mm2). As 
the areas on the coverslips covered by cells differ slightly between 
replicates and time points and as the microplastic particle concentra-
tions differed between treatments (because of the loss during media 
exchange), each coverslip was standardized. A standard coverslip con-
tains CellNumberstandCS = 23,000 cells and ParticleNumberstandCS = 29,000 
microplastic particles, which represent the rounded mean values 
(rounded to the nearest thousand) of the numbers of cells and particles 
over all treatments and time points. The cell number CellNumberstandCS 
was determined by calculating the mean area covered by cells on a 
coverslip (11.33 mm2) divided by the average size of a single cell 

(495 m2), which led to 23,000 cells on a standard coverslip. The 
number of microplastic particles ParticleNumberstandCS was the mean 
number of microplastic particles added to the coverslips. The stan-
dardization was performed with the following equation to obtain 
comparability between the treatments and incubation times despite 
slightly varying cell and particle numbers

	​​​ PCI​ stand​​  = ​ PCI​ CS​​ * ​
(

​​ ​ ​CellNumber​ standCS​​  ───────────  
​  ​CellArea​ CS​​ _ ​SingleCellArea​ CS​​​

 ​​
)

​​ * ​
(

​​ ​ ​ParticleNumber​ standCS​​  ─────────────  ​ParticleNumber​ CS​​ ​​
)

​​​​	

All PCI determined for a single coverslip (PCICS) were multi-
plied with the CellNumberstandCS divided by the ratio of the exact 
area of cells on the coverslip CellAreaCS and the area of a single cell 
(SingleCellAreaCS) on this specific coverslip and furthermore multi-
plied with the ParticleNumberstandCS divided by the actual num-
ber of microplastic particles counted on this specific coverslip 
(ParticleNumberCS).
Scanning electron microscopy
To visualize the surface structures of microplastic particles, samples 
were analyzed using a scanning electron microscope (LEO1530 
Zeiss, Oberkochen, Germany; magnification, ×500 to ×50,000, 2 to 
3 kV; InLens/SE2 detector). First, each sample of the pretreated and 
IgG-opsonized microplastic particles was diluted in ultrapure water 
(1:100), and 10 l of this dilution was pipetted onto a silicon wafer 
placed on carbon 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 2-nm-thick platinum layer (208HR sputter coater, 
Cressington, Watford, UK) and analyzed using the scanning electron 
microscope.
Micro-Raman spectroscopy
All Raman spectroscopic measurements were performed using a 
micro-Raman spectrometer (WITec Alpha 300 RA+, Ulm, Germany) 
equipped with a UHTS 300 spectrometer and a back-illuminated 
Andor Newton 970 EMCCD camera. A frequency-doubled Nd-
YAG laser with a wavelength of 532 nm was used as the excitation 
source. The exciting laser radiation was coupled to a Zeiss micro-
scope through a wavelength-specific single-mode optical fiber. The 
laser beam was focused onto the sample by means of a 50× long 
working distance [numerical aperture (NA) = 0.7, lateral resolution 
ca. 500 nm] and 100× (NA = 0.9, lateral resolution ca. 300 nm) Zeiss 
objective. The focal length of the spectrometer is 800 mm, and it is 
equipped with a diffraction grating having a groove density of 
600 lines per millimeter to give a spectral resolution of ~3 to 4 cm−1. 
The laser power used was approximately 5 to 15 mW at the fiber for 
all measurements. Raman scattered light was detected by a Peltier-
cooled complementary metal oxide semiconductor–based CCD 
with a sensor size of 1600 × 200 px. The instrument was operated by 
the integrated Witec Control Five software (version 5). All spectra 
were acquired in the 3600 to 500 cm−1 spectral range. The acquired 
data were preprocessed using Witec Project Five software (version 5) 
that allowed compensating for cosmic radiation and other back-
ground signals. A true component analysis was also performed 
using the Witec Project Five software to visualize the spatial distri-
bution of different components within the Raman image (for exam-
ple, the cell, polystyrene microplastic particles, and mounting 
media).
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Single spectrum acquisition mode with a 50× long working 
distance objective (NA = 0.7) was used to confirm that the chosen 
particles from detected PCI showed spectral signatures specific to 
polystyrene, which showed that the particles were the used micro-
plastic particles and not contaminants of a similar shape and size. 
For each treatment and incubation time, 10 PCI were investigated 
per sample. The integration times ranged between 10 and 15 s for 
single spectrum acquisitions. Second, the chemical components on 
the surface of the microplastic particles after exposure to fresh water 
and salt water were investigated. Raman imaging mode was used for 
these investigations. Therefore, 2 × 20 l of microplastic particle 
samples from fresh, salt, and ultrapure water after 4 weeks of incu-
bation and the corresponding water were pipetted onto two marked 
positions on a glass slide (SERVOPRAX, Wesel, Germany), trans-
ferred into a desiccator, and allowed to dry. Raman images were 
acquired from these samples with the following parameters: 
100× objective (NA = 0.9), scan area of 15 × 15 m, step size of 
100 nm, and integration time of 0.5 s/pixel.
X-ray photoelectron spectroscopy
For sample preparation, 2 × 20 l of microplastic particle solutions 
from fresh, salt, and ultrapure water after 4 weeks of incubation and 
the corresponding water were pipetted onto a glass slide (Servoprax, 
Wesel, Germany). Samples were transferred into a desiccator, and 
by using a water jet vacuum pump, a slight vacuum was produced 
and samples were allowed to dry. XPS spectra were measured with 
the PHI 5000 VersaProbe III system fitted with an Al K excitation 
source (h = 1486.6 eV) and a dual neutralizer (electron gun and 
Ar+) at 10−10 mbar pressure. An x-ray source diameter of 100 m 
was used to locally excite the samples; the corresponding photo-
emission with 45° take-off angle was collected at the multichannel 
analyzer. The survey and the detailed spectra were measured with 
pass energies of 224 and 69 or 112 eV, respectively. The SD on 
the reported energy values is ±0.1 eV. The reproducibility of the 
observed results was confirmed by performing at least three measure-
ments at different places of the samples. The spectra were analyzed 
with a Multipak software pack, provided by the manufacturer. All 
emission signals were referenced to adventitious C 1s peak at 284.8 eV. 
For quantitative analysis of the spectra, Shirley background correc-
tion was used. For deconvolution of C 1s and S 2p spectra of salt 
water– and fresh water–incubated samples, respectively, a combi-
nation of Gaussian and Lorentzian functions was used without 
fixing any constrain on the peak position or FWHM; however, in 
S 2p spectrum, the multiplet splitting parameters for 2p orbitals were 
assigned prior to fit the bands. For comparative purposes, the C 1s, 
N 1s, and S 2p spectra shown in the main text were normalized.
Statistical analysis
Statistical analysis was conducted using R studio software (Version 
1.0.143). The data for PCI, as well as for internalized microplastic 
particles, were tested for normal distribution (Shapiro-Wilk test) 
and homogeneity of variances (Levene test). A Kruskal-Wallis test 
with a Games-Howell post hoc test (P-adjust method for multiple 
nesting: Bonferroni Holm) was conducted to check for differences 
between treatments. To check for differences within one treatment 
regarding the incubation time, a Mann-Whitney U test was per-
formed.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/50/eabd1211/DC1
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