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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  

• Plastic particles <1 μm occur within 
lysosomes of human gastrointestinal 
cancer cells. 

• Microplastic particles accumulate to the 
non-proliferating areas of tumor 
spheroids. 

• Microplastic particles were transferred 
between cells during cell division. 

• Plastic particles of 0.25 μm increase the 
propensity for cell migration, and po
tential for pro-metastatic effects.  

A R T I C L E  I N F O   

Handling editor: Michael Bank  
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A B S T R A C T   

Amidst the global plastic pollution crisis, the gastrointestinal tract serves as the primary entry point for daily 
exposure to micro- and nanoplastics. We investigated the complex dynamics between polystyrene micro- and 
nanoplastics (PS-MNPs) and four distinct human colorectal cancer cell lines (HT29, HCT116, SW480, and 
SW620). Our findings revealed a significant size- and concentration dependent uptake of 0.25, 1, and 10 μm PS- 
MNPs across all cell lines, with HCT116 cells exhibiting the highest uptake rates. During cell division, particles 
were distributed between mother and daughter cells. Interestingly, we observed no signs of elimination from the 
cells. Short-term exposure to 0.25 μm particles significantly amplified cell migration, potentially leading to pro- 
metastatic effects. Particles demonstrated high persistence in 2D and 3D cultures, and accumulation in non- 
proliferating parts of spheroids, without interfering with cell proliferation or division. Our study unveils the 
disturbing fact of the persistence and bioaccumulation of MNPs in colorectal cancer cell lines, key toxicological 
traits under REACH (Regulation concerning the Registration, Evaluation, Authorisation and Restriction of 
Chemicals). Our observations underscore the potential of MNPs as hidden catalysts for tumor progression, 
particularly through enhancing cell migration and possibly fueling metastasis - a finding that sheds light on a 
significant and previously underexplored area of concern.   

1. Introduction 

The gastrointestinal tract (GIT) is daily exposed to substantial 
quantities of micro- and nanoplastics (MNPs) due to the global increase 
of plastic pollution. Beyond inhalation, the GIT serves as the primary 
entry point for MNPs. In 2019, in a pilot study by Schwabl et al. 
demonstrated the ubiquity of various plastic particles in all examined 
human stool samples (Schwabl et al., 2019). Subsequent research has 
illuminated the biodistribution of nanoplastics, in particular, across 
various organs, (Keinänen et al., 2021; Im et al., 2022) such as the lung, 
heart and excretory organs, or in the brain (Kopatz et al., 2023). It has 
been established that the bioactivity of plastic particles is profoundly 
size-dependent, with nanoparticles exhibiting greater invasiveness and 
propensity to penetrate cellular membranes. The classification and 
distinction between MNPs remain contentious, with some definitions 
demarcating microplastics as 1–1000 μm and nanoplastics as less than 1 
μm, (Gigault et al., 2018; Sorensen et al., 2023) while stricter definitions 
narrow down nanoplastics to below 100 nm (Hartmann et al., 2019). 
The scientific community is currently engaged in a critical discussion on 
the feasibility of MNP studies, given the vast heterogeneity of environ
mental MNPs in terms of chemical composition, form and shape, size 
and other factors such as biological or chemical corona formation 
(Brachner et al., 2020). 

The internalization of spherical polystyrene (PS) microbeads of sizes 
200–1000 nm, 50–100 nm, and 100 nm, respectively, has been 

demonstrated in human skin fibroblasts (using AFM), (Akhatova et al., 
2022) human lung, (Liu et al., 2023) and colon carcinoma cells (D. Xu 
et al., 2021). Data on other plastic types, such as polyethylene (PE), 
polypropylene (PP) or polyethyleneterephthalat (PET) which are more 
prevalent in human exposure, are limited due to difficult production 
processes of homogeneous and well defined reference material in the 
micro- and nanometer scale. The dynamic field of MNP research and its 
recent fast progression resulted in more data on various other plastic 
types (Annangi et al., 2023; Magrì et al., 2021; Villacorta et al., 2022; 
Zhang et al., 2022). With the increased availability of different polymer 
types, our understanding on MNPs and their impact on human health 
will become more comprehensive. So far, recent evidence suggests that 
PE and PVC or other particles can also be internalized by human cells, 
(Cassano et al., 2023) but also mouse embryonic fibroblasts (Barguilla 
et al., 2022). While plastic particles are known to trigger cellular stress 
(inducing reactive oxygen species) the mechanisms by which cells or 
tissues manage accumulated plastic loads remain largely unexplored 
(Gruber et al., 2022). Given the established presence and potential 
adverse effects of MNPs, this study specifically aims to explore the role 
of microplastics in cell migration and distribution during cancer cell 
division. This focus is crucial for elucidating the broader implications of 
MNPs on cellular and human health. Although MNPs are highly versatile 
in their type, shape, composition and undergo different alterations in the 
environment, PS particles are still a valuable tool to clarify mechanistic 
issues. Current studies, including the data presented here, are still 
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limited in investigating all aspects related to MNPs exposure due to the 
complexity involved in covering all nature of MNPs, additive leaching 
and corona formation. However, these studies are still valid for clari
fying partial aspects of the MNPs toxicological profile. 

Plastic particles have long been considered as chemically rather 
persistent, with the primary mode of degradation being physico- 
mechanical abrasion (Chamas et al., 2020). Biodegradation of syn
thetic polymers via microbial or enzymatic action is another potential 
factor, but the high degree of variability makes general predictions of 
biodegradation challenging and highly dependent on the type of plastic 
(Mohanan et al., 2020). Cells and tissues have limited capacity to 
degrade highly persistent and metabolically stable polymer chains found 
in MNPs via both physico-mechanical and biological routes. To our 
knowledge, degradation routes in humans have not yet been observed, 
which is crucial for efficient excretion of chemical compounds. 

The objective of this study was to 1) investigate the absorption and 
distribution of polystyrene (PS) particles in colorectal cancer cell lines, 
including variables such as size, time and concentration; 2) elucidate the 
uptake mechanism and destination of MNPs once accumulated; and 3) 
explore the impact of MNPs on cell migration and transfer during cancer 
cell division. We focused on the direct effects of MNPs on cancerous cells 
in the gastrointestinal tract, as this is one of the primary tissues exposed 
to MNPs without the need of the MNPs to cross the intestinal barrier. 
Elucidating the biological persistence and bioaccumulation of MNPs will 
significantly impact the perspective of MNPs and their impact on human 
health. Both factors, persistence and bioaccumulation are included in 
the toxicological classification of the harmfulness or harmlessness of 
MNPs under the European Regulation of REACH (Regulation concerning 
the Registration, Evaluation, Authorisation and Restriction of Chem
icals). At this point, further studies are required to investigate long-term 
accumulation and its effects to create a more holistic view on the 
behaviour of MNPs for human exposure. 

2. Materials and methods 

2.1. Materials 

All reagents and chemicals were purchased at commercial suppliers 
and used as received. 

3. Polystyrene particles 

Commercially available labeled PS particles with a diameter of 10.39 
± 0.13 μm (spherical, aqueous suspension, 5% w/v, blue colored), 1.14 
± 0.03 μm (spherical, aqueous suspension at 2.5% w/v, ex/em = 530/ 
607 nm) and 0.24 ± 0.01 μm (spherical, aqueous suspension at 2.5% w/ 
v, ex/em = 502/518 nm) were obtained from Microparticles GmbH 
(Berlin, Germany). PS particle characterization was performed 
measuring ζ potential, size and polydispersity index (PDI) on a Zetasizer 
Pro device (Malvern Pananalytical, Malvern, United Kingdom). Data 
analysis was performed using ZS Xplorer software. ζ potential, size and 
PDI were measured in deionized (DI) water (conductivity of 0.055 μS 
cm− 1), 1 mM KCl solution, 1:9 and 1:99 diluted Phosphate Buffered 
saline (PBS) (diluted with DI water), RPMI 1640 Media without phenol 
red (fully supplemented with 10% FCS, 1% penicillin-streptomycin (P/ 
S) and 2 mM L-glutamine), diluted 1:9 and 1:99 with DI water to reduce 
ionic strength. For cell culture, stock solution of 1 mg mL− 1 was pre
pared in sterile water and stored at 4 ◦C. Working solution was prepared 
in Gibco RPMI 1640 Media supplemented with 2 mM L-glutamine, 10% 
(v/v) FBS and 1% P/S in required concentration and incubated for at 
least 10 min prior to use. Stock suspensions were vortexed at least 10 
min before application to resolve potential storage agglomeration. 

3.1. Cell culture 

Human colorectal cancer cell lines HT29 (ECACC, Porton Down, UK), 

HCT116 (DSMZ, Braunschweig, Germany), SW480 (ATCC, Manassas, 
USA), and SW620 (ATCC) were cultivated in fully supplemented MEM 
culture medium (10% FBS, 1% P/S, 1% L-glutamine) at 37 ◦C and 5% 
CO2 in a humidified atmosphere. 

Monolayer cultures were seeded accordingly to experiment re
quirements as follows: for cell viability assay, 5 × 103 cells in 96-well 
plates, for FACS analysis, 1.7 × 105 cells per well in 24-well plates or 
4 × 105 cells per well in 6-well plates, for confocal microscopy, μ-Slide 8- 
well 5 × 103 cells per well, for scratch assay 1.75 × 105 cells per well in 
24-well plates. 

For spheroid formation, HCT116 cells were seeded on Petri dish lids 
using the hanging drop method at concentrations of 3 × 103 cells per 
drop for cell viability and 6 × 103 cells per drop for FACS and confocal 
microscopy in 10 μL drops (Foty, 2011). After 24 h, the medium was 
replaced by 10 μL of fresh media; and spheroids were transferred to 
agarose-coated 96-well plates with 100 μL of fresh media per well. 
Spheroids were allowed to grow for at least an additional 48 h prior to 
analysis. 

3.2. Cell viability assay 

24 h after seeding, HCT116 monolayer and spheroids were treated 
with MNPs for 72 h in the concentration range 0.16–5 μg mL− 1 250 mg 
of thiazolyl blue tetrazonium bromid (MTT, Merck, St. Louis, Missouri, 
USA) was dissolved in 50 mL of PBS and stored at 4 ◦C protected from 
light. MTT stock solution was diluted 1:7 in culture medium (without 
FBS) prior to use. The supernatant was aspirated from the plate, and 100 
μL of MTT solution was added to each well and incubated for 4 h under 
general cell culture conditions. The MTT solution was aspirated, and 
formazan crystals were dissolved in 150 μL of DMSO per well. Plates 
were analyzed at 550 nm (measurement wavelength) and 690 nm 
(reference wavelength) using the microplate reader Tecan Infinite® 
M200 Pro (Männedorf, Switzerland) and iControl software. 

3.3. Flow cytometry 

Particle accumulation studies were conducted using a BD FACSCanto 
II (BD Bioscience, New Jersey, USA) and a CytoFLEX S (Beckmann 
Coulter GmbH, Vienna, Austria) flow cytometer. Analysis of cell cycle, 
particle accumulation in spheroids, and cellular uptake at 4 ◦C were 
performed with a Millipore Guava easyCyteTM 8HT flow cytometer 
(Merck Millipore, Burlington, MA, USA) with InCyte software. FSC, SSC, 
PE, and FITC fluorescence were recorded. A total of five thousand events 
were counted for each experiment. Three independent experiments were 
performed for each sample. The acquired data were analyzed using 
FlowJo software version 10.6.1 (TreeStar, Ashland, OR, USA). 

3.4. Cell cycle 

HCT116 cells were settled for 24 h after seeding and then treated 
with 1 μg mL− 1 particles for 24 h. The mass concentration of 1 μg mL− 1 

was chosen based on the previous cell viability tests, where the 1 μg 
mL− 1 dose showed minor effects on both 2D and 3D HCT116 cells. 

Subsequently, cells were washed with PBS, trypsinized and harvested 
in culture medium, centrifuged and washed once with PBS. Cells were 
resuspended in Hypotonic Fluorochrome Solution (HFS, consisting of 
(0.1% (v/v) Triton X-100, 0.1% (w/v) sodium citrate in PBS) and pro
pidium iodide (PI, concentration of 50 mg mL− 1) incubated over night at 
4 ◦C. Five thousand events were measured in the flow cytometer. 

3.5. Cellular accumulation in 2D and 3D cell culture 

For short-term accumulation, cells were allowed to grow for 48 h in 
6-well plates. The medium was removed, cells were washed with 1.5 mL 
PBS per well, and incubated with fluorescent labeled 0.25 and 1 μm PS 
particles. The cells were exposed to concentrations of 0.1, 1, and 10 μg 
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mL− 1 for 24 h and at a concentration of 1 μg mL− 1 for 1, 3, and 6 h. The 
mass concentration of 1 μg mL− 1 was chosen as higher particle con
centration showed significant amounts of fluorescence activity limiting 
the quality of the confocal microscopy images. After the respective in
cubation period, the cells were washed three times with 1.5 mL of PBS 
per well and detached by trypsinization with 0.5 mL of Gibco TrypLE 
Express (Thermo Fisher Scientific, Waltham, Massachusetts, USA) per 
well. Cells were washed and suspended in 1.5 mL PBS per well and 
centrifuged (1200 rpm) for 5 min. After centrifugation, the supernatant 
was discarded and the cell pellet was resuspended in 1 mL of 4% para
formaldehyde (PFA). Cells were fixed for 10 min at room temperature, 
and centrifuged for 5 min at 1200 rpm. The cell pellet was washed and 
resuspended in PBS. After another centrifugation step, PBS was removed 
and the cell pellet was resuspended in FACS buffer consisting of 1% 
bovine serum albumin (BSA) in PBS and measured. 

For medium-term accumulation, cell monolayers were treated with 
1 μg mL− 1 particles for up to 7 d. Spheroids were seeded with 1 μg mL− 1 

particles as hanging drop culture and were allowed to grow for 3–7 d. To 
provide comparable settings for 2D and 3D conditions, the cells were 
exposed to the particle solutions once and the cell number was adjusted 
so that no media exchange was required within the 7 d timeframe. FACS 
analysis was performed on days 3 and 7 for both cell monolayer and 
spheroid culture. Cell monolayers were harvested in media, washed with 
1× PBS and measured directly in PBS. Ten spheroids at day 3 and five 
spheroids at day 7 were trypsinized with Gibco TrypLE Express (Thermo 
Fisher Scientific, Waltham, Massachusetts, USA) in an Eppendorf tube, 
washed with PBS, resuspended and measured in PBS. 

3.6. MNP uptake at 4 ◦C 

Uptake mechanism studies were performed only in monolayer cell 
culture. HCT116 were seeded in two 12-well plates and allowed to 
adhere for 24 h. One plate was placed in the refrigerator with chilled 
medium (approx.15 min), while the other plate remained at 37 ◦C. Both 
plates were treated with 1 μg ml− 1 of 0.25 μm particles for 3 h, cells were 
harvested, washed once with PBS and FACS measurements were 
performed. 

3.7. Fluorescence measurement and confocal microscopy 

3.7.1. Cellular accumulation in 2D and 3D cell culture 
Cell imaging was used for analysis of particle uptake and particle 

localization respectively, using both an inverted fluorescence micro
scope (Nikon Eclipse TE2000-S) and a confocal laser scanning micro
scope (Leica TCS SP8-STED and Zeiss LSM 800). HT29, HCT116, SW480 
and SW620 cells were exposed to 0.25, 1, and 10 μm particles in con
centration of 0.001, 0.01, 0.1, 1, and 10 μg mL− 1 over the period of 24 h. 

3.7.2. Lysosome tracking 
LysoTracker® Deep Red (Invitrogen™, Thermo Fisher Scientific, 

Waltham, Massachusetts, USA, 1:20 dilution) was added to cell mono
layers and incubated for 1 h at standard cell culture conditions. Samples 
were washed thrice with PBS and fixed with 4% PFA in PBS for 10 min at 
room temperature. After washing the samples thrice with PBS, 
Hoechst33342 (Invitrogen, Thermo Fisher Scientific, Waltham, Massa
chusetts, USA) at a dilution of 1:1000 in 1% BSA/PBS was added and 
samples were incubated for 1 h at room temperature protected from 
light. Cells were washed with PBS three times and covered with 
mounting medium (Ibidi GmbH, Gräfeling, Germany) to enable storage. 
Samples were imaged using the TCS SP8-STED confocal microscope 
(40× oil objective) and Z-stacks were taken with a step size of 0.3–0.35 
μm (software LAS X). 

3.7.3. Endosome tracking using EEA1 protein 
Cell monolayers were fixed with 4% PFA in PBS for 10 min and 

washed with PBS three times. Cells were permeabilized with 0.1% 

TritonX in PBS for 15 min and washed two times with PBS. After 
blocking with 2% BSA/PBS for 1 h at room temperature, samples were 
washed two times with PBS. Rabbit anti-EEA1 antibody (Cell Signaling, 
Danvers, Massachusetts, USA, #2411) was used at a dilution of 1:100 in 
1% BSA/PBS for endosome detection, samples were incubated overnight 
at 4 ◦C and washed three times with PBS. Goat anti-rabbit IgG (H + L) 
Alexa Flour 633 (Invitrogen, Thermo Fisher Scientific, Waltham, Mas
sachusetts, USA, A-21070) secondary antibody at a dilution of 1:500 in 
1% BSA/PBS and Hoechst 33,342 at a dilution of 1:1000 were added to 
the sample for 1 h at room temperature, protected from light. After
wards, cells were washed three times with PBS and covered with 
mounting medium to enable storage. Samples were imaged using the 
TCS SP8-STED confocal microscope (40× oil objective) and Z-stacks 
were taken with a step size of 0.3–0.35 μm (software LAS X). 

3.7.4. Proliferation assessment by Ki67 
Untreated and treated spheroids (1 μg mL− 1) were embedded in 

Tissue-Tek O.C.T. Compound (Sakura) on day 3 and 7, and 7.5 μm thick 
cryosections were prepared on Superfrost™ microscope slides (Epredia) 
using a Leica CM3050 S cryomicrotome and stored at − 80 ◦C. The 
samples were fixed with 4% PFA in PBS for 20 min and washed with PBS 
three times. Cells were permeabilized with 0.1% TritonX in PBS for 10 
min and washed two times with PBS. Blocking was performed with goat 
serum (PBS + 10% goat serum + 2% BSA) for 1 h and samples were 
washed two times with PBS. Primary antibody Ki67 (8D5) mouse mAb 
(Cell Signaling, 9449S) was applied in 1:800 dilution in 2% BSA/PBS, 
and samples were incubated over night at 4 ◦C. After washing with PBS 
for three times, secondary antibodies anti-mouse IgG H&L (Alexa 
Flour488, Abcam, 4408S) and anti-mouse IgG Fab2 (Alexa Flour 647, 
Abcam, 4410S) were added at a dilution of 1:1000 in 2% BSA/PBS and 
samples were incubated for 1 h at room temperature. Finally, three 
drops of ProLong® Gold antifade reagent (Thermo Fischer Scientific) 
with DAPI were added and slides were covered by cover slips. Samples 
were dried overnight and analyzed on the next day with a Zeiss LSM 800 
(10× and 20× objective). 

3.7.5. DiO assessment of endocytic trafficking 
5 × 103 cells per well were seeded and treated immediately with 1 μg 

mL− 1 particles in μ-Slide 8-well chamber slides using Gibco Fluoro
Brite™DMEM (Thermo Fisher Scientific, Waltham, Massachusetts, 
USA), supplemented with 2 mM L-glutamine, 10% (v/v) FBS and 1% P/S 
and allowed to attach for 24 h. Cells were stained with 3 μM DIO (3,3′- 
dioctadecyloxacarbocyanine perchlorate) in PBS for 15 min. Stained 
samples were washed three times with PBS and monitored in Fluoro
Brite™DMEM with a Zeiss LSM 800 (63× oil objective) maintaining 
growth conditions with an XLmultiS incubator. Images were taken every 
10 min for a maximum of 4 h per area during an overall incubation time 
of 24 h. 

3.7.6. Live imaging of cell division 
Cells were seeded in μ-Slide 8 well chamber slides using Fluoro

Brite™DMEM supplemented with 2 mM L-glutamine, 10% (v/v) FBS and 
1% P/S, treated with 1 μg mL− 1 PS particles, and monitored for 24–48 h 
with a Zeiss LSM 800 (20× objective) maintaining growth conditions 
with an XLmultiS incubator. Samples were stained with 5 μM Hoechst 
33,342 solution for 15 min. Colocalization was analyzed by ImageJ 
v1.54f software. Cell migration and trajectory was analyzed by Fiji/ 
ImageJ applying the TrackMate plugin (Ershov et al., 2022). 

3.7.7. Cell migration assay 
HCT116 cells were seeded in 24-well plates in medium containing 1 

μg mL− 1 MNPs and incubated for 48 h. Further 1 μg mL− 1 particles were 
added, the confluent cell layer was scratched with a sterile 200 μL pipet 
tip, and cell migration was monitored for 48 h with a JuLI Br system 
(NanoEnTek) simultaneously for negative control and treated sample. 
Data were analyzed using JuLI Br software. 
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4. Statistics 

All experiments were performed at least in duplicate and repeated 
three times if not indicated otherwise. Untreated controls without par
ticles were included in each experiment. All values are given as mean ±
standard deviation (SD). Analysis of data was performed either with MS 
Excel or GraphPadPrism9. Significance tests were performed with 
GraphPadPrism9. Flow cytometry data were evaluated using Flowing 
Software 2 (Turku Bioscience, University of Turku and Åbo Akademie 
University, Turku, Finland, 2013) or FlowJo™ Software version 10.7 
BD. 

5. Results 

5.1. Polystyrene particle characterization 

The commercially available PS particles were characterized by ζ 
potential, size, shape and polydispersity index (PDI) as a measure for 
potential aggregation (SI Table 1) in comparison to the data provided by 
the manufacturer. The particles were measured in DI water, 1 mM KCl, 
(see SI Table 1) and diluted PBS as well as diluted cell culture medium 
with FBS (data not shown). Data for the measurements in fully supple
mented cell culture medium are not shown due to controversies in 
literature (Bhattacharjee, 2016). 

Particle size in DI water correlated with the manufacturer’s results. 
An increase in salt concentration led to an increase in particle size due to 
a different hydrodynamic radius related to the higher ion concentration. 
Due to the variability in size and ζ potential depending on the suspen
sion media, we will refer to the particle size more generally as 0.25, 1 
and 10 μm. Particle aggregation was not observed in DI water and 1 mM 
KCl suspension. However, aggregation, particularly of the 0.25 μm 
particles, was observed when exposed to cell culture media with FBS. To 
minimize potential aggregation, particle solutions were vortexed for 10 
min prior to cell treatment. 

5.2. Cell viability and effect on cell cycle 

In a first step, effects of characterized MNPs on HCT116 cell viability 
in monolayer and spheroid culture were assessed over a period of 72 h in 
a concentration range of 0.16–5 μg mL− 1. The results should facilitate 
dose-finding for subsequent experiments. We could detect a significant 
detrimental effect of the tested MNPs on cell viability in monolayer 
culture in a dose- and size-dependent way (Fig. 1A), while spheroids 
were more resistant to MNPs (Fig. 1B). In general, smaller particles had a 
more pronounced effect than the 10 μm particles. This result correlates 
with previous findings, indicating that bigger particles are less harmful 
than smaller ones (Ding et al., 2020). Subsequently, we focused pri
marily on smaller particles and an intermediate concentration of 1 μg 
mL− 1 for the following experiments, if not otherwise stated. The con
centration of 1 μg mL− 1 was chosen, as at this concentration an excellent 
balance between accumulation and fluorescence signal was achieved (SI 
Figs. 1–3) while remaining in a physiological relevant low dose of par
ticles. HCT116 monolayers were exposed to 1 μg mL− 1 of PS particles of 
0.25 or 1 μm to investigate potential effects on the cell cycle after 24 h 
(Fig. 1C). Exposure of HCT116 cells to 0.25 μm particles did not alter 
their distribution across cell cycle phases during this short-term exper
iment (Fig. 1C). 

5.3. Short and medium term cellular accumulation studies 

HT29, HCT116, SW480, and SW620 cell monolayers were treated 
with 0.25, 1, and 10 μm particles in concentrations ranging from 0.001 
to 10 μg mL− 1 and uptake of the particles was monitored for 24 h using 
fluorescence microscopy (SI Fig. 1). Intracellular uptake of 1 μg mL− 1 of 
0.25 μm and 1 μm particles was additionally confirmed through FACS 
measurements over four different time points (Fig. 2A and B). Overall 
particle accumulation varied significantly depending on particle size, 
time, concentration, and cell line. 0.25 and 1 μm particles were found to 
be closely associated to cellular membranes and were taken up by all cell 
lines, while 10 μm particles were distributed around the cells, not 
attached to the cell layers, and could be removed by washing with PBS or 

Fig. 1. Cell viability in monolayer and spheroid culture and effects on cell cycle. (A) Dose-response curves of HCT116 monolayer cells and (B) HCT116 
multicellular tumor spheroid exposed to increased mass concentration of MNPs with particle sizes of approx. 0.25, 1, and 10 μm over an incubation time of 72 h by 
means of MTT assay. Significance is depicted for 0.25 μm particles compared to the control. (C) FACS analysis of the cell cycle of HCT116 monolayer cells without 
MNPs and exposed to 1 μg mL− 1 of 0.25 and 1 μm particles. 
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culture medium (data not shown). 
Increasing the incubation time resulted in increased accumulation of 

0.25 μm and 1 μm particles in all tested colorectal cancer cell lines, with 
faster intracellular presence observed for 0.25 μm particles compared to 
1 μm particles. The enhanced uptake of smaller particles was indicated 
by the fact that 0.25 μm particles were notably present in all tested cell 
lines already after 6 h of incubation while it took 24 h for 1 μm particles 
to become detectable in all tested cell lines (Fig. 2A and B). The efficacy 
of particle interaction and accumulation with the cells were strongly cell 
line-dependent in the following increasing order for 1 μm after 24 h: 
HT29 < SW620 < SW489 < HCT116, indicating HCT116 cells as most 
efficiently involved in particle interactions. Within 6 h, 73.2% of 
HCT116 cells treated with 0.25 μm particles exhibited green fluores
cence, reaching 89.5% after 24 h. 

Cell populations with different numbers of internalized 0.25 μm and 
1 μm PS particles were identified for all cell lines using flow cytometry. 
Kinetic analyses at three different time points with fixed PS concentra
tion of 1 μg mL− 1 (SI Fig. 2) as well as concentration dependency with 
three different particle concentrations at a fixed time point of 24 h (SI 
Fig. 3) were performed. In general, the absolute number of particles 
accumulated within the cell was clearly assessable for 1 μm PS particles 
out of the FACS histogram curves, whereas 0.25 μm particles resulted in 
a bell-shaped histogram. For 1 μm particles, after 1–6 h mainly one 
particle was internalized per cell. After 24 h, 12.37, 10.83 and 3.21% of 
HCT116, SW480, and SW620 cells had taken up more than four particles 
per cell, respectively, and 4.14% of HT29 cells more than 3 particles per 
cell. Increasing concentration led to an increase in particle uptake(SI 
Fig. 3). In general, intracellular 1 μm particles exhibited double-positive 
signals, while 0.25 μm particles were only active in the green channel (SI 
Fig. 4). Based on these results, we have chosen an incubation time point 
of 24 h for all further short-term measurements. 

Only HCT116 cells and a concentration of 1 μg mL− 1 were chosen for 
further medium-term analysis in monolayer and spheroid culture over a 

period of 7 d. HCT116 cells were chosen as these cells had the highest 
accumulation rate and therefore facilitate distribution and accumulation 
studies. An intermediate concentration of 1 μg mL− 1 was applied to 
avoid imaging interferences occurring at 10 μg mL− 1 due to the high 
fluorescence activity of the particles. HCT116 multicellular spheroids 
were formed with the hanging drop method and analyzed at the same 
time points, expecting the spheroid formation to be fully completed on 
day 3 and the core to become profoundly necrotic till day 7 (Hirsch
haeuser et al., 2010; Sutherland, 1988). It should be noted that ultra-low 
attachment plates and agarose-coated plates did not lead to particle 
accumulation within the spheroid, as high adsorption of the plastic 
particles to the plastic surface was observed (data not shown). The 
hanging-drop formation method was preferred to minimize the inter
action of the fluorescently labeled particles with the plastic of the cell 
culture material. 

PS particles of sizes 0.25 and 1 μm were found intracellularly even 
after 7 d of incubation, although the proportion of particle-positive cells 
detected by FACS was lower compared to day 3. In monolayers, the 
uptake efficacy of 0.25 μm and 1 μm particles was comparable to day 3, 
reaching approximately 50% of the total cell population. However, in 
spheroid culture, 0.25 μm particles exhibited accumulation rates at least 
four times higher than 1 μm particles on both day 3 and day 7 (Fig. 2C 
and D). Furthermore, both particle sizes demonstrated a significant 
decrease in fluorescent signal over time in both spheroids and mono
layers, indicating a decrease in particle numbers relative to the total cell 
number due to cell proliferation. This decrease can primarily be attrib
uted to the experimental conditions where cell numbers increased over 
time due to cell proliferation, while the particle count remained constant 
throughout the incubation period. Particles with a size of 0.25 μm 
exhibited significantly higher uptake rates in spheroids compared to 
monolayer cultures, whereas particles measuring 1 μm demonstrated 
significantly higher uptake in monolayer cultures than in spheroids. The 
1 μm particles exhibited double positive signals, while 0.25 μm particles 

Fig. 2. Uptake of 0.25 μm and 1 μm PS particles in monolayer and spheroid culture in colon cancer cell lines treated with 1 μg/mL. The percentage of 
particle-positive cells over the total cell population in comparison to negative control (NC) is presented for (A) 0.25 μm and (B) for 1 μm particles in four different 
colorectal cancer cell lines and for four different time points. Data are shown as means ± standard deviation (SD), n = 2. (C) Uptake of 0.25 μm and 1 μm particles in 
HCT116 monolayer culture. (D) Uptake of 0.25 μm and 1 μm particles in HCT116 spheroid culture. (E) Uptake mechanism studies. HCT116 were incubated with 1 μg 
mL− 1 of 0.25 μm particles at 37 ◦C and 4 ◦C, and uptake measured after 3 h. Data are shown as means ± standard deviation (SD), n = 3–5. T-test results shown above. 
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were only active in the green channel(SI Fig. 6). 

5.4. Cellular uptake mechanism studies 

To evaluate possible routes of particle uptake, the active transport 
mechanism was suppressed under hypothermic conditions during the 
exposure of HCT116 monolayers to 1 μg mL− 1 of 0.25 μm particles 
(Fig. 2E). Under these conditions, active uptake of 0.25 μm was inhibited 
to the level of non-treated control while the uptake rates under normal 
conditions were at 37% particle positive cells after 3 h, confirming that 
the employed polystyrene particles were actively transported into 
HCT116 cells. A similar active transportation was reported for human 
lung cells (Liu et al., 2023). Colocalization of PS particles with formed 
vesicles was observed by applying DiO membrane dye to visualize the 
endocytic mechanism of MNP accumulation. The lipophilic fluorescent 
dye DiO serves as a general membrane and vesicle stain (Martens et al., 
2014). 

Real-time imaging was employed to visualize the uptake process in 
each region for a maximum of 4 h, contributing to an overall observation 
period of 24 h (Fig. 3; SI Video 1). Colocalization analysis was chal
lenging due to the overlapping excitation and emission spectra of the 
fluorescent particles. Additional counterstaining of fixed cells was per
formed with DAPI to visualize the nucleus. DiO colocalization studies 
showed that 1 μm MNP particles were trapped intracellularly and 
exhibited a high degree of colocalization with formed vesicles, con
firming the internalization of the PS particles via endocytosis. As seen in 
previous experiments, particles also accumulated in the peri-nuclear 
region. 

Supplementary video related to this article can be found at 
https://doi.org/10.1016/j.chemosphere.2024.141463 

5.5. Localization and distribution 

After confirming active transportation, the behavior of the MNPs was 
analyzed over time to investigate their accumulation and distribution. 
The localization and distribution of the particles were studied in both 
monolayer and spheroid culture to clarify intra- and extracellular allo
cation. Organelle staining was performed to evaluate the localization of 
incorporated particles within the cells. In living cell monolayers and 
spheroids of the HCT116 colon cancer cell line treated with 0.25 μm and 
1 μm particles, the nuclei were stained with Hoechst 3342. Confocal 
laser scanning microscopy was used to capture images at different time 
points and orthogonal projections. Three-dimensional images of the Z- 
stacks were created. These images indicated close colocalization of both 
particle sizes in the peri-nuclear region (SI Fig. 5). This is in accordance 
with the fact that PS particles of different sizes can enter macrophages 
and other cell types via the endocytosis pathway and interact with the 
endosomal-lysosomal system (Chang et al., 2020; Fröhlich et al., 2012). 

Furthermore, we hypothesized that incorporated particles would be 
detectable as a color change of stained lysosomes or endosomes from red 
to yellow. To test this hypothesis, HT29, HCT116, SW480, and SW620 
cell lines grown in monolayers were exposed to 1 μg mL− 1 of fluorescent 
0.25 μm and 1 μm particles for 24 h. Fixed cell monolayers were stained 
with LysoTracker Deep Red (red) to visualize lysosomes, and a primary 
EEA1 antibody and an Alexa Fluor 633-conjugated secondary antibody 
were used to stain endosomes (red). The stained samples were then 
monitored using confocal laser scanning microscopy (Fig. 4). 

0.25 μm PS particles showed strong colocalization with endosomes 
(Fig. 4A) and lysosomes (Fig. 4B) in all four cell lines, their overlap 
yielding a yellow fluorescence signal. Internalization and colocalization 
with endosomes and lysosomes were confirmed by Z-stack imaging. 
Although 1 μm PS particles were found in lysosomes of all four tested 
cell lines (SI Fig. 5), only HCT116 endosomes seemed to incorporate this 
size of particles. 

To gain insight in particle distribution and localization in tissues, 
multicellular spheroids of the HCT116 colon cancer cell line were co- 
incubated with 1 μg mL− 1 of 0.25 μm and 1 μm PS particles during 
the spheroid formation process. Live spheroids were monitored by 
confocal microscopy and Z-stack imaging at day 3 and 7 (data not 
shown). As previously demonstrated in FACS experiments, the particles 
were found both intra- and extracellularly in the formed spheroids after 
3 and 7 d (Fig. 3). 

Ki67 as a sensitive proliferation marker was used for proliferation 
studies in multicellular spheroids. Staining on day 3 and 7 showed 
comparable expression levels of Ki67 in treated and untreated samples 
(SI Video 2 + 3). Due to limitations of the confocal microscope of larger 
spheroids at day 7 and to ensure better orientation within the cell layers 
and spheroid zones,(Ware et al., 2016) spheroids were cryo-sectioned at 
day 3 and 7 and stained with Ki67 and DAPI. Both 1 and 0.25 μm par
ticles showed strong colocalization with the necrotic core in 7-days old 
spheroids, while in 3-days old spheroids distribution was again quite 
uniform (Fig. 5). While the concentration of particles in the inner zones 
of the spheroid still appeared high, fewer particles were found in the 
proliferation zone. This indicates that proliferating cells either excrete 
the particles or, more likely, redistribute the particles during cell divi
sion leading to decreased signals. In order to be able to follow the 
redistribution of the MNPs, no new MNPs were added during the 
experiment. We investigated this possibility by performing live cell 
imaging, monitoring the cell division of cells with incorporated PS 
particles over a 2-h period (Fig. 6). Cell division was monitored as 
brightfield and fluorescence overlay image, as well as counterstained 
with DAPI to visualize the nuclei. Both particle sizes were distributed 
between daughter cells during cell division (Fig. 6, SI Video 4). No 
excretion was observed during the monitored time frame. 

Supplementary video related to this article can be found at 
https://doi.org/10.1016/j.chemosphere.2024.141463 

Fig. 3. Vesicular endocytic uptake of PS particles. DiO stain to visualize cell membrane and vesicular endocytic trafficking over the course of 4 h including 
Hoechst3342 counterstain with DiO incubation after 1 μm particle treatment. (A) Overlay of DiO and Hoechst3342 staining and fluorescently-labeled 1 μm particles. 
(B) Single channel analysis of DiO staining of cellular membrane and vesicle formation and (F) single channel analysis of particle fluorescence. 
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5.6. Cell migration and wound healing 

Live imaging not only enables investigations on cell division, but also 
facilitates the visualization of cell migration and the trajectory of each 
cell. Based on initial analysis of the live cell imaging (see SI Fig. 7), we 
wanted to further investigate potential differences in cell migration via a 
more well-established assay like the scratch assay. Cell migration is the 
initial step in metastasis formation and therefore one of the character
istics for cancer aggressiveness and disease progression (Gerashchenko 
et al., 2019; Novikov et al., 2021). Exposure to microplastics has been 
shown to induce actin cytoskeleton rearrangements in epithelial cells 
(Yanting Li et al., 2022a). We hypothesized that the impact on the 
cytoskeleton might have an effect on cell migration too and used a 
scratch assay to investigate possible effects triggered by MNP exposure. 
HCT116 cells were treated with 1 μg mL− 1 of PS particles for 48 h prior 
to the scratch and again with 1 μg mL− 1 prior to the 24 h monitoring of 
the wound healing process. After only 12 h, an effect was visible for both 
particle sizes. 0.25 μm particles significantly increased cell migration 
speed compared to untreated control, while 1 μm particles had only a 
minor effect decreasing the propensity for cell migration (Fig. 7), 
highlighting the size-dependent effects of PS particles. 

6. Discussion 

The omnipresence of plastic in our society and environment inevi
tably leads to human exposure. MNP contamination of food is particu
larly concerning, as the GIT is likely the first site of daily exposure to 
MNPs (Schwarzfischer et al., 2022). This study aimed to investigate the 
interaction between different PS-MNP and colon cancer cell lines, 
focusing on the influence of particle size on cellular internalization, the 
localization of MNP in cellular compartments, and their accumulation 
and distribution in a more complex spheroid model. Absorption and 
distribution are two of the major aspects of toxicokinetics determining 
the fate of ingested and accumulated compounds. In our study, we 
focused on MNPs directly accumulated in gastrointestinal cancer cells, 
which are exposed to MNPs without the need to cross the intestinal 
barrier and spread through out the organism. Further experiments and 
other well-established in vitro models would be required to study MNPs 
effect on the intestinal barrier. We selected four different colon cancer 
cell lines to represent a model of cancer progression and to investigate 
whether the aggressiveness of the respective cell line impacts particle 
uptake and distribution, as well as cell division and migration. Prior to 
MNP exposure, the particles were meticulously characterized for their 
physico-chemical parameters. Although measured, the ζ-potential ob
tained in cell culture medium is not presented, since this data should be 
interpreted with caution as the complex mixture of additives and protein 

Fig. 4. Cellular internalization and localization of 0.25 μm PS particles in endosomes (A) and lysosomes (B). HT29, HCT116, SW480 and SW620 cells exposed 
to 1 μg mL− 1 0.25 μm PS particles for 24 h. CLSM images on top represent an overview of the cell population at 40× magnification, while images below correspond to 
the zoomed area (with orthogonal projections of Z-stacks), of the indicated green squares in the original picture. Nuclei are stained in blue, endosomes (A) or ly
sosomes (B) in red and 0.25 μm PS particles appear in green. Yellow is the merged fluorescence of PS particles and endosomes or lysosomes. Scale bars: 30 μm. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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concentration can interfere with the measurement and potentially 
compromise the validity of the data (Bhattacharjee, 2016). As shown 
previously, MNPs induce toxicity in different cell types (Yuqi Li et al., 
2022b; M. Xu et al., 2019) and even whole organisms (Yong et al., 2020). 
However, the doses required to induce significant effects on cell viability 
within this short time period were considerably higher than those found 
in realistic human settings. It was confirmed that 10 μm particles are less 
harmful than particles of size 1 μm or smaller, as demonstrated by 
Stocke et al. (Stock et al., 2019;Zauner et al., 2001; Banerjee et al., 2021) 

Short time experiments indicated that exposure to PS particles had 
no effect on cell proliferation and cell cycle distribution(Hwang et al., 
2020; Vecchiotti et al., 2021). Despite the assumption of Bill-Karniely 
et al.(2020), who hypothesized that more deformable and ‘soft’ cell 
types would take up more particles, SW620 cells showed a lower uptake 
after 24 h for both, 0.25 and 1 μm PS particles, than SW480 cells 
(Armistead et al., 2020). Since the cell line HT29 is derived from a 
primary adenocarcinoma with Duke’s Stage C and has a similar elastic 
modulus as SW620, (Armistead et al., 2020) it was assumed that particle 
uptake in this cell line would be higher than in SW480 cells isolated from 
a Duke’s Stage B primary adenocarcinoma. However, the observations 
of our study contradict this hypothesis, because after 24 h of incubation 
HT29 cells showed the lowest uptake of 1 μm PS particles compared to 
other cell lines. Moreover, also lower uptake rates of 0.25 μm PS parti
cles into HT29 cells were observed compared to SW480 cells. HCT116 
cells, on the other hand, showed the highest uptake rates for both 0.25 
and 1 μm PS particles. Since there is no uniform classification of the 
HCT116 cell line in the literature regarding its cancer aggressiveness, it 

is difficult to relate the results of HCT116 cells to those of other cell lines. 
The high uptake rates in HCT116 cells could be due to their belonging to 
the mesenchymal consensus molecular subtype 4 (CMS4), which may be 
more aggressive due to upregulation of genes involved in epithelial 
mesenchymal transition (EMT) and signatures related to the activation 
of transforming growth factor β (TGFβ) (Guinney et al., 2015). 

All four cell lines showed substantial uptake of the 1 μm and espe
cially of the 0.25 μm PS particles, whereas no uptake of the 10 μm 
particles was observed. This result aligns with previous reports that set 
the upper limit of intracellular MNP uptake in intestinal epithelial cells 
at 10 μm (Bruinink et al., 2015). Therefore 10 μm particles were 
excluded from further studies. In general uptake efficacy was size 
dependent for all cell lines as indicated elsewhere (Foroozandeh and 
Aziz, 2018). Biodistribution was further validated in spheroid culture of 
the HCT116 colon cancer cell line, with 0.25 μm PS particles showing 
significantly higher intracellular uptake than those of 1 μm. 0.25 μm 
particles had significantly higher uptake rates in spheroids than in 
monolayer, while the uptake of 1 μm particles was significantly higher in 
monolayer than in spheroids. The formation process of spheroids natu
rally leads to a difference in sedimentation rates between cells and PS 
particles of different sizes. Generally, cells sediment faster than PS 
particles. 

However, the uptake rates and speed are highly dependent on the 
uptake mechanism involved. Many possible routes have been identified 
and dependencies on particle properties and cell line have been under
lined previously (Firdessa et al., 2014; Kuhn et al., 2014). It has been 
shown that uptake of smaller particles (<0.5 μm) is in many cases a 

Fig. 5. Distribution of MNPs in multicellular tumor spheroids. CLSM images of HCT116 spheroids formed in presence of 1 μg mL− 1 of PS particles, stained with 
Ki67 (magenta) and DAPI (blue). (A,C) 0.25 μm PS particles, spheroids at day 3 and 7, respectively, (B,D) 1 μm PS particles, spheroids at day 3 and 7 respectively. 
Both particle sizes are shown in green due to better contrast. Images A and B show equable distribution of incorporated particles, while images C and D indicate 
colocalization with the necrotic core of the spheroid, whereas the proliferation zone in pink is in both cases particle free. Scale bars: 50 μm. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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receptor mediated process, such as clathrin or caveolin mediated 
endocytosis, while lager particles (>0.5 μm) are taken up through 
phagocytosis or micropinocytosis(Foroozandeh and Aziz, 2018). 

Consistent with the fact that clathrin and caveolin mediated endocytosis 
causes formation of early and late endosomes, which than fuse with 
lysosomes, 0.25 μm particles could be identified both in endosomes and 

Fig. 6. Distribution of PS particles during the cell division. CLSM images of HCT116 exposed to 1 μg mL− 1 of (A) 1 μm or (B) 0.25 μm PS particles. Pictures show 
particle uptake before and after mitosis (t0 and 20 min later t20). (C) Mitosis time-course of HCT116 treated with 1 μg mL− 1 of 1 μm particles and co-stained with 
Hoechst 3342. Time-dependent images were recorded every 20 min for a total of 120 min. Scale bars: 20 μm. 

Fig. 7. Scratch assay of HCT116 cells treated with 0.25 and 1 μm particles. Brightfield microscopy of scratch closure of cells treated with (A) 0.25 μm and (B) 1 
μm particles and a particle concentration of 1 μg ml− 1 compared to negative control (NC) after 0, 12 and 24 h monitored with JuLI BR system. Scratch closure analysis 
during 48 h of (C) 0.25 μm (highly significant) and (D) 1 μm particles (non-significant). Significance was calculated using GraphPadPrism and 2-way ANOVA. 
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lysosomes of all tested cell lines, while 1 μm particles were not observed 
in endosomes. It might be speculated that 1 μm particles were taken up 
by phagocytosis in most of the tested cell lines, as some of the cancer cell 
lines are capable of phagocytosis, (Ghoneum and Gollapudi, 2004) 
which may explain why they were mostly detected in lysosomes. 
HCT116 cells could, however, have additional uptake routes such as 
micropinocytosis which is an endosome mediated process. 

In spheroid culture particle of both sizes were colocalized with the 
necrotic core in 7-days old spheroids while the proliferation zone 
remained particle free. During the growth phase of the spheroid, we 
refrained from adding additional MNPs to media, as we wanted to study 
how the tissue response to once accumulated MNP. Continuous addition 
of MNPs would not allow us to identify the movement of once accu
mulated MNPs in tissue. However, our studies showed a redistribution of 
the MNPs within the spheroid, starting from a uniform distribution on 
day 7, to an irregular distribution with lower MNPs concentration in the 
proliferation zone and higher MNPs in the necrotic zone. These obser
vations could be explained by distribution of PS particles between the 
daughter cell during cell division, therefore non proliferating cells had 
higher particle values after 7 d, while strongly proliferative cells in the 
periphery had no detectable signal or reached the limit of detection. To 
the best of our knowledge, we were the first to show the fate of incor
porated particles during cell division. Remarkably, short exposure of 
0.25 μm particles significantly increased the propensity for migration of 
the cells, indicating possible pro-metastatic effects, that should be 
evaluated further on gen regulation and functional levels. 1 μm particles, 
in contrast, had no significant impact on cell migration, again under
lining size dependency. However, MNPs are expected to cause chronical 
toxicity and have been shown to do so in various organisms, (Gonçalves 
et al., 2022; Sobhani et al., 2021) therefore, long-term experiments 
should evaluate further effects. 

One of the major limitations of the study is the accessibility of par
ticles with defined other shapes, which more closely resembles the 
abrasion and degradation processes in the environment. Moreover, we 
need more data on chronic exposure of more realistic particles to clarify 
if toxic effects occur. The global strategy for evaluating and ensuring 
chemical safety is based on the assessment of persistence (P), bio
accumulation (B), and toxicity (T) of chemicals (Escher et al., 2023) as 
regulated under REACH by the European Chemicals Agency (ECHA). 
Our recent findings, along with prior studies, demonstrate high tissue 
and cellular persistence and bioaccumulation, meeting criteria for 
classification of the studied particles as substances of concern. 

7. Conclusion 

Our study provides a comprehensive understanding of the interac
tion between PS-MNPs of sizes 0.25 and 1 μm and human colorectal 
cancer cell lines, highlighting the dependency on concentration, time, 
particle size, and cell type in both 2D and 3D cell cultures. We could 
clearly show that the particles are internalized via an energy-dependent 
endocytic pathway and that the particles were found mainly colocalized 
with lysosomes and to a lesser extent with endosomes in HCT116 cells. 
The particles exhibited high persistence in both monolayer and spheroid 
cultures, accumulating in the non-proliferating parts of multicellular 
spheroids. Despite their presence, no interruption of cell proliferation or 
division was observed. Importantly, particles were distributed between 
mother and daughter cells during division, with no signs of elimination. 
Moreover, our study reveals that particles smaller than 1 μm can 
enhance cell migration, potentially promoting metastasis. This obser
vation aligns with recent research suggesting that MNPs can influence 
cellular behavior and potentially contribute to disease progression. Our 
study indicates the persistency and bioaccumulation of MNPs once 
accumulated in colorectal cancer cell lines, which are two out of three 
characteristics in toxicology and under the REACH regulation for 
potentially harmful chemicals. 
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