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Abstract. There is growing evidence of the cytotoxic effects of micro- and nanoplastics (MPs) on 
the cardiovascular system. However, the proof of their direct interaction with living cardiomyocytes 
is limited. This study aimed to analyze the interaction of polystyrene (PS) MPs with freshly isolated 
adult cardiomyocytes. The primary cardiomyocytes from adult rat hearts were exposed to solutions 
with MPs of different sizes (20, 100, 200, 500, 1000, and 2000 nm, respectively) for up to six hours. 
We observed that small MPs, sized 20 nm, showed mostly intracellular localization, and MPs sized 
100 nm had partial intracellular location. On the other hand, MPs sized 200–1000 nm had predomi-
nantly surface localization. The larger MPs, sized 2000 nm, did not interact with the cardiomyocytes. 
These findings reveal the complexity of MPs-induced interaction with cardiac cells and suggest the 
size of the MPs as one of the key localization determinants for these cells.
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Introduction

There is growing evidence of the toxic effects of micro- and 
nanoplastics (MPs) on the cardiovascular system (CVS) (for 
review, see Prattichizzo et al. 2024). Regarding these effects of 
MPs on CVS, MPs are now considered a novel cardiovascular 
risk factor (Zhu et al. 2023). The high exposure to MPs is 
associated with functional and structural alteration of CVS, 
such as decreased cardiac output (Sun et al. 2021), acceler-
ated heart rate and blood velocity (Duan et al. 2020; Yang 
et al. 2020), but also myocardial fibrosis (Wei et al. 2021), 
endothelial dysfunction (Shiwakoti et al. 2022), and cardio-
metabolic disease (Zhao et al. 2022). The presence of MPs 

derived from plastics of various origins was documented 
in humans in atherosclerotic plaques and thrombi (Wu et 
al. 2023; Wang 2024), arteries (Liu et al 2024), atheromas 
(Marfella et al. 2024), saphenous vein tissue (Rotchell et al. 
2023), as well as in the left atrial myocardium, epicardial, 
and pericardial adipose tissues (Yang et al. 2023). 

Studies at the tissue and cellular levels have shown toxic 
effects of MPs on several processes underlying the mani-
festation of CV damage, such as inflammation, oxidative 
stress (Xiong et al. 2025), endothelial dysfunction (Vlacil 
et al. 2021), platelet aggregation (Wu et al. 2023), cell se-
nescence (Shiwakoti et al. 2022), an increased expression of 
interleukin (IL)-1β, IL 18 (Wei et al. 2021) (for review, see 
Banerjee et al. 2021; Prattichizzo et al. 2024). MPs can be 
internalized via inhalation or ingestion (Kahan et al. 2025), 
and internalization-related cytotoxicity was described in 
several systems (reviewed in Chulkov et al. 2025); namely 
in an in vitro model of intestinal epithelium (DeLoid et al. 

https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-8798-0624
https://orcid.org/0000-0001-8044-8419
https://orcid.org/0000-0003-1742-8962
https://orcid.org/0000-0002-0227-0296
mailto:Alzbeta.MarcekChorvatova@cvtisr.sk


420 Marcek Chorvatova et al.

2021) and in lung cells (Zhou et al. 2026). Time- and dose-
dependent internalization was also observed in human iPSC-
derived cardiomyocytes (Wang et al. 2024). These findings 
underscore the necessity of elucidating the effect of MPs on 
myocardial cells.

The size of MPs is shown as one of the key determinants of 
cytotoxic effect in different experimental models (Sohaebud-
din et al. 2010; Lei et al. 2018; Wu et al. 2019; Xu et al. 2019; 
and reviewed in Zhou et al. 2026). Size-dependent cardio-
toxicity of PS MPs is also demonstrated on myocardium (Li 
et al. 2020; Wei et al. 2021) and neonatal (Roshanzadeh et 
al. 2021), or human iPSC-derived (Ma et al. 2025) cardio-
myocytes. However, the proof of direct interaction of MPs of 
different sizes with living primary adult cardiac myocytes is 
still missing. The aim of this study was therefore to evaluate 
the interaction of cardiomyocytes, freshly isolated from liv-
ing hearts, with PS MPs ranging from micro to nanoplastics. 

Material and Methods

Isolation of cardiac myocytes

All experiments were conducted in accordance with the 
guidelines for the care and use of laboratory animals and were 
approved by the State Veterinary and Food Administration of 
the Slovak Republic, in compliance with Order No. 289/2003 
of the Slovak government (approval No. 6556-3/2023-220).

Left ventricular cardiac myocytes were isolated from the 
Wistar rats ranging 250–450 g, using a protocol described 
previously (Cagalinec et al. 2019). Briefly, excised hearts 
were retrogradely perfused with modified Tyrode solution 
containing 1 mmol/l CaCl2, followed by the perfusion 
with modified Tyrode solution with no calcium and the 
addition of EGTA (0.1 mmol/l) to relax completely the 
heart muscle. The heart was then enzymatically digested 
by perfusion with modified Tyrode solution with the ad-
dition of 0.05–0.2  mg/ml Liberase TM and low calcium 
(50  µmol/l). Finally, the left ventricle was cut into small 
pieces and incubated in the solution with attenuated en-
zyme activity (BSA, 1% w./v.). The suspension was filtered 
through a nylon mesh (100 µm), washed, and stored in the 
modified Tyrode solution with low calcium (50 µmol/l). All 
steps were performed at 37°C. Only the best-quality cells 
were used for experiments for up to 10 hours after isola-
tion. Each experiment was repeated 3–5 times, and at least 
3 different cell isolations were tested. Each observation was 
thus confirmed on 10–15 individual cells.

MPs of different sizes

PS MPs of different sizes were purchased commercially as 
a  FluoSpheres® size kit #2 (F8888, Invitrogen by Thermo 

Fisher Scientific), carboxylate coupling surface, labeled 
with yellow-green fluorescence (Ex/Em 505/515 nm), as 
previously described (Marcek Chorvatova et al. 2025a). We 
compared MPs of six sizes with nominal bead diameters of 
20, 100, 200, 500, 1000 and 2000 nm. MPs were added to 
cells at a concentration of 2 μl/ml (corresponding, with 2% 
solids in the original solution, to cca 500 μg/l), and the cells 
were recorded (following a  1-hour incubation with MPs 
of particular size) during approximately 1 hour at room 
temperature. 

Application of metabolic modulators 

Selected metabolic modulators: H2O2, rotenone, and dini-
trophenol (DNP; all Sigma-Aldrich, Germany) were applied 
in 1 µmol/l, 1 µmol/l, and 50 µmol/l concentrations, respec-
tively, and tested 5–60 minutes following their application.

Confocal microscopy

Laser scanning confocal microscopy (LSCM) was employed 
to record images following excitation with the 450 nm laser 
line (Kvant, Slovakia), taken with Axiovert 200 LSM 510 
Meta NLO (Carl Zeiss, Germany), equipped with objective 
C-Apochromat 40x, 1.2 W, and detected using a  spectral 
META detector, as previously described (Marcek Chor-
vatova et al. 2019, 2025b). Recording with bandpass filter 
500–550  nm served to monitor the fluorescently-labeled 
MPs (Fig. 1A and 2A). Spectrally resolved images were 
taken across 8 spectral channels from 499 to 573 nm with 
an 11 nm step to record the fluorescence of the labelled 
MPs (Fig. 1B,C and 2B,C). However, as no differences were 
recorded in the presence of MPs, the recorded spectra are, 
not illustrated.

Results

To study the interaction of isolated cardiomyocytes with dif-
ferent sizes of PS MPs, ranging from micro to nanoplastics, 
confocal microscopy imaging was employed. The protocols 
were chosen to visualize the MPs’ fluorescence, while mini-
mizing the contribution of the endogenous fluorescence of 
flavins (Fig. 1A), naturally present in cardiac cells (reviewed 
in Marcek Chorvatova et al. 2021). MPs concentration of 500 
μg/l was chosen to correspond to a higher, but not acutely 
cytotoxic concentration (Ma et al. 2025).

The results revealed different interactions between the 
PS MPs and cardiomyocytes, depending on the particle 
size. As shown in Figure 1A, the smallest PS MPs, of 20 and 
100 nm, showed predominantly intracellular accumulation. 
Mostly surface localization was observed for PS MPs with 
sizes between 200 and 1000 nm, while no interaction was 
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noted with PS MPs of larger sizes (2000 nm); these large 
particles were dispersed outside the cells without attaching 
to the cardiomyocytes. Each recording was confirmed on 
10–15 individual cells.

This observation was further substantiated by the spec-
trally-resolved recording between 499–573 nm (step 11 nm; 
Fig. 1B,C). It confirmed that most PS MPs sized 20 nm were 
located inside the cardiac cells, as evidenced by the presence 
of intracellular fluorescence and unstained nuclei (Fig. 1; 
20  nm). Minimum surface localization was present. For 
100 nm particles, partial intracellular location was also noted, 
as evidenced by the presence of unstained nuclei. 

The cells were also tested for their responsiveness to meta-
bolic modulation to prove their viability: more specifically, 
metabolic modulators (H2O2, 1 µmol/l; rotenone, 1 µmol/l, 
and DNP, 50 µmol/l) were applied to verify the cells’ sensitiv-
ity. In agreement with our previous observations (Chorvat 
et al. 2005; Marcek Chorvatova et al. 2019; reviewed in 
Marcek Chorvatova et al. 2021), an increased endogenous 
fluorescence was recorded following the application of H2O2, 
inducing oxidative stress, as well as following an uncoupling 
of the respiratory chain with DNP, as shown in Figure 2. The 
expected decrease in endogenous fluorescence following 
exposure to rotenone was not recordable, most likely due to 
a very low endogenous fluorescence in control cells related 
to the optimization of the protocols, which allowed for the 
visualization of the strong fluorescence of the MPs.

Discussion

The results of this study demonstrated that the size of the 
PS MPs is a key localisation determinant for isolated adult 
cardiomyocytes. We observed mostly intracellular locali-
zation of the small MPs, sized 20 nm. MPs sized 100 nm 
showed partial intracellular location, while those sized 
200–1000 nm have predominantly surface localization. 
The larger MPs, sized 2000 nm, did not interact with the 
cardiomyocytes. 

The size of MPs as one of the key determinants of their 
harmful effects was already proven in other experimental 
models (Sohaebuddin et al. 2010; Lei et al. 2018; Wu et al. 
2019; Xu et al. 2019; Ruan et al. 2023). Although size-related 
cardiotoxicity of PS MPs was also demonstrated on myocar-
dium (Li et al. 2020; Wei et al. 2021; Zhang et al. 2023) and 
neonatal (Roshanzadeh et al. 2021), or human iPSC-derived 
(Ma et al. 2025) cardiomyocytes, the proof of the differential 
interaction of MPs of different sizes with freshly isolated liv-
ing cardiac myocytes from adult hearts was missing.

The accumulation of the smallest particles inside cardio-
myocytes, as found in our study, is consistent with the work 
of Xiong et al. (2025), where PS MPs of the size 89 ± 12.3 nm 
penetrated the cell membranes of murine myocardial cells 

Figure 1. Visualization of PS particles of varying sizes (ranging 
from 20 nm to 2000 nm) in isolated cardiomyocytes. A. Merged 
transmission and fluorescence confocal images, recorded following 
excitation at 450 nm with a bandpass filter of 500–550 nm (scale 
bar: 100 µm). Spectrally resolved images of PS particles of sizes 
ranging from 20–200 nm (B) and 500–2000 nm (C) in isolated 
cardiomyocytes, recorded from 499 to 573 nm with an 11 nm step 
(scale bar: 100 µm and on the right a zoomed part of the middle 
image (scale bar: 20 µm)). Control corresponds to a condition where 
no PS particles were added. 
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and caused oxidative stress and inflammatory response. On 
the organ level, exposure to PS MPs resulted in ventricular 
enlargement, thinned ventricular walls, decreased ejection 
fraction, reduced heart rate, and a drop in blood pressure 
(both systolic and diastolic) (Xiong et al. 2025). Roshanza-
deh et al. (2021) showed that the location of the smallest 
particles is time-dependent. Using neonatal rat ventricular 
cardiomyocytes, the 50 nm PS particles aggregate on the 
cellular membrane during the early short-lasting phase of 
the exposure. Soon, they penetrated inside the cardiomyo-
cytes, causing decreased myocardial contractility, altered 
intracellular calcium levels, electrophysiological activity, and 
cellular metabolism. These findings also correspond to the 
histological findings of Zhang et al. (2023) in mice exposed 
to 40 nm PS nano-plastics via inhalation. In this study, the 
dose-dependent and time-dependent cardiotoxicity was 
demonstrated. The histology uncovered the myocardial fib-
ers’ distortion and disruption, including fractured myofila-

ments and damaged mitochondria. In human iPSC-derived 
cardiomyocytes (Ma et al. 2025), long-term exposure caused 
contractile dysfunction through disruption of Ca2+ hand-
ing and had pro-hypertrophic cardiotoxicity at both 50 and 
1000 nm. Unfortunately, understanding longer exposures, 
although highly interesting, is not possible under our ex-
perimental conditions due to the degradation of isolated 
cardiomyocytes several hours following isolation.

The protocols of our study were optimized to visualize 
the MPs’ fluorescence, while minimizing the contribution 
of the autofluorescence of flavins, which is naturally present 
in cardiac cells (Marcek Chorvatova et al. 2019). However, 
in the case of the smallest nanoparticles (20 nm), we cannot 
exclude possible changes in the autofluorescence of cardio-
myocytes, related to modification of their metabolic state. We 
previously reported modulation of the cardiomyocyte auto-
fluorescence with their metabolic state (Chorvat et al. 2005; 
Marcek Chorvatova et al. 2019), which can be an additional 
factor underlying the recorded increase in the fluorescence, 
particularly in the case of the smallest nanoparticles. This 
result is in agreement with a finding that the smaller-sized 
MPs induce cellular toxicity in mammalian cells (for a review, 
see e.g. Banerjee et al. 2021), causing structural and func-
tional changes in cells. Altogether, our findings demonstrate 
that the interaction of MPs with cardiomyocytes is strongly 
related to the MPs’ size. 

For PS MPs sized 200–500 nm, clear surface localization 
on the membrane of the cardiomyocytes was present. Partial 
surface localization was also noted for MPs sized 100 nm and 
1000 nm. Li et al. (2020) presented histological findings in 
Wistar rats exposed to different concentrations of 500 nm PS 
particles. The PS MPs’ exposure resulted in structural dam-
age to myocardial tissue, including apoptosis and collagen 
proliferation, which were reflected in the increased levels of 
biomarkers of cardiac injury. Similar findings are reported 
by Wei et al. (2021).

No interaction was found between the PS MPs and 
cardiomyocytes using 2000 nm particles. Using other cell 
models (Ruan et al. 2023), it was demonstrated that larger 
particles did not enter the cells and that particles above 500 
nm did not induce inflammatory responses. These findings 
are in agreement with our observation of larger-microsized 
particles employed in this study. However, it was also shown 
that, following inhalation in animals, large PS MPs of the 
size 1 µm (Vlacil et al. 2021) or even 10 µm (Zhang et al. 
2023) can penetrate the pulmonary-to-bloodstream barrier, 
enter the circulation, and lead to cardiac injury, possibly via 
structural damage of the heart tissue and interference with 
normal cardiac contraction. Consequently, despite their 
incapacity to penetrate the cardiomyocytes, these particles 
can also present cardiotoxicity risks.

It is now well-established that the environmental pollu-
tion by MPs is becoming one of the most serious burdens 

Figure 2. Effect of metabolic modulators on isolated cardiomyo-
cytes. A. Merged transmission and fluorescence confocal images, 
recorded following excitation at 450 nm with a bandpass filter of 
500–550 nm (scale bar: 100 µm). B. Spectrally resolved images of 
isolated cardiomyocytes, recorded from 499 to 573 nm with an 
11 nm step (scale bar: 100 µm; left and middle) and on the right 
a  zoomed part of the middle image (scale bar: 20 µm). Meta-
bolic modulators (H2O2, 1 µmol/l; rotenone 1 µmol/l and DNP, 
50 µmol/l) are tested.

A

B



423Size-related MP-cardiac cell interactions

of the 21st century and that the potentially toxic effects of 
MPs pose a new threat to human health (Li et al. 2023). This 
is also related to the fact that MPs enter the human body 
via oral intake, inhalation, or skin (de Oliviera et al. 2024). 
Consequently, MPs are now present in human blood (Leslie 
et al. 2022), where they can affect cellular systems and organs, 
including the heart, thus necessitating further investigation 
of the effect of MPs on cardiac cells.

Conclusion

In this study, we demonstrated that the size of the PS MPs 
is a key localization determinant for isolated adult cardio-
myocytes. Recognizing these relationships can be crucial for 
understanding the mechanisms of the MPs’ cardiotoxicity. 
Based on their localization, MPs can significantly affect the 
cardiomyocyte functioning: while the surface localization 
is likely to affect the membrane polarization and electro-
physiological properties, the intracellular localization is most 
likely to affect cell metabolism and have lasting effects on the 
cell functioning. Further study is necessary to comprehend 
this relationship. 
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