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Abstract

:

The usage of plastic and its decomposition products leads to their ubiquitous distribution, resulting in their uptake by all living beings, including humans. Polymethylmethacrylate (PMMA) is known as a biocompatible polymer and is used widely in medicine and dentistry, although recent findings have shown its induction of oxidative stress within cells. Worryingly, hardly any data exist investigating the uptake of PMMA particles by cells, the potential effects of these particles on cells and cell signaling pathways and their contributing factors. We assessed the uptake of PMMA beads via confocal microscopy after their incubation with HEK293, A549 and MRC5 cells. Through cell staining, we localized multiple PMMA beads within the cytosol of cells. No alterations regarding cell growth, cell morphology or cell division were found, implying no short-term toxicity towards human cells. Using a cAMP response element binding protein (CREB)-mediated reporter assay, we assessed whether internalized PMMA nanobeads alter cell signaling pathways after stimulation of the cells. CREB was chosen as a well-described transcription factor involved in various cellular processes. Our data led to the assumption that PMMA nano- and microbeads are internalized via endocytosis and end up in lysosomes within the cell cytosol. We concluded that differences regarding the surface composition of the PMMA nanobeads affect their potential to alter cell signaling. These findings emphasize the key role the surface composition plays regarding microplastics and their risks for human health, whereas the usage of medical-grade PMMA remains safe.
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1. Introduction


Despite all efforts to reduce plastic use and increase recycling, the amount of plastic produced annually still increases [1]. Both the decay of waste as well as the intentional usage of microplastics (<5 mm) has led to their ubiquitous distribution around the world [2,3,4]. Microplastics are present in drinking water, air and food. Furthermore, microplastics can act as vectors for harmful chemicals and pathogens, imposing additional threats to human health [5]. Upon uptake, microplastics induce inflammation, neurotoxicity, oxidative stress and changes in the metabolome in eukaryotic organisms [3,6,7]. Polymethylmethacrylate (PMMA) is a synthetic polymer of which its usefulness derives from two properties. Being a transparent thermoplastic polymer has enabled its widespread use as a shatterproof alternative to glass; thus, it is also known as “acrylic glass”. Remarkably, PMMA is also known as a biocompatible polymer with low toxicity, allowing for its use in medicine, dentistry and cosmetics [8,9]. Applications in the medical field involve its use as “bone cement” for the fixation of prosthetics, and as a base material for contact lenses and dentures. In addition, various drug delivery systems for use in humans based on PMMA nanobeads have been described and are currently being researched for a variety of applications [9,10,11,12]. Lastly, PMMA nanobeads are added to medical and cosmetic creams for application on human skin. Be it through the release of PMMA particles due to friction in prosthetics or the targeted application as a drug delivery system or cream, the uptake of PMMA particles is inevitable. While it is known that PMMA nanobeads can induce oxidative stress in human cell lines, hardly any data exist regarding the risks the uptake of PMMA and contributing factors harbor for human health [13]. Studies have already proven that humans ingest nano- and microplastics from various sources resulting in an accumulation within the lungs, kidney and liver [14]. Recently, it was also shown that, after ingestion, microplastics are detected in human urine. This means that these particles are adsorbed via the digestive tract or pulmonary diffusion and excreted via the kidney [15]. For that reason, the lungs, kidneys and the liver are especially prone to harmful effects after ingestion. Therefore, cell lines and 3D cell models resembling the functionality of these organs are of special interest. We used confocal imaging techniques to investigate if PMMA nano- and microbeads are internalized by HEK293, A549 or MRC5 cells or remain at the surface of cells or in the media. Furthermore, we analyzed the influence of PMMA beads on signal transduction pathways. With the addition of PMMA resulting in abolished cAMP response element binding protein (CREB)-mediated in vitro transcription, altered CREB signaling after the uptake of PMMA by human cells is expected [16]. CREB is a ubiquitously expressed transcription factor and is essential for the function of a cell. CREB-mediated signaling regulates eukaryotic signaling processes, especially in the development of long-term memories and the regulation of the cell cycle [17]. CREB is part of the protein kinase A (PKA) signaling pathway, with it mainly being activated through phosphorylation. Disturbances regarding CREB-mediated signaling can result in defective neuronal development, abolished hematopoiesis and play a role in the development of cognitive and neurodegenerative disorders [18,19]. The aim of this study was to visualize the uptake of PMMA by human cell lines. With the emerging research linking the uptake of microplastics to neurodegenerative disorders, we also investigated whether PMMA particles will alter CREB-mediated signaling as a possible mechanism behind it [20].




2. Materials and Methods


2.1. Cell Culture


HEK293 and A549 cells (DSMZ, Braunschweig, Germany) were cultivated in DMEM (Sigma-Aldrich, Taufkirchen, Germany), while MRC5 cells (ATCC, Manassas, VA, USA) were cultivated in Alpha-MEM (Biowest, Nuaillé, France) with 10% fetal bovine serum added (Biowest, Nuaillé, France) at 37 °C, 5% CO2. Every two to three days, cells were passaged to not exceed 80% confluency. Doubling times were determined to assess whether PMMA beads reduced cell growth and division. Using a 24-well plate (Sarstedt, Germany), 5 × 104 cells per well were incubated with 12.5 µg/mL or 1.25 µg/mL PMMA for 72 h. After 72 h of incubation, cell nuclei were stained for 20 min with a phosphate-buffered saline (PBS) solution containing 5 µg/mL Hoechst 33,342 (Abcam, Cambridge, UK). For image acquisition, cells were then placed in the fluorescence microscope IX83 from Olympus (Tokyo, Japan), whereby the microscope software “scanR” (https://www.olympus-lifescience.com/en/microscopes/inverted/scanr/) enabled cell counting using the pictures acquired after staining the cell nuclei. For sufficient accuracy and subsequent statistical analysis, 25 images for each well were acquired to determine the cell number. Using the following equation, the doubling time (tD) was calculated:


    t   D   =       log   10    ⁡    2   ∗ i n c u b a t i o n   t i m e   [ h ]         log   10    ⁡  N −     log   10    ⁡    N   0          








with     N   0     being the number of cells at the start and   N   after 72 h.




2.2. Confocal Imaging


For confocal imaging, HEK293, A549 and MRC5 cells were seeded out in an eight-well chambered coverslip (ibidi, Gräfelfing, Germany) with each well containing 2 × 104 cells and 4.5 × 109 beads/mL. After incubation for 48 h, cells were fixed with 4% (m/v) paraformaldehyde for 15 min, washed two times with PBS and then stained for 30 min using a PBS solution containing 5 µg/mL Hoechst 33,342 and 200 µg/mL Concanavalin A (Con A)-Alexa Fluor™ 594 (ThermoFisher, Hennigsdorf, Germany). Hoechst 33,342 is a fluorescent dye used to stain the nucleus, while Con A binds to carbohydrates mainly found on the cell membrane. After staining, cells were washed with PBS to minimize unspecific signals during image acquisition. Images were collected using a LSM 710 from Zeiss (Jena, Germany) at 40×/63× magnification. Image analysis was performed via ImageJ 1.54b software.




2.3. Transfection of HEK293 Cells


HEK293 cells were plated at a density of 3 × 104 per well in a 24-well plate with PMMA nanobeads (4.5 × 109 beads/mL). After 72 h, cells were transfected with either one of the following plasmids: CMV-MGFP as the positive control, CRE-MGFP as the inducible gene and TATA-MGFP linked to a non-inducible region as the negative control [16]. All three plasmids are part of a Cignal Reporter Assay Kit (Qiagen, Venlo, The Netherlands) and based on the stimulation of a CREB-mediated protein kinase A (PKA) signaling pathway. The principle of transfection is lipotransfection. Transfection was perfomed according to the manufacturer’s instruction (TransIT®-293 Reagent, Mirus Bio LLC, Madison, WI, USA). After 24 h, the transfection is finished, and the cells were washed with PBS. Prior to the stimulation, the cells were incubated with DMEM lacking fetal calf serum for 2 h. For stimulation, 50 µM forskolin (Merck, Darmstadt, Germany) and 50 µM 3-Isobutyl-1-methylxanthin (IBMX, Merck, Darmstadt, Germany) were then added. Forskolin activates adenylyl cyclases, resulting in increased intracellular cAMP levels. IBMX is a nonspecific inhibitor of phosphodiesterase, thus inhibiting the breakdown of cAMP. This leads to the long-term activation of protein kinases and, as a result, the activation of CREB via phosphorylation [21]. After 4 h of incubation, the resulting fluorescence is measured each hour for a 4 h period using an IX83 from Olympus (Tokyo, Japan). The resulting fluorescent images were evaluated using ImageJ 1.54b software.




2.4. Image Analysis


For each fluorophore present during confocal imaging, an own color channel image was acquired showing the excitation of either Hoechst 33342, Con A-Alexa FluorTM 594 or the PMMA beads. The three channels were then merged via ImageJ. To analyze the intensity profiles after the stimulation of transfected HEK293 cells (see Section 2.3) with and without PMMA, a binary image was created which contains the intensity for each cell emitting light after excitation of MGFP. For each cell present in the image acquired, ImageJ determined the average intensity. The cutoff value of the pixel intensity to differentiate between background and cells was 5000. All objects smaller than 90 µm2 were excluded from the evaluation. This allowed for sufficient differentiation between cells and background artefacts. Using RStudio 2023.09.1 (Posit PBS, Boston, MA, USA), boxplots were made showing the resulting average intensity of all cells for every time point with the corresponding standard deviation and number of cells detected.




2.5. Beads


Fluorescent PMMA beads were purchased from PolyAn (Berlin, Germany). The fluorophore “PolyAn Orange” was incorporated into the PMMA matrix during polymerization, preventing leaking. The beads were covered with carboxy groups, enabling coupling of proteins. Nanobeads with 165 nm diameter and microbeads with 2 µm diameter were used in this study.





3. Results


3.1. Confocal Imaging


Due to the accumulation of microplastics in the lungs and kidneys, cells within those organs are exposed to effects from the uptake of microplastics [22]. Published studies have shown a link between particles in the air and the development and increase in lung diseases [23]. There is a link between ingested polystyrene microparticles and kidney damage in mice [24]. The selected cell lines are established and well-characterized. As previous literature indicates, HEK293 and A549 cells take up PMMA, whereas for MRC5, no literature regarding the uptake of PMMA can be found [13,25]. By visualizing whether PMMA beads enter the cytosol of the three cell lines, presumptions can be made regarding whether it is likely that PMMA will have an effect on signal transduction pathways of human cell lines.



Con A was used to stain the cell membrane, allowing for the visualization of the interface between the outside and inside of the cell. We were able to detect PMMA beads inside the cytosol of the HEK293, A549 and MRC5 cells (Figure 1). For each cell line analyzed, multiple beads entered the cell. The beads were randomly distributed within the cytosol. No PMMA beads were detected within the nucleus. The beads appeared yellow rather than green after merging all the color channels due to the mixing of the signals of the PMMA beads and Con A. This indicates that the beads were surrounded by a membrane structure. Interestingly, the beads located outside the cells also seemed to be surrounded by a membrane structure. Our data allow no discrimination of whether this is an artefact due to unspecific binding of Con A to the beads or if the beads were secreted by the cells during the staining process.



The size of the beads was determined using ImageJ and is shown in Table 1. Due to aggregation, the determined size of the nanobeads (~0.6 µm) differs by a factor of three from the starting material (Ø = 165 nm). While we cannot discriminate exactly at which point the aggregation occurred, it is highly likely the aggregation occurred prior to the cell entrance. The PMMA beads incubated with DMEM in the absence of cells already showed aggregation, indicating that the aggregation likely took place before their uptake by cells. The microbeads showed no aggregation, with size measurements averaging at 2.03 µm.




3.2. Doubling Time


The cells were incubated with varying amounts of PMMA for 72 h. After incubation, the cells were stained with Hoechst 33342. Using the fluorescence microscope IX83, images were acquired of the cells. ScanR, a processing software, allows for the determination of the number of cells after 72 h of incubation and therefore allows for the calculation of the doubling time t0. The results are summarized in Table 2.



The doubling times of the HEK293, A549 and MRC5 cells incubated without the PMMA nano- and microbeads are in line with those found in other publications [26,27,28]. Only at excessively high particle densities exceeding environmentally relevant concentrations was a significant deviation in the doubling time measured. Under such conditions, the cells did not adhere to the growth surface and remained circular in suspension. Apart from that, the incubation with PMMA resulted in no significant reduction in cell growth or cell division or alteration in cell morphology. This indicates that PMMA shows no short-term toxicity towards the growth and division of HEK293, A549 and MRC5 cells.




3.3. Transfection of HEK 293 Cells


The plasmids used for transfection were derived from a reporter assay kit used for the quantitative assessment of signal transduction pathways. Previously, it has been shown that the addition of PMMA nanobeads will result in abolished in vitro gene expression [16]. Transfection using the same plasmids enables assessment of whether CREB-mediated signaling is altered in HEK293 cells due to the presence of PMMA as well. The resulting intensity after stimulation is shown in Figure 2. The HEK293 cells were transfected with CMV-MGFP as the positive control, CRE-MGFP as the reporter construct and TATA-MGFP linked to a non-inducible region as the negative control. Prior to transfection and stimulation, the cells were incubated with PMMA nanobeads (Ø = 165 nm, 4.5 × 109 beads/mL) or PBS for 72 h. By adding the nanobeads during cell seeding, the uptake of beads by the cells is ensured. Additionally, this will result in the sufficient distribution of the nanobeads between the cells, whereby the PMMA nanobeads will have entered most of the cells.



Incubation with the PMMA nanobeads (4.5 × 109 beads/mL) did not alter CREB-mediated cell signaling. For the CMV-MGFP (positive control) fluorescence intensity, prior incubation with PBS resulted in an average intensity of 10,451 ± 3401 after 4 h with no significant changes over the course of the experiment. Incubation with the PMMA nanobeads resulted in a similar initial intensity of 10,191 ± 3787, while no significant changes were displayed over time either. The stimulation of the transfected HEK293 cells with the CRE-MGFP (reporter) showed an increase in the intensity measured over time independent of prior incubation with PBS or the PMMA nanobeads.



The average intensity for incubation with PBS rose from 7042 ± 1605 to 13,136 ± 6044, clearly showing the stimulation of the signaling pathway. Similarly, the intensity rose for prior incubation with PMMA from 7124 ± 1350 to 13,096 ± 5867. The data show CREB-mediated cell signaling through stimulation using forskolin and IBMX is not altered by prior incubation with PMMA nanobeads.





4. Discussion


4.1. Confocal Imaging


Since the surface of human cells is covered with glycoproteins and glycolipids, staining with fluorophore-coupled Con A allows for the visualization of the cell membrane via fluorescence microscopy. This allows for the determination of whether PMMA beads are within cells or outside, as the cell membrane serves as an interface between. HEK293, A549 and MRC5 cells uptake PMMA [13,25]. The images in Figure 1 show multiple beads located within the HEK293, A549 and MRC5 cells. The PMMA beads were randomly distributed within the cytosol of the cells. The size of the internalized PMMA nanobeads increased by a factor of three. This indicates aggregation occurring within the PMMA nanobeads. In a complex environment like biological media, nanoparticles tend to aggregate [29]. Therefore, the observed aggregation of the beads most likely takes place before their uptake by cells. During uptake, these aggregates remain intact and enter the cytosol. Since the signals of the PMMA beads overlap with those of Con A, the binding of Con A to the beads is proven. While the unspecific binding of Con A to the beads is possible, we propose the binding of Con A is specific due to protein adsorption to the beads prior to being internalized. Furthermore, previous reports suggest the uptake of PMMA beads is via endocytosis. During this process, the beads end up as late endosomes and lysosomes [30]. Lysosomes are embedded within a membrane containing glycoproteins on its surface; hence, the binding of Con A is observed [31]. Coincidentally, the size of the nanobead aggregates is within the usual size of lysosomes, ranging between 200 and 600 nm, further supporting that the mechanism behind the uptake of PMMA beads is endocytosis [32]. Regarding the PMMA microbeads (2 µm), no aggregation was observed after incubation with cells. The aggregation of nanobeads can be of relevance regarding drug delivery systems based on PMMA nanobeads, especially since the aggregation of intravenously administered nano-therapeutics results in an increased clearance in the liver [29]. Due to the fixation of cells necessary for fluorescence staining, the quantification of PMMA beads per cell was not possible in this experimental setup. Nonetheless, a dependency is detectable regarding the uptake of PMMA beads by HEK293, A549 and MRC5 cells. The larger the diameter of the beads, the smaller the number of beads taken up by each cell.




4.2. Doubling Time


In accordance with other publications, the incubation of HEK293 and A549 cells with PMMA beads resulted in no significant reduction in the cells counted, with the doubling times remaining unaffected. No major effects of PMMA on cell growth, division or the cell cycle are reported [13,33,34]. No publication has been found regarding the cytotoxicity of PMMA towards MRC5. Our results indicate no major effects occur due to the doubling times not being altered by incubation with PMMA as well. The beads are split evenly between cells, with the distribution of the beads appearing to be random during cell division. Only by incubation with excessively high amounts of PMMA can a reduction in cell growth be seen. While the uptake of excessive amounts of PMMA by a human is unlikely, due to the local enrichment of microplastics in human organisms, local harmful effects cannot be excluded entirely. Since we only investigated the direct exposure of human cell lines to PMMA beads, no assumptions can be made regarding long-term toxicity.




4.3. Transfection


The addition of 100 µg/mL PMMA nanobeads abolishes CREB-mediated in vitro transcription using the same reporter assay as in this work [16]. In accordance with da Silva Brito et al., we concluded that a concentration of 12.5 µg/mL [4.5 × 109 beads/mL; 0.0125% (w/w)] is more appropriate in in vitro experiments, also resembling the average microplastic concentration of 0.01% in marine environments [13,35]. While the concentration in blood samples is significantly lower, at 1.6 µg/mL, due to the accumulation within the lungs and kidneys, we expect a local increase in plastics in these organs supporting the chosen concentration [36]. With HEK293 cells able to internalize PMMA nanobeads, we expected similar effects within the cells. Regarding the cells transfected with the CMV-MGFP plasmid, the constitutive expression of MGFP is not altered. Since nanobeads are not entering the cell nucleus after internalization, no inhibition of transcription can occur. Nevertheless, internalized microplastics can alter cellular structures and interact with proteins resulting in conformational changes in the protein secondary structure and loss of function [37]. This is heavily influenced by the surface composition of the microplastic though, influencing its biological fate and toxicity [38]. The aggregation and uptake of PMMA beads via endocytosis results in the beads being embedded in a membrane. Due to this, no alteration regarding the translation of MGFP within the cytosol is given after uptake by HEK293 cells either. Furthermore, the transfection of HEK293 cells with the CRE-MGFP plasmid and the stimulation of PKA signaling pathways via forskolin and IBMX are not altered by the presence of PMMA nanobeads within the cytosol either. The resulting expression of MGFP remains unaffected when comparing that of cells priorly incubated with PBS to cells incubated with PMMA nanobeads. These results underline the role the surface composition plays regarding the toxicity of microplastics in general. While in vitro transcription can be abolished by adding PMMA beads, no equivalent alteration is found within HEK293 cells. This implies that after the uptake by HEK293 cells, the PMMA nanobeads lose the ability to alter cell signaling via loss of function for essential proteins. While a connection between neurodegenerative disorders and the uptake of microplastics is likely, we found no evidence that the internalization of PMMA nanobeads interfering with CREB-mediated signaling pathways plays a role in that for the cell lines tested.



Microplastics on land and in the sea are continuously in contact with a complex biological environment exposed to constant physical and chemical changes. For risk assessment regarding human health, the relationship between the biological environment, chemical degradation and aging resulting in changes in the surface composition of microplastics needs to be determined. Understanding the role the surface composition plays is key for a better understanding of the toxicity of internalized microplastics.
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