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Abstract 27 

In recent years the terms "micro-/nanoplastics" (MNPLs) have caught special attention 28 

due to the increasing levels by which humans are exposed. Among MNPLs, 29 

polystyrene nanoparticles (PSNPs) are one of the most represented MNPLs in the 30 

environment. These tiny particles may enter into the human body, translocate through 31 

human barriers, interacting with blood and lymphatic immune cells, and reaching 32 

secondary organs. By using three different human leukocytic cell lines: Raji-B (B-33 

lymphocytes), TK6 (lymphoblasts) and THP-1 (monocytes), we pursued to determine 34 

the effects of these PSNPs on the immune cell population. With this aim, the three cell 35 

lines were exposed to spherical PSNPs of about 50 nm of diameter and cytotoxicity, 36 

cellular uptake, reactive oxygen species (ROS) production, and genotoxicity were 37 

assessed at different time-points. Results show differences in all the measured 38 

endpoints, among the selected cell lines. Thus, whilst the monocytic THP-1 cells 39 

showed the highest particle internalization, no adverse effects were observed in such 40 

cells. On the other side, although Raji-B and TK6 showed lesser PSNPs uptake, mild 41 

toxicity, ROS production and genotoxicity were detected. These results highlight the 42 

importance of the cell line selection when the biological effects of PSNPs are 43 

evaluated.  44 

 45 

Keywords: Polystyrene nanoparticles, ROS, genotoxicity, THP-1, Raji-B, TK6 46 

 47 

  48 
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1. Introduction 49 

Micro-/nanoplastics (MNPLs) contamination has become a global concern since 50 

the presence of these ubiquitous and tiny particles (< 5,000 µm) is rapidly increasing in 51 

all the environments and ecosystems. A recent study estimates that the ocean is 52 

contaminated by 8.3 million MNPLs per cubic meter of water, a million times more than 53 

previously estimated (Brandon et al., 2020). The origin of this contamination mainly (60 54 

- 80%) comes from the degradation of the accumulated plastic waste giving rise to the 55 

so-called secondary MNPLs (Andrady, 2003; Hesler et al., 2019). On the other side, 56 

the contamination of primary MNPLs (the intentionally “micron and nano-size” 57 

synthesized particles for industrial applications), comes mainly from cosmetics and 58 

personal care products (Napper et al., 2015). Regardless of the origin of these 59 

particles, its direct and continuous contact with human beings has arisen many 60 

questions about the potential health effects, which are still not completely answered.         61 

 Among the plastic polymers, polystyrene (PS) is a highly synthesized and versatile 62 

material used in different industrial applications such as food packaging, electronics, 63 

automotive sector, containers for transportation, and house appliances, among many 64 

others (ChemicalSafetyFacts.org). In biomedicine, PS has also been used in diagnostic 65 

components, in tissue culture trays, test tubes, Petri dishes, medical devices, and in 66 

form of nanoparticles in pharmacological studies (Loos et al., 2014; Lehner et al., 67 

2019). Besides the suitability of this product for the production of so many consumer 68 

products, the low economic cost has perpetuated its industrial growth. Due to the high 69 

production on one hand, and its extreme resistance to being degraded, on the other 70 

hand, the generated primary and secondary PS-MNPLs are accumulating in all the 71 

ecosystems. In this way, they are becoming one of the top three MNPLs found in 72 

nature, and a great environmental problem (Tokiwa et al., 2009; Loos et al., 2014; 73 

Bouwmeester et al., 2015; Galloway, 2015). Consequently, the internal presence of 74 

PS-MNPLs has already been detected in a wide variety of organisms (Wright et al., 75 

2013; Gallo et al., 2018). 76 
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 Although the scientific studies are growing fast in this area, there is still a general 77 

lack of knowledge about the biological effects, in in vitro and in vivo mammalian 78 

models, of MNPLs in general, and PS-MNPLs in particular (Rubio et al., 2019). 79 

Nevertheless, the use of PS nanoparticles (PSNPs) in biomedicine, as a model in 80 

pharmacological studies, has provided additional information about its related biological 81 

effects. Among the different toxicity studies carried out using PS-MNPLs in in vitro or in 82 

vivo mammalian models, controversial results have appeared. Thus, whilst some 83 

authors (Fröhlich et al., 2012; Loos et al., 2014; Stock et al., 2019; Hesler et al. 2019; 84 

Cortés et al., 2019) showed minor or no adverse effects of PS-MNPLs in their 85 

investigations, other studies reported the induction of oxidative stress, genotoxicity, 86 

cytotoxicity, necrosis or inflammation (Forte et al., 2016; Schirinzi et al., 2017; Deng et 87 

al., 2017; Wu et al., 2019; Lim et al., 2019).  88 

 The potential interactions among these particles and cellular structures occur 89 

mainly through ingestion and inhalation. In fact, PS-MNPLs have repeatedly proved its 90 

capacity to translocate the mucosa tissues (intestinal and airway epithelial barriers) 91 

arriving at the blood and lymphatic circulation (Jani, 1990, 1992; Hussain et al., 2001; 92 

Wright and Kelly, 2017). This ability allows these particles to interact with different 93 

organs and cell types being blood and lymphatic immune cells a direct target. However, 94 

the effects that this interaction could provoke in these types of cells are not well known. 95 

To fill in this gap, three different and well-known leukocytic cell lines: TK6 96 

lymphoblastic, Raji-B lymphocytes, and THP-1 monocytic cells, have been used in this 97 

study in order to identify possible effects of PSNPs exposure regarding cytotoxicity, 98 

cellular uptake, reactive oxygen species (ROS) production, and genotoxic damage 99 

induction. The use of these cell lines can help us to understand potential effects on 100 

blood cells after in vivo exposures.  101 

  102 
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2. Experimental methods 103 

2.1. PSNPs characterization 104 

 PSNPs were commercially obtained from Spherotech (Chicago, USA). Two 105 

different types of PSNPs in the nanoscale were purchased, differing on its 106 

fluorescence. Pristine PSNPs (PSNPs, ref. PP-008-10) with a nominal size ranging 107 

from 0.05 to 0.1 µm and fluorescent PSNPs (fPSNPs, ref FP-00552) with size range 108 

from 0.04 to 0.09 µm were used, depending on the nature of the experiments. As 109 

previously described, dispersions of both types of PSNPs were prepared at 100 µg/mL 110 

in distilled water, and in the cell culture medium (RPMI, 10% fetal bovine serum 111 

(FBS)), and were further characterized (Cortés et al., 2020). Transmission electron 112 

microscopy (TEM) was used to determine the shape and size of particles on a JEOL 113 

JEM-1400 instrument (Jeol LTD, Tokyo, Japan). Additionally, dynamic light scattering 114 

(DLS) and laser Doppler velocimetry (LDV) methodologies (Malvern Zetasizer Nano 115 

ZS zen3600, Malvern, UK) were used to measure the hydrodynamic size and Z-116 

potential parameters, respectively. 117 

 118 

2.2. Cell culture 119 

Three different lymphoblastic human cell lines were used for this study: THP-1 120 

(monocytes), TK6 (lymphoblasts), and Raji-B (B-lymphocytes). All they were purchased 121 

from Sigma Aldrich (MO, USA). The selection of these immune-related cell lines was 122 

based on the fact that they are widely used as a model of human hematopoietic cells. 123 

The three cell lines were cultured in suspension in 25 cm2 culture flasks with RPMI 124 

(Biowest, France) supplemented with 10% FBS, 1% glutamine (Biowest, France) and 125 

2.5 μg/mL Plasmocin™ (InvivoGen, CA, USA). Cells were maintained in a range from 5 126 

x 105 cells/mL to 1 x 106 cells/mL in a humidified atmosphere of 5% CO2 and 95% air at 127 

37 ºC. 128 

 129 

2.3. Cell viability 130 
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The three cell lines were seeded, independently, on 96 well plates at a density of 5 x 131 

105 cells/mL, and exposed to a range of concentrations from 0 µg/mL up to 200 µg/mL 132 

of PSNPs during 24 and 48 h to perform the toxicity assessment. After the exposure, 133 

toxicity was measured by using the Trypan Blue (Sigma Aldrich, MO, USA) exclusion 134 

assay. Cells were thoroughly mixed in a 1:1 ratio with 0.4% Trypan Blue; then, 10 μL of 135 

the stained sample was charged into the Neubauer chamber for cell counting. Only 136 

dead cells will be blue-stained due to membrane permeability. Cell viability was 137 

calculated as follows:  138 

% Viability = [1.00 – (Number of dead cells ÷ Number of total cells)] × 100 139 

 The final viability values were determined by averaging three independent viability 140 

experiments. Each experiment was performed using two replicates per each 141 

concentration. 142 

 143 

2.4. Cell internalization 144 

 The ability of cells to internalize fPSNPs was assessed by flow cytometry. Cell 145 

suspensions of the three different cell lines, at a density of 5 x 105 cells/mL, were 146 

seeded in 96 well plates, and treated with the following concentrations of fPSNPs; 1, 5, 147 

10, 25 and 50 µg/mL, for exposures lasting for 24 and 48 h. After the treatments, cells 148 

were collected, centrifuged and the pellet resuspended to 1 x 106 cells/mL in 1X PBS. 149 

The intracellular fluorescence was measured by using FACS Canto with 150 

excitation/emission spectra of 488/585 nm, respectively. For each concentration, a 151 

total of 20,000 cells were scored. Data were evaluated using the BD FACSDiva 152 

software. Three independent experiments were carried out using duplicates for each 153 

concentration.  154 

 155 

2.5. Reactive oxygen species quantification 156 

The intracellular generation of ROS was measured by flow cytometry using the 157 

dichlorodihydrofluorescein diacetate assay (DCFH-DA, Sigma Aldrich). Cellular 158 
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suspensions at a density of 5 x 105 cells/mL of the three different cell lines were 159 

seeded independently in 96 well plates and treated with the following concentrations of 160 

PSNPs;  5, 10, 25 and 50 µg/mL, for exposure lasting for 3 and 24 h. Subsequently, 161 

cells were centrifuged and incubated in the presence of 5 μM DCFH-DA in serum-free 162 

RPMI medium for 30 min at 37 °C. After DCFH-DA exposure, cells were collected, 163 

centrifuged and the pellet resuspended to 1 x 106 cells/mL in 1X PBS. Cells were 164 

immediately analyzed by using a FACS Canto. A number of 20,000 cells were scored 165 

and evaluated using the BD FACSDiva software. A minimum of three independent 166 

experiments was carried out. 167 

 168 

2.6. The comet assay 169 

 Both, the general genotoxic, and the specific oxidative DNA damage (ODD), of 170 

PSNPs at 3, 24 and 48 h of exposure, were evaluated by the alkaline comet assay with 171 

and without the use of formamidopyrimidine DNA glycosylase (FPG) enzyme, as 172 

previously described (Annangi et al., 2015). Briefly, after the exposure, cell 173 

suspensions were collected and centrifuged at 130 g for 8 min. The pellet was washed 174 

and resuspended at 1x106 cells/mL in cold 1X PBS at 4 °C. Cells were mixed (1:10) 175 

with 0.75% low melting point agarose at 37 °C and dropped onto GelBond® films 176 

(GBFs) (Life Sciences, Lithuania). Cells on GBFs were lysed overnight submerged in 177 

cold lysis buffer at 4 °C. Later on, GBFs were gently washed twice (5 and 50 min) in 178 

enzyme buffer at 4 °C followed by an extra 30 min incubation, without (for general 179 

genotoxicity quantification) or with (for ODD quantification) the FPG enzyme at a 180 

1:25,000 dilution at 37 °C. FPG enzyme was produced in our laboratory, and a 181 

concentration of 0.0089 µg/µL of enzyme extract was used in each treatment. After 182 

that, GBFs were rinsed with electrophoresis buffer for 5 min and left in new 183 

electrophoresis buffer for 25 min, to allow for DNA unwinding and expression of alkali 184 

labile sites. Electrophoresis was carried out for 20 min at 20 V and 300 mA at 4 °C. 185 

Then, the GBFs were rinsed twice in cold 1X PBS for 5 and 10 min, fixed in absolute 186 
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ethanol (VWR, PA, USA) for 2 h, air-dried overnight at room temperature and stained 187 

for 20 min with 1:10,000 SYBR Gold (Life Technologies, NY, USA) in TE buffer. 188 

Finally, gels were visualized for comets using an epifluorescent microscope (Olympus 189 

BX50) at 20X magnification. The quantification of DNA damage in cells was done 190 

measuring the percentage of DNA in the tail by using the Komet 5.5 Image analysis 191 

system (Kinetic Imaging Ltd, Liverpool, UK). One hundred randomly selected comet 192 

images were analyzed per sample. Two different samples were analyzed for each 193 

condition in each one of the three experiments performed. Methanesulfonate (MMS) 194 

(Sigma-Aldrich, Germany) at 200 μM was used for 30 minutes as a positive control for 195 

both, general genotoxic and oxidative genotoxic damage. 196 

 197 

2.7. Statistical analysis 198 

 Statistical analyses were performed using GraphPad Prism 5 software. Three 199 

experiments were carried out by each one of the evaluated targets. Data were 200 

analyzed using one-way ANOVA with Dunnett's post-test. Statistical significance was 201 

defined as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. 202 

  203 
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3. Results 204 

3.1. PSNPs characterization 205 

Morphology and size of PSNPs and fPSNPs were determined using TEM (Figure 1). 206 

As indicated by the manufacturer, pristine spherical particles of about 50 nm in 207 

diameter were observed in both PSNPs and fPSNPs. When the hydrodynamic size 208 

was analyzed in culture medium (RPMI) and in distilled water, by using DLS, higher 209 

dimensions compared to TEM analysis were achieved due to particle aggregation. 210 

Thus, as observed in Table 1, differences in hydrodynamic sizes also appeared 211 

regarding the dispersant with higher aggregation corresponding to the culture medium. 212 

Consistently, Z-potential values showed more stable solutions of PSNPs when diluted 213 

in distilled water.  214 

 215 

3.2. Cell viability 216 

 Cell viability curves were carried out to determine the cytotoxicity related to PSNPs 217 

exposure on the three selected cell-lines. For this purpose, THP-1, TK6, and Raji-B 218 

cells were exposed for 24 and 48 h to a range of concentrations up to 200 μg/mL. As 219 

shown in Figure 2 no significant cytotoxicity effects were observed in any of the cell 220 

lines up to the concentration of 100 μg/mL. Only mild effects were observed at the very 221 

high tested concentration (200 μg/mL), compromising the viability of TK6 and Raji-B 222 

cell lines to 80% after exposures lasting for 24 h (Figure 2A), and slightly higher effects 223 

at 48 h (Figure 2B). In this regards the monocytic THP-1 cell line seems to be the more 224 

resistant cell line after the highest exposure. Since our aim was to work with non-toxic 225 

and more relevant doses, lower concentrations were used for the rest of the assays. 226 

 227 

3.3. PSNPs cellular internalization 228 

 The cellular uptake of fPSNPs was evaluated, by using flow cytometry, in the three 229 

selected cell lines after exposures lasting for 24 and 48 h to a range of concentrations 230 

(1, 5, 10, 25 and 50 μg/mL). Very high internalization rates were observed in the three 231 
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cell lines at both exposure times. As shown in Figure 3 at the highest concentration of 232 

50 μg/mL almost 100% of the cells contained fluorescent particles in the three cell 233 

lines. At lower concentrations, differences in the levels of uptake among cell lines were 234 

observed, the monocytic THP-1 cells showing the highest ability to internalize particles, 235 

whereas the Raji-B cells were the less prone to internalize fPSNPs. 236 

 237 

3.4. Intracellular ROS induction 238 

Oxidative stress is one of the highlighted mechanisms by which MNPLs could be 239 

causing cellular damage (Wright and Kelly, 2017). In our experiments, intracellular 240 

ROS were quantified after THP-1, TK6 and Raji-B cells were exposed to PSNPs (5, 10, 241 

25 and 50 μg/mL) for 3 and 24 h. Figure 4A shows a significant peak of ROS 242 

production at the highest concentration after 3 h of treatment in TK6 cells, and also 243 

significant values in Raji-B cells. Lower, but substantial ROS production was quantified 244 

after 24 h of treatment in all the tested concentrations in TK6 cells (Figure 4B). 245 

Interestingly, THP-1 cells did not produce significant increases of ROS in any of the 246 

concentrations evaluated, or in any of the exposure times used. 247 

 248 

3.5. Induction of genotoxic damage and ODD by PSNPs exposure 249 

The comet assay, an OCDE approved protocol for genotoxicity assessment, 250 

complemented with the use of the FPG enzyme for ODD quantification was applied in 251 

this study. Three different time points, 3, 24 and 48 h were assessed, using the three 252 

selected cell lines. Regarding Raji-B cells, although no effects were observed at 3 h of 253 

exposure to PSNPs (Figure 5A), significant increases in the levels of general genotoxic 254 

damage were quantified at 24 and 48 h of exposures to 25 and 50 μg/mL (Figures 5B, 255 

5C). As shown in Figure 5B, ODD was only detected after exposures lasting for 24 h, 256 

and at the highest tested concentration (50 μg/mL). On the contrary, the percentage of 257 

DNA in the tail of TK6 cells exposed to PSNPs was not significantly higher than the 258 

detected in non-exposed cells, at any of the duration treatments or concentrations 259 
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tested (Figure 6). However, when the assay was complemented with FPG, ODD was 260 

detected in all the concentrations at exposure lasting for 24 h (Figure 6B), and at the 261 

concentrations of 10 and 25 μg/mL after 48 h of treatment (Figure 6C). Finally, Figure 7 262 

shows the lack of genotoxicity or ODD related effects observed in THP-1 cells exposed 263 

to PSNPs. These negative effects were observed independently of the exposure and 264 

time points evaluated. As an effective positive control, MMS produced both general 265 

genotoxicity and ODD effects in all the conducted experiments.     266 
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4. Discussion 267 

The objectives of our study were diverse. The first aim was to increase the 268 

database of studies using mammalian/human cells, and the detection of effects related 269 

to potential health effects of MNPLs exposures. The second was to test the 270 

susceptibility of hematopoietic cells, as potential human targets, to present adverse 271 

effects after MNPLs exposures once MNPLs cross the biological barriers. Finally, to 272 

detect different sensitivities to MNPLs between the different hematopoietic cells used 273 

was another aim. Our results clearly show that hematopoietic cells were able to 274 

internalize PSNPs and produce both intracellular ROS and genotoxicity, although 275 

important differences between cell lines were observed. 276 

It is remarkable the ability of PSNPs to be incorporated into the hematopoietic cells 277 

selected in our study. In fact, our results confirm the great particle internalization 278 

previously observed in other human cells, such as the intestinal Caco-2 cells. In such a 279 

case, the cellular uptake was modulated by both the exposure levels and exposure 280 

times (Cortés et al., 2020). The uptake of PS at the microsize level (1-10 µm) was also 281 

evaluated in Caco-2 cells, both undifferentiated and differentiated, showing the highest 282 

uptake when PS sized 4 µm were used (Stock et al., 2019). Furthermore, cell uptake of 283 

PSNPs was also demonstrated in human pulmonary cells BEAS-2B (Lim et al., 2019). 284 

Unfortunately, these last two studies did not use flow cytometry to quantify the uptake, 285 

alternatively, they used semi-quantitative approaches such as fluorescent and confocal 286 

microscopy. Although testing the effects of polyethylene terephthalate (PET) 287 

nanoplastics, other authors have also used flow cytometry to quantify its uptake (Magrì 288 

et al., 2018). The authors obtained the kinetics profile over time of the PET uptake, by 289 

monitoring the mean fluorescence values from flow cytometry distributions of ≥100,000 290 

Caco-2 cells, showing that cell fluorescence intensity linearly increased, but without 291 

reaching the saturation. In our case, we evaluated the percentage of cells that uptake 292 

the fPSNPs showing that at the highest doses the 100% of the cells incorporated the 293 

fluorescent signal, as indicative of fPSNPs uptake. According to all these data, it seems 294 
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that flow cytometry can be a useful approach to test, not only the percentage of cells 295 

uptaking PSNPs but also to determine how many fPSNPs have been incorporated into 296 

each cell, according to the intensity of the fluorescent signal (Cortés et al., 2020). It is 297 

also remarkable the finding that cellular uptake is modulated by the different types of 298 

hematopoietic cells used. These differences are observable at low doses; thus, at 1 299 

µg/mL and exposures lasting for 24 h, only THP-1 cells were able to incorporate 300 

significant amounts of fPSNPs. At the dose of 5 µg/mL, the differences between cells 301 

are much more appreciable with the following ranking THP-1 > TK6 > Raji-B. The high 302 

ability of THP-1 to incorporate PSNPs can be associated with the uptake efficacy of 303 

phagocytic cells such is the case of THP1 cells. In fact, THP-1 cells differentiated into 304 

M0, M1 and M2 macrophages were used to determine the cell uptake of PS at the 305 

microsized range observing an important uptake but only for PS sized 4 µm. These 306 

studies were carried out using fluorescent microscopy (Stock et al., 2019). 307 

Potential interactions between PSNPs and some plasma components have been 308 

recently reported (Gopinath et al., 2019). Authors showed that plasma proteins can 309 

display strong affinity with PSNPs producing a surrounding corona, inducing a protein-310 

induced coalescence. This process could modify the potential biological effects of 311 

PSNPs, including its uptake. As above indicated, in our case that mechanism does not 312 

seems to affect the uptake ability, that it is mainly modulated by the cell type.   313 

Despite the important cellular uptake, results indicate that no effects on the cell 314 

viability are induced by PSNPs. The mild effects detected at very high concentrations 315 

are not relevant from the environmental point of view. This lack of toxicity was also 316 

reported for other human cells lines such us the undifferentiated intestinal Caco-2 cells 317 

(Inkielewicz-Stepniak et al., 2018; Magrì et al., 2018; Cortés et al., 2020). Similarly, no 318 

toxic effects were obtained testing the brain (T98G) and the epithelial (HeLa) human 319 

cell lines (Schirinzi et al., 2017). No studies have been found in the literature 320 

determining differences between cell types exposed to PSNPs evaluating the role of 321 

cell type in front of PSNPs exposures. Nevertheless, it is well known that different cell 322 
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types respond differently to xenobiotics (Xia et al., 2008; Gies and Zou, 2017). By 323 

comparing the sensitivity of six cell lines towards the toxic effects of graphene oxide, a 324 

great variability between cell lines was observed, showing the suspension cells a 325 

greater response to the GO treatment compared to the adherent cell lines (Gies and 326 

Zou, 2017). These differences cannot be observed in our study because the three 327 

selected cell lines grows in suspension. Interestingly, in our study no associations 328 

between cell uptake and toxicity are observed, supporting the lack of toxicity of pristine 329 

PSNPS. It should be remarked that this lack of toxicity of pristine PSNPs could not be 330 

directly extrapolated to environmental PSNPs resulting from higher sized plastics. 331 

Environmental PSNPs, resulting from the degradation of macroplastics carry different 332 

types of additives (such as phthalates) used as plasticizers during the process of 333 

production that can be toxic (Ma et al., 2019). Furthermore, during their long life in the 334 

environments, they can adsorb different types of environmental pollutants such as 335 

organic compounds and heavy metals (Yu et al., 2019; Davranche et al., 2019).   336 

To detect environmental factors that can act as risk modulators in disease, 337 

different biomarkers are proposed including the overproduction of ROS, which could 338 

play a role in disease through oxidative stress (Ghezzi, 2020). This biomarker is one of 339 

the parameters usually evaluated when testing the effects of nanomaterials, including 340 

nanoplastics. Although many in vivo studies using aquatic organisms have reported 341 

ROS induction, the in vitro studies are inconclusive. Thus, when larvae of zebrafish 342 

exposed to PSNPs were treated with DCFDA, as a green fluorescent ROS reporter, 343 

fluorescence was detected through the whole body, especially in the head region 344 

(Sökmen et al., 2019). In a similar way, when Daphnia pulex was exposed to PSNPs, 345 

an overproduction of ROS was observed increasing the expression of the MAPK-HIF-346 

1/NFkB pathway, resulting in inhibited growth, development, and reproduction (Liu et 347 

al., 2020). In in vitro studies, ROS induction was evaluated for both polystyrene (10 348 

µm) and polyethylene (3-16 µm) exposures in cerebral (T98G) and epithelial (HeLa) 349 

human cells. The study used DHE as a fluorescent marker and positive effects were 350 
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only obtained when the highest concentrations of PS were used (Schirinzi et al., 2017). 351 

Additionally, positive effects were reported in the human fibroblast Hs27 cell line by 352 

using a total ROS assay kit. Nevertheless, the effects were only observed after short 353 

exposure times (less than 30 min) (Poma et al., 2019). On the other side, we have 354 

recently reported negative ROS induction in human intestinal Caco-2 cells in exposures 355 

to PSNPs lasting for 24 h (Cortés et al., 2020). These negative findings would agree 356 

with the results reported in this study for THP-1 cells where no effects in ROS 357 

production were observed. Mild positive effects were observed in Raji-B cells only 358 

when they were exposed to the highest concentration (50 µg/mL) after 3 h of treatment. 359 

On the other side, PSNPs were able to induce significant increases of intracellular ROS 360 

levels in TK6 cells, for both time and exposure used. This would reinforce the interest 361 

of using different cell lines to evaluate the effects induced by PSNPs since such effects 362 

can be strongly modulated by the characteristics of the used cell line.  363 

 Another useful biomarker to detect potential risk factors associated with 364 

environmental factors is genotoxicity, playing a major role in the initiation and 365 

progression of different health problems. In fact, it is well known that DNA damage can 366 

lead to different relevant consequences as mutation, carcinogenesis, aging, and cell 367 

death, among others (Barabadi et al., 2019). In spite of the relevance of this biomarker, 368 

very few studies have evaluated the potential genotoxic effects of PSMNPLs and most 369 

of them have been conducted in aquatic organisms. In those studies, hemocytes of 370 

mussels and clams have been the cell target, and the comet assays the tool to detect 371 

the induction of DNA damage. Thus, polystyrene and polyethylene (<100 µm) were 372 

able to induce DNA damage in mussel hemocytes (Avio et al., 2015).  In a similar way 373 

microparticles of polystyrene (20 µm) induced strand breaks in the hemocytes of clams 374 

(Ribeiro et al., 2017). Another study also evaluating the exposure of PSNPs (110 nm) 375 

in hemocytes of mussels produced significant levels in the percentage of DNA 376 

quantified in the tail of the comets (Brandts et al., 2018). It should be remembered that 377 

hemocytes are the cells in mollusk playing a similar role than blood white cells in 378 
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mammalian. Therefore, in some sense, these cells are physiologically similar to those 379 

used in our study. Two further recent studies reported data on the genotoxicity of 380 

PSNPs in human cells. Although positive effects in the induction of micronuclei were 381 

reported in human lymphocytes exposed in vitro, no experimental confirmatory data 382 

was presented in the paper (Mishra et al., 2019). Another study using human fibroblast 383 

Hs27 cells, and the same biomarker of genotoxicity (micronucleus test) reported 384 

positive increases in the different parameters evaluated, showing an increased 385 

formation of micronuclei and nuclear buds (Poma et al., 2019). 386 

 Regarding our data, the first notable results are the lack of relationship between 387 

uptake and effects. Thus, similarly to what was observed in the induction of ROS, the 388 

monocyte THP1 cells did not show any genotoxic effect when exposed to PSNPs. This 389 

resistance to show adverse effects associated with PSNPs exposure could be related 390 

to its role as macrophages. Higher resistance of THP1 cells compared to other cell 391 

lines was detected when exposed to titanium dioxide and silver nanoparticles (Lankoff 392 

et al., 2012). Interestingly, both TK6 and Raji-B cells were able to show increased 393 

levels of genotoxic damage when exposed to PSNPs, although by using different 394 

mechanisms. It is interesting to point out the high versatility of the comet assay to 395 

detect different types of damage on the DNA target. Thus, the incubation of treated 396 

cells with DNA repair enzymes such as formamidopyrimidine DNA glycosylase (FPG), 397 

which detects 8-oxoguanine and other purine oxidation adducts, permits that 398 

oxidatively damaged DNA bases converts into DNA breaks. In this way, the assay can 399 

quantify both, direct DNA breaks (genotoxic damage) and oxidative DNA damage 400 

(ODD) (Cortés et al., 2019). In our study by using FPG, ODD was detected in the TK6 401 

cell line exposed to PSNPs for 24 h and 48 h. This would confirm the reiterated high 402 

levels of ROS previously observed only in this cell line. Alternatively, although positive 403 

induction of DNA breaks was observed in Raji-B cells this damage was observed in the 404 

absence of FPG. This would indicate two different modes of action of PSNPs 405 

according to the cell type. The high levels of induced ROS and ODD in TK6 cells agree 406 
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with the results reported by other authors with this cell line. Thus, using five different 407 

cell lines exposed to cobalt-ferrite nanoparticles, TK6 cells were those reporting higher 408 

levels of ROS (Horev-Azaria et al., 2013). The genotoxic effects observed in Raji-B 409 

cells in absence of FPG would indicate some type of direct effect of PSNPs on DNA. 410 

No data has been found showing special characteristics of this cell line explaining its 411 

different behavior regarding the observed genotoxic effects. Nevertheless, it must be 412 

indicated that PSNPs are able to enter into the cell nucleus and, in this way, interaction 413 

is possible. Although no studies have been carried out with Raji-B cells, we reported 414 

confocal studies carried out in Caco-2 cells showing that PSNPs were able to 415 

internalize in the cell nucleus, although without apparent genotoxic effects (Cortés et 416 

al., 2020). 417 

 418 

5. Conclusions 419 

 As a summary, in this study, we have demonstrated that exposure of different 420 

human hematopoietic cells to PSNPs is able to induce intracellular ROS production 421 

and primary DNA damage, as evaluated with the comet assay complemented with 422 

FPG enzyme. Nevertheless, these effects are strongly modulated by the cell type. This 423 

would indicate that different cell types are needed to have an adequate view of the 424 

potential effects of PSNPs. The underlying mechanisms resulting in the higher 425 

variability observed between cell-lines would require further studies.   426 

 427 

  428 
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Tables 597 

 598 

Table 1.  Characterization of PSNPs and fPSNPs dispersions (100 µg/mL), in distilled H2O 599 

and RPMI (10% FBS) culture media, by using the Zetasizer Nano ZS. 600 

 

  PSNPs 
 

fPSNPs 

Dispersant Distilled H2O RPMI  Distilled H2O RPMI 

Size (nm) (DLS) 86.33 ± 10.20 142.8 ± 5.68  112.87 ± 3.11 222.4 ± 2.433 

PdI (DLS) 0.10 ± 0.09 0.478 ± 0.058  0.35 ± 0.02 0.494 ± 0.036 

Z-potential (mV) (DLV) -36.00 ± 7.88 -11.6 ± 0.850  -45.97 ± 3.84 -10.6 ± 0.529 

Mobility (µm cm/Vs) (DLV) -2.29 ± 0.10 -0.7379 ± 0.0534  -3.76 ± 0.38 -0.6733 ± 0.033 

 601 

  602 
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Figure legends 603 

 604 

Figure 1. Size and morphology of both PSNPs and fPSNPs as determined by TEM. 605 

TEM images of 100 µg/mL of PSNPs and fPSNPs dispersions in distilled H2O 606 

produced average sizes of 52.99 ± 14.68 nm and 44.19 ± 28.54 nm, respectively. 607 

 608 

Figure 2. Relative cell viability of Raji-B, TK6 and THP-1 cells after the exposure to 609 

PSNPs at concentrations ranging from 0 to 200 µg/mL, at 24 h (A) and 48 h (B) 610 

exposure times. Data are represented as the percentage of living cells relative to the 611 

untreated control ± SEM. One-way ANOVA with Dunnett’s post-test was used for the 612 

statistical analysis. Statistical significance was indicated in the graph as follows, *P < 613 

0.05, **P < 0.01 for Raji-B cell line and #P < 0.05, ##P < 0.01 for TK6 cell line. 614 

 615 

Figure 3. fPSNPs cellular internalization by Raji-B, TK6 and THP-1 cells after 616 

exposures lasting for 24 h (A) and 48 h (B). The graph represents the percentage of 617 

fluorescent-positive cells over the total cell population. Graphs show the mean ± SEM 618 

of three different experiments performed in duplicates. Data are analyzed by the one-619 

way ANOVA test with a Dunnett’s post-test. 620 

 621 

Figure 4. Relative ROS production in Raji-B, TK6 and THP-1 cells treated with 0 - 50 622 

μg/mL of PSNPs for 3 h (A) and 24 h (B) detected using the DCFH-DA assay. Data are 623 

represented as mean ± SEM and analyzed by the one-way ANOVA with Dunnett’s 624 

post-test. Statistical significance was indicated in the graph as follows, *P < 0.05 for 625 

Raji-B cell line, and #P < 0.05, ##P < 0.01 for TK6 cell line. 626 

 627 

 628 

Figure 5. Genotoxic damage observed in Raji-B cells by using the comet assay after 3 629 

h (A), 24 h (B) and 48 h (C) of PSNPs exposures. The concentration of 200 µM MMS 630 

was used as a positive control. Oxidative DNA damage (ODD) was detected using the 631 

FPG enzyme. Data are represented as mean ± SEM and analyzed by the one-way 632 

ANOVA test with a Dunnett post-test. Statistical significance was indicated in the graph 633 

as follows, *P < 0.05, ***P < 0.001 for genotoxic damage and ##P < 0.01; ###P < 0.001 634 

for ODD. 635 

 636 

Figure 6. Genotoxic damage observed in TK6 cells by using the comet assay after 637 

exposures to PSNPs lasting for 3 h (A), 24 h (B) and 48 h (C). The concentration of 638 

200 µM MMS was used as a positive control. Oxidative DNA damage (ODD) was 639 
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detected using the FPG enzyme. Data are represented as mean ± SEM and analyzed 640 

by the one-way ANOVA test with a Dunnett post-test. Statistical significance was 641 

indicated in the graph as follows, ***P < 0.001 for genotoxic damage and #P < 0.05, ##P 642 

< 0.01; ###P < 0.001 for ODD. 643 

 644 

Figure 7. Genotoxic damage observed in THP-1 cells as detected by the comet assay 645 

after exposures to PSNPs lasting for 3 h (A), 24 h (B) and 48 h (C). The concentration 646 

of 200 µM MMS was used as a positive control. Oxidative DNA damage (ODD) was 647 

detected using the FPG enzyme. Data are represented as mean ± SEM and analyzed 648 

by the one-way ANOVA with a Dunnett post-test. Statistical significance was indicated 649 

in the graph as follows, ***P < 0.001 for genotoxic damage and ###P < 0.001 for ODD.  650 
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