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A B S T R A C T   

The presence of plastic waste in our environment has continued growing and become an important environ-
mental concern. Because of its degradation into micro- and nanoplastics (MNPLs), MNPLs are becoming envi-
ronmental pollutants of special environmental/health concern. Since ingestion is one of the main exposure routes 
to MNPLs, the potential effects of digestion on the physicochemical/biological characteristics of polystyrene 
nanoplastics (PSNPLs) were determined. The results indicated a high tendency of digested PSNPLs to agglom-
erate and a differential presence of proteins on their surface. Interestingly, digested PSNPLs showed greater cell 
uptake than undigested PSNPLs in all three tested cell lines (TK6, Raji-B, and THP-1). Despite these differences in 
cell uptake, no differences in toxicity were observed except for high and assumed unrealistic exposures. When 
oxidative stress and genotoxicity induction were determined, the low effects observed after exposure to undi-
gested PDNPLs were not observed in the digested ones. This indicated that the greater ability of digested PSNPLs 
to internalize was not accompanied by a greater hazard. This type of analysis should be performed with other 
MNPLs of varying sizes and chemical compositions.   

1. Introduction 

Due to the multiple advantages of plastic goods, including low cost, 
their use has experienced steady growth since the middle of the last 
century. Consequently, their presence in the environment, as waste, has 
not stopped growing and has become an important environmental 
concern (Lakshmi Kavya et al., 2020). Unfortunately, this plastic 
contamination has led to the introduction of micro/nanoplastics 
(MNPLs), resulting from the degradation of larger plastic materials, 
which are possibly more dangerous from a human health point of view 
(Bouwmeester et al., 2015; EFSA, 2016). Although the presence of 
MNPLs was initially associated with the marine environment, today, it is 
clear that MNPLs can be found in any type of environment (Mitrano 
et al., 2021). Consequently, humans are inescapably exposed, with 

inhalation and ingestion as the most frequent exposure routes. After 
exposure, MNPLs can translocate through physiological barriers, reach 
blood vessels, and internalize into different organs and tissues (Dome-
nech et al., 2020; Fournier et al., 2020). 

When ingestion is the exposure route of MNPLs, they are exposed to 
the digestion process taking part in the digestive tract, which may 
modify some of their physicochemical characteristics. The process starts 
in the mouth where saliva and amylase are present and follows in the 
stomach with the presence of strong acid gastric juices. Next, the gastric 
fluid is neutralized by the alkaline intestinal fluid, containing a multi-
tude of enzymes required for food digestion. Accordingly, different in 
vitro approaches have been proposed to mimic this process (Kämpfer 
et al., 2020). Nevertheless, despite the usefulness of the in vitro digestion 
approaches, formal official validation of the static models is awaited. 
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Thus, the consensus reached in the COST Action “Infogest” in 2014 has 
not yet generated validated guidelines (Colombo et al., 2021). Thus, the 
formation of a corona on the MNPL surface, induced by the influence of 
in vitro digestive treatment, has been reported to lead to changes in size, 
zeta potential, and the ability to adsorb compounds (Liu et al., 2020). 
When tire degradation particles were exposed in vitro to simulated 
gastric/intestinal fluids, the solubilization of heavy metal contents was 
greatly enhanced. It should be noted that metals, basically zinc, are used 
as catalysts during the vulcanization process of rubber, and conse-
quently, they are components of the MNPLs resulting from tire degra-
dation (Masset et al., 2021). Changes in the surface of the PETMPL 
samples were observed after in vitro intestinal digestion, as well as the 
presence of crystalline and organic deposits. These characteristics were 
considered relevant in the changes observed in their ability to attach to 
different bacterial phyla (Tamargo et al., 2022). 

Once MNPLs cross protective barriers, they can reach the blood and 
interact with its components, including cells. Interestingly, it has been 
reported that MNPLs were able to differentially affect several white 
blood lineages in an ex vivo experiment using blood samples from 
different donors. While limited uptake was observed in lymphocytes, 
very high uptake was observed in monocytes and polymorphonuclear 
cells. In addition, significant increases in the levels of DNA damage were 
observed in monocytes and polymorphonuclear cells but not in lym-
phocytes (Ballesteros et al., 2020). These results agree with the data 
obtained in vitro using different hematopoietic cell lines, such as Raji-B 
(B-lymphocytes), TK6 (lymphoblasts), and THP-1 (monocytes), where 
exposure to nanopolystyrene produced differential effects on parameters 
such as cytotoxicity, cellular uptake, reactive oxygen species produc-
tion, and genotoxicity (Rubio et al., 2020). In addition, it has been 
proven that after ingestion, in the digestive tract, MNPLs meet the in-
testinal mucosa and the intestinal epithelium, which constitute a barrier 
that helps to avoid the absorption of xenobiotics. Even considering this, 
several studies have shown that MNPLs can cross this biological barrier, 
reaching the circulatory system as well as more distant tissues and or-
gans that include even the human placenta (Wright and Kelly, 2017; 
Banerjee and Shelver, 2021; Ragusa et al., 2021; Kumar et al., 2022). 

In this context, our aim has been to identify if the application of in 
vitro digestion procedures can modulate some of the physicochemical 
characteristics of nanopolystyrene, used as a model of MNPLs. To this 
end, we used TEM, SEM, NTA, and Zetasizer devices to determine the 
size, morphology, hydrodynamic size, and surface charge. Furthermore, 
confocal Raman microscopy was applied to visualize and characterize 
proteins on the surface of MNPLs. Finally, changes in different biological 
characteristics, such as cell uptake, toxicity, intracellular ROS levels, 
and genotoxicity, were also determined. 

2. Materials and methods 

2.1. Nanopolystyrene selection, in vitro digestion, and dispersion 
preparation 

Commercial polystyrene nanoplastics (PSNPLs, PP-008-10) with di-
ameters of approximately 50–100 nm and their fluorescent yellow 
counterpart (fPSNPLs, FP-00552-2) with diameters of approximately 
40–90 nm, obtained from Spherotech (Chicago, IL, USA), were used in 
this study. 

According to the aim of this study, both PSNPLs and fPSNPLs were 
subjected to an in vitro digestion process following an adaptation of the 
method published by Mahler et al. (2009). This process mimics the 
particle/digestive fluid interactions that takes place in both the stomach 
and intestine compartments. Briefly, 0.40 g of PSNPLs (or 0.01 g of 
fPSNPLs) was dispersed in 10 mL of a sterile (140 mM NaCl, 5 mM KCl, 
pH = 2) solution, and the pH was adjusted to 2 with sterile 0.10 M HCl. A 
0.50 mL sterile porcine pepsin solution (25 mg/mL diluted in 0.10 M 
HCl) was added and incubated for 1 h at 37 ◦C. Once the incubation was 
over, the pH of the samples was adjusted to 5.5–6 with sterile 0.10 M 

NaHCO3. After that, 0.50 mL of sterile pancreatin-bile solution (1.40 
mg/mL pancreatin and 8 mg/mL bile) was added to the sample, and the 
pH was adjusted to 6.9–7 using sterile 0.10 M NaHCO3. The result of the 
indicated digestion process was weighed and adjusted to 15 g by using a 
sterile (140 mM NaCl, 5 mM KCl, pH = 6.7) solution. All the simulated 
digestive juices were prepared under sterile conditions. The digested 
polystyrene nanoplastics are hereafter referred to as dPSNPLs. 

One milliliter of the mix containing all the components used in the 
digestion process (18750 μg/mL) was dispersed in 0.05% sterilized 
bovine serum albumin (BSA) and 30 μL of ethanol (100%) to reach a 
stock concentration of 3.125 μg/mL and then dispersed by ultra-
sonication in a cold-water bath. The digested fluorescent polystyrene 
nanoplastics (dfPSNPL), at a concentration of 725 μg/mL, were also 
dispersed by ultrasonication. All these steps followed the dispersion 
procedure generated in the EU project Nanogenotox (Nanogenotox, 
2011). The dfPSNPLs were used only for the internalization and uptake 
assays, whereas dPSNPLs were used for the remaining assays. 

2.2. Characterization of digested/undigested PSNPLs 

2.2.1. Transmission electron microscopy (TEM) 
The different particle dispersions (PSNPLs, dPSNPLs, fPSNPLs, and 

dfPSNPLs) were diluted in distilled water to obtain a 200 μg/mL con-
centration, mounted on carbon-coated TEM grids, and visualized with a 
JEOL JEM-1400 instrument (JEOL LTD, Tokyo, Japan). To determine 
their mean size and distribution, 100 randomly selected particles were 
measured by using ImageJ software. 

2.2.2. Scanning electron microscopy (SEM) 
The different NPL dispersions were diluted in distilled water to reach 

a concentration of 200 μg/mL, and a drop of each dispersion was placed 
over a silica grid and allowed to evaporate overnight. NPL characteris-
tics were visualized with an SEM Zeiss Merlin device (Zeiss, Oberko-
chen, Germany) coupled with an X-Max 20 mm EDS system (Oxford 
Instruments, Oxford, UK). Once the signals were recorded, they were 
analyzed by using INCA Energy software. 

2.2.3. Dynamic light scattering (DLS) and zeta potential 
The hydrodynamic size was analyzed using a Zetasizer® Ultra from 

Malvern Panalytical. To proceed, PSNPLs, dPSNPLs, fPSNPLs, and 
dfPSNPLs at a concentration of 100 μg/mL were prepared in Milli-Q 
water, and the surface charge was determined by zeta potential 
values. The hydrodynamic size was determined by DLS. All the param-
eters for each sample were measured in triplicate. 

2.2.4. Nanotracking analysis (NTA) 
A NanoSight LM10 (NanoSight, Amesbury, United Kingdom) device 

equipped with a 532-nm laser was used for NTA measurements. NTA 3.0 
software was used to capture and analyze the data. Samples were 
injected in the sample chamber, and a digital CCD camera detected the 
light scattered off the particles with a 20× microscope objective. The 
NTA software allowed the detection of each individual diffusion track 
and the determination of the hydrodynamic diameter of the particles. 
The particle concentration was set to 108–109 particles/mL by diluting 
the solution in Millipore water. Each sample was measured for 60 s at 
five different positions for three replicates. All measurements were 
performed at a temperature of 25 ◦C. 

2.2.5. Confocal Raman microspectroscopy (CRM) 
CRM was performed using an Alpha300 R microscope (WITec GmbH, 

Germany). PSNPLs, at a concentration of 312.5 μg/mL, were dried on 
glass slides, and Raman spectra were recorded pixelwise in the lateral 
plane using a laser power of ca 35 mW, an integration time of 0.15 s, and 
a step size of 250 nm. The images and single spectra were analyzed using 
Project FIVE PLUS software (WITec GmbH, Ulm, Germany). A water-
shed algorithm was applied to identify single particles and to determine 
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their amount of protein and coverage level. A total of 53 particles, such 
as single particles and their agglomerates, were analyzed. 

2.3. Cells used and culture conditions 

Three human cell types were selected for this study, namely, TK6 
(lymphoblasts), THP-1 (monocytes), and Raji-B (B-lymphocytes). We 
selected lymphoblastic cells because once MNPLs cross the biological 
barriers, they reach the blood compartment, interacting with cells 
equivalent to those used in this study. This is the rationale for using the 
selected cells, which were purchased from Sigma Aldrich (MO, USA). 
The three different cell lines were cultured at 37 ◦C in a humidified at-
mosphere of 5% CO2 and 95% air and maintained in 25 cm2 culture 
flasks with RPMI (Biowest, France) supplemented with 10% FBS, 1% 
glutamine (Biowest, France), and 2.5 μg/mL Plasmocin™ (InvivoGen, 
CA, USA). The cell density range was kept from 5 × 105 cells/mL to 1 ×
106 cells/mL (Rubio et al., 2020). 

2.4. Cell internalization by flow cytometry 

Flow cytometry (FC) was used to measure cell internalization. To 
proceed, cell suspensions seeded in 96 U-type well plates were treated 
for 24 h with different concentrations of fPSNPLs and dFPSNPLs. The 
exposed cells were analyzed using a Beckman Coulter CytoFlex S 
(Indianapolis, USA) device, and the obtained data were analyzed using 
CytExpert software. Three independent experiments using duplicates for 
each concentration were carried out. 

2.5. fPSNPL and dfPSNPL intracellular localization by confocal 
microscopy 

Laser confocal microscopy was used to confirm the internalization of 
the fPSNPLs and dfPSNPLs by the three cell lines, as previously reported 
(Cortés et al., 2022). Following the published protocol, fPSNPs and 
dfPSNPs were visualized inside cells. The obtained images were pro-
cessed using ImageJ software. In addition, the images were also 
analyzed by using IMARIS 9.5 software for 3D/4D image analysis to 
better place PSNPLs inside the cell structure. Unexposed cells were used 
as a negative control for both experimental approaches. 

2.6. Cell viability 

Viability assays were performed as previously reported (Rubio et al., 
2020). Samples from the three selected cell lines were exposed to 
PSNPLs/dPSNPLs at concentrations up to 200 μg/mL over 24 and 48 h. 
The treated cells were diluted 1:100 in ISOTON® and counted in a 
Beckman Coulter Counter Z2 (Indianapolis, USA). Three different ex-
periments were performed, and in each experiment, three replicates 
were carried out. The average number of cells counted in each treatment 
was compared with the average number of untreated control cells. The 
results from the viability assay are useful to determine the range of 
noncytotoxic concentrations to be used in further experiments. 

2.7. Reactive oxygen species (ROS) quantification 

The production of intracellular reactive oxygen species (ROS) was 
determined using the dihydroethidium (DHE, Calbiochem, USA) assay 
and measured by FC. The three cell lines were exposed for 3 and 24 h to 
the selected concentrations of dPSNPLs. Cigarette smoke condensate 
(CSC, 100 μg/mL, Murty Pharmaceuticals, USA) was used as a positive 
control. Following a previously published protocol (Rubio et al., 2020), 
cells were analyzed by using a FACSCanto Flow Cytometer (BD Biosci-
ence, USA) to evaluate a total of 10,000 events from living cells. For each 
condition, three independent experiments (with duplicate samples) 
were run. 

2.8. Genotoxic and oxidative DNA damage induction 

In a previous study carried out by our group, the genotoxic and 
oxidative DNA damage (ODD) induced by PSNPLs were determined 
(Rubio et al., 2020). The same methodology was used to evaluate the 
effects of dPSNPL exposure. The induced DNA damage was measured 
according to the percentage of DNA in the comet tails obtained using 
Komet 5.5 image analysis software (Kinetic Imaging Ltd., Liverpool, 
UK). Methyl methanesulfonate and potassium bromate were used as 
positive controls for general genotoxic damage and for ODD, 
respectively. 

3. Results and discussion 

3.1. Particle characterization 

3.1.1. Morphology, dry state size distribution, and shape 
PSNPLs, dPSNPLs, fPSNPLs, and dfPSNPLs were determined by TEM 

and SEM to visualize their size and morphology. The Martin diameter 
was measured by using TEM, and the size distribution was determined 
by measuring three times 100 images of each PSNPL type. The relative 
percentages of the different particle sizes are represented in Supple-
mentary Fig. 1. Both TEM/SEM images show that all particles were 
spherically shaped, and the average sizes of the nondigested particles 
were approximately 66.07 nm for PSNPLs and 51.71 nm for fPSNPLs. 
These sizes agreed with the manufacturer’s specifications. Once the 
particles were submitted to the in vitro digestion process, the obtained 
average TEM sizes were slightly modified to approximately 60.68 nm for 
dPSNPLs and 54.81 nm for dfPSNPLs. Although TEM and SEM images 
showed that the nondigested and the in vitro digested particles were 
similar in appearance and sizes, the images of the digested in vitro par-
ticles showed a relevant tendency to agglomerate, higher than in the 
nondigested particles, forming large groups of particles. This high 
agglomeration status was very evident from the SEM figures corre-
sponding to the dfPSNPL condition. TEM/SEM analyses are not usually 
carried out in studies evaluating the effects of in vitro digestion (Liu 
et al., 2020); nevertheless, in a very recent study (Chen et al., 2022), no 
changes in size or shape were reported, confirming our findings as well 
as those obtained with different plastic materials such as polyethylene, 
polypropylene, polyvinyl chloride, polyethylene terephthalate, and 
polystyrene (Stock et al., 2020). These in vitro digestion effects would 
differ from those observed in vivo in the intestine of Drosophila larvae. 
When Drosophila larvae were exposed to three sizes of polystyrene 
MNPLs (50, 200, and 500 nm), differences were observed by TEM be-
tween sizes in the initial dispersion and into the intestine lumen. How-
ever, these differences were observed only for the highest sizes (200 and 
500 nm) and not for 50 nm, which was the size used in our study 
(Alaraby et al., 2022). 

3.1.2. Aqueous solution size distribution and zeta potential 
The hydrodynamic size was determined by DLS for the four condi-

tions. As observed in Supplementary Fig. 2, in general, the digested 
particles had a larger hydrodynamic size than the nondigested particles. 
In addition, the nondigested particles had a greater number of particles 
below 100 nm compared with the digested particles that showed more 
particles over 100 nm in size. This would agree with a higher ability of 
digested particles to agglomerate. This was also in accordance with the 
polydispersity index (PdI) values, where the nondigested particles were 
more dispersed than the digested ones. It should be remembered that 
values closer to 0 indicate that the sample is monodisperse. Changes in 
the hydrodynamic size after in vitro digestion have also been reported as 
a consequence of the presence of an induced corona on the surface of 
100 nm polystyrene NPLs (Liu et al., 2020). The results obtained from 
the Z-potential measurements also agreed with those reported above, 
showing that the digested particles had a lower Z-potential than the 
nondigested particles. All these results indicate that the in vitro digested 
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particles presented a higher tendency to agglomerate than the non-
digested particles. 

3.1.3. Nanotracking analysis (NTA) 
Additionally, the number size distribution was determined by means 

of NTA (Fig. 1). NTA is a more reliable tool for the evaluation of poly-
disperse samples, as it is based on single particle tracking. Nanotracking 
analysis revealed similar mode values of 75 nm for digested and undi-
gested PS particles. This value was higher than the diameter obtained by 
TEM, as NTA measures the hydrodynamic radius, which represents not 
only the hard core of PS particles but also solvent molecules and ions 
that surround them. On the other hand, DLS measurements showed a 
higher particle diameter. DLS delivers an intensity-weighted distribu-
tion of particles that is highly sensitive to large particles. 

Similar to the TEM and DLS results, NTA showed a higher poly-
dispersity of digested PS particles with the presence of various 
agglomerated populations at 140 nm and approximately 200 nm, which 
were roughly double and triple the size of the initial particle size. 
PSNPLs showed only a small additional accumulation at 140 nm (Fig. 1). 

3.1.4. Visualization and characterization of proteins on the surface of PS 
particles 

The Raman spectrum of PS particles has characteristic modes, such as 
ring breathing at 1001 cm− 1, CH in-plane deformation at 1031 cm− 1, 
CH2 deformation at 1450 cm− 1, ring skeletal stretching at 1602 cm− 1, 
symmetric stretching at 2852 cm− 1 and asymmetric CH2 aliphatic 
stretching modes at 2904 cm− 1, as well as CH ring stretching at 3054 
cm− 1 (Hong et al., 1991; Mazilu et al., 2010; Nava et al., 2021). The ring 
breathing mode of PS has been used for visualization of dPSNPLs 
(Fig. 2a). Fig. 2b shows the average spectra of PSNPLs and dPSNPLs that 
were extracted from regions identified as particles in CRM images. This 
ensured that only proteins located on the particle surface would be 
analyzed. Compared to undigested particles, the spectrum of dPSNPLs 
revealed additional bands related to proteins. The intensity of bands 
related to CH2 deformation and stretching region of proteins at 1450 
cm− 1, 2852 cm− 1, and 2904 cm− 1 were increased. Furthermore, addi-
tional bands corresponding to the symmetrical CH3 mode of proteins at 
2936 cm− 1 and to the amide I region of proteins at approximately 1660 
cm− 1 were recorded (Carey, 2006; Rygula et al., 2013). The overlapping 
map image of the amide I distribution with that of digested PS particles 
shows an association of proteins on the particle surface (Fig. 2a). 

The region of the amide I band was thoroughly analyzed to obtain 
information about the secondary protein structure on the particle sur-
face, as well as PS polymer degradation due to the digestion process. To 
this aim, the spectrum of undigested PS was subtracted from that of 
dPSNPLs, leaving only the protein signal associated with the particle. 
Fitting of the amide I band revealed the occurrence of random coils, 

alpha helices, and beta sheets at 1640 cm− 1, 1660 cm− 1, and 1680 cm− 1, 
respectively (Maiti et al., 2004) (Fig. 2c). The large amount of beta 
sheets might have originated from pepsin, which has 44% beta sheets 
and only 14% alpha helices (Sielecki et al., 1990; Berman et al., 2000). 
Amylase can also contribute to beta sheet formation with 23% of the 
beta fraction (Ragunath et al., 2008). In contrast, BSA has a mainly alpha 
helix structure (Lin and Koenig, 1976). The fitting showed an additional 
band at 1629 cm− 1 that was associated with monomeric PS (Sears et al., 
1981; Noda and Sala, 2000). It might be assumed that a small number of 
monomers were generated due to the degradation of the polymer caused 
by digestion. 

Furthermore, CRM images of digested PS particles were analyzed at 
the single particle level by using a watershed algorithm. The degree of 
coverage with protein and the semiquantification of the protein amount 
on the particle surface across a particle population are summarized in 
Fig. 3. 

As observed, most of the particles showed only a small degree of 
coverage with proteins on their surface. On average, 7.7% of the surface 
area of particles was covered by proteins. However, some particles 
showed coverage of 20%–45%, which indicated strong differences be-
tween the particles (Fig. 3a). Approximately 30% of the particles 
showed no protein association. Fig. 3b shows a histogram of semi-
quantification of protein on digested particles across the particle pop-
ulation. The semiquantification was based on the calculated ratio of the 
integral intensity of the amide I band to that of the PS mode at 1001 
cm− 1 for each particle. Most of the particles showed only small amounts 
of associated protein. Similar to the particle coverage distributions, 
there were large differences between the particles, which indicated a 
heterogeneous distribution of protein amount on the particle surface 
(Fig. 3). The presence of proteins on the surface of digested particles has 
also been found in other studies, although the content was modulated by 
size, being higher in 100 nm PS MNPLs than in 5 μm PS MNPLs (Liu 
et al., 2020). 

3.2. Cell internalization 

The cellular uptake of both fPSNPLs and dfPSNPLs was determined 
by flow cytometry. The study involved three cell lines, an exposure 
period of 24 h, and five concentrations (1, 5, 10, 25, and 50 μg/mL). 
Fig. 4 shows that for the three cell lines, the observed fluorescence 
values were higher after dfPSNPL exposure than with the undigested 
counterpart. Such an effect was observed at all the tested concentrations 
and in the three cell lines. Interestingly, at the highest concentration (50 
μg/mL) of dfPSNPLs, almost 100% of the three cell lines showed fluo-
rescent signals. Regarding the uptake of fPSNPLs, marked differences 
were observed between cell lines, with Raji-B cells showing higher up-
take, followed by THP1 cells, with TK-6 showing lower uptake. When 

Fig. 1. Nanotracking analysis of undigested (a) and digested (b) PS particles.  
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the uptake reached after exposure to the highest concentration (50 μg/ 
mL) was compared, in Raji-B cells, almost 80% of the cells showed 
fluorescence, whereas the observed values for THP1 and TK6 cells were 
35% and 20%, respectively. These results agreed with previously re-
ported data for the same three cell lines used (Rubio et al., 2020). 
Interestingly, this different uptake between human hematopoietic cell 
lines was also detected in vivo studies. Thus, when different subsets of 

white peripheral blood cells (namely, lymphocytes, monocytes, and 
polymorphonuclear cells) were sorted from whole blood samples of 
different donors, sharp differences in cell uptake between cell types were 
observed. Thus, very limited uptake was observed in lymphocytes, very 
high uptake in monocytes, and intermediate uptake values for poly-
morphonuclear cells (Ballesteros et al., 2020). This indicates that uptake 
is modulated not only by the physicochemical characteristics of the 

Fig. 2. CRM analysis of PSNPLs and dPSNPLs: (a) the color-coded images of dPSNPLs (left), proteins (middle) and their overlapping (right); (b) Raman spectra of 
digested and undigested particles extracted from region of interest; (c) fitting analysis of amid I band represented a secondary structure of proteins on the surface of 
digested particles. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Histograms of degree of protein coverage (a) and protein amount (b) on the surface of single dPSNPLs across a particle population.  
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MNPLs but also by the cell type used. 
Unfortunately, no studies have evaluated differences in cell uptake 

between digested and undigested MNPLs. The study evaluating cell 
uptake and translocation of digested MNPLs in an in vitro coculture 
model of the intestinal barrier did not compare digested vs. undigested 
MNPLs (DeLoid et al., 2021). 

3.3. Intracellular presence of fPSNPLs and dfPSNPLs 

To determine the cellular location of both fPSNPLs and dfPSNPLs in 
the three cell types, confocal microscopy was used at a concentration of 
100 μg/mL and exposures lasting for 24 h. As observed in Fig. 5, both 
types of particles were found inside the three cell lines, in agreement 

with the uptake indicated in the previous section. PSNPLs were not 
localized in specific regions, and no relevant differences were observed 
between digested and nondigested particles. Thus, particles were 
observed attached to the membrane of the cells, spread into the cyto-
plasm, or accumulated in the perinuclear areas. Interestingly, particles 
were also internalized into the nucleus. These results agreed with those 
previously reported in the same three hematopoietic cell lines (Rubio 
et al., 2020). The localization of PSNPLs into cells has also been reported 
in undifferentiated human intestinal Caco-2 cells (Cortés et al., 2020), as 
well as in cocultures of differentiated Caco-2 cells forming an in vitro 
intestinal barrier (Domenech et al., 2020). 

Fig. 4. Cellular internalization of fPSNPLs and dfPSNPLs by THP-1 cells (a), TK6 cells (b), and Raji-B cells (c), after exposures lasting for 24 h. The graph represents 
the percentage of fluorescent-positive cells over the total cell population. Data are analyzed by the one-way ANOVA test with a Dunnett’s post-test. Statistical 
significance indicated in the graph correspond to *P < 0.05, **P < 0.01, ***P < 0.001. 

Fig. 5. Selection of representative three-dimensional images of THP1, TK6, and Raji-B cells exposed to 100 μg/mL of dfPSNPLs (left) and fPSNPLs (right) for 24 h. (a) 
and (b) represent THP1 cells; (c) and (d) represent TK6 cells; and (e) and (f) represent Raji-B cells. dfPSNPL and fPSNPL particles are shown in green, nuclei in blue, 
and cell membranes are red. ImageJ was used to process the figures, and the Imaris 9.5 software was use for obtaining 3D/4D images. (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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3.4. Cytotoxicity assessment 

To determine the potential cytotoxic concentrations of PSNPLs and 
dPSNPLs, a viability assay was carried out on TK6, THP1, and Raji-B 
cells. The range of tested concentrations was from 0 μg/mL (negative 
control) to 200 μg/mL, and the exposures lasted for 24 and 48 h. The 
obtained results are indicated in Supplementary Fig. 3. The significant 
effects, when they existed, were always observed at the highest con-
centrations tested (150/200 μg/mL), which were very high concentra-
tions and, consequently, unrealistic exposures. Consequently, PSNPLs 
could be considered nontoxic compounds, independent of whether they 
are digested. Furthermore, the exposure time modulated the effects, 
which were always higher after 48 h of exposure. Finally, the effects of 
digestion were only remarkable on the TK6 cells and at the longer 
exposure time (48 h). According to the toxicity data and aiming to work 
with noncytotoxic doses, concentrations ≤50 μg/mL were chosen for the 
rest of the assays. The potential toxicity of MNPLs has been recently 
reviewed (Schröter and Ventura, 2022), and the lack of important 
cytotoxicity is usually reported, as in human lung and intestinal cells 
(Zhang et al., 2022), where three different polystyrene nanoplastic sizes 
were evaluated. 

3.5. Production of intracellular ROS 

To determine the intracellular levels of ROS induced by dPSNPL 
exposure, a DHE assay was used. DHE (dihydroethidium) easily crosses 
cell membranes reacting with intracellular superoxide anions. This re-
action produces a red fluorescent compound (2-hydroxyethidium), 
which can intercalate into DNA. Fig. 6 represents the intracellular ROS 
production measured with the DHE assay by using FC. The three cell 

lines were exposed to different concentrations from 0 to 50 μg/mL with 
exposures lasting for 3 and 24 h. The figure shows an increased pro-
duction of ROS after exposure lasting for 3 h, but only at the highest 
concentration (50 μg/mL) and in TK6 and Raji-B cells. These effects were 
increased in exposures lasting for 24 h, but only in the TK6 cell line, 
which seemed to be especially sensitive to PSNPL effects. These effects 
were not observed when cells were exposed to the digested PSNPLs. The 
induction of oxidative stress by nanoparticle exposure has been accepted 
as a regular mechanism of action (Li et al., 2022). This assumption has 
been proposed in the case of MNPLs, but the obtained results are usually 
weak and contradictory (Yong et al., 2020). Positive induction, ac-
cording to the cell type, was demonstrated previously (Rubio et al., 
2020), and the ability to induce oxidative stress has also been associated 
with surface functionalization (He et al., 2020). Unfortunately, no 
studies have compared the ability of in vitro digested MNPLs to induce 
oxidative stress, which highlights the interest in the results reported in 
this study. 

3.6. Genotoxic and oxidative DNA damage 

The comet assay (with and without FPG) was carried out to measure 
DNA damage induced by the different exposures of PSNPLs. The three 
cell lines were exposed to different concentrations of PSNPLs and 
dPSNPLs at two different time points, 3 and 24 h. The obtained results 
are indicated in Figs. 7 and 8 for exposures lasting for 3 and 24 h, 
respectively. Fig. 7 shows the results at exposures lasting for 3 h, and as 
observed, no genotoxic or oxidative damage was observed in any of the 
three cell lines. This means that under these exposure conditions, no 
differences were observed between PSNPLs and dPSNPLs. 

The results obtained in exposures lasting for 24 h are presented in 

Fig. 6. Intracellular ROS production analysis in THP1, TK6 and Raji-B cells exposed to both PSNPLs and dPSNPLs. Exposures lasted for 3 h (a and c) and 24 h (b and 
d). Exposure to 100 μg/mL CSC was used as positive control (CRT). ROS production was extrapolated from the average of the mean fluorescence intensity from three 
independent experiments with duplicated samples (10,000 events taken from the living cell population for each sample). Data are represented as the percentage of 
fluorescence intensity compared to the negative control. One-way ANOVA with Dunnett’s post-test was used for the statistical analysis. Statistical significance was 
indicated in the graph as *P < 0.05, **P < 0.01, and ***P < 0.001. 
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Fig. 8. When the genotoxic damage was analyzed (a and c), slight effects 
were observed in both exposures, PSNPLs and dPSNPLs, although with 
differences between cell lines. Thus, PSNPL exposure induced effects 
only in Raji-B cells at the highest concentrations (25 and 50 μg/mL). On 
the other hand, dPSNPLs induced statistically significant effects only in 
THP1 cells, although a tendency to show high DNA damage was also 
observed in Raji-B cells. 

When the ability to induce oxidative damage in the DNA bases was 
determined, differences between exposures were observed. In that case, 
the induced effects observed, mainly in the TK6 cells after exposure to 
PSNPLs, were not observed when the effects of dPSNPLs were evaluated. 
Interestingly, these results matched well with the results obtained in the 
experiments evaluating the induction of intracellular ROS levels. Glob-
ally, some genotoxic effects are observed to be associated with exposure, 
although such effects can be considered mild if they truly exist. Thus, 
when the observed effects were low and without a concentration- 
dependent relationship, simple stochastic effects could be responsible 
for the observed “significant” effects. 

The link between ROS induction and genotoxicity is well known 
(Quezada-Maldonado et al., 2021), which supports our findings. 
Nevertheless, the potential genotoxicity of MNPLs is a topic that has 
generated conflicting consensus, since contradictory results have been 
reported (Xu et al., 2022). Different reasons can be associated with the 
contradictory genotoxicity data. First, under the MNPL umbrella, there 
is great variability in size that can affect the genotoxicity outcome. 
Alternatively, the cell line used is another potential source of variability 
since MNPL uptake is cell dependent. Finally, there is the genotoxic 
potential (if it exists) of MNPLs, since it is weak, and a large variability is 
expected based only on a probabilistic point of view. 

4. Conclusions 

One of the main exposure routes for MNPLs is ingestion. Their long 
journey through the different compartments of the intestinal tract can 
modify some of their properties, such as size and surface, before 
reaching the intestinal barrier. These changes would be a consequence 
of the accompanying digestion processes. Consequently, modifications 
in their uptake ability and their distribution through the entire body can 
occur. We explored whether the in vitro digestion of polystyrene nano-
plastics (PSNPLs) of approximately 50 nm can modify some of their 
properties. First, independent of the method used (TEM, DLS, or NTA), 
no relevant differences in size were found between undigested and 
digested PDNPLs. Nevertheless, a higher tendency of digested PSNPLs to 
agglomerate was observed, and CRM indicated the differential presence 
of proteins on the surface of digested particles. Interestingly, great dif-
ferences in cell uptake were observed between nondigested and digested 
cells, with the latter showing greater uptake in the three tested cell lines. 
Despite these differences in cell uptake, no significant differences in 
toxicity were observed except for high and assumed unrealistic expo-
sures. It is worth noting the different uptake capabilities observed be-
tween cell lines. Consequently, in addition to the physicochemical 
characteristics (including digested vs. undigested PSNPLs), the cell type 
used was a very relevant factor modulating cell uptake. When oxidative 
stress and genotoxicity induction were determined, the low effects 
observed after exposure to undigested PDNPLs were not observed in the 
digested ones. This was also observed when the different cell types were 
considered. This would indicate that the greater ability of digested 
PSNPLs to internalize was not accompanied by a greater hazard if not 
the opposite. 

Fig. 7. Genotoxic and oxidative damage detected by the comet assay after 3 h of exposure to PSNPLs (a, b) and to dPSNPLs (c, d). Oxidative DNA damage (ODD) was 
detected using the FPG enzyme. The concentration of 200 μM of methyl methanesulfonate (MMS) was used as a positive control (PC) for genotoxic damage induction 
while 5 mM of potassium bromate (KBrO3) was used as positive control for ODD. Experiments were performed with duplicates and 100 randomly selected cells were 
analyzed by the Komet 5.5 software. Data are represented as mean ± SEM and analyzed by the one-way ANOVA test with a Dunnett post-test. Statistical significance 
was indicated in the graph as follow, *P < 0.05, **P < 0.01, ***P < 0.001. 
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