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Abstract 

Background  Environmental nanoplastics pose a potential health risk due to human exposure, necessitating studies 
on their cellular effects. This study aims to assess the toxic and antibacterial properties of polystyrene nanoplastics 
(PS-NH2) on MDA-MB-231 breast cancer cells and HFF-2 fibroblast cells, while also evaluating their oxidative stress 
responses. Additionally, the study explores the anti-tumor effects and apoptosis induction by PS-NH2. The primary 
objectives were to determine the cytotoxicity, antibacterial efficacy, and oxidative stress response of PS-NH2 at differ-
ent concentrations and sizes. The study also aimed to investigate the mechanism of cell death, including apoptosis, 
necrosis, cell cycle arrest, and changes in antioxidant enzyme activity (SOD and GPx).

Methods  Nanoplastic properties were characterized using FTIR, FESEM, and zeta potential analysis. Antibacte-
rial effects were assessed using the agar dilution method, while the MTT assay determined cytotoxicity in MDA-
MB-231 and HFF-2 cells. Apoptosis, necrosis, cell cycle arrest, and antioxidant enzyme activities (SOD, GPx) were 
also evaluated.

Results  FTIR analysis confirmed the amino-functionalization of PS-NH2 with a wide peak at 3386 cm-1, and zeta 
potential indicated a neutral charge. PS-NH2 showed no antibacterial activity against E. coli or Staphylococcus aureus 
at sizes of 90, 200, and 300 nm. Cytotoxicity assays revealed dose-dependent decreases in cell viability for both cell 
lines. SOD and GPx activity decreased significantly with increasing PS-NH2 concentrations. Both cell lines underwent 
apoptosis, with cell accumulation in the G1 and sub-G1 phases, indicating apoptotic cell death.

Conclusions  PS-NH2 exhibits dose- and size-dependent cytotoxicity in MDA-MB-231 and HFF-2 cells. Smaller particle 
sizes and higher concentrations of PS-NH2 enhance oxidative stress, leading to apoptosis and cell cycle arrest.
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Graphical Abstract

Introduction
Today, plastic is an inseparable part of the development 
of civilization. According to recent environmental stud-
ies, Plastics, particularly nanoplastics, have become 
ubiquitous in the environment and are a significant 
concern due to their persistence and potential toxicity, 
especially in biological systems [1]. Nanoplastics can be 
produced from the fragmentation of plastic products in 
the range of 1-100 nm [2].

According to previous research, nanoplastics have 
been identified in water, soil, air, and sludge. Poly-
styrene is one of the most common plastics used in 
different industries. Polystyrene is made of styrene 
monomers. Polystyrene is used to produce toys, cup 
covers, CDs, health and cosmetic industries, etc. 
Among various types of plastics, polystyrene, made 
from styrene monomers, is one of the most commonly 
used in industries such as toy manufacturing, packag-
ing, and cosmetics [3].

Approximately 8 million tons of waste, primarily plas-
tic, are dumped into oceans annually, contributing to 70% 
of marine pollution. This accumulation of plastic waste 
has sparked studies on the effects of nanoplastics, par-
ticularly polystyrene nanoplastics (PS-NPs), on aquatic 
species, revealing toxic effects depending on size and 
exposure levels [4].

More recently, PS-NPs have been detected in the 
human body. A Dutch study published in Environment 
International discovered microplastics in human blood, 
with nearly 80% of participants showing traces of these 
particles, including PET and polystyrene. These find-
ings suggest the potential for plastics to be transported 
to human organs through the bloodstream. According 
to their results, PET plastic (polyethylene terephthalate) 
streaks were seen in half of the blood samples. This plas-
tic is mainly used in making beverage bottles. This is even 
though more than a third of them had polystyrene par-
ticles. Polystyrene is used to make disposable contain-
ers and food packaging for various products. The study 
added: it is scientifically plausible that plastic particles 
may be transported to organs through the bloodstream 
[5–8].

PS-NPs are also prevalent in cosmetic products, par-
ticularly scrubs and cleaners. One of the abilities of 
PS-NH2 is that it has the ability to dissolve in biologi-
cal fluids and combine with proteins [9]. Schirinzi et al. 
[10] conducted a study on two cell lines, brain T98G 
epithelial HeLa cells, to determine the effect of nano-
plastics including PS on ROS and cell viability. These 
cell lines were exposed to nano and micro-PS parti-
cles with 40 to 250 nm diameters, in concentrations 
of 10 ng/ml to 10 mg/ml. Their research showed that 
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exposure to PS-NPs caused a significant increase in 
ROS and a decrease in cell viability in brain epithelial 
and HeLa cells.

Cancer includes a group of diseases with unregu-
lated cell growth, invasion and metastasis of cells 
from the original site to other parts of the body [11]. 
According to WHO estimates, the global incidence of 
cancer is expected to increase to 30.2 million cases in 
2040, almost 50% more than in 2020. In these statistics, 
female breast cancer has overtaken lung cancer as the 
most common cancer diagnosed [9].

In another study, human gastric adenocarcinoma 
(AGS) cells were exposed to 44 and 100 nm unmodi-
fied PS-NP and evaluated for cell viability and expres-
sion of genes involved in cell cycle regulation. Their 
results showed that 44 nm PS-NPs were accumulated in 
the cytosol faster and more effectively. In addition, they 
stated that PS-NP affected the viability and morphol-
ogy of AGS cells and the presence of polystyrene nano-
particles led to the induction of inflammation. Also, 
exposure to PS-NP for AGS cells had a significant effect 
on the expression of genes related to cell cycle regula-
tion [12].

In another study, different cell lines, including 1321N1, 
HepG2, HEK 293, were incubated with nanoparticles 
with a diameter of 50 nm and concentrations from 0.3 
to 100 mg/ml for 24 and 72 h. They showed that amine-
modified polystyrene nanoparticles had a cytotoxic 
effect, which caused damage to the cell membrane. In 
addition, nanoparticles cause apoptosis, which activates 
caspase 9 and two executive caspases 3 and 7 [11].

Ieshita Pan et  al. (2023) focus on how biofilms grow 
on the surfaces of microplastics, the factors affecting 
the growth of these biofilms and the effects caused by 
the accumulation of metals in these biofilms, which can 
cause neurotoxicological consequences (toxic to the 
nervous system) in the human body. The article also 
mentions strategies to restore the homeostasis of met-
als in the body. Therefore, it introduces a new approach 
about the risks of heavy metals associated with micro-
plastic biofilms, which microplastics act as carriers of 
heavy metals and cause metal imbalances in the human 
body [13].

Karthikeyan Kandaswamy et  al. (2024) investigated 
the possible ecotoxicological effect of single and com-
bined simultaneous exposure to polystyrene nanoplas-
tics (PS-NPs) and diclofenac (DCF) in zebrafish (Danio 
rerio). They found that exposure affected all biomarkers 
assessed in the zebrafish larval toxicity analysis. Accord-
ing to their study, simultaneous exposure to PS-NPs and 
DCF showed an adverse effect on the gut region, sup-
porting the idea that PS-NPs synergistically aggravated 
the toxicity of DCF in zebrafish [14].

Seenivasan Boopathi et  al. (2023) investigated the 
combined effects of a high-fat diet (HFD) and poly-
ethylene microplastics (PE-MP) in a zebrafish (Danio 
rerio) model, aiming to uncover the underlying molec-
ular mechanisms. Histological and gene expression 
analyses showed significant liver inflammation and 
damage in zebrafish exposed to both HFD and PE-MP, 
resembling the characteristics of non-alcoholic fatty 
liver disease (NAFLD). The researchers found that 
lipid accumulation in the fish tissues increased when 
HFD was combined with PE-MP exposure, indicating 
that microplastics may disrupt normal fat metabolism, 
raising the risk of excessive fat deposition. Addition-
ally, PE-MP exposure triggered oxidative stress in the 
zebrafish [15].

Ajay Guru et al. [16] discuss polyethylene microplas-
tics (PE-MP), small plastic particles that are widespread 
and long-lasting environmental pollutants, and ABM 
pesticides, commonly used chemicals that may harm 
non-target organisms. The study’s findings suggest that 
the combined exposure to microplastics and pesticides 
can lead to complex, context-dependent interactions, 
with potentially synergistic effects resulting in greater 
toxicity than exposure to either pollutant alone. The 
mechanisms responsible for these combined effects are 
explored in the research.

According to the serious censuses reported by the 
World Health Organization, it is necessary and impor-
tant to investigate the effective factors in the incidence 
of breast cancer.

The use of MDA-MB-231 cells in nanoplastic research 
is conducted for the following reasons: this cell line is a 
highly aggressive, triple-negative breast cancer (TNBC) 
model characterized by poor differentiation and the 
absence of estrogen receptor (ER), progesterone recep-
tor (PR), and HER2 (human epidermal growth factor 
receptor 2) expression. In summary, MDA-MB-231 
cells are utilized in nanoplastic research due to their 
unique properties in studying invasive cancer and eval-
uating the potential impact of environmental agents, 
such as nanoplastics, on cancer progression and cell 
death. HFF-2 cells, due to their natural and fibroblas-
tic nature, serve as an important tool for studying the 
effects of nanoplastics on healthy cells and assessing 
their toxicity in comparison to cancer cells. The aim 
of this study is to evaluate the toxic effects of PS-NPs 
with different functional groups on MDA-MB-231 
breast cancer cells and HFF-2 fibroblast cells, focusing 
on uptake, cell viability and biological response. The 
results provide valuable insights into the distribution 
and potential health risks of PS-NPs in human cells and 
provide a better understanding of their role in oxidative 
stress and cytotoxicity.
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Materials and methods
Preparation of materials
MDA-MB-231 and HFF-2 cells were obtained from the 
Stem Cell Technology Research Center (Tehran, Iran). 
These particles were selected due to their widespread use 
in environmental toxicity studies. The experiments per-
formed and the results obtained can have a significant 
impact on protocols for the use of products containing 
these particles worldwide.

PS-NH2 nanoparticles with sizes of 90, 200, and 300 
nm were acquired from Tianjin Saierqun Technology 
(China) as a 2.5% aqueous suspension and were stored at 
4 °C.

Characterization of PS‑NPs
Before use, PS-NH2 nanoparticles were prepared accord-
ing to the method described by Fadare et al. [17] for all 
experiments. The stock solutions of PS-NH2 and the 
required concentrations were prepared by diluting the 
stock with deionized water [18]. Particle size distribution 
and morphology were analyzed using a FE-SEM ZEISS 
Sigma 300 scanning electron microscope. Addition-
ally, the compounds and bonds in organic and inorganic 
materials were identified, and the amine content of the 
particles was confirmed using Fourier-transform infrared 
(FTIR TENSOR 27) spectroscopy and X-ray diffraction 
(XRD Xpert Pro Panalytical), both of which are subsets of 
spectroscopic analysis.

Cell culture
MDA-MB-231 and HFF-2 cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM, USA, Gibco) 
High Glucose culture medium, supplemented with 10% 
fetal bovine serum (FBS, Gibco, USA) and 1% penicil-
lin–streptomycin antibiotic solution (PenStrep, Gibco, 
USA). These cells were incubated at 37 °C with humidity 
and 5% CO₂ for optimal growth. Through documenta-
tion, monitoring, and continuous or periodic logging of 
temperature, CO₂, and humidity data from the incuba-
tor, it can be confirmed that these conditions remained 
stable throughout the entire incubation period. After 
reaching sufficient growth, the cells were enzymatically 
detached from the cell culture flask using trypsin-EDTA 
(25%, Gibco, USA). Cell counts were performed with a 
Neubauer slide (hemocytometer) to assess the necessary 
tests. The culture medium inside the flask was changed 
every 2 days if cells were growing on the bottom of the 
flask. When the cells reached approximately 80% conflu-
ency at the bottom of the flask, they were passaged to 

support further growth and prevent cell death. All sam-
ples in this study were repeated three times.

Cell viability assay
The cytotoxicity of polystyrene nanoplastics was evalu-
ated by assessing the growth and proliferation of can-
cer cells and fibroblasts. The IC50 of these compounds 
was determined using the MTT colorimetric method. 
[19]. The cytotoxicity of PS-NPs was evaluated using 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide. MDA-MB-231 and HFF-2 cells were cultured in 
96-well plates for 24, 48, and 72 hours and treated with 
PS-NPs at concentrations of 125, 250, 500, 1000, and 
2000 mg/ml. MDA-MB-231 and HFF-2 cells without PS-
NPs were used as controls, while wells without cell inoc-
ulation served as blanks.

After the incubation period, MTT solution was added 
to all wells and incubated for 2–4 h at 37 °C with 5% CO₂ 
to allow the purple precipitate at the bottom of the plate 
to become visible. The precipitate was then dissolved in 
100  μl of DMSO, and the absorbance of the formazan 
solution was measured at 570 nm using an ELISA reader 
(Citation™ Biotek, USA).

All stages after incubation with PS-NPs were observed 
under an inverted microscope. The survival percentage 
was calculated by subtracting the blank absorbance from 
the sample absorbance at 570  nm using the following 
formula:

Disc diffusion method
The antimicrobial activity of PS-NPs against pathogenic 
strains of Escherichia coli and Staphylococcus aureus was 
studied using the disk diffusion method. For this method, 
100 microliters of the microorganism were evenly spread 
on a plate containing Mueller-Hinton agar (MHA) and 
incubated at 37 °C. Thirty microliters of nanoparticles at 
different concentrations (250, 500, 1000, and 2000  mg/
ml) were poured onto the disks using blank disks, and 
the disks were left for a few minutes to allow for complete 
absorption of the nanoparticles.

After the incubation period, the growth halo around 
each disk was measured and compared. The diameters 
of the inhibition zones were recorded using a ruler. All 
experiments were performed in triplicate, and the aver-
age standard errors were calculated.

Minimum inhibitory concentration (MIC)
In this method, serial dilutions of nanoparticles with 
sizes of 90, 200, and 300 nm were prepared in the wells of 
a 96-well plate, and then 1/100 of 0.5 McFarland’s (108 × 

Cell viability(%) =
Abs(570)treatment− Abs(570)blank

Abs(570)control− Abs(570)blank
× 100.
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1.5 CFU/ml) was added to each well. For each nanopar-
ticle, a positive control (nanoparticle + Mueller-Hinton 
broth culture medium) and a negative control (Mueller-
Hinton broth culture medium + 0.5  McFarland’s) were 
included. The plate was incubated for 24 h at 37°C, and 
the absorbance was measured at a wavelength of 600 nm 
using an ELISA reader. All particles and concentrations 
were repeated three times.

Apoptosis and necrosis
To determine the type of induced cell death (apoptosis 
and necrosis) in breast adenocarcinoma cells, the flow 
cytometric technique was performed using Annexin 
V-FLUOS and PI staining according to the instructions 
of the eBioscience kit (Thermo Fisher). The device used 
for this test was the BD FACSCalibur™ II flow cytometer 
(USA).

Based on the results of cytotoxicity, two concentra-
tions of each polystyrene nanoparticle 2000 and 500 
(IC50) were used to evaluate apoptosis and necrosis. The 
cells were cultured in a 24-well plate, and after treatment 
with the specified concentrations for 48 h, the cells were 
detached from the bottom of the wells using trypsin and 
centrifuged for 3 min at 1700 rpm. Finally, the pellet was 
resuspended in FBS serum and stained with Annexin 
V-FLUOS and PI dyes.

Cell cycle
To perform the cell cycle analysis, the cells were washed 
with PBS buffer. After trypsinization, the cells were cen-
trifuged at 1700 rpm for 5 minutes. Then, the cells were 
cultured in a 24-well plate based on cell counting. After 
24 hours, the cells were treated with nanoparticles at the 
IC50 concentration of 2000 mg/ml. Following treatment, 
the cells were incubated for 48 hours in an incubator at 
37 ºC with 5% CO₂. The control in this experiment con-
sisted of cells without treatment. After the incubation 
period, the cells were centrifuged (1700 rpm) for 3 min, 
and the resulting pellet was resuspended in FBS serum 
for analysis using flow cytometry.

Oxidative response assay
MDA-MB-231 and HFF-2 cells were seeded in a 6-well 
plate at a density of 106 cells/well. After 24  h, these 
cells were co-incubated with concentrations of 500 and 
1000  mg/ml of PS-NPs. In addition, MDA-MB-231 and 
HFF-2 cells were incubated as controls without exposure 
to PS-NPs. After 48 hours, the medium was removed 
from the plate, and the cells were washed three times 
with PBS. Five hundred microliters of lysis buffer was 
added to the wells for 30 minutes. The samples were 
then centrifuged at 12,000 rpm for 5 min at 4 °C, and the 
supernatant was used as a sample.

The activity of cellular superoxide dismutase (SOD) 
and glutathione peroxidase (GPX) was evaluated using 
diagnostic kits (KIAZIST, Iran) according to the manu-
facturer’s instructions. Subsequently, the total protein 
concentration of the cells in each well was measured 
using a BCA kit. The detected values of SOD and GSH 
content were normalized to the total protein content of 
the samples.

Statistical analysis
All assays in this study were performed in triplicate. The 
obtained results are expressed as mean ± standard devia-
tion (SD). For statistical analysis of the data, two-way 
analysis of variance (ANOVA) with post hoc Bonferroni 
and Tukey tests was used to compare significant differ-
ences between biological parameters for the control and 
treatment groups. P-values < 0.05 and < 0.001 were con-
sidered statistically significant.

Results
Characteristics of PS‑NPs
The results of the IR spectrum related to polystyrene 
nanoplastics are shown (Fig.  1a). According to the 
results obtained from FTIR analysis, it can be seen that 
the broad absorption peak at 3386 cm-1 is related to the 
stretching bond of the first type of amine N–H and the 
bending peak at 1580–1650 cm-1 is related to the amine 
vibration of N–H. The appearance of medium and sharp 
peaks in the region of 2082–3026 cm-1 is characteristic of 
C–H aromatic stretching vibrations.

The absorption band observed at 730–765  cm-1 indi-
cates the presence of a strong C=C bending and alkene 
bond. The broad and strong peak at 3400 cm-1 indicates 
the existence of O–H bond [20]. According to the FESEM 
microscope images, PS-NPs have been synthesized in a 
spherical shape with a uniform and regular appearance. 
These images were taken with a magnification of 500 nm 
(Fig. 1b). The higher the value (positive or negative), the 
more stable the colloidal dispersion. After examining 
the zeta potential, PS-NH2 nanoparticles were found to 
have an electrical charge of 17.3–15.9 mV, where the zeta 
potential is close to zero (that is, the sample is approxi-
mately at the isoelectric point) and has a neutral electri-
cal charge. Therefore, according to the obtained results, 
PS-NH2 nanoparticles, due to their surface charge range, 
cause the instability of the particles and this provides the 
possibility for flocculation and non-separation of the par-
ticles (Fig. 1c) [21].

Effect of PS‑NPs on MDA‑MB231, HFF‑2 cell viability
HFF-2 cells are spindle-shaped and elongated, while-
MDA-MB-231 cells appear polygonal. Figure 2-3 illus-
trates the morphology of HFF-2 and MDA-MB-231 
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cells. The effect of different concentrations of PS-NH2 
on MDA-MB-231 and HFF-2 cell lines was investigated 
through cell culture (Figs. 4, 5). According to the results 
obtained in this study, in both MDA-MB-231 and 
HFF-2 cell lines, it was observed that the toxicity effect 
of PS-NH2 nanoparticles increased with rising concen-
tration and over time. Furthermore, smaller nanoparti-
cle sizes exhibited a greater toxicity effect [20].

The goal of this study is to investigate the anti-tumor 
effects and apoptosis-inducing properties of a nanoplas-
tic polystyrene combination. In the MTT assay, the color 
intensity produced is proportional to the number of cells 
with active mitochondria. In other words, this method is 
used to determine the rate of cell proliferation and sur-
vival after exposure to cytotoxic substances [20]. The 
results of the two-way analysis of variance (ANOVA) 
show that the effects of time, concentration, and size of 
PS-NH2 nanoparticles on the survival of breast cancer 
cells are significant (p < 0.001) (Table 1) [20].

An independent t-test was used to compare the via-
bility of MDA-MB-231 cells with HFF-2 cells. As the 

results of the independent t-test show, the average sur-
vival of MDA-MB-231 cells is not significantly different 
from that of HFF-2 cells. Therefore, it can be concluded 
that the viability of both cell types is generally the same 
(Figs. 4, 5).

Antibacterial effect PS: agar dilution
Polystyrene nanoparticles in three sizes of 90 nm, 200 
nm, and 300 nm were investigated to determine their 
antimicrobial properties against Gram-positive S. aureus 
and Gram-negative bacteria.The antibiotic streptomycin 
was used as a positive control to assess the sensitivity 
of the species (Fig.  6g), while the culture medium with 
nanoparticles served as a negative control (Fig.  6h). A 
comparison of the results for the nanoparticles with the 
controls indicated that these particles, at concentrations 
of 500, 1000, 1500, and 2000  µg/ml, had no antimicro-
bial effect on either of the two bacteria, and no growth 
halo was observed (Fig. 6). In addition, the MIC results 
confirm that the combination of PS-NH2 did not inhibit 

Fig. 1  a FTIR spectroscopy. b PS-NH2 nanoparticles are shown by FESEM scanning electron microscope to be spherical with regular and uniform 
appearance. These images were taken with a magnification of 500 nm. C The zeta potential of PS-NH2 nanoparticles indicates that the electric 
charge of these particles is approximately neutral
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Fig. 2  The MDA-MB-231 cells morphological changes caused by PS-NH2 (a), MDA-MB231 control cells (b) exposure at dosages of 125 μg/mL (c), 
250 μg/mL (d), 500 μg/mL (e), 1000 μg/mL (f), 2000 μg/mL in 90 nm

Fig. 3  The HFF-2 cells morphological changes caused by PS-NH2 (a), HFF-2 control cells (b) exposure at dosages of 125 μg/mL (c), 250 μg/mL (d), 
500 μg/mL (e), 1000 μg/mL (f), 2000 μg/mL in 90 nm
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bacterial growth in any of the wells. Therefore, PS-NH2 
has no antimicrobial effect on S. aureus and E. coli.

Antibacterial effect of PS: minimum inhibitory 
concentration (MIC)
Polystyrene nanoparticles in sizes of 90 nm, 200 nm, 
and 300 nm were investigated to determine their anti-
microbial properties against the Gram-positive bacteria 
S. aureus and the Gram-negative bacteria E. coli. Muel-
ler-Hinton broth culture medium with 0.5 McFarland 
bacteria was used as a negative control (Fig.  7b), while 
streptomycin antibiotic served as a positive control 
(Fig.  7a). After analysis using an ELISA reader, no anti-
bacterial effect was observed following treatment with 
PS-NH2. Similarly, in the antimicrobial test using dilu-
tion agar, no growth halo was observed due to the use of 
PS-NH2.The results of the MIC and dilution agar tests 
also confirmed that PS-NH2 nanoparticles do not exhibit 
antibacterial effects against S. aureus and E. coli (Fig. 7) 
[27].

Apoptosis
To determine the apoptotic or necrotic effects of PS-NH2 
on MDA-MB-231 and HFF-2 cell lines, we employed flow 
cytometry and compared the results with the control. In 
both MDA-MB-231 and HFF-2 cells, it was observed that 
as the concentration of PS-NH2 nanoparticles increased, 
the percentage of living cells decreased, leading them to 

enter the phases of apoptosis and necrosis. Additionally, 
as the nanoparticle size increased, its effect decreased 
in both cell types. Statistically, the samples treated with 
PS-NH2 nanoparticles in both MDA-MB-231 and HFF-2 
cell lines showed a significant difference compared to the 
control sample (Figs. 8, 9a–g) (P < 0.001).

In this research, flow cytometry analysis was uti-
lized for further studies on the method of cell death 
(apoptosis or necrosis). Our results indicated that the 
percentage of apoptotic cells (annexin positive and PI 
negative) increased with the passage of time, higher 
concentrations, and smaller sizes of PS-NH2. Accord-
ing to the obtained results, increasing the concentration 
from 500 µg/ml to 2000 µg/ml and reducing the size of 
PS-NH2 to 90 nm significantly increased the percentage 
of apoptosis (P < 0.001).

The highest percentage of apoptosis induced was 50% 
in HFF-2 cells at a concentration of 500 µg/ml of 90 nm 
PS-NH2 after 48 h of treatment (Fig. 9a).

Cell cycle
In the cell cycle, a regular and organized sequence of 
events occurs until replication takes place, which can be 
divided into two general stages: interphase and mitosis 
[28]. According to the obtained results, MDA-MB-231 
and HFF-2 cells are predominantly arrested in the G1 
and sub-G1 phases (Fig.  10). This finding indicates the 
occurrence of apoptosis as a result of treatment with 

Fig. 4  MDA-MB-231 cell viability exposed to PS-NH2 sizes 90, 200, 300 nm in 24, 48 and 72 h. (P < 0.001)
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Fig. 5  HFF-2 cell viability exposed to PS-NH2 sizes 90, 200, 300 nm in 24, 48 and 72 h. (P < 0.001)

Table 1  Description of relevant studies reporting the cytotoxic effects of PS-NPs in human cell lines

Human cell lines NPs type NPs size (nm) NPs dosage
(μg/mL)

Exposure time Cytotoxicity Reference

Cell viability Other effects

MDA-MB-231 PS-NH2 90, 200, 300 125,250,500,1000,2000 24, 48, 72 This study Oxidative damage
Prolonged G0/G1 
phase in cell cycle

This study

HFF-2 PS-NH2 90, 200, 300 125,250,500,1000,2000 24, 48, 72 This study Oxidative damage
Prolonged G0/G1 
phase in cell cycle

This study

HepG2 PS-COOH
PS-NH2

50 10, 50, 100 24 PS-COOH: 91%, 65%, 
54% (10, 50,
100 μg/mL)
PS-NH2: 92%, 73%, 53% 
(10, 50,
100 μg/mL)

Oxidative damage [20]

FuB-1 PS 100 10 24 40% Oxidative damage [22]

Caco-2 PS 50 200 24, 48 78% (24 h)
72% (48 h)

Genotoxicity DNA 
oxidative damage

[23]

A549 PS 25, 70 30 (25 nm)
300
(70 nm)

24 50% (25 nm)
85% (70 nm)

Launched inflam-
matory responses 
and apoptosis

[18]

AGS PS 44, 100 10 24 85% (44 nm)
120% (100 nm)

Morphological change [12]

HeLa PS-COOH
PS-NH2

50 50 24 PS-COOH: 98%
PS-NH2: 60%

Prolonged G0/G1 
phase in cell cycle

[24]

HepG2 PS 15 1.0 24 Did not produce sig-
nificant cytotoxicity

Gene expression 
altered

[25]

BEAS-2B PS-NH2 60 16 25% Not reported [26]
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PS-NH2 nanoparticles. It was observed that the percent-
age of apoptosis induced in HFF-2 cells after treatment 
was higher than that in breast cancer cells. Statistically, 
both investigated cell lines exhibited a significant differ-
ence compared to the control sample (p < 0.001).

Examining the results of the cell cycle in the samples 
treated with PS-NH2 in the present study demonstrates 
the role of this compound in creating a disruption in the 
G1 phase of the cell cycle in MDA-MB-231 and HFF-2 
cells. The induction of cell accumulation in the G1 phase 
by PS-NH2 is evidenced by the increase in the concentra-
tion of this compound (Fig. 10).

The increase in the number of cells in the G1 phase 
due to treatment with PS-NH2 at sizes of 200 nm, 90 
nm, and 300 nm, in concentrations of 500 and 2000 µg/
ml, was significant compared to the control. (p<0.001). 
The effect of different concentrations of PS-NH2 is to 
cause an interruption in the G1 phase of the cell cycle, 
leading to an increased accumulation of MDA-MB-231 
and HFF-2 cells in this phase, which is elevated com-
pared to the control (P < 0.001) (Fig. 10, 11).

In HFF-2 cells, the percentage of cells in the G1 phase 
is lower than that in MDA-MB-231 cells at the same 
concentration (Fig.  12). Although this treatment signifi-
cantly affected the number of cells in the G1 and sub-G1 
phases in HFF-2 cells compared to the control, it caused 
an interruption in the G1 phase, leading to the induction 
of apoptosis in these cells (p  <  0.001). The percentage 
of cells in the G1 phase at a size of 90 nm is lower than 
that at 200 nm, and in these sizes, we observe a decrease 
in the number of cells in the G1 phase with increasing 
concentration. At a concentration of 2000 µg/ml of 300 
nm PS-NH2, the percentage of G1 cells is higher than 
that at 500 µg/ml (Fig. 12a–g). In MDA-MB-231 cells, at 
sizes of 90 nm and 200 nm, the number of S-phase cells 
decreases with decreasing concentration. However, at 
300 nm, there is an increase in the number of S-phase 
cells as concentration decreases (Fig.  11a–g). In HFF-2 
cells, the percentage of S-phase cells increases as the con-
centration of PS-NH2 decreases. Additionally, with an 
increase in the size of PS-NH2, the percentage of S-phase 
cells also rises. The percentage of cells in the G2 phase 
in the cell cycle of MDA-MB-231 increases from 2000 

Fig. 6  No formation of growth halo. a Staphylococcus aureus bacterium b E. coli bacterium exposed to polystyrene nanoplastic in c-d 
concentrations of 500, 1000, 1500, 2000 μg/ml, respectively, in three nanoparticle sizes 90, 200, 300 nm, g antibiotic streptomycin, gentamicin 
as positive control, h combination of nanoparticles with Mueller–Hinton broth culture medium as a negative control
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to 500 µg/ml, whereas this amount decreases in HFF-2 
cells. As the size of PS-NH2 increases in HFF-2 cells, the 
amount of G2 cells increases. Overall, the level of G2 is 
higher in HFF-2 cells compared to MDA-MB-231 cells 
(Fig. 10).

Activity of antioxidant enzymes
GPx enzyme activity was measured in MDA-MB-231 
cells compared to the control (Fig. 13). According to the 
obtained results, after the cells were exposed to PS-NH2 
nanoparticles with a size of 90 nm at a concentration of 
500 µg/ml, the enzyme activity increased approximately 
2.3 times compared to the control. At a concentration of 
1000  µg/ml, the enzyme activity decreased by 6.5 times 
compared to the control. Among the tested groups, a 
decrease in the concentration of PS-NH2 resulted in a 
13-fold increase in enzyme activity, and this difference 
was statistically significant (P < 0.001).

GPx enzyme activity was measured in MDA-MB-231 
cells compared to the control. According to the obtained 
results, after the cells were exposed to PS-NH2 nanoparti-
cles with a size of 200 nm at a concentration of 500 µg/ml, 
the enzyme activity was approximately 1.5 times that of 
the control. At a concentration of 1000 µg/ml, the enzyme 
activity was halved compared to the control. Among the 
tested groups, a decrease in the concentration of PS-NH2 
resulted in a 2.5-fold increase in enzyme activity, and this 
difference was statistically significant (P < 0.001).

GPx enzyme activity was measured in MDA-MB-231 
cells compared to the control. According to the obtained 
results, after the cells were exposed to PS-NH2 nano-
particles with a size of 300 nm at a concentration of 
500 µg/ml, the enzyme activity decreased to 0.24 times 
that of the control. At a concentration of 1000 µg/ml, 
the enzyme activity was halved compared to the con-
trol. Among the tested groups, a decrease in PS-NH2 
concentration resulted in a 1.5-fold increase in enzyme 
activity, and this difference was statistically significant 
(P  <  0.001). Thus, according to the results of the pre-
sent study, a lower concentration of this nanoparticle is 
associated with higher activity of the GPx enzyme. GPx 
enzyme activity was measured in HFF-2 cells compared 
to the control (Fig. 13). According to the obtained results, 
after the cells were exposed to PS-NH2 nanoparticles 
with a size of 90 nm at a concentration of 500 µg/ml, the 
enzyme activity was approximately 1.3 times that of the 
control. At a concentration of 1000 µg/ml, the enzyme 
activity doubled compared to the control. Among the 
tested groups, as the concentration of PS-NH2 increased, 
enzyme activity decreased to about 0.68 times that of the 
control, and this difference was statistically significant 
(P < 0.001).

GPx enzyme activity was measured in HFF-2 cells 
compared to the control. According to the obtained 
results, after the cells were exposed to PS-NH2 

Fig. 7  The effect of PS-NH2 to determine the lowest inhibitory concentration of 1) E. coli 2) S. aureus. a Positive control 90 nm, b negative control 90 
nm, c positive control 200 nm, d negative control 200 nm, e positive control 300 nm, f negative control 300 nm
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Fig. 8  Flow cytometry results of MDA-MB 231 cells exposed to PS-NH2 nanoparticles after 48 h. a Concentration of 500 µg/ml, size 90 nm. b 
Concentration of 2000 µg/ml size 90 nm. c 500 µg/ml size 200 nm. d 2000 µg/ml size 200 nm. e 500 mg µg/ml size 300 nm. f 2000 µg/ml size 300 
nm. g MDA-MB 231 cell as a control without the presence of PS-NH2 nanoparticles after 48 h

Fig. 9  Flow cytometry results of HFF-2 cells exposed to PS-NH2 nanoparticles after 48 h. a concentration of 500 µg/ml, size 90 nm. b Concentration 
of 2000 µg/ml size 90 nm. c 500 µg/ml size 200 nm. d 2000 µg/ml size 200 nm. e 500 mg µg/ml size 300 nm. f 2000 µg/ml size 300 nm. g MDA-MB 
231 cell as a control without the presence of PS-NH2 nanoparticles after 48 h
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nanoparticles with a size of 200 nm at a concentration 
of 500 µg/ml, the enzyme activity increased by approxi-
mately 2.2 times compared to the control. At a concen-
tration of 1000 µg/ml, the enzyme activity increased by 
1.3 times compared to the control. Among the tested 
groups, as the concentration of PS-NH2 increased, 

enzyme activity decreased to about 0.68 times that of 
the control, and this difference was statistically signifi-
cant (P < 0.001).

GPx enzyme activity was measured in HFF-2 cells com-
pared to the control. According to the obtained results, 
after the cells were exposed to PS-NH2 nanoparticles 

Fig. 10  Comparison of cell cycle phases in MDA-MB-231 and HFF-2 cells treated with PS-NH2 with the control group after 48 h (P < 0.001)

Fig. 11  Cell cycle results of MDA-MB 231 cells exposed to PS-NH2 after 48 h. a 500 µg/ml size 90 nm. b 2000 µg/ml size 90 nm. c 500 µg/ml size 200 
nm. d 2000 µg/ml size 200 nm. e 500 µg/ml size 300 nm. f 2000 µg/ml size 300 nm. g Cell as a control without the presence of C after 48 h
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with a size of 300 nm at a concentration of 500 µg/ml, the 
enzyme activity increased by 1.5 times compared to the 
control. At a concentration of 1000  µg/ml, it increased 
by 1.2 times compared to the control. Among the tested 
groups, as the concentration of PS-NH2 increased, 
enzyme activity decreased to about 0.68 times that of the 
control, and this difference was statistically significant 
(P < 0.001). Thus, the results of the present study indicate 
that with an increase in PS-NH2 concentration, the level 
of GPx enzyme activity in HFF-2 cells decreases.

Glutathione is the most important intracellular non-
protein antioxidant. This substance reduces free radi-
cals in the cell; therefore, a reduction in the level of 
glutathione increases the amount of free radicals and 
induces apoptosis in cancer cells. The results of meas-
uring GPx enzyme activity in our research indicated 
that the combination of PS-NH2 in sizes of 90 nm, 200 
nm, and 300 nm caused an increase in intracellular glu-
tathione levels by 3, 2.2, and 1.2 times, respectively, 
compared to the control group in HFF-2 cells. In the 
MDA-MB-231 cell line, this nanoparticle at sizes of 90 
nm and 200 nm increased intracellular glutathione levels 
by 2.2 and 1.1 times, respectively, compared to the con-
trol group, while at a size of 300 nm, enzyme activity was 
halved compared to the control (Fig. 13). In this cell line, 

as the concentration of nanoparticles increased, there 
was a 13-fold decrease in GPx enzyme activity, which 
prevents the induction of apoptosis by increasing glu-
tathione levels. In both cell lines, a statistically significant 
difference was observed compared to the control group 
(p < 0.001).

SOD is the cell’s first line of defense against reactive 
oxygen species (ROS). Typically, the superoxide radical 
is the first free radical produced during stress, and SOD 
rapidly converts the superoxide radical into hydrogen 
peroxide and molecular oxygen. By removing superox-
ide, SOD plays a more vital role in the antioxidant sys-
tem than catalase and peroxidase, thereby enhancing the 
resistance of cells to environmental stresses [29–31]. In 
most studies, the level of SOD activity is variable. This 
variability is partly due to differences in the tested fac-
tors, such as cell type, type of treatment, concentra-
tion of treatment, and duration of treatment [32]. The 
increase in SOD activity is attributed to its role in com-
bating oxidative stress and protecting the cell’s defense 
system against oxidative damage. Additionally, the rise 
in enzyme activity is likely due to an increase in super-
oxide levels, which may enhance the expression of super-
oxide dismutase genes through a signaling mechanism 
(Fig 13) [33]. By examining the activity of the superoxide 

Fig. 12  Cell cycle results HFF-2 cells exposed to PS-NH2 after 48 h. a 500 µg/ml size 90 nm. b 2000 µg/ml size 90 nm. c 500 µg/ml size 200 nm. d 
2000 µg/ml size 200 nm. e 500 µg/ml size 300 nm. f 2000 µg/ml size 300 nm. g HFF-2 cells as a control without the presence of PS-NH2 after 48 h
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dismutase enzyme in MDA-MB-231 and HFF-2 cells 
treated for 48 hours with concentrations of 500 and 
1000 µg/ml of the PS-NH2 combination, it was observed 
that enzyme activity increased at lower treatment con-
centrations. However, enzyme activity decreased with 
increasing treatment concentration. The decrease in 
enzyme activity at high concentrations is likely due to the 
increased production of H2O2 within the cell, which can 
inactivate the enzyme, or it may result from the binding 
of PS-NH2 to the active site of the enzyme, ultimately 
leading to reduced enzyme activity [34].

Statistical analysis of the data obtained from the meas-
urement of superoxide dismutase enzyme activity using 
one-way ANOVA revealed that the enzyme activity in 
MDA-MB-231 and HFF-2 cells treated with PS-NH2 
was significantly different compared to the control (P < 
0.001). Comparison of the average activity of the super-
oxide dismutase enzyme in HFF-2 cells showed that 
treatment with concentrations of 500 and 1000 µg/ml of 
PS-NH2 increased the activity of this enzyme compared 

to the control; however, with increasing concentration, 
the enzyme activity decreased. In MDA-MB-231 cells, 
compared to the control group, the activity of the SOD 
enzyme decreased, with higher concentrations of nano-
particles also leading to decreased enzyme activity. The 
highest activity of the superoxide dismutase enzyme was 
observed at a concentration of 500 µg/ml in HFF-2 cells, 
indicating an increase in SOD enzyme activity compared 
to the control group (Fig. 14).

In both normal and oxidative stress conditions, 
advanced antioxidant defense systems work to eliminate 
excess reactive oxygen species (ROS) in cells. For exam-
ple, SOD is known to convert superoxide into H2O2 
(Nordberg & Arner, 2001). Environmental pollutants can 
induce ROS production and subsequent oxidative stress. 
Overall, SOD is responsible for maintaining the dynamic 
balance between ROS production and scavenging under 
normal conditions. Therefore, SOD activity serves as an 
indicator of the antioxidant capacity of cells.

Fig. 13  Analysis of glutathione peroxidase enzyme (GPx mU/ml) on MDA-MB-231 and HFF-2 cells after treatment with 500, 1000 µg/ml of PS-NH2 
combination in three sizes 90, 200 and 300 nm
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Discussion
Polystyrene is one of the most common plastics used 
across various industries.   It is made from styrene mon-
omers and is utilized in the production of a wide range 
of products, including toys, cup covers, CDs, and items 
in the health and cosmetic industries, among others [3, 
35]. According to recent studies, polystyrene nanoplas-
tics have been detected in the human body. A Dutch 
study published in the journal Environment International 
recently discovered microplastics in human blood for the 
first time, raising concerns that these ubiquitous particles 
may also accumulate in organs.

The results of the infrared (IR) spectrum analysis 
related to polystyrene nanoplastics confirmed the pres-
ence of amino bonds in these nanoparticles. Images cap-
tured by a field emission scanning electron microscope 
(FESEM) showed that PS-NPs were synthesized in a 
spherical shape with a uniform and regular appearance.

In the zeta potential analysis of PS-NPs, it was found 
that a higher value (whether positive or negative) indi-
cates greater stability in the colloidal dispersion. The 
examination revealed that PS-NH2 nanoparticles exhib-
ited a zeta potential close to zero, indicating that the 

sample is nearly at its isoelectric point and possesses a 
neutral electric charge. Therefore, the obtained results 
suggest that PS-NH2 nanoparticles, due to their surface 
charge range, may cause particle instability, leading to 
aggregation rather than separation (Fig. 1c) [17].

The results of the MTT assay indicate that the survival 
of MDA-MB-231 and HFF-2 cells is influenced by the 
concentration, size, and duration of exposure to poly-
styrene nanoplastics. In this research, it was observed 
that higher concentrations and smaller sizes of PS-NH2 
exhibited more cytotoxic effects compared to lower con-
centrations and larger sizes of this compound, as evi-
denced by morphological changes such as reduced cell 
volume and rounding. Additionally, PS-NH2 nanoplas-
tics significantly decreased cell viability with increasing 
concentration (Figs. 4, 5). The results of the MTT assay 
at concentrations of 10, 50, and 100 µg/ml clearly dem-
onstrated that PS-NH2, at the sizes used in this study, did 
not exhibit specific cytotoxic effects in  vitro [20]. Fur-
thermore, as the concentration of PS-NH2 exceeded 125 
µg/ml, cell viability decreased logarithmically [36].

The IC50 values for the 90 nm, 200 nm, and 300 nm 
polystyrene nanoplastics were approximately 500  µg/

Fig. 14  Analysis of superoxide dismutase enzyme (SOD mU/ml) on MDA-MB-231 and HFF-2 cells after treatment with 500, 1000 µg/ml of PS-NH2 
combination in three sizes 90, 200 and 300 nm
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ml for 72 h and 250 µg/ml for 24 h. The results suggest 
that polystyrene nanoplastics possess cytotoxic potential 
against MDA-MB-231 and HFF-2 cell lines. The highest 
toxicity was observed for the 90 nm particles at a concen-
tration of 2000 µg/ml over 72 h. Due to their smaller size, 
these nanoparticles have a greater ability to penetrate 
cells, resulting in significantly higher lethality and, conse-
quently, a lower number of living cells in these wells.

Additionally, based on the research findings of Bamre 
et al. [27], it has been reported that no microbial decom-
position is observed in polystyrene sheets buried in the 
soil after 32  years. Hydrophobic groups in thermoplas-
tics have made them resistant to hydrolysis [37]. The 
molecular compounds in plastic affect the hydrophobic-
ity of the polymer surface and facilitate the easy con-
nection of microorganisms to one another on the plastic 
surface [38]. The high molecular weight and low solubil-
ity of polystyrene in water have prevented it from dis-
solving. These polymers pass through the membranes of 
microorganisms, and intracellular decomposition takes 
place on them. The biological process of decomposing 
these compounds begins with the release of extracellular 
enzymes from the decomposing microorganisms [38]. 
According to the results of studies by Lithner and his col-
leagues [39], most plastics are very resistant to microbial 
degradation in everyday use. The results of the MIC and 
dilution agar tests were also confirmatory and proved 
that PS-NH2 nanoparticles have no antibacterial effect 
on bacteria, including Staphylococcus aureus and E. coli 
(Fig. 7), [27].

Apoptosis is defined as programmed cell death. If this 
process is disturbed, it can lead to pathological condi-
tions, such as cancer and autoimmune disorders [40]. 
Unlike apoptosis, necrosis is the pathological death of 
cells, and this type of cell death occurs during severe 
damage to cells, such as hypoxia, hyperthermia, and 
exposure to external toxins. Radiotherapy, chemotherapy, 
and hormone therapy all induce apoptosis in cancer cells. 
However, using higher doses of these compounds can 
cause cancer cell death through other mechanisms [40].

PS-NH2 in HFF-2 cells induced a peak of phosphati-
dylserine (one of the reliable indicators of apoptosis) in 
the flow cytometry histogram compared to the control 
group. Statistically, there is a significant difference com-
pared to the control group (P < 0.001).

Increasing the concentration of PS-NH₂ (from 500 to 
2000 nm) leads to an increase in the percentage of necro-
sis and apoptosis in both MDA-MB-231 and HFF-2 cell 
lines. In the MDA-MB-231 cell line, the necrosis per-
centage increases from 7.6% to 20%, and the late apop-
tosis percentage rises from 16.6% to 35.7%. Similarly, in 
the HFF-2 cell line, the necrosis percentage increases 
from 8.97% to 15.4%, while late apoptosis decreases from 

42.6% to 36.1%, indicating a greater sensitivity of HFF-2 
cells to nanoplastics at lower concentrations.

In both cell lines, increasing the nanoplastic concen-
tration results in a rise in cell death (necrosis and apop-
tosis). However, early apoptosis is observed at a lower 
percentage at higher concentrations, which may suggest 
a progression toward late apoptosis. The percentage of 
viable cells decreases as the concentration of nanoplas-
tics increases. For MDA-MB-231 cells, viability decreases 
from 74% at 500 nm to 43.4% at 2000 nm, whereas in 
HFF-2 cells, it ranges from 40.2% to 42% across different 
concentrations.

The effects of polystyrene on these two cell types may 
proceed via the following pathways:

Activation of apoptotic signaling pathways: polysty-
rene may activate specific proteins that induce apoptosis, 
potentially involving caspase activation and the upregula-
tion of genes associated with cell death.

Mitochondrial dysfunction: this dysfunction can lead 
to increased free radical production, ultimately resulting 
in necrosis and cell death. Polystyrene may induce necro-
sis, often due to severe damage to cell membranes and 
disruption of metabolic processes.

Overall, polystyrene has distinctly different impacts 
on MDA-MB-231 and HFF-2 cell types. While MDA-
MB-231 cells exhibit greater resistance to increasing pol-
ystyrene particle size, HFF-2 cells are more susceptible to 
necrosis and apoptosis.

The general conclusion that can be drawn is that 
smaller-sized polystyrene nanoplastics at higher concen-
trations exhibit greater toxicity over time. This research 
observed that the toxic effect of PS-NH2 on fibroblast 
cells is greater than on cancer cells, which serves as a 
warning regarding the extensive use of products con-
taining these nanoparticles (Figs.  8,9a–g).These findings 
are valuable for toxicology studies and for the design of 
nanomaterials in biomedical and materials science fields.

The results of the cell cycle analysis showed that MDA-
MB-231 cells treated with amine-modified polystyrene at 
all concentrations exhibited significant arrest in the G1 
phase over time compared to the control cells. Increasing 
the concentration of treatment caused a slight decrease in 
the percentage of cells in the S and G2 phases. In HFF-2 
cells, increasing the concentration of treatment led to a 
slight increase in the percentage of cells in the G1, S, and 
G2 phases.

In HFF-2 cells, a significant increase was observed in 
the sub-G1 population, which indicates the occurrence of 
apoptosis. In MDA-MB-231 cells, this increase occurred 
only at the nanoparticle size of 90 nm.

The mean results and standard deviations showed sta-
tistically significant differences compared to the control 
(P < 0.001). Additionally, the percentage of cells entering 
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the sub-G1 phase, indicating apoptotic cells, increased 
significantly depending on the dose and size of the nan-
oparticles in both cell lines compared to the control 
(Fig. 10).

Based on these results, it can be concluded that the 
inhibitory effects of PS-NH2 on MDA-MB-231 and 
HFF-2 cell lines likely occur through the activation of the 
apoptotic pathway (Figs. 10 and 11).

In a study by Hu et al. [41] investigating the effects of 
PS-NPs on zebrafish larvae and macrophage cells, the 
results showed that the percentage of apoptotic cells in 
the early stages was higher in the PS-NPs group com-
pared to the control group. The percentage of apoptotic 
cells increased in a concentration-dependent manner, 
with a maximum increase of about 10%. They also identi-
fied caspase-3 protease activity in zebrafish larvae, which 
plays a central role in the execution of apoptosis. Their 
findings demonstrated that PS-NPs treatment induced a 
certain degree of apoptosis.

In a study on the effect of microplastic polystyrene 
(PS-MPs) on granulosa cells (GCs) in rat ovaries, An 
et  al. [42] observed that treatment with this compound 
induces apoptosis. Their study showed that the apoptosis 
rate of granulosa cells significantly increased after treat-
ment with PS-MPs. These results indicate that PS-MPs 
induce apoptosis in GCs through oxidative stress.

The glutathione system plays a vital role in protect-
ing the body from oxidative stress. This system converts 
hydrogen peroxide produced by the activity of the super-
oxide dismutase enzyme on superoxide ions, a dangerous 
reactive oxygen species (ROS), into water. Glutathione 
peroxidase and glutathione reductase are enzymes 
essential to this cycle, and the expression of their genes 
increases when ROS levels rise, placing the body in a 
state of oxidative stress. The reason for the specific exam-
ination of antioxidant enzymes, particularly glutathione 
peroxidase (GPx), is that these enzymes play a vital role 
in protecting cells against oxidative stress. In conditions 
where PS-NH2 induce the production of reactive oxygen 
species (ROS), measuring the activity of these enzymes 
can serve as an indicator of the cells’ ability to cope with 
oxidative damage.

Moreover, an increase in the levels of antioxidant 
enzymes reflects the cells’ response to oxidative stress 
and can illuminate the impact of nanoplastics on cell 
health and the extent of cell death (apoptosis and necro-
sis). Investigating these enzymes can enhance our under-
standing of the mechanisms of nanoplastic toxicity and 
potential ways to protect cells from damage caused by 
them. Oxidative stress induced by reactive oxygen species 
causes apoptosis and destruction in both cancerous and 
non-cancerous cells. Research on these particles indi-
cates a notable relationship between particle size and the 

capacity to produce reactive oxygen species (ROS), which 
is influenced by their physicochemical characteristics. In 
particular, smaller particles are taken up more efficiently, 
resulting in higher levels of ROS generation [43–46].

The effects of ROS can manifest at physiological, cellu-
lar, and genetic levels, potentially progressing to stages of 
tumorigenesis [47].

GSH acts as a strong scavenger of free radicals and is 
also responsible for maintaining the cellular redox state, 
protecting cells against oxidative stress [48]. The content 
of GSH in HFF-2 cells exposed to PS-NH2 significantly 
increased compared to the control group (P < 0.001), 
indicating a strong induction of oxidative stress. Expo-
sure to 500 μg/ml of PS-NH2 at a size of 90 nm resulted 
in the maximum increase in GSH content. In HFF-2 
cells treated with PS-NH2 nanoparticles, we observed 
less GPx activity with increasing particle size; at 90 nm, 
the activity of the GPx enzyme increased by about three 
times compared to the control. At 200 and 300 nm sizes, 
the level of GPx enzyme activity increased by two and 
one times, respectively, compared to the control.

In MDA-MB-231 cells, which are cancerous and have 
experienced more damage, the level of GPx enzyme 
activity was lower than that of the control group. Addi-
tionally, with the increase in the size of the nanoparticles, 
we observed a decrease in enzyme activity. The level of 
GPx enzyme in MDA-MB-231 cells is lower than that in 
HFF-2 cells, showing a statistically significant difference 
compared to the control group (Fig. 13) (P < 0.001).

The increase in SOD activity and GSH content in 
HFF-2 and MDA-MB-231 cells at higher doses of 
PS-NH2 indicates impairment of antioxidant capacities, 
which play a fundamental role in eliminating superox-
ide anions (O2∙-) and H2O2. An imbalanced antioxidant 
capacity against oxidative stress causes disturbances in 
antioxidant structures, ultimately leading to cell death. 
In the electron transfer chain, O2∙- is produced by the 
reduction of oxygen molecules, accompanied by the leak-
age of electrons. After its production, O2∙- can be sponta-
neously converted to H2O2 by SOD. Additionally, H2O2 
can be reduced by enzymatic antioxidants such as glu-
tathione peroxidase (GPx), where GSH acts as an exclu-
sive electron donor [49]. This is consistent with previous 
studies indicating that the cytotoxicity of nanoparticles is 
dependent on surface charge [50] and concentration [51].

PS-NH2 significantly decreased SOD activity and pre-
vented the increase in GSH content. Previous studies 
have reported that the inhibition of SOD activity leads 
to the accumulation of O2∙- [52] and GSH is necessary to 
reduce H2O2-induced oxidative damage [53].

During a study of the effect of PS-NH2 nanoparti-
cles on HepG2 cells, He et  al. [20] showed that SOD 
enzyme activity decreases with increasing concentration 



Page 19 of 21Sadeghinia et al. Environmental Sciences Europe            (2025) 37:1 	

after treatment with these particles. Our results in 
this research are consistent with their findings, as we 
observed a decrease in enzyme activity with increas-
ing treatment concentration in both MDA-MB-231 and 
HFF-2 cells.

An et al. [42] showed the effect of polystyrene micro-
plastics (PS-MPs) on granulosa cells (GCs) in rat ovaries, 
finding that PS-MPs lead to an increase in MDA enzyme 
levels and a decrease in GSH-PX, CAT, and SOD in ovar-
ian tissue. Furthermore, the level of ROS was significantly 
higher in GCs treated with PS-MPs. Our results indi-
cated that PS-NH2 nanoparticles decrease SOD and GPx 
enzyme levels compared to the control group, aligning 
with the findings of An et al., who reported that PS-MPs 
cause oxidative stress in the ovaries of rats.

Conclusion
MDA-MB-231 cells: The toxicity of PS-NH2 nanopar-
ticles increases with higher concentrations and longer 
exposure. As the concentration increases, the percentage 
of living cells decreases, leading to significant apopto-
sis. HFF-2 cells: Similar trends in toxicity are observed, 
but there is a notable difference in the response. The 
cell death results indicate that polystyrene at smaller 
sizes (90  nm) increases necrosis and late apoptosis in 
HFF-2 cells, suggesting a higher sensitivity of these cells 
to PS-NH2 toxicity. This cell death is most likely due to 
membrane damage and elevated oxidative stress. In con-
trast, MDA-MB-231 cells demonstrate greater resist-
ance, maintaining a higher percentage of viable cells as 
the polystyrene size increases. This difference may result 
from the enhanced tolerance of MDA-MB-231 cells to 
stress and their reparative mechanisms. These variations 
are likely attributable to the distinct cellular composi-
tion, structure, and signaling pathways in these two cell 
types. Smaller nanoparticle sizes correlate with greater 
toxicity effects. Conversely, as the size of the nanopar-
ticles increases, the cytotoxic effects decrease in both 
MDA-MB-231 and HFF-2 cells. MDA-MB-231 Cells 
primarily arrest in the G1 and sub-G1 phases, which is 
indicative of apoptosis due to treatment with PS-NH2 
nanoparticles. HFF-2 cells also show arrest in the G1 and 
sub-G1 phases, but demonstrate higher levels of apop-
tosis compared to MDA-MB-231 cells. MDA-MB-231 
cells’ apoptosis is the main form of cell death induced by 
PS-NH2 nanoparticles, indicating a more programmed 
cell death response. In HFF-2 cells, higher incidences of 
necrosis are observed, suggesting that normal cells may 
not respond to stress in the same manner as cancer cells, 
which may indicate a different underlying mechanism of 
toxicity.

Glutathione peroxidase (GPx) activity in both cell types 
indicates that an increase in nanoparticle concentration 

correlates with a decrease in GPx activity, leading to 
higher free radical levels, which in turn promote apop-
tosis in cancer cells. HFF-2 cells maintain higher lev-
els of glutathione, which may help prevent apoptosis. 
Superoxide dismutase (SOD) activity treatment with 
PS-NH2 nanoparticles leads to increased SOD activity 
initially. However, at higher concentrations, SOD activity 
decreases, indicating a potential impairment in the anti-
oxidant defense mechanism in both cell types. The imbal-
ance in antioxidant capacity can contribute to oxidative 
stress and cell death.

The results indicate that PS-NH2 nanoparticles have 
contradictory effects on MDA-MB-231 cells and HFF-2 
cells. These effects can be explained by changes in the 
activity of antioxidant enzymes and GSH levels, as well 
as the induction of oxidative stress and cellular dam-
age. Therefore, PS-NH2 may act as a potential agent for 
inducing oxidative damage in MDA-MB-231 cells while 
simultaneously stimulating defensive mechanisms in 
HFF-2 cells. MDA-MB-231 vs. HFF-2: While both cell 
types exhibit toxicity from PS-NH2 nanoparticles, MDA-
MB-231 cells are more prone to apoptosis, whereas 
HFF-2 cells show a greater tendency toward necrosis. 
This difference underscores the distinct responses of 
cancerous and normal cells to nanoparticle treatment, 
which could have implications for therapeutic strategies 
using such materials. This analysis highlights the complex 
interactions between PS-NH2 nanoparticles and cellular 
responses in cancer versus normal cells, revealing impor-
tant distinctions that may guide future research and 
applications in cancer therapy.
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