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Abstract
Plastic pollution is a decades-long environmental challenge, contaminating food, water, 
and even breathable air. Evidence on the permeability of small, fragmented plastic particles 
called nanoplastics through the animal blood brain barrier invoked concerns of potential 
neurotoxicity in humans. Thus, this study investigated the mechanism of nanoplastic-induced 
toxicity in a neuronal cell-line. Polystyrene was utilised due to their ubiquity as a plastic pollutant 
and the second most common plastic type found in human blood. SH-SY5Y neuroblastoma 
cells were exposed to variable concentrations (0.2% to 0.0000128%) and sizes (20 - 100 nm) 
of polystyrene nanoplastics (PS-NPs). Fluorescence microscopy findings suggest that 
PS-NPs were engulfed by SH-SY5Y cells. PS-NP eff ect on cell viability was dependent on the 
concentration and size of PS-NPs. Increased PS-NP concentrations (from 0.008%) reduced 
cell viability, whereby the smallest particle sizes infl icted the strongest cytotoxicity (IC50 of 
20 nm PS-NPs = 0.0055%) (p < 0.05). Increased intracellular ROS levels were also found in 
the treated cells compared to the control. Hoechst 33258 staining and fl ow cytometry suggested 
apoptotic induction by 18.18% in 24 hours. In conclusion, PS-NPs showed accumulation and 
induced apoptosis in SH-SY5Y cells, suggesting potential neurotoxicity upon human exposure 
to nanoplastics.
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1. Introduction
Global data has projected an alarming 

increase of plastic wastes from 2 million 
tons in 1950 to more than 400 million tons 
in just over half a century later. In the year 
2019, the number of plastics cumulated 
worldwide would reach over one tonne for 
every living person (Ritchie and Roser, 2018). 
Furthermore, with the COVID 19 pandemic, 

these fi gures are expected to increase due to 
the tremendous production of one-use plastic 
objects in both daily consumption and medical 
supplies like gloves, face shields, masks, and 
other personal protective equipment (PPE) 
(Windheim et al., 2022). Synthetic fi bres such 
as polyester, acrylic and nylon are a form of 
plastic, and are said to make up almost 60% 
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Figure 1. Routes of nanoplastic exposure by ingestion, inhalation and absorption

of our garments (Savelli, 2019) resulting in 
around 0.5 million tonnes of microplastics 
released into the ocean annually just from 
doing laundry (Lai et al., 2022).  

Plastic polymers can be categorised based 
on the sizes of their particles. Plastics more 
than 5 mm are recognised as macroplastics 
(MaPs). Due to natural weathering conditions 
(such as rain and sunshine) and frictional 
abrasions by wind and waves, these MaPs 
are further reduced to microplastics (MPs) 
(less than 5 mm) and nanoplastics (NPs) 
(less than 1 µm) (Gigault et al., 2018). Once 
in this form, the particles persist for a long 
period of time given their high resistance to 
biodegradation. Although polystyrene (PS) 
took only three weeks of UV exposure to 
be reduced to a nano-ranged particle size 
(Lambert and Wagner, 2016), it takes 500 
years for styrofoam to biodegrade in nature 
(Joseph, 2019). This means that plastics are 
able to persist in their micro or nanoform in 
the environment for an extremely long time, 
posing a huge threat to the global health of 
nature and its living inhabitants.

Following the discovery of microplastic 
toxicity in various animal studies, the light 
of scientifi c interest has slowly shifted to 
nanoplastics, as in theory, due to their smaller 
size and greater abundance, they have a higher 
potential of permeability through biological 
barriers and would cause more morbidity 
(Sharma et al., 2022). Leslie et al. (2022), 
discovered that the three most abundant type 
of plastic quantifi ed in human blood were 
polypropylene, polystyrene, and polyethylene. 

Notably, these polymers are also frequently 
used for food or beverage packaging and other 
items encountered by humans on a daily basis. 
It has been found that the three possible routes 
of plastic intake into the human body are by 
inhalation, absorption and ingestion (Abbasi, 
2021). Regarding the route of inhalation, 
microplastics were discovered in inhaled 
air by micro-Roman imaging spectroscopy 
(Geng et al., 2023). The discovery of plastic 
particles in lung tissues also dates to even 
the 1990s, where plastic fi bres were obtained 
from patients undergoing lung resection 
surgery (Pauly et al., 1998). Regarding 
topical absorption, scientists believe that it 
is through compromised skin due to injury 
or disease that increases the permeability of 
nanoplastics into the skin barrier, resulting in 
unintended absorption of plastic particles from 
the external environment into the human body 
(Lett et al., 2021). Regarding oral ingestion, 
large scale quantifi cation eff orts have yielded 
evidence of microplastics and nanoplastics in 
common food products and beverages. A study 
by WWF (Mason, 2019) revealed that humans 
ingest about 5 g of plastic a week, indicating 
the extent of plastic compounds found 
in the daily consumption of foods (Vitali 
et al., 2023). A 2022 study quantifi ed plastic 
particles as small as 66 nm to 5 µm in two 
brands of bottled water (Huang et al., 2022) 
which implies the contamination of degraded 
micro and nano-sized plastic particles and 
potential intake via oral ingestion. The routes 
of nanoplastic exposure are illustrated in 
Figure 1.
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Figure 2. Concerns of PS-NPs as a potential neurotoxicant

Many  hea l th  i s sues  in  humans 
including breathing problems and brain 
damage are theorised to be caused by 
nanoplastic exposure (Prust and Meijer, 
2020; Zhang et al., 2022). Findings such 
as neural accumulation of nanoplastics 
in animal subjects, which give rise to 
neurodevelopmental problems, behavioural 
changes and movement abnormalities, 
became baseline evidence for the ability of 
these substances to cross the blood brain 
barrier and its high potential of causing 
neurotoxicity (Sarasamma et al., 2020). 

The National Institute of Neurological 
Disorders and Stroke defi nes neurotoxicity 
as an alteration of nervous system activity 
by neurotoxicants  ( toxic natural  or 
man-made substances) (NIH, 2023). According 
to current evidence relating to induced 
nanoplastic toxicity, there were two main 
concerns generated. Firstly, whether PS-NPs 
could cross the blood brain barrier; Secondly, 
whether PS-NPs is a potential neurotoxicant 
and the likely mechanisms involved 
(Figure 2).

Evidence showed that nanoplastics causes 
may induce toxic eff ects on neuronal cell lines 
(Schröter and Ventura, 2022). Therefore, we 
determined the mechanism of neurotoxicity 
of polystyrene nanoplastics (PS-NPs) in 
SH-SY5Y, a human neuroblastoma cell 
line widely used in neurological studies.

2. Methodology

2.1 Culture of the SH-SY5Y Cell Line

The human neuroblastoma cell line, 
SH-SY5Y used in this study was purchased 
from ATCC (USA). Cells were maintained in 
Dulbecco’s Modifi ed Eagle Medium (DMEM) 
supplemented with 10% Foetal Bovine Serum 
(FBS) and 1% Penicillin Streptomycin (Pen 
Strep) (Gibco, Life Technologies, USA) at 
5% CO2 and 37 °C. Cells were seeded into 
test plates at optimised cell densities for their 
respective timepoints.

2.2 Polystyrene Nanoplastic Preparation 

Polystyrene nanoplastics nanobeads 
(PS-NPs) were purchased from Thermo 
Scientifi c (USA). Four sizes of PS-NPs were 
used in this study, namely 20 nm, 40 nm, 
50 nm (fl uorescent-labelled) and 100 nm. 
The PS-NPs were already manufactured 
to their respective nano sizes, with a fi xed 
concentration of 1% solids for every 15 mL 
bottle. To prepare working concentrations, 
each of the PS-NP stock was diluted with low 
serum medium (1% FBS, 1% PenStrep and 
DMEM) using 5x serial dilution technique 
from 0.2% PS-NPs concentration. The 7 
concentrations used were 0.2%, 0.04%, 
0.008%, 0.0016%, 0.00032%, 0.000064%, 
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0.0000128%. A negative control was also 
prepared with only SH-SY5Y cells with no 
treatment of PS-NPs. The concentrations 
tested were similarly prepared for all four 
sizes of PS-NPs used in this study.

2.3 Cytotoxicity Assessment with MTT Assay

SH-SY5Y cells were seeded in transparent 
96 well plates, at different cell densities 
optimized for the 3 timepoints used. They 
were 3.3 x 105 cells/well (24 h), 3.0 x 105 cells/
well (48 h) and 2.8 x 105 cells/well (72 h). 
After treatment of different concentration of 
PS-NPs for their respective timepoints, MTT 
(5 mg/mL) was added and was left to incubate 
for 4 hours in the incubator (5% CO2 and 
37 °C). Then, absorbance reading was taken 
using a microplate reader (Tecan Infinite 200 
Pro, Switzerland) at absorbance value of 570 
nm and reference value of 630 nm. From the 
readings, cell viability in percentage (%) was 
obtained. The sets of different PSNP sizes 
(20 nm, 40 nm, 100 nm) were carried out in 
triplicates and the average cell viability (%) was 
calculated. When all the sets were completed, a 
cell viability curve was plotted to extract IC50 

for each set to determine the most toxic size of 
PS-NPs. That size and IC50 concentration will 
be used to proceed with the following assays.

2.4 Immunofluorescence Imaging (Engulfment 
of PS-NPs)

SH-SY5Y cells were seeded in transparent 
6 well plates at a cell density of 5.0 x 105 cells/
well optimised to 24 h timepoint. They were 
treated with 50 nm fluorescent dyed PS-NPs 
at IC50, 0.0835% (The IC50 of 50 nm PS-NPs 
was procured from MTT cytotoxicity assay 
conducted previously). The fluorescent dye 
type was FirefliTM Fluorescent Green and 
can be observed at 468/508 nm. After 24 
h incubation of seeded cells with PS-NPs 
treatment, the plate was observed under a 
fluorescence microscope at 200 x and 400 x 
magnification.

2.5 ROS Levels with DCFH-DA Assay 

SH-SY5Y cells were seeded in black 
96 well plates, at different cell densities 

optimised for the 3 timepoints used. They 
were 3.3 x 105 cells/well (24 h), 3.0 x 105 cells/
well (48 h) and 2.8 x 105 cells/well (72 h). 
Then the seeded cells were treated with 20 
nm PS-NPs and IC50 of that set (0.0055%). 
DCFH-DA (10 µM) reagent was added in the 
dark and let incubate for 30 minutes at 37 °C. 
ROS levels were measured using a microplate 
reader (Tecan Infinite 200 Pro, Switzerland) 
at 480 nm excitation and 525 nm emission. 
The sets were done in triplicates and average 
ROS levels were calculated. 

2.6 Nuclear Fragmentation with Hoechst 
33258 Staining

SH-SY5Y cells were seeded in transparent 
6 well plates, at different cell densities 
optimised for the 3 timepoints used. They 
were 5.0 x 105 cells/well (24 h), 4.5 x 105 cells/
well (48 h) and 4.25 x 105 cells/well (72 h). 
Following treatment (20 nm PS-NPs, IC50 = 
0.0055%, 24 h, 48 h, 72 h), Hoechst 33258 
(10 mg/mL) was added, and the plate was 
viewed with an inverted microscope (Nikon 
Ti-U Inverted Microscope, Japan) at 400 x 
magnification. 

2.7 Quantifying Apoptotic Cells with Flow 
Cytometry

SH-SY5Y cells were seeded in transparent 
6 well plates at the cell density of 5.0 x 105 
cells/well (24 h). Cell seeding was also carried 
out using additional 2 x 6 cm petri dishes for 
compensation. Following treatment (20 nm 
PS-NPs, IC50 = 0.0055%, 24 h); cell harvesting 
was conducted and FITC Annexin V apoptosis 
detection kit (BD PharmingenTM, USA) was 
utilised. The detection kit consisted of FITC 
Annexin V (5 µL used per test), Propidium 
Iodide Staining Solution (5 µL used per test) 
and Annexin V Binding Buffer (10 x). 

The cells were washed twice with 
phosphate buffer solution (PBS) and 
resuspended with the binding buffer at 1x 
working solution. In a 5 mL culture tube, 5 µL 
of FITC Annexin V and 5 µL of Propidium 
Iodide were added to 100 µL of the mixture of 
binding buffer and washed cells. The reagents 
were added in a dark room due to their 
photosensitive nature. After an incubation 
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period of 15 minutes at room temperature 
(25 °C) in the dark, 400 µL of the remaining 1x 
binding buffer was added to each of the 5 mL 
tubes. Then using flow cytometry, the gated 
percentage of apoptotic cells was determined. 
The flow cytometer utilised was the BD 
FACSCaliburTM (BD Biosciences, USA) and 
software used was BD CellQuestTM Pro (BD 
Biosciences, USA). 

2.8 Statistical analysis

To measure the differences of means 
between groups, Student’s independent 
t-test on Microsoft Excel (Microsoft Office 
Professional Plus ver. 2016) was used. Results 
were presented as mean ± SD and a p value 
of less than 0.05 was considered significant.

3. Results and Discussion

3.1 PS-NP Engulfment by SH-SY5Y Cells

The engulfment of PS-NPs into SH-SY5Y 
cells was verified by fluorescence microscopy 
using the FITC function of an inverted 
fluorescence microscope. Microscopic images 
were captured at 200 x magnification (Figure 
3) and 400 x magnification (Figure 4). Upon 
observation, it appeared that the 50 nm 
fluorescence labelled PS-NPs were engulfed 
by the cells due to their fixation on areas of 
adherent cells rather than being scattered in 
other areas of the well plate. A control without 
PS-NPs treatment (Figure 3A, Figure 4A) 
was prepared to ensure no fluorescence was 
emitted by the cells or any substances in the 
cell medium. The choice of 50 nm PS-NPs 
in this study is to maintain consistency with 
concurrent studies conducted by the authors’ 
research team, which had utilised 50 nm for 
toxicity assays of NPs in cell lines of other 
tissue origins, for example, gut, lung, skin, and 
retina. Secondly, a published in vivo study has 
demonstrated that 50 nm NPs can accumulate 
in the brain, passing through the blood brain 
barrier (Shan et al., 2022).

The uptake of nanoplastics had been 
suggested to be through three methods, 
passive targeting, active targeting or cell 
death. Under the normal physiological 

state, nanoplastics are usually prevented 
from passively crossing the cell membrane, 
unless they are smaller than the surface 
pores which allows bioaccumulation (Lee 
et al., 2019). Active targeting of nanoplastics 
is complex involving corona formation 
and surface modification which facilitates 
the internalisation of nanoparticles into the 
cell (Kihara et al., 2019; Baimanoy et al., 
2019). Nanoplastics were also shown to 
induce alteration in structure and dynamics 
of the cell membrane, resulting in the 
loss of functionality and death of the cell 
(Hollóczki et al., 2020). The internalisation of 
nanoplastics had also been recorded in human 
lung and intestinal cell lines (Zhang et al., 
2022). Use of scanning electron microscope 
(SEM) or transmission electron microscope 
(TEM) may further determine the areas of 
accumulation of PS-NPs for SH-SY5Y cells 
and study the mechanism of internalisation.

Based on nanoparticle studies, the 
authors postulate that over-confluence would 
compromise engulfment due to reduced 
cell surface area for passive diffusion and 
endocytosis (Drasler et al., 2017; Oh & 
Park, 2014). Furthermore, as PS-NPs form 
protein-coronas and aggregate on cell surfaces 
prior to endocytosis (Gopinath et al., 2021), 
the overcrowding of cells would reduce the 
inclination for aggregation to take place. In 
small-intestine cells, it was revealed that 
cellular uptake of NPs is a growth phase-
dependent process (Binder et al., 2023), which 
suggests that it is crucial to maintain cells at 
the exponential growth phase for NP uptake 
experiments which corresponds to 50 - 60% 
confluence.

3.2 PS-NPs Induced Cytotoxicity in SH-SY5Y 
Cells

To verify the PS-NPs induced cytotoxicity 
on SH-SY5Y, MTT assay was utilised. Two 
variables tested were the different sizes and 
concentrations of PS-NPs. It is found that 
with increased concentration, there was 
a decrease in cell viability and the most 
cytotoxic effect was inflicted by PS-NPs of 
the smallest size.
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Figure 3. PS-NP engulfment visualised at 200 x magnification

Row A shows the control (SH-SY5Y cells without PS-NPs treatment) at 24 h timepoint; 
Row B shows the results for SH-SY5Y cells exposed to IC50 concentration of 50 nm fluorescent 
PS-NPs treatment

Row A (control) and row B (treated with IC50 PS-NPs) at 24 h timepoint

Figure 4. PS-NP engulfment visualised at 400 x magnification

3.2.1 Increased PS-NP Concentration 
Reduces Cell Viability

Cell viability of SH-SY5Y cells reduced 
when exposed to increasing concentration 
of PS-NPs. This is especially observed to be 
statistically significant from 0.008% to 0.2% 
PS-NPs in 100 nm and 40 nm (Figure 5A, 
B), while a sharp drop in cell viability can be 
seen even from 0.00016% for 20 nm PS-NPs 
(Figure 5C). Incidentally, there were two 
outliers showing an increased cell viability 
trend of 40 nm PS-NPs exposure at 24 h 
around the lower concentrations, and 20 nm at 
72 h around the higher PS-NPs concentration 
exposure.

Studies on nanoplastic toxicity had 
explored the possibility of NPs concentration 
to be a significant factor that affects cell 
viability. Based on these findings, there was 
a statistically significant decrease in cell 
viability with increasing concentration of 
PS-NPs (Figure 5). This trend was also seen in 
past studies working with PS-NPs on different 
human cell lines such as HTR8/SVneo 
trophoblast cells, A549 lung cells, and HepG2 
liver cells (Hu et al., 2022; Shi et al., 2022; He 
et al., 2020). Nonetheless, a limitation for this 
deduction is that the concentrations of PS-NP 
treatment used in most nanoplastic toxicity 
studies were allegedly much higher than the 
actual number of PS-NPs quantified in human 



M. H. Wong et al. / EnvironmentAsia 18(1) (2025) 93-109

99

(A) represents cell viability (%) of SH-SY5Y when exposed to 100 nm PS-NPs at 7 
concentrations plus a control; (B) 40 nm PS-NPs, and (C) 20 nm PS-NPs 
The cell viability was measured over a span of 24 h, 48 h and 72 h timepoints 
Statistical significance is shown as *p < 0.05, **p < 0.01. Bar graphs represent the cell viability 
in mean (of triplicates) ± SD

Figure 5. Effect of PS-NP concentration on cell viability of SH-SY5Y 

systems. Despite this, to authors’ knowledge, 
no quantification of NPs in human systems 
were successfully compiled due to lack of 
sensitive detection and isolation methods. 

Incidentally, an increase in cell viability 
at certain PS-NPs concentration tested was 
observed. Similar findings have also been 
discovered in several studies (Jung et al., 2020)
which theorised on cytoprotective mechanism 

and reactive proliferation towards PS-NPs 
exposure. At certain levels of PS-NP 
concentration and after a certain timepoint, 
there was a decrease in ROS level possibly 
caused by increased protective antioxidant 
activity, which could have contributed to 
the survival of the cells and increase in cell 
viability (Gopinath et al., 2021). 
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One of the novelties of this study is the 
utilisation of a wide range of concentrations 
from 0.2% (2000 µg/mL) to 0.0000126% 
(0.126 µg/mL). As mentioned in section 
2.4.1, the amount of polystyrene found in 
human blood can be as high as 4.8 µg/mL. 
T h i s  f a l l s  i n  b e t w e e n  t h e  t e s t e d 
concentrations of 0.00032% (3.2 µg/mL) 
and 0.0016% (16 µg/mL). However, the 
trend of cytotoxicity for this range remains 
inconclusive as no statistically significant 
differences were determined. Therefore, 
further research could be carried out using 
a focused dilution factor around this range 
to test for significant trends in cytotoxicity 
more accurately.

3.2.2 Decrease in PS-NP Size Reduces 
Cell Viability 

The inhibitory concentration, IC50 was 
adopted to determine the most toxic size 
for PS-NPs. Based on the cell viability 
curves (Figure 6B, D, F), the smallest size 
of PS-NPs had the most toxic effect, where 
only 0.0055% concentration of 20 nm 
PS-NPs was needed to reduce cell viability 
of SH-SY5Y cells by half; compared to 
40 nm and 100 nm PS-NPs. The authors 
found variations in the IC50 for 20 nm across 
all time points, however, the difference in 
values were well below 4 decimal places 
(almost negligible), thus they appear 
consistent at 0.0055%.

From the cytotoxicity findings, the 
smallest size of PS-NPs induced the most 
toxic effect on the cells. This is in line with 
the findings by Xu et al. (2019) and Shi 
et al. in their study with human cell line 
A549 lung epithelial cells, where smaller 
PS-NPs showed greater internalisation and 
contributed to gene expression disturbances, 
increased inflammatory responses, reduced 
cell viability and apoptotic cell death (Xu 
et al., 2019; Halimu et al., 2022). It may be 
deduced that smaller sized particles allowed 
higher internalisation and bioaccumulation 
due to their passive transport across 
the cellular membrane, and increased 
formation of protein coronas which 
facilitate engulfment into the cell (refer 
to 3.1). As internalisation prerequisites 

induced toxicity, particularly associated 
with the intrinsic mitochondrial apoptotic 
mechanism, it may be deduced that smaller 
nanoplastics inflict greater toxicity to cells 
and tissues compared to bigger particles. 
Nonetheless, our findings contradict Lei 
et al, who showed that in Caenorhabditis 
elegans, 1 µm microplastics (MPs) were 
more toxic compared to smaller (100 nm) 
NPs, which implies that toxicity depends 
on both the size of plastics and host species 
(Lei et al., 2018). 

It is important to note that for this 
study, nanoplastics were utilised instead 
of microplastics as hypothethically, their 
smaller size was considered a major factor 
affecting cytotoxicity. This is supported 
by Sharma et al. (2022) who reasoned that 
nanoplastics were more dangerous than 
microplastics and thus should require more 
attention in this field of research.

3.3 PS-NPs Raises ROS Levels in SH-SY5Y 
Cells

Intracellular ROS was measured using 
the DCFH-DA assay whereby the intensity of 
fluorescence detected was proportional to the 
level of cellular ROS. In all three timepoints, 
the ROS levels showed an increasing trend 
compared to the negative (untreated) control 
(Figure 7) although not statistically significant 
and thereby inconclusive. However, it has 
been reported in other studies that increased 
ROS levels were consistently observed, such 
as an induced ROS production seen in HaCaT 
(human keratinocyte) cell line (Gopinath 
et al., 2021) and similarly using HeLa (human 
epithelial) and T98G (neuronal) cell lines 
(Schirinzi et al., 2017). It is important to 
discuss on the impact of increased oxidative 
stress, as numerous articles have postulated 
significant linkages between oxidative 
damage with neurodevelopmental disorders 
and neurodegenerative diseases. 

While natural product cytotoxicity 
assays involve the use of positive controls 
(usually hydrogen peroxide for ROS and 
cytotoxic drugs/heat treatment for apoptosis), 
as this is an in vitro toxicity study based on 
nanoplastic uptake, therefore an authentic 
positive control to trigger cell death due to the 
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particle engulfment has yet to be established. 
On this basis, we rationalised that a negative 
(untreated) control would suffice to account 
for any unknown variables that may be 
present in the experiment. Furthermore, we 
referred to several in vitro toxicity studies 
published on polystyrene NPs demonstrated 
similar experimental designs without positive 
controls (He et al., 2020; Wan et al., 2024; 
Yan et al., 2023).

ROS is physiologically produced as a 
natural byproduct of cellular metabolism in the 
mitochondria. Low to moderate levels of ROS 
are vital for the normal function of systems 
such as inflammatory reactions, immune 
responses, active synaptic plasticity and 

normal brain functions. However, when there 
is an excess in ROS production, an imbalance 
between the free radicals and antioxidants 
occurs, leading to an adverse phenomenon 
known as oxidative stress. Oxidative stress 
causes cell damage, producing noxious 
oxidative modifications to the cell organelles, 
particularly targeting the mitochondria (Cenini 
et al., 2019). Mitochondrial damage itself 
will generate ROS, which further contributes 
to oxidative stress and triggers a cascade of 
events, which can result in apoptotic cell death 
(discussed in 3.4). 

Notably, the brain is a particularly 
vulnerable organ to oxidative damage due 
to high oxygen demand, high production of 

Figure 6. Effect of PS-NP size on cell viability of SH-SY5Y

A, C, E shows the results of cell viability for 3 different sizes of PS-NPs (20 nm, 40 nm, 100 nm) 
for the 24 h, 48 h and 72 h timepoint respectively at 7 different concentrations plus a control
Similarly, the adjacent curve B, D, F displays the cell viability but is plotted against a fixed 
ascending concentration value, which allows interpolation of IC50 at 50% cell viability
Statistical significance is shown as *p<0.05, **p<0.01 
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ROS (critical for redox signalling pathways 
to regulate synaptic plasticity) and lower 
content of antioxidants compared to other 
organs (Cobley et al., 2018). Other factors 
such as aging and diseased conditions could 
impair antioxidant productions, failing 
to inhibit increased ROS levels in the 
brain. Oxidative stress has been shown 
to contribute to the pathophysiology of 
increasingly common neurodegenerative 
diseases such as Alzheimer’s disease (AD) 
and Parkinson’s disease (PD) (Cassidy 
et al., 2020; Chang and Chen, 2020). Evidence 
also suggested that oxidative stress relate to 
neurodevelopmental disorders such as autism 
spectrum and attention deficit/hyperactivity 
disorders (ADHD) (Usui et al., 2023; Corona 
et al., 2020). Nonetheless, the discovery of 
nanoplastics inducing a rise of ROS levels 
should be further investigated, as this possible 
link could be important to explain the rapidly 
increasing number of neurological cases 
recorded today.

3.4 PS-NPs Induces Apoptotic Cell Death in 
SH-SY5Y Cells

In this study, two methods were 
employed to investigate whether PS-NPs 
induced apoptotic cell death in SH-SY5Y 
cells. For a qualitative measure, Hoechst 
33258 is used to stain the nuclear material 
of the cells allowing visualisation and image 
capture of nuclear changes of exposed 

cells to PS-NPs compared to the control 
(Figure 8). For quantitative measure, 
the FITC Annexin V/ Propidium Iodide 
Apoptosis Detection Kit was used along 
with flow cytometry allowing the gated 
percentage of cells to be generated in each 
of the respective quadrants (Figure 9). This 
study selected 20 nm PS-NPs to study the 
cytotoxic mechanism of PS-NPs as cellular 
toxicity was apparent across all time points. 
The 24 h timepoint was preferred for flow 
cytometry (apoptosis) based on the rationale 
that early apoptotic changes may be 
observed before extensive cell death which 
could confound the data. The selected NP 
size was 20 nm for ROS (oxidative stress) 
and flow cytometry (apoptosis) assays as it 
showed the lowest IC50 based on MTT assay 
findings. Since our focus was to explore the 
mechanism of cytotoxicity, we postulated 
that 20 nm would yield the most significant 
changes compared to 40 nm and 100 nm 
sized PS-NPs. 

3.4.1 Hoechst 33258 Staining

I m a g e s  c a p t u r e d  a t  4 0 0  x 
magnification allow visualisation of 
cell nuclei stained with Hoechst 33258 
under DAPI setting. The results showed 
distinctive DNA fragmentations (Figure 8) 
which is the hallmark for apoptosis in 
24 h, 48 h and 72 h timepoint for treated 
cells.

Figure 7. Effect of 20 nm PS-NPs on levels of intracellular ROS of SH-SY5Y cells

The column displays the average ROS levels of exposed SH-SY5Y cells to 20 nm PS-NPs
at IC50 (0.0055%) concentration at 24 h, 48 h and 72 h presented as mean ± SD 
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3.4.2 Annexin V/ Propidium Iodide Flow 
Cytometry

Flow cytometry showed an increase in 
gated percentage of cells within the upper 
and lower right quadrant (late and early 
apoptotic phases respectively) for treated 
cells, while the control (untreated cells) 
had most of the gated percentage of cells 
within the lower left quadrant (viable). This 
quantified a greater number of viable cells 
for the untreated group, and greater number 
of apoptotic cells in PS-NPs treated group.

A popular theory for the mechanism of 
cell death induced by PS-NPs is by mediation 
of the mitochondrial apoptotic pathway, but 
this study proved that apoptosis was induced 
in PS-NP exposed neuronal cells. The two 
apoptotic tests employed in this study revealed 
a positive finding for apoptosis, where 
nuclear DNA fragmentation (a hallmark of 
apoptosis) can be observed using Hoechst 
33258 staining and an increased percentage 
of 18.18% apoptotic cells were quantified 
using flow cytometry. The mitochondrial 
apoptotic pathway was investigated in 
the CaCo-2 (colorectal adenocarcinoma) 
cell line, where vital apoptotic mediator 
proteins such as Caspase 9 and Caspase 3 
were detected by Western Blotting in 
exposed cells to PS-NPs (Yan et al., 2023). 

Studies indicate that oxidative stress 
is a major factor inducing mitochondrial 
mediated apoptosis. Once triggered, a 
cascade of cellular activities involving 
cytochrome c release, activation of Caspase 9 
and Caspase 3 eventually results in apoptotic 
cell death (Redza et al., 2016). Notably, the 
current findings of increased ROS levels by 
PS-NPs were revealed to be not significant, 
therefore implying that our results were 
inconclusive for oxidative stress in SH-SY5Y. 
Nonetheless, based on findings from the 
apoptotic assays, the mechanism of cell death 
in SH-SY5Y strongly favours mitochondrial 
apoptosis (Figure 10). Although apoptosis 
is a normal process of programmed cell 
death, uncontrollable apoptosis could lead 
to neurodegenerative diseases, disruption of 
neurotransmitter production and ultimately 

brain damage, which is detrimental for the 
normal nervous function of living organisms.

3.5 Remedial  theories on NPs as a 
neurotoxicant

Since nanoplas t ics  are  potent ia l 
neurotoxicants,  scientists had begun 
researching possible remedial means 
to address these adverse neurotoxic 
effects. Wang et al (2023), in his study 
involving neurological status of mice, 
discovered that the brain damage caused 
by nanoplastic exposure could be reversed 
if ingestion was halted after some time. 
This implies that brain damage induced 
by nanoplastics could be alleviated if 
the plastic exposure was ceased. This 
discovery contributes to the movement 
of ending plastic pollution globally (Yang 
et al., 2023).

4. Conclusion

In conclusion, this study demonstrated 
that PS-NPs appeared to be engulfed 
by SH-SY5Y cells.  Compared to the 
control group, the results also showed a 
significant concentration-dependent and 
size-dependent decrease in cell viability 
of exposed SH-SY5Y cells to PS-NPs. 
Furthermore, it was also postulated that 
PS-NPs increased intracellular ROS levels 
in SH-SY5Y cells, although findings were 
not statistically significant. Lastly, this 
study showed an induction of apoptosis 
by PS-NPs on SH-SY5Y both qualitatively 
(Hoechst staining) and quantitatively 
(flow cytometry). In essence, PS-NPs 
may induce cytotoxicity via apoptosis in 
a neuronal cell line. 

F u r t h e r  i n v e s t i g a t i o n s  o n  t h e 
cytotoxic signalling pathways should 
utilise more advanced imaging such as 
scanning electron microscope (SEM) or 
transmission electron microscope (TEM). 
Tracking of secondary messengers of the 
apoptotic pathway can also be done to 
gather evidence of nanoplastic-induced 
apoptosis at a molecular level. 
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Figure 8. Apoptotic features in SH-SY5Y cells exposed to 20 nm PS-NPs

Micrograph A(I) and (II) shows the brightfield and DAPI images for the Control and Treated 
(IC50) cells respectively for the 24 h timepoint 
In a similar arrangement, B(I) and (II) are the results for the 48 h timepoint, and C(I) and (II) 
depicts results for 72 h timepoint 
The cells highlighted with a red circle illustrated signs of apoptosis, where nuclear fragmentation 
(nuclear material appears condensed and separated, no longer maintaining 
an intact circular shape) can be observed  
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Figure 9. Effect of exposure to 20 nm PS-NPs on apoptosis in SH-SY5Y cells for 24 h timepoint 

The left scatter plot shows quantification for control (untreated), while the right scatter plot 
shows quantification for treated cells with IC50 concentration (0.0055%)

PS-NPs induce oxidative stress in a neuronal cell, prompting increased production of 
mitochondrial ROS 
This initiates the release of cytochrome c into the cytoplasm of the cell, which forms numerous 
apoptosomes (complex protein structures made up of four components, cytochrome c, adenosine 
triphosphate (ATP), apoptosis-activating factor (Apaf-1) and procaspase-9) 
The apoptosome activates Caspase-9, which in turn activates Caspase-3. Once this terminal 
caspase is activated, it responds by executing the proteolytic processes of apoptosis

Figure 10. Oxidative stress induce mitochondrial apoptotic pathway in a neuronal cell 
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