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Environmental significance

Phenotypic profiling reveals polystyrene
nanoplastics elicit sublethal and lethal effects on
cellular morphology in rainbow trout gill epithelial
cellst

Lissett G. Diaz @ and Rebecca Klaper@*

Extensive knowledge is available on the impacts of both engineered nanomaterials (ENMs) and
microplastics (MPs), yet there remains a critical gap in understanding the impacts of nanoplastics, and the
cellular and subcellular effects at sublethal concentrations. This study investigates the impacts of
polystyrene nanoplastics (PS NPs) on Oncorhynchus mykiss (rainbow trout) gill epithelial cells, emphasizing
the crucial role of surface charge in nano-bio interactions. The current study employs both traditional and
non-traditional toxicological techniques presenting an image-based study to examine PS NP-cellular
interactions at sublethal and lethal doses. Our findings demonstrated that relative to the uncharged and
negatively charged PS NPs, the positively charged PS NPs significantly decreased cell viability at 4 pg mL™
(ECso: 4.31 pg mL™Y). However, at a sublethal concentration of 2 pg mL™, phenotypic profiling analysis
indicates that positively charged PS NPs elicit a significant change to cellular morphology and suggests key
interactions with subcellular components. As the impacts measured are novel, further research into the
underlying mechanisms will contribute to our understanding of nanoparticle toxicity in vertebrate species
guiding both the policy and sustainable design of nanoparticles.

The presence of plastics in aquatic ecosystems has emerged as a worldwide concern due to production rates and inadequate waste management. Of

particular concern are nanoscale plastics which can enter aquatic ecosystems either directly or through the degradation of macro- and microscale plastics
already present. Their unique risks stem from their ability to penetrate biological barriers and acquire distinct properties that can influence their toxicity.
This work explores the role that surface charge plays in mechanistic pathways underlying the toxicity of nanoplastics in rainbow trout gill epithelia by

emphasizing the relevance and applicability of image-based profiling techniques for assessing environmental impacts in aquatic vertebrates. More

importantly, model particles are used in this study to isolate these key mechanisms.

1. Introduction

break down and fragment into micro (<5 mm) and nano
(<1000 nm) size particles due to both abiotic and biotic

Synthetic polymers are man-made materials that are used
extensively in many commercial products due to their diverse
physical and chemical properties and have provided numerous
societal benefits." However, their unsustainable use and
inappropriate waste management has led to the pervasive
accumulation of plastics in the environment.>* Due to the
abundance of plastics and their slow degradation process, it is
necessary to address their environmental impacts. During the
degradation process, macroplastics (larger than 5 mm in size)
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processes such as UV-radiation and bacterial degradation,
respectively.! In the environment, MPs behave differently than
NPs in biological systems. NPs have a large surface area-to-
volume ratio resulting in various changes to their physical
properties (such as size, shape, and surface chemistry) that can
influence their toxicity in aquatic organisms and can
subsequently lead to detrimental ecosystem impacts.*®

Among the diverse chemical properties of NPs, research
has shown that surface charge plays a major role in
interactions of NPs at the nano-bio interface. These studies
have been conducted in multiple cell types and plants, and
on whole organisms,®** and have characterized the impacts
of both anionic and cationic NPs. However, a multitude of
these studies highlight the acute effects at lethal doses
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without attributing as much attention to the potential
negative effects at sublethal concentrations. It is imperative
to study mechanisms of toxicity in various particle types for
the development of sustainable nanotechnologies that can
minimize harm to ecosystems and human health under
sublethal exposure conditions.

In environmentally relevant studies concerning human and
ecosystem health, changes in organelle and subcellular
structures have been reported to be disrupted by ENMs and PS
NPs.”'>* The mitochondrion, an extensively studied organelle,
is responsible for the synthesis of ATP (adenosine triphosphate)
and amino acid, lipid metabolism, and apoptosis and can
partake in cellular signaling.”® Evidence suggests that
internalized NPs can contribute to mitochondrial damage,
cytotoxicity, the generation of ROS (reactive oxygen species), and
mitochondrial ~ dysfunction. = Changes to  cytoskeletal
organization in cells have also been observed in response to NP
exposure.'”>*2® The cytoskeleton plays a large role in both the
movement and the structure of the cell to enable the
mechanical support to conduct essential cellular functions.*”
Ma et al., 2017, found that mitochondrial damage can also be
induced, even at sublethal concentrations suggesting
morphological changes to sub-cellular compartments
subsequently effecting cytoskeleton-associated ~signaling."®
Furthermore, in addition to cellular disorganization, NP
treatment has been associated with cell shrinkage and nuclear
condensation.*>*® The nucleus, a ubiquitous eukaryotic cell
component, plays crucial roles in cellular metabolism, survival
and death.”® Despite these insights, there remains a critical
knowledge gap in wunderstanding how PS NPs perturb
mitochondrial-related  response pathways at sublethal
concentrations leading to morphological changes. Addressing
this gap is essential for comprehensively assessing the adverse
effects of PS NPs of varying surface charge on the cellular
function and morphology.

To explore the role of surface charge, a variety of methods
have been developed to decipher biological responses of NPs
and various existing environmental contaminants. With
technological advancements, phenotypic profiling coupled with
high-content imaging (HCI), both high-throughput methods,
have been commonly employed in drug discovery and delivery
models.** > More importantly, while traditional biological
assays such as ROS and cell viability offer valuable insights,****
HCI is used to identify trends or patterns in specific measured
features (e.g., cell size, cell count, nuclear intensity) in cellular
morphology. In contrast, phenotypic profiling is an unbiased
robust tool that enables the ability to capture hundreds of
features (e.g., granularity, texture) at the resolution of a single
cell and can often be coupled with machine learning techniques
to score similarities and differences across a relevant
phenotype.”> While these methods have primarily found
applications in drug discovery and delivery, the U.S.
Environmental Protection Agency (EPA) advocates for the use of
high-throughput screening that can identify cellular
perturbations and can inform mechanisms of toxicity in
environmentally relevant organisms.*’
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Here, we aimed to employ both traditional toxicology and
automated fluorescence microscopy methods to investigate
the cellular and subcellular impacts of polystyrene
nanoparticles. An epithelial cell line (RTgill-W1) from
rainbow trout gills, Oncorhynchus mykiss, was selected as the
in vitro ecotoxicological model for this study since the gills
represent the first point of contact for nanoparticle exposure
in most aquatic vertebrates. We compared the effects across
three model particle types of different functional groups
representing positive, negative and neutral surface charges,
since the nanoparticle surface charge is well-established as
an important factor in determining biological impacts. The
effects of PS NPs on cell viability and the morphology of
cellular structures (nuclei, mitochondria, actin cytoskeleton)
were investigated. Additionally, phenotypic profiling was
conducted to identify significant morphological changes after
particle treatment and separating their responses by
concentration with respect to the control. While the
nanoplastics in this study were used as models to ascertain
mechanisms of nanoplastic toxicity, it should be noted that
these particular nanoplastics do not represent all of the
nanoplastics found in the environment due to varying sizes,
shapes, compositions, and surface chemistries.

2. Materials and methods
2.1 Polystyrene nanoparticle characterization and preparation

Commercial nanoparticles used were 25 nm DiagPoly™ plain
green fluorescent polystyrene particles (PS-Plain), 25 nm
DiagPoly™ carboxyl green fluorescent polystyrene particles
(PS-COOH), and 25 nm DiagPoly™ amine green fluorescent
polystyrene particles (PS-NH,) (CD Bioparticles). All the
commercial NP dispersions were custom ordered without
surfactants and were stored at 4 °C. Before each experiment,
the NP dispersions were sonicated for 45 minutes and
immediately vortexed for 10 minutes prior to their use. All
experiments were performed using the same batch of NPs.

The characterization of each polystyrene nanoparticle was
carried out using Dynamic Light Scattering (DLS) with a
Zetasizer Nano device (Malvern PANalytical, United Kingdom)
using 10 x 10 x 45 mm polystyrene cuvettes (SARSTEDT,
67.754). Size measurements and zeta potential measurements
were performed in UltraPure™ distilled water (Invitrogen),
phenol red- and fetal bovine serum (FBS)-free Leibovitz's L-15
growth medium (Gibco), and phosphate buffered saline (PBS,
Gibco). Three separate measurements including 13 runs per
measurement were conducted for both size and zeta potential
at room temperature. The final particle concentration was 4
ug mL~". Additionally, the mean particle size of each particle
after 24 hours was quantified via bioimaging analysis further
described below.

2.2 Routine cell culture

Oncorhynchus mykiss (rainbow trout) gill epithelial cells (RTgill-
W1, ATCC CRL-2523) were routinely cultured in 75 cm® cell
culture flasks (Millipore Sigma) in a phenol red Leibovitz's L-15

This journal is © The Royal Society of Chemistry 2025
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medium (ATCC) and supplemented with 1% penicillin-
streptomycin (Gibco, ThermoFisher Scientific) and 10% FBS
(Gibco). The flasks were incubated at 19 °C with the growth
medium replaced twice weekly. Following 85% confluency, the
cells were passaged and harvested for experiments. The growth
medium was aspirated, and the cells were rinsed with PBS
(ThermoFisher) and were dispersed using 0.25% trypsin-0.53
mM EDTA solution (ATCC).

2.3 Cell viability

Following the NP preparation previously mentioned, 20 ug mL™
solutions were prepared in a phenol red- and FBS-free L-15
growth medium by using particle solutions from the 10 mg
mL™" PSNH,, and 1 mg mL”"' PS-COOH and PS-Plain
manufacturer vials. This was followed immediately by a series
of serial dilutions in 15 mL conical tubes to obtain desired
concentrations. NP solutions were vortexed in between each
dilution step to maintain dispersion in the growth medium.
Exposures were conducted in Cellvis 96-well black polystyrene
bottom cell culture treated microplates (P96-1.5H-N, Cellvis). To
decrease the formation of a protein corona, NP exposures were
conducted in a phenol red- and FBS-free L-15 growth medium.

Cell viability was measured using an alamarBlue™ (AB)
cell viability reagent (DAL1025, Invitrogen) which measures
the reduction of resazurin to highly fluorescent red resorufin
metabolized by viable cells. Cells were seeded at 50 000 cells
per well in 96-well (P96-1.5H-N, Cellvis) plates for 24-28
hours before treatment. Following 85% confluence, the cells
were rinsed with PBS and replaced with 200 uL of PS NP
solution in a phenol red- and FBS-free L-15 growth medium
for each nanoparticle type at each concentration (0, 2, 4, 6, 8,
10 pug ml™) for 24 hours total. The cells exposed to the
phenol red- and FBS-free L-15 growth medium only were used
as the negative control. At the 20 hour mark, 20 puL of AB was
added to each well, including blanks containing the NPs
only, for 4 h at 19 °C. The relative fluorescence was read at
560/590 nm using a microplate with a monochrometer
(Synergy H4 Hybrid Reader, Bio Tek). Viability was
normalized to the non-treated control cells. Prior to the
routine use of the test method above, 3,4-dichloroaniline
(3,4-DCA) was used to demonstrate the sensitivity of the
RTgill-W1 cell line to AB according to the OECD Test No. 249:
Fish Cell Line Acute Toxicity (ESIt Fig. $1).¢

2.4 Cytological imaging preparation

Exposures were conducted in PhenoPlate 96-well plates
composed of black optically clear cyclic olefin plastic designed
for adherent cell cultures and high-content screening systems

Table 1 Fluorescence cytochemistry for high-content imaging
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(PhenoPlate 6055300, Rewvity). Cells were seeded using the
protocol referenced in the Cell viability section. A 12 pug mL™
solution was prepared with 10 mg mL™ PS-NH,, 1 mg mL™* PS-
COOH and PS-Plain manufacturer vials immediately after
sonication in a phenol red- and FBS-free L-15 growth medium
for each nanoparticle type at each concentration (0, 2, 4, 6 ug
ml™) followed immediately by a series of serial dilutions in 15
mL conical tubes. NP solutions were vortexed in between each
dilution step to maintain dispersion in the growth medium.

A cell painting assay’” was modified for a 96-well plate and a
reduced number of channels for automated fluorescence
microscopy on an ImageXpress Micro XLS Widefield High
Content Screening System (Molecular Devices, California, USA)
using fluorescence cytochemistry parameters in Table 1. First,
live-cell staining was conducted with MitoTracker Deep Red in a
complete culture medium, followed by fixation with 4%
paraformaldehyde. The cells were permeabilized with 0.1%
Triton X-100 and were washed prior to staining with 1% bovine
serum albumin in PBS (1x) solution containing Hoechst-33342
and rhodamine phalloidin. The wells were washed and stored
in PBS. The plates were covered in aluminum foil and placed at
4 °C until image acquisition. The detailed protocol is shown in
ESIt Table S1.

2.5 Image screening

Images were acquired using an ImageXpress Micro XLS
Widefield High Content Screening System at 60x magnification
using four different channels (Fig. 1). During the acquisition
setup, channel-specific Z-offsets, exposure times, and laser
autofocus settings were optimized for the plate-type, objective,
and cell line. Images included 9 sites per well (n = 5) to obtain
36 2D projection images for each well. Similarly, the acquisition
set up was followed for the Z-series. Under the Z-series tab,
based on the # of steps or z-planes chosen, the step size (2 pm)
was automatically calculated by the MetaXpress Software and
used as recommended.

2.6 Bio-image analysis and phenotypic profiling

Cell Profiler 4.2.6 (ref. 38) was used to characterize qualitative
morphological responses to quantifiable information. A
pipeline was developed to automatically conduct measurements
and was optimized to obtain multiple features at the resolution
of a single cell (count, size, intensity, granularity, etc.) to
quantify cellular phenotypic changes with the use of per-well
profiles to analyze patterns across treatments. A data analysis
pipeline was created to obtain per-well profiles to extract
morphological image features from established methods.”
Parameters were also adjusted to overcome nanoparticle

DAPI GFP Texas Red Cy5
377/447 472/520 562/624 628/692
Hoechst 33342 PS NPs Rhodamine phalloidin MitoTracker Deep Red
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DAPI: Nuclei GFP: NPs

Fig. 1 Channels corresponding to the fluorescence cytochemistry table.

interference by wusing randomly selected wells and for
deconvolution-based image sharpening. In addition to the steps
described, PS NPs were created as a primary object, in which
both were masked and related to only the regions of the cell
(secondary object) on the pipeline. Cell data were exported to a
local SQLite database file and were extracted using the RSQLite
package in R.** Phenotypic response data were analyzed using
the methods described by Ostovich and Klaper, 2024.%°

2.7 Caspase-3/7 assay

Following the NP preparation previously mentioned, a 12 ng
mL™" solution of PS-NH, was prepared in a phenol red- and
FBS-free L-15 growth medium by using a particle solution
from the 10 mg mL™" manufacturer vial. This was followed
immediately by a series of serial dilutions in 15 mL conical
tubes to obtain desired concentrations (0, 2, 3, 4, 6 ug ml™).
NP solutions were vortexed in between each dilution step to
maintain dispersion in the growth medium. Exposures were
conducted in Cellvis 96-well black polystyrene bottom cell
culture treated microplates (P96-1.5H-N, Cellvis).

Caspase proteins were measured using a Red CellEvent™
caspase-3/7 detection reagent (C10431, Invitrogen), a
fluorogenic assay that cleaves activated caspases enabling the
dye to bind to DNA producing a red fluorescent dye. Cells
were seeded at 50000 cells per well in 96-well (P96-1.5H-N,
Cellvis) plates for 24-28 hours before treatment. Following
85% confluence, the cells were rinsed with PBS and replaced
with 100 pL of NH,-PS NP solution in a phenol red- and FBS-
free L-15 growth medium for each nanoparticle type at each
concentration for 24 hours total. The cells exposed to the
phenol red- and FBS-free L-15 growth medium only were used
as the negative control. At the 24 hour mark, 10 puL of dye
was added to each well, including blanks containing the NPs
only, for 60 min at 19 °C. Fluorescence was captured in the
Texas Red channel via automated fluorescence microscopy on
the ImageXpress Micro XLS Widefield High Content
Screening System (Molecular Devices, California, USA)
immediately following the addition of the dye. Fluorescence
was quantified via a developed pipeline with CellProfiler.
Prior to the routine use of the test method above, 2 uM of
camptothecin was used to demonstrate the sensitivity of the
RTgill-W1 cell line to the caspase-3/7 dye. 0.1% DMSO and
the phenol red- and FBS-free L-15 growth medium were used
as negative controls (ESIt Fig. S2).
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Cy5: Mitochondria Composite

2.8 Quantifying colocalization

Analysis of co-localized PS NPs within the mitochondria, nuclei,
and actin were determine through z-stack imaging calculations
per well by using the Just Another Co-localization Plugin
(JACoP) in Fiji.*' The most common methods used for
obtaining colocalization measurements in the literature are
predominantly qualitative to prove the existence of
colocalization or subjectively through manual clusters in two-
dimensional histograms.’>** Although two probes may be
subjectively identified to be colocalized when they are merged
to a combined color, measurements tend to be highly prone to
random error and bias since these techniques are typically
based on visual estimation leading to inconsistent and
irreproducible results.** To overcome this issue, a threshold
mask is created to include all areas of biological interest across
the z-stacks by choosing a pixel cutoff. Only the pixels within
that region will be measured excluding any artifacts generated
by background and noise.*> An example of a thresholded image
is available in ESI} Fig. S3 from Fiji."! Measurements can be
displayed as a biologically meaningful set of coefficients that
are the proportion of each colocalized problem known as the
Manders overlap coefficient (MOC) as opposed to the Pearson
correlation coefficient invariant to intensity scales. The MOC
allows one to compare the fraction of channel 1 with channel 2
and the fraction of channel 2 with channel 1.*>*® Thresholded
Manders' overlap coefficients were calculated and are
commonly used as co-localization indicators between two
selected images. The thresholded Manders' coefficient (tM2)
recorded represents the ratio of overlapping pixels in the GFP
channel (channel 2) with the corresponding Cy5, Texas Red, or
DAPI channels (channels 1, 3, and 4, respectively). Orthogonal
projections were generated in Fiji.*"

2.9 Statistical analyses

All statistical analyses were performed using R software.*”*®

After confirming the normality using the Shapiro-Wilk test for
each particle type, a one-way ANOVA with Tukey's post hoc test
was performed for multiple comparisons. A non-parametric test
was conducted on the data not normally distributed
using Kruskal-Wallis' test followed by Dunn's test with
Bonferroni adjustments. For cell viability, the ECs, was
statistically calculated with a three-parameter logistic model
using the drc package in R." For colocalization, a one-way
ANOVA followed by a post hoc Tukey test was used to obtain

This journal is © The Royal Society of Chemistry 2025
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differences per particle type (p-value > 0.05). A confidence
interval of 95% was used to determine significant differences.

3. Results and discussion
3.1 Polystyrene nanoparticle characterization

When NPs are introduced into media, they have the possibility
of interacting with the various media components which can
influence their physicochemical properties prior to making any
biological contact.”®”" Because NP colloidal stability can be
altered by high salt content,”® DLS was used to characterize the
zeta potential and size of the PS NPs in phenol red- and FBS-
free L-15 growth media, PBS, and UltraPure™ distilled water.

As seen in ESIT Fig. S4a, in L-15 media, PS-COOH exhibited
negatively charged values between —-14 mV and -18 mV, whereas
PS-NH, displayed a positively charged value of +7 mV. The zeta
potentials were significantly different across all three particle
types. This was expected as the PS NPs are functionalized with
negatively charged carboxyl groups and positively charged
amino groups, respectively. It is also important to note that PS-
Plain, although conventionally considered to be uncharged,
exhibited a slightly negative charge (-2 mV to -4 mV) derived
from fragments of the initiator used in the polymerization
reaction as reported by the manufacturer (CD Bioparticles).
However, these zeta potential values suggest that the PS NPs are
not highly stable in L-15 media.

Significant differences were observed for each particle type
between their sizes in water versus L-15 as shown in ESIt Fig.
S4b. The cell culture medium strongly impacts particle size.
All particles showed an increase in size while still
maintaining their size at nanoscale. These results were in
congruent with those of previous characterization of PS NPs
in varying complex culture media regarding size.”*™®

10

(=4

5

% Viability (REU)
(=]
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However, after 24 hours of exposure, PS NP agglomerates can
be observed under the ImageXpress Micro XLS Widefield
High Content Screening System (Molecular Devices,
California, USA) presented in ESI{ Fig. S5, suggesting that
the observed toxicity, or lack thereof, was caused by the
agglomerates as opposed to single NPs. Additionally, the size
of the particles post 24 hour treatment was quantified by bio-
imaging analysis software presented in ESI{ Fig. S6. This
emphasizes that the nanoparticles are not stable in solution,
and the increase in agglomeration and sedimentation could
also be due to the salt in the L-15 phenol red- and FBS-free
medium.

3.2 PS-NH,, NPs induce phenotypic response at sublethal
concentrations

3.2.1 PS-NH,, NPs significantly altered cell viability after 24
hours. In the present study, we aimed to determine the impacts
of PS NPs to identify its cell health potency prior to conducting
cell imaging. PS-NH, NPs significantly (p-value < 0.05) impacted
cell viability in RTgill-W1 cells (Fig. 2). We observed an ECs, of
4.31 ug mL™, subsequently followed by little to no metabolic
activity at concentrations of 6-10 ug mL ™" in cells treated with
PS-NH, NPs at 4.91% + 2.15% to 0 + 0%, respectively. It is worth
noting that the fish cell line appears to be much more sensitive
to PS-NH, NPs compared to human cell lines.>*****” No
significant reduction in viability was observed in cells after 24
hours of PS-COOH NP and PS-Plain NP exposure. Studies
conducted on various human cell lines have found similar
results with these particle types.®>®>%>°

3.2.2 PS-NH, NPs alter the RTgill-W1 morphology at
sublethal concentrations. After assessing cell viability in
response to PS NP treatment, morphological endpoints were

a a
a
a a a
1 a a a 2 a
a
b
| R

Control 2 COOH 4 COOH 6 COOH 8 COOH 10 COOH2 PLAIN 4 PLAIN 6 PLAIN 8 PLAIN10 PLAIN 2 NH2

4NH2 6NH2 8NH2 10NH2

Treatment (pg/ml)

Fig. 2 Average % cell viability after 24 hours. Exposure to PS-NH, NPs significantly impacted cell viability whereas PS-COOH and PS-Plain exerted

little to no effect after 24 hours (p-value < 0.05, n = 6).

This journal is © The Royal Society of Chemistry 2025
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analyzed to better understand the PS NP-cellular interactions
at sublethal concentrations. Our findings indicate that
negatively charged and uncharged PS NPs do not elicit a
phenotypic response, which recapitulate the viability data
from the previous section; however, the positively charged PS
NPs did not significantly alter cell viability, but it did elicit a
significant phenotypic response at 2 ug mL™" (Fig. 2 and 3),
suggesting key interactions with subcellular components. A
distinct morphological response was observed (Fig. 3) with
the PS-NH, NP composite images compared to those of the
PS-COOH NPs and PS-Plain NPs at concentrations of 4-6 ug
mL™". These visualizations are in congruent with the cellular
viability measurements.

A total of 1326 different features were profiled in an
unbiased robust manner in RTgill-W1 cells for each particle
type. A PLS-DA (partial least squares-discriminant analysis)
model was used to identify significant changes in the
complex phenotypic profile across each particle type
separating their responses by concentration with respect to

PS-COOH NP

PS-PLAIN NP
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the control (Fig. 4a). Variable importance in projection (VIP)
scores measure the level of importance each variable
contributes to the separation of response groups; here, scores
>1 were considered the most important. Out of the top 10
VIP scores, 8 of the phenotypic markers were mitochondrial
descriptors as shown in ESIt Table S2. This work emphasizes
the relevance and applicability of image-based profiling
techniques in assessing the environmental impacts of plastic
NPs in aquatic organisms.

3.2.3 Similarity based on the Euclidean distance.
Hierarchical clustering based on the Euclidean distance was
able to identify two clusters within the phenotypic profile across
all three particle types (Fig. 4b). Based on the dendrogram, PS-
COOH and PS-Plain are predominantly well clustered together.
While we expected for all the PS-NH, treatments to be distinct
from the negatively charged and uncharged counterparts, the
samples treated with 6 pug mL™ PS-COOH were clustered
together with 2 ug mL™ PS-NH, treated samples indicating
similarities in their phenotypic profiles.

4 Control

6 pg mL?

PS-AMINE NP

Fig. 3 Representative composite of non-treated healthy cells and treated cells with each particle type corresponding to three different
concentrations. All images were acquired at 60x magnification. Scale bar = 75 um for all images. Image contrast was increased for visualization

purposes on ImageJd.
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(a) PLS-DA response plot graphically describes the change across complex morphological features for all three PS NP types. The ellipses

represent a 95% confidence interval, and the p-value was obtained by an ANOVA of the 1st latent variable between response groups. (b)
Dendrogram of hierarchically clustered PS NP treated cells. Branches represent Euclidean distances between treatments indicating the most similar

phenotypes.

3.3 Differential sublethal and lethal effects of PS-NH, NPs on
cellular morphology

The effects of PS-NH, NPs on cellular morphology were
examined at both sublethal and lethal concentrations with a
focus on mitochondrial, cytoskeletal, and nuclear responses.
Data suggest that NP treatments at sublethal concentrations
may have triggered an early cellular stress response without
leading to the onset of apoptosis. However, observations
described for NP treatments at lethal concentrations align
with morphological hallmarks of apoptosis. The data
highlight the complex cellular responses that are dose
dependent.

3.3.1 Mitochondrial morphology: fusion and mitophagy.
There is a significant decrease in the mitochondria count at
2 ug mL™" of PS-NH, NPs but there is no significant changes
observed in both average mitochondrial area and intensity as
seen in Fig. 5a-c when compared to the control. Although
there is no significant increase in mitochondrial area and
intensity at the sublethal concentration, the changes in the
mitochondrial cell count number itself cannot be indicative
of mitochondrial fusion and must be further studied.

On the other hand, a significant decrease in mitochondria
can be observed alongside the significant increases in both
size and intensity for 4 and 6 pug mL™ of PS-NH, NPs
(Fig. 5f and g). These three morphological features can be
indicative of mitochondrial fusion or mitophagy.®® NH,-PS
NPs have been shown to promote possible fusion due to a
significant increase in gene expression for the mfn2
(mitofusion-2 protein) gene in HUVEC cells.>” Similarly, this
phenomenon can also be explained by mitophagy which is
the degradation of dysfunctional mitochondria through the

This journal is © The Royal Society of Chemistry 2025

fusion of the lysosomes.®’ Overall, it is possible that the

mitochondria may play a major role in the mechanism
governing this morphological change at the sublethal
concentration of 2 pg mL™" of PS-NH, NPs observed in the
PLS-DA. This should be studied further to assess the possible
mitochondrial pathways induced apart from the mechanism
of cell death reported.>”-%%%3

3.3.2 Cytoskeleton: shrinkage of the cell. There is a
significant decrease in mean cell size and mean actin
intensity as seen in Fig. 6a and b at the concentration of 2 ug
mL™" of PS-NH, NPs compared to the control. The caspase-3/
7 assay validates the role of pro-apoptotic proteins at
sublethal concentrations. Caspase activation is not
concentration dependent which suggests a stress response in
the pre-apoptotic state indicated by the decrease in both cell
size and mean actin intensity (ESIf Fig. S7).

In general, cells decrease their size to conserve energy;
however, the hypothetical possibility of nanoparticle-actin
interactions should not be ignored. For example, the induction
of untargeted cell-signaling pathways can be induced when a
cell meets a nanoparticle which can result in non-specific
degradation. In drug delivery models, nanomaterials have been
designed to interact with enzymes to improve target efficiency
and reduce unwanted cell signaling by decreasing protease
activity.®* In general, nanoparticle-actin interactions need to be
further studied at sublethal doses while monitoring protease
activity in vertebrate cells in response to PS NPs. On the other
hand, in Fig. 6a and b, when compared to the cells treated with
2 ug mL™" of PS-NH, NPs, there are significant decreases in cell
size and actin intensity as seen in Fig. 6e, indicative of a
morphological hallmark of apoptosis possibly governed by the
mechanism of cell death elucidated by Wang et al., 2013.%
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and nuclear
cell is

Alongside mitophagy, mitochondrial fusion,
condensation, the shrinkage of the
morphological indicator of apoptosis.*

3.3.3 Nuclear morphology: condensation. There is no
significant decrease in nuclear size nor an increase in nuclear
intensity for cells treated with 2 pg mL™ of PS-NH, NPs as seen
in Fig. 7c and d, respectively. Interestingly, this finding fortifies
that the cells are in a pre-apoptotic state at sublethal
concentrations since nuclear condensation is a morphological
feature characterized by the onset of apoptosis. Evidently,
alongside cell viability measurements demonstrating no
significant cellular response at this concentration, the
mechanism of cell death is yet to be described.

In contrast, it can be observed that in comparison to cells
treated with 2 pug mL™" of PS-NH, NPs, there is a significant
decrease in nuclear area but no significant differences in
nuclear intensity as seen in Fig. 7e. The significant decrease
in nuclear area is indicative of the morphological hallmark of
apoptosis and possibly governed by the mechanism of cell
death for concentrations of 4 and 6 ug mL™" of PS-NH, NPs,
elucidated by Wang et al., 2013.°> This finding reinforces that
the indication of apoptosis is nuclear condensation as
observed in other particles.®® Although cells can undergo
secondary necrosis after apoptosis, it is important to note
that the morphological indicator of non-apoptotic cell death

another

2028 | Environ. Sci.: Nano, 2025, 12, 2021-2033

via necrosis is the swelling and rupture of the nuclei which
are not observed.

3.4 Nanoparticles colocalize with cellular compartments

To resolve whether NPs are internalized, Z-stacks of RTgill-W1
cells were obtained to examine colocalization with various
cellular components. Orthogonal projections can be found in
ESIf Fig. S8. In Fig. 8a-c, thresholded Manders coefficients
(tM2) and their corresponding concentrations are displayed per
particle. Fig. 8a presents the GFP channel (tM2) colocalized with
the Cy5 channel (tM1) across all three particle types visually
depicted in ESIt Fig. S8a-c. These observations suggest that
unlike the plain particle, nano-mito interactions in
functionalized NPs may play a larger role in treated cells even
though the colocalization measurements were significantly
different across all the particle types. These observations
suggest that the NPs have been trafficked into the cell.
Interestingly, Fig. 8b presents the GFP channel (tM2)
colocalized with the TexasRed channel (tM1) across all three
particle types, visually depicted in ESI{ Fig. S8d-f. At the
sublethal concentration of 2 ug mL™" of PS-NH, NPs, there is
more colocalization present in amine-functionalized NPs
before the cytoskeleton becomes disorganized at the lethal
concentrations. It should also be noted that the

This journal is © The Royal Society of Chemistry 2025
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colocalization measurements for cells treated with PS-COOH
NPs were not different to that of the 2 pg mL™ of PS-NH, NPs
which are in congruent with the results based on Euclidean
distance. This was not a surprise as it has been elucidated in
the literature that -COOH enhances uptake due to the
negative charge alongside the presence of extracellular amino
acids, such as cysteine which can mediate NP internalization
via the mTOR signaling pathway.®®®” These observations
suggest that there are possible nano-actin interactions across
the negative and positive PS NPs that need to be studied
further. Colocalization in Fig. 8c presents the GFP channel
(tM2) colocalized with the DAPI channel (tM1) across all three

This journal is © The Royal Society of Chemistry 2025

particle types, visually depicted in ESI} Fig. S8g-i. These
observations suggest that the NPs may not directly interact
with the nucleus despite the decrease in PS-NH, NP uptake
and nuclear condensation previously observed. Interestingly,
there was little to no colocalization of the nuclei and
cytoskeleton at the lethal concentrations further supporting
the possibility of nano-mito interactions and possible
mitochondrial-induced nanoparticle cell signaling pathways,
resulting in the previously discussed morphological
responses. It is important to note that although we did find
colocalization, it does not identify molecular interactions but
whether where they are localized within a certain volume.**®®
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4. Conclusion

The results of this present study show the intricate cellular
responses of PS NPs to RTgill-W1 gill cells at sublethal and
lethal concentrations through the comprehensive analysis of
phenotypic profiling and high-content imaging analysis of
mitochondria, nuclear and cytoskeletal features. Image-based
profiling highlighted the phenotypic differences induced by
positively charged PS-NH, NPs compared to negatively
charged and uncharged counterparts. Additionally, we
observed alterations to the mitochondria at the sublethal
concentration of 2 ug mL™" of PS-NH, NPs suggesting the role
of mitophagy and the involvement of apoptosis and fusion at
higher concentrations. This suggests that mitochondria may

2030 | Environ. Sci.: Nano, 2025, 12, 2021-2033

play a vital role in the sublethal cellular responses to
positively charged nanoparticles. While we did not observe
nuclear alterations at the sublethal concentration of 2 ng
mL™ of PS-NH, NPs, the alterations at higher concentrations
suggest apoptosis. We also observed the cytoskeletal
shrinkage associated with cells treated with 2 ug mL™ of PS-
NH, NPs, indicating a pre-apoptotic stress response.

Thus, it is imperative to understand the mechanisms
governing the observed phenotypic changes, especially those
associated  with ~ mitochondrial =~ dynamics, nuclear
condensation, and cytoskeletal disorganization. The findings
of the paper not only provide mechanistic insights into the
possible mode of action governing the phenotypic response at
sublethal concentrations of positively charged nanoparticles,

This journal is © The Royal Society of Chemistry 2025
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but also highlight a potential unified mechanism that may be
nanoparticle specific to the mitochondria; however, pristine
polystyrene nanoparticles do not reflect most nanoplastics
found in the environment due to existing varying shapes,
sizes, compositions, and surface chemistries. Thus, it is
important to study these impacts with other primary- or
secondary-plastics. Further research into the underlying
mechanisms will contribute to our understanding of
nanoparticle toxicity in aquatic vertebrates guiding both the
policy and the sustainable design of nanoparticles.
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