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Abstract

Micro- and nanoplastic particles, produced from the breakdown of larger plastic debris,
represent a whole new field of hazardous pollution with the potential to cause great damage
on a range of marine species. This escalating concern of plastic pollution in marine
environments and its consequential impacts on marine species, has emphasized the urgency
for an in-depth understanding of the uptake and resultant impacts of plastic particles at both
cellular and tissue levels, in aquaculture species such as Atlantic salmon (Salmo salar L.). To
date, there is limited information regarding the uptake and subsequent effects of nanoplastics
in salmon species, especially at cellular level. This study aimed to provide insight on the
uptake of polystyrene nanoplastics (PS-NPs) and the potential responses that are activated in
salmonids cells by the ingestion of these external stressors. The immortalized cell lines
Atlantic Salmon Kidney cells and Salmon Head Kidney cells (ASK-1 and SHK-1), as well as
Chinook Salmon (Oncorhynchus tshawytscha) Embryonic cells (CHSE-214) were exposed to
nanoplastic (NP) particles embedded with fluorescent dye. The presence of the NPs within the
cells was confirmed through fluorescent microscopy and DeltaVision™ deconvolution
imaging, as well as a fluorescence-based flow cytometry, demonstrating their internalization
by the cells. A comprehensive proteomic analysis utilizing liquid chromatography-mass
spectrometry (LC-MS), revealed a diverse set of differentially expressed proteins. These
proteins play crucial roles in essential cellular biological functions, including oxidative stress,
apoptosis, endocytosis and immune responses, suggesting a perturbation of these biological
processes by NPs in the salmonid cells. The findings from this study provided new
information on the uptake and potential impact of polystyrene nanoplastic exposure on the
proteomes of ASK-1, SHK-1 and CHSE-214 cells. These results will contribute to our
understanding of the effects of nanoplastic exposure on fish health, and broadly provide

valuable insights into the implications of nanoplastic pollution in the aquatic ecosystems.
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1 Introduction

1.1 Salmon aquaculture

The Norwegian aquaculture industry has experienced significant growth and expansion over
the past few decades, especially considering the inception of the initial Norwegian farming
facilities in the 1970s. Particularly, the Norwegian farmed Atlantic salmon has gained
significant popularity worldwide, emerging as the most favored fish species (Norwegian
Seafood Council, 2022). As one of Norway’s largest export products, the importance of
quality and safety of the A. salmon is undoubtedly prioritized. Already in 2016. the seafood
industry had exceeded 12% of the total Norwegian exports by value, of which 8% was made
up of A. salmon alone (Federation of Norwegian Industries). In 2022. the total value of
seafood export in Norway amounted to an ever-growing 151.4 billion Norwegian kroner
(Aandahl & Brakkan, 2023). Globally, the seafood industry has experienced large growth in
recent times, with an annual growth rate of 3.3% since 1950, and as the world’s population is
increasing, this industry has the potential to become an even more important source of protein
(Food and Agriculture Organization of the United Nations, 2022). Currently, the foremost
requirement of our planet is the provision of healthy and nourishing food alternatives,
produced in a sustainable manner. Seafood, with its inherent potential, can aptly fulfill this

need.

The increasing pressure and need to expand aquaculture production has concurrently raised
concerns regarding environmental impacts and animal welfare, only resulting in an escalation
of these concerns in the future (Ahmed et al., 2019). These concerns need to be addressed,
and solutions prioritized to ensure sustainable growth of the industry.

A range of viral and bacterial diseases has affected fish farmers for many years which
threatens the ongoing expansion of the industry. Several disease outbreaks in different farm
locations have affected the welfare of the farmed fish and the potential to spread to wild
salmon (Murray & Peeler, 2005). Additionally, the economies, both of individual farmers,
regional and national, are impacted by each outbreak (Murray & Peeler, 2005). Apart from
disease outbreaks, the impact of the fish farm facilities on the surrounding environment

constitutes a significant challenge. For example, the production of salmon produces organic
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waste that will sediment to the seabed, and could potentially pose harm to the species living
here (Grefsrud et al., 2018). Over the course of the last decade, a diverse array of frameworks,
regulations and treatments have been implemented to make farmed salmon production more
sustainable. Nonetheless, the menace of plastic pollution, originating from the farming
facilities as well as other sources that generate plastic waste, has not been accorded sufficient
consideration despite its potential adverse impacts on both the free-living and captive fish in
the ocean. Additionally, the physical treatment of farmed salmon for parasites creates a risk of
open wounds in the skin. This will in turn allow foreign substances, such as small plastic

particles, a possibility for adhesion and internalization.

1.2 Atlantic Salmon (Salmo salar)

The Atlantic salmon (Salmo salar) is part of the Salmonidae family, which are physically
typified by a laterally compressed body form and a dorsal adipose fin (Webb et al., 2007).
These anadromous fish migrate from fresh water in the rivers as young smolt and return to
their natal rivers as sexually mature adults to reproduce (Havforskningsinstituttet, 2019). For
the salmon to adapt to the saltwater, they undergo a range of physiological changes. The fish
farming industry has developed a system based on light and temperature to ensure the fish to
efficiently develop the fish for life in the net pens.

The A. salmon genome is large and complex with an estimated size of about 3 billion base
pairs (Davidson et al., 2010). The repeat content of A. salmon is 58-60%, which is among the
highest found in any vertebrate genome (Lien et al., 2016). A final set of approximately 37
000 protein-encoding genes have been identified with high confidence, and these genes have
all been assigned a likely function based on similarities to known genes in the Swissprot
database (Lien et al., 2016). The Salmonidae family’s unusually large genome size originates
from a whole genome duplication of the ancestors of salmon and trout that happened about 88
million years ago (Christensen & Davidson, 2017). This event resulted in a doubling of their
entire genome and has had significant evolutionary consequences for the species within the
Salmonidae family. The salmon is still partly tetraploid from this duplication, and because of

the large number of repeated genetic elements, it has been particularly complicated to
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assemble their genome (Lien et al., 2016). Although the large and complex genome of the A.
salmon has led to some challenges for genome sequencing, the recent advances in sequencing
technologies and bioinformatics have made it possibly to generate a high-quality genome
sequence that maps all genes in the A. salmon and can act as a reference for other salmonid

species (Davidson et al., 2010).

In Norway, A. salmon is by far the most abundant commercially produced fish species.
Atlantic salmon, Rainbow trout (Oncorhynchus mykiss), and Arctic char (Salvelinus alpinus),
together constitute 98.8% of the total fish farming in Norway (Misund, 2023). The year 2021
was the best year so far for Norwegian seafood exports and it was recorded a total export of
3.1 million tons of seafood worth 120.8 billion Norwegian kroner (Norwegian Seafood
Council, 2022). A. salmon makes up almost 70% of the total seafood export from Norway
(Aandahl & Brakkan, 2023).

1.2.1 Teleost Head kidney

The teleost head kidney (HK) is an organ unique to teleost fish and analogous to the
mammalian adrenal gland (Geven & Klaren, 2017). It is a significant important organ in the
immune system of the fish and comprises cytokine-producing lymphoid cells and endocrine
cells secreting cortisol, catecholamines and thyroid hormones (Geven & Klaren, 2017)
(Figure 1). The head kidney is special in the way that the immune system and endocrine
system is intimately organized in one single organ, which makes bidirectional signaling
possible. This organ is also one of the main places in the body where hematopoiesis occurs
and where immune cells are produced (Abihssira-Garcia et al., 2020).

Salmo salar (Linnaeus, 1758)

head kidney

;_
- -

Figure 1: lllustration of the Atlantic salmon and the head kidney where both ASK-1 and SHK-1 cells are
derived from (Jalili et al., 2020).
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The HK is rich in macrophages which specifically plays an important role in both the innate
and adaptive immunity (Cui et al., 2020). Head kidney-derived cells from a range of species
are also known to play significant roles in non-specific defense mechanisms against
pathogens and to be an important part of the endocrine response to stress. Studying the uptake
of plastic particles and their impact on HK cells may provide an insight on how fish can be

affected by similar particles in the ocean.

1.2.2 A.salmon derived cell lines

The ASK (Atlantic Salmon Kidney) is an epithelial cell line derived by B. Krossgy in 1998
from head kidney cells of the A. salmon (Devold et al., 2000). As the head kidney is an
important immune organ in fish, the cell line was originally developed for studying immune
responses in A. salmon (Krossgy et al., 1999). Since then, the cell line has been a valuable
resource in research connected to the immune system, interactions with pathogens, and the
effects of environmental stressors and pollutants. The ASK cell line have also previously been
described to have “macrophage-like” abilities (Jgrgensen et al., 2006).

SHK-1 is another macrophage-like cell line derived from head kidney of A. salmon (Levican-
Asenjo et al., 2019). This cell line has been shown to internalize some fish viruses such as
infectious pancreatic necrosis (Levican-Asenjo et al., 2019). Like ASK-1 cells, the SHK-1
cell line has been reported to have an epithelial-like morphology and is adherent, meaning
that the cells attach to the surface of the growth flask or plate (Dannevig et al., 1997).

1.3 Chinook salmon (Oncorhynchus tshawytscha)

The Chinook salmon is the largest of the Pacific salmon species and can grow to
approximately 13 kilograms (The National Wildlife Federation). Like the Atlantic salmon, the
Chinook salmon is anadromous and migrates to the oceans after hatching. However, all
Chinook salmon die after spawning because of all the energy they use for migration, breeding
and protecting of the eggs (NOAA, 2023). Their living habitats include the upper reaches of
the Pacific Ocean and the freshwater rivers of the Pacific Northwest (The National Wildlife

Federation).
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As with the A. salmon, the almost 90-million-year-old genome duplication still resonates in
the modern genomes of Chinook salmon (Christensen et al., 2018). The total size of the
genome is 2.3 Gb which makes it a bit smaller than the genome of A. salmon (National
Library of Medicine, 2015). Despite the difference in size of the two genomes, the species
have been found to share a considerable amount of genes and genomic regions that are known
to be involved in important biological processes such as growth, metabolism, and immunity
(Christensen et al., 2018; Davidson et al., 2010; Lien et al., 2016).

1.3.1 CHSE-214 cells

The CHSE-214 cell line is derived from a Chinook salmon embryo and has previously been
used in scientific applications such as growth and titration of viruses and to carry out cell
infection assays (Sigma Aldrich, 2023). As with SHK-1 cells, these cells have also been
shown to internalize infectious pancreatic necrosis virus (Levican-Asenjo et al., 2019). These
cells have similar growth requirements compared to the ASK-1 cells; however, they divide
faster and thus cultures need to be passaged more often. The CHSE-214 cell line is an
epithelial-like cell line, originally from 1964, and has since then been used in a handful of
studies mainly connected to antiviral responses (Monjo et al., 2017). The cells have also been
documented to take up some other viruses, as was noted for the A. salmon cell lines as well
(Levican et al., 2017). The documentation pertaining to the macrophage-like abilities of the
CHSE-214 cell line, is relatively scarce when compared to cells derived from the head kidney
of A. salmon. However, it is reasonable to anticipate that these cells possess the capacity to
phagocytose small particles to a certain extent. Besides, embryonic cells from other aquatic
species such as sea bass (Dicentrarchus labrax L.) (Picchietti et al., 2017) and zebrafish
(Danio rerio) (Quevedo et al., 2021) has previously been shown to ingest nanoparticles.
Conversely, based on the presently available information, it is challenging to determine which

of these three salmonid cell lines would exhibit the highest level of nanoparticle uptake.

1.4 Cell marker staining

To examine different parts of a cell, one could use cell markers which will give color to a
specific organelle of the cell. Cell staining is a highly versatile technique in cell biology and
has the potential to distinguish cells and cell organelles from each other (Rodig, 2022).
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Fluorescent dyes are commonly used to label and track acidic organelles in living cells, such
as lysosomes, membranes and mitochondria. The dyes accumulate in acidic compartments as
a result of a negative membrane potential, and a higher negative membrane potential will
result in a higher accumulation (Perry et al., 2011). LysoTracker™ Deep Red is a fluorescent
dye that allows scientists to visualize any changes in lysosomal morphology or function in
live cells using advanced microscopy. Deep red has its maximal excitation and emission at
647/668 nm and is excited using a Cy5 filter (Table 3) (ThermoFisher Scientific).

1.5 Plastics in marine environments

Plastics have emerged as a ubiquitous material and have attained an indispensable status in
numerous domains of our daily existence (Kershaw & Rochman, 2015). Regrettably, this
progress has also resulted in a significant surge in anthropogenic plastic waste, thereby

presenting a new set of environmental challenges.

It has been suggested that at least fourteen million tons of plastic end up in the ocean every
year, and that 80% of all marine debris is made up of plastics (International Union for
Conservation of Nature, 2021). Considerable attention has recently been directed towards the
reduction of plastic waste and the remediation of plastic pollutants in marine ecosystems.
However, despite these concerted efforts, significant quantities of plastic particles continue to
circulate within our oceans. This poses a great threat to food safety, quality, and ultimately
human health, while also aggravating the issue of climate change. The plastic materials
polluting the oceans are made up of a range of polymers such as polypropylene, polyethylene,

polystyrene, and polyethylene terephthalate (Quecholac-Pifia et al., 2017).

The plastic pollution stemming from the aquaculture facilities has grown in tandem with the
current expansion in the farmed fish industry. Fish farmers use a range of products and tools
that can potentially add plastic pollution of varied sizes and types to the ocean. In the
Norwegian seas, pollution from fisheries, aquaculture and shipping has been identified as the
largest sources of marine littering (Nogueria et al., 2019). In 2017 alone, plastic pollution
from aquaculture was estimated between 16 000 and 29 000 tonnes (Hognes & Skaar, 2017).

There are still uncertainties connected to the tracking of marine litter, but the main products
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causing microplastic (MPs) and nanoplastic (NPs) debris are the net pen constructions,
feeding tubes and ropes. The reports compiled in the last few years, give reason to believe that
the farmed species, and any surrounding wild species are exposed to these toxic particles
(Lusher et al., 2017).

1.5.1 Nanoplastics

From a viewpoint of biological interactions, MPs and NPs are considered the most
problematic type of plastic pollution when it comes to size (Clark et al., 2023). The definition
of nanoparticles varies between different fields, however for the work described in this
project, a nanoparticle is defined as particles less than 1000nm (Capaldi Arruda et al., 2015;
Hartmann et al., 2019; Skare et al., 2019). MPs and NPs are mainly incidental debris broken
down from larger plastic objects (Figure 2).

Polymer
fragments

@ SINTEF

Figure 2: Breakdown of larger plastic products in the ocean; from macroplastics to tinier polymer fragments
(Booth, 2017).

Recent advancements in tools and knowledge for analyzing marine pollutants have revealed
the ubiquitous presence and accumulation of these small plastic particles, and this has become

a source of great concern (Quecholac-Pifia et al., 2017). Nano- and microplastics can be
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ingested by marine organisms, and a positive correlation between the abundance of NPs and
MPs and the number of particles ingested by fish has been established (Quecholac-Pifia et al.,
2017). Due to their smaller size and subsequent capability for internalization through
endocytosis, nanoparticles possess the potential to pose a higher level of toxicological risk
compared to relatively larger particles (Clark et al., 2023). Although the information
regarding presence of MPs and NPs in tissues outside the digestive tract is currently limited, it
has been documented that very fine microplastics can translocate across living cells into the
circulatory or lymphatic system, which would result in dispersal of these possibly toxic
particles throughout the fish body (Wright et al., 2020).

There has been documentation of ingestion of NPs in a variety of cells from different species,
including gill epithelial cells from Rainbow trout (Felix et al., 2017), epidermal keratocyte-
like cells from A. salmon (Asbakk & Dalmo, 1998), intestine epithelial cells in several
species (Gaiser et al., 2011), embryonic cells from sea bass (Picchietti et al., 2017), and more
recently also in immune cells of A. salmon (Abihssira-Garcia et al., 2020).

Collectively, the understanding of the effects exerted by NPs on fish and other animal species
remains incomplete. However, the prevailing trajectory of plastic pollution portends an
unfavourable outlook for the future (Ivar do Sul & Costa, 2014; Savoca et al., 2021;
Shoiynbayeva et al., 2021). Consequently, it is imperative to further elucidate the impact of
NP exposure on aquatic species, such as salmon, in order to deepen our comprehension of

these ecological repercussions in marine environments.

1.5.2 Polystyrene

Polystyrene plastic is widespread and found in a variety of everyday products. This material
takes hundreds of years to break down and makes up a one of the principal component of the
marine debris in the world’s oceans (Berger, 2009). Foamed polystyrene is lightweight,
buoyant and water resistant and therefore also a popular choice for a wide range of plastic
products. These properties unfortunately also make this plastic compound a common form of
plastic pollutant (Akester, 2019). The likelihood of polystyrene MPs (PS-MPs) and NPs (PS-
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NPs) to pollute the marine environment, increases with their wider use and inadequate waste

disposal.

PS-MPs have been shown to not only be ingested by fish who perceive the particles as food,
but also to adhere to fish tissue. The particles have been found adhered/taken up by the fish
skin and gills, muscle, and liver (Yang et al., 2020). It has been found that PS-MPs can be
taken up by epidermal and corneal keratocyte-like cells in salmon (Kjglstad & Svartaas, 2020;
Asbakk & Dalmo, 1998). This leads us to believe that other types of fish cells, which possess
macrophage-like characteristics like the keratocyte-like cells, also can ingest these particles.
Indeed, macrophage-like immune cells from intestine, blood, and head kidney, have recently
been shown to phagocytize microplastics in vitro to varying extents (Abihssira-Garcia et al.,
2020).

1.6 Cellular internalization and intracellular transportation
Cellular internalization refers to the process of which cells take up substances or molecules.
This includes passive diffusion and different forms of endocytosis mechanisms including
phagocytosis, which is a process by which cells ingest or engulf other particles (Britannica,
2022) (Figure 3). Macrophages are a class of innate immune cells which are responsible for
attaching to any foreign objects through the process of phagocytosis (Jarai & Fromen,

2022). Other forms of endocytosis include micropinocytosis, clathrin-dependent endocytosis,

and caveolae-dependent endocytosis (Hua & Wang, 2022).
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Figure 3: Eukaryotic cell with cellular uptake pathways and intracellular transport of MPs and NPs (Hua & Wang,
2022).
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The major endocytic route for internalization of many types of cargoes is the clathrin-
mediated endocytosis (Kaksonen & Roux, 2018). Clathrin is a protein which assembles into
structures called clathrin-coated pits on the cell membrane in response to specific receptor
reactions. Caveolae-dependent endocytosis on the other hand, involves invaginations called

caveolae, which are enriched in a protein called caveolin (Nabi & Le 2003).

Both clathrin and caveolin dependent endocytosis trigger production of early endosomes,
which in turn takes over the incoming cargo which has been internalized from the cell
membrane (Quevedo et al., 2021).

It has been shown that passive diffusion and forms of endocytosis is involved in the cellular
uptake of MPs and NPs, and that some organelles such as endosomes, autophagosomes, and
lysosomes play an important role in the transportation of the particles inside the cell (Hua &
Wang, 2022). Depending on the type of particle and its size, some MPs and NPs have also
been documented to enter the cell through passive diffusion (Hua & Wang, 2022).

When nanoparticles are taken up by cells via some sort of endocytosis, they usually tend to
accumulate in different compartments such as lysosomes or endosomes within the cell (Yue et
al., 2016). The overloading of such compartments with external stressors can potentially lead
to adverse cellular effects such as lysosomal dysfunction (Yue et al., 2016). MPs and NPs can
also be transported through the autophagy process, where the internalization of NPs could
trigger the formation of autophagosomes (Hua & Wang, 2022). This route of transportation
could also lead to lysosomal damage and in turn release of lytic enzymes, by autophagosomes
fusing with lysosomes (Schiitz et al., 2016). Furthermore, from endosomes, autophagosomes
or lysosomes, NPs can also escape and end up in other cellular organelles where they could

cause further damage.

Uptake of particles may induce production of oxygen radicals. Oxidative stress is a state of

imbalance of the production of reactive oxygen species (ROS) and the antioxidants defense

(Birnie-Gauvin et al., 2017). ROS are highly reactive molecules which are generated as a

byproduct of normal cellular metabolism but could also be produced as a response to external

stressors (Birnie-Gauvin et al., 2017; Jakubczyk et al., 2020). With the increased attention
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towards the environment and pollution of recent years, focus has been directed to the
association between oxidative stress and external stressors. Some external factors that can
affect oxidative stress of aquatic animals are temperature, oxygen availability, salinity, and

lastly different forms of pollution.

Intake and accumulation of MPs in aquatic species has been found to induce an increase in
oxidative damage and inflammatory markers (Solomando et al., 2020). Several studies have
demonstrated that also nanoparticles can trigger oxidative stress by generation of ROS and
cause mitochondrial damage, thus further inducing the oxidative stress (Linse et al., 2007; Nel
et al., 2006). Apoptosis is one of the mechanisms that can be induced by mitochondrial

damage, through a variety of pathways (Hua & Wang, 2022).

Proteomic and transcriptional responses in the form of up- or downregulation of stress-related
proteins and genes, have been reported in salmon cells treated with a variety of external
stressors (Beemelmanns et al., 2021; Dhamad et al., 2020). However, the proteomic and
transcriptional responses to exposure and ingestion of polystyrene nanoparticles in salmon

cells, is yet to be explored.

1.7 Protein pathways implicated in cellular uptake and stress
responses

1.7.1 Apoptosis pathway (map04210)

The apoptosis signalling pathway consists of all the proteins involved in regulating this
mechanism, and plays a critical role in tissue homeostasis, development, and elimination of
damaged cells (Henson & Hume, 2006). Apoptosis, or programmed cell death, is a
mechanism characterized by morphological and biochemical changes which all lead to cell
death (Papaliagkas et al., 2007). It is highly involved in the deletion of cells with severely
damaged DNA, auto-reactive cells in the immune system, and finally eliminate any infected
cells (Papaliagkas et al., 2007). Apoptotic cells are also often characterized by specific
morphological and biochemical changes, which are orchestrated by a family of cysteine

proteases called caspases (Zimmermann & Green, 2001). The apoptotic pathways are usually
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sectioned in two main pathways, the intrinsic and the extrinsic pathway, which are mainly
distinguished according to whether caspases are involved or not (Hongmei, 2012). The two
pathways can be activated independently or in conjunction with each other. Because apoptosis
is responsible for eliminating infected cells, it means that a dysfunction of the mechanisms is
implicated in many pathological conditions (Papaliagkas et al., 2007). The most important
proteins that have been identified to play a vital role in apoptosis are the caspases, the
amyloid-B peptide, the BCI-2 family of proteins, the p53 gene and the heat shock proteins.
The apoptotic pathways can be activated by a variety of stimuli such as cellular stress signals,

oxidative stress, DNA damage or nutrient deprivation.

1.7.2 p53 signalling pathway (map04115)

The p53 protein is a transcription factor that plays critical roles in the regulation of apoptosis,
cell cycle, response to cellular stress and genomic stability (Wang et al., 2023). In response to
stress signals, the p53 protein is activated and initiates a program of cell cycle arrest, cellular

senescence, or apoptosis (Harris & Levine, 2005).

1.7.3 Autophagy pathway (map04140)

Autophagy is the process of intracellular degradation of unwanted or damaged components to
remain cellular homeostasis (Mizushima, 2007). Autophagy also plays an important role in
viral and cellular stress responses and has been shown to be involved in programmed cell
death (Schigtz et al., 2010). When the cell is in normal conditions, they maintain low levels of
autophagosome formation, making this pathway suitable as a biomarker in response to
external stress (Quevedo et al., 2021). The process is tightly regulated by a complex network
of signalling pathways, including the insulin signalling pathway, AMP-activated protein
kinase pathway (AMPK signalling pathway) and the mTOR signalling pathway, which are all
regulated by factors such as nutrient availability, cellular stress, and intracellular signalling
molecules (Kim et al., 2011).

1.7.4 Phagosome pathway (map04145)

As previously alluded to, phagocytosis is a cellular process by which large foreign particles

are internalized. The mechanism is of great significance in both innate and adaptive

immunity, and involves a sophisticated interplay of proteins, ultimately culminating in the
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destruction and degradation of intracellular pathogens (Desjardins, 2003). The process
initiating phagocytosis, is the binding of particles to receptors on the cell surface, which in
turn generates a bunch of signal-transduction events, generally divided into a few key steps
including recognition and binding of particle, engulfment of particle, phagosome maturation,
fusion with lysosomes, and lastly degradation and processing of the engulfed particle (Rosales
& Uribe-Querol, 2017). Although phagocytosis typically involves a series of maturation
events including early and late endosomes leading to the formation of phagolysosomes, in
some cases the phagosome fuses directly with the lysosome without passing through the
intermediate stages. This is called direct phagolysosome fusion and is known to allow for
rapid delivery of engulfed cargo to lysosome for further degradation (Greene et al., 2022).
This process in known to happen in specialized immune cells, such as macrophages, and
under special conditions where the pathogen needs to be dealt with quickly (Gutierrez et al.,
2008).

A relatively recently discovered phagocytosis mechanism is the endoplasmic reticulum-
mediated phagocytosis (ER-mediated phagocytosis). It has been found that fusion of ER with
the membrane of the macrophage works as a distinct form of phagocytosis that relies on the

participation of ER-associated proteins (Gagnon et al., 2002).

1.8 Cell imaging and microscopy

1.8.1 Fluorescence
Fluorescence is defined as the emission of light by a particular substance that has absorbed
light of a specific energy (Lakowicz, 1999). The process happens from absorption of photons

followed by the emission of photons from the fluorescent substance.

Cells contain molecules with natural fluorescence without any external labels or dyes. This is
called autofluorescence (Monici, 2005). This means that when using fluorescent dyes or
labels in research, it is crucial to include adequate controls to compare with the fluorescence

in the samples in question (Catarino et al., 2019).
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1.8.2 Deconvolution microscopy and three-dimensional imaging
Deconvolution microscopy is a method used to improve the resolution and reduce out-of-
focus fluorescence in fluorescent microscopy (McNally et al., 1999). Three-dimensional
imaging techniques allow researchers to visualize and study the cell and its surroundings in
three dimensions, unlike traditional 2D imaging. These higher complexity cell models
produced in 3D imaging will better mimic in vivo environments and responses to foreign
substances (Belin et al., 2014). The DeltaVision™ Elite system allows you to specify the
highest and lowest focal point, for example the bottom and the top of the cell. The entire
height provided will then be separated into sections which comprise the z-plane. By choosing
the right wavelengths based on where the sample should emit and excite light, the fluorescent
parts of the sample will give an image that can be further analyzed and assembled into a

three-dimensional model.

1.9 Fluorescence-activated Cell Sorting

Fluorescence-activated cell sorting (FACS) is a form of flow cytometry that sorts mixtures of
cells based on emitted fluorescence. The method makes it possible to sort a heterogenous
mixture of cells into homogenous cells by differentiating the cells based on the specific light
scattering and fluorescent characteristic of each individual cell (SinoBiological). FACS
methodologies have given researchers, scientists, and clinicians the opportunity to study

individual cells in greater detail than previous methods (Tung et al., 2004).

1.10 Proteomic studies

Proteomics of cells or tissue exposed to an external factor provides the opportunity to
compare protein expressions in samples, and thus might provide insights into the effects this
factor has on the cells or tissues. Proteomic studies allow the monitoring of protein content in
tissues, by identifying proteins and their differential abundance in response to different
processes and conditions such as growth, feeding and external stress factors (Ahmed et al.,
2019). Proteins related to stress and the immune system in fish are up or down regulated
according to their function in the defense of pathogens or regulation of stress responses, and
these mechanisms are thus useful in understanding the impacts of stressors (Ahmed et al.,
2019).
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Protein extraction kits are frequently used for the extraction of proteins from cells, followed
by a protein quantification assay, and protein expression analysis which are often based on
mass spectrometry.

Mass spectrometry has been frequently used for relative quantification in a range of different
systems in the last decade (Lindemann et al., 2017). Isobaric tagging is a method for labelling
peptides and usually used in combination with MS. Isobaric labelling is based on covalent
labelling of the N-terminus and side chain primary amines on the peptide (Cheng et al., 2016).
These techniques allow users to simultaneously assess changes in peptide abundances across
different experimental conditions or time points through labelling multiple peptide samples
from any source material (Cheng et al., 2016). Tandem mass tagging is a type of isobaric
tagging where digested peptides from multiple samples are labeled, before they are mixed and
analyzed with reversed phase high performance liquid chromatography (HPLC) in

combination with a mass spectrometer capable of tandem MS analysis (Zhang & Elias, 2017).

1.10.1 BCA protein assay

The bicinchoninic acid assay (BCA) is a method for estimating protein concentration based
on the reduction of Cu?* to Cu'* by protein in alkaline solution, and concentration-dependent
detection of the monovalent copper ions produced (Novagen®). The reduction produces a
purple-colored product and can be measured spectrophotometrically at 562 nm. The assay
involves mixing protein samples with a BCA reagent containing bicinhoninic acid, copper
sulfate, and sodium carbonate in an alkaline solution — following the instructions given by
Novagen® (Novagen®). The intensity of color of the reaction will be proportional to the
amount of protein in the sample, and thus can be quantified by comparing the absorbance of

the sample to a standard curve of known protein concentrations.

1.10.2 Label-free Quantification

Label-free quantification methods determine the relative number of proteins in a range of
samples without using a stable isotope or other labels for the chemical binding and labeling of
proteins (Creative Proteomics). These quantification methods typically involve identifying
and quantifying peptides, prior to being used to determine the abundance of their respective

proteins.
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Traditionally, the label free approaches are divided into either spectral counting methods or
peptide peak intensity-based proteomics (Arike & Peil, 2014). Spectral counting
quantification relies on the number of peptides identified from a given protein, while peptide
peak intensity-based analysis quantifies the relative peptides from the area under the curve of
a detected peptide ion (Mehta et al., 2020). Label-free quantification allows for limitless
sample numbers and is applicable to any kind of sample. It has the advantage of not requiring
expensive and time-consuming labeling reagents. However, compared to labeled
quantification, the label-free quantification strategy has reduced ability to detect proteins with
low abundance, and generally has lower accuracy and reproducibility (Al Shweiki et al.,
2017). Another major limitation is the requirement for multiple runs, which again reduces the

throughput.

1.11 Transcriptomic studies

The transcriptome is defined as the abundance and activities of all RNA molecules within a
cell (Liang et al., 2011). Transcriptomics describes the techniques used to study the
transcriptome and provides further information about the active cellular processes. The
transcriptome includes all mMRNA, rRNA, tRNA, and non-coding RNA produced in a single
cell or in a population of cells. Studying the transcriptome will help us understand the
functional elements of the genome, as well as giving us a further look into the molecular
constituents of cells and tissues. Transcriptomic studies complements proteomic studies
because the former evaluates cell/tissue response at RNA level while the latter provides
information at protein level. In the current study, only a few genes were targeted for their

expression by using gPCR since time did not allow us to do RNA sequencing analysis.

1.11.1 RNA extraction/isolation

RNA isolation is the process of extracting RNA from biological samples and mainly consists
of homogenization of sample, isolating the RNA from other cellular components, purification
of RNA and quantification of RNA.
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1.11.2 cDNA synthesis
Reverse transcription-polymerase chain reaction (RT-PCR) is a widely used technique for
MRNA detection and quantification. The method consists of mMRNA being reverse

transcribed, amplified, detected, and quantitated in real time (Gibson et al., 1996).

1.11.3 Impact of NP on immune-related genes

Genes and primers for PCR were chosen based on published literature (Abarghouei et al.,
2021; Danilova et al., 2005; Natarajan et al., 1999; Piazzon et al., 2016; Ryo et al., 2010)
supporting their connection with immune defense mechanisms and cellular stress in salmon,
as well as to uptake of microplastics. Abarghouei et al. (2021)reported an induction in
expression of antioxidant related genes, such as hsp70, as a response to exposure to
polystyrene (Abarghouei et al., 2021). Heat shock proteins (HSP) are a group of proteins
whose expressions are generally induced by an increase in temperature. However, several of
these proteins also play important roles in the immune defense system of fish (Xie et al.,
2015). A number of these hsp genes have been related to pathogen-specific infection, for
example, bacterial infections (Xie et al., 2015). HSPs are also known to be crucial in protein
folding and translocation within cells (Krone & Heikkila, 1988). Hsp90 and hsp70 have been
linked to cellular survival and immune responses, as highlighted by Celi et al. (2012).
Moreover, these proteins may be induced by environmental stimuli, including NPs, thereby
exerting significant influence on the biological outcomes of stress.

In teleost species, including salmon, immunoglobulin genes, such as igt and igm, play a
crucial role in the fish immune system. Cellular stress, such as exposure to pathogens,
environmental changes or inflammatory signals, can trigger the activation of immune cells
and the production of antibodies (Piazzon et al., 2016). Traditionally, the production of
immunoglobulin has been restricted to B-cells of the immune system (Chen et al., 2009).
However, recently immunoglobulin genes have been found expressed in some epithelial cells
as well (Chen et al., 2009). These findings could potentially suggest a presence of these genes
in the epithelial-like cell lines, such as the ones employed in the research, indicating a
potential immunological response to NP exposure. However, it is important to note that there

is limited documentation supporting the existence of these genes in salmonid cell lines, as
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well as their general association with cellular stress response and NPs. Major
Histocompatibility Complex (mhc) genes of different classes have been shown to have
important immune functions in both fish, as well as mammals (Yamaguchi & Dijkstra, 2019).
The mhc class | molecules, which normally present peptides from cytosolic origin, have
functions related to cytotoxic T-ells (Natarajan et al., 1999). Nanoparticles may transverse the
endosomal-lysosomal system into the cytosol (Singh et al., 2007), and thereby affect the
expression of mhcl. This aspect has never been studied before.

1114 Real-time PCR

To detect the PCR product, a two-dye tracking system is commonly used. SYBR™ Green dye
is the main component of one of these tracking systems. The dye works by binding to double-
stranded DNA formed during PCR and gives off fluorescence only when bound to the DNA
(ThermoFisher Scientific, 2020) (Figure 4). When the target sequence is amplified by DNA
polymerase during PCR, the SYBR™ Green binds to each new copy of double-stranded
DNA. The resulting increase in fluorescence is therefore proportional to the amount of PCR
product produced.

B strand of DNA Forward primer
&% Fluorescing SYBR™ Green dye B Reverse primer
@ Non-fluorescing SYBR™ Green dye B Polymerase

3 I——— 5
5 I ——— 3

DNA template
SYBR™ Green dye binds to all double-stranded DNA

3 I

Figure 4: Overview of polymerization with SYBR Green dye binding to double-stranded DNA. Figure generated
by ThermoFisher Scientific in PowerTrack SYBR™ Green Master Mix User Guide (ThermoFisher Scientific,
2020).
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Real-Time PCR is an efficient method for amplifying cDNA products reverse transcribed
from RNA (Pfaffl, 2001). The accumulation of the amplified product, here fluorescence, is
measured in real time with a product quantification after each amplification cycle (Bio-Rad
Laboratories, 2023). The real-time PCR system can monitor the reaction as it progresses and
generates quick results for measuring low abundance gene expression.

A standard curve based on a Cq or Cp (Ct) value needs to be generated for the real-time PCR.
This value represents the cycle number where the samples’ reaction curve intersects the

threshold line that is set (Oswald, 2020) (Figure 5). The threshold line represents the point

Sample

Fluorescence

Exponential phase

Ct value

/ Threshold or base line

Background fluorescence

10 20 30 40 50 Number of cycles

Figure 5: Example of standard curve for g°PCR. The curve is generated based on fluorescence quantity and the
number of PCR cycles. A Ct or Cp value is found where the curve intersects with a threshold or base line (Pfaffl,
2001).

where a reaction reaches a fluorescent intensity which is above the background levels
(Oswald, 2020) There will be separate reaction curves for each sample in the PCR run,
meaning there will be many Cp values which all represents a quantitative measure of the

amount of DNA present in a sample.
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The Lightcycler® real-time PCR system calculates the Cp values for the samples in an
experiment and generates a curve for each sample and standard.

The PCR efficiency is calculated from Cp values and gives a quantitative value.

A mathematical model to determine the relative quantification of a target gene in comparison
to a reference gene has been developed by Michael W. Pfaffl (Pfaffl, 2001).

ACP¢grget(control-sample)
(Etarget) 9

ACP (control-sample)
(E ref ) ref

ratio = Equation 1

This equation calculates the relative expression ratio of a specific gene compared to a known
reference gene and is based on the PCR efficiency and Cp values.

1.12 Inspiration

This project is originally inspired by a study conducted by Roy A. Dalmo and Kjetil Asbakk
in 1998 investigating the internalization of latex beads by epidermal keratocyte-like cells of
A. salmon (Asbakk & Dalmo, 1998). Furthermore, this thesis is partly inspired by results
from two previous master projects conducted by respectively Ole Kristian H. Svartaas & Eskil
M. Kjalstad (Kjglstad & Svartaas, 2020), and Marie Stette (Stette, 2022). These projects
focused on studying the uptake of a variety of MPs and NPs in corneal and epidermal
keratocyte-like cells observed using advanced microscopy.

This study, although based on similar aims as these previous projects, is focused on a new
range of salmonid cells, and generally utilizes a proteomic and transcriptomic view on how to
gain new information about the uptake of NPs. The results from this project can improve the
general understanding of the underlying mechanisms of NP toxicity on A. salmon. Moreover,
this study has the potential to provide a scientific basis for further research within NP toxicity
and identification of biomarkers related to the effects of exposure and uptake of NPs.
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1.13 Scientific aim
The need for detailed knowledge on how marine organisms is affected by NPs, will continue
to increase as the issues of plastic waste and its prevalence in the marine environment
becomes more present. Based on cell imaging, proteomics and transcriptomics, this study will
aim to investigate the uptake of polystyrene NPs in salmonid cells. The thesis will aim to
study the uptake of nanoparticles of plastic waste in A. salmon and Chinook salmon-derived
cells, with the goal of learning more about how these marine organisms are affected by plastic
waste, and in turn how this information could become an important part in improving fish
health and welfare. It is desirable to study and compare the uptake of plastic particles in ASK-
1, SHK-1 and CHSE-214 cell lines, to detect any possible differences in protein and genetic
expression of the exposed and non-exposed cells.
The goal of this thesis is to (i) evaluate whether the salmonids-derived cells ASK-1, CHSE-
214 and SHK-1 are capable of taking up NPs, (ii) identify differentially expressed proteins of
ASK-1, CHSE-214 and SHK-1 cell lines caused by exposure to NP; (iii) evaluate the effect of
NP on relative expression of selected stress response genes of ASK-1.
The goal will be sought achieved using different approaches:
e Expose and monitor uptake of fluorescent plastic particles (polystyrene,
503 nm) in cells through imaging and microscopy.
e Enrich cells that have taken up the fluorescent plastic particles through
Fluorescent activated cell sorting (FACS).
o ldentify differentially expressed proteins of cells following plastic
exposure and uptake.
e Determine the effects on relative expression of some stress-and immune
related genes in ASK-1 cells.
e Optimize methods and protocols for plastic exposure and cell sorting of the

specific cell lines.
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2 Materials and methods

2.1 Biological material

Three salmonids-derived cell lines, namely, Atlantic salmon kidney 1 (ASK-1), salmon head
kidney 1 (SHK-1) and Chinook salmon embryo 214 (CHSE-214) were used in the study. The
ASK-1 cell was obtained from the Federal Research Institute for Animal Health, Germany,
and is an adherent immortalized cell line from A. salmon. The SHK-1 cell is also an
immortalized cell line from A. salmon and a gift from the Norwegian Veterinary Institute,
Oslo. The CHSE-214 cell line obtained from Sigma-Aldrich, United Kingdom, is an adherent

immortalized cell line from Chinook salmon (O. tshawytscha).

2.2 Chemicals, kits

Table 1: List of Chemicals and kits used in this project with associated manufacturer and product number.

Chemical/ kit Product ID Manufacturer
Ethanol (99,9%) - Antibac
Tryphan Blue (0,4%) EBT-001 Bio-Rad (Oslo, Norway)

Lysis Buffer (LM Urea, 0.5% Sodium  Self-made
deoxycholate (SDC), 100mM TEAB)

BCA Protein Assay Kit TB380 Novagen® (Darmstadt,
Germany)
PowerTrack™ SYBR™ Green MANO0018826 ThermoFisher Scientific
Master Mix (Massachusetts, USA)
High-capacity cDNA reverse 4368814 ThermoFisher Scientific
transcription kit (Massachusetts, USA)
RNAqueous™ RNA isolation kit AM1912 ThermoFisher Scientific
(Massachusetts, USA)
Quantitech Reverse Transcription Kit ~ No. 205311 Qiagen, Netherlands
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2.3 Media, buffers, solutions

Table 2: List of media, buffers and solutions used in this project with associated concentration/amount (if

applicable) and manufacturer.

Reagent Concentration/  Product Manufacturer
amount ID
Dulbecco’s Phosphate Buffered N/A D8537 Sigma-Aldrich
Saline (PBS) w/o calcium chloride (Missouri, USA)
and magnesium chloride
Leibovitz L15 (1x) with 4mM L- N/A 11415-049  Gibco™ (NY, USA)
Glutamine and L-amino-Acids
Fetal Bovine Serum 10%-20% diluted in  SO0K9103  Biowest (Nuaillé,
L15 medium for 31 France)
cell cultures
Trypsin-EDTA EDTA in HBSS T4049 VWR (Pennsylvania,
w/ Phenol Red USA)
Sequencing grade Trypsin (for - V511A Promega (Madison,
LC-MS) USA)
Lysyl Endopeptidase®, Mass - 125-05061  Wako (Tokyo, Japan)
Spectrometry Grade (Lys-C)
Plum Purple Polystyrene (503 nm) 1% particles FSPP003 Bangs Laboratories
(Indiana, USA)
CellMask™ Green (CMG) 1:2000, diluted with  C37608 Invitrogen/ThermoFisher
L15 medium Scientific
(Massachusetts, USA)
LysoTracker™ Deep Red (LTDR) 1:2000, diluted with  1L.12492 Invitrogen/

L15 medium

Page 23 of 123

ThermoFisher Scientific



2.4 Experimental description
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Figure 6: Workflow of experimental procedures from cultivation of salmonid cell lines to exposure to NPs and
studies of the following effects.

2.5 Growing cell cultures

All three cell lines were cultivated and passaged according to previously developed protocols.
Frozen cells were taken from -80°C and quickly thawed in a water bath heated at
approximately 60-70 °C until a small piece of ice was left in the vial. Cells were then
transferred to a T-25 culture flask under sterile conditions in a laminar flow cabinet. All three
cell lines were cultivated in the Leibovitz L15 media supplemented with 10% Fetal Bovine
Serum (FBS) with penicillin/streptomycin (0.5%) as antibiotics. Cell cultures were incubated
in the dark at 22°C without adding COx.

Routine sub-culture of ASK-1 and SHK-1 cells involved growing the cells to 60-80%
confluence before splitting in 1:2 ratio. Phosphate Buffered Saline (PBS) was used to wash
cells, and 0.25% Trypsin was used to detach cells from flask. Thereafter, cells were observed
in a light microscope while Trypsin was added, to check that cells were detaching from the
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surface of the culture flask. Once the cells had detached, a volume of fresh L15 medium with
10% FBS was added to the culture flask. The total volume was then split into two parts and
transferred to new culture flasks. Flasks were incubated as described previously.

The routine CHSE-214 cell passaging was similar to the passaging of ASK-1 and SHK-1cells
described above, except that the CHSE-214 cells were split in a 1:3 ratio.

All freeze-preserved cells were passaged at least three times before used in experiments.

2.5.1 Exposure of fish cells to plastic particles

Before exposure to plastic nanoparticles, cell density was estimated manually using the
hemocytometer, or by the automated NanoEnTek EVE™ PLUS cell counter. For the
hemocytometer, 20 pl of cell culture was mixed with 20uL of Tryphan blue and pipetted
under a glass slide on the hemocytometer. Cells were counted in the microscope and cell

density was calculated using Equation 2.

100000

Cell density = Average of cells on grid * mL of culture

Equation 2

The cell culture was then diluted as needed with an end concentration of around 10° -10°

cells/ml.

Amid the project, the lab acquired a new cell counter, NanoEnTek EVE™ PLUS Automated
cell counter. The cell counts performed after this equipment arrived, was done using this cell
counter.

For the automated cell counter, 10ul of the aliquoted cell culture was mixed with 10ul of
Tryphan blue. Then, 10 pl of this mixture was added to each side of the cell counter slide and
the slide was inserted into the cell counter. The counter was set to automatic cell count and
counting was initiated. Once the counting of the first side of the slide was completed, the slide
was turned around and the second side was counted. Finally, the average of counted cells was

calculated from counted cells on both sides of the counting slide.

Plum purple-stained fluorescent polystyrene particles with excitation of 360 nm and emission

of 420 nm, and with a mean diameter of 503 nm were used in NP exposure of ASK-1, SHK-1
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and CHSE-214 cells. The plastic particles were delivered from the supplier ina 1 ml
suspension containing 1% plastic and this was then diluted to 10~° (1:100 000) before
exposure to cells.

Cells at approximately 75% confluency were exposed to the NPs and incubated with L-15
media in 6-well plates as described in Figure 7. Briefly, cells detached by trypsinization as
described above were washed with PBS and resuspended in L-15 media supplemented with
10% FBS before being transferred to tubes for NP exposure. A volume of 150 pl of diluted
polystyrene particles was added to one of the tubes to a final volume of 15 ml. Both a
negative and a positive control were initially included for the fluorescent microscopy. The
negative control consisted of cells in tube to which polystyrene particles were not added. Both
NP-exposed and non-exposed cells were transferred to 6-well plates and incubated in the dark
at 22°C without €Oz for seven days. The positive control was only included for fluorescent
microscopy to check for fluorescence and was not used in further experiments. This control
was made by diluting stock particle suspension of polystyrene with L15 media to a
relationship of 1:10 000. The 6-well plates were used for the following fluorescent
microscopy of exposed cells (Figure 7). This procedure was individually repeated for all three

cell lines.
Fluorescent cells
’ Y Added NP "8 E
L
-“> = » = i | Non-fluorescent cells
-0‘ -"/ .

Figure 7: Experimental setup of NP exposure to cell cultures for both Proteomics and Transcriptomics. A total of
four T-75 flasks of cells was used in the nanoplastic exposure experiment. Cells cultivated with or without
antibiotics were seeded into 6-well plate.
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2.5.2 Microscopy of cells

The 6-well plates containing cells exposed to NP as well as controls were observed in the
fluorescent microscope (Zeiss, Axiocam 202 mono) after 24 hours incubation, and then every
48 hours for 9 days for the first exposure experiment. Once the method was further optimized,

pictures of the cell cultures were taken only after 7-9 days of incubation with NP particles.

Composites fluorescence micrographs were created in ImageJ (Fiji) to combine the
fluorescent channel pictures with the light channel pictures. Subsequently, pictures from the
fluorescent channel were stacked on top of the pictures from the light channel, and the
fluorescent parts were colored purple to enhance any visible particles. This was performed on
all pictures taken for both the samples and the controls. The fluorescent pictures could not
clearly distinguish ingested particles and particles bound to the surface of the cell.

In order to evaluate whether particles were bound to cell surface or ingested by the cells,
imaging of NP-exposed cells was done using the DeltaVision™ (DV) Elite deconvolution
microscope (GE Healthcare Life Sciences, Marlborough, USA). The cell markers CellMask™
Green (CMG) and LysoTracker™ Deep Red (LDTR) were used for staining cell membranes

and lysosomes in the cells respectively at a concentration of 1:2000.

NP-exposed cells incubated for one week were stained with LDTR and CMG as follows:
Briefly, 1.5 ul each of CMG and LDTR were added to 3 ml of L15 media, mixed thoroughly
and added to cells in the 35 mm glass culture dishes. After incubation for 30 minutes, the
media containing CMG and LDTR was replaced with fresh L15 media after washing three

times with PBS to enable observation of cells under the microscope.

The microscope captured widefield fluorescence images and applied a deconvolution
algorithm to improve resolution and contrast (Hira et al., 2020). The microscope system used
a 60 x 1.42NA oil immersion objective and a SCMOS camera. The images with fluorescence
were captured with DAPI (diamidino-2-phenylindole) and Cy5 (Cyanine-5) filter sets with
excitation from respectively 390/18 nm and 632/22 nm, and emission from 435/48 nm and
679/34 nm (Table 3). Any areas where fluorescent particles seemed to be in close relation to

cell organelles were saved in the DV software and further explored. The acquisition software
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DeltaVision SoftWoRx™ (GE & Healthcare, 2014) was used to deconvolve the images, and

Fiji was subsequently used to perform image analysis.

Table 3:Excitation and emission ranges of the most common filters used in DV imaging. A combination of the
DAPI and Cy5 filters was used for this purpose and cells were stained with LysoTracker™ Deep Red, and

Cell Mask Green.
o | e | e [IEEIT]

Excitation 405 (381-399) 488 (464-489) 568 (531-556) 642 (621-643)

Emission 411-459 501-549 574-620 662-696

2.5.3 Flow cytometry: enrichment of fluorescent cells

To augment the population of fluorescent cells that had internalized nanoparticles, a
fluorescence-based flow cytometry technique was employed. Fluorescent cells resulting from
uptake of NPs were sorted into a separate tube by the fluorescent-activated cell sorting
(FACS) on the BD FACSAria™ |11 (BD, NJ, USA) as follows. After 6-9 days incubation,
depending on the cell type, cells exposed to NPs as well as unexposed control cells were
washed 2-3 times with PBS, trypsinized and transferred to 15 ml tubes. Conditioned media
was prepared for culturing the sorted cells. Approximately 5 mL of the cells suspension were
passed through a cell filter cap into a glass tube prior to FACS in order to de-clump the cells.
These tubes were centrifuged at 100g for 3 minutes, and ~60% of the supernatant was
removed. The fluorescent cells identified through FACS, were first sorted into 5 mL tubes
containing approximately 100 pL of conditioned L15 media with 0.5% pen/strep before the
entire suspension was transferred into a single well on a 96-well plate. The surrounding wells
were filled with PBS to keep them from drying. All non-fluorescent cells were firstly sorted
into a separate tube, before diluted and plated onto a separate 96-well plate. For the cells not
exposed to plastic particles (negative controls), a number of 3000 cells was sorted into each

well on a 96-well plate according to the scheme described in Figure 8.

Fluorescent cells were sorted by using the violet 405-nm laser of the FACSAria™ cell sorter.

This laser generally detects wavelengths of 450 and 510 nm.
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Figure 8: Setup of all cells resulting from FACS (cell sorting) as well as the 6-well plates left for RNA- and protein
extraction. Cell sorting was performed on all the prepared samples, resulting in a total of three 96-well plates of
sorted cells for each cell type (ASK-1, SHK-1 and CHSE-214). One of the plates contained cells that had been
exposed for plastic particles and showed fluorescence, and one plate contained cells not giving emitting
fluorescence. The last plate contained negative controls with no plastic particles. As described previously, the
cells exposed to plastic was firstly sorted into two separate tubes and then plated out in the 96-well plates as
described above. All surrounding wells on the 96-well plates were filled with PBS which prevented them from
drying.

2.6 Label free proteomic analysis of NP-exposed vs. non-
exposed ASK-1 cells

As a preliminary proteomic study within this project, a comparison of salmon cells exposed to
NPs and those not exposed to NPs was performed using label free mass spectrometric
proteomic analysis method. ASK-1 cells in 6-well plates incubated with and without NP
particles for 7 days (Figure 9) were washed three times in PBS after aspiration of old L15
media. Approximately 50 ul lysis buffer (LM Urea, 0.5% Sodium Deoxycholate (SDC), 100
mM Triethylammonium bicarbonate (TEAB)) was used to lyse cells. Lysed cells were
transferred to Eppendorf tubes and subjected to 25 cycles of sonication (1 minute on and 30
seconds off) with 100% amplitude in a cuphorn sonicator, with watercooler
(cuphorn/watercooler: Qsonica. Sonicator: Fisherbrand FB705 sonicator, Fisher). Protein
concentrations in lysed samples were estimated by the Bicinchoninic acid (BCA) protein

assay method.
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Figure 9: Experimental setup of cell cultures for non-labelled proteomic analysis and transcriptomic analysis.
Cells from two T-175 cell culture flasks were used for NP exposure followed by protein extraction about a week
later.

The BCA Protein Assay was used to determine the protein concentration in the samples
employing a microtiter protocol supplied by the manufacturer protocol (Table 1). Optical
densities were measured at 595 nm using a FLUOstar OPTIMA plate reader (BMG
LABTECH) to measure the absorbances of the copper complexes in both samples and
standards. The protein concentration of each sample was calculated based on the standard
curve constructed from readings from the BCA assay with premade dilutions of bovine serum
albumin (BSA) (Figure 10). All concentrations/dilutions for the proteins assay, including the

setup of samples and standards, are given in Appendix — A.
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Figure 10: A standard curve based on the known BSA concentrations was plotted to make it possible to
generate an equation for the slope which was used to calculate the specific protein concentrations.

2.6.1 Sample preparation and Mass spectrometry

Mass spectrometric analysis of protein samples was conducted on protein extracts retrieved
from ASK-1 cells exposed to polystyrene particles, and coherently on cells not exposed to the
particles. The analysis was performed at the Proteomics and Metabolomics Core Facility
(PRIME) of UiT. The protein samples were analyzed with Orbitrap Exploris 480. This is a
high-performance mass spectrometer used for analysis of complex biological samples
(ThermoFisher Scientific). Label-free protein quantification was performed on protein

extracts retrieved from ASK-1 cells exposed to NP particles. Non-exposed cells served as

controls.

Briefly, cells were sonicated for 25 cycles (1 minute on and 30 seconds off) with 100%
amplitude in a cuphorn sonicator, with watercooler (cuphorn/watercooler: Qsonica. Sonicator:
Fisherbrand FB705 sonicator, Fisher). Disulfide bridges in the protein extracts were reduced
with 1.4-dithiothreitol (DTT) with a final concentration of 5 mM and in incubation at 54°C for
30 minutes. Cysteins were then alkylated with 15 mM iodoacetamide (IAA) followed by
incubation for 30 min at room temperature in the dark. To remove excess IAA, DTT solution

corresponding to a final concentration of 5 mM was added. Calcium chloride solution was
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added to the sample to a final concentration of 1 mM, and proteins in samples were digested
with 100ng of Lys-C (Wako, 125-05061) for 5 hours.

Lysozyme C and Trypsin digestion of samples was achieved by treatment with 1.5 pug Trypsin
(V511A, Promega) and overnight (16 hours) incubation under gentle agitation at 37 °C. After
digestion, SDC was precipitated by adding 50 % formic acid to the sample (final
concentration of 2.5 % v/v). Samples were then incubated for 10 min and centrifuged at
13.000 rpm for 15 min. Supernatants containing peptides were transferred to new Protein Low
Bind tubes. The peptides were concentrated and cleaned up using DPX C18 pipette tips (DPX
Technologies, XTR tips 10 mg C18AQ 300) on a Tecan Fluent pipetting robot. Purified
peptide samples were dried in a vacuum concentrator and dissolved in 20 puL 0.1 % formic
acid. Peptide concentration was measured on a spectrophotometer (Nanodrop ONE, Thermo
Fisher Scientific, Massachusetts, USA) at 205 nm, 31 methods with baseline. Thereafter, 0.5
Hg peptides per sample were loaded for liquid chromatography-mass spectrometric (LC-MS)
analysis.

The peptide mixtures containing 0.1% formic acid were loaded onto a ThermoFisher
Scientific EASY-nLC1200 system and EASY-Spray column (C18, 2 um, 100 A, 50 um, 50
cm). Peptides were fractionated using a 5-80% acetonitrile gradient in 0.1% formic acid over
60 minutes at a flow rate of 300 nl/min. The separated peptides were analysed using a
ThermoFisher Scientific Orbitrap Exploris 480 mass spectrometer. The resulting data was
collected in data dependent mode using a Top20 method. Data was searched the uniprot
Salmo salar database using Proteome Discoverer™ 3.0. Protein identification was done with
the Sequest search engine. A volcano plot analysis was used to determine significantly up-

and downregulated proteins.

2.6.2 Protein pathway and network analysis

From the data retrieved from MS analysis in the software Proteome Discoverer™, it was
possible to identify interesting up and down regulated proteins which could be further studied.
To identify correlation between differentially expressed proteins in A. salmon ASK-1 cells

after exposure to NPs, the publicly available programs STRING and Kyoto Encyclopaedia of
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Genes and Genomes (KEGG) was used to search and visualize relevant protein pathways and
networks. These programs made it possible to find correlations between the differently

expressed proteins and thus connect the proteins to biological functions and systems.

2.6.3 Transcriptomics of NP-exposed and non-exposed ASK-1 cells
Transcriptomics analysis was done in order to evaluate differential expression of selected
genes when ASK-1 cells were exposed to NPs. The targeted genes, namely hsp70, hsp90 are
stress related genes, while igm, igt, and mhcl are immune related genes (Abarghouei et al.,
2021; Danilova et al., 2005; Natarajan et al., 1999; Piazzon et al., 2016; Ryo et al.,

2010). Gene-specific forward and reverse primers were utilized for these genes (Table 4).

Table 4: Primer sequences of target genes used in qPCR reaction. Information provided by Sigma-Aldrich®.

Gene Forward sequence (5°-3° Reverse sequence (5°-3°
hsp70 TGACGTGTCCATCCTGACCAT CCAGCCGTGGCCTTCAC

hsp90 TTGCGTGGAACTAAGGTGA CCAATGAACTGAGAGTGCT

igm TGAGGAGAACTGTGGGCTACACT TGTTAATGACCACTGAATGTGCAT
igt CAACACTGACTGGAACAACAAGGT | CGTCAGCGGTTCTGTTTTGGA
mhcl ATGGTGGAGCACATCAGCC CTCAGCCTCAGGCAGGGAC

Elongation factor 1a (ef-/a) was used as the internal reference gene, chosen from a selection
of available housekeeping genes based on its PCR efficiency (Table 5). A total of two qPCR

runs were performed.

Table 5: Primer sequence and accession number for the gene used as reference gene in the gPCR reaction
(Ingerslev et al., 2006).

Housekeeping Abbreviation Sequence (5°-3”) GenBank Species

gene accession no.

Elongation ef-1a Fwd. = GCTGTGCGTGACATGAGG = AF321836
factor 1a Rey.  ACTTTGTGACCTTGCCGC

A.
salmon

RNA extraction was performed on ASK-1 cells exposed to polystyrene and controls not
exposed to polystyrene, using the RNAgueous RNA isolation kit according to the
manufacturer’s instructions. Briefly, cells in 6-well plates incubated with and without NP
particles for 7 days (Figure 9) were washed three times in PBS after aspiration of old L15

media. Cell lysis buffer (400 ul) was added to each of the wells. The cells were then scraped
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away with a cell scraper and transferred to Eppendorf tubes. Cells from two wells were
pooled into one tube to a total volume of 800 _ul in each of the tubes.

An equal volume of 800 ul of 64% ethanol was added to all the tubes with lysate mix, making
a total volume of 1.6 ml. The tube was briefly vortexed to mix the reagents. Fresh collection
tubes with a filter cartridge were prepared and marked. Subsequently, 700 pl of the lysate mix
was pipetted onto the filter and the tubes were centrifuged for 1 minute at 1400 rpm. The
flow-through was discarded. This process was then repeated until all the lysate mix had gone
through the filter. A volume of 700 pl of wash solution #1 was applied to the filter, the tubes
were centrifuged as above and flow-through discarded. Following this, 500 ul of wash
solution #2/3 was added to the filter, the tubes were centrifuged again and flow-through was
discarded. The tubes were then centrifuged an additional time for 30 seconds and any flow-
through left in the tube was discarded. The filter was transferred to a new collection tube and
20 pl of Elution buffer was added to the filter in two rounds. In between the addition of
elution buffer, the tubes were centrifuged for another 30 seconds.

Lastly, the filter was discarded, and the RNA concentration was measured in all samples
using NanoDrop. Samples was stored in -80°C over-night until cDNA synthesis was

performed.

2.6.4 cDNA synthesis

cDNA synthesis was performed with the high-capacity cDNA reverse transcription kit/
QuantiTect Reverse Transcription kit. The RNA samples were thawed on ice while all
reagents in the kit was thawed in room temperature. The RNA concentration of the samples
was measured again on the day of cDNA synthesis. The reagents in the kit were mixed gently
by flicking the tubes and briefly centrifuging if needed. The genomic DNA elimination
reaction was prepared on ice. A volume of 2 ul wipe out buffer was mixed with 2 pl water
and 10 pl of the RNA extract. This mixture was then incubated at 42°C for two minutes. After
the incubation time the samples were put directly on ice. A mixture of 1 pl Reverse
Transcriptase, 4 pl of Reverse Transcriptase Buffer and 1 pl Reverse Transcriptase Primer
mix, was mixed with the 14 ul of template RNA sample. The tubes were incubated at 42°C

for 15 minutes, followed by 3 minutes at 95°C. The samples were put directly on ice again
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after incubation time. The cDNA concentration was measured with NanoDrop before samples

was placed in -20°C until further analysis.

2.6.5 Real-time gPCR

Real-time PCR was performed in combination with the two-dye tracking system
PowerTrack™ SYBR™ Green Master Mix Kit supplied by Thermo Fischer Scientific.
PowerTrack™ master mix reagents and cDNA samples were thawed before preparation of
standards and dilutions for gPCR. From the previously synthesized cDNA, a concentration of
2.5 ng/ul was made for each of the samples used in the PCR. Standards was prepared with
concentrations given in Table 6. Triplicates was implicated for all standard concentrations, as

well as the unknown samples.

Table 6: Standard dilutions and final starting quantities of cDNA used for PCR.

Standard dilution Starting Quantity (SQ) ng/ul
1:1 2.5

1:10 0.25

1:100 0.025

1:1000 0.0025

A Master mix of 12.5 ul Yellow Sample Buffer, 250 pl Power Track™ SYBR™ Green
Master Mix, 72.5 ul of nuclease free water, and 20 pl of forward and reverse gene-specific
primer. The master mix was vortexed before 15 pl was added to the wells in the 96-well PCR
plate. Samples and standards were then vortexed before 5 pl of these were added to the master

mix in the wells. The setup of samples and standards are shown in Table 7.
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Table 7: Setup of gPCR in 96-well plate. Dilution relationships indicate the correlated standard triplicates. There

were two sets of NP exposed samples and two sets of control samples in total, and triplicates of each sample was

included in the gPCR.

1 2 3 4 5 6 7 8 9 10 11 12
Hsp70 | A| 11 1:1 1:1 1:10 1:10 1:10 1:100 | 1:100 | 1:100 | 1:1000 | 1:1000 | 1:1000
Hsp70 | B| NP-A | NP-A | NP-A | NP-B | NP-B | NP-B C-A C-A C-A C-B C-B C-B
Hsp90 | C| 11 1:1 11 1:10 1:10 1:10 | 1:100 | 1:100 | 1:100 | 1:1000 | 1:1000 | 1:1000
Hsp90 | D| NP-A | NP-A | NP-A | NP-B | NP-B | NP-B | C-A C-A C-A C-B C-B C-B
IgM E| 11 1:1 1:1 1:10 1:10 1:10 1:100 | 1:100 | 1:100 | 1:1000 | 1:1000 | 1:1000
IgM F| NP-A | NP-A | NP-A | NP-B | NP-B | NP-B | C-A C-A C-A C-B C-B C-B
Mhe!l | G| 11 1:1 1:1 1:10 1:10 1:10 | 1:100 | 1:100 | 1:100 | 1:1000 | 1:1000 | 1:1000
Mhcl | H[ NP-A | NP-A | NP-A | NP-B | NP-B | NP-B | C-A C-A C-A C-B C-B C-B

The qPCR was in accordance with the Power Track™ SYBR™ Green (ThermoFisher)

Protocol; (Table 8).

Table 8: PCR cycles with associated temperatures and duration.

PCR profile Degrees Time Cycles Ramp rate (degrees/sec)
Pre-incubation 95 2 min 1

Amplification 95 15 sec 44

Annealing 65 60 sec 40 44

Extension 72 10 sec

Step 1 95 15 sec 1 1.6

Step 2 60 1 min 1.6

Step 3 95 15 sec 0.1

Cooling 40 10 sec 1 2.2

The data from gPCR was downloaded and analyzed in the LightCycler® 480 software (Roche

Diagnostics, Germany).
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2.6.6 Gene expression analysis
The PCR efficiency and the relative expression ratio of the target gene compared to a
reference gene, was calculated based on the Cp values given in the LightCycler® software.

PCR efficiency was calculated using Equation 3.

-1

PCR ef ficiency = 1Qslope of standard curve Equation 3

The relative expression of target genes were then calculated with Equation 4.

) EmrgetACPtarget(cuntrul—sample) )
Ratio = B ACPtqrget(control-sample) Equation 4
reference
With a stable reference gene, Equation 3 can be shortened to Equation 5.
Ratio = EtargetACPmrget(ContrOl_Sample) Equation 5

The calculated relative expression was then used to observe any upregulations of target genes

in the sample compared to the control.
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3 Results

3.1 Cell culture

The protocols and methods for cultivation of ASK-1. SHK-1 and CHSE-214 cells as
described in section “Growing cell culture” of the Materials and Methods are well established
in the project group at NORCE (Strgmsnes et al., 2022). Routinely, cells are passaged at least
three times after resuscitation from the cold before being exposed to NPs. ASK-1 and SHK-1
cells seeded in T25 tissue culture flask at approximately 10* cells/ml in Leibovitz L15
medium with 10% FBS achieved 70-90% confluency after 10 days. CHSE-214 cells seeded at

the same cell density achieved similar confluency in 6 days (Figure 11).
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Figure 11: ASK-1, SHK-1 and CHSE-214 cells. All pictures were acquired with light microscope. A: ASK-1
cells 4 days after passage. B: SHK-1 cells 7 days after passage. C: CHSE-214 cells 7 days after passage.
Magnification: x10 (left column), x20 (right column)

The growth characteristics of SHK-1 cells were found to be comparable to those of ASK-1
cells; however, the cultivation of SHK-1 cells required some initial adjustments due to some
distinct characteristics. Notably, SHK-1 cells exhibited a higher degree of sensitivity and
demonstrated a faster response to Trypsin treatment during passage of cell cultures compared
to ASK-1 cells. SHK-1 cells, similarly, to ASK-1 cells, took 7-14 days to reach 70-90%
confluency and was incubated with NPs for seven days.
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3.2 Uptake of fluorescent polystyrene particles in fish cells

3.2.1 Fluorescent microscopy

Comparison of the images acquired with the light and fluorescent channels revealed some
fluorescent particles either adherent on the cell surface or ingested and thus internalized
within the cells. Through image processing using Fiji adding the fluorescent channel image on
top of the light channel image, it could be inferred that the particles were internalized (Figure
12). Further, the particles were neither dislodged nor their positions changed following
vigorous washes with PBS. Figure 12 through 17, shows the pictures acquired from

Light channel Fluorescent channel Merged

Negative control

NP exposed

Figure 12: ASK-1 cells exposed to polystyrene nanoparticles of 503 nm with Plum Purple fluorescence. Images
acquired with fluorescent microscope (magnification: x20). Top row includes controls. Bottom row includes cell
culture exposed to NPs. Both cultures were incubated for seven days before fluorescent microscopy. Pictures were
edited in Fiji to make the fluorescent particles purple, and to merge the picture from the fluorescent channel
together with the picture form the light channel (on the right). The circle in the middle of the pictures taken with the
light channel, is a shadow from the microscope and is not a part of the cell cultures.
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fluorescent microscopy processed in Fiji. Although it was clear that some particles was in
close proximity with some cells, it was still difficult to determine whether the particles were

adhered to the surface of the cell or if it was in fact ingested.

In order to confirm whether the NPs were internalized or adhered to cell surfaces, the NP-
exposed cells were lysosome stained with LysoTracker ™ Deep Red (LTDR) and imaged

with the DeltaVision™ deconvolution imaging.

Figure 13: Fluorescent microscopy of ASK-1 cells exposed to fluorescent NPs. Images are taken in x40
magnification, seven days after exposure to NPs. Fluorescent polystyrene is coloured purple and fluorescent
channel image is merged with light channel image through editing in Fiji. Arrows mark some particles that

seemed to be colocalized with the cells.
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Light channel Fluorescent channel

Negative control

NP exposed

Figure 14: SHK-1 cells exposed to polystyrene nanopatrticles of 503 nm with Plum Purple fluorescence. Images
acquired with fluorescent microscope (magnification: x20). Top row includes controls. Bottom row includes cell
culture exposed to NPs. Both cultures were incubated for seven days before fluorescent microscopy. Pictures
were edited in Fiji to make the fluorescent particles purple, and to merge the picture from the fluorescent
channel together with the picture form the light channel (on the right). The circle in the middle of the pictures
taken with the light channel, is a shadow from the microscope and is not a part of the cell cultures.
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Figure 15: Fluorescent microscopy of SHK-1 cells exposed to fluorescent NPs. Images are taken in x40
magnification, respectively three (left) and seven (right) days after exposure to NPs. Fluorescent polystyrene
is coloured purple and fluorescent channel image is merged with light channel image through editing in Fiji.
Arrows mark some particles that seemed to be colocalized with the cells.

Initial observations during the early rounds of polystyrene exposure and subsequent
fluorescent imaging of CHSE-214 cells indicated a general lack of particle ingestion or
adherence. This conclusion was drawn based on the observed movement of particles within
the floating media of the cultures, rather than their static adherence to the cells at the bottom
of the culture flasks. However, noteworthy changes were observed in the later stages of the
exposure experiment, once the procedure had been repeated several times. After 4-7 days
post-exposure, it became evident that certain fluorescent particles had indeed been ingested
by or adhered to the CHSE-214 cells (Figure 16, Figure 17). This observation suggests a
potential time-dependent uptake process, wherein particles were internalized by a prolonged

exposure.
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Light channel Fluorescent channel Merged

Negative Control

NP exposed

Figure 16: CHSE-214 cells exposed to polystyrene nanoparticles of 503 nm with Plum Purple fluorescence.
Images acquired with fluorescent microscope (magnification: x20). Top row includes controls. Bottom row
includes cell culture exposed to NPs. Both cultures were incubated for seven days before fluorescent
microscopy. Pictures were edited in Fiji to make the fluorescent particles purple, and to merge the picture from
the fluorescent channel together with the picture form the light channel (on the right). The circle in the middle of
the pictures taken with the light channel, is a shadow from the microscope and is not a part of the cell cultures.

5

Figure 17: Fluorescent microscopy of CHSE-214 cells exposed to fluorescent NPs. Images are taken in x40
magnification, seven days after exposure to NPs. Fluorescent polystyrene is coloured purple and fluorescent
channel image is merged with light channel image through editing in Fiji. Arrows mark some particles that
seemed to be colocalized with the cells.
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3.2.2 DeltaVision™ Imaging of polystyrene particles colocalized with
lysosomes

Through lysosome staining with LysoTracker ™ Deep Red (LTDR) and 3D imaging with
DV, it was possible to localize the polystyrene particles associated with or in stained
lysosomes in the cells. For all three cell types, the NP particles showed up close to or were
confined in the lysosomes. The three-dimensional images also indicated that the particles lied
in between lysosomes, suggesting there were lysosomes both underneath and over the NPs
(Figure 18-24).

Lysosomes stained with LTDR was edited to magenta, and polystyrene particles were made

turquoise for colour blind viewers.

Figure 18: Images of stained lysosomes (magenta) and polystyrene NPs (turquoise) in respectively ASK-1 (A),
SHK-1 (B) and CHSE-214 (C) respectively. Images taken in DeltaVision™ and processed in Fiji.

MERGED STAINED LYSOSOMES FLUORESCENT POLYSTYRENE

Figure 19: 2D images from DeltaVision™ of ASK-1 cells. Lysosomes are stained with LysoTracker™ Deep Red (LTDR)
before imaging. Images are edited in Fiji and colours are changed for visualization purposes.
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Figure 21: 3D images of ASK-1 cells with fluorescent polystyrene particles. Lysosomes are stained with
LysoTracker™ Deep Red (LTDR) and edited to show up as magenta. Polystyrene particles are edited to
show up in turauoise.

MERGED STAINED LYSOSOMES FLUORESCENT POLYSTYRENE

Figure 20: 2D images from DeltaVision™ of SHK-1 cells. Lysosomes are stained with LysoTracker™ Deep Red
(LDTR) before imaging. Images are edited in Fiji and colours are changed for visualization purposes.
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Figure 22: 3D images of SHK-1 cells. Lysosomes are stained with LysoTracker™ Deep Red (LTDR) and
polystyrene particle shown in turquoise.

MERGED STAINED LYSOSOMES FLUORESCENT POLYSTYRENE

Figure 23: 2D images from DeltaVision™ of CHSE-214 cells. Lysosomes are stained with LysoTracker™ Deep
Red (LTDR) before imaging. Images are edited in Fiji and colours are changed for visualization purposes.
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Figure 24: 3D images of CHSE-214 cells with fluorescent polystyrene particles. Lysosomes are stained with
LysoTracker™ Deep Red (LTDR) and edited to show up as magenta. Polystyrene particles are edited to show up
in turquoise.

Altogether, the results for all three cell lines show NPs that are associated to lysosomes,
indicating that particles are ingested. The 3D view of the cells shows particles in contact with
lysosomes which would support the assumption that NPs are transported to/into lysosomes.

3.3 Enrichment of fluorescent cells

Another method to find out whether the cells contained particles is using flow cytometry
method based on fluorescence (FACS). By leveraging the violet laser functionality of the BD
FACSAria™, it became feasible to isolate all cells emitting a distinct violet fluorescence from
the remaining cell population (Figure 25). In the FACSDiva software, one gate excluding
everything but particles with the size of a cell was set up (P1). One gate excluding all cells

that did not fluorescence (P2) within the chosen spectra (Figure 25) was also established.
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Figure 25: Display of data collected during cell sorting of ASK-1 cells through the BD FACSAria™ system. A: The gate
named “P1” encloses all particles considered cells based on size. The x-axis gives the forward-scatter and y-axis the
side-scatter which combined defines the size of the particles. B: The gate named “P2” encloses all cells with a
fluorescence greater than the threshold levels which are set based on the negative controls which should not have any
fluorescence. The laser used in this analysis was the Violet450 laser which optimally detects wavelengths of 450 nm.

The x-axis of the histogram shows the intensity of the fluorescent signal detected, while the y-axis represents the cell
count.

The first couple of attempts of cell sorting of ASK-1 cells exposed to fluorescent polystyrene
particles was relatively unsuccessful and they showed very low numbers of fluorescent cells.
However, after increasing plastic concentration, incubating cells for longer time to achieve
higher confluency, and generally acquiring more practice with the performed methods, the
cell sorting eventually gave more “promising” results. Thus, in the second try of cell sorting
of cells that have been exposed to a polystyrene diluted by 10-5, a total number of 320 cells
with particle-derived fluorescence was sorted. This was an improvement from the first cell
sorting try which only gave about 25 cells with fluorescence. In the third and final attempt, a

total number of 1001 fluorescent cells was enriched. These cells were all collected in one
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single well on separate 96-well plates and incubated until further analysis. A total of 1001
fluorescent cells compared to a total of 1 840 000 non-fluorescent cells, made a percentage of
cells that had ingested the polystyrene particle to 0.05% (Table 9).

Conditioned media was also used in this third trial, unlike in the two first attempts. Non-
fluorescent cells, which was considerably higher in number, was also kept for possible further
analysis. As such, a higher number of non-fluorescent cells were brought to wells of the 96-
well plates. Control cells, not exposed to particles, were also sorted through FACS, and
transferred directly into a 96-well plate. The wells all contained 3000 cells each, as this was
set in the FACSDiva software. These cells were also distinguished between cells cultured in

media with and without antibiotics.

Once cell sorting had been successfully performed on ASK-1 cells, the same procedure was
repeated for SHK-1 and CHSE-214 cells. This cell sorting gave a total of 448 fluorescent
SHK-1 cells out of a total number of 603 910 sorted cells, which amounted a percentage of
0.074% fluorescent cells. For CHSE-214 cells, there was a total of 116 fluorescent cells out of
426 414 totally sorted cells. This means the percentage of fluorescent CHSE-214 cells was
0.027% (Table 9).

Table 9: Numbers of sorted cells through FACS. Cell lines ASK-1. SHK-1 and CHSE-214 are included.
Percentage of total fluorescent cells is calculated from the number of fluorescent cells divided by the total number
of sorted cells.

Cell line Fluorescent cells  Non-fluorescent  Total number of Percentage of cells with

cells cells fluorescence
ASK-1 1001 1840 000 1841 001 0.05%
SHK-1 448 603 462 603 910 0.074%
CHSE-214 116 426 298 426 414 0.027%
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After ASK-1 cells had been enriched from the FACS and cultured in 96-well plates, the
growth of the cells was varying. Non-fluorescent cells reached 75-85% confluency in
approximately 14 days and was then transferred to two wells on a 12-well plate.
Subsequently, negative control cells reached 75-85% confluency after about four weeks.

From this point, these cells were transferred to larger wells and split into several wells as they

reached confluency. Because of the low number of enriched fluorescent cells, this culture had
a somewhat delayed growth (Figure 26). Fluorescent CHSE-214 cells reached 75-85%

confluency and could be transferred to bigger wells, after 20 days.

1 day after FACS 10 days after FACS 13 days after FACS 5 weeks after FACS
Figure 26: Microscopic images of ASK-1 cells enriched through FACS. A total of 1000 fluorescent cells were

sorted and cultivated into one single well on a 96-well plate. Pictures were taken frequently to observe any cell
division and culture growth. Images are taken with x10 magnification.
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3.4 Differential protein expression of NP-exposed cells

Due to time constraint, CHSE-214 and SHK-1 cells were not subjected to proteomic analysis.
The concentration of proteins in the isolated protein from ASK-1 cells exposed to plastic
particles, was analyzed by the BCA Protein Assay. The measured absorbance of BSA
standards and protein samples, associated standard curve, and calculated concentrations, are
presented in Appendix — A. Protein concentrations of the three samples used in the assay was
respectively 2091.14, 1951.43 and 2231.43 pg/ml.

The equation of the slope from the standard curve used to calculate protein concentration is

given in Equation 6.

y = 0.0007x — 0.00042 Equation 6

The mass spectrometry analysis conducted on cells exposed to NPs and cells not exposed to
NPs yielded a repertoire of expressed proteins. A total of approximately 8800 proteins were
identified in the samples. To assess the impact of plastic particle exposure on protein
expression, the ratio of proteins expressed in the cells exposed to plastic particles was
compared to proteins expressed in cells not exposed to the particles. This calculation was
performed using Proteome Discoverer software (PD), allowing for a quantitative evaluation of
the differential protein expression between the two conditions. The software also made it
possible to filter out non-significant hits based on the number of unique peptides, their
abundance ratios, and a preset p-value of 0.05. All proteins with an abundance ratio higher
than 1 were considered upregulated, and any proteins with abundance ratios lower than 1

were considered downregulated. These proteins are given in Appendix — B.
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To investigate whether the protein expression in NP exposed samples was significantly
different to the protein expression in the controls, a Principal Component Analysis (PCA) plot
was generated (Figure 27). The plot visualizes the triplicates of both NP exposed sample and
control cells as separate dots. The function of a PCA plot is to visualize high dimensional data
and reducing the complexity by finding patterns and correlations between the variables. There
were two outliers in the plot, referring to the two data points, one from each variable,
deviating from the overall pattern or distribution of the data. Nonetheless, one could disregard
these outliers because the placement of the other points in the plot could identify a difference

between the two variables.
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Figure 27: PCA plot visualizing the difference in expression of proteins between the NP exposed samples and
the negative controls not exposed to NPs. The majority of the points representing the replicates, are far apart
from each other in the graph, which means there is reason to believe that there is a significant difference in
expression between the two variables. The two points found in the top left part of the plot were identified as
outliers but could be disregarded based on the visible difference between the rest of the points within the two
variables.
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The Proteome Discoverer™ 3.0 Software analysis generated a comprehensive range of
protein function categories. These categories provided insights into the specific functional
pathways represented by the identified proteins. To visually represent the distribution of
expressed proteins within each category and facilitate a comparison of highly expressed
protein functions, a pie-chart was constructed. Figure 28 showcases this diagram, which
highlights the diverse functions of the proteins expressed in the samples, enabling a deeper
understanding of the pathways associated with the experimental conditions. The graph shows
that several of the categories of biological processes includes both upregulated and
downregulated proteins. However, some categories are only found in either of the groups. For
both upregulated and downregulated proteins, the biological process that included most
proteins expressed, was the one called “other metabolic processes”. As these categories are
generated by the PD software, there can be issues with connecting all proteins to one specific

biological function or process.
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A BIOLOGICAL PROCESS IN UPREGULATED PROTEINS
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Figure 28: A: Biological processes connected to significantly upregulated proteins in NP sample compared to
control. B: Biological processes connected to significantly downregulated proteins in NP sample compared to
control. The biological functions are generated by the Proteome Discoverer™ software connected to the MS
analysis. Both diagrams are colour sorted in the same colours. Only the 118 significantly expressed proteins are
included in this diagram.
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A volcano plot was used to filter out proteins that for different reasons would not be viewed
as significant (Figure 29). Firstly, all proteins that were expressed in only one of the variables
were removed. Then, a p-value of 0.05 was included to filter out any statistically non-
significant results. This resulted in a total of 36 upregulated proteins, and 82 downregulated
proteins. From this selection of expressed proteins, it was possible to further study the details

about each specific protein.
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Figure 29: Volcano plot presenting all significantly differentially expressed proteins in the samples. Each dot
represents a separate protein which are placed along the x-axis based on their logarithmic abundance ratio. Y-
axis shows the P-value which has a lower limit of 0.05. The green area covers all significantly downregulated
proteins, while the red area covers all the significantly upregulated proteins. Model is generated in Proteome
Discoverer™ software.

To visualize the relationships between upregulated and downregulated proteins, a bar graph
based on the abundance ratios of the significantly expressed proteins was created (Figure 30).
The zero point of the graph is set at 1, which is the point separating upregulated proteins from
downregulated ones. Although there was a higher number of downregulated proteins
compared to upregulated, the bar graph show that the abundance ratio is generally further
from 1 for the upregulated proteins than for the downregulated proteins.
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Significantly differentially expressed proteins of ASK-1 cells

Abundance ratio (NP/C)

[Eny

Differentially expressed protein

Figure 30: Bar graph showing all significantly expressed proteins in the protein samples from ASK-1 cells. Red
bars represent all proteins with an abundance ratio (NP/C) less than 1. meaning they are downregulated. Blue
bars represent all proteins with an abundance ratio higher than 1. meaning they are upregulated. Threshold for
abundance ratio value was set at 1. Proteome Discoverer™ software was used to generate the values accounted
for in this graph.

Furthermore, it was favorable to further study a selection of differentially expressed proteins
which could act as biomarkers in the unknown responses to exposure to NPs in the salmon
ASK-1 cell line. The protein pathways: apoptosis pathway (map04210), p53 pathway
(map04115), autophagy pathway (map04140) and phagocytosis pathway (map04145) were
further investigated through the KEGG online database (KEGG: Kyoto Encyclopedia of
Genes and Genomes). Table 10 shows a selection of differentially expressed proteins which

have previously been documented as stress-related in response to some external factors.
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Table 10: A selection of differentially expressed proteins found in samples of ASK-1 cell line exposed to NPs.
Proteins are selected based on relevant literature stating their role in stress-related responses. Differentially
expressed proteins which have a role in given protein pathways are also included. A combination of the Proteome
Discoverer™ software and the online KEGG database was used to generate the information.

Description of Abunda  Documented Biological Supporting Protein pathway

nce ratio  stress-relation function literature

(NP/C)

protein

casp3

jakl

cypla

prdx6

rraga

txndl

sodl

cata

grp75

Caspase-3
0OS=Salmo salar
0X=8030
GN=CASP3
PE=2 SV=1

Tyrosine-
protein kinase
0OS=Salmo salar
0X=8030
GN=jak1 PE=3
Sv=1
Cytochrome
P450 1A
0OS=Salmo salar
0X=8030
GN=CYP1A
PE=2 SV=1
Peroxiredoxin-6
0OS=Salmo salar
0X=8030
GN=PRDX6
PE=2 SV=1

Ras-related
GTP-binding
protein
0S=Salmo salar
0X=8030
GN=RRAGA
Thioredoxin
domain-
containing
protein 1
0OS=Salmo salar
0X=8030

Superoxide
dismutase [Cu-
Zn] OS=Salmo
salar OX=8030
GN=SOD1
PE=2 SV=1
Catalase
0OS=Salmo salar
0X=8030
GN=cata PE=3

Stress-70
protein,
mitochondrial
0S=Salmo salar
0X=8030
GN=GRP75
PE=2 SV=1

1.105

1.075

0.641

0.970

1.072

0.908

0.892

1.010

Apoptosis
immune-related,

Apoptosis,
immune related

Oxidative stress
and hypoxia-
related

Oxidative stress
and hypoxia-
related

Oxidative stress
and hypoxia-
related

Oxidative stress

Oxidative stress

Oxidative stress

Oxidative stress,
hypoxia

Protein
metabolism

Protein
metabolism,
signal
transduction

stress
response

stress
response
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setal., 2021)

(Beemelmann
setal., 2021)

(Beemelmann
setal., 2021)

(Beemelmann
setal., 2021;

Sendra et al.,

2021)

(Beemelmann
setal., 2021)

(Dhamad et
al., 2020)

P53
Apoptosis

MAPK signaling
pathway

Cytosolic DNA-
sensing pathway
Salmonella infection
Herpes simplex virus
Necroptosis
NOD-like receptor
signaling pathway
Herpes simplex virus
1 infection

Metabolic pathways
Glutathione
metabolism pathway

Autophagy pathway
mTOR signaling
pathway

Peroxisome pathway

RNA degradation



A number of the proteins included in the apoptosis pathway (map04210) (Figure 31), was
found differentially expressed in the ASK-1 samples (Table 11).
Table 11: Proteins found differentially expressed in the ASK-1 samples exposed to NPs, with a role in the

apoptosis pathway (map04210). Information generated through the Proteome Discoverer ™ software and KEGG
database.

Protein Gene symbol  Involvement in pathway Abundance ratio
CASP3 casp3 Pro-apoptotic gene 1.072
FAP1 ptpnl3 Pro-survival gene 1.0977
IAP/XIAP birc4 Pro-survival gene 0.977
P53 tp53rk Pro-apoptotic gene 0.861
BAX bax Pro-apoptotic gene 0.799
a-tubulin tba Cleavage of substrates 0.947
a-tubulin tuba812 Cleavage of substrates 0.827
Fodrin sptanl Cell shrinkage and membrane 1.022
blebbing

Lamin Imnbl Loss of integrity of nuclear 0.955
Lamin Imnb2 Loss of integrity of nuclear 0.982
PARP parpl Protein modification 1.031
PARP parp2 Protein modification 1.641
ICAD dffa DNA fragmentation during 0.976
IKK ikbkb NF-k B -signaling pathway 0.957
Ras rask PI3K-Akt signaling pathway 0.983
Cathepsin catb Antioxidative mechanism 1.026

The apoptosis pathway (map04210) (Figure 31) is a complex network of proteins and genes,
and as a range of proteins within this pathway were differentially expressed in the samples
exposed to NPs, there would be reason to believe that this network is impacted by the

exposure and possibly ingestion of the particles.
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Figure 31: Apoptosis pathway (map04210). Network of proteins involved in the mechanisms related to
programmed cell death, apoptosis. Network is retrieved from the KEGG genetic database; (KEGG: Kyoto
Encyclopedia of Genes and Genomes).

A selection of proteins involved in the p53 signaling pathway (map04115) (Figure 32) was
found differentially expressed in the ASK-1 cells exposed to NPs (Table 12). The protein
CASP3, which is a known pro-apoptotic protein, was found up-regulated in the NP exposed

samples.

Table 12: Proteins found differentially expressed in the ASK-1 samples exposed to NPs, with a role in the p53
signalling pathway (map04115). Information generated through the Proteome Discoverer™ and KEGG software.

Protein Gene symbol  Involvement in pathway Abundance ratio
CASP3 casp3 Apoptosis 1.072
P53 tp53rk Pro-apoptotic gene 0.861
BAX bax Apoptosis 0.799
AIFM aifm?2 Apoptosis 0.958
P53R2 rrm2 DNA repair and damage prevention = 0.964
TSAP6 steap3 Exosome mediated secretion 0.010
PERP perp Apoptosis 1.057
CcDcC2 cdc2 Cell cycle arrest 1.011
CDK2 cdk2 Cell cycle arrest 0.792
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Figure 32: P53 signalling pathway (map04115). Network of proteins involved in the mechanisms related to the

p53 gene and its functions. Network is retrieved from the KEGG genetic database; (KEGG: Kyoto Encyclopedia of
Genes and Genomes).

From the selection of protein pathways studied in this project, the autophagy pathway
(map04140) (Figure 33) was the one that contained the highest number of proteins with an
up- or downregulation in the ASK-1 samples (Table 13).
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Table 13: Proteins found differentially expressed in the ASK-1 samples exposed to NPs, with a role in the
autophagy pathway (map04140). Information generated through the Proteome Discoverer™ software and KEGG
database. ER = Endoplasmic reticulum.

Protein Gene symbol  Involvement in pathway Abundance ratio ‘
IGFR igflr Insulin signaling pathway 0.691
RAS rask MAPK signaling pathway 0.983
MEK1/2 mp2k2 MAPK signaling pathway 0.591
ERK mk03 MAPK signaling pathway 100
ERK mapkl MAPK signaling pathway 1.044
Rheb rheb Regulates mTOR pathway 0.976
Rheb rhebll Regulates mTOR pathway 0.906
PKCg kpcd Protein processing in ER 0.956
RagA/B rraga Nutrient starvation 0.970
AMPK prkaal AMPK signaling pathway 1.289
elF2a i2a ER stress/ Nutrient starvation 1.101
ATG5 atgs Autophagosome formation 1.036
ATG16 atgl6l11 Autophagosome formation 0.757
ATG3 atg3 Autophagosome formation 0.917
ATG4 atg4b Autophagosome formation 0.994
ATG4 atg4c Autophagosome formation 1.257
ATG7 atg7 Autophagosome formation 0.972
LC3 mapllc3a Microtubule-associated 1.040
LC3 gbrl2 Microtubule-associated 0.918
RAB7 rab7a Ras-related 0.907
VAMPS8 vamp8 Lysosome-associated 1.002
LAMP lamp2 Lysosome-associated 0.899
LAMP lampl Lysosome-associated 0.810
SNAP29 snap29 Lysosome-associated 1.043
CATD catd Peptidase 1.110
CTSD catld Degradation of the inner vesicle 1.136
CATB catb Antioxidative mechanism 1.026
MTOR mtor MTOR signaling pathway 0.946
HMGB1 hmgb1 ROS 0.950
Beclin becnl Autophagy 0.975
Bif-1 sh3glbl Apoptosis 1.045
ATG2 atg2b Autophagy 0.952
mIST8 mlst8 mTOR signaling pathway 1.125
PP2A pp2aa ULK complex 1.717
TBK1 tbk1 Innate immunity 0.932
Rab8a/39b rab8a GDP->GTP 0.929
P62 sgstm Autophagy 1.069
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Figure 33: Autophagy pathway (map04140). Network of proteins involved in the mechanisms related to
autophagy. Network is retrieved from the KEGG genetic database; (KEGG: Kyoto Encyclopedia of Genes and
Genomes).

A range of differentially expressed proteins were also found in the Phagosome pathway
(map04145) (Table 14). More specifically, there was a general upregulation in proteins
involved in ER-mediated phagocytosis. The phagosome pathway is illustrated in (Figure 34).
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Table 14: Proteins found differentially expressed in the ASK-1 samples exposed to NPs, with a role in the
phagosome pathway (map04145). Information generated through the Proteome Discoverer™ software and
KEGG database.

Protein Gene symbol  Function in pathway Abundance ratio
F-actin actb Internalisation and formation of the = 1.127
phagosome
Rab5 Rab5 Microtubule — Early phagosome 0.994
VATPase vatl Early phagosome/Mature 1.075
phagosome
VATPase vath Early phagosome 1.048
Calnexin canx Endoplasmic reticulum 1.125
TAP tapl Endoplasmic reticulum, lysosomal 1.456

acid hydrolases
Stx7 stx7 Late endosome 0.978
Rab7 rab7a Microtubule — Mature phagosome 0.907
Dynein dcli2 Microtubule — Mature phagosome 0.998
TUBA tuba8l2 Microtubule — Mature phagosome 0.827
LAMP lamp2 Microtubule - Phagolysosome 0.899
LAMP lampl Microtubule - Phagolysosome 0.810
Cathepsin cysp2 Lysosomal acid hydrolases - 1.022
Phagolysosome
Sec61 S6lal Lysosomal acid hydrolases - 1.019
Phagolysosome
Rac Racl The activation mechanism of 1.053
NADPH oxidase
SRB1 sr-bi Scavenger receptors 0.825
a2p1 itbl Integrins 0.960
aVp3 itgav Integrins 0.943
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Figure 34: Phagosome pathway (map04145). Network of proteins involved in the mechanisms related to

phagosome synthesis and transportation. Network is retrieved from the KEGG genetic database; (KEGG: Kyoto
Encyclopedia of Genes and Genomes)

3.5 Differential gene expression of NP-exposed cells

The five genes assessed using gPCR analysis were chosen based on literature (Abarghouei et
al., 2021; Danilova et al., 2005; Natarajan et al., 1999; Piazzon et al., 2016; Ryo et al., 2010)
stating that these genes could be stress-related and/or have important immune functions in
salmonids. The genes tested in qPCR analysis were respectively hsp70, hsp90, igm, igt and
mhcl. A standard curve was generated based on the measured cp-values and the logarithmic
values of the starting concentrations made (Appendix - C).

MRNA isolated from ASK-1 cells exposed and controls not exposed to polystyrene particles
was used as starting material. The qPCR assay showed that the expression of hsp90 was

higher in cells exposed to polystyrene compared to control cells not exposed to the particles,

Page 65 of 123



in both gPCR runs performed, meaning the Cp-values were higher in controls compared to
treated samples for all sample numbers (Appendix - C) (Figure 35). The amplification curves
of the remaining gene showed some questionable variations that might indicate

methodological mistakes in the procedure.

Expression of hsp90 in ASK-cells

25,27
24,81666 24,733

24,1 24,107

[<5]
=
$ 23 22,6266
8_ m Sample

22 21,917% Control

1 2 3 4
Sample number

Figure 35: Expression of target gene hsp90 in ASK-1 cells exposed to NPs based on mean Cp-values. Red bars
represent the treated samples and green bars represents untreated controls. A higher Cp-value means a lower
expression of the gene in question. Sample number 4 is missing a control sample as there was included only one
control sample in this run.

The relative expression for hsp90 was calculated based on a standard curve generated for each
of the gPCR runs (Appendix — C ). From the PCR efficiency, the slope of the standard curve,
and the difference in cp-values between control and sample, it was possible to calculate a
relative expression value for four samples of hsp90 (Appendix — C ). The relative expression
of hsp90 in treated samples compared to controls were 4.022, 0.987, 1.059 and 4.467. All
samples gave positive relative expression values, meaning the expression of hsp90 was higher

in all NP exposed samples compared to the controls.
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4 Discussion

Extensive research in recent years has focused on the detrimental effects of MPs and NPs on
aquatic animals (Abarghouei et al., 2021; Bagheri et al., 2020; Clark et al., 2023; Hua &
Wang, 2022; Liu et al., 2019; Savoca et al., 2021; Solomando et al., 2020). However, the
intricate cellular responses to these small particles in fish remain inadequately understood
(Abihssira-Garcia et al., 2020; Felix et al., 2017; Quevedo et al., 2021; Sendra et al., 2021).
The present investigation endeavors to shed light on the cellular-level impacts of NPs on
salmonid species, while concurrently employing the analysis of differentially expressed
proteins to discern crucial pathways associated with NP uptake and cellular stress responses.
By doing so, this study aimed to unveil novel insights into the intricate mechanisms

underlying the interactions between NPs and salmonid cells.

4.1 Microscopy and imaging of NP exposed Salmonid cells
Initially, the observation of NP nanoparticle ingestion posed challenges due to limited
experience and prior knowledge specific to this experiment. However, through method
optimization, indications of NP ingestion or adherence to the cell surface were successfully
obtained. This was achieved using fluorescent microscopy coupled with image processing in
Fiji software. To facilitate interpretation, both negative and positive controls for fluorescent
imaging were included, enabling adequate comparisons to be made. This approach enhanced

the clarity and confidence in interpreting the acquired images.

The images and videos obtained through fluorescence microscopy revealed stationary
particles in close proximity to cells, suggesting either surface adhesion or cellular
internalization of the particles. Yet, it could not be ascertained through these pictures whether
the NPs were within the cell or just in close relation to it. For this purpose, three-dimensional
imaging combined with lysosome staining of the three cell lines using DeltaVision™
deconvolution microscope was applied (Figure 18-Figure 20), and successfully revealed
colocalization of polystyrene particles and lysosomes. The close interaction of the particles
and this particular cell organelle, strongly indicates that the polystyrene particles have been
taken up by the cell. As the image clearly showed stained lysosomes both underneath and on
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top of the fluorescent particles, it indicates that the particles were engulfed within the cell and

not adhered to the surface.

Lysosomes have previously been classified as the main organelle colocalizing with
nanoparticles (Chung et al., 2012; Sendra et al., 2021), and this is supported by the images
captured in this study. However, it would be preferable to additionally stain different cell
organelles, such as mitochondria and cellular membranes to further explore this statement and
the exact positioning and behavior of the NPs. Lysosomes contains diverse hydrolysis

enzymes that can break down foreign polymers or cellular waste (Chung et al., 2012).

The observed colocalization of NPs and lysosomes can possibly be related to the upregulation
of the lysosome proteolytic enzyme CTSD, as brought up in more detail in section 4.3. It is
known that some NPs can induce lysosomal dysfunction, and that lysosomal alkalization as a
response to the dysfunction, is a part of a bidirectional interplay with ROS production (Li et
al., 2008; Stern et al., 2012). This means that the production of ROS can lead to pH increase
of lysosomes, and this alkalization would trigger oxidative stress in the cell. Hence, the
lysosomal colocalization could possibly be an indication of oxidative stress as a response to
imbalance of oxidants (ROS) and antioxidants, also referred to as oxidative stress. The
antioxidant and detoxifying defenses to prevent excessive production of ROS is a complex
network, but a variation in level of antioxidant enzyme activities have been suggested as
biomarkers of aquatic contamination (Solomando et al., 2020). The expression of the enzyme
proteins CATA and SOD has been used as reference proteins to detect MP-induced oxidative
stress and toxicological consequences, which again can lead to inflammation and cell death
(Ding et al., 2018; Kim et al., 2021). Both these proteins were found differentially expressed
in the NP exposed samples, further supporting the hypothesis of the occurrence of oxidative
stress and antioxidative responses as a reaction to the NP exposure. Moreover, Solomando et
al. (2020) documented protein damage and elevated oxidative stress in Sparus aurata (gilt-
head seabream) subsequent to exposure to MPs, despite the activation of antioxidant reactions
and detoxification systems. This finding suggests that cells encounter cellular stress upon
exposure to MPs and nanoparticles (NPs), even when their defense systems are engaged as a

response.
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4.2 Flow cytometry supports the assertion of polystyrene
internalization.

Previous studies on the interaction of plastic particles with fish cells have shown that some
cells have the ability to ingest particles with sizes similar to the polystyrene particles used in
this project. Asbakk and Dalmo (1998) reported that keratocyte-like cells from Atlantic
salmon engulfed latex beads in vitro. suggested that polystyrene particles of both 503 nm and
956 nm was taken up by keratocyte-like cells. Sendra et al. (2021) showed uptake of NPs of
50 nm and 1 um sizes by ZF4 cells of zebra fish. Altogether, results from microscopy and
fluorescent-activated cell sorting, gave adequate proof that ASK-1, SHK-1 and CHSE-214
cells ingested the NPs.

For the cell lines, ASK-1 and SHK-1, originating from head kidney of A. salmon, with
keratocyte-like and phagocytic abilities, it was expected that the cells would ingest the plastic
particles to a more or less extent as an innate immune defense mechanism. There is no
documentation on how the embryonic cells from Chinook salmon, CHSE-214, would
response to NP exposure. Nevertheless, these cells have been described as epithelial-like cells
and have also been shown to have the ability to internalize some fish virus particles (Levican-
Asenjo et al., 2019; Monjo et al., 2017), 