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Abstract

Owing to their unique antimicrobial properties, silver nanoparticles (AgNP) are among the most
widely used engineered nanoparticles in a variety of consumer products and medical applications.
Their resulting release into the aquatic environment raises concern about potential adverse effects
in aquatic organisms. While a number of studies measured AgNP toxicity on integrative toxicologi-
cal outcomes in aquatic organisms, such as development or mortality, very little knowledge exists
on the mechanisms of AgNP interactions with cells of such organisms. This thesis therefore focused
on the interaction of AgNP with cells derived from fish gill, specifically a fish gill cell line from rain-
bow trout (Oncorhynchus mykiss), in an integrative way, starting from AgNP behavior in exposure
media and upon contact with cells, following the formation of a protein corona around the AgNP

during trafficking in intact cells and quantifying short- and long-term impact on cell viability.

The composition of cell exposure media was found to have a major effect on the AgNP behaviour
and toxicity to the rainbow trout gill cell line, RTgill-W1. Three different exposure media (L15/ex,
L15/ex w/o Cl and d-L15/ex) were used with varying ionic strength and chloride content, which had
a dominant effect on the AgNP agglomeration, deposition and dissolved silver species in exposure
media. Comparing the behaviour and toxicity of AgNP in the different media, stronger agglomera-
tion of AgNP correlated with higher toxicity. Deposition of AgNP on cells might explain the higher
toxicity of agglomerated AgNP compared to that of suspended AgNP. The newly developed low ion-
ic strength medium, d-L15/ex, which can stabilize AgNP and better mimic the freshwater environ-
ment, offers an excellent exposure solution to study cellular and molecular effects of nanoparticles

to gill cells.

Short-term exposures of the RTgill-W1 cells to AgNP allowed construction of concentration-
response relationships for three parameters of cell viability, namely metabolic activity, cell- and ly-
sosomal- membrane integrity, as a function of total or dissolved silver ions. These relationships, to-
gether with the limited prevention of cellular toxicity by silver ligands, indicated that AgNP elicited
a particle-specific effect on the cells. Furthermore, the lysosomal membrane integrity was signifi-

cantly more sensitive to AgNP exposure than cellular metabolic activity or cell membrane integrity
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Abstract

and showed the weakest protection by silver ligands. This revealed that AgNP seem to particularly

affect RTgill-W1 cell lysosomes.

To shed light on the path of AgNP in cells leading to toxicity, AgNP uptake by the cells was explored
on exposure in d-L15/ex medium. Quantification of silver associated with cells indicated that RTgill-
W1 cells took up AgNP in a more efficient way than AgNOs. Electron microscope imaging not only
suggested that RTgill-W1 cells take up AgNP via an energy depend pathway but also that particles

are stored in endocytic compartments, which include lysosomes and endosomes.

Knowing the general pathway of AgNP in the fish cells, the binding of proteins to AgNP to form a
protein corona was addressed in order to identify protein targets of AgNP trafficking and potential
toxicity. With subcellular fractionation, the AgNP-protein corona was recovered from intact subcel-
lular compartments with high acid phosphatase activity (a marker for endocytic compartments)
and/or high silver content. Proteins acquired from the AgNP-protein corona were identified by
mass spectrometry and analyzed with Protein Ontology. 383 proteins were identified in this way
and broadly classified as belonging to cell membrane functions as well as endocytosis and vesicle-
mediated transport pathways. Of particular interest was the identification of “Na’/K* ATPase” and
“Rab Family Small GTPases” as these were previously implied to bind to nanoparticles. This is the
first study that focuses on the interaction of industrial nanoparticles with proteins in living cells and

an initial mechanism of AgNP uptake and toxicity was derived from it.

Long-term exposures of cells in culture is thus far restricted to media containing a non-defined se-
rum component. However, especially cells of aquatic organisms that comprise a barrier to the envi-
ronment, such as the gill epithelium, would not be expected to be exposed in such a way. Therefore,
in order to allow long-term studies on the impact of nanoparticles with fish gill cells, a new in vitro
cell model, based on the RTgill-W1 cell line, was developed and named as RTgill-W1-pf (protein
free). This cell line was obtained by means of selection in a commercial, protein-free culture medi-
um. Initial results with this new cell line demonstrated that AgNP inhibited RTgill-W1-pf cell prolif-

eration in a twelve day exposure test.

To conclude, this thesis offers insights into the mechanisms of interaction of AgNP with fish gill cells.
It provides fundamental information about AgNP uptake and interaction with proteins in these cells,

which is useful for understanding AgNP toxicity and sustainable nanoparticle development.
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Résumé

Les nanoparticules d’argent (AgNP) font partie des nanoparticules synthétiques les plus utilisées
dans divers produits de consommation et applications médicales, en raison de leurs propriétés an-
timicrobiennes uniques. En conséquence, les apports de ces nanoparticules dans I'environnement
aquatique donnent lieu a des questions concernant leurs possibles effets nocifs sur les organismes
aquatiques. Tandis que de nombreuses études ont mesuré la toxicité des AgNP par rapport a des
parameétres toxicologiques comme le développement ou la mortalité des organismes aquatiques,
les mécanismes d’interactions des AgNP dans les cellules sont encore tres peu connus. Cette thése
est donc focalisée sur les interactions des AgNP avec des cellules dérivées de branchies de poisson,
en particulier une ligne de cellules des branchies de la truite arc-en-ciel (Oncorhynchus mykiss),
avec une approche intégrative, qui comprend le comportement des AgNP dans les milieux
d’exposition et au contact des cellules, puis I'étude de la formation d’une couronne de protéines
autour des AgNP par interactions avec des cellules intactes et la quantification des effets a court et

long terme sur la viabilité des cellules.

La composition des milieux d’exposition des cellules a un effet majeur sur le comportement des
AgNP et leur toxicité sur la ligne de cellules des branchies de la truite arc-en-ciel, RTgill-W1. Trois
milieux d’exposition différents (L15/ex, L15/ex w/o Cl et d-L15/ex) ont été utilisés, dont les diffé-
rentes forces ioniques et teneurs en chlorure ont des effets dominants sur I'agglomération des
AgNP, leur dépot et les especes dissoutes d’argent. En comparant le comportement et la toxicité
des AgNP dans ces différents milieux, il a été observé qu’une plus forte agglomération des AgNP
était corrélée avec une toxicité plus élevée. Le dépdt des AgNP sur les cellules peut expliquer la
toxicité plus élevée des AgNP agglomérées en comparaison des AgNP en suspension. Le nouveau
milieu d’exposition avec une plus faible force ionique, d-L15/ex qui stabilise les AgNP et simule un
environnement d’eau douce, représente une excellente solution d’exposition pour étudier les effets

cellulaires et moléculaires des nanoparticules sur les cellules de branchies.

Les expositions a court terme des cellules RTgill-W1 aux AgNP ont permis d’établir des relations
entre concentration et réponse pour trois parametres, |'activité métabolique, I'intégrité des mem-

branes cellulaires et I'intégrité des membranes lysosomales, en fonction de I'argent total ou des
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ions d’argent dissous. Ces relations indiquent que les AgNP exercent des effets spécifiques sur les
cellules, qui sont aussi montrés par le manque d’effet protecteur des ligands complexant les ions
d’argent. De plus, 'intégrité des membranes lysosomales est beaucoup plus sensible a I'exposition
aux AgNP que l'activité métabolique et I'intégrité des membranes cellulaires et n’est que faible-
ment protégée par les ligands. Ces effets montrent que les AgNP affectent en particulier les lyso-

somes des cellules RTgill-W1.

Pour élucider le devenir des AgNP causant la toxicité dans les cellules, la prise en charge des AgNP
par les cellules a été examinée dans le milieu d-L15/ex. Les teneurs en argent associées avec les cel-
lules indiquent que les cellules RTgill-W1 prennent en charge les AgNP plus efficacement que les
ions dissous. Les images par microscopie électronique suggérent que non seulement les cellules
RTgill-W1 prennent en charge les AgNP par transport dépendant de I'énergie, mais aussi que les
nanoparticules sont stockées dans des compartiments endocytotiques, comprenant les lysosomes

et endosomes.

Sur la base du devenir des AgNP dans les cellules, les interactions des protéines avec les AgNP pour
former une couronne de protéines ont été étudiées pour identifier les protéines affectées par les
AgNP et la possible toxicité. Les protéines associées avec les AgNP ont été enrichies par fraction-
nement subcellulaire a partir des compartiments subcellulaires intacts avec une forte activité de
phosphatase acide (comme marqueur pour les compartiments endocytotiques) et ou une teneur
élevée en argent. Les protéines isolées a partir des couronnes de protéines avec les AgNP ont été
identifiées par spectrométrie de masse et analysées par Protein Ontology. Le nombre de protéines
identifiées de cette maniére est de 383 protéines qui ont été classifiées comme liées a des fonc-
tions des membranes cellulaires, ainsi qu’aux voies de transport par endocytose et par les vésicules.
Il est particuliérement intéressant que les protéines “Na‘/K*ATPase ” et “Rab Family Small GTPases”
aient été identifiées pour lesquelles un rdle pour lier les nanoparticules a déja été observé. Il s’agit
ici de la premiere étude examinant les interactions de nanoparticules industrielles avec des pro-
téines dans les cellules vivantes, dans laquelle un mécanisme de prise en charge des AgNP et de

toxicité est proposé.

Les expositions de cellules en culture a long terme sont jusqu’ici limitées aux milieux contenant un
composant de sérum mal défini. Toutefois, les cellules des organismes aquatiques qui constituent
une barriére a I’environnement, comme les cellules des épithéliums des branchies, ne sont pas ex-
posées de cette maniere. Un nouveau modeéle in vitro de cellules basé sur la ligne de cellules RTgill-

W1 a donc été développé pour permettre des études a long terme des effets des nanoparticules sur
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les cellules de branchies de poisson. Cette nouvelle ligne de cellules, nommée RTgill-W1-pf (protein
free), a été obtenue par sélection dans un milieu sans protéines disponible commercialement. Les
premiers résultats obtenus avec cette nouvelle ligne de cellules démontrent que les AgNP inhibent

la prolifération des cellules RTgill-W1-pf pour une exposition pendant douze jours.

En conclusion, cette thése permet de mieux concevoir les mécanismes d’interactions des AgNP avec
des cellules de branchies de poisson et livre des informations fondamentales sur la prise en charge
des AgNP et leurs interactions avec les protéines dans ces cellules, qui sont utiles pour comprendre

la toxicité des AgNP et le développement durable des nanoparticules.

Mots-clés

nanoparticules d’argent, truite arc-en-ciel (Oncorhynchus mykiss), poisson, branchie, toxicité, milieu
d’exposition, cellules RTgill-W1, prise en charge, couronne de protéines sur nanoparticules, méca-
nisme endocytotique, lysosome, exposition a court terme, exposition a long terme, milieu sans sé-

rum.
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Chapter 1 Introduction

The growing application of engineered nanoparticles in consumer and other products
bears the risk of increased nanoparticles release into the environment. This raises concerns about
the impact of these particles on organisms, such as those living in aquatic environments. One nano-
particle group of particular concern are engineered metal nanoparticles. Among them, silver nano-
particles have a clear path of release from its applications in textiles, filters, paints and other prod-
ucts into aquatic system. This thesis focuses on the impact of silver nanoparticles to fish gill cells in
vitro. This introductory chapter aims to provide an overview of properties of engineered nanoparti-
cles, their behaviour in the aquatic environment, and interactions with aquatic organisms, with an

emphasis placed on silver nanoparticles specifically.

1.1 Nanotechnology and nanoparticles

1.1.1  Nanotechnology and nanoparticle applications

Nanotechnology is receiving increasing attention as a rapid growing field in the twenty-first century.
Nanotechnology refers to the manipulation of matter on an atomic, molecular, and supramolecular
scale. Engineered nanoparticles are an indispensable basis for the development of nanotechnology.
The use of engineered nanoparticles is becoming increasingly common in medicine, cosmetics, tex-
tiles, electronics and other areas (Aitken et al. 2006; Masciangioli and Zhang 2003; Salata 2004).
Nanoparticles (NP) are three-dimensional structures in which at least one of the dimensions does
not exceed 100 nm (Bystrzejewska-Piotrowska et al. 2009). These nanoparticles can be produced in
many different chemical forms, the main types including nano metals, metal oxides, quantum dots

and carbon-based materials, such as carbon nanotubes and fullerenes.

The interest in nanoparticles stems from their unique properties. The small size range of engi-
neered nanoparticles provides them with several special properties, such as large surface area and
high reactivity. Large surface area means that there are more atoms or molecules present at the
surface, being able to join in chemical reaction at the same mass. Theoretical calculation shows that

the ratio of surface to total atoms or molecules increases exponentially with decreasing particle



Chapter 1 Introduction

size. Thus, particles in the nanometer size range exhibit high chemical activity, which has been con-

firmed by many studies (Bystrzejewska-Piotrowska et al. 2009; Oberdorster et al. 2005).

Among these engineered nanoparticles, different kinds of metal nanoparticles (MeNP) and metal
oxide nanoparticles (MOx NP) have received increasing interest and rapid widespread uses. For ex-
ample, gold nanoparticles (AuNP), silver nanoparticles (AgNP), titanium dioxide nanoparticles (TiO,
NP), and zinc oxide nanoparticles (ZnO NP) are used in biomedicine, cosmetics, filters and other ar-
eas or products (Schrand et al. 2010). With their antimicrobial properties, AgNP are used in domes-
tic appliances such as refrigerators, vacuum cleaners, air conditioning, textiles and plastics (Fabrega
et al. 2011). The applications of TiO, NP include paint, toothpaste, UV protection, photocatalysis,
photovoltaics, sensing, and electrochromics as well as photochromics, and the new generation of
solar cells (Chen and Mao 2007). ZnO NP are the starting material for electronic applications, chem-
ical sensors and UV-filters in sunscreens (Aruoja et al. 2009). Utilization of magnetite NP (Fe;04 NP)
is increasing in medicine, especially in biochemical assays and drug delivery (Verma et al. 2008). It is
estimated that there are already more than 800 products from nanotechnologies in our daily lives
and many new products are expected to appear on the market in the next few years (Maynard et

al. 2006).

This variety of nanoparticles is further expended due to various surface modifications, which are
used to stabilize particles in suspensions, conjugate with matrices, and improve intracellular uptake
and the ability to target specific cells. For example, nanoparticles are often coated with citrate, car-
bonate, or polyvinylpyrrolidone (PVP) to maintain their stability (Klaine et al. 2008). Polyethylene
glycol and folic acid modification of superparamagnetic magnetite nanoparticles is used to facilitate

nanoparticle uptake in specific cancer cells for cancer therapy and diagnosis (Zhang et al. 2002).

Surface modified nanoparticles can be added in a variety of materials by deposition, covalent bind-
ing and embedding (Sperling and Parak 2010). For instance, AgNP can be deposited into or conju-
gated with fibers to produce clothes and filters which have antibacterial properties. AgNP can also
be embedded in plastic and food containers to increase the shelf life of food. Paint with AgNP can
be used as an efficient antimicrobial agent to coat surfaces such as wood, glass facade and walls.

(Rai et al. 2009).

With washing, including by rain, nanoparticles can be significantly released from exterior surfaces

into aquatic environments. Several studies concerning AgNP release from different materials such
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as textiles and paints and found significant leaching of AgNP release (Hedberg et al. 2014; Kaegi et
al. 2010; Reidy et al. 2013).

1.1.2  Nanoparticles in the aquatic environment

In agquatic environments, the main processes affecting nanoparticle fate are agglomeration and ag-
gregation, dissolution and transformation. Agglomeration and aggregation are two different phe-
nomena. International Union of Pure and Applied Chemistry (IUPAC) defined agglomeration as “a
process of contact and adhesion whereby dispersed particles are held together by weak physical in-
teractions ultimately leading to phase separation by the formation of precipitates of larger than col-
loidal size”. Agglomeration is a reversible process. In contrast, aggregation is the process in which
dispersed molecules or particles assemble rather than remain as isolated single molecules or parti-
cles. In MeNP suspensions, agglomeration can lead to large complexes by loosely binding; agglom-
erated MeNPs can be easily dispersed again. On the contrary, covalent bonds are formed in aggre-

gation and nanoparticles cannot be dispersed again (Aleman et al. 2007).

Surface charge is the most important factor influencing nanoparticle agglomeration and aggrega-
tion. Generally, nanoparticles with high negative or positive charges are much more stable in sus-
pension than nanoparticles with low surface charges. Surface charge ensures repulsive forces be-
tween nanoparticles in suspension from Coulomb forces (Werth et al. 2003). Counter ions in solu-
tion form an electric double layer around nanoparticles, thereby creating a barrier between nano-
particles that repress interparticle interactions. The pH and ionic strength of the surrounding medi-
um have a strong effect on nanoparticle surface charge and the electric double layer (Christian et
al. 2008). For example, when the pH of a suspension is far away from the nanoparticle zero-point of
charge, in which the nanoparticle has a net-zero surface charge, the surface charge will change to
negative or positive. Also, increases in ionic strength compress the electric double layer and de-

crease the energy barrier between two particles, leading to agglomeration or aggregation.

Another process playing a key role in the fate and effects of nanoparticles is dissolution. Nanoparti-
cle dissolution is highly dynamic and dependent on the nanoparticle properties (size, material, sur-
face morphology) and environmental conditions (pH, ionic strength and absorbing species). Several
types of nanoparticles are chemically unstable, and can release metal ions into suspension, e.g. Ag"

from AgNP, Cu®* from CuO NP and Zn** from ZnO NP.

Depending on the nanoparticle behaviour, organisms can have various interactions with nanoparti-

cles in aquatic environments. Well dispersed nanoparticles are more bioavailable to organisms liv-
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ing in the water column than nanoparticles that agglomerate or aggregate and as a consequence
sink and sediment. However, sedimented nanoparticles can interact with benthic organisms, such

as certain forage fish, crustaceans, aquatic molluscs, and biofilms (Ward and Kach 2009).

Upon contact with organisms, nanoparticles can elicit toxic effects. Reports measured the toxicity
of MeNP on algae, aquatic invertebrates, fish, plants, bacteria, and fungi (Baun et al. 2008; Holden
et al. 2013; Navarro et al. 2008a; Schirmer et al. 2013; Schultz et al. 2014, Sigg et al. 2014; Moos
and Slaveykova 2013). In vitro and in vivo studies indicate that nanoparticles can affect biological
behavior at the organ, tissue, cellular, subcellular, and protein levels (Schrand et al. 2010). ZnO was
found to be toxic toward algae (Pseudokirchneriella subcapitata) and acute toxicity was observed
upon CuNP exposure to zebra fish (Danio rerio) (Aruoja et al. 2009; Griffitt et al. 2007). Moreover,
AgNP were found to have adverse effects on several organisms such as bacteria, algae, plants, fun-
gi, fish organs and cell lines (Farkas et al. 2011; George et al. 2012; Ivask et al. 2014; Navarro et al.
2008b). A number of studies focus on acute toxicity and report the concentrations of nanoparticles
that produce toxicity. Yet, there is a remarkable lack of information on the biological interactions of

nanoparticles under environmentally relevant conditions.

This thesis focuses specifically on AgNP effects in the aquatic environment. As stated above, with its
great antibacterial properties, AgNP are used in textiles, filters, food containers and paints. By
washing and other routes, AgNP are released into aquatic environments and exposed to fish (Figure
1.1). With fish being the most diverse vertebrate group and with its importance in food chains and

ecotoxicology, the goal of this study is the interaction of AgNP with cells of fish in fresh water.
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Figure 1.1 AgNP are released into aquatic environments and may contact with fish.
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1.2 Silver nanoparticles

1.2.1  Silver nanoparticle behaviour in aquatic media

The behaviour of AgNP in suspension is one important property to evaluate because it impacts the
transport, bioavailability and toxicity of AgNP. Another property is the dissolution of AgNP. In aque-
ous solutions, Ag(0) can be partially oxidized to Ag" and sulfide containing compounds in the aquat-
ic environment or in the cellular environment of an organism can react with Ag* and sulfidize AgNP

to Ag,S-NP.

Suspended nanoparticles are likely transported within the water phase and there is a high chance
that they may interact with pelagic organisms. Large AgNP tend to be deposited onto sediments
and decrease the bioavailability, at least for pelagic organisms. Various AgNP surface coatings are
applied to stabilize AgNP, such as citrate, polyvinyl pyrrolidone (PVP), carbonate. These coatings
can provide additional surface charge on AgNP and reduce AgNP agglomeration and aggregation.
The surface charge of coated AgNP can be influenced by pH because the organic compounds have
different charge depending on pH. For example, carbonate-coated and citrate-coated AgNP show
agglomeration at low pH due to neutral charge (Piccapietra et al. 2012; Tejamaya et al. 2012). On
the contrary, polymer-coating, like PVP coated AgNP, is quite stable as a function of pH and of me-

dia composition, owing to steric stabilization (Badawy et al. 2010).

Another important factor affecting AgNP stability is ionic strength (/). In AgNP suspensions, high
concentration of ions can break the electrical double layers and decrease the surface charge, which
leads to AgNP agglomeration. Among common ions, calcium ions (Ca’") can induce the strongest
AgNP agglomeration, even with Ca’* in the low millimolar range, compared to Na" and K'. Pic-
capietra reported enhanced AgNP agglomeration in a simple medium with Ca** or Na*above 2 mM
or 100 mM, respectively (Piccapietra et al. 2012). Leibovitz’s L-15 medium, a commonly used fish
cell culture medium, includes 1.26 mM Ca”* and 0.14 M NaCl. In such high ionic strength media,

AgNP become large as a result of strong agglomeration (Behra et al. 2013).

Other media components, like organic molecules or chloride, also play a role in AgNP stability in
suspension. Organic molecules, such as humic acid, bovine serum albumin or fetal bovine serum
(FBS), can bind to AgNP surfaces and form a new coating. This kind of coating can help to stabilize
AgNP in medium. Humic acid or bovine serum albumin (BSA) stabilized AgNP in cell culture medium

or buffer (Huynh and Chen 2011; MacCuspie et al. 2010). Low concentrations of chloride can stabi-
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lize AgNP in suspension, which maybe due to chloride ions adsorbing on the AgNP surface, thereby

adding more negative charge.

Dissolution of AgNP is another process of concern. In order for AgNP to dissolve, an additional step
is needed: oxidation. This oxidation reaction takes place on the nanoparticles’ surface. The oxidant
can be oxygen, a reactive oxygen species, or another strong oxidant (Behra et al. 2013). The dissolu-
tion ability of AgNP is variable, depending on AgNP coating and the aqueous environment. In gen-
eral, coated AgNP show less dissolution than bare AgNP. AgNP dissolution is also influenced by sus-
pension pH. In natural water samples, dissolved Ag increased by about a factor 4 in the case of lake
water with pH 6.4 and low ionic strength, in comparison with lake water at pH 8 and higher ionic
strength (Odzak et al. 2015). The pH is extremely low in some biological compartments. For exam-
ple, the pH of human gastric fluid is approximately 1.6 (Finholt and Solvang 1968) and pH in some
cell organelles can be as low as 4.8, specifically in lysosomes (Ohkuma and Poole 1978). Extensive

and rapid Ag NP dissolution would be expected at this low pH.

Dissolved silver can be complexed with several ions and molecules and form new silver species,
which could shift the equilibrium of AgNP dissolution. An important ion influencing silver speciation
is chloride. In different chloride concentrations, the reaction between Ag" and CI” can lead to nu-
merous types of complexes, such as AgCl°(aq), AgCl, (aq), AgCl;*(aq), and the precipitate AgCI(s). In
contact with organisms, these silver species have different bioavailability and toxicity (Hogstrand et

al. 1996; Wood 2011).

The second ion that should be considered is sulfide, which can react with silver ions forming Ag.S as

1), and the dissolved sil-

well as sulfidize AgNP. The affinity of Ag" to ¥ is extremely high (K;,~10
ver at equilibrium with Ag,S is lower than 10™"°M. Thus, dissolved Ag’ in the presence of sulfide is
only present as Ag—HS complexes (Levard et al. 2011). Other compounds, like fulvic and humic acids
in natural water, cysteine, and other organic ligands with thiol groups, can also react with dissolved
silver and form new complexes. Due to the high affinity of Ag,S, sulfidation of AgNP could signifi-
cantly decrease the dissolved silver in suspension and reduce the dissolved silver bioavailability and
toxicity. As for AgNP, sulfidation alters the pristine AgNP composition, coating, stability and effects
to organisms. Due to the sulfidation time, sulfide concentration and oxidation state, pristine AgNP

can be partially or totally transformed to Ag,S-NP. In incomplete sulfidation, hybrid nanoparticles

will form with a Ag(0) core and Ag,S coating (Reinsch et al. 2012).
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1.2.2  Silver nanoparticle toxicity

As discussed above, AgNP can be oxidized and released as silver ions in suspension. Silver ions can
induce toxic effect to fish. Thus, when studying potential toxicity of AgNP, one should consider both
the dissolved silver species as well as particle specific effects. AgNP can induce indirect toxicity by
dissolved silver or a direct toxicity from the AgNP particle (Figure 1.2). The toxicity of silver ions to
fish has been extensively studied in the past. However, knowledge on the AgNP nanoparticle specif-

ic toxicity is still scare.

Dissolved
silver

Fish and fish cells

AgNP

Figure 1.2 AgNP may elicit toxicity to fish and cells.
AgNP may induce toxicity to fish and cells via dissolved silver ions and/or particle-specific effects.

Silver ion toxicity has been extensively studied and several mechanisms have been proposed. The
main mechanism of silver ion toxicity is the disruption of ion regulation. Due to fish plasma osmolal-
ity being much higher than external fresh water, fish need to actively take up ions such as Na*, CI,
and Ca”" across the gill surface into their body against a large electrochemical gradient in order to
maintain proper ion concentrations for physiological processes. Na*/K*-ATPase in the gill is the main
protein being responsible for this process. Research suggests that Ag" acts as a noncompetitive in-
hibitor of active gill Na* and CI” transport by blocking the Na*/K*-ATPase (Wood et al. 1996; Wood et
al. 1999). Another potential mechanism of Ag" toxicity is the partial inhibition of the carbonic anhy-
drase enzyme. In vitro experiments indicated that Ag" may displace the Zn** from the interior of the
carbonic anhydrase molecule in fish and thereby partially inhibit enzyme activity (Christensen and

Tucker 1976; Mason and Jenkins 1995).

As for AgNP toxicity, much less mechanistic information exists. However, over the past years some
mechanisms have been reported. When understanding the interaction of nanoparticles with cells,

one must recognize that the nanometer size of the particles is very similar to the dimension of cel-
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lular organelles, big complexes of protein molecules, and large DNA molecules. In biological sys-
tems, nanoparticles, therefore, may easily interact with biological macromolecules and cell orga-
nelles. Electron capture by nanoparticles can induce superoxide radical (O, ) production, which is
the main source of oxidative stress in organisms (Oberdorster et al. 2005). Some studies have linked
toxic effects to oxidative stress induced by nanoparticles (Moos and Slaveykova 2013; Schrand et al.
2010). For AgNP, it has been reported that they can cause to a reduction of mitochondrial mem-
brane potential, disruption of mitochondrial respiratory chain, interruption of ATP synthesis, and
increased reactive oxidative species (ROS) production (Kruszewski et al. 2011). Some studies re-
ported that the cytotoxicity of AgNP was related to the change of antioxidant enzyme activities and
membrane lipid peroxidation (Choi et al. 2010; Farkas et al. 2010; Foldbjerg et al. 2009; Piao et al.
2011).

AgNP also can affect Na'/K*-ATPase in fish gills. Schultz et al, focusing on juvenile rainbow trout gill,
found that sodium regulation is disrupted by the nano specific effects of AgNP to Na'/K'-ATPase
(Schultz et al. 2012). Morphological abnormalities in early stages of Japanese medaka (Oryzias lati-
pes) development showed the potential developmental toxicities of AgNP (Wu et al. 2010). It seems
that by means of interaction of AgNP with cells, AgNP may influence proteins, enzymes and mem-

branes in cells, which can eventually impact the whole organism and induce toxicity.

In summary, depending on the AgNP behaviour in the aquatic environment, AgNP can induce toxici-
ty by dissolved silver and AgNP via different mechanisms. To better understand the mechanism of

AgNP toxic effects to fish, both the uptake of dissolved silver and AgNP need to be considered.
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1.3 Uptake of nanoparticles in fish

Fish have several barriers, such as gill, skin and gut epithelium, to separate the fish organism from
the water environment and keep a steady physiology state. Nanoparticles can overcome some bar-
riers and be taken up into fish. Tissue distribution of AgNP in fish reveal that most AgNP are accu-
mulated in fish gill, gastrointestinal tract and liver. After exposure of common carp to AgNP for sev-
en days, significantly higher silver was detected in liver (5.61 mg/kg), gill (3.32 mg/kg), gastrointes-
tinal tract (2.93 mg/kg) than in skeletal muscle (0.48 mg/kg), brain (0.14 mg/kg) and blood (0.02
mg/kg) (Jang et al. 2014). When internalized, nanoparticles will interact with different kinds of bio-

molecules. They can be digested or accumulated and induce toxic effect to fish.

1.3.1  Uptake routes

The fish skin with mucus secretions is often considered as a robust barrier to the external environ-
ment. Both nanoparticles and metal ions are trapped in skin mucus. Moreover, fish gut and gill have
large surface areas which can interact with nanoparticles in the water. Therefore, the main routes

for nanoparticles and metal ions are via gill and gut.

As the respiratory organ, the fish gill can be considered a primary target when nanoparticles are
suspended in the water column. With its large surface area, the fish gill affords gas exchange be-
tween the external water environment and the organism internal environment. In this exchange
process, other substances, like MeNP and organic compounds, can interact with fish gill cells. A
previous study showed that AgNP were found to be most highly concentrated within gill tissues and
liver of rainbow trout (Oncorhynchus mykiss) after a 10-day exposure (Scown et al. 2010). In a 21-
day feeding exposure with up to 300 mg/g TiO, NP in the food of zebrafish (Danio renio) and rain-
bow trout, uptake was found directly from the water column and across the epithelial membrane in
the gill (Johnston et al. 2010). Moreover, in zebrafish exposed to 1.5 mg/L CuNP, biochemical anal-
yses revealed that the gill was the primary target organ for CuNP. Histological analyses confirmed
that CuNP damaged the gill lamellae, characterized by proliferation of epithelial cells as well as
edema of primary and secondary gill filaments (Griffitt et al. 2007). Respiratory toxicity of nanopar-
ticles in fish was reported by some publications. Bilberg found that exposure of Eurasian perch to
AgNP resulted in impairment of tolerance to hypoxia and considered AgNP affecting the gills exter-
nally (Bilberg et al. 2010). Exposure of rainbow trout to TiO, NP caused gill pathologies including

edema and thickening of the lamellae (Federici et al. 2007).
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Uptake of nanoparticles by fish gill cells has also been demonstrated by in vitro fish gill cell culture
studies. In rainbow trout primary gill cell exposures, Farkas observed that AgNP can be taken up by
these cells (Farkas et al. 2011). Using the rainbow trout gill cell line, RTgill-W1, uptake of tungsten

carbide nanoparticles in different exposure media was also shown (Kiihnel et al. 2009).

Except for the fish gill system, nanoparticles can enter through the fish intestine with water fluid
during the dietary and drinking processes. Ramsden observed significant TiO, NP uptake in the in-
testine of juvenile rainbow trout, which were treated with a sublethal concentration of TiO, NP in
their diet (Ramsden et al. 2009). AgNP was detected in intestinal tissues in Japanese medaka after
14 d exposure (Wu and Zhou 2013). Waterborne exposure of CuO-NP and ZnO-NP suspensions to
Gold fish (Carassius auratus) resulted in copper and zinc accumulation in the intestine as well (Ates

et al. 2015).

1.3.2  Uptake mechanisms

As discussed above, nanoparticle uptake by fish gill and gut takes place by incorporation into cells.
Understanding of the mechanism of uptake at cellular level is necessary to understand nanoparticle
toxicity. Due to the distinct properties, dissolved metal ions and nanoparticles enter cells via differ-

ent pathways.

In the aquatic environment, dissolved silver can form different species: free Ag’, AgCIO, AgCly,
AgCl;* and so on. Due to their different charges, cells take up these dissolved silver species via ion
channels, passive diffusion or other pathways. Recent work suggests that Ag" enters fish by two
pathways: Na* channels and the high-affinity Cu transporter Ctrl (Grosell and Wood 2002; Lee et al.
2002), whereas AgCIO uptake occurs via simple diffusion due to its neutral charge (Hogstrand et al.
2003; Wood et al. 2002). For the negatively charged silver species, the precise uptake mechanisms
are still unclear. But some evidence suggests that these negatively charged silver species still con-

tribute to toxicity (Groh et al. 2014; Wood 2011).

In most studies, it was concluded that nanoparticles enter cells via energy-dependent, endocytic
pathways (Stern et al. 2012). However, due to specific nanoparticle properties, some nanoparticles
may enter cells by passive routes (Van Lehn et al. 2013). In general, vertebrate cells, such as from
mammals or fish, take up nanoparticles by different kinds of endocytic pathways. Endocytosis is a
fundamental process in cellular activities; it controls the exchange of particles or droplets between
the external and the internal side of cells, signal transport, cell mortality and mitosis. Several kinds

of endocytic pathways were identified for nanoparticle incorporation into animal cells: clathrin-
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mediated endocytosis, caveolae-mediated endocytosis, macropinocytosis and phagocytosis (Figure

1.3) (Stern et al. 2012).

A. Phagocytosis B. Clathrin-mediated C. Caveolin-mediated D. Macropinocytosis
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Figure 1.3 An overview of endocytic pathways.

(A) Phagocytosis. (B) Clathrin-mediated endocytosis. (C) Caveolin-mediated endocytosis. (D) Macropinocytosis. RAB:
Rab Family Small GTPases. LAMP: Lysosome-associated membrane proteins. (Figure from Stern et al. 2012)

Clathrin-mediated endocytosis is by far the most studied endocytosis pathway. It contributes to nu-
trient uptake, efficient receptor signaling, as well as virus internalization. In the first stage of this
pathway, clathrin, adaptor proteins (APs), receptors and other cytosolic proteins assemble clathrin-
coated vesicles at the cytosolic side. Assembled clathrin-coated vesicles can detach from the cell
membrane and undergo intracellular trafficking into the endo-lysosomal degradation system. Re-
ceptors in the clathrin-coated vesicle are recycled to the plasma membrane. The normal size of

clathrin-coated vesicles are 50-300 nm. Using microcopy and endocytosis inhibitors, Greulich found
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that AgNP enter human mesenchymal stem cells through clathrin-mediated endocytosis (Greulich

et al. 2011).

Caveolae-mediated endocytosis is the most studied clathrin-independent carrier pathway. Caveo-
lae-mediated endocytosis is identified in many biological processes, such as signaling transport, li-
pid regulation, and vesicular transport. Caveolae are small flask-shaped pits in the plasma mem-
brane, consisting of caveolins. Caveolin-1 and caveolin-2 are the main biomarkers in this pathway,
which form a striated coat on the surface of the caveolae membrane. After transport into the cyto-
plasm, caveolar vesicles fuse with early endosomes and form a caveosome. The caveosome is an
endosomal compartment with neutral pH and transported to the endoplasmic reticulum and the
Golgi. Nanoparticles in the caveosome avoid degradation in lysosomes. The size of caveolae are
200-500 nm. Xian found that caveolae-mediated endocytosis was the dominant pathway for the in-

tracellular delivery of 4.5 nm AuNP in Hela cells (Xian et al. 2012).

Macropinocytosis is a cell drinking process, in which cells engulf a large quantity of external fluid by
forming large organelles called macropinosomes. Unlike the other endocytosis mechanisms,
macropinocytosis is an actin-regulated endocytic process and not directly driven by the cargo or the
receptors, which means that macropinocytosis is a non-specific uptake pathway. Compared with
other endocytic vesicles, macropinosomes have a larger (0.5-5 um) size, lack a cytosolic coat and
have an irregular shape. Macropinosomes also undergo the endo-lysosomal degradation pathway.
Hela and A549 cancer cell lines were shown to take up to 110 nm mesoporous silica nanoparticles

by micropinocytosis (Meng et al. 2011).

Phagocytosis is a kind of endocytosis that occurs only in a few specialized cells, focusing on large ex-
tracellular particles such as pathogens, dead cells, and cell debris. Phagocytosis is triggered by a
specific cell membrane recognition of the particle through the recruitment of receptors and is an
actin-filament dependent process. The phagosome is fused with a lysosome, taking the typical lyso-

some degradation pathway.

1.3.3  Fate of nanoparticles in cells

Once the vesicles carrying nanoparticles detach from the plasma membrane, the vesicles are sorted
and transported to different endocytic compartments. In most cases, the vesicle transport in the cy-
toplasma is an energy dependent process. Following sorting and transporting, trafficking vesicles
deliver cargo to other subcellular compartments in endocytic pathways, from early endosome and a

multivesicular bodies to late endosomes and lysosomes (Figure 1.4) (Canton and Battaglia 2012). In-
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teracting with various biomolecules, nanoparticles can be degraded or accumulated in these endo-

cytic compartments.

Plasma Early/sorting
meﬂmprane endosome Multivesicular Late
// p— body endosome Lysosomes
£ Trafficking | ;’-‘
[ vesicle " O
) ) }
A O " »o)» . =
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Figure 1.4 Schematics of the different endocytic compartments transported in cells.

The endocytic pathway is a dynamic process with spatiotemporal succession of different compartments, which con-
tinuously interchange their content. (Figure modified from Canton and Battaglia 2012).

Endocytic compartments are serial dynamic organelles in the cytoplasm which continuously inter-
change their content and are difficult to distinguish one from another. The nanoparticles can be

transported from the plasma membrane to endosomes or lysosomes (Canton and Battaglia 2012).

Regarding nanoparticle toxicity, pH in the endocytic compartments is likely the most important pa-
rameter. As discussed above, nanoparticles can release metal ions in aqueous suspension. The dis-
solution of nanoparticles is mainly dependent on the pH. Often, nanoparticles have a significantly
higher dissolution in acidic rather than neutral environments. In the endocytic compartments, the
pH decreases from the early endosome to lysosome. The internal environment of a lysosome is
harsh with a pH below 5.0. In this environment, nanoparticles, especially AgNP, CuNP, and ZnO-NP,
are expected to release much more metal ions and can even be totally degraded. Setyawati tested
the stability of AgNP under neutral physiological conditions, representing the cytosol and under

conditions mimicking the lysosome. They found a 2-3 fold higher dissolution in the lysosome-
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mimicking environment (pH 4.8) compared to the cytosol-mimicking solution (pH 6.9) (Setyawati et

al. 2014).

Except for pH, biomolecules and inorganic ions in the endocytic pathways also affect the nanoparti-
cles’ stability. Functional groups, like sulfhydryl (R-SH) groups, have an extremely high association
constant and strongly react with dissolved metal ions. As a result, the equilibrium of dissolving na-
noparticles shifts further enhancing dissolution. For some specific nanoparticles, such as AgNP, dis-

solution is altered with the chloride concentration leading to AgCl,, complex formation.
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1.4 Interactions of nanoparticles with proteins

1.4.1  NP-protein corona

Nanoparticles, with very high surface to volume ratios, have a great active surface than large sized
particles. In biological systems, nanoparticles tend to have a reduced surface active energy from be-
ing covered with various biomolecules (Klein 2007; Monopoli et al. 2011). Upon interact with cells,
the surfaces of nanoparticles are immediately covered by biomolecules and sorption processes may
change the fate of nanoparticles and the effects of nanoparticles to cells (Cedervall et al. 2007;
Engel et al. 2004; Lynch and Dawson 2008; Nel et al. 2009). This sorption results in a biological “co-
rona” on the surface of nanoparticles and builds a new “bio-nano interface” between nanoparticles

and the biological system (Ge et al. 2015; Lai et al. 2012; Shemetov et al. 2012).

It has previously been proposed that the function and fate of nanoparticles in biological environ-
ments is related to the nature and composition of their surface protein corona (Lynch et al. 2006;
Monopoli et al. 2012). Thus, the NP-protein complex interacts with the biological system rather
than with the bare nanoparticles surface. This, is a key phenomenon that needs to be understood in

order to develop smart nanomaterials and to ensure the safe implementation of nanotechnology.

The formation of the corona is a complex dynamic process. There are different kinds of interactions
in this process, such as hydrodynamic interactions, electro-dynamic interactions, electrostatic in-
teractions, steric interactions and polymer bridging interactions (Lynch and Dawson 2008; Nel et al.
2009). Initially, low-affinity, high-abundance proteins bind quickly to the surface of nanoparticles.
Subsequently, proteins on the surface are exchanged by other lower abundance but higher affinity
proteins. Adsorption reaches equilibrium, where exchanges continue between NP-absorbed pro-
teins and free proteins in the surrounding environment. Research suggested that the protein coro-
na is composed of an outer layer of weakly bound proteins with a quick exchange rate with free
proteins (soft corona) and an inner layer of selected proteins with a high affinity and low exchange

rate (hard corona) (Figure 1.5) (Mahmoudi et al. 2011a; Walczyk et al. 2010).
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Figure 1.5 Interaction of nanoparticles and proteins.

(A) Figure shows the possible exchange/interaction at the bio-nano-interface initially. (B) Nanoparticle is surrounded
by the protein corona composed of an outer weakly interacting layer of protein (left, full red arrows) rapidly ex-
changing with a collection of free proteins (soft corona) and a slowly exchanging corona of proteins (right, dashed
yellow arrows, hard corona).

1.4.2 Impact of NP-protein interaction on proteins

With the formation of the NP-protein corona, the properties and functions of nanoparticles change
compared to bare nanoparticles. It is the NP-protein corona that plays a role in the uptake, intracel-
lular distribution and fate of nanoparticles. However, it is also important to understand to what ex-

tent NP-protein corona complexes impact the properties of proteins.

One type of effect may be conformational changes of proteins after interaction with nanoparticles.
Since protein function is explicitly linked with protein conformation, understanding the type of con-
formational changes influenced by the proteins upon interaction with nanoparticles is important.
For proteins, there are two kinds of changes: reversible and irreversible conformational changes.
From a toxicity perspective, irreversible changes of protein conformation are more important be-

cause they may result in cell damage, organ pathogeny and injury.

The conformational changes of bovine serum albumin (BSA) at the BSA-AuNP interface were con-
sidered as an example of reversible conformational changes (Shang et al. 2007). In this work, BSA
was found to undergo conformational changes at both secondary and tertiary structure levels,

which were investigated by ultraviolet—visible spectroscopy (UV/Vis) absorption, fluorescence, cir-
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cular dichroism (CD), and Fourier transform infrared spectroscopy (FTIR). Another group studied the
interaction of AgNP with different concentrations of BSA and found the absorption of UV/Vis in NP-

protein to shift as a function of BSA concentration and pH (Ravindran et al. 2010).

Irreversible conformational changes were also observed in the interaction of iron-saturated human
transferrin and super paramagnetic iron oxide nanoparticles (SPIONs) (Mahmoudi et al. 2011b). The
authors confirmed that the exposure of iron-saturated human transferrin to the SPIONs resulted in
the release of iron, which caused irreversible changes to the main function of this protein, the
transport of iron between cells. Furthermore, conformation of transferrin changed from a compact
to an open state. After removal of the magnetic nanoparticles by magnetic-activated cell sorting
(MACS), the original protein conformation was not recovered, indicating irreversible changes in the

transferrin conformation after interaction with the SPIONs.

The interaction with nanoparticles can also lead to protein dysfunction, such as altered enzyme ac-
tivity and structure. Linse showed that nanoparticles (copolymer particles, cerium oxide particles,
qguantum dots, and carbon nanotubes) enhanced the probability of appearance of a critical nucleus
for nucleation of protein fibrils from human B2-microglobulin (Linse et al. 2007). Another study
found that AgNP undergo a size dependent interaction with HIV-1virus via preferential binding to
the gp120 glycoprotein knobs and inhibit the virus from binding to host cells in vitro (Elechiguerra
et al. 2005). Wu et al. observed that TiO, NP can promote AP fibrillation by shortening the nuclea-
tion process, which is the key rate determining step of fibrillation. They concluded that the interac-
tion between AB and nanoparticles may contribute to Alzheimer's disease (AD) etiology (Wu et al.

2008).

1.4.3  NP-protein corona in biological environments
Studies on the NP-protein corona initially focused on single proteins, but there is increasing interest
in more complex interactions. Such complex biological systems are blood plasma, extracellular pro-

teins secreted from cells, cell extracts or even within living cells.

Several groups studied the interaction of various nanoparticles with blood proteins. Some reported
that the interaction between nanoparticles and common blood proteins may lead to protein fibrilla-
tion (Shemetov et al. 2012). Tenzer developed a label-free snapshot proteomics approach that can
be used to obtain quantitative time-resolved profiles of human plasma coronas formed on silica
and polystyrene nanoparticles of various size and surface functionalization. It was found that the

corona forms rapidly (< 0.5 minutes) and changes significantly in terms of the amount of protein
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bound. Rapid corona formation was found to affect haemolysis, thrombocyte activation, nanoparti-

cle uptake and endothelial cell death at an early exposure time (Tenzer et al. 2013).

Others have reported nanoparticle interactions with proteins extracted from cells. Comparing the
AgNP-protein corona composition with different size and coatings of AgNP in cell culture medium,
researchers found that the difference in corona formation was based on surface curvature as well
as on electrostatic and hydrophobic interactions (Shannahan et al. 2013). Wigginton incubated
AgNP with proteins sourced from E. coli and analyzed the AgNP-protein corona composition. They
found that tryptophanase (TNase) has an especially high affinity for AgNP, despite its low abun-
dance in E. coli. Further experiments showed that AgNP preferentially bind to a protein fragment
containing a residue (Argl03) in the TNase active site and induce an TNase enzymatic activity loss
(Wigginton et al. 2010). Eigenheer investigated AgNP interacting with proteins from yeast extracts
across six samples with varied AgNP properties and solution conditions. Their results revealed that
engineered surface coatings strongly mediate protein corona formation and that the protein affini-

ties are similar for different biological and environmental systems (Eigenheer et al. 2014).

Exploiting the specific properties of magnetic nanoparticles, two studies investigated the NP-
protein interaction in living cells. Bertoli isolated the silica coated magnetite nanoparticles enriched
in organelles from A549 cells in a time resolved manner. The NP-protein corona was isolated by ly-
sis of these organelles. Corona composition analysis suggested that a significant portion of the orig-
inal corona (derived from the serum in which particles were presented to the cells) was preserved
as nanoparticles trafficked through the cells (Bertoli et al. 2014). Using a similar technique, Hof-
mann isolated intracellular vesicles containing superparamagnetic iron oxide-polystyrene nanopar-
ticles from Hela cells and analyzed the protein composition by mass spectrometry (Hofmann et al.
2014). Results showed that the entry mechanism is controlled by actin reorganization and ADP-
ribosylation factor 1. Their proteomics data demonstrated a central role for multivesicular bodies

and multilamellar lysosomes in trafficking and final nanoparticle storage.
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1.5 Research objectives

Summarizing the state of the art on AgNP and the impact on aquatic organisms, it can be stated
that both uptake and toxicity have been demonstrated for various species. However, the exact
mechanisms by which AgNP interact with aquatic organism at the cellular level are not yet under-
stood. In light of this, the overall aim of this thesis research was to explore the interaction of cit-
rate-coated AgNP with cells of an aquatic organism, specifically rainbow trout (Oncorhynchus
mykiss). Citrate is a commonly used reducing agent and stabilizer in the synthesis of metal colloids
and has long been applied to controllably synthesize AgNP (Pandacek et al. 2006). As a common
molecule in organisms, citrate also has a good biocompatibility. Rainbow trout belongs to the salm-
on family, which is ecologically and economically important and also widely applied in environmen-
tal toxicology research and in risk assessment of chemicals. In order to advance mechanistic
knowledge of AgNP-fish cell interactions, a permanent rainbow trout cell line was chosen as an ex-
perimental model. A permanent cell line is a homogeneous batch of cells that can be cultured indef-
initely. Such models are ideal for mechanistic studies because the experimental environment can be
completely controlled and because cellular behaviors can be studied under defined conditions. As
well, dosing of cell cultures is easier and more reproducible than of intact animals and, can poten-
tially avoid the use of animals (Bols et al. 2005). Inasmuch as nanoparticles in the water column are
likely to get in contact with the respiratory organ of fish, i.e. the gills, | selected the rainbow trout
gill cell line, RTgill-W1 (Bols et al. 1994), for my research. The RTgill-W1 cell line is a well-established
in vitro model (Bols et al. 2005; Lee et al. 2009). Importantly, it is known for its ability to withstand
exposure to very simple culture media (Dayeh et al. 2002; Schirmer et al. 1997) and to take up na-
noparticles even if they are present in an agglomerated state in the exposure medium (Kihnel et al.

2009).
Focusing on AgNP and the RTgill-W1 cell line, | addressed the following questions in my research:

¢ How do AgNP behave in different cell exposure environments, and what are the concentra-

tions causing toxic effects to cells?

¢ How, and to what extents are AgNP taken up by the cells and what is their intracellular distri-

bution and fate over both short (few hours) and long (several days) exposure durations?

¢ Which intracellular proteins interact with the AgNP and can they provide clues to shed light on

the mechanisms of AgNP toxicity?
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To address these questions, | carried out this research in four steps (Figure 1.6). In the first step,
AgNP behaviour was investigated in cell exposure media by determining the size, surface charge
and dissolution rate. In the second step, short term and long term toxicity of AgNP to RTgill-wW1
cells were tested and quantified by different measurements. To be able to expose the RTgill-W1
cells in a protein-free exposure environment for long-term toxicity studies, a new RTgill-W1 strain
was established by a selection procedure. The cellular uptake of AgNP was studied in a third step.
Finally, a new method was developed to isolate the AgNP-protein corona from intact RTgill-W1 cells
and the proteins were identified by mass spectrometry. With this work, my thesis contributes to a
mechanistic understanding of AgNP interactions with cells by linking and quantifying exposures to

effects.

AgNP suspension
g susp Step 1: AgNP
e Y e \ behaviour
o 0e; ! Step 2: AgNP

ﬁell \ toxicity over time
- ]

@ @ @ Step 3: Cellular
organelle
%

uptake, distribution
# ]
Y @' :
@ g »: Step 4: AgNP interaction
\@ / with proteins

Figure 1.6 Scheme of this project.

In order to achieve my research aim, | designed a four-step procedure to systematically link nanoparticles exposure
and effects to RTgill-W1 cells.

The results of my research are presented in three chapters, with a brief introduction to each chap-
ter given below. In the final chapter 5, | summarize the major outcomes of this research and con-

clude with an outlook to suggest the next research steps.
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Chapter 2 (Step 1 and 2): Toxicity of silver nanoparticles to a fish gill cell line: role of medium com-

position.

In aqueous solutions, AgNP behaviour is affected by a variety of factors which lead to altered AgNP
size and toxicity. This chapter explores the effect of media composition on AgNP behaviour and tox-
icity to the RTgill-W1 cells. Three different exposure media (L15/ex, L15/ex w/o Cl and d-L15/ex)
were used. It was found that ionic strength and chloride content had a dominant effect on the be-
haviour of AgNP. Stronger agglomeration of AgNP led to higher toxicity, likely due to increased ex-
posure by deposition of AgNP onto the cells. Considering the effect of dissolved silver and silver lig-
ands to AgNP toxicity, a particle-specific effect was confirmed in RTgill-W1 cells. This effect was

specifically seen as an impairment of lysosome integrity.

Chapter 3 (Step 3 and 4): Silver nanoparticle-protein interactions in intact rainbow trout gill cells.

This chapter focuses on the AgNP uptake and accumulation in the RTgill-W1 cells and on the result-
ing interaction of the AgNP with cellular proteins. It was shown that RTgill-W1 cells accumulated to-
tal silver more efficiently upon exposure to AgNP compared to AgNOs. Electron microscopy and de-
pendence of uptake on temperature suggests that RTgill-W1 cells take up AgNP via an energy de-
pend pathway and store it in endocytic compartments, such as endosomes and lysosomes. With
subcellular fractionation, the AgNP-protein corona was recovered from intact endocytic and other
compartments and analyzed by mass spectrometry. Based on the sub-cellular location and function
of proteins identified from the AgNP-protein corona, an initial mechanism of AgNP toxicity is de-
scribed involving cell membrane and adhesion functions, uptake and vesicular trafficking, cell cycle,

and stress response.

Chapter 4 (Step 2 and 3): Silver nanopatrticles inhibit fish gill cell proliferation in protein free cul-

ture medium.

In this chapter, a long term exposure of RTgill-W1 cells to AgNP in a protein-free medium and ensu-
ing toxicity is discussed. Vertebrate cells normally require an undefined serum component to be
able to remain viable and proliferate over extended times. Major components of the serum are
proteins, such as serum albumin, which are known to alter the behavior of nanoparticles. Thus, in
order to conduct AgNP exposure without interference by proteins, a new strain of RTgill-W1 cells

was isolated after adaptation to a commercially available protein-free medium. This new strain was
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RTgill-W1-pf. Twelve days exposure of these cells to AgNP in this medium demonstrated that AgNP
can inhibit RTgill-W1-pf proliferation.
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Chapter 2 Toxicity of silver nanoparti-
cles to a fish gill cell line: role of medium
composition

In aqueous solutions, silver nanoparticles (AgNP) behaviour is affected by a variety of fac-
tors which lead to altered AgNP size and toxicity. Our research aims to explore the effect of media
composition on citrate-coated AgNP (AgNP) behaviour and toxicity to the cell line from rainbow
trout (Oncorhynchus mykiss) gill, RTgill-W1. Three different exposure media (L15/ex, L15/ex w/o Cl
and d-L15/ex) were used. These were characterized by varying ionic strength and chloride content,
both of which had a dominant effect on the behaviour of AgNP. Comparing the behaviour and tox-
icity of AgNP in the different media, stronger agglomeration of AgNP correlated with higher toxicity.
Deposition of AgNP on cells might explain the higher toxicity of agglomerated AgNP compared to
that of suspended AgNP. The AgNP concentration-response curves as a function of dissolved silver
ions, and the limited prevention of toxicity by silver ligands, indicated that AgNP elicited a particle-
specific effect on the cells. Furthermore, the lysosomal membrane integrity was significantly more
sensitive to AgNP exposure than cellular metabolic activity or cell membrane integrity and showed
the weakest protection by silver ligands. This revealed that AgNP toxicity seems to particularly act
on RTgill-W1 cell lysosomes. The newly developed low ionic strength medium, d-L15/ex, which can
stabilize AgNP and better mimic the freshwater environment, offers an excellent exposure solution

to study cellular and molecular effects of nanoparticles to gill cells.

Yang Yue, Renata Behra, Laura Sigg, Paloma Fernandez Freire, Smitha Pillai, Kristin Schirmer. 2015. Toxicity of

silver nanoparticles to a fish gill cell line: Role of medium composition. Nanotoxicology 9(1):54-63.
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2.1 Introduction

Due to their physicochemical and antibacterial properties, silver nanoparticles (AgNP) are currently
among the most widely used nanomaterials (Woodrow Wilson International Center for Scholars
2013). The application of AgNP in cosmetics, textiles and disinfection products, to name a few, will
lead to their release into the aquatic environment, raising concern about potential adverse effects
in organisms living in the aquatic environment (Fabrega et al. 2011; Navarro et al. 20083;

Wijnhoven et al. 2009).

Toxicity of AgNP to aquatic organisms has been investigated in different species but the causes for
toxicity are still unclear (Fabrega et al. 2011; Wijnhoven et al. 2009). In aqueous solutions, AgNP can
release silver ions, which are known to be toxic not only to prokaryotes but also to invertebrates
and fish (Bianchini and Wood 2003; Wood et al. 1999). There is still an ongoing debate, however, as
to whether AgNP toxicity is only due to dissolved silver ions (Ag*) and other dissolved silver species
(including all the silver species in oxidized state (Ag(l)) in aqueous solution, such as AgCl, (aq), AgOH
(ag) or whether AgNP also have particle specific effects. As for the direct toxicity of AgNP, published
research showed different results with varied experimental models and exposure conditions: some
suggested that the toxicity of AgNP is mainly due to dissolved silver ions to daphnia, algae and
nematodes (Kennedy et al. 2010; Navarro et al. 2008b; Yang et al. 2011), while others reported that
silver ions could not fully explain the observed AgNP toxicity and that both silver ions and AgNP

contribute to the toxicity to lung and hepatoma cells (Beer et al. 2012; Kawata et al. 2009).

Several investigations indicated that the toxicity of AgNP is dependent on the behavior and fate of
the nanoparticles in the exposure environment (Behra et al. 2013; Fabrega et al. 2011; Liu et al.
2010). To date, most AgNP toxicity studies were performed in fresh water or complex culture me-
dia, but the influence of the exposure medium on the toxicity has rarely been considered (Ahamed
et al. 2010). It has been clearly demonstrated that the composition and properties of the exposure
solutions largely affect AgNP behaviour. For instance, Piccapietra reported enhanced AgNP agglom-
eration in a simple medium with Ca** or Na"above 2 mM or 100 mM, respectively (Piccapietra et al.
2011). By contrast, humic acid or bovine serum albumin (BSA) stabilized AgNP in cell culture medi-
um or buffer (Huynh and Chen 2011; MacCuspie et al. 2010). Aside from AgNP, studies with other
nanoparticles demonstrated that the ionic strength or fetal bovine serum (FBS) influence nanopar-
ticles behavior and toxicity. Zebrafish (Danio rerio) embryo morbidity and mortality were induced
after exposure to gold nanoparticles in a low ionic strength medium in which the nanoparticles

were well dispersed whereas no toxicity was seen in ion rich medium in which the nanoparticles
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were agglomerated (Truong et al. 2011). On the other hand, Kiihnel et al found that agglomeration
of tungsten carbide nanoparticles in a simple medium did not prevent the uptake and toxicity to a
fish gill cell line. They also demonstrated that FBS or BSA stabilized tungsten carbide nanoparticles

in the exposure medium (Kiihnel et al. 2009; MeiRner et al. 2010).

Based on these considerations, it is important to investigate the role of the composition of expo-
sure medium in AgNP behavior because it is otherwise difficult to link the characteristics and behav-
ior of nanoparticles to their toxicity in the respective model system. Therefore, the aim of this study
was to explore the effect of media composition on AgNP behaviour and toxicity to fish gill cells.
Since citrate is frequently used to stabilize AgNP suspensions, citrate coated AgNP (AgNP) were
used in this work. Gill-derived cells were selected because, as the respiratory organ, the gill is likely
a primary route of uptake for fish exposed to nanoparticles in the water phase. Recent work indeed
demonstrated that AgNP, titanium dioxide nanoparticles and copper nanoparticles accumulated in
fish gill or induced fish gill injury (Farkas et al. 2010; Federici et al. 2007; Griffitt et al. 2007). The
RTgill-W1 cell line (Bols et al. 1994), which was derived from rainbow trout (Oncorhynchus mykiss)
gill, was selected as model to test the AgNP toxicity. The RTgill-W1 cell line has been demonstrated
to survive in a very simple exposure medium and even tolerate low ionic strength buffer, which al-
lows to more closely mimic the natural environment (Dayeh et al. 2002; Lee et al. 2009; Schirmer et
al. 1997; Tanneberger et al. 2012). Accordingly, the AgNP behaviour and toxicity were studied in

three different exposure media varying in ionic strength and chloride content.

33



Chapter 2 AgNP toxicity to a fish gill cell line

2.2 Results

2.2.1  Design of exposure media

Exposure experiments were carried out in three different media: L15/ex (Schirmer et al. 1997),
L15/ex without chloride (L15/ex w/o Cl) and d-L15/ex (Table 2.1). L15/ex is a modification of the
original Leibovitz’ 15 (L15) culture medium (Leibovitz 1963), specifically developed for short term
chemical exposure of RTgill-W1 cells. It contains only salts, sodium pyruvate and galactose in con-
centrations as present in L15. L15/ex w/o Cl is a chloride free L15/ex medium in which chloride is
replaced by nitrate to avoid the formation of AgCl. To maintain AgNP stable and more closely mimic
the natural environment with regard to ionic strength and medium composition, a new medium, d-
L15/ex, was developed. This medium was obtained by diluting L15/ex w/o Cl medium with nano-
pure water (L15/ex w/o Cl: nanopure water = 40: 60) and then adding NaCl to a final concentration
of 0.5 mM, the optimized NaCl concentration allowing to stabilize AgNP while keeping as much of
free silver ion in solution as possible as verified by Visual MINTEQ (see below). The pH in the expo-

sure media was 7.1-7.4.

Table 2.1 Formulation of L15/ex, L15/ex w/o Cl and d-L15/ex exposure media.

lon species/compound (mM) L15/ex§ L15/ex w/o Cl d-L15/ex
cr 168.9 0.5
ca® 1.5 1.5 0.6
Mg 43 3.8 1.5
Na* 158.2 158.2 63.3
K 6.1 6.1 2.4
PO,> 2.0 2.0 0.8
S0~ 1.9 3.8 1.5
NO;’ 164.5 65.8
Galactose 5.7 5.7 2.3
Sodium Pyruvate 5.7 5.7 2.3
lonic strength” 173.0 177.1 72.0

# lonic strength was calculated by Visual MINTEQ, ver. 3.0.

Ssee also Schirmer et al., 1997.
2.2.2  Cell viability in exposure media
Viability of RTgill-W1 cells in the two newly developed media (L15/ex w/o Cl and d-L15/ex) was
tested before AgNP exposure experiments. Cell viability was maintained above 80% in all media
compared to L15 medium over 24 h (Figure 2.1). Cell viability was the lowest in L15/ex w/o Cl me-
dium probably due to the absence of chloride and high concentrations of nitrate. In d-L15/ex medi-

um, after adding only low concentrations of chloride and decreasing the nitrate content by dilution,

cell viability was similar to L15/ex despite the lower ionic strength environment (Table 2.1). Over
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all, all three kinds of media were considered suitable for toxicity studies with AgNP in our experi-

mental system.
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Figure 2.1 Cell viability of RTgill-W1 in different media.

Cell viability for the different variants of L15/ex media was expressed as % of fluorescent units measured for the dif-
ferent viability indicator dyes for cells cultured in L15. The composition of L15 was according to Leibovitz (1963) and
contained 1% penicillin/streptomycin. Time of culture in the media was for 24 h.

2.2.3  Silverion species in the three exposure media

Figure 2.2 shows the distribution of silver ion species in the different media as calculated by Visual
MINTEQ with 1 uM total silver. The free silver ion percentage of total silver varied little for the pre-
sumed total silver concentration range of 0.01-5 uM. In L15/ex medium, most of silver species can
be expected in the form of AgCl, and AgCI32', and only 0.03% of total silver in the free Ag* form. In
contrast, free Ag" in L15/ex w/o Cl medium and d-L15/ex medium were approximately 92% and

59% of total silver, respectively.
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Figure 2.2 Silver ion species distribution in the three exposure media.

Silver ion species distributions were calculated by Visual MINTEQ ver.3.0; it showed very little change with the initial
silver ion concentration ranging from 0.01-10 uM. Here only the calculation for 1 uM total silver is shown.
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2.2.4  AgNP behaviour in exposure media

The Z-average of the size AgNP (distribution by intensity) in the original stock suspension is 19.4+0.4
nm and the zeta potential -30+£0.9 mV (Figure 2.3A, Figure 2.4A & B). The size distribution ranges
from 7 nm to 65 nm and the polydispersity index (PDI) is 0.163+£0.004. The AgNP suspension in na-

nopure water has a maximal UV-VIS absorbance at 410-420 nm.

The AgNP showed different behavior in the exposure media (Figure 2.3-5, Figure S2.1, Figure S2.2
and Table S2.1). In L15/ex medium, TEM images showed that AgNP agglomerated moderately (Fig-
ure 2.3B); Z-average size was 200-500 nm (PDI: 0.35-1.00) and zeta potential was around -15 mV
depending on the particle concentration (Figure 2.4C). In L15/ex w/o Cl medium, AgNP strongly ag-
glomerated (Figure 2.3C) with sizes of 1000-1750 nm (PDI: 0.21-0.77) and a zeta potential of around
-10 mV (Figure 2.4 D). In d-L15/ex medium, TEM results displayed that AgNP dispersed very well
(Figure 2.3D); Z-average size was 40-100 nm (PDI: 0.46-0.85) and zeta potential was around -20 mV
(Figure 2.4E). Colour changes of AgNP suspensions were evident in the test tubes, and sedimenta-
tion was observed in the L15/ex w/o Cl medium (Figure 2.5A). UV-VIS spectrum confirmed a change

in size for the AgNP (Figure 2.5B).
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Figure 2.3 Representative TEM images showing AgNP in nanopure water and exposure media.

(A) AgNP in nanopure water; (B) AgNP in L15/ex medium; (C) AgNP in L15/ex w/o Cl medium; (D) AgNP in d-L15/ex
medium.
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Figure 2.4 Behaviour of AgNP in stock solution and exposure media.

(A, B) Z-average size and Zeta potential distribution of AgNP in the nanopure water. (C-E) Z-average size and Zeta po-
tential in L15/ex (C), L15/ex w/o Cl (D) and d-L15/ex (E) media. Z-average size (solid line, left Y axis) and zeta poten-
tial (dashed line, right Y axis) of 10 uM (), 25 uM (A), 100 uM (@) AgNP suspensions were measured by DLS.
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Figure 2.5 100 uM AgNP in exposure media for 24 h.

(A) Colour changes in AgNP suspensions; (B) UV-VIS absorbance of AgNP suspensions. The AgNP have the maximal
absorbance at 410-420 nm. The lack of this absorbance peak in L15/ex w/o Cl indicates a lack of particles in suspen-

sion.
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2.2.5 Dissolved silver in exposure media

The ratio of total dissolved silver in AgNP suspensions varied in the different media and AgNP con-
centrations (Table 2.2). Generally, dissolved silver determined by ultra-filtration was lower than
values determined by ultra-centrifugation. On one hand, underestimation by ultra-filtration maybe
due to some silver adsorbing on the filter as indicated by the low recovery of AgNO; (about 70%).
On the other hand, overestimation by ultra-centrifugation may occur due to small AgNP (diameter
less than 2 nm) remaining in the supernatant under the applied centrifugation conditions. Thus, the
average of the results obtained by ultra-filtration and ultra-centrifugation was used for recalcula-
tion of the concentration-response curves as a function of dissolved silver (see below). In the
L15/ex medium, 1.89% of total silver were dissolved. Only 0.67% and 0.40% of total silver were dis-

solved in L15/ex w/o Cl and in d-L15/ex media, respectively.

Table 2.2 Percentage of dissolved silver in AgNP suspensions.

Centrifugal Ultrafiltration  Ultra-centrifugation

Average
25 uM 100 uM 25 uM 100 uM
L15/ex 0.77 0.39 4.23 2.15 1.89
L15/ex w/o Cl 0.31 0.05 1.12 1.20 0.67
d-L15/ex 0.23 0.04 0.84 0.48 0.40

Total silver: 25 uM and 100 uM. Separation of dissolved Ag" from AgNP after 24 h by Amicon® Ultra-4 Centrifugal Fil-
ter Units and Ultra-centrifugation (145 000 x g for 3 h). Silver concentration was measured by ICP-MS. Values are
given as % dissolved silver from AgNP.

2.2.6  Cell viability after exposure to AgNP and AgNO3

Both AgNP and AgNOs; caused significant toxicity to RTgill-W1 cells in all exposure media as indicat-
ed by the three measurements of cell viability (Figure 2.6, Table S2.2). Concentrations of AgNP or
AgNO; causing 50% effect (EC50), based on total silver concentrations, are listed in Table 2.3. From
the concentration-response curves and EC50 values, we conclude that AgNP and AgNOs toxicity to
RTgill-W1 cells differed depending on the media and the endpoints of the cell viability measure-

ments.
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Figure 2.6 Toxicity of AgNP and AgNO; as function of total silver in the three media.

Effect of AgNP and AgNO; to RTgill-W1 cells was measured after 24 h of exposure in L15/ex (A), L15/ex w/o Cl. Av-
erage and standard deviation of three independent experiments is shown (n=3). The endpoints measured are meta-
bolic activity (H), cell membrane integrity () and lysosomal integrity (@). Solid lines represent AgNP effects and
dashed lines represent AgNO; effects.

Table 2.3 EC50 values (in uM) determined on AgNP and AgNO3 exposure of RTgill-W1 cells for 24 h.

Metabolic activity Cell membrane integrity Lysosomal membrane integrity

AgNP 31.7+2.6 29.0+3.6 13.2+2.6"

L15/ex €
AgNO; 2.1:0.1 3.1+0.8 2.940.5
L15/exw/ocl  PENP 12.742.5° 14.4:4.4° 9.8+4.5
AgNO; 0.8+0.1 0.9+0.2 0.6+0.2
#
d-L15/ex AgNP 70.3+4.7 27.8+4.2 15.545.5
AgNO; 4.0£0.2 4.7+0.1 3.440.6

Standard deviation was calculated based on three independent experiments (n=3). * EC50s in L15/ex w/o Cl medium
were significantly different from EC50s determined in the other two kinds of media P < 0.05, two-way ANOVA. #
EC50s determined for the lysosomal membrane integrity were significantly different from EC50s determined for the
other two measures of cell viability; P < 0.05, two-way ANOVA.

The first difference was that EC50 values of AgNO; appeared 5-15 fold lower (i.e. more toxic) to
RTgill-W1 cells in all tested media than the values of AgNP. Second, AgNO3 was most toxic to cells
exposed in L15/ex w/o Cl but resulted in little difference in L15/ex and d-L15/ex. A similar pattern in
sensitivity differences between the three media was observed for AgNP. Finally, a striking differ-
ence was observed among the endpoints for cell viability with AgNP treated cells exposed in L15/ex
and d-L15/ex media. The lysosomal membrane integrity was significantly more affected than cellu-
lar metabolic activity or cell membrane integrity. Yet, when cells were treated with AgNOj3, all the

three cell viability measurements gave similar results in each of the exposure media.
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2.2.7  Recalculation of concentration-response curves as a function of dissolved
silver and free Ag+

The effect of AgNP to RTgill-W1 cells as function of total silver was re-calculated based on the dis-
solved silver in the AgNP suspensions obtained by the average percentage from ultra-filtration and
ultra-centrifugation. Figure 2.7A shows the recalculated curve for the lysosomal membrane integri-
ty. The same pattern was observed for the other measurements of cell viability. Figure 2.7B shows
the EC50 values derived for AgNP and AgNOjs as a function of dissolved silver. In both AgNP and Ag-
NO; exposures, dissolved silver in L15/ex w/o Cl medium had higher toxicity than in the other two
media with chloride. Considering the toxicity as a function of dissolved silver in all three media, the

AgNP exposures elicited a higher toxicity than AgNOs.

EC50 values were also calculated as a function of free Ag® in AgNP and AgNO; exposures (Figure
2.7C). Assuming that the effects observed are related to the free Ag" ion concentration, the EC50
values were recalculated using the free Ag'/total dissolved species ratio in the exposure media (de-
rived from Visual MINTEQ calculations shown in Figure 2.2). By expressing the EC50 values in terms
of estimated Ag" concentrations, the toxicity for exposure in L15/ex medium was significantly high-

er than for the two other media.
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Figure 2.7 Toxicity of AgNP and AgNO; as a function of total dissolved silver and of free Ag" in the exposure media.

A: shows the lysosomal membrane integrity as a function of dissolved silver. The effects of dissolved silver from AgNP
exposures are depicted with solid lines and the effects of AgNO; with dashed lines. Effect data are expressed as percent
viability compared to cells not exposed to silver (control). B: EC50 of AgNP and AgNO; exposures as a function of dis-
solved silver. The concentration used for dissolved silver in AgNP suspensions in A and B was based on the average per-
centage from the centrifugal ultrafiltration and ultra-centrifugation methods. C: EC50 of AgNP and AgNO; exposures as
a function of free Ag". Calculation based on the free silver ion ratio in the three media obtained by Visual MINTEQ. In B
and C, solid symbols represent AgNP effects and open symbols represent AgNO; effects.
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2.2.8  Cell viability in the presence of silver ion ligands

Both cysteine and DMPS prevented all (for AgNOs) or some (for AgNP) of the toxic effects in a con-
centration—dependent manner (Figure 2.8). 12.5 uM cysteine (Figure 2.8A) or 100 uM DMPS (data
not shown) completely prevented the impact of AgNO; on cell viability. However, when cysteine
(Figure 2.8B) or DMPS (Figure 2.8C) were added to AgNP exposure media, protection of the cells by
the ligands was not completed. Even with the highest ligand concentrations, which presumably
yielded an excess compared to total dissolved silver of 17-67 fold, RTgill-W1 cell viability was still

decreased by 20~60%.

Differences in protection were also observed for the different measurements of cell viability. Cell
metabolic activity and cell membrane integrity were better protected than lysosomal membrane in-
tegrity after treatment with AgNP and ligands. In fact, lysosomal activity was protected to a very
limited extent on AgNP exposure, whereas it was completely protected by ligands when cells were

exposed to AgNOs.

5 uM AgNQj in L15/ex w/o Cl 25 uM AgNP in L15/ex w/o Cl 50 uM AgNP in L15/ex w/o CI
120, 120- 120
I Metabolic activity
I Cell membrane integrity
1004 W Lysosomal membrane integrity 100- 100
= & = & _ 8
B 2
2 2 £
Q =3 =3
S e O & O &
5 5 s
® ® 2
40 40 40
2 20 2
o 0 v
Meduim 125M 0 002 01 05 25 125 Medum 125 0 002 01 05 25 125 Medium 100 0 1 5 10 50100
E Cysteine (uM) Ot Cysteine (M) ouPs DMPS (M)

Figure 2.8 Effect of silver ligands on AgNP and AgNO; toxicity.

Effect of silver ligands on toxicity elicited by AgNO; (A) and AgNP (B, C) to RTgill-W1 cells, using the results for L15/ex
w/o Cl as example. Silver ligands: Cysteine (A, B) and DMPS (C).
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2.3 Discussion

In this study, we demonstrated the different toxicity of AgNP to fish gill cells in varied ionic strength
and chloride concentration media. Many factors are expected to influence the AgNP toxicity: ag-
glomeration state and behavior of AgNP, bioavailability of AgNP as well as the concentration of dis-

solved silver from AgNP available for uptake and effects.

Both ionic strength and chloride content indeed strongly influenced the agglomeration in the three
exposure media. High agglomeration of AgNP occurred in the medium of higher ionic strength
(/=177.1 mM) and absence of chloride (L15/ex w/o Cl). On the contrary, in the medium of d-L15/ex,
with the decreased ionic strength (/=72 mM) and 0.5 mM CI’, AgNP showed only slight agglomera-
tion. Previous studies highlighted the importance of ionic strength on particle behavior in suspen-
sion (MacCuspie 2011; Piccapietra et al. 2011). The zeta potential of AgNP in chloride-free medium
was less negative than that observed for AgNP in chloride-containing media. As some silver ions are
released from the AgNP, chloride ions in the chloride-containing media likely adsorbed on the sur-
face of the AgNP and increased the surface negative charges, thereby maintaining AgNP stability.
Cell viability tests showed that both L15/ex w/o Cl and d-L15/ex medium support RTgill-W1 cell sur-

vival for 24 h. Based on these results, we investigated the AgNP toxicity in all three kinds of media.

The degree of particle agglomeration in the exposure media positively correlated with the toxicity
of AgNP on cell viability. The strongly agglomerated AgNP (1000 nm in L15/ex w/o Cl) showed an
about 2 fold higher toxicity than moderately agglomerated AgNP (250 nm in L15/ex) and a 2-5 fold
higher toxicity than weakly agglomerated AgNP (100 nm in d-L15/ex). This trend suggests that ag-
glomeration and deposition could enhance the interaction of AgNP with RTgill-W1 cell and induce
high toxicity. A modeling study showed that behavior of particles ranging from ~10 to 100 nm is
controlled by both diffusion and deposition and that the transport is slower than for particles over
200 nm, whose behavior is controlled by deposition (Hinderliter et al. 2010; Teeguarden et al.
2007). With an upright/inverted configuration system, Cho also reported that sedimentation in-
creases the cellular uptake of gold nanoparticles (Cho et al. 2011). In the present study, one expla-
nation might be that agglomeration increases the interaction of AgNP with cells because of particle
deposition on the cell monolayer. In the in vitro cell exposure system, RTgill-W1 cells are attached
to the bottom of wells and the liquid exposure column height is about 0.5 cm. Only when the parti-
cles move to the bottom to reach the liquid-cell interface, could AgNP have direct interaction with

cells and induce toxicity.
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If AgNP-cell interaction is a determinant of toxicity by enhancing bioavailability, AgNP should yield a
particle-specific contribution to toxicity. In the present work, the AgNP indeed had a particle-
specific impact on RTgill-W1 cells. This conclusion can be drawn from the concentration-response
curves and EC50 values accounting for dissolved silver, in which the AgNP exposures showed higher
toxicity compared to AgNO; exposures. In contrast, if all the toxicity of AgNP suspensions was due
to dissolved silver, the AgNP should have the same toxicity as AgNO3z; when calculated as a function
of dissolved silver. Moreover, silver ligands only partly prevented toxicity to cells by AgNP but com-
pletely protected cells from the toxicity of AgNOs, again supporting a AgNP specific effect to RTgill-
W1 cells.

Another factor potentially affecting the toxicity of AgNP suspensions is the dissolved silver species.
Re-calculation of AgNP EC50 values as a function of dissolved silver showed exposures in L15/ex
w/o Cl medium to result in higher toxicity than the other two media. The toxicity of AgNO; in
L15/ex w/o Cl medium was also 2-5 fold higher than that in L15/ex and d-L15/ex media. Thus, dis-
solved silver toxicity decreased with the chloride concentration rising in the exposure medium. This
trend is reminiscent of what was reported in a previous in vivo silver toxicity study with juvenile
rainbow trout exposed under various freshwater conditions (Wood et al 2011). In fact, the LC50 of
dissolved silver (as AgNOs) for juvenile rainbow trout in that study was 0.25-2.5 uM, which is similar
to the EC50 values (0.6-4.7 uM) for RTgill-W1 cells in the present study. Calculations with Visual
MINTEQ showed that in L15/ex, most of dissolved silver were the negatively charged species, AgCl,
and AgCI32'. In L15/ex w/o Cl, most of dissolved silver were free Ag". In d-L15/ex, aside from the ap-
proximately 60% Ag’, most other dissolved silver was of the uncharged species, AgCI®(aq). Earlier
studies reported that silver ions form AgCl,, complexes in solution with chloride, and in this way sig-
nificantly affect silver uptake and toxicity in rainbow trout (Grosell et al. 2000; Hogstrand et al.
1996; McGeer and Wood 1998). Moreover, it was showed that free Ag* has a higher bioavailability
than AgCl, complexes in rainbow trout and atlantic salmon (Bury and Hogstrand 2002). Free Ag" en-
ter into gill via copper transporters and sodium channels, whereas AgCIO(aq) may be taken up by

simple diffusion (Wood et al 2011). Yet, the uptake of AgCl,  and AgCI32' is still not clear.

To better observe the effects by AgCl,, complexes and Ag’, EC50 values based on dissolved silver
were re-calculated as a function of free Ag® using the free Ag’ ratio in the media. Both AgNP and
AgNO; exposures had remarkable higher toxicity in L15/ex medium than exposures in L15/ex w/o Cl

medium as a function of free Ag". This indicated that AgCl,” and AgCl;> complexes still elicit toxic ef-
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fects to cells. The toxicity in L15/ex was also higher than in d-L15/ex medium as a function of free

Ag’, which demonstrated that AgCl, and AgCI32' complexes had higher toxicity than AgCI0 (aq).

The different cell viability measurements revealed that AgNP seem to particularly act on RTgill-W1
cell lysosomes. The lysosomal membrane integrity was significantly more sensitive to AgNP expo-
sure than cellular metabolic activity or cell membrane integrity. As well, prevention by silver ligands
of the AgNP effect was the least for lysosomal membrane integrity in all the three cell viability
measurements. On the contrary, we did not observe these difference in cells treated with AgNOs.
Thus, our results indicate that AgNP act on RTgill-W1 cells mainly via lysosomes. It seems plausible
that, unlike silver ions, AgNP could be taken up by cells via endocytotic processes, thereby accumu-
lating in lysosomes (Greulich et al. 2011). NP accumulation in lysosome may lead to lysosome de-
stabilization and dysfunction, which could subsequently impact metabolic function and plasma

membrane integrity (Johansson et al. 2010; Kolter and Sandhoff 2010; Stern et al. 2012).

Our study demonstrates that the composition of cell exposure media has a dominant effect on the
behaviour and toxicity of AgNP. lonic strength and chloride concentrations influenced AgNP ag-
glomeration, deposition and dissolved silver species in exposure media. Deposition and silver spe-
cies had important effects on AgNP bioavailability and toxicity to RTgill-W1 cells. Therefore, when
comparing the toxicity data from different studies, the exposure environment, AgNP behaviour and
dissolved silver species should be considered. We derived a new exposure medium, d-L15/ex, which
has low ionic strength and low chloride concentration. This protein-free medium supported cell
survival and stabilized the AgNP for at least 24 h, thus allowing small-size particles to be studied
with respect to uptake and effects in cells without sedimentation of particles onto cells due to par-
ticle agglomeration. Based on its ionic strength, d-L15/ex also better reflects the freshwater envi-
ronment to which gill cells of freshwater fish, such as rainbow trout, would be exposed. Thus, we
propose to use the newly developed medium to explore the cellular and molecular effects of nano-

particles to gill cells.
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2.4 Materials and methods

2.4.1 Materials

The AgNP were purchased from NanoSys GmbH (Wolfhalden, Switzerland) as aqueous suspension
with a concentration of 1g/L (9.27 mM, pH=6.46). The stock AgNP solution was stored in the dark
and experimental solutions were prepared in relevant cell exposure media or nanopure water
(16-18 MQ cm™; Barnstead Nanopure Skan AG, Basel-Allschwil, Switzerland). A stock solution of
AgNO; (Sigma-Aldrich, Buchs SG, Switzerland) was prepared at a concentration of 10 mM in nano-

pure water.

2.4.2  Nanoparticle characterization

The AgNP were characterized in nanopure water and under experimental conditions (i.e. in the
three exposure media). The Z-average size and zeta potential of the AgNP were measured by dy-
namic light scattering (DLS) and electrophoretic mobility using a Zetasizer (Nano ZS, Malvern In-
struments, UK). In addition, AgNP size and morphology in the three exposure media were verified
by transmission electron microscopy (TEM, FEI Morgagni 268, 100 kV). In addition, the UV-VIS ab-
sorption spectrum of 100 uM AgNP suspensions was scanned from 250 nm to 800 nm using a spec-

trophotometer UVIKON 930 (Kontron Instruments).

2.4.3  Quantification of dissolved silver

To measure the concentration of dissolved silver in the AgNP suspensions, two different methods
were used: centrifugal ultrafiltration and ultra-centrifugation. 4 mL 25 uM and 100 uM AgNP sus-
pensions were added to Amicon ultra-4 centrifugal filter units (Millipore, Germany) with a nominal
molecular weight limit of 3 kDa and centrifuged for 30 min at 3 000 x g (Megafuge 1.0R, Heraeus In-
struments, Germany). The filtrates were diluted 10 times with nanopure water and the concentra-
tions of silver measured by ICP-MS (Element 2 High Resolution Sector Field ICP-MS; Thermo Finni-
gan, Bremen, Germany) in 1% of HNOs;. The recovery of AgNO; in centrifugal ultrafiltration was
around 70%. For ultracentrifugation, 10 mL of AgNP suspensions were centrifuged at 145 000 x g
(CENTRIKON T-2000, KONTRON Instruments, Switzerland) for 3 h. A volume of 0.5 mL supernatant
was digested with 4.5 mL of 65% HNOs in a high-performance microwave digestion unit (MLS-1200
MEGA, Oberwil, Switzerland) at a maximal temperature of 195 °C for 20 min. The digests were di-

luted 50-times and measured by ICP-MS. The recovery of AgNOs in ultracentrifugation was over
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98%. The reliability of the measurements was determined using specific water references (M105A,

IFA-Tull, Austria).

2.4.4  Silver species distribution in exposure media

As silver ions can react with different medium components and form different species in the aque-
ous environment, Visual MINTEQ (Visual MINTEQ, ver. 3.0, 2011) was used to calculate the distribu-
tion of silver species, based on dissolved Ag(l), in exposure media. The media pH was set to 7.1 and

temperature to 19 °C. Speciation was calculated based on a silver ion concentration of 0.01-10 uM.

2.4.5 RTgill-W1 culture and exposure

RTgill-W1 cells were routinely cultivated in L15 medium (Invitrogen, Basel, Switzerland), supple-
mented with 5% fetal bovine serum (FBS, Gold, PAA Laboratories GmbH, Austria) and 1% penicil-
lin/streptomycin (Sigma-Aldrich, Buchs, Switzerland; 10 000 U/ml penicillin, 10 mg/ml streptomy-
cin) in 75 cm” flasks (TPP, Trasadingen, Switzerland). Cells were maintained at 19°C in normal at-
mosphere and split once (1 flask to 2 flasks) in 1-2 weeks. Confluent cells were washed twice with
Versene (Invitrogen/Gibco, Germany) and cells detached by trypsin (0.25% in phosphate-buffered

saline, Biowest, Germany).

For exposure to AgNP and AgNO;, confluent cells were used to seed 24-well microtiter plates
(Greiner Bio-One, Frickenhausen, Germany) at an initial cell density of 3*10° cells in each well in 1
mL of L15 culture medium. After 24 h, the seeded cells were fully confluent and used for toxicity as-
sessment. The confluent cell monolayers were washed (1 mL/well) with either L15/ex, L15/ex w/o
Cl or d-L15/ex. Then, 1 mL/well AgNP or AgNO; suspension in the respective media was added. Ex-
posure was done at 19°C in the dark and lasted 24 h. Each experiment was performed three times

independently with cells from different passages.

To determine the contribution to toxicity of dissolved silver from AgNP, two strong silver ion lig-
ands, L-cysteine and 2, 3-Dimercapto-1-propanesulfonic acid (DMPS), were used to decrease the
free Ag’ concentration in AgNP suspensions to a very low level (Hussain et al. 1994; Navarro et al.
2008b). Different concentrations of the ligands in media were added to a fixed AgNP concentration
with the highest ligand concentrations being chosen such that they by themselves did not affect cell
viability (12.5 pM and 100 uM in the case of L-cysteine and DMPS, respectively) but at the same

time provide an excess of ligand compared to the maximal possible Ag* concentration. RTgill-W1
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cells were exposed to these AgNP-ligand suspensions under the same conditions as described

above in order to study if removal of Ag* altered impact on cell viability.

2.4.6  Cell viability assays

Toxicity was assessed by three measurements: cellular metabolic activity, cell membrane integrity
and the lysosomal membrane integrity (Schirmer et al. 1997; Schirmer et al. 1998). Alamar Blue (AB,
Invitrogen, Basel, Switzerland) was used to measure the cellular metabolic activity; 5-
carboxyfluorescein diacetate acetoxymethyl ester (CFDA-AM, Invitrogen, Basel, Switzerland) to
measure the cell membrane integrity; Neutral Red (NR, Sigma-Aldrich, Buchs, Switzerland) to

measure the lysosomal membrane integrity.

After 24 h of AgNP or AgNO; exposure, the exposure medium was discarded, cells were gently
washed with 1 mL PBS, followed by adding 400 uL of AB and CFDA-AM working solution, containing
5% v/v AB and 4 uM CFDA-AM in PBS. After incubation for 30 min, fluorescence of each well was
quantified by the Infinite M200 plate reader (TECAN, Mannedorf, Switzerland) at respective excita-
tion/emission wavelengths of 530/595 nm for AB and 485/530 nm for CFDA-AM. Thereafter, the
AB/CFDA-AM working solution was discarded and 400 pL of NR solution, containing 1.5% v/v NR in
PBS, were added and incubated for 60 min. Then, cells were fixed with 400 pL fixative (0.5% v/v
formaldehyde and 1% w/v CaCl,). Finally, NR was extracted from the lysosomes using 400 pL of an
extraction solution (1% v/v acetic acid and 50% v/v ethanol) and gently shaken on a horizontal
shaker (TiMix 2, Johanna Otto GmbH, Hechingen, Germany) for 10 min. NR fluorescence was meas-

ured at excitation/emission wavelengths of 530/645 nm using the same plate reader.

2.4.7  Data treatment

Exposure experiments were performed in triplicate wells in three independent experiments. Fluo-
rescent units obtained in the cell viability assays were converted to percent viability of control cells.
Concentrations leading to 50% reduction in cell viability (EC50) were determined by the nonlinear
regression sigmoidal dose-response curve fitting module using the Hill slope equation (GraphPad
Prism version 4.00 for Windows, San Diego, USA) and were presented as meanzstandard deviation
(SD) of 3 independent experiments (each having 3 technical replicates) with cells of different pas-
sages (biological replicates). Two-way ANOVA was used to test the variation of EC50 values in dif-
ferent media and cell viability endpoints. Values of p < 0.05 were considered statistically significant.

Graphs were created with GraphPad Prism as well.
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2.5 Supplementary Material
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Figure S2.1 100 UM AgNP size distribution shift by intensity.

(A) AgNP in L15/ex, (B) AgNP in L15/ex w/o Cl, (C) AgNP in d-L15/ex.

48



Chapter 2 AgNP toxicity to a fish gill cell line

Volume (Percent)

20

Size Distribution by Volume

o
(4]

-
o

\
\

(&)

w

Volume (Percent)

Volume (Percent)

N
o

Size (d.nm)

Size Distribution by Volume

1000

10000

-
(4]

.
o

(4]

25

Size (d.nm)

Size Distribution by Volume

20

15

10

1 10 100
Size (d.nm)

0.25h — 2h

8h 24 h

1000

Figure S2.2 100 uM AgNP size distribution shift by volume.
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Table S2.1 PDI of DLS measurements for AgNP in different media in Figure 2.4.

AgNP 0.25 h 2h 4h 8h 24 h

10 uMm 0.41+0.03 0.38+0.01 0.39+£0.04 0.50 £0.08 0.61+0.03

L15/ex  25uM 0.35+0.07 0.49 +£0.02 0.56+£0.13 0.64 £0.13 0.84 £0.08
100 uM 0.41+0.07 0.61+0.02 1.00 £ 0.00 0.80+0.18 0.47 +0.10

L15/ex 10 uM 0.21+0.01 0.27+0.03 0.35+0.03 0.42+0.01 0.77+0.14
w/o Cl 25 uM 0.21+0.01 0.26 £0.02 0.37+0.03 0.36 £0.04 0.42 £0.03
100 uM 0.23+0.01 0.27 £0.05 0.35 +0.06 0.35 +0.06 0.61+0.12

d- 10 uMm 0.46 +£0.03 0.53+0.02 0.52 +£0.02 0.85+0.23 0.63 £0.06
L15/ex 25uM 0.51+0.01 0.55+0.03 0.69+0.19 0.88 +0.00 0.70+0.08
100 uM 0.55+0.01 0.52+0.00 0.53+0.01 0.50+0.03 0.48 +0.02
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Table S2.2 EC50 Values, Corresponding 95% Confidence Intervals, Hill slope and R® of concentration-response
curves in Figure 2.6.

EC50 95% confidence . 2
(M) interval Hill Slope R
Metabolic activity 31.81 29.05-34.84 -2.225 0.9815
AgNP Cell membrane integrity 28.98 23.87-35.18 -1.230 0.9389
Lysosomal membrane 12.96 10.36-16.22 -1.007 0.9476
integrity
L15/ex Metabolic activity 2.110 1.835-2.426 2,957 0.9497
Cell membrane integrity 2.991 2.608-3.431 -2.394  0.9296
AgN03
Lysosomal membrane 2.812 2.432-3.252 -1.935 0.9329
integrity
Metabolic activity 12.68 10.41-15.45 -2.586 0.9427
AgNP Cell membrane integrity 14.42 12.01-17.31 -2.102 0.9525
Lysosomal membrane 9.716 7.759-12.17 -1.811 0.9316
L15/ex integrity
w/o Cl Metabolic activity 0.761 0.6936-0.8359 -4.259 0.9761
AgNO Cell membrane integrity 0.908 0.8220-1.003 -4.713  0.9647
3
Lysosomal membrane 0.595 0.5076-0.6983 -2.999 0.9409
integrity
Metabolic activity 69.94 59.24-82.57 -2.057 0.8982
AgNP Cell membrane integrity 27.47 21.58-34.97 -0.827 0.9287
Lysosomal membrane 14.25 11.13-18.24 -0.727 0.9418
d- integrity
L15/ex Metabolic activity 3.955 3.598-4.347 -1.869 0.9598
Cell membrane integrity 4.687 4.219-5.207 -2.652 0.9175
AgNO3
Lysosomal membrane 3.351 2.958-3.796 -1.931 0.9408
integrity
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Upon contact with biota, nanoparticles can bind proteins, which coat the nanoparticles
and form a nanoparticle-protein corona. This corona therefore is what cells of an organism “see”;
thus, the protein corona plays a key role in the interaction of nanoparticles with cells and organ-
isms. The research presented here focused on silver nanoparticle (AgNP) uptake and interaction
with proteins in cells of the rainbow trout (Oncorhynchus mykiss) gill cell line, RTgill-W1. Uptake
studies confirmed that RTgill-W1 cells internalize AgNP via an energy-depend pathway and store
the AgNP in endocytic compartments, which include lysosomes and endosomes. With subcellular
fractionation, the AgNP-protein corona was recovered from these intact subcellular compartments.
Proteins acquired from the AgNP-protein corona were identified by mass spectrometry and ana-
lysed with Gene Ontology. A total of 383 proteins were identified in this way and broadly classified
as belonging to cell membrane functions, endocytosis, vesicle-mediated transport and stress-
response pathways. Of particular interest was the identification of “ATPase Na'/K' transporting
protein” and “Rab Family Small GTPases” as these were previously implied to bind to nanoparticles.
Based on the uptake experiments and the identity of proteins extracted from the AgNP corona, an
initial mechanism of AgNP uptake and toxicity was derived. This is the first study that focuses on
the interaction of industrial nanoparticles with proteins in living cells. The method established to
isolate the nanoparticles-protein corona from living cells can be broadly applied to other nanoparti-

cle-cell interaction studies.
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3.1 Introduction

After being taken up by vertebrate cells via endocytic processes, nanoparticles accumulate in dif-
ferent endocytic compartments such as endosomes and lysosomes (lversen et al. 2011). Endocytic
uptake routes and lysosome-related degradation processes play a vital role in cellular metabolism
and homeostasis (Kroemer and Jaattela 2005). Overloading these compartments with an exogenous
stressor, such as nanoparticles, can lead to lysosomal dysfunction and other injuries in cells (Stern
et al. 2012). Lysosome membrane permeabilization and destabilization are common causes of lyso-
some dysfunction, which can induce oxidative stress, lysosomal alkalization and osmotic swelling
(Futerman and van Meer 2004; Stern et al. 2012; Xia et al. 2007). Indeed, an in vitro study showed
lysosomal membrane integrity to be more strongly affected than cellular metabolic activity and
membrane integrity in fish gill cells exposed to silver nanoparticles (AgNP) (Yue et al. 2015; Chapter

2 of this thesis).

Due to the nanoparticles’” extremely high surface to volume ratio, nanoparticles have a very active
surface chemistry in comparison to bulk biomaterials; hence, upon entry into cells, a variety of bi-
omolecules may adsorb to the nanoparticle surface and reduce the nanoparticle surface energy by
physical adsorption or chemical reactions (Lynch and Dawson 2008; Mahmoudi et al. 2011;
Monopoli et al. 2011; Nel et al. 2009; Walczyk et al. 2010). Based on their abundance and diversity,
proteins are thought to play a dominant role in such types of interactions, coating the nanoparticles
surface with a so-called protein corona. Thus, it is the NP-protein corona, not the bare nanoparti-
cles surface, that influences the interaction of nanoparticles with constituents in cells (Monopoli et
al. 2012). In turn, corona-forming proteins may be depleted from the cellular machinery and be

structurally and/or functionally impaired.

That proteins which adsorb to nanoparticle surfaces are prone to alterations has been demonstrat-
ed using isolated proteins or protein mixtures extracted from cells. After adsorbing to a gold nano-
particle surface, the structure of serum albumin was different from the native form (Wang et al.
2011). The activity of tryptophanase (TNase) from E. coli extract was significantly inhibited by AgNP
due to high affinity binding to the enzyme active site (Wigginton et al. 2010). Yet, knowledge of na-
noparticle interactions with proteins in intact cells is scarce. Two recent studies made use of the
unique magnetic property of magnetite nanoparticles to recover the protein corona by magnetic
separation from intact cells and identified the recovered proteins by mass spectrometry (Bertoli et

al. 2014; Hofmann et al. 2014). No previous study has attempted to determine the proteins that
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bind in living cells to industrially used, high production volume nanoparticles, such as AgNP. Which
kind of proteins adsorb to the surface of AgNP after cellular uptake? Can these proteins explain

mechanisms of AgNP cytotoxicity?

To address these questions, we here explore the uptake, fate and interactions of AgNP with pro-
teins in intact cells of the rainbow trout (Oncorhynchus mykiss) gill cell line, RTgill-W1 (Bols et al.
1994). These cells can survive in a low ionic strength exposure medium (d-L15/ex), which can stabi-
lize AgNP in suspension and allows to more closely mimic the aquatic environment a gill cell would
face (Yue et al. 2015; Chapter 2). We have previously demonstrated that AgNP elicit a particle-
specific effect in RTgill-W1 cells. Specifically, lysosomal membrane integrity was significantly more
sensitive than cell membrane integrity and cellular metabolic activity upon exposure to AgNP.
Moreover, scavenging silver ions stemming from AgNP dissolution by a strong silver ion ligand, cys-
teine, only partially prevented the AgNP impact on the lysosomes, further corroborating the parti-
cle specific toxicity (Yue et al. 2015; Chapter 2). These findings led us to hypothesize that AgNP-
induced toxicity to RTgill-W1 cells may be elicited via lysosome related pathways and involve bind-
ing of lysosomal proteins to the AgNP. We now exploited this system to isolate the AgNP protein
corona from intact cells. To do this, we first confirmed the presence of AgNP in membrane-bound
compartments and then performed subcellular fractionation of RTgill-W1 cells by means of density
gradient centrifugation. The AgNP-protein corona was subsequently isolated from intact cellular

compartments enriched in silver and the corona composition analyzed.

This work mainly focused on the initial stage of AgNP interaction with cells in order to capture early
stages of binding where both the cellular compartments were intact for AgNP-corona isolation as
well as AgNP clearly discernible in the cells. Such conditions were identified after 2 h of exposure,

which was then chosen as the longest exposure time for all steps performed in this work.
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3.2 Results

3.2.1  Cell viability and silver content in RTgill-W1 cells after exposure

The toxicity of AgNP and silver ions, using AgNOs as control, was quantified after 2 h of exposure
(Figure 3.1, Table 3.1). AgNOs induced higher toxicity than AgNP to RTgill-W1 cells as a function of
total silver (Figure 3.1A). In AgNP exposures, lysosomal membrane integrity was similarly affected
as cell membrane integrity and cellular metabolic activity, which is in contrast to the results ob-
served in AgNP exposures for 24 h (Yue et al., 2015; Chapter 2). Based on the dissolved silver con-
tent in the exposure medium, d-L15/ex (Table S3.1), re-calculation of the 2 h exposure concentra-
tion-response curves as a function of dissolved silver showed that AgNP elicited a higher toxicity

than AgNOs (Figure 3.1B), indicating that the AgNP still elicited a particle-specific effect to the cells.
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Figure 3.1 Toxicity of AgNP and AgNO; to RTgill-W1 cells.

A: Toxicity of AgNP and AgNOj as a function of total silver in the d-L15/ex medium for 2 h exposures. B: Toxicity of
AgNP and AgNO; as a function of dissolved silver in the d-L15/ex medium for 2 h. Average and standard deviation of
three independent experiments is shown (n=3). The endpoints measured are metabolic activity (m), cell membrane
integrity (¢) and lysosomal integrity (®). Solid lines represent AgNP effects and dashed lines represent AgNO; ef-
fects. 2.5 uM AgNO; and 20 uM AgNP, indicated by dotted vertical lines, were selected for subsequent experiments.

Table 3.1 EC50 Values, Corresponding 95% Confidence Intervals, Hill slope and R® of AgNP and AgNO; concentra-
tion-response curves for 2 h exposures of RTgill-W1 cells.

EC50 95% confidence Hill R

(uLM) interval Slope
Metabolic activity 54.20 48.11-61.06 -1.519 0.9760
AgNP Cell membrane integrity 64.89 59.70-70.54 -1.195 0.9888
Lysosomal membrane integrity 65.83 49.76-87.08 -0.838 0.8849
Metabolic activity 9.681 8.916-10.51 -1.167 0.9885
AgNO;  Cell membrane integrity 22.00 18.91-25.59 -0.917 0.9636
Lysosomal membrane integrity 11.26 9.085-13.95 -0.754 0.9317

EC 50 values were tested by Two-way ANOVA and no significant differences were found, n=3.
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The cellular uptake of AgNP by RTgill-W1 cells was quantified by inductively coupled plasma mass
spectrometry (ICP-MS) (Figure 3.2, Supplementary Figure S3.1). Much more silver accumulated over
24 h compared to 2 h of exposures for both AgNP and AgNOs. An about 2.5-10 fold higher accumu-
lation of AgNP compared to AgNO3; was observed for the same external total silver concentration

for both time points.
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Figure 3.2 Uptake of AgNP and AgNO; in RTgill-W1 cells.

Internal silver (mol/cell) were quantified by ICP-MS after exposure of RTgill-W1 cells to AgNO; (A) and AgNP (B) for 2
hand 24 h. 2.5 uM AgNO; (grid line in panel A X axis) and 20 uM AgNP (grid line in panel B X axis) were selected for
the later experiments. Data were presented as mean * standard deviation, n=3.

Based on the toxicity results, similarly toxic concentrations of AgNOs; and AgNP were chosen for
subsequent experiments. These concentrations were 2.5 uM for AgNOs and 20 uM for AgNP. These
concentrations caused a 20% effect on the cells (Figure 3.1A) but were at the same time high

enough for efficient quantification by mass spectrometry (Figure 3.2).

3.2.2  Localization of AgNP in RTgill-W1 cells

AgNP were found in the endosomes and lysosomes and other endocytic compartments in transmis-
sion electron microscopy (TEM) images (Figure 3.3A, E, F). Energy-Dispersive X-ray (EDX) confirmed
that high electron density dots were silver (Figure 3.3A-B). As demonstrated in Figure 3.3C-F, signif-

icant uptake of AgNP occurred in cells at 19°C compared to cells incubated at 4°C.
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Figure 3.3 Localization and identification of AgNP in RTgill-W1 cells under varying exposure conditions.

A and B: scanning transmission electron microscope image of AgNP in a RTgill-W1 cell organelle and the AgNP EDX
spectrum associated with it. C and D: transmission electron microscopy images of RTgill-W1 cells after exposure to
AgNP for 0.5 h at 4°C. E and F: TEM images of RTgill-W1 cells after exposure to AgNP for 0.5 h at 19°C. CP: cyto-
plasm. N: nucleus. EC: endocytic compartment. White arrows show the AgNP in cells.

60



Chapter 3 Silver nanoparticle-protein interactions in intact rainbow trout gill cells

To further study the AgNP containing compartments, subcellular fractionation of RTgill-W1 cells
was performed with density gradient centrifugation (Figure 3.4, Figure S3.2). After lysis of cells and
centrifugation, the lysate was separated by density gradient centrifugation in an OptiPrep™ gradi-
ent buffer. Acid phosphatase assay and LysoTracker staining indicated that intact lysosomes and
endosomes were enriched in a low density band (Fraction 1-3, endosome-lysosome fractions) (Fig-
ure 3.5, Figure S3.3). Nuclei, mitochondria, peroxisomes and some membrane debris were found in

a high density band (Fraction 8-10, cell membrane-mitochondria-nucleus fractions).
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Figure 3.4 Scheme of AgNP-protein corona isolation from intact cells.

After exposure to AgNP/AgNOs, RTgill-W1 cells were lysed and separated in a density gradient buffer with 15% to
30% Optiprep and ultracentrifuged at 145 000 x g for 2 h. Different fractions were collected and tested for total pro-
tein concentration, acid phosphatase activity (biomarker for endo-lysosome compartments) and silver content.
LysoTracker staining was used to check for the intactness of the endo-lysosome compartments. The AgNP-protein
coronas were separated from lysate of intact cell compartments by centrifugation. The corona proteins were identi-
fied with label-free quantitative mass spectrometry.

The silver content in each fraction was measured by ICP-MS. The silver content was enriched in
both the endosome-lysosome fractions and the cell membrane-mitochondria-nucleus fractions in
AgNP exposures (Figure 3.5). In contrast, in the AgNO; exposures, very low levels of silver were
seen in the cell membrane-mitochondria-nucleus fractions while the silver content was below the

limit of detection in the endosome-lysosome fractions.
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Figure 3.5 Silver content and acid phosphatase activity distribution in subcellular fractions isolated from AgNP or
AgNO;3 exposed cells.

A: cell fractions from AgNP exposed cells. B: cell fractions from AgNO; exposed cells. Fraction 1-3, endosome-
lysosome fractions; Fraction 8-10, cell membrane-mitochondria-nucleus fractions.

Taking different parameters, i.e. protein content, acid phosphatase activity and silver content to-
gether, the endosome-lysosome fractions and cell membrane-mitochondria-nucleus fractions were

harvested for AgNP-protein corona isolation. Samples from AgNO; exposures served as control.

3.2.3  Proteins identified from the AgNP corona

Relevant fractions containing the intact cellular compartments enriched in AgNP were lysed by
freezing and thawing in TBS with 1% CHAPS. The AgNP-protein corona was pelleted from the lysates
by centrifugation. Proteins in the AgNP-protein corona were identified by a label-free quantitative
mass spectrometry approach with nano-LC-MS/MS. A total of 1223 proteins were identified in both
AgNP and AgNOs exposures. Among those, 383 proteins were found to specifically bind to AgNP in
the RTgill-W1 cells, using an enrichment factor of at least two, relative to AgNO3 exposures, as the
cut-off value (Supplementary Spectra counts of Proteins file). An additional experiment was per-
formed to offer further proof of the identity of proteins binding to AgNP. Here, AgNP was added to
extracts of fractions separated as described above but from untreated cells. After incubation of
these extracts, the same protocol was used for AgNP-protein corona separation and protein identi-
fication. Among the proteins detected in the isolations starting from intact, exposed cells, 82 pro-

teins were confirmed in this AgNP-extraction experiment.

In order to test whether protein adsorption was correlated to cysteine abundance in proteins, a
strong silver ion ligand, cysteine abundance was compared between bound proteins and unbound

proteins from the AgNP-extraction experiment (Supplementary, cysteine abundance analysis).
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Bound proteins were identified in AgNP-protein corona isolated from incubation of AgNP with cell
extracts. Unbound proteins were identified from control extracts which never exposed to silver. No
statistically relevant trend was observed for linking protein adsorption and cysteine abundance by

t-test.

To identify protein functions and potential pathways of the 383 proteins isolated from the AgNP co-
rona, protein ontology was applied. Proteins not included in protein ontology analysis were
checked in UniProt. Proteins identified from the AgNP corona were found to belong to the cell
membrane, cytoplasm, endoplasmic reticulum (ER), endosome, Golgi, lysosome, mitochondrion
and nucleus (Table S3.2-6). Two biological pathways were identified that relate to AgNP uptake:
endocytosis pathways (GO:0006897~endocytosis, Table $3.4) and vesicle-mediated transport path-
way (G0:0016192~vesicle-mediated transport, Table S3.5). Based on these results, the interaction
of AgNP with RTgill-W1 cells was reconstructed along three main routes of interaction: cell mem-

brane and adhesion, uptake and vesicle trafficking as well as stress response (Figure 3.6).
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Figure 3.6 Reconstruction of AgNP interaction with RTgill-W1 cells.

Proteins identified from AgNP-proteins corona were analyzed with DAVID ontology and classified as belonging to cell
membrane functions (cell membrane and adhesion section) as well as endocytosis and vesicle-mediated transport
pathways (uptake and vesicle trafficking). Several proteins related to cellular stress response were listed in stress re-
sponse section. ER: endoplasmic reticulum.
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3.3 Discussion

In this study, the ability of RTgill-W1 cells to take up AgNP was explored and used to isolate and
identify the proteins that bound to AgNP upon trafficking in intact cells. On this basis, the events
following AgNP uptake into cells and ensuing toxicity can be, for the first time, described in the con-

text of the AgNP-protein corona.

AgNP entered RTgill-W1 cells via endocytic pathways, which was confirmed by different lines of ev-
idence. First, the fact that much more silver uptake was observed for AgNP exposures compared to
AgNO; at the same external silver concentration means that RTgill-W1 cells take up AgNP and Ag”
via different routes. Previous research indicated that cells take up Ag" via some Cu" transporters in
mammalian cells (Bertinato et al. 2010) and algae (Pillai et al. 2014). In contrast, AgNP uptake was
demonstrated in human mesenchymal stem cells to be via endocytic pathways (Greulich et al.
2011). Furthermore, the cellular uptake of AgNP was temperature- and therefore energy—
dependent, pointing toward active uptake, as is the case for endocytic processes. Finally, the silver
content after AgNP exposure was particularly high in the endosome-lysosome fractions. As for the
high silver signal in the cell membrane-mitochondria-nucleus fractions, it is difficult to conclude
that AgNP accumulate in mitochondria and nuclei because AgNP was never seen in these organelles
in TEM images. One explanation might be that the cell membrane-mitochondria-nucleus fraction
also contained some endocytosis related organelles which were overloaded with AgNP and cell
membrane debris containing AgNP. Then, due to large amounts of AgNP, these fragments would
have a significantly higher density than the endosome-lysosome fraction and therefore elute in the

cell membrane-mitochondria-nucleus fractions.

The cell membrane is the first location where cells interact with AgNP. Proteins located in the cell
membrane are responsible for substance and signal transport between the exterior and the interior
of a cell, they maintain cell structure, as well as support adhesion. Several plasma membrane
transport proteins were identified from the AgNP-protein corona formed in RTgill-W1 cells. One of
them is the ATPase Na*/K" transporting protein, which regulates the exchange of sodium and po-
tassium ions across the plasma membrane (Table S3.3). Schultz et al reported that citrate coated
AgNP, which is the same coating of AgNP as used in this work, led to significant inhibition of Na*/K"
ATPase activity in juvenile rainbow trout gill. Compared to fish exposed to silver ions, AgNP showed
a nano-specific effect to sodium influx in rainbow trout (Schultz et al. 2012). Other cell membrane

proteins, such as myoferlin and junction plakoglobin, participate in cell junction formation, adhe-
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sion and vesicular trafficking (Bernatchez et al. 2009; Cowin et al. 1986). Binding to AgNP could im-
pair the function of these membrane proteins and disrupt the cell membrane, which was also seen

for exposures to RTgill-W1 cells, reflected in the cell viability measurements.

Following contact with the cell membrane, the AgNP are apparently engulfed by RTgill-W1 cells via
endocytosis, as also illustrated by the proteins eluted from the protein corona. Indeed, the endocy-
totic pathway and vesicle-mediated transport pathway were highlighted by the gene ontology anal-
ysis. Identified proteins include adaptor-related protein complex 1(AP-1B1), caveolin 1, flotillin 1
and flotillin 2, EH-domain containing protein 1/2/4, and Rab Family Small GTPases (RAB5A, RAB7A,
RAB18).

AP-1B1 is a necessary factor in the clathrin-mediated endocytosis by facilitating both the recruit-
ment of clathrin to membranes and the recognition of sorting signals of clathrin-coated vesicles
(Canton and Battaglia 2012). Two other proteins participating in clathrin-coated vesicle formation,
namely syntaxin binding protein 5 and RAB5A, were also identified in the AgNP-protein corona.
Greulich and colleagues reported that several specific clathrin-mediated endocytosis inhibitors re-
duced the AgNP uptake by human mesenchymal stem cells (Greulich et al. 2011). However, also
caveolin 1, a biomarker of caveolae-mediated endocytosis, was identified from the protein corona.
This finding points to a possible clathrin-independent uptake in this study in addition to a clathrin-
dependent pathway. Flotillin 1 and flotillin 2 form flotillin vesicles and mediate a clathrin-
independent, caveolae-like endocytotic pathway (Meister and Tikkanen 2014; Vercauteren et al.
2011). Knockdown of these proteins decreased magnetic nanoparticle uptake in Hela cells

(Hofmann et al. 2014).

Once inside the cells, vesicles carrying AgNP were apparently transported to different compart-
ments, e.g. early endosome and multi-vesicular bodies. For example, in addition to clathrin-coated
vesicle formation, RAB5A is also required for the fusion of plasma membranes and early endosome
intracellular membrane trafficking. RAB7A is a dominant marker of late endosomes and lysosomes
and plays a key role in the regulation of endo-lysosomal trafficking (Grant and Donaldson 2009).
Live cell imaging by fluorescence microscopy revealed that polystyrene particles travelled in Hela
Kyoto cells and retinal pigment epithelial cells from early endosomes (marked with fluorescence la-
beled RAB5) to late endosomes and lysosomes (marked with fluorescence labeled RAB7) (Sandin et
al. 2012; Vercauteren et al. 2011). RAB5A and RAB7A were also identified in the corona of magnetic

nanoparticles separated from Hela cells (Hofmann et al. 2014).
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AgNP were stored in late endosomes and lysosomes and led to lysosome dysfunction. Several pre-
vious studies showed that nanoparticles co-localized with different endosome or lysosome protein
markers (Hofmann et al. 2014; Sandin et al. 2012; Wang et al. 2013). As a confirmation of these
previous studies, we identified a number of proteins associated with these compartments: lyso-
some membrane protein 2, Cathepsin D, and L-amino-acid oxidase isoform X2 (Table S6). Vacuolar
ATP synthase 16 kDa proteolipid subunit was another important protein identified in the AgNP-
protein corona. It is a hydrogen ion transport protein with proton-transporting ATPase activity in ly-
sosomes. This protein is a subunit of the membrane integral VO complex of vacuolar ATPase (v-
ATPase). Coupled with ATP hydrolysis, v-ATPase is responsible for acidifying lysosomes and late en-
dosomes. Ma et al found that gold nanoparticles cause lysosome alkalinization through dissociation

of v-ATPase in normal rat kidney cells (Ma et al. 2011).

Finally, trafficking of AgNP in cells seems to be a stress condition under which cells may synthesize
different proteins to protect the cells from damage. Indeed, several stress response proteins were
identified from the AgNP-protein corona, such as heat shock 70kDa, thioredoxin-dependent perox-
ide reductase, and apoptosis-inducing factor. SiO, nanoparticles induced increased thioredoxin re-
ductase levels in human epidermal keratinocytes; the enzyme is involved in redox regulation and

protection of radical-sensitive enzymes from oxidative damage (Passagne et al. 2012).

As discussed in previous work, cysteine abundance did not increase within identified from the pro-
teins in AgNP-protein corona (Eigenheer et al. 2014). This was opposite to the hypothesis that the
silver—thiol bond could enhance the protein binding to the AgNP surface. Thus, AgNP properties

other than dissolved silver appear more important for protein binding.

Overall, this is the first study to focus on industrial nanoparticle interaction with proteins in living
cells. With subcellular fractionation, the AgNP-protein corona was recovered from intact subcellular
compartments and mechanisms of AgNP toxicity to fish gill cells were interpreted from the identity
of proteins deduced. AgNP were taken up by RTgill-W1 cells via endocytosis pathways and trans-
ported via an endosome-lysosome pathway. In lysosomes, AgNP appear to have affected the lyso-
some function by interacting with v-ATPase. Furthermore, cell membrane proteins, like ATPase
Na'/K" transporting protein, were also found in the AgNP-protein corona, which affords an explana-
tion for the cell membrane toxicity. While this study dealt with the identification of the proteins,

how they may be affected in their structure and/or function is currently not known. Studying such

66



Chapter 3 Silver nanoparticle-protein interactions in intact rainbow trout gill cells

interactions would be very useful to further pin-down the mechanisms that nanoparticles have in

cells. The protein list established here can serve as a guide to prioritize such kind of investigations.
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3.4 Material and Methods

3.4.1 RTgill-W1 culture and toxicity measurement

RTgill-W1 cells were routinely cultivated in L15 medium (Invitrogen, Basel, Switzerland), supple-
mented with 5% fetal bovine serum (FBS, Gold, PAA Laboratories GmbH, Austria) and 1% penicil-
lin/streptomycin (Sigma-Aldrich, Buchs, Switzerland) in 75 cm? flasks. The L15 medium containing

these supplements is termed “complete L15”.

For exposure to AgNP and AgNOs, cells were seeded in 24-well microtiter plates, 25 cm? or 300 cm?
flasks and cultured in L15 complete medium. After being fully confluent, cell monolayers were
washed with d-L15/ex, a simple buffer that supports short-term RTgill-W1 cell survival and stabiliz-
es AgNP in suspension (Yue et al. 2015; Chapter 2). Then, AgNP or AgNO; suspension in the d-
L15/ex medium was added. Exposure was done at 4°C or 19°C in the dark for 0.5-2 h. Toxicity was
assessed by three measurements: Alamar Blue (AB, Invitrogen, Basel, Switzerland) was used to
measure the cellular metabolic activity; 5-carboxyfluorescein diacetate acetoxymethyl ester (CFDA-
AM, Invitrogen, Basel, Switzerland) to measure the cell membrane integrity; Neutral Red (NR, Sig-
ma-Aldrich, Buchs, Switzerland) to measure the lysosomal membrane integrity (Schirmer et al.

1997; Schirmer et al. 1998; Tanneberger et al. 2012).

3.4.2  Uptake of AgNP by RTgill-W1 cells and cell-internal distribution

To prepare samples for electron microscopy, confluent RTgill-W1 cells were exposed to AgNP in 24-
well plates. Cells were sequentially washed with PBS, 0.5 mM Cysteine in PBS for 5 min, and
Versene (Invitrogen/Gibco, Germany) to remove loosely bound AgNP and dissolved silver located
on the cell surface. Washed cells were fixed by glutaraldehyde and paraformaldehyde and postfixed
by osmium tetroxide (OsO,). After uranyl acetate block staining, samples were dehydrated with a
gradient of ethanol and embedded in Epon. Ultrathin sections were cut with a Leica microtome and
placed on carbon coated copper grids. Images were taken for transmission electron microscopy
(TEM, FEI Morgagni 268, 100 kV). A scanning transmission electron microscope (STEM, Hitachi HD-

2700) was used to perform the Energy dispersive X-ray spectroscopy (EDX) analyses.

To quantify the cell associated silver, RTgill-W1 cells were cultured in 25 cm? flasks until confluency
and then exposed to AgNP and AgNO;in d-L15/ex medium. After exposure, AgNP and AgNO; sus-
pension were discarded and cells were washed as described above with PBS and 0.5 mM Cys in PBS

for 5 min to remove the silver loosely adsorbed on the cell surface. Cells were then washed twice
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with Versene and trypsinized. Detached cells were re-suspended in L15 completed medium. Cell
suspensions were centrifuged at 1 000 x g for 3 min to pellet the cells. Cell pellets were re-
suspended in 550 pL PBS and the cell density counted by an electronic cell counter (CASY1 TCC,
Scharfe System, Germany). A volume of 500 L cell supernatant was digested with 4.5 mL of 65%
HNO; in a high-performance microwave digestion unit (MLS-1200 MEGA, Oberwil, Switzerland) at a
maximal temperature of 195 °C for 20 min. The digests were diluted 50-times and measured by ICP-
MS (Element 2 High Resolution Sector Field ICP-MS; Thermo Finnigan, Bremen, Germany). The reli-
ability of the measurements was determined using specific water references (M105A, IFA-Tull, Aus-

tria).

3.4.3  Subcellular fractionation

Isolation of intact cell compartments was based on a lysosome enrichment kit (Thermo Fisher scien-
tific, No. 89839, USA). All fractionation steps and subsequent NP-protein corona isolation work was
performed at 4 °C or on ice and all isolation buffers were added with protease inhibitor (Halt™ Pro-
tease Inhibitor Single-Use Cocktail EDTA-Free, Thermo Fisher scientific, No. 78425, USA) in order to

minimize protein degradation.

About 3 x 10% RTgill-W1 cells were used for this work. After washing with 0.5 mM cysteine solution
in PBS, cells treated with silver or untreated cells were harvested with trypsin digestion and centri-
fuged to pellet the cells as described above. Cell pellets were suspended in lysis buffer and lysed by
sonication (LABSONIC® M, Sartorius AG, Germany), 90W, 10 sec for 2 times. Trypan blue staining
was used to check the percentage of broken cells and ensure that at least 80% of cells were lysed.
The cell lysate was centrifuged at 500 x g for 10 min to spin down unbroken cells and big fragments
such as some remaining nuclei. The centrifuged lysate was loaded in a density gradient buffer with
15% to 30% Optiprep and ultra-centrifuged at 145,000 x g for 2 h (CENTRIKON T-2000, KONTRON
Instruments, Switzerland). After centrifugation, several bands formed in the gradient. These bands
were separated into 12 fractions according to density (F1-F12, low density - high density). Each frac-
tion was mixed with 2-3 volumes of PBS to decrease fraction density and centrifuged at 18,000 x g
for 30 minutes. Pellets were surface washed with 200 pL gradient dilution buffer and centrifuged at
18,000 x g for 30 minutes. Each pellet was tested for protein concentration, acid phosphatase activ-

ity, silver content and LysoTracker staining.

Protein assay was performed with bradford assay (Coomassie Plus™ (Bradford) Assay Kit, Thermo

Fisher scientific, No.23236, USA). Acid phosphatase activity was checked with an acid phosphatase
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assay kit (Sigma, CS0740, USA). Silver content was measured with ICP-MS as described above.
Lysotracker (LysoTracker® Red DND-99, L7528, Invitrogen, United States) can stain intact acidic cell
compartments such as late endosomes and lysosomes. LysoTracker staining was used to distinguish
the endosome and lysosome in different fractions and check the intactness of the isolated cell

compartments. After that, each pellet was frozen at -80 °C for subsequent work.

3.4.4  AgNP-Protein corona isolation
The protein corona was isolated in two different approaches. The first was the isolation after intact
cells were exposed and subcellular fractions isolated as described above. The second approach was

to fractionate cells as described above and expose those fraction extracts to AgNP.

Isolation after exposure to AgNP or AgNO; of intact cells: Selected cell compartment pellets were

lysed in 200 pL 1% CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate, Sigma,
C5849) in TBS (Tris-NaCl) buffer by freezing at -80 °C and thawing at 25 °C for 3 times. After vortex-
ing at maxim speed for 1 min, each sample was centrifuged at 500 x g for 10 minutes to remove
larger debris. Supernatants were transferred to a new eppendorf protein LoBind tube and centri-
fuged at 10,000 x g for 45 minutes. After removing the supernatant with the unbound proteins, 50
uL TBS was added to each pellet and centrifuged at 10,000 x g for 30 minutes for washing. The re-
sulting supernatant was again removed; the pellet now contained the AgNP-protein corona. The

same procedure was followed after AgNO; exposure as a control.

Isolation after exposure to AgNP of cell fraction extracts To confirm the proteins that bind to AgNP

in intact cells, the same cell compartments were isolated and extracted from unexposed cells and
subsequently incubated with AgNP. Thus, cell compartments pelleted from the same density gradi-
ent fractions were lysed in the same way as above with the exception of CHAPS, which was de-
creased to 0.25%. After centrifugation of the debris, supernatants (extracted proteins) were quanti-
fied by Nanodrop 2000 (Thermo Fisher Scientific) at A280 and direct detect system (Merck Milli-
pore). A concentration of 0.1 mg/mL AgNP and 1 mg/mL extract proteins were incubated for 2 h in
19 °C. Then, the same protocol as described above and below was applied to isolate and identify

the AgNP-protein corona.

3.4.5 Protein identification

To detached proteins from the AgNP-protein corona, 35-50 pL TBS with 1% SDS and 50 mM DTT

were added to each sample and incubated at 95 °C for 15 min. Samples were centrifuged at room
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temperature for 15 min at 18,000 x g to pellet AgNP. Supernatants containing isolated proteins
were collected and quantified by Nanodrop and direct detect system. All samples were stored at -

20 °C for further analysis.

In order to identify the corona proteins by mass spectrometry, recovered protein samples were run
in SDS-PAGE for a short time to remove CHAPS. Protein bands were excised and digested in-gel with
trypsin and analyzed by electrospray liquid chromatography mass spectrometry (LC MS/MS) with a
label-free quantitative mass spectrometry approach. The MS raw data were analyzed by Scaffold 4

(version 4.3.4) and searched to rainbow trout protein recordings in NCBI.

3.4.6  Protein ontology analysis

After data evaluation of the MS spectra, >2-fold enriched proteins in AgNP samples were selected
for further analysis. All selected proteins in rainbow trout were blasted to the human data base in
NCBI in order to get the relative human protein Gl number and a better protein functional annota-
tion from human data than with fish. In this work, as we aimed to investigate the interaction of
AgNP with aquatic organisms, the rainbow trout gill cell line was selected as model. However, the
genome information for rainbow trout is still limited. Therefore, as long as analysis has to rely on
NCBI database alone, certain proteins not recorded there are lost. This might, for example, explain
why we did not find as many proteins from the endocytic pathways as previous work with human
cell lines (Hofmann et al. 2014). All identified human proteins were forwarded to DAVID protein on-
tology analysis (Huang et al. 2008; http://david.abcc.ncifcrf.gov/). Functional annotation clustering
was performed using DAVID ontology analysis. Cluster enrichment and p-values for each item in

clusters were calculated.
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3.5 Supplementary Material
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Figure S3.1 Intracellular silver content in RTgill-W1cells by ICP-MS.

Internal silver content were represented by (mol/L., A) and (mol/cell, B) after different times 0.5 mM Cys solution
washing. Internal silver (mol/cell) after exposed RTgill-W1 cells to AgNO; (C) and AgNP (D) for 2 h and 24 h.
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A: Isolation of AgNP-protein corona from AgNP treated intact cells.
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Figure S3.2 Schematic overview of AgNP-Protein corona separation workflow.

A: Separating AgNP-Protein from RTgill-W1 cells after exposed to 20 uM AgNP for 2 h. B: Separating AgNP-Protein
from RTgill-W1 cell fractions extracts after incubating with AgNP. Density gradient buffer: 15-30% Optiprep buffer.
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Figure S3.3 Cell organelles in fractions by LysoTracker staining.

A-C: samples from fraction 1-3, endosome-lysosome fractions. D-F: samples from fraction 8-10, cell membrane-
mitochondria-nucleus fractions. A and D: LysoTacker red fluorescence images. B and E: Bright field images. Cand F:
merge fluorescence images with bright field image.
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Table S3.1 Dissolution of AgNP in d-L15/ex after incubation with RTgill-W1 cells for 2 h.

Dissolved silver 25 uM 100 uM
Centrifugal Ultrafiltration 0.57% 0.26%
Ultra-centrifugation 6.87% 3.23%
Average 2.73%
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Table S3.2 Overview of proteins identified from AgNP-protein corona.

Proteins identified from AgNP-protein corona

Proteins identified
from control

Sample preparation | IntactS Extra S Intact S + Extra S Extra S control
Total proteins from AgNP-protein corona 383 236 82
Proteins included in GO analysis 266
Proteins in cell membrane 34
Proteins in lysosome 7
Proteins in endocytosis pathway 9
Proteins in vesicle-mediated transport 29
pathway
Proteins for cysteine abundances analysis 236 154
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Table S3.3 DAVID ontology analysis of proteins.

All the proteins were enriched > 2-fold in the AgNP sample compared to the AgNO; sample. Total: 35 clusters.

Annotation Cluster 1 Enrichment Score: 18.75

Fold

Enrich-

rich- Benja-
Category Term Count p Value ment mini
SP_PIR_KEYWORDS mitochondrion 59 3.7E-25 5.13 6.6E-23
GOTERM_CC_FAT G0:0044429~mitochondrial part 55 4.8E-23 4.94 1.7E-20
GOTERM_CC_FAT G0:0005739~mitochondrion 71 2.6E-21 3.49 4.6E-19
GOTERM_CC_FAT G0:0031967~organelle envelope 53 1.2E-20 4.57 1.5E-18
GOTERM_CC_FAT G0:0031975~envelope 53 1.4E-20 4.56 1.3E-18
GOTERM_CC_FAT G0:0031090~organelle membrane 70 1.9E-20 3.42 1.3E-18
GOTERM_CC_FAT G0:0031966~mitochondrial membrane 41 7.8E-19 5.57 4.6E-17
GOTERM_CC_FAT G0:0005740~mitochondrial envelope 42 1.0E-18 5.36 5.2E-17
GOTERM_CC_FAT G0:0019866~organelle inner membrane 32 8.2E-14 5.20 3.6E-12
GOTERM_CC_FAT G0:0005743~mitochondrial inner membrane 29 2.9E-12 5.07 1.0E-10
Annotation Cluster 2 Enrichment Score: 10.81

Fold

Enrich-

rich- Benja-
Category Term Count p Value ment mini
SP_PIR_KEYWORDS mitochondrion 59 3.7E-25 5.13 6.6E-23
GOTERM_CC_FAT G0:0044429~mitochondrial part 55 4.8E-23 4.94 1.7E-20
GOTERM_CC_FAT G0:0005739~mitochondrion 71 2.6E-21 3.49 4.6E-19
SP_PIR_KEYWORDS transit peptide 34 2.2E-14 5.17 2.6E-12
UP_SEQ_FEATURE transit peptide:Mitochondrion 32 5.3E-13 4.92 4.6E-10
GOTERM_CC_FAT G0:0031980~mitochondrial lumen 22 1.5E-09 5.18 4.7E-08
GOTERM_CC_FAT G0:0005759~mitochondrial matrix 22 1.5E-09 5.18 4.7E-08
GOTERM_CC_FAT G0:0070013~intracellular organelle lumen 51 1.6E-03 1.53 1.6E-02
GOTERM_CC_FAT G0:0031974~”membrane-enclosed lumen 52 2.4E-03 1.50 2.2E-02
GOTERM_CC_FAT G0:0043233~organelle lumen 51 2.6E-03 1.50 2.4E-02
GOTERM_CC_FAT G0:0031981~nuclear lumen 23 8.7E-01 0.85 1.0E+00
Annotation Cluster 3 Enrichment Score: 7.04

Fold

Enrich-

rich- Benja-
Category Term Count p Value ment mini
SP_PIR_KEYWORDS nucleotide-binding 65 4.2E-14 2.79 3.0E-12
GOTERM_MF_FAT G0:0000166~nucleotide binding 78 1.1E-11 2.14 1.4E-09
GOTERM_MF_FAT G0:0017076~purine nucleotide binding 70 2.6E-11 2.25 2.7E-09
GOTERM_MF_FAT G0:0032555~purine ribonucleotide binding 66 2.5E-10 2.21 2.2E-08
GOTERM_MF_FAT G0:0032553~ribonucleotide binding 66 2.5E-10 2.21 2.2E-08
SP_PIR_KEYWORDS atp-binding 40 5.8E-06 2.18 9.5E-05
GOTERM_MF_FAT G0:0001883~purine nucleoside binding 50 6.2E-06 1.92 4.6E-04
GOTERM_MF_FAT G0:0001882~nucleoside binding 50 7.4E-06 1.91 4.9E-04
GOTERM_MF_FAT G0:0030554~adenyl nucleotide binding 48 2.0E-05 1.87 9.7E-04
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GOTERM MF FAT G0:0005524~ATP binding 44 8.6E-05 1.83 3.5E-03
GOTERM_MF_FAT G0:0032559~adenyl ribonucleotide binding 44 1.2E-04 1.81 4.1E-03
UP_SEQ_FEATURE nucleotide phosphate-binding region:ATP 24 7.8E-03 1.79 3.6E-01
Annotation Cluster 4 Enrichment Score: 6.58
Fold
Enrich-
rich- Benja-
Category Term Count p Value ment mini
SP_PIR_KEYWORDS P-loop 19 3.0E-14 11.84 2.7E-12
SP_PIR_KEYWORDS nucleotide binding 18 1.1E-13 12.16 6.4E-12
GOTERM_MF_FAT G0:0005525~GTP binding 31 3.0E-13 5.13 1.6E-10
GOTERM_MF_FAT G0:0019001~guanyl nucleotide binding 31 5.9E-13 4.99 1.6E-10
GOTERM_MF_FAT G0:0032561~guanyl ribonucleotide binding 31 5.9E-13 4.99 1.6E-10
GOTERM_MF_FAT G0:0003924~GTPase activity 23 3.5E-12 6.71 6.2E-10
SP_PIR_KEYWORDS gtp-binding 26 5.1E-12 5.71 2.3E-10
SP_PIR_KEYWORDS GTP binding 14 6.3E-12 15.11 2.5E-10
UP_SEQ_FEATURE nucleotide phosphate-binding region:GTP 21 6.0E-09 5.11 2.6E-06
SP_PIR_KEYWORDS prenylated cysteine 8 1.8E-08 25.15 4.5E-07
SP_PIR_KEYWORDS prenylation 14 2.6E-07 6.49 5.8E-06
UP_SEQ_FEATURE short sequence motif:Effector region 11 8.0E-07 8.32 2.3E-04
SP_PIR_KEYWORDS methylation 16 1.4E-06 4.78 2.7E-05
lipid moiety-binding region:S-geranylgeranyl
UP_SEQ_FEATURE cysteine 11 1.5E-06 7.75 3.3E-04
INTERPRO IPR005225:Small GTP-binding protein 14 2.0E-06 5.41 3.8E-04
G0:0007264~small GTPase mediated signal
GOTERM_BP_FAT transduction 19 5.0E-06 3.63 8.6E-04
INTERPRO IPRO01806:Ras GTPase 12 7.9E-06 5.74 1.1E-03
INTERPRO IPR013753:Ras 11 2.4E-05 5.68 2.8E-03
SMART SMO00175:RAB 7 8.5E-05 9.47 3.7E-03
SP_PIR_KEYWORDS lipoprotein 23 8.6E-05 2.59 1.2E-03
INTERPRO IPR003579:Ras small GTPase, Rab type 7 3.5E-04 7.41 2.8E-02
h_rabPathway:Rab GTPases Mark Targets In
BIOCARTA The Endocytotic Machinery 5 5.2E-04 11.74 7.1E-02
SP_PIR_KEYWORDS membrane trafficking 4 1.3E-03 18.08 1.3E-02
G0:0009898~internal side of plasma mem-
GOTERM_CC_FAT brane 15 2.4E-03 2.54 2.2E-02
GOTERM_BP_FAT G0:0007242~intracellular signaling cascade 35 4.7E-03 1.62 1.3E-01
IPRO02078:RNA polymerase sigma factor 54,
INTERPRO interaction 3 1.2E-02 17.61 2.8E-01
UP_SEQ_FEATURE propeptide:Removed in mature form 7 1.0E-01 2.20 9.1E-01
GOTERM_CC_FAT G0:0031225~anchored to membrane 5 5.9E-01 1.22 9.3E-01
Annotation Cluster 5 Enrichment Score: 6.36
Fold
Enrich-
rich- Benja-
Category Term Count p Value ment mini
GOTERM_CC_FAT G0:0042470~melanosome 18 5.1E-13 10.82 2.0E-11
GOTERM_CC_FAT G0:0048770~pigment granule 18 5.1E-13 10.82 2.0E-11
GOTERM_CC_FAT G0:0031410~cytoplasmic vesicle 27 1.6E-04 2.25 2.4E-03
GOTERM_CC_FAT G0:0031982~vesicle 27 3.1E-04 2.16 3.8E-03
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G0:0016023~cytoplasmic membrane-

GOTERM_CC_FAT bounded vesicle 23 6.2E-04 2.24 6.8E-03
GOTERM_CC_FAT G0:0031988~membrane-bounded vesicle 23 9.4E-04 2.17 9.7E-03
Annotation Cluster 6 Enrichment Score: 5.47

Fold

Enrich-

rich- Benja-
Category Term Count p Value ment mini
INTERPRO IPRO16040:NAD(P)-binding domain 15 8.4E-08 6.46 4.9E-05
SP_PIR_KEYWORDS nad 14 2.3E-06 5.36 4.1E-05
UP_SEQ_FEATURE nucleotide phosphate-binding region:NAD 9 1.0E-05 8.51 1.5E-03
UP_SEQ_FEATURE binding site:NAD 7 6.4E-05 10.06 7.9E-03
Annotation Cluster 7 Enrichment Score: 5.37

Fold

Enrich-

rich- Benja-
Category Term Count p Value ment mini
SP_PIR_KEYWORDS mitochondrion outer membrane 12 2.9E-09 12.40 8.1E-08
GOTERM_CC_FAT G0:0005741~mitochondrial outer membrane 12 8.4E-07 7.13 2.3E-05
GOTERM_CC_FAT G0:0031968~organelle outer membrane 12 3.6E-06 6.17 8.4E-05
GOTERM_CC_FAT G0:0019867~outer membrane 12 5.2E-06 5.94 1.1E-04
GOTERM_BP_FAT G0:0007005~mitochondrion organization 7 3.1E-02 2.96 4.2E-01
Annotation Cluster 8 Enrichment Score: 4.85

Fold

Enrich-

rich- Benja-
Category Term Count p Value ment mini
SMART SM00244:PHB 6 2.7E-07 38.09 2.4E-05
INTERPRO IPR001107:Band 7 protein 6 9.8E-07 29.80 2.8E-04

PIRSFO05651:membrane protease subunits,

PIR_SUPERFAMILY stomatin/prohibitin homologs 3 1.1E-02 18.11 6.1E-01
Annotation Cluster 9 Enrichment Score: 4.77

Fold

Enrich-

rich- Benja-
Category Term Count p Value ment mini
GOTERM_CC_FAT G0:0005626~insoluble fraction 37 2.1E-06 2.36 5.3E-05
GOTERM_CC_FAT G0:0000267~cell fraction 43 3.7E-06 2.12 8.1E-05
GOTERM_CC_FAT G0:0005624~membrane fraction 35 6.6E-06 2.31 1.3E-04
GOTERM_CC_FAT G0:0005792~microsome 15 1.4E-04 3.38 2.3E-03
GOTERM_CC_FAT G0:0042598~vesicular fraction 15 1.9E-04 3.29 2.8E-03
Annotation Cluster 10 Enrichment Score: 4.51

Fold

Enrich-

rich- Benja-
Category Term Count p Value ment mini

G0:0006091~generation of precursor metabo-

GOTERM_BP_FAT lites and energy 24 4.0E-09 4.47 6.2E-06
GOTERM_BP_FAT G0:0009060~aerobic respiration 9 1.0E-07 14.99 5.2E-05
SP_PIR_KEYWORDS tricarboxylic acid cycle 7 2.9E-07 24.10 5.9E-06
GOTERM_BP_FAT G0:0045333~cellular respiration 12 7.8E-07 7.21 2.4E-04
GOTERM_BP_FAT G0:0046356~acetyl-CoA catabolic process 7 1.8E-06 17.75 4.1E-04
GOTERM_BP_FAT G0:0006099~tricarboxylic acid cycle 7 1.8E-06 17.75 4.1E-04
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GOTERM BP FAT G0:0009109~coenzyme catabolic process 7 4.0E-06 15.70 7.7E-04
G0:0015980~energy derivation by oxidation
GOTERM_BP_FAT of organic compounds 13 6.6E-06 5.26 1.0E-03
UP_SEQ_FEATURE nucleotide phosphate-binding region:NAD 9 1.0E-05 8.51 1.5E-03
GOTERM_BP_FAT G0:0051187~cofactor catabolic process 7 1.2E-05 13.17 1.5E-03
GOTERM_BP_FAT G0:0006084~acetyl-CoA metabolic process 7 1.2E-05 13.17 1.5E-03
G0:0043648~dicarboxylic acid  metabolic
GOTERM_BP_FAT process 7 2.1E-05 12.01 2.3E-03
KEGG_PATHWAY hsa00020:Citrate cycle (TCA cycle) 7 8.7E-05 9.11 1.2E-02
GOTERM_BP_FAT G0:0051186~cofactor metabolic process 13 1.3E-04 3.89 1.3E-02
GOTERM_BP_FAT G0:0006734~NADH metabolic process 4 2.6E-04 29.16 2.2E-02
GOTERM_BP_FAT G0:0006732~coenzyme metabolic process 11 3.0E-04 4.19 2.4E-02
GOTERM_BP_FAT G0:0043603~cellular amide metabolic process 7 3.7E-04 7.29 2.8E-02
G0:0006103~2-oxoglutarate metabolic pro-
GOTERM_BP_FAT cess 4 5.4E-04 23.32 3.6E-02
G0:0046496~nicotinamide nucleotide meta-
GOTERM_BP_FAT bolic process 6 5.6E-04 8.75 3.5E-02
GOTERM_BP_FAT G0:0006769~nicotinamide metabolic process 6 5.6E-04 8.75 3.5E-02
GOTERM_BP_FAT G0:0009820~alkaloid metabolic process 6 6.3E-04 8.53 3.8E-02
G0:0019362~pyridine nucleotide metabolic
GOTERM_BP_FAT process 6 7.1E-04 8.33 4.1E-02
GOTERM_BP_FAT G0:0019674~NAD metabolic process 5 7.9E-04 11.66 4.3E-02
G0:0006733~oxidoreduction coenzyme meta-
GOTERM_BP_FAT bolic process 6 1.9E-03 6.73 7.2E-02
GOTERM_BP_FAT G0:0019748~secondary metabolic process 7 2.3E-03 5.17 8.1E-02
Annotation Cluster 11 Enrichment Score: 4.46
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
SP_PIR_KEYWORDS oxidoreductase 33 1.1E-11 4.25 4.0E-10
GOTERM_BP_FAT G0:0055114~oxidation reduction 33 4.2E-08 3.01 3.2E-05
INTERPRO IPR0O16040:NAD(P)-binding domain 15 8.4E-08 6.46 4.9E-05
UP_SEQ_FEATURE binding site:Substrate 17 4.3E-06 4.11 7.4E-04
SP_PIR_KEYWORDS nadp 10 3.2E-04 4.64 4.0E-03
INTERPRO IPR002347:Glucose/ribitol dehydrogenase 6 1.3E-03 7.31 6.7E-02
IPR002198:Short-chain dehydrogen-
INTERPRO ase/reductase SDR 6 2.1E-03 6.57 9.0E-02
PIR_SUPERFAMILY PIRSF000092:short-chain dehydrogenase 4 3.1E-03 13.00 4.1E-01
UP_SEQ_FEATURE active site:Proton acceptor 15 7.7E-02 1.64 8.8E-01
UP_SEQ_FEATURE nucleotide phosphate-binding region:NADP 4 7.8E-02 3.99 8.7E-01
Annotation Cluster 12 Enrichment Score: 4.35
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
GOTERM_MF_FAT G0:0050662~coenzyme binding 14 7.6E-06 4.76 4.4E-04
GOTERM_MF_FAT G0:0048037~cofactor binding 16 1.3E-05 3.95 6.8E-04
GOTERM_MF_FAT G0:0051287~NAD or NADH binding 6 9.3E-04 7.85 2.6E-02
Annotation Cluster 13 Enrichment Score: 3.49
Fold Benja-
Category Term Count P Value Enrich- | mini
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rich-
ment
SP_PIR_KEYWORDS tricarboxylic acid cycle 7 2.9E-07 24.10 5.9E-06
GOTERM_BP_FAT G0:0006099~tricarboxylic acid cycle 7 1.8E-06 17.75 4.1E-04
GOTERM_BP_FAT G0:0046356~acetyl-CoA catabolic process 7 1.8E-06 17.75 4.1E-04
GOTERM_BP_FAT G0:0009109~coenzyme catabolic process 7 4.0E-06 15.70 7.7E-04
GOTERM_BP_FAT G0:0006084~acetyl-CoA metabolic process 7 1.2E-05 13.17 1.5E-03
GOTERM_BP_FAT G0:0051187~cofactor catabolic process 7 1.2E-05 13.17 1.5E-03
KEGG_PATHWAY hsa00020:Citrate cycle (TCA cycle) 7 8.7E-05 9.11 1.2E-02
GOTERM_MF_FAT G0:0051287~NAD or NADH binding 6 9.3E-04 7.85 2.6E-02
UP_SEQ_FEATURE site:Critical for catalysis 3 1.9E-03 43.11 1.4E-01
IPR0O19818:Isocitrate/isopropylmalate  dehy-
INTERPRO drogenase, conserved site 3 2.3E-03 38.74 8.5E-02
G0:0004448~isocitrate dehydrogenase activi-
GOTERM_MF_FAT ty 3 2.5E-03 36.92 6.4E-02
GOTERM_BP_FAT G0:0006102~isocitrate metabolic process 3 2.8E-03 34.99 9.0E-02
IPR0O01804:Isocitrate/isopropylmalate  dehy-
INTERPRO drogenase 3 3.4E-03 32.28 1.2E-01
metal ion-binding site:Magnesium or manga-
UP_SEQ_FEATURE nese 3 2.3E-02 12.68 5.9E-01
SP_PIR_KEYWORDS manganese 4 3.5E-01 1.90 7.8E-01
GOTERM_MF_FAT G0:0030145~manganese ion binding 4 4.6E-01 1.60 9.9E-01
Annotation Cluster 14 Enrichment Score: 3.24
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
GOTERM_CC_FAT G0:0012505~endomembrane system 32 5.4E-05 2.19 9.9E-04
GOTERM_CC_FAT G0:0005783~endoplasmic reticulum 35 2.1E-04 1.95 2.9E-03
GOTERM_CC_FAT G0:0044432~endoplasmic reticulum part 18 2.7E-04 2.77 3.4E-03
SP_PIR_KEYWORDS endoplasmic reticulum 23 3.8E-04 2.33 4.4E-03
G0:0005789~endoplasmic reticulum mem-
GOTERM_CC_FAT brane 13 4.6E-03 2.58 3.8E-02
G0:0042175~nuclear envelope-endoplasmic
GOTERM_CC_FAT reticulum network 13 7.0E-03 2.45 5.1E-02
Annotation Cluster 15 Enrichment Score: 3.14
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
G0:0030062~mitochondrial tricarboxylic acid
GOTERM_CC_FAT cycle enzyme complex 4 1.2E-04 35.65 2.0E-03
G0:0045239~tricarboxylic acid cycle enzyme
GOTERM_CC_FAT complex 4 2.1E-04 30.56 2.8E-03
G0:0045240~dihydrolipoyl dehydrogenase
GOTERM_CC_FAT complex 3 3.3E-03 32.09 2.8E-02
G0:0005947~mitochondrial alpha-
GOTERM_CC_FAT ketoglutarate dehydrogenase complex 3 3.3E-03 32.09 2.8E-02
Annotation Cluster 16 Enrichment Score: 2.89
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
GOTERM_BP_FAT G0:0046395~carboxylic acid catabolic process 10 1.2E-04 5.25 1.2E-02
GOTERM_BP_FAT G0:0016054~organic acid catabolic process 10 1.2E-04 5.25 1.2E-02
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G0:0009083~branched chain family amino

GOTERM_BP_FAT acid catabolic process 4 7.3E-04 21.20 4.1E-02
G0:0009081~branched chain family amino
GOTERM_BP_FAT acid metabolic process 4 2.3E-03 14.58 7.9E-02
hsa00280:Valine, leucine and isoleucine
KEGG_PATHWAY degradation 6 4.2E-03 5.50 6.3E-02
G0:0009063~cellular amino acid catabolic
GOTERM_BP_FAT process 6 6.1E-03 5.15 1.5E-01
GOTERM_BP_FAT G0:0009310~amine catabolic process 6 1.1E-02 4.49 2.2E-01
Annotation Cluster 17 Enrichment Score: 2.87
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
SP_PIR_KEYWORDS transport 53 1.8E-08 2.29 4.4E-07
SP_PIR_KEYWORDS protein transport 24 2.9E-07 3.58 6.1E-06
GOTERM_BP_FAT G0:0016192~vesicle-mediated transport 29 5.9E-07 2.94 2.3E-04
GOTERM_BP_FAT G0:0008104~protein localization 37 8.9E-07 2.45 2.3E-04
G0:0045184~establishment of protein locali-
GOTERM_BP_FAT zation 32 7.2E-06 2.43 1.0E-03
GOTERM_BP_FAT G0:0015031~protein transport 31 1.6E-05 2.37 1.9E-03
GOTERM_BP_FAT G0:0046907~intracellular transport 26 1.5E-04 2.31 1.3E-02
GOTERM_BP_FAT G0:0034613~cellular protein localization 17 1.9E-03 2.41 7.3E-02
G0:0070727~cellular macromolecule localiza-
GOTERM_BP_FAT tion 17 2.0E-03 2.39 7.5E-02
GOTERM_BP_FAT G0:0006605~protein targeting 10 1.2E-02 2.71 2.3E-01
GOTERM_BP_FAT G0:0006886~intracellular protein transport 14 1.2E-02 2.18 2.3E-01
GOTERM_BP_FAT G0:0033365~protein localization in organelle 8 1.3E-02 3.20 2.4E-01
GOTERM_BP_FAT G0:0017038~protein import 7 2.5E-02 3.12 3.7E-01
GOTERM_BP_FAT G0:0006839~mitochondrial transport 5 3.0E-02 4.23 4.2E-01
GOTERM_BP_FAT G0:0051170~nuclear import 5 6.4E-02 3.31 6.0E-01
GO0:0006626~protein targeting to mitochon-
GOTERM_BP_FAT drion 3 1.1E-01 5.15 7.3E-01
G0:0070585~protein localization in mito-
GOTERM_BP_FAT chondrion 3 1.1E-01 5.15 7.3E-01
GOTERM_BP_FAT G0:0006606~protein import into nucleus 4 1.8E-01 2.71 8.5E-01
GOTERM_BP_FAT G0:0034504~protein localization in nucleus 4 2.2E-01 2.48 8.8E-01
GOTERM_BP_FAT G0:0006913~nucleocytoplasmic transport 5 2.8E-01 1.87 9.1E-01
GOTERM_BP_FAT G0:0051169~nuclear transport 5 2.8E-01 1.85 9.2E-01
Annotation Cluster 18 Enrichment Score: 2.70
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
UP_SEQ_FEATURE repeat:Solcar 1 7 9.9E-05 9.31 1.1E-02
UP_SEQ_FEATURE repeat:Solcar 2 7 9.9E-05 9.31 1.1E-02
IPR018108:Mitochondrial substrate/solute
INTERPRO carrier 7 2.2E-04 8.07 2.1E-02
UP_SEQ_FEATURE repeat:Solcar 3 6 6.9E-04 8.45 6.4E-02
INTERPRO IPR001993:Mitochondrial substrate carrier 6 1.2E-03 7.45 6.7E-02
GOTERM_BP_FAT GO0:0055085~transmembrane transport 20 4.1E-03 2.05 1.2E-01
INTERPRO IPR002067:Mitochondrial carrier protein 4 8.1E-03 9.57 2.1E-01
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INTERPRO IPR002113:Adenine nucleotide translocator 1 3 6.0E-02 7.45 6.8E-01
PIR_SUPERFAMILY PIRSF002458:ADP,ATP carrier protein 3 1.6E-01 4.23 1.0E+00
Annotation Cluster 19 Enrichment Score: 2.60
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
GOTERM_CC_FAT G0:0005856~cytoskeleton 45 2.5E-04 1.74 3.2E-03
G0:0043232~intracellular non-membrane-
GOTERM_CC_FAT bounded organelle 65 8.2E-03 1.34 5.9E-02
G0:0043228~non-membrane-bounded orga-
GOTERM_CC_FAT nelle 65 8.2E-03 1.34 5.9E-02
Annotation Cluster 20 Enrichment Score: 2.54
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
SP_PIR_KEYWORDS mitochondrion inner membrane 18 1.6E-09 6.74 4.7E-08
GOTERM_CC_FAT G0:0044455~mitochondrial membrane part 14 5.6E-07 5.99 1.6E-05
G0:0015077~monovalent inorganic cation
GOTERM_MF_FAT transmembrane transporter activity 10 4.6E-05 5.92 2.0E-03
G0:0015078~hydrogen ion transmembrane
GOTERM_MF_FAT transporter activity 9 1.0E-04 6.15 3.8E-03
G0:0022890~inorganic cation transmembrane
GOTERM_MF_FAT transporter activity 11 1.7E-04 4.48 5.6E-03
KEGG_PATHWAY hsa05012:Parkinson's disease 11 1.1E-03 3.47 5.0E-02
KEGG_PATHWAY hsa00190:Oxidative phosphorylation 11 1.2E-03 3.41 3.4E-02
SP_PIR_KEYWORDS oxidative phosphorylation 5 1.3E-03 10.33 1.3E-02
GOTERM_BP_FAT G0:0006119~oxidative phosphorylation 8 1.4E-03 4.76 6.1E-02
KEGG_PATHWAY hsa04260:Cardiac muscle contraction 8 2.8E-03 4.14 4.9E-02
SP_PIR_KEYWORDS respiratory chain 6 3.0E-03 6.11 2.5E-02
KEGG_PATHWAY hsa05016:Huntington's disease 12 4.5E-03 2.69 5.6E-02
SP_PIR_KEYWORDS membrane-associated complex 4 9.5E-03 9.04 6.5E-02
GOTERM_MF_FAT G0:0004129~cytochrome-c oxidase activity 4 1.0E-02 8.79 1.6E-01
G0:0015002~heme-copper terminal oxidase
GOTERM_MF_FAT activity 4 1.0E-02 8.79 1.6E-01
GO0:0016676~oxidoreductase activity, acting
GOTERM_MF_FAT on heme group of donors, oxygen as acceptor 4 1.0E-02 8.79 1.6E-01
G0:0016675~oxidoreductase activity, acting
GOTERM_MF_FAT on heme group of donors 4 1.0E-02 8.79 1.6E-01
GOTERM_CC_FAT G0:0070469~respiratory chain 6 1.3E-02 4.28 8.4E-02
KEGG_PATHWAY hsa05010:Alzheimer's disease 10 1.8E-02 2.48 1.7E-01
SP_PIR_KEYWORDS mitochondrial inner membrane 3 2.8E-02 11.42 1.5E-01
GOTERM_CC_FAT G0:0005746~mitochondrial respiratory chain 5 3.1E-02 4.18 1.6E-01
GOTERM_BP_FAT G0:0022900~electron transport chain 6 4.6E-02 3.07 5.2E-01
SP_PIR_KEYWORDS electron transport 5 5.0E-02 3.62 2.2E-01
G0:0022904~respiratory electron transport
GOTERM_BP_FAT chain 4 9.6E-02 3.64 7.0E-01
SP_PIR_KEYWORDS electron transfer 3 1.5E-01 4.34 4.9E-01
GO0:0042775~mitochondrial ATP  synthesis
GOTERM_BP_FAT coupled electron transport 3 2.5E-01 3.12 9.0E-01
G0:0042773~ATP synthesis coupled electron
GOTERM_BP_FAT transport 3 2.5E-01 3.12 9.0E-01
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Annotation Cluster 21

Enrichment Score: 2.28

Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
SP_PIR_KEYWORDS cytoskeleton 21 5.4E-04 2.39 5.9E-03
SP_PIR_KEYWORDS actin binding 5 2.2E-03 9.04 1.9E-02
GOTERM_MF_FAT G0:0008092~cytoskeletal protein binding 18 3.4E-03 2.20 8.2E-02
SP_PIR_KEYWORDS actin-binding 10 7.4E-03 2.93 5.4E-02
SMART SM00033:CH 5 9.8E-03 5.90 1.3E-01
GOTERM_MF_FAT G0:0003779~actin binding 12 1.7E-02 2.26 2.3E-01
INTERPRO IPR0O01715:Calponin-like actin-binding 5 2.3E-02 4.61 4.3E-01
Annotation Cluster 22 Enrichment Score: 2.21
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
GOTERM_BP_FAT G0:0030036~actin cytoskeleton organization 13 5.1E-04 3.35 3.5E-02
GOTERM_BP_FAT G0:0030029~actin filament-based process 13 9.1E-04 3.15 4.6E-02
GOTERM_BP_FAT G0:0007015~actin filament organization 6 7.7E-03 4.86 1.7E-01
GOTERM_BP_FAT G0:0007010~cytoskeleton organization 16 8.0E-03 2.14 1.8E-01
GOTERM_CC_FAT G0:0005925~focal adhesion 6 4.2E-02 3.15 2.0E-01
GOTERM_CC_FAT G0:0005924~cell-substrate adherens junction 6 4.8E-02 3.03 2.2E-01
Annotation Cluster 23 Enrichment Score: 2.16
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
G0:0004579~dolichyl-
diphosphooligosaccharide-protein glycotrans-
GOTERM_MF_FAT ferase activity 4 3.3E-04 27.35 1.0E-02
G0:0004576~oligosaccharyl transferase
GOTERM_MF_FAT activity 4 4.6E-04 24.61 1.3E-02
G0:0018279~protein amino acid N-linked
GOTERM_BP_FAT glycosylation via asparagine 4 5.4E-04 23.32 3.6E-02
GOTERM_BP_FAT G0:0018196~peptidyl-asparagine modification 4 5.4E-04 23.32 3.6E-02
G0:0008250~oligosaccharyltransferase com-
GOTERM_CC_FAT plex 4 6.9E-04 21.39 7.4E-03
G0:0005789~endoplasmic reticulum mem-
GOTERM_CC_FAT brane 13 4.6E-03 2.58 3.8E-02
G0:0006487~protein amino acid N-linked
GOTERM_BP_FAT glycosylation 5 6.6E-03 6.63 1.6E-01
GO0:0042175~nuclear envelope-endoplasmic
GOTERM_CC_FAT reticulum network 13 7.0E-03 2.45 5.1E-02
G0:0009101~glycoprotein biosynthetic pro-
GOTERM_BP_FAT cess 7 5.4E-02 2.58 5.6E-01
GOTERM_BP_FAT G0:0009100~glycoprotein metabolic process 8 5.9E-02 2.31 5.9E-01
GOTERM_BP_FAT G0:0006486~protein amino acid glycosylation 6 6.8E-02 2.73 6.2E-01
GOTERM_BP_FAT G0:0070085~glycosylation 6 6.8E-02 2.73 6.2E-01
GOTERM_BP_FAT G0:0043413~biopolymer glycosylation 6 6.8E-02 2.73 6.2E-01
KEGG_PATHWAY hsa00510:N-Glycan biosynthesis 4 1.0E-01 3.51 5.2E-01
Annotation Cluster 24 Enrichment Score: 2.14
Fold Benja-
Category Term Count P Value Enrich- | mini
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rich-
ment
SP_PIR_KEYWORDS membrane 138 6.6E-11 1.60 2.2E-09
SP_PIR_KEYWORDS transmembrane 82 4.7E-02 1.19 2.1E-01
UP_SEQ_FEATURE transmembrane region 80 7.2E-02 1.17 8.9E-01
GOTERM_CC_FAT G0:0031224~intrinsic to membrane 96 8.4E-01 0.94 9.9E-01
UP_SEQ_FEATURE topological domain:Cytoplasmic 42 8.5E-01 0.89 1.0E+00
GOTERM_CC_FAT G0:0016021~integral to membrane 91 8.9E-01 0.92 1.0E+00
Annotation Cluster 25 Enrichment Score: 2.05
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
GOTERM_BP_FAT G0:0046395~carboxylic acid catabolic process 10 1.2E-04 5.25 1.2E-02
GOTERM_BP_FAT G0:0016054~organic acid catabolic process 10 1.2E-04 5.25 1.2E-02
GOTERM_BP_FAT G0:0030258~lipid modification 7 1.1E-03 5.92 5.3E-02
GOTERM_BP_FAT G0:0006635~fatty acid beta-oxidation 4 1.2E-02 8.33 2.3E-01
GOTERM_BP_FAT G0:0006631~fatty acid metabolic process 9 2.1E-02 2.65 3.4E-01
GOTERM_BP_FAT G0:0009062~fatty acid catabolic process 4 2.3E-02 6.48 3.6E-01
GOTERM_BP_FAT G0:0034440~lipid oxidation 4 2.9E-02 5.98 4.1E-01
GOTERM_BP_FAT G0:0019395~fatty acid oxidation 4 2.9E-02 5.98 4.1E-01
GOTERM_BP_FAT G0:0044242~cellular lipid catabolic process 4 1.4E-01 3.07 7.9E-01
GOTERM_BP_FAT G0:0016042~lipid catabolic process 5 3.4E-01 1.69 9.4E-01
Annotation Cluster 26 Enrichment Score: 2.04
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
G0:0032592~integral to mitochondrial mem-
GOTERM_CC_FAT brane 4 1.2E-03 17.83 1.2E-02
G0:0031307~integral to mitochondrial outer
GOTERM_CC_FAT membrane 3 4.9E-03 26.74 4.0E-02
G0:0031306~intrinsic to mitochondrial outer
GOTERM_CC_FAT membrane 3 6.8E-03 22.92 5.2E-02
GOTERM_CC_FAT G0:0031301~integral to organelle membrane 7 2.7E-02 3.04 1.4E-01
GOTERM_CC_FAT G0:0031300"intrinsic to organelle membrane 7 5.5E-02 2.56 2.4E-01
Annotation Cluster 27 Enrichment Score: 2.03
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
G0:0015077~monovalent inorganic cation
GOTERM_MF_FAT transmembrane transporter activity 10 4.6E-05 5.92 2.0E-03
G0:0015078~hydrogen ion transmembrane
GOTERM_MF_FAT transporter activity 9 1.0E-04 6.15 3.8E-03
G0:0022890~inorganic cation transmembrane
GOTERM_MF_FAT transporter activity 11 1.7E-04 4.48 5.6E-03
G0:0009141~nucleoside triphosphate meta-
GOTERM_BP_FAT bolic process 10 4.1E-04 4.45 3.0E-02
G0:0009205~purine ribonucleoside triphos-
GOTERM_BP_FAT phate metabolic process 9 8.8E-04 4.49 4.6E-02
G0:0009199~ribonucleoside triphosphate
GOTERM_BP_FAT metabolic process 9 9.3E-04 4.45 4.5E-02
G0:0009144~purine nucleoside triphosphate
GOTERM_BP_FAT metabolic process 9 1.2E-03 4.30 5.3E-02
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KEGG PATHWAY hsa00190:Oxidative phosphorylation 11 1.2E-03 3.41 3.4E-02
GO0:0006163~purine  nucleotide metabolic

GOTERM_BP_FAT process 11 1.4E-03 3.45 6.0E-02

GOTERM_BP_FAT G0:0006119~oxidative phosphorylation 8 1.4E-03 4.76 6.1E-02
G0:0009206~purine ribonucleoside triphos-

GOTERM_BP_FAT phate biosynthetic process 8 1.4E-03 4.76 6.1E-02
G0:0009145~purine nucleoside triphosphate

GOTERM_BP_FAT biosynthetic process 8 1.5E-03 4.71 6.3E-02
G0:0009201~ribonucleoside triphosphate

GOTERM_BP_FAT biosynthetic process 8 1.5E-03 4.71 6.3E-02
G0:0009142~nucleoside triphosphate biosyn-

GOTERM_BP_FAT thetic process 8 1.8E-03 4.57 7.3E-02

GOTERM_BP_FAT G0:0046034~ATP metabolic process 8 2.1E-03 4.44 7.7E-02
G0:0009150~purine ribonucleotide metabolic

GOTERM_BP_FAT process 9 2.5E-03 3.80 8.3E-02
G0:0009259~ribonucleotide metabolic pro-

GOTERM_BP_FAT cess 9 3.7E-03 3.57 1.1E-01
G0:0006164~purine nucleotide biosynthetic

GOTERM_BP_FAT process 9 3.9E-03 3.55 1.2E-01
G0:0009152~purine ribonucleotide biosyn-

GOTERM_BP_FAT thetic process 8 3.9E-03 3.99 1.1E-01

GOTERM_BP_FAT G0:0006754~ATP biosynthetic process 7 4.2E-03 4.59 1.2E-01
G0:0009260"~ribonucleotide biosynthetic

GOTERM_BP_FAT process 8 5.4E-03 3.76 1.4E-01
GO0:0042625~ATPase activity, coupled to

GOTERM_MF_FAT transmembrane movement of ions 6 6.9E-03 4.99 1.4E-01
GO0:0042626~ATPase activity, coupled to

GOTERM_MF_FAT transmembrane movement of substances 7 8.5E-03 3.95 1.6E-01
GO0:0043492~ATPase activity, coupled to

GOTERM_MF_FAT movement of substances 7 8.9E-03 3.92 1.6E-01
G0:0016820~hydrolase activity, acting on acid
anhydrides, catalyzing transmembrane

GOTERM_MF_FAT movement of substances 7 9.3E-03 3.88 1.6E-01

SP_PIR_KEYWORDS atp synthesis 3 1.3E-02 16.69 8.6E-02
G0:0015399~primary active transmembrane

GOTERM_MF_FAT transporter activity 7 1.4E-02 3.53 2.1E-01
G0:0015405~P-P-bond-hydrolysis-driven

GOTERM_MF_FAT transmembrane transporter activity 7 1.4E-02 3.53 2.1E-01

GOTERM_BP_FAT G0:0009165~nucleotide biosynthetic process 9 1.5E-02 2.82 2.6E-01
G0:0034404~nucleobase, nucleoside and

GOTERM_BP_FAT nucleotide biosynthetic process 9 1.8E-02 2.72 3.0E-01
G0:0034654~nucleobase, nucleoside, nucleo-

GOTERM_BP_FAT tide and nucleic acid biosynthetic process 9 1.8E-02 2.72 3.0E-01
G0:0019829~cation-transporting ATPase

GOTERM_MF_FAT activity 4 2.0E-02 6.84 2.6E-01

GOTERM_MF_FAT G0:0016887~ATPase activity 12 2.0E-02 2.21 2.6E-01
G0:0044271~nitrogen compound biosynthetic

GOTERM_BP_FAT process 12 2.4E-02 2.15 3.6E-01
G0:0046933~hydrogen ion transporting ATP

GOTERM_MF_FAT synthase activity, rotational mechanism 3 2.7E-02 11.54 3.2E-01

SP_PIR_KEYWORDS Hydrogen ion transport 4 2.8E-02 6.03 1.5E-01
GO0:0015986~ATP synthesis coupled proton

GOTERM_BP_FAT transport 4 3.1E-02 5.83 4.2E-01
G0:0015985~energy coupled proton

GOTERM_BP_FAT transport, down electrochemical gradient 4 3.1E-02 5.83 4.2E-01

GOTERM_MF_FAT G0:0042623~ATPase activity, coupled 10 3.3E-02 2.26 3.5E-01
G0:0033178~proton-transporting two-sector

GOTERM_CC_FAT ATPase complex, catalytic domain 3 4.3E-02 8.91 2.0E-01
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G0:0005753~mitochondrial proton-

GOTERM_CC_FAT transporting ATP synthase complex 3 4.8E-02 8.44 2.2E-01
GOTERM_BP_FAT G0:0034220~ion transmembrane transport 4 5.1E-02 4.76 5.4E-01
G0:0016469~proton-transporting two-sector
GOTERM_CC_FAT ATPase complex 4 5.1E-02 4.75 2.3E-01
GO0:0046961~proton-transporting ATPase
GOTERM_MF_FAT activity, rotational mechanism 3 5.3E-02 8.03 4.6E-01
GO0:0045259~proton-transporting ATP  syn-
GOTERM_CC_FAT thase complex 3 5.7E-02 7.64 2.4E-01
GOTERM_BP_FAT G0:0015992~proton transport 4 8.6E-02 3.82 6.7E-01
GOTERM_BP_FAT G0:0006818~hydrogen transport 4 9.3E-02 3.70 6.9E-01
GOTERM_BP_FAT G0:0006811~ion transport 18 1.6E-01 1.37 8.3E-01
GO0:0015662~ATPase activity, coupled to
transmembrane movement of ions, phosphor-
GOTERM MF FAT ylative mechanism 3 2.1E-01 3.48 8.9E-01
SP PIR KEYWORDS ion transport 11 2.8E-01 1.38 6.9E-01
GOTERM_BP_FAT GO0:0006812~cation transport 11 4.7E-01 1.16 9.8E-01
G0:0015672~monovalent inorganic cation
GOTERM_BP_FAT transport 6 6.4E-01 1.10 9.9E-01
Annotation Cluster 28 Enrichment Score: 2.03
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
GOTERM_BP_FAT G0:0016044~membrane organization 16 2.3E-03 2.45 8.0E-02
SP_PIR_KEYWORDS endosome 10 2.5E-03 3.46 2.2E-02
GOTERM_BP_FAT G0:0006897~endocytosis 9 3.5E-02 2.39 4.6E-01
GOTERM_BP_FAT G0:0010324~”membrane invagination 9 3.5E-02 2.39 4.6E-01
Annotation Cluster 29 Enrichment Score: 1.97
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
INTERPRO IPR012335:Thioredoxin fold 8 9.6E-04 5.11 6.0E-02
short sequence motif:Prevents secretion from
UP_SEQ_FEATURE ER 6 1.3E-03 7.31 1.1E-01
INTERPRO IPR017936:Thioredoxin-like 5 2.2E-03 8.97 8.7E-02
IPRO00886:Endoplasmic reticulum, targeting
INTERPRO sequence 5 5.0E-03 7.17 1.5E-01
G0:0005793~ER-Golgi intermediate compart-
GOTERM_CC_FAT ment 5 6.9E-03 6.52 5.2E-02
G0:0003756~protein  disulfide  isomerase
GOTERM_MF_FAT activity 3 8.7E-03 20.51 1.6E-01
G0:0016864~intramolecular  oxidoreductase
GOTERM_MF_FAT activity, transposing S-S bonds 3 8.7E-03 20.51 1.6E-01
G0:0016862~intramolecular  oxidoreductase
GOTERM_MF_FAT activity, interconverting keto- and enol-groups 3 1.1E-02 18.46 1.7E-01
GOTERM_CC_FAT G0:0005788~endoplasmic reticulum lumen 6 1.7E-02 4.01 9.8E-02
SP_PIR_KEYWORDS Redox-active center 4 2.0E-02 6.89 1.1E-01
GOTERM_BP_FAT G0:0045454~cell redox homeostasis 5 2.3E-02 4.63 3.6E-01
INTERPRO IPR017937:Thioredoxin, conserved site 3 6.0E-02 7.45 6.8E-01
INTERPRO IPRO13766:Thioredoxin domain 3 6.5E-02 7.17 6.9E-01
G0:0016860~intramolecular  oxidoreductase
GOTERM_MF_FAT activity 3 1.3E-01 4.86 7.4E-01

Annotation Cluster 30

Enrichment Score: 1.96
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Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
SP_PIR_KEYWORDS calcium binding 8 5.6E-04 5.62 5.9E-03
INTERPRO IPR018247:EF-HAND 1 12 5.7E-04 3.57 4.0E-02
INTERPRO IPRO18249:EF-HAND 2 11 1.9E-03 3.30 8.8E-02
INTERPRO IPR011992:EF-Hand type 11 3.8E-03 3.01 1.2E-01
UP_SEQ_FEATURE calcium-binding region:2 7 5.4E-03 4.37 2.8E-01
SMART SMO00054:EFh 7 7.4E-03 4.04 1.2E-01
UP_SEQ_FEATURE calcium-binding region:1 7 8.3E-03 3.99 3.6E-01
SP_PIR_KEYWORDS EF hand 5 9.4E-03 6.03 6.6E-02
UP_SEQ_FEATURE calcium-binding region:3 4 1.3E-02 7.98 4.6E-01
UP_SEQ_FEATURE domain:EF-hand 2 8 1.4E-02 3.16 4.5E-01
UP_SEQ_FEATURE domain:EF-hand 1 8 1.4E-02 3.16 4.5E-01
SP_PIR_KEYWORDS calcium 20 1.6E-02 1.80 9.8E-02
INTERPRO IPR002048:Calcium-binding EF-hand 7 2.4E-02 3.16 4.2E-01
UP_SEQ_FEATURE domain:EF-hand 3 5 4.2E-02 3.82 8.0E-01
UP_SEQ_FEATURE domain:EF-hand 4 4 4.9E-02 4.87 8.2E-01
GOTERM_MF_FAT G0:0005509~calcium ion binding 21 1.1E-01 1.41 7.1E-01
INTERPRO IPR018248:EF hand 4 3.2E-01 1.99 9.9E-01
Annotation Cluster 31 Enrichment Score: 1.92
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
hsa04670:Leukocyte transendothelial migra-
KEGG PATHWAY tion 10 2.3E-03 3.42 5.3E-02
KEGG PATHWAY hsa04360:Axon guidance 10 4.2E-03 3.13 5.8E-02
KEGG PATHWAY hsa04062:Chemokine signaling pathway 8 1.8E-01 1.73 6.4E-01
Annotation Cluster 32 Enrichment Score: 1.81
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
INTERPRO IPR012335:Thioredoxin fold 8 9.6E-04 5.11 6.0E-02
UP SEQ FEATURE domain:GST C-terminal 4 1.1E-02 8.71 4.2E-01
IPR010987:Glutathione S-transferase, C-
INTERPRO terminal-like 3 7.3E-02 6.68 7.1E-01
IPR017933:Glutathione S-transferase/chloride
INTERPRO channel, C-terminal 3 7.8E-02 6.46 7.3E-01
Annotation Cluster 33 Enrichment Score: 1.76
Fold
Enrich-
rich- Benja-
Category Term Count P Value ment mini
UP_SEQ_FEATURE domain:EH 3 1.9E-03 43.11 1.4E-01
SMART SM00027:EH 3 7.3E-03 22.51 1.5E-01
SMART SM00053:DYNc 3 1.0E-02 19.05 1.2E-01
INTERPRO IPRO00261:EPS15 homology (EH) 3 1.2E-02 17.61 2.8E-01
INTERPRO IPR001401:Dynamin, GTPase region 3 1.7E-02 14.90 3.5E-01
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UP SEQ FEATURE domain:EF-hand 3 1.1E-01 5.26 9.2E-01
KEGG_PATHWAY hsa04144:Endocytosis 8 1.7E-01 1.75 6.3E-01
Annotation Cluster 34 Enrichment Score: 1.73

Fold

Enrich-

rich- Benja-
Category Term Count P Value ment mini
SP_PIR_KEYWORDS endosome 10 2.5E-03 3.46 2.2E-02
GOTERM_CC_FAT G0:0005768~endosome 13 1.5E-02 2.21 9.2E-02
KEGG_PATHWAY hsa04144:Endocytosis 8 1.7E-01 1.75 6.3E-01
Annotation Cluster 35 Enrichment Score: 1.72

Fold

Enrich-

rich- Benja-
Category Term Count P Value ment mini
GOTERM_CC_FAT G0:0016323~basolateral plasma membrane 14 1.1E-04 3.69 1.9E-03
GOTERM_CC_FAT G0:0005912~adherens junction 9 8.5E-03 3.11 5.9E-02
GOTERM_CC_FAT G0:0070161~anchoring junction 9 1.5E-02 2.80 9.1E-02
GOTERM_CC_FAT G0:0030055~cell-substrate junction 7 1.8E-02 3.34 1.0E-01
GOTERM_CC_FAT G0:0005925~focal adhesion 6 4.2E-02 3.15 2.0E-01
GOTERM_CC_FAT G0:0005924~cell-substrate adherens junction 6 4.8E-02 3.03 2.2E-01
GOTERM_CC_FAT G0:0030054~cell junction 15 1.0E-01 1.55 3.7E-01
SP_PIR_KEYWORDS cell junction 8 3.1E-01 1.45 7.4E-01
Annotation Cluster 73 Enrichment Score: 0.6975542091836765

Fold

Enrich-

rich- Benja-
Category Term Count P Value ment mini
SP PIR KEYWORDS lysosome 6 5.6E-02 2.91 2.4E-01
GOTERM CC FAT G0:0005770~late endosome 4 8.6E-02 3.82 3.3E-01
KEGG PATHWAY hsa04142:Lysosome 5 3.2E-01 1.72 7.8E-01
GOTERM CC FAT G0:0005773~vacuole 7 3.3E-01 1.49 7.3E-01
GOTERM CC FAT G0:0000323~lytic vacuole 6 3.6E-01 1.52 7.6E-01
GOTERM CC FAT G0:0005764~lysosome 6 3.6E-01 1.52 7.6E-01
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Table S3.4 Proteins in cell membrane.

Protein Gl number" Gene Name
4502101 | annexin Al
51895795 | annexin A13
48255959 | ATPase, Ca++ transporting, plasma membrane 4
21361181 | ATPase, Na+/K+ transporting, alpha 1 polypeptide
4502281 | ATPase, Na+/K+ transporting, beta 3 polypeptide
4502565 | calpain, small subunit 1
cell division cycle 42 (GTP binding protein, 25kDa); cell division cycle 42 pseudo-
16357472 | gene 2
7330335 | chloride intracellular channel 4
124107616 | claudin 23
170650661 | ectonucleotide pyrophosphatase/phosphodiesterase 1
4503571 | enolase 1, (alpha)
45387945 | family with sequence similarity 62 (C2 domain containing), member B
94538362 | flotillin 2
73486658 | glutamic-oxaloacetic transaminase 2, mitochondrial (aspartate aminotransferase 2)
21614499 | hypothetical protein LOC100129652; ezrin
integrin, beta 1 (fibronectin receptor, beta polypeptide, antigen CD29 includes
19743813 | MDF2, MSK12)
4506787 | 1Q motif containing GTPase activating protein 1
5031815 | lysyl-tRNA synthetase
19718759 | myoferlin
124494247 | myosin IC
29171736 | phosphatidic acid phosphatase type 2A
190358517 | RAB11B, member RAS oncogene family
10880989 | RAB18, member RAS oncogene family
16933567 | RAB8A, member RAS oncogene family
7661678 | RAP1B, member of RAS oncogene family
10835049 | ras homolog gene family, member A
5454028 | related RAS viral (r-ras) oncogene homolog
41872583 | Rho-associated, coiled-coil containing protein kinase 2
166795299 | solute carrier family 2 (facilitated glucose transporter), member 1
38016911 | stomatin
189217915 | syntaxin binding protein 5 (tomosyn)
223029410 | talin1
4759300 | vesicle-associated membrane protein 3 (cellubrevin)
4507879 | voltage-dependent anion channel 1; similar to voltage-dependent anion channel 1

All the proteins in this list were selected manually based on the information from Unitprot database.

* These protein Gl number is from human being data base.

90




Chapter 3 Silver nanoparticle-protein interactions in intact rainbow trout gill cells

Table S3.5 Proteins in endocytosis pathway.

Annotation Cluster 28 Enrichment Score: 2.03
GOTERM_BP_FAT G0:0006897~endocytosis

Protein Gl number# Gene Name

30240932 EH-domain containing 1

21361462 EH-domain containing 2

21264315 EH-domain containing 4

10880989 RAB18, member RAS oncogene family
19923262 RAB5A, member RAS oncogene family
34147513 RAB7A, member RAS oncogene family
260436862 adaptor-related protein complex 1, beta 1 subunit
15451856 caveolin 1, caveolae protein, 22kDa
4557797 nucleoside diphosphate kinase

* These protein Gl number is from human being data base.
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Table S3.6 Proteins in vesicle-mediated transport pathway.

Annotation Cluster 17 Enrichment Score: 2.87

GOTERM_BP_FAT G0:0016192~vesicle-mediated transport

Protein Gl number# Gene Name

4502209 ADP-ribosylation factor 5

30240932 EH-domain containing 1

21361462 EH-domain containing 2

21264315 EH-domain containing 4

10880989 RAB18, member RAS oncogene family

4506365 RAB2A, member RAS oncogene family

19923262 RABSA, member RAS oncogene family

38679888 RAB6C, member RAS oncogene family; RAB6A, member RAS oncogene family; hypothetical
LOC100130819; RAB6C-like

34147513 RAB7A, member RAS oncogene family

16933567 RAB8A, member RAS oncogene family

116812591 RER1 retention in endoplasmic reticulum 1 homolog (S. cerevisiae)

260436862 adaptor-related protein complex 1, beta 1 subunit

15451856 caveolin 1, caveolae protein, 22kDa

4503015 copine Il

21361625 exocyst complex component 2

31083351 exocyst complex component 3

116063573, 160420317 filamin A, alpha (actin binding protein 280)

38044288 gelsolin (amyloidosis, Finnish type)

7705636 golgi transport 1 homolog B (S. cerevisiae)

5729850 guanine nucleotide binding protein (G protein), alpha inhibiting activity polypeptide 3

4557888 keratin 18; keratin 18 pseudogene 26; keratin 18 pseudogene 19

4557797 non-metastatic cells 1, protein (NM23A) expressed in; NME1-NME2 readthrough transcript;
non-metastatic cells 2, protein (NM23B) expressed in

5174655, 41393604 reticulon 3

5730031 secretory carrier membrane protein 2

28933465 syntaxin 12

189217915 syntaxin binding protein 5 (tomosyn)

98986464 transmembrane emp24-like trafficking protein 10 (yeast)

6005942 valosin-containing protein

4759300 vesicle-associated membrane protein 3 (cellubrevin)

* These protein Gl number is from human being data base.
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Table S3.7 Proteins in lysosome.

Annotation Cluster 73 Enrichment Score: 0.7
SP_PIR_KEYWORDS
KEGG_PATHWAY lysosome
Protein Gl number# Gene Name
8922601 ADP-ribosylation factor-like 88
ATPase, H+ transporting, lysosomal accessory protein 1 (V-type proton ATPase
17136148 subunit S1)
4502679 CD63 molecule
34147513 RAB7A, member RAS oncogene family
4503143 cathepsin D
23821023 L-amino-acid oxidase isoform X2 (interleukin 4 induced 1)
5031631 lysosome membrane protein 2 (scavenger receptor class B, member 2)

* These protein Gl number is from human being data base.
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Chapter 4 Silver nanoparticles inhibit
fish gill cell proliferation in protein-free
culture medium

While short-term exposures of vertebrate cells, such as from fish, can be performed in
simple serum-free media, long-term cultures generally require addition of growth factors and pro-
teins, normally supplied with a serum supplement. However, proteins are known to alter nanopar-
ticle properties by binding to nanoparticles. Therefore, in order to be able to study nanoparticle-cell
interactions for extended periods, the rainbow trout (Oncorhynchus mykiss) gill cell line, RTgill-W1,
was adapted to proliferate in a commercial serum-free medium, InVitrus VP-6. The newly adapted
cell strain was named RTgill-W1-pf (protein free). These cells proliferate at a speed similar to the
RTgill-W1 cells cultured in a fully supplemented medium containing 5% fetal bovine serum. As well,
they were successfully cryopreserved in liquid nitrogen and fully recovered after thawing. Yet, se-
nescence set in after about 10 passages in InVitrus VP-6 medium, revealing that, unlike the “wild-
type” RTgill-W1 strain, they no longer comprise a permanent cell line. The RTgill-W1-pf cell line was
subsequently applied to investigate the effect of silver nanoparticles (AgNP) on cell proliferation
over a period of twelve days. Indeed, cell proliferation was inhibited by AgNP. This effect correlated
with high levels of silver being associated with the cells. The new cell line, RTgill-W1-pf, which can
proliferate in serum free medium and therefore might better represent gill cell exposures in the or-
ganism in vivo, offers novel opportunities to study nanoparticle-cell interactions without serum pro-

tein interference.
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4.1 Introduction

Toxicological research, such as nanotoxicology, benefits from both in vivo and in vitro experimental
models. The main in vitro models are cell cultures including primary cultures, cell lines with limited
capacity to proliferate and continuous cell lines (Bols et al. 2005; Nogueira et al. 2014). Compared
to the complex biological environment of an in vivo model, in vitro models, i.e. cells taken from or-
ganisms and cultured in a defined environment, offer several advantages. Cell cultures are ideal for
understanding the toxic mechanisms induced by nanoparticles and other chemicals to cells. Many
processes that are difficult to quantify or visualize in vivo can be observed in cell culture models. In
vitro nanoparticle toxicity studies thus far revealed that nanoparticles can induce oxidative stress,
apoptosis and genotoxicity, among other effects, and are therefore useful to explore the mecha-
nisms underlying nanoparticle toxicity (Schirmer 2014; Schultz et al. 2014). In addition to providing
mechanistic insights, cell cultures have several other advantages, such as easy handling, compara-
tively low costs, high reproducibility and the potential to scale up for high-throughput or high-
content analysis. Finally, cell cultures can contribute to a reduction or even replacement of animals
in toxicological research. Tanneberger et al tested 35 organic chemicals for short-term, acute toxici-
ty to a rainbow trout (Oncorhynchus mykiss) gill cell line, RTgill-W1, and found a very good agree-
ment between in vivo and in vitro effective concentrations (Tanneberger et al. 2012). Based on
these promising results, an international round-robin test is currently performed with the aim to es-
tablish the RTgill-W1 based assay as an alternative to the acute fish toxicity test (Schirmer and

Knobel, personal communication).

However, certain limitations also apply to cell cultures. For example, as of now it has been impossi-
ble to explore nanoparticles effects in cultured fish cells over long exposure times in the absence of
a serum supplement to, e.g., quantify the nanoparticles’ effect on cell proliferation. Indeed, most
cell cultures require serum, which is an undefined supplement providing growth factors and hor-

mones for cell attachment, growth and proliferation (Barnes and Sato 1980; Sato 1975).

Under various circumstances, a serum supplement is justifiable owing to the original organism
physiological, e.g. when attempting to mimic endothelial cells lining blood vessels. However, for ep-
ithelia that comprise a barrier to the out-side environment, such as the gill of fish, the interface
with cells is quite different. To account for this, several studies have explored the tolerance of the
RTgill-W1 rainbow trout cell line to ion composition and strength. Schirmer et al developed an

L15/ex exposure medium containing only salts, galactose and pyruvate to provide an isotonic envi-
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ronment and a source of energy while excluding medium components such as vitamins and aro-
matic amino acids from basal medium, Leibovitz's L15 (L15) (Schirmer et al. 1997). Furthermore, the
fish gill cell line is known to be quite tolerant to osmotic differences (Dayeh et al. 2002; Yue et al.
2015; Chapter 2). However, the gill cells still need serum for long term maintenance and cell prolif-
eration. Previous research clearly demonstrated that proteins do not only bind to nanoparticles in
cells (see Chapter 3) but also that they bind if present together with nanoparticles in exposure me-
dium. For example, fetal bovine serum (FBS) stabilized tungsten carbide (WC) and cobalt-doped
tungsten carbide (WC-Co) nanoparticle suspensions in cell culture media (Bastian et al. 2009;
Kihnel et al. 2009; Meiliner et al. 2010). Moreover, Bertoli et al reported that serum proteins, bind-
ing to nanoparticles and forming a corona, were stable and preserved as nanoparticles traveled
through the cells (Bertoli et al. 2014). Having a cell model that grows and proliferates in the ab-
sence of serum, which is rare in aquatic environment, would therefore be very useful to study the

impact of nanoparticles on cells over extended times.

Since the pioneering work of Hayashi and Sato in 1976 , where they adapted a rat pituitary cell line
in a defined serum-free medium supplemented with hormones, a number of serum free medium
formulations have been developed for mammalian cell lines and for primary cultures (Grillberger et
al. 2009; Hayashi and Sato 1976; van der Valk et al. 2010). Yet, adaption of fish cell lines to serum-
free medium has thus far been reported only once; Ackermann and Fent published on the adapta-
tion of the rainbow trout gonad cell line (RTG-2) to a serum-free medium, Turbo Doma (Cell Culture
Technologies, Switzerland), resulting in similar growth rates as under serum-containing conditions

(Ackermann and Fent 1998).

The aim of the current work was to adapt the RTgill-W1 cells to growth in serum-free medium. Two
commercially available serum- and protein-free media were investigated: Turbo Doma and InVitrus
VP-6 (Cell Culture Technologies, Switzerland). Both media have been developed for mammalian cell
culture. Turbo Doma is a protein-free and chemically defined medium developed for the cultivation
of hybridomas and myeloma cell lines. InVitrus VP-6 is likewise protein-free and chemically defined
and propagated as medium for mammalian kidney and fibroblast cell lines. Only the InViturs medi-
um proved capable of supporting long-term culture of a newly derived RTgill-W1 cell strain. With

this new RTgill-W1-based cell line, the impact of AgNP on cell proliferation was explored.
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4.2 Results

4.2.1  Adaptation of RTgill-W1 cells in protein-free cell culture medium

RTgill-W1 cells were cultured in two commercial serum- and protein-free cell culture media: Turbo
Doma and InVitrus VP-6. The strategy for adaptation was to place the cells in these media initially in
the presence of 5% fetal bovine serum (FBS), which is used for routine culture of RTgill-W1 cells,
and then gradually lower the FBS content if the cells are able to proliferate in the respective medi-
um conditions to confluency until the FBS, finally, was completely removed (Figure 4.1). When do-
ing so, the “wild-type” RTgill-W1 cells responded differently to the two media. In the case of the
Turbo Doma medium, cells proliferated as long as FBS was present but died within a couple of days
as soon as the FBS was completely removed. However, the InVitrus VP-6 medium allowed for a
more sustained culture. In this medium, it was possible to culture the cells to confluency at 5% FBS
and then further lower the FBS concentration to 2.5, 1 and finally 0.5%. After reaching confluency in
0.5% FBS in 25 cm” culture flaks, cells were placed in 25 cm? flasks in InVitrus VP-6 medium without
FBS. At this step, most of the cells died but some cells survived and formed clumps from which new
cells grew out (Figure 4.2A). Proliferation was extremely slow for these cells; half of the culture me-
dium was exchanged with fresh InVitrus VP-6 medium every seven days. After about 6 months, the
cells growing out from the clumps started to proliferate faster and finally reached confluency. This
culture was termed passage 1 of the newly derived cell line, RTgill-W1-pf (protein free). After pas-
saging, i.e. transfer into two new 25 cm? flasks, proliferation rate further increased to reach conflu-
ency within 15 days (Figure 4.2B). From passage three on, the new gill cell line grew steadily and

reached confluency every six days (Figure 4.2C-D).
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Figure 4.1 Scheme of RTgill-W1 cell adaptation in protein free cell culture medium.

The adaption begun with culturing RTgill-W1 in InVitrus VP-6 medium with 5% FBS and then step-wise lowering the
FBS concentration to 2.5, 1 and 0.5%. After reaching confluency in 0.5% FBS, cells were placed in InVitrus VP-6 me-
dium without FBS. In the InVitrus VP-6 medium without FBS, cells proliferation was very slow and reached confluen-
cy in 6 months. This culture was named passage 1 of the newly derived cell line, RTgill-W1-pf (protein free). Then,
RTgill-W1-pf cells were split once (1 flask to 2 flasks) in 1-2 weeks. All the cells were cultured in 25 cm? flasks. An-
other medium, Turbo Doma, only supported cell proliferation until the medium with 0.5% serum step.

Figure 4.2 Appearance of the newly evolving RTgill-W1-pf cell line during the adaptation period.

A: Cells in passage 1 cultured for 6 months; cell clumps were observed in this passage; B: Cells in passage 2 cultured
for 15 days; with passaging and over time, cell clumps disappeared from the culture; C: Cells in passage 3 cultured
for 7 days; and D: Cells in passage 4 cultured for 7 days.
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4.2.2  Characterization of the RTgill-W1-pf cell line

Compared to the original, “wild-type” RTgill-W1 cells grown in L15 medium supplemented with 5%
FBS, the new RTgill-W1-pf cells are similar in size when in suspension (average cell diameter: 13.5
pum for RTgill-W1 and 13.8 um RTgill-W1-pf) but appear more spread when growing as monolayer in
the cell culture flasks. Doubling time of the RTgill-W1-pf cell line in InVitrus VP-6 medium was de-

termined to be six days based on a 21 day cell proliferation experiment (Figure 4.3A).

Inasmuch as the premise was to culture the RTgill-W1-pf in protein-free medium, the total protein
concentration in the medium of proliferating cultures was measured (Figure 4.3B). As expect, no
protein was detectable in pure InVitrus VP-6 medium. However, after the cells were incubated for
three to twelve days, the protein concentration in cell culture medium reached protein levels of be-
tween 5-22 pg/mL, which comprises 1-5% of the protein concentration measured in routine, RTgill-

W1 cell culture medium, i.e. L15 medium containing 5% FBS.
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Figure 4.3 Characterization of the newly derived RTgill-W1-pf cell culture.

A: RTgill-W1-pf cell growth over time in InVitrus VP-6 medium. Cell number was counted by electronic cell counting
(Casy). Cell doubling time was six days. For counting, the cell diameter range was set to 7.5 - 25 um. B: Total protein
concentration in cell culture medium over time. The protein concentration on day nine was much lower than on day
six because of a fresh medium exchange on day six after sampling. The protein concentration was also significantly
lower on day twelve than on day six despite the same incubation time. One-way ANOVA with Dunnett's multiple
comparison test compared to day six, n=3. This was likely due to the dead and detached cells after seeding, which
might have increased the medium protein concentration on day six.

To obtain an easily accessible stock of RTgill-W1-pf cells, confluent cells were not only sub-cultured

but also preserved in 10% FBS and 10% DMSO in InVitrus VP-6 medium in liquid nitrogen. Frozen
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cells were successfully thawed in InVitrus VP-6 medium containing 5% FBS. Then, a step-wise reduc-
tion of the serum concentration to 2.5, to 1, to 0.5% was again necessary. Once the FBS was com-
pletely removed, RTgill-W1-pf cells resumed proliferation to the same extent as cells never frozen.
However, whether frozen or not, it was found that the RTgill-W1-pf cells entered senescence and

completely dislodged from the culture surface and died after about ten passages.

4.2.3  Exposure of RTgill-W1-pfto AgNP

Particle characterization: The average AgNP diameter in the original stock suspension is 19.4+0.4

nm and the zeta potential -30+£0.9 mV (Yue et al. 2015). Once placed in InVitrus VP-6 medium, the
particles quickly and strongly agglomerated. Transmission electron microscopy (TEM) revealed
large AgNP agglomerates (Figure 4.4A-B). The AgNP size increased to 800-1500 nm after one day in

the medium (Figure 4.4C). The zeta potential increased to around -15 mV (Figure 4.4D).
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Figure 4.4 AgNP in InVitus medium over time.

A-B: TEM images of AgNP present in InVitrus VP-6 medium for 15 min, which refers to the first time point in Figure
4.4C. A: Overview of AgNP agglomeration in InVitrus VP-6 medium; B: magnified view of AgNP in InVitrus VP-6 me-
dium. C: Size of AgNP in InVitrus VP-6 medium as determined by Zetasizer. D: Zeta potential of AgNP in InVitrus VP-6
medium measured by Zetasizer. Data were presented as mean +* standard deviation, n=3.
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Short-term toxicity (impact on cell viability): RTgill-W1-pf cells were exposed to AgNP for three days

and impact on cell viability measured focusing on cellular metabolic activity, cell membrane integri-
ty and lysosomal membrane integrity (Figure 4.5). All three cell viability parameters responded
similarly with no significant differences between the EC50 values (Table 4.1). To compare with the
impact of silver ion exposure, cells were likewise exposed and assessed upon addition of AgNOs.
The resulting concentration response again was very similar, displaying no significant differences in
the EC50 values for either measure of cell viability or for AgNP vs. AgNO; (Table 4.1). From the
AgNP concentration response curves it was deduced that the highest AgNP concentration yielding
no significant impact on cell viability was 2.5 uM while 5% impact on cell viability were seen for the
10 uM AgNP concentration. These two concentrations were chosen for subsequent long-term ex-

periments.
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Figure 4.5 AgNP toxicity to RTgill-W1-pf cells measured after three days of exposure.

Solid lines: AgNP exposures; Dashed lines: AgNO; exposures. 2.5 uM and 10 pM of AgNP were selected for the long
term exposures (indicated by dotted vertical lines). Data were presented as mean * standard deviation, n=3.

Table 4.1 EC50 Values, Corresponding 95% Confidence Intervals, Hill slope and R? of AgNP and AgNO; concentra-
tion-response curves after exposure for three days.

ECS0 (uM) 95% confidence interval Hill Slope R

Metabolic activity 31.14 27.44 -35.35 -2.605 0.9655

AgNP  Cell membrane integrity 30.60 26.20 - 35.74 -2.311 0.9541
Lysosomal membrane integrity  30.79 27.79 - 34.11 -2.864 0.9756
Metabolic activity 18.65 14.86 - 23.41 -3.813 0.8394

AgNO, Cell membrane integrity 16.26 12.19 - 21.69 -3.027 0.7877
Lysosomal membrane integrity 18.14 11.62 - 28.30 -4.419 0.6525

EC 50 values were test by Two-way ANOVA and no significant differences were found, n=3.
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Long-term toxicity (impact on cell proliferation): Cell proliferation on long-term AgNP exposure was
monitored by counting cell number in 25 cm? flasks over time (Figure 4.6A). Under control condi-
tions, cell number increased exponentially over time and had increased by about 6.3-fold after ex-
posure for twelve days. For the 2.5 uM AgNP concentration, cell number increased in a manner
comparable to the control until day nine. However, at day twelve, total cell number had increased
to only about 4.6-fold. Finally, for the 10 uM AgNP concentration, a slower increase in cell number
was visible already at day six. After twelve days, cell number had increased by about 3.5-fold. A
phase-contrast image of the cells after nine days of exposure under the three different conditions is

depicted in Figure 4.7.
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Figure 4.6 Long-term exposure of RTgill-W1-pf cells to AgNP for twelve days.

A: RTgill-W1-pf cell number in controls and after exposure to AgNP. * RTgill-W1-pf cell numbers in 2.5 and 10 AgNP
exposures were significantly lower than cell numbers in CK (control; without AgNP exposure), p < 0.05, two-way
ANOVA, n=3. B: Cell associated silver quantified in RTgill-W1-pf cells after exposure to AgNP or a silver-free control
(CK). Data were presented as mean + standard deviation, n=3.

Figure 4.7 Phase-contrast images of RTgill-W1-pf exposed to AgNP for nine days.

A: CK, control cells without AgNP exposure; B: Cells exposed to 2.5 uM AgNP; C: Cells exposed to 10 uM.
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In a parallel batch of identically treated cells, cell-associated silver content was measured at each
time point by inductively coupled plasma mass spectrometry (ICP-MS). Inasmuch as the cell culture
medium in the long-term exposures was completely exchanged every six days, cells were extracted
at the end of each of these periods, i.e. before the medium change, starting with a cysteine wash to
remove any loosely bound silver. Silver content per cell stayed constant for the low exposure con-
centration, while an initial steep increase in cell-associated silver concentration was followed by a

stabilization for the exposure to 10 uM (Figure 4.6B).

106



Chapter 4 Silver nanoparticles inhibit fish gill cell proliferation in protein free culture medium

4.3 Discussion

This study focused on the establishment of a new RTgill-W1 cell strain able to proliferate in a se-
rum- and protein-free culture medium. The resulting RTgill-W1-pf cell line allowed for the first time
to study a long-term nanoparticle effect in an in vitro cell culture system without interference by

serum proteins or other, undefined serum constituents.

RTgill-W1-pf cells resulted from adaptation to InVitrus VP-6 medium. Compared to L15 medium for
wild type RTgill-W1 cells, the InVitrus VP-6 medium contains much more metabolic precursors than
the L15. For example, InVitrus VP-6 contains trace elements such as Fe, Cu and Zn and lipid precur-
sors (fatty acids), such as linoleic acid. The major C-source in InVitrus VP-6 is glucose, not galac-
tose/pyruvate as in L15. InVitrus VP-6 is buffered with sodium hydrogen carbonate while the L15 is
buffered with phosphates. The exact composition of the InVitrus medium is not available from the
company but it is clearly protein-free as also demonstrated from the protein measurements per-
formed here. RTgill-W1-pf cells divide in InVitrus VP-6 medium with a doubling time (6 days) similar
to the original RTgill-W1 cells (7 days) grown in L15 medium supplemented with 5% FBS. In the
work by Ackermann and Fent, the RTG-2 cells doubling time was 1.8 days in original culture medi-
um (EM: DMEM/F12 (1: I) medium with 5% serum) and 2.4 days in Turbo Doma (serum-free medi-
um) (Ackermann and Fent 1998). Yet, this Turbo Doma medium was not successful for adaptation
of RTgill-W1 cells. In summary, while the InVitrus medium proved very valuable for adaptation of
the RTgill-W1 cells, the unavailability of information on each of its ingredients remains a limitation
of its applications. This, together with the inability of the RTgill-W1 cells to proliferate in Turbo Do-
ma medium, points toward the need for developing a fish-cell specific medium. Few previous stud-
ies have focused on the detailed nutritional requirements of fish cells. For instance, Bols et al found
that glutamine was not required in L15 medium for fish cell lines (Bols et al. 1994). However, to

date, no completely defined culture medium for fish cells has been established.

Despite the success of adapting the gill cells to the InVitrus VP-6 medium, cells could only be cul-
tured in this medium for about ten passages before the cells started to senesce and die. Thus, the
RTgill-W1-pf cell line, opposite to the wild-type RTgill-W1 cell line, does not have the ability to grow
in InVitrus VP-6 medium indefinitely. Nevertheless, up to passage ten, the RTgill-W1-pf cell line can
be used to study the toxicity of nanoparticles or potentially other agents without serum protein in-
terference. Moreover, the cells can be frozen and thawed so that a continuous supply of RTgill-W1-

pf cell material can be assured.
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The three-day short-term toxicity of AgNP and AgNOs in the InVitrus VP-6 medium differed in sev-
eral aspects from that in the simple buffers applied for up to 24 h as described in Chapter 2 (Yue et
al. 2015). Firstly, based on total silver concentration, there was no significant difference in toxicity
between the particle and the silver ion exposures after three days, whereas significant differences
were found in the 24 h exposures (Chapter 2; Yue et al., 2015). The similar toxicity for AgNP and
AgNO; implied that AgNP toxicity was mainly due to dissolved silver. One possible explanation is
that AgNP were degraded in cellular compartments after uptake. As discussed in Chapter 3, AgNP
were transported in endocytic compartments such as endosomes and lysosomes, which have an
acidic environment and in this way increase AgNP dissolution (Behra et al. 2013; Liu and Hurt 2010;
Odzak et al. 2015; Setyawati et al. 2014). Another reason might be that organic compounds, such as
amino acids in the InVitrus VP-6 medium, can bind silver ions and thereby also increase the AgNP
dissolution (Shi et al. 2014). Therefore it can be postulated that, during three days of exposure,
most of the AgNP were transformed to dissolved silver and induced very similar effects to RTgill-
W1-pf cells. Another observed difference between the three day cell viability measurements is that
metabolic activity, cell- and lysosomal membrane integrity were similarly affected whereas lysoso-
mal membrane integrity was the most affected by AgNP after 24 h of exposure (Chapter 2; Yue et
al. 2015). This difference likely also is linked to the dynamic nature of the nanoparticle-cell interac-
tion. After 2 h of exposure, AgNP were recoverable from the endocytic-lysosomal compartment
(Chapter 3), and this locally increased accumulation of AgNP in these compartments apparently to
the higher sensitivity of lysosomal membrane integrity as measured after the 24 h exposure (Chap-
ter 2, Yue et al.,, 2015). However, if in the three days exposures, most of AgNP were dissolved in ly-
sosomes as discussed above, they are expected to induce a similar toxicity pattern as AgNO; in the

cells.

Application of the RTgill-W1-pf cell line allowed the impact of AgNP on cell proliferation to be quan-
tified. Indeed, both 2.5 uM and 10 uM AgNP led to significant inhibition of cell proliferation over
twelve days as compared to the unexposed control cells. While the AgNP were presented to the
cells in the absence of protein in the medium, protein-AgNP in the exposure medium cannot be ex-
cluded or prevented over the course of the experiment. This is because cells secrete proteins into
the medium during their culture (Knowles et al. 1980). The identity of these proteins, and whether
this identity differs if cells are exposed to nanoparticles or not, remains an interesting aspect of fu-

ture investigations. Sisco et al. identified proteins derived from cultured neonatal rat cardiac fibro-
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blasts in gold nanorods-protein coronas, which formed in this cell culture medium previously “con-

ditioned” with cells (Sisco et al. 2014).

The cell associated silver contents in the InVitrus VP-6 medium exposed for twelve days were com-
pared to that in the simple buffer applied for 24 h as described in Chapter 3. In 2.5 pM AgNP expo-
sures, cell associated silver was very similar between the twelve days and the 24 h exposures. At 10
UM AgNP, cells exposed for twelve days had 2-3 times higher cell associated silver than in the 24 h
exposures. AgNP strongly agglomerated in InVitrus VP-6 medium with a size range from 800 - 1500
nm, while AgNP in the simple buffer for 24 h exposure was much more stable with a size below 100
nm. Previous research on nanoparticles behavior in different media indicates that large nanoparti-
cle agglomerates in the size range found in the InVitrus medium, settle down fast from the suspen-
sion (Cho et al. 2011; Hinderliter et al. 2010). Therefore, the deposition likely increased the interac-
tion between AgNP and cells as well as raised the cell associated silver contents in InVitrus VP-6
medium. Yet, such an increase was not observed at the low, 2.5 uM AgNP exposures. Again, pro-
teins secreted from the cells may have contributed to AgNP stabilization over time of RTgill-W1-pf

culture in the InVitrus medium.

To conclude, work presented here led to the development of a new in vitro cell model, the RTgill-
W1-pf cell line, which is suitable for long-term toxicological studies under serum- and protein-free
culture condition. One previous study already reported different cell stress responses on the mo-
lecular level on short- or long-term exposures to AgNP in cell culture medium with serum (Comfort
et al. 2014). Thus, it is worth to explore cell responses in RTgill-W1-pf cell on the molecular level,
which may provide new insights into the long-term consequences of particle exposure. Compared
to nanotoxicity studies in cell culture medium with serum, the new system offers an opportunity to
investigate the original nanoparticle interaction with cells. Other stressors, such as man-made or-
ganic chemicals, can likewise be studied in this system without protein interference. Serum has, for
example, been reported to influence the cellular response of cytochrome P450 monooxygenases
(Hammond and Fry 1994; Nakama et al. 1995), which are important enzymes in biotransformation
of many organic chemicals. What is more, unlike cells of internal tissues and organs, which are sur-
rounded by a biofluid environment, i.e. the blood or lymph, fish gills face, at least on the apical side,
the fresh water. Thus, the RTgill-W1-pf cells might better represent the exposures experienced by

gill cells in the organism in vivo.

109



Chapter 4 Silver nanoparticles inhibit fish gill cell proliferation in protein free culture medium

4.4 Material and Methods

441 Routine RTgill-W1 culture

RTgill-W1 cells were routinely cultivated in 75 cm? flasks (TPP, Trasadingen, Switzerland) in Leibo-
vitz's L15 (L15) complete medium, i.e. L15 medium (Invitrogen, Basel, Switzerland) supplemented
with 5% fetal bovine serum (FBS, Gold, PAA Laboratories GmbH, Austria) and 1% penicil-
lin/streptomycin (Sigma-Aldrich, Buchs, Switzerland; 10 000 U/ml penicillin, 10 mg/ml streptomy-
cin). Cells were maintained at 19 °C in normal atmosphere and split once (1 flask to 2 flasks) in 1-2
weeks. Confluent cells were washed twice with Versene (Invitrogen/Gibco, Germany), detached by
trypsin (0.25% in phosphate-buffered saline, Biowest, Germany) and trypsin digestion stopped with
complete L15 medium. The cell suspension was centrifuged at 1 000 x g for 3 min. The resulting cell

pellet was re-suspended with fresh, complete medium and divided into new flasks.

4.4.2  Adaptation to serum-free medium

Two commercial serum- and protein- free culture media were tested for their suitability to sustain
RTgill-W1 cell survival and proliferation: Turbo Doma and InVitrus VP-6 (Cell Culture Technologies,
Switzerland). These media were routinely supplemented with 1% penicillin/streptomycin to prevent
microbial contamination. To initiate adaptation, a selection procedure was designed that was com-
prised of: i) splitting confluent “wild-type” RTgill-W1 cells into 25 cm’ flasks (TPP, Trasadingen,
Switzerland) in complete L15 medium with 5% FBS allowing attachment for 24 h; ii) replacing the
culture medium with the experimental, protein-free culture media containing 2.5% FBS; iii) allowing
the cells to adapt at 19 °C in normal atmosphere with a weekly 50% media exchange until confluen-
cy was reached; iv) splitting the cells as described above but then placing them in the experimental
media containing 1% FBS, changing the medium every week until confluency was reached, then
placing them in medium containing 0.5% before serum was completely omitted. From this point on,
cells were grown in serum-free medium and medium was changed routinely every seven days. In
this way, one cell line strain was able to proliferate in the In Vitrus medium. This strain was termed

RTgill-W1-pf (protein-free).

4.4.3  Characterization of RTgill-W1-pf

To measure RTgill-W1-pf cell proliferation and doubling time, cells were seeded in 25 cm? flasks
with a density of 4%10” cells cm™. After 1,3,6,9, 12, 21 days, cells were dislodged with trypsin and

counted with an electric field multi-channel cell counting device (CASY1 TCC, Schéarfe System, Ger-
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many). To visualize cell morphology, cells were checked under the microscope as well as the cell di-

ameter and volume measured with the CASY cell counting device.

Protein content was determined in the cell culture medium with or without incubation with cells.
The cells were first pelleted and 2 mL medium from the supernatant was precipitated with Metha-
nol-Chloroform. Specifically, 2 mL supernatant were mixed with 4 mL methanol in a new tube, then
1 mL of chloroform was added and the suspension well mixed. Then, 2 mL of deionized water were
added into the mixture which produced a milky suspension. This suspension was vigorously mixed
for 5 sec, and then centrifuged at 4 000 x g for 5 min at room temperature. A white pellet was
formed on the interface between the oil (lower) and water (upper) phases. The band was carefully
removed, while the lower and upper phases were discarded. The pellet was washed by adding 500
puL methanol, followed by centrifugation at 4 000 x g for 2 min at room temperature. The resulting
supernatant was removed and the pellets dried for 15-30 min on air. Pellets were re-dissolved in re-
solubilization buffer (9 M urea, 2 M thiourea, 0.1 M Tris-HCI, pH 8.5.). Protein concentrations were
then measured by the Bradford method with Coomassie Plus™ (Bradford) Assay kit (Thermo Fisher

Scientific, No. 23236).

444 Nanoparticle characterization

The citrated coated AgNP were purchased from NanoSys GmbH (Wolfhalden, Switzerland) as aque-
ous suspension with a concentration of 1g/L (9.27 mM, pH=6.46). The AgNP were characterized
when suspended in InVitrus VP-6 medium. The Z-average size and zeta potential of the AgNP were
measured by dynamic light scattering (DLS) and electrophoretic mobility using a Zetasizer (Nano ZS,
Malvern Instruments, UK). In addition, AgNP size and morphology in the InVitrus VP-6 medium

were verified by transmission electron microscopy (TEM, FEI Morgagni 268, 100 kV).

4.4.5 Short-term exposure of RTgill-W1-pf to AgNP and AgNO3

For short-term (three-day) exposure to AgNP and AgNOs, confluent cells were used. Thus, cells
were seeded in 24-well microtiter plates (Greiner Bio-One, Frickenhausen, Germany) at an initial
cell density of 1.5%10° cm™ cells in each well in 1 mL of InVitrus VP-6 medium. After three days, the
cells were fully confluent and used for toxicity assessment. One mL/well of AgNP or AgNOj; suspen-
sion in the InVitrus VP-6 medium was added. Exposure was done at 19°C in the dark and lasted
three days. Each experiment was performed three times independently with cells from different

passages (n=3).
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At the end of the exposure, toxicity was assessed by three indicators of cell viability: cellular meta-
bolic activity, cell membrane integrity and the lysosomal membrane integrity (Schirmer et al. 1997;
Schirmer et al. 1998). Alamar Blue (AB, Invitrogen, Basel, Switzerland) was used to measure the cel-
lular metabolic activity; 5-carboxyfluorescein diacetate acetoxymethyl ester (CFDA-AM, Invitrogen,
Basel, Switzerland) to measure the cell membrane integrity; Neutral Red (NR, Sigma-Aldrich, Buchs,
Switzerland) to measure the lysosomal membrane integrity. After three days of cit-AgNP or AgNO3
exposure, the exposure medium was discarded, cells were gently washed with 1 mL PBS, followed
by adding 400 pL of AB and CFDA-AM working solution, containing 5% v/v AB and 4 uM CFDA-AM in
PBS. After incubation for 30 min, fluorescence of each well was quantified by the Infinite M200
plate reader (TECAN, Mannedorf, Switzerland) at respective excitation/emission wavelengths of
530/595 nm for AB and 485/530 nm for CFDA-AM. Thereafter, the AB/CFDA-AM working solution
was discarded and 400 pL of NR solution, containing 1.5% v/v NR in PBS, were added and incubated
for 60 min. Then, cells were fixed with 400 pL fixative (0.5% v/v formaldehyde and 1% w/v CaCl,).
Finally, NR was extracted from the lysosomes using 400 uL of an extraction solution (1% v/v acetic
acid and 50% v/v ethanol) and gently shaken on a horizontal shaker (TiMix 2, Johanna Otto GmbH,
Hechingen, Germany) for 10 min. NR fluorescence was measured at excitation/emission wave-

lengths of 530/645 nm using the same plate reader.

4.4.6 Long-term exposure of RTgill-W1-pf to AgNP

To expose RTgill-W1-pf cells to AgNP for prolonged times, i.e. to allow cell proliferation, cells were
seeded in 25 cm’ flask with density 8*10" cells cm™ in InVitrus VP-6 medium. After incubation for
24 h to allow cell attachment, medium was exchanged with fresh InVitrus VP-6 medium containing

2.5 and 10 uM AgNP. This medium was replaced with fresh solutions after six days.

After 1, 3, 6, 9, 12 days of exposure, both cell-associated silver content and cell number were de-
termined from the same flasks. First, cells were washed with 0.5 mM cysteine for 5 min to remove
loosely bound silver from the cell surfaces. Then, cells were washed twice with Versene, detached
by trypsin and trypsin digestion stopped with L15 containing 5% FBS. After centrifugation, cell pel-
lets were re-suspended in 550 pL InVitrus VP-6 medium. 10 pL cell suspension was used to count
cell number and volume with CASY cell counting device. Another 500 uL cell suspension was used to
quantify the silver associated with cells. Thus, the 500 uL cell suspension was digested with 4.5 mL
of 65% HNOs in a high-performance microwave digestion unit (MLS-1200 MEGA, Oberwil, Switzer-

land) at a maximal temperature of 195 °C for 20 min. The digests were diluted 50-times and meas-
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ured by ICP-MS (Element 2 High Resolution Sector Field ICP-MS; Thermo Finnigan, Bremen, Germa-
ny). The reliability of the measurements was determined using specific water references (M105A,

IFA-Tull, Austria).
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The aim of this thesis was to explore the interaction of AgNP with rainbow trout gill cells. The main

conclusions from this thesis can be summarized as follows:

e The exposure medium composition has an important influence on AgNP behaviour and toxici-
ty to RTgill-W1 cells.

e AgNP can be taken up by RTgill-W1 cells via endocytic pathways and induce particle specific
effects, specifically with regard to lysosome membrane integrity.

e Upon trafficking in the cells, a large number of proteins, mostly belonging to cell membrane
functions as well as endocytosis and vesicle-mediated transport pathways, become associated
with AgNP.

e AgNP inhibit fish gill cell proliferation in long term exposures in protein free medium.

In the following part, the most important outcomes and conclusions for AgNP interaction with fish

gill cells are discussed in light of perspectives for further research.

This dissertation studied the role of cell exposure media composition on AgNP behaviour and toxici-
ty to RTgill-W1 cells. The ionic strength and chloride concentration in the media influenced AgNP
agglomeration, deposition and speciation of dissolved silver species, consequently altering the bio-
availability and toxicity to RTgill-W1 cells. To allow AgNP interactions with the fish cells to be stud-
ied with nanoparticles well dispersed in the medium, a new exposure medium was developed, d-
L15/ex, which has a low ionic strength and a low chloride concentration. This protein-free medium
supported cell survival and stabilized the AgNP for at least 24 h, thus allowing small-size particles to
be studied with respect to uptake and effects in cells without sedimentation of particles onto cells
due to particle agglomeration. Based on its ionic strength, this medium also better mimics the
freshwater environment than conventional culture media, and it offers an excellent platform to
study cellular and molecular effects of nanoparticles on gill cells. For example, we know that dis-
solved silver and AgNP can influence the Na* and CI" homeostasis in fish gill cells, which could be

studied in this chemically defined medium.
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In toxicity tests, the AgNP elicited a particle-specific effect and seemed to particularly affect RTgill-
W1 cell lysosomes. Indeed, uptake of AgNP was demonstrated to follow an endocytic pathway.
However, in this thesis, cellular uptake was checked only for a few fixed times points, providing a
snapshot. Yet, we know that the interaction of nanoparticles with cells is a dynamic process. Thus,
time-resolved analysis of AgNP trafficking in cells will be an interesting topic in the future as well as
useful to further explore the mechanism of AgNP uptake and toxicity. Visualization of particles in
cells was done here by electron microscopy, which is a very time-consuming technology, and, on
top, hardly allows for nanoparticle quantification. One idea to overcome the limitations of electron
microscopy would be to use nanoparticles that are fluorescently labeled. With fluorescence labeling
and confocal laser scanning microscopy, it possible to track nanoparticles in live cells and algo-
rithms exist for quantification (Vercauteren et al. 2011). On the other hand, it was found that fluo-
rescence labelling altered metal nanoparticles properties (Rodriguez-Lorenzo et al. 2014). The chal-
lenge therefore is to design probes that combine native nanoparticle properties with labelling
methods that have no interference with particle properties. Application of technologies focusing on
high resolution imaging of single cells are interesting in this area in future work. For example, Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) was used to study the metal
distribution in zebrafish embryo (Brun et al. 2014). With the resolution increasing, LA-ICP-MS will be

a probable technology to image metal nanoparticles in single cell.

Upon contact with cells, AgNP interact with intracellular proteins and form a AgNP-protein corona
during trafficking in intact cells. In order to study the AgNP interaction with proteins, a method was
developed to isolate the AgNP-protein corona from intact, live cells based on subcellular fractiona-
tion. This method allowed the AgNP-protein corona to be recovered from intact subcellular com-
partments only, thereby avoiding the background protein interference, e.g. from cytosolic proteins.
Based on proteins identified in the AgNP-protein corona, an initial mechanism of AgNP uptake and
toxicity was described on the cellular level, involving cell membrane functions, uptake and vesicular
trafficking, as well as stress responses. This is the first study that focuses on the interaction of in-
dustrial nanoparticles with proteins in living cells. Compared with studies on nanoparticle interac-
tion with single proteins or proteins extracted from biological liquids or cells prior to adding the na-
noparticles, this system offers an in situ view of NP-protein interaction. Moreover, unlike the mag-
netic force separation with magnetic nanoparticles, this method can easily be transfer to other
metal nanoparticles for studying cell-internal protein corona formation. The NP-protein corona

studies are largely influenced by the subcellular fractionation. It is extremely difficult to isolate pure
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endo-lysosome fractions. Endosomes and lysosomes are heterogeneous in size and density and
therefore the fractions of endosomes, lysosomes, mitochondria and peroxisomes overlap in density
gradient centrifugation. Moreover, another contaminant in lysosomal fractions which are non-
degraded or partially degraded macromolecular substrates from other cell compartments (Schroder
et al. 2010). In the future, preparation of high quality endosome and lysosome fractions by optimiz-
ing the density gradient centrifugation will be very important in NP-protein interaction studies. Af-
finity purification of soluble lysosomal proteins containing mannose 6-phosphate, a specific modifi-
cation in lysosomes, also offers a way to avoid contamination by other cell compartments (Sleat et

al. 2006).

Inasmuch as this thesis presents initial work on the NP-protein interaction in living cells, many in-
teresting opportunities arise for future investigations. On the one hand, how the binding of intracel-
lular proteins, as demonstrated here, impacts nanoparticle behavior remains to be explored. As dis-
cussed in chapter 1 of this thesis, the surface properties of nanoparticles are very important with
regard to the particles’ stability. In the NP-protein corona, the surface of the particles may be varied
due to the protein adsorption. Most proteins carry different charges and can change the charge on
the nanoparticle surface. If the charge shifts to zero, nanoparticles agglomerate; or if the charge
rises, nanoparticles may be stabilized and thus to staying suspended. Such phenomena have been
described in studies with biological fluids or isolated proteins. It was, for example, found that bo-
vine serum albumin and fetal bovine serum can stabilize tungsten carbide (WC) and cobalt-doped
tungsten carbide (WC-Co) nanoparticles suspension in cell culture media (Bastian et al. 2009;
Kiihnel et al. 2009; Meiliner et al. 2010). It follows that the protein coating may also influence the
nanoparticle transport and fate in cells. On the other hand, the binding to AgNP may impact on the
function of the proteins, which is likewise little explored to date. That nanoparticles can have an ef-
fect on protein structure and/or enzyme activity has been already mentioned in Chapter 1. Specifi-
cally, BSA structure (Ravindran et al. 2010), tryptophanase (Wigginton et al. 2010) and Na'/K"
ATPase activity (Schultz et al. 2012) were shown to be impacted. Another recent example is the
finding that AgNP elicit a particle specific inhibition of an extracellular enzyme (leucine aminopepti-
dase) on short-term exposure of a freshwater biofilm (Gil-Allué et al. 2015). In my current work, a
number of proteins were found to bind AgNP in cells. Yet, whether they are also affected in their
structure and/or function is still lacking experimental proof. Studying such interactions would be
very useful to further pin-down the mechanisms that nanoparticles have in cells. The protein list es-

tablished here can serve as a guide to prioritize such kind of investigations.
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As one means to avoid the interference by proteins in the exposure media before a particle enters a
cell, the RTgill-W1-pf cell line was developed, which can proliferate in a serum-free medium. Expo-
sure of these cells to AgNP for a period that allows for cell proliferation showed that AgNP inhibited
the proliferation of the RTgill-W1-pf cell line. In fact, this is the first time that a long-term nanopar-
ticle effect could be studied in an in vitro cell culture system without serum protein interference.
This unique cell line therefore offers novel opportunities to study nanoparticle-cell interactions. For
instance, how are AgNP distributed and transferred during cell division? What are the differences in
cellular and molecular response patterns in short- and long-term exposures under identical expo-
sure conditions? One previous study already reported different cell responses on short- or long-
term exposures on the molecular level: Comfort et al exposed human keratinocytes, the HaCaT cell
line, to AgNP in a long-term exposure system for 3 months in cell culture medium with serum.
Compared to short-term exposure, they determined that long-term exposures induced significant
increased p38 activation, which related to cellular stress responses, including apoptosis, immune
response, migration, and gene regulation (Comfort et al. 2014). This study illustrates that studying
nanoparticle exposures on short vs. long-term in the RTgill-W1-pf cells and the ensuing molecular

response may provide new insights into the long-term consequences of particle exposure.

Beyond exploiting the RTgill-W1-pf cell line for further nanoparticle research, it also provides the
possibility to study chemical effect over long-term exposures without serum protein interference.
For example, serum has been reported to influence the cellular response of cytochrome P450
monooxygenases (Nakama et al. 1995). What is more, unlike cells of internal tissues and organs,
which are surrounded by a biofluid environment, i.e. the blood or lymph, fish gills face, at least on
the apical side, the fresh water. Thus, the RTgill-W1-pf cells might better represent the gill cells in
the organism in vivo. For example, they could be cultured in a multi-compartment system where
the upper side represents the water-facing side and the bottom compartment the organism-facing
side. The upper side could be cultured in the serum-free medium and the bottom compartment be
fed with serum-containing medium. Such experimental set-ups already exist but none so far has
been applicable to long-term exposures without serum in one of the compartments. Finally, though
the RTgill-W1-pf cells were able to proliferate in InVitrus medium and can be successfully frozen
and thawed, it was found that the cells last for only about ten passages. This means that, unlike the
“wild-type” RTgill-W1 cells, the RTgill-W1-pf cell line is not immortal. Hence, there are two ways
forward to culture the fish cells continuously without a serum supplement. One way is to develop a

serum-free culture medium specifically for fish cells. No such medium exists as of yet; also the InVi-
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trus culture medium was designed for mammalian cells and thus may not fit the specific require-
ments of fish cells very well. Another way is try to immortalize RTgill-W1-pf cells, e.g. by transfec-
tion with a plasmid to artificially increase telomerase activity in these cells, as is already established

for mammalian cells (Schnabl et al. 2002).

In conclusion, this thesis offers a mechanistic understanding of AgNP interactions with cells by link-
ing and quantifying both exposures and effects. It provides fundamental information about AgNP
uptake and interaction with proteins in these cells, which is useful for AgNP toxicity studies. The
newly developed models or methods, including d-L15/ex exposure medium, a protocol for NP-
protein corona isolation from intact cells and the serum-free culture of RTgill-W1-pf cells are useful

advances and can be applied in future nanoparticle-cell interaction research.
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