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SUMMARY

A substantial increase in nanomaterial production and a rise in novel applications are
predicted in the coming years. There are clearly a number of positive aspects of a range
of different “nano-applications”. However, the inevitable release into the environment of
nanomaterials from such applications also carries a potential risk. Silver nanoparticles
(Ag NPs) are the most commonly used nanoparticles to date, where their antibacterial
properties are used to enhance a number of commercial products, such as in wound
dressings, cosmetics, textiles, and food packaging. The high degree of leaching of the Ag
NPs from consumer products results in accumulations in landfills and the terrestrial
environment. Despite being amongst the most extensively studied nanomaterial to date,
there is still a certain amount of controversy about their toxicity. A multitude of studies
ascribed toxic effects to ionic releases, while other studies have identified particle specific
effects. Furthermore, results from Ag NP toxicity tests are hard to compare, due to
differences in exposure media, organisms, particle characteristics and the endpoints
studied. Lastly, toxicity studies primarily focus on the exposure of a specific life stage or
a single generation of an organism. The lack of multigenerational studies could mean a

large uncertainty about long-term effects.

This PhD research project was aimed at understanding different aspects of the toxicity of
the reference Ag NP NM300K towards the nematode Caenorhabditis elegans, in
comparison to AgNOs. To address this aim, a range of single and multigenerational studies
were set up using C. elegans as a model organism. Studies were designed to test three

hypotheses:

1. NM300K Ag NPs would be toxic to C. elegans, but the relatively low dissolution
of these NPs would make these less toxic than AgNOs.

2. Multigenerational exposure will lead to an adaptation towards Ag NPs at lower
concentrations, but an increase in sensitization at higher concentrations, across
generations.

3. The production of reactive oxygen species (ROS) involved in the toxic
mechanisms of Ag NPs, would trigger antioxidant defenses following exposure,
and changes in toxic responses over generations could be related to these

defense mechanisms.



Standard toxicity tests were carried out to test for toxic response, while the chronic
multigenerational exposures were carried out on agar plates. For all exposures AgNO3

was used as a positive control.

For AgNO3 and Ag NPs exposures, size fractionation measurements showed substantial
changes in Ag speciation over time, characterized by an increase in larger aggregates,
coupled with a decrease in the low molecular mass (LMM) Ag fraction (<3 kDa). In the
AgNOs3 exposures the LMM Ag fraction was 0 - 54 % of total Ag concentration at time zero
(T-0), butonly 0 - 0.06 % at 96 h. Comparatively, in the Ag NP exposure, a reduction from
~16 % at T-0, to 0.05 % at 96 h was observed. This confirmed a low dissolution of Ag NPs
and a higher initial LMM concentration in exposure media for AgNOs. Furthermore,
results suggest a high interaction of Ag with Escherichia coli, the nematodes’ food source,

which, in turn, facilitate the dietary Ag uptake by C. elegans.

In the single generation exposures, a concentration-dependent decrease in nematode
reproduction, fertility, and growth was measured for both Ag NP and AgNOs. However,
the concentrations necessary to achieve a comparable dose-response were 7 - 10 times
higher for the NPs compared to AgNOs. This is further supported by EC50 estimations, for
which Ag NP showed 3 - 7 times higher levels for growth, 8 fold higher for fertility, and
2 -9 fold higher for reproduction, as compared to AgNOs. Ag uptake by the nematodes
was comparable between the two forms of Ag. However, following depuration

approximately 2 fold higher concentrations of AgNO3 were retained by nematodes.

In the multigenerational, chronic exposure, nematodes were continuously exposed to
three concentrations of either AgNO3 (0.01, 0.05 or 0.1 mg Ag L-1) or Ag NPs (0.1,0.50r 1
mg Ag L-1), prior to exposing different generations to higher concentrations (of AgNOs or
Ag NPs) in standard toxicity tests. The continuous chronic exposure to 1 mg Ag L-1 Ag NPs
resulted in an adaptive response, as measured by an increase in reproduction compared
to controls, to Ag NPs. However, the adaptation came at a cost of reduced growth. These
nematodes were producing offspring at a total body length of 0.8 - 1 mm, while control
and AgNOs exposed nematodes only produced offspring at > 1 mm. Furthermore, the
continuous exposure towards Ag NPs led to an increased sensitivity towards AgNOs.
Comparatively, the multigenerational AgNO3 exposure resulted in no change in toxic
response towards AgNOs, but a decreased sensitivity towards Ag NPs. Lastly, a decreased

sensitivity towards the known ROS inducer paraquat was measured following the six
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generational exposure to Ag NPs, hinting at changes in the involvement of the superoxide

(SOD) antioxidant defense system in the observed adaptive response.

Studies using fluorescently labelled C. elegans reporter and biosensor strains showed that
the exposure to both forms of Ag resulted in an Ag concentration-dependent increase in
antioxidant defenses, as well as an increase in peroxide levels and changes in the cellular
redox status in the nematodes. Furthermore, findings showed distinct differences in the
biodistribution of Ag. Changes in cellular redox status in the luminal cells, suggest Ag NPs
were primarily contained within the intestine. In comparison, AgNO3 acted more evenly
across the whole body. Across generations, however, an increase in sod-1 expression in
the F3 generations suggests the involvement of antioxidant defenses in the adaptive
response. Nevertheless, a decrease in sod-1, combined with a simultaneous increase in
oxidative stress development in the F6 generations, suggest that the maintenance of
reproductive capacity is the more beneficial adaptive response of nematodes, compared

to oxidative stress responses.

To conclude, both forms of Ag showed transformations over time in the exposure media
with a decrease in the LMM Ag fraction, in conjunction with an increase in the aggregated
fraction. This highlights the importance of monitoring the Ag speciation throughout the
exposure period. Differences in toxicity between AgNOs and Ag NPs could be related to
differences in the initial LMM fractions as well as clear differences in biodistribution.
Moreover, low dissolution of the Ag NPs may prevent the incorporation of Ag from the Ag
NPs into cellular components. Comparing the two forms of Ag suggests that Ag NPs lead
to increases in ROS production that, in turn, could lead to the observed toxic effects, as
measured by decreases in reproduction, fertility and growth. Additionally, it was
concluded that Ag from AgNOs exposure is more readily incorporated into cells, leading
to the intracellular production of ROS across the whole body of the nematodes. Overall,
the results suggested that AgNOs had a different toxic mode of action to that of Ag NPs.
Furthermore, data suggested that C. elegans was able to develop an adaptive response
towards the exposure of Ag NPs. This response came with the associated cost of reduced
growth, increased sensitivity towards AgNOs and Ce3*, and reduced oxidative stress

defense.



SAMMENDRAG

De narmeste arene forventes en betydelig gkning i produksjon av nanopartikler, og en
rekke nye bruksomrader for disse. Det er mange positive effekter knyttet til bruk av ulike
nanomaterialer. Det er imidlertid uunngdelig at bruken vil medfgre utslipp av
nanomaterialer og dermed utgjgre en risiko for miljget. Sglvnanopartikler (Ag NP) er per
na blant de mest kommersielt anvendte nanopartiklene. Deres antibakterielle
egenskaper brukes til & forbedre produktegenskaper i sdrbandasjer, kosmetikk, tekstiler
og matemballasje. Utlekking av Ag NP fra slike produkter har fgrt til akkumulering av sglv
i avfallsdeponier og terrestriske miljger. Selv om sglvnanopartikler er blant de best
vitenskapelig studerte nanomaterialer som finnes, er det likevel knyttet stor usikkerhet
og mangel pa konsensus vedrgrende toksiske effekter av Ag NP. En rekke studier knytter
toksisiteten til lekkasje av ioner, mens andre forsgk har vist partikkelspesifikke effekter.
Det har ogsa vist seg vanskelig & sammenligne slike studier, pa grunn av ulikheter i
forsgksoppsettene relatert til eksponeringsmedium, testorganismer,
partikkelegenskaper og hvilke effektparametere som er malt. Majoriteten av
eksponeringsstudiene har veert fokusert pd en enkelt generasjon eller et spesifikt
livsstadium hos testorganismen. Det er derfor stor mangel pa data fra
multigenerasjonsstudier, og dermed liten kunnskap om potensielle effekter av

langtidseksponering.

Malsettingen for dette doktorgradsarbeidet har veert & undersgke og forstd sentrale
aspekter ved toksisitet av referansenanopartikkelmateriale Ag NM300K sammenlignet
med sg@lvnitrat (AgNO3) ved bruk av Caenorhabditis elegans som testorganisme. Studien
har bestatt av en rekke enkeltgenerasjons- og multigenerasjonseksponeringer med C.

elegans.
Eksperimentene ble designet til 3 teste tre hypoteser:

1. NM30OK Ag NP er toksiske for C. elegans, men toksisiteten er lavere enn for
AgNOs fordi ioner det i relativt liten grad frigjgres ioner fra partiklene.

2. Eksponering over flere generasjoner vil fgre til en adapsjon til lave
konsentrasjoner av Ag NP, mens hgye konsentrasjoner vil medfgre gkt

sensitivitet.



3. Reaktive oksygenforbindelser (ROS) generert som resultat av Ag NP
eksponering, vil aktivere antioksidantsystemer, og vil over generasjoner
medfgre endringer i toksiske responser relatert til forsvarsmekanismer

mot oksidativt stress.

C. elegans ble eksponert ved bruk av standard toksisitetstester eller pa agarplater for
kronisk multigenerasjonseksponering. Sglvnitrat (AgNOs3) ble brukt som positiv kontroll
ved alle eksponeringsforsgkene. Stgrrelsesfraksjoneringen endret seg over tid for bade
AgNOs3 og Ag NP. Resultatene viste betydelig dannelse av stgrre aggregater, koblet med
en reduksjon i lavmolekyleert (LMM) Ag (<3 kDa). Ved start (T-0) av AgNOs
eksponeringene utgjorde LMM 0-54 % av total mengde Ag, mens ved eksponeringsslutt
(T-96) var andelen LMM redusert til 0 - 0.06 %. Til sammenligning viste Ag NP
eksponeringen en reduksjon fra 16 % ved T-0, til 0.05 % (T-96). Dette bekreftet lav
frigigring av sglvioner fra NM300K partiklene og som forventet en betydelig hgyere
initial LMM fraksjon i eksponeringsmediet fra AgNO3 eksponering. Resultatene viser en
hgy interaksjon mellom sglv og nematodenes neaeringskilde (Escherichia coli). Dette kan
forklare hvorfor Ag i AgNOs eksponeringene i sdpass begrenset grad foreligger som frie

ioner, og bidrar til gkt opptak via diett.

Eksponering over en enkelt generasjon viste doseavhengige reduksjoner i nematodenes
reproduksjon, fertilitet og vekst i respons til bade Ag NP og AgNOs. Det var en signifikant
forskjell i toksisitet, ettersom det krevdes 7- 10 ganger hgyere dose av Ag NP for a fa
sammenlignbar effekt med AgNOs. Dette understgttes av estimerte ECso konsentrasjoner
som viser 3-7 ganger forskjell for vekst, 8 ganger forskjell for fertilitet, og 2-9 ganger
forskjell i reproduksjon mellom Ag NP og AgNOs. Analyser av eksponerte nematoder viste
relativt likt opptak fra begge typer sglv, mens analyser etter depurering viste ca. 2 ganger

hgyere retensjon av sglv hos AgNO3 eksponerte nematoder.

For multigenerasjonstudien ble nematodene kontinuerlig (kronisk) eksponert for tre
ulike konsentrasjoner av enten AgNOs (0.01, 0.05 eller 0.1 mg L-1) eller Ag NP (0.1, 0.5
eller 1.0 mg L-1). Effekter av eksponeringen ble malt for hver generasjon ved bruk av en
standard toksisitetstest. Kontinuerlig (kronisk) eksponering ved 1.0 mg L-1 resulterte i en
adaptiv toleranserespons, vist ved gkt reproduksjon i naerveer av Ag NP sammenlignet
med kontroll/andre behandlinger. Den gkte reproduksjskapasiteten medfgrte en

kostnad i form av redusert vekst. Disse nematodene produserte avkom ved en total
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kroppslengde pa 0.8-1 mm, mens kontroll og AgNOs-eksponerte nematoder reproduserte
avkom kun nar kroppslengden var >1 mm. I tillegg viste det seg at Ag NP eksponerte
nematoder ble mer sensitive for AgNOs. Til sammenligning fgrte multigenerasjon AgNOs-
eksponering ikke til noen endring i respons mot AgNOs, men en redusert sensitivitet
ovenfor Ag NP. Nematoder eksponert for Ag NP over seks generasjoner viste ogsa
redusert sensitivitet for Paraquat som ofte brukes for a indusere ROS. Dette antyder en
adapsjon relatert til antioksideringsforsvarsmekanismer inkludert superoksid dismutase

(SOD).

Ved bruk av fluorescensmerkede C. elegans reporter- og biosensorstammer, ble det vist
at begge typer sglv induserte konsentrasjonsavhengig gkning i uttrykk av sod-1 genet, gkt
intracelluleer peroksidkonsentrasjon og endringer i cellenes redoksstatus. Resultatene
viser distinkte forskjeller relatert til biodistribusjon av Ag. Endringene i redoks-status i
intestinale celler tyder pa at Ag NP primeert interagerer med tarmepitelet. I
sammenligning padvirket AgNOs celler og vev i hele kroppen. Multigenerasjonstudien
viste gkt sod-1 genuttrykk i F3 generasjonen antyder en potensiell rolle for antioksidant
forsvarsmekanismer i adapsjon pa dette stadiet i eksponeringen. Denne endringen var
ikke varig, og i F6 generasjonen var sod-1 genuttrykket nedregulert under kontroll niv3,
samtidig som nematodene viste gkt oksidativt stress. Dette tyder pa at opprettholdelse
av reproduksjonssuksess er en viktigere adaptiv respons for nematodene enn gkt forsvar

mot oksidativt stress.

Det konkluderes med at begge typer Ag transformeres i lgpet av eksponeringstiden, ved
at den lavmolekyleere fraksjonen reduseres i takt med dannelse av aggregater, hvilket
understreker viktigheten av Ag spesiering gjennom hele eksponeringen. Forskjellen i
toksisitet mellom AgNO3s og Ag NP kan vare knyttet til den initiale LMM fraksjonen, samt
forskjeller i biodistribusjonen. Den lave frigjgringen av ioner fra Ag NP forhindrer
translokasjon av sglv intracelluleert. Sammenligning av de to typene sglv tyder pa at Ag
NP induserer ROS som fgrer til observerte toksiske effekter inkludert redusert
reproduksjon, fertilitet og vekst, mens AgNO3 inkorporeres lettere i cellene og dermed
kan pavirke enzymer og proteiner direkte, med pafglgende ROS produksjon. Samlet sett
viser resultatene at AgNO3 og Ag NP induserer toksisitet ved ulike virkningsmekanismer.
Studien viser ogsa at C. elegans er i stand til & utvikle gkt toleranse mot Ag NP eksponering

via adaptive prosesser. Denne adaptive responsen medfgrer en kostnad i form av
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redusert vekst, gkt sensitivitet mot AgNO3 og Ce3* og redusert kapasitet mot oksidativt

stress.
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1. Introduction

1.1. Background
Toxicology deals with negative impacts of chemicals and toxicants on humans, organisms
and the environment, and is often traced back to Paracelsus. Paracelsus coined the phrase
“Solely the dose determines that a thing is not a poison” (Sola dosis facit venenum)
introducing the concept of dose and dose response. Concentration and exposure time are
two major aspects of toxicology, both of which determine the effects of single chemicals,
and thereby criteria for assessing the risk of specific chemicals (Walker, 2006). In recent
years, nanotoxicology has emerged as a sub-field of toxicology, which aims to identify the
link between the nanoparticle physicochemical characteristics, such as size, surface

properties and charge, and their toxicity (Donaldson et al., 2004, Jiang et al., 2009).

The term “nano” originates from the Greek word for “dwarf”. Richard Feynman is by
many acclaimed for predicting the rise of the innovative field of nanotechnology in a talk
given back in 1959 “There is plenty of room at the bottom: An invitation to enter a new field
of Physics” (Khan et al, 2017), recognizing the unique properties of materials
manipulated at the atomic scale. Today, modern nanotechnology is defined as “creating
products and applications based primarily upon the synthesis of molecules in the nanoscale
(10-° m) size range” (Warheit, 2018). The changing properties of a material when its size
range falls below 100 nm, and hence the manipulation of material properties, makes
nanotechnology an industrially important field of research, with an interesting range of

applications and uses.

Although nanomaterials occur naturally, incidental and manufactured nanomaterials
attract the main focus in terms of health and safety of humans, for instance occupational
workers and consumers, as well as adverse effects on the environment (Hunt et al., 2013,
Lazareva and Keller, 2014, Warheit, 2018). Naturally occurring nanomaterials, such as
from volcanic eruptions, and incidentally produced, such as by-products of combustion
processes, are often termed ultrafine particles, and have a tendency to be heterogeneous
in terms of their physical and chemical properties. On the other hand, engineered

nanomaterials are designed with physicochemical properties for a specific function.

In the early 2000’s, more than 35 countries initiated research into nanoscale production

(Roco, 2003). This was followed by a steady increase in nanomaterial production, with
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around 4000 registered nanomaterials listed in the Nanowerk database to date
(Nanowerk, 2019). In 2005 the total global investment in nanotechnologies was
approximately $10 billion globally, and expected to increase to 1 trillion by 2011 - 2015.
In 2004, around 103 tons was produced annually, with a further predicted increase to
10%- 105 tons annually by 2010 (Science Policy Section, 2004, Harrison, 2007, Navarro et
al., 2008a). Production of nanomaterials is estimated to triple by 2020, where metal oxide
nanoparticle production alone is estimated to increase to up to 1.6 million tons annually
by 2020 (Forster etal.,, 2011, Piccinno et al., 2012, Future Markets, 2017, Sun et al., 2017,
Lead et al, 2018). Due to vast differences in the way market research quantifies
nanomaterials applied by producers, uncertainty by producers on the exact amounts
used, as well as a lack of comparative historical data, the estimation of exact quantities of
nanomaterials currently used in production is difficult (Piccinno et al, 2012, Giese et al.,

2018).

The increasing use and application makes it necessary to define and categorize
nanomaterials. Governmental organizations as well as industries have made efforts to
define nanomaterials, resulting in a wide range of available definitions to date (Boverhof
et al, 2015). The International Organization for Standardization (ISO) defines
nanomaterials as a “Material with any external dimension in the nanoscale or having
internal structure or surface structure in the nanoscale”, with an additional definition of
“nanoscale” lying in the size range of 1 - 100 nm (ISO, 2015). The European Commission
on the other hand, has included additional factors to the size limit, in their definition: "4
natural, incidental or manufactured material containing particles, in an unbound state or
as an aggregate or as an agglomerate and where, for 50 % or more of the particles in the
number size distribution, one or more external dimensions is in the size range
1 nm - 100 nm. In specific cases and where warranted by concerns for the environment,
health, safety or competitiveness the number size distribution threshold of 50 % may be
replaced by a threshold between 1 % and 50 %” (European Commission, 2011). Common to
all definitions is that, for a particle to be considered “nano”, one of its dimensions must
be below 100 nm (Boverhof et al, 2015). However, critics point to inconsistencies
between different definitions, as well as the strong focus on the size limit of 100 nm,
which has little theoretical or environmental relevance (Boverhofetal, 2015). It has been

proposed that, for definitions to be relevant for risk assessment, factors like distribution
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threshold, size-dependent properties, the state of agglomeration/de-agglomeration and

aggregation/disaggregation should be included (Boverhof et al., 2015).

Due to their small size, meaning a higher surface to volume ratio, nanomaterials have
increased reactivity and different surface chemistry compared to their larger particles of
the same material, possibly leading to adverse effects on humans and organisms (Brown
et al, 2000). Therefore, regulatory agencies are confronted with the question about
whether the nanoparticulate form of a compound needs to be managed differently than

in its bulk or dissolved phases (Hund-Rinke et al., 2016).

1.2. Silver nanopatrticles

Because of their antibacterial properties, silver nanoparticles (Ag NPs) are a versatile
material, used in a wide range of products, for instance as wound dressing, in sports
equipment, as well as baby products (Fung and Bowen, 1996, Park et al,, 2009, Nowack,
2010). Most of the nano silver released into the environment originates primarily from
textiles, with additional sources from cleaning agents, cosmetics and medical products
(Giese et al., 2018). Nevertheless, although environmental releases of Ag NPs, from for
instance textiles (Volker et al, 2015), has been shown experimentally, data on actual
environmental release scenarios is scarce (Gottschalk et al., 2013). Difficulties arise from
a lack of appropriate analytical techniques able to distinguish Ag NPs from naturally
occurring particles and colloids, as well as the low concentrations in environmental

media, hindering accurate quantification (Sun et al, 2016).

Attempts have been made to estimate fluxes using modelling tools. Giese et al. (2018)
calculated the annual production of Ag NPs to be < 1000 tons. Modelled release data
predicted environmental concentrations in freshwater systems in the pg to ng L-1 range,
with a roughly 2 - 6 fold estimated increase by 2050 (Giese et al., 2018). For agricultural
soils, however, modeled concentrations range between 30 pg/kg (minimum in 2017) up
to 10 ug/kg soil (maximum in 2015) (Giese et al, 2018). However, a large uncertainty
within these modeled estimations is acknowledged. Sun et al. (2016) calculated highest
releases of Ag NPs from electronics and appliances with ~38 % of the total nano Ag
application and ~25 % from textiles, collecting in landfills and sediment. However,
estimates presented should be considered with care, as models used do not consider
chemical transformations and dissolution of the NPs, which are of particular importance

in the case of Ag NPs (Sun et al.,, 2016).
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1.3. Silver nanoparticle toxicity to biota

Despite high uncertainties about actual environmental concentrations, previous
knowledge about the toxic properties of the ionic forms of different materials, led to
increasing concern about the potential adverse effects of nanomaterials (Oberdorster et
al, 2005, Piccinno et al, 2012). In response, the number of published studies on
nanoparticle toxicity has increased by 600 % over the last decade (Vazquez-Muioz et al.,
2017). Therefore, obtaining detailed knowledge about the potential toxic effects and toxic
mechanisms of such exposures is of clear interest. Despite being one of the most
intensively studied nanomaterials to date, controversy still exists about the toxic
properties of Ag NPs, with results differing or even contradicting each other (Vazquez-
Muhoz et al.,, 2017). However, the potential environmental hazard of Ag NPs is attributed
to the well-known antibacterial properties of Ag, together with their ability to produce
reactive oxygen species (ROS) on the surface of the particles (Vazquez-Muifioz et al.,
2017). The antibacterial action of Ag NPs has been attributed, almost entirely, to Ag*
releases by the NPs, as well as the production of reactive oxygen species by the NPs,
making factors like shape, coating or size of the NPs secondary in terms of toxicity
towards bacteria (Kim et al., 2007, Xiu et al., 2011, Duran et al., 2016). Nevertheless, with
increasing complexity of organisms, the mechanisms of the toxicity is not as clear cut,
where ion toxicity does not solely explain toxic response (Lead et al,, 2018). Therefore,
while many studies conclude that toxicity can be solely attributed to ionic releases a
range of studies have found particle specific effects, or a combination of the two (Navarro
etal,2008b,Kim et al., 2009, Fabrega et al., 2011, Beer et al., 2012, Choi et al., 2018). This
further highlights the high influence of the particle characteristics on toxicity.

Available studies are hard to compare due to differences in exposure media, choice of
organisms, test conditions, and different Ag NPs with varying shape, size, charge or
coating, all characteristics that impact NP behavior (Vazquez-Mufoz et al, 2017).
Nevertheless, Ag NPs appear to be toxic to most organisms, with a LOEC of 5 pg Ag L1 in
the freshwater clam Sphaerium corneum, an acute EC50 of 121 ug Ag L1 for Daphnia
magna, and 8.95 and 13.9 pg Ag L1 for D. pulex and D. galeata, respectively (Li et al.,
20104, Volker et al, 2013, Ahn et al,, 2014, Volker et al., 2015). However, most studies
report higher toxicity from Ag ions, with an EC50 for D. pulex of 0.68 pg Ag L1, and
2.13 pg Ag L1 for D. galeata (Volker et al., 2013), and the lowest NOEC values for Daphnia
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spp of 0.001 pg Ag L1 (Bielmyer et al., 2002). Volker et al. (2013) relate differences in
toxicity back to the coatings of the particles, for instance PVP, preventing particle
dissolution, and hence a lower ionic fraction in the exposure. However, following the
ingestion, Ag NPs may either exert their toxicity directly in the intestine, or be taken up
into cells and transferred across different tissues. Furthermore, Ag NPs often show high

dissolution, leading to localized ionic releases (Volker et al,, 2015).

Additional toxic mechanisms of Ag NPs can be related to their high affinity to sulfur. Ag
(either ionic or particulate) can have direct interaction with macromolecules, possibly
leading to conformational changes, including protein unfolding or the adsorption of
proteins onto the surface of the particles, also referred to as the formation of a protein
corona (Choi et al., 2009, Liu et al.,, 2011, Saptarshi et al., 2013). Changes in the protein
structure have the potential to impact downstream protein-protein interactions, cellular
signaling or DNA transcription (Saptarshi et al, 2013). Further, direct interaction of the
nanoparticles with membrane proteins and active signaling pathways may lead to
inhibition of cell proliferation (Asharani et al., 2009, Gopinath et al, 2010, Roh et al,
2012). Ag may also bind to iron sulfur clusters and inhibit enzyme activities, with silver
sulfide precipitation, resulting in succinate dehydrogenase inhibition, consequently
leading to further metabolic interferences (Ghandour et al., 1988). Moreover, the binding
of Ag to sulfhydryl (thiol) groups has been shown to promote iron releases, leading to the

formation of hydroxyl radicals (Gordon et al., 2010).

1.4. Reactive oxygen species and oxidative stress
Most organisms require oxygen (02) to live, but the partial reduction of the 02 may lead
to the formation of ROS. In eukaryotic cells, ROS are continuously produced by the
mitochondria (Murphy, 2009, Lushchak, 2011). This production of ROS is continuously
counterbalanced by a finely tuned antioxidant defense system, in order to avoid oxidative
stress (Livingstone, 2003, Murphy, 2009). Exposure to a wide range of environmental
stressors, including Ag NPs (Hwang et al, 2008), UV radiation or herbicides (such as
paraquat)(Suntres, 2002), may potentially induce an additional production of ROS. An
imbalance between ROS production and ROS neutralization results in an imbalance in the
redox status of a cell. Hence, a disturbance in the redox homeostasis may lead to the
formation of oxidative damage to biomolecules, including protein, lipids and nucleic acid,

as well as interferences in cellular signaling mechanisms (Ray et al, 2012).
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Although ROS are natural byproducts of cellular oxidative metabolism, in general, ROS
are considered to be “unwanted and toxic by-products of living in an aerobic environment”
(Finkel, 1998), and to have destructive properties (Lushchak, 2014, Abdal Dayem et al.,
2017). However, studies show that ROS may also play a significant part in maintaining
cellular homeostasis (Finkel and Holbrook, 2000). Furthermore, ROS have been involved
in regulating proliferative responses, fighting certain infections, or functioning as a

signaling molecule (Finkel, 1998, Finkel and Holbrook, 2000, Droge, 2003).

Cellular ROS levels are strongly regulated by the antioxidant defense system, including
enzymes such as superoxide dismutase (SOD), glutathione peroxidase (GPX) and catalase
(CAT), as well as antioxidants such as flavonoids, ascorbic acids, vitamin E and
glutathione (GSH) (Wu et al, 2014). Oxygen radicals like superoxide (0z-) are highly
reactive, have a short biological lifespan (nano to micro seconds), and need to be rapidly
reduced by SOD into H202, which may then be sequestered into water (H20) and oxygen
(02) by the enzymes CAT and GPX (Figure 1) (Abdal Dayem et al.,, 2017, Braeckman et al.,
2017).

The superoxide dismutase enzymes are important components of the antioxidant
defenses, found in nearly all oxygen exposed cells (Abdal Dayem et al, 2017). The SOD
enzymes act as a catalyst for the dismutation of superoxide anions (02-), a process where
one electron of the Oz- is transferred to another Oz, producing a molecule of hydrogen
peroxide (H202) and oxygen (02) (Lumb, 2017). SODs are classified by their metals, iron
(Fe) or manganese (Mn), copper (Cu) and zinc (Zn), or nickel (Ni), used for stability,
catalysis and structure (Case, 2017). In C. elegans, there are five forms of SOD, with SOD-
1,SOD-4 and SOD-5 being Cu/ZnSOD isoforms, and SOD-2 and SOD-3 being mitochondrial
MnSOD isoforms (McCord and Fridovich, 1969, Hoogewijs et al., 2008, Braeckman et al.,
2017).

Furthermore, increases in ROS are mitigated by expenditure of GSH as an electron donor
for antioxidant enzymes. This leads to an oxidation of the reduced GSH into its oxidized
form, glutathione disulfide (GSSG) (Figure 1) (Braeckman et al, 2017). Organic
hydroperoxides and hydrogen peroxides are broken down by glutathione s-transferase

(GST) and GPX, using GSH as a reducing agent (Braeckman et al., 2017).
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Figure 1: Schematic representation of the production and removal of ROS by antioxidant

defense systems in the nematode C. elegans. Abbreviations are explained in the text.

1.5. Silver nanoparticles and reactive oxygen species
Chemically speaking, any compound can potentially be an oxidizing agent by accepting
electrons (Kermanizadeh et al,, 2015). The compound donating the electrons becomes
oxidized, while the oxidizing agent is reduced. lonic Ag is known to produce ROS,
potentially leading to oxidative stress (Cortese-Krott et al.,, 2009, Park et al,, 2009). It has
been suggested that Ag ions impair enzymes in the respiratory chain, and therefore
increase cellular superoxide radicals (Park et al., 2009). Further, it has been shown that
Ag NPs may produce free radicals on the surface of the particles (Hwang et al., 2008, He
et al, 2012a, He et al, 2012b, Ribeiro et al, 2015, Choi et al, 2018). Structural
modifications, as well as alterations in the electronic properties on the surface of the
particles result in the formation of reactive groups (Donaldson and Tran, 2002,
Oberdorster et al., 2005). The reaction of Ag NPs with oxygen will produce H202 (Liu and
Hurt, 2010, He et al., 2011). On the other hand, Ag NP may act as a catalyst to break down
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H202 leading to superoxide (02-) production (Endo et al., 2008, Guo et al., 2008, He et al.,
2011). Therefore, both Ag NPs and silver ions may lead to the production of superoxide
anions (027) and peroxide radicals (022-), as well as hydroxyl radicals (‘fOH), hydrogen
peroxide (H202) and singlet oxygen (102) (Hwang et al, 2008, He et al.,, 2012a, He et al,,
2012b, Choi et al,, 2018). The formation of ‘OH by Ag, either particulate or ionic, has a
high potential for DNA damages, through the interaction of the free radical with the DNA
forming 8-hydroxyl-2’-deoxyguanosine (8-OHdG) (Valavanidis et al, 2009, Song et al,
2012). ROS production by nanoparticles is a factor of characteristics including size,
charge, surface area and chemical structure, and may lead to a sequence of pathological
events such as inflammation, fibrosis, genotoxicity and carcinogenesis (Shvedova et al.,

2012, Abdal Dayem et al., 2017).

Ag NPs have been shown to induce oxidative stress in a wide range of species, including
zebrafish (Choi et al., 2010, Massarsky et al., 2013), C. elegans (Roh et al., 2009, Lim et al,,
2012a, Roh et al., 2012), nitrifying bacteria (Choi and Hu, 2008), mice (Song et al., 2012)
and duckweed (Jiang et al., 2014). Jiang et al. (2014) measured an increase in SOD activity
in duckweed, when exposed to 6 and 20 nm Ag NPs. Similar increases in superoxide
dismutase activity were found in Escherichia coli, however these were attributed to ionic
releases (Hwang et al., 2008). Nevertheless, in the freshwater clam Sphaerium corneum,
SOD activity was unaffected by the exposure to PVP coated Ag NPs (15 nm), and AgNOs3
(Volker et al, 2015). Moreover, results showed moderate changes in GST and GPX
activities (Volker et al, 2015). In C. elegans, reproductive failure resulting from Ag NP
exposure (20 - 30 nm), has been related to ROS formation and oxidative stress
manifestation (Roh et al.,, 2009, Lim et al., 2012b). Furthermore, Roh et al. (2009) showed
that the production of ROS and Ag NPs (20 nm) induced the expression of the sod-3 gene
in C. elegans. Citrate coated Ag NPs (26.2 + 7.6 nm) caused a rapid depletion of reduced
cellular GSH, and apoptosis in mice (Lee et al., 2014b).

1.6. Adaptation towards stressors
More and more research is focused on the stress, and acclimation and adaptive responses
of organisms towards stressors (Bijlsma and Loeschcke, 2005). Environmental stress
results from changes of abiotic factors, such as temperature, climate factors or chemical
components (Lindgren and Laurila, 2005, Sorensen et al,, 2005). A wide range of possible

adaptive processes, such as morphological, behavioral, physiological, neuro-endocrine,
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blood biochemistry, metabolic, molecular and cellular responses promote the survival of
an organism in an environment under stressful conditions (Bijlsma and Loeschcke, 2005,
Sejian et al., 2018). Therefore adaptation may be defined as “the process of change in an
organism to conform better with (new) environmental conditions, whereby the organism
(or group of organisms) acquires characteristics, involving changes in morphology,
physiology or behaviour, that improve their survival and reproductive success in the
particular environment” (Bijlsma and Loeschcke, 2005). This adaptive process, however,
includes both the acclimation of an individual organism within its life span towards a
stressor, as well as adaption across generations by a population (Sun et al, 2014).
Therefore, studies to date use the term “adaptation” interchangeably between single
organisms and changes across multiple generations of a population. In the current work,
a distinction was made, where the term adaptation refers to changes in the toxic response
towards a stressor, developed by a population across multiple generations. Changes in
sensitivity within the lifespan of the same organism are referred to as acclimation, i.e. the
adaptation of an organism towards a secondary stressor, following the exposure to a

primary stressor.

Acclimation processes in C. elegans have been shown by Zhao and Wang (2012). The
ability to increase the resistance towards a stressor is highly governed by the life stage of
the exposed organism. Further, the duration of the primary exposure, and the
concentration and duration of the secondary exposure will govern changes in sensitivity
towards the stressor (Zhao and Wang, 2012). On the other hand, several laboratory based
studies show the adaptive abilities of organisms to man-made stressors, such as
temperature (Hoffmann et al, 2003), uranium (Dutilleul et al.,, 2014), cadmium (Muyssen
and Janssen, 2004), quantum dots and cadmium salts (Contreras et al, 2014), and
methylmercury (Helmcke and Aschner, 2010), over few generations. However, there are
still questions about the dynamics of the underlying processes at play (Bijlsma and

Loeschcke, 2005).

It has been suggested that a dose of roughly 25 % of the minimum lethal dose of an agent
is necessary to induce increased resistance towards that same agent (Calabrese and
Baldwin, 1997a, Calabrese and Baldwin, 1997b). Cypser and Johnson (2002a)
demonstrated the ability of C. elegans to rapidly develop an acclimation response,

stemming from the exposure to multiple stressors (heat, oxygen and juglone), towards
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the exposure to more severe challenges by the same agent. Furthermore, a cross
tolerance development was shown where the exposure to the xenobiotic juglone,
increased the resistance towards 02 exposure (Cypser and Johnson, 2002a). A range of
other studies have reported a similar cross tolerance development within the lifespan of
the same organism. The pre-treatment to UV irradiation resulted in an increased ability
of the nematodes to withstand exposure to mercury, lead and chromium, with a
significant reduction in oxidative damages and the prevention of locomotive defects
(Wang et al., 2010). Similarly, UV irradiation pre-treatment reduced the toxic effects of
cadmium exposure (Wang and Xing, 2010). Heat pretreatment of maize seedlings
resulted in decreased sensitivity towards chilling, heat, drought and salt stress of the
same seedlings (Gong et al,, 2001, Gibson et al, 2017). It has been suggested that the
mechanism underlying the cross tolerance response, is related to changes in the H202
signaling (Gong et al., 2001). Overall, findings suggest that the acclimation process is not
governed by the physical nature of the stressor, but by the physiological and mechanistic
responses of the organism, including antioxidant defenses, stress protein induction,
signaling pathway modulation and metabolic regulation, responses that are shared by

several stressors (Zhao and Wang, 2012, Gibson et al., 2017).

It has been suggested that oxidative stress induction by low dose exposure of a toxicant
is underlying the mechanism of a decrease in sensitivity to higher doses of the same or
other oxidative stress inducing agents (Zhao and Wang, 2012). Increase in the antioxidant
defense system may be a result of an increase in ROS formation by the mitochondria,
leading to an acclimation response, which may in turn accumulate across generations
leading to long-term reductions in oxidative stress (Zhao and Wang, 2012). Young
nematodes have been shown to have an increased ability to acclimate to oxidative stress
(induced by either the quinone plumbagin or hypoxia) by increasing their superoxide
dismutase (SOD) activity, while more mature/older nematodes were not able to adjust
their antioxidant defenses in such a manner (Darr and Fridovich, 1995). However, a study
by Yanase et al. (1999) showed that pre-treatment by hyperoxia of C. elegans did not
affect the gene expression of sod-1 and sod-3, demonstrating the specificity of such

acclimation responses.
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1.7. Ag NP multigenerational studies

Conventional toxicity testing will often be limited in terms of duration of the exposure.
Most of the exposure scenarios only cover a limited number of life stages of an organism,
making predictions on chronic long-term exposures difficult (Goussen et al., 2013).
Multigenerational exposure studies, particularly studies focusing on nanoparticles,
although available, remain scarce, due to time constrains. Many model organisms used in
toxicological studies, have a long maturation time, making the exposure of multiple
generations tedious. However, to assess the potential for adaptation on an ecologically
relevant time scale, it would be necessary to cover at least four generations of exposure,

to avoid acclimation effects (Muyssen and Janssen, 2004).

The multigenerational exposure studies that are available to date, cover a variety of
stressors and organism, ranging from experiments on ocean acidification, diet, antibiotics
and metals, on copepods, rats, daphnia and earthworms (Flynn et al.,, 2000, Andre et al.,
2009, Kim et al, 2012, Volker et al., 2013, Pedersen et al., 2014) (table 1). Despite Ag NPs
being amongst the most widely studied nanomaterials, only four studies have been
carried out to date, where three focus on the multigenerational exposure of C. elegans
(Contreras et al., 2014, Luo et al., 2016, Schultz et al., 2016), and one on daphnia species
(Volker et al, 2013). In a recovery study, Luo et al. (2016) primarily focused on the
trophic transfer of the PVP coated Ag NPs (25 nm, -12.6 + 0.99 mV, and 75 nm, -
25.7 £ 2.02 mV), from E. coli to C. elegans, and the transfer of effects up to the unexposed
F4 generation. A higher toxicity, in terms of apoptosis, total brood size, life span and
population size, from the 25 nm Ag NPs towards C. elegans was found. The parental
nematodes, fed with E. coli containing Ag NPs showed significant germ cell death. A
transfer of effects was seen in subsequent unexposed generations, with a recovery only
observed at the F3 generation for the 75 nm Ag NPs, and the F4 generation for the 25 nm
Ag NPs (Luo et al, 2016). In contrast, the multigenerational Ag NP exposure study by
Schultz et al. (2016) concluded that nematodes did not recover from the increased
sensitization resulting from the PVP coated Ag NP (58.3 + 12.9 nm, -11.6 mV) exposure
across generations, even when exposure was removed. Nematodes were continuously
exposed for 10 generations, and changes in total brood size, growth and lifespan in
toxicity tests (Simulated Soil Pore Water) were measured (Schultz et al, 2016). The

authors suggest that possible epigenetic inheritance may play a role in the lack of
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recovery across generations (Schultz et al., 2016). Similarly, Contreras et al. (2014) found

a size dependent increase in sensitivity when measuring life span and fertility across four

generations of exposure of C. elegans to three different sized Ag NPs (2, 5 and 10 nm).

Only growth and neurodegenerative endpoints showed evidence of adaptation at lower

(1 and 10 mg L-1) concentrations (Contreras et al., 2014). Overall, these studies showed

limited adaptive abilities of C. elegans towards Ag NP exposure across generations, with

increased sensitization and heritable effects dominating the findings. Nevertheless,

results from Contreras et al. (2014) support the notion that nematodes are in fact able to

develop an adaptation, however, this is highly dependent on concentrations.

Table 1: Number of multigenerational exposure studies available to date.

Search engine

Multigenerational

Multigenerational

Multigenerational
nanoparticle

Multigenerational

Multigenerational
Ag NP C. elegans

studies C. elegans studies studies Ag NP studies studies
Google scholar 1,280 66 38 4 3
Web of science 76 11 2 1 1
Oria 336 20 4 1 1

26




1.8. Aims and Objectives
Based on previous findings on Ag NP toxicity, the overall aim of the current work was to
increase the understanding of the different aspects of the toxicity of the reference Ag NP
NM300K towards the nematode C. elegans, in comparison to AgNOs. This included single
and multigenerational exposure studies, as well as investigations into the role of ROS
production, changes in the antioxidant defenses and oxidative stress development in the

toxicity mechanisms. The work was centered around three linked hypotheses:

1. NM300K Ag NPs would be toxic to C. elegans, but the relatively low dissolution of
these NPs would make these less toxic than AgNOs.

2. Multigenerational exposure will lead to an adaptation towards Ag NPs at lower
concentrations, but an increase in sensitization at higher concentrations.

3. ROS production involved in the toxic mechanisms of Ag NPs, would trigger
antioxidant defenses following exposure to the Ag NPs, and changes in toxic responses

across generations could be related to these defense mechanisms.
To address these, the following tests and experiments were set up:

[.  To characterize the toxic effect of the reference Ag NPs NM300K compared to
AgNOs in the nematode C. elegans (Paper [ and II).

II. To investigate the reproducibility of Ag NP toxicity tests with C. elegans, using
AgNOsas a positive control, and link the characterization of Ag in test media to the
toxicity (Paper I).

[II.  To examine the changes in toxic response towards Ag (either NPs or AgNO3), and
arange of other stressors (Ce, Cd, Cu, Ce-NPs and paraquat), following the chronic
multigenerational exposure to either form of Ag, in C. elegans (Paper IIl and IV).

IV.  To monitor changes in antioxidant defenses and oxidative stress manifestation in
the nematode, in response to NM300K or AgNOs3 exposure, and attempt to link
these to changes in the toxic response following the multigenerational exposure

towards either form of Ag (Paper Il and IV).
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2. Methodology

2.1. General outline

To address the objectives of the current PhD research, a range of exposures were set up
(Figure 2). All exposures were conducted using the model organism C. elegans, the EU
reference Ag NP NM300K, and AgNOs as a positive control. The nanoparticles were
characterized for size distribution, electrostatic stability, size, and particle shape, as well
as, changes in the size distribution of Ag as a function of time in the exposure media and
the presence of organisms. A multigenerational exposure scenario was set up to test for
changes in the response towards both forms of Ag. The toxic response was assessed in
standard 96 h toxicity tests following the ISO guideline, performed within each
generation of the exposure. Changes in growth, fertility and reproduction were measured
at the end of each toxicity test. At the end of the six generational exposure, nematodes
were additionally exposed to a range of other metal cations, another nanoparticle type
and a known ROS inducer, in order to test for possible changes in toxic response towards
other toxicants. Due to indications of changes in the antioxidant defenses, another
multigenerational exposure scenario was set up with a GFP labelled superoxide
dismutase-1 gene expression reporter, and a glutathione biosensor strain. The methods
are outlined below, however, a more technical and detailed description can be found in

the corresponding papers.
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2.2. NMS30O0K stock preparation and characterization

Due to their high antibacterial properties, Ag NPs are of great concern in terms of
environmental releases or the exposure to organisms and their toxic effects. For the
present work, the EU reference material NM300K Ag NPs were chosen, partly to
contribute to the knowledge base of this well-characterized material, but also because of

their low dissolution, providing the possibility to measure NP specific effects.

2.2.1. Stock preparation of the NM300K stock suspensions
All stocks for all exposures were prepared in ddH20 (15 M{L cm) water. For stocks in
Papers |, II and III, the NANoREG standard operating procedure for stock suspension of
the NM300K Ag NPs was followed (Jensen et al., 2016). In Paper IV, however, the SOP was
adjusted to reduce the concentrations of the main stocks by 10 fold. Nevertheless, for all
stocks, Ag NPs were sonicated using a sonicator probe (Branson S-450 D sonicator,
disruptor horn 13 mm). All subsequent working solutions and exposure stocks, as well

as those for TEM analysis, were directly diluted from the initial stock in ddH:O.

2.2.2. Nanoparticle characterization
Due to a lack of understanding on the exact relationship between the characteristics of
nanoparticles and their toxicity, it is essential to fully characterize the nanoparticles
throughout the exposure (i.e. prior to the administration and during the exposure) to
obtain meaningful and reproducible results (Navarro et al, 2008a, Jiang et al., 2009,
Koser et al, 2017). Nevertheless, it is difficult to cover all possible characteristics, and
hence, a list of priority characteristics has been proposed, including measurements on
the size, dispersion state, surface charge, shape, chemical composition, surface area,
surface chemistry, and dissolution state (Navarro et al., 2008a, Jiang et al., 2009, Koser et
al, 2017). Despite manufacturers providing detailed information on nanoparticle
physicochemical properties upon purchase, it is necessary to monitor physicochemical
changes of the particles, such as agglomeration, dissolution, and surface charge
variations, in the actual exposure media, and with test organisms present (Powers et al.,
2007, Jiang et al., 2009). Absorption, distribution, metabolism, and excretion of the
nanoparticles by the organisms can be affected by the size, surface charge, as well the
dissolution state (Jiang et al., 2009, Djurisi¢ et al., 2015, Sgrensen and Baun, 2015).
However, monitoring the changes of particle characteristics in the exposure media is

challenging, since many of the characterization techniques are only applicable to pristine
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particles. A general outline of different characterization techniques applied to stocks and

working solutions in the present work is given in figure 3.
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Figure 3: Outline of sampling and techniques for analysis of particle characterization and

behavior during the exposures. Abbreviations are explained in the text.

2.2.3. Transmission Electron Microscopy analysis
To identify the size and shape of the NM300K Ag particles, samples were prepared for
transmission electron microscopy (TEM) analysis, using the Morgagni 268 (FEI,
Eindhoven, Netherlands) at an acceleration voltage of 80 keV. In TEM an electron beam
is directed at a ultrathin sample and the resulting interactions are observed. If the
electrons experience a high density area (including Ag NPs) within the sample, the
electrons are scattered back. It is important to note that the image is created by the

electrons that are transmitted through the sample, rather than the back scattered

31



electrons. Samples were prepared on a 400 mesh carbon coated copper grid and dried at
room temperature. TEM imaging of nanoparticles is a useful characterization technique
as it also provides visual evidence of the presence of nanomaterials, and allows the
identification of the shape of individual monomers as well as aggregates. Nevertheless, it
should be noted that artifacts due to preparation techniques may occur (Fabrega et al.,

2011).

2.2.4. Hydrodynamic diameter and zeta potential
The size distribution and zeta potential of all Ag NP stock suspensions was measured
using a Malvern Zetasizer ZS (DLS - Malvern Instruments Ltd, Worcestershire, UK). The
measurement is based on the principle of Brownian motion of particles, using a laser that
is passed through the sample and scattered around particles and/or aggregates. The zeta
potential, on the other hand, provides an indication of the stability of the particles. There
are several limitations to the DLS measurements, such a low sensitivity at lower
concentrations, non-selective material detection, and the inability to distinguish
mixtures. Furthermore, the presence of larger aggregates or particles will be more
effective at scattering the light, and hence, skewing the size distribution (Domingos et al.,
2009). Nevertheless it may be used as a relatively quick method, compared to, for
instance, TEM analysis, to validate the stock preparation method and allow for the simple

comparison of different stock suspensions (Hagendorfer et al., 2012).

2.2.5. Centrifugation, ultrafiltration and size fractionation
Agglomeration and aggregation, as well as oxidation of Ag NPs leading to the dissolution
of the Ag NPs to dissolved Ag* ions, are amongst the most important mechanisms
impacting the interaction of Ag NPs with the organisms in a toxicity test (Lowry et al,
2012, Behra et al, 2013, Starnes et al.,, 2015). Therefore, an assessment of changes in the
Ag NPs colloidal dispersion in the exposure media is vital. The low molecular mass (LMM)
Ag fraction in the exposure media was assessed by centrifugal ultrafiltration using
Amicon Ultra-15 centrifugal filters with a 3 kDa membrane filter (Millipore). Due to the
presence of the E. coli and nematodes, as well as larger particles in the samples, and to
avoid the clogging of the 3 kDa filter units, samples were centrifuged for 5 min at 2000 g
prior to ultrafiltration. A sample of the supernatant was taken and analyzed for the total

Ag content; defined as the suspended Ag fraction of the samples.
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To control for the possible binding of the Ag to the filter units, the 3 kDa filters were pre-
conditioned by centrifugation of a sample aliquot, which was discarded before the
ultrafiltration of the samples to be analyzed. Filter units were then filled with 400 pl of
the sample and centrifuged for 30 min at 14000 g. The Ag content of the filtrate (<3 kDa)
was analyzed by ICP-MS. Since 3 kDa corresponds to approximately ~1 nm (Sasaki et al.,

2006), it was assumed that this fraction contained mostly ionic or LMM Ag species.

2.3. Choice of organism

The nematode C. elegans is a free-living organism found worldwide. Although often
considered to be living in the soil pore water, they may be found in rotting fruit and
vegetable matter, feeding on bacteria (Corsi et al., 2015). They are approximately ~1 mm
in length and, due to its short life span, high fecundity, and well-annotated genome, very
suitable for a wide range of exposure studies (Handy et al.,, 2012, Goussen et al., 2013).
Although males may occur (at a frequency of roughly 0.2 %), C. elegans exist primarily as
a self-fertilizing hermaphrodite (Corsi et al, 2015). In the laboratory, C. elegans are
primarily grown on agar plates, fed with the bacterium Escherichia coli. They will reach
their reproductive adult stage (L4) within 3 days at 25 °C and will produce 280 eggs per
adult in the absence of males, and up to 1000 with males present (Corsi, 2006). In
response to a lack of food, they may enter an arrested larval stage, called the dauer stage,
and survive without food for approximately one month. Due to their transparent body, C.
elegans may be used for studies on individual cells and subcellular details, as well as in

vivo studies using fluorescent labels (Corsi et al., 2015).

C. elegans was chosen for a number of reasons as a model organism for the current work.
Keeping in mind that a high amount of Ag NPs will concentrate in the terrestrial
environment (Sun et al.,, 2016, Giese et al., 2018), a soil organism, such as C. elegans, is a
well suited model for determining toxic effects of prolonged exposure towards Ag NPs.
Further, living in water films and water-filled pore spaces in the soil, liquid exposure is
the most common way to expose nematodes, which may also give indications of effects of
the Ag NPs in the aquatic environment (Leung et al., 2008, ISO, 2010). Resulting from the
easy maintenance, short generation time, and self-fertilizing ability to produce a large
amount of offspring, C. elegans has been used in a wide range of toxicological studies.
Further, it has been suggested as the perfect model for toxicity testing due to its short

lifespan, avoiding the aging of the particles in prolonged exposures (Handy, 2012).
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Additionally, the short generation time is highly preferable for multigenerational studies
(Hunt, 2017). Hence, organisms with longer maturation time may not be as suitable for
such studies. Due to their small size, it is easy to maintain large cultures, and high
numbers of biological replicates, thus achieving robust experimental design. C. elegans
are a model organism for a wide range of studies, since a number of molecular signals
controlling their development are also found in higher, more complex organisms, also
including humans (Corsi, 2006, Markaki and Tavernarakis, 2010). Therefore, results

shown in the current work may provide evidence for similar changes in other organisms.

2.4. Toxicity test
Age synchronized C. elegans were exposed in a standard 96 hrs toxicity test, according to
the ISO 10872 guideline (ISO, 2010) with some modification. Traditionally, C. elegans
exposure studies are either conducted on agar plates seeded with E. coli or in high ionic
strength media, such as M9 or K+. However, the exposure media was changed to the US
EPA moderately hard reconstituted water (MRHW) (United States Environmental
Protection Agency, 2002), due to its low ionic strength, minimizing the agglomeration
and aggregation of the particles, as well as, the complexation and precipitation of Ag*
with, for instance, chlorides (El Badawy et al., 2010). Furthermore, MHRW is considered
to be a more environmentally relevant media for toxicity testing on nanomaterials (see
Tyne et al. (2013)). Exposure stocks were directly applied to the exposure media. All
plates were kept at 20 °C in the dark, on shaking plates (for appropriate aeration)

throughout the entire exposure period.

2.5. Exposure and concentrations
All concentrations, for the toxicity test and the population exposure on agar plates, were
chosen on the basis of findings from pilot experiments on a wide range of concentrations.
Concentration ranges were then chosen in order to achieve similar toxic effects by both
forms of Ag. Chronic Ag concentrations for the multigenerational exposure were chosen
in order to elicit a minor toxic response at highest concentrations, however, avoiding

major toxicity to reproduction or development of the organism.
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2.6. Endpoints

Toxicity tests on the N2 (wild type) nematode strain, described in Papers |, Il and III, were
carried out according to ISO guidelines 10872, with slight modifications (ISO, 2010), and
nematodes were sampled for growth, fertility, and reproduction. Following 96 h of
exposure, all wells were stained with Rose Bengal, and kept at 80 °C for 10 minutes.
Nematodes were then assessed for growth (total body length of the nematodes), fertility
(number of gravid nematodes per total number of recovered adults), and reproduction
(number of offspring per total number of recovered adults) counted using a stereo
microscope (Leica M205C). Additionally, an uptake experiment was conducted, as
described in Paper I, comparing the uptake and retention of the AgNO3 by the nematodes
to that of Ag NPs.

2.7. Chronic multigenerational exposure
The chronic multigenerational exposure, as described in Paper III, was set up in triplicate,
for six generations. Exposures of the N2 strain were set up with three concentrations for
both forms of Ag (Figure 4). Ten times concentrated E. coli, re-suspended in MHRW, was
applied and allowed to dry on the agar plates to create an E. coli lawn, prior to the start
of the experiment. Before each culture transfer, the appropriate Ag exposure stock
suspension was applied and allowed to dry on top of the E. coli lawn. This was done
because a high interaction between the Ag and the E. coli is assumed and, hence, the

exposure of the nematodes living on top of the agar in the E. coli lawn should be assured.

Nematode populations were allowed to hatch, mature, and lay eggs on each exposure
plate. Adults and eggs were then separated. Eggs were either directly applied onto
exposure plates to establish the next generation (Figure 4, blue arrows), or allowed to

hatch and synchronize overnight and used in the toxicity test (Figure 4, green arrows).

Population transfer times between generations were kept to 72 h for controls and AgNO3
populations, however, due to delayed development, had to be adjusted accordingly for all

Ag NP populations (table 2).
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Figure 4: Experimental design of the continuous exposure to either AgNO3 or Ag NPs, or
control populations on agar plates. Offspring from each generation were subjected to

standard toxicity tests to a range of concentrations of either AgNO3 or Ag NPs.
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2.7.1. Cross toxicity test exposure
In addition to the standard toxicity tests set up at each generation, a cross toxicity test
exposure was set up at generation F3 and F4 (Figure 5, red arrows), in order to assess
whether the exposure to one form of Ag will change the response to the other. Nematodes
exposed to AgNOs were exposed to six concentrations of Ag NPs and vice versa in

standard toxicity tests and sampled for growth, fertility, and reproduction.

2.7.2. Sampling
For the chronic multigenerational exposure, the N2 nematodes were sampled for total
brood size. Additionally, nematodes were sampled from the multigenerational exposure
plates at generation F5 for scanning electron microscope (SEM, Zeiss EVO 50 EP) imaging,

to exclude external damages to the cuticle of the nematode by the NPs.

2.8. F6 generation toxicity test towards other toxicants
Additional, to test for changes in the response of the nematodes towards other toxic
compounds, three metal cations, another nanoparticle type, and a known ROS inducer
were chosen. In the F6 generation, nematodes were exposed in a standard 96 h toxicity
test to six concentrations of either copper (Cu?*- 0, 0.06, 0.13, 0.25, 0.5, 1 and 2 mg L-1),
cadmium (Cd2+ - 0, 0.09, 0.19, 0.38, 0.75, 1.5 and 3 mg L1), cerium (Ce3* - 0, 3.13, 6.25,
12.5,25,50 and 100 mg L-1), cerium dioxide nanoparticles (CeO2 NPs - 0,01.56, 3.13, 6.25,
12.5, 25 and 50 mg L-1), or the herbicide paraquat (0, 0.08, 0.16, 0.31, 0.63, 1.25 and 2.5
mM). Nematodes were analyzed for growth, fertility, and reproduction effects, as

described above.

2.9. ROS production and antioxidant defenses mechanisms

2.9.1. Nematode strains
C. elegans present the perfect model for the in vivo measurement of redox sensor based
on fluorescent probes, due to their transparent body (Doonan et al, 2008, Back et al,
2012, Miranda-Vizuete and Veal, 2017). The biosensor and reporter strains used in
Papers Il and IV were specifically chosen to monitor changes in antioxidant defense
induction and changes in the cellular redox balance and oxidative stress manifestation.
The ability to measure changes in a quick, efficient, and visual way in live organisms,
avoids inaccuracy in measurements due to complicated staining processes, time resolved

changes, and/or interferences due to sample preparation methods. Nevertheless, as
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organisms are alive during sampling and measurement, and recovery and damage repair
mechanisms are still on going, measurements from reporter strains and biosensors may
still be subject to confounding factors influencing measurements. Furthermore,
fluorescently labelled strains may, if cultures are not maintained properly, loose the GFP

transgene across generations, thus compromising measurements of changes.

2.9.2. SOD-1
Superoxide dismutase, first described by McCord and Fridovich (1969), presents the first
line of defense against free radicals in C. elegans. For the determination of changes in the
antioxidant defense system, a GFP labelled SOD-1 (GA508 wuls54[pPD95.77 sod-1::GFP,
rol-6(su1006)]) reporter strain was chosen (Figure 5) (Doonan et al., 2008). The choice
of this specific reporter strain was based on the fact that in C. elegans, SOD-1 is the most
abundant, with 75 % of total sod transcription, and, therefore, contributes most of the
total SOD activity (Doonan et al., 2008). The SOD-1::GFP transgenic line was created to

express a GFP-tagged SOD fusion protein for the sod-1 gene and may act as a reporter for

sod-1 gene expression (Figure 5) (Doonan et al., 2008).

Figure 5: GFP labelled SOD-1 reporter strain (Doonan et al., 2008) (photo L. Rossbach).

2.9.3. HyPer
As an end product of the dismutation of the Oz~ by the SOD-1 enzyme, hydrogen peroxide
(H202) is produced (Braeckman et al, 2017). Therefore, the biosensor strain HyPer was
applied to monitor changes in cellular peroxide levels (Figure 6). This strain expresses a
peroxide-specific sensor protein, consisting of a yellow fluorescent protein (YFP) fused
to the H202 sensing domain of the E. coli OxyR (Back et al, 2012). Therefore, this strain
acts as a proxy for changes in peroxide levels. Increases in peroxide levels lead to the
formation of a disulfide bridge, and, hence, a conformational change of the protein.

Therefore, two fluorescent images were taken with a 405 nm (reduced - Figure 6a) and
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490 nm (oxidized - Figure 6b) excitation filter, and a 535 emission filter. In the overlay
image (combination of reduced and oxidized images), red areas in the nematode contain
low levels of the H202, while increase in H202 levels are shown by a shift towards green

(Figure 6c¢).

a - reduced

b - oxidized

c - overlay

Figure 6: YFP labelled peroxide biosensor strain HyPer, showing here high levels of
cellular hydrogen peroxide, taken with a 405 nm (reduced - a) and 490 nm (oxidized - b)
excitation filter, and a 535 emission filter (Back et al,, 2012) (photo L. Rossbach).

2.9.4. GRX
Glutathione (GSH) plays a fundamental role in the breakdown of peroxides into H20 and
02. The Grx1-roGFP2 strain (referred to as GRX) allows for the measurement of the ratio
between the oxidized (GSSG) and reduced (GSH) form of the peptide, due to its redox
sensitive GFP-reporter enzyme (Figure 8). If the cellular homeostasis is disturbed by
increased amounts of ROS, it creates a shift in the signal from roGFP and, thereby, serves
as a real time, in vivo indicator of an imbalance in the GSSG-GSH redox cycle. Due to the
high intracellular GSH concentrations (1 - 11 mM) and its pivotal role in antioxidant
defense, the GRX strain may act as a reliable proxy for the total cellular redox state (Back
et al., 2012). Therefore, two fluorescent images were taken with a 490 nm (reduced -
Figure 7a) and 405 nm (oxidized - Figure 7b) excitation filter, and a 535 emission filter.
In the overlay image (combination of reduced and oxidized images), visually green areas

in the nematode represent low ratios of GSSG/GSH (balanced redox state), while increase
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in GSSG/GSH ratios are shown by an increase in red areas (imbalanced redox state)

(Figure 7c).

a - reduced

b - oxidized

c - overlay

Figure 7: The GFP labelled GRX (Grx1-roGFP2) biosensor strain, showing here a
heightened GSSG/GSH ratio (overlay - c), taken with a 490 nm (reduced - a) and 405 nm
(oxidized - b) excitation filter, and a 535 emission filter (Back et al, 2012) (photo L.
Rossbach).

2.9.5. Multigenerational exposure
The SOD-1 and GRX strains were both subjected to a multigenerational exposure set up,
as described in Paper IV. Similar to the exposure regime described above and in Paper III,
they were exposed for six generations to a chronic concentration of either AgNO3 or Ag
NPs. However, for this exposure a single concentration of 0.1 and 0.5 mg Ag L1, for AgNOs3

and Ag NPs, respectively, was chosen.

The generational transfer times for the strains had to be adjusted, with decreased
development observed, for both Ag populations, compared to controls. The experimental
setup in Paper IV was slightly amended to the nature of the strains, and gravid nematodes
were washed off the plates and bleached, for synchronization, between each generation.
At generations F1, F3, and F6, nematodes were exposed in standard toxicity tests and

analyzed by fluorescence microscopy.
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2.9.6. Toxicity test and sampling
The toxicity tests for the strains described in Papers Il and IV were carried out on
nematodes sampled at 72 h. 72 h proved to provide the most accurate measurements in
terms of development and signal strength for all three strains. Nematodes were directly
imaged on a light microscope (LEICA DM6 B), equipped with a 405 nm (reduced HyPer
and oxidized GRX) and 490 nm (oxidized HyPer and reduced GRX) excitation and 535 nm
emission filter. Nematodes were immobilized using sodium azide. Images were then
individually analyzed for signal strength using the LAS X Leica application suit X imaging
software for pixel based average intensity measurements. Ratios for GRX and HyPer were

calculated as shown below.

Oxidized: reduced ratio HyPer = Jrcr tx #90/Em535
Xldlzea:reaucea ratio nyrer = HyPerEX405/EM535
Dridizedireducod ratio Gry . SRXEX405/EmS35

XxXidilzed:.reauceda ratio - GRX EX490/Em535

2.10. Data analysis
All data was analyzed using either MiniTab® 18 (Minitab Inc. 2010) or JMP Pro v14 (SAS
Institute, Cary, NC). For normally distributed data, the parametric ANOVA was done, as
well as, Tukey test for multiple comparison of the data. Where appropriate, to stabilize
the variance, a Box-Cox transformation of the data was conducted. Kruskal-Wallis was
applied for non-normally distributed data. For the comparison of data across generations,
results were normalized to individual toxicity test controls (Yu et al., 2012, Moon et al.,
2017). The analysis of the multigenerational changes presented in Paper Il were carried
out in collaboration with a statistician, and analyzed either with a linear model or with a
Poisson regression (generalized linear model with over dispersion). Effect
concentrations (EC10 and EC50) were calculated with the open source software RegTox,
using the Hill model (Vindimian, 2016) and are reported as the optimal value for EC10

and EC50 with corresponding 95 % confidence intervals.
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3. Results

This section provides a summary of main results presented in the individual papers.
Results for the characterization with the TEM and DLS show only small variation between
different studies, and, hence, are not described for each individual manuscript in detail.
For a more detailed description of all results, as well as figures and tables, the reader is

referred to the corresponding papers.

3.1. Paperl.

Characterizing the behavior, uptake and toxicity of NM300K silver nanoparticles in

Caenorhabditis elegans

This paper investigated the potential linkage between toxicity towards the nematode C.
elegans and the characterization of the NM300K Ag NPs. Furthermore, the reproducibility
of the standard 96 h toxicity test with the NM300K Ag NPs was assessed. Three
experiments were set up over the course of three consecutive years, using two different
nanoparticle stock preparation methods. Further, a range of characterization techniques
were employed and compared between different experiments. Endpoints measured were
growth, fertility, and reproduction, as well as the uptake and retention of the

nanoparticles by the nematodes.

Transmission electron microscope analysis showed a mean particle size of 12.5 + 4.1 nm
and 16.7 + 6.5 nm (mean * SD) for experiments 2 and 3, respectively. Dynamic light
scattering analysis of the stock suspension (in ddH20) revealed a high mean particle size
of 82.0 + 6.0 nm and 71.7 £ 0.6 nm for experiments 2 and 3, while experiment 1 had a
mean particle size of 33.8 + 1.7 nm (Z-average diameter). When comparing the number

based mean, experiments 2 and 3 had similar particle size (table 2 in Paper I).

The characterization in the exposure media (MHRW) showed that in the higher
concentrations NM300K had a similar mean hydrodynamic diameter to that measured
for the stock suspensions, while lower concentrations were significantly larger (table 3
in Paper I). Further, at 0.5 and 10 mg Ag L1 a time dependent (across four days) increase
(roughly 2 fold) in zeta-average particle size was observed, while concentrations of 2 and
4 mg Ag L1 remained stable over time. DLS measurements of the AgNO3 exposure media
showed a zeta average diameter of 893 + 108, 425 + 36 and 404 + 8 nm at 0.2, 1 and
4 mg Ag L1, respectively. Time resolved DLS measurements of the NM300K over the
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course of a few minutes showed an initial fluctuation of the zeta average diameter, which

stabilized at around 30 nm and a polydispersity index (PdI) of 0.450 for all suspensions.

In absence of bacteria, the LMM Ag fraction in the Ag NP treatments was 4 - 8 % of the
total Ag concentration, in the exposure media. In the AgNOs3 exposure, the dissolved
fraction at T-0 showed a wide variation ranging between 13 and 54 % of the total Ag
concentrations, without E. coli present. The size fractionation of the AgNO3 and Ag NPs
exposure media in presence of organisms (E. coli and C. elegans) showed that within 2
hours of adding the Ag, the <3 kDa fraction fell below the limit of detection of the ICP-MS,

indicating a high interaction of the ionic Ag with the organisms (Figure 8).

Toxicity test endpoints showed a consistent and comparable dose response relationship
for all measured parameters including growth, fertility, and reproduction. Despite some
variation in EC values, there was a relatively good agreement among the three separate
experiments. ECs were in the same order of magnitude, especially in terms of

reproduction, the most sensitive endpoint, for both AgNO3 and NM300K Ag NP exposure.

Uptake of both forms of Ag by the nematode was comparable, with concentrations
reaching 1 pg Ag mg! wet weight in nematodes exposed to 0.5 mg Ag L-1 (AgNOs3 and Ag
NPs). However, following depuration, a roughly 98 % decrease in Ag concentration was
found, and a ~2 fold higher Ag retention was measured for the AgNOs exposure,
compared to the Ag NPs (see table 4 in Paper I). This, combined with different levels of
toxicity indicates that the toxic response might be governed by the exposing agent (Figure
8), which may be traced back to differences in the LMM (<3 kDa) fraction, where higher
LMM fraction in the AgNOs3 could potentially mean higher Ag associated with E. coli,

increasing dietary uptake in this exposure.
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3.2. Paper ll.

In vivo assessment of silver nanoparticle induced reactive oxygen species reveals

tissue specific effects on cellular redox status in the nematode Caenorhabditis elegans

The aim of this study was to assess changes in the intracellular redox state as well as links
to toxicity test endpoints in the nematode C. elegans, following the exposure to either
AgNOs3 or Ag NPs. A sod-1::gfp reporter strain, and a peroxide and a glutathione related
biosensor strain, allowed for the in vivo measurement of sod-1 gene expression, ROS
production and changes in the intracellular redox status. Further, differences in internal
localization of the two forms of Ag were analyzed. To our knowledge, this is the first study
to demonstrate nanoparticle-induced ROS production, induction of antioxidant defense,

and evidence of oxidative stress in vivo in intact live organisms.

In stocks, the characterization showed a mean particle size of 16.7 * 6.5 nm (mean * SD)
as measured by TEM, and 93.3 + 1.3 nm zeta average diameter for the NM300K Ag NPs,
as measured by DLS. Size fractionation of the exposure media showed that no (or below
detection) LMM Ag (<3 kDa) was present in any of the AgNO3 and Ag NP exposures, even
at the beginning of the experiment, once bacteria E. coli were present. In addition, the
aggregated Ag fraction was comparable ~60 - 70 % of total Ag) in all exposures after 72
h.

Toxicity test effects showed a dose response comparable to those presented in Paper L.
However, distinct differences in tissue distribution between the two forms of Ag were
apparent (Figure 9). Localized analysis of the GSSG/GSH ratios showed significantly
higher oxidation levels in the tissues lining the intestinal lumen from the Ag NP exposure,
compared to controls and AgNO3 exposed nematodes. A ~60 % increase in oxidation
levels located in the epithelial cells surrounding the lumen were observed at
10 mg Ag L-1 Ag NPs compared to 1 mg Ag L-1 AgNOs (Figure 9). A ~15 - 20 % increase in
oxidation levels located in the epithelial cells surrounding the lumen were observed at

the lowest Ag NPs (1 mg Ag L-1) compared to the highest AgNOs3 (1 mg Ag L1).

A significant increase in sod-1 expression was found at 0.5 and 1 mg Ag L-1 AgNO3, while
no increase was found at 0.1 mg Ag L-1. For the Ag NPs exposure, sod-1 expression was
significantly increased at 5 and 10 mg Ag L-1, but not at 1 mg Ag L-1. Peroxide levels were

significantly increased, compared to controls, following the exposure to all
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concentrations of Ag NPs, while the exposure to AgNO3 only resulted in a significant
increase at 1 mgAgL-l. In addition, peroxide levels in the Ag NP exposure were
significantly higher at 1 and 10 mg L1 compared to all AgNOs levels. Compared to
controls, all concentrations, irrespective of type of Ag, showed a significant increase in

GSSG/GSH ratios, except for the 0.1 mg Ag L-1 AgNO3 exposure.
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Figure 9: Graphical summary of exposure and main results in Paper II.
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3.3. Paper lll.

Adaptive tolerance to a multigenerational silver nanoparticle (NM300K) exposure by

the nematode Caenorhabditis elegans is associated with increased sensitivity to

AgNOs3

To investigate the long term effects of Ag NP exposure by the nematode, a chronic
multigenerational exposure was set up. Nematodes were kept for six generations in
either control (no added Ag), AgNOs3 (0.01, 0.05 or 0.1 mg Ag L'1) or Ag NP (0.1, 0.5 or
1 mg Ag L'1) populations. Toxicity tests at the end of each generation were used to
monitor changes in growth, fertility, and reproduction. Further, at generations F3 and F4
nematodes were subjected to a cross-toxicity test: nematodes from AgNOs populations
were exposed to Ag NPs, and vice versa, to identify whether changes in toxic response
would apply to either form of Ag. Characterization of the Ag NPs showed comparable

results as presented in Papers I and I, thus confirming consistent exposure.

The chronic multigenerational exposure showed no change for unexposed controls
across generations. Only the Ag NP populations expressed an increase in development,
and, hence, delaying transfer to subsequent generations. All populations experienced a
sudden increase in sensitivity towards the Ag exposures in the F1 generation, followed
by a steady recovery across the generations. Nevertheless, no change in toxic response
towards AgNOs from the AgNO3s pre-exposed population was measured. The 1 mg L1 Ag
NP population, however, was significantly less sensitive to Ag NP exposure in the toxicity
test, as demonstrated by significantly increased reproduction in the F5 generation,
compared to control populations. This was further supported by EC50 estimations (see
Paper II], Table 1 for more details). The observed adaptive response of Ag NP populations
came at the cost of reduced growth, however, where nematodes from the 0.1 and
1 mg L-1 Ag NP populations were significantly shorter than control population nematodes

(Figure 10).

The toxicity test revealed that the Ag NP population was significantly more sensitive, in
terms of growth and fertility, towards AgNOs exposure, compared to the control
population, in the F3 generation, but not the F4 generation. Reproduction was
significantly decreased in both generations, for Ag NP population exposed to AgNOs,
compared to the AgNO3 population. For the AgNO3 population exposed to Ag NPs in the

toxicity test, a significant increase in fertility and growth was found in the F3 generation,
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but not the F4. Reproduction, on the other hand, showed a significant increase in both

generations.
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Figure 10: Graphical summary of exposure and main results in Paper III.
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3.4. Paper IV.

Effects on the nematode Caenorhabditis elegans antioxidant defense and reactive

oxygen species (ROS) metabolism following multigenerational exposure to AgNOs3 or
NM300K Ag NPs

Exposure to one stressor has been shown to have the potential to change the toxic
response to a second stressor (Calabrese and Baldwin, 1997b, Calabrese and Baldwin,
1997a). Following the multigenerational exposure to either AgNO3 or Ag NPs of the N2
strain (as presented in Paper III), nematodes were exposed to cerium (Ce3*), cerium
dioxide nanoparticles (CeO2 NPs), cadmium (Cd?*), copper (Cu?*) and paraquat, in
standard toxicity tests. Following the multigenerational exposure towards either AgNO3
or Ag NPs, nematodes showed no changes in sensitivity when exposed to cadmium,
copper, and CeO2 NPs. Both Ag NP and AgNOs population nematodes exhibited increased
sensitivity towards Ce ions, compared to controls. The six generational exposure towards
1 mg L1 Ag NPs however, rendered nematodes less sensitive towards paraquat in terms
of fertility (Figure 11). Nematodes previously exposed to 1 mg L1 Ag NP for six
generations, showed statistically significant increased fertility, compared to control and
AgNOs3 populations. Paraquat is known to produce superoxide anion, leading to the
assumption, that systems with increased superoxide defenses will be more resistant
towards the exposure to paraquat. Hence, to identify changes in ROS metabolism and the
involvement of oxidative stress mechanisms, a multigenerational exposure scenario was
set up, exposing either the SOD-1 reporter strain or the GRX biosensor strain to chronic
concentrations of either AgNOs or Ag NPs for six generations. At generation F1, F3, and
F6 toxicity tests were set to investigate changes in the response to increasing

concentrations of either form of Ag.

In toxicity tests, the expression of sod-1 in the control population showed no significant
changes across generations in toxicity test control conditions, confirming the
reproducibility and consistency of the exposure set up. Overall, when exposed to AgNO3
or Ag NPs in the toxicity test, sod-1 gene expression showed a significant increase in the
F3 generation from all three populations (control, AgNO3 and Ag NP), compared to the
expression measured in the F1 or F6 generation. Moreover, in the F3 generation both Ag
populations revealed increased sod-1 expression compared to the control population.

However, a significant decrease in sod-1 expression levels in the F6 generation from both

50



Ag populations was measured, when exposed to either AgNO3 or Ag NPs in the toxicity

test.

In terms of GSSG/GSH ratios, the control population showed no changes in ratios across
generations in toxicity tests control conditions, while the Ag NP population showed an
increase in ratios in the F3 and F6 generation compared to the F1 generation. The AgNOs3
population, on the other hand, showed a statistically significant decrease in the F6
generation, compared to F1 and F3, in the toxicity test control conditions. In the AgNO3
and Ag NP toxicity tests, both Ag populations showed a statistically significant decrease
in GSSG/GSH ratios in the F3 generations, compared to the control population, indicating
an increase in antioxidant defenses resulting from the Ag exposure. In the F6 generation,
however, an overall increase in ratios was measured for the Ag populations compared to

controls.
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Figure 11: Graphical summary of exposure and main results in Paper IV.
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4. Discussion

The rapidly increasing quantities of Ag NPs produced, applied, and released into the
environment, make it almost impossible to test and make risk assessment for every type
of particle (Gomes et al, 2017). Further, as research to date has shown, there is a lack of
comparative data, where changes in exposure media, as well as particle characteristics
may highly impact toxicity (Vazquez-Mufoz et al, 2017). Hence, the use of a reference
material, as used in the current study (NM300K), to add to the collection of information
of these particle is important. Further, identifying commonalities on a biochemical level
between different Ag NPs and their toxic mode of action may help the comparison to ionic
Ag, and evaluate whether current legislation regulating environmental release of Ag, are

sufficient to protect the environment and organisms.

The concentrations of Ag NPs in agricultural soils concentrations are estimated to range
between 30 pg/kg (minimum in 2017) up to 10 pg/kg soil (maximum in 2050)(Giese et
al., 2018). Overall, by 2050 a 2 - 6 fold increase of environmental Ag NP concentrations
is predicted by Giese et al (2018). Concentrations used in the current exposure studies
are above the current predictions. For the purpose of the current exposures,
concentrations high enough to induce an effect, without causing acute toxicity had to be
chosen for the multigenerational exposures presented in Paper III and IV. Despite higher
concentrations, the exposure of organisms for multiple generations holds great
importance. Most exposure studies will only cover a specific life stage or one generation
of an organism, where long term and heritable effects of multigenerational exposures
may be missed (Goussen et al, 2013). Further, as described in table 1 in section 1.7, only
a limited number of Ag NP related multigenerational exposure studies are available,
limiting the comparison between results. This highlights the need for further Ag NP

multigenerational studies for the validation of results.

This project aimed to increase the understanding of the different aspects of the toxicity
of the reference Ag NP NM300K towards the nematode C. elegans, in comparison to
AgNOs. Thus the exposures were set up to a) characterize the toxic effect of the Ag NPs
compared to AgNOs in C. elegans, b) investigate the reproducibility of such toxicity tests,
and try to link the characterization of the Ag to the toxicity, c) examine changes in toxic
response towards Ag NPs or AgNOs, as well as a range of other stressors (Ce, Cd, Cu, Ce-

NPs and paraquat), following the chronic multigenerational exposure towards either
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form of Ag, and d) examine changes in the antioxidant defenses and oxidative stress
manifestation across generations, aiming to link such changes to changes in toxic
response observed in the multigenerational exposure. The exposure set up and main

findings are summarized in table 3.
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4.1. Changes in size distribution in the stock and media

Particle aggregation is quite common for Ag NPs in exposure media, and may result in the
sedimentation of larger particles, hence reducing the total Ag concentration in solution,
as well as, changing the size distribution. Data from TEM and DLS measurements showed
high consistency between studies. A reduction of total Ag concentrations in the media
was observed, possibly stemming from the aggregation and/or the adsorption of the Ag
to the exposure well surface. In all studies, and for both Ag NP and AgNOs, a change in the
Ag size distribution was observed in the exposure media over time. Size fractionation
showed an overall transformation from ionic form to colloids and/or larger particles. A
wide range of factors may influence the behavior of both Ag NP and AgNOs in the
exposure media, such as the presence of organisms, Ag concentrations, particle

properties or the test media composition (Romer et al., 2011).

A slight increase in the zeta average diameter, from 71.7 + 0.6 nm to 79 + 4.42 nm was
measured in Papers Il and IV, compared to Papers I and III. This was related back to a
decrease in the Ag NP concentration used in the initial stock preparation, as presented in
Papers I and III, compared to Papers Il and IV. The analysis of the particles by TEM
revealed particles to be spherically shaped with a mean size of 12.5 - 23.9 nm (Papers I
- IV), where stock concentrations and preparation method appears to be influencing the
mean size measurements. On average, for all measurements, DLS size distributions were
3-4 times larger than the TEM size measurements, probably because TEM
measurements are number based (Fabrega etal., 2011). Further, DLS measurements may
be more influenced by the presence of larger aggregates in the suspension, while it is

possible to exclude these manually in the TEM analysis (Fabrega etal., 2011).

4.1.1. Recovery of Ag concentrations in stocks and exposure media

Overall the recoveries for AgNO3 were consistently high as were the lower Ag NP stocks.
The lower recoveries of 72 + 5.5 % from the 2.56 g Ag L1 stock suspensions of Ag NPs
suggest an increased removal of the particles at higher concentrations, due to higher
aggregation caused by an increased rate of collision between the particles (Hassellov et
al.,, 2008). Silver concentrations in the exposure media, in the presence of the E. coli and
C. elegans, measured at T-0 showed high recoveries ranging between 80 -90.7 % of
nominal concentrations in Paper I, Il and IV. However, as recoveries of below 80 % Ag

were measured in Paper IlII, concentrations presented are measured rather than nominal
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concentrations. ICP-MS analysis of exposure media for both forms of Ag showed a similar
percentage loss over the course of the exposure, ranging between 0 - 34.8 % of the total
Ag concentrations measured at T-0 (Paper II, III and 1V). The decrease in the total Ag
concentrations as compared to nominal concentrations was anticipated, and is in
accordance with a range of studies reporting 60.2 +4.2% decrease in total
concentrations over time in MHRW (Schultz et al, 2016). The decrease in Ag
concentration, however, does not appear to be dependent on exposure concentrations,
and might therefore be attributed to the binding of the Ag to the well surface, as well as
increased aggregation, as observed in the fractionation experiments, with subsequent

sedimentation of the Ag.

4.1.2. Size distribution of the Ag in the exposure media

Size fractionation of exposure media showed a high removal of Ag from the exposure
media, with the removal of E.coli, for both AgNOs and Ag NP exposures, where
approximately 30 - 60 % and 40 - 70 % of the Ag was aggregated in the AgNO3 and Ag
NP exposures, respectively, at 72 hours of exposure (Paper II and IV). The removal of a
large Ag fraction, by centrifugation, suggested a high interaction of both forms of Ag in
the exposure media with the E. coli, hence facilitating the uptake of the Ag. C. elegans have
been shown to feed on particles in the size range of 100 nm to 3 pm, leading to the
assumption that even larger aggregates, not directly associated with E. coli might be
ingested and contributing to the Ag toxicity. Although at all time points, in all studies, a
suspended Ag fraction was measured, generally, only low or no LMM Ag fraction (<3 kDa)

was observed at T-0, and non at subsequent time points.

A factor influencing the size distribution of the Ag in the media is likely to be the media
composition, with high concentration of chlorides, sulfides and organic matter being
highly influential factors in the speciation of the Ag. Therefore, it is possible that any
dissolution, or free ion fraction in the exposure could not be detected as an effect of the
rapid sorption of any released Ag ions to the E. coli, as well as complexation with other
compounds, such as chlorides. At low concentrations of chloride ions (Cl-), as present in
the MHRW used in the current experiments, as well as low Cl:Ag ratio, Ag NP have been
shown to have a low dissolution rate, due to the formation of a AgCl layer on the particle
surface, increasing their stability (Ho etal., 2010, Li et al., 2010b, Levard et al., 2013). The

complexation of Ag ions with chlorides, forming AgCl(s) could explain the increase in
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aggregation observed in both exposures, where bridging structures between the Ag NPs

have been reported to facilitate aggregation (Levard et al., 2012).

Sulfide is considered to be one of the main Ag complexing agents in natural waters
(Reinsch et al, 2012), where reduced sulfur is primarily present under anaerobic
conditions. Ag is a “soft metal”, and will preferentially bind to inorganic sulfides and
sulfur containing organic molecules, and therefore be transformed into Ag2S (Reinsch et
al, 2012). Due to their low solubility, such complexes may have great influence on the
toxicity of the Ag (Choi and Hu, 2009, Zhang et al, 2011). Although MHRW contains
relatively high sulfur concentrations, 27 mg L-1, sulfidation of the Ag is rather unlikely, as
the sulfur is most likely in the form of sulfate (SO4%-) and levels of reduced sulfur are
expected to remain low, as the media is well oxygenated (for details on MHRW recipe see
United States Environmental Protection Agency (2002)). The Ag in the current exposures

is more likely to precipitate as chlorides due to the lower solubility product.

Moreover, natural organic matter (NOM) is known to increase the stability of the particles
in exposure (Cumberland and Lead, 2009, Delay et al., 2011). Although the organic matter
content in the MHRW is considered to be low, it is probably increased in the presence of

the E. coli and C. elegans.

Even if the interaction of the Ag NP with the sulfur or chloride remains low, changes in
the surface charge due to the ionic strength of the media may still explain the increased
aggregation over time. The surface charge of a particle can have major influence on the
way an organism interacts with the NPs (El Badawy et al,, 2011). Furthermore, in order
to stabilize the particles and avoid aggregation, many particles have an organic coating,
such as Tween 20 for the NM300K Ag NPs used in the current work, providing an
electrostatic, or electrosteric repulsion force between the particles (Phenrat et al., 2008,
Hotze et al,, 2010, Sharma et al,, 2014). An increase in ionic strength of a media (above
0.1 mM), has been related to a decrease in the repulsive properties of the electrostatic
barrier between and particles, and hence leading to an increase in aggregation (Jiang et
al., 2009, El Badawy et al., 2010). Although sterically stabilized Ag NPs are in general less
influenced by changes in ionic strength, the ionic strength of the MHRW may lead to an
increase in formation of larger particles over time in the NP exposures (El Badawy et al,,

2010).
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The anticipated higher levels of LMM Ag fraction (<3 kDa) in the AgNOs exposure,
compared to the Ag NP exposure, was only observed in media in the absence of organisms
(Paper I). The NM300K Ag NPs used in the current experiment, have low ionic releases,
possibly due to the stabilizing agent (Tween-20) in the dispersant, acting as a type of
coating around the NPs, preventing the oxidation of the particles in the exposure media
over time (Koser et al., 2017). The NM300K Ag NPs stock suspension has been shown, by
Koser et al. (2017), to contain roughly 8 % of dissolved Ag, which can account for the
small <3 kDa Ag fraction measured in the Ag NP exposures, as presented in Papers I and

IV.

Overall, a similar change from smaller to larger particles was observed from both, AgNOs3
and Ag NP, exposures, in all studies. Although the NM300K Ag NPs have a steric stability,
and despite the dispersing agent, a high degree of aggregation was measured. Further,
rapid binding to E. coli, as well as complexation, may have prevented the measurement of

any LMM fraction present in the media.

4.2. Toxicity

Toxicity tests were set up to compare AgNO3 and Ag NP toxicity in the FO generation, as
well as across generations, combined with the investigation into Ag mediated ROS
production, and antioxidant defenses by the nematode for single and multiple
generations. Overall, 96 h exposure to both forms of Ag resulted in a concentration
dependent decrease in development, fertility and reproduction. Over the course of
multiple generations, an adaptation towards the Ag NPs was measured in terms of
increased reproduction, however, at the cost of reduced growth. Furthermore, changes
in the response towards other environmental stressors were recorded. Investigation into
the antioxidant defenses showed a possible increased ability to counteract ROS, by the
nematodes following the multigenerational exposure to both forms of Ag in the F3
generation, preventing oxidative stress manifestation when challenged with Ag NP and
AgNOs in toxicity tests. This was, however, followed by an overall decrease in antioxidant

defenses in the F6 generation.

4.2.1. FO toxicity

One of the aims of this study was to compare the toxic response by C. elegans, in terms of
growth, fertility and reproduction, of the NM300K Ag NPs to that of AgNO3s (Papers I and
II). More specifically, it was hypothesized that NM300K Ag NPs would be toxic to C.
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elegans, but that the relatively low dissolution of these NPs would make these less toxic
than AgNOs. Nematodes feed via pharyngeal pumping, ingesting liquid and food from
their surrounding into their digestive tract, making them the perfect model for dietary
exposure studies (Hunt et al., 2014). Developmental endpoints were chosen for this
specific toxicity test, as lethal dose estimations (e.g. LD50) are hard to obtain from
nematode adults, in this kind of exposure study. Higher toxicity of the AgNO3 exposure
was measured, where EC50 estimations for growth were 3 - 10 times, fertility 8 times
and reproduction 2 - 9 times higher for the Ag NPs, than for AgNOs. This is in accordance
with findings by Volker et al. (2013) (PVP coated, NM300, <15 nm) and Connolly et al.
(2015) (NM300K), who found a comparatively higher toxicity from AgNO3 than Ag NPs

in liquid media.

The reduced toxicity of the Ag NPs compared to the AgNOs in the current experiments,
may also be explained by differences in the bioaccumulation. Although results showed
that both forms of Ag were taken up in a dose dependent manner, following depuration
twice as much Ag was retained by the nematodes from the AgNO3 exposure, compared to
the Ag NPs (Paper I, table 4). Although translocation of Ag NPs into cells has been
reported, the internalization is highly dependent on size, surface charge, shape,
functionalization and protein corona (Stoehr et al.,, 2011, Butler et al., 2015, Mili¢ et al.,
2015, Panzarini et al, 2018). Positively or neutrally charged NPs are generally more
easily taken up by cells than negatively charged particles (Duran et al,, 2016, Panzarini et
al., 2018). Furthermore, cellular uptake is highly shape dependent, where different cells
show preference towards different shapes, e.g. rods, spheres or tubes (Stoehretal., 2011,
Panzarini et al, 2018). Cellular uptake of spherical Ag NPs (12 - 30 nm) has been
demonstrated (Farkas et al, 2011, Mili¢ et al, 2015). However, as shown by results
presented in Paper II, the Ag NP exposure resulted in a clear increase in oxidative stress
primarily confined within the intestinal lumen, indicating low cellular internalization as
well as distribution of the NPs, or ionic Ag released from the NPs, by the nematodes. This
is similar to findings by Luo et al. (2016), who, in their dietary Ag NP (25 nm, -12 mV)
exposure study on C. elegans, showed that the majority of the ingested Ag NPs remained

within the lumen, with only a limited number of particles transferred to cells.

However, cellular uptake is not essential for the toxic effects of Ag NPs. Due to the high

antibacterial properties, a wealth of studies have focused on the interaction of Ag NPs and
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bacterial cells, including effects on microbial gut communities (Williams et al, 2015,
Pietroiusti et al, 2016, van den Brule et al., 2016). Antibacterial action of Ag NPs have
been shown in a wide range of in vitro studies. The oxidation of the Ag NPs in the low
intestinal pH, as well as the generation of reactive oxygen species on the surface of the
particles have been linked to Ag NP toxicity (Yang et al., 2012). It can be assumed, that, if
the Ag NPs exert their toxicity primarily within the intestinal lumen, as shown from
findings in Paper II, it may potentially have negative impacts on the gut bacteria. The
reaction with thiol-groups (-S-H) of either ionic or particulate form results in the
disturbance of electron transport, leading to growth inhibition and death of bacterial cells
(Davies and Etris, 1997). Further, structural change and dissipation of the proton motive
force are related to the interactions of the Ag NPs with compounds of the bacterial
membrane (Sondi and Salopek-Sondi, 2004). Further, the introduction of oxygen species,
found in the silver crystalline lattice by the Ag NPs could have consequences on anaerobic

microorganisms (Sawosz et al., 2007).

Results from in vivo animal studies are less consistent. Although no reduction in microbial
content in quails following dietary exposure to Ag NPs was found in a study by Sawosz et
al. (2007), it was observed that the Ag NPs caused destruction of cell membranes of both
gram-positive and gram-negative bacteria. This indicates an overall toxicity towards
cellular membranes, rather than specific interactions with cell membrane components of
either group of bacteria (Sawosz et al., 2007). Moreover, changes in the overall microbial
environment within the gut of quail, was observed by a change in ratio of aerobic to
anaerobic bacteria (Sawosz et al, 2007). However, it appears that toxicity towards
bacteria is size dependent with highest toxicity from 1 - 10 nm (Morones et al.,, 2005,
Williams et al, 2016, Choi et al, 2018). Therefore, in the current study, although
increased oxidative stress was measured in the intestine of the nematodes from the
NM300K Ag NPs in paper II, particles showed a median size ranging from 16.7 - 23.9 nm,
and therefore may limit the antibacterial interactions. Nevertheless, the NM300K
increased ROS production and oxidative stress manifestation may in turn induce

programmed cell death of bacterial cells (Lee et al., 2014a).

In accordance with the hypothesis stated above, the NM300K showed lower toxicity
compared to AgNOs. Differences in toxicity may be related back to the surface charge as

well as the coating and low dissolution of the NM300K Ag NPs, which may in turn, limit
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the biodistribution of the particles, confining the NPs to the lumen of the nematode.
Furthermore, results support previous studies that suggest ROS production by the NPs to

be a significant contributor to the toxic response observed.

4.3. Multigenerational exposure

Changes in the response of an organism following the multigenerational exposure
towards a compound may manifest themselves in different ways: general changes in the
performance of the organism during the multigenerational exposure, changes to
challenges of the same stressor, changes to challenges of a different stressor, or through
the transfer of effects from exposed adults to unexposed offspring. Results from the
current exposures show clear differences in response of the nematode towards the two
forms of Ag, as observed in Paper I and II. Therefore, as presented in Paper IIl, a
multigenerational exposure was set up in order to further investigate changes in the toxic
response towards either form of Ag, across multiple generations. It was hypothesized that
the multigenerational exposure will lead to an adaptation towards Ag NPs at lower
concentrations, but an increase in sensitization at higher concentrations, across
generations. Only few studies have investigated the multigenerational effects of Ag NPs
on C. elegans (Volker et al., 2013, Contreras et al., 2014, Luo et al., 2016, Schultz et al.,
2016). However, results from Schultz et al. (2016) and Contreras et al. (2014) are in
contradiction to results from the current study (Paper IIl), where evidence for an
adaptation towards the Ag NP exposure was found for nematodes exposed to 1 mg L1 Ag
NP following six generational exposure. Multigenerational exposure to one toxicant has
been shown, through changes in physiological responses, to evoke altered sensitivity
towards other stressors (Cypser and Johnson, 2002b). This has also been shown in the
current studies, where the multigenerational exposure to Ag NPs resulted in increased
sensitivity towards AgNOs, while the multigenerational exposure to AgNO3 decreased
sensitivity towards Ag NPs (Paper III). Furthermore, increased sensitization was found
towards the Cerium exposure for both Ag populations, and a decrease in the sensitivity

towards the known ROS inducer, paraquat, from Ag NP exposed nematodes (Paper IV).

4.3.1. Transfer of effects of parental exposure to unexposed offspring
Multigenerational exposure studies are of great importance, as in many cases effects of
an exposure are only observable in offspring generations. Alternatively, however, effects

can be detected in both adult and offspring. This may be the result of the transfer of
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effects, or, alternatively, the transfer of the stressor from exposed adults to offspring. The
transfer of reproductive effects induced by gold nanoparticles in C. elegans from an
exposed parental generation to unexposed offspring, was seen across four generations
(Kim et al.,, 2013). This transfer was explained by interactions of the developing gonad
and embryo germ cells within the parent nematodes, resulting in abnormalities of the
reproductive system in the offspring generations (Kim et al, 2013). Luo et al. (2016)
showed the transfer of effects, as characterized by germ cell apoptosis, from an exposed
parental C. elegans population to offspring generations, where a recovery from effects
was only observed in the F3 or F4 generation, depending on size of the Ag NPs.
Furthermore, Schultz et al. (2016) showed no recovery from effects of the nematodes,
even following 10 generations in unexposed conditions. These stand in stark contrast to
findings from the current study, which showed a remarkable capacity of recovery. In the
current work, the best evidence for potential transfer of effects to unexposed populations
comes from measurement of toxicity test control condition nematodes, as presented in
Paper III. The offspring from exposed (either AgNOs or Ag NPs) adults performed
comparable to control population nematodes, in terms of both development and
reproduction. Furthermore, as evidenced by the total brood size measurements (Paper
[II), once exposure was removed, nematode development and reproduction was
comparable to that of control population nematodes. Differences between findings from
the current exposure and other nanoparticle studies may indicate the importance of the
nanoparticle characteristics, and how small changes in size, surface charge, and/or
dissolution state, may have major influences on the toxicity and the biological effects, as
well as the transfer of the particles from parent to offspring generations. Nevertheless,
results presented in Paper IV provide evidence for the generational transfer of effects. Six
generational exposure to both AgNO3 and Ag NP lead to a significant decrease in sod-1
expression compared to controls, in toxicity test control conditions. Moreover, in the F6
generation a decrease in cellular redox status (GSSG/GSH ratio) was measured from the
AgNOs3 population compared to control and Ag NP populations. These results indicate
transferable changes in the antioxidant defenses in response to AgNO3s exposure, leading
to decreases in oxidative damages in offspring nematodes. However, such changes do not

interfere with development or reproduction, as shown in Paper III.

Alternatively, physical transfer of particles from parents to offspring could contribute to

the observation of effects in successive generations. Luo et al. (2016) observed a transfer
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from parent to offspring of 25 nm Ag NPs, similar to the Ag NP size used in the current
study (16.7 £ 6.5 nm). However, these Ag NPs had a PVP coating and a zeta potential (-
12.6 £ 0.99 mV) approximately 3 times lower than that in the current exposure (-1.02 to
-8.77 mV; Papers [, II and III) (Luo et al, 2016). This coupled with the relatively low
retention of the NM300K Ag NPs in the current study, inside the nematode following
depuration (Paper I), indicates that the coating and charge may be the governing
physicochemical processes, influencing the internalization and generational transfer of
the particles, and hence limiting the transfer of NM300K Ag NPs from exposed adults to

unexposed offspring.

4.3.2. Toxic response across generations

Interestingly, findings from the current study, as presented in Paper III, stand in
contradiction to findings by Contreras et al. (2014). Contreras et al. (2014) exposed
nematodes to a wide range of Ag NP (mPEG-SH coated) concentrations (1 - 100 mg L1)
in a similar manner as done in the current exposure. It was concluded that nematodes in
the lower (1 - 10 mg L-1) concentration ranges showed slightly reduced sensitivity (in
terms of growth and neurological endpoints) following a mere four generations of
exposure. This was assessed, not in standard toxicity tests as done in the current
experiment (Paper III), but directly from the exposed populations on NGM-agar plates. In
the current exposure (Paper III) however, adverse effects in terms of development,
leading to an increase in the generational transfer times, were shown for all Ag NP
populations (0.1, 0.5 and 1 mg Ag L-1), and an adaptive tolerance was only measurable in
the subsequent toxicity test set ups in the F5 generation. A more comparable exposure
set up, to that used in the current exposure, was used by Schultz et al. (2016).
Nevertheless, findings remain contradictory. Schultz et al. (2016) assessed changes in
sensitivity to PVP coated Ag NPs, in toxicity tests in Simulated Soil Pore Water (SSPW).
Although SSPW is considered to be more environmentally relevant than MHRW, both
medias are considered low ionic strength (~4 mM and 10 mM for MHRW and SSPW
respectively). Meyer et al. (2010) showed cellular uptake in C. elegans of PVP coated Ag
NP (25 + 7 nm). Therefore, difference between the two exposures may arise from
differences in the NP coatings, hence meaning differences in uptake and distribution.
This, coupled with their larger size (58.3 £ 12.9 nm), could potentially lead to decreased
toxicity compared to the NM300K, meaning that higher concentrations would be needed

to induce an adaptive response.
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4.3.3. Antioxidant defenses and ROS production by the Ag NPs

In accordance with the hypothesis that ROS production is involved in the toxic
mechanisms of Ag NPs, and would trigger antioxidant defenses, results from the current
studies confirmed that the Ag NP NM300K are ROS producers (Paper Il and IV). They
induced the sod-1 antioxidant defense system, increased peroxide levels, and led to the
manifestation of oxidative stress (Paper II and IV). At the highest concentrations the
exposure to AgNO3 and Ag NPs resulted in an overwhelmed glutathione antioxidant
defense system and hence led to changes in cellular redox status (Paper II). It has been
suggested that ROS formation and/or oxidative stress are two factors underlying
acclimation responses, with increases in the SOD antioxidant defense system observed in
young C. elegans exposed to the quinone ‘plumbagin’, or hypoxia, increasing their
resistance towards these two ROS inducers at a later age (Darr and Fridovich, 1995, Zhao
and Wang, 2012). This is consistent with findings from the current study, where the six
generational exposure to Ag NPs resulted in an increased ability to withstand the
exposure to the known ROS inducer paraquat, compared to control and AgNOs3
populations (Paper IV). Paraquat is a quaternary nitrogen herbicide, applied for weed
control (Suntres, 2002). To date, it is amongst the most commonly used compounds for
oxidative stress related studies in organisms (Suntres, 2002, Koch and Hill, 2017).
Through the inhibition reaction of NADP to NADPH, it will lead to the formation of
superoxide anion and singlet oxygen, and hence increase levels of hydroxyl and peroxyl
radicals (Gram, 1997, Suntres, 2002). This implies that organisms with a heightened sod
antioxidant defense system are more able to withstand the exposure to paraquat, and
hence led to the hypothesis that changes in toxic responses across generations could be
related to changes in the antioxidant defense system, specifically the sod related

defenses.

However, based on findings presented in paper II, it appears that the single exposure to
either form of Ag induces an alternative antioxidant defense, different to sod-1, and sod-
1 would only be induced as an additional defense at higher Ag concentrations. This is in
accordance with findings by Roh et al. (2009), who found an induction of sod-3 but not
sod-1 gene in C. elegans, exposed to Ag NP. Findings from the multigenerational exposure
on the other hand, presented in paper IV, suggest the involvement of sod-1 as an
antioxidant defense, in response to the long term exposure to Ag. Overall, both Ag

populations followed a similar trend in terms of sod-1 expression levels, and changes of
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GSSG/GSH ratios across generations. The overall increase in sod-1 expression in the F3
generation from both Ag exposures hints at Ag induced changes to the SOD-1
antioxidants. This is in accordance with findings by Darr and Fridovich (1995), who
showed that nematodes are able to acclimate to oxidative stress, through the increase in
SOD activity. Moreover, it has been suggested that organisms are able to reduce other
biological processes, such as reproduction or biosynthesis, and instead increase
antioxidant defense mechanisms (Lushchak, 2014). This may explain reduced
development and reproduction in earlier generations from Ag exposed nematodes
compared to the control population, as shown in Paper IIl. Nevertheless, the low sod-1
expression levels from both Ag populations in the F6 generation measured in the current

study, suggests that this effect is temporary.

Therefore, results from the current study suggest that the sod-1 antioxidant is not the
only mechanism involved in short-term defense against Ag induced ROS. In the short term
exposure, results hint at differences in distribution and hence may mean differences in
toxic mode of action. However, the adaptation of the antioxidant defense is observable
earlier than the phenotypic adaptation. Contrary to expectations however, the
multigenerational exposure towards either form of Ag resulted in a decreased ability to
protect against oxidative stress, and statistically significantly lower sod-1 expression
levels, in the F6 generation (paper IV). This, in combination with findings of an adaptation
towards Ag NPs by the nematodes in the F5 generation (Paper III), suggests that the
maintenance of reproductive capacity is the dominating adaptive effect, and occurs at the

expense of growth, and potentially antioxidant defenses.
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5. Limitations of the work

Several limitations and uncertainties to the work should be taken into consideration.
Considering that the media composition and exposure characteristics are the driving
force behind the bioavailability and toxic response of the Ag, a more detailed analysis of
the behavior of the Ag in the exposure media would have been beneficial. Rather than
limiting the size fractionation to the start and the end of the exposure, additional size
fractionation, for instance at > 200 nm fraction, as well as additional time points,
throughout the exposure period may have been useful at interpreting changes in the
behavior of the Ag over time. Additional more advanced characterization techniques,
such as the analysis with spICP-MS and/or field flow fractionation (FFF), would have
provided more detail and descriptive results for the changes of the Ag in the exposure

media.

In addition, it would have been beneficial to have had analysis of the Ag distribution on
the agar population plates, in order to identify exact exposure concentrations of the
nematodes on the agar plates. It is assumed, due to observable and replicable effects on
the exposure plates, that nematodes were sufficiently exposed, however, the Ag content
of the E. coli lawn and agar should have been analyzed by ICP-MS, to eliminate possible

variations between the different forms and exposure conditions.

Furthermore, the AgNOs3 did not result in any changed toxic response by the nematodes,
across the six generations. However, although no significant differences were found, data
hints at changes in the response of the AgNO3 exposed population nematodes in the later
generations. Therefore, an increase in generations, possibly up to 10, may have resulted
in observable changes in the toxic response of the AgNO3s nematodes. Further, as the
adaptive response of the Ag NP exposed nematodes was only measured in the last (F5)
generation, an increase in generations would have provided a confirmation of these

findings.

Considering results found in Papers II and 1V, indicating the involvement of alternative
antioxidant defenses, it would have been beneficial to apply other reporter strains, such
as a sod-3 reporter. Alternatively, gene expression of exposed nematodes could have, not
only validated findings from the current studies, but also provided insights into

alternative antioxidant defenses.
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Further, more imaging analysis, such as TEM or SEM, identifying and confirming Ag NP
uptake by the nematode, as shown in Paper I. Although the imaging of Ag NPs in the lumen
of the nematodes was attempted using dark field imaging, a more detailed analysis of the
Ag NPs within the lumen, as presented in Paper II, would have been valuable additions at
confirming findings from the present studies. Additionally, more details on interaction of
the Ag NPs with the E. coli could have been provided by TEM-analysis. The interaction of
the Ag with the E. coli is of great importance in order to confirm the dietary exposure of
the C. elegans in the toxicity test, but also in the population exposures, on the agar plates.
Although the interaction of Ag NPs with E. coli bacterial cells has been shown by e.g. Sondi
and Salopek-Sondi (2004), changes in particles characteristics may result in differences
in cell-particle interactions. More detailed analysis of this interaction would have

provided valuable information on the exposure.

Lastly, throughout the multigenerational exposure, additional uptake studies were
conducted, but failed. This information could have allowed more concrete discussion on
multigenerational effects, identifying differences in the uptake between Ag NPs and
AgNOs. Further, uptake analysis in offspring generations of exposed adults would have

provided additional interesting insights in interpreting total brood size data.
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6. Conclusion

The current PhD work investigated the toxic effects of the Ag NP NM300K on the
nematode C. elegans, in single and multiple generations of exposure. All studies used
AgNOs as a positive control. Therefore, the overall aim of the PhD was to increase the
understanding of the different aspects of the toxicity of the reference Ag NP NM300K

towards the nematode C. elegans, in comparison to AgNOs.

Although, both AgNO3 and the NM300K Ag NPs were toxic to C. elegans, a distinctly
different effect patterns between the two forms of Ag was shown. Both Ag NPs and AgNO3
experienced a comparable transformation over time in the exposure media, with
increasing aggregated fractions, and decreasing LMM Ag species. The lower toxicity of the
Ag NPs may be a result of the high initial LMM fraction in the AgNO3 exposure. The low
dissolution of the Ag NPs resulted in limited transfer of Ag, from Ag NPs, into cells, leading

to more localized toxicity.

Across generations, the Ag NP exposure lead to an adaptive response by the nematodes
at the highest population exposure concentration. The adaptive response, however, came
at the cost of reduced growth, as well as increased sensitivity towards AgNOs. Moreover,
results suggest that SOD-1 is involved in the adaptation development in earlier
generations. However, due to a significant reduction in sod-1 expression by the F6
generation, results imply that the maintenance of the reproductive capacity is the

dominating adaptive response.

The current PhD work adds novel information to the field of Ag NP toxicity with respect
to mechanisms leading to long term effects. Furthermore, the importance of
multigenerational exposure studies, as well as the involvement of ROS in Ag NP toxicity
are highlighted. The results from this study reveal that adaption to primary stressor may
have profound and detrimental effects with respect to secondary challenges, and thus
emphasizes the need for further evaluation of long term effects of NPs. The complex
nature of the antioxidant defense responses demonstrates a need for further

investigation of the molecular mechanisms affected by NP exposure.

To further increase the environmental relevance of such studies, aging and
transformation products of Ag NPs should be employed. Additionally, more exposure

studies on environmentally relevant concentrations will be required for the
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improvement of predictions on Ag NP toxicity towards organisms in the environment.
This, in combination with standard operating procedures, could potentially reduce the
uncertainties between different Ag NP studies, and thus help risk assessments and

environmental regulation of Ag NPs.
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Errata

1)

2)
3)

4)
5)

The section numbering has been updated in the table of contents as it was
incorrect

Page 6: “in liquid media” was added for clarification

Page 35, section 2.6: The reference to the 1ISO guidelines 10972 was
corrected to 10872

Page 38, section 2.6.1: “Figure 5” has been changed to “Figure 4”

Following suggestions by opponent #2 two sentences were added to Paper IV
to refer to the supplementary materials, section 3:

i. Page 6, Section 2.2: “For the assessment of potential external
damages, cuts or lesions to the cuticle of the nematodes,
caused by the Ag NPs, nematodes were analyzed using the
scanning electron microscope. For more detail see
supplementary materials, section 3.”

ii. Page 8, Section 3.2: “Analysis of Ag NP exposed nematodes
revealed no external damages, cuts or lesion of the cuticle of the
nematodes (Figure S4).”
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