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|. INTRODUCTION

Plastic materials have high significance for autisty as they are durable,
cheap and easily moulded to a variety of shapesfemas. Nearly every daily
routine includes contact with some kind of plastiebether it is an early morning
cup of coffee served in a styrofoam cup from the taway, sitting on a bench in
a subway or using an office computer. The amountplaktics is steadily
increasing since the beginning of the mass produadt the 1940s. However,
even highly developed waste management systemgecygle about one third of
the plastic that is in use (PlasticsEurope 201%).aAconsequence, plastic debris
often ends up in undesired sinks in the environngech as beaches, rivers, and
oceans. It is estimated that more than five trllpdastic pieces with a cumulative
weight of over 250,000 metric tonnes (MT) floatthre oceans (Erikseat al.
2014). These plastic particles have different shagred sizes, influencing their
effects on the environment. For example, largestgdatems such as bottles, nets,
or bags can lead to the entanglement and suffocatio different animals

including turtles, fish, birds, and mammals (Lusk@et5).

Smaller plastic items at microplastic and nandmlascale may be
interacting with organisms on tissue and celluarels since their size allows
them to be ingested, or pass through tissue orbeoelhdaries (Von Moost al.
2012, Tenzeet al.2013). Once inside a body, plastic particles cginirg contact
with organismal defence mechanisms, including tallimmune responses. The
impact of internalized nanoplastics is likely ofjhisignificance for neutrophils,
due to their respective phagocytic and Killing ralging as one of first defence
lines against potentially toxic agents. For examplehas been shown that

parenteral application of TigOnanoparticles in fish can modulate neutrophil
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function, increase susceptibility to diseases, @geutease ability of an organism to
defend itself against pathogens (Jovanogic al. 2015b). Since nanoplastic
concentration in the environment is expected toeiase, and aquatic organisms
are chronically exposed to potential nanoplastictigdas, it is important to

evaluate their possible adverse health effectgim@c organisms.

We propose that evaluation of the neutrophil fiomctan be used as a tool
to assess the effects of plastic nanoparticlesoaté immune response, aswell as
explore interactions concerning possible interdi@yween toxicity of chemical
compounds anddisease pathogenesis. Therefore,verallohypothesis of this
dissertation is that polystyrene and polycarborsaoparticles can modulate
neutrophil function in fathead minnowitephales promel&afinesque 1820).
To test this hypothesis, the characterization ohopé#astic particles in
extracellular biological fluids (plasma) or theutstitutes (Hanks balanced saline
solution) was performed and a batteryiofvitro neutrophil function assays was

used to determine effect of the nanoplastics.



[Il. Literature survey 3

[l. LITERATURE SURVEY

1. Plastic in the aquatic environment

1.1. Amountof plastic in the ocean

The first studies of plastic debris in the ocegyoreed numbers for limited
geographical regions that did not allow extrapolatio the global scale of aquatic
plastic pollution(Carpenteet al. 1972, Shaw 1977, Gregory 1978). However,
since 1970’ the research efforts increased to oveecthe shortage of information
about the concentration of plastic debris in theamc The worldwide plastic
production in 2013 reached 299 million MTs compat@ed..7 million tonnes in

1950 which accounts for an annual increase of §®B&sticsEurope 2015)(Fig.1).

Global annual plastic production
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Figure 1.World plastic production in_period from 1950 to 2013Annual

reported quantities include plastic materials (themoplastics, polyurethanes),
otherplastics (thermosets, adhesives, coatings andsealants) and
polypropylene-fibres. (Data source PlasticsEurope®.4/2015)

Plastic in the marine habitat is increasing in caraple amounts to the
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plastic productior(Ryan and Moloney 199. The techniques to collect data ¢
calculate numbersiave been constantimproving, andan increasin body of
literature has recently allowecomparisons oflifferent estimatior in a meta-

analysis approa¢Kellen 2014.

For 2010 up to 12.7 millioMT of plastic were calculated to have ente
into the oceanJambec et al. 2015) Another study by Eriksen et al. (20:
estimated a minimum of 5.25 trillion particles fiimg in the ocean weighin
268,940 MT(Erikser et al.2014)which does not include the amount of plastic

the seabed (Fig.2).

@ E e Oy 9 o=
m ’4 £ /‘
=
Annual plastic 12.7 Million MT enter the 5,25 Trillion plasticparticles
production: ocean (2010) floatingin the ocean
299 Million MT

Figure 2. Relation between plastic _production and pollution & the
oceansSignificant shares of the annual plastic productionenter into the
aquatic environment which has been estimated to ctain 5.25 trillion plastic
particles in 2014.

The data collection originates mainly from fourfeient methods: watt
sampling, beachitter collection, necropsy of dead animals and catei
modelling(Kellen 2014. Combing the data of all the different collen methods
with their specific uncertainties leads to comprediee projections about tl

plastic concentration in the oce(Kellen 2014).This data is of high significanc
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since it helps to understand the extent of thetiplgollution, specifies the

different areas of the marine environment thatadiiected by plastic debris and

highlights the ecosystems that are possibly imphcte

Plastic debris enters the environment in differeratys. Some plastic is
filled into landfills and gets incinerated. Somagiic is blown away by the wind
and enters rivers and streams. Other plastic isgesgly discarded and released
into the environment. Fact is that only 26 % of thanufactured and discarded
plastic are recycled (PlasticsEurope 2015) and oot no environmentally safe
and sustainable system is developed to handle wbe ircreasing amounts of

plastic debris.

Extensive research revealed several facts: the mnodumarine litter keeps
increasing even on remote islands. Ryan and Mol¢t@§3) counted 400 pieces of
plastic stranded on the west side of inaccess#tdad in 1984 compared to more
than four times the amount (1840 particles in 1989)an and Moloney 1993).
Remote island areas are valuable locations to atgithe plastic debris transported
from the currents in the ocean from more urbanaezhs since additional input
from urbanization is missing. The mass of micrajasxceeds by far the amount
of macroplastic indicating the extent of macroptadbreak down and the
importance of a research focus on microplastics reambparticles (Norén 2008,
Eriksen et al. 2014). Small particles tend to disappear from sha surface, a
phenomenon which has not been explained yet. Itbbkaa hypothesized that the
removal process from the surface might be duegestion by organism, sinking to
the sea floor by decreased buoyancy due to fooliggnisms and increased weight

and entrapment in settling detritus (Eriketmal.2014).

Secondly, certain areas in the ocean are moretpdlldue to different
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currents that concentrate the plastic in the filamtgplastic gyres (Fig. 3)(Barnes
et al. 2009).0n a global scale it has been observeduthanization increases the
waste production and the urbanization trend leads further increase of waste.
Whereas wealthy societies tend to curb their wasidduction, east Asia counters
this trend by an estimated increase of waste ptamurom 520,550 MT per day

in 2005 to 1.4 million MT per day in 2025 (Hoornwegf al. 2013).

,</ﬁ‘“‘>‘
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Figure 3. Accumulation of plastic_debris_in_the suface waters of the five
main_ocean gyresthe North Atlantic, South Atlantic, North Pacific, South
Pacific, and Indian Ocean gyres. Discarded plasticare caught in the swirling
action and remain in the gyre where they graduallyoreak down into smaller
pieces.Data source: (Cozat al.2014)

1.2. Sources of plastic entering into the environment

Plastic in the ocean has four main origins: ingfit waste management,
plastic pollution by the shipping industry, beadttefing and natural disasters
(Kellen 2014).The majority of plastic items are aled “short term plastics”,
which is defined as plastic that has been in uséeks than one year. Estimations

calculated that of the 275 million metric tonnesMW) of plastic produced
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worldwide in 2010 31.9 MMT were classified as misraged and a maximum of

12.7 MMT of plastic were estimated to end up indbean (Jambeddt al.2015).

At the end of the product life cycle only 26 % bétplastic are recycled,
36 % are used for energy production and 38 % aexepl in landfills
(PlasticsEurope 2015). The main input of plastio ithe ocean are land based
sources, and most plastic is washed into the seawars and stormwaters (Ryan
et al. 2009). The tested freshwater bodies carry the dagte concentrations of
plastic as found in marine waters (Dags al. 2015).The land based sources of
plastic debris are as diverse as the useof plaBtastic debris originates from
poorly managed landfills, untreated sewage andrsteater discharges, street
litter, agricultural plastics, industrial and maaciuring facilities with inadequate
controls, recreational use of coastal areas andstoactivities (Fig. 4)(Pruter
1987, Barnet al. 2009). Another entry route is washing laundry-tapl900
synthetic fibres are released into the wastewaiidr avsingle wash (Brownet al.

2011).
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Figure 4. Schematic_diagram _showing the main_soursefor_plastic _in_the
marine_environment and marine organisms affected bylastic.1. Industrial
spillage, 2. Transport of plastic into the ocean W rivers carrying plastic
debris; 3. Beach littering; 4. Mismanaged waste fnm urban areas; 5.
Shipping industry.

Up to the 1960 many authorities considered the mxes self-cleaning.
Due to their vast geographic expanse it was widelgepted that they have an
infinite capacity to assimilate waste of all kingsndrady 2003). This belief has
changed over time, and after studies revealedxtemeof debris in the ocean due
to shipping activities, the annex V of Marpol in8B9prohibited ‘the dumping of
plastic at sea’. This legislation decreased thestiglawaste that could be
backtracked to shipping activities, as indicatednbyasurements of the plastic
content in stranded seabirds. The gut content @whng composition from
primarily industrial plastics in the 1970s and 1986 predominantly consumer

plastics in the measurements taken from 1995 td 208n Franekeet al.2011).
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This was a rather surprising outcome since theemphtation and enforcement
of this law is often inadequate (Galgaatial. 2010). Furthermore potential ocean
based sources include input from industrial andet@onal shipping as well as oll

and gas platforms and aquaculture facilities (Kansét al.2011).

Natural disasters are another reason for plaspatiinto the ocean as
shown in the example of the Tsunami ‘Great Tohdkat reached Japan on the
11" of March in 2011. It was estimated by the Japagesernment that 5 MMT
of debris were swept into the ocean of which 1.RBAT were calculated to be
plastic (Kellen 2014). This means that within aginevent the tsunami released
216.79 kg / capita of the 5.7 Million inhabitanféeated by the disaster. This is
equivalent to the amount of almost 4 years of ptastaste generation

(Kellen 2014).

1.3. Plastic production process

Plastic materials play an important role in ourrgday life. Since the
beginning of the mass production it is often repiganore conservative materials
like paper, woods, glass and metals in increasunmgbers due to low unit costs
and an improved performance. Its’ high value ise did its numerous
characteristics as it can be used at a very widgeraf temperatures, it is resistant
to chemicals and light, products are strong andlalarbut the material can be

easily molded to shape as a hot melt (Andrady asal R009).

The main components of plastic materials are syiatpelymers. These polymers
are mainly produced from petroleum based raw nagewith 8 % of the global

oil production being used in plastic synthesis (Fatty and Neal 2009).
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Biodegradable plastics are made of biomass-basel$tizck which results
in the same chemical polymer product. Polymers lmarformed in two ways;
1) by a heat driven condensation between two mor®iarad 2) the reaction of a
molecule that has been activated and functionsfesearadical. The free radical
starts a chain reaction by interacting with anothenomer and forms long chain

polymers instantly (Bolgaet al.2007).

Plastic polymers are barely used in their pure forkdditives are
introduced into the production process to achievargety of desirable properties
as for example to protect the plastic from emientiént and colour fading. In a
process called ‘Compounding’ a range of differeddiives are introduced to raw
material (Bolgaret al. 2007). Plasticizers, as some of the most ofterd use
additives, help to render plastic flexible and dlea Other additives include
thermal stabilizers which enable the processinghigh temperatures, flame
retardants, UV stabilizers to enhance the resistéamoxidation, inorganic fillers
to reinforce the plastic material and other compt:mesuch as colorants,
opacifiers, mating agents, and lustre additivesasttl contains additives to
various amounts: from 5-15 % additives were deteate electronic waste
(Schlummeret al. 2005)while up to 50% of additives were presena isoft PVC

material (Mulder 1998).

These additives can leach from the polymers atouaritimes during
product life cycle (Sajiki and Yonekubo 2003, Lidmret al. 2011, Velzeboeet
al. 2014), and their potential or established toxidgdya continuing topic of
discussionamong researchers, frequently leadingpidroversial statements and
strong opinions(Andrady and Neal 2009). It is ingbke to assess the toxicity of
additives in a general manner, since the varietycbémical compounds

summarized under “additives” is too large forgeheessumptions. For
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example,some plasticizers such as diisononyl phtthahave a full EU health
technology assessment and are considered to béosdfe use in PVC items, but
other plasticizers like dibutyl phthalate requirgkrreduction measures (Andrady
and Neal 2009). Due to their known or suspectedcttx and to their large
production volumes (11.1 million MT in 2009), thddatives are presenting
as considerable factors in the evaluation of theictdmpact of plastic

(Leslieet al.2011).

1.4. Plastic types

Plastic is chemically very diverse material mademfr synthetic or
semisynthetic organic polymer. The production anddification of plastic
polymers can be varied in numerous ways which |gad$plastic’ being a
material highly heterogeneous in characteristicsvab as in composition of a
final product. The annual plastic production of 2898lion MT includes more
than 15 polymer types (PlasticsEurope 2015). Rlagtlymers vary in the
chemical process used in their synthesis, suclordensation, polyaddition, and
cross-linking production process and also in thedkof additives that are often

used to enhance certain properties like UV stadiibn.

In this dissertation the focus was on two typesplastic, - polystyrene and
polycarbonate, due to their large production voluared differences in additives

used in the production such as bisphenol A in olycnate.

1.4.1. Polystyrene

Polystyrene (PS)is a synthetic aromatic polymer enfidm the monomer
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styrene m a polymerization proce (Fig.5A). General purpose PS is a clear,
and brittle material which can be easily coloretdisl the fourth most ofte
produced plastic type worldwide after polyethyleneolypropylene ani
polyvinylchloride (Abts 2014 with several billion kilograms produced per y:
(Maul et al. 2000) with 14.6 million MT PS produced worldwide in 20:

(Chemical Industry Educationentre University of York 2015a).

It is mainly used for protective packaging, contas lids, bottles, tray
tumblers and disposable cutlery (5B). PS is licensed for food packaging ¢
modified atmosphere food packaging helps to extéedshelflife of meat anc
vegetables, decreases the risk of food born imflecind reduces food was

(Gerhard W. Becker 1995, Andrady and Neal 2.

Medical
1%

Construct
11%

Con mestic
electronics aplliances
- -Nn 13% 12%

O
I—O—I

Figure 5. Polystyrene A: structural formula, B: Purpose of use for PS.
Modified from{(Chemical Industry Education Centre University afrk 2015a.

Polystyrene was first described in 1893 by Eduanao8 but the industrie
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production began with the polymerization in 1931Ludwigshafen. Soon after
the start of mass production of polystyrene, a fation of expanded

polystyrene (EPS) was invented and patented a®@iyr The EPS material is
made by the same monomer styrene but with a diffggeoduction process. EPS
contains expended gas bubbles that melt togetltefoam a low density material
with good thermal insulation properties that makeery suitable for the usage in
construction. The additional good damping charties are used in the
packaging of fragile goods.PS and EPS show a hegilignce and inertness
which leads to a slow biodegradability especiallyder exclusion of UV

radiation.

PS and EPS are highly flammable and most productgam flame
retardants especially in the construction sectiElame-retardant additives like
polybrominated diphenyl ethers and Hexabromcycledade (HBCD)are used to
discourage ignition. Polybrominated diphenyl ethéBDE) are listed as
Persistent Organic Pollutants (POPs)by the padidbhe Stockholm Convention
and the usage and production of certain PBDE swuhpenta brominated
diphenylether was prohibited in 2009. The use dypominated diphenyl ethers
is critically monitored due to its’ bioaccumulatiquotential in the human body
and the environment and the adverse health effiechsding reduced fertility in

humans (Harlet al.2010).

HBCDs are classified by the REACH (Registration, alkation,
Authorisation and Restriction of Chemicals)Europednion regulation asa
substance of very high concern which persists,doaulates and displays toxic
properties. The migration of HBCD into the enviramh from intact expanded
polystyrene is nominal (Kemmleiet al. 2003); however, emission can happen

during fires, photolysis and recycling. During treeycling process monitoring
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programs showed that PS-construction debris is1oftd isolated from other PS
debris. This can lead to significant residual cotgeof flame retardant additives
in sensitive recycled plastic items like packagargl flower trays (Fraunhofer-

Institut fur Verfahrenstechnik und Verpackung , Khat al. 2005).

With their low density of 1004 kg/frPS and 16-640 kgfhfor EPS they
are easily transported by the wind and blown widéadces. Both PS and EPS are
widely found in marine litter and are reported ® fnistaken as food by many
animals. Several studies report that the majorityplastics observed in ocean
surveys were PS or EPS (Willianes al. 2011, Erikseret al. 2014). A study by
Eriksen et al. (2014) revealed that the majoritll@ out of 4291) of

macroplastics observed in over 890 surveys wereiteR% (Erikseret al.2014).

1.4.1. Polycarbonate

Polycarbonate (PC) (Fig. 6) is a thermoplastic pay mostly
manufactured by condensation polymerization of hHeswl A (BPA) and
phosgene. It was first invented in 1898 by Alfredh®rn in Munich but the
commercialization did not start until 1955. Withwarldwide annual production
of 2,38 million MT in 2012 (United Nations Statisti Division 2012)

polycarbonate accounts for 1.3 % of the annuatiplasoduction.
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. _
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Fiqure 6. repeating chemical structure of polycarboate

Polycarbonate has uniquely high impact strengthaamelxceptional clarity
compared to other plastic types. It is heat resistath a melting point of 155 ° C
and vyields flame retardant properties (Chemicalustiy Education Centre
University of York 2015b). With these charactedstiPC is mainly used in the
construction industry, for electrical componenistoanotive parts, compact discs

(CDs, DVDs) and break resistant lenses and wind@\esticsEurope 2015).

The application of injection molded PC in beveragmtainers such as
drinking bottles, glasses and food containers leasedised due to the leaching of
BPA from PC after hydrolysis at high temperatut@€sntroversial studies with
concern of BPA leaching of heated polycarbonateybhbttles lead to the
prohibition of the production and sale of baby lesttcontaining BPA by the
European Union in 2011 (EU directive 2011/8/EU).eT¢chemical BPA is an
endocrine disrupting substance that can lead tdimaascular disease, diabetes
and disorders of sexual development (Umweltbundesz0i0, CHEM Trust

2012, Angleet al.2013).

Polycarbonate derived from bisphenol A is the maestely used
polycarbonate. However, in order to avoid heakksiand obtain slightly different
material characteristics such as enhanced flanstalese, co-polymers have been
developed in which substituted bisphenols are addet reacted with diphenyl

carbonate (Chemical Industry Education Centre Unityeof York 2015b).
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1.5. Degradation process of plastic

The degradation time of plastic in the environmisrdifficult to calculate
and is widely unknown, with estimates ranging froomdreds to thousands of
years (@imal et al. 2006, Shatet al. 2008, Barne®t al. 2009). This uncertainty
is due to varying scenarios and factors that imibheethe break down process of
plastic materials. Four main factors are importdingtly the surrounding media
(land/beach, water), secondly the temperaturediththe UV radiation and lastly
fouling processes. All factors influence the plasthake it brittle and eventually

induce the break down into smaller pieces.

In beach or terrestrial environment the photodegfiad through UV
radiation (290-315 nm) plays an important role tbge with the temperature.
Higher temperatures generally accelerate degradapoocess. Mechanical
abrasion on the beach is mainly due to the wind thedsurrounding sand. In
aquatic environment, the break down process is llysséower since water
temperatures are generally lower and less varitid@e air/ground temperatures
observed on a beach, and abrasion by the waves atb commonly less

destructive than the impact of sand particles (Adgr2011).

The influence of photodegradation on the breakdpvatess depends on
the location of the plastic in the water column. e surface the scattering and
reflection of the UV radiation can enhance the krdawn process of floating
plastic. When plastic objects sink down to the lsed the break down process is
slowed significantly since the UV radiation pengtg the seawater below 10
meters is considerably decreased compared to thiceuwater and the

temperatures are lower (Dunne and Brown 1996).
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Plastic debris in the ocean is prone to foulingcpeses which covers the
surface of items with a biofilm which blocks it froradiation and enhances the
density of the debris(Andrady 2000, Muthukunearal. 2011). With the increase
in density, plasticssuch as polyethylene and polyglene that used to be
positively buoyant,tend to sink. Other plastic typ@olystyrene, polyamide,
polyethylene terephthalate) that have higher dessithan seawater were

observed to sink to the seabed(Stefatiosl. 1999).

Polystyrene, which is a plastic type that is maudgd for food packaging,
is taken here as an example for the estimated lieak times: foamed plastic
cups< 50 years, plastic beverage holders400 years, and plastic bottles 450
years (Kellen 2014). However,it appears that tlieraore break down of plastics
that take place in the oceansthan presented inadesimulations/models. Studies
by Morét- Ferguson et al. (2010) compared the @eesize of plastic particles
from 1991-1995 and 2004-2007 and found a decreage more than

50%(10.66 mm to 5.05 mm) (Morét-Fergusairal. 2010).

Bioplastic or biodegradable plastics are often diked as the
environmentally friendly solution, but when it cosnto degradation processes,
this is not correct: bioplastics are synthetic padys made from plant biomass
and do not differ chemically from synthetic polymenade from fossil fuels raw
materials such as oil. Therefore, on chemical lette¢ degradation process of
both polymers does not differ. The difference comesthe approach of
connecting polymer grains, wherebiodegradable ipRstonsist mostly of
microplastic particles held together by starch @ust al. 2009, Raque=zt al.
2011).So the breakdown of starch connections mawjbie and environmentally
friendly, but the microplastics beads produced frigimmaterials have the same

degradation characteristic as oil produced polymé&ise real biodegradation
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requires action of specific bacterial strains tonptete the oxidation process
turning polymers into methane, carbon dioxide, aader(Andrady 2011). This
process is not likely to be happening on a largdesm oceans, since it requires
controlled environments with temperatures aboveéG&Narayan 2009, Songt
al. 2009). However, a possibility of biodegradationpaflymers by a different
microorganism in a different environment cannot éoeluded (Guilletet al.

1988).

1.6. Plastic distribution in marine and freshwater environments

Much research has been dedicated to understarabtimelance and fate of
plastic pollution in the marine environment. Plas§ known to persist for 100-
1000s of years, accumulate in the water surfaceeshe, seafloors, and beaches

depending on their buoyancy and the surrounding@mwent.

According to the Convention of biological biodivitysin (2012) 633
marine species are known to be impacted by plakthris (Secretariat of the
Convention on Biological Diversity 2012). Even tigh rivers were identified to
be important transport routes for plastic into theean (Lechneet al. 2014,
Wagneret al. 2014, Driset al. 2015, Kleinet al. 2015) little research has focused
on freshwater plastic concentrations. Studies gioly Lake Huron (Canada) the
Laurentian great lakes (US) lake Garda (Italy) Bra@ube (Austria) and the River
Rhine (Germany) showed very clearly that the piabtirden is comparable to

marine concentrations(Avery-Gomet al.2012).

Keeping the small body of available literature inndy it needs to be

considered whether all harmful consequences of apiastic that have been
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described for marine organisms like ingestion amdoduction of alien species
that float on plastic items to new ecosystems magrate in freshwater
environments as well (Carsaet al. 2013, Lechnert al. 2014, Wagnert al.
2014). A study conducted in the Danube River shothatithe plastic abundance
was higher than the average biomass and mean idsnsit ichthyoplankton
larvae and juvenile fisiThe high concentrations of harmful and unsuitabledf
items can pose a threat to freshwater biota corbfgarn® marine organisms.
Sanchez et al. (2014) showed that 12 % of the saimwpild freshwater fish
gudgeon Gobio gobio,L. 1758)had plastic particles in the intestines(baa et

al. 2014)

The sources of microplastic in rivers and lakesenfeund to be similar to
marine sources, including sandblasting, consumedymts, and input from

sewage sludge (Erikset al.2013).

1.7. The influence of size on bioavailability and toxiémpacts

The size of plastic items plays an important rdteemvit comes to their fate and
effects in the environment. Plastic debris can ibieletl into megadebris (>20 mm),

macrodebris (20-5 mm), microdebris (< 5 mm) anapkastics (< 100 nm) (Table 1)

Name Size
Megadebris >20 mm
Macrodebris 20-5mm
Microdebris <5mm
Nanodebris <100 nm
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Table 1, Size definition of plastic samples

The suffocation of birds and the entanglement dbasans are well
documented examples of the possible threats tingé Iplastics items pose for
many species (Kuhat al. 2015). Mega debris such as discarded fishing anats
other large items are known to affect >260 maripecges by entanglement and
ingestion (STAP 2011). Small plastic items can harroroad range of species
after ingestion and is specifically important dodts availability to a large range
of smaller organisms like waterfleas (Daphnia spand other planktonic

organisms(Bhattachary al.2010, Besselingt al.2014b).

Microplastic can have different sources: primargnmmplastic is produced
in the micro range to be used as raw material Herglastic industry, and large
amounts of microplastic are released into the enwirent during transport and
un/loading in harbours. Secondary microplastic esived by the break down
process or abrasion of macroplastic (Fig.7). Thexess is driven by wind, UV-B
radiation and other factors, and is enhanced omreshand beaches where
microplastic has stranded and is surrounded by watemperatures, wind, and

sand.

Samplings from beaches close to Auckland (NZ) shibwsastic
concentrations exceeding 100,000 plastic pelle{&megory 1978). Microplastic
can be detected with sieves from beaches and cdittdved from water bodies
with trawling nets. After the collection, the samplare quantified and qualified.
Microplastic may impact the bottom of the food chaiith serious consequences

for larger animals and humans (Teugtral.2007).
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Figure 7. Breakdown process and aviability of plastic debris to different
speciedDegradation in aquatic environments is driven by plysical processe
and biota. (Modified from: Stap: marine debris as a global iemvmental
problem, p.1{STAP 2011)
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An increase of microplastic over the past decades lheen reporte
accompanied by a decrease in the average sizten(Barneset al. 2009, Coleet
al. 2011, Thompon 201E. In highly polluted areas like the pacific oceaye,
the plastic concentration is six time higher thhe plankton biomas(Moore
2008). Thideads to a high availability (potentially harmfulandunsuitable food

items to consumertechne et al.2014).

The smaller the plastic items , theeasier they can pass cell bounda
and enter into the surrounding tissue. Studiesdyy Moos et al. (2012) show:
the uptake of microplastic particles into digestigéands which induce

granulocytomas and a decrease in lysosomal sta(Von Mooset al 2012).

Nanoplastic s intrinsically linked to macro and microplasticriaes

becausenanoplastic reaches the environment not only bgctliemission o
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manufactured nanoplastics, but is also likely tearrend product of degradation
process starting from macroplastic, over microptashd eventually nanoplastic

particles, to disintegration of polymers(Shim 20Kdelmanset al.2015).

Nanoplastics are divided into different sourceswa#l as microplastics.
Primary nanoplastics are produced for industriatl anedical applications
especially for drug administration and surface ioggt Secondary nanoplastics
are derived in the same way as microplastics wiaigh mostly driven by an
abrasion process that breaks down microplasticsnahoplastics. Until this time
nanoplastics have not been detected in the watet fkely due to detection

difficulties (Koelmanset al.2015).

Nanoplastics have properties and characteristaisdiffer from the larger
plastic compounds. Their surface properties inclgaiharge and size allow them
to interact differently with living cells, rendegnthem as a potentially valuable
tool in the medical fields of disease diagnosticd aeatment. But, rising concern
is that the same surface properties could alsdajidpxic effects, if they enter a
body in an uncontrolled manner. Due to their speafirface characteristics and
their large surface area, nanoplastic materialsh sas polystyrene exert
proinflammatory activity and can interfere with tinemune system (Browat al.

2001, Bhattacharyat al.2010).

In addition to the facilitated interaction of migrand nanoplastic with
living cells, small plastic debris shows higher@oalation rates for contaminants
such as persistent organic pollutants (POPs) amel ehemicals due to the high
surface to volume ratio (Koelmaes al. 2013, Velzeboeet al. 2014). Moreover,
the size scale also impacts the exchange of orgemanicals, and it was

demonstrated that nano- and micrometre size plasschigher exchange ratesof
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for example PCBs than macroplastics due to theslatgface area and the short
diffusion path length (Koelmaret al. 2013). Therefore smaller plastic items that
can be ingested by a broad spectrum of organismysatea pose an increased risk
of sorption and release of possibly toxic contamisaPotential for population

impacts of small scale plastic debris on aquati@aoeisms can therefore be similar

or even higher than larger macro- or megadebris.
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2. Impacts of plastic on organisms

2.1. Toxic impact of plastic on wildlife

The hazards of plastic debris on wildlife occurotigh three different
pathways: firstly physical damage due to entangtena@d blockage of the gut;
secondly ingestion of plastic debris yielding higbncentrations of sorbed
environmental contaminants which can leach into libdy after ingestion and
thirdly the chemical hazards posed by the toxic omoers that can be released

during production, use and the end of life cyclal@@aniet al.2010).

The size of the plastic material is an importaugavhen it comes to risk
assessment. Macroplastics are known to be a tkineaigh entanglement and
ingestion. The threatof entanglement posed to a@ga by ingested
microplastics and smaller plastic beads is low, thé potential for direct
exposure to sorbed chemicals and additives aftgstion is high because of large
surface area to volume ratio (Cade al. 2011). The adsorbed contaminants, and
also additives used in the plastic production @se chapter 1.5), can interfere
with biologically important processes and lead ndaerine disruption, metabolic
changes, carcinogenesis, and reduced fitness (Batnal. 2009, Lithneret al.

2011, Mattssomet al.2015).

Therefore the health risks associated with pladebris vary between
polymer types and size, production process and titoimge or adsorbed

chemicals.
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2.1.1. Mechanical damage

Deleterious effects of plastic debris on ocean Médave been reported as
early as 1931(Gudger and Hoffmann 1931). Mechanieshage derives from
entanglement in lost fishing gear and other delais] plastic is frequently
mistaken for food leading to suffocation and desdthr ingestion.Plastic debris is
one of many impacts that drive species to extin¢Gall and Thompson 2015).
The number of species that are affected by entaragie or ingestion has risen
from 267 to 557 species in less than twenty yelighig et al. 2015). Species
range cover all vertebrate classes, and 17% ofiepeeported to be affected by
entanglement and ingestion of plastic debris atedi on the IUCN Red List as

threatened or near threatened.

It needs to be considered that smaller sizes atiplparticles allow smaller
organisms to ingest or interact with them. Micrepla and nanoplastic are
reported to be ingested by various species of zodgpdn such as Pacific Krill and
Daphnia magn@Andrady 2009, Cedervaktt al. 2012, Besselinget al. 2014Db).
Higher layers of the food web feed on zooplanktowl @an possibly ingest
substantial amounts of plastic with their prey(Esén and Burton 2003, Lusher

2015).

Only a handful of studies have so far focused oaltheeffects of
microplastic and nanoplastic after ingestion andsgme translocation from one
organ to the surrounding tissue, blood vesselstlugr organs. Blue mussels are
able to translocate microplastic from the gut itlte surrounding tissue which
leads to the formation of granulocytomas and reslugsosomal stability (Von
Moos et al. 2012). Studies with polystyrene nanoplastic baadssted by fish

indicate behaviour changes and metabolic effeathiding a reduced feeding
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activity. In addition, the brain of fish that inged polystyrene beads showed
abnormal swelling and colour change compared tactmerol group (Mattssoet
al. 2015) . In broader perspective,the effects desdrdbove can lead to reduced
fitness and decreased survival potential in thematcosystem (Mattssaat al.

2015).

2.1.2. Chemical ingredients of plastic and additives

Plastic polymerization requires the use of monomeratalysts and
polymerization solvents. In addition plastics aaeety used as a raw polymer but
additives such as flame retardants, UV stabilizeddpurs etc. are added to
enhance the desired properties of the plastic matsee also chapter 1.5). The
backbone structures of plastic polymers are consiti® be chemically inert and
due to their large molecular size they are consiflexrs non-hazardous for the

environment (Teutest al.2009, Lithneret al.2011).

However, more than 50 % of the plastics in usechssified as hazardous
due to their constituent monomers, additives aneproglucts (Lithneret al.
2011). It is very rare that the polymerization téats run complete and varying
amounts of residual monomers can be found in ttgmyic compound (Araudjo
et al. 2004). Several of those monomers such as styredeb&sphenol A are
considered to be hazardous chemicals and due itolalaemolecular weight the

release into air, water and food is facilitatedoi@pton 2007).

The plastics that were used in this study conthm monomer styrene,
(needed to form polystyrene) which is listed ascicagenic and mutagenic

(Lithner et al. 2011). Polycarbonate is most often produced witptenol A
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which yields endocrine disrupting effects (Oehimanal.2009).

Chemical hazardous by-products such as polycyectimatic hydrocarbons
(PAHSs) are released during manufacturing procest(s case, polymerization of
polystyrene). PAHs are listed in the United Stalgs/ironmental Protection
Agency regulations as carcinogenic, mutagenic amwdtdgenic(United States
Environmental Protection Agency EPA 260-B-01-03 PO0rhese residuals are
extremely difficult to remove after the productiprocess and can carry over into

the plastic material (Rochman 2015).

The release of hazardous substances or degragatidacts can happen at
any time during the life cycle of plastic (Lithnet al. 2011). In conclusion, the
toxicity of plastic materials linked to chemicabnedients and additives depends

on the production process and the amount of unwldnteproducts.

2.1.3. Chemical contaminants and persistent organic poll@nts in

plastic

Plastic debris in the ocean accumulates a compledura of chemical
contaminants that are ubiquitously found in lowelevacross the oceans (Mab
al. 2001, Teuteret al.2007, Rochmamet al.2013a). It has been shown that plastic
has the potential to transport accumulated contamtén from the water to
organisms (Teutert al. 2007). The uptake of small plastic particles hasrb
shown for many species(Lusher 2015). Since theeso(@bsorbed and adsorbed)
chemicals from the plastic can become bioavailablethe organisms after
ingestion there is great concern, that organismbzanegatively affected by the

contaminants (Endet al. 2005, Hiraiet al.2011).
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Plastic with sorbed chemicals is found everywherehighly populated
coastal areas to remote beaches and the open isaicettal. 2011). The persistent
organic pollutants such as insecticides, pesticatesindustrial chemicals derive
from waste water and runoff (Wurl and Obbard 200%he hydrophobic
chemicals are prone to accumulate in plastic duthéar high affinity for the
water free environment found between the long chah plastic materials
(Katsnelson 2015). The concentration of contammaniplastic particles such as
dioxins, polychlorinated biphenyls (PCBs) and dichtiphenyltrichloroethane
can be up to one million times higher thanthe cotre¢ion in seawater which
highlights a cleaning effect of the ocean by thespt (Endoet al. 2005, Takada

2013).

Studies have shown that the desorption of the cantnt once absorbed by
the plastic is very slow (Teutest al. 2007). Specific plastic materials are placed
in aquatic environments as passive samplers to tifyparpersistent
bioaccumulative and toxic substances (PBTs) (Lom®011). The absorption of
contaminants varies in different plastic types enddditionally influenced by the
temperature of the surrounding water, the degresystallinity of the plastic and
the non-equilibrium effects (Andrady 2011). The iemmwvmental risk of plastic
related chemical contaminants is not due to the loancentrations of
environmental chemicals in the water, but ratheo@sequence of aquatic
organisms direct contact or ingestion of plastidipies with high concentrations
of sorbed chemicals, that might later diffuse frdigestive tract or gills into the

tissues(Andrady 2011).

After ingestion, several factors influence the dadecontaminants that
might be delivered to the organism; the dose dependhe ingested volume, the

residence time in the organism and the kineticsephrtition of the chemicals



[Il. Literature survey 29

between the tissue medium and the plastic mat@kradrady 2011). Overall, the
most important question is whether the contamin&ots plastic will enter into

the food chain with considerable effects and ifabimumulation occurs. These
topics can be explored with the help of computerdefilng, assessing the
correlation between plastic ingestion and chembexaly burdens and laboratory

bioaccumulation tests (Rochman 2015).

Some studies explore these questions; the tissugildf myctophid fish
collected from the South Atlantic ocean showed Isimcongener patterns of
flame retardants as those found on the plasticiglébthe area (Rochmaet al.
2014b) A study by Rochman et al. (2013) showed the tranefehazardous
chemicals from weathered plastic fragments to Wslich induced hepatic stress
(Rochmanet al. 2013b). A study with lugwormsAgenicola marind suggested
facilitated uptake of polychlorinated biphenylsrfracontaminated sediment with
plastic particles compared to sediment without dddmstic (Besselingt al.
2012). In the Great ShearwatePuffinus Gravi$ a positive correlation has been
found between the amounts of plastic in the gut #mel concentration of
polychlorinated biphenyls in adult fat tissue (Ryeinal. 1988). PBTs have a
range of chronic health effects, including endaendisruption, mutagenicity and
carcinogenicity (UNEP Year Book 2011). Raw materigpherules (3 mm)
spread on beaches worldwide were observed to cootganic pollutants like
dioxin, pcbs and DDTs. The toxins are concentratezl million times higher than

in the ocean waters (Takada 2013).
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2.2. Detection of the adverse effects of plastic matelsaon aquatic organisms

The impacts of plastic on wildlife as described \abaan be difficult to
detect particularly if only sublethal effects occhspecially the effects of micro, -
and nanoplastic particle impacts are challengingesihe effects are less obvious
than for example the entanglement in large plasbijects and resulting external
wounds. Studies that use different detection methiodtudy the health effects of
ingested and transferred particles from the imestiinto the surrounding tissues

and circulation are scarce.

Recent studies include the work on blue mussklgtilus edilug, that
showed retention of microplastic in the digestikact, immune response and the
transfer to the lymph system (Broweeal. 2008, Kdhler 2010, Von Moost al.
2012). Decreased fecundity and mortality was olesem the copepodigriopus
japonicusatfter ingestion of PS microbeads (Leteal. 2013). The exposure of the
Japanese medak®rfyzias latipey to microplastic led to hepatic stress, liver
toxicity, altered gene expression, as well as desaé choriogenin regulation and

vitellogenin concentrations (Rochmanal.2013b, Rochmaet al.2014a).

Fish, being one of the largest group of animal$ witeat importance to the
ecological balance and for the food web, also sawesensitive indicators of
hazardous effects in aquatic environments (Rocheta. 2013b). In addition to
the histological detection of tissue samples, eaman of altered gene expression,
metabolic and behavioural effects, immune systemeofebrates can serve as a

valuable tool to assess the toxicity of substances.
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2.2.1. The immune system of fish

The immune system of fish defends the body agaanstide range of
pathogens and is comprised of the innate immunporse and the acquired

immune response.

Pathogens on their way into the body need to gessurface barrier build
by the skin, the gills and the gut which are codlarea protective mucus layer.
Once pathogens successfully surpassed the muces kpecific immune cells
induce the immune response. This response nedus tapid and strong enough
to eradicate the pathogens yet excessive respoesesto be avoided in order to

prevent harm to the host.

The acquired immune response in fish includeswatiémental features of
the specific immune response including immunoglmsIT-cell receptors, major
histocompatibility products and recombination aator genes (Wattst al.2001).
The immune response of fish is highly temperatuepedidant with lower
temperatures resolving in a slower proliferationlywhphocytes(Bly and Clem
1994). Fish yield fewer antibody isotypes than hosnaith mainly IgM, IgD and
IgT antibodies reported for teleost fish. No clasgtching of antibodies was
observed and the IgM response shows a poor affiméturation (Mutolokiet al.
2014). However, IgM antibodies show a high functioneterogeneity which was
suggested to be favourable for the immune respsimee they might be able to

accommodate more epitopes (Kaattdral. 1998).

Since the specific immune response in fish is sidlan in humans and the
anamnestic response is usually less pronouncethtize immune response in

fish is especially important in fighting pathogered responding to other
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potentially noxic agents, such as nanoparticlesi{@in and Bengtén 1996, B.

Jovanovic and D. Palic 2012).

The piscine innate immune system includes both mahamd cell-mediated
immunity components and is activated as soon dsogans enter into the body.
The major functions of the innate immune respons&de cytokine production,
activation of the complement cascade and phagasyt@gculating immune cells
like macrophages, among others identify microbegh wiattern recognition
receptors on their surface. In fish, 21 differeati Tike receptors (TLR) have been
identified which vary between different fish speci{@®alti 2011). Each subset of
TLRsrecognizes a specific group of pathogen aswatianolecular patterns
(PAMPs). TLR 3 and TLR 9 have been identified tdedeed virus associated

dsRNA and dsDNA in teleosts such as common carpf¥aad Su 2010).

Since fish lack bone marrow which is the primarpdarction site for
pluripotent stem cells in mammals,the immune coemetells are produced in
head kidney, trunk kidney and thymus of fish (Zapettal. 2006). Macrophages
and neutrophils are the most prominent immune-céempecells involved in

phagocytosis in fish (Secombes and Fletcher 1992).

Neutrophils as polymorphonuclear leukocytes cafoparseveral functions
as part of the innate immune response. If one ophilrfunction is impaired the
disease resistance is decreased. Neutrophils camt: esolling, adhesion,
migration, polarization, degranulation of primarsagules, release of cytokines,
phagocytosis and release of neutrophil extracelludgps(NETS) (Leet al. 2003,
Kasameet al. 2005, D. Paliet al.2005, Papayannopoules al.2010). The NETs
release is a cell death mechanism which involvesélease of DNA fibres bound

to specific antimicrobial proteins which have bediserved to trap and at times
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kill pathogens extracellularly (Fucles$ al.2007).

The interactions of nanoparticles with the immuystesm can have different
outcomes ranging from immunostimulation to immunmession. These effects
are used in the medical field since specific treatts can benefit from an
inhibited or enhanced immune response (Zoleik al. 2010). In a natural
environment it is essential to understand the tffexf nanoparticles on the
immune system, since immunomodulatory effects emerely interfere with the

survival of a species.

In fish,TiO, nanoparticles were shown to induce respiratorystbum
neutrophils as well as the release of NETs (Jovanet al. 2011b) whereas
nanosized hydoxylated fullerenes supressed reledsBlETs and decreased
oxidative burst activity and degranulation of prijmgranules (Jovanoviet al.
2011a). Differences in nanoparticle reaction wigtutnophils rely on the mode of
interaction.TiQ particles enhance the neutrophil immune respomsee sthe
particles do not interfere with the ROS productafter phagocytosis and the
release of primary granules and the NETs releasenatr hindered. In contrast,
hydroxylated fullerenes scavenge the ROS produtdhle process of respiratory
burst and the release of primary granules and N&@screased (Jovanowt al.

2011a, Jovanoviet al.2011b).

In rats poly(lactide acid) nanoparticles incubatath polymorphonuclear
cells of rats lead to an increase of oxidative bafter phagocytosis (Mainardes
al. 2009). Gold nanorods were observed to be trapped\NBTs released
predominantly by neutrophils and NETs were disadisse a physical barrier for
nanoparticles (Bartneckt al. 2009). Due to their phagocytic function and their

large number neutrophils are most likely the magails to interact with
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nanoparticles. Since neutrophils can be activayetiimoparticles and die after the
NETs release the number of neutrophils can be extiiand the organismal
defence negatively affected (B. Jovanovic and DicP®12). Due to the high

importance of neutrophils in the innate immune oesge a decreased
neutrophil function can put the normal developmamd survival of a species

at risk (Segal 2005).

2.2.1.1. Immune response of fish to nanopatrticles.

Nanoplastic particles that are likely to be presemt the aquatic
environments (Andrady 2011) can interact with themune system of fish.
Currently there is no information available on guessible immunotoxic effects of
nanoplastic particles on aquatic organism. Howetiginium dioxide (TiQ)
administered to fish has been shown to interferth vgene expression and
neutrophil function as well as reduced diseasestasie (Jovanoviet al. 2011b,
Jovanovicet al. 2015b). In goldfish Qarassius auratus.) several tested metal-
oxide nanoparticles (TiDCeQ, FeOs, ZnO functionalized with polyacrylic acid
(PAA) (which helps to keep particles dispersed uspension and prevent
dissolution of free metal ions from the core) negdy affected neutrophil
function. PAA-TIQ, andPAA-ZnO nanoparticles decreased neutrophil Mgbi
PAA-CeQ and PAA-FgO; increased neutrophil degranulation and in addition
PAA-FeOsincreased neutrophil respiratory burst. This sthdyhlights that the

toxicity of nanoparticles depends on the core nelt@@rtegaet al.2013).

Since the occurrence of microplastic is reporteddib areas in marine
habitats it is very likely that nanoplastics wiét Detected once technical issues are

solved (Cézart al. 2014, Koelmanst al. 2015). In addition the use of plastic
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nanoparticles in technical and medical applicatigngsing and as time proceeds
the input of primary nanoplastic into the envirominés expected to increase
(Cedervallet al. 2012). Since aquatic animals are chronically egga® plastic

particles in water the immunotoxicological effeate even more significant than
for terrestrial animals (B. Jovanovic and D. P&lid2). Reviews focusing on the
impacts of nanoparticles on the immune system sHothat the particles can
suppress or enhance immune function and that sugeaperties are especially

important (Dobrovolskaia and McNeil 2007, Dobrovals et al. 2008).

Nanoparticles in the water get in contact with tmecus membrane layer
of gills, skin and intestines as the first linefish immune defensive mechanism
against invading pathogens. Once the nanoparscigsss the mechanical barrier
of the mucus layer the innate and acquired immeseanse are activated. The
uptake of nanoparticles through the diet appearset@ much more significant

pathway than the absorption via the gills or the $kandyet al.2008).

Nanoplastic particles enter the digestive trachwiite ingestion of prey
that is contaminated with nanoparticles (Cederealbl. 2012, Besselinget al.
2014b). In the intestinal tract nanoparticles iaterwith the enterocytes and the
cells of the diffuse gut immune system characierfst teleost fish which include
intestinal neutrophils, macrophages and leucocytdsstecky et al. 2005,
Brandtzaeg et al. 2008). Nanoparticles can pass through enterocyias
transcytosis without disrupting the cell functidfoénemanet al. 2010)and can
enter into the circulatory system and adsorb biecuks from biological fluids

such as plasma.

Particularly proteins bind to the surface of ttenoparticles and form a

protein corona (Monopolet al. 2012). The protein corona forms rapidly (< 0.5
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minutes) and affects haemolysis, thrombocyte aitimeand nanoparticle uptake
(Tenzer et al. 2013). The corona formation can act as a stimul&bothe
complement system and enhance phagocytosis of dheparticles leading to

inflammatory reactions (Boris Jovanovic and DusahcR2012).

Studies in aquatic animals showed the transporhasfoparticles from
epithelium gut cells via hepatic portal systemoirthe entire body and
amassments in kidneys and liver (Moore 1990, Scetval. 2009). Fish kidneys
play an important role in hematopoiesis and are rita@n production site for
neutrophils (Zapat&t al. 2006). If nanoparticles accumulate in the kidnthes
exposure of developing immune cells to nanopagicien lead to an increased
potential of immune cell function change (Jovanati@al. 2011a, Jovanoviet al.

2011b).

Nanoparticles within the neutrophils are transpgbstia circulatory system
throughout the entire body,and in fish may preféa#ly concentrate in kidneys
or spleen(B. Jovanovic and D. Palic 2012). Thiespecially critical since the
immune cells cannot dissolve the nanoparticless Téads to a potentially never
ending cycle of repetitive transport process tgtothe body and exocytosis of

the nanoparticle after the apoptosis of the imnuete(Symonova 2007).

2.2.1.2. Neutrophil function assays

In this study we used a battery of neutrophil fiorttassays to assess the
impact of nanoplastic particles (PSNPs and PCNRs)the innate immune
response of fathead minnow®ihephales promelasRafinesque 1820). In

inflammatory lesions of fish the number of neutnéplis increased (Smith and
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Lumsden 1983). Measuring the neutrophil functioraisaluable parameter to

evaluate the health status of individuals and patpris (Lamas and Ellis 1994).

Neutrophilic granulocytes are activated during anfmatory processes.
They can destroy pathogens through the release/tofoxic compounds from
granules and the production of reactive oxygenispd®OS)(Epstein and Weiss
1989) as well as entrap the pathogens in DNA n€isTé release(Paliet al.
2007b)). The neutrophil function in fish is measlren the basis of the
degranulation of primary granules (MPO assay), tkéative burst activity
(HDFFDA assay) and the release of neutrophil egthalar traps (NETS)

(Hermannet al.2004, D. Paliet al. 2005, Paliet al.2007a).

Neutrophil function assays in fish have been appbefore to study the
impacts of immunomodulating substances (3-gludarmpeasure toxic impacts of
titanium dioxide to zebrafish and to evaluate tmepact of hydroxylated
fullerenes on fathead minnows(Jovanowt al. 2011a, Brogderet al. 2014,
Jovanovicet al.2015b). Therefore these well-established assayes Ieen chosen
to study the effect of PSNPs and PCNPs on the enimatnune response of

fathead minnows.

2.2.2. The effects of nanoparticles in plasma

Nanoparticles interact with biomolecules in biotdi systems and form a
protein corona which has a large impact on theacteon, uptake and capacity to
interfere with biological processes. The paramea#fiecting the composition and
evolution of the protein corona include nanopaegtisize, surface characteristics

and plasma exposure time (Teneeal.2013).
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Common surface modifications of PSNPs include narapes displaying
carboxylated groups (COOH) (anionic) and unsatdrat®ines (NH2) (cationic)
(Casadoet al. 2013). Cationic PSNPs were reported to induce aiixid stress,
mitochondrial damage and toxic oxidative stresa phagocytic cell line, whereas

anionic PSNPs showed fewer reactions (tial. 2006).

Plastic nanoparticles can accumulate in the lyses(oall organelles that
break down cellular debris and waste material) whéney affect their
functionality by releasing the lysosomal contenttie cytosol and inducing
apoptosis (Wanget al. 2013). Several studies suggest that the nanolgartic
toxicity strongly depends on their size, surfacarabteristics and their interaction
with the surrounding medium. It has been hypottegsizhat positively charged
NPs preferentially interact with the negatively ided cell membrane to result in
facilitated cellular uptake. Positively charged FPSNwith a protein corona
showed an increased attachment and cellular uadedothelial cells compared

to negatively charged protein coated PSNPs (Tegizal 2013).

Nanoplastic particles were able to transfer frora gut of the mussel
(Mytilus edilug into the circulatory system (Ward and Kach 2008)biological
fluids such as plasma the surface of nanopartitéssa strong influence on the
formation of the protein corona. The analysis @& fhotein corona of PSNPs in
plasma included proteins involved in the lipid nbetigsm, the complement
system and the blood coagulation among others (Bestal. 2003, Lundqviset

al. 2008).

It has been shown that PSNPs have an impact obalhaece between pro
and anti-coagulants and therefore are able todnfta the blood coagulation.

More specifically, positively charged amine modifi@@SNPs decreased the
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amount of thrombin formed and lead to a prolongkedting time which could
lead to bleeding. In contrast, negatively chargedbaxyl-modified PSNPs
increased blood coagulation by activating the msid pathway and could lead to
a thrombotic state (Oslakovet al.2012). This is in accordance with the findings
of Smyth et al. (2014) who observed the abilityP&NPs to induce and enhance
platelet aggregation which can lead to thrombotienés such as myocardial

infarction (Smythet al.2014).

In our study we tested the agglomeration behavwdl@SNPs and PCNPs
in fish plasma which to our knowledge has not btssted before. The positive
surface charge of both particle types and the detected for PSNPs in plasma
(155 nm) is in a similar size range as the poditickarged PSNPs that promoted
blood coagulation in the study of Oslakovic et(@D011) and might therefore be
able to influence the blood coagulation as welle Tinding that the particles did
not agglomerate enables neutrophils and other myéigocells to ingest the
particles; however, since nanoparticles cannotrbdieated from the system the
uptake could lead to the depletion of the phagocsyistem and could interfere

with the natural immune response.

2.3. Effects of nanoplastic on marine organisms

The application of nanoplastics is rising and maaeoplastic is released
into the environment. Therefore it is important &ssess the possible
environmental hazards deriving from the nano-spegfoperties which differ
from polymers in the bulk form (Klainet al. 2012). Commonly produced

nanoplastics are used in the medical field for ddadjvery purposes where
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theirsurface properties are able to control andydéie drug release (Guterres
al. 2007). In addition, the formation of nanoplastashbeen observed as a by-
product in the cutting process of expended polgsigrand in the 3D printing

process (Zhangt al.2012, Stephenst al.2013).

The weathering of macroplastic into plastic on thieroscale is a well
described process. The breakdown process of mastplinto nanoplastic (< 100
nm) on the other hand is a less studied area afiggointerest, especially since
calculations of plastic masses in the oceans reaesd far unexplained loss of
plastic at the lower end of the expected size dtatecould be explained with the
fragmentation into nanoplastics (Cozdral.2014). Up to this point no nano sized
plastic has been detected in aquatic environméotsgver, the fragmentation of
expanded PS to micro and nanoscale plastics has dleserved in abrasion

experiments over one month (Shim 2014).

Another possible decrease in size could be linkeal degradation process
due to photo oxidation (Sivan 2011). Yet degracdaid a 1 mm sized plastic
particle into a nano scale particle (< 100 nm) basn calculated to take more
than 300 years. It has been concluded that namo@atation might be driven
mainly by the surface fragmentation of macro androplastics and to a lesser

extent by degradation (Koelmaatal.2015).

Few studies are available concerning the fate oioplasticparticles in
organisms. These studies revealed several nanisgmgicomes such as an easy
permeation of lipid membranes by polystyrene narabas. The biological
membranes are essential for the cellular functioth @ontrol a large number of

membrane protein activities. Inside the cells PSMiese observed to alter the
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membrane structure and decreases the moleculasidiff while softening it at the
same time. These changes in the membrane propevées hypothesized to
severely affect cellular function such as membianaéein sorting and functioning

(Killian 1998, Rossket al.2013).

A reduction of population growth and reduced chpdrgl concentrations
in algae Scenedesmus obligyusere observed after the administration of PSNPs.
In Daphnia magnaPSNPs decreased the number of neonates and lead to
decreased body size whereas the percentage of rmatfons in the offspring
increased (Besselingt al. 2014b). The role of the surface charge was shovan i
study with sea urchin embryos. Positive (NPISNPs) and negatively (COOH
PSNPs) charged polystyrene particles accumulatedseia urchin embryos
(Paracentrotus lividus The anionic COOH PSNPs showed no embryotoxicity
whereas cationic NHPSNPs caused developmental defects. The poshxge
of NH, PSNPs was assumed to be the reason for the obseelledeath by
apoptosis mechanisms in sea urchin embryos. (Detlae et al. 2014). In
addition cationic polystyrene nanoparticles showadous immunomodulatory
effects on the marine mussklytilus gallo provincialis. High concentrations
(50 pg/ml) were cyctotoxic and induced apoptoticocesses. Lower
concentrations (1/5 pug/ml) decreased the phagoegiwity and increased the

extracellular ROS (Canest al).

In algae Chlorella and Scenedesnjuke presence of PSNPs increased the
ROS production which is a signal for antimicroldafence and is an indicator for
environmental stress. Furthermore the photosyrghrate was decreased which is
indicated by a reduced depletion of £®his effect may be due to a decreased
light penetration or the Cas flow and the nutrient uptake pathways are

blocked (Bhattacharyat al.2010).
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In fish PSNPs absorbed from ambient water accumdilet medaka eggs.
PSNPs were found in various organs and were alsadfan the brain after
penetrating the blood-brain barrier (Kashiwada 2008ther studies in fish
showed the influence of PSNPs transported throbhghfdod chain in an altered
fat metabolism and negatively affected feeding beha of crucian carp
(Carassius carassiys Fish hunted more slowly, exhibited stronger $inga
behaviour, showed weight loss and lipid metabolg@ranges after the uptake of
nanoparticles. These changes might have poteffiigett® on the function of these

fish in the ecosystem. (Cedervatlal.2012, Mattssomt al.2015)

Comparable to the assumption that macroplastic thhéglal to starvation
since it creates a false feeling of filled stomaichissh, PSNPs affect the feeding
behaviour of the blue muss#lytilus edilusproduced pseudofeces which
indicates that PSNPs are recognized as low nutatifood. Yet the opening of
the valve was decreased which results in a redfilbexang activity (Wegnetet al.
2012).

Since there are no actual numbers for the condentraf nanoplastics in
aguatic environments available the experimentataues need to be considered
with caution. The lowest observed effect concerumabf 0.54 mg/ml (Casadet
al. 2013) is comparable to the highest concentratiomigroplastic in marine

waters (0.51 mg/ml) (Lopez Lozano and Mouat 206s<Ilinget al.2014a) .

No research is available to assess the specifiartiazof nanoplastic to
transport and transfer chemical contaminants tootiganism after incorporation.
As described before (chapter 2.1.3) plastic is @ableaccumulate contaminants
from the surrounding water. Nanoplastic with itgthisurface area could exert
exceptionally high sorption affinities (Velzeboet al. 2014). The transfer of

contaminants sorbed to microplastic was observedghtow different effects
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depending on the concentration of the contaminantésthe contamination of the
organism at the beginning of the study. For narstigle the high surface to
volume ratio combined with the ease of nanopasitte permeate membranes,
pass cell walls and reside in tissues for prolortigads might enhance the health

hazards for the organism (Koelmagtsal.2015).

2.4. Plasticparticles in the food chain

Microplastic is abundant in every habitat of theeat including surface
waters, beaches, the water column, sediments amddéep sea floor. The
widespread distribution and accumulation of micaggt is an important aspect
when it comes to the assessment of possible ehpiastic into the food chain. In
contrast to macroplastics, micro, and nanoplasticiqgges are bioavailable to a
wide range of biota in benthic and pelagic ecosystglLusher 2015). The
ingestion of microplastic is the most likely routeuptake for a variety of aquatic
organisms. Either the particle uptake is indirectces some species cannot
distinguish between prey and debris due to spefg@ding mechanism or a direct
uptake occurs if plastic particles are mistakenféod (Mooreet al.2001, Moore

2008).

Microplastic ingestion is reported for various gpec including
invertebrates, birds, fish, turtles and mammalssflen 2015). The uptake of
microplastic can interfere with the feeding and edigion of organisms

(GESAMP 2010).

The uptake of microplastic at the vary base offtwel web is highlighted by the

absorption of PSNPs by the marine algaeephedesmysvhich caused a reduced
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photosynthesis rate and produced signs of oxidaiuess (Bhattacharyet al.
2010). In addition zooplankton was observed to égatively affected after the
ingestion of PSNPs and nauplius larvae of the cogegpigriopus japonicap
showed increased mortality rates in a two-genanatioonic toxicity test (Colet

al. 2013, Leeet al. 2013). Invertebrates such as lugwormsegicola marind,
amphipods Qrchestria gammarellysand blue musselsviitilus edilug directly
feed on microplastic with various consequences Ifigsonet al. 2004, Wegner
et al. 2012). Particles were observed to be rejectedrdehgestion, excreted after
digestion, and pseudofaeces production occurredhareiquires additional energy
reserves. Weight loss, reduced feeding activity dadreased energy reserves

were detected in lugworms (Besseleigal. 2012, Wrightet al.2013).

Microplastic that is introduced at one trophic llewvgo the food web may
transfer to other, higher trophic level organisifizarrell and Nelson 2013). In
laboratory conditions food chain transfer of PS rospheres (10 mm) from
mesozooplankton Marenzelleria spp and copepods to macrozooplankton
pelagic mysid shrimpaMysis relictg occurred after 3 h incubation (Set&faal.
2014). Zebrafish @anio rerio) fed with naupli of artemia species containing
polyethylene microparticles (1-20 pum) showed a dfan of particles with
adherence to intestinal vili which may lead to atake by endothelial cell (Batel

2015).

Baleen whales filter water to feed on the extragihktonic organisms
and trapped fish (Nemoto 1970). Microplastic uptakald occur directly during
the filtering process or via trophic transfer frgankton and fish. Erikson et al.
(2003) showed the microplastic transfer from lamfish (myctophids) to seal
(Arctocephalusspp scat which serves as an example for active fead plastic

in the food chain (Eriksson and Burton 2003). Agplole pathway of microplastic
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uptake in turtles might occur via a trophic transfiece they feed on crustaceans,
bivalves and sea cucumbers which ingest microgla®@jorndal et al. 1997,
Graham and Thompson 2009). At this point reseawta ¢ not sufficient to
assess the impacts of microplastic debris on thd fthain. However, since sea
food consumed by humans in whole (with gut conteo}h as cod, whiting,
haddock bivalves and brown shrimp contain micrdmlashe trophic transfer is
not limited to the lower end of the food web busgibly accumulates and affects

organisms from invertebrates to humans.

2.5. Possible effects of plastic on humans

The impacts of plastic on humans are numerous. Thaybe divided into
economic impacts in the tourism, fishing and natya sector, and possible
adverse health effects. The economic impacts imigwuare due to possible
residue in tourism if recreational areas are cavevéh unsightly debris. The
cleaning of beaches and the prevention of furtlediufon is costly. The fishing
industry reports losses in the standing stock @duenwanted bycatch in plastic
debris and with decreased numbers of fish the kengn sustainability due to
reduced reproductive abilities is negatively aielctin addition fisheries can be
affected by damaged fishing gear and vessels (EBE3)2 The collision of
mariners with plastic debris can be a navigatidwalard and can endanger the life

of people (Golcet al.2014).

The health effects of plastic are due to the faat tve are surrounded by
plastic in almost every aspect of our life. Espicie the food sector plastic is
widely used to serve as containers and wrappingnaatwhich alone accounts

for 14.5 million MT of plastic per year (Gallowap?5). On the one hand, plastic
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food packaging prevents infections and decreases@ste, yet microplastic has
been found as a contaminant in beer and honeyhenchigration of contaminants
associated with plastic from food packaging intedos considered a major
exposure route for humans (Grebal. 2006, Hanninget al. 2009, Liebezeit and

Liebezeit 2014, Liebezeit and Liebezeit 2015).

Human biomonitoring revealed that chemicals used the plastic
production are present in the human population 0@y 2015). Plastic
polymers are considered to be chemically inert la@alth risks for humans are
associated to the plastic additives that may lelasim the plastic compound

(Crompton 2007) and to the release of constituertamers such as BPA.

A possible pathway for human exposure to plastrtigles is the ingestion
of seafood containing plastic. Former studies hsivewn that 90 % of human
POP exposure originates from food (Safe 1998). Restudies by Van
Cauwenbergh et al. (2014) identify the possiblksrisf microplastic in bivalves
that were cultured for human consumption in thethNdea and the Atlantic
Ocean. It was observed that depending on the armhetry exposure European
shellfish consumers can ingest up to 11 000 peastipker year and once inside the
human digestive tract, intestinal uptake of thetiglas might occur (Van

Cauwenberghe and Janssen 2014).

The uptake of particle through the gut dependsifferent factors such as
size, surface charge and hydrophilicity (Awaatdal. 2012) and the uptake of
smaller particles exceeds the uptake of largeligbest(Janiet al. 1992, Florence
and Hussain 2001). The consumption of fish andosebafeven though it is only a
small part of the diet at about 10% is one of tlegomroutes of persistent organic

pollutants into the human body (Alcockt al. 1998). In that sense the
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accumulation of plastic particles and chemical aonhants in the food chain
may pose a serious threat to human health. Nantaplagh its various surface
properties and its high ability to interact witHlaeembranes could pose an even

higher threat than microsized particles.

A possible risk from plastic debris might be dum the microbial
colonization of plastic particles in the ocean. Timadrophobicity of plastic
stimulates the colonization and enhances biofilnmédion. Zettler et al. (2013)
described ‘plasticspheres’ asa term relating tonti@obial community found on
plastic debris in the north Atlantic (Zettlet al. 2013). Due to its durability, it
lasts much longer than natural floating debris fé@thers and bark and can act as
an artificial reef (Lawet al. 2010). Plastic has been described as a vector of
transportation for harmful algae species (Mas@l. 2003) and members of the
genusVibrio were found to be dominating microbe in a plasimfiln sample
(Zettleret al.2013). Several members of the vibrio genus areogggins and cause

gastroenteritis as for examplbrio cholerae.

Municipal sewagetreatment plants in Germanywergented to annually
release 93 million to 8.3 billion microplastic palgs with the effluent water into
the environment(Alfred-Wegener-Institat al. 2014). Therefore microplastics
that serve as a habitat for waste water microosgasican enter into freshwater

bodies and interact with the ecosystem(Hagdtibl. 1998, Leslieet al.2011).

Furthermore plastic is able to travel large distgnand can introduce alien
species into foreign ecosystems (Leial. 2010). If animals ingest plastic containing
microbes, plastic could serve as a vector for tidas diseases. Fish were observed
to be carriers of human pathogenic Vibrio straifenderovichet al. 2010) and

plastic as a possible vector for human pathogertmires should be considered.
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1. MATERIALS AND METHODS

1. Nanoparticles

1.1. Nanoplastic synthesis

Plastic nanopatrticles were synthesized at the MindR Institute for

Polymer Research (MPI) Mainz, Germany.

1.1.1.  Polystyrene nanoparticles

The Polystyrene nanoparticleswere labeled with Bpdiuorophores in
order to allow fluorescent microscope imaging. #a synthesis sodium dodecyl
sulfate (30 mg) was dissolved in 10.5 mL waterdwkd by the addition of
distilled styrene (1.24 mL, 10 mmol), divinylbenee(0.16 g, 1.22 mmol) and 3
mg Bodipy-styrene (3 mg, 0,0657 mmol) and stirr@d30 min at 600 rpm. The
dispersion was degassed with argon and heated®@tfé0 one hour. KS,05 (10
mg, 0.037 mmol) was dissolved in 0.7 mkHand added to the stirred emulsion.
After 6 h, the emulsion was cooled to room tempeeaf20 °C) and dialyzed for
3 days against water (MWCO =25 kDa). The dialyzeulsion was freeze dried
for 24 h to obtain solid polystyrene nanoparticladsworking suspension of PS
was prepared in Hank’s balanced salt solution v@dgn Mg, no phenol red

(HBSS+) (HyClone Laboratories, Inc, USA).

1.1.2.  Polycarbonate nanoparticles

For the PolycarbonatePoly(isoprebleck-polymethylmethacrylate) (200

mg) were used to serve as emulsifier. It was placedflask, dried under vacuum



I1l. Materials and Methods 49

overnight and degassed with argon. Dry cycloheXx8rg&mL) was added, and the
mixture stirred for 3 hours at room temperaturdlofeed by addition of BPA
(609.5 mg,2.67 mmol in 1ml of acetonitrile). Anhgds pyridine (0.29 mL, 3.59
mmol), was added and the dispersion was sonicatetl0f minutes. Triphosgene
(291.5 mg, 0.98 mmol) in 0.71 mL acetonitrile) wsamicated for 20 min and
added dropwise (5 mL ™ to the stirred emulsion. The emulsion was stiraéd
room temperature for 24 h under inert atmosphere adiquot was removed to
analyze the particle size and morphology via Dymalonht scattering (DLS) and
Scanning electron microscope (SEM). The particlieshe remaining emulsion
were precipitated in methanol and separated byritiegation to form a white
solid. The emulsifier was washed out by repeatsgatsion in fresh cyclohexane
and centrifugation. In order to remove cyclohex#me suspension was washed
with methanol and afterwards the solid was driedemrvacuum for 24 h. Finally,
the working suspension of PC was prepared in Handdanced salt solution with

Ca, Mg, no phenol red (HBSS+) (HyClone Laboratgries, USA).

1.2. Nanoplastic particles characterization:

To obtain the size distribution and the zeta pidémf the PC and PS
particles dynamic light scattering measurementevperformed with a Malvern
Zetasizer 3000HSA. For the measurements particksge wuspended in HBSS+
which is used as a cell medium in the neutrophikcfion assays. (Table 2, Fig.

8A).
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Particle type Size (nm) in F,O Hydrodynamic

Z-potential  Fluorophore

(PS) diameter(nm) in in HBSS+
Cyclohexare (PC)  HBSS+
PS 41+0. 683.1 +454.7 2.1+0.4m\ Bodipy
PC 158.7 £ 4. 1710.47 + 425.6 2.0+£0.5m\ None

Table 2 Size and zet-potential of polystyrene and polycarbonate

nanoparticles

1.3. Scanning electron microscopy images of the particde

Scanning electron microscopy (SEM) images

of PCR&atrticles wer

taken using a Zeiss Gemini 912 microsc with samples of PC and F

nanoparticles dispersed cyclohexane (PC) and water (PS) and drop casted

silica wafer(Fig.8 B,C.

8Size distribution

1000+ %

Polycarbonate  Polystyrene

Figure 8.Characterization of polystyrene and polycarbonataanoparticles.

A: Hydrodynamic size distribution graph of PSNPs and ENPs in
HBSS+.Mean &e PS: 1710.4'+ 425.6 nm, mean size PC: 683+ 454.7 nm.
Dynamic light scattering measurements were perfornetwith Malvern
Zetasizer 3000 HASB and C:Scanning electron microscopy (SEM) images «

PCNP (B; cyclohexane, scale bar =1 um and PSNP
nm).

(@ater, scale bar = 10(
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2. Dynamic light scattering in fathead minnow plasma:

Characterization of fathead minnow plasma and partizle mixtures was
performed with a dispersion of 100 pg of polystgreparticles in 1 ml fathead
minnow plasma. Due to macroscopic precipitatioth@polycarbonate dispersion
(c = 0.1 pg/ml) the exact concentration could netdetermined. However, the
precipitate was separated via filtration. The remmg solution was measured by
DLS and added to fathead minnow plasma. All sohgiavere filtered through
Millex SV filters with a pore size of 5 um (Merckilipore, Billerica, USA) into
dust-free quartz light scattering cuvettes (innéanmeter 18 mm, Hellma,
Millheim), which were cleaned before with acetoneai Thurmont-apparatus.
Light scattering experiments were performed withAdn/-CGS 8 F SLS/DLS
5022F goniometer equipped with eight simultaneousiyrking ALV 7004
correlators and eight QEAPD Avalanche photodiodeeaters (ALV, Langen,
Germany). A HeNe laser (632.8 nm, 25 mW output ppwes utilized as the

light source.

3. Neutrophil phagocytosis of plastic nanoparticles:

Fluorescent microscopy was used to visualize thagptytosis of the
fluorescently labeled polystyrene (PS) particles¢\Planck Institute for Polymer
Research (MPI) Mainz, Germany) by fathead minnowtnephils. Cells were
incubated with a PS suspension for one hour foltbwry cytospin slide

preparation. Air dried cell preparations were exsdi immediately with an
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Olympus BX 63 microscope equipped with an Olympu38D digital camera
using a Texas Red filter (Em 583 nm) and total nfagtion of 100 X (under
oil), and images captured by Olympus Imaging safweaellsSens Dimension and
further processed in Photoshop CS6. Due to therpmmte of strong auto
fluorescence of the neutrophils after fixation, iveat(not fixed or stained)

preparations were used.

4. In vitro neutrophil assays:

4.1. Animal care:

Adult fathead minnows (average weight 4.5 g) wer@ntained at the
Chair for Fish Diseases and Fisheries Biology & taculty of Veterinary
Medicine, Ludwig-Maximilian University, Munich, Gerany. Fish were kept in a
water recirculation system supplied with 300 L itiEfed tap water and fed dried
flake food (2:3 w/w mixture of Tropical® Breeder MD-Vital plus, and Tropical
Heimtierbedarf Deutschland GmbH) twice daily. Faitheninnows were cared for
in accordance with the German guideline for lalmsatanimal care (811

TierSchG).

4.2. Cell preperation:

Fathead minnows were euthanized with an overdodSs222 (Pharmagq,
U.K.). Kidneys from eight fish were pooled in a gdenand standard neutrophil
suspensions (2 x 1@ell mL™") were prepared as described previously (Du$an
Palicet al.2005). Cells were exposed to standard stimuldtisrpol 12-

Myristate 13-Acetate, PMA 1 pg riil_Fisher Scientific, US, and calcium
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ionophore A23187, Cal, 5 pg ritl_Fisher Bioreagents, Switzerland); and also to
Polystyrene Nanoparticles (PSNP) and Polycarbddatmparticles (PCNP) at
0.025, 0.05, 0.1, 0.2 pg (HIMPI Mainz), or to Hank’s balanced salt solutioritwi
Ca, Mg, no phenol red (HBSS+) as negative con8land PC were suspended
in HBSS+, sonicated (EImasonic S40H, 340 W) for arid filtered through a 70
pm sterile cell strainer (Fischerbrand®) to remaggregated NPs prior to

loading wells.

4.3. Neutrophil assays:

Degranulation of primary granules, respiratory buaad neutrophil
extracellular traps (NETS) release assays wer@paeld according to established

protocols with minor modifications (D. Palat al. 2005, Jovanoviet al.2011Db).

4.3.1. Degranulation of primary granules

The degranulation of primary granules assay wasifraddoy using ready-
made liquid 3,35,5-Tetramethylbenzidine (TMB) working solution (2.9vinin
H,O,, Sigma-Aldrich, Germany) instead of powdered TMBleutrophil
granulocytes release myeloperoxidase (MPO) frommamy granules into
phagosoms or to the extracellular space duringatedgtion. MPO is the most
abundant proinflammatory lysosomal protein andayg an important role in the
regulation and termination of inflammatory reactomhat occur after the
stimulation of neutrophils. The enzyme catalysesdkidation of chloride anion
(Cl-) and hydrogen peroxide £§B,). From those products cytotoxic hypochlorus

acid (HOCI) can be build which kills bacteria artier pathogens.
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MPO catalyses the reaction: @3+ CI' -> H,O + CIC,

CIO  can further react to hypochlorus acid HCIO: TKMH' -> HCIO

4.3.2. Respiratory burst assay

Polymorphonuclear neutrophils generate reactivgenyspecies (ROS)
such as hydrogen peroxidex®p)during phagocytosis of pathogens such as
bacteria, fungi or toxic substances. This processferred to as ‘oxidative burst’
or ‘respiratory burst’ and is a major componenthe host defense. The ROS
production helps to degrade internalized pathog€hsn and Junger 2012). The
intensity of the immune response representing éadtl status of an organism can
be measured by the amount of ROS produced (Hermeiaain2004). The
degranulation of primary granules releases an eaziat catalyses the chemical
reaction of chloride to hypochlorus acid. Theseelmteractions between the
chemical process and products show the complaxitiya neutrophil host
defence. The oxidative burst assay is based oditfusion of 5(6)-Carboxy-27'-
dichlorofluorescein diacetate (HDFFDA) into thel egthere it oxidates and reacts

to H,O,. This oxidative product can be quantified withpaarofluorometer

4.3.3. Neutrophil extracellular trap release asssay

The neutrophil extracellular trap release is based the ability of
neutrophils to release decondensed chromatin fraim hucleus after activation

through reactive oxygen species. These chromateadls form a net to trap and
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kill pathogens extracellularly. This process islexl ‘neutrophil extracellular
traps’ formation (NETs) (Papayannopoules al. 2010). These NETs contain
antimicrobial factors including neutrophil elastead MPO (Brinkmanret al.

2004).

The NET assay was performed as previously destribevanovicet al.
2011c) with minor modifications. Briefly, 10 pL aftandard neutrophil cell
suspension was seeded into 96 well plates and lsti@du with 90 pL of
nanoparticle suspensions of different concentrationHBSS+. For the positive
control 10 pL of standard cell suspension was skede 96 well plates prefilled
with 40 uL HBSS+ and 50 uL of the standard stimyléPMA - positive control)
of 1 pg mLY For the negative control 10 pL of standard cefipension were
seeded into 96 well plates preloaded with 90 uL BBSAIl samples were
incubated for 2 h at room temperature. After inciova NETs generated by
stimulated neutrophils were digested with 500 mU™n{Dne umolar unit =
approx. 85 Ago units, where an £y unit is equivalent to AAzs0 0of 1.0 in 30 min
at pH 8.8 at 37 °C in a 3.55 mL reaction volume)Mitrococcal Nuclease
(MNase) for 20 min at 37 °C. The MNase was inatégawith 5 mM EDTA,
plates were centrifuged on 4 °C for 5 min at 40Gsgpernatants collected for
DNA quantification and stained with Picogreen (Quidd™ Thermo Fisher

Scientific, US) dsDNA fluorescent dye accordingrianufacturer’s instructions.

434. Photometric measurements and calculations

Plates for all assays were read in a plate reg&perctra Max M5,

Molecular Devices, SOFTmax Pro 6.2.2.). All assagse also tested without
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cells to exclude spectrophotometric interferencthefcompounds and chemicals
themselves. None of the tested chemicals (includiRg) interfered with
photometric readings.

The NET and respiratory burst stimulation indexevealculated using the
following formula:

((Average PS (PC) value)/ (average of HBSS))

The percentage of degranulation (MPO) was caladildiased on the

following formula:

((average PS (PC) value)-(average of HBSS))/ (émerof CTAB value)-

(average of HBSS))

An index > 1 means that the compound is a stimpulahtle an index <1
means that the compound is a suppressor. In oodstatistically compare the
differences between experimental groups and cantvalues were divided by the
average HBSS value for each experiment. Thus, @dthdhe average stimulation
index of the control is 1, a background variabiiitythe response of the control
population is calculated and statistically compatedthe variability of the

treatments.

4.4. Statistics

Statistical testing for the neutrophil functionsag data was done using
Student’s t-test for independent samples. Dunngttscedure for post hoc
comparison of mean between single control and pilelgéxperimental groups was
used to analyze the PS and PC concentration gtathém for significance. Results
with a P-value equal or below 0.05 were considered assstaily significant. The

significance is indicated as * p<0.05; # p< 0.09p< 0.001 and $ p< 0.0001.
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V. RESULTS

1. Nanoplastic particle characterization:

Dynamic light scattering of nanoparticles (NP) cated aggregates in
HBSS+ with an average hydrodynamic diameter of 1®(06 380.8 nm for
polycarbonate (PC) and 1710.47 + 425.6 nm for pgtgee (PS), and zeta
potential of PSNPs and PCNPs dissolved in HBSS+2vhs 0.4 mV (PS) and
2.0 £ 0.5 mV, respectively (Table 2).The multimodatribution of PSNPs and
PCNPs hydrodynamic diameter was observed (Fig. Bag. scanning electron
microscopy of polycarbonate revealed aggregatds mwiind shaped spherules in
the um range (Fig.8b). Polystyrene particle aggesgwere below 100 nm scale

and with a higher level of dispersion compared@NP (Fig 8a, c).

2. Polystyrene and polycarbonate nanoparticles in plasa

The Dynamic Light Scattering (DLS) measurementgalfystyrene and
polycarbonate nanoparticles were analyzed by auapiie method of Rausat
al. (Rauschet al. 2010). The autocorrelation function (ACF) of thetreated
fathead minnow plasma could be perfectly descriligd a sum of three
exponentials (equation 1), similar to a human sergmring an averaged

hydrodynamic radius of Rh = 14 nm.
t t t

81,p(t) = ayp exp (‘ T) +azp exp (‘ T) +azp exp (‘T) (1)
1,P 2,P 3,P

1
q?Dj

with the amplitudesy; and the decay times; = while q is the absolute
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scattering vectoKq = 4:—nsin (g)) and D;the Brownian diffusion coefficient of
0

componenti. Data obtained from light scattering analysis athéad minnow
plasma and the respective particles are providéidume 9a.

The ACFs for the polystyrene and polycarbonate igast alone were
successfully fitted by a sum of two exponentiatyu@ion 2) when given a size of
Rh = 155 nm for the PS particle and a size of R#0& nm for the PC particle in

PBS (phosphate buffered saline) buffer solution.

g1,c(t) =a;cexp <_$) +a,p exp <_ L) (2)

T2,C
Knowing the ACF of fathead minnow plasma and thepeetive particles,
the correlation function of the plasma particlextomies could be analyzed. If no
aggregation occurs, the resulting ACF of the plapardicle mixture correlates to
the so-called force fit. In the force fit, the sumh the individual correlation
functions with the known parameters of the two congmts (plasma/patrticle) is
kept fixed and the intensity contributions for presfp and particlef; are the only

fit parameters (equation 3).

g1m() = fpg1 p(t) + fcg1,c(t) 3)

For none of the investigated systems the formatibraggregates with
sizes larger than the largest size of the origt@hponents (particle/fathead
minnow plasma) was indicated by the fittings.

Figure 9b shows the results of the mixture of Pt wndiluted fathead

minnow plasma.



IV. Results 59

0074 = o A | 2 B
- < ’ n 10
0.06 — 08
0.054 B Fathead minnow Plasma 064 Y
] @ PC Particles = 7 .\s
A PS Particles o
D:J: 0.04 - 04
L
- J
0.03 02
0.02- 00 e S LT SEE S
0.01 - Y = B
. s | 0
| A A 2 00— —— — "‘-w"‘J'V V M/ -
v
° ° —e @
0.00 T g T T T T T ¥ T 4 1 o 2 T o : z s ¢
0.0 0.1 0.2 03 04 05 06 i 1 18 ¥ w ¥ 5 =
t/ ms
g*/10™[em?]

Figure 9.Dynamic light scattering measurements of the aggredjon
behaviour of PC and PS nanoparticles in fathead mmow plasmaA: angular
dependency of the reciprocal hydrodynamic radius ofathead minnow
plasma (blackm), PS-Particles (blue triangle) and PC particles (red o)T =
310K. B: Auto correlation function of the PS-particles in fathead minnow
plasma. Red line, fit with ¢q.3 and the resulting residue. Data points of th
ACF. Scattering angle 60°, T = 310 k

3. Neutrophil phagocytosis of plastic nanoparticle

Neutrophils phagocytized larger PSNP aggregates] aservec
cytoplasmic fluorescence also indicates presence safdler diameter
nanoparticles in the obsen cells (Fig 10. a). Control images show r

neutrophil auto fluorescence in native preparatiFig 10. d-e).
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Frqufe_ _510 Neutr ph

nanoparticles. A: Bright field microscopy of nativecells and nanoparticles, B: Fluorescent mlcroscopgnc natlve cells and
nanoparticles, with Texas Red filter (em 583, expose time 178 ms), C: Overlay of image A and B showg phagocytized
nanoparticles and aggregates in the cytoplasm of ngophils. D-F. Control images, no PS added, withdentical microscope

and imaging settings. Scale Bar = 10 uM.
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4. Neutrophil function assays

Neutrophil function was assessed with degranulatfqerimary granules,
oxidative burst, and NETSs release, after the exosuPSNP and PCNR vitro.
PS and PC nanoparticles caused a significant delgitaon increasdn vitro
compared to negative control (HBSS+) at a dosebfi@ pL* (t-test,

p < 0.0001,Fig.11). A significant induction of NETelease was observidvitro
for both particles types at a concentration of0gluL* (p < 0.0001, Fig.11). PC
caused a significant increase of respiratory hatrstconcentration of 0.1 pug fiL
(p < 0.001, Fig.11). The concentration-responseector the PCNPs and PSNPs

was tested with four different NP concentration§28; 0.05; 0.1; 0.2 ug fiL

Neutrophil assays
300~
- §

200 I_
§ p<0001

1““']' Iﬂ I 117 $ p<0.0001
0-

EE Negative Control
@ Polystyrene
[ Polycarbonate

wn

w
HH <

HH e

% increase
compared to control

Figure 11.Polystyrene and polycarbonate nanopartiels increase response_of
fathead minnow neutrophils in_vitro.PSNP (grey) and PCNP (white) bars
indicate neutrophil function compared to non-treatel control (HBSS+).
MPO: Degranulation of neutrophil primary granules measured as MPO
exocytosis compared to control (HBSS+, n = 18). Qiative burst: cumulative
production of oxygen radicals compared to control IBSS+, n = 17). NET:
Neutrophil extracellular traps release from fathead minnow neutrophils
compared to the negative control (HBSS+, n = 23).dDa are shown as mean +
SEM, and level of significance is indicated with § <0.001) or $ (p <0.0001).
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The PCNP (Fi¢12a) initiated maximum neutrophil function responst
0.1 pg pl* in all three assays. All PSNP concentrations cawsesgnificant
increase of the degranulation of neutrophil primgrgnules i a dose depende
manner. (Fig.18). The PSNP induced NETs rese at all concentrations (Fi
12b) and the oxidative bursttivity significantly increased at 0.1 ug *and 0.2

ng pL* of PSNP compared to the negative control (HBS
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Figure 12Different concentrations of Polycarbonate and Polygrene
nanoparticles increase neutrophil function rsponsef?CNP (A) and PSNF
(B) significantly increased MPO, oxidative burst, ad NETs release
compared to control (HBSS+, n = 6)Concentrations used in this study wert
0.025 pg pLt, 0.05ug pL?, 0.1 pg pL?, 0.2 pg pLfor both PCNP and PSNP.
Data are shown as mean + SEM and level of statistical sigmance is
indicated with * (p < 0.05), # (p < 0.01), § (p 8.001), $ (p < 0.0001
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V. DISCUSSION

Polystyrene and Polycarbonate nanoplastic pastielere observed to
increase the production of primary granules, enddhe neutrophil extracellular
traps release and trigger the oxidative burst nespo In addition the size
measurement of the particles in plasma as a brabfuid showed no increase in
size which potentially allows the nanoplastics tweré their characteristic

interaction with the surrounding cells and tissues.

These results are important in the context thatstinall body of available
literature concerning the possible toxic effectsahoplastic on wildlife suggests
that the small size, the chemical contamination twedphysical effects of plastic

can be a threat to animal populations.

The immune system is important in protecting tbeybagainst invading
pathogens and toxic compounds. A well-functioningnune system is essential
to ensure the survival and well-being of an organiBy examining the reaction
of neutrophils as the first line of the innate immauresponse against invading
pathogens in fish we identified the potential ofystyrene and polycarbonate
nanoparticles to act as stressors to the immunerysrhe particles utilized in
this study suspended in plasma did not agglomeratan extent that would
prevent the phagocytosis of the particles by neliits. This is important since
neutrophil function can also be hindered by exeesattempts to delete particles
which are too big for phagocytosis (Jovanoeic al. 2015a). In addition the
microscope images of the fluorescently labeledigast show strong fluorescence

in the cytoplasma which is a solid indicator foe fthagocytosis of the patrticles.

It can be difficult to detect the impact of naragiics in the environment
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on the health of an organism since many other faatan influence the body.
Studies focusing on the impact of Bi©@n aquatic organisms used neutrophil
function assays and observed comparable changeseutrophil function
(Jovanovicet al. 2011b) as we did in our study. These authorsdeste disease
resistance and found an increased mortality in f&vanovicet al. 2015b).This
indicates that neutrophil function assays can belpful tool to assess the toxic

health effects.

The immune system is challenged every day by physbiological and
chemical impacts. The encounter with an increasangount of nanoplastic
particles could be an additional stressor to thenume system. It has been
observed that PSNPs fed to daphnia magna negainfklgnced the reproduction
with an increase of malformations in the offspremyd a decreased body size of
neonates (Besseling al. 2014b). Alterations in the reproduction can be ttua
decreased immune function since the health of agarmsm significantly

influences the ability of an organism to reprod(loesatherland and Woo 2010).

Our findings that nanoplastics induce oxidativest in living organisms
is in accordance with the findings of Bhattachaeyal. (2010) who observed the
production of reactive oxygen species in algae {Bbharyaet al. 2010). Both
different taxa use ROS production as an ancienérdef mechanism against
pathogens. Even though fish show a higher compleritbiological functions
both organism shows similar signs of oxidative sstrafter the encounter with
nanoplastics. Algae as well as the fish specidseéat minnows are important
parts of the base of the food web and changesein tjuantity and quality can

negatively influence the balance of the food chain.

In crussian carp the ingestion of nanoplastics tive food chain induced
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severe effects in the metabolism and behavior ®figh which was concluded to
lead to a decreased fitness. Similar to an impaatedune system this can

negatively affect their survival in a natural eceteyn (Mattssort al.2015).

The positive surface charge of the particles agdi in this study might
have influenced the corona formation and the impacthe neutrophil function.
The corona formation plays an important role in tseémulation of the
complement system which leads to the priming of thenoparticles for
phagocytosis and increases the inflammatory rea¢Bo Jovanovic and D. Palic
2012). In sea urchin embryos the positive surfat@ge of amine polystyrene
nanoparticles caused embryotoxicity which was nbseoved for negatively
charged carboxylated polystyrene nanoparticlesligiging the importance of the

surface characteristics (Della Toetal.2014).

In this study we used nanoparticles specificajtytsesized with a positive
surface charge and without additives. No weatheointpe particles (for example
in seawater, or in the sun) occurred that couldehied to the absorption of
chemical contamination from the environment. Thesign of the particle was
chosen to enable the evaluation of the toxicityhef particle in its purest form in
order to gain a basic understanding of the nantplampact on the immune
system. In natural conditions of aquatic environteghese pure particles barely
exist since they may aggregate, are prone to Hiofpiand absorb chemical
compounds. Especially polystyrene has been showeta source and sink for
polycyclic aromatic hydrocarbons (PAHS) in the marienvironment and was
observed to absorbs PAHs up to 200 times more tther common plastic
polymers as for example polypropylene and polyethel terephthalate (PET)
(Rochmanet al. 2013c). PAHs are considered as pollutants of corgiace PAHs

have been identified to be mutagenic, carcinogamicteratogenic (Luch2005).
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Since the detection of nanoparticles in naturalaéiq environments is not
possible at the moment due to technical detectiomtdtions we chose a
concentration similar to the lowest concentrati@unfd in the literature that
showed adverse health effects in aquatic organi@beslervall et al. 2012,
Koelmanset al. 2015). The chosen concentration of 0.1 g/L narstigis used in
this study is about 8 to 12 magnitudes higher tih@nmicroplastic concentration
of 0.4-34 ng/L calculated for European and Amaerifi@shwater environments
(Eriksenet al. 2013, Besselingt al. 2014a). However, it is several magnitudes
lower than the highest concentration (0.5 mg/mlyro€roplastics measured in
marine waters (Lopez Lozano and Mouat 2009, Besgsetial.2014a). Therefore
the concentrations used in this study lie well witthe detected concentration

ranges of microplastic in the natural environment.

Several studies that measure the plastic condemiran the ocean
highlight a loss of particles at the lower endloé scale which is possible due to
the degradation of small microplastics into nansijida (Eriksenet al. 2014).
Since the microplastic concentration is increasihg,nanoplastic concentration is
likely to increase as well which is why we decidedest the toxic potential of a

rather high concentration (Andrady and Neal 200®riipson 2015).

In vitro studies can help to identify possible reactive maetsms;
however, these results are of limited validity lne textrapolation of the effects of
nanoplastics on the immune systamvivo. Thein vitro results indicate that an
impaired immune function could result in living argsms after the uptake of
nanoplastics. Therefore futuire vivo studies could conduct a bacterial challenge
after the dietary uptake of nanoplastics to asffebee immune function of the

organism is impaired.
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VI. ZUSAMMENFASSUNG

Die Ansammlung von Plastikmull in der Umwelt ish é’roblem von
internationaler Tragweite. Kalkulationen gehen v@nem Minimum von 5,25
Milliarden Kunststoffteilchen aus, die auf der Oti#mhe der Ozeane schwimmen.
Dieser grof3e Eintrag in die Umwelt ist auf die gge Recyclingrate (37%) und
das unzureichende Abfallmanagement zurtckzufihr@ere die grol3e
Plastikpartikel aufnehmen sterben héaufig durchraigativen Auswirkungen auf
das Verdauungssystems oder ersticken, nachdemckiansNetzen verfangen
haben. Kleine Kunststoffpartikel, wie Mikro (<5 mmynd Nanoplastik
(< 100 nm), kénnen Organismen auf zellularer Ebsrteaden, da ihre geringe
GroRRe es ihnen ermdglicht, Zellgrenzen zu passiarehso in das umgebende

Gewebe einzudringen.

Durch die wachsende Plastikproduktionsrate und dem
Zersetzungsprozess, dem das Plastik in der UmwsYesetzt ist, steigt auch die
Masse an Mikro,- und moglicherweise Nanoplastik der Umwelt an.
Mikroplastik ist in der Lage aus dem Verdauungsaystvon Muscheln in den
Blutkreislauf und in das umgebende Gewebe Ubeteutrém Gewebe induziert
das Plastik, da es ein Fremdkdrper ist, Entzindeagtonen und begunstigt die
Entstehung von Granulozytomen. Nanopartikel konaefgrund ihrer geringen
GroR3e und den spezifischen Oberflacheneigenschigftehter in Zellen eintreten

und mit den Immunzellen interagieren, als gro3emtikel.

Aufgrund der genannten Erkenntnisse ist es notigeraine mdgliche
Gesundheitsgefahrdung von aquatischen Lebewesemudch ihre Lebensweise

dauerhaft den Partikeln ausgesetzt sind, zu urdleesu In dieser Arbeit wird die
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Hypothese uberprift, dass Nanopartikel aus Polpeet (158,7 nm) und
Polystyrol (41,0 nm) Auswirkungen auf das Immunsgst von Dickkopfelritze
(Pimephales promelas,Rafinesque 1820) haben. Dickkopfelritzen sind
SuRwasserfische, die haufig als Modellorganismen toxikologischen
Untersuchungen eingesetzt werden. Im Rahmen deersithung wurde die
GroRe der Teilchen im Plasma gemessen und die Wigrkwn Polystyrol und
Polykarbonat-Nanopartikeln (0,1 pug / pl) auf dagedoorene Immunsystem von

Dickkopfelritze mit Hilfe vonin vitro Neutrophilen- Funktions Assays untersucht.

Die Plastiknanopartikel flihrten zu einer signifika Erh6hung der
oxidativen Burst-Aktivitat, einer erhdhten Freiggig von primaren Granula und
einer gesteigerten Freisetzung von extrazellul®detzen im Vergleich zu der
unbehandelten Kontrollgruppe. Die Ergebnisse zeigtass das angeborene
Immunsystem von Fischen durch Polystyrol und Pohmaat Nanopartikel
gestresst wird und weisen auf das Potential von oplastik hin, die

Krankheitsresistenz von Fischpopulationen negatilaeeintrachtigen.
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VII. SUMMARY

The accumulation of plastic debris in the envirentrhas been recognized
as a matter of international concern. A minimunbd5trillion plastic particles
were estimated to float on the surface of the oadaich is due to a low amount
of recycling (37 %) and mismanaged waste that snitgio the environment.
Large plastic debris can lead to suffocation andtldeafter entanglement or
ingestion. Small plastic items like microplastic & mm) and nanoplastics
(< 100 nm) can harm organisms on the cellular Ieirede their small size enables

them to pass cell boundaries and enter surrourigisiges.

The amount of microplastic, and potentially nansfia is increasing due
to their release to the environment and the breakdof larger plastic items in
aquatic ecosystems. Microplastic has been obsdovedter into the circulatory
system of mussels inducing inflammatory reactionsd agranulocytoma
formations. A facilitated uptake of nanoparticlaesoithe cells and an interaction
with the immune system is enhanced due to theidlssire and their specific
surface characteristics. Therefore, the health rdazaf nanoplastics on aquatic
organisms that are potentially chronically exposedthese compounds were

assessed.

The hypothesis tested here is that that polycatleo(B58.7 nm) and
polystyrene (41.0 nm) nanoparticles impact the imengystem of the freshwater
fish fathead minnow Rimephales promelasRafinesque 1820) which is as a
model fish organism frequently used for toxicoldggts. The size of the particles
was measured in plasma aimdvitro neutrophil function assays were used to
assess the effect of polystyrene and polycarbarateparticles (0.1 pg/ul) on the

innate immune system of fathead minnows. The exposti neutrophils to the
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particles revealed a significant increase in oxwatourst activity, release of
primary granules and release of extracellular nelisase (NETS) compared to a
non-treated control. The results underline thesstmr@sponse of the fish innate
immune system to polystyrene and polycarbonate peatioles and highlight

their potential to interfere with the disease rsise in fish populations.
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