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ABSTRACT

ABSTRACT

Zinc oxide nanoparticles (ZnO NPs), one among the most widely used metal oxide
nanomaterias, has unique propertiesch asoptoelectronicpropert, UV emission, transparent
conductivity, piezoelectricityUV absorption and reflectigrthose make ZnO NPs to be currently
used in a broad range of producsich widespread and expanding production and use increase the
potential for their release into the environmamtUS, Euorpe and ChinaWith the vast releasing of
ZnO NPs, the ecotoxicisk had drawn much researchergst in the last decadeBhe aquatic
ecosystem is the final destinatiohthereleased ZnO NPand thecoastal seawatetakes into the
most ofdischarge

At least three distinct mechanisro$ the toxic action of ZnO NPseleasd toxic Zrf+
effect, surface interactions with media may produce toxic substarce report, anghoto induced
toxicity, were reported.

Based on the published literatures reviewing, several research points on ecotoxicity of
ZnO NPs towards algaen@ mussel in marine environment were still unexplored and some
represent aims of this study.

0 ZnO NPs could have a specific behavior and effect in diverse marine seawaténss
aim the full characterization of ZnNP dissolution, aggregation, and sedimentation once
dispersed into a standard Artificial Sea Water (ASW) and a Reconstituted Sea Water
(RSW) from East China Sea was performed.

0 The ecotoxicity of ZnO NPs upon a green alga and a diatom would be diffEveagsess
the diverse toxicity upon different algae, growth inhibition algal assays were performed.
Additionally, to verify the hypothesis about the role of nano size in the overall toxicity,
ZnO buk, and Zn saloxicity were assessed as well.

0 ZnO NP toxcity towards mussels under a chronic exposure could be shown by Zn
bioaccumulation, tissue damages, and transcription of apoptosis and antioxidéied
genes. The hypothesis that nano size plays an important role in its toxicity was also
considered dgether with the all previous ones for mussklgalloprovincialis

The obtainedresults answered to the all hypotheses. Behaviors of ZnO NPs and bulk in
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ABSTRACT

different artificial seawater were observed indicating that the primary size of ZnO in suspensions
coud affect the aggregating rate in higher concentration. The behaviors of ZnO NPs dispersed into
ASW and RSW have similar changing trends with some slight differeGoasparative toxicity of

ZnO NPs, bulk, and Zn salt towards marine algae indicated thatatho size plays a key role in the
overall ZnO toxicity. Zn bioaccumulation and histological damagesre observed fomussel
exposed to ZnO NPs, bulend Zn saltPristine ZnO particlsizeinfluencesthe overall toxicity and

the rank wa representetyy threelevels of injury (in gill, digestive gland, and gonatbyw for bulk;
mediumfor NPsandhigh for salts Ecotoxicty of ZnO NPs in musselrevealed by transcription of
apoptosis and antioxidatienelated genes indicatatlat active reponse to ZnO NExposure which
induced DNA damage and oxidant injury contribgtto the overall toxicityln conclusion, zinc

oxide nanoparticles induced ecotoxicolgical stress to two algae and a mussel in marine environment

that were related to the R@i&luced property.
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0.1 Review onthe production and application of Zinc oxidanoparticle

Zinc oxide nanoparticke ZnO NP9, one among the most widely used medxide
nanomateriashas a wurtzite crystal structure contributing to its unique optoelectronic properties
(Wang, 2004 Besides, may other characteristicsuch aduV emission,transparent conductivity,
and piezoelectricitynakeZnO NPsparticularly attractive for electronic sensor, solar voltaics, and
transducerapplications(Ma et al, 2013)It is alsoa very effective photo catalyst materaith
excellent properties of UV absorption and reflec{iBloffmann et al., 1995)rhosepropertiesmake
ZnO NPs to becurrently used in a broad range of products including plastics, ceramics, rubber,
lubricants, paints, foods (source of Zn nutrient), batteries, fire retardants, persomngraducts,
medical disinfectionetc. (Porter, 1991; Mitchnick et al., 1999, Battez et al., 2008; Padmavathy &
Vijayaraghavan, 2008; Wilkie & Morgan, 2009; Ma et al., 20X3)nsequenthya huge quantity of
ZnO NPs wagproduced per yedor industrial usgKlingshirn, 2007)

Such widespread and expanding production and use increase the potential for their
release into the environmeHteller et al. (2014 gstimated that ZnO together with titanium diceid
represent 94 % dEngineeredNanoMaterial (ENMs) released into the environment from the use of
personal care products in US. Particularly, an amount of 3700 mt ZnO ENMs flowing into water
system each year was estimafeller et al., 2013)Gottschalk et al. (2009ported the modeled
environmental concentraton @gganoZnO i n sur face water (0.010
u.s.), sediment (2.90 pmpg/L in Euorpe, 0.51 p
Mg/ L i Onthke.oBer side, with the rapid economic development, China become the largest
nanoméerial market in the Pacifid\sia (Gao et al., 2013)t wasalsoestimated that about 860 kt
of ZnO NPs coul d be discharged by wastewat e

environments only in 201(Gao et al., 2013)

0.2 Review on the ecotoxadogcal risk of release of ZnO NPs to the

environment
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Fig. 0.2-1 ZnO NPs fate and effect in the environment

With the vast releasing of ZnO NPs discharged fraudespread and expanding
production the ecotoxic risk had drawn much researtérestin the lest decaded:ig. 0.2-1 shows
the fate of released ZnO NRsd effect toenvironmental organisms dlfifferent taxain soil and
aguatic ecosystem. Rainfall asdrface runoffire the main power to move ZnO from the soil to the
ocean.Dissolving into water, ggregating to be bulk and sink into sediment, and combining with
organic object into the transformation of ecosystem could be the main three paths of the released
ZnO NPs.The discharged ionic Zn, ZnO aggetes, and other types @bmpoundcovered ZnO
directly and indirectly interacted with organism in soil, freshwater and seawater.

Excluding landfill, soil takes the mosamountsof released ZnO NP&Keller & Lazareva,
2013; Keller et al., 2013; Keller et al., 2014 relatively broad range of specjesuch asplants:
radish, rape, ryegrass, lettuce, corn, cucunther & Xing, 2007), zucchini (Stampoulis et al.,
2009) gardercressbroad beaiManzo et al., 2011)and wheafDu & al., 2011) andinvertebrates
nematodgMa et al., 2009; Wang et al., 2009; Khare et al., 2011; Ma et al., ZHrithworm(Hu et
al, 2010; Li et al., 2011 yoil arthropod (Manzo et al.,, 2011 )sopod (PipanrTkalec et al., 2010)
have beerinvestigated under soil exposumBoth discharged zinc ions and particldspendent
effect were reported to contribute the toxicity of ZnO NPst 2000 mg/ltowards plants bgeed
germinationinhibitionand root elongation terminan (Lin & Xing, 2007) However,Stampoulis et
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al. (2009)did not observe any ecotoxic effect of both ZnO NPs and &ull000 mgL to zucchini.
Manzo et al. (2011ieported theoot elongationnhibitionto garden cresandgenotoxicity toVicia
fabacaused by ZnO NP#lso, Du et al. (2011 reported theeduced biomass of wheanhd the Zn
uptakeindicating the discharged ionic Zn contributed the overall toxicity of ZnO [EHscts of
lethality, behavior, reproduction, and transgene expresdiatultnematodeaused by ZnO NPa
severalhundred mdL representedelatively low toxicity (Ma et al., 2009)however ZnO NPs
showed highly toxicity to larvatematod€éWang et al., 2009 that thewhole toxicity was based on
Zn ions from dissolutionComparing ofLC50s oftwo different siz ZnO NPsindicated that the
initial size of ZnO contributed the toxicity towardematode(Khare et al., 2011)Manzo et al.
(2011) reported the difference of ecotoxicity of ZnO NPs towards anbropod: 100% mortality
in Heterocypris incongruenand no effect®n the reproductionof Folsomia candida indicating
particledependent effecks the base of toxicityHowever, PipanTkalec et al. (2010jound that
ZnO NPs dissolution is regpsible for Zn bioaccumulation iBopod The aquatic ecosystem is the
final destination of pollutants and therefore river, lake, in particular seawaters, could be subject to
ZnO NPspollution coming through water movement.

In freshwatermany different oganisms were utilized for ecotoxicological assessment of
ZnO NPs potential impacalgae(Franklin et al., 2007; Aruoja et al., 2009; Aravantinou et al., 2015;
Bhuvaneshwari et al.,, 2015rustaceangHeinlaan et al,, 2008; Wiench et al., 2009; Zhu et al.,
2009b; Blinova et al., 2010jnollusks (Ali et al., 2012) fishes(Zhu et al., 2008; Zhu et al., 2009a;
Bai et al., 2010; Johnston et al., 2010; Yu et al,, 2011; Hao & Chen, 2012; Bessemer et al., 2015;
Suganthi et al.,, 2015pnd amphibiariNations et al,, 2011a; Nations et al., 201M4xuoja et al.
(2009)and Franklin et al. (2007)yeported that dissolution of ZnO NPs played a role in causing
toxicity upon microalgad’seudokirchneriella subcapitat@ravaninou et al. (2015pbservedthe
growth rateinhibition of the freshwater alga€hlorococcumsp. andScenedesmus rubescamsler
ZnO NPs exposure and suggested that the toxic effect is ralstetd the culture medium typén
addition, Bhuvaneshwari et al. (2015¢ported that the toxicity of ZnO NPs upon the freshwater
alga Scenedesmus obliqguugas mainly related to the initial size and concentrations of NPs, the
illumination conditions and dissolutiokleinlaan et al. (2008 ndBlinova et al. (2010)eported the
lethal concentration of ZnO NPs towards freshwater crustaceaBaphnia magna and

Thamnocephalus platyurissiggestinghe toxicity was depetent onionic Zn. However,Wiench et
9
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al. (2009)suggestedhatthe toxiaty towardsD. magnawas independent girimary size of NPs,
coating, aggregation, culture medium or the pretreatment of NPs suspendioasal. (2012)
reported the genotoxicity in digestive gland cellsfreEhwater snaiLymnaea luteoleexposed to

ZnO NPs attributed toxidative stressZhu et al. (2008)Zhu et al. (2009a)and(Bai et al, 2010)
focused on the embryo hatching rate of zebrafish exposed to ZnO NPs indicating dissGived Zn
and ZnO aggregates contributeth the toxicity. However, Yu et al. (2011)suggestedhat the
aggregation and sedimentation of ZnO NPs inhibited the toxic efflact.& Chen (2012)eported

the toxicity of ZnO NPs towards cafyprinus carpioon the changes of activity of antioxidative
enzymes superoxide dismutase (90&atalase (CAT), andlutathione peroxidase (GPapd lipid
peroxidation(LPO). The exposure of ZnO NPs caused significant decreasing of enzymes activities
and increasing olf PO indicating oxidative stress generatido.hnston et al. (201@getected limited

ZnO NPs uptake in zebrafi tissues suggestingnited invading ability directly to organisms.
Bessemer et al. (201®)videnced oxidative and cellular stress in gill of a freshwater teleost fish
Catostomus commersomikposedo ZnO NPs that leaded gill neuroepithelial cells activation and
then caused a hypoxic respenof the whole adult fish bodyuganthiet al. (2015)reported
decreased immune cells ineshwater fishOreochromis mossambicusiood caused by acute
exposure of ZnO NPs. Limited studies reported ZnO NP toxicitgrgphibians.Nations et al.
(2011a); N&éons et al. (2011lb)reported developmental abnormalities, high mortality, and
metamorphosis inhibition iXXenopus laeviey ZnO NPs exposure.

Since the destination of ZnO is eventually toastal seawatersprine organismsvere
largely used in the evadtion effects & well: many studies are abontarine alga€Brayner et al.,
2010; Miao et al., 2010; Miller et al., 2010; Wong et al., 2010; Aravantinou et al., 2015; Suman et
al., 2015) marine amphipodFabrega et al., 2012)narinecrustaceang\Wong et al., 2010; Manzo
et al., 2013) marinebivalves(Montes et al., 2012; Trevisan et al., 2014a; Trevisan et al., 2014b)
marine fish (Wong et al, 2010)Brayner et al. (2010yeported that the photosynthesis of
cyanobacterigdAnabaena flosasquaeand lethality rate of microalgaBuglena graciliseuglenoid
were affected by ZnO NPMiao et al. (2010kuggested thahe dissolved ionic Zn veathe only
determinant of ZnO NPs toxicity the marine diatorithalassiosira pseudonan@he growth assay
of four marine algaé&keletonema marionT. pseudonanaDunaliella tertiolecta andlsochrysis

galbanaunder ZnO NPs exposure were performedMviilfer et al. (2010)indicating the uptake of
10
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Zr#* dissolved from NPs contributed the toxicityong et al. (2010performed the growth assay of
two marine diatom§keletonema costatuamdT. pseudonanaxposed to ZnO NPs suggesting free
Zinc ions from the dissolution of ZnO could be contributed to the toxkityvantinou et al. (2015)
examing the growth rate of two marine speci2stertiolectaandT. suesicaxposed ZnO NPs and
found that the toxic effect attributed on algal species, exposure time and concentrition of NPs, and
primarily the type of culture nidum for algae.Suman et al. (2015)ested the level of several
molecular biomarkers imarine algaeChlorella vulgarisexposed to ZnO NPs and suggested high
level of Zrf* from dissolution of NPs contributed to the dafpendent toxictyHowever, on
marineamphipod Fabrega et al. (2012uggested the toxicity of ZnO NPs can not only contributed
to the ionic Zn from dissolutiorBut ill, Wong et al. (2010performed the mortality assay tife
crustaceangigriopus japonicusand Elasmopus rapaxxposed to ZnO NPs suggestitiwat free
Zinc ions could contribute to the toxicityn addition,Manzo et al. (2013jeported forsea urchin
Paracentrotus lividugxposed to ZnO NRshat thefertilization and early development of embryos
were affectedhot onlyby free Zn iondut thatalso the interactions between ZnO aggregates and
sea urchin/seawatgiay a rolein the toxicity For marine bivalve$/. galloprovincialis, Montes et
al. (2012)applied a observation of invaded ZnO NPs in mussel tissuescagning electron
microscope and suggested that ZnO NPs remained in the mussel body indicating a
biotransformationcould be real. The gill was suggested to be the firsarorig Pacific oysters
Crassostrea gigaéTrevisan et al., 2014andbrown mussel$erna perna(Trevisan et al., 2014b)
to be attacked bZnO NPs Wong et al. (2010petected the protein level of thremolecular
biomarkers SODmetallothionein (MT)and heat shock protein 70 (HSP#4ff)the medaka fish
Oryzias melastigmaxposed to ZnO NPs suggesting dissolution andxidéative stresgeneration
as majorcontribubrs to the toxictty.

In addition, alsathe effect aboubacteriawere well investigateqReddy et al., 2007;
Huang et al., 2008; Jones et al., 2008; Applerot et al., 2009; Aruoja et al., 2009; Jin et al., 2009; Liu
et al., 2009; Feris et al., 2010; Li et al., 2011; Premanathaln 2011; Raghupathi et al., 2011; Xie
etal, 2011; Ambika & Sundrarajan, 2015; Read et al., 2@mwth inhibition and cell viabilityof
bacteria population exposed to ZnO NPs were always the endpoints in the above studies. They
focused on théaceriostasisof NPs and compared the difference among different particles sizes.

In the main ofthe all above studieshé toxic action ofZnO NPs was potentially
11
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attributed to, at least three distinct mechanisms:

First, ZnO NPsrelease toxicZr?* into exposire media The dissolution process usually
involves the following reactiongYamabi & Imai, 2002; Ma et al., 2013)

T8 (1 az 11 (i

17 ( 6z:1/( AN/ ( AN

17 ANz2:1T AN /( AN

The dissolubility pays an important role in the toxic effect of ZnO NPs dispersed into
aqueous media. The physicechemical properties(particle size and surface arep and the
environmental paramete(pH, temperatureandorganic matterof the exposurenediacan largely
affect the dssolution of ZnO NPsGenerally the smaller is thearticle sizethe largeris thesurface
area resulting inZnO NPsgreater dissolutiorespect taZnO powder (ZnO bulk)Size dependent
dissolutionis one of tk mechanisms of higher toxicity of NPsthan bulk.

Second, surface interactiomsth media may produce toxic substantgsiroxyl radicals
(‘OH) andreactive oxygen specieROS) Besidesparticle dissolutiontoxicity, ROS mediated
toxicity induced by NPs ahhydroxyl radicalscontribute the overall toxicity.

Third, photeinduced toxicity associated with its photocatalytioperty may be another

important mechanism of toxicity
0.3 Research prospeaté assessment of ZnO NPs global ecotoxic risk

Based orthe regarch contents of reported studies, several aspects are still not sufficient
exploredand therefore should be further investigated

First, the behavior oZnO NPs in thaedifferentexposure medigure water, natural fresh
water,acidalkali treaed freshwater,artificial sea water, natural sea water, }eédong the exposure
time. The measurement qfarticle size aggregation, sedimentation, dissolubility, &d¢he former
step to define the influencef medium physiochemical propeds on the ZnO NBXcity.

Second, the different role of the two main component of the toxic effect: partibileed
toxicity anddissolvediontoxicity should belifferentiatel by upgrade testing tools and techniques.
There is now no very efficient approach to directytermine particlenduced toxicity, instead of a
comparing method that test the toxic difference between nano scale particles and normal size

powders(Lin & Xing, 2008; Manzo et al., 2011; Fabrega et al., 208230, Inductively Coupled
12
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PlasmaMass Spectrometry (IGRIS) is the most popular method to measure the dissolved ionic Zn
whichis not the most sensitive method recently aodld gradually bereplaced byther techniques
such aghe Scanned Stripping ChronBotentiometry (SSCP) technig(lerdzan, 2014) A new
high efficient approach ishighly expected to differentiate thparticle induced toxicity and
dissolved ions toxicity

Third, therealstic exposure in environmeitty chronic assessmestould focus onlow
concentratiordose. In he sub lethallong term exposureendpoints such adn accumulatiorand
modification ofrelevant genes transcription and proteiaduction should be assesséd well, the

toxicity of ZnO NPsvia food chain could be the next hotspot.
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1.1 Characterizatiomf ZnO NPs and bulkn marine environment

Once released intoarine environmentZnO NPs will interact with each other and some
organicinorgnic compoundgRocha et al.,, 2015)The properties of NPs, such as its nano size,
pariticle shapechemical compositiorand surface chargeandthe properties of mediumsuch as
pH, emperature, ionistrength,plays ankey role onZnO NPsbehaviour(Fabrega et al., 2012;
Rocha et al.,, 2015peveral aspects of ZnO NPs characters chamgetarine environment that had
been well documentgdMiao et al.,, 2007; Brayner et al., 2010; Miao et al., 2010; Miller et al., 2010;
Ma et al., 2013; Rocha et al., 201%hey areprogressiveand simultaneoushappenningin seawater.

Dissolutionis a step proceedeadpidly once ZnO NPs suspended into seawdidter et
al. (2010) measured the concentration of dissolved Zn ion usinductively Coupled
PlasmaAtomic Emission SpectrometryiICP-AES) technique suggéag an equilibrium value
approximately 3 mg Zn/lwas reachedfor the initial ZnOconcentration 10 mg Zn/L angost Zn
(approximately 70%dlissolved for all lower concentrations with in 12 h. However, the dissolution
was still going on after 4 days for thagh concentrationMiao et al. (2010)performed the
dissolution test wittGraphite Furnace Aimic Absorption Spectrophotomet@FAAS) technique
resultingno consistent trendvas observed in the different experimahtconditions However, a
around 5% dissolution for NPs and 2.5% for bulk were reported for high concentration
susuoensions (> 80 mgnA) (Wong et al, 2010)Manzo et al (2013bsummarizd all
abovementionedataresultingthat the averagesolubility of ZnO NPsin seawater is around 5 mg
Zn/L.

Aggregation at the same time, was rapidly occurred since theery beginning of
dispersing in seawater mediuiiller et al. (2010)reported the diameter of NPs increased from
initial 250-300 nm (10 mg Zn/L) to approximately 450 nm within 30 min udhygamic Light
Scattering (DL$ technique and suggestespid aggregatiolof larger aggregates depends on the
low surface/volume ratioMiao et al. (2010)reported an increasing to 8500 nm after 7 days

dispersed into ASW with also DL&\Iso, Manzo et al. (2013bjeported similar trends that high
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concentration pariticles aggregating much more than meentration for both ZnO NPs and bulk
in ASW and bulk aggregates size increased to 3000 nm after 250 min dispersing is larger than NPs
(2600 nm)

Sedimentation would occwyith aggregation due to gravity in AS\Wanzo et al. (2013b)
observeda clear sedimentationof large aggregatesor 100 mg Zn/L NPs and bulk. Low
concentration ZnO particles showed very slower sedimentation rate than highroties.same
time, NPs showed slower sedimentation rate than iMiller et al. (2010)reported similar results.

This could be due to the density difference between NPs and bulk.

1.2 The importance oprimary producers marine algae ecosystenand

ecotoxicolgical studies of ZnO NPs

Phytoplankton is thautotrophic component of the plankton community and a key factor
of oceans, seas and freshwater basins ecosystems. High growth rate, hightswdéome ratio
(high uptake rate), easy handling in laboratory conditig®astreBugallo et al., 2014) make
marine microalgae be an effective tool to test toxicity of contaminants such as ant{{Sietiase et
al,, 2014) metas (Wang & Zheng, 2008; Angel et al,, 2015)ane materials(Kadar et al., 2012;
Clément et al., 2013; CastrB8ugallo et al, 2014)Additionally, as diverse algae taxa resd
differently to chemical toxicants, it is mandatory to conduct tests on a different species representing
different classes.

Published literatures documented different nanomaterials toxicity towards vast algae
species Greenalgae could be the most populobject to investiga ecotoxicity of nanomaterials,
such as nano Ti§) ZnO, AbOs3, SIO;, CuO, Go, Carbon Nanotuheetc. (Baun et al., 2008b; Blaise
et al., 2008; Van Hoecke et al,, 2008; Wang et al., 2008; Arebal., 2009; Hall et al., 2009; Ji et
al., 2011; Lee & An, 2013; Manzo et al., 2013a; Fu et al., 2045p Diatom and other algae were
utilized to assess the ecotoxic effect of nano metal xoide, metal particlg8raymer et al., 2009;
Wong et al ., 2010, Peng et al ., 2011, Dahoun
Clénent et al., 2013; Fu et al.,, 2015; Li et al., 2015; Yung et al., 2015)

Among them, most algae are marine speridgated tlat nanomaterials are released into

marine ecosystem arousing many ecotoxicity studies on these coptmtoplanktos in recent
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years(Ozkoc & Taylan, 2010; Wong et al., 2010; Peng et al., 2011; Kadar et al., 2@12pht al.,
2013a; Aravantinou et al., 2015; Suman et al.,, 2015)

Among these investigated nanomateriada©® NPsis currently used in widespread and
expanding production that increagée heat of the studies on its ecotoxiqiya et al.,, 2013)A
broad range ofnarine algae became the research organism olgedt¢Brayner et al., 2010; Miao
et al, 2010; Miller et al., 2010; Wong et al., 2010; Manzo et al., 2013apAtmou et al., 2015;
Suman et al, 2015)However, marine green microalgaeTetraselmis suecicaand diatom
Phaeodactylum tricornuturwhich had not been reported on ZnO NPs ecotoxwése selected as
test organisms to respond to Zm@Psexposure.

P. tricornutumis a widespread pennate diatom, with low silica content and distinct cell
wall (i.e. frustule) structures which is essentially composed of organic compounds, particularly
sulfated glucomannafTesson et al., 2009has been described in three different morphotypes (i.e.
the ovoid, fusiformand triradiate forms), whose occurrence in culture seems to depend on strains as
well as environmental conditong~rancius et al., 2008)

T. suecicais an elliptical microalga of the class Chlorophyceae (Prasinophyceae)
generally used as the diets of zooplankton, bivalve molluscs and crustacean larvae. The
characteristic cell wa(theca) is composed of coalesced rigid carbohydrate s@dageset al., 2013)

and the typical four flagella are covered by double layercalés.

1.3 The role of filter feeder Mediterranean musseldMytilus

galloprovincialisin marine pollution survey

Bivalves, lke musseldMytilus spp., are filteifeeders, widely distributed, and with a
long life span and represent a good choice for the studyamine environmental pollutiof® heir et
al,, 2013; Balbi et al., 2014; Hu et al., 2014; Cremonte et al., 28005alloprovincialis cultured
in China for commercial interegtazo & Pita, 2012; FAO, 2016)was instead largely utilized in
several countries to investigat®logical responses to toxicants and environmental s(i@sRos
et al, 2000; Barmo et al., 2013; Este¥ealvar et al., 2013; Balbi et al., 2014dihd also to assess
NPs toxicity(Canesi et al., 2010; Gomes et al., 2011; Hanna et al., 2013; Balbi et al., 2014; Gomes
et al., 2014)
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In this bivalve NPs uptake can occur by ingestion through the digestivéRamrts et
al., 2007; Ban et al., 2008a; Gagnéet al, 2008; Ward & Kach, 20a&yl thraigh the large
respiratory surface of the gills, as demonstrated for Sli2s in the congener speciglytilus edulis
(Kdnler & Riisgad, 1982). The gills and the digestive gland are, therefore, palaily relevant as
target organs for nanotoxicological studiéBaun et al., 2008a; D'Agata et al., 2014)

However, it was recently reported that dNPould accumulate with increasing time
exposure in the digestigland(Gomes et al., 2011; 2012; 2013; 201%his indicates that although
the gills are the first target of NPs, the digestive gland is the main tissue for their $Riregyeood
et al., 2010h)These particles could induce oxidative stress in mussel gills and digestive gldnd, an
promote several abnormalities in cellular function which can also trigger major changes in gene

transcription (Fabbri et al., 2008)
1.4 Ecotoxicity assessmentsialgae and mussel

On algae assay, growth inhibitiasithe most popular approach of ecotoxicity assessment
(Aruoja et al., 2009; Ji et al., 2011; Peng et al., 2011; Kadar et al., 2012; Manzo et al., 2013a;
Aravantinou et al., 2015; Li et al., 2015; Schiavo et al, 2088®me approaches involved in
oxidentive stress intted by nanoparticles, such agasurement of related enzyme activipD,
CAT, LDH, GSH etc.)Li et al., 2015; Suman et al., 201R0S generatiofH,0,, O*, and-OH)
(Jagadeesh et al., 2015; Li et al., 2085 lipid peroxidation(LPO) (Kadar et al., 2012; Jagadeesh
et al., 2015; Suman et al., 2018esides, observation of nanoparticle invading in cells directly
showed the @mage from nanoparticl&ong et al., 2011; Peng et al., 2011; Bhuvaneshwari et al.,
2015; Li et al., 2015)In addition,contentsof chlorophyll (Gong et al., 2011 )pbservation oDNA
damaggSchiavo et al., 2016gxtracellulamprotein conten{Jagadeesh et al.,, 201&ndZn content
per algae surfac@ravantinou et al., 2015yere reported orcotoxicity assessment

For mussels,many indexes were reported on nanoparticles toxiclEypzymatic
concentration/activitgould be measured in mostdies, such asGSR, GST, CAT, GPX, S&PX
SOD, MT, andGSSG(Canesi et al., 2010; Tedesco et al., 2010; Gomes et al,, 2011; Gomes et al.,
2012; Barmo et al., 2013; Gomes et al., 201430somal membrane stabilitysosomal lipofuscin
content, lysosomal Neutral Lipid conterstnd LPO were reported as we(Canesi et al.,, 2010;

Gomes et al, 2012)Gomes et al. (2013)reported the genotoxic comet assapn M.
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galloprovincialis Wang et al(2014)reportedtotal hemocyte counting, ROS and Lysosomal content
and Barmo et al. (2013)eported some related genes expragssuch asGST, CAT, Mytilin B,
Myticin B, defensin, lysozynaedMgC1lg involved in oxidative stress and immune repoiBeside

of these molecular approaches, observation on tissue daifi&ddset al.,, 2010; Barno et al.,
2013; Hu et al, 2014; Trevisan et al., 2014; Vale et al., 2014; Cid et al.,, 2EHophoresis
proteomic separations of gill protei($edesco et al., 2008; Tedesco et al., 20&0bryotoxicity
(Ringwood et al., 2010a3urvival rate(Mwangi et al., 2012)and metal boaccumulationn tissues
(Gard -Negete et al.,, 2013; Hu et al.,, 2014; Trevisan et al., 20¢dde reportedas wellon

nanomaterials toxicity.
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Based on the published literatures reviewing, several n&sgmints on ecotoxicityf
ZnO NPs towards ghe and mussel in marine environmewere still urexplored and some
represeniaims of this study.

1 ZnO NPs could have a specific behavdord effectin diverse marine seawaterss other
nanomaterials described befof@. this aimthe ful characterization oZnO NPdissolution,
aggregation, and sedéntationoncedispersed into a standard Artificial Sea Water (ASW)
and a Reconstituted Sea Water (RSW) from East China Sea was performed.

1 Theecotoxicity of ZnO NPs upon a green alga andadodin would be differentTo assess
the diversetoxicity upon differentalgae,growth inhibitionalgal assagwere performel.
Addiionally, to verify the hypothesisaboutthe role of nancsize in the overall toxicity,
ZnO bulkk, and Zn salt toxicitywere assssed as well.

1 ZnO NP toxicity towards musselunder a chronic exposureould be shownby Zn
bioaccumulation, tissue damages, and transcription of apoptosis and antioxidéied
genes.The hypothesisthat nano size plays an important role in itexicity was also

considered togethewith the allprevious ones fomusselM. galloprovincialis
2.1 Behaviors of ZnO NPs and bulk in different artificial seawater

To characterize the behaviour of ZnO NPs and bulk dispersed int@atindies seawater,
artificial standardseawate(ASTM, 199B) (salinity 3%, pH 8.00, 0.2@ m f i) landenatwad
seawater from East China Sea (salinity%25pH 7.90, 0.2@ m f i), dggregadiach size
sedimentation, andissolubility of particles were oberved and tested ugslggamic light scattering
technique (DLS) UV-vis spectrophotometerand entrifugal ultrafiltration combined with

inductively coupled plasmanass spectrometry (ICMS) (Jenner et al., 1990)

2.2 Comparative toxicity oZnO NPs bulk and Zn salt towards marine

algaeT. suecicaandP. tricornutum

To focus the ecotoxicological effect of Zn@Psand buk towards the green algh
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suecicaand diatomP. tricornutum the ains areto establish the main toxicity parameters and to
compare the sensitivities of both algae to ZnO parti¢les.each compound No Observed Effect
Concentration (NOEC), 1, 10, and 5@4ect Concentration (EC1, EC10, and EC50) were defined
to provide biological criteria for the implementation of water quality standards to protect marine

organisms.

2.3 Zn bioaccumulatiorand histological damages M. galloprovincialis

exposed to ZnONPs,bulk, and Zn salt

The histological alterations on 6 organsNh galloprovincialisexposed to ZnO NPs
suspensions to characterize the tissue damagesobserved. In addition, tissue Zn uptake was
measured to reveal the fate of Zn in mussel and give arfdirstanding of ZnO NPs toxicity with
the histological observatio microwave digestion system (MARS Xpress, CEM, U3 an
atomic absorption spectrometer (AAS; AA240 Duo, Varian, USMassawyi et al, 2004;
Kramdovaet al., 2005; Gasparik et al., 201R)re used.

2.4 Ecotoxicity of ZnO nanoparticles iNl. galloprovincialis revealed by

transcription of apoptosis and antioxidatiaated genes

The aim of this workis to investigate the changes in digestive glémchscription levels
of key genesDNA repair enzymesgenesp53 PDRP, antioxidant enzymegenessuperoxide
dismutasgSOD), glutathione transferas@GST), and catalase(CAT), of M. galloprovincialisalong

four weeks exposure to ZnRBPs andbulk dispersedn RSW, using gRT-PCR

2.5 Zinc causesoxidative damages in digestive gland in mussél

galloprovincialisrevealed by transcriptioof related genes

The aim of this workis to investigate the changes in digestive gland transcription levels
of key genes, DNAepair enzymegyenesp53 PDRP, antioxidant enzymesgenessuperoxide
dismutasgSOD), glutathione transferas@GST), and catalase(CAT), of M. galloprovincialisalong
four weeks exposure to Aal dissolved in RSW, usingqRT-PCR
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3.1 Behaviasof ZnO NPs and bulk in different tdfrcial seawater

To investigate the ecotoxicity of ZnO NPs on algae and nsigbel evaluation of the
ZnO NP behaviours of dispersed in thestingmediais a necessary stefp understand how ZnO
particles interact with organism.

Two artificial seawatemwere utilizedas ecotoxicological testingiedia in this research
the standard Artificial Sea Watd/ASW) (ASTM, 1998)for algae and &econstituted Sea Water
(RSW)from East China Sea for mussels.

Once released into these media, ZnO N to their reactive nature, rapidiyterad
each other andith available inorganic compounds(Rocha et al., 2015)

ZnO particle behaviour in the testing medium largely depends both on p ariglerties,
such as sizeshape,surface charge; and omedium propertigssuch as pH, temperature, ionic
strength, playkey role on(Fabrega et al., 2012; Rocha et al., 20Egsed on the design tfie
ecotoxicological investigation, thaggregationdescribed by size changing, the sedimentation

induced by gravity, andissolution described by ionicZn release were performed.
3.2 Materials and methods

3.2.1 Chemicals

Bare ZnO NPs (cod. 544906, particle size 100 nm, surface area 185 nf/g) was
purchased from Sigmaldrich. (1) Bulk ZnO powder (particle size 200 nm, surface aa4.9-6.8
nf/g, purity > 99.9%) was purchased from GaleBor.l., Italy. (2) Bulk ZnO powder (Code
ZK249038 particle sizel50-200 nm, purity >99.9%) was purchased froQuer Biotech Co., Ltd
(Hefei, China). Baysalt crystals (Code Q/XWL +2006) werepurchased fronshuilifang S&T
Ltd. (Xiamen, China).

3.2.2 Particle dispersions

(1) Approach of particles dispersions standard ArtificialSea Wate (ASW) (ASTM,
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1998)

Stocksuspensionef testing material(ZnO NPs andoulk) were preparedith ASW (pH
8. 0, 0. 2 2) toutme fidali cbricemtragod of 100 mg Zn/Che ZnO suspensionsvere
dispersed by bathonication fol30 minutes at 50W (Elma Transsonic Digital S)lest suspensions,
atthreeconcentrations 15, and 10 mg Zn/L, were prepared by diluting the stock suspension with
ASW.

(2) Approach of particles dispersions Reconstituted Sea Water (RSVifpm East
China Sea:

Stock suspensions of ZnO NBad ZnO bulk powder were prepared with (RSWEast
ChinaSea baysalt crystatsxtraced from natural seawater were dissolved in pure water (MilliQ) to
salinity 25%. (pH 7.90Q which is the salinity level of mussel sampling sea d8d@&n et al., 2009)
and filtered in 0 . 2 2, to ghenfinal concentration of 100 mg Zn/L. The ZnO suspensions were
dispersed by batkonicationin the same abovementioned conditions. Test suspensions were

prepared by diuting the stock suspensiorfi@and 1@ mg Zn/L with RSW (Manzo et al., 2013a)
3.2.3Measurement of the size of the aggregates

After sontcation treatment, an aliquot @hO NPsand bulk suspension, at concentration
of different sea water (ASW1, 5,and10 mg Zn/L; RSW:10 and 100mg Zn/L) respectively was
put in a disposable polystyrene cuvette to determine particle size with dynamisdaftering
technique (DLS) using Zetasizer Nano ZS Malvern instrument. The instrument employs\a 4
He-Ne laser at wavelengt82.8nm and the measurement angld @8 ‘with a Non-Invasive Back
Scatter technology (NIBS). Measurements were made &E.29he measurements were run in
triplicate and the results shown are the average of the runs. The samples were monitored for 4 days
(ASW) and 90 min (RSW)Every day a new aliquot of sample was used to measure the aggregation

size with DLSfor ASW only
3.2.4 Sedinentation measurement ABW andRSW

As same as the condition of size measuremant,aliquot ofZnO NPsand bulk
suspension, at concentration df 10, and 100mg Zn/L respectively was put in a disposable

polystyrene cuvette to measuhe sedimentationsing a UV vis spectrophotometer (at 46@n) for
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24 h
3.2.5Dissolution iNnASW andRSW

The dissolved Zn concentrations of ZnO NPs and bulk suspensions in 100 and 10 mg
Zn/L dispersed into low salinityRSW were measured by Inductively Coupled Plasma Mass
Spectroratry (ICP-MS) described byNavaro et al. (2008) Samples after ultrafiltration (2m)
have been acidified with HN£(1%) and diluted 1:1000 for Zn analysBissolved Zn (ZnO

particle or other Zn complex size2 nm) in the four suspensions were daily measured for 3 days.
3.3 Results andliscussion

3.3.1Zn0O particle aggregation
Q) InASW.

ZnO NPsin aqueous media tends to aggregate indeed, particufardaltwaterwith
increasing of salinitythat ionic strength reduces the negativity of electrophoretic mobility of the
particles to encourage aggteration(Batley et al., 2013)in order to monitored the stability of ISP
and their rapid tendency to aggregate, after dispersion oN&EP€and bulk inASW and sonication
treatment for30 minutes, agglomeration phenomenon was observed for the first 120 minutes and

subsequently, once a day for four dayg.(3.31-1 and 2.
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Fig. 3.3.1-1 Hydrodynamic diameters of ZnBPsand bulk in ASW suspension at thie@ncentrations (10, 5 and 1 mg

Zn/L) within two hours.
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Fig. 3.3.1-2 Hydrodynamic diameters of ZnBPs and bullin ASW suspension at three concentrations (10, 5 and 1 mg

Zn/L) within four days. * Samples not suitable for DLS analysis

The analysis of 1DLS measurement data of the samples highlights that large aggregate
were present folPsand bulk for all the concentrations tAhO NPsaggregates were smaller than

bulk for all concentraton ashown n Table 3.31-1.

Table 3.3.11 PDI and hydrodynamidiameter of NPs and bulk in ASW suspensions at four concentrations (100, 10, 5,

and 1 mg Zn/L) in the initial stage of dispersal aftenication treatment

NPs Bulk
gl Hydrodynamic Hydrodynamic
i i
PDI y / PDI y y
diameter (nm) diameter (nm
100 0.3+0.05 1500 +300 0.8 £0.1 1900 +180
10 0.48 +0.07 850 +£100 0.56 +0.06 1150 +100
5 0.72 £0.09 1250 +150 0.76 +0.09 1400 +200
1 0.74 +£0.03 900 +80 0.59 +0.17 1250 +400

In the next 24 hours the hydrodynamic diameter of ZnO aggregate increased doubling
their size. From third day of observation the size was greater than 6 microns (Figl ai12)
than the sample was not suitable for DLS measurements. This observation highlights that the ZnO
NPs colloidal suspension should be always freshly prepam@d@nicated prior to each experiment
in order to minimize the effects of particles aggregation. The Polydispersity Index (PDI) that
describes thevidth of the particle size distributiowas in the range of 0.8.8 as shown in Table

3.3.1:1. Those valuesndlicated that the sample has a very broad size distribution.
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The hydrodynamic diameters of Zn@Psand bulk particles were already approaching
the microns rangsoon after dispersion IASW, and showed a clear, although slow, tendency to
further aggregat@ the next few hours (Tab®.3.1:1 and Fig.3.3.2-1). In general, buk ZnO had
larger aggregate sizes thaliPs It is worth to note that these results seem to be rather independent
of the pristine size of ZnO particles and of dispersion methods. Inpeetjous studies report
analogous values of aggregate sizes and aggregation trends for ZnO dispersions in seawater
although prepared fromano ZnO having pristine size much smaller than the one used in the
present study and from different dispersion md#{&airbairn et al., 2011; Yung et al., 2015he
reported results also show that, in our operating conditions, the aggregate size was only modestly
influenced by the initial particle concentration. The averaggremgate size of both nano and bulk
ZnO first increased from 1 to 5 mg Zn/L then decreased at 10 mg Zn/L and finally showed the
largest size at 100 mg Zn/L. However, the oscillation of bulk ZnO particle size between 1 and 10
mg Zn/L was well included in ehmeasurement variability, therefore test suspensions of bulk ZnO
were basically characterized by an average aggregate size of around 1400 £490 nm. On the other
hand, at concentration so high as 100 mg Zn/L the large aggregate size may be due tosgninncrea
particle collision frequency which enhances aggregatitailer et al., 201Q) According to the
aggregation trend shown by this palds (Fig. 3.3.21) 24 hours after the preparation of test
suspensions the average aggregate size was nearly doubled for nano ZnO and almost multiplied by
four in case of bulk ZnO (Fig8.3.1:2). After 48 hours, ZnO particles in low concentration 1 mg
Zn/L were undetectable and the size of which in high concentration 5 and 10 mg Zn/L were too
large (>6 um) to suitable for DLS. The absence of particles (both nano and bulk) could be
addressed to the proceeding of the dissolution phenomenon. The water solubility of ZnO in fact,
ranges from 1.6 mg Zn/L to 5 mg Zn(BROSPECcT, 2009)The high pH and high ionic strength
conditions of the seawater further increase this solubility and highlight some differences between
theNPsand bulk formgMiao et al., 2010; Miller et al2010; Wong et al., 2010; Peng et al., 2011;
Yung et al.,, 2015) However, the interaction between particles and algal cells could retard
dissolution and promote homo aggregation of ZnO part{@eddo et al., 2005Miao et al., 2007;

Navarro et al.,, 2008}hat has been observed in this report.
(2) In RSW:

33



3 RESULTS AND DISCUSSION

ZnO NPs oncan RSWundergo tadifferent physiechemical processes that modify their

pristine characteristics and therefdheir availability/reactivity.

ZnO partcles dispersed iIRSW (low salinity) undergoto complex physicochemical

transformations: first, particles stick to each other in order to minimize the repulsive hydrophobic

interactions with water, forming micron sized aggregate. DLS data recorded s@&wnthet

dispersion preparation illustrate this aggregation behavior and show that the average size of bulk

ZnO particles were rather unaffected by the initial solid loadkig. 3.3.2-3B). On the contrary,

aggregates formed by Zn®IPs showed constant sizat low concentration whereas highly

concentrated dispersions showed a marked trend to increape3(3.123A). The aggregate size

increasing becomes evident in the next 48 hours when all the samples were characterized by the

presence of very large parisl (> 6000 nm) (Tabld.3.1-2).
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Fig. 3.3.1:3 Hydrodynamic diameters of Zn@Psand bulk nRSW suspension atvo concentrations (IDand 10 mg

Zn/L) within about 90 min

Table 3.3.1-2 PDI and hydrodynamic diameter of ZnO NPs and bulk in RSW suspengitwe aoncentrations (100

and 10 mg Zn/L) for 72 hours

Suspension Time (h) Size (nm) Pdl Z-potential (mv)
100 mg Zn/L NPs 0 23204520 0.44#6.119 -0.92
24 >6000nm 1 -2.49
48 >6000nm 1 -5.28
72 >6000 NA NA
10 mg Zn/L NPs 0 950160 0.53#.14 -6.35
24 15704200 0.7610.13 -10.4
48 >6000 NA NA
72 >6000 NA NA
100 mg Zn/L Bulk 0 15604100 0.5#0.07 -10.7
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24 31504220* 0.514.11 -10.2
48 >6000 1 -7.06
72 >6000 NA NA
10 mg Zn/L Bulk 0 1000400 0.631.08 -10.8
24 >6000nm* 1 NA
48 >6000 1 NA
72 >6000 1 NA

3.3.2Zn0 particle sedimentation
Q) In ASW:

Manzo et al. (2013keported theedimentation of ZnO NPs and budispersedn ASW
(Fig. 3.3.21). They observed a@lear sedimentatiofor both ZnO aggregates ambe suspended
ZnO concentration decre@d by almost 30% after 2&t high concentration (100 mg Zn/L). At each
concentration, bulk showed higher sedimentation rate than NPs aftédla2izo et al. (2013b)
suggesdthat a main difference betwe&Psandbulk aggregates is the density whits lower for

the nanomaterial

4 NPs 100 mg Zn/L
e Bulk 100 mg Zn/L
. o NPs 10 mg Zn/L
10_’ ® Bulk 10 mg Zn/L
0.9
0.8
0.7
QO -
O 06+
0.5
0.4
0.3
0.2 I L] ' T I T I T | T | T l
0 50 100 150 200 250 300
Time (min)

Fig. 3.32-1 Sedimentation measuremasftZnO NPs and bulk i\SW at the concentration 1@dd 10mg Zn/L within
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about 5h.
(2) In RSW:

Large particles suspendedRSW have a tendency to settle out of the liquid phase due to
gravity. The sedimentation curves recorded stwwndeed that the particle concentration in the
water column was decreased by more than 80% and 70% already after 8 haddm® fPsand

buk suspensions at 100 mg/L respectively (Bi@.2-2).
nano ZnO 100mg/L bulk ZnO 100 mg/L
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Fig. 3.32-2 Sedimentation measuremenitZnO NPs and bulk in RSW suspension at the concentration 100 mg Zn/L

within 24h.
3.3.3Zn0 particle d@solution
(1) In ASW:

Dissolution is the other important transformation that occurs to ZnO particle in aqueous
media. A dissolutionkinetic curveof ZnO NPs and bulk dispersed in ASWAs shown in Fig.
3.3.31. The curve indicated that a very obvious tend in both NPs and bulk suspension which is 70%

dissolution occurred in first few minutes and kept this stable status to the end ariemea.
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Fig. 3.33-1 Dissolution kineticcurveof ZnO NPs and bulk dispersed in AS&/10 mg Zn/lwithin 5 h.
(2) In RSW:

The analysis of ionic zinc released in the seawater M&®wand bulk dispersions shows
a little displacement in the average Zn conions only as a function of the initial solid loadings,
l.e. between 100 and 10 rg/L (Fig. 3.3.32). In the main, an average Zn concentration around 5
mg/L was found already after 24 hours and afterwards without significant variapon®.05).
Interestingly this result is similar to a previous one obtained for ZnO NPs dispersed into an
artificial seawater with different salinity and pH AGat sal i nity 35 %o, pH 8.

with respect to the natural seawater used in the present (dadhzo et al., 2013b)
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Fig. 3.3.32 Bar graphs ofhe dissolved Zi{® < 2nm) of ZnO NPs(A and B)and bulk(C and D)suspensions in 100

and 10 mg Zn/L measured by IGFS.

3.4 Comparisons an@onclusions

To respectthe behavior obther nanoparticledispersed in natural seawater repored by
Garner & Keller (2014)that aggregation and sedimentation have similar time scéde most
nanoparticlesin general in seawater and dissolution is highly dependent on nanomaterials
composition, for example, nameg, Al,O3, CuO, and NiO will dissolve over days to weeks only
hours to day$or ZnO NPs,resuilts in this case indicatesimilar and moredetailed conclusion.

The analysis of theize measurement data of NPs and bulk in AlSgWlights that large
aggregate were present for NPs and bulk for all the concentrations but ZnO NPs aggregates were
smaller than bulk for all concentiams. In RSW,aggregates formed by ZnO NPs showed constant
size at low concentratio(lO mg Zn/L)whereas highly concentrated dispersi¢t80 mg Zn/L)
showed a marked trend to increadence, the primary size of ZnO in suspensions could affect the

aggrea@ting rate in higher concegtion. To combinethe previous conclusiofManzo et al., 2013b)

38



3 RESULTS AND DISCUSSION

and the sedimentation data obtained in this caseatet that the sedimertion occured since in

the first minutes to few hours and that was not related to ZnO partide.The analysis of ionic

zinc released in the seawater from NPs and bulk dispersions shows a little displacement in the
average Zn concentrations only as a function of the initial solid loadihgs.average Zn
concentration around 5 mg/L was foundeally after 24 hours and afterwards without significant
variations p > 0.05).This result is similar to a previous one obtained for ZnO NPs dispersed into an
artificial seawater with different salinity a

with respect to the natural seawater used in the present (dfiaohzo et al., 2013b)
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3.6 Comparative toxicity oZnO NPs bulk and Zn salt towards marine

algaeT. suecicaandP. tricornutum

ZnO NPsis currently usé in a broad range of products including plastics, ceramics,
rubber, lubricants, paints, foods (source of Zn nutrient), batteries, fire retardants, personal care
products, etc(Ma et al., 2013)Such widespread drexpanding production and use increase the
potential for their release into the environmefeller et al. (2014 )estimated that ZnO together
with titanium dioxide, represent 94% of engineered nanomaterial (ENBdgjschalk et al. (2009)
reported the modeled environmental concentration of A} in surface water (0.0X@yL in
Europe, 0.004m/L in U.S.). If current production and subsequent release quantities were to increase
100-fold, ZnO would raise greatest concern since all studies indicate ZnO is toxic at some
concentration to all species test€dranklin et al., 2007; Blinova et al., 2010; Miller et al., 2010; Li
et al., 2013) It is clear than the effects and the behavior of 2¥s in the marine environment
would need to be monitored closely.

Particle induced effect wasuggesed as onenechanisms otoxic actionof ZnO NPsin
previous studiegMa et al., 2013)The nanoparticleagglomeration/aggregation plays an important
role in determining reactivity, toxicity, fate, transpantd risk in the environment indeed has been
implicated as a mitigating factor in the transport, cellular level interactions, and fate of NPs in the
environment (Hotze et al., 2010)

Phytoplankton is the autotrophic component of the plankton community and a key factor
of oceans, seas and freshwater basins ecosysktigis.growth rate, high surfage-volume ratio
(high uptake rate), easy handling laboratoryconditions (CastreBugallo et al, 2014) male
marine microalgaée an effective tool to test toxicity cbntaminants such as antibioti@eoane et
al., 2014) metals(Wang & Zheng, 2008; Angel et al., 2015)ane materials(Kadar et al., 2012;
Clément et al, 2013; CastBugallo et al., 2014)Additionally, as diverse algae taxa respond
differently to chemical toxicantst is mandatory to conduct tests on a different species representing
different classes.

Marine green microalgad. suecicaand diatom P. tricornutum were selected as test
organisms to respond to ZrndPsexposure

P. tricornutumis a widespread pennate diatom, with low silica content and distinct cell
41



3 RESULTS AND DISCUSSION

wall (i.e. frustule)structureswhich is essentially composed of organic compaogjndarticularly
sulfated glucomannafTesson et al., 2009has been described three different morphotypes (i.e.

the ovoid, fusiform and triradiate forms), whose occurrence in culture seems to depend on strains as
well as environmental conditong~rancius et al., 2008)

T. suecicais an elliptical microalga of the class Chlorophyceae (Prasinophyceae)
generally used as the diets of zooplankton, bivalve molluscs and crustacean Iaheae
characteristic cell wall (theg is composed of coalesced rigid carbohydrate s¢hdeset al., 2013)
and the typical four flagellaare covered by double layer of scales

It worth to note that, gsrevioudy observedZnO NPaggregatiorand sedimentatiowill
occur in first few hours iteawatesuspensionfManzo et al., 2013a)lherefore it is ecologically
relevant to study the interactions of these ZnO aggregates with very diverse classes of algae (i.e.
green algae and diatomsjth peculiar differences in size, shape, cell wall composition and motility.

In this study we focused on the ecotoxicological effect of Eii€3and bulk towards the green alga
T. suecicaand diatonP. tricornutumwith the aim to establish the main toxicpparameterand to
compare the sensttivities of both algae to ZnO patrticles

For each compountlio Observed Effect Concentration (NOEC), 1, 10, and 50% Effect
Concentration (EC1, EC10and EC50)were defined to provide biological criteria for the

implemenation of water quality standards to protect marine organisms.
3.7 Materials and methods

3.7.1.Chemicals

Bare ZnONPs(cod. 544906, particle sizel00 nm, surface area 185 nf/g) and ZnSQ
(cod. 204986 purity 99.999%) were purchased from Sigldrich. ZnO bulk powvder (particle
size < 200 nm, surface ared9-6.8nt/g, purity >99.9%) was purchased from GaleBa.l., Italy.

3.7.2.0rganisms

T. suecica (Prasinophyceae: Chlorodendrales)d P. tricornutum (Bacillariophyceae:
Naviculales) (CriAcq Laboratory, Naples, Italy)gak, were maintained in sterilized standard
medium(Guillard, 1975)made wih artificial standard seawat@rH 8., 0.22 pASTM,i It er

1998). To provide inoculant for experiments, microalgae were incubated under cool continuous
42



3 RESULTS AND DISCUSSION

white fluorescent | i gRhs¢'satZ4a b6 with acbaion forrbd Haysp ho t «
until log phase growth prevaied. Cell density was measured by hemetgto

3.7.3.Particle dispersions

Stock suspensions ansblution of testing material(ZnO NPs ZnO buk, and ZnSQ)
were prepareavith Artificial Sea Water (ASW) to the final concentration of 100 mg Zihe ZnO
suspensiongvere dispersed by batdonication fo 30 minutesat 50W (Elma Transsonic Digital S).
Test suspensions, at concentrations ranging between 0.1 and 10 mg Zn/L, were prepared by diluting
the stock suspension with ASW and sorecatnceagain. Before the addition of micronutrients and

algae eaclest suspension was briefly vortexed.
3.7.4FIB observation methods

The algal cells were preliminarily analyzed by an optical microscope (ZEISS Axioskop
50) for observing the possible damage and its extent. High resolution morphological
characterization was mady FEI Dual Beam Quanta 200 3D which integrates a high focused ion
beam (FIB) FIB operates with a finely focused beam of gallium ions accelerated ke\B8@hich
scans over the surface at low beam currents taking care not to damage sample.

Before FIB olservations algal cells were fixed as describeti it al. (2015) After 72 h
of exposure algal cells were centrifuged@@0pm 10 min) then the samples were fixed witho3
gluteraldehyde solution in & for 2 h. The samples were then washed with 0.1 M PBS (pH 7.8) by
centrifugation (4000pm, 10 min) three times. Algal cells were fixed witBdlosmium teta oxide
for2 hind €, and 0.1 M PBS (pH 7.8) was added to wash the cells by centrifugation (3800 rpm,
10 min) three times. The control and treated (10 mg Zn/L) cells were coated on a thin glass slide, air

dried and observed under the FIB.
3.7.5Algal growth inhibition teseand data analysis

Algal bioassays were performed accordingtm previous researqManzo et al., 2013a)
slightly modified. Test plates were kept the growth chamber with continuous light for 3 days. The
growth inhibition was expressed with respect to the control. The concentrations of the testing
suspensions argblution weremodified t010, 5, 3, 1, 0.5and0.1 mg Zn/L for ZnONPs bulk, and

ZnSQ,. The EC1, EC10, and EC50 were calculated using the Linear Interpolation Method
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(Inhibition Concentration procedure, ICgNorbergKing, 1993) NOEC was determined by
Dumett's tes{US-EPA, 1989)

3.8 Results and discussion

3.8.1Effects of ZnO patrticles upon algae
T. suecica

During the three day®f exposureto ZnO NPs the parameters of algae inhibition were
recordecevery24 h andsimilarly bulk ZnO and ZnS@trials were set up as comparing experiments.
The overall toxic effect after three daysf T. suecicaexposureto investigatedchemicals(Fig.
3.8.1-1) indicated thatat the same Zn amou®nO NPswas more toxic than bulkZznO and than
ZnSQy, suggestinghat the dominant cause of the algal growth inhibitiorZzb@ NPswas not only
related to ion releas®ur previous studyupon marine alga®unaliella tertiolecta(Manzo et al.,
2013a)also reported a higer toxicity ofZnO NPsrespect to bukSimilar toxicity trend was also
observed foChlorella sp(Ji et al., 2011)

0O Nano ZnO
O ZnSO04

1004  Effect of chemicals to T. suecica
A Bulk ZnO

R’=0.99867
50 - o

Effect %

. R’=0.97472

T
0 1 2 3 4 5 6 7 8 9 10
Concentration (mgZn/L)

Fig. 3.8.1-1 Toxic effects onT. suecicacells, together wh the corresponding regression fit curves: nano ZnO toxc
effects (diamond); ZnS{xoxc effects (triangle); bulk ZnO toxic effectsquarg. The best fit function of toxicity data

was sigmoid growth function. 50% effect level is represented.
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The ecotoxgological parametersNOEC, EC1, EC10, and ECRGat each exposure time
point, reportedin Table 3.8.1:1 showedthat ZnO NPswas more toxic than bulk at all tesit

concentrations and zinc salts playedhiddling role betweerznO NPsand bulk.

Table 3.8.1-:1 NOEC, LOEC,EC1, EC10EC20 and EC50 evaluated for each testhdmicals(nanoZnO, bulkZnO

and ZnSQ) toT. suecicaat each exposure time point.

BExposure time  Chemicals  NOEC (mg Zn/L) ECL (mg Zn/L) EC10 (mg Zn/L) EC50 (mgzn/L)
Nano ZnO 0.1 0.01 [0004, 0.06] 0.07 [0.05, 1.13]  4.09[3.78, 4.59]

24h ZnSQy 0.1 0.01 [0.004, 0.02] 0.06 [0.04, 0.15]  0.69 [0.42, 3.20]
BulkznO 1.0 0.01 [0.007, 0.46] 0.39 [0.07, 1.67]  4.55[4.17, 4.98]

Nano ZnO <0.1 0.06 [0.005, 0.008] 0.06 [0.05, 0.09] 4.28[3.98, 446]

48h ZnSQ <01 0.01 [0.004, 0.006] 0.05 [0.04, 0.06] 5.97 [5.17, 6.46]
BulkznO 1.0 0.04 [0.02, 0.25] 1.32 [0.74, 1.60]  8.17[7.53, 8.71]

Nano ZnO 0.1 0.04 [0.01, 0.18]  0.47 [0.11, 0.63] 3.91[3.66, 4.14]

72h ZnsSQ 05 0.02 [0.01, 0.24] 0.53 [0.08,1.29]  5.61[4.93, 6.23]
BulkZnO 0.5 0.06 [0.01, 0.20] 0.66 [0.32, 0.99] 7.12[6.65, 7.46]

In particular forZnO NPsin all three days exposure time (72 NOEC was recorded at
the lowest setting concentration (0.1 mg Zn/L). The value resulted lowetlddabtained for ZnO
bulk (NOEC 0.5 mg Zn/L)ZnO NPsSEC1, EC10and EC50 of were respectively recorded &4
[0.01, 0.18] mg Zn/LL0.47 [0.11, 0.63] mg Zn/Land 3.91 [3.66, 4.14] mg Zn/L, which likewise
were lower than those of bulk (0.06 [0.01,@.2ng Zn/L, 0.66 [0.32, 0.99] mg Zn/LandEC50 =
7.12 [6.65, 7.46] mg Zn/L).

HoweverT. suecicaon the basis of these values resulted less sensitiveDthigemtiolecta
to ZnO (EC50 = 1.94 [0.7/2.31] mg Zn/L) as recorded in previous wdManzo et al., 2013a)
while very low EC50 value were found upon microal@seudokirchneriella subcapitat&@C50 =
0.042 mg Zn/L)Aruoja et al., 2009and Thalassiosira pseudonar(&@C50 = 0.82 mg Zn/L, leading
to the decrease of cell diision rates by 5Pgng et al., 2011)

With the aim to evaluate the relation between algae exposure and growtha#ffeese
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parametersvererecordedalsoin earlytestingphases (24 rad 48 h, Table.8.1-1). At the beginning
of the exposure (24 h)the parameter valuefor ZnO NPswere higher than thoseecordedat
followed phases (48 and 72 Respect taZnO NPs bulk ZnO and ZnS@® showed increasing
trendsfor EC10 and EC5®@aluesalong with exposure timghat could represent a different action of
these particles upon the allgoopulation ZnO NPseffectively affected algal population from the
rising phase (48 h) of growth curve in the most.

The dservatios by opticalmicroscope (Fig3.8.1:2) and by FIB (Fig.3.8.1:3) of T.
suecicaexposed taZnO (both nano and bulk$howedhow ZnO aggregates tend to gather mainly
around algae flagella ardkig. 3.8.2-2). This phenomenoimcreagd with particle concentration
and exposure timand reulted in algaeénjury due tomotility hindrancein culture mediaRecently,
some evidencesf toxic mechanisntue to the direct interaction of NP aggregates and algde
wall, provoking the generation of "holes" waported(Li et al., 2015) However,in our case the

sizefor both the ZnO particlewas verylarge and the main aggregation sitas reported above,

were flagella (Fig. 3.8.1-3).

Fig. 3.8.1-2 Behavior of T. suecicawith aggregates of zinc oxide in 72 h, A: control, B: 0.1 mg Zn/L nano, C: 5 mg
Zn/Lnano, D: 10 mg Zn/L nano, E: 0.1 mg Zn/L bulk, F: 5 mg Zn/L bulk and G: 10 mg Zn/L Duélagella showed

more easilyaggegates than cells walls.
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Fig. 3.8.1:3 Observation off. suecicainteracting with aggregates (A: control, B: in nano ZnO exposure for 72 h, C:in

bulk ZnO exposure for 72 h) by FIB. Aggregatimccurredaroundfagella areawith both particles.

P. tricomutum

As for T. suecicaduring three days exposur® ZnO NPs the parameters ofP.
tricornutum inhibition were recordecvery24 h and bulk ZnO and ZnS@ials were set up as
comparing experiment as wellhe overall toxic effect after three daysf exposureto the
investigatedchemicals indicated @ear higher toxic effeaf ZnO NPsrespect tazinc salt and bulk
ZnO (Fig. 3.8.13-4). Dose response curve obtained zmSQ, was almost overlappedith ZnO bulk

one especially below 5 mg Zn/L

O Nano ZnO

O ZnSOs4

A Bulk ZnO
)
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Fig. 3.8.1-4 Toxic effects orP. tricornutumcells, together with the corresponding regression fit curves: nano ZnO to xic

effects (diamond); ZnS{xoxic effects (triangle); bulk ZnO toxic effectsquarg. The best fit function of toxicity dat
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was sigmoid growth function. 50% effect level is represented.

The ecotoxicological parametefdQEC, EC1, EC10, and ECR(at each exposure time
point, reportedin Table 3.8.1-2 showedthat ZnO NPswas more toxic than bulk at all tesit

concentrations.

Table 38.1-2 NOEC, LOEC,EC1, EC10EC20 and EC50 evaluated for each testedmicals(nanozZnO, bulkZnO

and ZnSQ) toP. tricornutumat each exposure time point.

BExposure time Chemicals  NOEC (mg Zn/L) ECL (mg Zn/L) EC10 (mg Zn/L) EC50 (mgZn/L)
NanoZnO 1.0 0.01 [0.004, 0.52] 0.08 [0.04, 0.73]  2.57 [1.93, 3.23]

24h ZnSQ 0.5 0.06 [0.01, 0.16] 0.36 [0.05, 0.67] 3.60 [2.17, 5.49]
BulkZznO 0.5 0.01 [0.004, 0.21] 0.06 [0.03, 0.57]  1.12 [0.89, 1.57]

Nano ZnO <01 0.006 [0.004, 0.01] 0.06 [0.04, 0.33] 1.41 [0.97, 3.40]

48h ZnSQ, 0.1 0.01 [0.01, 0.02] 0.14 [0.09, 0.23]  2.34 [2.05, 2.60]
BulkZnO 0.5 0.05 [0.01, 0.35] 059 [0.09, 0.90] 3.32 [2.89, 3.79]

Nano ZnO 0.1 0.03 [0.01, 0.12] 0.23 [0.14, 0.31]  1.09[0.96, 1.57]

72h ZnSQ 0.1 0.01 [0.01, 0.02] 054 [0.09, 0.61] 3.22[2.48, 3.94]
BulkZnO 0.5 0.02 [0.01, 0.52] 0.64 [0.52, 0.75]  3.47[3.06, 3.91]

In particular forZnO NPsin 72 h, NOEC was recorded at the lowest concentration 0.1
mg Zn/Lwhich resultedlower thanthat obtained forbulk ZnO (NOEC Q5 mg Zn/L).

Also for this alga the relation between exposure time and growth effect was investigated
by evaluating the main ecotoxicological parameters along each testin@24leand 48 h, Table
3.8.1-2). After 24 hthe toxic effect of bulk ZnO(EC10and EC50:0.06 mg/Land 1.12 mg Zn/L,
respectively) was higher thasinO NPs(EC10 andEC50: 0.08 mg Zn/L and 2.57ng Zn/L,
respectively).Along with increasingexposure time the effect of chemicals turned into tigher
ZnO NPstoxicity. It could be supposethat the toxic effect in the first phase was related to the
larger size of bulk ZnO aggregates that rapidly settled down on the bottom of the wells where the
immobile algae layvhich were reported in our previous wdiManzo et al., 2013bgxerting there

the toxic action. Instead, the action£&iO NPsaggregates became evident only in the second day
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of exposure when aggregation and sedimentation processes were completed.

Although n this studyP. tricornutumwasvery sensitive t&nO particles especiallgt the
beginning of exposuresome authorgPeng et al., 2011eportedthis alga as the less sensititee
ZnO nanopatrticlessuspensionsrespect to Chaetoceros grdtis (EC50 not reported)and
Thalassiosira pseudonar(&C50 =0.82 mg Zn/L).

The observatioat opticalmicroscope (Fig3.8.1:5) andatFIB (Fig. 3.8.1:-6) provided
supportive evidence® the interaction between ZnO particles (bbifrsand bulk) and alga The
morphology and the lacking of motility &f tricornutumalgae let a large hetero aggregation along
the cells that rapidly were completely wrappedaround. An increasing trend of the process in

dependence of exposure time and ZnO concentration 88dgL5 and 6) could be observedn

comparisonto T. suecica(Fig. 3.8.1-2), srious aggregationccurredbetween ZnO particles and

diatom cels (Fig.3.8.15).

Fig. 3.8.15 Behavior ofP. tricornutumwith aggregates of zinc oxide in 72 h, A: control,B1 mg Zn/L nano, C: 5 mg
Zn/L nano, D: 10 mg Zn/L nano, E: 0.1 mg Zn/L bulk, F: 5 mg Zn/L bulk and G: 10 mg Zn/L Algke adsorb the

zinc oxide aggregates to blimpsalong with increasing of concentrations and esqre time.
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Fig. 3.8.1:6 Observaibn of P. tricornutuminteracting with aggregates (A: control, B: in nano ZnO exposure for 72 h, C:

in bulk ZnO exposure for 72 h) by FIB. Aggregatmecurredwrapping the whole cell body with both particles
3.8.2 A comparison between the effects upon the algae

A comparison of the effects up&ntricornutumandT. suecicaalong exposure times (24,
48, 72 h) in relation to hydrodynamic diametersZa® NPsand bulk particles was performeglid.
3.8.21) for thoroughly characterizing the diverse observedisgity of algae (Fig.3.8.1-1 and4,
Table 3.8.1-1 and 2).
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Fig. 3.8.21 A graph panel of toxic effect on both algal cells arydrodynamic diametersf ZnO particles in ASW at
three exposure phase points 24 h, 48 h, and 72 h orderly. The exposedathemiereported as Zn concentratién.

Samples not suitable for DLS analysis

Results suggested a clear effect on algae replication capability linked to the

physicchemical state of the nanoparticles in the medium, during the exposure time. In addition to
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the toxicity mechanisms described for ZnO as bulk and nano materials in ddhameét al., 2010;
Miller et al., 2010) A close interference of the aggregates with algal cells likely related to a peculiar
reactivty or to a mechanical entrapment and or wrapping of the cells in the culture media was
figure out(Ji et al., 2011)

The effect curvedor ZnO NPsof both algaeshowed differentrendsand thediatom
population always kept higher effect than green alga worth to no¢ thatT. suecicaat 1 mg Zn/L
and 5 mg Zn/L showed constant effect trend around 20% in the first case and 60% in the second one
while at highest concentration the effect were around 80 a spike at 48 h (90%)P.
tricornutuminstead showed an increasing trend with time at the lowest concentrations, reaching the
50% of effect, while at the next concentrations the effect were more or less stable during the time
(around 70% for 5mg ZnL and > 80% for 10mg Zn/L). At all concentrations increasing size of
ZnO NPsparticle was measuredrig. 1 and 2 In particular, at 1 mg Zn/L just after 48 h there are
particles with dimensions upper than 6 microns (not detectable by DLS), while ap&¢idie
lesser than 500m were observed. For 5 and 10 mg ZrZhO NPsconcentrations a slower
increasing aggregation process was observable, with particle around 2 microns at 48 hours and > 6
microns at 72 hours, although with a different size at 24120390 nm for 5 mg Zn/Land > 700 nm
for 10 mg Zn/L). It could speculated that the toxic effect was related tagtie meratiorprocess,
in fact when theagglomeratiorproceed fast (i.e. at 1 mg Zn/L) the toxic effect were more evident,
due probably to a wtable and effective interaction solely exerted upon immobile algae on the
bottom of the wells. When the aggregation turned more slowly (i.e. smaller aggregates at 48 h), the
effect trend became more similar for the two algae although the diatom alwastenexy the
highest effects. This is because the aggregates could hardly interact with motile algae (swimming in
the test media).

Also for bulk ZnO generally the effect curves showed different trend with the time for the
two algae. In particular at ing ZnL T. suecicashowed always effect less than 20% while a
decreasing trend starting from 60% down to 3&% 5 mg Zn/L and a slowly increasing trend
starting from 60% up to 70% at by Zn/L were evaluable.

P. tricornutumshowed a decreasing toxicity treathrting from 50% down to 30 at 1
mg Zn/L while a quite constant response around values > 70% was registered at 5 mg Zn/L and a

slowly increasing effects from 70% to 80% were obtained abd @n/L.
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The aggregation trend for bulk ZnO was similar to thegcribed foiZnO NPsbut with
higher aggregate sizes (i.e. agglomerates). For bullhdh® aggregation process resulted more
efficient than hetero aggregation, and these could be the reason why the final effects were lower.
Additionally at concentratiork 5 mg Zn/L the different actions upon the two algae were more
evident due to the less probability that aggregates/agglomerates could interact with motile algae
respect to settled ones. At i)y Zn/L the numbexof particles are sufficient to exert a siaritoxic
action for both algae.

Regarding homo aggregation of ZnO and aggregation between algal cells and aggregates
during exposurethealgae stimulatedoy ZnOparticle, could promote this procegspdudng some
compoundssuch as citrate, cysteimg carbonatg Mafunéet al., 2000) It was also reported that in
some cases this phenomenmeduce the toxicity acfome chemils (Soldo et al., 2005; Miao et al.,

2007; Navarro et al., 2008Based on the observatiaponalgae morphology(Fig. 3.8.1-2, 3, 5,

and § we canobserve thathe higher suface areeolume ratioof P. tricornutum respect toT.
suecicarepresent very important factopecause thenteractionbetweenZnO particlesand alge
mainly happened on theell surface. Thetoxicity reflectedthe differencein contact time andn
contactarea between algae and aggregdtesddition notility should bea key factor in the algae
different sensitivity.Motility made algal celldargely distributedin culture mediunreducingthan

the contact time with aggregatésferently by the immobile diatoms. Consequentligading eficts
could lead to a reduction in the light availability to entrapped cells thus inhibiting their growth

(Wang et al., 2008; Aruoja et al., 2009; Gong et al., 2011)

3.9 Conclusions

Comparative toxicity of ZnONPs, bulkk, and Zn salt towardgreenmicralga T. suecica
and diatonmP. tricornutum has been detected in this studyning to understand if the presence of
NPsthemselves induces any additional toxic effect to those already attributed to the released metal
ions.We have found thathe nano size plays a key role in the overall ZnO toxi&G50s had been
detected aB.91[3.66, 4.14]mg Zn/L for NPs5.61[4.93, 6.23]mg Zn/L for ZnSQ and7.12[6.65,
7.46]mg Zn/L for bulk ZnO towards green microalgae 4r@9[0.96,1.57]mg Zn/L for NPs3.22
[2.48, 3.94]mg Zn/L for ZnSQ and 3.47 [3.06, 3.91]mg Zn/L for buk ZnO towards diatom.

Distinctinhibition effect difference on both algae indicated that diatappearsnore sensitive than
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T. suecica because of the differencef the contact timeby motility, contact area by
surfaceto-volume ratio and available light byshading effects Additional, effect of low
concentration had been recorded that EC10 values were under 1 mg Zn/L for all chemicals towards
P. tricornutum and NOEC were detected at the lowest concentration for NPs to both algae.

Inhibition at low concentration is worth to be notice for exposure risironment
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3.11Zn bioaccumulatiorand histological damages bf. galloprovincialis

exposed to ZnONPs,bulk, and Zn salt

As nanomaterials (NMs) are ag extensively in a variety of emerging technologies and
commercial products so they can be largely be released in the environment. Fate and transport
models indicate that they can reach the marine environment and can have an ecological impact.

In particuar the increasing use of ZnO NPs, their modeled release into the aquatic
environment and the toxic effects to the aquatic organisms are well docun{lRetegiet al., 2011,

Keler et al., 2013; Ma et al., 2013; Manet al., 2013a; Keller et al., 2014)

However the NP ecotoxicological assessment was still uncompleted also because it is
necessary to take into account several factors, including physicochemical properties of NPs,
seawater parameters, interactions witbthb physical and chemical factors and organisms'
physiology and ecology.

Bivalves are largely used B®indicatorso monitor the health of an aquatic environment,
either freshor seawater. They are extremely useful as they are sessile which means they are closely
representative of the environment where they are sampled or placed (caging), and because they are
filter feeding they expose their gills and internal tissued®ittaccumulatio also of contaminants.
Common mussels such abl. edulis and the similar species Mediterranean musskll
galloprovincialis were also largely used as indicators mrine contaminatiorsince 1970s,
(Golberg, 1975; Phillips, 1976also for their worldwide distributianDue to their peculiar
characteristics, in recent yeaid, galloprovincialiswas more and more employed tovestigate
biological response to toxicants and then also NPs, in laboratorial cordabianno & Serafim,

1998; Da Ros et al., 2000; Barmo et al, 2013; Est€avar et al., 2013; Balbi et al., 2014;
Bebianno eal., 2015)

The mechanism of ZnO NPs toxicityawsummarized in three aspe¢ka et al., 2013)
ionic Zn dissolved from NPs, particleduced effects, and NP photocatalytic activity, which were
well documentean various organism$acteria(Sawai et al., 1998; Brunner et al., 2006; Zhang et
al., 2007; Applerot et al., 2009; Xie et al., 2Q1fingus(Lipovsky et al., 2011, )plants(Lin & Xing,

2008) microalgagManzo et al.2011) and amphipodFabrega et al., 2012)

However the ZnO NP toxic effects upon marine bivalve M. galloprovincialis
55


https://en.wikipedia.org/wiki/Bioindicators
https://en.wikipedia.org/wiki/Bioaccumulation

3 RESULTS AND DISCUSSION

physiologicalprocessessuch asespiration, accumulation of Zn, growtnd survivahre still very
scarce(Montes et al., 2012; Hanna et al., 2Q1Bspite theeffect at histologicallevel had been
well documented of ibalvia, crustaceafish and mmmalexposed to other nanomaterials, heavy
metals salts, andrganic contaminast(Sunila, 1988; Aarab et al., 2004; Aarab et al., 2006; Federici
et al, 2007; Griffitt et al., 2007; Griffitt et al., 2009; Kala et al, 2010; Sheir et al, 2010; Al
Kaddissiet al., 2011; Abdelhalim & Jarrar, 2012; Barmo et BL32Sheir et al., 2013; Balbi et al.,
2014; Hariharan et al., 2014; Hu et al., 2014; Trevisan et al., 2014; Vale et al., 2014; Cid et al., 2015)
only rare records reportetthe effects at histologicallevel in musselgdKa@a et al., 2010; Barmo et

al., 2013; Hu et al., 2014Yable 3.111). About investigated tissuejligdigestive gland, and gonad
were frequently used in bivalvia. For fish and rat, gill, intestine, and liver were thmeost
investigated organhaemocyteswereused to assess the toxicity as wElia et al., 2010; Barmo

et al., 2013)

Table 3.111 Histological alterations of exposed species

Histological alterations@mparing with control
Experimental  Exposure Observed organs

. . References
species toxicants Gill Digestive gland Gonad
Mantle Adductor muscle Others
Bivalvia
M. edulis North Sea oil - - Size, precocious degre (Aarab et al.
alkylphenols degeneration of spermat 2004)
and PAHs cysts/ovarian follites;
morphologic  change ¢
connective tissue
M. edulis SO, Cd”, Morphologic change an - - (Sunila, 1988’
CU*, PbO, C8&', inflammation of gill filament
Fe'*, Ag", PCB,
DDT and
dieldrin
M. edulis BPA, DAP anc - - Morphologic change o (Aarab et al.
PBDEs ovocytes; Size, number 0 2006)
ovarian  follicles/spermati
cysts; filing degree o
gametocytes in  ovaria
follicles/spermatic cysts;

M. edulis Cd* Morphologc change an Necrosis of tubules Necrosis and infammation ¢ (Sheir et al.

necrosis of gill filaments ovarian  follicles/spermati 2013)
cysts
M. edulis CuO NPs Aberrant brown cells - - (Hu et al,
2014)

M. edulis HgCl Morphdogic change an Nuclear morphologic chany - (Sheir et al.
necrosis of gill flaments and necrosis of epitheli 2010)
morphologic change ar cells; necrosis of connectp
number of haemolymp tissue
vessel; Morphologic change of fibe

texture; maphologic chang
and necrosis of connecti
tissue
M. TiO2NPs - Nanopatrticles direct invasio Haemocyte: nuclez (Barmo et al.
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galloprovincialis abnormalities 2013)

M. Cd”* - - D-larva: shell indentation (Balbi et al.,

galloprovincialis and protruding mantle 2014)

M. sp. Fe NPsand Fé  Morphologic  change ¢ - Haemocyte: size and numbi (K&a et al.,
epithelial @lls 2010)

Pernaviridis  PI&* Morphologic change of gi Morphologic change an - (Harharan e
filaments; damage ¢ inflammation of fiber texture al., 2014)
epithelium necrosis andnflammation in

connective tissue; loss
muscular integrity

Crassostrea ZnO NPs Morphologic change an- - (Trevisan el
gigas nanoparticles direct invasi al., 2014)
in  mitochondria of gills
filaments
Corbicula Nanodiamond - Degeneration of digesth - (Cid et al,
fluminea cells; morphologic change 2015)
digedive epithelia
C. fluminea Cd* and TiO2 - Inflammation - (Vale et al.,
NPs 2014)
Crustacea
Procambarus  UO;(NO3), - - Hepatopancreas tubule (Al Kaddissi
clarkii Pathologic change cetal,2011)
epithelium; degeneration ¢
tubules
Fish
Danio rerio TiO: NPs, Ag Gill filament width change - - (Griffitt et al.,
NPs, Ad, Cu 2009)
NPsand Cif
D. rerio Cu NPs an(Prolifertion of epithelia - - (Griffitt et al.,
cu* cels and edema of g 2007)
filaments
Oncothynchus  TiO2 NPs Pathologic and morpholog Pathologic and morpholog Liver: Pathologic change ¢ (Federici et
mykiss chang of gill filaments change of intestinal vill hepatocytes; apoptotic bodi al., 2007)

appearedBrain: necrotic cel
bodies appeared

Mammal
Rattus Au NPs - - Liver: Pathologic change (Abdehalim
norvegicus degeneration, infllmmation | & Jarrar,

hepatocytes 2012)

However it is really informative the performance of different tissue injuries for the
understanding the effect pathway in the exposed orgar{Beterici et al., 2007; Abdelhalim &
Jarrar, 2@2; Barmo et al., 2013; Cid et al., 2015)

Many different histological alterations were observed in gill filaments of bivalvia animals
exposed to, nanrmetal oxides, and ionic metgBunila, 1988; K& et al., 2Q0; Sheir et al., 2010;
Sheir et al., 2013; Hariharan et al., 2014; Trevisan et al., 204e%) as: fusion and cilia erosion,
chronic inflammation, proliferation, severe loss, and shrinkage of epithelial cells, edema, absence
mitochondrial cristae, endotiy vesicles containing electredense particles, swollen mitochondria
and lumen, highly vesciculated cytoplasmic space, disrupted mitochondria, total loss of gill
architectures, and damaged interlamellar junctiomsligestive glanddegenerating digesg cells,
increased vacuolation, unclear nuclei of eroded digestive epithmdixotic tubules necrotic

connective tissue, accompanied with irregular and dilated lumina dweetly observed(Sheir et
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al., 2010;Barmo et al., 2013; Sheir et al., 2013; Vale et al., 2014; Cid et al., .Z0lb)gonad was
mainly investigated in the case béavy metad and organic pollutanteffects and s generally
reported precocious developmehtenlarged anddegenerating ovaan follicles; very loosen
connective tissyeshrunkeandempty oocytesn ovarian follicles andempty spermatic cysts with
few spermatozogAarab et al, 2004; Aarab et al., 2006; Sheir et al., 20IB loss offibrous
structureand muscular integrity necrosis, hydropic change (swelling), decrease in extracellular
spacesand inflammatory responsemd necrosis of connective tissueacuolization between the
muscle bundlesand finally splitting of muscle fiberwere observed in adductor museigposed to
heavy meta(Sheir et al., 2010; Hariharan et al., 2014} et al. (2014yeported that brown cells
were found along the mantle marg@nd lining sinuses I€uO nanoparticles exposed musd8b
records have been found fdanacactesing pgeopodinjury in bivalvia.

Generally, together with the histological response, metals accumulation had been
investigated as well to explain the toxycof metals or metal oxidg#lontes et al., 2012; Hanna et
al., 2013) Hanna et al. (2013)etermined the accumulation of ZnNh galloprovincialislong term
exposed to ZnO NPfieweing that the mussel gonad accumulated Zn efficiently in lower exposure
concentration more than higher onbkntes et al. (2012)etected an amount of four times of Zn
accumulation in the whole musskl. galloprovincialisrespect to wexposed sample. Fate and
effect of metabased nanoparticles had been well investigated in other marine oragnisms as well,
e.g., the bivalve molluskScrobicularia planaand the annelid polychaetdediste diversicolor
(Mouneyrac et al., 201).

In this section, the histological alterations on 6 orgamd.igalloprovincialisexposed to
ZnO NPs suspensions were observedhtiracterizethe tissue damages.

To a comparative purpose ZnO bulk and Zn ions were tested as well, in order to also
evidence a peculiar effect linked to the pristihe ZnO size and to the ionic zinc alone.

In addition, tissue Zn uptake was measured to reveal the fate of Zn in mussel and give a

full understanding of ZnO NPs toxicity with the histological observation.

3.12Materialsand methods

3.12.1 Chemicals
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Bare ZnO nanopowder (Code 544906, particle size < 100 nm, surface a26antf))
and ZnSQ@7H ,O crystals (Code 204986, 99.999% trace metals basis) were purchased from
SigmaAldrich Co. LLC. (USA). Bulk ZnO powder (Code ZK249038,pgles i ze 150-200
purity > 99.9%) was purchased from Quer Biotech Co., Ltd (Hefei, CHi#g)salt crystals (Code
Q/XWL 101-2006) werepurchased fronShuillifang S&TLtd. (Xiamen, China).

3.12.2 Particle dispersions

Stock suspensions of naamd bulkZnO powderwere prepared witiReconstructed Sea
Water (RSWEast Chinabaysalt crystals dissolved in pure water; salinity@bpH 7.900 . 22 py m
fitered) to the final concentration of 1@gn/L. The ZnO suspensions were dispersed by
bathsonication for 30 min at 50 Wy¢hao urasonic cleaer, YH-200DH Shanghai, Chirja Test
suspensionsf concentrations 01, 0.1, 1, 10and 1®mg Zn/L were prepared by diluting the stock
suspension witlRSW. Zn salt solution was prepared in the same djkgd edconcentration without

soncation.
3.12.3 Animals and exposure experiment

Wild adult specimens offl. galloprovincialis (shell length 45 cm) were collected from
coastal rockg30°41' N, 7'1 2HBoushan, Zhejiang Province) in the East China Sea. The site
does not belong to a national park or a protected sea area or a relevant regulatory body concerned
with wildlife protection or a private owner. The mussels wergher acclimatied to aeratedSW
in an aquarium for 7 days at 23C (1 L/animd$§carlato, 1981; Ye et al.,, 201djth feeding and
water changing (3.5 dyas intervalspiL per 50L water of Phytople¥ phytoplankton feed, Kent
Marine Inc., Acworth, GA, USAJTedesco et al., 2010)

Mussels were then treatedth ZnO NPsandbulk counterpart i® (control),0.01, 0.1, 1,

10, and 100 mg Zh concentration, respectivelfor four weeks. In eacbxposuregank, 25 mussel
individuals were exposed to b medium with aerating, feeding and water changing (twice per
week). On the 1st, 2nd, 3rd, 7th, 14th, 21st, and 28th day, 3 individuals per tank were sampled, and
fresh tissue 06 organggill, digestivegland, gonad,adductormuscle mantle, andoleopod were

used tomakeparafiin sectionandto perform themeasureent of Zn accumulation

3.12.4 Measurement and analysis of tissue Zn accumulation
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A 500 mg portion ofresh tissuesvas digested in 10 mHNO3 (69%) using a microwave
digestion system (MARS Xpress, CEMSA). The vesselsvere heatedrom room temperaturéo
120 °C in 5 min, and to 15 in 3 minand heldfor 5 min, then to 18@ in 3 minand heldfor 10
min; were cooled down to roomemperature before they were openadéter cooling the resulting
solutiors were diluted to 25 mL with deionized wateZn concentrdions were measured by an
atomic absorptionspectrometer (AASAA240 Duo, Varian, USAin a graphite furnacéMassayi
et al., 2004; Kramaovaet al., 2005; Gasparik et al., 2Q12he concentrations are expressed
wetwe i g ht b a & iretativa 4n uptagel rgt€éR) is used to express the efficiency of Zn

accumulation ineach tissuewnith anequation
Y — pmumb (@)
In the equationCg means Zn concentration of exposed sample &rdmeans Zn

concentration of control sample. All data are expressed as the me&D of the different

biological samples specified.
3.12.5 Histological observation

Fresh tissuesvere processetbllowing the histologicalprocedureslescribed byartoja
& Martoja-Pierson (1967)The samplesvere fixedovernightin a Bouin's solutiorandstored in a
70% ethanol solutignwashed for 24h in deionized water and thexhydrated through a series of
graded ethanol solutions (?000%)and xylene for intermediate impregnatidgkiter immersion in
paraffin, sections of-&  pwere cut using a microtoe (Kedee, China) and mounted on glass
slidesand stained with hematoxyline and eosin (H&E). Histological observation was performed by

an optical microscop€Olympus Japan) and an image systeBhigeso China).

3.13Results and discussion

3.13.1 Zn bioaccumulation

The Zn concentrations of 6 organs in mussel exposed to 3 chemicals in 5 concentrations
at 7 exposure time points were measured anddlaive Zn uptake rasewere calculated using
equation (a) to expreske efficiency of Zn accumulatiohe relative Zn upake rats in the middle

exposure concentration thg Zn/L were given in Fig3.13.21 which shows the trends of Zn
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accumulation in different tissues along with exposure time. Curves of digestive gland and gonad

represented higheamplificationthan other ogans along with time. Zn ion showed the highest

uptake rate and NPs was in somewhere between ion and bulk for each organ.
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Fig. 3.13.21 The relative Zn uptake ratesnorgans exposed itmg Zn/LZnO suspensions and salt solution.

To compae theZn uptikesamong all tissues, theercers of relative Zn uptakeate of

each tissue in whole exposed individuakre drawn in Fig 3.13.22. At low exposure

concentrations (0.01 and 0.1 nig/L), no evident trend was foundAt the three higher

concentrations (0, 10.0 and 100.0 mign/L), the digestive glands represedincreasing Zn uptake

rates along with exposure time, gidbowed a trend similar to digestive glands in the beginning

three days of exposure (Z2 h) andevidencedastable Zn uptake rates the long exposure phases

(7-28d). Other tissues represent relative stable trends on Zn uptake rate along with exposure time.
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Fig. 3.13.22 The percents of relative Zn uptake rate of each tiespesed irZnO suspensions and salt solutian all

concerrations.” means all mussel individuals dead in the experimental group.
3.13.2 Relationship of Zn uptake in different tissues

An equation (a) was used to calculate the relative Zn uptakeRpter(describing Zn
accumulation difference among tissues and ex@osime. Zn is rich in marine bivalve animals
(George & Pirie, 1980; Wang & Fisher, 1996uch as thévlediterraneammussel in the present
study, of which the concentrations atifferentamong different organ@egoli, 1998) The aim of
comparing the Zn uptake rate in different tissues is to verify the tissue sensitivity on Zn
accumulation in this study.

But alsoto know in which organ the major NP effect could be waited, due tZthe
locally accumulatedThe concentrations are expressed on-weight basiswhich could better
image the Zn distribution in Ive mussel organs thanwieight (Sager & Cofield, 1984)

The relative Zn uptake ratesn 6 different tissues were represented by 1 mg Zn/L
concentration in Fig3.13.11 (the rest of all data were shown Appendix1). As the comparing
objects,R values of control group (K) were set as shandard linewith zero percentOn the basis
of the control groupR values went a growing trend along with exposure time in all tissues, in
particular digestive gland, which welbeinged into correspondence witte longest stay time and
largest area for ZnO exposure. The digestive gland is the recurigach for measuring pollutants
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uptake (Regoli, 1998; Gomes et al, 2012; Mouneyrac et al., 2014; Gornati et al.,. 201the
present resarch, gonad was also verifiedaeehigh Zn uptaking ability with a peakumber (about

3.5) at 21d exposure time that tRevalue was approximately 5.0 in digestive gland at the last
exposure timepointThe anatomicalposition of gonad is very close to digestive gland that ZnO
staying in digestive gland for long time might tffeat the exposure extent in gonad. Gill and
mantle represented more uptake extent than pleopod and adductor muscle due to larger contact aree
with suspensions. However, in the beginning of exposure phag2h}) R of gill, digestive gland,

and gonad wer the same level with the value almost 2.0, which indicated gill seems uptaking Zn
with a capacity limit in the end three weeks being different with digestive gland and ¢onead.

Zn showed the highest uptake rate and NPs was in somewhere betweenbaitkdndeach organ

(Fig. 3.13.11).

Actually, 1 mg Zn/L ZnO can dissolve at all into sea water which had been proved before
(Manzo et al., 2013b)Digestive gland showed higher uptake rate on ionic Zn than dissolved Zn
from NPs and bulk (Fig.13.21) indicating the presence ofa mechanism capable to limit the ionic
Zn access in théissue The interaction between ZnO and Ive mussel might affect Zn uptaking.

The percents oR values among all tissues were shown in Fig. 3-B3td compare the
tissue differencen Zn uptakeNo obvious pattern was fourid the low exposureconcentrations
(0.01 and 0.1 mg/LbecauseR values were well included in the measurement variabiityl mg
Zn/L concentration, gillshowed gradually decline trends to three exposures whiere not
continued in higher concentratiorBistead, digestive gland showed gradually increasing trends
of %R along with exposure time in all higher exposure concentratidppgndix ). This suggest
that digestive tract could hold the ZnO during the expe time and that it is the final sink to store
Zn. Gonad showed similar increasing changes BfViglues during the four weeks: the anatomical
position near to digestive gland and its own capacity to hold Zn can explamegshls Obviously,
the higher%R valueswere measured for digestive gland, gonad, and(giti. 3.13.12). For the
other organsno clear trends have been found and the low percervalues indicated that they

are not the target tissues to investigate the Zn uptake
3.13.3 Histologic obgrvation

The microscopy observation indicated théPs can induce varying degrees of histologic
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injure in each organ and very obvious histologic alteravas observated imgill, digestive gland,
and GonadFig. 3.13.31 showed the lbservation of tissuenjury in 6 organs exposed in 10 mg
Zn/L ZnO supensions and salts for 72 hours thdtll obsenation can be taken in this situation
representing the injury occurred in mussel tissBecause tissue exposed into the lower
concentrations (0.01.0 mg Zn/L)were not shown obvioushservableinjury by microscrope and
that were too much in the highest concentratidn. Fig 3.13.31 Gill, the distance between
adjacentgill flaments were measuredn a same lengtetandarg 250260 for control (A), 34410

for buk (B), 440490 for NPs (C), and 33850 for Zn ion (D) indicated that NPs represented the
highest effect among all. With respect to contedema(red arrows) were found in all three
exposed gill filaments and Zn salts causeallen cavity(green anows) anddamaged interlamellar
junctionsin Fig. 3.13.31 Gill. For Digestive gland observationecrotic tubulesvith tissue off (red
arrows) necrotic connective tissue with irregular and dilated lunjgraen arrowsyere observed

in all exposed tisswgespecially severelpy salts.Eight photos were exhibited iRig. 3.13.31
Gonad for showing damages in bothowhrian follicle (left) andspermatic cys(right). Disruptd
oocytesin ovarian follicles(red arrows) andvery loosen connective tissiigreen arrows) were
observed in femal individuals exposed to all chemicals (B, C, and Bigin3.13.31 Gonad).
Broken and almost emptgvarian follicles were found for NPs and Zn ion exposed mussels,
respectively. In male individualempty spermatic cystwith few spermatozoéred arrows) and
very loosen connective tiss(green arrows) were observed for all three exposed chemiinalse
observation of adductor muscless of fibrous structure and muscular integaityl vacuolization
between the muscleubndles(red arrows) were found in NPs (C) and,particular ion (D). Very
loosen connective tissue (green arrows) were obsasedell. Loosen epithelium(red arrows)
were found along the margiof mantleand pleopod. Feyacunag(green arrows) werebsrved in

ion exposed mantle (D) and NPs and ion exposed pleopod (C and D).
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‘Adductor muscle Mantle ( Plopod

Fig. 3.13.31 Observation of tissue injuip 6 organs exposed in 10 mg Zn/L ZnO suspensions and salts for 72 hours. A:

Control group, B: ZnQulk, C: ZnO NPs D: Zn salt; Gonadteft part is female and right part is male.
3.13.4 Difference of tissue damage between tissues, chemicals

The main representative pictures of tissues injury were reported in Fig. -3.18l2
distance between adjacagilis filaments wereutilized to compare thelifference among ZnO NPs,
ZnO buk and Zn ions and control individugleriffitt et al., 2007; Griffitt et al., 2009)NPs
showed the highest effect respect to zinc ions and ZnO bulk. Also, more edemas weraldhserve
NPs exposed gill than in the others. However, swollen cavities were found only in gill samples
exposed to Zn salts. Various degree of injury occurred in interlamellar junctions for all treated
samples.

Effects similar to those evidenced in this studlyere previously reporteih gills of M.
edulis exposed to environmental pollutargSunila, 1988; Sheir et al., 2013hough erosioror
necresiswas never evidenceill damages were also observed in n&@expsed musseMytilus
sp.(Kaa et al., 2010) although not similar to thoseobserved in the present research

In digestive gland section, necrotic tubules with tissue off and necrotic connective tissues
with irregular and dilated lumina were observed in all exposed tissues, especially severe in the case
of salt exposure, in which necrosis is the main sign of injury occurred in digestive gland. Similarly,

Sheir etal. (2010); Sheir et al. (201®)bserved ecrotic tubulesand necrotic connective tissua
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the digestive glandf exposedM. edulis inflammatory response, such as tubule lumen widening
and thickness of the epithelium reducing, were observed in thetide@dbules of the fresh water
bivalve C. flumineaexposed to Cd and TIONPs (Vale et al., 2014)and degenerating digestive
cells, increased vacuolation, thinness of the digestive epithelia, and accompanied with irregular and
dilated lumina were observad C. flumineaexposed to diamond NR€id et al., 201% Digestive
tract holds the pollutants for the longest time in all mussel organs and seems the final sink in
exposed individualsvhere ZnO and Zn salt can stay mnoughto leadthe maximuminjury.
Therefore, necrosis occurred in tubules and conneasisaetsvithout cleardifferences in the injury
levels among three exposed chemicals

With superiorityin Zn uptake rate, the gonad playgjuite importantole in histological
response to ZnO andns Both inovarian follicle and spermaticyst loosenconnective tissues
were observed in all chemicals exposed masdeisrupted broken evenalmost empty ovarian
follicles andempty spermatic cysts with few spermatopaaurred in female and male mussel
respectively, in particulawhenexposedio Zn salts Aarab et al. (2004)eportedlarger precocious
developmerdl even degenerating ovarian follicleand very loosen connective tissues with
numerous haemocytas female blue musséd. edulisexposed td&Sea oilfor long term and similar
trends were found in male individuals as well. Additiomdl, edulisalso was found to represent
empty atretic ovocytesindempty spermatic cysts with few spermatogdarab et al., 2006} .0ss
of gamets in both ovariarfollicles and spermatic cystsvith loosen cmnective tissuesould be
considered athe most evidenthistological response to environmental stress.

For exposed adductor muscle, mantle, andopgdd, there is no that mucblear
histological changes respectttee unexposed organisias reported foother three organs. But, still,
loss of fibrous structure and muscular integrity and vacuolization between the muscle bundles were
found in NBsand, in particularn ions exposureloosen epithelium were found along the margin of
mantle and pleopgodew laauna were observed isalts exposed mantle and pleopodhoBe had
been reported in previous researct®iseir et al., 2010; Balbi et al., 2014; Hariharan et al., 201.4)
mussels, howeveklu et al. (2014)eportedalso brown cells along the mantle margin and lining
sinuseswhich were not observed in the present stidysummary toxicity caused by NPs, bulk,
and salts represented various degi@s by bulk <mediumby NPs <high by salts,of injury in gill,

digestive gland, and gonad, not in others.
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3.14Conclusions

In this section the histological alterations were observed on 6 organs in miksel
galloprovincialis exposed to ZnO NPs, buk suspensions and Zn salts. Tissue Zn updske w
measured to reveal the fate of Zn in tissues as well. With comparing of histological observation and
Zn accumulation in different tissues exopsed three chosen chemicals, NPs toxicity were represented
on tissue injury and Zn uptake which indicated thiiainsize effect contributing to the overall

toxicity.
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3.16Ecotoxicity of ZnO nanoparticles iNl. galloprovincialis revealed by

transcription of apoptosis and antioxidati@tated gere

With the rapid economic development, China becomes the largest nanomaterial market in
the AsiaPacific (Gao et al., 2013)in particular, the possible use of zinc oxide nanoparticles (ZnO
NPs) in several productive fields such as: medical plastic,attifpuling paintgHan, 2011; Yue,

2014) solar cells(Luo, 2013) antimicrobial agent{Shi, 2015) food additives(Liu, 2014)
photocatalyst for pollution abatemei@ao et al., 2007; Gu et.aR007)was largely investigated.

This increasing use is consequently leading to a concurrent release increment into the environment
where toxic effects to the aquatic organisms could be ex@tg et al.,, 201 Keller et al., 2013;

Ma et al,, 2013; Manzo et al., 2013; Keller et al., 201#%)vas estimated that about 36,000 kt of
ZnO NPs could be discharged by wastewater and
only in 2017(Gao et al., 2013)

Although in the last years the toxicity towards some marine orgafi8orgy et al., 2010;
Pengetal., 2011; Hanna et al., 2013; Keller et al., 2013; Ma et al., 2013; Manzo et al., 2013; Keller
et al., 2014was investigated, unfortunately, there is still a lack of information about the possible
adverse effects especially toward organisms chronically exposed.

Moreover, as the fate and the behavior of NPs in marine environment largely depend on
the seawater characteiis that may promote NP aggregation/agglomeration/dissolution processes,
the extrapolation of ZnO toxicity results to organisms of South East China is valid to a limited
degree.

Bivalves, like musseldMytilus spp., are filteffeeders, widely distributedand with a
long life span and represent a good choice for the study of marine environmental pd&urtaomet
al., 2013; Balbi et al., 2014; Hu et al, 2014; Cremonte et al, 20A@)lus galloprovincialis
cultured in China for commercial interedtazo & Pita, 2012; FAQ2016) was largely utilized in
several countries to investigate biological responses to toxicants and environmentdDstrRss
et al., 2000; Barmo et al., 2013; Estevealvar et al.,, 2013; Balbi et al., 2014nd also to assess
NPs toxicity(Canesi et al., 2010; Gomes et al., 2011; Hanna et al., 2013; Balbi et al., 2014; Gomes
et al., 2014h)

In this bivalve NPs uptake can occur by ingestion through the digestivéRi@merts et
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al., 2007; Baun et al., 2008; Gagnéet al., 2008; Ward & Kach, 2@0®) thraugh the large
respiratory surface of the gills, as demonstrated fop 8liPs in the congener specigytilus edulis
(Kdnler & Riisgad, 1982). The gills and the digestive gland are, therefore, particularly relevant as
target organs for nanotoxicological studi@@aun et al., 2008; D'Agata et al., 2014) particular,
the digestive gland ishé main tissue for their storagRingwood et al., 2010)where NPs aald
accumulate with increasing time expos(f&omes et al., 2011; Gomes et al., 2012; Gomes et al.,
2013; Gomes et al., 2014b)

Once in the tissue, the particles could induce oxidative stress and promote several
abnormalities in cellular function which can also trigger major changes in gene transcffijatimoni
et al., 2008)

It was previously reported that ZnO induce reactive oxygen species (ROS) generation and
subsequent oxidative stress, which leads to damaged DNA, ligidsprateins and potentially to
cell death as reported for several organigDiamond et al., 2002; Adams et al., 2006; Lipovsky et
al., 2011; Ma et al., 2011; Schiavo et al., 20I¢gardingV. galloprovincialisexposed to ZnO,
effects upon the individual performandganna et al., 2013)mmunomodulation and on the energy
budget in mussel bod@Muller et al., 2014)were mainly reported, while studies about oxidative
stress response were, to the best of our knowledge, not stil available.

The oxidative stress is a common pathway of toxicity induced by potEfWinston &
Di Giulio, 1991; Regoli, 1998)Organisms have adapted various stress response pathways, which
play pivotal roles dealing with environmental insi@®upta et al., 2010)These pathways (e.gig.
3.161) include antioxidant enzymes such as superoxide dismus&3B)( glutathione transferase
(GST), catalase (CAT), to remove R@Zelko et al., 2002)and DNA repair enzymes such as p53
and PDRP involved in the pathway between ROS and DNA datagminimize the impacts of
genotoxicity such as DNA lesions, mutation accumulation, and chromosomal aberfBtieriey
& Martin, 2013) Accordingly different bbmarkers were used to evaluate R@®&diated NPs injury
also in musselsTable 3.16:1). On the other hand, it was showed that, in the ecotoxicological
assessment, quantitative revewsmscription polymerase chain reaction (gfRTR) grants an
accurate mRNAtranscription quantification useful for gene expression profile assessment in
biological samples exposed to stressors, providing at the same time, higher se (slitigiggtt et

al., 2005; Hellemans et al.,, 200&Hnittgen & Livak, 2008)
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Fig. 3.161 The signaling pathway of ZnO NPs toxic mechanism in viable cell involved in apoptosis and antioxidation,
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Table 3.16-1 Biomarkers in three marine musseié. galloprovincialis, M. eduligsndPerna viridig exposed twvarious

chemicals oenvironmental stress

Experimental Exposure Biomarker andesponse to toxic exposure
species toxicant/ En zy matic Gene expression  Others Reference
treatment concentration/activity
M. TiO, NPs GSR, GST, CAT, GPX, GST CAT, Mytilin (Barmo et al.,
galloprovincialis and SeGPX B, Myticin B, 2013)
defensin, lysozym
andMgClq
Cd MT (Bebianno &
Serafim, 1998)
Polluted SOD and CAT (Da Ros et al.,
environment 2000)
CuO NPs SOD, CAT, GPX, and lipid peroxidation (Gomes et al.,
MT (LPO) 2012)
Polluted Glutathione, (Regoli, 1998)
waters Glyoxalase | and I,

GST, SeGSR, SeGPx,
CAT, SOD
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CuO and Ag Genotoxic corat (Gomes et al.,

NPs assay 2013)

Ag NPs SOD, CAT and GPX (Gomes et al.,
2014b)

Nano carbon CAT and GST Lysosomal (Canesi et al.,

black, Go membrane 2010)

fullerene, stability,

Nano-TiO, lysosomal

and lipofuscin

Nano-SiO, content, and

lysosomal Neutral
Lipid content

uv p53, PDRP, Bek, (EstevezCalvar
Bax, BIl, and et al., 2013)
Dff-A
CuO NB SOD, CAT, and GPX (Gomes et al.,
2011)
M. edulis Au NPs Oxidized glutathione (Tedesco et al.
2010b)
P. viridis TiO, NPs and Total hemocyte (Wang et al,
hypoxa counting, ROS 2014)

and Lysosomal
content

Gene expression profiling has been used extensively in toxicological studies to determine
the impacts of biotic and abiotic stresstosunderstand the function of differential gene activity
under the challenges of environmental toxicgBtgrnett et al., 2007; Altshuler et al., 201These
DNA damageresponsive genes and antioxidant enzymeggbave not been yet documenteilin
galloprovincialis The toxicity of ZnO NPs to mussel could provoke gene transcription level
modification also in dependence of its size.

Therefore, the aim of this work was to investigate the changes in digestive gland
transcription levels of key gengsh3 PDRP, SOD CAT, andGST, of M. galloprovincialisalong
four weeks exposure to ZnO NPs and ZnO bulk dispersed in East Chingat8ea

A full physic-chemical characterization of ZnO NPs and ZnO bulk dispersed in East
China Seavater in order to understand how the particles can be available for marine organisms was

also performed.

3.17Materials and methods
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3.17.1 Chemicals

Bare ZnO nanopowder (Codd % 9 0 6 , particle size </gl100 n
was purchased from Sigrsdrich Co. LLC. (USA). Buk ZnO powder (Code ZK249038, particle
size 150-200 nm, purity > 99. 9%) was purchas
Baysalt crystals (Cbe Q/ XWL 101-2006) were purchased fr
China).

3.17.2 Particle dispersions

Stock suspensions of ZnO NPs and ZnO bulk powder were prepared with Reconstituted
Sea Water (RSW). East China Sea baysalt crystals extracted from naturabseeava dissolved
in pure water (Milli Q) to salinity 25 % (pH 7
area(Shenet al, 200 nd filtered in 0.22 pym, to the fi
suspensions were dispersed by bsdhication for 8 min at 50 W (Yuhao ulrasonic cleaner,
YH-200DH, Shanghai, China). Test suspensions were prepared by diluting the stock suspension at

0.01, 0.1, 1, 10, and 100 mg Zn/L with RYWanzo et al., 2013)
3.17.3 Animals and exposure experiment

Wild adult specimens of M. gal l opr oowmi nci a
coastal rocks (304 1’ N, 122°27"' E; Zhoushan, Zhejiang
does not belong to a national park or a protected sea area or a relevant regulatory body concerned
with wildlife protection or a private owner. The mulsseere further acclimatized to aerated RSW
in an aquarium for 7 days at 23€ (1 L/animd§carlato, 1981e et al., 2011)with feeding and
water changing (3.5 days intervals; 1ml per 50L water of Phytdflghytoplankton feed, Kent
Marine Inc., Acworth, GA, USAjTedesco et al., 201Q0a)

Mussels were exposed to ZnO NP and bulk suspensions in 0 (control), 0.01, 0.1, 1, 10,
and 100 mg Zn/L concentration, respectively, for four weeks. In each exposure tank, 25 mussel
individuals were exposed to 5 L medium with aerating, feeding and wategiofa(twice per
week). On the 1st, 2nd, 3rd, 7th, 14th, 21st, and 28th day, 3 individuals per tank were sampled, and
then a part of fresh tissue of digestive gland was used to extract total RNA immediately after

dissection.
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3.17.4 RNA isolation and gRPCR

Homogenization of 50mg tissues was performed by using Liquid Nitrogen Method and
then the total RNA were extracted from homogenize tissues using E.ZNTatal RNA Kit Il
(Omega Bietek, Inc.).RNA integritywas assessed with alectrophoresisystem (Liuyi-Bio Co.,
Ltd). RNA concentration was quantified using a NanoD&ff0 Spectrophotometer (Thermo
Fisher, Inc.). First strand complementary DR&®ONA) synthesis was performed by RevertAid First
Strand cDNA Synthesis Kit (Thermo Scientific, Inclhe quantitaive Real Time Polymerase
Chain Reaction(qRT-PCR was performedy SYBR® Premix Ex Tag™ Il Kit (Takara, Inc.) and
using a Applied Biosystems 7500 Rd&aine PCR SystemABI, Inc.). The standard cycling
conditions were: 8 °C for 1 min, followed by 40 cyels of10 s at 95C, 45 s at 6 °C. A melting
curve of PCR productBom 55 to 94 °C was also performed to rule out the presence of artefacts
andthe b-actinwas used as the internal stand@idang et al., 2013b)All primers were shown in

Table 3.17.41.

Table 3.17.41 Primer of gRTPCR for relevent genes

Primers Sequence Reference
pS3-F CTAGGTAGACGGGCAGTAGAAGTT
p53R GCCTCCTGGTGTTACTGTAGT GAT
(EstevezCalvar et al., 2013)
PDRRF CTGCCAAAGAAAGCTACAAAGAAG
PDRRR CCTTTGACAATGGATTGAGGTT
GSTa-F ATCAGGAGGCTGCCAAAGTA
(Wang et al., 2013a)
GSTa-R CTACAGCCAACAGGCACTCA
CAT-F AACCGAGAAACTCACCTGAAGGATCC
(Dondero et al., 2006)
CATR ACCTTGGTCAGTCTTGAAGTGGAAT
SODF AGGCGCAATCCATTTGTTAC
SODR CATGCCTTGTGTGAGCATCT
i (Wang et al., 2013b)
b-actin-F TGTAACAAACTGGGACGATA
bactin-R AGCATGAGGAAGGGCATAAC

3.17.5 Data analysis

The relative geneexpression level was analyzeby the 22 %7 method (Livak &
Schmittgen, 2001)The gene expression imexposed individualwas considered as the control and
used forcomparison with variotwgeated sampledAll dataare expressed as the mearsSD of the
different biological samples specified and were analybgdoneway ANOVA with SPSS v13.0

software. The differences were considered statistically significanp a 0.05. The LC50
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(concentration for 50% mortality effectyas calculated using the Linear Interpolation Method

(Inhibition Concentration procedure, IC@orbergKing, 1993)

3.18Results and discussion

ZnO NPs oncen seawater undergo wifferent physiechemical processes that modify
their pristine characteristics arntierefore their availability/reactivity. Consequently the mussel
exposure,particularly if prolonged, implies several biological stress responses which can also
trigger the modification of gene transcriptiqabbri et al., 2008nd drive to the death.

Most of the asays using bivalves were performed along short exposure time and then the
longterm effects of ZnO in the bivalves deserve further atterfftocha et al., 2015)n particular
only few studies reported data abdwut galloprovincialisexposed to ZnO N#longer tan two
weeks(Hanna et al., 2013; Muller et al., 2014)

This study report foM. galloprovincialisalong 28 days, the evaluation of transcription
level of p53 and PDPR key genes involved in DNA damage/repair &8Ta, CAT, SODgenes
associated with oxidative stregsgetherwith physicchemical characterization of ZnO NPs and

ZnO bulk dispersed in the reconstituted East Chinawager.
3.18.1 Transcription of genes

In the pathways (Fig3.161) of organismsrespond toenvironmental insult the
antioxidant enzymes SQIBST, andCAT, were utilizedto remove RO§Zelko et al., 2002)while
DNA repair enzymes p53 and PDRigre involved in the pathwaydtween ROS and DNA
damages to minimizpossiblegenotoxiceffectssuch as DNA lesions, mutation accumulation, and
chromosomal aberratior@rierley & Martin, 2013)

The relative expression &N A damageresponsive gengp53 andPDPR measured in
the fresh digestive gland of mussaleng to four weeks ZnO NPs and bulk exposueee showed
respectivelyin Fig. 3.18.21 and2. The relative expression of the threstiaxidant enzymes genes
GSTa, CAT, and SOD measuredn the same abovementioned conditiovesre represented in Fig.

3.18.23,4, and 5
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Fig. 3.18.11 Effects of ZnO NPs and Bulk on gepB3transcription in mussel digestive gland. Gene transcription was
detamined by qRTPCR as described in methods. Relative expression was calculated with respect to control mussels.
Data are the mean * SD obtained from at least 3 independent RNA samples in triplicate. The differences were

considered statisticallyignificantatp < 0.05* denoteghe all individualsveredead in the group.
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Fig. 3.18.13 Effects of ZnO NPs and Bulk on ge&STa transcription in mussel digestive gland. Gene transcription
was determined by qRFCR as described in methods. Relative expression was calculated with respect to control
mussels. Data are the mean +SD ahed from at least 3 independent RNA samples in triplicate. The differences were

considered statisticallyignificant atp < 0.05* denoteghe all individualsveredead in the group.
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Fig. 3.18.14 Effects of ZnO NPs and Bulk on ge@&Ttranscription in mussel digestive gland. Gene transcription was
determined by qRPCR as described in methods. Relative expression was ataldukith respect to control mussels.
Data are the mean * SD obtained from at least 3 independent RNA samples in triplicate. The differences were

considered statisticallyignificant atp < 0.05. * denoteghe all individualsveredead in the group.

81



3 RESULTS AND DISCUSSION

NPs
25- SOD, 0.01mg ZniL I Bulk
204

c

o

‘@B 154

2

2

5

&

2 10

z

T

4

aa
5 b ap
q e
ff ff fef Sef
o
oh 2¢h 48h 72h  7d  14d  21d 28
Exposure time
[_INPs
25 50D, 10mg ZniL [ Bulk
20

c

]

w 15

2

4

a

g

L

o 4] a

% 10 b b

& ¢ ° I ¢

Oh 24h 48h 72h 7d 14d 21d 28d
Exposure time
[_INPs
25 SOD, 48h [ Buik |
204

c

o

‘B 154

2

2

8 a

2 10

=

2 c
5 de °

ff off  ff
01K) 0.01 04 10 100 100.0
Concentration (mg Zn/L)
[__INPs
2 50D, 14d ([ Bl |
20

c

o

‘w 154

2

4

=%

3 a

2 10

5 b

) c

e
5 kd d

€e
ff

0.01

Fig. 3.18.15 Effects of ZnO NPs and Bulk on ge®®OD transcription in mussel digestive gland. Gene transcription
was determined by qRPCR as described in methods. Relative expression was calculated with respect to control

mussels. Data are the mean +SD obéairfrom at least 3 independent RNA samples in triplicate. The differences were

0.1 1.0
Concentration (mg Zn/L)

100 100.0

Relative expression

Relative expression

Relative expression

Relative expression

2

&

204

80D, 0.1mg ZniL

NPs

[ Bulk

20 4

20 4

254

204

72h
Exposure time

50D, 100mg Zn/L

oh

S0D0, 72h

0(K)

S0D, 21d

24h

0.01

0.01

1

48h 72h

Exposure time

7d 14d

0.1 1.0
Concentration (mg Zn/L)

01 10
Concentration (mg Zn/L)

21d

10.0

* %

100

[ Jnes
B Bulk

28d

[ INPs
[ Bulk

[_INPs
[ Bulk

P

1000

204

Relative expression

20 4

Relative expression

s

&

204

Relative expression

254

20 4

Relative expression

[ INPs
50D, 1mg ZniL [ Bulk
a
£ c
c
e et de
ef g
ghh

Exposure time

[_|nPs
[ Bulk

50D, 24h

0.01

01 10

Concentration (mg Zn/L)

100 100.0

[__INPs
I Bulk

S0D, 7d

O(K) 0.01 01 1.0 100 100.0
Concentration (mg Zn/L)
[_INPs ]|
0D, 284 ] Buik
2a
b
bc ¢

dd

" P
0(K) 0.01 01 1.0 100 100.0

Concentration (mg Zn/L)

considered statisticallyignificant atp < 0.05. * denoteghe all individualsveredead in the group.

DNA damageresponsive gene53andPDPR) transcription profie
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The first significant differencep(< 0.05) ofp53 expressionwith respect to the control
occurred onlyafter 72h of exposureathe lowestconcentrations (0.01 and 0.1 mg Znikhile at
higher concentrations {100 mg Zn/L)sincethe beginning ofthe exposuretime, a significant
increasedexpressionvere detected (Fig3.18.21). At the first twotestedconcentrations the53
gene expression increaskein dependence of the exposure time until the end (28 Day) with a
maximumexpressiorevel of about 15fold the control. At 1 mg Zn/L this level could be observed
after only 14 days followed by a sharp decrease in the following timesargp@21 and 28 days),
and therby the death of the organisms. A similar pattern could be observed after 7 days exposure at
10 mg Zn/Landafter 2 hat 100 mgZn/L, but in both cases, at the respective following time
exposure, first a decrease of respaasg then the death of the organisms could be observabde (21
and 14d for 10 mg Zn/L and 10fhg Zn/L, respectively).

Therefore it seemed that up to 1 mg Zn/L the organisms can activate the maximum
response in a time span linearly dependent on the coatient Additionally, it was worthy to note
that, at100 mg Zn/L(72 h there was ap53overexpression, in fact the level measured was about
twice the maximum level measured at the lower concentration independently by the exposure time.

The comparison éween NPs and bullshowed significant difference @ < 0.05)
depending on dose and exposure timéh NPs higher{of about 25 %)Yhan bulkin most phase
Theoppositesituationwasrepresented at the end of exposure timgarticular after the maximum
p53 expression when the drop was evident Nd?sbut not for bulk. Also for bulk exposure the
dramatic death effect could be observable with the above reported schediesfor

The ZnO exposure has induc&DRP expressioresponseas well.In Fig. 3.18.22, the
relative expression represented a very similar trend as tp@3p&lthough the expressions are not
at the same leveDiversely romp53the first significant differencep(< 0.05) occurred at 7 d for
0.01 mg Zn/L and at 48 h for 0.1 mg Zrthis indicates thaP DRPresponse was less sensitive at
the lowest exposure concentration tha®3 In the range1-100 mg Zr/L, gene expression levels
showeda rising trend from the begimg of exposuraip to a peak and theimn particular for NPs
they went down. The highest relative expression (approximatellg @he control) occurredt 28 d
in 0.1 mg Zn/L, at 14 d in 1 mg Zn/L, and 7 d in 10 mg Zn/L. However, this pattern common for
low concentrations wasot evidentat 100 mg Zn/Lin this casethe first level of gene expression

was 4 fold the control and it went up to almost 10 fold the control at 72 h. The special
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3 RESULTS AND DISCUSSION

overexpression for high concentration exposure was also fouhe astay fop53 Additional, the
differencein geneexpression between NPs and bulk was very evident ir3Fi§.t2. Significant
differences§ < 0.05) between NPs and bulk were found since the day 7 in the lowest concentration
exposure, the 72 h in 0Odnd 1 mg Zr/L, the 48 h in 10 mg Zn/L, and 24 h in 100 mg Zn/L, with a
constant difference level, except atthe end of exposure in the high concentration.

Few studies evaluated tp&3 gene expression in mussels as response to insult exposure
evidencing mdification of regular expressiokstevezCalvar et al. (2013)eported thancreasing
p53gene expression iNl. galloprovincialishemocytes since the beginning @Y exposure, up to
25 timesthe controland, anda drop off afted8 hours.Banni et al. (2009¢valuatedthe p53 gene
expression iMytius spp.digestivegland exposed to two differeatganic compoundandreported
two differentrelative expresion, one higar (1.5 fold) and one loer (1/4 fold) the control, after
approximately 24 hourand asimilar level of control samples after 50 hours. Gtudy did not
evidence early increment of expression after the first hours of exp@sievezCalvar et al., 2013)
and, although the exposure to concentratidnmg Zn/L induced significant relative expression of
p53 gene after the first 24 (Banni et al., 2009)however, no adapting trend in the subsequent
exposuretime could be found

Similarly, PDRPexpression in our study, showadcontinued rising trenth the first 48 h
differently to EstevezCalvar et al. (2013)vho reported a very high expression level BDRP at
the beginning of exposure that turned down to normal level (control group) lat @& trend of
DNA damageresponsive genesduring the first 48 hours ZnO exposure indicatieel activity ofthe
DNA repair proess in the mussel. The signal pathway of the DMA damageresponsive genes
(Fig. 3.161) shows how ROS directly indugeb3 and PDRP gene expression. ZnO exposure
activated the process of DNA damage and repair at the same time in this report. Thecdifferen
between ZnO NPs and bulk effects couldatteibutableto differentROSamount production in the

cell as response to different particle size expoéiwalos et al., 2014)
Antioxidant enzymes gend§&STa, CAT, and SOD) transcription profie

The gene expression of the three antioxidant enzymes showed a common increasing
transciption level along with exposure time (28 days) and chemi¢ZhO NPs and bulk)

concentrations(Fig. 3.18.13, 4, and5).
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In the digestive gland of mussel exposed to ZnO NPs,Gifida gene transcription
linearly increasedilong with timefor concentratiorbelow1l mg Zn/L At 1 mg Zn/L, instead, the
relative expression & STa showeda peaklapproximately 12 fold the contjcdt 14 d that,at 21 d
and 28 dturned down to level ricsignificanty differertfrom the control @ > 0.05). At the two
higher concetrations (10 and 100 mg Zry/the same pattern of expression was observable. The
peak of expressigmeasured at d for 10mg Zn/Land at 72h for 100 mg Zn/L. was followed by
sharp decreasef expression in the next exposure times that, differenthmfrthe lower
concentrations, culminadewith the death of exposed mussats21 d and 14 despectivelylt is
worth to note that thenaximumgenerelativeexpression12 fold the control)occured at 28 d in
0.1 mg Zn/L, at 14 d in 1.0 mg Zn/L, and at 7ind10.0 mg Zn/L,while at 100 mg Zn/L the
maximum level wasreachedat 48 h andat 72 han overexpressiomapproximately 22 fold the
contro) was registered.

In the case of ZnO bulk exposudgta suggested that gene transcripti@s less affected
at themost exposure situationp £ 0.05, in Fig.3.18.23) respect to ZnO NP exposul®. the range
of 0.02-0.1 mg Zn/L concentrationgnincreasing trend along with exposure time simiaNPs
was observable. A1-100 mg Zn/Lonly aslight decline had been foundtae end of exposurter
bulk ZnO in comparison tthe sharplecrease registered for Zi@Ps This different decline level
made gene expression induced by bulk significant higher than NPs at the end of expos{re& time
0.05).

Although GS™® protein is a keyenzymethat catalzes HO, to HO which is one
commonpath to reduce ROS (B,) (Gomes et al., 2011; Estev€alvar et al.,, 2013)different
GSTa production as response to NP exposure was reported in lterature: somé@amksi et al.,
2010; Pan et al.,, 2012; Buffet et al., 20¥8portedan increased GST protein activity clam
(Scrobicularia plana)and musse(M. galloprovinciali9 exposed tcseveralnanomaterial, while
others(Renault et al., 2008)bserved the repression GISTgene ingill cells of benthic bivalve
Corbicula flumineaexposed to Au NPsSaddick et al. (2015neasuredn fish brain exposed in
ZnO NPs for 15 days slight increment or decrement ofSST transcriptionin dependence to
concentration

However to the best of our knowledgéSTa trends similar to this study were not

described before.
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The transcription profile othe two anbxidantenzymes geneSAT andSOD in the 28
days exposuréo ZnO NPs and ZnO bulk were®lked inFig. 3.18.24 and5. Their trendswere
similar to GSTa one although at different level of relative expression. In particthehighest
relative expressioat concentrations lower than 100 mg Zmisabout 8timesthe control fotCAT
and 10for SOD, while anoverexpression levalf 14 (CAT) and approximately 180D in 100 mg
Zn/L was obtained. fie first significant differenceappearedor CAT at 7 d, 0.01 mg Zn/bBnd at
48 h, 0.1 mg Zn/L for both ZnQwhile for SODat 72 h, 0.01 mg Zn/L for NP48 h, 0.1 mg Zn/L
for bulk differently romGSTa that occurred at 72 h, 0.01 mg Zn/L for both ZnO; 48 h, 0.1 mg
Zn/L for bulk. Ths patternindicatedthat CAT is less involvedthan other two genest low Zn
concentratios probably because whil§OD as key enzyme in the first step @ntioxidation,
catalyzes O,” (ROS) to HO, CAT works on reducing the volume o$6, and therdownstreanthe
antioxidation induced by ZnO exposure

Studiesfocused on CAT and SOD enzyraetivity of bivalve exposed to nano rtexials
(Tedesco et al., 2008; Canesiet al., 2010; Buffet et al., 2011; Buffet et al., 2012; Gomes et al., 2012;
Buffet et al., 2013; Buffet et al., 2014; Gomes et al., 2014b; Vale et al., géthdjallyindicatedan
increased enzyme activitiekn addition, limited studies reportathta abouSOD and CAT gene
expression Renault et al. (2008jeported in gill cells of bethic bivalve Corbicula fluminea
exposed to Au NPdesides th& ST repressionthe SOD gene induction anteft CAT expression
unalteredalso armover expression o€AT in visceral mass that indicatélde need to consider also
other organs, such as digestive gland. In addi8ammo et al. (2013jeported fordigestive gland
cellsof M. galloprovincialisexposedio TiO, NPs for 96 haGST and CAT significant repression
atlow concentrdon andGST and CAT nat significant adaptionat high concentration. Although
the repressionccurredatow exposed concentratiomgas not observable in our studiye adaption
phenomenon seaadto represent a kind sklfprotective mechanisiim exposed musseimilar to

that describedn our case.
3.18.2 Mortalty effect

The mortality curves of mussel exposeddifierent concentration of Zn®IPs and bulk
for 28 days weraeportedin Fig. 3.18.21. Both graphsshowed, starting fron72h increasing

valuesalong with theexposure timaogether with Zn incremenErom 7d the effect exceeded 50%
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andadifferert level of lethality could be observed in dependence of particle pristine sizeNR&th
always more toxic than bulk (s&€50s). The highest difference was evidenta®8 d wherNPs
resulted three times more toxic than bulkC60 = 0.78 [0.64, 1.00]Jand 2.62 [1.00, 4.00]
respectively). The 100%effect occurred at 14 d in the 100 mg Zn/L and at 21 d in 10 mg Zn/L.
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Fig. 3.18.21 Mortality effect of mussel exposed ton@ NPs (A) and bulk (B) suspensions for 28 days. LC50s of

mortality effect were calculated for 7d, 14d, 21d, and 28d. LG&ee undetectabfer the first three days of exposure.

No mortality was observefr theclam Scrobiculariaplanaexpogdtol 0 Guwo (CuO
NP9 for 21 daysBuffet et al., 2013andto1l O Ag/ts (Ag NP9 for 21 dayqBuffet et al., 2014)
for the musselM. galloprovincialisn 1 0 Qu/g (CuO NP$ exposurefor 15 days(Gomes et al.,
2014a) andfor the Macoma balthican 1 5 0 — 2 0 AgOjargl CgO NRxposurdor 35 dayyDai
et al, 2013) However, Muller et al (2014) performed long term (100 daysM.
galloprovincialiexposureto ZnO NPs reporting very low mortality rate 1.6610° 1/d for
concentrations < 2 mg Zn/latoxic effectlowerthanin the present stugprobably because dlfe

different experimental design adopted.
3.18.3 Comparison of DNA damagesponsive genes and antioxidant enzymes genes

The DNA damageresponsive genesnd aitioxidant enzymes genestively responded to
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ZnO exposwe. The gene expression trends along with exposure dose anshbmedarextremely
consistenpattern within each othemhe production of ROS has been identified as one of the main
causes of NP toxicity. Our results support other studies; it is probahiythe ROS formation is
strongly induced as this is associated with both a rapid upregulation©AiIhendSODgene and a
high level of expression o6GST The fact that, up to 1 mg Zn /L, gene expression levels
subsequently subsides suggests that th®»ashant system is able to neutralize the hydrogen
peroxide and other ROS formed by the ZnO NPs and thereby protect the or@#amsiaValencia

et al., 2014) This trendwas previously reported as adaptation effecAgp NPs at the end of
exposure (15 days) iM. galloprovincialis gill by Bebianno et al. (2015)Based orthe results
reported here, it is suggested thamty Zn /L, represents a threshold value below which the cell
activates defences mechanisms to cope with the related oxidative(Baagss, 2000; Clauditz et
al., 2006)

In the casef concentration higher than 1mg/L, instead, theobserved @emexpression
followed by thesharp decrease to the control leaatl by death, suggests the possibilitytfee cell
antioxidant system to activate an additional extra expression in the effort of counteract the increased
stimulus. This process was eventually insufficient to neutralize ROS deriving effects as DNA
damages, alteration of cell metabolism and thiae to cell apoptosis. The general trend evidenced
for bulk exposure showed many differences with that deriving from ZnO NP exposure. These
differences were attributable to the pristine size of Z@0mes et al., 2014k@nd to their peculiar
behavior in seawater (Fi®.3.2-3): In the main, because dissolution wasy similar for the two
ZnO, it could not be considered the main or the only process at the base of the oxidative stress and
relative activation of gene expression. Moreover the ionic zinc alone showed an increasing pattern
of antioxidant geneexpressionalong with concentrations and tinexposure(unpublished data)

Therefore it should be hypothesized a toxicity mechanism linked to ZnO pristine nano
size that induce ROS production promoting antioxidation and apoptosis involved in the expression
of damageresponsive gene$%3 and PDPR and antioxidant enzymes gen&sSa, CAT, and
SOoD.

However,Wang et al. (2014)eported that TiQ NPs reduced the ROS productiam
mussePerna viridisand Gomes et al. (20119uggested that CuO NPs induced a decrease trend of

enzymatic activity of SOD and CAT iW. galloprovincialis(Fig. 3.16-1). This contrast suggested
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that the toxic melianism of ZnO NPs to mussel is probably different of, iPs and CuO NPs.
Nonetheless, some evidence to support the -R@&iated toxic mechanism of nanomaterials to
mussels were reported: AUPs increased oxidized glutathione (GSSG) in digestive gland. of
edulis (Tedesco et al, 2010bihdicating that NPs induced oxidative stress; carbon blégk,
fullerene, naneliO, and naneSiO, (Canesi et al., 2010)hcreased specifiactivity of digestive

gland CAT and GST iM. galloprovincialis along with exposure dose.

3.19Conclusion

The results of this work showetthe ROS mediated injuryon marine invertebrateM.
galloprovincialisby ZnO NPs using qRPPCR technique which could ke £nsitiveapproach to
revealecotoxicity of nanomaterials. The differences of genesstrgption and lethality between
both ZnO powders answered our hypothesis #flafive investigated gene§53 PDPR GSTa,
CAT, andSOD involved in antioxidation andpaptosis represented active response to ZnO NPs
exposure that induced DNA damage and oxidant injury coningpuo the overall toxicity and

which is to the pristine size of Zn@nd its behavior in specific seawater
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3.21Zinc causes oxidative damages in digestive gland in mukkel

galloprovincialisrevealed by transcriptioof related genes

Zinc, an essential micronutrient, is present in unpetluareas at nanomolar levelad
couldreach micromolar values in metedntaminated environmen(&arcia et al,, 2008; Gowd &
Govil, 2008; Voets et al., 2009Bivalves, being filterfeeding, easily take up solublzing mainly
by gills and mantlewhile theZn particulate forms are taken up mainly by the digestive organs and
stored in the digestive glan{George & Pirie, 1980; Wang, 2001; Cooper et al, 2010)
ConsequentlyZn in the body of bivalves can tlEmasily related to zinc levein the environment
(Rebelo et al., 2003)

At cellular levelZn is a key transitiometallic elemenand takes part in the modulation
process of regulatory proteins aodllular activitiessuch asantoxidant defense@rocardo et al.,
2007; Chasapis et al., 2012; Oteiza, 2012)

However,Formigari et al. (2007)eported thathigherlevel of Zninduces apoptosis and
oxidative stressZn playsthe dual rolein oxidant/antioxidant and prapoptotic/antapoptotic
process in ive cels

The increasing use of pesticide, pharmacedticals, alloy is leading to Zn release into the
environment and the ecological hazard of Zn had received much attentienade¢Bonnevie et
al., 1993; Morgan & Morgan, 1999; Gan et al., 2000; Lee et al., 2005; Hou et al., 2013; Kun et al,,
2015) Heavy metal Zn could be ionic in aquatic environment and accumulated in marimsmorga

On the basis otheir worldwide distribution(Golberg, 1975; Phillips, 1976)ommon
musselMytilus edulisand its similar speciedytilus galloprovincialisLamarck, 1819%ince 1970s
wereproposed and usess indicators of marine contamination by trace metals. In recent jéars,
galloprovincialiswaslargely usedo investigate biological response to toxicantd anvironmental
stress in laboratorial conditiqBebianno & Serafim, 1998; Da Ros et al., 2000; Barmo et al., 2013;
EstevezCalvar et al.,, 2013; Babi et al., 2014)

As it waswell documentedLeonard et al., 2004; Mithder et al., 2004; Maté et al., 2010)
heavy metal toxicitys based oiROS mediated injury. To presemany examples dROS mediated
injury in mussels by various toxicants or stress, biomarkers rgpmrted(Regoli, 1998; Canesi et

al., 2010; Tedesco et al., 2010a; Gomes et al.,, 2012; Wang et al., 2014)
24



3 RESULTS AND DISCUSSION

The toxicity of zinc to bivalves has been demonstrated at different levels, such as
mortality in adults, embryos dngameteg¢Nadella et al., 2009; Fathallah et al., 2Q1ld)crease in
oxygen consumption and metabolic dysfunctievi, 1995) as well as modulation of the
antioxidant system and induction of oxidative stigSsret & Bebianno, 2004; Franco et al., 2006)
Several bomarkers of oxidative stressyuch aserzymatic concentration/activity, genes expression,
lipid peroxidation, DNA damage (comet assay), lysosomal membrane stability, etc., were analyzed
in mussels (Table3.21-1). Many studies reported the gill andor digestive gland ofM.
galloprovincialis concentration or activity of enzymes which are involved in oxidative stress,
apoptosis, and DNA damage/repanch asoxidized glutathione reductase (GSR), glutathione
transferase (GST), catalase (CAT), tajutathione peroxidase (GPXTanesi et al.,, 2010; Gomes
et al., 2011; Gomes et al., 2012; Barmo et al., 2013; Gomes et al., 2014b)

Table 3.21-1 Biomarkers in three marine musseld. (galloprovincialis, M. edulisand Perna viridi§ under various
environmental stress

Biomarkers

Experimentalspecies Enzymatic . Reference
concentration/activity Gene expression Others

M. galloprovincialis = GSR, GST, CAT, GPX, ant GST CAT, Mtilin B, (Barmo et al., 2013)
SeGPX Myticin B, defensin,

lysozymendMgClq

MT (Bebianno & Serafim, 1998)
SOD and CAT (Da Ros et al., 2000)
SOD, CAT, GPX, and MT lipid peroxidation (LPO) (Gomeset al., 2012)
GlutathioneGlyoxalase | (Regoli, 1998)

andIl, GST, S&GSR,
Se GPx, CAT, SOD
Genotoxiccometassay (Gomeset al., 2013)
SOD, CAT and GPX (Gomeset al., 2014b)
CAT and GST Lysosomal membrane (Canesiet al., 2010)
stability, lysosomal
lipofuscin content, and
lysosomal Neutral Lipid

content
p53, PDRP, BeR, Bax, (EstevezCalvar et al., 2013)
BI-1, andDff-A
SOD, CAT, and GPX (Gomeset al., 2011)
M. edulis Oxidized glutathione (Tedesco et al.,2010a)
P. viridis Total hemocyte (Wanget al., 2014)

counting, ROSand
Lysosomal content
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Fig. 3.21-1 The signaling pathway of Zfitoxic mechanism in viable cell involved in apoptosis and antioxidatided

from EstevezCalvar et al. (2013pandGomes et al. (2011)

Therefore Fig. 3.21-1) ROSmediated injiry activate antioxidation of cellular response
that key enzymes, SOD, CAT, and GST, play important roles to reduce ROS, as well as apoptosis
that p53 and PDRP were involved in the pathway between ROS and DNA damages. These DNA
damageresponsive genes ardntioxidant enzymes genes have not been documentad. in
galloprovincialis Thus it is necessary to investigate the transcript lev@inges wluh are more
sensitive and diredhan protein response for exposure to Zn.

The aim was to investigate the patt®f oxidative stress and DNA damage/repgéme
expression in response to prolongddl galloprovincialis exposure (28 days) at different
concentration of soluble ZinWe report the transcription of key gengS3 PDRP, SODQ CAT, and
GST, involved in DNA damage/repia and antioxidation in this #cle to complete the whole picture

of mechanism of Zn salt toxicity.

3.22Materials and methods
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3.22.1 Chemicals

ZnSQy7H >0 crystals (Code 204986, 99.999% trace metals basis) were purchased from
SigmaAldrich Co. LLC. (USA) Baysalt crystals (Code Q/XWL 1€2006) were purchased from
Shuilifang S&T Ltd. (Xiamen, China).

3.22.2 Particle dispersions

Stock solution of Zinc salt as prepared with Reconstituted Sea Water (RSW). East
China Sea baysalt crystals extracted from natural seawere dissolved in pure water (MilliQ) to
salinity 25 % (pH 7.90) which i s (Shénetak, 2009)ni t vy
and fitered in0 2 2 p m, to the final concentration of

diluting the stocksolution at 0.01, 0.1, 1, 10, and 100 mg Zn/L with RSW.
3.22.3 Animals and exposure experiment

Wild adult specimens offl. galloprovincialis(shell length 45 cm) were collected from
coast al rocks (30°41"' N, 122°27" E; Zhous han,
does not belong to a national park or a protected sea area or a relevant regulatory body concerned
with wildlife protection or a private oven. The mussels werarther acclimatised to aerat&W
in an aquarium for 7 days at 23€ (1 L/animd8arlato, 1981; Ye et al., 201With feeding and
water changing3.5 dyas intervals; inL per 50 L water of Phytoplé¥X phytoplankton feed, Kent
Marine Inc., Acworth, GA, USAJTedesco tal., 2010b)

Mussels were then treated with Zinc salt solution in O (control), 0.01, 0.1, 1, 10, and 100
mg Zn/L concentration, respectively, for four weeks. In each exposure tank, 25 mussel individuals
were exposed to 5 L medium with aerating, feeding water changing (twice per week). On the
1st, 2nd, 3rd, 7th, 14th, 21st, and 28th day, 3 individuals per tank were sampled, and then a part of

fresh tissue of digestive gland was used to extract total RNA immediately after dissection.
3.22.4 RNA isolaton andgRT-PCR

Homogenization of 50mg tissues was performed by using Liquid Nitrogen Method and
then the total RNA were extracted from homogenize tissues using E.ZNTatal RNA Kit I

(Omega Bietek, Inc.).RNA integritywas assessed with alectrophoresisystem (Liuyi-Bio Co.,
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Ltd). RNA concentration was quantified using a NanoD&fj0 Spectrophotometer (Thermo
Fisher, Inc.). First strand complementary DR&NA) synthesis was performed by RevertAid First
Strand cDNA Synthesis Kit (Thermo Scientific, Inche quantitative Reat Time Polymerase
Chain Reaction(qRT-PCR was performedy SYBR® Premix Ex Tag™ Il Kit (Takara, Inc.) and
using a Applied Biosystems 7500 Rd&aine PCR SystemABI, Inc.). The standard cycling
conditions were: 8 °C for 1 min, followed by 40 cycles of0 s at 95C, 45 s at 6 °C. A melting
curve of PCR productBom 55 to 94 °C was also performed to rule out the presence of artefacts
andthe b-actinwas used as the internal stand@idang et al.,, 2013)All primerswere shown in

Table 3.17.41.
3.22.5 Data analysis

The relative geneexpression level was analyzeby the 22 %7 method (Livak &
Schmittgen, 2001)The gene expression imexposed individualwas considered as the caritand
used forcomparison with variowseated sampledAll dataare expressed as the mea®D of the
different biological samples specified and were analybgdoneway ANOVA with SPSS v13.0
software. The differences were considered statistically sigmti atp < 0.05. The LC50
(concentration for 50% mortality effectyas calculated using the Linear Interpolation Method

(Inhibition Concentration procedure, IC(NorbergKing, 1993)
3.23Results and discussion

3.23.1 Transcription of genes

In the pathways (Fig3.21-1) of organisms respond toenvironmental insult the
antioxidant enzymes SQIBST, andCAT, were utilizedto remove RO§Zelko et al., 2002)while
DNA repair enzymes p53 and PDRigre involved in the pathway between ROS and DNA
damages to minimizpossiblegenotoxiceffectssuch as DNA lesions, mutation accumulation, and
chromosomal aberratior@rierley & Martin, 2013)

The relative expression &N A damageresponsive genep53 andPDPR measured in
the fresh digestive gland of mussaleng to four weeks Zgaltexposurenere showedespectively
in Fig. 3.23.21 and 2. The relative expression of the ¢lar antioxidant enzymes gen€sSTa, CAT,

andSOD measuredn the same abovementioned conditiovesre represented in Fig.23.23, 4and
08
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Fig. 3.231-1 Effects ofZn salton gengp53transcription in mussel digestive gland. Gene transcription was diettm
by qRFPCR as described in methods. Relative expression was calculated with respect to control mussels. Data are the
mean * SD obtained from at least 3 independent RNA samples in triplicate. The differences were considered

statistically significant ap < 0.05.
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Fig. 3.231-3 Effects of Znsalt on geneGSTa transcription in mussel digestive gland. Gene transcription was
determned by qRTPCR as described in methods. Relative expression was calculated with respect to control mussels.
Data are the mean * SD obtained from at least 3 independent RNA samples in triplicate. The differences were

considered statistically significant p& 0.05.
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Fig. 3.231-5 Effects of Znsalton geneSODtranscription in mussel digestive gland. Gene transcription was detefmine
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DNA damageresponsive gene§53andPDPR) transcription profie
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The first significant differencep(< 0.05) ofp53 expressionwith respect to the control
occurred onlyafter 48 h of exposureat concentratior0.1 mg Zn/Lwhile athigher concentratins
(1-100 mg Zn/L)sincethe beginning othe exposurgime, a significantincreasedexpressiomwere
detected (Fig. 3.23:1). At the first twotestedconcentrations thp53 geneexpression increadan
dependence of the exposure time until the end (238 @&h a maximumexpressiorevelof about
15 fold (10 in 0.01 mg Zn/lthe control.At 1 mg Zn/L this level could be observed after only 14
days followed by a sharp decrease in the following time exposure (21 and 28 days), dndthkeen
death of the o@nisms.However,at both10 and 100mg Zn/L, no data were obtained duedeath
after three days exposure

Therefore it seemed that up to 1 mg Zn/L the organisms can activate the maximum
response in a time span linearly dependent on the concentratiotioAdtlly, it was worthy to note
that, at100 mg Zn/L(72 h there was ap53overexpression, in fact the level measured was about
twice the maximum level measured at the lower concentration independently by the exposure time.

The Zn saltexposure has indad PDRPexpressiomesponsas well.InFig. 3.23.12, the
relative expression represented a very similar trend as th3p&lthough the expressions are not
at the same leveDiversely fromp53the first significant differencep(< 0.05) occurred at 48 for
both 0.01 and 0.1 mg Zn/Lthis indicates thaPDRP response wasnore sensitive at thdowest
exposure concentration th@d3 In therangeup to 1 mg Zr/L, gene expression leveshoweda
rising trend from the beginning of expare up to a peak and thetihey went down. The highest
relative expression (approximatelyp@old the control) occurredt 28 d in 0.1 mg Zn/L, at 14 d in 1
mg Zn/L, and 7 d in 10 mg Zn/L. However, this pattern common for low concentrationsowas
evidert at 100 mg Zn/Lin this casethe first level of gene expression wafld the control and it
went up to almost2 fold the control at 72 h. The special overexpression for high concentration
exposure was also found in the assaypfoB.

Few studies evaated thgp53 gene expression in mussels as response to insult exposure
evidencing modification of regular expressi&stevezCalvar et al. (2013)eported thancreasing
p53 gene expression ikl. galloprovincials hemocytes since the beginning@¥ exposure, up to
25 timesthe controland, and a drop off aftel8 hours.Banni et al. (2009 valuatedthe p53 gene
expression itMytius spp.digestivegland eposed to two differermdrganic compoundandreported

two differentrelative expression, one high(1.5 fold) and one loer (1/4 fold) the control, after
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approximately 24 hourand asimilar level of control samples after 50 hours. Gtudy did not
evidence early increment of expression after the first hours of exp{iSstevezCalvar et al., 2013)
and, although the exposure to concentratidnmg Zn/L induced significant relative expression of
p53 gene after e first 24h (Banni et al., 2009)however,no adapting trend in the subsequent
exposuretime could be found

Similarly, PDRPexpression in our study, showadctontinued rising trenth the first 48 h
differently to EstevezCalvar et al. (2013yvho reported a very high expression level RDRP at
the beginning of exposure that turned down to normal level (control group) lat @& trend of
DNA damageresponsive geneasuring the first 48 hours Zsalt exposure indicatethe activity of
the DNA repair process in the mussel. The signal pathway of theDivd damageresponsive
genes(Fig. 3.21-1) shows how ROS directly induge53 and PDRP gene expression. Zgalt

exposureactivated the process of DNA damage and repair at the saendntithnis report.
Antioxidant enzymes gend§&STa, CAT, andSOD transcription profie

The gene expression of the three antioxidant enzymes showed a common increasing
transcription level along ith exposure time (28 days) and che mimawhce ntrationgFig. 3.23.13, 4,
and 5).

In the digestive gland of mussel exposed tosZl the GSTa genetranscriptionlinearly
increasedalong with timefor concentration belovt mg Zn/L. At 1 mg Zn/L, insteadthe relative
expression 06STa showeda peak(approximatelyl4 fold the controfat 14 d that,at 21 d and 28
d, turned down to level rosignificanty differentfrom thecontrol p > 0.05). At the two higher
concentrations (10 and 100 mg ZnHo data wereobsered after three days exposure due to death
It is worth to note that thenaximumgenerelative expressior(14 fold the controljoccured at 28 d
in 0.1 mg Zn/L, at 14 d in 1.0 mg Zr/L, and & Fin 10.0 mg Zn/L,while at 100 mg Zn/L the
maximum level wasreachedat 72 han overexpressiorapproximately 2 fold the contro) was
registered.

Although GS® protein is a keyenzymethat catalyzs HO, to HO which is one
commonpath to reduce ROS (B,) (Gomes e al.,, 2011; EsteveZalvar et al., 2013)different
GSTa productios werereported in literatur® such assome workgCanesi et al., 2010; Pan et al.,

2012; Buffet et al., 2013eportedanincreased GST proteiactivity in clam Scrobicularia plana)
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and musse(M. galloprovincialis) exposed tcseveralnanomateried; while others(Renault et al.,
2008) observed the repression GST gene ingill cells of benthic bivalveCorbicula fluminea
Saddick et al. (2015easuredin fish brain exposed in ZnO for 15 dagsslight incranentor
decrement oz STtranscriptionin dependence to concentration

However to the best of our knowledgéSTa trends similar to this study were not
described before.

The transcription prole of the two antbxidantenzymes gene€AT andSOD in the 28
days exposureo Znsaltwere showed ifrig. 3.23.24 and 5 Their trendsveresimilar to GSTa one
although at different level of relative expression. In particulae, highest relative expresm at
concentrations lower than 100 mg ZnMas about 8timesthe control forCAT and 10for SOD
while anoverexpression levedf 14 (CAT) and approximately 18SOD in 100 mg Zn/Lwas
obtained. The first significant differenseappearedor both CAT and SODat48 h, 0.010.1 mg
Zn/L.

Studiesfocused on CAT and SOD enzynaetivity of bivalve (Tedesco et al., 2008;
Canesi et al., 2010; Buffet et al., 2011, Buffet et al., 2012; Gomes et al,, 2012; Buffet et al., 2013;
Buffet et al., 2014; Gomes et al., 2014b; Vale et al., 2@@herallyindicatedan increased enzyme
activities.In addition, limited studies reporteldta abouSODand CAT gene expressioiRenault et
al. (2008)reported ingill cells of bathic bivalve Corbicula flumineaexposed to Aubesides the
GSTrepressionthe SODgene induction anteft CAT expression unalteredlso anover expression
of CAT in visceral mass that indicatdtle need to consider alsmher organs, sircas digestive
gland. In addtionBarmo et al. (2013j)eported fordigestive gland cell®f M. galloprovincialis a
GST and CAT significant repression abw concentrion and GST and CAT not significant
adaptionathigh concentration. Although the repre ssimturredatow exposed concentratiom&as
not observable in our studiyhe adaption phenomenon seedrto represat a kind ofselfprotective

mechanismin exposed mussaimilar to that describeah our case.
3.23.2 Mortality effect

The mortality curves of mussel exposeddifferent concentratioifor 28 days were
reportedin Fig. 3.23.21. The graphshowed, starting froni2h increasingvalue along with the

exposure timgogether with Zn incremenfrom 7d the effect exceeded 50%he 100%effect
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occurred at 14 d in the 100 mg Zn/t 21 d in 10 mg Zn/land at 28 d in 1 mg Zn/L
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Fig. 3.23.21 Mortality effect of mussekxposed to ZnSQsolution for 28 days. LC50s of mortality effect were

calculated for 7d, 14d, 21d, and 28d. LC5@sre undetectabfer the first three days of exposure.

No mortality was observefbr the clamScrobiculariaplanaexpogdto 1 0 Gu/g for
21 days(Buffet et al.,, 2013andto 1 0 Ag/y for 21 days(Buffet et al., 2014)for the musselM.
galloprovincialisn 1 0 Qg exposurefor 15 days(Gomes et al.,, 2014aand for the Macoma
balthicain1 5 0 — 2 0 AgOargl Cylexposurefor 35 dayyDai et al., 2013)HoweverMuller et
al. (2014)performed long term (100 days). galloprovincialiexposurego ZnO reportingvery low
mortality rate 1.6810°3 1/d for concentrations < 2 mg Zn/atoxic effectlowerthanin the present

study probably because difie different experimental design adopted.
3.23.3 Comparison of DNA damagesponsive genes and antioxidant enzymes genes

The DNA damageresponsive genesnd aitioxidant enzymes genestively responded to
Zn salt exposure. The gene gnession trends along with exposure dose and sim@wvedan
extremelyconsistenpattern within each otheThe production of ROS has been identified as one of
the main causes ddnic toxicity. Our results support other studies; it is probably that th& RO

formation is strongly induced as this is associated with both a rapid upregulation ©ATrend
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SODgene and a high level of expressioG8T The fact that, up to 1 mg Zn /L, gene expression
levels subsequently subsides suggests that the antioggsteim is able to neutralize the hydrogen
peroxide and other ROS formed by theidn and thereby protect the organigWarela Valencia et

al,, 2014) Few studies focusedn@53 and PDRP gene in metal ionic exposur€hae et al. (2009)
reported alecaytrend ofp53expression in Aexposed fistOryzias latipesrom the £ day to the
10" day followed by death thatrastraird expression is different of data in this case. Alsmg et

al. (2013)reported similar lightly decreasing tekif p53 expression in Ctd exposedDanio rerio

liver cells However, similar situations were reported &omtioxidant enzymes genekim et al.
(2011) reported low concentration (10Qug/L) of Ag', Cf*, and ZA* can inducedSOD gene
expression increasing € 0.05) incopepodTigriopus japonicudor 96 h that supports the data in
this caseKig. 3.23.15). In additionWon et al. (2012)eported very similar trends &STandCAT
gene expessions and protein activities flolychaetePerinereis nuntisexpopsed into Ci thatan
upregulationvas occurred at earlier exposure phas@4eh) and a decreasing was observed at the
end of exposure, particularySTwent to the control levep(> 0.05). Wan et al. (2009)eported a
rapid increasing o6STgene expression mhisk abaloneHaliotis discus discusxposed into 5G00
ug/L C* for 12 h while a increasing trend at lower concentrations and a decreasing at higher
concentration (went to control levad,> 0.05) for both Ct and HG*. Those showed the similar
adaptation effecboth in long exposure time and high exposedoemtration with respect to this
caseBased on the results reported here, it is suggested thgtZn /L, represents a threshold value
below which the cell activates defences mechanisms to cope with the related oxidative stress
(Davies, 2000; Clauditz et al., 2006)

In the caseof concentrationat 1 mg/L, instead, theobserved gen@verexpression
followed by thesharp decrease to the control lewlgests the possibility for the cell antioxidant
system to activate an additional extra expression in the effort of counteract the increased stimulus.
This process was eventually insufficient to neutralize ROS deriving effects as DNA damages,
alteration of ell metabolism and that drive to cell apoptoside ionic zinc alone showed an

increasing pattern of antioxidant geepressionalong with concentrations and tinexposure.
3.24Conclusion

The results of this work represent the R@®&diated injury on marinenvertebrate M.
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galloprovincialisby Zn salt using gRPCR approach. All five genes involved in antioxidation and
apoptosis represented postitive response on ZnO NPs exposure that induced DNA damage and
oxidant injury contributed the total toxicity. IM. galloprovincialis the effects of heavy metal,
nanomaterials, UV treatment, and polluted environment stress on different biomarkers have been
previously evaluated in different experimental conditi®@sbianno & Serarn, 1998; Regoli, 1998;
Da Ros et al.,, 2000; Canesi et al., 2010; Gomes et al., 2011; Gomes et al., 2012; Barmo et al., 2013;
EstevezCalvar et al., 2013; Gomes et al., 2013; Gomes et al., 20148 relevant genes
expression in M. galloprovincialisexposed into Zn salt solution in the range of concentration 0.01
to 100 mg Zn/L for four weeks avereportedin this paper.

As biomarkers on the basis of gene expression, insufficient literatures had recorded the
five genes inVl. galloprovincialisto respondmetal ions(Hoarau et al., 2006; Ciacci et al., 2011)
Hoarau et al. (200&)keported that activ&STexpresion occurred irM. galloprovincialisexposed
to Cd. The specific activities and gene expression of the enzymes are related to apoptosis and
antioxidation which had been well documen{@bmes et al., 2011; Gomesadt 2012; Barmo et
al., 2013; EsteveZalvar et al., 2013; Gomes et al., 2014b; Wang et al., 201 #)g. 3.21-1, p53
andPDRP are on the upstream of the signaling pathway of R@8iated appotosis a®DD GST
and CAT are the key genes in the signglipathway of ROSnediated antioxidatio(Gomes et al.,
2011; EsteveLalvar et al, 2013; Romero et al, 2015) this research, all investigated genes
represented obvious increasing expression in the exposute sdlts that Zn ion could induced
ROS mediated injuryln conclusion, lhe present data of the investigated gep88, PDPR GSTa,
CAT, and SOD evidenced distinct action of apoptosis and antioxidation occurredV.in
galloprovincialisexposed to Zn salt3.he increasein antioxidant defenseand apoptosis sugge=d
anobvioussignalingpathwayrequesting morstudieson cellular signaling in marinénvertebrates

exposed ito stress.
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3.26Glossary

NPs NanoparticlesENMs: Engineered Nanomater&@ASW: Artificial Sea Water RSW:
Reconstituted Sea Wate™NOEC: No Observed Effect ConcentratonEC1l 1% Effect
Concentration EC10: 10% Effect Cacentration EC50: 50% Effect ConcentrationLC50: 50%
Lethal ConcentrationANOVA : Analysis of Variancg Inhibition Concentration procedure, ICp
H&E: Hematoxyline and EosinPBS: Phosphate Buffer Salin€AO: Food and Agriculture
Organization UV: Ultra Violet; UV-vis: UltravioletVisible; ROS: Reactive Oxygen SpecieR: Zn
Uptake Rate

RNA: Ribonucleic Acid DNA: Deoxyribonucleic Acigl cDNA: Complementary DNA
gRT-PCR quantitative RealTime PolymeraseChain Reaction

Bax Bcl2-associated X protejnBcl-2: Bcl2 Integral Membrane ProteirBI-1: Bax
inhibitor-1; CAT: Catalase DFFA: DNA Fragmentation FactoA; GPx: Glutathione Peroxidase
GSH: Glutathione GSR Oxidized Glutathione Reductgs&SSG Oxidized Glutathione GST:
Glutathione TransferaseélSP7Q Heat Shock Protein 70DH: Lactate DehgrogenaselPO: Lipid
Peroxidation MgC1q: the Complement Factor MgC1dMT: Metallothionein p53: p53 Tumor
Suppressetike Protein PDRP. DNA damage regulated proteinrSeGPx: SeGlutathione
Peroxidase Se GSR SeOxidized Glutathione Reductgs8OD. Superoxide Dismutase

BPA: Bisphenol A DAP: Diallyl Phthalate PAHs. Polycyclic Aromatic Hydrocarbgn
PBDEs Polybrominated Diphenyl Ethers PCB. Polychlorinated Biphenyl; DDT:
Dichlorodiphenyltrichloroethane

AAS: Atomic Absorption SpectrometeDLS: Dynamic Light ScatteringFIB: Focused
lon Beam GFAAS: Graphite Furnace Atomic Absorption Spectrophotomet€eP-AES:
Inductively Coupled PlasmAtomic Emission SpectrometrylCP-MS: Inductively Coupled
PlasmaMass Spectrometry NIBS: NonInvasive Back ScattePDI: Polydispersity IndexSSCP
Scanned Stripping Chrori@otentiometry

114



4 GENERAL CONCLUSION

4 GENERAL CONCLUSION

Three hypothesesvere presentedn eotoxicity of ZnO NPs towards gde and musssl|
in marine environmenivhich werestil to beexploredand beamethe aims of this study.

First, ZnO NPs could have a specifiehavior and effecin diversanarine seawatersas
other nanomaterials described dxef To this aimthe full characterization of ZnO NP dissolution,
aggregation, and sedimentation once dispersed into a standard Artificial Sea Water (ASW) and a
Reconstituted Sea Water (RSW) from East Chinav&saperformed.

Second,the ecotoxicity of ZnONPs upon a green alga and a diatom would be different
To assess the diversexicity upon different alga, growth inhibition algal assays were performed.
Addiionally, to verify the hypothesis about the role of nano size, ZnCtaXiity for ZnO NPs,
bulk, end Zn salt,were assessed as well.

Final, ZnO NP toxicity towards mussel under a chronic exposure would be shown on Zn
bioaccumulation, tissue damages, and transcription of apoptosis and antioxidé&ied genes.
The hypothesisthat nanosize plays anmportant role in itdoxicity was also considered together
with the all previous ones fanussel M. galloprovincialis

The result answeredo the all hypothess. Behaviors of ZnO NPs and bulk in different
artificial seawatewere observed indicating thide primary size of ZnO in suspensions could affect
the aggregating rate in higher concentratidine behaviors oZnO NPs dispersed into AS\WWnd
RSW have similar changing trendsvith some slight differencesiggregatesize in ASW for hours
is slightly lager than in RSW; Sedimentation speed in ASW (5@¥&)Jowerthanin RSW (70%)
within 200 min; Solubility is verysimilar in two seawaters (both in 70%, for 10 mg Zn/L).

Comparative toxicity of ZnO NPs, buk, and Zn salt towards marine dlgaeecicaand
P. tricornutumindicated thathe nano size plays a key role in the overal ZnO toxictty.

Zn bioaccumulation and histological damages were observedusse kexposed to ZnO
NPs, bulk, and Zn salt. Pristine ZnO particle size influences the overalityoxnd the rank was
represented by three levels of injury (in gill, digestive gland, and gonad): low for bulk; medium for
NPs and high for salts. Ecotoxicity of ZnO NPsrninsserevealed by transcription of apoptosis and

antioxidationrelated genes indated that active response to ZnO NP exposure which induced DNA
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damage and oxidant injury contributing to the overall toxicity. In conclusion, zinc oxide
nanoparticles induced ecotoxicolgical stress both to algae and mussetsudthdxert effecalso at
realistic environmental concentratiorsuring a chronic exposure. hé&refore NPs should be

considered as a readk for marine environment.
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