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Abstract

In the marine coastal environment, the organisnes saibjected to continuous
pressures of different origin. Among these, thew @anges in environmental
parameters, such as temperature, pH, dissolvedeoxgalinity, and the discharge
of pollutants that are potentially harmful to bieooses. In fact, in the last
century, the increasing impact of these environalerdriations has been mainly
related to anthropogenic activities. Although theBanges are often perceived to
be distant (e.g., those regarding climate changehnioimal (e.g., presence of
pollutants), their impacts on the marine environtmare already evident and
likely to worsen with time. Even today, there arany emerging anthropogenic
contaminants that are released into the environrdeity. But the information
about their behavior in different matrices (air,teva sediment), as well as their
interactions and effects in natural populationsyesy scarce. A wide group of
emerging contaminants is represented by nanopsti(iNPs). NPs are used
extensively in a variety of emerging technologiesl a&commercial products,
including biomedicine, pharmaceuticals and persaasé products, renewable
energies, and electronic devices. Consequently, ddRsenter into environment.
In particular, NPs may enter marine ecosystemseeithrectly through aerial
deposition, effluents, dumping and raff or indirectly, e.g. via river systems.
Currently, no data are available regarding NPs weage in the marine
environment, as a consequence of the difficultydébect and quantify NPs in
complex matrices. Due to lacking analytical toots dvaluate effective NP
concentrations in aquatic environments, only pttedic environmental
concentrations (PECs) are available in literature.

Three of the widely used NPs in common products amec oxide (nZnO),
titanium dioxide (nTiQ) and Go fullerene (FGg). The toxicity of nZnO, nTi@
and FGo NPs has been reported for different taxa of bagtetgae, plants, and
aquatic and terrestrial invertebrates and vertebratNevertheless, studies
concerning the potential toxicity of these NPs tarime species are still lacking.
The marine clamRuditapes philippinarum, previously used in a number of
ecotoxicological studies, has been chosen as noogehism in this PhD research,
taking into account that bivalves are considered ohthe most suitable target
group to investigate NP toxicity. However, informat concerning the effects of
NPs to this species are lacking. Due to its fiferding and infaunal habits,
Manila clams may be more susceptible to the effeétsNPs, given that in
seawater NPs tend to aggregate, adsorb to pataconatter, settle to the bottom
and accumulate in sediments.

The aim of the PhD thesis was to enlarge and ateithe possible mechanisms
of action and toxicity of these three NPs to thentR. philippinarum. To reach
these purposes, medium-term (7 days) exposurebrée tNPs (nZnO, nTif)
FCso) were carried out. Many cellular and biochemicabntarkers in
haemolymph, gills and digestive gland of clams h&een measured in the
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perspective of a multi-biomarker approach. In thtisdy, we chose to test low
concentrations (1 and 10 pg/L) of NPs that werehm range of PEC values.
Moreover, in the two metal oxide experiments thietesl contaminants were
considered: i) ZnGl(10 ug/L) was used to investigate possible contributiohs
Zn** release to nZnO toxicity, and ii) bulk Ti@bTiO,, 10 ug/L) was used to
understand the potential differing action of metadide compared with the
respective NP.

Wild organisms are generally exposed to mixtures ddferent chemicals,
therefore the combined effects of a mixture of thlee NPs have also been
investigatedTo assess mixture effects, clams were exposedday3 to i) lug/L
nZnO ii) 1 pg/L nTiO; iii) 1 pg/lL FGCso fullerene and iv) all three NPs as a
mixture. Further, in this experiment the redox poohic approach was adopted in
combination with the multi-biomarker approach.

In addition, combined effects of NP mixture and rgjiag environmental
parameters were addressed to obtain informationtgimssible variations in clam
susceptibility to NPs under a global change scengsalinity is one of the
dominant environmental factors controlling speadéstribution and influencing
physiological processes in marine organisms. Amg@ngdicted changes in
environmental parameters, there is an increasingera about future alterations
in seawater salinity values, mainly in estuaring eoastal areas, which will affect
the performance of native and invasive species.ebh\a@r, salinity is one of the
abiotic parameter that can change the behaviorRd. Nh this context, to gain a
better insight into the potential environmental aofs, also the native species
Ruditapes decussatus was used for a comparison.

In all the experiments, NPs tested were measurethim gills and digestive gland
to assess possible bioaccumulation.

To get further insight into nTiPeffects at cell level, am vitro approach was
used and phagocytic activity was assessed in ckamabcytes exposed to nLiO
(0, 1 and 10ug/mL). The findings confirmed the ability of nTiQo decrease
immune functions and to enter into cells.

The results of all these experiments (single amdldoed factors) suggested that
NPs modulated various biomarker responses and shalifeerent sub-lethal
effects.

The experiments on single NPs revealed signifigamtjher stress conditions in
tissues of treated clams with major effects insgihd digestive gland. The target
tissues responded differently to the three NPs,amdng them, nTiQappeared
to exert more detrimental effects in all tissueasidered. This result could be
determined by the metger se, and by the nTi@ characteristics, that, for
example, could facilitate the entry into cells. @ative stress was confirmed to be
the main mechanism of action of the three NPs ty&ted, as reported in
literature for all NPs. The comparisons betweentiyee metal oxide NP and their
related contaminants highlighted that NPs were nmxie and this depend on NP
specific features. In all clams exposed to thegiN®s, at the end of exposure the



Zn, Ti and FGo contents showed an increase in treated clams cechpa
controls, in both NP concentrations tested.

The exposure to NP mixture represents a novel apprthat can provide better
insight into the NP impacts under environmentadiglistic conditions. Respect to
single NP treatments, all findings indicated higbgidative stress in act during
the exposure to the mixture, with damage to prstelipids and DNA. The
digestive gland was the tissue more affected by miRture toxicity. In all
obtained results, additive effects were observethénmixture respect to single
NP exposures. The observed additive action ofNtRemixture could open a new
research to understand better the various mechare$NP toxicity.Zn, Ti and
FCso contents highlighted a bioaccumulation as singRs ldnd also as a mixture
in both gill and digestive gland tissues.

The study of interactions between different sainii8-28-38 psu) and NP
mixture exposure confirmed the NP toxicity. Overali all salinity values tested
various changes were shown, depending on the sissie biomarkers and the
species considered. Moreover, the comparison betiree two species did not
show a clear pattern of response. Although morejth evaluation is needed, it
has to be noted that under NP exposure at the $latedties tested, the number of
responses significantly varied respect to contesld was slightly higher iR
decussatus than inR. philippinarum.

All PhD thesis results confirmed the toxicity of ee three emerging
environmental pollutants and a real potential fmkmarine bivalves, even at the
low concentrations tested.



Riassunto

A livello delllambiente marino costiero, gli orgamii sono soggetti a continue
pressioni di diversa natura. Tra queste, valutatenzialmente dannose per le
biocenosi, si possono considerare le variazionipdeametri ambientali, quali la
temperatura, il pH, 'ossigeno disciolto, la sabnie il rilascio di inquinanti. Dal
secolo scorso, il crescente impatto di questi cambnti ambientali & stato
causato principalmente dalle attivita antropicheclie se questi cambiamenti
sSono spesso percepiti come distanti (per esempiel)i gelativi ai cambiamenti
climatici) o minimi (ad esempio, la presenza ditanse inquinanti), il loro
impatto sull'ambiente marino & gia evidente. Quatidmente vengono rilasciati
in ambiente nuovi inquinanti di origine antropicdefiniti emergenti. Le
informazioni sul loro comportamento nei diversi garti ambientali (aria, acqua,
sedimenti), le loro interazioni e gli effetti supepolazioni naturali sono scarse.
Un vasto gruppo di contaminanti emergenti € raggmedo dalle nanoparticelle
(NP). Le NP sono utilizzate ampiamente in varismtdogie emergenti e prodotti
commerciali, tra cui la biomedicina, i farmaci, iodotti per la cura e l'igiene
personale, le energie rinnovabili e i dispositiktionici. Di conseguenza le NP
possono essere rilasciate nel’ambiente. In pdaieple NP possono entrare negli
ecosistemi marini sia direttamente, attraversoejpodizione aerea, gli scarichi e
gli effluenti, sia indirettamente, ad esempio, titana rete fluviale. Attualmente,
non sono disponibili dati riguardanti le conceniwazanalitiche delle NP a livello
dellambiente marino; questa € una conseguenza ddficolta di rilevare e
quantificare le NP in matrici complesse. A causaladenancanza di
strumentazioni e protocolli efficaci per misuraee Ibro concentrazioni negli
ambienti acquatici, in letteratura sono disponildiati sulle concentrazioni
ambientali previste delle NFP(edicted Environmental Concentrations, PEC).

Tre delle NP maggiormente utilizzate in prodottiatigo consumo sono: I'ossido
di zinco (nZnO), il biossido di titanio (nNTiPe il fullerene Go (FCsp). La tossicita
di queste tre NP e stata riportata per diversi,te@me i batteri, le alghe, le piante,
gli invertebrati acquatici e terrestri e i vertdbrauttavia, gli studi riguardanti la
potenziale tossicita di queste NP nelle speciemaaono ancora molto pochi. La
vongola filippina, Ruditapes philippinarum, €& stata scelta come organismo
modello in questa tesi di dottorato, in quanto amp@nte utilizzata in molteplici
studi ecotossicologici. Inoltre, i bivalvi sono &itterati uno dei target piu idonei
per lo studio della tossicita delle NP, anche séntermazioni riguardanti gli
effetti delle NP proprio in questa specie sono mardEssendo un organismo
filtratore che vive nel sedimento, la vongola, edp ad altre specie, potrebbe
essere piu sensibile agli effetti delle NP, vidte te NP in acqua di mare tendono
ad aggregare e di conseguenza a depositarsi sdo fen accumularsi nei
sedimenti.

Lo scopo di questa tesi di dottorato € quello dnentare le informazioni e
chiarire i possibili meccanismi d'azione e la toi&i di queste tre NP nella
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vongola filippina. Per raggiungere questo obiettigono state allestite diverse
esposizioni in laboratorio alle tre NP (nZnO, nZiBGGCsg) della durata di 7 giorni.
Vari biomarker cellulari e biochimici sono stati surati a livello dell’emolinfa,
delle branchie e della ghiandola digestiva neltaspettiva di un approccio multi-
biomarker. In questo studio, sono state scelteebasscentrazioni (1 e 10 pg/L)
di NP simili ai valori di PEC. Inoltre, nei due espnenti riguardanti le NP di
ossido di metallo, il cloruro di zinco (10 pg/L)stato utilizzato per indagare
possibili contributi dello ione zinco nella tossicidel nZnO e, invece, la forma
bulk del TiQ (bTiO,, 10 pg/L) é stata utilizzata per comprendere kemmale
differente azione dell’ossido di metallo rispettia @orrispondente NP.

In ambiente gli organismi sono generalmente espastiscele di diverse sostanze
inquinanti, per questo si e deciso di indagaréetef combinato di una miscela di
tutte e tre le NP considerate. Per valutare gleteffdella miscela di NP, le
vongole sono state esposte per 7 giorni a i) 1 @ghznO, ii) 1 pg/L di nTiQ,

iii) 1 pug/L di FGsy fullerene e iv) tutte e tre le NP in miscela. loegto
esperimento e stata utilizzata la proteomica remorbinata all'approccio multi-
biomarker.

Inoltre, sono stati studiati in un ulteriore espemto gli effetti combinati della
miscela di NP e di un parametro ambientale; peenete informazioni su
eventuali variazioni della suscettibilita delle gohe alle NP in un possibile
scenario di cambiamento globale. La salinita € deo fattori ambientali che
controlla la distribuzione delle specie e influenzg@rocessi fisiologici negli
organismi marini. Tra i cambiamenti previsti derivaarametri ambientali, vi e
una crescente preoccupazione per le future alteraziei valori di salinita,
soprattutto a livello degli estuari e delle zonestmye, dove potrebbero
influenzare la sopravvivenza di specie autoctomevasive. Inoltre, la salinita e
uno dei parametri abiotici in grado di modificafeamportamento delle NP. In
questo contesto, per ottenere una migliore commmeasdei potenziali impatti
ambientali, & stata impiegata anche la specie eutadRuditapes decussatus.

In tutti gli esperimenti, e stato misurato il camiéo delle NP, sia nelle branchie
sia nella ghiandola digestiva della vongola, petutaae il loro possibile
bioaccumulo.

Inoltre, per avere una visione piu completa dedilete del nTiO, a livello
cellulare, e stato utilizzato anche un approcoiovitro. | risultati hanno
confermato la capacita del nTiQdi entrare nelle cellule e di influenzare
negativamente parametri legati alla risposta immnauwiai.

| risultati di tutti questi esperimenti hanno sugigeche le NP modulino varie
risposte degli animali e hanno mostrato diversetéfisub-letali nei tessuti della
vongola.

In particolare, gli esperimenti riguardanti gli etti delle singole NP hanno
mostrato condizioni di stress significativamenteggiari nelle branchie e nella
ghiandola digestiva delle vongole. | tessuti azalizhanno risposto diversamente
alle tre NP, e tra loro la nTiha esercitato maggiori effetti negativi in tuttire i



tessuti analizzati. Questo risultato potrebbe esdeterminato dal metallo in sé, e
dalle caratteristiche del nT¥Oche, per esempio, potrebbero facilitare I'entrata
della NP nelle cellule. Lo stress ossidativo éostatnfermato essere il principale
meccanismo d’azione delle tre NP indagate, comertap in letteratura. |
confronti tra le NP di ossido metallico e i lorontaminanti correlati evidenziano
come le NP siano piu tossiche e questo dipende dallatteristiche specifiche
delle NP. Nelle vongole esposte alle tre NP i coutiedi zinco, titanio e F§
hanno mostrato, alla fine dell’esposizione, un amenei trattati rispetto ai
controlli ad entrambe le concentrazioni testate.

L’esperimento sulla miscela delle NP rappresentausvo approccio in grado di
fornire una migliore comprensione degli impattildIP in condizioni ambientali
piu realistiche. Rispetto ai risultati delle singoNP, tutti i dati ottenuti
dall'esposizione delle vongole alla miscela indican maggiore stress ossidativo
in atto, con conseguenti danni osservati alle preteai lipidi e al DNA. La
ghiandola digestiva risulta essere il tessuto pipito dalla tossicita della miscela
di NP. Inoltre, per tutti i parametri variati neattati rispetto al controllo, sono
stati osservati effetti additivi nel trattamentanamiscela rispetto a quelli con le
singole NP. L'azione additiva riscontrata per lsscela potrebbe aprire nuovi
filoni di ricerca utili a comprendere meglio i dige meccanismi d’azione delle
NP. | contenuti di Zn, Ti e R quantificati anche in questo esperimento hanno
evidenziato un bioaccumulo sia come singole NP¢aime miscela nelle branchie
e nelle ghiandole digestive delle vongole espaspetto ai controlli.

L’ultimo esperimento, riguardante I'interazione tteversi valori di salinita (18-
28-38 psu) e la miscela delle tre NP, conferma arneghqueste condizioni la
tossicita delle NP. In generale, a tutti i valarsdlinita testati sono stati mostrati
vari cambiamenti, in base al tessuto, ai biomaskealla specie considerata. Il
confronto tra le due specie non ha consentitoadivare per ognuna di esse un
chiaro modello di risposta alle diverse combinazgalinitd/assenza-presenza di
NP saggiate. Anche se & necessaria una valutagiorepprofondita, si € potuto
notare tuttavia che il numero di risposte signtii@mente variate in presenza di
miscela di NP era leggermente maggiore R decussatus rispetto R
philippinarum .

Nel complesso, i risultati ottenuti sono in grado fdrnire nuovi spunti di
discussione negli studi sulla tossicita sulle N&me pure nella valutazione del
rischio, costituito dalle NP come inquinanti amb&in emergenti, negli
ecosistemi marini costieri.



Introduction

1.1. Emerging contaminants

Since the middle of the last century, all environtaé media (air, water, soil,
sediment, biota) were contaminated by a varietyyothetic chemicals, generally
characterized by an high environmental persist¢Bogbaker et al., 1975; Warren
et al., 2003). The degradation of these compousidterefore, very slow and the
metabolites obtained are very stable and often moxe& than the parental
compounds. This category includes numerous classesbstances produced by
human activities, with various functions, featusesl uses. In the last decade,
many new substances, recognized as emerging emardal pollutants, have
arisen growing concern about their possible enwremtal effects (Hutchinson et
al., 2013).

Across the modern world, synthetic chemicals haa@nme central, for example,
to food production, drinking water disinfectionudrdiscovery, family planning
and in a wide range of manufacturing industriest¢Himson et al., 2013). It is
also striking that the pace of chemical discoverygrowing rapidly, with the
Chemicals Abstracts Service (CAS REGISTRY) repgrtimJune 2015 more than
100 million chemical substances. Coming after tRe&@QREGISTRY crossed the
50 million substance registration in only 2009,stlsecond major milestone
showed the continued acceleration of synthetic ateninnovation globally
(CAS, 2015).

The emerging pollutants are defined as synthetiwaturally occurring chemicals
that are not commonly monitored in the environmaritwhich have the potential
to enter the environment and cause known or susppeaddverse ecological and
(or) human health effects. In some cases, relehsgnerging pollutants to the
environment has likely occurred for a long timet biumay not have been
recognized until new detection methods were dewslom other cases, synthesis
of new chemicals or changes in use and disposakiefing chemicals can create
new sources of emerging pollutants (Norman-EU). &heerging pollutants are
currently not included in international or natiomaltine monitoring programmes
and their fate, behaviour and ecotoxicological effeare often not well
understood. They can be released from many anereliff pollution sources and
in direct or indirect way based on the various eunental compartments.

It is very important to study the effects of thedeanges in wildlife and at
different levels of biological organization (Geisset al., 2015). In this regard,
researches could contribute to promote new enviesrah protection campaigns
and strategies to preserve biodiversity and habit@hanks to several recent
studies, some new pollutants, that are produced ratehsed from human
activities in many Countries, have been recognagriority contaminants to be
monitored and controlled. The European Union haseried three emerging
pollutants (the steroidal hormones,-f-éstradiol and 1-a-ethynilestradiol, and



the antiinflammatory diclofenac) in the Water Framework daiive (European
Directive 2011/0429/CQOD).

In particular, the development of sensitive anabltimonitoring methods has
shown the potential for synthetic and natural clvasi to enter marine
ecosystems as a result of human activities, in soas®s being linked with
adverse health impacts on marine species or seaiguulies. Protecting marine
ecosystems and food resources from the adversgstiechemical contaminants
remains an important goal, reflecting one key aspethe socio-economic value
of the coastal zones (Martinez et al., 2007) arehos (Costanza, 1999). The
Millennium Ecosystem Assessment (2005) noted thmontant impact of marine
pollution and subsequently there have been othEna®s of economic losses
resulting from marine pollution. For example, thevieonmental losses in Spain
because of marine pollution from the Prestige pill svere estimated to be 574
million Euros (Loureiro et al., 2009). Additionallfai and Li (2011) reported
that the economic losses from marine pollution eeha to the Pearl River
estuary, China, were 5,040 million US dollars peary(accounting for 16.5% of
the total economic value of the marine ecosystéoyeover, the 2010 oil spill
from the Deepwater Horizon disaster currently faal testimated costs of $37.2
billion (BBC, 2012), although others suggest casisld be up to $63 billions
(Wall Street Journal, 2010).

The emerging pollutants are categorized into mioa@ 20 classes related to their
origins and characteristics (Norman-EU). The pranin classes are:
pharmaceuticals (urban, stock farming), pesticigastics, wood preservation,
industrial chemicals and nanoparticles (NPs). ¢itliof the potential impact of
these substances on aquatic life and human hesi@arches at multiple levels are
urgently needed to fill the lack of knowledge refiag environmental behaviour,
toxicity and mode of action.

1.2. Nanopatrticles

NPs are particles in the 1- to 100-nm size ranfyey tan be composed of many
different base materials and have different shapased on NP composition, the
main types are: carbon NPs with a spheri¢alg., Go fullerene) or nanotube
(e.g., single wall or multiple wall) shape; and allgt and metal oxide NPs (e. g.,
copper oxide, zinc oxide, silver and gold NPEar(e et al., 2009

Particles in the nanometer size range occur bottaiare and as a result of direct
(i.e. industrial production) and indirect (e.g.ffi@ incinerators, combustion
processes in industries, domestic heating) antly@po activity. The natural
sources of NPs include astio(canic eruptions and forest fijesdesert dusts,
aerosols and metal oxide particles. Some plantthegize NPs that are used to
reduce metal uptake in contaminated soils, andrah&ebacteria may use them
in respiration (Handy et al., 2008; Bernhardt et2010; Camatini, 2013).

The NP and nanotechnology field is a fast-growiegearch niche (Ostiguy et al.,
2008). Nanotechnology is a collective term thatliegpthe capacity to work with
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materials at a nanometre scale, the engineered N&wotechnology thus has
potential applications in a wide range of sectdrem energy (production,
catalysis, storage), materials (lubricants, abessipaints, tires, and sportswear),
electronics (chips and screens), optics, and reatiedi (pollution absorption,
water filtering and disinfection), to food (addi#s and packaging), agriculture,
cosmetics (skin lotions and sun screens), and nmedi@iagnostics and drug
delivery). This huge range of applications refleitts diversity of materials that
are being or will be used (Handy et al.,, 2008; Rand Kalaichelvan, 2013;
Exbrayat et al., 2015).

NP properties differ compared with those of theepacompounds because about
40-50% of the atoms in NPs are on the surfaceltiggin greater reactivity than
bulk materials. The decreasing size causes théiacaieffects to become more
significant, due to an increase in the volume foerctof surface atoms, which
determines in some instances their special pragse(iarré et al., 2009). Taking
the advantages of these singular properties inr dodgevelop new products is the
main purpose of nanotechnology, and that is whig itegarded as “the next
industrial revolution” (Lane, 2002; Matranga andr§,02012).

ENM Worldwide (t/year)

Europe (/year)

US (Vyear) (Hendren
et al. 2011)

Switzerland (t/year)
(Schmid and Riediker 2008)

Median and 25/75 Median and 25/75 Range In brackets values
percentile percentile extrapolated to Europe
TiO, 3,000 (550-5,500) 550 (55-3,000) 7,800-38,000 435 (38,000)*
ZnO 550 (55-550) 55 (5.5-28,000) 70 (6,100)
SiO, 5,500 (55-55.000) 5,500 (55-55,000) 75 (6,500)
FeO, 55 (5.5-5,500) 550 (30-5,500) 365 (32,000)
AlO, 55 (55-5,500) 550 (0.55-500) 0.005 (0.4)
CeO, 55 (5.5-550) 55 (0.55-2,800) 35-700
CNT 300 (55-550) 550 (180-550) 55-1,101 1 (87)
Fullerenes 0.6 (0.6-5.5) 0.6 (0.6-5.5) 2-80
Ag 55 (5.5-550) 5.5 (0.6-55) 2.8-20 3.1(270)
Quantum dots (QDs) 0.6 (0.6-5.5) 0.6 (0.6-5.5)

Fig. 1. Production/utilization quantities of ten NPs i tlvorld and in Europe (in t/year),
estimation data reported in Piccinno et al. (2012).

The increasing and widespread use of NPs in diftefields was projected to
result in a $1.5 trillion of profit by 2015 (Nel at., 2006). Moreover, in the Lux
Research (2007) it was reported that new emergamgptechnology applications
will affect nearly every type of manufactured protithrough the middle of the
next decade, becoming incorporated into 15% of ajlahanufacturing output

(CDC 24/7).

Not much is known so far about the amounts of eegged NPs that are produced
in industries (Fig. 1). The production and usageanous fields of different types
of manufactured NPs, is estimated to grow to owaf & million tons by 2020,
this would lead to their release in substantial ami® in the environment,
including the aquatic compartment (Canesi et &152. Among NPs, three of the



widely used in common products are: zinc oxide @)ntitanium dioxide
(nTiO,) and Go fullerene NPs (Fgg) (Fig. 2).
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Fig. 2. Transmission electron microscope images of nZnR A0, (B) and FG, (C).

1.2.1. Zinc oxide NPs

ZnO is a widely used metal oxide NP that has aitancrystal structure that
contributes to its unique optoelectric propertiggafig, 2004). nZnO is a wide
band-gap semiconductor (Eg=3.37 eV) with a largataton binding energy (60
eV) and exhibits near UV emission, transparent aotidty (providing for clear
coatings on transparent surfaces), and piezoaggtrwhich make it particularly
attractive for electronic sensors, solar voltaeosgd transducer applications. It is
also a very effective photocatalyst and has beewssho be effective in a range
of environmental control technologies, from reméda of environmental
pollutants to medical disinfection (Hoffmann et 41995). nZnO is currently used
in products including plastics, ceramics, glasspest, rubber, lubricants, paints,
pigments, foods (source of Zn nutrient), batteeed fire retardants. In addition,
nZnO are common constituents of personal care ptedancluding cosmetics and
sunscreens due to their excellent UV absorption rafiéctive properties. The
global production of NPs for sunscreen productnalevas estimated to be
approximately 1,000 tons during 2003/2004, consgisprincipally of nTiQ and
nZnO (Borm et al., 2006). Environmental levels 8h@® are expected to increase
continually given the widespread application ofsta&Ps (Ma et al., 2013).

1.2.2. Titanium dioxide NPs

TiO; is a mineral that can exist in three crystallioefs, known as rutile, anatase,
and brookite (Reyes-Coronado et al., 2008). Anapdeese exhibits the highest
photocatalytic activity and because of that itsediin catalysis and photocatalysis
applications. Rutile is known as a white pigmenbvting opacity to paints,
papers, inks, and consumer products such as t&ithpim cosmetic products,
rutile phase is used as a pigment and thickendrjtas used in plastics and other
applications for its ultraviolet (UV) light absorg properties (Mueller and
Nowack, 2008). Anatase and brookite are used adredles in dye-sensitized
solar cells (Jiang et al., 2002). Such propertegehed to use nTiOfor a wide
variety of applications, including self-cleaningrfage coatings, light-emitting
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diodes, solar cells, disinfectant sprays, sporgjagds, water treatment agents and
topical sunscreens (Menard et al., 2011). MoreoveriO, enhance the
penetration of vitamins and anti-oxidants into $ken and make the product more
aesthetically pleasing (Minetto et al., 2014).

Commercial production of nTiObetween 2006 and 2010 has been estimated at
5,000 metric tons per year, and approximately Zlbom metric tons are foreseen
by 2025 (Robichaud et al., 2009). In Shi et al.1@0a yearly four million tons
consumption was estimated worldwide.

nTiO, is by far the most extensively studied metal oxife in ecotoxicology
studies (Kahru and Dubourguier, 2010; Rocha eR@l5). One of the reasons for
the large amount of ecotoxicity data on n7i® the adoption of this NP by a
variety of industries; nTi@was among the first NPs made readily commercially
available to a wide variety of research activities.

1.2.3. Gofullerene NPs

Fullerenes, first discovered by Kroto et al. (1985 carbon allotropes similar in
structure to graphene but rolled up to form closade, hollow spheres. k§ also
known as buckminsterfullerene or buckyball, is anoiaized carbon allotrope
which has important physical properties that depemdhe icosahedral structure
and elemental composition, such as thermal stabddnductivity, adsorption and
catalytic capacity (Wang et al., 2014). Thes§iS a remarkably stable compound
consisting of 60 carbon atoms with 60 vertices 8Bdfaces, 12 of which are
pentagonal and 20 hexagonghch carbon atom is placed at a vertex and each
atom has the valences satisfied by two single bandsone double bond. It has a
diameter of approximately 0.7 nm and a moleculaghteof 720 g/mol (Nielsen
et al., 2008). Thirty carbon double bonds are pressethe structure, to which free
radicals can easily be added.g@Gas therefore also been described as a “radical
sponge”. Fullerenes often aggregate into largetighes, so in reality they may
exist as crystals much larger than 100 nm (Aschdyezpal., 2010).

It is an elementary component in many modern manufed products, indeed,
FCso is included in drug delivery systems, medical imgg antitumor agents,
microelectronics, solar panels, cosmetics and fultlsis one of the most
ubiquitous NPs, generally present in polluted ainaesult of fuel combustion. In
the USA, their industrial production was estimabetiveen 2 and 81 tons, in 2011
(Al-Subiai et al., 2012; Sanchis et al., 2015).

1.3. NPs as emerging contaminants

The high amount of NP production and use worldwtd@ lead to inevitable
release into environment of various NPs (Corsi let 2014). From different

sources and via various routes, released NPs carh renarine ecosystems
(Matranga and Corsi, 2012). In this regard, coast@ironmentsare considered

the ultimate sink for NP§Corsi et al., 2014)as well as for mostontaminants.
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NPs can enter marine habitats either directly (tphoaerial deposition, effluents,
dumping and run-off) or indirectly, e.g., via rivéischarge (Baker et al., 2014).
The main sources of NPs released into marine etmmgsare summarized as
follows:

e personal care products (cosmetics and sunscreens);

» sewage and river discharge;

» anti-fouling applications in paints on vessel hulls

e maritime traffic;

e atmospheric deposition.
Currently, no data are available regarding NP cerwe in the marine
environment, as a consequence of the difficultydétect and quantify NPs in
complex matrices. Due to lacking analytical toots dvaluate effective NP
concentrations in aquatic environments, only pttedic environmental
concentrations (PECs) are available in literatatep regarding nZnO, nTigand
FCso. Estimates of nZnO concentrations in the UK enwinents indicated less
than 100 pg/L in water (Boxall et al., 2007). Anattlstudy reported nZnO PECs
of 10 ng/L in natural surface water and 430 ng/ltreated wastewater in Europe
(Gottschalk et al., 2009). nZnO PEC values of 76Lpig water were also
reported by Ferreira da Silva et al. (2011). Indpa;, PECs of nTi@in water
were in the range of 0.012-0.0p@/L (Gottschalk et al., 2009). In Switzerland
water samples, the PEC values were 0.7:48 (Mueller and Nowak, 2008).
Ferreira da Silva et al. (2011) reported nZRECs in water samples in the range
of 0.7-24.5ug/L. Moreover, PECs of R in waste water treatment plants were
estimated to be in the range of few ng/L to abdd@ dg/L (Gottschalk et al.,
2009). In Ferreira da Silva et al. (2011),665BECs in water in the range of 0.31-5
ug/L have been also reported.
Studies regarding the behaviour of NPs in aguatigrenments are lacking. In
particular, interactions among NPs under varionsrenmental conditions should
be defined to predict their fate in aquatic envin@mts and to estimate exposure
scenarios and potential ecotoxicity (Corsi et &Q014). Nevertheless, the
complexity of the seawater environment could furtbleange the behaviour of
NPs compared to freshwater ecosystems (Keller,e2@10). Seawater has a more
pronounced effect on the surface charge of NPsirggwmsore particle collisions
and, consequently, more aggregation/agglomeratinod thus sedimentation
(Klaine et al.,, 2008; Keller et al., 2010). Furtimere, bioturbation and
resuspension of sediments can lead to an increa$dPi concentration at the
sediment-water interface, promoting particle exgfgahetween the sediment and
the water column (Rocha et al., 2015).
Although evolved to deal with natural NPs and tlileictuations over millennia, it
is not known how organisms will cope with high diaoges of anthropogenic NPs
into the environment. Currently, there are no spifielelines regarding the release
of NPs into fresh or salt water. Only Commissioresestablished to discuss about
the regulation of some categories of NPs, withresfee, for example, to the
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Regulation (EC) (1223/2009) of the European Pasiatimand of the Council on
cosmetic products in Europe and to the InternatiQuauncil of Nanotechnology
in USA.

The development of nanotechnologies and nano-eshgiotelucts is continuously
progressing, but the paucity of information andade¢garding their potential
impacts on the marine environment pose serioustignesabout the risks of
exposure for wildlife (Colvin, 2003; Rocha et @015).

1.4. The potential environmental impact of NPs

With the increased presence of NPs in commerciadiymts, a growing public
debate is emerging on whether the environmental andial costs of
nanotechnology outweigh its many benefits (Col2i003).

NP small dimensions, high surface/volume ratio aetidency to aggregate are
indicative of a high potential toxicity in organisnmirhese characteristics increase
chemical and biological reactivity of NPs, and thability to penetrate into
tissues and cells (Moore, 2006).

Moreover, it has been suggested that NP bindingth®r marine pollutants
(metals and organics) to form nanopartigicant complexes promotes pollutant
uptake and accumulation into the organisms. Thikabieur in NPs may
exacerbate the toxicity of other environmental aomnhants, such as PAHs
(Polycyclic Aromatic Hydrocarbons), constituents @fints and PPCPs
(Pharmaceuticals and Personal Care Products). Todisgants and NPs together
may act synergistically or have a new mechanisactbn (Handy et al., 2008).

In human toxicology, concerning the atmospheric Bllution, the US
Environmental Protection Agency has attributed 60,deaths per year to the
inhalation of atmospheric NPs; and there is evidefioc direct transfer into the
brain (Oberddrster et al., 2004; Raloff, 2003).

Despite these evidence, data available in theatiiee concerning the effects of
NPs, not only to humans, but much more to marireeisg are still scarce. In the
latter case, they are mainly related tonmitro studies or based on the evaluation
of acute NP toxicity, with unrealistic concentrai$o

It is known that the uptake of NPs by filtration iogestion is likely to be the
major route in aquatic organisms. At the celluéel, most internalisation of NPs
will occur via endocytosis. Endocytotic pathwaywigells can either lead to the
endosomal and lysosomal compartments (conventiendbcytosis) or else via
cell-surface lipid raft associated domains knowncageolae which avoids the
degradative fate of material entering the endostlysasomal system (Fig. 3)
(Moore, 2006; Rocha et al., 2015).

Most of the currently available ecotoxicologicatalaegarding NPs are limited to
species used in regulatory testing or freshwatecisp (Matranga and Corsi,
2012). It has been demonstrated that NPs are adatedun the soft tissues of
marine organisms and determine adverse effectgfeyaht organs. In particular,
NPs cause oxidative stress, and damage to membrgeeetic material,
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reproductive organs (decreased fertility) and erobicy development (decreased
growth rate, developmental anomalies and mortalitiie NP toxicity depends on
species, concentration and tissue considered, thasvéhe type of NPs (Bour et
al., 2015; Grillo et al., 2015; Rocha et al., 2015)
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Fig. 3. Pathways for endocytosis in the cell which couddelaploited by manufactured
nanoparticles. Endocytosis via clathrin-coated (pé@septor mediated) or uncoated pits (fluid
phase) transfers materials to the lysosomal detijvadzompartment, while caveolar endocytosis
can result in translocation to the endoplasmicuétim (ER), Golgi or through the cell by
trancytosis (Moore, 2006).

It is very important to get more information on tlp@tential toxicity and
mechanism of action of NPs in marine species, mamthose from coastal areas

that are the major collector of these and othetazomants (Matranga and Corsi,
2012).

1.5. Bivalves as model species to study NP toxicity
Coastal areas are complex and highly changing emvients at the interface
between freshwater and marine aquatic ecosysteorga@inants are frequently

detected in these areas and represent a potehtedttto marine organisms,
especially bivalves (Renault, 2015).

@ Enm

Individual NOM NaChinduced Algae

Fig. 4. Scheme illustrating the potential behaviour ard & NPs in the aquatic environment and
associated biological processes involving bivalv#luscs.
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Once released into the environment, NPs will irdersith each other and with
their surrounding environment (Wiesner et al., 2008 Fig. 4 the possible
interactions of NPs in the aquatic environmentraported.

Moore (2006) first proposed that suspension-feedingertebrates, bivalve
molluscs in particular, may represent an uniqugetagroup for NP toxicology.
These organisms have highly developed processdabdarellular internalization
of nano- and micro-scale particles, endocytosis pimaigocytosis, respectively,
that are integral to key physiological functionglsas intracellular digestion and
cellular immunity. Bivalves can filter large volumeof water, processing
microalgae, bacteria, sediments, particulates, aatral NPs, potentially
accumulating different chemicals in their tissugsese organisms have been long
recognized as valuable indicators of pollution, aextensive background
information is now available on their biologicabp®nses to a wide range of both
inorganic and organic chemicals (Dagnino et alg720/oore et al., 2006).

In bivalve species the major effects of NP toxiorgre detected in digestive
gland and haemolymph. In particular, several ofabalable studies confirm that
the digestive gland is the main organ for NPs aedation (Rocha et al., 2015).
Among physiological processes possibly disturbedpbijutants, the immune
system is likely to be one of the more sensitiveughier et al., 2000). Among
marine species, the musatilus sp. has been the most used bivalve species to
assess NP toxicity.

Elimination &

Fig. 5.A) General scheme illustrating the mode of action BE M bivalve mollusc8) General
scheme illustrating the potential toxicokineticd\#s in bivalve molluscs (e.g. clams). Red arrow:
Uptake; Brown arrow: rejection in pseudofeces; Graeow: Desaggregation and dissolution;
Blue arrow: Transfer in tissues; Purple arrow: Etion; 1: Heart; 2: Kidney; 3: Posterior shell
muscle; 4: Siphon out (excurrent); 5: Foot; 6. Aiateshell muscle.
(Rocha et al., 2015)

In a recent review (Rocha et al., 2015), the asthioed to describe the mode of
action of NPs in bivalve cells (Fig. 5A). Overdhge data indicate that dissolution
and release of ions from the metal oxide partiabegjative stress and cell injury
in proteins and membrane, and DNA damage are thermmebdes of action of
NPs in bivalves. The best developed paradigm tdaexpnost of the cytotoxic
effects exerted by NPs in bivalves is directly odifectly mediated by reactive
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oxygen species (ROS) and free radicals productBomies et al., 2013; Rocha et
al., 2015) Moreover, NPs are known to be filtered by the géiscumulate in the
digestive gland, and transferred to the haemolythpbugh the epithelium of the
digestive gland tubules (Fig. 5B)

It is known that the characteristics of seawatardase the aggregation and
sedimentation of NPs and consequently their depasiat the sea bottom.
Considering that, NPs are a reason of concernivahi infaunal species.

1.5.1. The marine clamRuditapes philippinarum

Manila clamRuditapes philippinarum (Adams and Reeve, 1850) is native of the
subtropical to low boreal zone of the western Raddfut, due to its high
commercial value, fast growth and great adaptgbdind resistance to a wide
range of environmental conditions and stressord)ag been introduced into
several parts of the world where it has become peemtly established. Different
factors may explain the successful spread of theillalam, such as its high
tolerance to variations of environmental parametéalinity, temperature,
dissolved oxygen), its high capability to adapdifferent substratum typologies
and its high fitness (early gonadic maturationhHigrtility, and its long spawning
period in which multiple spawning is possible) (Pa&i and Pellizzato, 2000;
Pellizzato and Da Ros, 2009he first attempts to introduce Manila clam inytal
date from 1983, when a small amount of spat pusthas an English hatchery
was sown in the southern basin of the Venice lag(@mber, 2002). Some
promising results were rapidly achieved and duting 1980s, further sowing
attempts were carried out in many Italian tranegiocsites (in the lagoons of Po
delta, Grado and Marano, Lazio, and Sardinia). @heat suitability of these
environments for Manila clam, both in terms of gtevand natural reproduction,
soon became evident, especially in the case oNtréhern Adriatic transitional
systems characterized by shallow waters and higkhfvater inputs rich in
nutrients promoting high natural productivity. lnch areas, the species rapidly
spread to all favourable sites and Manila clam éstiig soon became the most
economically important fishing activity. Landing teaindicate that production
peaked at around 64,000 tons in 1999 and the Velaigeon contribution
accounted for up to 60% of Italy’s overall prodoatiBoscolo Brusa et al., 2013).
These organisms have been long recognised as \alumlicators of pollution,
and extensive background information is now avélabn their biological
responses to a wide range of both inorganic andniecgpollutants (Dame, 2011).
The Manila clams are often used to monitor marinastal pollution and to
understand the potential effects determined byowuarigroups of pollutants in
laboratory experiments (Blasco and Puppo, 199t ai., 2006; Matozzo et al.,
2010; Milan et al., 2013; Marisa et al., 2015). Doets prevalence in lagoon and
coastal areasR. philippinarum is considered a model species to assess
environmental contamination. As an infaunal filteeder, the Manila clam is
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particularly exposed to the impact of contaminaméving in sediments their
ultimate sink, such as NPs.

Regnum: Animalia
Phylum: Mollusca
Classis: Bivalvia
Subclassis: Heterodonta
Ordo: Veneroida
Superfamilia: Veneroidea
Familia: Veneridae
Genus: Ruditapes
Species: R. philippinarum
(Adams and Reeve, 1850)

.. N R NN

Fig. 6. Specimens oRuditapes philippinarum and its classification.

To study nzZnO, nTi@ and FGo sub-lethal effects and bioaccumulation, we
decided to us®. philippinarum (Fig. 6) as a model species for many reasons:

v it is a target species, due to its wide spreadgodn and coastal areas of
the Northern Adriatic, characterized by a lot othemapogenic impacts,
where clams are also economically important, theyndp fished and
farmed,;

v’ its biological and ecological characteristics aeeywvell known and it is
used in studies of different type, even in the fabmry, given that it has a
good adaptability to laboratory conditions;

v in the literature the effects of NPs in this spe@ee lacking;

v’ the biomarker approach in this species has beedat@dl in a number of
ecotoxicological studies aimed at understanding thelecular and
physiological effects of environmental changes (Bluret al., 2011;
Matozzo et al., 2012). The use of biomarkers isesmely effective in
assessing exposure to environmental stressors, casklitions being
highlighted before the occurrence of irreversibemdge, not only at
individual but also at population level, driving asfges in the entire
biocoenoses;

v recently, Omics Technologies were applied in edoti®gy and also in
clams to explain more idepth the effects of environmental changes
(Chora et al., 2010; Milan et al., 2013).

1.6. Biomarkers in ecotoxicology

The simplest way to assess the pollution statussgfecific ecosystem is to carry
out chemical analysis of water, soil, biologicatrexts and other environmental
samples. However, given the large number, compleaitd sometimes low

toxicity threshold of environmental chemicals, cheahanalysis alone may not
offer meaningful assessment of the pollution staifighe studied ecosystem.
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Moreover, chemical analysper se offers little insight into the environmental fate
or biological threat posed by pollutants. It is nomell established that
contaminants can cause changes at all levels fdioal organization (Fig. 7).

ECOSYSTEM

Later effects

Community

Population

Organism
Pollutants exposure
Systemic (organ)

Tissue

Cellular

early-warning signals

Subcellular (organelle)

Molecular (DNA, proteins)

Fig. 7. Schematic representation of the sequential ortiersponses to pollutant stress within a
biological system.

In some cases research still bases on the measuremehemicals in organisms
or measuring changes only at the population lelvglwhich only an indirect
inference can be made with regard to the causehef population decline
(Simpson and Norris, 2000). Although the populaticommunity and ecosystem
are important levels for the monitoring of toxideslts, the primary effect of
xenobiotics is first revealed at the sub-cellulavel by impaired biological
functions (such as for biochemical and molecularati@ns, enzymatic activity
modifications, DNA alterations). The rapid evaloatiof early-warning signals
can allow the activation of some procedures aimededucing the pollutant
impact before the damage reaches higher hieratdeweals. To reach this goal,
the application of biomarker techniques on an ammaite reference biological
model, used in laboratory pollutant exposure, ®ngly recommended as a
sensitive approach to investigate the hazard otrs¢éwlasses of pollutants,
including NPs (Matranga and Corsi, 2012). Biomaskean offer complete and
biologically relevant information on the potentiapact of toxic pollutants on the
health of organisms (Van der Oost et al., 1996).

Biomarkers were originally defined as any biochahichistological, or
physiological alterations or manifestations of eonimental stress (NRC, 1987).
More recently, this definition has been challenddseveral authors (Adams,
1990; Engel and Vaughan, 1996) and the term bioenasknow more commonly
used in a more restrictive sense, namely biochdraidalethal changes resulting
from individual exposure to xenobiotics. Nowadayay biological response to
an environmental chemical at the sub-individualelevmeasured inside an
organism or in its products (urine, faeces, haatliers), indicating a deviation
from the normal status that cannot be detectechénvihole organism, can be
considered a biomarker (McCarthy et al., 1990).

The advantages of applying biomarkers are condatke(dlandy et al., 2003):
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» biomarker responses may indicate the presencebmfi@gically available
contaminant, rather than a biological inert forntohtamination;

e using a suite of biomarkers may reveal the preseho®ntaminants that
were not suspected initially;

* biomarkers responses often persist long after @siat exposure to a
contaminant that has then degraded and is no lodgerctable. Thus,
biomarkers may detect intermittent pollution evethigt routine chemical
monitoring may miss;

« biomarker analyses are, in many cases, much easerform and are
considerably less expensive than a wide rangeehdal analyses.
Sometimes there is variability in biomarker resganthat may be attributed to
abiotic (temperature, salinity, dissolved oxygete,)eor biotic factors (genotype,
phenotypic plasticity, tolerance, age, sex, bodg,setc.). However, it is a widely
held misconception that these sources of varigbiténder the biomarker
responses insensitive compared to traditional ct&nmonitoring techniques.
Indeed, there are several options for minimizingalality, such as the use of a
suite of biomarkers, since it is very importantieasure several biomarkers at the
same time in the same biological model. Moreoviethére is evidence that an
abiotic/biotic factor can modulate the responsenguan exposure to a toxicant
under controlled laboratory conditions, suitabl@asures to differing conditions
for that factor should be performed. In additiomgmbination of various
approaches should be established to reduce thebitayi of specimens (Handy et

al., 2003).

By screening multiple biomarker responses, importerfiormation will be
obtained about organism toxicant exposure and sstiBmarkers may also
provide insight into the potential mechanisms ohtaminant effects and the
mode/mechanism of action (Crane et al., 2006).

1.6.1. Thein vivo biomarker battery

The battery of biomarkers used in this thesis walected based on i) the
characteristics of nZnO, nT&and FGy ii) the effects of these three NPs in other
species, and iii) the potential mechanism of actwdnNPs. Various types of
biomarkers were applied to obtain a general vieauathe effects of NPs in clam
haemolymph, gills and digestive gland.

Haemolymph was used to measure different paramataisto perform assays
useful to provide information about NP-induced mlatlans on haemocyte
number, haemocyte diameter and volume, NP cytatgxand genotoxicity in
haemocytes. Gills and digestive glands were useabs$ess potential modulation
of anti-oxidant and detoxification enzyme actistidipid peroxidation, protein
carbonyl content and DNA damage due to NP action.

During the last decade, the multi-biomarker appnoas been used in various
ecotoxicology studies. In both field and laboraterposures, biomarkers have
been successfully applied in many aquatic organismetuding many species of
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fish and aquatic invertebrates, mainly molluscs andstaceans (Handy and
Depledge, 1999; Gallowagnd Depledge, 2001; Forbes et al., 2006). Compared
with other strategies in assessing exposure toaounants, the advantages of
these techniques include their fairly simple metiogy, sensitivity for detecting
low levels of changes and damage, flexibility, loasts, ease of application, the
opportunity to conduct studies using relatively Bramounts of a test substance,
and the rapid production of data.

1.7. The “omics” technology: proteomics in ecotoxmogy

Actually, the biological effects of emerging poHuats are often poorly
understood. It is recognized that most pollutanfect§ depend on the
determination of suites of responses. Moreovergtigincreasing awareness that
no single biomarker will serve to indicate the feffect of environmental
pollutants, but it is absolutely necessary to usétipie biomarkers, to investigate
the pollutant effects (Depledge and Galloway, 3085 this regard, a new trend
in ecotoxicology research is the application ofcadled “omics” technologies.
These are methods that have the potential to mooaimplete classes of cellular
molecules such as messenger RNAs, proteins ananedéary metabolites in a
single analysis (Ankley et al., 2006), comparetraditional analyses that rely on
only one endpoint. By allowing simultaneous analysf thousands of genes,
proteins, or metabolites, these new global tectgieto have enabled a wider
approach to biological questions, since toxicityngmlly involves not only
changes in a single gene but rather a cascadenefigteractions (Aardema and
MacGregor, 2002).

These methodologies have been already widely usduiman medicine and in
toxicology studies. In particular, proteomics isvell-established area of research
in molecular medicine because the evaluation ohgha in protein expression
patterns can provide information on pathogenic aigrg pathways and the
identification of human disease markers (Petrierid Liotta, 2003).

In the last decade, many authors have applied tratlitional enzymatic and
cellular biomarkers (Canesi et al., 2007; Sellani a&, 2015) and have
demonstrated an effective methodology for charestigy the modes of action and
the mechanisms of toxicity for pollutants, with eyh potential for identifying
novel biomarkers (Dowling and Sheehan, 2006; Mgasiand Knigge, 2007).
Snape et al. (2004) proposed the term “ecotoxicogers” to describe the
integration of genomics (transcriptomics, prote@niand metabolomics) into
ecotoxicology, and defined it as “the study of gand protein expression in non-
target organisms that is important in responsesem@ironmental toxicant
exposures”. Nonetheless, the use of “omics” approac not widespread in
ecotoxicology. Among “omics” technologies, enviroemtal proteomics or
ecotoxicoproteomics -the study of changes in thendance of proteins and their
post-translational modifications- has become a phveool for generating
hypotheses regarding how the environment affeetdiblogy of organisms. With
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its rapidly expanding analytical tools, proteomm®vides the means to study
changes occurring at the level of the proteome dh@re protein pool- in
response to both the external environment and enttg events in animals,
plants, and bacteria (Lemos et al., 2010). Theagmgbr has obvious applications
to ecotoxicology since it has the potential bothidentify previously unknown
protein biomarkers and to gain insights into tayichechanisms.

Notwithstanding the improvement of proteomics mdtilogies, both for
electrophoresis procedures and mass spectrometgtysas, the protein
identification in the field of ecotoxicology is eft challenging because of the
limited information contained in the available dases, especially for non-model
organisms, whose genomes have not been fully seqde(Tomanek, 2011).
Despite this drawback, proteomics has much to offezn in species poorly
represented in sequence databases. More spedificeantools were developed to
have greater results (e.de novo sequencing approaches, identification methods
and tools), thus circumventing current limitatiamissequence data (Habermann et
al., 2004; Liska et al., 2004).

For example, in common procedure the protein ifieation is determined with
subsequent matrix assisted laser desorption/ioarzéitme-of-flight/time-of-flight
(MALDI-TOF/TOF) with “LIFT” technique, and the pege mass fingerprinting
is used to screen a protein sequence databasenasoine cases, this provides
sufficient information for protein identificationTandem mass spectrometry
(MS/MS) fragment ion analysis of selected peptidas be used for improved
identification. Although MALDI-TOF/TOF is a very gable tool for analysis of
peptides and proteins, thanks to its high sensjtifast data acquisition, ease of
use, and robust instrumentation, identificatiorpadteins in non-standard model
organisms remains problematic. The database séatshf the sequence of the
protein is not available or when unexpected modliftms and amino acid
substitutions are present in real samples. Recetitig limitation has been
overcome to some extent usingl@novo sequencing strategy, in which partial or
complete amino-acid sequences are obtained ugimgr enanual or automatels
novo peptide sequence analysis. This approach has sueeessfully applied in
recent studies with incomplete or non-sequencednisgns in order to identify
their proteins. Instead of using common tools nidy proteins, the linear ion
trap combined with orbitrap mass spectrometer (IOWQHrap) yieldingde novo
protein sequences suitable for database searclungl de used, in order to
increase the possibility of identification (Waridet al., 2007; Pedriali et al.,
2013).

1.7.1. The redox proteomics

Proteomics provides a qualitative description diuéa changes and has shown in
many studies that the systemic changes of protemcoerring during exposure

are pollutant-specific. Moreover, proteins commimn many pollutant-stress

related responses include oxidative stress prqotecydoskeletal proteins,
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chaperones, proteases, and proteins involved inldhexification of xenobiotics.
Together, changes in these molecules suggeghiharoduction of ROS leads to
denaturation of proteins as well as wide-rangingdifications of cytoskeletal
elements. In this scenario, post-translational fications (PTMs) present a novel
frontier to assess the biological effects of palhis. Although the types of PTMs
number in the hundreds (Walsh, 2006), only changiaigerns of carbonylation,
glutathionylation, thiol-modifications, and ubigué@tion have been studied in
response to pollutants (Sheehan, 2006). The fotinnee are modifications caused
by the increased production of ROS and can occer tua change in the
oxidative environment of the cell (Fig. 8).
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Fig. 8. Oxidative stress arises from ROS derived by UBWEIIedUCtiOH of @ when antioxidant
defences are overcome.

Radicals and non-radical oxidants can be genetatedwide variety of different
processes in biological systems (e.g., by-prodwftsamitochondrial electron
transport and during inflammation), but they casoabccur as a response to a
wide range of exogenous agents (e.g., UV, pollglarivhen this production
overcomes the cellular defence mechanisms, oxelatiess occurs (Dalle-Donne
et al., 2005). Most highly reactive oxidants, imtthg many radicals, react with
virtually all biological molecules, including DNARNA, cholesterol, lipids,
carbohydrates, proteins and antioxidants. Sincéejm® are the most abundant
non agueous component of the cell, they are majgets of ROS (they adsorb ~
68% of ROS) and numerous post-translational, réwersor irreversible
modifications have been characterized, which mad |60 a change in the
structure and/or function of the oxidized protdiayies, 2005).

Redox proteomics is an increasingly emerging braoiciproteomics aimed at
identifying and quantifying redox-based changeshwvitthe proteome both in
redox signalling and under oxidative stress cooddi (Butterfield et al., 2012,
Sultana and Butterfield, 2011).
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ROS can modify and inactivate proteins in a wideietg of ways. Sulphur-
containing molecules are notoriously susceptibl@xmlation. Cysteine thiols (-
SH) can be irreversibly oxidised to sulphinic (<6pand cysteic (-SgH) acids
or reversibly oxidised to sulphenic acid (-SOH),iythradicals (-S.) or
nitrosothiols (-SNO). Methionines can be oxidisedstiiphoxides and sulphones.
Sulfur-containing residues (cysteine and methionare especially susceptible to
oxidation which can have functional significancel d&ad to increased turnover of
damaged proteins. Amino acid side-chains (e.gnéysarginine, proline) can be
irreversibly converted to aldehyde/ketone groupdlectively called protein
carbonyls, causing inactivation, crosslinking aedkdown of protein (Ghezzi and
Bonetto, 2003; Levine and Stadtman, 2001). Thesemwdifications are readily
detectable in one or two dimensional gel electropsis (1-DE and 2-DE)
analysis by labelling modified proteins with specrifeagents, such as 50-
iodoacetamide fluorescein (IAF), a popular fluoedcdye for labelling protein
thiols, and fluorescein-50-thiosemicarbazide (FT&)protein carbonyl groups

(Fig. 9).
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sulpbiaic (-SO;H), stiphonic (-SO,H) semialdehyde) or ketone groups causing inactivation,
G SOM acikds and disulphides (RS S R). crosslinking o- breakdown of protein (1). Carbonyls can

S-IAF reacts oaly with free -SH react with Thiosemicarbazide (S-FISC) to form
group(s). Thioscmicarbazome (2).

Fig. 9. Oxidative modifications of amino acid side chaiosidation of cysteine —SH groups (a)
and carbonylation (b) and their specific labeling.

Other reversible redox lesions of proteins inclggigtathionylation - which can
protect cysteine residues from oxidation (Schafed &uettner, 2001) - and
formation of methionine sulphoxide, an indicatorcefl ageing (O’Sullivan et al.,
2005). Thus, given that a great number of pollgaate known to increase
production of ROS, PTMs caused by ROS and subséairamges in levels of
protein degradation have the potential to be seasgfiobal markers of pollutant
stress.

In the field of ecotoxicology, the redox proteomiagproach is only recently
recognized as a powerful tool to better understaedmolecular mechanisms of
toxicity (which can differ with differing identitpf pro-oxidant). For examplé/.
edulis from polluted sites in Ireland showed greater Ievef carbonylated
proteins, but few changes in protein abundancdlliraigd digestive tissues were
found in comparison to control sites (McDonaghlgt2005). Carbonylation was
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also used as a biomarker to demonstrate that p,p’-
dichlorodiphenyldichloroethylene (p,p’-DDE) causaddative stress in the clam
Ruditapes decussatus (Dowling et al., 2006). There is evidence thatuanber of
abundant proteins iMytilus are targets of ROS. Specifically, actin, protein
disulfide isomerase, and other chaperones (heatkshmwotein gp96 and
calreticulin) have been shown to form intra-moleculisulphide bonds in
response to exposure to the pro-oxidant menadipossibly sequestering ROS
before they can cause uncontrollable damage tor opheteins, lipids, or
ribonucleotides (McDonagh and Sheehan, 2007).

Recently, polyaromatic hydrocarbon and anthracexmosire were shown to
affect the gill oxidative stress status of the dd&aditapes decussatus (Sellami et
al., 2015). Moreover, changes in the redox statuglloproteins were revealed in
M. edulis exposed to the pharmaceutical diclofenac (Jaafalk.,e2015). Chora et
al. (2010) showed that nonylphenol exposure gee@fdOS in gill and digestive
gland ofR. decussatus resulting in a significant alteration of the pratea

Redox proteomics was also used to study the eftégield and copper oxide NPs
on IAF/FTSC-labelled proteins iM. edulis (Tedesco et al.,, 2010; Hu et al.,
2014).

Because of the range of irreversible and reversibledifications possibly
occurring in proteins, redox proteomics offers ateoto identify new protein
targets for ROS toxicity with insights into likelgechanisms.
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Aims

The aim of the PhD project was to evaluate the niiatletoxic effects of three
widely used NPs: zinc oxide (nZnO), titanium diaxi¢hTiOy) and Go fullerene
(FCso) to the clamRuditapes philippinarum. Considering that wild organisms are
generally exposed to mixtures of different pollisarthe combined effects of a
mixture of all three NPs have also been investajdteaddition, combined effects
of NPs and changing environmental parameter ($@liniere addressed to obtain
information about possible variations in clam spsitdity to NPs under a global
change scenario. Salinity is one of the dominamirenmental factors controlling
species distribution and influencing physiologipabcesses in marine organisms.
Among predicted changes in environmental parametbese is an increasing
concern about future alterations in seawater $plvalues, mainly in estuarine
and coastal areas, which will affect the perforneamé native and invasive
species. Moreover, compared to freshwater, seawstera more pronounced
effect on the surface charge of NPs causing chaogdseir behaviour. In this
context, to gain a better insight into the potdrgiravironmental impacts of NPs
and also considering the relatively recent intraiducof the studied species in the
Northwestern Adriatic lagoons, the native speétaditapes decussatus was used
for a comparison.

To reach the above-mentioned purposes, many aellated biochemical
biomarkers, already validated in previous studiesur laboratory, have been
measured in the perspective of a multi-biomark@ragch. Further, new methods
were adopted, such as proteomic analyses in theniXRire exposure. In all the
investigations, NP contents were measured in aniisslies (gills and digestive
glands) to assess possible bioaccumulation.

The Manila clam has been chosen as model orgarpsavjously used in a
number of ecotoxicological studies, taking into aed that bivalves are
considered one of the most suitable target groupviestigate NP toxicity (Canesi
et al., 2012). However, information concerning dfiects of NPs to clam species
are lacking. Due to its filter-feeding and infauhabits,R. philippinarum may be
more susceptible to the effects of NPs, given ihaseawater NPs tend to
aggregate, adsorb to particulate matter, settlthéobottom and accumulate in
sediments (Gagne et al., 2015; Rocha et al., 2015).

Most of the published ecotoxicological studies weonducted with high NP
concentrations that are unrealistic from an enviental point of view, if
compared to PECs. Instead, in this project, we €hogest lower concentrations
(1 and 1Qug/L) of NPsthat were in the range of PEC values.
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Experimental approaches and analytical tools

» Invivo exposure to single NPs
Clams were collected from a reference site locaiigin a licensed area for clam

culture in the Lagoon of Venice (Chioggia, Italyppecimens were then
acclimatized in laboratory conditions for 5 day$obe the exposure. They were
maintained in large aquaria, which contained a gdiadtom and aerated natural
seawater (salinity of 35 + 1 psu, temperature ot X¥5 °C), and were fed daily
with microalgae. Medium-term (7 days) exposureshtee NPs (nZnO, nTi§)
FCso) were carried out (Tab. 1). A movement pump (Hyd¢oralia nano 900,
USA) was positioned in every aquarium (both forteoinand treated clams) to
facilitate the water circulation and to prevent Blimentation. Before exposure,
the influence of the movement pump on clam behaweas assessed, and no
alterations were observed as clams quickly opehet valves, extended their
siphons, and exhibited normal filtering activity.

ZnCl, (10 ug/L) was used to investigate possible contributioh&r®* release to
nZnO toxicity, and bulk Ti@ (bTiO,, 10 pg/L) was used to understand the
potential differing action of metal oxide comparedth the respective NP.
Throughout the exposure, clams were maintained lassgaquaria (without
sediment) containing aerated seawater in the sharenb-haline conditions used
during the acclimatisation period. The exposure wasducted in semi-static
conditions, water, contaminants and food supplndpeenewed every day in the
experimental tanks (35 L).

Tab. 1. Treatment conditions throughout the three NP @rpants.

Treatment conditions
: Control related NP low NP high
Experiment . . .
(Mg/L) chemicals concentration concentration
nZnO 0 ZnCh 10 pg/L nZnO 1 pg/L nZnO 10 pg/L
nTiO, 0 Bulk 10 pg/L nTiQ 1 pg/L NnTiQ 10 pg/L
FCso 0 - FGol po/L FGo 10 pg/L

For each experimental condition tested, two refdidanks were set up. During
exposure, tissues were collected at time interfadtsr the first, T1, third, T3, and
last ,T7, day of exposure), and five pools (5 atémger pool) from each
experimental condition were prepared. Haemolymydls and digestive gland of
clams were collected and frozen for subsequentysesl or immediately
processed, depending on the various biologicalnpeiers measured. Immediately
after collection, haemolymph was used to measumestell parameters, such as
total haemocyte count (THC), diameter and voluménaémocytes, haemocyte
proliferation (XTT Cell Proliferation Assay), cymticity (assessed by Lactate
Dehydrogenase assay, LDH), Neutral Red uptake (NRidY DNA damage
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(Single Cell Gel Electrophoresis, SCGE, and Micaeus assays). Frozen
aliquots of haemolymph were subsequently used @sore lysozyme activity in
both haemocyte lysate and cell-free haemolympHs @ild digestive glands were
frozen and then used to measure anti-oxidant enzsotwities (superoxide
dismutase, SOD, and catalase, CAT), detoxificagioryme activities (glutathione
S-transferase, GST), protein carbonyl content (RClpid peroxidation
(thiobarbituric acid reactive substances, TBARSY &NA damage by DNA
precipitation assay. Only in nZnO-exposed animakstydcholinesterase (AChE)
activity in gills and apoptosis (Cell Death DeteatiELISA) in haemolymph were
also measured.

For all the experiments, 4 pools of tissues (sl digestive gland) were also
collected in 7 days-treated clams to evaluate thierpial bioaccumulation of
NPs. To better understand the mechanism of acfiadgheothree NPs, analysis of
zinc, titanium and Fg concentrations were performed in both gills argkdiive
gland. Metals were quantified by the use of thauatidely coupled plasma optical
emission spectrometry (ICP-OES). fg€ontent was measured through the use of
High Performance Liquid Chromatography (HPLC).

» Invitro exposure to nTiGQ on haemocytes
To get further insight into nTiQeffects at the cell level, an vitro approach was

used and phagocytic activity was assessed in clambcytes exposed to niO
(0, 1 and 10ug/mL). This activity was evaluated in two seriesexfperiments
(with and without pre-treatment of haemocytes wWiNPFs). In addition, the
capability of nTiQ to interact with clam haemocytes (60 min) was e&td with

transmission electron microscope (TEM).

» Invivo exposure to a mixture of NPs
To assess mixture effects, clams were exposed @ayg to i) lug/L nZnO ii) 1

ng/L nTiOy i) 1 pg/L FCy fullerene and iv) all three NPs as a mixture (Bi@).
Exposure duration and tissue collection were sdeeduas in previous
experiments. In haemolymph, DNA damage was evaluasing SCGE assays;
only at T7, the production of intracellular supdd®anion was evaluated and the
protein damage was investigated with one dimensigeleelectrophoresis (1-DE)
redox proteomics. In gills and digestive glandsDS@AT, and GST activities,
PCC, lipid peroxidation, and DNA damage were meauonly at T7, protein
damage and its modulation were investigated usibg land two dimensional gel
electrophoresis (2-DE) redox proteomics. To asdassaged proteins (1-DE and
2-DE) following oxidative stress, cytosolic proteirwere labelled with two
fluorescent molecules that detect different typels damage. IAF (50-
iodoacetamido fluorescein) and FTSC (fluoresceirtb@semicarbazide) can
detect thiol groups and carbonyl groups in protaiespectively.
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Fig. 10.Schematization of the different NP mixture expenal conditions.

The redox proteomics procedure was performed duhiegabroad period of the
PhD, in collaboration with Prof. David Sheehan @émsity College Cork,

Ireland). The identification of damaged proteinsnirthe 2-DE analysis in gills
and digestive gland was performed in collaboratath Dr. Maria Fedorova and
Prof. Ralf Hoffman (Institute of Bioanalytical Chestry, Universitat Leipzig,

Germany).

At T7, in controls and treated clams, the gills afigestive gland were also
collected to measure the potential bioaccumulattbrNPs. Analyses of NP
content were performed as reported above for tpesaxe to single NPs.

> Invivo exposure to a mixture of NPs under different saliity values
To assess NP mixture effects under different sglvalues, clams were exposed

for 7 days to 18, 28 and 38 of salinity, both ie #ibsence and in the presence of
NP mixture (1ug/L nZnO, 1ug/L nTiO,, and 1ug/L FCso) (Fig. 11).
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Control Control Control NP mixture NP mixture NP mixture
18 psu 28 psu 38 psu 18 psu 18 psu 18 psu

Fig. 11.Schematization of the experimental conditionseest

Two phylogenetically similar species were used his texperiment, clam®&.
philippinarum and R. decussatus (Fig. 12), both collected from the Lagoon of
Venice.

The values of salinity were chosen based on minimmedium and maximum
values measured in the Southern Venice lagoon #0680 to 2009 (Zirino et al.,
2014). For each species, three groups of animate selected, placed in large
aguaria and then acclimated to the three experahsatinity values, which were
gradually achieved in 12 days. Exposure duratiod @issue collection were
scheduled as in previous experiments. Haemolympé eedlected to measure
DNA damage with Micronucleus assay, LDH activityhpdaNRU. Gills and
digestive glands were collected to measure SOD, ,GA#@ GST activities, PCC
and lipid peroxidation.
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Fig. 12.Specimens oR. philippinarum (eft) andR. decussatus (right).

At T7, gills and digestive glands of clams from ediperimental conditions were
collected to evaluate NP bioaccumulation. Metal dexiNP contents were
quantified as previously reported. dp@ontent was measured by using Ultra-
Performance Liquid Chromatography  coupled with aEX@ctive mass
spectrometry.

» NP and bulk TiO, characterization
In order to verify the NP properties as declarennfthe producer, thus obtaining

information useful to understand better the toyiaf NPs, nZnO, nTiQ FGCs
and bTiQ were characterized by a combination of analytteahniques. Mean
average size and shape of primary particles welerdaned by TEM and X-ray
diffraction (XRD). The particle size distribution a& measured by laser
diffraction, and the surface areas and the presehoeicropores on NP surface
were calculated by Brunauer-Emmett-Teller (BET)ottye To study the particle
size distribution in water, the dynamic light seattg (DLS) was used.
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General expectations

» nZnO exposure
Considering the physico-chemical characteristice&fO, and the fact that nZnO
toxicity is generally ascribed to two general metgbms (e.g., the generation of
ROS and the release of metal ions), the expectati@ne:

* modulation of antioxidant enzymes reflecting insexh oxidative stress
due to increased ROS production; as a consequeaoeage to lipids,
proteins and DNA was also expected;

* modulation of the immune parameters, since the inemgystem is
considered as a potential and sensitive targghtoeffects of NPs (Canesi
et al., 2012);

» effects of nZnO nanoparticles similar to those edusy zinc ions (ZnG).

» nTiO;, exposure
Based on the physico-chemical characteristics ofOpnT and the scarce
information about nTi@toxicity, the expectations were:

* modulation of antioxidant enzymes reflecting insesh oxidative stress
due to increased ROS production; as a consequeaoeage to lipids,
proteins and DNA was also expected;

e changes in the immune parameters (Canesi et 412)20

e digestive gland as the target tissue for the effeetd accumulation of
NTiOy;

» different or similar effects of nTigand bTiQ.

» FCegoexposure
Although FGo is widely used and have a high potential to endimuphe
environment, it is one of the less investigated NiPsecotoxicology studies.
Considering the strong oxidising, hydrophobic ahdtptoxic properties of R,
and the general information about NP toxicity, éxpected effects were:

* increased oxidative stress, and consequently datodgmeds, proteins and

DNA;
e changes in the immune parameters (Canesi et 412)20
* internalization and bioaccumulation in tissues G§J-

» NP mixture exposure
Based on the results of our previous experimentshenthree single NPs, the
information in literature, the mechanism of actemd the characteristics of NPs,
the expectations were:
» a different mechanism of action of NPs alone oa asixture (antagonist,
synergic or additive);
e increased oxidative stress and damage to DNA, ipgtand lipids;
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» a different bioaccumulation pattern in clam tissegposed to NPs alone
or as a mixture.

» NP mixture under different salinity exposure
Based on the results of the previous experimenésinformation in literature, the
mechanism of action and the characteristics of Nsexpectations were:
e modulation of NP mixture toxicity under differesdlinity values;
« different levels of oxidative stress and damageDi®A, proteins, and
lipids;
« different modulation of the haemocyte parameters;
» different responses between the two species caesige
» different bioaccumulation pattern in clam tissuepased to NPs under
different salinity values.
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Abstract

Potential nanoparticle (NP) toxicity poses a gravooncern in marine coastal
environments. Among NPs, zinc oxide nanopartictegnQ) are widely used in
many common products that ultimately become depasit coastal habitats from
multiple non-point sources. In this study, we easdd the in vivo effects of nZnO
in the clamRuditapes philippinarum.

Animals were exposed to nZnO (1 and 10 pg/L) an@IZ(0 pg/L) for 7 days.
ZnCl, was used to compare the effects of the NPs te@thb&rf™ and to ascertain
whether nZnO toxicity is attributable to the rekeasf ions into the aquatic
medium. At differing time intervals during the exqume, several biochemical and
cellular responses were evaluated in the clam ,giligestive gland, and
haemolymph. The results showed that nZnO, at cdratens close to the
predicted environmental levels, significantly atest various parameters in clam
tissues. Significant increases in catalase andrexiole dismutase activities and a
decreasing trend of glutathione S-transferaseigctidicated the involvement of
oxidative stress in nZnO toxicity. In clams exposednCh slight variations in
antioxidant enzyme activities were detected respgecinZnO-treated clams.
However, no damage to lipids, proteins or DNA waseanled in all exposure
conditions, suggesting a protection of antioxidamtymes in the tissues. Of the
various haemolymph parameters measured, haemocygtéeation increased
significantly, in ZnCj-treated clams in particular. Under nZnO (10 pgénd
ZnCl, exposure, DNA damage in haemocytes was also exelalit it was lower
in clams exposed to ZnLIA decreasing trend in gill AChE activity of tredt
clams proposed a possible role of zinc ions in nZocity. However, the
dissimilar modulation of the responses in the nZa@®d ZnCj-exposed clams
suggested different mechanisms of action, with nZmGcity possibly depending
not only on the release of zinc ions but also ongdgecific features. Changes in
the biological parameters measured in the clamse wamsistent with Zn
accumulation in their gills and digestive glands.

Keywords: nanoparticles, zinc oxide nanoparticles, zinc, slarniomarkers,
bioaccumulation
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1. Introduction

Currently, nanotechnology is one of the most promising fiedfisscience and
technology Engineered nanomaterigldPs)are used extensively in a variety of
emerging technologies and commercial produdsyfard et al. 2006Corsi et al.
2014; Rocha et al. 2015Increased production and applications of NPserai
concerns due to their potential ecological impadtddeed, NPsare now
recognised as novel environmental pollutants watkict potential (Klaine et al.
2008). A large group of NPs is represented by metales, among which zinc
oxide is one of the most widely used. Due to thairque catalytic capacity,
optoelectronic properties, antimicrobial activitpdaother characteristics, zinc
oxide nanoparticles (nZnO) are currently used imiows products including
plastics, ceramics, glass, cement, rubber, lubtscgraints, pigments, foods (as
nutritional supplement), batteries, and fire resautd (Ma et al. 2013). In addition,
due to their excellent UV absorption and reflectoveperties, nZnO are common
constituents of personal care products, includmgreetics and sunscreens (Baker
et al. 2014)During the life cycle of NP-containing commerciabgucts, the NPs
are inevitably released into the environment arathiemarine ecosystems from
different sources and via various routes (Matrangad Corsi 2012).
Consequently, coastal environmeraie considered the ultimate sink for NPs
(Corsi et al. 2014)as well as for mostontaminantsNPs can enter marine
systems either directly (through aerial depositiffiuents, dumping and run-off)
or indirectly, e.g., via river discharge (Bakema&t2014). Due to lacking analytical
tools to evaluate effective NP concentrations ia #guatic environments, only
predicted environmental concentrations (PECs) available in literature.
Estimates of nZnO concentrations in the UK envirenta range from less than
100pg/L (in water) to a few mg/Kg (in soil) (Boxall at. 2007). Gottschalk et al.
(2009) reported modelled nZnO concentrations ofid/Al in natural surface water
and 430 ng/L in treated wastewater in Europe. ttear work, nZnO PEC values
of 76 pg/L in water and 3194g/Kg in soil were reported (Ferreira da Silva et al
2011). Although nZnO PECs are low, it is importaiot stress that the
environmental levels of these NPs are expectedd@ase continually given their
widespread application (Corsi et al. 201#3sed on various surveys, in 201ite
global production of nZnO was estimated to be uf,890 t/year (Piccinno et al.
2012). Most studies of NP toxicity are related to freshavagnvironmentsand
relatively little is known regarding the potentiablogical risks of NPs on marine
species (Matranga and Corsi 2012; Muller et al.420Therefore, the need to
understand the ecotoxicological impacts of NPs oarime ecosystems is
becoming increasingly important (Corsi et al. 2014)

The toxicity of zinc oxide NPs has been reporteddifferent taxa of bacteria,
algae, plants, and aquatic and terrestrial investeb and vertebrates (Ma et al.
2013). Studies of the potential toxicity of nZnO rwarine species are lacking.
Nevertheless, the complexity of the seawater enwment could further change
the behaviour of NPs compared to freshwater ecesyst greatly affecting
aggregation,favouring deposition into sedimentand promoting dissolution
processes responsible for the release of two patéoxic species: metal ions and
NP aggregates (Keller et al. 2010). In additiony leolubility of zinc oxide in
seawater suggests that it will partition in the bettom at the sediment/water
interface (Gagné et al. 2015), thus representingnagor threat to benthic
organisms.
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The mechanisms of nZnO toxicity remains under dehatthe prevailing role of
either the NPper se or the released Zn ions is not clearly demonstréitéa et al.
2013). Overall, the action and toxicity of nZnO mmunclear, especially im
vivo exposure and at environmentally relevant concBabs In the sea urchin
Paracentrotus lividus, nZnO has been shown to determine embryo- and
spermiotoxicity (Manzo et al. 2013). In the mus8&jtilus galloprovincialis,
immunomodulation effects of nZnO have been demateddr afterin vitro
exposure of haemocytes to concentrations of 10gImL (Ciacci et al. 2012).
In another bivalve specie€rassostrea gigas, nZnO affected different responses
in gills, leading to mitochondrial disruption andidative stress (Trevisan et al.
2014). These findings suggested that gills areititeal target of nZnO, even
though NPs can accumulate in different tissuesleasonstrated after a long-term
exposure (12 weeks) dfiytilus galloprovincialis to concentrations ranging from
0.1 to 2 mg/L (Hanna et al. 2013). Significant elifnces were detected in both
the respiration and growth rates of treated aniroafapared to those of controls
(Hanna et al. 2013) and in the energy budget (Melial. 2014).

To gain a better insight into the impact of NPsnarine species, in this study, we
investigated than vivo effects of nZnO in the clarRuditapes philippinarum.
Primarily due to their filter-feeding habit, bivalvmolluscs may represent a
unique target group for NP toxicity (Moore 2006;n€ai et al. 2012). Indeed,
bivalves can filter large volumes of water, procasscroalgae, bacteria,
sediments, particulates, and natural NPs and palignticcumulate different
chemicals in their tissues. These organisms hage loeg recognised as valuable
indicators of pollution, and extensive backgrounfbimation is now available on
their biological responses to a wide range of lidinganic and organic chemicals
(Dame 2011). Recently, iR. philippinarum, which is largely used in both coastal
biomonitoring and ecotoxicological laboratory seslithe effects of NPs have
been investigated im vitro (Marisa et al. 2015) anich vivo exposures (Garcia-
Negrete et al. 2013).

The aims of the present study were i) to evaluaestfects of a 7-day exposure to
nZnO (1 and 1Qug/L) in three clam tissues (haemolymph, gills and digest
gland); ii) to assesthe modulation of various biomarkers (antioxidant eney
activities, levels of damage to molecules, neurdated enzyme activity, and
haemocyte parameters) possibly related to bothigdrnghemical characteristics
of nZnO and two primary mechanisms of nZnO toxi¢eyg., the generation of
oxygen species (ROS) and the release of metal;iondp ascertain whether the
toxicity of nZnO can be determined by the releaseimc ions in water by also
exposing clams to Zng(10 pg/L); and iv) to assess Zn bioaccumulatiorthe
gills and digestive glands of both nZnO- and Znri@ated clams.

2. Materials and methods

2.1. Nanopatrticle characterisation

Nanosized zinc oxide (declared size of <100 nmggraage of zinc 79.1 - 81.5%, surface area 15
-25 nf/g) was purchased from Sigma-Aldrich (Milano, IJalpZnO particles were characterised
via a combination of analytical techniques. The magerage diameter and shape of the primary
particles were determined using a transmissiontrelecmicroscope (TEM, FEI Tecnai G12)
operated at 100 kV. Digital images were taken usinfVvIPS F114 camera, and the size of the
particles was measured using IMAQ Vision (Natiolmstrument, USA). X-ray diffraction (XRD)
characterisation was performed using a Bruker D&afdde diffractometer. The analyses were
performed in Bragg-Brentano configuration at 30 &wW 30 mA. The mean crystallite size was
evaluated using the Sherrer equation. The surfaesasaand porosities of the nzZnO were
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characterised via nitrogen adsorption and desarpéinalyses at 77.35 K using an autosorb
computer controlled surface analyser (AUTOSORB-La@achrome). The surface areas were
calculated according to the Brunauer-Emmett-TeRET) theory. The particle size distribution
was measured via laser diffraction (Malvern MastersHydro 2000, Malvern Instruments, UK).
The NPs were dispersed using a small amount ofedispt medium (distilled water) and
sonicated for 10 min before analysis. The disparaias poured into a Hydro 2000 dispersion unit
(Malvern, UK) until the obscuration was in rangéeTanalyses were performed in triplicate. The
particle size distribution was then defined usihg particle refractive index values of water and
zinc oxide (1.330 and 1.554, respectively). Theigarsize distribution was evaluated as d(0.5)
and SPAN. The latter is an index of particle sipé/gispersity and is expressed by the following
equation: Span % d(0.9) = d(0.1)/d(0.5), whereQj(@(0.1), and d(0.5) are the diameters at 90%,
10% and 50% cumulative volumes, respectively, efgarticles.

2.2. Clams

Specimens oR. philippinarum were collected from a reference site located withlicensed clam
culture area in the southern part of the LagooWeafice (Chioggia, Italy). These specimens were
then acclimatised in the laboratory for 5 days befexposure to contaminants. Clams were
maintained in large aquaria, which contained a gdodtom and aerated natural seawater (salinity
of 35+ 1 psu, temperature of H60.5 °C) and were fed daily with microalgaéh&eodactylum

p.).

2.3. nZnO and ZnC}, exposure and tissues collection

nZnO stock solution (0.1 g/L) was prepared in Mliwater and sonicated at 4 °C using a Braun
Labsonic U sonifier at 50% duty cycles for 30 m#nCl, was purchased from Sigma-Aldrich
(Milano, Italy), and a stock solution (0.1 g/L) waepared in Milli-Q water. Clams (35 per tank)
were exposed for 7 days tau@/L (control), 1ug/L, 10 ug/L of nZnO and 1Qug/L of ZnCk. For
each experimental condition tested, two replicatds were prepared. The nominal concentrations
were chosen similar to the PEC values found inliteeature. During exposure, the clams were
maintained in glass aquaria (without sediment) @ioimg aerated seawater (1 L per animal) in the
same thermo-haline conditions used during the matisation period. A movement pump (Hydor,
Koralia nano 900, USA) was positioned in every auna (both for control and treated clams) to
facilitate the water circulation and to prevent limentation. Before exposure, the influence of
the movement pump on clam behaviour was assesseédiaalterations were observed as clams
quickly opened their valves, extended their siphans exhibited normal filtering activity.

The seawater was renewed daily, and nZnO, Za@d microalgae (at an initial concentration of
approximately 150,000 cells/L) were supplied in éxperimental tanks. Before adding NPs, the
stock solution was sonicated, as reported above.

During exposure, the haemolymph, gills and digesglands were collected after first (T1), third
(T3), and last (T7) days of exposure. For eacludis§ve pools (4 animals per pool, 2 from each
replicate tank) from each experimental conditiomrevprepared. Aliquots of each pooled tissue
were frozen in liquid nitrogen and stored at -80 Uil analyses or immediately processed,
depending on the various biological responses medsill assays performed in this study had
previously been validated (Matozzo et al. 2012ajtddlzo et al. 2012b; Matozzo et al. 2013;
Parolini et al. 2010; Parolini et al. 2013). Unlesported, chemicals were purchased from Sigma-
Aldrich, Milano (Italy).

2.4. Gill and digestive gland preparation and biocamical assays

Pooled gills and digestive glands were homogengetl °C using an Ultra-Turrax homogeniser
(model T8 basic, IKA) in four volumes of 50 mM T4##CI buffer, pH 7.4, containing 0.15 M
KCI, 0.5 M sucrose, and Protease Inhibitor Cockf@2714, Sigma—Aldrich) and then centrifuged
at 12,000 xg for 40 min at 4 °C. Supernatants (SN) were callédbr the analyses. SN protein
concentrations were quantified according to Bradlfd@®76) using bovine serum albumin (BSA)
as the standard.

2.4.1. Superoxide (SOD) dismutase assay

Total SOD activity was measured in the SN of batbues using the xanthine oxidase/cytochrome
¢ method proposed by Crapo et al. (1978). The tytone c reduction by superoxide anion
generated by xanthine oxidase/hypoxanthine reagtmsdetected at 550 nm at room temperature
using a Beckman Coulter (DU® Series 730) spectrapheter. The reaction mixture contained
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46.5 mM KHPOYK,HPO, (pH 8.6), 0.1 mM EDTA, 195 mM hypoxanthine, 16 mitachrome

¢, and 2.5 mU xanthine oxidase. Enzyme activitgxpressed as U SOD/mg protein, where one
unit of SOD was defined as the amount of sampledyrimg 50% inhibition in the assay
conditions.

2.4.2. Catalase (CAT) assay

Gill and digestive gland CAT activity was measumaztording to the method of Aebi (1984).
Decreases in the absorbance of a 50 mMD,Hsolution ¢ = -0.0436 mM" cmi*) in 50 mM
phosphate buffer (pH 7.8) and 10 of tissue SN were continuously recorded at 240fon80
seconds. The results are expressed in U CAT/mgiproivhere one unit of CAT was defined as
the amount of enzyme that catalysed the dismutatidnumol of H,O,/min.

2.4 3. Glutathione S-transferase (GST) activityagss

GST activity was measured spectrophotometricall$4ft nm according to the method described
in Habig et al. (1974) using 1-chloro-2,4-dinitrolzene (CDNB) and reduced glutathione (GSH)
as substrates. The reaction mixture contained SNm® CDNB, 0.1 M GSH, and 0.1 M
phosphate buffer (pH 6.5). GST activity is expresae nmol/min/mg protein.

2.4.4. Acetylcholinesterase (AChE) activity

Gill AChE activity was measured according to thethnd of Ellman et al. (1961), adapted to the
microplate reader by Bocquené and Galgani (1998)S@ and buffer blanks were incubated for
5 min in microplates at room temperature with 04 dithiobisnitrobenzoate in 0.1 M Tris-HCI
buffer, pH 7.5. The reaction was started by thatemtdof 3 mM acethylthiocholine. Samples were
incubated for 10 min at room temperature. Changeshsorbance at 405 nm were then recorded
for 5 min on a microplate reader (2100-C, Opticnign System) at room temperature. The results
are expressed as nmol/min/mg protein.

2.4.5. Lipid peroxidation (LPO)

LPO was quantified in both tissues SN using theomdibldehyde (MDA) assay, according to the
method of Buege and Aust (1978). Absorbance wad spactrophotometrically at 532 nm, and
the results are expressed as nmoles of thiobaibitaactive substances (TBARS)/mg protein.
TBARS, considered as “MDA-like peroxide productsivere quantified by reference to MDA
absorbancee(= 156 x 16 M™ cmi') (Damiens et al. 2007). The results were not esqEe as
MDA levels because TBA can react with a range @faical compounds (Csallany et al. 1984).

2.4.6. Protein carbonyl measurement

Protein carbonyl content (PCC) was measured viafdhmation of labelled protein hydrazone
derivatives, after 2,4-dinitrophenylhydrazide (DNPIeaction, which were then quantified
spectrophotometrically (Mecocci et al. 1999; Ddllenne et al. 2003). Briefly, SN was incubated
in a solution of 10 mM DNPH in 2 N HCI. Separatariis for each pool were prepared by adding
to SN 2 N HCI without DNPH. The samples were l¢ftaom temperature for 1 h in the dark and
vortexed every 15 min. After 30% trichloro-acetaida(TCA) addition, the samples were kept on
ice for 15 min and then centrifuged at 10,009 for 15 min at 4 °C. Pellets were washed three
times with an ethanol-ethyl acetate mixture (1:d) remove the free DNPH and lipid
contaminants, resuspended in 6 M guanidine hydooicld, and kept at 37 °C for 30 min in a
water bath. Finally, the carbonyl content was daked from the SN absorbance at 370 nm via the
molar absorption coefficient of 22,000 mol/cm argressed as nmol/mg protein.

2.4.7. DNA precipitation assay

DNA strand breaks were quantified using a fluoraseetechnique adapted from the alkaline
precipitation assay (Olive 1988). Samples of balls gnd digestive gland were weighed (Mettler
Toledo, XS105 Dual Range analytical balance, 0.@r@adability) before tissues preparation (see
above), and the wet weight was recorded. Homogepataple was mixed with 2% SDS
containing 10 mM EDTA, 10 mM Tris-base, and 40 mMQWH for 1 min. KCI (0.12 M) was
added, and the solution heated at 60 °C for 10 mired via inversion, and cooled at 4 °C for 30
min. This mixture was then centrifuged at 8,00Q %or 5 min at 4 °C. SN was added to a
bisbenzimide 33258 (Hoechst) dye solutionufImL diluted with buffer containing 0.4 M NacCl,
4 mM sodium cholate, and 0.1 M Tris-acetate, pH-8;51:6 v/v ratio) in a quartz cuvette and
mixed for 5 min. Fluorescence was measured usingadan Cary Eclipse fluorescence
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spectrophotometer at 360 nm (excitation) and 450 (emission) against blanks containing
identical constituents, with homogenisation buffeplacing the homogenate. Salmon sperm
genomic DNA standards were added for DNA calibrgtiand the results are expresseqig&
wet weight.

2.5. Zinc bioaccumulation in gills and digestive gind

At the end of the exposure (T7), 4 pools of gitigl @igestive glands per experimental condition (6
animals each) were collected to quantify zinc béo@eulation. Tissue samples were freeze—dried,
and approximately 150 mg were weighed and digeistdid-M vessels with 4 mL of 69% nitric
acid and 2 mL of 30% hydrogen peroxide. Digesticas werformed in a Milestone MLS 1200
MEGA microwave oven. The heating programme condisfefive stages (2 min, 250 W - 2 min,
0 W - 6 min, 250 W - 5 min, 400 W and 5 min, 650.\After cooling, samples were transferred
into graduated flasks and diluted to 25 mL with IM) water. The sample solutions were
analysed via inductively coupled plasma optic eiisspectroscopy (ICP-OES) using a Thermo
Fischer Scientific iCAP 6300 DUO. Five calibratisalutions (0, 0.5, 1, 3 and 6 ppm of Zn) were
prepared by conventional dilution of Carlo Erba @ @/mL mono-elemental standard solution of
the analyte as nitrate. The same amount of reageets for the digestion procedure was added to
each calibration solution. Measurements were madgna202.55 nm, and each sample was
analysed in five replicas. The results are expressepg Zn/g dry weight. The detection limit of
Zn was 0.9 ug/L.

2.6. Haemolymph parameters

2.6.1. Total haemocyte count (THC) and haemocwyedter and volume

THC and haemocyte diameter and volume were detednising a Model Z2 Coulter Counter
electronic particle counter/size analyser (Coulterporation, FL, USA). THC is expressed as the
number of haemocytes (X30mL of haemolymph. Haemocyte diameter and voluneeexpressed

in um and in femtolitres (fL), respectively.

2.6.2. Haemocyte proliferation

Haemocyte proliferation was evaluated using a owletric method and measured using a
commercial kit (Cell proliferation Kit Il, RocheThe assay is based on the cleavage of the yellow
tetrazolium salt XTT to form an orange formazan dyenetabolically active (viable) cells. This
assay has been validated in our previous studiaso@do et al. 2012a,b) according to the evidence
of cell division in circulating haemocytes of Mamitlams (Matozzo et al. 2008). The data were
normalised to the THC values recorded for the cldromm each experimental condition and
expressed as the optical density (OD) at 450 nm.

2.6.3. Cytotoxicity assay

Cytotoxicity was evaluated using a colorimetric ®@sdased on the measurement of lactate
dehydrogenase (LDH) activity in cell-free haemolympDH is a stable cytoplasmic enzyme that
is released by damaged cells (at cell membrand)léwe the haemolymph. A commercial kit
(Cytotoxicity Detection Kit, Roche) was used toemsscell damage. The results, normalised to
THC values, are expressed as the optical dens@y €D490 nm.

2.6.4. DNA fragmentation

A photometric enzymatic immunoassay was used fgthantitative determination of cytoplasmic
histone-associated DNA fragments (mono- and oligteasomes) after induced cell death
(apoptosis). One of the documented events of apiptc DNA fragmentation due to the
activation of endogenous endonucleases. Endonededsave double-stranded DNA at the most
accessible internucleosomal linker region, genegatnono- and oligonucleosomes. The DNA
fragments of apoptotic haemocytes were determisatjia commercial kit (Cell Death Detection
ELISA, Roche) and according to the manufacturer&ructions. The results, normalised to THC
values, were expressed as the optical density @@B)5 nm.

2.6.5. Single cell gel electrophoresis (SCGE) assay

The SCGE assay was performed using the alkalineeIBHversion of the assay developed by
Singh et al. (1988). Thirty microlitres of each hedymph pool were mixed with an aliquot of

low melting agarose (LMA - 0.7%) and added to atedalide (previously dipped in 1% normal

melting agarose). The slides were covered with iegless and placed at 4 °C for 40 min until the
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agarose layer solidified. A third agarose (LMA) daywas added to the slides in the same way.
After agarose solidification, the slides were pthée a lysing solution (2.5 M NaCl, 100 mM
NaEDTA, 8 mM Tris—HCI, 1% Triton X-100 and 10% DMS@H 10) in a Coplin jar at 4 °C in
the dark for at least one hour. Alkaline DNA unwirgl was performed for 30 min in a gel
electrophoresis chamber containing freshly prepbtgfér (1 mM NaEDTA, 300 mM NaOH, pH
13) and then in an ice-water bath (4 °C). Electoophis was then performed at 0.78 V/cm and
300 mA for 25 min. The slides were washed aftectedphoresis in a neutralisation buffer (0.4 M
Tris - HCI, pH 7.5) and fixed in absolute ethanéfter staining with DAPI (4,6-diamidino-2-
phenylindole) DNA dye, a coverslip was placed otrer slides. Imaging was performed using a
fluorescence microscope (Leica 5000B, Germany)pmpd with an FITC filter (13, excitation BP
450-490, emission LP 515) at 10x magnification. Mips were performed in the dark to minimise
additional UV-induced DNA damage. Positive contradsre performed with 0, to check the
effectiveness of the electrophoresis conditionse ®undred cells per slide for a total of 500 cells
per condition were analysed using an image anadystem (Comet Score®). The ratio between
the migration length and the diameter of the cohestd (LDR) was chosen to represent DNA
damage. According to Binelli et al. (2009), the LDRue was coupled to the percentage of tail
DNA obtained by the Comet Score®.

2.6.6. Micronucleus (MN) test

The MN test was performed according to the methoBavlica et al. (2000). One hundred fifty
microlitres of each haemolymph pool were placedaaiide and left for 15 min in a humidified
chamber at room temperature to allow the haemodgtesihere. Haemocytes on the slides were
subsequently fixed in a glutaraldehyde (25% in Q4b filtered seawater) solution for 5 min.
After rinsing with PBS, the slides were stainedhwtoechst dye solution (1 pg/mL) for 5 min and
then washed and mounted in glycerol-Mcllvaine buffel). The slides were kept in the dark at 4
°C prior to examination under the microscope. Almples were coded and blindly evaluated
always by only one observer. Using a pre-arrangetway to reduce the observer’s subjectivity,
slides were scored under the fluorescent microstep 5000B equipped with a submerged lens
at 100x magnification. Four hundred cells were t¢ednfor each slide for a total of 2000
cells/treatment. Only intact and non-overlappingrhacytes were considered. Micronuclei were
identified according to the criteria proposed byrskh-Volders et al. (2000), and the MN
frequency (MN%o) was calculated.

2.7. Statistical analysis

The normal distribution (Shapiro-Wilk test) and th@mogeneity of the variance (Bartlett test) of
the data were assessed. The data were statisticatipared using a two-way ANOVA test, with
exposure time and contaminant concentrations aablas and biomarkers as cases. The ANOVA
was followed by a Fischer LSD post-hoc test to eat significant differences (*p<0.05;
**p<0.01, ***p<0.001) between treated samples amthted controls (time to time) and among
exposures. The data regarding the bioaccumulatforine in gills and digestive gland were
statistically compared using a one-way ANOVA tesiofved by Tukey's HSD test.

The results are expressed as the mean * standardtiole. The STATISTICA 10 software
package (StatSoft, Tulsa, OK) was used for statistinalyses.

3. Results

Throughout the experiment, animal behaviour wasiclemed normal by checking
visible siphons pumping in and out and assessieg tlesponse to mechanical
stimuli (rapid siphon retraction and shell valvestire). No clam mortality was
observed at all the concentrations tested.

3.1. Nanoparticle characterisation

A TEM image and a size histogram of NPs are showrFig. 1A and 1B,
respectively. The nZnO mean diameter, obtained 200 NP measurements,
was approximately 52 nm 22 (s.d.), in agreement with the declared range. si
The XRD patterns (Fig. 1C) revealed the zincitex@g®nal) crystal structure. The
average crystallite diameter of nZnO, evaluated@tng to the Sherrer equation,
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was estimated as 40 nm. The NP specific surfac esemated via BET was 9
m?/g with no surface porosity. nZnO dispersed in watewed a d(0.5) of 9.791
pm and 3.423 of SPAN (Fig. 1D), as determined saialiffraction.

Size distribution: nZnO
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Fig. 1. A: TEM image of nZnO. B: size (diameter) distrilut histogram of nZnO estimated via
TEM. C: XRD pattern of the ZnO powder. The crystalphase is Zincite (JCPDS #36-1451). D:
size distribution of nZnO estimated via laser @ifion.

3.2. Gill and digestive gland assays
The two-way ANOVA results for the various paramstareasured in clam gills
and digestive glands are shown in Table 1.

Table 1. Two-way ANOVA results for the biochemical responsesasured in the gills and the
digestive gland oR. philippinarum throughout the exposure to nZnO (1, 10 ug/L) an@lZ(10
png/L). Statistically significant effects of the iarles “contaminants”, “time”, and
“contaminants/time” interaction are indicated indo

Gills Digestive gland

Source of variation S8 df MS F p 55 df MS & p
<OD Contaminants 6202.5 3 2067.5 873 0.000 932.9 3 311.0 3.66 0.050
activity Time exposure 4912.3 2 2456.2 10.37 0.000 526.6 2 2633 225 0.115
Contaminants‘time 1969.2 6 328.2 1.38  0.239 4241 5 70.7 080 0.723
CAT Contaminants 739.92 3  246.64 3.16 0.032 614.34 3 204.7 4.49  0.007
activity Time 425.35 2 21267 273  0.075 4553.07 2 22765 49.91 0.000
Contaminants*time 621.11 6 103.52 133  0.282 978.64 6 163.1 3.57 0.005
esT Contaminants 813366 3 27112 1.04 0.381 371291 3 12376 053 0662
activity Time 1429764 2 71488 275  0.073 525358 2 26267 11.28 0.000
Contaminants’time 1232239 6 20537 079 0.581 107982 6 17997 077 0.594

Achg  Centaminants 0.43918 3 0.1483 137 0.262 / T / /

activity Time 0.91289 2 0.4564 427 0.019 / ! ! !

Contaminants‘time 1.57196 6 0.2619 245 0.037 / ! ! !
Contaminants 0.01012 3 0.0033 4.304 0.009 013012 3 0.04 4.56 0.006
LPO Time 0.00088 2 0.0004 056 0.574 0.04116 2 0.02 216 0.125
Contaminants’time 0.01237 6 0.0020 263 0.027 0.02685 86 0.00 047 0826
Contaminants 148.97 3 4966 428 0.009 58.88 z 19.6 0.87 0458
PCC Time 1343.81 2 6719 57.9  0.000 111823 2 539.1 2502 0.000
Contaminants’time 14.52 6 242 020 0.972 171.21 6 28.5 127 0.285
DNA Contaminants 0.1568 3  0.0523 0.0 0.963 1.2427 < 0.41 042 0.732
dama Time 0.0001 2 0.0007 012  0.542 1.0579 4 0.39 0.41 0.800
9 Contaminants'time 1.6769 6 02795 0.50 0.804 1.1399 6 0.19 0.19 0.976

A significant concentration-dependent (p<0.001) éinte-dependent (p<0.001)
increase in the activity of SOD was found in thésgiZnCl treated clams
exhibited significantly higher values of SOD adiywmwith respect to controls from
T3, whereas nZnO- (1(g/L) treated clams exhibited significantly highedues
of SOD activity only at the end of the exposurey(RZA).
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Fig. 2. SOD activity (A - B) expressed as U SOD/mg protitl CAT activity (C - D) expressed
as U CAT/mg protein ifR. philippinarum after 1, 3 and 7 days of exposure to nZnO (1, ¢
and ZnC} (10 pg/L). The values are reported as the mean3 fstndard deviation); n= 5 pools.
Asterisks denote significant differences comparedcontrols at the same time of exposure:
*p<0.05, **p<0.01, *** p<0.001.

SOD activity was significantly affected by the caminants in the digestive gland
(p=0.050); a significant increase was found at m7ciams exposed to both
concentration of NPs compared to control (Fig. 2B).

CAT activity was affected significantly in both dises due to exposure to
contaminants (p=0.032 in gills, p=0.007 in digestgland). In the gills, the CAT
activity did not change under ZnG¥xposure, whereas an increase was observed
in clams exposed to 1 and L@/L of nZnO at T7, when a significantly higher
enzyme activity (p=0.006) was also detected athijbest nZnO concentration
with respect to the Z# treated clams (Fig. 2C). In the digestive gland, a
significant increase in CAT activity was found undsoth nZnO and ZnGl
exposure (time and concentration/time interactigx0.001 and p=0.005,
respectively). At T7, the enzyme activity was sfgaintly higher in all treatments
with respect to control (Fig. 2D). The GST activayhibited a not significant
decreasing trend in the digestive gland with insirgg exposure time (two-way
ANOVA, p=0.059, Fig. 3A), whereas no significantriaéion was found in the
gills.

In the gills, AChE activity was significantly affestl by exposure time and
concentration/time interaction (p=0.019, p=0.03%&spectively). Pair-wise
comparisons highlighted significant differencesyoat T1 between controls and
clams exposed to the lower nZnO concentration. Qg the AChE activity
values were not significantly different in conteold treated clams after 7 days of
exposure, a similar decreasing trend was observéteinZnO- and ZnGireated
clams (Fig. 3B).
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Fig. 3. GST activity in the digestive gland (A) and AchEtiaity in the gills (B) expressed as
nmol/min/mg protein oR. philippinarum after 1, 3 and 7 days of exposure to nZnO (1, g u
and ZnC} (10 pg/L). The values are reported as the meanB;#nS 5 pools. Asterisks denote
significant differences compared to controls atdame time of exposure: **p<0.01.

nmol/min/mg protein

Lipid peroxidation was significantly influenced he contaminants in both
tissues (p=0.009 in gills, p=0.006 in digestivengl®) and by concentration/time
interaction in gills only (p=0.027). In the gillthe TBARS levels increased at
lower nZnO concentration only during the first phas the exposure (T1, T3),
but similar values were found in all conditionstéesat T7 (Fig. 4A). In the
digestive gland, the TBARS values measured in teated clams were always
lower than in the controls, with a significant retlan with respect to controls in
the ZnC}-exposed clams at T3 (Fig. 4B). PCC values weneifsigntly affected
by the exposure time in both tissues (p<0.001) laypdhe contaminants in the
gills. The only significant differences in the pairse comparisons were between
nZnO- (10 pg/L) and ZnGlreated clams at T3 in the gills (Fig. 4C) andassin
controls and the Znglreated clams at T1 in the digestive gland (Fi).4
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Fig. 4. TBARS (A - B) and PCC (C - D) levels expressecha®l/mg protein irR. philippinarum
after 1, 3 and 7 days of exposure to nZnO (1, 1@ )uand ZnC} (10 pg/L). The values are
expressed as the means + SD; n= 5 pools. Astediskete significant differences compared to

controls at the same time of exposure: *p<0.05, (7%0.001.

DNA damage detected via the DNA precipitation assag not significantly
different in the gills and digestive glands of ttemtrol and treated clams.
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3.2.1. Zinc bioaccumulation in gills and digestgland
The total zinc content in the gills and digestivangl of the clams exposed for 7
days to nZnO (1-1Qug/L) and ZnC} is reported in Fig. 5A, B. The results
demonstrated significant accumulation of Zn in bibté gills (p=0.020) and the
digestive gland (p=0.002) in all treatments comgdrecontrols. In both tissues,
no difference was found among the treated clams.

A Zinc concentration (Gills) B Zinc concentration (Digestive gland)
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Fig. 5. Levels of zinc expressed as g Zn/g dry weighhangills (A) and the digestive gland (B)
of R. philippinarum after 7 days of exposure to nZnO (1, 10 ug/L) @ml, (10 pg/L). The
values are expressed as the means + SD; n= 4 pastistisks denote significant differences
compared to controls: *p<0.05, **p<0.01.

3.3. Haemolymph parameters

The two-way ANOVA results for the various paramstaneasured in the
haemolymph are shown in Table 2. Only haemocytéferation and the SCGE
assay showed significant variations among treatspemnhereas no significant
effect of treatment, time of exposure and theienattion was detected in THC,
haemocyte diameter and volume, LDH activity, DNAgmentation and MN
frequency values.

Table 2. Two-way ANOVA results for the biochemical and oddr responses measured in the
haemolymph ofR. philippinarum throughout the exposure to nZnO (1, 10 pg/L) an€lZ(10
pmg/L). Statistically significant effects of the iales “contaminants”, “time” and
“contaminants/time” interaction are indicated indo

Haemolymph

Source of variation ss df mMs F p

Contaminants 6,767138E+13 3 2255713E+13 241 0077

THC Time 4BO0825E+13 2  2.345412E413 251  0.001
Contaminants'time  4,237941E+13 &  7,063235E+12 075  0.606

Contaminants 0.2458524 3 0081950817 058 0833

HS;%‘;‘:;’:" Time 02634223 2  0.13171115 093  0.403
Contaminants*time 0.4746785 6 0079113083 056 0762

Contaminants 1110.119 3 370.0396 057 0636

Haemocyte  fine 2530507 2 1265254 195 0152
Contaminants‘time 2846 538 6 474,4231 073 0625

Contaminants 2.508659 3 0.83622 1159 0.000

Hzfi’f';‘r’:t‘i';‘; Time 0.398485 2 0.199242 276 0073
BEQUR Contaminants®time 0.288901 5] 0.04815 0.66 0.676
Contaminants 0.000524 3 0.000175 031 0814

Cytotoxicity ~ Time 0.000696 2 0.000348 062 0375
Contaminants*time 0.004595 : 0.000782 141 0229

Bun Contaminants 0.07618 3 0.025393 235 0083
fragmentation  TME 0.033458 2 0.016729 215 0076
g Contaminants‘time 0.066264 6 0.011044 102 0421
Contaminants 1.0171 3 0.3390 16.20  0.0000

(le:%RE‘?sIg:y) Time 0.1885 2 0.0042 452 00147
Contaminants®time 0.5368 6 0.0895 4.29 0.0011

; Contaminants 302.1812 3 130.7271 13.22  0.000
%c‘:’éf;gsr’s"a; Time 82.15225 2 41.07613 415 0.020
Contaminants/*ime 167.1554 6 27.85923 2.81 0.017

Contaminants 27.083 3 9.028 0.85 0.250

MN frequency  Time 25215 2 13.810 056 0658
Contaminants®time 22.396 6 3733 0.60 0.658
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Haemocyte proliferation was significantly affectdry the exposure to the
contaminants (p<0.001). At each exposure time, loagta proliferation
increased with increasing nZnO concentration arak@e at the highest value in
the ZnCj-treated clams. Differences with respect to costnekre significant
from T1 in the clams exposed to ZaQlut significant at T7 only in the clams
exposed to nZnO (10 ug/L).

Moreover, at T3, haemocyte proliferation was sigaifitly higher (p=0.028) in
the clams exposed to Zn@han in the nZnO- (10 pg/L) treated clams (Fig).6A
Both SCGE assay endpoints (LDR value and the ptagerof DNA in the comet
tail) highlighted significant primary genetic daneague to contaminants in the
clam haemocytes (p<0.001), a significant effectegposure time (p=0.014,
p=0.020, respectively), and a significant contamis&xposure time interaction
(p=0.001, p=0.017, respectively). In particulare thDR values significantly
increased in the presence of nZnO {@&'L) and ZnCj} from T3, reaching
maximum values at T7 (Fig. 6B). A statistically sfgcant increase in the
percentage of tail DNA was observed just after fitet day of exposure at the
lowest nZnO concentration, whereas at T3 and Tétienlamage significantly
increased in clams exposed to the highest nZnOetration and to ZnGI(Fig.
6C). Moreover, at T3, the percentage of tail DNAsvegagnificantly higher in the
nZnO- (10 ug/L) treated clams with respect to th€g-treated clamgp=0.034).
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Fig. 6. Haemocyte proliferation (A) expressed as jQDand SCGE results expressed as
length/diameter ratio (B) and the mean percentddeiloDNA (C) in R. philippinarum after 1, 3
and 7 days of exposure to nZnO (1, 10 pg/L) andlZfi© ug/L). The values are expressed as the
means + SD; n=5 pools. Asterisks denote significkiférences compared to controls at the same
time of exposure: *p<0.05, **p<0.01, *** p<0.001.

4. Discussion

The Manila clams are often used to monitor marinastal pollution and to
understand the potential effects determined byouarigroups of pollutants in
laboratory experiments (Blasco and Puppo 1999 3il.e2006; Matozzo et al.
2010; Milan et al. 2013; Marisa et al. 2015). Daats$ prevalence in lagoon and
coastal areas which are characterised by many agpubenic impacts,R.
philippinarum is considered a model species to assess envirdaimen
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contamination. The use in ecotoxicological studigsalso supported by the
relevant economic value of the species that is liistted and farmed (Melaku
Canu et al. 2011; Boscolo Brusa et al. 2013). Asndaunal filter-feeder, the
Manila clam is particularly exposed to the impa€tcontaminants having in
sediments their ultimate sink, such as NPs (Cdrsil.e 2014). Considering the
overall NP behaviour and characteristics, nZnO @&aubre deposit in the sea
bottom at the sediment-water interface; bioturbratiand resuspension of
sediments could promote particle exchange betweersédiment and the water
column (Keller et al. 2010; Majedi et al. 2013; Ract al. 2015).

Oberdorster et al. (2005) reported that the primalgments of NP toxicity-
screening strategies are physicochemical charaaten and the elucidation of
biological effects inn vivo studies.

The bioavailability, uptake, accumulation and tayicof NPs in aquatic
organisms depend on several physico-chemical piiepersuch as particle
size/shape, surface charge and structure, partibkmistry, solubility, and
aggregation state (Ma et al. 2013; Baker et al420h this study, as shown via
the TEM analysis, the nZnO had a mean diameteR ofrB, in agreement with the
mean crystallite size evaluated via XRD. The NPsewaonocrystalline with a
hexagonal structure, and a range of various moqggned was present, including
spherical, elongated and faceted particles. Theifspsurface area evaluated via
BET was also in agreement with the specificatiarsniznO. nZnO were highly
hydrophobic, thus aggregating strongly in aqueablstions, as confirmed by our
observations.

Currently, no data are available regarding NP pioliu in the marine
environment,as a consequence of the difficulty to detect andntify NPs in
complex matrices.Only the PECs can be used to understand the padtent
concentration of NPs in seawater (Ma et al. 200Baddition, information on the
ecotoxicological effects of nZnO has been veryti@niacross all taxa, especially
compared to nTiQ which possess many similar properties to nZnO laae
been the most extensively studied among metal aXPe (Ma et al. 2013; Rocha
et al. 2015)Most of the published ecotoxicological studies wevaducted with
high NP concentrations that are unrealistic fromeawironmental point of view
compared to PECs (Mouneyrac et al. 2014). Insteathjs study, we chose lower
concentrations (1 and 1@/L) of nZnOthat were in the range of PEC valu€s.
assess the effects of nZnO on the clBmphilippinarum, a multi-biomarker
approach was used. Biomarkers have been shown teebsitive and early
warning indicators of exposure to pollutants angravide information regarding
alterations in the organism physiology and biocloainimechanisms of a
contaminant’s actioMouneyrac et al. 2014)

The battery of biomarkers was selected based the igharacteristics of nZnO, ii)
the effects of nZnO in other species, and iii) plogential mechanism of action of
NPs. To gain a better insight on the effects of @Zdn R. philippinarum, we
investigated various biological responses in thresues (gills, digestive glands
and haemolymph). Indeed, in bivalves, NPs are kntonle filtered by the gills,
accumulate in the digestive gland, and transfetwetie haemolymph through the
epithelium of the digestive gland tubules (Moorale2009; Rocha et al. 2015).

In literature, the primary general mode of actidriN®s is the direct and indirect
induction of oxidative stress, when antioxidanteiefes are overwhelmed by
reactive oxygen species (ROS) produced in orgartissues (Al-Subiai et al.
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2012; Rocha et al. 2015). In nZnO-expodestherichia coli, ROS production
results in membrane damage, thus highlighting antéyial properties of the NPs
(Zhang et al. 2007). Normally, antioxidants, sushS0OD and CAT enzymes,
allow cells to protect themselves from damage due to Rasber 1994; White
2000). In this study, SOD activity exhibited a drént behaviour in the two
tissues. Interestingly, in both tissues, SOD dstivicreased with increasing time
of exposure, but it was more responsive to zins iarthe gills and to nZnO in the
digestive gland. An increase in this enzyme agtivilas also detected in the
digestive gland of the freshwater musdelo tumidus after 14 days of nZnO (3.1
UM) exposure (Falfushynska et al. 2015). In ano#tedy, SOD activity of the
earthworm Eisenia fetida exhibited a decreasing trend, with a response
significantly lower than that of controls at theglhest nZnO concentration (0.5
g/Kg) (Hu et al. 2010). Conversely, in the freshavasnail Biomphalaria
alexandrina, SOD activity varied depending on the concentratiminsZnO (7 and
35 pg/mL). At lower concentration, the activity degsed in the soft tissues and
haemolymph, whereas at higher concentration, theitgdncreased (Fahmy et al.
2014).

Many studies have found varying responses of CAT inoreased metal
concentrations, with some organisms exhibiting eased activity, others
exhibiting depressed activity, and still others wimy no catalase response
(Regoli et al. 1998). In the present study, we plegk a significant increase in
CAT activity in both the gills and the digestiveagtl of nZnO-treated clams, but a
similar increase was found only in the digestivandl of clams exposed to zinc
ions. The obtained results are in accordance \ihfindings of Ali et al. (2012)
that showed an increase in CAT activity in the lireater snailLymnaea luteola
exposed to nZnO (10, 21, 3&/mL) for 96 hours, even though the concentrations
of nZnO tested in that study were thousands of giniegher than the
concentration considered here. A modulation of G&Tivity was also shown in
E. fetida: the enzyme activity increased at low concentreti(0.1 — 0.5 g/Kg) or
decreased at high concentration (5 g/Kg) (Hu e@l0). Similar results were
found inB. alexandrina, after 3 weeks of exposure to nZnO with a modutatib
CAT activity in both the haemolymph and soft tissueespite the different
patterns of variation, depending on concentratioh tsssue (Fahamy et al. 2014).
Although CAT response was differently modulatedthose studies and in the
present study the enzyme activity was always sSwamtly affected in nZnO
exposed animals with respect to controls.

GST is an enzyme that participates in the detadib;m process due to
conjugation reaction between GSH and xenobiotiasr(Qins et al. 2011). Thiol
compounds, such as reduced and oxidised GSH, esirése initial protective
substances against heavy-metal ions and othertaoifu Inhibition of GST
activity occurs either through direct action of aletn the enzyme or indirectly
via the production of ROS that interact with theyne, depletion of its substrate
(GSH) and/or down regulation of GST genes througferént mechanisms
(Roling and Baldwin 2006). In this study, primarily the digestive gland, GST
activity exhibited a decreasing trend under nZn@ AnCh exposure. This effect
may be related to the depletion of glutathioneolwlhg increased antioxidant
response. A similar variation pattern was obsetwedli et al. (2012) and Fahmy
et al. (2014) that reported significantly reduce8TGactivity in two freshwater
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shails specied,. luteola andB. alexandrina, respectively, following zinc oxide
NP exposure.

Overall, the modulation of CAT, SOD, and GST atidg highlighted oxidative
stress conditions progressively increasing througtbe experiment in clams
exposed to nZnO. The consequences of ROS produdéipend on the intensity
of the stress and on physicochemical conditionthéncell. It has been generally
accepted that active oxygen produced under elewsteds could cause different
damage to molecules (Valko et al. 2004; Fahmy.2@l4). The measurement of
the end-products of lipid peroxidation (TBARS carijethe content of carbonyl
groups of proteins and strand breaks of DNA couldvide an idea of the
potential effect of oxidative injury caused to nZa6d Zri*. Despite evidence of
oxidative stress in contaminant-exposed clamdjeaehd of the exposure damage
to lipids, proteins and DNA were not detected coregdao controls, either in the
gills or in the digestive gland. In the gills, tiBARS level increased at T1 and
T3 but dropped to control values at T7, likely aule of steady increases in CAT
activity. The results obtained are in good agredamdth those from previous
studies in which increased levels of protectionmfroxidative stress led to
decreased levels of damage (Rodriguez-Ariza etl@93; Falfushinska et al.
2015). As in our study, the results obtainedUntumidus exposed to nZnO
demonstrated no lipid or DNA damage and even aedser in protein damage,
expressed as protein carbonyl concentration (Haligka et al. 2015). In other
studies, nZnO acted in different ways dependingtlen species, the time of
exposure and the concentrations of NPs. Ali e28l12) and Fahmy et al. (2014)
found LPO increases in freshwater snail specie®seg to nZnO. Similarly, in
the digestive gland of the freshwater mudséiptio complanata, an increase in
lipid damage was shown after 21 days of exposuz ig/L of nZnO (Gagne et
al. 2013). Interestingly, significant increases the MDA levels and protein
damage were observed in the gills of nZnO-treatetiens,Crassostrea virginica,
after 48 hours of exposure (4 mg/L), whereas necésfwere detected for other
classical antioxidant-related parameters (Trevisaral. 2014). Notably, most
exposures resulting in increased oxidative damagee werformed using NP
concentrations higher than that considered in tudys(Ali et al. 2012; Fahmy et
al. 2014; Trevisan et al. 2014) or using longerasxpe times (Gagneé et al. 2013;
Fahmy et al. 2014).

AChE is an enzyme essential for the degradationthef neurotransmitter
acetylcholine in cholinergic synapses and thus aesiple for the correct
transmission of nerve impulses in both vertebrates invertebrates. Due to the
role of AChE, its activity is widely used as a biarker of neurotoxicity.
Inhibition of AChE activity occurs after exposuie tome contaminants, such as
organophosphorus and carbamate insecticides, medetergents and other
organic pollutants (Pope 1999; Frasco et al. 200Bis biomarker was also used
to investigate potential NP neurotoxicity in bivedy taking into consideration that
the metal oxide NPs may release metal ions int@wainc is known to inhibit
the activity of AChE (Frasco et al. 2005), and zions can be released into
aquatic compartments through nZnO dissolution (Baati al. 2012). However,
the measurement of AChE activity in NP ecotoxicalah studies remains
controversial. Indeed, exposure to CuO, ZnO and\Rg did not change AChE
activity in the clam Scrobicularia plana (Buffet et al. 2011, 2012, 2013).
Conversely, Au NPs increased AChE activity in tamespecies, and this finding
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was associated with a phenomenon of overcompensatiated to increased
levels of acetylcholine (Pan et al. 2012). In addit no obvious neurotoxic
effects were observed Mytilus sp. afterin vitro exposure to nano-Fe (Kadar et
al. 2010). Only Gomes et al. (2011) reported a iSagmt inhibition of this
enzyme inM. galloprovincialis exposed to CuO NPs. In our study, only at the end
of our exposure, a slight not significant AChE mhon was observed in the
nZnO- and ZnGktreated clams, suggesting the possible role af mn release in
the mode of action of nZnO.

Mainly due to their feeding habits, bivalve mollssaccumulate NPs and are a
target of their toxicity. As filter-feeders, thewrt remove NPs from the water
column, both as single particles and aggregatesch@&cet al. 2015). The
accumulation of NPs in bivalves is a cause for mmmental concern,
considering the potential toxic impacts, trophiansfer, and even exposure to
humans (Hanna et al. 2013). It is ascertained fious aquatic species that nZnO
are accumulated in tissues. Marine musskls,galloprovincialis, exposed to
nZnO (0.1-2 mg/L) for 12 weeks, exhibited strong &ecumulation in both
somatic tissues and gonads, the extent to whichdependent on mussel size and
nZnO concentration (Hanna et al. 2013)Elncomplanata, Zn was accumulated
after 21 days of exposure to an environmentallfistéaconcentration of nZnO (2
ug/L) (Gagné et al. 2013). Conversely, environmbntalevant concentrations of
nZnO and the equivalent levels of fre?Zdid not lead to Zn accumulation in the
digestive gland ofU. tumidus (Falfushynska et al. 2015). I@. virginica, a
chemical analysis of gills and digestive gland @adled that nZnO were initially
incorporated by the gills, although they were by accumulated in the
digestive gland after 96 h (Trevisan et al. 20T4e potential for trophic transfer
and biomagnification of the accumulated Zn is higted by the findings of
Blackmore and Wang (2004) for the rock oyst&agcostrea cucullata. Soluble
and insoluble forms of Zn accumulated in the biealand were then transferred
to the predatory whelkThais clavigera, with a trophic transfer factor >1.
However, for all studies evaluating nZnO accumalatiit remains unknown
whether the Zn that accumulated in bivalve tissmas present as an ion released
from NPs or as NPs only.

In our study, control clams showed similar Zn catgein gills and digestive
gland, with values in the range of those previous|yorted by Irato et al. (2003)
in R. philippinarum from the same lagoon area. Compared to contrédspsc
exposed to nZnO and ZnQOlevealed a significant accumulation of zinc intbot
tissues. The amount of accumulated Zn was sinolathie various treatments and
for the two tissues. The absence of a clear reiship between increasing
exposure concentrations and Zn content in the 118ndg/L nZnO-treated clams
could be due to the reduced exposure time andotliecbncentrations tested. In
this regard, it must be considered that Hanna.€2@l3) did not find differences
in Zn accumulation of large-size mussels exposea flonger period (12 weeks)
to higher nZnO concentrations (0.1 and 0.5 mg/h)this study, no difference in
Zn accumulation was detected in the clams exposéuoeahighest concentration
of nZnO and at the same concentration of Zons. Similar results were obtained
in two marine invertebrates, the claB plana and the polychaetélediste
diversicolor (Mounyarc et al. 2014). Most studies have sugdestat the
accumulation of NPs by bivalves can occur preféaéintin digestive organs
(Moore 2006; Al-Subiai et al. 2012; Garcia-Negreteal. 2013). However, it has
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been demonstrated that gills can also be a prirt@get for NPs (Koehler et al.
2008; Trevisan et al. 2014). Overall, NP accumatats not only species-specific
but also occurs through different routes dependimghe tissue. Furthermore, the
high ionic strength in the marine environment irekiaggregation/agglomeration
of NPs, which can interfere with their uptake irssties of filter-feeding
organisms, reducing NP capability to enter cells endocytosis (Canesi et al.
2010a, 2010b; Gomes et al. 2011, 2012). Some studdve proposed the
preferential accumulation of aggregates rather thiagle metal NPs (Garcia-
Negrete et al. 2013), but recently it was demotedréhat soluble metals and NPs
accumulate more than micrometre-sized particles @dal. 2013; Rocha et al.
2015).

Several studies have demonstrated the adversetseftd#c contaminants on
haemocyte functionality in bivalves (Renault 20IR)e haemocytes of the clam
R. philippinarum play a primarily role in internal defence but afeo responsible
for other physiological processes, including wouadd shell repair, shell
production, digestion and transport of nutrientg] axcretion (Cima et al. 2000;
Donaghy et al. 2009). NPs are known to alter manoypimological and functional
characteristics of bivalve haemocytes (Gagné eR@D8; Ciacci et al. 2012;
Couleau et al. 2012; Barmo et al. 2013; Katsumiti a. 2014). The
Immunocytotoxicity, immunoactivity and immunoefigeicy are dependent on the
size, composition and concentration of NPs andhenbivalve species (Rocha et
al. 2015). In our experiment, nZnO induced modertects on haemocyte
parameters measured in the clams. Indeed, respdr@mesonly two assays
(haemocyte proliferation and SCGE assay) were fagnitly affected by the
exposure. Haemocyte proliferation significantlyremsed in the treated animals,
although a different pattern of variation was shdannzZnO and ZnGl Indeed,
this cell parameter can vary markedly in mollustepending on stress conditions
(Matozzo et al. 2012c).

Genotoxicity is considered one of the most impdrtaric endpoints in chemical
toxicity testing and risk assessment. Howeverleliis known regarding the
genotoxicity of nZnO, especially towards marineamigms. The SCGE assay is a
well-established technique that has been appli¢gdetstudy of DNA single strand
breaks induced by a variety of toxic agents, swcbh&mical compounds, ionising
radiation and NPs (Ali et al, 2012). In the pressndy, the results of the SCGE
assay suggested that nZnO determined DNA damaie iclam haemocytes. The
LDR values and the percentage of tail DNA signfiitta increased during the
experiment but only in clams treated at the higt@mmncentration of nZnO and
under ZnCj} exposure. The damage detected could be classetbw level,
which was also confirmed by the unchanged resilteemicronucleus assay in
the treated clams compared to controls. Cellulaerivalisation of NPs may
promote direct interaction with DNA inside the reu$ or during mitosis. NPs
could also determine DNA alteration indirectly thghh ROS generation in the
cells (Moore 2006; Handy et al. 2008; Karlsson 20X0f the three tissues
analysed, haemolymph was less responsive to nZm@sexe. This finding is
consistent with the role of haemocytes as the alénsite of NP uptake. As above
reported, a 7-day exposure at environmentally eglexconcentrations of nZnO
was not enough to highlight the major effects oarhacytes. Compared to other
studies that have investigated nZnO effects on umollhaemocytes, limited
changes were found in the haemocyte parameteRs ilippinarum. However,

49



it must be considered that differing exposure comals and remarkably higher
nZnO concentrations were used in those studiean In vitro exposure to nZnO
(1, 5, 10 pg/mL), Ciacci et al. (2012) reported aduiation of mussel haemocyte
parameters, with a decrease in lysosomal membraaiglity and phagocytic
activity. Three weeks oin vivo exposure to nZnO (7 and 35 pg/mL) affected
many biochemical responses in the haemolymph ofstial B. alexandrina,
significantly inducing malondialdehyde and nitricxide and decreasing
glutathione and glutathione S-transferase levedbifky et al. 2014).

In some studies, the toxicity of nZnO on marineamigms was shown to be
significantly influenced by the release of%Zions (Miller et al. 2010; Wong et al.
2010). The present study clearly demonstrated ttheateffects of nZnO in the
various clam tissues could not be solely explaimgthe dissolved zinc. Although
there is some overlap in the responses to nZnafid marked differences were
also found, suggesting different intracellular metkms of action of these two
forms of Zn. Therefore, the toxicity of nZnO depsmibt only on the release of
zinc ions but also on the particular charactessttthe NPs (e.g., size, surface,
and shape). Although Ciacci et al. (2012) stated ih mussels, the haemocyte
responses to higher concentrations of nZnO arfd\iere comparable, our results
are in agreement with those reported by Falfushgmdkal. (2015) and Gagne et
al. (2015) who both supported the notion that thecimanisms of the cellular
effects are distinct for metal NPs and the respectietals.

5. Conclusions

Based on the results obtained in this study, nZat@rchined a modulation of the
biological parameters measured, mostly at the leimital level, in R
philippinarum exposed to low concentrations similar to PEC \aldé&e observed
increase in the antioxidant enzyme activities tgfmut the exposure to nZnO and
zinc ions suggest enhanced ROS production. As eeeef damage to cell
components was not found, we hypothesise that »ad#int defence was
sufficient to cope with increased oxidative straegl protect the cells. Oxidative
stress is reported as the primary effect of NP sypoin previous studies on both
aquatic and terrestrial species, which was confirrhere also in the clarR.
philippinarum exposed to nZnO. Among the tissues analysed, ailts digestive
gland were the most affected by nZnO exposure. @dmnn the parameters
measured in gills and digestive gland are condistath their increased Zn
content after 7 days of exposure. Overall resultggest that the mechanisms of
action of nZnO and Zn ions are not fully comparable

To our knowledge, this is the first study that istwgated the effects of nZnO in
Manila clams, thus providing a new topic of diseossfor NP ecotoxicological
studies. Indeed, considering the biological andloggoal features ofR.
philippinarum, this species could be subject to the risk of Mposure. In this
regard, the interaction between nZnO exposure drahges in environmental
parameters should be addressed in future studossiljly matching long-term
experiments and NP concentration similar to PEQeal
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The continuous growth of nanotechnology and nano-industries, the considerable increase of products
containing nanoparticles (NPs) and the potential release of NPs in aquatic environments suggest a need
to study NP effects on aquatic organisms. In this context, in vitro assays are commonly used for evaluating
or predicting the negative effects of chemicals and for understanding their mechanisms of action. In this
study, a physico-chemical characterisation of titanium dioxide NPs (n-TiO;) was performed, and an
in vitro approach was used to investigate the effects of n-TiO, on haemocytes of the clam Ruditapes
philippinarum. In particular, the effects on haemocyte phagocytic activity were evaluated in two different
experiments (with and without pre-treatment of haemocytes) by exposing cells to P25 n-TiO; (0, 1 and
10 pg/mL). In addition, the capability of n-TiO; to interact with clam haemocytes was evaluated with a
transmission electron microscope (TEM). In this study, n-TiO particles showed a mean diameter of
approximately 21 nm, and both anatase (70%) and rutile (30%) phases were revealed. In both experi-
ments, n-TiO; significantly decreased the phagocytic index compared with the control, suggesting that
NPs are able to interfere with cell functions. The results of the TEM analysis support this hypothesis.
Indeed, we observed that TiO, NPs interact with cell membranes and enter haemocyte cytoplasm and
vacuoles after 60 min of exposure. To the best of our knowledge, this is the first study demonstrating the
internalisation of TiO, NPs into R. philippinarum haemocytes. The present study can contribute to the
understanding of the mechanisms of action of TiO, NPs in bivalve molluscs, at least at the haemocyte
level.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

nanoparticles (NPs) represent the highest-volume component of
total metal oxide production (Kumar, 2006). However, due to the

Nanotechnology is one of the fastest growing and most prom-
ising technologies but may present a variety of hazards for envi-
ronmental and human health (Moore, 2006). The nanotechnology
market, as a unified market, was first quantified in 2001 by the
National Science Foundation, which predicted its value to be 1
trillion dollars by 2015, but the value of the market has increased
steadily over time (Nel et al, 2006). In particular, metal

* Corresponding author.
E-mail address: ilaria.marisa@studenti.unipd.it (I. Marisa).

http://dx.doi.org/10.1016/j.marenvres.2014.11.002
0141-1136/© 2014 Elsevier Ltd. All rights reserved.

relative novelty of this technology, information about the potential
risks that NPs can pose to non-target organisms are scarce. NPs are
widely used in many consumer products and in a variety of disci-
plines, including medicine, cosmetics, renewable energy, electronic
devices and environmental remediation. They show unique
physico-chemical properties, such as large surface area, charge and
shape, that differ from those of their respective bulk materials
(Handy et al., 2008). These features may result in i) direct genera-
tion of reactive oxygen species (ROS), ii) a high affinity for organic
and metallic pollutants, and iii) an ability to penetrate cells (Al-
Subiai et al., 2012). The development of nanotechnologies has
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introduced remarkable amounts of manufactured NPs into the
environment, including aquatic ecosystems. NPs can reach marine
coastal areas from various sources and by various routes, which can
affect their chemical nature, fate, behaviour and toxicity (Matranga
and Corsi, 2012; Rana and Kalaichelvan, 2013).

Among NPs, titanium dioxide (TiO;) is widely used because of its
distinctive physico-chemical properties (photocatalysis, inertness,
opacity, resistance to fading). n-TiO, commonly occurs in many
consumer products (sunscreens, cosmetic, medicine, paints, tex-
tiles, plastics, paper and wood preservatives), industrial products,
and photocatalytic processes (Couleau et al., 2012; Jacobash et al.,
2014; Frenzilli et al, 2014). A review published by the United
States Environmental Protection Agency (USEPA) estimated the
annual production of n-TiO, to be 2000 metric tons in 2005, with
65% of this production used in products such as cosmetics and
sunscreen lotions (USEPA, 2009). Jovanovi¢ (2014) reported that
from 1916 to 2011, an estimated total of 165,050,000 metric tonnes
of TiO, pigment were produced worldwide. The predicted levels of
n-TiO; in the aquatic environment are on the order of a few ug/L
(Menard et al., 2011).

From an ecotoxicological perspective, it has been demonstrated
that the immune system of aquatic organisms is a sensitive target
for NPs, which can induce changes in the immune responses of
exposed cells/animals (Ciacci et al.,, 2012; Couleau et al., 2012;
Jovanovi¢ and Pali¢, 2012; Barmo et al., 2013). Like other in-
vertebrates, bivalves rely on an innate, non-lymphoid immune
system involving both cellular and humoural components (Baracco
et al, 1999; Wootton et al., 2003). Haemocytes are primarily
involved in defence against pathogens but are also responsible for
other physiological process, including wound and shell repair, shell
production, digestion and transport of nutrients, and excretion
(Matozzo et al., 2007; Donaghy et al., 2009). In molluscs, phago-
cytosis is one of the most important mechanisms for eliminating
nonself materials (Takahashi and Muroga, 2008).

It is well known that both biotic and abiotic factors can strongly
affect haemocyte parameters in bivalves. However, most previous
studies (both in vitro and in vivo) have been focused on the eval-
uation of contaminant effects on bivalve haemocyte functionality
(Pipe and Coles, 1995; Galloway and Depledge, 2001; Matozzo,
2014). Regarding NPs, recent studies have demonstrated that this
distinctive class of contaminants can affect various biological re-
sponses at the cellular, subcellular and molecular levels (Canesi
et al, 2012; Matranga and Corsi, 2012; Baker et al., 2014). In
particular, n-TiO, (photoinducible, redox active and a potential
generator of ROS) has been shown to induce immunostimulation
or immune suppression in molluscs (Ciacci et al., 2012; Couleau
et al., 2012; Barmo et al, 2013; Grimaldi et al., 2013; Wang
et al,, 2014).

Despite these findings, to the best of our knowledge only one
study has investigated the negative effects of NPs in the clam
Ruditapes philippinarum (Garc¢ia-Negrete et al., 2013). To provide
further information concerning NP toxicity in this clam species and
in bivalves in general, an in vitro approach was used to evaluate the
effects of n-TiO, on R. philippinarum haemocytes. In
R. philippinarum, four cell types have previously been identified,
namely, haemoblasts, serous cells, and two types of immunocytes
(granulocytes and hyalinocytes) (Cima et al., 2000). In this study, n-
TiO, features (size, shape and particle size distribution) were
determined and NPs effects on phagocytic activity were evaluated
in two experiments. In the former, haemocytes were first exposed
to n-TiO, and then incubated with yeast cells; in the latter, hae-
mocytes were incubated with a yeast suspension containing n-TiO,
The aim of this experimental design was to investigate whether
pre-treatment of haemocytes was able to induce more marked ef-
fects on clam haemocytes. In addition, to evaluate possible

interactions between haemocytes and NPs, an electron microscope
analysis of haemocytes was performed.

2. Materials and methods
2.1. Nanoparticle characterisation

Nanosised titanium dioxide P25 (declared size of 21 nm and
>99.5% purity) was purchased from Sigma—Aldrich (Milano, Italy).
n-TiO, particles were characterised by a combination of analytical
techniques. The mean average diameter and shape of the primary
particles were determined with a TEM (FEI Tecnai G12) operated at
100 kV. Digital images were taken with a TVIPS F114 camera, and
the size of the particles was measured by IMAQ Vision (National
Instrument, USA).

X-ray diffraction (XRD) characterisation was performed with a
Bruker D8 Advance diffractometer. The analyses were performed in
Bragg-Brentano configuration at 30 kV and 30 mA. The mean
crystallite size was evaluated using the Sherrer equation.

The surface areas and porosities of TiO, NPs were characterised
by nitrogen adsorption and desorption analysis at 77.35 K with an
autosorb computer controlled surface analyser (AUTOSORB-1,
Quantachrome). The surface areas were calculated with Brunauer-
Emmett-Teller (BET) theory.

The particle size distribution was measured by laser diffraction
(Malvern Mastersizer Hydro 2000, Malvern Instruments, UK). The
NPs were dispersed using a small amount of dispersant medium
(distilled water) and sonicated for 10 min before analysis. The
dispersion was poured into the Hydro 2000 dispersion unit (Mal-
vern, UK) until the obscuration was in range. The analysis was
performed in triplicate. Particle size distribution was then defined
using the particle refractive index values of water and titanium
dioxide (1.330 and 2.741, respectively). The particle size distribution
was evaluated as d(0.5) and SPAN. The latter is an index of particle
size polydispersity and is expressed by the following equation:
Span = d(0.9) — d(0.1)/d(0.5), where d(0.9), d(0.1), and d(0.5) are the
diameters at 90%, 10% and 50% cumulative volume, respectively, of
the particles.

2.2. Clams

Specimens of R. philippinarum were collected from a reference
site that was located inside a licensed area for clam culture in the
southern basin of the Lagoon of Venice (Italy) and were acclima-
tised in the laboratory for 7 days before the beginning of the ex-
periments. Clams were maintained in large aquaria containing a
sandy bottom and aerated seawater (salinity of 35 + 1 psu, tem-
perature of 17 + 0.5 °C) and were fed with microalgae (Isochrysis
galbana) daily.

2.3. Haemolymph collection and haemocyte cultures

For eah experiment (see below), pools of haemolymph (from 5
clams each) were used. Haemolymph was collected from the
adductor muscles with a plastic syringe, stored on ice, and added to
an equal volume of 0.38% sodium citrate in 0.45 pm filtered sea
water (FSW), pH 7.5, to prevent clotting. Haemolymph was
centrifuged at 800 x g for 10 min. Haemocytes were resuspended in
FSW to prepare short-term cell cultures.

Short-term haemocyte cultures were prepared according to
Ballarin et al. (1994). Sixty microlitres of haemocyte suspension
were placed in the centre of culture chambers made by a Teflon
ring (15 mm internal diameter and 1 mm thick) smeared with
petroleum jelly, glued to a siliconised glass slide, and covered with
a coverslip. Chambers were kept upside down for 30 min at room
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temperature to allow haemocytes to settle and adhere to
coverslips.

2.4. n-TiO, solutions, in vitro exposure of haemocytes and
phagocytosis assay

n-TiO; stock solution (1 g/L) was prepared in artificial seawater
(ASW) (Red Sea Salt, Red Sea Fish Pharm, Israel) and sonicated at
4 °C with a Braun Labsonic U sonifier at 50% duty cycles for 30 min.
Two different experiments were performed to investigate the ef-
fects of n-TiO, on phagocytic capability of haemocytes. Each
experiment was repeated three times, and three different pools of
haemolymph were used in each experiment. Two slides were
prepared for each experimental condition.

Experiment A (pre-treatment of haemocytes with n-TiO5).
After the adhesion of the haemocytes to the coverslips, FSW was
removed from the culture chambers and replaced with an equal
volume of FSW (control) or n-TiO, solution (1 pg/mL and 10 pg/mL
in FSW). Cells were then incubated for 60 min at room temperature.
Thereafter, the n-TiO; solutions were removed from the culture
chambers, and the haemocytes were washed three times in FSW
prior to a phagocytosis assay. FSW was then removed from the
culture chambers and replaced with an equal volume of a yeast
suspension (Saccharomyces cerevisiae) in FSW (yeast: haemocyte
ratio = 10:1) (Cima et al., 2000). The haemocytes were incubated at
room temperature for 60 min.

Experiment B (concomitant incubation of haemocytes with
yeast plus n-TiO;). After adhesion of the haemocytes to the cov-
erslips, FSW was removed from the culture chambers and replaced
with an equal volume of a yeast suspension containing n-TiO, (1 ug/
mL and 10 pg/mL). The yeast suspension was prepared in FSW
(yeast: haemocyte ratio = 10:1), divided into three aliquots (one for
each experimental conditions), centrifuged at 12,000 x g for 3 min,
and resuspended in an equal volume of FSW (control) or n-TiO,
solution (1 pg/mL and 10 pg/mL). The cells were incubated for
60 min at room temperature.

In both the experiments, the haemocyte monolayers were
washed several times in FSW after incubation to eliminate unin-
gested yeast cells, fixed in a solution of 1% glutaraldehyde (Fluka)
and 1% sucrose in FSW at 4 °C for 30 min, washed in 0.1 M phos-
phate buffer saline (PBS), for 10 min, stained with 10% Giemsa
(Fluka) for 5 min, mounted on glass slides with an aqueous medium
(Acquovitrex, Carlo Erba, Milano, Italy), and observed with a Leica
DM-LB light microscope. Two hundred cells per slide were counted,
and the phagocytic index was expressed as the percentage of cells
containing ingested yeast particles.

2.5. Electron microscopy

A haemocyte suspension was prepared as described above and
used for analysis by electron microscopy. Three hundred microlitres
of the cell suspension were placed in a 12-well microplate. Hae-
mocytes were incubated for 30 min at room temperature to allow
them to settle and adhere to the well bottom. After cell adhesion,
FSW was discharged by pipetting, and an equal volume of n-TiO,
solution (10 ug/mL in ASW) was added. The controls received ASW
only. The haemocytes were treated for 60 min at room temperature,
washed with 0.1 M cacodylate buffer in ASW, and then fixed in
0.1 M cacodylate buffer in ASW containing 2.5% glutaraldehyde for
30 min.

The cells were postfixed in osmium tetroxide for 60 min and
0.25% uranyl acetate overnight. Subsequently, the samples were
dehydrated through a graded ethanol series and embedded in
EPON 812 resin overnight at 37 °C, 1 day at 45 °C and 1 day at 60 °C.
Ultrathin sections (80 nm) were cut parallel to the substrate and

observed with a transmission electron microscope (TEM, FEI Tecnai
G12) operated at 100 kV. Digital images were taken with a TVIPS
F114 camera.

2.6. Statistical analysis

The normal distribution (Shapiro—Wilk test) and homogeneity
of the variance (Bartlett test) of the data were assessed. The data
were statistically compared using a one-way ANOVA test, followed
by a post-hoc test (Bonferroni). The results are expressed as the
mean + standard deviation.

3. Results
3.1. Nanoparticle characterisation

A TEM image of NPs and a size histogram of particles are pro-
vided in Fig. 1A and B, showing a mean diameter of approximately
21 nm, in agreement with the declared size. XRD patterns (Fig. 1C)
reveal the presence of both anatase (70%) and rutile (30%) phases.
The average crystallite diameter of n-TiO,, evaluated from the line
broadening of the main diffraction peaks, has been estimated to be
21-24 nm. The NPs specific surface area estimated by BET was
31 m?/g with no porosity.

TiO2 NPs dispersed in water showed a d(0.5) of 4.177 um and
2.462 of SPAN (Fig. 1D), as determined by laser diffraction.

3.2. Phagocytosis assay

This study demonstrated that n-TiO, significantly affected the
phagocytic capability of clam haemocytes. In particular, in experi-
ment A, pre-treatment of haemocytes with n-TiO, caused a sig-
nificant (p < 0.01 at 1 ug/mL, p < 0.001 at 10 pg/L) decrease in the
percentage of haemocytes containing ingested yeast particles,
compared with the controls (Fig. 2). In experiment B, the percent-
age of phagocytising haemocytes was significantly (p < 0.001)
lower after 60 min of incubation with the solution containing yeast
plus n-TiO; (10 pg/mL), compared with the controls (Fig. 3).

3.3. Electron microscopy

The results of TEM analysis demonstrated that TiO, NPs interact
with clam haemocytes. Note that after 60 min of exposure to the
highest concentration (10 pg/mL), TiO, NPs were not only in very
close contact with cell surface membrane but also internalised by
haemocytes. The nature of the NPs observed inside and outside the
haemocytes was confirmed by analyses of the size, morphology and
electron density of n-TiO; (see Section 3.1.). Representative images
of control haemocytes are provided in Fig. 4, whereas those of
haemocytes that were incubated with n-TiO, are shown in Fig. 5.
The NPs were in contact with the cell membrane (Fig. 5B—E),
entered the cytoplasm (Fig. 5D) and vacuoles (Fig. 5A) and inter-
acted with the membranes of other cell organelles. Exposure to n-
TiOy did not apparently affect the haemocyte morphology, but
stressed cells (e.g., apoptotic nuclei) were observed (Fig. 5B).

4. Discussion

P25 (TiO2) NPs are among those most frequently used in com-
mercial products, such as sunscreens (Wokovich et al., 2009). The
bioavailability, uptake, accumulation and toxicity of NPs in aquatic
organisms depend on several physico-chemical properties, such as
particle size/shape, surface charge and structure, particle chemistry
and solubility and aggregation state (Scown et al., 2010; Bhatt and
Tripathi, 2011). In this study, a characterisation of the primary
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Fig. 1. A: TEM image of n-TiO,. B: size (diameter) distribution histogram of n-TiO, estimated by TEM. C: XRD pattern of n-TiO, powder; the crystalline phases are anatase (A) (JCPDS
#84-1285) and rutile (R) (JCPDS #87-0920). D: size distribution of n-TiO, estimated by laser diffraction.
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Fig. 2. Phagocytic index, expressed as the percentage of haemocytes containing
ingested yeast particles, after exposure of haemocytes to n-TiO,. Significant results, in
comparison with controls, are indicated by asterisks. Values are means + standard
deviation (n = 3); **p < 0.01, ***p < 0.001.

particles was performed to verify the declared properties. A TEM
analysis showed that the TiO, NPs have a mean diameter of 21 nm,
in agreement with the mean crystallite size evaluated from XRD.
Hence, we demonstrated that the NPs used in this study were
monocrystalline. An XRD analysis also showed that although
anatase was the predominant phase, the rutile phase was also
present. The specific surface area evaluated by BET is also in
agreement with the specifications for P25. TiO, NPs are highly
hydrophobic; therefore, they aggregate strongly in aqueous solu-
tions (Ates et al., 2013), as confirmed by our observations.

In vitro assays are commonly used for assessing or predicting the
toxic effects of chemicals and for elucidating their mechanisms of
action. Furthermore, in vitro assays have low costs, rapid perfor-
mance, high reproducibility and reduce the use of experimental

35

30

25

20

Phagocytic index

NP (1 pg/mL) NP (10 pg/mL)
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Fig. 3. Phagocytic index, expressed as the percentage of haemocytes containing
ingested yeast particles, after incubation of haemocytes with a solution containing
yeast + n-TiO,. Significant results, in comparison with controls, are indicated by as-
terisks. Values are means + standard deviation (n = 3); **p < 0.01.

animals (Olabarrieta et al., 2001). n-TiO; is the most widely pro-
duced nanomaterial (Robichaud et al., 2009), and its levels in
aquatic ecosystems could negatively influence aquatic organisms.
In this study, an in vitro approach was used to evaluate the effects of
n-TiO, on haemocytes of the clam R. philippinarum. Haemocytes of
bivalves play a key role in internal defence, and the predominant
cellular mechanism in the haemocyte-mediated immune response
is phagocytosis (Cima et al., 2000; Donaghy et al., 2009). Several
studies have demonstrated the adverse effects of contaminants on
haemocyte functionality in molluscs. Regarding NPs, it has been
observed that they can alter haemocyte parameters in bivalves, but
the precise mechanism of action is still poorly understood. In bi-
valves, NPs are filtered by the gills, directed to the digestive gland,
and subsequently translocated in the haemolymph and the hae-
mocytes (Browne et al., 2008; Canesi et al., 2012). Both in vitro and
in vivo studies have demonstrated that n-TiO; - in the low mg|/l
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Fig. 4. TEM images of R. philippinarum haemocytes. Images obtained from control (ASW) cells.

range - caused adverse effects on various aquatic organisms (Canesi
et al,, 2010; Menard et al., 2011; Couleau et al., 2012; Ates et al,,
2013). n-TiO can also affect different parameters of bivalve
immunocytes, both in vitro and in vivo (Canesi et al., 2010; Colau
et al., 2012; Barmo et al., 2013).

Given that information concerning the toxic effects of NPs on
the clam R. philippinarum is scarce, the present study represents a

first attempt to evaluate in vitro effects of n-TiO, in haemocytes of
this bivalve species. The results obtained in both experiments (A
and B) confirm the hypothesis that n-TiO; is able to significantly
reduce the phagocytic capability of clam haemocytes. Moreover,
these results suggest that the negative effects can be mediated by
the interaction between cells and NPs, as indicated by the detect-
able uptake of particles by haemocytes (see results of TEM

Fig. 5. TEM images of R. philippinarum haemocytes. Images obtained from n-TiO,-exposed cells (10 pg/L, 60 min). A: NPs are visible in cells and in extracellular space (arrows); the
square highlights the presence of n-TiO, in a vacuole (V). B: a stressed cell showing an apoptotic nucleus (an); the square highlights n-TiO, on the surface of haemocyte membrane. C
and D: enlargements highlighting NP agglomerates on haemocyte membrane (arrows) and within cytoplasm. E: a detailed image of NPs entering a cell (arrow).
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analysis). Considering that no information is available in the liter-
ature concerning n-TiO; levels in seawater, the n-TiO, concentra-
tions that were tested in this study were chosen based on the
reported data on in vitro NP toxicity in both aquatic organisms (e.g.,
Mytilus) and vertebrate cells (Reeves et al., 2008; Canesi et al., 2010;
Ciacci et al., 2012).

The two experiments were conducted to better understand the
effects of n-TiO, on clam haemocytes. In the first experiment, pre-
treatment of haemocytes with n-TiO; before incubation with yeast
caused a significant decrease in the phagocytic index at the two
concentrations (1 and 10 pg/mL) tested. In a previous in vitro study,
cells from Mytilus galloprovincialis exposed to n-TiO; (1, 5, 10 pg/
mL) showed a biphasic response: phagocytosis of Neutral Red-
conjugated zymosan particles increased at the lowest concentra-
tion, whereas it decreased at the highest concentrations (Ciacci
et al., 2012). In that study, a slight increase in phagocytic activity
was also observed in haemocytes treated with 5 pg/mL n-SiOy,
whereas n-Ce0O, inhibited phagocytosis at all the concentrations
tested (Ciacci et al., 2012). Canesi et al. (2014) demonstrated that
in vitro exposure of mussel haemocytes to n-TiO, (10 pg/mL)
significantly decreased phagocytic activity. In a series of in vivo
studies, n-TiO (like other NPs) was shown to affect the phagocytic
capability of haemocytes of three bivalve species, namely, Cras-
sostrea virginica, M. galloprovincialis and Dreissena polymorpha
(Chalew et al., 2012; Couleau et al., 2012; Barmo et al., 2013). In our
study, the concomitant incubation of haemocytes with n-TiO, and
yeast (experiment B) caused a decrease in the phagocytic index
only at the highest concentration tested. According to Ciacci et al.
(2012), the possibility that, at higher concentrations, n-TiO, ag-
glomerates may compete with yeast particles (the latter becoming
less available for haemocytes) cannot be excluded. In this study, the
duration of exposure of haemocytes to n-TiO, was chosen on the
basis of previous surveys concerning the evaluation of in vitro ef-
fects of NPs in bivalves (Ciacci et al., 2012), while the duration of
incubation of haemocytes with yeast was chosen on the basis of our
previous study on the evaluation of the phagocytic capability of
R. philippinarum haemocytes (Cima et al., 2000). Overall, the results
of our study indicate that clam haemocyte functionality can be
affected by TiO; NPs. We are aware that phagocytosis is only one of
the possible defence mechanisms against foreign materials. How-
ever, in many bivalve species phagocytosis is the main defence
mechanism. In R. philippinarum in particular, both granulocytes and
hyalinocytes are competent phagocytes (Cima et al., 2000).

In this study, the observed effects on phagocytosis can be
explained (at least in part) by the interaction between n-TiO, and
haemocytes, as revealed by TEM analysis. Both granulocytes and
hyalinocytes of R. philippinarum were able to internalise n-TiO,.
TiO, NPs interacted with the cell membrane and entered the hae-
mocytes. As a result, they were primarily localised in the cytoplasm
and vacuoles. To the best of our knowledge, this is the first study
describing the internalisation processes of an NP in haemocytes of
the clam R. philippinarum. Indeed, the internalisation of gold NPs
has previously been demonstrated in digestive gland cells of
R. philippinarum (Garcia-Negrete et al., 2013). Couleau et al. (2012)
have recently demonstrated by TEM that TiO, NPs can be intern-
alised into haemocytes of D. polymorpha. In that study, the authors
suggested a putative link between phagocytosis inhibition and
intracellular uptake of NPs. At the haemocyte level, TiO, NP inter-
nalisation may occur through endocytic pathways leading to the
endosomal and lysosomal compartments or else via cell surface
lipid raft-associated domains termed caveolae (Moore, 2006). In
certain cases, TiO, NPs were in contact with the cell surface
membrane of R. philippinarum haemocytes and did not enter the
cells. Regarding this NP behaviour, note that the interaction be-
tween the cell membrane and NPs can activate various signalling

pathways. Indeed, it has been demonstrated that certain NPs,
including TiO,, may alter the phosphorylation levels of the mitogen
activated protein kinases (MAPKs), which play a key role in the
activation of the immune system (Canesi et al., 2010; Couleau et al.,
2012). In M. galloprovincialis haemocytes, in vitro exposure to n-TiO;
(for the same duration and at the same concentrations tested in our
study) resulted in the presence of agglomerates of NPs within the
endosome and in the nucleus (Ciacci et al., 2012). After in vivo
exposure of D. polymorpha, TiO, was identified in the cytoplasm of
haemocytes by scanning electron microscopy (Couleau et al., 2012).
Moreover, in this study, some apoptotic cells could be observed
under TEM analysis. Similar results have been found in
M. galloprovincialis exposed in vivo to n-TiO, (100 ug/L, 96 h), where
the current findings were confirmed by a decrease in the number of
circulating haemocytes (Barmo et al., 2013).

In summary, this preliminary study demonstrates that TiO NPs
affect haemocyte phagocytosis in R. philippinarum. Based on the
TEM results, we can state that the effects on haemocyte function-
ality are mediated (at least in part) by internalisation of NPs within
haemocytes. In any case, further studies are needed to better un-
derstand the mechanisms of action of n-TiO,, as well as of other
NPs, at the immune level in R. philippinarum. In this context, we
highlight that a series of in vivo studies are underway in our labo-
ratory and that a battery of immunomarkers (plus other bio-
markers) are currently measured. Overall, we suggest that the
results of our study can provide a new topic for discussion in eco-
toxicological studies.
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Abstract

Titanium dioxide nanopatrticle (nTiPis one of the most common nanoparticles
(NPs) and is part of many commercial products. murecent years several
studies have been performed demonstrating that Niscan affect various
responses at different levels of biological orgatian.

In this studyRuditapes philippinarunwvas selected to assess the potential adverse
effects of nTiQ underin vivo exposure. Clams were exposed for 7 days to
environmentally realistic concentrations of n7i®, 1, 10ug/L) and bulk TiQ
(bTiO,, 10ug/L). bTiO, was used to assess the potential differing actfanetal
oxide compared with the respective NP. At varioumsetintervals during the
exposure, cellular and biochemical responses wesduaed in clam gills,
digestive gland and haemolymph. The titanium cadntengills and digestive
gland was determined after 7 days of exposure.

Both forms of titanium dioxide caused alteratiomseveral parameters measured.
Significant increases in antioxidant enzyme agésitand changes in glutathione
S-transferase activity, were shown, highlightingiacrease of oxidative stress
under nTiQ exposure. In clams exposed to bTi@lighter variations in
antioxidant enzyme activities were detected. Onlydigestive gland of clams
exposed to the higher concentration of nJ& increase in lipid peroxidation was
also found. Furthermore, only bTi@reated clams exhibited significant increase
of gill protein carbonyl content with respect tantwl. Both in gills and digestive
gland an increase of Ti content was measured, w@wdth@ significant difference
respect to control was observed in nFiQLO pg/L) treated clams only. Results
highlighted that both tissues are a target for nii@accumulation. The findings
obtained in haemolymph analyses confirmed haemscytesensitive target of
nTiO, toxicity. In particular, significant increases weound in total haemocyte
count (THC), matching increases in haemocyte pm@ifon. Increases in
diameter and volume of haemocytes were also shoRegarding these
parameters, no variations were detected in THC lsaeimocytes diameter in
clams exposed to bTOUnder nTiQ (1-10 pg/L) and bTi@exposure, DNA
damage in haemocytes was also revealed by botheStedl Gel Electrophoresis
and Micronucleus tests, but it was lower in clamposed to bTi@ Different
responses in nTiH and bTiQ-exposed clams suggested different mechanism of
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action for NP and bulk form, the toxicity of nTi@epending not only on TiO
characteristics, but also on NP specific featurbkreover, both nTiQ
concentrations tested affected the clam responses.

Keywords. titanium dioxide nanoparticles, bulk titanium didgj clams,
biomarkers, bioaccumulation

L.Introduction

Titanium dioxide nanopatrticle (nNTKD is one of the most produced industrial
metal oxide nanoparticles (NPs) worldwide with ©p10,000 t of manufacture
(Piccinno et al., 2012). Thanks to their uniquegitgi and chemical properties,
nTiO, are used in a variety of applications and productsluding medicines,
personal care products (e.g. sunscreens, tootlspasiemetics, soaps), paints,
paper, sporting goods, self-cleaning surface cgstirsolar cells, disinfectant
sprays, as well as in the environmental decontaimmaf air, soil, and water
(EPA, 2009; Menard et al., 2011; Pulicharla et 2D14). For its common uses,
nTiO, has different sources of pollution in aquatic eowiments (Gondykas et al.,
2014; Menard et al.,, 2011), and potentially affdo¢ estuarine and coastal
habitats, which represent the ultimate sinks ofousr pollutants, including NPs
(Corsi et al., 2014). Since there is increasinglrteeaddress any potential risk for
marine organisms and ecosystems, and to safegbaranarine environment,
major scientific gaps related to nTi@oxicity need to be filled.

Currently very few data exist regarding measuredrenmental concentrations of
nTiO,, and in particular no data are available for thegine environment (Griffitt
et al., 2008). To overcome this deficiency the oesfimates are given by the
predicted environmental concentrations (PECs) wivadges are in the range of
low pg/L concentrations (Gottschalk et al., 2013).

nTiO, released into the aquatic systems interact witha@g organisms and
induce toxic effects at different levels of biologi organization.The nTiG
potential toxicity to aquatic organisms has regebgen reviewed (Clemente et
al., 2011; Menard et al., 2011; Minetto et al., 20Dut nTiQ mode of action and
the related biological risk remain unclear. Theeef$ of nTiQ on marine
organisms have been investigated in terms of plogimal and reproductive
alterations, immunotoxicity, genotoxicity, cytotoiy and induction of oxidative
stress (Menard et al., 2011; Minetto et al., 201%he results of these
investigations are often very controversial du¢hi lack of homogeneity in the
studies’ methodology, and the scarcity of the eslaffect data make the results
really hard to approach (Borgelaut et al., 2015).

From the perspective of NP ecotoxicology, nT#&e by far the most extensively
studied metal oxide NPs in bivalve species. Dedpit® most studies assessing
nTiO, toxicity have been performed using only few speciasd not
environmentally relevant NP concentrations (Rodta.e2015).

To gain a better insight into the impact of nTi® marine bivalve species, in this
study, we investigated thia vivo effects of these NPs in the claRuditapes
philippinarum Due to its ecological characteristics, the Mamlam could be
more affected by NP toxicity. Indeed, it is estiethtthat NPs released into
seawater, will most probably aggregate and pantite sediment and suspended
particulate matter. Aggregated particles are gdiydess mobile and can interact
with filter feeders and sediment-dwelling organisBexall et al., 2007; Farré et
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al., 2009). Recently, irR. philippinarum, the effects of nTi@ have been
investigated in am vitro study (Marisa et al., 2015), where ngi€ignificantly
decreased the phagocytic activity of haemocytdsraoted with cell membrane
and enter cytoplasm and vacuoles after 60 min pbsure.

Considering the physico-chemical characteristitg primary mechanism of
action identified in NPge.g., oxidative stressand the information in literature
regarding nTiQ uptake, bioaccumulation and effects in other gsedhe aims of
the present study were i) to evaluate the effdatsughout a 7-day exposure to
nTiO, (1 and 10 pg/L) in three clam tissues (haemolyngltls and digestive
gland) ii) to assesghe modulation of various biomarkers (antioxidant eney
activities, levels of damage to molecules, and lwaste parameters); iii) to
ascertain whether or not the same toxicity candoeilzed to nTiQand bulk TiQ
exposure (bTi@ 10 ug/L); and iv) to assess Ti bioaccumulationtte gills and
digestive gland of both nTig®@and bTiQ-treated clams.

2. Materialsand methods

2.1. Titanium dioxide characterisation

Nanosised titanium dioxide (P25, declared sizeloh, percentage of titanium >99.5%, surface
area 35 - 65 Aig) and bulk titanium dioxide (percentage of titani 100%) were purchased from
Sigma-Aldrich (Milano, Italy).

nTiO, was already characterised in Marisa et al. (2@ts) the same analyses were used also in
this study to characterised the b}iO

2.2. Clams

Specimens oR. philippinarumwere collected from a reference site located withiicensed clam
culture area in the southern part of the LagoorVeiice (Italy). These specimens were then
acclimatised in the laboratory for 5 days beforpasure to contaminants. Clams were maintained
in large aquaria, which contained a sandy bottothaerated natural seawater (salinity of+3%
psu, temperature of H60.5 °C) and were fed daily with microalgdsochrysis galbanga

2.3.nTiO, and bTiO, exposure and tissues collection

Stock solutions of nTi@and bTiQ (0.1 g/L) were prepared in Milli-Q water and said at 4 °C
using a Braun Labsonic U sonifier at 50% duty cgdte 30 min prior to each administration into
the experimental tanks. Clams (35 per tank) weposad for 7 days to g/L (control), 1ug/L,

10 pg/L of nTiO, and 10pg/L of bTiO,. For each experimental condition tested, two oapé
tanks were prepared. During exposure, the clams waegiintained in glass aquaria (without
sediment) containing aerated seawater (1 L perapimthe same thermo-haline conditions used
during the acclimatisation period. A movement puhfydor, Koralia nano 900, USA) was
positioned in every aquarium (both for control arehted clams) to facilitate the water circulation
and to prevent NP sedimentation (Marisa et al.ep§p

The seawater was renewed daily, and nJTiO, and microalgae (at an initial concentration of
approximately 150,000 cells/L) were supplied in te&perimental tanks. Before adding
contaminants, the stock solution was sonicatecgaarted above.

During exposure, the haemolymph, gills and digestjlands were collected after first (T1), third
(T3), and last (T7) days of exposure. For eachuéisfive pools (5 animals per pool, 2 or 3 from
each replicate tank) from each experimental comditivere prepared. Aliquots of each pooled
tissue were frozen in liquid nitrogen and storeeB@t°C until analyses or immediately processed,
depending on the various biological responses medsill assays performed in this study had
previously been validated (Marisa et al., papevi&tozzo et al., 2012a; Matozzo et al., 2012b;
Matozzo et al., 2013; Parolini et al., 2010; Panicdit al., 2013).

2.4. Gill and digestive gland preparation and biochemical assays

Pooled gills and digestive glands were homogengetl °C using an Ultra-Turrax homogeniser
(model T8 basic, IKA) in four volumes of 50 mM T4##CI buffer, pH 7.4, containing 0.15 M
KCI, 0.5 M sucrose, and Protease Inhibitor Cock@2714, Sigma—Aldrich) and then centrifuged
at 12,000 xg for 40 min at 4 °C. Supernatants (SN) were codlédbr the analyses. SN protein
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concentrations were quantified according to Bradlf@@976) using bovine serum albumin (BSA)
as the standard.

Total superoxide dismutase (SOD) activity was mesbsun the SN of both tissues using the
xanthine oxidase/cytochrome ¢ method proposed kgpcret al. (1978). Enzyme activity is
expressed as U SOD/mg protein, where one unit dd 8@s defined as the amount of sample
producing 50% inhibition in the assay conditiondl énd digestive gland catalase (CAT) activity
was measured according to the method of Aebi (19B4@ results are expressed in U CAT/mg
protein, where one unit of CAT was defined as tmeoant of enzyme that catalysed the
dismutation of 1umol of H,O.,/min. Glutathione S-transferase (GST) activity waeasured
spectrophotometrically according to the method dlesd in Habig et al. (1974) using 1-chloro-
2,4-dinitrobenzene (CDNB) and reduced glutathio®SHKl) as substrates. GST activity is
expressed as nmol/min/mg protein. Lipid peroxidaijbPO) was quantified in both tissues’ SNs
using the malondialdehyde (MDA) assay, accordingh® method of Buege and Aust (1978).
Absorbance was read spectrophotometrically at $82amd the results are expressed as nmoles of
thiobarbituric reactive substances (TBARS)/mg protelBARS, considered as “MDA-like
peroxide products”, were quantified by referenceMDA absorbance (Damiens et al., 2007). The
results were not expressed as MDA levels becaus&é d&h react with a range of chemical
compounds (Csallany et al., 1984). Protein carbaromtent (PCC) was measured via the
formation of labelled protein hydrazone derivativester 2,4-dinitrophenylhydrazide (DNPH)
reaction, which were then quantified spectrophotoicaly (Dalle-Donne et al., 2003; Mecocci et
al., 1999). The carbonyl content was calculatedchftbe SN absorbance via the molar absorption
coefficient of 22,000 mol/cm and expressed as rmmwlprotein. DNA strand breaks were
quantified using a fluorescence technique adaptech the alkaline precipitation assay (Olive,
1988). Samples of both gills and digestive glandeweeighed (Mettler Toledo, XS105 Dual
Range analytical balance, 0.01 mg readability) teefssue preparation (see above), and the wet
weight was recorded. Salmon sperm genomic DNA statsdwere added for DNA calibration,
and the results are expresseqig wet weight.

2.5. Titanium bioaccumulation in gillsand digestive gland

At the end of the exposure (T7), 4 pools of gitisl @igestive glands per experimental condition (6
animals each) were collected to quantify titaniuimabcumulation. Tissue samples were freeze—
dried, and approximately 150 mg were weighed agésted in TFM vessels with 4 mL of 69%
nitric acid and 1.5 mL of 30% hydrogen peroxide @mtimL of 47% hydrofluoric acid. Digestion
was performed in a Milestone MLS 1200 MEGA microwagven. The heating programme
consisted of five stages (2 min, 250 W - 2 min, 6 8/min, 250 W - 5 min, 400 W and 5 min, 650
W). After cooling, 5 mL of saturated boric acid wibdn were added, and the heating program
performed again (20 min, 400 W). Samples were thasferred into graduated flasks and diluted
to 25 mL with Millipore Milli-Q water. The sampleokitions were analysed by inductively
coupled plasma optic emission spectroscopy (ICPYQE®g a Thermo Fischer Scientific iCAP
6300 DUO. Five calibration solutions (0, 0.5, Jar81 6 ppm of Ti) were prepared by conventional
dilution of a Carlo Erba 100(g/mL mono-elemental standard solution of the aeaha nitrate.
The same amount of reagents used for the digegtiocedure was added to each calibration
solution. Measurements were made at Ti 323,45 riheanh sample was analysed in five replicas.
The results are expressed as ug Ti/g dry weighd.detection limits of Ti was 0.3 pg/L.

2.6. Haemolymph parameters

Total haemocyte count (THC) and haemocyte diamatel volume were determined using a
Model Z2 Coulter Counter electronic particle coufsiee analyser (Coulter Corporation, FL,
USA). THC is expressed as the number of haemodyE®)/mL of haemolymph. Haemocyte
diameter and volume are expressedum and in femtolitres (fL), respectively. Haemocyte
proliferation was evaluated using a colorimetrictime and measured using a commercial kit
(Cell proliferation Kit Il, Roche). This assay hiasen validated in our previous studies (Matozzo
et al.,, 2012a,b) according to the evidence of dalision in circulating haemocytes of Manila
clams (Matozzo et al., 2008). The data were nosedlio the THC values recorded for the clams
from each experimental condition and expressed has dptical density (OD) at 450 nm.
Cytotoxicity was evaluated using a colorimetric agsdased on the measurement of lactate
dehydrogenase (LDH) activity in cell-free haemolymp commercial kit (Cytotoxicity Detection
Kit, Roche) was used to assess cell damage. Thés,esormalised to THC values, are expressed
as the optical density (OD) at 490 nm. The NeuRald uptake assay (NRU) provides a
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guantitative estimation of viable cells, and it wesformed according to the modified method of
Cajaraville et al. (1996). This test is based andbility of cells to incorporate and bind the Vita
dye neutral red, and also, it was used to evaltiade capability of haemocytes to perform
pinocytosis. The results, normalised to THC valwas, expressed as the optical density (OD) at
550 nm. Lysozyme activity was quantified in celdr haemolymph (CFH) and in haemocyte
lysate (HL) (Matozzo et al., 2012b). The resultsmalised to THC values, were expressed as g
lysozyme/mg protein. Protein concentrations in Ckhld HL were quantified according to
Bradford (1976). The SCGE (Single Cell Gel Elechogesis) assay was performed using the
alkaline (pH>13) version of the assay developedimgh et al. (1988) with some modifications
(for more details see Marisa et al., paper I). limggwas performed using a fluorescence
microscope (Leica 5000B, Germany) equipped withF&ERC filter (13, excitation BP 450-490,
emission LP 515) at 10x magnification. One hundrells per slide for a total of 500 cells per
condition were analysed using an image analysikesy$Comet Score®). The ratio between the
migration length and the diameter of the comet H&é&axR) and the percentage of tail DNA were
chosen to represent DNA damage. The Micronucleud)(Mst was performed according to the
method of Pavlica et al. (2000). The slides we kethe dark at 4 °C prior to examination under
the microscope. Using a pre-arranged pathway, sslidere scored under the fluorescent
microscope Leica 5000B equipped with a submerged & 100x magnification. Four hundred
nucleus were counted for each slide, for a tota2@J0 nucleus/treatment. Only intact and non-
overlapping haemocytes were considered. Micronuetgie identified according to the criteria
proposed by Kirsch-Volders et al. (2000), and the fsequency (MN%.) was calculated.

2.7. Statistical analysis

All biomarker data from gills, digestive gland ahdemolymph were regrouped and analysed all
together using PERMANOVA analysis (PRIMER-6 PERMAM® plus software package). The
variables considered were i) concentration, ii)etiof exposure, and iii) replicate. Furthermore, a
multidimensional scaling (MDS, PRIMER software pagk) was used for all parameters
considered, to highlight specific patterns dueigsues, concentration of contaminant and time of
exposure. Statistical differences due to experiaiertinditions were evaluated both between and
within tissues (gills and digestive gland).

Instead, for every single biomarker the normal ritistion (Shapiro-Wilk test) and the
homogeneity of the variance (Bartlett test) werseased (STATISTICA 10 software package).
The data were statistically compared using a twg-WhlIOVA test, with exposure time and
concentration of contaminant as variables and bikena as cases. The ANOVA was followed by
a Fischer LSD post-hoc test to evaluate significhifierences (*p<0.05; **p<0.01, ***p<0.001)
between treated samples and related controls {trtime) and among exposure times.

The data regarding the bioaccumulation of titaniangills and digestive gland were statistically
analysed using a one-way ANOVA test followed by @yik HSD test (STATISTICA 10 software
package).

3. Results

3.1 Nanoparticle characterisation

TEM images of nTi@ and bTiQ are provided in Fig. 1A and 1B, respectively.
The complete results of nTiCcharacterisation were reported in Marisa et al.
(2015). Bulk TiQ mean diameter, obtained from 2000 particle measents,
was 180.9 nm + 141 (s.d.). XRD patterns (Fig. 1&venl the presence of anatase
phase. The average crystallite diameter of BTi€aluated form the Sherrer
equation, has been estimated to be 50 nm. Thefigpaaiface area estimated by
BET was 1 g, and no porosities were detected. bTiflspersed in water
showed a d(0.5) of 1.158 pm and 31.229 of SPANdetermined by laser
diffraction (Fig. 1D). In Fig. 1E the summary ofi®k and bTiQ characterisation
results were reported.
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Fig. 1. A, B: TEM image of nTiQ and bTiQ. C: XRD pattern of the bTiOpowder. The
crystalline phase is Anatase (#84-1285). D: sizstridution of bTiQ estimated via laser
diffraction. E: Scheme reports the ngiénd bTiQ characteristics.

3.2 PERMANOVA and MDSresults

PERMANOVA highlighted significant differences inghresponse of biomarkers
due to tissue (F=45.212 and p=0.009), concentrgien6.4808 and p=0.001),
time of exposure (F=4.358 and p=0.003), tissue/timeraction (F=3.5721,
p=0.004), concentration/time interaction (F=2.02%hd p=0.011), and
tissue/concentration/time interaction (F=1.8265 pnd.026).

In gills, biomarker responses were significantlfluenced by concentration
(F=2.8717 and p=0.001), time of exposure (F=2.9881d p=0.024) and
concentration/time interaction (F=2.0722 and p=8)00

In digestive gland, the responses of biomarkersevedfected by concentration
(F=8.5789 and p=0.001), time of exposure (F=5.996%1 p=0.001) and
concentration/time interaction (F=3.0411 and p=0)00

In haemolymph, all parameters tested were sigmfiga affected by
concentrations (F=3.0411 and p=0.001) and time x@osure (F=4.0877 and
p=0.003).

The MDS results showed a clear separate distribuifdhe parameters analysed
between gills and digestive gland (2-D stress=0.18 MDS representation
made possible to have a rapid visual discriminatioly among days of exposure
(T1, T3 and T7) in digestive gland, where a cleapasate distribution of
parameters analysed was shown (2-D stress=0.19).

3.3 Gill and digestive gland assays
Only in digestive gland of exposed clams SOD aistivias significantly affected
by exposure to nTi® and bTiQ (p=0.004), time of exposure and
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concentration/time interaction (p<0.001 and p=0,0@%pectively). A significant
increase was found at T7 in clams exposed to allekperimental conditions
respect to control (Fig. 2A).

CAT activity was affected significantly in gills drdigestive gland by exposure to
concentration (p=0.001, p<0.001, respectively), &inee of exposure (p=0.033,
p<0.001, respectively). In gills, CAT activity didot change under bTO
exposure, whereas significant increase respecbritral was observed in clams
exposed to 1lpg/L of nTiDat T3, and to both nTi¥Dconcentrations at T7.
Moreover, at T7 the CAT activity was significantiygher in both nTi@ (1-10
Kng/L)- respect to bTi@ treated clams (p=0.011 and p=0.009, respectiV&ig.
2B). In digestive gland, a significant increas€lT activity was found under the
lower nTiQ, concentration at T1, and under the higher conagatr of nTiQ at
T3 respect to controls. An increase in enzyme #gtwas also observed at T7 in
all treated clams (both nTgand bTiQ) compared to control. At T3 the CAT
activity was significantly higher in nT)(10 pg/L)- respect to nTiEX(1 pg/L)-
and bTiQ - treated clams (p=0.011 and p=0.003, respeciiEig. 2C).

A SOD activity (Digestive gland) B CAT activity (Gills)
[Jcontrol [nTiO, (1 ug/L) MNTIO, (10 pg/L) EbTIO, (10 pe/L) [Ccontrol [@lnTio, (1 ng/L) MAnTIO, (10 pg/L) EAbTIO, (10 ug/L)

30 4 KEK
wekx

*

U SOD/mg protein
o5 B88588338
U CAT/mg protein

1 3 7
Days of exposure

Days of exposure

C CAT activity (Digestive gland)
[[Jcontrol [lnTio, (1 pg/L) MlNTIO, (10 pg/L) EHbTiO, (10 ug/L)

U CAT/mg protein

Days of exposure

Fig. 2. SOD activity (A) expressed as U SOD/mg protein & activity (B, C) expressed as U
CAT/mg protein inR. philippinarumafter 1, 3 and 7 days of exposure to nI{® 10 pg/L) and
bTiO, (10 ug/L). The values are reported as the mean® {s&ndard deviation); n= 5 pools.
Asterisks denote significant differences comparedcontrols at the same time of exposure:
*p<0.05, *** p<0.001.

The activity of GST was significantly influenced lfie concentration and
concentration/time interaction in gills (p= 0.0@&; 0.002, respectively) and only
by time in digestive gland (p= 0.003). In gills, GSactivity significantly
decreased at T3 in all treated clams compared tdralp and this change
condition was maintained at T7 in animals exposedTiO, (10 pg/L) and bTiQ
(Fig. 3A). Instead, in digestive gland the GST \attiincreased, and the only
significant increase in pair-wise comparisons wasveen control and nTi§J(1
pg/L) at T7. Furthermore, GST activity was sigrafit higher in nTiQ (1 pg/L)-
respect bTi@treated clams at T7 (p= 0.013) (Fig. 3B).
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A GST activity (Gills) B GST activity (Digestive gland)
[TJcontrol [lnTio, (1 pg/L) MNTIO, (10 ug/L) EALTIO, (10 pg/L) [CIcontrol [nTio, (1 pg/L) MNTIO, (10 pg/L) EELTIO, (10 ug/L)

*

nmol/min/mg protein
nmol/min/mg protein

Days of exposure Days of exposure
Fig. 3. GST activity (A, B) expressed as nmol/min/mg pioetinR. philippinarumafter 1, 3 and 7
days of exposure to nTi®1, 10 pug/L) and bTig(10 pg/L). The values are reported as the means
+ SD (standard deviation); n= 5 pools. Asterisksade significant differences compared to
controls at the same time of exposure: *p<0.05<8191, *** p<0.001.

In digestive gland, lipid peroxidation was signéitly affected by concentration,
time of exposure and concentration/time interac{jor0.047, p<0.001, p=0.003,
respectively), whereas in gills no damage to lipias detected. At T1 in
digestive gland, all treated clams showed sigmifidawer levels of lipid damage
compared to control. However, the trend changed7atwhen an increase of
damage in nTi@ (10 pug/L) exposed clams respect to control wasaletl, and
significantly higher damage was found in nTiQO pg/L)- treated clams respect
to bTiO,-treated animals (p<0.001) (Fig. 4A).

PCC values was significantly influenced by time @xposure and
concentration/time interaction in gills (p<0.00ddap=0.017, respectively). A
significant concentration-dependent (p=0.026) amde4dependent (p<0.001)
modulation was found in the digestive gland. Respeccontrol, only bTiQ
treated clams exhibited higher PCC values at Tgilis (Fig. 4B), and only at T1
in digestive glands (Fig. 4C).

A TBARS (Digestive gland) B PCC (Gills)
[[Jcontrol [lnTio, (1 pg/L) MnTIO, (10 pug/L) EAbTIO, (10 pg/L) [[Jcontrol [InTiO, (1 pe/L) MNTIO, (10 pg/L) FEHLTIO, (10 ug/L)
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Fig. 4. TBARS (A) and PCC (B, C) levels expressed as mmplprotein inR. philippinarumafter

1, 3 and 7 days of exposure to n7i@, 10 pg/L) and bTieX10 pg/L). The values are expressed
as the means + SD; n=5 pools. Asterisks denotefisignt differences compared to controls at the
same time of exposure: *p<0.05.

In both gills and digestive gland, no significastnthge to DNA was detected in
treated clams compared to controls.
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3.3.1. Titanium bioaccumulation in gills and digestive gland

The titanium content in the gills and digestivenglaof the clams exposed for 7
days to nTiQ (1-10 pg/L) and bTiQ is reported in Fig. 5A and B. The results
demonstrated significant accumulation of Ti in bdte gills (p=0.049) and the
digestive gland (p=0.001). In both tissues, onlg thams exposed to 10 pg/L
nTiO, showed a statistically significant increase of ¢intent compared to
controls. In gills, no difference was found amohg treated clams, whereas in
digestive gland, the Ti content was significantigher in clam exposed to nT;O
(10 pg/L) respect to the nTHQL pg/L)-treated clamg=0.001).

A Ti concentration (Gills) B Ti concentration (Digestive gland)
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Fig. 5. Levels of titanium expressed as ug Ti/g dry weighthe gills (A) and the digestive gland
(B) of R. philippinarumafter 7 days of exposure to nhiQ, 10 pug/L) and bTig(10 pg/L). The
values are expressed as the means + SD; n= 4 pastistisks denote significant differences
compared to controls: *p<0.05, **p<0.01.

3.4. Haemolymph assays

THC was significantly affected by the exposure e toncentration (p<0.001).
Differences with respect to controls were signifiican the clams exposed to
NnTiO, (10 ug/L) at T3 and T7, and only in the clams esqubto nTiQ (1 pg/L) at
T7 (Fig. 6A). Haemocyte diameter showed significanbdulation due to
concentration and time of exposure (p<0.001 and.Q#) respectively). A
statistically significant increase in the haemoajianeter was observed just after
the first day of exposure at the higher nT@ncentration (10 pg/L), whereas an
increase in all experimental conditions was deteatel 3. However, significantly
higher values with respect to controls were maidi only in both nTiQ@
exposed clams at T7 (Fig. 6B).

Haemocyte volume was statistically changed dueotwentration (p<0.001) and
time of exposure (p=0.023). From the beginningluh& end of exposure, nT30O
(10 pg/L) and bTi@treated clams exhibited significantly increase@rhacyte
volume respect to control clams, and the same fgignt increase was also
observed from T3 to the end of exposure in clamposed to the lower
concentrations of nTig(Fig. 6C).

Haemocyte proliferation was significantly affectelly the exposure to
concentration (p<0.001) and time of exposure (p&D.0 In the pair-wise
comparisons, significant increases respect to otsnvere found in the nT¥(10
pHg/L) and bTiQ- treated clams from T1, and in clams exposed {OaTL pg/L)
from T3 (Fig. 6D).
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A THC B Haemocyte diameter
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Fig. 6. THC (A) expressed as the number of haemocytes’iD of haemolymph, diameter of
haemocytes (B) expressed jim, volume of haemocytes (C) expressed in femtgli{fe) and
haemocyte proliferation (D) expressed as,§0n R. philippinarumafter 1, 3 and 7 days of
exposure to nTiO2 (1, 10 pg/L) and bTi@® pg/L). The values are reported as the meard + S
(standard deviation); n= 5 pools. Asterisks demsigmificant differences compared to controls at
the same time of exposure: *p<0.05, **p<0.01, **@001.

LDH activity was significantly affected by conceatiobn (p=0.001). Pair-wise

comparisons highlighted significant increased oalyT1 between control and
clams exposed to the higher nti@oncentration (Fig. 7A). NRU showed a
significant modulation due to time of exposure (©61). Post-hoc analysis
showed a significantly increased of NRU in nFHQO pg/L) treated clams respect
to control only at T3 (Fig. 7B). Only the lysozyraetivity in HL was affected by

the concentration (p=0.047), but no significantfedténces between conditions
were detected during exposure by pair-wise compasigtime to time).

A LDH activity B NRU
[Clcontrol [@nTiO, (1 ug/L) MnTiO, (10 ng/L) EALTIO, (10pg/L) [Ccontrol [@nTio, (1 ug/L) MnTiO, (10 ug/L) EALTIO, (10 ug/L)
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Fig. 7. LDH activity in haemolymph (A) expressed as ffoand NRU levels (B) expressed as
ODys0 of R. philippinarumafter 1, 3 and 7 days of exposure to nTiO2 (1u@0.) and bTiOZ10
pg/L). The values are reported as the means * &ihdard deviation); n= 5 pools. Asterisks
denote significant differences compared to contmatlsthe same time of exposure: *p<0.05,
**p<0.01.

Both SCGE assay endpoints (LDR value and the ptagerof DNA in the comet
tail) highlighted significant primary genetic daneague to concentration in the
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clam haemocytes (p<0.001). In particular, the LD¥RIgs significantly increased
in the presence of both nTiQoncentrations from the beginning of exposure.
Moreover, at T7, LDR value was significantly higherthe nTiQ- (1 ug/L)
treated clams with respect to the nHQLO pg/L) treated clams (p=0.024). Clams
exposed to bTi@increased significantly the LDR values only atdrid T7 (Fig.
8A). Similar results were observed in the percemtafytail DNA, whose values
significantly increased in the presence of bothTconcentrations from the
beginning of exposure, whereas an increase onlylaand T7 was found in
bTiO,- treated clams (Fig. 8B).

The frequency of micronucleus was affected by cotraéon (p<0.001), time of
exposure (p<0.001) and concentration/time intevactjp<0.001). Differences
with respect to controls were significant from Tl all treated clams, with an
increase throughout the exposure. At T7, a siguifily higher DNA damage
(p<0.001) was also detected at the higher pTG@nhcentration with respect to the
lower nTiQ, treatment (Fig. 8C).

A LDR Values B % DNA in tail
[[control [laTio, (1 pg/L) MINTIO, (10 pg/L) EbTIO, (10 ng/L) [control [lnTiO, (1 ug/L) MNTIO, (10 pg/L) EAbTIO, (10 ug/L)

Fdk KKk

LDRs

Mean % DNAin the tail Comet

7 1 3 7
Days of exposure

C Micronucleus assay
[Icontrol [@nTi0, (1 pg/L) [nTiO, (10 pg/L) EFbTIO, (10 pg/L)

MN %o
=
@

Days of exposure
Fig. 8. SCGE results, expressed as length/diameter wafiar{d the mean percentage of tail DNA
(B), and MN results (C) expressed as frequency (MN%R. philippinarumafter 1, 3 and 7 days
of exposure to nTiQ(1, 10 pug/L) and bTig(10 pg/L). The values are reported as the meari3 + S
(standard deviation); n= 5 pools. Asterisks dersigaificant differences compared to controls at
the same time of exposure: *p<0.05, **p<0.01, **@001.

4. Discussion

It is generally assumed that the toxicity of NPpetels on their characteristics
(e.g. size, shape, material), and is further imfagel by the surrounding medium,
though the key elements and parameters contrdlidgoxicity are not yet clearly
identified (Minetto et al., 2015; Rocha et al., BRINPs differ from bulk particles
in terms of their heterogeneous size distributisorface charge and area,
composition, and degree of dispersion. Therefaereg ecotoxicology study, it is
important to determine not only the exposure e$femrt organisms but also the
bioaccumulation, the characteristics of NP tested the comparison with bulk
counterpart to have more information useful to usi@dad the NP toxicity
(Hasselov et al., 2008; Rocha et al., 2015). Titandioxide has different phases,
l.e., rutile and anatase, which are both used mngercial goods. These phases
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are known to be intimately linked to TiQoxicity (Kakinoki et al., 2004; Gurr et
al., 2005). Anatase is 100 times more toxic thanesuand a mixture of anatase
and rutile is considered more toxic than the irdlial phases; also the nanometer
size of the material may greatly increase the toxiof TiO, (Gurr et al., 2005;
Gerloff et al., 2012; Zhang et al., 2012).

The nTiQ used in this study are classified as P25, a typd 1, widely used in
common products and one of the three sli@v materials utilized in sunscreens
(Wokovich et al.,, 2009). In this study, nTiCand bTiQ characterization
confirmed the few information given from the producThe two particles had
only the TiQ constituent in common, in fact they were differamtsize. The
nano-meter size being confirmed for the NPs. The TWO, particles differed
also in the XRD pattern, that identified a mixtwetwo phases (anatase and
rutile) in nTiO, and only the anatase in bTiCBoth TiG, particles are highly
hydrophobic, therefore they aggregate substantialqueous solutions (Brunelli
et al., 2013). The size distribution results okadifor nTiQ and bTiQ confirmed
this behaviour, showing the highest hydrophobiditgbn bulk counterpart.

As an infaunal filter-feeder, the Manila clam istpaularly exposed to the impact
of nTiO, having in sediments their ultimate sink. Indeeshveater has a more
pronounced effect on the surface of nTi€ausing more particle collisions and
consequently more aggregation/agglomeration ang sledimentation respect to
freshwater (Keller et al., 2010; Brunelli et alQ13; Romanello et al., 2013).
Furthermore, bioturbation and resuspension of sedlisncan lead to an increase
in NP concentration at the sediment-water interf@acemoting particle exchange
between sediment and water column (Rocha et d@5)20

Most published studies aimed at assessing NP tgxi@re conducted using high
concentrations that are unrealistic from an envirental point of view compared
to PECs (Mouneyrac et al.,, 2014). Instead, in tbtigdy, we chose lower
concentrations (1 and 10 pg/L) of nTithat were in the range of PEC values.

To assess the potential toxic effects of nf@h the clamR. philippinarum a
multi-biomarker approach was used, and the batiédyiomarkers was selected
based on the information available on NP toxicitg @n the effects determined
by nTiG; in other species. In bivalves, NPs are known tdillexred by the qills,
accumulate in the digestive gland, and transfetwetie haemolymph through the
epithelium of the digestive gland tubules (Moorelet 2009; Rocha et al., 2015).
Indeed, we investigated various biological respsneethese three tissues (gills,
digestive gland and haemolymph). Evidence of advesffects of a given
contaminant at sub-lethal concentrations is exthgmeportant in environmental
risk assessment, since it may generate a cascéeld wfith consequences at
different biological levels. Thus, the use of biokeas offers the advantage of
allowing for the detection of potentially toxic eogure well before real adverse
effects occur (Clemente et al., 2011). Biomarkergehbeen shown to be sensitive
and early warning indicators of exposure to potitdaand to provide information
regarding alterations in the organism physiologgl Birochemical mechanisms of
a contaminant’s action (Mouneyrac et al., 2014).

Once in contact with cells or inside cells (storadthin lysosomes, the
endoplasmatic reticulum, or the Golgi apparatu$)sNan directly or indirectly
induce oxidative stress and consequently damageaoromolecule (Moore,
2006). Since oxidative stress is probably the ncaunse of the toxicity of nTi§)
the investigation on biomarkers associated witls #ffect, such as antioxidant
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enzymes, should be used in the case of organisptsed to the particles. While
some studies have reported no adverse effectgsotfage described changes in
the activities of the antioxidant enzymes SOD, CAIST and glutathione
peroxidase (GPx) in aquatic organisms exposed t@n{Clemente et al., 2011,
Clemente et al., 2014). For exampldytilus galloprovincialisexposed to nTi®
(1-10-100 pg/L) for 96 hours showed a modulation gbiitathione-related
enzymes, and an increase of CAT in digestive g(&admo et al., 2013). Also in
Farkas et al. (2015Mytilus eduliswas exposed to nT¥J0.2 mg/L and 2 mg/L)
for 96 hours and an increase in antioxidant enz{®&@D, CAT and GPx) was
determined in digestive gland.

The findings in this study highlighted oxidativeests conditions progressively
increasing throughout the experiment in both gallel digestive gland of clams
exposed to nTi@ In particular, SOD activity exhibited a differergsults in the
two tissues analysed, and only in digestive gldredet was a significant increase
in all TiO, treated clams compared to control. Conversely, @éfivity increased
in gills, but only in clams exposed to both concatmdns of nTiQ, and did not
increase in bTi@ treated clams. On the other hand, in digestivexdjI€AT
activity, alike SOD activity, increased in all tted clams compared to control.
GST activity changed the trend during the exposunen considering the two
tissues. The decrease in gill GST activity confdma all treated clams an
underway oxidative stress in cells.

GST is an enzyme that participates in the detatib;m process due to
conjugation reaction between GSH and xenobiotiesr(@ins et al., 2011). Thiol
compounds, such as reduced and oxidised GSH, esirése initial protective
substances against heavy-metal ions and othertaoifs Inhibition of GST
activity occurs either through direct action of aletn the enzyme or indirectly
via the production of ROS that interact with theyne, depletion of its substrate
(GSH) and/or down regulation of GST genes througfferént mechanisms
(Roling and Baldwin, 2006). Instead, in digestiveangl the GST activity
increased, but only at the low concentration of@yJiindicating the reaction of
cells to metal particles. The present result iadgoordance with the literature that
has described increases in the activity of GST allusks and fish exposed to
nTiO, (Canesi et al., 2010; Clemente et al., 2014).

These data suggest that the increase in antioxidefences would be due to
enhanced ROS production in Ti®xposed clams, and thus to the urgent need to
protect the cells from damage (Torres et al., 2008)eed, in this study only a
low damage to proteins and lipids were detectetheatend of exposure. In gills,
only bTiO,-treated clams showed an increase in protein damaggared to
controls. In digestive gland, only the nLiCL0 ug/L)-exposed clams showed an
increase in lipid peroxidation. The lack of damagedigestive gland of bTi@
treated clams could be related to size and charstats of the contaminant, since
micrometer-size materials are known to infiltraieldigical systems lesser than
nano-size materials (Moore, 2006). Low damage tteoutes was consistent with
low concentrations of contaminants and shirvivo exposure. The increase in
LPO levels observed in the digestive gland coulcekglained by the ability of
nTiO; to interact with the cell membrane (Moore, 2006Grida et al., 2015), and
it is in agreement with the view that the digestij@nd represents the target tissue
for nTiO;, toxicity, showing more effects than other tiss(RRscha et al., 2015). In
two fish speciesCarassius auratuandOncorhynchus mykisaTiO, determined
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high lipid damage, however animals were subjecNB concentrations higher
(mg/L) than those in our study (Federici et al.p20Ates et al., 2013). In the
oysterCrassostrea virginicaxposed to nTi®(5, 50, 500, and 5000 pg/L) for 48
h, Johnson et al. (2015) did not find lipid pedation.

In our study, DNA damage in gills and digestivenglalid not increase in exposed
clams, as observed also in gills d¥l. galloprovincialisby Della Torre et al.
(2015), even though at nTiGconcentration (0.1 mg/L) higher than those we
tested.

It is assumed that nTigOcan be accumulated in different tissues of various
species, as shown, for example, in Hu et al. (20A@s et al. (2012) and Canesi
et al. (2014). In marine mussels nFiioaccumulation occurred more in the
digestive gland than in the gills (Canesi et @14 D’Agata et al., 2013)

In our study, a significant accumulation of Ti weevealed in both gills and
digestive gland only in clams exposed to nA{@0 pg/L) compared to controls,
and no different pattern of accumulation was foundthe two tissues. This
suggested that also the gills act as a targetetifsubioaccumulation of nTi©
Conversely, no significant evidence of bfi@ccumulation was found in both
gills and digestive gland. It is possible to engsa scenario where larger (bulk)
particles are rejected and excreted as pseudofaedhe gills, and did not reach
the digestive gland. Differently, NPs can intenath gills and thereafter they can
be transported to the digestive gland (D’Agata.eQ13).

In our results, control clams showed similar Ti teorts in gills and digestive
gland, this amount being originated from a naturatkground of Ti in the
environment (Borgelaut et al., 2015). In nature,o€curs only in the form of
oxide or oxides mixed with other elements. Minedaposits are usually of
volcanic origin, and they are also found in beaemds (Winkler, 2003). In
organism tissues, Ti content is expected to béenrange 1-5Qg/g dry weight,
mostly arising from the natural abundance of Jp@rticles (Federici et al., 2007;
Bigorgne et al., 2011). Tioccurs at 8Qug/L in the Seine river (Geertsen et al.,
2014), while the PECs of manufactured nfi®about lug/L (Sun et al., 2014).
The main reserves of TiOare located in Canada, USA, Scandinavia, South
Africa, Mediterranean Sea, and Australia (Titaniam2010).

Bivalve nTiOG, accumulation was also reported in other studieBdmmo et al.
(2013), mussel exposed to nbi@L, 10 and 100 pg/L) for 96 h showed an
increase of Ti content in the digestive gland amdhe haemocytes, although
without a clear dose-dependent pattern, in contoasthat observed in a previous
study conducted at higher NP concentrations anld shorter times of exposure
(Canesi et al., 2010). This could be partly duelifterent behaviour of nTiQat
lower concentration range in seawater respectdbehniconcentrations, possibly
resulting in different uptake by the organismswls demonstrated that nTHO
create less aggregates, with smaller size andhilgher sedimentation time when
present at lower concentrations respect to higbacentrations (Brunelli et al.,
2013).

The immune system is considered a sensitive tduogethe effects of various
environmental contaminants, as well as for thosed\BE, in different species
(Jovanovic and Palic, 2012). Variations in haenopgrameters can elicit severe
problems for the organisms, considering the haetastyole in internal defence
and various physiological processes (Cima et @002 Donaghy et al., 2009).
nTiO, are known to alter many morphological and funailocharacteristics of
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mollusc haemocytes (Couleau et al., 2012; Barmal.eR013; Ali et al., 2015).
The above-quoted studies corroborated the hypathieat immune cells could be
one of the target tissue useful to understand ¢tieraof nTiQ, toxicity (Canesi et
al., 2012).

Among immunomarkers, THC is one of the most comyarded parameter to
evaluate negative effects of stressors (includwitutants) in bivalves (Oliver and
Fisher, 1999). Decreases in THC can be caused bydwmyte lysis or by
increased cell movement from haemolymph to pergdhgssues. In the other
hand, an increases in THC can be due to the pratié®m or movement of cells
from tissues into haemolymph. In this study, THCré@ased in haemolymph of
treated clams, with a simultaneous increase in bagta proliferation. Since
cytotoxicity did not show any variation, haemocyimliferation suggested a
general stress condition for cells after the exp®$n contaminants.

In Barmo et al. (2013), the responsed/ingalloprovincialiswere opposite to our
findings, indeed the THC did not change in musss{posed to the lowest
concentration of nTipand decreased in the other concentrations testagared
to controls. Instead, similarly to our results,tire green-lipped mussé@éerna
viridis exposed to nTi® (0, 2.5 mg/L and 10 mg/L) for 216 h, under various
combinations of oxygen levels, the THC increasetdhduall the exposure, and no
evidence of nTiQ cytotoxic effects was detected in ianvitro related haemocyte
experiment (Wang et al., 2014). In the cephalopamlusc Octopus vulgaris
intramuscular injections of nT¥X(1 and 10 mg/kg) did not lead to a specific
response in THC values (Grimaldi et al., 2013).

During our experiment, an increase of diameter aoldme of haemocytes in
treated clams suggested an uptake of liquid froemtzdymph, but this hypothesis
was not confirmed by an increase in NRU valuestt@nother hand, in all clams
exposed to TiQ the results of the cytotoxicity test indicated amerall
maintenance of cell membrane integrity (exceptrf®rO, at T1). Lysozyme
activity did not change throughout the present wtuabth in CFH and HL.
Conversely, a significant increase was observedotier study orO. vulgaris
(Grimaldi et al., 2013). Nevertheless, it is impoittto note that the concentrations
of nTiO, tested in that study were thousands of times higihan the
concentration considered here and also the expetainapproach was completely
different (Grimaldi et al., 2013).

It is known that NPs can determine DNA damage, ctliyeand/or indirectly
through different mechanisms (Moore, 2006; Handgl ¢t2008; Karlsson, 2010).
Indeed, the haemocytes of the freshwater dnaihea luteolaexposed to nTi®
(28-56-84 pg/mL) for 96 h showed high DNA damageralated also with an
high oxidative stress, lipid peroxidation, decreh&SH level and GST activity.
In L. luteolanTiO, determined also high cytotoxicity (Ali et al., Z)1Production
of ROS could cause DNA oxidation and strand brdae&ding to a great amount
of cell death. Moreover, the nTi®nediated induction of ROS production is one
of the main common biological responses in immuelés ¢Jovanovic and Palic,
2012). In the blue mussM. edulisexposed to nTi®(0.2 and 2.0 mg/L) for 96 h
the MN frequency increased with increasing NP dé&sekas et al., 2015). Also in
the marine fishTrachinotus carolinugexposed to nTi®(1.5 pg/g and 3.0 pug/g)
by intraperitoneal injection, the NP determined hhiNA damage in the
erythrocytes.
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In this study, the results of both SCGE and MN wssdicated an high level of
DNA damage with a major amount in haemocytes ofOaExposed clams
respect to the bulk-exposed ones. An high DNA datagld be the beginning of
other dysfunctions in cells at both biochemical ahgisiological level (Depledge,
1998). All these findings indicated that ngi& haemocyte level determined high
genotoxicity, also at low concentrations, suchhasé we used.

The toxicity of nTiQ showed to be mainly related to their “nano” praojest
although the bTi@ also affected exposed clams, confirming the toxiof Ti.
nTiO, exhibited specific physico-chemical characterssticat differed from the
bulk counterpart. Moreover, due to their small sjzeTiQ, are more likely to
infiltrate biological systems compared to the lang®lecules that cannot infiltrate
(Moore, 2006) and diffuse through cell membranem (&t al., 2010). Also
Libralato et al. (2013) affirmed the different actiand effects of nTi9and
bTiO,, when comparing the relative embryotoxicity in seis .

Conclusion

To our knowledge, this is the first study that istvgated the effects of nTiOn
Manila clams, thus providing a new topic for dissioa in NP ecotoxicological
studies. Due to its biological and ecological feasyR. philippinarumcould be
particularly subject to the risk of NP exposuraldad, the experimental results of
this work indicated the sensitivity dR. philippinarumto nTiO,. The NPs
determined a modulation of the most biological psters measured, both at the
biochemical and cellular level, in clams exposetbt® concentrations similar to
PEC values.

Our results showed that gills can be consideredamget of effect and
bioaccumulation, providing a general understagpdih the nTiQ mode of
action. Nonetheless, the digestive gland was aoefir as the primary target
tissue also for this NP. More severe effects ofaTdompared to bulk form were
highlighted, arising by their specific NP chararsics.

The oxidative stress appeared to be an importamgecaf nTiQ toxicity since
primarily oxidative stress-related responses wdrgenved in clams exposed to
nTiO,. Although thein vivo exposure was relatively short and with low NP
concentrations, treated clams showed a low liprdatze.

Haemocytes were seriously affected by n@posure, with high modulation of
various cell parameters and also with an high DNAdge.

In future studies the toxicity of nTigheeds to be investigated further for chronic
effects, using longer exposure at concentratiaonglas to PEC values.
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Abstract

Cso fullerene (FGg), with its unique physical properties, has beeodpced for
many applications in recent decades. The increlkelthood of direct release
into the environment has raised interest in undadihg the corresponding
biological effects of Fg to aquatic organisms. Nowadays, only few studegh
analysed Fgp effects and bioaccumulation in marine organismgeura in vivo
exposure with low concentrations. For these reatiomsnformation concerning
FCso ecotoxicity is still lacking.

To provide new data about Efoxicity, in this studyRuditapes philippinarum
was selected to assess potential adverse effedtse afontaminant. Clams were
exposed for 7 days to low concentrations ogHO, 1, 10ug/L). At various time
intervals during the exposure, cellular and bioclcahresponses were evaluated
in clam gills, digestive gland and haemolymph. @&, content in gills and
digestive gland was determined in all experimertaiditions after 7 days of
exposure through High Performance Liquid Chromatply analysis.

In gills, a significant modulation in antioxidamzayme activities until the end of
the exposure, and changes in glutathione S-traassdeactivity during the first
phases of exposure only, were shown, highlightimgharease in oxidative stress.
Moreover, damage to lipids and proteins was dedeictd-Gso (10 pg/L)- treated
clams after 7 days of exposure. In digestive glaskighter variations in
antioxidant enzyme activities and damage to moésculere detected. In the first
phases of exposure, superoxide and glutathionarSfarase activity showed a
significant modulation. Only changes in catalasevitg and lipid peroxidation
were detected until the end of exposure.

FCso accumulation was found in both gill and digestigland tissues. In
particular, significantly higher values comparedontrol were measured in gills
of FCso- (1-10 pg/L) treated clams, and in digestive glafidFGso- (1 pg/L)
treated clams.

Haemolymph presented lower responses until theoérekposure. Indeed, only
Single Cell Gel Electrophoresis and Neutral Redikptassays showed increased
values in FG exposed clams. Moreover, volume and diameter efmogytes,
haemocyte proliferation, and Micronucleus assay hligbted significant
variations in treated clams, but only in the fitases of exposure, and no
changes were detected after 7 days.

Gill clams could be considered the target tissue FGgo toxicity under the
exposure conditions used at least, and in partichla high damage detected to
lipids and proteins could contribute to long-termlgems for organism.
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1. Introduction

Among carbon nanoparticles (NPsko@llerene (FGg) is a molecule possessing
60 carbon atoms, and is a hollow sphere like abfdiisoccer ball. Due to its
three-dimensional shape, its unsaturated bonds incelectronic structure,
fullerene has unique chemical and physical chanattess (Costa et al.,, 2012).
Since its discovery (Kroto et al., 1985), Jg®as received considerable attention
in various fields (Kim et al., 2010), and nowadayshas many important
commercial and industrial applications, includingugl delivery, electronics,
superconductors, and cosmetics (Langa and Nieremgd#t011; Pulicharla et al.,
2015). It is one of the most ubiquitous and producarbon NPs (Sanchis et al.,
2015), and it is also present in polluted air assalt of fuel combustion (Nielsen
et al., 2008). Moreover, in view of its large protan and applications, kgis
inevitably released into the aqueous environmemit@Balk et al., 2009). Once
released into aquatic systems,sfF@nds to take the form of colloid via several
mechanisms (Andrievsky et al., 1995) and be aswatiwith biomolecules or
natural organic matter (Hyung et al., 2007).¢f-fossesses strong hydrophobic
characteristic, and consequently, in molecular fblams the tendency to associate
with hydrophobic substances in the environment.(exgtural organic matter,
lipids, and living organisms).

Despite this information, a very few data on thespnce and the behaviour of
FCso in the aquatic environment have been reportednlgnaue to the lack of
analytical methods able to detect and to quantifi’sN Only predicted
environmental concentrations (PECs) are availabléarature. PECs of Rgin
waste water treatment plants were estimated tonli@a range of few ng/L to
about 100 pg/L (Gottschalk et al., 2009). Instdaatreira da Silva et al. (2011)
reported FGo PECs in water in the range of 0.31-5 ug/L.

Coastal marine environments tend to be major depoal areas for many
pollutants, as well as for NPs. NPs can enter rasystems via different sources,
either directly or indirectly (Corsi et al., 2014Yhese environments are
commonly inhabited by various species of organisamepong which bivalve
molluscs are considered target species for NP expoand thus for investigating
their toxicity (Moore, 2006: Canesi et al., 2012k filter-feeding organisms,
bivalves spend their lives filtering large voluntdsvater, processing microalgae,
bacteria, sediments, particulates, and also paolistaln addition, the NP
characteristics, together with the results froodsts comparing their presence in
different types of water, suggest that NPs willtppan in the sea bottom at the
sediment/water interface, thus representing a maj@at to benthic organisms
(Rocha et al., in press). In this study, the usemfinfaunal filter-feeder, the
marine clamRuditapes philippinarumgould give a better insight on the real risk
of NP exposure in coastal habitats. Recently, imiMaclam, largely used in
laboratory studies to assess the toxicity of comants, the effects of NPs have
been investigated im vitro (Marisa et al. 2015) anith vivo exposures (Garcia-
Negrete et al., 2013; Marisa et al., paper |; Magsal., paper IlI).
Ecotoxicological studies on BgEwere carry out in various organisms, including
bacteria (Letts et al., 2011), algae (Baun et 2008), crustaceans (Tao et al.,
2011), fishes (Oberdoster, 2004; Kuznetsova et 2014), insects (Waissi-
Leinonen et al.,, 2015), worms (Wang et al., 201&)d bivalve molluscs
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(Ringwood et al., 2009; Al-Subiai, et al., 2012)CsF has been shown to
determine DNA damage (Al-Subiai, et al., 2012),teacidal action (Trpkovic et
al., 2012), induction of oxidative stress (Zhu kt 2008), and the inhibition of
growth, development and reproduction (Tao et &IQ92 Waissi-Leinonen et al.,
2015). Moreover, Fg can enter living organisms via several routes and
accumulate in tissues (Oberddster et al., 2005rddiseer et al., 2006).

The primary mechanism of Ekgtoxicity has generally been attributed to its
ability to generate reactive oxygen species (R@8hough other studies have
reported contradictory results, indicating the néed further investigations to
understand the potential oxidized action of this ($Rinohara et al., 2009; Al-
Subiai et al., 2012; Costa et al., 2012).

The information on Fgp toxicity in marine species is still lacking, altigh the
increasing use and inevitable release of this N#® Buatic environments
highlight the need to assess better its potemtiphct to coastal environments.

To fill this gap,the present study was aimed at evaluapotential sub-lethal
effects of FGy onR. philippinarum by analysingvarious biomarkers (antioxidant
enzyme activities, levels of damage to molecules, lFaemocyte parameters) in
three tissues (haemolymph, gills and digestived)ldémroughout a 7-day exposure
to 1 and 1Qug/L of FGs. The biochemical and cellular parameters measured we
selected based on both physico-chemical charatsrisf FGo and information
on FGp toxicity in other species. To confirm the pQbility to penetrate and
accumulate in different tissues, thegbContent in gills and digestive glands was
measured.Physico-chemical characterisation of gg@Qvas also performed by
various techniques to validate the manufacturermétion on particle features.

2. Materialsand methods

2.1. FCq characterisation

Nanosised pownder of Bg(purity>97.5 %) was purchased from Sigma-Aldrithiléno, Italy).
The images of F§ were determined using a transmission electronasampe (TEM, FEI Tecnai
G12) operated at 100 kV, with a TVIPS F114 cam#&raay diffraction (XRD) characterisation
was performed using a Bruker D8 Advance diffractaneThe analyses were performed in
Bragg-Brentano configuration at 30 kV and 30 mAeThean crystallite size was evaluated using
the Sherrer equation.

2.2. Clams, FCg exposur e and tissue collection

Specimens oR. philippinarumwere collected from a reference site located withlicensed clam
culture area in the southern part of the LagooVefice (ltaly). These specimens were then
acclimatised in the laboratory for 5 days befor@asure to the contaminant. Clams were
maintained in large aquaria, which contained a gdodtom and aerated natural seawater (salinity
of 35 + 1 psu, temperature of 16 + 0.5 °C) and wie daily with microalgaelgochrysis
galbang.

Stock solution of Fgg (0.1 g/L) was prepared in Milli-Q water and soméxhat 4 °C using a Braun
Labsonic U sonifier at 50% duty cycles for 30 m@iams (35 per tank) were exposed for 7 days
to nominal concentrations of 0 (control), 1, andld FGyL. For each experimental condition
tested, two replicate tanks were prepared. Durikgpsure, the clams were maintained in glass
aquaria (without sediment) containing aerated seawa L per animal) in the same thermo-haline
conditions used during the acclimatisation periddnovement pump (Hydor, Koralia nano 900,
USA) was positioned in every aquarium (both forteolnand treated clams) to facilitate the water
circulation and to prevent Fgparticle sedimentation (Marisa et al., paper 1).

The seawater was renewed daily, andsgF@nd microalgae (at an initial concentration of
approximately 150,000 cells/L) were supplied in tleperimental tanks. Before adding the
contaminant, the stock solution was sonicatedepsrted above.

Throughout the exposure, clam haemolymph, gills digestive gland were collected after first
(T1), third (T3), and last (T7) days of exposurer Each tissue, six pools (5 animals per pool, 2 or
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3 from each replicate tank) from each experimeotaidition were prepared. Aliquots of each

pooled tissue were frozen in liquid nitrogen amorest at -80 °C until analyses or immediately

processed, depending on the various biologicaloresgs measured. All assays performed in this
study had previously been validated (Marisa etpaper |I; Marisa et al., paper Ill; Matozzo et al.,

2012a; Matozzo et al., 2012b; Matozzo et al., 2@%8plini et al., 2010; Parolini et al., 2013).

2.3. Gill and digestive gland preparation and biochemical assays

Pooled gills and digestive glands were homogengetl °C using an Ultra-Turrax homogeniser
(model T8 basic, IKA) in four volumes of 50 mM T4##CI buffer, pH 7.4, containing 0.15 M
KCI, 0.5 M sucrose, and Protease Inhibitor CocK@2714, Sigma—Aldrich) and then centrifuged
at 12,000 g for 40 min at 4 °C. Supernatants (SN) were collédbr the analyses. SN protein
concentrations were quantified according to Bradlf@@976) using bovine serum albumin (BSA)
as the standard.

Total superoxide dismutase (SOD) activity was mesbun the SN of both tissues using the
xanthine oxidase/cytochrome ¢ method proposed kgpcret al. (1978). Enzyme activity is
expressed as U SOD/mg protein, where one unit dd 8@s defined as the amount of sample
producing 50% inhibition in the assay conditiondl énd digestive gland catalase (CAT) activity
was measured according to the method of Aebi (19B4@ results are expressed in U CAT/mg
protein, where one unit of CAT was defined as tmeoant of enzyme that catalysed the
dismutation of 1umol of H,O.,/min. Glutathione S-transferase (GST) activity waeasured
according to the method described in Habig et &4874) using 1-chloro-2,4-dinitrobenzene
(CDNB) and reduced glutathione (GSH) as substr&&S. activity is expressed as nmol/min/mg
protein. Lipid peroxidation (LPO) was quantified ioth tissues’ SN using the malondialdehyde
(MDA) assay, according to the method of Buege amngtA1978). The results are expressed as
nmoles of thiobarbituric reactive substances (TBHR§ protein. TBARS, considered as “MDA-
like peroxide products”, were quantified by refece to MDA absorbance (Damiens et al., 2007).
The results were not expressed as MDA levels becaB# can react with a range of chemical
compounds (Csallany et al., 1984). Protein carbaromtent (PCC) was measured via the
formation of labelled protein hydrazone derivativester 2,4-dinitrophenylhydrazide (DNPH)
reaction, which were then quantified spectrophotoicaly (Dalle Donne et al., 2003; Mecocci et
al., 1999). The carbonyl content was calculatedthftbe SN absorbance via the molar absorption
coefficient of 22,000 mol/cm and expressed as rmm@lprotein. DNA strand breaks were
quantified using a fluorescence technique adaptech the alkaline precipitation assay (Olive,
1988). Samples of both gills and digestive glandeweeighed (Mettler Toledo, XS105 Dual
Range analytical balance, 0.01 mg readability) teefssue preparation (see above), and the wet
weight was recorded. Salmon sperm genomic DNA statsdwere added for DNA calibration,
and the results are expresseqigh wet weight.

2.4. FCg bioaccumulation in gills and digestive gland

At the end of the exposure (T7), 4 pools of gitisl @igestive glands per experimental condition (6
animals each) were collected to quantifyef-Bioaccumulation. Tissue samples were carefully
washed with pure toluene to remove surface adsdegglparticles. Then, tissues were extracted
into toluene (1:6, w:v ratio) using ultra-sonicatifor 30 min (35 kHz). Extracts were centrifuged
(9000 xg) and the SN was used in HPLC (High PerformancaiidigChromatography) analysis.
FCs Was separated using Eclipse XDB-C18 4.6 mm ID & @0 5um 80 A column.

The mobile phase for columns was toluene (SigmaiéidHPLC grade), at a flow-rate of 1.0
mL/min. Sample injections were performed manualithwolumes of 100 pL. The eluent was
monitored at 335 nm using a HPLC Agilent 1100, Cstation rev. A10.02. For external
calibration, a standard curve was generated fof, EGncentrations ranging from 0.001 to 0.8
mg/mL. The FG, concentration of each sample was calculated bypeoison to the standard
curve, and the results were expressed as gd-®et weight.

2.5. Haemolymph parameters

Total haemocyte count (THC) and haemocyte diamatel volume were determined using a
Model Z2 Coulter Counter electronic particle coufsiee analyser (Coulter Corporation, FL,
USA). THC is expressed as the number of haemody®®)/mL of haemolymph. Haemocyte
diameter and volume are expressedum and in femtolitres (fL), respectively. Haemocyte
proliferation was evaluated using a colorimetrictimel and measured using a commercial kit
(Cell proliferation Kit Il, Roche). This assay hiasen validated in our previous studies (Matozzo
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et al.,, 2012a,b) according to the evidence of dalision in circulating haemocytes of Manila
clams (Matozzo et al., 2008). The data were nosgedlio the THC values recorded for the clams
from each experimental condition and expressed has dptical density (OD) at 450 nm.
Cytotoxicity was evaluated using a colorimetric sgsdased on the measurement of lactate
dehydrogenase (LDH) activity in cell-free haemolymp commercial kit (Cytotoxicity Detection
Kit, Roche) was used to assess cell damage. Thégs:esormalised to THC values, are expressed
as the optical density (OD) at 490 nm. The NeuRald uptake (NRU) assay provides a
guantitative estimation of viable cells, and it weesformed according to the modified method of
Cajaraville et al. (1996). This test is based andbility of cells to incorporate and bind the Vita
dye neutral red, thus it was used to evaluate dipaluility of haemocytes to perform pinocytosis.
The results, normalised to THC values, are exptessethe optical density (OD) at 550 nm.
Lysozyme activity was quantified in cell-free hadymoph (CFH) and in haemocyte lysate (LH)
(Matozzo et al., 2012b). The results, normalised TtdC values, were expressed as ug
lysozyme/mg protein. Protein concentrations in CeRhd LH were quantified according to
Bradford (1976). The SCGE assay (Single Cell Gectbphoresis) was performed using the
alkaline (pH>13) version of the assay developedsimgh et al. (1988) with some modifications
(for more details, see Marisa et al., paper I)eAttaemocyte electrophoretic treatment imaging
was performed using a fluorescence microscope §L8300B, Germany) equipped with an FITC
filter (13, excitation BP 450-490, emission LP 514)10x magnification. One hundred cells per
slide for a total of 600 cells per condition wereakysed using an image analysis system (Comet
Score®). The ratio between the migration length treddiameter of the comet head (LDR) and
the percentage of tail DNA were chosen to repreBNA damage. The Micronucleus (MN) test
was performed according to the method of Pavlical.g2000). After haemocyte preparation on
slides, the slides were kept in the dark at 4 °©Orgo examination under the microscope. Four
hundred cells were counted for each slide for al tot 2400 cells/treatment, slides were scored
under the fluorescent microscope Leica 5000B ecpdpwith a submerged lens at 100x
magnification. Only intact and non-overlapping haegies were considered. Micronuclei were
identified according to the criteria proposed byrskh-Volders et al. (2000), and the MN
frequency (MN%o.) was reported.

2.6. Statistical analysis

The normal distribution (Shapiro-Wilk test) and tmemogeneity of the variance (Bartlett test) of
the data were assessed. The data were statistoamatpared using a two-way ANOVA test, with
concentration of contaminant and time of exposwgevariables and biomarkers as cases. The
ANOVA was followed by a Fischer LSD post-hoc tesevaluate significant differences between
treated samples and related controls (time to tiame) between differing exposure times at the
same experimental condition. The data regarding dimaccumulation of Fg in gills and
digestive gland were statistically compared usingna-way ANOVA test followed by Tukey’s
HSD test.

The STATISTICA 10 software package (StatSoft, TUBK) was used for statistical analyses.

3. Results

3.1. Nanoparticle characterisation

A TEM image of FGo was revealed in Fig. 1A. The RCmean crystallite
diameter is 49 nm and the crystalline phase iscgubiFig. 1B was shown the
XRD patter of FG powder.

A B

wwwwwwww

Fig. 1. A: TEM image of FG. B: XRD pattern of the Fg§g powder. The crystalline phase ig,C
(JCPDS#440558).
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3.2. Gill and digestive gland assays

SOD activity was significantly affected by concewtiton (p<0.001) and time of
exposure (p<0.001) in the gills; &C (10 pg/L) treated clams exhibited
significantly higher values of SOD activity withsect to control only at T7 (Fig.
2A). A significant time-dependent and concentrdtiore interaction-dependent
variation in the activity of SOD was found in thégektive gland (p<0.001;
p=0.009, respectively); a significant increase Yeamd at T3 in clams exposed to
both concentrations of kg compared to control, and no significant difference
was detected between the two treatments (Fig. 2B).

CAT activity was affected significantly in both dises due to exposure to
concentration (p=0.002 in gills, p<0.001 in digestigland) and to time of
exposure (p<0.001 in gills, p<0.001 in digestivangl). In the gills, the CAT
activity decreased in clams exposed to both coratons of FGy at T3 and T7
compared to controls (Fig. 2C). In the digestil@nd, a significant increase in
CAT activity was found under Rg(1 pg/L) exposure from the beginning to the
end of the exposure compared to controls (Fig. 2D).

A SOD activity (Gills) B SOD activity (D. gland)
o [CJcontrol [1FCe (1 g/L) MFCeo (10 8/L) []Control [7]FCeo (1 1g/L) MFCso (10 g /L)
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Fig. 2. SOD activity (A, B) expressed as U SOD/mg prqataimd CAT activity (C, D) expressed
as U CAT/mg protein ifR. philippinarumafter 1, 3 and 7 days of exposure to;d~@, 10 pg/L).
The values are reported as the means + SD (stamdavidtion); n= 6 pools. Asterisks denote
significant differences compared to controls atdhme time of exposure: *p<0.05, **p<0.01.

The GST activity exhibited in gills a significantoaulation determined by kg

concentration (p<0.001), time of exposure (p<0.0@hp concentration/time
interaction (p<0.001). In particular, only in clamlegposed to the lower Bg

concentration GST activity significantly increasedpect to controls at T1 and
T3; at T3 the activity was statistically (p<0.00digher in clams exposed to 1
Mg/l respect to those at 10 pg/L of ggCAt T7 no variations were detected
between all experimental conditions (Fig. 3A). ligastive gland, the GST
activity was affected by time of exposure (p=0.0G2)d concentration/time
interaction (p<0.001). Pair-wise comparisons hgjtted significant difference
only at T3 between controls and clams exposedddither FG concentration,
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and the activity was statistically higher (p<0.00i)clams exposed to 10 ug/L
respect to 1 pg/L of Rg (Fig. 3B).

A GST activity (Gills) B GST activity (D. gland)
[“]Control D FCgo (1 pg/L) WFCeo (10 pg/L) [C]Control []FCg (1 ug/L) W FCso (10 pg/L)
1600 2500 Hkk

nmol/mg pm!em
=
8
o

g

1400 kk
£ 1200 .
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w800
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200

0 0
1 3 7

Days of exposure Days of exposure
Fig. 3. GST activity (A, B) expressed as nmol/min/mg pmotinR. philippinarumafter 1, 3 and 7
days of exposure to B (1, 10 pg/L). The values are reported as the mea8® (standard
deviation); n= 6 pools. Asterisks denote significdifferences compared to controls at the same
time of exposure: *p<0.05, *** p<0.001.

LPO was significantly influenced in gills by contextion (p<0.001), time of
exposure (p=0.002), and concentration/time intevac{p=0.045). The TBARS
levels increased significantly at the highersg€ncentration at T1, and they were
maintained for all the exposure. In clams exposethé lower concentration of
FCso, an increase of lipid peroxidation respect to adnivas shown at T3 only
(Fig. 4A). In the digestive gland, the TBARS valuesasured in the treated clams
were affected only by time of exposure (p<0.001)idnificant increase in lipid
damage was detected in bothgr@eated clams compared to control only at the
end of exposure (Fig. 4B).

A TBARS (Gills) B TBARS (D. gland)
[Jcontrol [[]FCeo (1 ug/L) [IFCeo (10 He/L) [JControl [T]FCeo (1 1g/L) [l FCeo (10 ug/L)
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Fig. 4. TBARS (A, B) and PCC (C) levels expressed as nmgpprotein inR. philippinarumafter
1, 3 and 7 days of exposure togg(@, 10 pug/L). The values are expressed as the $1ie&D; n=
6 pools. Asterisks denote significant differencesipared to controls at the same time of
exposure: *p<0.05, *p<0.01.
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PCC values were significantly affected only in gilin particular by time of
exposure (p<0.001) and concentration/time intevact{(p=0.007). The only
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significant difference in the pair-wise comparisonas found in Fgy-treated
clams (10 pg/L) compared to control at T7 (Fig..4C)

DNA damage was not significantly affected by coriagion, time of exposure
and their interaction in both gills and digestivargl.

3.2.1. FCg bioaccumulation in gills and digestive gland

The total FGp content in the gills and digestive gland of thents exposed for 7
days to FGo (1-10ug/L) is reported in Fig. 5A and B. The results destoated
significant accumulation of Rg in both the gills (p=0.001) and the digestive
gland (p<0.001).

In gills, FGso content significantly increased respect to contsbbwing a dose-
dependent trend. Moreover, thedg@mount was statistically (p=0.027) higher in
clams exposed to 10 pg/L respect to 1 pg/L ofpFld digestive gland, only the
lower concentration (1 pg/L) showed a significai@sd-increase compared to
control, with a statistically higher content (p=010 also respect to kg (10
pg/L) treated clams.

FCs, concentration (Gills) FCg, concentration (D. gland)

*k
- Fkk
. 12
314 *
3 10
1,2
2
3 1 8
b
® 08 6
0,6
§ 4
0,4
0,2 2
0 0

Control FCeo (1 pg/L) FCeo (10 pg/L) Control FCo (1 pg/L) FCo (10 pg/L)

g FCo/g W.W.

Fig. 5. Levels of FGy expressed as g kffy wet weight, in the gills (A) and the digestiviard

(B) of R. philippinarumafter 7 days of exposure to g1, 10 pg/L). The values are expressed as
the means = SD; n= 4 pools. Asterisks denote saamif differences compared to controls:
*p<0.05, *p<0.01, *** p<0.001.

3.3. Haemolymph parameters

No evidence of THC modulation was detected durhmg éxposure, instead, the
diameter and volume of haemocytes were signifigamtbdulated. The diameter
was affected by F§& concentrations (p<0.001), time of exposure (p=8)Gsd
concentration/time interaction (p<0.001). The vodunwas affected by
concentration (p<0.001) and concentration/timeradgon (p<0.001). For both
diameter and volume, increases with respect toralsmvere significant at T1 in
all clams exposed to kg but at T3 only in Fg (10 pg/L)- treated clams
compared to controls. No significant differencesavdetected at T7 among all
experimental conditions (Fig. 6A, B).

The haemocyte proliferation was statistically iefhieed by FC60 concentrations
(p<0.001), time of exposure (p=0.011) and concéotidime interaction
(p<0.001). In particular, the significant differ&scin the pair-wise comparisons
overlapped those observed for haemocyte diametdrvatume. Indeed, the
haemocyte proliferation significantly increasedclams exposed to FC60 (1 and
10 pg/L) at T1, and to FC60 (1Qg/L) at T3, whereas no differences were
detected at T7 (Fig. 6C).
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Fig. 6. Diameter of haemocytes (A) expressed in um, volafbaemocytes (B) expressed in
femtolitres (fL), haemocyte proliferation (C) expsed as O, and NRU (D) expressed as p

in R. philippinarumafter 1, 3 and 7 days of exposure to;d&, 10 pg/L). The values are reported
as the means = SD (standard deviation); n= 6 poddserisks denote significant differences
compared to controls at the same time of expogpre.05, **p<0.01, *** p<0.001.

NR uptake highlighted significant variations due doncentration in the clam
haemocytes (p=0.032and a significant increase was detected only imsla
exposed to the higher g§&toncentration compared to controls at T7 (Fig..6D)
LDH and lysozyme activity were not significantlyfférent in FGo exposed clams
compared to controls.

A LDR values B % DNA in tail
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Fig. 7. The SCGE results expressed as length/diameter (/@fiand the mean percentage of tail
DNA (B), and the MN results (C) expressed as fregyg MN%o) in R. philippinarumafter 1, 3
and 7 days of exposure to &&1, 10 pg/L). The values are reported as the mes (standard
deviation); n= 6 pools. Asterisks denote significdiiferences compared to controls at the same
time of exposure: **p<0.01, *** p<0.001.
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Both SCGE assay endpoints (LDR value and the ptagerof DNA in the comet
tail) highlighted significant primary genetic daneague to Fg concentrations in
the clam haemocytes (p<0.001), time of exposure 0.i4), and
concentration/time interaction (p=0.004 and p<0,0@%pectively). In particular,
the LDR values significantly increased in the pnese of both Fg
concentration$rom T3, reaching maximum values at T7 (Fig. 7A)statistically
significant increase in the percentage of tail DINAs observed just after the first
day of exposure onwards at the highesgorfg@ncentration, and from T3 in clams
exposed to the lower kgconcentration (Fig. 7B).

The frequency of micronucleus was affected only byncentration/time
interaction (p=0.013). Difference with respect ntol was significant at T3
only in the clams exposed to the lowesg§€bncentration (Fig. 7C).

4. Discussion

Manila clams were extensively used in laboratongligts to understand the effects
of various pollutants (Blasco and Puppo, 1999; Madcet al., 2012a; Santovito et
al., 2015), and can be considered a target speriesestigate the effects of NPs
(Rocha et al., 2015). The widespread use ofoHE a variety of consumer
products inevitably causes their release into acj@svironments (Sanchis et al.,
2015). Despite this, the potential detrimental @8eof FGo, on marine species are
inadequately studied and therefore information isteqinconclusive in the
literature (Ringwood et al., 2009; Canesi et a01@ Al-Subiai et al., 2012;
Marques et al., 2013).

Moreover, data about the real concentrations istabareas are missing, and only
PEC values are available (Gottschalk et al., 26@9reira da Silva et al., 2011).
In this study, we chose concentrations (1 and 1Q)uaf FCso that were in the
range of PECs. Instead, most of the published estudin NP effects were
performed with high concentrations. However, highaentrations tested, as well
as acute toxicity assays, and vitro approaches do not provide complete
information about the potential interaction of NWish aquatic organisms. It has
to be noted that the behaviour of NPs change dipgnon the different
concentrations in aqueous media (Ringwood et D92 Al-Subiai et al., 2012;
Barmo et al., 2013). In addition, the bioavaildiijliuptake, accumulation and
toxicity of NPs in aquatic organisms depend on ssdv@hysico-chemical
properties, such as particle size/shape, surfaeegehand structure, particle
chemistry, solubility, and aggregation state (Baiteal., 2014; Yang et al., 2013;
Pakarinen et al., 2014). It is generally acceplked the toxic potential of NPs is
not only dependent upon their quality, but alsatanget cell types and exposure
conditions. In the present study, prior to evahmtihe potential detrimental
biological effects of Fgp, its physico-chemical properties were thoroughly
investigated as recommended (Handy et al., 2008). characterisation analysis
of FCso confirmed the information from the literature, lhlighting FGy high
hydrophobic properties.

Despite lacking information about ggtoxicity, some indications useful to assess
FCso Impact in bivalves can be provided by the genactibn and fate of NPs in
these organisms. Indeed, NPs are known to beditby the gills, accumulate in
the digestive gland, and transferred to the haempltythrough the epithelium of
the digestive gland tubules (Moore et al., 2009cHoet al., 2015). For this
reason, in our study we investigated the effectgills, digestive gland and
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haemolymph oR. philippinarum A battery of specific biomarkers was selected
based on the information of NP toxicity, on theeeté determined by Rgin
other species and also on the specific charadterisf this NP. The use of a
multi-biomarker approach can provide an indicatidrthe sub-lethal impacts of
stressors, as well as the biochemical mechanisatsmhy be affected by them,
and it gives an “early warning” of organism levelgacts (Handy and Depledge,
1999). Few reports are available on itneivo effects of F(o.

Fullerene toxicity is a controversial issue. Kahand Dubourguier (2010)
compiled fullerene toxicological data for fourteerganisms and classified this
nanomaterial as very toxic, taking into account floevest median lethal
concentration values for all test organisms. Howeseme studies indicated the
absence of fullerene toxicity (Xia et al., 2010)orétheless, as previously
mentioned, there is evidence that carbon NPs inataglenvironments are
biologically active, promoting oxidative stress @ihorster, 2004; Nel et al.,
2006). The toxicity mechanism of EChas generally been attributed to its
potential ability to generate ROS (Marques et 2013; Al-Subiai et al., 2012),
although, other studies considered the ROS gepardiy aqueous fullerene
suspension as the minimal effect of the contamiidetry et al., 2011). In &
vivo study of Usenko et al. (2008), kE€induced oxidative stress was evaluated
in the embryonic stage of zebrafish. The authoggssted that this NP acts as a
pro-oxidant and enhance toxic response by intergatith biomolecules such as
DNA, proteins and lipids.

Considering all the above information, the potdnhduction of oxidative stress
determined by Fgg action in clam tissues was investigated in thigdgt by
analysing variations in i) antioxidant enzyme atyivi) detoxification enzyme
activity and ii) lipid, protein and DNA damage.

FCso determined various effects in clam gills. The claxposed to Fg
highlighted a modulation of gill antioxidant enzysnpavith an increase in SOD
activity indicating an increased protection fromidative stress. Instead, CAT
activity showed a decrease in treated clams cordpareontrols, determined by
the direct or indirect action of Bgon the enzyme. Inhibition of enzyme activity
could occur either through direct action of cherhma the enzyme or indirectly
via the regulation of enzyme genes through differerechanisms. In this
scenario, considering the substrate of CAT enzynwe HO, can be present and
act in the gill cells, and consequently more oxidatstress could be induced
(Livingstone, 2001; Lesser, 2006). The antioxid@T and SOD are important
components of intracellular and antioxidant defemafeorganisms, and they could
work together to convert Dand HO, into harmless D and Q, reduce the
formation of hydroxyl free radical -OH, a toxic amdtive oxidant, as well as
lower the overall free radical content of cells (elual., 2010; Jamil, 2001). Low
protection, from SOD enzyme only, highlighted idlsgidamage to lipids and
proteins, more relevant at the higher concentratiested. These findings
evidenced the high potential ff3oxic action and the oxidative stress as the main
mechanism, in spite of the short time of exposuareur experiment. In a long-
term exposure, chronic problems to gill functiomsl anoreover to individual
health could be hypothesized.

Indeed, in Al-Subiai et al. (2012) musseMy(ilus sp.) exposed to Rg (0.1-1
mg/L) for 3 days showed an hypoplasia in gills axdrosis in digestive gland
compared to controls. High oxidative stress and e revealed also in gills of
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fish Cyprinus carpioafter anin vitro exposure to F§ (1 mg/L) (Britto et al.,
2012).

In our experiment, the Fg content in gills of treated clams followed a dose-
dependent increase, with a higher value in clanmosed to Fgy (10 pg/L)
respect to the lower concentration ofgb(1 pg/L), and bioaccumulation matched
the biomarker results. In another study (Wang et 2014), increased CAT
activity was reported in the wortrumbriculus variegatugxposed for 14 days to
FCso (5 mg/kg per day), but a low bioaccumulation ofsfas detected in worm
specimens. Nonetheless, the relationship betweeyp b@tly residue and CAT
activity followed a linear regression. Considerthgir data, Wang et al. (2014)
suggested the need for a more in-depth study @ BGglomerate accumulation
and corresponding oxidative stress in living orgars.

In clam digestive gland slight variations in antdant enzyme activities and
damage to molecules were detected respect to timsrved in gills. At the end
of the exposure, only an increase in CAT activitg &PO levels were shown in
treated clams compared to controls.

In the digestive gland, Rgcontent did not show a dose-dependent pattern, and
the only significant increase was found in clamgased to the lower Rg
concentration compared to controls. Similarly toatvbbserved by Wang et al.
(2014) inL. variegatus at lower FGyconcentration, the formation of smaller NP
agglomerates could enhance their bioaccumulatiostead, at higher Rg
concentrations, larger NP aggregates could benextain the gills, thus allowing
the observed pattern of accumulation, but theyndiireach the digestive gland.
Disaggregation of large size NP aggregates migtuirogRocha et al., 2015), even
though it probably require time span longer thatiays, as in our exposure. On
the other hand, it is generally recognized thatllssize NP aggregates are more
likely to undergo a process of disaggregation arfdtrate biological systems
compared to the larger aggregates that cannotratél (Moore, 2006) and diffuse
through cell membranes (Lin et al., 2010; Rochalgt2015). In this case lower
concentrations in short exposure could be considenere toxic than higher
concentrations.

In the oystelCrassostrea virginicaxposed to F§ (1, 10, 100, 500 pg/L) for 4
days, there was no significant increase in LPO eépatopancreas. Moreover,
confocal microscopy analysis indicated the presemée FGso in oyster
hepatopancreas cells within 4 h. In particular,sJ~&ggregates tended to be
localized and concentrated into lysosomes (Ringweial., 2009).

Marques et al. (2013) analysed the polychaeieonereis acutand the bacteria
that colonized the worm mucus afterg@.01, 0.10 and 1 mg/L) exposure for
24 h. FGp reduced total antioxidant capacity of bacteriarfrworms exposed to
0.1 mg/L. In worms lower antioxidant capacity arfl.reduction were observed
after exposure to 1 mg/L (Marques et al., 2013).

In our study, DNA damage in gills and digestivenglavas not detected in treated
clams, the low damage to molecules is consistetit v concentrations of the
contaminant and shart vivo exposure.

Respect to our data, more accumulation o§Rfas detected in digestive gland
compared to gills iMMytilus sp. exposed to kg (Al-Subiai et al., 2012), even
though the concentrations of NPs tested in thadystuere thousands of times
higher than the concentration considered here.
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The haemocytes of the cla/ philippinarumplay a key role in internal defence
and have various functions (Cima et al., 2000; Qbyaet al., 2009). Several
studies have demonstrated the adverse effects mhminants on haemocyte
functionality in bivalves, as well as for NPs (Reltat al., 2015).

In this experiment, only a change in NRU assay lteswas shown in the
haemocytes, together with a low haemocyte DNA danthging the exposure. In
particular, a significant increase in NRU valuessvadserved in clams at the
higher FGo concentratiomat the end of the exposure, but this finding was no
confirmed by an increased cytotoxicity. Uptake & bationic dye by haemocytes
occurs by pinocytosis or passive diffusion acroslé membranes (Coles et al.,
1995). Therefore, alterations in dye uptake malecetlamage to cell membranes
(including lysosomal membranes) and/or weakeninghaémocyte pinocytotic
capabilities. Our results demonstrated thagoFR@nificantly increased NR uptake
by haemocytes, suggesting that exposure of clark€4ginduced changes in the
membrane permeability of haemocytes and increaBednumber and/or the
volume of lysosomes, which probably contain higleeels of NR than those of
haemocytes from control clams.

Only a low DNA damage was determined by SCGE ass&{s,exposed clams,
indicating a potential action of the contaminaredily through interaction with
DNA inside the nucleus or indirectly through vasomechanisms, for example
the generation of ROS (Moore, 2006; Handy et &08. Low damage to DNA
in haemocytes could be related to the short timexpbsure and also to the low
concentrations tested. In the study of Al-Subiai at (2012), where the
concentrations were really higher than oursgofleétermined high genotoxicity in
mussel haemocytes.

Various biomarkers in gills (GST activity), digeai gland (SOD and GST
activity) and haemolymph (volume and diameter otrhacytes, haemocyte
proliferation and MN frequency) responded only e tfirst phases of the
exposure, but these changes in treated clams cechgar controls were not
maintained until the end of the exposure. In th& fphase of the exposure, in gills
and digestive gland an increase of GST activitycaigd a potential reaction of
cells to FGo. GST is an enzyme that participates in the datmatibn process due
to conjugation reaction between its substrate tiiidae (GSH) and xenobiotics,
assisting in the elimination of external materié@@@ummins et al., 2011). In
digestive gland of Fg treated clams, SOD activity showed an increas€3at
indicating more protection to oxidative stresshaemolymph, the modulation of
some haemocyte parameters at T1 and T3 suggestadseéent reaction to RKg
and overall increased stress conditions possibgpamsible for other more
persistent effects, such as the increasing DNA denadbserved throughout the
exposure.

It is possible to hypothesize that clams take athgefrom differing pathways,
according to differing tissues or organs, to cojith WP impact. This may lead to
dissimilar patterns of bioaccumulation and effedepending on the tissue or
organ considered.

In conclusion, our experimental results indicatelde tsensitivity of R.
philippinarumto FG under 7 days of exposure. Although, the digesgiead is
generally considered the target tissue of NP toxici bivalves (Rocha et al.,
2015), in this study the gills demonstrated to lmearaffected by the experimental
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conditions tested. As confirmed by our findings,idative stress could be
recognized as the primary effect of ggQunder ain vivo short-term exposure at
low concentrations similar to PECs. Instead, unletfer NPs, Fgp scarcely
affected haemocytes in treated clams.

In this study, the potential bioaccumulation ofg-€ontent in gills and digestive
gland was also highlighted, in agreement with @amévidence from the literature.
To our knowledge, this is the first study that istvgated the effects of kBgin
Manila clams, thus providing a new topic of dis¢ossfor this NP pollution in
marine species.

In future studies the toxicity of Rgneeds to be investigated for chronic effects to
confirm the effects detected here in clams.
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Abstract

Continuous release of NPs into marine coastal enmients, recognized as
ultimate sink for these contaminants, results ioreased risk of exposure to
complex NP mixtures for marine organisms.

To assess mixture effects, the clBmphilippinarumwas exposed for 7 days to i)
1 pg/L nZnO ii) 1pg/L nTiOy iii) 1 ug/L FCsp fullerene and iv) all three NPs as a
mixture. Haemolymph, gills and digestive gland weised to understand the
action of a mixture of NPs which can interact iffetent ways (i.e. additively,
synergistically, or antagonistically) causing diéfet effects respect to the single
NPs. In gills and digestive gland, anti-oxidant agetoxification enzymatic
activities, lipid peroxidation, DNA damage were ragad at three time intervals
(after the first, T1, third, T3, and last ,T7, dafyexposure); only at T7, protein
damage and its modulation were investigated useagpx proteomics (one and
two dimensional electrophoresis; 1-DE and 2-DEMoreover, the
bioaccumulation of NPs in all experimental conditowvere investigated in gills
and digestive gland. In haemolymph, DNA damage aaduated at three time
intervals during exposure; only at T7, the produttof intracellular superoxide
anion was evaluated and the protein damage wastigaged with1-DE redox
proteomic analysis.

The 1-DE redox proteomics analysis showed an isered damage to proteins
(redox-thiol and carbonylated) in gills and digestgland of clams exposed to NP
mixture. From the results of 2-DE redox proteondoslysis, 16 proteins in gills
and 18 proteins in digestive gland were modulatedt¢rms of damage or
abundance) under the experimental conditions te$teel modulated proteins can
be ascribed to two principal groups i) cytoskelefmoteins and ii) energetic
metabolism proteins. Moreover, the changes in eezwaativities indicated an
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high oxidative stress underway in both tissues;yaml digestive gland, a
significant increase in damage to lipids and DNAswhown. Bioaccumulation of
Zn, Ti and FGp, both as single NPs and as a mixture, was fourmbih gills and
digestive gland. In haemolymph, an increase in siqpge anion production and
damage to DNA and proteins was recorded in mixéx@esed clams.

Respect to single NP treatments, all findings iatid higher oxidative stress in
act during the exposure to the mixture, with danmageroteins, lipids and DNA.
In all biomarkers measured, additive effects wdrgeoved in the mixture respect
to single NP exposures. The digestive gland wadisisee more affected by NP
mixture toxicity.

Keywords: nanoparticles, zinc oxide nanoparticles, titaniumoxide
nanoparticles, s fullerene nanoparticles, mixture, redox proteomiismarkers

1. Introduction

Organisms in their environment are exposed to cermpilixtures of contaminants
rather than to individual chemicals. Thus, the lemge emerges on the
importance of understanding the potential combieffécts of such mixture
exposures. Many studies have investigated the raafovarious contaminant
mixtures to aquatic species. Recently, attentias heen given to mixtures of
pharmaceutical compounds (Gonzéalez-Ortegén ek@l3), pharmaceutical and
personal care products (DeLorenzo and Fleming, R(@8tals (Mebane et al.,
2012), metals and polycyclic aromatic hydrocarb@@suliani et al., 2013),
herbicides and insecticides (Choung et al., 20413, pesticides (Hasenbein et al.,
2015).

The increasing production and usage in variousddiedf different types of
manufactured nanomaterials (NPs) can lead to thkgase in substantial amounts
in the environment, including the aquatic compartte€Corsi et al., 2014). This
in particular applies to those types of nanopa$ioINPs) that are produced in
higher amounts, such as metal-oxides and carbadb&Ps, thus raising
considerable concern on their environmental behaand consequent impact on
aquatic organisms (Canesi et al., 2015), not oslgiagle compounds but most of
all as a mixture.

Marine coastal areas are contaminated continuolsly various types of
pollutants, and this could occur also for NPs (Cetsl., 2014)Most studies on
NP toxicity are related to freshwater environmeaty] relatively little is known
regarding the potential biological risks of NPsmarine species (Exbrayat et al.,
2015). Generally, these studies have investigdtedattion of single NPs and/or
the combined effects of NPs and other types ofaroimtants, both organic and
metallic, to evaluate a potential ‘Trojan horsdeef, that implies facilitated entry
of toxic molecules adsorbed to NPs into the cellanesi et al., 2015). The
exposure to a mixture of pollutants, as in our ¢aeeNPs, may result in differing
mode of action respect to the single componemsgdhese may interact in many
ways (i.e. additively, synergistically, or antaggiitally) to induce biological
responses at different levels of biological orgamne. However, investigations
on the combined toxic effects of multiple chemidal®rganisms are much more
challenging than of those regarding single compewardl are therefore scarce. In
addition, the number of possible combinations ofupants is extremely large,
and the combination that is likely to be most intgnt is unknown.
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NPs from commercial products having similar pateoh discharge into marine
environments may arrive, deposit and occur togetagra mixture, mostly in
coastal areas. In this experiment, two metal oR@s, zinc oxide (nZnO) and
titanium dioxide (nTiQ), and carbon NPsgfullerene (FGo) were considered as
a mixture. The selected NPs are the most producgdised in common products
worldwide iccinno et al. 2012Sanchis et al., 2015).

The information regarding the concentrations ininmeareas of these three NPs is
still lacking, only the predicted environmental centrations (PECs) can be used
as a reference. They provide an estimate of nZA@nand FG, concentrations
in environment, that are at low pg/L concentratig@ottschalk et al., 2013).
Although, these NPs are present in aquatic enviemisn at relatively low
concentrations, their mixture could determine défe effects compared to each
single NP. The exploration into co-toxic effectsmétal mixtures has revealed
that most co-toxic outcomes are not simple addition individual toxicities
(Norwood et al., 2003). Non-additive co-toxic outwes, either less- or more-
than-additive, are common and complicate attengotaltiress the ecological risk
posed by environmental contamination by mixtures.

Many studies were conducted to understand theraofisingle nZnO, nTi@and
FCso to aquatic species (Ma et al., 2013; Menard e@ll1; Minetto et al., 2014;
Oberdorster et al., 2006; Ringwood et al., 2009t to our knowledge no
investigation has been conducted to detected thetefof a mixture of these three
NPs.

The goal of this study was the investigation of sub-lethal effects of the NP
mixture on the marine clamRuditapes philippinarumPrimarily due to their
filter-feeding habit, bivalve molluscs may represarunique target group for NP
toxicity (Moore, 2006; Canesi et al. 2012). Amongatves, infaunal clams may
experience more severe impacts due to exposur@sgRiocha et al., 2015).
Based on the physico-chemical characteristicsethihee NPs and on the primary
mechanisms of NP toxicity recognised in the presiogsearches on the single
NPs (Marisa et al., paper I, lll, IV), the oxidaigtress and damage were the main
objective of the investigation.

To get a better insight into NP effects, the mbitmarker approach was matched
with the redox proteomic approach, aimed at detgaind analysing redox based
changes within the proteome as a result of oxidasivess in tissues (Sheehan,
2006). Specifically, in clam gills and digestive gland,pswxide dismutase,
catalase, and glutathione S-transferase activlipgd, peroxidation, DNA damage
were measured three times throughout a 7-day exposhereas protein damage
and its modulation were assessed using one dinmaisaectrophoresis (1-DE)
and two dimensional electrophoresis (2-DE) redatgmmics at the end of the
exposure. Similarly, in haemolymph, DNA damage veasluated during the
exposure, whereas the production of intracellulgesoxide anion and the protein
damage using 1-DE redox proteomics were assessied and of the exposure.
Lastly, to assess potential differences in bioaadatron of NPs alone or as a
mixture, Zn, Ti and Fgy contents were measured in both clam gills andstiige
gland at the end of exposure.

2. Materials and methods

2.1. nZnO, nTiO, and FCgcharacterisation

nZnO (declared size of <100 nm, percentage of Z®d - 81.5%, surface area 15 -25/gh
nTiO, (P25, declared size of 21 nm, percentage of titar#99.5%, surface area 35 - 6&g) and
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FCso (purity>97.5 %) were purchased from Sigma-Aldridkilano, Italy). NPs were characterised
via a combination of analytical techniques, alreatBscribed and used. Details about the
characterisation procedure for the three NPs aperted in Marisa et al. (paper I, I, 1V),
respectively.

2.2. Clams and NP exposure

Specimens oR. philippinarumwere collected from a reference site located withlicensed clam
culture area in the southern part of the LagooVefice (ltaly). These specimens were then
acclimatised in the laboratory for 5 days beforpasure to contaminants. Clams were maintained
in large aquaria, which contained a sandy bottothaerated natural seawater (salinity of 35 + 1
psu, temperature of 16 £ 0.5 °C) and were fed daiily microalgaeléochrysis galbanga

Stock solutions (0.1 g/L) of nZnO, nTi@nd FG, were prepared in Milli-Q water and sonicated
at 4 °C using a Braun Labsonic U sonifier at 50%ydiycles for 30 min. Clams (35 per tank)
were exposed for 7 days to i)udy/L nZnO ii) 1pg/L nTiO, iii) 1 ug/L FCq fullerene and iv) all
three NPs as a mixture. For each experimental tiondiested, three replicate tanks were
prepared. The nominal concentration was chosendasitoi the PEC values found in the literature.
During exposure, the clams were maintained in gkagsaria (without sediment) containing
aerated seawater (1 L per animal) in the same thdwatine conditions used during the
acclimatisation period. A movement pump (Hydor, &@ nano 900, USA) was positioned in
every aquarium (both for control and treated clamos¥acilitate the water circulation and to
prevent NP sedimentation (Marisa et al., papefThHe seawater was renewed daily, NPs and
microalgae (at an initial concentration of approaiely 150,000 cells/L) were supplied in the
experimental tanks. Before adding contaminants,stbek solutions were sonicated, as reported
above.

2.3. Collection of tissuesfor biomarkersanalysis

During exposure, clam haemolymph, gills and digestiland were collected after the first (T1),
third (T3), and last (T7) day of exposure. For etishue, five pools (5 animals per pool) from
each experimental condition were prepared. Aliqudteach pooled tissue were frozen in liquid
nitrogen and stored at -80 °C until analyses or édiately processed, depending on the various
biological responses measured. All assays perfoiméekiis study had previously been validated
(Marisa et al., paper I; Marisa et al., paper Matozzo et al., 2012a; Matozzo et al., 2012b;
Matozzo et al., 2013; Parolini et al., 2010; Panicdit al., 2013).

2.4. Gill and digestive gland preparation and biochemical assays

Pooled gills and digestive glands were homogengetl °C using an Ultra-Turrax homogeniser
(model T8 basic, IKA) in four volumes of 50 mM T4##CI buffer, pH 7.4, containing 0.15 M
KCI, 0.5 M sucrose, and Protease Inhibitor CockR2714, Sigma—Aldrich) and then centrifuged
at 12,000 xg for 40 min at 4 °C. Supernatants (SN) were codlédbr the analyses. SN protein
concentrations were quantified according to Bradlfd@®76) using bovine serum albumin (BSA)
as the standard.

Total superoxide dismutase (SOD) activity was mesbsun the SN of both tissues using the
xanthine oxidase/cytochrome ¢ method proposed lpcret al. (1978). Enzyme activity is
expressed as U SOD/mg protein, where one unit dd 8@s defined as the amount of sample
producing 50% inhibition in the assay conditiondll &énd digestive gland catalase (CAT) activity
was measured according to the method of Aebi (19B4¢ results are expressed in U CAT/mg
protein, where one unit of CAT was defined as tmeoant of enzyme that catalysed the
dismutation of Jumol of H,O,/min.

Glutathione S-transferase (GST) activity was messigpectrophotometrically according to the
method described in Habig et al. (1974). GST agtig expressed as nmol/min/mg protein. Lipid
peroxidation (LPO) was quantified in both tissué$ &ing the malondialdehyde (MDA) assay,
according to the method of Buege and Aust (1978) Tesults are expressed as nmoles of
thiobarbituric reactive substances (TBARS)/mg protelBARS, considered as “MDA-like
peroxide products”, were quantified by referenceMDA absorbance (Damiens et al., 2007). The
results were not expressed as MDA levels becaus&é d&h react with a range of chemical
compounds (Csallany et al., 1984). DNA strand bsealere quantified using a fluorescence
technique adapted from the alkaline precipitatiesag (Olive, 1988). Samples of both gills and
digestive gland were weighed (Mettler Toledo, XSID%al Range analytical balance, 0.01 mg
readability) before tissue preparation (see aba],the wet weight was recorded. Salmon sperm
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genomic DNA standards were added for DNA calibrgtiand the results are expresseqig&)
wet weight.

2.5. Bioaccumulation of NPsin gills and digestive gland
At the end of the exposure (T7), 4 pools of gitisl @igestive glands per experimental condition (6
animals each) were collected to quantify zincntiten and FG, bioaccumulation.

2.5.1. nZnO and nTighioaccumulation in gills and digestive gland

Tissue samples were freeze-dried, and approximafdymg were weighed and digested in TFM
vessels with 4 mL of 69% nitric acid, 1.5 mL of 309gdrogen peroxide and 0.4 mL of 47%
hydrofluoric acid. Digestion was performed in a é4tone MLS 1200 MEGA microwave oven.
The heating programme consisted of five stagesif2 250 W - 2 min, 0 W - 6 min, 250 W - 5
min, 400 W and 5 min, 650 W). After cooling, 5 mf.saturated boric acid solution were added,
and the heating programme performed again (20 4@6,W). Samples were then transferred into
graduated flasks and diluted to 25 mL with MillipoMilli-Q water. The sample solutions were
analysed via inductively coupled plasma optic eirsspectroscopy (ICP-OES) using a Thermo
Fischer Scientific iCAP 6300 DUO. Five calibratisalutions (0, 0.5, 1, 3 and 6 ppm of Zn and
Ti) were prepared by conventional dilution of CaBHbha 1000ug/mL mono-elemental standard
solution of the analyte as nitrate. The same amofintagents used for the digestion procedure
was added to each calibration solution. Measuresnesere made at 323,45 nm for Ti and at
202.55 nm for Zn, each sample was analysed inréipéicas. The results are expressed as ug Zn/g
dry weight and pg Ti/g dry weight. The detectianmits of Zn and Ti were 0.9 pg/L and 0.3 pg/L,
respectively.

2.5.2. FGy bioaccumulation in gills and digestive gland

Tissue pools were carefully washed with pure tobuenremove surface adsorbedgf-farticles.
Then, tissues were extracted into toluene (1:6, natio) using ultra-sonication for 30 min (35
kHz). Extracts were centrifuged (9000 xg) and tive vBas used in HPLC (High Performance
Liquid Chromatography) analysis. ffvas separated using Eclipse XDB-C18 4.6 mm ID & 25
mm 5um 80 A column. The mobile phase for columns tduene Sigma-Aldrich HPLC grade,
at a flow-rate of 1.0 mL/min. Sample injections wgrerformed manually with volumes of 100
ML. The eluent was monitored at 335 nm using a HRlglent 1100, Chemstation rev. A10.02.
For external calibration, a standard curve was ggeé for FG, concentrations ranging from
0.001 to 0.8 mg/mL. The concentration of each sanwhs calculated by comparison to the
standard curve, and the results were expressed B&/g wet weight.

2.6. Haemocyte assays

The SCGE assay was performed using the alkalineeIBHversion of the assay developed by
Singh et al. (1988) with some modifications (forremadetails see Marisa et al., paper | ). Imaging
was performed using a fluorescence microscope §L.8000B, Germany) equipped with an FITC
filter (13, excitation BP 450-490, emission LP 5H5)10x magnification. All steps were performed
in the dark to minimise additional UV-induced DNArdage. One hundred cells per slide for a
total of 500 cells per condition were analysed gsam image analysis system (Comet Score®).
The ratio between the migration length and the diamof the comet head (LDR) and the
percentage of tail DNA were chosen to represent [idfkage.

At the end of the exposure (T7), intracellular sopele anion (Q) assay was determined in
haemocyte samples, according to Matozzo et al. §200he results are expressed as optical
density per mg protein (OD mg/protein), protein @amrations were quantified according to the
Bradford method (1976).

2.7. Collection and preparation of tissuesfor redox proteomic analysis

At the end of the exposure (T7), 5 pools of haemply, gills and digestive glands per
experimental condition (4 animals each) were cttidé¢o be analysed with redox proteomics. The
samples of gills and digestive gland were homogehin a motor-driven Teflon Potter-Elvejhem
homogenizer in Tris-HCI buffer containing 10 mM §HCI pH 7.2, 0.5 M sucrose, 0.15 M KCl,
1 mM EDTA and 1 mM PMSF at a weight:volume ratiolo8. The pools of haemolymph were
sonicated for 10 minutes in ice with 1 mM EDTA ahdM PMSF.

The homogenate tissues were centrifuged at 15,000rx1 h at 4 °C and the SN was collected
and stored in -80 °C for further analysis.
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In particular, the cytosolic proteins of gills adidestive gland were considered together for 1-DE
and 2-DE redox proteomics analysis. The cytosalagins of haemocytes and those present in
haemolymph were considered together for 1-DE rgolmteomics analysis. The protein content
was estimated by the Bradford method (1976).

2.7.1. Fluorescent protein labelling and 1-DE redmteomics

Thiol groups in protein SN (30 protein) were labelled by adding 5-(lodoacetanfldorescein
(IAF, 0.2 mM in dimethyl sulfoxide) and incubating ice for 2 h in the dark. IAF is a thiol-
specific reagent which reacts only with free thiddst not with oxidized variants such as
sulfenic/sulfinic/sulfonic acids, disulfides or musothiols. The fluorescein moiety of IAF provides
a ready means for detecting proteins containing tinéls in electrophoretic separations.

For fluorometric determination of protein carborydoups in oxidized proteins, carbonyls in
protein SN were labelled with fluorescin 5’-thiosearbazide (FTSC, 0.2 mM in dimethyl
sulfoxide) and treated identically as for IAF. Befcelectrophoresis, proteins were precipitated
using trichloroacetic acid (TCA) and acetone fompkes labelled with IAF and TCA and ethyl
acetate:ethanol (1:1) for those labelled with FTSC.

After precipitation, fluorescently labelled proteinwere resolved using one-dimensional
electrophoresis in 12% polyacrylamide gels, atadilog of 50ug per lane, with four replicate
lanes per sample. Briefly, proteins were dissoliegample buffer (0.5M TRIS-HCI, pH 6.8;
glycerol; 10% SDS; 0.5% bromophenol blue), andtet@horesed at 4 °C in running buffer (Tris
19 mM, glycine 193 mM, SDS 0.1%), using an AE-645i8i PAGE system (Atto, Tokyo, Japan)
at 80 V for 1 h and 120 V until the electrophores#s complete. After electrophoresis, gels were
scanned in a Typhoon scanner, model 9410 (Amerdiastiences) with excitation wavelength
set at 488 nm and emission wavelength at 530 *r0fiker. For each 1-DE gel, all bands
detected by the Typhoon scanner were subsequemtllyzed by Quantity One image analysis
software (BioRad, Hercules, CA, USA) measuring thil intensity for each lane. They were
quantified as arbitrary units (A.U.).

The gels were then stained with colloidal Cooma&si&0. All 1-DE gels stained with Coomassie
were scanned in a GS-800 calibrated densitometeR@l Hercules, CA, USA) and the optical
density from each lane was measured by Quantity @w@ge analysis software as described
above. Total optical densities for each lane wenenalized with those from Coomassie staining
from the same lane in each gel. Four replicatesh(iieal replicates) from 5 different pools
(biological replicates) for each treatment werdqrened in 1-DE.

2.8. 2-DE redox proteomicsin gills and digestive gland samples

2-DE analysis was performed on gills and digesgiland protein SN (55Qg protein) incubated
with both IAF and FTSC, and precipitated as statethe previous section for 1-DE analysis.
After protein labelling, protein pellets (3 repliea per pool, 18Qg protein) were re-suspended in
rehydration buffer (7M urea, 2M thiourea, 2% CHARX% bis (2-hydroxyethyl)-disulfide, 4%
ampholytes (3—10 for IEF, GE Healthcare) and aetraicbromophenol blue. The re-suspended
proteins was then loaded into an Immobiline Drys{pH 3-10 NL, 7cm, GE Healthcare), which
was rehydrated overnight in the dark and followed iboelectric focusing (IEF) using a
PROTEAN IEF system (BioRad, Hercules, CA, USA), ading to the strip manufacturer’s
recommendations. Strips were reduced in equilianabiuffer (6M urea, 0.375 M Tris, pH 8.8, 2%
SDS, 20% glycerol) containing 2% dithiothreitol (D)ffor 20 min and thiols were then blocked
with equilibration buffer containing 2.5% iodoaawide for 20 min. Equilibrated strips were then
applied to 12% polyacrylamide gels for SDS PAGEasafion. Strips were embedded in molten
agarose (0.5%) containing trace bromophenol blop 82% SDS PAGE gels, and electrophoresed
at 90 V for 30 min followed by a constant voltag@@ V) using a mini PAGE system until the dye
front reached the end of the gel. After electropbis;, gels were scanned for fluorescence and then
stained with colloidal Coomassie as for 1-DE analys

2.8.1. Protein analysis and identification

Image analysis was performed using Progenesis SaoteSoftware (Nonlinear Dynamics
Limited, UK) to identify significantly altered spotn each treatment group in response to the NPs.
This software employs an alignment-based analygscach which maps the same number of
spots across all gels in a single analysis. Tha dbtained from protein gel images were tested for
normality prior to any analysis and significancstiteg level was set at 0.05. Principal component
analysis and analysis of variance (one-way ANOVAgrav performed for comparison and
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assessment of statistically significant expressioid redox variation between treatments and
control. The spots were considered significantfjedent when p<0.05 according to ANOVA and
a fold change >1.5 were evident. Significant andl-resolved spots of sufficient intensity were
selected for identification analysis. These spasawnanually excised using sterile pipette tips.

2.8.2. In-gel trypsin digestion

The spots were excised and the gel pieces weraidedt twice with 200 pL of 25 mM
ammoniumbicarbonate in 50% acetonitrile for 30 rain37 °C. After destaining, they were
dehydrated in 100 pL of acetonitrile for 5 min acompletely dried in a speed-vac (Thermo
Savant, Savant Instruments,USA) after solvent rexhdivhe obtained proteins were digested with
trypsin (175 ng of trypsin in 3 mM ammonium bicanbte) for 4 h (37 °C; 550 rpm), and peptides
were extracted via the addition of acetonitrileldaled by 15 min of sonication. The collected
supernatants were dried and dissolved in 5 plO8&% @cetonitrile containing 0.5% formic acid.

2.8.3. Protein identification

The protein digests were separated in a nanoAcéiifyC (Waters GmbH, Eschborn, Germany)
coupled on-line to an LTQ Orbitrap XL ETD mass spaweter equipped with a nanoESI source
(Thermo Fisher Scientific GmbH, Bremen, Germany)e Temperature of the transfer capillary
was set to 200 °C and the tube lens voltage toV1Z2lhe ion spray voltage (1.5 kV) was applied
to a PicoTip" on-line nano-ESI emitter (standard coating) fae trano UPLC (outer diameter
360/20 pm and tip internal diameter 10 pm; NeweOtiye, USA). Eluent A was 0.1% aqueous
formic acid, and eluent B was 0.1% formic acid detanitrile. Tryptic peptides were dissolved in
eluent A (20 pL) and injected via the autosamptea #iow rate of 10 pL/min into a trap column
(nanoAcquity UPLCY Symmetry Cig, 180 pm x 20 mm, particle diameter 5 pm); theeyth
were separated in a nanoAcquity UPLBEH130 Gg (100 um x 100 mm, particle diameter 1.7
um) using a two-step gradient (from 3% to 50% augite over 30 min, which was then
increased to 85% over 3 min — at a flow rate of|.4min).The precursor ion survey scans were
recorded in the Orbitrap with a resolution of 6@OWithin the same time span, the tandem mass
spectra of the top six peaks with charge statéw@br higher were acquired via CID activation in
a linear ion trap (isolation width 2, normalisedlismn energy 35%, activation Q 0.25, activation
time 30 ms) using Xcalibur (version 2.0.7). The wed tandem mass spectra were analysed
automatically with Sequest (Proteome Discover, fieerFisher) in the Swiss-Prot database,
allowing up to two missed cleavage sites and a rtadssance of 10 ppm for precursor ion scans
and a mass tolerance of 0.8 p for the productéans

2.9. Statistical analysis

The normal distribution (Shapiro-Wilk test) and th@mogeneity of the variance (Bartlett test) of
the data were assessed. The data of biomarkersTwjtli3 and T7 collection times of each tissue
were statistically compared using a two-way ANO\&&tt with concentration of contaminant and
time of exposure as variables and biomarkers asscdhe ANOVA was followed by a Fischer
LSD post-hoc test to evaluate significant diffeenbetween treated samples and related controls
(time to time) and between exposure times. Theltesue expressed as the mean + standard
deviation. The STATISTICA 10 software package (Stdt, Tulsa, OK) was used for statistical
analyses.

The data regarding superoxide anion productionpMBccumulation in gills and digestive gland,
and the redox proteomics results (1-DE) were siedity compared using a one-way ANOVA test
followed by Tukey's HSD test, to evaluate signifitalifferences between treated samples and
related controls.

3. Results

3.1. nZnO, nTiO; and FCgy characterisation

A TEM image of nZnO, nTi@Q and FGp are provided in Fig. 1A, B, and C
respectively. The complete results of the charesaeon for the three NPs were
reported in Marisa et al. (paper |, 1ll, 1V).
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Fig. 1. A, B, C: TEM images of nZnO, nTiCand FG,.

3.2. Gill and digestive gland assays

In gills, SOD activity showed a significant modudet due to time of exposure
(p<0.001) only, with no significant differences time pair-wise comparisons. In
digestive gland, SOD activity was significantly exdfed by exposure to
concentration (p=0.002), time of exposure (p<0.0@hp concentration/time
interaction (p<0.001). A significant increase of3@ctivity was found at T7 in
clams exposed to the NP mixture respect to co(figl 2A).

A SOD activity (D. gland) B CAT activity (Gills)
35 [ control [ nznO (1 pg/L) []nTi0, (1 pe/t) MIFCso(1 pg/L) [ Mixture - [ control [MnznO (1 pg/L) [ nTiO, (1 pg/L) M FCeo(1 pe/L) [ Mixture
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Fig. 2. SOD activity (A) expressed as U SOD/mg proteird @AT activity (B, C) expressed as U
CAT/mg protein, inR. philippinarumafter 1, 3 and 7 days of exposure to nZnO (1 ygif)o, (1
pa/L), FGyo (1 pg/L) and mixture. The values are reportechasitieans = SD (standard deviation);
n= 5 pools. Asterisks denote significant differenammpared to controls at the same time of
exposure: *p<0.05, *p<0.01, *** p<0.001.

The two-way ANOVA results highlighted a modulatiosf CAT activity
determined by concentration (p<0.001) and timexgfosure (p<0.001) in gills;
and by concentration (p<0.001), time of exposure<0(@01l) and
concentration/time interaction (p<0.001) in digestgland. In gills, the post-hoc
test showed a significant increase of CAT actiwityclams exposed to nTJ1
png/L) and NP mixture compared to controls at T anT7 in clams exposed to
nZnO (1 pg/L) and NP mixture compared to contrbig.(2B). In digestive gland,
differences in CAT activity with respect to congakere significant from T1 in
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clams exposed to nZnO and NP mixture, from T3 amd exposed to nTiand
at T7 in clams exposed to kfCFig. 2C).

GST activity in gills and digestive gland was aféet by time of exposure
(p<0.001) and concentration/time interaction (p€Q.@nd p=0.003, respectively).
Only in digestive gland, the GST activity was afégt by concentration
(p=0.014). In qills, differences with respect tatols were significant in clams
exposed to Fg and NP mixture from T3 (Fig. 3A). In digestive gth GST
activity significantly increased at T1 and decrebaeT7 in nTiQ-, FCs- and NP
mixture-treated clams compared to control (Fig..3B)

A GST activity (Gills) B GST activity (D. gland)
[ control [nznO (1 pe/t) [ nTio, (1 ug/L) MFCeo(1 pe/t) ] Mixture [ control [ nzn0 (1 pg/L) [ nTi0, (1 pg/L) M FCeo(2 pe/t) B Mixture
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O B N W & 0 o

Days of exposure Days of exposure
Fig. 3. GST activity (A, B) expressed as nmol/min/mg pirofa R. philippinarumafter 1, 3 and 7
days of exposure to nZnO (1 pg/L), nbi@ pg/L), FGo (1 png/L) and mixture. The values are
reported as the means = SD (standard deviation);5npools. Asterisks denote significant
differences compared to controls at the same tilhexmosure: *p<0.05, **p<0.01.

The TBARS levels revealed significant lipid damafjee to time of exposure
(p<0.001) in gills, and due to time of exposureq®91) and concentration/time
interaction (p<0.001) in digestive gland. No sigraht differences were detected
in pair-wise comparisons in gills, and only at Ti7digestive gland a significant
increase in LPO was detected in clams exposed toni®ure compared to

control (Fig. 4A).

A TBARS (D. gland) B DNA strand breaks (D. gland)
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Fig. 4. TBARS levels (A) expressed as nmol/mg protein, BhR strand breaks (B) expressed as
Kng/g wet weight, iR. philippinarumafter 1, 3 and 7 days of exposure to nZnO (1 ygif)o, (1
ng/L), FGyo (1 pug/L) and mixture. The values are reportechasmeans + SD (standard deviation);
n= 5 pools. Asterisks denote significant differena@mpared to controls at the same time of
exposure: **p<0.01.

DNA strand breaks were affected by exposure to eatnation (p=0.034), time of
exposure (p<0.001) and concentration/time intevact{p=0.027) in digestive
gland only. The post-hoc test highlighted a sigaifit increase in Rg and NP

mixture-treated clams compared to control at T#.(BB). No DNA damage
modulations were detected in clam gills.
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3.3.nZnO, nTiO, and FCg bioaccumulation in gills and digestive gland

The total zinc, titanium and Rgcontent in the gills and digestive gland of the
clams exposed for 7 days to single NPs and NP m&xdte reported in Table 1.

Zn content was higher in gills (p<0.001) and diyesgland (p<0.001) of treated
animals (nZnO and NP mixture) compared to contrisisdigestive gland, Zn
content resulted higher in nZnO exposed clams thaNP mixture (p=0.001),
whereas no significant difference was shown betwieerwo treatments in gills.

Ti content was significantly different in both ties (p<0.001 in gills and p=0.002
in digestive gland), but showed also different graus of variation. In gills, the
concentrations of Ti increased in treated anim@s0(001, nTiQ and NP
mixture) with respect to control, with no signifida differences between
treatments. In digestive gland, Ti content sigaifity increased only in mixture-
exposed clams compared to controls. Moreover, m@fgignt difference was also
found between the two treatments, n78dd mixture (p=0.012).

In the various experimental conditions, dg€ontent significantly differed in the
two tissues (p=0.002 in gills and p<0.001 in digyesgland). In both gills and
digestive gland, the content of gg&ignificantly increased in treated conditions
(FCso and mixture) respect to control. In addition, igestive gland was detected
an higher content of Rg in mixture-treated clams than in ffreated clams
(p=0.044).

Tab. 1. Levels of Zn, Ti expressed as pug/g dry weight B@gh expressed as pug/g wet weight in
the gills and the digestive gland Rf philippinarumafter 7 days of exposure to exposure to nZnO
(1 po/L), nTiIQ (1 po/L), FGo (1 pg/L) and mixture. The values are reportechasmeans + SD
(standard deviation); n=4 pools. Asterisks denagmificant differences compared to controls:
*p<0.05.

Gills Control nZnO nTiO, FCqo Mixture
Zn 76.30 (£2.02) [ 82.68 * (+2.23) [ 78.60 (£ 1.55) | 75.10(+4.54) | 81.04 * (+1.05)
Ti 2.00(+0.98) | 1.98(+0.85) |3.92*(+1.47)| 2.50(+1,02) | 4.24*(+0.5)
FCqo 0.37(+0.11) | 0.40(+0.85) | 0.64(+0.26) | 1.32*(+0.53) | 1.98 * (+0.16)
D. gland
Zn 85.54 (+0.23) | 94.86 * (+0.39) | 82.97 (+1.05) | 86.89 (+0.58) | 89.52 * (+0.43)
Ti 1.54(+0.11) | 1.34(+0.22) | 1.62(+0.17) | 1.60(+0.08) | 1.98* (+0.19)

FCo | 3-25(+168) | 1.99(+2.76) | 5.49(+144) | 12.04*(+ 1.75) | 16.41* (+ 1.62)

3.4. Haemocyte assays

Both SCGE assay endpoints (LDR value and the ptagerof DNA in the comet
tail) highlighted significant primary genetic daneaglue to concentration
(p<0.001), time of exposure (p<0.001) and concéntrdime interaction in the
clam haemocytes (p<0.001). In particular, the LD¥Rugs significantly increased
in the presence of nZnO, nTi@nd NP mixture at T1. At T3, LDR values were
significantly higher in the nTi®, FCso- and NP mixture-treated clams compared
to controls. All experimental condition showed grsiicant increase compared to
control at the end of exposure (Fig. 5A).

The % of tail DNA significantly increased in theepence of all single NPs and
NP mixture compared to controls from the beginnfgexposure, with an
increase until the end, when it was significantighler in the NP mixture-treated
clams with respect to the nZnO-, nti@nd FGg- treated clams (p<0.001) (Fig.
5B).
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Intracellular superoxide anion @ was affected by concentration (p=0.037) at
the end of exposure. Significant differences weeorded in clams exposed to
NP mixture compared to control (p=0.036) (Fig. 5C).

A LDR values B % DNA in Tail
[ control MnznO (1 /L) [ nTi0, (2 pg/t) M FCeol1 pe/L) ] Mixture [ control M nzn0 (1 pg/t) [ nTio, (1 pg/t) M FCeo(1 pe/L) X Mixture
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Control  nZnO(1pg/L) nTiO,(1ug/L) FCellpg/L) Mixture
Fig. 5. The SCGE results, expressed as length/diameter(fgt and the mean percentage of tail
DNA (B), in R. philippinarumafter 1, 3 and 7 daysf exposure to nZnO (1 pug/L), nTiQL pg/L),
FCso (1 pg/L) and mixture, and the intracellular sup@tfe anion (C) expressed as OD mg/protein
in R. philippinarumafter 7 day®f exposure. The values are reported as the me&ms (standard
deviation); n= 5 pools. Asterisks denote signiftcaifferences compared to controls, and for
SCGE results also at the same time of exposured.f&s **p<0.01, *** p<0.001.

OD mg/protein

3.5. 1-DE redox proteomics

1-DE redox proteomics revealed that NPs caused latalus on the oxidation of
thiol-containing proteins in gills (p=0.026), diges gland (p<0.001) and
haemolymph (p<0.001). In particular, the pair-wisemparisons showed an
increase in gills (Fig. 6A) and a decrease in digesgland (Fig. 6B) of thiol-

containing proteins in clams exposed to NP mixtcoepared to control. In
haemolymph, all exposure condition (nZnO, nFi®Cso and NP mixture)

decreased the content of thiol proteins respecondrol (Fig. 7A).
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160000
= * = 250000
5 140000 El
< <
< 120000 T 200000
— 3
£ 100000 K]
4 5 150000
& 80000 s *x
£ 60000 % 100000
x o
$ 40000 3
£ 20000 < 50000
0 — o—1 1 W 1 | . b
Control  nZnO (1pg/L) nTiOa(1pg/L) FCa(lug/L) Mixture Control  nZnO(1pg/L) nTiO,(1pg/L) FCuw(lpg/l) Mixture
(o3 Carbonylated proteins (D. gland)

300000
250000

*
200000
150000
100000
50000
0

nZnO (1pg/L) nTiO, (1 pg/L) FCw(lpg/Ll) Mixture

Carbonylate protein (A.U.)

Control

Fig. 6. Levels of proteins containing thiol groups in gilA) and indigestive gland (B), and
levels of proteins containing carbonyls in digestgtand (C), expressed as arbitrary units (A.U.)
in R. philippinarumafter 7 days of exposure to nZnO (1 pg/L), (O ug/L), FGo (1 png/L) and
mixture. The values are reported as the means f£s&hdard deviation); n= 5 pools. Asterisks
denote significant differences compared to contrgs0.05, **p<0.01.

After 7 days of exposure, a significant increaseroteins with carbonyl group
content was observed in digestive gland (p=0.0ad)ia haemolymph (p<0.001),
and significant changes were detected in NP mixtlams respect control clams
(Fig. 6C and 7B, respectively). No significant diinces of carbonyl group
content were detected in gills of exposed clams.
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Fig. 7. Levels of proteins containing thiol groups (A) degels of proteins containing carbonyls
(B) expressed as arbitrary units (A.U.) in haemgihnof R. philippinarum after 7 days of
exposure to nZnO (1 pg/L), nTH@1 pg/L), FGo (1 png/L) and mixture. The values are reported as
the means + SD (standard deviation); n= 5 poolsersks denote significant differences
compared to controls: *p<0.05, **p<0.01, *** p<0.00

3.6. Protein oxidation patterns and protein identification in 2-DE redox
proteomics

Representative 2-DE Coomassie images of cytosohatepmes fromR.
philippinarum gill and digestive gland tissues are shown in FH§. and B,
respectively. Approximately 350 protein spots pexl gvere visualized and
detected, both in Coomassie and fluorescently-atgroteins.

Firstly, the Coomassie staining gels were analyeedetect the different protein
expression profiles among control and treated cl@my in gills, comparison of
control and exposed clams highlighted a total differentially expressed protein
spotsin terms of the normalized volume (fold>1.5; p<Q.0Mdeed, 4 spots
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showed higher volumes (1.7-2.5-fold increase) asgddt showed a lower volume
(1.9-fold decrease) in NP mixture samples thanointrol (see Tab. 2). Besides,
among these 5 spots, 3 spots (190, 194, 313) pigkll lower volumes (2.2-2.4-
fold decrease) in nZnO proteins compared to confrbe 310 spot showed an
increased volume in nTW and FGy- treated clams (1.8 and 2.2, respectively)
(Tab. 2).
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Fig. 8. In representative gel images all spots of thereniroteome are shown in gills (A) and

digestive gland (B); those from changed proteirscaicled, based on different i) expression or ii)
redox status, IAF and FTSC.

No changes in the expression protein profiles vsaavn in digestive gland.
Secondly, the comparison among fluorescently-labdefiroteins normalised by
Coomassie data revealed a total of 8 and 11 diffixley expressed thiol-
containing protein spots (fold>1.5; p<0.05) in gilland digestive gland,
respectively (Tab. 2 and 3). In particular, thetgires with higher thiol content in
gills were detected for all spots in NP mixture dibion, for 3 spots in nZnO
condition and for 1 spot in nTiOconditions compared to control (Tab. 2).
Instead, the thiol proteins in digestive gland sedwa higher content in all spots
of NP mixture-treated clams, in 2 spots of nFi@ated clams and in 2 spots of
FCso-treated clams compared to control clams (Tab. 3).

In carbonyl-labelled patterns differentially exmed spots (fold>1.5; p<0.05)
were revealed: 3 in gills and 7 in digestive gléhdb. 2 and 3, respectively). The
proteins with higher carbonyl content in gills wetetected for all spots in NP
mixture condition respect to control. In digestgland, the carbonyl content was
shown in all NP mixture spots and in 1 spot of nJé®posed clams compared to
control.

All of the 34 different spots from gills (16 spot)d digestive gland (18 spots)
were suitable for mass spectrometry analysis (RBRSJESI-LTQ-Orbitrap).
Although the genome oR. philippinarum has not yet been sequenced, 11
different proteins of gills and 14 different protei of digestive gland were
identified based on homology, the details of whigk listed in Table 2 and 3.
Protein spots 232, 234, 305, 310, 313 in gills 4a8d41, 42, 178 in digestive
gland were not identified. We note that the thecaétand experimental values
obtained for the mass weight and isoelectric peete highly similar, even
though slight differences were detected, most yikelle to post-translational
modifications and/or the homology identification offianek, 2011).
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Tab. 2. Identified proteins differentially expressed ondaged inR. philippinarumgill cytosolic fraction after 7 days of exposuoenZnO (1 pg/L), nTiQ(1 pg/L), FGo

(1 pg/L) and mixture.

SPOT n° (type Fold change (experimental . 4 Biological Sequest | Sequence Peptide
a b Homologous protein (species) Putative protein identification . e Xcorr
of change) condition) function/role score | Coverage ¢
(mean)
G56 (IAF) ™ 1.8 (M) Q7KN90 SYCC_DROME (Drosophila melanogaster) Cysteine-tRNA ligase, cytoplasmic Protein metabolism 10.82 4.86% 2.19
G93 (FTSC) ™21 (M) Q13748 TBA3C_HUMAN (Homo sapiens) Tubulin alpha-3C/D chain Cytoskeleton 73.75 48.67% 2.89
G113 (FTSC) ™ 2.5(M) P35381 ATPA_DROME (Drosophila melanogaster) ATP synthase subunit alpha, mitochondrial Energetic metabolism 90.06 22.28% 3.24
G144 (1AF) ™22 (M) 002654 ENO_DORPE (Doryteuthis pealeii) Enolase Glycolysis 25.28 14.98% 311
G146 (IAF) 123(2); 4 1.9 (M) 002654 ENO_DORPE (Doryteuthis pealeii) Enolase Glycolysis 50.67 20.28% 333
G153 (FTSC) ™19 (M) P10990 ACT1_STRFN (Strongylocentrotus franciscanus) Actin-15A Cytoskeleton 15.37 21.81% 2.1
G190 (coo) 122 (2); 1.7 (M) P91427 PGK_CAEEL (Caenorhabditis elegans) Probable phosphoglycerate kinase Glycolysis 11.61 13.91% 2.06
G194 (coo) J 1.9 (M) 018413 PRS8_DROME (Drosophila melanogaster) 26S protease regulatory subunit 8 Protein metabolism 23.56 22.72% 2.57
G207 (1AF) T1.6(2); 1 2.5(M) 018499 ACT1_SACKO (Saccoglossus kowalevskii ) Actin-1 Cytoskeleton 217.64 59.31% 3.21
G223 (IAF) ™23 (M) P51469 G3P_XENLA (Xenopus laevis) Glyceraldehyde-3-phosphate dehydrogenase Glycolysis 18.84 9.91% 2.44
G232 (IAF) V21(2); 11.9(T); L 1.7 (M) |notidentified - - -
G234 (1AF) ™ 2.1(M) not identified
G305 (IAF) ™ 2.4 (M) not identified
G310 (coo) M 1.8(T); 1 2.2(F); L 1.9 (M) |notidentified
G313 (coo) J 1.6(2) not identified - - -
G2715 (coo) < 2.4 (2);1 2.3 (M) P46563 ALF2_CAEEL (Caenorhabditis elegans ) Fructose-bisphosphate aldolase 2 Glycolysis 9.22 6.28% 2.71

4Spot number on 2-DE map (Fig. 8A)(G=gills).
°Fold change increasé)( or decreasel] (in terms of relative spot volume) in treatednatacompared to control (experimental condition:
Z=nZnO, T=nTiQ, F=FGy, and M=mixture).

“Accession number in SwissProt database (name afibeies regarding identified protein).

YName of the identified protein.
°Sequence coverage: percentage of aminoacidic segeenerage of matched peptides in the identifietens.
"Xcorr= value of cross-correlation obtained by tQ®IEST algorithm.
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Tab. 3. Identified proteins differentially damagedf philippinarumdigestive gland cytosolic fraction after 7 daysgposure to nZnO (1 pg/L), nTi@Ql pg/L), FGo

(1 pg/L) and mixture.

SPOT n° (type of Fold change (experimental . 4 | . . Sequest | Sequence |Peptide Xcorr
a e b Homologous protein (sp ) Putative protein identification Biological function / Role e ¢
change) condition) score Coverage (mean)
D23 (IAF) V17(F); 4 2.3(M) Q16956 GRP78_APLCA (Aplysia californica) 78 kDa glucose-regulated protein Energetic metabolism 75.77 13.94% 3.47
D40 (FTSC) T 2.6(M) not ideitifed - -
D41 (FTSC) ™ 1.9(M) not ideitifed -
D42 (FTSC) N 2.4(M) not ideitifed - - - -
D88 (FTSC) T 16(M) Q8T6A5 TBA1_APLCA (Aplysia californica) Tubulin alpha-1chain Cytoskeleton 120 53.44% 3.53
D90 (FTSC) ™ 1.9(M) P06603 TBA1_DROME (Drosophila melanogaster ) Tubulin alpha-1 chain Cytoskeleton 138.48 53.56% 3.42
D126 (1AF) 1 2.6 (M) P11833 TBB_PARLI (Paracentrotus lividus ) Tubulin beta chain Cytoskeleton 51.92 42.06% 3.6
D167 (FTSC) 1™2.2(M) Q3SWW9 PP1B_BOVIN (Bos taurus) Serine/threonine-protein phosphatase PP1-beta catalytic subunit Protein metabolism 11.89 14.07% 2.97
D171 (1AF) T 2.4(T); D 2.5(M) P69004 ACT2_STRFN (Strongylocentrotus franciscanus) Actin-15B Cytoskeleton 124.08 62.50% 2.84
D178 (FTSC) V2,1(T); 1 2.5(M) not identified - - - -
D182 (1AF) ™ 1.9(M) 018413 PRS8_DROMIE (Drosophila melanogaster) 265 protease regulatory subunit 8 Protein metabolism 40.93 33.58% 2.64
D193 (IAF) {1 2.2(M) P69004 ACT2_STRFN (Strongylocentrotus franciscanus) Actin-15B Cytoskeleton 198.7 57.98% 3.01
D199 (1AF) ¥ 2.6(F); 1 1.9(M) P30883 TBB4_XENLA (Xenopus laevis) Tubulin beta-4 chain Cytoskeleton 31.49 25.39% 2.59
D200 (1AF) 1 1.7 (M) P35381 ATPA_DROMIE (Drosophila melanogaster) ATP synthase subunit alpha, mitochondrial Energetic metabolism 25.57 16.30% 2.64
D202 (1AF) {1 2.1(M) P69004 ACT2_STRFN (Strongylocentrotus franciscanus) Actin-15B Cytoskeleton 182.88 55.32% 3.28
D203 (1AF) {1 2.5(M) 018499 ACT1_SACKO (Saccoglossus kowalevskii ) Actin-1 Cytoskeleton 74.71 39.10% 2.67
D213 (1AF) < 2.4(M) P10990 ACT1_STRFN (Strongylocentrotus franciscanus ) Actin-15A Cytoskeleton 35.46 17.82% 3.03
D270 (1AF) T 1.8(M) Q2YDE4 PSA6_BOVIN (Bos taurus) Proteasome subunit alpha type-6 Protein metabolism 19.41 16.26% 3.04

®Spot number on 2-DE map (Fig. 8B)(D=digestive g)and

PFold change increase™) or decreasel() (in terms of relative spot volume) in treatednetacompared to control (experimental condition:
Z=nZnO, T=nTiQ, F=FGy, and M=mixture).
“Accession number in SwissProt database (name afibeies regarding identified protein).
YName of the identified protein.
°Sequence coverage: percentage of aminoacidic segeenerage of matched peptides in the identifietens.
"Xcorr= value of cross-correlation obtained by t=Q®EST algorithm.
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4. Discussion

The increasing production and usage in variousddiedf different types of
manufactured NPs, estimated to grow to over halffilaon tons by 2020, would
lead to their release in substantial amounts ineheronment, including the
aquatic compartments (Canesi et al., 2015). Inetffnronment, organisms are
generally exposed to mixtures of different contaanils. These mixtures include
combinations of organics, trace metals and also, MRA&h can interact in many
ways (i.e. additively, synergistically, or antaggiitally) to induce biological
responses at different levels of biological orgate (Al-Subiai et al., 2012). To
the best of our knowledge, information about théea$ of NP mixture is
currently lacking. The effects of mixtures of pddats in the environment are
usually hard to predict due to many factors. In aage, once released into the
environment, NPs will interact with each other awtth their surrounding
environment (Wiesner et al., 2009).

In this study, nZnO, nTi®and FG, were chosen following extensive studies on
their effects inR. philippinarum(Marisa et al., paper I, 1, IV). To obtain more
useful data about NP mixture toxicity, the commautixbiomarker approach was
associated with the redox proteomics approach.

In bivalves, most of the NP studies mainly focusadmmunotoxicity, oxidative
stress, DNA damage, subcellular accumulation asdslymal damage, and also
on protein damage and protein expression changashéRet al., 2015). Overall,
oxidative stress, injuries to cell proteins and rbeanes, and DNA damage are
recognized as the major modes of action of NPavalles. NPs can determine,
with direct or indirect action, an increased prdeucof ROS, possibly resulting
in different damage to molecules. However, the atie stress and damage
induced by NPs depends on the size, compositioncandentration, mode and
time of exposure, bivalve species and target oegeatysed (Moore, 2006; Rocha
et al., 2015).

Oxidative stress was also confirmed as the mainhar@sm of action of single
nZnO, nTiQ and FGo in treated clams (Marisa et al., paper |, I, I\W)oreover,
when compared with the results obtained in expastoesingle NPs, the effects
observed in the NP mixture-exposed clams in thiglystvere more severe than
those previously found at the higher single NP eotr@tion (10 pg/L) .

Although in all tissues analysed the oxidativestreras the major mechanism of
NP effect, different levels and patterns of respowere observed depending on
tissue and biomarker considered. In particular,aie-oxidant enzyme activities
showed an increase, with more changes in digegtarel respect to gills. Indeed,
in digestive gland an increase in LPO and DNA damagre observed. In
haemolymph, the increase in superoxide anion ptamtuchighlighted an
oxidative stress underway, which was confirmed sy high DNA damage level
in haemocytes. Overall, all the biomarkers measumethe three tissues were
more affected in NP mixture-exposed clams tharnngle NP-exposed ones.

In gills and digestive gland, Zn, Ti and g&Content was higher in treated clams
compared to control, thus confirming the bioaccuatiaoh of NPs already
observed in our previous studies (Marisa et apepa, I, 1V). Bioaccumulation
of Zn did not change if nZnO was present alonesor anixture in gills, but in
digestive gland was found an higher bioaccumulatioolams exposed to nZnO
respect to NP mixture. No differences were obtaifoed’i accumulation in gills.
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Instead, in the digestive gland Ti was more accatedl as a mixture than as a
single NP. This finding suggested that the co-expo$o other NPs facilitated the
process of nTi@bioaccumulation in digestive gland. The same hypsis can be
made for FG bioaccumulation in both tissues, since no diffeemnin FGg
content were found between clams exposed to tlgheshP and those exposed to
the mixture.

In other studies, where nZnO, nti@nd FG, were used in co-exposure with
other types of contaminants, the NP accumulatiqgredéed on species, tissues
and type of NPs. For example, in musslgtilus edulis,exposed to F§ and
fluoranthene as a mixture (0.1 mg/L and 32 mg/kpeetively) for 72 h, the Rg
content decreased compared to clams exposed onRCde (Al-Subiai et al.,
2012).

It is known that ROS can modify and inactivate pim$ in a wide variety of
ways. Sulphur-containing molecules are notoriousiisceptible to oxidation.
Cysteine thiols (-SH) can be irreversibly oxidistd sulphinic (-S@H) and
cysteic (-S@H) acids or reversibly oxidised to sulphenic aci®d@H), thiyl
radicals (-S.) or nitrosothiols (-SNO). Methionires be oxidised to sulphoxides
and sulphones. Amino acid side-chains can be irséMg converted to
aldehyde/ketone groups collectively called protearbonyls (Pedriali et al.,
2013). Also the redox proteomic analysis highlighten increase of ROS,
resulting in a high level of damaged proteins. Bothes of protein damage
(redox-thiol and carbonylated protein) showed ammaéase under NP exposure in
both 1-DE and 2-DE redox proteomic results.

In gills, only an increase of IAF-labelled proteings detected in NP mixture-
treated clams. This result did not exclude theease of ROS production and
consequently damage to proteins. Indeed, otherxrddesions of proteins,
including glutathionylation and/or formation of diphides, can protect cysteine
residues from oxidation. Moreover, a high detectadn—SH groups could be
determined by the break of tertiary and quaterrsrycture of proteins under
stress conditions (Schafer and Buettner, 2001).

In digestive gland and haemolymph, high protein algenwas shown, both in
FTSC-labelled proteins and in IAF-labelled proteiAsdecrease in protein thiol
groups could be considered as damage to protaimsldo an implementation of
anti-oxidant defence and absorption of ROS. Ind#ezyoles of proteins in signal
transduction pathways depend strongly on the rgumoperties of cysteine thiol
groups which occur both in proteins and in low-ncalar mass thiols
(Winterbourn and Hampton, 2008). Thiols react digantly faster than other
amino acid side-chains with oxidizing species angstcontribute to antioxidant
defence (Hansen et al., 2009).

All the 1-DE redox proteomic results highlighted nmeffects in clams exposed to
NP mixture than to the single NPs.

Gold NPs and menadione caused significant decrebsatal protein thiols in
digestive gland, but not in gills or mantlesMytilus edulis(Tedesco et al., 2010),
and similar results were shown also in the fresbwanussel Dreissena
polymorphaexposed to benzoylecgonine (Pedriali et al., 2013)

Among differentially labelled protein spots (2-Dije selected only the most
intense and well-defined for subsequent identifbcatnalysis. Some spots were
either too low in abundance and/or too close tdheaber to be isolated and
excised with certainty. In the 2-DE redox proteomasults, due to the incomplete
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genome sequence Bf philippinarum not all proteins were identified. However,
identification occurred for more than 75% proteiagercentage higher than that
reported in other studies conducted on the proteoiraher species (Liska and
Shevchenko, 2003; Waridel et al., 2007).

In gills, 5 proteins showed a variation of theiruatance in treated clams
compared to control clams. Among these, only 3 gangt were identified:
probable phosphoglycerate kinase (spot G190), 26 ase regulatory subunit 8
(spot G194) and fructose-bisphosphate aldolaspd (32715) (see Table 2). In
particular, phosphoglycerate kinase is found in laling organisms and its
sequence has been highly conserved throughout tevldt is an enzyme that
catalyses the formation of ATP in glycolysis patgwaéhe fructose-bisphosphate
aldolase 2 is a glycolytic enzyme that catalysesrdversible aldol cleavage or
condensation of fructose-1,6-bisphosphate into diitwyacetone-phosphate and
glyceraldehyde 3-phosphate (http://www.uniprot.prg’lhese two proteins are
involved in energetic metabolism and an increasetheir abundance could
highlight a stimulation of energetic pathway in Niture treated clams. Instead,
a decrease of these two proteins in nZnO exposedsctould show a potential
lower energetic metabolism with loss of functionghe cells. Muller et al. (2014)
showed that nZnO affected the energy budget in thassel Mytilus
galloprovincialis, through a reduction in feeding capacity and arrease in
maintenance requirements, and that these two sffeatd to a reduction in the
expected lifetime production of reproductive matter

The 26S protease regulatory is involved in the AlEPendent degradation of
ubiquitinated proteins. A decrease of this prot@nNP mixture-treated clams
compared to controls, could determine wicked e$fext the protein degradation
pathway to molecules that should be excreted (Géttaé, 2014).

The other spots resulted in redox proteomic analysire IAF- or FTSC-labelled.
In gills, 8 proteins revealed changes in thiol eamhg proteins, but only 5
proteins were identified. Cysteine-tRNA ligase egjuired for decoding cysteine
codons in all known organisms. It catalyses thachtnent of cysteine to its
cognate transfer RNA molecule. The change of thi®xestatus of this protein
could negative change the protein metabolism (Liaimmet al., 2012). Instead,
enolase and glyceraldehyde-3-phosphate dehydrogenasiations could
determine problems in energetic pathways. They avandantly expressed
cytosolic proteins which are widespread in manygugs and are essential
glycolytic enzymes, the former catalyses the cosiger of 2-phosphoglycerate
and phosphoenol pyruvate and the latter is resplen®&r the conversion of 1,3-
diphosphoglycerate and glyceraldehyde-3-phospHaiaz{Ramos et al., 2012).
Glyceraldehyde-3-phosphate dehydrogenase is knosvna aredox sensitive
protein; Schmidt et al. (2014) reported a down-laiipn of this protein in
digestive gland oMytilus sp. after exposure to two pharmaceuticals.

The last identified IAF-labelled protein is acti@onventional actin is one of the
principal components of the eukaryotic cytoskeletamd it has a central role in
cellular processes ranging from cell motility tdracellular transport and cell
organisation (Goodson and Hawse, 2002). Actin essed in different isoforms
that are generally obtained in eukaryotes by adisra splicing of duplicated and
highly conserved genes (Jonsson et al., 2006). diflnation of the actin redox
status could determine various problems in thestalicture and functions.

122



In gills, the carbonylated proteins changed respecontrols were 3. One is the
mitochondrial membrane ATP synthase that producé® Arom ADP in the
presence of a proton gradient across hiéochondrial membrane which is
generated by electron transport complexes of thpinaory chain (Kang et al.,
2006). In other hand, two of them are cytoskelgtooteins: actin and tubulin.
Tubulin, like actin, is one of the major componeuoitshe eukaryotic cytoskeleton
(Venier et al., 2003).

The abundance of cytoskeletal proteins may haveerttaglr identification easier,
although they are also implicated in oxidative streBesides, the cytoskeleton
proteins are one of the protein group that changeerthe expression or the redox
status under contaminant exposure (Dowling and I&ree2006). As we
summarised above, NP mixture exposure highlightetbdulation of three main
groups of proteins i) protein metabolism, ii) ereig metabolism and iii)
cytoskeleton protein. All these proteins have intgar functions in cells and their
variation could determine serious damage and @iy

The proteins changed in digestive gland showed ihatida in thiol and carbonyl
group content only, the modulation of protein atamzk did not change. Eighteen
proteins were changed in their redox status, itiqudar eleven were 1AF-labelled
proteins and seven were FTSC-labelled proteins. Wgrnibese, three were not
identified (one in IAF and two in FTSC). The biolcg role of the identified
proteins determines two big functional groups iptpn metabolism and ii)
cytoskeleton proteins. Moreover, the 26S proteagelatory and ATP synthase,
identified also in gills, in digestive gland weretb damaged in redox-thiol status.
The identified spots with protein metabolism fuootiwere three common
eukaryotic proteins. In particular, the glucoseutated protein (D23 spot) plays a
role in facilitating the assembly of multimeric pgon complexes inside the
endoplasmic reticulum_(http://www.uniprot.org/) asldowed a damage in redox-
thiol status. Another damaged protein was seriregtiine-protein phosphatase,
that is known to be involved in the regulation ovariety of cellular processes,
such as cell division, glycogen metabolism, musabatractility and protein
synthesis (Boutet et al., 2008). Proteasome suld#70 spot) is a part of
eukaryotic proteasome complex that recognized dedpta proteins and it is
characterized by its ability to cleave peptidespihivww.uniprot.org/).

Three identified proteins were different isofornigubulin and other five proteins
were different isoform of actin, main elements bé tcytoskeleton. The most
common proteins changed in pollutant-stress regsonxlude oxidative stress
proteins, cytoskeletal proteins, chaperones, psetgand proteins involved in the
detoxification of xenobiotics (Tedesco et al., 201BIso in this study, the
cytoskeleton proteins were one of the most reptedegroup of changed proteins.
Variations in enzymes involved in energetic pathsvayere also observed, but
more in gills than in digestive gland. This is oitdrest since up- or down-
regulation of metabolic enzymes are often relatestitess status after exposure to
chemical contaminants or oxidative stress. Thus, dleration of redox status
could further confirm the ability of NPs to triggesxidative stress inR.
philippinarumwith implications for energy metabolism. This riéstould be due
to an increased requirement for both energy andeprcsynthesis/degradation
pathways (Zhang et al., 2005).

Key antioxidant systems, such as thioredoxin, gataxin, glutathione and
glutathione-ascorbate cycle, depend heavily on NABPather than NADH+ for
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reducing equivalents. Under exposure to pro-oxslacells need to shift rapidly
from pathways producing NADH+ to others, such as pentose phosphate
pathway, that produce NADPH+. In this regard, itinseresting to note that
glyceraldehyde 3-phosphate dehydrogenase is analvn redox sensor in cells,
and a glycolytic enzyme (Morigasaki et al., 2008).

Some protein spots highlighted, both in gills andedtive gland tissue, an
increase in thiol groups or a decrease in carbgrodips. This situation could be
due to glutathionylation, which may be an adaptabb tissues to allow animals
to survive in the presence of high oxidative stré&sgvious studies conducted in
rats and humans showed that highly-abundant pstesoch as cytoskeletal
proteins, were glutathionylated during diamide sgréhus preventing irreversible
oxidation (Brennan et al., 2004; Cumming et alQ£0

In all the 1-DE and 2-DE redox proteomic results WP mixture-exposed clams
showed more changes compare to controls, althougoine cases there were
changed spots in single NP-exposed clams. Respsatdle NP treatments, both
in biomarker and redox proteomic approaches, adifigs indicated higher
oxidative stress in act during the exposure toNlfemixture, with damage to
proteins, lipids and DNA in all clam tissues. Moren additive effects were
observed in the mixture respect to single NP exgssu

The effects of a contaminant mixture could ariseinathis study, with an additive
response, but also with a synergistic and/or amiggoesponse. For exampl,
philippinarum was used to investigate the water/sediment pohutn Venice
Lagoon and despite a high bioaccumulation was showdifferent contaminants
in soft tissues, no similar pattern was observetienother biomarkers considered,
possibly due to antagonistic effects of the comglentaminant mixture (Nasci et
al., 2000). In another study, although the freslewatustaceanSimocephalus sp.
abundance was significantly different in single gedticide mixture treatments,
and the results suggested at the most an additieet eather than a synergistic
interaction (Belden et al., 2007). Moreover, Vedgen and van den Brink,
(2010) in their review, concerning mixture toxicigf pesticide to aquatic
organisms, concluded that the effects of pestigiddures are unlikely to produce
large synergistic interactions and that the ovenafiact may be explained by the
effects from the individual pesticides. Insteadnesgistic interactions of
chemicals in mixture conditions was shown in metad antifoulant mixtures in
different experimental exposure and species (Cedeng2014).

In this study, the findings indicated that the diie gland was the tissue more
affected by NP mixture toxicity. This result hasbéiighlighted by the integrated
use of multi-biomarker and redox proteomic appreachvhich gave evidence of
oxidative stress and damage, providing a more pthdénsight into impacted
molecules and most of all into their major physgial functions.

To our knowledge, this is the first study that istigated the effects of a mixture
of NPs, thus providing a new topic for discussiorNiP ecotoxicological studies,
under a more environmentally realistic experimeotaitext.
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Abstract

In coastal areas, the marine organisms are exptwsadultiple changes and
stressors of different type that have the potembiaeriously and adversely affect
marine ecosystem functioning. Despite these coscedire combined stressor
studies are poorly addressed. Among predicted d@sarnig environmental
parameters under global change scenarios, theaa iacreasing concern about
future alterations in seawater salinity values,clhwill affect the performance of
species. In the other hand, the presence of newgamgecontaminants, such as
nanoparticles (NPs), and the complex mixtures woaigd in the environment, are
posing new potential risks for marine organisms.thrs study, two clams,
Ruditapes philippinarunandRuditapes decussatugere exposed for 7 days to a
mixture of three of the most common NPs worldwid&c oxide (nZnO),
titanium dioxide (nTiQ) and G fullerene (FGg), at the concentration of dg/L
each, under different salinity values (18-28-38)p#t various time intervals
during the exposure, cellular and biochemical rasps were evaluated in clam
gills, digestive gland and haemolymph. In additidche NP content was
determined in clam gills and digestive gland aftelays of exposure.

In both species, at all salinity tested the NP aorixtinduced oxidative stress, as
revealed by a modulation of anti-oxidant enzymaevdigs in gill and digestive
gland tissues. Under NP mixture exposure, the iactof the detoxification
enzyme showed a decrease in gills of both speti&é8 asu, and an increase in
digestive gland ofR. philippinarumonly at 28 psu. Regarding evidence of
oxidative stress, an increase in lipid peroxidatisas observed in gills and
digestive gland ofR. philippinarumand in digestive gland oR. decussatus
exposed to NP mixture. Moreover, an increase aepralamage was found in the
gills of mixture-exposedR. decussatust 38 psu. Regarding the haemocytes
parameters, cytotoxicity was the only responserigiemodulated under NP
mixture at different salinity values only R decussatus

Overall, at all salinity values tested various asmwere shown, depending on
the tissues, the biomarkers and the species caoadideAlthough, the
bioaccumulation results did not clarify the biomarkesponses. More variations
in both species were shown in NP treated clams s@gdo 18 and 38 psu.
Moreover, the comparison between the two spectksal show a clear pattern of
response. Although more in-depth evaluation is ededt has to be noted that
under NP exposure at the three salinities tested, nfumber of responses
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significantly varied respect to controls was sligiigher inR. decussatuthan in
R. philippinarum

Keywords: Ruditapes philippinarum, Ruditapes decussatusgnoparticle
mixture, salinity, biomarkers.

1. Introduction

Since the Rio Convention, environmental changesamnéal concerns in political
and scientific debates. Coastal marine ecosystenes anong the most
ecologically and socieconomically vital on the planet (Occhipiwitmbrogi and
Savini, 2003). Marine habitats from the intertidahe out to the continental shelf
break are estimated to provide a considerable p&ge of ecosystem goods and
services per year. However, there is a strong sficeiconsensus that coastal
marine ecosystems, along with the goods and serthey provide, are threatened
by anthropogenic global changes (Harley et al. 620 coastal areas, the marine
organisms are exposed to multiple changes andsetee®f different type that
have the potential to seriously and adversely affearine ecosystem functioning.
Environmental changes include modifications in &bigarameters, such as
temperature, pH, dissolved oxygen, UV radiatiohingg, and also in pollution
(Coehlo et al., 2013). The information regardintgtiactions between changes in
environmental parameters and pollutants in maric@systems is very scarce.
Such interactions can alter chemical speciation tardbioavailability of several
pollutants with potentially deleterious effects tre biota. Even without any
change in the levels of toxicant exposure, change®ther environmental
conditions may affect the sensitivity of organisimsurrent toxicants (Moe et al.,
2013).

Among pollutants the emerging environmental contemis give cause for
increasing concern, and nanoparticles (NPs) iniquéatr. Zinc oxide (nZnO),
titanium dioxide (nTiQ) and Go fullerene (FGo) NPs are the most used and
produced NPs worldwideP{ccinno et al. 2012Sanchis et al., 2015), they are
inserted in similar commercial products and havamon route of discharge into
the sea (Corsi et al., 2014; Farré et al., 200%r&yat et al., 2015). NP mixture
effects on organisms under changing environmemtameters are still unknown.
Salinity is an important environmental parameted @&s changes can determine
different effects on the species (Lee et al., 18&uf and Payan, 2001; Correia
et al., 2016). Furthermore, it is known that s&incan influence the NP
physicochemical properties and consequently colidohge the action and toxicity
of NPs. High salinity values determined a majorraggtion and sedimentation of
single NPs in simulation laboratory studies aiméaamparing NP features in
freshwater and seawater environments (Keller eR@lL0).

Some recent researches have investigated the cedhlaffects of NPs and
different salinity values, with some similar resultndicating lower toxicity at
higher salinity. In Yung et al. (2015), for exampllee influences of salinity (12,
17, 22, 27, 32 psu) on nZnO characteristics anetfeets of nZnO (0.5, 1, 5, 10,
50 mg/L) exposure in the marine diatoifhalassiosira pseudonanavere
investigated during 96 h experiments. The authousd that the aggregate sizes
of nZnO significantly increased with increasingirs#y, but generally decreased
with increasing exposure concentrations. lon re&ledscreased with increasing
salinity, whereas the surface charge of the pagigias not affected by salinity.
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The growth inhibition (IC50) off. pseudonanaecreased under nZnO exposure
to higher salinity. Overall, nZnO-treated diatonowsled less effects than theZn
treated onesThe results highlighted the importance of salirds/ an influential
environmental factor governing the aggregationsaligion and the toxicity of
nZnoO.

The sheepshead minno@yprinodon variegatusvas exposed to copper oxide
NPs (5 and 50 mg/L, nCuQ) at different salinity inegs (about half and full
strength seawater, 1.5 and 3.0% respectively) fdays (Ates et al., 2014). The
results indicated that nCuO could cause behaviatirahges in the fish, such as
increased mucus secretion, less general actividyl@ss of equilibrium. However,
higher oxidative stress was recorded at half sttreegawater respect to seawater
exposure medium, which can be associated with dsitrg toxicity of nCuO as
salinity increases. In addition, Cu contents in tiesues of the fish were
significantly higher at low salinity (Ates et a2014).

In other studies, the effects of salinity (5%, 1526%0. and 35%.) on metal ion
(Cu and Zn) and on nCuO and nZnO toxicity to thpemmdsTigriopus japonicus
(Park et al., 2014) were investigated. Increasalgisy decreased the dissolved
concentrations of Cu and Zn ions due to the pretipn of the metal ions,
consequently reducing the acute toxicityltgaponicus The effect of salinity on
acute nCuO and nZnO toxicity was similar to thatnegetal ion toxicity. Since the
aggregation of NPs generally enhanced at highamitsa$, both the dissolution
and aggregation of nCuO and nZnO may control tiecebf salinity on acute
toxicity to T. japonicagPark et al., 2014).

In order to better understand the effects of NPtuméxon marine bivalves, in the
present work two edible clams from the Venice Lag@taly), the native species
Ruditapes decussatugLinnaeus, 1758) and the alien speciBuditapes
philippinarum (Adams and Reeve, 1850), were used. Some stuéwesloged
under laboratory conditions showed that both sge@epond differently to other
contaminants, despite their phylogenetic closeffeggieira et al., 2012; Velez et
al.,, 2015). Moreover, the two species were chosennmdel organisms
considering their different recent history in thagoon of Venice (Italy) (Pranovi
et al., 2006)As infaunal filter-feeders, both species are paldidy exposed to the
impact of contaminants having in sediments thaimalte sink, such as NPs.

To assess NP mixture effects under different sglvalues, clams were exposed
for 7 days to 18, 28 and 38 psu of salinity, baotlthie absence and in the presence
of NP mixture (1pug/L nZnO, 1ug/L nTiO,, and 1ug/L FGCs). The values of
salinity were chosen based on minimum, medium aaximum values measured
in the Southern Venice lagoon from 2000 to 2009iridi et al., 2014). The NP
concentration was chosen in the range of the peslicenvironmental
concentrations (PECs), the only available data &wehindications on NP
concentrations in marine areas (Gottschalk et2809; Ferreira da Silva et al.,
2011).

Thus, the present study aimed to i) investigateouarsub-lethal effects of NP
mixture/salinity combinations on gills, digestiviauigd and haemolymph of clams
(R. decussatusand R. philippinarum, with a multi-biomarker approach
(antioxidant enzyme activities, levels of damagentolecules and haemocyte
parameters) and ii) assess potential effects afigabn the bioaccumulation of
nZnO, nTiQ and FGo in clam gills and digestive glands after 7 daysxjosure.
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2. Materialsand Methods

2.1. nZnO, nTiO, and FCg,characterisation

nZnO (declared size of <100 nm, percentage of Z®d - 81.5%, surface area 15 -25/gh
nTiO, (P25, declared size of 21 nm, percentage of titar#99.5%, surface area 35 - 65g) and
FCso (purity>97.5 %) were purchased from Sigma-Aldribdkilano, Italy). NPs were characterised
via a combination of analytical techniques, alreatBscribed and used. Details about the
characterisation procedure for the three NPs aperted in Marisa et al. (paper I, I, 1V),
respectively.

2.2. Clams and NP exposure

Specimens oR. philippinarumand R. decussatusvere collected from a reference site in the
southern part of the Lagoon of Venice (Chioggialylt

For each species, three groups of animals werectedle placed in large aquaria and then
acclimated to the three experimental salinity val({®8, 28 and 38 psu), which were gradually
achieved in 12 days. Clams were maintained in @a@uahich contained a sandy bottom and
aerated natural seawater (temperature of 16 + @pahd were fed daily with microalgae
(Isochrysis galbana

Stock solutions (0.1 g/L) of nZnO, nTi@nd FGywere prepared in Milli-Q water and sonicated
at 4 °C using a Braun Labsonic U sonifier at 50%ydiycles for 30 min. Clams (35 per tank)
were exposed for 7 days to 18, 28 and 38 psu biityalboth in the absence and in the presence of
NP mixture (1ug/L nZnO, 1ug/L nTiO,, and 1ug/L FGCsy). The various experimental conditions
were abbreviated as C-MIN (control at 18 psu), CEMEontrol at 28 psu), C-MAX (control at 38
psu), NP-MIN (NP mixture at 18 psu), NP-MED (NP mpe at 28 psu) and C-MAX (NP mixture
at 38 psu). For each experimental condition tedteal replicate tanks were prepared. The nominal
concentrations were chosen similar to the PEC gdfloend in the literature.

During exposure, both clam species were maintaimedylass aquaria (without sediment)
containing aerated seawater (1 L per animal) irsdrae thermo-haline conditions used during the
acclimatisation period. A movement pump (Hydor, &@ nano 900, USA) was positioned in
every aquarium (both for control and treated clamos¥acilitate the water circulation and to
prevent NP sedimentation (Marisa et al., papeTte seawater was renewed daily, NP mixture
and microalgae (at an initial concentration of apgmately 150,000 cells/L) were supplied in the
experimental tanks. Before adding contaminants,stbek solutions were sonicated, as reported
above.

2.3. Collection of tissuesfor biomarker analyses

During exposure, the haemolymph, gills and digestjland of e both clam species were collected
after first (T1), third (T3), and last (T7) days eXposure. For each tissue, five pools (5 animals
per pool, 2 or 3 from each replicate tank) fromheaxperimental condition were prepared.
Aliguots of each pooled tissue were frozen in lifjoitrogen and stored at -80 °C until analyses or
immediately processed, depending on the varioufodimal responses measured. All assays
performed in this study had previously been vaéidafMarisa et al., paper |I; Matozzo et al.,
2012a; Matozzo et al., 2012b; Matozzo et al., 2@8plini et al., 2010; Parolini et al., 2013).

2.4. Gill and digestive gland preparation and biochemical assays

Pooled gills and digestive glands were homogengetl °C using an Ultra-Turrax homogeniser
(model T8 basic, IKA) in four volumes of 50 mM T4##CI buffer, pH 7.4, containing 0.15 M
KCI, 0.5 M sucrose, and Protease Inhibitor CockR2714, Sigma—Aldrich) and then centrifuged
at 12,000 xg for 40 min at 4 °C. Supernatants (SN) were codlédbr the analyses. SN protein
concentrations were quantified according to Bradlfd@®76) using bovine serum albumin (BSA)
as the standard.

Total superoxide dismutase (SOD) activity was messun the SN of both tissues using the
xanthine oxidase/cytochrome ¢ method proposed lpcret al. (1978). Enzyme activity is
expressed as U SOD/mg protein, where one unit dd 8@s defined as the amount of sample
producing 50% inhibition in the assay conditiondll &nd digestive gland catalase (CAT) activity
was measured according to the method of Aebi (19B4¢ results are expressed in U CAT/mg
protein, where one unit of CAT was defined as tmeoant of enzyme that catalysed the
dismutation of Jumol of H,O,/min.

Glutathione S-transferase (GST) activity was mesigpectrophotometrically according to the
method described in Habig et al. (1974) using biahR,4-dinitrobenzene (CDNB) and reduced
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glutathione as substrates. GST activity is expeessenmol/min/mg protein. Lipid peroxidation

(LPO) was quantified in both tissues’ SN using mh@ondialdehyde (MDA) assay, according to
the method of Buege and Aust (1978). Absorbance read spectrophotometrically at 532 nm,
and the results are expressed as nmoles of thidlmdeclreactive substances (TBARS)/mg protein.
TBARS, considered as “MDA-like peroxide productsivere quantified by reference to MDA

absorbance (Damiens et al. 2007). The results wetr@xpressed as MDA levels because TBA
can react with a range of chemical compounds (@sglet al. 1984). Protein carbonyl content
(PCC) was measured via the formation of labelledtgin hydrazone derivatives, after 2,4-

dinitrophenylhydrazide (DNPH) reaction, which weilgen quantified spectrophotometrically

(Dalle-Donne et al. 2003; Mecocci et al. 1999). Ehebonyl content was calculated from the SN
absorbance via the molar absorption coefficien®f000 mol/cm and expressed as nmol/mg
protein.

2.5 Bioaccumulation of NPsin gills and digestive gland
At the end of the exposure (T7), 4 pools of gittsl @igestive glands per experimental condition (4
animals each) were collected to quantify zincntiten and FG, bioaccumulation.

2.5.1 nZnO and nTigbioaccumulation in gills and digestive gland

Tissue samples were freeze—dried, and approximagflymg were weighed and digested in TFM
vessels with 4 mL of 69% nitric acid and 1.5 mL3®P6 hydrogen peroxide and 0.4 mL of 47%
hydrofluoric acid. Digestion was performed in a édtone MLS 1200 MEGA microwave oven.
The heating programme consisted of five stagesif2 250 W - 2 min, 0 W - 6 min, 250 W - 5
min, 400 W and 5 min, 650 W). After cooling, 5 mf.saturated boric acid solution were added,
and the heating programme performed again (20 4@6,W). Samples were then transferred into
graduated flasks and diluted to 25 mL with MillipoMilli-Q water. The sample solutions were
analysed via inductively coupled plasma optic eirsspectroscopy (ICP-OES) using a Thermo
Fischer Scientific iCAP 6300 DUO. Five calibratisalutions (0, 0.5, 1, 3 and 6 ppm of Zn and
Ti) were prepared by conventional dilution of CaBba 1000ug/mL mono-elemental standard
solution of the analyte as nitrate. The same amofintagents used for the digestion procedure
was added to each calibration solution. Measuresnesere made at Ti 323,45 nm and at Zn
202.55 nm, each sample was analysed in five replithe results are expressed as ug Zn/g dry
weight and pg Ti/g dry weight. The detection limitsZn and Ti were 0.9 pg/L and 0.3 ug/L,
respectively.

2.5.2. FGy bioaccumulation in gills and digestive gland

At the end of the exposure (T7), 4 pools of gitigl @igestive glands per experimental condition (6
animals each) were collected to quantifygf-Bioaccumulation. Tissue samples were carefully
washed with pure toluene to remove surface adsdrlgglparticles. Then, tissues were extracted
into toluene (1:6, w:v ratio) using ultra-sonicatifor 30 min (35 kHz). Extracts were centrifuged
(9000x%g) and the SN was used in ACQUITY UPLC (Ultra Perfance Liquid Chromatography,
Waters, Milford, MA, USA) analysis. Rgwas separated using Buckyprep (150%2.0 mm, particl
size 5im) analytical column (Nacalai Tesque, Kyd@pan). The R content was detected and
analysed with a mass spectrometer Q-Exactive (Thétisher Scientific, San Jose, CA, USA).

2.6. Haemolymph parameters

Cytotoxicity was evaluated using a colorimetric ®@sdased on the measurement of lactate
dehydrogenase (LDH) activity in cell-free haemolymp commercial kit (Cytotoxicity Detection
Kit, Roche) was used to assess cell damage. Thidtsesormalised to total haemocyte count
values, are expressed as the optical density (©B9@&nm.

The Neutral Red uptake assay (NRU) provides a @atine estimation of viable cells, and it was
performed according to the modified method of Gajdle et al. (1996). This test is based on the
ability of cells to incorporate and bind the vide neutral red;, it was used to evaluate the
capability of haemocytes to perform pinocytosise Tasults, normalised to total haemocyte count
values, are expressed as the optical density (©B§@&nm.

The Micronucleus (MN) test was performed accordmghe method of Pavlica et al. (2000). The
slides were kept in the dark at 4 °C prior to exation under the microscope. Using a pre-
arranged pathway, slides were scored under theeffeent microscope Leica 5000B equipped
with a submerged lens at 100x magnification. Faundned nucleus were counted for each slide
for a total of 2000 nucleus/treatment. Only intasid non-overlapping haemocytes were
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considered. Micronuclei were identified accordingtte criteria proposed by Kirsch-Volders et al.
(2000), and the MN frequency (MN%.) was calculated.

2.7. Statistical analysis

All biomarker data of the three tissues (gills,ediive gland and haemolymph) from both species
were statistically evaluated using a PERMANOVA gsa (PRIMER 6 PERMANOVA plus
software package). The variables considered wepékies ii) concentration of contaminants
(absence or presence of NP mixture) iii) time géasure (T1, T3, T7) and iv) salinity (18-28-38
psu).

After that, all biomarker data of the three tissuesmunological data (NRU, LDH activity,
Micronucleus test), biochemical data of gills andedtive gland (SOD, CAT and GST activity;
LPO and PCC) were statistically evaluated using ERMMANOVA analysis. The variables
considered were i) concentration of contaminarits€ace or presence of NP mixture) ii) time of
exposure (T1, T3, T7) and iii) salinity (18-28-38up.

The normal distribution (Shapiro-Wilk test) and th@mogeneity of the variance (Bartlett test) of
the data were assessed. For each biomarker meaauradtifactorial ANOVA (STATISTICA 10
software package, StatSoft, Tulsa, OK) was set feithors i) concentration of contaminants, ii)
time of exposure and iii) salinity. The ANOVA wagllbwed by a Fischer LSD post-hoc test to
evaluate significant differences between NP treatuples and related controls (time to time),
among exposure times at the same experimental ttmmdand among salinities in both treated
samples and controls.

The data regarding the bioaccumulation of NP m&t(#n, Ti and Fg) in gills and digestive
gland were statistically compared using a two-wayOVA test with factors i) concentration of
contaminants and ii) salinity; followed by a FiscHeéSD post-hoc test to evaluate significant
differences between treated samples (NP-MIN, NP-MEd NP-MAX) and related controls (C-
MIN, C-MED and C-MAX), and among salinities in bdteated samples and controls.

3. Results

3.1. nZnO, nTiO, and FCg char acterisation

TEM images of nZnO, nTi@and FGy are provided in Fig. 1 A, B and C,
respectively. The complete results concerning tharacterisation of the three
NPs were reported in Marisa et al. (paper |, W). |

500 nm
—

Fig. 1. A, B, C: TEM images of nZnO, nTiCand FG,.

3.2. Ruditapes philippinarum and decussatus PERM ANOVA results
PERMANOVA highlighted significant differences inglresponse of biomarkers
in clam tissues due to the species (Pseudo-F=4@aA@ p=0.001), concentration
(Pseudo-F=23.673 and p=0.001), time of exposureeudsF=13.436 and
p=0.001), salinity (Pseudo-F=14.507 and p=0.00pecks/time interaction
(Pseudo-F=18.801 and p=0.001), and species/salimtgraction (Pseudo-
F=37.841 and p=0.001).
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3.3. Ruditapes philippinarum results

PERMANOVA results

PERMANOVA highlighted significant differences inghresponse of biomarkers
in qills, digestive gland and haemolymph due tocemtration (Pseudo-F=3.006
and p=0.025), time of exposure (Psuedo-F=6.714pa@d001), salinity (Psuedo-
F=23.557 and p=0.001), concentration/time inteoacti (Psuedo-F=2.673,
p=0.009), salinity/concentration (Psuedo-F=2.284 pn0.016), and salinity/time
interaction (Psuedo-F=1.796 and p=0.032).

In gills and digestive gland, the PERMANOVA anatyshowed a significant
variations of the biomarker responses determinedcdycentration (Pseudo-
F=8.623 and p<0.001), time of exposure (Pseudo-R4B5and p<0.001), salinity
(Pseudo-F=22.158 and p<0.001), concentration/tmteraction (Pseudo-F=2.635
and p=0.013), concentration/salinity interactiosgido-F=3.8104 and p=0.002),
and salinity/time interaction (Pseudo-F=2.586 an@.p02).

In haemolymph, biomarker responses were statistiadifferent by time of
exposure (Pseudo-F=2.3667 and p=0.048) and sal{Rispudo-F=24.218 and
p<0.001).

Gillsand digestive gland assays

A significant time-dependent (p=0.024), concentratime interaction-dependent
(p=0.002) and concentration/salinity interactiopeledent (p=0.031) variation in
the activity of SOD was found in the gills: NP-Mlkeated clams exhibited
significantly lower value of SOD activity with resgt to its corresponding control
at T1 and an higher value at T3. At the end of eyp® NP-MAX showed an
increase of SOD activity in exposed clams comp&ved-MAX (Fig. 2A).

A SOD activity (Gills) B SOD activity (D. gland)
T Control (18 psu) B Control (28 psu) B Control (38 psu) O Control (18 psu)  Control (28 psu) W Control (38 psu)
ONP mixture (18 psu) ENP mixture (28 psu) B NP mixture (38 psu) GNP mixture (18 psu)  BNP mixture (28 psu) - 8NP mixture (38 psu)
45 45
c 40 * * - 40 ek
9 35 *k s 35
2 30 s 30 *ok
o 25 5 25 hd
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3 15 a 15
» 10 2 10
2 5 5> 5
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Days of exposure Days of exposure
(o] CAT activity (Gills) D CAT activity (D. gland)
@ Control (18 psu) @ Control (28 psu) H Control (38 psu) O Control (18 psu) @ Control (28 psu) W Control (38 psu)
O NP mixture (18 psu) @ NP mixture (28 psu) 8 NP mixture (38 psu) ONP mixture (18 psu) B NP mixture (28 psu) B NP mixture (38 psu)
25 25 *k
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-
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5 S
=]
0 0
1 3 7 1 3 7
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Fig. 2. SOD activity (A-B) expressed as U SOD/mg proteid £AT activity (C-D) expressed as
U CAT/mg protein inR. philippinarumafter 1, 3 and 7 days of exposure to 18, 28 andsBBof
salinity, both in the absence and in the preseh®&omixture (1 pg/L nZnO, 1 pg/L nTidand 1
Mg/L FGs). The values are reported as the means + SD @tdmidviation); n= 5 pools. Asterisks
denote significant differences in NP treated claompared to their respective controls (C-Mid\
NP-MIN, C-MED vs NP-MED and C-MAXvs NP-MAX) at the same time of exposure: *p<0.05,
**p<0.01, *** p<0.001.
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SOD activity was significantly affected by the centration in the digestive gland
(p<0.001), time of exposure (p<0.001), salinity @®B92), time/salinity
interaction (p=0.003) and concentration/time/safinnteraction (p=0.043). A
significant decrease of SOD activity was found atifl clams exposed to NP-
MIN, at T3 in clams exposed to NP-MED and at T7ciams exposed to NP-
MAX compared to their corresponding controls (F28).

CAT activity was affected significantly by salini{p<0.001), concentration/time
interaction (p=0.021) and concentration/salinitieraction (p=0.004) in gills. The
pair-wise comparisons highlighted a significantrease of CAT activity in NP-
MED-treated clams at T1, but it was not maintaidedng the exposure. Other
variations were found at T7, where at NP-MIN and-MRX the CAT activity
decreased compared to their controls (Fig. 2C).

In digestive gland, CAT activity was affected byetboncentration (p=0.009),
time of exposure (p=0.004), salinity (p=0.020), camiration/time interaction
(p=0.034), time/salinity interaction (p=0.033) armbncentration/time/salinity
interaction (p=0.018). At the beginning of exposusaly NP-MAX showed a
significant increase of CAT activity compared tdM2X, but the change was not
maintained until the end of the exposure. At T7 MIN showed an increase of
the activity compared to its control (Fig. 2D).

A GST activity (Gills) B GST activity (D. gland)
o Contr‘ol (18 psu) ] Contr'cvl (28 psu) lContrPI (38 psu) O Control (18 psu) B Control (28 psu) W Control (38 psu)
ONP mixture (18 psu) @NP mixture (28 psu) @ NP mixture (38 psu) CINP mixture (18 psu) @ NP mixture (28 psu) B NP mixture (38 psu)
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Fig. 3. GST activity (A, B) expressed as nmol/min/mg pimotinR. philippinarumafter 1, 3 and 7
days of exposure to 18, 28 and 38 psu of salibibgh in the absence and in the presence of NP
mixture (1pg/L nZnO, 1ug/L nTiO,, and 1ug/L FCs). The values are reported as the means +
SD (standard deviation); n= 5 pools. Asterisks dersignificant differences in NP treated clams
compared to their respective controls (C-MIBINP-MIN, C-MED vs NP-MED and C-MAXvs
NP-MAX) at the same time of exposure: *p<0.05, *&&1, *** p<0.001.
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The GST activity exhibited a modulation due to antcation (p=0.004), time of
exposure (p=0.002), salinity (p<0.001) and conedimin/salinity interaction
(p=0.013) in gills. Only in clams exposed to NP-MéNdecrease of GST activity
was shown compared to C-MIN exposed clams fromFi@ GBA).
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Fig. 4. TBARS (A, B) and PCC (C) levels expressed as nmplprotein in R. philippinarum after

1, 3 and 7 days of exposure to 18, 28 and 38 pssalifity, both in the absence and in the
presence of NP mixture {fg/L nZnO, 1ug/L nTiO2, and lug/L FC60). The values are reported
as the means = SD (standard deviation); n= 5 pdai®risks denote significant differences in NP
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treated clams compared to their respective conf@sIN vs NP-MIN, C-MED vs NP-MED and
C-MAX vs NP-MAX) at the same time of exposure: *p&H, **p<0.01, *** p<0.001.

In digestive gland, GST activity was affected byei of exposure (p<0.001),
concentration/salinity interaction (p=0.042) andmaeisalinity interaction
(p=0.035), the pair-wise comparisons showed onlynarease of GST activity in
NP-MED exposed clams compared to C-MED exposed ané&g (Fig. 3B).

In the gills, LPO was significantly affected by cemtration (p=0.022), time of
exposure (p<0.001), concentration/time interaction (p<0.001),
concentration/salinity interaction (p=0.028), andncentration/time/salinity
interaction (p=0.040). Pair-wise comparisons hgjited significant increase of
LPO in clams exposed to NP-MIN respect to C-MINyoat the end of exposure
(Fig. 4A).

LPO was significantly influenced by the time of espre (p<0.001), salinity
(p<0.001), concentration/time interaction (p=0.0@hy time/salinity interaction
(p<0.001) in digestive gland. In post-hoc analyssults, the TBARS levels
showed a significant increase in clams exposed EBMIN and NP-MED
compare to their specific controls at T7 (Fig. 4B).

PCC values were significantly affected by the expesto concentration
(p<0.001), time of exposure (p<0.001), salinity@®338), and all their interaction
(p<0.001) in gills. In the pair-wise comparisons,si@nificant increase was
detected in NP-MIN exposed clams compared to C-MIN'1 and at T3 (Fig.
4C).

In digestive gland, the PCC values exhibited a naithn due to time of exposure
(p<0.01) and salinity (p=0.023). Only a differensas found at T3, where NP-
MAX showed an higher PCC value respect NP-MIN (26).

Zn, Ti and FCg content in gillsand digestive gland

The total Zn, Ti and F§ content in the gills and digestive gland of thant$
exposed for 7 days to NP mixture under differetingg values are reported in
Table 1.

Tab. 1. Levels of Zn, Ti expressed as pg/g dry weight a@g, Expressed as ng/g wet weight in
the gills and the digestive gland Rf philippinarumafter 7 days of exposure to 18, 28 and 38 psu
of salinity, both in the absence and in the presesfc NP mixture (Jug/L nZnO, 1ug/L nTiO,,

and 1ug/L FCs). The values are reported as the means + SD @t@drdbviation); n= 4 pools.
Asterisks denote significant differences in treatémins compared to their specific controls (C-
MIN vsNP-MIN, C-MEDvs NP-MED and C-MAXvsNP-MAX): *p<0.05. n.d.= not detected.

Gills

C-MIN C-MED C-MAX NP-MIN NP-MED NP-MAX
Zn 86.8(+7.3) | 83.5(+x21) | 72.7(¢+3.5) | 94.8(+3.7)* | 89.8(+2.4) 75.9 (£ 4.5)
Ti 1.2(+0.1) | 1.7(x005) | 1.7(x0.1) 1.4 (£ 0.1) 7.3(£0.1)* 9.0(+0.1)*
FCqo n.d. n.d. n.d. n.d. n.d. n.d.

Digestive gland

Zn | 122.4(+1.9) | 100.9(+2.4) | 101.5(+2.0) | 132.0(+3.3)* | 98.7(1.0) 98.9 (+1.1)
Ti 1.5(+0.03) | 3.4(+0.2) 1.5(+0.1) 3.5(+0.3)* 3.1(£0.3) 2.5(£0.3)*
FCeo n.d. n.d. n.d. n.d. n.d. n.d.

Zn content was affected by concentration (p=0.0i#)gills only, salinity
(p<0.001) in both gill and digestive gland tissussd concentration/salinity
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interaction (p<0.001) in digestive gland only. loth gills and digestive gland, the
Zn content was higher only in animals exposed teMNR respect to the related
controls.

Ti content was significantly affected by concentnat (p<0.001), salinity
(p<0.001) and concentration/salinity interactior@®01) in both clam tissues. In
gills, the concentration of Ti significantly incissd in NP-MED and NP-MAX. In
digestive gland, Ti content was higher in clamsao=men to NP-MIN and NP-
MAX compare to their controls.

In the various experimental conditions,dz€Content was not detected in both gills
and digestive gland.

Haemolymph assays

LDH activity was significantly affected by time ekposure (p=0.005), salinity
(p<0.001) and their interaction (p=0.002), but ngndicant differences were
detected in pair-wise comparisons.

NRU assay highlighted significant variation duetitoe of exposure (p=0.005)
and concentration/time interaction (p=0.004). Irstgwoc test, only a difference
was shown in clams exposed to NP-MIN respect tol8-&t T3 (p=0.029).

The MN frequency was affected only by the salinjpz0.001), and only an
increase was detected in NP-MAX compared to C-MAX R (p=0.025).

3.4. Ruditapes decussatus results

PERMANOVA results

In gills, digestive gland and haemolymph, the PERWOVA analysis showed
significant variations in the whole set of biomaskeised due to concentration
(Pseudo-F=9.817 and p<0.001), time of exposure u@s€=13.973 and
p<0.001), salinity (Pseudo-F=20.68 and p<0.001lpceatration/time interaction
(Pseudo-F=7.758 and p<0.001) and concentrationisalinteraction (Pseudo-
F=2.749 and p=0.014).

PERMANOVA highlighted significant differences inglresponse of biomarkers
in gills and digestive gland determined by concamin (Pseudo-F=41.807 and
p<0.001), time of exposure (Pseudo-F=57.908 and(Q®d), salinity (Pseudo-
F=9.503 and p<0.001), concentration/time interactigPseudo-F=19.466,
p<0.001), salinity/concentration (Pseudo-F=4.88% @%x0.001), salinity/time
interaction (Pseudo-F=3.984 and p<0.001), and curet@n/time/salinity
interaction (Pseudo-F=3.537 and p<0.001).

In haemolymph, biomarker responses were signifigaaffected by salinity
(Pseudo-F=23.992 and p<0.001) and concentratios/tinteraction (Pseudo-
F=4.289 and p=0.006).

Gill and digestive gland assays

SOD activity was significantly affected in bothlghd digestive gland tissues by
concentration (p=0.034 and p<0.001, respectiveig)e of exposure (p<0.001),

salinity (p<0.001), and all their possible interant (p<0.001). In gills, a

significant variation of SOD activity was found &t in clams exposed to NP-
MIN (decrease) and in NP-MAX (increase), wheread &ita decrease in SOD
activity was shown in all NP treated clams . Indteanly the clams exposed to
NP-MED and NP-MAX revealed an increased enzymevigigticompared to their

controls at T7 (Fig. 5A). Significant variationstime activity of SOD were found
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in the digestive gland: NP-MIN treated clams exteitbisignificantly lower values
of SOD activity respect to control at T1. Only NPAM showed an increase of
SOD activity from T3 until T7. At the end of expesualso clams exposed to NP-
MED exhibited an increase of enzyme activity conspao control (Fig. 5B).

In both gills and digestive gland, CAT activity wasfected significantly by
concentration (p=0.009 and p<0.001, respectiveig)e of exposure (p<0.001),
salinity (p=0.001 and p<0.001, respectively) ardhedir interaction (p<0.001). In
gills, the pair-wise comparisons highlighted sigraht increase of CAT activity
in NP-MIN exposed clams compared to C-MIN at T1 di7d also in NP-MAX-
treated clams an increase of CAT activity was shaivthe end of exposure. At
T3, only a decrease of CAT activity was shown inMEBD treated clams (Fig.
5C). In digestive gland, at the beginning of expeswnly NP-MIN showed a
significant increase of CAT activity compared tdvIN, but the change was not
maintained during the exposure. At T3 NP-MED andlr'atNP-MAX exposed
clams showed an increase in CAT activity compaoeitieir controls (Fig. 5D).
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Fig. 5. SOD activity (A, B) expressed as U SOD/mg protaid CAT activity (C, D) expressed as
U CAT/mg protein inR. decussatuafter 1, 3 and 7 days of exposure to 18, 28 angsaBof
salinity, both in the absence and in the presefd&omixture (1 pg/L nZnO, 1 pg/L nTidand 1
Ha/L FGs). The values are reported as the means + SD @tdmidviation); n= 5 pools. Asterisks
denote significant differences in NP treated claompared to their respective controls (C-Mis\
NP-MIN, C-MED vs NP-MED and C-MAXvs NP-MAX) at the same time of exposure: *p<0.05,
*1<0.01, *** p<0.001.

In gills, the GST activity exhibited a modulationedto concentration (p<0.001),
time of exposure (p<0.001), salinity (p<0.001) afidheir interaction (p<0.001).
At T1, a significant decrease of GST activity whswn in clams exposed to NP-
MIN and NP-MAX, but only in NP-MIN the variation wwamaintained until the
end of exposure (Fig. 6A). In digestive gland, G&Xivity was affected by
concentration (p=0.027) and time of exposure (p&D.0 but the pair-wise
comparisons did not revealed significant variationbIP treated clams compared
to controls.

LPO was significantly affected in both gills andjelstive gland by concentration
(p<0.001), time of exposure (p<0.001), concentrgtime interaction (p<0.001),
time/salinity interaction (p<0.001 and p=0.001, pedively),
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concentration/salinity interaction in gills only §@.004) and salinity and
concentration/time/salinity interaction in digestigland only (p<0.001). In gills,
pair-wise comparisons did not highlight variatioo TBARS levels among
treated clams and their respective controls. Irestige gland, only at T7 an
increase in LPO was found in clams exposed to NR-&Hid NP-MAX compared
to their controls (Fig. 6B).

A GST activity (Gills) B TBARS (D. gland)
O Control (18 psu) B Control (28 psu) B Control (38 psu) @ Control (18 psu) B Control (28 psu) m Control (38 psu)
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Fig. 6. GST activity (A) expressed as nmol/min/mg proteiBARS levels (B) expressed as
nmol/mg protein, PCC levels (C, D) expressed aslfmgpprotein inR. decussatuafter 1, 3 and

7 days of exposure to 18, 28 and 38 psu of sajibitth in the absence and in the presence of NP
mixture (1 pg/L nZnO, 1 pg/L nTiHand 1 pg/L Fe). The values are reported as the means +
SD (standard deviation); n= 5 pools. Asterisks dersignificant differences in NP treated clams
compared to their respective controls (C-MIBINP-MIN, C-MED vs NP-MED and C-MAXvs
NP-MAX) at the same time of exposure: *p<0.05, *&1, *** p<0.001.

In gills, PCC values were significantly influenceldy the exposure to
concentration (p=0.001), time of exposure (p<0.0@hd their interaction
(p=0.001). The post-hoc results showed an incredsBCC values in clams
exposed to NP-MAX from T3 until the end of expos@ifgg. 6C). In digestive
gland, the PCC values exhibited a modulation dueamcentration (p<0.001),
time of exposure (p<0.01), salinity (p=0.003), camication/time interaction
(p<0.001), concentration/salinity interaction (H3@R) and
concentration/time/salinity interaction (p<0.001(nly at T3, a significant
increase in PCC value was found in clams exposedReVMIED and NP-MAX
compared to controls (Fig. 6D).

Zn, Ti and FCg content in gills and digestive gland

The total Zn, Ti and F§ content in the gills and digestive gland of thant
exposed for 7 days to NP mixture under differeingg values are reported in
Table 2.

In both clam tissues, Zn content was affected bycentration (p=0.012 and
p<0.001, respectively), salinity (p<0.001) and cartcation/salinity interaction
(p<0.001 and p=0.012, respectively). In gills, Zmi@nt was significantly higher
in clams exposed to NP-MIN and NP-MED comparech#rtrespective controls.
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In digestive gland, an increase of Zn accumulati@s shown in NP-MED and
NP-MAX.

Tab. 2. Levels of Zn, Ti expressed as pg/g dry weight a@g,Expressed as ng/g wet weight in
the gills and the digestive gland Rf decussatusfter 7 days of exposure to 18, 28 and 38 psu of
salinity, both in the absence and in the preseh&&Pomixture (1ug/L nZnO, 1ug/L nTiO,, and 1
ug/L FCy). The values are reported as the means + SD @tdmidviation); n= 4 pools. Asterisks
denote significant differences in treated clams pamad to their respective controls (C-Mild
NP-MIN, C-MED vsNP-MED and C-MAXvsNP-MAX): *p<0.05.

Gills
C-MIN C-MED C-MAX NP-MIN NP-MED NP-MAX
Zn 96.8 (£ 6.6) 90 (+1.5) 85.5(+1.1) | 103.0(+2.9)* [ 100.3(x2.2)*| 83.0(+2.6)
Ti 1.6 (+ 0.1) 1.0 (+0.05) 1.7 (+ 0.1) 1.5(+0.1) 1.4(+ 0.1)* | 1.5(+ 0.1)
FCqo 1.08 (+0.4) 0.6(+0.1) 1.4(+0.3) 5.1(x0.5)* 2.8(+0.8)* 1.7 (+0.3)
Digestive gland
Zn 93.4(+1.06) | 95.5(x2.7) | 91.4(+12) | 955(+1.3) 105 (+2)* 97 (+1.7)*
Ti 2.6(£0.1) 1.5 (£ 0.05) 3.3(x0.1) 2.9(+0.1) 2.8(£0.1)* | 3.9(x0.05)*
FCso 3.6(+0.3) 2.5(+0.8) 2.3(+1.03) 7.2(x0.7)* 7.5(x1.2)* 2.9(+0.9)

Only in digestive gland, Ti content was signifidgnaffected by concentration
(p<0.001) , whereas in both tissues it was infleehby salinity (p<0.001) and
concentration/salinity interaction (p=0.001 and [©€Q, respectively for gills and
digestive gland). In gills, the concentrations ofificreased significantly in NP-
MED. In digestive gland, Ti content was signifidgritigher in clams exposed to
NP-MED and NP-MAX respect to their controls.

In the various experimental conditions, d&Ccontent was affected by
concentration (p<0.001), salinity (p<0.001) and aagriration/salinity interaction
(p<0.001 and p=0.004, respectively) in both giltgl @igestive gland. In gills and
digestive gland, F§ content increased significantly in clams exposeNP-MIN
and NP-MED compared to the respective controls (Zab

Haemolymph assays

LDH activity was significantly affected by the camtration (p<0.001), time of
exposure (p<0.001), salinity (p<0.001) and all theiossible interactions
(p<0.001). From T3 until the end of exposure, NANMiInd NP-MED exposed
clams showed a significant increase in LDH actiuityhaemolymph compared to
their controls. Moreover, an increase of the enzgietevity was also found in NP-
MAX exposed clams at T7.

LDH activity
@ Control (18 psu) @ Control (28 psu) | Control (38 psu)
O NP mixture (18 psu) @ NP mixture (28 psu) B NP mixture (38 psu)

ek
*
0.8
*%k
306 .

© o4
02
0

1 3 7

Days of exposure
Fig. 7. LDH activity expressed as Qin R. decussatuafter 1, 3 and 7 days of exposure to 18,
28 and 38 psu of salinity, both in the absenceianttie presence of NP mixture (1p/L nZnO, 1

Ha/L nTiO,, and 1 pg/L Fg). The values are reported as the means + SD @tdmiviation); n=

5 pools. Asterisks denote significant differenae®\P treated clams compared to their respective
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controls (C-MINvs NP-MIN, C-MEDvsNP-MED and C-MAXvs NP-MAX) at the same time of
exposure: *p<0.05, **p<0.01.

NRU assay revealed a significant variation amorgedarmental conditions due to
salinity (p=0.001), although no significant diffae were obtained using post-
hoc tests.

The MN frequency was affected only by the salinjpx0.001), a significant
increase in micronuclei was detected in NP-MAX camgpto C-MAX at T3 only
(p=0.003).

3.5. Effects of salinity on biomarker responses in gills and digestive gland
from the two bivalve species

In Table 3 are reported the salinity values to Wi mixture exerted significant
effects on biomarker responses of the two clam iepecThe comparison
highlighted the absence of a clear variation paftetepending on species,
biomarkers and tissues analysed. Between the ssads, gills seem to be more
responsive at 18 psu.

Tab. 3. Schematisation of the salinity value$8{28-38 psu) to which NP mixture affected
biomarker responses in gills and digestive glandRofphilippinarum(R.p.) andR. decussatus
(R.d.). (T1-T3-T7= days of exposure; n.a.= not E@de; n.d.=not detected; /= no significant).

Bivalve Gills D. gland
species Tl T3 T7 T1 T3 T7
.P- 1 1 1
R.p SOD 8 8 38 SoD 8 28 38
R.d 18-38 | 18-28-38| 28-38 18 38 28-38
.p. 18-38 1
RP-_ | car 2 / cAT 2 / g
R.d 18 28 18-38 18 28 38
R.p. 18 18 28
P | GsT / GST ! /
R.d 18-38 18 18 / / /
R.p. 18 18-28
P-_| tBARS [ / TBARS —~ !
R.d / / / / / 18-38
R.p. 18 28
P! pec / PCC ! ! /
R.d / 38 38 / 28-38 /
R.p. 7n n.a. n.a. 18 n n.a. n.a. 18
R.d n.a. n.a. 18-28 n.a. n.a. 28-38
R.p. Ti n.a. n.a. 28-38 Ti n.a. n.a. 38
R.d n.a. n.a. 28 n.a. n.a. 28-38
R.p. FCeo n.a. n.a. n.d. FCeo n.a. n.a. n.d.
R.d n.a. n.a. 18-28 n.a. n.a. 18-28
4. Discussion

Nowadays, there are many emerging anthropogenidaconants that are
continuously released into the coastal environmaedtinteract each other, such as
NPs. In a perspective of global change, there imereasing need of knowledge
about the potential combined effects of these patiis and environmental
parameters which may affect their toxicity, as vealthe susceptibility of marine
species to pollution. Indeed, such interactions &léer chemical speciation and
bioavailability of several pollutants with poteriyadeleterious effects on the
biota. Even without any change in the levels ofidant exposure, changes in
other environmental conditions may affect the deritsi of organisms to current
toxicants (Moe et al., 2013). For example, it iseally accepted that a higher
temperature increases the rate of pollutant uptakechanges in ventilation rate
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in response to an increased metabolic rate andeas®d oxygen solubility.
Additionally, it has been shown that the upper terajure tolerance limits are
decreased in the presence of certain organic clasy({8chiedek et al., 2007).
Combined effects of different parameters of theeags media cause changes in
the behaviour of NPs, e.g. in either aggregatiostabilization. This also affects
NP bioavailability, and the phase (water columnsediments) in which the
particles are likely to reside and deposit (Kedleal., 2010). The NP aggregation
and sedimentation changed considering differente typ water, and more
aggregation and quick time of sedimentation wemwshin seawater compare to
freshwater (Keller et al., 2010; Majedi et al., 20¥ang et al., 2013). Salinity
and its variations are a feature to be considenetlR toxicity investigations.
Coastal environments, such as estuaries and lagaes subject to wide
variations in salinity under the impact of tidaldaseasonal changes. The ebb and
flood of the tide, combined with freshwater inpdtem rivers and climate
changes, can dramatically alter the salinity oséhaquatic systems (Reid et al.,
2003).

Moreover, few ecotoxicological studies have als@wamn that NP size and
aggregation play an important role in determinioxjdity (Moore, 2006; Tedesco
et al., 2010). Only a few studies have addressedyémaviour of NPs in complex
aqueous matrices (Zhu et al., 2008; Keller et2010), and only a few studies
investigated the toxicity of single nZnO and nCu@ler different salinity values,
comparing also with the metal ion action (Ates let 2014; Park et al., 2014;
Yung et al., 2015).

To our knowledge, this is the first study attemgtihe assessment of response
patterns caused by NP mixture exposure under diffesalinity values irR.
philippinarum and R. decussatuéving in sympatry in the Lagoon of Venice.
Despite their phylogenetic closeness, the two gsdtave a recent different story;
R. philippinarumis an alien species introduced in the 80’s and faemed and
fished in the lagoorR. decussatus the native species and only a scanty natural
population inhabits the lagoon. Inde®l, philippinarumproved to be harder and
faster-growing thanR. decussatusand today this clam contributes 91% to
European vyields of the two species. Although botlamc species are
phenotypically similar, they constitute two distinentities with high genetic
distance (Donaghy et al., 2010).

In the present study, the three salinity valuesevattosen based on data recorded
in the Venice Lagoon, as reported in Piccino e(2012), in particular we choose
the minimum, medium and maximum values measurethoAbh these salinity
values already occur in the lagoon, in global sdesahey could approach mean
salinity predicted in the next century. Unlike tesmgiture, predictive models for
salinity hypothesise both higher or lower valuesipared to current mean values
in the future (Vuorinen et al., 2015).

Various papers in literature have investigated shknity effects in clams. In
particular, it is known that salinity can affectadrious responses ifR.
philippinarum (Kim et al.,, 2001; Coughlan et al., 2009: Munaria¢, 2011).
Moreover, four common heavy metals were shown fiecaflifferently this clam,
under different salinities (Riba et al., 2004).

As in our previous study investigating the effeas NP mixture toR.
philippinarum (Marisa et al., paper V), also under salinity &aans, the overall
adverse effects of the contaminants was confirmetis study. In particular, the
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present findings highlighted an increase in oxidastress in treated clams, with a
modulation of anti-oxidant enzyme activities inlgiand digestive gland tissues.
Moreover, in gills a decrease of GST activity iaml exposed to NP-MIN was
detected, confirming an oxidative stress. Instaaddigestive gland, the GST
activity increased in clam exposed to NP-MED, iatimg a potential
detoxification process underway. GST is an enzyimed participates in the
detoxification process due to conjugation reactibatween its substrate
glutathione (GSH) and xenobiotics, assisting in #emination of external
materials (Cummins et al., 2011). Moreover, anaase of lipid peroxidation was
also detected in clam exposed to NP-MIN in gillsd &0 NP-MIN and NP-MAX
in digestive gland. The haemocyte parameters medsuere not affected during
the exposure. The LDH activity, NRU assay and Mét sge biomarkers useful to
identify high toxicity determined by pollutants stiag high damage to cells in
term of death, cell membrane stability and fundldy, and unrepaired DNA
damage. These findings are in agreement with thdteeobtained in the previous
studies conducted to assess the nZnO, & FGp toxicity in Manila clam
(Marisa et al., paper 1, lllI, IV), where the haegmoph did not show high damage
under NP exposure, so that only in nFi@eated clam the haemocytes could be
considered the cell target of NP toxicity. Thisadsnsistent with the role of
haemocytes as the ultimate site of NP uptake. bhdeebivalves, NPs are known
to be filtered by the gills, accumulate in the difee gland, and transferred to the
haemolymph through the epithelium of the digestgland tubules (Moore et al.,
2009; Rocha et al., 2015). Low damage to haemolymgd consistent with low
concentrations of contaminants and shartvivo exposure. Moreover, in this
experiments the salinity values and the NPs asumaxtould be important
features that can change the NP behaviour respabetsingle NP action in the
responses of clams.

Reid et al. (2003), studied the effects of saliiz9 to 40%.) on various immune
parameters oR. philippinarum and the progression of brown ring disease, a
vibriosis affecting clams, in experimentally infedt individuals. The results
indicated that haemocyte parameters were signtficaffected more by salinity
than by pathogen. In addition, a low-salinity eomiment (20%o0) was significantly
associated with higher disease prevalence.

From literature, the clarR. decussatugzas not used in other NP toxicity studies,
and only in one study to understand the effectabhity on its immune responses
to a pathogen (Casas et al., 2002). Despite thasking information,R.
decussatusvas often used to monitor marine coastal polluaod to understand
the potential effects determined by various groopgollutants in laboratory
experiments (Romeo and Gnassia-Barelli, 1995; HaOimffai et al., 1998;
Chicharo and Chicharo, 2001; Geret et al., 2002y&ét al., 2010; Sellami et al.,
2015). In our study, NP mixture under differenirgy} values exhibited a similar
overall effect in both clam species. Indeed, afsB.i decussatugariations in the
anti-oxidant enzyme activities were shown in boils gand digestive gland
tissues of NP exposed clams. The decrease of Gi&/ityam gills confirmed in
NP-MIN-treated clams an underway oxidative streseells. The inhibition of its
activity indicated an antioxidant role for GST (Rgl and Baldwin, 2006).
Nonetheless, also damage to proteins in gills argids in digestive gland was
detectedR. decussatusevealed an increased LDH activity in haemocytiekl®
exposed clams, indicating an high cytotoxic actsoribable to the NP mixture.

145



Indeed, LDH is a stable cytoplasmic enzyme that lvarreleased by damaged
cells (at cell membrane level) into the haemolyniidlatozzo et al., 2012a). The
results demonstrated an increase in LDH activitgaemolymph of exposed clam
at all salinity values tested, suggesting thatcivetaminant caused destabilisation
of haemocyte membranes. Resped®i@hilippinarum the haemolymph of native
species could be considered more sensitive to NIty but more future
investigation are needed.

Despite that the two clam species exposed to pathogbacteria (Vibrio PI)
highlighted a similar pattern of responses, withramease of haemocytes in both
species after 72 h (Oubella et al., 1993). Curyemaps still persist concerning
the information about the differences between ymed and roles of th&.
philippinarumandR. decussatus©haemocytes (Donaghy et al., 2009).

In both species used, some biomarkers tested sheweariations during the
exposure (T1-T3), which was not maintained unté #nd of exposure. IR.
philippinarum this pattern of responses was found in gills@ST activity and
PCC levels, and in haemolymph for NRU and MN assbyR. decussatusarly
but transient variations were detected in digesgland for PCC levels and in
haemolymph for MN assays. These effects could bermned by a recovery of
the clams exposed to NPs at the end of exposurehisnregard, long-term
experiments would be useful to define realistikgislue to NP exposure under
increased or decreased salinity.

The NP bioaccumulation occurs in the two speciest with a different pattern
between Zn and Ti and between the tissues analylsegharticular, metal
bioaccumulation occurs in both clams at all sabsit even though to a greater
extent at low salinity (irR. philippinarum and at medium-high salinity (iR.
decussatus Respect to the findings of Marisa et al. (papédH, IV and V) the
salinity influences the bioaccumulation patterelamsR. philippinarum

The FGo content was detected only in gills and digestivandl ofR. decussatus
This could be related to the higher accumulatiole @& contaminants in this
species compared tR. philippinarum as already demonstrated in other studies
(Figueira et al., 2012; Freitas et al., 2012). artijgular, Figueira et al. (2012)
found a significant accumulation of cadmium (10, 38, 56 and 10QM) after 5
days of exposure in botR. philippinarumandR. decussatysut the cadmium
concentration was 3 to 8 times higheRndecussatusSimilar results were found
also by Freitas et al. (2012) for a battery of nseta

Conversely, the measurements ofgf-Content in Marisa et al. (paper IV and V)
highlighted an accumulation of this NP in both gidind digestive gland dg.
philippinarum This different bioaccumulation report could degph@m differences
of analytical methods used and on the salinity eslthat could change the NP
mixture behaviour. Regarding these differences abedso content in R.
philippinarum deeper investigations are needed to better uiashelshe potential
bioaccumulation of Fg in clams.

Overall, at all salinity values tested various a@sin the biomarkers’ responses
were shown, depending on the tissues, the biomarkes NP accumulation and
the species considered. Although the major vanaticespect to controls were
found at the minimum and the maximum value of #sglinthe comparison
between the two species did not highlight clear distinct patterns of response
(Fig. 3). However, it has to be noted that undera@Xposure at the three salinities
tested, the number of responses that significardhed respect to controls was
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slightly higher in R. decussatusthan in R. philippinarum Indeed, the
PERMANOVA results, regarding the analysis of theotwpecies together,
highlighted that the responses Bf philippinarum and R. decussatusvere
different and the concentration, time of exposurel aalinity affected the
biomarkers in both species. In addition, the twaecsgs were influenced
differently by time of exposure and salinity, bud dot by concentration.

In Velez et al. (2015IR. philippinarumandR. decussatusom mercury pollution
areas were analysed to understand their diffeesganses and accumulation of
metal. The authors found a different results intthe clams andR. philippinarum

is the most impacted species. Instead, in Figuetral. (2012) exposed to
cadmium highlighted an higher accumulation 1 decusatus respect tdR.
philippinarum NeverthelessR. philippinarumpresented higher oxidative stress
and higher CAT activity compare ®. decussatusrhe authors conclude that the
paradox observed between the two clams can beiegglay the higher capacity
of R. decussatut increase the expression of metallothioneinsnmegosed to
cadmium (Figueira et al., 2012). Similar resultssvadéso found in Moraga et al.
(2002), where two genetic markers (phosphoglucoseutand glucosephosphate
iIsomerase) and a protein marker (metallothioneigjewmonitored in order to
determine the impact of heavy metals in differesmtural populations of the two
clam species.

Although preliminary, results of the present studglicate that environmental
parameters, such as salinity, can modulate NP itgxi@ clams. This should be
take into account under a global change scenacdsidering that changes in
temperature, salinity and pH are expected in tharéu In any case further studies
are needed to understand better the combined £fféenvironmental parameters
and emerging contaminants, such as NPs, in aggmaticonments.
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General conclusions and remarks

Even if in the last few years nanotechnology isrttwest promising field of science
and technology, the potential NP impact on coastalronments is only partially

investigated, since only few aspects of NP enviremtal fate and biological

effects have been addressed. Moreover, it has teobsidered that marine
organisms are exposed to multiple stressors that b#e potential to seriously
and adversely affect marine ecosystem functionidgspite this, the combined
effects of both natural and anthropogenic stressoes still poorly studied, also

because of the complexity of the experimental aggita

This PhD thesis, is an attempt to give a more cetmgmsive view about the NP
topic under a global change scenario, where newanunants and variations in
environmental parameters, together, can act as#jer drivers. In order to reach
this goal, a stepwise vivo approach using a suite of biomarkers has beenarsed
the marine clanR. philippinarum

On the basis of results obtained in the presenkwwee can conclude that NPs
induced remarkable biological responses in clanmeog the single NP tested,
the nTiQ affected more severely clam responses in allésghaemolymph, gills

and digestive gland) (Fig. 13).
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Fig. 13. General scheme summarizing the effects of aTé&orded in gills, digestive gland and
haemolymph oR. philippinarum as described in Marisa et al. (paper III).

However, it is important to stress that the thrd&sMcted in different way based
on the analysed tissues, the biomarker measuredhancbncentration tested. In
figure 14, the major effects of nZnO and gz@re illustrated. Based on these
findings, not only the digestive gland and haemgkntould be considered as
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target tissues of NP action, but also the gillasThformation is novel in the NP
literature. Moreover, the results obtained allowesdto draft a toxicity scale of
the selected NPs (nZnO>E£nTiO,), highlighting a potential risk for clams at
concentrations similar to PECs.

The NP size and high surface area are key factodgefining uptake and thus
induction of biological responses (e.g. oxidatitess). For example, small gold
NPs induce greater oxidative stress than larges oneM. edulis after 24 h
exposure (Tedesco et al., 2008 and 2010). Thanteetoharacterization analysis,
the nTiQ were found to be the smallest NPs tested. Thigliion could explain
the major toxicity of this nTi@compared to the other two NPs.

Oxidative stress induced by NPs in bivalves depemdihe size, composition and
concentration, mode and time of exposure, bivalpecies and target organ
analysed. However, our results make possible torathat the oxidative stress is
the main mechanism of NP action in the tissueslahs. Despite the oxidative
damage showed was low, it was consistent with the toncentrations of
contaminants and the shartvivo exposure.
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Fig. 14. General scheme summarizing the effecgrbf nZnCQafhl) FGo (B) recorded in tissues of
R. philippinarum as described in Marisa et al. (paper | and I'gpeetively).

The exposure to NP mixture represents a novel apprthat can provide better
insight into the NP impacts under environmental dibons. The observed
additive action of the three NPs could open a nesearch to understand better
the various mechanisms on NP toxicity. The combiN&deffects indicated that
the digestive gland was the tissue more affecteN®Pymixture toxicity (Fig. 15).
Moreover, the oxidative stress was confirmed agptimaary mechanism of action
determined by the NP mixture. The redox proteorajglied in this experiment
helps to better understand the oxidative damageracf the three NPs, and it
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demonstrated to be a useful tool in ecotoxicoldggies, also irR. philippinarum
whose genome has not been fully sequenced.
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Fig. 15. General scheme summarizing the effects of NP méxteicorded in digestive gland Rf
philippinarum as described in Marisa et al. (paper V).

The study of interaction between environmentalaldgs and NP exposure could
be useful to define better potential risks for clapecies in the environment.
Salinity is one of the dominant environmental fastacontrolling species
distribution, influencing physiological processes marine organisms and
changing the behaviour of NPs respect to other tfpeatural agueous media.
The exposure oR. decussatusnd R. philippinarumto NP mixture under
different salinity values confirmed the NP toxichtighlighted in the other studies
in both species. Although the comparison betweenwo species did not show a
clear and distinct pattern of response, slightlyhbr responses iR. decussatus
than in R. philippinarum were highlighted. A modulation in the various
biomarkers considered was mostly evident at lowragh salinities.

Overall, all the results obtained in this PhD thesan provide a new topic for
discussion in NP toxicity studies, as well as gkrassessment of NPs as emerging
environmental pollutants in marine coastal ecosyste
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