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ZUSAMMENFASSUNG

Der zunehmende Einsatz von Titandioxid-NanopantiKalTiO,) birgt das Risiko eines erhéhten Eintrags
in Oberflachengewéasser, wo diese mit weiteren aptigenen Stressoren (z.B. Schwermetalle)
vorkommen konnen. Das gemeinsame Auftreten erntiiglite Adsorption von Schwermetallen an
nTiO,, welche aufgrund ihrer Agglomeration haufig augsedtieren. Somit kénnen Nanopartikel mit
den adsorbierten Metallionen potentiell fir pelabges aber auch benthische Organismen ein Risiko
darstellen. Die kombinierte Toxizitdt von nTiQund Schwermetallen wird vermutlich durch die
Eigenschaften der Stressoren, aber auch durchhiedsmne Umweltparameter (z.B. organisches Material,
pH, lonenstarke) bestimmt. Allerdings wurde derfless dieser Faktoren bisher nicht systematisch
untersucht. Daher zielte diese Arbeit darauf ab Efekt von verschiedenen nTi®rodukten, welche
sich in der Zusammensetzung der kristallinen Stmukinterschieden, auf die Toxizitat von Kupfer (als
Stellvertreter fir Schwermetalle) fur den pelag&sth estorganismudaphnia magnan Gegenwart von
verschiedenen Formen und Konzentrationen orgamsbhegerials zu untersuchen. Es ist anzunehmen,
dass die Dauer der Interaktion (=Alterung) die kondste Toxizitat der Stressoren beeinflusst.
Erganzend wurde deshalb der Einfluss von R &0 die Kupfer-Toxizitdt nach einer Alterung untkam
Einfluss verschiedener Umweltparameter (namliclaoisches Material, pH, lonenstarke) untersucht. Des
Weiteren wurde die Ubertragbarkeit der wesentlicEegebnisse auf benthisch lebende Organismen mit
Gammarus fossarugeprift. Die vorliegende Arbeit zeigte fur alleensuchten Szenarien eine reduzierte
Kupfer-Toxizitat in Gegenwart von nTgpunabhangig von deren kristallinen Struktur. Dicstekt lied
sich auch auf benthische Lebewesen Ubertragen,dldieExposition durch die Anwesenheit von nTiO
aufgrund der Sedimentation mit dem adsorbierten fétupotenziell erhéht war. Die erzielten
Beobachtungen legen eine Verwendung von aE@ Aufreinigung von beispielsweise Abwasser nahe.
Allerdings sollten potentielle Nebeneffekte (z.Branische Toxizitat, Bildung von Sauerstoffradikgle
zunachst griindlich untersucht werden. Daruiber Isirgind die Ubertragbarkeit auf andere Stressoren
(z.B. andere Schwermetalle, organische Chemikalien) der Verbleib von Schwermetallen in

aquatischen Okosystemen nach einer Sorption an,nifigewiss und bediirfen weiterer Forschung.
2



ABSTRACT

The increasing application of titanium dioxide npadicles (nTiQ) entails an increased risk regarding
their release to surface water bodies, where tikelylco-occur with other anthropogenic stressetgh

as heavy metals. Their co-occurrence may lead slaarption of the metal ions onto the particldsese
nanoparticles often sediment, due to their agglatier, and thus pose a risk for pelagic or benthic
species. The combined toxicity of nTi@nd heavy metals is likely influenced by the prtipe of both
stressors (since they may alter their interactamj by environmental parameters (e.g., organicematt
pH, ionic strength) affecting their fate. Thesauiess were not yet systematically examined by thentec
literature. Therefore, this thesis investigated itiftuence of nTiGQ-products with differing crystalline
phase composition on the toxicity of copper (aseegntative for heavy metals) in presence of differ
organic matters using the pelagic test orgaridaphnia magnaMoreover, the duration of the stressors’
interaction (=aging) likely modulates the combirtedicity. Hence, the influence of nTin copper
toxicity after aging as a function of environmermalameters (i.e., organic matter, pH, ionic stilengas
additionally investigated. Finally, the transfetapiof the major findings to benthic species waamined
usingGammarus fossarunThe present thesis discovered a reduction otdipgper toxicity facilitated by
nTiO, for all assessed scenarios, while its magnitude dedermined by the surface area and structure of
nTiO,, the quantity and quality of organic matter aslhaslthe aging of both stressors. The general coppe
toxicity reduction by nTiQ was also transferable to benthic species, desipdtie potentially increased
exposure due to the sedimentation of nli@th adsorbed copper. These observations suggest th
application of nTiQ as remediation agent, but potential side effexts (chronic toxicity, reactive oxygen
species formation) require further investigatidviereover, questions regarding the transferabititpther
stressors (e.g., different heavy metals, organ@mitals) and the fate of stressors adsorbed to nifiO

aguatic ecosystems remain open.



1. INTRODUCTION

1.1.Background

1.1.1Nanoparticles
Engineered nanoparticles can be defined as matqriaposefully produced by human activity, with at
least one dimension between 1 and 100 nm (Leadanith, 2009). Today more than 1600 manufacturer-
identified nanotechnology-based products are comialgr available including amongst others cosmetics
paints, catalysts, clothing, medical and healtlegafood and food packaging, electronics and hester
(Nanotechnologies, 2013). The nanoparticles canobghly distinguished by their chemistry: Carbon-
based (e.g. nanotubes, fullerenes), metal-basgd ¢dver, gold) and metal oxides (e.g. titaniuioxdle,
zinc oxide). Titanium dioxide nanoparticles (nRiffer a broad spectrum of application possilgti
within the manufacturing of coatings and paints défaet al., 2008), but also textiles (Windler et al
2012), food (Weir et al., 2012) and other consumpesducts, such as sunscreens. Therefore, the
production of nTiQ is continuously increasing howadays (Robichaudl.e2009; Hendren et al., 2011;
Hendren et al., 2013). The nTi©an consist of different crystalline phase comjms$ (usually anatase,
rutile or a mixture of both), each of them showiedént beneficial properties (Macwan et al., 201t
also differing toxicity (Seitz et al., 2014). Paeatase is, due to its excellent photocatalytiwiggt often
utilized for decontamination or self-cleaning effeof construction materials, while rutile frequgnt
functions as pigment in paints, food and persoaeg products (Macwan et al., 2011). As a resutheif
frequent application the risk of an unintentionalease into surface waters is increasing (Muelhet a
Nowack, 2008; Robichaud et al., 2009; Gottschallalet 2015). Major sources of such a release are
(un)treated wastewater and urban runoff (Sun et28ll4). The concentration of nTi(n wastewater
effluents was expected to reach 110 pg/L"(pBrcentile), while the concentration of Tifeasured in

surfaces water was often in the low microgram per tange as reviewed by Sun et al. (2014).



1.1.2Heavy metals
Heavy metals are an anthropogenic stressor ofdagbern, since they can occur at high concentraiion
surface waters. For example, in European riversyhaeetal concentrations (depending on the respectiv
element) range from a few micrograms up to sevmitiigrams per liter (Vink et al., 1999). One major
source of heavy metal pollution (especially arsediromium, copper, manganese and nickel) in aguati
ecosystems is domestic wastewater effluents (Nr@agLPacyna, 1988). Although some heavy metals are
essential micronutrients (e.g., copper which i pmany enzymes, functioning for example as dimxy
carrier), they are highly toxic towards aquatic angms (Martin and Holdich, 1986). Copper is a
ubiquitous representative of this subset of eleméhRtemming and Trevors, 1989), which is toxic to
aquatic life at low concentrations (depending anttést organism between 0.005 and 2.5 mg/L; Biesing
and Christensen, 1972; Baudouin and Scoppa, 187#e same time, the copper concentrations detecte
in wastewater effluents often reach 20 pug/L (Shaferal.,, 1998; Oliveira et al., 2007), while in
agriculturally influenced streams (particularly neachards and viticulture) copper concentratiofis o
200 pg/L were measured due to the application ppeoas fungicide (SUR et al., 2006; Bereswilllet a
2012). Depending on the environmental conditiomgper can exist in the form of several species,(e.g
CW*, CuOH, Cu(CQ),) with varying toxicity, while C& is the most toxic species. In terms of

simplification all copper species are subsumed utideterm “copper” throughout the present thesis.

1.1.3The interaction
Once nTiQ reach surface water bodies they likely co-occuhwther (anthropogenic) stressors, such as
heavy metals. The co-occurrence of nf#hd a heavy metal often leads to an adsorptigdheheavy
metal to the nTiQ due to the large surface area and specific &ffivfi the metal oxide (Flemming and
Trevors, 1989). The adsorption capability of nTidffers between products, on the basis of diffgrin

crystalline phase compositions (Giammar et al.,620More specifically, the adsorption of heavy neta



ions is facilitated via unsaturated oxygen/deprated surface hydroxyls (Xie and Gao, 2009), whiksrt
availability is determined by the total surfaceaarehich is in turn influenced by the crystallineage
composition and the particle size (Bourikas et2014). The adsorption of the heavy metal ions tswe
their presence in the water phase and potentialfyiaes the bioavailability of free ions, which @bul
entail a reduced toxicity (Flemming and Trevors89;9Rosenfeldt et al., 2014). However, the heavy
metal ultimately accumulates at the surface of p;TtAus the ingestion of nanoparticles with highd®a
of heavy metal potentially increases the total kgptand finally the joint toxicity (=carrier effect}s for
example observed by Fan et al. (2011). Especittbr-feeding organisms, such as the pelddgphnig
might be prone to this exposure type (Tan et 81,22, since nTi@and their agglomerates (range: 100-
5000 nm) are easily retained by the organismafitin apparatus and thus ingested (Gophen andrGelle
1984). Therefore, toxicity and bioaccumulation @alby an interaction of nTiCand heavy metals was
investigated with several pelagic standard tesamiggns, such as algae, water flea and fish (Suh.,et
2007; Zhang et al., 2007; Hartmann et al., 2010 &aal., 2011; Wang et al., 2011; Hartmann et al.,
2012; Tan et al.,, 2012; Tan and Wang, 2014). Howetlese studies used different heavy metals,
different types of nTi@and different environmental conditions during theicity tests. Each alteration in
any of those factors has the potential to impaetdbmbined toxicity. For example, the identity bét
heavy metal and the charge of its most toxic idluémce nTiQ's effect on the joint toxicity (Rosenfeldt
et al.,, 2014). Moreover, the crystalline phase aositipn of the nTiQ is suspected to affect the
adsorption of heavy metal ions, due to varying anef properties (Rashidi et al., 2010). Thus, the
combined toxicity of nTiQ and heavy metals might be modulated accordinghally, the alteration of
these factors among studies potentially inducesedision in the recent literature regarding thectiva

of nTiO,'s effect on heavy metal toxicity.

In addition to that, environmental conditions ifhce, besides the adsorption of the heavy metalito,
(discussed in the following), the agglomeration wfiO, with the adsorbed heavy metal. The

agglomeration and sedimentation of nTi@ost likely lower the hazard for pelagic organistdewever,



the sedimentation of heavy metals adsorbed to raatioles might ultimately increase the exposure of

benthic organisms, such @ammaruswhich has not been taken into account by thentditerature.

1.1.4The role of environmental parameters
Environmental parameters likely affecting the iatgion of nTiQ and heavy metals include amongst
others organic matter, pH and ionic strength. Uibdmis in anthropogenically influenced and natural
surface waters, organic matter is potentially thestmimportant of these parameters. On the one hand
organic matter can coat nTi@nd hence hinders the particles’ agglomerationeléatrostatic repulsion
and steric hindrance, stabilizing them in the watelumn (Loosli et al., 2013, 2014). This process
increases the particles’ dwell time, but in mostted cases also lower their toxicity (Hall et 2009;
Seitz et al.,, 2012b; Seitz et al.,, 2015). The &fficy of the coating by organic matter regarding
stabilization is driven by its hydrophobicity anamaticity (Lee et al., 2011; Pakarinen et al.,200Dn
the other hand, some organic matters have thetyalilireduce the toxicity of heavy metals, due to
complexation of the toxic ions (Ma et al., 1999jizihg their electron donor groups (i.e., O, N a8d
Flemming and Trevors, 1989). However, organic maten additionally influence the interaction of
nTiO, and heavy metals, since the adsorption of orgamitter to nTiQ impacts the particles’ surface
functionality (potentially increasing their adsdgpt capacity) as well as the organic matter's dege

protonation (Saito et al., 2005; Chen et al., 2012)

Another important environmental parameter is thegpithe surrounding water, since it could change th
surface charge of the particles and hence influ¢ineie stability. For nTi@ the point of zero charge is

often around pH 7 (Xie and Gao, 2009; Bekkouchal.e2012), this means at a neutral pH the pasticle
likely agglomerate due to the absence of electtiostapulsion (cf. Derjaguin-Landau-Verwey-Overbeek
theory), while at a more acidic or basic pH thetipls are more stable and agglomerate less (Frehch
al., 2009). The pH plays also an important roleardimg the speciation of heavy metals, such aseropp

At an acidic pH more metal ions are free (not caxrell) and therefore exhibit a higher toxicity
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(Flemming and Trevors, 1989), while they are comgieand less toxic at a basic pH. Both processes
help the pH modulating the interaction of nfi@hd heavy metals, regarding the adsorption of ortke
nanoparticle surfaces (Vassileva et al., 1996; Rlash al., 2010; Bekkouche et al., 2012), andumt

potentially influence the uptake by organisms dredjoint toxicity.

Furthermore, the ionic strength of the water affebe toxicity and interaction of the assessedstmrs. A
high ionic strength leads to a rapid agglomerawbmTiO,, since the cations of the water lower the
electrostatic repulsion of the nanoparticles (Freet al., 2009). The speciation of heavy metals is
additionally influenced by the ionic strength, thaukigh ionic strength (especially the presencanafns)
decrease the abundance of free ions, while soludeinsoluble complexes are formed (Flemming and
Trevors, 1989). These processes rarely occur atdoig strength. Moreover the adsorption of thevyea
metal to nTiQ is potentially negatively influenced by the iomitength, due to competitive sorption of

cations (Vassileva et al., 1996; Yang et al., 2006)

An additional factor likely influencing the joinbxicity of nTiO, and heavy metals is the duration of their
interaction prior the spiking of the ecotoxicitystd=aging), since the aging triggers both the amof
ions adsorbed onto nTiGand the agglomeration state of the particles tleéras (French et al., 2009;
Rashidi et al., 2010). Moreover, the environmepatameters of the surrounding medium (discussed
above) modulate the interaction between nTa@d the heavy metal during aging, and thus corugiany

prediction of the resulting combined toxicity.



1.2.0Objective

1.2.1Main objective

The objective of the present thesis was the conemsile examination of the combined toxicity of nTiO
and copper (as a representative for heavy metabsjjuatic invertebrates. The combined toxicitykisly
modulated by various factors, such as the crystlpfhase composition of nTi@nd the presence of
organic matter, but they were not investigatedesystically yet. Furthermore, the combined toxicity
supposed to be affected by the aging of nTa@d copper as a function of environmental conaktjavhat
was waived by the current literature, too. Enviremtal parameters (e.g., organic matter, ionic gtren
pH) are assumed to influence the fate of npI{iCe., agglomeration and sedimentation) and cofgiper,
complexation and adsorption), determining theierattion. Moreover, the fate of both stressorsctire
the exposure towards distinct habitats (pelagicbesthic). However, this potential exposure shifba

received no attention in the recent literature.

To fill these knowledge gaps the present thesisnied the interaction of nTiCand copper based on the
following assumptions: It was hypothesized thah{T)O, with larger surface area and a higher density of
binding sites (both determined by the crystallihage composition of the nTjdadsorb more copper and
hence lead to an increased uptake by filter-feediggnisms, which results in a higher toxicityws
also hypothesized that (IlI) organic matter stabgdinTiQ and thus increases their dwell time in the water
column, which in turn increase their uptake by gildilter-feeders. Further, it was hypothesizest till)

the aging of nTiQ@and copper increases the amount of adsorbed cag@ending on the environmental
conditions, and thus also induces an increaseckeipté copper. Finally, it was hypothesized that, in
absence of stabilizing conditions, (IV) the aggloaten and sedimentation of nTiQvith the adsorbed

copper might reduce the toxicity to pelagic orgarsisbut increases the toxicity for benthic species.



These hypotheses were tackled by the followingstgskgure 1.1) as continuation of an earlier study

(Rosenfeldt et al., 2014):

Rosenfeldt et al. 2014
The identity of the heavy metal triggers its toxicity and bioaccumulation in presence of

nTiO,.

Task I
How does the crystalline phase

composition and organic matter
affect the toxicity? % Task IT
How does aging as a function of
[Publication I] environmental parameters affect the

toxicity?
@ [Publication II]

Task IIT
Are the effects transferable from
pelagic to benthic organisms?

[Publication III]

Figure 1.1:Tasks of this thesis The flowchart displays the subdivision of thegamt thesis into three
parts (Task I-lll), while each of them was examifgdan individual studyRublication I-1lI ], basing on
an earlier publication (Rosenfeldt et al., 2014).

1.2.2Task |
Following hypothesis |, the influence of nTi® intrinsic properties (i.e., surface properties) the
direction of their effect on the copper toxicity svvestigated using three nTiProducts with differing

crystalline phase composition including pure argtpare rutile and a mixture of botRAiblication I].

Moreover, to test hypothesis I, the influence ajamic matter on the combined toxicity of ngié@nd
copper, through modification of the nanoparticlegelll time, was investigated based on the organic
matters seaweed extract, Suwannee River naturahigrgnatter and sucralos@blication 1]. Their

effect was assumed to be determined by their gqyging., concentration) and quality (i.e., projes}.
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1.2.3Task Il
Moreover, shifts of the joint toxicity, caused bgireg as a function of environmental parametersgewer
examined by the assessment of combinations contpiniTiO, and copper Rublication 11]. The
environmental parameters ionic strength, pH andamiog matter were suspected to determine the

adsorption of copper and thus the direction of nE®ffect on the toxicity after aging (cf. hypotiseHI).

1.2.4Task Il
For pelagic organisms the presence of nT¢@uld diminish the uptake and toxicity of coppeldwing
agglomeration and sedimentation of nTuiith the adsorbed metal. This process, in turmjconcrease
the exposure of benthic organisms, questioningrdmesferability of this observation to benthic spe¢

which was investigated usir@ammarus fossarufifublication Il ] to test hypothesis IV.

1.3.Study layout and method overview

1.3.1Method overview of task |
The influence of nTi@s intrinsic properties and organic matter on tbhenbined toxicity of nTiQ and
copper was examined within one approach. This a@mbrancluded nine 2x3x7 factorial acidaphnia
tests assessing all combination of n7@d organic matter, while the effect of nF&intrinsic properties
was assessed by the application of three diffendm®,-products, namely A-100 (Crenox, Germany;
mainly anatase), RO50P (Mknano, Canada; mainlejutind P25 (Evonik, Germany; mixture of anatase
and rutile), at concentrations equal to their 96, (i.e., A-100: 1 mg/L, P25: 2 mg/L and RO50P: 4
mg/L; Bundschuh et al., 2012; Seitz et al., 20I)Hlication I]. The products showed, due to their
differing crystalline phase composition differentface properties, while the particle size disttidns of

the stock suspensions were kept at the same I@adllg 1.1). Additionally, the influence of organic

11



matter on the interaction of nTi@&nd heavy metals was investigated on basis o€ thrganic matters,
namely sucralose, seaweed extract and Suwannee Ritaral organic matter. These organic matters
represent a range of properties reflecting theieity in natural and anthropogenically influeneeaters
(Shon et al., 2006) and were applied at three rdiffeenvironmentally relevant levels correspondmg,

2 and 8 mg total organic carbon/L (Ryan et al.,.990Moreover, these tests involved, beside theralese
and presence of nTiOand the three levels of organic matter, seven amnations of copper
(Cu(NGs),x3H,0; Carl Roth GmbH + Co. KG, Germany) as represetafor heavy metals.
Reconstituted hard water (ASTM, 2007) amended vddhenium and vitamins (biotin, thiamine,
cyanocobalamine, according to the OECD guidelin2 @QDECD, 2004)) served as test medium. The
applied concentrations allowed the proper modeltihgose-response curves required for the calculati
of the respective Ef (=median effective concentration; regarding imnighi values. All tests were
performed according to the OECD test guideline @i Daphnia magndage<24 h; clone V, Eurofins-
GAB laboratories, Germany) and five replicatestpestment. Although the test duration was elongaied
96 h, as recommended by earlier studies (Lazorehak, 2009; Dabrunz et al., 2011), primarily #&h
ECs, values of copper in absence and presence of nWide determined for each treatment, to limit
masking effects of direct nTiCtoxicity. The EG, values were statistically compared using confidgenc
interval testing (Wheeler et al., 2006). The coppamcentration in presence and absence of NWi&s
determined utilizing inductively coupled plasma ipged with a quadrupole mass spectrometer (ICP-MS;
XSeries 2; Thermo Fisher Scientific, Germany) ascdbed earlier (Rosenfeldt et al., 2014). The
adsorption behavior of copper in presence of pTé#dd organic matter was examined with ICP

measurements in additional samples after centtifuga
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Table 1.1: Properties of the applied nFHi@oducts (A-100, P25, RO50 diblication 1].

AEROXIDE®  MKN-TIO,-

properties method A-100 Tio, P 25 RO50P

abbreviation - A-100 P25 RO50P
Crenox, Evonik, Mknano,

producer - Germany  Germany Canada

crystalline composition - anatase anatase/rutile tileru

primary particle size (nm) advertiged 6 21 50

surface area (m2/g) BET/adverti8ed~230 5015 ~30

ave. diameter in suspensiqnm) DLS 87.312.4 86.0+£2.1 90.0+0.7
0.13-

Pl in suspensidh DLS 0.189 0.118-0.164 0.180-0.189

surface area in suspensigmz/g) NTA 32.51+9.9 28.1+2.2 51.84£8.2

ave. diameter in suspensiqnm) NTA 109.0+11.8 95.2+5.7 140.4+20.8

4information given by the producer
®suspended in deionized water, stabilized by a lbw p

1.3.2Method overview of task Il
The shifts in combined toxicity, caused by an iattion prior the spiking of the ecotoxicity testene
investigated taking the following factors into agnt time, ionic strength, pH and organic matter
[Publication II]. The tests comprised the moderately toxic nTi{oduct P25 as model substance
(representing the crystalline phases anatase dild) rand copper (exemplifying heavy metals). The
approach involved seven copper concentrationsechtwsenable the proper determination ofE&@lues,
in absence and presence of nJi@ mg/L; equal to the 96-h Eg only negligibly influencing the test
organism after 48 h). The concentrations of bothstances during aging were 100 times the
concentrations of the actual ecotoxicity test. Tdgng was performed in 50-mL centrifuge tubes
containing deionized water or test medium (see@edt3.1), which were placed for 0-168 h (depegdin
on the assessed scenario) on an overhead shakpardiiel to these setups, unaged treatments were
assessed. After an additional thorough mixing thieye applied to the toxicity test with. magna which

were conducted and statistically evaluated as itesstabove.

In a second step, the aging of nFi@nd copper, was performed in test medium with aagiisted to

either 6.5 or 8.0 using the buffer MOPS (3-(N-marpto)propansulfonic acid; Carl Roth GmbH + Co.
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KG, Germany) — a non-toxic substance (Rendal eP@ll?2). The ecotoxicological tests were afterwards
carried out in (I) test medium buffered to pH 6(8) unbuffered test medium and (lll) test medium
buffered to pH 8.0, considering pH-dependent desmrpof copper during the ecotoxicological

assessment (Hu and Shipley, 2012).

In a third step, the combinations of ni@nd copper were aged in deionized water amendidonganic
matter (8 mg total organic carbon/L; namely su@aloseaweed extract and Suwannee River natural

organic matter).

1.3.3Method overview of task IlI

The transferability of the major observations, ngmé¢he reduction of copper toxicity and
bioaccumulation due to an adsorption of the copmes by nTiQ, to benthic organisms was investigated
usingG. fossarumand the model substances P25 and coppslication Il ]. Therefore, a 24-d feeding
assay was conducted, taking advantage of a 2x@rifalctlesign, involving absence and presence o§2 m
nTiO,/L (which has shown to trigger no sublethal efféntprevious experiments (Seitz et al., 2014)) and
40 pg copper/L (expected to cause sublethal effectg|ammarids according to Zubrod et al. (2014)).
Besides the endpoint mortality, sublethal endpoisisited to the energy processing including leaf
consumption, feces production and assimilation e as endpoints related to the physiological &se
including weight and lipid content were assessdtreplicates (n=45) consisted of a beaker filleithw
SAM-5S medium (Borgmann, 1996) reflecting the resige treatment, an individual male gammarid
with a cephalothorax diameter between 1.6 and 2i0(corresponding to an average dry mass of 5.7+0.7
mg, mean+SD, n=50) and two leaf discs. The meditieaoh treatment was renewed every third day to
ensure a continuous exposure. After the carefualstes of the gammarid as well as the leaf matéoial
fresh medium, the old medium was filtered indivitludor each beaker over a pre-weighed glass fiber
filter (pore size: 1-3 um; GF 6, Whatman GmbH, Gamy). The filter was dried and weighed to quantify

feces production. Furthermore, during every seomatér exchange leaf discs were replaced, while the
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removed leaf material was dried and weighed tordete leaf consumption. All endpoints, except
mortality, were statistically evaluated by two-factANOVAs. Mortality was evaluated bpgairwise

comparisons for proportions using chi-square tegts Bonferroni-Holm correction.

In addition to the determination of nTi@nd copper water concentrations (via ICP-MS), measents of
gammarids’ total Ti@ body burden were achieved by coupling electrontiaévaporization (ETV; ETV
4000; Spectral Systems, Germany) to the ICP-M8pmpliance with Duester et al. (2010) and modified
as described in an earlier publication (Rosenfeldal., 2014). The total copper body burden of the
respective organisms was measured after an acabtiig (aqua regia) as liquid sample using ICP-MS

[Publication 111 ].
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2. RESULTS

2.1. The role of crystalline phase composition and orgaa matter

Titanium dioxide nanoparticles reduced the coppegicity, while the effect size was depending on the
product applied (A-100, P25, RO50P; 30-200% higheh EG, Figure 2.1). The respective toxicity
reduction coincided with a lowered copper conceistnaneasured in the water column. In the preseifice
organic materials (i.e., seaweed extract (SW), Snea River natural organic matter (SR)) and nTiae
copper toxicity was further reduced (up to seveahfoigher 48-h E€). However, this effect was not

observed in presence of sucralose (SL; Figure 2.1).
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Figure 2.1:ECx, values of copper after 48 h test durationThe 48-h EG, values (£95% confidence
intervals) were determined at different levels2@nd 8 mg TOC/L) and types of organic matter (seav
extract (SW), Suwannee River natural organic mg®&) and sucralose (SL)) and in absencgdnd
presence () of titanium dioxide nanoparticles (nTiOi.e., A-100, P25 and R0O50P). Asterisks denote
statistically significant differences between thsence and presence of n[Bublication 1].

2.2 Effect of aging as a function of environmental parmeters

At the first glance, an aging in test medium insemce of nTi@ increased the toxicity of copper
(Figure 2.2). However, this phenomenon was caugethtenhanced transfer of copper adsorbed tonTiO
from the aging vessels to the actual ecotoxicoklgassessment, while in absence of nTdpper
remained partly adsorbed to the aging vessels.Whsgsverified by the analytical measurements irte¢se
beakers at initiation of the ecotoxicological testxposure of the organisms). Thesg@alues based on

the measured concentration displayed, in contoatbtet EG, values based on the nominal concentration, a
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reduced toxicity in presence of nTiCas observed for unaged treatments. Furthermbesaging in
deionized water led to the same toxicity reductisndetermined for the unaged treatments (Figudes 2.

and 2.2).

250 - m 0 mg/L nTiO,
A 2mg/L nTiO,

200 L]

150 —
100
50 E x I

0 T T T
no aging dH,0 medium

ECsq of Cu (pg/L)

*

£

Figure 2.2:The effect of ionic strength The 48-h EG, values (£95% confidence intervals) of copper in
absence () and presence () of titanium dioxide nanoparticles (nTiOwithout previous aging (=no
aging) and after an aging for 72 h in deionized ewgdHO) and test medium. Asterisks denote
statistically significant differences between thsence and presence of nTi®ublication I1].

Moreover, regardless of the pH in the ecotoxioitstt the copper toxicity was significantly reduedtbr

72 h of aging at pH 6.5 in presence of nI®@mpared to their absence (Figure 2.3A). The Saattern
was observed after aging at pH 8.0 (Figure 2.3Baddition, the treatments aged in presence of n&io
pH 6.5 displayed an on average 39% (range: 10-668ber EG, compared to their counterparts aged at
pH 8.0 (Figure 2.3A and B). However, for the treamts aged in absence of ntithese differences were

negligible.
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Figure 2.3:The effect of pH The 48-h EG, values (x95% ) of copper in absence }

and presence () of titanium dioxide nanoparticles (nTjDafter an aging for 72 h in test medium
buffered to either pH (A) 6.5 or (B) 8.0, assessedest medium buffered to pH 6.5, unbuffered test
medium and test medium buffered to pH 8.0, respelgti Asterisks denote statistically significant
differences between the absence and presence ©f [Hublication I1].

The aging in presence of organic matter led todaaed toxicity in presence of nTi@ompared to their
absence, irrespective of organic matters’ qudhitgally, these results indicated that the preseficdiO,

reduced under all assessed aging scenarios, regardf the environmental conditions, the copper-

induced toxicity for daphnids — although with vanyieffect sizesRublication II].
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2.3. The transferability from pelagic to benthic organisns

Titanium dioxide nanoparticles alone did not affemprtality and leaf consumption @. fossarum
whereas copper alone caused high mortality (>708Qluced leaf consumption (25%vo-factor
ANOVA: p-value=0.037) and feces production (3a%p-factorANOVA: p-value=0.076) relative to the
control (Figure 2.4). In presence of nj@opper-induced toxicity was largely eliminatediisTreduction
of copper toxicity coincided with a reduced totatly burden of copper in presence of nfi@mpared to
their absence, measured after test termination. edery independent of copper, nti@ecreased the

gammarids’ assimilation and weight (Table 2.1).

20 05
m |eaf consumption

4 feces production
* assimilation

o 1 g

| !

0.0 T T T T 0.0
control nano-TiO, Cu nano-TiO,xCu

r 04

assimilation (mg/gammarid/d)

- 0.1

leaf material processing (mg/gammarid/d)

treatments

Figure 2.4:Leaf material processing and assimilationMedians (with 95% confidence intervals) of the
endpoints related to the processing of leaf mdtéria, leaf consumption , feces production ) and

G. fossarumexposed to the control, 2 mg nBiO, 40 ug
copper/L as well as the combination of titaniumxitle nanoparticles (nTi§ and copper over the entire
study duration of 24-dHublication Ill ]. The statistical significance of the variablesl d@heir interaction
can be extracted from Table 2.1.
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Table 2.1:Output of two-factor ANOVAs for leaf consumptiomcks production, assimilation, weight and
lipids [Publication Ill ].

Df Sum Sq Mean Sq F value p-value

leaf consumption

nTiO, 1 0.033 0.034 0.370 0.544
Cu 1 0.401 0.401 4.425 0.037
NTiO,xCu 1 0.441 0.441 4.867 0.029
residuals 130 11.781 0.091

feces production

nTiO, 1 0.343 0.343 3.862 0.052
Cu 1 0.285 0.285 3.206 0.076
NTiO,xCu 1 0.583 0.583 6.563 0.012
residuals 130 11.541 0.089

assimilation

nTiO, 1 16865 16865 11.949 <0.001
Cu 1 150 150 0.106 0.745
NnTiO,xCu 1 2 2 0.002 0.967

residuals 130 183480 1411

weight

nTiO, 1 1.95( 1951 3.21¢ 0.07¢
Cu 1 6.21( 6.21f 10.23¢  0.00:z
nTiO,xCu 1 1.0 1.01C 1.66¢  0.19¢

residuals 131 79.52( 0.607

lipids

nTiO, 1 3883 3883 6.786 0.019
Cu 1 8 8 0.015 0.906
NTiO,xCu 1 140 140 0.244 0.628
residuals 16 9154 572

Df, degrees of freedom
Sum Sq, sum of squares
Mean Sq, mean squares
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3. CONCLUSION AND SYNTHESIS

3.1.Nanosized titanium dioxide reduces copper toxicity

The presence of nTiQreduced the toxicity of copper throughout thissthgirrespective of the scenario
assessed [sdtublications I, Il andlll ]. This observation could be explained by the aatsam of copper
to nTiO, leading to a reduced concentration of free ionskk®uche et al., 2012). Furthermore, the
agglomeration and sedimentation of nTidtimately lowered the presence of copper in tlagewcolumn
[Publication I]. Although, an ingestion of the sedimented nanigas together with adsorbed copper by
daphnids grazing at the bottom of the test beaketonceivable (Horton et al.,, 1979), the toxicity
reduction facilitated by nTi@resulted mainly from a decreased uptake (Roseanfetidal., 2014).

Furthermore, one fifth of the metal ions was likiehgversibly adsorbed by nTg@Xie and Gao, 2009).

The remaining toxicity observed in presence of ity be caused by ions (not adsorbed or) desorbed
in high amounts from nTi©Qwithin the gastrointestinal tract &. magna Even though the pH in the
gastrointestinal tract of daphnids is neutral (Réni953), their enzymes are hypothesized by Welken
al. (2000) to promote the release of metals adsodmo ingested organic and inorganic particleg. (e.

clay, sand, and peat).

The adsorption capability of nTDand thus the reduction efficiency of copper tityjadiffered between
the applied products in the following order: A-160 RO50P > P25 (standardized to the applied
concentration) Publication 1]. This order was assumed to result from the vargnrface energy and
abundance of binding sites, namely unsaturatedeaxy¥ie and Gao, 2009), which is determined by the
surface roughness and hence the total surface at@ah in turn depends on the crystalline phase
composition of the products. However, none of th#n-products increased the toxicity of copper at the

applied concentrations.
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3.2.Environmental parameters determining the interactin

The observed copper toxicity reduction in presesfceTiO, was in sharp contrast to some other studies
assessing the combined toxicity of nTi@d heavy metals (e.g., Fan et al., 2011). Duamearlier study
(Rosenfeldt et al., 2014), this discrepancy wasbated to the following factors: Crystalline phase
composition of nTi@ preparation of the nanoparticle suspension, fyuafiorganic matter present in the
test medium, and other water quality parametegg,(pH, ionic strength). Therefore, the presensithe
took these factors into accourtyblications | and Il], but was not able to detect an increased copper
toxicity in presence of nTig) rendering these factors as unimportant for thection of nTiQ's effect on

heavy metal toxicity.

£ @

nTiO,
..
copper ions @ organic matter

Figure 3.1:Assumed interactions Potentially occurring processes within a combaratof different
crystalline phase compositions of nanosized titanidioxide (nTiQ) and copper in the presence of
different qualities of organic matteP{iblication I].

Moreover, organic matter, as one of these facteas, found to further decrease the combined toxifity
nTiO, and heavy metals, despite the stabilization oDaTy a coating utilizing the organic material and
the resulting increase of their dwell time with #idsorbed metal (Figure 3.1). A priori, this pracess
assumed to increase the uptake (cf. hypothesissiltigce D. magnais a non-selective filter-feeding

organism (Kirk, 1991). However, it was discoverédttthe toxicity reduction was facilitated via a
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simultaneous adsorption and complexation of coppanTiO, and organic matter, respectively, with the
following order regarding their efficiency. SuwaenRiver natural organic matter > seaweed extract >
sucralose Rublication I]. Apparently, this toxicity reduction by organicatter originated form the
guantity and quality of their humic components. §hsucralose only marginally influenced the
interaction of nTiQ and copper, but it also did not stabilize the mpamticles. Concluding that a potential
increase in copper toxicity, facilitated by nBjOs still conceivable, if the present organic mialeis

stabilizing nTiQ, while not complexing the heavy metal ions.

Furthermore, it was assumed, that an increaseddfrrgeraction prior to exposure of the test oigars
also increases the toxicity, since more copperdcbal adsorbed to nTydcf. hypothesis Ill). Indeed, the
nTiO, increased the transfer of copper from the agingseks to the ecotoxicological test, which was
underpinned by the ICP-MS measuremeftgblication Il]. Nevertheless, the comparison of thes£C
values based on the measured copper concentrai@aled an nTi@induced toxicity reduction. The
enhanced transport of copper in presence of pEdnpared to their absence was only observed after
aging in test medium (high ionic strength and basig, while deionized water delayed the interactién
nTiO, and copper to the initiation of the ecotoxicolagitest (i.e., the mixture with anions and catiand
hence a higher ionic strength). Therefore, the omealscopper concentration and toxicity was comgarab
to unaged combinations and, regardless of the adimgtion, matching the nominal concentration.
Besides the ionic strength, the pH was assumedkainimportant factor triggering the adsorption of
copper and the resulting toxicity, which was assgg$s further experiments performing the agingeist t
medium buffered to either pH 6.5 or 8.0. At pH 8t& presence of nTiluring aging of copper caused
a higher toxicity, compared to an aging at pH &vBjle in absence of nTiOthe pH only negligibly
influenced the toxicity. This observation substat@i hypothesis Ill, namely the influence of
environmental parameters (here pH) during aginghennTiQ-induced change of copper toxicity. The
slightly increased copper toxicity after the agatgH 8.0 in presence of nTi@ompared to the aging at
pH 6.5, was most likely caused by an higher adsmrptf copper under basic conditions, compared to

acidic (Vassileva et al., 1996; Bekkouche et @12). However, the toxicity of copper was, irregpec
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of the pH during aging and during the actual edeturgical assessment, in presence of nTi€luced,
when compared to their absence. Thus, regardlegseqfH, nTiQ did not increase the copper-induced
toxicity, but the applied buffer might have affattthe adsorption of copper. Moreover, the aging in
presence of organic matter, led to the same tgxieitluction pattern as observed for unaged mixtures
assuming that all forms of organic material intgdithe adsorption of copper to ngjQrrespective of
their quality. This might be explained, for the femfand the organic matter, by a coating of n;Ta@d the

aging vessel altering the respective surface ptigser

It can be concluded, that nTi@educe the copper toxicity also after aging, wiile magnitude of this
effect is likely determined by the prevalent enmireental conditions, although an adequate assessafent

pH was not possible.

3.3.Transferability to other invertebrates

Contrary to the observations with pelagic organjsimaas hypothesized, that benthic organisms displ
an increased copper toxicity in presence of pTé@mpared to their absence, since agglomeration and
sedimentation of nTiQwith adsorbed copper elevated the exposure ofhimehtbitats (cf. hypothesis

V).

Time I

Water column exposure

pelagic benthic

Bottom exposure

N

Figure 3.2:Exposure shift Titanium dioxide nanoparticles (red) agglomeiatd settle with the adsorbed
copper ions (blue), which increases the bottom supoand decreases the water exposure with time.
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Although, the exposure was increased for benthiamisms (Figure 3.2) and copper adsorbed to
particulates might induce toxic effects (Hook et 2014), a clear reduction of the copper toxiaity,the
lethal and sublethal level, was observed in presehaTiQ, compared to their absendeublication 11l ].
Moreover, the total body burden of copper was loimepresence of nTi§) as observed for the pelagic
daphnids (Rosenfeldt et al., 2014). It remains, dv@x, unclear whether the processes responsibtbador
reduced total body burden are the same for pelagicbenthic organisms. For the pelagic organises, t
sedimentation of nTi@with the adsorbed copper might be the most impbaocess, since the risk of
ingestion is reduced. For benthic organisms theratisn of copper to nTi©might simplify the excretion
of the heavy metal, since a sequestration as sodithllic sulfur granules might not be necesdary
excretion. Potentially, gammarids were able tolpa&sicrete copper if adsorbed to ngifxior the release
of ions during gut passage. However, some of tippeeinduced effects on the sublethal level werte no
eliminated by the presence of ntiQ.e., reduced weight), and in addition negatiffeas of the nTiQ
themselves were observed for benthic (e.g., deedeassimilation, unknown lipid availability), busa

for pelagic organisms (after 72 and 96 h test dumat

In conclusion, the general toxicity reduction olveer for pelagic freshwater species is transferéble
benthic freshwater species. Presumably, this ramuds also transferable to other aquatic inveetds,
since the underlying processes seem unspecific, thigt assumption needs further investigations.
Furthermore, potential long-term effects of nTi€hould not be waived during future examinations.
Moreover, the factors triggering an increased fbxiof heavy metals in presence of nj@bserved by

some other researchers (e.g., Fan et al., 2011afidivang, 2014), remain unclear.
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4. PERSPECTIVE

4.1.Potential applications of nTiO, during water treatment

Various metal oxides including nanopatrticles, sashnTiQ, are due to their high surface area and
specific affinity for heavy metals and other substs, suggested as adsorbent for anthropogerssatse
during waste- and drinking water treatment (Hristoet al., 2007; Mohan and Pittman, 2007; Luolet a
2010; Rashidi et al., 2010; Pirila et al., 2011ciRas et al., 2011; Hua et al., 2012). Moreovhis thesis
displayed, in all investigated cases, a reductibthe copper toxicity in presence of nTi@ue to the
absorbance of the metal ions. The application @a¥F in the same manner as activated carbon — may be
conceivable (Mohan and Pittman, 2007), for examplfixed bed columns (Hristovski et al., 2007), but

also the slurry contact adsorption might be a jss$echnique.

However, there are several issues which shouldebensidered prior to the application of n¥i@s
adsorbent or remediation agent. For instance, afl@nvironmental parameters, which were not yet
sufficiently assessed, including temperature (Bekke et al., 2012), might change the expected
reduction of heavy metal abundance and/or bioavititha and hence toxicity. In addition, nTiCare
relatively expensive, compared to other materidailéy et al., 1999; Babel and Kurniawan, 2003)
examined for such applications (e.g., industriaggricultural by-products; Mohan and Pittman, 200f7)
not recovered with additional efforts. Potentiallgheaper materials with comparable adsorption

capabilities may be considered as substitute (MatmanPittman, 2007).

4.2.Transferability to other stressors
Although most of the observed effects are likely lnmited to copper, the properties among elements,
assigned to the group “heavy metals” are quiterdeeFor example the charge of the most toxic sgeci
which is an important factor regarding interactioa adsorption, differs enormously: Silver ionsrgaa

single positive charge (Al and the most toxic copper species carry twotipescharges (Cii), whereas
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the most toxic species of arsenic, for example tvasnegative charges (HAsY). This aspect was found
to impact the direction of nTi3 effect on heavy metal toxicity during an earktudy (Rosenfeldt et al.,
2014). Therefore, assumptions beyond two-fold pasdit charged metal ions should be made with
caution. Further, it should be noted, that althoatjliwo-fold positively charged metal ions assesse
the recent literature were adsorbed by nJithe magnitude of this effect is variable (Vasailest al.,
1996; Bekkouche et al., 2012; Hua et al., 2012js #treening test examining ni®©efficiency might be
required in each case. In addition, and in contraghe fate of heavy metals in presence of BiO
should also be noted, that some studies foundaadsed heavy metal toxicity in presence of R EX.,

Fan et al., 2011; Tan and Wang, 2014).

Furthermore, besides heavy metals a broad rangghef anthropogenic stressors might interact with
nTiO,. This interaction could decrease the toxicity otls stressors for example via photocatalytic
degradation, as observed by Seitz et al. (20123)ifimicarb and Bundschuh et al. (2011) for wastx

in general, but also via reduced bioavailabilityaliserved by Farkas et al. (2015) for benzo(a)gyren
Photocatalytic detoxification of organic substanbgsnTiO, was observed for a lot of further model
compounds (Herrmann et al., 1998; Lawton et aB91®onstantinou and Albanis, 2003; Aguedach et al.
2005; Kim et al., 2006; Arques et al., 2007). Hoem\photocatalytic degradation can be a two-edged
sword, since intermediates might be more toxic tham original substance (Muneer et al., 1999).
Moreover, nTiQ could probably also increase the toxicity of catoting anthropogenic stressors,
depending on the stressor and the environmentalittmms, as observed by Zheng et al. (2012), where
nTiO, functioned as carrier of bisphenol A. Shi et aD10) also found synergistic toxicity of nTi@nd
DDT, while in this case the toxicity was not attried to a carrier effect. Thus, the release of aTif
surface water bodies should be carefully considaretiwhere possible avoided. Even though the pestic
themselves display a rather low acute toxicity,rtimeraction with other components of waste- and

surface waters might synergistically increase thvalined toxicity.
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Abstract

Titanium dioxide nanoparticles (nTiD are expected to interact with natural substaremed other
chemicals in the environment, however little is wnoabout their combined effects. Therefore, thislgt
assessed the toxicity of copper (Cu) in combinatidth varying crystalline phases (anatase, rutilag
the mixture) of nTiQ and differing organic materials @aphnia magnaThe nanopatrticles reduced the
Cu-toxicity depending on the product (30-200% high8-h EGg). This decrease in toxicity coincided
with a lowered Cu-concentration in the water columhich was driven by the adsorption of Cu to nJiO
— depending on surface area and structure — aircsthEsequent sedimentation. In the presence @inicg
material and nTi@ the Cu-toxicity was further reduced (up to sev&hfbigher 48-h EG). This
observation can be explained by a reduced Cu-bilednlety as a result of complexation and adsonptio
by the organic material and nTjOrespectively. Thus, the crystalline phase contjposi which
determining the surface area and structure of pT88ems to be of major importance for the toxicity
reduction of heavy metals, while the influencetd brganic materials was mainly driven by the dgtyant

and quality of humic substances.

Keywords: Mixture toxicity — Interaction — Factdregpproach — Ecotoxicology — Remediation
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Introduction

The growing production of titanium dioxide nanojpdes (nTiQ) is due to their broad and ever-
increasing application rande? In this context, two crystalline phases, namelptase and rutile, are
commonly used for industrial and commercial produgthile their selection is driven by the function
these products provideAnatase, due to its massive potential for the geimm of reactive oxygen
species, is frequently applied in decontaminating aelf-cleaning products, while rutile is usedaas
pigment in paints, food and personal care produ@isis widespread application — primarily in urban
areas — may result in an unintentional release Té®sinto aquatic ecosystems (i.e. surface water)
especially via wastewater treatment plant (WWTHRuefts. These effluents’ concentrations are ptedic
to reach up to 110 pg/L (8%ercentilef There, nTiQ co-occur with organic material (OM) potentially
coating their surface¥. This coating with OM could stabilize nTi@ia electrostatic repulsion and steric
hindrance increasing the dwell time of the paridke the water columhin this regard, OM’s ability to
stabilize nTiO2 is highly dependent on its chandsties. A higher hydrophobicity and/or aromaticity
elevate OMs’ stabilization potenti&f® In addition, the adsorption of OM might changehbdhe surface
properties of the nTi¢) and the degree of protonation of the OM. Theetbese changes may alter the
adsorption and complexation of co-occurring pohisa e.g. heavy metal$.'* Among heavy metals,
copper (Cu) is ubiquitously present in urban ameas has been measured at concentrations of up to 20
Hg/L in WWTP effluents? while Cu in streams from other sources (e.g. adtice, particularly orchards
and viticulture) may reach concentrations above | 2§/0."

Thus Cu, nTiQ and OM undoubtedly co-occur and interact in swfagater bodies, and during
wastewater treatment processes, which can affecbittavailability as well as ecotoxicity of the kiga
metal'® ** Due to the substantial surface area and the saeaffinity of nTiO,'® Cu may be adsorbed
(e.g. via unsaturated oxygen/deprotonated surfaaroRyls) finally reducing its ecotoxicological
potential'"*° Besides leading to a reduced concentration ofoB@s {i.e. C&)'® in the water column, the
adsorption of Cu also results in a high concemmatf this element at the particles’ surface. These

particles may remain in the water column where tbay become ingested by pelagic, filter-feeding
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organisms, such aBaphnia magna potentially causing an increased Cu body burdesh taxicity™
However, sedimentation of nTiCQogether with adsorbed metal ions may limit Cuigitx for such
pelagic organism§. This interaction and the subsequent fate of batra@d nTiQ may be substantially
influenced by the presence of OM — either duringsteraater treatment or in surface water bodies.
Titanium dioxide nanoparticles can be stabilizeddi together with the adsorbed Cu. In addition, OM
may form complexes with Cu directly utilizing theilectron donor groups (i.e., O, N, andSJhus, both
processes might influence Cu-toxicity, and while tomplexation with OM reduces the Cu-toxicity, the
effect of an OM-coating on nTiOwhich have adsorbed Cu, has yet to be investigatstematically®

This knowledge, however, would considerably faafft the extrapolation and prediction of potential
impacts in the field. In this context, this studsed several 2x3x7 factoriBlaphniaacute toxicity tests,
assessing two levels of nTiOthree levels of OM and seven Cu concentration. tésts were
accompanied by chemical analyses of the Cu coratéontrin the water phase. In addition, the share of
CU*" in the presence and absence of pTGOOM was estimated. The factorial test desiga vaxried out

for three nTiQ-products with differing nTi@ crystalline phase compositions (hence varying asarf
properties such as surface area and charge), namaigise (A-100), rutile (RO50P) and a mixtureathb
(P25). Each used three different types of OM efinipi a wide range of properties (e.g. different
aromaticity and hydrophobicity). These types of ©dmsisted of: seaweed extract (SW), Suwannee River
natural organic matter (SR) and sucralose (SL).&unee River natural organic matter was — due to its
detailed characterization — used as a referencgaute. Seaweed extract is not as well-charactke e

is recommended for reproduction tests and long-tBrrmagnacultures by the OECD guideline 234.
Sucralose is an artificial organic material, whosaecules due to their charging status, and inrastito

SR and SW, should not complex Cu but may coat apfiThus, these materials represent a range of

properties, which may be characteristic for the @Whposition in WWTP effluents.
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Material and methods

Test substances

The Cu stock solution was prepared, immediatelgrpio each application by mixing Cu(N@<x3H,0O
salt (purity 99%; Roth, Germany) with one liter of deionized evah a polypropylene volumetric flask.
Subsequently, a serial dilution was carried owddbieve the nominal test concentrations of 0, #2483,

96, 192 and 384 pg Cu/L in the acute toxicity te3tisese concentrations were chosen to obtain a
complete dose-response curve (case by case akmivations were increased by a factor of two), thic
improves accuracy of the estimated median effectbrecentrations (Efg values) using immobility as an
endpoint* For simplification purposes, the resulting Cu $pe¢88.1% CuC@aq), 4.9% CuOH 2.0%
CU*"; determined via visual MINTEQ 33;cp. Table S1) in the test medium (see secfiest organism
are henceforth summarized as Cu.

The nTiQ, suspensions — with intensity weighted averageigbarsizes <100 nm (measured using the
DelsaNano C Particle Analyzer; Beckman Coulterntery; Table 1) — were prepared additive-free at the
Institute for Particle Technology (TU BraunschweBgrmany) by stirred media milling (PML 2, Bihler
AG, Switzerland) of the purchased powders, i.e.08;1P25 and RO50P, in deionized water. These ATiO
products were chosen due to their differing praeertin terms of their crystalline phase compositio
surface area and surface charge (Table 1), whiels@wposed to influence their fate and their eféect
Cu-toxicity?® The stock suspensions are stabilized by a low pid showed monodisperse size
distributions (polydispersity index <0.2; cp. Tallg Prior to each test initiation the respectiteck
suspension (2 g/L) was ultrasonicated for ten neisitid ensure a uniform particle distribution witktie
suspension. Further, the surface-weighted parside as well as the initial surface area in diluseatk
suspensions (800 pg/L; this concentration was reduby the device) were determined for all three
nTiO,-products using nanopatrticle tracking analysis (NZ.&; Malvern Instruments GmbH, Germany;
Table 1). Although NTA measurements are based emrakesimplifying assumptions (e.g. spherical

particles, smooth surface), which brings their aacy into question, this tool is to the best of our
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knowledge the sole possibility to estimate theaefarea in suspensidhiTherefore, these data should be

interpreted with some caution.

Table 1 Properties of the applied nTiproducts (A-100, P25, RO50P).

properties method A-100 ?Efggglz@ MKN-TiO ,-R0O50P
abbreviation - A-100 P25 RO50P
producer - Crenox, Germany  Evonik, Germany Mkn&emada
crystalline composition - anatase anatase/rutile tileru

primary particle size (nm) advertiged 6 21 50

surface area (m2/g) BET/adverti8ed ~230 5015 ~30

ave. diameter in suspensiqnm) DLS 87.3+2.4 86.0+2.1 90.0+0.7

Pl in suspensidh DLS 0.132-0.189 0.118-0.164 0.180-0.189
surface area in suspensigm?/g) NTA 32.5+9.9 28.1+2.2 51.848.2

ave. diameter in suspensidnm) NTA 109.0+£11.8 95.2+5.7 140.4+£20.8

%information given by the producer
®suspended in deionized water, stabilized by a IBw p

Test organism

The test organisnD. magna(clone V, Eurofins-GAB laboratories, Germany) wasdtured in ASTM

reconstituted hard water amended with selenium watahmins (biotin, thiamine, cyanocobalamine;

according to the OECD guideline 2624s well as 20 L SW/E The medium was changed three times a

week and the organisms were fed with the greereddgamodesmusp. equivalent to approximately 200

g carbon per organism on a daily basis. The aulwas kept at 20+1°C and a light:dark rhythm o618:

(800-1000 Ilux; OSRAM L 58W/21-840 ECO, Germany) an climate-controlled chamber (Weiss

Environmental Technology Inc., Germany).

Test design

The tests (2x3x7 factorial design) were conducteddcordance to the OECD guideline 202 (water

quality parameters in Table S2) using ASTM rectéustd hard water amended with selenium and
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vitamins as test medium (see secfl@st organish The first factor of the test design was the @nes or
absence of the nTigproduct, in a concentration reflecting the respec®6-h EG, with an endpoint of
immobilization i.e. A-100: 1 mg/L, P25: 2 mg/L aRD50P: 4 mg/L (data not showi!)* The second
factor was the level of total organic carbon (T@C2 and 8 mg/L; constituting environmentally relat/
concentrations) of the applied OM (i.e., SW, SR &hdl which are considered non-toxiclo magna®
while the seven Cu concentrations, ranging frora 884 or to 768 png/L, represent the third factache
treatment consisted of five independent replicateide the immaobility of the test organisms was asse

as a measure of toxicity every 24 h; focusing om ithmobility after 48 — longer exposure durations
showed nTiGinduced toxicity, partly masking the interactichshe experiments were run in 225-mL
polystyrene beakers (Duni GmbH, Germany) filledrm®0 mL of the test suspension. The test vessels

were kept under controlled environmental conditi(eee sectioffest organism

Particle characterization in test medium

The actual particle size distributions of the thegmplied products were characterized over the entir
course of each of the individual experiments, m phesence of three levels (0, 2 and 8 mg TOC/lthef
respective OM (i.e. SW, SR and SL; described belavgjng the DelsaNano C Particle Analyzer.
Therefore 2.5-mL samples were taken from the tessels (approximately 1 cm under the water surface)
at the start of the experiment and every 24 h @&31). The actual zeta potentials of the teste@nTi
products at each OM type and concentration invatsidywere also measured. These measurements were
conducted in the test medium at pH 8.2+0.1 (cp.l&ga&). Additionally the DelsaNano C Particle
Analyzer was used to assess the nanoparticlesragdboretic mobility. Therefore, all products were
mixed with the respective test medium achievingnal fconcentration of 100 mg nTi@, a concentration

enabling valid measurements.

46



Characterization of the applied organic material

Two of the OMs, i.e. SW and SR, were characteriaethe DOC-Labor (Germany) applying SEC-OCD-

OND (size-exclusion chromatography - organic carlomtection - organic nitrogen detection): The

proportion of dissolved organic carbon (DOC) refatio TOC was 16% for SW, while it was 76% for SR

(Table 2; the DOC was summarily determined in thygalss of the chromatographic column after passing

a 0.45-um in-line membrane filter). Furthermore, B&es slightly higher amounts of hydrophobic

components (HOC; 0.45 mg/L) than SW, which had dnB6 mg HOC/L. The SW had relatively high

shares of BIO-polymers (0.1 mg/L), but only 0.2 Ingf humic substances (HS). Suwanee River natural

OM on the other hand, had 4.1 mg/L of HS and 0.1Lnaj dissolved organic nitrogen (cp. Table 2).

Furthermore, the aromaticity was higher for SR tf@mSW. Other differences between both OMs are

detailed in Table S4. Sucralose was not charaetgrigince its chemical structure/composition (1,6-

Dichloro-1,6-dideoxy--D-fructofuranosyl-4-chloro-4-deoxy-D-galactopyranoside, 1GH1oCl30s,

M=397.63 g/mol; purity >98%; Sigma-Aldrich, USA) agell as its hydrophilicity is well know?

Moreover, the Cu concentrations in all OMs wereolethe limit of quantification (LOQ=0.4 pg/L; see

sectionChemical analysis

Table 2 Relative composition (%) of the applied OMs (Skid &R) based on the measured DOC.

OM DOC
total HOC cboc major CDOC constituents
BIO- building LMW® LMW¢
total polymers HS blocks neutrals acids
SW 16.0 28.6 71.4 55 15.3 22.3 24.4 3.8
SR 76.4 7.4 92.6 0.1 66.7 12.6 12.6 0.5

®based on the measured DOC.
®CDOC, chromomorphic dissolved organic carbon
‘LMW, low molecular weight
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Chemical analysis

Samples for the determination of Cu in the watduroo were taken: at the initiation and terminatain
each acute toxicity test, from the control, andrfran intermediate Cu concentration (near the,BOCu;

48 png/L) of each combination of OM and nEidhe samples were taken approximately 1 cm befaw t
water surface. Following acidification with HNGsamples were stored at 4°C. The total Cu (inolydi
suspended insoluble species) of each individualpgamwas then measured f8iCu with inductively
coupled plasma and a quadrupole mass spectrom€&®erMS; XSeries 2, Thermo Fisher Scientific,
Germany) using a FAST autosampler (ESI, ThermodFfi§itientific, Germany), a peek spray chamber
(Thermo Fisher Scientific, Germany) and a robustaMlist peek nebulizer (Burgener, England) as
described elsewhef@The initial Cu concentrations deviated margin&bm the nominal concentration,
regardless of the applied type and amount of a i OM. Therefore, the nominal concentrations are
used for all calculations in this study.

To investigate the Cu-adsorption behavior of thetetd nTiQ-products, the latter were mixed in an
additional experiment at concentrations reflecting respective 96-h Egi.e. A-100: 1 mg/L, P25: 2
mg/L and RO50P: 4 mg/L with 0 and 8 mg TOC/L of tkepective OMs and 100 pg/L Cu. After 24 h
reaction time (equilibrium expectédj® the samples were centrifuged (10015g for 1 h;ifigraTiO, >25

nm to settle) and the supernatants (5 of 15 mL)ewguantified for Cu. This set up allowed the
discrimination between Cu complexed by OM (as wsllunbound Cu, i.e. neither adsorbed by n;TiOr
complexed by OM) and Cu adsorbed to nfi{@nd additionally OM), since only Cu not assodate
nTiO, could be quantified in the supernatant.

In addition to the chemical analysis, the concéintnaof Cu#* was modeled via visual MINTEQ (see

supporting information for further detaifS).

Statistics
The statistical analyses were accomplished usiagstétistics program R version 3.0.1 for Windowd an

the extension package dfc3® The EG, values of Cu after 48 and 72 h were determinedittigig
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adequate dose-response models (Figures S1-S9ye$pective models were selected based on Akaike's
information criterion and visual inspection. To ess the implication of the respective nJH@oduct or
type of OM, as well as their combination on Cu-tityi confidence interval (Cl) testing between the
respective EG values was appliedl. If 95% Cls did not include zero, the differenceswjadged as
statistically significant. This procedure avoidegrrent shortcomings of null hypotheses significance
testing such as ignoring the effect sizes and threicision’® The EG, values following 24 and 96 h of
exposure were not determined since the toxicitysedlby Cu was either too low (especially in presenc
of OM) or already masked by effects of n}i© such an extent, that a reliable fitting of dossponse

models was impossible.
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Results and discussion

SW

SR
ECs; of Cu (pg/L) ECs, of Cu (ug/L)

SL
ECs; of Cu (pg/L)

Figure 1. ECs values of Cu after 48 h test duration. The 48-k B@lues were determined at different
levels (0, 2 and 8 mg TOC/L) and types of organatter (seaweed extract (SW), Suwannee River natural
organic matter (SR) and sucralose (SL)) and inrades¢ ) and presence () of nTiO, (i.e. A-100, P25

and RO50P). Asterisks denote statistically sigaificdifferences between the absence and presence of

nTiO..
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Copper toxicity reduction by nTi©

All applied nTiQ-products reduced the toxicity of Cu after 48 regposure: RO50P was — with a 165%
(range: 124-203%; Figure 1) higher Cu 48-hsg@h average — the most efficient, while P25 (averag
50% increased Cu 48-h Efrange: 32-72%) was the least efficient. The difig efficiency of the three
nTiO,-products in reducing Cu-related toxicity may patie explained by the different concentrations
applied. By standardizing the reductions in Cudityito the nTiQ concentration it was uncovered that
A-100 — with, on average, a 125% (range: 83-179%¢t)dr Cu 48-h E§ compared to Cu solely — was the
most efficient product. By further standardizing t@u-toxicity reduction potential to the total NTA
measured surface area of the nFpgboducts (Table 1), each applied square meter-b0@ surface area
reduced the Cu-toxicity by 4%, followed by RO50R &25 with approximately 1% each (Table S5). This
supports the assumption that the crystalline stracts more important than the particle size, while
anatase is supposed to be an intrinsically stroegdyent than rutil& This effectiveness of the A-100
surface in reducing Cu-toxicity might be explairtdits surface structure (i.e. porosity), whicHikely
overlooked by NTA measurements although it woulterobubstantial binding sites (i.e. unsaturated
oxygen/deprotonated surface hydroxyfs§’

The measured Cu residuals (total Cu) in the watdunen after centrifugation (Table 3) displayed
comparable amounts of Cu adsorbed to aT#Epproximately 80%) for A-100 and RO50P, howewras
adsorbed much less Cu (approximately 40%). Thiswidés well with the toxicity data and the
nanoparticles’ surface area. To achieve the medsGreremoval and hence a comparably reduced
toxicity of Cu, RO50P had to be applied at fourdsrthe concentration of A-100. Moreover, this patte
can largely be explained by the modeled adsorpifo@?*, which was highest for A-100 followed by
RO50P and P25 throughout all nominal Cu concentrat{Table S1). Since the differences in Cu removal
predicted by the model were smaller (at 48 pg Gbé_concentration of Gliwas 42, 22 and 18% lower
in the presence of A-100, RO50P and P25 comparetig¢cabsence of nTiQ respectively) than the
differences expected based on the responses ofetttespecies, other mechanisms besides surface
complexation, such as photodeposition (which isréuriction of metal ions (e.g.,'M M?) by electrons
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produced at the surface of the semiconducting pTiQring irradiation), may have an efféet.

Furthermore, the measured zeta potentials unddi@ndifferences observed regarding Cu-toxicity
reduction. RO50P and A-100 displayed a more negatita potential in the test medium (pH 8.2+0.1; cp
Table S2) than P25, which is utilized as a proxy tfee surface charge (Table 4). This observation

suggests a higher amount of deprotonated surfadeXyls and thus negative charges compared to P25,

which in turn bear a higher potential for the agion of Cif".

Table 3 Copper residuals (mean+SD in % relative to theo@ly treatment; total Cu) in the supernatant
after 24 h reaction time followed by 1 h centriftiga (10015g) in presence of the three nyPoducts
(i.e., A-100, P25 and RO50P; 1, 2 and 4 mg niliCrespectively) and OM types (i.e., SW, SR and GL
and 8 mg TOC/L). In addition, the calculated petaga of Cu adsorbed to nTiOThe applied hominal
Cu concentration was 100 pg/L. All values were ected for a potential adsorption to the test vessel

A-100 P25 ROS0P A-100P25 RO50P

- 21+4  58+1 22+5 79 42 78

SW 32+2 57+1 43+3 68 43 57

SR 64+1 81+1 732 36 19 27

SL 17+4 53+1 23+5 83 47 77
%8 mg TOC/L

Table 4. Zeta potentials (mV) of nTig(i.e. P25, A-100 and RO50P) in the test medium &2#£0.1) at
different levels (i.e. 0, 2 and 8 mg TOC/L) of thitypes of OM (i.e. SW, SR and SL).

product 0mgTOC/L 2 mgTOC/L 8 mg TOC/L

SW SR SL SW SR SL
P25 -9.2+0.2 -19.5+0.2 -17.9+0.5 -7.5£0.1 -19.9+0.4 -23.4+0.3 -7.91+0.6
A-100 -11.7+0.3 -14.4+0.2 -13.9+0.2 -10.0+0.3 -14.3+0.3 -19.8+0.4 -10.8+0.5
RO50P  -13.4+0.2 -21.4+0.4 -23.840.2 -6.3+0.6 7224 -23.0+0.3 -6.8+0.5

A similar toxicity pattern after 48 h was uncovegdter 72 h of exposure (72-h E; although the effect
sizes between treatments decreased (data not shbhis)phenomenon may be explained by an ingestion
of sedimented nTiQagglomerates together with adsorbed Cu — dnaaagnaalso forages at the bottom

when suspended food concentrations are*fowand a subsequent release of Cu ions duringagsage.
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Although the pH in daphnids gut is neutfathe release of ions could be promoted by the eatigm
activity.** The successful ingestion of nTiQuas observed and measured (including the uptake of
adsorbed Cu) during earlier studies supporting dsisumptiori™ ** Moreover, the toxic effect attributed
solely to nTiQ, evident after 72 h of exposure, might contribtatehis observatioff. Irrespective of the
decreasing effect size with increasing study daratihe responses Bfaphniaare in agreement with the
quantified Cu residuals (total Cu) in the watemuooh at test termination (96 h; Table 5). The prodR25
reduced the Cu concentration in the water columrohly 60% (Table 5), while a more substantial
reduction (approximately 85%) was observed in thesgnce of both A-100 and RO50P individually
(Table 5). Finally, the efficiency of nTigproducts to reduce Cu-toxicity may be explained thyg

combination of surface area, structure and ultitpabee availability of binding sites.
Table 5 Copper residuals at test termination (%; meani#®five to the nominal concentration at test

initiation in the absence and presence of the thfé@, products (i.e., A-100, P25 and RO50P; 1, 2 and 4
mg nTiG/L, respectively) and OM types (i.e., SW, SR and Gand 8 mg TOC/L).

oM OM absence of presence of

(mg TOC/L) type nTiO, A-100 P25 RO50P

0 - 92+5 14+4 3714 13+1
SW 85+7 50+1 37+019+0

2 SR 907 81+0 85+124+0
SL 892 11+0 33+116%0
SW 83+7 7910 81+077+1

8 SR 9246 10740 98+189+1
SL 902 12+0 3310 15%0
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Reduction of copper toxicity by OM

Besides nTiQ the presence of OM also reduced Cu-toxicity: $B g TOC/L lowered the Cu-toxicity
the most, showing a 48-h Efapproximately 300% (range: 121-460%) higher timathé absence of OM
(Figure 1) followed by SW with approximately 80%ciaase compared to OM’s absence (range: 21-
113%)?® These effect sizes even slightly increase afteh 2 exposure. In contrast, SL (8 mg TOC/L)
does not seem to influence Cu-toxicity (Figurevihjch may be explained by its neutral charge aed th
lack of good complexing group$Thus, SL is not able to complex metal ions, wiSl& and SR contain
humic substances and hence carboxylic and phegatiops, which can form chelate complexes and
thereby reduce the bioavailability of u.

Complex interactions of the OM properties may expthe higher efficiency of SR compared to SW in
terms of Cu-complexation and hence toxicity reductiln this context, the contribution of DOC in the
SW and SR treatments, which was 16 and 76% (1.36ahdng DOCI/L) of the total applied OM,
respectively, may be an important trigger. As ailteshe modeled concentration of €in presence of
SR was lower compared to SW, however this diffegetiecreases with increasing Cu concentration. This
difference coincides with the four-fold differeniceCu-toxicity reduction between both OM types (Teab
2). Furthermore, the content of humic substancés;hwwas higher by a factor of 20 in SR than in SW,
could be an accessory parameter indicating thenpiateof OMs to reduce Cu-toxicifif.>* Moreover,
Croué et af? discovered that the hydrophobic acid (mainly pgtifoxy and unsubstituted aromatics) and
the transphilic neutral fraction (mainly proteite§)OMs can complex up to 75% of the Cu. Both fiasi,
indicated by the aromaticity as well as the nitrog®ntent (as a proxy for amino groups and hence
proteins) are present to a larger extent in SR thaBW (Table S4) further explaining the observed

differences.
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Copper toxicity reduction by the combination of i and OM

The presence of 2 and 8 mg TOC/L of natural OMs,$R and SW, in combination with nTifDrther
increased the 48-h EEvalues and hence decreased Cu-toxicity by an geefiector of approximately
two (range: 1.3-4.4) and four (range: 1.5-10.63treé to their absence, respectively. More speadlfican
amendment of the test medium with SR at 8 mg TO@4ulted in a more pronounced decrease in Cu-
toxicity (in average 5.8-fold, range: 1.5-10.6) gared to SW (in average 2.3-fold, range: 1.5-323).
detailed above, this difference between SR and Sititnbe attributed to the varying quantity as vl
quality (e.g. amount of humic substances and aiicityatof DOC.

The substantial increase of g@alues in the presence of both natural OM and aTi@y be explained
by the combination of complexation and adsorptimtesses, which may have reduced the bioavailabilit
of Cu jointly. But, in some cases the decrease untaRicity was higher as expected based on the
individual effects of both factors. Such a syndigiactivity can be on average 46% (range: 36-62fer

a deduction of the individual effects) of the inaloobserved reduction in Cu-toxicity. This obséiom
was, however, only statistically significant foretrcombination of A-100 and 2 mg TOC/L. An
explanation might be the adsorption of OM onto theface of nTiQ which was indicated by an
increased zeta-potential of the particles (avefagtr 1.7, range: 1.2-2.6; cp. Table®#Bubsequently,
the surface functionality of nTiOmay have been altered increasing its adsorptipadity as well as the
OM'’s degree of protonatiott: *°

Although the responses Baphniaindicated a massive reduction of Cu-toxicity, €& concentrations in
the water column in presence of 8 mg TOC/L and nhi@re at the termination of the experiment on
average at 88% of the nominal concentration (rarfgel07%; Table 5). This discrepancy may be
explained by the Cu-complexation, as well as tabikzation of nTiQ together with potentially adsorbed
Cu in the water column by OMTo distinguish between these two processes addltiexperiments
guantified the Cu concentration in the water coluafiter an interaction including all combinations of
OMs (0 vs. 8 mg TOC/L) and nTiproducts for 24-h and subsequent centrifugatidre d@entrifugation
forced nTiQ — together with potentially adsorbed Cu — abova&@5n size to settle. Thus, at least 90% of
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the applied particles, regardless of a stabilizingting with OM, were removed from the water column
and hence mainly unbound and Cu complexed only M v@as quantified in the supernatant. This
experiment indicated that the presence of OM reduihh high residual Cu concentrations in the
supernatant (in average 51% of the nominal conatotr, Table 3), which were much lower in the
absence of OM (in average 21% of the nominal canaton) for A-100 and RO50P. Furthermore, these
results show that roughly 55% of the residual Cocentration at the termination of the acute toyitatst
with Daphniain presence of both OM and nTi@an be allocated to the complexation by OM and 4&%
nTiO,. Both processes, therefore, seem to be imporaneidiucing the ecotoxicological potential of Cu.

In contrast to SW and SR, the presence of SL dsedeaather than increased the 48-hsED
combination with nTi@products by up to 93% (average: 50, range: -8-98)s lowered potential of
nTiO, to reduce Cu-toxicity may be explained by the dasing surface charge in the presence of SL
(Table 4), which in turn may limit the adsorptioh ©u. However, this reduced adsorption was not
confirmed by the measurements of Cu in the watemao after test termination or in the supernatdnt o
the additional experiment. The supernatant measamenwere as low as in the absence of SL (on agerag
20% of the nominal concentration; Table 5). Theatadinally suggest that either SL increases the
toxicity of nTiO, or that the degradation products of SL are diyettkic for Daphnig such processes
might have masked the Cu-toxicity reduction of niD > The presence of degradation products —
probably caused by hydroxyl radicals — was indiyeassessed via the quantification of SL, chloddel
TOC in the presence and absence of pTh@ the Water Technology Center (Germany; Table56)
Indeed, in the presence of A-100 1 mg SL/L (mornth%) vanished and the chloride concentration
increased by 0.1 mg/L (approximately 3%) in comgmarito the absence of A-100. This observation was
most likely due to dechlorination or mineralizatiby radicals® °’ Even though the identity of the
degradation products was not revealed, the resuitgjest that they were formed and might have
contributed to the effect oDaphnidssurvival. It may therefore be concluded that ttentity of the
organic molecules adsorbed to n¥ifbfluences the interaction of heavy metals and rtheoparticles

dramatically.
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Supporting information

Copper species distribution

The Cu species distribution including the adsorptmnTiQ, and the complexation by OMs was modeled
for all factor combinations assessed during thesgmestudy with the software visual MINTEQ version
3.0 For the model no interaction between nJ#dd OM was assumed. The modeling of a ternargsyst
including the change in surface properties of nTa@d the degree of protonation of the OMs as dtresu
their adsorption was not within the scope of thisdg? For the assessment of complexation by OM (8
mg/L) the NICA-Donnan model for fulvic acids wadliaed setting the DOC concentration within the
model to the measured levels (Table S4). For reagbsimplification, properties beyond the detereain
fulvic acid-like character of SW and SR (such asuhusually high concentrations of building bloeksl
low molecular weight acids in case of SW) were patticularly considered during the calculations,
potentially underestimating their complexation dajiy. The model is a combination of the non-ideal
competitive adsorption (NICA) isotherm, which délses the binding to heterogeneous material, and a
Donnan electrostatic sub-model covering the elstitit interactions between ions and &M.

The nTiQ surface complexation reactions, which trigger ttsoaption of Cu to nTiQwere assessed by
applying the multi site complexation model approagtended by the Pauling charge distribution concep
(CD-MUSIC)® This approach is based on a standard three ptaodsl assuming an inner capacitance of
1.25 F/m2 for nTi@, which is the mean of the usually found valuesuging around 0.9 and 1.6 F/mz,
regardless of the crystalline phase. This variasasuggested to result from different surface hmags or
surface protrusions as a consequence of the piodymocess. The outer capacitance was set to 5 F/m2,
a common value for metal oxid®gs’ The site density was set 7 and 8 nifor A-100 and RO50P,
respectively, while we assumed a site density bfifi® for P25, since those nanoparticles’ surfaces have
a patch-wise structure consisting mainly of anatas <10% rutil€. The protonation as well as the ion
pair formation constants were taken from the Itme” 1°*?Furthermore, the surface area and particle

diameter stated by the producer were used as foashe calculation of surface complexation reatdio
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Table S1.The modeled Cii concentration (ug/L) in the test medium for thepective nominal total Cu
concentrations and treatment.

treatment nominal Cu concentration (ug/L)
12 24 48 96 192384 768
Cu 02 05 09 19 38 80 17.6
A-100 x Cu 0001 05 15 34 76 17.2
P25 x Cu 0103 08 1.7 36 7.8 174
RO50P x Cu 0.103 0.7 1.7 36 7.8 17.4
SW x Cu 0001 04 12 33 80 189
SR x Cu 0.00.0 00 0.2 1.3 59 20.2

A-100xSWxCu 0.00.0 0.2 09 28 7.4 184
P25 x SW x Cu 0.000 03 11 31 7.7 187
RO50P x SWx Cu 0.00.0 0.3 1.0 3.0 7.7 186
A-100xSRxCu 0.00.0 0.0 0.1 1.0 53 193
P25 x SR x Cu 0.00.0 0.0 0.2 1.2 57 198
RO50P xSRxCu 0.00.0 0.0 0.2 1.2 56 197

Table S2 Measured pH and conductivity (meanzSD) of thded#nt treatments, containing different
organic matter (OM) types (i.e. SW, SR, SL) ancels\(i.e. 0, 2, 8 mg TOC/L). The measured oxygen
concentration was above 8 mg/L and the temper2aité°C.

TOC (mg/L) OM pH conductivity (uS/cm)

0 - 82 + 0.1 6106 + 435
SW 82 + 0.0 5980 + 14.1

2 SR 82 + 0.2 587.0 + 309
SL 82 + 0.2 6150 + 735
SW 83 + 0.0 607.3 + 25.0

8 SR 81 + 0.1 5787 + 293
SL 81 + 0.2 612.7 <+ 79.9
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Table S3 Agglomeration state of nTiO(i.e. A-100, P25 and R050P) monitored throughdwat test

duration. Average particle diameter (mean in nmhwBD) and [PI]; n3) measured immediately and
every 24 h following application in test medium arded with different levels (i.e. 0, 2 and 8 mg TOC/
of OM (i.e. SW, SR and SL).

. SW SR SL
product time O 5 3 5 3 5 3
A-100 0 1160.8 1234.6 564.9 720.1 480.9 910.4 781.0
(91.5) (99.2) (59.1) (32.8) (25.4) (71.1) (40.7)
[0.504- [0.635- [0.201- [0.385- [0.235- [0.296- [0.278-
0.586] 0.677] 0.235] 0.407] 0.304] 0.375] 0.304]
24 4250.3 888.8 553.7 798.2 484.1 4239.0 3899.2
(362.4) (32.4) (21.5) (115.9) (17.0) (67.9) (209.5)
[1.016- [0.414- [0.203- [0.337- [0.203- [0.962- [0.896-
1.398] 0.424] 0.275] 0.524] 0.211] 1.159] 0.959]
48 4316.0 850.8 480.8 686.0 471.6 NA 4128.9
(432.0) (48.2) (37.5) (32.9) (25.9) NA (398.5)
[1.045- [0.380- [0.197- [0.327- [0.192- NA [1.049-
1.408] 0.409] 0.265] 0.380] 0.284] 1.355]
72 NA 848.8 480.3 680.2 455.1 NA NA
NA (52.4) (25.0) (50.1) (16.1) NA NA
NA [0.371- [0.208- [0.328- [0.189- NA NA
0.438] 0.223] 0.381] 0.207]
96 NA 881.1 488.4 907.2 446.7 NA NA
NA (37.3) (34.5) (39.3) (11.4) NA NA
NA [0.403- [0.196- [0.429- [0.191- NA NA
0.435] 0.274] 0.446] 0.292]
P25 0 521.2 231.2 221.8 196.8 179.7 361.6 390.6
(20.1) (23.9) (4.3) (3.6) (4.3) (27.4) (28.6)
[0.224- [0.149- [0.185- [0.212- [0.185- [0.222- [0.231-
0.261] 0.256] 0.234] 0.236] 0.226] 0.269] 0.262]
24 2974.4 232.1 226.6 2135 182.4 3214.9 31711
(278.5) (5.9 (0.9 1.4) (1.9) (37.6) (66.3)
[0.802- [0.211- [0.242- [0.203- [0.203- [0.920- [0.821-
0.988] 0.219] 0.253] 0.249] 0.224] 0.938] 0.959]
48 3111.4 228.4 235.1 256.7 181.5 39925 4890.2
(535.9) (1.6) (8.1) (20.2) (2.4) (1041.6) (789.3)
[0.882- [0.221- [0.207- [0.229- [0.211- [1.076- [1.115-
0.974] 0.229] 0.247] 0.275] 0.227] 1.391] 1.217]
72 NA 265.6 236.5 506.1 179.4 NA NA
NA (16.5) (17.1) (13.6) (1.6) NA NA
NA [0.148- [0.136- [0.233- [0.210- NA NA
0.236] 0.241] 0.237] 0.226]
96 NA 336.3 238.5 1186.2 182.1 NA NA
NA (43.1) (10.0) (57.7) (2.1) NA NA
NA [0.178- [0.154- [0.427- [0.187- NA NA
0.217] 0.251] 0.477] 0.227]
RO50P 0 492.9 213.6 195.9 180.7 209.3 451.7 463.8
(25.6) (2.1) (11.6) (1.1) (1.0) (37.8) (38.3)
[0.265- [0.234- [0.146- [0.208- [0.222- [0.242- [0.257-
0.271] 0.250] 0.239] 0.213] 0.250] 0.248] 0.270]
24 3219.4 252.0 197.7 189.6 210.5 2890.7 2032.3
(966.1) (30.8) (9.2) (2.2) (4.0) (225.9) (44.6)
[0.737- [0.150- [0.216- [0.201- [0.216- [0.792- [0.661-
1.132] 0.243] 0.235] 0.225] 0.248] 0.917] 0.669]
48 5869.1 261.1 183.6 2775 213.2 4969.6 3355.8
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(924.6) (9.0) (11.2) (24.1) (3.2) (631.1) (170.8)
[1.365-  [0.241- [0.214- [0.162- [0.224- [0.870- [0.814-
2.001] 0.266] 0.243] 0.269] 0.236] 1.537] 0.869]
72 NA 364.6 189.9 629.7 211.6 NA 8540.8
NA (8.3) (3.6) (29.3) (1.7) NA (1281.7)
NA [0.182- [0.232- [0.264- [0.233- NA [2.000-
0.199] 0.255] 0.284] 0.256] 2.298]
9%6  NA 484.2 196.2 2063.0 210.2 NA NA
NA (10.1) (3.7) (146.6) (4.3) NA NA
NA [0.223- [0.233- [0.696- [0.234- NA NA
0.246] 0.239] 0.775] 0.257]
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Table S4 Composition of the applied OMs (SW and SR) inGQ4Q if not stated otherwise.

OM DOC SUVA
total HOC CDOC
total BIO-polymers HS Building blocks LMW neutrals LMW acids
total  DON Aromacity Mol-weight’
SW 1276 366 911 71 196 10 4.96 954 285 312 48 2.13
SR 6113 455 5658 6 4080 59 5.5 808 772 770 31 4.65
%in L/(mg*m)
®in g/mol

OM, organic matter

DOC, dissolved organic carbon

HOC, hydrophobic organic carbon

CDOC, chromomorphic dissolved organic carbon
HS, humic substances

DON, dissolved organic nitrogen in pg N/L

LMW, low molecular weight

SUVA, specivic UV absorbance in L/(mg*m)



Table S5 Surface area standardized change in 48+ #0ues (%/m?) for Cu in the presence and
absence of nTi@and/or organic matter (OM; i.e. 0, 2 and 8 mg TIOG/SW, SR and SL) compared to
the Cu only treatment.

OM OM

A-100 P25 RO50P

(mg TOC/L) type
0 - 4 1 1
2 Sw 11 1 1

SR 10 4 2

SL 1 0 1
8 Sw 13 2 1

SR 21 9 1

SL 2 1 1

Table S6 The measured concentrations of SL (HPLC-MS/M&)CT and chloride (ion chromatography),

in two samples containing: SL (8 mg TOC/L) in thregence, and in the absence of A-100. Both samples
are composite samples of 20 beakers treated eXdatlyhe beaker in the acute toxicity tests, idlahg

light conditions and temperature.

parameter SL in absence of A-100  SL in presende 100
sucralose (mg/L) 23.0 22.0

TOC (mg/L) 8.8 9.1

chloride (mg/L) 3.7 3.8
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Figure S1 A-100 x Sw — Dose-response curves of Cu in alesséheC) and presence (D-F) of nTi@nd the respective organic matter
(OM) level (A+D: 0 mg TOC/L, B+E: 2 mg TOC/L, C+B:mg/L) with 95% confidence intervals after 48 h.
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Figure S2 P25 x Sw — Dose-response curves of Cu in abggn€d and presence (D-F) of nTi@ind the respective organic matter
(OM) level (A+D: 0 mg TOC/L, B+E: 2 mg TOC/L, C+B:mg/L) with 95% confidence intervals after 48 h.
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Figure S3 RO50P x SW — Dose-response curves of Cu in abgér€) and presence (D-F) of nTi@nd the respective organic matter
(OM) level (A+D: 0 mg TOC/L, B+E: 2 mg TOC/L, C+B:mg/L) with 95% confidence intervals after 48 h.



3
£ 1.0
=
&
©° 0.8
2
2 0.6 —
£
= 0.4 -
o
5 .
b=
g 0.0
o 0 -
= T T T
0 10 100
E F
[2]
°
‘e 1.0 0.6
=
Q
S 0.8 - 0.5
@
E 0.6
0.3
£
— 4 -
5 g 0.2
c
:g 0.2 0.1
g 0.0 3 0.0 - 4
s R T U T T I
0 10 100 0 10 100 0 10 100
Cu concentration (ug/L) Cu concentration (ug/L) Cu concentration (ug/L)

Figure S4 A-100 x SR — Dose-response curves of Cu in aleséheC) and presence (D-F) of nTi@nd the respective organic matter
(OM) level (A+D: 0 mg TOC/L, B+E: 2 mg TOC/L, C+B:mg/L) with 95% confidence intervals after 48 h.
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Figure S5 P25 x SR — Dose-response curves of Cu in abggr€) and presence (D-F) of nTi@nd the respective organic matter
(OM) level (A+D: 0 mg TOC/L, B+E: 2 mg TOC/L, C+R mg/L) with 95% confidence intervals after 48 h.
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Figure S& RO50P x SR — Dose-response curves of Cu in ab94én€) and presence (D-F) of nTi@nd the respective organic matter
(OM) level (A+D: 0 mg TOC/L, B+E: 2 mg TOC/L, C+B:mg/L) with 95% confidence intervals after 48 h.
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Figure S7. A-100 x SL — Dose-response curves of Cu in ales¢AeC) and presence (D-F) of nTi@nd the respective organic matter
(OM) level (A+D: 0 mg TOC/L, B+E: 2 mg TOC/L, C+B:mg/L) with 95% confidence intervals after 48 h.
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Figure S8 P25 x SL — Dose-response curves of Cu in absgkh€d and presence (D-F) of nTiGnd the respective organic matter
(OM) level (A+D: 0 mg TOC/L, B+E: 2 mg TOC/L, C+B:mg/L) with 95% confidence intervals after 48 h.
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Figure S9 RO50P x SL — Dose-response curves of Cu in abs@a€) and presence (D-F) of nTi@nd the respective organic matter
(OM) level (A+D: 0 mg TOC/L, B+E: 2 mg TOC/L, C+B:mg/L) with 95% confidence intervals after 48 h.
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Abstract

Titanium dioxide nanopatrticles (nTiPadsorb co-occurring heavy metals in surface \sateodulating
their toxicity for freshwater invertebrates. Theogesses triggering this interaction may, however, b
influenced by several environmental parameters,lewtkineir relative importance remains unclear.
Therefore, the present study assessed the implisatif aging duration as well as ionic strength,guid
presence of different qualities of organic mattarirty aging on the joint acute toxicity of copp€uj and
nTiO, for Daphniamagnaover a study duration of up to 72 h. The resultidated that the presence of
nTiO, reduced, under all of the aging scenarios assésdbd present study, the Cu-induced toxicity for
daphnids — although with varying effect sizes, \Wwhigas displayed by up to 3-fold higher &€alues
compared to the absence of nTi®oreover, the Cu speciation — as a result ofidhi&c composition and
the pH as well as the presence of organic addifivebe medium — strongly modulated the processes
during aging with partly limited implications ofeéhaging duration on the ecotoxicological resporfse o
Daphnia Nonetheless, the present study underpins thediatitn-like effect of nTiQ on the heavy
metal toxicity in freshwater ecosystems under warienvironmental conditions, a pattern that, howeve

needs further verification using heavy metal ioiith @iffering properties.

Keywords: Weathering — Adsorption — Transport psses — Factorial approach — Crustaceans
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Introduction

Titanium dioxide nanoparticles (nTiDshow a broad range of beneficial properties aedterefore used

in numerous consumer products including food, gaamid sunscreens [1, 2]. This frequent involveraént
high amounts poses the risk of their unintendedass into the aquatic environment, with wastewater
treatment plant effluents being their major entayfpvay [3]. Both during the wastewater treatment as
well as after release into the receiving water hodyO, likely interact with other stressors, such as geav
metals, potentially modulating toxicity [4]. Thedwy metal ions may be adsorbed onto the large airfa
area provided by the co-occurring nEifB]. This process can reduce the ions’ concetnati the water
phase and thus their ecotoxicological potentia8]jGbut leads at the same time to an accumulatidheo
element at the particles’ surface, which may, fested, become bioavailable and thus toxic durintg g
passage [4]. In contrast, the settling of nJ&gglomerates may potentially lower the risk ofiragestion

by pelagic organisms [9] and hence the toxicityhef adsorbed metals, which may contribute to emplai

the discrepancy in published literature regardimgdirection of nTi@s effect on metal toxicity (e.qg., [4,

a)).

As the time of interaction between ngi@nd metal ions prior to the exposure of the tegamisms
(=aging) triggers both the amount of ions adsoidr#d nTiG and the agglomeration state of the particles
themselves [8, 10], aging duration can be assuméafitience the joint toxicity of the two component
Moreover, the physicochemical parameters of theosading media complicate any prediction of the
interaction between metal ions and nTi®or instance, the ionic strength of the aging iomadstrongly
influences the agglomeration processes of aTiD]. Moreover, the mediums’ ions potentially cozte
with heavy metals for adsorption to the particlesrfaces [11] and they probably form non-toxic
complexes with the metals during aging [5]. Funthere, the pH during aging determines the surface
charge of nTi@ as well as the speciation of metal ions [12]. $heface charge of nTiOn turn affects
the nanoparticles’ agglomeration dynamics as veetha adsorption of metal ions [13]. Moreover, aiga
matter adsorbed onto the nanoparticles (=coatintgntially stabilize nTi@Qin the water phase [14] and

alter the surface functionality of the particles wasll as the adsorption efficiency [15], ultimately
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modulating the interaction between metal ions am@p Taking these aspects together, nliGay
adsorb higher loads of metal ions with aging doratn presence of natural organic matter. At theesa

time, organic matter complexes metal ions reduthieir bioavailability [16].

To unravel the importance of these factors, thegrestudy used copper (Cu) as a representativeanfy
metals and the filter feeding pelagic crustacBaphnia magnaas a model organism. Daphnids were
exposed towards mixtures of Cu and nfi@hile both stressors were assessed in a factesaldesign
involving seven levels of Cu and two levels of nIi®loreover, different aging scenarios were realized
by varying the ionic strength, pH and organic maggaality and quantity of the media, while the agin
duration ranged (depending on the scenario) frorm 068 h. By doing so it was hypothesized that (1)
aging in presence of nTi@educes the toxicity of Cu compared to their abegas observed for unaged
combinations [9]. Since the interaction prior te #xposure decreases the amount of free Cu inea tim
dependent manner [8], the expected reduction iicitg>should increase with increasing aging dunatid
was also hypothesized that (II) an aging mediunh &ithigher ionic strength lowers Cu toxicity in the
presence of nTi©@more than medium with low ionic strength, whichdisven by agglomeration and
sedimentation. (lll) Since Hcompetes for binding sites on nTi€urfaces and these particles are more
positively charged [17], less Cu can be expectedet@adsorbed by nTiCat a low pH suppressing the
nanoparticles’ remediation-like effects on Cu tdyiclt was finally assumed that (IV) the preserufe
organic matter stabilizes nTi(14] with adsorbed Cu in the water column, whiobreases Cu uptake

and toxicity, while this process might vary wittganic matter quality.

Material and methods
Test substances
The Cu solution was prepared prior to each apjpdicato the test medium by mixing the salt

Cu(NG;),x3H,0O (Carl Roth GmbH + Co. KG, Germany) with deionizedter in a volumetric flask
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(polypropylene) followed by a serial dilution toetihominal test concentrations. The Cu species nogur

after dilution (see Table A.1) are henceforth sufisdi as Cu.

The nTiQ suspension was prepared by stirred media millPigl( 2, Bihler AG, Switzerland) of the
nTiO, powder P25 (AEROXIDE TiO, P25; primary particle size = 21 nm; surface areg0£15 m?/g;
Evonik, Germany) in deionized water at the Insgitdor Particle Technology (TU Braunschweig,
Germany) and was stabilized at a low pH displayanmonodisperse size distribution and an intensity
weighted average particle diameter <100 nm (Tab#& Rigure A.1). The nanoparticles consisted of the
crystalline phases anatase, rutile and amorphotieeiratio 78:14:8 [18]. Prior to each applicatfonthe
experiments, the nTigstock suspension (2 g/L) was ultrasonicated fornémutes to ensure a spatially

uniform particle distribution.

Test organism

The test organisnD. magna(clone V, Eurofins-GAB laboratories, Germany) wasdtured in ASTM
reconstituted hard water [19, 20] amended with réefe and vitamins (biotin, thiamine,
cyanocobalamine, according to the OECD guideling 1)) as well as 20 pL/L seaweed extract
(Marinure, Glenside, Scotland). The medium was ghdrthree times a week and the organisms were fed
with the green algaBesmodesmusp. equivalent to 200 ug carbon per organism daily basis. The
culture was kept at 20£1°C and a light:dark rhytbiil6:8 h (800-1000 lux; OSRAM L 58W/21-840

ECO, Germany).

General test design

The influence of different factors during aging thhe combined toxicity of Cu and nTjQvas assessed

taking advantage of a 7x2 factorial test desigreréfore, the Cu concentrations of 0 (control), 1200
2400, 4800, 9600, 19200 and 38400 pg/L were agelOimL centrifuge tubes (polypropylene) in
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presence and absence of nIi@00 mg P25/L) under different conditions (seeobgl utilizing an
overhead shaker. The concentrations during thegagimresponded to 100 times the concentration eghpli
during the toxicity tests. The Cu concentrationsenghosen to allow for a reliable determinatior48f
and 72-h EG values (=median effective concentrations), while nTiQ concentration equaled the 96-h

EGCs, for P25 [22] and thus is expected to affect tis¢ $pecies only marginally after 48 or 72 h [23].

After aging, each centrifuge tube was thoroughlytaxed for several seconds to resuspend potential
agglomerates ensuring the transfer of the nomim@iconcentration (see Table 1). Afterwards 3 mL of
the mixture were directly diluted in 300 mL of ttest medium (reconstituted hard water; see sedtsh
organism), which was shortly stirred and then distributedtiie test beakers (polystyrenme5). Five
juvenile daphnids (age <24 h) were placed in eagdikér, initiating the respective acute toxicityt tes
(according to the OECD guideline [21]; test dumati@2 h). The immobility of the test organisms was

assessed after 48 and 72 h.

Factors: ionic strength and aging duration

Reconstituted hard water (see secfi@st organismionic strength: 9.25 mmol/L) without the additioh
seaweed extract (=test medium) as well as deionizgdr was used as medium during the aging process.
The aging duration was 0 (=approximately 5 min), 22 and 168 h prior the initiation of the respesti
ecotoxicological assessment. In parallel to thesatments, unaged mixtures of Cu and nTi@re
assessed. With this test design it was feasibddaoacterize the potential effects of aging duratie well

as ionic strength of the medium, in which the agtogk place, on their combined toxicity. The

ecotoxicological testing was performed as detaileave.
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Factor: pH

To quantify the influence of the pH during the agof Cu and nTi@ mixtures, the aging medium (here
test medium) buffered with 1.046 g MOPS/L (3-(N-ptoolino)propansulfonic acid; Carl Roth GmbH +
Co. KG, Germany) — a nhon-toxic substance [24] — adjasted to environmentally relevant pH values, i.
6.5 and 8.0 [25] using HCI or NaOH (2 N standarditsan; Carl Roth GmbH + Co. KG, Germany). The
aging was performed for 0, 24 and 72 hours, wiigefinal ecotoxicological testing differed slighfhpm

the procedure detailed above. Briefly, the agedtumis were diluted and tested in (I) unbuffered tes
medium, (II) test medium buffered to pH 6.5 and) tkst medium buffered to pH 8.0. These experiment
adjustments were realized to consider the impticatiof a pH shift on the desorption of Cu from the
nanoparticles’ surfaces after the transfer to #st beakers [26], which was assumed to be sulmtgnti

higher at a pH of 6.5.

Factor: Organic matter

To characterize the influence of natural organidtenaon the combined toxicity of nTiGand Cu three
different qualities of organic matter were assesge®l mg total organic carbon/L, namely sucraldsé-(
Dichloro-1,6-dideoxy--D-fructofuranosyl-4-chloro-4-deoxy-D-galactopyranoside, purity  >98%;
Sigma-Aldrich, USA), seaweed extractp( sectionTest organismMarinure, Glenside, Scotland) and
Suwannee River natural organic matter (Internatibhamic Substances Society, USA). The aging was
performed in deionized water amended with the dogamatter for 72 h, while a supplemental experiment
assessed the implication of the aging of one ofotlganic matter qualities (i.e., seaweed extractest
medium to determine the transferability of the Hssuo media with a higher ionic strength (see
Appendix). Sucralose was applied during the prestntly as an artificial organic material, whose
molecules likely coat nTiQ[27], but should, given their neutral charge, nomplex Cu ions [5]. In

contrast, seaweed extract is recommended for raptioth tests and continuo» magnacultures by the
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OECD guideline 211 [28], while Suwannee River naltuorganic matter was due to its detailed
characterization used as a reference substances@lieiction of organic materials hence represergsge

of properties (e.g., regarding the quantity andliyuaf humic substances) reflecting their diveysii
natural and anthropogenically influenced waters, [20]. Moreover, these materials show different
capabilities of nanoparticle stabilization and irtpan the interaction of nTiQand Cu [30]. Again, the

ecotoxicological testing was performed as detaileave.

Analytics

Water phase samples for the determination of @tahnd TiQ concentrations were taken exemplarily at
the initiation of the acute toxicity tests assegsaging duration and ionic strength followed by an
acidification with HNQ. These samples were directly measured (mE&u and“°Ti) utilizing an
inductively coupled plasma with quadrupole massctspmeter (ICP-MS; XSeries 2, Thermo Fisher
Scientific, Germany) as described elsewhere [9¢ @tncentrations of TiQwere calculated based on the

measured Ti assuming the absence of other Ti-gongacompounds.

Statistics

The statistical analyses were accomplished usiegtidtistics program R version 3.0.1 [31] for Wiwdo
and several extension packages. The,E@lues (based on nominal concentrations) wereméeted by
fitting adequate dose-response models, which walexted based on Akaike's information criterion and
visual assessment. In the following only 48-hsg¢alues are reported, whereas thefB@lues obtained
after 72 h of exposure delivered a similar pattednile EG, values following 24 h of exposure were not
determined as toxicity caused by Cu was too low. eMaluate the implication of nTiOand the
environmental parameters (e.g., ionic strength, grganic matter), as well as their combinationsCen

induced toxicity, confidence interval (Cl) testif2R] was applied to statistically compare the retipe
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ECsy values. If the 95% Cls of the difference between EG, values did not include zero, the difference

was judged statistically significant.

To evaluate the contribution of the factors congden the present study (i.e., nLi€ncentration, aging
duration, ionic strength, pH during aging, exposdeation (including 48 and 72 h) and pH during the
ecotoxicological tests), a multiple linear regreasbf box-cox transformed Egvalues [33] (n=197),
weighted by the inverted relative standard errothef EGo value, was performed (comparable methods
are commonly used in quantitative structure-agtivé@ationship analyses; cf. [34]). Please noté¢ tha
presence of organic matter was not considered bigiee this factor was not assessed in combinatitin

enough other factors and their levels.

Results

Effect of ionic strength and aging duration

During aging in deionized water, nTithad no effect on the Cu concentration (irrespecti¥ aging
duration and the presence of nZiQhe Cu-level in the ecotoxicological test was ajw >89% of the
nominal concentration), but after the aging in tastlium the Cu concentration was higher in presefce
nTiO, compared to their absence (Table 1): Followingabilag in test medium, in presence and absence
of nTiO,, on average 87+4% and 44+29% of the nominal Cuerttration were detected, respectively

(Table 1).
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Table 1: The absolute (ug/L; meantSD) and relg¥seof nominal; mean+SD) concentration of Cu and
TiO, measured in the water column after aging and sulese dilution in test medium, but prior insertion
of the test organism. The nominal concentrationew® g Cu/L and 2000 ug Tid.

aging

aging medium duration (h) Cu (ug/L) Cu (%) TiQ(ug/L) TiO, (%)
deionized wate O -nTiO, 452+1.0 94.2+2.0 3.2+0.5 NA
+nTiO, 46.4+£0.3 96.8+0.6 2155.2+32.6 107.8t£1.6
24 -nTiO, 44.5+0.6 92.8+1.2 3.3£0.3 NA
+nTiO, 45.6+0.3 92.8+1.2 1862.4+33.8 93.1+1.7
72 -nTiO; 42.8+0.8 89.2+1.6 2.6+0.2 NA
+nTiO, 45.2+0.3 94.2+0.7 1630.2+40.5 81.5+2.0
16¢ -nTiO, 44.9+0.4 93.5+0.9 2.8£0.3 NA
+nTiO, 44.6+£0.4 93.0+0.9 1504.0£50.1 75.2+2.5
test mediur 0 -nTiO, 44.8+0.2 93.3+0.5 3.2+0.2 NA
+nTiO, 44.8+0.2 93.3+0.3 2066.5x15.8 103.3£0.8
24 -nTiO, 15.5+0.2 32.3+0.4 3.1+0.1 NA
+nTiO, 40.1+£0.5 83.5+1.1 1737.0£32.8 86.9+1.6
72 -nTiO, 12.1+0.4 25.2+£0.9 3.5+1.4 NA
+nTiO, 42.4+0.6 88.3+1.4 1622.6+38.8 81.1+2.4
16¢ -nTiO, 12.0£0.1 24.9+0.3 3.0+0.2 NA
+nTiO, 39.8+0.6 82.9+1.3 1727.316.8 86.4+0.3

NA, not assessed

Without aging, the presence of ngi@ the test medium reduced the toxicity of Cu,i¢ated by up to

60% higher 48-h E& values, compared to the absence of nTidgure 1). The same reduction of Cu

toxicity in presence of nTi©was observed after an aging for 72 h in deionizatkr (Figure 1 and A.2).
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Figure 1. The effect of ionic strength. The 48-hsgE@alues (x95% ClIs) of Cu in absence) (and
presence () of titanium dioxide nanoparticles (nTiDwithout aging (=no aging) and after an aging for
72 h in deionized water (dB) and test medium. Asterisks denote statisticsiliynificant differences
between the absence and presence of nTiO

In contrast, the aging of Cu and ngif test medium for the same duration led to aneiased toxicity of
Cu, in comparison to the absence of ni@hich is indicated by a 45% lower 48-h (Figure 1). This
difference was only statistically significant afm aging duration of 72 h and could — as a resulhe

not computable E& in absence of nTig) since the toxicity was to low — not be formakysted after 168

h of aging (Figure 2). Furthermore, the Cu toxialippped in absence as well as in presence of NTiO
with increasing aging duration in the test medilm, in presence of nTithe effect sizes were lower
relative to their absence (Figure 2). Additionatlye difference between the effect sizes was Statily
significantly increased after an aging duratiory®fh compared to 0 h (Figure 2). These phenomena we

not observable for the aging of Cu and njiDdeionized water (Figure A.2).
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Figure 2. The effect of aging duration. The 48-hsE@lues (£95% CIs) of Cu in absence) (and
presence () of titanium dioxide nanoparticles (nTiOwithout aging (=no aging) and after an agingGor
(, 5 min), 24, 72 and 168 h in test medium, respebtivAsterisks denote statistically significant
differences between the absence and presence @h..nWiA=The EG, was above the chosen Cu
concentration range.

Effect of pH

Irrespective of the pH of the final test mediung thxicity of Cu was significantly reduced after T 2f
aging at a pH of 6.5 in presence of nTi€dmpared to their absence (Figure 3A). This patteas similar
after the same aging duration at pH 8.0 (Figure 8B)reover, the toxicity of the aged Cu solutionswa
irrespective whether tested in absence or presaing€iO, — higher if ecotoxicologically assessed in test
medium with a pH of 6.5 compared to unbuffered medand medium buffered to pH 8. In addition, the
treatments aged in presence of nJ&@pH 6.5 displayed an in average 39% (range:5P@)thigher EGy
compared to their counterparts aged at pH 8.0 (Eg@ and 4). However, for the treatments aged in

absence of nTiexthese differences were on average only 8%.
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Figure 3: The effect of pH. The 48-h k@alues (£95% Cls) of Cu in absence) @and presence () of
titanium dioxide nanopatrticles (nTiPafter an aging for 72 h in test medium buffer@@ither pH (A) 6.5
or (B) 8.0, assessed in test medium buffered td fiunbuffered test medium and test medium buffere
to pH 8.0, respectively. Asterisks denote statdifjcsignificant differences between the absencé an
presence of nTi®
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Effect of organic matter
Independent of the organic matter quality, Cu tibxiavas significantly lower after 72 h of aging in
presence of nTi@in deionized water compared to their absence. paitern was consistently observed

with approximately 20% increased 48-hJf&@alues (Figure 4).

Figure 4. The effect of organic matter. The 48-hsE@lues (£95% ClIs) of Cu in absence) (and
presence () of nTiO, after an aging for 72 h in deionized water ameng@t organic matter (i.e.,
sucralose (SL), seaweed extract (SW), Suwannee Rataral organic matter (SR); at 8 mg total organi
carbon/L)), assessed in test medium. Asterisks tdesmtistically significant differences betweem th
absence and presence of nfiO

The contribution of each factor

The final model fit (multiple linear regression)thbe box-cox transformed Egvalues had an adjusted R-
squared of 0.8629, involving 197 Ealues. The concentration of nTi@as the only conditional factor
for the increase of the Cu-basedskE@lues (Table 2). Moreover, the significant intti@n of nTiQ, with
pH during aging confirms the observed decreaséh@fQu-based E& values with increasing pH and

nTiO, concentration (Figure 3A and B). Similarly, thgrsficant interaction of the pH and the ionic
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strength during aging showed a decreasegh E&lue with the increase of both factors (TableFXally,
the most powerful increase in Ealues could be attributed to the interactionhef pH during aging and
the pH during the actual ecotoxicological testing.

Table 2: Model fitting results for the box-cox tsdmrmed nominal E§ values. The multiple

linear regression of the E§&values of Cu against nT&oncentration, ionic strength, pH during
aging and during exposure as well as exposureidaorafter an aging.

Factor: Estimatc Std. Erro  tvalue  Pr(c|t|)
(Intercept) 0.7299 0.0370 19.7550 <0.0001
nTiO, concentration 0.1827 0.0483 3.7830 0.0002
nTiO, concentration : pH during aging -0.0234  0.0066 5780 0.0005

pH during aging : ionic strength -0.0106  0.0006 .384 <0.0001
exposure duration : pH during exposure -0.0002 @00 -5.0640 <0.0001
pH during aging : pH during exposure 0.0146 0.0007 21.3300 <0.0001
ionic strength : pH during exposure 0.0094 0.0006 5.2320 <0.0001

Estimate = strength of effect on kE@alues

Discussion

Presence of nTi@may increase Cu-toxicity with aging duration

In line with former studies [9, 30, 35], Cu-inducexicity was reduced in the presence of nji@thout
aging (Figure 1). When, however, aged in mediuntmait ionic strength of 9.25 mmol/L (=test medium)
prior to the ecotoxicological testing, Cu toxicitias increased by the presence, relative to thenabsef
nTiO, (Figure 2). Moreover, the differences in toxicfbffect sizes) between these two aging scenarios
increased with increasing aging duration (Figurs@jgesting that the Cu toxicity was considerabssl|

reduced in presence of nTithan in its absence as a function of aging dumatio

This relative increase in Cu toxicity in presenéa®iO, during aging in test medium compared to their
absence, which is in contrast to hypothesis |, &yexplained by an enhanced transfer of Cu from the
aging vessels to the ecotoxicological test systemprésence relative to the absence of the nanolearti
(Table 1). This is an assumption, which is strorgjipported when calculating the ®alues based on
the amount of Cu actually transferred into the exioblogical test systems (Table 1) and hence en th

measured Cu concentrations (Table A.3). Therelggraparable reduction in Cu-induced toxicity (20-
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100% higher Eg; values; Table A.3) was uncovered as, for instanbserved after aging in deionized
water. This process could be related to the predamiadsorption of Cu onto the aging vessels isrates

of nTiO,, while in their presence Cu was primarily boundoamTiO,'s surfaces ensuring that both Cu and
nTiO, were ultimately transferred to the ecotoxicolofiest system at levels very close to the nominal
concentrations (Table 1) — despite the fact th@#pagglomerated (Table 3) and likely sedimented during
the aging process. In accordance with these irgtrons, supplemental experiments underpinned the
relevance of the adsorption of Cu to the aging elefes the results of the present study by shovtireg
following the aging of Cu and nTiQlirectly in the test beakers (see Appendix forilgt Cu-induced
toxicity was reduced in the presence of nyi@®lative to their absence (Figure A.3). Althougingk
amounts of Cu were likely transferred to the eciotrgical testing systems associated with rpTiO
agglomerates that sedimented during the toxicityirig [23, 36], Cu still induced acutely toxic effs.
This observation may be explained by the poteimigéstion of the nanoparticles together with Cu by

daphnids grazing at the bottom of the test beakéf ¢r the Cu might have been desorbed from gTiO

when introduced into the ecotoxicological test [38]

Table 3: The particle size distribution, i.e. aggraliameter (nm, meanzSD), polydispersity indey, (PI

10" 50" and 98 percentile, of nTi@ measured n( 3) in the aging medium (i.e., test medium and
deionized water) after 0, 24, 72 and 168 h.

aging aging average diamet¢ Pl PI 10" 50" o™

medium duration (h) (nm) (min) (max) percentile percentile percentile

deionizec 86.6+2.9 0.173 0.227 51.7 90.8 166.1

water 24 695.3+28.3 0.314 0.329 1605 600.4 2604.6
72 1173.447.9 0.386 0.388 388.1 1417.0 4867.3
168 1631.5+2.4 0.407 0.441 833.7 1555.0 10166.5

test 0 4240.9+278.3 0.591 0.657 1682.0 5278.8 18569.1

medium 24 4951.1+345.4 0.295 0.462 2558.3 4439.5 18664.2
72 3192.9+111.1 0579 0.761 1176.7 2678.6 42353.9
168 4381.7+180.0 0.386 0.478 2296.8 3398.5 63921.1
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The impact of environmental parameters during agiog Cu toxicity

Factor: lonic strength

Partly in contrast to the results for aging in testdium and hypothesis Il, the aging of Cu and aTiO
deionized water (ionic strength0.0 mmol/L) resulted in a reduced Cu toxicity iregence of nTi®
compared to their absence — similar to the experisnperformed without aging (Figures 1 andénsu
Seitz et al. [39]). The compliance of the experitagmerformed without aging and those with aging in
deionized water indicated that no or only limiteteractions between Cu and nti&s well as the aging
vessel occurred over the aging duration of up ® H§Figure A.2). This pattern may be explainedaby
different composition of the Cu species in deiodizeater relative to the test medium used during@gi
(Table A.1) as a function of the ionic compositanmd the pH. The lower pH of deionized water (7.@}O0.
compared to test medium (8.2+0.1) has — due tavgettion with H for binding sites [26] — potentially
reduced the adsorption of Cu to the aging vesbatsalso to nTi@ (cf. [38, 40]). Similarly, at low ionic
strength the formation of insoluble Cu complexesetuced [5] likely stabilizing the amount of Cutire
water column and hence delaying the start of theraction between Cu and nTi@h deionized water

until the initiation of the ecotoxicological tesie(, the presence of anions and cations).

Factor: pH

To disentangle the role of pH during aging, furtbgperiments assessed the combined toxicity ofrdu a
nTiO, after aging in test medium buffered to either pbl & pH 8.0 and hence avoiding any confounding
effect of the ionic composition of the medium. Engral, the aging at pH 8.0 and in presence of nlE®

to a higher toxicity compared to aging at a pH d&, Gvhile in absence of nTiChis difference was
negligible (<10%). This is in line with hypothesik(less Cu can be expected to be adsorbed by nd@iO
a low pH suppressing the nanoparticles’ remedidtl@neffects on Cu toxicity), and might be explkdh

by a higher adsorption of copper under basic camdit compared to acidic [6, 11].
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Moreover, the toxicity of Cu was — irrespectivettod pH value during aging and the actual toxicist

in presence of nTiPreduced compared to the absence of pFgure 3A and B). These observations
suggest that the difference in pH between deioniaader and test medium may not explain the
differences regarding the direction of nifiduced effect on the Cu toxicity. However, thedlvement

of a buffer (here MOPS) may have confounded theraation of Cu and nTi© This could be assumed
since MOPS can coat nTi@s well as the aging vessel and thereby alter siieface properties (e.g., via
changes in surface charge or mechanical blockitighately inhibiting the adsorption of Cu [27, 30],
while similar effects have been observed for sose@imolecules [30]. These processes may have masked
most of the real pH effects and query the rolehef pH as a driving force during these experiments.
Although, this phenomenon hindered an adequatssesat of pH’s influence on the interaction between
metal ions and nTig) it may be concluded that the pH plays only a mirede in presence of organic

molecules (i.e., MOPS).

Factor: Organic matter content

Besides MOPS, other organic matters can coat thiacguof nanoparticles [41] and stabilize these
particles in the medium [14], ultimately modulatithge combined effect of Cu and nEiQn this context,

it was hypothesized that a coating of nJEy organic matter increases the transfer of Cun{ftlee aging
vessels to the ecotoxicological test) and its éffem daphnids [39] (hypothesis IV). In contrasthis
hypothesis, the presence of any of the qualitiesrghnic matter (i.e., sucralose, seaweed extratt a
Suwannee River natural organic matter) during & aging reduced the Cu-induced toxicity to a kimi
extent as observed for unaged nJ@nhd Cu mixtures (Figures 1 and 4) suggesting #@ddrimpact of
organic matter quality. This observation is in limih Seitz et al. [39] showing that nTiGged in
deionized water in presence of organic matter catise same effects as unaged rpTi€imilarly, if the
aging in presence of organic matter (i.e., seaves¢ct) was conducted by using test medium, theesa

pattern, although at higher Efvalues, was observed (Figure A.4). This pattemn est likely be
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explained by the adsorption and complexation pseEsliscussed above. Furthermore, the adsorption of
organic matter changes the surface properties tdlroeides such as Tip15] as well as the aging vessel
potentially decreasing the adsorption of Cu andstthe loss of Cu prior to the initiation of the

ecotoxicological testing.

Conclusion

The present study revealed, in line with the mildtifinear regression on 197 ECvalues, that the
presence of nTiphad the strongest impact on the Cu-induced tgxivihile nTiO, decreased Cu toxicity
in all of the environmental conditions assesseds Bhggests that these nanoparticles may indeed be
suitable remediation tool for heavy metal contaridmain freshwater ecosystems, which, however, seed
further verification using heavy metal ions withffeiing properties. It remains, however, an open
guestion whether similar patterns can be observddwaer, more field relevant nTiDconcentrations.
Furthermore, it is obvious from the present studit many factors need to be considered when asgessi
the combined toxicity of stressors and nanopasdicldiese factors include besides the loss of thmittal
stressors’ availability during aging (e.g., adsimptto aging vessels) also the implications of cizam
buffers or, more general, medium additives (hereR8Don the interactions between stressor(s) and

nanoparticles.
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Supplementary information

Table A.1: Abundance of copper species (%) durigiggin test medium and deionized water for the
highest and lowest concentration (determined \saaliMINTEQ 3.0 (Gustafsson, 2011)).

mediun  Cu CU* CuOF Cu(OH),”* Cug(OH),”* CuCCi(aq Cu(CCy,~ sum
concentration
(ng/L)
deionizec 120( 79.C 17.1 3.t <1.0 <1.0 <1.0 99.¢
water 3840( 40.2 7.¢ 25.7 25.7 <1.0 <1.0 99.7
test 120( 1.6 4¢ <1.0 <1.0 87.2 4.t 98.2
medium  3840( 1.1 3.2 5.1 36.2 51.1 2.3 99.1

Nanoparticle characterization in the stock suspemsi

The transmission electron microscope images (200 Z&iss 922 Omega) displayed a primary particle
size corresponding to the suppliers’ informatioig(ife A.1). Moreover, the sizes of the agglomerates

in the range of the measured patrticle size didiobbhyTable A.1). Moreover, the particle size dimition

of the stock suspension displayed a polydispersibex <0.2, indicating its monodisperse particle

distribution (Table A.1.).

Figure A.1l: Transmission electron microscopy imafehe applied P25 titanium dioxide nanoparticle
stock suspension (200 keV Zeiss 922 Omega; scetd 0@ nm).
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Table A.2: The particle size distribution, i.e. eage diameter (nm, mean+SD), polydispersity ind&, (
10", 50" and 98 percentile (D10%, D50%, D90%) of P25 titanium ditexnanoparticles measured 8)
in the stock suspension.

average diamete
(nm)
93.9+1.2 0.185 0.193 53.1 98.5 188.1

PI(min) Pl(max) 10 percentle 5B percentle 90 percentile

Table A.3: The 48-h E& values (ug/L), based on the nominal and the medsGu concentrations in
absence and presence of titanium dioxide nanofest{oTiQ) after an aging for 0, (5 min), 24, 72 and
168 h in test medium, respectively. NA=ThesE®as above the highest Cu concentration tested.

aging duration EG(nominal)  EGo(measured)
Oh -nTiO, 78.8 73.6
+nTiO, 94.9 88.6
24t -nTiO, 262.9 84.9
+nTiO, 172.6 144.1
72¢ -nTiO, 379.3 95.6
+nTiO, 217.9 192.6
168t -nTiO, NA NA
+nTiO, 337.3 279.6
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Aging in deionized water
In parallel to the aging in test medium, Cu andQ@yTwere jointly aged in deionized water for 0, 24, 72
and 168 h. This process only marginally influentiegltoxicity compared to the unaged treatment (f€igu

A.2).

Figure A.2: The effect of aging duration. The 4&8;, values (£95% CIs) of Cu in absence) (and
presence () of nTiO, without previous aging and after an aging for 8, 22 and 168 h in dionized
water, respectively. Asterisks denote statisticsigynificant differences between the absence aeskpice
of nTiO..
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Enhanced transport of Cu as main effect

An experiment was conducted during which the miesuof Cu and nTi@were directly aged in the test
beakers for 72 hours prior to the test initiatiothwthe daphnids, which excluded the use of aduitio
aging vessels and hence the loss of Cu during agjimg results displayed a reduced Cu toxicity adier

aging in presence of nTg@ompared to their absence.

Figure A.3. The effect of the transfer. The 48-hs&@alues (x95% Cls) of Cu in absence) (and
presence () of titanium dioxide nanoparticles (nTiOwithout aging and after an aging for 24 and 72 h
in test medium directly in the test beakers witheubsequent dilution. Asterisks denote statisticall
significant differences between the absence argkpoe of nTiQ

109



Aging in test medium with different levels of seasgkextract

To complement the tests aiming to characterizéntgence of natural organic matter on the joinkietty

of nTiO, and Cu an aging with 0, 2 and 8 mg total orgaaita@n/L of seaweed extradip( sectionTest
organism Marinure, Glenside, Scotland) in test medium wmsformed. The results uncovered a
comparable pattern as observed following the agfingliO, and Cu in deionized water (compare Figure

A.4 with Figures 1 and 2). Furthermore, the quarftorganic matter seemed to play a minor role.

Figure A.4: The effect of aging in test medium witifferent levels of seaweed extract. The 48-hEC
values (£95% CIs) of Cu in absence) @nd presence () of titanium dioxide nanopatrticles (nTiOwith

0, 2 and 8 mg TOC/L seaweed extract aged for 78 kest medium. Asterisks denote statistically
significant differences between the absence argepoe of nTiQ
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Abstract

In aquatic ecosystems, titanium dioxide nanopa&didihano-TiQ) may adsorb co-occurring chemical
stressors, such as copper (Cu). This interactignthia potential to reduce the concentration ofodiiesl
Cu due to surface binding to the nanoparticles. Siissequent sedimentation of nano-T#gglomerates
may increase the exposure of benthic species tewharslassociated Cu. This scenario was assessed by
employing the amphipo@Gammarus fossaruras model species and taking advantage of a 2:xt@rialc
design investigating absence and presence of 2 ang-hiQ/L and 40 pg Cu/L r=45; t=24 d) in
darkness, respectively. Nano-Ti@one did not affect mortality and leaf consumptiowhereas Cu alone
caused high mortality (>70%), reduced leaf consiong25%) and feces production (30%) relative ® th
control. In presence of nano-TiQCu-induced toxicity was largely eliminated. Howevindependent of
Cu, nano-TiQ decreased the gammarids’ assimilation and weldgnice, nano-Ti@may be applicable as

Cu-remediation agent, while its potential long-teffects need further attention.

Keywords: Heavy metal — Benthic invertebrates —rgyn@rocessing — Remediation — Combined toxicity
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Introduction

The production of titanium dioxide nanoparticlearfo-TiQ,) has already reached an annual production of
approximately 38,000 tons in the United States (em et al., 2011) and more than 10,000 tons in the
European Union (Sun et al.,, 2014), due to theirmtirapplication in many household and industrial
products (e.g., textiles, sunscreens and facadetspaiVindler et al.,, 2012). This may lead to an
unintentional release of nano-Tidto aquatic ecosystem$a point sources such as wastewater treatment
plant effluents (WWTPs; Gottschalk et al., 2013nSa al., 2014). However, following their release,
nano-TiQ may interact with other chemical stressors by disg for instance metal ions onto their
surface (Bekkouche et al., 2012; Hua et al., 2®a5hidi et al., 2010). In this context, copper (@n)
ubiquitous aquatic contaminant with concentratipagly above 200 pg/L in surface waters (SuR et al.
2006) may be of particular relevance. This is fertetrengthened by Cu’s high potential to adversely
affect lenthic and lothic freshwater ecosystemmdigated by acute toxicity data fBraphnia magnd48-

h EGgregarding immobility78 pg Cu/L; Rosenfeldt et al., 2015) aBdmmarus fossarurfy-d LGo: 78

pg Cu/lL; Zubrod et al., 2014), respectively.

By adsorbing Cu onto nano-TiOthe concentration of Glj the most toxic Cu species (Flemming and
Trevors, 1989), is reduced in the water column @Réxddt et al., 2015). As a consequence, the tiyxafi
Cu for aquatic organisms may be altered. Curréataliure is inconclusive on the direction of thieef
(Fan et al.,, 2011; Rosenfeldt et al., 2014). Far pelagic standard test organisBis magna it was
suggested that a reduction of Cu toxicity is attiéiol to CG" removal from the water column as a result of
the agglomeration and sedimentation of nano,T@gether with the absorbed metal ions (Rosenfidt
al., 2014). This observation ultimately raises @ns whether a comparable pattern, namely a rexfucti
of Cu toxicity by nano-TiQ or a different pattern, in fact an increase in Gxidity in presence of nano-

TiO,, can be observed for benthic invertebrates.

To address this question, an ecologically importantthic species, namely the leaf shredding amghipo

G. fossarum(Dangles et al., 2004), was selected as a tesiisrga. The hypothesis, that benthic

113



organisms show, opposed to pelagic organisms,@adsed Cu accumulation and toxicity in presence of
nano-TiQ, was assessed by utilizing a 2x2 factorial testige Therefore, a 24-day semi-static
experiment was conducted involving two levels ohadiO, and two environmentally relevant Cu
concentrations, which are expected to cause natedfed sublethal effects in gammarids, respectively
During the course of this study mortality as wellemdpoints related to the organic matter procgssin

G. fossarumwere assessed. Moreover, after the terminatidhegxperiment, the lipid content (a proxy
for energy reserves) and the dry weight of the tsfanisms were determined as indicators of
physiological fithess. These data were supplemebyethe quantification of TiQand Cu, in the water

column and the test organisms, allowing the estonaif their fate during the experiment.

Material and methods

Test substances

A Cu solution was prepared, prior to the appligaito the test medium (SAM-5S; Borgmann, 1996), by
mixing CuSQx5H,0 salt (purity 99%; Fluka, Germany) with 1 L deionized water imodumetric flask.
Subsequently, a dilution in test medium was caroigidto achieve the nominal test concentrationQofig
Cu/L, subsuming different Cu species (84.1% Cy@¢, 9.2% CuOH 3.6% Cii% 1.6% Cu(CQ),?

1.2% Cu(OH) (aq); determinedia visual MINTEQ, version 3.0; Gustafsson, 2011).

The additive free nano-Tisuspension had an intensity weighted averagecfedize of 59.5+0.7 nm
(Table 1), measured using a DelsaNano C Particlalyzar (Beckman Coulter, Germany). It was
prepared at the Institute for Particle Technology Braunschweig, Germany) by stirred media milling
(PML 2, Buhler AG, Switzerland) of the purchasedsRbwder (AEROXIDE TiO, P 25; Evonik,
Germany) using deionized water as medium (Dabrtirat. €2011). The primary particle size of P25 was
21 nm, while the advertised surface area of thedeowas 50+15 m3/g (Brunauer-Emmett-Teller). The

suspension was pH stabilized and has shown a meperdie size distribution (Table 1; Figure S.1)oPri
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to the applications the stock suspension (2 g/L$ witrasonicated for ten minutes to ensure a dpatia

uniform particle distribution.

Table 1. Particle size distribution (i.e., average diametolydispersity index (Pl), f0and 9¢'
percentile) of nano-Tiomeasuredn( 3) in the stock suspension and the bioassay afét &nd 48 h.

time average diameter (ni Pl D10% D90%

stock 59.5+0.7 0.101-0.173 37.3t1.0 101.9+4

Oh 289.5+0.8 0.229-0.259 143.6+3.8 597.4+98.7
24 h 1315.1+68.5 0.450-0.516 487.1+10.0 16759.54331
48 h 1043.34£58.7 0.402-0.449 284.6+19.3 12275.3&840

The nano-TiQ in test medium (see sectidrest organisn)s showed an intensity weighted average
particle size of 289.5+0.8 nm=3; Table 1), which was measured using a DelsaNaRarticle Analyzer
(Beckman Coulter, Germany) some minutes afteritésation. After 24 the average particle size was
above 1000 nmnE3; Table 1). Additionally, the particle size dibtition was measured in test medium
without gammarids in absence and presence of lesafs dTable A.1). This procedure verified the
stabilization of the particles, most likely as auks of the organic materials released by the digsds
(Patil et al., 2012; the average particle diametas less than 50% of the diameter in pure medider af
24 and 48 h). Nevertheless, nano-7Jif@ached sizes above one micrometer and sedimémtadl

treatments (visual observation).

Test organisms

The test organisi®. fossarumwas kick-sampled from the stream Hainbach (neanl&weiler, Germany;
N49° 14' 50" E8° 2' 27") upstream of any agricudtuactivity, settlement, and WWTP (Feckler et al.,
2012). Afterwards, gammarids were gradually acdiimea to test medium over a time period of seven
days. During this period, organisms were maintaineder aeration in a climate-controlled chamber at
16+1°C in total darkness and fedl libitum with pre-conditioned black alder leaves. Only matklt
gammarids (identified by their position in precapphirs) with a cephalothorax diameter betweerathdb
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2.0 mm (corresponding to an average dry mass af05/7/mg, mean+S=50) were used in the present
study in order to reduce variability in the assdssedpointsdf. Naylor et al., 1989; Pascoe et al., 1995).

All organisms were visually free of acanthocephadaresites.

Preparation of leaf discs

The leaf discs were prepared as described in Zubtad. (2010). Briefly, black aldeAlhus glutinosa
(L.) Gaertn.) leaves were collected in the surrangsl of Landau, Germany (N49°11 E8°05). Leaf discs
of 2 cm diameter were cut from the leaves and stdgjleto microbial colonization (i.e., conditioninigy

ten days in aerated nutrient medium (Dang et BD5P using leaf material previously exposed in hapt
near-natural stream (Rodenbach, Germany; N49° @3EB° 02' 33") as inoculum. After conditioning,

leaf discs were dried to a constant weigh24 h at 60°C) and weighed to the nearest 0.01 mg.

Test design

To assess the influence of nano-7ih the toxicity of Cu, a 24-d bioassay was coneldieipplying a 2x2
factorial test design. The first factor was the esice or presence of nano-TiQP25) utilizing a
concentration of 2 mg/L, which has shown to triggersublethal effects in previous experiments ¢Satit
al., 2014). The second factor, namely Cu, was afgied at two levels, one without and one withOa 4
pg/L exposure concentration. The Cu concentrasoanvironmentally relevant (Bereswill et al., 2012;
SUR et al.,, 2006) and is expected to cause subleftezts in gammarids according to Zubrod et al.
(2014). The combination of all factor levels resdlin four treatments, while each of them was cepdid
45 times at test initiation. One replicate consisté a 225-mL plastic beaker (polystyrene) filleithw
SAM-5S medium reflecting the respective treatment,individual male gammarid as well as two leaf
discs. To account for microbial and physical leassiloss, five additional beakers were set updohe

treatment without gammarids. All beakers were agrand kept at 16+1°C in complete darkness. Inrorde
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to ensure a constant exposure, the medium of eaattent was renewed every third day. Following the
careful transfer of the test organisms as wellhasléaf material to fresh medium, the old mediuns wa

filtered individually for each beaker over a preigieed glass fiber filter (pore size: 1-3 um; GF 6,

Whatman GmbH, Germany). The filter was dried andyled to quantify feces production. Furthermore,
during every second water exchange leaf discs veglaced, while the removed leaf material was dried
and weighed as detailed above. During each testumenewal mortality was recorded. At the time of

test termination, all remaining gammarids were feéiseblotted dry, frozen in liquid nitrogen andeth

stored at -75°C until further processing.

Parameters related to physiological fitness

Following freeze-drying, individuals were weighedthe nearest 0.01 mg. The dry weight of gammarids
was determined at the termination of the test. fbked lipid content of the gammarids was quantifigd

the sulfo-phospho-vanillin reaction, which was diéms by Knight et al. (1972) using soy bean oil
(Sojola, Vandemoortele, Belgium) as general refegestandard for lipids (Z6liner and Kirsch, 1962I).
samples (individual gammarids=5 per treatment) were treated as described by Namdel (1985),
while this procedure was validated for the assesswfeenergy resources in organisms exposed to-nano
TiO, (see SI). Briefly, 0.5 mL of chloroform/methanoixtare (1:1) was added to each of the dried
samples, which were kept in 2-mL glass vials withytetrafluoroethylene (PTFE) caps. After threeday
samples were transferred (residues were rinsed thghsolvent mixture) into micro mortars (Roth,
Germany) and homogenized. These samples were émgrifeged for 60 s (short spin; up to 2000 rpm)
and the supernatants were transferred into gldasredubes with PTFE caps. The chloroform/methanol
mixture was evaporated from the sample tubes wsingter bath (95°C). Afterwards 0.2 mL sulfuricdaci
was added to each sample. After sealing the tubey, were heated for 10 minutes in the water bath
(95°C) again. Subsequently, the samples were cdoledom temperature, followed by the addition of 5

mL vanillin-phosphoric acid reagent (600 mg vanillivere solved in 100 mL hot deionized water and
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afterwards mixed with 400 mL of 85-% phosphoricdxdio each sample and thorough vortexing. For
guantification, 200 uL of each sample and the calibn standards were transferred into wells oba 9
well plate (BRANDplat& BRAND GmbH & Co. KG, Germany) and the absorptwas measured with
an Infinite” 200 M microplate reader (Tecan Group Ltd., Switrel) using the i-control software (Tecan

Group Ltd., Switzerland) at a wavelength of 490 nm.

Calculations and statistics

The endpoints related to the (organic) matter msiog ofG. fossarumnamelyleaf consumption, feces
production and assimilation, were quantified ev@xyh day and averaged, individually for each ek,
over the whole test duration for further statidtianalysis. Leaf consumptiorC) was expressed as mg

consumed leaf dry mass per gammarid and day andaladated as follows (Naylor et al., 1989):

wherel, is the initial dry weight of leaf discs availatit® gammaridsl is the initial mean dry weight of
the leaf discs of the five replicates without gamidhdl . is the mean dry weight of the leaf discs of the
five replicates without gammarid after six dayserdbyl; andL. served as correction factors for the
microbial and leaching mediated leaf mass lbsgs the dry weight of leaf discs’ residues aftexdimg in
the same replicate, amds the observation time in days. Feces produdtQrwas expressed as mg feces
dry weight per gammarid and day and was calculatetbllows (after Naylor et al., 1989, modified by

Zubrod et al., 2010):

whereF; is the final dry weight of the filtef; is the initial dry weight of the filter, ané. is the mean

change in dry weight of five additional filters,ré@g as correction factor to account for geneiédrf
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weight changes due to method dependent factors (eigrobial leaf decomposition, potential adsampti

of nano-TiQ agglomerates and potential mass loss of the filter to washing out). Both correction
factors involved in these calculations were indeleen of the nano-Ti@exposure. Assimilation was
expressed as mg assimilated amount of food per gaithrand day and is defined as the difference

betweenC andF (Naylor et al., 1989).

Statistical analyses were accomplished using #itéssts program R version 3.0.1 for Windows (R €or
Team, 2013). The sublethal endpoints (i.e., leafisamption, feces production, assimilation) and
endpoints related to the physiological fitnessalttipid content and dry weight) were evaluatedtig-
factor ANOVAs, which allow, in contrast to one-wANOVA, to assess for the individual effects of the
two factors Cu and nano-TiCas well as for their interaction, instead of asi®g solely for the
differences between treatment groups. Normal Oigion and homogeneity of variances were assessed
using the Shapiro-Wilk Normality Test and the BetttlTest of Homogeneity of Variances, respectivily.
the data did not meet the requirements for paraenitsting the data set was rank-transformed paor
further assessment. The estimation of effects ontatlity was addressed by pairwise comparisons for
proportions using chi-square tests with Bonferddolm correction for multiple comparisons.
Furthermore, the measured differences between dta body burdens of Cu were assessed with a
Kruskal-Wallis Rank Sum Test followed by a Wilcoxé&ank Sum Test for multiple comparisons

(Bonferroni adjustment).

Chemical analysis

Ten milliliter samples for the determination of Bi@nd Cu concentrations in the water phase weratake
prior and after the water exchange, followed byaaidlification with HNQ and storage at 5°C. Samples
were measured fdPCu and**Ti present in the water column using inductivelppled plasma with a

guadrupole mass spectrometer (ICP-MS; XSeries 2yritn Fisher Scientific, Germany) as described
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elsewhere (Rosenfeldt et al., 2014). In all cagesconcentrations of TiQvere calculated based on the

measured Ti, while assuming the absence of otheoiitaining compounds.

Additionally, the total body burden of Tiincluding parts potentially adsorbed to the drteof the
organisms) in freeze-dried, weighed and subsequémtinerated (at 400°C) gammarids (after 24 d
exposure) was analyzetih electro thermal vaporization (ETV 4000 System, B Systems, Germany)
coupled to the ICP-MS (Duester et al., 2010). TBE-MS was run in the collision cell mode with -3 V
and 6 mL He/H cell gas in order to avoid polyatomic interfereme@ad 25 mL Ar/@Q were applied as
additional gas to oxidize the introduced carbons@beldt et al., 2014). The total body burden ofwas
determined with ICP-MS in freeze-dried and weighgadnmarids sampled at the termination of the
experiment following an acid digestion using aqegia for four days with subsequent increases in
temperature (30-80°C). The reference materials, (GBWO07602; bush twigs and leafs; Institute of
Geophysical and Geochemical Exploration, China BMdA-53.3; surface water; Environment Canada,
Canada) showed a recovery of 102.5£12.2% (meanzBi®.detection limit of this method was 0.16

pg/L and the quantification limit 0.42 pg/L.
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Results and discussion

Effects of nano-TiQ

Titanium dioxide nanoparticles caused a near-sinit increase in feces production 8y fossarum
compared to the control (two-factor ANOVA=0.052; Table 2; Figure 1). The median differertbe,
conventional non-parametric measure to assessfteeedce between two samples (e.g., in the coafse
the Wilcoxon rank sum test; Altman et al., 2000aswn this case 0.02 mg/gammarid/day, which is not
easily observable from the difference between #mptes’ medians as displayed in Figure 1. Together
with the leaf consumption, this strong tendencyato increase in feces production may explain the
significantly reduced assimilation (by approximgtéD%) in the presence of nano-Tti@ompared to the

control (two-factor ANOVAp<0.001; Table 2; Figure 1).

Figure 1. Medians (with 95-% confidence intervals) of the guidts related to the processing of (organic)
matter (i.e., leaf consumption, ) * G.
fossarumexposed to the control, 2 mg nano-7i0 40 ug Cu/L as well as the combination of namo,T
and Cu over the entire study duration of 24-d. Bledistical significance of the variables and their
interaction can be extracted from Table 2.
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Table 2. Output of two-factor ANOVAs for leaf consumptiorgcks production, assimilation, weight and
lipids.

Df Sum Sq Mean Sq F value p-value

leaf consumption

nano-TiQ 1 0.033 0.034 0.370 0.544

Cu 1 0.401 0.401 4.425  0.037
nano-TiQxCu 1 0.441 0.441 4.867 0.029
residuals 130 11.781 0.091

feces production

nano-TiQ 1 0.343 0.343 3.862 0.052

Cu 1 0.285 0.285 3.206 0.076
nano-TiQxCu 1 0.583 0.583 6.563 0.012
residuals 130 11.541 0.089

assimilation

nano-TiQ 1 16865 16865 11.949<0.001
Cu 1 150 150 0.106 0.745
nano-TiQxCu 1 2 2 0.002 0.967
residuals 130 183480 1411

weight

Cu 1 6.21( 6.21¢ 10.23¢  0.00:
nano-TiQxCu 1 1.01( 1.01( 1.66¢ 0.19¢
residuals 131 79.52( 0.607

lipids

nano-TiQ 1 3883 3883 6.786  0.019
Cu 1 8 8 0.015 0.906
nano-TiQxCu 1 140 140 0.244  0.628
residuals 16 9154 572

Df, degrees of freedom
Sum Sq, sum of squares
Mean Sq, mean squares

These data suggest an inefficient digestion ofl¢laé material due to prioritizing the excretion tbe

nanoparticles over the assimilation for energy éBeh et al., 2011). Another explanation for this
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phenomenon might be the clogging of the digestizet by nanoparticles as shown for daphnids exposed
to P25 (Campos et al., 2013). Irrespective of theedying mechanism, the present study indicatas th
the uptake of nano-Til)Table 3) negatively affects gammarids over thglterm as a result of the less

efficient utilization of the ingested food.

Table 3. Total body burden (ng and ng/mg; mean+SD) of ,Téa@d Cu inG. fossarumafter test
termination.

TiO, (ng) TiO, (ng/mg) Cu (ng) Cu (ng/mg)
control 0.0+0.3 0.0+0.1 324.0+12.8 61.9+7.7
nano-TiQ 481.24179.6 129.4+34.0 NA NA
Cu 1.2+15 0.1+0.4 674.8£117.5 138.9+23.6
nano-TiQxCu  497.6+437.5 84.3+75.3 424.6+74.9 115.7+18.7

NA, not assessed
p-values for the differences in total body burdeiCafare available in the Sl (Table S.2)

This assumption coincides — although not significamvith the reduced weight of the gammarids at the
termination of the experiment by 10% relative te ttontrol (two-factor ANOVAP=0.075; Figure 2A).

In contrast to the reduced weight, the lipid cohtfrgammarids exposed to nano-Fi®as significantly
increased by more than 60% in presence of nang{fi®-factor ANOVA: p=0.019; Figure 2B; see also

Dabrunz et al., 2011).
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Figure 2. Medians (with 95-% confidence intervals) of thg dreight (A) and the lipid content (B) &.
fossarumexposed to the control, 2 mg nano-7iQ 40 pg Cu/L as well as the combination of nan@,T
and Cu at the termination of the experiment (fahbendpointsn 5). The statistical significance of each
of the independent variables and their interaatienm be extracted from Table 2.

This increase in lipid content may be explainedbyadsorption of lipids by nanoparticles within Hoaly

of the exposed organisms (Fortunelli and Monti, 0Qipids attached to the surface of nano-Iéde
probably not useable for the organism, ultimatelguenulating in their body. Since nanopatrticles ban
translocated from the gut into lipid storage drtplen daphnids (Rosenkranz et al., 2009) and such
droplets are also present in amphipods {&kefossarum(Schill and Kéhler, 2004), this pathway seems
possible. Even though nano-TiCaused rather limited effects during this 24-degipent; however, the
observations, suggest detrimental effects ovemgdotime period due to the potential of nanoplertic

exposure to hamper the assimilation and usabifignergy from food and its storage, respectively.
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Effects of Cu

Gammarids exposed to an environmentally relevant@centration of 40 pg/L (Bereswill et al., 2012;
SuR et al., 2006) showed a high mortality (71%)vaB as sublethal effects on leaf consumption, Whic
was significantly reduced (23%; two-factor ANOVA=0.037; Figure 1). At the same time, feces
production ofG. fossarunwas reduced by approximately 30% (two-factor ANQ\WAO.076; Figure 1),
which resulted in an assimilation comparable to toatrol. Even though the assimilation was not
affected, Cu exposed organisms exhibited a sigmiflg reduced weight compared to animals from the
control (approximately 10%; two-factor ANOVApP=0.002; Figure 2A) at the termination of the
experiment, while no influence on the lipid contesais detected (Figure 2Bf. Zubrod et al., submitted).
These results suggest the expenditure of energy the consumed leaf mass for detoxification proeess
instead of an increased utilization of the storedrgy resources (i.e., lipids; Schill and Kéhle@02).
Thus, the excretion of Cua feces was potentially stalled to enable sufficiemérgy assimilation from
the consumed leaf material. The alternative toctliexcretion was probably the detoxification of ese
Cuvia complexation with metallothioneins and sequestradis solid metallic sulfur granules (Ahearn et
al., 2004; Barka et al., 2010; Khan et al., 20)the same time, gammarids seemed unable to supply

energy for other physiological mechanisms, liketplaining the weight loss.

Combined effects

The results of the present study demonstrated éothiic invertebrates, usinG. fossarumas model
species, a reduced Cu toxicity in presence of Ad@g- This observation contradicts the common
misgivings, which assume an increased Cu toxiatgresence of nano-Ti@&s a result of Cu adsorption

to the nanopatrticles surface, followed by nanoplertigglomeration and sedimentation (Table 1 and 4)

125



Table 4. Titanium dioxide and Cu measured in the watermolcompared to the nominal concentrations
6> ?7# shortly after application and prior to the medierchange.

treatment freshly prepared after 3 days
TiO, Cu TiG, Cu

nano-TiG 95.4+4.. NA 0.9x0.. NA

Cu NA 98.4+1.( NA  36.9+0.c

nano-TigxCu 98.4%2.! 101.1+0. 0.5%0.. 15.620.:

NA, not assessed

Rosenfeldt et al. (2015) observed an adsorptiomare than 40% of the Cu by nano-%iQhis process
was hypothesized to increase the Cu uptake (asTi@hocovered with Cu ions) by benthic specitsa
co-ingestion with their food (Bundschuh et al., 20and finally increasing Cu induced toxicity. Hoxee,

the results of the present study indicate that rimtality of Gammarusat the termination of the
experiment was reduced more than 4-fold in the éoetbexposure scenario relative to the absence of

nano-TiQ (chi-square tests with correction for multiple cariponsp<0.001; Table 5).

Table 5. Observed mortality in absolute values and as péages.

control nano-TiQ Cu nano-TiGxCu

absolute mortality 1 3 32 7
mortality (%) 2.2 6.7 71.115.6

This reduction of Cu toxicity induced by nano-Ti@3 further supported by a leaf consumption at the
control level in the presence of nano-Zi@hich is underpinned by the significant interaotterm of the
two-factor ANOVA (=0.0291; Table 2). These observations may be cklatainly to the, with
approximately 30%, significantly lower total bodyrden of Cu measured in presence of nang, TiO
compared to its absence (Wilcoxon rank sum test moidtiple comparisonsp=0.026; Table 3).
Potentially, this lower total body burden was féaied by the excretion of nanoparticles with the
adsorbed Cu before an uptake of Cu ions throughntiestinal wall occurred (Table 3; Schaller et al.

2011). However, these observations suggest thdtitlaeailability of Cu was reduced after the adsorp
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to nano-TiQ, irrespective of their sedimentation and the pbbpancreased exposure of the benthic

gammarids.

Furthermore, adverse effects, which were also @bdemn the treatment containing nano-7i@lone,
namely the 30% reduction in assimilation and th& ¥&duction in body weight at the termination o th
experiment, indicate the substantial impact of paniicles on the sublethal and physiological respsn
of the test organisms. Moreover, gammarids exptsdke mixture of nano-TiQand Cu exhibited lipid
contents as high as in organisms only being expdsetanoparticles, indirectly supporting the
argumentation regarding lipid adsorption to nan@.JTiwhich was detailed above. This indicates that,
nano-TiQ could reduce the toxicity of Cu, while on the athend, their long term effects on the
physiological fithess ofsammarusmight lead to decreased population sizes. Foaimutst this might
happen as a result of the reduced assimilatiomad find the unavailability of lipids due to nan®d;i
which might hamper reproduction (Charron et al1£20Clarke et al., 1985; De Coen et al., 1997). In
addition, male gammarids might have not enoughggriear mate guarding (Plaistow et al., 2003), which
could also result in a decrease in population siteis, the local leaf litter decomposition potelhtia
decreases (Dangles et al., 2004) and downstrearmunities (e.g., collectors) might additionally be
affected since they depend on the fine particutatg@nic matter provided by shredders (Cummins and

Klug, 1979).

Conclusions

Nano-TiG, reduced Cu toxicity, which seems to be triggergdabisorption of free Cu. Moreover, this
phenomenon is transferable among pelagic and leeinthértebrate species. Despite this mitigating&ff
nano-TiQ affected gammarids’ physiological fitness ultinkatenpacting their population development.
SinceGammaruss a key species in the ecosystem function ofllgaf decomposition, such impairments

may alter the local food web and related energyhways. Therefore, it seems sensible to thoroughly
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investigate for such potential side-effects befoamo-TiQ products are assessed as safe or are even

suggested for Cu-remediation (Hua et al., 2012).
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Supplementary information

Figure S.1.Scanning electron microscopy image of the appli2sl fano-TiQ stock suspension (Hitachi
78@ABA 1 C<AA

Table S.1.Particle size distribution (i.e., average diamepetydispersity index (P1), 1) 50" and 98’
percentile) of nano-Ti@measured (rm3) after 0, 24 and 48 h during the bioassay ingres of leaf disks
only (L) and in pure test medium (M).

time treamen average diameter (ni Pl D10% D50% D90%
Oh L 363.6+23.6 0.226-0.268181.7+3.0  367.3+21.1 770.2+88.0
M 364.8+19.9 0.257-0.274172.5+£19.4 390.1+17.1 907.9+43.1
24t L 1137.6+£30.3 0.404-0.439417.9+13.8 886.4+14.0 12644.9+949.4
M 3037.0+215.5 0.737-0.825784.8+43.5 3317.9+239.9 18194.4+2291.2
48+ L 983.6+9.3 0.372-0.394373.1+8.7  755.3+11.8 10754.9+530.4
M 2584.7+95.2 0.759-0.877615.9+37.0 3338.8+1082.4 42579.9+5436.0

Indirect validation of the sulfo-phospho-vanillingaction for determining lipid content in presencé o
nano-TiO,

Freeze dried daphnids were weighed using an ulrafialance SE 2-OCE (Sartorius) in DSC-pans
(aluminum) with a perforated cap. The samples wetesequently measured in the differential scanning
calorimeter Q1000 (TA Instruments) with a RCS 9@\ (hstruments) cooler. Thereby, the thermal

decomposition of the daphnids was investigateds Tas conducted by a constant heating rate of 10

135



K/min, from -50°C up to 550°C. The purge gas usethe measurement cell consisted of synthetic air
with a flux of 50 mL/min. As reference pan an infpeated and hermetically closed aluminum pan was
used. The enthalpy was calculated on the weighiagsniJ/g) and summed up for the temperature from

250°C up to 450°C.

Figure S.2.Enthalpy (J/g) measured in pooled samples9(with approximately 10 juvenile daphnids
each) via differential scanning calorimetry after exposure oDaphnia magnaowards 2 mg/L nano-
TiO, for 48 h.
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Figure S.3. Lipids (ug/daphnid) measured in pooled samples7(with approximately 10 juvenile
daphnids each) via the sulfo-phospho-vanillin rieacafter an exposure d@aphnia magnaowards 2
mg/L nano-TiQ for 48 h.

The difference in the enthalpy between the medieass 153.8 J/g dry weigh (37% of the control value),
while the median of the control was 414.6+93.0 aifgl the median of the nano-TLi@eatment was
<D@B?<B;% 65* 79 & 3/E 7) -testp=0.066). A comparable result was observed for the
lipid analysis as performed in the present studyclvis the sulfo-phospho-vanillin reaction (FigiBe3).

- 3 3 1E 3 E AB@F ) )3 699> 3 *

Welch Two Sample t-test=0.356). These results indicate that the lipid meteation method used during
the present study is not biased by the potentiahasfo-TiQ to interfere with the spectrophotometric

measurements.

Table S.2.0utput p-values) of the Wilcoxon Rank Sum Test for multiptamparisons of the differences
in total Cu body burden.

control Cu
Cu <0.001 -
X <0.001 0.026
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