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Abstract The present study explores the effect of salinity and dissolved organic carbon

(DOC) gradients on the stability and reactivity of titanium dioxide nanoparticle (TiO2-NP)

agglomerates in ambient water from the Lagoon of Venice and their possible effect on

nauplii sampled at the same locations. In all ambient water samples, TiO2-NPs formed

rapidly micrometre-sized agglomerates. The increase in the salinity and concomitant

decrease in DOC content induced the formation of larger agglomerates, with z-average

hydrodynamic diameter increasing with TiO2-NP concentration and exposure duration.

Under the studied conditions, f-potential exhibited negative values. In line with agglom-

eration results, enhancement of the salinity and lower DOC resulted in less negative f-
potential with close to 0 values in the dispersions of 100 mg L-1 TiO2-NPs in sea water.

Two-hour exposure to micrometre-sized agglomerates of TiO2-NPs resulted in an increase

in the fluorescence of propidium iodide (PI) stained nauplii in comparison with unexposed

controls, but had no effect at 24-h exposure. The increase in nauplii-associated PI fluo-

rescence was more noticeable in dispersions containing 100 mg L-1 than those containing

10 mg L-1 TiO2-NPs, suggesting membrane permeability alteration in a concentration-

dependent manner. However, the PI staining results have to be interpreted with caution

because of the possible dye binding to the nauplii surface without penetration of cellular

membrane. The effect of TiO2-NPs on nauplii was more pronounced at higher salinity and

decreased with increasing DOC concentrations at 2 h, while no trends were found at 24-h

exposure, as well as exposure to 100 mg L-1 TiO2-NPs.
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1 Introduction

Assessment of the environmental effects of nanotechnology requires understanding of their

aquatic geochemistry, bioavailability and ecotoxicity in highly dynamic natural environ-

ment (Klaine et al. 2008; Lowry et al. 2012; von Moos et al. 2014). Among the metal oxide

nanomaterials (NMs), titanium dioxide is the most extensively studied materials (Kahru

and Ivask 2013), which is in line with their steadily progressing use in different everyday,

environmental and energy applications (Chen and Mao 2007). To date, most of the

available information on the geochemistry and ecotoxicity of NMs (such as TiO2) origi-

nates from studies with model systems composed of standard organisms in artificial media

(Auffan et al. 2009; Handy et al. 2008; Ju-Nam and Lead 2008; von der Kammer et al.

2010; von Moos et al. 2014). Based on the multitrophic standardized test battery, TiO2

nanoparticles (TiO2-NPs) are classified as toxic with green algae being the most sensitive

organism with 72 h EC50 of 9.73 mg L-1 (Kahru and Ivask 2013). Nonetheless, quanti-

tative relationship between the particle physicochemical characteristics, environmental

factors and induced effects is not well understood (Auffan et al. 2009; Handy et al. 2008;

Ju-Nam and Lead 2008; von der Kammer et al. 2010; von Moos et al. 2014). In addition,

the conceptual framework linking the exposure and effect assessment is still lacking (von

Moos et al. 2014). Despite of the high importance of the model studies in exploring the

underlying mechanisms of the geochemistry and ecotoxicity of NMs, their relevance with

respect to natural environment has been questioned (Park et al. 2014).

Concerning NM behaviour and effects towards organisms in natural water, the available

literature is scarce and non-conclusive, with virtually lacking studies on NM behaviour and

effects in transitional environment, which experience temporal and local changes in

salinity and organic matter concentrations, such as those encountered in a lagoon. Indeed,

in addition to the intrinsic material properties and concentration, TiO2-NP stability and

reactivity are governed by water characteristics such as pH, water chemistry and dissolved

organic matter (DOM) (Chowdhury et al. 2013; Ottofuelling et al. 2011; Petosa et al. 2010;

Sharma 2009; von der Kammer et al. 2010); however, very few studies have examined NM

behaviour in ambient water. The stability of TiO2-NP dispersion in sea water, lagoon, river

and groundwater was shown to be influenced by the presence of DOM and ionic strength,

but independent of pH (Keller et al. 2010). TiO2 aggregation dependence on the ionic

strength of the solution, the (co-)presence of monovalent and divalent ions, DOM and their

specific interactions were shown in synthetic and natural water samples (Ottofuelling et al.

2011). Recent study of the fate of TiO2-NPs demonstrated that salinity was the most

dominant factor affecting the stability of NPs, followed by DOM (Wang et al. 2014).

However, in another study, TiO2-NPs underwent fast agglomeration in synthetic and real

aqueous dispersions depending mainly on the initial TiO2 concentration and to lower

degree on the salt content, ionic strength and DOM (Brunelli et al. 2013). The assessment

of the physicochemical behaviour of two types of TiO2-NPs differing in their mineralogy,

surface area and crystallinity as function of pH and water composition using multidi-

mensional parameter testing revealed the comparable behaviour in terms of dispersion

stability, f-potential and particle size (von der Kammer et al. 2010).
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The effects of NMs are mostly studied in freshwaters with relatively few studies

focusing on their impact in marine and estuarine water (Baker et al. 2014; Klaine et al.

2008; Matranga and Corsi 2012). Relatively high concentrations of TiO2-NP have to

interact with marine organisms in order to observe a physiological effect. For instance,

dispersions of 10 mg L-1 TiO2-NP agglomerates in marine water were benign to nauplii

and adults of the crustacean Artemia salina exposed for 2 h (Ates et al. 2013), embryos of

the white sea urchin Lytechinum pictus (Fairbairn et al. 2011) and the diatom Thalassiosira

pseudonana for 96-h exposure (Miller et al. 2010). 10 and 100 mg L-1 of TiO2-NPs did

not induce lipid peroxidation or toxicity neither in nauplii nor adults of A. salina upon 24-h

exposure in sea water; however, approximately, 18 % mortality was observed in nauplii

after 96-h exposure to 100 mg L-1 of TiO2-NPs (Ates et al. 2013). TiO2-NPs in the range

of 0.1–10 mg L-1 were reported to cause oxidative stress in marine abalone Haliotis

diversicolor supertexta, but no acute effects were detected (Zhu et al. 2011). In the

digestive gland of bivalve Mytilus galloprovincialis as low as 1 lg L-1, TiO2-NPs with

primary size of 15–60 nm were shown to induce oxidative stress after 96-h exposure

(Barmo et al. 2013). Growth rate and nitrogen fixation activity of cyanobacteria Anabena

variabilis (Cherchi and Gu 2010) were inhibited by TiO2-NPs, with exposure duration

being more important than the concentration. Finally, 10 mg L-1 TiO2-NP agglomerates

were about six times more accumulated in the digestive gland of marine bivalve, but less

toxic than bulk material (D’Agata et al. 2014).

Recently, the potential impact of NMs on the marine organisms was comprehensively

reviewed (Baker et al. 2014; Matranga and Corsi 2012). It was pointed out that the release

of the NMs could become important issue in the future, in particular, with regard to the

sediment-dwelling organisms and filter-feeders, although the current release and concen-

trations in marine water are not of concern (Baker et al. 2014). Moreover, the plankton

species are considered to be more ‘‘protected’’ in the marine systems than in freshwaters

assuming that high salinity and ionic strength enhance the tendency of NMs to form

agglomerates and precipitate (Baker et al. 2014; Handy et al. 2008; Klaine et al. 2008;

Wang et al. 2014). However, contrary to these expectations, it has been demonstrated that

in case of medaka eggs exposed to 30 mg L-1 model polystyrene NPs for 24 h, the lethal

effects increased proportionally to the salinity (Kashiwada 2006). Overall, the available

data are controversial, and the linkage between behaviour and biological effects with

environmental gradients such as salinity and dissolved organic carbon is not well

understood.

The major goal of the present work, therefore, was to study the behaviour of TiO2-NPs

in a dynamic transitional environment such as the Venetian Lagoon and their potential

effects on natural plankton. Specific objectives were: (1) to explore the stability of the

TiO2-NP dispersions along the salinity and organic matter concentration gradients in terms

of size and surface charge; (2) to evaluate the effects of TiO2-NPs towards plankton nauplii

commonly found in different sampling locations; and (3) to examine the linkage between

the TiO2-NP dispersion stability and the effect on nauplii.

Due to the presence of the three inlets of communication with the Adriatic Sea on one

side and tributary freshwater flows on the other (Zuliani et al. 2005), gradients of the

physicochemical characteristics of water are established in the lagoon, from the coast to the

mainland interface. Both contaminants (e.g. TiO2-NPs) and biota in the lagoon water are

thus subject to a wide range of salinities, organic matter concentration and chemical

composition.
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2 Materials and Methods

2.1 Sampling Area

Natural water and zooplankton were sampled in the spring of 2013. The sampling sites

(Fig. 1) were selected along a gradient of salinity and DOM, extending from saltwater

close to the Malamocco inlet (Santa Maria del Mare, Site 1) to freshwater at the Dese River

(Site 5). The latter belongs to the middle estuary of the river, where the typical process of

the fresh and saltwater mixing occurs (Ghermandi et al. 1993). Sites 2 (near Murano

Island) and 3 (at the South of Burano Island) are located in the open lagoon, where water

has mainly marine characteristics. Site 4 (near Torcello Island) belongs to the lower

estuary of the Dese River, where freshwater flows still influence the upper part of the water

column.

At each study site, physicochemical parameters, such as salinity, temperature, dissolved

oxygen, pH, chlorophyll a concentrations, conductivity and turbidity, of ambient waters

Fig. 1 Locations of the sampling sites along the salinity and DOC gradients. The exact GPS coordinates,
physicochemical parameters and major cation and anion composition are provided in Table 1
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were measured in situ using a multiparametric probe (CTD Idronaut profiler, Ocean seven,

Mod.316, Brugherio, Italy) at neap tide. Water transparency was also assessed using a

Secchi disc. Additionally, three times 50 mL of waters was filtered through 0.7-lm GF/F

filters, acidified with 2 N HCl and stored at 4 �C in the dark in amber glass vials, burned

beforehand at 500 �C to measure dissolved organic carbon (DOC) concentration with a

total organic carbon analyser Shimadzu TOC500A (Shimadzu Scientific Instruments,

Kyoto, Japan). Waters were also sampled for cation and anion concentration analyses by

ion chromatography (IC; Dionex ICS-3000, Thermo Fisher Scientific Inc., Waltham, MA)

which was performed after their filtration through 0.45-lm pore size filters and storage in

10-mL HNO3-cleaned PP tubes at -20 �C. Accuracy of the IC measurements was verified

by the analysis of Ontario-99 certified reference material (National Water Research

Institute, Environment Canada). Finally, 1 L of water samples was collected at each site in

HNO3-cleaned PP bottles and filtered through 0.45-lm pore size filters to examine TiO2-

NP behaviour back in the laboratory. Plankton was sampled at the different sites by

dragging a 20-lm mesh net over the surface water during 5 min and further passed through

a 45-lm mesh net to collect the organisms with sizes over 45 lm for the exposure to TiO2-

NPs.

2.2 TiO2-Nanoparticles and Their Characterization in Lagoon Water Samples

Spherical shape TiO2-NPs containing 80 % anatase and 20 % rutile (Degussa P25, Evonik

Industries, Essen, Germany) were used. According to the manufacturer, the primary size of

TiO2-NPs was 50 nm and the approximate specific surface area was 35 m2 g-1. A stock

dispersion of 1 g L-1 of TiO2-NPs was prepared in MilliQ water with resistivity of

18 MX cm (Millipore, Zoug, Switzerland). Before each use, the dispersion was sonicated

in an ultrasonication bath (Branson 5510 MTH, Emerson Industrial Automation, Fergus-

son, MI) for 5 min. The appropriate amounts of the stock dispersion were added to the

ambient water samples to obtain final concentrations of 10 and 100 mg L-1 TiO2-NPs.

Although much higher than those expected in ambient water, these concentrations (Got-

tschalk et al. 2013) were chosen as corresponding to lowest one inducing 50 % effect to the

most sensitive organism in a multispecies test battery (Kahru and Ivask 2013).

Hydrodynamic diameter and electrophoretic mobility (EPM) of TiO2-NPs in ambient

waters from different locations were measured after 1 min, 2 and 24 h by a Malvern

Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK) at 20 �C, using disposable

polystyrene cuvettes (Malvern). The EPM measurement technology in Zetasizer Nano

Series is based on a combination of laser Doppler velocimetry and phase analysis of light

scattering that allows the measurement of high conductivity samples (e.g. lagoon water)

and samples with low particle mobility. EPM was converted to f-potential, corresponding
to the potential at the hydrodynamic slipping plane in the electrostatic double layer of the

TiO2-NPs, through the Smoluchovski’s theory. Both z-average hydrodynamic diameter,

corresponding to the intensity-weighted mean hydrodynamic diameter of the whole par-

ticle distribution, and the distributions were registered. Results are the means of three

sample measurements, nine run for each, performed with freshly prepared samples on

separate days.

2.3 Effect of TiO2-NPs on Natural Plankton

The plankton with size larger than 45 lm, isolated from different sampling sites, was

exposed to 10 or 100 mg L-1 of TiO2-NPs for 2 and 24 h in dark at 20 �C, respectively.
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The effect on nauplii, commonly found in the sampling locations and identified as zoo-

plankton larvae at early development stage, was evaluated by measuring the modifications

in the membrane integrity by using propidium iodide stain (PI, Invitrogen, Life Tech-

nologies, Carlsbad, CA). To this end, 12 lL of 700 lM PI solution was added to the

plankton exposed to TiO2-NPs for 2 or 24 h in ambient water and kept for 15 min in dark.

Then, the samples were washed with corresponding ambient water to eliminate residual

dye and centrifuged twice at 1,0009g for 10 min at 4 �C. The samples were fixed with

10 lL of 37 % formaldehyde (Sigma-Aldrich, Buchs, Switzerland) for 15 min and

mounted on the preparation glass for microscopy observation. For each location, samples

treated with PI, but not exposed to TiO2-NPs, were used as negative controls.

Plankton sampled at a given site was then observed in bright field and fluorescence

modes with fluorescence microscopy (Olympus BX61, OLYMPUS, Volketswil, Switzer-

land). The TRITC channel was used to observe PI fluorescence. All data were treated using

the Cellsens software (OLYMPUS Volketswil, Switzerland). To enable comparison

between the sampling sites, nauplii were chosen for evaluation of the effects of TiO2-NPs

because they were observed in all samples. The changes in the PI fluorescence in nauplii in

the presence and absence of TiO2-NPs were evaluated by ImageJ (open source software,

http://imagej.nih.gov/ij/). Bright field images were used to select the measurement area

corresponding to the organism and the background (Fig. 2a). Then, the preselected areas

were transposed onto the fluorescence image (Fig. 2b). The ratios between the PI fluo-

rescence of the organism and the background fluorescence (FEXP = Forg/Fbg) were cal-

culated and compared under different exposure conditions. The ratio FCTR = Forg/Fbg for

the nauplii which was not exposed to TiO2-NPs was used as a negative control. All data

were further normalized to the negative controls and the ratio FEXP/FCTR present.

2.4 Data Treatment

Statistical differences within z-average hydrodynamic size and f-potential of TiO2-NPs as

well as the ratio FEXP/FCTR for nauplii from different sampling sites were evaluated using

Student–Neuman–Keuls test for multiple comparison and one way ANOVA in Sigma Plot

11 (Systat Software Inc., San Jose, CA).

Fig. 2 Bright field image (a) and TRITC channel fluorescence image (b) of nauplii exposed to 100 mgL-1

TiO2-NPs for 2 h in water from Site 5. Scale bar: 50 lm
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3 Results and Discussion

3.1 Physicochemical Characteristics of Ambient Water Samples

The basic physicochemical characteristics and composition of the ambient water samples

are presented in Table 1. The pH varied in a relatively narrow range between 8.2 and 7.9.

Site 1, in the central lagoon, near the Malamocco inlets is characterized by the highest

salinity, and cation and anion composition, typical for marine water. The Sites 2–5 were

located in the northern part of the lagoon and were chosen along the salinity and DOC

gradients (Fig. 1; Table 1). Indeed, the salinity decreased gradually from 32.20 in Site 1 to

0.41 g L-1 in Site 5. Site 5, Dese River, is also characterized by the highest turbidity and

the highest chlorophyll a concentrations. The major cation and anion composition varied in

a wide range among the sites; however, Na?, K?, Ca2? and Mg2? concentrations followed

the same tendency as the salinity. The ratio between monovalent [Na? ? K?] and divalent

cations [Ca2? ? Mg2?] changed from about seven in Site 1, representative of sea water, to

about 2.9 in Site 5, Dese River, representative of freshwater. High concentrations of Cl-,

NO3
- and SO4

2- were measured in water collected in Site 3, which may be due to an

occasional discharge of domestic sewage. By contrast, the DOC concentration, used as a

measure of DOM content in ambient water, increased from 4.2 mg L-1 in Site 1 to

17.4 mg L-1 in Site 5. The above characteristics could have important implications for the

counterions in the double layer around TiO2-NPs (Stumm and Morgan 1981) and the

adsorption of DOM to TiO2-NPs and thus their reactivity and effects on biota in transi-

tional lagoon environment. Indeed, counterions neutralize particle surface charge, which is

reflected by the less negative values of f-potential and enhanced particle–particle aggre-

gation, while co-ions can impact surface charges by preferential adsorption (Stumm and

Morgan 1981). It could be hypothesized that the decrease in salinity and increase in DOM

concentrations (from Site 1 to Site 5) will favour the stability of TiO2-NPs in water column

and thus their ability to interact with and affect the planktonic organisms.

3.2 TiO2-NPs Dispersion Stability in the Ambient Water Over Time

The stability of TiO2-NP agglomerates in the salinity and DOC gradients in the ambient

water of Venetian Lagoon was characterized by the z-average hydrodynamic diameter and

size distributions as well as f-potential used as a surrogate for particle surface charge at

1 min, 2 and 24 h.

An increase in the z-averaged hydrodynamic size with the exposure time and a for-

mation of micrometre agglomerates was observed for both 100 and 10 mg L-1 TiO2-NPs

in all ambient waters with variable salinity and DOC content (Fig. 3a, c). The aggregation

seemed to be a very fast process given the large agglomerates already formed in a minute

after the addition of the TiO2-NPs to the ambient water with increasing salinity as indicated

by the z-average diameters measured. For a given time, however, the size of the formed

agglomerates was strongly dependent on the nominal TiO2-NPs concentrations, with about

twice larger agglomerates in the dispersions of 100 mg L-1 TiO2-NPs, which is expected,

due to the increased probability of collisions between the particles (Stumm and Morgan

1981).

f-potential had negative, but above -20 mV, values revealing the instability of the

dispersions (Fig. 3b, d). The strong decrease in the absolute value of the negative f-
potential with respect to the values provided by the manufacturer points to a large mod-

ification of the surface charge of the agglomerates, which is mainly due to the mono- and
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divalent cation adsorption. The temporal changes found for f-potential were much less

pronounced compared to those observed for z-average hydrodynamic size. The f-potential
values in water sampled in Site 1, representative of marine water, were close to 0 in

agreement with the observed larger sizes agglomerates. Nonetheless, no surface charge

inversion was observed due to the concomitant adsorption of negatively charged organic

matter and major anions present in the ambient waters. In each ambient water sample, f-
potentials measured in the dispersions containing 10 mg L-1 TiO2-NPs were more neg-

ative than those of the samples containing 100 mg L-1 TiO2-NPs, suggesting higher sta-

bility of the dispersion containing lower TiO2-NP concentrations. The latter is also in

agreement with the lower z-average hydrodynamic sizes determined in the dispersions of

10 mg L-1 TiO2-NPs. The above observations are in line with the assumption that the

adsorption of negatively charged organic matter per particle is greater at 10 mg L-1 than at

100 mg L-1 of TiO2-NPs. In addition, the hydrodynamic diameter and f-potential mea-

surements of 100 mg L-1 TiO2-NPs in ambient water from Site 1 with the highest salinity

and lowest DOC content exhibited larger uncertainty at 24 h than the samples in the waters

from other sampling sites.

Bi- and even three-modal distributions of the hydrodynamic size were observed in the

ambient water dispersions of TiO2-NPs (Figs. 4, 5). For 10 mg L-1 TiO2-NP dispersions, a

shift of the lower size peak towards larger sizes at 2 h was observed for all ambient water.

By contrast, after 24 h, no peak corresponding to larger size fraction was found under most

of the studied conditions (Fig. 4). This trend could be possibly explained by the formation

of very large agglomerates that are out of the measurement range and/or settle down by

sedimentation. Indeed, concurrent sedimentation of larger agglomerates with consequent

Fig. 3 Temporal changes of the z-average hydrodynamic size and f-potential of TiO2-NPs in ambient water
from different sampling sites along the salinity and DOC gradients. Nominal concentrations: (a, b) 100
mgL-1 TiO2-NPs, (c, d) 10 mgL-1 TiO2-NPs. Values of z-average hydrodynamic diameter larger than
6,000 nm are out of the measurement range
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decrease in the average hydrodynamic size of NPs has been shown to occur both in

artificial and natural sea water (Brunelli et al. 2013; Keller et al. 2010). The above

observations also reveal the tendency of a decrease in the dispersed TiO2-NP agglomerates

that could interact with planktonic organisms.

The size distribution data measured in the dispersions containing 100 mg L-1 TiO2-NPs

appeared even more difficult to interpret (Fig. 5)—three-modal distributions were observed

24 h after addition of NPs to the ambient water with salinity below 12 g L-1. The results

revealed wide size distributions and large polydispersity, indicating a dynamic character of the

TiO2-NPs behaviour in transient lagoonwater aswell as very fast formation of the agglomerates

Fig. 4 Temporal evolution of hydrodynamic size distributions of 10 mg L-1 TiO2-NPs dispersions in
lagoon water along the salinity and DOC gradients
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in NP concentration-dependent manner. This is in general agreement with the existing literature

about TiO2-NP aggregation kinetics in ambient water (Brunelli et al. 2013; French et al. 2009;

Keller et al. 2010; Ottofuelling et al. 2011; von der Kammer et al. 2010). For example, a very

rapid formation of the agglomerates with size from 300 to[500 nm within the first 2 min was

shown tooccur in seawater (Keller et al. 2010). Formationof agglomerates ofTiO2-NPswith the

average size of 492 and 598 nm, regardless of the initial concentrations, was reported at 0.2 h in

the water of Venetian Lagoon and Adriatic Sea, with a general increase in the agglomerate size

up to 800–880 nm by 25 h (Brunelli et al. 2013). Formation of micrometre-sized agglomerates

Fig. 5 Temporal evolution of hydrodynamic size distributions of 100 mgL-1 TiO2-NPs dispersions in
lagoon water along the salinity and DOC gradients
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within 15 min was also shown for TiO2-NPs in artificial solutions at ionic strength from

4.5 9 10-3 to 1.65 9 10-2 M (French et al. 2009).

3.3 TiO2-NP Suspension Stability Over Salinity and Dissolved Organic Carbon

Gradients

To gain further insight on how the ambient water gradients influence the stability of the

TiO2-NP dispersions, the z-average hydrodynamic sizes and f-potential were analysed as a

function of the salinity, the ratio between mono- and bivalent cations and the DOC con-

centrations in water from the different sampling sites (Figs. 6, 7). Although the absolute

Fig. 6 Dependence of the z-average hydrodynamic size and f-potential on the ambient water salinity (a, d),
ratio between mono-and bivalent cations (b, e) and dissolved organic carbon (c, f). TiO2-NP nominal
concentration was 100 mgL-1
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values were different, the z-average hydrodynamic diameter of 10 and 100 mg L-1 TiO2-

NPs increased with the salinity and ratio of ([Na?] ? [K?])/([Ca2?] ? [Mg2?]) after both

2- and 24-h incubation, as could be expected by the increasing probability of interactions

of TiO2-NPs with the surrounding medium. Similar increase in the agglomerate size of

TiO2-NPs with the salinity and cation concentration has been shown previously both

in artificial freshwater and sea water (Brunelli et al. 2013). The values of f-potential of
TiO2-NPs were negative in the studied waters, however, much less negative than -20 mV

demonstrating instability of the dispersions and the pronounced tendency of the dispersions

to agglomerate and settle. f-potential values were less negative and closer to zero at higher

salinity with more pronounced trend in the dispersions of 10 mg L-1 of TiO2-NPs

Fig. 7 Dependence of the z-average hydrodynamic size and f-potential on the ambient water salinity (a, d),
ratio between mono-and bivalent cations (b, e) and dissolved organic carbon (c, f). TiO2-NP nominal
concentration was 10 mgL-1
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(Figs. 6d, 7d). These findings are in agreement with published results showing that f-
potential was significantly influenced by the increasing salinity of reconstructed sea water

(Wang et al. 2014).

Increasing DOC concentrations in ambient waters had the opposite effect and resulted in

a decrease in the z-average hydrodynamic diameter, in parallel to more negative values of

f-potential (Fig. 6c, f), suggesting increased stability of the TiO2-NP dispersions. Indeed,

higher DOC concentration could enhance the amount of the adsorbed organic matter on the

agglomerates and thus increase their negative charge. These tendencies were, however, less

prevalent in case of 100 mg L-1 TiO2-NPs (Fig. 7c, f). Such a TiO2-NP concentration-

dependent difference in the aggregation behaviour is probably related to the difference in a

DOC/TiO2 concentration ratio which is less favourable for the increase in the negative

surface charge in the highly concentrated dispersions of TiO2-NPs. Much lower agglom-

erate sizes and more negative f-potentials of TiO2-NPs, which did not follow the above

discussed trends, were measured in water sampled near Site 3, which is characterized with

very high concentrations of NO3
- and SO4

2 (Table 1). Indeed, anions, such as SO4
2- and

Cl-, have been shown to affect the surface charge of TiO2-NPs with f-potential reported to

be more negative at higher SO4
2-/Cl- ratios (Mukherjee and Weaver 2010).

Taken together, the above results clearly show the variation of the TiO2-NP stability

over the salinity and DOC gradients as well as highlight the importance of the ionic

composition of the ambient water, in particular high NO3
- and SO4

2- concentrations, as

well as the initial TiO2-NP concentration. However, it was not possible to distinguish the

effect of a single water variable due to the complex and dynamic nature and co-variation of

these parameters in the ambient water. Nonetheless, the results are consistent with the

findings of the agglomeration studies performed in model systems, artificial and real sea

water (Brunelli et al. 2013; Keller et al. 2010; Lowry et al. 2012). For example, the

agglomeration behaviour in northern Adriatic Sea water and Venetian Lagoon water with

salinity of 32 and DOC of 1.2 mg L-1 was shown to be primarily affected by the initial

concentration of TiO2-NPs and then the duration of the experiment (Brunelli et al. 2013).

Slightly negative but close to zero values of the electrophoretic mobilities of 10 mg L-1

metal oxide NPs were reported in ambient water from Santa Barbara (CA), Bodega Head

(CA) and UCSB campus lagoon (CA) as compared to freshwater (Keller et al. 2010). Our

results are also consistent with the findings of numerous model systems demonstrating that:

(1) the increase in the ionic strength favoured the aggregation in NP dispersions (Domingos

et al. 2010; French et al. 2009; von der Kammer et al. 2010); (2) the model organic matter,

Suwannee River fulvic acid (SRFA), stabilized the dispersions under conditions favouring

SRFA adsorption, i.e. due to increased steric repulsion (Domingos et al. 2009; Palomino

et al. 2013; von der Kammer et al. 2010); (3) the DOM adsorption and stabilization effect

were dependent on its concentrations (Ottofuelling et al. 2011; von der Kammer et al.

2010), its origin (Erhayem and Sohn 2014) and composition, e.g. SRFA vs alginate (Loosli

et al. 2014), co-presence of DOM and mono- and divalent ions (Ottofuelling et al. 2011;

von der Kammer et al. 2010); (4) the divalent cations, such as Ca2?, could increased the

aggregation despite the presence of DOM (Domingos et al. 2010; Ottofuelling et al. 2011);

(5) the presence of synthetic surfactants stabilized NPs similarly to DOM (Topuz et al.

2014).

The enhancement of the aggregation of the NPs over salinity gradients and formation of

micrometre-sized agglomerates could be expected to have important implication for their

effect on the lagoon plankton. It has been reported that the formation of micrometre-sized

agglomerates and their settling will decrease the agglomerate concentrations in contact

with plankton and their bioavailability and effects (von Moos et al. 2014). Increased
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agglomerate size could also result in decrease in their surface area and thus their reactivity

(Klaine et al. 2008) and could decrease their toxicity, which is induced by the surface-

mediated reactions such as reactive oxygen species generation (Lowry et al. 2012; von

Moos and Slaveykova 2014).

3.4 Effect of TiO2-NPs on Nauplii Isolated from Different Sampling Sites

The effect of the TiO2-NP agglomerates on nauplii sampled at different sites along the

salinity and DOC gradients was probed by PI staining (Figs. 8, 9). The PI fluorescence of

Fig. 8 Examples of bright field and fluorescence images of nauplii exposed to 10 mg L-1 and 100 mgL-1

of TiO2-NPs for 2 h and unexposed controls at different sampling locations. Red propidium iodide
fluorescence corresponds to stained nauplii. Scale bar of 50 lm
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nauplii exposed to TiO2-NP agglomerates (FEXP) for 2 h increased as compared to those

non-treated with TiO2-NPs (FCTR). This increase was more pronounced for the nauplii

exposed to 100 mg L-1 of TiO2-NPs at 2 h. However, at 24-h exposure, the ratios FEXP/

FCTR were close to one, illustrating comparable PI staining for unexposed nauplii and those

exposed to both TiO2-NPs concentrations. The lack of or little effect at 24-h exposure

could result, on the one hand, from the increase in the agglomerate size and thus decrease

in their reactivity and, on the other hand, from the decrease in the agglomerate concen-

trations in the water column. The possible depuration of the TiO2-NP agglomerates by

nauplii after 24-h exposure would probably play a secondary role after 24 h in comparison

with 2-h exposure, because nauplii were shown to excrete only 3–12 % of TiO2 content in

comparable conditions (Ates et al. 2013). The increase in PI fluorescence is usually

interpreted as a sign of membrane permeability alteration, since PI is membrane imper-

meant stain and excluded from cells with intact membranes (Arndt-Jovin and Jovin 1989).

However, the interpretation of nauplii staining with PI have to be made with caution. The

increased red PI fluorescence associated with nauplii could be also a result of the non-

specific binding of PI to the components of their cuticle rather than penetration through the

membrane. Indeed, it was shown that PI could stain cell walls (Rounds et al. 2011) without

penetrating the membrane.

Interestingly, a clear correlation was observed between the increases in the FEXP/FCTR
ration for nauplii exposed to 10 mg L-1 TiO2-NPs after 2-h exposure and increasing

salinity, and decrease in the FEXP/FCTR at increasing DOC concentrations, revealing the

protective role of DOM in the interactions with microorganisms. No clear trends and

Fig. 9 Dependence of the increase in the FEXP of nauplii normalized to the negative controls FCTR in the
absence of TiO2-NPs on the salinity and DOC gradients after 2- and 24-h exposure. TiO2-NP nominal
concentrations were 10 mg L-1 (a, b) and 100 mg L-1 (c, d)
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linkage between the ratio FEXP/FCTR and the salinity and DOC gradients were seen neither

in 24-h exposure to 10 mg L-1 TiO2-NPs nor in 2- and 24-h exposure to 100 mg L-1

TiO2-NPs. It is also worth noting that the exposure experiments in the present study are

performed with nauplii originating from sampling locations with different physicochemical

and habitat characteristics that are heterogeneous in nature and differs in development

stage, cuticle and membrane permeability (Horst and Freeman 1993).

3.5 Linking the TiO2-NP Agglomerate Characteristics with Effect on Nauplii

To explore the relationship between the TiO2-NP agglomerate ‘‘reactivity’’ and the effect

on nauplii, the determined FEXP/FCTR were analysed as a function of the agglomerate size

and f-potential (Fig. 10). Four well distinguished zones in the contour plot can be seen,

corresponding to dispersions containing 10 and 100 mg L-1 TiO2-NPs and 2- and 24-h

exposure, showing the prime importance of the dispersion concentrations and exposure

duration. For a given exposure concentration, the FEXP/FCTR was bigger in the dispersions

containing TiO2-NPs with lower size agglomerates, i.e. at 2-h exposure.

4 Conclusions

The present work studied the behaviour of TiO2-NP agglomerates in a highly dynamic

transitional environment, such as Venetian Lagoon, and potential effect to nauplii sampled

form different locations along the salinity and DOC gradients. Under all studied condi-

tions, a fast formation of micrometre-sized agglomerates was observed, with a highest size

observed in the sampling sites with lower DOC and higher salinity. The agglomerates were

Fig. 10 Contour plot illustrating the relationships between the changes FEXP/FCTR of nauplii versus f-
potential and agglomerate size. The colour coding and the respective values in the legend designate the
values of FEXP/FCTR ratio
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characterized by wide size distributions and large polydispersity. A positive correlation

between the formation of the larger agglomerates with less negative f-potential and

increase in the salinity and concomitant decrease in the DOC concentrations was found.

However, above observations were also dependent on the TiO2-NPs concentrations and

exposure duration. The exposure to micrometre-size agglomerates of TiO2-NPs resulted to

an increase in the fluorescence of PI stained nauplii at 2-h exposure, but had no significant

effect at 24 h. The effect was more pronounced in dispersions containing 100 mg L-1

TiO2-NPs. An increase in fluorescence of PI stained nauplii with respect to the non-stained

controls was found at increased salinity and decreased DOC in 2-h exposure, while no

trend was observed at 24-h exposure. Taken together, the above results show that in

addition to concentration and exposure duration both size and f-potential have to be taken

into account when determining the effects of TiO2-NP agglomerates on nauplii.
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