














8 WATER RESEARCH XXX (2010) 1—12

3.5.  Effects of CuO nanoparticles on the midgut of
D. magna

As in the case of bulk CuO, nano CuO particles (exposure
concentration of nano CuO was 4.0 mg/L = 48 h ECso; nominal

concentration) were also ingested by daphnids already within
10 min. At the 2nd hour of exposure, the semi- and ultra-thin
sections (Fig. 4a and b) showed that the posterior midgut was
filled with CuO NPs. Differently from the bulk form (Fig. 3b and
c), CuO NPs were dispersed and no large aggregates of nano

Fig. 5 — Midgut of Daphnia magna, exposed to nano CuO (48 h ECso = 4.0 mg/L) for 18—48 h. Alive daphnids were sampled for
analyses. a) Light micrograph. Incubation time: 18 h. Dispersed CuO nanoparticles and protruded epithelial cells (arrow) in the
gut lumen. Scale bar = 50 pm. b) TEM micrograph. Incubation time: 18 h. Dilatation of intercellular spaces (IS). Lipid-like
cytoplasmic inclusions (asterix) observed. Scale bar = 2 ym. ¢) TEM micrograph. Incubation time: 18 h. Dispersed CuO
nanoparticles (arrow) in the vicinity of microvilli (MV). Scalebar = 0.5 pm. d) TEM micrograph. Incubation time: 24 h. Protrusion
of gut epithelial cells (arrow) and lipid-like cytoplasmic inclusions (asterix) observed. Scale bar = 10 pm. e) TEM micrograph.
Incubation time: 48 h. Cellular debris (asterix) in the gut lumen adsorbing CuO nanoparticles (arrows). Scale bar = 1 pm.
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CuO were observed in the midgut lumen. At the 2nd hour of
exposure there was no direct contact between the NPs and the
midgut epithelium microvilli due to the presence of intact
PTM (Fig. 4c).

At the 18th and 24th hours of exposure, however,
protruded midgut epithelial cells (Fig. 5a and d) were observed
in the midgut lumen. Such protrusions have also been
described in the case of ingestion of cyanobacteria (Nogueira
et al., 2006) and of C60-fullerens by D. magna (Yang et al.,
2009). In addition, the epithelial cells of the midgut con-
tained abundant lipid-like cytoplasmic inclusions (Fig. 5b and
d) and dilatation of intercellular spaces of epithelial cells was
observed (Figs. 5b and 6c). No clear PTM was visible and
random CuO NPs were noticeable in the lumen in the vicinity
of microvilli (Fig. 5c). The 36th hour observations (data not
shown) revealed similar effects to that of the 24th hour.

At the 48th hour, upon both, sub-lethal (48 h NOEC = 0.5 mg/
L) and half-lethal (48 h ECso = 4.0 mg/L) exposures, extensive
bacterial colonization of the gut (Fig. 6c) was observed. It is
important to note that bacterial colonization was not observed
in daphnids exposed to the equitoxic value of bulkCuO (48 h
ECso or NOEC) and only a few transient bacteria were noted in
the midgut of unexposed daphnids (Fig. 6a) throughout the
incubation even though the testing environment was not
sterile. Fig. 6a also shows that in unexposed daphnids at48h,
a large amount of debris was present in the gut lumen, most
probably from the turnover of the gut epithelium cells and not
the food as the daphnids were not fed during the test (i.e. 48 h).
It could be suggested that although the analysed daphnids
were alive at the moment of fixation, stress caused by exposure
to CuO NPs was manifested by bacterial colonization of the
midgut that may be due to immunosuppression and/or by
a severe impairment of the synthesis of digestive enzymes by
CuONPs. Indeed, Poynton et al. (2007) reported downregulation
of genes coding for proteins similar to p-1,3-glucan binding
proteins and lectins involved in the arthropod innate immune
response and downregulation of digestive glycanolytic
enzymes such as cellulose, endo-p-1,4-mannanase and o-
amylase as a result to sub-lethal copper exposure. Since we
observed no bacteria during exposure of daphnids to the bulk
CuO, this could be a specific phenomenon induced by the CuO
NPs.

By the end (48 h) of CuO NPs exposure, a few single CuO
NPs, sorbed to cellular debris (Figs. 5e and 7a) were observed in
the midgut lumen, however, the total amount of particles was
only a fraction of that observed at the 2nd hour (Fig. 4a—c). The
CuO NPs were no longer contained within the PTM and had
relocated between the microvilli. The brush border was
noticeably disturbed (Fig. 7b) however there did not seem to
occur “internalization” of CuO NPs by epithelial cells although
we observed a few black dots within the microvilli (Fig. 7b)
which could theoretically refer to the incident of cellular
internalization. Also NPs included in circular structures
similar to membrane vesicles were observed in the midgut
lumen (Fig. 7c). These structures might have originated from
holocrine secretion which releases cell contents as well as
membrane debris.

Similarly, when D. magna was exposed to gold nanoparticles
with a diameter of 17 nm, the NPs were mainly found between
the microvilli of the midgut epithelium (Hansen and Peters, 1997/

Fig. 6 — TEM micrographs of the midgut of Daphnia magna:
exposed versus notexposed organisms. Alive daphnids were
sampled for analyses. (a) Unexposed (control) daphnid in
OECD standard test medium (STM). Incubation time: 48 h. A
few bacteria (arrow) and a lot of debris (asterix) in the gut
lumen (L). Scalebar = 5 um. (b) D. magna, exposed to bulk CuO
(48 h EC50 = 175.0 mg/L). Incubation time: 48 h. Clumps of
bulk CuO (CuO) in the gutlumen (L). Dilatation of intercellular
spaces (IS). No bacteria observed. Scale bar = 5 pm. (c) D.
magna, exposed to nano CuO (48 h EC50 = 4.0 mg/L).
Incubation time: 48 h. Single CuO nanoparticles (arrowhead)
and a lot of bacteria (arrow) in the gut lumen (L). Dilatation of
intercellular spaces (IS). Scale bar = 5 um.
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Fig. 7 — TEM micrographs of the midgut of Daphnia magna,
exposed to nano CuO (48 h NOEC = 0.5 mg/L). Alive
daphnids were sampled for analyses. a) Incubation time:
48 h. CuO nanoparticles (arrows), some being sorbed on
cellular debris (asterix). Scale bar = 1 pm. b) Incubation
time: 48 h. CuO nanoparticles (arrows) present inbetween
disturbed microvilli (MV). Bacteria (B) are present. Scale
bar = 0.5 pm. c) Incubation time: 48 h. GuO nanoparticles
(arrows) present in membrane vesicles-like structures.
Scale bar = 1 pm.

1998). Also, Lovern et al. (2008) showed some gold NPs (17—23nm)
in the vicinity of nanogold-exposed D. magna gut microvilli but
the particles still did not appear to be taken up by the microvilli. A
number of studies on carbon NPs (Alves de Matos et al., 2009;
Petersen et al., 2009; Tervonen et al., 2009) did also not show
their uptake by D. magna gut epithelial cells. Rosenkranz et al.
(2009) however demonstrated that 20 and 1000 nm polystyrene
fluorescent NPs crossed the gut’s epithelial barrier and were
relocated into the oil storage droplets of daphnids.

Differently from the exposure of daphnids to bulk CuO
(Fig. 1d), upon the exposure to the CuO NPs the immobilization
of daphnids was much higher than expected by the solubilised
Cu-ions (0.01 + 0.001 mg Cu/L) from CuO NPs at the 48th hour
(Fig. 1c). Thus, there were additional toxic effects due to the
exposure of daphnids to CuO nanoparticles. As the specific
surface area of nano CuO was about 39-fold bigger than that of
the bulk CuO (i.e. about equal ratio to the differences in
toxicities to D. magna) it is likely that the toxic effect of nano
CuO is related to oxidative stress. However, as we also
observed dilatation of intercellular spaces (Figs. 5b and 6c), the
toxic impact of solubilised Cu-ions (although at a very low
level, 0.01 mg Cu/L) may contribute to the overall toxicity via
osmoregulatory disturbance. Although information about the
mechanism of acute toxicity regarding freshwater crusta-
ceans is scarce (Bianchini et al., 2004), it has been demon-
strated that waterborne copper exposure (0.1 mg/L) induced
77% reduction of the sodium uptake in the crustacean
amphipod Gammarus pulex due to a reduction in sodium influx
by the inhibition of Na*/K" ATPase, primarily arising from
interference with —SH groups on Na'/K* ATPase (Brooks and
Mills, 2003). Moreover, Sutcliffe (1984) estimated that
approximately 11% of the total energy budget of G. pulex was
spent on osmoregulation. Hence, even if the reduction in
osmoregulatory capacity will not result in death, it is likely
that the metabolic costs associated with ion and water regu-
lation considerably increase.

4. Conclusions

The submicron resolution power of TEM makes it a powerful
technique for the nanotoxicological studies. Indeed, it enables
observation and characterization of nanosize particles and
visualisation of the ultrastructural changes in the tissues.
Both are crucial for the mechanistic nanotoxicology.
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Abstract

Despite of the growing production and use of nanoparticles (NPs) in various applications, current regulations, including EC new
chemical policy REACH, fail to address the environmental, health, and safety risks posed by NPs. This paper shows that kinetic Vibrio
fischeri luminescence inhibition test — Flash Assay — that up to now was mainly used for toxicity analysis of solid and colored environ-
mental samples (e.g. sediments, soil suspensions), is a powerful tool for screening the toxic properties of NPs. To demonstrate that Flash
Assay (initially designed for a tube luminometer) can also be adapted to a microplate format for high throughput toxicity screening of
NPs, altogether 11 chemicals were comparatively analyzed. The studied chemicals included bulk and nanosized CuO and ZnO, polyethy-
lenimine (PEI) and polyamidoamine dendrimer generations 2 and 5 (PAMAM G2 and G5). The results showed that ECs, values of 30-
min Flash Assay in tube and microplate formats were practically similar and correlated very well (log — log R? = 0.98), classifying all
analyzed chemicals, except nano CuO (that was more toxic in cuvette format), analogously when compared to the risk phrases of the
EC Directive 93/67/EEC for ranking toxicity of chemicals for aquatic organisms. The 30-min ECs, values of nanoscale organic cationic
polymers (PEI and dendrimers) ranged from 215 to 775 mg/l. Thirty-minute ECs, values of metal oxides varied largely, ranging from
~4 mg/l (bulk and nano ZnO) to ~100 mg/l (nano CuO) and ~4000 mg/1 (bulk CuO). Thus, considering an excellent correlation between
both formats, 96-well microplate Flash Assay can be successfully used for high throughput evaluation of harmful properties of chemicals
(including organic and inorganic NPs) to bacteria.
© 2008 Elsevier Ltd. All rights reserved.

Keywords: Flash Assay; Microplate luminometer; Vibrio fischeri; Nanoparticles; Heavy metals; PEI; PAMAM dendrimers

1. Introduction

During the recent decade nanotechnology and produc-
tion of nanoparticles (NPs) has developed rapidly. Regard-
less of deficient data on their potential hazard (Nel et al.,
2006), NPs are increasingly included in various consumer
products. For example, ZnO NPs are added to modern
sunscreens, because they reflect/scatter ultraviolet light

Abbreviations: NPs, nanoparticles; PEI, polyethylenimine; PAMAM G5
and G2, polyamidoamine generations 5 and 2, respectively; 3,5-DCP, 3,5-
dichlorophenol; MeOH, methanol; ECsj, mean effective concentration.

" Corresponding author. Tel.: +372 6398373; fax: +372 6398382.

E-mail address: anne@kbfi.ce (A. Kahru).

0887-2333/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/.tiv.2008.02.011

more efficiently than larger particles, and are considered
safe to humans (Nohynek et al., 2007). ZnO is also increas-
ingly used in antibacterial applications as bacteriostatic
activity of ZnO powders towards both Gram-negative
and Gram-positive bacteria has been shown to increase
with decreasing particle size (100-800 nm; Yamamoto,
2001).

In addition to metal containing NPs, organic NPs are
gaining interest. For instance, nanoscale cationic polymers
polyethylenimine (PEI) and polyamidoamine (PAMAM)
dendrimers are attractive for different biomedical applica-
tions such as drug delivery, gene transfection and bioimag-
ing (Godbey et al., 1999; Svenson and Tomalia, 2005).
Both PEI and PAMAM dendrimers have been shown to
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cause toxic effects in animal cell lines by forming nanoscale
holes in cellular membrane and enhancing its permeability
(Hong et al., 2006). Permeabilizing effects of PEI and
PAMAM dendrimers have also been shown in Gram-neg-
ative bacteria Escherichia coli, Salmonella typhimurium and
Pseudomonas aeruginosa (Helander et al., 1997; Calabretta
et al., 2007).

Considering the increasing application of nanomateri-
als, e.g. in consumer products, there is an urgent need for
information on safety and potential hazards of manufac-
tured NPs (Nel et al., 2006). Toxicity assays on laboratory
animals are expensive, time consuming and ethically ques-
tionable. The application of EU new chemical policy
REACH (EC, 2006) is prognosed to demand additional
2.6 million vertebrate animals (Coecke et al., 2006). Cur-
rently, the European legislation, including REACH, does
not address the risks caused by NPs, but this issue is
actively debated (Franco et al., 2007). In order to reduce
animal testing to a minimum, new testing strategies
(involving toxicity assays performed, e.g. on bacteria and
non-vertebrate animals) are needed. One of the widely used
tests in ecotoxicology, but also quite well predicting the
toxicity of chemicals to other in vitro systems (Kahru,
2006), is the Vibrio fischeri luminescence inhibition assay.
The bioluminescence of the Gram-negative marine bacte-
rium V. fischeri is a result of a complex chain of biochem-
ical reactions, where reduced flavin mononucleotide
(FMNH,), a long-chain fatty acid aldehyde and luciferase
are the key players. This special pathway uses NADH as
a cofactor and is intrinsically linked to the central metabo-
lism of the microorganism (Hastings et al., 1987). Thus, the
reduction of light output is a reflection of inhibition in bac-
terial metabolic activity and proportional to the toxicity of
test sample (Bulich, 1982).

Several different luminescence inhibition tests of V. fisc-
heri have been developed so far — most of them are
designed for analysis of aqueous samples (Microtox®, Bio-
Tox™, LUMIStox™, ToxAlert™), while one of the test pro-
tocols — Flash Assay, can successfully be used for analysis
of suspensions, turbid and colored samples: in this kinetic
assay each sample acts as a reference for itself (Lappalainen
et al., 1999). In our laboratory, the Flash Assay has for-
merly been used for toxicity testing of suspensions of con-
taminated soils, sediments and solid wastes (Pollumaa
et al., 2000; Heinlaan et al., 2007). Considering, that sus-
pensions of NPs are often turbid due to insolubility and/
or aggregation of particles, we assumed that differently
from conventional V. fischeri luminescence inhibition test
Microtox®, Flash Assay format could be appropriate for
screening the toxicity of NPs. In our previous studies on
toxicity of metal oxide NPs (Heinlaan et al., 2008) a tube
luminometer was used for Flash Assay. The aim of the cur-
rent study was to demonstrate that Flash Assay can also be
performed in microplate format and used as high through-
put, cost-efficient and fast method for screening the toxicity
(antibacterial properties) of various NP suspensions to V.
fischeri. Eleven chemicals with different properties, includ-
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ing two types of nanoparticles (metal-containing and
organic ones), were comparatively tested in cuvette and
microplate formats of Flash Assay and also in conven-
tional Microtox® assay (a “gold standard” of photobacte-
rial luminescence inhibition assay). To our knowledge, this
is the first study on using the microplate format of V. fisc-
heri Flash Assay for toxicity screening of NPs.

2. Materials and methods
2.1. Chemicals and samples

Altogether 11 chemicals (all of analytical grade) were
studied for toxicity. 3,5-Dichlorophenol (3,5-DCP, Rie-
del-de Haen) and K,Cr,0; (Sigma-Aldrich) were used as
general controls for test bacteria performance.
ZnSO, - TH,0 and CuSOy (both from Alfa Aesar) served
as ionic controls for ZnO and CuO. Nanosized ZnO
(advertised particle size 50-70 nm) and CuO (30 nm) were
purchased from Sigma—Aldrich and analyzed in parallel
with bulk ZnO (Fluka) and CuO (Alfa Aesar). PEI
(branched, average M., 25,000) and PAMAM generation
2 (G2) and 5 (G5) dendrimers (advertised M,, 3256 and
28,825, respectively) were purchased from Sigma—Aldrich.
PAMAM G2 and G5 dendrimers were in methanol solu-
tion (20% w/w and 5% w/w, respectively). The stock solu-
tions of tested chemicals were prepared in deionized water
(MilliQ, Millipore); 2% w/v NaCl served as a control and
diluent solution for all samples except for PAMAM dendri-
mers. For dendrimers 2% NaCl + 2.3% methanol (MeOH)
served as control and diluent. Methanol (2.3%) is not toxic
to V. fischeri (Kahru et al., 1996).

2.2. Luminometers

Two luminometers were used for Flash Assay. BioOrbit
1251 tube luminometer (Turku, Finland) allows dispensing
of bacterial reagent, continuous mixing of the sample and
simultaneous measuring of the luminescence. Altogether
25 test tubes, that are subsequently measured, can be
loaded into this luminometer. Four millilitre polypropylene
cuvettes were used. For microplate assay format, the Fluo-
roskan Ascent FL plate luminometer (ThermoLabsystems,
Helsinki, Finland), which allows simultaneous dispensing
of bacterial reagent and measuring of the luminescence,
but does not have the mixing function while the lumines-
cence is recorded, was used. The testing was performed in
96-well white polypropylene microplates. The conventional
V. fischeri luminescence inhibition assay — the Microtox®
test, was performed using 1253 luminometer (ThermoLab-
systems, Helsinki, Finland).

2.3. Toxicity testing
The freeze-dried photobacteria V. fischeri (strain

NRRL-B-11177, Aboatox, Turku, Finland) were rehy-
drated and stabilized first at 4 °C for 30 min and then at
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20 °C for another 30 min. The testing was performed at
20 °C. For Flash Assay in cuvettes, 200 pl of sample was
transferred into each cuvette and, inside the luminometer,
200 pl of bacterial suspension was automatically dispensed
onto the sample. The luminescence was measured during
30 s under continuous mixing. After 30 min of incubation,
the luminescence was measured again for 30 s under con-
tinuous mixing. In case of the Flash Assay in microplates
100 pl of test solution was pipetted into each well, which
was supplemented with 100 pul of bacterial suspension by
automatic dispensing in the luminometer testing chamber.
The luminescence was recorded during the first 30 s after
the dispensing of the bacteria in each well without addi-
tional mixing of the sample during the measurement. After
30 min-incubation the light output was recorded again.
BioOrbit 1251 luminometer was controlled by MultiUse
2.03 software and Fluoroskan Ascent FL plate lumino-
meter by Ascent Software Version 2.4.1.

The Flash Assay in cuvette and microplate format was
performed simultaneously using the same batch of rehy-
drated test bacteria. All the chemicals were tested at least
on two different days, each time in two parallels. The chem-
icals were screened for the background values of lumines-
cence without the bacteria and the measurement results
for all of the compounds showed no difference from the
2% NaCl solution used as a control.

For comparison, conventional luminescence inhibition
assay (Microtox® test) as “gold standard” was performed
with all compounds except for turbid suspensions of metal
oxides. The testing was done using the 30-min exposure
time essentially as described by Kahru (1993) with one
exception: incubation/testing temperature was 20 °C.

Table 1

M. Mortimer et al. | Toxicology in Vitro 22 (2008) 1412-1417

2.4. Data analysis

The inhibitory effect of chemicals (INH%) on bacterial
luminescence was calculated as described in Lappalainen
et al. (2001). Thirty-second and 30-min ECs, values (the
concentration of chemical which reduces the light output
of bacteria by 50% after contact time of 30s or 30 min,
respectively) were determined from concentration versus
INH% curves by means of standard least-squares statistics.
ECs5 values obtained in different Flash Assay formats were
compared using a two-tailed unpaired z-test.

3. Results and discussion

To test the performance of the bacteria, the toxicity of
two reference compounds (3,5-DCP, K,Cr,0,) and two
ionic controls (CuSOy4, ZnSO, - 7TH,0) was comparatively
measured in plate and cuvette format Flash Assay as well
as in Microtox® assay (Table 1): toxicity data obtained
for above mentioned chemicals were comparable with pre-
viously published data (Kaiser and Devillers, 1994; Lappa-
lainen et al., 2001).

3.1. Comparative testing of ZnO and CuO bulk and nano
formulations

The Flash Assay performed in microplate format
showed that during the first 30 s of exposure of V. fischeri
to all Cu and Zn compounds no inhibition of luminescence
was observed (Fig. 1). However, after 30 min of exposure, a
clear dose—effect pattern was established. The increase
of toxicity of heavy metal-containing compounds with

ECs values of tested substances in Vibrio fischeri Flash Assay performed in cuvette and microplate format and Microtox® test

Test substance 30 s ECso (mg/l)

30 min ECs, (mg/1)

Cuvettes Microplates Ratio® Cuvettes Microplates Ratio® Microtox® Classification®
References
3,5-Dichlorophenol 62405 50402 1.24 3.1+0.1 2.4 +0.05 1.29 2.0 £0.04 Toxic
Cr®" (tested as K,Cr,07) 26.5+1.9 66.2 £ 11 0.40 3.6 +0.49 6.0+0.2 0.60 4.140.02 Toxic
Ionic controls
Zn*" (tested as ZnSO, - TH,0) nd nd - 38+1.7 32+1.0 1.19 3.5+0.07 Toxic
Cu*" (tested as CuSOy) nd nd - 0.8+0.1 0.8+0.3 1.00 0.3 +0.002 Very toxic
Metal oxides
BulkZnO nd nd - 43+1.7 39+1.8 1.10 nd Toxic
NanoZnO nd nd - 48+ 1.1 38+0.7 1.26 nd Toxic
BulkCuO nd nd - 3894 + 1871 4208 + 2471 0.93 nd nc
NanoCuO nd nd - 68.1 +4.3" 204 +42° 0.33 nd ne
Nanoscale cationic polymers
Polyethylenimine 2254162 216+ 117 1.04 2154139 238+ 123 0.90 674+1.1 nc
Polyamidoamine G2 603 + 187 559 +39%4 1.08 424 + 162 631 £415 0.67 nd nc
Polyamidoamine G5 561 + 303 686 + 342 0.82 539 +235 775+ 374 0.70 179+ 7.9 nc

ECsy numbers are the average values + SD (standard deviation) of two testing on different days both performed in two parallels.

# Ratio of 30-s ECs, values in cuvettes and microplates.
® Ratio of 30-min ECs, values in cuvettes and microplates.

¢ Classification based on 30-min ECs, data obtained in Flash Assay microplate format according to the risk phrases for ranking toxicity of chemicals for
aquatic organisms (EC Directive 93/67/EEC): ECs, < 1 mg/l: very toxic; 1-10 mg/l: toxic; 10-100 mg/1: harmful. ECs, values > 100 mg/1 are designated as

nc — not classified.

nd — not determined, no toxic effect or low inhibition (%) at the maximum concentration tested.

" Significant difference (p < 0.05).
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Fig. 1. Kinetics of luminescence of Vibrio fischeri exposed to suspensions of nano and bulk CuO and CuSO4 (A), and nano and bulk ZnO and
ZnSO, - TH,0 (B) measured in microplate format of Flash Assay. NaCl (2%) served as a control and diluent. Concentrations of nano and bulk metal

oxides are nominal.

prolonged exposure time is coherent with previous toxicity
data of heavy metals for photobacteria (Kaiser and Devil-
lers, 1994; Lappalainen et al., 2001). Due to the significant
turbidity of both tested CuO formulations, the lumines-
cence values of test solutions were different at time zero,
and depended on concentration (Fig. 1A). However, as
mentioned above, the interference of particle-related tur-
bidity with the luminescence signal does not present a
problem in the Flash Assay as each sample acts as a refer-
ence to itself (Lappalainen et al., 1999).

In both Flash Assay formats toxicity of nano CuO was
remarkably higher than toxicity of bulk CuO (20-fold in
microplate and 60-fold in cuvette format). In microplates,
the 30-min ECs for bulk CuO was 4208 mg/1 and for nano
CuO 204 mg/l. The respective toxicities obtained in tube
luminometer were 3894 mg/l and 68 mg/I1. The toxicity data
for Cu oxides tested in tube luminometer (Table 1) were
very close to our previous data (Heinlaan et al., 2008),
where V. fischeri Flash Assay in cuvettes was one of the
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tests of the ecotoxicological test battery for evaluation of
toxicity of various metal oxide (nano)particles, and where
instead of freeze-dried V. fischeri preparation, bacteria pre-
served at —80 °C in 10% glycerol were used.

In the current study, differently from Cu oxides, bulk
and nano ZnO showed considerably higher toxicity (30-
min ECs, values in microplate Flash Assay being approxi-
mately 3.9 mg/l and in tube format ~4.5 mg/l), whereas
there was no difference between bulk and nano formula-
tions. These ECs, values are ~2.5-fold higher than in Hei-
nlaan et al. (2008) and could be explained by different V.
fischeri preparations used (see above).

3.2. Comparative testing of organic nanoparticles

The 30-s kinetic curves of microplate format Flash
Assay in Fig. 2 show that differently from metal
compounds (Fig. 1), PEI and both PAMAM dendrimers
were toxic to V. fischeri already during the first seconds
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Fig. 2. Kinetics of luminescence of Vibrio fischeri exposed to suspensions
of PEI, PAMAM G2 and G5 measured in microplate format of Flash
Assay. NaCl (2%) served as a control and diluent for PEI and 2%
NaCl + 2.3% methanol served as a control and diluent for PAMAM
dendrimers.

of exposure, indicating that these compounds are fast-act-
ing toxicants to bacteria. Thus, no significant difference in
the 30-s and 30-min ECs, values was observed. In micro-
plate format of Flash Assay, the 30-min ECs, value for
PEI was 238 mg/l, for PAMAM G2 631 mg/l and
PAMAM G5 775 mg/l. In tube format of Flash Assay
the toxicities were practically similar to these obtained in
microplate test (Table 1). Notably, the conventional
Microtox® test yielded ~3-fold higher toxicities compared
to Flash Assay (Table 1), which could be explained by the
differences in the test protocols.

The antibacterial properties of PAMAM G5 dendrimers
have been studied by Calabretta et al. (2007) by using a
standard colony count assay: after 2 h exposure time, the
ECso value for Gram-negative bacteria was 1.5 mg/l and
for Gram-positive bacteria 20.8 mg/l. The approximately
500-fold higher ECs, value obtained in our study (Table
1) could be explained by the shorter exposure time
(30 min) and the different endpoint used.

3.3. Comparison of the data obtained in different test formats

Table 1 shows that for chemicals comparatively tested in
Flash Assay (both, microplate and tube format) and
Microtox®, there was no significant difference in toxicity
results, with the exception of PEI and PAMAM G5 dendri-
mer that were more toxic in conventional Microtox® assay.

As suspended solids and particles tend to settle, the con-
tinuous mixing of the sample (which is not possible in the
microplate format of Flash Assay) during testing might
influence the test results. Indeed, nano CuO (most turbid
sample tested; Fig. 1A) was ~3-fold less toxic in microplate
format (Table 1). However, for other compounds tested the
ratios of the ECsy values obtained in cuvette and micro-
plate formats of the Flash Assay were close to one and
correlated very well (log —logR*>=0.98; Fig. 3). The
standard deviation values were quite remarkable for parti-

10000 1
>
£
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s 100 | PAMAM G2
B nanoCuO
c . PEI
S 40
(]
% bulkZnO
5 14 Clﬁ“ nanoZnO
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10 100 1000 10000

Cuvette 30 min ECg, values, mg/l

Fig. 3. 30-min ECs values obtained in Vibrio fischeri Flash Assay: cuvette versus microplate format. Equation for the log-log regression line:

y = 1.05x + 0.007 and log-log R* value 0.98.
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cle-containing samples, but nevertheless comparable for
both Flash Assay formats used (Table 1).

The data on toxicity obtained with both Flash Assay
formats after 30-min exposures classified all analyzed
chemicals, except nano CuO (that was more toxic in cuv-
ette format), analogously when compared to the risk
phrases of the EC Directive 93/67/EEC for ranking toxicity
of chemicals for aquatic organisms (Table 1). Thus, consid-
ering an excellent correlation between both formats, 96-
well microplate format of Flash Assay can be successfully
used for high throughput evaluation of harmful properties
of chemicals (including organic and inorganic NPs) to
bacteria.
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The acute toxicity of CuO and ZnO nanoparticles in artificial freshwater (AFW) and in natural waters to
crustaceans Daphnia magna and Thamnocephalus platyurus and protozoan Tetrahymena thermophila was
compared. The L(E)Csg values of nanoCuO for both crustaceans in natural water ranged from 90 to 224 mg
Cu/l and were about 10-fold lower than L(E)Csg values of bulk CuO. In all test media, the L(E)Cs values for
both bulk and nanoZnO (1.1-16 mg Zn/1) were considerably lower than those of nanoCuO. The natural waters
remarkably (up to 140-fold) decreased the toxicity of nanoCuO (but not that of nanoZnO) to crustaceans
depending mainly on the concentration of dissolved organic carbon (DOC). The toxicity of both nanoCuO
and nanoZnO was mostly due to the solubilised ions as determined by specific metal-sensing bacteria.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The last decade is distinguished by the drastic growth of produc-
tion and use of manufactured nanoparticles (NPs). NPs of metal oxides
such as ZnO and TiO; are already widely used in personal care prod-
ucts (e.g., sunscreens), coatings and paints; CuO is used in gas sensors,
photovoltaic cells, in catalyst applications and in heat transfer nano-
fluids. Subsequently, the risk of natural water contamination by
synthetic NPs continuously increases (Klaine et al., 2008).

It should be stressed that natural NPs, including nano-sized
particles of metal oxides, exist in all ecosystems and play important
role in biogeochemical processes (Wigginton et al., 2007). During
the evolution living organisms have adapted to the presence of
natural NPs in the environment. For synthetic NPs, however, it is
recognized that their potential harmful properties on ecosystems
have to be evaluated (Handy et al., 2008; Nowack, 2009). Despite
the rapidly increasing amount of nanotoxicological peer-reviewed
papers (Medina et al., 2007) data on ecotoxicity of synthetic NPs
(Baun et al., 2008; Handy et al., 2008) and especially on metal oxide
NPs, except nanoTiO», are rare (Kahru et al., 2008). As water is an
essential compartment in ecosystems and natural vehicle for
pollutant migration, the data on fate and behavior of synthetic NPs

* Corresponding author. Tel.: +372 6 398 361.
E-mail address: irina.blinova@kbfi.ee (I. Blinova).

0269-7491/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.envpol.2009.08.017

131

in different types of natural waters as well as their potential eco-
toxic effects are essential for evaluation of the environmental risks
of nanotechnologies (Nowack and Bucheli, 2007).

The main goal of evaluation of ecotoxicological properties of
chemicals is to prevent the hazard to the ecosystems via estab-
lishing respective environmental standards, which guarantee the
absence of negative effects of those compounds on living organ-
isms. At the same time, it is widely accepted and also shown in our
earlier works (Aruoja et al., 2004; Blinova, 2004; Kahru et al., 2005)
that due to the environmentally non-relevant conditions used
in regulatory testing, most of the standardized bioassays do not
appropriately characterize the potential impacts of hazardous
substances on the environment, in particular, on water ecosystems
(Allen and Hansen, 1996; Hyung et al., 2007; Lewis, 1995). Most of
the ecotoxicity data on chemicals available for standard freshwater
test organisms such as crustaceans, algae and fish have been
generated using so-called artificial freshwater (AFW), which
composition differs from natural waters. However, as bioavail-
ability and toxic effect of a chemical depend on its speciation and
hence, on water composition (Witters, 1998), the hydrochemical
parameters of water used as test medium are very important.

Till now, the impact of the composition of natural water on fate and
biological effects of chemicals in the aquatic ecosystems has not been
adequately explored. For example, in spite of the intensive investiga-
tion of the effects of natural water composition on bioavailability of
heavy metals during the last decades leading even to the elaboration
of several models, which are used for the prediction of metal toxicity
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in natural water (Jager et al., 2006; Kim et al., 1999; Long et al., 2004;
McGeer et al., 2002; Niyogi and Wood, 2004; Pagenkopf, 1983, etc.),
understanding of the behavior and biological effects of trace metals in
natural waters is still limited (Borgmann, 2000; Handy et al., 2008;
Town and Filella, 2002; Van Leeuwen et al., 2005). For synthetic NPs,
it is known that the type and amount of natural organic matter in the
water affects their stability and bioavailability (Giasuddin et al., 2007,
Hyung et al., 2007; Wigginton et al., 2007), and may strongly influence
their behavior in surface waters (Klaine et al., 2008; Lead and
Wilkinson, 2006). However, the effect of organic ligands as well as of
other hydrochemical parameters (pH, hardness, ionic strength, etc.)
on the bioavailability of NPs to aquatic organisms is still inadequately
investigated. The latter decreases the practical value of ecotoxicity test
results obtained with AFW (Handy et al, 2008; Nanotechnology,
2006; Velzeboer et al., 2008).

In order to be relevant for the use in the risk assessment and
establishment of environmental quality standards, ecotoxicity tests
should give information on a chemical’s bioavailability and toxicity
in the given environment (McGeer et al., 2002; Van Assche et al.,
2002). Additional knowledge required to extrapolate laboratory
test results to field populations may be received by extending the
standard protocols of ecotoxicological testing (Jager et al., 2006), for
example, by replacing the AFW with a natural one.

The aim of the present study was to compare the acute toxicity of
CuO and ZnO NPs towards particle-ingesting aquatic species (two
crustaceans and one protozoan) in AFW and in six natural waters
with different hydrochemical characteristics. Bulk CuO and ZnO and
the respective soluble salts (CuSO4 and ZnSO4-7H,0) were used as
controls for size-dependent and solubility effects. Bioavailability of
Cu and Zn as well as the solubilisation of metal oxides in natural
waters was studied by recombinant sensor bacteria.

2. Materials and methods
2.1. Natural water

Natural water samples were taken during November-December 2007 from six
Estonian rivers with different hydrochemical characteristics. Sampling places were
chosen according to the data of the national monitoring program. The chemical
analysis of water samples (Table 1) was performed in a certified laboratory using
the following standard analytical methods: EN 1899-1:1998 for biochemical
oxygen demand (BOD>), ISO 9963-1:1994 for alkalinity, ISO 11905-1:1997 for total
nitrogen (Nior), ISO 6878:1998 for total phosphorus (Pi), ISO 8245:1999 for dis-
solved organic carbon (DOC), ISO 17294-2:2003 for Zn and Cu, ISO 10304-1:1992
for sulphate, 1SO 10304-1:1992 for chloride, ISO 6058:1984 for calcium, SFS 3032
(1976) for ammonium. Before the biotesting, suspended solids and plankton
were separated from the water samples by filtration through a 0.45 pm pore size
standard filter (Millipore).

Table 1
Characterization of natural waters used as test media.

Parameter Unit River 1 River2 River3 River4 River5 River6
pH 8.2 8.2 7% 8.1 7.5 8.1
DocC* mgC/l 133 13.2 259 292 345 315
BOD," mg Oyl 1.1 1.5 15 13 1.1 1.9
Neot mg/l 7.6 3.2 9 10.1 4.7 5.2
Prot” mg/l 0.039 0.045 0.037 0.028 0.052 0.015
Alkalinity megq/l 44 5.6 4.1 39 3.8 2.7/
oz mg/l 122 124 106 111 82.0 58.0
cl- mg/l 154 17 4.6 13.5 9.2 7.7
S0% mg/l 96.1 69.1 55.6 76.1 209 14.9
ZNioi g/l 26 26 14 22 15 3.1
Cgor g/l 2.0 3.0 46 213 2.0 11
NHZ mg N/l  0.06 0.15 0.11 0.09 0.53 0.19
2 DOC - dissolved organic carbon.

b BOD; - biochemical oxygen demand.

€ Niot - total nitrogen.

d Py - total phosphorus.

e

Zngo — total zinc.
f Cuyo — total copper.

2.2. Chemicals

NanoCuO (advertised particle size 30 nm), nanoZnO (advertised particle size
70 nm) and ZnSO4-7H,0 were purchased from Sigma-Aldrich, the bulk form of ZnO
from Fluka, the bulk CuO and CuSO4 from Alfa Aesar. The stock solutions of metal salts
and suspensions of metal oxides were prepared in MilliQ water. The suspensions of
metal oxides (40 g/1) were sonicated for 30 min and stored in the dark at +4 °C.

2.3. Electron microscopy imaging

The aqueous suspensions of the studied metal oxides (both nano- and bulk
formulations) have been previously characterized by scanning electron microscopy
(SEM): despite of agglomeration, individual nanoscale particles were present in
nanoZnO and nanoCuO suspensions (Kahru et al., 2008). For the current study, size
distribution of CuO NPs (40 mg CuO/l) was analysed by transmission electron
microscopy in Daphnia magna test medium (AFW) using a JEOL 1230 TEM at 120 kV.
For the characterization of NPs after ingestion by D. magna, organisms were exposed
to nanoCuO (4 mg/l) and live crustaceans were fixed for TEM observations using
a JEOL 1011 TEM at 100 kV. TEM photographs were taken from the gut after thin-
sectioning. Individual particles were sized (based on 200 measurements) from TEM
photographs using the freeware Image] (NIH, USA).

2.4. Aquatic bioassays

The crustacean D. magna acute immobilisation assay (Daphtoxkit F™) adhering to
OECD 202 guidelines, crustacean Thamnocephalus platyurus acute mortality test
(Thamnotoxkit F™) and ciliate protozoan Tetrahymena thermophila growth inhibition
test (Protoxkit F™) were used. The Toxkits were purchased from MicroBioTests, Inc.
(Nazareth, Belgium). In both crustacean assays viable and dead organisms were counted
under dissection microscope after 24 h (T. platyurus) or 48 h (D. magna) of exposure. For
protozoan growth inhibition test, the investigated compound and T. thermophila culture
were added to the food substrate suspension in test medium. While normal proliferating
protozoan culture clears the substrate suspension in 24 h, inhibition of the growth of
protozoa is reflected by residual turbidity of the food substrate measured by optical
density (OD) of the tests samples at 440 nm. All the tests were performed in the dark
at constant temperature (20 °C for D. magna, 25 °C for T. platyurus and 30 °C for
T. thermophila) according to the respective guidelines of the ToxKkits.

The test organisms were exposed to different concentrations of CuO and ZnO
(both, nano- and bulk forms), CuSO4 and ZnSO4-7H,0. The filtered river waters
(Table 1) were used as basic test medium in the tests, i.e. for the dilution of studied
compounds and as a control. Evaluation of the toxicity was performed in two steps:
i) determination of 0-100% tolerance range of the test species to the respective
compound and ii) determination of the 50% effect values L(E)Csp. The toxicity was
evaluated from 2 to 3 independent experiments, each in several replicates (four for
D. magna, three for T. platyurus and two for T. thermophila).

The AFW (test medium used in the standard test procedure) for crustaceans has
following composition (mg/l): for D. magna - CaCly-2H0 - 294, MgSO4-7H20 -
123.25, NaHCOs; - 64.75, KCl - 5.75, pH —7.8 & 0.2 and for T. platyurus - CaSO4-2H,0
- 60, MgS04-7H0 - 123, NaHCO3 - 96, KCl - 4 mg/I; pH - 7.8 + 0.2 dissolved in
MilliQ water, i.e. AFW does not contain organic compounds. MilliQ water was used
as standard test medium for T. thermophila.

2.5. Bacterial metal-specific biosensors

In parallel to the aquatic biotests, dissolved bioavailable Zn?* and Cu®* in the
solutions/suspensions of tested compounds were quantified using recombinant
bioluminescent Zn-sensor bacteria Escherichia coli MC1061(pSLzntR/pDNPzntAlux)
and Cu-sensor bacteria E. coli MC1061(pSLcueR/pDNPcopAlux), respectively (Ivask
et al., 2009). Bioluminescence of those sensor bacteria increases proportionally with
the concentration of bioavailable Cu?* (Cu-sensor) or Zn®* (Zn-sensor) in the test
medium (Ivask et al., 2002). A constitutively luminescent control strain E. coli
MC1061(pDNlux) (Leedjdrv et al., 2006) not induced by heavy metals, but otherwise
similar to sensor strains, was used to take into account the potential quenching of
bacterial bioluminescence by the turbid suspensions of metal oxides. 100 pl of the
suspension of Zn- or Cu-sensor bacteria or the constitutively luminescent control
bacteria in 9 g/l of NaCl supplemented with 1 g/1 of cas-aminoacids (acid hydrolysate
of casein, LabM) and 0.9 g/l of glucose was mixed with 100 pl of the solution or
suspension of studied metal compound diluted either in MilliQ, AFW for D. magna or
T. platyurus or in the natural river waters and incubated for 2 h at 30 °C as described
previously (Heinlaan et al., 2008). The amount of bioavailable Cu and Zn was
quantified assuming that CuSO4 and ZnSO4-7H,0 were 100% bioavailable to the
sensor bacteria, when compounds were diluted in MilliQ. Detection limits of this
method were 2 pg Cu?*/l and 20 pg Zn*/I.

2.6. Statistical analysis
One-way analysis of variance (ANOVA) followed by t-tests was used to determine

statistical significance of the differences between toxic effects of the compounds
in different test media. The differences were considered significant, when p < 0.05.
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3. Results and discussion
3.1. Chemistry of natural water samples

The main water quality parameters, which may affect bioavail-
ability of studied compounds, are presented in Table 1. As consid-
erable part of Estonian rivers and lakes, similarly to typical boreal
ones, contain relatively high concentration of dissolved organic
matter (DOM), this study was mainly focused on the effect of DOM
on bioavailability and toxicity of CuO and ZnO NPs. Table 1 shows
that the content of DOM (expressed as dissolved organic carbon,
DOC) varied to a great extent: from 13.2 to 34.5 mg C/1. Also, the level
of nutrients (phosphorous and nitrogen) in the water samples was
relatively high. The values of biochemical oxygen demand (BOD7),
however, were comparable to unpolluted rivers. The pH in the water
samples was slightly above neutral, varying between 7.5 and 8.2, and
remained within the same range during the toxicity testing. The
background values of total copper and zinc in river waters (Table 1)
were negligible compared to respective L(E)Csg values of CuSO4 and
ZnS04-7H,0 (Table 2). Also, the bacterial Cu- and Zn-sensors did not
detect bioavailable Cu and Zn in any of the natural water samples.

3.2. Bioavailability of Zn and Cu to recombinant sensor bacteria

At the low concentrations used for the toxicity testing (up to
10 mg/l) ZnO (bulk and nano) was almost fully dissolved and
bioavailable for bacterial biosensors in all test media (Fig. 1).
Differently from both ZnO formulations, nanoCuO and especially
bulk CuO were of remarkably lower solubility: only about 12% of
copper from nanoCuO (the tested concentration range was 0.006—
20 mg/l) and about 0.3% of copper from bulk CuO suspensions (the
tested concentration range was 0.2-2000 mg/1) proved bioavailable
to sensor bacteria in AFW (Fig. 1). Thus, in AFW the solubility of
nanoCuO exceeded the solubility of bulk CuO about 40-fold. Anal-
ogously, the toxicity of nanoCuO in AFW was about 50-fold (D.
magna) and 45-fold (T. platyurus) higher than the toxicity of bulk
CuO (Table 2) proving again that the toxicity of copper oxides for
crustaceans are due to solubilised Cu-ions as also previously shown
for bacteria (Heinlaan et al., 2008) and algae Pseudokirchneriella

subcapitata (Aruoja et al., 2009). In comparison with AFW, the
natural waters reduced the bioavailability of all studied Cu-
compounds to recombinant sensor bacteria by 89-99% (calculated
from data presented in Fig. 1), whereas the effect was most
remarkable in case of nanoCuO. Analogous remarkable reduction in
bioavailability was not observed for Zn compounds (Fig. 1).

3.3. Toxicity of copper compounds in natural waters to crustaceans

The effect of the natural water composition (especially DOM) on
toxicity of the studied copper compounds towards D. magna and
T. platyurus was analysed by comparison of the toxicity results in
river water (this work) and AFW (Heinlaan et al., 2008). In case of
both crustaceans there was a significant decrease in the toxicity of
both forms of CuO as well as CuSO4 in natural water samples as
compared with the AFW (Table 2) and the decrease was most
remarkable for nanoCuO. Indeed, the D. magna ECsy values for
nanoCuO, bulk CuO and CuSO4 increased by 50-140, 6.5-13 and
3-13-fold, and T. platyurus ECsg values by 55-130, 7.3-21 and
10-100-fold, respectively, depending on river water used for testing
(Table 2). Thus, the data obtained by biotests (Table 2) as well as
recombinant sensor bacteria (Fig. 1) both showed that natural
waters have higher mitigation effect for nanoCuO than bulk CuO.

It is well known that natural organic matter (mainly humic and
fulvic acids) is strongly complexing copper and reducing the
bioavailable copper ion concentrations (Allen and Hansen, 1996).
The relationship between dissolved organic matter in test media
and bioavailability of copper to aquatic organisms has been shown
previously by many investigators (De Schamphelaere et al., 2004a;
Kim et al.,, 1999; Kramer et al., 2004; Oikari et al., 1992; Hyne et al.,
2005; Santos et al., 2008). The data of the current study (Fig. 2A) are
coherent with data previously reported by Kramer et al. (2004) and
De Schamphelaere et al. (2004a). Statistical analysis of the data on
CuSO0y4 toxicity for D. magna in river waters (Tables 1 and 2) revealed
significant differences between rivers with relatively low (rivers 1, 2)
and high DOC levels (rivers 4, 5 and 6). Also, the differences
between D. magna ECsg values for nanoCuO obtained for rivers 1
and 2 (lower DOC content) and rivers 5 and 6 (high DOC content)
were statistically significant (p < 0.05). A good correlation

Table 2

Toxicity of nanoCuO and nanoZnO, their bulk forms and respective soluble salts to aquatic organisms.
Test media NanoCuO Bulk CuO CuSO4 NanoZnO Bulk ZnO ZnS04-7H,0
Crustacean Daphnia magna, 48 h ECso (mean + SD, mg metal/l)
AFW? 26+13 132 £ 19.7 0.07 + 0.01 26+ 1.04 FAIEENN] 14 +0.24
River 1 927 £ 124 844 + 14.4 0.24 + 0.03 33+ 115 95+ 18 1.8 +£ 032
River 2 149 + 16.6 799 + 19.2 0.38 + 0.04 9.0 +0.28 12.0 £ 2.1 2.0 +0.19
River 3 160 + 28.4 >1500 0.58 +£0.18 1.7 £ 027 6.9 £ 0.55 1.6 £ 0.14
River 4 200 +17.5 1566 + 34.0 0.81 + 0.06 3.5+ 030 >5.0 2.5+ 0.18
River 5 224 + 159 1737+ 0 0.84 + 0.03 2.8 £039 162+ 2.3 14+0.18
River 6 >200 >1500 0.92 + 0.04 3.4 +1.56 108 + 1.4 il 2 @13
Crustacean Thamnocephalus platyurus, 24 h LCso (mean + SD, mg metal/l)
AFW? 1.7 +£04 75.6 + 4.5 0.04 + 0.02 0.14 + 0.02 0.19 + 0.03 0.22 + 0.06
River 1 152 + 22.7 593 + 94.0 0.41 + 0.06 1.1 +023 >4 0.92 +0.11
River 2 217.+£19.3 874 +25.2 0.60 + 0.06 6.0 + 0.71 1.9 + 0.46 1.6 +0.2
River 3 92.7 + 8.8 1054 + 42.8 2.1+028 3.6 £0.74 3.0+037 0.61 + 0.26
River 4 112+ 0 1518 + 49.9 2.1+032 1.5+ 0.32 <0.5 0.75 + 0.06
River 5 129 + 23.7 1550 + 42.6 1.1 +£ 0.05 5.3 +£0.50 PAIEERIRC) 1.1 + 0.40
River 6 90.3 + 12,5 546 + 108.7 4.6 +0.18 1.4 4035 1.2 +0.16 1.7 +0.88
Protozoa Tetrahymena thermophila, 24 h ECso (mean + SD, mg metal/l)
AFW nd® nd 0.40 + 0.12 94 + 3.0 271+£1.0 7.1 £ 0.66
River 2 nd nd 0.46 + 0.02 16.4 + 0.41 16.6 + 0.91 21.1 +1.37
River 4 nd nd 0.27 + 0.03 12.4 £+ 0.75 12.0 + 0.45 18.6 + 0.59
River 5 nd nd <0.2 26.5 + 2.52 14.5 + 1.09 >22.0

2 L(E)Cs values in artificial freshwater from Heinlaan et al. (2008).

b

nd - not determined.
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Fig. 1. Nominal (x-axis) versus bioavailable Cu and Zn ions (y-axis) in six natural waters and artificial freshwater (AFW). Dissolved bioavailable metals were quantified by
recombinant Escherichia coli Cu-sensor (left panel) and Zn-sensor (right panel).
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Fig. 2. Effect of dissolved organic carbon (DOC) concentration in natural waters on toxicity of copper salts (A) and nanoCuO (B) to Daphnia magna. (A): 1 - this study; 2 - De
Schamphelaere et al. (2004a); 3 - Kramer et al. (2004). The natural waters were spiked with different copper salts (1 - CuSOy4; 2 - CuCly; 3 - CuCl,-2H,0).
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bulk and nanoCuO proved bioavailable to crustacean: the concentra-
tions of bioavailable copper ions in bacterial assay exceeded signifi-
cantly the measured ECsp in tests with D. magna (data not shown).
Several factors may be involved in this apparent discrepancy.
For example, assays were done in optimal respective temperature
conditions, i.e. sensor assay at 30 °C and crustacean tests at 20° or
25 °C. It is also possible that some of the copper complexes formed
with DOM might be bioavailable to the bacteria but not for crustaceans
(Apte et al., 2005). In addition, the ingestion and excretion of CuO by
crustaceans during the test may modulate the bioavailable fraction of
CuO. Indeed, the copper oxide accumulation in the gut (one of the
most crucial exposure routes for a particle-feeding organism) of both
crustaceans was clearly visible under the microscope as black gut
content (T. platyurus as an example; Fig. 3). Interestingly, the gut of
daphnids exposed either to sub-toxic concentrations of CuO (i.e. no
mortality observed) or toxic concentrations (>50% mortality) were
filled with visible CuO. This gives additional evidence that dissolved
CuO (copper ions) and not the gut-accumulated particles are main
contributors to the toxicity of nano and bulk CuO.

TEM analysis performed in AFW as well as in the gut of D. magna
clearly showed that differently from bulk CuO (data not shown), no
clear agglomerates of nanoCuO were observed in the gut lumen
(Fig. 4). Average nanoCuO particle size in the gut of D. magna -
31 4 12.8 nm remains similar with that in AFW - 30 + 10 nm (Fig. 4).

The test results of T. platyurus for CuSO4 in natural water showed
(Table 2) analogous trends as in the test with D. magna with the
exception of river 5 (discussed below). However, in contrast to
D. magna, dependence between toxicity of nanoCuO towards crus-
tacean T. platyurus and DOC concentrations in test water was not
revealed (the differences between ECs values for all rivers except for
river 2 were not statistically significant). It should be noted that
though both D. magna and T. platyurus belong to planktonic crusta-
ceans, their sensitivity towards the same substances may differ (Bli-
nova, 2004). For example, T. platyurus was much more sensitive than
D. magna towards ammonium ions (I. Blinova, unpublished data).
Also, Koivisto (1995) and Shaw et al. (2006) have shown that D. magna
is more tolerant to copper and zinc than other cladocerans. A greater
ability of D. magna to adapt to toxic stress may be linked to the fact
that differently from other cladocerans D. magna has adapted to
withstand wider fluctuations in environmental conditions, e.g.,
hypoxia, turbidity, ionic strength (Koivisto et al., 1992). Furthermore,
the body size (surface area/weigh ratio) is also important, since one of

the uptake routes of soluble metals by crustaceans is directly from
water through the body surface (Krantzberg and Stokes, 1988; Rob-
inson et al., 2003). In case of NPs, the toxic effect may also depend on
the mechanical adhesion of NPs on the organism’s surface, which in
turn is related to the body size and the structure of exoskeleton.
Indeed, adhesion of aggregates of NPs to the exoskeleton of crusta-
ceans has been noted by Baun et al. (2008) and also observed (under
the microscope) in our experiments. As a result, the combination of
abovementioned factors leads to different probability of survival of
D. magna and T. platyurus in the same conditions. This can explain the
lack of relationship between DOC concentration and toxicity of
nanoCuO to T. platyurus and comparatively high toxicity of CuSO4 in
river 5 (high ammonium concentration).

3.4. Toxicity of zinc compounds in natural waters to crustaceans

Differently from Cu compounds, the change in toxicity of Zn
compounds in natural waters as compared with AFW was less
remarkable (Table 2). The D. magna ECsp for nanoZnO, bulk ZnO and
ZnSO4 increased only by 1-1.75,1-2.3 and 0.7-3.6-fold, respectively
and in most cases the changes were not statistically significant.
These results are in accordance with the data obtained with Zn-
sensor bacteria showing only small differences in bioavailable Zn-
ion concentrations in AFW and river waters (Fig. 1). Thus, it can be
concluded that the toxicity of nano and bulk ZnO in natural waters
was due to the solubilised Zn-ions.

The other crustacean (T. platyurus) was in general more than
10 times more sensitive than D. magna towards Zn compounds in
AFW but the difference between L(E)50 values was not so remark-
able in natural waters (Table 2). To explain the reasons for higher
mitigating effect of natural waters for T. platyurus than for D. magna
further studies are needed.

It is obvious that natural waters used in the current study
remarkably affected the bioavailability of copper but not zinc. Also,
there was no clear relationship between DOC and toxicity of Zn
compounds (Tables 1 and 2). The results published by other authors
also indicate that in modulation of the toxicity of zinc ions the DOM
is not so important, as, for example, calcium (Clifford and McGeer,
2009; De Schamphelaere et al., 2004b; Hyne et al., 2005). However,
we have not revealed any relationship between toxicity of Zn
compounds and Ca, probably due to the masking effect by other
water components.

A

0.5mm

Fig. 3. Crustacean Thamnocephalus platyurus under the light microscope. Arrows mark the presence (A: exposed organism) or absence (B: control) of black CuO nanoparticles in the gut.
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Fig. 4. Nanoparticles of CuO in artificial freshwater (A: TEM; B: particle size distribution) and in the gut of Daphnia magna (C: TEM; D: particle size distribution).

3.5. Toxicity of Zn and Cu compounds to T. thermophila

Toxicity of nano- and bulk ZnO formulations, ZnSO4-7H,0
and CuSOq4 to T. thermophila in standard test conditions and three
river waters was compared (Table 2). Toxicity of ZnSO4-7H,0
decreased in natural waters (p < 0.05), but for nanoZnO the
statistically significant decrease was observed only in the water of
river 5. In case of bulk ZnO, however, the toxicity in river waters
even increased (p < 0.05).

Differently from crustaceans, toxicity of CuSO4 to protozoa in
river waters 2 and 4 was not statistically different from ECsg values
in standard test conditions (Table 2). It could be assumed that
binding of copper ions by food particles (added to test medium at
the beginning of the assay) was masking the mitigating effect of
organic matter in river waters.

In case of both CuO formulations, their black color was interfering
with OD measurements impairing the reliability of ECso determi-
nation. Therefore, no ECsg values for copper oxides are presented in
Table 2. However, visual microscopic observations of the protozoa
after exposure to the sub-toxic concentrations of nanoCuO showed
clear accumulation of the CuO NPs in their food vacuoles. The latter is
important for investigation of the fate of nanoCuO in the aquatic
ecosystems.

4. Conclusions

This paper shows that ecotoxicological tests are indispensable
tools for hazard evaluation of synthetic NPs as they integrate both
the harmful and mitigating effects and show the net influence of

the tested compounds in the given experimental conditions. The
use of natural water as test medium in ecotoxicological assays can
increase the predictive power of these tests for the environmental
risk assessment.

This study showed the remarkable potential of natural water to
mitigate the toxic effects of CuO NPs but not ZnO NPs. In addition,
as in standard test conditions, the toxic effect of CuO and ZnO NPs
in natural waters was mainly due to dissolved metal ions. Thus, to
understand the mechanisms of ecotoxicological action of metal
oxides NPs and its ecological consequences, solubility and specia-
tion are the crucial aspects contrarily, for example, to manufactured
carbon NPs, where size and aggregation seem to be the key factors.

Lastly, this study confirms that biology and physiology of the
target organisms may be of primary importance in transfer of
synthetic NPs along the food-web and environmental compart-
ments and, thus, also important in risk assessment. For example,
interaction and adhesion of NPs on the surface of living organisms
and accumulation in particle-ingesting organisms should be taken
into account, when behavior and transfer of NPs in the water
ecosystems is investigated.
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