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Abstract: Nanotechnologies have become a significant priority worldwide. Several 
manufactured nanoparticles - particles with one dimension less than 100 nm - are 
increasingly used in consumer products. At nanosize range, the properties of materials differ 
substantially from bulk materials of the same composition, mostly due to the increased 
specific surface area and reactivity, which may lead to increased bioavailability and toxicity. 
Thus, for the assessment of sustainability of nanotechnologies, hazards of manufactured 
nanoparticles have to be studied. Despite all the above mentioned, the data on the potential 
environmental effects of nanoparticles are rare. This mini-review is summarizing the 
emerging information on different aspects of ecotoxicological hazard of metal oxide 
nanoparticles, focusing on TiO2, ZnO and CuO. Various biotests that have been successfully 
used for evaluation of ecotoxic properties of pollutants to invertebrates, algae and bacteria 
and now increasingly applied for evaluation of hazard of nanoparticles at different levels of 
the aquatic food-web are discussed. Knowing the benefits and potential drawbacks of these 
systems, a suite of tests for evaluation of environmental hazard of nanoparticles is proposed. 
Special attention is paid to the influence of particle solubility and to recombinant 
metal-sensing bacteria as powerful tools for quantification of metal bioavailability. Using 
recombinant metal-specific bacterial biosensors and multitrophic ecotoxicity assays in 
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tandem will create new scientific knowledge on the respective role of ionic species and of 
particles in toxicity of metal oxide nanoparticles.  

Keywords: ZnO, CuO, TiO2, Aquatic toxicity, Bioavailability, Recombinant sensor 
bacteria, 3Rs, Daphnia magna, Thamnocephalus platyurus, Pseudokirchneriella 
subcapitata (Selenastrum capricornutum), Tetrahymena thermophila, Vibrio fischeri 

 
 
1. Introduction  

 
It is remarkable that although environmental research and protection efforts as well as health-related 

investments are constantly increasing, the current world witnesses the significant increase of 
neurodegenerative and cardiovascular diseases, allergies, cancers and also a clear trend towards drastic 
deterioration of natural ecosystems. That was the main reason of the introduction of the E.U.'s new 
REACH (Registration, Evaluation and Authorizations of Chemicals) chemical policy [1]. Presently, the 
current chemical regulations (including REACH) fail to address the environmental, health, and safety 
risks posed by nanomaterials/particles but given the urgent need for the evaluation of their biological 
effects, this is actively debated, also at the E.U. level [2]. Nanotechnologies have become a significant 
priority in many countries. Nanoparticles are defined as natural or manufactured particles with one 
dimension less than 100 nm. Some natural particles are of nano-scale such as colloidal humus [3, 4] and 
ultrafine particles in atmospheric emissions [5]. Environmental nanoparticles are commonly formed as 
either weathering byproducts of minerals, as biogenic products of microbial activity, or as growth nuclei 
in super-saturated fluids [6]. Manufactured nanoparticles can be inorganic like nanopowders of metal 
oxides and metal salts like CdS (quantum dots) or organic chemicals and polymers like dendrimers [7].  

According to “The Nanotechnology Consumer Products Inventory” [8] the most common material 
mentioned in the product descriptions was carbon (29 products) which included fullerenes and 
nanotubes. Silver was the second most referenced (25 products), followed by silica (14), titanium 
dioxide (8), zinc oxide (8), and cerium oxide (1). Among potential environmental applications of 
nanoparticles, remediation of contaminated groundwater with nanoscale iron is one of the most 
prominent examples [9, 10]. Regarding personal-care products, nanoparticles of titanium dioxide and 
zinc oxide are included in toothpaste, beauty products, sunscreens [11] and textiles [12]. Metal 
oxide-based nanomaterials and/or nanoparticles are also increasingly used in fillers, opacifiers, 
ceramics, coatings, catalysts, semiconductors, microelectronics, prosthetic implants and drug carriers [7, 
13]. Photocatalytic properties of TiO2 may be used for solar-driven self-cleaning coatings [14] and for 
biocidal/antiproliferative applications [15]. Copper oxide nanoparticles have potential to replace noble 
metal catalysts for carbon monoxide oxidation [16] and CuO nanoparticle suspension (nanofluid) has 
excellent thermal conductivity for it to be used as a heat transfer fluid in machine tools [17]. 

In the form of manufacturing and household waste the metal oxide nanoparticles are likely to end up 
in natural water bodies. For perspective on potential “nanopollution”, one may consider that 2 g of 100 
nm size nanoparticles contains enough material to provide every human worldwide with 300,000 
particles each [18]. Decrease in particle size changes the physicochemical and structural properties of 
particles and in the case of nanoparticles that is responsible for increased bioavailability and toxic effects 
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[7]. Nanoparticles can cross even the strongest biological barriers such as blood-brain barrier [19, 20]. 
As an example, Oberdörster et al. [19] showed that exposure to fullerenes (C60) caused oxidative damage 
in the brain of fish. Despite that, nanosized materials were till recently treated as variations of the 
technical material or existing formulation and thus not requiring separate registration [21].  

Due to the current commercial development of nanotechnology, the occupational and public exposure 
to nanoparticles is supposed to increase dramatically in the coming years as well as their potential 
release in the environment. Thus, the studies on safety and (eco)toxicity of nanoparticles are of extreme 
importance in order to support the sustainable development of nanotechnology. 

 Despite of the rapid increase of nanotoxicological peer-reviewed papers published, most of the data 
has been obtained on limited types of particles and mostly on in vitro cell cultures or in vivo respiratory 
exposures on rodents [22]. The knowledge on their potential harmful effects on the environment remains 
poorly documented. There are few data available on the effects of engineered nanoparticles on algae, 
plants, and fungi [23] as well as on aquatic invertebrates. Overall there are currently less than 50 open 
peer-reviewed ecotoxicity studies on environmentally relevant species [24]. Nanomaterial-wise, the 
existing ecotoxicological information mainly concerns toxicity data on fullerenes, carbon nanotubes and 
TiO2 [19, 24-26]. As an indicator concerning various metal oxide nanoparticles, a bibliometric search on 
4th July 2008 in ISI Web of Science showed that although there were more than 150 hits in combining 
keywords on respective nano metal oxides and “toxic*” but only 10 hits for “ecotoxic” (Table 1). Thus, 
the current minireview summarizes existing literature on ecotoxic effects of ZnO, TiO2 and CuO 
nanoparticles (Figure 1), especially to aquatic invertebrates, algae and bacteria. 

 
Figure 1. Scanning electron microscopy of ZnO, TiO2 and CuO particles. The bulk form of 
TiO2 was purchased from Riedel-de Haen, ZnO from Fluka and CuO from Alfa Aesar. 
Nanosized metal oxides were purchased from Sigma–Aldrich with advertised particles sizes 
of 25-70 nm for nano TiO2, 50-70 nm for nano ZnO and mean ~30 nm for nano CuO. 
Observations were made using Zeiss Digital Scanning Electron Microscope (DSM 982 
Gemini).  
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Table 1. Number of peer-reviewed papers for selected metal oxides found in ISI Web of 
Science for years 1980-2008. Combinations of key-words comprising “nano*”, “toxic*” and 
“ecotoxic*” inserted for the search in “topic” were used as indicated in Table 1. Search was 
performed on 4.07.2008. 

Number of papers 
Metal oxide 

+nano* 
+nano* 
+toxic* 

+nano* 
+ecotoxic*

Organisms 

TiO2 12390 114 6 Bacteria, fungi, crustaceans, 
microalgae, fish, plants 

ZnO 6314 21 3 Bacteria, crustaceans 
CuO 914 4 1 Bacteria, crustaceans 
Al2O3 5504 14 1 Fish embryos 
SiO2 10027 29 1 Text concerns occupational health and 

safety problems 
Fe2O3 2627 20 0  
ZrO2 2599 9 0  

 
2. Toxicity Mechanisms of Metal Oxide Nanoparticles 

 
2.1. Reactive Oxygen Species (ROS) 

 
Currently, the best-developed paradigm for nanoparticles toxicity for eukaryotes is generation of 

reactive oxygen species (ROS) [7, 27]. ROS production is especially relevant in the case of 
nanoparticles with photocatalytic properties such as TiO2 [28]. ROS have been shown to damage cellular 
lipids, carbohydrates, proteins and DNA [29] and leading to inflammation and oxidative stress response 
[27, 30, 31]. Lipid peroxidation is considered the most dangerous since it leads to alterations in cell 
membrane properties which in its turn disrupts vital cellular functions [21, 32, 33]. The oxidative stress 
mechanisms are also linked to a number of human pathologies and aging [34, 35]. Experimentally, 
nanoparticles have been shown to induce oxidative stress responses in vitro in keratinocytes, 
macrophages and blood monocytes [36, 37]. Recent in vitro data also revealed ROS-mediated potential 
neurotoxicity of nano TiO2 [38]. In human lung epithelial cells, the chemical composition of 
nanoparticles was the most decisive factor determining the formation of ROS in exposed cells to iron-, 
cobalt-, manganese-, and titanium-containing silica nanoparticles and respective pure metal oxide 
nanoparticles [39]. During their life cycle, engineered nanoparticles might also produce ROS upon 
interactions with abiotic and biotic environmental factors. Indeed, damaging effects of TiO2 

nanoparticles on bacteria have been shown to be enhanced by sunlight or UV illumination [40]. TiO2 
nanoparticles in combination with UV-light have been shown to inactivate algae Anabaena, Microcystis 
and Melosira [41] and have been shown to destroy the cell surface architecture of blue-green algae 
Chroococcus sp. [42]. However, TiO2 nanoparticles have shown toxicity to Bacillus subtilis and 
Escherichia coli also in the dark [40]. Analogously, in fish cells in vitro hydroxyl radicals were 
generated by TiO2 nanoparticles also in the absence of ultraviolet light [43]. ROS could be also involved 
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in toxicity of ZnO nanoparticles to bacteria as recently shown for Escherichia coli [44]. Heavy metals 
induce oxidative stress in algae via different types of ROS-generating mechanisms [45] but the role of 
ROS in toxicity of (metal-containing) nanoparticles in algae remains largely unknown.  

 
2.2. Release of Metal Ions 

 
In the case of metal-containing nanoparticles, also the release of metal ions and their speciation may 

be a key factor in their (eco)toxicity. Indeed, as shown for oxide nanoparticles (incl. TiO2 and ZnO) 
using in vitro cell cultures, solubility of those nanoparticles strongly influenced their cytotoxicity [46]. 
In human lung epithelial cells in vitro, Limbach et al. [39] have recently shown that partially soluble 
nanoparticles such as cobalt oxide and manganese oxide may be taken up into cells by a Trojan-horse 
type mechanism, i.e. metal oxide nanoparticles entered the cells but not the respective ionic forms. The 
induced oxidative stress was therefore remarkably higher than in the case of ions of the corresponding 
metals for which the transport is controlled. Indeed, the metal oxide nanoparticles once in the cell may 
dissolve releasing higher damaging concentrations of metal ions within the cell. Liberation of cytotoxic 
amounts of Cd in physiological conditions has also been shown for CdSe quantum dots [47]. Therefore, 
it has been stressed that water solubility of nanoparticles has to be incorporated into the environmental 
risk assessment models of nanoparticles in addition to other key physico-chemical characteristics 
relevant to nanoparticles [48]. 

Bacteria have no internalization mechanisms for supramolecular and colloidal particles. However, <5 
nm CdSe and CdSe/ZnS quantum dots have been shown to enter the bacterial cells [49], but not 
ellipsoidal shaped carboxylated and biotinylated CdSe/ZnS QD with minor and major axis of 12 nm and 
6 nm, respectively [50]. Differently from bacteria, protists and metazoans have highly developed 
systems for internalization of nano and microscale particles. In addition, due to their large surface area, 
nanoparticles have been shown to sorb heavy metals, PAHs, quinolines [51, 52]. Baun et al. [53] showed 
that the toxicity of phenanthrene for Daphnia magna was increased by 60% in the presence of C60 
aggregates and that sorbed phenanthrene was available for the organisms. Thus nanoparticles not only 
act as transfer vectors in the environment, but they also facilitate the entry of nanoparticle-sorbed 
pollutants into cells/organisms potentiating toxic effects. Several reports and reviews on nanoparticle 
safety state that there are knowledge gaps concerning the ability of nanoparticles to act as vectors of 
chemicals, micro-organisms and interactions with other stressors [22, 25].  

Release of (toxic) heavy metal ion species from metal containing nanoparticles under environmental 
conditions should be taken into account in their ecotoxicity evaluation. Indeed, it has been shown that 
speciation influences mobility [54], bioavailability and (eco)toxicity of heavy metals in soils [55] as well 
as in aquatic systems [56-58]. Also, metal solubility may be changed by organisms: initially insoluble 
forms of heavy metals may become bioavailable due to the direct contact between bacteria and soil 
particles [55, 59]. There are emerging data on solubility effects of metal oxide nanoparticles to 
environmentally relevant organisms. For the algae Pseudokirchneriella subcapitata the toxicity of nano 
and bulk ZnO was shown to be attributed solely to dissolved Zn [60]. Analogously, recent results by 
Heinlaan et al. [61] showed that toxicity of CuO and ZnO to bacteria and crustaceans Thamnocephalus 
platyurus was largely caused by bioavailable Cu and Zn ions, although the solubility of CuO and ZnO in 
water is low (pKsp values are 16.66 and 20.35, respectively). The same was demonstrated for ZnO and 
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CuO (nano)particles for the algae Pseudokirchneriella subcapitata by Aruoja et al. (submitted to 
Science of the Total Environment).  
 
3. Biotests for Ecotoxicological Evaluation of Metal Oxide Nanoparticles 

 
Nel et al. [7] have stressed the importance of pragmatic and mechanism-based approach in testing the 

potential harmful effects of nanomaterials and three key elements of nanoparticles toxicity screening 
strategies have been outlined in [62]: i) physicochemical characterization (size, surface area, shape, 
solubility, aggregation), elucidation of biological effects involving ii) in vitro and iii) in vivo studies.  

As in vivo experiments are expensive, slow and ethically questionable there is a strong demand for 
low-cost high-throughput in vitro toxicity assays without reducing the efficiency and reliability of the 
risk assessment. Moreover, in vitro studies allow detailed examination under controlled conditions of 
various factors involved in toxicity, such as nanoparticles attachment, intracellular localization, changes 
in gene and protein expression, organelles and membrane structure, viability and cell cycle [63]. In 
addition, this approach is adhering to 3Rs strategy (replacement, reduction, refinement) introduced by 
Russel and Burch [64] that means the reduction of the use of laboratory vertebrate animals (mammals, 
fish) in scientific studies as well as in the legislature-driven research. Indeed, it has been shown that 
bacterial and invertebrate animal models can be used not only in ecotoxicology [65] but also for 
toxicological research [67]. In their review article “Assessing the Risks of Manufactured 
Nanomaterials” Wiesner et al. [68] state that “Microbial ecotoxicology is a particularly important 
consideration in elucidating cytotoxicity mechanisms that could be extrapolated to eukaryotic cells. 
Moreover, because microorganisms are the foundation of all known ecosystems, serving as the basis of 
food webs and the primary agents for global biogeochemical cycles, they are important components of 
soil health. Microorganisms could serve as potential mediators of nanoparticle transformations that 
affect their mobility and (eco)toxicity”. Crane and Handy [69] have concluded that the general approach 
for risk assessment of nanoparticles may involve existing regulatory ecotoxicity tests. As no single test 
or species of living organism show uniform sensitivity to all chemical compounds, the battery of biotests 
with different sensitivity profiles is often recommended and used to assure adequate evaluation of the 
ecotoxicological situation. Due to the complexity of ecosystems the ecotoxicological hazard assessment 
is more informative/predictive if the battery involves organisms of different trophic levels [70, 71]. For 
example, in regulatory testing of ecotoxicological hazard of pure chemicals, the following test species of 
different food-web level are recommended: fish (OECD Guideline 203), Daphnia (OECD Guidelines 
202, 211), algae (OECD Guideline 201). These aquatic species are also often used for monitoring of 
water quality and hazard assessment of wastewaters since they respond in a predictable manner to the 
presence of most types of pollutants. For example, Daphnia flagged the pollution in the River Meuse 
that was not detected by direct chemical measurements of water quality [72]. Several criteria have to be 
taken into account to select ecotoxicological assays: i) the trophic level of the test organism and its 
sensitivity; ii) the recognition of the test by international standardization organizations; iii) the simplicity 
of the test; iv) its commercial availability and v) the necessary equipment and the running costs.  

Accordingly, a simplified multitrophic test battery for evaluation of hazard of nanoparticles to aquatic 
ecosystems could involve algae (primary producers), crustaceans and/or protozoa (consumers) and 
bacteria (decomposers) (Figure 2) in acute and if possible also in chronic tests:  
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• The algae Pseudokirchneriella subcapitata (formerly Selenastrum capricornutum) (Figure 2a,b) is 
a relevant model organism for predicting the toxic hazard to primary producers and algal growth 
inhibition assay is widely used in aquatic risk assessment [73]. The assay has been also adapted for 
turbid samples, for example soil suspensions [74] and could be further developed for nanoparticles. 
As nanoparticles are shading the light necessary for growth of algae, the appropriate controls should 
be added to address the shading [28].  

• The small aquatic crustacean Daphnia magna is considered a “keystone” species in aquatic 
toxicology for acute and chronic toxicity studies. Daphnia has been considered an obvious first 
choice for test organisms when performing ecotoxicological tests on nanomaterials [24]. The 
genome of another crustacean Daphnia pulex is almost sequenced and there is some toxicogenomic 
data also for D. magna available [75]. As particle-ingesting organisms (Figure 2c) they are very 
appropriate to test nanoparticles.  

• Also another small crustacean, Thamnocephalus platyurus (Figure 2d), may be used in screening 
studies instead of Daphnia as both are crustaceans and of comparable sensitivity [61, 73].  

• Being ecologically widely spread and particle-ingesting organisms, protozoa are very relevant for 
nanotoxicology (Figure 2 e, f), particularly the well studied Tetrahymena pyriformis and 
Tetrahymena thermophila [71]. TETRATOX database for T. pyriformis [76] involves toxicity data 
for more than 2000 industrial organic compounds. T. thermophila could be important for 
toxicogenomic studies as its macronuclear genome was sequenced in 2006 [77]. Protozoa T. 
pyriformis have been studied for the effects of carbon nanotubes [78] and fullerenols [79]. It has 
been shown that T. thermophila ingested SWNT (single wall nanotubes) and bacteria with no 
apparent discrimination but at 3.6 mg SWNT/L exposure level the bacterivory became inhibited. 
Thus, SWNT may move up the food chain and that carbon nanotubes may potentially disrupt the 
role of ciliates in regulating bacterial populations [80]. Up to now there is no published 
peer-reviewed data on toxicity of metal oxide nanoparticles to protozoa. 

• The former four tests may be done independently of the “culturing/maintenance” burden of live 
stocks of test species by using commercially available as “Toxkit microbiotests” (MicroBioTests 
Inc., Nazareth, Belgium).  

• Despite of its marine origin, the most widely used bacterium for ecotoxicological studies is 
naturally luminescent Vibrio fischeri (Figure 2g). This bacterial luminescence inhibition assay is 
rapid, cheap and easy to perform and with a lot of toxicity data available for pure chemicals. Several 
different luminescence inhibition tests of V. fischeri have been developed so far – most of them are 
designed for analysis of aqueous samples (Microtox® BioTox™, LUMIStox™, ToxAlert™), while 
only one of the test protocols (Flash Assay) has been successfully used for analysis of suspensions, 
turbid and colored samples: in this kinetic assay each sample acts as its own reference [81-84]. 
Flash Assay using Vibrio fischeri was recently shown to be a very powerful tool for screening of the 
toxicity of both, metal oxide as well as organic nanoparticles even in the case of turbidity due to 
insolubility and/or aggregation of particles [61, 85]. V. fischeri Flash Assay has also been 
miniaturized (96-well microplates) for high throughput testing of nanoparticles [85].  

 
 



Sensors 2008, 8              
 

 

5160

Figure 2. Test organisms used for aquatic risk assessment of chemicals and now 
increasingly used in nanoecotoxicology: algae Pseudokirchneriella subcapitata cells under 
phase-contrast (a) and fluorescence (b) microscope; nanoCuO accumulation visible in the 
gut of crustaceans Daphnia magna (c) and Thamnocephalus platyurus (d) after exposure to 
nano CuO; protozoan Tetrahymena thermophila before (e) and after (f) exposure to nano 
CuO; naturally luminescent bacteria Vibrio fischeri (g) - growth of bacteria on agar medium 
after pre-incubation for 8 h in the suspensions of nano CuO and bulk CuO. Photo is taken in 
dark. 

 

 
 
In addition to biotests concerning a single organism species, data on the behavior and effects of 

nanoparticles in the environmental food-chain would be of primary importance for understanding their 
overall potential hazard for ecosystems. However, the harmful effects of manufactured nanoparticles on 
aquatic and soil organisms are largely unknown and the available information concerns mainly 
fullerenes [86]. For example, using C60 fullerenes as a model, the first report on the impact of synthetic 
nanoparticles fullerenes on microorganisms in soil was provided in 2007 [87]. Concerning metal oxide 
nanoparticles, ecotoxicity of TiO2 at different aquatic food-chain level is most well documented (Table 
1). In general, nanoparticles may sorb on external surfaces of bacteria [88] and probably also on 
phytoplankton [89] that is food for crustaceans. TiO2 particles have been shown to adsorb onto the algal 
cell surface, resulting in a 2.3-fold increase of cellular weight as referred in [23]. Also, adhesion of 
nanoparticle aggregates to the exoskeleton of the test organisms is frequently described for the 
crustacean studies as summarized in [24].  

Recently, dietary accumulation, elimination and ecotoxicity of fluorescent quantum dots 
(carboxylated and biotinylated CdSe/ZnS QDs) were investigated using two aquatic organisms - 
Tetrahymena pyriformis, a single-celled ciliate protozoan, and the rotifer Brachionus calyciflorus that 
preys on it [50]. Although the transfer of QDs was observed, limited bioconcentration and lack of 
biomagnification may hamper the detection of nanomaterials in invertebrate species. In addition, the 
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used QDs concentrations are unlikely to be encountered in natural environment and natural organic 
matter may substantially alter behavior and bioavailability of nanoparticles.  
 
4. Aggregation of Nanoparticles 

 
Various environmental parameters may lead to aggregation of nanoparticles released in the 

environment. Nanoparticles tend to aggregate in seawater [86] and in freshwater systems [60]. As 
nanoparticles tend to aggregate and settle in aqueous suspensions as well as tend to sorb nutrients and to 
interfere with chemicals/parameters used for evaluation of (eco)toxicity, careful design of sample 
preparation and choosing of test endpoints as well as including suitable positive controls may be 
necessary. As some problems are similar to the testing of the soil or sediment suspensions, some lessons 
may be learned from following studies [74, 81]. 

The surface properties of nanoparticles are one of the most important factors that govern their 
stability and mobility as colloidal suspensions or their aggregation into larger particles and deposition in 
aquatic systems [23]. For TiO2, it has been shown that nanoparticle aggregation behavior strongly 
depended on pH and ionic strength. Also, cationic and anionic species or the presence of humic acids 
affected the stability of TiO2 suspensions [90]. It has thus been suggested [91] that aggregation may have 
implications on toxicity, which may result in very dissimilar biological activity. It is difficult to evaluate 
the (eco)toxic impact of aggregation without assessment of the specific surface area which is involved in 
solubilisation, adsorption and catalytic properties. In addition, in the case of metals, it is well known that 
reactive chemical metal species depend not only on solubility, but also on the whole set of associated 
ions and even on slight changes of pH. This might explain discrepancies found in the emerging literature 
on the aquatic toxicity of metal oxide nanoparticles summarized below.  
 
5. Bioavailability of Metals from Metal Oxide Nanoparticles 

 
Bioavailable fractions of metals from metal containing nanoparticles may be studied in a combined 

approach involving chemical analysis and recombinant metal-specific microbial sensors. Those 
genetically modified microbial biosensor strains will only produce a response if the toxic compound (for 
example, heavy metal) crosses the cell biological envelopes and enters the cytoplasmic space, that is if 
the toxicant is accessible or bioavailable to the sensing system. Mostly those sensors are based on 
bacteria [92]. In a metal-specific microbial sensor the expression of a reporter gene is controlled by a 
genetic regulatory unit (receptor), which responds to the given heavy metal, i.e. receptor–reporter 
concept [93] is used. Most of the regulatory units used in the construction of metal-specific sensor 
bacteria originate from bacteria that possess natural precisely regulated resistance systems towards 
heavy metals. As those recombinant bacterial cells are specially modified to respond to intracellular 
subtoxic concentrations of heavy metals by increasing an easily detectable signal, for example 
luminescence, they are very promising tools to detect bioavailable heavy metals. A number of 
recombinant bacterial sensors for Cd, As, Sb, Cr, Cu, Hg, Zn and Pb reviewed in [94, 95] have been 
developed.  

Metal-specific recombinant bacterial sensors have been constructed and used for the determination of 
bioavailable fractions of inorganic mercury [96, 97], organomercurials [98], zinc, cadmium, cobalt and 
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lead [99], cadmium and lead [97, 100], nickel [101] and chromate [97]. This approach based on 
biovailability of heavy metals in different environmental matrices has been successfully used for 
environmental hazard evaluation in soils [55, 59, 102]. As dissolved metal concentrations may be very 
low, sensitized bacterial heavy metal sensors based on knock-out mutants of Pseudomonas putida metal 
transporters have been constructed and their increased sensitivity towards heavy metals demonstrated 
[103]. Recently, recombinant sensor bacteria have been used in totally novel context: for the evaluation 
of the bioavailability of zinc and copper in aqueous suspensions of ZnO and CuO nanoparticles and 
comparing that with ecotoxic values of respective metal ions to crustaceans [61] and microalgae (Aruoja 
et al., submitted to Science of the Total Environment).  
 
6. Ecotoxicity of TiO2, ZnO and CuO Nanoparticles: Emerging Data  
 
6.1. TiO2 

 
In the case of bacteria, high concentrations of nano TiO2 (66 nm advertised particle size) were needed 

to inhibit the growth of Escherichia coli: 5,000 mg TiO2/L was reducing the growth of bacteria by 72% 
whereas Bacillus subtilis was slightly more sensitive (1,000 mg TiO2 resulted in 75% growth inhibition) 
[40]. For the marine bacterium Vibrio fischeri no toxic effect was observed (30-min EC50 > 20,000 mg 
TiO2/L) [61].  

According to Warheit et al. [104] the Daphnia magna 48h EC50 values and rainbow trout 
(Oncorhynchus mykiss) 96 h LC50 values for fine TiO2 particles (median particle sizes of ~380 nm) and 
ultrafine TiO2 particles (median particle sizes of ~140 nm; 90 wt% TiO2, 7% alumina, and 1% 
amorphous silica), based on nominal concentrations were >100 mg/L. The algae 72 h EC50 values based 
on inhibition of growth were 16 mg/L for fine TiO2 particles and 21 mg/L for ultrafine TiO2 particles 
[104]. Thus, according to [104] results of the above described aquatic toxicity screening studies 
demonstrated that ultrafine TiO2 exhibited low concern for aquatic hazard using the Daphnia magna as 
well as using the rainbow trout and exhibited medium concern in a 72 h acute test using the green algae 
Pseudokirchneriella subcapitata.  Analogously, nano nor bulk TiO2 showed no concern for aquatic 
hazard using crustaceans D. magna and Thamnocephalus platyurus (LC50>10,000 mg TiO2/L) (tested 
without illumination) [61]. In another study, titanium dioxide nanoparticles showed some sublethal toxic 
effects (including oxidative stress) in rainbow trout when exposed to low levels (0.1-1.0 mg TiO2/L) 
during up to 14 days [105]. When filtering TiO2 nanoparticles suspension (0.22 µm) to avoid the 
interference of aggregates, Lovern and Klaper [106] reported high acute toxicity to D. magna (LC50=5.5 
mg TiO2/L). However, when nanoparticles of TiO2 were illuminated before testing, acute toxic effects 
for daphnids occurred at lower level (1.5-3 mg TiO2/L) [28]. Indeed, in addition to target organism and 
exposure time, two major abiotic parameters seem to be involved in the actual (eco)toxicity of TiO2: 
particle size/aggregation and illumination. 
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6. 2. ZnO 
 
Ecotoxicity of nano zinc oxide has been shown to be quite comparable to bulk ZnO. For Vibrio 

fischeri the 30-min EC50 was ~ 2 mg ZnO/L, for D. magna the 48-h LC50 was in the range of ~3-9 mg 
ZnO/L, for T. platyurus 24-h LC50 was ~0.2 mg ZnO/L [61] and for freshwater algae 
Pseudokirchneriella subcapitata 72-h EC50 value was ~0.08 mg ZnO/L [60]. As discussed also above, 
soluble Zn2+ from ZnO seems to be the main factor of its (eco)toxicity as proven by several studies. 
Franklin et al. [60] studied the toxicity of ZnO nanoparticles to algae P. subcapitata while also 
determining the concentration of dissolved Zn ions derived from ZnO. Using a physical method, i.e. 
dialysis membrane with a pore size of about 1 nm (permeable to Zn ions but not to ZnO particles) they 
showed that both nano and bulk ZnO suspensions yielded similar dissolved Zn concentrations. 
Analogously, using Zn-sensor bacteria and comparing the ecotoxicity of Zn2+ and ZnO and nano ZnO, 
Heinlaan et al. [61] showed that toxicity of (nano) ZnO to crustaceans Daphnia magna and 
Thamnocephalus platyurus and bacteria Vibrio fischeri was attributed to soluble Zn2+. For the algae P. 
subcapitata, identical results were obtained by Aruoja et al. (submitted to Science of the Total 
Environment).  
 
6. 3. CuO 

 
Copper salts have been used as biocides for a long time and the short-term toxic effect of copper is 

used for antifouling in marine paints, free copper ions released preventing attachment of organisms to 
the vessel [107]. Differently from zinc oxide, nano copper oxide has been shown to be remarkably more 
toxic than bulk CuO: bulk CuO was toxic to V. fischeri at ~ 4,000 mg /L, nano CuO at ~ 80 mg/L. To D. 
magna and T. platyurus the toxicity of bulk CuO was ~100-150 mg/L and nano CuO ~2-3 mg/L. 
Analogously to ZnO, the toxicity of CuO to V. fischeri and T. platyurus [61] as well as to algae 
Pseudokirchneriella subcapitata (Aruoja et al., submitted to Science of the Total Environment) was 
largely explained by soluble Cu2+ as proved by the recombinant Cu-sensor bacteria.  
 
7. Conclusions 

 
Despite the importance of metal oxide nanoparticles, the data on their ecotoxicity are rare (Table 1). 

The heterogeneity of emerging ecotoxicity data for metal oxide nanoparticles shows the need for 
additional studies but also for standardization/modification of the respective test protocols. The toxicity 
mechanisms of metal oxide nanoparticles may be related to either soluble ions or particle properties or 
both. In all cases, aggregation and chemical speciation play a leading role in their (eco)toxicity. Using 
recombinant metal-specific bacterial biosensors and a suite of multitrophic invertebrate, algal and 
bacterial toxicity assays in tandem, new scientific knowledge has been and can be obtained in the future 
on the respective role of ionic species and of particles. Currently, advances of biosensor molecular 
biology have led to the development of new recombinant microorganisms for research on bioavailability 
and (eco)toxicity of heavy metals as well as other mechanisms of toxicity. Their use in 
nanoecotoxicology is under development.  
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