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INTRODUCTION  

According to the new EU chemicals policy more than 100,000 chemicals 
produced in the EU in quantities exceeding 1 t/year should be toxicologically 
characterized by the year 2018. This chemicals policy covers also synthetic 
nanoparticles  particles with at least one dimension between 1 and 100 nm  
which are increasingly produced and already used in thousands of industrial and 
household products. However, the small size of nanoparticles that determines 
their novel economically beneficial physico-chemical properties may also 
increase environmental toxicity and adverse health effects. The main proposed 
toxicity mechanism of synthetic nanoparticles is the generation of reactive oxygen 
species, which may lead to the cellular oxidative stress. Due to the practically 
infinite number of different nanoparticles and their variations, the traditional 
toxicity testing strategies that involve large-scale low-throughput animal testing, 
are inefficient and ethically questionable. Thus, there is a need for a transition 
from traditional descriptive in vivo testing to the rapid and cost-effective high-
throughput in vitro assays. 
     The main objective of the current study was to develop and apply a suite of in 
vitro bioassays for the mechanistic toxicological analysis of synthetic 
nanoparticles. The focus was set on construction and application of 
bioluminescent bacterial biosensors. For that, bacterial cells were genetically 
modified to produce and increase their bioluminescence in response to 
intracellular (i) reactive oxygen species, (ii) DNA damage and (iii) metal ions or 
(iv) decrease the bioluminescence upon cellular oxidative stress. The developed 
bacterial biosensors were evaluated using different positive and negative controls 
and applied for the elucidation of toxicity mechanisms of nanoparticles of C60-
fullerene, CuO, Ag, ZnO and TiO2. In total, 16 different bioluminescent bacterial 
strains were used, 11 of which were constructed in this study. 
     In addition to the bacterial biosensors, human cells in vitro were used for 
toxicological characterization of CuO and polyethylene nanoparticles. Using 
three-dimensional in vitro test model, in which human embryonic stem cells were 
differentiated into neuronal precursor cells, the potential neurotoxic effects of 
CuO and polyethylene nanoparticles were demonstrated. 
     Testing approaches based on both prokaryotic and eukaryotic cells contribute 
to the EU strategy for development of novel in vitro test systems intending to 
reduce, replace and refine in vivo experiments. The developed test assays based 
on bacterial biosensors are being currently implemented into the EU FP7 project 
NanoValid, which aims to work out the reference methods and standardized test 
protocols for the toxicological profiling of nanoparticles. 



 

13 

ABBREVIATIONS  

3.5-DCP 3.5-dichlorophenol 
AAS atomic absorption spectroscopy 

CAS number unique number given to chemicals by the Chemical Abstracts 
Service 

Cu-ISE Cu-ion selective electrode 
DI deionized water 
DLS dynamic light scattering 
EC20 effective concentration 20%; refers to the concentration of test 

substance that cause studied adverse effect to 20% of the test 
organisms within specified exposure time  

EC50 effective concentration 50% 
EDTA ethylenediaminetetraacetic acid 
GFP  green fluorescent protein 
hESC human embryonic stem cells 
HMM heavy metal MOPS medium 
ICP-MS inductively coupled plasma mass spectrometry 
ISE ion-selective electrode 

ISO International Organization for Standardization 

IUPAC International Union of Pure and Applied Chemistry 

LB Luria-Bertani medium 

LOD limit of determination 

MEFs mouse embryonic fibroblasts 

MMC mitomycin C 

MOPS 3-(N-morpholino)propanesulfonic acid 

MSDS material safety data sheet 

NEPs neuroepithelial cells 

NP(s) nanoparticle(s) 

OD optical density 

OECD Organization for Economic Cooperation and Development 

REACH EU chemical policy on  Registration, Evaluation, Authorization 
and Restriction of Chemicals 

ROS reactive oxygen species 

RT-PCR real-time PCR 

SEM scanning electron microscopy 

SOD superoxide dismutase 

TEM transmission electron microscopy 

TGF-  transforming growth factor  
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1. LITERATURE REVIEW 

1.1. Synthetic nanoparticles and nanotoxicology 

In 1959, the Nobel Laureate in physics Richard Feynman challenged the scientists 
to "Think small"- referring to what could be achieved if we were able to 
manipulate matter in nanoscale (Feynman, 1959). To many, this was the 
beginning of the concept of nanoscience. The practical development of 
nanoscience started in the early 1980s, facilitated by the advent of scanning 
tunneling microscopy (Hussain et al., 2006). Nowadays, nanoindustry is a billion-
industry, being one of the fastest growing industries in the history of mankind 
(National Nanotechnology Initiative, 2012). Around 10,000 unique patents were 
applied in nanotechnology by the year 2008, e.g., for the military and aerospace 
needs (Dang et al., 2010), and several Nobel Prizes for the discoveries in 
nanotechnology have been awarded (e.g., in chemistry in 1996 for the discovery 
of fullerene and in physics in 2010 for experiments with graphene). Despite of the 
recent global recession in 2009, the world market for nanomaterials is undergoing 
rapid expansion, which highlights the high-value nature of nanotechnological 
products. 

The principal components of nanotechnological products are synthetic 
nanoparticles (NPs) - particles with at least one of the dimensions between 1 and 
100 nanometers (ISO, 2008). Natural and anthropogenic NPs have always existed 
in our environment (Klaine et al., 2008); synthetic NPs, however, have been 
manufactured only since 1990s either by "milling" of the bulk particles into 
smaller pieces or by controlled growth from supramolecular structures (Raab et 
al., 2011). As NPs are chemically identical to their bulk counterparts and have the 
same CAS numbers, they are not usually recognized by industry as a new class of 
chemicals. For this reason, NPs are produced without special restrictions and are 
already used in thousands of house-hold products (Cassee et al., 2011), e.g., 
antibacterial textiles (Cerkez et al., 2012), toothpaste, beauty products, sunscreens 
(Serpone et al., 2007) and a variety of electronic devices (Maynard, 2007). People 
and the environment are being exposed to these NPs-containing products on a 
daily basis without knowledge on NPs safety. However, there is increasing 
evidence that the unique desired physico-chemical properties of NPs, which make 
nanomaterials more efficient for industrial applications, turn these nanomaterials 
also more harmful to living organisms.  

The research into toxicological effects of NPs serves two opposing goals: on 
the one hand, we need NPs that exert specific properties, e.g., are effective in 
killing antibiotic-resistant bacteria and cancer cells but on the other hand, we want 
these NPs to be safe for the environment and human health. Thus, an important 
challenge for nanotoxicologists is to decrease the environmental toxicity and 
health risks of NPs to human without compromising their intended function (Xia 
et al., 2011).  For that, it is crucial (i) to address the toxicity of NPs and (ii) to 
understand the mechanism behind the observed toxicity. 
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1.1.1. Toxicity mechanisms of synthetic nanoparticles  

The transition from bulk particles to NPs yields dramatic changes in their 
physico-chemical properties (Hussain et al., 2006). With the decreasing size of 
particles, the number of atoms on the particle surface increases, leading to 
increased specific surface area and thus, increased reactivity (Figure 1).  
 

 
Figure 1. Increased reactivity of nanoparticles (NPs) compared to their micro-sized 
counterparts (Delay and Frimmel, 2012). Reprinted with the permission of Springer. 
 
Since many important physico-chemical interactions depend on the surface area, 
NPs exhibit substantially different properties from their macro-scale counterparts 
of the same composition (Nel et al., 2006; Warheit, 2008). Increased reactivity of 
NPs enhances the interactions of NPs with the surrounding environment (cell 
membranes, proteins, DNA, oxygen) (Xia et al., 2006). The main consequence of 
these interactions is production of reactive oxygen species (ROS) - small active 
derivates of molecular oxygen, e.g., hydroxyl radical (·OH), hydrogen peroxide 
(H2O2), superoxide anion (O2

–) and others. Although ROS are also formed as 
natural byproducts of normal oxygen metabolism and control some cellular 
processes (Droge, 2002), their levels in the cells should be carefully regulated. 
This is achieved by various non-enzymatic ( -tocopherol, ascorbic acid and 
glutathione) and enzymatic (superoxide dismutases, catalases, glutathione 
peroxidases and glutathione S-transferases) ROS defense systems. Any imbalance 
in the capacity of ROS defense systems to remove ROS either due to defects in 
ROS defence systems or due to excess of ROS produced results in a deleterious 
state called oxidative stress (Fridovich and Freeman, 1986). The tendency to 
induce oxidative stress is a common property of all NPs and is therefore currently 
the main paradigm for the explanation of their toxicity (Nel et al., 2006 and 
2012). However, in the case of metal-containing NPs – the main objects of this 
study – oxidative damage that is caused by the particles' surface may be 
accompanied by toxic effects derived from dissolution (release of metal ions) 
(Choi and Hu, 2008; Puzyn et al., 2011). Thus, in the case of metal-containing 
NPs, the key toxicity descriptor ROS may originate from at least two sources: 
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(i) NPs dissolve and release toxic metal ions, which induce ROS-triggering redox-
reactions (a metal-ion-specific effect) 
 
(ii) the surface of the metal-containing NPs interacts with molecular oxygen or 
biomolecules, inducing ROS directly (a nanosize-specific effect) 
 

Based on the current literature, it is still unclear which of these toxicity 
mechanisms prevails in the case of metal-containing nanoparticles (Cioffi et al., 
2005; Heinlaan et al., 2010; Gunawan et al., 2011). From the scientific viewpoint, 
the differentiation between these two mechanisms is very important. The 
dissolution-related mechanism can be relatively easily described as the toxicology 
of metals has been thoroughly studied. However, the nanosize-specific effects 
may be unpredictable. Bacterial cells are especially relevant for the differentiation 
between dissolution and particle-specific effects, because bacteria have no 
endocytosis. Thus, bacteria are a priori protected against NPs entry by their rigid 
cell wall and can mostly be damaged by NPs that are located outside the cells or 
via dissolution of NPs. As exception, NPs less than 10 nm in size were shown to 
penetrate the cell membrane of bacteria (Morones et al., 2005). Differently from 
bacteria, most eukaryotic cells may internalize NPs relatively easily and, thus, 
respond to NPs differently (Arvizo et al., 2012).  

Besides the size, chemical composition and cell model used, the toxicity 
mechanisms of NPs depend on their shape, surface charge, surface modifications 
(Kunzmann et al., 2011; Arvizo et al., 2012) and test environment, whereas the 
latter is probably the biggest reason of uncertainty and complexity. As amino 
acids, salts and other components that are commonly added to the toxicity test 
environment often destabilize NPs, leading to their aggregation or dissolution, the 
carefully chosen test environment and characterization of NPs in the test 
conditions is crucial for the interpretation of NPs toxicity data (Warheit, 2008). 
Obviously, the interactions of different types of NPs with test environment and 
their mechanisms of toxicity differ and should be investigated case-by-case. Next 
chapter summarizes the available toxicological data for selected metal-containing 
NPs of TiO2, ZnO, Ag and CuO (the main focus of this study) and NPs of 
polyethylene and C60-fullerene. All the selected metal-containing NPs except CuO 
belong to the representative list of 14 NPs compiled by the Organization for 
Economic Cooperation and Development (OECD) (report ENV/JM/MONO 
(2008)13/REV). 
 

1.1.1.1. C60-fullerene 

A 60-carbon atom hollow sphere, also known as the buckyball fullerene, was the 
first type of nanoparticle manufactured (Kroto et al., 1985). Fullerene was set to 
be produced on an industrial scale due to its unique superconductor properties 
(King, 1999). The structure of a C60-fullerene permits its active participation in 
many free-radical and electron-transfer processes, generating ROS (Sayes et al., 
2004) or on the other hand, quenching the ROS (Johnston et al., 2010). The 
pioneering studies by Lovern and Klaper (2006) and Oberdörster et al. (2006) and 
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further studies by others demonstrated that fullerenes were toxic to different 
aquatic organisms. Interestingly, because of the high hydrophobicity of 
underivatized C60-fullerene, most of these studies utilized organic solvents like 
tetrahydrofuran or toluene as a solubilizing vehicle for the toxicity tests, which 
led to several false conclusions on toxicity of fullerene. Namely, it was recently 
shown that tetrahydrofuran may be transformed into toxic byproducts during 
preparation and most of the toxicity of fullerene observed in the previous studies 
was due to toxicity of the solvent tetrahydrofuran (Kovochich et al., 2009). 
Indeed, the very recent study by Dai et al (2012) showed that fullerene dispersed 
in tetrahydrofuran was toxic to Escherichia coli cells, while fullerene dispersed in 
water or toluene had a cytoprotective role. In addition, some other studies have 
shown that fullerene had cytoprotective antioxidant properties in rodents in vivo 
(Gharbi et al., 2005). Thus, the toxicological information on fullerene remains 
controversial. 
 

1.1.1.2. Nano-TiO2 

TiO2 is one of the most widely used nanoscale material to date – the annual global 
production of TiO2 NPs is around 10,000 tons (Piccinno et al., 2012) and has been 
predicted to increase to 260,000 tons by 2015 (Robichaud et al., 2009). TiO2 NPs 
are incorporated into industrial products like paints, lacquers, plastics, papers and 
into consumer products such as toothpastes, dental implants, food additives (as 
whitener E171), sporting goods and sunscreens (as UV scatter) (Philips and 
Babrano, 1997; Schumacher et al., 2004; Mueller and Novack, 2008; Robichaud 
et al., 2009). Nano-TiO2 is released into environment via landfills, sewage 
treatment and waste incineration plants and the predicted concentrations of TiO2 
in soils and sediments are the highest among other high-production NPs 
(Gottschalk et al., 2009). According to the estimations, predicted environmental 
concentrations of TiO2 in surface waters are high enough (0.7-16 g/l) to pose a 
threat to aquatic organisms (Mueller and Novack, 2008). The adverse effects of 
TiO2 NPs are at least partly photocatalytic: TiO2 NPs absorb UV-light, leading to 
the generation of ROS including OH· and O2

– (Serpone et al., 2007). In acute 
toxicity experiments with bacteria, photoactivated TiO2 NPs can kill both Gram-
negative and Gram-positive bacteria including pathogens such as E. coli, 
Pseudomonas aeruginosa and Staphylococcus aureus (Wei et al., 1994; Kühn et 
al., 2003; Chen et al., 2010a), but antimicrobial concentrations of TiO2 NPs are 
quite high, varying usually between 100 and 1000 mg/l.  

In vitro studies of TiO2 NPs in mammalian cell cultures showed the uptake of 
NPs, which however, did not elicit any adverse effects in the dark (Xia et al., 
2008). Also in fish cells in vitro, 50 mg/l TiO2 NPs were not toxic nor genotoxic 
in dark, but induced the formation of ROS and oxidative DNA lesions under 
illumination (Vevers and Jha, 2008). Thus, the proposed mechanism of toxicity of 
TiO2 in vitro has been considered oxidative stress as a result of photoactivity and 
redox properties of TiO2 (Nel et al., 2009). Remarkably, in vivo oral and topical 
toxicity data on rodents suggest that TiO2 NPs have low systemic toxicity and are 
well tolerated on the skin (Nohynek et al., 2007).  
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1.1.1.3. Nano-ZnO 

The second highest production volume metal-containing NPs are nano-ZnO. 
Around 550 tons of ZnO NPs are produced annually (Piccinno et al., 2012).  The 
applications of ZnO NPs include packaging materials in food industry 
(Tankhiwale and Bajpai, 2012), white paints and ceramics (ATSDR, 2005), 
antimicrobial wallpapers and textile (Ghule et al., 2006), UV-light scattering 
additives in cosmetics (Schumacher et al., 2004; Serpone et al., 2007), baby 
powders, antiseptic deodorants and soaps (Sweetman, 2005). 

ZnO NPs are shown to be relatively toxic to bacterial cells: 5-h EC50 100 mg/l 
(Zhang et al., 2007), 8-h EC50 80 mg/l (Heinlaan et al., 2008); mammalian cell 
cultures: 6-h EC20 50 mg/l (Xia et al., 2008), 18-h EC50 80 mg/l (Karlsson et al., 
2008) and highly toxic to aquatic organisms: 72-h EC50 0.04 mg/l for algae 
(Aruoja et al., 2009), 24-h EC50 2.6 mg/l for crustacean (Heinlaan et al., 2008). 
Also the material safety data sheet (MSDS) for ZnO NPs on Sigma-Aldrich 
webpage was recently updated for labeling ZnO NPs as "very toxic to aquatic life 
with long lasting effects" (Sigma-Aldrich, 2011).  

In some studies the toxic effects of ZnO NPs for various types of aquatic 
organisms (crustaceans, algae, and bacteria) were explicable by NPs dissolution 
(Heinlaan et al., 2008; Aruoja et al., 2009; Wong et al., 2010; Publication I). 
However, there are other studies visualizing the morphological changes of 
bacterial cell membranes after their contact with ZnO NPs by transmission 
electron microscopy (TEM) (Brayner et al., 2006) and arguing that ZnO NPs may 
also have nanosize-specific effects (Jiang et al., 2009).  

Studies on toxicity mechanisms of ZnO NPs in mammalian cells in vitro show 
that ZnO NPs are internalized by the cells and enter acidifying lysosomes, where 
they dissolve, leading to the generation of ROS, lysosomal damage, inflammation 
and cell death (Xia et al., 2008; Nel et al., 2009). Systemic in vivo toxicological 
studies have been mostly conducted using inhalation toxicity testing. In vivo 
inhalation of ultrafine ZnO particles at high dose (500 mg/m3) for 2 hours did not 
induce acute systemic effects in humans (Beckett et al., 2005).  
 

 

1.1.1.4. Nano-Ag 

Similarly to ZnO, Ag NPs have been long known for their antibacterial properties. 
With the development of nanotechnology, the applications of silver have been 
extended further (Mueller and Nowack, 2008). Ag NPs are one of the first 
commercial nanoparticle-based products that prevent infection and enhance 
wound healing (in Acticoat wound dressings since 2001, NuCrust 
Pharmaceuticals). Currently, Ag NPs are used as antimicrobials in over 300 
consumer products (The Project on Emerging Nanotechnologies, 2012) ranging 
from cosmetic applications, clothing, shoes, detergents, dietary supplements to 
surface coatings in respirators, water filters, phones, laptops, children’s toys and 
commercial home water purification systems such as Aquapure, Kinetico and 
QSI-Nano (Marambio-Jones and Hoek 2010; Cerkez et al., 2012).  
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Ag NPs are inhibiting the growth of bacteria at remarkably low concentrations: 
0.2 -60 mg/l (Gajjar et al., 2009; Vertelov et al., 2009). Ag nanoparticles proved 
their effectiveness against several bacterial pathogens such as P. aeruginosa, S. 
aureus and Enterococcus faecalis with the minimal inhibitory concentrations of 
1.6-13.5 mg/l (Kvitek et al., 2008). Several authors have demonstrated that the 
bactericidal effect of silver nanoparticles increases as the size decreases (Panacek 
et al., 2006; Choi and Hu, 2008), probably because smaller particles have greater 
binding affinity for the cell membranes of bacteria (Morones et al., 2005). The 
smallest particles of 25 nm studied by Panacek et al. (2006) showed the highest 
bactericidal activity against Gram-positive and Gram-negative bacteria, including 
highly multiresistant strains such as methicillin-resistant S. aureus. In another 
study the inhibitory effects of Ag NPs to nitrifying bacteria correlated with the 
fraction of NPs less than 5 nm in size (Choi and Hu, 2008).  

In general, the mode of action of Ag NPs is thought to be broadly similar to that 
of silver ions (Pal et al., 2009): Ag NPs produce Ag ions, which move into the 
cell, bind SH groups of proteins and generate ROS (Hwang et al., 2008; 
Publication I). However, in some cases the nanoparticles were reported to be 
toxic to bacteria in significantly lower concentration than Ag ions (Lok et al., 
2006). The fact the Ag NPs may induce membrane damage and subsequently, 
higher uptake of Ag ions, has been suggested as the main reason for this high 
toxicity of Ag NPs. 

In human cells in vitro (lung fibroblast cells IMR-90 and human glioblastoma 
cells U251), Ag NPs reduced ATP contents, caused mitochondrial and DNA 
damage, chromosomal aberrations and induced ROS. TEM analysis indicated the 
presence of Ag NPs inside mitochondria and nucleus of human cells in vitro, 
implicating their direct involvement in mitochondrial toxicity and DNA damage 
(AshaRani et al., 2009). It is important to note that all these effects in human 
cells were observed in cell cultures and starting from around 200 mg/l of Ag 
NPs, which is most probably too high concentration, to be reached in the human 
organism in vivo during real exposure scenarios. Also, in vivo inhalation 
experiments with rats have established lung function changes and inflammation 
upon chronic (90-days 6 h/day) inhalation of Ag NPs, but only at the highest 
dose tested, i.e., 2.9 x 106 particles/cm3 (Sung et al., 2008). Thus, it seems that Ag 
NPs are significantly less toxic in eukaryotic than in prokaryotic cells. 

 

1.1.1.5. Nano-CuO 

In contrast to the previously described metal-containing NPs, CuO NPs are 
manufactured and used at lower quantities and the potential hazardous effects of 
CuO NPs are poorly studied (Kahru and Dubourguier, 2010). CuO NPs are 
applied in antimicrobial textiles, hospital equipment, wood preservation and 
antifouling paints (Gabbay et al., 2006). The most important and unique 
application area of CuO NPs is probably technology (semiconductors, electronic 
chips, heat transfer nanofluids), as CuO has excellent thermophysical properties 
(Ebrahimnia-Bajestan et al., 2011). On the other hand, CuO has been shown to be 
toxic to aquatic organisms such as zebrafish, crustaceans Daphnia magna and 
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Thamnocephalus platyurus and algae Pseudokirchneriella subcapitata - already 
at remarkably low concentrations (24-72-h EC50 1.5; 3.2; 0.18 and <1 mg/L, 
respectively) (Griffitt et al., 2007; Heinlaan et al., 2008; Aruoja et al., 2009). 
CuO NPs were also moderately toxic to mammalian cells in vitro with the 4-18 h 
EC50 of 20-80 mg/l (Karlsson et al., 2008; Midander et al., 2009). Among 
different metal-containing NPs tested by Karlsson et al. (2008) (CuO, TiO2, ZnO 
and various Fe oxides), CuO NPs proved most toxic to the human lung epithelial 
cell line A549, whereas 40 mg/l CuO induced oxidative stress and DNA damage. 
In addition, in vivo studies with juvenile carp (Cyprinus carpio) showed that CuO 
NPs (100 mg/l) can translocate into the brain and inhibit cholinesterase (Zhao et 
al., 2011). Potential neurotoxicity of CuO NPs was also demonstrated in vitro in 
hippocampal CA1 neurons of rats, where CuO NPs inhibited the sodium and 
potassium voltage-gated currents (Xu et al., 2009; Liu et al., 2011). Also Cu ions 
released from CuO NPs may be involved in neurodegenerative diseases (Rossi et 
al, 2006).  
 

1.1.1.6. Nano-polyethylene 

Differently from the above described metal-containing NPs that are mostly used 
in different consumer applications, some types of NPs are purposely designed for 
targeting live cells and imaging of different organs, e. g. brain (Kircher et al., 
2003; Corot et al., 2004; Cengelli et al., 2006). For brain-targeting, these NPs 
have to be designed to pass the blood-brain-barrier. These NPs carry covalently 
linked magnetic resonance imaging contrast agents such as fluorescent and visible 
dyes, which makes them suitable for the visualization of brain pathologies and 
theoretically usable in treatment of brain diseases as brain-targeting drug delivery 
systems (Kreuter, 1995; Roney et al., 2005). Polyethylene is of interest as a 
component for such particles as the simplest organic polymer in terms of 
molecular structure (Pecher et al., 2010). In addition, due to the inertness toward 
hydrolysis and other decomposition reactions, polyethylene is one of the most 
frequently used plastics and has been therefore investigated more intensely than 
other polymers (Yu and Mecking, 2009). The polyethylene NPs could be 
efficiently taken up by HeLa cells without any toxic effects (Pecher et al., 2010). 
However, as the final goal for these nanoparticles is brain targeting and these NPs 
are designed to be purposely directed into the brain, their potential toxicity to 
neuronal cells should be also elucidated. 

1.2. Toxicological profiling systems relevant for nanoparticles 

As already mentioned, according to the prevailing scientific opinion, almost all of 
the manufactured nanoparticles exert their toxicity at least partly via oxidative 
stress (Xia et al., 2006). In addition, metal-containing nanoparticles may also 
release toxic metal ions. Therefore, the proposed toxicity profiling assays for 
metal-containing NPs should elucidate both, the ROS-inducing potential as well 
as the dissolution potential of NPs. 
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1.2.1. Determination of reactive oxygen species 

To detect ROS in biological samples, usually fluorescent dyes, which increase 
their fluorescence after intracellular oxidation (2,7-dichlorofluorescein and its 
various derivatives, calcein, hydroethidium) are used (Invitrogen, 2006; Karlsson 
et al., 2008; Gunawan et al., 2011). The drawback of the use of fluorescent dyes is 
that they usually have high background fluorescence, are susceptible to photo- 
and auto-oxidation and may be entrapped into cell membrane lipid bilayer and 
thus, not reach the cytosol (Chen et al., 2010b). In addition, at physiological pH, 
the fluorescence of these dyes can be quenched by metal ions (e. g., Fe3+ and 
Cu2+) (Invitrogen, 2006), making these dyes not suitable for the detection of ROS 
produced by respective metal-containing NPs. 

Another method for the detection of ROS in biological samples is monitoring 
of the levels of oxidative stress markers, e.g., antioxidative enzymes. As already 
mentioned, the major antioxidant enzymes in the cells are superoxide dismutases, 
catalases, glutathione S-transferases and glutathione peroxidases (Fridovich and 
Freeman, 1986). As the main function of antioxidative enzymes is neutralization 
of ROS, the genes of respective enzymes are mostly induced in response to 
certain ROS. By the measurement of increased enzymatic activity of antioxidant 
enzymes (Ahamed et al., 2010) or the induction of the promoters of respective 
genes (Choi et al., 2010), one can draw conclusions on the presence of ROS in the 
cells. One of the most often used methods for the monitoring the promoter 
activities is a real-time PCR (RT-PCR), which needs prior extraction of RNA 
from the samples and subsequent two DNA synthesis reactions. Yet, this analysis 
is relatively time-consuming and costly. 

 

1.2.2. Analysis of dissolution of nanoparticles 

Dissolution of NPs can be measured with reasonable accuracy by a combination 
of size fractionation methods: dialysis (Rice et al., 2009), ultracentrifugation 
(Midander et al., 2009), ultrafiltration or field flow fractionation (Lyven et al., 
2003) followed by total metal analysis by inductively coupled plasma mass 
spectrometry (ICP-MS) or atomic absorption spectroscopy (AAS). However, 
these combined approaches are not routine, and become methodically very 
challenging especially in case of separation of NPs below 10 nm. In addition, at 
low concentrations, the sorptive loss of the metals to the filter membrane can 
become problematic (Handy et al., 2008). Another very important issue 
underlying these methods is the fact that not all separated and chemically 
quantified metals in filtrate or supernatant will be in the form of free metal ion – 
the active form of metal taken up by the cells (Rensing and Maier, 2003).  
Substantial fraction of metal may be in the form of soluble metal complexes 
(Cuppett et al., 2006), which are not bioavailable i.e. are not taken up by the cell 
and thus do not cause toxic effect. Therefore, according to chemical analysis the 
concentration of metal ions dissolved from NPs may be high, whereas actual 
active concentration of free metal ions causing biological effects may be low. 
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This may lead to the underestimation of the role of metal ions in the toxicity of 
metallic NPs. 

One of the few tools currently available for the direct measurement of free 
metal ion concentration is the ion-selective electrode (ISE). Cu, Ag, Cd, Pb ion-
selective electrodes are commercially available (Frant et al., 1994). As the 
determination limits for these electrodes are typically around 10-6 M (i.e., 0.06 
mg/l for Cu ion and 0.1 mg/l for Ag ion), these electrodes are suitable only for the 
analysis of relatively high metal ion concentrations. Another common drawback 
of ISEs is the interference of the sample matrix (chlorides, sulfides and organics) 
with the measurement. 
 

1.2.3. Toxicological profiling system proposed in the current PhD thesis 

The current PhD thesis introduces a novel system which allows the simultaneous 
analysis of different toxicological effects of metal-containing NPs, including 
general toxicity, ROS-inducing properties and dissolution. This toxicity profiling 
system is based on a suite of bacterial whole-cell biosensors: recombinant E. coli 
strains capable to specifically recognize (i) superoxide anions, (ii) hydrogen 
peroxide, (iii) DNA damaging agents, (iv) intracellular metal ions and six 
constitutively bioluminescent E. coli strains with step-wise decreased capacity to 
cope with oxidative stress. The following chapters describe the working 
principles, construction and application of this bacterial biosensor panel in more 
detail. 
 

1.3. Bacterial whole-cell biosensors 

According to IUPAC definition a biosensor is defined as “a self-contained 
integrated device that is capable of providing specific quantitative or semi-
quantitative analytical information using a biological recognition element 
(biochemical receptor) which is in direct spatial contact with a transduction 
element” (Turdean, 2011). In whole-cell biosensors, sensing and reporting occur 
inside a living cell. The sensing element is a regulator protein and its regulated 
gene promoter. The regulator protein is activated upon the changes in 
environmental conditions or by specific binding of the target analyte. When 
activated, regulator protein deactivates certain repressor protein or, alternatively, 
acts as an activator on its regulated promoter. As a result, the genes (in 
recombinant biosensor these are genes that encode for reporter element) that are 
regulated by that promoter will be expressed. Thus, the activity of a reporter 
element  a gene or a group of genes, which produce a measurable signal (e.g., 
luminescence, fluorescence)  is proportional to the activity of the promoter 
(Köhler et al, 2000). The choice of the sensing element determines the specificity 
of the biosensor, while the reporter element determines the system’s sensitivity 
(Belkin et al., 2003). 
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1.3.1. Reporter elements in bacterial whole-cell biosensors 

Several genes have been adapted as reporter elements suitable for bacterial whole-
cell biosensors. The most frequently used reporter genes include different variants 
of green fluorescent protein (GFP)-encoding gfp gene, bacterial bioluminescence 
reaction-encoding luxCDABE genes, bacterial luciferase-encoding luxAB genes 
and eukaryotic luciferase-encoding lucFF gene (Purohit, 2003). Some researchers 
consider GFP as most suitable reporter system (Tsien et al., 1998). Indeed, 
expression of GFP does not require any additional substrate (the protein itself is 
self-fluorescent) and it also opens the possibility for microscopic visualization of 
the cells. GFP has been chosen as a reporter for the construction of E. coli 
promoter-GFP library consisting of 2000 fusions (Zaslaver et al., 2006) that may 
be used to study E. coli gene expression in different environments and in the 
presence of different chemicals. However, the main disadvantage of GFP is its 
low sensitivity: each molecule of fluorescent protein produces at most one 
fluorophore (Tsien, 1998). In addition, the autofluorescence of most biological 
systems, which interfere with the measurement of GFP fluorescence, is also one 
reason for the low sensitivity of GFP (Daunert et al., 2000). In contrast, enzyme-
based (e.g., luciferases) reporters are much more sensitive due to the ability to 
utilize an indefinite number of substrate molecules, amplifying the signal 
(Hakkila et al., 2002). In contrast to GFP fluorescence, the signal produced by 
luciferases lacks the endogenous background in most of the biological systems 
(Lewis et al., 1998). However, the main drawback of the use of eukaryotic 
luciferase (the most widely used variant is luciferase from American firefly 
Photinus pyralis, encoded by lucFF gene) as a reporter gene is its requirement for 
the reaction substrate D-luciferin, which should be added exogenously after the 
lysis of cells. The reason for the exogenous addition of the substrate is that the 
pathway of D-luciferin biosynthesis is complex and not fully identified. Thus, 
respective genes cannot be cloned to provide autonomous bioluminescence 
system. In contrast, bacterial bioluminescence system includes all the components 
required for light production and thus, is a preferred reporter system in 
prokaryotic cells (Belkin et al., 2003). 
 

1.3.1.1. Bioluminescence and bacterial bioluminescence system 

Bioluminescence is a light produced by enzymes luciferases as a by-product of 
their oxidation reaction. Bioluminescence is characteristic to numerous marine 
and a few terrestrial organisms (about 666 genera from 13 phyla) extending from 
bacteria and dinoflagellates to fishes (Girotti et al., 2008). Despite of the common 
name, the bioluminescence reactions in different organisms are very different, 
using different substrates, different catalyzing enzymes (although commonly 
named as luciferases) and emitting bioluminescence at different wavelengths.  

Bacterial luciferase is a heterodimeric enzyme that utilizes long chain aliphatic 
aldehyde, oxygen and reduced flavin mononucleotide (FMNH2) as substrates. 490 
nm light is a by-product of this reaction (Equation 1). 
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FMNH2 + RCHO + O2  FMN + H2O + RCOOH + hv 490 nm (Equation 1) 

The genes essential for bioluminescence of bacteria are arranged into a single 
operon, luxCDABE. LuxA and luxB genes encode for - and -subunit of 
luciferase, respectively. LuxCDE genes encode a fatty acid reductase complex 
involved in synthesis of the main substrate of luciferase - aliphatic aldehyde 
(RCHO) (Meighen, 1991). In recombinant constitutively luminescent bacteria, the 
luxCDABE genes are expressed from constitutive promoter and support 
bioluminescence constantly as long as bacteria are alive and metabolically active 
(Figure 2A). This is energetically very costly as bioluminescence consumes 
around 12-20% of the total cellular ATP (Lee et al., 1974). Any damage of 
cellular metabolism (decrease in ATP) of bacteria results in proportional decrease 
of bioluminescence. The decrease in the light output could be easily monitored by 
special instrumentation, enabling to utilize bioluminescence as a very convenient 
endpoint in general toxicity tests (Hastings, 1978; Bulich, 1981). This has led to 
the development of commercial toxicity tests such as Microtox®, BioTox™, 
LUMIStox™ and ToxAlert™ that use the inhibition of bioluminescence of 
naturally luminescent Vibrio fischeri as their toxicity endpoint (Parvez et al., 
2006) (Figure 2A). The assay with bioluminescent V. fischeri has proven as a 
rapid, simple and sensitive method in toxicity testing of a wide spectrum of 
chemical substances and environmental samples including wastewater, solid 
waste and sludge extracts (Kahru and Põllumaa, 2006; Parvez et al., 2006). 
Recently a kinetic format using bioluminescent V. fischeri applicable also for 
sediments, solids and colored samples has been standardized (ISO, 2010).  

In summary, the assays utilizing the inhibition of bioluminescence of bacteria 
enable rapid determination of the toxicity range of the chemicals or NPs (Belkin, 
2003). However, the information on general toxicity of a compound is not enough 
to describe its mechanisms of toxic action and more specific test systems should 
be implemented for further characterization.  
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Figure 2. In constitutively bioluminescent bacteria the bioluminescence decreases due to 
the interference of toxicant with energy production of bacteria (inhibition of 
bioluminescence reaction) (A), in stress-specific biosensors the bioluminescence increases 
due to the induction of luciferase synthesis in response to stress (B) and in metal-ion-
specific biosensors the bioluminescence increases in response to intracellular-bioavailable 
metal ion (C). 
 

1.3.2. Stress-specific whole-cell biosensors 

Differently from constitutively luminescent bacteria, stress-specific biosensors 
may be used to estimate the mechanism of toxicity of chemical (Figure 2B). All 
these biosensors are genetically modified (recombinant) and carry a sensing 
system, which is responsible for the activation of certain pathways, which help 
bacteria to adapt and survive in "stress conditions" (non-physiological osmolarity 
and temperature, oxidative stress, radiation, toxic chemicals, starvation etc.; 
Daunert et al., 2000). The most frequent sensing elements in stress-specific 
biosensors are regulatory proteins and their regulated promoters from global 
regulatory circuits (Köhler et al., 2000), which are expected to respond to a broad 
range of perturbations. The properties of the following stress-response systems 
were utilized for the construction of the stress-specific biosensors in the current 
PhD thesis: 
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(i) Oxidative stress response system 
 

Here a response to superoxide anion and hydrogen peroxide may be 
distinguished.  

Intracellular superoxide anions are kept under the control by superoxide 
dismutase (SOD) enzymes, which catalyze the dismutation of superoxide into 
hydrogen peroxide (Equation 2): 
 
 O2  + 2H+  H2O2      (Equation 2) 
 

There are three superoxide dismutase genes in E. coli cells: sodA, sodB and 
sodC. SodA and SodB are intracellular superoxide dismutases, whereas SodC 
locates in the periplasm of E. coli. Among all the three superoxide dismutase 
genes, only sodA is specifically inducible by superoxide anions (Hassan and 
Fridovich, 1977), which makes this promoter suitable for the construction of 
superoxide anion-biosensor. The activation of sodA promoter is mediated by the 
regulators SoxR and SoxS. SoxR is a transcriptional activator which induces the 
transcription of soxS gene after the oxidation by O2

-. SoxS is another transcription 
regulator that directly activates the transcription of around 15 oxidative stress 
response genes, including sodA (Greenberg et al., 1990). 

Another system that protects the E. coli cells against oxidative stress is 
controlled by oxyRS genes. After oxidation by H2O2 the regulator OxyR undergoes 
conformational change and becomes the transcriptional activator for oxyS. The 
product of oxyS is a small untranslated mRNA, which activates the transcription 
of 20-30 oxidative stress response genes, including katG (Christman et al., 1985). 
Bacterial KatG is a catalase-peroxidase, which converts hydrogen peroxide to 
water (Equation 3).  
 
2H2O2  2H2O + O2      (Equation 3) 
 
(ii) SOS response system  
 
Bacterial SOS response system is induced by DNA damage and activates the 
genes responsible for recombination, repair and error-prone replication of DNA 
and therefore, adaptation of the bacterial cell to the presence of DNA damaging 
agents. The repressor protein LexA and inducer protein RecA play a key role in 
the regulation of the SOS response. RecA, after recognizing and binding of the 
single-stranded DNA, mediates the autocatalytic cleavage of LexA. Inactivation 
of LexA repressor leads to the derepression of SOS regulon genes, which consists 
of around 40 genes, including recA gene itself (Little et al., 1983).  
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1.3.3. Metal-ion-specific whole-cell biosensors 

Metal-ion-specific biosensors represent a class of recombinant bacterial 
biosensors that detect specifically intracellular-bioavailable metal ions. The 
sensing system in these biosensors usually consists of a protein that specifically 
binds to the metal ion and acts as a transcriptional activator on a specific promoter 
(Figure 2C). Most of the sensing elements of heavy metal biosensors originate 
from the heavy-metal-resistant bacteria and represent the promoters of genes the 
products of which are responsible for the efflux of excessive metal ions from the 
bacterial cell. In recombinant biosensor bacteria, these promoters are separated 
from the original gene and are genetically coupled to the reporter gene. The first 
such metal-ion-inducible biosensor was constructed in 1991 and its sensing 
system was based on merB promoter and Hg-binding transcriptional activator 
MerR (Geiselhart et al., 1991). Since then, biosensors for different heavy metals 
(Cd, Hg, Zn, Cu, As, Cr, Pb (Daunert et al., 2000; Köhler et al., 2000; Ivask et al., 
2009)) have been constructed and applied mostly for the determination of 
bioavailability of heavy metals from soils and sediments (reviewed by Ivask et al., 
2002). In the current work, heavy metal-specific biosensors were applied for the 
first time in a new context – for the determination of the dissolution of metal-
containing nanoparticles. The details of this technique are described in Materials 
and Methods (section 2.2.4.2). 

 

1.4. Toxicological profiling of nanoparticles using bacterial biosensors 

Applications of whole-cell bacterial biosensors for mechanistic toxicological 
profiling of nanoparticles range from general toxicity assessment (constitutively 
luminescent bacteria) to the assessment of certain kind of physiological stress 
induced by NPs (stress-specific biosensors) and analysis of dissolution of metal-
containing NPs via quantification of respective metal ions (metal-ion-specific 
biosensors). As mentioned in the section 1.3.1.1., the constitutively luminescent 
bacteria are integrating all the toxic effects, but are unable to define the exact 
mode of toxicity. However, the non-specific assay can be relatively easily 
modified by replacing the wild-type bacterial host by the bacterium with modified 
properties. For instance, certain genes of bacteria that are presumably important in 
toxic response to chemicals/NPs could be knocked out and the sensitivity of the 
knock-out bacterium to NPs can be compared with the wild-type strain. This 
phenotypic profiling can be performed as a comparison of the bacterial viability 
or growth rate and enables to identify the genes, the loss of which increases the 
sensitivity of bacteria to tested nanoparticles and thus, to identify the pathways of 
toxicity of nanoparticles. The described approach was used for example to 
determine the mechanisms of toxicity of polystyrene NPs in E. coli (Ivask et al., 
2012) and also the mechanisms of action of metal-containing NPs in this PhD 
thesis (Publication I).  

Specific classes of perturbations caused by NPs may be studied using stress-
specific bacterial biosensors. By analyzing the changes in gene expression, it is 
possible to predict the mode of action of NPs. Such approach allows the detection 
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of perturbations caused by NPs already at sub-toxic concentrations and is orders 
of magnitude more sensitive compared to the general toxicity endpoints. Several 
panels of genetically engineered bacteria responding to the presence of different 
physiological stresses by synthesizing a reporter protein have already been 
developed (Belkin et al., 1997; Davidov et al., 2000; Van Dyk et al., 2000, 
Zaslaver, et al., 2006). Some potential applications of these stress-response 
systems for the classification of chemicals-induced cellular damage have also 
been presented (Dardenne et al., 2007; Park et al., 2009). However, the use of 
stress-specific biosensors for the elucidation of mechanisms of toxic action of 
synthetic nanoparticles has been described only in few recent papers (Hwang et 
al., 2008; Onnis-Hayden et al., 2009; Gou et al., 2010; Publication I, III). 
 

1.5. Toxicological profiling of nanoparticles using human cell-based assays  

In addition to bacterial cells, human cell cultures are another attractive model for 
studying the toxicological effects of NPs. While bacterial tests enable simple and 
rapid pre-screening of the NPs, the results from these assays are difficult (or 
rather impossible) to extrapolate to humans. Therefore, to describe the possible 
toxic effects of NPs to human health, the human cell based assays are more 
relevant test systems. 

A considerable number of the nanotoxicological studies conducted to date in 
human cells in vitro have been performed using transformed cell lines (Kunzmann 
et al., 2011). However, it is more relevant to study NPs in primary cell cultures 
and other in vitro model systems, which are closer to the in vivo situation. One of 
the most relevant eukaryotic cell types for the elucidation of toxicity mechanisms 
of NPs are naturally phagocytic cells such as pulmonary macrophages. Moreover, 
lungs are also the primary targets of NPs toxicity in vivo (Renwick et al., 2004; 
Chen and Schluesener, 2008; Cho et al., 2012). Macrophages can easily 
internalize NPs, whereas the uptake pathway depends on the type and coating of 
NPs and internalization efficiency on size of NPs, being, in general, the highest 
for 40–50 nm particles (Arvizo et al., 2012). Using macrophages it has been 
demonstrated that after internalization of NPs into a lysosome, the particles will 
be released to the intracellular environment and in the case of metal-containing 
NPs, dissolved in the acidic environment of the lysosome inducing different 
toxicological effects like oxidative stress, energy depletion and inflammatory 
responses (Nel et al., 2012). Interestingly, NPs can escape from normal 
phagocytic clearance in the respiratory system and gain access to the systemic 
circulation and as a result, even translocate into the brain (Medina et al., 2007; 
Simkó and Mattsson, 2010). In addition, NPs may be taken up by nerve endings 
of the olfactory bulb after inhalation from the air (Oberdörster et al., 2004). 
Reaching the brain, NPs may induce several neural disorders including disruption 
of voltage-gated currents in neurons (Xu et al., 2009; Liu et al., 2011), depletion 
of dopaminergic systems, induction of oxidative stress and inflammation 
responses (Wang et al., 2009) as shown in rodents. As the in vivo toxic effects of 
NPs in brain have been mostly studied in rodents, the extrapolation of these data 
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to humans remains a big challenge (Hu and Gao, 2010). One of the few reports 
investigating the effects of NPs in human brain (autopsy of brain samples of 
residents of polluted cities and small cities with low air pollution) suggest that 
chronic exposure of humans to NPs is an important factor in the pathogenesis of 
neurodegenerative diseases (Peters et al., 2006). As neural system has been 
proposed to be one of the potential targets for NPs and the developing human 
brain is much more susceptible to toxicants than is the brain of an adult (Dobbing 
et al., 1968), it is reasonable to hypothesize that NPs may modulate also the 
neural development of fetus, i.e. exert developmental neurotoxicity.  

 

1.5.1. Toxicological profiling of nanoparticles using developing human 

neuronal cells in vitro 

The use of embryonic stem cells is currently considered the most promising 
approach to assess developmental toxicity in vitro (Adler et al., 2008). However, 
only two human embryonic stem cell-based in vitro systems have been proposed 
so far to estimate the developmental neurotoxicity in humans (Moors et al., 2009; 
Stummann et al., 2009). None of them has been validated or used for the profiling 
of neurotoxicity of synthetic NPs (Crofton et al., 2011).  
    In this PhD thesis, an in vitro assay for human neurotoxicity assessment was 
used to study the effects of NPs on the developing neuronal cells. In this assay, 
neural progenitor cells that were differentiated from human embryonic stem cells 
(hESC) were used as an in vitro test model. hESC are self-renewing pluripotent 
cells derived from the inner cell mass of blastocyst of the developing embryo 
(Thomson, et al. 1998). In vitro, hESC have an indefinite proliferation potential 
while maintaining the capability to differentiate into theoretically any cell type in 
the body (Amit, 2000). Several steps are required to induce hESC to differentiate 
into neuronal cells. First, the formation of mesoderm and endoderm should be 
inhibited and the formation of neuroectoderm should be induced via several 
neural inducing factors, e.g., noggin, follistatin and chordin. A key function of 
these factors is to antagonize the transforming growth factor  (TGF- ) signaling. 
This is achieved via the inhibition of downstream target of TGF-  receptor: 
SMAD signaling. Prevention of SMAD signaling leads to the inhibition of 
epidermis formation and induction of neuroectoderm (McMahon et al., 1998). In 
human in vivo, the process of neural induction results the formation of neural 
plate which further develops to the neural groove. Approximately on week 4 
postfertilization, the neural groove closes and forms the neural tube which 
consists of a layer of neuroepithelial progenitor cells (NEPs). At the end of 
neurulation process, these cells give rise to the central nervous system (Colas and 
Schoenwolf, 2001). 

According to Conti and Cattaneo (2010), in vitro differentiation of hESC to 
neural progenitor cells mimics in vivo situation and thus, this system can serve as 
a model of neurogenesis (Figure 3).  
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Figure 3. Schematic representation of the development of neural progenitor cells (NEPs) 
from human embryonic stem cells (hESC) in vitro with the corresponding in vivo 
developmental stage (Conti and Cattaneo, 2010). The dotted line highlights the type of 
cells that was used as a model for the neurotoxicological studies described in this PhD 
thesis. Reprinted with the permission of Nature Publishing Group. 
 
During neural development, different populations of neural progenitor cells are 
characterized by distinct marker expression, which could be monitored to evaluate 
the progress of differentiation. Before the induction of differentiation the 
pluripotency-associated genes such as Nanog, Lefty1 and Pou5f1 are highly 
expressed in the cells (Chambers et al., 2009). With the progress of 
differentiation, the expression of the earliest neural stem cell markers such as 
Epha4, Cd113, Pax6 and Nes could be detected, preceding the induction of 
neuronal precursor cell markers (Neurod1, Ascl1, Dcx) and neuronal cell markers 
(Tubb3, Kcnj6, Slc17a6). Even small disruptions in differentiation and patterning 
of neuronal (precursor) cells may result in severe neurological impairments. 
Therefore, tracking the expression of the neuronal differentiation markers could 
be a very sensitive endpoint for the evaluation of the neurotoxic potential of NPs. 
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AIMS OF THE STUDY 

 
The main objective of this study was to develop a suite of in vitro tests (with the 
focus on genetically engineered bacterial biosensors) for the toxicological 
profiling of synthetic nanoparticles. 
 
Given the nanoparticles are thought to exert toxicity via production of reactive 
oxygen species and metal-containing nanoparticles may also release toxic metal 
ions, the main objective was approached through the following specific sub-tasks: 
 
1. Construction and evaluation of a suite of constitutively bioluminescent 
Escherichia coli strains with step-wise decreased capacity to resist reactive 
oxygen species. 
 
2. Construction and evaluation of new stress-specific bioluminescent E. coli 
biosensors for the detection and quantification of low sub-toxic levels of (i) 
superoxide anions, (ii) hydrogen peroxide and (iii) DNA damaging agents. 
  
3. Physico-chemical characterization of synthetic nanoparticles in powder and in 
test media used for the bioanalysis. 
 
4. Refinement of protocols for bioanalysis of nanoparticles using (i) developed 
bacterial biosensors (ii) differentiating human embryonic stem cells in vitro. 
 
5. Mechanistic profiling of the toxic effects (e.g., general toxicity, dissolution, 
production of reactive oxygen species, DNA damage, neurotoxicity) of selected 
NPs of CuO, ZnO, TiO2, Ag, C60-fullerene and polyethylene with bacterial 
biosensors and differentiating human embryonic stem cells in vitro. 
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2. MATERIALS AND METHODS 

2.1. Nanoparticles 

2.1.1. Preparation of nanoparticles 

Nano-sized CuO, ZnO, TiO2, Ag (manufacturer- advertised primary sizes 30, 25–
70, 50–70 and <100 nm, respectively) and C60-fullerene were purchased from 
Sigma-Aldrich. If available, soluble metal salts (as CuSO4·5H2O, ZnSO4·7H2O 
and AgNO3) and micro-sized particles (CuO, ZnO, TiO2) were used in parallel to 
NPs to control the effects of dissolution and size, respectively. Stock solutions of 
NPs and micro-particles were sonicated in ultrasonication bath for 30 minutes and 
stored in the dark at +4oC. For the tests, stock solutions were diluted in 0.9% 
NaCl (Publication I), in deionized water (DI) (Publication III) or in the test media 
(Publications II, IV). Suspensions of micro-TiO2 and nano-TiO2 were illuminated 
(if indicated; 290-400 nm, 400 W) for 30 min prior the test.  

Polyethylene nanoparticles were synthesized via aqueous microemulsion 
polymerization in-house as described in Publication IV. A perylene diimide dye 
was used as a fluorescence marker to label these NPs. For reduction of the 
surfactant (sodium dodecyl sulfate) necessary for the synthesis, the as-obtained 
polymer dispersions were dialyzed after synthesis against DI water to yield 
dispersions with a surfactant and polymer content of <0.2% and >1%, 
respectively. 

2.1.2. Characterization of nanoparticles 

Scanning electron microscopy (SEM, Jeol, JSM-8404) imaging and measurement 
of specific surface area (Sorptometer Kelvin 1042; Costech Instruments) of NPs 
and their micro-sized references were performed in Tallinn University of 
Technology, Center of Materials Research and Laboratory of Inorganic Materials.  
The hydrodynamic size of nanoparticles in DI water and in test media was 
measured using dynamic light scattering (DLS) (Malvern Zetasizer Nano-ZS, 
Malvern Instruments). UV-visible wavelength absorption spectra (UV-Vis) of 
nanoparticles in DI water were obtained using a Thermo Multiscan 
spectrophotometer (Thermo Electron). 

2.2. Luminescent bacteria 

Luminescent bacterial strains constructed and/or used in this study are shown in 
Table 1. In total, 16 different luminescent bacterial strains were used, whereas 
eleven strains were constructed as a part of this PhD study (Publications I, III). 
Five strains were constructed earlier and described by Ivask et al. (2009).  
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Table 1. Bioluminescent bacteria used in this study. 
Strain Description Purpose in this PhD 

thesis (publication) 
Reference 

(publication) 
Constitutively luminescent bacteria 

E. coli AB1157 
(pSLlux) 

Parental strain for sod-
defective strains, luxCDABE 
genes in a high-copy plasmid 
pSLlux 

Profiling of ROS-inducing 
potential of NPs (I) 

I 

E. coli JI130 
(pSLlux) 

same as AB1157 but sodA 
defective (sodA-) 

Profiling of ROS-inducing 
potential of NPs (I) 

I 

E. coli JI131 
(pSLlux) 

same as AB1157 but sodB 
defective (sodB-) 

Profiling of ROS-inducing 
potential of NPs (I) 

I 

E. coli AS393 
(pSLlux) 

same as AB1157 but sodC 
defective (sodC-) 

Profiling of ROS-inducing 
potential of NPs (I) 

I 

E. coli JI132 
(pSLlux) 

same as AB1157 but sodAB 
defective (sodAB-) 

Profiling of ROS-inducing 
potential of NPs (I) 

I 

E. coli AS391 
(pSLlux) 

same as AB1157 but 
sodABC defective (sodABC-) 

Profiling of ROS-inducing 
potential of NPs (I) 

I 

E. coli K12::lux chromosomal insertion of 
luxCDABE genes 

Control for stress-specific 
biosensors (I, III)

I 

E. coli MC1061 
(pDEW201) 

luxCDABE genes in a 
medium-copy plasmid 
pDEW201 

Control for DNA-damage 
specific biosensor  (III) 

III 

E. coli MC1061 
(pDNlux) 

luxCDABE in a medium-
copy plasmid pDNlux 

Control for metal-ion-
specific biosensors (I, III) 

Ivask et 
al., 2009 

P. fluorescens 
OS8::lux 

chromosomal insertion of 
luxCDABE genes 

Control for Cu-ion-specific 
biosensor (II, III) 

Ivask et 
al., 2009 

Stress-specific luminescent biosensors 

E. coli K12:: 
soxRSsodAlux 

chromosomal insertion of 
luxCDABE genes under the 
control of sodA (superoxide 
dismutase) promoter and its 
regulators soxRS

Profiling of superoxide 
anion-inducing potential of 
NPs (I) 

I 

E. coli 
K12::katGlux 

chromosomal insertion of 
luxCDABE genes under the 
control of H2O2-inducible 
promoter katG (catalase-
peroxidase)  

Profiling of hydrogen 
peroxide-inducing potential 
of NPs (III) 

III 

E. coli MC1061 
(pDEWrecAlux) 

luxCDABE genes in a 
medium-copy plasmid 
pDEW201 under DNA-
damage-inducible promoter 
recA (recombinase A) 

Profiling of DNA damage-
inducing potential of NPs 
(III) 

III 

Table 1 is continued on the next page 
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Metal-ion-specific luminescent biosensors 

E. coli MC1061 
(pSLzntR/pDNP 
zntAlux) 

luxCDABE genes under 
control of zntA promoter 
(Zn/Cd/Pb/Hg-inducible) 
and its regulator zntR 

Dissolution of ZnO nano- 
and micro-particles (I) 

Ivask et 
al., 2009 

P. fluorescens 
OS8:: 
CueRPcopAlux 

chromosomal insertion of 
luxCDABE genes under the 
control of copA (Cu/Ag-
inducible) promoter and its 
regulator cueR

Dissolution of CuO nano- 
and micro-particles (II, III) 

Ivask et 
al., 2009 

E. coli MC1061 
(pSLcueR/ 
pDNPcopAlux) 

luxCDABE genes under 
control of copA promoter 
(Cu/Ag-inducible) and its 
regulator zntR

Dissolution of CuO nano- 
and micro-particles (II, III) 

Ivask et 
al., 2009 

 

2.2.1. Construction of luminescent bacteria 

All bioluminescent bacteria constructed and/or used in this study, carried the 
bioluminescence encoding reporter genes luxCDABE from naturally 
bioluminescent bacterium Photorhabdus luminescens. The eleven biosensor 
strains developed in this study are described below. 
 

2.2.1.1. Construction of constitutively luminescent bacteria 

Tn5 mini-transposon mutagenesis method (de Lorenzo and Timmis, 1994) and 
suicide plasmid pTCRKnlux (Ivask et al., 2009) were used to construct E. coli 
K12::lux carrying a single chromosomal insertion of luxCDABE (Publication I). 
To transform pSLlux plasmid to E. coli and its sod-deficient mutant strains 
(Publication I) and pDEW201 plasmid to E. coli MC1061 (Publication III), a 
standard electroporation protocol (Sambrook et al., 1989) was used. All sod-
deficient E. coli strains and their wild-type analogue were kindly provided by 
Prof. J. Imlay (University of Illinois, Urbana, USA). 
 

2.2.1.2. Construction of stress-specific biosensors 

The superoxide anion-inducible strain E. coli K12::soxRSsodAlux and hydrogen 
peroxide-inducible strain E. coli K12::katGlux were constructed by inserting a 
single copy of luxCDABE from P. luminescens under the control of respective 
sensor element(s) (Table 1) into the E. coli chromosome using Tn5 mini-
transposon mutagenesis method (de Lorenzo and Timmis, 1994) (Publications I, 
III). For the construction of E. coli K12::soxRSsodAlux, a 308-bp sodA and 894-
bp soxRS genes amplified from the genomic DNA of E. coli K12 (primers 
sodA_sense, sodA_antis and soxRS_sense, soxRS_antis,Table 2) were used as a 
sensor elements (Publication I). 
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Table 2. Primers used for the construction of stress-specific luminescent biosensors. 
Name Sequence Publication 
sodA_sense 5  ATATCCTAGGTCTTCTTATCCTCATCATTTTTC 3  I 
sodA_antis 5  AATTGGATCCCATATTCATCTCCAGTATTG 3  I 
soxRS_sense 5  ATATACTAGTTTACAGGCGGTGGCGATAAT 3  I 
soxRS_antis 5  AATTCCTAGGGCTTTAGTTTTGTTCATCTTCCA 3  I 
katG_sense 5  TATACCTAGGAATGAGGCGGGAAAATAAGGT 3  III 
katG_antis 5  TTAAGGATCCCATCAATGTGCTCCCCACTA 3  III 
recA_sense 5  ATATGAATTCCATGCCGGGTAATACCGGATA 3  III 
recA_antis 5  AATTGGATCCACCGTGATGCGGTGCGTCGTC 3  III 
 

For the construction of the H2O2-inducible strain E. coli K12::katGlux a 283-
bp katG promoter from the genomic DNA of E. coli K12 was amplified (primers 
katG_sense and katG_antis; Table 2) and used as a sensor element (Publication 
III).  

E. coli MC1061(pDEWrecAlux) was constructed by inserting the 164-bp recA 
promoter (primers recA_sense and recA_antis) in the front of luxCDABE genes in 
plasmid pDEW201 (LaRossa et al., 1998) (Publication III). The plasmid 
pDEW201 was kindly donated by Prof. S. Belkin (Hebrew University of 
Jerusalem, Israel). 
 

2.2.2. Cultivation of luminescent bacteria and test conditions 

All 16 bioluminescent bacteria were cultivated freshly by growing the cultures 
overnight in 3 ml of Luria-Bertani (LB) medium (Sambrook et al., 1989) 
supplemented with appropriate antibiotics (Publications I-III). The overnight 
culture was diluted 1:50 with LB medium and grown until OD600 of 0.6. Cell 
pellet was washed, resuspended in test medium and diluted to OD600 of 0.1 
(106 107 cells/ml). The test medium was either heavy metal MOPS medium 
(HMM) (LaRossa et al., 1995), 0.9% NaCl or 0.9% NaCl supplemented with 
0.1% glucose and cas-amino acids. 
 

2.2.3. Profiling of nanoparticles with constitutively luminescent bacteria 

The bioluminescence inhibition assay was performed on 96-well microplates 
according to the ISO standard for V. fischeri (ISO, 2010) with minor 
modifications: test temperature 30°C instead of 20°C and 0.9% NaCl instead of 
2% NaCl as test environment.  

 

2.2.4. Profiling of nanoparticles with biosensors 

2.2.4.1. Determination of ROS and DNA-damaging potential of nanoparticles 

ROS-generation potential of chemicals and NPs was analyzed by H2O2 biosensor 
E. coli K12::katGlux and O2

- -biosensor E. coli K12::soxRSsodAlux. DNA 
damaging potential was determined with E. coli MC1061(pDEWrecAlux). In case 
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of turbid metal oxides, potential quenching of bacterial bioluminescence was 
taken into account by parallel use of constitutively luminescent (control) bacteria, 
not inducible by the target chemicals: E. coli K12::lux, E. coli 
MC1061(pDEW201), E. coli MC1061(pDNlux) or P. fluorescens OS8::lux 
(Publications I-III). Fold induction of bioluminescence of recombinant bacterial 
sensors was calculated as follows: 

Fold induction of bioluminescence =
CLs

SLs
CF,  

where SLs was the luminescence of the biosensor strain after its exposure to 
chemical/particles, CLs was the luminescence of the same strain in control 
solution and CF was the correction factor. CF was calculated:  

CF =
SLc

CLc
,  

where CLc was the luminescence of the control strain in a chemical-free control 
solution and SLc was the luminescence of that strain after its exposure to 
chemical or particle. Limit of determination (LOD) of the sensor bacteria for the 
tested chemical was set to fold induction of bioluminescence=2.  
 

2.2.4.2. Determination of dissolution of nanoparticles with bacterial biosensors 

E. coli MC1061(pSLcueR/pDNPcopAlux) and P. fluorescens OS8::KncueR-
PcopAlux were used to determine the dissolution of CuO and Ag NPs and E. coli 
MC1061 (pSLzntR/pDNPzntAlux) to determine the dissolution of ZnO particles. 
The concentration of heavy metal ions dissolved from (nano) particles was 
quantified by comparing the sub-toxic linear part of concentration-response 
curves of biosensors to particles and to the respective heavy metal’s soluble salt, 
assuming 100% relative bioavailability of the salt. An example of using Cu-ion 
specific biosensor to determine the dissolution of nano- and micro-sized CuO 
particles is shown in Figure 4. For that, Cu-ion biosensor was exposed in parallel 
to Cu ion (in this example from soluble Cu salt CuSO4*7H2O) and to different 
concentrations of CuO nano- and microparticles. As Cu-ion biosensor is 
responding to intracellular Cu ions, the increase in bioluminescence of biosensor 
upon incubation with CuO showed the dissolution of these nanoparticles and 
internalization of dissolved Cu ions. The dissolution of CuO was quantified by 
linear regression from concentration-response curves, i.e. by comparing the 
response of biosensor to CuSO4 and to CuO. In the shown example, the 
dissolution rate of nano-CuO was around 35% and the dissolution of micro-CuO 
~0.2%. Using this approach, dissolution of CuO NPs was calculated in 
Publications I, III.  
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Figure 4. A: Concentration-response curves of Cu-biosensor Escherichia coli MC1061 
(pSLcueR/pDNPcopAlux) for CuSO4 ( ), nano-sized CuO ( ) and micro-sized CuO ( ) 
after 2-h exposure B: Log-log regressions of the sub-toxic linear part of the concentration-
response curves, regression equations and R2 values are shown. 
 

2.3. Determination of dissolution of nanoparticles with chemical analysis 

In parallel to the metal-ion biosensor analysis, the Cu-ion-specific electrode (Cu-
ISE, Orion Research) was used to measure the free metal ions directly from NPs 
dispersions (Publication II). 

In addition, soluble fraction of heavy metals was determined by atomic 
absorption spectroscopy (AAS) from particle-free supernatants 
(ultracentrifugation at 30,000 g for 30 min). AAS analysis was made in a certified 
laboratory of Tallinn University of Technology, Estonia, using standard 
procedures EVS-EN ISO/IEC 17025:2005. 
 

2.4. Profiling of nanoparticles with human cell-based assays 

2.4.1. Human embryonic stem cells differentiation and exposure to 

methylmercury and CuO nanoparticles  

The hESC (line H9, WA09, WiCell) were maintained on a feeder layer of 
mitomycin C inactivated mouse embryonic fibroblasts (MEFs).  
hESC cells were first differentiated to neuronal progenitor cells (NEPs) in 
adherent cell-culture (on matrigel) using dual inhibition of SMAD signaling by 
neural inducing factors i.e., noggin, dorsomorphin and SB431542 essentially as 
described by Chambers et al. (2009). On day 8 of differentiation, the cells were 
replated onto low-adhesion plates, where they formed neurospheres, offering the 
microenvironment for the further proliferation and maturation of NEPs to early 
neuronal (precursor) cells (Figure 5).  
 

 B A 
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matrigelMouse embryonic 
fibroblasts

Day:      0      3                              8

ultra low adhesion plate

0       3                                             3 weeks
Neurospheres with maturating
neuronal (precursor) cells

Neuroepithelial cells (NEPs)

Addition of methylmercury or 
CuO or polyethylene nanoparticles 

 
Figure 5. Schematic representation of the differentiation of human embryonic stem cells 
(hESC) towards neuronal cells. First, hESC cells were differentiated towards 
neuroepithelial progenitors (NEPs) essentially as described in Chambers et al. (2009).  
Blue arrows indicate re-plating of the cells. At day 8, NEPs were plated into suspension 
for the formation of the neurospheres, which provided the environment for the further 
maturation of NEPs to more mature neuronal cells. Starting from day 3 (red arrow), 
neurospheres were exposed to toxicant. 
 

The developed system was evaluated (measurement of expression of neural 
and neuronal markers during differentiation in adherent phase and within 
neurospheres) by transcriptome analysis and verified by RT-PCR. The markers 
which are normally expressed during the differentiating of hESC into neural cells 
are shown in Figure 6.  
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Figure 6. Schematic representation of the expression of marker genes during 
differentiation of human embryonic stem cells (hESC) into neuronal cells. 
 

Starting from differentiation day 11 (day-3 neurospheres), neurospheres were 
exposed to well-known neurodevelopmental toxicant methylmercury (a positive 
control) or to CuO or polyethylene nanoparticles for 2 days (acute exposure) and 
18 days (chronic exposure). The viability of cells was monitored using resazurin 
assay (Zimmer et al., 2011) or ATP measurement. The morphology of 
neurospheres and the internalization of polyethylene nanoparticles were 
monitored using phase-contrast and fluorescence microscopy. After the exposure, 
the cells containing non-toxic concentrations of toxicants as well control samples 
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were used for the isolation of RNA and synthesis of cDNA. The sub-toxic effects 
of methylmercury or nanoparticles were estimated after measurement of 
expression of neural and neuronal markers by RT-PCR (housekeeping genes 
Rpl13A and Gapdh were used for normalization) and comparing the gene 
expression with un-affected control. The details of the experiments and the list of 
used specific primers are described in Publication IV. 
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3. RESULTS AND DISCUSSION 

3.1. Construction and characterization of constitutively luminescent bacteria 

Due to the fact that oxidative stress induction has been considered as one of the 
main mechanisms of toxicity of nanoparticles, a set of constitutively luminescent 
recombinant E. coli strains with step-wise altered capacity to fight ROS was 
constructed (Publication I). For that, superoxide dismutase (sod)-deficient mutant 
strains either defective in one of the cytoplasmic superoxide dismutases (sodA  or 
sodB ), periplasmic superoxide dismutase (sodC ), both cytoplasmic superoxide 
dismutases (sodAB ) or all the three E. coli superoxide dismutases (sodABC ) 
were transformed with a plasmid carrying constitutively expressed luxCDABE 
genes from Photorhabdus luminescens. It was hypothesized that if the test 
chemical/nanoparticles induce the formation of superoxide anions, then their 
toxicity to sod-deficient strains should be higher than to the non-mutated E. coli 
strain with functional superoxide dismutases. This hypothesis was tested using (i) 
paraquat – superoxide-inducing chemical and (ii) hydrogen peroxide - a chemical 
known to induce oxidative stress, but not specifically superoxide anions. In 
addition, 3.5-dichlorophenol (3.5-DCP) not involved in oxidative stress and 
acting via polar narcosis (Dimitrov et al., 2003) was used as a negative control. In 
all these toxicity assays, effects on mutated strains were compared with the effects 
on the wild type, i.e. non-mutated E. coli strain.  

As shown in Figure 7A, the wild-type strain and single sod-deficient mutants 
were significantly less sensitive to superoxide anions inducing chemical paraquat 
than sod-deficient double and triple mutants. Interestingly, also hydrogen 
peroxide was more toxic to sod-deficient mutants than to wild-type bacteria 
(Figure 7B). This was somewhat surprising, as sod-deficient mutants were 
expected to be sensitive specifically to superoxide anion-producing compounds. 
However, analogous results were previously obtained by Imlay and Linn (1987) 
who showed that sod mutants were especially sensitive to H2O2 and concluded 
that superoxide anions contribute to the bactericidal effects of hydrogen peroxide. 
As expected, the toxicity of 3.5-DCP to wild-type bacteria and sod-deficient 
mutants was comparable (Figure 7C). Thus, the assay with sod-deficient strains 
was considered as specific to ROS in general and not only to superoxide anions. 
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Figure 7. Toxicity (2-h EC50) of positive and negative control-chemicals to superoxide 
dismutase (sod)-wild-type (non-mutated) Escherichia coli strain and sod-defective strains 
after 2-h exposure (***(p 99%) and ** (p 95%) indicate that sod-defective strain is 
different from the wild-type strain). 
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3.2. Construction and characterization of luminescent biosensors 

All metal-ion-specific biosensors used in the current PhD thesis were constructed 
and described previously (Ivask et al., 2009). All the stress-specific biosensors 
(Table 1) were developed during this PhD study. Two new ROS biosensors were 
constructed to recognize (i) superoxide anions (E. coli K12::soxRSsodAlux, 
Publication I) and (ii) hydrogen peroxide (E. coli K12::katGlux, Publication III). 
Third stress biosensor was constructed to recognize DNA damage either due to 
direct genotoxic effects of NPs or due to oxidative effects of ROS on genetic 
material (E. coli MC1061(pDEWrecAlux), Publication III).  

The performance and sensitivity of the newly constructed stress-specific 
biosensors was first characterized using positive and negative control-chemicals: 
superoxide anion-inducing paraquat, strong mutagen mitomycin C (MMC), H2O2 

and membrane-permeabilizer 3.5-DCP. After 2 hours of exposure, all the 
biosensors were induced by their positive control-chemicals and none of the 
biosensors was induced by the negative control 3.5-DCP (Figure 8). The 
superoxide anion biosensor K12::soxRSsodAlux was specifically induced by 
paraquat starting from 0.01 mg/l and no induction was observed with H2O2, 
showing the specificity of biosensor to superoxide anions (Figure 8A).  

The H2O2-biosensor strain E. coli K12::katGlux was induced by H2O2 starting 
from 0.1 mg/l (2-h exposure). Paraquat practically did not induce this biosensor 
(Figure 8B) after 2-h exposure but showed slight response (around 4-fold 
induction) after 8-h exposure (Publication III). Due to the fact that the response 
of this biosensor to superoxide anions was extremely weak and it occurred only 
after 8 hours of exposure, this biosensor was considered as specific to H2O2. 

The DNA damage biosensor E. coli MC1061(pDEWrecAlux) was induced by 
both positive controls, mitomycin C and H2O2 (Figure 8C). The strong mutagen 
MMC that acts by direct binding to DNA induced the biosensor starting from 
0.003 mg/l. H2O2 (an unspecific mutagen) induced the biosensor starting from 3 
mg/l. Thus, the DNA damage sensor showed slower response and lower 
sensitivity (higher LOD) towards H2O2 than the H2O2-biosensor E. coli 
K12::katGlux. This was also expected because in the bacterial cells the catalases 
represent the first line of defense towards peroxides whereas DNA damage is a 
secondary unspecific effect.  

Taken together, all the constructed biosensors showed expected specificity: the 
biosensors were inducible with positive controls and were not induced by the 
negative control 3.5-DCP. 



 

43 

1

10

100

1000

0,001 0,01 0,1 1 10 100

Paraquat

Hydrogen peroxide

3.5-DCP

1

10

100

1000

0,001 0,01 0,1 1 10 100

Paraquat

Hydrogen peroxide

3.5-DCP

1

10

100

1000

0,001 0,01 0,1 1 10 100

Concentration, mg/l

Paraquat

Hydrogen peroxide

Mitomycin C

3.5-DCP

A: superoxide radicals biosensor E. coli K12::soxRSsodAlux 

B: Hydrogen peroxide biosensor E. coli K12::katGlux 

C: DNA damage biosensor E. coli MC1061(pDEWrecAlux)In
d

u
ct

io
n

 o
f b

io
lu

m
in

es
ce

n
ce

, f
ol

d

 
 
Figure 8. Induction of bioluminescence in stress-specific Escherichia coli biosensors after 
2-h exposure to positive and negative control-chemicals. 
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3.3. Characterization of nanoparticles 

The nanoparticles were selected based on their current use in consumer products 
(nano-ZnO, nano-Ag, nano-TiO2) and/or high toxicity to aquatic organisms 
(nano-ZnO, nano-Ag, nano-CuO and C60-fullerene). When possible, the 
chemically identical micro-sized particles were used in parallel to investigate the 
effect of size and the respective metal ions were used to investigate the effects of 
dissolution (Table 3). The micro-sized particles were clearly distinct from nano-
sized particles, as they had lower specific surface areas (Table 3). 
 
Table 3. Nanoparticles and reference chemicals used. Table is modified from Publication I. 

Nanoparticle Reference for size  Reference 
for 

dissolution 
Name (size1) Surface area2 

(m2/g) 
Name Surface area2 

(m2/g) 
nano-ZnO (25-70 nm)  12.9 micro-ZnO 7.2 ZnSO4·7H2O 
nano-CuO (30 nm) 25.5 micro-CuO 0.64 CuSO4·5H2O 

nano-TiO2  (50-70 nm) 24.8 micro-TiO2 8.5 no 
nano-Ag (<100 nm) n.d. no no AgNO3 
Fullerene n.d. no no no 
1Manufacturer-advertised primary size; 2Measured by BET. 

The SEM figures showed that nano-sized particles were indeed substantially 
smaller than micro-sized particles and that the primary size of nanoparticles was 
under 100 nm (Figure 9) confirming the information provided by the 
manufacturer.   
 
Nano-ZnO

Micro-ZnO

Nano-CuO

Micro-CuO

Nano-TiO2

Micro-TiO2

Nano-Ag

Fullerene

Figure 9. Scanning electron microscopy images of the nanoparticles used in the PhD 
study. Figure is modified from Publication I. Scale bar: 200 nm. 
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3.3.1. Characterization of nanoparticles in deionized water and various 

(eco)toxicological test media 

Expectedly, the hydrodynamic size of NPs (Figure 10) was larger than their 
primary size (Figure 9). For example, when the mean primary size of the nano-
CuO particles in powder was 30 nm (Table 3, Figure 9), the mean hydrodynamic 
size of these particles in DI water was 190 nm (Figure 10A). The difference in the 
primary size of NPs measured by SEM and the hydrodynamic size of NPs 
measured by DLS is a well-known phenomenon and can be explained by the 
different measurement principles of these two techniques. When SEM measures 
the primary size of dry powder of particles, the DLS measures the Brownian 
motion in the aqueous solution of particles and gives the hydrodynamic diameter, 
which in addition to the primary size includes also a few solvent layers (Kumar et 
al., 2011). In addition, in the aqueous solution the nanoparticles tend to aggregate, 
thereby giving the mean size of clustered particles. The particles aggregate even 
more when dispersed in media with a high content of mineral salts and organic 
components. This was evident when the hydrodynamic diameter of nano-CuO 
was compared in DI water and in toxicity test media  0.1% amino acids-
supplemented HMM medium. The average particle size in DI water was 190 nm 
and in the HMM media 385 nm (Figure 10). 
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Figure 10. Hydrodynamic diameter of nano-CuO (6.35 mg Cu/l) and micro-CuO (635 mg 
Cu/l) in deionized water (A) and heavy metal MOPS medium (B) as measured by 
dynamic light scattering. Modified from the Supplementary Figure 1 of Publication III. 
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As mentioned in the theoretical part, the size of nanoparticles in toxicological 
assays is very important, because it determines the specific surface area of the 
NPs and therefore the intensity of their interactions with the surrounding 
environment. NPs may interact with each other, leading to aggregation, with the 
test media components, leading to the aggregation/agglomeration or dissolution 
(in case of metal-containing NPs) and with test organism, leading to the toxic 
effects. This complex interplay of several factors determines the mechanisms of 
toxicity of NPs, which should be therefore elucidated only in the context of the 
specific test environment (Warheit, 2008). To understand the behavior of the 
metal-containing NPs in different test environments, a comprehensive study 
analyzing the dissolution of nano-CuO in different test media was undertaken 
(Publication II). Hypothesizing that nano-CuO exerts toxicity at least partly via 
release of Cu ions, the effects of the test media on speciation of Cu ions were 
studied in parallel. Two techniques – a Cu-ion selective electrode (Cu-ISE) and a 
recombinant luminescent Cu-ion specific bacterial biosensor P. fluorescens 
OS8::CueRPcopAlux – that enable the quantification of free and bioavailable 
(intracellular) Cu, respectively, were applied.  

Analysis of 17 different ecotoxicological and microbiological test media with 
gradually increasing content of organics (modeled by different concentration of 
amino acids) showed that organics in the test media was effectively complexing 
the dissolved Cu ions from CuSO4 (Table 2 in Publication II). This was especially 
evident in case of 0.9% NaCl, where the gradual addition of amino acids was 
accompanied by a delayed response of Cu-ion biosensor as well as of the Cu-ISE 
(Figure 1E,F in Publication II). The maximum tested concentration of amino 
acids (0.5% by weight) decreased the LOD of bacterial Cu-ion biosensor and Cu-
ISE to Cu ions by 90- and 2000-fold, respectively (Table 2 in Publication II).  

Analogously to CuSO4, the fraction of free Cu dissolved from nano-CuO ions 
mostly decreased when nano-CuO was introduced to various laboratory test 
media. However, there were some significant exceptions: in the test media with 
high content of organic, the fraction of free Cu from nano-CuO was significantly 
higher than could be predicted from the results of CuSO4. This indicated that in 
the presence of organic matter, the dissolution of nano-CuO increased. This is a 
relatively unknown phenomenon, which may be explained by ligand-enhanced 
dissolution, when the complexation of dissolved metal ions pushes the 
equilibrium of metal-containing NPs towards their further dissolution. Similar 
phenomenon was observed for nano-ZnO exposed to metal ion-complexing citrate 
(Li et al., 2011) and also for nano-CuO exposed to ethylenediaminetetraacetic 
acid (EDTA) in our later studies (Publication III). 

Among the media suitable for the cultivation of bacteria the limits of 
determination for Cu ions dissolved from nano-CuO were the lowest in amino 
acids-supplemented 0.9% NaCl and in HMM medium (Table 3 in Publication II). 
For this reason, these test media were selected as the test environments for all 
further toxicological studies.  
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3.4. Profiling of nanoparticles using luminescent bacteria 

Combination of constitutively bioluminescent sod-deficient E. coli strains, metal-
ion-specific E. coli and P. fluorescens biosensors and superoxide anions-inducible 
E. coli strain was used to study the toxicological effects of five types of 
nanoparticles  nano-CuO, nano-ZnO, nano-Ag, nano-TiO2 and fullerene 
(Publication I). In addition, the sub-toxic effects of nano-CuO were also analyzed 
with hydrogen peroxide and DNA damage inducible E. coli strains (Publication 
III). It was hypothesized that if the tested NPs would induce ROS, then (i) the 
sod-deficient strains would show remarkably higher sensitivity compared to the 
respective non-mutated strain and (ii) induction of ROS-inducible E. coli strains 
would be observed. If the toxicological effects of nanoparticles would be driven 
by dissolved metals, the metal-ion specific biosensors would show this process. 

As an example, the toxicological profiling of nano-CuO is described here in 
more detail. When CuO NPs in parallel to CuO microparticles and CuSO4 were 
exposed to the combination of different bacterial biosensors, it was evident that 
all the copper compounds induced oxidative damage in E. coli cells, showing 
higher toxicity to sod double and triple mutants than to sod single mutants and the 
wild-type strain (Figure 11). 
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Figure 11. Toxicity (2-h EC50, mg Cu/l) of Cu formulations to superoxide dismutase 
(sod)-wild-type Escherichia coli strain and sod-defective strains after 2-h exposure 
(***(p 99%) and ** (p 95%) indicate that sod-defective strain is different from the wild-
type strain). 
 
This was also confirmed by stress-inducible biosensors, which showed dose-
dependent production of superoxide radical and hydrogen peroxide by all the Cu 
formulations (Figure 12B,C). In addition, DNA-damage specific biosensor 
revealed that similarly to CuSO4, CuO particles induced single-stranded DNA 
breaks (Figure 12D).  
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Figure 12. Induction of bioluminescence in Escherichia coli biosensors after 5-h (Cu-ion, 
superoxide anions and hydrogen peroxide biosensors) and 8-h (DNA damage biosensor) 
exposure to Cu formulations. All concentrations are nominal and presented on Cu basis. 
 

Interestingly, the concentration-response pattern of ROS- and DNA damage-
specific biosensors (Figure 12B-D) to different Cu formulations was similar to 
that of Cu ions biosensor (Figure 12A). Particularly, all the biosensors were most 
sensitive to CuSO4 followed by nano-CuO and micro-CuO. In addition, the fold 
induction values of the three stress-specific biosensors and the Cu-ion biosensor 
to the tested Cu formulations were similar (Figure 12). Taking into consideration 
that Cu ion biosensor is responding to intracellular Cu ions (Rensing and Maier, 
2003; Ivask et al., 2009), this observation allowed us to conclude that the ROS 
and DNA damage responses were triggered by Cu ions solubilized from CuO 
particles. This was also confirmed by chemical analysis of dissolved Cu from the 
ultracentrifuged supernatants of CuSO4, nano-CuO and micro-CuO (Figure 4A in 
Publication III). In addition, chelation of Cu ions by metal ion chelator EDTA 
abolished the response of ROS and DNA damage biosensors to CuSO4, CuO nano 
-and microparticles (Figure 5 in Publication III), showing that only Cu ions and 
not particles themselves triggered the response of these biosensors.  
 

Similar toxicological profiling was also performed for other NPs and the 
results are summarized in Table 4. 
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Table 4. Summary on toxic effects of nanoparticles to recombinant Escherichia coli 
biosensors according to Publications I and III. 
Name 2-h EC50 (inhibition of 

bioluminescence),  
mg/l of metal

Induction1 of ROS in ROS 
biosensor, mg/l of metal 

(time needed for induction) 

Impact of 
dissolution 
on toxicity 

 wild-type   
E. coli 

sodABC 
E. coli  

O2  H2O2  

nano-CuO  8.1 2.0 6.4 (4-h)  1.9 (5-h) 100% 

nano-ZnO  54 4.5 not induced n.t2 100% 
nano-Ag 46 3.1 0.081 (4-h) n.t2 not clear 
nano-TiO2

3 >12,000 >12,000 1800 (7-h) n.t2 n.t2 
Fullerene >20,800 3,882 not induced n.t2 n.t2 
1 Limit of determination of the bacterial biosensor defined as 2-fold increase in 
bioluminescence is indicated;  2 Not tested ; 3 Illuminated prior the test. 

 
The ROS-inducing concentrations of all NPs except of nano-CuO were 

substantially lower than respective 2-h EC50 values. In case of nano-CuO, the 
concentration which induced ROS was close to the 2-h EC50 value (Table 4). This 
shows that probably ROS was not the primary toxicity mechanism but rather a 
consequence of toxicity of nano-CuO via an alternative toxicity pathway as also 
briefly discussed in Publication III. Nevertheless, the most important conclusion 
was that nano-CuO had no nanosize-specific antibacterial effects and its toxicity 
to bacteria can be fully explained through the toxicity of Cu ions. 

Nano-ZnO was about 10-fold more toxic to sodABC-mutant than to the wild-
type E. coli, showing that oxidative stress might be important in acute toxicity of 
nano-ZnO. However, superoxide anions-biosensor was not induced with sub-toxic 
concentrations of nano-ZnO, suggesting that the acute oxidative injury induced by 
nano-ZnO was independent from the overproduction of superoxide anions. In 
addition, Zn-inducible biosensor showed that already after 30-min exposure, 
nano-ZnO was fully dissolved (Figure 2 in Publication I). Interestingly, the 
dissolution of nano-ZnO was systematically overestimated by Zn-biosensor, 
suggesting that Zn ions from the nano-ZnO were more bioavailable to Zn-
biosensor than Zn ions applied as ZnSO4. The expression of 2-h EC50 values of 
nano-ZnO, micro-ZnO and ZnSO4 on bioavailable Zn ions (Table 4 in Publication 
I) showed that the toxicity of nano-ZnO to bacteria was apparently mediated by 
Zn ions. 

Despite of the huge number of articles on the antibacterial effects of Ag ions 
and nano-Ag, the mechanism of toxicity of both is not jet fully understood. Also 
the results of this study were controversial: when the quantification of 
bioavailable Ag ions revealed that the general toxicity of nano-Ag to E. coli sod-
mutants and wild-type was mediated via Ag ions, the results from superoxide 
anions-inducible strain revealed opposite (Table 4 in Publication I). Similarly, in 
our on-going studies we showed that despite that the antibacterial effects of 
various Ag NPs were mediated by intracellular Ag ions, the direct contact of 
bacteria with Ag particles increased the efficiency of transportation of Ag ions 
into bacterial cells (Bondarenko, unpublished data). The reason for that may be 
the fact that Ag NPs are mainly located on the surface of the bacteria as shown 
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previously by TEM (Morones et al., 2005). The local release of Ag ions in the 
vicinity of the bacterial cell may perforate the bacterial cell wall (Lok et al., 
2006), disturb the permeability of the membranes and the functionality of Ag ion 
efflux systems (Ruparelia et al., 2008). Therefore, when the Ag ions will be 
exposed to bacteria on the surface of NPs, they will be more bioavailable to the 
cells due to the membrane damage and decreased ability of bacterial cells to 
export Ag ions. These results suggest a complex mechanism of toxicity of Ag 
NPs, occurring both inside and outside the bacterial cell and the need for the 
further investigation into the detailed mechanism of toxicity of nano-Ag. 

Nano-TiO2 was not toxic to the bacterial cells even at concentrations 12,000 
mg/l. In addition, superoxide anions in E. coli cells were induced only by 
remarkably high concentrations (1,800 mg Ti/l) of illuminated TiO2 and only after 
7 h. This indicates that TiO2, at least the nanoparticles purchased from Sigma-
Aldrich (CAS number 13463-67-7) and used in this study, were ineffective 
antimicrobials. The toxicity of nano-TiO2 that has been shown earlier by other 
researchers, depended greatly on the size of the used NPs, their crystalline form 
(rutile or anatase) and the intensity and wavelength of the light used for 
photoactivation (Wei et al., 1994; Hu et al., 2009). Generally, anatase was 
considered to be the photoactive form of TiO2 that killed microbes in minutes 
(Wei et al., 1994), while rutile was considered to have lower photocatalytic and 
hence, antimicrobial, activity (Rincón and Pulgarín, 2003). The TiO2 used in our 
study was most probably in rutile form as it did not shown any antibacterial 
effects nor was active against eukaryotic cells (Heinlaan et al., 2008; Kasemets et 
al., 2009). In addition, the fact that only illuminated nano-TiO2 induced ROS in 
superoxide anions biosensor highlighted once more the importance of 
photocatalytic effects in toxicity of nano-TiO2. 

Similarly, also C60-fullerene was not toxic to wild-type E. coli cells even at 
20,800 mg/l. At the same time the 2-h EC50 of fullerene to E. coli sodABC triple 
mutant was 3,882 mg/l. Despite the fact that an EC50 value could be derived for 
this mutant, the concentration was extremely high.  Also, taken into account that 
the superoxide anion-biosensor E. coli was not induced by fullerene, we 
concluded that fullerene used in this study did not produce significant levels of 
superoxide anions. This result supports the hypothesis that water-dispersed C60-
fullerene is not toxic to the cells and the toxicity of these NPs observed in early 
studies was due to the toxic solvent tetrahydrofuran. 

In summary, two of tested metal-containing NPs – nano-CuO and nano-ZnO – 
showed dissolution-dependent antibacterial efficiency, suggesting no nanosize- 
specific toxic effects. Interestingly, most publications by others showed that in 
eukaryotic cells such as protozoa, yeast and human cells in vitro the toxic effects 
of these particles cannot be explained only by dissolution (Karlsson et al., 2008; 
Xia et al., 2008; Kasemets et al., 2009; Mortimer et al., 2011). However, no direct 
comparison on toxicity of metal-containing NPs to eukaryotic and prokaryotic 
cells has been performed to date. Therefore, a study intending to compare the role 
of Cu ions in toxicity of nano-CuO to eukaryotic and prokaryotic cells was 
undertaken. To adequately compare the effects of nano-CuO in pro- and 
eukaryotic cells, the same batch and stock of nano-CuO, which was used for 
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toxicity profiling with bacterial biosensors, was also used in the study with 
eukaryotic cells. 

3.5. Profiling of nanoparticles using human cell-based assays 

3.5.1. Preparation and characterization of neuronal (precursor) cells 

The human embryonic stem cells (hESC) were used as a model system for the 
toxicological profiling of nano-CuO in eukaryotic cells. Before exposure, the 
hESC cells were differentiated to neural progenitor cells (NEPs) and further 
inside the neurospheres to more mature neuronal precursor cells as described in 
the Materials and Methods (Figure 5) and Publication IV. The development of 
cells inside the neurospheres mimicked the basic processes of brain development, 
such as proliferation, differentiation, migration, apoptosis, and each of these 
processes may be modulated by developmental neurotoxicants (Moors et al., 
2009). Analysis of expression of marker genes showed that during the 
differentiation of hESC  the expression of pluripotency markers such as Nanog, 
Lefty and Oct4 decreased and the expression of neural stem cell markers (such as 
Pax6) and neuronal markers such as -tubulin III (Tubb3) and Slc17a6 increased 
(Figure 2 in Publication IV). Proper development of NEPs was also proven by 
very low expression of endoderm marker FoxA1 and mesoderm marker 
Brachyury (data not shown). All the previous data showed the efficient 
differentiation of hESC into neural cells. 

3.5.2. Evaluation of neurospheres assay with methylmercury 

The potential of neurospheres-system to detect neurodevelopmental toxicity was 
first evaluated using methylmercury. Methylmercury is the most toxic form of 
mercury and one of the few chemicals, which have been established as 
developmental neurotoxicants in human (Mergler et al., 2007). The 
developmental toxicity of methylmercury became evident in the 1960s in 
Minamata (Japan), where epidemic blindness and mental disorders were observed 
in children born from mothers who consumed fish from contaminated water 
(Harada, 1995). The extremely high toxicity of methylmercury is due to its ability 
to easily penetrate biological barriers, including blood-brain barrier. Intracellular 
mercury has been shown to damage DNA (Sager et al., 1984), disrupt neuronal 
migration, to inhibit microtubule formation and proteins synthesis in neurons 
(Goyer, 1996).  

Figure 13 represents the morphology of neurospheres with developing neuronal 
cells exposed to methylmercury for 18 days.  Exposure to the highest concentration 
of methylmercury (11 mg/l, 5x10-5 M) changed the morphology of neurospheres. 
Neurospheres lost their characteristic round shape with defined boarders and 
acquired more undefined structure (shown by black arrows). According to 
resazurin assay, the viability of cells at the highest tested concentration of 
methylmercury was around 10%, showing that the morphology of neurospheres 
was reasonably good predictor of cellular viability (Figure 3A in Publication IV). 
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Figure 13. Phase contrast microscopy images of neurospheres after 18-day exposure to 
different concentrations of methylmercury. Black arrows indicate the alterations in the 
shape of the neurospheres. 

 
The 18-day exposure of neurospheres to sub-toxic concentration of 

methylmercury (11 µg/l, 50 nM) induced significant down-regulation of neuronal 
precursor gene Notch1 and its down-stream target Neurod1 as detected by RT-
PCR (Figure 3C in Publication IV). Also the markers of more mature cell 
phenotypes (Tubb3, Kcnj6 and Scl17a6) were down-regulated upon exposure to 
50 nM methylmercury, showing that neurospheres system was sensitive enough to 
predict the potential neurodevelopmental effects of sub-toxic concentrations of 
methylmercury. 
 

3.5.3. Toxicity of nano-CuO to neurospheres 

Scientific publications have shown that CuO NPs have multiple targets in the 
brain, including ion channels (Liu et al., 2011), key protein ( -synuclein) in 
Parkinson disease (Wang et al., 2009) and modulations of neurotransmitter levels 
(Boyes et al., 2012). 

In acute toxicity assay the 48-h EC50 of nano-CuO was 35 mg/l (~26 mg Cu/l 
of nano-CuO) (Supplementary Figure 7 in Publication IV). However, much lower 
concentrations of CuO NPs were required for chronic toxicity: the chronic 
exposure (18 days) of neurospheres already to 0.5 mg Cu/l of nano-CuO resulted 
in morphological disorders (Figure 14). While in the absence and at low sub-toxic 
concentration (0.01 mg Cu/l) of CuO NPs, neurospheres were round and well-
defined, at 0.5 mg Cu/l nano-CuO the density of neurospheres near to its borders 
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decreased probably because of the death of the cells. At 10 mg Cu/l CuO NPs, the 
regular structure of neurospheres was lost (Figure 14) and the shape of 
neurospheres was characteristic to what was observed when the neurospheres 
were exposed to toxic concentrations of methylmercury (Figure 13).  

 
control

� � � � � � � �
0.01 mg Cu/l

10 mg Cu/l0.5 mg Cu/l

 

Figure 14. Phase contrast microscopy images of neurospheres after 18-day exposure to 
different concentrations of nano-CuO. Concentrations are presented on Cu basis. 
 

The cell viability (resazurin) assay showed that 18-day EC50 of nano CuO was 
0.5 mg Cu/l (Figure 15). 

Interestingly, when the EC50 of methylmercury in acute and chronic toxicity 
experiment was comparable (Figure 3A,B in Publication IV), the EC50 of CuO 
NPs was remarkably lower in the chronic test (chronic 18-day EC50=0.5 mg Cu/l 
of nano-CuO (Figure 15) vs acute 48-h EC50, ~26 mg Cu/l of nano-CuO) 
(Supplementary  Figure 7 in Publication IV). This shows potential long-term 
toxic effects of nano-CuO on developing neuronal cells. Besides, CuO NPs were 
about one order of magnitude more toxic than equimolar ionic Cu (applied as 
CuCl2*2H2O) (Figure 15). This indicated that the toxic effects of CuO NPs were 
not only due to their dissolution into ionic copper. Most probably, the toxicity of 
CuO NPs in the neurospheres was accomplished by a combination of the 
dissolution and nanosize-specific properties, which was not the case in 
prokaryotic cells (Table 4; Publications I, III). 
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Figure 15. Chronic toxicity of CuO nanoparticles and CuCl2*2H2O to neurospheres. 
Day11 neurospheres were exposed to Cu compounds for 18 days, cell viability was 
assessed by resazurin assay and expressed as percentage from un-affected control. 
Concentrations are presented on Cu basis. Mean of 3 (Nano-CuO) or 2 (CuCl2) individual 
experiments ± standard error of the mean is shown. 

 
The fact that only the metal ions affected prokaryotic cells whereas also 

particles as such had adverse effects on eukaryotic cells may be because of the 
ability of the latters to internalize NPs. The metal-containing nanoparticles 
therefore serve as Trojan-horse type carriers (Limbach et al., 2007) enabling the 
transport of high levels of metals into the cells. Once inside the cells, the metal 
ions start to release from metal-containing nanoparticles and may cause 
significant cellular damage. This means that intracellularization of metal-
containing NPs may induce additional toxicity to eukaryotic cells. On the other 
hand, this kind of effect cannot be observed with bacterial cells that do not a 
priori intracellularize nanoparticles. Thus, before the use of metal-containing 
nanoparticles e.g., in antimicrobial applications, their potential side-effects to 
humans should be carefully characterized. 

All these observations directed us to more detailed studies about the specific 
effects of nanosize in eukaryotic cells. Since this task was complicated using NPs 
of CuO that tended to dissolve during the test, NPs of polyethylene were selected 
as model for the further investigation. Polyethylene NPs were 33 nm in diameter, 
chemically inert, surfactant-stabilized and labeled with fluorescent chromophore, 
which allowed us to study the internalization of these NPs into human 
neurospheres.  
 

3.5.4. Toxicity of nano-polyethylene to neurospheres  

The time- and dose-dependent incorporation of fluorescent nano-polyethylene 
into neurospheres was observed as indicated by the dose-dependent increase in 
fluorescence (Figure 6A in Publication IV). Indeed, neurospheres that had been 
exposed to 180 mg/l nano-polyethylene for 18 days were fluorescent upon 
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excitation at 555 nm indicating efficient internalization of NPs. At the same time, 
no fluorescence was observed in control (non-exposed) neurospheres. Thus, using 
labeled nano-polyethylene as a fluorescent marker, it was shown that NPs of 
polyethylene and possibly other NPs may be internalized into the neurospheres 
(Figure 16). In addition to efficient internalization, we observed that polyethylene 
NPs exhibited also toxicological effects.  After 18-day chronic exposure to 180 
mg/l nano-polyethylene, the round-shaped structure and viability (ATP content) 
of neurospheres was altered (Figure 16; Figure 6C in Publication IV). 
 

180 mg/l nano-polyethylene

=555 nm

Phase contrast

control

 

Figure 16. Phase contrast microscopy and fluorescence microscopy (at excitation 
wavelength =555, excitation time 2 s) images of unexposed neurospheres (control) and 
neurospheres that were exposed to 180 mg/l of polyethylene nanoparticles for 18-days. 
 

Although the morphological effects of polyethylene were observed at 
relatively high concentrations (180 mg/l), already low sub-toxic concentration 
(22.5 mg/l, 18-day exposure) of nano-polyethylene altered the expression of 
several neuronal precursor and neuronal markers (Figure 6D in Publication IV). 
Interestingly, the genes which expression was down-regulated were similar to 
those that were affected by methylmercury and belonged to the NOTCH pathway: 
Notch1 receptor and Notch targets Hes5, Neurod1 and Ascl1. Notably, the 
activation of NOTCH pathway promotes the survival of neural stem cells 
(Androutsellis-Theotokis et al., 2006) and plays a key role in embryonic neural 
development (Lasky and Wu 2005). Premature inhibition of NOTCH pathway by 
nano-polyethylene may induce precocious maturation and depletion of neural 
stem cells, leading to several disorders (Bolos et al., 2007).  

All these observations indicated that in human cells in vitro NPs may show 
nanosize-specific effects which would be impossible to predict using non-human 
cell-based test systems. Using nano-CuO as an example we showed that 
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surprisingly, metal-containing nanoparticles that are often proposed for 
antimicrobial applications, intending to replace the respective ions-based 
antimicrobial formulations, may exert nanosize-dependent undesired toxicity in 
human cells in vitro and not in bacterial cells. Due to the scarcity of relevant 
exposure studies (long term-exposure to low concentrations of NPs) and relevant 
non-cancerous human cell-based models, the potential nanosize-specific adverse 
effects in mammalian cells may be currently underestimated and should be 
definitely addressed further, especially in vivo. 

3.6. Possibilities and limitations of the developed assays 

Table 5 summarizes the relevance, cost-efficiency and applicability of the 
developed in vitro assays for the profiling of chemicals, e.g., synthetic 
nanoparticles. 
 
Table 5. Characteristics of the assays developed in this PhD thesis. 
Assay Relevance Simplicity and 

cost-efficiency 
Information obtained 

Bioluminescent 
sod-deficient  
E. coli strains 

Highly relevant for 
bacteria.  
Low relevance for 
humans 

Very simple  
Inexpensive 

General toxicity to 
bacteria; potential to 
induce oxidative stress   

Metal-ion- and 
stress-inducible 
E. coli strains 

Highly relevant for 
bacteria. Low-to- 
medium relevance 
for humans 

Relatively simple 
Inexpensive 

Solubilization of metal-
containing (nano)particles; 
potential to induce certain 
reactive oxygen species 
and DNA damage 

Human neural 
cells in vitro 
differentiated 
from stem cells 

Relatively high 
relevance for 
humans 
 

Technically 
challenging 
Very expensive 

General toxicity and 
neurotoxicity potential to 
humans   

 
In general, the developed bacterial assays are powerful tools for the routine 

large-scale bioanalysis of chemicals, including nanoparticles. This may be very 
useful for the industry to create preliminary safety information, which due to the 
current chemicals regulation REACH will be soon needed for all chemicals 
produced in EU in quantities higher than 1 t/year. However, these biosensors were 
developed mostly bearing in mind the oxidative stress as a mechanism of toxic 
action, i.e. the biosensors were mainly intended to "catch" the chemicals with 
oxidative stress-inducing properties. For detailed mechanistic analysis, however, 
the use of large knock-outs libraries or "omics"-based approaches would be more 
appropriate choice. 

The main advantages of the described human neural cell-based in vitro assay 
are the use of untransformed human cells and possibility to conduct long-term 
chronic toxicity assay. In general, long-term toxicity assays are not possible in in 
vitro cell cultures, as the dividing cells need passaging and therefore cannot be 
exposed to the chemicals during several generations. Our 3-dimensional 
neurospheres-based system enables to avoid this problem and is relatively unique 
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in addressing long-term neurotoxic potential of chemicals in unmodified human 
neuronal cells. This is much more close to the real in vivo situation than many 
other currently used models that use cancerous cells and irrelevantly high 
concentrations of chemicals for demonstration of biological effects. Still, despite 
of these advantages, the proposed model is based on in vitro cell culture, which 
does not take into account the biological complexity of living organism. The 
biggest challenge would be the further development of human stem cell-based 3-
dimensional scaffolds, which mimic human tissues and would be most probably 
the most relevant systems for human toxicity assessment. 
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4. CONCLUSIONS 

o A suite of 16 bacterial biosensors that enable to profile the key toxicity 
descriptors of synthetic metal-containing nanoparticles (general toxicity, 
generation of reactive oxygen species (ROS) and dissolution) was developed 
and consisted of: 
 
-  newly constructed and evaluated bioluminescent Escherichia coli strains 

defective in reactive oxygen species inactivating enzymes (Publication I) 
 

-  newly constructed and evaluated bioluminescent E. coli biosensors 
recognizing intracellular (i) superoxide anions, (ii) hydrogen peroxide and 
(iii) single-stranded DNA breaks (Publications I and III) 

 
- bioluminescent E. coli metal-ion biosensors recognizing intracellular 

Ag/Cu/Zn ions (Publications I III) 
 
o The physico-chemical properties of NPs of Ag, CuO, ZnO, TiO2 and C60-

fullerene were characterized and test protocols for bioanalysis were developed. 
As one of the most important properties of metal-containing nanoparticles, 
their dissolution (release of metal ion) (Publications I, III) and speciation of 
the released metal ions (using Cu ions as example) in different toxicity test 
media (Publication II) were analyzed.  
 

o Using developed bioluminescent biosensors, it was shown that Ag and CuO 
NPs induced the formation of superoxide anions in bacterial cells already at 
low sub-toxic concentrations (~0.1 and ~1 mg/l, respectively). TiO2 NPs 
induced superoxide anions at 1,800 mg/l only in case of pre-illumination 
(photoactivation) and ZnO NPs showed the potential to generate ROS, but not 
superoxide anions (Publication I). 

 
o CuO NPs also induced the formation of H2O2 and DNA damage in bacterial 

cells. The Cu ion-specific biosensor in combination with chemical analysis of 
Cu ion revealed that dissolution of CuO particles was the key factor triggering 
the ROS and DNA damage responses in bacteria (Publication III).  

 
o In human neuronal cells differentiated from human stem cells in vitro CuO 

NPs exerted also additional, most likely size-related toxicity that was 
independent on dissolution.   

 
o Exposure of human neuronal cells to fluorescently labeled nano-polyethylene 

showed efficient uptake of NPs by the cells and down-regulation of several 
genes (Notch1, Hes5, Neurod1, Ascl1) associated with the survival of neuronal 
cells in embryonic neural development (Publication IV). 
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ABSTRACT 

The ever increasing amount of produced nanoparticles (NPs, particles with at 
least one dimension 1-100 nm) and their release to the environment requires more 
efficient, rapid and cost-effective strategies for testing their potential adverse 
effects. Besides well-established general toxicity tests the development of more 
specific assays that would efficiently elucidate the mechanisms of action behind 
the observed toxic effects, is needed. The main proposed mechanism of toxicity 
of synthetic NPs to date is the generation of reactive oxygen species (ROS), 
which may lead to the oxidative stress in the cells. 

In this PhD thesis a set of biological in vitro assays, which enable to reveal 
the mechanisms of toxic action of metal-containing NPs, was developed.  
Developed assays were mainly based on bioluminescent bacterial biosensors that 
were genetically modified to recognize ROS (superoxide anion or hydrogen 
peroxide), DNA damage or metal ions dissolved from NPs. In total, 16 different 
bioluminescent bacterial strains were used, 11 of which were constructed in this 
PhD thesis. Using bioluminescent intracellular metal-ion sensing biosensors in 
combination with ROS-sensitive bacteria, this work showed that the dissolution 
(release of metal ions) of metal-containing NPs of CuO and ZnO was the key 
factor determining their oxidative stress-inducing properties. In case of CuO NPs, 
the dissolved Cu ions triggered a cascade of downstream adverse effects, 
including generation of ROS and DNA damage. Nano-Ag was also very toxic to 
bacterial cells and induced ROS already at 0.1 mg/l, but the quantitative role of 
Ag ions in bacterial toxicity of nano-Ag remains to be elucidated. At the same 
time, the TiO2 NPs and C60-fullerene were not toxic to the bacterial cells. 

The mechanisms of action of nano-CuO were also studied using human 
neuronal cells differentiated from embryonic stem cells in vitro. The results 
revealed that in human cells CuO NPs were remarkably more toxic than in 
bacterial cells and their toxic effects were not explained by dissolution. This 
showed that the results on mechanisms of toxicity of CuO and possibly other 
nanoparticles cannot be translated from prokaryotic cells that are a priori 
protected against the NPs entry by the cell wall to the eukaryotic cells that can 
internalize NPs via endocytosis. Indeed, effective internalization of NPs by 
neuronal cells was shown using fluorescent chromophore-labeled 33 nm nano-
polyethylene particles. Surprisingly, nano-polyethylene showed long-term 
adverse effects in developing human neuronal cells. The chronic exposure (18 
days) of neuronal cells to 22.5 mg/l nano-polyethylene caused down-regulation of 
NOTCH pathway genes Notch1, Hes5, Neurod1 and Ascl1 that are associated 
with the impairments in embryonic neural development. The genes that were 
down-regulated during the chronic exposure to polyethylene nanoparticles had 
several overlapping with the genes which were down-regulated by well-known 
neurotoxicant methylmercury. However, before making the statement on 
developmental neurotoxicity of NPs, in vivo experiments should be carried out 
and the real exposure levels should be estimated. 
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KOKKUVÕTE 

Sünteetilised ehk sihipäraselt toodetud nanoosaked on osakesed, mille vähemalt 
üks mõõde on vahemikus 1-100 nm. Sünteetilisi nanoosakesi toodetakse juba 
praegu tööstuslikes kogustes ning kasutatakse laialdaselt tarbekaupades,  sh 
kosmeetikas, toidulisandites, värvides ja koduelektroonikas. Samal ajal ilmub üha 
rohkem teaduspublikatsioone, mis näitavad, et nanoosakeste uudsed füüsikalis-
keemilised omadused muudavad need elusorganismidele ohtlikeks. On näidatud, 
et nanoosakeste toksilisus elusorganismidele korreleerub eelkõige nende võimega 
tekitada reaktiivseid hapnikuühendeid (reactive oxygen species, ROS, nt 
vesinikperoksiid ja superoksiidradikaal), mis metalliliste nanoosakeste puhul 
võivad olla põhjustatud lahustunud metalliioonidest. Standardmeetodid, mida 
saaks kasutada nanoosakeste toksilisuse mehhanismide, s.h üldtoksilisuse, ROS 
tekitamisvõime ja lahustuvuse uurimiseks, paraku veel puuduvad. 

Antud doktoritöös töötati välja mitu elusrakkudel põhinevat in vitro 
testsüsteemi, mida kasutati nanoosakeste toksilisuse mehhanismide uurimiseks. 
Väljatöötatud testid põhinesid enamasti bakterirakkudel, mis olid geneetiliselt 
modifitseeritud tootma luminestsentsvalgust vastusena (i) superoksiidradi-
kaalidele, (ii) vesinikperoksiidile, (iii) DNA kahjustustele või (iv) nanoosakestelt 
lahustunud Ag/Cu/Zn ioonidele. Töö tulemusena leiti, et CuO ja ZnO nano-
osakestest lahustunud metalliioonid olid nende oksüdatiivse toime peapõhjuseks. 
Kõikidest testitutest olid Ag nanoosakesed bakteritele kõige toksilisemad ja 
tekitasid ROS juba alates 0.1 mg/l, samas jäi lahtiseks Ag-iooni panus 
hõbedaosakeste antibakteriaalsesse toimesse. TiO2 osakestel ja fullereenidel 
antibakteriaalset toimet ei täheldatud. 

CuO nanoosakeste toksilisuse mehhanisme uuriti lisaks bakterirakkudele ka 
inimese koekultuuri rakkudes. Selleks kasutati inimeste arenevaid neuronaalseid 
rakke, mida diferentseeriti in vitro embrüonaalsetest tüvirakkudest. Jälgiti nii 
rakkude elumust kui ka diferentseerumisega seotud markergeenide taset. 
Arenevate neuronaalsete rakkude eksponeerimisel CuO nanoosakestele täheldati 
rakkudes morfoloogilisi muutusi, mis olid sarnased tuntud neurotoksikandi – 
metüülelavhõbeda – mõjule. Erinevalt bakterirakkudest oli CuO nanoosakestel 
inimese koekultuuri rakkudes peale lahustuvuse veel teisigi toksilisuse 
mehhanisme, mis olid ilmselt tingitud eukarüootsete rakkude võimest nanoosakesi 
sisse võtta. Kasutades inertseid fluorestseeruvaid polüetüleennanoosakesi, näidati, 
et nanoosakesed tõepoolest sisenesid arenevatesse neuronaalsetesse rakkudesse. 
18-päevase ekspositsiooni järel nanopolüetüleenile tuvastati neuronaalsetes 
rakkudes ka geeniekspressiooni muutusi, s.h NOTCH-raja geenide Notch1, Hes5, 
Neurod1 ja Ascl1 ekspressiooni vähenemist. NOTCH-rada on oluline, s.h emb-
rüonaalses aju arengus, ning selle inhibeerimine võib aeglustada neuraalsete 
tüvirakkude jagunemist ning soodustada nende enneaegset küpsemist, viies aju 
arengu häireteni. Samas, põhjapanevate järelduste tegemiseks nanoosakeste 
neurotoksilisuse kohta peaks uurima ka nanoosakestele mõjusud in vivo 
testsüsteemidel, kasutades nanoosakeste realistlikke ekpositsioonitasemeid. 
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