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INTRODUCTION 

Production of man-made nanoparticles (NPs) is continuously increasing and they 
are already used in thousands of industrial and household products. The growing 
production increases the possibility of release of the NPs into the environment. Na-
noscience has undergone rapid development, but still relatively little is known on 
the interaction of NPs with living systems. The knowledge of nanoparticles’ behav-
ior in the environment and characterization of their biological effects is needed for 
the environmental risk assessment. 

Biological effects of NPs are usually examined in aqueous environments in the 
presence of various components that support survival and/or growth of the test or-
ganisms or cells. Various standardized in vitro toxicity assays are used with differ-
ent composition of test media depending on the test organism and type of assay. 
Generally, biological environment, e.g. test medium, contains various organic (li-
pids, proteins, sugars etc.) and inorganic (salts, minerals etc.) components. Once 
NPs encounter the biological matter, they start to interact with it. Adsorption of 
biomolecules onto NPs surface is a well-established phenomenon. Thus, the physi-
co-chemical properties of NPs may significantly change in the biological environ-
ment. Coating with biomolecules can change the stability of NP’s suspension, in-
crease of the dissolution rate of metal-based NPs, or modulate the interaction of 
NPs with cells. It is widely accepted that the formed bio-corona is what the cell 
actually “sees” during interaction with NPs. In turn, the structure of the adsorbed 
biomaterial may change leading to loss of biological activity. Moreover, the ion 
release and the formation of reactive oxygen species (ROS) are the main mecha-
nisms of toxic effect of metal-containing NPs. Thus, studying interaction of NPs 
with the surrounding environment, including adsorption of biomolecules, is crucial 
for understanding how exposure to nanoparticles affects the biological responses of 
cells and organisms. 

The main objective of this study was to obtain new scientific knowledge on in-
teraction of NPs with organisms, biomolecules and test environment and how these 
interactions modify the toxic effects of NPs.   

The focus was set on the role of test environment and cell-NP contact on result-
ing biological effects using nano-CuO and nanosilver as model compounds and 
bacteria as model test organisms.  
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ABBREVIATIONS 
 

AAS   atomic absorption spectroscopy 
AFW  artificial freshwater 
ASTM   American Society for Testing and Materials 
ATP  adenosine triphosphate 
BSA  bovine serum albumin 
CAS   unique number given to chemicals by the Chemical Abstracts Ser-

vice 
(Cu-)ISE  (Cu-)Ion Selective Electrode 
DI   deionized water 
Dh  hydrodynamic diameter 
DLS   dynamic light scattering 
DMD  discrete molecular dynamic 
DNA  deoxyribonucleic acid 
EC50   the median effective concentration of the toxicant that induces a 

designated effect in 50% of the test organisms after a specific expo-
sure time 

EDTA   ethylenediaminetetraacetic acid 
FBS  fetal bovine serum 
FTIR  Fourier transform infrared spectroscopy 
HMM   heavy metal MOPS medium 
ICP-MS  inductively coupled plasma mass spectrometry 
ISO   International Organization for Standardization 
kDa  kilodalton 
LB   Luria-Bertani medium 
LOD   limit of determination 
MOPS   3-(N-morpholino)propanesulfonic acid 
NP(s)   nanoparticle(s) 
OD   optical density 
OECD   Organization for Economic Cooperation and Development 
PL  photoluminescence 
PVP  polyvinylpyrrolidone 
ROS   reactive oxygen species 
SEM   scanning electron microscopy 
SPR  surface plasmon resonance 
TEM  transmission electron microscopy 
UV-Vis  ultraviolet–visible 
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1. LITERATURE REVIEW  

1.1. Properties and unfavorable effects of synthetic nanoparticles 

According to the recent review issued by the European Commission [1] nano-
material is defined as "a natural, incidental or manufactured material containing 
particles, in an unbound state or as an aggregate or as an agglomerate and where, 
for 50% or more of the particles in the number size distribution, one or more exter-
nal dimensions is in the size range 1 - 100 nm. In specific cases and where warrant-
ed by concerns for the environment, health, safety or competitiveness the number 
size distribution threshold of 50% may be replaced by a threshold between 1 and 50 
%". In scientific literature nanoparticles (NPs) are usually defined as particles with 
at least one dimension between 1 and 100 nm.  

Annual production of metal-based NPs exceeds 20 000 tons and continues to in-
crease (Fig. 2). Thus the question of NPs risk assessment is highly relevant. 

 

Figure 2. (a) Annual production of  nanoparticles (NPs) and application of (b) Ag and (c) 
CuO NPs. Modified from Bondarenko et al., 2013 [2]. 

The main reason of different properties of NPs compared to their micro-scale 
counterparts is the particle size. With decreasing size, the number of atoms on parti-
cle external surface increases, leading to significant increase in specific surface area 
(surface area of a material per unit mass [3]) and thus, increased reactivity [4, 5].  

High reactivity significantly enhances interaction of NPs with surrounding envi-
ronment (binding of gases, organic molecules including proteins, DNA, cell mem-
branes) [6]. This interaction may lead to changes in the properties of vital biomole-
cules, membrane damage, increased dissolution of NPs and formation of reactive 
oxygen species (ROS). ROS are small active derivatives of molecular oxygen, e.g., 
hydroxyl radical (•OH), hydrogen peroxide (H2O2) and superoxide anion (O2

–). It is 
important to note that ROS are natural by-products of normal oxygen metabolism, 
but in excessive amounts cause cellular oxidative stress [7]. The formation of ROS 
[8] and dissolution (ion release) [9, 10] may be the main explanation of toxic effect 
of metal-containing NPs. In addition, binding of biomolecules, most often proteins, 
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to NPs surface leads to protein corona formation, which it turn plays an important 
role in uptake of NPs by various cells and organisms and other biological effects. In 
the case of metal-containing NPs ROS can be caused by released toxic metal ions 
triggering ROS inducing redox reactions and/or in case of all types of NPs ROS can 
be directly induced on NPs surface by interaction of molecular oxygen with NPs.  

In order to understand toxicity mechanisms of NPs the processes that take place 
on bio-nano interface are very important. For example, for different organisms the 
toxicology may be unpredictably varying: a bacterial, prokaryotic cell has no endo-
cytosis, thus they are a priori protected against NPs entry, whereas most eukaryotic 
cells can internalize NPs relatively easily [11]. In addition to the organism, test 
environment also affects on the test results. Organic and inorganic components of 
test media can lead to aggregation, or increased stability and dissolution of NPs. 
Thus, nanoparticle toxicity studies require careful planning to take into considera-
tion various factors that may interfere with the results [12]. 

1.1.1. Nanosilver  

Silver nanoparticles (AgNPs) have long been known for their antibacterial proper-
ties. Protein-stabilized nanosized Ag particles have been used for medical purposes 
already since the late 19th century [13, 14]. Nowadays, AgNPs are widely used in 
over 300 consumer products [15] as broad-spectrum antimicrobials in cosmetics, 
clothing, detergents, electronics, water purification systems, dietary supplements 
and medical equipment [16, 17]. According to recent evaluation,  annual production 
of silver nanoparticles is tens of tons [18]. There is a significant risk of environmen-
tal pollution mainly via industrial waste and sewage treatment plants [19-21], as 
well as due to silver leaching from the nanosilver-containing consumer products. 

The toxicity of AgNPs is widely studied [2]. Despite numerous publications, the 
antimicrobial mechanism of AgNPs is still under debate. In general, the mechanism 
of AgNPs toxicity is similar to that of silver ions [22] and is supposedly dictated by 
Ag-ion release [23, 24]: released Ag-ions from AgNPs may enter the cell and bind 
to SH-groups of proteins and may generate ROS [25, 26]. However, in some studies 
the silver nanoparticles were reported to be more toxic that predicted from released 
Ag ions [22, 27-31]. The latter can be explained by the contact of Ag nanoparticles 
with the cell membrane that results in membrane damage and consequently, higher 
uptake of Ag ions. In addition, several studies have shown that antimicrobial effect 
of AgNPs is correlated to the particle size: smaller particles induce higher toxic 
effects [9, 32], probably due higher binding affinity to the cell membrane [33] and 
subsequent higher ion release. In addition, the binding of vital molecules (e.g., en-
zymes) to AgNPs may irreversebly reduce the activity of these biomolecules. 

1.1.2. Nano CuO 

Historically, copper has been widely used in metallurgy, agriculture and household 
products such as cookware. Biocidal properties of copper compounds have been 
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used for centuries in antifouling agents. In recent time, as a result of nanotechnolo-
gy development, nanosized copper oxide (CuO NPs) has become widely used in 
various applications, such as electronics (semiconductors, computer chips), heat 
transfer nanofluids due their excellent thermophysical properties [34] and as anti-
microbial agent in textiles, hospital equipment, as wood preservation and antifoul-
ing paint due to its toxic properties [35].  

At low concentrations copper is a micronutrient for microorganisms, plants and 
animals, but above physiological level it can cause adverse effects. The toxicologi-
cal studies have shown the toxicity of CuO NPs to aquatic organisms such as algae 
[36], crusteceans [37], fish [38], bacteria [26] as well as mammalian cells in vitro 
[39, 40]. In addition, the ability of CuO NPs to induce oxidative stress and DNA 
damage has been demonstrated [39]. Moreover, the exposure to CuO NPs may lead 
to accumulation of copper in the animal tissues [41]. For example, upon exposure to 
Cu NPs, accumulation of copper in the isopod Porcellio scaber has been demon-
strated, due to the liberation of Cu ions inside the digestive tract of isopods. 

1.2. Toxicity evaluation of nanoparticles 

1.2.1. Role of test media in modulation of the toxicity of nanoparticles 

Dissolution of metal-containing NPs (release of free ions) may be one of the main 
mechanisms underlying their toxicity [42]. It is widely accepted that bioavailability 
(the fraction of a chemical or NPs that is available for certain organism/cells) and 
subsequently, the toxic effects of metals, depend on their speciation. Thus, metal 
speciation in different environmental matrices (natural waters, soils, sediments) has 
received remarkable attention [42]. In toxicology, for most of the standardized in 
vitro toxicity assays the composition of the test media to be used is defined by the 
Organisation for Economic Co-operation and Development (OECD), the Interna-
tional Organization for Standardization (ISO), the American Society for Testing and 
Materials (ASTM) norms and varies depending on the test organism and type of the 
assay. Moreover, every standard laboratory toxicological assay needs to be per-
formed in specific conditions, e.g., temperature, time etc, which all may influence 
the chemical speciation and consequently, the test results [43]. In order to provide 
the ecologically and physiologically relevant coditions for a given test organ-
ism/cell, test media usually contain organic and inorganic components – ligands, 
that form complexes with the metal ions. The solubility of NPs as well as stability 
of suspensions depends on their interactions with compounds of test environment 
(proteins, amino acids, natural organic matter, humic substances etc.). For instance, 
organic compounds may coat and disperse NPs (Fig. 3). NPs may become remarka-
bly unstable and sediment in mineral media.  In contrast, the components of the 
complex organic rich test media are able to disperse NPs and prevent their sedimen-
tation [2]. 
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Hence, the knoweledge on the potential impact of test media on toxicity outcome 
is necessary to evaluate the test results and compare the data between different toxi-
cological assays, test species (organisms and cells) and various laboratories.  

 
Figure 3. Illustration of NPs stability suspended in various test environments: uncoated Ag 
(50 mg/L), PVP-coated Ag (50 mg/L) and uncoated CuO (50 mg/L) nanoparticles after 0, 2 
and 24 hours of incubation in (1) deionized water; (2) artificial freshwater (AFW) for the 
tests with Daphnia sp. (OECD 202); (3) AFW for Thamnocephalus sp.; (4) algal growth 
medium (OECD 201); (5) protozoan mineral test medium (Osterhout’s); (6) yeast extract 
peptone dextrose medium; (7) bacterial M9 medium supplemented with 0.1 % glucose and 
0.5 % amino acids; (8) bacterial LB medium containing tryptone and yeast extract. Detailed 
composition of test media presented in Table 1. Modified from Bondarenko et al., 2013 [2]. 

1.2.2. Dissolution analysis of metal nanoparticles  

Solubilisation is a critical step in order to understand and predict harmful effects of 
metal-based NPs. One of the most widely applied techniques to determine free ionic 
forms of dissolved metal is the ion-selective electrode (ISE) [44, 45]. Although, 
remarkably high sensitivities of some electrodes have been reported (up to 10−11 M 
[8]), the ISE have also some limitations: the non-target ions (Cl, Br, Fe, sulfides, 
organics etc.) may interfere with the results and measurement accuracy is sensitive 
to ionic strength of the solution [46, 47]. Analogously, dissolution of metal-based 
NPs can be analysed by dialysis [48], ultracentrifugation [40], or ultrafiltration [49] 
and subsequent total metal analysis of supernatant or filtrates by atomic absorption 
spectroscopy (AAS) or inductively coupled plasma mass spectrometry (ICP-MS). 
These approaches are usually suitable, but the separation of small (< 10 nm) NPs 
can be challenging and the filter material may also adsorb certain amount of metals 
[50]. 

One has to stress, however, that the bioavailable fraction of metal is more in-
formative that the total dissolved metal fraction for the interpretation of the results 
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of bioassays. Bioavailable fraction of a chemical is the fraction available to a cer-
tain organism. For example, metal in test solution may exist in the form of soluble 
metal complexes [51], which may be not bioavailable to the cells and thus will not 
induce toxic effect. Therefore, although the concentration of total dissolved metal 
may be high, the actual bioavailable concentration of metal that causes biological 
effects may be remarkably lower. There are several biological tools that can be used 
for the analysis of bioavailable metals. For example microbial biosensors [52, 53] 
allow specific detection of bioavailable metals through a highly sensitive biorecog-
nition process followed by induction of a measurable signal, e.g., bioluminescence 
[54]. These metal-specific recombinant bacteria have been applied for the analysis 
of bioavailable metals in soils, sediments [55, 56], as well as in metal-containing 
NPs [37, 57]. The above described biosensors contain a promoter that selectively 
senses metal ions and activates a reporter gene, which initiates the synthesis of lu-
ciferase and production of light (bioluminescence). Produced light is proportional to 
the intracellular concentration of the tested metal ion. 
 

1.2.3. Toxicological profiling of nanoparticles using bacterial biosensors  
 
As discussed above (section 1.1), reactive oxygen species (ROS) can form on the 
surface of NPs. ROS may result in significant damage to cell structures [58]. Usual-
ly fluorescent dyes are used to detect ROS in biological samples [59-61]. Fluores-
cent dyes increase their fluorescence after intracellular oxidation. In case of metal-
based NPs, relased ions can quench the fluorescence of the dyes [59], making cer-
tain methods not suitable for the detection of ROS induced by metal-based NPs. 
Another method for the detection of ROS is using stress-induced whole-cell biosen-
sors. Similarly to metal-specific biosensors, these genetically modified (recombi-
nant) bacteria react to the presence of ROS by producing bioluminescence [62-64].  

In addition to ROS inducible strain, a single-stranded DNA damage-inducible 
strain was used in the current study to investigate DNA damaging potential of NPs. 

1.3. Interaction between nanoparticles and biomolecules 

1.3.1. Protein corona 

Protein corona is the protein adsorption layer that forms on the surface of NPs and 
plays an important role in their interaction with living matter. It is a dynamic phe-
nomenon that can change over time, where initially adsorbed abundant proteins are 
replaced by proteins with higher affinity for the nanostructure (Vroman’s effect) 
[65]. During interaction with NPs, in addition to the potential to change colloidal 
stability of NPs and increase dissolution of metal-based NPs, proteins undergo 
structural rearrangement, leading to changes in secondary structure up to protein 
unfolding and, as a consequence, changes in biological response [66]. Protein coro-
na’s structure and composition depends on both, the physicochemical properties of 
the NPs, such as composition, size, shape, surface charge, functionalization and the 
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nature of the protein and the environment. Also, time is an important factor in the 
concent of formation of the protein corona. 

Knowledge on the protein adsorption on nanomaterial surfaces is highly needed 
in many research fields such as drug delivery [67-70], tissue regeneration [71-73], 
biosensing [74-77], nanotoxicology [4] and others.  

1.3.2. Nanoparticle-enzyme interaction and effect on enzymatic activity 

Enzymes regulate life processes in all living cells [78] and changes in enzymatic 
activity may adversely affect physiological processes. Certain chemicals, e.g. heavy 
metals and nanoparticles, can effectively bind biomolecules, including enzymes 
[79, 80]. This binding may cause inhibition effect on enzymatic activity due to con-
formational changes of enzyme’s secondary as well as tertiary structure [66]. Metal 
ions can be bound to enzyme’s active cite, blocking enterance of the substrate into 
active pocket and reduce enzymatic activity. The reduction in enzymatic activity 
may be also due to the binding to NPs. Also, the geometry of the active site of the 
enzyme can be changed. In addition, allosterical effects may take place upon chem-
ical-enzyme interaction. For example, heavy metals have high affinity for the 
sulfhydryl (–SH) groups in the cysteine residues of the protein structure [79].  
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AIMS OF THE STUDY 

Although engineered nanoparticles (NPs) are already used in a large variety of con-
sumer products and the production of some types of nanomaterials is already on the 
industrial scale, the knowledge on potential harmful effects and mechanisms of 
toxic action of NPs is still scarce.  

The main objective of this study was to obtain new scientific knowledge on in-
teraction of NPs with organisms, biomolecules and test environment and how these 
interactions modify the toxic effects of NPs.  The focus was set on nano-CuO and 
nanosilver due to their high toxicity and biocidal use. The main aim was to clarify 
the role of the test environment and cell-NP contact (using bacteria, – the primary 
target organisms of various biocidal compounds) in the toxicity on NPs. In addition, 
the effect of enzyme-silver NPs interaction on enzymatic activity was investigated. 

 
This was approached through the following specific aims: 
 

1. to select and refine the suite of the laboratory methods for physico-chemical 
characterization of nanoparticles relevant for ecotoxicological analysis: hy-
drodynamic size, ζ-potential and solubilisation. 

 
2. to reveal the effect of complexing potential of test media in ecotoxicologi-

cal studies of copper and CuO particles.  
 

3. to evaluate the role of CuO solubilisation in toxicological effects of CuO 
NPs combining chemical methods and a suite of bioluminescent Escherich-
ia coli-based sensor bacteria. 

 
4. to elucidate the importance of contact between bacteria and NPs on solubili-

ty-driven toxic effects of nanosilver. 
 

5. to determine the mechanisms of interaction between enzymes and nanosil-
ver using firefly luciferase as a model. 
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2. MATERIALS AND METHODS 

2.1. Complexing potential of ecotoxicological and microbiological test 
media  

The test media used for toxicity assays are standardized, depend on the test organ-
ism and may influence the test results [43]. Therefore the study of test media effect 
on results is necessary to correctly understand toxicological studies.  

In order to investigate the complexing potential of test media a series of standard 
ecotoxicological and microbiological media were analysed (Table 1). The media 
selection for the analysis was based on ecotoxicological and microbiological asays 
(Publication I): 2% NaCl (used for Microtox toxicity test with bioluminescent bac-
teria Vibrio fischeri), algal medium (used for the toxicity testing with algae Pseudo-
kirchneriella subcapitata according to OECD 201), two artificial freshwaters (used 
for tests with crustaceans Daphnia magna according to OECD 202 and with Tham-
nocephalus platyurus). Malt extract (ME) and YPD (Yeast Peptone Dextrose medi-
um) are used for the cultivation of yeasts. Luria-Bertani (LB) medium is an unde-
fined rich medium that supports the growth of variety of bacteria. The M9 medium 
has been used in studies for toxicity evaluation of metals and organic chemicals to 
Escherichia coli [81] and for the analysis of bioavailable metals using metal-
inducible bioluminescent bacterial sensors [54, 82]. HMM medium has been specif-
ically suggested for the analysis of heavy metals due to its minimal metal-
complexing capability [83]. M9 and HMM media were supplemented by 0.5 % 
Cas-amino acids (AA). Also 0.9% NaCl and its Cas-amino acid (AA) supplemented 
versions were tested as 0.1% AA amended 0.9% NaCl has been applied earlier to 
study the bioavailability and toxicity of metal-containing NPs [26, 37, 84]. 
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2.2. Nanoparticles 

2.2.1. Preparation of stock suspensions of nanoparticles and metal ions  

Metal ions and micro-sized particles were used in parallel to metallic NPs to study 
the effects of dissolution and size, respectively (Publication II).  Stock solutions of 
soluble metal salts (CuSO4·7H2O, AgNO3) and nanoparticles of CuO, uncoated 
AgNPs, protein coated colloidal Ag (collargol, Col-AgNPs), polyvinylpyrrolidone-
coated Ag (PVP-AgNPs) and micro-particles of CuO were prepared in deionized 
(DI) water. Particle solutions were homogenized using ultrasonic probe (Branson 
450). For the tests, stock solutions were diluted in DI water (Publication I, II and 
IV) or in the respective test media (Publications I and III). All chemicals and parti-
cles were purchased, except PVP-AgNPs, that were synthesized in the laboratory of 
Prof. Heikki Tenhu (University of Helsinki, Finland) as described in [85] (Table 2). 

Table 2. Soluble metal salts and particles. 

Nanoparticles Purchased from Coating 
nano-CuO Sigma-Aldrich uncoated 
micro-CuO Alfa Aesar uncoated 
citrate-AgNPs NanoComposix citrate 

PVP-AgNPs synthesized as described in [85] polyvinyl-pyrrolidone (71%) 
Col-AgNPs Laboratorios Argenos S. L. casein (30%) 
AgNPs  Sigma-Aldrich uncoated 
Salts Purchased from  
CuSO4•7H2O Alfa Aesar  
AgNO3 J.T.Backer; Sigma-Aldrich  

2.2.2. Physico-chemical characterization of nanoparticles 

Transmission (TEM; SUMY-SELMI, EM-125 (Publication III), Hitachi H7600 
(Publication IV)) and scanning (SEM; JSM-8404 (Publication II)) electron micros-
copy imaging were used to determine average primary size of particles (Publica-
tions II, III and IV) and to visualise NP-protein interaction and protein corona for-
mation (Publications IV). As  reported previously, compared to bulk analogues, 
NPs display larger specific surface area that leads to increased reactivity and thus, 
also enhanced bactericidal properties [4]. Specific surface area measurements (SSA, 
Sorptometer Kelvin 1042) of the powders of micro (primary size > 1 µm) and nano 
sized particles were performed in Tallinn University of Technology (Estonia).  

The hydrodynamic diameters (Dh) of nanoparticles in suspensions (DI water and 
in test media) were measured using dynamic light scattering (DLS; Malvern 
Zetasizer Nano-ZS (Malvern Instruments)) (Publications II, III and IV). UV-Vis 
absorption spectra of NPs in DI water, buffer solution or medium were obtained 
using a spectrophotometer (Thermo Multiscan Spectrum (Thermo Electron) (Publi-
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cation II), Thermo Multiskan Spectrum (Thermo Electron Corporation) (Publication 
III) and Cary 300 Bio (Varian) (Publication IV)). ζ-potential measurements were 
applied to characterise nanoparticles in solution (using Malvern Zetasizer Nano-ZS 
(Malvern Instruments)) (Publications II, III and IV) (Fig. 4). 

 
Figure 4. Schematic representation of nanoparticle stock suspension preparation and charac-
terisation. 

2.3. Determination of free metal ion concentration and dissolution of 
nanoparticles  

2.3.1. Ion-Selective Electrode 

Copper ion selective electrode (Cu-ISE; Orion Research) was applied to study the 
free ionic form of copper in different environmental conditions (Publication I). 
CuSO4 and CuO NPs dilutions were performed in appropriate medium and incubat-
ed for 2 h at 30 °C prior to measurement. Free Cu was calculated using following 
equation: 

Free Cu (%)=
 waterDIin  ISECu 

mediain test  ISECu 

LOD

LOD

 
100     (1) 

The limit of detection (LOD) of the Cu-ISE in each test media was calculated as 
recommended for ion-selective electrodes by International Union of Pure and Ap-
plied Chemistry (IUPAC) [86]. Briefly, log(10) of the added Cu was plotted against 
the electrode potential and the crossing point between the linear increase of the 
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electrode potential and the line representing the electrode background potential was 
designated as the limit of detection (Cu-ISELOD) (Figure S1 of Publication I). In 
addition to test media complexing potential investigation, the Cu-ISE was used to 
determine dissolution rate of the CuO nanoparticles.  

2.3.2. Atomic absorption spectroscopy and inductively coupled plasma mass 

spectrometry 

Soluble fraction of metals was determined using atomic absorption spectroscopy 
(AAS) (Publication II and III) and inductively coupled plasma mass spectrome-
try (ICP-MS) (Publication IV). The samples were centrifuged to remove unsoluble 
fraction and particle-free supernatant was analysed. 

2.4. Bacterial biosensors 

Three types of bioluminescent bacterial sensors were used:  (i) metal-inducible bac-
teria were used to quantify bioavailable metal (Fig. 5); (ii) stress-inducible biosen-
sors were used to detect specific stress response of bacteria to toxic metals; (iii) 
recombinant constitutively luminescent control strains (Table 3). All the biosensor 
strains used in this study were new and were constructed in the Laboratory of Envi-
ronmental Toxicology, National Institute of Chemical Physics and Biophysics, Es-
tonia. ROS-inducible and single-stranded DNA (ssDNA) damage-inducible strains 
were constructed by Dr. Olesja Bondarenko (Publication II) and the rest of the sen-
sors by Dr. Angela Ivask [54].  

Before testing all bioluminescent test bacteria were pre-grown overnight in Lu-
ria-Bertani (LB) medium [87] (Publications I-III). The overnight culture was diluted 
1:50 with fresh LB medium and grown until OD600 of ~0.6. Cell pellet was washed 
twice in respective medium. For that bacteria were centrifuged at 5000 x g for 10 
min and resuspended in fresh medium. Prior to the test the bacteria were diluted to 
OD600 = 0.1 (~106 bacterial cells/ml). 100 μL of chemical was pipetted onto white 
polypropylene 96-well microplate, 100 μL of bacterial suspension was added to 
each well and plates were incubated at 30 °C. Bioluminescence was measured using 
microplate luminometer (Orion II, Berthold Detection Systems GmbH). 
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Figure 5. Schematic representation of the induction of metal-specific bioluminescent bacte-
ria: (A) sensor bacteria with metal contaminated sample; (B) heavy metal entering the bacte-
rial cell; (c) metal-specific element sensing intracellular metal ions and activating reporter 
element which initiates bioluminescence (light production). 
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For the determination of the soluble fraction of CuO NPs (Publication I and II) 
and AgNPs (Publication III) we used two biosensor strains: E. coli 
MC1061(pSLcueR/pDNPcopAlux) and P. fluorescens OS8::KncueRPcopAlux. 
ROS-generation potential of chemicals and NPs was analysed by E. coli 
K12::katGlux and E. coli MC1061 (pDEWrecAlux) was used as ssDNA damage-
inducible strain. 

The biosensors were first calibrated with respective soluble heavy metal salts, 
assuming 100% bioavailability of the metal ion, and then nano- or micro-sized par-
ticles were analyzed. The concentration of dissolved ions was quantified by com-
paring the sub-toxic linear part of concentration-response curves of biosensors to 
particles and to the respective metal ions. A schematic representation of biosensor 
response to soluble metal salt and nominal concentrations of nano- and micro-sized 
particles is presented on Fig. 5. Fold induction of bacterial sensor bioluminescence 
was calculated as follows: 

Fold induction of bioluminescence = CF
SLs

CLs
 ,     (2) 

where SLs was the luminescence of the biosensor strain after exposure to chemicals 
or particles, CLs - the luminescence of the same strain in control solution and CF 
was the correction factor. CF was calculated using: 

CF=
SLc

CLc
,          (3) 

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.  
 

 

Figure 6. (A) a schematic representation of bacterial biosensor response to soluble heavy 
metal salt (metal ions) (♦), nano-sized (□) and micro-sized (∆) metal-containing particles; 
(B) log-log regressions of the sub-toxic linear part of the nominal concentration response 
curves.  
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Increase of bioluminescence upon incubation of biosensor with nano and micro-
sized particles confirmes the presence of ion release and bacterial internalization of 
soluble ions from particles (Fig. 6A). The dissolution of particles was quantified by 
linear regression from concentration-response curves, i.e. by comparing the re-
sponse of biosensor to appropriate metal soluble salt and to particles (Fig. 6B). Us-
ing this approach, dissolution of CuO and Ag NPs was calculated in publications II 
and III, respectively. 

2.5. Interaction of silver nanoparticles with firefly luciferase. Effect on 
enzymatic activity 

The effect of nanoparticles on enzymatic activity was investigated using a firefly 
Photinus pyralis luciferase as a model enzyme. This enzyme has a wide use as a 
reporter in a variety of in vitro bioassays. Luciferase is a 62 kDa enzyme compris-
ing of 550 amino acid residues and catalyzes the production of light by converting 
chemical energy into photoenergy. Specifically, this process involves the oxidation 
of luciferin - the heterocyclic substrate of the enzyme, in the presence of Mg-ATP 
and molecular oxygen into oxyluciferin (Fig. 7) [88].  

 

Figure 7. Mechanism of firefly luciferase catalyzed bioluminescence [89]. 
 

The reaction releases a photon of light (hv) when electronically excited state ox-
yluciferin returns to the ground state. The produced light intensity is proportional to 
the amount of functional enzyme. Thus luciferase is a suitable model for the inves-
tigation of enzymatic activity by direct measurement of bioluminescence. In the 
current study the effect of silver nanoparticles (Biopure, 20 nm, citrate coated) on 
luciferase (QuantiLum Recombinant Firefly Luciferase, Promega) activity was in-
vestigated (Publication IV). 

Surface plasmon resonance (SPR) of pure AgNPs and AgNPs pre-incubated 
with enzyme was measured using UV-Vis spectroscopy. TEM imaging allowed 
visualization of adsorbed layer of protein on NP surface. The study was performed 
also with soluble silver salt to investigate the impact of Ag-ions. Circular dichroism 
spectroscopy was used to determine changes in protein secondary structure due to 
binding on nanoparticles. Since modification of NPs surface can have an effect on 
ion release, dissolution of NPs over time was studied: luciferase and AgNPs were 
incubated at room temperature for 0, 2, 4, 8, 24, 48 and 72 h, centrifuged and parti-
cle-free supernatants were analysed. 

The Luciferase Assay System (Promega) was used to determine the effect of 
AgNPs on luciferase activity. Luciferase was pre-incubated with different concen-
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trations of AgNPs or AgNO3 for 2 h at room temperature prior to the measurement. 
A pre-incubated Ag–luciferase mixture of 20 µl was added to 100 µl of the Lucifer-
ase Assay System and the signal was recorded with a luminometer (Turner BioSys-
tem 20/20n). The luciferase activity assay was also performed in the presence of 
Na+ or Au3+ to determine the specificity of the observed inhibition by Ag-ions. The 
rapid kinetic measurements of the luciferase in the time scale of seconds were per-
formed on microplate luminometer. 
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3. RESULTS AND DISCUSSION 

3.1. Characterisation of nanoparticles 

In this study we analysed CuO and Ag NPs which are curently widely used in con-
sumer products and in various industrial applications. Altogether four types of 
AgNPs were studied: uncoated and coated with protein and PVP were used for anti-
bacterial activity study (Publication III) and citrate-coated AgNPs were used for the 
enzyme activity study (Publication IV). In parallel to nanosized CuO particles, the 
chemically identical microsized analogue was analysed to investigate effect of size 
on antimicrobial properties of CuO (Publication II).  Respective soluble salts were 
used in parallel as (ionic)controls (Table 2). 

The electron microscopic imaging was used to investigate surface morphology 
and primary size of nanoparticles (Fig. 8).  

 

Figure 8. Scanning electron microscopy (SEM) images of (A) nano-sized CuO particles, 
(B) micro-sized CuO particles, transmission electron microscopy (TEM) images of (C) 
citrate-coated AgNPs, (D) uncoated AgNPs, (E) protein-coated AgNPs and (F) PVP-coated 
AgNPs. Modified from Publication III and IV. 
 

Based on electron microscopic images, the primary size of nanoparticles (Table 
4) was less than 100 nm, coinciding with the information provided by the manufac-
turers. Hydrodynamic sizes (Dh) of CuO and Ag NPs, measured by dynamic light 
scattering (DLS), were larger that the primary size observed by microscopic imag-
ing. The difference in the primary and hydrodynamic sizes is a well-known phe-
nomenon and can be explained by different measurement principles of these two 
techniques. A dry powder of nanoparticles is used for primary size measurement, 
wheareas hydrodynamic size (DLS) measurements are performed in aqueous solu-
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tion by measuring the Brownian motion of NPs [90]. Since NPs tend to agglomerate 
in aqueous environment, frequently Dh measures size of the clusters, aggre-
gates/agglomerates of nanoparticles. Particles tend to agglomerate even more in 
solution containing inorganic salts and organic components [2] (see also Fig. 2).  

Table 4. Primary and hydrodynamic sizes of studied nanoparticles. 

Nanoparticles 
Primary 
size, nm 

Hydrodynamic size (Dh) 
in deionised   

water (DI), nm *** Dh in test medium, nm *** 
nano-CuO 30 * 190 385 (HMM + 0.1% AA) 
micro-CuO  >1000 n.a. n.a. 
citrate-AgNPs  20 ** 26 26 (TRIS-acetate) 

PVP-AgNPs 8-11 ** 122 139 (NaCl-free LB) 
Col-AgNPs  5-30 ** 44 53  (NaCl-free LB) 
AgNPs  30-100 ** 89 269 (NaCl-free LB) 

AA- amino acids; n.a. - not analysed; * - measured by scanning electron microscopy; ** - 
measured by transmission electron microscopy; *** - Dh measured by dynamic light scat-
tering. 
 

Table 4 presents the hydrodynamic size (Dh) of nanoparticles in deionised (DI) 
water and different test media. Most of the nanoparticles had bigger Dh in test me-
dia, than in DI water. For example, average primary size of nano-CuO was 30 nm, 
in DI water size (Dh) increased to 190 nm and in test media was 385 nm.  

3.2. Binding potential of ecotoxicological and microbiological test media  

As discussed previously, the physico-chemical properties of NPs can be modified 
upon interaction with components of the test medium. To study that, a comparative 
study of CuSO4 and nano-CuO was performed using an ion-selective electrode and 
a bacterial biosensor (Publication I). 

3.2.1. Response of Cu-Ion Selective Electrode on CuSO4 and nano-CuO in 

different test media 

As mentioned above (see section 1.2.1), the composition of test medium can change 
the speciation of metal ions, lead to binding of free ions, or influence nanoparticle 
dissolution. All that has an effect on bioavailable fraction of metals, i.e., on toxicity. 
The effect of test medium composition should be studied and may be considered as 
one of the important factors in interpreting the results of toxicity tests. 

Seventeen standard ecotoxicological and microbiological test media were ana-
lysed for the speciation and biovalability of copper and copper nanoparticles (Table 
1). The copper ion-selective electrode (Cu-ISE) was used to identify free metal ions 
and Psedudomonas fluorescens OS8::KnCueRPcopAlux bacterial biosensor was 
used to measure bioavailable copper. Speciation analysis of CuSO4 in 17 selected 
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test media showed that most of the test media contained ligands complexing the Cu 
ions and thus, reduced the amount of free Cu. The amount of free Cu was highest in 
mineral media. Despite the absence of organics that are strong binding agents of 
metals, mineral media may contain chelating agents, as EDTA, that is a well-known 
trace metal chelator [91], or phosphates, which have been demonstrated to form 
strong metal-phosphate complexes, that often precipitate [92]. The amount of free 
Cu was remarkably lower in organics-rich media. In addition, response of Cu-ISE 
to CuSO4 in organics-containing media was generally in correlation with organics 
content of the media. This was clearly evident in the case of 0.9% NaCl supple-
mented with amino acids (AA), where the gradual addition of AA was accompanied 
by a respective increase of the electrode limit of detection (ISELOD). 

 

Figure 9. Correlation between Cu-ISELOD in CuSO4 and in nano-CuO suspensions prepared 
in different ecotoxicological and microbiological media. The names of test media corres-
pond to Table 1; (b) is enlarged view of (a). Symbols in brown color indicate media where 
the concentration of free ions in nano-CuO suspensions was lower than could be predicted 
from what was observed in case of CuSO4. Taken from Fig. 4 of Publication I. 
 

In the case of CuO nanoparticles, the Cu-ISE limits of detection in test media 
were almost identical. This indicates that at these low concentrations all Cu from 
CuO NPs was likely dissolved and present in the form of free ions. In general, there 
was a good correlation between the free Cu ions in CuSO4 and in CuO NPs-spiked 
test media, but there were several exceptions (Fig. 9). Notably, in some media more 
free Cu was detected in CuO NPs suspensions than could be predicted from the 
results of CuSO4. Therefore, based on experiments it can be suggested that differ-
ently from CuSO4, in case of CuO NPs additional processes take place. These pro-
cesses likely include agglomeration of nanoparticles, release of Cu ions from the 
CuO, and interaction of the released Cu ions with the media components.  

Analogous results were observed in literature: in organics-containing ‘rich’ me-
dia the dissolution of CuO was indeed high if compared to that in water or in saline 
[61]. One reason for the enhanced dissolution may be the decrease in effective hy-
drodynamic size of the nanomaterials as a result of coating and stabilisation of the 
particle supension with organic molecules. Indeed, in accordance with this hypothe-
sis, our study confirmed decrease of hydrodynamic size of CuO NPs in suspension 
when Cas-amino acids were added to 0.9% NaCl. 
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3.1.2. Response of bacterial Cu-Biosensor on CuSO4 and nano-CuO in dif-

ferent test media 
 
In parallel to measurements made by Cu-ISE the Cu-sensor bacteria were used to 
quantify bioavailable fraction of copper to these bacteria. According to Rensing et 
al., 2003 [93] and Brandt et al., 2008 [94] the response of microbial biosensor cells 
may be due to soluble ionic forms of metals as well Cu - dissolved organic matter 
complexes (DOM) bioavailable to Cu-sensor bacteria. The LOD values of the bac-
terial biosensor and Cu-ISE in CuSO4 spiked media were significantly correlated 
(Fig. 10). Analogously to the Cu-ISE, sensor bacteria results showed decrease of 
bioavailable Cu with increasing amount of organics in the media. Interestingly, for 
both, CuSO4 and CuO NPs, the LOD of the Cu-biosensor was remarkably lower 
than that of Cu-ISE.  

 

Figure 10. Correlation between limits of determination (LOD) of Cu-ISE (indicative of free 
Cu) and Cu-biosensor (indicative of bioavailable Cu) for CuSO4 in different ectotoxicolo-
gical and microbiological media. Data are plotted from Tables 2 and 3 in Publication I. (a) 
Cu-ISELOD and Cu-biosensorLOD for CuSO4; (b) Cu-ISELOD and Cu-biosensorLOD for nano-
CuO. Modified from Fig. 2 of Publication I. 
 

The lower LOD suggests that bacterial cells were also able to access additional 
fractions of Cu in addition to the free ions detected by Cu-ISE. Thus, in case of 
particle-containing samples (including CuO NPs), more Cu may be bioavailable to 
living (e.g., microbial) cells than could be predicted based on only dissolved frac-
tion of Cu. 

Biosensor used in this study showed higher sensitivity for heavy metals than ion-
selective electrode, and may be more relevant and informative method in environ-
mental hazard analysis.  

In addition, we screened the literature to collect the EC50 values (the concentra-
tion of test substance that causes studied adverse effect to 50% of the test organ-
isms) for copper (determined using standard ecotoxicological test organisms, such 
as protozoa, crustaceans, algae, bacteria, yeasts) and normalized them for calculated 
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free Cu in the test media. After normalization, the difference in EC50 values de-
creased from 4 orders of magnitude to 1.8. Toxicity tests, from which the EC50 val-
ues were obtained, were performed in the same media that were used for Cu specia-
tion and bioavailability analysis. Thus, the free ion concentration may be considered 
as relatively suitable parameter for copper toxicity prediction.  

3.3. Investigation of antimicrobial properties and toxicity mechanisms of 
nanoparticles 

Despite of increasing number of nanotoxicological studies, the toxicological mech-
anisms of NPs are not yet fully understood [54]. We investigated the toxic effect of 
CuO NPs and AgNPs using bacteria as test organisms. For the study of CuO toxici-
ty mechanisms (Publication II) ROS (E. coli K12::katGlux) and DNA damage (E. 
coli MC1061(pDEWrecAlux)) biosensors were constructed, which were sensing 
reactive oxygen species or DNA damage, respectively. The construction of biosen-
sors is described in Publication II and was performed by Dr. Olesja Bondarenko. E. 
coli MC1061 (pSLcueR/pDNPcopAlux) bacteria were used as metal ion-specific 
biosensors. 

Upon incubation of sensor bacteria with copper compounds a time-dependent re-
sponse was observed. E. coli Cu-ion biosensor was induced already after 0.5 h of 
exposure to all three Cu compounds (CuSO4, nano- and micro-CuO particles), in-
duction of hydrogen peroxide inducible (ROS) biosensor started only after 5 h and 
the induction of DNA damage biosensor after 8 h of exposure (Fig. 11).  
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Figure 11. Time-course response of Escherichia coli based bioluminescent sensors to dif-
ferent Cu formulations. (A-C) Induction of ion-specific biosensor E. coli 
MC1061(pSLcueR/pDNPcopAlux); (D-F) ROS biosensor E. coli K12::katGlux and (G-I) 
DNA damage biosensor E. coli MC1061(pDEWrecAlux) by CuSO4 (•), nano-CuO (○) and 
micro-CuO (▲) for 2 (left panels), 5 (middle panels), and 8 (right panels) hours. Concentra-
tions are presented on Cu basis (mg Cu/L). Mean of 3 individual experiments ± standard 
error of the mean is shown. Taken from Fig. 2 of Publication II. Reprinted with the permis-
sion of Elsevier. 

 
Since copper ion biosensor is responding to soluble metal fraction [54] and the 

response patterns of ROS and DNA damage biosensors were very similar to Cu ion 
biosensor, we assumed, that Cu ions, solubilized from CuO particles, triggered the 
ROS and DNA damage responses. The particle dissolution study showed around 
10% solubility of nano-sized CuO and 0.1% of micro-sized CuO. Investigation of 
metal ion concentration which corresponds to sensors maximum induction at ap-
propriate concentration of particles showed presence of equal amounts of soluble 
Cu and confimed that ROS and DNA damage detected by the biosensors were in-
deed triggered by dissolved Cu. It is worth noting that at least part of dissolved Cu 
was not bioavailable to sensor bacteria. The fraction of dissolved Cu determined by 
AAS was significantly higher than the fraction of free Cu ions that entered the bac-
terial cells and caused the observed effects.  
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In addition, we investigated the effect of metal chelating agent (ethylenedia-
minetetraacetic acid, EDTA) to the biosensors’ response to different Cu formula-
tions. The addition of EDTA abolished the response of biosensors to copper. This 
additionally confirmed that the observed ROS and DNA damage in bacterial cells 
were indeed caused by dissolved Cu ions and not by particles themselves.  

According to the literature the accumulation of intracellular ROS after prolonged 
exposure to low sub-toxic concentrations of Cu formulations may be explained by 
Cu ion compartmentalization in the bacterial cell and Cu chemistry [8]. The ROS 
can be produced during  Cu(I) oxidation to Cu(II) in the following Cu recycling 
redox system [95]: 

 
Cu(I) – e- + O2 ↔ Cu(II) + O2

- 
2O2

- + 2H2O → H2O2 + O2 + 2OH- 
Cu(I) + H2O2 → Cu(II) + OH- + OH- 
OH- + DNA → DNA damage 
 

The reason of response delay between ion-specific, ROS and DNA damage bio-
sensors may be due to solubilisation of copper derivatives. Metal ions are directly 
detectable by ion-specific biosensors, whereas ROS and DNA damage biosensors 
are responding to ion initiated processes in the bacterial cell. There may be a cas-
cade of events, which explain the time dependence phenomenon: the internalised 
Cu ions are mainly stored in the periplasm (a space bordered by the inner mem-
brane and the outer membrane in Gram-negative bacteria [96]), where they first 
induce the production of superoxide anions [8]. Superoxide anions diffuse into the 
cytosol, where they activate superoxide dismutase (catalyzes the dismutation of 
superoxide (O2−) into oxygen and hydrogen peroxide) gene – inducing the ROS 
biosensor. Intracellular and other superoxide dismutases convert superoxide into 
H2O2 that triggers the activation of catalase (catalyzes the decomposition of hydro-
gen peroxide). Finally, cytosolic H2O2 induces Fe-dependent production of hydrox-
yl radicals via the Fenton reaction [97], which leads to unspecific oxidation of vari-
ous biomolecules including DNA, which activates ssDNA inducible gene – finally 
inducing DNA damage biosensor.  

Notably, we observed similar results in antibacterial study of silver nanoparticles 
with different surface modification (Publication III). The effects of non-coated 
(AgNPs), protein (casein) coated (collargol; Col-AgNPs) and PVP-coated Ag 
(PVP-AgNPs) nanoparticles to six bacterial strains (Gram-negative Escherichia 
coli, Pseudomonas fluorescens, P. putida, P. aeruginosa and Gram-positive Bacil-
lus subtilis and Staphylococcus aureus) were demonstrated (Fig. 12). We observed, 
that the toxicity of AgNO3 to these bacteria varied only slightly (the 4-h EC50 varied 
only 4-fold (Table 5)). But the toxicity of AgNPs to various bacterial strains dif-
fered remarkably (up to 130-fold), followed the order PVP-AgNPs > Col-AgNPs > 
AgNPs (Fig. 12), showing a clear positive correlation with their dissolution rates, 
but not their size. 
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Figure 12. Growth inhibition of bacterial strains by silver nanoparticles. Growth inhibition 
of (A) Escherichia coli, (B)  Bacillus subtilis, (C) Staphylococcus aureus, (D) Pseudomonas 
fluorescens, (E) Pseudomonas putida and (F) Pseudomonas aeruginosa by (▲) uncoated 
Ag nanoparticles (AgNPs), (x) PVP-coated AgNPs (PVP-AgNPs), (■) protein-coated Ag-
NPs (Col-AgNPs), and (♦) AgNO3 after 4-h incubation in half-strength NaCl-free LB me-
dium at 30°C. The representative figures from three biological replicates are shown. Modi-
fied from Fig. 5S of Publication III supplementary information. 
 
Table 5. 4-h EC50 values (half effective concentration) for different silver formulations to 
bacteria (AgNO3, PVP-coated (PVP-AgNPs) and protein-coated (Col-AgNPs). EC50 values 
are calculated from dose-response curves presented in Fig. 12. 

4-h EC50, mg Ag/l 
Bacterial strain AgNO3 Col-AgNPs PVP-AgNPs 
Escherichia coli 0.8 18.7 8.9 
Bacillus subtilis 0.5 15.6 5.2 
Staphylococcus aureus 1.2 46.1 16.1 
Pseudomonas fluorescens 0.4 11.2 2.6 
P. putida 0.3 6.2 2.2 
P. aeruginosa 0.35 0.35 0.59 

 
The toxicity of AgNPs was not caused only by Ag ions present in the solution, 

but each bacterial strain had different influence on NPs dissolution via bacterial 
exudates (organic acids, peptides, biosurfactants) and the cellular uptake of Ag ions 
via cell-NP interaction was different in different bacterial strains. It is generally 
acknowledged that Ag+ ions interact with -SH groups of bacteria membrane-bound 
enzymes and other proteins, uncoupling the respiratory chain [98, 99] and disrupt-
ing bacterial cell membranes [100]. 

The biotic and abiotic (in the presence and absence of microorganisms, respec-
tively) AgNPs dissolution study (AAS and Ag-ISE) (Fig. 13) revealed that all 
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AgNPs derivatives were not dissolved more in the presence of bacteria than in abi-
otic conditions. But in the case of cell-NPs interaction the extracellular Ag+ concen-
tration detectable by biosensor was about 3 times higher than was internalized when 
the biosensor was exposed to ultracentrifuged supernatants of AgNPs. 

 
Figure 13. Schematic representation of the experiment to study dissolution of AgNPs. Intra-
cellular Ag ions, extracellular dissolved Ag and extracellular Ag ions were quantified in 
biotic (left) as well abiotic (right) conditions. Ag-biosensor E. coli 
MC1061(pSLcueR/pDNPcopAlux) was exposed either to the 10 mg/l suspensions of AgNPs 
(biotic dissolution) or to the supernatants obtained after ultracentrifugation (390 000 g×60 
min) of the respective AgNPs' suspensions (abiotic dissolution). Intracellular Ag ions were 
quantified as a function of increase of bioluminescence Ag-biosensor E. coli 
MC1061(pSLcueR/pDNPcopAlux), extracellular dissolved Ag was measured by atomic 
absorption spectroscopy (AAS) and extracellular Ag ions by ion-selective electrode (Ag-
ISE). Taken from Fig. 4 of Publication III. 

 
In addition, co-precipitation experiment of six bacteria with Col-AgNPs by UV-

Vis spectra measurements of centrifuged supernatants was performed. We ob-
served, that P. aeruginosa cells had higher affinity to AgNPs than the other tested 
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bacterial strains. As P. aeruginosa has also pathogenic strains, the high biocidal 
efficiency of Collargol towards these bacteria may have practical application. 

These results reveal the importance of direct contact of AgNPs with bacterial 
cells and demonstrate that the extracellular concentration of Ag ions in the test me-
dium may underestimate the effective intracellular concentrations and hence, anti-
bacterial potency of Ag ions from AgNPs.  

Our data is in good correlation with other publications, where it has been shown, 
that AgNPs are more toxic to bacterial cells than dissolved silver released from 
these NPs [28, 101, 102]. 

3.4. Interaction of nanoparticles with firefly luciferase. Effect on enzy-
matic activity   

Nanosilver is widely used in consumer products, mostly due to its antimicrobial 
properties. The wide use of nanosilver products increases the probability of expo-
sure not only to the targeted organisms (bacteria, fungi) but also to other organisms 
in surface water ecosystems, wastewater treatment plant microbial communities as 
well as humans [2]. These organisms have something in common – they all contain 
enzymes in their cells – proteins that catalyze complex and specific biochemical 
reactions in high speed at ambient or body temperatures [103]. To study the impact 
of silver nanoparticles to enzymes we chose firefly luciferase as a model as the ac-
tivity of this enzyme is easily measurable by recording its light output. Also, firefly 
luciferase is often used as a bioreporter and for the evaluation of cellular viability 
via ATP analysis. For the latter the interference of nanoparticles with the enzyme 
activity is undesirable as it could lead to false intrerpretations. 

 
Figure 14. (A) TEM image of AgNPs–luciferase corona. Black dots are 20 nm AgNPs and 
dark grey cloud around particles is luciferase corona with average thickness of 20 nm; (B) 
discrete molecular dynamics (DMD) simulation of AgNP–luciferase corona. These images 
showed the binding of the enzyme with the AgNPs and revealed multilayer protein coating 
of the nanoparticles. Modified from Fig. 1 and Fig. 5 of Publication IV. 
 

We showed that 20 nm citrate-coated AgNPs dose-dependently inhibited the en-
zymatic activity of firefly luciferase. The inhibition mechanism was examined by 
characterizing the physicochemical properties and biophysical interactions of the 
enzyme and the AgNPs and quantification of the silver-ions released from the 
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AgNPs. We showed that mixing of the enzyme and AgNPs induced an increase in 
ζ-potential triggered a red-shift of 44 nm in the absorbance peak of the AgNPs, and 
rendered a ‘luciferase protein corona’ of 20 nm in thickness on the nanoparticle 
surfaces (Fig. 14A). However, the secondary structure of the luciferase was only 
marginally affected upon formation of the corona, as verified by circular dichroism 
spectroscopy and multiscale discrete molecular dynamics simulations (Fig. 14B).  

 
Figure 15. Inhibition of luciferase activity by AgNPs and Ag+. Taken from Fig. 3 of Publi-
cation IV. Reprinted with the permission of IOP Publishing. 

By comparing the enzymatic inhibitory patterns of AgNPs and Ag-ions we 
showed that the inhibition was primarily due to the release of silver ions from 
AgNPs (Fig. 15). Interestingly, silver ions showed the dose-dependent inhibition of 
luciferase already in sub-second contact time at sub-ppm level (Fig. 16). The high 
affinity of silver ions towards Cys residues and N-groups may be the primary cause 
of the inhibition.  
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Figure 16. Rapid kinetics of luciferase bioluminescence: effects of (a) AgNPs and (b) Ag+ 
on enzyme activity. The kinetics showed rapid initial flashes at 0.6 s and concentration-
dependent inhibition of the luminescence already within the first 1-10 s of incubation with 
AgNPs or Ag+. Modified from Fig. 3S of Publication IV supplementary information. 
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CONCLUSIONS 
 

 The CuO nanoparticles (NPs) and 4 different types of AgNPs were physico-
chemically characterized by measuring ζ-potential, primary and hydrody-
namic size. The dissolution of NPs was tested to evaluate the role of metal 
ions in NPs toxicity (Publications I, II, III, IV) 

 The speciation of the metal ions (using Cu ions as example) in different 
ecotoxicological and microbiological test media (Publication I) was ana-
lyzed using ion-selective electrode (ISE) and metal-specific sensor bacteria 
(biosensor). We observed enhanced dissolution in organics-rich media due 
to increased dispersion of CuO NPs and complexing of dissolved Cu2+ by 
organics present in the medium. In general, mineral media showed signifi-
cantly more free and bioavailable copper than organics-containing media. 
In general, there was a good correlation between data obtained by Cu-ISE 
and Cu-biosensor. Interestingly, Cu-biosensor used in this study showed 
higher sensitivity than Cu-selective electrode. In environmental hazard 
analysis sensor bacteria may prove more environmentally relevant and in-
formative technique than conventional chemical methods. The observed 
remarkable difference in sensitivity of various aquatic organisms towards 
copper may be largely explained by the different speciation of copper in the 
respective test media.  

 The Cu ion-specific biosensor in combination with chemical analysis of Cu 
ion revealed that dissolution (Cu2+) of CuO particles was the key factor 
triggering the ROS and DNA damage responses in bacteria (Publication II). 

 The direct contact between the bacterial cell and AgNPs enhanced the toxic 
effect of nanosilver (Publication III). Namely, cell-NPs contact increased 
the cellular uptake of particle-associated Ag ions. In addition, bacterial 
strain-specific bioavailability of Ag+ liberated from AgNPs was observed. 

 AgNPs dose-dependently inhibited the activity of luciferase – an enzyme 
often used as a reporter in various biological assays (Publication IV). This 
inhibition effect was largely caused by released silver ions and not by the 
physical adsorption onto AgNPs, as the induced conformational changes in 
protein secondary structure exerted only a minor effect on enzyme function. 
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ABSTRACT 

Engineered nanoparticles (NPs) have become more and more used in consumer 
products, e.g. in cosmetics, disinfectants, in medicine, engineering etc. The growing 
production increases the possibility of release of NPs into the environment. Recent-
ly nanoscience has undergone rapid development, but relatively little is known on 
the interaction of nanomaterials with living systems. Therefore, the studies on ef-
fects of engineered NPs on biota and vital biomolecules are crucial for the hazard 
evaluation of nanosized materials. 

In this Thesis we performed toxicological evaluation of copper oxide and silver 
nanoparticles. Specifically, physico-chemical properties of NPs (hydrodynamic 
size, ζ-potential and solubilisation), role of test medium composition on metal spe-
ciation (including complexing of metal ions) and particle dissolution were studied. 
Also, the mechanism of harmful effects of NPs upon the direct contact with micro-
organisms – bacteria – and biologicaly essential molecules – enzymes – were inves-
tigated.  

The speciation and bioavailability of copper ions and copper oxide (CuO) NPs 
were investigated in seventeen standard ecotoxicological and microbiological test 
media using comparative study applying ion-selective electrode (ISE) and ion-
specific sensor bacteria. Complexing of copper ions by organic compounds of me-
dia was observed and there was a good correlation between physico-chemical (ISE) 
and biological methods (Cu-biosensors) while biosensors were even more sensitive 
than Cu-ISE and thus may prove more useful in environmental hazard analysis.  

The dissolution of CuO NPs and its potential to induce ROS production and 
DNA damage were analyzed using Esherichia coli based biosensors. According to 
the results obtained, CuO NPs toxicity mechanisms were primarily triggered by 
released Cu ions.  

We also assessed the role of direct contact between bacterial cell and silver na-
noparticles (AgNPs) in Ag toxicity. Incubation of 6 bacterial strains with silver 
showed similar toxicity for AgNO3 but response on AgNPs differed remarkably 
between strains. We analyzed antibacterial efficiency of AgNPs with different sur-
face functionalization - non-coated, protein- and PVP-coated AgNPs and observed 
clear positive correlation with their dissolution rates. Bioavailability of Ag ions 
liberated from AgNPs was strain-specific and may be explained by different cellular 
uptake and inequality of extracellular dissolution. 

The investigation of citrate-coated silver NPs interaction with enzyme luciferase 
established dose-dependent inhibition of firefly luciferase activity. Although lucif-
erase readily bound to AgNPs through electrostatic interactions, van der Waals 
forces, dynamic exchanges with the citrate, as well as hydrogen bonding to render a 
protein corona as evidenced by our physicochemical characterizations and state-of-
the-art DMD computer simulations, little conformational changes in the enzyme 
resulted from such direct interactions. Instead, AgNPs readily released silver ions 
that dose-dependently inhibited the enzymatic activity. The released silver ions 
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could readily react with the cysteine residues and N-groups of the enzyme to alter 
the physic-chemical environment of their neighboring catalytic site and subsequent-
ly impair the enzymatic activity. 
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KOKKUVÕTE 

Sünteetilised nanoosakesed leiavad tänapäeval üha rohkem kasutust tarbekaupades, 
näiteks kosmeetikas, desinfitseerimisvahendites; neile on leitud rakendusi meditsii-
nis, masinaehituses jne. Nanoteadus areneb kiiresti ja nanoosakesi toodetakse juba 
tööstuslikes mahtudes. Kasvav tootmine suurendab nanomaterjalide keskkonda 
sattumise võimalust, kuid suhteliselt vähe on teada nanoosakeste mõjust elukesk-
konnale.  

Antud doktoritöös uuriti vaskoksiidi ja hõbeda nanoosakeste toksilisuse mehha-
nisme. Hinnati nanoosakeste füüsikalis-keemilisi omadusi (hüdrodünaamiline suu-
rus, ζ-potentsiaal ja lahustuvus) ja katsekeskkonna mõju metallidele (sealhulgas 
kompleksseerumisele). Samuti uuriti nanoosakeste koostoimeid mikroorganismide-
ga ja bioloogiliselt oluliste molekulidega – ensüümidega. 

Uuriti vase soola ja vase nanoosakeste spetsiatsiooni ja biosaadavust seitsme-
teistkümnes erinevas ökotoksikoloogilises ning mikrobioloogilises testlahuses, ka-
sutades ioon-selektiivset elektroodi (ISE) ja ioon-spetsiifilisi sensor- baktereid (Cu-
biosensor). Näidati, et testlahuste orgaanilised komponendid kompleksseeriti vase 
ioonide poolt ning saadi hea korrelatsioon füüsikalis-keemilise (ISE) ja bioloogilise 
(biosensor) meetodi vahel. 

Uuriti CuO lahustuvust ja võimet tekitada reaktiivseid hapnikuühendeid (i.k. 
ROS) ning DNA kahjustusi, kasutades spetsiaalseid sensorbaktereid. Testid põhine-
sid Esherichia coli bakterirakkudel, mis olid geneetiliselt modifitseeritud tootma 
luminestsentsvalgust vastusena metalliioonile, vesinikperoksiidile või DNA kahjus-
tustele. Leiti, et CuO nanoosakeste toksilisus on peamiselt tingitud lahustunud ioo-
nidest.  

Lisaks täheldati, et Ag nanoosakeste kontakt bakterirakkudega võib põhjustada 
nanohõbeda suuremat lahustuvust ja kõrgemat toksilisust. Kuue bakteritüve inku-
beerimine eritüübiliste hõbedaühenditega näitas võrreldavat tundlikkust AgNO3-le, 
kuid vastus Ag nanoosakestele erines tüvede lõikes märkimisväärselt. Analüüsiti 
erinevalt funktsionaliseeritud Ag nanoosakeste (katmata, valgu- ja PVP-ga kaetud 
Ag nanoosakesed) antibakteriaalset mõju ja täheldati selget positiivset seost osakes-
te lahustuvusega. Ag nanoosakestest vabanenud hõbeda ioonide biosaadavus oli 
tüvespetsiifiline ja võib olla seletatav nanoosakeste erineva rakuvälise lahustuvuse 
ja vabanenud ioonide rakku sisenemisega.  

Uurides tsitraadiga kaetud Ag nanoosakeste interaktsioone ensüümiga lutsiferaas 
leiti, et ensüümi aktiivsus inhibeeritakse sõltuvalt lahustunud metalliiooni kontsent-
ratsioonist. Kuigi lutsiferaas seondus kergesti Ag nanoosakestega elektrostaatilise 
vastasmõju tõttu, van der Waals’i jõudude tõttu, reaktsioonide tõttu valgu vesinik-
sidemete ning tsitraadiga, ei põhjustanud see ensüümi sekundaarstruktuuris selliseid 
muutusi, mis mõjutaksid ensüümi aktiivsust. Seevastu lahustunud hõbeda ioonid 
võivad kergesti reageerida ensüümi tsüsteiinijääkidega ja N-rühmadega ning en-
süümi aktiivsust inhibeerida. 
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		��������������������������������� �!"#�#$%&��'��"������(�$)�� *�+�����,�-$%&��.,�-$��/��0 *1+�.2�#�/�$)��3#-$��%#,� *13%��������$�� *�45�%���$#�/#�/�.-�$�6%-�,�7%-#,�#�/�8%-��9%�,�7%-#,�8�/%#�:;�<=>?�?<@AB��CD�E;EFB?DA�<=D�?GDH>E<>I;�JKLDD�>I;�HI;<D;<M�E;A�N>IEOE>FEN>F><B�IK�HIGGDL�>;�?DOD;<DD;�A>KKDLD;<�PDA>EQ�R=D�PDA>E�?DFDH<>I;�>;HF@ADA�OEL>I@?�?<E;AELA�DHI<IS>HIFIT>HEF�<D?<�PDA>EU�VW�XEYF�J@?DA�KIL�Z>HLI<IS�<IS>H><B�<D?<�C><=�N>IF@P>;D?HD;<�NEH<DL>E�[%9�%��(%�-)��%M��EFTEF�PDA>@P�J@?DA�KIL�<=D�<IS>H><B�<D?<>;T�C><=�\��*/�]%�-)���%�,,#��*9-#"%$#$#�EHHILA>;T�<I�̂_Ỳ �VabM��<CI�EL<>K>H>EF�KLD?=CE<DL?�J@?DA�KIL�<D?<?�C><=�HL@?<EHDE;?�c#")�%#�!#7�#�EHHILA>;T�<I�̂_Ỳ �VaV�E;A�C><=�d)#!��-�")#,*��",#$e*�*�MQ�:;�EAA><>I;��HIPPI;�PDA>E�@?DA�KIL�H@F<>OE<>I;�IK�P>HLIILTE;>?P?�CDLD�>;HF@ADAU�fg�PDA>@P�JE;�@;ADK>;DA�L>H=�PDA>@P�<=E<�?@GGIL<?�<=D�TLIC<=�IK�OEL>D<B�IK�NEH<DL>EM��PEF<�DS<LEH<�JZ_M�E;A�hì �JhDE?<�iDG<I;D�̀DS<LI?D�PDA>@PM�NI<=�@?DA�KIL�<=D�H@F<>OE<>I;�IK�BDE?<?�JRENFD�bMQ�jF?I��Zk�E;A�lZZ�PDA>E�<=E<�CDLD�?@GGFDPD;<DA�C><=�aQmW�YE?nEP>;I�EH>A?�JjjM�CDLD�?<@A>DAQ�R=D�Zk�PDA>@P�=E?�NDD;�@?DA�>;�I@L�GLDO>I@?�?<@A>D?�KIL�<IS>H><B�DOEF@E<>I;�IK�PD<EF?�E;A�ILTE;>H�H=DP>HEF?�<I�.�-)��%-)%#�-�,%�oVkp�E;A�KIL�<=D�E;EFB?>?�IK�N>IEOE>FENFD�PD<EF?�@?>;T��PD<EFn>;A@H>NFD�N>IF@P>;D?HD;<�NEH<DL>EF�?D;?IL?�obm�qapQ�lZZ�PDA>@P�=E?�NDD;�?GDH>K>HEFFB�?@TTD?<DA�KIL�<=D�E;EFB?>?�IK�=DEOB�PD<EF?�A@D�<I�><?�P>;>PEF�PD<EFnHIPGFDS>;T�HEGEN>F><B�oVrpQ��jF?I�aQkW�XEYF�E;A�><?�YE?nEP>;I�EH>A�JjjM�?@GGFDPD;<DA�ODL?>I;?�CDLD�<D?<DA�E?�aQbW�jj�EPD;ADA�aQkW�XEYF�=E?�NDD;�EGGF>DA�NB�@?�DELF>DL�<I�?<@AB�<=D�N>IEOE>FEN>F><B�E;A�<IS>H><B�IK�Y@̂�;E;IPE<DL>EF?�obs�Va�VbpQ�Y@�?GDH>E<>I;�E;A�HIPGFDS>;T�GI<D;<>EF�IK�<=D?D�A>KKDLD;<�FENILE<ILB�<D?<�PDA>E�CDLD�?<@A>DA�@?>;T�<CI�PD<=IA?U�J>M�E�Y@n:t_�<=E<�LD?GI;A?�<I�KLDD�Y@�>I;?�E;A�J>>M�E�Y@n?GDH>K>H�NEH<DL>EF�N>I?D;?IL�<=E<�LD?GI;A?�<I�N>IEOE>FENFD�Y@Q�qQbQbQ�uD?GI;?D�IK�Y@n:t_�<I�Y@t̂ vU�ZDE?@LDPD;<�IK�wLDD�Y@�:I;�?DFDH<>OD�DFDH<LIAD?�J:t_?M�=EOD�NDD;�LDFE<>ODFB�C>ADFB�EGGF>DA�<I�?<@AB�<=D�?GDH>E<>I;�IK�DQTQ��HDL<E>;�=DEOB�PD<EF?�>;�A>KKDLD;<�D;O>LI;PD;<EF�HI;A><>I;?�oqbp�E;A�<=D�HILLD?GI;A>;T�?<E;AELA�GLI<IHIF?�=EOD�NDD;�ADODFIGDA�oVVpQ�R=@?��?GDH>E<>I;�E;EFB?>?�@?>;T�:t_?�PEB�ND�HI;?>ADLDA�E?�E�CDFF�D?<ENF>?=DA�PD<=IAQ�uD?GI;?D�IK�:t_?�=E?�NDD;�HI;?>ADLDA�<I�>;A>HE<D�<=D�HI;<D;<�IK�KLDD�>I;?�IK�<=D�?<@A>DA�DFDPD;<?�E;A�=E?�NDD;�IK<D;�HILLDFE<DA�C><=�N>IEOE>FEN>F><B�E;A�<IS>H><B�IK�<=D?D��DFDPD;<?�oqV�qqpQ�tGDH>E<>I;�E;EFB?>?�IK�Y@t̂ v�>;�?DOD;<DD;�?DFDH<DA�FENILE<ILB�<D?<�PDA>E�?=ICDA�<=E<�PI?<�IK�<=D�PDA>E�HI;<E>;DA�F>TE;A?�HEGENFD�IK�HIPGFDS>;T�<=D�Y@�>I;?�E;A�<=@?��LDA@HDA�<=D�EPI@;<�IK�KLDD�Y@�J?DD�HEF>NLE<>I;�H@LOD?�>;�w>T@LD�bMQ�j?�DSGDH<DA��<=D�F>P><�IK�AD<DH<>I;�IK�<=D�Y@n:t_�JY@n:t_f̂ M̀�JRENFD�VM�CE?�FICD?<�>;�<D?<�PDA>E�C><=�;I�IL�FIC�ILTE;>H?�HI;<D;<Q�̂ODLEFF��<=D�ILADL�IK�Y@n:t_f̂ �̀KIL�Y@t̂ v�>;�A>KKDLD;<�<D?<DA�PDA>E�CE?U�aQkW�XEYF�x�jwyb�z�VW�XEYF�z�{|}~����}�|�PDA>@P�x�lZZ�z�jwyV�x�aQkW�XEYF���aQabWjj�z�EFTEF�PDA>@P�z�Zk�x�aQkW�XEYF���aQamWjj�z�aQkW�XEYF�aQbWjj�z�PEF<�DS<LEH<�z�lZZ���aQmWjj�z�aQkW�XEYF���aQmWjj�z�Zk���aQmWjj�z�hì �z�fgQ�:;<DLD?<>;TFB��>;�?IPD�P>;DLEF�PDA>E� ?̂<DL=I@<�?�PDA>@P��jwyb��lZZ��aQkW�E;A�VW�XEYF�<=D�f̂ �̀IK�Y@n:t_�CE?�FICDL�<=E;�<=E<�>;�̀:�CE<DL�JHI;?>ADLDA�<I�HI;<E>;�baaW�KLDD�Y@�>I;?M�Jw>T@LD�b��RENFD�VMQ�j?�A>?H@??DA�NB�fE;�E�oqvp��<=>?�PEB�ND�A@D�<I�<=D�GLD?D;HD�IK�>;<DLKDL>;T�>I;?�F>�D�YF��>;�<=D?D�PDA>EQ�:;ADDA��<=D�A>KKDLD;HD�>;�DFDH<LIAD�GI<D;<>EF�FDEA>;T�<I�EN;ILPEFFB�FIC�f̂ �̀OEF@D?�CE?�IN?DLODA�I;FB�E<�FIC�Y@�HI;HD;<LE<>I;?��E<�=>T=DL�Y@�HI;HD;<LE<>I;?�<=D�A>KKDLD;HD�
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H¢³¡³¥±ºZZZ©WUMIMOJ©MQR � �P°µ��¬º»MUKNJ¼º½IIKJ²ºJ�«���



���������	����
	�����	�������		�����������	����	��������������
�����
����	�����
��������	��
���	�������
���������
	����������������		���������������������������
	�
��
��������������
	����	�
	��������������	���	�����������	����
	�����	�������	����������	�����������������
��������
����	��
�������	�	�	�����������������	����
 !"#$%&'(�
�)"($*+$,���	���������-��	
��./���������	��������������	0�1/����������
��������
����������������
/�����
��/2���������
����������	����
	 !"(+*$3&45,(6,")"($*+$,�7�����8-�9���	�����
���������		�����������	�������	��
��
�����/����������	�����		����
���������	 �����0-�������������������������������������� 7�����8-�:���������;<=>?@;ABACA?>��		����
��
����
�������
�������	����
������������
���
������������	��������
����������	����
	������	�����������������������	�D"E5F&G201H0��	����������������IJ=>?@;AACA?>���������������
����
	 7������-�������
������/��	�
	�D"E5F&G201H0 �KL���MN�O���/�����-�7������������	���	���/��	�
	��������������P.
����	������
	�����
���
���Q����D"E5F&����	��
�������
��������
�
��������	�������������������/����	����
�/��
�	���	��������������
��������	�	��
	�
	 7�����R-����	���	���		���������
��������������
�	���	�
����
������������	������
���������������
�	����������	�
���������
��
�����
	�������������
������
��
�������	S���������������		����
 �����0-�
�����/���
���� 7�����	RPT-������������
�������	���
���������	������������������������	���
��		����	����������	��������	���	U0HV�U8WV�U�1V�9
��������������������
����������/������������������	�	�����������
��������������
�������������
	�����	 M�K-�������������	�������
�N������
������������������������������
�	U01V�U�0V������	�����������	���
�������	��
��������	�������X������Q��	������	 �
�������������
���		���
�-�������	
��������������U08V�U0�V��������
�����
������
��M�K�
�����������
�����������������	#+*,+����	�	����
����
��������
���	���	��
��������
����������
����		����
�����	�
�����	�
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DE@ DBB D̀@ E@B EE@ EBB È@GHIJKHLMNO PLQOROMSTU�VMWX

C@@�WSYZ�GabC@�WSYZ�GS�̂�C@@�WSYZ�GabE@�WSYZ�GS�̂�C@@�WSYZ�GabC@@�WSYZ�GS�̂�C@@�WSYZ�Gab

@A@@AD@AF@A_@À
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