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Introduction 
The high prevalence of infectious diseases necessitates finding new means to combat 
the spread of bacteria. Currently, the design and testing of new antimicrobial agents for 
prevention and cure of the bacterial infections is a major healthcare concern.  
The probability to acquire an infection from the hospital settings is up to 10% [1]. 
Moreover, the high concentrations of antibiotics used in the hospitals in combination 
with extensive invasive procedures raise additional concerns over increasing tolerance 
of bacteria to antibiotics. Among several alternatives to traditional antibacterial agents, 
metal-based nanoparticles (NPs) and polyoxometalate ionic liquids (POM-ILs) are strong 
candidates.  

Selected metals and metal-based NPs (particles with at least one dimension between 
1–100 nm) have proven to be good alternatives to the traditional antibiotics due to 
their catalyst properties and high affinity for various biomolecules. From all the 
currently studied metal-based NPs, silver and copper oxide nanoparticles are the most 
efficient to combat bacterial infections. Antimicrobial properties of CuO and Ag NPs are 
gaining remarkable attention also due to their applications in biomedical industry.  
The small size gives the NPs large surface area, leading to unique physico-chemical and 
antibacterial properties. The NPs comprising of CuO and Ag can be deployed as 
bactericidal agents in e.g. textiles or in wound dressings or in topical coatings for touch 
surfaces. There is, however, relatively little known about the impact of physico-chemical 
properties of the NPs on respective toxic effects, especially of CuO NPs that are less 
exploited than Ag NPs. The studies of these effects are also complicated as the 
preparation protocols for suspensions of CuO and Ag NPs are not standardized yet. 

The hypothesis of the current thesis was that the physico-chemical properties can 
influence the toxicological profiles of CuO NPs, Ag NPs and POM-ILs. The objectives of 
the work were: 1) to determine the influence of applied sonication energy on the 
toxicity of CuO NPs on bacterial and on mammalian cells in vitro; 2) to assess the 
toxicity of NPs and POM-ILs on Gram-negative E. coli and on Gram-positive S. aureus 
bacteria; 3) to evaluate the size and the surface modification-dependent toxic effects of 
NPs and POM-ILs with different carbon alkyl chain lengths.  

Altogether, 20 NPs and POM-ILs were studied, including 10 nm and 50 nm Ag NPs 
with 6 surface coatings, CuO NPs with several surface functionalizations and from 
various commercial sources, and POM-ILs with different alkyl chain lengths (Qx-ILs).  
The main results of the thesis were the following: 1) the optimization of the sonication 
protocol for CuO NPs revealed that applying higher sonication energy resulted in better 
dispersed NPs` suspensions that had an influence on the toxicity evaluation of NPs with 
bacterial and mammalian cells in vitro; 2) antibacterial efficiency estimation of NPs and 
POM-ILs using various bacteria with the focus on Gram-negative Escherichia coli and 
Gram-positive Staphylococcus aureus showed that the Ag NPs were more toxic to E. coli 
and the POM-ILs were more toxic to S. aureus whereas the highest toxicity of all the 
tested compounds was seen for the Ag NPs (0.1-6.5 mg Ag/L); 3) toxicity evaluation of a 
panel of NPs with different sizes and surface functionalizations and the POM-ILs with 
different alkyl chain lengths (carbon=C= 6, 7 ,8) showed that the smaller and positively 
charged NPs proved to be the most toxic to all tested bacteria as well as to mammalian 
cells in vitro and the best antibacterial results were achieved with the ILs with carbon 
chain length consisting of seven carbon atoms (Q7); 4) the physico-chemical properties` 
dependent mechanisms of toxicity/safety of CuO NPs evaluation revealed that the  
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least toxic compounds to mammalian cells were the CuO NPs functionalized with 
polyethylene glycol and carboxyl.  

To summarise, the toxicity of CuO and Ag NPs depended on their size, surface 
modification and dispersion protocols used. Thus, the antibacterial properties of Ag and 
CuO NPs can be significantly tuned with size and surface modification, whereas for ILs 
the carbon chain length can be adjusted to achieve the same goal. 
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1 Literature review 

1.1 The need for alternative antibacterial agents 
The spread of microbial infections is a worldwide problem and the increasing resistance 
of bacteria to conventional antibiotics is a major concern in healthcare settings 
(http://www.who.int) [2]. Since the discovery of the first antibiotic penicillin by 
Alexander Fleming in 1928, antibiotics have given relief and saved lives for decades. 
However, the first cases of antibiotic resistance to bacteria occurred in the 1960s and 
since then bacterial mechanisms of resistance to nearly all known antibiotics have 
emerged [3]. Thus, finding alternatives to traditional antibiotics is a major healthcare 
challenge.  

The development of new antibiotics is no longer economically profitable [4]. 
Thus, the new approaches for the antibiotic stewardship – the reduction of use and the 
prevention of transmission of bacterial infections – are gaining attention. Another 
concern regarding antibacterial resistance is the prevalence of hospital associated 
infections (HAIs). HAIs occur in hospitals where vulnerable patients are accommodated 
and involved in several invasive procedures. The most common bacteria causing HAIs 
are Escherichia coli and Staphylococcus aureus (15.9% and 12.3% of HAIs respectively), 
followed by Enterococcus spp. (9.6%) and Pseudomonas aeruginosa (8.9%) [5]. 

1.2 Metal-based nanoparticles (NPs) as alternatives to traditional 
antibacterial agents 
Metals have donor atom selectivity (for example, dissolved metal ions bind to O, N and 
S atoms of functional molecules [6–8]) and reduction potential that give them many 
advantages as antimicrobial agents [9]. Notably, there are only a few cases of 
antibacterial resistance reported towards metals [10]. Certain metals such as silver and 
copper are efficient antimicrobials and strong alternatives to traditional antibiotics [6]. 
The antimicrobial properties of metals can be potentially improved by employing them 
as NPs. Compared to their bulk counterparts, the metal-based NPs have additional 
useful (e.g., antibacterial) physico-chemical properties that are driven by their size 
accompanied by large surface area and catalytic features. Due to the small size, the NPs 
have large active surface that drive many of their toxic effects [11–14] (Figure 1). 

Metal-based NPs can be used to impair the emergence of HAIs and drug-resistant 
bacteria, by using them in coatings for the touch surfaces in hospitals [11,15] or 
potentially engaging them in decontaminating water filters [16].  

Figure 1. Nanoparticles` specific surface area: a schematic representation. The increased number 
of smaller parts raises the specific surface area (in the current example, the volume of the cube 
remained the same while the surface area increased twice). 

100 nm 50 nm 50 nm 



13 

1.2.1 Definition of NPs  

There are different approaches in defining nanomaterials [17]. The EU adopted 
definition for engineered or naturally occurring nanomaterials in 2011 states the 
following: „Nanomaterial means 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 
external dimensions is in the size range 1 nm - 100 nm“ (EC 2011/696/EU). 

Thus, relying on the above definition, nanomaterial is a substance that has at least 
one dimension between 1-100 nm. In 2014 the definition was amended by European 
Joint Research Centre as follows: “[…] Where technically feasible and requested in 
specific legislation, compliance with the definition […] may be determined on the basis 
of the specific surface area by volume. A material should be considered as falling under 
the definition […] where the specific surface area by volume of the material is greater 
than 60 m2/cm3. However, a material which, based on its number size distribution, is a 
nanomaterial should be considered as complying with the definition […] even if the 
material has a specific surface area lower than 60 m2/cm3." 

The final revised version of the EC definition (as of July 2018) entails specifications for 
the determination of specific surface area to volume ratio (a report on scientific-technical 
considerations of the definition: EUR 27240 EN). Essentially, the above definition is also 
in the EU biocidal products regulation [18] and thus relevant for defining the NPs as the 
antibacterial constituents of products for the customers. 

1.2.2 Ag NPs as antibacterial agents 

It is known already from ancient times that silver is a very efficient antibacterial metal. 
To this day, either in ionic, colloidal or nanoparticulate form, silver has been extensively 
used for its bactericidal properties and NPs of silver have been deployed in a plethora 
of consumer products such as textiles, cosmetics, filters, cleaning supplements etc. 
(http://nanotechproject.org/). Several studies have shown that Ag has antibacterial 
activity against a wide range of Gram-positive and Gram-negative bacteria (e.g. E. coli, 
P. aeruginosa, S. aureus, Streptococcus pneumoniae, Shigella flexneri, Listeria 
monocytogenes and Salmonella typhimurium) [19–21]. Silver is also an especially 
interesting antibacterial agent in the combat of antimicrobial resistance by acting 
against biofilm forming bacteria E. coli, P. aeruginosa, S. flexneri and S. aureus  
[20,22–25]. Silver can sensitise bacteria to antibiotics. For example, Ag in combination 
with antibiotics such as vancomycin, ampicillin, chloramphenicol, erythromycin, 
gentamicin and tetracycline showed improved therapeutic effects [19,20].  

1.2.3 CuO NPs as antibacterial agents 

Historically, copper has been used for bactericidal purposes in household and industry 
[12]. CuO NPs have been applied in several consumer products [12] 
(http://statnano.com/) and can be found in textiles, in hospital equipment, in wood 
preservation and in antifouling paints [26]. Also, CuO NPs have antibacterial properties 
against a wide array of Gram-positive and Gram-negative bacteria such as E. coli, 
Bacillus subtilis, S. aureus, Streptococcus mutans, Lactobacillus acidophilus, P. aeruginosa 
[27–32] and the toxic effects are driven by their physico-chemical properties such as 
size, dissolution, agglomeration and aggregation [14,32]. For example, the CuO NPs 
with the size 30 nm were ca 48 fold and CuSO4 ca 2300 fold more toxic than their bulk 
counterpart to Gram-negative V. fischeri bacterium [14]. The biological activity of CuO 
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NPs can be modulated by their surface functionalizations in in vitro conditions [31] and 
in in vivo conditions [33].  

1.3. Antibacterial effects and toxicity mechanisms of metal-based NPs 
Antibacterial metal-based NPs applied in biomedicine contain silver (Ag), zinc (Zn), 
copper (Cu), titanium (Ti), magnesium (Mg) [34–36]. Additionally, several metal oxide 
NPs such as Co3O4, CoO, Cr2O3, CuO, Mn2O3, Ni2O3, ZnO, and Fe3O4 have antibacterial 
properties [37,38].  

It has been postulated that metal-based NPs exert bactericidal activity mainly by 
acting on the bacterial membranes [6,19,20]. The dissolution of the NPs results in the 
adsorption of metal ions on the cell membranes and depends on their properties such 
as the membrane lipid composition and mobility, [39] the donnan potential [40], and 
the ligands [9,13]. Also, reactive oxygen species (ROS) in the close vicinity of bacterial 
membranes can impair functions of the membranes, including the electron transport 
chain [9,41,42]. Some fraction of the dissolved metal can enter bacterial cells via the 
metal ion transporters [6,7,43,44] and cause toxicity. 

Thus, the main toxicity mechanisms of metal-based NPs could be the release of 
metal ions (dissolution), formation of ROS and due to that destabilization of bacterial 
membranes (Figure 2). The toxic effects can be modulated depending on the content 
and surface modification of NPs. The details of each mechanism are described below. 

1.2.4 The role of physico-chemical properties in the toxicity of metal-based NPs  

The physico-chemical properties such as type of the metal, size and surface charge 
mostly drive the toxic effects of metal-based NPs. The NPs of Ag, CuO, ZnO, TiO2 have 
the best potential as antibacterial agents for biomedical applications [6,27,34]. For the 
metal-based NPs, the size of the nanoparticles can be important driver of the toxic 
effects. Also, surface charge can have an effect on toxicity [45–47]. The properties of 
NPs can be altered by their preparation, e.g., dispersion in solvents. Due to the steric 
hindrance and electrostatic repulsion, the NPs` suspension can be modified by applying 
sonication energy [48,49]. Several studies have addressed the effect of ultrasonication 
to particle dispersion that subsequently, have an effect on their hydrodynamic size (Dh), 
dispersibility (expressed as polydispersity index PDI) and dissolution [48–55].  
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Figure 2. A summary of the antimicrobial behaviour of metal-based NPs (compiled on the basis of 
Palza et al 2015 [9]).  

1.2.5 The role of surface coatings in the toxicity of CuO and Ag NPs 

Silver in the form of NPs is often coated with organic chemicals for stabilizing or giving 
charge [56]. Many chemicals such as polymers, anionic, cationic or non-ionic 
surfactants, ionic liquids and reducing agents can be used for coating the surface of Ag 
NPs or for providing protective, stabilizing or functional properties [45]. Aqueous 
dispersions of Ag NPs can be stabilised by steric repulsion, e.g., by using non-ionic 
surfactants (polysorbate 80 ((Tween 80)), Triton X-100) or polymers 
polyvinylpyrrolidone (PVP); or by electrostatic repulsion by using anionic sodium 
dodecyl sulfate or cationic surfactants cetyltrimethyl-ammonium bromide (CTAB) 
[57,58]. Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) for example is used for the 
synthesis of stable Ag NPs [59].  

Applying the coatings on NPs can influence the interactions of NPs with cells. 
For example, the surface of NPs can be camouflaged by the biological molecules in 
body fluids (formation of protein corona takes place) which can be regulated to some 
extent with the use of coating material. For example, glycan coating was used to 
prevent the covering of NPs with blood proteins [60,61]. Additionally, the surface 
charge is a property of NPs that can alter the NPs` interactions with cells. Positively 
charged Ag NPs coated with branched polyethylenimine (bPEI) have been shown to 
cause higher toxicity to bacteria as compared to Ag NPs coated with PVP rendering 
negative charge [62].  

The coatings on Ag NPs are often used to give them better dispersibility and to tune 
their physico-chemical properties for different applications. Biomedically relevant Ag 
NPs can be used as drug supplements, as surface coating agents and as constituents in 
bactericidal materials, e.g., in wound bandages [63,64] (http://statnano.com/). 
For achieving excellent disinfectants, applying the coating agents on Ag NPs that 
themselves have antibacterial properties is a possibility (e.g. quaternary ammonium 
compounds, citrate or surfactants, chitosan) [23,65].  

Antimicrobial metal-based NPs  ̀
physico-chemical poperties:

 Size
 Charge

 Dissolution
 Dispersibility

 Functionalization

Cell damage

Ions ROS
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The search in Thomson Reuters Web of Science revealed altogether 4298 
publications that investigated the use of Ag NPs for antibacterial purposes in 
biomedical applications (Figure 3). The search revealed that the citrate and PVP were 
coatings on Ag NPs in 4.5% and 4.2% respectively of the overall results. The studies that 
entailed Tween 80, AOT, CTAB and PLL as coating materials comprised 0.2% to 0.6% of 
publications each. Approximately 90% of the studies included other coatings 
(e.g., polyethylene glycol ((PEG)), proteins and peptides, mannitol, branched 
polyethylenimine, ammonium, etc.) [66].  

Figure 3. Share of publications describing the use of coating materials on Ag NPs. Search was 
limited to the coating agents used in the current study and was performed in 15.09.2017 
(publication II).  

Such coatings, however, can be used to tune antibacterial effects of Ag NPs, to protect 
them from direct interactions with the environment, oxidation, dissolution, or 
aggregation [15,21,67] and are also important for controlled release of toxic Ag ions 
[45]. For example, surfactants such as Tween 80, CTAB, AOT are used in the production 
process of Ag NPs for giving shape and for stabilizing them [59,68]. Essentially, 
antibacterial interactions of Ag NPs with microbial cells can be facilitated by applying 
coating agents [69]. The coatings on NPs can modify surface charge which in turn can 
alter toxicity.  

The CuO NPs with different coatings, however, have been less studied as compared 
to Ag NPs (The search in Thomson Reuters Web of Science with the keywords: „CuO 
nanoparticl*“ AND „coat* OR capp* OR functional*“ resulted in 155 outcomes, and 
search „CuO nanoparticl*“ AND „coat* OR capp* OR functional*“ AND capping or 
coating agent resulted in only a few outcomes. The search was done on July 16, 2018.) 

Coatings are also important for driving the toxic effects of CuO NPs. For example, 
Javed et al demonstrated that PEG and PVP coated CuO NPs had superior antibacterial 
effects over uncoated CuO NPs [31]. The carboxyl coated CuO NPs exhibited different 
toxicity profile as compared to uncoated CuO NPs in a rat [33]. Similarly to the Ag NPs, 
the dissolution could have substantial influence on the toxic effects of CuO NPs. CuO 
NPs can be highly dissolved in organic-rich media [70,71] and the dissolution can be 
modified with the coating materials [71]. 
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1.2.6 The role of dissolution in the toxicity of CuO and Ag NPs  

The toxicity of metal-based nanoparticles is sometimes a result of released metal ions 
[72,73]. For example, the dissolution is an important driver of toxic effects of Ag NPs 
[74,75] but also of ZnO NPs and of CuO NPs [76]. It has been shown that in ultrapure 
water and in the organic rich media smaller Ag NPs are more toxic and also more 
soluble as compared to larger counterparts [77,78]. The dissolution of the Ag NPs (and 
other metal NPs) can depend on the test media: The Ag NPs dissolved better in media 
containing organics than in plain water [77]. In addition, the dissolution of Ag NPs is 
facilitated by oxidation [79] and by the more acidic pH (higher dissolution of Ag NPs 
was seen at pH 1.12 as compared to pH 7.52) [80]. Additionally, the Ag ions are prone 
to form complexes with sulphur, organic matter, chlorine and proteins [21,57,75,81].  

Similarly to Ag NPs, higher dissolution rate of CuO NPs in some organic-rich media 
was observed as compared to DI water [82]. However, the released Cu ions are less 
bioavailable in organic-containing media, a phenomenon that could be explained by the 
property of Cu ions to form complexes with ligands [83]. Also, the size of CuO NPs can 
be important for dissolution. For example, Semisch et al. showed that the CuO particles 
with the primary size range from 20 to 200 nm released 11 fold more ions in DMEM cell 
culture medium supplemented with 10% FCS as compared to their microsize 
counterparts (size up to 10 μM) [84].  

The uptake of metals by bacterial cells is essential for antibacterial properties [6] and 
relevant target for combating resistance (e.g. for Cu and Ag) [44]. Soluble Cu and Ag can 
exert toxic effects by influencing the metal transporters of the cells. The fraction of 
bioavailable metals can depend on the testing media and on the target organism. Cu is 
transported into the cells via metal transporters and can be toxic in higher 
concentrations. Cu is a di-valent metal that has two oxidation states: Cu+ and Cu2+.  
In mammalian and bacterial cells, Cu is a microelement and the soluble Cu can be 
transported to the cells via passive and active metal uptake. The unspecific transportation 
of divalent cation metals is with the Nramp (natural resistance- associated macrophage 
protein) type transporters that are present in mammalian and bacterial cells or the 
proton-coupled metal ion divalent cation transporter 1 (DCT1) that is relevant for the 
absorption of metals (e.g. iron) from the gastrointestinal tract [85]. The induced metal 
transporters have higher affinity for the substrate and they use energy for metal 
translocation (such as P-type ATPase transporter family proteins) [6,86]. Also, dissolved 
Cu2+ is moved with Na channels [87] and Cu+ with the high affinity Cu copper 
transporter ion channel Ctr1 [88].  

Ag is a non-essential metal in humans, Ag has higher affinity for sulphur as compared 
to Cu (the solubility product of Ag2S was 6.62 x 10-50 and of CuS was 1.28 x 10-36 and 
was related to the higher toxicity of Ag [44]). Ions from Ag can be introduced to the 
cells in similar ways to Cu and can possess higher affinity for proteins. For example, in 
the constituent of proteins, silver competes with the Cu binding sites of the P-ATPases 
for Cu transport [43]. In bacteria, the Cu effluxing ATPases CopB has been shown to 
transport both, Cu and Ag [44,89].  

1.2.7 The role of ROS in the toxicity mechanisms of CuO and Ag NPs  

Reactive oxygen species (ROS) are chemical species containing oxygen, such as 
peroxides, superoxide and hydroxyl radicals. ROS are normal by-products of oxidative 
metabolism and occur in bacteria and in mammalian cells for which cells have adapted 
methods to compensate. For example, human cells produce catalases, glutathione 
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peroxidases, glutathione S-transferases, superoxide dismutases, to cope with the 
excess of ROS [90].  

The formation of ROS is a part of toxicity for many metals and NPs. ROS and metal 
dissolution can be the major mechanisms of toxicity for metal-containing NPs and can 
be also considered as predictors of toxicity [38]. For example, the metals that actively 
induce ROS are Mn, Fe, Ni, Cu. Ivask et al demonstrated that out of 11 metal oxide NPs, 
CuO NPs were among the three most active ROS inducers [70].  

There is controversial information, however, about the relevance of ROS in the toxic 
effects of Ag NPs on bacteria. For example, Morones-Ramirez demonstrated that 
hydroxyl radicals from AgNO3 sensitises E. coli bacteria to vancomycin antibiotic that is 
traditionally used to treat infections caused by Gram-positive bacteria [22]. Gurunathan 
et al showed that nanosilver sensitised P. aeruginosa, Shigella flexneri, S. aureus and 
Streptococcus pneumonia bacteria to ampicillin, gentamicin, chloramphenicol, 
erythromycin, tetracyclin and vancomycin antibiotics and the toxicity was enhanced in 
the presence of higher levels of induced ROS[20]. But the fraction of dissolved ions 
from Ag NPs can be more influential in their toxic effects. It has been shown that ROS 
induced by Ag NPs were more abundantly present than ROS induced by AgNO3 salt [91]. 
In another study, it was shown that Ag NPs were inducers of ROS in in vitro conditions, 
but the ROS were not causing toxicity to S. cerevisiae [92]. Instead, in bacteria, the 
bioavailable Ag from 10-80 nm Ag NPs (rather than ROS) explained the toxicity of Ag 
NPs [78].  

There is more clear indication, on the other hand, about ROS-dependent toxic 
effects of CuO NPs on cells [93,94]. CuO NPs are inducers of ROS via the Haber-Weiss 
reaction that results in production of hydroxyl radicals [9,95]. It has been shown that 
CuO NPs rather than Cu ions exhibit higher ROS levels in human A549 lung epithelial 
cells and HepG2 hepatocytes, with the resulting cytotoxic effects [93,96–98]. The CuO 
particles both in micro- and nanosize induced oxidative DNA damage to the lung 
alveolar epithelial cells A549 at concentration 40 µg/cm2 after 4-h exposure in in vitro 
conditions [99]. The ability to induce reactive oxygen species depends on the cell type 
and on the conditions such as abiotic (acellular) and biotic (cellular) testing 
environments. For example, Rodhe et al demonstrated that CuO NPs induced small 
amounts of ROS in abiotic conditions (ROS was seen for 175 mg/L NPs after 350 min) 
and that was most probably related to their decreased toxicity to the leukemic cell line 
HL60 [100].  

1.2.8 CuO and Ag NPs potential to damage bacterial membranes 

Based on their membrane structure and composition, bacteria are divided into  
Gram-negative and Gram-positive. The Gram-negative bacteria have the outer 
membrane, a thin peptidoglycan layer and an inner membrane (plasma membrane). 
The Gram-positive bacteria, on the other hand, have a peptidoglycan cell wall 
surrounding only a single plasma membrane. Some solutes (O2, CO2, NH2, H2S) and ROS 
species can passively permeate the bacterial membranes [86] damaging the DNA and 
proteins inside the cells. Larger molecules up to 600 Da can internalise the bacteria 
through the porins (the diameter 3-5 nm) [79]. Although, the bacteria do not internalize 
the NPs a priori, to a small extent, the NPs can be also taken inside the bacteria through 
the porins and cause intracellular toxic effects (Figure 4).  

Silver NPs bind to lipopolysaccharides on the outer membrane of Gram-negative 
bacteria and affect the bacterial inner membrane [101]. For example, Ag dissolved from 
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Ag NPs destabilizes the inner membrane, disrupts the bacterial electron transport chain 
by increasing proton leakage that in turn disturbs ATP synthesis [6,77,101,102].  

Specific surface area and coating can influence the antibacterial activity of Ag NPs 
[103,104]. For example, the coatings of Ag NPs rendering positive surface charge can 
modify the interactions between positively charged NPs and negatively charged cell 
membranes towards more toxic effects [105]. Also, the higher intracellular 
concentration of silver ions explains the toxicity of Ag NPs [78,106] emphasizing the 
importance of membrane damage among toxicity mechanisms of these NPs. 
The membrane damage could be facilitated by applying coating agents on Ag NPs. 
Thus, it could be relevant to test the toxicity of coating materials themselves that are 
used on the Ag NPs [74].  

As described in chapter 1.3, Cu is an essential nutritional element for the microbes 
and the metabolism of Cu by the bacterial cells have been thoroughly investigated; 
considerably less is known about the effects of CuO NPs to the bacterial membranes. 
Copper causes ROS-dependent damage resulting in alterations in the structure and 
destabilization of the membranes or interacts with amine and hydroxyl groups on the 
bacterial membranes [9,34]. The interactions of CuO NPs with the bacterial membranes 
can be also size-dependent [107]. 

Figure 4. Examples of the CuO- and Ag-based NPs` toxic effects on bacteria (modified from Wang 
et al [42]).  

1.3 Polyoxometalate ionic liquids 
1.3.1 POM-ILs as antibacterial agents 

Ionic liquids with polyoxometalates (POM-ILs) are chemicals with unique 
physico-chemical properties such as water immiscibility and hydrophobicity [108,109]. 
They have several applications in biology, medicine and material sciences. Due to their 
catalyst properties they can be used for sensors and for energy storing and conversion 
applications such as fuel cells for ultralight-weight electronics, for electrochemical 
analysis of pharmaceuticals and for temperature sensors [110]. POMs are metal oxide 
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clusters with adjustable structure and reactivity. The most commonly used POM is the 
Keggin heteropolyanion [111]. The Keggin heteropolyanion formula is [XM12O40]n−, 
where M is a transition metal such as tungsten (W6+) and X the heteroatom (silica or 
phosphorus). The Keggin anion entails twelve MO6 octahedrons sharing their corners or 
edges with a central XO4 tetrahedron. The lacunary Keggin type POMs have different 
number of oxide fragments (Figure 5A). The size of the Keggin type POM atomic cluster 
is between 1 to 6 nm [111]. When the metal polyanion is in conjunction with a cationic 
polymer, a POM-IL is formed with two active components (Figure 5B). The cationic 
polymer can be an organic compound, for example a known bactericidal agent 
quaternary ammonium [111] or chitosan [112]. Thus, the POM-ILs are zwitterionic 
surfactants possessing both, anionic and cationic properties and have thus broader 
chemical diversity, a useful feature for exploitation of these chemicals for antibacterial 
applications. The POM-ILs can be applied for coating of the interior surfaces or for 
water purification systems [113]. 
 

 
 
Figure 5. Structure of a lacunary Keggin type polyoxometalates (POM) employed in this thesis. 
Example of the formation of lacunary Keggin structure with different number of metal oxide 
fragments (A). The removal of atoms from the Keggin structure results in elimination of a 
sufficient number of octahedra. The POM ionic liquids (POM-IL) structure (B). The colours are as 
follows: Red-oxygen, blue-ammonium, white-carbon, purple-tungsten. The orange arrow 
indicates the additional binding site of metals. The pink dots represent the hydrogen bonds.  
The illustration is adapted from Herrmann et al [114]. 

1.3.2 Toxicity of POM-ILs to bacteria 

There are different transient metals used in POM-ILs, mostly tungsten (W), 

molybdenum (Mo) and vanadium (V). From these POM-ILs, W-based POM-ILs are the 
most deployed and studied for antibacterial effects [113]. For example, Feng et al showed 
that films with chitosan and W containing POM had no antibacterial effects to E. coli 
[112]. In another study, W containing POMs were more efficient sensitizers of β-lactam 
antibiotic oxacillin to MRSA S. aureus as compared to Mo containing POMs (the growth 
inhibitory effect from disc diffusion method was seen between 200-12800 mg/L and 
800-25600 mg/L respectively) [115]. Also, the POMs with Mo and with W showed a 
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synergistic antibacterial effect with oxacillin to methicillin resistant S. aureus.  
The susceptibility was seen at the POM 50 μM concentration [116]. Also, 60 μm peptide 
nanofibers in combination with 26.7 μm POMs containing W showed superior 
antibacterial effects to E. coli compared to either component alone [109].  

1.4  Safety of metal-based antibacterial compounds 
The increasing production of metal-based NPs raises concerns over their toxicity to the 
environment [66] and the risks to humans [12]. The use of antimicrobial NPs is 
regulated by the European Commission Biocidal Products Regulation [18]. A separate 
dossier that meets all data requirements must usually be prepared for nanomaterials as 
active substances. Currently, a special risk assessment is necessary [117] for 
nanomaterials used as the active or non-active substances in biocidal products and the 
label of the biocidal product must contain the name of each nanomaterial containing 
word "nano".  

There are already several implications about the toxic effects of NPs on humans. 
Depending on the route of exposure, they have toxic effects on lungs, gastro-intestinal 
tract and on skin [118–120]. For example, aerosols can be deposited in the alveolar and 
tracheal regions of the lung whereas the deposition localization is dependent on the 
size and on the agglomeration state of the nanoparticles [119]. The translocation of the 
inhaled NPs to the system can be via the surface macrophages of the lung alveoli [119]. 
From the inhalation studies it was shown that up to 10% of 20 nm iridium nanoparticles 
were translocated to extra-pulmonary organs (including liver, spleen, kidneys) [121]. 
The testing with the animal models have shown that most of the nanoparticles from 
the gastrointestinal tract are excreted with faeces [118]. The absorbed NPs, however, 
are distributed mainly to liver [122]. The adsorption depends on the size, 
hydrophobicity and the charge of the NPs [123]. Interestingly, there is no data 
demonstrating a clear nanoparticle transdermal absorption through the intact human 
skin [118]. When administered intravenously, metal-based NPs can potentially cause 
systemic damage. Affected organs can be kidneys, liver, heart, muscles, nervous 
system, hematopoietic organs, lymphatics, lungs [120,124]. For example, TiO2 NPs with 
the size below 100 nm were administered to rats at 5 mg/kg body weight concentration 
and showed distribution mostly to liver followed by spleen, lung and kidney [124].  

1.4.1 In vitro mammalian cell models for safety assessment of NPs 

The introduction of the 3Rs principle (Replace Reduce Refine) by Russell and Burch in 
1959 [125] has taken much attention towards replacing experiments made on 
laboratory animals with in vitro mammalian cell models [125]. In 2010 the European 
Commission banned the exploitation of animals for safety assessment of cosmetic 
products [126]. As described by the US National Research Council in the vision of 
toxicity testing in the 21st century the rising concern for human exposure to 
environmental chemicals can potentially be managed by assessing the changes in 
metabolic pathways (so called adverse outcome pathways) in in vitro mammalian cell 
models [127]. With regard to the most optimistic prospective, the use of human cell 
models instead of animals could enable risk assessment for the toxicity evaluation of 
the chemicals done in the 21st century largely in vitro [128].  

The limitations for using in vitro models, however, are the possibility of 
misestimating the exposed dose, the absence of physical barriers and the deviations in 
the inflammation responses [129,130]. Thus, for more elaborate analysis for biokinetics 
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and biodistribution, sometimes the entire organ response is necessary. The toxicity 
evaluation in in vitro conditions is relevant for obtaining the first indication of toxicity of 
multiple compounds. For in vitro toxicity testing of chemicals, several mammalian cells 
are used, either primary cultivated cells from patients or immortalized cells from 
culture collections (e.g. ATCC) [131]. However, the toxicity assessment of metal-based 
NPs on human cell models gained attention only recently [132,133]. Metal-based NPs 
can possess many mechanisms of toxicity. It is known that the NPs` physico-chemical 
properties such as size, dispersibility and surface charge drive toxic effects on cells, 
[12,13,134–136]. Additionally, external metal ions or their complexes can replace 
original metals present in biomolecules and lead to impairment of cellular functions [9]. 
Such disturbances result in oxidative stress, mitochondrial impairment, modulation of 
immune responses, changes in receptor and channel functions [137].  

In the current thesis, the in vitro models for toxicity testing were chosen because 
(i) epithelium of the skin (represented by HaCaT cell model) and the intestine (Caco-2 
cells) are important biological barriers upon organism exposure to NPs; (ii) human 
THP-1 monocytes are important models for testing the toxicity of immune cells 
capable of phagocytosis. 

1.4.2 Caco-2 cell line for in vitro toxicity testing 

Caco-2 cells are the immortalized colon adenocarcinoma cells that have been widely 
used in toxicity testing of chemicals. Caco-2 cells are suitable replacement for animals 
to study intestinal absorption of pharmaceuticals across the small intestine [133]. 
Caco-2 cells are enterocyte like cells that originate from the epithelial cells of colon. 
They participate in the formation of intestinal epithelial barrier which also has a 
function of defence against pathogens. In coculture with lymphocytes, Caco-2 cells can 
be differentiated into M like cells that are similar to transporting M cells in Peyer`s 
Patches in the gut [138].  

Caco-2 cells form a confluent monolayer and produce mucus when they are 
stimulated mechanically and cultivated in semi-wet conditions [139]. They can also be 
used to form human organoids [140]. In toxicity testing, the Caco-2 is a model for 
toxicity evaluation where it represents the colon epithelial barrier for chemicals. 
Of concern is the use of Caco-2 cells as models because of the variability of toxicity 
estimates due to the difference in the conditions for cell culture [141]. The Caco-2 cells 
have been employed in a nanotoxicology study where the effects of 5 and 30 nm Au 
NPs on cellular metabolic activity and protein expression were studied [142]. It was 
shown that the exposition of nanoparticles with different sizes resulted in various 
profiles of protein expression to the cells (the proteins associated with the morphology 
and energy were the most affected by smaller NPs) while the expression of metabolites 
of the exposed cells was not changed.  

1.4.3 HaCaT cell line for in vitro toxicity testing 

HaCaT cells are spontaneously transformed human keratinocytes that represent the 
basal epidermal keratinocytes. In the human skin, keratinocytes are located in the 
epidermal layer with Merkel cells, Langerhans cells and melanocytes. HaCaT cells have 
been used to study epidermal homeostasis and pathophysiology of the skin [143]. 
They can be used as a model to study the pathogenesis of psoriasis, which is a disease 
characterized by the hyperproliferation of keratinocytes. They can also be used as an 
in vitro model to study the wound healing where they represent the highly proliferative 
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epidermis [144] or as an in vitro model to study the toxic effects of antimicrobial agents 
on human skin [145]. The spontaneously immortalized HaCaT cell line has been 
deployed as a keratinocyte model to assess the skin irritation potential of chemicals 
[146]. The HaCaT cells have been used previously for nanosafety studies to evaluate the 
toxicity potential of 16 metal oxide nanoparticles to HaCaT cells and to E. coli to obtain 
theoretical descriptors for predicting the toxicity of the compounds depending on their 
electronic, physical and chemical properties (e.g. quantum-mechanical properties, 
visual descriptors and periodic table descriptors). Notably, there was a correlation 
between the toxic effects of E. coli bacteria and HaCaT cells [147].  

1.4.4 THP-1 cell line for in vitro toxicity testing  

THP-1 monocytes originate from a cell line of acute monocytic leukaemia derived from 
a small boy. They exhibit monocyte properties and can be induced to macrophage-like 
cells. THP-1 cells are extensively used in the immunotoxicity evaluation of chemicals 
[133]. Monocytes in humans are distributed in the body and differentiated to 
macrophages in target tissues. Macrophages are specialized phagocytosing cells that 
participate in the native immune responses of an organism. The macrophages 
phagocytose/digest invaders such as bacteria and viruses. They metabolize the proteins 
and expose the antigens to immune system on the surface of the cells via HLA-2 
receptor [148].  

In in vitro conditions, the monocyte differentiation to macrophages is initiated with 
bacterial components or several chemical agents such as polymyristyl-phorbol ester 
(PMA) [149,150]. In general, macrophages can be classified into M1 type (inflammation 
promoters), M2 type (adaptive immune response activators with anti-inflammatory 
potential) or tumour associated macrophages (possessing more immunosuppressive 
functions) [151]. It has been shown that the higher concentration of PMA (100 ng/mL) 
causes THP-1 differentiation to more M1 inflammatory type macrophages [150]. THP-1 
cells have been used in nanotoxicology studies to evaluate the capability of 
phagocytosis of the silica and superparamagnetic iron oxide NPs and the modulation of 
immune responses as a result of the NPs` ingestion [152]. Also, the uptake of NPs by 
phagocytes and non-phagocytes is important for determining the NPs` toxicity. Firstly, 
phagocytes can digest the NPs to a larger extent than the non-phagocytic cells [153] 
and secondly, the toxic effects of the cells can be different for the phagocytosed NPs as 
compared to the non-phagocytosed NPs. For example, activated phagocytes were 
involved in the increased cytotoxicity of doxorubicin loaded poly(alkylcyanoacrylate) 
NPs as determined with the co-cultures of M5076 murine ovarian sarcoma cells and 
J774.A1 macrophages [154]. 

1.4.5 Safety versus toxicity of antibacterial CuO and Ag NPs 

The toxicity mechanisms of CuO and Ag NPs relevant for bacteria (chapter 1.3) are also 
relevant for mammalian cells in vitro. In addition, mammalian cells have the capacity 
for the uptake of NPs that bacterial cells do not pose. The lipid bilayer membrane of 
mammalian cells is dynamic and has several NP uptake possibilities (Figure 6). The main 
routes of uptake depend on the origins and differentiation states of the cells and on the 
physico-chemical properties of NPs. Some possibilities entail phagocytosis (Figure 6A) 
or endocytosis such as pinocytosis (Figure 6B), through the clathrin-mediated pits 
(Figure 6C) or through the caveolin rich area (Figure 6D). The clathrin-mediated 
internalization is the main internalization pathway for smaller NPs (below 100 nm) that 
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can end up in intracellular vesicles [155]. Essentially, the surface coating could play a 
role in the choice of the uptake pathways [156]. For example, the attachment of PEG, 
poloxamer and poloxamine polymers on NPs could prevent phagocytosis by reducing 
the binding of the proteins on NPs [157]. The surface charge can modulate the uptake 
of NPs. The negatively charged NPs have been shown to be taken up by the cells more 
via the clathrin independent pathways and positively charged NPs via the caveolin and 
clathrin-mediated endocytosis [158]. Also, size of NPs might influence their uptake 
pathway. It has been postulated that NPs with smaller size (~120 nm) are endocytosed 
while larger (> 500 nm) are phagocytosed by phagocytic cells (e.g. macrophages) 
[159,160]. 

Figure 6. Possible uptake pathways of NPs in mammalian cells and toxicity. (Modified from Zhao 
et al [161]). The uptake routes: phagocytosis (A), pinocytosis (B), clathrin-dependent endocytosis 
(C), caveolae-dependent endocytosis (D).  

In case of mammalian cells that (in contrast to bacteria) have the mechanisms for NPs` 
uptake, it is suggested that toxicity of CuO and Ag NPs is mainly exerted inside the cells. 
The release of the metal ions may take place after internalization of the NPs e.g. by a 
Trojan horse mechanism [130]. For example, the higher dissolution rate of smaller Ag 
NPs in the lysosomes were involved in the higher toxicity and inflammatory responses 
of macrophages as compared to their larger counterparts [162]. It has been shown that 
the total dissolution of internalized CuO takes place inside lysosomal compartments 
(pH 4.5) [84]. Once dissolved, the Cu can cause proton sponge effect that is 
characterized by the swelling and rupture of the lysosomes [13]. Additionally, CuO NPs 
exert ROS-mediated cytotoxicity and DNA damage [94,97,163,164].  
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Aims of the study 
The main aim of this thesis was to investigate the toxicity of metal-based NPs to find 
the most effective antibacterial agents among differently sized and coated CuO and Ag 
NPs and polyoxometalate ionic liquids; to assess the biological safety of CuO NPs on 
mammalian cell in vitro models and to link antibacterial effects and safety of NPs to 
their physico-chemical properties. 
 
Specific aims were the following: 

1) To optimize sonication protocols of CuO NPs for antibacterial efficiency 
evaluation with Escherichia coli and for safety evaluation with Caco-2 cells. 

 
2) To evaluate the effect of size and coating of silver nanoparticles on their 

antibacterial properties to Escherichia coli and Staphylococcus aureus. 
 

3) To reveal the effect of variation of the tetraalkylammonium cation chain 
length on the antibacterial potency of polyoxometalate ionic liquids using 
three biomedically relevant bacteria: Escherichia coli, Pseudomonas 
aeruginosa and Staphylococcus aureus. 

 
4) To compare the toxicity of CuO NPs without coating and CuO NPs with 

different surface functionalizations on Escherichia coli bacteria, on 
differentiated THP-1 macrophages and on HaCaT keratinocytes in vitro. 
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2 Materials and methods 
The work was done at the National Institute of Chemical Physics and Biophysics at the 
Laboratory of Environmental Toxicology in collaboration with the Institute of Materials 
Science of Aragón (ICMA) and the Croatian Institute of Transfusion Medicine (CITM). 
Prior to the biological testing of the NPs, the physico-chemical characterization was 
done by measuring the NPs` hydrodynamic size (Dh) in DI water, surface charge  
(zeta-potential) in DI water and in organic-rich test media, polydispersity index (PDI) 
and metal content. Additionally, dissolution and bioavailable fraction of CuO NPs and 
Ag NPs were quantified using elemental analysis or bacterial biosensors, respectively 
(Figure 7).  

The antibacterial potency of Ag NPs was evaluated with Gram-positive bacteria  
S. aureus and Gram-negative bacteria E. coli and P. aeruginosa. The antibacterial 
properties and the safety of CuO NPs with different functionalizations were 
investigated with toxicologically relevant in vitro test models representing the 
gastrointestinal barriers (Caco-2 epithelial cells), the skin barriers (HaCaT keratinocytes) 
and the immune responses (differentiated THP-1 macrophages). Additionally, 
mechanistic studies were applied (e.g. the ROS measurements in abiotic conditions and 
the immune responses of dTHP-1 cells). 

 

 

Figure 7. A scheme of materials and methods in the study.  
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2.1 Physico-chemical characteristics of metal-based NPs and POM-ILs 

2.1.1 CuO NPs  

The Cu compounds used in the study are summarized in Table 1. The CuO NPs were 
from Sigma Aldrich (CuO S, CAS Number 1317-38-0) and from Intrinsiq Materials (CuO 
I). The NPs were provided within the EU FP7 flagship project NANOVALID (particle code: 
NNV-011). The CuO P, CuO-NH2, CuO-COOH and CuO-PEG were a gift from project 
partners (Prof. Bengt Fadeel, Karolinska Institutet, Sweden) in the FP7 funded project 
Nanosolutions. All the CuO NPs and CuSO4 provided were powders.  
 
Table 1. CuO NPs and CuSO4 metal salt employed in the study. The number before the metal 
component in the “primary size” column indicates the primary size of the nano (n) compound. 

Designation 
of the 

compound 

Primary 
size, nm 

Organic 
coating 

Origin Bacterial strain for 
antibacterial 

efficiency evaluation 
 

Biological 
safety 
testing 
on cell 
lines 

Publication 

CuO S 30nCuO± - Sigma-
Aldrich 

E. coli MC1061 
(pSLCueR/pDNcopAlux) Caco-2 I 

CuO I 25nCuO† - Intrinsiq 
Materials 

E. coli MC1061 
(pSLCueR/pDNcopAlux) Caco-2 I 

CuO P 18nCuO¥ - Nano 
Solutions E. coli MG1655 THP-1, 

HaCaT manuscrip‡  

CuO-NH2 9nCuO¥ amine Nano 
Solutions E. coli MG1655 THP-1, 

HaCaT manuscript 

CuO-COOH 8nCuO¥ carboxyl Nano 
Solutions E. coli MG1655 THP-1, 

HaCaT manuscript 

CuO-PEG 7nCuO¥ 
polyethylene 
glycol 

Nano 
Solutions E. coli MG1655 THP-1, 

HaCaT manuscript 

CuSO4 CuSO4 - Alfa  
Aesar E. coli MG1655 

THP-1, 
HaCaT, 
Caco-2 

manuscript 

The primary sizes were determined by: ± - Ivask et al [91], † - Bondarenko et al [165], ¥ - Zhang et 
al [163] ‡- manuscript in preparation. 
 
For preparing the dispersions of NPs, one approach is to sonicate the NPs in water and 
to make the subsequent dilutions in test media. The other approach is to sonicate and 
dilute the solutions directly in the test media [48,53]. Different studies use different 
protocols that may produce inconsistencies in toxicity data. The CuO I and CuO S NPs 
stock suspensions in the current thesis were done at 1000 mg Cu/L in DI water (the 
weight of the NPs was adjusted with regard to the Cu content), LB or MEM applying 
different approaches as follows: (i) no sonication, (ii) bath sonication and (iii) probe 
sonication (with the delivered acoustic energy Espec = 5.3 * 104 kJ/m3 and Espec =6 * 
105 kJ/m3). Uncoated CuO P or CuO-NH2, CuO-COOH and CuO-PEG NP suspensions were 
prepared at concentrations 1000-2000 mg/L weight volume in DI water using probe 
sonication (Espec = 3.9 * 105 kJ/m3).  

Measurements of Dh and PDI with the DLS method and zeta-potential with the 
electrophoretic light scattering method were carried out with Zetasizer Nano ZS 
(Malvern, UK) immediately after preparation of the working solutions (more 
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information in publications I, II and manuscript). Cu content was measured with total  
X-ray fluorescence (Picofox) whereas the Cu content of dissolved NPs was measured 
between 0- and 24-hours (publication I and manuscript).  

2.1.2 Ag NPs  

A panel of Ag NPs with two sizes and with six coatings rendering NPs with different 
charges were studied. The Ag NPs of 10 nm and 50 nm were synthesized at the Croatian 
Institute of Transfusion Medicine (CITM) and are summarized in Table 2 (more detailed 
information about the synthesis is in publication II Supplementary Material). Briefly, the 
synthesis of differently coated Ag NPs was done using the following coating agents: 
trisodium citrate dihydrate (CIT), sodium bis(2-ethylhexyl) sulfosuccinate (AOT), 
cetyltrimethyl-ammonium bromide (CTAB), poly(vinylpyrrolidone) (PVP), polysorbate 
80 (Tween 80). Poly-l-lysine (PLL) was used as a coating material only on the 10 nm Ag 
NPs. Additionally, the pure coating agents were separately tested for antibacterial 
potency (Table 2).  

The primary size, Dh, PDI, Ag content of the NPs and zeta-potential as well as the 
dissolved part of the NPs were estimated by our collaboration partners at the CITM 
(more information in publication II). The stability of Ag NP suspensions in test 
conditions was assessed by UV-vis spectroscopy.  
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Table 2. Ag NPs, soluble AgNO3 and pure capping agents employed in the study. The number 
before the metal component indicates the primary size of the nano (n) compound. 

Designation of 
the compound 

Primary 
size, NP 

 

Organic coating Origin Antibacterial 
efficiency 

evaluation on 
bacteria 

Publication 

10nAg-CIT 10nAg0 citrate CITM 
E. coli MG1655 

II 
S. aureus 6538 

10nAg-PVP 10nAg0 poly-
vinylpyrrolidone  CITM 

E. coli MG1655 
II 

S. aureus 6538  

10nAg-AOT 10nAg0 bis-2-ethylhexyl 
sulfosuccinate CITM 

E. coli MG1655 
II 

S. aureus 6538  

10nAg-Tween 80 10nAg0 polysorbate 80 CITM 
E. coli MG1655 

II 
S. aureus 6538  

10nAg-CTAB 10nAg0 
cetyltrimethyl-
ammonium 
bromide  

CITM 
E. coli MG1655 

II 
S. aureus 6538  

10nAg-PLL 10nAg0 poly-l-lysine CITM 
E. coli MG1655 

II 
S. aureus 6538  

50nAg-CIT 50nAg0 citrate CITM 
E. coli MG1655 

II 
S. aureus 6538  

50nAg-PVP 50nAg0 poly-
vinylpyrrolidone  CITM 

E. coli MG1655 
II 

S. aureus 6538  

50nAg-AOT 50nAg0 bis-2-ethylhexyl 
sulfosuccinate CITM 

E. coli MG1655 
II 

S. aureus 6538  

50nAg-Tween 80 50nAg0 polysorbate 80 CITM 
E. coli MG1655 

II 
S. aureus 6538  

50nAg-CTAB 50nAg0 
cetyltrimethyl-
ammonium 
bromide  

CITM 
E. coli MG1655 

II 
S. aureus 6538  

AgNO3 AgNO3 - J.T. 
Baker 

E. coli MG1655 
II 

S. aureus 6538 

CIT - citrate Sigma-
Aldrich 

E. coli MG1655 
II 

S. aureus 6538 

PVP - poly-
vinylpyrrolidone  

Sigma-
Aldrich 

E. coli MG1655 
II 

S. aureus 6538 

AOT - bis-2-ethylhexyl 
sulfosuccinate 

Sigma-
Aldrich 

E. coli MG1655 
II 

S. aureus 6538 

Tween 80 - polysorbate 80 Sigma-
Aldrich 

E. coli MG1655 
II 

S. aureus 6538 

CTAB - 
cetyltrimethyl-
ammonium 
bromide  

Sigma-
Aldrich 

E. coli MG1655 
II 

S. aureus 6538 

PLL - poly-l-lysine Sigma-
Aldrich 

E. coli MG1655 
II 

S. aureus 6538 
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2.1.3 POM-ILs  

The prototype POM-ILs (Qx-IL) that feature Keggin-type anions [α-SiW11O39]8- and 
quaternary ammonium cations (Qx) as active cationic species were synthesized and 
characterized at the Institute of Materials Science of Aragón (ICMA) (Table 3).  
The binding of the POMs was confirmed by elemental analysis and the purity was 
determined by the FT-IR spectroscopy (Publication III, Supplementary Material). 

For antibacterial testing, the respective compounds and benzalkonium chloride 
(BAC) were used as a positive control. The BAC was dissolved in dimethyl sulfoxide 
(DMSO) at 100 g/L concentration followed by sequential dilutions into half strength 
cation (Ca2+ 25 mg/L/Mg2+ 12.5 mg/L) adjusted Mueller Hinton Broth (CA-MHB).  
The samples were poorly dissolved at higher concentrations and further incubation at 
37 °C overnight with shaking at 200 rpm was done. 

 
Table 3. POM-ILs (Qx-IL, x=C= 6, 7, 8), corresponding salts (Qx-Br, x=C= 6, 7, 8) to organic 
components and a positive control benzalkonium chloride (BAC) used in the study. x and C 
designate the carbon in the carbon chain of different alkyl chain lengths of quaternary 
ammonium cations.  

Nomination of 
the compound 

Metal 
compo-

nent 

Organic component 
with different 
carbon chain 

lengths 

Origin Antibacterial efficiency 
evaluation on bacteria 

Publication 

Q6-IL POM quaternary 
ammonium C=6 ICMA 

E. coli MG1655 
III S. aureus RN4220 

P. aeruginosa DS10–129 

Q7-IL POM quaternary 
ammonium C=7 ICMA 

E. coli MG1655 
III S. aureus RN4220 

P. aeruginosa DS10–129 

Q8-IL POM quaternary 
ammonium C=8 ICMA 

E. coli MG1655 
III S. aureus RN4220 

P. aeruginosa DS10–129 

Q6-Br - 
quaternary 
ammonium 
bromide salt C=6 

ICMA 
E. coli MG1655 

III S. aureus RN4220 
P. aeruginosa DS10–129 

Q7-Br - 
quaternary 
ammonium 
bromide salt C=7 

ICMA 
E. coli MG1655 

III S. aureus RN4220 
P. aeruginosa DS10–129 

Q8-Br - 
quaternary 
ammonium 
bromide salt C=8 

ICMA 
E. coli MG1655 

III S. aureus RN4220 
P. aeruginosa DS10–129 

BAC - benzalkonium 
chloride 

Appli 
Chem 

E. coli MG1655 
III S. aureus RN4220 

P. aeruginosa DS10–129 
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2.2 Antibacterial properties of metal-based NPs and POM-ILs  
For evaluating bacterial susceptibility to the toxicants, several assays were deployed: 
Spot assay, Growth inhibition assay and Resazurin assay (viability). Additionally,  
the recombinant bioluminescent bacteria that produce light in the presence of 
intracellular metal were used for bioavailable metal quantification in Ag and CuO NP 
suspensions (publications I, II, manuscript). 

2.2.1 Biosensor for intracellular Ag and Cu measurement 

Genetically modified recombinant sensor bacteria are tools that enable to track 
toxicants such as genotoxic agents from the water [166] or heavy metals from the soil 
[167]. The whole cell bioengineered bacterial sensors that are modified to express 
luminescence encoding genes in the presence of e.g. bioavailable metals are described 
by Ivask et al [168]. 

Quantification of bioavailable silver and copper in the NP test suspensions  
was performed using recombinant luminescent sensor bacteria that respond  
dose-dependently to Ag and Cu that have entered the bacterial cells and that is 
measured by the increased bioluminescence with a luminometer (Figure 8). In parallel, 
constitutively luminescent bacteria E. coli MC1061 (pDNlux) were measured for 
luminescence. The results were calculated by dividing the induced bioluminescence 
from the Ag and CuO NP dispersions with a background bioluminescence and are 
presented in relative light units (RLUs) whereas the corresponding metal salts were 
considered as 100% soluble to normalise the measurement data. 

Ag and Cu ions are transported and detoxified via similar pathways in E. coli [169]. 
CueR is a biological recognition element that activates a cascade of resistance systems 
in E. coli in response to Cu or Ag [8,77]. In the current thesis, the recombinant E. coli 
MC1061 bacterium (pSLcueR/pDNPcopAlux) was used to determine the intracellular 
concentration of Ag and Cu (publications I, II and manuscript). The essence of 
biosensors is that they provide quantitative analytical information in response to the 
external source [168]. The luminescence induction of the recombinant E. coli MC1061 
to intracellular Ag is mediated via CueR activator protein and is regulated by CopA 
promoter (responsible for transcription of CopA ATPase that enables the transport of 
respective metal ions between the cytosol and periplasm [170]). The CopA promoter 
was inserted to the luxCDABE gene cluster, resulting in a construct that produced 
luminescence in response to bioavailable Ag and Cu (Figure 8)  [171]. 
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Figure 8. Luminescence induction curves in response to bioavailable silver and copper inside the 
recombinant bacteria. 

2.3 Assays for antibacterial potency evaluation 
The antibacterial potency of CuO I and CuO S NPs towards E. coli was assessed using a 
2-h Spot assay that was developed by Kasemets et al [172] and by Suppi et al [173] 
(publication I). Briefly, the E. coli were grown into exponential phase and 106 CFU/ml 
bacteria were exposed to the serial dilutions of test chemicals for 2 hours in DI water in 
the wells of 96-well polystyrene plates. 3 µl of the suspensions of the exposed bacteria 
were delivered to the toxicant-free agar plates and incubated for 24 h at 30° C. 
The minimal bactericidal concentration (MBC) was considered the first concentration of 
a toxicant that totally inhibited the growth of bacteria on the agar plates (Figure 7).  

The antibacterial potency of Ag NPs (publication II) was evaluated on a 4-h and on a 
24-h Spot assays deploying a similar method as described above. 4-h or 24-h exposures 
of E. coli and S. aureus to the Ag NPs were done in DI water to avoid the effects of 
complexation on the bioavailability of the NPs. 

CuO P, CuO-COOH, CuO-NH2 and CuO-PEG NPs were studied for antibacterial 
potency against E. coli using a 24-h Resazurin assay (manuscript). The test compounds 
were exposed to bacteria (prepared as described in ISO 20776-1:2006 [174]) for 24 
hours in RPMI-1640 containing cell culture complete medium (CCM) supplemented 
with 10% fetal bovine serum (FBS). The resazurin was added to the cells. The viability 
indicator dye blue resazurin is reduced to pink resorufin in the respiration process of 
viable cells. The fluorescence intensity of treated and untreated samples was registered 
and used for viability (presented as % of live cells) and subsequently 50% effective dose 
(EC50) calculations (Figure 7). 

Antibacterial potency of Qx-Br and Qx-IL and BAC were studied using a standard 
broth microdilution method as described in ISO 20776-1:2006 [174] (publication III). 
The E. coli, S. aureus and P. aeruginosa bacteria were exposed to the respective 
compounds in cation adjusted Mueller Hinton Broth (CA-MHB) supplemented with 
1 vol-% of DMSO. The 1 % DMSO was not toxic to bacteria (data not shown). Bacterial 
growth was followed by the increase of absorbance at 600 nm registered after every 
15 min (Figure 7). Based on the growth inhibition data, EC50 values were calculated. 
Also, the 20-h Spot assay on CA-MHB agar plates was deployed to determine MBC 
values. The antibacterial assays used in the study are summarized in Figure 9.  
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2.4 Safety of CuO NPs  
For safety/toxicity analysis in vitro, three cell lines were used in this study: two human 
epithelial cell lines (Caco-2 and HaCaT) and one immune cell line (THP-1). All the cells 
were obtained from American Type Culture Collection (ATCC) and the cell culture was 
maintained according to ATCC guidance. Cells were grown on tissue culture treated 
plates at 37 °C in the air-jacketed incubator in the presence of 95% humidity and 5% 
CO2. 

In publication I, the toxicity of CuO I and CuO S NPs dispersed in different test media 
was measured with Caco-2 cells using Resazurin assay (Figure 9). The cells were seeded 
in Modified Eagles Medium (MEM) containing cell culture medium supplemented with 
10% FBS. MEM is a basal medium often deployed in in vitro tissue culture studies [175]. 
The exposure to test chemicals was done for 24 h. Cells were washed and resazurin was 
added in the test medium. The fluorescence intensity was used for EC50 calculations. 

The CuO P, CuO-NH2, CuO-COOH and CuO-PEG NPs with CuSO4 as a control were 
estimated for safety with HaCaT keratinocytes and differentiated THP-1 macrophages 
(dTHP-1) in Dulbecco's modification of Eagle medium (DMEM) supplemented with 10% 
FBS (manuscript). The substances were exposed to the cells for 24 h. Cells were 
washed, and the viability was assessed with resazurin in CCM. The fluorescence was 
measured, and the viability was calculated as described in publication I and manuscript. 

CuO P, CuO-NH2, CuO-COOH and CuO-PEG NPs with CuSO4 as a soluble control were 
studied for safety also with dTHP-1 macrophages. THP-1 monocytes were differentiated 
in CCM containing RPMI-1640 supplemented with 10% FBS and 100 ng/mL PMA for  
72 h achieving dTHP-1 macrophages. For viability estimation, the cells were exposed to 
Cu compounds for 24 h followed by addition of resazurin for 2 h. Alternatively, the 
supernatants from the cells influenced with 100 mg/L Cu compound suspensions were 
collected and quantified for the presence of TNF-α by enzyme linked immunosorbent 
assay (ELISA). The conditions for safety and TNF-α production evaluation are 
summarized in Figure 9 and more information can be found in  manuscript.  

2.5 Statistical analysis of the results  
The 50% and the 20% effective concentration values (EC50 and EC20 respectively, 
mg/L) with 95% confidence intervals were calculated from dose-response data using 
MS Excel macro Regtox (http://www.normalesup.org/~vindimian/en_download.html) 
using optimal EC50 values obtained from the least squares best fit transformation of 
the data. The statistical significance between the EC values was calculated with equal 
variances at p < 0.05. 

The analysis of variance between different groups (one-way ANOVA followed by a 
Tukey’s honest significant difference post-hoc test) was done with R Language and 
Environment for Statistical Computing (http:// www.R-project.org). 

Bioinformatics analysis of the toxic effects of CuO NPs to E. coli, HaCaT and dTHP-1 
macrophages was done using the R Language and Environment for Statistical 
Computing and described by Jolliffe et al [176] whereas the principal component 
analysis (PCA) and an eigenvector analysis were implemented. The PCA was done to 
obtain an estimation of the multiple parameters that contributed to the variability of 
the toxic effects of CuO P, CuO-COOH, CuO-NH2 and CuO-PEG NPs on different cells.  
In the analysis, the average EC50 values from the viability data were used (more 
information can be found in manuscript).  
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Figure 9. Schematic representation of tests for evaluating physico-chemical properties (grey boxes), antibacterial potency (red boxes) and safety (green boxes) of 
chemicals in the study. 
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3 Results and discussion 

3.1 The physico-chemical characteristics of NPs  
In the first part of the work (publication I), the sonication protocols for the dispersion of 
NPs were optimized for toxicity testing. The suspensions of uncoated CuO NPs of two 
origins (Sigma Aldrich and Intrinsiq Materials) were prepared without sonication or via 
bath sonication for 30 min or via different intensities of probe sonication corresponding 
to Espec = 5.3 * 104 kJ/m3 and Espec =6 * 105 kJ/m3. The sonication energy was chosen 
based on previous studies in nanotoxicology and the sonication efficiency was 
evaluated by the estimation of the polydispersity of the NP samples (expressed as 
polydispersity index, pdi) [48–50,177]. The suspensions were employed for 
antibacterial potency and for safety evaluations. Sonication was carried out in three 
testing environments: DI water, bacterial LB growth medium and MEM (Figure 9).  
The bioavailable Cu measurement was determined in LB bacterial growth medium.  
As shown in Figure 10B, the fraction of internalized ions increased with the increasing 
intensity of sonication energy confirming that the dissolution of CuO NPs is related to 
sonication intensity. The dissolution analysis of CuO in LB in abiotic conditions was in 
accordance with the bioavailability study showing higher bioavailability of NPs 
dispersed with higher sonication energy (Figure 10C).  

The sonication in MEM medium supplemented with 10 % serum followed by viability 
assessment indicated that the toxicity to Caco-2 cells was substantially increased with 
sonicated NPs (Figure 10D). Also, the dissolution increased, and Dh decreased for NPs 
that were dispersed by sonication in MEM compared to unsonicated samples (Figure 
10A, C) showing the relevance of deploying sonication energy for preparation of 
suspensions of NPs.  

The sonication facilitates the dispersion of NPs by decreasing the agglomeration of 
NPs [178]. The sonication in water environment did not substantially increase the 
dissolution of the NPs. Also, different parameters used for CuO NPs in water 
environment did not result in differences in toxicity to bacteria (the 2-h MBCs of 
sonicated and unsonicated CuO NPs in DI water were between 14-16 mg Cu/L, 
publication I). Also, the dissolution of the NPs in DI water in abiotic conditions was not 
different suggesting that the toxicity of CuO NPs is related to the dissolution of the CuO 
NPs and is not changed by applying sonication energy in DI water. There was no 
substantial difference between the behaviour of CuO NPs (antibacterial effects, 
toxicity) from various sources (Sigma Aldrich vs Intrinsiq Materials) (Figure 10B).  

Relying on the observations that the dissolution behaviour was stable for particles 
dispersed in DI water, it was concluded that the stock suspensions should be made in DI 
water followed by dissolution in test media. This knowledge was used for subsequent 
analysis of CuO NPs` toxic effects.  
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Figure 10. Influence of sonication energy on CuO NPs physico-chemical properties and toxic 
effects. 0-h hydrodynamic size (A); 2-h bioavailable copper in recombinant E. coli bacterium  
(B); 0-h abiotic dissolution (C); and toxicity (EC50 mg Cu/l) of uncoated CuO NPs to Caco-2 cells 
(D). Hydrodynamic size (Dh) and abiotic dissolution were measured in three media: DI water, cell 
culture medium (MEM+10% serum) and bacterial growth medium LB. Error bars are the standard 
deviations of the three experiments with at least two technical replicates (publication I). 

3.1.1 The physico-chemical characteristics of CuO and Ag NPs 

Next, a panel of 10 and 50 nm Ag NPs with coatings rendering positively or negatively 
charged NPs was investigated. The exposure of the Ag NPs to bacteria was carried out 
in DI water to decrease the possibility of interference by the components of the 
organic-rich test media [129]. Prior to toxicity evaluation, the physico-chemical 
properties of Ag NPs were characterized revealing that there was a clear difference 
between the two groups of Ag NPs: a group with primary sizes Dh 6-17 nm (the average 
around 10 nm) and a group with primary sizes Dh 33-59 nm (the average around 50 nm) 
(Figure 11A and Table 2 in publication II). The Ag NPs with PLL and CTAB coatings were 
positively charged whereas the other coating agents on NPs resulted in negative or 
neutral zeta-potentials (Figure 11C).  

The stability of the Ag NPs was measured in testing conditions using the UV-vis 
method. The Ag NPs, indeed, were stable for 24 hours with the exception of 50 nm 
CTAB that tended to form aggregates and sedimented to the bottom of the vials (the 
forming of aggregates was confirmed by visual inspection and by decreased Ag 
characteristic peak of dispersed Ag NPs in the UV-vis measurements, Figure 12).  

The CuO P, CuO-NH2 were positively charged and the CuO-COOH and CuO-PEG 
negatively charged in DI water (Figure 11C). The surface charge was evenly negative for 
all the test compounds in the cell culture medium (Figure 11C, the insert) that might be 
due to the formation of a protein corona on the surface of NPs [179,180]. 
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Figure 11. Physico-chemical properties of CuO P, CuO-NH2, CuO-COOH, CuO-PEG NPs and Ag NPs with different coatings measured in DI water and in cell culture 
medium (RPMI +10% FBS). Hydrodynamic size (Dh; please note the logarithmic scale) (A), Cu content of NPs (B), surface charge (zeta-potential) (C), and 0.5h and 
24-h dissolution (D). The Ag NPs were evaluated for hydrodynamic size with a Malvern Z-sizer in bimodal mode (larger fraction is presented). The CuO NPs 
hydrodynamic size was evaluated in monomodal mode. Data from publications I, II and from manuscript. 
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Figure 12. An example of UV-vis spectra of 10 nm CTAB coated Ag NPs as compared to 50 nm 
CTAB Ag NPs at 10 mg Ag/mL concentration (publication II). On the diagram are the absorbance 
values derived from the scanning from 300 to 700 nm with a 10 nm gap at 0 h, 4-h and 24-h time 
points. The curves represent the average values from three experiments with two replicates.  
Ag peaks are 390–395 nm and 400–440 nm for 10 nm and 50 nm Ag NPs respectively. 

3.2 The antimicrobial potency of CuO, Ag NPs and POM-ILs 
A panel of above-described Ag NPs and CuO NPs and POM-ILs were subsequently used 
to study toxic effects of these compounds on Gram-positive and Gram-negative 
bacteria. Table 4 summarizes the results of most of the antibacterial tests conducted in 
this thesis (publications II, III, manuscript). In the current thesis, different test media 
were used for toxicity assessment of CuO NPs, POM-ILs and Ag NPs. Organic-rich test 
media, for example, were used for testing of POM-ILs and DI water was used for testing 
of Ag NPs and of CuO NPs. 

The Ag-based NPs were the most toxic of the tested compounds in our conditions. 
These results are partly in accordance with previously published data where out of NPs 
consisting from three metals (CuO, ZnO and Ag), the Ag NPs proved to be the most 
toxic to bacteria despite of the differences in test media components [76].  

The Gram-positive S. aureus and the Gram-negative E. coli and P. aeruginosa were 
chosen as the main bacterial models because they are important causes of HAIs [5]. 
Ag NPs were most toxic to E. coli (Table 4). Overall, the toxicity of Ag NPs to E. coli was 
higher than to S. aureus (Table 4). Also, the 24-h MBC of AgNO3 was 0.02 mg Ag/L to 
E. coli and 0.1 mg Ag/L to S. aureus showing results that are in agreement with 
previously published data using similar test format [173]. The difference between 
the susceptibilities of the test bacteria might rely on the cell wall composition. 
The Gram-negative bacteria have an outer layer of membrane and the cell wall with 
peptidoglycan only 3 nm thick. In the Gram-positive bacteria the peptidoglycan layer is 
30 nm thick [181,182] that most probably impairs the passage of the toxic Ag ions 
through. The lower sensitivity of Gram-positive S. aureus has been confirmed by 
previous studies [181,183,184]. The higher leakage of proteins through the membranes 
of Gram-negative bacteria treated with Ag NPs have been shown by Kim et al [184]. 
The differences in the toxicity mechanisms of CuO and Ag NPs may relay in the 
destabilization of the Gram-negative and the Gram-positive bacterial membranes and 
the influence on the integrated membrane transportation systems for the metals. 
The outer membrane of Gram-negative bacteria contains selective and unselective 
porins that could be responsible for the transportation of smaller nanoparticles and 
metal ions. The Gram-positive bacteria contain similar membrane porins [104,185]. 
Also, the transporters are important in determining the passage of the metals through. 
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The metal ions can be internalised by unspecific routes to the cells, along the 
chemiosmotic gradient or via the inducible energy demanding routes that are necessary 
for their metabolic activity in a special situation such as e.g. starvation. In high 
concentrations of metal ions (e.g. Cu and Ag), the passage can be more unspecific. 
Additionally, in Gram-negative bacteria, the Cu is transported to the cytoplasm with 
CopA, CopC and CopD proteins [186][187]. In the Gram-positive bacteria the CopA and 
CopB ATPases are responsible for Cu metabolism. The first is for the uptake of metal in 
cytoplasm and the latter for efflux and detoxification. Silver has similar pathways as Cu 
in bacterial metabolism in Gram-positive bacteria mediated by P-type ATPases. 
Interestingly, however, the Gram-negative bacteria are more prone to develop 
resistance against Ag [188].  
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Table 4. Toxicity of the test compounds to the bacteria. The MBC values of Ag NPs and pure 
coating materials are averages from three to five experiments. The MBC values of different 
carbon chain lengths POM-ILs (Qx-IL), corresponding salts (Qx-Br) and CuO NPs are most 
representative values from parallel experiments. The red colour shows the lower, and the green 
colour the higher MBC values that correspond to more toxic and less toxic compounds 
respectively; the grey colour indicates the MBC values for the compounds that were not toxic at 
the tested concentrations. The data is summarized from publications II, III and manuscript.  

Compound 

TOXICITY (MBC) 

Test 
medium 

MBC 
unit 

 
E. coli 

 
P. aeruginosa 

 
S. aureus 

20h 24h 20h 20h 24h 
CuO P  CCM mg Cu/L - 72.2 - - - 
CuO-NH2 CCM mg Cu/L - 9.7 - - - 
CuO-COOH  CCM mg Cu/L - 49 - - - 
CuO-PEG CCM mg Cu/L - >35.4 - - - 
CuSO4  CCM mg Cu/L - 66.6 - - - 
10nAg-CIT  DI water mg Ag/L - 0.1 - - 0.4 
10nAg-AOT  DI water mg Ag/L - 0.1 - - 0.2 
10nAg-PVP  DI water mg Ag/L - 0.1 - - 0.3 
10nAg-Tween 80  DI water mg Ag/L - 0.3 - - 0.9 
10nAg-CTAB  DI water mg Ag/L - 0.1 - - 0.5 
10nAg-PLL  DI water mg Ag/L - 0.1 - - 0.4 
50nAg-CIT  DI water mg Ag/L - 0.2 - - 0.6 
50nAg-AOT DI water mg Ag/L - 0.3 - - 2.1 
50nAg-PVP DI water mg Ag/L - 0.3 - - 0.4 
50nAg-Tween 80 DI water mg Ag/L - 3.8 - - 6.5 
50nAg-CTAB DI water mg Ag/L - 0.6 - - 3.4 
AgNO3 DI water mg Ag/L - 0.02 - - 0.1 
CIT DI water mg/L - >294 - - >294 
AOT DI water mg/L - >445 - - 44.5 
PVP DI water mg/L - 4000 - - >4000 
Tween 80 DI water mg/L - >131 - - >131 
CTAB DI water mg/L - 3.7 - - 3.7 
PLL DI water mg/L - 3 - - 3 
Q6-IL CA-MHB mg/L 1000 - >1000 10 - 
Q7-IL CA-MHB mg/L 50 - 100 2 - 
Q8-IL CA-MHB mg/L 100 - 100 5 - 
Q6-Br CA-MHB mg/L 1000 - 1000 10 - 
Q7-Br CA-MHB mg/L 25 - 100 2 - 
Q8-Br CA-MHB mg/L 100 - 100 10 - 
BAC CA-MHB mg/L 50 - 100 6 - 

 
The antimicrobial potency of CuO NPs was studied in similar testing conditions as Ag 
NPs for a shorter incubation time (2 h). The 2-h MBC of CuO I and CuO S in DI water to 
E. coli was 14-16 mg Cu/L showing toxicity that was two orders of magnitude lower 
compared to Ag NPs (publications I and II).  

From literature is known that CuO NPs exhibit considerable toxicity to bacteria  
and mammalian cells. For example, the 24-h MBCs of uncoated CuO NPs incubated  
with bacteria in DI water was 1-10 mg/ L to Gram-negative E. coli and 0.1-1 mg/L to  
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Gram-positive S. aureus [173]. CuO NPs are also toxic to mammalian cells. The EC50 
values of CuO NPs to human lung alveolar epithelial cells have been from 10 to 50 mg/L 
[107,189]. In the current thesis, the CuO NPs were functionalized with different surface 
coatings that could possibly change the toxic effects of CuO NPs (manuscript).  
The CuO-NH2 was employed in this study representing positively charged NPs and  
CuO-COOH, CuO-PEG negatively charged NPs. The toxicity of uncoated CuO NPs and 
CuSO4 salt to E. coli was evaluated in parallel (Figure 9). The antibacterial potency  
(MBC values based on Cu content of the CuO NP) of these compounds is summarized in 
Table 4. The toxicity of CuO NPs to E. coli was several orders of magnitude smaller than 
toxicity of Ag NPs. The coating of NPs was an important factor in toxicity because the 
CuO-NH2 NPs were the most toxic of the tested compounds and the uncoated CuO NPs 
the least toxic of the NPs. Surprisingly, the soluble copper control was less toxic than 
the functionalized CuO NPs. Such behaviour of Cu compounds is considerably different 
from Ag compounds (Table 4).  

In order to find new bactericidal agents, the antibacterial potency of POM-ILs was 
studied (publication III). In the current thesis, the POMs are anionic atomic clusters 
containing oxygen molecules, silica molecules and a transient metal tungsten (Figure 
5A). Additionally, to make potentially more effective antibacterial agents, the POMs 
were attached to cationic organic chemicals namely quaternary ammonium compounds 
(Qx) via hydrogen bonding (Figure 5B). Such a construct has both, anionic and cationic 
properties. Toxicity to three medically relevant bacteria: S. aureus, E. coli and P. aeruginosa 
were tested. The most susceptible bacterium to POM-ILs was S. aureus (20-h MBC  
2-10 mg/L). This is different from Ag NPs that were more toxic to Gram-negative E. coli. 
The toxic effects of Q6-IL on E. coli and P. aeruginosa were over 1000 mg/L while for Q7 
and Q8 the values were between 50 and 100 mg/L. The toxicity of POM-ILs compared to 
BAC – a well-known antimicrobial compound - was in concordance with previously 
published literature showing MIC values 1-50 mg/L [190,191]. 

In addition, POM-ILs tested in the current thesis were the most potent antibacterial 
agents compared to the previously published data. The minimal inhibitory 
concentration values for S. aureus have been reported in previous studies to be over 
400 mg/L [192]. Our preliminary data – the high toxicity of Q7-IL to S. aureus – suggests 
that POM-ILs presented in this thesis are promising new antibacterials against S. aureus 
and potentially to other Gram-positive bacteria. Such phenomenon could lead to their 
application in water decontaminating filters or in topical surface coatings especially 
against S. aureus which is the second most prevailing HAI causing bacterium [5].  

3.2.1 The role of dissolution in the toxic effects of CuO and Ag NPs  

It is known from the literature that Ag ions can be the main causes of toxic effects of Ag 
NPs [78]. Stemming from this, we measured the extracellular Ag ions (AAS) and 
intracellular Ag ions (publication II). The intracellular fraction of Ag was evidenced by 
the increased bioluminescence of the biosensors. The per cent of internalized ions from 
NPs is calculated based on the internalized metal salt [167]. The results showed that 
the external fraction of ions released from Ag NPs was between 0.8 and 6.5 % and the 
bioavailable fraction was between 0.2 and 12.6 % (Figure 13A and B, respectively).  
In general, the smaller Ag NPs were more dissolved compared to larger Ag NPs.  
As expected, the extra- and intracellular fraction of Ag ions originating from Ag NPs 
correlated with toxicity of Ag NPs (Figure 13A and B, respectively) suggesting that the 
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toxic effects of Ag NPs studied in the current thesis are most probably due to Ag ions 
that destabilize and damage bacterial cell membranes [19,68,193,194]. 

Figure 13.Correlation plots of 10 and 50 nm Ag NPs` toxicity with different coatings (4-h MBC) to 
E. coli and S. aureus with solubility (A) and with bioavailable fraction of Ag inside the bacteria (B). 
The data labels are the coating materials on the Ag NPs. The triangles on the correlation plots are 
the 50 nm Ag NPs and the rectangles are the 10 nm Ag NPs. (Please note the logarithmic scale of 
correlation plots.) The asterisks show statistical significance as follows: ** <0.01, ***<0.001 
(publication II). 

Essentially, the Gram-negative E. coli was considerably more susceptible to Ag NPs and 
silver ions compared to Gram-positive S. aureus at the 4-h time point whereas by 24 h 
the MBC values were more even (Figure 14) proving a more prominent time-dependent 
toxic effect of Ag NPs and AgNO3 for S. aureus compared to E. coli. 

The role of Cu ions in the toxicity mechanisms is under discussion. It has been shown 
previously that the dissolution of CuO NPs can be facilitated with organic components 
of the test medium [82]. It is suggested that at least part of the toxicity is attributed to 
the release of Cu ions [14,94,195,196]. In the current thesis, it was shown that the 
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higher toxicity of CuO S and CuO I NPs was explained by the higher fraction of dissolved 
Cu (as seen from the increase of bioavailable Cu). In addition, dissolution (and hence, 
toxicity) of CuO NPs can be affected by NP size [32], because smaller particles have 
larger specific surface area and therefore dissolve better as demonstrated with the Cu 
sensing biosensor analysis [14,32,197].  

CuO P, CuO-NH2, CuO-COOH and CuO-PEG, on the other hand were all dissolved by 
the 24-h time point (Figure 11D). The soluble CuSO4 was evenly toxic to all test models 
(Figure 15A) suggesting that the dissolved Cu could have an impact on the toxic effects 
of Cu compounds. The toxicity and dissolution profiles of functionalized CuO NPs on the 
other hand were different. The most toxic compound CuO-NH2 had a high fraction of 
bioavailable Cu. (Figure 2A in manuscript). Based on the results above, it is suggested 
that due to the moderate toxicity of Cu ions, the coating-dependent toxicity played 
important role for CuO NPs. 

3.2.2 The coating-dependent toxic effects of Ag NPs 

The Ag NPs are often coated to stabilize or disperse them better in suspensions that in 
turn can modulate toxicity [58]. In the current thesis, the antibacterial properties of a 
panel of 11 different Ag NPs with positive (coated with PLL and CTAB) and negative 
charge (coated with AOT, CIT, PVP and Tween 80) (Table 2) were investigated. As these 
coating materials are attached to the NPs non-covalently in an equilibrium process  
and are present in the NP dispersions, the toxic effects of pure coatings alone to 
bacteria in testing conditions relevant for this study were tested. There were no clear 
coating–dependent toxic effects of 10 nm Ag NPs on E. coli (Figure 14 left panels). 
Instead, the 50 nm Ag NPs covered with CIT, AOT and PVP coatings proved to be more 
toxic to E. coli.  

S. aureus was less susceptible to Ag NPs than E. coli (Figure 14). The effects of 
coatings on the toxicity of Ag NPs to S. aureus were most pronounced in case of 50 nm 
NPs at 24-h endpoint (Figure 14). The membrane damage of 10 nm NPs to S. aureus 
was facilitated with the addition of PLL and CTAB on Ag NPs (Figure 5, publication II). 
PLL can cause the disruption of membranes and generation of ROS [198] while 
quaternary ammonium CTAB have been shown to permeabilize the bacterial cell 
membranes [199,200]. Citrate is a food preservative with mild antimicrobial effects 
[201,202] and AOT is an anionic surfactant that causes permeabilization of membranes 
[203]. 

Tween 80 and CTAB were the least favourable coatings on 50 nm Ag NPs in terms of 
antibacterial potency (Figure 14). The inefficient toxicity of CTAB coated larger Ag NPs, 
however, may be explained by their poor stability in suspensions as determined by the 
UV-vis analysis (Figure 12).  
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Figure 14.Toxic effects of 10 and 50 nm Ag NPs on E. coli and S. aureus at 4- and 24-h time points. 
The MBC values are averages from three to five experiments and the whiskers are the standard 
deviations of the results. The asterisks show statistical significance compared to the least toxic 
compound in the group. The statistically significant differences are designated as follows: *<0.05, 
**<0.01, ***<0.001 (publication II). 

The toxic effects of pure coatings alone on the test bacteria are summarized in Table 4. 
Based on the determination of the concentration of PLL in the nano suspensions and 
based on the determination of the toxic concentration of PLL to bacteria, it was seen 
that the toxicity of PLL was orders of magnitude lower than the toxicity of Ag NPs 
dispersed with PLL(publication II). The toxicity assessment of pure dispersing materials 
as coatings in this thesis could give essential information for the synthesis of better  
Ag-based antibacterial agents that can be used synergistically with antibacterial 
chemicals and Ag NPs for biomedical applications.  

3.2.3 The coating-dependent toxic effects of CuO NPs 

To study the coating-dependent effects of CuO NPs, three types of functionalizations 
were chosen: amine (-NH2), carboxyl (-COOH) and polyethylene glycol (PEG).  
As described in chapter 3.2, the coatings on CuO NPs had an impact on the toxic effects 
upon the bacteria. One explanation for this phenomenon is the possibility of the 
charge-dependent effect that might have a role in the toxicity of functionalized CuO 
NPs. In the current thesis, the amine functionalization or the absence of coating 
provided positively charged CuO NPs whereas the carboxyl and PEG coatings resulted in 
negatively charged CuO NPs (Figure 11C). The positively charged CuO NPs exerted 
superior toxicity to bacteria and mammalian cells (Figure 15A).  

 It was hypothesized that some of the coating-dependent properties of the CuO NPs 
can facilitate toxic effects on bacteria and decrease toxicity to humans (determined 
with human cell models). The evaluated EC50 values of the Cu compounds on bacteria 
and human cells in similar testing environments (Figure 9) showed that all the models 
were similarly susceptible to soluble CuSO4 (toxicity 89.4 – 93.6 mg/L) (Figure 15A). 
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These results emphasize the importance of Cu ions in the toxicity mechanisms of all 
tested Cu compounds. Essentially, even though the CuO NPs were dissolved by 24 h in 
abiotic conditions (Figure 15A), we still noticed significant differences in the toxicity 
profile of these compounds against the cells. 

From the tested NPs, the CuO-NH2 proved to be the most toxic to all models (EC50 
28.7 – 42.0 mg/L) (Figure 15A). The phenomenon of CuO-NH2 high toxicity might be 
associated with the ability of CuO-NH2 to induce the production of reactive oxygen 
species (ROS) (Figure 15B). Based on the previous data, it can be suggested that the –
NH2 functional groups themselves on NPs can be substantial causes of ROS by 
formation of NO radicals in water-based solvents [204]. Ammonium chloride was 
shown to be an inducer of ROS in cells as quantified with the sensitive H2DCF probe 
[205]. ROS is an essential contributor to toxicity to both bacterial and mammalian cells 
[38,70]. The ROS from amino functional groups can trigger apoptosis in cells [206] and 
cause toxicity to bacteria [9,34]. In addition, contrary to all other CuO NPs and CuSO4, 
CuO-NH2 induced TNF-α in THP-1 cells. The proinflammatory cytokine TNF-α is an 
inflammation mediator and the TNF-α production can be associated with cell death 
[207].  

Figure 15. Toxic effects of CuO P, CuO-NH2, CuO-COOH and CuO-PEG NPs on dTHP-1 
macrophages, HaCaT keratinocytes and Escherichia coli bacterium evaluated with Resazurin 
viability assay (A). The dose responsive production of reactive oxygen species in abiotic conditions 
(B). The ability to trigger proinflammatory cytokine TNF-α production in response to 100 mg/L Cu 
compounds in differentiated THP-1 macrophages (C). The error bars for the EC50 values are the 
95% confidence intervals, in other cases error bars show standard deviation. Asterisks designate 
the statistically significant difference (p<0.05) compared to the least toxic effect in the group (A) 
or to the smallest result (B,C) (manuscript).  

Interestingly, however, it was observed that the pegylated and carboxyl-functionalized 
CuO NPs showed significantly less toxicity towards dTHP-1 and HaCaT cells compared to 
bacteria (Figure 15A). Notably, the carboxyl functionalization per se can modulate the 
toxicity. It has been shown previously that the carboxyl functionalized chemically inert 
polystyrene NPs resulted in less toxicity to human cells compared to NH2 coated 
polystyrene NPs [206,208]. The PEG, on the other hand, is a widely used biocompatible 
coating and has been used on CuO NPs for biomedical applications [164].  
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Thus, uncoated CuO and CuO-NH2 NPs were the most toxic to mammalian cells. 
Interestingly, both uncoated and NH2-functionalized CuO NPs were positively charged 
and had the highest Cu content (Figure 11B), suggesting that these factors are 
important for toxicity. 

3.2.4 Multivariate analysis for safety and antibacterial efficiency evaluation of CuO 
NPs 

The multivariate analysis was done to evaluate the variability of coated and uncoated 
CuO NPs. For this, data from toxicity evaluation (Figure 15A) and from physico-chemical 
properties evaluation (Figure 11) were employed to model a scoresplot that comprises 
the eigenvectors (the arrows indicate the direction of the increasing size of the values) 
and the principal components analysis (PCA) resulting in NPs positions according to 
their variability (Figure 16).  

Scores of the first two principal components comprised 94.4-95.5% of the variance. 
The multivariate analysis showed different clustering of more toxic CuO and CuO-NH2 
NPs from less toxic CuO-COOH and CuO-PEG NPs whereas the variability profile was not 
considerably changed between the test models (bacteria, HaCaT and differentiated 
THP-1) (Figure 16A,B and C). The properties contributing to increased toxic effects of 
the NPs were more positive zeta-potential, higher Cu content, higher 24-h dissolution, 
ability to induce the generation of abiotic ROS, higher production of TNF-α (dTHP-1 
cells).  
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Figure 16. Multivariate analysis of the properties contributing to the variability of the toxicity of CuO, 
CuO-NH2, CuO-COOH and CuO-PEG NPs to differentiated THP-1 macrophages (A), E. coli bacterium (B) 
and HaCaT keratinocytes (C). As input, the data from Figures 11 and 15 was used. The abbrevations of 
the labels are the following: Z_water - surface charge in DI water, Z_CCM - surface charge in cell 
culture medium, Dh_water - hydrodynamic size in DI water, Dh_CCM - hydrodynamic size in cell culture 
medium, PDI_CCM - PDI in cell culture medium, PDI_water - PDI in water, ROS - abiotic reactive 
oxygen species, Content_Cu - Copper content, 24h_EC50 – 24-h EC50 nominal values (mg/L), 
24h_dissolution – 24-h dissolution. The more toxic compounds are highlighted in the red area. For 
visualization, the data was scaled by dividing the (centered) columns of x by their standard deviations 
(manuscript). 
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3.2.5 Toxicity mechanisms of POM-ILs to medically relevant bacteria 

For testing the antimicrobial properties of POM-ILs, the quaternary ammonium salts 
(Qx-Br, x=6,7,8) without the POM component were used as controls in toxicity testing. 
The results showed that the EC50 values of POM-ILs and their corresponding salts were 
comparable (Table 4 and Figure 17). Relying on this, it was suggested that the 
antibacterial properties of the compounds were mainly due to the presence of 
ammonium cations. Additionally, the chain lengths of the cations determined the 
toxicity profile of the compounds. The toxicity of the compounds, however, might be 
related to their hydrophobicity It was seen that the POM-ILs with the carbon chain 
length C=6 of quaternary ammonium compounds were less toxic to all test bacteria. 
The ILs with longer alkyl chain lengths were more hydrophobic and possessed higher 
potential to damage bacterial membrane of marine bacterium Vibrio fischeri [209]. 
It is also proposed that the main causes of toxicity are the formation of ROS by 
transient metals (such as tungsten) or destabilization of the bacterial membranes by 
quaternary ammonium components of the ILs [210]. The quaternary ammonium 
compounds have been shown to disrupt the bacterial membranes due to the 
electrostatic interactions between the quaternary ammonium cations and anionic 
phospholipids in the membrane [190]. 

In conclusion, in the current thesis the highest antibacterial activity of POM-ILs to 
medically relevant bacteria is reported so far. Additionally, it was shown that the 
carbon chain lengths of cationic quaternary ammonium compounds influence the 
antibacterial properties of the prototype POM-ILs.  

Figure 17. Correlation plot of toxic effects of POM-ILs (Qx-IL) and their corresponding reference 
compounds (Qx-Br) on different test bacteria. The shapes represent the lengths of carbon  
chains (x=6,7,8) of cation quaternary ammonium components of POM-ILs and colours are the 
test-bacteria (publication III).  
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Conclusions 
In this thesis, the bactericidal effects of CuO NPs, Ag NPs and polyoxometalate ionic 
liquids were studied. Altogether, 20 CuO and Ag NPs and POM-ILs, including 10 nm and 
50 nm Ag NPs with various surface coatings, CuO NPs with different surface 
functionalizations and from various commercial sources and POM-ILs with various 
carbon chain lengths (Qx-ILs) were characterized and tested. In parallel, the toxicity of 
12 control compounds was evaluated. Given the presented toxicological profiles of NPs 
and POM-ILs in the current thesis, the results herein could be valuable for the 
manufacturers of the antimicrobial agents. 
 
The main conclusions are the following: 

1)  In general, Ag NPs had superior antibacterial effect over the other tested 
compounds. The toxicity of Ag NPs was explained by dissolved Ag ions and less 
by the surface charge/coating of the Ag NPs.  

 
2)  Gram-negative bacterium E. coli was more susceptible to Ag NPs than  

Gram-positive S. aureus.  
 
3)  Compared to Ag NPs, different toxicity pattern was observed in the case of 

POM-ILs: Gram-positive S. aureus was more susceptible to POM-ILs than  
Gram-negative E. coli and P. aeruginosa. Remarkably, our studies showed the 
highest toxicity of tested POM compounds so far to S. aureus being 
comparable to the known antibacterial agent benzalkonium chloride.  
The antibacterial potency of POM-ILs depended on the carbon chain lengths of 
the quaternary ammonium cations rather than the POM anion components.  

 
4)  Coating materials and sizes of CuO NPs had substantial role in the toxicity to 

dTHP-1 macrophages, HaCaT keratinocytes and E. coli bacterium. Negatively 
charged and larger CuO NPs were less toxic to bacteria and mammalian cells  
in vitro as compared to the positively charged smaller CuO particles, whereas 
CuO-NH2 were especially toxic to all test models (E. coli bacteria, HaCaT 
keratinocytes and dTHP-1 macrophages). Unexpectedly, CuO-COOH and  
CuO-PEG NPs proved to be significantly less toxic to human cells in vitro – 
HaCaT and dTHP-1 macrophages - compared to E. coli bacterium. 
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Abstract 
Toxicological Profiling of Copper Oxide and Silver Nanoparticles and 
Polyoxometalate Ionic Liquids with Medically Relevant Bacteria and 
Mammalian Cells in vitro 
Engineered metal-based nanoparticles (NPs) are efficient antimicrobial agents, the toxic 
effects of which depend to a large extent on their physico-chemical properties.  
The NPs` small size gives them large active surface area that can be modified with 
different surface modifications. Even though, the toxic effects of metal-based NPs have 
been extensively studied in recent years, there are still knowledge gaps concerning 
their mechanisms of toxicity. Also, there is very little information on the antimicrobial 
effects of polyoxometalate ionic liquids (POM-ILs). 

In this thesis, the antibacterial potency of 20 NPs (Ag NPs and CuO NPs) with 
different sizes and different surface coatings, and POM-ILs was evaluated with  
Gram-negative bacteria Escherichia coli or Pseudomonas aeruginosa and Gram-positive 
Staphylococcus aureus. In addition, safety of CuO NPs to mammalian cells in vitro  
was studied. 

First, the impact of NP suspension preparation protocol on physico-chemical 
properties and safety of NPs was evaluated using CuO NPs as an example. The results 
showed that the sonication of the CuO NP solutions should be done in DI water 
followed by making dilutions in test media, because it results in better dispersed and 
less dissolved particles. 

Next, Ag NPs, CuO NPs and POM-ILs were tested for antibacterial effects. In general, 
Ag NPs proved to be more potent antibacterials than CuO NPs and POM-ILs. 
Interestingly, E. coli was the most susceptible bacterium to Ag NPs. S. aureus, however, 
was more susceptible to POM-ILs than E. coli and P. aeruginosa. 

The toxicity mechanisms of Ag NPs/CuO NPs and POM-ILs were different. Ag NPs` 
toxicity was mainly dependent on the released ions. The Ag NPs with smaller size  
(10 nm) and with bis-2-ethylhexyl sulfosuccinate (AOT) or poly-vinylpyrrolidone (PVP) 
as coatings proved to be more efficient antibacterials. In the case of CuO NPs 
functionalized with amine (-NH2), carboxyl (-COOH) and polyethylene glycol (PEG),  
the CuO-NH2 proved to be the most toxic to E. coli but also to mammalian cells: HaCaT 
keratinocytes and human differentiated THP-1 macrophages. The PEG and carboxyl 
functionalizations on CuO NPs were the most interesting because the CuO NPs with 
these coatings were less toxic to human cells as compared to bacteria. The multivariate 
analysis revealed that the higher toxicity of CuO NPs was associated with higher copper 
content, positive surface charge and higher reactive oxygen species production. 

The antibacterial potency of POM-ILs, however, depended on the chain length of the 
organic constituent. Especially high antibacterial toxicity was seen for POM-IL with 
seven carbon atoms. 

To conclude, the toxic effects of engineered metal-based antibacterials were 
systematically studied in the present thesis. Based on the results it is suggested (i) to 
tune antibacterial properties of Ag NPs by decreasing the size and applying coating 
agents; (ii) to adapt the chain lengths of quaternary ammonium compounds of POM-ILs 
and (iii) to apply special surface coating agents on CuO NPs for achieving better 
antibacterial potency and safety.  
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Lühikokkuvõte 
Vaskoksiidi ja hõbeda nanoosakeste ning polüoksometalaat-
ioonvedelike toksilisuse uuringud meditsiiniliselt oluliste bakterite ja 
imetajarakkudega in vitro 
Bakteriaalsete nakkuste, sh antibiootikumiresistentsete bakterite levik maailmas on 
tõsine probleem, millele otsitakse pidevalt uudseid lahendusi. Väga suur on 
bakteriaalse infektsiooni oht haiglates, põhjuseks arvukad kirurgilised protseduurid ja 
tavapärasest rohkem levivad nakkused. Üks võimalus haiglainfektsioonide 
vähendamiseks on tõrjuda nende levikut innovatiivsete lahendustega 
materjaliteaduses.  

Antud doktoritöös uuriti uudseid antibakteriaalseid aineid: metallilisi nanoosakesi ja 
polüoksometalaate. Definitsiooni järgi on vähemasti üks nanoosakese mõõde 1–100 nm. 
Väiksuse tõttu on nanoosakestel suur aktiivne eripind, mis annab neile erilised 
füüsikalised ja keemilised omadused. Antibakteriaalseid nanoosakesi kasutatakse 
haiglates pindade katmiseks ja tekstiilides, et vähendada nakkushaiguste levikut. 
Polüoksometalaadid on negatiivse laenguga metallilised nanosuuruses struktuurid, 
mida on võimalik modifitseerida, lisades juurde orgaanilisi antibakteriaalseid 
komponente. Polüoksometalaatidel on sellises konfiguratsioonis mitmeid biomeditsiinilisi 
rakendusi nakkuste levikute piiramiseks, näiteks kasutamine pindade katmisel ja 
veefiltrites. 

Antud doktoritöös uuriti kokku 20 nanoosakese ja polüoksometalaat-ioonvedelike 
antibakteriaalset toimet ja bioloogilist ohutust imetajarakkudega in vitro leidmaks 
inimesele ohutud tõhusad antibakteriaalsed ained. Eesmärgiks oli: 1) optimeerida 
vaskoksiidi nanoosakeste suspensiooni ettevalmistamist katseks; 2) uurida 
nanoosakeste bakterivastast toimet haiglanakkusi põhjustavate bakterite Escherichia 
coli, Staphylococcus aureus ja Pseudomonas aeruginosa suhtes; 3) uurida nanoosakese 
suuruse ja pinnamodifikatsioonide mõju antibakteriaalsele toimele; 4) uurida 
nanoosakeste füüsikalis-keemilistest omadustest tulenevat mõju bakteritele ja 
imetajarakkudele in vitro.  

Töös kasutati vaskoksiidi (CuO) ja hõbeda (Ag) nanoosakesi ning volframi (W) baasil 
polüoksometalaate. Vask on tuntud bakteritsiidsete omaduste poolest ja on seetõttu 
laialdaselt kasutusel nii tööstuses kui ka tarbekaupades. Vaskoksiidi nanoosakeste 
antibakteriaalsete omaduste uuringud biomeditsiinilisteks rakendusteks on leidnud 
huvipinda just viimasel ajal. Hõbeda nanoosakesi kasutatakse juba laialdaselt erinevates 
antibakteriaalse toimega toodetes, kuid vähe on uuritud hõbeda nanoosakeste 
spetsiifiliste katete mõju bakteritele. Polüoksometalaadid on antud uuringus seotud 
orgaaniliste positiivselt laetud kvaternaarsete lämmastikega, mille tulemusena saadi nii 
positiivse kui ka negatiivse laenguga ioonsed ained. 

Kõikidest testitud ainetest olid hõbeda nanoosakesed bakteritele kõige mürgisemad. 
Antud töös uuriti süstemaatiliselt eri pinnamodifikatsiooniga ja suurusega (10 nm ja  
50 nm) hõbeda nanoosakeste mõju grampositiivsele bakterile Staphylococcus aureus ja 
gramnegatiivsele bakterile Escherichia coli. Selgus, et hõbeda nanoosakestel oli 
tugevam inaktiveeriv mõju põhilisele haiglanakkuse põhjustajavale gramnegatiivsele  
E. coli bakterile võrreldes grampositiivse S. aureus bakteriga ning see sõltus kõige 
rohkem nanoosakeste lahustuvusest. Huvipakkuvateks kattematerjalideks hõbeda 
nanoosakestele olid bis-2-etüülheksüül sulfosuktsinaat (AOT) ja polüvinüülpürrolidoon 
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(PVP), sest nende ainetega kaetud nanoosakesed lahustusid paremini ja olid seetõttu 
toksilisemad. 

Huviväärne oli polüoksometalaatidega ioonsete vedelike tõhus bakterivastasus veel 
ühele valdavale haiglanakkuste põhjustajale – grampositiivsele S. aureus´ele. 
Polüoksometalaadid, mida antud doktoritöös kasutati, olid seni teadaolevalt taolistest 
ühenditest kõige efektiivsemad bakterivastased ained. Doktoritöös iseloomustatakse 
eri pikkusega süsinikuahelate osatähtsust nende ioonsete ainete toksilisuses bakteritele 
S. aureus, E. coli ja P. aeruginosa. Tulemused näitasid, et polüoksometalaatidega 
ioonsete ainete antibakteriaalsed omadused sõltusid positiivselt laetud orgaaniliste 
komponentide süsinikuahela pikkusest. Eriti heade antibakteriaalsete omadustega olid 
seitsme süsinikuaatomi ahelaga polüoksometalaat-ioonvedelikud. 

Vaskoksiidi nanoosakeste bakterivastane toime oli nõrgem kui hõbeda 
nanoosakestel, seetõttu uuriti võimalusi selle parendamiseks, modifitseerides 
vaskoksiidi nanoosakesi erinevate orgaaniliste funktsionaalrühmadega, nagu 
karboksüül, ammoonium ja polüetüleenglükool. Uuringus kasutati E. coli bakterit 
mudelina bakterivastase toime hindamiseks ning inimese immuunrakke ja naha 
epiteelkoerakke mudelitena bioloogilise ohutuse määramiseks in vitro. Vaskoksiidi 
bakterivastaste omaduste testimiseks tuleb nanoosakesed esmalt dispergeerida 
veekeskkonnas, näiteks ultraheliga töötlemise teel, et saada homogeensed lahused. 
Ultraheli kasutatakse tihti, kuid samas ei ole hästi teada, kuidas selle energia mõjutab 
nanoosakeste toksilist toimet. Siinses doktoritöös kohandati meetodeid vaskoksiidi 
nanoosakeste ultraheliga töötlemiseks ning hinnati dispergeeritud nanoosakeste 
toksilist mõju E. coli bakteri ja inimese sooleepiteeli Caco-2 in vitro rakumudeli  
suhtes. Tulemused näitasid, et ultrahelitöötlus kahandas nanoosakeste suurust 
orgaanikarikastes söötmetes ja suurendas nende toksilisust. Saadud tulemuste põhjal 
on soovituslik kõigepealt nanoosakesed dispergeerida vees ultraheli abil ja seejärel teha 
lahused orgaanikarikastes testikeskkondades, sest nii saadi väiksemad nanoosakesed, 
mis lahustusid vähem. Antud andmeid kasutati edasi nanoosakeste proovide 
ettevalmistamiseks toksilisuse uuringuteks. Need näitasid, et ootuspäraselt mõjutasid 
katted oluliselt vaskoksiidi nanoosakeste bakterivastast toimet. Ilmnes, et sisalduva 
vase kogus (suurema vasesisaldusega nanoosakesed olid toksilisemad), nanoosakese 
suurus (suuremad olid vähem toksilised), laeng (positiivselt laetud olid toksilisemad) ja 
võime indutseerida reaktiivsete hapnikuühendite tootmist (ained, mis indutseerisid 
aktiivsemalt  reaktiivseid hapnikuühendeid olid toksilisemad) avaldasid olulist mõju 
kõigile toksilisuse testimise rakumudelitele. Vaskoksiidi nanoosakesed, mida oli 
modifitseeritud ammooniumkattega, osutusid kõige mürgisemateks. Huvipakkuvaimad 
olid aga karboksüül- ja polüetüleenglükoolkattega vaskoksiidi nanoosakesed, mis olid 
efektiivsed antibakteriaalsed ained, kuid samas inimese rakkudele vähem mürgised kui 
bakteritele.  

Kokku võttes tuuakse antud töös soovitusi, kuidas luua tõhusaid ja ohutuid metallilisi 
antibakteriaalseid nanoosakesi. Kõige mõjusamateks bakterivastasteks aineteks 
osutusid erinevate katetega hõbeda nanoosakesed, mille toksilisus sõltus enamasti 
lahustuvusest. Vaskoksiidi nanoosakeste toksilist toimet suurendas aga 
funktsionaliseerimine, eriti ammooniumiga. Polüoksometalaatidega ioonvedelike 
antibakteriaalsuses oli oluline katioonsete komponentide süsinikuahela pikkus 
(mürgiseimad olid seitsme süsinikuaatomiga ained). 
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Publication I 
Käkinen, A., Kahru, A., Nurmsoo, H., Kubo, A. L., Bondarenko, O. M. (2016). Solubility-
driven toxicity of CuO nanoparticles to Caco2 cells and Escherichia coli: Effect of 
sonication energy and test environment. Toxicology in Vitro, 36, 172–179. 
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Publication II 
Kubo, A. L., Capjak, I., Vrček, I. V., Bondarenko, O. M., Kurvet, I., Vija, H., Kahru, A. 
(2018). Antimicrobial potency of differently coated 10 and 50 nm silver nanoparticles 
against clinically relevant bacteria Escherichia coli and Staphylococcus aureus. Colloids 
and Surfaces B: Biointerfaces, 170(February), 401–410. 
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Publication III 
Kubo, A. L., Kremer, L., Herrmann, S., Mitchell, S. G., Bondarenko, O. M., Kahru, A.,  
Streb, C. (2017). Antimicrobial activity of polyoxometalate ionic liquids against clinically 
relevant pathogens. ChemPlusChem, 82(6), 867–871. 
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