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INTRODUCTION 
The wide use of various engineered nanoparticles in consumer, medical as well as 
industrial products has raised concerns over the safety of these materials to the 
environment and human health. Nanoparticles (less than 100 nm in size) have novel 
physical-chemical properties and their small size and high reactivity allows unique 
interactions with living organisms which is both, the reason for their applications but 
also a cause for concern. The ongoing research initiative is aimed at understanding the 
effects that nanoparticles may have on living cells. 

Silver and copper are well known for their antimicrobial properties and recently, Ag 
and CuO nanoparticles have gained interest in relation to the development of novel 
antibacterial, antifungal, antiviral and algaecidal products to relieve the growing 
microbial antibiotics-resistance and in search of antimicrobial treatment with reduced 
toxicity to patients compared to the commonly used drugs. Ag and CuO nanoparticles 
have shown promise in the more efficient delivery of antimicrobial effects toward a 
wide spectrum of microbes compared to the respective ionic preparations. However, 
the mechanisms of action of the nanoparticles against microbial cells are not 
completely understood and at the same time, possible adverse effects to other 
organisms must be minimized in the process of material development. 

The purpose of the current study was to elucidate the toxicity mechanisms of Ag 
and CuO NPs, using the unicellular yeast Saccharomyces cerevisiae. S. cerevisiae is a 
widely used model organism in cellular biology with similarities to higher eukaryotic 
organisms in cellular and genetic processes but is simply cultivated in the laboratory 
with the genome sequenced and genetic tools available. Also, S. cerevisiae is closely 
related to the opportunistic pathogenic yeast Candida albicans, making it a suitable 
model organism for the study of antifungal effects as well. 

The unique approach in this study was the use of commercially available specifically 
selected single-gene deletion mutants for the toxicological profiling of Ag and CuO NPs. 
The mutant strains were selected according to the hypotheses in the literature on the 
main toxicity mechanisms of Ag and CuO NPs to test the importance of oxidative stress, 
metal ion stress, membrane damage and uptake in the toxic action. In addition, a novel 
test method was proposed for the testing of the biocidal potency of nanoparticles 
towards the unicellular organisms - bacteria, yeast and algae - in a test environment 
that is least affecting the speciation of solubilized metal ions, i.e. in the deionized 
water. Altoghether, the methods used in this study aim to provide relevant test 
approaches and for the better understandig of the toxicological effects of metal-based 
nanoparticles.     
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ABBREVIATIONS 
3R`s strategy to reduce, replace and refine animal testing  
CME  clathrin-mediated endocytosis 
Dh  hydrodynamic diameter 
DI  deionized water 
EC50 half-effective concentration, refers to the concentration of the test substance 

that causes the studied adverse effect to 50% of the test organisms after a 
specified exposure time 

ENMs engineered nanomaterials 
IC50 half-inhibitory concentration, refers to the concentration of the test substance 

that causes the inhibition of the studied process (e. g. growth, viability etc.) by 
50% 

ISO The International Standardization Organisation 
LB Luria-Bertani broth 
MBC minimal biocidal concentration 
MIC minimal inhibitory concentration 
MWCNT multi-wall carbon nanotube  
NMs nanomaterials 
NPs nanoparticles 
OD optical density 
OECD The Organization for Economic Co-operation and Development 
OS oxidative stress 
PVP polyvinylpyrrolidone 
ROS reactive oxygen species 
SDS sodium dodecyl sulfate 
UV-Vis ultraviolet-visible light 
WT wild-type 
YPD yeast extract-peptone-dextrose broth for yeast growth 
YPDmod modified (diluted) YPD medium used in this study 
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1. REVIEW OF THE LITERATURE 

1.1 The emergence of engineered nanoparticles 

1.1.1 Commercial applications of engineered nanoparticles  
Engineered nanomaterials (ENMs) are materials designed for specific purpose or 
function that have any external dimension in the nanoscale (1 to 100 nm), as defined by 
The International Organization for Standardization (ISO) (ISO 2015). There are naturally 
occurring nanosized materials, for example, originating from combustion processes, but 
recent technological progress has enabled the development of engineered 
nanoparticles (NPs) that have novel properties and an enormous potential for extensive 
benefits in industrial fields as well as consumer and medicinal products. NPs are 
desirable for so many promising technologies due to their small size, corresponding 
large specific suface area and unique properties and specific interactions that do not 
occur with the bulk materials. NPs may have enhanced electrical, optical, mechanical or 
catalytic activity (Oberdorster et al. 2005b). 

Engineered nanoparticles are used in a range of commercial applications, in 
medicine and cosmetics, domestic consumables, electronics, energy production, 
agriculture etc (Tolaymat et al. 2017, Piccinno et al. 2012). Recently, metal-based NPs, 
and especially silver NPs have gained more interest for medical applications and the 
treatment of microbial infections and biofilms (Lara et al. 2015). Silver NPs are included 
in the biggest number of consumer products intended for various purposes such as 
personal care, clothing, cosmetics etc. (www.nanotechproject.org). 

1.1.2 Antibacterial and antifungal applications of metal-based nanoparticles 
Some metals like silver and copper have been used as antimicrobial agents since 
ancient times as they have microbicidal effects already at very low concentrations 
(Lemire et al. 2013). The use of antiseptics containing silver in soluble or colloidal form 
was common up until the discovery of antibiotics in the 1940s (Alexander 2009). Since 
the emergence of increasing antibiotic resistance in bacteria in the 1960s and the 
advent of nanotechologies in the 1990s, Ag NPs have been developed as antibacterial 
substances for the control of bacterial infections and sterilization of instruments and 
surfaces (Ahonen et al. 2017, Massarsky et al. 2014, Neal 2008). Silver ions have some 
toxicity to humans, but the development of silver nanoparticle-based therapeutics has 
shown promise of slow release of ionic silver and therefore lower toxicity (Chaloupka et 
al. 2010, Maillard and Hartemann 2013). While silver nanoparticles are the most 
prominent antimicrobial agents, other metallic nanoparticles such as CuO NPs, TiO2 NPs 
and ZnO NPs also exhibit antimicrobial effects (Seil and Webster 2012). Many studies 
have reported the high potency of silver NPs to environmental organisms (Bondarenko 
et al. 2013b, Blinova et al. 2013), therefore CuO and ZnO NPs have been proposed as 
less toxic and more available alternatives for antimicrobial applications (Mantecca et al. 
2017). Silver has no essential function in cells, yet copper in trace amounts is an 
essential micronutrient, involved as a co-factor in enzymatic systems and has a critical 
role in human metabolism as well as fungal cells, but is toxic above certain 
concentration, depending on the organism (Gadd 1993, Slavin et al. 2017). There are 
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mechanisms to maintain copper homeostasis in eukaryotic as well as prokaryotic cells, 
including transporters for the export of excess copper (Slavin et al. 2017, Usman et al. 2013). 

The search for novel and more efficient antibiotic therapeutic agents has been 
driven by the rise of pathogenic antibiotic-resistant microbes and systemic toxicity of 
many drugs, which are important obstacles to the use of traditional antibiotics in public 
healthcare (Lee et al. 2013, Seil and Webster 2012). Metal-based nanoparticles such as 
Ag NPs and CuO NPs are developed and used as efficient antimicrobial agents, active 
against Gram-negative and Gram-positive bacteria, fungi and even viruses (Neal 2008). 
The use of silver nanoparticles in vitro as antibiotics has proven to be effective against 
multidrug resistant bacteria (Cavassin et al. 2015) and pathogenic yeast Candida 
albicans at low concentration, which is not toxic to human cells in vitro (Panacek et al. 
2009). At the same time, due to the wide use of silver as disinfectant, Ag-resistant 
bacterial strains have also been identified (Neal 2008).  

Silver nanoparticles are incorporated into medical products such as wound 
dressings, bandages and ointments but also textiles, domestic appliances, food 
containers and functionalized plastics, paints, water filters etc. (McGillicuddy et al. 
2017, Chaloupka et al. 2010). However, the use of nanoparticles in therapeutic 
applications is still limited due to considerations of the potential toxicity of 
nanoparticles to humans. There is a shortage of information about products on the 
market containing NPs because current regulations (with some exeptions of cosmetic 
products and food packaging) do not require labelling NPs as components 
(McGillicuddy et al. 2017). 

1.1.3 Human and environmental exposure to engineered nanoparticles 
Due to large production volumes and the range of applications, the release of synthetic 
nanomaterials to the environment from anthropogenic sources is inevitable and is 
expected to increase dramatically. The possible sources of NPs in the environment are 
the sites of production, dissipation from product use and disposal, but also accidental 
spills (Lai et al. 2018). Pollution by NPs can be expected especially in the aquatic 
environment and associated sediment where metal-based NPs are expected to persist 
beacause they are essentially indegradable (von Moos and Slaveykova 2014). The likely 
human exposure can potentially occur during manufacturing or use of nano-based 
products via inhalation, or dermal or gastrointestinal route (Schrand et al. 2010). 

There is little adequate information on the global production and application 
quantities, and very little data exists on measured environmental concentrations of NPs 
(Coll et al. 2016). In terms of mass flow, silica, titania, alumina, iron oxide and zinc oxide 
dominate the world NPs market (Keller et al. 2013). Piccinno et al. estimated the Ag 
NPs worldwide production to be between 5.5-550 t/a and according to the predictions 
of Massarsky et al., could reach 12.2-1216 t/a by 2020 (Piccinno et al. 2012, Massarsky 
et al. 2014). It is estimated that annually, the worldwide Cu-based nanoparticles 
production is a few hundred tons of the 18.7 million tons of total copper production 
and the majority of the environmental release is attributed to their use in marine 
antifouling paints (Keller et al. 2017). 

Efforts have been made to evaluate the emissions of NPs during manufacturing, 
product use or waste management. The most widely studied metal-based NPs in regard 
to emissions are nanosilver and TiO2. The lack of appropriate analytical methods 
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hinders the relevant detecting, characterizing and quantifying of NPs in natural samples 
(Gottschalk et al. 2013). Experimental assessments of nanosilver emission in production 
facilities have obtained varying concentrations for air-emissions ranging from 6.0 × 10-8 

to > 6.9 × 10-4 mg/Lair, which cover the ranges below and above current occupational 
exposure limits of 2 × 10-6 mg/Lair (Tolaymat et al. 2017). The release of  
Ag (nanoparticles) have also been evaluated during the use and washing of  
Ag nanoparticles-containing textile products, food containers, spray applications and 
coated surfaces and the emission of Ag (nanoparticles) have been assessed in 
wastewater (Gottschalk et al. 2013, Tolaymat et al. 2017). Keller et al. used 
computational modeling to assess the global ENM emissions and estimated that  
63–91% of the ENM emissions ended up in landfills, 8–28% reached soils, 0.4–7% water 
bodies and 0.2–1.5% to the atmosphere. The highest release was estimated for 
titanium dioxide, followed by zinc oxide, iron oxide, aluminum oxide, then copper oxide 
(Keller et al. 2013). Using the predicted environmental concentrations of NPs and 
predicted no effect concentrations from ecotoxicological studies, Coll et al. assessed 
the current environmental risk of nano-Ag to be low, despite being the most toxic of 
NPs. This was due to the low modeled environmental concentration which is reduced 
by the environmental transformation of nano-Ag to silver sulfide (Coll et al. 2016). 

Although the nanotechnology market has been rapidly growing, the regulations on 
the labelling and specification of NPs, risk evaluation and pre-market registration or 
evaluation of products containing NPs are still limited. The current regulations and 
guidelines for material safety have been created for the bulk counterparts and 
therefore need reassessment in the light of research in the nanotoxicology field. The 
focus of this worldwide research is to ensure safe manufacture and marketing of 
nanomaterials. 

1.2 The toxicological and ecotoxicological testing of engineered 
nanoparticles 
The unique properties of NPs that are designed for their intended functions also raise 
concerns about their biosafety (Nel et al. 2006). The first nanotoxicology papers were 
published in the 1990s, and the first nanoecotoxicology papers emerged since 2006 
whereas approximately for a thousand papers on certain nanomaterial there are just 10 
papers on human safety aspects and only 1 on ecotoxicological aspects (Kahru and 
Ivask 2013). The study of potential toxic effects of nanoparticles is important to create 
safety guidelines of nanoparticles production and for human use, for example in 
developing new efficient nanoantibiotics with microbial specificity and low toxicity to 
human cells, but also to evaluate their potential hazards to environmental species and 
microorganisms required for normal ecosystem functioning and production to prevent 
unnecessary ecotoxic effects. In the development of nanoantibiotics, their efficiency is 
aimed at the microbes who are the “target organisms”, while the organisms who might 
accidentally be exposed to the NPs, are the “non-target-organisms” (Bondarenko et al. 
2013b). It has been reported that aquatic organisms such as algae and crustaceans are 
the most sensitive to many nanoparticles (Djurisic et al. 2015). Data from toxicological 
studies helps to understand the possible risks and allow for risk-befenit analysis and for 
the development of safe-by-design products (Dunne et al. 2017). 
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The toxicity of nanoparticles has been studied in vivo and in vitro, however the 3Rs 
policy recommends that “scientists reduce, refine and replace (3Rs) the use of animals 
in research” (Hartung and Sabbioni 2011). Therefore, we need relevant and simple, 
cost-effective, standardized in vitro systems and test strategies to allow for high-
throughput toxicological screening of nanoparticles and further identifying the toxicity 
mechanisms of nanoparticles. A promising approach is the use of unicellular eukaryotic 
test organisms such as the yeast Saccharomyces cerevisiae, which allows for high-
throughput screening using the available genetic tools. 

Most studies on the impact of nanoparticles to human health use in vitro cell 
cultures of homogeneous, immortal cell types which reflects the possible exposure 
routes of nanoparticles such as ingestion, injection, transdermal delivery, or inhalation. 
Among the most widely-used in vitro cell cultures are the human lung cell epithelial line 
A549, human intestinal epithelial cell line Caco-2 and human keratinocyte cell line 
HaCaT (Love et al. 2012). The ecotoxicological research is mainly conducted with 
aquatic organisms required by the The Organization for Economic Co-operation and 
Development (OECD) such as the freshwater algae Pseudokirchneriella subcapitata or 
aquatic crustacean Daphnia magna, but the marine bacterium Vibrio fischeri 
luminescence inhibition assay has also been successfully used for ecotoxicological 
screening of turbid suspensions of NPs (Kahru and Dubourguier 2010).   

There are specific challenges in testing nano-sized particles such as the preparation 
of relevant suspensions and accurate characterization of the particles in tests and the 
interference of nanoparticles with test medium components. The exposure conditions 
vary from standard organics-rich laboratory growth media to environmentally more 
relevant natural waters.  

1.2.1 Characterization of the physicochemical properties of nanoparticles  
The biological effects of nanoparticles depend on the particles` chemical composition 
but critically also on their other parameters such as size, shape, surface 
functionalization etc. which make up the particles` intrinsic physicochemical properties 
or „the synthetic identity” (Fadeel et al. 2015). Upon introduction of nanoparticles to 
biological environments (e.g. for medical application or toxicity testing) they interact 
with the surrounding biomolecules and the characteristics of the suspension medium 
influence other particle properties such as effective surface charge (zeta potential), 
particle aggregation, dispersion stability and dissolution (Nel et al. 2009). Therefore, it 
is essential to determine and describe the nanoparticles used in any given test scenario 
to compare toxicity results from different studies (Djurisic et al. 2015). 

Oberdörster et al. have suggested that toxicological studies should include 
information about the nanoparticle size and size distribution, agglomeration state, 
particle shape, crystal structure, chemical composition, surface area, surface chemistry, 
surface charge, and porosity (Oberdorster et al. 2005a). But it is important to note that 
the „as-synthesized” characteristics of nanomaterials in the dry phase are not always 
relevant for the toxicological studies in the wet phase in different biological 
enviroments, therefore the necessity of defining the nanoparticles metrics depends on 
each study (Fadeel et al. 2015). 

The nanoparticles average primary size and size distribution are important features to 
determine for their impact to both toxicity and the fate of NPs (McGillicuddy et al. 2017). 



17 
 

The shape of nanoparticles is also important for their toxicological effects, as the shape 
of nanoparticles determines their exposed crystal planes and reactivity (Slavin et al. 
2017). For example, triangular Ag NPs were found more toxic than spherical and rod-
shaped Ag NPs (Pal et al. 2007). The size of nanoparticles is indeed a key factor in their 
toxicity, as a size-dependent trend in antibacterial activity has been shown for  
~10-700 nm TiO2 NPs (Simon-Deckers et al. 2009), ~8-1000 nm ZnO NPs (Jones et al. 
2008), ~20-90 nm Ag NPs (Martinez-Gutierrez et al. 2010), i.e. the higher toxicity of 
smaller nanoparticles. 

The surface charge of nanoparticles has been proposed to directly effect the 
particles` interactions with cells and can be altered with the reactants used in the NPs 
synthesis process or capping/coating agents (Slavin et al. 2017). Organic compounds 
such as carboxylic acids, polymers, polysaccharides and surfactants are often added as 
stabilizing agents to Ag NPs through adsorption or covalent attachment to increase 
their stability by providing electrostatic or steric repulsion or to reduce the release of 
ions (Levard et al. 2012). Electrostatic potential at the electrical double layer 
surrounding a nanoparticle in solution is the zeta potential and can be considered as an 
indicator of the particle’s stability in suspension, whereas the surface charge >30 mV or 
<-30 mV is considered to provide the NPs with colloidal stability (Hartig et al. 2007). 
Silver and copper are prone to oxidation and therefore Ag and CuO NPs release Ag+ and 
Cu2+ ions during preparation and storage. Hence, polymers or surfactants are added in 
their synthesis as stabilizers (Usman et al. 2013). 

The intrinsic properties of NPs determine some of the modifications that the 
particles are subject to in biological media. Of those modifications, perhaps 
toxicologically the most influencial is the solubility and release of ions from metal-
based NPs (Heinlaan et al. 2008, Kahru and Dubourguier 2010), which should be 
assessed in the test media as metal ions are prone to speciation (Käkinen et al. 2011, 
Bondarenko et al. 2013b). Smaller-sized nanoparticles have a higher dissolution 
property due to their higher specific surface area, but surface coatings and stabilizing 
agents can strongly influence the dispersion and solubility. The inverse relation of NPs 
size and dissolution has been experimentally shown in the case of Ag  NPs and CuO NPs 
for example, and with CuO NPs, higher solubility of spherical NPs compared to  
rod-shaped NPs was reported as well (Misra et al. 2012). 

Also, chemical residues from production and precursors such as metal impurities or 
organic compounds in carbon nanotubes or fullerenes and also endotoxin 
contamination can cause artifacts in toxicity tests (Petersen et al. 2014). 

1.2.2 Influence of test medium on the properties of Ag and CuO nanoparticles 
The test conditions of metal-based nanoparticles can have a notable effect on the 
toxicological outcome because metal-based nanoparticles are susceptible to 
environmental influences. Results from toxicity testing of nanoparticles in a specific 
environment may not be reproducible under different conditions and the influences of test 
media must be considered to avoid misinterpretation (Petersen et al. 2014). In aquatic and 
biological systems, metal-based nanoparticles may undergo a series of transformations, 
the most important of which being the dissolution of metallic and metal-oxide 
nanoparticles, but also aggregation/agglomeration, sedimentation, adsorption, 
sulfidation and redox reactions (Figure 2) (Amde et al. 2017, Levard et al. 2012).  
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The surface of Ag NPs will readily oxidize or react with ligands, for example, silver reacts 
strongly with sulfide, chloride and organic matter (Levard et al. 2012).  

Figure 2. Schematic representation of the possible physicochemical transformations of silver 
nanoparticles during storage or ecotoxicology testing with aquatic organisms (modified from 
(Petersen et al. 2014). Red lines indicate transformations that remove the AgNPs from the 
aqueous phase. Yellow lines indicate transformations that can occur as a result of illumination 
with laboratory light. Black lines describe transformations that can occur in the aqueous phase in 
the dark. 

Aggregation of nanoparticles to larger clusters can decrease the mobility and reactivity 
of nanoparticles and lower their bioavailability and toxicity. Aggregation process 
depends on the size and shape of nanoparticles and their coating or surface 
functionalization, and on the other hand, on the pH, ionic strength and the presence of 
natural organic matter in the supension medium (Amde et al. 2017). 

Dissolution of metal-based nanoparticles is dependent on the intrinsic properties 
but in the same extent also on the surrounding medium, the presence of complexing 
ligands and may significally effect the toxicity of nanoparticles. The pH, ionic strength, 
temperature and presence of organic components (natural organic matter, proteins, 
polysaccharides) influence dissolution of metallic nanoparticles (Amde et al. 2017). 
Tryptone and yeast extract have been shown to enhance the dissolution of CuO NPs 
and cysteine increases the dissolution of Ag NPs (Misra et al. 2012). However, the 
organic (proteins) and inorganic (salts) components present in the environment can 
also affect the bioavailability, uptake and toxicity of metals by binding, complexing and 
precipitating the free ions produced by dissolution (Misra et al. 2012). 

1.3 The adverse effects and cytotoxicity of engineered nanoparticles 
Considering the novel properties and enhanced reactivity and also the potential 
exposure to nanoparticles it is important to assess the biosafety of these materials. Due 
to their extremely small size nanoparticles are able to interact with living cells at the 
biomolecular level and cause hazardous effects. Despite extensive research over the 
last decades on the toxicity mechanisms of nanoparticles to humans and environmental 
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organisms, the results are often contradictive, and our understanding of toxicity 
mechanisms is still incomplete.   

The science of particle toxicology has already previously investigated the toxic 
effects of ambient ultrafine particles (with sizes over 100 nm) such as mineral dust, 
asbestos fibres and carbon black. These materials induce oxidative injury and 
inflammation in lung tissue and cell culture analysis (Nel et al. 2006). 

One of the most worrying features of nanoparticles is their capacity to cross 
biological barriers and enter cells (Pietroiusti et al. 2013). 

1.3.1 Toxicity mechanisms of metal-based nanoparticles 
Nanoparticles can exert toxic effects in both eukaryotic and prokaryotic cells 
(Bondarenko et al. 2013b). The toxicity depends on the NPs characteristics like chemical 
composition, size, shape, surface characteristics (charge, crystal planes), which may 
determine the production of reactive oxygen species (ROS) or the dissolution of 
metallic NPs (Nel et al. 2006, Schrand et al. 2010, Slavin et al. 2017). In fact, in the case 
of metal-based NPs such as Ag, CuO and ZnO, the dissolution and release of metal ions 
is often considered as the main source of toxicity (Ivask et al. 2014b). The route to 
nanoparticle-specific toxicity to eukaryotic cells as well as antibacterial effects requires 
direct contact between the cells and nanoparticles, whereas the entry into cells is not a 
prerequisite (Wang et al. 2017). According to available research, the major processes in 
the antibacterial effects of NPs are the disruption of the bacterial cell membrane, 
induction of oxidative stress by the generation of ROS, penetration of the bacterial cell 
membrane, and intracellular toxic effects, including interactions with DNA and proteins 
(Wang et al. 2017). Both, Ag- and Cu-based nanoparticles have been reported to cause 
toxicity in vitro in various mammalian cell lines and also in vivo in rodents and zebrafish 
(Schrand et al. 2010). However, the most sensitive test organisms to Ag NPs are 
crustaceans and algae, followed by fish, nematodes and bacteria, whereas yeast and 
mammalian cells in vitro are the least sensitive (Bondarenko et al. 2013b). The median 
toxic concentrations (L(E)C50 or MIC) of Ag and CuO NPs based on the literature search 
to yeast cells and mammalian cells in vitro are 7.9 and 11 mg/L, and 17 and 25 mg/L, 
respectively (Ivask et al. 2014b). 

For mammalian cell lines, the majority of NPs toxicity mechanisms reported have 
been related to reactive oxygen species. The intracellular ROS induced by Ag and CuO 
NPs can cause DNA damage, the production of inflammation promoting cytokines, or 
cellular damage such as the degradation of mitochondrial membrane integrity which 
may lead to cell death (Schrand et al. 2010, Ivask et al. 2014b). 

The inhibition of fungal cell growth and viability by Ag and CuO NPs has been 
suggested to be caused by cell wall damage, the generation of ROS or DNA damage 
(Lara et al. 2015, Hwang et al. 2012, Bayat et al. 2014). 

1.3.1.1 Contribution of dissolved metal ions to the toxicity of metal-based 
nanoparticles 
The cytotoxic effects of metal-based nanoparticles result from a combination of the 
release of toxic metal ions and intrinsic nanoparticle effects, whereas the dissolution 
status of the NPs in exposure media determines the uptake and toxicity pathways 
(Misra et al. 2012). Differentiating between the effects of the NPs and dissolved metal 
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ions is experimentally complicated, i.e. the separation of the particulate or partially 
dissolved NPs, free and complexed ions and adsorbed ions on the NPs surfaces  
(Ivask et al. 2014b). The oxidized surface of Ag NPs and chemisorbed Ag+ on the 
particles`surface has been proposed to be responsible for the antibacterial activity, 
whereas optimal particle dispersion is the key factor (Lok et al. 2007). 

Heavy metal ions like Ag+ or Hg2+ but also essential metals like Cu and Zn have high 
affinities to sulphur and they strongly bind to amino acid residues containing thiol 
groups (R-SH) (Slavin et al. 2017). While this interaction is biologically important in the 
functioning of many enzymes via binding essential metals, it also leads to toxicities of 
excessive metal concentrations when inhibiting vital enzyme functions (Waldron et al. 
2009, Wysocki and Tamas 2010). The toxic effects of metal ions at the cellular level 
include oxidative stress, alteration of enzyme and protein function by blocking 
functional groups or the substitution of essential metal ions from biomolecules, 
denaturation of enzymes, lipid peroxidation, interfering with DNA repair and disruption 
of membrane integrity (Gadd 1993, Hosiner et al. 2014). Dissolved Ag+ ions are 
recognized as powerful antibacterials due to poisoning of respiratory electron transport 
chains and components of DNA replication (Neal 2008). Many metals such as Fe, Cu, Zn, 
Se, Cr, Cd, Hg and Pb influence membrane fluidity (Wysocki and Tamas 2010). 

While several studies have concluded that the dissolution of metal oxide 
nanoparticles is the main determinant of the toxicity to bacterial or mammalian cells, 
others have been able to show the dependence of toxicity on the surface charge of the 
nanoparticles, or the nanoparticles conduction band energy (Ivask et al. 2015). In a 
large study of 24 metal oxide nanoparticles, the toxic effects of nanoparticles of ZnO, 
CuO, NiO, MgO, and WO3 to human lung cells and keratinocytes were concluded to be 
primarily the cause of released metal ions (Horie et al. 2012). However, Ivask et al. 
concluded that the toxicity of CuO, ZnO and Sb2O3 nanoparticles to different 
mammalian cell cultures was driven by their dissolution, but the induction of ROS was 
found to be the key toxicity factor for Mn3O4 and Co3O4 NPs (Ivask et al. 2015). CuO and 
ZnO NPs were found to be the most toxic among 12 metal oxide nanoparticles also to 
algae and bacteria and the potency was attributed to the dissolved metal ions  
(Aruoja et al. 2015). 

One key aspect of the antimicrobial effect of Ag NPs is the particle characteristics 
affecting the metal ion bioavailability and release of Ag ions and Ag NPs can be 
modified to be efficient vehicles of Ag ion delivery (Xiu et al. 2012). Bondarenko et al. 
also noted that the cell-particle contact is necessary for the enhanced Ag+ delivery to 
bacterial cells (Bondarenko et al. 2013a). 

1.3.1.2 Cellular oxidative stress caused by metal-based nanoparticles 
The generation of reactive oxygen species and resulting oxidative stress has been 
proposed as the major paradigm of nanoparticles toxicity both in vitro and in vivo with 
plenty of experimental data on the induction of ROS and oxidative injury by air-borne 
nanoparticles (Oberdorster et al. 2005b). However, toxicity to other organisms 
including environmental species and other toxicity routes have also been discovered 
and the generation of ROS is not always detected in nanoparticle toxicity studies, 
therefore the significance of ROS in NP toxicity is still unclear (von Moos and Slaveykova 
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2014). The mechanism for ROS generation is different for each NP and some studies 
have reported NPs toxicity without causing oxidative stress (Manke et al. 2013).  

Oxidative stress is the imbalance between excess ROS and the depletion of cellular 
defence mechanisms (glutathione, antioxidant enzymes) and may lead to cytotoxicity. 
ROS such as singlet oxygen (O●), superoxide anion (O2●¯), hydrogen peroxide (H2O2) and 
hydroxyl radical (OH●) attack cellular macromolecules, leading to protein oxidation, 
lipid peroxidation and DNA damage (Wysocki and Tamas 2010).  

The sources of ROS from NPs are  based on different factors such as NPs shape, 
purity, crystal plane disruptions and structural defects, also the dissolution of catalytic 
metal ions from redox-active metal-based NPs, including Cu and Fe, and the triggering 
of Fenton-type reactions to yield hydroxyl radicals, other routes of ROS production 
include the interaction of NPs with the cell surface or intracellular processes such as 
mitochondrial respiration (von Moos and Slaveykova 2014). Redox-inactive metals may 
also induce oxidative stress through indirect mechanisms such as by inhibiting specific 
enzymes or by depleting pools of antioxidants (Wysocki and Tamas 2010). Photoactive 
NPs, mainly TiO2, are triggered to produce ROS in the presence of light (von Moos and 
Slaveykova 2014) and TiO2 is known to induce strong antibacterial effects via the 
production of hydroxyl radicals and hydrogen peroxide and subsequent degradation of 
cell wall and cytoplasmic membrane (Foster et al. 2011). Different ROS species have 
been identified to be involved in the bactericidal effect of metallic nanoparticles of 
TiO2, MgO and ZnO such as the hydroxyl radicals, superoxide anions and hydrogen 
peroxide (Djurisic et al. 2015, Lakshmi Prasanna and Vijayaraghavan 2015). Ag NPs and 
CuO NPs have been shown to induce the formation of ROS and cause broad spectrum 
antibacterial effects against Escherichia coli, Pseudomonas aeruginosa and 
Staphylococcus aureus, also lipid peroxidation, depletion of glutathione, DNA damages 
and eventual disintegration of the cell membrane were reported (Korshed et al. 2016, 
Ivask et al. 2010).  

Studies with human lung epithelial cell line A549 have reported ROS formation and 
cytotoxicity by Ag and CuO NPs (Karlsson et al. 2008, Chairuangkitti et al. 2013), while 
differently coated 10-75nm Ag NPs did not produce intracellular cytosolic ROS in the 
human bronchial epithelial BEAS-2B cells (Gliga et al. 2014). Increased ROS production 
in Ag NPs-exposed yeast Candida albicans cells has been shown where the antifungal 
effect of Ag NPs was proposed to be related to mitochondrial dysfunction and 
apoptosis (Hwang et al. 2012), and in the fission yeast Schizosaccharomyces pombe, the 
toxicity of Ag NPs was attributed to intracellular uptake, release of Ag+ and generation 
of ROS (Lee et al. 2018). 

1.3.1.3 Membrane damage caused by metal-based nanoparticles  
In unicellular organisms such as bacteria, yeasts and algae, the physical interactions 
between various metal-based nanoparticles and cell surface has been implicated in the 
toxic effects, and attachment of nanoparticles onto the cell surface, migration into the 
membranes, morphological changes and disruption of the structure and permeability of 
the cell membrane have been reported (Ivask et al. 2014b). The disturbance of bacterial 
cell membrane and increase of the membrane permeability by Ag NPs, ZnO NPs, MgO 
NPs and CeO2 NPs has been suggested to be induced by ROS and lipid peroxidation 
(Neal 2008).  
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The attraction between the nanoparticles and the bacterial cells can be explained by 
different types of physicochemical interactions like electrostatic forces between 
opposite-charged surfaces (negatively charged cell surface and positively charged 
nanoparticles), but may also include Van der Waals forces, hydrophobic interactions, as 
well as receptor-ligand interactions, for example via carboxyl, amide, phosphate or 
hydroxyl groups and carbohydrate moieties (Djurisic et al. 2015).  

Surface charge-dependent antibacterial effects have been shown for Ag NPs with 
different surface-modifications, where BPEI-coated Ag NPs (zeta potential +40 mV) 
were significantly more toxic than negatively-charged Ag NPs and even Ag ions  
(El Badawy et al. 2011, Ivask et al. 2014a). A localized enhanced concentration of the 
toxic Ag+ ions is created when the dissolution of Ag NPs takes place on the bacterial cell 
membrane, causing cell membrane damage and disintegration and eventually leading 
to Ag+ ions and Ag NPs entering the bacterial cytosol (McQuillan et al. 2012). The 
disorganisation and perforation of Escherichia coli cell wall, damage to the cell 
membrane and leakage of intracellular content has been reported as the result of the 
accumulation of silver nanoparticles in the close vicinity of the cell (Pal et al. 2007, 
Gogoi et al. 2006, Morones et al. 2005).  

Cell membrane damage by Ag NPs was shown by the adenylate kinase assay in 
human dermal keratinocyte HeCaT and cervical cancer HeLa cells (Mukherjee et al. 
2012), and metallic Cu NPs but not CuO NPs were shown highly membrane-damaging in 
human lung epithelial A549 cells, although the membrane damage was explained by 
the metal release from Cu NPs at the cell membrane surface (Karlsson et al. 2013). 

The antifungal activity of 3-nm and 1-nm Ag NPs on the yeast C. albicans has been 
reported to be caused by cell wall damage and membrane permeabilization and 
perforation as shown by electron microscopy (Kim et al. 2009, Lara et al. 2015).  

1.3.1.4 Internalization of nanoparticles by the cells and subsequent intracellular 
damage  
Higher eukaryotic cells of multicellular organisms (mammals) are known to internalize 
NPs, however, the uptake of NPs by unicellular eukaryotic cells, such as yeasts, and 
prokaryotes is not commonly reported and tends to be the result of membrane injury 
(Ivask et al. 2014b).  

The cell membrane is the cell`s barrier from the outside environment and is 
impermeable to large particles, while nanoparticles are proposed to be able to cross 
the cell membrane by passive diffusion or by the energy-dependent process of 
endocytosis (active uptake) (Kettler et al. 2014). The internalization efficiency, 
mechanism and intracellular routing of nanoparticles depends on the cell type and  
nanoparticle size, charge and other surface properties, as eukaryotic cells have 
different types of endocytosis, such as phagocytosis and pinocytosis, clathrin-mediated 
endocytosis (CME) and clathrin-independent endocytosis (Iversen et al. 2011). Cationic 
nanoparticles are more prone to attachment to the cell surface and therefore, more 
efficient endocytosis, than neutral or anionic nanoparticles (Zhu et al. 2013). The 
endocytosis of NPs is restricted by the size of the endocytic vesicles of different cell 
types, while only uncharged molecules with small size (a few nanometers) could 
penetrate the membrane by diffusion (Zhu et al. 2013). Several studies have shown 
that the size optimum for the endocytosis of nanoparticles by mammalian cells is  
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20-50 nm (Iversen et al. 2011). Assumably, the likely maximum nanoparticle size for 
internalization via clathrin-coated vesicles is 200 nm, however phagocytic mammalian 
cells internalize cells and bacteria with sizes 0.5-10 µm (Kettler et al. 2014). 
Nanoparticles taken up by endocytosis in mammalian cells have been reported to 
localize in endosomes or lysosymes intracellularly (Iversen et al. 2011).   

Following the uptake of metal-based NPs, the intracellular dissolution, especially in 
the acidic environment of the lysosome, and release of metal ions, called the Trojan-
horse effect, is the main facilitator of toxicity (Limbach et al. 2007, Sabella et al. 2014). 
Furthermore, nanosilver uptake has been reported to trigger higer ROS production in 
mammalian in vitro cell lines, and the interaction of nanosilver with proteins and DNA 
and induction of genotoxicity also contribute to toxicity in both, human and bacterial 
cells (McShan et al. 2014). High uptake of CuO NPs and Ag NPs in human lung cell lines 
A549 and BEAS-2B resulted in cell death and DNA damage in CuO NPs-exposed, but not 
in Ag NPs-exposed cells (Cronholm et al. 2013). 

In S. cerevisiae spheroplasts, the endocytosis of positively-charged gold 
nanoparticles (1.4nm) was demonstrated to be dependent on the END3 gene and 
occurred via vesicular endosomes and the vacuole (Prescianotto-Baschong and 
Riezman 1998). 

1.4 Saccharomyces cerevisiae as a unicellular eukaryotic model organism 
in toxicology  
The yeast Saccharomyces cerevisiae is a valuable unicellular eukaryotic model 
organism, because yeast cells exhibit the important features of the cells of higher 
organisms but are easily cultivated and maintained. Yeasts belong to the diverse 
eukaryotic Fungi kingdom and S. cerevisiae represents the unicellular budding yeast. As 
a eukaryotic model, the S. cerevisiae is cost-effective and genetically well-studied, with 
genome-wide methods available.  

S. cerevisae is a widely-used model organism for studying the fundamentals of 
eukaryotic cell biology. Availability of the genomic sequence and advanced genetic 
tools allows for high-throughput screening methods. Studies using S. cerevisiae provide 
valuable insights into cellular processes such as oxidative stress and ageing (Costa and 
Moradas-Ferreira 2001), response to metals (Bird 2015), endocytosis (Goode et al. 
2015) and autophagy research, which was recognized by the 2016 Nobel Prize in 
Physiology or Medicine (Levine and Klionsky 2017). The use of yeast model in 
toxicological testing can be especially valuable in the light of the initiative to reduce 
animal testing (the 3Rs). 

However, S. cerevisiae is also a relevant system for the study of antifungal 
compounds to target fungal infections and also serious plant and animal diseases 
caused by pathogenic fungi. S. cerevisiae is closely related to the pathogenic yeast 
Candida albicans, the major cause of yeast infections, particularly in 
immunocompromised persons (Hughes 2002). Beacause fungi are eukaryotic cells, the 
main obstacle in antifungal drug discovery is to find a selective target to avoid toxicity 
to patients (Lara et al. 2015). Most antifungal agents target either ergosterol, which is a 
unique component of the fungal cell membrane, or the fungal cell wall (Robbins et al. 
2016). 
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The cell wall provides fungal cells with protection and osmotic integrity, defines the 
cell shape and morphology, acts as a permeability barrier and enables interactions with 
the environment and other fungal cells (Figure 3). The fungal cell wall is unique, 
although there are variations in the organization of the cell wall and the composition 
varies between species (Bowman and Free 2006). The S. cerevisiae cell wall is 
composed mainly of mannoproteins and β-glucans and a small amount of chitin, which 
are cross-linked to form a cell wall matrix (Orlean 2012).  

Figure 3. The structure of fungal cell wall (from (Vega and Kalkum 2012), is licensed under the 
Creative Commons Attribution License). The main components of fungal cell walls are 
mannoproteins, glucans and chitin. 

Yeast cells have aerobic and anaerobic metabolic pathways to use various organic 
molecules (e. g. sugars) as the energy and carbon sources. Depending on the availability 
of sugars and oxygen, S. cerevisiae can grow either respiratively, respiro-fermentatively 
or fermentatively (Pronk et al. 1996, Kasemets et al. 2007). By using different carbon 
sources, such as glucose or glycerol, for example, either respirative or fermentative 
growth can be induced and therefore, the effects of NPs on mitochondria etc. can be 
studied.  

Collections of S. cerevisiae single-gene deletion mutants, created by the 
Saccharomyces Genome Deletion Project consortium by systematically deleting nearly 
all of the open reading frames, are available. This is a powerful tool for studying gene 
function and the essential genes for yeast growth under various environmental 
conditions and stresses, and has been used previously to study the response to metals, 
for example. Many of the yeast genes have homologous genes in humans and therefore 
some mechanisms of metal toxicities could be extrapolated to mammalian systems 
(Jo et al. 2008). Currently, over 20 000 strains are available and can be obtained from 
EUROSCARF, for example (Institute of Microbiology, University of Frankfurt, Germany; 
http://www.euroscarf.de). Genome-wide collections of non-essential single-gene 
deletion mutants of Escherichia coli are also available and have been used for the 
toxicological profiling of nanoparticles (Ivask et al. 2012). In this study, specifically 
selected Saccharomyces cerevisiae single-gene deletion mutant strains were used for 
the first time for the toxicological screening of nanoparticles. The mutant strains were 
selected with deletions in genes of oxidative stress response, copper stress response, 
cell wall or membrane synthesis or maintenance and endocytosis. 
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1.4.1 The response of Saccharomyce cerevisiae cells to oxidative stress 
During growth under aerobic conditions, yeast cells are continuously exposed to 
reactive oxygen species generated by the mitochondrial respiratory chain, and cellular 
damages are prevented by antioxidant defences (Costa and Moradas-Ferreira 2001). 
Glutathione (GSH), a non-enzymatic defence molecule is the most abundant redox 
scavenging molecule in cells, including yeasts, which acts with the redox-active 
sulphydryl group reacting with oxidants to produce reduced glutathione (GSSG) 
(Jamieson 1998). Metallothioneins have an important role in intracellular sequestration 
of transition metal such as copper and iron, and minimizing the formation of OH● 
radicals (Moradas-Ferreira et al. 1996). Several enzymes are involved in removing 
oxygen radicals or repairing oxidative damage. Catalases, the catalase A and catalase T, 
are responsible for the breakdown of H2O2 to O2 and H2O in S. cerevisiae (Jamieson 
1998).  Two intracellular superoxide dismutases (SOD), the mitochondrially-located 
MnSod (encoded by the SOD2 gene) and the cytoplasmically-located Cu/ZnSod 
(encoded by the SOD1 gene), transform superoxide anion to H2O2 and O2 in  
S. cerevisiae (Moradas-Ferreira et al. 1996). 

1.4.2 The response of Saccharomyces cerevisiae cells to Ag and Cu ions  
The research of metal interactions with fungi has been driven mainly by the 
development of fungicidal preparations for agricultural and material preservation 
purposes, but also as model cell factories for eukaryotic biology and environmental 
perspectives (Gadd 1993). Many metals, including copper and silver, when in excess, 
can induce toxic effects in fungal cells, such as the blocking of functional groups of 
enzymes or transport systems, substitution of essential metal ions in biomolecules, 
denaturation of enzymes or disruption of membrane or organell integrity, and in 
addition, Ag and Cu can also produce free radicals (Gadd 1993). 

For the regulation of metal levels in cells, the primary response of eukaryotes to metals 
is changes in gene expression to alter metal uptake, compartmentalization, storage and 
export (Bird 2015). S. cerevisiae has metal-regulated DNA-binding transcription factors 
known to respond to zinc (Zap1), copper (Mac1 plus Ace1, also known as Cup2) and iron 
(Aft1 plus Aft2 to iron) (Waldron et al. 2009). Mac1 activates transcription in response to 
low, and Ace1 (Cup2) to high copper concentration in S. cerevisiae. Ace1p regulates the 
transcription of metal-sequestering metallothionein CUP1, metallothionein-like protein 
CRS5, and cytosolic Cu/Zn superoxide dismutase SOD1 (Yasokawa et al. 2008). 
Mechanisms of fungal cells for survival in the presence of toxic metal concentrations 
include extracellular complexation, metal transformation, biosorption to cell walls, 
decreased transport, efflux, or intracellular compartmentation (Gadd 1993). Excess metals 
in yeast cells are compartmentalized to vacuoles, plasma-membrane exporters are known 
only for cadmium and arsenic (Wysocki and Tamas 2010). 

The presence of copper in the growth medium induced the expression of  
S. cerevisiae copper metallothionein CUP1-1 and CUP1-2 more than 20-fold and some 
sulphur metabolism and oxidative stress response genes were also up-regulated 
(Yasokawa et al. 2008). Silver ions and silver NPs also caused the strong up-regulation of 
S. cerevisiae CUP1-1 and CUP1-2 genes, and in addition genes of ion transport and 
homeostasis or chemical stimuli, stress and transport processes were differently induced 
(Niazi et al. 2011). 
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1.4.3 Endocytosis in Saccharomyces cerevisiae cells 
Endocytosis is the process of ingesting extracellular material into cells via engulfing by 
the cell membrane and packaging them into vesicles that are pinched off the 
membrane and enter the cytosol (Goode et al. 2015). It is the process for cells to collect 
nutrients, regulate plasma membrane-associated surface proteins, such as receptors, 
channels, and signaling proteins, and redistribute plasma membrane components. 
Clathrin-mediated endocytosis (CME) is used by all eukaryotic cells, including yeasts, 
and has been best characterized, while others, clathrin-independent endocytosis 
pathways have also been described (McMahon and Boucrot 2011). 

The size of clathrin-coated vesicles varies between species, with an observed upper 
limit of about 200 nm in external diameter. Yeasts have small clathrin-coated vesicles of 
  ~35-60 nm exterior diameters, indicating the internal vesicle diameter of ~15-25 nm 
(McMahon and Boucrot 2011). The main difference between the clathrin-mediated 
endocytosis in yeast and mammalian cells is the relative functional importance of 
clathrin and actin. Internalization at the CME sites in yeasts can proceed even in the 
absence of clathrin, whereas clathrin depletion in mammalian cells arrests CME (Goode 
et al. 2015). 

After internalization, most molecules are transported to the vacuole for 
degradation. The transport occurs via membrane-bound compartments, the early and 
late endosomes (Prescianotto-Baschong and Riezman 1998). Over 50 different proteins 
are involved in the clathrin-mediated endocytosis process at the plasma membrane and 
many key aspects were first elucidated in yeast (Goode et al. 2015). The S. cerevisiae 
END3 gene encodes a protein directly required for the internalization step of 
endocytosis at the plasma membrane and not for subsequent transport to the vacuole 
(Munn et al. 1995). End3p is also necessary for the proper organization of actin 
cytoskeleton and correct distribution of chitin at the cell surface (Benedetti et al. 1994). 
end3 mutant cells are defective for the internalization of both fluid phase and 
membrane-bound markers (Prescianotto-Baschong and Riezman 1998). 

1.4.4 The toxicity of metal-based nanoparticles to yeast cells 
There is already some research on the toxicity of different nanoparticles to yeast cells, 
for example there are over 100 publications available on the toxic effects of 
nanoparticles using the model yeast S. cerevisiae or the pathogenic C. albicans in the 
Scopus database (www.scopus.com). The toxicities of different metallic nanoparticles 
such as Ag, CuO, ZnO, NiO, MgO, TiO2 as well as quantum dots and polystyrene NPs 
have been investigated. 

3-nm Ag NPs showed the minimal inhibitory concentration (MIC) of 2 µg/mL against 
C. albicans and S. cerevisae (Kim et al. 2009), while another study reported a MIC of  
25-nm Ag NPs aginst C. albicans as low as 0.21 mg/L (Panacek et al. 2009). Previously, 
nano- and bulk-sized CuO have shown toxicity to S. cerevisiae, the 8-h EC50 were 20.7 
and 1297 mg CuO/L, respectively (Kasemets et al. 2009). 

http://www.scopus.com/
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Figure 4. Possible interactions of the Saccharomyces cerevisiae cell with Ag or CuO NPs.  
1) Adsorption of NPs or the dissolved metal ions on the surface of the yeast cell and interference 
with cell wall/membrane integrity by the induction of ROS, interaction of metal ions with 
membrane components or altering with the cell wall fluidity 2) internalization of NPs or metal 
ions by passive diffusion or active transport, endocytosis or via the damaged cell wall  
3) intracellular compartmentalization or further dissolution of NPs in the vacuole or cytoplasm  
4) intracellular interaction of NPs or metal ions with the mitochondrion or nucleic acids. 

   
CuO and Ag NPs were found cytotoxic to S. cerevisiae cells and caused changes in 

the ultrastructure of S. cerevisiae cells, including the enlargement of the vacuoles, 
increased numbers of lipid droplets and disruption of intracellular components, as well 
as DNA damage in the Comet assay, whereas only CuO NPs showed oxidative potential 
in cell-free dichlorofluorescein assay (Bayat et al. 2014). Xiong et al. (Xiong et al. 2013) 
have studied the effect of silver NPs size, shape, capping agents and surface facets in 
the toxicity to S. cerevisiae cells. While the inhibition of yeast growth increased with 
decreasing NPs size, and silver nanoplates were more toxic compared to nanocubes 
and nanowires, the toxicity was proposed to be mainly defined by the crystal structures 
of silver nanoparticles. The authors concluded that the surface facets of silver NPs play 
the major role in toxicity, affecting the binding to capping agents and generation of 
ROS. A significant proportion of silver was found to enter the S. cerevisiae cells exposed 
to Ag nanocubes, but as no cubic Ag NPs were located in the cells, the authors believed 
that the uptake of Ag into cells occurred via the dissolved Ag ions (Xiong et al. 2013).  

In a study of Ag NPs-exposed C. albicans cells, the MIC was reported to be  
42 μg/mL, and the ultrastructural study revealed abundant accumulation of small-sized 
Ag NPs in the cell wall and cytoplasm, although this was hypothesized to be the result 
of Ag ions from extracellular Ag NPs penetrating the cell wall and intracellular 
formation of Ag NPs through reduction (Vazquez-Munoz et al. 2014). Small 2-nm silver 
NPs had MIC against C. albicans as low as 70 ng/mL and electron microscopy analysis 
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showed structural changes of silver NPs-exposed cells with Ag NPs adherence on the 
cell surface, aggregation of cells into clumps, alterations in the cell wall and membrane 
and increased number and enlargement of the vacuoles (Selvaraj et al. 2014).      

Postively and negatively charged polystyrene latex nanoparticles (100 nm) were 
used to investigate the effect of nanoparticle`s surface charge on cellular interaction, 
uptake and toxicity to S. cerevisiae. Results showed that the electrostatic interaction 
with positively charged polystyrene latex nanoparticles caused their adhesion to the 
cell surface and consequent cell death, whereas the uptake of the same positively 
charged polystyrene latex nanoparticles by the cells did not cause toxicity. The authors 
proposed that the clearance of nanoparticles from the cell surface by endocytosis was a 
defence mechanism to maintain the fluidity of the cell membrane (Nomura et al. 2013, 
Nomura et al. 2015). In a study of ZnO nanoparticles (20 nm) using S. cerevisiae wild-
type and its gene-deletion mutant strains, TEM microscopy showed mechanical damage 
by the ZnO nanoparticles to the yeast cell walls, although no intracellular or cell-bound 
ZnO nanoparticles were found (Zhang et al. 2016). CdSe nanoparticles also showed 
toxicity to S. cerevisiae cells and the toxicity was attributed to End3-mediated 
endocytosis, ROS accumulation and an enhancement of vacuolar membrane 
permeabilization (Sun et al. 2014). 

------------------- 
In this PhD thesis, toxicity mechanisms of silver and copper oxide nanoparticles to 

Saccharomyces cerevisiae BY4741 wild-type and its single gene deletion mutants was 
studied to further understand the toxicity mechanisms. To our best knowledge, these 
were the first studies using S. cerevisiae single-gene deletion mutants for the study of 
nanoparticles toxicity mechanisms. Since we started this research, Bao et al., have used 
the S. cerevisiae deletion mutants for the study of the antimicrobial effects of CuO NPs 
(Bao et al. 2015) and also, the genome-wide collection of single-gene deletion mutants 
have been employed for high-throughput analysis of Ag NPs toxicity (Galvan Marquez 
et al. 2018). The possible toxicity mechanisms of Ag and CuO NPs to S. cerevisiae cells 
based on the literature are schematically represented in Figure 4. 
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AIMS OF THE STUDY 
The main aim of the study was to elucidate (i) the toxicity mechanism of CuO and Ag 
nanoparticles (NPs), to the yeast Saccharomyces cerevisiae and (ii) to develop a novel 
method for the testing of antimicrobial properties of nanoparticles. 
The specific aims were: 
1) Toxicity profiling of the CuO and Ag NPs using the single-gene deletion mutants 
of Saccharomyces cerevisiae BY4741, 
2) Determine how the different physicochemical properties (intrinsic NPs 
properties such as chemical composition, size and surface coating/stabilizing agents) of 
the CuO and Ag NPs determine their toxic outcome,  
3) Determine how environmental conditions (mainly test media) modulate the 
metal-based nanoparticles` physicochemical properties, bioavailability and toxicity, 
4) To develop a novel method for the comparison of biocidal properties of 
nanoparticles to bacteria, yeast and algae in a test environment that minimizes the 
interference with the properties of metal-based nanoparticles (deionized water). 
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2. MATERIALS AND METHODS 

 2.1 The nanoparticles used in this study 
The nanoparticles used in the studies (Publications I-IV) are listed in Table 1. A more 
detailed description and characterization are in the respective publications. For the NPs 
of Ag (Publications I-III) and CuO (Publications II, IV), soluble metal salts (AgNO3 and 
CuSO4, respectively) were used in parallel to account for the effects of dissolved metal 
ions in the biological effects. 
 
Table 1. List of the nanoparticles used in this study 

NPs  
(primary size) 

Producer / 
synthesized by Received as Coating / 

stabilizer Publication 

Ag NPs     
nAg  

(~86 nm) Sigma-Aldrich powder none I 

nAg-PVP  
(~8 nm) 

Synth. in the Lab 
of prof H. Tenhu* powder polyvinyl-

pyrrolidone I 

nAg-col 
(~13 nm) 

Laboratorios 
Argenol S. L. powder casein I, II 

nAg-PVP 
(~16 nm) 

Partners in FP7 
NanoValid 

suspension in DI 
 (40 g Ag/L) 

polyvinyl-
pyrrolidone II 

nAg-cit  
(10 nm) MK Nano suspension in DI 

(0.079 g Ag/L) citrate III 

nAg-cit  
(20 nm) MK Nano suspension in DI 

(0.118 g Ag/L) citrate III 

nAg-cit  
(40 nm) MK Nano suspension in DI 

(0.059 g Ag/L) citrate III 

nAg-cit  
(60 nm) MK Nano suspension in DI 

(0.052 g Ag/L) citrate III 

nAg-cit  
(80 nm) MK Nano suspension in DI 

(0.056 g Ag/L) citrate III 

CuO NPs**     
nCuO 

(~30 nm) Sigma-Aldrich powder none II, IV 

Carbon NMs     
MWCNTs 

(diameter ~10 
nm; length 
>1000 nm) 

Partners in FP7 
NanoValid powder none II 

*Laboratory of Polymer Chemistry, Department of Chemistry, University of Helsinki 
**In addition to CuO NPs, also bulk CuO particles (Sigma-Aldrich) were studied in Publication IV. 
 

2.1.1 Preparation of nanoparticle suspensions 
The nanoparticles were received either as stock suspensions in deionized water or in 
powder form (see Table 1) in which case stock suspensions were prepared in deionized 
water with concentrations 0.5-5 g/L. Only vortexing was used in most cases to 
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distribute the nanoparticles equally in the suspension. The stock suspension of CuO NPs 
and bulk CuO (Publication IV) were ultrasonicated for 30 min in the ultrasonic bath 
(Branson 1510, USA) once after preparation. For the multi-wall carbon nanotubes 
(MWCNTs; Publication II), 0.01% Triton X-100 was used to homogenize the suspension 
of nanoparticles and in addition, ultrasonication probe was used, once for the 
preparation of the stock suspension as well as once, before the testing. 

For the toxicity tests (Publications I-IV), determination of dissolved ion fraction 
(Publications I, III, IV), measurements of zeta potential and hydrodynamic diameter 
(Publications I-IV) and UV-vis spectroscopy (Publication I, III), the appropriate dilutions 
were prepared in deionized water and respective test medium.  

2.1.2 The characterization of nanoparticles 
The primary sizes of the nanoparticles were provided by the producers or determined 
by ohter authors as referenced in the publications. 

The hydrodynamic diameter (Dh) and zeta potential measurements (Publications  
I-IV) were performed with the Zetasizer Nano ZS (Malvern Instruments, UK) at relevant 
concentrations in the respective medium (deionized water or growth medium) at  
0-time point and the end-time point of the toxicity experiments.  

UV-Vis absorption spectroscopy of the Ag NPs (Publications I, III) was performed 
with the Multiskan Spectrum spectrophotometer (Thermo Scientific, Finland) by 
measuring the absorption at 250-900 nm wavelength in a clear 1 mL cuvette or 
transparent 96-well microplates.  

2.1.2.1 The quantification of dissolved Cu and Ag 
For the measurement of the dissolved fraction of Cu and Ag NPs from the nanoparticles 
in the test media, the suspensions were incubated in conditions similar to the toxicity 
testing, after which the samples were ultracentrifuged at 390 000 g for 30-40 min to 
remove the non-soluble fraction and the Ag and Cu content in the supernatant was 
analyzed with atomic absorption spectroscopy. In the case of CuO particles (Publication 
IV), the solubility was determined also by the recombinant bioluminescent Cu-sensing 
bacteria E. coli MC1061 (pSLcueR/pDNPcopAlux). 

2.2 The Saccharomyces cerevisiae BY4741 strains 
Throughout Publications I-IV, Saccharomyces cerevisiae BY4741 wild-type (MATa; his3∆ 
1; leu2∆0; met15∆0; ura3∆0) was used. In Publications I and IV, the toxicity profiles of 
Ag and CuO nanoparticles to the wild-type and its single-gene deletion mutants were 
compared. All the yeast strains were purchased from EUROSCARF (European 
Saccharomyces cerevisiae Archive for Functional Analysis website, http://web.uni-
frankfurt.de/fb15/mikro/euroscarf/) and are listed in Table 2. 
 
 
 

http://web.uni-frankfurt.de/fb15/mikro/euroscarf/
http://web.uni-frankfurt.de/fb15/mikro/euroscarf/
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Table 2. The Saccharomyces cerevisiae BY4741 gene-deletion strains used in this study and the 
cellular role of the deleted gene product (from The Saccharomyces Genome Database, 
https://www.yeastgenome.org) 
Strain  Cellular role of gene product Publication 

wild-type 

 BY4741 

 I, II, III, IV 

yap1∆ Basic leucine zipper (bZIP) transcription factor; required 
for oxidative stress tolerance; activated by H2O2 through 

the multistep formation of disulfide bonds and transit 
from the cytoplasm to the nucleus; mediates resistance to 

cadmium 

I, IV 

sod1∆ Cytosolic copper-zinc superoxide dismutase; detoxifies 
superoxide; phosphorylated by Dun1p, enters nucleus 

under oxidative stress to promote transcription of stress 
response genes 

I, IV 

ccs1∆ Copper chaperone for superoxide dismutase Sod1p; 
involved in oxidative stress protection; required for 

regulation of yeast copper genes in response to DNA-
damaging agents 

IV 

sod2∆ Mitochondrial manganese superoxide dismutase; protects 
cells against oxygen toxicity and oxidative stress 

I, IV 

cta1∆ Catalase A; breaks down hydrogen peroxide in the 
peroxisomal matrix formed by acyl-CoA oxidase (Pox1p) 

during fatty acid beta-oxidation 

IV 

ctt1∆ Cytosolic catalase T; has a role in protection from 
oxidative damage by hydrogen peroxide 

IV 

gsh1∆ Gamma glutamylcysteine synthetase; catalyzes the first 
step in glutathione (GSH) biosynthesis; expression induced 

by oxidants, cadmium, and mercury 

IV 

glr1∆ Cytosolic and mitochondrial glutathione oxidoreductase; 
converts oxidized glutathione to reduced glutathione; 

IV 

cup2∆ Copper-binding transcription factor; activates 
transcription of the metallothionein genes CUP1-1 and 
CUP1-2 in response to elevated copper concentrations 

IV 



33 
 

end3∆ EH domain-containing protein involved in endocytosis; 
actin cytoskeletal organization and cell wall 

morphogenesis 

I 

gas1∆ Beta-1,3-glucanosyltransferase; required for cell wall 
assembly and also has a role in transcriptional silencing; 
localizes to cell surface via a glycosylphosphatidylinositol 

(GPI) anchor 

I 

erg3∆ C-5 sterol desaturase; glycoprotein that catalyzes the 
introduction of a C-5(6) double bond into episterol, a 

precursor in ergosterol biosynthesis 

I 

mnn10∆ Subunit of a Golgi mannosyltransferase complex; complex 
mediates elongation of the polysaccharide mannan 

backbone; membrane protein of the mannosyltransferase 
family 

I 

kre6∆ Type II integral membrane protein; required for beta-1,6 
glucan biosynthesis; putative beta-glucan synthase; 
localizes to ER, plasma membrane, sites of polarized 

growth and secretory vesicles 

I 

knr4∆ Protein involved in the regulation of cell wall synthesis; 
proposed to be involved in coordinating cell cycle 

progression with cell wall integrity 

I 

2.3 Toxicity tests 

2.3.1 Saccharomyces cerevisiae growth inhibition assay 
The Saccharomyces cerevisiae growth inhibition assay in YPD was used in Publications  
I and IV with slight differences. More detailed descriptions of the methods are given in 
the respective publications. 

Briefly, S. cerevisiae BY4741 cells from an overnight culture in YPD medium  
(1% yeast extract, 2% peptone and 2% glucose, pH 6.8) were diluted to the culture 
density of ~2.0 x 106 CFU/mL. 75 µL of the cell culture was added to 75 µL of the tested 
chemical suspension or solution in 96-well microplates (Falcon). Original YPD medium 
was used for Publication IV, but for the growth inhibition assay in Publication I, YPD 
medium was diluted (YPDmod) to contain 0.25% yeast extract, 0.5% peptone and  
1% glucose (pH 6.8). The diluted medium was used to reduce the effects of medium 
components on the bioavailability of Ag compounds. The 96-well microplates were 
incubated at 30°C and in the end of the incubation (24 or 48 h), the culture density was 
measured as the optical density at 600 nm wavelength (OD600nm). Nanoparticles 
dilutions in cell-free YPD or YPDmod were used as turbidity controls and the NPs 
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absorbance (OD600nm) was subtracted from the respective value of the biotic sample. 
The half-inhibitory concentration values (IC50) were calculated as the concentration of 
chemical that inhibited the growth of the yeast cells by 50% compared to the control 
(not exposed). 

2.3.2 Saccharomyces cerevisie cell viability test 
The Saccharomyces cerevisiae cell viability test was applied in the Publications I, III and 
IV with slight modifications and more detailed descriptions of the methods can be 
found in the respective publications. In this test, the yeast cells were exposed to the 
chemicals and nanoparticles on 96-well microplates in deionized water (18 MΩ, pH 5.6 
±0.1, Milli-Q, Millipore) and at the end of the exposure, the cell viability was assessed 
using various methods: the fluorescein-diacetate fluorescence detection (Publication I), 
the measurement of ATP concentration (Publication IV), or the traditional colony-count 
method (Publication III). The IC50 values were calculated as the concentration of 
chemical that was lethal to 50% of the yeast cells compared to the control. 

2.3.3 The ‘Spot test’ 
The ‘Spot test’ was introduced in the Publication IV with the yeast cells and developed 
further in Publication II extending the method also to the bacterial and algae cells, and 
the methods as well as the organisms used are described in more detail in the 
Publication II. Essentially, it is performed similarly to the yeast cell viability test (see 
section 2.3.2.), where the cells were exposed to chemicals and nanoparticles in 
deionized water on 96-well microplates. After the exposure (up to 24 h), 2–5 µL of 
exposed and not-exposed (control) culture are pipetted onto toxicant-free agar growth 
medium plates and the viability is assessed as the colony-forming ability of the cells 
(Figure 5). The minimal biocidal concentration (MBC) is determined as the lowest 
tested concentration of the toxicant that completely inhibits the growth of the 
organism. 
 

 
Figure 5. A schematic representation of the “Spot test” (Publication II). 
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3. RESULTS AND DISCUSSION 

3.1 Characterization of Ag and CuO NPs (Publications I and IV) 
In this study, we investigated the nanoparticles of Ag and CuO, which are of interest 
due to their efficient antimicrobial properties. The characteristics of the Ag NPs and 
CuO nano- and bulk particles, which were studied in Publications I and IV are presented 
in Table 3.  
 
Table 3. The physicochemical characteristics of the studied CuO and Ag (nano)particles. 

NPs (coating) nCuO CuO bulk nAg 
nAg-col 
(casein) 

nAg-PVP 
(polyvinylpyrrolidone) 

Primary size, nm 30 Not available 86 13 8.0 

In DI      

Hydrodynamic size, 
nm (0 h) 

194 Not determined 104 43.3 100 

Zeta potential, mV 
(0 h) 
 

31.9 -13.1 -33.8 -35.3 -6.60 

Dissolution, %*  
(24 h) 

13 0.3 3.3 6.9 8.3 

In YPD**      

Hydrodynamic size, 
nm (0 h) 

5819 Not determined 251 43.7 84.6 

Zeta potential, mV 
(0 h) 

-15.6 -20.5 -27.2 -24.0 -5.00 

Dissolution, %* 
(24/48 h***) 

30 0.8 0.3 1.0 0.9 

*Dissolution of Ag NPs and CuO NPs, as quantified at near-IC50 concentrations, **Ag NPs were 
dispersed in ¼ YPD, *** CuO NPs dissolution was quantified at 24 h and Ag NPs dissolution at 48 
h, representing the respective exposure times in the yeast growth inhibition tests. 
 
The CuO nanoparticles immediately aggregated in deionized water and in the YPD 
medium, however, SEM imaging had previously shown that nano-sized particles were 
still present in the aqueous suspensions (Kahru et al. 2008). The zeta potential of bulk-
CuO was similar in both test environments (-13…-20 mV), but the zeta potential of CuO 
NPs changed from +32 mV in DI water to -16 mV in YPD, which was probably due to the 
absorption of the growth medium components onto the surface of the CuO NPs.  
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Three different types of Ag NPs were studied. The uncoated Ag NPs were larger in 
primary size (~86 nm), but the casein-coated (nAg-col, collargol) and PVP-coated Ag NPs 
(nAg-PVP) were comparable in primary size (~10 nm). In DI water and YPDmod, the 
coated Ag NPs hydrodynamic diameters (Dh) were ~40 nm (nAg-col) and 60-100 nm 
(nAg-PVP). Some of the increase in hydrodynamic size compared to the primary sizes 
can probably be attributed to the organic coatings, which are not visible by the 
transmission electron microscopy (TEM; used for the evaluation of NPs primary size). 
The uncoated Ag NPs (nAg) showed some agglomeration and precipitation in DI 
(average Dh was 104 nm similarly to the coated Ag NPs, but the size distribution was 
wider than for the coated Ag NPs, and the polydispersity index higher; also UV-vis 
spectra indicated strong agglomeration and some precipitation was visible) and strong 
agglomeration with large aggregates in YPDmod (Dh was 251 nm) and the agglomeration 
increased in time (48-h Dh was 445 nm). Therefore, the coated Ag NPs were better 
dispersed in the test environment and thus, more bioavailable to the yeast cells. 

The zeta potential of all the studied Ag NPs was negative in both test media, ranging 
from -5 mV to -35 mV. 

Both, CuO and Ag NPs showed dissolution (release of ions) in the test environments 
(Table 3). The dissolution from the Ag NPs was greater in DI water compared to YPDmod 
medium, but on the contrary, the dissolution of CuO NPs was greater in YPD medium 
than in DI water. 

3.2 Toxicity of CuO NPs to Saccharomyes cerevisiae BY4741 (Publication IV) 
Cu compounds are known to have antibacterial properties and CuO NPs are developed 
for various purposes, including antiseptic applications. It is necessary to understand the 
mechanism of toxic action of CuO nanoparticles to avoid toxicity to humans but also for 
the efficient development of antibacterial and antifungal treatments.  

This was one of the first studies on the toxicity of CuO NPs to the yeast 
Saccharomyces cerevisiae. The growth of S. cerevisiae BY4741 cells was measured, and 
their viability was assessed in the presence of CuO NPs with primary size ~30 nm. 
Comparatively, we assessed the effect of bulk CuO and the soluble salt CuSO4.  

For the first time, a library of S. cerevisiae single-gene mutants was engaged to 
specifically address cellular processes which are thought to be of key importance in the 
cytotoxic effects of nanoparticles. To elucidate the role of oxidative stress and Cu2+ ions 
in CuO NPs toxicity, 8 tentatively oxidative stress response-deficient S. cerevisiae 
deletion mutant strains (yap1Δ, sod1Δ, sod2Δ, ccs1Δ, ctt1Δ, gsh1Δ, glr1Δ, cta1Δ) and a 
copper stress response-deficient strain (cup2Δ) were used in the toxicity tests in 
comparison to the wild-type strain (Figure 6). 
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Figure 6. The selection of the Saccharomyces cerevisiae BY4741 single-gene deletion strains for 
the study of CuO NPs toxicity mechanisms was based on the hypotheses according to the 
literature. 

 

3.2.1. Toxicity of CuO nano- and micro-sized (bulk) particles to Saccharomyces 
cerevisiae BY4741 wild-type cells 
In both, the 24-h growth inhibition test in YPD medium and in the 24-h cell viability test 
in DI water at 30°C, the IC50-values show that CuO NPs were remarkably more toxic 
than the bulk CuO to S. cerevisiae BY4741 wild-type (wt) cells. The respective IC50-
values for wt were 643 and >20000 mg/L in YPD and 4.8 and 155 mg/L in the DI water 
(Table 4). 

The test format (medium) had an important influence on the toxicological outcome 
of copper compounds. The Cu ions as well as the CuO NPs and bulk CuO were 
remarkably more toxic (over 100 times) in the cell viability test in deionized water than 
the growth inhibition test in the YPD medium. 

 
Table 4. Toxicity of bulk CuO and CuO nanoparticles, Cu ions (tested as CuSO4), menadione and 
hydrogen peroxide to Saccharomyces cerevisiae BY4741 in the 24-h growth inhibition test in YPD 
and in the 24-h cell viability test in deionized water (DI). 
 24-h IC50 in YPD (mg/L) 24-h IC50 in DI (mg/L) 

CuSO4 (mg Cu/L) 516 ± 6.47 0.82 ± 0.32 

CuO NPs  643 ± 52.0 4.80 ± 0.54 

CuO bulk >20 000 155 ± 38.7 

Menadione 29.0 ± 4.05 37.1 ± 2.08 

H2O2 85.2 ± 1.89 3.62 ± 0.42 
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3.2.2. Toxicity of CuO NPs to Saccharomyes cerevisiae BY4741 mutant strains: 
revealing the mechanisms of toxic action 
The comparison of the toxicities of CuO nanoparticles, bulk particles and Cu ions to the 
wt and mutant strains showed that the cup2Δ mutant was the most sensitive strain in 
the cell viability test and the growth inhibition test (Figure 7). The Cup2p is a 
transcription factor regulating the expression of metallothioneins (Buchman et al. 1989) 
and the high sensitivity of the mutant strain to both, Cu ions and CuO nanoparticles 
suggests that the toxicity of CuO nanoparticles is caused by the dissolved Cu ion 
fraction. 
 

 
Figure 7. Toxicological profiling of Saccharomyces cerevisiae BY4741 wild-type (wt) and single-
gene deletion mutants exposed to CuO NPs in deionized water (DI) or YPD medium. Note the 
different scales of Y-axis; single and double asterisks denote statistical difference from wt with 
95% and 90% confidence, repectively; the dashed horizontal lines indicate the IC50 of the wt. 
Modified from Publication IV. 
 

However, the menadione- (superoxide radical generator) and H2O2-sensitive strains 
(yap1∆, sod1∆, sod2∆, and ccs1∆) were not more sensitive to any of the tested Cu 
compounds.  Although there is plenty of literature evidence of CuO nanoparticles and 
Cu ions triggering OS in both bacteria and mammalian cells, in this case our 
experimental data shows that the CuO nanoparticles and Cu ions did not cause toxicity 
to the cells via oxidative stress but by different mechanisms.  

3.2.3. Analysis of dissolved copper in the toxicity tests 
To elucidate the role of dissolved Cu fraction in the toxicity of CuO nanoparticles, we 
determined the concentration of solubilized Cu ions in the test conditions used for 
toxicity testing (in abiotic conditions, i.e., without cells) at the IC50 concentration of CuO 
NPs for the wild-type strain. In the viability test in deionized water the concentration of 
solubilized Cu-ions (~0.6 mg Cu/L) in CuO NPs suspension at the IC50wt is comparable to 
the IC50wt of CuSO4 (~0.8 mg Cu/L). Therefore, the toxicity of CuO NPs is mainly caused 
by the solubilized fraction of copper in the deionized water.  
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In YPD however, the concentration of solubilized Cu in CuO NPs suspensions at the 
IC50wt (~198 mg Cu/L) was much lower than the IC50 of CuSO4 (~516 mg Cu/L), which 
indicated that an additional fraction of copper (not detectable in abiotic conditions) 
causes the toxicity in YPD medium. Adsorbtion of the YPD medium proteins onto the 
surface of the CuO NPs possibly increased the particle-cell interactions and 
consequently solubility in the close vicinity of the cells or cellular uptake. 

3.3 Toxicity of Ag NPs to Saccharomyces cerevisiae BY4741 (Publication I) 
The toxicity and the underlying mechanisms of coated and uncoated Ag NPs to yeast 
Saccharomyces cerevisiae BY4741 was studied, using also a set of single-gene deletion 
mutants (Figure 8). In our previous work with CuO NPs, the OS response-deficient 
single-gene deletion mutants yap1∆, sod1∆ and sod2∆ were the most sensitive to H2O2 
and menadione and therefore were selected for this study. Also, as the results with 
CuO NPs suggested that an adsorption of the NPs to the cell surface may have a role in 
the CuO NPs toxicity, we scanned the mutant strains with deletions in genes involved in 
cell wall/membrane integrity and maintenance for sensitivity toward sodium dodecyl 
sulfate (SDS) and the most sensitive strains (gas1Δ, erg3Δ, end3Δ, mnn10Δ, kre6Δ, 
knr4Δ) were included to the study of Ag nanoparticles` toxicity. Morover, according to 
the literature data, Ag NPs and Ag ions may have the adverse effect on the cell wall and 
membrane integrity (Selvaraj et al. 2014). The end3Δ mutant strain represents a model 
to study the possible role of endocytosis in the Ag NPs toxicity, with a deletion in the 
END3 gene, which is required at the internalization step of endocytosis (Benedetti et al. 
1994).  

The toxicity was evaluated in two different test formats in different test media. The 
48-h yeast growth inhibition test was conducted in a diluted YPD medium (YPDmod) to 
reduce the speciation of Ag compounds. The 24-h cell viability test was performed in 
deionized water. 

 
Figure 8. The selection of the Saccharomyces cerevisiae BY4741 single-gene deletion strains for 
the study of Ag NPs toxicity mechanisms was based on the hypotheses according to the literature 
and our previous study with CuO NPs. 
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3.3.1 Toxicity of coated and uncoated Ag NPs to Saccharomyces cerevisiae wild- 
type cells 
The toxicity of the three different types of Ag NPs to S. cerevisiae BY4741 was 
compared to the toxicity of AgNO3, representing ionic silver control. The most toxic Ag 
compound in both test formats was AgNO3. Of the Ag NPs, both the coated Ag NPs 
were more toxic than the uncoated Ag NPs (Table 5).  

All Ag compounds were 26-40 times more toxic to the wt strain in deionized water 
than in the YPDmod. 
 
Table 5. Toxicity of Ag nanoparticles, AgNO3, sodium dodecyl sulfate (SDS) and hydrogen peroxide 
to Saccharomyces cerevisiae BY4741 wild-type cells in the 48-h growth inhibition test in YPDmod 
and in the 24-h cell viability test in deionized water (DI). 

Chemicals 48-h IC50 in YPDmod 
(mg/L) 

24-h IC50 in DI 
(mg/L) 

AgNO3
* 2.40 ± 0.30 0.09 ± 0.05 

nAg* 576 ± 140 18.7 ± 3.41 

nAg-col* 76.8 ± 22.8 2.71 ± 1.06 

nAg-PVP* 148 ± 25.4 3.70 ± 0.79 

SDS 1017 ± 162 1079 ± 137 

H2O2 99.0 ± 7.73 11.8 ± 2.69 

*IC50 values are given as mg Ag/L 
 

3.3.2 Toxicity of coated and uncoated Ag NPs to Saccharomyes cerevisiae BY4741 
single-gene deletion mutants  
The IC50 values of the mutant strains from both toxicity tests in DI water and YPDmod 
were compared to the respective IC50 values for wild-type cells (Figure 9). 
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Figure 9. Toxicological profiling of Saccharomyces cerevisiae wild-type and single-gene deletion 
mutant strains exposed to AgNO3, uncoated and coated Ag NPs in deionized water (DI) and 
YPDmod medium. Note the different scale of Y-axis. Single and double asterisks denote statistical 
difference from wt with 95% and 90% confidence, repectively; the dashed horizontal lines indicate 
the IC50 of the wt. Modified from Publication I. 
 

In the growth inhibition test in YPDmod all the cell wall- or membrane-defective 
strains (gas1∆, erg3∆, mnn10∆, kre6∆, knr4∆) were notably more sensitive than the wt 
strain to the membrane-solubilizing anionic detergent sodium dodecyl sulfate (SDS). 
Also, the sod1∆ and end3∆ strains were more sensitive than the wt to SDS. However, in 
the cell viability test in deionized water, only the end3∆, gas1∆, erg3∆ and knr4∆ 
showed increased sensitivity to SDS compared to the wt (Figure 3 in Publication I). 

The OS response-defective strain yap1∆ was the most sensitive strain to the OS-
inducing H2O2 in the growth inhibiton test and also the sod2∆ was more sensitive than 
the wt (Figure 3 in Publication I). 
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In general, the ROS-sensitive or the membrane stress-sensitive mutant strains did 
not show increased susceptibility compared to the wt to Ag-ions or the studied Ag NPs 
(Figure 9). These results suggest that the toxicity of Ag-ions and Ag NPs to the yeast  
S. cerevisiae BY4741 does not occur via the induction of oxidative stress or the 
permeabilization of the cell membrane. 

The endocytosis-defective mutant end3∆ was statistically significantly the most 
sensitive mutant strain compared to wt to the coated Ag NPs (nAg-col and nAg-PVP), 
but also to H2O2 and SDS. Contrarily to our hypothesis that the yeast cells with 
defective endocytosis would be more resistant to Ag NPs due to disrupted intracellular 
uptake of the particles, the end3∆ cells were instead more sensitive. The growth curve 
of the end3∆ strain in toxicant-free YPDmod showed no growth defect. Only very 
recently, a study was published, where the effect of Ag NPs was assessed on the whole 
genome-wide collection of S. cerevisiae strains (Galvan Marquez et al. 2018). The 
mutant strains most sensitive to Ag NPs had deletions in genes responsible for 
transcription and RNA processing, cellular respiration, and also in endocytosis and 
vesicular transport.  

3.3.3 Assessment of intracellular ROS 
To confirm the lack of the role of oxidative stress in the toxicity of Ag NPs to the yeast  
S. cerevisiae BY4741, we additionally used the 2`,7`-dichlorodihydrofluorescein 
diacetate (H2DCF-DA) assay to measure the formation of intracellular ROS in the Ag 
NPs-exposed yeast cells (Figure 10). Some ROS was observed in cells exposed to 0.16 
mg Ag/L AgNO3. Of the Ag NPs, the higher concentrations of uncoated nAg caused 
some increase in intracellular ROS only after 2-h exposure, but none was observed for 
the coated Ag NPs. 
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Figure 10. Intracellular ROS levels in Saccharomyces cerevisiae BY4741 wild-type cells after 2-h 
and 24-h exposure to Ag compounds and control chemicals in deionized water. Single and double 
asterisks denote statistical difference from wt with 95% and 90% confidence, repectively. 
Modified from Publication I. 
 
In conclusion, ~1.5-3-fold increase in the intracellular ROS was detected to the 
uncoated Ag NPs (nAg), casein-coated Ag NPs (nAg-col) and Ag ions (AgNO3) in yeast 
cells at the early stages of exposure (after 2 h), but no clear dose-dependent increase in 
intracellular ROS in Ag NPs-exposed cells occurred. After 24-h exposure the intercellular 
ROS in the Ag NPs exposured S. cerevisiae wt cells was not detectable. Therefore, the 
oxidative stress is probably not the main cause of Ag NPs toxicity in the yeast cells.  

3.3.4 Assessment of the uptake of endocytosis marker Lucifer Yellow and Ag NPs 
into yeast cells using confocal laser scanning microscopy 
To elucidate the role of cellular interactions or internalization in the toxicity of Ag NPs 
to yeast cells, confocal microscopy analysis of S. cerevisiae BY4741 wt and endocytosis-
defective mutant strain end3∆ was performed. First, the absence of internalization of 
endocytosis marker Lucifer Yellow (LY) by end3∆ was confirmed (Figure 11). While LY 
was located inside all wild-type cells, end3∆ mutant cells did not exhibit intracellular LY 
fluorescence (some fluorescence not associated with cells can be seen). Therefore, we 

* * 

* 
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confirmed the absence of endocytosis of the end3∆ mutant cells used in this study in 
our test conditions.  

Figure 11. Confocal laser scanning microscopy images of Saccharomyces cerevisiae BY4741 wild-
type (wt) (a-c) and end3Δ (d-f) strains after incubation with Lucifer Yellow for 2 h in YPD at 30°C. 
a, d – DIC images of cells; b, e - fluorescence of Lucifer Yellow; c, f – overlay of fluorescence and 
DIC images. Publication I, Supplementary material. 

Finally, the uptake of nAg-col and nAg-PVP by wild-type and end3∆ mutant strain was 
assessed in YPDmod after 3-h exposure (Figure 12) by confocal microscopy. Cross-section 
analysis showed that nAg-col and nAg-PVP was detectable intracellularly in wild-type 
cells but not in end3∆ cells. In end3∆ cells the nAg-col was detectable near the surface 
of the cells (possible adsorbtion onto the cell surface). These results suggested that the 
coated Ag NPs were internalized by the End3p-mediated endocytosis in wt cells.  
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Figure 12. Uptake of coated Ag NPs nAg-col and nAg-PVP by wild-type (a and b) and end3∆ 
mutant (c and d) incubated at sub-toxic concentration for 3 h in YPDmod at 30°C. Actin filaments 
were visualized with rhodamine-phallodine staining (red), nuclei with DRAQ5™ (blue), and Ag NPs 
were visualized by laser reflection (white spots). White arrows on the cross-section pictures 
indicate to the Ag NPs. Publication I. 
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3.4 Size-dependent toxicity of Ag NPs to Saccharomyces cerevisiae BY4741 
(Publication III) 
To elucidate the effect of the Ag nanoparticles` size to their toxic effects, a 
homogenous set of citrate-coated Ag NPs (Ag-cit NPs) was used and the toxicity of 
10-80 nm Ag-cit NPs to the yeast Saccharomyces cerevisiae BY4741 was assessed. 
The results showed that the toxicity increased with decreasing particle size (Figure 13, a). 
The 80-nm Ag-cit NPs caused the lowest toxicity, and the the 10-nm Ag-cit NPs caused 
the highest toxicity, while the AgNO3 was still remarkably more toxic than even the 
10-nm Ag-cit NPs.  

Figure 13. Effect of Ag ions and 10-80 nm citrate-stabilized Ag NPs on the viability of 
Saccharomyces cerevisiae BY4741 wild-type cells after 4-h exposure in deionized water (a) and 
dissolution-corrected EC50 values (b), asterisk denotes statistical difference from EC50 of AgNO3 
with 95% confidence. Viability was determined by the colony-count method. Modified from 
Publication III. 

The increase in toxicity of the smaller nanoparticles could be explained with higher 
dissolution compared to the larger nanoparticles. However, the 10-nm Ag-cit NPs 
proved to be more toxic than predictable from the soluble fraction of the NPs 
(Figure 13, b). 

3.5 A novel method for the comparison of biocidal effects of metal-
based nanoparticles to unicellular organisms bacteria, yeast and algae 
(Publication II) 
Soluble metal compounds are subject to the influences of the test medium, such as 
complexing with organic molecules or salts. Therefore, for the comparison of the toxic 
potency of different metallic nanoparticles it is preferable to use the same test 
conditions (e.g., medium) for different organisms and also minimize the content of 
organic molecules (amino acids) and salts in the toxicity test environment, while 
retaining a suitable environment for the living organisms to maintain their viability. 
Nanoparticles are also known to interact with some components of cellular viability 
testing (e.g. lactate dehydrogenase or neutral red assay etc.) and interfere with the 
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assessment of optical density (Petersen et al. 2014), so the reliability of standard 
toxicity assays is a challenge for the evaluation of nanoparticles toxicity.  

For this purpose, we developed a simple test strategy for evaluating the biocidal 
potency of different chemicals and nanomaterials to the colony-forming unicellular 
organisms, bacteria, yeast and alga (Publication II). The key aspect to this strategy is the 
exposure of the unicellular organisms to the toxic chemicals in deionizied water, which 
is generally regarded as an unsuitable environment to living organisms due to the 
hypotonic conditions but has minimal effect on the bioavailability of metals.  

As the test organisms, we chose seven different bacterials strains (both, Gram-
negative and Gram-positive) to represent prokaryotic organisms, and two different 
eukaryotic microorganisms – yeast Saccharomyces cerevisiae BY4741 and the microalga 
Pseudokirchneriella subcapitata. Toxicity was determined as the minimum biocidal 
concentration (MBC), representing the lowest tested nominal concentration of the 
chemical which inhibited the formation of colonies on toxicant-free agar medium after 
the exposure. Assessment of the cells’ colony-forming ability proved a reliable 
approach as the the turbidity or the NPs samples does not interfere with the toxicity 
evaluation.  

Because the biocidal effects of nanomaterials were the focus of developing this test, 
we tested two differently stabilized Ag NPs (nAg-PVP and nAg-Col), CuO NPs (nCuO) and 
TiO2 NPs (Aeroxide® P25; nTiO2); and multi-wall carbon nanotubes (MWCNTs) were also 
included as a non-soluble nanomaterial. The biocidal effects of the Ag and CuO NPs 
were compared to the effects of the respective soluble metal salts AgNO3 and CuSO4, 
and the commonly used biocidal positive controls 3,5-dichlorophenol, triclosan and 
H2O2. 

3.5.1 Viability of cells in deionized water during toxicity test 
Deionized water is considered an unsuitable environment for living cells, but for the 
purposes of our toxicity testing, DI water was selected as the test “media” and before 
the application of the novel test, the viability of bacterial and yeast cells after 
incubation in deionized water for 24 h were evaluated. The colony-count method as 
well as live/dead staining with fluorescent viability dyes Fluorescein diacetate and 
Propidium iodide (Figures 14 and 15) revealed that there was no significant change in 
yeast and bacterial cell viability after incubation in deionized water for 24 h at 25°C. 
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Figure 14. Representation of the viability of Saccharomyces cerevisiae BY4741 and Escherichia coli 
cells before and after the 24-h incubation in deionized water at 25°C. Modified from Publication II 
(Supplementary Material). The green-fluorescent cells represent viable cells (stained with 
Fluorescein diacetate) and the red-fluorescent cells represent dead cells (stained with Propidium 
iodide). The majority of the cell population is viable, both at the beginning (0 h) and end (24 h) of 
incubation in deionized water. 
       

 
Figure 15. Number of cells (colony forming units/mL) in the control culture at the beginning (0 h) 
and end (24 h) of incubation in deionized water as determined by plating and counting the 
colonies of Saccharomyces cerevisiae, Escherichia coli (Gram-negative) and Staphylococcus 
aureus (Gram-positive). Modified from Publication II.  

E. coli 0 h    
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3.5.2 Biocidal potency of nanomaterials in deionized water and comparison with 
standard biocidal chemicals 
In this test scenario, the nTiO2 and MWCNTs in the highest tested concentrations  
(1000 mg/L and 250 mg/L, respectively) had almost no effect to the viability of the test 
organisms (Table 6). The only exceptions were E. coli and Pseudomonas aeruginosa, 
whose colony-forming ability was hindered after exposure to 1000 mg/L nTiO2. To 
specify, in this test, the exposure was conducted in the dark, i. e. without photo-
activation, which is probably the main reason to the low toxicity of nTiO2. 

The nanoparticles of Ag and CuO had the highest biocidal activity, whereas Ag NPs 
were generally more toxic than CuO NPs. The 24-h minimum biocidal concentration 
(MBC) for the two different Ag NPs ranged from 0.1-10 mg Ag/L among the bacteria 
and 1-10 mg Ag/L for S. cerevisiae and P. subcapitata. The nCuO 24-h MBC ranged from 
1 to 100 mg CuO/L for the bacteria and from 10 to 1000 mg CuO/L for S. cerevisiae and 
P. subcapitata. In general, the eukaryotic organisms yeast and microalga were slightly 
less susceptible to the tested compounds than the bacteria, although not in all cases. 
Also, the Gram-positive bacteria were slightly less susceptible than the Gram-negative 
bacteria. 

In order to highlight the impact of the test medium to the toxicity of metal-based 
nanomaterials, we performed the conventional broth microdilution test in comparison. 
After exposure to the test compounds in ½ Mueller-Hinton Broth (bacteria) or in ½ YPD 
(yeast) medium, the growth-ability was tested on the respective toxicant-free agar 
medium. The MBC for the organic compounds 3,5-DCP, triclosan and H2O2 as well as for 
nTiO2 and MWCNTs were generally similar after exposures in DI water or growth 
medium, with the difference up to 10 times. But for the Ag and Cu NPs and soluble salts 
the differences in the results of the two test environmens were remarkable. The metal-
based nanoparticles were 10-10 000 times more toxic in DI water compared to the 
growth medium. 
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Table 6. Minimum biocidal concentration (MBC) of the nanoparticles and control chemicals to the 
tested unicellular organisms after 24-h exposure in deionized water at 25°C and in ½ YPD (for 
yeast) and ½ cation-adjusted Mueller-Hinton Broth at 30°C. Modified from Publication II. 
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 MBC after 24-h exposure in DI 
3,5-DCP, mg/L 1000 100 100 100 100 100 100 100 100 
Triclosana, mg/L 1000 100 100 >1000 >1000 100 1000 100 1000 

H2O2, mg/L 1000 100 1000 10 1000 100 100 1000 1000 

AgNO3, mg Ag/L 1 0.1 1 1 0.1 0.1 0.1 1 10 
nAg-PVP, mg Ag/L 1 0.1 1 1 1 0.1 1 1 10 
nAg-Col, mg Ag/L 10 0.1 1 1 1 1 1 10 10 

CuSO4, mg Cu/L 10 1 0.1 1 1 1 1 10 10 
nCuO, mg/L 1000 10 1 1 1 10 10 100 10 

nTiO2a, mg/L >1000 1000 >1000 >1000 1000 >1000 >1000 >1000 >1000 
MWCNTsa, mg/L >250 >250 >250 >250 >250 >250 >250 >250 >250 
 MBC after 20- or 24-h exposure in growth medium 
3,5-DCP, mg/L 100 1000 1000 

Not tested 

Triclosana, mg/L 1000 1000 1000 

H2O2, mg/L 1000 100 100 

AgNO3, mg Ag/L 10 100 100 

nAg-PVP, mg Ag/L 10 100 1000 

nAg-Col, mg Ag/L 1000 100 1000 

CuSO4, mg Cu/L 1000 1000 1000 

nCuO, mg/L >1000 >1000 >1000 

nTiO2a, mg/L >1000 >1000 >1000 

MWCNTsa, mg/L >250 >250 >250 
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CONCLUSIONS 
In this Thesis, the mechanisms of toxicity of Ag and CuO NPs to the yeast 
Saccharomyces cerevisiae BY4741 were studied. The novel aspect in this study was the 
use of S. cerevisiae BY4741 single-gene mutants to elucidate the role of dissolved ions, 
oxidative stress, cell wall/membrane damage and endocytosis in the toxicity of Ag and 
CuO NPs.  

Our results showed, that 

• Solubilisation of Ag and CuO NPs was driving the toxicity of Ag and CuO NPs to 
S. cerevisiae  

• The toxic effect of 10, 20, 40, 60 and 80 nm Ag NPs to S. cerevisiae was size-
dependent, however, dissolution explained the toxicity of 20-80 nm Ag NPs, 
but the 10 nm Ag NPs were more toxic than expected,  

• Generation of ROS and oxidative stress was not the main mechanism of action 
of Ag and CuO NPs to S. cerevisiae, 

• Ag NPs did not cause the permeabilization/disturbance of cell wall/membrane 
as observed for the surfactant SDS to cell wall/membrane components 
synthesis-defective single-gene deletion mutants,    

• Ag NPs were taken up by S. cerevisiae cells via End3p-mediated endocytosis  
• Contrarily to our initial hypothesis, mutant yeast cells lacking End3p-mediated 

endocytosis were more susceptible to toxic effects of Ag NPs than wilde-type 
cells, 

• Due to the speciation of Ag ions and Cu ions in most of the conventional 
toxicity testing media, the choice of test medium had a remarkable effect on 
the toxicity of Ag and CuO NPs. We showed that the use of deionized water as 
a non-complexing test medium enabled the comparison of the toxicities of 
different types of chemicals and nanoparticles (including metal-based NPs) to 
different bacteria, yeasts and algae. 

In conclusion, the use of S. cerevisiae single-gene mutant collection is a valuable tool in 
the study of toxicity mechanisms of NPs. The uptake and endocytosis of NPs by the  
S. cerevisiae cells should be further studied, to elucidate the role of particle 
internalization in the toxic effects of NPs to the yeast cells.  
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ABSTRACT 
Toxicological Profiling of Silver and Copper Oxide Nanoparticles on 
Saccharomyces cerevisiae BY4741 Wild-Type and its Single-Gene 
Deletion Mutants 
Silver and CuO NPs have shown great promise as antimicrobial agents and are being 
developed as antibacterial, antifungal and algaecidal products. Ag and CuO NPs have 
high potency in the inhibition of microbes, while providing an alternative to common 
drugs that may have problems with toxicity to patients and the growing microbial 
resistance. It is important to understand the toxic effects and cellular interactions of 
the nanoparticles to ensure effective and safe NPs-based applications for consumer and 
medicinal use.  

This research was carried out to elucidate the toxicity mechanism of Ag and CuO 
NPs to the yeast Saccharomyces cerevisiae. S. cerevisiae served as both, the model 
eukaryotic cell as well as fungal model. The main aim was to identify the link between 
the physical-chemical parameters of the Ag and CuO NPs and their toxic effects to  
S. cerevisiae. CuO NPs were studied in comparison with bulk CuO, and uncoated as well 
as differently coated (casein- and polyvinylpyrrolidone-coated) Ag NPs were studied. 
Two different toxicity test formats were used: the yeast growth inhibition assay in the 
rich growth medium YPD and the yeast cell viability test in deionized water (DI). We 
used the single-gene deletion mutants of S. cerevisiae BY4741 to test the most common 
hypotheses about the toxicity mechanisms of Ag and CuO NPs. Mutants with deletions 
in specific genes were selected to investigate the role of metal ions (cup2∆), oxidative 
stress (yap1∆, sod1∆, ccs1∆, sod2∆, cta1∆, ctt1∆, gsh1∆, glr1∆), cell wall/membrane 
damage (gas1∆, erg3∆, mnn10∆, kre6∆, knr4∆) and endocytosis (end3∆) in the toxicity. 

Our results showed that dissolution of Ag and CuO NPs played the crucial role in the 
NPs toxicity, including the size-dependent toxicity of Ag NPs. However, the toxicity of 
the smallest, 10-nm Ag NPs could not be explained only by the dissolved fraction of 
silver and the quantification of the dissolved fraction of Cu also indicated, that in the 
YPD medium, additional toxicity was caused by the particulate effects. The additional 
toxicity was explained by the possible adsorption of Ag or CuO NPs on the cells, which 
led to increased local ionic stress. Toxicity profiling of oxidative stress-sensitive mutant 
strains revealed that Ag and CuO NPs did not cause oxidative stress to S. cerevisiae. 
Also, cell wall/membrane permeabilization was not the main cause of toxicity of Ag NPs, 
as indicated by the mutant strains. However, endocytosis appeared to play a role in the 
toxicity of Ag NPs, as the endocytosis-defective mutant strain end3∆ was significantly 
more sensitive to the Ag NPs compared to the wild-type. Additional experiments 
displayed the internalization of casein- and PVP-coated Ag NPs by the wild-type  
S. cerevisiae cells but not the end3∆ mutant by confocal laser scanning microscopy.       

In this work we also proposed a novel test strategy for testing the biocidal efficiency 
of NPs against bacteria, yeast and alga, by using deionized water as a non-modulating 
test environment for metal-based NPs. DI water was selected as the test medium to 
have a minimal effect on the properties of metal-based nanoparticles and we also 
showed by the colony-count method and by fluorescent viability staining that there was 
no decrease in the viability of bacterial and yeast cells during 24-h incubation. 
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KOKKUVÕTE 
Hõbeda ja vaskoksiidi nanoosakeste toksilisuse iseloomustamine pärmi 
Saccharomyces cerevisiae BY4741 metsiktüvele ning geenikatkestus-
mutantidele 
Hõbeda (Ag) ja vask-oksiidi (CuO) nanoosakesed (NO) on paljulubavad antimikroobsed 
ained ning neid kasutatakse bakterite, seente ning vetikate kasvu pidurdavate toodete 
väljatöötamises. Ag ja CuO nanoosakestel on tugev mikroobide-vastane efektiivsus ning 
nad võiksid olla alternatiiviks tavapärastele antimikroobsetele ühenditele, mille 
probleemiks on toksilisus patsientidele ning antibiootikumi-resistentsete mikroobide 
teke ja levik. Oluline on mõista NO võimalikke toksilisi mõjusid ja interaktsioone 
rakkudega, et luua nanoosakestel põhinevaid materjale, mida saaks kasutada nii 
tarbekaupades kui ka meditsiinilisteks rakendusteks. 

Käesolev uurimistöö viidi läbi selleks, et välja selgitada Ag ning CuO nanoosakeste 
toksilisuse mehhanismid pärmile Saccharomyces cerevisiae. S. cerevisiae kasutati selles 
töös nii eukarüootse raku kui ka seeneraku mudelina. Peamiseks töö eesmärgiks oli 
hinnata, kuidas Ag ja CuO NO füüsikalis-keemilised parameetrid mõjutavad nende 
toksilisi efekte S. cerevisiae rakkudele. CuO NO võrreldi tavasuuruses CuO osakestega 
ning uuriti nii ilma katteta kui ka kaetud (kaseiini- ning polüvinüülpürrolidooni-kattega) 
Ag NO. Kasutati kaht erinevat test-formaati: pärmi kasvu inhibitsiooni testi rikkas YPD 
kasvusöötmes ning pärmiraku elulevuse määramist deioniseeritud (DI) vee keskkonnas. 
Antud töös kasutati S. cerevisiae BY4741 geenikatkestus-mutante, et testida kirjanduses 
levinumaid hüpoteese Ag ja CuO nanoosakeste toksilisuse mehhanismide kohta. Valiti 
välja sellised mutantsed pärmitüved, millel oli katkestus spetsiifilistes geenides, mis 
muutsid need mutantsed tüved tundlikumaks metalli-ioonide (cup2∆), oksüdatiivse 
stressi (yap1∆, sod1∆, ccs1∆, sod2∆, cta1∆, ctt1∆, gsh1∆, glr1∆) ja 
rakukesta/membraani kahjustuste suhtes (gas1∆, erg3∆, mnn10∆, kre6∆, knr4∆). Lisaks 
testiti ka endotsütoosi-defektset S. cerevisiae BY4741 tüve (end3∆), et välja selgitada 
endotsütoosi rolli uuritavate nanoosakeste rakku sisenemisel ja toksilisuses.  

Saadud tulemused näitasid, Ag ja CuO NO lahustuvus on antud nanoosakeste üks 
peamisi toksilisuse mehhanisme. Näitasime, et Ag NO suurusest (10, 20, 40, 60 ja  
80 nm) sõltuv toksilisus oli eelkõige põhjustatud nende erinevast lahustuvusest 
testikeskkonnas - väiksemad osakesed olid toksilisemad ja samas ka lahustuvamad. 
Siiski, 10-nm suuruste Ag nanoosakeste toksilisust S. cerevisiae rakkudele ei olnud 
võimalik ära seletada ainult Ag NO lahustuvusega testikeskkonnas.  Lahustunud Cu 
fraktsiooni määramine viitas samuti sellele, et rikkas kasvusöötmes põhjustavad CuO 
nanoosakesed täiendavaid toksilisi efekte. Üheks hüpoteesiks oli, et antud täiendava 
toksilisuse põhjuseks võis olla Ag või CuO nanoosakeste adsorbeerumine rakupinnale 
või sisenemine rakku, põhjustades täiendavat lokaalset ioonset stressi. Oksüdatiivse 
stressi suhtes tundlike mutantide võrdlemine metsiktüvega näitas, et Ag ja CuO 
nanoosakeste toksilisuse põhjuseks S. cerevisiae rakkudele ei olnud oksüdatiivne stress. 
Katsed rakukesta või -membraani geenide katkestusmutantidega näitasid, et Ag 
nanoosakeste toksilisus ei olnud põhjustatud ka rakukesta permeabiliseerimisest. 
Selgus aga, et Ag nanoosakeste toksilisuses oli oluline roll endotsütoosil, kuna 
endotsütoos-negatiivne pärmitüvi end3∆ oli Ag nanoosakeste suhtes oluliselt tundlikum 
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võrreldes metsiktüüpi pärmirakkudega. Konfokaal-mikroskoopia katsete tulemusena 
näidati kaseiini- ning PVP-kattega Ag nanoosakeste sisenemist metsiktüüpi 
pärmirakkudesse, kuid mitte end3∆ tüve rakkudesse. 

Lisaks töötati antud uurimistöös välja uudne meetod biotsiidsete nanoosakeste 
efektiivsuse määramiseks bakteri-, pärmi- ning vetikarakkudele, kasutades 
testkeskkonnaks deioniseeritud (DI) vett. DI vesi avaldab vähe mõju metallidel 
põhinevate nanoosakeste omadustele, ning samas näitasime ka kolooniate loendamise 
meetodil ning fluorestseeruvate elulevusvärvidega, et bakteri- ja pärmirakkude elulevus 
24 h jooksul DI vees ei langenud.  
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�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �

�� �� �� �� �� �� �� �� �� ��  {abhnkj� vhsb̀ac¡¢�K��H��� ��� ��O� ����¢�K��H��� ��� ��H���� 	��I� �� £�K�IM��� ����GKK�L���� ��� £�K�IM��� ����GH����M��� ������� �¤� £�K�IM��� ����¥jc¦̀ axs¡����L����K������K��O
��HO� I����Z���H����M����O����I�I� M��K����� K��K���������
�� �� �� �� �� �� �� �����K��O� �����P� �	� ����I�������� ����� �� ��L���I������O� KJ�����P��P� M�K���� ��� I�O� �����	���� ���J���� ��H����I���� ���� ��O� K�IL������� V�� �J�� ���W� ��� L��L��� �� �IL��� ���� �����M��� I��J��� �� �� §L�����̈� ��� K�IL���� M��K����� L����KO� �	� ��� ��� ���K�������� I�K����P���I� �KJ� �� M�K�����N� O���� �����P���� �J�� ��O� �� ����PJ�	������©� K���� ���� ��K�M����� ��� ���������� ������ �L������ �	� ��� 	��� �L� �����J� ���� �J��� L�L������ �� �� §L��̈� ��� �P������� I����I�� G���P��J��� �H��� M�K������� �����N� O���� ���� �I�K����P�� ����� ������� ��ªN� ��ª����� ���� ��		������ GP� �«N� I����Y����� �Y������M�� ��¬����N� GP�ª¤N��Qª�N� ¤N�Y��KJ����LJ����N� ���K����� ���� 
�ª������ ����O����� �J�� M��K����� L����KO� �	� ������ �M���K����P��� 	��I� ����IP®� ��� �̄����IP®°� �J����N� �J�� ����� L������ ��� ������� ���� ���� L�K��� ����� ��ª��«� ���� �¬���� ���� I��� L������ GP� ���� ��ª� �«�� Z���� ��� �J�� �I����� ����K��O� L������� �	� �J�� �����KJ�I�K��� ��� �J�� ����� ���K�������� ��P���I� ��� ���������� ������ ��� K��K����� �J��� ����K��O� I�KJ���I� �	M��K�����KJ�I�K�����I����M���I����N��J���H����J����P���I��M�K�����N�O���N���P�����J���	���N��J����J���P���I� ���� ���� §L����K���̈� MO� �J���� ��H����I���� �J��� �����O� ��K����� H������ ��P���K� ���� ����P���K�LL��I���� �J���� �������K�� ��� ����K���� �� KJ�I�K��Y� ���J��� �J��� ��P���IY��L�������±� ����� ���H���� Z�\�� G��� ��PJ�� ����H���
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