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Introduction 
In the escalating battle against microbial pathogens, nanoparticles (NPs) have emerged 
as potent weapons, exhibiting significant antibacterial and antiviral properties. Recent 
advancements in nanotechnology have facilitated the manipulation of NPs, such as 
metal-based NPs, including copper (Cu), silver (Ag), and zinc (Zn), offering exciting 
possibilities for novel antimicrobial applications. These novel applications can be 
developed, if we understand the efficacy and safety of nanoparticles and underlying 
mechanisms. 

The main objective of this PhD thesis was to characterize antimicrobial effects and 
safety of differently functionalized metal-based NPs, determine their mechanism of 
action and to develop new antimicrobial materials. More specifically, the aims were: 
1) To compare the toxicity and mechanisms of differently functionalized Cu and Ag NPs 
to bacteria, viruses and mammalian cells in vitro;  
2) To understand the antimicrobial mechanism of action (synergy) of Cu and Ag NPs 
combinations; and  
3) To develop and characterize new nanoparticle-based antibacterial and antiviral 
materials. 

In the first part of the PhD thesis, we characterized the toxicity and mechanisms of 
differently functionalized Cu, Ag, and Zn NPs to bacteria, viruses, and mammalian cells  
in vitro. Despite the widespread interest in NPs-mediated antimicrobial strategies, a 
comprehensive understanding of their toxicological profile across different cells and 
microbes is still lacking. This knowledge gap hinders the development of safer and more 
efficient antimicrobial applications. Thus, we strived to dissect the intricate interplay 
between NPs functionalization and its impact on toxicity, which could provide pivotal 
insights for the design of more effective and safer antimicrobial agents. 

The second part of this PhD thesis dissected the antimicrobial mechanism of action 
(synergy) of Cu and Ag NPs combinations. Both Cu and Ag have been recognized for their 
antibacterial properties since ancient times. However, their combined antimicrobial 
effect remained a relatively unexplored. Unraveling this synergistic action allowed to 
enhance the antimicrobial potency of NPs-based solutions, leading to more efficient way 
for combating persistent bacterial infections, such as those encountered in wound 
treatment. 

In the final part of this PhD thesis, we developed and characterized new NPs-based 
antibacterial and antiviral materials. The rapid spread of pathogens such as SARS-CoV-2 
and Influenza A underscores the urgency for innovative antimicrobial materials. 
Leveraging the antiviral properties of Cu, Ag, and Zn NPs, we designed novel filter 
materials capable of mitigating transmission of bacteria and viruses. This research 
significantly contributes to the design of advanced antimicrobial materials, textiles and 
surfaces, particularly crucial in healthcare settings. 

Taken together, this PhD thesis helps to improve NPs-mediated antimicrobial 
strategies, contributing into understanding of toxicological profile of metal-based NPs, 
elucidation of their synergistic action and the development of novel antimicrobial 
materials. Through this research, we aim not only to advance the current understanding 
of NPs-based antimicrobial strategies but also pave the way for revolutionary 
applications in the fight against microbial pathogens. 
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Abbreviations 
1-NPN N-Phenylnaphthalen-1-amine 
AAS Atomic absorption spectroscopy 
AgNO3 Silver nitrate 
cAg Coated silver nanoparticles 
BL Bioluminescence 
CA Cellulose acetate 
Cu Copper 
CuO Copper oxide 
CuO-COOH CuO functionalized with carboxyl groups 
CuO−NH2 CuO functionalized with amino groups  
CuO-PEG CuO functionalized with polyethylene glycol  
CuSO4 Copper sulfate 
EC50 Half maximal effective concentration 
H2DCFA-DA 2',7'-dichlorodihydrofluorescein diacetate 
HIV Human immunodeficiency virus 
IC50 Half maximal inhibitory concentration 
K(AbS) Coefficient of antibacterial synergy 
LB agar Luria-Bertani agar 
LPS Lipopolysaccharides 
MBC Minimal bactericidal concentration 
NA Not applicable 
ND Not determined 
NPs Nanoparticles 
OD620 Optical density at 620nm 
PBS Phosphate-Buffered Saline 
ppm Parts-per-million 
ROS Reactive oxygen species  
RPMI CCM Roswell Park Memorial Institute cell culture media 
SARS-CoV-2 Severe acute respiratory syndrome-related coronavirus 2 
TGEV Transmissible gastroenteritis virus 
Zn Zinc 
ZnO Zinc oxide 
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1 Literature review 
Nanoparticles (NPs), particles with at least one dimension below 100 nanometers in size, 
have become a focal point of research across various scientific domains due to their 
unique properties (O. Bondarenko et al., 2013). In the field of antimicrobial research, 
nanoparticles offer novel avenues for combating the increasing issue of antibiotic 
resistance, courtesy of their exceptional physicochemical properties and potent 
antimicrobial activities.  

The size of nanoparticles directly influences their interaction with microbial cells. 
Smaller nanoparticles have a greater surface area to volume ratio, which allows 
enhanced contact with bacteria and viruses, leading to a more potent antimicrobial 
effect (Huang et al., 2017). 

The functionalization of nanoparticles is another critical factor that can modulate 
their antimicrobial activity. Different ligands used in functionalization can change the 
NP’s surface charge, stability, dispersibility, and biocompatibility. For instance, 
functionalization can enhance the affinity of nanoparticles for microbial cells, facilitating 
their action (Sanità et al., 2020).  

Antibiotic resistance is growing public problem because it poses a threat to the 
effective treatment of bacterial infections, which can lead to increased morbidity and 
mortality rates in populations (Huemer et al., 2020). The overuse of antibiotics can 
accelerate the development and spread of antibiotic-resistant bacteria, making it more 
difficult to treat common infections and increasing the risk of outbreaks (Abushaheen  
et al., 2020). Antibiotic resistance also has significant environmental impact, as antibiotics 
and antibiotic-resistant bacteria can enter the environment through wastewater and 
agriculture, contributing to the spread of resistance genes and potentially impacting 
ecosystems (S. Y. D. Zhou et al., 2022). The economic costs of antibiotic resistance are 
also significant, as it can result in longer hospital stays, increased healthcare costs, and 
lost productivity due to illness (Murray et al., 2022).  

A lot of different metal-based NPs like titan, cobalt, aluminium, iron and others  
have been tested for antibacterial properties. But Ag and CuO nanoparticles have  
shown to be especially effective in this regard due to their superior properties against 
microbes as bacteria, protozoa (Aruoja et al., 2015), fungi (Suppi et al., 2015) or viruses. 
That why silver and copper NPs have been chosen as antimicrobial agents in this PhD 
thesis. 

1.1 NPs as antimicrobial agents 
Development of new antimicrobial methods is one of the priorities of World Health 
Organization (Theuretzbacher et al., 2020). That is why the investigation of antimicrobials 
based on metal NPs is important for population and environment. It represents a 
promising way for solving the problem of antibiotic resistance. Metal NPs have 
demonstrated potent antimicrobial properties against a wide range of pathogens 
including multi-resistant bacteria (Mishra et al., 2022), viruses (Alavi et al., 2022),  
and fungi (O. Bondarenko et al., 2013). Also, it is uncommon for bacteria to develop 
resistance to metal-based NPs compared to traditional antibiotics as they have a different 
mode of action than traditional antibiotics(Wang et al., 2017). This broad-spectrum 
activity makes them potentially useful for treating a variety of infections. Overall,  
the development of new antimicrobials based on metal NPs has the potential to address 
the growing problem of antimicrobial resistance and provide new options for treating 
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infections (O. Bondarenko et al., 2013). Also, metal-based NPs have been shown to have 
activity against certain viruses by damaging the virus's outer membrane or interfering 
with its ability to replicate (Luceri et al., 2023).  

1.1.1 Antimicrobial properties of Ag NPs 

1.1.1.1 Antibacterial properties of Ag NPs 
One of the oldest well-known antibacterial metals is Ag. Ag NPs have demonstrated 
potent antibacterial properties, making them a promising alternative to traditional 
antibiotics (O. Bondarenko et al., 2013). Antibacterial mechanisms of Ag NPs have been 
extensively researched. There are multiple mechanisms of action for Ag NPs against 
bacteria described in the literature. One of the main antibacterial mechanisms of Ag NP 
is the disruption of the bacterial cell membrane. This can cause leakage of intracellular 
components, leading to cellular damage and death. Ag NPs bind to lipopolysaccharides 
(LPS) of the Gram-negative outer membrane and distract it (O. M. Bondarenko et al., 
2018). Main mechanism of Ag NP toxicity is the release of Ag ions. Ag ions from Ag NPs 
affect bacterial inner membrane, increasing proton leakage; it leads to destabilization of 
electron transport chain and decreasing of ATP synthesis (Holt & Bard, 2005). Especially 
the positively charged NPs interact with the negatively charged bacterial membrane 
more efficiently, leading to changes in the membrane permeability and potential (Kubo 
et al., 2018). In addition to disrupting membranes, Ag ions inactivate proteins by binding 
to S groups. Another antibacterial mechanism of Ag NPs is their ability to bind to bacterial 
DNA, interfering with replication and transcription processes (Adeyemi et al., 2020). Also, 
NPs can induce oxidative stress within the bacteria, leading to the production of reactive 
oxygen species (ROS) and damage to intracellular structures, proteins and lipids 
(Adeyemi et al., 2020). Even though bacteria encounter a considerable barrier to 
developing resistance against silver, certain bacterial processes can still potentially lead 
to the evolution of silver-resistant strains (McNeilly et al., 2021). 

1.1.1.2 Antiviral properties of Ag NPs 
Ag NPs have been studied for their potential effectiveness against viruses. The potential 
antiviral effect of Ag NPs is due to their ability of the physical interaction of Ag NPs with 
the viral membrane(Luceri et al., 2023). Several studies have shown that Ag NPs can be 
effective against a range of viruses, including influenza (Park et al., 2018), HIV (Elechiguerra 
et al., 2005), (Lara et al., 2010), herpes simplex virus (Baram-Pinto et al., 2009), respiratory 
syncytial virus (Yang et al., 2016), hepatitis B (Lu et al., 2008) and C (Shady et al., 2020) 
viruses and others. 

The mechanism by which Ag NPs exert their antiviral effects is not fully understood, 
but most of the studies showed that Ag NP interact with viral membrane proteins and 
disrupting the viral binding to mammalian cells (Park et al., 2018), (Elechiguerra et al., 
2005), (Baram-Pinto et al., 2009). Also, the inactivation and damaging of viral membrane 
proteins (for example, influenza hemagglutinin and neuraminidase (Park et al., 2018)) 
and inner proteins (as hepatitis C helicase and protease (Shady et al., 2020)) have been 
shown. Additionally, Ag NPs have been shown to have immunomodulatory effects 
against virus (Orłowski et al., 2018), partially through upregulation of TGF-β (Zhang et al., 
2017) which may enhance the host’s immune response to viral infections. 

In case of coronovirus SARS-CoV-2, in vitro studies have shown that Ag NPs with a 
diameter of about 10 nm effectively inhibited extracellular SARS-CoV-2 at concentrations 
of 1 to 10 ppm. A luciferase-based pseudovirus entry assay showed that they strongly 
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inhibited the viral entry step by lowering the integrity of the virus (Jeremiah et al., 2020). 
While Ag NPs have shown promise as antiviral agents, it is important to note that their 
effectiveness may vary depending on the type of virus and the specific properties of the 
Ag NPs used (Luceri et al., 2023), (He et al., 2022). Further research is needed to 
determine the optimal conditions for using Ag NPs as antiviral agents and to fully 
understand their mechanism of action. 

It is also important to consider the potential toxicity of Ag NPs, as they may have 
adverse effects on human health and the environment (Ivask et al., 2014). Therefore, any 
potential use of Ag NPs as antiviral agents should be carefully evaluated for safety and 
efficacy. 

1.1.1.3 Toxicity of Ag NPs to mammalian cells and environmental organisms 
Studies have suggested that the toxicity of NPs is influenced by several factors, including 
their size, shape, surface charge, and concentration (Heinlaan et al., 2008). For example, 
the number of atoms on a NPs surface rises as NP size decreases, increasing its specific 
surface area and, consequently, its reactivity (Delay & Frimmel, 2012).  Moreover, the use 
of biocompatible coatings, such as polyethylene glycol, can enhance the safety of NPs 
(Jenkins et al., 2016). 

The toxicity of Ag NPs to mammalian cells has been a topic of concern among 
researchers and medical professionals (Ferdous & Nemmar, 2020). While Ag NPs have 
been shown to possess potent antimicrobial properties, their potential adverse effects 
on human health cannot be ignored. 

Multilaboratory evaluation of Ag NP toxicity with different mammalian cells have 
shown that Ag NPs are toxic for mammalian cells almost in the same concentration as for 
pathogenic bacterial cells (O. M. Bondarenko et al., 2016). In the same report the most 
susceptible organisms to Ag NPs were water flea Daphnia magna and microalgae 
Raphidocelis subcapitata. It showed that Ag NPs can have the significant influence to 
environmental organisms. Ag NPs have been detected in wastewater, rivers, and even in 
soil, indicating their potential to accumulate in the environment (T. Zhou et al., 2021).  

On the other hand, it is also worth mentioning that Ag NPs have been shown to exhibit 
anti-inflammatory and wound-healing properties. These properties make them a promising 
candidate for wound dressings and medical implants, as they can promote tissue 
regeneration and prevent bacterial infections (Paladini, 2019). Nevertheless, the safety 
of Ag NPs in these applications remains a concern, and their use in medical devices should 
be evaluated. Responsible and sustainable use of Ag NPs can help maximize their benefits 
and minimize their negative impacts on the world around us. 

1.1.2 Antimicrobial properties of Cu and CuO NPs 

1.1.2.1 Antibacterial properties of Cu and CuO NPs 
Cu NPs have been also found to possess relatively good antibacterial properties, which 
make them a promising material for medical purposes. The use of Cu NPs as an 
antibacterial agent has several advantages over traditional antibiotics, including their 
broad-spectrum activity, low toxicity to mammalian cells, and reduced risk of bacterial 
resistance (Mahmoodi et al., 2018). Cu NPs possess multiple antibacterial mechanisms 
that contribute to their efficacy against a range of bacterial species (Ameh et al., 2022). 

Several studies have demonstrated the effectiveness of Cu NPs against a range of 
bacteria, including Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and 
Pseudomonas aeruginosa (P. aeruginosa) (Ermini & Voliani, 2021). One mechanism is the 



14 

production of ROS, which can damage the cellular components of bacteria and ultimately 
lead to cell death. Cu NPs can generate ROS through a process called Fenton-like 
reaction, in which Cu ions interact with hydrogen peroxide to produce highly reactive 
hydroxyl radicals. The hydroxyl radicals can then react with the bacterial cell membrane 
and cause damage to the membrane proteins and lipids, leading to membrane disruption 
and cell death (Ameh et al., 2022). 

Another mechanism by which Cu NPs can kill bacteria is through the release of Cu 
ions. When Cu NPs come into contact with water or biological fluids, they release Cu ions 
that are highly toxic to bacteria. Cu ions can interact with bacterial cell walls and cause 
the membrane to become more permeable, leading to the leakage of cellular contents 
and eventual cell death (Ma et al., 2022).  

Cu NPs, through release of Cu ions, impact bacterial DNA and interfere with replication 
and transcription processes. Cu ions can bind to the DNA strands and cause structural 
changes, leading to disruption of the DNA replication machinery and the formation of 
abnormal proteins that can be toxic to the bacteria (Linder, 2012). 

In summary, Cu NPs possess multiple antibacterial mechanisms that contribute to 
their efficacy against bacterial species. These mechanisms include the production of ROS, 
release of Cu ions, interaction with bacterial DNA, and induction of oxidative stress.  
The synergistic effect of these mechanisms makes Cu NPs a promising antibacterial agent 
for various applications. However, further research is needed to fully understand the 
mechanisms of action of Cu NPs and their potential impact on the environment and 
human health. 

1.1.2.2 Antiviral Cu 
Cu NPs have also been investigated for their potential antiviral properties. Several studies 
have shown that Cu NPs can be effective against a range of viruses, including influenza A 
(Ha et al., 2022), herpes simplex virus (Tavakoli & Hashemzadeh, 2020), C-hepatitis virus 
(Hang et al., 2015) and others (Tortella et al., 2022).  

In case of coronavirus SARS-CoV-2, recent studies have shown that Cu surfaces 
inactivate this virus more effectively compared to plastic, glass cardboard, steel or nickel 
(Warnes et al., 2015). 

The exact mechanism of action of Cu NPs is not fully understood. Cu NPs have been 
shown to interfere with the viral replication process, disintegration of viral envelope 
(Warnes et al., 2015) and inhibit virus entry into host cells (Hang et al., 2015).  

However, as in case with Ag NPs, it is important to consider the potential toxicity of 
Cu NPs.  

1.1.3 Antimicrobial synergy effect between Ag and Cu components 
Within the scope of standard antibiotics, the idea of combinatory synergy is presently 
considered as one of the most promising strategies for handling bacterial infections and 
mitigating resistance (Theuretzbacher, 2020). By integrating diverse drugs, it becomes 
feasible to diminish their dosage, thereby resulting in fewer side effects as opposed to 
monotherapy (León-Buitimea et al., 2020). A set of recent studies, including our own 
research, suggest that the antibacterial action of NPs can be significantly enhanced when 
used in combinations. However, much of the existing literature predominantly focuses 
on the combined impact of metal ions rather than NPs (Fisher et al., 2009), (Vaidya et al., 
2017), (Yayha et al., 1999), (Landeen et al., 1989). Considering the numerous combinations 
of metals studied (such as Ag with Cu, Zn, Co, Cd, and Ni), the combination of Ag and Cu 
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displayed the most substantial synergistic antibacterial impact against both Gram-negative 
and Gram-positive bacteria (Garza-Cervantes et al., 2017). 

Lately, there has been an escalating interest in the synergy between Cu and Ag,  
as indicated by an increasing number of published articles in recent years. Most of these 
studies focused on the antibacterial effects of Cu/Ag nanoalloys (F. Zhou et al., 2022), 
(Tao et al., 2022) or Cu/Ag combined with additional metals, for instance, tungsten 
(Bankier et al., 2019). Additionally, research by Jang et al. displayed remarkable 
antibacterial, anti-biofilm, and wound healing capabilities of Cu/Ag/Graphene Oxide 
composites in an infected wound model in mice (Jang et al., 2020). 

Very few or previous articles proposed potential synergistic mechanisms, suggesting 
that Ag mainly affects the bacterial cell membrane, while Cu acts on the nucleic acids and 
various internal biomolecules and cellular structures (Fisher et al., 2009), (Vaidya et al., 
2017), (Garza-Cervantes et al., 2017), (Bankier et al., 2019), but the specific mechanisms 
driving this synergy remained largely unexplored. Not a single article was found where 
antiviral synergistic properties between metal NPs were considered. 

1.1.4 Antimicrobial properties of filter materials with NPs 
The exceptional virucidal properties of metal-based NPs make them suitable candidates 
for application on frequent contact surfaces, aimed at curbing the transmission of 
infections. Antimicrobial coatings composed of Cu, Ag, and Zn have demonstrated potent 
virucidal effectiveness in managing the spread of various viruses such as influenza A virus, 
HIV-1, Dengue virus type 2, and Human Herpesvirus 1 (Rai et al., 2016), (Hodek et al., 
2016). A substantial decline in the infectivity of human coronavirus HuCoV-229E was 
observed on surfaces infused with Cu, after 30 minutes of exposure (Warnes et al., 2015). 
Cu-treated surfaces are currently employed in hospital settings as a preventive measure 
against microbial spread and potential viral transmissions (Michels et al., 2015). 

Lately, a multitude of organic polymer compounds, including biopolymers, have 
exhibited potential as antibacterial and antiviral agents, geared toward curbing the 
spread of infectious diseases (Balasubramaniam et al., 2021). These polymer matrices 
serve as effective carriers for metal NPs and metals. Metals can be permanently 
integrated into these materials, resulting in metal-polymer composites with efficient 
antimicrobial activity. Polymers and their fiber derivatives are used as constituents in 
fabrics, textiles, and filter materials. Conventionally, the integration of metal additives 
into polymer matrices is achieved by coating metals onto fiber surfaces or impregnating 
them into polymer fiber blends (Palza, 2015). 

Most of these materials are synthetic in nature. For instance, typical surgical masks 
comprise plastic-based polymers such as polypropylene, polyurethane, polyacrylonitrile, 
polystyrene, polycarbonate, polyethylene, or polyester. However, the preference is 
shifting towards bio-based polymers for the development of future biodegradable 
materials. 

To develop safe and efficient nano-based materials, it is crucial to understand their 
mechanism of action and toxicity. Thus, this focused on closing the knowledge gaps and 
utilizing the new knowledge to develop new innovative materials with improved 
antimicrobial properties. 

1.1.4.1 Safety of metal-based NPs for mammalian cells 
Although metal NPs can have great antimicrobial properties, the toxic effect to human 
cells also have reported.  Ag NPs have been showed to induce oxidative stress in human 
cells, leading to reduced cell viability, DNA damage, and apoptosis. In particular, they 
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have demonstrated cytotoxic effects on various human cell types, including fibroblasts, 
keratinocytes, and epithelial cells. Ag NPs are known to induct of oxidative stress via the 
production of ROS. This process can lead to various cellular impairments such as DNA 
disruption, the stimulation of antioxidant enzymes, the reduction of antioxidant 
substances like glutathione, protein incapacitation through binding, and damage to the 
cellular membrane (McShan et al., 2014). Furthermore, Ag NPs can interfere with protein 
function, potentially leading to abnormal cellular activity and the initiation of cell death 
pathways (Gupta et al., 2022). 

Copper oxide (CuO) NPs similar to Ag NPs, possess broad antimicrobial properties. 
However, an increasing body of evidence suggests potential cytotoxic effects, particularly 
in relation to human cells. Studies have shown that CuO NPs can reduce cell viability in a 
range of human cell lines (Karlsson et al., 2008). They achieve this through various 
mechanisms, including the induction of oxidative stress, mitochondrial damage, and 
initiation of apoptotic pathways. CuO NPs have been shown to generate ROS, which leads 
to oxidative stress, causing damage to DNA, proteins, and lipids (Naz et al., 2020). 

The safety profile of metal-based nanoparticles can be altered by surface 
functionalization, as documented in previous studies (Nel et al., 2009), (Kubo et al., 
2018). For instance, nanoparticle functionalization with compounds like PEG, chitosan, 
or dextran can inhibit nanoparticle opsonization – the process where a biocorona of 
proteins and other biomolecules adsorb onto the nanoparticles’ surface – subsequently 
reducing macrophage uptake and toxicity (Sheng et al., 2009), (Jenkins et al., 2016), 
(Wonder et al., 2018). Conversely, nanoparticles functionalized with positively charged 
entities such as polyethylenimine PEI, or amine group, compared to those functionalized 
with neutrally charged coatings or negatively charged ones have exhibited greater 
toxicity to mammalian cells (Líbalová et al., 2018). 

While Ag and CuO NPs exhibit unique properties beneficial to various industries, their 
potential cytotoxic effects on human cells cannot be ignored. The potential for cytotoxicity 
underscores the urgent need for additional research into the functionalization and 
combination of nanoparticles. Investigating how different forms of functionalization can 
modulate the effects of nanoparticles could provide a pathway to safer, more effective 
antibacterial materials. The integration of varying nanoparticles could also offer 
unforeseen synergistic effects, underscoring the vast potential for innovation within 
sphere of antibacterial materials.  
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2 Aims of the study 
The main objective of this study was to characterize antimicrobial effects and safety of 
differently functionalized metal-based NPs, determine their mechanism of action and to 
develop new antimicrobial materials. 

The main objective was approached through the following sub-tasks: 
 
1) To compare the toxicity and mechanisms of differently functionalized Cu and Ag 

NPs to bacteria, viruses and mammalian cells in vitro. 
 
2) To understand the antimicrobial mechanism of action (synergy) of Cu and Ag NPs 

combinations. 
 
3) To develop and characterize new nanoparticle-based antibacterial and antiviral 

materials. 
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3 Materials and methods 

3.1 Bacterial cells 
Bacterial and viral strains used in the study are showed in Table 1. In total, 6 different 
bacterial strains, both Gram-positive and Gram-negative, were used and 3 RNA viruses. 
Also, 1 luminescent bacterial strain has been used in luminescence assay for understanding 
of antimicrobial mechanisms. 

 
Table 1. Bacterial and viral strains used in the study 

Microbes Type Reference 
(publication) 

Streptococcus dysgalactiae (DSM 
23147) 

Gram-positive bacteria II 

Staphylococcus aureus (ATCC 25923) Gram-positive bacteria II, III 
Enterococcus faecalis ATCC (29212) Gram-positive bacteria II 
Escherichia coli K-12 (MG1655) Gram-negative bacteria I, II, III 
Escherichia coli (MC1061, 
pSLcueR/pDNPcopAlux) 

Gram-negative bacteria I, II 

Escherichia coli (clinical isolate, ESBL) Gram-negative bacteria II 
Pseudomonas aeruginosa (PAO1)  Gram-negative bacteria II 
Influenza A (H1N1, A/WSN/1933) enveloped single-stranded 

(+)RNA virus 
III 

Transmissible gastroenteritis virus enveloped single-stranded 
(-)RNA virus 

III 

Severe acute respiratory syndrome-
related coronavirus 2 

enveloped single-stranded 
(+)RNA virus 

III 

3.2 Mammalian cells 
Mammalian cell cultures used in the study are showed in Table 2. THP-1 and HACAT were 
used for investigation of toxicity of NPs and understanding their mechanisms. MDCK-2 
cells were used for influenza virus propagation and titration; Vero-E6 cells were used for 
SARS-CoV-2 propagation and titration, and ST cells were used for Transmissible 
gastroenteritis virus (TGEV) propagation and titration. 

 
Table 2. Mammalian cell cultures used in the study. 

Human cell line type of cell line Reference 
(publication) 

THP-1 human monocytes I 
HACAT human keratinocytes I 
MDCK-2 canine kidney epithelial cells III 
Vero E-6 monkey kidney epithelial cells III 
ST cells porcine fibroblasts III 
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3.3 Methods 
Methods used in the study are showed in Table 3. 

 
Table 3. Methods used in the study 

Methods Test was conducted: 
institution (person) 

Reference 
(publication) 

Alamar Blue Assay for human cells 
viability evaluation  

KBFI (Vasiliev G) I 

Alamar Blue Assay for bacteria viability 
evaluation  

KBFI (Kubo AL) I 

Measurement of Cu and Ag bioavailability 
to bacteria using recombinant biosensor 
bacteria E. coli MC1061 
(pSLcueR/pDNPcopAlux) 

KBFI (Vasiliev G) I, II 

Hydrodynamic size and zeta potential 
measurement using Dynamic Light 
Scattering 

KBFI (Vasiliev G) I, II 

Measurement of reactive oxygen species 
using 2',7'-dichlorodihydrofluorescein 
diacetate (H2DCFA-DA) Assay. 

KBFI (Kubo AL) I, II 

Measurement Cu and Ag content (metal 
content in NPs, dissolution analysis) in 
samples using Atomic Absorption 
Spectroscopy (AAS) 

KBFI (Vasiliev G) I, II, III 

Measurement of TNF-a using Enzyme-
Linked Immunosorbent Assay 

KBFI (Kubo AL,  
Vasiliev G) 

I 

Confocal Microscopy TalTech (Krishtal J) I 
Evaluation of the minimum bactericidal 
concentration using Spot Test 

KBFI (Vasiliev G) II 
 

Evaluation of bacterial outer membrane 
integrity using N-Phenylnaphthalen-1-
amine (1-NPN) Assay 

KBFI (Vasiliev G) II 
 

 
Detection of Cu+ in suspension using the 
iodometric method 

TalTech (Bondar D) II 

Electrospinning of filter materials TalTech (Krumme A) III 
Antibacterial Diffusion Assay KBFI (Vasiliev G) III 
Assessment of antiviral activity in 
suspension and in filter material using 
Plaque Assay 

TÜ (Rausalu K) III 

 
Short descriptions of tests performed by G. Vasiliev are below: 
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3.3.1 Characterization of NPs and materials 

3.3.1.1 Hydrodynamic size and zeta potential measurement using Dynamic Light 
Scattering 
The hydrodynamic size, polydispersity index, and zeta potential of the NPs were assessed 
using a Malvern zetasizer (Zetasizer Nano-ZS, Malvern Instruments, UK). These 
measurements were taken in suspensions containing 100 mg/l of nanoparticles, either in 
MQ water or RPMI CCM (Roswell Park Memorial Institute cell culture media). 

3.3.1.2 Measurement Cu and Ag content (metal content in NPs, dissolution analysis) in 
samples using AAS 
The metal content of the analyzed samples was evaluated using AAS (contrAA 800, 
Analytik Jena Ag) according to instrument manual. For the dissolution analysis, a solution 
of 100 mg/l of components was incubated in MQ or a RPMI CCM under conditions of  
37 °C, 5% CO2, and 95% humidity for periods of either 0 hours, 30 minutes, or 24 hours. 
Following this, the solution was centrifuged at 320,000 × g for 30 minutes using a Bekman 
Coulter ultracentrifuge. The supernatants were collected and then analyzed using AAS 
(contrAA 800, Analytik Jena Ag). 

3.3.2 Tests with bacteria 

3.3.2.1 Evaluation of the minimum bactericidal concentration using Spot Test 
The Minimum Bactericidal Concentration (MBC) was determined as the lowest 
concentration that completely abolished bacterial growth, using the spot test method. 
After an overnight growth and further 4-hour incubation to reach the exponential phase, 
a bacterial suspension was prepared with an optical density at 620 nm (OD620) of 0.07 in 
either MQ, RPMI CCM, or bacterial medium. This bacterial suspension (100 μL) was 
combined with 100 μL of components alone or their mixture in the medium. This setup 
was carried out in 96-well microplates and incubated at 30 °C for 24 hours in the absence 
of light and without shaking, either in MQ, RPMI CCM, or bacterial medium. After the 
incubation period, 3 µl of the treated suspension was transferred onto bacterial agar 
medium, and bacterial cell viability was visually assessed (presence of bacterial “spot”) 
after an additional 24 hours of incubation. 

3.3.2.2 Antibacterial Diffusion Assay 
Bacteria were cultivated overnight in 3 mL of RPMI CCM at a constant temperature of  
37 °C, with agitation at 200 rpm. Subsequently, 400 µL of the overnight cultures were 
combined with 20 mL of bacterial medium, and then incubated for 4 hours to attain  
the exponential growth phase. Bacterial suspension with an absorbance of 0.1 at OD620 
was prepared. Next, 500 µL of the suspension was dispersed over a square Petri dish  
(10 cm x 10 cm) that contained Luria-Bertani (LB) agar. The filter materials were then 
placed on the freshly inoculated LB agar and incubated at 37 °C for 24 hours.  
The antibacterial efficacy of the materials was subsequently assessed through visual 
inspection.  

3.3.2.3 Evaluation of bacterial outer membrane integrity using 1-NPN Assay 
The permeabilization of bacterial cell walls was determined by measuring the uptake of 
1-NPN. The fluorescent properties of 1-NPN, which are significantly boosted in 
hydrophobic environments like the membrane lipid bilayer, as opposed to hydrophilic 
ones, make it a suitable dye to examine the integrity of gram-negative bacteria’s outer 
membrane. In brief, a black microplate was prepared by adding 50 µL of 40 µM 1-NPN 
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and 50 µL of the tested substance in 50 mM 3-(N-morpholino)propanesulfonic acid 
adjusted with tris(hydroxymethyl)aminomethane base to pH 7.2 to each well. Each well 
then received 100 µL of bacterial suspension in 50 mM this buffer with OD620 of 0.5, after 
which the fluorescence was measured following a 30-minute incubation period at room 
temperature. The uptake factor of 1-NPN by cells was calculated and depicted as a ratio 
of the fluorescence intensity values of the bacterial suspension incubated with and 
without the tested compounds. 

3.3.2.4 Measurement of Cu and Ag bioavailability to bacteria using recombinant 
biosensor bacteria E. coli MC1061 (pSLcueR/pDNPcopAlux) 
The measurement of intracellular Ag and Cu ions' effect on bioluminescence (BL) in 
bacteria was conducted using recombinant biosensor bacteria E. coli MC1061 
(pSLcueR/pDNPcopAlux). This strain’s response to intracellular Ag and Cu ions is driven 
by the CueR activator protein and its regulated copA promoter, which is coupled to genes 
encoding BL. Consequently, when Ag and Cu ions are present in the cells at sub-toxic 
levels, they cause an increase in BL in these recombinant bacteria, which is directly 
proportional to the ion concentration. 

The biosensor assay process and the preparation of the test bacteria were akin to the 
bacterial growth inhibition assay, with one distinct difference: The growth medium for 
bioluminescent Ag-biosensor E. coli MC1061 (pSLcueR/pDNPcopAlux) included 100 µg/l 
of ampicillin and 10 µg/l of tetracycline during overnight cultivation to ensure the 
maintenance of the recombinant plasmids. A Berthold Detection Systems Orion II plate 
luminometer was utilized for the bioluminescence readings. E. coli at an OD620 of 0.1 was 
exposed to 100 µl of bacterial suspension containing either the compounds or their 
mixture in RPMI CCM (sample), or just RPMI CCM (background), and this was kept at  
30 °C for 4 hours. The Ag and Cu biosensor’s dose-response curves were plotted by 
setting the applied Cu and Ag concentrations against the biosensor’s BL in the respective 
samples. The concentration that yielded the highest bioluminescence value from each 
component was identified as the peak of the luminescence curve.  

3.3.3 Tests with human cells 

3.3.3.1 Alamar Blue Assay for human cells viability evaluation 
The cells were were grown at RPMI CCM in medium to confluency 105/ml. On the day  
of the test, the cell culture medium was discarded, and the cells were thoroughly  
rinsed with Phosphate-Buffered Saline (PBS). Following this, the cells were treated with 
either 100 μl of the cell culture medium alone or the same volume of Cu compounds 
suspended in the cell culture medium. This treatment was left in place for 24 hours  
under conditions of 37 °C and 5% CO2. After this exposure period, the supernatant was 
discarded, the cells were given another rinse with PBS and then subjected to a  
2-hour incubation at 37 °C with 5% CO2 in the presence of 100 μl of Alamar Blue at a 
concentration of 150 μg/ml Alamar Blue fluorescence was measured using Fluoroscan 
(Fluoroskan Ascent FL, Thermo Labsystems) with excitation at 530 nm and emission  
at 590 nm. The EC50 values were computed using MS Excel macro Regtox 
(https://www.normalesup.org/~vindimian/en_download.html).  

3.3.3.2 Measurement of TNF-a using Enzyme-Linked Immunosorbent Assay 
Differentiated THP-1 cells were set up at a density of 105 cells per well and subjected to 
treatment with CuO NPs and CuSO4 at varying concentrations ranging from 25 to  
400 mg/l in RMPI CCM. Following a 24-hour period of exposure, the supernatants were 

https://www.normalesup.org/%7Evindimian/en_download.html
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harvested, centrifuged at 10,000 x g for 10 minutes, and preserved in a frozen state at  
–80 °C. To quantify the amount of TNF-α, an Enzyme-Linked Immunosorbent Assay 
(ELISA) was employed using a kit from Invitrogen (88-7346), with all procedures  
carried out in line with the instructions provided by the manufacturer, with readings 
taken from 96-well plates. Colorimetric measurement was done by Spectramax Paradigm 
spectrophotometer (Molecular Devices, USA). 
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4 Results and discussion 

4.1 Physico-chemical characteristics of NPs 
Table 4 displays the characterization of the NPs utilized in the PhD thesis. The zeta-potential 
of CuO NPs (CuO) and CuO functionalized with amino groups (CuO−NH2) was positive, 
while CuO functionalized with carboxyl groups (CuO-COOH) and with polyethylene 
glycol (CuO-PEG) had a negative zeta-potential. Among the tested Ag NPs, all exhibited 
a significantly negative zeta-potential, with coated silver nanoparticles (cAg) having a 
value of –56.6 mV and nano-silver (nAg) having a value of –27.7 mV. In the RPMI CCM, 
all NPs zeta-potentials were negative, ranging from –8.9 mV (CuO−NH2) to –10.8 mV 
(CuO). This is likely due to the adsorption of serum proteins on the NP surface, 
known as the “protein corona”, which is a dynamic camouflage formed by protein 
adherence. This phenomenon was previously suggested before (Ivask et al., 2015). 

The primary size of NPs was comparable, with the exception of nAg with larger size 
compared to other used NPs. In medium, hudrodynamic size was different and most 
probably reflected agglomeration of some NPs, such as functionalized Cu NPs. 

Table 4. Physico-chemical characteristics of nanoparticle (NPs) used in the study 

Metal-
based NPs 
or metal 
salts 

Primary 
size, nm ± 
standard 
deviation 

Hydrodynamic 
diameter in 
MQ water, nm 
(pdi) ± 
standard 
deviation 

Zeta-
potential 
in MQ 
water, mV 
± standard 
deviation 

Metal 
content, % 
± standard 
deviation 

Reference 
(publication) 

CuO 15.9 ± 5.2 237 ± 31 
(0.25)

27.5 ± 1.8 76.8 ± 5.7 I, II, III 

CuO−NH2 6.9 ± 2.2 733 ± 252 
(0.24)

25.8 ± 1.3 46.2 ± 4.0 I, II, III 

CuO−COOH 9.2 ± 2.5 1124 ± 128 
(0.35)

−12.0 ± 2.2 33.6 ± 3.2 I, II, III 

CuO–PEG 12.1 ± 3.2 1244 ± 254 −21.9 ± 3.3 11.7 ± 1.0 I 
cAg 12.5 ± 4 45.88 ± 0.21 

(0.261) 
–56.6 ± 1.91 83.0 ± 9.8 I, III 

nAg 85.7 ± 29.3 109.4 ± 1.3 
(0.447)

–27.7 ± 1.65 71.8 ± 12.0 I, II 

Ag2O 23 ± 16.8 81.265 ± 9.04 
(0.604) 

–50.97 ± 4.15 80.1 ± 11.3 II 
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4.2 Antibacterial properties of CuO ja Ag NP with different 
functionalization (Publication II) 
Next, characterized NPs were studied for their antibacterial properties, providing critical 
insights towards the development of advanced antimicrobial agents. These NPs comprised 
of Ag and CuO, each subjected to different surface functionalizations. The NPs were 
dosed based on their metal content MBC for different gram-positive and negative 
bacteria was determined as described above. 

The table 5 provides data regarding the MBC of various NPs against a range of bacterial 
strains. The MBC represents the lowest concentration of an antibacterial agent required 
to kill a specific bacterium. The data shows cAg NPs displayed the most promising 
antibacterial properties against all bacteria, especially it was very effective against 
S. dysgalactiae with an MBC of 10.07 ± 3.76 mg/L. nAg, Ag2O and AgNO3 were tested only 
with E. coli K-12. AgNO3 have shown the most effective antibacterial properties due to
best dissolution of salt. This is probably because released Ag+ ions are the main
antibacterial mechanism in Ag NPs (Bondarenko et al., 2013).

Table 5. Minimal bactericidal concentrations with standard deviation for nanoparticles (NPs) in 
different bacteria. Adopted and changed from Publication II. 

 NPs MBC ± 
SD 
(mg/L) 
for 
E. coli
K-12

MBC ± SD 
(mg/L) for 
E. coli
ESBL

MBC ± SD 
(mg/L) 
for S. 
aureus 

MBC ± SD 
(mg/L) for S. 
dysgalactica 

MBC ± SD 
(mg/L) for 
P. 
aeruginosa 
PAO1 

MBC ± SD 
(mg/L) 
for E. 
faecalis 

CuO 215.38 
± 114.35 

133.33 
± 57.74 

60 
± 22.36 

133.33 
 ± 57.74 

1400 
± 400 

233.33 
± 152.75 

CuO-
NH2 

157.14 
± 51.36 

100 ± 0 80 
± 27.39 

133.33 
± 57.74 

200 
± 122.47 

266.67 
± 115.47 

CuO-
COOH 

350 
± 90.45 

333.33 
± 115.47 

110 
± 54.77 

200 ± 0 800 ± 0 400 ± 0 

CuSO4 217.65 
± 72.76 

200 ± 0 90 
± 22.36 

133.33 
± 57.74 

720 
± 178.89 

200 ± 0 

cAg 34.04 
± 13.13 

45.83 
± 9.73 

16.25 
± 5.88 

10.07 
± 3.76 

28.91 
± 15.63 

58.33 
± 19.46 

AgNO3 10.16 
± 8.20 

ND ND ND ND ND 

nAg 1333.33 
± 427.62 

ND ND ND ND ND 

Ag2O 66.67 
± 24.62 

ND ND ND ND ND 
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Among different CuO NPs, positively charged CuO and CuO-NH2 were more effective 
against bacteria and especially CuO-NH2 in some cases (P. aeruginosa). In general, CuO 
NPs were not so efficient against bacteria compared to Ag NPs. However some CuO NPs 
had promising results against S. aureus. The most resistant bacteria to Cu components 
were P. aeruginosa PAO1 as indicated by its MBC of 1400 ± 400 mg/L and most 
susceptible was S. aureus, which MBC was lower than 100 mg/L. 

Despite to promising antibacterial properties of Ag and CuO NPs, it is important to test 
toxicity of these components on human cells and compare their toxicity to bacterial and 
mammalian cell to have a therapeutic window for usage. While Ag and CuO NPs display 
promising antibacterial properties, assessing the toxicity of these components on human 
cells and comparing their toxicity to bacterial and mammalian cells is crucial to establish 
a therapeutic window for their use.  

It’s well known that this therapeutic window (antibacterial efficacy versus cytotoxicity), 
usually does not exist according to studies (O. Bondarenko et al., 2013), yet there is 
limited knowledge regarding the impact of surface functionalization on this overlap. We 
therefore tested a hypothesis that the therapeutic window of NPs might be influenced 
by different surface functionalizations of NPs. As such, further research in this area could 
lead to optimized NP designs with better safety profiles. 

4.3 Comparison of antibacterial properties and toxicity for human cells 
using different functionalization in CuO NPs (Publication I) 
Because some CuO NP were found potent against bacteria and Ag NPs have well-known 
toxic effects for human cells (McShan et al., 2014), we decided to compare the toxicity 
to human cells with toxicity to bacteria in vitro for CuO NPs which had to have better 
safety profile, since it is vital microelement. The cytotoxic effects of these NPs were 
tested by Alamar Blue Assay test with THP-1 and HACAT cells, with particular attention 
paid to the impact of surface functionalization. 

In terms of surface functionalization, it was found that cationic unmodified CuO and 
CuO-NH2 NPs displayed higher toxicity to human cells compared to bacteria. In contrast, 
the CuO-COOH and CuO-PEG, which were negatively charged, were less toxic to human 
cells but had a significantly greater impact on bacteria (Figure 1). Interestingly, the results 
showed that the toxicity of these NPs to human cells was not solely dictated by the Cu 
content. This is evidenced by the fact that the Cu-adjusted half maximal effective 
concentration (EC50) values of CuO-NH2 NPs were significantly lower than that of CuSO4, 
despite CuSO4 having a higher Cu concentration. This indicates that toxicity mechanisms 
beyond mere Cu content play a role in the cytotoxicity of CuO-NH2 NPs. 
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Figure 1. Toxicity of Cu compounds to bacteria Escherichia coli (E. coli), HACAT keratinocytes and 
differentiated THP-1 cells (dTHP-1). The average compound-based 24-h half maximal effective 
concentration (EC50) values with 95% confidence intervals mg/l (a) and the clustering of average 
compound-based 24-h EC50 (b). and the clustering of average copper adjusted 24-h EC50. Adopted 
and changed from Publication I. 
 

In an attempt to understand the mechanisms underlying this differential toxicity, we 
investigated the NPs’ ability to induce ROS under abiotic conditions and their potential 
to provoke inflammation in mammalian cells. We also conducted detailed studies on 
their interactions with human cells in vitro, focusing primarily on NPs localization and 
uptake mechanisms. 
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4.4 Mechanisms of toxicity of CuO NPs with different functionalization 
(Publication I) 
Our findings demonstrated that the toxicity of CuO NPs to human cells can be 
manipulated by varying the NP surface functionalization and form. Additionally, the data 
highlighted that Cu content alone does not define toxicity, pointing towards the 
contribution of other toxicity mechanisms to understand them by which Cu compounds 
exert their toxicity. Our first consideration was the bioavailability and dissolution of these 
compounds. To assess this, we used recombinant bioluminescent E. coli that showed 
increased bioluminescence in response to bioavailable Cu ions. This offered insight into 
the role of internalized Cu ions in the antibacterial potential of Cu compounds. 

Generally, Cu compounds exhibited similar behavior in the sub-toxic region, resulting 
in an increase in bioluminescence in E. coli MC1061 (pSLcueR/pDNPcopAlux) in 
proportion to the increase in Cu concentration. A distinctive exception was found with 
CuO-NH2, which exhibited toxic properties at noticeably low concentrations, indicating 
an antibacterial effect independent of dissolved Cu ions. In contrast to other NPs, the 
biosensor response to CuO-NH2 was less related to the Cu content and NPs dissolution. 

 
Figure 2. Bioavailability of Cu compounds. Induction of bioluminescence in E. coli biosensor in 
response to Cu compounds in cell culture medium 2 incubation with standard deviations. Adopted 
and changed from Publication I. 

 
We further explored the ability of Cu compounds to generate ROS and induce 

inflammation. CuO-NH2 were highly potent inducers of ROS. Intriguingly, they also 
demonstrated the highest capability to induce TNF-α, a pro-inflammatory cytokine. 
Additionally, we noted significant vacuolization in THP-1 cells exposed to CuO-NH2, which 
could be indicative of inflammation and cell death. 
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To comprehend the toxicity mechanisms of Cu compounds, we evaluated the  
“cell-associated Cu”, comprising intracellular Cu, NPs, and possibly cell surface-bound Cu. 
Our data suggested that the toxicity of Cu compounds was not purely caused by Cu ions 
alone. Specifically, CuO-NH2 NPs had lower cell-associated Cu, hinting at additional 
toxicity mechanisms. We also found exceptionally high levels of cell-associated Cu in cells 
exposed CuO-COOH, indicating a high tolerance of these cells to Cu in this particular 
form. To gain more insights, we investigated the cellular localization of Cu compounds in 
mammalian cells through confocal microscopy. We discovered a significantly higher 
association of CuO-COOH NPs with cells compared to other NPs, with most of the  
CuO-COOH NPs located inside the cells. This suggests that these macrophages have an 
extraordinarily high tolerance for internal Cu in CuO-COOH. 

Our research has shown that the toxicity of Cu compounds towards bacteria and 
human cells is influenced by several factors, including their bioavailability, dissolution, 
ability to induce ROS and inflammation, and their interaction with the cells, including 
uptake and cellular localization. These findings expand our understanding of the toxicity 
mechanisms of CuO-based NPs and will be invaluable for future design and application 
of these NPs in biomedical fields.  

4.5 Antibacterial synergy between Cu and Ag components (Publication II) 
In our research, we hypothesized that the synergistic antibacterial activity of CuO and Ag 
NPs results from their distinct, yet complementary, modes of action, like the classical 
synergy between different classes of antibiotics (Kohanski et al., 2010). The suggestion 
was that Ag NPs compromise the integrity of bacterial cell walls, which then paves the 
way for CuO NPs / Cu ions to pass into bacterial cells. Once inside, CuO NPs and Cu ions 
interfere with intracellular structures and functions. We first discerned the synergistic 
antibacterial effects of Cu and Ag compounds in a medium similar to a tissue infection 
transudate, the RPMI cell culture testing medium, which contains blood serum and 
growth factors. Figure 3 illustrates an example of this synergy, with the MBC serving as 
the measure of the lowest concentration that prevented visible bacterial growth on an 
agarized growth medium. For instance, to inactivate E. coli permanently, we required  
40 mg/l of Ag NPs or 400 mg/l of CuSO4 independently, but when used together,  
we needed only 5 mg/l of cAg and 25 mg/l of CuSO4. 
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Figure 3. The antibacterial synergy between CuSO4 and coated silver nanoparticles (cAg). E. coli K-12 
suspension was incubated with different concentrations of either cAg, CuSO4 or their combinations 
in RPMI cell culture medium for 24 h. After incubation 3 μl of the bacteria-NP mixture was pipetted 
onto agarized broth and minimal bactericidal concentration (MBC, the lowest tested concentration 
yielding no visible bacterial growth after 24 h incubation at 37֯C in the dark) was determined. The 
concentrations of cAg and CuSO4 are shown on the axes. The minimal bactericidal concentration of 
CuSO4 and cAg were 400 mg/L and 40 mg/L respectively. Published from publication II with 
permission from journal. 

 
We introduced the term “coefficient of antibacterial synergy” (K(AbS)) to quantify and 

compare the synergistic effect among various NPs and bacterial strains. This coefficient 
represents the combined antibacterial efficiency of NPs, contrasting it with the sum of 
the MBC values of the individual NPs (Equation 1). This coefficient has previously been 
applied to metal mixtures (Vaidya et al., 2017). If K(AbS) > 1, there is synergy; if K(AbS) = 1, 
there is an additive effect; if K(AbS) < 1, there is antagonism. 

Equation 1: 
 

𝐾𝐾(𝐴𝐴𝐴𝐴𝐴𝐴) = 1/(
MBC of antibacterial A in mix
MBC of antibacterial A alone

+
MBC of antibacterial B in mix
MBC of antibacterial B alone

) 

 
Figure 3 clearly demonstrates that the MBC of a Cu component and Ag NP mixture is 

considerably lower than the MBC of the separate components. Based on our K(AbS) 
formula, the antibacterial effect of this mixture is 5.33 times higher than the sum of the 
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separate components’ antibacterial effects. Different combinations of CuSO4 / cAg ratios 
yielded different K(AbS) results, with the highest K(AbS) most frequently observed using 
the 1:1 to 12.5:1 Cu/Ag ratio. 

The antibacterial synergy depended on the type of Cu component used (Figure 4). 
MBC values of different Cu components, both alone and in combination with cAg, varied 
among different bacteria, except for P. aeruginosa, which resisted Cu compounds, 
despite the similar cAg MBC for P. aeruginosa and other bacteria. 

Among CuO NPs, the highest K(AbS) with cAg was observed with unfunctionalized CuO 
and especially CuO-NH2, both of which are positively charged. However, the lowest 
K(AbS) was observed with negatively charged CuO-COOH. This implies that the inherent 
charge of CuO NPs influenced antibacterial synergy.  On the other hand, the highest 
K(AbS) had well-dissolved CuSO4 salt and it means that presence of Cu2+ ions the mayor 
role in antibacterial synergy between cAg and Cu components (Figure 4).  

 
Figure 4. Coefficient of antibacterial synergy (K(AbS)) between different Ag and Cu components in 
RPMI cell culture media with E. coli K-12 strain. * - P < 0.05; ** - <0.01; *** - < 0.001, ## - P <0.01 
antagonism. Note: K(AbS) has been calculated as mean K(AbS) from different experiments, not from 
mean MBC of components in the mix or alone. The mean values with standard deviation are shown. 
Abbreviations: coated silver nanoparticles (cAg), nanosilver (nAg), silver oxide (Ag2O), silver nitrate 
(AgNO3), copper oxide (CuO), copper oxide coated with amino groups (CuO-NH2), copper oxide 
coated with carboxy groups (CuO-COOH) and copper sulphate (CuSO4). Published from publication 
II with permission from journal. 
 

Interestingly, the antibacterial synergy also relied on the Ag component. Various Ag 
NPs and AgNO3 were examined to determine which would display stronger antibacterial 
synergy with Cu components. The highest antibacterial synergy was showed when mixed 
non-oxidized Ag NPs with Cu salt. AgNO3 did not show strong antibacterial synergy with 
Cu components. 
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4.6 Mechanisms of antibacterial synergy (Publication II) 
To understand antibacterial synergistic effect between Cu and Ag, several tests were 
conducted. It was hypothesized that their synergy could be linked to their different 
cellular targets in/on bacterial cells. A popular example of such synergy is seen between 
beta-lactam antibiotics, which impair bacterial cell membranes, and aminoglycosides, 
which obstruct bacterial protein synthesis. The heightened effect of aminoglycosides 
when used with β-lactams is said to be due to the β-lactam-induced membrane damage 
that boosts the uptake of aminoglycosides (Kohanski et al., 2010). 

We hypothesized that one component (Cu or Ag component) might be causing more 
membrane damage, facilitating the other component’s entry into the cell, thus further 
damaging the internal structures. In an attempt to corroborate this hypothesis, we 
assessed the outer membrane permeability of two Gram-negative bacteria, E. coli K-12 
and P. aeruginosa PAO1. Our findings indicated that AgNO3 and cAg were able to damage 
the outer membrane of both bacteria. Although cAg took longer to cause damage 
compared to AgNO3, and P. aeruginosa’s membrane was more resistant to damage 
compared to E. coli's. However, CuO NPs and CuSO4 did not cause significant membrane 
damage, especially in P. aeruginosa. This implies that Ag compounds might be 
inactivating cells by rupturing the bacteria’s outer membranes, while Cu compounds 
seem to target other cell structures. Additionally, mixing Cu and Ag compounds didn’t 
significantly alter the damaging action on the membrane. Thus, we discovered that the 
synergy between Cu and Ag did not result from damaging the bacterial outer membrane 
(Figure 5). 

 
Figure 5. Production of reactive oxygen species (ROS) in suspensions. Measurement of induction of 
ROS in abiotic (a, c) and biotic (b, d) conditions. Measurement of ROS induction was performed after 
incubation with components alone (a, b) or in the mix of cAg and Cu components in a ratio 1:4 (c, d). 
cAg, Coated silver nanoparticles; AgNO3, Silver nitrate; CuO, Copper oxide; CuO–NH2, Copper oxide 
coated with amino groups; CuSO4, Copper sulphate; RFU, Relative fluorescence units. Published 
from publication II with permission from journal. 
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We also examined the potential role of ROS in the synergy of Cu and Ag. The Fenton-like 
reaction capacity of Cu ions to redox-cycle between Cu+/Cu++ which can generate ROS 
leading to lipid peroxidation, protein oxidation and DNA damage was investigated. 
However, our tests showed that the addition of CuO-NH2 or CuSO4 to cAg did not enhance 
ROS production, both in the presence and absence of bacteria, contradicting the idea 
that ROS might be the reason for the observed synergy between Cu and Ag components. 

We further studied the dissolution of Ag NPs in water and RPMI CCM, with and 
without the addition of CuSO4. Interestingly, there was a marked increase in the 
dissolution of Ag NPs with CuSO4 addition. This suggests an improved dissolution of Ag 
NPs in the presence of Cu2+, possibly due to a redox reaction between Cu and Ag 
components (Figure 6). 

 
Figure 6. Dissolution of silver nanoparticles. Dissolution percentage of silver components (100 mg/L) 
in water and in RPMI CCM with and without the addition of CuSO4 (400 mg/L) after 24 h of incubation 
in a shaker at 37 °C. *P < 0.05; **P < 0.01; ***P < 0.001. cAg, Coated silver nanoparticles; nAg, 
Nanosilver; Ag2O, Silver oxide; AgNO3, Silver nitrate; CuSO4, Copper sulphate; RPMI CCM, Roswell Park 
Memorial Institute cell culture media. Published from publication II with permission from journal. 

 
Lastly, in line with the aforementioned redox reaction, Cu+ is produced in the mix of 

Ag NPs and Cu2+ ions. We conducted a qualitative chemical reaction that proved the 
presence of Cu+ in the mixture, but not in nAg suspension, AgNO3, or CuSO4 solutions 
separately. Since Cu+ has a higher antibacterial effect compared to Cu2+ due to its 
capacity to generate OH radicals, the formation of additional Cu+ ions in the solution may 
be among the main factors driving the antibacterial synergy of the Ag NP/Cu2+ system. 

Our work demonstrates that a combination of non-oxidized Ag NPs and Cu ions is vital 
for achieving antibacterial synergy. We propose at least three reasons for this synergistic 
effect. Firstly, Cu ions enhance the oxidation of non-oxidized Ag0 in a redox reaction, 
resulting in improved dissolution of Ag+ from Ag NPs. Secondly, the production of more 
antibacterial Cu+ ions occurs in the same redox reaction. Lastly, the presence of Cu2+ 
reduces Ag ion binding to proteins in the culture medium, thereby increasing the 
concentration of free Ag+ in the solution. Therefore, Cu2+ ions’ release from CuO NPs is 
essential for this synergistic action. These processes can occur both outside and within 
cells, with the latter causing more harm to cell homeostasis. Additional factors, like  
zeta-potential and NP surface functionalization, might have minor impacts on 
antibacterial synergy, warranting further investigation.  
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Understanding these mechanisms provides a critical foundation for the development 
of more efficient antimicrobial materials. In-depth knowledge of these processes allows 
for the creation of synergistic combinations of antimicrobial agents, thereby enhancing 
their overall efficacy against pathogenic bacteria. 

4.7 Antiviral properties of CuO and Ag NPs (Publication III) 
Understanding the antiviral properties of NPs is, also, crucial as it opens up new avenues 
for developing effective therapies and preventive measures against various viral 
infections, especially respiratory viral infections which is very popular topic today. It aids 
in the design of advanced materials such as protective clothing, filters, and surfaces with 
inherent antiviral properties, enhancing public health safety, particularly during 
pandemics. We evaluated the antiviral properties of Ag, Cu, and Zn NPs and their 
corresponding salts using plaque assays on suspensions of influenza A virus and 
coronaviruses TGEV and SARS-CoV-2. For safety reasons, TGEV served as a Biosafety 
Level 2 model for SARS-CoV-2 susceptibility evaluation. We used metallic salts as controls 
during these NP tests. To ensure no cytotoxic effects were induced by the tested 
compounds, we confirmed their absence in vitro on cell lines, as the infection process in 
the plaque assay inherently involved the suspension of cells with these compounds. We 
sought to develop and assess materials with high efficacy, hence, we conducted the 
antiviral efficacy assessments of metal compounds in suspensions at the 1-hour mark. 

Our suspension tests revealed that CuSO4 was the most effective component against 
all tested viruses, including A/WSN/1933 (H1N1), SARS-CoV-2, and TGEV (half maximal 
inhibitory concentration (IC50) values of 1.40, 0.45, and 4.44 mg/L respectively) (Table 6). 
This highlights the superior antiviral capabilities of Cu, particularly Cu ions. CuO,  
CuO-NH2, and CuO-COOH NPs exhibited lower antiviral effectiveness compared to 
CuSO4, with the exception of CuO-COOH, which demonstrated an IC50 value of 0.57 mg/L 
against A/WSN/1933 (H1N1). This could be attributed to the enhanced antiviral efficiency 
due to carboxylation, as carboxyl groups can bind to viral RNA. 

 
Table 6. Antiviral efficacy (half maximal inhibitory concentration (IC50)) of metal salts and metal 
NPs against influenza A virus, SARS-CoV-2, and TGEV in water suspensions. Adopted and changed 
from Publication III. 

Substance 
 

IC50 (mg/L) 
 
Influenza A Virus SARS-CoV-2 TGEV 

 
CuSO4 1.40 0.45 4.44 
CuO 49.25 >100 383.4 
CuO-NH2 1.88 149.1 8.8 
CuO-COOH 0.57 79.68 13.75 
ZnSO4 3.39 35.65 ND 
ZnO 134.8 ND ND 
AgNO3 >100 NA >100 
nAg >1000 NA NA 

NA—not applicable: since nAg NPs and AgNO3 were toxic to VeroE6 cells used for tests with SARS-CoV-2 
already at 10 mg/L. ND—not determined, half maximal inhibitory concentration IC50. 
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AgNO3 was ineffective at even the highest concentration (100 mg/L) tested in our 
study and failed to significantly reduce the titers of A/WSN/1933 (H1N1) and TGEV to 
calculate an IC50. The zinc sulfate (ZnSO4) displayed lesser antiviral effectiveness against 
the tested influenza and coronavirus strains compared to CuSO4. Antiviral synergy 
between Cu and Ag components has not been detected. As we pointed out in the 
previous paragraph, the main reason for the antibacterial synergy is the increase in free 
Ag ions in the solution in the presence of Cu ions. But since Ag components did not 
showed strong antiviral properties, antiviral synergy does not occur in this case.  

Due to significant antiviral effect of Cu components, we chose them for incorporation 
into filter materials. Unfortunately, the CuO-NH2 and CuO-COOH NPs that underwent 
functionalization aggregated in solvents, which is evidenced by high polydispersity index 
values ranging from 0.7 to 1 (data not shown). As a result, these NPs were unsuitable for 
electrospinning. Consequently, surface-functionalized NPs were not employed in the 
production of filter materials. However, the unfunctionalized CuO NPs, and CuSO4 salt, 
exhibited exceptional compatibility for integration into CA filter materials. Hence, these 
were utilized in the fabrication of the filter materials. 

4.8 Characterization of produced filter materials (Publication III) 
We leveraged electrospinning techniques and utilized cellulose acetate (CA) as a polymer 
to incorporate CuO NPs and CuSO4, with a view to develop novel filter materials (Table 7). 

Table 7. Characteristics of electrospun filter materials. Adopted and changed from Publication III. 

Samples 
Mat 
thickness, 
mm 

Diameter, 
nm 

Air 
Permeability, 
Pa/cm2 

Hydrophobic 
/Hydrophilic 
Measuring 

Cu 
Content, 
% 

Released 
Cu 
Content, 
1h, % 

CA 0.051 750 125.0 Hydrophobic 0 ND 
CA_7.5% 

CuSO4 0.062 972 54.1 Hydrophobic 4.68  
± 1.1 46 

CA_10% 
CuO 0.163 759 47.4 Hydrophobic 8.01  

± 0.39 0 

CA_thymol 0.036 545 45.4 Hydrophilic 0 ND 
CA_thymol 

_7.5% 
CuSO4 

ND 431 55.9 Hydrophilic 7.38 
± 0.61 78 

Additionally, we employed thymol during the electrospinning process to enhance the 
porosity and hydrophilicity of the fibers in the filter materials, as suggested in prior 
articles (Chen et al., 2020). We hypothesized that an increased porosity, courtesy of 
thymol, will augment metal release and thereby bolster the antimicrobial properties of 
the filter materials. Furthermore, heightened hydrophilicity should facilitate superior 
metal ion release, leading to more effective virus inactivation. 

The fabricated filter materials were categorised as follows: CA (CA without antimicrobial 
components); CA_7.5%CuSO4 (CA containing 7.5% CuSO4); CA_10%CuO (CA containing 10% 
CuO); CA_thymol (CA containing 10% thymol); and CA_thymol_7.5%CuSO4 (CA combined 
with 10% thymol and 7.5% CuSO4). All indicated percentages were determined based on 
Cu content. 
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The maximum Cu concentration derived from CuSO4 and CuO that we successfully 
integrated into CA was up to 8% (Table 7). To illustrate, when 7.5% of Cu derived from 
CuSO4 was incorporated into CA polymer solutions (sample denoted as CA_7.5%CuSO4), 
the final filter material displayed a measured Cu concentration of 4.68%. Thymol notably 
facilitated the integration of CuSO4 into CA. When 7.5% of Cu from CuSO4 was 
amalgamated with CA containing thymol, the final filter material's Cu concentration was 
almost identical to the nominal, at 7.38%. 

The developed filter materials were evaluated for fiber morphologies, material 
thickness, hydrophilicity/hydrophobicity, and air-filtration parameters. Thymol resulted 
in improved material hydrophilicity and enhanced Cu release by 1.7 times compared to 
CA fibers without thymol (Table 7). 

4.8.1 Antibacterial properties of filter materials (Publication III) 
Subsequently, we assessed the antibacterial potential of the developed filter materials 
against E. coli and S. aureus. Antibacterial activity against these bacterial strains was 
evaluated using the agar diffusion assay and visualized in Figure 7. As predicted, CA alone 
(control) did not inhibit bacterial growth. All other filter materials demonstrated 
exceptional antibacterial activity against both E. coli and S. aureus. Intriguingly, even CA 
incorporating thymol exhibited antibacterial effects without any Cu compound 
incorporation. The most potent antibacterial effect (largest bacteria-free zone) was 
observed for CA integrated with CuSO4 and CA combined with thymol and CuSO4. 
 

 
Figure 7. Antibacterial activity of filter materials against bacteria E. coli and S. aureus. The filter 
materials were removed for the images to demonstrate the bacteria-free area under the materials. 
Published from publication III with permission from journal. 
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4.8.2 Antiviral properties of filter materials (Publication III) 
In the previous stages of our research, we assessed the antiviral efficacy of NPs in 
suspension (Table 6). We then analyzed the antiviral activity of our fabricated filter 
materials against A/WSN/1933 (H1N1), SARS-CoV-2, and TGEV viruses. This was done by 
incubating the virus stock with the material and subsequently evaluating its effect on the 
virus titer using the plaque assay. 

The most substantial virucidal effect (expressed as the reduction of viral titers post  
5-minute and 1-hour exposure) was recorded for filter materials CA with CuSO4 and CA 
combined with thymol and CuSO4 (Figure 8). These CuSO4-infused materials decreased 
influenza A virus titers by 1.1–1.8 log after 5 minutes of exposure and by 1.6–1.8 log after 
1 hour of exposure (Figure 8A). 
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Figure 8. Antiviral properties of CA without additives (control), 7.5% CuSO4 and 10% CuO in CA 
against influenza A/WSN/1933 (H1N1) virus (A), SARS-CoV-2 (B), and transmissible gastroenteritis 
coronavirus TGEV (C). Statistical significance is represented as follows: * p < 0.05; ** p < 0.01. 
Published from publication III with permission from journal. 
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Out of the three tested viruses, TGEV was the least affected by the virucidal effect of 
all filter materials: a modest 0.2 log reduction was observed after 1-hour exposure for CA 
material with CuSO4. No significant effect was noted when thymol was added to the same 
material (Figure 8C). 

The most potent virucidal effect of filter materials were observed against SARS-CoV-2: 
CA fibers with 7.5% Cu from CuSO4 entirely neutralized the infectivity of SARS-CoV-2 after 
1 hour of contact exposure, while the CA_thymol_7.5%CuSO4 material reduced the titer 
by 1.14 logs (Figure 8B). 

Interestingly, contrary to the filter materials containing CuSO4, those with 10% CuO 
didn’t show effectiveness against any of the tested viruses. However, the addition of 
thymol alone to the CA material led to a reduction of A/WSN/1933 (H1N1) titer by 
approximately 0.7 logs compared to the CA control material without additives. Still,  
the difference was not statistically significant (Figure 8A). 

Thymol’s antiviral effect was found to be specific to the influenza virus in our 
experiments, as the CA_thymol material didn't decrease the titers of coronaviruses.  
This outcome highlights the significance of hydrophobicity in antiviral efficacy. 

We suggested that the influenza virus is more susceptible to Cu ions, while SARS-CoV-2 
is more vulnerable to the material’s hydrophobic interactions. In conclusion, filter 
materials containing CuSO4 demonstrated superior antiviral properties. Additionally, 
material hydrophilicity and hydrophobicity seemed to play a crucial role. 
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5 Conclusions 
In this comprehensive investigation, we aimed to characterize the antimicrobial effects 
and safety of differently functionalized Cu and Ag NPs, dissect their mechanism of action, 
alone and in combination and developed new antimicrobial materials based on 
investigated NPs. 

Firstly, we systematically compared the toxicity and mechanisms of Cu and Ag NPs 
with varying surface functionalizations to bacteria, viruses, and mammalian cells in vitro. 
We discovered that the toxicity of NPs to human cells can be significantly attenuated by 
functionalization of NPs with negatively charged groups, effectively broadening the 
therapeutic window. This finding presents a promising avenue for the creation of 
efficient and safe antimicrobials, thus opening up potential novel therapeutic strategies 
in combating bacterial infections. 

Secondly, our research discovered an intriguing antibacterial synergy between Ag and 
Cu components, an interaction which underlying mechanisms we further elucidated. Our 
results showed that the combination of non-oxidized Ag NPs and Cu2+ ions was crucial 
for antibacterial synergy. This was attributed to three core processes: the enhancement 
of oxidation of Ag0 NPs through a redox reaction, instigated by Cu ions, leading to a 
greater dissolution of Ag+ from the NPs; the increased production of antibacterial Cu+ 
ions in the same redox reaction, which are more toxic to bacteria; and the diminished 
binding of Ag ions to proteins in the culture medium when in the presence of Cu ions.  
It leads to increased concentration of free Ag+ in the solution. We found that this 
synergistic effect could be highly instrumental in antibacterial applications, such as in 
wound dressings for treating infected wounds or filter materials preventing bacterial and 
viral infections. 

Thirdly, we ventured into the realm of material development, focusing on creating 
new NPs-based antibacterial and antiviral materials. Our endeavours have resulted in 
innovative filter materials that incorporate CuSO4 or CuO NPs, exhibiting potent antiviral 
and antibacterial properties. These materials have demonstrated remarkable efficacy 
against a spectrum of pathogens, including SARS-CoV-2, Influenza A and bacteria such as 
E. coli and S. aureus. We envisage their applications in medical settings to mitigate the 
spread of infectious agents. 

In conclusion, the research undertaken in this study has greatly contributed to our 
understanding of the mechanisms and potential applications of metal-based NPs in 
antimicrobial treatments. We have offered novel insights into the differential toxic 
effects of these NPs on human and bacterial cells, discovered mechanisms of the 
synergistic antibacterial action of Ag and Cu components, and advanced the 
development of NPs-based antimicrobial materials. Our findings set a robust foundation 
for further exploration and optimization of these promising materials, bringing us a step 
closer to more effective antimicrobial solutions. 
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Abstract 

Synergistic Mechanisms and Toxicity Profiles of Silver and 
Copper Nanoparticles for the Development of Novel 
Antimicrobial Materials 
This research provides a comprehensive data on antimicrobial properties and safety 
profiles of differently functionalized copper (Cu) and silver (Ag) nanoparticles (NPs) and 
mechanisms of their synergy. In addition, on the basis of characterized NPs, we 
developed innovative NP-based antibacterial and antiviral materials that showed 
excellent antibacterial and antiviral properties and thus, promising prospects in the 
medical field. 

At the core of this research, we conducted an extensive comparison of the toxicity and 
mechanism of action of Cu and Ag NPs, specifically those with differing 
functionalizations, against bacteria, viruses, and mammalian cells in vitro. The findings 
highlighted a notable reduction in toxicity of NPs to human cells when NPs were 
functionalized with negatively charged groups. This observation found the crucial role of 
NP surface charge in influencing cytotoxicity and uncovered a new dimension in 
nanosafety. By widening the therapeutic window for the treatment of bacterial 
infections, this discovery set a precedent for the future design of antimicrobial agents 
that balance antibacterial efficacy with reduced cytotoxicity to human cells, thereby 
resulting more efficient and safe antimicrobials. 

After understanding the mechanisms of NPs, we focused on antibacterial synergistic 
effects of Ag and Cu NP combinations. We discovered that the combined antibacterial 
action of Ag and Cu in NPs goes beyond the additive effect of their individual antibacterial 
properties. Three key processes were identified as responsible for this synergistic action. 
First, Cu2+ ions were found to enhance the oxidation of non-oxidized Ag in a redox 
reaction, leading to an augmented dissolution of Ag+. Simultaneously, the same redox 
reaction led to the generation of a higher quantity of antibacterial Cu+ ions, which are 
more antibacterial. Lastly, the presence of Cu2+ was observed to reduce the binding of 
Ag ions to proteins in the culture medium, thereby increasing the concentration of free 
Ag+ in the solution. With these findings, we propose that the interplay of Cu and Ag in 
NPs can be optimized to create a synergistic antibacterial action, which can be exploited 
for more efficient antimicrobial applications. 

The third significant achievement of this research was the development of new  
NP-based antibacterial and antiviral filter materials, especially those incorporating CuSO4 
or CuO NPs. We tested these materials against a range of pathogens, including  
SARS-CoV-2, Influenza A, E. coli, and S. aureus. Impressively, they exhibited potent 
virucidal and bactericidal effects, with CuSO4-based filter materials being especially 
effective against SARS-CoV-2. The development of these advanced filter materials 
represents an important step towards creating practical inventions to mitigate the 
spread of bacterial and viral pathogens. 

In summary, this doctoral research advances the current understanding of the 
antimicrobial potential of metal-based NPs, particularly those based on Cu and Ag. By 
offering new insights into NP cytotoxicity, antibacterial synergy, and material 
development, it builds a solid foundation for the future design and optimization of  
NP-based antimicrobials and materials. It helps to bring the medical field closer to 
efficacious, safer, and practical antimicrobial solutions.  
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Lühikokkuvõte 

Vase ja hõbeda nanoosakeste sünergilise koosmõju 
mehhanismid ja rakendamine uute antimikroobsete 
materjalide arendamiseks  
Antud doktoritöö keskendub vase (Cu) ja hõbeda (Ag) nanoosakeste (NPs) 
antimikroobsetele omadustele, nende ohutusele, koosmõjule ja toimemehhanismidele. 
Töö viimases osas kirjeldatakse antud nanoosakeste põhjal arendatud uudsete bakteri- 
ja viirusvastaste filtermaterjalide loomist ja omadusi.  

Uuringu käigus leidsime, et erinevalt funktsionaliseeritud negatiivse pinnalaenguga Ag 
ja Cu nanoosakesed olid inimrakkudele in vitro tingimustes ohutumad kui erinevalt 
funktsionaliseeritud positiivse pinnalaenguga nanoosakesed, olles siiski piisavalt 
efektiivsed bakteritega võitlemiseks. See, et negatiivselt laetud Ag ja Cu nanoosakesed 
olid inimrakkudele vähem toksilised kui bakterirakkudele võimaldab laiendada nende 
osakeste terapeutilise kasutamise ’akent’, mis omakorda on oluline tõhusamate ja 
ohutumate antimikroobsete nanoosakeste ja nendel põhinevate materjalide loomisel. 

On märkimisväärne tulemus, et Ag ja Cu nanoosakeste koos-kasutamisel ilmnes  
sünergiline bakterivastane toime, mille selgituseks pakkusime välja kolm põhilist 
mehhanismi: (i) Cu2+ ioonid suurendasid redoks-reaktsioonis mitte-oküdeerunud Ag 
oksüdatsiooni, mis viis Ag+ lahustumise suurenemiseni; (ii) redoks-reaktsioon viis 
suurema hulga antibakteriaalsete Cu+ ioonide vabanemiseni, millel on tugevam 
bakterivastane toime võrreldes Cu2+ ioonidega; (iii) Cu2+ juuresolu vähendas Ag+ ioonide 
sidumist katsekeskkonnas olevate valkudega, suurendades seeläbi vaba Ag+ 
kontsentratsiooni lahuses. Kõiki neid teadmisi kasutades  on võimalik luua tõhusamaid 
antimikroobseid rakendusi 

Uurimistöö kolmas oluline saavutus oli uute nanoosakeste baasil antibakteriaalsete ja 
viirusevastaste filtrimaterjalide arendamine. CuSO4 või CuO sisaldavad materjalid olid 
eriti tõhusad bakterite ja viiruste vastu, sealhulgas SARS-CoV-2, gripp A, Escherichia coli 
ja Staphylococcus aureus vastu. Selliste uudsete filtrimaterjalide arendamine on oluline 
samm mikroobsete patogeenide leviku tõkestamisel. 

Kokkuvõtteks laiendab antud doktoritöö praegust arusaama vase- ja hõbedapõhiste 
nanoosakeste antimikroobsest potentsiaalist, mehhanismidest ja koostoimest. 
Doktoritöö käigus saadud tulemused nanoosakeste tsütotoksilisusest ja 
antibakteriaalsest sünergiast võimaldavad luua uusi antimikroobseid materjale, mis 
omakorda tõhustab võitlust  infektsioonide ja bakterite antibiootikumiresistentsusega. 
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Publication I 

Kubo, A.-L., Vasiliev, G., Vija, H., Krishtal, J., Tõugu, V., Visnapuu, M., Kisand, V., 
Kahru, A., & Bondarenko, O. M. (2020). Surface carboxylation or PEGylation 
decreases CuO nanoparticles’ cytotoxicity to human cells in vitro without 
compromising their antibacterial properties. Archives of Toxicology, 94(5),  
1561–1573. https://doi.org/10.1007/s00204-020-02720-7  
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(2023). Synergistic antibacterial effect of copper and silver nanoparticles and their 
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>>>�?@ABCD�E�FGHEID?AIJIECDK�CAHGLMNOPQRM�SMPOTUVPMLPQOW�XOLNQLN�YXVZ�[�\]̂]�Z_�QL�P̀M�aObM�VY�aVOPMc�bQWRMX�LOLVUOXPQaWMb�daeNf�PV�[�gĥh�Z_�QL�P̀M�aObM�VY�LOLVbQWRMX�dLeNf̂�iL�P̀M�jkli�aMWW�amWPmXM�ZMcQmZ�djkli�nnlf�P̀M�SMPOTUVPMLPQOW�VY�okb�pOb�LMNOTPQRM�YVX�OWW�P̀M�okb�XOLNQLN�YXVZ�[�q̂r�Z_�dnmstougf�PV�[�vŵq�Z_�dnmsfx�ZVbP�WQyMWz�cmM�PV�P̀M�OcbVXUPQVL�VY�P̀M�bMXmZ�UXVPMQLb�dbV�aOWWMc�{UXVPMQL�aVXVLO|x�O�czLOZQa�aOZVm}ONM�XMbmWPQLN�YXVZ�P̀M�Oc̀MXMLaM�VY�UXVPMQLb�VL�P̀M�bmXYOaM�VY�okbf�Ob�bmNNMbPMc�UXMRQVmbWz�~z�iROby�MP�OŴg�̂��mbx�pM�ObbmZM�P̀OP�UXVPMQL�OcbVXUPQVL�OP�WMObP�UOXPWz�ZObyMc�P̀M�M�MaP�VY�ok�àOXNMb�QL�OWW�bm~bM�mMLP�M�UMXQZMLPb̂��M�cQbbVWmPQVL�OZVLN�eN�okb�pOb�P̀M�Q̀ǸMbP�QL�P̀M�aObM�VY��eNgs�OLc�P̀M�WVpMbP�QL�P̀M�aObM�VY�LeN̂����������������������������������������������������M�bzLMXNQbPQa�M�MaP�pOb��XbP�àOXOaPMXQSMc�mbQLN�jkli�aMWW�amWPmXM�PMbPQLN�ZMcQmZ�~MaOmbM�QP�aVLPOQLb�~WVVc�bMXmZ�pQP̀�NXVpP̀�YOaPVXbx�p̀Qà�ZOyMb�QP�bQZQWOX�PV�PXOLbmcOPM�P̀OP�OUUMOXb�cmXQLN�PQbbmM�QLYMaPQVL̂�eL�M�OZUWM�VY�P̀M�bzLMXNQbPQa�OLPQ~OaPMXQOW�M�MaP�VY�okb�Qb�b̀VpL�QL��QN̂�v̂��V�cMZVLbPXOPM�P̀M�bzLMXNQbPQa�M�MaPx�pM�mbMc�ZQLQZmZ�~OaPMXQaQcOW�aVLaMLPXOPQVL�dl�nx�P̀M�WVpMbP�PMbPMc�aVLaMLPXOPQVL�zQMWcQLN�LV�RQbQ~WM�~OaPMXQOW�NXVpP̀�VL�ONOXQbMc�NXVpP̀�ZMcQmZf�Ob�O�UXV�ẑ�� Q̀WM��w�ZN�W�eN�okb�VX��ww�ZN�W�nms�okb�pMXM�XM�mQXMc�PV�QXXMRMXbQ~Wz�QLOaPQROPM��������x�VLWz�\�ZN�W�eN�okb���g\�ZN�W�nms�okb�pMXM�LMMcMc�p̀ML�mbMc�QL�aVZ~QLOPQVL�d�QN̂�vf̂�V��mOLPQYz�OLc�aVZUOXM�P̀M�bzLMXNQbPQa�M�MaP�~MPpMML�cQ�MXMLP�okb�OLc�OZVLN�ROXQVmb�~OaPMXQOW�bPXOQLbx�pM�QLPXVcmaMc�P̀M�PMXZ�{aVM�aQMLP�VY�OLPQ~OaPMXQOW�bzLMXNz|x��de~�fx�b̀VpQLN�P̀M�OLPQ~OaPMXQOW�M�aQMLaz�VY�okb�aVZ~QLOPQVLb�dZQ�f�aVZUOXMc�PV�P̀M�bmZ�VY�P̀M�l�n�ROWmMb�VY�QLcQRQcmOW�okb�OLc�aOWamWOPMc�Ob�YVWWVpb�d �̂�vf¡ �mOPQVL�dvf�b̀Vpb�P̀M�aOWamWOPQVL�VY�aVM�aQMLP�VY�OLPQ~OaPMXQOW�bzLMXNz�d�de~�f�YXVZ�ZQLQZOW�~OaPMXQaQcOW�aVLaMLPXOPQVLb�dl�nf̂�QZQWOX�bzLMXNz�aOWamWOPQVL�̀Ob�~MML�XMUVXPMc�UXMRQVmbWz�YVX�ZMPOW�ZQ�PmXMb�~z�_OQczO�MP�OŴv]̂��de~�f�¢�v�ZOXyb�bzLMXNzx��de~�f�£�v�ZOXyb�OccQPQRM�M�MaP�VX��de~�f�¤�v�ZOXyb�OLPONVLQbẐ�QNmXM�v�cMZVLbPXOPMb�P̀OP�P̀M�l�n�VY�P̀M�ZQ�PmXM�VY�aeN�OLc�nms�okb�Qb�bMRMXOW�PQZMb�WVpMX�P̀OL�P̀M�l�n�VY�P̀M�aVZUVLMLPb�bMUOXOPMWẑ�eaaVXcQLN�PV�YVXZmWO�VY�¥¦§̈©ª«¬­® °̄±²­³°́°±²­³µ¶·̄±²­³°́±²­³̧ �£�v�dv�q���v�v]f�£�\̂¹¹̂��mbx�QL�P̀Qb�M�OZUWMx�P̀M�OLPQ~OaPMXQOW�M�MaP�VY�P̀M�ZQ�PmXM�pOb�\̂¹¹�PQZMb�̀QǸMX�P̀OL�P̀M�bmZ�VY�P̀M�OLPQ~OaPMTXQOW�M�MaPb�VY�P̀M�aVZUVLMLPb�bMUOXOPMWẑnOWamWOPQVLb�YVX�P̀M�ZQ�PmXM�VY�g\�ZN�º�VY��nm�s����\�ZN�º�VY�aeN�XMbmWP�QL�P̀M�bOZM��de~�f̂�uVpMRMXx��de~�f�Qb�WVpMX�QL�VP̀MX�ROXQOPQVLb�VY��nm�s��aeN�XOPQVb�dYVX�M�OZUWM�gww�ZN�º�VY��nm�s����v̂\�ZN�º�VY�aeN�
dvf»¼½¾¿À«ÁÂÃÄÅÆÇÈÉÊËÌÍÉÎËÏÐÌÉÑÌÊÒÌÓÄÅÆÇÈÉÊËÌÍÉÎËÏÐÌÉÑÉÔÇÊÏµÄÅÆÇÈÉÊËÌÍÉÎËÏÐÌÉÅÌÊÒÌÓÄÅÆÇÈÉÊËÌÍÉÎËÏÐÌÉÅÉÔÇÊÏÕ

Ö×ØÙÚÛ�ÜÝ���M�OLPQ~OaPMXQOW�bzLMXNz�~MPpMML��nm�s��OLc�aeN̂��Þ�ßàá��ß�â�������Tvg�bmbUMLbQVL�pOb�QLam~OPMc�pQP̀�cQ�MXMLP�aVLaMLPXOPQVLb�VY�MQP̀MX�eN�okbx��nm�s��VX�P̀MQX�aVZ~QLOPQVLb�QL�jkli�aMWW�amWPmXM�ZMcQmZ�YVX�g��̀̂�eãMX�QLam~OPQVL�¹�äW�VY�P̀M�~OaPMXQOTok�ZQ�PmXM�pOb�UQUMPPMc�VLPV�ONOXQSMc�~XVP̀�OLc�ZQLQZOW�~OaPMXQaQcOW�aVLaMLPXOPQVL�dl�nx�P̀M�WVpMbP�PMbPMc�aVLaMLPXOPQVL�zQMWcQLN�LV�RQbQ~WM�~OaPMXQOW�NXVpP̀�OãMX�g��̀�QLam~OPQVL�OP�¹h�ån�QL�P̀M�cOXyf�pOb�cMPMXZQLMĉ��M�aVLaMLPXOPQVLb�VY�aeN�OLc��nm�s��OXM�b̀VpL�VL�P̀M�O�Mb̂��M�ZQLQZOW�~OaPMXQaQcOW�aVLaMLPXOPQVL�VY��nm�s��OLc�aeN�pMXM��ww�ZN�º�OLc��w�ZN�º�XMbUMaPQRMWẑ
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666�789:;<�=�>?@=A<79ABA=;<C�;9@?DEFGHIJKL�MJ�NEOJIJPQJ�RJGSJJP�TUVRWK�NJXJPNEPY�ZP�[H\VY�I]GEZ�Ê�̂_ZSP�EP�WHXX̀JDJPG]Ia�bEYL�cL�MJ�_EY_ĴG�TUVRWK�S]̂�DẐG̀a�ZR̂JIdJN�ĤEPY�G_J�I]GEZ�eIZD�cfc�GZ�cgLhfc�[H\VYLi���jk�����kl��m���nm�o����o�o�����p��qr���s������t�uv[�d]̀HĴ�Ze�NEOJIJPG�[H�QZDXZPJPĜ�]̀ZPJ�]PN�EP�G_J�DEFGHIJ�SEG_�QVY�EP�NEOJIJPG�R]QGJIE]�]IJ�̂_ZSP�EP�WHXX̀JDJPG]Ia�w]R̀J�cL�uv[�eZI�NEOJIJPG�R]QGJIE]�SJIJ�̂EDÈ]Ix�JFQ̀HNEPY�yz�{|}~�����{x�S_EQ_�S]̂�IĴÊG]PG�GZ�[H�QZDXZHPN̂x�NĴXEGJ�QVY�uv[�eZI�yz�{|}~�����{�RJEPY�̂EDÈ]I�GZ�G_]G�Ze�ZG_JI�R]QGJIE]L[]̀QH̀]GJN�TUVRWK�eZI�NEOJIJPG�R]QGJIE]�Ê�̂_ZSP�EP�bEYL�gL�MJ�JdENJPG�]PGER]QGJIE]̀�̂aPJIYÊGEQ�JOJQG�RJGSJJP�DẐG�Ze�G_J�[H�QZDXZHPN̂�]PN�VY���̂�S]̂�eZHPN�UbEYL�gx�WHXX̀JDJPG]Ia�w]R̀J�cKLVDZPY�[H����̂x�G_J�_EY_ĴG�TUVRWK�SEG_�QVY�S]̂�ZR̂JIdJN�SEG_�HPeHPQGEZP]̀E�JN�[H��]PN�ĴXJQE]̀̀a�[H����gx�RZG_�XẐEGEdJ̀a�Q_]IYJNL�MJ�̀ZSĴG�TUVRWK�S]̂�ZR̂JIdJN�SEG_�PJY]GEdJ̀a�Q_]IYJN�[H��[���x�RJEPY�DẐG̀a�̀ZSJI�G_]P�gL�MÊ�̂HYYĴĜ�G_]G�G_J�XIÊGEPJ�Q_]IYJ�Ze�[H����̂�UIJ�JQGJN�EP��JG]�XZGJPGE]̀�EP�u��S]GJIK�]OJQGJN�]PGER]QGJIE]̀�̂aPJIYaL��PGJIĴGEPỲax�G_J�Q_]IYJ�Ze���̂�S]̂�HPEeZID�EP�QJ̀̀�QH̀GHIJ�DJNEHD�NHJ�GZ�XIZGJEP�QZIZP]�Uw]R̀J�cKL�MÊ�̂HYYĴĜ�G_]G�̂ZDJ�XIÊGEPJ�̂HIe]QĴ�Ze���̂�IJD]EPJN�]d]È]R̀J�JdJP�]�JI�eZID]GEZP�Ze�G_J�XIZGJEP�QZIZP]�EP�QJ̀̀�QH̀GHIJ�DJNEHDLMJ�_EY_ĴG�TUVRWK�S]̂�ZR̂JIdJN�eZI��z��{|�{����]PN��z������URZG_�T�cg�]PN��Wv�KL��G�Ê�EPGJIĴGEPY�GZ�PZGJ�G_]G��z�������Wv��Ê�DZIJ�IĴÊG]PG�GZ�]PGEREZGEQ̂�QZDX]IJN�GZ��z������Tcg�]PN�S]̂�]̀̂Z�DZIJ�IĴÊG]PG�GZ�QVY�EP�G_Ê�̂GHNaL��ZSJdJIx�TUVRWK�d]̀HĴ�SJIJ�̂EDÈ]I�EP�G_J�Q]̂J�Ze�G_ĴJ�R]QGJIE]L�bZI��z��{|�{���x�_EY_�TUVRWK�S]̂�ZR̂JIdJN�eZI�]̀̀�QZDREP]GEZP̂�G_]G�D]a�RJ�G_J�IĴH̀G�Ze�e]̂GJI�I]GJ�Ze���V�NĴGIHQGEZP�Ra�[H�QZDXZPJPĜ�QZD�X]IJN�GZ��PGJIZR]QGJIE]�ÛHQ_�]̂��z�����KghLyz�{|}~�����{�_]N�G_J�̀ZSĴG�TUVRWK�eIZD�]̀̀�G_J�R]QGJIE]�GĴGJNL�MJ�IJ]̂ZP�eZI�G_]G�QZH̀N�RJ�G_J�XZSJIeH̀�]PGENIHY�J�HF�̂âGJD�]PN�NJQIJ]̂JN�ZHGJI�DJDRI]PJ��XJIDJ]RÈEGag�Li���jk�����kl��m���nm�o����o�o�����p��in���s������t��J�QZPNHQGJN�]NNEGEZP]̀�̂GHNEĴ�SEG_�d]IE�ZĤ�VY���̂�]PN��VY����GZ�NJGJIDEPJ�S_EQ_�Ze�G_JD�SZH̀N�_]dJ�̂GIZPYJI�]PGER]QGJIE]̀�̂aPJIYa�SEG_�G_J�[H�QZDXZPJPĜLWHXX̀JDJPG]Ia�w]R̀J�g�̂_ZŜ�G_J��PNEPŶ�Ze�uv[�EP��z������T�cg�SEG_�d]IEZĤ�VY�]PN�[H�QZDXZPJPĜ�EP�G_J�DEFGHIJ�]PN�]̀ZPJL�MJ�Q]̀QH̀]GJN�TUVRWK�]IJ�̂_ZSP�EP�bEYL��L�_JP�DEFJN�SEG_�[H�QZDXZPJPĜx�DẐG�Ze�VY���̂�̂_ZSJN�_EY_�TUVRWKL��P�QZPGI]̂Gx��VY����NEN�PZG�NJD�ZP̂GI]GJ�̂GIZPY�]PGER]QGJIE]̀�̂aPJIYa�SEG_�[H�QZDXZPJPĜ�UbEYL��x�WHXX̀JDJPG]Ia�w]R̀J�gKL�MJ�_EY_ĴG�TUVRWK�SJIJ�ZR̂JIdJN�eZI�G_IJJ�DEFGHIĴf�QVY�SEG_��[HW���]PN�PVY�SEG_��[HW��\[H����gL�MJ�e]QG�G_]G��[HW���]PN�[H����g�SJIJ�SJ̀̀�NÊ̂Z̀dJN�Uw]R̀J�cK�]PN�G_Ĥx�SJIJ�]�̂ZHIQJ�Ze�[H�EZP̂x�̂HYYĴĜ�G_]G�[H�EZP̂�]IJ�IJ�HEIJN�eZI�̂aPJIYaL�MJ�]GaXEQ]̀�TUVRWK�IĴH̀G�S]̂�EP�G_J�DEF�Ze��VYg��]PN��[HW���UPZ�̂aPJIYaKL��P�QZPGI]̂G�GZ�QVY�]PN�PVYx��VYg����̂�SJIJ�DZIJ�ZFENE�JN�UNÊ̂Z̀dJNKL�MĴJ�N]G]�̂GIZPỲa�EPNEQ]GJ�G_]G�PZP�ZFENE�JN�VY���̂�]PN�[H�EZP̂�]IJ�RZG_�IJ�HEIJN�GZ�]Q_EJdJ�G_J�̂GIZPY�]PGER]QGJIE]̀�̂aPJIYÊGEQ�JOJQGLi���jk�����kl��m���nm�o����o�o�����p��jk�����kl�s�o�rst��JFGx�SJ�̂GHNEJN�S_JG_JI�G_J�QH̀GEd]�GEZP�DJNEHD�_]N�]P�JOJQG�ZP�]PGER]QGJIE]̀�̂aPJIYaL�uv[�Ze�QVYx��[HW���]PN�G_JEI�DEFGHIĴ�EP�NEOJIJPG�DJNE]�

��� ¡¢�£¤��[ZJ¥QEJPG�Ze�]PGER]QGJIE]̀�̂aPJIYa�RJGSJJP�QVY�]PN�QZXXJI�QZDXZPJPĜ�EP�NEOJIJPG�R]QGJIE]�EP�G_J�¦�u��QJ̀̀�QH̀GHIJ�DJNEHDL�MJ�DJ]P�d]̀HĴ�SEG_�̂G]PN]IN�NJdE]GEZP�]IJ�̂_ZSPL�§y�̈�©L©hª�§§y�̈�©L©cª�§§§y�̈�©L©©cL�QVYx�[Z]GJN�̂ÈdJI�P]PZX]IGEQ̀Ĵª�[H��[ZXXJI�ZFENJª�[H����gx�[ZXXJI�ZFENJ�QZ]GJN�SEG_�]DEPZ�YIZHX̂ª�[H��[���x�[ZXXJI�ZFENJ�QZ]GJN�SEG_�Q]IRZFa�YIZHX̂ª��[HW��x�[ZXXJI�̂H̀X_]GJL
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DE�EFGHI�DI�JKLLMNONIPQRS�TQUMN�VW�QIX�YZ[UJ\�DI�]D̂_�̀_�aI�UQbPNRDQM�̂RGHPF�ONXDKO�HDPF�FD̂F�bGIPNIP�Gc�LRGPNDIE�QIX�IKPRDNIPEW�YZ[UJ\�HQE�FD̂FNR_�dN�FD̂FNEP�YZ[UJ\�HQE�DI�ef�ONXDKO�QIX�PFN�MGHNEP�HQE�DI�gh�Z]D̂_�̀\_�aOLGRPQIPMSW�PFN�̂RGHPF�Gc�UQbPNRDQ�HQE�PFN�cQEPNEP�DI�ef�PGG�ZJKLLMNONIPQRS�]D̂_�i\_�dDE�EK̂ N̂EPE�PFQP�ESINR̂S�DE�OGRN�LRGODINIP�cGR�bNMME�DI�PFN�QbPDjN�QIX�XDjDXDÎ�LFQEN_�gGEP�LRGUQUMSW�DI�PFN�bGIXDPDGI�Gc�QbPDjN�UQbPNRDQM�̂RGHPFW�PFN�klE�QIX�ONPQM�DGIE�RNMNQENX�cRGO�PFN�klE�FQjN�UNPPNR�QbbNEE�PG�DIPRQbNMMKMQR�ELQbN�cGR�XNEPRGSDÎ�PFN��mk[in�QIX�XQOQ̂DÎ�LRGPNDIE_�aIPNRNEPDÎMSW�QMEG�PRQXDPDGIQM�QIPDUDGPDbE�DIQbPDjQPN�UQbPNRDQ�MNEE�NoNbPDjNMS�DI�PFN�IGIp̂RGHDÎ�LFQENW�NELNbDQMMS�qr�stuvtwix_yz��{��z|���{���}��~����~�������������|���������JNjNRQM�QXXDPDGIQM�PNEPE�HNRN�LNRcGRONX�PG�KIXNREPQIX�PFN�ONbFQIDEOE�Gc�QIPDUQbPNRDQM�ESINR̂S�UNPHNNI��K�QIX�[̂_�aP�HQE�FSLGPFNED�NX�PFQP�QIPDUQbPNRDQM�ESINR̂S�DE�Q�cKIbPDGI�Gc�PFN�XDoNRNIP�OGXNE�Gc�QbPDGI�Gc��K�QIX�[̂_�dN�DIPNRQbPDGI�Gc�UNPQpMQbPQO�QIPDUDGPDbEW�HFDbF�XQOQ̂N�PFN�UQbPNRDKO�bNMM�ONOURQINW�QIX�QODIĜMSbGEDXNEW�HFDbF�DIFDUDP�LRGPNDI�ESIPFNEDE�DI�UQbPNRDQW�DE�Q�HNMMp�IGHI�N�QOLMN�Gc�PFN�bMQEEDb�ESINR̂S�Gc�QIPDUDGPDbE_�dN�ESINR̂S�UNPHNNI�QODIĜMSbGEDXNE�QIX��pMQbPQOE�FQE�UNNI�QPPRDUKPNX�PG��pMQbPQOpONXDQPNX�ONOURQIN�XQOQ̂N�MNQXDÎ�PG�DIbRNQENX�KLPQ�N�Gc��QODIĜMSbGEDXNEi�_

������������GN�bDNIP�Gc�QIPDUQbPNRDQM�ESINR̂S�ZYZ[UJ\\�UNPHNNI�XDoNRNIP�[̂�QIX��K�bGOLGINIPE�DI��lga�bNMM�bKMPKRN�ONXDQ�HDPF��w��vu����s������Yp�i�EPRQDI_� ¡�¢�£_£¤¥�  ¡�¢�£_£�¥�   ¡�¢�£_££�W�¦¦¡�¢�£_£��QIPQ̂GIDEO_�§�̈v�YZ[UJ\�FQE�UNNI�bQMbKMQPNX�QE�ONQI�YZ[UJ\�cRGO�XDoNRNIP�N�LNRDONIPEW�IGP�cRGO�ONQI�gf��Gc�bGOLGINIPE�DI�PFN�OD��GR�QMGIN_�dN�ONQI�jQMKNE�HDPF�EPQIXQRX�XNjDQPDGI�QRN�EFGHI_�b[̂W��GQPNX�EDMjNR�IQIGLQRPDbMNE¥�I[̂W�kQIGEDMjNR¥��[̂i©W�JDMjNR�G�DXN¥��[̂k©VW�JDMjNR�IDPRQPN¥��K©W��GLLNR�G�DXN¥��K©ªk«iW��GLLNR�G�DXN�bGQPNX�HDPF�QODIG�̂RGKLE¥��K©ª�©©«W��GLLNR�G�DXN�bGQPNX�HDPF�bQRUG�S�̂RGKLE¥���KJ©̀W��GLLNR�EKMLFQPN_

�������¬����GN�bDNIP�Gc�QIPDUQbPNRDQM�ESINR̂S�DI�XDoNRNIP�ONXDQ_��GN�bDNIP�Gc�QIPDUQbPNRDQM�ESINR̂S�DI�PFN�OD�PKRN�Gc�bGQPNX�EDMjNR�IQIGLQRPDbMNE�QIX�bGLLNR�EKMLFQPN�DI�XDoNRNIP�̂RGHPF�ONXDQ�Q̂QDIEP��w��vu����s������Yp�i�EPRQDI_�dN�ONQI�jQMKNE�HDPF�EPQIXQRX�XNjDQPDGIE�QRN�EFGHI_�­®�gDMMDh�HQPNRW��lga_
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666�789:;<�=�>?@=A<79ABA=;<C�;9@?DE���F���GF��H�IJ�K�L�MG���N��������L�L�����L����L����OK�����KP��J����N�NO�K���LKNQKG�R�STU�VWXYZVU[\[�]̂[�ZV̂Z�YTU�Y_�ZVU�̀YaXYTUTZ[�bcd�Ye�fg�hi[j�k̂â gU[�ZVU�aUalêTU�ZY�̂�m̂egUe�UnZUTZo�̂mmY]\Tg�̂TYZVUe�̀YaXYTUTZ�ZY�XUTUZêZU�\TZY�ZVU�̀Umm�aYeU�Û[\mW�̂Tk�V̂ea�ZVU�\TZUeT̂m�[Zed̀ZdeU[p�iYmWqaWn\T�ro�]V\̀V�k\[edXZ[�ZVU�YdZUe�l̂ Z̀Ue\̂m�aUalêTU[�Y_�sêaqTUĝZ\tU��̀Umm[uvo�]̂[�d[Uk�̂[�̂�XY[\Z\tU�̀YTZeYm�\T�ZV\[�UnXUe\aUTZp�wY�tUe\_W�ZVU�VWXYZVU[\[o�ZVU�XUeaÛl\m\ZW�Y_�ZVU�YdZUe�aUalêTU�Y_�Z]Y�sêaqTUĝZ\tU�l̂ q̀ZUe\̂o�xy�z{|}�~q���̂Tk������{�{���������}�{���ifS�o�]̂[�aÛ[deUkp��U�eU[dmZ[�[VY]Uk�ZV̂Z��fghSu�̂Tk�̀fg�k̂â gUk�ZVU�YdZUe�aUalêTU�Y_�lYZV�l̂ Z̀Ue\̂�b�\g[p��̂oljp�̀fg�eU�d\eUk�aYeU�Z\aU�ZY�k̂â gU�ZVU�aUalêTU�ỲaX̂eUk�ZY��fghSuo�̂Tk��y�����}�{���[�aUalêTU�eU�d\eUk�aYeU�Z\aU�ZY�lU�k̂â gUk�̀YaX̂eUk�ZY�xy�z{|}y�cdS�hi[�̂Tk��cd�S��k\k�TYZ�̀̂d[U�eUâe�̂lmU�aUalêTU�k̂â gUo�U[XÙ\̂mmW�\T��y������}�{��p��\[�k̂Ẑ�[dggU[Z[�ZV̂Z�YTU�Y_�ZVU�]̂W[�ZY�\T̂ Z̀\t̂ZU�̀Umm[�\T�ZVU�̀̂[U�Y_�fg�̀YaXYdTk[�\[�lW�kU[ZeYW\Tg�ZVU�YdZUe�aUalêTU[�Y_�ZVU�l̂ Z̀Ue\̂o�]VUeÛ[�cd�̀YaXYdTk[�̂̀Z�YT�YZVUe�̀Umm�[Zed̀ZdeU[�bUtUT�V\gV�̀YT̀UTZêZ\YT[�Y_�cd�ZV̂Z�mÛk�ZY�̀Umm�kÛZV�\T����V�kY�TYZ�mÛk�ZY�êX\k�YdZUe�aUalêTU�kU[Zed̀Z\YTjp��UalêTU�kU[Zed̀Z\YT�lW�fg�̀Ydmk�VUmX�cd�ZY�eÛ V̀�ZVU[U�\TZUeT̂m�̀Umm�[Zed̀ZdeU[�\T�ZVU�̀̂[U�Y_�fg�̂Tk�cd�a\nZdeUp��UmW\Tg�YT�ZV\[�k̂Ẑ�]U�kÙ\kUk�ZY�ZU[Z�ZV\[�VWXYZVU[\[�lW�a\n\Tg�cd�̂Tk�fg�̀YaXYdTk[p�f�ZU[Z�]\ZV�̂�a\nZdeU�Y_�cd�̀YaXYdTk[�̂Tk�̀fg�]̂[�̂m[Y�̀YTqkd̀ZUkp�̀fg�k̂â g\Tg�̂̀Z\YT�YT�ZVU�aUalêTU�]̂[�dT̂�ÙZUk�lW�ZVU�̂kk\Z\YT�Y_��cd�S��Ye�cd�h���b�\gp��̀okjp�wU[Z[�]\ZV�ZVU�̂kk\Z\YT�Y_�cdS�cSS��Ye�cdS�ZY�̀fg�]UeU�̀YTkd̀ZUk�ZYYo�̂Tk�ZVU�̂kk\Z\YT̂m�kU[Zed̀Z\tU�U�ÙZ�YT�ZVU�aUalêTU�]̂[�TYZ�kUZÙZUk�bTYZ�[VY]Tj�̂[�]Umm�̂[�]\ZV�̂kk\Z\YT�Y_��cd�S��Ye�cd�h��p�fm[Yo�̂kk\Tg�Y_�cd�̀YaXYTUTZ[�ZY�iYmWaWn\T�ro�]V\̀V�êX\kmW�k̂â gU[�ZVU�YdZUe�aUalêTUo�k\k�TYZ�UTV̂T̀U�ZVU�U�ÙZ�Y_�iYmWaWn\T�r�YT�ZVU�aUalêTU�bk̂Ẑ�TYZ�[VY]Tjp��YeUYtUeo�ZVU�̂TZ\l̂ Z̀Ue\̂m�[WTUeg\[Z\̀�U�ÙZ�lUZ]UUT��cd�S��T̂k�iYmWaWn\T�r�\T�xy�z{|}�~q���\T��rc�ZU[Z�V̂[�TYZ�lUUT�kUZÙZUk�b~bfl�j����pv�����vp��uo�k̂Ẑ�TYZ�[VY]Tjp��d[o�]U�̀YT̀mdkUk�ZV̂Z�fg�̂Tk�cd�̂̀Z�k\�UeUTZmW�YT�ZVU�l̂ Z̀Ue\̂m�YdZUe�aUalêTU�ldZ�ZVU\e�̂̀Z\YT�YT�ZVU�YdZUe�aUalêTU�\[�TYZ�ZVU�â\T�̀̂d[U�Y_�̂TZ\l̂ Z̀Ue\̂m�[WTUegWp
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KeN� ¡¢£¤¥¦§̈ ©ª«¬­®̄°¢̄°±­¢²³́­̄²¬µ³­¶·³¢̧ ³¹©ª«¬­®̄°¢̄°±­¢²³́­̄²¬µ³­¶·­¶°¢¬º©ª«¬­®̄°¢̄°±­¢²³́­̄²¬µ³­¶»³¢̧ ³¹©ª«¬­®̄°¢̄°±­¢²³́­̄²¬µ³­¶»­¶°¢¬¼
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DEFGHI�JK��LMNOPQRSQPSQ�TU�VOTRQPRTW�VXSYQWOX�XR�WQXSYOTP�YT�STNZTPQPYR[�LMNOPQRSQPSQ�\L]̂�TU�_̀abcdeabef�aghe�i]jklj�ZmLSMQnopqrpSTZstMu�XR�X�WQXSYOTP�YT�v�w�OPSMVXYOTP�xOYw�STNZTPQPYR�XtTPQ�\ŷ[�zQ�RO{PO|SXPY�RwO}�TU�ZQX~�L]�YT�YwQ�tQ}�OP�YwQ�NOu�TU�STZZQW�STNZTPQPYR�xOYw�Ss{�STNZXWQ��YT�Ss{�XtTPQ�\�̂[�rT�RwO}�TU�ZQX~�L]�OP�YwQ�NOuYMWQ�TU�STZZQW�STNZTPQPYR�xOYw��s{r���STNZXWQ��YT��s{r���XtTPQ�\�̂[�nQZWQRQPYXYO�Q��O{MWQR�XWQ�UWTN���OP�QZQP�QPY�QuZQWONQPYR[�Ss{��]TXYQ��ROt�QW�PXPTZXWYOStQR���s{r����mOt�QW�POYWXYQ��]M���]TZZQW�TuO�Q��]M��r����]TZZQW�TuO�Q�STXYQ��xOYw�XNOPT�{WTMZR��]M��]�����]TZZQW�TuO�Q�STXYQ��xOYw�SXWVTu��{WTMZR���]Mm�v��]TZZQW�RMtZwXYQ[
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DEFGHIHEFJK�LMNONPJ�QRS�TOEGUDIHEF�VW�DXY�LPJ�ONZPO[PV\W�MHYMNO]�RF�IMN�DEFIOPOWK�IMN�PGGHIHEF�Ê��_USR̀�ONGUDNG�IMN�PZEUFI�Ê�QRS�TOEGUDIHEF�HF�DXY�JUJTNFJHEF�HF�VHEIHD�PFG�PVHEIHD�DEFGHIHEFJ�abHY]�cd]ePFY�PFG�P\]�afgfgd�JMELNG�IMPI�IMN�ON\NPJN�Ê��XYh�HEFJ�̂OEZ�ij�LPJ�JHYFHkDPFI\W�MHYMNO�HF�IMN�JE\UIHEF�LHIM�IMN�MHYMNO�DEFDNFIOPIHEF�Ê��_Ufh��HEFJfl]�X\JEK�IMN�MHYMNO�ON\NPJN�Ê��XYh�LPJ�ON\PING�IE�IMN�MHYMNO�INZTNOPIUON�PFG�\EFYNO�IHZN�Ê�ij��HFDUVPIHEFfm]�nHJ�ZNDMPFHJZ�Ê�JWFNOYW�HJ�HF�\HFN�LHIM�IMN�ONJU\IJ�Ê�EUO�JIUGW]RUO�ONJNPODM�MPJ�JMELF�IMPI�P�DEZVHFPIHEF�Ê�FEFoEpHGHqNG�XY�ijJ�PFG�_U�HEFJ�HJ�NJJNFIHP\�̂EO�IMN�JWFNOYHJIHD�PFIHVPDINOHP\�NrNDI]�nN�PFIHVPDINOHP\�JWFNOYW�VNILNNF�XY�ijJ�PFG�_U�DEZTEFNFIJK�PDDEOGHFY�IE�EUO�JIUGWK�MPJ�PI�\NPJI�IMONN�ONPJEFJ]�bHOJIK�_U�HEFJ�̂PDH\HIPIN�IMN�EpHGPIHEF�Ê�FEFoEpHGHqNG��XYg�ast]�ld�HF�P�ONGEp�ONPDIHEF�PFGK�PJ�P�ONJU\IK�VNIINO�GHJJE\UIHEF�Ê��XYh�̂OEZ�XY�ijJ�HF�JE\uNFIJ�HF�IMN�TONJNFDN�Ê��_Ufh�abHY]�vd]�wFGNNGK�FEFoEpHGHqNG��XYg�HF�ijJ�HJ�FNNGNG�̂EO�ONGEp�ONPDIHEF�LHIM��_Ufh�IE�TOEGUDN��XYh�PFG��_Uh]�xNIINO�GHJJE\UIHEF�Ê�XY�ijJ�\NPGJ�IE�P�MHYMNO�DEFDNFIOPIHEF�Ê��XYh�HF�IMN�JE\uNFI�PFG�HFIOPDN\\U\PO\W�HF�VPDINOHP�abHY]�ydK�DPUJHFY�P�JIOEFYNO�PFIHVPDINoOHP\�NrNDI]�nN�JNDEFG�ONPJEF�HJ�IMN�TOEGUDIHEF�Ê��_Uh�HEFJ�HF�IMN�JPZN�ONGEp�ONPDIHEF�ast]�ld]��_Uh�HEFJ�PON�ZEON�PFIHVPDINOHP\�DEZTPONG�IE��_Ufhlz]�nN�IMHOG�ONPJEF�HJ�IMPI�̂ONN�XY�HEFJ�VHFG�IE�TOEINHFJ�HF�IMN�DU\IUON�ZNGHUZ�\NJJ�NrNDIHuN\W�HF�IMN�TONJNFDN�Ê��_UfhK�ONJU\IHFY�HF�P�\POYNO�DEFDNFIOPIHEF�Ê�̂ONN��XYh�HF�IMN�JE\UIHEF�abHY]�vd]�nUJK�IMN�ON\NPJN�Ê��_Ufh�HEFJ�̂OEZ�_UR�ijJ�HJ�ONtUHONG�̂EO�IMN�JWFNOYHJIHD�PDIHEF]�X\\�Ê�IMN�GNJDOHVNG�TOEDNJJNJ�DPF�EDDUO�VEIM�NpIOPDN\\U\PO\W�PFG�HFIOPDN\\U\PO\WK�LMNONPJ�IMN�\PIINO�HJ�ZEON�MPOẐU\�IE�DN\\�MEZNEJIPJHJ]�{EONEuNOK�EIMNO�̂PDIEOJK�JUDM�PJ�qNIPoTEINFIHP\�PFG�ij�JUÔPDN�̂UFDIHEFP\HqPIHEF�ZHYMI�MPuN�JEZN�ZHFEO�NrNDIJ�EF�IMN�PFIHVPDINOHP\�JWFNOYW�VUI�HF�EOGNO�IE�TOEuN�IMPIK�̂UOIMNO�JIUGHNJ�PON�ONtUHONG]

|}~��������_EN�DHNFI�Ê�HFGUDIHuN�JWFNOYW�HF�P�ZHpIUON�Ê�_U�PFG�XY�DEZTEFNFIJ]�wFGUDIHEF�Ê�VHE\UZHFNJDNFDN�HF�VPDINOHP�LPJ�MHYMNO�HF�ONJTEFJN�IE�IMN�ZHpIUON�Ê�DXY�PFG�_U�DEZTEFNFIJ�DEZTPONG�IE�DEZTEFNFIJ�P\EFN]�nHJ�NFMPFDNG�ONPDIHEF�MPJ�FEI�VNNF�GNINDING�HF�IMN�ZHpIUON�Ê��XYiRl�PFG�_UR�ijJ]������g]g���������g]gm���������g]ggmK���XFIPYEFHJZ�����g]gm]�DXYK�_EPING�JH\uNO�FPFETPOIHD\NJ���XYiRlK�SH\uNO�FHIOPIN��_URK�_ETTNO�EpHGN��_UR�i�fK�_ETTNO�EpHGN�DEPING�LHIM�PZHFE�YOEUTJ��_UR�_RR�K�_ETTNO�EpHGN�DEPING�LHIM�DPOVEpW�YOEUTJ���_USR̀K�_ETTNO�JU\TMPIN]

|}~���������HJJE\UIHEF�Ê�JH\uNO�FPFETPOIHD\NJ]��HJJE\UIHEF�TNODNFIPYN�Ê�JH\uNO�DEZTEFNFIJ�amgg�ZY��d�HF�LPINO�PFG�HF�Qj{w�__{�LHIM�PFG�LHIMEUI�IMN�PGGHIHEF�Ê��_USR̀�àgg�ZY��d�P�NO�f̀�M�Ê�HFDUVPIHEF�HF�P�JMP[NO�PI�ly��_]������g]g���������g]gm���������g]ggm]�DXYK�_EPING�JH\uNO�FPFETPOIHD\NJ��FXYK�iPFEJH\uNO���XYfRK�SH\uNO�EpHGN���XYiRlK�SH\uNO�FHIOPIN���_USR̀K�_ETTNO�JU\TMPIN��Qj{w�__{K�QEJLN\\�jPO[�{NZEOHP\�wFJIHIUIN�DN\\�DU\IUON�ZNGHP]
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666�789:;<�=�>?@=A<79ABA=;<C�;9@?D���EF����GH�IJK�LM�NIOP�QPPJ�MRPK�RPSITIUPVW�IR�IJUXQIYUPTXIV�IHPJUR�RXJYP�IJYXPJU�UXZPR[�\MT�RUMKW�RN]̂PK�UNIU�UNP�IJUXQIYUPTXIV�P_PYU�]̀�UNP�abR�ZXcUMTP�Y]JUIXJXJH�GH�IJK�LM�Y]ZS]JPJUR�̂IR�MS�U]�RXc�UXZPR�NXHNPT�UNIJ�UNP�RMZ�]̀�UNP�IJUXQIYUPTXIV�P_PYUR�]̀�UNP�XJKXOXKMIV�Y]ZS]JPJUR[�dP�ZPYNIJXRZR�]̀�UNP�RWJPTHW�ITPe�QPUUPT�KXRR]VMfUX]J�]̀�GH�XJ�UNP�STPRPJYP�]̀�LM�X]JR�KMP�U]�]cXKIUX]J�XJ�UNP�TPK]c�TPIYUX]Jg�UNP�ST]KMYUX]J�]̀�Z]TP�IJUXQIYUPfTXIV��LMh�X]JR�KMTXJH�UNP�RIZP�TPK]c�TPIYUX]J�IJK�VPRR�̀IO]TIQVP�QXJKXJH�]̀�GH�X]JR�U]�ZPKXMZ�ST]UPXJR�XJ�UNP�STPRPJYP�]̀�LM�X]JR[�dP�IJUXQIYUPTXIV�RWJPTHW�QPÛPPJ�GH�IJK�LM�Y]MVK�QP�IJ�XKPIV�R]VMUX]J�̀]T�R]ZP�ZPKXYIV�ST]QVPZR�̂NPTP�UNP�PVXZXJIUX]J�]̀�XJ̀PYUX]J�XR�JPPKPK�IJK�̂NPTP�UNP�IJUXQIYUPTXIV�P_PYU�]̀�GH�]T�LM�IV]JP�XR�J]U�RMiYXPJU[�j]T�PcIZSVPg�UNP�TPRMVUR�]̀�UNP�RUMKW�YIJ�QP�MRPK�U]�KPOPV]S�Y]ZQXJIU]TW�JIJ]UPYNJ]V]HW�U]�QP�MRPK�XJ�IJUXQIYUPTXIV�̂]MJK�KTPRRXJHR�U]�UTPIU�XJ̀PYUPK�̂]MJKR[�kXJYP�UNP�UTPIUZPJU�]̀�R]ZP�QIYUPTXIV�̂]MJK�XJ̀PYUX]JR�XR�IJ�MJR]VOPK�ST]QVPZg�Y]ZQXJIU]TW�UTPIUZPJU�]̀�̂]MJKR�QIRPK�]J�LM�IJK�GH�abR�Y]MVK�TPKMYP�]̂MJK�XJ̀PYUX]J�Y]ZSVXYIUX]JR�lRMYN�IR�XJ̀PYUX]JfTPVIUPK�HIJHTPJPR�IJK�IZSMUIUX]JRm�IJK�XJYTPIRP�UNP�nMIVXUWfIKoMRUPK�VX̀P�WPITR�lpGqrm�]̀�SIUXPJUR[s��t�u��v�u�wv����vE�Dt�w��vE�x�GVV�UNP�YNPZXYIVR�̂PTP�IU�VPIRU�]̀�IJIVWUXYIV�HTIKP[�b]VWZWcXJ�y�IJK�aILV�̂PTP�SMTYNIRPK�̀T]Z�kXHZIfGVKTXYN�L][�lzkGm{��GHa\|�̀T]Z�}[~[�yI�PT�lzkGmg��LMk\��̀T]Z�GV̀I�GPRIT��ZQN���L][�l�PTZIJWm{���g��fKXYNV]T]KXNWKT]�M]TPRYPXJ�KXIYPUIUP�̀T]Z�qX̀P�~PYNJ]V]HXPR�lzkGm{�SN]RSNIUP�QM_PTPK�RIVXJP�̀T]Z�yX]HfJ]RU�lLT]IUXIm{�UTWSU]JPg�WPIRU�PcUTIYU�IJK�IHIT�̀T]Z�qIQ��lz�m{��b��������̂XUN�HVMUIZXJP�IJK�k]KXMZ�bWTMfOIUP�̀T]Z�L]TJXJH�lzkGm{�jPUIV�y]OXJP�kPTMZ�̀T]Z��XQY]�lzkGm[�v���v����E��������x�dTPP�UWSPR�]̀�̀MJYUX]JIVX�PK�IJK�MJ̀MJYUX]JIVX�PK�LM\�abR�̂PTP�]QUIXJPK�T̀]Z�bVIRZILNPZ��ZQ��l�PTZIJWm[�LM\�abR�̂PTP�RWJUNPRX�PK�QW�bVIRZILNPZ�QW�KPY]ZS]RXUX]J�]̀��LM�L\|l\�m�g�̀]VV]̂PK�QW�UNP�XJUT]KMYUX]J�]̀�UNP�RMT̀IYP�HT]MSR�OXI�UTPIUZPJU�̂XUN�ZPTYISU]ST]SX]JXY�IYXK[�L]IUPK�GH�abR�lYGHm�̂PTP�]QUIXJPK�̀T]Z�qIQ]TIU]TX]R�GTHPJ]V�k[�q[�lkSIXJmg�MJY]IUPK�GH�abR�lJGHm�̀T]Z�kXHZIfGVKTXYN�lzkGm[��GH�\�abR��lGH�\m�̂PTP�RWJUNPRX�PK�QW�MR�IR�KPRYTXQPK�QPV]̂[L]ZZPTYXIV�abR�̂PTP�ST]OXKPK�IR�KTW�S]̂KPTRg�IJK�UNP�RMRSPJRX]JR�̂PTP�̀TPRNVW�STPSITPK�PIYN�UXZP�QP̀]TP�UNP�UPRUR�IU�Y]JYPJUTIUX]JR�]̀������ZH�Y]ZS]MJK�V�XJ�PJK]U]cXJf̀TPP��XVVXfp��̂IUPT�l�pm[�~PJ�ZXVVXVXUPTR�]̀�LM\�abR�RMRSPJRX]JR�̂PTP�O]TUPcPK�IJK�R]JXYIUPK�MRXJH�ST]QP�R]JXYIUX]J�lyTIJR]J�����k]JX�PTg�zkGm�̀]T���ZXJ�X̂UN�IJ�IY]MRUXY�S]̂PT�]̀��|���Y]TTPRS]JKXJH�U]�UNP�RSPYX�Y�PJPTHW�]̀�|[�������}�Z|��[dP�Z]TSN]V]HW�IJK�STXZITW�RX�P�]̀�IVV�abR�PcYPSU��GH�\�̂PTP�YNITIYUPTX�PK�XJ�]MT�STPOX]MR��RUMKXPR�g�|g��[GH�\�abR�YNITIYUPTX�IUX]J�QW��fTIW�YTWRUIVV]HTISNW�IJK�~TIJRZXRRX]J�PVPYUT]J�ZXYT]RY]SW�̂IR�SPT̀]TZPK�IU�UNP�zJXOPTRXUW�]̀�~ITUM[�kYIJJXJH�UTIJRZXRRX]J�PVPYUT]J�ZXYT]RY]SW�lk~��m�ZPIRMTPZPJUR�̂PTP�ZIKP�̂XUN�LR�Y]TTPYUPK�j���~XUIJ�dPZXR�����XJRUTMZPJU[�kIZSVPR�̂PTP�STPSITPK�XJ�XR]ST]SWV�IVY]N]Vg�R]JXYIUPK�IJK�KPS]RXUPK�]JU]�YITQ]J��VZfY]OPTPK�~���HTXKR[�G�PT�POIS]TIUX]J�]̀�R]VOPJUg�UNP�RIZSVPR�̂PTP�ZPIRMTPK�̂XUN�QTXHNU��PVK�lyjm�IJK�NXHNfIJHVP�IJJMVIT�KIT�f�PVK�l�GG�jm�KPUPYU]TR�RXZMVUIJP]MRVW[�WKT]KWJIZXY�RX�P�l�Nmg�S]VWKXRSPTRXUW�XJKPc�lb��m�IJK��PUI�S]UPJUXIV�l PUIfS]UPJUXIVm�]̀�abR�̂PTP�ZPIRfMTPK�XJ�����ZH�V�RMRSPJRX]JR�XJ��p�̂IUPT�]T�XJ��]R̂PVV�bIT���PZ]TXIV��JRUXUMUP�l�b��m�YPVV�YMVUMTP�ZPKXMZ�X̂UN���¡�jyk�IJK��¡�R]KXMZ�SWTMOIUP�l�b���LL�m�MRXJH��IVOPTJ� PUIRX�PT�l PUIRX�PT�aIJ]f kg��IVOPTJ��JRUTMZPJURg�z�m[dP�ZPUIV�Y]JUPJU�]̀�UNP�UPRUPK�Y]ZS]MJKR�̂IR�KPUPTZXJPK�MRXJH�IU]ZXY�IQR]TSUX]J�RSPYUT]RY]SW�lGGkm�lY]JUTGG����g�GJIVWUX��}PJI�GHm[��IUPTXIVR�IJK�JIJ]SITUXYVPR�̂PTP�XJYMQIUPK�XJ���Zq�]̀�Y]JYPJUTIUPK���a\|�laXUTXY�GYXK�~TIYP�PUIV��TIKP���¢��¡g�kPIRUIT�LNPZXYIVRm�̀]T����N�IU���£�L[�G�PT�XJYMQIUX]Jg�UNP�RMRSPJRX]J�ÎR�O]TUPcPK�IJK�KXVMUPK��e�����XJ��¡���a\|[�dP�UXRRMP�IJK�QV]]K�RPTMZ�̂PTP�XJYMQIUPK�XJ����\��lbPTKT]HPJ�|�¡g�kXHZIfGVKTXYNm�IJK�Y]JYPJUTIUPK���a\|�IU�UNP�̀]VV]̂XJH�TIUX]��e�e��lUXRRMPe����\�e���a\|m�IJK�XJYMQIUPK�]̀T����N�IU���£�L[�G�PT�XJYMQIUX]Jg�UNP�RMRSPJRX]J�̂IR�KXVMUPK����UXZPR�XJ��¡���a\|�IJK�IJIVW�PK�QW�GGk[�dP�ZPIRMTPZPJUR�̂PTP�K]JP�XJ�UTXSVXYIUP�XJ�IU�VPIRU�Û]�XJKPSPJKPJU�PcSPTXZPJUR[����v�v������¤���E¥����¦�u���v���v����E�����§̈©ª�x�GJIVWUXYIV�TPIHPJU�HTIKP�lIJNWKT]MRg�̂XUN�SMTXUW�]OPT���[�¡m�RXVOPT�JXUTIUP�l��ZZ]Vg��[���Hm�̂IR�KXRR]VOPK�XJ����Zq�]̀����̂IUPT�IJK�MVUTIR]JXYIUPK�̀]T���ZXJ�U]�IYNXPOP�I�N]Z]HPJP]MR�R]VMUX]J�IU�T]]Z�UPZSPTIUMTP[G�PT�UNP�RXVOPT�JXUTIUP�̂IR�U]UIVVW�KXRR]VOPKg�R]KXMZ�NWKT]cXKP�l���ZZ]Vg��[|��Hm�̂IR�R̂X�VW�IKKPK�U]�UNP�TPIYUX]J�ZXcUMTP�IU�IZQXPJU�Y]JKXUX]JR�IJK�MVUTIR]JXYIUPK�̀]T���N[dP��JIV�R]VMUX]J�̂IR�Y]]VPK�K]̂J[�dPJ�UNP�]QUIXJPK�QVIY�XRN�STPYXSXUIUP�̂IR��VUPTPK�]J�UNP��NIUZIJ��VUPT�SISPT�l�TIKP��m�IJK�nMPJYNPK�ÛXYP�̂XUN����Zq�]̀��p�̂IUPT[�dP�QVIY��TPRXKMP�̂IR�UNPJ�KTXPK�IU���L�̀]T����N�ST]OXKXJH�WXPVKR�]OPT���¡[D�EE�«v�����vE���EE�x�¬­®̄°±²®̄²³�®́µ²���������f���l¬¶®́µ²��f��m�l]QUIXJPK�̀T]Z�UNP�¬¶�®́µ²�HPJPUXY�RU]Y��YPJUPTg�rIVP�zJXOPTRXUWmg�¬­®̄°±²®̄²³�®́µ²��kyq�·XR]VIUPK�̀T]Z�UNP�MTXJP�]̀����W[][�ZIVP�SIUXPJU�̂XUN�YNT]JXY�ST]RUIUXUXR�XJ��PRUf~IVVXJJ�LPJUTIV��]RSXUIVmg�̧­°¹º́»́¼³­�³°±¹½²¼́­³�bG\��l]QUIXJPK�̀T]Z�bT]̀[�bIUTXY��bVPRXIUg�yPRIJYg�jTIJYPmg�¾¿±°À¿́®́®®¹­�ºÁ­½³µ³®¿²³°��k���|g����l]QUIXJPK�̀T]Z��PTZIJ�L]VVPYUX]J�]̀��XYT]]THIJXRZR�IJK�LPVV�LMVUMTPR�]̀�qPXQJX���JRUXUMUPg�yTIMJRYN̂PXHg��PTZIJWmg�TPY]ZQXJIJU�QX]VMZXJPRYPJU�¬¶�®́µ²��L�����lSkqYMP��S�abY]SGVMcg�Y]JRUTMYUPK�XJ�]MT�VIQ]TIU]TW�STPOX]MRVW�QW��OIR��PU�IV[|�mg�¬¼¿°±́®́®®¹­�Â³°®³µ²­�G~LL���g����l]QUIXJPK�̀T]Z�UNP��PRUf~IVVXJJ�LPJUTIV��]RSXUIVm�IJK�¾¿³À̄Áµ́®́®®¹­�³¹±°¹­�G~LL���g��|�l]QUIXJPK�̀T]Z�UNP��PRUf~IVVXJJ�LPJUTIV��]RSXUIVm�̂PTP�RU]TPK�]J�IHITX�PK�qMTXI¢yPTUIJX�ZPKXMZ�lqyg��¡�UTWSU]JPg��[�¡�WPIRU�PcUTIYUg��[�¡�aILVg��[�¡�IHITm�IJK�QP̀]TP�UNP�UPRUR�YMVUXOIUPK�XJ�|�Zq�]̀��b���IU�|��ÃL�̂XUN�RNI�XJH�IU�����TSZ�]OPTJXHNU[�G�PT�]OPTJXHNU�YMVUXOIUX]Jg�����ÄV�]̀�XJ]YMVMZ�̂IR�ZXcPK�̂XUN����Zq�]̀��b���LL��IJK�XJYMQIUPK�
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ÂÃÄÅÆÇÈÉÃÊËÉÌÄÍÎ ÏÐÑÒÓÔÌÕÏÐÖÒÆ×ØÙÉÅÃÄ



��������	
��
���������������������� �!�����������	����
����	���!� "##$%&''()*+),-'�.+�.�/'%0�12/3.4�3�505.34
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666�789:;<�=�>?@=A<79ABA=;<C�;9@?�DEF�GHIJK�GF�LM�NOP�QRSRTUVWRIX�UY�HIXZ[ZU\TW�IHIU]UWVÛZXR̂_�̀Jabc�[ZWRXHTTZ]�IHIUVHdXZ]TR̂�̂eIXfR̂ZgRh�UI�XfR�̂cdYH]R�UY�JdHVfRIR�UiZhR�IHIÛfRRX̂F�jkl�jmmOP�nNMLoP�pqMLorNsLt�uvK�EwxDyzEwxE{�|D}D}~F�D{F��SĤ�K�̀F�LM�NOP��UiZ]ZXe�UY����WRXHT�UiZhR�IHIUVHdXZ]TR̂�XU�XfdRR�WHWWHTZHI�]RTT�XeVR̂�ZI�SZXdUF�k�ooP���mP�nL�P�k�L�P�u�K����{z��D��|D}�w~F�DwF��HdIR̂K��F��FK�bHSR̂K��F����RRSZTK�bF��F��R]fHIẐW�UY�]UVVRd�̂cdYH]R�XUiZ]ZXe�ZI��ts�Lo�s��N�s�O����w�_���HIh��HTWUIRTTH�ZISUTSR̂�ZWWRhZHXR�WRW[dHIR�hRVUTHdZgHXZUI�YUTTU�Rh�[e�̂TU�Rd�dHXR�UY�Q�̀ �hR̂Xdc]XZUI��fZ]f�hZ�Rd̂�YdUW�XfHX�U[̂RdSRh�YUd��dHW�VÛZXZSR�[H]XRdZHF��q��o�qP�n�so����OP�u�K���E}z��{E�|D}�D~F�DyF��ZK��F� FK� fHIJK��F���¡UUTRK��F��IXRdVTHe�[RX�RRI�XfR��Rì��Ri¢��Vd��WcTXZhdcJ�R£ci�̂êXRW�HIh�XfR�UcXRd�WRW[dHIR�[HddZRd�ZI�XfR�WcTXZVTR�HIXZ[ZUXZ]�dR̂ẐXHI]R�UY�¤tL�����qNt�NLo�¥�q�tNF�¦P�jqM���so��P�k�L��M�LoP���K�{EEz{Ey�|D}}}~F�D�F��HdIR̂K��F��FK��dRRIK��F��FK��Z]fRT̂K��F��F����RRSZTK�bF��F�¢ZU]ZhHT�R§]H]e�UY�]UVVRd�HTTUê�HJHZÎX�VHXfUJRIZ]�RIXRdU]U]]Z�ZISUTSR̂�hRJdHhHXZUI�UY�JRIUWZ]�HIh�VTĤWZh�Q�̀ F̂�jmmOP��q��o�qP�n�so����OP�̈©K�wE�}zw{}��|D}�}~F�DxF�ªIJK�«F��F��FK�¡Hh[RdJK�¬F��FK��WZXfK��F��FK��HIK�ªF��F���bfRdc[ZIK�bF�ªF�¢H]XRdZ]ZhHT�R�R]X̂�UY�HIXZ[ZUXZ]̂�UI�̂TU�Te�JdU�ZIJ�HIh�IUIJdU�ZIJ�[H]XRdZHF�jqM���so��P�j¥LqMt�k�L��M�LoP�­�K��xD{z�xDx�|����~F�D�F��UfHÎ�ZK��F�̀FK�Q�eRdK�QF�GF���bUTTZÎK�GF�GF��U��HIXZ[ZUXZ]̂��ZTT�[H]XRdZH_�¬dUW�XHdJRX̂�XU�IRX�Ud�̂F�®NMP�̄L�P�n�so����OP�°K�{DEz{Ew�|D}�}~F�E}F��Uc[HdR]�K�bF�̀F�¡UTeWeiZÎ�HIh�[H]XRdZHT�WRW[dHIR̂_�̀�dRSZR��UY�HIXZ[H]XRdZHT�H]XZSZXe�HIh�WR]fHIẐŴ�UY�dR̂ẐXHI]RF�nL�±�oNqLt�u²K��zE}F�fXXV̂_aa�hUZF�UdJa��}F�EE�}a�WRW[d�HIR̂��}}x}��x��|D}D}~F�E�F�QcVUIXK�bF��FK��dĤ̂K��F���«RÎZIJK�bF�bUVVRd�XUiZ]ZXe�HIh�XfR�UdZJZI�UY�[H]XRdZHT�dR̂ẐXHI]R³�R��ZÎZJfX̂�HIh�HVVTZ]HXZUÎF�nLMNOO���st�­K���}��|D}��~F�EDF�bfUZK��F����cK� F��ZgR�hRVRIhRIX�HIh�dRH]XZSR�UieJRI�̂VR]ZR̂�dRTHXRh�IHIÛZTSRd�XUiZ]ZXe�XU�IZXdZYeZIJ�[H]XRdZHF��q��o�qP�ls�P��Ls�q�OP��vK�{wxEz{wxx�|D}}x~F�EEF�¢UIhHdRI�UK��F�LM�NOP��UiZ]ZXe�UY�̀JK�bc��HIh� I��IHIUVHdXZ]TR̂�XU�̂RTR]XRh�RISZdUIWRIXHTTe�dRTRSHIX�XR̂X�UdJHIẐŴ�HIh�WHW�WHTZHI�]RTT̂�ZI�SZXdU_�̀�]dZXZ]HT�dRSZR�F�jos�P���́�s�OP�°̈K���x�z�D}}�|D}�E~F�E{F��ŜH�K�̀FK�«µTUSHK��F����HfdcK�̀F�̀�̂cZXR�UY�dR]UW[ZIHIX�TcWZIR̂]RIX�[H]XRdZHT�̂XdHZÎ�YUd�XfR�¶cHIXZ\]HXZUI�UY�[ZUHSHZTH[TR�fRHSe�WRXHT̂�HIh�XUiZ]ZXe�XR̂XZIJF�·nk�·��MLs�q�OP�̧K��z�w�|D}}�~F�EwF��IHIHhfĤK�QF�¡FK�¢RI�¹UWĤK��FK�¹UWĤK�«FK�«HZ]fcdK�̀F��F���bfH�dHSUdXXeK�QF��IXRdH]XZUI�UY�̂ZTSRd�IHIUVHdXZ]TR̂��ZXf�̂RdcW�VdUXRZÎ�H�R]X̂�XfRZd�HIXZWZ]dU[ZHT�H]XZSZXe�ZI�SZSUF�jqM���so��P�j¥LqMt�k�L��M�LoP��̈K�{�{wz{�ww�|D}�E~F�EyF�¡UVUSK��F�LM�NOP�¬H]XUd̂�RIfHI]ZIJ�XfR�HIXZ[H]XRdZHT�R�R]X�UY�WUIUSHTRIX�]UVVRd�ZUÎF�k�ooP�n�so����OP�̈̈K�Ey�zEyx�|D}D}~F�E�F��HVfZRdK��FK��ZT[Rd̂XRZIK�ªFK��fUXTHIhK�ºFK�¡UVUSK��F����HVfZRdK��F�¡dRSHTRI]R�UY�WUIUSHTRIX�]UVVRd�USRd�hZSHTRIX�ZI��ZTTZIJ��ts�Lo�s��N�s�O��HIh�lMNm�»O�s�ss�t�N�oL�tF�k�ooP�n�so����OP�̈�K�{Dyz{E}�|D}�x~F�ExF�«HVẐHdhHK��F�̀FK��UIXRTUIJUK��F�«FK�¬HdZĤK�«F��F����Ĥ̂HK�ªF��F�bfHdH]XRdZgHXZUI�UY�HI��̀ Q��TZI�Rh�]cVdZ]�dRhc]XĤR�H]XZSZXe�YdUW�XfR��ts�Lo�s��N�s�O��dR̂VZdHXUde�]fHZIF�jos�P�·��s�L�P�·��m�»tP�­̈²K��{Ez�w}�|����~F�E�F��cVVZhHXfZK��F���¡RdcWHTK�¡F�̀J¼bc�¼bc|��~D_�̀�̂eIRdJẐXZ]�]HXHTêX�YUd���D�D�hRXR]XZUI��ZXf�VRdUiZhĤR�WZWZ]�H]XZSZXe��ZXfUcX�ZIXRdYRdRI]R�UY���DF�k�L��tMo»lLOLsM�©K��}DwEz�}Dw��|D}D�~F�{}F��½�ZIRIK�̀FK��HfdcK�̀FK��cdŴUUK��FK��c[UK�̀F��F���¢UIhHdRI�UK��F��F��UTc[ZTZXe�hdZSRI�XUiZ]ZXe�UY�bc��IHIUVHdXZ]TR̂�XU��bHbUD�]RTT̂�HIh��ts�Lo�s��N�s�O�_�ª�R]X�UY�̂UIZ]HXZUI�RIRdJe�HIh�XR̂X�RISZdUIWRIXF���́�s�OP�pq�¾�Mo��­©K���Dz����|D}�y~F�{�F�¢TZIUSHK��F�LM�NOP��UiZ]ZXe�UY�X�U�XeVR̂�UY�̂ZTSRd�IHIUVHdXZ]TR̂�XU�H¶cHXZ]�]dĉXH]RHÎ�¿Nm�q�N��N¥qN�HIh�ÀN�q�sLm�NO�t�mONM»�o�tF��q��o�qP�ls�P�¤�OO�MP�̄LtP�v²K�E{wyzE{yE�|D}�E~F�{DF��cVVZK��F�LM�NOP�̀�IUSRT�WRXfUh�YUd�]UWVHdẐUI�UY�[ZU]ZhHT�VdUVRdXZR̂�UY�IHIUWHXRdZHT̂�XU�[H]XRdZHK�eRĤX̂�HIh�HTJHRF�¦P�ÁNÂNo�P�nNMLoP�v°©K��wzx{�|D}�w~F�{EF��ZTSR̂XdUK��F�LM�NOP�̀IXZ[H]XRdZHT�HIh�HIXZWRW[dHIR�H]XZSZXZR̂�UY�]R]dUVZI�̀�ZI��ts�Lo�s��N�s�O�F�jqM���so��P�j¥LqMt�k�L��M�LoP���K�y}Dzy}��|D}}}~F�{{F��RTHIhRdK��F��F�¬TcUdUWRXdZ]�Ĥ̂ R̂̂WRIX�UY��dHW�IRJHXZSR�[H]XRdZHT�VRdWRH[ZTZgHXZUIF�D�EzD���|D}}}~F�{wF�GH[[RdK��F��F�̀F����XRVfRIK��F��F�¹R�XZXdZWRXdZ]�hRXRdWZIHXZUI�UY�]UVVRd|�~K�]UVVRd|��~�HIh�]UVVRd�WRXHT�ZI�HhWZiXcdRF�ÃoLtLq��tÄ�ÅL�Mts�o�Æ�rÇo�jqNO»M�ts�L�k�L��L�­uuK�Dw�zDy{�|��xD~FÈ�É��ÊË�ÌÍ�Î��� �R�XfHI��QdF��ZTTRW�̀dcUÏH�|�HXZUIHT��ÎXZXcXR�UY�bfRWZ]HT�¡fêZ]̂�HIh�¢ZUVfêZ]̂K�ª̂XUIZH~�YUd�ªIJTẐf�]Ud�dR]XZUÎ�UY�XfR�WHIĉ]dZVXFÈÐ�Ñ���������ÒÐ���� bUI]RVXcHTZgHXZUIK��F�FK��F¢FÓ�QHXH�]cdHXZUIK��F�F�HIh�̀F��F�FÓ�¬UdWHT�HIHTêẐK��F�FÓ��ISR̂XZJHXZUIK��F�FK�̀F��F�F�HIh��F¢FÓ��RXfUhUTUJeK��F�FK�̀F��F�FK��F¢FK��F�F�HIh�QF¢FÓ�¡dUÏR]X�HhWZIẐXdHXZUIK��F¢FK�̀F�FK�ºF�FÓ�«R̂Ucd]R̂K�F̀�FK�ºF�F�HIh��F¢FÓ��HTZhHXZUIK��F¢FÓ��ẐcHTZgHXZUIK��F�FÓ��dZXZIJ�hdHÔK��F�F�HIh��F¢FÓ�«RSZR��UY�WHIĉ]dZVXK��F�FK�F̀��F�FK��F¢FK��F�FK�QF¢FK�ºF�FK�̀F�F�̀TT�HcXfUd̂�fHSR�dRHh�HIh�HJdRRh�XU�XfR�Vc[TẐfRh�SRd̂ZUI�UY�XfR�WHIĉ]dZVXFÕÐ�Ì��Íª�b�̀]]RTRdHXUd��dHIX��UF���}���{y��|�̀ ����Ö�Q~�YdUW�XfR�ªcdUVRHI�bUWWẐ̂ZUI�|�dZJUde��ĤZTZRSK�ÌIH��ZẐH��c[UK��TR̂ÏH�¢UIhHdRI�U~F�������y��dHIX�YdUW�ª̂XUIZHI�«R̂RHd]f�bUcI]ZT�|�dZJUde��ĤZTZRSK�ÌIH��ZẐH��c[UK��TR̂ÏH�¢UIhHdRI�U~F�̀dRIJcYUIh×�¢��dHIX�YdUW�QRSRTUVWRIX�¬cIh�UY��HXZUIHT��ÎXZXcXR�UY�bfRWZ]HT�¡fêZ]̂�HIh�¢ZUVfêZ]̂�|�dZJUde��ĤZTZRSK�̀IIH��ZẐH��c[UK��TR̂ÏH�¢UIhHdRI�U~F�¡«��{���dHIX�YdUW�ª̂XUIZHI�«R̂RHd]f�bUcI]ZT�|̀IIR��Hfdc~F��dHIX�b����w�YdUW�ª̂XUIZHI�«R̂RHd]f�̀JRI]e�|QRIê�¢UIhHdK�ºRSJRI��HdVZ]fRS~F�¹R�̂Xche��Ĥ�VHdXZHTTe�̂cVVUdXRh�[e�XfR�ªcdUVRHI�«RJZUIHT�QRSRTUVWRIX�¬cIh�¡dUÏR]X�ØªWRdJZIJ�UdhRd̂�ZI�¶cHIXcW�HIh�IHIUWHXRdZHT̂Ù�|���E{~FÚ�Î�����Í������� � �F̀��F�FK��F�FK��F¢F�HdR�]U�YUcIhRd̂�UY��HIUdhZ]H��RhZ]HT�hRSRTUVZIJ�IHIUVHdXZ]TR�[ĤRh�HIXZ[H]XRdZHT�VdUhc]X̂F�F̀�FK�QF¢FK��F�F�HIh�ºF�F�hR]THdR�IU�]UWVRXZIJ�ZIXRdR̂X̂FÈÌÌ�����ÛË���Ü��ÎÛ����ÝÞßßàáâáãäåæç�èãéêæâåäëêã�¹R�UITZIR�SRd̂ZUI�]UIXHZÎ�̂cVVTRWRIXHde�WHXRdZHT�HSHZTH[TR�HX�fXXV̂_aa�hUZF�UdJa��}F��}Exa�̂{�w�x��}DE��Ey{y}�DFìêææáíßêãîáãïá�HIh�dR¶cR̂X̂�YUd�WHXRdZHT̂�̂fUcTh�[R�HhhdR̂̂Rh�XU��F¢Fðáßæëãäí�åãî�ßáæâëííëêãí�ëãéêæâåäëêã�Ẑ�HSHZTH[TR�HX����FIHXcdRF]UWadRVdZIX̂F
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83 

Appendix 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication III 

Kubo, A. L., Rausalu, K., Savest, N., Žusinaite, E., Vasiliev, G., Viirsalu, M., Plamus, T., 
Krumme, A., Merits, A., & Bondarenko, O. (2022). Antibacterial and Antiviral Effects 
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