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Introduction 
Increasing urban population density, affordable international transport and global 
production chains have increased the risk of potential pathogen spread from person to 
person and via high-touch surfaces in public spaces or high-risk applications over long 
distances. Increase in antibiotic-resistant nosocomial infections at health care facilities 
as well as risk of potential food-borne pathogen contamination in food and feed industry 
have also significantly raised the need to widen the means to reduce potential pathogen 
carryover. One of the solutions that could passively decrease the spread of pathogens is 
installing antimicrobial materials (e.g., solid surfaces, surface coatings, textiles) at the 
critical points of cross-contamination such as handrails, doorknobs, countertops, 
keyboards, furniture etc. Antimicrobial materials are widely marketed as consumer 
products but have not yet dominated the market nor are massively applied where they 
could be of most use.  

One of the reasons of moderate use of antimicrobial surface applications is the 
hardship of justifying the higher price of materials with reliable application-appropriate 
efficacy data. Although such data is legally needed to support antimicrobial claims on 
commercial products, relevant methodology is largely lacking, and protocols deeply 
rooted in laboratory practice or more elaborate standardized tests not tailored to specific 
applications are still widely used. These shortcomings are mostly caused by two main 
reasons. Firstly, the use of methods that rely on liquid exposure of active agents to 
bacterial cultures and cannot be directly adapted to 2D surface testing. Secondly, most 
methods specifically developed for surface testing are optimized for best case scenario 
of antimicrobial action and cannot be easily adapted to different real-life use conditions. 

The purpose of the current thesis was to characterize the interactions occurring 
between microbes and novel multimodal antimicrobial surfaces thereby contributing to 
targeted improvement of antimicrobial surface design as well as to adapt and optimize 
antimicrobial surface testing methodology. 

As a result of the study, new methods have been developed and existing ones critically 
evaluated highlighting novel limitations to widely used approaches. Applying the gained 
knowledge, the antimicrobial properties of the metal-based photocatalytic surfaces were 
characterized in depth. 

This thesis has been published as 4 peer-reviewed scientific articles. The results have 
been presented at the following international science events: Functional materials and 
Nanotechnologies-2017 (Tartu, Estonia, 2017; paper III), ASM Biofilms (Washington, DC, 
USA, 2018; paper II), FEMS2019 (Glasgow, UK, 2019; paper II), FEBS3+ (Riga, Latvia, 2019; 
paper II), Eurobiofilms (Glasgow, UK, 2019; paper II), several meetings and conferences 
of the COST AMiCI network (2017-2020; papers I-IV). 
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Abbreviations  
AATCC The American Association of Textile Chemists and Colorists 
ANOVA analysis of variance 
ASTM ASTM International, an international standards organization 
ATP adenosine triphosphate 
BPR Biocidal Product Regulation  
BSA bovine serum albumin  
c-di-GMP  cyclic diguanosine monophosphate 
CFU colony forming unit 
CLSM confocal laser scanning microscopy  
DIN The German Institute for Standardization 
DNA, eDNA deoxyribonucleic acid, extracellular DNA 
DNAse I deoxyribonuclease I 
e.g. exempli gratia; for example 
ECHA European Chemicals Agency 
ECM extracellular matrix  
EPA Environmental Protection Agency  
EPS extracellular polymeric substances  

ESKAPE 
antimicrobial-resistant ESKAPE pathogens i.e. Enterococcus 
faecium, Staphylococcus aureus, Klebsiella pneumoniae, 
Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter 
spp.  

et al. et alia; and others 
etc. et cetera; and so forth 
EU European Union 
FBS fetal bovine serum  
FDA fluorescein diacetate 
Fig. Figure 
i.e. id est; that is 
ISO International Organization for Standardization 
JIZ Japanese Industrial Standard 
LB lysogeny broth, also known as Luria–Bertani medium 
Log logarithm; used here to denote logarithm with base 10 
MBC minimal bactericidal concentration 
MBEC minimum biofilm eradication concentration  
MIC minimum inhibitory concentration  
NA, eNA nucleic acid, extracellular nucleic acid 
NIH National Institutes of Health 

NP nanoparticle 
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PBS phosphate buffered saline 
PI propidium iodide 
RH relative humidity 
RNA ribonucleic acid 
ROS reactive oxygen species  
SAF surface-associated amyloid fibers 
UVA ultraviolet A radiation 
VBNC viable, but not culturable  
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1 REVIEW OF THE LITERATURE 
In the following chapters literature relevant to the microbial lifestyles, surface-related 
antimicrobial strategies and testing methods of antimicrobial surfaces are reviewed to 
give an overview of how the multidisciplinary field of antimicrobial surface development 
and efficacy assessment relates to the broader context.  

1.1 Microbial lifestyles 
Microbes can either exist in free-living planktonic form such as many liquid cultures in 
classical microbiology or cellular aggregates forming biofilms at various air-liquid, 
liquid-solid or solid-air interfaces, on biotic or abiotic surfaces. Planktonic and biofilm 
lifestyles of microbes from the same clonal origin can result in remarkably different 
physiological profiles and tolerance to environmental stresses and vice versa, 
environmental factors can trigger biofilm formation or dispersion. Biofilms are microbial 
communities presenting in various forms from small aggregates of a few cells adhering 
to each other to complex surface-associated syntrophic communities (Fig. 1 and (West 
et al., 2006)). These communities are relatively protected from their immediate 
environment by self-produced extracellular matrix (ECM), low metabolic activity and 
structural as well as physiological heterogeneity as compared to more homogenous 
planktonic cultures (Stewart & Franklin, 2008; Stoodley et al., 2002). Complexity and 
heterogeneity build niches favoring different modes of interaction between community 
members and with the surrounding environment. Costerton et al. have defined biofilms 
simply as matrix-enclosed bacterial populations adherent to each other and/or to 
surfaces or interfaces and in their complexity compared them to tissues of eukaryotic 
organisms (Costerton et al., 1995). Etymology of the term biofilm since the first studies 
in the 1930s is recently well reviewed by Flemming et al. (Flemming et al., 2021).    

Figure 1. An image by a Leiden University microbiologist Shraddha Shitut (with permission) depicting 
human and microbial communities using various materials to build a hospitable environment creating 
niches favoring different modes of interaction between community members and with the 
surrounding environment. Much like human cities or termite mounds biofilms seem to represent J. S. 
Turner’s “extended physiology” in niche construction theory (Laland et al., 2016; J. S. Turner, 2000) at 
a microscale. Comparing biofilms to human cities nicely illustrates the dynamic heterogeneity of the 
systems and has also been used by others (Paula et al., 2020; Watnick & Kolter, 2000). 
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Where there is a surface, there is a biofilm. Biofilm is the naturally occurring 
predominant microbial lifestyle. It is estimated that up to 80% from the total of 1.2 × 1030 
bacterial and archaeal cells on earth live in biofilms (Flemming & Wuertz, 2019) with 
majority of the remaining planktonic cells found in pelagic oceanic habitats. Similar 
tendency is estimated to be true in medical field with up to 80% of human bacterial 
infections being caused by biofilms (NIH, 2002; Römling & Balsalobre, 2012) among 
which the antimicrobial-resistant ESKAPE pathogens  i.e. Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 
aeruginosa, Enterobacter spp. (Pendleton et al., 2013) have proved to be the most 
challenging to treat. The term biofouling is used to address formation of undesirable 
biofilms causing economic and/or medical damage in engineered environments or on 
biointerfaces. Measures to counteract biofilm formation include using antifouling 
surface materials as well as cleaning agents, soluble biocides, and antibiotics. Therefore, 
surfaces with antimicrobial activity preventing biofilm formation seem like a desirable 
tool in decreasing the bioburden on communal surfaces and pathogen carryover by 
fomites. Nonetheless, based on data in the peer-reviewed literature database Scopus, 
most publications about bacteria and archaea disregard biofilms (Fig. 2). Therefore, also 
methods for studying microbes in general as well as pathogenic species largely rely on 
results generated in planktonic cultures creating an unprecedented bias in our 
understanding about microbiology.  

Regarding antimicrobial efficacy testing using planktonic cultures one has to 
acknowledge that some amount of biofilm is always present in the system depending on 
the organism and volume to surface ratio of the vessel used. The amount of biofilm 
included in the viability endpoint measured depends partly on the liquid manipulation 
procedures as nicely visualized by Kragh et al. (Kragh et al., 2019). Therefore, hereinafter 
the term antimicrobial is used in a broader meaning denoting both action against 
planktonic and biofilm-residing organisms while the term antibiofilm is used for strategies 
specially targeting biofilms.  

As the biofilm lifestyle is more relevant to biofouling of surfaces it is reviewed in more 
detail in the next chapters. 
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Figure 2. Estimated proportions of microbes living in biofilms and infections caused by biofilms (left 
column) versus proportion of scientific literature about biofilms in the field (right column). Data 
retrieved in September 2021. 

1.1.1 The biofilm life cycle 
The biofilm life cycle is a dynamic cyclic process of attachment, maturation, and 
dispersion (Fig. 3), including the much-studied planktonic phase. Generally, formation of 
surface-bound biofilms starts with reversible attachment of cells to the substrate which 
is mainly driven by physical factors (e.g., surface charge, hydrophobicity, shear stresses). 
Reversible physical interaction with the surface is followed by community-orchestrated 
irreversible attachment, microcolony formation, ECM production, growth, maturation 
and active dispersion in response to local environmental cues (Rumbaugh & Sauer, 2020). 
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Figure 3. The biofilm life cycle. Surface colonisation is started by reversible attachment of microbial 
cells to the surface mainly due to physical forces followed by active process of irreversible 
attachment, differentiation and start of production of the extracellular matrix (ECM). The biofilm 
physiology is established during growth and maturation of the biofilm while balancing between 
syntropic relations and predation, responding to environmental cues etc. The majority of biofilm-
residing microbes can either passively disperse e.g., due to shear stress or physical erosion and 
continue as a biofilm or disperse actively in a regulation-controlled manner by releasing planktonic 
cells. These planktonic cells can spread and form new biofilm aggregates. Interventions to the 
process could target prevention of attachment, destruction of biofilm biomass or signalling for 
dispersion. 
 

Bacteria tend to form biofilms in response to commonly occurring physical and 
chemical stress factors such as nutrient limitation, light exposure, desiccation, extreme 
temperatures, pH or salt concentration etc., but also in response to sublethal exposure 
to antimicrobials (Linares et al., 2006; Penesyan et al., 2020) possibly largely via general 
stress response and c-di-GMP second messenger signaling (Hengge, 2009; Jenal et al., 
2017). Due to generally lower metabolic activity, secondary metabolism, encapsulation 
into the ECM etc. the formed biofilms can have magnitudes of order higher tolerance 
towards stressors, including common chemical treatments (Ceri et al., 1999; Olson et al., 
2002). Compartmentalization and spatially heterogeneous natural selection in a mature 
biofilm also contributes to antibiotic resistance development and transfer (France et al., 
2019; Olsen, 2015) as well as producing antibiotic-resistant bacteria that are more fit and 
not easily outcompeted in the absence of the drug (Santos-Lopez et al., 2019). It has been 
recently demonstrated that biofilms can also act as a reservoir for antimicrobial 
resistance elements (Røder et al., 2021). 

General understanding of the extracellular polymeric substances (EPS) in the biofilm 
matrix has changed in time from the sugar-based slime concept (Costerton et al.,  
1978; Limoli et al., 2015) to include other biopolymers such as several proteins,  
surface-associated amyloid fibers (SAFs) and critical dependence on extracellular DNA 
(eDNA) in biofilm formation (Flemming & Wingender, 2010; Seviour et al., 2019; 
Taglialegna, Lasa, et al., 2016; Whitchurch, 2002). The latter is not only important in 
surface-bound biofilms but also in aggregates more resembling chronic biofilm infections 
(Alhede et al., 2011) suggesting that eDNA has a more universal role in biofilm 
development. The general importance of eDNA in early phases of biofilm development 
is evident as many early monospecies biofilms of both Gram-positive and Gram-negative 
bacteria are eradicated or substantially impaired by DNase I treatment (Okshevsky & 
Meyer, 2015). DNase has also been suggested to be used as an antibiofilm strategy 
(Swartjes et al., 2013). Negatively charged eDNA can interact with positively charged 
ECM components (e.g., Pel polysaccharide in P. aeruginosa biofilms) forming structurally 
important interaction (Jennings et al., 2015). eDNA itself as well as DNA-binding proteins 
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in the biofilm ECM could be promising targets for biofilm eradication strategies (Novotny 
et al., 2021). Recent findings also begin to shed light to structural heterogeneity and 
possible functions of extracellular nucleic acids. For example, Thomas Seviour et al. 
recently showed that the ECM of Pseudomonas species contains extracellular DNA and 
RNA, including non-canonical DNA structures collectively contributing to ECM elasticity 
(Seviour et al., 2021) and Buzzo et al. demonstrated that it is the left-handed nuclease 
resistant Z-DNA that is abundant and structurally important in biofilm ECM of several 
bacterial species (Buzzo et al., 2021). eDNA has also been demonstrated to interact with 
SAFs possibly further enhancing biofilm formation (Fernández-Tresguerres et al., 2010; 
Schwartz et al., 2016; Van Gerven et al., 2018). However, not all amyloid fibers have the 
same effect. While SAFs participate in biofilm formation and are structural components 
of the biofilm ECM (Gallo et al., 2015; Oli et al., 2012; Romero et al., 2010; Schwartz  
et al., 2012, 2016; Taglialegna, Lasa, et al., 2016; Taglialegna, Navarro, et al., 2016), 
introduction of exogenous amyloid fiber forming peptides can inhibit biofilm formation 
by Streptococcus mutans, Streptococcus sanguis, S. aureus, Escherichia coli and Candida 
albicans (Chen et al., 2020) and may possess bactericidal properties (Bednarska et al., 
2016).  

1.2 Antimicrobial surfaces 
Antimicrobial surfaces have been proposed to prevent the spread of potentially 
pathogenic microbes that can be carried over by solid surfaces (Boyce, 2007; Otter et al., 
2011, 2015; Weber et al., 2010) and remain viable or infectious on surfaces for relatively 
long periods of time ranging from days to months depending on the microbial species 
and ambient conditions (Kramer et al., 2006).  

1.2.1 Interactions between antimicrobial surfaces and microbes 
Antimicrobial surfaces, designed to prevent surface colonization and/or kill the microbes 
can achieve antimicrobial activity in various ways (Adlhart et al., 2018) including physical 
mechano-bactericidal interaction (Linklater et al., 2021) but can be broadly divided into 
four main categories depicted on Figure 4:  

• anti-adhesive surfaces (e.g., superhydrophilic and superhydrophobic surfaces, 
nanopatterned and biomimetic surfaces acting via inhibition of microbial 
attachment);  

• contact-killing surfaces (covalently bound active agents, e.g., quaternary 
ammonium compounds acting upon direct contact between the microbe and 
the surface);  

• biocide releasing surfaces (e.g., metal surfaces, antibiotic releasing surfaces, 
acting via local or long-distance release of biocides)   

• photocatalytic/self-cleaning surfaces (mainly TiO2, ZnO)  
• or combination of the former resulting in multimodal surfaces.  

 
Choice of surface type and active agent depends on the application and environment 

where the surface is to be used. The latter are also important to consider when assessing 
the antimicrobial efficacy of any given surface application.  
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Figure 4. Main antimicrobial surface types. Viable bacteria are depicted in green, dead in red.  

Release-based metal surfaces are the most used historically in both marine 
antifouling (copper, organotin compounds) and everyday use items such as cooking 
utensils (silver spoons and water storage vessels, copper pots) and doorknobs to even 
early invasive medical applications (e.g., copper alloy plates to mend broken bones 
(Mitchell, 2016) or a quite exceptional case of using flattened silver coin to replace parts 
of the human skull (Barillo & Marx, 2014)). With the recent ban on ecotoxic organotin 
compounds in marine applications, re-emergent interest in copper and zinc is increasing 
in the field while silver and antibiotic releasing surfaces are still most researched for 
invasive medical applications (Rosenberg et al., 2019).   

Although release of the active agent from surface application into the surrounding 
environment could contribute to chemical pollution, it could also achieve higher 
antimicrobial efficacy. Infectious biofilms tend to appear as small aggregates generally 
less than 100 µm in diameter (Bjarnsholt et al., 2013) and in case of implant-associated 
infections can reside not only directly on the surface of the implant but in the surrounding 
tissue (Jensen et al., 2017). Such microbes may be inactivated by release-based surfaces in 
invasive medical applications, favouring their use over contact killing surfaces.  

While many of the possible antibiofilm strategies imply chemical treatment and/or 
physical removal of an already existing biofilm, biofilm formation inhibition is feasible 
to be achieved through targeted surface material development. Prevention, as opposed 
to eradication, also abrogates the need to remove the residual biomass that could be 
a substrate to de novo biofilm formation. Such surfaces could be either physically 
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anti-adhesive, contact-killing or biocide releasing in design thereby either preventing 
attachment of viable microbes or also killing planktonic microbes near or at the surfaces.   

Effective chemical treatment of established biofilms is notoriously harder to achieve 
than inactivation of planktonic microbes. For example, minimum biofilm eradication 
concentration (MBEC) of widely used antibiotics towards pathogenic microbes can be up 
to 1000 times higher than their minimum inhibitory concentration (MIC) towards 
planktonic cultures (Ceri et al., 1999; Olson et al., 2002). Metal-based antimicrobial 
applications on the other hand are especially promising, as they have proven to be 
effective against both planktonic and biofilm communities in similar concentrations 
(Harrison et al., 2004).Therefore, the focus of the following chapters is directed towards 
metal-based surfaces. 

1.2.2 Antimicrobial mechanisms of metal-based surfaces 
Precise biocidal mechanisms of metal toxicity that form the basis of their antimicrobial 
properties are not completely understood but are known to require interaction between 
free metal and either membrane-bound or cytosolic cellular target. Two of the major 
targets for metal toxicity are protein function impairment by interactions with sulfhydryl 
(SH) groups and displacing essential metal cofactors (Hodgson, 2010). Although different 
metals ions share the described general targets, their affinity can vary. For example,  
heavy metal affinity to SH groups has been demonstrated to decrease in the following 
order: Hg2+>Ag+>Cu2+>Ni2+>Zn2+ (Vieira et al., 1997). Considering antibacterial applications, 
one must evaluate not only antibacterial activity of the metal but also toxicity to  
non-target organisms, precluding, for example, the use of mercury in most antimicrobial 
applications. Along with the use of elemental metal or metal salts as antimicrobials,  
one novel approach is the use of metal-based nanoparticles (NPs) that due to their large 
surface area exhibit relatively high antimicrobial activity. The antimicrobial properties of 
metal-based NPs can be mainly attributed to the release of metal ions (Slavin et al., 2017) 
and electrostatic NP-cell interactions (Kim et al., 2007) resulting in high local concentration 
of metal ions due to large surface area of nanoparticulate matter, direct membrane 
damage (Gogoi et al., 2006; Su et al., 2009) and in some cases emergence of damage by 
abiotic reactive oxygen species  (Jin & Jin, 2021; Yoshida et al., 1993). 

The general nature of the main targets of metal toxicity allows for a multifaceted 
antimicrobial attack on cellular functions while acquiring true resistance to excess metal 
ions, many of which are essentially needed micronutrients, is complicated if not 
impossible. For example, about a third of all enzymes need metal cofactor for proper 
function (Andreini et al., 2008). Plasmid and chromosomally encoded metal tolerance or 
resistance, depending on definition, has been described (Hobman & Crossman, 2015; 
Silver & Phung, 1996, 2005; R. J. Turner et al., 2020) resulting in either prevention of  
toxic metal ion uptake, efflux of excess metal ions, metal ion sequestration or  
oxidation-reduction to change redox state of metal ions. Metal tolerance is most often 
found as well as can be employed where it is physiologically relevant. Therefore, 
environments rich in respective metals (Haferburg & Kothe, 2010) making soil and 
polluted environments such as ore mining and agricultural runoffs or communal waste 
water systems a reservoir for genetic elements carrying metal tolerance. It has been 
recently shown that tolerance mechanisms of metal NPs and respective ions can be 
mechanistically different. For example, motility-enhanced tolerance can be acquired 
towards Ag NPs but not Ag ion (Stabryla et al., 2021). 
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Higher metal tolerance, when encoded by multiresistance plasmids could potentially 
unfavourably co-select for antibiotic resistance in sublethal metal concentrations  
(Baker-Austin et al., 2006; Bazzi et al., 2020; Pal et al., 2017). Whereas in other cases 
metals could contribute synergistically to antibiotic treatment (Habash et al., 2017; 
Morones-Ramirez et al., 2013; Pietsch et al., 2021) with implications in wound care or 
invasive medical device-associated infections highlighting the need to carefully weigh 
risk and benefit in the use of antimicrobial metals in any given application. 

1.2.2.1 Silver-based antimicrobial surfaces 
Silver is a naturally occurring and contrary to copper and zinc a biologically non-essential 
metal. To this day silver is the most exploited active ingredient in antimicrobial surface 
applications in both commercial use and prevalence in academic literature followed by 
copper and zinc (Rosenberg et al., 2019).  Antimicrobial silver has been historically used 
in infection prevention long before Louis Pasteur, Robert Koch and the Germ Theory of 
disease. Historical applications of silver mainly focus on water storage and disinfection, 
battlefield surgery and burn wound care (Barillo & Marx, 2014; Lemire et al., 2013).   

The antimicrobial activity of silver is classically mainly attributed to the interaction of 
Ag+ ions with the thiol groups of proteins impairing DNA replication, the respiratory chain 
and proton motive force  (Bragg & Rainnie, 1974; Dibrov et al., 2002; Feng et al., 2000; 
Holt & Bard, 2005; Lemire et al., 2013) resulting in systemic damage and death. Silver is 
presumed to hijack copper-transport systems to enter cells (Ghandour et al., 1988; 
Odermatt et al., 1994; Solioz & Odermatt, 1995), but as the element is not required for 
cellular processes, cells generally also lack well-tuned mechanisms to export or detoxify 
silver. Recent advances in omics have suggested narrower initial targets for Ag+ toxicity, 
for example primarily damaging multiple enzymes in glycolysis and tricarboxylic acid 
cycle leading to metabolic divergence to the reductive glyoxylate pathway and 
suppressing the cellular oxidative stress responses eventually resulting in systemic 
damage and death in E. coli (Wang et al., 2019). Due to rapid adsorption to surrounding 
surfaces, high reactivity with thiol groups in proteins and formation of insoluble salts in 
the presence of chloride, sulphite and phosphate, silver toxicity is rapidly neutralized by 
organic matter and salt in biological systems (Behra et al., 2013; Xiu et al., 2011). 
Interestingly, it has been recently suggested that tolerance towards ionic and 
nanoparticulate silver could be mechanistically different with the latter affected by 
bacterial motility (Stabryla et al., 2021). 

Optimal conditions for silver toxicity in surface applications seem to be similar to the 
ones that favour growth of human-associated microbes, i.e. at 35°C and 95% relative 
humidity (RH) whereas copper retains its antibacterial activity also at room temperature 
and dry conditions (Michels et al., 2009) that are more representative of indoor high-touch 
surfaces.  

1.2.2.2 Copper-based antimicrobial surfaces 
Copper has a long history as an anti-infective material (Borkow, 2012; O’Gorman & 
Humphreys, 2012), has been used in marine antifouling applications (Rosenberg et al., 
2019) and is still deployed in water safety (Stout & Yu, 2003). Copper-based applications 
stand out among other antimicrobial surfaces by having demonstrated antimicrobial 
field-use benefits in actual health-care settings (Salgado et al., 2013; Sifri et al., 2016; von 
Dessauer et al., 2016; Zerbib et al., 2020).  
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From biological point of view, copper is a trace element required in many enzymatic 
processes involving redox chemistry (Karlin, 1993) but is harmful to cells in excess.  
Antimicrobial properties of copper are mainly attributed to redox chemistry, Fenton-type 
reactions and generation of reactive oxygen species resulting in lipid peroxidation 
(Yoshida et al., 1993), membrane damage (Nan et al., 2008) and DNA fragmentation 
(Warnes et al., 2010) as well as protein damage via thiol-disulphide chemistry (Vieira et 
al., 1997) and replacement of other metal cofactors of proteins (Macomber & Imlay, 
2009). Oxidative DNA damage seems to be a secondary effect after membrane damage 
and mainly periplasmic ROS attack (Macomber et al., 2007) in Gram-negative bacteria 
but could beneficially contribute to reducing potential horizontal transfer of  genetic 
elements coding antibiotic resistance and metal tolerance.  

Bacteria, fungi and viruses are inactivated on copper-based surfaces within minutes 
to hours (Borkow, 2012; Dauvergne et al., 2020; Grass et al., 2011) in dry test conditions 
resulting in shorter inactivation times and higher cellular copper uptake (Santo et al., 
2011) suggesting a direct contact-killing based mechanism of action. The fact that contact 
killing is largely reduced by Cu(I) and Cu(II) chelators (Santo et al., 2008) adds to the 
already common understanding that antimicrobial activity of copper is mediated by 
copper ions in water environment and the same could be true in (semi-)dry test 
conditions. 

1.2.2.3 Zinc-based antimicrobial surfaces 
Zinc is an essential micronutrient that is incorporated into 4-10% of proteins across the 
domains of life (Andreini et al., 2008) but it also possesses a dose-dependent 
antibacterial activity at higher concentrations. Zinc toxicity towards microbes is mainly 
attributable to deactivation of proteins via thiol-disulphide chemistry (Harrison et al., 
2009; Lemire et al., 2013) and protein binding or metal replacement (e.g., manganese 
starvation (Couñago et al., 2014; McDevitt et al., 2011)) resulting in impaired energy 
metabolism (Hosler et al., 2006; Mills et al., 2002; Ong et al., 2015), higher susceptibility 
to reactive oxygen species (ROS) (Eijkelkamp et al., 2014) and eventually loss of 
membrane potential and membrane permeabilization. Zn tolerance in higher than 
physiological concentrations has been demonstrated to depend on microbial species.   
C. albicans and P. aeruginosa were less sensitive to Zn toxicity than E. coli or S. aureus 
(Pasquet et al., 2014).  

Zinc has also been studied in the context of biofilms. Antibiofilm properties of  
Zn-based applications could partially be attributed to Zn toxicity to bacteria above 
physiological concentrations but in addition other biofilm-specific mechanisms could be 
involved. It has been proposed that sublethal Zn or Ag concentrations could inhibit 
biofilm formation by interfering with quorum sensing (Al-Shabib et al., 2016; García-Lara 
et al., 2015; Gómez-Gómez et al., 2019; Zähringer et al., 2013) or affect amyloid fibril 
formation (Huma et al., 2020; Yarawsky et al., 2020). 

Antimicrobial action of ZnO nanomaterials is a combination of mostly Zn2+ ion release 
and ionic toxicity described above but also electrostatic attraction and NP adsorption to 
cellular material as well as light-induced ROS generation resulting in inactivation of 
proteins, disruption of energy metabolism, lipid peroxidation and membrane damage, 
DNA damage and disruption of replication (Jin & Jin, 2021; Sirelkhatim et al., 2015).  
Nano-specific effects damage bacterial cell membranes and downregulate genes 
associated with managing oxidative stress in S. aureus as well as upregulate genes 
associated with cation efflux in E. coli and P. aeruginosa and inhibit biofilm formation by 
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E. coli, S. aureus and P. aeruginosa (Brayner et al., 2006; Dutta et al., 2012; J.-H. Lee et al., 
2014; L. J. Lee et al., 2005; Pati et al., 2014; Seil & Webster, 2011) among other microbes.  

Internalization on ZnO NPs by endocytosis-incapable prokaryotes (Brayner et al., 
2006) as well as abiotic ROS generation in dark conditions (Hirota et al., 2010; Lakshmi 
Prasanna & Vijayaraghavan, 2015) still remain debatable. 

1.2.2.4 Photocatalytic antimicrobial surfaces 
Some antibacterial metal oxides also act via light-induced generation of ROS and general 
organic matter degradation, including microbial cells. The most popular antimicrobial 
photocatalyst is TiO2 but also ZnO is widely used (Sirelkhatim et al., 2015). The fact that 
photocatalysis not only kills the microbes but also results in photooxidation of cellular 
debris (Joost et al., 2015), referring to the possibly extended efficacy of such self-cleaning 
surfaces. In case of ZnO, photocatalysis under UVA illumination is combined with ionic 
toxicity in all lighting conditions allowing multimodal applications. 

Photocatalytic activity of light-activated surfaces (e.g., TiO2, ZnO, Fe2O3, ZnS, FeS2) is 
based on their ability to excite the electrons from valence band to conduction band 
creating electron–hole pairs after absorbing photons with high enough energy to exceed 
the band gap energy of the material (Friehs et al., 2016). The electrons (e−) and holes (h+) 
can either recombine or reduce/oxidize surface-adsorbed O2 and H2O to produce ROS 
(e.g., superoxide anion O2•- and hydroxyl radical •OH). The highly reactive ROS can 
partially or completely degrade organic contaminants including microbes. Doping, 
composites with noble metals and heterostructures are used for better charge 
separation to restrain e-/h+ recombination (Zaleska-Medynska et al., 2016) or overcome 
the restriction of a large band gap via surface plasmon resonance (Linic et al., 2011) and 
in both cases enhance photodegradation. 

1.2.3 Antimicrobial surface testing 
To assess efficacy of an antimicrobial surfaces, one must consider material properties as 
well as the many variables encountered during the proposed end use of the product and 
choose or design an application-appropriate testing protocol. Methods used to assess 
antimicrobial surface efficacy, can be broadly divided into five categories described in 
Table 1. This division is based on test formats with similar advantages and limitations to 
better highlight the challenges in deciding between diffusion-based, suspension-based, 
thin layer, antibiofilm and simulated use methods. 
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Table 1. Testing methods of antimicrobial surfaces and their advantages and disadvantages as 
perceived by the author. 

Endpoint measured:  
• extent of growth inhibition zone

Surface types:  
• release-based surfaces only

Advantages:  
• fast and inexpensive 
• suitable for solid surfaces and 

textiles, porous and non-porous
surfaces 

• no specific equipment needed in 
addition to standard microbiology lab 
setup 

Disadvantages:  
• does not simulate end use
• qualitative or only semi-quantitative
• only evaluates growth inhibition by 

released active ingredient and not 
bactericidal properties 

• dependent on diffusion efficiency 
and water-solubility of different 
active ingredients 

• growth agar itself might inactivate 
some active ingredients. 

Examples: ISO 20645, AATCC 30, AATCC TM147, 
DIN EN 1104,  

Endpoint measured:  
• viable count of suspended microbes

Surface types:  
• release-based surfaces

Advantages:  
• fast and inexpensive 
• anti-adhesion properties can be 

analyzed in the same system in 
parallel 

• liquid environment composition can 
be adjusted 

• no specific equipment needed in 
addition to standard microbiology lab 
setup 

Disadvantages:  
• does not simulate end use
• quantitative, but large volume to 

surface ratio decreases sensitivity

Examples: ASTM E2149 

Main endpoint measured:  
• viable count of microbes retrieved from

the surfaces 
Surface types:  

• release-based surfaces
• contact killing surfaces
• photoactive surfaces
• multimodal surfaces

Advantages:  
• quantitative, standardized and 

generally reproducible, if strictly 
followed 

• low volume to surface ratio 
maximizes microbe-surface 
interaction 

• available for both solid surfaces and 
textiles  

• can be modified to also test viruses
Disadvantages:  

• elaborate methods
• do not simulate end use: very humid 

and warm (≥90 % RH; 35-37°C) test 

Diffusion-based methods 

Suspension methods 

Large surface area 
methods   
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conditions and/or unrealistically long 
exposures (18-24 h for textiles and 
solid surfaces, 4-8 h for photoactive 
materials) 

• surface hydrophobicity/hydrophilicity
can complicate testing (Perez-Gavilan 
et al., 2021) 

• modifications to the standards prone 
to be influenced by microbial 
physiology (Wiegand et al., 2018) 

• cell retrieval methods have to be 
adjusted to suit each surface type of 
interest 

• method modifications may make it 
impossible to fulfill pass criteria of 
standard tests and cause problems 
with testing service providers 

• generally, no biologically meaningful 
lower threshold of antimicrobial 
activity is provided 

Examples: ISO 22196/ JIS Z 2801/ ISO 21702, ISO 
27447, ISO 20743/JIS L 1902/ISO 18184, AATCC 
TM100, Petrifilm methods 

Main endpoints measured:  
• amount of biomass (crystal violet assay) 
• microscopy (live/dead staining, biovolume,

morphology, etc.) 
• viable count (harvesting and culturing) 

Surface types:  
• anti-adhesive surfaces
• multimodal surfaces

Advantages:  
• endpoints can be tuned to anti-

adhesive and biofilm claims 
Disadvantages:  

• elaborate methods
• hard to achieve relevance to end use 

conditions 
• often specialized and/or expensive 

equipment and/or respective 
services needed (flow reactor or flow
cell systems, confocal and/or 
electron microscopy etc.) 

• anti-adhesive approaches that 
prevent surface colonization by 
potential pathogens are not 
compatible with several logs kill 
criteria required by legislation in 
some fields of application 

• standardized biofilm methods use 
viable count as a single endpoint 
disregarding biomass 

• often poor reproducibility due to
biologically complex system 

• viable, but not culturable (VBNC) 
microbes and extracellular DNA could
cause discrepancies between 
cultivation and live/dead staining 
based endpoints

Examples: various published protocols as well as 
several ASTM standard methods (e.g., 
E2196, E2562, E2647, E2799, E2871, 
E3321) 

Adhesion-based & 
biofilm methods 
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Main endpoints measured:  
• viable count of microbes retrieved from

the surfaces 
• ATP bioburden assays 
• microscopy methods 
• other methods justified to substantiate an 

antimicrobial claim under specific 
conditions 

Surface types:  
• release-based surfaces
• contact killing surfaces
• anti-adhesive surfaces
• photoactive surfaces
• multimodal surfaces

Advantages:  
• quantitative methods simulating end 

use 
• different testing approaches can be 

combined 
• free choice of relevant microbes,

inoculum density, contact time 
• inoculation methods include dry or 

semi-dry inoculation of materials e. g.
spraying, swabbing, microdroplets, 
printing 

• testing in ambient conditions or 
controlled environment (humidity,
temperature) 

• simulated soiling and drying possible
• simulated cleaning and wear possible
• methods of inoculation and cell 

retrieval have to be adjusted to suit 
each proposed application and 
surface type of interest 

Disadvantages:  
• expensive and elaborate methods 

needing consultations, method 
modifications, pilot tests and 
planning in cooperation with service 
provider 

• might need specific equipment (e.g.,
climate chambers, spray systems) 

• method modifications may make it 
impossible to fulfill pass criteria of 
standard tests 

Examples: Interim EPA methods (EPA, 2020a, 
2020b) and their predecessors issued for testing 
copper surfaces including the widely used and 
modified sanitizer surface method ; suggested 
simulated splash and print-inoculation method 
concepts in EU BPR (ECHA, 2018); examples from 
the literature (Knobloch et al., 2017; McDonald 
et al., 2020; Ojeil et al., 2013) 

1.2.3.1 Standardized protocols and legislative requirements 
In the recent European Union legislation, the Biocidal Product Regulation (BPR, 
Regulation (EU) 528/2012) requires that efficiency testing of products with antimicrobial 
claims are not only tested using standard protocols but also in application-appropriate 
and field conditions to demonstrate efficacy of treated articles in end use.  Guidance on 
efficacy testing  is methodologically vague and asks for testing approaches tailored to the 
specific claim to be used to assess antimicrobial efficacy of treated articles (ECHA, 2018), 
including surfaces and textiles. While Appendix 4 lists required pass criteria for biocides 
to be in the range of 4-5 log reduction during a scale of seconds to an hour, only at least 
3 log kill tested in a range of times during 5 min to 1 h is required of treated articles with 
example claims to protect human or animal health (Table 9 (ECHA, 2018)).  Although 
tailored approach is required, the only thorough method suggestion is to adapt the ISO 
22196 (ISO, 2011) (Table 1) to application-specific conditions with basic concepts of 

Simulated use methods 
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simulated splash and semi-dry inoculum printing to simulate hand contact only 
schematically illustrated.  

The ISO 22196 standard method is adopted from the Japanese industrial standard JIS 
Z 2801 and is to this day the only international well-standardized quantitative approach 
for industrial antimicrobial solid surface testing.  A very similar standard method covering 
both solid surfaces and textiles, ISO 27447 (ISO, 2019b), is used for photocatalytic 
materials while different textile-specific protocols are described for non-photoactive 
textiles (ISO 20743 (ISO, 2013) for antibacterial and ISO 18184(ISO, 2019a) for antiviral 
textiles). In practice, also the ISO 13697 (ISO, 2015) designed to evaluate microbicidal 
efficacy of chemical disinfectants used on non-porous surfaces has been applied to study 
surfaces with antimicrobial properties without the use of additional chemical disinfectants. 

The ISO 22196 represents a "best-case" scenario for antimicrobial surface testing for 
material developers since a small amount of dilute liquid microbial inoculum is spread 
over a large surface area in a thin layer, incubated at body temperature and ≥90% RH for 
a period of 24 h. If strictly followed, this allows to compare materials and active 
ingredients against each other in a highly reproducible manner but is not relevant in most 
end-use scenarios (Campos et al., 2016; Ojeil et al., 2013). ISO 22196 test results have 
also been demonstrated to be heavily influenced by the often-modified factors e.g., 
selection of microbial species, initial inoculum density, using exponential or stationary 
phase cultures, dilution factor of medium used, incubation time and temperature 
resulting in poor interlaboratory reproducibility especially in case of moderately effective 
surfaces (Campos et al., 2016; Wiegand et al., 2018).  

Microbial contaminants in real life, as opposed to the aforementioned ISO method, 
tend to dry quickly onto surfaces under ambient conditions or are already carried over in 
relatively dry form not in droplets or aerosols. This limits the time that a liquid medium 
is available to mediate interaction between the antimicrobial surface and 
microorganisms. Also, much shorter exposure times than 24h would be needed to 
effectively avoid pathogen carryover by fomites. Instead of relatively simple “best case” 
scenarios of currently available standard tests, “worst-case” scenarios accounting for 
real-life like use conditions, drying, soiling, cleaning regimen, wearing etc. should be used 
for antimicrobial efficacy assessment of treated articles. Modifications to the ISO 
protocol that interfere with test validity conditions, e.g., less than required viability on 
control surfaces due to drying, might cause challenges in cooperation with large 
international accredited testing service providers.   

1.2.3.2 Towards application-appropriate tailored protocols 
Silver is a good example to illustrate the importance of application-appropriate testing 
of antimicrobial materials. Silver, as an active ingredient, can achieve antibacterial 
activity towards the same strain of bacteria in up to a 1000 times different concentrations 
based on MBC values, depending on the liquid test environment and its organic content 
and the concentration of respective ions (Suppi et al., 2015). Therefore, its efficacy as  
an active ingredient and in respective treated articles can be, both substantially 
overestimated or underestimated depending on test media used or organic soiling 
applied to a surface. And even if silver salt or Ag NPs are efficient against bacteria in liquid 
suspensions, silver might still utterly fail as an antimicrobial surface when tested in 
application-appropriate dry conditions as opposed to more efficient copper based 
surface (Knobloch et al., 2017; Michels et al., 2009; Villapún et al., 2018). Interestingly,   
copper salt and Cu NPs were less potent than silver in liquid suspensions (Suppi et al., 2015).  
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Active ingredients in antimicrobial surface applications therefore do not possess a 
constant value of antimicrobial activity. On the opposite, antimicrobial properties of 
different treated articles with the same active ingredient can have very different 
antimicrobial efficacy depending on their field use conditions and microbial species 
encountered. These conditions must be critically evaluated and simulated in efficacy 
testing to really measure antimicrobial efficacy of the surface in a proposed application 
and not the testing system itself. 

Tests, more tailored to touch surface specific conditions are available. For example 
the U.S. Environmental Protection Agency (EPA) has issued methods for testing copper 
touch surfaces (EPA, 2020a) and lately widened the scope to other hard non-porous 
surfaces (EPA, 2020b) allowing for shorter exposure times, drying, organic soiling, 
simulated wear, repeated inoculation etc. A 3-log reduction in bacterial viability during 
1-2h is required to apply for public health claims (EPA, 2021). Other approaches can be 
found in the literature. For example, semi-dry aerosolization of the initial inoculum might 
be considered (McDonald et al., 2020; Ojeil et al., 2013). Such methods, while closer to 
end use scenarios are still heavily dependent on ambient conditions. For example, 
although it is generally recognized that drying of the inoculum has an effect on microbial 
viability (Lin & Marr, 2020) and it is an important part of simulated touch-surface test 
methods, the actual drying of an inoculum droplet is more complicated and dependent 
on RH. Differences in RH affect efficacy of some surface types more than others. For 
example, Michels et al. have demonstrated that copper alloys retained their 
antimicrobial activity towards methicillin-resistant S. aureus at >90%, 35% and 20% RH 
while silver surfaces that were highly efficient at >90% RH completely lost antimicrobial 
activity at the lower RH values (Michels et al., 2009).  It is not only indoor ambient RH 
that varies in wide range, but it can also be complicated to control RH using conventional 
approaches such as deploying humidity chambers with saturated salts, especially in case 
of short sequential time points (Redfern et al., 2018). Furthermore, residual microscopic 
surface wetness may affect bacterial viability on surfaces (Grinberg et al., 2019) and 
different soiling agents, for example heavily glycosylated mucins in respiratory droplets 
may offer protection against reduction in infectivity due to drying (Yang et al., 2012).  

Organic soling is an important variable in testing protocols ranging from 500x diluted 
nutrient broth in ISO 22196, elaborate formulation of mucin, bovine serum albumin (BSA) 
and yeast extract in EPA methods to only BSA or fetal bovine serum (FBS) mimicking 
‘dirty’ conditions in various standardized and literature sources. While analogously to 
growth medium presenting protective effect towards bacterial viability versus water in 
case of silver toxicity (Suppi et al., 2015), organic soiling is generally expected to reduce 
antimicrobial activity of surfaces. However, there are surprising deviations from this 
generalization. For example, copper surfaces have been shown to present faster 
antimicrobial activity when exposed to aerosols containing microbes and BSA (Ojeil  
et al., 2013). This either hints at different mechanisms of action of silver and copper or 
different toxicity-modifying effect of growth medium and BSA. 

Antimicrobial activity is also heavily dependent on the selection of microbial species 
and strain even if the same testing protocol is used (Campos et al., 2016; Koseoglu Eser 
et al., 2015). In standardized protocols at least and Gram-negative and a Gram-positive 
species are used to substantiate antimicrobial claims, sometimes with an addition of a 
yeast, usually C. albicans. In the ISO standards E. coli, K. pneumoniae and S. aureus are 
indicated while US protocols tend to prefer P. aeruginosa and S. aureus. 
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With a few rare exceptions (Dauvergne et al., 2020; Knobloch et al., 2017; Różańska 
et al., 2017) complex approaches considering multiple test variables are not routinely 
used, especially on publications describing novel materials and applications. 

All the above suggests that comparison against reference surfaces with relatively 
well-described efficacy or the ones widely used in the field of application might produce 
more comparable results than individual antimicrobial activity values for different 
materials from different laboratories even if modifications of the same method are used 
to tailor the approach to any given application. Considering that here is a conflict of 
interest built in the “worst case” application-appropriate lab simulations as they are 
generally expected to result in lower antimicrobial efficacy than the “best case” scenario 
of ISO 22196, this clearly puts the focus on enforcing end-use simulations prior to 
allowing products to the market by the legislative systems. 

1.2.3.3 Biofilm viability assessment and surface testing 
Different antimicrobial approaches can be applied to eradicate excisting biofilms but as 
the biofilms are less susceptible to antimicrobials than their planktonic counterparts 
inhibition of surface colonisation could be considered even more important than 
inactivating planktonic microbes by surface materials in various applications including 
high touch surfaces.  

The extracellular matrix, not viable cells, can make up most of the volume of a mature 
biofilm (Flemming & Wingender, 2010). The amount of biofilm biomass, if sufficiently 
present, can be easily evaluated by the crystal violet assay (Christensen et al., 1985; 
Merritt et al., 2005) and can be used to evaluate biomass buildup. However, during initial 
attachment of microbes to the surfaces not much biomass is present and viable microbes 
are needed for both further biofilm formation and/or carryover of potential pathogens 
by the colonized surfaces. That is the reason why the few standardized biofilm methods 
that have been developed relevant to the context of antibiofilm surfaces efficacy 
assessment disregard biomass and biovolume and rely on plated viable counts. Viable 
counts, the gold standard of microbiology, depend on viable cell harvesting efficiency 
and dispersion of harvested aggregates prior to cultivation (Kobayashi et al., 2009; 
Mandakhalikar et al., 2018) and cultivability of the microbes (Chavez de Paz et al., 2008; 
Li et al., 2014). Despite the limitation, it has been lately demonstrated that CFU counts 
offer better reproducibility and responsiveness to different levels of efficacy of antibiofilm 
treatment than crystal violet or resazurin in microtiter plate format (Allkja et al., 2021). 
qPCR (Àlvarez et al., 2013; Nocker & Camper, 2009) or flow cytometry combined with 
fluorescent stains (Cerca et al., 2011) could be considered to complement for some of 
the limitations of cultivation. 

Confocal laser scanning microscopy (CLSM) has made it possible to directly observe 
the distinct biofilm architecture (Lawrence et al., 1991). Different staining methods have 
been applied to visualize structurally or functionally important components of biofilms 
as well as to evaluate metabolic activity or proportion of viable and dead cells and their 
localization in an undisturbed biofilm (Azeredo et al., 2017). One of the newest and 
promising addition to the CLSM toolbox are non-toxic fluorescent tracer molecules (e.g., 
the ones developed by Ebba Biotech AB (Butina et al., 2020; Choong et al., 2016)). 
Viability staining with intact membrane-impermeable DNA-binding stains (e.g., propidium 
iodide) and spectrally suitable membrane permeable counter-stains (Boulos et al., 1999) 
has been the most exploited for in situ viability assessment of biofilms via microscopy.  
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2 AIMS OF THE STUDY 
Although ZnO and Ag NPs have shown great potential in antimicrobial applications, less 
is known about nano-enabled surfaces and combined antimicrobial effects of multimodal 
surfaces. Methods for studying antimicrobial surfaces in general largely rely on planktonic 
cultures and/or effects of released active agent and less on direct microbe-surface 
interactions. To address both challenges, main aims of the current thesis were twofold.  

Firstly, we aimed to suggest methodological improvements to the current best-practice 
analysis methodologies by: 

 
• adapting luminescent biosensor bacteria to measure microbe-surface 

interaction in situ. 
• critically evaluating the appropriateness of selected bacterial viability assays 

to study microbe-surface interactions and biofilms. 
 
Secondly, our goal was to improve the currently developed antimicrobial surface 

coatings by:   
 

• characterizing microbe-surface interactions in response to multimodal 
metal-based antimicrobial surface coatings beyond the ISO test format and 
use that knowledge to improve the antimicrobial surface design. 

• assessing antimicrobial and antibiofilm properties of novel proof-of-concept 
nano-ZnO and nano-ZnO/Ag enabled solid surfaces based on metal toxicity 
and photocatalytic activity. 
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3 MATERIALS AND METHODS 
I used the following experimental methods that are described in detail in the indicated 
publications. 

 
• Luminescence measurement from copper-exposed bacteria in microplate 

format or from copper and copper-alloy surfaces using E. coli transgenic  
Cu-biosensor strain in multiplate format and in situ, respectively for 
bioavailable copper content estimation in direct surface contact (I). 

• In situ and on-filter epifluorescence microscopy of mono- or double-stained 
early-stage biofilms (II, IV). 

• Viability staining of planktonic and/or sessile microbial cells based on 
membrane integrity (propidium iodide, Syto9) or enzymatic activity 
(fluorescein diacetate) (II, IV). 

• Harvesting microbial biofilms via ultrasonication, optimization of the method 
(II, IV). 

• Microbial attachment and biofilm formation monitoring in oligotrophic 
conditions and growth medium using viable counts of harvested biofilm 
bacteria (II, IV). 

• Flow cytometry of harvested and fluorescently stained microbial cells (II). 
• DNase I treatment of bacterial biofilms for degradation of extracellular DNA 

(II). 
• Confocal laser scanning microscopy of fluorescently stained biofilms (II, IV). 
• Evaluation of antibacterial activity of photocatalytic surfaces in multiple time 

points using in-house modification of combined ISO22196/ISO27447 
standard protocols for solid surface testing with thin layer of microbial 
suspension (III). 

• Evaluating ionic Zn toxicity in surface test conditions based on the above 
protocol (III).  

• Cultivation of microbes for viability estimation (I-IV). 
• Statistical analysis, including correlation, two-tailed Student’s t-test, one-way 

and two-way ANOVA analysis with appropriate post-hoc tests at α=0.05 
performed in either R or GraphPad Prism (I-IV).  
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4 RESULTS AND DISCUSSION 
To provide a methodological overview of the publications used in the current thesis, 
combinations of the main methods contributed by the author, surface types and test 
organisms used in the publications are summarized in Table 2. 

Table 2. Overview of the surfaces, target organisms, test environment used, and main methods 
contributed by the author in publications I-IV. 

Paper 
Anti-
microbial 
ingredient 

Main method Viability 
endpoint 

Test 
medium Test organism 

I 

Copper 
and 
copper 
alloy 
coupon 
surfaces 

Planktonic: 
surface 
incubation with 
bioluminescent 
bacterial 
biosensors 

Bioluminescence 
measurement 
in plate 
format; 
CFU counts 

LB 

E. coli MC1061
(pSLcueR/pDNPcopAlux)
E. coli MC1061
(pDNlux)

II 

None, 
uncoated 
glass 
substrate 

Biofilm formation 
in static system; 
viability staining, 
epifluorescent 
microscopy,  
flow cytometry 

Fluorescent 
signal count; 
CFU count 

PBS 

E. coli MG1655
Staphylococcus
epidermidis DSM
20044

III 

Nano-
ZnO or 
nano-
ZnO/Ag 
on glass 
substrate 

Planktonic: 
modified 
ISO22196/ISO274
47 (antibacterial 
activity of 
photocatalytic 
materials) 

CFU count 

500x 
diluted 
nutrient 
broth in 
deionized 
water 

E. coli MG1655
S. aureus ATCC25923 
C. albicans CA14

IV 

Biofilm formation 
in static system; 
epifluorescent 
microscopy 

CFU count 

Oligotrophic:
500x 
diluted 
nutrient 
broth in 
synthetic 
tap water; 
Growth 
media: LB, 
YPD 

E. coli MG1655
S. aureus ATCC25923 
C. albicans CAI4 
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4.1 Bacterial biosensors in rapid in situ screening of copper-based 
antibacterial surfaces (Publication I). 
Recombinant bioluminescent viability indicator and metal-induced sensor strains of  
E. coli have been successfully used for rapid evaluation of bacterial viability and metal 
bioavailability of soluble metal salts and NP suspensions (Bondarenko et al., 2013; Ivask 
et al., 2009).  In case of solutions or suspensions usually homogenous distribution of 
metal ions and/or NPs is expected or achieved by e.g., ultrasonication, and analysis is 
easily carried out in multiwell plate format. In the current study we aimed to adapt the 
bioluminescence assay for in situ surface screening to measure not only antibacterial 
effect of released metal ions but also microbe-surface interactions.  

 
Main results: 

• Recombinant bioluminescent E. coli copper biosensor system was successfully 
optimized to be used for rapid in situ antimicrobial surface screening. 

• Decrease in bioluminescence of constitutively expressing E. coli strain on 
copper-based surfaces showed a good correlation with viable counts. 

• Bioluminescence intensity of inducible copper biosensor was in correlation with 
copper content in copper alloy surfaces and not with amount of copper released 
from the material indicating a major role of direct microbe-surface interactions 
on antimicrobial copper-based surfaces in addition to release of copper ions. 

• Biosensor performance was dependent on medium of choice and amount of 
inoculum. 

 
Discussion 
In this publication we present a quick and robust method for measuring both 
antimicrobial properties (“lights off”; Fig. 5, left) of solid surfaces as well as sub-lethal 
interactions (“lights on”, Fig. 5, right) of copper-based materials and biosensor E. coli 
cells. The method deploys a non-disruptive real-time in situ luminescence read-out at 
room temperature that can measure both a decrease in bioluminescence of the “lights 
off” strain due to bactericidal effects of the tested surfaces and an increase in 
bioluminescence of the “lights on” strain due to release or direct contact and 
bioavailability of active antimicrobial ingredient. The test format could be coupled to 
more time-consuming traditional plate counts and released active ingredient 
quantification as a reference. This enables the method to be used as a robust and easily 
up-scaled screening tool in material development phase. Here we used an E. coli strain 
sensing copper ions, but biosensor strains for other metal ions (Ivask et al., 2009) or 
intracellular stress conditions (Bondarenko et al., 2012) providing mechanistic 
information on microbe-surface interactions etc. can be adapted to specific needs. 

Although it is a planktonic test using short incubation with liquid culture, we were 
able to demonstrate surface effect as copper biosensor signal intensity was correlated 
with material copper content and not the amount of copper released from the surfaces. 
Similar correlation with material copper content has been observed also by Różańska  
et al. (Różańska et al., 2017). This effect is possibly caused by direct microbe-surface 
interactions and variable local Cu ion concentration in bacterial microenvironments as 
opposed to instrumentally measured released copper concentration providing a mean 
value in the test system. Thus, these direct interactions can only be registered in situ and 
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not using e.g., surface eluates that only represent released ion proportion of the 
antibacterial properties of copper surfaces. 

Figure 5. Working principle of bacterial viability control strain and inducible sensor strain in the 
bioluminescence assay. Viability control strain (left) constitutively expresses luxCDABE resulting in 
luminescence (yellow cell) and loses luminescence intensity with increase of toxicant (e.g., metal ions) 
and decrease in bacterial viability (“lights off”). Inducible sensor strain (right) does not initially express 
luminescence (grey cell) and demonstrates concentration-dependent increases in luminescence 
intensity at sublethal metal concentrations (“lights on”). Combining the two E. coli strains relative 
bioavailable metal concentrations can be assessed against solutions with known concentrations of 
soluble metal salts in otherwise identical conditions. In this publication copper biosensor E. coli 
[pSLcueR/pDNPcopAlux] and constitutively expressing E. coli [pDNlux] were used. 

Although the test format presents an easy and fast method for the characterization 
of metal-based antimicrobial surfaces, limitations of the method should be taken into 
account e.g., that it is metal-dependent promotor activity of the E. coli biosensor strain 
that causes bioluminescence read-out and not directly extracellular total or intracellular 
bioavailable copper concentration. The set-up also requires the use of a reference assay 
based on known concentrations of soluble metal ions for calibration to measure relative 
bioavailability in otherwise identical setup. Another limitation of the method is its 
usability in different media. Bioluminescence signal production is an energy-extensive 
process, needs liquid environment and is not supported in nutrient-poor test 
environments such as water or extremely diluted nutrient broths used in ISO methods 
such as ISO 22196. Minimally complexing media can be used to increase sensitivity of the 
method and metal-complexing organic-rich culture media, such as LB in this publication, 
can be used to analyse metal surfaces that have too high antibacterial activity to measure 
sub-toxic effects in non-complexing media. One has to also consider that different media 
not only differ in their metal complexing properties and thus affect metal toxicity but 
also affect metal release from the surface materials as demonstrated by us in this study 
and others (Hans et al., 2013; Käkinen et al., 2011; Molteni et al., 2010). 

Main conclusion: 
Recombinant bacterial biosensors can be used for rapid screening of antimicrobial 
surface materials and in situ measurement of luminescence reveals sub-lethal surface 
contact effects that could not be observed using surface eluates.  
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4.2 In situ biofilm viability staining with propidium iodide (Publication II) 
Membrane integrity based in situ fluorescent viability staining is widely used for biofilm 
visualization in microscopy as well as for quantitative viability evaluation and assessment 
of antibiofilm intervention efficacy as it allows for studying undisturbed biofilms 
(Azeredo et al., 2017). Working principle of Syto9 and  propidium iodide (PI) or similar 
combinations of membrane-permeable and impermeable DNA stains, respectively, is 
based on the assumption that nucleic acids in a viable cell are surrounded by intact 
membrane impermeable to stains such as PI (Boulos et al., 1999). While this largely 
applies to planktonic cultures, extracellular DNA (eDNA) is a well-known phenomenon in 
biofilms since Whitchurch et al. (Whitchurch, 2002) and is in many cases critically needed 
for biofilm formation (Okshevsky & Meyer, 2015) or even actively secreted resulting in 
enhanced biofilm formation (Zweig et al., 2014). We aimed to investigate if PI can stain 
viable adherent bacterial cells and therefore cause underestimation of biofilm viability 
using double-staining with PI and Syto9. 

Main results: 
• In situ double-staining with PI and Syto9 dramatically underestimated E. coli and

S. epidermidis initial biofilm vitality and viability compared to fluorescein
diacetate (FDA) staining and CFU counts, respectively. Quantitative results are
summarized in Table 3.

• Red (PI) to green (Syto9) staining ratio was reversed after harvesting biofilm
cells by ultrasonication suggesting that the component staining red in situ was
in the ECM of the biofilms and was removed during harvesting of biofilm cells.

• CLSM revealed double-staining of individual adherent cells with green (Syto9)
interiors and diffuse extracellular red corona (PI).

• Double-staining with DNA-binding Syto9 and amyloid stain Congo red resulted
in similar staining pattern illustrating possible spatial energy transfer from
intracellular green signal to extracellular red signal masking the former.

Table 3. Viability estimates of identical 24 h biofilms acquired with different methods. Each coloured 
cell denotes 5% of total cellular signal count (red – dead; green – viable; grey - leftover proportion of 
estimated total cell count in a sample). 

In situ staining 
with 

PI+Syto9 

In situ 
FDA vs 

PI+Syto9 total 
count 

Harvested, 
PI+Syto9, 
on filter 

Harvested, 
PI+Syto9, 

flow cytometry 

Harvested, 
plate count vs 
PI+Syto9 total 
count on filter 

E.
 c

ol
i 

S.
 e

pi
de

rm
id

is



33 

Discussion 
The presented results not only demonstrate that PI-staining can underestimate biofilm 
viability but also give a quantitative assessment of the potentially dramatic effect.  
The presence of extracellular nucleic acids and eDNA in particular, although speculated 
to interfere with PI-staining before (Gião & Keevil, 2014; Vilain et al., 2009), is still largely 
overlooked in publications using viability staining of biofilms. Since our study of biofilms 
formed in extremely oligotrophic conditions (in PBS), underestimation of viability using 
PI has also been demonstrated in rich growth medium (Kragh et al., 2019) which suggests 
a more universal critical flaw in viability staining with DNA-binding dyes on biofilms.  

Our CLSM results demonstrating green fluorescing cell interiors (Syto9) surrounded 
by diffuse red PI corona look similar to what has been found but not quantified in 
previous publications (Gallo et al., 2015; Vilain et al., 2009). This double-staining pattern 
is visualized in the middle scenario on Fig. 6 above as opposed to cells with damaged 
membranes (left) and intact ones (right). The inset illustrating excitation/emission 
spectra of PI and Syto9 offers insight to why the double-stained cells look red in 
epifluorescence microscopy while revealing green interiors in CLSM. It might be due to 
the fact that Syto9 emission largely overlaps with PI excitation wavelengths thereby 
enabling spatial energy transfer. 

 Interestingly, similar staining pattern in epifluorescence microscopy was detected for 
combining Syto9 with Congo red (Supplementary Fig. 12 in Paper IV). Congo red is an 
amyloid stain binding to surface-associated amyloid fibres with similar 
excitation/emission characteristics to PI but not competing for nucleic acid binding. 

 
Figure 6. Working principle of viability staining with intact membrane impermeable propidium 
iodide (PI) and membrane-permeable Syto9 and proposed mechanism for PI/Syto9 double-staining. 
Excitation (dotted lines) and emission (filled areas) spectra of both stains generated by Thermo 
Fisher Fluorescence SpectraViewer demonstrating overlap of Syto9 emission (blue fill) and PI 
excitation (orange dotted line) is shown in the top right corner.  

 
 



34 

On one hand it confirms the energy transfer hypothesis with extracellular Congo red 
signal masking the intracellular Syto9 signal similarly to PI but without competition to 
bind DNA. On the other hand, it suggests that there might be a shared cause for similar 
staining patterns. Indeed, it has been shown that SAFs can bind eDNA and eDNA can 
enhance SAF formation (Fernández-Tresguerres et al., 2010; Gallo et al., 2015; Nicastro 
et al., 2019; Schwartz et al., 2016). Thereby, SAF could mediate eDNA binding to bacterial 
cell walls. Amyloid proteins are known to be associated with DNA conformational change 
from right-handed B-DNA to left-handed Z-DNA (Hegde et al., 2004; Suram et al., 2002; 
Yu et al., 2007). It has been recently confirmed that B-DNA to Z-DNA conversion of eDNA 
is also occurring during biofilm maturation of several bacterial species (Buzzo et al., 2021) 
and could thereby also negatively affect PI-staining of eDNA in mature biofilms based on 
PI similarity to ethidium bromide (Walker et al., 1985). The latter indicates that 
discrepancies in viability staining with DNA-binding stains could be dependent not only 
on the presence of eDNA, but also the stage of biofilm development. 
 
Main conclusion: 
Membrane integrity based viability staining using nucleic acid stains such as PI, although 
widely used on biofilms, can dramatically underestimate viability of adherent bacterial 
cells. If used, caution should be taken in result interpretation and proper viability controls 
should be used. 
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4.3 Antimicrobial and antibiofilm properties of solid surfaces coated 
with nano-ZnO or nano-ZnO/Ag (Publications III, IV) 
Antimicrobial properties of ionic silver and zinc as well as Ag and ZnO NPs are well known 
and widely published but generally tested as respective salt solutions or NP suspensions 
with uniform ion/particle distribution in the test system. Our aim was to characterise 
antimicrobial and antibiofilm properties of nano-ZnO and nano-ZnO/Ag covered solid 
surfaces as a proof-of-concept for further antimicrobial high-touch surface development 
and to assess optimal coating densities of such surfaces. 

 
Main results: 

1. The nano-ZnO and nano-ZnO/Ag covered surfaces showed antimicrobial activity 
in both dark and UVA-exposed conditions using 500x diluted nutrient broth and 
thin layer planktonic method (modified ISO 27447, illustrated on Fig. 7). 

 
• Antibacterial dose effect was demonstrated in dark and UVA-exposed 

lighting conditions for both NP surface coverage densities and Ag 
content.  

• Photocatalysis and higher Zn dissolution contributed to antibacterial 
action during UVA-exposure. 

• Due to the lack of photocatalysis and lower Zn dissolution antibacterial 
efficacy in dark conditions was generally lower than with UVA 
exposure. Higher Ag dissolution contributed to antibacterial action in 
dark conditions. 

• S. aureus was more sensitive to surface-bound ZnO and E. coli to Ag in 
dark conditions, although E. coli appeared more sensitive to ionic Zn in 
respective salt exposure. 

• Antifungal activity against C. albicans was negligible with < 1 log maximal 
reduction in viable count after 1 hour, regardless of lighting condition. 

• Dense coverage nano-ZnO and sparse coverage nano-ZnO/Ag  
(2.7 mol% Ag) surfaces were the most effective.  
 

2. The nano-ZnO and nano-ZnO/Ag covered surfaces demonstrated selective 
medium-dependent antibiofilm properties in static system under dark ambient 
conditions. 
 

• Surfaces inhibited E. coli and S. aureus biofilm formation in oligotrophic 
conditions (500x diluted nutrient broth in synthetic tap water, nor 
supporting exponential growth). 

• Nano-ZnO surfaces enhanced C. albicans biofilm formation in 
oligotrophic conditions. Such enhancement was eliminated by Ag. 

• Antibiofilm properties were accompanied by antibacterial properties 
towards planktonic bacteria and could be attributed to general metal 
toxicity. 

• Antibiofilm effects were minor to non-existent in growth medium 
(organics rich, supporting exponential growth).  



36 

• Liquid manipulation steps during sample preparation reduced biofilm 
biomass and may potentially introduce bias to comparison of biofilms 
formed in different conditions (e.g., treatment vs control). 

 
Figure 7. Scheme of modified ISO 27447 method. Surfaces are suspended above wet filter paper  
(by a glass U rod) and the Petri dishes are covered by lids in dark conditions (left panel) or by  
UVA-transmissive borosilicate glass exposed to UVA light (middle panel). Bacterial suspension is 
evenly distributed across the surfaces of interest by UVA-transmissive polyethylene cover film. Cells 
are extracted from the exposed surfaces using a toxicity neutralizing medium, serially diluted in PBS 
and drop-plated for counting (right panel).  

 
Discussion 
It is generally regarded, that silver tends to be more toxic to Gram-negative bacteria than 
Gram-positive bacteria. Our results follow the same trend in both thin layer exposure 
(Publication III) and static biofilm test (Publication IV) with E. coli being more susceptible 
to Ag than S. aureus. This could be explained by differences in the cell wall and  
Gram-positive bacteria having less exposed membrane and more of the negatively 
charged silver ion trapping peptidoglycan and teichoic acids on the cell surface.  

There also seems to be a consistent trend of S. aureus being more susceptible to  
zinc-based surfaces in dark exposure than E. coli although ionic zinc was more toxic to  
E. coli in thin layer mock exposure (Publication III, Supplementary Fig. S5). Free ZnO NPs 
have also been demonstrated to be more toxic to S. aureus than E. coli (Wahab et al., 
2012). We cannot yet offer an experimental explanation to this phenomenon and it 
needs to be studied further, but we propose that there is a combined effect of two 
mechanisms of action to account for. Firstly, surface-specific antimicrobial activity arising 
from direct microbe-surface interaction that could be suspected from the fact that nano-
ZnO surfaces were more toxic to S. aureus and C. albicans than the corresponding 
released Zn concentration (Publication III, Fig. 5). Secondly, it is possible that ZnO NPs 
produce ROS without photoactivation (Lipovsky et al., 2009; Sun et al., 2019) resulting in 
respective antimicrobial activity (Hirota et al., 2010; Lipovsky et al., 2011). Hydrogen 
peroxide that has antibacterial activity due to the formation of ROS is generally more 
toxic to Gram-positive than Gram-negative bacteria (McDonnell & Russell, 1999). Hence, 
ROS formation on nano-ZnO surfaces without photoactivation would explain lower 
viability of S. aureus on nano-ZnO surfaces than in the corresponding released Zn 
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concentration (Publication III, Fig. 5). Availability of both Mn and Zn are limited in host 
organisms resulting in nutritional immunity and impaired defensive response against 
host immune system, especially ROS-response of S. aureus (Gaupp et al., 2012). On the 
other hand, also Zn excess has been described to interfere with manganese transport 
resulting in Mn starvation that can lead to impaired ROS response, a system well 
described for Streptococcus pneumoniae (Eijkelkamp et al., 2014; McDevitt et al., 2011; 
Morey et al., 2015). No change in ROS response (Raghupathi et al., 2011) or even  
down-regulation of ROS response (Pati et al., 2014) upon ZnO NP exposure has also been 
described for S. aureus suggesting possible presence of similar metal binding 
competition.  

Combining ZnO, silver and UVA exposure could therefore target a wider range of 
microbial species in close contact wet conditions (Publication III), lead to biofilm 
formation inhibition and control of planktonic viability (Publication IV).  

 
Main conclusion 
Nano-ZnO and nano-ZnO/Ag covered surfaces offer rapid dual-action antibacterial 
activity with >2 logs decrease in viability of E. coli and S. aureus by combining metal ion 
toxicity with photocatalysis. Combination of ZnO and Ag grants a more uniform activity 
against Gram- positive and Gram-negative species with differing metal ion sensitivity. 
Antimicrobial and antibiofilm properties of the surfaces depend on both, surface coating 
composition and test media while ZnO potentially enhances biofilm formation by  
C. albicans in oligotrophic medium. The latter effect is counteracted with the addition of 
Ag.  
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5. CONCLUSIONS 
The principal findings of the present thesis are: 

 
1. In situ application of bioluminescent sensor bacteria offers better insight into 

sublethal contact-driven effects of antibacterial release-based copper 
surfaces than measuring the amount of copper released from the surfaces 
during exposure (I).  

2. Antimicrobial activity of release-based solid surfaces cannot be predicted 
solely from the amount of released agents due to direct contact effects (I, III) 

3. Methods developed for studying planktonic bacteria can in some cases be 
successfully applied to microbe-surface interactions (I) but special 
consideration has to be given to adapt planktonic methods to study biofilms 
as they can produce false results (II). 

4. Membrane-integrity based viability staining of biofilms with DNA-binding 
dyes can dramatically underestimate biofilm viability, possibly due to 
extracellular nucleic acids (II). 

5. Combining release-based and photocatalytic agents on solid surfaces 
improves overall antimicrobial activity of nano-coated surfaces (III). 
Combination of ZnO and Ag acting via release of ionic Zn and Ag as well as 
photocatalytic properties of ZnO presented highest efficacy. 

6. Biofilm formation depends on liquid environment used and can be enhanced 
or decreased by surface coating depending on the type of microorganism 
used for testing (IV). 

7. Antimicrobial and anti-biofilm efficiency is very different towards bacteria 
and fungi; therefore, different and fit for purpose organisms should be used 
for antimicrobial testing of the surfaces (III, IV). 

 
  

  



39 

References 
Adlhart, C., Verran, J., Azevedo, N. F., Olmez, H., Keinänen-Toivola, M. M., Gouveia, I., 

Melo, L. F., & Crijns, F. (2018). Surface modifications for antimicrobial effects in 
the healthcare setting: A critical overview. Journal of Hospital Infection, 99(3), 
239–249. https://doi.org/10.1016/j.jhin.2018.01.018 

Alhede, M., Kragh, K. N., Qvortrup, K., Allesen-Holm, M., van Gennip, M., Christensen, L. D., 
Jensen, P. Ø., Nielsen, A. K., Parsek, M., Wozniak, D., Molin, S., Tolker-Nielsen, T., 
Høiby, N., Givskov, M., & Bjarnsholt, T. (2011). Phenotypes of Non-Attached 
Pseudomonas aeruginosa Aggregates Resemble Surface Attached Biofilm. PLoS 
ONE, 6(11), e27943. https://doi.org/10.1371/journal.pone.0027943 

Allkja, J., van Charante, F., Aizawa, J., Reigada, I., Guarch-Pérez, C., Vazquez-Rodriguez, J. A., 
Cos, P., Coenye, T., Fallarero, A., Zaat, S. A. J., Felici, A., Ferrari, L.,  
Azevedo, N. F., Parker, A. E., & Goeres, D. M. (2021). Interlaboratory study  
for the evaluation of three microtiter plate-based biofilm quantification 
methods. Scientific Reports, 11(1), 13779. https://doi.org/10.1038/s41598-021-
93115-w 

Al-Shabib, N. A., Husain, F. M., Ahmed, F., Khan, R. A., Ahmad, I., Alsharaeh, E., Khan, M. S., 
Hussain, A., Rehman, M. T., Yusuf, M., Hassan, I., Khan, J. M., Ashraf, G. M., 
Alsalme, A., Al-Ajmi, M. F., Tarasov, V. V., & Aliev, G. (2016). Biogenic synthesis 
of Zinc oxide nanostructures from Nigella sativa seed: Prospective role as food 
packaging material inhibiting broad-spectrum quorum sensing and biofilm. 
Scientific Reports, 6(1), 36761. https://doi.org/10.1038/srep36761 

Àlvarez, G., González, M., Isabal, S., Blanc, V., & León, R. (2013). Method to quantify live 
and dead cells in multi-species oral biofilm by real-time PCR with propidium 
monoazide. AMB Express, 3(1), 1. https://doi.org/10.1186/2191-0855-3-1 

Andreini, C., Bertini, I., Cavallaro, G., Holliday, G. L., & Thornton, J. M. (2008). Metal ions 
in biological catalysis: From enzyme databases to general principles. 
 JBIC Journal of Biological Inorganic Chemistry, 13(8), 1205–1218. 
https://doi.org/10.1007/s00775-008-0404-5 

Azeredo, J., Azevedo, N. F., Briandet, R., Cerca, N., Coenye, T., Costa, A. R., Desvaux, M., Di 
Bonaventura, G., Hébraud, M., Jaglic, Z., Kačániová, M., Knøchel, S., Lourenço, A., 
Mergulhão, F., Meyer, R. L., Nychas, G., Simões, M., Tresse, O., & Sternberg, C. 
(2017). Critical review on biofilm methods. Critical Reviews in Microbiology, 
43(3), 313–351. https://doi.org/10.1080/1040841X.2016.1208146 

Baker-Austin, C., Wright, M. S., Stepanauskas, R., & McArthur, J. V. (2006). Co-selection 
of antibiotic and metal resistance. Trends in Microbiology, 14(4), 176–182. 
https://doi.org/10.1016/j.tim.2006.02.006 

Barillo, D. J., & Marx, D. E. (2014). Silver in medicine: A brief history BC 335 to present. 
Burns, 40, S3–S8. https://doi.org/10.1016/j.burns.2014.09.009 

Bazzi, W., Abou Fayad, A. G., Nasser, A., Haraoui, L.-P., Dewachi, O., Abou-Sitta, G., 
Nguyen, V.-K., Abara, A., Karah, N., Landecker, H., Knapp, C., McEvoy, M. M., 
Zaman, M. H., Higgins, P. G., & Matar, G. M. (2020). Heavy Metal Toxicity in 
Armed Conflicts Potentiates AMR in A. baumannii by Selecting for Antibiotic and 
Heavy Metal Co-resistance Mechanisms. Frontiers in Microbiology, 11, 68. 
https://doi.org/10.3389/fmicb.2020.00068 

 



40 

Bednarska, N. G., van Eldere, J., Gallardo, R., Ganesan, A., Ramakers, M., Vogel, I., 
Baatsen, P., Staes, A., Goethals, M., Hammarström, P., Nilsson, K. P. R.,  
Gevaert, K., Schymkowitz, J., & Rousseau, F. (2016). Protein aggregation as an 
antibiotic design strategy: Aggregating Antimicrobial Peptides. Molecular 
Microbiology, 99(5), 849–865. https://doi.org/10.1111/mmi.13269 

Behra, R., Sigg, L., Clift, M. J. D., Herzog, F., Minghetti, M., Johnston, B., Petri-Fink, A., & 
Rothen-Rutishauser, B. (2013). Bioavailability of silver nanoparticles and ions: 
From a chemical and biochemical perspective. Journal of the Royal Society, 
Interface, 10(87), 20130396. https://doi.org/10.1098/rsif.2013.0396 

Bjarnsholt, T., Alhede, M., Alhede, M., Eickhardt-Sørensen, S. R., Moser, C., Kühl, M., 
Jensen, P. Ø., & Høiby, N. (2013). The in vivo biofilm. Trends in Microbiology, 
21(9), 466–474. https://doi.org/10.1016/j.tim.2013.06.002 

Bondarenko, O., Ivask, A., Käkinen, A., & Kahru, A. (2012). Sub-toxic effects of  
CuO nanoparticles on bacteria: Kinetics, role of Cu ions and possible 
mechanisms of action. Environmental Pollution, 169, 81–89. 
https://doi.org/10.1016/j.envpol.2012.05.009 

Bondarenko, O., Ivask, A., Käkinen, A., Kurvet, I., & Kahru, A. (2013). Particle-Cell Contact 
Enhances Antibacterial Activity of Silver Nanoparticles. PLoS ONE, 8(5), e64060. 
https://doi.org/10.1371/journal.pone.0064060 

Borkow, G. (2012). Using Copper to Fight Microorganisms. Current Chemical Biology, 
6(2), 93–103. https://doi.org/10.2174/187231312801254723 

Boulos, L., Prévost, M., Barbeau, B., Coallier, J., & Desjardins, R. (1999). LIVE/DEAD® 
BacLightTM: Application of a new rapid staining method for direct enumeration 
of viable and total bacteria in drinking water. Journal of Microbiological 
Methods, 37(1), 77–86. https://doi.org/10.1016/S0167-7012(99)00048-2 

Boyce, J. M. (2007). Environmental contamination makes an important contribution to 
hospital infection. Journal of Hospital Infection, 65, 50–54. 
https://doi.org/10.1016/S0195-6701(07)60015-2 

Bragg, P. D., & Rainnie, D. J. (1974). The effect of silver ions on the respiratory chain of 
Escherichia coli. Canadian Journal of Microbiology, 20(6), 883–889. 
https://doi.org/10.1139/m74-135 

Brayner, R., Ferrari-Iliou, R., Brivois, N., Djediat, S., Benedetti, M. F., & Fiévet, F.  
(2006). Toxicological Impact Studies Based on Escherichia coli Bacteria in  
Ultrafine ZnO Nanoparticles Colloidal Medium. Nano Letters, 6(4), 866–870. 
https://doi.org/10.1021/nl052326h 

Butina, K., Tomac, A., Choong, F. X., Shirani, H., Nilsson, K. P. R., Löffler, S., & Richter-
Dahlfors, A. (2020). Optotracing for selective fluorescence-based detection, 
visualization and quantification of live S. aureus in real-time. Npj Biofilms and 
Microbiomes, 6(1), 35. https://doi.org/10.1038/s41522-020-00150-y 

Buzzo, J. R., Devaraj, A., Gloag, E. S., Jurcisek, J. A., Robledo-Avila, F., Kesler, T.,  
Wilbanks, K., Mashburn-Warren, L., Balu, S., Wickham, J., Novotny, L. A., 
Stoodley, P., Bakaletz, L. O., & Goodman, S. D. (2021). Z-form extracellular  
DNA is a structural component of the bacterial biofilm matrix. Cell, 
S0092867421012204. https://doi.org/10.1016/j.cell.2021.10.010 

Campos, M. D., Zucchi, P. C., Phung, A., Leonard, S. N., & Hirsch, E. B. (2016). The Activity 
of Antimicrobial Surfaces Varies by Testing Protocol Utilized. PLOS ONE, 11(8), 
e0160728. https://doi.org/10.1371/journal.pone.0160728 



41 

Cerca, F., Trigo, G., Correia, A., Cerca, N., Azeredo, J., & Vilanova, M. (2011). SYBR green 
as a fluorescent probe to evaluate the biofilm physiological state of 
Staphylococcus epidermidis, using flow cytometry. Canadian Journal of 
Microbiology, 57(10), 850–856. https://doi.org/10.1139/w11-078 

Ceri, H., Olson, M. E., Stremick, C., Read, R. R., Morck, D., & Buret, A. (1999). The Calgary 
Biofilm Device: New technology for rapid determination of antibiotic 
susceptibilities of bacterial biofilms. Journal of Clinical Microbiology, 37(6), 
1771–1776. 

Chavez de Paz, L. E., Hamilton, I. R., & Svensater, G. (2008). Oral bacteria in biofilms 
exhibit slow reactivation from nutrient deprivation. Microbiology, 154(7),  
1927–1938. https://doi.org/10.1099/mic.0.2008/016576-0 

Chen, D., Li, J., Pan, T., Wu, R., Tao, Y., & Lin, H. (2020). The broad-spectrum antibiofilm 
activity of amyloid-forming hexapeptides. Microbial Biotechnology, 14(2),  
656–667. https://doi.org/10.1111/1751-7915.13721 

Choong, F. X., Bäck, M., Fahlén, S., Johansson, L. B., Melican, K., Rhen, M., Nilsson, K. P. R., 
& Richter-Dahlfors, A. (2016). Real-time optotracing of curli and cellulose in live 
Salmonella biofilms using luminescent oligothiophenes. Npj Biofilms and 
Microbiomes, 2(1), 16024.  https://doi.org/10.1038/npjbiofilms.2016.24 

Christensen, G. D., Simpson, W. A., Younger, J. J., Baddour, L. M., Barrett, F. F.,  
Melton, D. M., & Beachey, E. H. (1985). Adherence of coagulase-negative 
staphylococci to plastic tissue culture plates: A quantitative model for the 
adherence of staphylococci to medical devices. Journal of Clinical Microbiology, 
22(6), 996. http://jcm.asm.org/content/22/6/996.abstract 

Costerton, J. W., Geesey, G. G., & Cheng, K.-J. (1978). How Bacteria Stick. Scientific 
American, 238(1), 86–95. https://doi.org/10.1038/scientificamerican0178-86 

Costerton, J. W., Lewandowski, Z., Caldwell, D. E., Korber, D. R., & Lappin-Scott, H. M. 
(1995). Microbial Biofilms. Annual Review of Microbiology, 49(1), 711–745. 
https://doi.org/10.1146/annurev.mi.49.100195.003431 

Couñago, R. M., Ween, M. P., Begg, S. L., Bajaj, M., Zuegg, J., O’Mara, M. L., Cooper, M. A., 
McEwan, A. G., Paton, J. C., Kobe, B., & McDevitt, C. A. (2014). Imperfect 
coordination chemistry facilitates metal ion release in the Psa permease. Nature 
Chemical Biology, 10(1), 35–41. https://doi.org/10.1038/nchembio.1382 

Dauvergne, E., Lacquemant, C., Adjidé, C., & Mullié, C. (2020). Validation of a Worst-Case 
Scenario Method Adapted to the Healthcare Environment for Testing the 
Antibacterial Effect of Brass Surfaces and Implementation on Hospital 
Antibiotic-Resistant Strains. Antibiotics, 9(5), 245. 
https://doi.org/10.3390/antibiotics9050245 

Dibrov, P., Dzioba, J., Gosink, K. K., & Häse, C. C. (2002). Chemiosmotic Mechanism of 
Antimicrobial Activity of Ag+ in Vibrio cholerae. Antimicrobial Agents and 
Chemotherapy, 46(8), 2668–2670. https://doi.org/10.1128/AAC.46.8.2668-
2670.2002 

Dutta, R. K., Nenavathu, B. P., Gangishetty, M. K., & Reddy, A. V. R. (2012). Studies on 
antibacterial activity of ZnO nanoparticles by ROS induced lipid peroxidation. 
Colloids and Surfaces B: Biointerfaces, 94, 143–150. 
https://doi.org/10.1016/j.colsurfb.2012.01.046 

ECHA. (2018). Guidance on the Biocidal Products Regulation. Volume II Efficacy—
Assessment and Evaluation (Parts B+C). Publications Office. 
https://data.europa.eu/doi/10.2823/95242 



42 

Eijkelkamp, B. A., Morey, J. R., Ween, M. P., Ong, C. Y., McEwan, A. G., Paton, J. C., & 
McDevitt, C. A. (2014). Extracellular Zinc Competitively Inhibits Manganese Uptake 
and Compromises Oxidative Stress Management in Streptococcus pneumoniae. 
PLoS ONE, 9(2), e89427. https://doi.org/10.1371/journal.pone.0089427 

EPA. (2020a). Interim Method for the Evaluation of Bactericidal Activity of Hard, Non-
porous Copper-Containing Surface Products. https://www.epa.gov/pesticide-
analytical-methods/antimicrobial-testing-methods-procedures-interim-
method-evaluation 

EPA. (2020b). Interim Method for Evaluating the Efficacy of Antimicrobial Surface 
Coatings. https://www.epa.gov/pesticide-analytical-methods/antimicrobial-
testing-methods-procedures-interim-method-evaluating 

EPA. (2021). Interim Guidance—Review for Products Adding Residual Efficacy Claims. 
https://www.epa.gov/pesticide-registration/interim-guidance-review-
products-adding-residual-efficacy-claims 

Feng, Q. L., Wu, J., Chen, G. Q., Cui, F. Z., Kim, T. N., & Kim, J. O. (2000). A mechanistic 
study of the antibacterial effect of silver ions on Escherichia coli and 
Staphylococcus aureus. Journal of Biomedical Materials Research, 52(4), 
662–668. https://doi.org/10.1002/1097-4636(20001215)52:4<662::aid-
jbm10>3.0.co;2-3 

Fernández-Tresguerres, M. E., Moreno-Díaz de la Espina, S., Gasset-Rosa, F., & Giraldo, 
R. (2010). A DNA-promoted amyloid proteinopathy in Escherichia coli: Synthetic
bacterial amyloidosis. Molecular Microbiology, 77(6), 1456–1469.
https://doi.org/10.1111/j.1365-2958.2010.07299.x

Flemming, H.-C., Baveye, P., Neu, T. R., Stoodley, P., Szewzyk, U., Wingender, J., & 
Wuertz, S. (2021). Who put the film in biofilm? The migration of a term from 
wastewater engineering to medicine and beyond. Npj Biofilms and 
Microbiomes, 7(1), 10. https://doi.org/10.1038/s41522-020-00183-3 

Flemming, H.-C., & Wingender, J. (2010). The biofilm matrix. Nature Reviews 
Microbiology. https://doi.org/10.1038/nrmicro2415 

Flemming, H.-C., & Wuertz, S. (2019). Bacteria and archaea on Earth and their abundance 
in biofilms. Nature Reviews Microbiology, 17(4), 247–260. 
https://doi.org/10.1038/s41579-019-0158-9 

France, M. T., Cornea, A., Kehlet-Delgado, H., & Forney, L. J. (2019). Spatial structure facilitates 
the accumulation and persistence of antibiotic-resistant mutants in biofilms. 
Evolutionary Applications, 12(3), 498–507. https://doi.org/10.1111/eva.12728 

Friehs, E., AlSalka, Y., Jonczyk, R., Lavrentieva, A., Jochums, A., Walter, J.-G., Stahl, F., 
Scheper, T., & Bahnemann, D. (2016). Toxicity, phototoxicity and biocidal 
activity of nanoparticles employed in photocatalysis. Journal of Photochemistry 
and Photobiology C: Photochemistry Reviews, 29, 1–28. 
https://doi.org/10.1016/j.jphotochemrev.2016.09.001 

Gallo, P. M., Rapsinski, G. J., Wilson, R. P., Oppong, G. O., Sriram, U., Goulian, M., 
Buttaro, B., Caricchio, R., Gallucci, S., & Tükel, Ç. (2015). Amyloid-DNA 
Composites of Bacterial Biofilms Stimulate Autoimmunity. Immunity, 42(6), 
1171–1184. https://doi.org/10.1016/j.immuni.2015.06.002 

García-Lara, B., Saucedo-Mora, M. Á., Roldán-Sánchez, J. A., Pérez-Eretza, B., Ramasamy, M.,  
Coria-Jimenez, R., Tapia, M., Varela-Guerrero, V., & García-Contreras, R. 

(2015). Inhibition of quorum-sensing-dependent virulence factors and biofilm 
formation of clinical and environmental Pseudomonas aeruginosa strains by 
ZnO nanoparticles. Letters in Applied Microbiology, 61(3), 299–305. https://
doi.org/10.1111/lam.12456 



43 

Gaupp, R., Ledala, N., & Somerville, G. A. (2012). Staphylococcal response to oxidative 
stress. Frontiers in Cellular and Infection Microbiology, 2. 
https://doi.org/10.3389/fcimb.2012.00033 

Ghandour, W., Hubbard, JuliaA., Deistung, J., Hughes, MartinN., & Poole, RobertK. 
(1988). The uptake of silver ions by Escherichia coli K12: Toxic effects and 
interaction with copper ions. Applied Microbiology and Biotechnology, 28(6). 
https://doi.org/10.1007/BF00250412 

Gião, M. S., & Keevil, C. W. (2014). Listeria monocytogenes Can Form Biofilms in Tap 
Water and Enter Into the Viable but Non-Cultivable State. Microbial Ecology, 
67(3), 603–611. https://doi.org/10.1007/s00248-013-0364-3 

Gogoi, S. K., Gopinath, P., Paul, A., Ramesh, A., Ghosh, S. S., & Chattopadhyay, A. (2006). 
Green Fluorescent Protein-Expressing Escherichia c oli as a Model System for 
Investigating the Antimicrobial Activities of Silver Nanoparticles. Langmuir, 
22(22), 9322–9328. https://doi.org/10.1021/la060661v 

Gómez-Gómez, B., Arregui, L., Serrano, S., Santos, A., Pérez-Corona, T., & Madrid, Y. 
(2019). Unravelling mechanisms of bacterial quorum sensing disruption by 
metal-based nanoparticles. Science of The Total Environment, 696, 133869. 
https://doi.org/10.1016/j.scitotenv.2019.133869 

Grass, G., Rensing, C., & Solioz, M. (2011). Metallic Copper as an Antimicrobial Surface. 
Applied and Environmental Microbiology, 77(5), 1541–1547. 
https://doi.org/10.1128/AEM.02766-10 

Grinberg, M., Orevi, T., Steinberg, S., & Kashtan, N. (2019). Bacterial survival in microscopic 
surface wetness. ELife, 8, e48508. https://doi.org/10.7554/eLife.48508 

Habash, M. B., Goodyear, M. C., Park, A. J., Surette, M. D., Vis, E. C., Harris, R. J., & 
Khursigara, C. M. (2017). Potentiation of Tobramycin by Silver Nanoparticles 
against Pseudomonas aeruginosa Biofilms. Antimicrobial Agents and 
Chemotherapy, 61(11), e00415-17, e00415-17. 
https://doi.org/10.1128/AAC.00415-17 

Haferburg, G., & Kothe, E. (2010). Metallomics: Lessons for metalliferous soil 
remediation. Applied Microbiology and Biotechnology, 87(4), 1271–1280. 
https://doi.org/10.1007/s00253-010-2695-z 

Hans, M., Erbe, A., Mathews, S., Chen, Y., Solioz, M., & Mücklich, F. (2013). Role of Copper 
Oxides in Contact Killing of Bacteria. Langmuir, 29(52), 16160–16166. 
https://doi.org/10.1021/la404091z 

Harrison, J. J., Ceri, H., Stremick, C. A., & Turner, R. J. (2004). Biofilm susceptibility to 
metal toxicity. Environmental Microbiology, 6(12), 1220–1227. 
https://doi.org/10.1111/j.1462-2920.2004.00656.x 

Harrison, J. J., Tremaroli, V., Stan, M. A., Chan, C. S., Vacchi-Suzzi, C., Heyne, B. J.,  
Parsek, M. R., Ceri, H., & Turner, R. J. (2009). Chromosomal antioxidant  
genes have metal ion-specific roles as determinants of bacterial  
metal tolerance. Environmental Microbiology, 11(10), 2491–2509. 
https://doi.org/10.1111/j.1462-2920.2009.01973.x 

Hegde, M. L., Anitha, S., Latha, K. S., Mustak, M. S., Stein, R., Ravid, R., & Rao, K. S. J. 
(2004). First Evidence for Helical Transitions in Supercoiled DNA by Amyloid β 
Peptide (1-42) and Aluminum: A New Insight in Understanding Alzheimer’s 
Disease. Journal of Molecular Neuroscience, 22(1–2), 19–32. 
https://doi.org/10.1385/JMN:22:1-2:19 



44 

Hengge, R. (2009). Principles of c-di-GMP signalling in bacteria. Nature Reviews. 
Microbiology, 7(4), 263–273. https://doi.org/10.1038/nrmicro2109 

Hirota, K., Sugimoto, M., Kato, M., Tsukagoshi, K., Tanigawa, T., & Sugimoto, H. (2010). 
Preparation of zinc oxide ceramics with a sustainable antibacterial activity under 
dark conditions. Ceramics International, 36(2), 497–506. 
https://doi.org/10.1016/j.ceramint.2009.09.026 

Hobman, J. L., & Crossman, L. C. (2015). Bacterial antimicrobial metal ion resistance. 
Journal of Medical Microbiology, 64(5), 471–497. 
https://doi.org/10.1099/jmm.0.023036-0 

Hodgson, E. (2010). Metals. In A textbook of modern toxicology (4th ed., pp. 49–54).  
John Wiley & Sons. 

Holt, K. B., & Bard, A. J. (2005). Interaction of Silver(I) Ions with the Respiratory Chain of 
Escherichia coli: An Electrochemical and Scanning Electrochemical Microscopy 
Study of the Antimicrobial Mechanism of Micromolar Ag + †. Biochemistry, 
44(39), 13214–13223. https://doi.org/10.1021/bi0508542 

Hosler, J. P., Ferguson-Miller, S., & Mills, D. A. (2006). Energy Transduction: Proton 
Transfer Through the Respiratory Complexes. Annual Review of Biochemistry, 
75(1), 165–187. https://doi.org/10.1146/annurev.biochem.75.062003.101730 

Huma, Z., Javed, I., Zhang, Z., Bilal, H., Sun, Y., Hussain, S. Z., Davis, T. P., Otzen, D. E., 
Landersdorfer, C. B., Ding, F., Hussain, I., & Ke, P. C. (2020). Nanosilver Mitigates 
Biofilm Formation via FapC Amyloidosis Inhibition. Small, 1906674. 
https://doi.org/10.1002/smll.201906674 

ISO. (2011). ISO 22196:2011 Measurement of antibacterial activity on plastics and other 
non-porous surfaces. 

ISO. (2013). ISO 20743:2013 Textiles—Determination of antibacterial activity of textile 
products. 

ISO. (2015). ISO 13697:2015 Chemical disinfectants and antiseptics—Quantitative non-
porous surface test for the evaluation of bactericidal and/or fungicidal activity 
of chemical disinfectants used in food, industrial, domestic and institutional areas—
Test method and requirements without mechanical action (phase 2, step 2). 

ISO. (2019a). ISO 18184:2019 Textiles—Determination of antiviral activity of textile 
products. 

ISO. (2019b). ISO 27447:2019 Fine ceramics (advanced ceramics, advanced technical 
ceramics)—Test method for antibacterial activity of semiconducting 
photocatalytic materials. 

Ivask, A., Rõlova, T., & Kahru, A. (2009). A suite of recombinant luminescent bacterial 
strains for the quantification of bioavailable heavy metals and toxicity testing. 
BMC Biotechnology, 9(1), 41. https://doi.org/10.1186/1472-6750-9-41 

Jenal, U., Reinders, A., & Lori, C. (2017). Cyclic di-GMP: Second messenger extraordinaire. 
Nature Reviews Microbiology, 15(5), 271–284. 
https://doi.org/10.1038/nrmicro.2016.190 

Jennings, L. K., Storek, K. M., Ledvina, H. E., Coulon, C., Marmont, L. S., Sadovskaya, I., 
Secor, P. R., Tseng, B. S., Scian, M., Filloux, A., Wozniak, D. J., Howell, P. L., & 
Parsek, M. R. (2015). Pel is a cationic exopolysaccharide that cross-links 
extracellular DNA in the Pseudomonas aeruginosa biofilm matrix. Proceedings 
of the National Academy of Sciences, 112(36), 11353–11358. 
https://doi.org/10.1073/pnas.1503058112 



45 

Jensen, L. K., Koch, J., Aalbaek, B., Moodley, A., Bjarnsholt, T., Kragh, K. N., Petersen, A., 
& Jensen, H. E. (2017). Early implant-associated osteomyelitis results in a peri-
implanted bacterial reservoir. APMIS: Acta Pathologica, Microbiologica, et 
Immunologica Scandinavica, 125(1), 38–45. https://doi.org/10.1111/apm.12597 

Jin, S.-E., & Jin, H.-E. (2021). Antimicrobial Activity of Zinc Oxide Nano/Microparticles and 
Their Combinations against Pathogenic Microorganisms for Biomedical 
Applications: From Physicochemical Characteristics to Pharmacological Aspects. 
Nanomaterials, 11(2), 263. https://doi.org/10.3390/nano11020263 

Joost, U., Juganson, K., Visnapuu, M., Mortimer, M., Kahru, A., Nõmmiste, E., Joost, U., 
Kisand, V., & Ivask, A. (2015). Photocatalytic antibacterial activity of nano-TiO2 
(anatase)-based thin films: Effects on Escherichia coli cells and fatty acids. 
Journal of Photochemistry and Photobiology B: Biology, 142, 178–185. 
https://doi.org/10.1016/j.jphotobiol.2014.12.010 

Käkinen, A., Bondarenko, O., Ivask, A., & Kahru, A. (2011). The Effect of Composition of 
Different Ecotoxicological Test Media on Free and Bioavailable Copper from 
CuSO4 and CuO Nanoparticles: Comparative Evidence from a Cu-Selective 
Electrode and a Cu-Biosensor. Sensors, 11(11), 10502–10521. 
https://doi.org/10.3390/s111110502 

Karlin, K. (1993). Metalloenzymes, structural motifs, and inorganic models. Science, 
261(5122), 701–708. https://doi.org/10.1126/science.7688141 

Kim, J. S., Kuk, E., Yu, K. N., Kim, J.-H., Park, S. J., Lee, H. J., Kim, S. H., Park, Y. K., Park, Y. H., 
Hwang, C.-Y., Kim, Y.-K., Lee, Y.-S., Jeong, D. H., & Cho, M.-H. (2007). Antimicrobial 
effects of silver nanoparticles. Nanomedicine: Nanotechnology, Biology and 
Medicine, 3(1), 95–101. https://doi.org/10.1016/j.nano.2006.12.001 

Knobloch, J. K.-M., Tofern, S., Kunz, W., Schütze, S., Riecke, M., Solbach, W., & Wuske, T. 
(2017). “Life-like” assessment of antimicrobial surfaces by a new touch transfer 
assay displays strong superiority of a copper alloy compared to silver 
containing surfaces. PLOS ONE, 12(11), e0187442. 
https://doi.org/10.1371/journal.pone.0187442 

Kobayashi, H., Oethinger, M., Tuohy, M. J., Procop, G. W., & Bauer, T. W. (2009). 
Improved detection of biofilm-formative bacteria by vortexing and sonication: 
A pilot study. Clinical Orthopaedics and Related Research, 467(5), 1360–1364. 
https://doi.org/10.1007/s11999-008-0609-5 

Koseoglu Eser, O., Ergin, A., & Hascelik, G. (2015). Antimicrobial Activity of Copper Alloys 
Against Invasive Multidrug-Resistant Nosocomial Pathogens. Current 
Microbiology, 71(2), 291–295. https://doi.org/10.1007/s00284-015-0840-8 

Kragh, K. N., Alhede, M., Kvich, L., & Bjarnsholt, T. (2019). Into the well—A close look at 
the complex structures of a microtiter biofilm and the crystal violet assay. 
Biofilm, 100006. https://doi.org/10.1016/j.bioflm.2019.100006 

Kramer, A., Schwebke, I., & Kampf, G. (2006). How long do nosocomial pathogens persist 
on inanimate surfaces? A systematic review. BMC Infectious Diseases, 6(1), 130. 
https://doi.org/10.1186/1471-2334-6-130 

Lakshmi Prasanna, V., & Vijayaraghavan, R. (2015). Insight into the Mechanism of 
Antibacterial Activity of ZnO: Surface Defects Mediated Reactive Oxygen Species 
Even in the Dark. Langmuir, 31(33), 9155–9162. 
https://doi.org/10.1021/acs.langmuir.5b02266 

Laland, K., Matthews, B., & Feldman, M. W. (2016). An introduction to niche construction  
Evolutionary Ecology, 30(2), 191–202. https://doi.org/10.1007/

s10682-016-9821-z 



46 

Lawrence, J. R., Korber, D. R., Hoyle, B. D., Costerton, J. W., & Caldwell, D. E. (1991). 
Optical sectioning of microbial biofilms. Journal of Bacteriology, 173(20), 6558–
6567. https://doi.org/10.1128/JB.173.20.6558-6567.1991 

Lee, J.-H., Kim, Y.-G., Cho, M. H., & Lee, J. (2014). ZnO nanoparticles inhibit Pseudomonas 
aeruginosa biofilm formation and virulence factor production. Microbiological 
Research, 169(12), 888–896. https://doi.org/10.1016/j.micres.2014.05.005 

Lee, L. J., Barrett, J. A., & Poole, R. K. (2005). Genome-wide transcriptional response of 
chemostat-cultured Escherichia coli to zinc. Journal of Bacteriology, 187(3), 
1124–1134. https://doi.org/10.1128/JB.187.3.1124-1134.2005 

Lemire, J. A., Harrison, J. J., & Turner, R. J. (2013). Antimicrobial activity of metals: 
Mechanisms, molecular targets and applications. Nature Reviews Microbiology, 
11(6), 371–384. https://doi.org/10.1038/nrmicro3028 

Li, L., Mendis, N., Trigui, H., Oliver, J. D., & Faucher, S. P. (2014). The importance of the 
viable but non-culturable state in human bacterial pathogens. Frontiers in 
Microbiology, 5. https://doi.org/10.3389/fmicb.2014.00258 

Limoli, D. H., Jones, C. J., & Wozniak, D. J. (2015). Bacterial Extracellular Polysaccharides 
in Biofilm Formation and Function. Microbiology Spectrum, 3(3). 
https://doi.org/10.1128/microbiolspec.MB-0011-2014 

Lin, K., & Marr, L. C. (2020). Humidity-Dependent Decay of Viruses, but Not Bacteria, in 
Aerosols and Droplets Follows Disinfection Kinetics. Environmental Science & 
Technology, 54(2), 1024–1032. https://doi.org/10.1021/acs.est.9b04959 

Linares, J. F., Gustafsson, I., Baquero, F., & Martinez, J. L. (2006). Antibiotics as intermicrobial 
signaling agents instead of weapons. Proceedings of the National Academy of 
Sciences, 103(51), 19484–19489. https://doi.org/10.1073/pnas.0608949103 

Linic, S., Christopher, P., & Ingram, D. B. (2011). Plasmonic-metal nanostructures for 
efficient conversion of solar to chemical energy. Nature Materials, 10(12),  
911–921. https://doi.org/10.1038/nmat3151 

Linklater, D. P., Baulin, V. A., Juodkazis, S., Crawford, R. J., Stoodley, P., & Ivanova, E. P. 
(2021). Mechano-bactericidal actions of nanostructured surfaces. Nature 
Reviews Microbiology, 19(1), 8–22. https://doi.org/10.1038/s41579-020-0414-z 

Lipovsky, A., Nitzan, Y., Gedanken, A., & Lubart, R. (2011). Antifungal activity of ZnO 
nanoparticles—The role of ROS mediated cell injury. Nanotechnology, 22(10), 
105101. https://doi.org/10.1088/0957-4484/22/10/105101 

Lipovsky, A., Tzitrinovich, Z., Friedmann, H., Applerot, G., Gedanken, A., & Lubart, R. 
(2009). EPR Study of Visible Light-Induced ROS Generation by Nanoparticles of 
ZnO. The Journal of Physical Chemistry C, 113(36), 15997–16001. 
https://doi.org/10.1021/jp904864g 

Macomber, L., & Imlay, J. A. (2009). The iron-sulfur clusters of dehydratases are primary 
intracellular targets of copper toxicity. Proceedings of the National Academy of 
Sciences, 106(20), 8344–8349. https://doi.org/10.1073/pnas.0812808106 

Macomber, L., Rensing, C., & Imlay, J. A. (2007). Intracellular Copper Does Not Catalyze 
the Formation of Oxidative DNA Damage in Escherichia coli. Journal of 
Bacteriology, 189(5), 1616–1626. https://doi.org/10.1128/JB.01357-06 

Mandakhalikar, K. D., Rahmat, J. N., Chiong, E., Neoh, K. G., Shen, L., & Tambyah, P. A. 
(2018). Extraction and quantification of biofilm bacteria: Method optimized for 
urinary catheters. Scientific Reports, 8(1), 8069. https://doi.org/10.1038/s41598-
018-26342-3 



47 

McDevitt, C. A., Ogunniyi, A. D., Valkov, E., Lawrence, M. C., Kobe, B., McEwan, A. G., & 
Paton, J. C. (2011). A Molecular Mechanism for Bacterial Susceptibility to Zinc. 
PLoS Pathogens, 7(11), e1002357. https://doi.org/10.1371/journal.ppat.1002357 

McDonald, M., Wesgate, R., Rubiano, M., Holah, J., Denyer, S. P., Jermann, C., & Maillard, 
J.-Y. (2020). Impact of a dry inoculum deposition on the efficacy of copper-based 
antimicrobial surfaces. Journal of Hospital Infection, 106(3), 465–472. 
https://doi.org/10.1016/j.jhin.2020.08.013 

McDonnell, G., & Russell, A. D. (1999). Antiseptics and disinfectants: Activity, action, and 
resistance. Clinical Microbiology Reviews, 12(1), 147–179. 

Merritt, J. H., Kadouri, D. E., & O’Toole, G. A. (2005). Growing and Analyzing Static 
Biofilms. In R. Coico, T. Kowalik, J. Quarles, B. Stevenson, & R. Taylor (Eds.), 
Current Protocols in Microbiology (p. mc01b01s00). John Wiley & Sons, Inc. 
https://doi.org/10.1002/9780471729259.mc01b01s00 

Michels, H. T., Noyce, J. O., & Keevil, C. W. (2009). Effects of temperature and humidity 
on the efficacy of methicillin-resistant Staphylococcus aureus challenged 
antimicrobial materials containing silver and copper. Letters in Applied 
Microbiology, 49(2), 191–195. https://doi.org/10.1111/j.1472-765X.2009.02637.x 

Mills, D. A., Schmidt, B., Hiser, C., Westley, E., & Ferguson-Miller, S. (2002). Membrane 
Potential-controlled Inhibition of Cytochrome c Oxidase by Zinc. Journal of Biological 
Chemistry, 277(17), 14894–14901. https://doi.org/10.1074/jbc.M111922200 

Mitchell, P. (2016). Anatomy and surgery in Europe and the Middle East during 
the Middle Ages. Apollo - University of Cambridge Repository. 
https://doi.org/10.17863/CAM.13163 

Molteni, C., Abicht, H. K., & Solioz, M. (2010). Killing of Bacteria by Copper Surfaces 
Involves Dissolved Copper. Applied and Environmental Microbiology, 76(12), 
4099–4101. https://doi.org/10.1128/AEM.00424-10 

Morey, J. R., McDevitt, C. A., & Kehl-Fie, T. E. (2015). Host-imposed manganese starvation 
of invading pathogens: Two routes to the same destination. BioMetals, 28(3), 
509–519. https://doi.org/10.1007/s10534-015-9850-z 

Morones-Ramirez, J. R., Winkler, J. A., Spina, C. S., & Collins, J. J. (2013). Silver enhances 
antibiotic activity against gram-negative bacteria. Science Translational 
Medicine, 5(190), 190ra81. https://doi.org/10.1126/scitranslmed.3006276 

Nan, L., Liu, Y., Lü, M., & Yang, K. (2008). Study on antibacterial mechanism of copper-
bearing austenitic antibacterial stainless steel by atomic force microscopy. 
Journal of Materials Science: Materials in Medicine, 19(9), 3057–3062. 
https://doi.org/10.1007/s10856-008-3444-z 

Nicastro, L. K., Tursi, S. A., Le, L. S., Miller, A. L., Efimov, A., Buttaro, B., Tam, V., & 
Tükel, Ç. (2019). Cytotoxic Curli Intermediates Form during Salmonella 
Biofilm Development. Journal of Bacteriology, 201(18), e00095-19, 
/jb/201/18/JB.00095-19.atom. https://doi.org/10.1128/JB.00095-19 

NIH. (2002). Research on microbial biofilms: PA Number: PA-03-047. National Institute of 
Health. http://grants.nih.gov/grants/guide/pa-files/PA-03-047.html 

Nocker, A., & Camper, A. K. (2009). Novel approaches toward preferential detection of 
viable cells using nucleic acid amplification techniques. FEMS Microbiology 
Letters, 291(2), 137–142. https://doi.org/10.1111/j.1574-6968.2008.01429.x  

Novotny, L. A., Chiang, T., Goodman, S. D., Elmaraghy, C. A., & Bakaletz, L. O. (2021). 
ANTI-DNABII Fab Fragments Plus Ofloxacin Eradicated Biofilms 

in Experimental Otitis Media. The Laryngoscope, lary.29497. https://
doi.org/10.1002/lary.29497 



48 

Odermatt, A., Krapf, R., & Solioz, M. (1994). Induction of the Putative Copper ATPases, 
CopA and Copb, of Enterococcus hirae by Ag+ and Cu2+, and Ag+ Extrusion by 
CopB. Biochemical and Biophysical Research Communications, 202(1), 44–48. 
https://doi.org/10.1006/bbrc.1994.1891 

O’Gorman, J., & Humphreys, H. (2012). Application of copper to prevent and control 
infection. Where are we now? Journal of Hospital Infection, 81(4), 217–223. 
https://doi.org/10.1016/j.jhin.2012.05.009 

Ojeil, M., Jermann, C., Holah, J., Denyer, S. P., & Maillard, J.-Y. (2013). Evaluation of new 
in vitro efficacy test for antimicrobial surface activity reflecting UK hospital 
conditions. Journal of Hospital Infection, 85(4), 274–281. 
https://doi.org/10.1016/j.jhin.2013.08.007 

Okshevsky, M., & Meyer, R. L. (2015). The role of extracellular DNA in the establishment, 
maintenance and perpetuation of bacterial biofilms. Critical Reviews in 
Microbiology, 41(3), 341–352. https://doi.org/10.3109/1040841X.2013.841639 

Oli, M. W., Otoo, H. N., Crowley, P. J., Heim, K. P., Nascimento, M. M., Ramsook, C. B., 
Lipke, P. N., & Brady, L. J. (2012). Functional amyloid formation by Streptococcus 
mutans. Microbiology (Reading, England), 158(Pt 12), 2903–2916. 
https://doi.org/10.1099/mic.0.060855-0 

Olsen, I. (2015). Biofilm-specific antibiotic tolerance and resistance. European Journal of 
Clinical Microbiology & Infectious Diseases, 34(5), 877–886. 
https://doi.org/10.1007/s10096-015-2323-z 

Olson, M. E., Ceri, H., Morck, D. W., Buret, A. G., & Read, R. R. (2002). Biofilm bacteria: 
Formation and comparative susceptibility to antibiotics. Canadian Journal of 
Veterinary Research = Revue Canadienne De Recherche Veterinaire, 66(2), 86–92. 

Ong, C. Y., Walker, M. J., & McEwan, A. G. (2015). Zinc disrupts central carbon 
metabolism and capsule biosynthesis in Streptococcus pyogenes. Scientific 
Reports, 5(1), 10799. https://doi.org/10.1038/srep10799 

Otter, J. A., Vickery, K., Walker, J. T., deLancey Pulcini, E., Stoodley, P., Goldenberg, S. D., 
Salkeld, J. A. G., Chewins, J., Yezli, S., & Edgeworth, J. D. (2015). Surface-attached 
cells, biofilms and biocide susceptibility: Implications for hospital cleaning 
and disinfection. Journal of Hospital Infection, 89(1), 16–27. 
https://doi.org/10.1016/j.jhin.2014.09.008 

Otter, J. A., Yezli, S., & French, G. L. (2011). The Role Played by Contaminated Surfaces in 
the Transmission of Nosocomial Pathogens. Infection Control & Hospital 
Epidemiology, 32(7), 687–699. https://doi.org/10.1086/660363 

Pal, C., Asiani, K., Arya, S., Rensing, C., Stekel, D. J., Larsson, D. G. J., & Hobman, J. L. 
(2017). Metal Resistance and Its Association With Antibiotic Resistance. In 
Advances in Microbial Physiology (Vol. 70, pp. 261–313). Elsevier. 
https://doi.org/10.1016/bs.ampbs.2017.02.001 

Pasquet, J., Chevalier, Y., Pelletier, J., Couval, E., Bouvier, D., & Bolzinger, M.-A. (2014). 
The contribution of zinc ions to the antimicrobial activity of zinc oxide. Colloids 
and Surfaces A: Physicochemical and Engineering Aspects, 457, 263–274. 
https://doi.org/10.1016/j.colsurfa.2014.05.057 

Pati, R., Mehta, R. K., Mohanty, S., Padhi, A., Sengupta, M., Vaseeharan, B., Goswami, C., 
Sonawane, A. (2014). Topical application of zinc oxide nanoparticles reduces 

bacterial skin infection in mice and exhibits antibacterial activity by inducing 
oxidative stress response and cell membrane disintegration in 
macrophages. Nanomedicine: Nanotechnology, Biology and 
Medicine, 10(6), 1195–1208. https://doi.org/10.1016/j.nano.2014.02.012 



49 

Paula, A. J., Hwang, G., & Koo, H. (2020). Dynamics of bacterial population growth in 
biofilms resemble spatial and structural aspects of urbanization. Nature 
Communications, 11(1), 1354. https://doi.org/10.1038/s41467-020-15165-4 

Pendleton, J. N., Gorman, S. P., & Gilmore, B. F. (2013). Clinical relevance of the  
ESKAPE pathogens. Expert Review of Anti-Infective Therapy, 11(3), 297–308. 
https://doi.org/10.1586/eri.13.12 

Penesyan, A., Paulsen, I. T., Gillings, M. R., Kjelleberg, S., & Manefield, M. J. (2020). 
Secondary Effects of Antibiotics on Microbial Biofilms. Frontiers in Microbiology, 
11, 2109. https://doi.org/10.3389/fmicb.2020.02109 

Perez-Gavilan, A., de Castro, J. V., Arana, A., Merino, S., Retolaza, A., Alves, S. A., 
Francone, A., Kehagias, N., Sotomayor-Torres, C. M., Cocina, D., Mortera, R., 
Crapanzano, S., Pelegrín, C. J., Garrigos, M. C., Jiménez, A., Galindo, B.,  
Araque, M. C., Dykeman, D., Neves, N. M., & Marimón, J. M. (2021). 
Antibacterial activity testing methods for hydrophobic patterned surfaces. 
Scientific Reports, 11(1), 6675. https://doi.org/10.1038/s41598-021-85995-9 

Pietsch, F., Heidrich, G., Nordholt, N., & Schreiber, F. (2021). Prevalent Synergy and 
Antagonism Among Antibiotics and Biocides in Pseudomonas aeruginosa. Frontiers 
in Microbiology, 11, 615618. https://doi.org/10.3389/fmicb.2020.615618 

Raghupathi, K. R., Koodali, R. T., & Manna, A. C. (2011). Size-Dependent Bacterial Growth 
Inhibition and Mechanism of Antibacterial Activity of Zinc Oxide Nanoparticles. 
Langmuir, 27(7), 4020–4028. https://doi.org/10.1021/la104825u 

Redfern, J., Tucker, J., Simmons, L., Askew, P., Stephan, I., & Verran, J. (2018). 
Environmental and Experimental Factors Affecting Efficacy Testing of 
Nonporous Plastic Antimicrobial Surfaces. Methods and Protocols, 1(4), 36. 
https://doi.org/10.3390/mps1040036 

Røder, H. L., Trivedi, U., Russel, J., Kragh, K. N., Herschend, J., Thalsø-Madsen, I.,  
Tolker-Nielsen, T., Bjarnsholt, T., Burmølle, M., & Madsen, J. S. (2021). Biofilms 
can act as plasmid reserves in the absence of plasmid specific selection. Npj 
Biofilms and Microbiomes, 7(1), 78. https://doi.org/10.1038/s41522-021-00249-w 

Romero, D., Aguilar, C., Losick, R., & Kolter, R. (2010). Amyloid fibers provide structural 
integrity to Bacillus subtilis biofilms. Proceedings of the National Academy of 
Sciences, 107(5), 2230–2234. https://doi.org/10.1073/pnas.0910560107 

Römling, U., & Balsalobre, C. (2012). Biofilm infections, their resilience to therapy and 
innovative treatment strategies. Journal of Internal Medicine, 272(6), 541–561. 
https://doi.org/10.1111/joim.12004 

Rosenberg, M., Ilić, K., Juganson, K., Ivask, A., Ahonen, M., Vinković Vrček, I., & Kahru, A. 
(2019). Potential ecotoxicological effects of antimicrobial surface coatings:  
A literature survey backed up by analysis of market reports. PeerJ, 7, e6315. 
https://doi.org/10.7717/peerj.6315 

Różańska, A., Chmielarczyk, A., Romaniszyn, D., Sroka-Oleksiak, A., Bulanda, M., 
Walkowicz, M., Osuch, P., & Knych, T. (2017). Antimicrobial Properties of 
Selected Copper Alloys on Staphylococcus aureus and Escherichia coli in 
Different Simulations of Environmental Conditions: With vs. without Organic 
Contamination. International Journal of Environmental Research and Public 
Health, 14(7), 813. https://doi.org/10.3390/ijerph14070813 

Rumbaugh, K. P., & Sauer, K. (2020). Biofilm dispersion. Nature Reviews Microbiology, 
18(10), 571–586. https://doi.org/10.1038/s41579-020-0385-0 



50 

Salgado, C. D., Sepkowitz, K. A., John, J. F., Cantey, J. R., Attaway, H. H., Freeman, K. D., 
Sharpe, P. A., Michels, H. T., & Schmidt, M. G. (2013). Copper Surfaces Reduce 
the Rate of Healthcare-Acquired Infections in the Intensive Care Unit. Infection 
Control & Hospital Epidemiology, 34(5), 479–486. https://doi.org/10.1086/670207 

Santo, C. E., Lam, E. W., Elowsky, C. G., Quaranta, D., Domaille, D. W., Chang, C. J., & 
Grass, G. (2011). Bacterial Killing by Dry Metallic Copper Surfaces.  
Applied and Environmental Microbiology, 77(3), 794–802. 
https://doi.org/10.1128/AEM.01599-10 

Santo, C. E., Taudte, N., Nies, D. H., & Grass, G. (2008). Contribution of Copper Ion 
Resistance to Survival of Escherichia coli on Metallic Copper Surfaces.  
Applied and Environmental Microbiology, 74(4), 977–986. 
https://doi.org/10.1128/AEM.01938-07 

Santos-Lopez, A., Marshall, C. W., Scribner, M. R., Snyder, D. J., & Cooper, V. S. (2019). 
Evolutionary pathways to antibiotic resistance are dependent upon 
environmental structure and bacterial lifestyle. ELife, 8. 
https://doi.org/10.7554/eLife.47612 

Schwartz, K., Ganesan, M., Payne, D. E., Solomon, M. J., & Boles, B. R. (2016). Extracellular 
DNA facilitates the formation of functional amyloids in S taphylococcus aureus 
biofilms: EDNA promotes functional amyloid formation. Molecular 
Microbiology, 99(1), 123–134. https://doi.org/10.1111/mmi.13219 

Schwartz, K., Syed, A. K., Stephenson, R. E., Rickard, A. H., & Boles, B. R. (2012).  
Functional amyloids composed of phenol soluble modulins stabilize 
Staphylococcus aureus biofilms. PLoS Pathogens, 8(6), e1002744. 
https://doi.org/10.1371/journal.ppat.1002744 

Seil, J. T., & Webster, T. J. (2011). Reduced Staphylococcus aureus proliferation and 
biofilm formation on zinc oxide nanoparticle PVC composite surfaces. Acta 
Biomaterialia, 7(6), 2579–2584. https://doi.org/10.1016/j.actbio.2011.03.018 

Seviour, T., Derlon, N., Dueholm, M. S., Flemming, H.-C., Girbal-Neuhauser, E., Horn, H., 
Kjelleberg, S., van Loosdrecht, M. C. M., Lotti, T., Malpei, M. F., Nerenberg, R., 
Neu, T. R., Paul, E., Yu, H., & Lin, Y. (2019). Extracellular polymeric substances of 
biofilms: Suffering from an identity crisis. Water Research, 151, 1–7. 
https://doi.org/10.1016/j.watres.2018.11.020 

Seviour, T., Winnerdy, F. R., Wong, L. L., Shi, X., Mugunthan, S., Foo, Y. H., Castaing, R., 
Adav, S. S., Subramoni, S., Kohli, G. S., Shewan, H. M., Stokes, J. R., Rice, S. A., 
Phan, A. T., & Kjelleberg, S. (2021). The biofilm matrix scaffold of Pseudomonas 
aeruginosa contains G-quadruplex extracellular DNA structures. Npj Biofilms 
and Microbiomes, 7(1), 27. https://doi.org/10.1038/s41522-021-00197-5 

Sifri, C. D., Burke, G. H., & Enfield, K. B. (2016). Reduced health care-associated infections 
in an acute care community hospital using a combination of self-disinfecting 
copper-impregnated composite hard surfaces and linens. American Journal of 
Infection Control, 44(12), 1565–1571. https://doi.org/10.1016/j.ajic.2016.07.007 

Silver, S., & Phung, L. T. (1996). BACTERIAL HEAVY METAL RESISTANCE:  
New Surprises. Annual Review of Microbiology, 50(1), 753–789. 
https://doi.org/10.1146/annurev.micro.50.1.753 

Silver, S., & Phung, L. T. (2005). A bacterial view of the periodic table: Genes and proteins 
for toxic inorganic ions. Journal of Industrial Microbiology & Biotechnology, 
32(11–12), 587–605. https://doi.org/10.1007/s10295-005-0019-6 



51 

Sirelkhatim, A., Mahmud, S., Seeni, A., Kaus, N. H. M., Ann, L. C., Bakhori, S. K. M., 
Hasan, H., & Mohamad, D. (2015). Review on Zinc Oxide Nanoparticles: 
Antibacterial Activity and Toxicity Mechanism. Nano-Micro Letters, 7(3), 
219–242. https://doi.org/10.1007/s40820-015-0040-x 

Slavin, Y. N., Asnis, J., Häfeli, U. O., & Bach, H. (2017). Metal nanoparticles: Understanding 
the mechanisms behind antibacterial activity. Journal of Nanobiotechnology, 
15(1), 65. https://doi.org/10.1186/s12951-017-0308-z 

Solioz, M., & Odermatt, A. (1995). Copper and Silver Transport by CopB-ATPase in 
Membrane Vesicles of Enterococcus hirae. Journal of Biological Chemistry, 
270(16), 9217–9221. https://doi.org/10.1074/jbc.270.16.9217 

Stabryla, L. M., Johnston, K. A., Diemler, N. A., Cooper, V. S., Millstone, J. E., Haig, S.-J., & 
Gilbertson, L. M. (2021). Role of bacterial motility in differential resistance 
mechanisms of silver nanoparticles and silver ions. Nature Nanotechnology, 
16(9), 996–1003. https://doi.org/10.1038/s41565-021-00929-w 

Stewart, P. S., & Franklin, M. J. (2008). Physiological heterogeneity in biofilms. Nature 
Reviews Microbiology, 6(3), 199–210. https://doi.org/10.1038/nrmicro1838 

Stoodley, P., Sauer, K., Davies, D. G., & Costerton, J. W. (2002). Biofilms as Complex 
Differentiated Communities. Annual Review of Microbiology, 56(1), 187–209. 
https://doi.org/10.1146/annurev.micro.56.012302.160705 

Stout, J. E., & Yu, V. L. (2003). Experiences of the First 16 Hospitals Using Copper-Silver 
Ionization for Legionella Control: Implications for the Evaluation of Other 
Disinfection Modalities. Infection Control & Hospital Epidemiology, 24(8), 
563–568. https://doi.org/10.1086/502251 

Su, H.-L., Chou, C.-C., Hung, D.-J., Lin, S.-H., Pao, I.-C., Lin, J.-H., Huang, F.-L., Dong, R.-X., 
& Lin, J.-J. (2009). The disruption of bacterial membrane integrity through ROS 
generation induced by nanohybrids of silver and clay. Biomaterials, 30(30), 
5979–5987. https://doi.org/10.1016/j.biomaterials.2009.07.030 

Sun, H., Yang, Z., Pu, Y., Dou, W., Wang, C., Wang, W., Hao, X., Chen, S., Shao, Q., Dong, M., 
Wu, S., Ding, T., & Guo, Z. (2019). Zinc oxide/vanadium pentoxide heterostructures 
with enhanced day-night antibacterial activities. Journal of Colloid and Interface 
Science, 547, 40–49. https://doi.org/10.1016/j.jcis.2019.03.061 

Suppi, S., Kasemets, K., Ivask, A., Künnis-Beres, K., Sihtmäe, M., Kurvet, I., Aruoja, V., & 
Kahru, A. (2015). A novel method for comparison of biocidal properties of 
nanomaterials to bacteria, yeasts and algae. Journal of Hazardous Materials, 
286, 75–84. https://doi.org/10.1016/j.jhazmat.2014.12.027 

Suram, A., Rao, J. K. S., S., L. K., & A., V. M. (2002). First Evidence to Show the Topological 
Change of DNA from B-DNA to Z-DNA Conformation in the Hippocampus of 
Alzheimer’s Brain. NeuroMolecular Medicine, 2(3), 289–298. 
https://doi.org/10.1385/NMM:2:3:289 

Swartjes, J. J. T. M., Das, T., Sharifi, S., Subbiahdoss, G., Sharma, P. K., Krom, B. P., 
Busscher, H. J., & van der Mei, H. C. (2013). A Functional DNase I Coating to 
Prevent Adhesion of Bacteria and the Formation of Biofilm. Advanced Functional 
Materials, 23(22), 2843–2849. https://doi.org/10.1002/adfm.201202927 

Taglialegna, A., Lasa, I., & Valle, J. (2016). Amyloid Structures as Biofilm Matrix Scaffolds. 
Journal of Bacteriology, 198(19), 2579–2588. https://doi.org/10.1128/JB.00122-16 

Taglialegna, A., Navarro, S., Ventura, S., Garnett, J. A., Matthews, S., Penades, J. R., 
Lasa, I., & Valle, J. (2016). Staphylococcal Bap Proteins Build Amyloid 
Scaffold Biofilm Matrices in Response to Environmental Signals. PLoS 
Pathogens, 12(6), e1005711. https://doi.org/10.1371/journal.ppat.1005711 



52 

Turner, J. S. (2000). The extended organism: The physiology of animal-built structures. 
Harvard University Press. 

Turner, R. J., Huang, L.-N., Viti, C., & Mengoni, A. (2020). Metal-Resistance in Bacteria: 
Why Care? Genes, 11(12), 1470. https://doi.org/10.3390/genes11121470 

Van Gerven, N., Van der Verren, S. E., Reiter, D. M., & Remaut, H. (2018). The Role of 
Functional Amyloids in Bacterial Virulence. Journal of Molecular Biology, 
430(20), 3657–3684. https://doi.org/10.1016/j.jmb.2018.07.010 

Vieira, E. F. S., de A. Simoni, J., & Airoldi, C. (1997). Interaction of cations with SH-
modified silica gel: Thermochemical study through calorimetric titration and 
direct extent of reaction determination. Journal of Materials Chemistry, 7(11), 
2249–2252. https://doi.org/10.1039/a704286h 

Vilain, S., Pretorius, J. M., Theron, J., & Brozel, V. S. (2009). DNA as an Adhesin: Bacillus 
cereus Requires Extracellular DNA To Form Biofilms. Applied and Environmental 
Microbiology, 75(9), 2861–2868. https://doi.org/10.1128/AEM.01317-08 

Villapún, V. M., Lukose, C. C., Birkett, M., Dover, L. G., & González, S. (2018). Tuning the 
antimicrobial behaviour of Cu85Zr15 thin films in “wet” and “dry” conditions 
through structural modifications. Surface and Coatings Technology, 350,  
334–345. https://doi.org/10.1016/j.surfcoat.2018.06.094 

von Dessauer, B., Navarrete, M. S., Benadof, D., Benavente, C., & Schmidt, M. G. (2016). 
Potential effectiveness of copper surfaces in reducing health care–associated 
infection rates in a pediatric intensive and intermediate care unit: A 
nonrandomized controlled trial. American Journal of Infection Control, 44(8), 
e133–e139. https://doi.org/10.1016/j.ajic.2016.03.053 

Wahab, R., Mishra, A., Yun, S.-I., Hwang, I. H., Mussarat, J., Al-Khedhairy, A. A.,  
Kim, Y.-S., & Shin, H.-S. (2012). Fabrication, growth mechanism and antibacterial 
activity of ZnO micro-spheres prepared via solution process. Biomass and 
Bioenergy, 39, 227–236. https://doi.org/10.1016/j.biombioe.2012.01.005 

Walker, G. T., Stone, M. P., & Krugh, T. R. (1985). Ethidium binding to left-handed (Z) 
DNAs results in regions of right-handed DNA at the intercalation site. 
Biochemistry, 24(25), 7462–7471. https://doi.org/10.1021/bi00346a065 

Wang, H., Yan, A., Liu, Z., Yang, X., Xu, Z., Wang, Y., Wang, R., Koohi-Moghadam, M.,  
Hu, L., Xia, W., Tang, H., Wang, Y., Li, H., & Sun, H. (2019). Deciphering molecular 
mechanism of silver by integrated omic approaches enables enhancing its 
antimicrobial efficacy in E. coli. PLOS Biology, 17(6), e3000292. 
https://doi.org/10.1371/journal.pbio.3000292 

Warnes, S. L., Green, S. M., Michels, H. T., & Keevil, C. W. (2010). Biocidal Efficacy of 
Copper Alloys against Pathogenic Enterococci Involves Degradation of Genomic 
and Plasmid DNAs. Applied and Environmental Microbiology, 76(16),  
5390–5401. https://doi.org/10.1128/AEM.03050-09 

Watnick, P., & Kolter, R. (2000). Biofilm, City of Microbes. Journal of Bacteriology, 
182(10), 2675–2679. https://doi.org/10.1128/JB.182.10.2675-2679.2000 

Weber, D. J., Rutala, W. A., Miller, M. B., Huslage, K., & Sickbert-Bennett, E. (2010). Role of 
hospital surfaces in the transmission of emerging health care-associated pathogens: 
Norovirus, Clostridium difficile, and Acinetobacter species. American Journal of 
Infection Control, 38(5), S25–S33. https://doi.org/10.1016/j.ajic.2010.04.196 

West, S. A., Griffin, A. S., Gardner, A., & Diggle, S. P. (2006). Social evolution theory  
for microorganisms. Nature Reviews Microbiology, 4(8), 597–607. 
https://doi.org/10.1038/nrmicro1461 



53 

Whitchurch, C. B. (2002). Extracellular DNA Required for Bacterial Biofilm Formation. 
Science, 295(5559), 1487–1487. https://doi.org/10.1126/science.295.5559.1487 

Wiegand, C., Völpel, A., Ewald, A., Remesch, M., Kuever, J., Bauer, J., Griesheim, S., 
Hauser, C., Thielmann, J., Tonndorf-Martini, S., Sigusch, B. W., Weisser, J., 
Wyrwa, R., Elsner, P., Hipler, U.-C., Roth, M., Dewald, C., Lüdecke-Beyer, C., & 
Bossert, J. (2018). Critical physiological factors influencing the outcome of 
antimicrobial testing according to ISO 22196 / JIS Z 2801. PLOS ONE, 13(3), 
e0194339. https://doi.org/10.1371/journal.pone.0194339 

Xiu, Z.-M., Ma, J., & Alvarez, P. J. J. (2011). Differential effect of common ligands and 
molecular oxygen on antimicrobial activity of silver nanoparticles versus silver 
ions. Environmental Science & Technology, 45(20), 9003–9008. 
https://doi.org/10.1021/es201918f 

Yang, W., Elankumaran, S., & Marr, L. C. (2012). Relationship between humidity and 
influenza A viability in droplets and implications for influenza’s seasonality. PloS 
One, 7(10), e46789. https://doi.org/10.1371/journal.pone.0046789 

Yarawsky, A. E., Johns, S. L., Schuck, P., & Herr, A. B. (2020). The biofilm adhesion protein 
Aap from Staphylococcus epidermidis forms zinc-dependent amyloid fibers. 
Journal of Biological Chemistry, 295(14), 4411–4427. 
https://doi.org/10.1074/jbc.RA119.010874 

Yoshida, Y., Furuta, S., & Niki, E. (1993). Effects of metal chelating agents on the oxidation 
of lipids induced by copper and iron. Biochimica et Biophysica Acta (BBA) - Lipids 
and Lipid Metabolism, 1210(1), 81–88. https://doi.org/10.1016/0005-
2760(93)90052-B 

Yu, H., Ren, J., & Qu, X. (2007). Time-Dependent DNA Condensation Induced by  
Amyloid β-Peptide. Biophysical Journal, 92(1), 185–191. 
https://doi.org/10.1529/biophysj.106.093559 

Zähringer, F., Lacanna, E., Jenal, U., Schirmer, T., & Boehm, A. (2013). Structure and 
Signaling Mechanism of a Zinc-Sensory Diguanylate Cyclase. Structure, 21(7), 
1149–1157. https://doi.org/10.1016/j.str.2013.04.026 

Zaleska-Medynska, A., Marchelek, M., Diak, M., & Grabowska, E. (2016). Noble metal-
based bimetallic nanoparticles: The effect of the structure on the optical, 
catalytic and photocatalytic properties. Advances in Colloid and Interface 
Science, 229, 80–107. https://doi.org/10.1016/j.cis.2015.12.008 

Zerbib, S., Vallet, L., Muggeo, A., de Champs, C., Lefebvre, A., Jolly, D., & Kanagaratnam, L. 
(2020). Copper for the Prevention of Outbreaks of Health Care–Associated 
Infections in a Long-term Care Facility for Older Adults. Journal of  
the American Medical Directors Association, 21(1), 68–71.e1. 
https://doi.org/10.1016/j.jamda.2019.02.003 

Zweig, M., Schork, S., Koerdt, A., Siewering, K., Sternberg, C., Thormann, K., Albers, S.-V., 
Molin, S., & van der Does, C. (2014). Secreted single-stranded DNA is involved 
in the initial phase of biofilm formation by N eisseria gonorrhoeae: Biofilm 
formation by Neisseria gonorrhoeae. Environmental Microbiology, 16(4),  
1040–1052. https://doi.org/10.1111/1462-2920.12291 

 



54 

Acknowledgements 
I would like to dedicate this thesis to my late grandfather, who always encouraged my 
“whys” and “hows” and tried his best to explain what energy and matter, sound, light 
and color are on our long car-rides way before I learnt about them at school. He taught 
me to be curious, to ask questions regardless of whether these could be answered and 
to find the answers.   

Secondly, I thank my family. This work would not have been possible without the 
infinite support from my husband and oftentimes fragile patience of my daughters.  

I also wish to thank my form master and biology teacher, Mrs. Riina Otsus, who made 
biology interesting for me. It has remained so ever since and has greatly influenced my 
subsequent choices.  

 
I greatly acknowledge all my thesis advisors Prof Angela Ivask, Dr Vambola Kisand, Dr 

Kaja Kasemets and lab members for their support and guidance throughout the PhD 
journey. I am especially thankful to Prof Angela Ivask for her patience, for believing in me 
and enabling me the freedom to follow my own scientific pursuits deviating from the labs 
main focus and I thank the head and neck of the laboratory, academician Anne Kahru for 
providing the means to do so. I am also thankful to great coincidences, the COST AMiCI 
network and Dr Nuno Azevedo for introducing me to the beautifully interesting field of 
biofilms. I would like to thank Dr Heiti Paves for invaluable help with confocal 
microscopy, Heiki Vija for assistance with elemental analysis, Imbi Kurvet for being the 
lab angel that she is and Dr Vambola Kisand and Dr Meeri Visnapuu for assisting me with 
everything beyond biology. I appreciate the chaotic presence of Dr Villem Aruoja that 
kept the mood up and pressure down for anyone working in the same room.  

I sincerely thank Katre, Meeri, Liina, Sandra and Eliise for sharing this journey with me 
and supporting each other in and out of lab when needed the most. 
 

The work presented in this thesis was carried out mainly in the Laboratory of 
Environmental Toxicology at the National Institute of Chemical Physics and Biophysics 
(photoactive surfaces and biofilm work) and partly in the University of Southampton 
(copper surfaces) and University of Porto (biofilms on glass). Funding was provided by 
Estonian Research Council (PUT748, IUT23-5, EAG20, PRG749, TT13), University of Tartu 
(PLTFYARENG53), European Regional Development Fund (including: Dora Plus; Graduate 
School of Functional materials and technologies, 2014-2020.4.01.16-0027; CER TK134 
EQUiTANT, 2014-2020.4.01.15-0005; NAMUR+, 2014-2020.4.01.16-0123) and EU COST 
Action CA15114 AMiCI. 

 
 
Figures 3, 4, 5, 7 and images in Table 1 and 3 were created with Biorender.com 

  



55 

Abstract 

Microbial interactions with inanimate solid surfaces: a 
methodological approach 
In the face of rapid spread of antimicrobial resistance and potential pathogen carryover 
by contaminated surfaces in health care settings, food industry, public spaces etc., 
passive antimicrobial strategies, such as antimicrobial surface coatings, are often seen as 
an additional tool to reduce bioburden in critical applications and mitigate spread of the 
aforementioned threats. However, while antimicrobial materials are incorporated to and 
successfully marketed as consumer products, their use in critical applications in health 
care and industry has been more cautious. This is largely due to the challenges of 
translating laboratory results to real-life benefits of the costly materials as well as gaps 
in standardization and legislation. Methods for studying antimicrobial surfaces in general 
historically largely rely on planktonic cultures and/or effects of released active agent not 
the actual surface in more application-appropriate conditions.  

More specifically, while various metal-based nanoparticles have shown great 
potential in antimicrobial applications under standard laboratory conditions, less is 
known about nano-enabled surfaces and combined effects of multimodal surfaces.  
The main aims of the current thesis were twofold. We aimed to critically evaluate the 
widely used methods measuring viability of surface-associated microbes and adapting 
metal-sensing bacterial biosensors to in situ surface analysis to enable a more mechanistic 
approach to studying antimicrobial surfaces. Additionally, we aimed to characterise 
antimicrobial properties of novel proof-of concept nano-ZnO and nano-ZnO/Ag based 
surfaces in a biologically meaningful way. 

In the current thesis two methods were assessed to study microbe-surface 
interactions. Firstly, recombinant luminescent bacterial biosensor strains were adopted 
to quantitatively evaluate sublethal effects of copper on copper and copper-alloy 
surfaces in situ. It was demonstrated that the copper biosensor signal intensity was 
correlated with material copper content and not the copper concentration in the test 
medium caused by copper ions released from the surfaces. This clearly indicates the 
importance of direct contacts between the cells and the surface in antimicrobial 
applications and respective testing protocols.  

Secondly, bacterial viability staining with nucleic acid stains propidium iodide and 
Syto9 was assessed for predicting viability of initial biofilms of Escherichia coli and 
Staphylococcus epidermidis in oligotrophic conditions. A critical limitation of the widely 
used method was revealed as the viability staining method dramatically underestimated 
both enzymatic activity as well as cultivability of the biofilm cells. We propose that this 
caveat could be caused by extracellular nucleic acids in biofilms. The finding illustrates 
the need for thorough validation of methodology when applying methods designed for 
planktonic cultures to biofilms. 

 To further assess the antimicrobial efficacy of novel proof-of concept nano-ZnO and 
nano-ZnO/Ag based surfaces we deployed a widely used industrial standard approach 
based on ISO 22196/ISO 27447 followed by characterization of antibiofilm properties in 
high nutrient and oligotrophic conditions. It was demonstrated that the nano-ZnO and 
nano-ZnO/Ag covered surfaces offered rapid multimodal antibacterial activity against  
E. coli and Staphylococcus aureus by combining metal ion toxicity and photocatalysis. 
Antimicrobial and antibiofilm properties of the surfaces depended on both, surface 
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coating composition and test media with better biofilm inhibition in oligotrophic 
conditions compared to growth medium with high organic content. While the surfaces 
were clearly antibacterial, they had negligible effect on the potentially pathogenic  
yeast Candida albicans viability and nano-ZnO even enhanced biofilm formation by  
C. albicans in oligotrophic environment. The latter highlights the need to not only  
choose application-appropriate test methods but also the test species beyond the usual  
Gram-negative and Gram-positive bacteria. 

In conclusion the current thesis highlights the need to find ways for better efficacy 
assessment of antimicrobial surfaces in more application-relevant conditions taking into 
account also direct cell-surface interactions and test organism specificity and to validate 
planktonic methods use on biofilms more thoroughly to avoid false viability estimates 
and overestimations of efficacy. 
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Lühikokkuvõte 

Mikroobide interaktsioonid tahkete eluta pindadega: 
metoodiline käsitlus 
Arvestades antibiootikumiresistentsuse kiiret levikut ja võimalike haigustekitajate 
ülekandumist saastunud pindade kaudu tervishoiuasutustes, toiduainetööstuses, 
avalikus ruumis jne, käsitletakse passiivseid mikroobivastaseid strateegiaid, näiteks 
mikroobivastaseid pinnamaterjale, sageli täiendava vahendina haigustekitajate leviku 
piiramiseks kriitilise tähtsusega rakendustes. Kuigi selliseid materjale kasutatakse ja 
turundatakse edukalt laiatarbekaupades, on nende kasutuselevõtt tervishoiuvaldkonnas 
ja tööstuses olnud tagasihoidlikum. Kasin huvi on suuresti tingitud lisakulust tootjale ja 
tarbijale, raskustest laboratoorsete testide tulemuste tõlgendamisel saadavasse kasusse 
lõppkasutuses ja puudustest meetodite standardiseerimises ning metoodika  kasutamist 
reguleerivates õigusaktides. Mikroobivastaste pindade efektiivsuse hindamise meetodid 
põhinevad ajalooliselt suuresti mikroobide vedelkultuuridel ja/või vabanenud toimeaine 
mõju kaudsel hindamisel, mitte pinna mõju hindamisel rakendusspetsiifilistes, toote 
lõppkasutust imiteerivates tingimustes. Puutepindadel nagu uksenupud, tööpinnad, 
käsipuud, klaviatuurid jne on keskkond võrreldes enamkasutatud meetoditega kuivem, 
jahedam ja toitainevaesem.  Enim toodetakse hõbedal ja vasel põhinevaid 
mikroobivastaseid materjale, sh nanotehnoloogilisi. Kuigi metallipõhised nanoosakesed 
on näidanud suurt potentsiaali mikroobivastastes rakendustes laboritingimustes, on neil 
põhinevate nanotehnoloogiliste ja multimodaalsete pindade toimet vähem uuritud.  

Käesoleva töö eesmärgid võib tinglikult jagada metoodilisteks ja praktilisteks.  
Esiteks, soovisime hinnata laialdaselt kasutatavate meetodite kohasust pinnale 
kinnitunud mikroobide elumuse mõõtmisel ja kohandada pinnaefektide uurimiseks 
rekombinantsete metallitundlike bakteriaalsete biosensorite testformaati. Teiseks, 
soovisime iseloomustada uudsete multimodaalsete ZnO ja ZnO/Ag nanoosakestega 
kaetud pindade mikroobivastaseid omadusi.  

Metoodilises osas kohandati rekombinantsete luminestsentseeruvate Escherichia coli 
biosensorite katseskeem signaali kiireks mõõtmiseks söötmetilgas otse testitava 
materjali pinnalt. See võimaldas hinnata kvantitatiivselt vase ja vasesulamite 
subletaalseid mõjusid bakteritele pinnaformaadis. Vase biosensori signaali intensiivsus 
korreleerus pinnamaterjali vasesisaldusega, mitte pinnalt vabanenud vaseioonide 
kontsentratsiooniga katsekeskkonnas. Sellest järeldub bakterirakkude ja pinna vaheliste 
otsekontaktide olulisus  mikroobivastastes rakendustes ja vastavates testprotokollides.  

Samuti kasutati kahel erineva membraaniläbivusega fluorestseeruval nukleiinhapetele 
seonduval värvil propiidiumjodiidil ja Syto9-l põhinevat meetodit, et hinnata tahkele 
pinnale kinnitunud E. coli ja Staphylococcus epidermidise biokilerakkude elujõulisust ja 
elumust toitainevaestes tingimustes fluorestsentsmikroskoopia abil. Laialdaselt kasutatava 
elumuse mõõtmise meetodi puhul ilmnes kriitiline puudus, sest meetod alahindas 
oluliselt nii rakkude ensümaatilist aktiivsust kui ka pinnalt eraldatud rakkude 
paljunemisvõimet ja ei sobi seetõttu kasutatud tingimustel elumuse ega elujõulisuse 
hindamiseks. Kuna peale rakkude pinnalt eraldamist sonikeerimise teel andis värvimine 
kõrgema elumushinnagu kui pinnal värvides, järeldasime, et nähtust võib põhjustada 
propiidiumjodiidiga värvuv komponent biokile rakuvälises maatriksis. Erinevalt 
vedelkultuuridest, on rakuvälised nukleiinhapped hästi teadaolev biokile rakuvälise 
maatriksi komponent, mis asub rakkude vahetus läheduses. See võib biokilerakkude 
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propiidiumjodiidiga värvimise korral põhjustada elusate rakkude punast fluorestsentsi 
sarnaselt kahjustunud membraaniga surnud rakkudele vedelkultuuris. Leid illustreerib 
vajadust metoodika põhjalikuma valideerimise järele, kui biokilede uurimisel rakendatakse 
vedelkultuuridele optimeeritud meetodeid.  

Praktilise väljundina valiti ZnO ja ZnO/Ag nanoosakestega kaetud uudsete 
multimodaalsete pindade mikroobivastase efektiivsuse hindamiseks esmaseks 
meetodiks tööstuses laialdaselt kasutatav ja mikroobivastase tootega turule tulemisel 
nõutav standardmeetod. Meetod põhineb bakterisusupensiooni tilga eksponeerimises 
pinnale kattekile all õhukese kihina toitainevaeses keskkonnas. Nii tagatakse suurem 
testitava pinna ja bakterisuspensiooni mahu suhe, mis võimaldas näha ka otsekontaktist 
tulenevaid bakterivastaseid efekte, mis ei olnud seletatavad vabanenud metalli 
kontsentratsiooni toksilisusega testkeskkonnas. Sellele järgnes pindade biofilmivastase 
mõju iseloomustamine toitainerikastes ja toitainevaestes staatilistes tingimustes. ZnO ja 
ZnO/Ag naoosakestega kaetud pinnad omasid kiiret bakterivastast toimet E. coli ja 
Staphylococcus aureuse vastu, mis tulenes metalliioonide toksilisuse ja fotokatalüütilise 
aktiivsuse kombinatsioonist. Tulenevalt bakterite erinevast tundlikkusest metallide 
toksilisele toimele avaldas tsinkoksiidi kombineerimine hõbedaga laiemat bakterivastast 
toimet. Pindade mikroobivastased ja biofilmi teket pärssivad omadused sõltusid nii 
pinnakatte koostisest kui ka katsekeskkonnast. Mõlemad omadused ilmnesid paremini 
toitainevaeses keskkonnas.  Kuigi pinnad käitusid bakterivastaselt, ei mõjutanud need 
oluliselt pärmseene Candida albicans elumust. ZnO nanoosakestega kaetud pinnad, 
vastupidi, isegi suurendasid C. albicansi biokile moodustumist toitainevaeses 
keskkonnas. Viimane vastuolu toob esile vajaduse mitte ainult valida lõpprakendust 
arvestades sobivad testmeetodid, vaid ka kasutatavad organismid. 

Kokkuvõttes toob käesolev töö välja vajaduse mikroobivastaste pindade  efektiivsuse 
hindamiseks kasutatava metoodika  kitsaskohti paremini kaardistada, rakendada 
meetodeid, mis võimaldavad hinnata pinna ja mikroobide otsekontakti ning  kohandada 
metoodikat pindade lõppkasutuse tingimustele nii testkeskkonna kui sihtmärkorganismide 
osas. 
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<=>?@?AB>?CD�CE�>FG�>GH>�HG>IJ=K�LMNOPQR�ST�NUVTWXMN�YPOZ�VMXS[\PQWQO�\PS]U[PQMNXMQO�\WXOMVPW�YWN�ŜOP[P_M̀�TSV�OZM�\]WXa�bcdYM]]�[PXVŜ]WOM�XSQeRUVWOPSQ�WQ̀�VSS[�OM[̂ MVWOUVM�fcghcc�ijkl�mPN�̂]WOM�On̂M�YWN�NM]MXOM̀�OS�WXXS[[S̀WOM�b�o�b�X[�NP_M̀�XSÛSQN�WQ̀�VMN̂MXOPpM�XSQOVS]�NUVTWXMN�PQNP̀M�OZM�YM]]Nl�qSYMpMVr�M̀̂MQ̀PQR�SQ�OZM�NP_M�ST�N̂MXPeX�NUVTWXMNr�[PXVŜ]WOMN�YPOZ�]MNN�fMlRlr�sdYM]]�̂]WOMk�SV�[SVM�fMlRlr�ctdYM]]�̂]WOMk�YM]]N�XWQ�\M�NM]MXOM̀l�uSV�OMNO�ŜOP[P_WOPSQr�OZM�b�o�b�X[�vw�̂]WNOPX�NUVTWXMN�SQ�\]WXa�bcdYM]]�[PXVŜ]WOMN�fjM]]pPNr�jxr�yzk�YMVM�̂]WXM̀�SQOS�OZM�YM]]�\SOOS[N�SV�VWPNM̀�\n�UNPQR�{r�bc�WQ̀�b{�[[�ZPRZ�̂]WNOPX�ẀŴOSVN�fuPRl�bkr�OS�\VPQR�OZM�NUVTWXMN�X]SNMV�OS�̂ZSOS[U]OP̂]PMV�OU\M�WQ̀�PQXVMWNM�OZM�\PS]U[PQMNXMQXM�NPRQW]�PQOMQNPOnl�x�|{�}~�̀VŜ�ST��l������f̂z~XUM��̂��vXŜx]U�k�XU]OUVM�f��sgg�glb{k�PQ�~��[M̀PU[�XSQOWPQPQR��b�o�bg|�XM]]N�YWN�̂]WXM̀�SQOS�OZM�NUVTWXMN�SQ�bcdYM]]�[PXVŜ]WOMN�WQ̀�N̂VMẀ�NS�OZWO�OZM�XSÛSQ�NUVTWXM�YWN�XSpMVM̀l�mM�VM]WOPpM�]U[PQMNXMQXM�f�~yk�YWN�[MWNUVM̀�TVS[�OZM�[P̀̀ ]M�ST�MWXZ�YM]]�UNPQR�W�vVS[MRW��]SY[W��̂]WOM�]U[PQS[MOMV�SV�u]USVSNaWQ�xNXMQO�̂]WOM�]U[PQS[MOMVl�uSV�NMOOPQR�OZM�\WXaRVSUQ̀�pW]UMr�OZM�]U[PQMNXMQXM�NPRQW]N�ST�M[̂ On�YM]]N�YMVM�[MWNdUVM̀��PQ�\WXOMVPW]�M�̂MVP[MQON�SQ]n�NPRQW]N�OZWO�M�XMM̀M̀�OZPN�\WXaRVSUQ̀�WO�]MWNO��dTS]̀�YMVM�XSUQOM̀l�yNPQR�b{�[[�ZPRZ�ẀŴOSVN�SQ�bcdYM]]�̂]WOMN�YWN�XSQNP̀MVM̀�WN�OZM�[SNO�NUPOW\]M�OMNO�TSV[WO�TSV�TUVOZMV�M�̂MVP[MQONlLS�pW]P̀WOM�OZM�̂MVTSV[WQXM�ST�\WXOMVPW]�\PS]U[PQMNXMQXM�[MWNUVM[MQO�SQ�NUVTWXMN�WQ̀�PQ�bcdYM]]�̂]WOMNr�\PS]U[PQMNXMQXM�ST��l������f̂z~XUM��̂��vXŜx]U�k�PQ�bcd�WQ̀��sdYM]]�̂]WOMN�YWN�XS[̂ WVM̀���sdYM]]�̂]WOMN�YMVM�UNM̀�TSV�XS[̂ WVPNSQ�WN�WQ�W]VMẀn�MNOW\]PNZM̀�[MOZS̀�UNM̀�\n�SUV�WQ̀�SOZMV�VMNMWVXZ�RVSÛN�PQ�W�pWVPMOn�ST�VM̂SVONc{r��r�tl�LS�XS[̂ WVM�M�WXO]n�OZM�NW[M�XSQ̀POPSQN�PQ�bcd�WQ̀��sdYM]]�̂]WOMNr�b{g�}~�ST��l������f̂z~XUM��̂��dvXŜx]U�k�\WXOMVPW�f��sgg�glb{�PQ�~��[M̀PU[k�YMVM�[P�M̀�YPOZ�pWVPW\]M�fglbhbgg�}R�jU�[~k�XSQXMQOVWOPSQN�ST�jUz�t�o�{qc��fzPR[Wdx]̀VPXZk�fglggc�OS�cggg�}R�[~�jUk��|{�}~�ST�OZM�[P�OUVM�YWN�Ẁ M̀̀�OS�vw�XSQOVS]�NUVTWXM�SQ�b{�[[�ẀŴOSV�PQ�W�bcdYM]]�̂]WOM�WQ̀�|{�}~�ST�OZM�[P�OUVM�YWN�̂P̂MOOM̀�OS�W�YM]]�ST�W�\]WXa��sdYM]]�[PXVŜ]WOMl�mM�\PS]U[PQMNXMQXM�ST�\SOZ�̂]WOMN�YWN�[MWNUVM̀�W�MV�sg�[PQ�PQXU\WOPSQ�WO�VSS[�OM[̂ MVWOUVM�WQ̀�OZM�VMẀPQRN�TVS[��s�WQ̀�bcdYM]]�̂]WOMN�YMVM�XSVVM]WOM̀l�mVMM�PQ̀M̂MQ̀MQO�M�̂MVP[MQON�YMVM�̂MVTSV[M̀lLS�ŜOP[P_M�OZM�OMNO�[M̀PU[r��l������f̂z~XUM��̂��vXŜx]U�k�WQ̀��l������f̂��]U�k�YMVM�NUN̂MQ̀M̀�PQ�~��YZPXZ�PN�W�OVẀPOPSQW]�\WXOMVPW]�RVSYOZ�[M̀PU[r�Lz��fOVn̂OPX�NSn�\VSOZk�OZWO�PN�SQM�ST�OZM�NURRMNOM̀�[M̀PW�PQ�yz�wvx�NURRMNOM̀�NUVTWXM�OMNOPQR�[MOZS̀Nbcrb�r�q���fZMWpn�[MOW]���vz�[M̀PU[k�OZWO�YWN�NURRMNOM̀�TSV�OVWQNPOPSQ�[MOW]�OMNOPQR�\n�~W�SNNW������lcb�WQ̀�ZWN�\MMQ�UNM̀�MWV]PMV�OS�NOÙn�[MOW]�\PSWpWP]W\P]POn�OS�\WXOMVPWb�rc{r�{�fPQ�SUV�M�̂MVP[MQONr�q���[M̀PU[�YWN�NÛ ]̂M[MQOM̀�YPOZ�̀P�MVMQO�W[SUQONr�glgb�WQ̀�gl{��ST�XWNMPQ�W[PQS�WXP̀Nkr�WQ̀�b�{gg�̀P]UOM̀����fQUOVPMQO�\VSOZk�OZWO�PN�NURRMNOM̀�WN�WQ�M�̂SNUVM�[M̀PU[�PQ��z��ccb�sbt�fTSV�OZM�XS[̂ SdNPOPSQ�ST�OMNO�[M̀PWr�NMM�zÛ ]̂M[MQOWVn�LW\]M�bkl�vVPSV�OS�OZM�OMNOr�\WXOMVPW�̂VMdRVSYQ�PQ�~��UQOP]���sgg�gls�YMVM�S̀U\]M�YWNZM̀�fXMQOVPTURWOPSQ�WO�{ggg�R�TSV�{�[PQ�WQ̀�VMNUN̂MQNPSQ�PQ�N̂MXPeX�OMNO�[M̀PU[k�WQ̀�̀P]UOM̀�OS���sgg�ST�glb{�UNPQR�N̂MXPeX�OMNO�[M̀PU[l�|{�}~�ST�\WXOMVPW�YWN�N̂VMẀ�SQOS�jbbggg�NUVTWXMN�SQ�b{�[[�ZPRZ�ẀŴOSVN�PQ�bcdYM]]�̂]WOMNr�PQXU\WOM̀�TSV�sg�[PQ�WQ̀�\PS]U[PQMNXMQXM�YWN�[MWNUVM̀l��WXOMVPW�PQ�MWXZ�OMNO�[M̀PU[�YMVM�WQW]n_M̀�OZVPXMl�xXXSV̀PQR�OS�OZM�VMNU]ONr�~��WQ̀�Lz��YMVM�XSQNP̀MVM̀�WN�[SNO�ŜOP[W]�WQ̀�~��YWN�UNM̀�PQ�W]]�TUVOZMV�M�̂MVP[MQONl��Q�SV̀MV�OS�XZMXa�TSV�XU]OUVM�pPW\P]POn�PQ�̀P�MVMQO�[M̀PW�W�MV�sg�[PQ�PQXU\WOPSQ�SQ�jbbggg�NUVTWXMNr�OZM�M�̂SNM̀�\WXOMVPW�YMVM�XS]]MXOM̀r�NMVPW]]n�̀P]UOM̀�WQ̀�̂]WOM̀�SQOS����fb{�R�WRWV�~k�̂]WOMNl�jS]SQPMN�YMVM�XSUQOM̀�W�MV�cth�s�Z�PQXU\WOPSQ�WO��g�ijl�LS��UWQOPTn�VM]MWNM�f̀PNNS]UOPSQk�ST�XŜ M̂V�TVS[�jbbgggr�\WXOMVPW]�NUN̂MQNPSQN�M�̂SNM̀�OS�OZM�NUVTWXMN�PQ�̀P�MVMQO�[M̀PW�YMVM�XS]]MXOM̀r�b�[R�~��W�fPQOMVQW]�NOWQ̀WV̀k�YWN�Ẁ M̀̀�WQ̀�jU�XSQOMQO�YWN��UWQOPeM̀�UNPQR�OSOW]�VM�MXOPSQ��dVWn��USVMNXMQXM�fL�d��u��zc�vPXSTS�r��VUaMVkl�UM�OS�̀PTTMVMQO�pS]U[M�VM�UPVM[MQON�TSV�OZM�\WXOMVPW]�PQSXU]U[�PQ�̀PTTMVMQO�NUVTWXM�OMNOPQR�NOWQ̀WV̀N�f{hcg�}~�SQ�cl{�o�cl{�X[�NUVTWXMN�TS]]SYM̀�\n�̀VnPQR�PQ�yz�wvxbcrb�r�{g�}~�SQ�c�X[�̀PW[MOMV�NUVTWXMN�TS]]SYM̀�\n�̀VnPQR�PQ�w�b�s�|b{r�bgg�}~�SQ�t�o�t�X[�NUVTWXMN�PQ��z��ccb�s�NOWQ̀WV̀btkr�YM�ZMVM�ŜOP[P_M̀�OZM�pS]U[M�ST�\PS]U[PQMNXMQO�\WXOMVPW�SQ�b�o�b�X[�NUVTWXMNl�uSV�OZWOr�c{r�{g�WQ̀�|{�}~�ST��l������f̂z~XUM��̂��vXŜx]U�k�WQ̀��l������f̂��]U�k�NUN̂MQNPSQ�PQ�~��fc{�}~�\MPQR�OZM�N[W]]MNO�pS]U[M�OZWO�YWN�̂SNNP\]M�OS�\M�N̂VMẀ�SQ�OZM�NUVTWXM�YPOZSUO�pPNP\]M�̀VnPQR�̀UVPQR�sg�[PQ�M�̂SNUVM�WQ̀�|{�}~�\MPQR�X]SNM�OS�OZM�[W�P[U[�pS]U[M�ST�̀VŜ]MO�OZWO�VM[WPQM̀�NOW\]M�SQ�OZM�NUVTWXMN�YZP]M�ZWQ̀]PQRk�YWN�Ŵ ]̂PM̀�SQOS�OZM�b�o�b�X[�NUVTWXMNl��Q�MWXZ�M�̂SNUVMr�OZM�\WXOMVPW]�QU[\MV�YWN�aM̂O�NP[P]WV�f�b�o�bg|�XM]]N�̂MV�NUVTWXMk�WQ̀�OZUNr�|{�}~�ST�\WXOMVPW�YWN�Ẁ M̀̀�WO���sgg�glb{r�{g�}~�WO���sgg�glcc�WQ̀�c{�}~�WO���sgg�glt{l��WXOMVPW�YMVM�N̂VMẀ�SQ�jbbggg�XSÛSQN�WQ̀�\PS]U[PQMNXMQXM�YWN�VMRPNOMVM̀�SpMV�sg�[PQUOMNl�mM�M�̂MVP[MQO�YWN�̂MVTSV[M̀�PQ�OVP̂]PXWOMl��Q�SV̀MV�OS�XZMXa�TSV�\WXOMVPW]�pPW\P]POn�PQ�̀P�MVMQO�pS]U[MN�W�MV�sg�[PQ�M�̂SNUVM�SQ�XŜ M̂V�NUVTWXMNr�OZM�M�̂SNM̀�\WXOMVPW�YMVM�XS]]MXOM̀r�̀P]UOM̀�WQ̀�]̂WOM̀�SQOS����WRWV�̂]WOMNl�jS]SQPMN�YMVM�XSUQOM̀�W�MV�cth�s�Z�PQXU\WOPSQ�WO��g�ij�WQ̀�NUVTWXM�VM]MWNM̀�f̀PNdNS]pM̀k�XŜ M̂V�YWN��UWQOPeM̀�UNPQR�L�d��ur�WN�̀MNXVP\M̀�W\SpMl�xXXSV̀PQR�OS�OZM�VMNU]ONr�|{�}~�YWN�NM]MXOM̀�WN�ŜOP[W]�pS]U[M�ST�\WXOMVPW�SQ�OZM�NUVTWXMNl�DB��H?H�CE� C==G¡�BD¢� C==G¡�B��C��HJ¡EB GH�EC¡�£B >G¡?B��>C¤? ?>��BD¢�£?CB¥B?�B£�G�¦JK�x�MV�ŜOP[P_WOPSQr�XŜ M̂V�WQ̀�XŜ M̂V�W]]Sn�XSÛSQN�fLW\]M�bk�W]SQR�YPOZ�NP[P]WV�NP_M̀�fb�o�b�X[k�XSQOVS]�NUVTWXMN�fvwk�YMVM�WQW]n_M̀�YPOZ�XSQNOPOUOPpM]n�\PS]U[PQMNXMQO��l������f̂��]U�k�WQ̀�jUdPQ̀UXM̀��l������f̂z~XUM��̂��dvXŜx]U�k�\WXOMVPW�f|{�}~�ST�\WXOMVPW]�NUN̂MQNPSQ�WO���sgg�glb{�PQ�~��[M̀PU[�N̂VMẀ�SQ�W�NUVTWXMk�WQ̀�\PS]Ud[PQMNXMQXM�ST�OZM�\WXOMVPW�YWN�VMRPNOMVM̀�̀UVPQR�sg�[PQl�mM�VMNU]ON�TSV�XŜ M̂V�NUVTWXMN�fPlMlr�OMNO�NUVTWXMNk�YMVM�M�̂VMNNM̀�\SOZ�PQ�VM]WOPpM�\PS]U[PQMNXMQXM�UQPON�f�~yk�WN�YM]]�WN�PQ�TS]̀�XZWQRM�PQ�\PS]U[PQMNXMQXMl�uS]̀�PQ̀UXdOPSQ�ST�OZM�jU�NMQNSV�SV�XSQNOPOUOPpM]n�\PS]U[PQMNXMQO��l������YWN�XW]XU]WOM̀�WN�TS]]SYN�§�uS]̀XZWQRMPQ\PS]U[PQNXMQXM �~y�~y fbkOMNONUVTWXMXSQOVS]NUVTWXM�Q�SV̀MV�OS�WXXSUQO�TSV�̂SOMQOPW]�OS�PXPOn�WQ̀�UQN̂MXPeX�M�MXON�ST�OZM�OMNOM̀�NUVTWXMNr�\PS]U[PQMNXMQXM�ST�OZM�jU�\PSNMQNSV�NOVWPQ�̂VPSV�OS�XW]XU]WOPQR�OZM�TS]̀�XZWQRM�fM�l�bk�YWN�XSVVMXOM̀�UNPQR��l������f̂��]U�k�
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22234567893:;<=>:?946?@?:89A;86>22234567893:;<=>:?946?@?:89A;86>=BCDCEFG	HEFIJKLBMNMDC	FOP	HEFIJOCHFNMDC	QFRNCEMFG	BKCRMCBSTU	VLE	NWC	BFIC	ECFBLOX	YZFBC	MB	FGBL	KELKLBCP	NL	QC	[BCP	FB	FO	FONMJQML\GI	FHCONS]XSSU	̂ C	KECBCORC	L_	YZ̀ 	_ELI	OLOJDMFQGC	BL[ERCB	aCYZ̀ 	FOP	YZ̀ 	_ELI	PCFP	RCGGBb	WFB	FGBL	MONELP[RCP	NWC	OCCP	NL	[BC	CNWMPM[I	ILOLFcMPC	ade b̀X	KELKMPM[I	ILOLFcMPC	afe b̀	LE	COPLJO[RGCFBC	aYZFBC	gb	NECFNICON	KEMLE	NL	DMFQMGMNh	FBBCBBICON	Qh	i[FONMNFNMDC	KLGhICEFBC	RWFMO	ECFRNMLO	aifjkbSlmSnU	G̀G	NWC	FQLDCJICONMLOCP	NECFNICON	FHCONBX	de X̀	fe 	̀FB	oCGG	FB	YZFBC	g	FEC	MONFRN	ICIQEFOC	MIKCEICFQGC	YZ̀ JNFEHCNMOH	RLIKL[OPB	BKFNMFGGh	NFEHCNMOH	NWC	BFIC	YZ̀ 	FB	fgX	PCKCOPMOH	LO	ICIQEFOC	MONCHEMNhUpL	HCN	FO	LDCEDMCo	oWCNWCE	NWC	KECBCORC	L_	CYZ̀ 	MO	QML\GIB	WFB	QCCO	RLOBMPCECP	FB	F	_FRNLE	NWFN	IFh	MONCEJ_CEC	oMNW	fgJQFBCP	q[LECBRCON	BNFMOMOHX	oC	KCE_LEICP	F	BCFERW	MO	rRLK[B	PFNFQFBC	_LE	sQML\GIt	FOP	sKELKMPM[I	MLPMPCt	FOP	ECRCMDCP	uvl	ECB[GNB	oWMGC	FPPMOH	sCwNEFRCGG[GFE	YZ̀t	LE	sCYZ̀t	NL	NWC	BCFERW	PCRECFBCP	NWC	O[IQCE	L_	ECB[GNB	NL	xl	MOPMRFNMOH	NWFN	oWMGC	fg	MB	[BCP	_LE	BNFMOMOH	QML\GIBX	KLBBMQGC	KECBCORC	L_	CYZ̀ 	MB	HCOCEFGGh	OLN	NFyCO	MONL	FRRL[ON	MO	NWMB	RLONCwNU	gO	NWC	GMNCEFN[EC	oC	RFO	\OP	NWFN	fg	MB	FGBL	[BCP	_LE	BNFMOMOH	L_	CYZ̀ SuXSzX	Q[N	OL	RGCFE	i[FONMNFNMDC	KELL_	FQL[N	fg	OLN	QCMOH	B[MNFQGC	_LE	QML\GI	DMFQMGMNh	BNFMOMOH	QCRF[BC	L_	NWC	KECBCORC	L_	Z̀ 	MO	QML\GI	CwNEFRCGG[GFE	IFNEMw	adjebU	eLEC	B[EKEMBMOHGhX	DMFQMGMNh	BNFMOMOH	QFBCP	LO	MONFRN	ICIQEFOC	MIKCEJICFQGC	YZ̀ JQMOPMOH	BNFMOB	GMyC	fg	FEC	LRRFBMLOFGGh	[BCP	CDCO	oWMGC	BKCRM\RFGGh	BN[PhMOH	CYZ̀ SvU	ZLOCNWCGCBBX	_ELI	BLIC	L_	NWC	FENMRGCBX	WMONB	L_	B[RW	NWECFN	RFO	QC	_L[OPU	VLE	CwFIKGCX	{M|L	FOP	}CCDMG	LQBCEDCP	NWFN	BLIC	L_	~�������	�������������	QML\GIB	MO	NFK	oFNCE	FOP	ILBN	L_	NWC	LGP	QML\GIB	HELoO	MO	EMRW	ICPMF	BNFMOCP	ECP	oMNW	fg	FOP	r�p�	�	RLJBNFMOMOHX	Q[N	oCEC	R[GNMDFQGC	FOP	B[BKCRNCP	ECP	BNFMOMOH	OLN	NL	QC	MOPMRFNMDC	L_	PCFP	RCGGB	Q[N	NL	QC	RF[BCP	Qh	CYZ̀ S�U	VELI	NWCBC	BL[ERCB	MN	RL[GP	QC	B[BKCRNCP	NWFN	fgJQFBCP	DMFQMGMNh	BNFMOMOH	L_	QML\GIBX	FGNWL[HW	RLIILOGh	[BCPX	RL[GP	QC	REMNMRFGGh	F�CRNCP	Qh	CYZ̀ 	FOP	RF[BC	[OPCECBNMIFNMLO	L_	QML\GI	DMFQMGMNhU	pL	FPPECBB	NWMB	KLBBMQMGMNhX	oC	KCE_LEICP	i[FONMNFNMDC	DMFQMGMNh	FBBCBBICON	L_	FPWCECON	RCGGB	[BMOH	DFEML[B	BNFMOMOH	FOP	R[GN[ECJQFBCP	ICNWLPBU
������	̀RLIQMOFNMLO	L_	CKMq[LECBRCORC	IMRELBRLKh	adebX	qLo	RhNLICNEh	aVjeb	FOP	RLO_LRFG	GFBCE	BRFOOMOH	IMRELBJRLKh	aj�reb	KCE_LEICP	LO	KELKMPM[I	MLPMPC	afgb	FOP	r�p�	�	BNFMOCP	FPWCECON	FOP	WFEDCBNCP	QFRNCEMFG	RCGGB	MO	KFEFGGCG	oMNW	R[GN[ECJQFBCP	ICNWLPB	oFB	[BCP	NL	ECDCFG	oWCNWCE	BNFMOMOH	L_	FPWCECON	QFRNCEMF	oMNW	fg	IFh	[OPCECBNMIFNC	NWCME	DMFQMGMNhU	gOMNMFG	aSx	Wb	QML\GIB	L_	HEFIJOCHFNMDC	��	����	}J]S	oMGPJNhKC	B[QBNEFMO	e{]unn	FOP	F	HEFIJKLBMNMDC	��	�����������	NhKC	BNEFMO	YreJSTTxx	oCEC	[BCP	_LE	NWC	CwKCEMICONBU	��	����	e{]unn	MB	oMPCGh	[BCP	MO	ILGCR[GFE	QMLGLHh	FOP	RFKFQGC	L_	_LEIMOH	QML\GI	[OPCE	QLNW	FCELQMR	FOP	FOFCELQMR	RLOPMNMLOBlTmlxU	��	�����������	BNEFMOB	WFDC	oCGG	CBNFQGMBWCP	QML\GI	_LEIMOH	KELKCENMCB	BMIMGFEGh	NL	��������������	������	FOP	WFDC	QCCO	BWLoO	NL	KELP[RC	CYZ̀ ]lXlnU	̂ C	QML\GIB	L_	NWCBC	NoL	QFRNCEMFG	BNEFMOB	LO	HGFBB	B[E_FRCB	oCEC	_LEICP	MO	KWLBKWFNC	Q[�CECP	BFGMOC	af�rb	NL	E[GC	L[N	KLNCONMFG	C�CRN	L_	LBILNMR	BNECBB	LO	QFRNCEMFG	ICIQEFOCB	FOP	KLBBMQGh	RLOBCi[CONGh	LO	DMFQMGMNh	BNFMOMOH	L[NRLICU�� ¡����¢	�� �£�£¤	¥¦	§¥̈©ª	 B̀	RFO	QC	BCCO	LO	ECKECBCONFNMDC	MIFHCB	aVMHU	]b	FOP	_ELI	i[FONMNFNMDC	PFNF	aVMHU	SbX	F«CE	fg	¬	r�p�	�	RLJBNFMOMOHX	ILBN	FPWCECON	RCGGB	a�uUln	­	nUlT®	L_	��	����	FOP	znUu�	­	]vUxx®	L_	��	�����������	RCGGBb	MO	Sx	W	QML\GI	MO	f�r	BNFMOCP	ECP	oMNW	fg	��	����	aVMHB	]FXQ	FOP	SFXQb	oWMGC	ILBN	aFQL[N	��®b	KGFOyNLOMR	RCGGB	_ELI	B[BKCOBMLO	FQLDC	NWC	ECBKCRNMDC	QML_MGIB	BNFMOCP	HECCO	oMNW	r�p�	�	LO	F	_MGNCE	ar[KKGCICONFEh	VMHU	]bU	̂ MB	RL[GP	OLEIFGGh	QC	MONCEKECNCP	FB	BMIKGh	BWLoMOH	NWC	PM�CECORCB	MO	NWC	KWhBMLGLHh	L_	FPWCECON	FOP	KGFOyNLOMR	RCGGB	FOP	PM�CECON	KELKLENMLO	L_	PCFP	FOP	FGMDC	RCGGB	MOPMRFNMOH	QCNNCE	DMFQMGMNh	L_	KGFOyNLOMR	RCGGBU	̄LoCDCEX	PCRECFBCP	DMFQMGMNh	L_	FPWCECON	RCGGB	oFB	OLN	FO	CwKCRNCP	ECB[GNU	̀PWCECON	RCGGB	KECJBCONCP	QML\GIJBKCRM\R	FHHECHFNMLO	MONL	IMRELRLGLOMCB	oWMRW	MB	RWFEFRNCEMBNMR	L_	DMFQGC	MOMNMFG	QML\GIBU	ZL	NLwMR	FHCON	oFB	[BCPX	FOP	BFIKGCB	oCEC	EMOBCP	QC_LEC	BNFMOMOH	NL	COB[EC	ECILDFG	L_	GLLBC	PCFP	KGFOyNLOMR	RCGGBU	̀GBLX	NWC	KELKLENMLO	L_	ECPJBNFMOCP	RCGGB	MO	NWC	MOMNMFG	QML\GIB	oFB	B[EKEMBMOHGh	WMHWU	VLE	CwFIKGCX	[BMOH	NWC	BFIC	BNFMOMOH	ICNWLPX	°FOH	��	��U	OLNCP	LOGh	F	_Co	PCFP	RCGGB	FILOH	DMFQGC	RCGGB	LO	F	Sx	W	��	����	QML\GI	LO	BMGMRLOC	MO	f�rluU	rNFEDCP	QML\GIB	MOR[QFNCP	MO	f�r	FEC	ILEC	RLIILOGh	[BCP	MO	LEFG	WCFGNW	BN[PMCB	oWCEC	ILBN	L_	NWC	RCGGB	MO	QML\GI	NCOP	NL	BNFMO	HECCO	BMIMGFE	NL	±W[	��	��U	ECKLENMOH	zuUz®	DMFQMGMNh	L_	Sx	W	�������������	������	QML\GI	LO	HGFBB	MO	KWLBKWFNC	Q[�CE�U	pL	CwRG[PC	BMOHGC	BNFMO	C�CRNBX	DMFQGC	FOP	CNWFOLGJ\wCP	QML\GIB	oCEC	BNFMOCP	oMNW	fgX	r�p�	�	FOP	fg	¬	r�p�	�	ar[KKGCICONFEh	VMHB	S	FOP	lbU	rMOHGC	BNFMOMOH	ECB[GNCP	MO	LOGh	ECP	BMHOFGB	_LE	fg	FOP	HECCO	BMHOFGB	_LE	r�p�	�U	VMwCP	BFIKGCB	BNFMOCP	oMNW	fg	LE	fg	¬	r�p�	�	BWLoCP	LOGh	ECP	RCGGBU	̄LoCDCEX	MN	RL[GP	QC	LQBCEDCP	NWFN	oWMGC	BMOHGCJBNFMOCP	\wCP	BFIKGCB	RLIKEMBCP	L_	RCGGB	oMNW	BMIMGFE	fg	LE	r�p�	�	MONCOBMNhX	DFEMFQGC	BMHOFG	MONCOBMNMCB	oCEC	LQBCEDCP	_LE	DMFQGC	QML\GIBU	YM�CECON	QMOPMOH	F²OMNh	L_	r�p�	�	NL	DMFQGC	FOP	PCFP	HEFIJOCHFNMDC	QFRNCEMF	MB	F	yOLoO	GMIMNFNMLO	L_	NWC	ICNWLPxU	°MNW	FPWCECON	RCGGBX	oC	LQBCEDCP	NWC	BFIC	KWCOLICOLO	FGBL	_LE	HEFIJKLBMNMDC	��	�����������UB̀	fg	[KNFyC	Qh	DMFQGC	KGFOyNLOMR	QFRNCEMF	oMNW	MORECFBCP	ICIQEFOC	KLNCONMFG	WFB	QCCO	B[HHCBNCP	Qh	}MERWWL�	FOP	jhKMLOyFn	FOP	QML\GIB	WFDC	QCCO	BWLoO	NL	PCILOBNEFNC	ICIQEFOC	KLNCONMFG	q[RN[FNMLOBlz	F	RLONELG	CwKCEMICON	PCKGLhMOH	lXl³JPMCNWhGLwFRFEQLRhFOMOC	MLPMPC	aYM�jSalbb	FOP	ICIQEFOC	KLNCONMFG	CGMIMOFNJMOH	RFEQLOhG	RhFOMPC	IJRWGLELKWCOhGWhPEFcLOC	ajjjfb	KECJNECFNICON	oFB	CwCR[NCPU	ZL	MORECFBCP	ICIQEFOC	KLNCONMFG	BMHOFGB	PCBREMQCP	Qh	}MERWWL�	FOP	jhKMLOyF	oCEC	LQBCEDCP	_LE	��	����	YM�jSalb	BNFMOMOH	FOP	jjjf	KECJNECFNICON	PMP	OLN	F�CRN	LDCEFGG	fg	¬	r�p�	�	PL[QGCJ	BNFMOMOH	KFNNCEO	L_	NWC	QML\GIB	ar[KKGCICONFEh	VMHU	xbX	CwRG[PMOH	NWC	KLBBMQMGMNh	L_	fg	BMHOFGB	QCMOH	RF[BCP	Qh	MORECFBCP	ICIQEFOC	KLNCONMFGUpL	ECDCFG	NWC	ICNFQLGMR	FRNMDMNh	L_	��	����	FOP	��	�����������	MO	QML\GIBX	oC	FGBL	BNFMOCP	NWC	FPWCECON	RCGGB	oMNW	q[LECBRCMO	PMFRCNFNC	aVỲ bX	OLN	F	YZ̀ JQMOPMOHX	Q[N	COchIFNMR	FRNMDMNh	MOPMRFNMDC	BNFMO	NWFN	CIMNB	HECCO	q[LECBRCORC	F«CE	MONEFRCGG[GFE	COchIFNMR	RGCFDFHClvU	gN	oFB	LQBCEDCP	NWFN	uzU�]®	��	����	FOP	uvUlT®	��	�����������	RCGGB	oCEC	ICNFQLGMRFGGh	FRNMDC	RLIKFECP	NL	��	����	fg	¬	r�p�	�	NLNFG	RL[ONB	aVMHB	]RXPX	SFXQbU	jLIKFEMBLO	L_	NWC	ECB[GNB	_ELI	BNFMOMOH	NWC	RCGGB	oMNW	VỲ 	FOP	fg	¬	r�p�	�	BWLoCP	NWFN	_LE	QLNW	BKCRMCB	L_	QFRNCEMFX	NWCEC	MB	F	BNFJNMBNMRFGGh	BMHOM\RFON	PM�CECORC	MO	VỲ 	FOP	r�p�	�	BMHOFG	RL[ONB	aVMHU	SFXQb	Q[N	NWCEC	MB	OL	BMHOM\RFON	PM�CECORC	QCNoCCO	VỲ 	FOP	fg	LE	NLNFG	afg	¬	r�p�	�b	BMHOFG	RL[ONBU	�O	NWC	FBB[IKNMLO	NWFN	PCFP	RCGGB	FEC	OLN	ICNFQLGMJRFGGh	FRNMDCX	FOP	BNFEDFNMLO	IFh	CDCO	RF[BC	[OPCECBNMIFNMLO	L_	DMFQGC	RCGG	RL[ON	QFBCP	LO	VỲ 	BNFMOMOHX	NWMB	ECB[GN	
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BCDEFGH	IJKLEDMNILB	OP	Q	RSTU	V	WNDXNGNLH	BLDNKNKY	EZB[GLB\	]EĴ 	LCZBZ	EZB[GLB	MẐJKBLEDLNKY	LCDL	̂JBL	J_	LCZ	IZGGB	JK	YGDBB	B[E_DIZB	DEZ	̂ZLDXJGNIDGGH	DILNWZ	DKM	BLDNK	̀NLC	OP	̀CNGZ	D	̂NKJENLH	J_	FEZB[̂ DXGH	WNDXGZ	IZGGB	BLDNK	̀NLC	RSTU	V	JKGH	NL	IDK	XZ	IJKIG[MZM	LCDL	RSTU	V	BNYKDG	IJ[KL	BNYKNaIDKLGH	[KMZEZBLN̂DLZB	WNDXNGNLH	DKM	OP	BNYKDG	IJ[KL	BNYKNaIDKLGH	JWZEZBLN̂DLZB	MZDM	IZGG	IJ[KL	DB	D	EZB[GL	J_	OP	Q	RSTU	V	IJbBLDNKNKY	cd	ecfg\	hJ[KLNKY	FJBBNXGZ	Z̀Di	XDIiYEJ[KM	]jk	BNYKDGB	_EĴ 	MZDM	IZGGB	̀DB	E[GZM	J[L	DB	]jkbBLDNKNKY	J_	ZLCDKJGbalZM	XNJaĜB	MNM	KJL	FEJM[IZ	JXBZEWDXGZ	BNYKDGB	mR[FFGẐZKLDEH	]NY\	no\	pJ̀ZWZEq	KZNLCZE	̂ẐXEDKZ	NKLZYENLH	KJE	ZKrĤ DLNI	DILNWNLHq	ZBFZINDGGH	̀CZK	NKI[XDLZM	NK	D	K[LENZKLbFJJE	ZKWNEJK̂ ZKLq	IDK	LE[GH	NKMNIDLZ	LCZ	EZFEJM[ILNJK	IDFDXNGNLH	J_	LCZ	IZGGB\	sNB	IDK	JKGH	XZ	̂ZDB[EZM	XH	I[GLNWDLNJKbXDBZM	̂ZLCJMB\
tuvwxy	z{	|FN}[JEZBIZKIZ	̂NIEJBIJFH	N̂DYZB	J_	DMCZEZKL	~�	���c	m����yo		DKM	R�	��c����c�ce	m�����o	WNDXNGNLH	BLDNKNKY\	��	C	NKNLNDG	̂JKJGDHZE	XNJaĜ	_JÊZM	JK	YGDBB	NK	O�R	BLDNKZM	cd	ecfg	̀NLC	FEJFNMN[̂ 	NJMNMZ	mOPo	DKM	RSTU	V	m���oq	̀NLC	}[JEZBIZNK	MNDIZLDLZ	m]jko	m���o	JE	CDEWZBLZM	WND	BJKNIDLNJKq	BLDNKZM	̀NLC	OP	DKM	RSTU	V	DKM	IJGGZILZM	JK	aGLZE	my��o\	ONZ	MNDYED̂B	EZFEZBZKL	LJLDG	IZGG	IJ[KL	JK	B[E_DIZB	̀NLC	OPq	RSTU	V	DKM	]jk	BLDNKZM	BNYKDG	FEJFJELNJKB	̂DEiZM	NK	EZMq	MDEi	YEZZK	DKM	GNYCL	YEZZK	EZBFZILNWZGH\	RIDGZ	XDEB	IJEEZBFJKM	LJ	��	�̂ \
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BCDECFCGH	IGDCJCJK	DJL	MNFGCODECFCGH	PQ	RDSOTIGTL	MTFFIU	VWXYZY[\	]̂_\YZ̀̂	aYZY	X̂ZbYc\YW	dZef	\XY	cgZd̂_Yc	b̀̂	gh\Ẑce[̀_̂\̀e[	ei\̀f̀jYW	\e	̂_kg̀ZY	\XY	f̂ l̀fgf	[gf]YZ	ed	b̀̂]hY	_Yhhc	mngiihYfY[\̂Zo	p̀qr	st	[̂W	iĥ\YW	eZ	c\̂̀[YW	à\X	uv	̂[W	nwxy	z	̂[W	̂[̂hojYW	]o	{ea	_o\efY\Zo	mp|}t	eZ	_ehhY_\YW	e[	~h\YZ	deh�heaYW	]o	YìdhgeZYc_Y[_Y	f̀_Zec_eio	mp̀qc	�Y�d�	�_�Wtr	yd	\XY	zsr��	�	�r���	��	����	uv�iec̀\̀bY	��	����	_Yhhc�	e[ho	��r��	�	�r���	aYZY	uv�iec̀\̀bY	̂�YZ	X̂ZbYc\̀[q�	cg]cYkgY[\	c\̂̀[̀[q	̂[W	_ehhY_\̀e[	e[	~h\YZ�	̂[W	e[ho	��r�s	�	zrs��	ed	\XecY	_Yhhc	_eghW	]Y	̂cc̀q[YW	\e	\XY	�WŶW�	q̂\Y	̀[	p|}�	]̂cYW	e[	Y\X̂[eh��̀hhYW	iĥ[�\e[̀_	_Yhhcr	ǹf̀ĥZho�	ed	\XY	��rsz	�	��r���	��	����	uv�iec̀\̀bY	��	�����������	_Yhhc�	e[ho	�zr�s	�	�rz��	aYZY	uv�iec̀\̀bY	̂�YZ	X̂ZbYc\̀[q�	c\̂̀[̀[q	̂[W	_ehhY_\̀e[	e[	~h\YZ�	̂[W	e[ho	��r��	�	��r��	\XecY	_Yhhc	_eghW	]Y	̂cc̀q[YW	\e	\XY	�WŶW�	q̂\Y	[̀	p|}r	� c̀	ZYcgh\	cXeà[q	̀[_ZŶcYW	dẐ_\̀e[	ed	nwxy	z	c\̂̀[YW	_Yhhc	̂�YZ	X̂ZbYc\̀[q	ed	̂WXYZY[\	_Yhhc	b̀̂	gh\Ẑ�ce[̀_̂\̀e[	_efîZYW	à\X	̂WXYZY[\	_Yhhc	��	����	mp̀qr	�̂	bc	�Y 	�]	bc	�dt	âc	Ẑ\XYZ	cgZiZ̀c̀[qr	y[Y	aeghW	YliY_\	\X̂\	gh\Ẑce[̀_̂\̀e[	WeYc	[e\	̀[_ZŶcY	]g\	Ẑ\XYZ	WY_ZŶcYc	_YhhgĥZ	b̀̂ ]̀h̀\o	WgY	\e	iXoc̀_̂h	Ŵf̂ qY	̂c	he[qYZ	gh\Ẑce[̀_̂\̀e[	WgẐ\̀e[c	ZYcgh\YW	̀[	WY_ZŶcYW	iĥ[�\e[̀_	_Yhh	b̀̂]̀h̀\o	̂c	aYhh	̂c	WY_ZŶcYW	b̀̂]hY	òYhW	ed	̂WXYZ�Y[\	_Yhhc	mngiihYfY[\̂Zo	p̀qr	str	¡eaYbYZ�	WgY	\e	\XY	cYYf̀[qho	ZYbYZcYW	ZYW	\e	qZYY[	Ẑ\̀e	̂�YZ	gh\Ẑce[̀_̂\̀e[	aY	Xoie\XYc̀jYW	\X̂\	\X̀c	\ZŶ\fY[\	̂¢Y_\c	\XY	c\̂̀[̀[q	ed	b̀̂]hY	_Yhhc	à\X	uvr	y[Y	ed	\XY	iecc̀]hY	Yliĥ[̂\̀e[c	deZ	\X̂\	âc	îZ\̀̂h	ZYfeb̂h	ed	Y£V	_e[\̂̀[̀[q	¤|}	dZef	̂WXYZY[\	_Yhhcr	v[WYYW�	gh\Ẑce[̀_̂\̀e[	̀c	̂	\Y_X[̀kgY	\X̂\	c̀	_effe[ho	gcYW	deZ	¤|}	Yl\Ẑ_\̀e[�z���r	¥Yfeb̂h	ed	Y£V	̂[W	d̂hcY	WŶW	c̀q[̂hc	̂he[q	à\X	¤|}	âc	dgZ\XYZ	_e[~ZfYW	]o	_gh\̀b̂\̀[q	\XY	X̂ZbYc\YW	]̂_\YZ̀̂r	pehheà[q	\XY	uv	¦	nwxy	z	c\̂̀[̀[q	iZ̀[_̀ihY�	iĥ\Y	_eg[\c	_eghW	]Y	YliY_\YW	\e	]Y	cf̂hhYZ	\X̂[	\XY	[gf]YZ	ed	nwxy	z	c̀q[̂hc	dZef	��	����	c\̂̀[̀[q	WgY	\e	iecc̀]hY	_Yhh	̂qqZYq̂\Yc	deZf̀[q	e[ho	e[Y	_ehe[o	]g\	òYhẀ[q	cYbYẐh	c̀q[̂hc	_eg[\YWr	y[	\XY	_e[\ẐZo�	_efîZYW	\e	\e\̂h	c̀q[̂h	_eg[\c	

§̈©ª«¬	­®	|efîZ̀ce[	ed	fgh\̀ihY	̂iiZê_XYc	\e	Yb̂hĝ\Y	̂WXYZY[\	_Yhh	b̀̂]̀h̀\o	̀[	��	����	m̄°±t	̂[W	��	�����������	m²°³t	]̀e~hfc	e[	cgZd̂_Y	��	����	m̄°²t	eZ	̂�YZ	X̂ZbYc\̀[q	b̀̂	gh\Ẑce[̀_̂\̀e[	m±°³tr	��	X	̀[̀\̀̂h	fe[eĥoYZ	]̀e~hf	deZfYW	e[	qĥcc	̀[	ún	c\̂̀[YW	��	����	m̄°²t	à\X	iZeìẀgf	̀eẀWY	muvt	̂[W	nwxy	z	eZ	pµV	dehheaYW	]o	Yì{geZYc_Y[_Y	f̀_Zec_eio	m¤}t	̂[W	c̀q[̂h	_eg[\̀[q	eZ	X̂ZbYc\YW	m±°³t	̂[W	_gh\̀b̂\YW	deZ	iĥ\Y	_eg[\c�	_e�c\̂̀[YW	à\X	uv	̂[W	nwxy	z	̂[W	̂[̂hojYW	]o	{ea	_o\efY\Zo	mp|}t	eZ	_ehhY_\YW	e[	~h\YZ	dehheaYW	]o	¤}	̂[W	c̀q[̂h	_eg[\̀[qr	|Yhh	_eg[\̀[q	ZYcgh\c	̂ZY	iZYcY[\YW	̂c	c̀q[̂hc¶_f�	aXYZY	e[Y	c̀q[̂h	_eg[\YW	_eZZYcie[Wc	\e	̂	c̀[qhY	{geZYc_Y[\	_Yhh	eZ	_efî_\	Ẁihe_e__gc	mf̀_Zec_eiot�	̂	|p·	m_gh\gZYW	iĥ\Y	_eg[\t	eZ	̂[	p|}	YbY[\r	̧̀bY¶WŶW	q̂\̀[q	ed	p|}	c̀q[̂h	ieigĥ\̀e[c	âc	]̂cYW	e[	�[ea[	iZeieZ\̀e[c	ed	b̀̂]hY	[̂W	Y\X̂[eh��̀hhYW	iĥ[�\e[̀_	]̂_\YZ̀̂r	}Ŷ[	̂[W	c\̂[ŴZW	WYb̀̂\̀e[	ed	�¹s	̀[WYiY[WY[\	b̂hgYc	deZ	��	����	c\̂̀[̀[q	̂[W	~h\YZ̀[q	̂[W	��¹�s	̀[WYiY[WY[\	b̂hgYc	deZ	iĥ\Y	_eg[\c	̂[W	p|}	̂ZY	cXea[	̂[W	e[ho	c\̂\̀c\̀_̂hho	c̀q[̀~_̂[\	Ẁ¢YZY[_Yc	mi	º	�r��t	f̂Z�YW	e[	qẐiXc	m�	�	»	�r�� 	¼	º	�r�� 	¼¼	º	�r�� 	¼¼¼	º	�r��� 	¼¼¼¼	º	�r����tr
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BCDE	FGCHIJKIL	GML	NO	P	QRST	U	JKGVMIL	JGEWXIJ	GK	XIGJK	YZ[\]̂	DB	_̀	abcd	GML	YU[eẐ	DB	f̀	ghdigjkdidl	mIXXJ	nICI	moXKVHGpXI	GML	BDCEIL	mDXDMVIJ	DM	MoKCVIMK	GqGC[rICI	nGJ	MD	JKGKVJKVmGXXs	JVqMVtmGMK	LVuICIMmI	VM	WXGKI	mDoMKJ	DB	pVDtXE	FGCHIJKIL	mIXXJv	wxy	KDKGX	IHIMK	mDoMKJ	wxy	zGXVHI{	IHIMK	mDoMKJv	GML	QRST	U	mDoMKJ	DB	FGCHIJKILv	NO	P	QRST	U	JKGVMIL	GML	tXKICIL	JGEWXIJ	BDC	MIVKFIC	JWImVIJv	VMLVmGKVMq	KFGK	KFI	EG|DCVKs	DB	KFI	FGCHIJKIL	mIXXJ	GCI	KCoXs	HVGpXI	}wVqJ	ZmvL~	GML	KFI	BGmK	KFGK	KFIs	JKGVMIL	CIL	nVKF	NO	VM	d�	ld��	pVDtXEJ	nGJ	VMLIIL	GM	GCKVBGmKv	EDJK	XV�IXs	LoI	KD	KFI	WCIJIMmI	DB	I��	VM	KFI	pVDtXE	EGKCV�[TB	KFI	GWWCDGmFIJ	oJIL	BDC	FGCHIJKIL	mIXX	HVGpVXVKs	GJJIJJEIMKv	wxy	WCDHIL	KD	pI	G	�oVm�IC	GML	XIJJ	IXGp�DCGKI	EIKFDL	KFGM	BVXKICVMq	JKGVMIL	JGEWXIJ	GML	mDoMKVMq	BXoDCIJmIMK	JVqMGXJ	BCDE	EVmCDJmDWs	VEGqIJ	poK	qGKVMq	FGCHIJKIL	JGEWXI	JVqMGXJ	VM	wxy	WCDHIL	KD	pI	WCDpXIEGKVm[	wxy	GXVHI	GML	LIGL	qGKIJ	nICI	pGJIL	DM	HVGpXI	GML	IKFGMDX��VXXIL	WXGM�KDMVm	moXKoCIJ	poK	oMXV�I	WXGM�KDMVm	JGEWXIJ	BCDE	KFI	JGEI	KIJK	JsJKIEv	oXKCG�JDMVmGKIL	pVDtXE	JGEWXIJ	FGL	EomF	FVqFIC	MDVJI	XIHIX	GML	XIJJ	LItMIL	GML�DC	JFV�IL	zGXVHI{	JVqMGX	WDWoXGKVDMJ	}QoWWXIEIMKGCs	wVq[	�~	IGJVXs	I�WXGVMIL	ps	WGCKVGX	�xy	CIEDHGX	LoCVMq	FGCHIJKVMq	GML	CIJoXKVMq	LDopXI�JKGVMVMq	DB	HVGpXI	pGmKICVG	KD	HGCVDoJ	LIqCIIJ	VM	mDMKCGJK	KD	EDCI	JKCVmKXs	NO�LItMIL	zLIGL	qGKI{[rI	BGmK	KFGK	HVGpVXVKs	IJKVEGKI	pGJIL	DM	d�	ld��	NO�JKGVMVMq	nGJ	JVqMVtmGMKXs	XDnIC	KFGM	KFI	DMIJ	pGJIL	DM	d�	ld��	w��	JKGVMVMq	DC	FGCHIJKIL	mIXX	WXGKI	mDoMK	}SGpXI	�~	JoqqIJKIL	KFGK	I��J	mDoXL	VMLIIL	WXGs	G	EG|DC	CDXI	VM	BGXJI	zLIGL{	NO�JKGVMVMq	DB	pVDtXE	pGmKICVG	d�	ld��[	SD	BoCKFIC	mDMtCE	KFI	FsWDKFIJVJv	mDMBDmGX	EVmCDJmDWs	nGJ	oJIL	KD	pIKKIC	HVJoGXV�I	KFI	NO	GML	QRST	U	mD�JKGVMIL	pGmKICVGX	pVDtXEJ[��������	�����	��������	����������	��� ¡¢	��	£¤	¥	 ¦§̈ 	©	�ª����«	¬��­���®	x̄Qy	mCDJJ�JImKVDMJ	DB	EDMDXGsIC	pVDtXEJ	CIHIGXIL	DHICXGWWVMq	NO	GML	QRST	U	JVqMGXJ	DB	_̀	abcd	}wVq[	]~	GML	f̀	ghdigjkdidl	}wVq[	\~	mCIGKVMq	G	nVLIC	LVuoJI	CIL	NO	mDCDMG	GCDoML	QRST	U	JVqMGXJ	I�mIWK	BDC	KFI	EDJK	VMKIMJIXs	CIL	mIXXJ	KFGK	XGm�IL	qCIIM	JVqMGX	GML	mDoXL	WCIJoEGpXs	pI	KCoI	LIGL	JVqMGXJ[	OK	EoJK	pI	MDKIL	KFGK	KFI	CIJoXK	nGJ	JICVDoJXs	GuImKIL	ps	HICKVmGX	CIJDXoKVDM	XVEVK	DB	x̄Qy	LoI	KD	pGmKICVGX	mIXX	JV�Iv	IJWImVGXXs	BDC	_̀	abcd[	°DnIHICv	VK	nGJ	JKVXX	WDJJVpXI	KD	pCVMq	XVqFK	KD	KFI	BGmK	KFGK	G	XGCqI	WCDWDCKVDM	DB	KFI	mIXXJ	DB	pDKF	JWImVIJ	LIEDMJKCGKIL	LDopXI�JKGVMVMq	nVKF	qCIIM	VMKICVDCJ	oMLIC	CIL	NO�JKGVMIL	I�KICVDCJ[	rVJ	LDopXI�JKGVMVMq	nGJ	DMXs	mFGCGmKICVJKVm	DB	HVGpXI	pVDtXEJ	GML	GXJD	MDK	G	JVMqXI	JKGVM	IuImKv	GJ	mD�JKGVMIL	IKFGMDX�t�IL	pVDtXEJ	XGm�IL	qCIIM	JVqMGXJ	nVKF	KFI	JGEI	x̄Qy	JIKoW	GML	pVDtXEJ	EDMDJKGVMIL	nVKF	NO	DC	QRST	U	DMXs	WCDLomIL	JVqMGX	VM	KFIVC	CIJWImKVHI	IEVJJVDM	mFGMMIXJ	}QoWWXIEIMKGCs	wVqJ	Y	GML	U~[	woXX	nVLKF	GK	FGXB	EG�VEoE	}w±°y~	EIGJoCIEIMKJ	DB	x̄Qy	mCDJJ�JImKVDMJ	DB	MDM�JGKoCGKIL	mIXXoXGC	JVqMGXJ	mDMtCE	KFGK	CIL	JVqMGXJ	BCDE	LDopXI�JKGVMIL	mIXXJ	DB	pDKF	JWImVIJ	GCI	JVqMVtmGMKXs	nVLIC	KFGM	qCIIM	JVqMGXJ	}QoWWXIEIMKGCs	wVq[	�e~[

²³́µ¶́· ¹̧	º»¼½	¾¿	¥	²ÀÁÂ	Ã ¹̧	º»¼½	ÄÅÆ	Ç·	¾¿	¥	²ÀÁÂ	Ã	ÈÉÈÊË	µÉÌÍÈÎÊÏḈ·È́ÐÑ	¾¿	¥	²ÀÁÂ	ÃÑ	ÉÍ	ÒËÈ́Ï ÎÊÏḈ·È́ÐÑ	¾¿	¥	²ÀÁÂ	ÃÑ	ÓÉÔ	µÕÈÉÖ́ ÈÏÕ ÎÊÏḈ·È́ÐÑ	³ËÊÈ́	µÉÌÍÈ	Ç·	¾¿	¥	²ÀÁÂ	Ã	ÈÉÈÊË	µÉÌÍÈ	ÉÍ	ÒËÈ́Ï_̀	abcd ][×Ø	Ù	Ø[]e ×�[U� Ø×[Øe	Ù	Ø[]e ��[Ze	Ù	U[×e YZ[\]f̀	ghdigjkdidl Z\[]�	Ù	�Y[\\ ×Y[]e Ye[\\	Ù	Y[U] YY[Ue	Ù	�e[�e YU[eZÁÊÚË́	ÛÜ	ÝVGpVXVKs	IJKVEGKIJ	}̂~Þ	DB	Z\	F	pVDtXEJ	Gm�oVCIL	nVKF	LVuICIMK	EIKFDLJ[	ÞyIGM	GML	JKGMLGCL	LIHVGKVDM	DB	\ß×	VMLIWIMLIMK	HGXoIJ	BDC	d�	ld��	JKGVMVMq	GML	tXKICVMq	GML	�eß�×	VMLIWIMLIMK	HGXoIJ	BDC	WXGKI	mDoMKJ	GML	wxy	GCI	JFDnM[	NICmIMKGqIJ	mGXmoXGKIL	GJ	CGKVDJ	DB	EIGM	HGXoIJ	GCI	WCIJIMKIL	nVKFDoK	JKGMLGCL	LIHVGKVDMJ[
Ä¶àÌḮ	áÜ	xDMBDmGX	XGJIC	JmGMMVMq	EVmCDJmDWs	}xQ̄y~	VEGqIJ	DB	Z\	F	_̀	abcd	pVDtXE	mD�JKGVMIL	nVKF	WCDWVLVoE	VDLVLI	}NO~	GML	QRST	Uâ	HICKVmGX	GML	FDCV�DMKGX	mCDJJ�JImKVDMJ	VM	EoXKVmFGMMIX	}Ê~v	qCIIM	mFGMMIX	}Ú~	GML	CIL	mFGMMIX	}µ~	HVIn[	�IGL	mIXXJ	JKGVMIL	nVKF	NO	GCI	VMLVmGKIL	nVKF	msGM	GML	HVGpXI	mIXXJ	LDopXI�JKGVMIL	nVKF	NO	GML	QRST	U	nVKF	sIXXDn	GCCDnJ[	QmGXI	pGCJ	mDCCIJWDML	KD	Ø	ãE[	QVMqXI	VEGqIJ	DB	KFI	ä�JKGm�	GCI	GHGVXGpXI	VM	QoWWXIEIMKGCs	�XpoE	�[
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BC	CDCEFGHFI	JKLM	HNF	GLMEOKPCLQ	LJ	CHOPQPQR	LJ	GFSSC	TPHN	UV	W	XYZ[	\	]̂	_]̀a	OQI	ObFK	DSHKOCLQPGOHPLQc	deXf	GLQgKMC	HNOH	UV	KFOSSh	ILFC	CHOPQ	GFSSC	FiHFKQOSSh	OQI	PC	HNFKFJLKF	QLH	PQIPGOHPjF	LJ	jPOkPSPHh	kDH	EKLIDGFC	JOSCF	IFOI	CPRQOSC	DQIFK	HNFCF	FiEFKPMFQHOS	GLQIPHPLQCl	mQJLKHDQOHFShc	HNF	deXf	KFCLSDHPLQ	SPMPH	ILFC	QLH	OSSLT	HL	GLQgKM	UV	FiGSDCPLQ	JKLM	GFSS	PQHFKPLKCl	ZL	GLMEOKF	HNF	CHOPQPQR	EOHHFKQ	LJ	UV	W	XYZ[	\	HL	XYZ[	\	GLnCHOPQPQR	TPHN	MFMkKOQF	LK	MFMkKOQFnOCCLGPOHFI	odf	GLMELQFQHCc	TF	GLMkPQFI	XYZ[	\	TPHN	dFSSfOCp	[KOQRF	qdf[rc	sPSF	KFI	qstr	OQI	dLQRL	KFI	qdtrl	st	W	XYZ[	\	CHOPQPQR	KFCDSHFI	PQ	HNF	CHKLQRFCH	CPRQOSC	LJ	kLHN	st	OQI	XYZ[	\	qXDEESFMFQHOKh	uPRl	vvr	TPHN	O	CPMPSOK	KFI	GLKLQO	OKLDQI	RKFFQ	GFSS	PQHFKPLKC	OEEOKFQH	PQ	deXf	OC	TOC	LkCFKjFI	JLK	UV	W	XYZ[	\	CHOPQPQR	quPRl	wrl	df[	CHOPQPQR	KFCDSHFI	PQ	TFOpFK	CPRQOSC	JLK	xy	z{]|z}~]|]_	qXDEESFMFQHOKh	uPRl	vvr	OQI	TOC	QLH	DCOkSF	JLK	�y	���]	kDH	IFMLQCHKOHFI	O	CPMPSOK	KFI	GLKLQO	OKLDQI	RKFFQ	xy	z{]�|z}~]|]_	GFSSC	OC	UV	W	XYZ[	\	OQI	st	W	XYZ[	\l	�DF	HL	PMORPQR	OH	HNF	deXf	KFCLSDHPLQ	SPMPHc	MFMkKOQF	CPRQOSC	qstc	df[r	GOQ	OSCL	kF	CFFQ	PQCPIF	HNF	GFSSC	CPMPSOKSh	HL	UV	CPRQOSC	LQ	uPRC	�	OQI	wl	oiEFGHFI	FiHKOGFSSDSOK	�sB	CPRQOS	qXYZ[	\r	LDHCPIF	HNF	MFMkKOQFC	CPMPSOK	HL	FiHKOGFSSDSOK	UV	CPRQOS	PQ	GOCF	LJ	UV	W	XYZ[	\	GLnCHOPQPQR	PC	SLCH	PQ	HNFCF	PMORFC	qXDEESFMFQHOKh	uPRl	vvr	ELCCPkSh	IDF	HL	SPMPHFI	IhQOMPG	KOQRF	OQI	SLCC	LJ	TFOpFK	CPRQOSC	PQ	CPQRSF	GNOQQFS	XYZ[	\	OG�DPCPHPLQ	OC	LEELCFI	HL	PQIPjPIDOSSh	OI�DCHOkSF	CFEOKOHF	GNOQQFSC	JLK	PQHKOGFSSDSOK	XYZ[	\	OQI	FiHKOGFSSDSOK	UV	CPRQOS	OG�DPCPHPLQ	quPRC	�	OQI	wrldt	PC	OQ	OMhSLPI	CHOPQ	�DLKFCGPQR	KFI	TNFQ	kLDQI	HL	kOGHFKPOS	CDKJOGFnOCCLGPOHFI	OMhSLPI	gkKPSC	qXBuCrwvl	dt	CPRQOSC	OEEFOKFI	HLL	TFOp	OQI	�DPGpSh	kSFOGNPQR	HL	DCF	PQ	deXfc	kDH	PMORFC	GLDSI	kF	OHHOPQFI	PQ	FEP�DLKFCGFQGF	MPGKLCGLEh	DCPQR	SLQR	FiELCDKFCl	VQHFKFCHPQRSh	dt	W	XYZ[	\	CHOPQPQR	EOHHFKQ	PQ	FEP�DLKFCGFQGF	MPGKLCGLEh	qXDEESFMFQHOKh	uPRl	v�r	OEEFOKC	CPMPSOK	HL	HNOH	LJ	UV	W	XYZ[	\	quPRl	vOckr	TPHN	CLMF	GFSSC	SOGpPQR	KFI	CPRQOSC	OQI	CHOPQPQR	RKFFQ	TPHN	XYZ[	\	TNPSF	MLCH	EKFCFQH	KFI	dt	CPRQOSC	LJ	jOKPOkSF	PQHFQCPHPFCl	VH	PC	OSCL	FjPIFQH	HNOH	XYZ[	\	CPRQOS	PC	GLMESFHFSh	MOCpFI	kh	MLKF	PQHFQCF	dt	CPRQOSCc	CPMPSOKSh	HL	UV	W	XYZ[	\	TPHN	HNF	CPRQPgGOQH	IP�FKFQGF	HNOH	dt	W	XYZ[	\	FSPMPQOHFC	GLMEFHPQR	JLK	�sB	kPQIPQRlZL	JDKHNFK	EKLjF	HNF	KLSF	LJ	F�sB	PQ	UVnCHOPQPQRc	TF	OSCL	OHHFMEHFI	HL	HKFOH	kPLgSMC	OQI	CPMPSOK	OMLDQH	LJ	ESOQpHLQPG	GFSSC	TPHN	�sOCF	Vc	KFMLjF	HNF	GFSSC	JKLM	HNF	CDKJOGFC	kh	CGKOEPQRc	GLQGFQHKOHF	kh	GFQHKPJDROHPLQ	OQI	IFMLQCHKOHF	SOKRFK	OMLDQH	LJ	�sOCF	IFRKOIOkSF	�sB	CPRQOS	LQ	OINFKFQH	GFSSC	HNOQ	LQ	ESOQpHLQPG	GFSSCl	mQJLKHDQOHFShc	HNF	QDMkFK	LJ	OINFKFQH	GFSSC	LEHPMP�FI	JLK	]̂	_]̀a	GLDQHPQR	TOC	HLL	SLT	HL	EKLjPIF	O	CPRQOS	PQ	FHNPIPDM	kKLMPIF	OROKLCF	RFS	FSFGHKLENLKFCPCl	BSCLc	odf	KFMLjFI	JKLM	CGKOEFI	GFSSC	kh	CDCEFQIPQR	HNFM	PQ	vl�	f	CLIPDM	GNSLKPIFw�	IPI	QLH	EKLIDGF	�sB	CPRQOS	LQ	RFS	SPpFSh	IDF	HL	HLL	SLT	OMLDQH	LJ	�sBl	UV	W	XYZ[	\	CHOPQPQR	OQI	FEP�DLKFCGFQGF	MPGKLCGLEh	LJ	vl�	f	sOdSnHKFOHFI	GFSSC	GLQgKMFI	HNOH	MLCH	LJ	HNF	GFSSC	PQIFFI	CHOPQFI	RKFFQ	CDRRFCHPQR	CDGGFCCJDS	KFMLjOS	LJ	odfc	PQGSDIPQR	F�sBc	JKLM	HNF	GFSSCl	VH	TOC	OSCL	FMEPKPGOSSh	LkCFKjFI	HNOH	ENhCPGOS	MOQPEDSOHPLQC	LJ	OINFKFQH	GFSSC	JKLM	CGKOEPQR	HL	GFQHKPJDROHPLQc	jLKHFiPQR	OQI	DSHKOCLQPnGOHPLQ	OSS	CNPbFI	HNF	KFI	HL	RKFFQ	CHOPQPQR	KOHPL	HL	MLKF	RKFFQc	PQIPGOHPQR	qEOKHPOSr	odf	KFMLjOS	PQ	jOKPLDC	CHFEC	LJ	HNF	EKLGFCC	TNPGN	MOpFC	GFSS	QDMkFK	QLKMOSP�OHPLQ	kFHTFFQ	ESOQpHLQPG	OQI	SLT	QDMkFKC	LJ	OINFKFQH	GFSSC	EKPLK	HL	OQOShCPC	IP�GDSH	HL	OGNPFjF	TPHNLDH	SLCPQR	CPRQPgGOQH	OMLDQHC	LJ	F�sBl�����������F	QFFI	HL	CHDIh	ELCCPkSF	JOSCF	IFOI	KFCDSHC	LJ	UVnkOCFI	jPOkPSPHh	CHOPQPQR	OKLCF	JKLM	LDK	EKFjPLDC	FiEFKPMFQHC	GOKKPFI	LDH	TPHN	kOGHFKPOS	kPLgSMC	PQ	TOHFK	OQI	U�Xc	TNFKF	TF	NOjF	CPMPSOKSh	HL	HNPC	CHDIhc	LkCFKjFI	O	SOKRF	JKOGnHPLQ	LJ	KFI	UVnCHOPQFI	GFSSC	PQ	kPLgSMC	LQ	DQHKFOHFI	RSOCC	kDH	CPRQPgGOQHSh	CMOSSFK	JKOGHPLQ	LJ	KFInCHOPQFI	GFSSC	LQ	RSOCC	CDKJOGFC	TPHN	OQHPkOGHFKPOS	HKFOHMFQHc	OSHNLDRN	HLHOS	GFSS	GLDQHC	LQ	HKFOHFI	CDKJOGFC	HFQIFI	HL	kF	MDGN	SLTFK	HNOQ	LQ	DQHKFOHFI	GLQHKLSC	qDQEDkSPCNFI	IOHO�	XDEESFMFQHOKh	uPRl	v��	CDKJOGFC	IFCGKPkFI	PQw�rl	YFH	HNF	MLKENLSnLRh	LJ	kPLgSMC	LQ	DQHKFOHFI	RSOCC	OEEFOKFI	QLKMOS	TNPSF	LQ	OQHPkOGHFKPOS	RSOCC	CDKJOGFC	HNF	kPLgSM	CHKDGHDKF	OC	

������	��	dLQJLGOS	SOCFK	CGOQQPQR	MPGKLCGLEh	qdXefr	PMORFC	LJ	�w	N	xy	z{]|z}~]|]_	kPLgSM	GLnCHOPQFI	TPHN	EKLEPIPDM	PLIPIF	qUVr	OQI	XYZ[	\ 	jFKHPGOS	OQI	NLKP�LQHOS	GKLCCnCFGHPLQC	PQ	MDSHPGNOQQFS	q¡rc	RKFFQ	GNOQQFS	q¢r	OQI	KFI	GNOQQFS	q£r	jPFTl	�FOI	GFSSC	CHOPQFI	TPHN	UV	OKF	PQIPGOHFI	TPHN	GhOQ	OQI	jPOkSF	GFSSC	ILDkSFnCHOPQFI	TPHN	UV	OQI	XYZ[	\	TPHN	hFSSLT	OKKLTCl	XGOSF	kOKC	GLKKFCELQI	HL	�	¤Ml	XPQRSF	PMORFC	LJ	HNF	¥nCHOGp	OKF	OjOPSOkSF	PQ	XDEESFMFQHOKh	BSkDM	vl
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22234567893:;<=>:?946?@?:89A;86>22234567893:;<=>:?946?@?:89A;86>=BCDD	EF	GH	IJKLIMNKLKO	PQEREPSCRTFSTP	UTVDWPWPPED	EXXRCXESTWY	BEF	UTFSZR[CU\	]TF	RCFZDS	FZXXCFSCU	ED̂WFS	RC_CRFC	FSETYTYX	Ẁ	EDT_C	EYU	UCEU	[EPSCRTED	PCDDF	BTSQ	ab	EYU	cdef	g	TY	[TWhD̂F\	bY	SQTF	FSZUi	BC	FQWB	SQES	TY	FT̂TDER	PWYUTSTWYF	WY	ZYSRCESCU	XDEFF	̂Ĉ[REYC	TYSCXRTSi	[EFCU	_TE[TDTSi	FSETYTYX	BTSQ	jkl[TYUTYX	ab	PEY	EYU	BTDD	FTXlYThPEYSDi	W_CRCFST̂ESC	SQC	UCEU	PCDD	PWZYS	TY	mn	Q	XRÊlVWFTST_C	EYU	XRÊlYCXEST_C	̂WYWFVCPTCF	[TWhD̂F	TY	aoc\	gp\qr	s	r\qtu	Ẁ	vH	wxyK	EYU	zr\pg	s	{|\nnu	Ẁ	GHIJKLIMNKLKO	PCDDF	FSETYCU	RCU	EYU	EPPWRUTYX	SW	XCYCRED	_TE[TDTSi	FSETYTYX	VRTYPTVDCF	PWZDU	[C	PWYFTUCRCU	}UCEU~	BQCY	PWlFSETYTYX	BTSQ	ab	EYU	cdef	g	K�	OK��	PŴ VERCU	SW	pz\g{u	vH	wxyK	EYU	p|\qtu	GH	IJKLIMNKLKO	FSETYTYX	��klVWFTST_C	�	̂CSE[WDTPEDDi	EPST_C	K�	OK���	EYU	ES	DCEFS	|m\nqu	Ẁ	vH	wxyK	EYU	|g\tmu	Ẁ	GH	IJKLIMNKLKO	PCDDF	[CTYX	PZDST_E[DC	E�CR	QER_CFSTYX	̀RŴ 	[TWhD̂F	_TE	ZDSREFWYTPESTWY\	bS	BEF	EDFW	C_TUCYS	SQES	SQC	RCU	�ab�	SW	XRCCY	�cdef	g�	FTXYED	RESTW	BEF	RC_CRFCU	E�CR	ZDSREFWYTPESTWY	BQTPQ	TYUTPESCF	ab	FTXYED	DWPEDT�ESTWY	TY	SQC	���	EYU	�VERSTED�	���	RĈW_ED	UZRTYX	VQiFTPED	̂EYTVZDESTWY	Ẁ	SQC	PCDDF\	eW	WZR	�YWBDCUXC�	YWYlFVCPThP	�ZWRCFPCYPC	Ẁ	ab	TY	[TWhD̂	���	QEF	YWS	[CCY	UCFPRT[CU	EF	E	̀EPSWR	VWFFT[Di	TY�ZCYPTYX	_TE[TDTSi	FSETYTYX	RCFZDSF\	ab	UWCF	EDFW	[TYU	�jk�	YWS	WYDi	�jk\	�WBC_CR�	BQTDC	SQC	VRCFCYPC	Ẁ	C�jk	TY	���	TF	BCDD	UCFPRT[CU�	YWS	̂ZPQ	TF	�YWBY	E[WZS	C�SREPCDDZDER	�jk	�C�jk�	TY	[TWhD̂F\	bS	QEF	[CCY	FQWBY	SQES	[EPSClRTE	PEY	FCPRCSC	�jk	TY	WZSCR	̂Ĉ [REYC	_CFTPDCF	�f��F�\	�WR	C�ÊVDC�	�QWFED	I�	�y\	QE_C	UĈWYFSRESCU	C�jk	WZSFTUC	VDEY�SWYTP	�\	PWDT	��{prrnn�	SQC	_CRi	FÊC	FSRETY	SQES	BEF	ZFCU	TY	WZR	C�VCRT̂CYSF\	�QCSQCR	C�jk	QEF	E	RWDC	TY	[TWhD̂	̀WR̂ESTWY	TF	iCS	FPERPCDi	FSZUTCU�	[ZS	TS	PEYYWS	[C	RZDCU	WZS\	�WR	C�ÊVDC�	C�jk	QEF	[CCY	UĈWYlFSRESCU	SW	[C	T̂VWRSEYS	TY	��INxJ�Ky�O	K���I���I	K�	�K�Mx	[TWhD̂	̀WR̂ESTWYnr\�Ŵ VERCU	SW	QER_CFSCU	PCDD	VDESC	PWZYS�	��k	FSETYTYX	RCFZDSF	K�	OK��	FCĈ	SW	ZYUCRCFST̂ESC	_TE[TDTSi	�eE[DC	{�\	]TF	PWZDU	[C	UZC	SW	E	̀CB	RCEFWYF\	�TRFSDi�	SQC	��k	̂CSQWU	TF	PQEDDCYXTYX	SW	BWR�	BTSQ	UZC	SW	BCE�	�ZWRCFPCYS	FTXYEDF	SQES	RC�ZTRC	DWYX	C�VWFZRCF	DCEUTYX	SW	VQWSW[DCEPQTYX�	QTXQ	[EP�XRWZYU	�ZWRCFPCYPC	EYU	_ERiTYX	FTXlYED	TYSCYFTSTCF	[CSBCCY	TYUT_TUZED	PCDDF	�CFVCPTEDDi	TY	SQC	PEFC	Ẁ	GH	IJKLIMNKLKO�\	cCPWYUDi�	��k	TF	TYUTPEST_C	Ẁ	ĈSE[WDTP	EPST_TSi�	[ZS	[TWhD̂F	BCRC	̀WR̂CU	TY	E	_CRi	YZSRTCYSlVWWR	CY_TRWŶ CYS	TY	BQTPQ	̂CSE[WDTP	EPST_TSi	TF	C�VCPSCU	SW	[C	FDWBCU	EYU	EF	FQWBY	[i	�QE_C�	UC	aE�	I�	�y\	̀WR	WRED	[EPSCRTE�	PEY	RC_CRFT[Di	E�CPS	��k	FSETYTYX	WZSPŴ Cnp\�WỲWPED	DEFCR	FPEYYTYX	̂TPRWFPWVi	RC_CEDCU	UWZ[DClFSETYCU	PCDDF	BTSQ	XRCCY	�ZWRCFPTYX	TYSCRTWRF	ZYUCR	RCU	FSETYCU	C�SCRTWRF	Ẁ	TYUT_TUZED	PCDDF	EYU	PWYhR̂CU	ab	FSETYTYX	YWS	WYDi	[CTYX	TYUTPEST_C	Ẁ	̂Ĉ [REYC	TYSCXlRTSi	[ZS	RESQCR	FSETYTYX	Ẁ	C�jk	BQTPQ	TF	WYC	Ẁ	SQC	PŴ VWYCYSF	Ẁ	[EPSCRTED	���\	]TF	UWZ[DClFSETYTYX	BEF	WYDi	PQEREPSCRTFSTP	Ẁ	_TE[DC	[TWhD̂F	EF	CSQEYWDlh�CU	[TWhD̂F	PWYFTFSCYSDi	VRWUZPCU	WYDi	RCU	FTXYEDF	TY	[WSQ	��	�cZVVDĈ CYSERi	�TXF	m	EYU	q�	EYU	��c�	�cZVVDĈ CYSERi	�TXF	|	EYU	g�\	�ZC	SW	��c�	RCFWDZSTWY	DT̂TS�	FZVCRlRCFWDZSTWY	̂TPRWFPWVi	EDDWBTYX	̀WR	YEYWFPEDC	UTFPRT̂TYESTWY	[CSBCCY	̂Ĉ[REYC	EYU	PQRŴ WFŴ ED	�jk	FTXYEDFnz	BWZDU	[C	YCCUCU	SW	PWYhUCYSDi	PWYhR̂	ab	C�PDZFTWY	̀RŴ 	PCDD	TYSCRTWRF\��c�	RCFZDSF	DWW�	FT̂TDER	SW	BQES	QEF	[CCY	VRC_TWZFDi	UĈWYFSRESCU�	[ZS	YWS	�ZEYSThCU	TY	SCR̂F	Ẁ	̀EDFCDi	EFFTXYCU	UCEU	FTXYED	PWZYSF	̀WR	_TE[TDTSi	FSETYTYX\	�WR	C�ÊVDC�	�TDETY	I�	�y\	UĈ WYFSRESCU	FT̂TDER	ab	PWRWYE	ERWZYU	EUQCRCYS	��wKyy�O	wIMI�O	PCDDF	WY	XDEFF	BWWDn|�	EDSQWZXQ	TY	SQCTR	FSZUi�	SQC	[TWhD̂	BEF	̀WR̂CU	TY	RTPQ	ĈUTẐ \	�EDDW	I�	�y\n{	EDFW	YWSCU	E	FT̂TDER	VTPSZRC	ZFTYX	̂Ĉ[REYClEYPQWRCU	FZR̀EPC	ÊiDWTU	h[RTD	�ck��	VRWlUZPTYX	EYU	��alC�VRCFFTYX	G�yNx�Iyy�	��J�KN�MK�N	[TWhD̂	PCDDF	FZRRWZYUCU	[i	E	}PWRWYE~	Ẁ	ablFSETYCU	C�jk	EYU	ck�	PŴ VDC�CF	PWYPDZUTYX	SQES	ab	FSETYF	SQC	PCDDF	C�SCRYEDDi\	ck�	EYU	C�jk	TYSCREPSTWYF	QE_C	EDFW	[CCY	UĈWYFSRESCU	̀WR	WSQCR	FVCPTCF\	�WR	C�ÊVDC�	C�jk	QEF	[CCY	FQWBY	SW	̀EPTDTSESC	SQC	VWDî CRT�ESTWY	Ẁ	ck�	̂WYlŴ CRF	TY	G��J��yxwxww�O	��MI�O	[TWhD̂Fng	EYU	vH	wxyK	ck�	̂WYŴ CR	QEF	[CCY	FQWBY	SW	[TYU	SW	�jk�	VRŴ WSlTYX	ck�	EFFĈ[Dirt\	ck�	EYU	C�jk	QE_C	[CCY	FQWBY	SW	̀EPTDTSESC	[EPSCRTED	ESSEPQ̂ CYS	SW	FZR̀EPCF	EYU	PCDDlPCDD	EXXRCXESTWYr{\	ck�	EYU	C�jk	TYSCREPSTWYF	TY	SQC	PWYSC�S	Ẁ	[TWhD̂	̀WR̂ESTWY	EYU	̂CPQEYTPED	RCFTFSEYPC	YCCU	SW	[C	FSZUTCU	̀ZRSQCR	SW	[RTYX	DTXQS	SW	ZYUCRDiTYX	̂CPQEYTF̂F\	�C	EDFW	UĈWYFSRESCU	SQES	ÊiDWTU	FSETY	�WYXW	RCU	FSETYCU	[WSQ	vH	wxyK	EYU	GH	IJKLIMNKLKO	�cZVVDĈCYSERi	�TX\	{m�\	��	PŴ [TYCU	BTSQ	cdef	g	VRCFCYSCU	FT̂TDER	FSETYTYX	VESSCRY	TY	CVT�ZWRCFPCYPC	̂TPRWFPWVi	EF	ab	 	cdef	g	DCEUTYX	SW	QiVWSQCFTF	SQES	C�jklck�	PŴ VDC�CF	PWZDU	[TYU	ab�	̂EF�	TYSREPCDDZDER	cdef	g	FTXYEDF	EYU	DCEU	SW	̀EDFC	UCEU	FTXYEDF	TY	CVT�ZWRCFPCYPC	̂TPRWFPWVi\	bY	Ê̂ ÊDTEY	ÊiDWTU	UTFCEFCF	RCFCERPQ�	TS	QEF	[CCY	W[FCR_CU	SQES	ÊiDWTUF	YWS	WYDi	[TYU	�jk�	[ZS	EDFW	̂CUTESC	TSF	PWYhXZRESTWYED	PQEYXCF	[CSBCCY	o	EYU	¡	̀WR̂rm�rn\	b̀	TS	FT̂TDERDi	EVVDTCF	SW	[EPSCRTED	ÊiDWTUF�	SQCY	SQES	̂TXQS	C�VDETY	BQi	SQTF	PE_CES	TY	_TE[TDTSi	FSETYTYX	QEF	YWS	[CCY	FQWBY	SW	[C	E	PRTSTPED	VRW[DĈ 	̀WR	WDUCR	[TWhD̂F	SQES	�ZTP�Di	[CPŴ C	TYFCYFTST_C	SW	�jEFC	UZRTYX	̂ESZRESTWYmt	EYU	XCYCREDDi	FSETY	XRCCY	BTSQ	ab	 	cdef	g\	]TF	PWZDU	[C	UZC	SW	¡l�jk	YWS	[CTYX	C¢PTCYSDi	UCXREUCU	[i	�jEFC	brr	YWR	UCSCPSCU	[i	CSQTUTẐ 	[RŴ TUC	��o�rp�	DESSCR	Ẁ	BQTPQ	TF	FSRZPSZREDDi	_CRi	FT̂TDER	SW	ab\ck�l[WZYU	C�jk	PWZDU	EDFW	C�VDETY	BQi	ab	FSETYF	[TWhD̂F	WY	ZYSRCESCU	XDEFF	EYU	YWS	WY	YEYWl¡Yf	PWESCU	FZR̀EPCF	�cZVVDĈCYSERi	�TX\	{q�	SQES	RCDCEFC	TWYTP	¡Y�bb�\	¡Y�bb�	TY	�YWBY	SW	̂WUZDESC	ÊiDWTU	̀WR̂ESTWY\	��EPS	ĈPQEYTF̂F	EYU	RCDESCU	TYSCREPSTWYF	ERC	YWS	BCDD	�YWBY�	[ZS	¡Y�bb�	QEF	[CCY	UĈWYFSRESCU	SW	TYQT[TS	h[RTDDER	XRWBSQ	WR	PEZFC	UCFSE[TDT�ESTWY	Ẁ	ÊiDWTU	h[RTDFrz�p{\	b̀	¡Y�bb�	VRC_CYSF	̀ZYPSTWYED	ck�	̀WR̂ESTWY	WR	UTFRZVSF	C�TFSTYX	ÊiDWTUF�	SQCY	TS	PWZDU	EDFW	VRC_CYS	ck�l[WZYU	C�jk	TY	PDWFC	VRW�T̂TSi	SW	SQC	PCDDF\	�WRC	FVCPThPEDDi�	e£ZXZ	I�	�y\rz	UĈWYFSRESCU	UWFClUCVCYUCYS	TYQT[TSTWY	Ẁ	ÊiDWTU	¤	h[RTD	̀WR̂ESTWY	BTSQ	FSRWYX	C�CPS	ES	r�{t	¥�	¡Y�bb�	TY	VQiFTWDWXTPED	PWYUTSTWYF	BQTDC	¡Y	PWYPCYSRESTWY	TY	WZR	[TWhD̂	C�VCRT̂CYS	BTSQ	YEYWl¡Yf	PWESCU	FZR̀EPCF	̀EPTDTSESTYX	cdefglVWFTST_C	GH	IJKLIMNKLKO	[TWhD̂F	TY	aoc	RCEPQCU	E[WZS	{r	¥�	BTSQ	VWSCYSTEDDi	QTXQCR	DWPED	PWYPCYSRESTWYF	YCER	SQC	SRCESCU	FZR̀EPC\	]C	̂CPQEYTF̂F	[CQTYU	�jk�	ÊiDWTU	EYU	¡Y	WR	WSQCR	̂CSED	TWY	TYSCREPSTWYF	YCCU	̀ZRSQCR	TY_CFSTXESTWY	EYU	̂Ei	RC_CED	YW_CD	FSRESCXTCF	SW	VRC_CYS	[TWhD̂	̀WR̂ESTWY\�WRCW_CR�	SQC	RWDC	Ẁ	C�jk	TY	ablFSETYTYX	Ẁ	EUQCRCYS	[EPSCRTED	PCDDF	̂Ei	YWS	[C	PWYFSEYS	TY	UT�CRCYS	[TWhD̂F	[ZS	FTXYThPEYSDi	E�CPSCU	[i	[TWhD̂	XRWBSQ	PWYUTSTWYF\	bY	WZR	FSZUi	BC	ZFCU	[TWhD̂F	XRWBY	TY	YZSRTCYSlVWWR	aoc	ES	Ê[TCYS	SĈVCRESZRC	EYU	YW	WSQCR	PWYUTSTWYF	SQES	PWZDU	YCXEST_CDi	E�CPS	EUQCRCYS	PZDSZRCF	BCRC	EVVDTCU\	�WBC_CR�	TY	E	̂WRC	ZFZED	C�VCRT̂CYSED	FCSZV�	UT�CRCYS	SRCEŜCYSF	PEZFTYX	VQiFTPED�	SW�TP�	FSER_ESTWY	I�w\	FSRCFF	SW	SQC	[TWhD̂F�	CFVCPTEDDi	TY	EYST̂TPRW[TED	WR	EYSTl[TWhD̂	RCFCERPQ	SWXCSQCR	BTSQ	E	YCXEST_C	YWlFSRCFF	PWYSRWD	ERC	ZFCU\	bY	SQC	DTXQS	Ẁ	C�jk	TYSCR̀CRTYX	BTSQ	_TE[TDTSi	FSETYTYX	RCFZDSF�	SQCFC	FSRCFF	̀EPSWRF	PWZDU	YWS	WYDi	E�CPS	PCDD	_TE[TDTSi	[ZS	EDFW	EUQCRCYPC	C¢PTCYPi	EYU	BTSQ	SQES	SQC	ÊWZYS	Ẁ	���	EYU	C�jk	SQCRC[i	VWSCYSTEDDi	̀EDFCDi	C�EXXCRESTYX	̂WRSEDTSi	Ẁ	FSRCFFlSRCESCU	FÊVDCF	PŴ VERCU	SW	YWlFSRCFF	PWYSRWDF\	�WR	C�ÊVDC�	̂CSE[WDTP	FSRCFF	
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22234567893:;<=>:?946?@?:89A;86>22234567893:;<=>:?946?@?:89A;86>=BCD	EF	GCHIJDEKLJ	MFNMDNEOLEPFNG	FQ	LNEPHPFEPMG	FO	FEKDO	EFRPM	MFSTFCNBG	KLG	HDDN	GKFUN	EF	DNKLNMD	HPFVJS	QFOSLEPFN	LNBWFO	ODGCJE	PN	KPXKDO	DYZ[	MFNEDNE	FQ	EKD	HPFVJSG\]̂\_̀	aOFUEK	MFNBPEPFNGb	GCMK	LG	EDSTDOLECODb	LDOFHPM	LNB	GELOcLEPFN	GEODGG	UDOD	ODTFOEDB	EF	LdDME	GCOQLMD	LEELMKSDNE	LNB	DYZ[ISDBPLEDB	SDMKLNPGS	FQ	HPFIVJS	QFOSLEPFN	FQ	efghijklfmnop	qoqrst\\̀	YZLGDIGDNGPEPcD	DYZ[	BDTDNBDNE	HPFVJS	QFOSLEPFN	FQ	unpohnkmkmmrv	grnfsv	ULG	FHGDOcDB	PN	JFU	Tw	GEODGG	LNB	NFE	PN	NDCEOLJ	Tw\x̀	wPXKDO	DYZ[	MFNEDNE	FQ	HPFVJSG	GCHyDMEDB	EF	TKzGPMFIMKDSPMLJ	GEODGG	ULG	ODMDNEJz	LJGF	FHGDOcDB	QFO	u{	oht|opgt|tv\}̀	ZFE	FNJz	GDcDOD	GEODGGb	HCE	LJGF	XOFUEK	SDBPL	GDJDMEPFN	MLN	HD	FQ	PSTFOELNMD̀	~LBLS	on	fj̀	FHGDOcDB	KPXKDGE	HPFVJS	QFOSLEPFN	PN	NCEOPDNEITFFO	SDBPICSG	LNB	NFEPMDB	EKLE	YZLGDIGDNGPEPcD	�tvnoptf	gkskmink�osov	HPFVJSG	XOFUN	PN	NCEOPDNE	HOFEK	MFNGPGEDB	FQ	MJDLOJz	KPXKDO	TOFTFOEPFN	FQ	��ITFGPEPcD	MDJJG	BCOPNX	��	�	����	�	MFIGELPNPNX	EKLN	YZLGDIPNGDNGPEPcD	HPFVJSG	FQ	EKD	GLSD	GEOLPNG	XOFUN	PN	L	SFOD	NCEOPDNE	OPMK	HOLPN	KDLOE	PNQCGPFN\�̀	[JGF	�[�	HPFXDNDGPGb	BPGMCGGDB	LHFcDb	PG	GEPSCJLEDB	Hz	EDSTDOLECOD	HDJFU	��	��	LNB	JLM�	FQ	NCEOPDNEGx�̀�FXDEKDOb	EKPG	KPNEG	EKLE	EKD	DREDONLJ	GELPNPNX	TKDNFSDNFN	FQ	��	SPXKE	NFE	FNJz	HD	BDTDNBDNE	FN	EKD	GTDMPDG	CGDB	FO	GELOcLEPFN	MFNBPEPFNG	HCE	PG	LJGF	LEELMKSDNEIGTDMPVM	LNB	BDTDNBDNE	FN	MFNBPEPFNG	LdDMEPNX	SLEOPR	DYZ[	MFNEDNEb	PNMJCBPNX	BPdDODNE	GEODGGIODGTFNGDG̀�����������PLHPJPEz	DGEPSLEPFN	PG	FQ	MOPEPMLJ	PSTFOELNMD	PN	DcLJCLEPNX	LNEPSPMOFHPLJWLNEPIHPFVJS	GCOQLMDG	LNB	GCHGELNMDG	D�MPDNMz̀	[JEKFCXK	EKD	TODGDNMD	FQ	DREOLMDJJCJLO	NCMJDPM	LMPBG	PN	HLMEDOPLJ	HPFVJS	SLEOPRDG	PG	UDJJ	DGELHJPGKDB	PN	EKD	JPEDOLECODb	��IHLGDB	cPLHPJPEz	GELPNPNX	KLG	ODSLPNDB	L	UPBDJz	CGDB	EFFJ	QFO	ts	vtnr	cPLHPJPEz	DGEPSLED	FQ	LBKDODNE	MDJJG	NFE	EL�PNX	PNEF	LMMFCNE	TFGGPHJD	DYZ[	PNEDOQDODNMD	PN	EKD	cPLHPJPEz	GELPNPNX	ODGCJEG̀	�OFS	EKPG	GECBz	PE	MLN	HD	MFNMJCBDB	EKLE	SDSHOLND	PNEDXOPEz	HLGDB	cPLHPJPEz	GELPNPNX	UPEK	YZ[IHPNBPNX	BzDGb	PNMJCBPNXb	HCE	TODGCSLHJz	NFE	JPSPEDB	Hz	��b	MLN	GPXNPVMLNEJz	FcDODGEPSLED	BDLB	MDJJ	MFCNEG	PN	EKD	TODGDNMD	FQ	DZ[	PN	HPFVJSG̀	�F	FcDOMFSD	EKPGb	EKD	TFGGPHJD	DdDME	FQ	DZ[	GKFCJB	HD	MFNEOFJJDB	QFO	Hz	DPEKDO�	���	CGPNX	MCJECODIHLGDB	SDEKFBG	LG	L	ODQDODNMD�	�]�	LGGDGG	SDELHFJPM	LMEPcPEz	�D̀X̀	GELPNPNX	QFO	DN�zSD	LMEPcPEzb	ODGTPOLEPFN	DEM̀�	PN	TLOLJJDJ	EF	Z[IGELPNPNX	LNBWFO	���	SPNPSP�PNX	�� 	MFIKLOcDGEPNX	PQ	KLOcDGEDB	MDJJ	cPLHPJPEz	PG	EF	HD	LGGDGGDB	Hz	GELPNPNX̀	ZFND	FQ	EKD	LQFODSDNIEPFNDB	LTTOFLMKDG	LOD	TDOQDME	QFO	HPFVJSGb	HCE	MFSHPNLEPFN	FQ	SDEKFBG	OLEKDO	EKLN	FND	LTTOFLMK	PG	DRTDMEDB	EF	ODGCJE	PN	SFOD	LMMCOLED	DGEPSLEPFNG	FQ	cPLHPJPEz̀¡¢£¤�¥�¦§̈©ª§ª«¬­®	­̄	°±ª²²	²³§̄ª́ ²̈	̄­§	µª́«̈§¬ª±	ª««ª́¶· ®̈«̧	�}	SS	¹	�}	SS	GFBLIJPSD	XJLGG	SPMOFGIMFTz	MFcDO	XJLGGDG	��FONPNXb	]}__I�}�	UDOD	CGDB	LG	HPFVJS	MLOOPDOG̀	ºDQFOD	PNFMCJLEPFN	MLOOPDOG	UDOD	OPNGDB	UPEK	x�	cFJ»	DEKLNFJ	PN	BDPFNP�DB	ULEDO	LNB	BOPDB	PN	HPFGLQDEz	MLHPNDE	UPEK	CJEOLcPFJDE	JPXKE	POOLBPLEPFN	QFO	LE	JDLGE	]�	SPNCEDG	FN	HFEK	GPBDG̀¼ª́«̈§¬ª±	²«§ª¬®²	ª®½	µ¬­¾±·	́³±«¬¿ª«¬­®̧	u{	oht|opgt|tv	Y� I]��ÀÀ	LNB	Á{	mkjt	 a�\__	UDOD	XOFUN	FcDONPXKE	PN	ÂCOPLIºDOELNP	HOFEK	�Âº�	��	XWÂ	EOzTEFNDb	_	XWÂ	zDLGE	DREOLME	PN	BDPFNP�DB	ULEDO�	LE	��	��̀	�EDOPJP�DB	�}	¹	�}	SS	XJLGG	MFcDO	GJPTG	UDOD	TJLMDB	PNEF	UDJJG	FQ	\IUDJJ	TFJzMLOHFNLED	NFNIEPGGCD	MCJECOD	MFLEDB	TJLEDG	��FONPNXb	�_��À\�̀	ºLMEDOPLJ	MDJJG	UKDOD	ULGKDB	EUPMD	UPEK	�º�	��}�	S 	GFBPCS	MKJFOPBDb	�	S 	TFELGGPCS	MKJFOPBDb	�	S 	BPHLGPM	GFBPCS	TKFGTKLEDb	�b_	S 	TFELGGPCS	KzBOFXDN	TKFGTKLED	PN	BDPFNP�DB	ULEDOb	TwÃx�	CGPNX	MDNEOPQCXLEPFN	LE	x���	X	QFO	��	SPǸ	�DJJ	GCGTDNGPFNG	UDOD	PSSDBPLEDJz	BPJCEDB	EF	�Y\��	�̀��	PN	�º�	LNB	_	SJ	FQ	PNFMCJCS	ULG	TPTDEEDB	FNEF	XJLGG	GCOQLMDG	PN	DLMK	UDJJ	FQ	EKD	\IUDJJ	TJLEDG̀	�DOPLJ	BPJCEPFNG	FQ	ODSLPNPNX	PNFMCJCS	UDOD	SLBD	LNB	BOFTITJLEDB	FN	NCEOPDNE	LXLO	�Z[�	_	XWÂ	SDLE	DREOLMEb	��	XWÂ	TDTEFNDb	_	XWÂ	GFBPCS	MKJFOPBDb	�_	XWÂ	LXLO	TFUBDO	PN	BDPFNP�DB	ULEDO�	EF	MFNVOS	PNFMCJCS	MDJJ	MFCNÈ	�JLEDG	UPEK	PNFMCJLEDB	GCOQLMDG	UDOD	MFcDODB	UPEK	JPBG	LNB	PNMCHLEDB	LE	OFFS	EDSTDOLECOD	LNB	LSHPDNE	PNBFFO	JPXKEPNX	QFO	]À	K	EF	LMÄCPOD	HPFVJS	BDNGPEz	GCPELHJD	QFO	MFNGDMCEPcD	MFCNEPNX̀�EKLNFJIVRLEPFN	ULG	CGDB	EF	�PJJ	LNB	TDOSDLED	HPFVJS	GLSTJDG	CGDB	LG	MFNEOFJG̀	]À	K	HPFVJSG	UDOD	BPTIOPNGDB	EUPMD	PN	�º�	LNB	BOLPNDB̀	ºPFVJSG	UDOD	GCHSDOXDB	PN	x�	cFJ»	DEKLNFJ	PN	BDPFNP�DB	ULEDOb	PNMCHLEDB	�	K	LE	OFFS	EDSTDOLECODb	JPÄCPB	LGTPOLEDBb	LNB	GLSTJDG	BOPDB	PN	\�	��	PNMCHLEFO	QFO	_	SPǸÅ«ª¬®¬®°̧	�ELPNPNX	UPEK	��	�}�}À_b	�PXSL�	]�	S 	LNB	����	�	��I�À}_Àb	�NcPEOFXDN� 	�KDOSF	�PGKDO	�MPDNEPVM�	�̀�À	S 	GEFM�	GFJCEPFNG	PN	Y ��	ULG	MLOOPDB	FCE	LMMFOBPNX	EF	ºLMÂPXKE� 	ºLMEDOPLJ	�PLHPJPEz	~PE	SLNCLJ̀	�PNLJ	MFNMDNEOLEPFNG	FQ	GELPNG	PN	���	GELPN	SPRECOD	PN	�º�	ULG	��	Æ 	��	LNB	_	Æ 	����	�̀	�ELPN	SPRECOD	ULG	DPEKDO	LBBDB	EF	GCOQLMDG	UPEK	HPFVJSG	��_	ÆJ	�º�IBPJCEDB	GELPN	SPR	TPTDEEDB	GEOLPXKE	FNEF	GCOQLMDG	LNB	MFcDODB	Hz	MFcDO	GJPT�b	EF	MDJJG	KLOcDGEDB	QOFS	GCOQLMDG	Hz	CJEOLGFNPMLEPFN	FO	EF	TJLN�EFNPM	HLMEDOPL	MFJJDMEDB	QOFS	LHFcD	EKD	HLMEDOPLJ	HPFVJSG̀	ÇD	GELPNDB	GLSTJDG	UDOD	PNMCHLEDB	QFO	�_	SPNCEDG	PN	EKD	BLO�	�QFPJ	MFcDODB	HFR�	LE	OFFS	EDSTDOLECOD̀�Y[	�]��\À]b	�PXSL�	GEFM�	GFJCEPFN	CGDB	ULG	_	SXWSJ	PN	LMDEFNDb	BPJCEDB	]��IQFJB	PN	�º�	LNB	�DTE	FN	PMD	BCOPNX	EKD	DRTDOPSDNÈ	�_	ÆJ	FQ	EKD	GELPN	GFJCEPFN	ULG	TPTDEEDB	BPODMEJz	FNEF	GCOQLMDGb	MFcDODB	Hz	MFcDOGJPT	LNB	PNMCHLEDB	PN	EKD	BLO�	QFO	��	SPN	HDQFOD	SPMOFGMFTz̀	ÂFNXDO	PNMCHLEPFN	TDOPFBG	zPDJBDB	PN	KPXK	HLM�XOFCNB	ÈCFIODGMDNMD	LNB	NFE	GPXNPVMLNEJz	GEOFNXDO	GPXNLJG	QOFS	MDJJG	LNB	EKDODQFOD	JFNXDO	PNMCHLEPFN	ULG	NFE	CGDB	EF	FHELPN	GEOFNXDO	GPXNLJG̀�PNLJ	MFNMDNEOLEPFNG	QFO	FEKDO	GELPNG	MFSHPNDB	UPEK	_	Æ 	����	��	]�	ÆXWSJ	�FNXF	ODB	� DOM��b	�	ÆXWSJ	ZPJD	ODB	�ÇDOSF	�PGKDO	�MPDNEPVM�b	_	ÆXWSJ	��¹�	�DJJ LG�	�OLNXD	�ÇDOSF	�PGKDO	�MPDNEPVM�̀	�LSD	GELPNPNX	MFNBPIEPFNG	UDOD	LTTJPDB	LG	QFO	��	�	����	�b	BDGMOPHDB	LHFcD̀�FO	SDSHOLND	TFEDNEPLJ	DcLJCLEPFNb	�_	ÆJ	��	Æ 	�b�ÉIBPDEKzJFRLMLOHFMzLNPND	PFBPBD	�YP��]����	�]�\}Àb	�PXSL�	PN	�º�	ULG	CGDB	ts	vtnr	QFJJFUDB	Hz	_	SPN	PNMCHLEPFN	PN	EKD	BLO�	LNB	DTPÈCFODGMDNMD	SPMOFGMFTz	UPEK	FO	UPEKFCE	_	SPN	TODIEODLESDNE	GCHSDOXDB	PN	_	Æ 	MLOHFNzJ	MzLNPBD	SIMKJFOFTKDNzJKzBOL�FND	������	�]x_�b	�PXSL�	PN	�º�̀	YP��]���	CGDB	Hz	~POMKKFd	LNB	�zTPFN�L_	ULG	MKFGDN	FcDO	ÇPFÈLcPN	�	CGDB	Hz	wCSTKOPDG	on	
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22234567893:;<=>:?946?@?:89A;86>22234567893:;<=>:?946?@?:89A;86>=BCDEF	GHI	JKJLIMNK	OHPKNPQMR	SPMQNQNT	UVK	PH	WQHXMYQN	Z	LKQNT	M	[QUKR\	VSKU	MJ\RHQU	U\K	MNU	OHPKNPQMRR\	SPMQNQNT	MRSH	MJ\RHQU	]LIQRŜF	OIKSKNP	QN	LQH]RJ	JMPIQ_Dàbcdefghidbhfgj	kIMNSHN	lQTQPMR	mHNQ]KI	JHUKR	n̂o	pJM_	OH[KI	noo	qr	KsVQOOKU	[QPt	tHIN	JHUKR	uouvuÊvoww	x	[MS	VSKU	PH	tMIYKSP	MUtKIKNP	yKRRS	GIHJ	TRMSS	SVIGMyKSD	WK	OIHPHyHR	[MS	HOPQJQzKU	PH	MytQKYK	JM_QJMR	YQMLRK	yKRR	\QKRU	GHI	VRPIMSHNQyMPQHN	HG	TRMSS	SVIGMyKS	QN	̂o	JR	TRMSS	LKM{KI	]RRKU	[QPt	uo	JR	|km	MP	}̂~	SHNQyMPQHN	MJORQPVUKD	�HI	HOPQJQzMPQHN�	ORMN{PHNQy	yVRPVIK	[MS	VSKU	QN	OMIMRRKR	PH	LQH]RJ	MNU	YQMLQRQP\	HG	LHPt	ORMN{PHNQy	MNU	tMIYKSPKU	yKRRS	[MS	KYMRVMPKU	UVIQNT	VO	PH	Eo	SKy	SHNQyMPQHN	pmVOORKJKNPMI\	�QTD	wrD	�OPQJMR	PQJK	GHI	SHNQvyMPQHN	PH	MytQKYK	JM_QJMR	YQMLRK	yKRR	\QKRU	[MS	GHVNU	PH	LK	û	SKyHNUS	GHI	LHPt	LMyPKIQMR	SOKyQKSD	�RPIMSHNQyMPKU	SVIGMyKS	[KIK	SPMQNKU	[QPt	|�	MNU	m�Z�	�	MNU	JQyIHSyHOKU	PH	yHN]IJ	IKJHYMR	HG	LQH]RJD	�MIYKSPKU	LQH]RJ	SMJORKS	[KIK	KQPtKI	SPMQNKU	MS	UKSyIQLKU	MLHYK	MNU	MNMR\zKU	L\	XH[	y\PHJKPI\	HI	]RPKIKU	PtIHVTt	oD}	�J	OHIK	SQzK	]RPKIS	pqtMPJMN	�VyRKOHIK	|HR\yMILHNMPK	kRMy{	�KJLIMNK	�QRPKIr	OIQHI	PH	JQyIHSyHO\	MNU	yHVNPQNT	HI	UIHOvORMPKU	GHI	���	yHVNPS	HN	NVPIQKNP	MTMID	�HI	JHIK	IKOIHUVyQLRK	IKSVRP	OIKSKNPMPQHN�	���	MNU	yKRR	yHVNPS	MIK	TQYKN	OKI	yJ}D�hicfeif��j	�OQXVHIKSyKNyK	JQyIHSyHO\	p��r	[MS	yMIIQKU	HVP	VSQNT	�R\JOVS	��nu	JQyIHSyHOK	KsVQOOKU	[QPt	uoo_	HQR	QJJKISQHN	HL�KyPQYKD	�_yQPMPQHN	]RPKI	yVLK	l�kv}	pK_yQPKI	]RPKI	k|nF̂�	UQytIHQy	JQIIHI	l� ôo�	LMIIQKI	]RPKI	�̂ û��r	[MS	VSKU	PH	]RPKI	JKIyVI\	RMJO	KJQSSQHN	MRRH[QNT	UKPKyPQHN	HG	LHPt	�l�	MS	[KRR	MS	SQJVRvPMNKHVS	UKPKyPQHN	HG	|�	MNU	m�Z�	�	XVHIKSyKNP	SQTNMRS	[QPt	̂û	NJ	RHNTOMSS	]RPKID	�JMTKS	[KIK	yMOPVIKU	[QPt	�R\JOVS	l|Fu	yMJKIM	MNU	�KRR�k	SH�[MIKDmQTNMRS	[KIK	JMNVMRR\	yHVNPKU	QN	�JMTK�	SH�[MIK	VSQNT	�OHQNP�	PHHR	PtKIKL\	MysVQIQNT	yKRR	yHVNPS	GHI	��	��C�	MNU	UQORHyHyyMR	yHVNPS	GHI	��	����� ¡���¢D	�HJOMyP	UQORHyHyyQ	[QPt	HNK	TIKKN	MNU	HNK	IKU	yKRR	[KIK	yHVNPKU	MS	SKOMIMPK	SQTNMRSD	�HI	yHVNPQNT	OVIOHSKS	MP	RKMSP	uo	QJMTKS	[KIK	PM{KN	OKI	SMJORK	MP	IMNUHJ	RHyMPQHNSD	�mVLPIMyP	LMy{TIHVNU�	pIHRRQNT	£	̂or	GVNyPQHN	HG	�JMTK�	[MS	VSKU	HN	�l�vSPMQNKU	QJMTKS	OIQHI	PH	yHVNPQNT	SQTNMRS	[QPt	IKyHTNQzMLRK	yKRR	JHIOtHRHT\D	�HI	JHIK	IKOIHUVyQLRK	IKSVRP	OIKSKNPMPQHN�	yKRR¤UQORHyHyyMR	yHVNPS	MIK	TQYKN	OKI	yJ}D�HNGHyMR	RMSKI	SyMNNQNT	JQyIHSyHO\	p�m¥�r	[MS	yMIIQKU	HVP	VSQNT	¦KQSS	¥m�	̂uo	��Z�	KsVQOOKU	[QPt	uoo_	HQR	QJJKISQHN	HL�KyPQYK	MNU	MysVQIKU	QJMTKS	MNMR\zKU	QN	¦KQSS	¥m�	�JMTK	kIH[SKID	�HI	MysVQIQNT	m�Z�	�	SQTNMRS�	n§§	NJ	RMSKI	MNU	̂ô¨̂ ô	NJ	KJQSSQHN	]RPKI	[MS	VSKUD	�HI	|��	�¥	MNU	����	̂wu	NJ	RMSKI	QN	yHJLQNMvPQHN	[QPt	̂F̂	NJ	RHNTOMSS	KJQSSQHN	]RPKI	[MS	VSKUD	mKOMIMPK	PIMy{S	[KIK	KJORH\KU	GHI	LHPt	K_yQPMPQHN¤KJQSSQHN	OMPtS	PH	MYHQU	SQTNMR	LRKKUvPtIHVTt	LKP[KKN	KJQSSQHN	ytMNNKRSD	ZH	HLPMQN	JHIK	OIKyQSK	¦vSPMy{	QJMTQNT	QNPKIYMR�	JHPHIQzKU	OQKzH	SPMTK	[MS	VSKU	PH	QJMTK	MP	oDu	�J	QNPKIYMR	p|�	©	m�Z��	SMJORKSr	HI	MP	oDû	�J	pm�Z�	�	©	�¥¤���rD	�VRR	¦vSPMy{S	GHI	yIHSSvSKyPQHNS	HN	�QTS	E	MNU	n	yMN	LK	GHVNU	QN	mVOORKJKNPMI\	�RLVJ	uD�VRR	[QUPt	MP	tMRG	JM_QJVJ	p�q��r	[MS	JKMSVIKU	GIHJ	NHNvSMPVIMPKU	UHVLRKvSPMQNKU	yKRRS	SKOMIMPKR\	GIHJ	TIKKN	MNU	IKU	ytMNNKRS	GIHJ	PtK	SMJK	RQNK	SKRKyPQHN	QN	�JMTK�	VSQNT	ªMVSSQMN	]P	GVNyPQHND«af¬	i�bf­®bc�j	���	MNMR\SQS	HG	|�	MNU	m�Z�	�	yHvSPMQNKU	LMyPKIQM	[MS	yMIIQKU	HVP	VSQNT	kl	�yyVIQ̄	�w	UKYQyK	pkl	kQHSyQKNyKSrD	|IQJMI\	GHI[MIU	SyMPPKI	p��mv�r	MNU	SKyHNUMI\	XVHIKSyKNyK	SQTNMR	p�¥uv�r	PtIKStHRUS	[KIK	VSKU	PH	]RPKI	HVP	NHQSK	[QPt	JQNQJMR	RHSS	QN	LMyPKIQMR	yKRR	SQTNMRS	MNU	RQYKvUKMU	TMPQNT	[MS	UHNK	GHI	��	��C�	MNU	��	����� ¡���¢	VSQNT	UQ°KIKNP	OIHOHIPQHNS	HG	YQMLRK	HYKINQTtP	yVRPVIK	MNU	KPtMNHRv{QRRKU	HYKINQTtP	yVRPVIK	pu	t	QNyVLMPQHN	QN	Fo~	KPtMNHRr	yHN]IJKU	L\	ORMPK	yHVNPSD	ªMPQNT	HG	UKMU	MNU	MRQYK	SQTNMR	OHOVRMPQHNS	[MS	K_KyVPKU	HN	m�Z�	�	p�¥uv�±	̂EE¤Eo	NJr¤|IHOQUQVJ	QHUQUK	p�¥Ev�±	wFo	NJ	¥|r	SyMPPKI	ORHP	MS	QRRVSPIMPKU	HN	mVOORKJKNPMI\	�QTD	FD	�HI	JHIK	IKOIHUVyQLRK	IKSVRP	OIKSKNPMPQHN�	KYKNP	yHVNPS	MIK	TQYKN	OKI	yJ}D²³de®	bc®db­®gbj	û	SVIGMyKS	OKI	yHNUQPQHN	[KIK	OIKOMIKU	MNU	IQNSKU	MS	UKSyIQLKU	MNU	QNyVLMPKU	[QPt	ôo	�R	u_	l�MSK	�	LV°KI	puo_	LV°KÍ	uoo	J�	ZIQSv��R	pO�	FD̂r�	}̂	J�	�T�R}�	u	J�	�M�R}r	[QPt	HI	[QPtHVP	l�MSK	�	p]NMR	yHNyKNPIMPQHN	uoo	�¤JR�	��ô}E�	WKIJH	�QStKI	myQKNPQ]yrD	�S	M	ORMN{PHNQy	yHNPIHR�	E	JR	HG	��	��C�	MNU	}o	JR	HG	��	����� ¡���¢	ORMN{PHNQy	GIMyPQHN�	[QPt	KSPQJMPKU	yKRR	yHVNP	SQJQRMI	PH	MUtKIKNP	yKRRS	HN	û	SVIGMyKS	[KIK	OKRRKPKU	MP	Fooo	T	GHI	uo	JQNVPKS�	SVOKINMPMNP	UQSyMIUKU	MNU	OKRRKP	SVSOKNUKU	QN	l�MSK	LV°KI	[QPt	HI	[QPtvHVP	l�MSK	�D	kHPt�	SVIGMyKS	[QPt	LQH]RJ	MNU	PVLKS	[QPt	ORMN{PHNQy	LMyPKIQM	[KIK	QNyVLMPKU	MP	EF	µ�	GHI	n	tHVISD	�UtKIKNP	yKRRS	[KIK	tMIYKSPKU	L\	SyIMOQNT	[QPt	yKRR	SyIMOKI	QN	PtK	SMJK	LV°KI	MNU	OKRRKPKU	L\	yKNPIQGVTMPQHN	MP	Fooo	T	GHI	uo	JQN�	SVSOKNUKU	QN	Eoo	�R	uD̂	�	�M�R	PH	IKJHYK	���	MS	UKSyIQLKU	QNn}�	PtHIHVTtR\	YHIPK_KU	MNU	OKRRKPKU	MTMQN	PH	IKJHYK	yKRRS	GIHJ	���	GIMyPQHND	Eo	�R	HG	���	GIMyPQHN	QN	PtK	SVOKINMPMNP	[MS	IVN	HN	MTMIHSK	TKR	KRKyPIHOtHIKSQS	poD§~	MTMIHSK	QN	ZIQSvMyKPMPKv�lZ�	pZ��r	LV°KI�	SPMQNKU	[QPt	oD̂	¶T¤JR	KPtQUQVJ	LIHJQUK±	wo	·�	wo	JQN�	YQSVMRQzKU	HN	�·vPIMNSQRRVJQNMPHIrD	|KRRKPKU	yKRRS	[KIK	IKSVSOKNUKU	QN	|�	MNU	m�Z�	�	yHvSPMQN	SHRVPQHN	QN	]NMR	yHNyKNPIMPQHNS	MS	UKSyIQLKU	MLHYK	MNU	KQPtKI	MNMR\zKU	L\	���	HI	̂	�R	OQOKPPKU	HNPH	JQyIHSyHO\	SRQUK�	yHYKIKU	L\	yHYKI	SRQO�	QNyVLMPKU	QN	UMI{	GHI	û	JQN	MNU	YQSVMRQzKU	[QPt	KOQXVHIKSyKNyK	JQyIHSyHOKDb̧dbhebhida	dgda�ehej	�KMN	YMRVKS	MNU	SPMNUMIU	UKYQMPQHNS	[KIK	yMRyVRMPKU	L\	�QyIHSH�	�_yKR	SPMNUMIU	GVNyvPQHNSD	|vYMRVKS	VSKU	QN	�QTD	}	[KIK	MysVQIKU	VSQNT	MNMR\SQS	HG	YMIQMNyK	p���·�r	GHRRH[KU	L\	ZVy{K\¹S	JVRPQORK	yHJOMIQSHNS	PKSP	MP	º	£	oDô	QN	ªIMOt|MU|IQSJ	FDon	[tKIK	MNMR\SQS	[MS	K_KyVPKU	QNUQYQUVMRR\	GHI	UMPM	OIKSKNPKU	HN	KMyt	TIMOt	p�QTD	}M̈UrD	|vYMRVKS	VSKU	QN	mVOORKJKNPMI\	�QTD	uo	[KIK	yMRyVRMPKU	QN	�QyIHSH�	�_yKR	VSQNT	P[HvPMQRKU	ZvPKSPD»¼½¼	¾¿¼ÀÁ¼ÂÀÁÀ½ÃWK	UMPM	TKNKIMPKU	QN	PtK	yVIIKNP	SPVU\	QS	MYMQRMLRK	GIHJ	PtK	yHIIKSOHNUQNT	MVPtHI	HN	IKMSHNMLRK	IKsVKSPD
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Y\ĻNrOJ
tu
vwxyz{wz|u
v}~�z��
�½¡P
I���I��
���I��J
��J
hNNZOZb�£LNrP
WJ
}~
±|J
h
jlXSXjVZS\­XV\Lb
Lp
_®h
SZNZXOZ
\b
ROZMaLrLbXO
XZSMk\bLOX
jMNVMSZO
Xba
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K\ĻNr
§LSrXV\Lb
\b
fOjlZS\jl\X
jLN\
VlSLMkl
X
®LUZN
WLV\N\V�
�MLSMr��ZbO\bk
cZkMNXVLS
�W»OcP
K�����J
tu
 ±x~}ywz|u
�°°P
�����I�
������J
��J
KX�SXrLkNMP
KJP
mLMY\XbXP
_J
̂
«\NNLSP
�J
«ZbLrZ�q\aZ
VSXbOjS\oV\Lb
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22234567893:;<=>:?946?@?:89A;86>22234567893:;<=>:?946?@?:89A;86>=	BCD	EFGHIJ	KI	LGJM	ND	ODM	PGQRSTUVM	WD	XD	Y	ZHIV[GTI\M	]D	̂\GS	_G̀TI\RG	RV	_RUaSQ[	IbFR_RT	[SUc	\IG̀TRHGTRUV	d\UQ	VeT\RIVT	KIf\RHGTRUVD	ghijklhkmkno	pqrM	stuvwstxy	zu{{y|D	BvD	ZfGFVM	ED	}D	~�	�mD	�	TUUS_Ub	dU\	QeSTRfSIbIK	[efI\�\I[USeTRUV	RQG�RV�	Ud	TFI	��	ikmh	VèSIURK	GVK	QIQ_\GVI	e[RV�	VUHIS	L�W��	SG_IS[D	�ih�	�~�D	�	zu{sy|D	ByD	�RSGRVM	ZDM	L\ITU\Re[M	�D	�DM	�I\UVM	�D	Y	�\UJISM	�D	ZD	���	G[	GV	�KFI[RV�	�G̀RSSe[	̀I\Ie[	XI�eR\I[	ObT\G̀ISSeSG\	���	�U	�U\Q	�RUaSQ[D	���m�	���hjk��	ghijklhkm�	�qM	uyCswuyCy	zu{{t|D	BtD	Z̀FcG\TJM	}DM	]GVI[GVM	�DM	LG�VIM	�D	ODM	ZUSUQUVM	�D	�D	Y	�USI[M	�D	XD	ObT\G̀ISSeSG\	���	dG̀RSRTGTI[	TFI	dU\QGTRUV	Ud	deV̀TRUVGS	GQ�SURK[	RV	�	����omkikii��	��j~��	_RUaSQ[�	I���	f\UQUTI[	deV̀TRUVGS	GQ�SURK	dU\QGTRUVD	gkm�	ghijklhkm�	��M	suxwsxB	zu{sC|D	�{D	�I\V�VKIJ��\I[�eI\\I[M	�D	ODM	�U\IVU�� GJ	KI	SG	O[fRVGM	ZDM	]G[[IT�XU[GM	�D	Y	]R\GSKUM	XD	�D	����f\UQUTIK	GQ�SURK	f\UTIRVUfGTF�	RV	��i�~jhi�h�	ikmh�	Z�VTFITR̀	_G̀TI\RGS	GQ�SURKU[R[D	gkm�	ghijklhkm�	��M	sB�CwsBCt	zu{s{|D	�sD	�GV	]I\HIVM	�DM	�GV	KI\	�I\\IVM	ZD	ODM	XIRTI\M	�D	�D	Y	XIQGeTM	PD	�I	XUSI	Ud	�eV̀TRUVGS	�Q�SURK[	RV	�G̀TI\RGS	�R\eSIV̀ID	¡�	gkm�	¢hkm�	r£¤M	xC�vwxCyB	zu{sy|D	�uD	Ze\GQM	�DM	XGUM	�D	}D	ZDM	NGTFGM	}D	ZD	Y	�R[cGQRT\GM	�D	�D	�R\[T	OHRKIV̀I	TU	ZFUc	TFI	�UfUSU�R̀GS	EFGV�I	Ud	���	d\UQ	�����	TU	¥����	EUVdU\QGTRUV	RV	TFI	PRffÙGQfe[	Ud	�SJFIRQI\¦[	�\GRVD	§~�jkgkm~i�m�j	g~̈�	©M	uytwuty	zu{{u|D	�xD	ªeM	PDM	XIVM	�D	Y	«eM	¬D	�RQI��IfIVKIVT	���	EUVKIV[GTRUV	WVKèIK	_�	�Q�SURK	­�LIfTRKID	¢hk��o��	¡�	�©M	sy�wsts	zu{{v|D	�BD	PI�KIM	�D	ND	~�	�mD	�R\[T	OHRKIV̀I	dU\	PISR̀GS	�\GV[RTRUV[	RV	ZefI\̀URSIK	���	_�	�Q�SURK	­	LIfTRKI	zswBu|	GVK	�SeQRVeQ�	�	�Ic	WV[R�FT	RV	®VKI\[TGVKRV�	�SJFIRQI\¦[	�R[IG[ID	¡�	gkm�	§~�jk�ih�	©©M	stwxu	zu{{B|D	��D	Zè M̄	�D	Y	̂IdVI\M	ED	ZT\èTe\I	Ud	��G[I	W	GT	uD{	°	\I[USeTRUV	[e��I[T[	G	QÌFGVR[Q	dU\	_RVKRV�	TU	GVK	̀eTTRV�	���D	§���j~	£©pM	Cu{wCu�	zstyC|D	�CD	±GS̄I\M	]D	�DM	ZTUVIM	�D	LD	Y	}\e�FM	�D	XD	OTFRKReQ	_RVKRV�	TU	SI²�FGVKIK	z¥|	���[	\I[eST[	RV	\I�RUV[	Ud	\R�FT�FGVKIK	���	GT	TFI	RVTI\̀GSGTRUV	[RTID	¢hki�~³h��jo	©rM	vBCuwvBvs	zsty�|D	�vD	�́e�eM	�D	~�	�mD	¥VzWW|�	GVK	EezWW|�RVKèIK	VUV�a_\RSSG\	G��\I�GTI[	Ud	GQ�SURK�­	zswBu|	fIfTRKI	G\I	T\GV[dU\QIK	TU	GQ�SURK	a_\RS[M	_UTF	[fUVTGVIUe[S�	GVK	eVKI\	TFI	RVµeIV̀I	Ud	QITGS	̀FISGTU\[D	¡�	§~�jki�~³�	pp¤M	svyBwsvt�	zu{{t|D	�yD	ZG\ISSM	ED	�DM	±RS̄RV[UVM	ZD	XD	Y	�RSI[M	�D	PD	Ze_[TUR̀FRUQIT\R̀	NIHIS[	Ud	Eeu¶	WUV[	�̀ ÌSI\GTI	TFI	}RVITR̀[	Ud	�R_I\	�U\QGTRUV	GVK	L\UQUTI	EISS	�UbR̀RT�	Ud	�Q�SURK�­	d\UQ	�SJFIRQI\	�R[IG[ID	¡�	¢hkm�	·�~³�	©�qM	Bs�xxwBs�B{	zu{s{|D	�tD	�_ISIRVM	�DM	]\̧[SeVKM	�D	Y	�GVRIS[[UVM	�D	¥RV̀	G[	̀FGfI\UVI�QRQR̀̄RV�	G�IVT	dU\	\ITG\KGTRUV	Ud	GQ�SURK	­	fIfTRKI	a_\RS	dU\QGTRUVD	¹jki�	§��m�	�i�̈�	�ihD	pp©M	�B{vw�Bsu	zu{s�|D	C{D	�GM	�DM	¥FGV�M	�DM	±GV�M	¬D	Y	¥FeM	¬D	WVHI[TR�GTRV�	TFI	RVFR_RTU\�	IºÌT[	Ud	JRV̀	RUV[	UV	GQ�SURK	a_\RS	dU\QGTRUV	Ud	FIV	I���cFRTI	S�[UJ�QID	»���	¡�	¢hkm�	g�ijk³km�	��M	vsvwvuu	zu{sv|D	CsD	�GVM	�D	}D	Y	LGeSM	ZD	�GVU	¥RV̀	̂bRKI	WVFR_RT[	�R_\RSSG\	]\UcTF	GVK	Zeff\I[[I[	EISSeSG\	�UbR̀RT�	Ud	N�[UJ�QI	�Q�SURKD	�·�	���m�	g��~j�	»��~j¼�i~�	�M	xs�yvwxsC{s	zu{sC|D	CuD	EFGV�M	±D	~�	�mD	�ITFR̀RSSRV�XI[R[TGVT	ZTGfF�SÙÙ è[	Ge\Ie[	]\UcV	UV	�GV̀UQ�̀RV�ZeffSIQIVTIK	Z̀\IIVRV�	��G\	�R[fSG�[	OVFGV̀IK	�RUaSQ	�U\QGTRUVD	���h³hijkl�	�n~���	·�~³k��~j�	q�M	vt{Cwvts{	zu{s�|D	CxD	�G\̀FGSM	�D	~�	�mD	Ze_RVFR_RTU\�	�\[IVRTI	EUV̀IVT\GTRUV[	NIGK	TU	LUfeSGTRUV	�R[fI\[GS	RV	�RUQUVG[	[fD	¹½k�	¾§�	¿M	Iuxsys	zu{ss|D	CBD	�U\U[FIV̄UM	�D	~�	�mD	ObT\G̀ISSeSG\	���	WQfIKI[	TFI	�\GV[fU\T	Ud	�GV̀UQ�̀RV	RV	ZTGfF�SÙÙ è[	IfRKI\QRKR[	�RUaSQ[	L\IIbfU[IK	TU	Ze_RVFR_RTU\�	EUV̀IVT\GTRUV[	Ud	�GV̀UQ�̀RVD	���h³hijkl�	�n~���	·�~³k��~j�	q�M	vuvxwvuyu	zu{sB|D	C�D	Z̀FRS̀FI\M	}D	~�	�mD	�UKeSGTRUV	Ud	ZTGfF�SÙÙ è[	Ge\Ie[	�RUdRSQ	�GT\Rb	_�	Ze_RVFR_RTU\�	EUV̀IVT\GTRUV[	Ud	ESRVKGQ�̀RVD	���h³hijkl�	�n~���	·�~³k��~j�	¿¤M	�t�vw�tCv	zu{sC|D	CCD	�IV�M	�DM	�GM	NDM	�RIM	�DM	}UV̄ISM	�D	OD	Y	NeM	¬D	OVHR\UVQIVTGS	ZT\I[[�WVKèIK	�G̀TI\RGS	N�[R[	GVK	ObT\G̀ISSeSG\	���	XISIG[I	EUVT\R_eTI	TU	·�³�omkl�i�~j	À~À��h	�RUaSQ	�U\QGTRUVD	���m�	���hjk��	ghijklhkmD	�r	zu{sv|D	CvD	}GcG\GRM	�DM	�G\R[GcGM	�DM	ZeJēRM	ªDM	�G�G[GcGM	XD	Y	ZIVfēeM	PD	ZT\IfTÙÙ è[	QeTGV[	_RUaSQ	dU\QGTRUV	R[	KIfIVKIVT	UV	IbT\G̀ISSeSG\	���	RV	f\RQG\�	SUc	fP	̀UVKRTRUV[D	¡�	¾j�m	¢hk�ih�	q�M	��wCs	zu{sC|D	CyD	̂ScGSM	ED	̂DM	�V�¦RIVKGM	LD	̂DM	̂V�GV�UM	�D	�D	Y	̂ F̀RISM	�D	̂D	Ze[̀IfTR_RSRT�	fGTTI\V[	GVK	TFI	\USI	Ud	IbT\G̀ISSeSG\	���	RV	ZTGfF�SÙÙ è[	IfRKI\QRKR[	_RUaSQ	\I[R[TGV̀I	TU	fF�[R̀U�̀FIQR̀GS	[T\I[[	IbfU[e\ID	¢g·	ghijklhkmD	p�	zu{sy|D	CtD	}GKGQM	ZD	XD	~�	�mD	�RHI\[RT�	G[[I[[QIVT	Ud	NR[TI\RG	QUVÙ�TU�IVI[	_RUaSQ	dU\QGTRUV�	WQfG̀T	Ud	�\UcTF	̀UVKRTRUVM	[I\UT�fI	GVK	[T\GRV	U\R�RVD	»���	¡�	Ákk̈	ghijklhkm�	p¿qM	u�twuCB	zu{sx|D	v{D	�G\VFG\TM	�D	�D	Y	EFGfQGVM	�D	XD	Ee\SR	�RU�IVI[R[	GVK	�eV̀TRUVD	�����	�~��	ghijklhkm�	¿¤M	sxswsBv	zu{{C|DÂÃÄÅÆÇÈÉÊËÉÌÉÅÍÎ±I	cUeSK	SRÏI	TU	TFGVÏ	�\D	PIRTR	LGHI[	dU\	̀UV[eSTRV�	UV	ENZ�	RQG�RV�D	�FR[	cU\Ï	cG[	[effU\TIK	_�	TFI	O[TUVRGV	ÐI[IG\̀F	EUeV̀RS	�\GVT[	W®�	ux��M	L®�	vByM	Oe\UfIGV	ÐI�RUVGS	�IHISUfQIVT	�eVK	f\UÑÌT	�ÒsxB	GVK	OÐ��	f\UÑÌT	EIVT\I	Ud	�ÌFVUSU�RI[	GVK	WVHI[TR�GTRUV[	Ud	�GVUQGTI\RGS[	z���®Ð¶M	f\UÑÌT	VeQ_I\	u{sBÓu{u{DBD{sDsCÓ{sux|	GVK	O®	Ê Z�	�̀TRUV	E�s�ssB	Ô�VTR��R̀\U_RGS	EUGTRV�	WVVUHGTRUV[	TU	f\IHIVT	RVdÌTRUe[	KR[IG[I[Õ	z��WEW|D	�D�D�D	GS[U	G̀ÏVUcSIK�I[	f\UÑÌT	L̂ EW�{s�{sB���O�OÐ�{{Ctxt	zNG_U\GTU\�	dU\	L\ÙI[[	OV�RVII\RV�M	OVHR\UVQIVTM	�RUTÌFVUSU��	GVK	OVI\��	w	®W�ÖO«®Ö{{�ssÖu{st|M	deVKIK	_�	TFI	Oe\UfIGV	ÐI�RUVGS	�IHISUfQIVT	�eVK	zOÐ��|	TF\Ue�F	Ê �LO�Ou{u{	w	L\U�\GQG	̂fI\G̀RUVGS	EUQfITRTRHRKGKI	I	WVTI\VG̀RUVGSRJG×ØU	zL̂ EW|M	GVK	_�	VGTRUVGS	deVK[	zLW���E|	TF\Ue�F	�E�	w	�eVKG×ØU	fG\G	G	ERÙV̀RG	I	G	�ÌVUSU�RGÖ�E�OZÚ	f\UÑÌT	ÔNOL��O�u�OÊ �W��̂ ���Ŵ�Õ	w	�̂ Ð�OÓ{sÓ{sB�Ó�O�OÐÓ{{{{{�M	deVKIK	_�	�U\TI	LU\Te�GS	ÐI�RUVGS	̂fI\GTRUVGS	L\U�\GQQI	z�̂ Ð�O	u{u{|M	eVKI\	L̂ Ð�®]�N	u{u{	LG\TVI\[FRf	��\IIQIVTM	TF\Ue�F	TFI	Oe\UfIGV	ÐI�RUVGS	�IHISUfQIVT	�eVK	zOÐ��|DÛÜÝÞßà	áßâÝàãäÜÝãßâå�DÐD	IbÌeTIK	TFI	IbfI\RQIVT[M	fG\TR̀RfGTIK	RV	fSGVVRV�	Ud	TFI	IbfI\RQIVT[	GVK	c\RTRV�	TFI	fGfI\D	�DWD	GVK	�D�D�D	fG\TR̀RfGTIK	RV	fSGVVRV�	Ud	TFI	IbfI\RQIVT[M	c\RTRV�	TFI	fGfI\	GVK	f\UHRKRV�	_G̀Ï�\UeVK	RVdU\QGTRUV	UV	TFI	[e_ÑÌTDÛææãÝãßâçè	éâêßàëçÝãßâìíîîïðñðòóôõö	÷òøùõñôó÷ùò	G̀ ÙQfGVRI[	TFR[	fGfI\	GT	FTTf[�ÖÖKURDU\�Ös{Ds{xyÖ[Bs�ty�{st�But{C�xDúùñîðó÷òû	�òóðõð�ó��	�I	GeTFU\[	KÌSG\I	VU	̀UQfITRV�	RVTI\I[T[D�í�ï÷��ðõ��	òùóð�	Zf\RV�I\	�GTe\I	\IQGRV[	VIeT\GS	cRTF	\I�G\K	TU	Ñe\R[KR̀TRUVGS	̀SGRQ[	RV	fe_SR[FIK	QGf[	GVK	RV[TRTeTRUVGS	G�SRGTRUV[D
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�cCeGEC� JbF@QFFbIa� AIKbOb@EGDbAB� ECFQBKF� bI� JCKAbBu� SC� SGQBJ� Bb}CKG� COHlAFb|C� KlAK� GQE� bIplGQFC� OGJb{@AKbGI� Ge� z?_� �~vv~� eGEKlC� KCFKbIa� Ge� IGIpHGEGQF� HlGKG@AKABiKb@� FQEeA@CF� CIADBCJ� ECBbADBC�QAIKbKAKbGI� Ge� KlC� JC@ECAFC� bI� mbADBC� Ob@EGDbAB� @GQIKF� Di� ADGQKKlECC� BGaF� PFCC� jbaT� vRT� wlQFu� ABKlGQal� bK� eQB{BBF� KlC� EC�QbECOCIKeGE� ��T�]� JC@ECAFC� Ge� Ob@EGDCF� GI� KlC� FQEeA@C� AF� EC�QbECJ� Di� q?FKAIJAEJF� �t~ht��� bK� JGCF� IGK� ABBGS� KlC� AFFCFFOCIK� Ge� vhf� BGaFJC@ECAFC� bI� Ob@EGDbAB� @GQIK� AF� EC�QbECJ� Di� x�� Lt��~� �vM�� AIJ� x�Lt~�~� �vL�� eGE� FQEeA@CF� OCAIK� DGKl� eGE� lCABKl@AEC� FCKKbIaF� AF� SCBBAF� eGE� @GOOGI� QFCT� wSG� DA@KCEbAB� FKEAbIFu� A� kEAOpICaAKbmC� DA@pKCEbQO� ����
�����
� ����u� A� kEAOpHGFbKbmC� DA@KCEbQO� ��
�����������
��
��u� AIJ� GIC� iCAFK� FKEAbI� P�
	���
� 
����
	�R� ABB� Ge� Slb@l� AECOGJCB� GEaAIbFOF� eGE� HGKCIKbAB� HAKlGaCIF� SCEC� QFCJ� eGE� AIKbObp@EGDbAB� KCFKbIaT� �QC� KG� KlC� HlGKG@AKABiKb@� A@KbmbKi� Ge� KlC� HECHAECJFQEeA@CFu� KlC� AIKbOb@EGDbAB� KCFKF� SCEC� @GIJQ@KCJ� bI� HAEABBCB� QIJCEqr[� bBBQObIAKbGI� AIJ� bI� KlC� JAE}T� zI� aCICEABu� KlC� AIKbOb@EGDbABCeeC@K� Ge� GQE� Î_� AIJ� Î_̀[a� FQEeA@CF� bI� JAE}� @GIJbKbGIF� SAF� ECBApKbmCBi� FOABB� AF� ABFG� FlGSI� Di� wlGIaFQEbSGIa� CK� ABT� �L��T� [BKlGQalDCbIa� BGSu� KlC� KGnb@� CeeC@K� Ge� FQEeA@CF� bI� KlC� JAE}� SAF� FKbBB� FKAKbFpKb@ABBi� FbaIb{@AIK� PH���MTMMLR� DCKSCCI� @GIKEGB� PQI@GAKCJ� aBAFFR� AIJÎ_�@GmCECJ�FQEeA@CF�AeKCE��M�ObI�bI@QDAKbGI�PjbaT�fRT�wlC�OGFK�FbapIb{@AIK�AIKbDA@KCEbAB�CeeC@K�bI�KlC�JAE}�SAF�GDFCEmCJ�eGE�KlC�lbalCFK[a� @GIKCIK� FHAEFC� @GmCEAaC� Î_� FQEeA@C� KlAK� }bBBCJ� ��� ����� P�tpBGaECJQ@KbGIR�AIJ�@AQFCJ��T�pBGa�ECJQ@KbGI�bI�mbADBC�@GQIKF�Ge����
��
��AeKCE� L�l� PjbaFT� v� AIJ� ?vRT
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�� KSBMN� TPQ� �������� �
U������ KV� BMN� WP� XYZG[XN� EG� \M]� BMN� \M]̂L_� G̀aZG[AEX� MBMGZBbEÀDX� G̀cXbXN� [dbHB̀X[Q� XYZbX[[XN� AM� G̀DGMF� HGbaAM_� dMAE[� KSWePf� gXHE� h� G̀MEbGD� [dbHB̀X[� iXZEAM� EjX� NBbif� kA_jE� h� e@L� XYZG[XN� [dbHB̀X[f� lbBZj[� bXZbX[XME� BcXbB_X[� BMN� [EBMNBbN� NXcABEAGM[� GH� EjbXX� XYZXbAaXME[f� TGEEXN� DAMXm� DAaAE� GH� ndBMEAòBEAGM� HGb� SWe[fpM�_XMXbBDQ�dMNXb�EjX�EX[E� G̀MNAEAGM[�BZZDAXNQ�����
��
��[XXaXN�EGCX� aGbX� [XM[AEAcX� Kqfrs� BMN� tfrsDG_� bXNd̀EAGM� GM� [ZBb[X� BMN� NXM[X\M]� G̀cXbXN�[dbHB̀X[Q�bX[ZX̀EAcXDFu�Z�v�qfqqtP�EG�[dbHB̀X[� G̀aZBbXNEG�I����
��Kqf#s�BMN�qfrsDG_�bXNd̀EAGMQ�bX[ZX̀EAcXDFu�Z�v�qfqqtPf�����
U�w�����xB[�EjX�DXB[E�[XM[AEAcX�[ZX̀AX[�[G�EjBE�GMDF�NXM[X� G̀cXbB_X�\M][dbHB̀X� BMN� [ZBb[X� G̀cXbB_X� \M]� [dbHB̀X� xAEj� EjX� jA_jX[E� L_� G̀MsEXME� NXaGM[EbBEXN� [A_MAòBME� KZ�v�qfqtP� BMEAaÀbGCABD� XHHX̀E� KqfysBMN� tsDG_� bXNd̀EAGM� AM� cABCDX� G̀dME[� BHEXb� t�ju� WA_f� z{P� G̀aZBbXN� EGG̀MEbGDf|X�XYZX̀EXN�EjBE�EjX�DGx�CdE�[A_MAòBME�BMEAaÀbGCABD�XHHX̀E[�GH\M]� BMN� \M]̂L_� [dbHB̀X[� AM� NBbi� XYZG[dbX� G̀MNAEAGM[� xXbX� aBAMDFB̀d[XN� CF� aXEBD� AGM[� bXDXB[XN� HbGa� EjX� [dbHB̀X[f� }G� G̀MEbGD� EjBEQxX� ndBMEAoXN� EjX� \M� AGM� bXDXB[X� HbGa� EjX� [dbHB̀X[� KWA_f� yP� BMNXYZG[XN� aÀbGCABD� X̀DD[� EG� EjX� bX[ZX̀EAcX� \M"~ G̀M̀XMEbBEAGM[� GMdM̀GBEXN� _DB[[f� pE� G̀dDN� CX� XYZX̀EXN� EjBE� G̀M̀XMEbBEAGM[� bGd_jDFG̀bbX[ZGMNAM_� EG� \M"~NA[[GDdEAGM� BHEXb� t�j� BbX� [DA_jEDF� aGbX� EGYÀAM�EjA[�XYZXbAaXME�B[�GM�bXBD�[dbHB̀X[�EjX�bXDXB[X�GH�\M"~EBiX[�ZDB̀XGcXb� EAaX� BMN� Ejd[Q� aÀbGCABD� XYZG[dbX� A[� [DGxXbf� zdbZbA[AM_DF� EjXbX[dDE[�KWA_f�z�P�[jGxXN�MG�EGYÀAEF�GH�\M"~AGM[�EG�����
��
��Gb�����
U�w����Q�BMN�[A_MAòBME�EGYÀAEF�xB[�GC[XbcXN�GMDF�EG� I�� ��
��KZ�v�qfqqtP
KWA_f��Pf� �GxXcXbQ�HGb� EjX� DBEEXb�[AaADBb�EGYÀAEF�xB[� GC[XbcXN�HGb� BDD\M"~AGM� G̀M̀XMEbBEAGM[� EX[EXNQ� BMN� MG� G̀M̀XMEbBEAGMsNXZXMNXM̀XxB[�[XXM�KWA_f�z�Pf�}jX�bXB[GM�HGb�jA_jXb�[XM[AEAcAEF�GH�I����
��EGxBbN\M"~AGM[� G̀dDN� CX� bXDBEXN� EG� AE[� X̀DD� xBDD� [Ebd̀EdbX� �{"�fSGaZBbA[GM� CXExXXM� [dbHB̀X� BMN� AGMÀ� EGYÀAEF� KWA_f� �P� [jGx[XYZX̀EXN� bX[dDE[� HGb� I�� ��
�� BMN� AE� G̀dDN� CX� ZDBd[ACDX� EG� XYZDBAM[dbHB̀X� EGYÀAEF� AM� EjX� NBbi� xAEj� bXDXB[X� GH� aXEBD� AGM[f� WGb� I�� ��
�MG� [A_MAòBME� NAHHXbXM̀X� AM� cABCADAEF� CXExXXM� [ZBb[X� BMN� NXM[X\M]� G̀cXbB_X� [dbHB̀X[� Gb� bX[ZX̀EAcX� \M"~AGM� G̀M̀XMEbBEAGM[� xB[NXEX̀EXN� KZ���qf�Pf� pMEXbX[EAM_DFQ� BDEjGd_j� \M� G̀M̀XMEbBEAGM[� G̀bbXs[ZGMNAM_�EG� NA[[GDdEAGM�HbGa�[ZBb[X�Gb� NXM[X�\M]� G̀cXbXN�[dbHB̀X[NdbAM_� t�j� xXbX� XndBDDF� MGE� EGYÀ� EG� ��� �
��
�� BMN� ��� �
U�����Q� G̀bbXs[ZGMNAM_� [dbHB̀X[� EjXa[XDcX[� aBF� NXaGM[EbBEX� NG[XsNXZXMNXMEEGYÀAEFf� TXM[X� \M]� G̀cXbB_X� [dbHB̀X� NXaGM[EbBEXN� tsDG_� aGbXbXNd̀EAGM� HGb� ��� �
��
�� BMN� qfysDG_� aGbX� bXNd̀EAGM� AM� cABCDX� G̀dME[HGb� ��� �
U������ G̀aZBbXN� EG� [ZBb[X� G̀cXbB_X� \M]� [dbHB̀Xf� }jA[� NAHsHXbXM̀X�A[�[EBEA[EÀBDDF�[A_MAòBME�HGb�����
U������KZ�v�qfqtP�BMN�BE�ob[E_DBM̀X� MGE� [A_MAòBME�HGb� ��� �
��
�f�WGb� EjX� DBEEXbQ�EFZX�pp� XbbGb� G̀dDNCX� [d[ZX̀EXN� B[� _bGdZ[� G̀aZBbXN� jBcX� MGEBCDF� dMXndBD� cBbABM̀XBMN� EjA[� A[� iMGxM� EG� bXNd̀X� [EBEA[EÀBD� ZGxXb� GH� GMXsxBF� L�]@L
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���LPN�QO�DRS����
�T��
	��LHN�IO�DGUAC�VW�XYR�YRBZ[DUYFR�YR�RF�Y\\ZXYRDUYFR�BFRSYUYFRE�LMN�PN�HO�FC�ZRSAC�J]M�Y\\ZXYRDUYFR�L@N�QN�IO�FR� R̂_�FCR̂_̀Ma�EZCGDBAE�FC�bYUc� R̂�dYFRE�YR�BFRBARUCDUYFRE�CA\ADEAS�GCFX�UcFEA�EZCGDBAE� L̂R�dYFR�BFRBARUCDUYFR�CFZac\e�BFCCAEfFRSYRa�UF� R̂_� SYEEF\ZUYFR�YR�ghiWW�jPOk�lllf�m�WkWWgNllf�m�WkWgh�EUDUYEUYBD\\e�EYaRYnBDRU�SABCADEA�YR� HIJ� BFZRU�BFXfDCAS�UF� BFRUCF\�EZCGDBAk�D� o� SABCADEA�EUDUYEUYBD\\e�EYaRYnBDRU�BFXfDCAS�UF� EfDCEA�BFpACDaA� R̂_� EZCGDBA�Lf�m�WkWiOkDl� o� EUDUYEUYBD\\e� EYaRYnBDRU� BFXfDCAS� UF� EfDCEA� BFpACDaA� R̂_� EZCGDBA� Lf�m�WkWgO� DBBFCSYRa� UF� UbFqUDY\AS� rUZSARUsE� �qUAEUk� tCDfcE� CAfCAEARU� DpACDaAE� DRS� EUDRSDCS� SApYDUYFREFG� UcCAA� AufACYXARUEk� @FUUAS� \YRA� o� \YXYU� FG� vZDRUYnBDUYFR� GFC� HIJEkDRD\eEYE� BFX[YRAS� bYUc� wZxAesE� yr@� fFEU� cFB� UAEUk� MGUAC� UcA� XFEUpDCYD[\A� aCFZf� LRFRqUCADUAS� BFRUCF\� pD\ZAEO� YE� CAXFpAS� GCFX� FRAqbDe�Mj_]M�DRD\eEYE�UcA� SYGGACARBA�[AUbAAR�EfDCEA�DRS� SAREA� R̂_BFpACAS� EZCGDBAE� [ABFXAE� EYaRYnBDRU� Lf�z�WkWWWWgO� DRS� UcA� EDXABFRB\ZEYFR� BFZ\S� [A� SCDbR� GCFX� fDYCbYEA� UbFqUDY\AS� rUZSARUsE� �qUAEU� Lf�z�WkWW�Ok� wDxYRa� UcYE� YRUF� DBBFZRUN� bA� BDR� DEEZXA� UcDU� XAUD\YFR� CA\ADEA� DRS� CAEZ\UYRa� XADR� YFR� BFRBARUCDUYFR� SFAE� RFU� Auf\DYREZCGDBA� UFuYBYUe� YR� UcA� SDCx� GFC� D\\� UAEUAS� FCaDRYEXEk� wcYE� EZCGDBAqEfABYnB�fcARFXARFR�DRS�ZRSAC\eYRa�XABcDRYEXE�FG�DBUYFR�EcFZ\S[A� GZCUcAC� YRpAEUYaDUASkHFXfDCAS� UF� DRUYXYBCF[YD\� DBUYpYUe� YR� UcA� SDCxN� D\\� UcA� EZCqGDBAE� bACA� RFUD[\e� XFCA� AGGABUYpA� ZRSAC� J]M� Y\\ZXYRDUYFR� LIYaEk{� DRS� r{Ok� wcYE� J]MqYRSZBAS� DRUYXYBCF[YD\� AGGABU� bDE� \FbAEU� GFC� ��
�T��
	�� LUcA� XDuYXZX� SABCADEA� YR� GZRaD\� pYD[\A� BFZRU� bDE� |Wk}\FaDCYUcXE� BFXfDCAS� UF� BFRUCF\� FR� EfDCEA� BFpACDaA� R̂_̀�k~XF\�Ma� EZCGDBAE� DRS� SAREA� R̂_� BFpACDaA� EZCGDBAE� DGUAC� VW�XYR� AufFq
EZCA�� IYak� {ION� \YxA\e� SZA� UF� cYacAC� CAEYEUDRBA� FG� GZRaD\� BA\\E� UF� R̂_EZCGDBAE� BFXfDCAS� UF� [DBUACYDN� DE� SAXFREUCDUAS� GFC� ��� 
��
��� DRS��� 
�T��
	�� [e� �BHDCUce� AU� D\k� DRS� ÂA\YA� AU� D\k� �{�N{{�k� �R� D\\� BDEAENUcA� J]qYRSZBAS� DRUYXYBCF[YD\� DBUYpYUe� FG� UcA� EZCGDBAE� bDE� SAfARqSARU�FR�UcAYC� R̂_�BFRUARUh�UcA�SAREA\e�BFpACAS�EZCGDBAE�bACA�XFCAAGGABUYpA� UcDR� EfDCEA\e� BFpACAS� EZCGDBAE� LIYak� {Ok� _R� SAREA� BFpACqDaA� R̂_� EZCGDBAE� ZRSAC� J]MN� �k�� \Fa� CASZBUYFR� FG� K�� ����� DRS� gk~\Fa� FG� ��� 
��
��� BA\\E� bACA� F[EACpAS� bYUcYR� gi�XYR� FG� AufFEZCABFXfDCAS� UF� BFRUCF\k� MGUAC� GZCUcAC� YRBZ[DUYFR� CASZBUYFR� YR� pYD[\ABFZRU� AuBAASAS� FZC� \YXYU� FG� vZDRUYnBDUYFRk� wcYE� CAEZ\U� YRSYBDUASCA\DUYpA\e� GDEU� DRUYXYBCF[YD\� DBUYpYUe� FG� UcA� EZCGDBAE� ZfFR� Y\\ZXYRDqUYFR��YRSAASN�DE�SYEBZEEAS�[e�]Y\\DfZR�AU�D\k����N�EcFCUAC�xY\\YRa�UYXAENApAR� DE� EcFCU� DE� i�XYRN� DCA� fCAGACCAS� GFC� fCDBUYBD\� Dff\YBDUYFRE� DRSUcA� BZCCARU� EUDRSDCSE� UcDU� GFCAEAA� �{�c� AufFEZCA� UYXAE� cDpA� [AARBCYUYBY�AS� SZA� UF� UcAYC� fFFC� CA\ApDRBek� JRSAC� J]M� Y\\ZXYRDUYFRNUcA� DSSYUYFR� FG� Ma� UF� R̂_� aARACD\\e� YRBCADEAS� UcAYC� DRUYXYBCF[YD\



��� �����	

� ��� �
�� �� ��

����� ���� �
������� ��� �������������� ���� ������� ��� �!�� ""#

$%&'� ('� )*+*,-*� ./� 0%12� ,13� -%+4*5� /5.6� 718� ,13� 7189:&� -;5/,2*-� 3;5%1&� <*-<%1&'� =>� ?@A� B>C� @D� ?EA� CFGGHIJKFH>� CJLF>D� KMGKF>D� F>� NOPQQ� RE� CMKMLSF>MC� TU� VWXY� B>C� @@ZB>BIUGFG[� \O� ]HS B̂LFGH>� H_� =>� CFGGHIJKFH>� CJLF>D� KMGKF>D� F>� K̀M� L̂MGM>]M� H_� CF__MLM>K� SF]LHHLDB>FGSG� ?a�� ��
�b� ��� �
��
�b� ��� �
c�����A[� Rd� e� >HK� CMKM]KMC� ?fPQ� D̂g]S"A[� hLB̂ G̀LM̂LMGM>K� BiMLBDMG� B>C� GKB>CBLC� CMiFBKFH>G� H_� K̀LMM� MĵMLFSM>KG[B]KFiFKU� B>C� K̀M� B>KFTB]KMLFBI� M__M]K� H_� =>kg@D� GJL_B]MG� lBG� GFDm>Fn]B>KIU� F̀D̀ML� J>CML� op@� K̀B>� F>� K̀M� CBLq[� V̀FG� lBG� CMĜFKMK̀M� _B]K� K̀BK� GFIiML� CFGGHIJKFH>� lBG� CM]LMBGMC� J>CML� op@� ]HSmB̂LMC� KH� CBLq� ]H>CFKFH>G� ?YFD[� rEAb� L̂HTBTIU� CJM� KH� ^̀ HKHLMCJ]KFH>J>CML� op@[� s M̀>� tu� IHDG� LMCJ]KFH>� F>� a�� ��
�� iFBTFIFKU� H>� ĜBLGM]HiMLBDM� =>k� B>C� ĜBLGM� ]HiMLBDM� =>kgQ[rSHIv� @D� GJL_B]MG� lBGHTGMLiMC� B_KML� rQ�SF>� op@� FIIJSF>BKFH>b� K̀M>� H>� ĜBLGM� ]HiMLBDM=>kgN[NSHIv� @Db� B>C� H>� ĜBLGM� ]HiMLBDM� =>kg"[wSHIv� @D� GJL_B]MGBILMBCU�B_KML�uQ�SF>� op@� FIIJSF>BKFH>�?YFD[�xEA� lFK̀� K̀M� F̀D̀MGK� @D]H>KM>K� GJL_B]M� TMF>D� SHGK� M__M]KFiM[� ZJ]̀ � CHGM� M__M]K� _HL� BII� K̀LMM@Dm]H>KBF>F>D� GJL_B]MG� lBG� >HK� GMM>� F>� ]BGM� H_� CBLq� MĵHGJLM[� y>]BGM�H_�����
��
��>MFK̀ML�IHlML�@D�]H>KM>K�?Q[r�B>C�N[N�SHIvA� ĜBLGM]HiMLBDM� =>k� GJL_B]M� CF__MLMC� GFD>Fn]B>KIU� _LHS� ĜBLGM� =>k� ]HiMLmBDM�GJL_B]M[�zHlMiMLb� ĜBLGM�]HiMLBDM�=>kg"[wSHIv�@D�GJL_B]M� B̀CGFD>Fn]B>KIU� F̀D̀ML� op@mF>CJ]MC� B]KFiFKU� K̀B>� BII� K̀M� HK̀ML� ĜBLGM]HiMLBDM� =>k� GJL_B]MG� ?YFD[� xdA� B>C� CMSH>GKLBKMC� N["� IHD� SHLMLMCJ]KFH>�F>�iFBTIM�]HJ>K�]HS B̂LMC�KH� ĜBLGM�=>k�]HiMLBDM�GJL_B]MBILMBCU� B_KML� NP�SF>[� YHL� ��� �
c������ H>IU� K̀M� F̀D̀MGK� @D� ]H>KM>KGJL_B]M� lBG� GFD>Fn]B>KIU� SHLM� M__M]KFiM� K̀B>� ĜBLGM� =>k� ]HiMLMCGJL_B]M� B_KML� N� b̀� TJK� K̀FG� CF__MLM>]M� lBG� iMLU� GSBII� lFK̀� H>IU� Q[rIHDG� LMCJ]KFH>� F>� iFBTIM� ]HJ>K[ZFSFIBL� KH� HJL� LMGJIKG� H>� F̀D̀ � op@mF>CJ]MC� B]KFiFKU� H_� =>kg@DGJL_B]MG� @IBĈHHG̀� MK� BI[� G̀HlMC� DHHC� ^̀ HKH]BKBIUKF]� B>C� B>KFTB]mKMLFBI� B]KFiFKU� H_� @Dg=>k� B̂LKF]IM� ]HiMLMC� ]HKKH>� _BTLF]� J>CMLGJ>IFD̀K� {xP|b� H̀lMiML� J>SHCFnMC� =>k� lBG� >HK� JGMC� BG� B� LM_MLmM>]M� F>� MFK̀ML� ]BGM� B>C� K̀MLM_HLMb� K̀M� M__M]K� H_� @D� lBG� >HK� ]IMBL[}B>>B� MK� BI[� G̀HlMC� NQQv� LMCJ]KFH>� H_� ��� �
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NO�PQRSTOUVWX�UVRY�VNZ[YZQY�\O[YTNTO[V�]OQ�PWZ[̂NO[T\��NRVNT[_̀ab�OQ�T[�[UNQTR[NcQT\d�_QOeNd�fRYTUfV�ghij�klmn�VUPPOQNT[_�RoPO[R[NTZW�_QOeNdb�QRVRfpWT[_�\WZVVT\ZW�WZpOQZNOQX�ZPPQOZ\d�]OQ�VNUYXT[_��pTOqWfV̀rs�tRWW�YRV\QTpRY�dUfZ[cQRWRSZ[N�pTOqWfc]OQfT[_�uQZfcPOVTNTSR�gvw�xyz{y|�}~���̀��ab�Z[Y�uQZfc[R_ZNTSR�g�w�������u�r̀ b̀�fOYRW�pZ\NRQTZ�eRQR�VRWR\NRY�]OQ�NdR�RoPRQTfR[NVs��w�x����x�|��}���eZV�T[\WUYRY�ZV�Z�]U[_ZW�fOYRW�OQ_Z[TVf�NO�QRPQRVR[N�YT�RQR[N�NXPRV�O]�fT\QOpRV�PONR[NTZWWX�NQZ[V]RQQRY�pX�]OfTNRVs��R�R�R\N�O]�NdR�VUQ]Z\RV�O[�pTOqWf�]OQfZNTO[�eZV��UZ[NTNTSRWX�RSZWUZNRY�pX�dZQSRVNT[_�STZpWR�ZYdRQR[N�\RWWV�]OWWOeRY�pX�\OWO[X�\OU[NT[_�OQ�pX��UZWTNZNTSR�RPT�UOQRV\R[\R�fT\QOV\OPXs��[�PZQZWWRWj�Z[NTfT\QOpTZW�Z\NTSTNX�NOeZQYV�PWZ[̂NO[T\�\RWWV�ZpOSR�NdR�VUQ]Z\RV�eZV�Z[ZWX�RY�UVT[_�\OWO[X�\OU[NT[_s������������������������� ¡�� ���¡¢�£��¤�����¥¦�§��������¥¦�§̈©ª«�¬Z[Oc­[®�T[dTpTNRY�pZ\NRQTZW�pTOqWf�]OQfZNTO[�T[�Z�YOVRcYRPR[YR[N�fZ[[RQ�T[�OWT_ONQOPdT\�\O[YTNTO[V�ḡT_s��Zj�pb�QRZ\dT[_�fZoTcfUf�O]��s���Z[Y�as���WO_�QRYU\NTO[�O[�YR[VR�[Z[Oc­[®�VUQ]Z\R�\OfPZQRY�NO�U[\OZNRY�VUQ]Z\R�Z°RQ�±��d�]OQ��w������Z[Y�vw�xyz{y|²�QRVPR\NTSRWXs��[�_QOeNd�fRYTUfj�dOeRSRQj�O[WX�NdR�YR[VR�[Z[Oc­[®�VUQ]Z\R�VT_[Tq\Z[NWX�T[dTpTNRY�pTOqWf�]OQfZNTO[�O]�vw�xyz{y|�pUN�[ON��w������ḡT_s��Yj�Rbs��N�eZV�ZWVO�RSTYR[N�NdZN�edTWR�NdRQR�eZV�QZPTY�VUQ]Z\R�\OWO[T�ZNTO[�NẐT[_�PWZ\R�YUQT[_�NdR�qQVN�a�d�O]�T[\UpZNTO[�T[�OWT_ONQOPdT\�\O[YTNTO[Vj�QR_ZQYWRVV�O]�VUQc]Z\R�NXPRj�NdR�VUQ]Z\RV�T[�_QOeNd�fRYTUf�eRQR�RTNdRQ�\OWO[T�RY�fOQR�VWOeWX�OQ�NdR�T[TNTZW�ZYdRQR[\R�eZV�eRẐRQ�Z[Y�ZYdRQR[N�\RWWV�eRQR�fOQR�RZVTWX�eZVdRY�O��YUQT[_�VZfPWR�PQRPZQZNTO[s}YYTNTO[�O]�}_�NO�NdR�VPZQVR�[Z[Oc­[®�VUQ]Z\RV�dZY�NQZ[VTR[N�[R_ZNTSR�R�R\N�O[��w������pTOqWf�]OQfZNTO[�T[�OWT_ONQOPdT\�\O[YTNTO[V�eTNd�Z[�ZYYTNTO[ZW�³s̀́�sr�WO_�QRYU\NTO[�T[�dZQSRVNRY�STZpWR�\RWWV�gá�µ�d�POVNcT[O\cUWZNTO[j�QRVPR\NTSRWXb�\OfPZQRY�eTNd�VPZQVR�[Z[Oc­[®�eTNdOUN�ZYYRY�}_�ḡT_s��Zbs��TV�ZYYTNTO[ZW�QRYU\NTO[�YR\QRZVRY�NO�Z�[O[cVT_[Tq\Z[N�³sa��WO_�pX�±��ds�}_�dZY�O[WX�Z�VfZWW�pUN�VNZNTVNT\ZWWX�VT_[Tq\Z[N�R�R\N�O[�vw�xyz{y|�pTOqWf�]OQfZNTO[�T[�OWT_ONQOPdT\�\O[YTNTO[V�g¶�³s̀�WO_�ZYYTNTO[ZW�QRYU\NTO[�\OfPZQRY�NO�VPZQVR�[Z[Oc­[®b�T[YT\ZNT[_�pRNNRQ�NOWRQZ[\R�NO�VTWSRQ�\OfPZQRY�NO��w������ḡT_s��pbs�}V�RoPR\NRYj�ZYYTNTO[�O]�}_�NO�[Z[Oc­[®�VUQ]Z\RV�dZY�[O�R�R\N�O[�pZ\NRQTZW�pTOqWf�]OQfZNTO[�T[�OQ_Z[T\cQT\d�_QOeNd�fRYTUf�ḡT_s��Yj�Rb�YUR�NO�WOeRQ�pTOZSZTWZpTWTNX�O]�VTWSRQs·UQ]Z\RV�\OZNRY�eTNd�[Z[Oc­[®�PQOfONRY��w�x����x�|�pTOqWf�]OQfZNTO[�T[�OWT_ONQOPdT\�\O[YTNTO[V�eTNd�UP�NO��s�±�WO_�T[\QRZVR�T[�STZpWR�ZNNZ\dRY�\RWWV�ZN��µ�d�NTfR�POT[N�\OfPZQRY�NO�U[\OZNRY�VUQ]Z\R�ḡT_s��\bs�·TWSRQc\O[NZT[T[_�VUQ]Z\RV�dZY�[O�VT_[Tq\Z[N�R�R\N�O[��w�x����x�|�pTOqWf�]OQfZNTO[�[OQ�O[�PWZ[̂NO[T\�STZpTWTNX�T[�OWT_ONQOPdT\�\O[YTNTO[V�\OfPZQRY�NO�U[\OZNRY�VUQ]Z\RVs�̧OeRSRQj�\O[VTYRQT[_�R[dZ[\RY��w�x����x�|�pTOqWf�]OQfZNTO[�O[�VPZQVR�[Z[Oc­[®�VUQ]Z\RV�Z[Y�pTOqWf�]OQfZNTO[�O[�VPZQVR�[Z[Oc­[®¹}_�VUQ]Z\RV�T[�OWT_ONQOPdT\�\O[YTNTO[V�YRfO[VNQZNT[_�Z�VT_[Tq\Z[N�³s̀̀ ³́s±��WO_�QRYU\NTO[�\OfPZQRY�NO�VPZQVR�[Z[Oc­[®�VUQ]Z\R�YUQT[_�á�µ�dj�QRVPR\NTSRWX�ḡT_s��\bj�TN�\OUWY�pR�\O[\WUYRY�NdZN�VTWSRQ�NQZ[VTR[NWX�T[dTpTNRY��w�x����x�|�pTOqWf�]OQfZNTO[�pQT[_T[_�TN�YOe[�NO�\O[NQOW�WRSRWs��TV�T[dTpTNTO[�eZV�WOVN�±��d�POVNcT[O\UWZNTO[s�¬O�pTOqWf�PQOfONT[_�R�R\N�eZV�

º»¼½¾¿�ÀÁ���w�������u�r̀ �̀gÂj�Ãbj�vw�xyz{y|�}~���̀��a�gÄj�¿Å�OQ��w�x����x�|��}���gÆj�Çb�fO[OVPR\TRV�pTOqWfV�dZQSRVNRY�ZN�YT�RQR[N�NTfR�POT[NV�]QOf�[Z[Oc­[®�OQ�[Z[Oc­[®¹}_�OQ�U[\OZNRY�VUQ]Z\RV�T[�VNZNT\�OWT_ONQOPdT\�R[STQO[fR[N�g�È̀³³�YTWUNRY�¬i�T[�VX[NdRNT\�NZP�eZNRQn�ẤÆb�OQ�_QOeNd�fRYTUf�ghiÈ�Ãj�¿n�klmÈ�Çbs�iTOqWf�]OQfZNTO[�eZV�fOQR�Z�R\NRY�pX�NdR�[Z[OcR[ZpWRY�\OZNT[_V�T[�OWT_ONQOPdT\�R[STQO[fR[N�NdZ[�T[�_QOeNd�fRYTUf�eTNd�VT_[Tq\Z[NWX�YR\QRZVRY�\OWO[T�ZNTO[�pX��w������Z[Y�vw�xyz{y|�]QOf����d�O[eZQYV�edTWR�[Z[Oc­[®�VUQ]Z\RV�VRWR\NTSRWX�R[dZ[\RY�VUQ]Z\R�\OWO[T�ZNTO[�pX��w�x����x�|s�®[WX�YR[VR�[Z[Oc­[®�VUQ]Z\RV�YRfO[VNQZNRY�VNZNTVNT\ZWWX�VT_[Tq\Z[N�fOYRQZNR�\OWO[T�ZNTO[�T[dTpTNT[_�R�R\N�O[�vw�xyz{y|�T[�_QOeNd�fRYTUf��µ́±��d�POVNcT[O\UWZNTO[s�ÉRY�YONNRY�WT[R�QRPQRVR[NV�NdR�WTfTN�O]��UZ[NTq\ZNTO[�g�a���̄Ê¹\f�bs�mZNZ�QRPQRVR[NV�fRZ[�Ë�·m�O]�a�T[YRPR[YR[N�RoPRQTfR[NV�eTNd�ŕ��YZNZ�POT[NV�Ë�·ms
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NOPQRSQT�UV�WRNXYZ�[QTU\[�XZQRQ�UVSQRPQ]̂�_�[NTQR_YQ�YR_VPUQVY�OUǸ][�UVZUOUYUNV�NV�ONYZ�Pa_RPQ�V_VNbcVdefW�ghijk�]NW�TQlRQ_PQm�_VT�TQVPQ�V_VNbcVd�ghijn�]NW�TQlRQ_PQm�P\Ro_lQP�X_P�NOPQRSQT�_Y�pj�Z�gqUWi�romi�sVZUOUbYNR̂�QtQlY�No�PU]SQR�X_P�o\RYZQR�U]]\PYR_YQT�Ô�YZQ�aRQPQVlQ�No�_RQ_P�XUYZ�PQSQR_]�u_YYQVQT�vWZNPY�lQ]]Pw�NV�Pa_RPQ�V_VNbcVdefW�P\Ro_lQ�UV�WRNXYZ�[QTU\[�gx\aa]Q[QVY_R̂�qUWi�rm�_llN[a_V̂UVW�P]UWZY�TQlRQ_PQ�UV�SU_O]Q�OUǸ][�lQ]]�lN\VY�pj�Z�aNPYbUVNl\]_YUNV�gqUWi�romi�xU[U]_R�_RQ_P�XUYZ�TQ_T�lQ]]P�XQRQ�VNY�NOPQRSQT�UV�NYZQR�lNVTUYUNVP�_VT�PQQ[QT�YN�PQRSQ�_P�_�[_YRUy�oNR�YZQ�OUǸ][�YN�WRNX�NViz{|}{~{�������~|�����{���{���}���|}������������|������|�����{����|�����������|�����������sV�NRW_VUlPbRUlZ�WRNXYZ�[QTU_�[NPY�No�YZQ�cV�TQaNPUYQT�NV�YZQ�V_VNbcVd�lN_YQT�P\Ro_lQP�gqUWi��_�lm�X_P�RQ]Q_PQT�UVYN�YZQ�[QTU\[�_]RQ_T̂�_�QR��p�Z�XZQRQ_P�UV�N]UWNYRNaZUl�lNVTUYUNVP�\a�YN�rh�YU[QP�]QPP�cV�X_P�RQ]Q_PQT�gqUWi��T�omi�sVlRQ_PQT�cV�RQ]Q_PQ�UV�WRNXYZ�[QTU_�l_V�OQ�_YYRUO\YQT�YN�ONYZ��l\]Y\RQ�_lUTÙl_YUNV�_VT�oNR[_YUNV�No�aRNYQUV�lN[a]QyQP�TRUSUVW�cV�TUPPN]\YUNV�oRN[�V_VNbcVd���k��kji��UWZQR�RQ]Q_PQ�No�cV�UVYN�O_lYQbRU_]�WRNXYZ�[QTU\[�̂UQ]TQT�UV�]QPP�OUǸ][�UVZUOUYUNV�gqUWi�rT�Qm�_VT�ZUWZQR�SU_OU]UŶ�No�a]_V�YNVUl�O_lYQRU_�gqUWi��T�Qm�XZU]Q�UV�N]UWNYRNaZUl�lNVTUYUNVP�[NRQ�V_VNbcVd�RQ[_UVQT�NV�YZQ�P\Ro_lQ�RQP\]YUVW�UV�ONYZ�[NRQ�QtQlYUSQ�UVZUOUYUNV�No�OUǸ][�oNR[_YUNV�gqUWi�r_�Om�_VT�]NXQR�a]_V�YNVUl�SU_OU]UŶ�gqUWi��_�Omi��UP�l_V�aNPPUO]̂�OQ�Qya]_UVQT�Ô�TUtQRQVlQP�UV�OUN_S_U]_OU]UŶi� N�PY_YUPYUl_]]̂�PUWVÙl_VY�RQT\lYUNV�UV�SU_OU]UŶ�No�a]_V�YNVUl�̂Q_PY�lQ]]P�X_P�RQWUPYQRQT��RQW_RT]QPP�No�P\Ro_lQ�ŶaQ�NR�YQPY�[QTU_�\PQT�gqUWi��l�omix]UWZY�TQlRQ_PQ�UV�NSQR_]]�a]_V�YNVUl�SU_O]Q�lN\VYP�_Y���Z�gqUWi��_�om�l_V�OQ�Qya]_UVQT�Ô�[UlRNOU_]�_YY_lZ[QVY�YN�PN]UT�P\Ro_lQP��UVl]\TUVW�NV�YZQ�aN]̂PŶRQVQ�XQ]]�P\Ro_lQ�XZUlZ�TQlRQ_PQ�a]_V�YNVUl�lN\VYP�UV�N]UWNYRNaZUl�lNVTUYUNVP�_VT�UP�VNY�̂QY�lN[aQVP_YQT�Ô�aRN]UoQR_YUNV�T\RUVW���Z�UV�WRNXYZ�[QTU\[�_Y�RNN[�YQ[aQR_Y\RQicUVl�RQ]Q_PQ�oRN[�YZQ�TQVPQ�V_VNbcVd�P\Ro_lQ�gqUWi��l�om�Z_T�_�P[_]]�O\Y�PY_YUPYUl_]]̂�PUWVÙl_VY�VQW_YUSQ�QtQlY�No�hi¡��]NWP�RQT\lYUNV�Ô����Z�NV�a]_V�YNVUl�¢£�¤¥¦§�SU_OU]UŶ�UV�N]UWNYRNaZUl�lNVTUYUNVP�_VT�VN�QtQlY�UV�WRNXYZ�[QTU\[�gqUWi��_�Tm�XZU]Q�YZQ�P_[Q�P\Ro_lQP�TQlRQ_PQT�̈£�©ª«¬ª­�a]_V�YNVUl�SU_OU]UŶ�UV�_�TNPQbTQaQVTQVY�[_VVQR�UV�ONYZ�N]UWNYRNaZUl�lNVTUYUNVP�_VT�WRNXYZ�[QTU\[�gqUWi��O�Qm�XUYZ�[_yU[\[�No��i���_VT�ri¡n�]NWP�RQT\lYUNV��RQPaQlYUSQ]̂i��UP�QtQlY�l_V�]U�Q]̂�OQ�_YYRUO\YQT�YN�RQ]_YUSQ�PQVPUYUSUŶ�No�̈£�©ª«¬ª­�YNX_RTP�cVifW�oRN[�YZQ�V_VNbcVdefW�P\Ro_lQP�TQlRQ_PQT�a]_V�YNVUl�SU_OU]UŶ�No�¢£�¤¥¦§��O\Y�VNY�̈£�©ª«¬ª­�_VT�®£�©¦̄§¤©°­�UV�N]UWNYRNaZUl�lNVTUYUNVP�gqUWi��_�lmi�fW�oRN[�Pa_RPQ�V_VNbcVdefW�Z_T�VN�PUWVÙl_VY�QtQlY�NV�a]_V�YNVUl�SU_OU]UŶ�UV�WRNXYZ�[QTU_�gqUWi��T�om�XZUlZ�l_V�OQ�Qya]_UVQT�Ô�]NXQR�OUN_S_U]_OU]UŶ�No�RQ]Q_PQT��fW±�UNVP�T\Q�YN�lN[a]QyUVW�aRNYQUVP�_VT�lZ]NRUTQ�UV�YZQ��[QTU\[kn�¡ri�²_yU[\[�l_]l\]_YQT�fW�lNVlQVYR_YUNV�UV�YZQ�YQPY�P̂PYQ[�UV�l_PQ�No�lN[a]QYQ�RQ]Q_PQ�No�fW�oRN[�YZQ�P\Ro_lQ�lN_YUVW�X_P�QPYU[_YQT�YN�RQ_lZ�rki���³��i�r�VWe[́ �gx\aa]Qb[QVY_R̂�µ_O]Q�rmi�flY\_]�RQ]Q_PQ�lN\]T�VNY�OQ�RQ]U_O]̂�[Q_P\RQT�aNPPUO]̂�T\Q�YN�ZUWZ�_TPNRaYUNV�No�fW�YN�NRW_VUl�[_YYQR�UV�YZQ�YQPY�[QTU\[�_VTeNR�aN]̂PŶRQVQ�XQ]]�X_]]Pi¶{�·~��|�����~~�������~����� ŅSQR_WQ�No�YZQ�P\Ro_lQP�Ô�pj�Z�OUǸ][�OUN[_PP�UV�QaUu\NRQPlQVlQ�[UlRNPlNâ�gqUWi�pm�_VT�ZUWZQR�[_WVÙl_YUNV�x¹²�U[_WQP�No�RQaRQPQVY_YUSQ�[UlRNlN]NVUQP�gqUWi�km�lNV̀R[QT�

º»¼½¾¿�ÀÁ��ÂU_OU]UŶ�No�¢£�¤¥¦§�²Ãr¡kk�gÄ��Åm��̈£�©ª«¬ª­�fµ̧ �̧kn���gÆ��¿m�NR�®£�©¦̄§¤©°­�̧fsp�gÇ��Èm�a]_V�YNVUl�lQ]]P�_ONSQ�V_VNbcVd��V_VNbcVdefW�NR�\VlN_YQT�P\Ro_lQP�UV�PY_YUl�N]UWNYRNaZUl�QVSURNV[QVY�grÉkhh�TU]\YQT�V\YRUQVY�ORNYZ�UV�P̂VYZQYUl�Y_a�X_YQRÊ�Ä�Çm�NR�WRNXYZ�[QTU\[�ǵËÉ�Å��¿Ê�ÌÍÎÉ�Èmi�Í]_V�YNVUl�lQ]]P�XQRQ�WQVQR_]]̂�[NRQ�_tQlYQT�Ô�V_VNbQV_O]QT�lN_YUVWP�UV�N]UWNYRNaZUl�QVSURNV[QVY�YZ_V�UV�WRNXYZ�[QTU\[i�ÏQT�TNYYQT�]UVQ�RQaRQPQVYP�YZQ�]U[UY�No�Ð\_VYÙl_YUNV�gkh�̧qÑe[́ mi�Î_Y_�RQaRQPQVYP�[Q_V�³�xÎ�No���UVTQaQVTQVY�QyaQRU[QVYP�XUYZ�¡�n�T_Y_�aNUVYP�³�xÎi
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OPQRSPTPUVWXT�XYZ�[\Q]W\]QXT�ZV̂_Q_YW_[�̀_\a__Y�̀VPbTO[�UQPaY�PY�]YWPX\_Z�[]QcXW_[�VY�UQPa\S�O_ZV]O�XYZ�PTVUP\QPRSVW�WPYZV\VPY[�X[�a_TT�X[�̀_\a__Y�̀VPbTO[�PY�YXYPdeYf�WPX\_Z�XYZ�]YWPX\_Z�[]QcXW_[ghY�WX[_�Pc�ij�klmno�XT[P�WT_XQ�ZV̂_Q_YW_[�VY�W_TT�[]QcXW_�[\Q]W\]Q_�a_Q_�P̀[_Qp_Zg�ij�klmn�̀VPbTO[�VY�UQPa\S�O_ZV]O�WPY[V[\_Z�Pc�W_TT[�aV\S�[OPP\S_Q�[]QcXW_[�XYZ�T_[[�_q\QXW_TT]TXQ�OX\QVq�rstuv�_q\_YZ_Z�\P�[PTVZ�[]QcXW_�aSVT_�ij�klmn�W_TT[�VY�PTVUP\QPRSVW�̀VPbTO[�SXZ�X�OPQ_�WPXQ[_�[]QcXW_�[\Q]W\]Q_�XYZ�b̀QVTTXQ�stu�_q\_YZ_Z�\P�[PTVZ�[]QcXW_�rwVUg�x�]RR_Q�RXY_T[vg�y_[_�ZV̂_Q_YW_[�PWW]QQ_Z�Z_[RV\_�\S_�cXW\�\SX\�[]QcXW_dX[[PWVX\_Z�XOzTPVZ�b̀_Q[�r{|w[v�VY�\S_�stu�a_Q_�cP]YZ�\P�VY\_QWPYY_W\�VYZVpVZ]XT�W_TT[�Pc�ij�klmn�r{]RRT_O_Y\XQz�wVU[g�}o�~v�XYZ��j��������r{]RRT_O_Y\XQz�wVU[g��o�xv�̀VPbTO[�VY�XTT�UQPa\S�XYZ�_qRP[]Q_�WPYZV\VPY[�][_Zg�|T\SP]US�\S_Q_�aX[�T_[[�ij�klmn�̀VPbTO�PY�YXYPdeYfdWPX\_Z�[]QcXW_[�VY�PTVUP\QPRSVW�WPYZV\VPY[�WPORXQ_Z�\P�]YWPX\_Z�[]QcXW_�rwVU[g��Xo���]RR_Q�RXY_T[v�XYZ�W_TT[�\_YZ_Z�\P�̀_�[SPQ\_Q�VY�T_YU\S�PY�YXYPdeYfdWPX\_Z�[]QcXW_[o�W_TT[�aV\S�YPQdOXT�OPQRSPTPUz�WP]TZ�̀_�cP]YZ�_p_Y�VY�ZVQ_W\�WPY\XW\�aV\S�eYf�YXYPRXQ\VWT_[�PY�Z_Y[_�YXYPdeYf�[]QcXW_[�rwVUg�xo�]RR_Q�RXY_T[vg�eYf�YXYPRXQ\VWT_[�a_Q_�ZV[[PTp_Z�cQPO�\S_�YXYPdeYf�[]QcXW_[�VY�UQPa\S�O_ZV]O�Z]QVYU����S�VYW]̀X\VPYo�X[�XT[P�WPYbQO_Z�̀z�_T_O_Y\XT�XYXTz[V[�rwVUg�~cv�XYZ�a_Q_�YP\�pV[V̀T_�PY�{su�VOXU_[�rwVUg�xvg�|ZS_Q_YW_�Pc��j��������W_TT[�\P�YXYPRXQ\VWT_[�PY�Z_Y[_�YXYPdeYf�[]QcXW_[�aX[�XT[P�P̀[_Qp_Zo�XT\SP]US�\S_Q_�a_Q_�OPQ_�ZXOXU_Z�W_TT[�XYZ�̀T_̀ V̀YUo�U_Y_QXTTz�X[[PWVX\_Z�aV\S�W_TT]TXQ�ZXOXU_�XYZ��pVQ]T_YW_�}���o�PWW]QQVYU�PY�YXYPdeYf�[]QcXW_[�VY�PTVUP\QPRSVW�WPYZV\VPY[�XYZ�PY�Z_Y[_�eYf�[]QcXW_�VY�UQPa\S�O_ZV]O�WPORXQ_Z�\P�]YWPX\_Z�[]QcXW_[�rwVUg�xo�OVZZT_�RXY_T[vgy_Q_�a_Q_�YP�WT_XQ�OPQRSPTPUVWXT�ZV̂_Q_YW_[�̀_\a__Y��j��������̀VPbTO�W_TT[�PY�]YWPX\_Z�[]QcXW_[�VY�UQPa\S�O_ZV]O�XYZ�PTVUP\QPRSVW�WPYZV\VPY[�̀_[VZ_[�TXQU_Q�W_TT�[V�_�VY�UQPa\S�O_ZV]O�rwVUg�xo�OVZZT_�RXY_T[vg�|T\SP]US�eYd_YSXYW_Z�W_TTd\PdW_TT�XZS_Q_YW_�SX[�̀__Y�Z_[WQV̀_Z�cPQ��j��������xo��o��j��������\_YZ_Z�\P�RQ_c_QX̀Tz�cPQO�W_TT�
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Increasing urban population density, affordable international transport and global production chains have increased the risk of potential pathogen spread from person to person and via high-touch surfaces in public spaces or high-risk applications over long distances. Increase in antibiotic-resistant nosocomial infections at health care facilities as well as risk of potential food-borne pathogen contamination in food and feed industry have also significantly raised the need to widen the means to reduce potential pathogen carryover. One of the solutions that could passively decrease the spread of pathogens is installing antimicrobial materials (e.g., solid surfaces, surface coatings, textiles) at the critical points of cross-contamination such as handrails, doorknobs, countertops, keyboards, furniture etc. Antimicrobial materials are widely marketed as consumer products but have not yet dominated the market nor are massively applied where they could be of most use. 

One of the reasons of moderate use of antimicrobial surface applications is the hardship of justifying the higher price of materials with reliable application-appropriate efficacy data. Although such data is legally needed to support antimicrobial claims on commercial products, relevant methodology is largely lacking, and protocols deeply rooted in laboratory practice or more elaborate standardized tests not tailored to specific applications are still widely used. These shortcomings are mostly caused by two main reasons. Firstly, the use of methods that rely on liquid exposure of active agents to bacterial cultures and cannot be directly adapted to 2D surface testing. Secondly, most methods specifically developed for surface testing are optimized for best case scenario of antimicrobial action and cannot be easily adapted to different real-life use conditions.

The purpose of the current thesis was to characterize the interactions occurring between microbes and novel multimodal antimicrobial surfaces thereby contributing to targeted improvement of antimicrobial surface design as well as to adapt and optimize antimicrobial surface testing methodology.

As a result of the study, new methods have been developed and existing ones critically evaluated highlighting novel limitations to widely used approaches. Applying the gained knowledge, the antimicrobial properties of the metal-based photocatalytic surfaces were characterized in depth.

This thesis has been published as 4 peer-reviewed scientific articles. The results have been presented at the following international science events: Functional materials and Nanotechnologies-2017 (Tartu, Estonia, 2017; paper III), ASM Biofilms (Washington, DC, USA, 2018; paper II), FEMS2019 (Glasgow, UK, 2019; paper II), FEBS3+ (Riga, Latvia, 2019; paper II), Eurobiofilms (Glasgow, UK, 2019; paper II), several meetings and conferences of the COST AMiCI network (2017-2020; papers I-IV).
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		The American Association of Textile Chemists and Colorists
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		analysis of variance



		ASTM

		ASTM International, an international standards organization
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		Biocidal Product Regulation 
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		cyclic diguanosine monophosphate



		CFU
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		European Chemicals Agency
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		extracellular matrix 
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		Environmental Protection Agency 



		EPS

		extracellular polymeric substances 
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		et cetera; and so forth
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		FDA

		fluorescein diacetate



		Fig.

		Figure



		i.e.
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		International Organization for Standardization



		JIZ
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		lysogeny broth, also known as Luria–Bertani medium



		Log
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		nucleic acid, extracellular nucleic acid
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		National Institutes of Health
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		nanoparticle



		PBS

		phosphate buffered saline
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		propidium iodide



		RH

		relative humidity



		RNA

		ribonucleic acid



		ROS

		reactive oxygen species 



		SAF

		surface-associated amyloid fibers



		UVA

		ultraviolet A radiation
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In the following chapters literature relevant to the microbial lifestyles, surface-related antimicrobial strategies and testing methods of antimicrobial surfaces are reviewed to give an overview of how the multidisciplinary field of antimicrobial surface development and efficacy assessment relates to the broader context. 

[bookmark: _Toc89434444][bookmark: _Toc96939950]Microbial lifestyles 

Microbes can either exist in free-living planktonic form such as many liquid cultures in classical microbiology or cellular aggregates forming biofilms at various air-liquid, 
liquid-solid or solid-air interfaces, on biotic or abiotic surfaces. Planktonic and biofilm lifestyles of microbes from the same clonal origin can result in remarkably different physiological profiles and tolerance to environmental stresses and vice versa, environmental factors can trigger biofilm formation or dispersion. Biofilms are microbial communities presenting in various forms from small aggregates of a few cells adhering to each other to complex surface-associated syntrophic communities (Fig. 1 and (West et al., 2006)). These communities are relatively protected from their immediate environment by self-produced extracellular matrix (ECM), low metabolic activity and structural as well as physiological heterogeneity as compared to more homogenous planktonic cultures (Stewart & Franklin, 2008; Stoodley et al., 2002). Complexity and heterogeneity build niches favoring different modes of interaction between community members and with the surrounding environment. Costerton et al. have defined biofilms simply as matrix-enclosed bacterial populations adherent to each other and/or to surfaces or interfaces and in their complexity compared them to tissues of eukaryotic organisms (Costerton et al., 1995). Etymology of the term biofilm since the first studies in the 1930s is recently well reviewed by Flemming et al. (Flemming et al., 2021).   

[image: ]

Figure 1. An image by a Leiden University microbiologist Shraddha Shitut (with permission) depicting human and microbial communities using various materials to build a hospitable environment creating niches favoring different modes of interaction between community members and with the surrounding environment. Much like human cities or termite mounds biofilms seem to represent J. S. Turner’s “extended physiology” in niche construction theory (Laland et al., 2016; J. S. Turner, 2000) at a microscale. Comparing biofilms to human cities nicely illustrates the dynamic heterogeneity of the systems and has also been used by others (Paula et al., 2020; Watnick & Kolter, 2000).

Where there is a surface, there is a biofilm. Biofilm is the naturally occurring predominant microbial lifestyle. It is estimated that up to 80% from the total of 1.2 × 1030 bacterial and archaeal cells on earth live in biofilms (Flemming & Wuertz, 2019) with majority of the remaining planktonic cells found in pelagic oceanic habitats. Similar tendency is estimated to be true in medical field with up to 80% of human bacterial infections being caused by biofilms (NIH, 2002; Römling & Balsalobre, 2012) among which the antimicrobial-resistant ESKAPE pathogens  i.e. Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp. (Pendleton et al., 2013) have proved to be the most challenging to treat. The term biofouling is used to address formation of undesirable biofilms causing economic and/or medical damage in engineered environments or on biointerfaces. Measures to counteract biofilm formation include using antifouling surface materials as well as cleaning agents, soluble biocides, and antibiotics. Therefore, surfaces with antimicrobial activity preventing biofilm formation seem like a desirable tool in decreasing the bioburden on communal surfaces and pathogen carryover by fomites. Nonetheless, based on data in the peer-reviewed literature database Scopus, most publications about bacteria and archaea disregard biofilms (Fig. 2). Therefore, also methods for studying microbes in general as well as pathogenic species largely rely on results generated in planktonic cultures creating an unprecedented bias in our understanding about microbiology. 

Regarding antimicrobial efficacy testing using planktonic cultures one has to acknowledge that some amount of biofilm is always present in the system depending on the organism and volume to surface ratio of the vessel used. The amount of biofilm included in the viability endpoint measured depends partly on the liquid manipulation procedures as nicely visualized by Kragh et al. (Kragh et al., 2019). Therefore, hereinafter the term antimicrobial is used in a broader meaning denoting both action against planktonic and biofilm-residing organisms while the term antibiofilm is used for strategies specially targeting biofilms. 

As the biofilm lifestyle is more relevant to biofouling of surfaces it is reviewed in more detail in the next chapters.

[image: ]



Figure 2. Estimated proportions of microbes living in biofilms and infections caused by biofilms (left column) versus proportion of scientific literature about biofilms in the field (right column). Data retrieved in September 2021.



[bookmark: _Toc89434445][bookmark: _Toc96939951]The biofilm life cycle

The biofilm life cycle is a dynamic cyclic process of attachment, maturation, and dispersion (Fig. 3), including the much-studied planktonic phase. Generally, formation of surface-bound biofilms starts with reversible attachment of cells to the substrate which is mainly driven by physical factors (e.g., surface charge, hydrophobicity, shear stresses). Reversible physical interaction with the surface is followed by community-orchestrated irreversible attachment, microcolony formation, ECM production, growth, maturation and active dispersion in response to local environmental cues (Rumbaugh & Sauer, 2020).
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Figure 3. The biofilm life cycle. Surface colonisation is started by reversible attachment of microbial cells to the surface mainly due to physical forces followed by active process of irreversible attachment, differentiation and start of production of the extracellular matrix (ECM). The biofilm physiology is established during growth and maturation of the biofilm while balancing between syntropic relations and predation, responding to environmental cues etc. The majority of biofilm-residing microbes can either passively disperse e.g., due to shear stress or physical erosion and continue as a biofilm or disperse actively in a regulation-controlled manner by releasing planktonic cells. These planktonic cells can spread and form new biofilm aggregates. Interventions to the process could target prevention of attachment, destruction of biofilm biomass or signalling for dispersion.



Bacteria tend to form biofilms in response to commonly occurring physical and chemical stress factors such as nutrient limitation, light exposure, desiccation, extreme temperatures, pH or salt concentration etc., but also in response to sublethal exposure to antimicrobials (Linares et al., 2006; Penesyan et al., 2020) possibly largely via general stress response and c-di-GMP second messenger signaling (Hengge, 2009; Jenal et al., 2017). Due to generally lower metabolic activity, secondary metabolism, encapsulation into the ECM etc. the formed biofilms can have magnitudes of order higher tolerance towards stressors, including common chemical treatments (Ceri et al., 1999; Olson et al., 2002). Compartmentalization and spatially heterogeneous natural selection in a mature biofilm also contributes to antibiotic resistance development and transfer (France et al., 2019; Olsen, 2015) as well as producing antibiotic-resistant bacteria that are more fit and not easily outcompeted in the absence of the drug (Santos-Lopez et al., 2019). It has been recently demonstrated that biofilms can also act as a reservoir for antimicrobial resistance elements (Røder et al., 2021).

General understanding of the extracellular polymeric substances (EPS) in the biofilm matrix has changed in time from the sugar-based slime concept (Costerton et al., 
1978; Limoli et al., 2015) to include other biopolymers such as several proteins, 
surface-associated amyloid fibers (SAFs) and critical dependence on extracellular DNA (eDNA) in biofilm formation (Flemming & Wingender, 2010; Seviour et al., 2019; Taglialegna, Lasa, et al., 2016; Whitchurch, 2002). The latter is not only important in surface-bound biofilms but also in aggregates more resembling chronic biofilm infections (Alhede et al., 2011) suggesting that eDNA has a more universal role in biofilm development. The general importance of eDNA in early phases of biofilm development is evident as many early monospecies biofilms of both Gram-positive and Gram-negative bacteria are eradicated or substantially impaired by DNase I treatment (Okshevsky & Meyer, 2015). DNase has also been suggested to be used as an antibiofilm strategy (Swartjes et al., 2013). Negatively charged eDNA can interact with positively charged ECM components (e.g., Pel polysaccharide in P. aeruginosa biofilms) forming structurally important interaction (Jennings et al., 2015). eDNA itself as well as DNA-binding proteins in the biofilm ECM could be promising targets for biofilm eradication strategies (Novotny et al., 2021). Recent findings also begin to shed light to structural heterogeneity and possible functions of extracellular nucleic acids. For example, Thomas Seviour et al. recently showed that the ECM of Pseudomonas species contains extracellular DNA and RNA, including non-canonical DNA structures collectively contributing to ECM elasticity (Seviour et al., 2021) and Buzzo et al. demonstrated that it is the left-handed nuclease resistant Z-DNA that is abundant and structurally important in biofilm ECM of several bacterial species (Buzzo et al., 2021). eDNA has also been demonstrated to interact with SAFs possibly further enhancing biofilm formation (Fernández-Tresguerres et al., 2010; Schwartz et al., 2016; Van Gerven et al., 2018). However, not all amyloid fibers have the same effect. While SAFs participate in biofilm formation and are structural components of the biofilm ECM (Gallo et al., 2015; Oli et al., 2012; Romero et al., 2010; Schwartz 
et al., 2012, 2016; Taglialegna, Lasa, et al., 2016; Taglialegna, Navarro, et al., 2016), introduction of exogenous amyloid fiber forming peptides can inhibit biofilm formation by Streptococcus mutans, Streptococcus sanguis, S. aureus, Escherichia coli and Candida albicans (Chen et al., 2020) and may possess bactericidal properties (Bednarska et al., 2016). 

[bookmark: _Toc89434446][bookmark: _Toc96939952]Antimicrobial surfaces

Antimicrobial surfaces have been proposed to prevent the spread of potentially pathogenic microbes that can be carried over by solid surfaces (Boyce, 2007; Otter et al., 2011, 2015; Weber et al., 2010) and remain viable or infectious on surfaces for relatively long periods of time ranging from days to months depending on the microbial species and ambient conditions (Kramer et al., 2006). 

[bookmark: _Toc89434447][bookmark: _Toc96939953]Interactions between antimicrobial surfaces and microbes

Antimicrobial surfaces, designed to prevent surface colonization and/or kill the microbes can achieve antimicrobial activity in various ways (Adlhart et al., 2018) including physical mechano-bactericidal interaction (Linklater et al., 2021) but can be broadly divided into four main categories depicted on Figure 4: 

· anti-adhesive surfaces (e.g., superhydrophilic and superhydrophobic surfaces, nanopatterned and biomimetic surfaces acting via inhibition of microbial attachment); 

· contact-killing surfaces (covalently bound active agents, e.g., quaternary ammonium compounds acting upon direct contact between the microbe and the surface); 

· biocide releasing surfaces (e.g., metal surfaces, antibiotic releasing surfaces, acting via local or long-distance release of biocides)  

· photocatalytic/self-cleaning surfaces (mainly TiO2, ZnO) 

· or combination of the former resulting in multimodal surfaces. 



Choice of surface type and active agent depends on the application and environment where the surface is to be used. The latter are also important to consider when assessing the antimicrobial efficacy of any given surface application. 

[image: ]



Figure 4. Main antimicrobial surface types. Viable bacteria are depicted in green, dead in red. 



Release-based metal surfaces are the most used historically in both marine antifouling (copper, organotin compounds) and everyday use items such as cooking utensils (silver spoons and water storage vessels, copper pots) and doorknobs to even early invasive medical applications (e.g., copper alloy plates to mend broken bones (Mitchell, 2016) or a quite exceptional case of using flattened silver coin to replace parts of the human skull (Barillo & Marx, 2014)). With the recent ban on ecotoxic organotin compounds in marine applications, re-emergent interest in copper and zinc is increasing in the field while silver and antibiotic releasing surfaces are still most researched for invasive medical applications (Rosenberg et al., 2019).  

Although release of the active agent from surface application into the surrounding environment could contribute to chemical pollution, it could also achieve higher antimicrobial efficacy. Infectious biofilms tend to appear as small aggregates generally less than 100 µm in diameter (Bjarnsholt et al., 2013) and in case of implant-associated infections can reside not only directly on the surface of the implant but in the surrounding tissue (Jensen et al., 2017). Such microbes may be inactivated by release-based surfaces in invasive medical applications, favouring their use over contact killing surfaces. 

While many of the possible antibiofilm strategies imply chemical treatment and/or physical removal of an already existing biofilm, biofilm formation inhibition is feasible 
to be achieved through targeted surface material development. Prevention, as opposed to eradication, also abrogates the need to remove the residual biomass that could be 
a substrate to de novo biofilm formation. Such surfaces could be either physically 
anti-adhesive, contact-killing or biocide releasing in design thereby either preventing attachment of viable microbes or also killing planktonic microbes near or at the surfaces.  

Effective chemical treatment of established biofilms is notoriously harder to achieve than inactivation of planktonic microbes. For example, minimum biofilm eradication concentration (MBEC) of widely used antibiotics towards pathogenic microbes can be up to 1000 times higher than their minimum inhibitory concentration (MIC) towards planktonic cultures (Ceri et al., 1999; Olson et al., 2002). Metal-based antimicrobial applications on the other hand are especially promising, as they have proven to be effective against both planktonic and biofilm communities in similar concentrations (Harrison et al., 2004).Therefore, the focus of the following chapters is directed towards metal-based surfaces.

[bookmark: _Toc89434448][bookmark: _Toc96939954]Antimicrobial mechanisms of metal-based surfaces

Precise biocidal mechanisms of metal toxicity that form the basis of their antimicrobial properties are not completely understood but are known to require interaction between free metal and either membrane-bound or cytosolic cellular target. Two of the major targets for metal toxicity are protein function impairment by interactions with sulfhydryl (SH) groups and displacing essential metal cofactors (Hodgson, 2010). Although different metals ions share the described general targets, their affinity can vary. For example,  heavy metal affinity to SH groups has been demonstrated to decrease in the following order: Hg2+>Ag+>Cu2+>Ni2+>Zn2+ (Vieira et al., 1997). Considering antibacterial applications, one must evaluate not only antibacterial activity of the metal but also toxicity to 
non-target organisms, precluding, for example, the use of mercury in most antimicrobial applications. Along with the use of elemental metal or metal salts as antimicrobials, 
one novel approach is the use of metal-based nanoparticles (NPs) that due to their large surface area exhibit relatively high antimicrobial activity. The antimicrobial properties of metal-based NPs can be mainly attributed to the release of metal ions (Slavin et al., 2017) and electrostatic NP-cell interactions (Kim et al., 2007) resulting in high local concentration of metal ions due to large surface area of nanoparticulate matter, direct membrane damage (Gogoi et al., 2006; Su et al., 2009) and in some cases emergence of damage by abiotic reactive oxygen species  (Jin & Jin, 2021; Yoshida et al., 1993).

The general nature of the main targets of metal toxicity allows for a multifaceted antimicrobial attack on cellular functions while acquiring true resistance to excess metal ions, many of which are essentially needed micronutrients, is complicated if not impossible. For example, about a third of all enzymes need metal cofactor for proper function (Andreini et al., 2008). Plasmid and chromosomally encoded metal tolerance or resistance, depending on definition, has been described (Hobman & Crossman, 2015; Silver & Phung, 1996, 2005; R. J. Turner et al., 2020) resulting in either prevention of 
toxic metal ion uptake, efflux of excess metal ions, metal ion sequestration or 
oxidation-reduction to change redox state of metal ions. Metal tolerance is most often found as well as can be employed where it is physiologically relevant. Therefore, environments rich in respective metals (Haferburg & Kothe, 2010) making soil and polluted environments such as ore mining and agricultural runoffs or communal waste water systems a reservoir for genetic elements carrying metal tolerance. It has been recently shown that tolerance mechanisms of metal NPs and respective ions can be mechanistically different. For example, motility-enhanced tolerance can be acquired towards Ag NPs but not Ag ion (Stabryla et al., 2021).



Higher metal tolerance, when encoded by multiresistance plasmids could potentially unfavourably co-select for antibiotic resistance in sublethal metal concentrations 
(Baker-Austin et al., 2006; Bazzi et al., 2020; Pal et al., 2017). Whereas in other cases metals could contribute synergistically to antibiotic treatment (Habash et al., 2017; Morones-Ramirez et al., 2013; Pietsch et al., 2021) with implications in wound care or invasive medical device-associated infections highlighting the need to carefully weigh risk and benefit in the use of antimicrobial metals in any given application.

[bookmark: _Toc89434449]Silver-based antimicrobial surfaces

Silver is a naturally occurring and contrary to copper and zinc a biologically non-essential metal. To this day silver is the most exploited active ingredient in antimicrobial surface applications in both commercial use and prevalence in academic literature followed by copper and zinc (Rosenberg et al., 2019).  Antimicrobial silver has been historically used in infection prevention long before Louis Pasteur, Robert Koch and the Germ Theory of disease. Historical applications of silver mainly focus on water storage and disinfection, battlefield surgery and burn wound care (Barillo & Marx, 2014; Lemire et al., 2013).  

The antimicrobial activity of silver is classically mainly attributed to the interaction of Ag+ ions with the thiol groups of proteins impairing DNA replication, the respiratory chain and proton motive force  (Bragg & Rainnie, 1974; Dibrov et al., 2002; Feng et al., 2000; Holt & Bard, 2005; Lemire et al., 2013) resulting in systemic damage and death. Silver is presumed to hijack copper-transport systems to enter cells (Ghandour et al., 1988; Odermatt et al., 1994; Solioz & Odermatt, 1995), but as the element is not required for cellular processes, cells generally also lack well-tuned mechanisms to export or detoxify silver. Recent advances in omics have suggested narrower initial targets for Ag+ toxicity, for example primarily damaging multiple enzymes in glycolysis and tricarboxylic acid cycle leading to metabolic divergence to the reductive glyoxylate pathway and suppressing the cellular oxidative stress responses eventually resulting in systemic damage and death in E. coli (Wang et al., 2019). Due to rapid adsorption to surrounding surfaces, high reactivity with thiol groups in proteins and formation of insoluble salts in the presence of chloride, sulphite and phosphate, silver toxicity is rapidly neutralized by organic matter and salt in biological systems (Behra et al., 2013; Xiu et al., 2011). Interestingly, it has been recently suggested that tolerance towards ionic and nanoparticulate silver could be mechanistically different with the latter affected by bacterial motility (Stabryla et al., 2021).

Optimal conditions for silver toxicity in surface applications seem to be similar to the ones that favour growth of human-associated microbes, i.e. at 35°C and 95% relative humidity (RH) whereas copper retains its antibacterial activity also at room temperature and dry conditions (Michels et al., 2009) that are more representative of indoor high-touch surfaces. 

[bookmark: _Toc89434450]Copper-based antimicrobial surfaces

Copper has a long history as an anti-infective material (Borkow, 2012; O’Gorman & Humphreys, 2012), has been used in marine antifouling applications (Rosenberg et al., 2019) and is still deployed in water safety (Stout & Yu, 2003). Copper-based applications stand out among other antimicrobial surfaces by having demonstrated antimicrobial field-use benefits in actual health-care settings (Salgado et al., 2013; Sifri et al., 2016; von Dessauer et al., 2016; Zerbib et al., 2020). 



From biological point of view, copper is a trace element required in many enzymatic processes involving redox chemistry (Karlin, 1993) but is harmful to cells in excess.  Antimicrobial properties of copper are mainly attributed to redox chemistry, Fenton-type reactions and generation of reactive oxygen species resulting in lipid peroxidation (Yoshida et al., 1993), membrane damage (Nan et al., 2008) and DNA fragmentation (Warnes et al., 2010) as well as protein damage via thiol-disulphide chemistry (Vieira et al., 1997) and replacement of other metal cofactors of proteins (Macomber & Imlay, 2009). Oxidative DNA damage seems to be a secondary effect after membrane damage and mainly periplasmic ROS attack (Macomber et al., 2007) in Gram-negative bacteria but could beneficially contribute to reducing potential horizontal transfer of  genetic elements coding antibiotic resistance and metal tolerance. 

Bacteria, fungi and viruses are inactivated on copper-based surfaces within minutes to hours (Borkow, 2012; Dauvergne et al., 2020; Grass et al., 2011) in dry test conditions resulting in shorter inactivation times and higher cellular copper uptake (Santo et al., 2011) suggesting a direct contact-killing based mechanism of action. The fact that contact killing is largely reduced by Cu(I) and Cu(II) chelators (Santo et al., 2008) adds to the already common understanding that antimicrobial activity of copper is mediated by copper ions in water environment and the same could be true in (semi-)dry test conditions.

[bookmark: _Toc89434451]Zinc-based antimicrobial surfaces

Zinc is an essential micronutrient that is incorporated into 4-10% of proteins across the domains of life (Andreini et al., 2008) but it also possesses a dose-dependent antibacterial activity at higher concentrations. Zinc toxicity towards microbes is mainly attributable to deactivation of proteins via thiol-disulphide chemistry (Harrison et al., 2009; Lemire et al., 2013) and protein binding or metal replacement (e.g., manganese starvation (Couñago et al., 2014; McDevitt et al., 2011)) resulting in impaired energy metabolism (Hosler et al., 2006; Mills et al., 2002; Ong et al., 2015), higher susceptibility to reactive oxygen species (ROS) (Eijkelkamp et al., 2014) and eventually loss of membrane potential and membrane permeabilization. Zn tolerance in higher than physiological concentrations has been demonstrated to depend on microbial species.  
C. albicans and P. aeruginosa were less sensitive to Zn toxicity than E. coli or S. aureus (Pasquet et al., 2014). 

Zinc has also been studied in the context of biofilms. Antibiofilm properties of 
Zn-based applications could partially be attributed to Zn toxicity to bacteria above physiological concentrations but in addition other biofilm-specific mechanisms could be involved. It has been proposed that sublethal Zn or Ag concentrations could inhibit biofilm formation by interfering with quorum sensing (Al-Shabib et al., 2016; García-Lara et al., 2015; Gómez-Gómez et al., 2019; Zähringer et al., 2013) or affect amyloid fibril formation (Huma et al., 2020; Yarawsky et al., 2020).

Antimicrobial action of ZnO nanomaterials is a combination of mostly Zn2+ ion release and ionic toxicity described above but also electrostatic attraction and NP adsorption to cellular material as well as light-induced ROS generation resulting in inactivation of proteins, disruption of energy metabolism, lipid peroxidation and membrane damage, DNA damage and disruption of replication (Jin & Jin, 2021; Sirelkhatim et al., 2015). 
Nano-specific effects damage bacterial cell membranes and downregulate genes associated with managing oxidative stress in S. aureus as well as upregulate genes associated with cation efflux in E. coli and P. aeruginosa and inhibit biofilm formation by E. coli, S. aureus and P. aeruginosa (Brayner et al., 2006; Dutta et al., 2012; J.-H. Lee et al., 2014; L. J. Lee et al., 2005; Pati et al., 2014; Seil & Webster, 2011) among other microbes. 

Internalization on ZnO NPs by endocytosis-incapable prokaryotes (Brayner et al., 2006) as well as abiotic ROS generation in dark conditions (Hirota et al., 2010; Lakshmi Prasanna & Vijayaraghavan, 2015) still remain debatable.

[bookmark: _Toc89434452]Photocatalytic antimicrobial surfaces

Some antibacterial metal oxides also act via light-induced generation of ROS and general organic matter degradation, including microbial cells. The most popular antimicrobial photocatalyst is TiO2 but also ZnO is widely used (Sirelkhatim et al., 2015). The fact that photocatalysis not only kills the microbes but also results in photooxidation of cellular debris (Joost et al., 2015), referring to the possibly extended efficacy of such self-cleaning surfaces. In case of ZnO, photocatalysis under UVA illumination is combined with ionic toxicity in all lighting conditions allowing multimodal applications.

Photocatalytic activity of light-activated surfaces (e.g., TiO2, ZnO, Fe2O3, ZnS, FeS2) is based on their ability to excite the electrons from valence band to conduction band creating electron–hole pairs after absorbing photons with high enough energy to exceed the band gap energy of the material (Friehs et al., 2016). The electrons (e−) and holes (h+) can either recombine or reduce/oxidize surface-adsorbed O2 and H2O to produce ROS (e.g., superoxide anion O2•- and hydroxyl radical •OH). The highly reactive ROS can partially or completely degrade organic contaminants including microbes. Doping, composites with noble metals and heterostructures are used for better charge separation to restrain e-/h+ recombination (Zaleska-Medynska et al., 2016) or overcome the restriction of a large band gap via surface plasmon resonance (Linic et al., 2011) and in both cases enhance photodegradation.

[bookmark: _Toc89434453][bookmark: _Toc96939955]Antimicrobial surface testing

To assess efficacy of an antimicrobial surfaces, one must consider material properties as well as the many variables encountered during the proposed end use of the product and choose or design an application-appropriate testing protocol. Methods used to assess antimicrobial surface efficacy, can be broadly divided into five categories described in Table 1. This division is based on test formats with similar advantages and limitations to better highlight the challenges in deciding between diffusion-based, suspension-based, thin layer, antibiofilm and simulated use methods.





























Table 1. Testing methods of antimicrobial surfaces and their advantages and disadvantages as perceived by the author.

		Diffusion-based methods



Endpoint measured: 

· extent of growth inhibition zone

Surface types: 

· release-based surfaces only
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Advantages: 

· fast and inexpensive

· suitable for solid surfaces and textiles, porous and non-porous surfaces 

· no specific equipment needed in addition to standard microbiology lab setup

Disadvantages: 

· does not simulate end use

· qualitative or only semi-quantitative

· only evaluates growth inhibition by released active ingredient and not bactericidal properties

· dependent on diffusion efficiency and water-solubility of different active ingredients

· growth agar itself might inactivate some active ingredients.


Examples: ISO 20645, AATCC 30, AATCC TM147, DIN EN 1104, 



		Suspension methods



Endpoint measured: 

· viable count of suspended microbes

Surface types: 

· release-based surfaces
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Advantages: 

· fast and inexpensive

· anti-adhesion properties can be analyzed in the same system in parallel

· liquid environment composition can be adjusted

· no specific equipment needed in addition to standard microbiology lab setup

Disadvantages: 

· does not simulate end use

· quantitative, but large volume to surface ratio decreases sensitivity


Examples: ASTM E2149



		Large surface area 

methods  



Main endpoint measured: 

· viable count of microbes retrieved from the surfaces

Surface types: 

· release-based surfaces

· contact killing surfaces

· photoactive surfaces

· multimodal surfaces
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Advantages: 

· quantitative, standardized and generally reproducible, if strictly followed

· low volume to surface ratio maximizes microbe-surface interaction

· available for both solid surfaces and textiles 

· can be modified to also test viruses

Disadvantages: 

· elaborate methods

· do not simulate end use: very humid and warm (≥90 % RH; 35-37°C) test conditions and/or unrealistically long exposures (18-24 h for textiles and solid surfaces, 4-8 h for photoactive materials)

· surface hydrophobicity/hydrophilicity can complicate testing (Perez-Gavilan et al., 2021)

· modifications to the standards prone to be influenced by microbial physiology (Wiegand et al., 2018) 

· cell retrieval methods have to be adjusted to suit each surface type of interest

· method modifications may make it impossible to fulfill pass criteria of standard tests and cause problems with testing service providers

· generally, no biologically meaningful lower threshold of antimicrobial activity is provided


Examples: ISO 22196/ JIS Z 2801/ ISO 21702, ISO 27447, ISO 20743/JIS L 1902/ISO 18184, AATCC TM100, Petrifilm methods

	



		Adhesion-based & biofilm methods



Main endpoints measured: 

· amount of biomass (crystal violet assay)

· microscopy (live/dead staining, biovolume, morphology, etc.) 

· viable count (harvesting and culturing)

Surface types: 

· anti-adhesive surfaces

· multimodal surfaces
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Advantages: 

· endpoints can be tuned to anti-adhesive and biofilm claims

Disadvantages: 

· elaborate methods

· hard to achieve relevance to end use conditions 

· often specialized and/or expensive equipment and/or respective services needed (flow reactor or flow cell systems, confocal and/or electron microscopy etc.)

· anti-adhesive approaches that prevent surface colonization by potential pathogens are not compatible with several logs kill criteria required by legislation in some fields of application 

· standardized biofilm methods use viable count as a single endpoint disregarding biomass

· often poor reproducibility due to biologically complex system

· viable, but not culturable (VBNC) microbes and extracellular DNA could cause discrepancies between cultivation and live/dead staining based endpoints   


Examples: various published protocols as well as several ASTM standard methods (e.g., E2196, E2562, E2647, E2799, E2871, E3321)



		Simulated use methods



Main endpoints measured: 

· viable count of microbes retrieved from the surfaces 

· ATP bioburden assays

· microscopy methods 

· other methods justified to substantiate an antimicrobial claim under specific conditions

Surface types: 

· release-based surfaces

· contact killing surfaces

· anti-adhesive surfaces

· photoactive surfaces

· multimodal surfaces
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Advantages: 

· quantitative methods simulating end use

· different testing approaches can be combined

· free choice of relevant microbes, inoculum density, contact time

· inoculation methods include dry or semi-dry inoculation of materials e. g. spraying, swabbing, microdroplets, printing

· testing in ambient conditions or controlled environment (humidity, temperature)

· simulated soiling and drying possible

· simulated cleaning and wear possible

· methods of inoculation and cell retrieval have to be adjusted to suit each proposed application and surface type of interest

Disadvantages: 

· expensive and elaborate methods needing consultations, method modifications, pilot tests and planning in cooperation with service provider

· might need specific equipment (e.g., climate chambers, spray systems)

· method modifications may make it impossible to fulfill pass criteria of standard tests


Examples: Interim EPA methods (EPA, 2020a, 2020b) and their predecessors issued for testing copper surfaces including the widely used and modified sanitizer surface method ; suggested simulated splash and print-inoculation method concepts in EU BPR (ECHA, 2018); examples from the literature (Knobloch et al., 2017; McDonald et al., 2020; Ojeil et al., 2013)







[bookmark: _Toc89434454]Standardized protocols and legislative requirements

In the recent European Union legislation, the Biocidal Product Regulation (BPR, Regulation (EU) 528/2012) requires that efficiency testing of products with antimicrobial claims are not only tested using standard protocols but also in application-appropriate and field conditions to demonstrate efficacy of treated articles in end use.  Guidance on efficacy testing  is methodologically vague and asks for testing approaches tailored to the specific claim to be used to assess antimicrobial efficacy of treated articles (ECHA, 2018), including surfaces and textiles. While Appendix 4 lists required pass criteria for biocides to be in the range of 4-5 log reduction during a scale of seconds to an hour, only at least 3 log kill tested in a range of times during 5 min to 1 h is required of treated articles with example claims to protect human or animal health (Table 9 (ECHA, 2018)).  Although tailored approach is required, the only thorough method suggestion is to adapt the ISO 22196 (ISO, 2011) (Table 1) to application-specific conditions with basic concepts of simulated splash and semi-dry inoculum printing to simulate hand contact only schematically illustrated. 

The ISO 22196 standard method is adopted from the Japanese industrial standard JIS Z 2801 and is to this day the only international well-standardized quantitative approach for industrial antimicrobial solid surface testing.  A very similar standard method covering both solid surfaces and textiles, ISO 27447 (ISO, 2019b), is used for photocatalytic materials while different textile-specific protocols are described for non-photoactive textiles (ISO 20743 (ISO, 2013) for antibacterial and ISO 18184(ISO, 2019a) for antiviral textiles). In practice, also the ISO 13697 (ISO, 2015) designed to evaluate microbicidal efficacy of chemical disinfectants used on non-porous surfaces has been applied to study surfaces with antimicrobial properties without the use of additional chemical disinfectants.

The ISO 22196 represents a "best-case" scenario for antimicrobial surface testing for material developers since a small amount of dilute liquid microbial inoculum is spread over a large surface area in a thin layer, incubated at body temperature and ≥90% RH for a period of 24 h. If strictly followed, this allows to compare materials and active ingredients against each other in a highly reproducible manner but is not relevant in most end-use scenarios (Campos et al., 2016; Ojeil et al., 2013). ISO 22196 test results have also been demonstrated to be heavily influenced by the often-modified factors e.g., selection of microbial species, initial inoculum density, using exponential or stationary phase cultures, dilution factor of medium used, incubation time and temperature resulting in poor interlaboratory reproducibility especially in case of moderately effective surfaces (Campos et al., 2016; Wiegand et al., 2018). 

Microbial contaminants in real life, as opposed to the aforementioned ISO method, tend to dry quickly onto surfaces under ambient conditions or are already carried over in relatively dry form not in droplets or aerosols. This limits the time that a liquid medium is available to mediate interaction between the antimicrobial surface and microorganisms. Also, much shorter exposure times than 24h would be needed to effectively avoid pathogen carryover by fomites. Instead of relatively simple “best case” scenarios of currently available standard tests, “worst-case” scenarios accounting for real-life like use conditions, drying, soiling, cleaning regimen, wearing etc. should be used for antimicrobial efficacy assessment of treated articles. Modifications to the ISO protocol that interfere with test validity conditions, e.g., less than required viability on control surfaces due to drying, might cause challenges in cooperation with large international accredited testing service providers.  

[bookmark: _Toc89434455]Towards application-appropriate tailored protocols

Silver is a good example to illustrate the importance of application-appropriate testing of antimicrobial materials. Silver, as an active ingredient, can achieve antibacterial activity towards the same strain of bacteria in up to a 1000 times different concentrations based on MBC values, depending on the liquid test environment and its organic content and the concentration of respective ions (Suppi et al., 2015). Therefore, its efficacy as 
an active ingredient and in respective treated articles can be, both substantially overestimated or underestimated depending on test media used or organic soiling applied to a surface. And even if silver salt or Ag NPs are efficient against bacteria in liquid suspensions, silver might still utterly fail as an antimicrobial surface when tested in application-appropriate dry conditions as opposed to more efficient copper based surface (Knobloch et al., 2017; Michels et al., 2009; Villapún et al., 2018). Interestingly,   copper salt and Cu NPs were less potent than silver in liquid suspensions (Suppi et al., 2015). 

Active ingredients in antimicrobial surface applications therefore do not possess a constant value of antimicrobial activity. On the opposite, antimicrobial properties of different treated articles with the same active ingredient can have very different antimicrobial efficacy depending on their field use conditions and microbial species encountered. These conditions must be critically evaluated and simulated in efficacy testing to really measure antimicrobial efficacy of the surface in a proposed application and not the testing system itself.

Tests, more tailored to touch surface specific conditions are available. For example the U.S. Environmental Protection Agency (EPA) has issued methods for testing copper touch surfaces (EPA, 2020a) and lately widened the scope to other hard non-porous surfaces (EPA, 2020b) allowing for shorter exposure times, drying, organic soiling, simulated wear, repeated inoculation etc. A 3-log reduction in bacterial viability during 1-2h is required to apply for public health claims (EPA, 2021). Other approaches can be found in the literature. For example, semi-dry aerosolization of the initial inoculum might be considered (McDonald et al., 2020; Ojeil et al., 2013). Such methods, while closer to end use scenarios are still heavily dependent on ambient conditions. For example, although it is generally recognized that drying of the inoculum has an effect on microbial viability (Lin & Marr, 2020) and it is an important part of simulated touch-surface test methods, the actual drying of an inoculum droplet is more complicated and dependent on RH. Differences in RH affect efficacy of some surface types more than others. For example, Michels et al. have demonstrated that copper alloys retained their antimicrobial activity towards methicillin‐resistant S. aureus at >90%, 35% and 20% RH while silver surfaces that were highly efficient at >90% RH completely lost antimicrobial activity at the lower RH values (Michels et al., 2009).  It is not only indoor ambient RH that varies in wide range, but it can also be complicated to control RH using conventional approaches such as deploying humidity chambers with saturated salts, especially in case of short sequential time points (Redfern et al., 2018). Furthermore, residual microscopic surface wetness may affect bacterial viability on surfaces (Grinberg et al., 2019) and different soiling agents, for example heavily glycosylated mucins in respiratory droplets may offer protection against reduction in infectivity due to drying (Yang et al., 2012). 

Organic soling is an important variable in testing protocols ranging from 500x diluted nutrient broth in ISO 22196, elaborate formulation of mucin, bovine serum albumin (BSA) and yeast extract in EPA methods to only BSA or fetal bovine serum (FBS) mimicking ‘dirty’ conditions in various standardized and literature sources. While analogously to growth medium presenting protective effect towards bacterial viability versus water in case of silver toxicity (Suppi et al., 2015), organic soiling is generally expected to reduce antimicrobial activity of surfaces. However, there are surprising deviations from this generalization. For example, copper surfaces have been shown to present faster antimicrobial activity when exposed to aerosols containing microbes and BSA (Ojeil 
et al., 2013). This either hints at different mechanisms of action of silver and copper or different toxicity-modifying effect of growth medium and BSA.

Antimicrobial activity is also heavily dependent on the selection of microbial species and strain even if the same testing protocol is used (Campos et al., 2016; Koseoglu Eser et al., 2015). In standardized protocols at least and Gram-negative and a Gram-positive species are used to substantiate antimicrobial claims, sometimes with an addition of a yeast, usually C. albicans. In the ISO standards E. coli, K. pneumoniae and S. aureus are indicated while US protocols tend to prefer P. aeruginosa and S. aureus.



With a few rare exceptions (Dauvergne et al., 2020; Knobloch et al., 2017; Różańska et al., 2017) complex approaches considering multiple test variables are not routinely used, especially on publications describing novel materials and applications.

All the above suggests that comparison against reference surfaces with relatively well-described efficacy or the ones widely used in the field of application might produce more comparable results than individual antimicrobial activity values for different materials from different laboratories even if modifications of the same method are used to tailor the approach to any given application. Considering that here is a conflict of interest built in the “worst case” application-appropriate lab simulations as they are generally expected to result in lower antimicrobial efficacy than the “best case” scenario of ISO 22196, this clearly puts the focus on enforcing end-use simulations prior to allowing products to the market by the legislative systems.

[bookmark: _Toc89434456]Biofilm viability assessment and surface testing

Different antimicrobial approaches can be applied to eradicate excisting biofilms but as the biofilms are less susceptible to antimicrobials than their planktonic counterparts inhibition of surface colonisation could be considered even more important than inactivating planktonic microbes by surface materials in various applications including high touch surfaces. 

The extracellular matrix, not viable cells, can make up most of the volume of a mature biofilm (Flemming & Wingender, 2010). The amount of biofilm biomass, if sufficiently present, can be easily evaluated by the crystal violet assay (Christensen et al., 1985; Merritt et al., 2005) and can be used to evaluate biomass buildup. However, during initial attachment of microbes to the surfaces not much biomass is present and viable microbes are needed for both further biofilm formation and/or carryover of potential pathogens by the colonized surfaces. That is the reason why the few standardized biofilm methods that have been developed relevant to the context of antibiofilm surfaces efficacy assessment disregard biomass and biovolume and rely on plated viable counts. Viable counts, the gold standard of microbiology, depend on viable cell harvesting efficiency and dispersion of harvested aggregates prior to cultivation (Kobayashi et al., 2009; Mandakhalikar et al., 2018) and cultivability of the microbes (Chavez de Paz et al., 2008; Li et al., 2014). Despite the limitation, it has been lately demonstrated that CFU counts offer better reproducibility and responsiveness to different levels of efficacy of antibiofilm treatment than crystal violet or resazurin in microtiter plate format (Allkja et al., 2021). qPCR (Àlvarez et al., 2013; Nocker & Camper, 2009) or flow cytometry combined with fluorescent stains (Cerca et al., 2011) could be considered to complement for some of the limitations of cultivation.

Confocal laser scanning microscopy (CLSM) has made it possible to directly observe the distinct biofilm architecture (Lawrence et al., 1991). Different staining methods have been applied to visualize structurally or functionally important components of biofilms as well as to evaluate metabolic activity or proportion of viable and dead cells and their localization in an undisturbed biofilm (Azeredo et al., 2017). One of the newest and promising addition to the CLSM toolbox are non-toxic fluorescent tracer molecules (e.g., the ones developed by Ebba Biotech AB (Butina et al., 2020; Choong et al., 2016)). Viability staining with intact membrane-impermeable DNA-binding stains (e.g., propidium iodide) and spectrally suitable membrane permeable counter-stains (Boulos et al., 1999) has been the most exploited for in situ viability assessment of biofilms via microscopy. 
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Although ZnO and Ag NPs have shown great potential in antimicrobial applications, less is known about nano-enabled surfaces and combined antimicrobial effects of multimodal surfaces. Methods for studying antimicrobial surfaces in general largely rely on planktonic cultures and/or effects of released active agent and less on direct microbe-surface interactions. To address both challenges, main aims of the current thesis were twofold. 

Firstly, we aimed to suggest methodological improvements to the current best-practice analysis methodologies by:



· adapting luminescent biosensor bacteria to measure microbe-surface interaction in situ.

· critically evaluating the appropriateness of selected bacterial viability assays to study microbe-surface interactions and biofilms.



[bookmark: _Hlk86078105]Secondly, our goal was to improve the currently developed antimicrobial surface coatings by:  



· characterizing microbe-surface interactions in response to multimodal metal-based antimicrobial surface coatings beyond the ISO test format and use that knowledge to improve the antimicrobial surface design.

· assessing antimicrobial and antibiofilm properties of novel proof-of-concept nano-ZnO and nano-ZnO/Ag enabled solid surfaces based on metal toxicity and photocatalytic activity.
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I used the following experimental methods that are described in detail in the indicated publications.



· Luminescence measurement from copper-exposed bacteria in microplate format or from copper and copper-alloy surfaces using E. coli transgenic 
Cu-biosensor strain in multiplate format and in situ, respectively for bioavailable copper content estimation in direct surface contact (I).

· In situ and on-filter epifluorescence microscopy of mono- or double-stained early-stage biofilms (II, IV).

· Viability staining of planktonic and/or sessile microbial cells based on membrane integrity (propidium iodide, Syto9) or enzymatic activity (fluorescein diacetate) (II, IV).

· Harvesting microbial biofilms via ultrasonication, optimization of the method (II, IV).

· Microbial attachment and biofilm formation monitoring in oligotrophic conditions and growth medium using viable counts of harvested biofilm bacteria (II, IV).

· Flow cytometry of harvested and fluorescently stained microbial cells (II).

· DNase I treatment of bacterial biofilms for degradation of extracellular DNA (II).

· Confocal laser scanning microscopy of fluorescently stained biofilms (II, IV).

· Evaluation of antibacterial activity of photocatalytic surfaces in multiple time points using in-house modification of combined ISO22196/ISO27447 standard protocols for solid surface testing with thin layer of microbial suspension (III).

· Evaluating ionic Zn toxicity in surface test conditions based on the above protocol (III). 

· Cultivation of microbes for viability estimation (I-IV).

· Statistical analysis, including correlation, two-tailed Student’s t-test, one-way and two-way ANOVA analysis with appropriate post-hoc tests at α=0.05 performed in either R or GraphPad Prism (I-IV). 
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To provide a methodological overview of the publications used in the current thesis, combinations of the main methods contributed by the author, surface types and test organisms used in the publications are summarized in Table 2.



Table 2. Overview of the surfaces, target organisms, test environment used, and main methods contributed by the author in publications I-IV.

		Paper

		Anti-microbial ingredient

		Main method

		Viability endpoint

		Test medium

		Test organism



		I

		Copper and copper alloy coupon surfaces

		Planktonic: surface incubation with bioluminescent bacterial biosensors

		Bioluminescence measurement in plate format;

CFU counts



		LB

		E. coli MC1061 (pSLcueR/pDNPcopAlux)

E. coli MC1061 (pDNlux)



		II

		None, 
uncoated glass substrate

		Biofilm formation in static system;

viability staining, epifluorescent microscopy, 
flow cytometry

		Fluorescent signal count;

CFU count

		PBS

		E. coli MG1655

Staphylococcus epidermidis DSM 20044



		III

		Nano-ZnO or nano-ZnO/Ag on glass substrate



		Planktonic: modified ISO22196/ISO27447 (antibacterial activity of photocatalytic materials)

		CFU count

		500x diluted nutrient broth in deionized water

		E. coli MG1655

S. aureus ATCC25923
C. albicans CA14



		IV

		

		Biofilm formation in static system; epifluorescent microscopy

		CFU count

		Oligotrophic: 500x diluted nutrient broth in synthetic tap water; 
Growth media: LB, YPD

		E. coli MG1655

S. aureus ATCC25923
C. albicans CAI4










[bookmark: _Toc96939959]Bacterial biosensors in rapid in situ screening of copper-based antibacterial surfaces (Publication I).

Recombinant bioluminescent viability indicator and metal-induced sensor strains of 
E. coli have been successfully used for rapid evaluation of bacterial viability and metal bioavailability of soluble metal salts and NP suspensions (Bondarenko et al., 2013; Ivask et al., 2009).  In case of solutions or suspensions usually homogenous distribution of metal ions and/or NPs is expected or achieved by e.g., ultrasonication, and analysis is easily carried out in multiwell plate format. In the current study we aimed to adapt the bioluminescence assay for in situ surface screening to measure not only antibacterial effect of released metal ions but also microbe-surface interactions. 



Main results:

· Recombinant bioluminescent E. coli copper biosensor system was successfully optimized to be used for rapid in situ antimicrobial surface screening.

· Decrease in bioluminescence of constitutively expressing E. coli strain on copper-based surfaces showed a good correlation with viable counts.

· Bioluminescence intensity of inducible copper biosensor was in correlation with copper content in copper alloy surfaces and not with amount of copper released from the material indicating a major role of direct microbe-surface interactions on antimicrobial copper-based surfaces in addition to release of copper ions.

· Biosensor performance was dependent on medium of choice and amount of inoculum.



Discussion

In this publication we present a quick and robust method for measuring both antimicrobial properties (“lights off”; Fig. 5, left) of solid surfaces as well as sub-lethal interactions (“lights on”, Fig. 5, right) of copper-based materials and biosensor E. coli cells. The method deploys a non-disruptive real-time in situ luminescence read-out at room temperature that can measure both a decrease in bioluminescence of the “lights off” strain due to bactericidal effects of the tested surfaces and an increase in bioluminescence of the “lights on” strain due to release or direct contact and bioavailability of active antimicrobial ingredient. The test format could be coupled to more time-consuming traditional plate counts and released active ingredient quantification as a reference. This enables the method to be used as a robust and easily up-scaled screening tool in material development phase. Here we used an E. coli strain sensing copper ions, but biosensor strains for other metal ions (Ivask et al., 2009) or intracellular stress conditions (Bondarenko et al., 2012) providing mechanistic information on microbe-surface interactions etc. can be adapted to specific needs.

Although it is a planktonic test using short incubation with liquid culture, we were able to demonstrate surface effect as copper biosensor signal intensity was correlated with material copper content and not the amount of copper released from the surfaces. Similar correlation with material copper content has been observed also by Różańska 
et al. (Różańska et al., 2017). This effect is possibly caused by direct microbe-surface interactions and variable local Cu ion concentration in bacterial microenvironments as opposed to instrumentally measured released copper concentration providing a mean value in the test system. Thus, these direct interactions can only be registered in situ and not using e.g., surface eluates that only represent released ion proportion of the antibacterial properties of copper surfaces.

[image: ]

Figure 5. Working principle of bacterial viability control strain and inducible sensor strain in the bioluminescence assay. Viability control strain (left) constitutively expresses luxCDABE resulting in luminescence (yellow cell) and loses luminescence intensity with increase of toxicant (e.g., metal ions) and decrease in bacterial viability (“lights off”). Inducible sensor strain (right) does not initially express luminescence (grey cell) and demonstrates concentration-dependent increases in luminescence intensity at sublethal metal concentrations (“lights on”). Combining the two E. coli strains relative bioavailable metal concentrations can be assessed against solutions with known concentrations of soluble metal salts in otherwise identical conditions. In this publication copper biosensor E. coli [pSLcueR/pDNPcopAlux] and constitutively expressing E. coli [pDNlux] were used.



Although the test format presents an easy and fast method for the characterization of metal-based antimicrobial surfaces, limitations of the method should be taken into account e.g., that it is metal-dependent promotor activity of the E. coli biosensor strain that causes bioluminescence read-out and not directly extracellular total or intracellular bioavailable copper concentration. The set-up also requires the use of a reference assay based on known concentrations of soluble metal ions for calibration to measure relative bioavailability in otherwise identical setup. Another limitation of the method is its usability in different media. Bioluminescence signal production is an energy-extensive process, needs liquid environment and is not supported in nutrient-poor test environments such as water or extremely diluted nutrient broths used in ISO methods such as ISO 22196. Minimally complexing media can be used to increase sensitivity of the method and metal-complexing organic-rich culture media, such as LB in this publication, can be used to analyse metal surfaces that have too high antibacterial activity to measure sub-toxic effects in non-complexing media. One has to also consider that different media not only differ in their metal complexing properties and thus affect metal toxicity but also affect metal release from the surface materials as demonstrated by us in this study and others (Hans et al., 2013; Käkinen et al., 2011; Molteni et al., 2010).



Main conclusion:

Recombinant bacterial biosensors can be used for rapid screening of antimicrobial surface materials and in situ measurement of luminescence reveals sub-lethal surface contact effects that could not be observed using surface eluates. 

[bookmark: _Toc89434461][bookmark: _Toc96939960]In situ biofilm viability staining with propidium iodide (Publication II)

Membrane integrity based in situ fluorescent viability staining is widely used for biofilm visualization in microscopy as well as for quantitative viability evaluation and assessment of antibiofilm intervention efficacy as it allows for studying undisturbed biofilms (Azeredo et al., 2017). Working principle of Syto9 and  propidium iodide (PI) or similar combinations of membrane-permeable and impermeable DNA stains, respectively, is based on the assumption that nucleic acids in a viable cell are surrounded by intact membrane impermeable to stains such as PI (Boulos et al., 1999). While this largely applies to planktonic cultures, extracellular DNA (eDNA) is a well-known phenomenon in biofilms since Whitchurch et al. (Whitchurch, 2002) and is in many cases critically needed for biofilm formation (Okshevsky & Meyer, 2015) or even actively secreted resulting in enhanced biofilm formation (Zweig et al., 2014). We aimed to investigate if PI can stain viable adherent bacterial cells and therefore cause underestimation of biofilm viability using double-staining with PI and Syto9.



Main results:

· In situ double-staining with PI and Syto9 dramatically underestimated E. coli and S. epidermidis initial biofilm vitality and viability compared to fluorescein diacetate (FDA) staining and CFU counts, respectively. Quantitative results are summarized in Table 3.

· Red (PI) to green (Syto9) staining ratio was reversed after harvesting biofilm cells by ultrasonication suggesting that the component staining red in situ was in the ECM of the biofilms and was removed during harvesting of biofilm cells.

· CLSM revealed double-staining of individual adherent cells with green (Syto9) interiors and diffuse extracellular red corona (PI).

· Double-staining with DNA-binding Syto9 and amyloid stain Congo red resulted in similar staining pattern illustrating possible spatial energy transfer from intracellular green signal to extracellular red signal masking the former.





		Table 3. Viability estimates of identical 24 h biofilms acquired with different methods. Each coloured cell denotes 5% of total cellular signal count (red – dead; green – viable; grey - leftover proportion of estimated total cell count in a sample).



		

		In situ staining with

PI+Syto9

		In situ

FDA vs PI+Syto9 total count

		Harvested,

PI+Syto9,

on filter

		Harvested,

PI+Syto9,

flow cytometry

		Harvested, plate count vs PI+Syto9 total count on filter



		E. coli
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		S. epidermidis
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Discussion

The presented results not only demonstrate that PI-staining can underestimate biofilm viability but also give a quantitative assessment of the potentially dramatic effect. 
The presence of extracellular nucleic acids and eDNA in particular, although speculated to interfere with PI-staining before (Gião & Keevil, 2014; Vilain et al., 2009), is still largely overlooked in publications using viability staining of biofilms. Since our study of biofilms formed in extremely oligotrophic conditions (in PBS), underestimation of viability using PI has also been demonstrated in rich growth medium (Kragh et al., 2019) which suggests a more universal critical flaw in viability staining with DNA-binding dyes on biofilms. 

Our CLSM results demonstrating green fluorescing cell interiors (Syto9) surrounded by diffuse red PI corona look similar to what has been found but not quantified in previous publications (Gallo et al., 2015; Vilain et al., 2009). This double-staining pattern is visualized in the middle scenario on Fig. 6 above as opposed to cells with damaged membranes (left) and intact ones (right). The inset illustrating excitation/emission spectra of PI and Syto9 offers insight to why the double-stained cells look red in epifluorescence microscopy while revealing green interiors in CLSM. It might be due to the fact that Syto9 emission largely overlaps with PI excitation wavelengths thereby enabling spatial energy transfer.

[image: ] Interestingly, similar staining pattern in epifluorescence microscopy was detected for combining Syto9 with Congo red (Supplementary Fig. 12 in Paper IV). Congo red is an amyloid stain binding to surface-associated amyloid fibres with similar excitation/emission characteristics to PI but not competing for nucleic acid binding.



Figure 6. Working principle of viability staining with intact membrane impermeable propidium iodide (PI) and membrane-permeable Syto9 and proposed mechanism for PI/Syto9 double-staining. Excitation (dotted lines) and emission (filled areas) spectra of both stains generated by Thermo Fisher Fluorescence SpectraViewer demonstrating overlap of Syto9 emission (blue fill) and PI excitation (orange dotted line) is shown in the top right corner. 





On one hand it confirms the energy transfer hypothesis with extracellular Congo red signal masking the intracellular Syto9 signal similarly to PI but without competition to bind DNA. On the other hand, it suggests that there might be a shared cause for similar staining patterns. Indeed, it has been shown that SAFs can bind eDNA and eDNA can enhance SAF formation (Fernández-Tresguerres et al., 2010; Gallo et al., 2015; Nicastro et al., 2019; Schwartz et al., 2016). Thereby, SAF could mediate eDNA binding to bacterial cell walls. Amyloid proteins are known to be associated with DNA conformational change from right-handed B-DNA to left-handed Z-DNA (Hegde et al., 2004; Suram et al., 2002; Yu et al., 2007). It has been recently confirmed that B-DNA to Z-DNA conversion of eDNA is also occurring during biofilm maturation of several bacterial species (Buzzo et al., 2021) and could thereby also negatively affect PI-staining of eDNA in mature biofilms based on PI similarity to ethidium bromide (Walker et al., 1985). The latter indicates that discrepancies in viability staining with DNA-binding stains could be dependent not only on the presence of eDNA, but also the stage of biofilm development.



Main conclusion:

Membrane integrity based viability staining using nucleic acid stains such as PI, although widely used on biofilms, can dramatically underestimate viability of adherent bacterial cells. If used, caution should be taken in result interpretation and proper viability controls should be used.




[bookmark: _Toc89434462][bookmark: _Toc96939961]Antimicrobial and antibiofilm properties of solid surfaces coated with nano-ZnO or nano-ZnO/Ag (Publications III, IV)

Antimicrobial properties of ionic silver and zinc as well as Ag and ZnO NPs are well known and widely published but generally tested as respective salt solutions or NP suspensions with uniform ion/particle distribution in the test system. Our aim was to characterise antimicrobial and antibiofilm properties of nano-ZnO and nano-ZnO/Ag covered solid surfaces as a proof-of-concept for further antimicrobial high-touch surface development and to assess optimal coating densities of such surfaces.



Main results:

1. The nano-ZnO and nano-ZnO/Ag covered surfaces showed antimicrobial activity in both dark and UVA-exposed conditions using 500x diluted nutrient broth and thin layer planktonic method (modified ISO 27447, illustrated on Fig. 7).



· Antibacterial dose effect was demonstrated in dark and UVA-exposed lighting conditions for both NP surface coverage densities and Ag content. 

· Photocatalysis and higher Zn dissolution contributed to antibacterial action during UVA-exposure.

· Due to the lack of photocatalysis and lower Zn dissolution antibacterial efficacy in dark conditions was generally lower than with UVA exposure. Higher Ag dissolution contributed to antibacterial action in dark conditions.

· S. aureus was more sensitive to surface-bound ZnO and E. coli to Ag in dark conditions, although E. coli appeared more sensitive to ionic Zn in respective salt exposure.

· Antifungal activity against C. albicans was negligible with < 1 log maximal reduction in viable count after 1 hour, regardless of lighting condition.

· Dense coverage nano-ZnO and sparse coverage nano-ZnO/Ag 
(2.7 mol% Ag) surfaces were the most effective. 



2. The nano-ZnO and nano-ZnO/Ag covered surfaces demonstrated selective medium-dependent antibiofilm properties in static system under dark ambient conditions.


· Surfaces inhibited E. coli and S. aureus biofilm formation in oligotrophic conditions (500x diluted nutrient broth in synthetic tap water, nor supporting exponential growth).

· Nano-ZnO surfaces enhanced C. albicans biofilm formation in oligotrophic conditions. Such enhancement was eliminated by Ag.

· Antibiofilm properties were accompanied by antibacterial properties towards planktonic bacteria and could be attributed to general metal toxicity.

· Antibiofilm effects were minor to non-existent in growth medium (organics rich, supporting exponential growth). 

· [image: ]Liquid manipulation steps during sample preparation reduced biofilm biomass and may potentially introduce bias to comparison of biofilms formed in different conditions (e.g., treatment vs control).


Figure 7. Scheme of modified ISO 27447 method. Surfaces are suspended above wet filter paper 
(by a glass U rod) and the Petri dishes are covered by lids in dark conditions (left panel) or by 
UVA-transmissive borosilicate glass exposed to UVA light (middle panel). Bacterial suspension is evenly distributed across the surfaces of interest by UVA-transmissive polyethylene cover film. Cells are extracted from the exposed surfaces using a toxicity neutralizing medium, serially diluted in PBS and drop-plated for counting (right panel). 


Discussion

It is generally regarded, that silver tends to be more toxic to Gram-negative bacteria than Gram-positive bacteria. Our results follow the same trend in both thin layer exposure (Publication III) and static biofilm test (Publication IV) with E. coli being more susceptible to Ag than S. aureus. This could be explained by differences in the cell wall and 
Gram-positive bacteria having less exposed membrane and more of the negatively charged silver ion trapping peptidoglycan and teichoic acids on the cell surface. 

There also seems to be a consistent trend of S. aureus being more susceptible to 
zinc-based surfaces in dark exposure than E. coli although ionic zinc was more toxic to 
E. coli in thin layer mock exposure (Publication III, Supplementary Fig. S5). Free ZnO NPs have also been demonstrated to be more toxic to S. aureus than E. coli (Wahab et al., 2012). We cannot yet offer an experimental explanation to this phenomenon and it needs to be studied further, but we propose that there is a combined effect of two mechanisms of action to account for. Firstly, surface-specific antimicrobial activity arising from direct microbe-surface interaction that could be suspected from the fact that nano-ZnO surfaces were more toxic to S. aureus and C. albicans than the corresponding released Zn concentration (Publication III, Fig. 5). Secondly, it is possible that ZnO NPs produce ROS without photoactivation (Lipovsky et al., 2009; Sun et al., 2019) resulting in respective antimicrobial activity (Hirota et al., 2010; Lipovsky et al., 2011). Hydrogen peroxide that has antibacterial activity due to the formation of ROS is generally more toxic to Gram-positive than Gram-negative bacteria (McDonnell & Russell, 1999). Hence, ROS formation on nano-ZnO surfaces without photoactivation would explain lower viability of S. aureus on nano-ZnO surfaces than in the corresponding released Zn concentration (Publication III, Fig. 5). Availability of both Mn and Zn are limited in host organisms resulting in nutritional immunity and impaired defensive response against host immune system, especially ROS-response of S. aureus (Gaupp et al., 2012). On the other hand, also Zn excess has been described to interfere with manganese transport resulting in Mn starvation that can lead to impaired ROS response, a system well described for Streptococcus pneumoniae (Eijkelkamp et al., 2014; McDevitt et al., 2011; Morey et al., 2015). No change in ROS response (Raghupathi et al., 2011) or even 
down-regulation of ROS response (Pati et al., 2014) upon ZnO NP exposure has also been described for S. aureus suggesting possible presence of similar metal binding competition. 

Combining ZnO, silver and UVA exposure could therefore target a wider range of microbial species in close contact wet conditions (Publication III), lead to biofilm formation inhibition and control of planktonic viability (Publication IV). 



Main conclusion

Nano-ZnO and nano-ZnO/Ag covered surfaces offer rapid dual-action antibacterial activity with >2 logs decrease in viability of E. coli and S. aureus by combining metal ion toxicity with photocatalysis. Combination of ZnO and Ag grants a more uniform activity against Gram- positive and Gram-negative species with differing metal ion sensitivity. Antimicrobial and antibiofilm properties of the surfaces depend on both, surface coating composition and test media while ZnO potentially enhances biofilm formation by 
C. albicans in oligotrophic medium. The latter effect is counteracted with the addition of Ag. 

	




5. [bookmark: _Toc89434463][bookmark: _Toc96939962]CONCLUSIONS

The principal findings of the present thesis are:



1. In situ application of bioluminescent sensor bacteria offers better insight into sublethal contact-driven effects of antibacterial release-based copper surfaces than measuring the amount of copper released from the surfaces during exposure (I). 

2. Antimicrobial activity of release-based solid surfaces cannot be predicted solely from the amount of released agents due to direct contact effects (I, III)

3. Methods developed for studying planktonic bacteria can in some cases be successfully applied to microbe-surface interactions (I) but special consideration has to be given to adapt planktonic methods to study biofilms as they can produce false results (II).

4. Membrane-integrity based viability staining of biofilms with DNA-binding dyes can dramatically underestimate biofilm viability, possibly due to extracellular nucleic acids (II).

5. Combining release-based and photocatalytic agents on solid surfaces improves overall antimicrobial activity of nano-coated surfaces (III). Combination of ZnO and Ag acting via release of ionic Zn and Ag as well as photocatalytic properties of ZnO presented highest efficacy.

6. Biofilm formation depends on liquid environment used and can be enhanced or decreased by surface coating depending on the type of microorganism used for testing (IV).

7. Antimicrobial and anti-biofilm efficiency is very different towards bacteria and fungi; therefore, different and fit for purpose organisms should be used for antimicrobial testing of the surfaces (III, IV).
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Microbial interactions with inanimate solid surfaces: a methodological approach

In the face of rapid spread of antimicrobial resistance and potential pathogen carryover by contaminated surfaces in health care settings, food industry, public spaces etc., passive antimicrobial strategies, such as antimicrobial surface coatings, are often seen as an additional tool to reduce bioburden in critical applications and mitigate spread of the aforementioned threats. However, while antimicrobial materials are incorporated to and successfully marketed as consumer products, their use in critical applications in health care and industry has been more cautious. This is largely due to the challenges of translating laboratory results to real-life benefits of the costly materials as well as gaps in standardization and legislation. Methods for studying antimicrobial surfaces in general historically largely rely on planktonic cultures and/or effects of released active agent not the actual surface in more application-appropriate conditions. 

More specifically, while various metal-based nanoparticles have shown great potential in antimicrobial applications under standard laboratory conditions, less is known about nano-enabled surfaces and combined effects of multimodal surfaces. 
The main aims of the current thesis were twofold. We aimed to critically evaluate the widely used methods measuring viability of surface-associated microbes and adapting metal-sensing bacterial biosensors to in situ surface analysis to enable a more mechanistic approach to studying antimicrobial surfaces. Additionally, we aimed to characterise antimicrobial properties of novel proof-of concept nano-ZnO and nano-ZnO/Ag based surfaces in a biologically meaningful way.

In the current thesis two methods were assessed to study microbe-surface interactions. Firstly, recombinant luminescent bacterial biosensor strains were adopted to quantitatively evaluate sublethal effects of copper on copper and copper-alloy surfaces in situ. It was demonstrated that the copper biosensor signal intensity was correlated with material copper content and not the copper concentration in the test medium caused by copper ions released from the surfaces. This clearly indicates the importance of direct contacts between the cells and the surface in antimicrobial applications and respective testing protocols. 

Secondly, bacterial viability staining with nucleic acid stains propidium iodide and Syto9 was assessed for predicting viability of initial biofilms of Escherichia coli and Staphylococcus epidermidis in oligotrophic conditions. A critical limitation of the widely used method was revealed as the viability staining method dramatically underestimated both enzymatic activity as well as cultivability of the biofilm cells. We propose that this caveat could be caused by extracellular nucleic acids in biofilms. The finding illustrates the need for thorough validation of methodology when applying methods designed for planktonic cultures to biofilms.

 To further assess the antimicrobial efficacy of novel proof-of concept nano-ZnO and nano-ZnO/Ag based surfaces we deployed a widely used industrial standard approach based on ISO 22196/ISO 27447 followed by characterization of antibiofilm properties in high nutrient and oligotrophic conditions. It was demonstrated that the nano-ZnO and nano-ZnO/Ag covered surfaces offered rapid multimodal antibacterial activity against 
E. coli and Staphylococcus aureus by combining metal ion toxicity and photocatalysis. Antimicrobial and antibiofilm properties of the surfaces depended on both, surface coating composition and test media with better biofilm inhibition in oligotrophic conditions compared to growth medium with high organic content. While the surfaces were clearly antibacterial, they had negligible effect on the potentially pathogenic 
yeast Candida albicans viability and nano-ZnO even enhanced biofilm formation by 
C. albicans in oligotrophic environment. The latter highlights the need to not only 
choose application-appropriate test methods but also the test species beyond the usual 
Gram-negative and Gram-positive bacteria.

In conclusion the current thesis highlights the need to find ways for better efficacy assessment of antimicrobial surfaces in more application-relevant conditions taking into account also direct cell-surface interactions and test organism specificity and to validate planktonic methods use on biofilms more thoroughly to avoid false viability estimates and overestimations of efficacy.
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Mikroobide interaktsioonid tahkete eluta pindadega: metoodiline käsitlus

Arvestades antibiootikumiresistentsuse kiiret levikut ja võimalike haigustekitajate ülekandumist saastunud pindade kaudu tervishoiuasutustes, toiduainetööstuses, avalikus ruumis jne, käsitletakse passiivseid mikroobivastaseid strateegiaid, näiteks mikroobivastaseid pinnamaterjale, sageli täiendava vahendina haigustekitajate leviku piiramiseks kriitilise tähtsusega rakendustes. Kuigi selliseid materjale kasutatakse ja turundatakse edukalt laiatarbekaupades, on nende kasutuselevõtt tervishoiuvaldkonnas ja tööstuses olnud tagasihoidlikum. Kasin huvi on suuresti tingitud lisakulust tootjale ja tarbijale, raskustest laboratoorsete testide tulemuste tõlgendamisel saadavasse kasusse lõppkasutuses ja puudustest meetodite standardiseerimises ning metoodika  kasutamist reguleerivates õigusaktides. Mikroobivastaste pindade efektiivsuse hindamise meetodid põhinevad ajalooliselt suuresti mikroobide vedelkultuuridel ja/või vabanenud toimeaine mõju kaudsel hindamisel, mitte pinna mõju hindamisel rakendusspetsiifilistes, toote lõppkasutust imiteerivates tingimustes. Puutepindadel nagu uksenupud, tööpinnad, käsipuud, klaviatuurid jne on keskkond võrreldes enamkasutatud meetoditega kuivem, jahedam ja toitainevaesem.  Enim toodetakse hõbedal ja vasel põhinevaid mikroobivastaseid materjale, sh nanotehnoloogilisi. Kuigi metallipõhised nanoosakesed on näidanud suurt potentsiaali mikroobivastastes rakendustes laboritingimustes, on neil põhinevate nanotehnoloogiliste ja multimodaalsete pindade toimet vähem uuritud. 

Käesoleva töö eesmärgid võib tinglikult jagada metoodilisteks ja praktilisteks. 
Esiteks, soovisime hinnata laialdaselt kasutatavate meetodite kohasust pinnale kinnitunud mikroobide elumuse mõõtmisel ja kohandada pinnaefektide uurimiseks rekombinantsete metallitundlike bakteriaalsete biosensorite testformaati. Teiseks, soovisime iseloomustada uudsete multimodaalsete ZnO ja ZnO/Ag nanoosakestega kaetud pindade mikroobivastaseid omadusi. 

Metoodilises osas kohandati rekombinantsete luminestsentseeruvate Escherichia coli biosensorite katseskeem signaali kiireks mõõtmiseks söötmetilgas otse testitava materjali pinnalt. See võimaldas hinnata kvantitatiivselt vase ja vasesulamite subletaalseid mõjusid bakteritele pinnaformaadis. Vase biosensori signaali intensiivsus korreleerus pinnamaterjali vasesisaldusega, mitte pinnalt vabanenud vaseioonide kontsentratsiooniga katsekeskkonnas. Sellest järeldub bakterirakkude ja pinna vaheliste otsekontaktide olulisus  mikroobivastastes rakendustes ja vastavates testprotokollides. 

Samuti kasutati kahel erineva membraaniläbivusega fluorestseeruval nukleiinhapetele seonduval värvil propiidiumjodiidil ja Syto9-l põhinevat meetodit, et hinnata tahkele pinnale kinnitunud E. coli ja Staphylococcus epidermidise biokilerakkude elujõulisust ja elumust toitainevaestes tingimustes fluorestsentsmikroskoopia abil. Laialdaselt kasutatava elumuse mõõtmise meetodi puhul ilmnes kriitiline puudus, sest meetod alahindas oluliselt nii rakkude ensümaatilist aktiivsust kui ka pinnalt eraldatud rakkude paljunemisvõimet ja ei sobi seetõttu kasutatud tingimustel elumuse ega elujõulisuse hindamiseks. Kuna peale rakkude pinnalt eraldamist sonikeerimise teel andis värvimine kõrgema elumushinnagu kui pinnal värvides, järeldasime, et nähtust võib põhjustada propiidiumjodiidiga värvuv komponent biokile rakuvälises maatriksis. Erinevalt vedelkultuuridest, on rakuvälised nukleiinhapped hästi teadaolev biokile rakuvälise maatriksi komponent, mis asub rakkude vahetus läheduses. See võib biokilerakkude propiidiumjodiidiga värvimise korral põhjustada elusate rakkude punast fluorestsentsi sarnaselt kahjustunud membraaniga surnud rakkudele vedelkultuuris. Leid illustreerib vajadust metoodika põhjalikuma valideerimise järele, kui biokilede uurimisel rakendatakse vedelkultuuridele optimeeritud meetodeid. 

Praktilise väljundina valiti ZnO ja ZnO/Ag nanoosakestega kaetud uudsete multimodaalsete pindade mikroobivastase efektiivsuse hindamiseks esmaseks meetodiks tööstuses laialdaselt kasutatav ja mikroobivastase tootega turule tulemisel nõutav standardmeetod. Meetod põhineb bakterisusupensiooni tilga eksponeerimises pinnale kattekile all õhukese kihina toitainevaeses keskkonnas. Nii tagatakse suurem testitava pinna ja bakterisuspensiooni mahu suhe, mis võimaldas näha ka otsekontaktist tulenevaid bakterivastaseid efekte, mis ei olnud seletatavad vabanenud metalli kontsentratsiooni toksilisusega testkeskkonnas. Sellele järgnes pindade biofilmivastase mõju iseloomustamine toitainerikastes ja toitainevaestes staatilistes tingimustes. ZnO ja ZnO/Ag naoosakestega kaetud pinnad omasid kiiret bakterivastast toimet E. coli ja Staphylococcus aureuse vastu, mis tulenes metalliioonide toksilisuse ja fotokatalüütilise aktiivsuse kombinatsioonist. Tulenevalt bakterite erinevast tundlikkusest metallide toksilisele toimele avaldas tsinkoksiidi kombineerimine hõbedaga laiemat bakterivastast toimet. Pindade mikroobivastased ja biofilmi teket pärssivad omadused sõltusid nii pinnakatte koostisest kui ka katsekeskkonnast. Mõlemad omadused ilmnesid paremini toitainevaeses keskkonnas.  Kuigi pinnad käitusid bakterivastaselt, ei mõjutanud need oluliselt pärmseene Candida albicans elumust. ZnO nanoosakestega kaetud pinnad, vastupidi, isegi suurendasid C. albicansi biokile moodustumist toitainevaeses keskkonnas. Viimane vastuolu toob esile vajaduse mitte ainult valida lõpprakendust arvestades sobivad testmeetodid, vaid ka kasutatavad organismid.

Kokkuvõttes toob käesolev töö välja vajaduse mikroobivastaste pindade  efektiivsuse hindamiseks kasutatava metoodika  kitsaskohti paremini kaardistada, rakendada meetodeid, mis võimaldavad hinnata pinna ja mikroobide otsekontakti ning  kohandada metoodikat pindade lõppkasutuse tingimustele nii testkeskkonna kui sihtmärkorganismide osas.
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