DOCTORAL THESIS

Microbial Interactions with
Inanimate Solid Surfaces:
A Methodological Approach

Merilin Rosenberg

TALLINNA TEHNIKAULIKOOL
TALLINN UNIVERSITY OF TECHNOLOGY
TALLINN 2022



TALLINN UNIVERSITY OF TECHNOLOGY
DOCTORAL THESIS
6/2022

Microbial Interactions with Inanimate
Solid Surfaces: A Methodological
Approach

MERILIN ROSENBERG



TALLINN UNIVERSITY OF TECHNOLOGY

School of Science

Department of Chemistry and Biotechnology

This dissertation was accepted for the defence of the degree 28/02/2022

Supervisor: Prof Angela Ivask
Institute of Molecular and Cell Biology
University of Tartu

Co-supervisor: Dr Kaja Kasemets
Laboratory of Environmental Toxicology
National Institute of Chemical Physics and Biophysics

Associate Prof Vambola Kisand
Institute of Physics
University of Tartu

Opponents: Prof Joanna Verran
Department of Life Sciences
Manchester Metropolitan University

Associate Prof Niilo Kaldalu
Institute of Technology
University of Tartu

Defence of the thesis: 29/03/2022, Tallinn

Declaration:

Hereby | declare that this doctoral thesis, my original investigation and achievement,
submitted for the doctoral degree at Tallinn University of Technology has not been submitted
for doctoral or equivalent academic degree.

Merilin Rosenberg

signature
* X %
* *
* *
* *
* 4 *
j ——
European Union Investing
European Regional in your future

Development Fund

Copyright: Merilin Rosenberg, 2022
ISSN 2585-6898 (publication)

ISBN 978-9949-83-794-6 (publication)
ISSN 2585-6901 (PDF)

ISBN 978-9949-83-795-3 (PDF)
Printed by Koopia Niini & Rauam



TALLINNA TEHNIKAULIKOOL
DOKTORITOO
6/2022

Mikroobide interaktsioonid tahkete eluta
pindadega: metoodiline kasitlus

MERILIN ROSENBERG






Contents

(I Wo] 0] o] [ ToF: 1 oY o -3 USUPRNt 6
Author’s Contribution to the PUblICatioNns ...........ceeeeiiiiiiiiiie e 7
[aYd oY [V Tot o] o SRR UUPPRN 8
7 o] o] AV =1 4 o] SRS 9
1 REVIEW OF THE LITERATURE....cittttiiiiiiiiieiieeeeeeeeeeteeeeeseeeseseseseseseseseseseseseseseseseresesssesenee 11
1.1 MicCrobial FESTYIES ..uuveeei e e e e e e e e 11
1.1.1 The biofilm [ife CYCIE oo e e e e 13
1.2 ANtimicrobial SUITACES......c..eueiiieee e e e e e e e e 15
1.2.1 Interactions between antimicrobial surfaces and microbes...........ccccceeecveeernneenn. 15
1.2.2 Antimicrobial mechanisms of metal-based surfaces ........cccccceeveeeeeciieeccieee e, 17
1.2.3 Antimicrobial surface teStiNg .....cccveiieciiie e 20
2 AIMS OF THE STUDY ...ititiiitiitiietiuuituertueseserereserersreresereseserererereeesereeere——.—.—.. 27
3 MATERIALS AND METHODS ...couvitiiieiiiitesie ettt ettt ettt e b e e saeessbaeesaeesnes 28
4 RESULTS AND DISCUSSION ..., 29
4.1 Bacterial biosensors in rapid in situ screening of copper-based antibacterial surfaces
(PUBIICATION 1), ottt ettt e e ettt ee e e et e e e eeata e e e e ataeeeebbeeeeeaseeeeenrenaas 30
4.2 In situ biofilm viability staining with propidium iodide (Publication Il)..........ccccuvc...... 32
4.3 Antimicrobial and antibiofilm properties of solid surfaces coated with nano-ZnO or

NaNo-ZnO/Ag (PUBLICAtiONS 1, IV) ..cueieiei ettt et s re e 35
5 CONCLUSIONS ..ottt ettt ettt ste st see et eesaaeestaeessaeesbseesaeeesbaeansaeensaeenseeenseeenseeenses 38
20T =T T ol TSRS 39
ACKNOWIBAZEMENTS.....eeiiiii it e e e e e eree e e e e e e et e e e e e e e e esabbaaeeaaeeenanees 54
1A 1] 1 T A RS 55
LUNTKOKKUVOTE ..eveeeeeeeciiittee ettt e ettt e e e e e et e e e e e e e e e abbaaeeeaeeesnsaaneeaaaeean 57
7Y T 0= Vo [ RS 59
0] o] Tor= o o 1 PRSP 59
0] oY [Tor= i o] o TN | ES U 79
0 oY [ToF=1 o] o I 1 | KU PU PP 107
[0 oY [Tor= 1 dTo T o TN AV AU PUR PR 129
CUITICUIUM VLB ... tiee e ciiie ettt e et e e et e e st e e e et e e e e nae e e e s ntbeeesnnteeeesnsaaeesnseeananns 153
U] FoTo] T g =1 [o [V LU PP 155



List of Publications

The list of author’s publications, on the basis of which the thesis has been prepared:

Rosenberg M, Vija H, Kahru A, Keevil CW, Ivask A

Rapid in situ assessment of Cu-ion mediated effects and antibacterial efficacy of
copper surfaces.

Scientific Reports, 2018; 8(1).

DOI: 10.1038/s41598-018-26391-8

Rosenberg M, Azevedo N F, Ivask A

Propidium iodide staining underestimates viability of adherent bacterial cells.
Scientific Reports, 2019; 9(1).

DOI: 10.1038/s41598-019-42906-3

Visnapuu M, Rosenberg M, Truska E, N6mmiste E, Sutka A, Kahru A, Rahn M,
Vija H, Orupdld K, Kisand V, Ivask A

UVA-induced antimicrobial activity of ZnO/Ag nanocomposite covered surfaces.
Colloids and Surfaces B: Biointerfaces, 2018; 169: 222-232.

DOI: 10.1016/j.colsurfb.2018.05.009

Rosenberg M, Visnapuu M, Vija H, Kisand V, Kasemets K, Kahru A, Ivask A
Selective anti-biofilm properties and biocompatibility of nano-ZnO and nano-
Zn0/Ag coated surfaces.

Scientific Reports, 2020; 10(1).

DOI:10.1038/s41598-020-70169-w



Author’s Contribution to the Publications

| participated in experimental design, performed experimental work, analysed the
data, and participated in writing the manuscript.

| designed and performed the experiments, analysed the data, and wrote the
manuscript.

| designed and performed the antimicrobial experiments, analysed the data, and
participated in writing the manuscript.

| designed and performed the biofilm experiments, analysed the data, and wrote
most of the manuscript.



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 lll), ASM Biofilms (Washington, DC,
USA, 2018; paper Il), FEMS2019 (Glasgow, UK, 2019; paper Il), FEBS3+ (Riga, Latvia, 2019;
paper Il), Eurobiofilms (Glasgow, UK, 2019; paper Il), several meetings and conferences
of the COST AMICl network (2017-2020; papers I-IV).



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 | deoxyribonuclease |

e.g. exempli gratia; for example

ECHA European Chemicals Agency

ECM extracellular matrix

EPA Environmental Protection Agency
EPS extracellular polymeric substances

antimicrobial-resistant ESKAPE pathogens i.e. Enterococcus

ESKAPE faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter
spp.

etal. et alia; and others

etc. et cetera; and so forth

EU European Union

FBS fetal bovine serum

FDA fluorescein diacetate

Fig. Figure

ie. 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



PBS
Pl

RH
RNA
ROS
SAF
UVA
VBNC

phosphate buffered saline
propidium iodide

relative humidity

ribonucleic acid

reactive oxygen species
surface-associated amyloid fibers
ultraviolet A radiation

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).

*®'NY S
N

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 x 103°
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; Rémling & Balsalobre, 2012) among
which the antimicrobial-resistant ESKAPE pathogens ie. 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.

12
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{(US National Institutes of Health, 2002)

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 (Rgder 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 | 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 (Fernandez-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:

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

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

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

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

e 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 um 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: Hg**>Ag*>Cu?*>Ni?*>Zn?* (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(l) and Cu(ll) 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 (Coufiago 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; Garcia-Lara
et al., 2015; Gémez-GAmez et al., 2019; Zahringer 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 Zn?* 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. ). 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, Fe20s3, ZnS, FeSy) 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 Oz and H20 to produce ROS
(e.g., superoxide anion 02" 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.

Diffusion-based methods

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: 1SO 20645, AATCC 30, AATCC TM147,
DIN EN 1104,

Suspension methods

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

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

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 (290 % RH; 35-37°C) test
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Cover film

Surface of
interest

~ - 4

=

Bacterial
suspension

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
etal., 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: 1SO 22196/ JIS Z 2801/ 1SO 21702, ISO
27447, 1SO 20743/JIS L 1902/1SO 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

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)
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Simulated use methods Advantages:

. quantitative methods simulating end

use
Main endpoints measured: e different testing approaches can be
. viable count of microbes retrieved from combined
the surfaces e free choice of relevant microbes,
. ATP bioburden assays inoculum density, contact time
. microscopy methods . inoculation methods include dry or
. other methods justified to substantiate an semi-dry inoculation of materials e. g.
antimicrobial claim under specific spraying, swabbing, microdroplets,
conditions printing
Surface types: . testing in ambient conditions or
. release-based surfaces controlled environment (humidity,
. contact killing surfaces temperature)
. anti-adhesive surfaces . simulated soiling and drying possible
. photoactive surfaces . simulated cleaning and wear possible
. multimodal surfaces . methods of inoculation and cell
retrieval have to be adjusted to suit
Application-appropriate each proposed application and
test environment Wet or dry surface type of interest
A A & Inogulation Disadvantages:
) = . expensive and elaborate methods
= = needing consultations, method

Surface of interest 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
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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, 1ISO 27447 (ISO, 2019b), is used for photocatalytic
materials while different textile-specific protocols are described for non-photoactive
textiles (ISO 20743 (1SO, 2013) for antibacterial and ISO 18184(ISO, 2019a) for antiviral
textiles). In practice, also the I1SO 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 I1SO 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 290% 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; Villapun 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 1ISO 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; Rdzanska
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).
gPCR (Alvarez 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:

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

e 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:

e 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.

e 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

| used the following experimental methods that are described in detail in the indicated
publications.

e 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 (l).

e Insitu and on-filter epifluorescence microscopy of mono- or double-stained
early-stage biofilms (ll, IV).

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

e  Harvesting microbial biofilms via ultrasonication, optimization of the method
n, 1v).

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

e  Flow cytometry of harvested and fluorescently stained microbial cells (Il).

e DNase | treatment of bacterial biofilms for degradation of extracellular DNA
().

e Confocal laser scanning microscopy of fluorescently stained biofilms (Il, IV).

e Evaluation of antibacterial activity of photocatalytic surfaces in multiple time
points using in-house modification of combined 15S022196/1S027447
standard protocols for solid surface testing with thin layer of microbial
suspension (ll1).

e Evaluating ionic Zn toxicity in surface test conditions based on the above
protocol (l11).

e Cultivation of microbes for viability estimation (I-1V).

e  Statistical analysis, including correlation, two-tailed Student’s t-test, one-way
and two-way ANOVA analysis with appropriate post-hoc tests at a=0.05
performed in either R or GraphPad Prism (I-1V).
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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.

I Viabilit Test
Paper | microbial | Main method _y . Test organism
. i endpoint medium
ingredient
C Planktonic: i i
a:gper Sui?aczn'c Bioluminescence E. coli MC1061
copper incubation with 'measurement (pSLcueR/pDNPcopAlux)
PP icubat in plate LB E. coli MC1061
alloy bioluminescent format:
. ’ (pDNIux)
coupon bacterial CFU counts
surfaces biosensors
Biofilm formation
None, in static system; E. coli MG1655
N . Fluorescent
uncoated | viability staining, . Staphylococcus
1] . signal count; PBS . .
glass epifluorescent CEU count epidermidis DSM
substrate | microscopy, 20044
flow cytometry
Planl.<t.on|c: 500x
modified diluted
1SO022196/1S0274 nutrient E. coli MG1655
I} 47 (antibacterial CFU count . S. aureus ATCC25923
.. broth in .
activity of . C. albicans CA14
. deionized
Nano- photocatalytic water
Zn0 or materials)
nano- Oligotrophic:
ZnO/Ag 500x
on glass diluted
bstrat o . .
meste | Bt ot et | conmores
v o iquorezcent ! CFU count svnthetic S. aureus ATCC25923
P Y C. albicans CAl4
microscopy tap water;
Growth
media: LB,
YPD
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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:

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

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

e 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.

e 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
guantification 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 (lvask 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 Rdzanska
et al. (R6zanska 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.

"Lights off" "Lights on"
Viability control strain Sensor strain

—
Bioluminescence
L
—
Bioluminescence
|

1 1 I I 1 I I 1
Concentration of toxicant Concentration of toxicant (sublethal)
e —

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 [pDNIux] 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; Kakinen 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 Il)

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 Pl (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 Pl can stain
viable adherent bacterial cells and therefore cause underestimation of biofilm viability
using double-staining with Pl and Syto9.

Main results:

e Insitu double-staining with Pl 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.

e 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.

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

e 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).

. L In situ Harvested,
In situ staining Harvested, Harvested,
. FDA vs plate count vs
with PI+Syto9, Pl+Syto9,
Pl+Syto9 total - Pl+Syto9 total
PI+Syto9 on filter flow cytometry .
count count on filter
o D - = - @ - = - @
35 - e o, (=) i - e o - e o - -
- - - - a» - aE» -
() o0 .9 o0
9
3 00'0 ® 9 0% o o9 o o0 o
£ [ ) .. P O 0... @ C:. 6] .:‘ @ .:
DAY G ey | ey | e
5 o_0O ®e_0o e_0©o o_0O ®o_0O
? o @ @ @ D

32




Discussion

The presented results not only demonstrate that Pl-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 Pl-staining before (Gido & 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
Pl 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 Pl 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 Pl 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 Pl but not competing for nucleic acid binding.
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Figure 6. Working principle of viability staining with intact membrane impermeable propidium
iodide (Pl) and membrane-permeable Syto9 and proposed mechanism for Pl/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 Pl
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 Pl 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 (Fernandez-Tresguerres et al., 2010; Gallo et al., 2015; Nicastro
etal., 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 Pl-staining of eDNA in mature biofilms based on
Pl 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 Ill, 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).

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

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

e Dueto 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.

e 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.

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

e Dense coverage nano-ZnO and sparse coverage hano-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.

e Surfacesinhibited E. coliand S. aureus biofilm formation in oligotrophic
conditions (500x diluted nutrient broth in synthetic tap water, nor
supporting exponential growth).

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

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

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

s UVA exposure Extracting -
: the cells Dilutions

Plating

D

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

Itis 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 Ill) 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 I, 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 lll, 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 Ill, 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 Ill), lead to biofilm
formation inhibition and control of planktonic viability (Publication 1V).

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. Insitu 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 (1).

2. Antimicrobial activity of release-based solid surfaces cannot be predicted
solely from the amount of released agents due to direct contact effects (1, 111)

3. Methods developed for studying planktonic bacteria can in some cases be
successfully applied to microbe-surface interactions (l) but special
consideration has to be given to adapt planktonic methods to study biofilms
as they can produce false results (l1).

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

5. Combining release-based and photocatalytic agents on solid surfaces
improves overall antimicrobial activity of nano-coated surfaces (lll).
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 (ll, IV).
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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 22196/1SO 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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Lihikokkuvote

Mikroobide interaktsioonid tahkete eluta pindadega:
metoodiline kasitlus

Arvestades antibiootikumiresistentsuse kiiret levikut ja vdimalike haigustekitajate
Glekandumist saastunud pindade kaudu tervishoiuasutustes, toiduainetddstuses,
avalikus ruumis jne, kasitletakse passiivseid mikroobivastaseid strateegiaid, nditeks
mikroobivastaseid pinnamaterjale, sageli tdiendava vahendina haigustekitajate leviku
piiramiseks kriitilise tdhtsusega rakendustes. Kuigi selliseid materjale kasutatakse ja
turundatakse edukalt laiatarbekaupades, on nende kasutuselevott tervishoiuvaldkonnas
ja toostuses olnud tagasihoidlikum. Kasin huvi on suuresti tingitud lisakulust tootjale ja
tarbijale, raskustest laboratoorsete testide tulemuste tGlgendamisel saadavasse kasusse
IGppkasutuses ja puudustest meetodite standardiseerimises ning metoodika kasutamist
reguleerivates digusaktides. Mikroobivastaste pindade efektiivsuse hindamise meetodid
p&hinevad ajalooliselt suuresti mikroobide vedelkultuuridel ja/vdi vabanenud toimeaine
moju kaudsel hindamisel, mitte pinna mdju hindamisel rakendusspetsiifilistes, toote
I6ppkasutust imiteerivates tingimustes. Puutepindadel nagu uksenupud, té6pinnad,
kdsipuud, klaviatuurid jne on keskkond vorreldes enamkasutatud meetoditega kuivem,
jahedam ja toitainevaesem. Enim toodetakse hdbedal ja vasel pd&hinevaid
mikroobivastaseid materjale, sh nanotehnoloogilisi. Kuigi metallipShised nanoosakesed
on ndidanud suurt potentsiaali mikroobivastastes rakendustes laboritingimustes, on neil
pdhinevate nanotehnoloogiliste ja multimodaalsete pindade toimet vahem uuritud.

Kdesoleva t66 eesmargid vdib tinglikult jagada metoodilisteks ja praktilisteks.
Esiteks, soovisime hinnata laialdaselt kasutatavate meetodite kohasust pinnale
kinnitunud mikroobide elumuse md&dtmisel 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 mddtmiseks so6tmetilgas otse testitava
materjali pinnalt. See vdimaldas hinnata kvantitatiivselt vase ja vasesulamite
subletaalseid mGjusid bakteritele pinnaformaadis. Vase biosensori signaali intensiivsus
korreleerus pinnamaterjali vasesisaldusega, mitte pinnalt vabanenud vaseioonide
kontsentratsiooniga katsekeskkonnas. Sellest jareldub bakterirakkude ja pinna vaheliste
otsekontaktide olulisus mikroobivastastes rakendustes ja vastavates testprotokollides.

Samuti kasutati kahel erineva membraanildbivusega fluorestseeruval nukleiinhapetele
seonduval varvil propiidiumjodiidil ja Syto9-I pohinevat meetodit, et hinnata tahkele
pinnale kinnitunud E. coli ja Staphylococcus epidermidise biokilerakkude elujdulisust ja
elumust toitainevaestes tingimustes fluorestsentsmikroskoopia abil. Laialdaselt kasutatava
elumuse mG&6tmise meetodi puhul ilmnes kriitiline puudus, sest meetod alahindas
oluliselt nii rakkude ensimaatilist aktiivsust kui ka pinnalt eraldatud rakkude
paljunemisvGimet ja ei sobi seetGttu kasutatud tingimustel elumuse ega elujoulisuse
hindamiseks. Kuna peale rakkude pinnalt eraldamist sonikeerimise teel andis varvimine
kdrgema elumushinnagu kui pinnal varvides, jareldasime, et nahtust v8ib pdhjustada
propiidiumjodiidiga varvuv komponent biokile rakuvadlises maatriksis. Erinevalt
vedelkultuuridest, on rakuvalised nukleiinhapped hasti teadaolev biokile rakuvalise
maatriksi komponent, mis asub rakkude vahetus ldheduses. See vdib biokilerakkude
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propiidiumjodiidiga varvimise korral pdhjustada elusate rakkude punast fluorestsentsi
sarnaselt kahjustunud membraaniga surnud rakkudele vedelkultuuris. Leid illustreerib
vajadust metoodika pdhjalikuma valideerimise jarele, kui biokilede uurimisel rakendatakse
vedelkultuuridele optimeeritud meetodeid.

Praktilise valjundina valiti ZnO ja ZnO/Ag nanoosakestega kaetud uudsete
multimodaalsete pindade mikroobivastase efektiivsuse hindamiseks esmaseks
meetodiks toostuses laialdaselt kasutatav ja mikroobivastase tootega turule tulemisel
noutav standardmeetod. Meetod pdhineb bakterisusupensiooni tilga eksponeerimises
pinnale kattekile all dhukese kihina toitainevaeses keskkonnas. Nii tagatakse suurem
testitava pinna ja bakterisuspensiooni mahu suhe, mis véimaldas ndaha ka otsekontaktist
tulenevaid bakterivastaseid efekte, mis ei olnud seletatavad vabanenud metalli
kontsentratsiooni toksilisusega testkeskkonnas. Sellele jargnes pindade biofilmivastase
moju 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 fotokatalttilise
aktiivsuse kombinatsioonist. Tulenevalt bakterite erinevast tundlikkusest metallide
toksilisele toimele avaldas tsinkoksiidi kombineerimine hobedaga laiemat bakterivastast
toimet. Pindade mikroobivastased ja biofilmi teket parssivad omadused soltusid nii
pinnakatte koostisest kui ka katsekeskkonnast. MGlemad omadused ilmnesid paremini
toitainevaeses keskkonnas. Kuigi pinnad kaitusid bakterivastaselt, ei mGjutanud need
oluliselt parmseene Candida albicans elumust. ZnO nanoosakestega kaetud pinnad,
vastupidi, isegi suurendasid C. albicansi biokile moodustumist toitainevaeses
keskkonnas. Viimane vastuolu toob esile vajaduse mitte ainult valida 16pprakendust
arvestades sobivad testmeetodid, vaid ka kasutatavad organismid.

Kokkuvdttes toob kdesolev t66 valja vajaduse mikroobivastaste pindade efektiivsuse
hindamiseks kasutatava metoodika  kitsaskohti paremini kaardistada, rakendada
meetodeid, mis vGimaldavad hinnata pinna ja mikroobide otsekontakti ning kohandada
metoodikat pindade I6ppkasutuse tingimustele nii testkeskkonna kui sihtmarkorganismide
0sas.
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Published online: 25 May 2018 Release of metal ions from metal-based surfaces has been considered one of the main drivers of their

antimicrobial activity. Here we describe a method that enables parallel assessment of metal ion release
from solid metallic surfaces and antimicrobial efficacy of these surfaces in a short time period. The
protocol involves placement of a small volume of bioluminescent bacteria onto the tested surface

and direct measurement of bioluminescence at various time points. In this study, two recombinant
Escherichia coli strains, one expressing bioluminescence constitutively and applicable for general
antimicrobial testing, and the other induced by Cu ions, were selected. Decrease in bioluminescence of
constitutive E. coli on the surfaces showed a good correlation with the decrease in bacterial viability.
Response of Cu-inducible E. coli showed a correlation with Cu content in the tested surfaces but not
with Cu dissolution suggesting the role of direct bacteria-surface contact in Cu ion-driven antibacterial
effects. In summary, the presented protocol enables the analysis of microbial toxicity and bioavailability
of surface-released metal ions directly on solid surfaces within 30-60 min. Although optimized for
copper and copper alloy surfaces and E. coli, the method can be extended to other types of metallic
surfaces and bacterial strains.

Metal-, metal alloy or metal nanoparticle-based surfaces have been used extensively as antimicrobial surfaces in
water treatment (filters, water pipes), in ventilation and air-conditioning systems, general high touch surfaces
such as door handles and knobs, and more importantly in healthcare settings'~*. Copper-based surfaces were
the first registered solid antimicrobial surfaces by US EPA in 2008, after being supported by extensive antimicro-
bial efficacy testing. According to those studies, copper and copper alloys such as brass and bronze were able to
decrease the counts of bacteria, including pathogens such as methicillin resistant Staphylococcus aureus, by 7 to
8 logs within hours®. Remarkably, such a decrease has not only been reported in laboratory conditions but also
in hospitals, in field conditions®. On the other hand, some studies have shown that the antimicrobial efficacy of
copper-based surfaces is modest and statistically not sound in preventing healthcare associated infections and
spreading of antibiotic resistant organisms?. It is likely that these discrepancies between the different test results
are mainly due to different testing conditions. Indeed, antimicrobial activity of copper surfaces has been shown to
be affected by test conditions such as temperature and relative humidity*’~'* as well as by the presence of any resi-
dues, or for example an oxide layer on the surfaces''. Thus, one step closer to obtaining relevant correct and sound
information on antimicrobial efficacy of copper (and other solid) surfaces is the use of standardized and appropri-
ate test methods. Currently, a variety of test methods and testing suggestions that differ in their requirements for
inoculum volume to surface area ratio, microbial culture density, relative humidity conditions, and that require
testing in wet or dry conditions, are available for solid surfaces. The standard test methods generally approved and
frequently used for antimicrobial efficacy assessment in Europe, US and Japan'>~"° usually require the placement
of a small volume of microbial suspension onto the tested surface, incubation in wet or dry conditions during
a pre-determined time, and subsequent assessment of microbial viability, 24-48 h after agar plating. Although
testing in “dry” conditions may be closer to real environmental conditions™'® several studies have shown that this
test format is more prone to errors due toot experimental variations e.g., in humidity and temperature’ which
suggests that testing in “wet” conditions may be more reliable and needs less optimization for screening purposes.
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In this study, we introduce a new robust “wet” test format that can be used for the testing of solid metal-based
antimicrobial surfaces and optimized this method for copper and copper alloy surfaces. The test is based on
bioluminescent microbial cells, recombinant bioluminescent Escherichia coli cells used in this study. Due to the
fact that release of copper ions is generally considered as the key mechanism of antimicrobial activity of copper
surfaces™!” a recombinant bioluminescent E. coli strain that enables the quantitative assessment of bioavailable Cu
ions release is used in the same test format in parallel to the constitutively bioluminescent E. coli. The combination
of those two bacterial strains allows the assessment released bioavailable copper from the surface and its bacteri-
cidal effect. The measurement of bioluminescence is carried out directly on surfaces and the duration of the new
test format can be varied but we propose test times from 15 to 60 minutes. Although the method was optimized
for copper surfaces in this study, it could be easily adapted for the assessment of metal ion release and antibacte-
rial properties of other metal-based solid surfaces. Additionally, a constitutively bioluminescent E. coli strain can
be individually used as a rapid first tool to evaluate the antibacterial effect of other (non-metallic) solid surfaces.

Results

Optimization of the measurement set-up. Microplate configuration. The novel set-up of our meas-
urement system involving direct measurement of bacterial bioluminescence on solid surfaces was optimized to
provide a reproducible test protocol. Due to the size of copper coupons (1 x 1cm), 12-well plates were selected
as a testing platform in this study. However, other plate types accommodating the surfaces of interest can also be
selected. Due to the leakage of luminescence between wells in transparent plates and high background lumines-
cence of white plates, we selected black plates from Cellvis (P12-1.5H-N). Because of the sensitivity limits of the
luminometers and the fact that the bioluminescence intensity of bacteria on copper surfaces may be relatively
low, we introduced adapters that increased the height of metal coupons by 5, 12 and 15 mm, respectively, to be
closer to the photomultipliers collecting and amplifying the luminescence signal (Fig. 1a,b). To demonstrate the
effect of adapters in obtained readings, we placed 1 x 1 cm polyethylene (PE) surfaces onto the adapters, added
75 uL suspension of bioluminescent E. coli (copper-induced strain of E. coli (pSLcueR/pDNPcopAlux) was used)
and registered the baseline bioluminescence of the Cu-inducible E. coli strain. The measured values were clearly
dependent on the position of the surface on the microplate wells and the highest bioluminescence reading was
measured when the surfaces were lifted by 15 mm (4 mm from the surface of the microplate top) (Fig. 1b). Thus,
this configuration was used in all further experiments.

In order to validate the measurement of bacterial bioluminescence on surfaces in a 12-well microplate set-up,
we compared the bioluminescence values measured with the new 12-well set-up with those from an already estab-
lished 96-well set-up. For that, E. coli (pSLcueR/pDNPcopAlux) was mixed with known concentrations of Cu ions
which enabled us to obtain bioluminescence values at different intensities due to the fact that the bioluminescence
in the copper sensor strain is induced concentration-dependently by bioavailable Cu®* ions. E. coli (pSLcueR/
pDNPcopAlux) mixed with various ionic copper concentrations were placed either onto PE control surfaces fitted
into 12-well plate or into the wells of a 96-well plate. As seen from Fig. 2, the results obtained on 12- and 96-well
microplates were in good correlation (r=0.98; CI 95% 0.97-0.99; p < 0.0001) indicating that measurement of
bioluminescence directly on solid surfaces is a viable analysis strategy.

Test medium. Based on information from our previous studies'® and the studies of other authors'*** we assumed
that the response of bioluminescent copper sensor E. coli (pSLcueR/pDNPcopAlux) and constitutively biolumi-
nescent E. coli (pDNlux) is significantly affected by the test medium in which the bacteria are applied to the sur-
faces. As an example, Molteni et al.”” indicated that Tris-buffer dramatically enhances contact killing of bacteria
on copper surfaces, due to increasing release of Cu ions in this environment compared with water or phosphate
buffer. On the other hand, our previous study by Kékinen et al.'® showed that increasing organic matter decreases
the toxicity of Cu formulations. Here we tested the effect of four different exposure media on bioluminescence of
E. coli copper sensor bacteria on C11000 copper surfaces. We chose 1:500 diluted nutrient broth (NB) medium
which is a suggested medium in the ISO 22196 standard test protocol for solid surfaces'*; heavy metal MOPS
medium (HMM) that due to its non-complexing nature? has been used in a series studies focusing on metal test-
ing (the medium was supplemented with either 0.5 or 0.01% cas-aminoacids as in'®); and nutrient rich media LB
and TSB, the first being a standard microbiological medium and the second being widely used in standard pro-
tocols, e.g., US EPA surface testing guidelines'>'*. As seen from Fig. 2a, when applied onto C11000 surfaces, Cu
biosensor bacteria E. coli (pSLcueR/pDNPcopAlux) were only induced in LB and TSB media whereas in all other
tested media the bacterial bioluminescence decreased below baseline luminescence indicating the antibacterial
effect of copper surfaces in these conditions. The latter was also confirmed by counting surviving bacterial cells
after their 60 min exposure on copper surfaces: around 3-log reduction of Cu biosensor bacteria was observed
in HMM medium supplemented with 0.5% cas-aminoacids and no viable bacteria were registered when they
were exposed to copper surfaces in 0.01% cas-aminoacid supplemented HMM or in 1:500 diluted NB medium
(Fig. 2b). As the release of Cu ions from copper surfaces has been considered the main reason for the toxicity
of those surfaces, we assumed that the differential response of E. coli copper sensor to C11000 surfaces in the
selected test media was likely due to different susceptibility of the bacteria to Cu** in those media. Therefore,
we next studied the response of E. coli (pSLcueR/pDNPcopAlux) to a range of concentrations of ionic Cu which
covered those released from C11000 surfaces during the testing (Fig. 2¢). It was evident that HMM supplemented
with 0.01% amino acids and 1:500 NB media did not support the induction of bacterial bioluminescence dur-
ing 60 min exposure, likely due to relatively high toxicity of Cu ions in those media as shown by us earlier'® but
also due to shortage of nutrients to support bacterial bioluminescence production. The best bioluminescence
induction and lowest Cu ions toxicity was observed in LB and TSB where the bioluminescence inhibition of
E. coli (pSLcueR/pDNPcopAlux) was measured only at ~500 ug ionic Cu/L. Comparison of the induction profiles
of the E. coli Cu sensor (Fig. 2¢) with the release of Cu ions from C11000 surfaces in the different media (9.8 ug
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Figure 1. Set-up of 12-well microplate for optimal signal collection from bioluminescent bacteria that were
placed onto a 1 X 1 ¢cm copper coupon. (a) Is a schematic representation of 12-well microplate in which column
1 represents coupons on the plate bottom, column 2 coupons raised using 5mm adapters, column 3 coupons
raised using 12 mm and column 4 coupons raised using 15 mm adapters; (b) shows the measured baseline
bioluminescence values of Cu biosensor E. coli (pSLcueR/pDNPcopAlux) on coupons on the plate bottom, 14, 7
and 4 mm from the plate surface. (c) Shows the linear correlation between bioluminescence of the Cu biosensor
bacteria that had been previously exposed to known concentrations of Cu ions (0.1-100 ug Cu/mL; to cover
different bioluminescence intensities) and either placed onto solid polyethylene surfaces in 12-well plates or
onto the wells or 96-well microplates. Mean and standard deviation of three experiments are shown.

Cu ions was released from one C11000 coupon in LB medium, 53 ug in HMM medium supplemented with 0.5%
cas-aminoacids, 13 ug in HMM medium with 0.01% cas-aminoacids, 7 ug in TSB medium and 0.7 pg in 1:500
diluted NB medium; these concentrations in ug/mL are indicated with arrows in Fig. 2c) showed that in HMM
media and in 1:500 diluted NB medium the released amount of ionic Cu was already toxic to bacteria and inhib-
ited their bioluminescence even after 15 min exposure (Fig. 2d). However, the amount of Cu ions released from
C11000 coupon in LB and TSB media was still within the measurable range in these specific media (Fig. 2¢,d).
Based on these results and keeping in mind the fact that one of the goals was to observe and quantitatively meas-
ure the bioluminescence induction of Cu biosensors, we selected LB medium for further testing. Although poorer
media with less organic constituents would be certainly more relevant in mimicking actual exposure scenarios,
Cu biosensor bacteria would not survive in these conditions with no results obtained.

Volume of biosensor bacteria on the surfaces. Due to the different requirements for bacterial volume on solid
surfaces in different standard test methods (1.5 x 10* cells/cm? applied in 25 pL/cm? under film in ISO 22196
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Figure 2. Induction of bioluminescence in E. coli (pSLcueR/pDNPcopAlux) Cu biosensor in different test
media. (a) Bioluminescence of the Cu biosensor on C11000 copper surfaces in Heavy Metal MOPS Medium
(HMM) with 0.01 and 0.5% casein acid hydrolysate (HMM 0.5% AA and 0.01% AA, respectively), 1:500 diluted
Nutrient Broth (NB) medium, Luria Bertani (LB) medium and Tryptone Soy Broth (TSB) medium. (b) Bacterial
counts after 60 min exposure in the specified media on control or C11000 surface. Significant differences in
viable counts from control value based on two-way analysis of variance (ANOVA) and Bonferroni’s multiple
comparisons test are marked p < 0.1(.); p < 0.05(*); p < 0.01(**); p < 0.001(*#%); p < 0.0001 (**#%); (c)
bioluminescence of the Cu biosensor in different media in CuSO, standard solutions (0.01-1000 mg/L Cu®")
after 60 min exposure. Solid red line indicates background, i.e., non-induced bioluminescence of E. coli
(pSLcueR/pDNPcopAlux) and dotted red line indicates the limit for significantly increase bioluminescence.
Arrows indicate concentrations of Cu ions that according to TR-XRF were released from C11000 surfaces
within 60 min in each medium. (d) time-dependent induction of bioluminescence in E. coli (pSLcueR/
pDNPcopAlux) copper sensor in the presence of Cu concentrations indicated with arrows on (c). Mean and
standard deviation of three replicates are shown.

1.6 x 10° cells/cm? applied in 16 uL/cm? and dried in CSN EN 13697'%; 1.4-5.8 uL/cm2 with at least 3.1 x 10°
recoverable CFU/cm? in US EPA standards for copper surfaces'>'?) we optimized the volume and number of
bacteria on copper surfaces. It must be noted that the use of bioluminescent bacteria sets certain requirements
for the assay. Specifically, the test needs to be conducted in wet conditions (i.e., measurable bioluminescence is
not induced under dry conditions) and in case of copper induced bacteria, exposure times longer than 20 min
are required (for bioluminescence to be induced, see Fig. 2d). Our results showed that volumes smaller than
25uL spread on 1cm2 (1 x 1cm) solid coupons tended to significantly dry during 20-60 min exposure and thus,
25 uL was used as smallest volume of bacterial suspension in our optimization study. 50 uL/cm? and 75 pL/cm?
of bacterial suspension were tested as larger volumes and, in all tested volumes, the bacterial number per surface
area was kept constant (2-3 x 10° cells/cm?). As seen from Fig. 3, when 25 uL of E. coli (pSLcueR/pDNPcopAlux)
copper sensor bacteria was applied to and spread on a C11000 copper coupon, the bioluminescence decreased
after 10 min (Fig. 3a). A similar time-dependent decrease in bioluminescence was observed in case of constitu-
tively bioluminescent E. coli (pDNlux) (Fig. 3b). This decrease in bioluminescence was likely due the release of
high concentrations of Cu ions from the surfaces in the 25 uL volume (30 ug Cu released per 1cm? Cu surface,
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Figure 3. Optimization of bacterial test volume on copper surfaces. ~1 x 107 cells of E. coli Cu biosensor (a,c,e)
or constitutively bioluminescent E. coli (b,d,f) in 25, 50 or 75 uL was placed onto 1 x 1 cm C11000 surfaces.
Bacterial bioluminescence was registered during 60 min (a,b). The concentration of released copper from
C11000 surfaces during 60 min in 25, 50 or 75 uL (indicated with arrows) was compared with standard response
curve of the Cu sensor strain and constitutively bioluminescent strain (c,d). The number of viable cells in 25, 50
or 75 uL Cu biosensor or constitutively bioluminescent E. coli strain on C11000 surfaces after 60 min (e and f).
Significant differences in viable counts from control value based on two-way analysis of variance (ANOVA)

and Bonferroni’s multiple comparisons test are marked p < 0.1(.); p <0.05(*); p < 0.01(**); p < 0.001(**%);

p <0.0001(****), Solid red dotted line designates the background luminescence of E. coli Cu biosensor or
constitutively bioluminescent E. coli; dotted red line designates significant increase (E. coli Cu biosensor) or
decrease (constitutively bioluminescent E. coli) of bioluminescence. Mean and standard deviation of three
replicates are shown.

i.e., bacteria on the coupon surface were exposed to 1200 ug Cu/mL). Indeed, when the released concentration
of Cu was compared with the response of bioluminescent bacteria to copper standard solutions, it was obvious
that it was already toxic, both to E. coli copper sensor as well as to constitutively bioluminescent E. coli (see black
arrows in Fig. 3¢,d). However, drying of 25 uL bacterial suspension on copper surfaces could have also contrib-
uted to bioluminescence inhibition. Toxicity of copper surfaces to 25 uL bacterial suspension is further evident
from the approximately 2-log decrease in viable bacterial count after 60 min exposure (Fig. 3e,f). When 50 uL of
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C11000 Electrolytic Tough Pitch Copper | 99.9 — — — — — —
C51000 Phosphor Bronze, 5% 94.2 0.3 — 0.1 5.8 0.005 —
C70600 Copper-Nickel, 10% 89 — 10 1 — — —
n.a. Nordic gold 89 5 — — 1 — —
C26000 Cartridge Brass, 70% 69-72 28-31 — 0.05 — 0.07 —
C71500 Copper-Nickel, 30% 64-69 |1 29-33 | 0.4-1 0.05 1
C75200 Nickel Silver, 65-18 63-67 |13-20 |17-20 |0.25 0.05 0.5
C28000 Muntz Metal, 60% 59-63 | 37-41 0.07 0.09

Table 1. Copper and copper alloy surfaces used. Specification of the alloys is per their Unified Numbering
System (UNS) and according to Copper Development Association Inc. “n.a” - not available;“—” - not stated by
manufacturer.

Cu biosensor bacteria was added to copper coupons, Cu-dependent induction of bioluminescence was observed
(Fig. 3a). However, the bioluminescence of constitutively bioluminescent E. coli strain in 50 uL decreased (Fig. 3b)
which allowed us to conclude that the concentration of Cu ions released from copper coupons in this volume also
exhibited a toxic effect which in Cu biosensor was masked by Cu-driven bioluminescence induction. Indeed,
when the released concentration of Cu (11 pg per surface or 215 ug Cu/mL bacterial suspension) was compared
with the copper standard curve, it was very close to toxic Cu concentrations (grey arrows in Fig. 3¢,d). Differently
from the 50 uL volume, no decrease in bioluminescence of the constitutively bioluminescent E. coli was observed
when bacteria were applied to C11000 surfaces in 75 uL and also the bioluminescence induction of copper sensor
strain in 75 pL was higher than in 50 uL volume. Additionally, the released concentration of copper ions in 75 uL
(10 pg per surface or 130 pg/mL bacterial suspension) was lower than in 50 pL (Fig. 3¢,d). Considering these
results 75 uL volume was considered optimal for further analyses. Volumes larger than 75 uL/cm?* were not con-
sidered due to their instability on the surface.

Optimized protocol for the analysis of copper and copper alloy surfaces with bioluminescent bacteria. ~'The opti-
mized surface analysis protocol was tested on 1 x 1 cm coupons of a variety of copper and copper alloy sur-
faces (Table 1). The protocol included the placement of 1 X 1cm coupons into 12-well microplates on 15 mm
plastic adapters (Fig. 1a and Supplementary Figure S1), addition of 75 uL bacteria in LB medium at ODg, 0.15
(approximately 1 x 107 cells/cm?) and direct measurement of bioluminescence during 60 min exposure at room
temperature.

Constitutively bioluminescent E. coli for general toxicity assessment of surfaces. ~One of the main advantages of the
analysis protocol presented in this study is its rapidity: bioluminescent bacteria are applied onto the surfaces, and
bioluminescence readings can be measured at any desired timepoint, starting from 20 min after exposure. The
bioluminescence of constitutively bioluminescent E. coli (pDNlux) on copper and copper alloy surfaces shown in
Fig. 4b demonstrates that the bacterial bioluminescence decreased on the tested surfaces to different extents indi-
cating different toxicity of the studied surfaces. To verify that the decrease in bioluminescence was also correlated
with decrease in viable bacterial count in the assay, we analyzed E. coli viability after 60 min exposure (Fig. 4f) and
observed that the C70600 surface that caused a significant substantial decrease in bioluminescence caused also
a significant decrease in viable bacterial counts. To further correlate bacterial bioluminescence and viability in
our novel test system, we exposed the constitutively bioluminescent bacteria to different copper solutions, placed
them onto control PE surfaces and measured both bioluminescence as well as registered viable counts. As shown
on Supplementary Fig. S2, there was a clear correlation between bioluminescence and bacterial viability (r=0.95,
CI95% 0.9-0.98; p < 0.0001), evaluated on the basis of traditional cultured plate counts. Based on linear regres-
sion between decrease of bioluminescence and viable counts (R?=0,91; y = 117620%x 4 906854; Supplementary
Fig. S2) we were able to calculate that e.g., 10% decrease in bioluminescence translated to the death of 2.1 x 10°
CFUs and 90% decrease in bioluminescence to the death of 1.1 x 107 CFUs. Based on those data we suggest that
screening of bacterial bioluminescence on solid surfaces could indeed be used as a rapid (60-min) tool for the
evaluation of their antibacterial activity.

Analysis of copper ion release with the bioluminescent copper sensor. ~ As already mentioned, surface released Cu
ions have been considered as the main reason for antibacterial activity of copper-based surfaces and, therefore,
addition of bioluminescent Cu sensor bacteria to the analysis with constitutively bioluminescent strains was con-
sidered relevant in evaluating the mechanism of antibacterial activity of copper-based surfaces. Results obtained
with Cu biosensor E. coli (pSLcueR/pDNPcopAlux) on different copper and copper alloy surfaces are shown
on Fig. 4. From eight tested surfaces, six induced the bioluminescence of the biosensor strain (Fig. 4a,c). Two
surfaces that did not induce the biosensor, contained either the lowest amount of Cu (C28000, 63% Cu, Table 1)
or were toxic and inhibited also the bioluminescence of the constitutively bioluminescent strain (C70600; see
also decreased viable counts on that surface in Fig. 4e,f). In order to account for this toxicity-driven decrease of
bacterial bioluminescence, the results of the constitutively bioluminescent E. coli strain were used to correct the
bioluminescence induction of the Cu biosensor strain (see red symbols in Fig. 5). The corrected bioluminescence
induction values of the Cu sensor strain correlated with Cu content of the surfaces (r =0.8; CI 95% 0.21-0.96;
p=0.018, Fig. 5a) whereas there was no significant correlation between Cu content and raw bioluminescence
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Figure 4. Changes of bacterial bioluminescence on copper and copper alloy surfaces. Results on Cu-induced
E. coli (pSLcueR/pDNPcopAlux) (a,c,e) and on constitutively bioluminescent E. coli (b,d,f). Bioluminescence
in relative light units (a,b) and fold change (c,d) when exposed to copper surfaces: C11000 (99.9% Cu), C51000
(94.2% Cu, 5.8% Sn), C70600 (89% Cu, 10% Zn), C26000 (69-72% Cu, 28-31% Zn), C71500 (64-69% Cu, 29—
33% Ni), C75200 (63-67% Cu, 13-20% Zn,17-20% Ni), C28000 (59-63% Cu, 37-41% Zn) during 60 min in LB
medium. Solid red line indicates background (non-exposed) bioluminescence and dotted red line significantly
increased (Cu biosensor) or decreased (constitutively bioluminescent E. coli). (e,f) Viable bacterial counts on
copper surfaces after 60 min exposure compared to control (PE) surface. Significant differences in viable counts
from control value based one-way analysis of variance (ANOVA) and Dunnett’s multiple comparisons test are
marked p < 0.1(.); p<0.05(*); p < 0.01(**); p < 0.001(**%); p < 0.0001 (*#%).

data (r=0.54; CI 95% —0.27-0.9; p > 0.05; Fig. 5a). However, there was also no significant correlation between
Cu biosensor bioluminescence and Cu ion release from the surfaces during 60 min of biosensor assay (r = —0.49;
CI 95% —0.89-0.33;p > 0.05 for raw values and r = —0.085; CI 95% —0.75-0.66; p > 0.05 for corrected values;
Fig. 5b). Indeed, the TR-XRF measured dissolution of copper from different surfaces were not in line with surface
Cu content (Fig. 5¢) and, based on an earlier study by Suarez et al.”?, we propose that in addition to surface chem-
ical composition also certain physical properties of the surfaces such as roughness affect the release of metals
from solid surfaces. We suggest that bioavailability of Cu on copper-based surfaces to bacteria was affected by
direct contact between bacterial cells and the surfaces followed by local release of copper in the bacterial microen-
vironment. A similar observation has been reported by us in earlier papers for soil samples®*". In this respect,
bacterial biosensors can be used as unique tools to analyze surface-released bioavailable metal ions directly on
solid samples.

Discussion

Here we present a novel, robust and rapid test method that can be applied for the analysis of solid surfaces which
in this study was optimized for copper and copper alloy-based surfaces. The method allows direct analysis of the
surfaces and does not require an additional cultivation step for colony counting or other indirect measurement.
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Figure 5. Correlation between Cu biosensor induction by copper surfaces and Cu content or dissolution of the
surface material. Linear correlation between raw and corrected bioluminescence induction of the Cu biosensor
on copper and copper alloy surfaces and Cu content of those surfaces (a) or copper release from these surfaces
(b) after 60 min. Arrows indicate the difference between raw and corrected bioluminescence induction. All
experiments were performed in LB medium in three replicates. (c) Copper content and release of Cu from the
different copper surfaces in LB medium. Mean and standard deviation of three replicates are shown.

The test protocol requires the use of bioluminescent bacteria that are applied to the surface in liquid form, expo-
sure for a specified period at room temperature and real-time measurement of bioluminescence. Although a vari-
ety of natural as well as recombinant bioluminescent bacteria can be obtained through commercial suppliers or
from research laboratories are available, we here used two E. coli strains because this bacterium is a medically rel-
evant test organism and because we have constructed a series of E. coli-based bioluminescent sensor strains that
enable detection of metal ions® as well as other intracellular stress conditions®. A liquid test method was chosen
for several reasons, the most important being the fact that bacterial bioluminescence is not produced in dry con-
ditions but also because the results of dry tests have shown to greatly depend on different testing conditions, e.g.,
temperature and relative humidity. Here we identified that inoculum volume on copper coupons as well as the
exposure medium had a significant effect on antibacterial efficacy of the surfaces. Our results showed that a poor
medium, e.g., 1:500 diluted NB medium which is a suggested medium in ISO 22196 standard test protocol for
solid surfaces, is not suitable when bioluminescent bacteria are used as the nutrient supply in poor media is too
low to support the energy-expensive bioluminescence reaction. The latter can be only supported by organic-rich
media, e.g., LB medium which is a standard microbiological growth medium, or TSB medium which is a sug-
gested medium in US EPA standards for the testing of copper surfaces'>!*. Similar exposure medium-dependent
antibacterial effects of copper surfaces have been observed earlier e.g., by Molteni et al.”” who demonstrated that
exposure to medium containing Tris buffer showed lower antibacterial effect than for example phosphate buffer
and Hans et al."” who showed 10-50-fold faster copper ion release in Tris-HCI buffer compared to phosphate buff-
ered saline (PBS). Indeed, as also demonstrated by us, the amount of released Cu ions in the different exposure
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media differed around 50-fold, being the lowest in 1:500 diluted NB medium (0.7 pug Cu per cm? surface; Fig. 2¢)
and the highest in Heavy Metal MOPS medium supplemented with 0.5% cas-aminoacids (53 ug Cu per cm?
surface; Fig. 2¢). At the same time, in the same volume of MillIQ water the released Cu concentration was 0.3 ug
Cu per cm? surface. Therefore, certain media components, most notably organics, significantly enhanced the
release of Cu ions from copper surfaces. As a compromise between supporting bacterial bioluminescence pro-
duction and release of Cu ions from the surfaces in the range that is capable of inducing the bioluminescence
of Cu-sensing bacteria, LB was selected as an optimal medium for further testing. Yet as our test optimization
indicated, the volume of bacterial suspension in LB medium also affected the release of ionic copper from the
tested surfaces. A smaller volume (25 uL) of bacterial suspension on surfaces released significantly more copper
from the surface than a larger volume (75 uL), thus inhibiting bacterial bioluminescence and interfering with Cu
biosensor measurement. This finding suggested that a larger volume, in our case 75 uL bacterial suspension on the
surface, supports bacterial bioluminescence production and is favorable.

One of the novelties of our test system is the possibility to use bacteria that report on the mechanisms of anti-
bacterial actions of the surfaces. In our previous studies we have constructed a range of bioluminescent bacteria
that not only are able to report on the presence of bioavailable metal ions in their environment® but also bacteria
whose bioluminescence is induced by e.g., the presence of reactive oxygen species and DNA damage®. As it is
generally suggested that the key mechanism through which copper surfaces exhibit their antimicrobial activity is
the release of copper ions*'7?%%’, in this study we applied the copper sensing bioluminescent E. coli strain to ana-
lyze and quantify the release of bioavailable ionic copper from the studied surfaces. However, as also other toxicity
pathways, e.g., oxidative damage in the form of lipid peroxidation and oxidation of proteins due to superoxide
and hydroxyl radicals, and DNA degradation have been proposed for copper surfaces®>>**-*!, other previously
mentioned mechanism-based sensor bacteria could be used in this test format. Our results with bioluminescent
copper sensors showed that significant amounts of Cu ions were released and entered bacterial cells from copper
and copper alloy-based surfaces and that this released and bacteria-bioavailable fraction showed a positive cor-
relation with copper content on the surfaces. Interestingly, there was no significant correlation between surface
released Cu and response of the copper biosensor: on six surfaces that released 69 to 85 ug Cu /mL, the induction
of the copper biosensor varied from 1 to about 20-fold. The fact that Cu biosensor induction correlated better
with material properties (i.e., Cu content) than with material-released Cu suggests that bacteria-bioavailable Cu is
rather a function of direct interactions between microbes and surfaces than of simple Cu dissolution. These direct
interactions could lead to variable local Cu ion concentrations in bacterial microenvironments. Similar observa-
tions have been reported previously by us for soil samples where bioavailability of Cu and also other bivalent met-
als (e.g., Cd and Pb) had relatively poor correlation with water-extracted metal ions?»**. In the case of surfaces,
similar direct contact-driven bacterial effects have been observed by Zeiger et al.”’ who demonstrated that the
physical nature of copper surfaces affected their antibacterial activity. These direct interactions between microbes
and solid surfaces can be only elucidated using real-time biological analysis methods, as the one described here.
Considering this unique capability of our test system and the rapidity and simplicity of the analysis procedure we
propose that direct analysis of bacterial bioluminescence from solid surfaces could be used as an efficient screen-
ing tool to evaluate the bioavailability of Cu (and in case of other types of metal surfaces, other metals, e.g., release
of Ag ions from antibacterial silver nanoparticles’) from antibacterial copper-based surfaces, and their toxicity.
As with any (anti)bacterial assay, our protocol involves pre-cultivation of bacteria, but lacks the need for cell
removal (and associated issues regarding removal efficiency versus survivor viability) as well as post-cultivation
for viable cell count determination or microscopy based counting steps. Results are collected in real-time and in
digital form that is easy to automate. Given the good correlation between the survival of bacteria on copper-based
surfaces and the bioluminescence of constitutively bioluminescent bacteria on the surfaces, our suggestion for the
use of the presented direct surface measurement set-up is justified.

In conclusion, in this study we have presented a protocol for the direct analysis of Cu surfaces for i) their bio-
available copper release and ii) antibacterial efficacy using a Cu ion inducible bioluminescent E. coli strain and a
constitutively bioluminescent E. coli strain. The main advantages of our test protocol are: i) rapidity (an indica-
tion on antimicrobial effects can be obtained within 30-60 min), ii) cost efficiency (due to saving of laboratory
consumables needed for traditional colony counting), and iii) possibility to in addition to antimicrobial efficacy
evaluate its cause. Although our methodology was optimized for copper-based surfaces and E. coli bacteria in
this study, it’s use can certainly be extended to other metallic surfaces, including but not limited to, silver and
zinc-based surfaces and other types of bioluminescent bacteria.

Methods

Surfaces and their preparation for test.  The copper-based surfaces tested here (Table 1) originated from
Copper Development Association Inc. and were cut to 1 x 1 cm coupons. Prior to experiments, all copper alloy
coupons were treated by washing with acetone and ethanol using glass beads. Each coupon was individually
flamed for sterilization purposes prior to inoculation. As control surfaces, 1 X 1 cm squares were cut from poly-
ethylene (PE) plastic, sterilized with ethanol, and allowed to dry.

Preparation of bacteria for the test. Recombinant bioluminescent strains of E. coli, a constitutively bio-
luminescent strain E. coli (pDNlux)?, and a Cu-induced bioluminescent strain E. coli (pSLcueR/pDNPcopAlux)*
were used. The bacteria were routinely maintained on LB agar (LB medium (Supplementary Table 1) with 15g
agar/L) supplemented with 10 ug/mL tetracycline (E. coli (pDNIlux)) or 10 ug/mL tetracycline and 100 pg/mL
ampicillin (E. coli (pSLcueR/pDNPcopAlux)). In preparation for the test, the bacteria were grown in the appro-
priate medium overnight, diluted 1:50 with fresh medium and grown until ODg, 0.6. Then the cells were diluted
either with LB medium until ODg, 0.15 or washed and diluted in a different test medium (see below).
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Optimization of the test set-up. Testing of surfaces with recombinant bioluminescent bacteria was
optimized for the black 12-well microplate configuration and room temperature (20-22 °C). This plate type
was selected to accommodate 1 x 1 cm sized coupons and respective control surfaces inside the wells. However,
depending on the size of specific surfaces, microplates with less (e.g., 6-well plate) or more (e.g., 24-well plate)
wells can be selected. For test optimization, the 1 x 1 cm PE plastic surfaces on black 12-well microplates (Cellvis,
CA, US) were placed onto the well bottoms or raised by using 5, 12 and 15 mm high plastic adaptors (Fig. 1), to
bring the surfaces closer to photomultiplier tube and increase the bioluminescence signal intensity. A 75 uL drop
of E. coli (pSLcueR/pDNPcopAlux) culture (ODy, 0.15) in LB medium containing ~1 x 107 cells was placed onto
the surfaces on 12-well microplates and spread so that the coupon surface was covered. The relative luminescence
(RLU) was measured from the middle of each well using a Promega Glowmax plate luminometer or Fluoroskan
Ascent plate luminometer. For setting the background value, the luminescence signals of empty wells were meas-
ured; in bacterial experiments only signals that exceeded this background at least 3-fold were counted. Using
15 mm high adaptors on 12-well plates was considered as the most suitable test format for further experiments.

To validate the performance of bacterial bioluminescence measurement on surfaces and in 12-well plates,
bioluminescence of E. coli (pSLcueR/pDNPcopAlux) in 12- and 96-well plates was compared; 96-well plates were
used for comparison as an already established method used by our and other research groups in a variety of
reports”***, To compare exactly the same conditions in 12- and 96-well plates, 150 uL of E. coli (pSLcueR/pDN-
PcopAlux) bacteria (ODg, 0.15 in LB medium) were mixed with variable (0.1-100 ug Cu/mL) concentrations of
CuSO, x 5H,0 (Sigma-Aldrich) (0.002 to 2000 ug/mL Cu); 75 uL of the mixture was added to PE control surface
on 15 mm adaptor in a 12-well plate and 75 uL of the mixture was pipetted to a well of a black 96-well microplate.
The bioluminescence of both plates was measured after 60 min incubation at room temperature and the readings
from 96 and 12-well plates were correlated. Three independent experiments were performed.

To optimize the test medium, E. coli (pSLcueR/pDNPcopAlux) and E. coli (pDNlux) were suspended in LB
which is a traditional bacterial growth medium, TSB (tryptic soy broth) that is one of the suggested media in US
EPA suggested surface testing methods'>'*>, HMM (heavy metal MOPS medium) that was suggested for transition
metal testing by LaRossa et al.*! and has been used earlier to study metal bioavailability to bacteria'®**% (in our
experiments, HMM medium was supplemented with different amounts, 0.01 and 0.5% of casein amino acids),
and 1:500 diluted NB (nutrient broth) that is suggested as an exposure medium in ISO 22196"* (for the compo-
sition of test media, see Supplementary Table 1). Prior to the test, bacteria pre-grown in LB until ODy, 0.6 were
double washed (centrifugation at 5000 g for 5min and resuspension in specific test medium) and diluted to ODg,
of 0.15 using specific test medium. 75 uL of bacteria was spread onto C11000 surfaces on 15 mm high adaptors
in 12-well plates, incubated for 60 min and bioluminescence was measured. Bacteria in each test medium were
analyzed thrice. According to the results, LB and TSB were considered as most optimal and LB was used in all
further experiments. In order to check for culture viability in different media after 60 min incubation on C11000
surfaces, the exposed bacteria were collected, serially diluted and plated onto NB (15 g agar/L) plates. Colonies
were counted after 24-36h incubation at 30 °C. To quantify release (dissolution) of copper from C11000, bacterial
suspensions exposed to the surfaces in different media were collected, 1 mg/L Ga (internal standard) was added
and Cu content was quantified using total reflection X-ray fluorescence (TR-XRF; S2 Picofox, Bruker).

Due to different volume requirements for the bacterial inoculum in different surface testing standards
(5-20pL on 2.5 x 2.5 cm surfaces followed by drying in US EPA'>!3, 50 uL on 2 cm diameter surfaces followed
by drying in EN13697", 100 uL on 4 x 4 cm surfaces in ISO 22196 standard'*), we here optimized the volume of
bioluminescent bacteria on 1 x 1 cm surfaces. For that, 25, 50 and 75 uL of E. coli (pSLcueR/pDNPcopAlux) and
E. coli (pDNlux) suspension in LB (25 uL being the smallest volume that was possible to be spread on the surface
without visible drying during 60 min exposure and 75 pL being close to the maximum volume of droplet that
remained stable on the surfaces while handling) was applied onto the 1 x 1 cm surfaces. In each exposure, the
bacterial number was kept similar (~1 x 107 cells per surface) and thus, 75 uL of bacteria was added at ODg, 0.15,
50 uL at ODgy, 0.22 and 25 uL at ODg, 0.45. Bacteria were spread on C11000 coupons and bioluminescence was
registered over 60 minutes. The experiment was performed in triplicate. In order to check for bacterial viability
in different volumes after 60 min exposure on copper surfaces, the exposed bacteria were collected, diluted and
plated onto NB agar plates. Colonies were counted after 24-36 h incubation at 30 °C and surface released (dis-
solved) copper was quantified using TR-XRE, as described above. According to the results, 75 uL was selected as
optimal volume of bacteria on the surfaces.

Analysis of copper and copper alloy surfaces for bacterial toxicity and bioavailable Cu.  After
optimization, copper and copper alloy coupons (Table 1) along with similar sized (1 x 1 cm) control surfaces
(PE) were analyzed with constitutively bioluminescent E. coli (pDNlux) and Cu-induced E. coli (pSLcueR/pDN-
PcopAlux) bacteria (75 uL of bacterial suspension at ODgq, 0.15 in LB medium spread on a surface) and biolu-
minescence of the bacteria was registered during 60 min. The results for copper surfaces (i.e., test surfaces) were
expressed both in relative bioluminescence units (RLU) as well as in fold change in bioluminescence. Fold induc-
tion of the Cu sensor or constitutively bioluminescent E. coli was calculated as follows:

RLU,
RLU,

control surface ( 1 )

Fold change in bioluminescence = est surface

In order to account for potential toxicity and unspecific effects of the tested surfaces, bioluminescence of the
Cu biosensor strain prior to calculating the fold change (eq. 1) was corrected using E. coli (pDNlux):
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To check for bacterial viability of Cu biosensor and constitutively bioluminescent bacteria on the different
copper surfaces after 60 min exposure, the exposed bacteria were collected, diluted and plated onto NB agar
plates. Colonies were counted after 24-36 h incubation at 30 °C and surface-released (dissolved) copper was quan-
tified using TR-XRF as described above. Additionally, to correlate the decrease of bioluminescence and colonies
of the constitutively bioluminescent E. coli on surfaces, E. coli (pDNlux) was exposed to CuSO, solutions (100-
1000 ug Cu?*/mL) for 60 min after which bioluminescence and CFU count on nutrient agar plates was registered.

Statistical analysis. Mean values, standard deviations and correlation plots were produced by Microsoft
Excel standard functions. Correlation statistics, linear regression and analysis of variance (ANOVA) followed by
Dunnett’s or Bonferroni’s multiple comparisons test were executed in GraphPad Prism 7.04. Alpha value 0.05 and
two-tailed calculations were used where applicable.

Data availability. The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.
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Table S1. Composition of bacterial test media

Test medium

Composition

pH

Characteristics

Reference

LB

TSB

HMM
(0.5%
AA)

HMM
(0.01%
AA)

NB

Luria-Bertani

Tryptic Soy
Broth

Heavy Metal
MOPS Medium,
supplemented
with 0.5%
aminoacids

Heavy Metal
MOPS Medium,
supplemented
with 0.5%
aminoacids

Nutrient Broth

per L:

10g tryptone

5 g yeast extract
5gNaCl

per L:

17 g casein peptone

3 g soy peptone
5 g NaCl

2.5 g K2HPO4
2.5 g glucose
perL:

0.63 g MOPS
0.28 g KCI

0.04 g NH4CI
0.009 g MgSOs4
0.4 g glucose
0.002 g glycerol-2-
phosphate
0.005 mg FeCls
5 g casein
aminoacids
perL:

0.63 g MOPS
0.28 g KCI

0.04 g NH4ClI
0.009 g MgSOs4
0.4 g glucose
0.002 g glycerol-2-
phosphate
0.005 mgFeCls
0.1 g casein
aminoacids

per L:

10 g peptone

3 g meat extract
5gNaCl

7.2

7.3

7.2

7.2

Traditonal
bacterial growth
medium

Suggested
medium in US
EPA standards

1,2

Used for metal
testing in earlier
studies %

Used for metal
testing in earlier
studies 3%

6.8-7.2 500-fold dilution

in water
suggested as
an exposure
medium in ISO
22196 7

Sigma-
Aldrich

Sigma-
Aldrich

LaRossa et
al.®

LaRossa et
al. 8

ISO
22196:20117




Figure S1. Set-up of 12-well microplate for optimal signal collection from bioluminescent
bacteria on 1x1 cm copper surfaces. Photograph of a 12-well microplate in which the left column
represents copper coupons on the plate bottom; left and right middle columns show coupons raised
using 5 and 12 mm adapters, respectively; and the right column shows adapters raised using 15
mm plastic adapters; 75 yL bacterial suspension was applied to each copper coupon.
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Figure S2. Correlation between bioluminescence and viable counts of the constitutively
bioluminescent E. coli strain on solid surfaces. Correlation between bioluminescence and viable
count of E. coli (pDNIux) that was exposed to CuSO4 solutions (100-1000 ug Cu?*/mL) of different
toxicities on PE control surfaces for 30-60 min. (a) linear correlation between bioluminescence and
colony counting method; every data point is a mean of two parallel experiments with standard
deviation. (b) decrease of bacterial counts at different levels of bioluminescence inhibition;
coefficient of determination, equation for linear regression and 95% confidence intervals (grey area)
are shown. The linear regression equation enables calculation of the amount of colony forming units
that are affected when certain decrease in bioluminescence is measured.
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Published online: 24 April 2019 Combining membfan.e impermeable. Dl\.lA-bir-lding stain propidium iodide (F.’I)w.ith.r.nembr.a?e- )
: permeable DNA-binding counterstains is a widely used approach for bacterial viability staining. In this
. paper we show that Pl staining of adherent cells in biofilms may significantly underestimate bacterial
. viability due to the presence of extracellular nucleic acids (eNA). We demonstrate that gram-positive
. Staphylococcus epidermidis and gram-negative Escherichia coli 24-hour initial biofilms on glass consist of
76 and 96% PI-positive red cells in situ, respectively, even though 68% the cells of either species in these
aggregates are metabolically active. Furthermore, 82% of E. coliand 89% S. epidermidis are cultivable
after harvesting. Confocal laser scanning microscopy (CLSM) revealed that this false dead layer of red
. cellsis due to a subpopulation of double-stained cells that have green interiors under red coating layer
. which hints at eNA being stained outside intact membranes. Therefore, viability staining results of
adherent cells should always be validated by an alternative method for estimating viability, preferably
by cultivation.

. Propidium iodide (PI) is widely used for bacterial viability staining, especially since Boulos et al. (1999) pub-
. lished the method'. PI can only cross compromised bacterial membranes and is therefore considered to be an
indicator of membrane integrity. It stains DNA and RNA inside of dead cells or the ones with reversibly damaged
membranes. For viability staining PI is usually coupled with a universal stain that crosses intact membranes and
. stains nucleic acids (NA) of all cells, thereby enabling to obtain total cell counts. One of the most common exam-
: ples of such co-stain is SYTO 9. During co-staining with PI and SYTO 9, SYTO 9 can enter all cells regardless of
¢ their membrane integrity, bind to DNA and RNA and emit green fluorescence while PI can only enter cells with
compromised membranes, bind to DNA and RNA and emit a red fluorescent signal. With higher affinity to bind
DNA and in sufficient excess to SYTO 9, PI replaces SYTO 9, when both stains are exposed to the same DNA
resulting in red fluorescent signal. As a result of coupling of those two DNA-binding and membrane permeability
. dependent stains red signals from cells are considered as “dead” and green signals as “alive”'~. Although this
. principle is widely applied and proven to work well for an array of planktonic cultures, it has its limitations i.e.
. unequal SYTO 9 staining of viable and dead cells, incomplete replacement of SYTO 9 by PI or energy transfer
during co-staining*. It has also been demonstrated that PI might in some cases provide false dead signals that
. could be associated with high membrane potential®, and that the staining result might be dependent on physio-
- logical processes other than membrane damage®. PI-based viability staining results do not always correlate with
¢ cultivability also due to the viable but not cultivable (VBNC) state of bacterial cells” or cell clumping®. Despite its
above-mentioned draw-backs, PI and SYTO 9 co-staining is also a widely used and suggested method in biofilm
research®!".
: Another factor to consider when staining cells with NA-binding fluorophores is that NAs are not always only
. localized inside bacterial cells and surrounded by a membrane. For example, extracellular DNA (eDNA) can be
: present in planktonic cultures in specific growth phases's. During biofilm formation, eDNA mediates bacterial
attachment to surfaces'”, and it also plays a major role in mature biofilms. The importance of eDNA in biofilm
formation has been proven by the fact that DNase I inhibits biofilm formation or detaches existing biofilm of
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several gram-positive and gram-negative bacterial species”’. For the same reason, DNase is also proposed to be
used as an anti-biofilm agent*"*2. The presence of DNA from non-viable sources (eDNA and DNA from dead
cells) has also introduced the need to use ethidium monoazide (EMA), propidium monoazide (PMA) or endo-
nuclease (DNase I) treatment prior to viability assessment by quantitative polymerase chain reaction (QPCR)*.
All the above-mentioned treatment agents, EMA, PMA as well as DNase I are intact membrane impermeable
DNA-targeting compounds spatially targeting the same DNA as PI, depending on membrane integrity.

To get an overview whether the presence of eDNA in biofilms has been considered as a factor that may inter-
fere with PI-based fluorescent staining, we performed a search in Scopus database for “biofilm” and “propidium
iodide” and received 683 results while adding “extracellular DNA” or “eDNA” to the search decreased the number
of results to 43 indicating that while PI is used for staining biofilms, possible presence of eDNA is generally not
taken into account in this context. In the literature we can find that P is also used for staining of eDNA**?’, but
no clear quantitative proof about PI not being suitable for biofilm viability staining because of the presence of NA
in biofilm extracellular matrix (ECM). More surprisingly, viability staining based on intact membrane imper-
meable DNA-binding stains like PI are occasionally used even while specifically studying eDNA?. Nonetheless,
from some of the articles, hints of such threat can be found. For example, Gido and Keevil observed that some of
Listeria monocytogenes biofilms in tap water and most of the old biofilms grown in rich media stained red with
PIand SYTO 9 co-staining, but were cultivable and suspected red staining not to be indicative of dead cells but
to be caused by eDNA”. From these sources it could be suspected that PI-based viability staining of biofilms,
although commonly used, could be critically affected by eDNA and cause underestimation of biofilm viability. To
address this possibility, we performed quantitative viability assessment of adherent cells using various staining
and culture-based methods.

Results

A combination of epifluorescence microscopy (EM), flow cytometry (FCM) and confocal laser scanning micros-
copy (CLSM) performed on propidium iodide (PI) and SYTO 9 stained adherent and harvested bacterial cells
in parallel with culture-based methods was used to reveal whether staining of adherent bacteria with PI may
underestimate their viability. Initial (24 h) biofilms of gram-negative E. coli K-12 wild-type substrain MG1655 and
a gram-positive S. epidermidis type strain DSM-20044 were used for the experiments. E. coli MG1655 is widely
used in molecular biology and capable of forming biofilm under both aerobic and anaerobic conditions®*-**. .
epidermidis strains have well established biofilm forming properties similarly to Staphylococcus aureus and have
been shown to produce eDNA'>*. The biofilms of these two bacterial strains on glass surfaces were formed in
phosphate buffered saline (PBS) to rule out potential effect of osmotic stress on bacterial membranes and possibly
consequently on viability staining outcome.

Viability staining in situ.  As can be seen on representative images (Fig. 1) and from quantitative data
(Fig. 2), after PI+ SYTO 9 co-staining, most adherent cells (96.35+5.30% of E. coli and 75.69 & 18.44% of
S. epidermidis cells) in 24 h biofilm in PBS stained red with PI in situ (Figs la,b and 2a,b) while most (about
99%) planktonic cells from suspension above the respective biofilms stained green with SYTO 9 on a filter
(Supplementary Fig. 1). This could normally be interpreted as simply showing the differences in the physiology
of adherent and planktonic cells and different proportion of dead and alive cells indicating better viability of
planktonic cells. However, decreased viability of adherent cells was not an expected result. Adherent cells pre-
sented biofilm-specific aggregation into microcolonies which is characteristic of viable initial biofilms. No toxic
agent was used, and samples were rinsed before staining to ensure removal of loose dead planktonic cells. Also,
the proportion of red-stained cells in the initial biofilms was surprisingly high. For example, using the same
staining method, Wang et al. noted only a few dead cells among viable cells on a 24 h E. coli biofilm on silicone in
PBS*. Starved biofilms incubated in PBS are more commonly used in oral health studies where most of the cells
in biofilm tend to stain green similar to Zhu et al. reporting 76.7% viability of 24 h Streptococcus mutans biofilm
on glass in phosphate buffer®. To exclude single stain effects, viable and ethanol-fixed biofilms were stained with
PI, SYTO 9 and PI+ SYTO 9 (Supplementary Figs 2 and 3). Single staining resulted in only red signals for PI
and green signals for SYTO 9. Fixed samples stained with PI or PI4SYTO 9 showed only red cells. However, it
could be observed that while single-stained fixed samples comprised of cells with similar PI or SYTO 9 intensity,
variable signal intensities were observed for viable biofilms. Different binding affinity of SYTO 9 to viable and
dead gram-negative bacteria is a known limitation of the method*. With adherent cells, we observed the same
phenomenon also for gram-positive S. epidermidis.

As PI uptake by viable planktonic bacteria with increased membrane potential has been suggested by
Kirchhoff and Cypionka® and biofilms have been shown to demonstrate membrane potential fluctuations®” a
control experiment deploying 3,3’-diethyloxacarbocyanine iodide (DiOC,(3)) and membrane potential eliminat-
ing carbonyl cyanide m-chlorophenylhydrazone (CCCP) pre-treatment was executed. No increased membrane
potential signals described by Kirchhoff and Cypionka were observed for in situ DiOC,(3) staining and CCCP
pre-treatment did not affect overall P14+ SYTO 9 double- staining pattern of the biofilms (Supplementary Fig. 4),
excluding the possibility of PI signals being caused by increased membrane potential.

To reveal the metabolic activity of E. coli and S. epidermidis in biofilms, we also stained the adherent cells
with fluorescein diacetate (FDA), not a DNA-binding, but enzymatic activity indicative stain that emits green
fluorescence after intracellular enzymatic cleavage®. It was observed that 67.91% E. coli and 68.30% S. epidermidis
cells were metabolically active compared to in situ PI+SYTO 9 total counts (Figs 1c,d, 2a,b). Comparison of the
results from staining the cells with FDA and PI4-SYTO 9 showed that for both species of bacteria, there is a sta-
tistically significant difference in FDA and SYTO 9 signal counts (Fig. 2a,b) but there is no significant difference
between FDA and PI or total (P14 SYTO 9) signal counts. On the assumption that dead cells are not metaboli-
cally active, and starvation may even cause underestimation of viable cell count based on FDA staining, this result

SCIENTIFIC REPORTS| (2019) 9:6483 | https://doi.org/10.1038/s41598-019-42906-3 2



www.nature.com/scientificreports/

E. coli MG1655 S. epidermidis DSM-20044

Adherent, in situ (FDA) Adherent, in situ (PI+SYTO 9)

Adherent, harvested,
on filter (PI+SYTO 9)

Figure 1. Epifluorescence microscopy images of adherent E. coli (a,c,e) and S. epidermidis (b,d,f) viability
staining. 24 h initial monolayer biofilm formed on glass in PBS stained in situ with propidium iodide (PI) and
SYTO 9 (a,b), with fluorescein diacetate (FDA) (¢c,d) or harvested via sonication, stained with PI and SYTO 9
and collected on filter (e,f). Pie diagrams represent total cell count on surfaces with PI, SYTO 9 and FDA stained
signal proportions marked in red, dark green and light green respectively. Scale bars correspond to 10 um.

sharply contradicts P+ SYTO 9 viability staining results. From these results demonstrating that most of the cells
on glass surfaces are metabolically active and stain with PI while a minority of presumably viable cells stain with
SYTO 9 only it can be concluded that SYTO 9 signal count significantly underestimates viability and PI signal
count significantly overestimates dead cell count as a result of PI+ SYTO 9 co-staining in situ. Counting possible
weak background FDA signals from dead cells was ruled out as FDA-staining of ethanol-fixed biofilms did not
produce observable signals (Supplementary Fig. 5). However, neither membrane integrity nor enzymatic activity,
especially when incubated in a nutrient-poor environment, can truly indicate the reproduction capability of the
cells. This can only be measured by cultivation-based methods.
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Figure 2. Comparison of multiple approaches to evaluate adherent cell viability in E. coli (a,c) and S.
epidermidis (b,d) biofilms on surface in situ (a,b) or after harvesting via ultrasonication (c,d). 24 h initial
monolayer biofilm formed on glass in PBS stained in situ (a,b) with propidium iodide (PI) and SYTO 9 or FDA
followed by epifluorescence microscopy (EM) and signal counting or harvested (c,d) and cultivated for plate
counts, co-stained with PI and SYTO 9 and analyzed by flow cytometry (FCM) or collected on filter followed
by EM and signal counting. Cell counting results are presented as signals/cm? where one signal counted
corresponds to a single fluorescent cell or compact diplococcus (microscopy), a CFU (cultured plate count)

or an FCM event. Live/dead gating of FCM signal populations was based on known proportions of viable

and ethanol-killed planktonic bacteria. Mean and standard deviation of 4-6 independent values for in situ
staining and filtering and 10-16 independent values for plate counts and FCM are shown and only statistically
significant differences (p < 0.05) marked on graphs (“ “>0.05; * < 0.05; ** < 0.01; *#* < 0.001; **** < 0.0001).

Viability staining and cultivability of harvested cells. Adherent bacteria were harvested from the
surfaces via ultrasonication optimized to acquire the maximum number of viable cells (Supplementary Fig. 6)
and plated or stained with PI and SYTO 9 and analyzed by flow cytometry (FCM) or collected on filter fol-
lowed by epifluorescence microscopy (Figs le,f, 2¢,d). Of the 96.35 4 5.30% in situ PI-positive E. coli cells,
only 43.50 4 5.30% were PI-positive after harvesting, subsequent staining and collection on filter, and only
27.76 4 9.61% of those cells could be assigned to the “dead” gate in FCM, based on ethanol-killed planktonic cells.
Similarly, of the 75.69 4 18.44% in situ PI-positive S. epidermidis cells, only 19.56 4 8.93% were PI-positive after
harvesting, staining and collection on filter, and only 11.07 & 10.70 those cells could be assigned to the “dead” gate
in FCM. This result showing increased fraction of SYTO 9 stained cells after harvesting of adherent cells via ultra-
sonication compared with adherent cells in situ (Fig. 1a vs le; 1b vs 1f) was rather surprising. One would expect
that ultrasonication does not increase but rather decreases cellular viability due to physical damage as longer
ultrasonication durations resulted in decreased planktonic cell viability as well as decreased viable yield of adher-
ent cells (Supplementary Fig. 6). However, due to the seemingly reversed red to green ratio after ultrasonication
we hypothesized that this treatment affects the staining of viable cells with PI. One of the possible explanations for
that was partial removal of eNA containing ECM from adherent cells. Indeed, ultrasonication is a technique that
is commonly used for ECM extraction®*’. Removal of eNA and false dead signals along with ECM was further
confirmed by cultivating the harvested bacteria. Following the PI 4 SYTO 9 staining principle, plate counts could
be expected to be smaller than the number of SYTO 9 signals from in situ staining due to possible cell aggregates
forming only one colony but yielding several signals counted. On the contrary, compared to total signal counts
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Insitu In situ FDA vs Harvested, Harvested, PI+SYTO | Harvested, plate count vs
Species PI4+SYTO9 | PI+SYTO 9 total count | PI4+SYTO 9, on filter | 9, flow cytometry PI+SYTO 9 total count on filter
E. coli 3.65+5.30 67.91 56.50+5.30 77.204+9.60 82.43
S. epidermidis | 24.31+18.44 | 68.30 80.4448.93 88.90+10.70 89.02

Table 1. Viability estimates (%)* of 24 h biofilms acquired with different methods. *Mean and standard
deviation of 4-6 independent values for in situ staining and filtering and 10-16 independent values for plate
counts and FCM are shown. Percentages calculated as ratios of mean values are presented without standard
deviations.

Figure 3. Confocal laser scanning microscopy (CSLM) images of 24 h E. coli biofilm co-stained with propidium
iodide (PI) and SYTO 9: vertical and horizontal cross-sections in multichannel (a), green channel (b) and red
channel (c) view. Dead cells stained with PI are indicated with cyan and viable cells double-stained with PI

and SYTO 9 with yellow arrows. Scale bars correspond to 5um. Single images of the Z-stack are available in
Supplementary Album 1.

from harvested and P14 SYTO 9 stained samples at least 82.43% of E. coli and 89.02% of S. epidermidis cells were
cultivable and formed colonies on nutrient agar.

There was no statistically significant difference in plate counts of biofilm harvested cells, FCM total event
counts FCM “alive” event counts, and SYTO 9 counts of harvested, PI4 SYTO 9 stained and filtered samples for
neither species, indicating that the majority of the harvested cells are truly viable (Figs 2¢,d) and the fact that they
stained red with PI in in situ biofilms was indeed an artifact, most likely due to the presence of eNA in the biofilm
matrix.

Of the approaches used for harvested cell viability assessment, FCM proved to be a quicker and less elab-
orate method than filtering stained samples and counting fluorescent signals from microscopy images but
gating harvested sample signals in FCM proved to be problematic. FCM alive and dead gates were based on
viable and ethanol-killed planktonic cultures but unlike planktonic samples from the same test system, ultra-
sonicated biofilm samples had much higher noise level and less defined and/or shifted “alive” signal populations
(Supplementary Fig. 7) easily explained by partial ECM removal during harvesting and resulting double-staining
of viable bacteria to various degrees in contrast to more strictly PI-defined “dead gate”

The fact that viability estimate based on in situ PI-staining was significantly lower than the ones based on in
situ FDA staining or harvested cell plate count (Table 1) suggested that eNAs could indeed play a major role in
false “dead” PI-staining of biofilm bacteria in situ. To further confirm the hypothesis, confocal microscopy was
used to better visualize the PI and SYTO 9 co-stained bacterial biofilms.

Confocal laser scanning microscopy (CLSM) of P1+SYTO 9 stained biofilms.  CLSM cross-sections
of monolayer biofilms revealed overlapping PI and SYTO 9 signals of E. coli (Fig. 3) and S. epidermidis (Fig. 4)
creating a wider diffuse red PI corona around SYTO 9 signals except for the most intensely red cells that lacked
green signal and could presumably be true dead signals. It must be noted that the result was seriously affected
by vertical resolution limit of CLSM due to bacterial cell size, especially for E. coli. However, it was still possible
to bring light to the fact that a large proportion of the cells of both species demonstrated double-staining with
green interiors under red PI-stained exteriors. This double-staining was only characteristic of viable biofilms
and also not a single stain effect, as co-stained ethanol-fixed biofilms lacked green signals with the same CLSM
setup and biofilms monostained with PI or SYTO 9 only produced signal in their respective emission channels
(Supplementary Figs 8 and 9). Full width at half maximum (FWHM) measurements of CLSM cross-sections of
non-saturated cellular signals confirm that red signals from double-stained cells of both species are significantly
wider than green signals (Supplementary Fig. 10).
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Figure 4. Confocal laser scanning microscopy (CSLM) images of 24 h S. epidermidis biofilm co-stained with
propidium iodide (PI) and SYTO 9: vertical and horizontal cross-sections in multichannel (a), green channel
(b) and red channel (c) view. Dead cells stained with PI are indicated with cyan and viable cells double-stained
with PI and SYTO 9 with yellow arrows. Scale bars correspond to 5 pm. Single images of the Z-stack are
available in Supplementary Album 1.

As suspected from the comparison of staining of cells with PI+SYTO 9 in situ and after ultrasonication,
CLSM confirms that PI really does stain cells externally and is therefore not indicative of viability but produces
false dead signals under these experimental conditions. Unfortunately, the CLSM resolution limit does not allow
to confirm PI exclusion from cell interiors. To compare the staining pattern of PI4-SYTO 9 to SYTO 9 co-staining
with membrane or membrane-associated ECM components, we combined SYTO 9 with CellMask Orange
(CMO), Nile red (NR) and Congo red (CR). NR+SYTO 9 staining resulted in the strongest signals of both NR
and SYTO 9 (Supplementary Fig. 11) with a similar red corona around green cell interiors apparent in CLSM
as was observed for PI+SYTO 9 staining (Fig. 4). CMO staining resulted in weaker signals for S. epidermidis
(Supplementary Fig. 11) and was not usable for E. coli but demonstrated a similar red corona around green S. epi-
dermidis cells as P14+ SYTO 9 and NR +SYTO 9. Due to imaging at the CLSM resolution limit, membrane signals
(NR, CMO) can also be seen inside the cells similarly to PI signals on Figs 3 and 4. Expected extracellular DNA
signal (SYTO 9) outside the membranes similar to extracellular PI signal in case of PI + SYTO 9 co-staining is
lost in these images (Supplementary Fig. 11) possibly due to limited dynamic range and loss of weaker signals in
single channel SYTO 9 acquisition as opposed to individually adjustable separate channels for intracellular SYTO
9 and extracellular PI signal acquisition (Figs 3 and 4).

CRis an amyloid stain fluorescing red when bound to bacterial surface-associated amyloid fibrils (SAFs)*'. CR
signals appeared too weak and quickly bleaching to use in CLSM, but images could be attained in epifluorescence
microscopy using long exposures. Interestingly CR + SYTO 9 staining pattern in epifluorescence microscopy
(Supplementary Fig. 12) appears similar to that of PI4 SYTO 9 (Fig. 1a,b) with some cells lacking red signals and
staining green with SYTO 9 while most present red CR signals of variable intensities. It is also evident that SYTO
9 signal is completely masked by more intense CR signals, similarly to PI4+ SYTO 9 with the significant difference
that CR+SYTO 9 eliminates competing for DNA binding.

To further prove the role of eDNA in PI-staining, we also attempted to treat biofilms and similar amount
of planktonic cells with DNase I, remove the cells from the surfaces by scraping, concentrate by centrifugation
and demonstrate larger amount of DNase degradable DNA signal on adherent cells than on planktonic cells.
Unfortunately, the number of adherent cells optimized for in situ counting was too low to provide a signal in
ethidium bromide agarose gel electrophoresis. Also, ECM removed from scraped cells by suspending them in
1.5M sodium chloride** did not produce DNA signal on gel likely due to too low amount of DNA. PI+SYTO
9 staining and epifluorescence microscopy of 1.5 M NaCl-treated cells confirmed that most of the cells indeed
stained green suggesting successful removal of ECM, including eDNA, from the cells. It was also empirically
observed that physical manipulations of adherent cells from scraping to centrifugation, vortexing and ultrasoni-
cation all shifted the red to green staining ratio to more green, indicating (partial) ECM removal in various steps
of the process which makes cell number normalization between planktonic and low numbers of adherent cells
prior to analysis difficult to achieve without losing significant amounts of eDNA.

Discussion

The need to study possible false dead results of PI-based viability staining arose from our previous experiments
carried out with bacterial biofilms in water and PBS, where we have similarly to this study, observed a large frac-
tion of red PI-stained cells in biofilms on untreated glass but significantly smaller fraction of red-stained cells on
glass surfaces with antibacterial treatment, although total cell counts on treated surfaces tended to be much lower
than on untreated controls (unpublished data; Supplementary Fig. 13; surfaces described in**). Yet the morphol-
ogy of biofilms on untreated glass appeared normal while on antibacterial glass surfaces the biofilm structure as
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well as S. epidermidis characteristic diplococcal aggregation was disturbed. This result suggested almost reverse
staining of alive and dead bacterial cells with PI and SYTO 9 in biofilms. In this study we show that in similar
conditions on untreated glass membrane integrity based viability staining with NA-binding PI can and will sig-
nificantly overestimate the dead cell count in 24 h gram-positive and gram-negative monospecies biofilms in PBS.
96.3545.30% of E. coli and 75.69 £ 18.44% of S.epidermidis cells stained red and according to general viability
staining principles could be considered “dead” when co-staining with PI and SYTO 9 in situ compared to 67.91%
E. coli and 68.30% S. epidermidis staining FDA-positive — metabolically active in situ, and at least 82.43% of E.
coli and 89.02% of S. epidermidis cells being cultivable after harvesting from biofilms via ultrasonication. It was
also evident that the red (PI) to green (SYTO 9) signal ratio was reversed after ultrasonication which indicates
PI signal localization in the ECM and (partial) ECM removal during physical manipulation of the cells. To our
knowledge, non-specific fluorescence of PI in biofilm ECM has not been described as a factor possibly influencing
viability staining results. PI does also bind RNA, not only DNA. However, while the presence of eDNA in ECM
is well described, not much is known about extracellular RNA (eRNA) in biofilms. It has been shown that bacte-
ria can secrete RNA in outer membrane vesicles (OMVs). For example, Ghosal et al. have demonstrated eRNA
outside planktonic E. coli MG1655*, the very same strain that was used in our experiments. Whether eRNA has
arole in biofilm formation is yet scarcely studied, but it cannot be ruled out. For example, eRNA has been demon-
strated to be important in Haemophilus influenzae in vitro biofilm formation*.

Compared to harvested cell plate count, FDA staining results in situ seem to underestimate viability (Table 1).
This could be due to a few reasons. Firstly, the FDA method is challenging to work with due to weak fluorescent
signals that require long exposures leading to photobleaching, high background fluorescence and varying sig-
nal intensities between individual cells (especially in the case of S. epidermidis). Secondly, FDA is indicative of
metabolic activity, but biofilms were formed in a very nutrient-poor environment in which metabolic activity is
expected to be slowed and as shown by Chavez de Paz et al. for oral bacteria, can reversibly affect FDA staining
outcome®.

Confocal laser scanning microscopy revealed double-stained cells with green fluorescing interiors under red
stained exteriors of individual cells and confirmed PI staining not only being indicative of membrane integ-
rity but rather staining of eDNA which is one of the components of bacterial ECM. This double-staining was
only characteristic of viable biofilms as ethanol-fixed biofilms consistently produced only red signals in both
EM (Supplementary Figs 2 and 3) and CLSM (Supplementary Figs 8 and 9). Due to CLSM resolution limit,
super-resolution microscopy allowing for nanoscale discrimination between membrane and chromosomal DNA
signals*” would be needed to confidently confirm PI exclusion from cell interiors.

CLSM results look similar to what has been previously demonstrated, but not quantified in terms of falsely
assigned dead signal counts for viability staining. For example, Vilain et al. demonstrated similar PI corona
around adherent Bacillus cereus cells on glass wool®®, although in their study, the biofilm was formed in rich
medium. Gallo et al.*! also noted a similar picture using membrane-anchored surface amyloid fibril (SAF) pro-
ducing and GFP-expressing Salmonella typhimurium biofilm cells surrounded by a “corona” of PI-stained eDNA
and SAF complexes concluding that PI stains the cells externally. SAF and eDNA interactions have also been
demonstrated for other species. For example, eDNA has been shown to facilitate the polymerization of SAF mon-
omers in Staphylococcus aureus biofilms*’ and E. coli SAF monomer has been shown to bind to DNA, promot-
ing SAF assembly>’. SAF and eDNA have been shown to facilitate bacterial attachment to surfaces and cell-cell
aggregation®'. SAF and eDNA interactions in the context of biofilm formation and mechanical resistance need
to be studied further to bring light to underlying mechanisms. We also demonstrated that amyloid stain Congo
red stained both E. coli and S. epidermidis (Supplementary Fig. 12). CR combined with SYTO 9 presented similar
staining pattern in epifluorescence microscopy as PI+SYTO 9 leading to hypothesis that eDNA-SAF complexes
could bind PI, mask intracellular SYTO 9 signals and lead to false dead signals in epifluorescence microscopy. In
mammalian amyloid diseases research, it has been observed that amyloids not only bind DNA, but also mediate
its configurational changes between B and Z form®*->*. If it similarly applies to bacterial amyloids, then that might
explain why this caveat in viability staining has not been shown to be a critical problem for older biofilms that
quickly become insensitive to DNase during maturation”’ and generally stain green with P14+ SYTO 9. This could
be due to Z-DNA not being efficiently degraded by DNase I°° nor detected by ethidium bromide (EB)*, latter of
which is structurally very similar to PI.

SAF-bound eDNA could also explain why PI stains biofilms on untreated glass and not on nano-ZnO coated
surfaces (Supplementary Fig. 13) that release ionic Zn(II). Zn(II) in known to modulate amyloid formation. Exact
mechanisms and related interactions are not well known, but Zn(II) has been demonstrated to inhibit fibrillar
growth or cause destabilization of amyloid fibrils*’-*!. If Zn(II) prevents functional SAF formation or disrupts
existing amyloids, then it could also prevent SAF-bound eDNA in close proximity to the cells. More specifically,
Tougu et al.”” demonstrated dose-dependent inhibition of amyloid {3 fibril formation with strong effect at 5-10 uM
Zn(II) in physiological conditions while Zn concentration in our biofilm experiment with nano-ZnO coated
surfaces facilitating SYTO9-positive S. epidermidis biofilms in PBS reached about 15uM with potentially higher
local concentrations near the treated surface. The mechanisms behind DNA, amyloid and Zn or other metal ion
interactions need further investigation and may reveal novel strategies to prevent biofilm formation.

Moreover, the role of eDNA in PI-staining of adherent bacterial cells may not be constant in different biofilms
but significantly affected by biofilm growth conditions. In our study we used biofilms grown in nutrient-poor
PBS at ambient temperature and no other conditions that could negatively affect adherent cultures were applied.
However, in a more usual experimental setup, different treatments causing physical, toxic, starvation efc. stress
to the biofilms, especially in antimicrobial or anti-biofilm research together with a negative no-stress control are
used. In the light of eDNA interfering with viability staining results, these stress factors could not only affect cell
viability but also adherence efficiency and with that the amount of ECM and eDNA thereby potentially falsely
exaggerating mortality of stress-treated samples compared to no-stress controls. For example, metabolic stress
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due to sub-lethal concentrations of antibiotics or other toxic compounds has been shown to enhance biofilm
formation and/or result in higher eDNA content of the biofilms®*-**. Growth conditions, such as temperature,
aerobic and starvation stress were reported to affect surface attachment and eDNA-mediated mechanism of bio-
film formation of Campylobacter jejuni®®. DNase-sensitive eDNA dependent biofilm formation of Streptococcus
mutans was observed in low pH stress and not in neutral pH®. Higher eDNA content of biofilms subjected to
physico-chemical stress was recently also observed for S. epidermidis®®. Not only severe stress, but also growth
media selection can be of importance. Kadam et al. observed highest biofilm formation in nutrient-poor medi-
ums and noticed that DNase-sensitive Listeria monocytogenes biofilms grown in nutrient broth consisted of
clearly higher proportion of PI-positive cells during PI4 SYTO 9 co-staining than DNase-insensitive biofilms
of the same strains grown in a more nutrient rich brain heart infusion®. Also SAF biogenesis, discussed above, is
stimulated by temperature below 30 °C and lack of nutrients”’.

Together, this hints that the external staining phenomenon of PI might not only be dependent on the species
used or starvation conditions but is also attachment-specific and dependent on conditions affecting matrix eDNA
content, including different stress-responses.

Conclusion

Viability estimation is of critical importance in evaluating antimicrobial/anti-biofilm surfaces and substances
efficiency. Although the presence of extracellular nucleic acids in bacterial biofilm matrixes is well established in
the literature, PI-based viability staining has remained a widely used tool for in situ viability estimate of adherent
cells not taking into account possible eDNA interference in the viability staining results. From this study it can be
concluded that membrane integrity based viability staining with DNA-binding dyes, including, but presumably
not limited by PI, can significantly overestimate dead cell counts in the presence of eNA in biofilms. To overcome
this, the possible effect of eNA should be controlled for by either: (1) using culture-based methods as a reference;
(2) assess metabolic activity (e.g. staining for enzyme activity, respiration etc.) in parallel to NA-staining and/or
(3) minimizing ECM co-harvesting if harvested cell viability is to be assessed by staining. None of the aforemen-
tioned approaches are perfect for biofilms, but combination of methods rather than one approach is expected to
result in more accurate estimations of viability.

Methods

Preparation of glass surfaces for bacterial attachment. 18 mm x 18 mm soda-lime glass micros-
copy cover glasses (Corning, 2855-18) were used as biofilm carriers. Before inoculation carriers were rinsed with
70vol% ethanol in deionized water and dried in biosafety cabinet with ultraviolet light irradiation for at least
20 minutes on both sides.

Bacterial strains and biofilm cultivation. . epidermidis DSM-20044 and E. coli MG1655 were grown
overnight in Luria-Bertani broth (LB: 10 g/L tryptone, 5g/L yeast extract in deionized water) at 30 °C. Sterilized
18 x 18 mm glass cover slips were placed into wells of 6-well polycarbonate non-tissue culture coated plates
(Corning, 351146). Bacterial cells where washed twice with PBS (180 mM sodium chloride, 3mM potassium
chloride, 9mM dibasic sodium phosphate, 1,5mM potassium hydrogen phosphate in deionized water, pH~7)
using centrifugation at 7000 g for 10 min. Cell suspensions were immediately diluted to ODg, 0.01 in PBS and
5ml of inoculum was pipetted onto glass surfaces in each well of the 6-well plates. Serial dilutions of remaining
inoculum were made and drop-plated on nutrient agar (NA: 5g/L meat extract, 10 g/L peptone, 5g/L sodium
chloride, 15 g/L agar powder in deionized water) to confirm inoculum cell count. Plates with inoculated surfaces
were covered with lids and incubated at room temperature and ambient indoor lighting for 24 h to acquire biofilm
density suitable for consecutive counting.

Ethanol-fixation was used to kill and permeate biofilm samples used as controls. 24 h biofilms were dip-rinsed
twice in PBS and drained. Biofilms were submerged in 70 vol% ethanol in deionized water, incubated 1 h at room
temperature, liquid aspirated, and samples dried in 60 °C incubator for 5min.

Staining. Staining with PI (81845, Sigma) 20 mM and SYTO 9 (S-34854, Invitrogen™ Thermo Fisher
Scientific) 3.34 mM stock solutions in DMSO was carried out according to BacLight™ Bacterial Viability Kit
manual. Final concentrations of stains in 1:1 stain mixture in PBS was 30 uM PI and 5uM SYTO 9. Stain mixture
was either added to surfaces with biofilms (15 ul PBS-diluted stain mix pipetted straight onto surfaces and covered
by cover slip), to cells harvested from surfaces by ultrasonication or to planktonic bacteria collected from above
the bacterial biofilms. The stained samples were incubated for 15 minutes in the dark (foil covered box) at room
temperature.

FDA (201642, Sigma) stock solution used was 5mg/ml in acetone, diluted 200-fold in PBS and kept on ice
during the experiment. 15 pl of the stain solution was pipetted directly onto surfaces, covered by coverslip and
incubated in the dark for 10 min before microscopy. Longer incubation periods yielded in high background fluo-
rescence and not significantly stronger signals from cells and therefore longer incubation was not used to obtain
stronger signals.

Final concentrations for other stains combined with 5uM SYTO 9: 20 ug/ml Congo red (Merck), 1 ug/ml Nile
red (Thermo Fisher Scientific), 5ug/ml (1x) CellMask Orange (Thermo Fisher Scientific). Same staining condi-
tions were applied as for P14 SYTO 9, described above.

For membrane potential evaluation, 15 ul 30 uM 3,3’-diethyloxacarbocyanine iodide (DiOC,(3); 320684,
Sigma) in PBS was used in situ followed by 5 min incubation in the dark and epifluorescence microscopy with or
without 5 min pre-treatment submerged in 5uM carbonyl cyanide m-chlorophenylhydrazone (CCCP; C2759,
Sigma) in PBS. DiOC,(3) used by Kirchhoff and Cypionka® was chosen over Thioflavin T used by Humphries et
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al.*” for membrane potential staining due to Thioflavin T being a widely used amyloid dye and potentially staining
also amyloid fibrils*” present in biofilm matrix.

Ultrasonication. Branson Digital Sonifier model 450 (max power 400 W) equipped with horn model 101-
135-066 R was used to harvest adherent cells from glass surfaces. The protocol was optimized to achieve maximal
viable cell yield for ultrasonication of glass surfaces in 50 ml glass beaker filled with 10 ml PBS at 25% sonication
amplitude. For optimization, planktonic culture was used in parallel to biofilm and viability of both planktonic
and harvested cells was evaluated during up to 30 sec sonication (Supplementary Fig. 6). Optimal time for soni-
cation to achieve maximal viable cell yield was found to be 15 seconds for both bacterial species. Ultrasonicated
surfaces were stained with PT and SYTO 9 and microscoped to confirm removal of biofilm. Harvested biofilm
samples were either stained as described above and analyzed by flow cytometry or filtered through 0.2 pm pore
size filters (Whatman Nuclepore Polycarbonate Black Membrane Filter) prior to microscopy and counting or
drop-plated for CFU counts on nutrient agar. For more reproducible result presentation, CFU and cell counts are
given per cm?

Microscopy. Epifluorescence microscopy (EM) was carried out using Olympus CX41 microscope equipped
with 100x oil immersion objective. Excitation filter cube DMB-2 (exciter filter BP475, dichroic mirror DM500,
barrier filter O515IF) was used to filter mercury lamp emission allowing detection of both FDA as well as simul-
taneous detection of PI and SYTO 9 fluorescent signals with 515 nm longpass filter. Images were captured with
Olympus DP71 camera and CellAB software.

Signals were manually counted in Image] software using “point” tool thereby acquiring cell counts for E. coli
and diplococcal counts for S. epidermidis. Compact diplococci with one green and one red cell were counted as
separate signals. For counting purposes at least 10 images were taken per sample at random locations. “Subtract
background” (rolling = 50) function of Image] was used on FDA-stained images prior to counting signals with
recognizable cell morphology. For more reproducible result presentation, cell/diplococcal counts are given per
cm?.

Confocal laser scanning microscopy (CSLM) was carried out using Zeiss LSM 510 META equipped with
100x oil immersion objective and acquired images analyzed in Zeiss LSM Image Browser. For acquiring SYTO 9
signals, 488 nm laser and 505-550 nm emission filter was used. For PI, NL and CMO, 561 nm laser in combina-
tion with 575 nm longpass emission filter was used. Separate tracks were employed for both excitation/emission
paths to avoid signal bleed-through between emission channels. To obtain more precise Z-stack imaging interval,
motorized piezo stage was used to image at 0.1 um interval (P14 SYTO9 samples) or at 0.15um (SYTO 9+ NL/
CMO). Full Z-stacks for cross-sections on Figs 3 and 4 can be found in Supplementary Album 1.

Full width at half maximum (FWHM) was measured from non-saturated double-stained cells separately from
green and red channels from the same line selection in Image] using Gaussian fit function.

Flow cytometry. FCM analysis of Pl and SYTO 9 co-stained bacteria was carried out using BD Accuri™ C6
device (BD Biosciences). Primary forward scatter (FCS-H) and secondary fluorescence signal (FL1-H) thresholds
were used to filter out noise with minimal loss in bacterial cell signals and live-dead gating was done for E. coli
and S. epidermidis using different proportions of viable overnight culture and ethanol-killed overnight culture
(1h incubation in 70% ethanol) confirmed by plate counts. Gating of dead and alive signal populations was
executed on SYTO 9 (FL1-A; 533/30 nm)/Propidium iodide (FL3-A; 670 nm LP) scatter plot as illustrated on
Supplementary Fig. 7. For more reproducible result presentation, event counts are given per cm?

DNase treatment. 15 surfaces per condition were prepared and rinsed as described and incubated with
500 ul 1x DNase I buffer (10x buffer: 100 mM Tris-HCI (pH 7.5), 25 mM MgCl,, 1 mM CaCl,) with or without
DNase I (final concentration 100 U/ml, EN0523, Thermo Fisher Scientific). As a planktonic control, 3 ml of E. coli
and 20 ml of S. epidermidis planktonic fraction, with estimated cell count similar to adherent cells on 15 surfaces
were pelleted at 7000 g for 10 minutes, supernatant discarded and pellet suspended in DNase buffer with or with-
out DNase I. Both, surfaces with biofilm and tubes with planktonic bacteria were incubated at 37 °C for 4 hours.
Adherent cells were harvested by scraping with cell scraper in the same buffer and pelleted by centrifugation at
7000 g for 10 min, suspended in 300 ul 1.5 M NaCl to remove ECM as described in*?, thoroughly vortexed and
pelleted again to remove cells from ECM fraction. 30 ul of ECM fraction in the supernatant was run on agarose gel
electrophoresis (0.8% agarose in Tris-acetate-EDTA (TAE) buffer, stained with 0.5 pg/ml ethidium bromide; 60V,
60 min, visualized on UV-transilluminator). Pelleted cells were resuspended in PI and SYTO 9 co-stain solution
in final concentrations as described above and either analyzed by FCM or 5 ul pipetted onto microscopy slide,
covered by cover slip, incubated in dark for 15 min and visualized with epifluorescence microscope.

Statistical analysis. Mean values and standard deviations were calculated by Microsoft Excel standard func-
tions. P-values used in Fig. 2 were acquired using analysis of variance (ANOVA) followed by Tuckey’s multiple
comparisons test at «=0.05 in GraphPadPrism 7.04 where analysis was executed individually for data presented
on each graph (Fig. 2a-d). P-values used in Supplementary Fig. 10 were calculated in Microsoft Excel using
two-tailed T-test.

Data Availability

The data generated in the current study is available from the corresponding author on reasonable request.
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Supplementary Figure 1

Epifluorescence microscopy images of planktonic E. coli (a) and S. epidermidis (b) viability staining: planktonic
cells from the biofilm experiment after 24 h incubation in phosphate buffered saline (PBS), stained with Pl and
SYTO 9 and collected on filter. Pie diagrams represent total cell count with PI, and SYTO 9 stained signal
proportions marked in red and dark green respectively. Scale bars correspond to 10 um.



Supplementary Figure 2
Epifluorescence microscopy images of viable (a-c) and ethanol-fixed (d-e) 24 h E. coli biofilms stained with
SYTO 9 (a, d), PI (b, e) or PI + SYTO 9 (c, f). Scale bars correspond to 10 um.



Supplementary Figure 3
Epifluorescence microscopy images of viable (a-c) and ethanol-fixed (d-e) 24 h S. epidermidis biofilms stained
with SYTO 9 (a, d), Pl (b, e) or Pl + SYTO 9 (c, f). Scale bars correspond to 10 um.
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Supplementary Figure 4
Representative epifluorescence microscopy images of 24 h biofilms of E. coli and S. epidermidis stained in situ

with Pl + SYTO 9 or with DiOC,(3) with or without membrane potential relieving CCCP pre-treatment. No
increased membrane potential signals were observed without CCCP pretreatment (CCCP-) and CCCP
pretreatment (CCCP+) did not change overall Pl + SYTO 9 staining pattern. Therefore, Pl + SYTO 9 staining
pattern is not caused by increased membrane potential of adherent cells. Scale bars correspond to 10 um.
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Supplementary Figure 5
Epifluorescence and phase
contrast images of ethanol-fixed
E. coli and S. epidermidis stained
with fluorescein diacetate (FDA).
Fluorescence and phase contrast
image are captured from the same
view field. No background FDA
signals from killed cells are
captured. Scale bars correspond
to 10 pm.
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Supplementary Figure 6
Optimization of protocol for ultrasonication of adherent bacteria from biofilms on glass surfaces. Viability of

planktonic bacteria (ODgpo=0.05 in 10 ml PBS) during 0, 10, 15, 20 and 30 seconds sonication at 25% amplitude
(a) and release of viable cells/aggregates from 24 h biofilm (ODgo=0.05 inoculum) in 10 ml PBS under the
same conditions (b). Although planktonic culture endures longer treatment without decreasing viability, 15
seconds ultrasonication resulted in highest CFU per surface yield for biofilm cells. Glass surfaces were stained
with propidium iodide and SYTO 9 after ultrasonication to confirm removal of biofilm.
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Supplementary Figure 7

Flow cytometry (FCM) density
plots of propidium iodide (PI) and
SYTO 9 co-stained E.coli MG1655
and S. epidermidis DSM20044:
PBS washed overnight planktonic
culture (a); 1:1 mix of viable and
ethanol-killed overnight cultures
(b); PBS washed and ethanol-killed
overnight culture (c); pooled and
ultrasonicated planktonic cells
from biofilm experiment (d);
ultrasonicated and pooled sessile
cells from biofilm (e). Live/dead
gating based on known
proportions of viable and ethanol-
killed planktonic bacteria was
used to evaluate viability of
bacteria harvested from 24 h
biofilms. It is evident that gating
strategy used is applicable for
planktonic bacteria from the
biofilm experiment even after
incubating in PBS and sonication
(d) while FCM populations of
harvested E. coli biofilm cells have
shifted and plots are much noisier.
For adherent cells, dead gate
seems to be better defined by PI
staining than shifting populations
of viable cells with presumably
variable degrees of extracellular Pl
staining.



Supplementary Figure 8

Maximum projections of CLSM Z-stacks of viable E. coli biofilm stained with SYTO 9 (a-c) or PI (d-f) and ethanol-
fixed biofilm stained with PI + SYTO 9 (g-i). Green channel (a, d, g), red channel, (b, e, h) and multichannel (c, f, i)
projections are presented. The same acquisition and linear post-adjustment settings were applied to all images.
Scale bars correspond to 5 um.




Supplementary Figure 9

Maximum projections of CLSM Z-stacks of viable S. epidermidis biofilm stained with SYTO 9 (a-c) or PI (d-f) and
ethanol-fixed biofilm stained with Pl + SYTO 9 (g-i). Green channel (3, d, g), red channel, (b, e, h) and
multichannel (c, f, i) projections are presented. The same acquisition and linear post-adjustment settings were
applied to all images. Scale bars correspond to 5 um.
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Supplementary Figure 10

Full width at half maximum (FWHM) measurement of non-saturated green SYTO 9 and red PI signals from
CLSM cross-sections of E. coli (a) and S. epidermidis (b) biofilms. Mean and standard deviation of 11 values
measured for signals indicated with blue circles on panels a and b are presented (c). Scale bars correspond to 5
pm.
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Supplementary Figure 11
Vertical and horizontal CLSM cross-sections of 24 h S. epidermidis and E. coli biofilms stained with Nile red

and CellMask Orange to visualize cell membranes. Scale bars correspond to 5 um.




Supplementary Figure 12

Epifluorescence microscopy images 24 h S. epidermidis (a) and E. coli (b) biofilms co-stained with SYTO 9 and
Congo red (CR). Scale bars correspond to 10 um.
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Supplementary Figure 13

Staining of S. epidermidis biofilms on glass with propidium iodide (Pl) and SYTO 9. S. epidermidis DSM20044
biofilm on untreated glass (row a) and on antimicrobial nano-ZnO covered surface described in [51] (row b
shows glasses with lower nano-ZnO content and row c shows glasses with higher ZnO content) in PBS stained in
situ with Pl and SYTO 9 and signal counts (row d) of 50 h biofilm (d, left) or total signal count change in time (d,
right). Red staining is predominantly observed on non-toxic untreated glass with biofilm specific aggregates
formed by tightly bound diplococci while on nano-ZnO antibacterial surfaces biofilm-specific aggregates appear
later (b), but stain predominantly green and comprise of loosely bound diplococci and tetrads. Same staining
pattern and forming loose diplococci and tetrads is true even in the case on surfaces with even higher nano-

ZnO content where biofilm-specific aggregation is not observed during 50 h. 13
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Application of efficient antimicrobial surfaces has been estimated to decrease both, the healthcare-
associated infections and the spread of antibiotic-resistant bacteria. In this paper, we prepared ZnO
and ZnO/Ag nanoparticle covered surfaces and evaluated their antimicrobial efficacy towards a Gram-
negative bacterial model (Escherichia coli), a Gram-positive bacterial model (Staphylococcus aureus) and
a fungal model (Candida albicans) in the dark and under UVA illumination. The surfaces were prepared
by spin coating aliquots of ZnO and ZnO/Ag nanoparticle suspensions onto glass substrates. Surfaces

:\(I?:g::ﬁ;cles contained 2 or 20 pg Zn/cm? and 0-0.02 p.g Ag/cm?. No significant antimicrobial activity of the surfaces,
Silver except of those with the highest Ag or Zn content was observed in the dark. On the other hand, UVA

Zine illuminated surfaces containing 20 pg Zn/cm? and 2 pg Zn plus 0.02 pg Ag/cm? caused >3 log decrease
in the viable counts of E. coli and S. aureus in 30 min. As proven by brilliant blue FCF dye degradation
and elemental analysis of the surfaces, this remarkable antimicrobial activity was a combined result of
photocatalytic effect and release of Zn and Ag ions from surfaces. Surfaces retained significant antibacte-
rial and photocatalytic properties after several usage cycles. Compared to bacteria, yeast C. albicans was
significantly less sensitive to the prepared surfaces and only about 1 log reduction of viable count was
observed after 60 min UVA illumination. In conclusion, the developed ZnO/Ag surfaces exhibit not only
high antibacterial activity but also some antifungal activity.

Photocatalytic activity
Antimicrobial surface
Reusability

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Antimicrobial surfaces are particularly important in hospitals,
food preparation and kitchens, sanitary facilities, air conditioning
and ventilation systems. It has been estimated that in hospitals in
the US around 700,000 additional infections (contributing to 75,000
annual deaths) occur due to inappropriate hygiene and resulting
spreading of microbes in hospital settings [1]. In Europe, between
2011 and 2012, 3.2 million cases of hospital acquired infections
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E-mail addresses: vambola.kisand@ut.ee (V. Kisand), angela.ivask@kbfi.ee
(A. Ivask).

https://doi.org/10.1016/j.colsurfb.2018.05.009
0927-7765/© 2018 Elsevier B.V. All rights reserved.

were registered in acute care hospitals by European Centre for
Disease Prevention and Control [2]. The use of appropriate antimi-
crobial surfaces can be expected to decrease this high number
of healthcare related infections and, consequently, the spread of
antibiotic resistant microorganisms.

Most widespread is the use of antimicrobial agent based coat-
ings to kill microbes on contact. Other strategies include the use
of physical surface structure e.g. nanopatterned surfaces [3] to
kill bacteria on contact or surface modifications inhibiting initial
microbial adhesion [4], however that doesn’t necessarily prevent
bacterial growth and biofilm formation [5].

There are available classic metal-based microbe inhibiting sur-
faces, used already for centuries — objects made from or coated
with copper and its alloys or silver [6]. Such surfaces acting mainly
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via metal ion release [7] are not perfect as there is high possibil-
ity that the remains of dead bacteria retain on the surface, that the
appearance of metal details will change e.g., due to oxidation, and
these materials are usually costly [8]. Therefore, research to explore
more efficient and cost effective tailored antimicrobial surfaces is
needed. One promising method is the development of antimicro-
bial surfaces containing photocatalysts that induce microbial killing
and degradation of organic matter under specific illumination con-
ditions. The most popular photocatalyst is TiO, [9,10] but also
ZnO [11] is widely used. Photocatalytic materials need excitation
with photons which energy exceeds band gap energy (Eg, for ZnO
3.37 eV)to create electron-hole pairs. Produced photoelectrons can
be easily trapped at electronic acceptors like adsorbed O, and pro-
duce a superoxide anion radical *O,~. The photoinduced holes can
be easily trapped by OH™ to further produce hydroxyl radical (*OH),
which is an extremely strong oxidant for the partial or complete
mineralization of organic chemicals [12]. Unfortunate challenges
with the use of photocatalytic materials exist. Most importantly
only a small fraction of photons in the solar spectrum exceed the
band gap energy and rapid recombination of photoinduced charge
carriers can occur [13]. To overcome this limitation, one efficient
way is to deposit noble metals on photocatalytic semiconductors
such as TiO; or ZnO. In this case the photogenerated electrons in
the conduction band can be transferred to metal deposits due to
the Schottky barrier formed at the metal-semiconductor interface,
while the holes can remain on the semiconductor surfaces [14].
Thus, noble metal deposits on semiconductor particle surface can
act as electron sinks, facilitating charge separation and improving
photocatalytic efficiency. Several studies have attempted to deter-
mine the optimal concentration of deposited noble metals. Lu et al.
reported that optimal Ag content (on the nanoparticle surfaces) to
improve photocatalytic properties of ZnO was approximately 1.20
atom% [13], Georgekutty et al. reported 3 mol% Ag material rela-
tive to ZnO as optimal for improved photocatalytic effect [15] and
Sun et al. demonstrated the efficacy of 1.12 atom% Ag content in
Ag/ZnO nanomaterial [16]. An alternative possibility to improve
photocatalytic properties of a material is band gap narrowing by
incorporating metal atoms into crystal lattice [17]. Also, visible
light plasmonic absorption on metal deposits with following energy
transfer to semiconductor may improve photocatalytic properties
[18]. Beside photocatalytic materials an alternative approach on the
way to more effective and cost effective tailored antimicrobial sur-
faces are composites, which include different antimicrobial agents
and mechanisms acting simultaneously. Creation of composites of
semiconductor materials, such as ZnO with silver, is a promising
approach to create antimicrobial materials [19] in which silver in
addition to improving the photocatalytic activity of the semicon-
ductor material, is expected to inhibit microbial cells due to the
release of ionic silver [20,21]. The effect of such composites rises
from a combined and complex influence of Zn%* ions, Ag* ions, and
nano-ZnO and nano-ZnO/Ag as UV-induced photocatalysts. Assum-
ingly, the different processes influence microbes at different extent.

The advantages of ZnO/Ag nanocomposites as antimicrobials
were utilized in this study. Here, we created ZnO/Ag nanocom-
posite particles by depositing Ag on ZnO nanorods at different
Zn0:Ag ratios and applied the resulting nanocomposites to glass
substrates to create antimicrobial surfaces. Antimicrobial efficacy
of the prepared coatings was evaluated against Escherichia coli,
Staphylococcus aureus and Candida albicans using an in-house test
protocol modified from ISO 27447:2009 under UVA illumination
and in the dark. In parallel, photocatalytic activity of the nanocom-
posites was analyzed using brilliant blue FCF degradation assay, and
release of ionic zinc and silver was evaluated using atomic absorp-
tion spectroscopy (AAS) or total reflection X-ray spectroscopy
(TXRF).

2. Materials and methods
2.1. Materials

Zinc acetate dihydrate (Zn(CH3COO), x 2H,0; Sigma-Aldrich,
puriss. p.a., ACS reagent), methanol (Sigma-Aldrich, puriss. p.a., ACS
reagent), potassium hydroxide (Lach-Ner, reagent grade), acety-
lacetone (acac; Fluka Analytical, puriss. p.a. grade), n-butanol
(Sigma-Aldrich, puriss. p.a., ACS reagent), silver nitrate (AgNOs;
Alfa Aesar, ACS reagent), sodium 2-ethylhexanoate (Sigma-Aldrich,
purity 97%), erioglaucine (brilliant blue FCF; Sigma-Aldrich), hydro-
gen peroxide (Sigma-Aldrich, 30% in H, 0, reagent grade), ammonia
solution (AppliChem, 25% in H, O, reagent grade) were used. Water
purified with MilliQ (Millipore, USA) equipment was used through-
out the experiments, hereafter referred to as deionized water. For
UVA exposures, a self-built fluorescent Hg lamp consisting of 4 flu-
orescent light bulbs (15W iSOLde Cleo, Aax =355 nm) was used.
The distance between light bulbs and test surfaces was 55 cm. Light
intensity was further attenuated by placing two metal wire grids
(0.7 mm wire, 3.3 mm square mesh) directly below light bulbs. Light
intensity at test surface height was 2.7-3.2W/m? at 315-400 nm
spectral range (measured using Delta Ohm UVA probe).

2.2. Synthesis of ZnO particles

Hydrothermal synthesis based on Pacholski et al. [22] was
used to prepare rod-like ZnO nanoparticles. Stock solution of
Zn(CH3CO0); x 2H,0 in methanol (27 wt%) was prepared by stir-
ring and heating under reflux. 37 mL of 22 wt% KOH in methanol
was added to stock solution under continuous stirring and the
mixture was heated under stirring in an 80°C oil bath for 72 h.
The suspension was allowed to cool to room temperature and the
resulting white solid was washed with methanol. ZnO nanoparti-
cles were stored as a methanol containing paste in the dark at room
temperature. ZnO concentration in the paste was determined by
thermogravimetric analysis.

2.3. Synthesis of silver 2-ethylhexanoate

Silver 2-ethylhexanoate was prepared based on Li and Hsu
[23] by mixing together equal volumes of 0.1 M AgNO3 and 0.1 M
sodium 2-ethylhexanoate aqueous solutions. The resulting white
precipitate was washed with deionized water and methanol and
subsequently left to dry in the dark at room temperature for a week.

2.4. Preparation of ZnO/Ag composite nanoparticles

Either 0.6 wt% or 5 wt% ZnO nanoparticle suspension in butanol
was prepared with the addition of acetylacetone as a stabilizing lig-
and (40 mol% of ZnO). Silver 2-ethylhexanoate was added as a slow
releasing silver ion source. Ag content in the suspension was varied
(0.6, 1.1 and 2.7 mol% of ZnO). The silver containing suspension as
well as pure ZnO containing suspension was stirred under UVA irra-
diation (UVA diode; 120 W/m?) for 3 h and subsequently washed
twice with butanol via centrifugation. The preparation method was
based on Tzeng et al. [24] and slightly modified.

2.5. Preparation of ZnO/Ag covered surfaces

Surfaces were prepared by spin coating (3000 rpm, 30s) 40 L
aliquots of 0.6 wt% ZnO with 0, 0.6, 1.1, 2.7 mol% Ag (sparse cov-
erage) and 5wt% ZnO (dense coverage) nanoparticle suspensions
onto acetone washed 25 x 25 mm glass substrates (Corning; No 2
cover glasses). The resulting surfaces were heated at 200°C for 6 h
to assure the removal of organic residues.
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2.6. Characterization of ZnO/Ag composite particles and particle
covered surfaces

The morphology and elemental content of ZnO and ZnO/Ag
particles was investigated by FEI Titan Themis 200 Cs corrected
transmission electron microscope (TEM) at 80kV. Energy disper-
sive X-ray spectroscopy (EDX) signal of the particles was collected
with SuperX silicon drift detector (Bruker) in STEM mode. For
TEM analysis 200 pg/mL particle suspension was deposited onto
a 400 mesh holey carbon coated copper grid. High angle annular
dark-field (HAADF)-STEM image was combined with EDX element
mapping. Signal for silver Ly, zinc K and oxygen K, was extracted
to visualize their elemental distribution. UV-vis absorbance of
ZnO and ZnO/Ag particle suspensions in butanol was measured
from 100 pg/mL particle suspensions in 1cm path length quartz
cuvettes using Cary 5000 UV-vis-NIR spectrophotometer. ZnO and
ZnO/Ag covered surfaces were visualized using scanning electron
microscope (FEI Helios NanoLab 600). The crystal phase composi-
tion of particles on covered surfaces was analysed by XRD. X-ray
diffractograms were measured using Rigaku SmartLab instrument
in Grazing Incidence X-ray Diffraction (GIXRD) regime. This regime
allows to suppress signal from the substrate and get stronger
signal from the coating itself. Elemental analysis of particle sus-
pensions and prepared surface coatings were performed using total
reflection X-ray fluorescence (TXRF; S2 Picofox, Bruker) or atom
absorption spectrometer (AAS; SpectrAA 220Z, Varian). Prior to the
analysis, nanoparticle suspensions were acidified with 1% HNOs,
and for TXRF analysis also 1 pg/mL Ga standard was added. Zn and
Ag from surfaces were dissolved by treating the 2.5 x 2.5 cm cov-
erslips in 1 mL concentrated HNOs for 1h and further diluting the
samples with water.

2.7. Evaluation of photocatalytic activity of ZnO and ZnO/Ag
nanoparticles

65-fold diluted 0.6 wt% suspensions in butanol (0.09 mg/mL)
containing model brilliant blue FCF dye (absorbance at 630 nm
0.85 a. u.) were tested on 96 well microplates (200 pL suspen-
sion per well) in three parallels. 650-fold dilution in butanol
was used to compare 0.6 and 5wt% ZnO suspensions (0.009
and 0.08 mg/mL, respectively). Microplate cover was replaced
with UVA-transmissive borosilicate moisture preservation glass.
Prior to testing, microplates containing suspensions were kept
in the dark for 30 min to establish adsorption equilibrium of
dye. After given irradiation times under UVA UV-vis absorption
of samples in 615-640 nm spectral range was measured using
microplate spectrophotometer (Multiskan Spectrum, Thermo
Scientific). Nanoparticle solutions without dye and solutions con-
taining only dye were used as controls. In parallel to UVA exposure
also dark exposures were carried out. To evaluate photocatalytic
degradation of model dye, UV-vis absorption of each sample at
characteristic wavelength (630 nm) after given exposure times (C)
was compared with initial absorption (Cp).

2.8. Evaluation of antimicrobial activity of surfaces

Antimicrobial testing was carried out towards model gram-
negative bacterium Escherichia coli MG1655, gram-positive bac-
terium Staphylococcus aureus ATCC25923 and yeast Candida
albicans CA14 using test protocol modified from ISO 27447:2009
[25] to allow higher throughput. Test organisms were grown on
nutrient agar (NA) (5 g/L meat extract, 10 g/L peptone, 5 g/L sodium
chloride, 15 g/L agar powder in deionized water). Suspension of
test organisms at optical density (600 nm) of 0.01 for bacteria, 0.7
for C. albicans (corresponding to ~3*10° CFU/surface for all organ-
isms) was prepared in 500-fold diluted nutrient broth (1:500 NB)

(undiluted broth contained 3 g/L meat extract, 10 g/L peptone, 5 g/L
sodium chloride in deionized water) and kept on ice between inocu-
lations. To determine antimicrobial properties of test surfaces 25 pL
of microbe suspension was applied to test surface and covered with
20 x 20 x 0.05 mm polyethylene film in 6 parallels for each time
point of which 3 were incubated in dark while 3 were exposed
to UVA. Uncoated glass substrates were used as control surfaces.
Polyethylene cover film was used to attain even thin coverage of
microbial suspension with good contact between microbes and the
surface and even UVA exposure as well as to ensure similar humid-
ity conditions on predefined test area. Exposures were carried out
in humid environment on a bent glass U-rod over sterile wet filter
paper covered by Petri dish cover in dark conditions or 1.1 mm thick
UVA-transmissive borosilicate moisture preservation glass under
UVA illumination (Supplementary Fig. S1). Prior to test, polyethy-
lene cover films and control surfaces were rinsed with 70% ethanol
and air-dried under UVC. After exposure, each surface was washed
with 2 mL of toxicity neutralizing soybean casein digest broth with
lecithin and polysorbate (SCDLP: 17 g/L casein peptone, 3 g/L soy-
bean peptone, 5g/L sodium chloride, 2.5 g/L disodium hydrogen
phosphate, 2.5g/L glucose, 1g/L lecithin and 7 g/L polysorbate 80
in deionized water) by pipetting, then 10-fold serially diluted in
phosphate buffered physiological saline (PBS)and 3 x 20 pL of each
dilution was drop-plated for counting. Colony forming units on NA
were counted after 24 h incubation at 30°C for bacteria or after
48 h incubation at 30°C for C. albicans. The threshold for colony
counting was set to >2 colonies per each drop which translates to
practical limit of quantification at about 300 CFU/surface. Smaller
counts were registered but not used for log reduction calculations.

2.9. Quantification of Zn and Ag release from the surfaces

Release of Zn and Ag from ZnO and ZnO/Ag surfaces was mea-
sured in conditions analogous to antimicrobial test. 25 wL 1:500
NB (or microbial suspension in this medium as in antimicrobial
test above) was pipetted onto the surfaces and incubated under
20 x 20 x 0.05 mm polyethylene film for specified duration. The lig-
uid was then washed off with 2 mL deionized water. Zn content in
this washoff was determined by TXRF and Ag content by AAS. To
check for the possibility of release of nanoparticles during antimi-
crobial testing, washoffs from 60 min incubated ZnO surfaces were
ultracentrifuged at 273,000g zero deceleration for 30 min at 15°C
(Beckman L8-55 M) and Zn content in the sample before and after
centrifugation was analysed by TXRF.

2.10. Evaluation of antimicrobial activity of Zn* ions

To control for ionic component of toxicity, a mock test with
untreated glass surfaces and all three test organisms was performed
in the initial test format as described above but using ZnSO4 at Zn
concentrations in the range that dissolved from ZnO covered sur-
faces (5-40 mg/L). For this test 2 x more concentrated salt solutions
and 2 x denser microbial suspensions were prepared in 1:500 NB
and combined in equal volumes immediately before surface inocu-
lation to achieve desired final concentration and density. Microbes
were incubated in the dark or exposed to UVA for 60 min, washed
off and drop-plated for counting as described above.

2.11. Reusability of surfaces

To evaluate surface properties after several usage cycles, 10
cycles of use and cleaning were applied to sparse coverage
Zn0/2.7mol% Ag surfaces. Surfaces were inoculated with E. coli
as in initial test conditions, incubated under UVA illumination for
15 min, washed off with 2 mL of PBS, rinsed with deionized water
and sterilized with UVC. Washoff was serially diluted and drop-
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Table 1

Elemental analysis of ZnO and ZnO/Ag composite nanoparticle suspensions and respective nanoparticle covered surfaces. * TXRF analysis, ** AAS analysis, ND - not detected.

Nanoparticle suspension

Nanoparticle covered surface

Sample designation Zn (pg/mL*) Ag, pg/mL*™* (mol% ZnO) Sample designation Zn (pg/cm?*) Ag (pg/cm?**)
0.6 wt% ZnO 5090 ND sparse coverage ZnO 21 ND
0.6 wt% Zn0/0.6mol% Ag 5080 50 (0.6) sparse coverage Zn0O/0.6mol% Ag 2.1 0.005
0.6 wt% Zn0O/1.1mol% Ag 5070 95(1.1) sparse coverage ZnO/1.1mol% Ag 2.1 0.014
0.6 wt% Zn0O/2.7mol% Ag 5150 229 (2.7) sparse coverage Zn0O/2.7mol% Ag 22 0.022
5wt% ZnO 50870 ND dense coverage ZnO 19.5 ND
—5 wt% Zn0O
--------- 0.6 wt% Zn0/2.7mol% Ag

————— 0.6 wt% ZnO/1.1mol% Ag
- - -0.6 wt% Zn0/0.6mol% Ag
--=- 0.6 wt% ZnO

200 300 400 500 600 700 800 900

Wavelength (nm)

Fig. 1. Characterization of ZnO and ZnO/Ag nanoparticles in STEM, EDX and UV-vis. A: HAADF- STEM images and EDX mapping of Zn0O/2.7 mol% Ag nanoparticles. HAADF-
STEM images combined with EDX mapping results show silver (Ag) L, in blue, zinc (Zn) K, in violet and oxygen (O) K, in green. Scale bars correspond to 30 nm. B: UV-vis

absorbance spectra of ZnO and ZnO/Ag composite nanoparticle suspensions in butanol.

plated for counting after each cycle. Before use and after 3 and 10
usage cycles test samples were collected for SEM imaging, deter-
mining photocatalytic activity and for elemental analysis.

2.12. Statistical analysis

To detect statistically relevant differences in viable counts in
antimicrobial testing of surfaces and Zn?* jons one-way ANOVA
followed by Tukey’s HSD (Honestly Significant Difference) using
R was performed. In case type II error was suspected, the most
variable group was removed from the test, where mentioned. In
the latter case pairwise two-tailed Student’s t-test was applied in
addition to one-way ANOVA as a comparison.

3. Results and discussion
3.1. Characterization of particles and particle covered surfaces

Imaging of ZnO nanoparticles with TEM proved the presence of
well-defined and clearly separated ~80 x 30 nm rod-like particles
(Supplementary Fig. S2A). To create ZnO/Ag composite particles,
ZnO particles were supplemented with silver (using UVA-induced
photodeposition) at different ZnO/Ag ratios: Ag was added 0.6, 1.1
and 2.7 mol% of ZnO (Table 1). These concentrations of Ag were
chosen on the basis of previous research on photocatalytic activity
of ZnO/Ag composite particles. For example, [12,15,16,26] showed
that the optimal Ag concentration for photocatalytic/antibacterial
activity in ZnO/Ag material based on initial amounts of chemicals
varied from 5 to 1 mol%. Assumingly one of the reasons for this
variability in optimal Ag concentration is the fact that most of the
studies have measured the concentrations based on added Ag and
not the actual Ag content in the final product which may have dif-
fered. Indeed, only a few studies with particle suspensions have
reported the actual Ag concentration in the end product[13,27-29].
In this respect our study is unique because reported Ag concen-

trations are based on actual measurements with AAS and TXRF.
The other reason might be that ZnO particles with different sizes
have been used in different studies and thus, similar Ag deposits
on particle surface could have resulted in different ZnO/Ag mass
ratios. In addition to ZnO/Ag composite particles, ZnO/Ag surfaces
have been prepared and characterized in some earlier studies. ZnO
nanoarrays on glass substrates supplemented with 0.37 atom% Ag
were shown to exhibit increased photocatalytic activity compared
to pure ZnO arrays [14]. Ag/ZnO coated cotton fabric (0.019 wt% Ag
and 1.01 wt% ZnO) exhibited increased photocatalytic and antibac-
terial activity compared to pure ZnO coated fabric [30]. Behzadnia
et al. also demonstrated increased photocatalytic effect and bacte-
ricidal/fungicidal activity of Ag doped ZnO covered wool compared
to ZnO covered wool. However, the amount of ZnO and Ag loading
on the substrate was not specified [31].

As seen from Supplementary Fig. S2B, the morphology of
ZnO/Ag composite particles under TEM was similar to that of ZnO
nanoparticles. STEM-EDX analysis of ZnO/Ag particles revealed sil-
ver depositions on ZnO particles indicating composite material
(Fig. 1A). UV-vis measurements of ZnO/Ag composite particle sus-
pensions in butanol demonstrated a localized surface plasmon
resonance peak at ~425nm which is particularly clear in case of
ZnO with 2.7 mol% Ag and is characteristic to silver nanoparticles
[32] (Fig. 1B). XRD analysis of ZnO/Ag composite particles showed
the presence of crystalline ZnO [ICDD PDF2011,01-070-8072] (Sup-
plementary Fig. S3) while Ag structure with characteristic 20 peaks
at 38°, 44°, 64°, 77° [ICDD PDF2011, 00-004-0783; [16]] was not
detected. The latter can be attributed to low sensitivity of the XRD
experiment (caused by the small amount of substances) or amor-
phous phase of Ag [33,34].

Two different surface coverage densities (sparse vs dense) and
three different Ag concentrations were chosen to evaluate the
influence of (i) the amount of ZnO on the surface and (ii) Ag on pho-
tocatalytic and antimicrobial effect. The surfaces prepared by spin
coating particle suspensions onto glass carriers contained either
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Fig. 3. Photocatalytic activity of ZnO and ZnO/Ag nanoparticles under UVA irradiation. A: 0.6 wt% ZnO and ZnO/Ag composite nanoparticle suspensions and B: 10 x more
diluted suspensions compared to A of 0.6 and 5 wt% ZnO nanoparticles in butanol. Control - model dye (brilliant blue FCF) solution. Graphs represent averages and standard
deviations of three experiments. X-axis - UVA irradiation time (min). Y-axis — change in absorbance of model dye at characteristic wavelength (630 nm) (C/Cy).

2 g Zn and 0, 0.005, 0.014 or 0.022 ng Ag (sparse coverage, pre-
pared from 0.6 wt% ZnO suspension and ZnO/Ag suspensions) or
20 g Zn/cm? (dense coverage, prepared from 5 wt% ZnO suspen-
sion) (Table 1).

Viewing of the prepared surfaces under SEM indicated even cov-
erage of ZnO particles on all the prepared surfaces (Fig. 2). Although
there was a clear difference between the coverage of surfaces pre-
pared from 0.6 and 5wt% ZnO suspensions, the even distribution
of particles in both cases ensured the contact between microbial
cells and nanoparticles in antimicrobial assay. In the first case,
nanoparticles were placed on surfaces diffusely with 0.5-1 wm gaps
between particle aggregates while in the second case, nanoparticles
covered the surface almost entirely. Under SEM there was no visual
difference between pure ZnO and Ag supplemented ZnO covered
surfaces.

To support our hypothesis on improved photocatalytic activ-
ity of our ZnO/Ag composites compared to ZnO we characterized
photodegradation of model dye by all nanoparticle suspensions.
Clearly, addition of Ag showed increased efficacy compared to pure
ZnO suspension (Fig. 3A), which proved our hypothesis on higher
photocatalytic activity in the presence of transition metals. The
most remarkable increase was seen with suspension with the high-
est Ag content (0.6 wt% Zn0O/2.7mol% Ag).

This increased photocatalytic activity has been claimed to be the
result of added Ag acting as an electron sink and prolonging the life-
time of electron-hole pairs [12,26,35,36]. In addition to deposited
Ag, the measured photodegradation of dye was dependent on the
concentration of ZnO suspensions (Fig. 3B) and thus, eventually on
the amount of ZnO on surfaces.

3.2. Antimicrobial efficacy of ZnO/Ag composite nanoparticle
covered surfaces

Before discussing antimicrobial results in detail, we would like
to emphasize that our in-house modification of ISO 27447 for
the testing of non-porous photocatalytic surfaces enabled reliable
quantitation of the decrease in viable microbial counts by about
three logs (see Fig. 4). Thus, although it fulfills the requirement
for 99.9% decrease of microbes on the surface as required by US
standards [37-39] it does not allow the assessment of 4-5 logs
decrease in microbial count as required by EN 13697 [40] and EN
13727 [41] for surfaces meant both for healthcare settings as well
as for common use. Two bacterial strains, a Gram-negative bac-
terium Escherichia coli, a Gram-positive bacterium Staphylococcus
aureus, and one yeast strain (Candida albicans) all of which are
model organisms for potential pathogens were used for antimi-
crobial testing. Due to the photocatalytic activity of the prepared
surfaces, the antimicrobial tests were conducted in parallel under
UVA illumination and in the dark. In general, the antimicrobial
effect of our ZnO and ZnO/Ag surfaces in dark conditions was rela-
tively small as also shown by Thongsuriwong et al. [19]. Although
being low, the toxic effect of surfaces in the dark was still statis-
tically significant (p <0.001) between control (uncoated glass) and
ZnO covered surfaces after 60 min incubation (Fig. 5). The most sig-
nificant antibacterial effect in the dark was observed for the highest
Ag content sparse coverage ZnO surface that killed E. coli (>3-log
reduction) and caused 2.8-log reduction in viable counts of S. aureus
after 1 h (Figs. 4 and S4).
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In general, under the test conditions applied, S. aureus seemed to
be more sensitive (0.8- and 1.8-log reduction on sparse and dense
ZnO covered surfaces, respectively; p <0.001) to surfaces compared
to E. coli (0.7- and 0.8-log reduction, respectively; p <0.001). C. albi-
cans was the least sensitive species so that only dense coverage ZnO
surface and sparse coverage ZnO surface with the highest Ag con-
tent demonstrated significant (p<0.01) antimicrobial effect (0.6-
and 1-log reduction in viable counts after 1 h; Fig. S4) compared to
control.

We expected that the low but significant antimicrobial effects of
ZnO and ZnO/Ag surfaces in dark exposure conditions were mainly
caused by metal ions released from the surfaces. To control that,
we quantified the Zn ion release from the surfaces (Fig. 6) and
exposed microbial cells to the respective Zn%* concentrations on
uncoated glass. It could be expected that concentrations roughly
corresponding to Zn2* dissolution after 1 h are slightly more toxic
in this experiment as on real surfaces the release of Zn* takes place
over time and thus, microbial exposure is slower. Surprisingly the
results (Fig. S5) showed no toxicity of Zn?* ions to S. aureus or C. albi-
cans, and significant toxicity was observed only to E. coli (p <0.001)

(Fig. 5). However, for the latter similar toxicity was observed for all
Zn2* ion concentrations tested, and no concentration-dependence
was seen (Fig. S5). The reason for higher sensitivity of E. coli toward
Zn?* jons could be related to its cell wall structure [42].
Comparison between surface and ionic toxicity (Fig. 5) shows
expected results for E. coli and it could be plausible to explain
surface toxicity in the dark with release of metal ions. For E. coli
no significant difference in viability between sparse and dense
ZnO coverage surfaces or respective Zn?* ion concentrations was
detected (p>0.9). Interestingly, although Zn concentrations corre-
sponding to dissolution from sparse or dense ZnO covered surfaces
during 1 h were equally not toxic to S. aureus and C. albicans, corre-
sponding surfaces themselves may demonstrate dose-dependent
toxicity. Dense ZnO coverage surface demonstrated 1-log more
reduction for S. aureus and 0.6-log more reduction in viable counts
for C. albicans compared to sparse coverage ZnO surface. This dif-
ference is statistically significant for C. albicans (p <0.01) and at first
glance not significant for S. aureus. For the latter, type Il error could
be suspected as groups compared have notably unequal variance
and this is known to reduce statistical power of one-way ANOVA
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Zn0/Ag surfaces or with Zn?* ions in concentrations released from those surfaces (Zn?* ion concentration roughly corresponding to ZnO dissolution in 1:500 NB). ***p <0.001,
**p<0.01: statistically significant decrease in CFU count compared to control surface. a — decrease statistically significant compared to sparse coverage ZnO surface (p <0.05).
a* - statistically significant compared to sparse coverage ZnO surface (p<0.01) according to two-tailed Student’s t-test. Graphs represent averages and standard deviations

of three experiments. Dotted line - limit of quantification for CFUs.

analysis combined with Tukey’s HSD post hoc test. After the most
variable group (non-treated control values) is removed from one-
way ANOVA analysis the difference between sparse and dense ZnO
covered surfaces becomes significant (p=0.00001) and the same
conclusion could be drawn from pairwise two-tailed Student’s t-
test (p=0.002). Taking this into account, we can assume that metal
ion release and resulting mean ion concentration does not explain
surface toxicity in the dark for all tested organisms. This surface-
specific phenomenon and underlying mechanisms of action should
be further investigated.

Compared to antimicrobial activity in the dark, all the sur-
faces were notably more effective under UVA illumination (Figs.
4 and S4). This UVA-induced antimicrobial effect was lowest for C.
albicans (the maximum decrease in fungal viable count was ~0.9
logarithms compared to control on sparse coverage Zn0O/2.7mol%
Ag surfaces and dense ZnO coverage surfaces after 60 min expo-

sure; Fig. 4F), likely due to higher resistance of fungal cells to ZnO
surfaces compared to bacteria, as demonstrated for S. aureus and
C. albicans by McCarthy et al. and Zeelie et al. [43,44]. In all cases,
the UV-induced antimicrobial activity of the surfaces was depen-
dent on their ZnO content: the densely covered surfaces were more
effective than sparsely covered surfaces (Fig. 4). On dense cover-
age ZnO surfaces under UVA, 2.2 log reduction of E. coli and 1.7
log of S. aureus cells were observed within 15 min of exposure
compared to control. After further incubation reduction in viable
count exceeded our limit of quantification. This result indicated
relatively fast antimicrobial activity of the surfaces upon illumina-
tion; indeed, as discussed by Villapun et al. [8], shorter killing times,
even as short as 5 min, are preferred for practical applications and
the current standards that foresee 24 h exposure times have been
criticized due to their poor relevancy. Under UVA illumination,
the addition of Ag to ZnO generally increased their antimicrobial
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activity and the antibacterial effect of ZnO/Ag surfaces was sig-
nificantly higher under UVA than in the dark. This was despite
the fact that silver dissolution was decreased under UVA com-
pared to dark conditions (Fig. 6B), probably due to photoreduction
under UVA. When >3 logs reduction in E. coli viability on sparse
coverage ZnO and sparse coverage ZnO/0.6mol% Ag surfaces was
observed after 60 min UVA illumination, then on sparse coverage
Zn0/1.1mol% Ag, and on sparse coverage Zn0O/2.7mol% Ag surfaces
already after 30 min UVA illumination (Fig. 4B) with the highest Ag
content surface being most effective. Such dose effect for all three
Ag-containing surfaces was not seen in case of dark exposure. In
case of S. aureus neither lower Ag content (0.6 and 1.1 mol%) sparse
coverage ZnO surface differed significantly from sparse ZnO cover-
age surface. However, sparse coverage ZnO/2.7mol% Ag surface had
significantly higher UVA-induced activity than all the other sparse
coverage ZnO surfaces (Fig. 4D) and demonstrated 1.2 log more
reduction in viable count compared to sparse ZnO coverage surface
already after 15 min. For C. albicans only the highest Ag content
surface was significantly more effective than sparse ZnO covered
surface after 1h, but this difference was very small with only 0.6
logs reduction in viable count.

Similar to our results on high UVA-induced activity of ZnO/Ag
surfaces Aladpoosh et al. showed good photocatalytic and antibac-
terial activity of Ag/ZnO particle covered cotton fabric under
sunlight [45], however unmodified ZnO was not used as a refer-
ence in either case and therefore, the effect of Ag was not clear.
Manna et al. showed 100% reduction of S. aureus and P. aeruginosa
on Ag/ZnO covered cotton fabric after 4 h and 6 h incubation under
visible light, respectively. At the same time, only 30% decrease in S.
aureus and 50% decrease in P. aeruginosa cells was observed in sim-
ilar conditions on non Ag-doped ZnO covered cotton. The authors
also demonstrated increased zone-of-inhibition in case of Ag con-
taining samples compared to ZnO only samples [30]. Although
all the mentioned studies demonstrated increased antimicrobial
activity of ZnO surfaces in the presence of Ag the results of these
studies and many others are difficult to directly compare because
of the differences in study set-ups [46], such as different relative
humidity, aeration, culture density, medium, wet vs dry protocols
etc.

3.3. Mechanisms of antimicrobial action of ZnO and ZnO/Ag
surfaces

Taking into account the photocatalytic activity of ZnO and
ZnO/Ag surfaces and the potential of those materials to release
metalions (Zn%* and Ag*) (Fig. 6), we next evaluated the importance
of those processes in UVA-induced antimicrobial effects of the sur-
faces. It is important to note that during the test no nanoparticles
were released from the surfaces (Fig. S6) proving that the surfaces
were rather stable and could only release ionic forms of Zn and Ag
to exhibit antimicrobial effect.

As already discussed, photocatalysis-driven antimicrobial effect
of the ZnO surfaces was clearly seen in our experiments: while only
very low antimicrobial effect of sparse coverage ZnO surfaces was
observed in the dark, under UVA three logarithm decrease in S.
aureus and E. coli counts was observed within 30-60 min (Fig. 4).
Theoretically for E. coli, this increased antibacterial activity of ZnO
surfaces under UVA could be explained by greater Zn dissolution
under UVA compared to the dark. However, the fact that ZnO
surfaces were lacking dose effect in the dark but had very clear
dose-dependent difference in activity under UVA confirms photo-
catalytic mechanism of toxicity. Also, the fact that for S. aureus both
ZnO surfaces were drastically more effective under UVA than in the
dark and that Zn at concentrations dissolved from surfaces was not
toxic to this bacterium proves the contribution of photocatalytic
effect.Indeed, the increased photocatalytic activity of more concen-
trated ZnO suspensions and consequently, more densely covered
ZnO surfaces was shown by us in brilliant blue FCF degradation test.
Our photodegradation assay indicated that similarly to increase in
photocatalytic potential with increasing ZnO concentration, also
addition of Ag to ZnO increased its photocatalytic activity (Fig. 3).
Therefore, we suggest that increase in photocatalytic activity of
ZnO/Ag surfaces could be behind the increased antimicrobial activ-
ity of Ag-doped ZnO surfaces under UVA illumination which was
specifically evident for E. coli and S. aureus (Figs. 4 and S4).

Similar to our results also other previously published papers
have shown that reactive oxygen species [35,47] and slow release of
metal ions [30] are the main mechanisms driving the antimicrobial
activity of ZnO/Ag containing material. We would like to empha-
size that we observed the release of relatively low levels of Zn* ions
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from the surfaces in the dark and somewhat higher concentrations
of Zn%* under UVA illumination (Fig. 6A), likely due to photocorro-
sion [48]. For S. aureus and C. albicans this released amount of Zn
was not enough to exert antimicrobial effect (Fig. S5). We suggest
the possibility for additional release of Zn in near-surface microen-
vironment in the presence of different organisms. Similar process
has been suggested by Joe et al. who claimed that local dissolution
of ZnO near bacteria can cause antibacterial activity which can’t be
solely explained by overall ZnO dissolution [49]. 1t should be further
investigated if some organisms are more exposed to near-surface
microenvironment than others, for example because of their size
and weight, tendency to cluster together rather than float free or
differences in biofilm forming. The presumption of different levels
of exposure to surface for different organisms due to their specific
characteristics discussed above could explain our findings in dark
exposure. It is not clear what could be the precise mechanism of
toxicity in near surface microenvironment and if only higher local
ion concentration near the source of ions could be the cause or
are there additional mechanisms of action. For example, Prasanna
and Vijayaraghavan have demonstrated the formation of reactive
oxygen species (ROS) on the surface of ZnO particles in water envi-
ronment in dark conditions [50]. In our study the production of ROS
during testing was not evaluated and therefore further research is
needed to conclusively distinguish between ionic effect and effect
caused by active oxygen species as well as to confirm or reject possi-
ble ROS mediated mechanism for effects observed in dark exposure
conditions as discussed above.

3.4. Reusability of ZnO/Ag surfaces

Reusability of nanoparticle covered antimicrobial surfaces is
extremely important for practical applications. Thus, sparse cov-
erage Zn0/2.7mol% Ag surfaces were tested for their antibacterial
efficacy during ten cycles that consisted of inoculation of the
surfaces with E. coli, 15-min UVA light exposure, rinsing and steril-

ization. As expected, the highest antibacterial efficacy was observed
for unused surfaces, but significant antibacterial activity was still
observed even after 10 use-rinse-sterilization cycles (Fig. 7A).
Antibacterial efficiency gradually decreased during first 4 using
cycles and remained quite unchanged from cycle 4-10. At the same
time, Zn and Ag content on surfaces decreased (during 10 washing
cycles from 2.2 pg Zn to 0.8 pg Zn/cm? and from 0.02 g Ag to 0.01
Ag pg/cm?) as proven by TXRF and AAS analysis (Fig. 7A). Likewise,
the photodegradation capability of model dye by covered surfaces
did not remarkably decrease even after 10 usage cycles (Fig. S7).
SEM images of the unused and reused surfaces after 3 and 10 cycles
of antibacterial testing, subsequent rinsing and sterilization indi-
cated particle aggregation (Fig. 7B). Aggregation can be attributed
to particle mobility which was possible while surfaces were drying
after cleaning and we suggest that along with dissolution of Zn and
Ag from the surfaces this aggregation of particles could be one of the
reasons for the slight decrease of antibacterial and photodegrada-
tion activity of our surfaces during 10 usage cycles. According to our
knowledge, our study is the first to demonstrate the reusability of
ZnO/Ag surfaces for antimicrobial applications. In previous studies
only the retainment of Raman scattering ability of ZnO/Ag nanoar-
ray on Si after 3 usage cycles [51] and catalytic ability of Ag/ZnO
impregnated cotton fabric after 5 usage cycles [30] has been shown.
Manna et al. showed no Ag leaching from Ag/ZnO treated cotton
fabric after 5 h incubation and hence considered the surfaces to be
stable [30] and similarly, ZnO/Ag particles have been considered
stable photocatalysts after several usage cycles [16,27,52,53].

4. Conclusions

ZnO/Ag surfaces designed in the current study exhibited signif-
icant antibacterial activity under UVA illumination killing >99.9%
E. coli and S. aureus bacteria within 30 min on most surfaces. The
main mechanism behind the antimicrobial activity of ZnO/Ag sur-
faces was a combination of photocatalytic activity and release of
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Zn?* and Ag"* ions from the surfaces with minor surface-specific
antimicrobial activity observed in dark conditions that could not be
fully explained by ion release. Compared to bacterial cells, fungal
cells (Candida albicans) were significantly more resistant towards
the prepared surfaces and required longer exposure times to reduce
viability. Prepared surfaces retained significant antimicrobial and
photocatalytic properties even after repeated use. In further work,
the designed ZnO/Ag composite particles will be incorporated into
solid matrix for various practical applications.
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Figure S1. Test setup for antimicrobial testing in a Petri dish. 1- UVA light source, 2- sterile
wet filter paper, 3- U-shaped glass rod, 4- 25x25 mm test surface, 5- 20x20x0.05 mm
polyethylene cover film, 6- borosilicate moisture preservation glass. For UVA exposures, a
self-built fluorescent Hg lamp consisting of 4 fluorescent light bulbs was used. The distance
between light bulbs and test surfaces was 55 cm. Light intensity was further attenuated by
placing two metal wire grids directly below light bulbs. Light intensity at test surface height
was 2.7-3.2 W/m? at 315-400 nm spectral range.



Figure S2. Transmission electron microscopy images of ZnO and ZnO/Ag nanoparticles. A:
ZnO nanoparticles, B: 0.6 wt% Zn0O/2.7mol% Ag nanoparticles. Scale bars correspond to 50
nm.
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Figure S3. X-ray diffractogram of ZnO/Ag composite nanoparticle coating on silica
monocrystal wafer. All detected peaks are characteristic to different crystal lattice planes of

ZnO0 as shown on the graph [ICDD PDF2011, 01-070-8072].
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Figure S4. Viability of microorganisms on ZnO and ZnO/Ag surfaces after 60 min incubation
in dark conditions and either 15 min (E. coli, S. aureus) or 60 min (C. albicans) under UVA
illumination. Decrease statistically significant compared to control surface: ***p<0.001,
**p<0.01. a — decrease statistically significant compared to sparse coverage ZnO surface
(p<0.05). Graphs represent averages and standard deviations of three experiments. Dotted
line — limit of quantification for CFUs.
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Figure S5. Antimicrobial effect of Zn?* ions after 60 min incubation under UVA illumination
or in no illumination conditions. Arrows indicate Zn concentrations representing Zn
dissolved after 60 min incubation from sparse covered ZnO surface in dark conditions (a),
sparse covered ZnO surface under UVA (b), dense covered ZnO surfaces in dark conditions
(c) and dense covered ZnO surface under UVA (d). Graph represents averages and standard
deviations of three experiments. Dotted line — limit of quantification for CFUs.
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Figure S6. Removal of Zn from washoff from sparse and dense coverage ZnO surfaces after
60 min incubation by ultracentrifugation. Similar Zn content before (light grey bars) and
after (dark grey bars) centrifugation indicate that no ZnO particles were released from the
surface during testing. Graph represents averages and standard deviations of three
experiments.
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Figure S7. Photocatalytic activity of sparse coverage ZnO/2.7mol% Ag surfaces before and
after reuse. X-axis — UVA irradiation time (min). Y-axis — change in characteristic peak area
(520-800 nm) of model dye (brilliant blue FCF) (shown as percentage of initial intensity).
Particle covered surfaces were coated with a thin layer of 15 mM aqueous dye (brilliant blue
FCF) solution using spin-coating (3000 rpm). The photocatalytic reaction was conducted in a
climatic chamber (Memmert CTC 256) at 25 °C and 70 RH% under 2.5 W/m? UVA irradiation
provided by fluorescent Hg lamp (Amax = 355 nm). Prior to irradiation the samples were kept
in the climatic chamber in the dark for 1 h to establish adsorption equilibrium of model dye.
After given irradiation times the samples were removed from climatic chamber and UV-Vis
absorption was measured using UV-Vis spectrophotometer (Cary 5000 UV-Vis-NIR). In dark
controls, the surfaces were kept in the climatic chamber without UVA irradiation and pure
glass surfaces served as controls without nanoparticle coating. All measurements were done
in three parallels. To evaluate photocatalytic degradation, the brilliant blue FCF
characteristic UV-Vis absorption peak (520-800 nm) of each sample was measured, spectral
background was removed, and absorption peak area was calculated. All spectral areas were
normalized respective to initial area before UVA irradiation.






Publication IV

Rosenberg, M.; Visnapuu, M.; Vija, H.; Kisand, V.; Kasemets, K.; Kahru, A.; lvask, A. (2020).
Selective anti-biofilm properties and biocompatibility of nano-ZnO and nano-ZnO/Ag
coated surfaces. Scientific Reports, 10(1). DOI:10.1038/s41598-020-70169-w

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0
International License, which permits use, sharing, adaptation, distribution and
reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons license, unless indicated otherwise in a
credit line to the material. https://creativecommons.org/licenses/by/4.0/

129


https://creativecommons.org/licenses/by/4.0/




OPEN

www.nature.com/scientificreports

SCIENTIFIC
REPORTS

natureresearch

‘ W) Check for updates ‘

Selective antibiofilm properties
and biocompatibility of nano-ZnO
and nano-ZnO/Ag coated surfaces

M. Rosenberg2*“, M. Visnapuu?, H. Vija!, V. Kisand?, K. Kasemets?, A. Kahru** & A. Ivask'*
g ]

Spread of pathogenic microbes and antibiotic-resistant bacteria in health-care settings and public
spaces is a serious public health challenge. Materials that prevent solid surface colonization orimpede
touch-transfer of viable microbes could provide means to decrease pathogen transfer from high-touch
surfaces in critical applications. ZnO and Ag nanoparticles have shown great potential in antimicrobial
applications. Less is known about nano-enabled surfaces. Here we demonstrate that surfaces coated
with nano-ZnO or nano-ZnO/Ag composites are not cytotoxic to human keratinocytes and possess
species-selective medium-dependent antibiofilm activity against Escherichia coli, Staphylococcus
aureus and Candida albicans. Colonization of nano-ZnO and nano-ZnO/Ag surfaces by E. coliand S.
aureus was decreased in static oligotrophic conditions (no planktonic growth). Moderate to no effect
was observed for bacterial biofilms in growth medium (supporting exponential growth). Inversely,
nano-ZnO surfaces enhanced biofilm formation by C. albicans in oligotrophic conditions. However,
enhanced C. albicans biofilm formation on nano-ZnO surfaces was effectively counteracted by the
addition of Ag. Possible selective enhancement of biofilm formation by the yeast C. albicans on
Zn-enabled surfaces should be taken into account in antimicrobial surface development. Our results
also indicated the importance of the use of application-appropriate test conditions and exposure
medium in antimicrobial surface testing.

Biofilms are by far the preferred lifestyle of bacteria', mostly in diverse nutrient-limited environmental niches.
Biofilm communities cause biomass buildup on solid surfaces that results in major expenses in marine traffic,
water systems maintenance and in the industrial sector. Biofilms can also harbor potential human pathogens in
food industry, health-care facilities, drinking water systems and on high-touch surfaces in public spaces. It is
estimated that hard to treat pathogenic biofilms account for over 80% of all human microbial infections® with
antibiotic-resistant ESKAPE pathogens® including six nosocomial pathogens commonly associated with multid-
rug resistance and virulence (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, Enterobacter spp.) being the most problematic in the field. Biofilms pose
a major medical challenge as they can be over 1,000-fold more tolerant to antibiotics than their planktonic
counterparts®. Spatially heterogeneous natural selection in biofilm milieu also contributes to antibiotic resist-
ance development and transfer”® as well as producing antibiotic-resistant bacteria that are more fit and not easily
outcompeted in the absence of the drug’.

Controversially, most of the methods used to assess antimicrobial properties of surface materials, irrespective
of their proposed application, either use planktonic cultures or study indirect effects such as release of antimi-
crobial compounds from the surfaces®. Such methods might not correctly report surface efficacy in proposed
applications. Even if biofilm formation on material of interest is studied, often-used methods of biofilm viability
assessment are prone to critical failures. For example, viability staining with propidium iodide and suitable
counterstains can dramatically underestimate viability in both oligotrophic’ and growth medium biofilms'® while
colony counts, the gold standard of microbiology, depend on viable cell harvesting efficiency and dispersion of
harvested aggregates prior to cultivation'"'2,

Susceptibility to metal ions has been demonstrated to be similar for both biofilms and planktonic cultures'
which makes antimicrobial metal-based approaches good candidates to prevent pathogen transfer and biofilm
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formation on high-touch surfaces. Silver and copper are good examples of infection prevention and marine
antifouling agents historically used even before deeper knowledge of microbes or biofilms was established. His-
torical use of the former is well reviewed by Lemire et al.'*. Zinc is a later addition to the list after wider use of
ZnO nanoparticles. Although zinc is an essential micronutrient being incorporated into 4-10% of proteins across
the domains of life’”, it possesses a dose-dependent antibacterial activity at higher concentrations. Zinc toxicity
towards microbes is mainly attributable to deactivation of proteins via thiol-disulfide chemistry'*'® and protein
binding or metal replacement (e.g. manganese starvation'”'®) resulting in impaired energy metabolism'*-*,
higher susceptibility to reactive oxygen species (ROS)* and eventually loss of membrane potential and membrane
permeabilization. Zn tolerance in non-physiological concentrations has been shown to depend on microbial
species with C. albicans and P. aeruginosa being less sensitive to Zn toxicity than E. coli or S. aureus. ZnO
nanoparticles have been demonstrated to possess additional antibacterial properties due to direct contact and
ROS production?. 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®®~*" among other microbes.
Addition of silver adds to antimicrobial effects in a variety of mechanisms including membrane and cell wall
damage, protein inactivation, impaired energy metabolism, ROS production and DNA damage®'*’.

Inhibition of biofilm formation on Zn-based applications can partially be attributed to general Zn toxicity
to bacteria above physiological concentrations but also other biofilm-specific mechanisms of action could be
involved. For example, it has been proposed that sublethal Zn or Ag concentrations could affect biofilm forma-
tion by interfering with quorum sensing*~** or modulate amyloid fibril formation***.

Another promising way is the development of antimicrobial surfaces containing photocatalysts that not only
induce microbial killing but also degradation of organic matter under specific illumination conditions that could
hopefully decrease dry touch-transfer of pathogens or delay moist surface colonization between light exposures.
The most popular photocatalyst is TiO, but also ZnO is widely used”. In one of our previous studies*® we demon-
strated that in addition to killing bacterial cells during photocatalysis, TiO, surfaces also caused photooxidation
of bacterial debris thus, referring to the possibility of extended efficacy of those surfaces.

The idea behind photodegradation is that light with high enough energy to exceed band gap energy of the
photocatalytic metal oxide (e.g. 3.37 eV in the case of ZnO) will excite electron-hole pairs. The photogenerated
electrons (e”) and holes (h") can reduce or oxidize compounds like surface adsorbed O, and H,O to produce
ROS. The produced ROS (e.g. superoxide anion radical *O, and hydroxyl radical *OH) are able to partially or
completely degrade organic contaminants including microbes. It has been claimed that ZnO can produce ROS
even without light activation —ROS production via releasing of trapped electrons, so called “photocatalysis in
the dark”® with respective antimicrobial activity***’. Therefore, not only metal ions but assumingly also ROS
can contribute to the antimicrobial and self-cleaning nature of photocatalytic metal oxide based surfaces in dark
conditions. Increased antimicrobial and antibiofilm behavior of nano-ZnO covered dental implant™ and ZnO
thin film covered food-packaging polymer®> compared to uncoated controls indicate a promising potential of
ZnO-based coatings. The use of nanoparticle-based surfaces increases the potential efficiency and reactivity of
such surfaces due to increased specific surface area of nanosized matter.

We have previously reported developing novel multi-effective antimicrobial coatings based on nano-ZnO/
Ag composite particles™. The novelty of these coatings rises from a combined and complex effect of different
antimicrobial mechanisms: (i) antimicrobial activity of Zn?* ions, (ii) antimicrobial activity of Ag* ions, and
(iii) antimicrobial activity of ROS, generated at the surface of nano-ZnO and nano-ZnO/Ag via photocatalytic
processes under UV-A illumination. Our coatings also have two additional advantages (i) degradation of organic
debris (incl. dead bacteria) by ROS takes place on the surface and (ii) photocatalytic activity of ZnO is enhanced
by the formation of nano-ZnO/Ag composite particles (via charge separation process in ZnO/Ag system).

Antimicrobial properties of our previously developed UV-A-induced nano-ZnO and nano-ZnO/Ag com-
posite coated surfaces were evaluated using an in-house protocol based on ISO standards for measurement of
antibacterial activity of non-porous surfaces (ISO 22196:2011°*) and photocatalytic surfaces (ISO 27447:2009°°),
protocols designed to measure antimicrobial action in a thin layer of microbial suspension uniformly spread
between test surface and cover film. The nano-ZnO-coated solid surfaces were found to be highly effective under
UV-A illumination with over 3 log decrease in planktonic E. coli and S. aureus viability during 1 h exposure.
Photodepositing Ag onto the nano-ZnO increased its photocatalytic activity and acted as an additional antimi-
crobial agent in the absence of UV-A exposure™.

With the intent to further develop these materials for use on high-touch surfaces in the public spaces, in
this study we additionally assessed the efficacy of the surface materials against biofilm formation in application-
appropriate oligotrophic environment and in the absence of UV-A exposure. For that we opted for a static model
to grow biofilms directly on the studied surfaces and to be able to simultaneously monitor dissolution-driven
toxicity to the planktonic cells in a small closed system. A mixed approach combining physical methods (vortex-
ing and ultrasonication) with chemical ones (addition of surfactant, using high salt concentration) was used for
biofilm harvesting. Biocompatibility of the surfaces was studied using in vitro skin-relevant human cell growth
directly on the nano-enabled surfaces.

Results

To assess both anti-adhesion effect of the coating materials and metal release-associated antimicrobial activity
towards planktonic microbes, biofilm formation on the sparsely and densely coated nano-ZnO and sparsely
coated nano-ZnO/Ag surfaces as well as viability of planktonic microbes in the test system was studied. Biofilms
were either grown in static oligotrophic environment (1:500 diluted nutrient broth in synthetic tap water, not
supporting planktonic growth) at room temperature to mimic real-life-like use in moist environments (similar

SCIENTIFICREPORTS |

(2020) 10:13478 | https://doi.org/10.1038/s41598-020-70169-w



www.nature.com/scientificreports/

Oligotrophic

E. coli S. aureus C. albicans

Biofilm density, IongFUIcm2
AN WA OO N ®®

Time, h

Uncoated control
Sparse nano-ZnO
Sparse nano-ZnO/Ag
Dense nano-ZnO

£ o]
S g4
2
2574
? Se
8
B 2 a4
33,
QE
[CAES
@ q

o

1
80

Time, h Time, h Time, h

Figure 1. E. coli MG1655 (a, d), S. aureus ATCC25923 (b, e) or C. albicans CAI4 (c, f) monospecies biofilms
harvested at different time points from nano-ZnO or nano-ZnO/Ag or uncoated surfaces in static oligotrophic
environment (1:500 diluted NB in synthetic tap water; a—c) or growth medium (LB: d, e; YPD: f). Biofilm
formation was more affected by the nano-enabled coatings in oligotrophic environment than in growth
medium with significantly decreased colonization by E. coli and S. aureus from 24 h onwards while nano-ZnO
surfaces selectively enhanced surface colonization by C. albicans. Only dense nano-ZnO surfaces demonstrated
statistically significant moderate colonization inhibiting effect on S. aureus in growth medium 48-72 h post-
inoculation. Red dotted line represents the limit of quantification (231 CFU/cm?). Data represents mean + SD of
3 independent experiments with 6-9 data points +SD.

to previously used standard conditions for planktonic testing®) or in nutrient-rich growth mediums (LB, YPD;
supporting exponential growth) resembling classical laboratory approach for studying biofilms®. Well described
human-relevant biofilm-forming Gram-positive (S. aureus ATCC25923) and Gram-negative (E. coli MG1655)
model bacteria were selected for the experiments. C. albicans CAI4 was included as a fungal model organism
to represent different types of microbes potentially transferred by fomites. The effect of the surfaces on biofilm
formation was quantitively evaluated by harvesting viable adherent cells followed by colony counting or by
qualitative epifluorescence microscopy. In parallel, antimicrobial activity towards planktonic cells above the
surfaces was analyzed using colony counting.

Biofilm formation on surfaces coated with nano-ZnO or nano-ZnO/Ag. Nano-ZnO inhibited
bacterial biofilm formation in a dose-dependent manner in oligotrophic conditions (Fig. 1a, b) reaching maxi-
mum of 2.12 and 3.49 log reduction on dense nano-ZnO surface compared to uncoated surface after 72 h for
E. coli and S. aureus, respectively. In growth medium, however, only the dense nano-ZnO surface significantly
inhibited biofilm formation of S. aureus but not E. coli (Fig. 1d, ). It was also evident that while there was rapid
surface colonization taking place during the first 3 h of incubation in oligotrophic conditions, regardless of sur-
face type, the surfaces in growth medium were either colonized more slowly or the initial adherence was weaker
and adherent cells were more easily washed off during sample preparation.

Addition of Ag to the sparse nano-ZnO surfaces had transient negative effect on E. coli biofilm formation
in oligotrophic conditions with an additional 0.5-1.6 log reduction in harvested viable cells (3-48 h post-inoc-
ulation, respectively) compared with sparse nano-ZnO without added Ag (Fig. 1a). This additional reduction
decreased to a non-significant 0.34 log by 72 h. Ag had only a small but statistically significant effect on S. aureus
biofilm formation in oligotrophic conditions (< 0.5 log additional reduction compared to sparse nano-ZnO)
indicating better tolerance to silver compared to E. coli (Fig. 1b). As expected, addition of Ag to nano-ZnO
surfaces had no effect on bacterial biofilm formation in organic-rich growth medium (Fig. 1d, ) due to lower
bioavailability of silver.

Surfaces coated with nano-ZnO promoted C. albicans biofilm formation in oligotrophic conditions with up
to 1.27 log increase in viable attached cells at 48 h time point compared to uncoated surface (Fig. 1c). Silver-
containing surfaces had no significant effect on C. albicans biofilm formation nor on planktonic viability in
oligotrophic conditions compared to uncoated surfaces. However, considering enhanced C. albicans biofilm
formation on sparse nano-ZnO surfaces and biofilm formation on sparse nano-Zn0O/Ag surfaces in oligotrophic
conditions demonstrating a significant 0.55-0.72 log reduction compared to sparse nano-ZnO surface during
3-48 h, respectively (Fig. 1¢), it could be concluded that silver transiently inhibited C. albicans biofilm formation
bringing it down to control level. This inhibition was lost 72 h post-inoculation. No biofilm promoting effect was
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Figure 2. Viability of E. coli MG1655 (a, d), S. aureus ATCC25923 (b, e) or C. albicans CAl4 (c, f) planktonic
cells above nano-ZnO, nano-ZnO/Ag or uncoated surfaces in static oligotrophic environment (1:500 diluted
nutrient broth in synthetic tap water; a—c) or growth medium (LB: d, ¢; YPD: f). Planktonic cells were generally
more affected by nano-enabled coatings in oligotrophic environment than in growth medium. Red dotted line
represents the limit of quantification (50 CFU/mL). Data represents mean +SD of 3 independent experiments
with 6-9 data points+ SD.

observed in growth medium where inversely a moderate transient biofilm inhibition on both sparse nano-ZnO/
Ag (0.85 log decrease) and dense nano-ZnO (0.89 log decrease) surfaces was observed at 48 h (Fig. 1f). Inhibi-
tory effect of silver was further illustrated by the presence of areas with several flattened “ghost cells” on sparse
nano-ZnO/Ag surface in growth medium (Supplementary Fig. 1) accompanying slight decrease in viable biofilm
cell count 48 h post-inoculation (Fig. 1f). Similar areas with dead cells were not observed in other conditions
and seemed to serve as a matrix for the biofilm to grow on.

Viability of planktonic microbes above the surfaces coated with nano-ZnO or nano-ZnO/
Ag. In organics-rich growth media most of the Zn deposited on the nano-ZnO coated surfaces (Fig. 3a—c)
was released into the medium already after 24 h whereas in oligotrophic conditions up to 10 times less Zn was
released (Fig. 3d-f). Increased Zn release in growth media can be attributed to both, culture acidification and
formation of protein complexes driving Zn dissolution from nano-ZnO*>*"**. Higher release of Zn into bacte-
rial growth medium yielded in less biofilm inhibition (Fig. 1d,e) and higher viability of planktonic bacteria
(Fig. 2d,e) while in oligotrophic conditions more nano-ZnO remained on the surface resulting in both more
effective inhibition of biofilm formation (Fig. 1a,b) and lower planktonic viability (Fig. 2a,b). This can possibly
be explained by differences in bioavailability. No statistically significant reduction in viability of planktonic yeast
cells was registered, regardless of surface type or test media used (Fig. 2¢,f).

Slight decrease in overall planktonic viable counts at 3 h (Fig. 2a—f) can be explained by microbial attachment
to solid surfaces, including on the polystyrene well surface which decrease planktonic counts in oligotrophic
conditions and is not yet compensated by proliferation during 3 h in growth medium at room temperature.

Zinc release from the dense nano-ZnO surface (Fig. 3¢,f) had a small but statistically significant negative effect
of 0.63 logs reduction by 72 h on planktonic E. coli viability in oligotrophic conditions and no effect in growth
medium (Fig. 2a,d) while the same surfaces decreased S. aureus planktonic viability in a dose-dependent manner
in both oligotrophic conditions and growth medium (Fig. 2b,e) with maximum of 2.37 and 1.69 logs reduction,
respectively. This effect can likely be attributed to relative sensitivity of S. aureus towards Zn.

Ag from the nano-ZnO/Ag surfaces decreased planktonic viability of E. coli, but not S. aureus and C. albicans
in oligotrophic conditions (Fig. 2a—c). Ag from sparse nano-ZnO/Ag had no significant effect on planktonic
viability in growth media (Fig. 2d-f) which can be explained by lower bioavailability of released Ag" ions due to
complexing proteins and chloride in the medium*-°". Maximum calculated Ag concentration in the test system
in case of complete release of Ag from the surface coating was estimated to reach 15.27 +2.21 ng/mL (Supple-
mentary Table 1). Actual release could not be reliably measured possibly due to high adsorption of Ag to organic
matter in the test medium and/or polystyrene well walls.

Biofilm and cell morphology. Coverage of the surfaces by 48 h biofilm biomass in epifluorescence
microscopy (Fig. 4) and higher magnification SEM images of representative microcolonies (Fig. 5) confirmed

SCIENTIFICREPORTS |

(2020) 10:13478 |

https://doi.org/10.1038/s41598-020-70169-w



www.nature.com/scientificreports/

a Sparse nano-ZnO b Sparse nano-ZnO/Ag c Dense nano-ZnO

(AN,

20 f
........................................... YPD

-+ YPD
£ LB

............. LB +++ Oligotrophic

10

Zn, pgiml
Zn, pg/ml

E. coliin STW

S. aureus in STW
C. albicans in STW
E. coliin LB

S. aureusin LB

C. albicans in YPD

Oligotrophic

DEerme

T 1 1 1 1. 111 LV L L 1 1 1 11
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time, h

Time, h Time, h

Figure 3. SEM images of sparse nano-ZnO (a), sparse nano-ZnO/Ag (b) and dense nano-ZnO (c) coated
surfaces as well as measured Zn release from sparse ZnO (d), sparse ZnO/Ag (e) and dense ZnO (f) surface

to the test environments (including the microbes) over time. (a—c) Scale bars represent 1 pm. (d—f) maximum
Zn concentration in each test environment (measured Zn background in different media + theoretical total Zn
release from ZnO nanoparticles) is marked as a dotted line. Almost total Zn dissolution was reached already at
3 h in growth medium while dissolution equilibrium was much more slowly achieved in oligotrophic conditions
and at lower Zn concentration (d—f). The only exception was C. albicans that significantly enhanced Zn release
to near total dissolution in oligotrophic conditions. Data represents mean + SD of 3 independent experiments.
Total Ag content of 23.56 +3.42 ng/cm? in the sparse ZnO/Ag surface was measured which could result in up to
15.27+2.21 ng/mL concentrations in the 5 mL test volume (Supplementary Table 1).

morphological and structural differences between biofilms grown on uncoated surfaces in growth medium and
oligotrophic conditions as well as between biofilms on nano-ZnO coated and uncoated surfaces.

In case of E. coli, also clear differences in cell surface structure were observed. E. coli biofilms in growth
medium consisted of cells with smoother surfaces and less extracellular matrix (ECM) extended to solid surface
while E. coli cells in oligotrophic biofilms had a more coarse surface structure and fibrillar ECM extended to
solid surface (Fig. 5 upper panels). These differences occurred despite the fact that surface-associated amyloid
fibers (SAFs) in the ECM were found to interconnect individual cells of E. coli (Supplementary Figs. 2, 3) and
S. aureus (Supplementary Figs. 4, 5) biofilms in all growth and exposure conditions used. Although there was
less E. coli biofilm on nano-ZnO-coated surfaces in oligotrophic conditions compared to uncoated surface
(Figs. 1a, 4 upper panels) and cells tended to be shorter in length on nano-ZnO-coated surfaces, cells with nor-
mal morphology could be found even in direct contact with ZnO nanoparticles on dense nano-ZnO surfaces
(Fig. 5, upper panels). ZnO nanoparticles were dissolved from the nano-ZnO surfaces in growth medium during
48 h incubation, as also confirmed by elemental analysis (Fig. 3f) and were not visible on SEM images (Fig. 5).
Adherence of S. aureus cells to nanoparticles on dense nano-ZnO surfaces was also observed, although there
were more damaged cells and blebbing, generally associated with cellular damage and virulence®-%, occurring
on nano-ZnO surfaces in oligotrophic conditions and on dense ZnO surface in growth medium compared to
uncoated surfaces (Fig. 5, middle panels).

There were no clear morphological differences between S. aureus biofilm cells on uncoated surfaces in growth
medium and oligotrophic conditions besides larger cell size in growth medium (Fig. 5, middle panels). Although
Zn-enhanced cell-to-cell adherence has been described for S. aureus®>S, S. aureus tended to preferably form cell
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Uncoated control Sparse ZnO Sparse ZnO/Ag Dense ZnO

Oligotrophic

Escherichia coli

Growth medium

Oligotrophic

Staphylococcus aureus

Growth medium

Oligotrophic

Candida albicans

Growth medium

Figure 4. Representative epifluorescence images of E. coli, S. aureus or C. albicans 48 h biofilms on uncoated
surfaces or on surfaces coated with nano-ZnO or nano-ZnO/Ag in oligotrophic conditions and growth medium.
Fixed biofilms were stained with DNA- and RNA-binding Syto 9. Scale bars represent 50 pm.

aggregates (cell-to-cell adherence) regardless of surface type while E. coli tended to cover surface (cell-to-surface
adherence) and thereafter form biofilm in height.
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Uncoated control Sparse ZnO Sparse ZnO/Ag Dense ZnO
z ; B &

Escherichia coli
Oligotrophic

Growth medium

Staphylococcus aureus
Oligotrophic

Growth medium

Candida albicans
Oligotrophic

Growth medium

Figure 5. Characteristic SEM images of E. coli, S. aureus and C. albicans cell and microcolony morphology
in 48 h biofilm aggregates on uncoated surfaces or on surfaces coated with nano-ZnO or nano-ZnO/Ag in
oligotrophic conditions and growth medium. Scale bars represent 1 um for bacteria and 10 um for C. albicans.
For designation of the surface coatings, see Fig. 3a—c.

Pseudohyphal morphology of the dimorphic fungus C. albicans was only observed in oligotrophic conditions,
where yeast form was qualitatively more dominant on dense nano-ZnO surface (bottom panels in Figs. 4 and 5).
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Figure 6. Cytotoxicity of soluble Zn (a) and Ag (b) salts or nano-ZnO and nano-ZnO/Ag coated surfaces

(c) to HaCaT keratinocytes after 48 h in standard cell-culture conditions (DMEM high glucose medium
supplemented with Na-pyruvate (1 mM), penicillin-streptomycin (100 U/mL;100 pg/mL), fetal bovine serum
(10%), 37 °C, 5% CO,). (a) Viability of HaCaT cells exposed to ZnSO,. Solid line denotes Zn released into cell
culture medium from sparse nano-ZnO (light green) and dense nano-ZnO (dark green) surfaces during 48 h.
Dotted lines denote respective maximal theoretical concentration in case of total release of deposited Zn. (b)
Viability of HaCaT cells exposed to AgNO;. Dotted blue line marks theoretical maximum release of Ag into the
test environment from sparse nano-ZnO/Ag surface. Actual release could not be reliably measured possibly due
to high adsorption of Ag to organic matter in the test medium and/or polystyrene well walls. (c) Cytotoxicity

of nano-ZnO and nano-ZnO/Ag coated surfaces to HaCaT keratinocytes cultured directly on the surfaces. No
direct cytotoxicity of nano-enabled surfaces was observed. Increased growth of keratinocytes was observed on
dense nano-ZnO surfaces. *Denotes statistically significant difference (P <0.05). Zn release from the surfaces
during 48 h did not reach cytotoxic range. Theoretical maximal Zn concentration resulting from total Zn release
from the dense nano-ZnO surfaces was in toxic range while total Zn from sparse nano-ZnO and Ag from sparse
nano-ZnO/Ag would not have reached toxic concentrations in cell culture medium.

No true hyphae were observed nor expected from this strain in the absence of serum.

In vitro biocompatibility of nano-ZnO and nano-ZnO/Ag surfaces. In order to assess the bio-
compatibility of nano-ZnO and nano-ZnO/Ag surfaces with human cells, the growth of human keratinocytes
directly on the surfaces in standard cell culture conditions was evaluated. Despite the fact that there was enough
Zn deposited on dense nano-ZnO surfaces to cause toxicity to the cells in case of total release, amount of Zn
released into cell culture medium did not reach cytotoxic concentrations during 48 h (Fig. 6a,b) and normal
growth and morphology of human keratinocytes on nano-ZnO coated surfaces was observed (Fig. 7). Total Zn
and Ag amount deposited on sparsely coated surfaces was not high enough to cause cytotoxicity even in case
of theoretical total release into the medium (Fig. 6a,b). Compared to control surface, slightly enhanced attach-
ment and growth of keratinocytes on dense nano-ZnO surfaces (Fig. 6¢c) was observed. This observation cannot
be explained by differences in surface properties of the different surfaces, e.g., hydrophilicity (see water contact
angles on different surfaces in Supplementary Fig. 6).

Discussion

The extracellular matrix (ECM) is an integral part of biofilms and can make up most of the volume of a mature
biofilm®® but total biomass or biovolume is not a good proxy for total or viable cell count in a biofilm, especially
when comparing chemical treatments or carrier surfaces that could potentially affect ECM composition. How-
ever, viable microbes are critically needed to establish biofilms de novo and the sole cause of pathogen transfer
via high-touch surfaces. Therefore, we chose to quantify viable microbes harvested from 3 to 72 h biofilms to
evaluate de novo surface colonization. As harvested CFU counts exclude ECM quantification entirely, we also
evaluated the biofilms qualitatively by epifluorescence and electron microscopy. Epifluorescence microscopy was
chosen to be performed on 48 h fixed biofilm samples monostained with Syto 9 instead of viable biofilms stained
with Syto 9 and propidium iodide (PI) because (i) based on pilot experiments, largest effect was expected at 48 h;
(ii) PI is known to underestimate viability in biofilms”!’; (iii) highly variable Syto 9 intensity in viable biofilms
depending on viability state and Gram type of the cells’*’; (iv) time limits of working with viable samples to
achieve comparable representative results.

It must be noted, however, that adding liquid manipulation steps such as rinsing, fixation and gradual dehy-
dration to the preparation of biofilm samples is likely to affect the appearance of biofilms and cause e.g., loss
of biomass in each step. Kragh et al. have recently demonstrated that media removal and rinsing can critically
affect quantitative biofilm analysis compared to undisturbed biofilms'’. In addition, we observed that while
oligotrophic bacterial biofilms retained their overall microcolony architecture during fixing and dehydration
steps, biofilms formed in growth medium lost most of their biomass and surface coverage during dehydration
steps prior to SEM. Taking into account also the rapid biofilm formation during the first 3 h in oligotrophic
conditions (Fig. 1) we empirically suggest that biofilms formed in oligotrophic conditions are more strongly
attached to the substratum.

Reductions in harvested viable counts of bacterial biofilms on nano-ZnO and nano-ZnO/Ag surfaces were
accompanied by respective reductions in planktonic viable counts regardless of media used and can therefore
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Uncoated control

Sparse nano-ZnO Sparse nano-ZnO/Ag Dense nano-ZnO

Figure 7. Representative confocal microscopy (CLSM) images of HaCaT keratinocytes on nano-ZnO or nano-
ZnO/Ag coated surfaces: upper panel—lower magnification CLSM (scale bar 200 um), bottom panel—higher
magnification CLSM (scale bar 50 um); nuclei—cyan (Hoechst 33342), cytoskeleton—red (Phalloidin-TRITC).
Cells are viable (Fig. 6) and appear normal on all surfaces.

be mostly attributed to general antibacterial activity of the Zn-enabled surfaces and metal dissolution in con-
cordance with previous knowledge'*”* and not biofilm-specific mode of action. S. aureus was more sensitive to
Zn and E. coli more sensitive to Ag for both biofilms and planktonic cultures in accordance with our previous
results using a planktonic test in oligotrophic conditions®. S. aureus cells attached to ZnO-coated surfaces (Fig. 5,
middle panels) appeared damaged on SEM micrographs and presented blebs. Blebbing has been described not
only for Gram-negative, but also for Gram-positive bacteria and fungi®® and appears to have a more general role
in stress response, virulence and intercellular communication across the domains of life. Vesicle formation has
also been confirmed in case of S. aureus® and can take place for example in response to antibiotic stress thereby
increasing virulence®.

We have shown previously that choice of media critically affects metal toxicity®' and indeed, it was evident,
that both Zn and Ag were more toxic in oligotrophic conditions compared to no effect on either biofilm or
planktonic cells of E. coli in growth medium. This can be explained by lower metal bioavailability in organics-
rich growth medium®’~*' but one must acknowledge that also physiology of exponentially growing and starving
non-dividing microbes is different. Although classical microbiological culture media are the most used testing
environments, their suitability for each application should be evaluated.

Although metal effect to surface associated amyloids (SAFs) in biofilm matrix is yet scarcely studied****, we
also hypothesized that high Zn concentrations might interfere with bacterial surface-associated amyloid”'~"* for-
mation as it can negatively affect fibrillar structure of other amyloids”>~"* and could thereby disrupt SAF-mediated
surface colonization. Although cell surface morphology seemed to differ between E. coli cells grown on nano-
ZnO and uncoated surfaces in oligotrophic conditions (Fig. 5, top panel), we found no substantial qualitative
differences in amyloid staining of those biofilms (Supplementary Figs. 2-5). Qualitative results do not strictly rule
out smaller Zn-dependent differences, which amyloid signal quantification could possibly discriminate, if present.

While reduction in bacterial biofilm viability was accompanied by respective antibacterial activity against
planktonic cells there were clear biofilm-specific effects on C. albicans biofilm formation. Although planktonic
viable counts were not significantly different from uncoated control surface regardless of surface type or media
used, biofilm formation was affected. Enhanced dose-dependent biofilm formation of C. albicans on nano-ZnO-
coated surfaces in oligotrophic conditions cannot be explained by differences in the hydrophilic properties of
nano-ZnO coated and uncoated surfaces (Supplementary Fig. 6). However, C. albicans has been demonstrated to
possess systems to harvest extracellular Zn and store Zn intracellularly in zincosomes®’ which enables C. albicans
to both overcome nutritional immunity in host organism as well as to detoxify Zn** excess. Active uptake of
extracellular Zn could also be the reason, why nano-ZnO was depleted from the surfaces in oligotrophic condi-
tions in the presence of C. albicans but not bacteria (Fig. 3d-f). For dense nano-ZnO surfaces this effect was
also clearly observable on SEM images (Fig. 5, right column). Interestingly, previously published results on zinc
effects on Candida biofilm formation are contradictory. For example, Kurakado et al. demonstrated an increase
in C. albicans biofilm formation as a response to ZnSO, and a decrease in response to zinc chelator®! while several
others report Zn-associated biofilm inhibition®*-*%. These contradictions could be partly due to different average
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and local Zn concentrations reached in these studies while we had the nano-ZnO attached to a solid surface
resulting in lower average Zn concentration in the test environment or due to growth-related and physiological
differences in various oligotrophic and nutrient-rich environments as well as differences in yeast strains used.
We also observed that pseudohyphal morphology of C. albicans®” was only registered in oligotrophic conditions
where yeast form was qualitatively more dominant on dense nano-ZnO surface (bottom panels in Figs. 4 and 5).
Harrison et. al have demonstrated that sub-inhibitory Zn** concentrations can indeed interrupt yeast to hyphal
differentiation in Candida biofilms® and it has been suggested that zinc-responsive transcription factor Zap1l
is a negative regulator of biofilm matrix accumulation and maturation® also directing the yeast-hypha balance
to yeast form®”. On the other hand, filamentation is not a prerequisite for initial biofilm formation® as can also
be seen in our results.

Candida spp is an important cause of nosocomial bloodstream infections”. Although we did not look into
polymicrobial biofilms, enhancement of C. albicans biofilm formation could be especially disadvantageous in
biomedical applications as many patients with candidemia tend to present polymicrobial blood cultures’' and
surface colonization by C. albicans can in turn enhance polymicrobial biofilm formation or drug tolerance of
other potential pathogens®~*. In the light of existing and emergent drug-resistant Candida spp* Zn-enhanced
C. albicans biofilm formation in oligotrophic conditions should be studied further to reveal mechanistic causes
of the biofilm-promoting phenomenon.

Zinc oxide is well tolerated by humans and is listed as a generally recognized as safe (GRAS) substance by
the US Food and Drug Administration (21CFR182.8991), approved for use in cosmetics in EU for up to 25%
concentration in the ready-for-use preparation (Regulation (EC) No 1223/2009) and widely used in topical
applications (incl. sunscreens, baby powders, diaper creams, mineral make-up etc.) as well as food additive,
corrosion protection, filler/pigment in paints alongside titanium dioxide etc. We would like to emphasize that
growing human keratinocytes directly on the surfaces of interest as a measure of biocompatibility was used as
a worst-case-scenario during material development phase. In vivo dermal exposure to surface-bound ZnO is
expected to be lower due to the lack of fully functional skin barrier in cell culture conditions and shorter expo-
sures by high-touch surfaces. The observed slightly higher viability of human keratinocytes on dense nano-ZnO
surfaces is not entirely unexpected as zinc is known to promote wound healing® and has been shown to also
promote keratinocyte migration and proliferation as well as to modulate integrin expression needed for adher-
ence to extracellular matrix®®. However, the lack of cytotoxicity for keratinocytes on ZnO and ZnO/Ag surfaces
does not rule out potential sublethal events, e.g., genotoxicity that has been observed at somewhat lower zinc

concentrations than cytotoxicity’”® and these specific toxic effects would require further studies.

Conclusion

This study demonstrated that in general, bacterial E. coli and S. aureus monospecies biofilm formation on
nano-ZnO and nano-ZnO/Ag composite-enabled surfaces was inhibited in a dose-dependent manner: sparsely
coated nano-ZnO surfaces were less inhibitory than densely coated ones and inhibition of biofilm formation
was accompanied by antibacterial activity against planktonic cells. The surfaces were not cytotoxic to human
keratinocytes and no significant inhibition of yeast biofilm was observed. On the contrary, enhancement of C.
albicans biofilm formation was registered on nano-ZnO surfaces in oligotrophic conditions. This observation is
certainly disadvantageous considering the emergence of drug-resistant infections of Candida spp. and yeast role
in polymicrobial biofilms. Our results indicate that best approach to achieve broad-spectrum inhibition of biofilm
formation on high-touch surfaces would be the combination of ZnO and silver. It is also important to highlight
the role of the test environment. Except for Zn toxicity towards S. aureus, all above-mentioned antimicrobial
and antibiofilm effects were detected only in oligotrophic environment and not in widely used microbial growth
media. Moreover, selection of detection method proved critical in the quality of information acquired as biomass
was lost in every liquid manipulation step. Media removal and washing steps have been shown to critically affect
quantitative biofilm analysis. We add to that and propose that liquid manipulation steps can also easily introduce
compositional biases, e.g. exaggerate biomass differences formed in different conditions.

Methods

Surfaces. The preparation of ZnO and ZnO/Ag nanoparticles is more thoroughly described in our previous
work™. Briefly, hydrothermal synthesis was used to prepare ZnO nanoparticles using zinc acetate as a precursor.
ZnO/Ag composite particles were created by supplementing ZnO nanoparticles with Ag using UVA-induced
photodeposition. ZnO or ZnO/Ag nanoparticles were deposited on 18 x 18 mm square cover glasses (2855-18,
Corning) using spin-coating and subsequently annealed to enhance particle surface attachment. Two differ-
ent coating densities of nano-ZnO were used further referred to as sparse and dense, depicted on Fig. 3a—c).
Nano-ZnO/Ag composite particles were used only in sparse coating density. Dense coating resulted in uniformly
covered surfaces while sparse coatings exposed glass carrier surface with distance between nanoparticle clusters
comparable to bacterial cell size as can be seen on SEM images of the surfaces on Fig. 3. Physical and chemi-
cal properties of the nanoparticles used as well photocatalytic and antibacterial activity of the surfaces used in
this study have been previously described*. Total Zn content in the nano-coatings was analyzed using TXRF
(S2 Picofox, Bruker) and Ag content with AAS (ContrAA 800, Analytic Jena AG) after 1 h treatment in 0.5 mL
concentrated HNO;. The results are shown in Supplementary Table 1.

Biofilm formation, harvesting and quantification. Monospecies biofilms of E. coli MG1655, S. aureus
ATCC25923 and C. albicans CAl4 were studied. Sterile nano-ZnO, nano-ZnO/Ag or uncoated surfaces were
placed into non tissue culture treated 6-well polystyrene plate wells. 5 mL of microbial inoculum was added
to each well. To prepare inoculums, overnight cultures of microbes were pelleted by centrifugation (7,000xg,
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Synthetic tap water (STW; DIN10531), prepared as 5 x stock

300 mg/L NaHCO3, 175 mg/L MgSO,, 300 mg/L CaCl,; pH 7.5 in
1IXSTW

Nutrient broth (ISO 22196)

3 g/L meat extract, 10 g/L peptone, 5 g/L NaCl; pH 6.8-7.2

Lysogeny broth (LB)

5 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl; pH 6.8-7.2

Yeast extract peptone dextrose medium (YPD) and respective agar

20 g/L peptone, 10 g/L yeast extract, 20 g/L glycose + 15 g/L agar for
plates; pH 6.8-7.2

Phosphate buffered saline (PBS)

8 g/L NaCl, 0.2 g/L KCl, 0,81 g/L, Na,HPO, x 2H,0, 0.2 g/L KH,PO,;
pH7.1

Nutrient agar (ISO 22196)

5 g/L meat extract, 10 g/L peptone, 5 g/L NaCl, 15 g/L agar; pH
7.0-7.2

Soybean casein digest broth with lecithin and polyoxyethylene sorbi-
tan monooleate (SCDLP broth; ISO 22196)

17 g/L casein peptone, 3 g/L soybean peptone, 5 g/L NaCl, 2.5 g/L
Na,HPO,, 2.5 g/L glucose, 1.0 g/L lecithin, 7.0 g/L nonionic sur-
factant; pH 6.8-7.2

Sodium cacodylate buffer, prepared as 0.2 M stock

4.8 g Na(CHj;),As0, %3 H,O in 100 mL deionized water brought to
pH 7.4 with the addition of 5.6 mL 0.2 M HCI

Table 1. Media and buffers.

10 min) and washed twice with deionized water before re-suspension in test medium and density optimization.
Initial cell density was about 107 CFU/mL in oligotrophic conditions, i.e., synthetic tap water (STW; Table 1)
containing 1:500 diluted nutrient broth (NBj; Table 1) and 10° CFU/mL in growth media, i.e., lysogeny broth (LB,
Table 1) in case of bacteria and yeast extract-peptone-dextrose medium (YPD, Table 1) in case of yeast. Surfaces
were incubated in dark static conditions (covered with aluminum foil) at room temperature (22 °C) to allow
biofilm formation. After 0, 3, 24, 48 and 72 h three samples of each surface were dip-rinsed in PBS (Table 1) with
sterile forceps, carefully drained from one corner and submerged in 15 mL 0.5 x neutralizing broth (SCDLP;
Table 1) with 1.5 M NaCl in 50 mL centrifuge tube, vortexed for 30 s at max speed, ultrasonicated for 15 min in
ultrasonic bath (Branson1800) and again vortexed for 30 s. An aliquot of each resulting suspension was serially
diluted in PBS and drop-plated on nutrient agar (NA) or yeast growth agar (YPD agar, Table 1) for colony count-
ing. Planktonic fraction in 5 mL media over biofilms in each well was mixed by pipetting, serially diluted and
plated for planktonic colony count. To assess Zn release from the surfaces, an aliquot from planktonic fraction
(including microbes) in wells above the biofilms was taken for elemental analysis. TXRF (S2 Picofox, Bruker)
was used for Zn analysis. Maximum calculated Ag concentration in the test system in case of complete release of
Ag from the surface coating was estimated to reach 15.27+2.21 ng/mL (Supplementary Table 1). Actual release
could not be measured due to high adsorption of Ag to organic material and well walls.
Viable counts of cells harvested from biofilms were calculated as follows:

CFU sonication volume(ul 1
— = CFUs counted xserial dilution factor x D
cm

plated volume(ul) sample surface area(cm?)

Viable counts of inoculums and planktonic cells were calculated as follows:

1000(ul)

CFU/ml = CFUs counted x dilution factor x m

Ultrasonication protocol. SCDLP (Table 1) was used for toxicity neutralizing properties (ISO 27447) and
its surfactant content was expected to enhance releasing biofilms from surfaces. 1.5 M NaCl was used to aid in
biofilm harvesting as it has also been successfully used for extracellular matrix removal® and does not influence
microbial viability when combined with ultrasonication and vortexing (Supplementary Fig. 7). Staining with
30 uM propidium iodide and 5 uM Syto 9 with subsequent epifluorescence microscopy (see below) was used to
evaluate biofilm harvesting efficiency. It was confirmed that adherent cells were removed from the surfaces (data
not shown).

Staining and microscopy. Biofilms were stained to visualize total cellular biomass (DNA/RNA), surface-
associated amyloid fibers (SAF) and chitin (in case of yeast). Before staining, the biofilms were dip-rinsed in PBS
(Table 1) to remove loosely bound cells as described above and fixed by 2-h incubation in 2.0% glutaraldehyde in
0.1 M sodium cacodylate buffer (Table 1) followed by rinsing once in the same buffer. For total cellular biomass
visualization, nucleic acids were stained by incubating the fixed cells for 15 min with 5 pM Syto 9. For staining
of SAF and chitin (fungal cell wall component), fixed biofilms were incubated for 15 min with 5 pM Syto 9 and
10 uM Congo Red. Stained biofilms were visualized with Olympus CX41 using exciter filter BP475, dichroic
mirror DM500, barrier filter O515IF (Syto9 staining) or with Zeiss LSM800 confocal laser scanning microscope
(CLSM) using excitation/emission track settings of 488 nm/505-550 nm (Syto 9) and 561 nm/575-700 nm
(Congo Red).

Congo Red (CR), used to stain SAFs, also stains cellulose and chitin in fungal cell walls'” due to structural
similarity to cellulose. In this study, we have used CR also to visualize C. albicans cells by staining both cell wall
and fungal SAFs'"!. Regarding possible cellulose signal interfering with amyloid staining of E. coli, as cellulose is
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a known component in ECM of several Enterobacteriaceae species, it is known that E. coli K-12 strains, including
MG1655 have a stop codon mutation in the cellulose operon and do not produce cellulose!*>.

To visualize biofilm morphology, electron microscopy was used. For that, fixed biofilms were gradually
dehydrated with ethanol, air-dried, coated with 3 nm Au/Pd layer (Polaron Emitech SC7640 Sputter Coater)
and visualized with scanning electron microscopy (FEI Helios NanoLab 600).

Cytotoxicity testing. Toxicity of the surfaces was tested on human immortalized HaCaT keratinocytes
(ThermoFisher). Cells were maintained in DMEM high glucose medium supplemented with Na-pyruvate
(1 mM), penicillin-streptomycin (100 U/mL and 100 pg/mL, respectively) and fetal bovine serum (10%) at
37 °C and 5% CO,. During maintenance, the cell density was kept between 0.5-1x 10° cells/mL. Each type of
surface in four replicates was placed into a separate well of a 6-well plate and 2 mL of cell suspension (4*10* cells/
mlL) in supplemented DMEM medium was added. Cells were cultivated for 48 h, surfaces were removed using
tweezers to a new well of a 6-well plate. An aliquot of the remaining medium was taken for Zn concentration
measurement by TXRF (S2 Picofox, Bruker). One replicate of each type of surface was left for microscopy while
to the rest of three replicates 0.33% of Neutral Red (Sigma) solution in supplemented DMEM medium was
added and incubated at 37 °C and 5% CO, for 4 h. After that, the dye solution was removed by double washing
with PBS and the dye remaining within viable cells was dissolved over 10 min (gentle shaking) using 1 mL of
Neutral Red Assay Solubilization Solution (Sigma). The intensity of Neutral Red dye was measured spectropho-
tometrically at 540 nm using Fluoroskan plate reader (Thermo). Cell viability on nano-ZnO and nano-ZnO/
Ag surfaces was calculated as percentage of viability on uncoated surface. Cell viability assays on surfaces were
repeated twice. For microscopy, the surfaces with cells were first covered with 3.7% formaldehyde in 0.1% Tri-
tonX-100 solution for 10 min, then with 1 pug/mL solution of Hoechst 33,342 (ThermoFisher) and 1 ug/mL
Phalloidin-TRITC (Sigma) in PBS for 30 min. After that, the dye solution was removed and cells were imaged
using confocal microscope with filter settings for DAPT and TRITC.

For cytotoxicity assays of respective soluble salts (Fig. 7), exposure to HaCaT cells was carried out in 96-well
format and cell viability was assessed using Neutral Red assay, essentially as described above.

Statistical analysis. One- or two-way ANOVA analysis followed by Tukey post-hoc test was used to detect
significant differences in multiple comparisons at 0.05 significance level using GraphPad Prism 8.3.0. Log-trans-
formed data was used for the analysis of CFU counts. Only statistically significant (P <0.05) differences and log
reductions are mentioned in the text unless stated otherwise.
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Supplementary figures

Supplementary Figure 1. 48 h C. albicans biofilm on sparse ZnO/Ag surface in growth medium: CLSM maximal orthogonal projection with cell
walls stained red with Congo red (left) and SEM image (right). White arrows indicate flattened dead “ghost cells” that occur in patches on
nano-ZnO/Ag surfaces and seem to act as a carrier for biofilm cells (dotted arrow). Most “ghost cells” are laterally detached from neighboring

cells during several liquid manipulation steps in the fixing protocol and are mostly lost in SEM images. Scale bars represent 10 pm.
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Supplementary Figure 2. Maximal orthogonal projections of representative CLSM images of fixed 48 h oligotrophic E. coli biofilm on

uncoated surface (upper panel), sparse nano-ZnO surface (middle panel) and dense nano-ZnO (bottom panel). DNA/RNA stained with

Syto9 (green channel, left column) and surface-associated amyloid fibers stained with Congo Red (red channel, middle column). Combined

channel view in right column. Scale bars represent 10 um.
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Supplementary Figure 3. Maximal orthogonal projections of representative CLSM images of fixed 48 h growth medium E. coli biofilm on

uncoated surface (upper panel), sparse nano-ZnO surface (middle panel) and dense nano-ZnO (bottom panel). DNA/RNA stained with Syto9

(green channel, left column) and surface-associated amyloid fibers stained with Congo Red (red channel, middle column). Combined channel

view in right column. Scale bars represent 10 um.




Supplementary Figure 4. Maximal orthogonal projections of representative CLSM images of fixed 48 h oligotrophic S. aureus biofilm on

uncoated surface (upper panel), sparse nano-ZnO surface (middle panel) and dense nano-ZnO (bottom panel). DNA/RNA stained with Syto9

(green channel, left column) and surface-associated amyloid fibers stained with Congo Red (red channel, middle column). Combined channel

view in right column. Scale bars represent 10 pm.




Supplementary Figure 5. Maximal orthogonal projections of representative CLSM images of fixed 48 h growth medium S. aureus biofilm on

uncoated surface (upper panel), sparse nano-ZnO surface (middle panel) and dense nano-ZnO (bottom panel). DNA/RNA stained with Syto9

(green channel, left column) and surface-associated amyloid fibers stained with Congo Red (red channel, middle column). Combined channel

view in right column. Scale bars represent 10 um.
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Supplementary Figure 6. Water contact angles of uncoated, nano-ZnO and nano-ZnO/Ag surfaces. The angles were measured from photos
taken 5 sec after pipetting 5 pL of water to each surface, using Contact Angle plugin (author Marco Brugnara) in ImageJ software [1]. ns — not

statistically significant
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Supplementary Figure 7. Microbial viability in biofilm harvesting medium (0.5x SCDLP with 1.5M NaCl, Table 1). 15 ml microbial was vortexed
for 30 sec, sonicated for 0-60 min, vortexed again for 30 sec, serially diluted and plated for counting. Harvesting protocol in 0.5x SCDLP with

high salt concentration did not significantly affect microbial viability after 15 min sonication compared to the initial suspension (P>0.05).



Supplementary Table 1. Zn and Ag content in the nano-ZnO and nano-ZnO/Ag surfaces; theoretical maximum release into 5 ml microbial test

medium. ND denotes “not detected”.

Max Zn Max Ag

Surface coating zn 2 SD . release SD Ag SD . release SD
ug/cm into 5 mi, ng/cm2 into 5 mi,

pg/ml ng/ml
Uncoated 0.02 0.00 0.01 0.00 ND ND ND ND
Sparse nano-ZnO 2.12 0.12 1.36 0.08 ND ND ND ND
Sparse nano-ZnO/Ag 2.39 0.10 1.54 0.07 23.56 3.42 15.27 2.21
Dense nano-ZnO 18.00 0.70 11.65 0.45 ND ND ND ND
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[bookmark: _Toc96939947]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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		The American Association of Textile Chemists and Colorists



		ANOVA

		analysis of variance



		ASTM

		ASTM International, an international standards organization
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		adenosine triphosphate



		BPR

		Biocidal Product Regulation 



		BSA

		bovine serum albumin 
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		cyclic diguanosine monophosphate
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		DIN

		The German Institute for Standardization
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		European Chemicals Agency



		ECM
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		Environmental Protection Agency 



		EPS

		extracellular polymeric substances 
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		et al.

		et alia; and others
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		et cetera; and so forth
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		European Union
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		reactive oxygen species 



		SAF

		surface-associated amyloid fibers



		UVA

		ultraviolet A radiation
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[bookmark: _Toc89434443][bookmark: _Toc96939949]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. 

[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).   
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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.
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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.



[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. 
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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 
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. 




[bookmark: _Toc89434457][bookmark: _Toc96939956]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.



[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.




[bookmark: _Toc89434458][bookmark: _Toc96939957]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). 




[bookmark: _Toc89434459][bookmark: _Toc96939958]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/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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